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Abstract

This study presents a comprehensive comparative analysis of four OpenFOAM solvers for
simulating supersonic flow around a Spherically Blunted Cone. Utilizing the generalized
computational experiment technique, we evaluated solver performance across varying Mach
numbers and cone half-angles. The research aimed to provide clear recommendations for
solver selection in high-speed flow simulations. Results show that rhoCentralFoam exhibited
the lowest deviation from the exact solution, followed closely by pisoCentralFoam. The son-
icFoam solver demonstrated limitations at higher Mach numbers. The QGDFoam solver,
while showing promise, requires further optimization of its smoothing parameter for im-
proved accuracy. This study offers valuable insights for OpenFOAM users, enabling them to
make informed decisions when choosing solvers for compressible gas dynamics problems.

Keywords: comparative accuracy assessment, computational fluid dynamics, supersonic
flow, spherically blunted cone, OpenFOAM.

1. Introduction

Researchers working with the OpenFOAM software package [1] are concerned with com-
paring accuracy and efficiency across various solvers. Using OpenFOAM for solving computa-
tional fluid dynamics (CFD) problems involves selecting an appropriate solver that meets the
expectations of accuracy, efficiency, and stability. To achieve this, it is necessary to analyse
the performance of the solver based on some reference solutions. However, few studies are
offering a detailed comparison of OpenFOAM solvers based on these characteristics. Some
examples of such comparisons can be found in [2] and [3], but they do not provide clear rec-
ommendations for solver selection. A more detailed attempt at comparing solvers was made
in a series of works where the reference problems included supersonic flow around a cone at
an angle of attack [4, 5], shock wave modelling [6], and the formation of a two-dimensional
rarefaction wave [7]. A review of these studies can also be found in [8]. The method proposed
in these works gained popularity in [9], [10]. By employing the generalised computational ex-
periment technique [11-14], results were obtained that allow users to navigate the wide range
of numerical methods developed and select the most accurate and efficient ones for their cal-
culations. The generalised computational experiment involves dividing the governing param-
eters of a problem within a specific range, followed by a parametric study and visualisation of
multidimensional results [15].

OpenFOAM (Open Source Field Operation And Manipulation CFD Toolbox) is a popular
software package for computational fluid dynamics (CFD), widely used for modelling liquid
and gas flows, heat transfer, and a variety of other tasks related to physical processes. Open-
FOAM is an open-source package, meaning that it is available for free, and its source code is
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open. This allows users to modify the code for their specific tasks and add custom equations,
turbulence models, or other physical processes. For example, if you have a specific task, such
as modelling gas-dynamic shock waves with chemical reactions, you can independently create
a solver that takes these features into account. This flexibility distinguishes OpenFOAM from
commercial software, where many features are closed to modification. OpenFOAM also sup-
ports parallel computing, enabling the solution of large-scale problems with complex physics.
This is critical when calculations need to be performed on a grid consisting of millions of
cells. In OpenFOAM, the computational domain can be easily divided among multiple pro-
cessors, thereby accelerating the calculations. The comparison included four solvers: two
standard solvers — rhoCentralFoam and sonicFoam and two custom solvers — pisoCentral-
Foam [16] and QGDFoam [17]. The latter two solvers were developed by research teams from
the Institute for System Programming of the Russian Academy of Sciences and the Keldysh
Institute of Applied Mathematics of the Russian Academy of Sciences.

The rhoCentralFoam solver utilises a central-upwind scheme of the Godunov type, origi-
nally proposed by Kurganov and Tadmor (KT) [18], later modified in the work by Kurganov,
Noelle, and Petrova (KNP) [19]. The Kurganov-Tadmor scheme bypasses the Riemann prob-
lem by using an approximation of local wave propagation speeds and a central approach. In-
stead of solving the Riemann problem to determine the flux at the cell interface, the KT
scheme employs an estimate of the maximum wave propagation speed (typically determined
through the maximum characteristic speed of the equations) on both sides of the cell. This
speed corresponds to the rate at which information propagates through the cell boundary.
For example, in the case of the Euler equations, this might be the speed of sound plus the flow
velocity, as this is the maximum speed of information propagation in a compressible gas. This
approach helps to avoid many difficulties associated with computing shock waves and steep
gradients in density or pressure fields, which can lead to oscillations in numerical solutions.
The KNP scheme was implemented for OpenFOAM by Greenshields [20].

