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Abstract

In this work, we attempted to develop an Implicit Coupled Density-Based
(ICDB) solver using LU-SGS algorithm based on the AUSM+ up scheme
in OpenFOAM. Then sonicFoam solver was modified to include viscous
dissipation in order to improve its capability to capture shock wave and
aerothermal variables. The details of the ICDB solver as well as key
implementation details of the viscous dissipation to energy equation were
introduced. Finally, two benchmark tests of hypersonic airflow over a flat
plate and a 2-D cylinder were simulated to show the accuracy of ICDB solver.
To verify and validate the ICDB solver, the obtained results were compared
with other published experimental data. It was revealed that ICDB solver
has good agreement with the experimental data. So it can be used as reference
in other studies. It was also observed that ICDB solver enjoy advantages
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such as high resolution for contact discontinuity and low computational time.
Moreover, to investigate the performance of modified sonicFoam, a case
study of airflow over the prism was considered. Then the results of the
modified sonicFoam were compared with the ICDB, rhoCentralFoam and
sonicFoam solvers. The results showed that the modified sonicFoam solver
possesses higher accuracy and lower computational time in comparison with
the sonicFoam and rhoCentralFoam solvers, respectively.

Keywords: OpenFOAM, density-based, AUSM+ up, sonicFoam, implicit.

1 Introduction

In a viscous fluid flow, the viscosity of the fluid dissipates the fluid’s mechan-
ical energy into the internal energy; this process is partially irreversible.
Viscous dissipation usually refers to the work done by the flow against the
viscous stresses [1]. It has been studied by many researchers [2–5].

Stewartson studied the compressible boundary-layer characteristics using
analytical and numerical methods, and presented the effects of viscosity
variations with temperature [6]. Nepal et al. investigated the flow and the
effect of viscous dissipation, as well as the heat transfer characteristics of
compressible boundary-layer flow passing through a heated cylinder. For
different Mach numbers and surface temperatures, the numerical solutions
demonstrated how the local shear stress and the rate of heat transfer at the
surface of the cylinder were affected by these parameters [7].

There are many procedures for numerical simulation: explicit or implicit
and coupled or segregated schemes.

Explicit and implicit schemes are usually used in time discretization in
Computational Fluid Dynamic (CFD). The computational cost of implicit
scheme is more than that of explicit scheme because it needs to solve a
linear system of equations at each time step. However, since explicit scheme
uses only the previous flow field information while implicit scheme uses the
current flow field information. In addition, the solution in implicit scheme is,
generally, more stable [8].

In coupled method, the dependent equations are solved simultaneously.
This method is more efficient; however, because of its complexity, it needs
higher memory requirements [11]. Commercial CFD packages such as Fluent
are quite convenient and efficient; they use the fully implicit coupled method
but provide solutions only for general situations considered by the design-
ers [12]. The limited programming interface in Fluent makes it difficult to
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use these packages to implement new models for specific needs. In contrast,
OpenFOAM is a free-source CFD package that provides both tutorials and
the C++ source code. The existing calculation modules can be used similar
to commercial CFD software. Also the C++ source code can be modified for
different purposes [13–16]. In the official version of OpenFOAM, an explicit
segregated density-based compressible solver, called rhoCentralFoam, has
been developed that uses the central-upwind schemes of Kruganov and
Tadmor to capture the shocks.

The discrete details of rhoCentralFoam are shown in Ref. [17]. The num-
ber of functions of density-based solvers and their efficiency are relatively
lower in the official version of OpenFOAM. The DensityBasedTurbo solver
has been developed by the extended version of OpenFOAM. The well-known
Godunov convective discrete schemes (e.g. AUSM family and Roe) are used
in this solver [16–18], as well as in commercial CFD codes (Fluent, Fastran
and CFX) [21–23].

The present work aimed at (i) development of Implicit Coupled Density-
Based (ICDB) solver using AUSM+ up scheme in OpenFOAM framework,
(ii) proposing a new modified sonicFoam (i.e. adding the viscous dissipation
to the energy equation), and (iii) verification and validation of ICDB by
comparing with Chun’s findings and other experimental data. To this end,
three test cases are considered: (a) hypersonic airflow over an adiabatic flat
plate, (b) hypersonic airflow over an isothermal cylinder, and (c) supersonic
airflow over an adiabatic prism. In the prism case, the results of ICDB,
modified sonicFoam, rhoCentralFoam, and sonicFoam solvers are compared.
The present work ultimately aims to show the performance of the above
mentioned solvers in OpenFOAM for compressible flows.

