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Introduction

Computational meshes used in practical acrodynamic appli-
cations may possess various properties. For example, struc-
tured or unstructured ordering may be used to utilize efficient
data structures or simplify mesh generation; high-aspect-ratio
cells may be used to resolve boundary layers of high-Reynolds-
number flows; the cell orientation may align with specific flow
directions to maximize benefits of certain discretization tech-
niques, such as approximated Riemann solvers. The Hyper-
Flex version of the DLR TAU-code provides a suit of com-
putational algorithms and solution techniques that can be
canonically switched depending on mesh characteristics to op-
timize accuracy, efficiency, and robustness of flow solutions.
The current HyperFlex implementation derives from experi-
ences gained during previous efforts concerned with enabling
structured data and algorithms in an unstructured code en-
vironment, developing an hierarchy of preconditioning tech-
niques embedded into a multistage Runge-Kutta method, and
implementing alternative multigrid techniques. The practical
aspects of code design, such as maintainability and expend-
ability, are also taken into account.



Hyperflex formulation of the spatial
discretization
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1 Introduction

This report describes the spatial discretization used in TAU HyperFlex and emphasizes differences
from the baseline TAU discretizations. The report is organized as follows. The differences be-
tween structured and unstructured addressing of mesh components are explained. An extension of
the unstructured edge-based data structure, which enables a canonical switch between structured and
unstructured second order discretizations, is considered. Solutions obtained with structured discretiza-
tions in TAU and FLOWer [4] are compared. Additionally, a modified artificial matrix dissipation which
improves the accuracy and robustness of current dissipation schemes and is suitable for the HyperFlex
preconditioned Runge-Kutta scheme is introduced. Solutions obtained with the new matrix dissipation
are compared with solutions obtained with current dissipation schemes in TAU.

2 Structured and unstructured addressing

In the context of finite volume methods, a mesh is identified as a structured mesh if it contains only
quadrilateral elements in 2D or only hexahedra in 3D, and all mesh points are uniquely identified in
a linear address space by discrete coordinates, denoted as i,j,k coordinates, corresponding to the x,
y, z coordinates of the physical space. The advantage of this discrete computational space is that
it allows to store local information, such as flow variables, in a structured data structure. With this
property, a (structured) finite volume code can efficiently address neighboring points by increasing
and decreasing the i,j,k indices (Fig. 2.1).
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Figure 2.1: Identification of surrounding and neighboring points (white circles) from one point (black
circle) in an structured and an unstructured data structure

An unstructured mesh may contain several different polyhedral elements, typically tetrahedra, hexa-
hedra, prisms and pyramids in 3-D. The main advantages of unstructured meshes are nearly automatic
mesh generation and a relatively easy mesh adaptation, i.e., solution dependent refinement and coars-
ening. On the other hand, the points of an unstructured mesh cannot be identified directly by mesh
indices as in structured meshes (Fig. 2.1). Hence unstructured meshes are stored usually by an
edge-based data structure [1].

In general, a structured mesh can be considered as a specific unstructured mesh with an ordering of
the hexahedrons in the discrete computational space. Therefore, on the same mesh, a structured code
differs from the corresponding unstructured code only in algorithms utilizing the specific ordering in
the discrete computational space. Implicit temporal discretizations widely use the discrete computa-
tional space. Discretization of implicit schemes on structured meshes results in well-ordered systems
which can be handled more efficiently by structured techniques rather than purely unstructured tech-
niques. This property can also be exploited in unstructured codes by storing the i,j,k addresses for
the structured parts of a mesh in addition to the edge-based data structure [8]. Generalized implicit
techniques [7], [5] represent more sophisticated alternatives and are used in TAU HyperFlex.

Spatial discretizations in structured and unstructured finite volume codes use different sets of points
(stencils) to compute terms of the discrete equations. For example, a second-order finite volume code
(e.g., FLOWer or TAU) must identify neighbors of neighbors to discretize the convective terms.
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The computational stencils can vary depending on available point ordering and hence the solution
accuracy can vary as well. Again this variability can be overcome if an unstructured code stores the
i,j,k coordinates for the structured parts of a mesh in addition to the edge-based data structure [8].