The sonicFoam solver uses the PIMPLE algorithm [21] to link pressure and velocity. This
algorithm combines elements of the PISO and SIMPLE methods. At its core, the PIMPLE al-
gorithm features an iterative structure designed to refine the velocity and pressure fields
within the fluid domain. The algorithm begins with an initial assumption about the velocity
field, which is often derived from previous time steps or estimated using simpler approaches.
This initial assumption is crucial as it lays the foundation for the subsequent iterative process.
In the first step, the algorithm predicts the velocity field based on the existing pressure distri-
bution, applying an explicit scheme that facilitates direct calculation of the velocity. After ob-
taining the initial velocity forecast, the algorithm then updates the pressure field. This is
where the strength of the PISO method comes into play. At this stage, the algorithm calcu-
lates a pressure correction that ensures compliance with the conservation of mass. The pres-
sure correction is essential as it helps eliminate discrepancies between the predicted and ac-
tual behaviour of the gas, especially in regions where flow velocities can change rapidly or
where complex boundary conditions exist. After correcting the pressure, the velocity field is
updated once again, taking into account the new pressure information. This iterative process
is repeated several times, typically within a single time step, allowing for continuous refine-
ment of the velocity and pressure fields. Each iteration helps improve the accuracy of the so-
lution, leading to greater stability.

When using explicit methods based on solving the Riemann problem or flux vector split-
ting, the following issues arise: at low Mach numbers, the solution either loses stability, or an
extremely small time step is required, which increases computational costs and makes such
methods inefficient for the considered problems. On the other hand, implicit splitting meth-
ods such as PISO and SIMPLE can cause non-physical oscillations in the numerical solution
and loss of stability at high Mach numbers. These phenomena significantly limit the effec-
tiveness of these methods in problems where compressibility plays a major role, making them
unsuitable for studying high-speed flows or acoustic phenomena. The solution could be to use
a hybrid approach, where PISO/SIMPLE algorithms for the implicit integration of mass,



momentum, and energy conservation equations are combined with non-oscillatory methods
for discretizing convective terms. The authors of [16] selected the Kurganov-Tadmor scheme
as the non-oscillatory method; it is already implemented as an explicit scheme in Open-
FOAM, has undergone successful testing, and is simple enough for integration into a hybrid
approach. One of the key advantages of this scheme is the independence of flux approxima-
tion for physical quantities from the system of equations' characteristics, eliminating the need
to find Riemann invariants and decompose solutions by characteristics. The main idea of the
hybrid method is to introduce a switching function that translates the flux approximation
from the KT scheme to the form used in the PIMPLE method, depending on the proximity to
subsonic speeds [22]. All these hybrid solvers are not included in OpenFOAM, but are availa-
ble in the authors' public repository [23].

The quasi-gas-dynamic (QGD) equations system was developed by a team led by B.N.
Chetverushkin [24]. It is based on the idea that gas can be considered not as a continuous
medium, but as a set of particles moving and interacting with each other at the microscopic
level. The QGD model serves as an intermediate approach between classical hydrodynamics
and more complex models that account for microscopic effects. The introduction of addition-
al terms into the quasi-gas-dynamic equations aims to capture small-scale effects that cannot
be directly resolved within the framework of traditional Navier-Stokes equations [25]. These
additional terms are often referred to as dissipative terms, and they are introduced through
various averaging and approximation techniques that reflect physical processes. The inclu-
sion of these terms allows for a more accurate description of complex phenomena and inter-
actions in gases, especially in conditions where non-equilibrium processes and energy trans-
formation are significant. Based on this system, the QGDFoam solver was developed. The pa-
rameter T plays a key role in accounting for small-scale effects and determines the time scale
for dissipative processes. The controlled parameter a (associated with 1), in dissipative terms,
provides this solver with adjustable numerical viscosity, which helps to reduce unwanted os-
cillations at discontinuities.