2 Governing Equations

The governing equations for the conservation of mass, momentum and energy
are as follows, respectively [24]:

∂ρ

∂t
+∇ · (ρV ) = 0, (1)

∂(ρV )

∂t
+∇ · (ρV V ) = −∇p+∇ · τ, (2)

∂(ρe)

∂t
+∇ · (ρV e) = −∇ · (k∇T )−∇ · (pV ) +∇ · (τ · V ) (3)
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where, ρ is the density, V is the velocity vector, p is the pressure, τ is the
stress tensor, and e is the specific total energy. The equation of state for ideal
gas is p/ρ = R

M T , in which R is the universal gas constant, M is the molar
mass of the considered gas, and T is the temperature.

For a Newtonian fluid, the stress tensor is a linear function of the strain
rate:

τ = µ[∇V + (∇V )T ] + λ(∇ · V )I (4)

where, µ is the molecular coefficient of viscosity, λ is the bulk coefficient
of viscosity, usually set equal to −(2/3)µ (λ = −(2/3)µ), T refers to the
transpose of ∇V , and I is the unit or identity tensor.

The divergence of the stress tensor is a vector that can be expressed as:

∇ · τ = ∇ · [µ[∇V + (∇V )T ]] +∇ · (λ(∇ · V ))

=



∂

∂x

[
2µ
∂u

∂x
+ λ (∇ · v)

]
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∂
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(5)

For modeling the turbulent flow, the standard k–ε model is used.

3 Numerical Schemes

The numerical solution of compressible flow equations can be performed
using two different approaches (pressure-based and density-based). In Open-
FOAM, both approaches are implemented. RhoCentralFoam is a density-
based solver and sonicFoam is a pressure-based solver. Almost all solvers
of OpenFOAM can solve the continuity, momentum and energy equations by
using a segregated method, sequentially.
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3.1 rhoCentralFoam Solver

rhoCentralFoam is an explicit segregated density-based solver in OpenFOAM
framework. In rhoCentralFoam, the continuity, momentum and energy equa-
tions are discretized separately to obtain three linear systems. These systems
are independent, and can be solved separately. The continuity and momentum
equations are solved in two steps. For this purpose, the inviscid part of
the momentum equation is calculated explicitly and its values are updated.
Then the viscous part is added primarily. Next, the energy equation is solved
explicitly without the diffusive flux of heat, which is later added when the
updated temperature is calculated. The actual inviscid equations are then
corrected implicitly by associating the diffusion terms. In rhoCentralFoam,
the required flux interpolations are performed using the second-order semi-
discrete, non-staggered schemes of Kurganov and Tadmor (KT) [25], and
Kurganov, Noelle, and Petrova (KNP) [26]. As a limitation, the Kurganov-
Tadmor’s scheme needs to keep the acoustic Courant number less than 1/2
[27]. The main procedure of rhoCentralFoam, which is a part of code in
rhoCentralFoam solver written in C++ language is shown in Figure 1.

3.2 sonicFoam Solver

sonicFoam is a semi-implicit segregated pressure-based solver. The method,
known as PISO (Pressure Implicit with Splitting of Operators), uses the
pressure and velocity as dependent variables. The required pressure equation
to be used in sonicFoam may be derived from the differential form of the
momentum and continuity equations. The main feature of this technique is
splitting of the solution process into a series of steps where the operations on
pressure are decoupled from those on velocity [26]. The two key differences
between sonicFoam and rhoCentralFoam solvers are the use of pressure and

Figure 1 The procedure of rhoCentralFoam.
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Figure 2 The procedure of sonicFoam.

velocity as dependent variables through the PISO method in sonicFoam, and
the use of an alternative approach to Riemann solvers, based on central-
upwind schemes in rhoCentralFoam. The main procedure of sonicFoam,
which is a part of code in sonicFoam solver written in C++ language is shown
in Figure 2.