If only second-order discretizations are needed, there is another way to take advantage of structured
stencils on unstructured meshes. One can enhance the edge-based data structure by so-called face
neighbors in the structured parts of the mesh. Face neighbors are added to an edge, if the edge end
points and their neighbors are located on a smooth line (Fig. 2.2).
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Figure 2.2: Identification of edge-points in an edge-based data structure (left) and of edge-faces in
an enhanced edge-based data structure (right)

With this enhanced edge-based data structure, second-order stencils can be identical to those of
structured codes on smooth meshes Fig. 2.3. TAU already switches canonically to this data structure
in structured-mesh regions to use the same stencils as structured codes for the MUSCL reconstruction
of upwind schemes [3]. The following chapter shows that a combination of the enhanced edge-based
data structure and a central scheme with artificial dissipation used for discretizing the convective
terms is capable to reproduce accuracy of a structured code.
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Figure 2.3: Identified structured inner stencils (black), structured boundary stencils (green) and un-
structured stencils (blue, red) in a non-smooth (left) and smooth (right) structured mesh

It should be noted that the storage of discrete i,j,k addresses in addition to the common edge-based
data structure in an unstructured code environment implies additional memory resources, computation
and communication time, and efforts to develop and maintain the code. Redundant storage of data
and implementation of schemes and algorithms cannot be avoided. Hence it is recommended to
avoid the application of these extensions unless clear advantages compared to purely unstructured
discretizations cannot be observed.

3 Structured and unstructured spatial discretization

Spatial discretizations determine the accuracy of a finite volume code. A common opinion is that
structured discretizations are more accurate than unstructured discretizations due to availability of
the i,j,k addresses in the discrete computational space. Hence TAU HyperFlex is supposed to switch
to a structured discretization in structured mesh regions to obtain better solution accuracy. In this
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section, accuracy of structured and unstructured spatial discretizations implemented in TAU HyperFlex
is compared. Different structured and unstructured discretization stencils are mainly occurred for two
terms: (1) second-order discretization of the convective fluxes and (2) the discretization of viscous
fluxes. The latter is expected to be less important for accuracy of high Reynolds number flow solutions
and therefore is not considered in this report.

The structured finite volume code FLOWer [4] is used as reference to verify implementation of
the structured discretization in TAU HyperFlex and to compare with the structured and unstructured
TAU solutions. The structured version of the central scheme with artificial dissipation of FLOWer
has already been compared in detail to the unstructured version of TAU [8]. The effects of different
discretizations have been shown. Solutions obtained with a prototype code called TAUijk, which
includes the additional i,j,k addressing in structured mesh regions, have also been compared to FLOWer
solutions. This study indicated that the solution differences become less important for more complex
flows of practical interest. To confirm this observation the structured discretization was directly
implemented in TAU HyperFlex.

The TAU HyperFlex structured discretization is implemented by using the enhanced edge-based
data structure and is identical to the structured discretization of FLOWer. The artificial dissipation of
the central scheme is a combination of the first and third differences of flow variables. Its unstructured
version is defined with respect to an edge (or face) between nodes i and j by

dij = 01 |Aij| {5} (W; = W) —else] (L; (W)~ L(W)) |, (3.1)

where W is the vector of conservative variables. The third difference of the structured scheme [1] is
approximated using the undivided Laplacian operator

L(W)= Y (W,-W,), (3.2)
keN(i)

where the set N(i) denotes the neighbors of point i; gi(g) and 81-(;‘) are adaptive coefficients designed

to switch between the first and second order dissipation. The coefficients are adapted to the local
flow gradients

81'(]'2) = kZmax(Wiv II/I) 781'(;) = k4 - 8i(jZ)v (33)
where the pressure sensor y; is defined as
_ %( _) (pj—pi)
JEN(
== 34
v L (pj+pi) (34)
JEN()

and k; and k4 are constants, which can be defined by the user to control the amount of dissipation.
The scaling factors

sc@ =—+ f,scl@ 2 ?