2. Problem Statement

In this study, a two-dimensional inviscid problem of steady flow formation around a blunt
circular cone with a half-angle of B is used to compare solvers. The flow is generated by a su-
personic gas flow with a Mach number M at zero angle of attack. The defining parameters of
the problem, in terms of the generalised computational experiment, are the Mach number M
and the half-angle of the cone 3 . The ranges for the varying parameters and their increments
were chosen the following way: the Mach number M is set to 2, 4, and 6, and the half-angle of
the cone B is set to 5°, 10°, 15°, and 25°. The overall flow scheme is presented in Figure 1. For
all selected parameters, there exists a tabulated solution for the problem [26]. The Euler
equations system, closed by the ideal gas equation of state, is taken for the calculations.
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Figure 1. Flow Diagram



3. Managing Calculations

The computational domain, as shown in Figure 2, is divided into cells. To work with the
OpenFOAM package, it is necessary to define the boundary and initial conditions. At the inlet
boundary, designated as "inlet," the characteristics of the undisturbed flow are specified: the
pressure P is 101,325 Pa, the temperature T is 300 K, and the x-component of velocity Ux
varies from 694.5 m/s (2 Mach) to 2083.5 m/s (6 Mach), while the y-component of velocity
Uy is 0 m/s. At the outlet and the top, conditions are set so that the derivatives of gas dynam-
ic functions normal to the boundary are equal to zero, defined in OpenFOAM as «zeroGradi-
ent». At the cone boundary, a zero gradient condition is applied for pressure and tempera-
ture, while a «slip» condition is used for velocity, which corresponds to the non-penetrating
condition in the Euler equations. To model the axisymmetric geometry in OpenFOAM, this
special «wedge» condition is applied at the front and back boundaries. The axis in Open-
FOAM uses a specific boundary condition «empty», which is employed when calculations in
that direction are not conducted.

The computational domain (Figure 2) is divided into cells. The OpenFOAM package re-
quires the definition of the boundary and initial conditions for the solution. At the inlet
boundary, the parameters of the undisturbed incoming flow are specified (pressure P =
101325 Pa, temperature T = 300 K, the x-component of velocity varies from 694.5 m/s (2
Mach) to 2083.5 m/s (6 Mach), and the y-component of velocity is 0 m/s). At the outlet and
the top, boundary conditions are set such that the derivatives of gas dynamic functions nor-
mal to the boundary are equal to zero, defined in OpenFOAM as «zeroGradient». At the cone,
a zero-gradient condition is also applied for pressure and temperature, while a «slip» condi-
tion is used for velocity, corresponding to the no-penetration condition in the Euler equa-
tions. For modelling the axisymmetric geometry, a special «wedge» condition is applied at
the front and back boundaries. This special boundary condition called «empty» is applied at
the axis. This condition is used in cases where calculations are not performed in that direc-
tion.

The scheme of the computational domain for the cone with a half-angle = 15° is present-
ed in Figure 2. It is worth noting that in the displayed image, the grid appears larger than in
the actual calculations for clarity.
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Figure 2. Computational Domain Scheme
The number of grid cells is 35,950. The initial conditions correspond to the boundary con-

ditions at the inlet face, meaning the parameters of the incoming flow serve as the initial con-
ditions. In the QGDFoam solver, a smoothing coefficient of a = 0.1 was applied across the en-



tire computational domain. Additionally, the values for molar mass M = 28.96 and specific
heat capacity at constant pressure Cp = 1004 were set.

Unlike many other software packages, OpenFOAM manages simulations through text files.
This provides flexibility, as it is easy to automate task launches, modify simulation parame-
ters, and process results. The standardisation of calculations plays a crucial role in organising
the comparison of solvers, as it ensures uniform conditions for assessing their performance
and accuracy. With standardised methodologies, grids, boundary conditions, and physical
models, the results become comparable and reliable. This allows researchers to eliminate the
influence of external factors and focus on the characteristics of each specific solver. Further-
more, standardisation helps in better understanding the strengths and weaknesses of each
solver, which can be useful for selecting the optimal tool based on the specifics of the task. In
the OpenFOAM package, we used the same parameters for the configuration files fvSchemes
and fvSolution as in [5].