3.3 Modified sonicFoam Solver

The solution of the energy equation is included in several solvers of Open-
FOAM. The energy equation in sonicFoam solver is implemented in the form
of total energy expressed in Equation (3), without the mechanical sources
∇ · (τ · V ):

∇ · (τ · V ) = (∇ · τ) · V + τ : ∇V (6)

where, τ : ∇V represents the conversion of mechanical power into internal
energy, and thus, the random motion of particles, and (∇ · τ) · V shows a
mechanical power due to the bulk motion of particles. The viscous dissipation
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rate is:

Φ = τ :∇V =

(
−2

3
µ∇ · V + µ[∇V + (∇V )T ]

)
:∇V. (7)

In the present study, the mechanical source term was added to the energy
equation of sonicFoam solver; we named it “modified sonicFoam”. The C++
programming language was used for this purpose in accordance with the
programming structure in OpenFOAM.

This term is calculated by calling devRhoReff()&U. In the modified son-
icFoam solver, the energy equation is implemented as follows:

fvScalarMatrix EEqn
(

fvm::ddt(rho, e) + fvm::div(phi, e)
+fvc::ddt(rho, K) + fvc::div(phi, K)
+fvc::div(fvc::absolute(phi/fvc::interpolate(rho), U), p, ”div(phiv,p)”)
-fvm::laplacian(turbulence->alphaEff(), e)
-fvc::div(turbulence->devRhoReff()&U)
==
fvOptions(rho, e)

);

Where, ∇ · τ is used to define the details of ∇ · (τ · V ), (turbulence->
divDevRhoReff(U)). The value of (divDevRhoReff (U)) can be shown as:

Foam::tmp<Foam::fvVectorMatrix>laminar:: divDevRhoReff (volVector-
Field& U)) const
{

return
(
- fvc::div((muEff()*dev2(T(fvc::grad(U))))
- fvm::laplacian(muEff (), U)

);
}

Thus,∇ · (τ · V ) is calculated using (divDevRhoReff()&U).
The purpose of adding an extra source term to sonicFoam is to increase

the capability of this solver to analysis the effect of viscous dissipation.
Review of other studies shows viscous dissipation has special importance
in compressible flows so it is necessary to develop sonicFoam in order to
investigating the effect of viscous dissipation.
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3.4 ICDB (Implicit Coupled Density-Based) Solver

Computational fluid dynamics codes are becoming a promising tool for
regular and routine use in engineering. Hence, more careful attention must
be paid for developing a numerical scheme that is reliable for a wide range
of applications like physical modeling [29]. One of the important extensions
is to allow the application of the existing compressible flow codes to reliably
predict low and high speed flows.

Flux difference splitting (FDS) schemes such as the Roe scheme [30]
have very high resolution for both contact discontinuity and boundary layer
in compressible flows. Flux vector splitting (FVS) schemes have much better
robustness in capturing strong discontinuities; however, they have a large
numerical dissipation on contact discontinuities and in boundary layers. The
AUSM family schemes enjoy the advantages of both FDS and FVS schemes
like high resolution for contact discontinuity, low numerical dissipation, and
high computational efficiency [19].

In simulation of gas centrifuge, there is a wide range of Mach numbers
such that it is low near the axis and high near the wall of the rotor. The
objective of the present study is to develop a new scheme that is uniformly
valid for all speed regimes.

A new version of the AUSM-family schemes, called AUSM+ up based
on the low Mach number asymptotic analysis, is described in Liou’s study
[29]. It has been demonstrated to be reliable and effective not only for low
Mach numbers, but also for all speed regimes, as well as for a wide variety
of flow problems over different geometries and grids [29]. In this scheme,
central and upwind interpolations are used for subsonic and supersonic flows,
respectively [31]. The equations related to Roe and AUSM+ up schemes are
found in Refs. [29, 30].

In this part, the characteristics of ICDB solver are explained.
The general conservation equations in steady state is as below:

∇ · (
−→
F c −

−→
F v) = 0 (8)

where,
−→
F c and

−→
F v are the vectors of the convective and viscous fluxes,

respectively, which can be expressed as follows:

−→
F c =


ρ

ρuV + nxp
ρvV + nyp
ρwV + nzp

ρV E
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−→
F v =


0

nxτxx + nyτxy + nzτxz
nxτyx + nyτyy + nzτyz
nxτzx + nyτzy + nzτzz
nxθx + nyθy + nzθz


θx = uτxx + vτxy + wτxz + uq̇sx

θy = uτyx + vτyy + wτyz + uq̇sy

θz = uτzx + vτzy + wτzz + uq̇sz

In order to solve the conservation equation by implicit coupled method, a
system of equations is solved as:

a1.1 . . . a1.n
...