= + ) 3.5
1 ni nj Y ni(1+n;)  ni(1+n;) (3.5)

where n; denotes the number of neighbors of cell i, are introduced in order to avoid a strong dependency
of the face dissipation on the number of neighbors surrounding the adjacent cells [3]. The cell
stretching coefficient, ¢;;, is computed as

05 ¥ Au—Aj\°
Tirj . keN(i)
1= 2 , (3.6)

where @ is typically set to 0.5 and Aj is the spectral radius of the matrix A;;. The influence of the
cell stretching coefficient is explained in detail in Ref. [2]. The matrix A;; [1] denotes Jacobian of the
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convective flux evaluated at the face ij. In this form, the dissipation is called matrix dissipation [1].
If the spectral radius of A;; is used instead, the scheme is reduced to the so-called scalar dissipation
scheme [1].

Three terms of the artificial dissipation scheme of FLOWer are discretized differently. The sums of
the first differences in the pressure switch (3.4) are calculated by the directional second differences in
the computational space,

_ Pivtjk —2PijktPio1jk

Vijk= . 3.7
Y ikt 2Pijk+ Pict ik (37)
The cell stretching coefficient is implemented as
TN? (2K N
1 L LJs
¢i,j,k — 1 +max AI] B AIJ 3 (38)
i7j7k i’j7k

where I,J, K denotes the computational direction. Instead of the Laplacian 3.2 the directional second-
difference approximation is used. Additionally, the structured scheme is independent of scaling con-
cerning the number of neighbors (3.5).

The structured discretization of FLOWer is implemented into a developer version of TAU HyperFlex
using the stencils provided by the enhanced edge-based data structure. Additionally, the implementa-
tion uses the cell stretching coefficient suggested in [8] that is equal to (3.8) in 2-D. This version of
HyperFlex TAU is denoted as canonical below, in particular in figures. The implementation is tested
and compared to FLOWer and TAU using several test cases.
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Figure 3.1: Comparison of results concerning a subsonic Euler flow based on structured and unstruc-
tured discretizations of the convective terms

A subsonic Euler test case is used to compare the central second-order discretizations of the con-
vective terms with the matrix dissipation. A structured 224x32 element mesh is defined around a
NACAO0012 profile. To guaranty that other discretization terms are the same, FLOWer and TAU
solutions are computed on the cell-centered grid metric (cc) and use the average-of-flux formulation
of the central scheme (AoF). Fig 3.1 shows the distribution of pressure coefficient and total pressure
loss of FLOWer, TAU, and TAU HyperFlex (canonical) results.

The comparison shows that the structured solutions of FLOWer and TAU HyperFlex are almost
identical. This close similarity indicates that other discretization components, such as boundary
conditions, are implemented in a similar way as expected. As expected [8], there are some differences
between the structured solutions and the unstructured solution of TAU, but they are small.

A transonic RANS test case is used to verify the combination of first- and second-order dissipation
at shocks and to evaluate the influence of the viscous terms. A 184x40 structured element mesh is
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defined around an RAE2822 profile. The flow conditions are Ma = 0.734, oo = 2.79 and Re = 6.5¢6.
Fig 3.2 compares the pressure distribution of FLOWer and TAU HyperFlex (canonical) using the cell-
centered grid metric, average of flux discretization of the central difference and a turbulence model.
The solutions are nearly identical.

RAE2822 -Case 9 - ADIGMA MTC5 Level 3 RAE2822 -Case 9 - ADIGMA MTC5 Level 3
Ma =0.734,alpha=2.79, Re = 6.5e6 Ma =0.734, alpha =2.79, Re = 6.5e6
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Figure 3.2: Comparison of results concerning a transonic flow based on structured and unstructured
discretizations of the convective terms of the RANS equations

The cell-vertex grid metric is the default metric of TAU. Fig. 3.2 (right) compares the cell-vertex
solutions obtained with the enhanced edge-based data structure (TAU-CV canonical) and with the
default edge-based data structure (TAU-CV); no significant difference has been observed. These
results indicate that the differences between the structured and the unstructured discretizations of the
convective terms and specifics of the viscous term discretizations have negligible effects on accuracy
and that the combination of first and second-order dissipation terms at shocks using the enhanced
edge-based data structure is implemented correctly and lead to expected results.
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Figure 3.3: Influence of the canonical switch (Onera M6, cut plane at section 3)