4. Experimental Results

The simulations performed with all solvers resulted in the well-known qualitative flow pat-
tern for the considered problem. An example is shown in Figure 3, depicting the pressure dis-
tribution in the computational domain. The presented pressure distribution was obtained us-
ing the rhoCentralFoam solver. No solution breakdown was observed for any of the solvers,
indicating the high stabilising properties of all solvers involved in the study.

Next, the deviation is evaluated from the exact solution for the entire computational do-
main using the L. norm. To do this, we define the relative error Err for the L. norm as fol-

lows:
Ly Err = jZlym—yﬁf““IZVm/ jilyﬁmlzvm
m m

Here, yme*act represents the pressure p, density p, x and y components of velocity (Ux and
Uy). Vin exact is the cell volume. The values of ymexact were obtained by interpolating the tabu-
lated solution of the problem. The solvers involved in the comparative accuracy analysis were
sonicFoam, QGDFoam, rhoCentralFoam, and pisoCentralFoam. For convenience, the solvers
are denoted by abbreviations in the tables: rCF (rhoCentralFoam), pCF (pisoCentralFoam),
sF (sonicFoam), QGDF (QGDFoam). The deviation values from the exact solution for all val-
ues over the entire computational domain are provided in Tables 1—3. The smallest values in
each row are highlighted in bold.
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Figure 3. Field steady-state flow pressure for the rhoCentralFoam Solver



TABLE 1 ERRORS FORM = 2

Value | Half-cone angle rCF pCF sF QGDF

5 0.017028 | 0.022472 | 0.031921 | 0.025685

10 0.027280 | 0.033699 | 0.055463 | 0.042351

P 15 0.034960 | 0.040031 | 0.080514 | 0.046906

25 0.036960 | 0.043399 | 0.085460 | 0.049201

5 0.013049 | 0.016927 | 0.026125 | 0.019875

10 0.021151 | 0.025949 | 0.046866 | 0.033427

p 15 0.027018 | 0.030899 | 0.069235 | 0.037590

25 0.028358 | 0.033815 | 0.074514 | 0.040236

5 0.003332 | 0.002882 | 0.003195 | 0.003090

- 10 0.005847 | 0.005424 | 0.006937 | 0.005807

15 0.009694 | 0.008440 | 0.012859 | 0.009248

25 0.012425 | 0.012269 | 0.016679 | 0.012820

5 0.049208 | 0.058461 | 0.073065 | 0.061710

Uy 10 0.046843 | 0.054963 | 0.073083 | 0.060938

15 0.043771 | 0.048582 | 0.071450 | 0.048474

25 0.036296 | 0.044299 | 0.057872 | 0.040218

TABLE 2 ERRORS FORM = 4

Value | Half-cone angle rCF pCF sF QGDF
5 0.031943 | 0.040018 | 0.067521 | 0.051875

10 0.045202 | 0.053764 | 0.125038 | 0.062389

p 15 0.051245 | 0.060396 | 0.154412 | 0.074341
25 0.051458 | 0.061273 | 0.161013 | 0.077917

5 0.024840 | 0.030584 | 0.056221 | 0.040623

10 0.035139 | 0.041356 | 0.106082 | 0.049628

p 15 0.039569 | 0.046781 | 0.134346 | 0.059978
25 0.039651 | 0.047775 | 0.142780 | 0.063810

5 0.005091 | 0.003401 | 0.004375 | 0.003689

10 0.008348 | 0.006382 | 0.011029 | 0.006035

Ux 15 0.011934 | 0.009961 | 0.019059 | 0.009639
25 0.015016 | 0.014323 | 0.024822 | 0.013115