. . .
...

an.1 . . . an.n



ρ
ρu
ρv
ρw
ρE

 =

b1...
bn

 (9)

The system of equations is solved by the ICDB solver in OpenFOAM
framework. The ICDB solver is based on the AUSM+ up scheme using
LU-SGS (Lower-Upper Symmetric Gauss–Seidel) algorithm and GMRES
(Generalized Minimal Residual) method.

Matrix-free LU-SGS implicit scheme is widely used to solve a lin-
ear system because of its low numerical complexity and modest memory
requirements [10].

Here, the equations system is Ax = b. According to the original theory
of LU-SGS scheme, the implicit operator should be divided into the diagonal
matrix, D, the lower-diagonal matrix, L, and the upper-diagonal matrix, U , as
follows:

A = L+D + U ' (L+D)D−1(D + U) (10)

The solving process is divided into two steps: forward sweep and
backward sweep, which are directly solved by Equations (11) and (12),
respectively:

D∆x∗ = b−Axn − L∆x∗ (11)

D∆x = D∆x∗ − U∆x (12)

and
xn+1 = xn + ∆x
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Chun et al. described the details of implementation of LU-SGS method in
OpenFOAM [10]. Furst developed an implicit semi-coupled solver [1], and
we attempt to develop an implicit full-coupled solver using GMRES method
as an iterative method for numerical solution of a nonsymmetrical system of
linear equations. GMRES is an extension of the minimal residual (MINRES)
method, which is only applicable to symmetric systems, to nonsymmetrical
systems. Like MINRES, it generates a sequence of orthogonal vectors, but in
the absence of symmetry, this can no longer be done with short recurrences;
instead, all previously computed vectors in the orthogonal sequence have to
be retained [2].

Shuai Ye et al. described the details of implementation of GMRES in
OpenFOAM [32].

We follow the works of Chun and Shuai Ye simultaneously and then
extend the solver using the AUSM+ up scheme. This solver is called ICDB.

Figure 3 The procedures of the segregated and coupled methods.
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The main difference between ICDB solver and the other two solvers
(rhoCentralFoam and sonicFoam) is in their solution method. The solution
method of ICDB solver is based on the coupled method, while the other
solvers are based on the segregated method. They differ in the way that the
continuity, momentum, and (where appropriate) energy and species equa-
tions are solved; the segregated solver solves these equations sequentially
(i.e., segregated from one another), while the coupled solver solves them
simultaneously (i.e., coupled together). The procedures of the segregated and
coupled methods are shown in Figure 3.

4 Results and Discussion

The developed numerical schemes are tested for supersonic and hypersonic
flows for the three cases of airflow over a flat plate, a 2-D cylinder, and a
prism.

4.1 Description of Two Benchmark Test Cases

To verify and validate the ICDB solver, two test cases (flat plate and 2-D
cylinder) are considered as follows:

4.1.1 Flat plate
This case is related to a hypersonic airflow over an adiabatic flat plate
(Figure 4). As boundary conditions, the upper and outlet boundaries are
assumed as zero gradient of pressure, velocity and temperature ( ∂p∂n = 0,
∂
−→
V

∂n = 0, ∂T∂n = 0). Inlet boundary conditions for airflow are: total pressure
p0 = 648.1 Pa, total temperature T0 = 241.5 K, and Mach number
Ma = 6.47. The wall plane is adiabatic, and the fluid domain is meshed with
a structured grid (Figure 5). To capture the steep gradients in the boundary
layer, the mesh near the plane wall is properly fined. By a careful grid
examination, it is found that a 200× 200 grid and a distance of 20 µm (as the
closest grid line to the wall of the flat plate) are appropriate.

4.1.2 2-D cylinder
This case is hypersonic airflow over an isothermal cylinder (Figure 6). The
lower boundary condition is symmetric, the outlet boundary conditions are

set as zero gradient ( ∂p∂n = 0, ∂
−→
V

∂n = 0, ∂T
∂n = 0), and inlet boundary conditions

for airflow are: total pressure p0 = 648.1 Pa, total temperature T0 = 241.5 K,
and Mach number Ma = 6.47. The wall temperature of the cylinder is
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Figure 4 Computational domain of flat plate with boundaries.