A 3-D RANS test is used to compare the influence of the canonical switch between structured
and unstructured spatial discretizations. A mixed-element mesh with 265276 points is generated
around an Onera-M6 airfoil; hexahedra are used to resolve the boundary layer, prisms are used at
the wing tip to simplify the mesh generation, and tetrahedral are used in the farfield. The flow
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conditions are Ma = 0.84, o¢ = 3.06 and Re = 11.72¢6. This case is known to be very sensitive to
small changes in the artificial dissipation. Fig 3.3 shows two pressure distribution computed with
the cell-vertex formulation of TAU HyperFlex at the surface cut at section 3. The blue distribution
represents the standard TAU discretization using the unstructured central dissipation in each mesh
region. The dashed red distribution is calculated using the canonical switch which uses the structured
discretization based on the enhanced edge-based data structure in mesh regions of hexahedra and
prisms and the unstructured discretization in the rest of the mesh. Again the differences between the
structured and the unstructured solutions are negligible.

It can be concluded that the difference between the structured and unstructured implementations of
the central discretization scheme and the viscous terms has a little influence on discrete solutions on the
same mesh. Taking into account efforts required for code development, maintenance and expansion,
redundant implementation of algorithms, and additional communication in parallel computations,
it is not recommended to implement a canonical switch for the central scheme. It appears that
better accuracy can be obtained by improving unstructured discretizations rather than by switching
to structured discretizations.

4 Improved matrix dissipation

This section presents a modified dissipation scheme developed for TAU HyperFlex. The default
discretization scheme of TAU for the convective terms of the RANS equations is the central scheme
with scalar artificial dissipation [3]. A matrix dissipation scheme can reduce the unnecessary artificial
dissipation and improve solution accuracy. The common matrix dissipation scheme implemented in
TAU has two important shortcomings. (1) It is less robust in particular on meshes with highly stretched
hexahedra and tends to generate large wiggles in a vicinity of a shock. (2) It does not perform well
in combination with the preconditioning techniques of TAU HyperFlex [7], [5]. A modified matrix
dissipation scheme suggested in [7], [5] can be defined as

dij = |Ay] {;eff) (W= Wi)— e (Lj(W) ~L; <w>>} , (4.1)

where

el.(jz) = min (komax (y;, ;) , 1) ’Si(;) =kq (1 - 81'(1'2)) : (4.2)

This formulation becomes nearly a first order Roe scheme near a shock and usually does not exhibit
near-shock oscillations [3]. However, this formulation is known to degrade accuracy in some cases,
specifically in computations performed for the Airbus HyperFlex workshop and the 5th Drag Prediction
Workshop [9]. Fig. 4.1 shows a mesh convergence study for the NASA Common Research Model.
Two results in this figure correspond to the matrix dissipation (4.1). The dark blue curve represents
a parameter combination of the scheme leading to robust but less accurate results. The orange
curve represents a parameter combination of the scheme leading to more accurate results but the
corresponding solutions tend to diverge on finer meshes.

Two modifications are introduced in the matrix-dissipation formulation to combine advantages of
the schemes (4.1) and (3.1) and to enhance the accuracy and robustness of flow solutions. The first
modification is concerned with the cell stretching coefficient. A modification of 3.6,

0.5 Z )Lik_lij @
rir; keN(i)
i = 1 27] P = N 4.
(PJ + ri‘i‘rj’r A«U ( 3)

is introduced for the second-order dissipation. A previous study [2] recommended a cell stretching
coefficient to balance accuracy and stability within a matrix dissipation scheme. The original TAU
formulation of the cell stretching coefficient (3.6) serves the same goal and is well suited for unstruc-
tured meshes with relatively small aspect ratios in the boundary layer. For high aspect ratio cells
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Figure 4.1: NASA Common Research Model, common grids of 5th Drag Prediction Workshop, mesh
convergence study (left) in detail (right)

that are typical within structured boundary layers, this coefficient tends to zero (Fig. 4.2, red curve).
Because this coefficient scales the whole artificial dissipation, insufficient dissipation introduced for
high-aspect-ratio cells can trigger solution divergence.

; TAL, ——

EnE | isotrop

Figure 4.2: Versions of cell stretching coefficient

In contrast, the TAU HyperFlex cell stretching coefficient (4.3) tends to one (Fig. 4.2, blue dots)
in the limit of high aspect ratio, similar to the structured version (3.6). It also corresponds to the
structured version of the cell stretching coefficient (Fig. 4.2, green curve) on a 2-D mesh.