5 0.070407 | 0.076146 | 0.105546 | 0.087226

10 0.060978 | 0.069945 | 0.115991 | 0.065847

Uy 15 0.053252 | 0.063890 | 0.102818 | 0.059047

25 0.043076 | 0.058077 | 0.081359 | 0.050234




TABLE 3 ERRORS FORM =6

Value anglff"’one rCF pCF sF QGDF
5 0.057095 | 0.064405 | 0.174251 | 0.083892

10 0.065626 | 0.067459 | 0.183761 | 0.095616

p 15 0.068654 | 0.071534 | 0.194212 | 0.099098
25 0.071054 | 0.072618 | 0.204263 | 0.100022

5 0.039118 | 0.044436 | 0.141836 | 0.062416

10 0.050310 | 0.052647 | 0.158682 | 0.076522

p 15 0.053411 | 0.056018 | 0.168282 | 0.080265
25 0.055427 | 0.057246 | 0.182445 | 0.082623

5 0.006597 | 0.003779 | 0.007974 | 0.004184

10 0.010538 | 0.006571 | 0.012771 | 0.007293

Ux 15 0.014176 | 0.009545 | 0.017492 | 0.010283
25 0.018507 | 0.012650 | 0.024849 | 0.013967

5 0.090816 | 0.092901 | 0.158190 | 0.101646

10 0.075070 | 0.077949 | 0.124047 | 0.082505

Uy 15 0.064468 | 0.070016 | 0.097257 | 0.065471
25 0.056260 | 0.068021 | 0.085289 | 0.055883

The error surface visualization shown in Figures 4—7.

Figure 4. Variation of the deviation from the exact solution for pressure depending on the
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Figure 5. Variation of the deviation from the exact solution for density depending on the
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Figure 7. Variation of the deviation from the exact solution for velocity y-component depend-
ing on the Mach number and cone half-angle for all solvers in L. norm

However, it should be noted that in this study, the smoothing parameter a for the QGD-
Foam solver was not adjusted, and as shown in [27], modifying this parameter affects the so-
lution’s accuracy. a = 0.1 may not be an optimal value for this type of problem. This issue will
be addressed in our future research.

The largest absolute increase in error is observed for pressure at an angle of 5° for the sF
method when going from M=4 to M=6. The error increases from 0.067521 to 0.174251, giving
an absolute increase of 0.10673. The largest relative increase in error at this transition is ob-
served for the velocity Ux at an angle of 5° for the sF method. The error increases from
0.004375 to 0.007974, which corresponds to a relative increase of 1.82 times. It is interesting
to note that for the Uy velocity, there is a decrease in error when going from M=4 to M=6 for
some methods and angles. For example, for the sF method at an angle of 15°, the error de-
creases from 0.102818 to 0.097257, this corresponds to a decrease of 5.4%. The rCF method
shows the most stable results for both transitions. For example, for pressure at an angle of
25°, the increase in error is only 39% for the transition from M=2 to M=4 and 38% for the
transition from M=4 to M=6, which is much smaller than the other methods.

5. Conclusion

This comprehensive study of OpenFOAM solvers for supersonic flow around a Spherically
Blunted Cone provides valuable insights into their accuracy across various conditions. A no-
table trend is the increase in errors with rising Mach numbers from 2 to 6 for all considered
quantities. For pressure and density, errors typically increase with increasing half-cone angle
up to a certain value, after which the growth slows or stops. Interestingly, for the y-
component of velocity, errors generally decrease with increasing cone half-angle. The study
highlights that the choice of the most appropriate solver may depend on the specific problem
and the physical quantity of interest. The difference in accuracy between methods becomes
more pronounced at higher Mach numbers, especially for pressure and density calculations.
Future research opportunities include investigating the accuracy of the solvers in more com-
plex geometries and flow conditions, such as unsteady flows or flows with strong shock-
boundary layer interaction.

This study provides crucial guidance for researchers and engineers in selecting the most
accurate OpenFOAM solver for specific supersonic flow problems, emphasizing the im-



portance of considering both the flow conditions and the physical quantities of primary inter-
est in their simulations.
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