Figure 5 Structured mesh in the fluid domain for flat plate.

294.4 K. The fluid domain is meshed with a structured grid (Figure 7). To
capture the steep gradients inside the shock wave and boundary layer, a fine
mesh is used near the wall of the cylinder (The grid is 200 × 200, and the
distance of the first grid line close to the wall of cylinder is 20 µm).

4.2 Case Study Description for Solver Analysis

For analysis of the solvers, the airflow over an adiabatic prism is considered.
The outlet, lower and upper boundary conditions are set as zero gradient
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Figure 6 Computational domain of the cylinder with boundaries.

Figure 7 Structured mesh in the fluid domain for the cylinder.
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Figure 8 Computational domain of the prism with boundaries.

Figure 9 Structured mesh for the prism.

( ∂p∂n = 0, ∂
−→
V

∂n = 0, ∂T
∂n = 0). Inlet boundary conditions for airflow are: total

pressure p0 = 100 kPa, total temperature T0 = 300 K, and Mach number
Ma = 1.9. The wall of the prism is adiabatic. The total computational domain
and the different inlet, outlet, upper and lower boundaries of the prism are
shown in Figure 8. The boundary conditions for the upper, lower and outlet
faces are assumed as zero gradient, and the grid used is structured (Figure 9).
A highly, but reasonably, fined mesh is adopted near the prism walls, and a
mesh independent grid size of 1200 × 1200 is adopted. The distance of the
first grid line close to the walls of the prism is 40 µm.
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4.3 Verification and Validation of the ICDB Solver’s Results

First, for the flat plate, the results of ICDB solver are compared with the
Chun of findings [19]. In Chun’s study, the 2nd spatial order AUSM+ and
AUSM schemes have been utilized in the OpenFOAM and Fastran software,
respectively.

On the other hands, the results obtained from ICDB solver are compared
with the results of Chun’s study. In the present study, the 2nd spatial order
AUSM+ up scheme is utilized in ICDB solver.

First, the contours are compared, and then the boundary aerothermal
variables are compared in order to confirm the capability of ICDB solver
to differentiate variables in diffusive boundary layer. The pressure and tem-
perature contours of the present study are compared with Chun’s results in
Figures 10 and 11, respectively. The predictions are in good agreement very
well with each other.

The distributions of the pressures and temperatures along the flat plate are
calculated by ICDB solver, and compared in Figures 12 and 13, respectively.
As shown, there is no significant difference between the ICDB and Chun’s
simulations.

At the flat plate’s leading edge, the results of ICDB solver and Chun’s
study show oscillations. As illustrated in Figure 12, the results are quite close

Figure 10 Comparison of the pressure contours of ICDB solver with Chun’s study [19].
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Figure 11 Comparison of the temperature contours of ICDB solver with Chun’s study [19].

Figure 12 Comparison of the pressure distributions along the flat plate with Chun’s
study [19].
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Figure 13 Comparison of the temperature distributions along the flat plate with Chun’s
study [19].

to each other, and the maximum difference is nearly 2%. In Figure 13, the
line of ICDB is smoother than the line of solver performed by Chun. The
maximum difference between the outcomes of ICDB solver and Chun’s study
is approximately 3%.

It is worth mentioning that comparison of the results obtained from three
schemes (AUSM, AUSM+, and AUSM+ up) showed their the differences
well.

Here, for the cylinder case, the results of ICDB solver are compared
with Chun’s results. In Chun’s study, the results have been presented by the
AUSM+ solver within OpenFOAM and the 2nd order AUSM solver within
Fastran. In the present study, the 2nd spatial order AUSM+ up scheme is
utilized in ICDB solver in OpenFOAM.

Figures 14 and 15, respectively, compare the pressure and temperature
contours calculated by ICDB solver with Chun’s results. The sharp gradients
inside the shock wave and boundary layer can be seen clearly. As illustrated
in Figure 14, for the pressure contour lines in the shock wave, the maximum
contours above 35 kPa generated by ICDB is bigger than that of Fastran
solver, though both of them are quite close to the results obtained by Chun
using OpenFOAM. In other zones, the results are in good agreement with
each other. In Figure 15, for the temperature contour lines in the shock wave,
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Figure 14 Comparison of the pressure contours of ICDB solver with Chun’s study [19].