The second modification concerns with the scaling factors (3.5). Scaling of the dissipation with the
number of neighbors is introduced again to achieve comparable accuracy levels similar to the standard
TAU version. The HyperFlex cell stretching coefficient and neighbor-dependent scaling are used only
for second-order terms to keep the scheme usable for the preconditioned Runge-Kutta scheme

1
dij = |A;jl {281'(12) (W, —W,;)— ¢,~jsc§;‘>g§jf‘> (L;j (W)L, (W))} ) (4.4)
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The obtained formulation reduces the oscillations in the vicinity of shocks (similarly to the formu-
lation 4.1) and does not lose accuracy. These properties are illustrated by the computations of a
transonic flow around a NACA0012 profile (Fig. 4.3). The new formulations preserves robustness and
improves the accuracy of the standard TAU dissipation scheme (Fig. 4.1).

NACA0012, ADIGMA MTC Level 3, Ma = 0.8, alpha = 1.25 NACA0012, ADIGMA MTC Level 3, Ma = 0.8, alpha =1.25
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Figure 4.3: Comparison of results concerning a transonic Euler flow based on the standard and Hy-
perFlex matrix dissipation of TAU

5 Conclusion

The report has demonstrated that implementation of a structured version of the central scheme with
artificial dissipation in an unstructured code does not improve accuracy. Additionally, it has been shown
that unstructured implementations of basic boundary conditions and viscous terms have similar accu-
racy compared to structured implementations. Experience gained in the process of implementing the
enhanced edge-based data-structure and evaluating structured discretizations in TAU indicates that
robustness and code design can suffer from a canonical switch. It has also been shown that improved
accuracy can be obtained with some modifications of the existing unstructured matrix-dissipation
scheme. Overall it is recommended to avoid redundancy associated with structured discretization
segments of the central scheme in TAU. To improve accuracy and robustness, the presented improved
matrix dissipation scheme is recommended for TAU HyperFlex.

The presented central scheme with matrix dissipation is available in the current TAU release 2012.2.0
by using the parameters 'Modified matrix dissipation (0/1): 1" and 'Version of cell stretching coef-
ficient: HyperFlex', if matrix dissipation is chosen as central dissipation scheme. This parameter
combination is going to become default for the matrix dissipation with the upcoming release.
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preconditioning technqiues



1 Introduction

The development of accurate, reliable and efficient numerical algorithms to approx-
imate a solution of the Navier-Stokes equations is an enduring challenge in the field
of computational fluid dynamics (CFD).

For example, the simulation of an unsteady full high-lift configuration of an airplane
requires a robust and efficient solver. The well-known and established multigrid
techniques for unstructured meshes for solving large-scale high-Reynolds number
viscous flows, which are usually based on agglomeration techniques with explicit
Runge-Kutta methods as smoothers (see [13, 17]), often show a slowdown and sig-
nificant deterioration of the observed convergence rate. Moreover, often the reliabil-
ity of these kinds of flow solvers is a severe problem and substantial user experience
is required to choose an appropriate set of parameters not only to overcome the
start up problem of the algorithm but also to generate a converged solution.
Important reasons for the observed deterioration of the convergence rates and the
poor reliability of a flow solver are (see [20] for a detailed discussion)

a) stiffness introduced by large anisotropic mesh cells required for high-Reynolds
number viscous flows near the solid boundary,

b) stiffness introduced by the flow equations themselves, in particular introduced
by the additional equations arising from the turbulence model.

In general, solution algorithms for the Navier-Stokes equations are based on ap-
proximations to the full Jacobian of the system of equations. For example, the
traditional explicit Runge-Kutta methods can be viewed as a solution algorithm,
where all block off-diagonal terms of the full Jacobian are deleted and the remain-
ing block diagonal terms are approximated by their largest eigenvalue. To improve
the reliability and efficiency of solution algorithms better suited approximations to
the full Jacobian need to be constructed. These approximations are included as
preconditioners into the basic Runge-Kutta scheme. Such a procedure increases the
degree of implicitness of the overall scheme (see e.g. [27, 26, 3]).