Figure 15 Comparison of the temperature contours of ICDB solver with Chun’s study [19].

the maximum contour above 2200 K generated by ICDB is clearly bigger
than that reported in Chun’s study. In other zones, the temperature contour
lines from ICDB are quite close to those in Chun’s study.

Figure 16 compares the pressure distributions along the cylinder wall; as
shown, the difference between the results is small. For the pressure distri-
butions, the maximum difference between the outcome of ICDB solver and
Chun’s study is nearly 5%.

The accuracy of the present study is validated by comparing with the
experimental data. As shown in Figure 17, the pressure distribution of ICDB
solver is in well agreement with the experimental data [19, 33]. In Figure 17,
pressure is normalized with the value of inlet pressure.

Based on the above results, ICDB solver can be used as reference.
Therefore, this solver is used to verify the modified sonicFoam in the next
part.
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Figure 16 Comparison of the pressure distributions along the cylinder wall obtained by
ICDB solver with Chun’s study [19].

Figure 17 Comparison of the dimensionless pressure distributions along the cylinder wall
obtained by ICDB solver with Chun’s study [19, 33].
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4.4 Modified sonicFoam Solver’s Analysis Results

To see whether the modified sonicFoam solver has the capabilities to capture
aerothermal variables or not, the airflow over an adiabatic prism as case
is investigated. Due to large gradients and high turbulence levels in the
prism case, the viscous dissipation rate is high. The pressure, velocity and
temperature contours of sonicFoam, modified sonicFoam, rhoCentralFoam
and ICDB are shown in Figure 18. As can be seen, the mechanical source
∇ · (τ · V ) makes noticeable differences between the temperature fields of
sonicFoam and the modified sonicFoam.

In Figure 18(a) and (b), the pressure and velocity contours produced by all
the mentioned solvers are shown. Figure 18(c) illustrates that the maximum
difference between the temperature contours, in comparison with ICDB
solver, belongs to sonicFoam, modified sonicFoam, and rhoCentralFoam,
orderly.

The pressure, velocity and temperature distributions along the central line
of the prism (y = 0.0 m), the line with y = 0.01 m, and the line with y = 0.04
m are compared in Figures 19 to 21.

For better presentation, all of the obtained resulted are plotted within
x = 0.2 and x = 0.5 m.

Figure 19 illustrates the pressure, velocity and temperature distributions
along the center line of the prism (y = 0.0 m). There are some differences
between the pressure and velocity distributions obtained by the mentioned
solvers at x = 0.31–0.45 m. Also a significant difference is seen between the
temperature distributions of the obtained results by sonicFoam solver with
others solvers.

The temperature increases in the wake zone of the prism, where the
viscous dissipation has its highest rate. It is to be mentioned that it is only
in sonicFoam solver that the viscous term is neglected in the energy equation.

Figure 20 shows the pressure, velocity and temperature distributions
along the line with y = 0.01 m. As clearly seen,there is no significant
difference between the pressure and velocity distributions at most of the
zones. For the temperature distributions, between the locations x = 0.31 m
and x = 0.34 m, the difference is obvious between the sonicFoam and other
solvers. The value temperature for sonicFoam is about 400 K, whereas 500 K
for ICDB; this big difference is due to the effect of viscous dissipation in
the wake zone of the prism. For the temperature, pressure, and velocity
distributions, between the locations x = 0.34 m and x = 0.4 m, the difference
between of sonicFoam and modified sonicFoam with the rhoCentralFoam
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Figure 18 Pressure (a), velocity (b) and temperature (c) contours obtained from different
solvers.
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Figure 19 The distributions of characteristics of airflow along the center line of the prism
(y = 0 m).
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Figure 20 The distributions of characteristics of airflow along the line with y = 0.01 m.
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Figure 21 The distributions of characteristics of airflow along the line with y = 0.04 m.
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and ICDB is obvious; this difference is predicted to be due to the use of
different solution methods. The main differences of solution between these
solvers are using the density-based and pressure-based methods. The results
of rhoCentralFoam and ICDB coincide with each other. RhoCentralFoam
and ICDB are density-based while sonicFoam and modified sonicFoam are
pressure-based.

Figure 21 illustrates the pressure, velocity and temperature distributions
along the line with y = 0.04 m (y = 0.0 m is the center line of the prism).
The line with y = 0.04 m is far from the prism, and the results of these
plots are helpful for comparing the capability of solvers. Along the line with
y = 0.04 m, the effect of viscous dissipation is less than that at y = 0.0 m and
y = 0.01 m; so it would be possible to compare the effect of different solution
methods in the solvers.

In Figure 21, there is no significant difference between the pressure,
velocity, and temperature distributions at most of the zones. Regarding the
distributions of characteristics of airflow, within x = 0.41 m and x = 0.47 m,
there are some differences between the solvers. The differences are predicted
to be due to difference in schemes. SonicFoam and modified sonicFoam
are semi-implicit segregated pressure-based solvers with the PISO scheme,
rhoCentralFoam is an explicit segregated density-based solver with the
Kurganov-Tadmor’s scheme, and ICDB is an implicit coupled density-based
solver with the AUSM+ up scheme. Based on the results presented in
Section 4.3, ICDB solver is considered as reference to verify the modified
sonicFoam and other solvers.

In this part, the computational efficiency of the mentioned solvers is
calculated. The specification of the computational system for the prism
simulation is given in Table 1.

The number of cells in the prism case is 1440000. The computational
efficiency of different solvers is presented in Table 2.

Table 1 Characteristics of the computational system
CPU Core Speed (GHz) RAM (GB)
INTEL 32 2.2 500

Table 2 Computational efficiency of different solvers
Solver RhoCentralFoam SonicFoam Modified sonicFoam ICDB
Time (Min) 550 380 385 230
Memory (GB) 4.8 5.2 5.2 6
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It is clear from the above table that the best computational time belongs
to ICDB for using the implicit coupled method. In implicit coupled method,
the dependent equations are solved simultaneously. In addition, this method
is more efficient; however, because of its complexity, it needs higher memory
requirements. The worst computational time belongs to rhoCentralFoam for
using the explicit segregated method. In explicit segregated method, the
equations are independent, and can be solved separately so the memory usage
is less than in other solvers. In sonicFoam and modified sonicFoam solvers,
because of using the semi-implicit segregated method, the computational time
is more than in full ICDB while the memory usage is less. However, since the
implicit scheme is more stable than the explicit scheme, the convergence of
sonicFoam and modified sonicFoam is better than that of rhoCentralFoam.

5 Conclusion

We developed an Implicit Coupled Density-Based (ICDB) solver using LU-
SGS algorithm and AUSM+ up scheme in OpenFOAM. Also the sonicFoam
solver was modified by adding the viscous dissipation term to the energy
equation. To investigate the performance of the ICDB and modified sonic-
Foam solvers, three typical test cases, including hypersonic airflow over a
flat plate, hypersonic airflow over a cylinder and supersonic airflow over a
prism were used. To validate the ICDB solver, the results were successfully
compared with the experimental data and Chun’s study. To evaluate its capa-
bility in capturing the aerothermal field parameters, the modified sonicFoam
solver was compared with the sonicFoam solver, and it was seen that the
modified sonicFoam’s results were improved. Furthermore, the accuracy of
rhoCentralFoam, sonicFoam, and modified sonicFoam as segregated solvers
were compared with ICDB as coupled solver.

By investigation of the obtained results, it was concluded that ICDB
enjoys the capability of modeling and simulation of supersonic and hyper-
sonic gas flows with good computational efficiency. The most significant
advantage of the solver in OpenFOAM is that a lot of other advanced methods
can be directly added to it. In comparison with other analogous solvers in
commercial software, it could be also further improved by other researches
due to its open source characteristics.
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Nomenclature

V Velocity vector (m/s)
T Temperature (K)
p Pressure (Pa)
c Speed of sound (m/s)
Ma Mach number
D Diagonal matrix
L Lower-diagonal matrix
U Upper-diagonal matrix
K Thermal conductivity of the fluid (W/m·K)
e Specific total energy (J/kg)
R Universal gas constant (J·K3/mol)
M Molar mass (kg/mol)
x,y,z Cartesian coordinates
u,v,w Velocity component (m/s)

Greek symbols
τ Stress tensor
µ Molecular coefficient of viscosity (Pa.s)
λ Bulk coefficient of viscosity (Pa.s)
ρ Density (kg/m3)
Φ Viscous dissipation
∅ Vector of conservative variables
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