However, for a reliable and efficient algorithm an appropriate measure for the sim-
plification of the full Jacobian is required. For example, a full second order Jacobian
requires a significant increase in memory requirements, and it augments substan-
tially the computational effort per iteration to solve the linear system. Instead, one
can consider only terms in the Jacobian which require next neighbor information
(1.st order Jacobian). This reduces the memory requirement significantly. Imple-
menting this technique as a smoother into an agglomerated multigrid, the resulting
large scale linear systems do not need to be solved exactly. Usually only a few
Gauss-Seidel or Krylov subspace iterations are enough for an efficient and reliable
multigrid method (see e.g [27, 26]).

In this article we are going to contribute to a so-called line implicit ansatz (see [16,
6]). This ansatz is guided by the following observations:

1



Stiffness is introduced into the discrete set of equations by anisotropic cells in the
mesh. Therefore, a further simplification of the Jacobian can be considered by
extracting relevant mesh information.

To this end regions characterized by large anisotropies in the mesh need to be
identified in a preprocessing step. This information is given by lines along the
anisotropic cells. In isotropic parts of the mesh a line degenerates canonically into
a point. Then, the 1.st order Jacobian is only constructed along the lines. The
resulting linear systems are small-scale block tridiagonal and can be easily and
efficiently solved by direct solution algorithms such as block LU-decomposition.
When a line degenerates to a point only a small-scale block system needs to be
inverted.

The line implicit ansatz has two advantages when compared with the ansatz based
on the 1.st order Jacobian:

a) The required memory for the line implicit ansatz is significantly less than for
the 1.st order Jacobian.

b) The resulting linear systems can be efficiently and exactly solved.



2 Governing equations

To describe turbulent flow effects we consider for an open domain Q C R3 the
Reynolds-averaged Navier-Stokes (RANS) equations fully coupled with a one-equation
Spalart-Allmaras (SA) turbulence model [23] for a three-dimensional flow

u(x,t) = (u1(x,t), us(x,t), ug(x,1)), (x,t) € Q x (0, 00)
in conservative variables

W = (p, pus, pus, pus, pE, p) (1)

& [waxs [ ntowas) - [ Qax @

Here the convective and viscous terms are given by

written as

pV 0
purV + pny n1T11 + NoTi2 + N3T13
£.n— pusV + pna £ o — N1T21 + NaTez + N3T23
‘ pusV +pnz |’ ! N1T31 + NaTs2 + N3Ts3
pHV 71191 + n292 + 71393
pV v anlT“ + n272T“ + nngT“

where V' = (u,n) describes the normal velocity and
H(x,t) = E(x,t) + p(x,1)/p(x,1) (3)

the total Enthalpy. The pressure is defined by the state equation

p(x,t) = (v — Dp(x,t) (E(x, £) — HU-HQ)

2

where FE is the specific total energy, and v is the gas dependent ratio of specific
heats, which is given by 1.4 for air. The viscous terms are defined by

Ou; . .
Tii = 2,ueff—u + N\ div u, 1=1,2,3, (4a)
81‘2'
ou;  Ou; o
Tij = Ueff (axj + axj) y Tij = Tji7 1 S 1< ] S 3 (4b)
Tu Heft ov .
TZ O_ axl7 Z ) ) ) ( C)

and

3
Gj = (Z uijk> + q5, J= 1,2,3,
k=1

qQ = Fex grad T, qa=(q1,0, ) (5)



In formulas (4a) — (4c)
feff i= pu+ fu,  Keff = Ky Ky (6)

denote the effective viscosity and effective conductivity. Sutherland’s law gives us,

TN T +T Cplly 07
= o | =— =, == d =R—, 7
a “h<n) Tvr Ty o e=iTg 0
whereby T := 110.4K is Sutherland’s constant, R is the universal gas constant and
the laminar Prandtl number is given by Pr; := 0.72.

Following [23] the turbulent conductivity x; and the eddy viscosity u, and are
defined by
3 ~
- X v i
e = pUfe,  fo = Xi=—, Vi=— (8)

- Cplht
t = )
X3 + Cg’,l 1z P

N PTt7
The turbulent Prandtl number is given by Pr; := 0.92. Finally, the missing source
terms occurring on the right hand side of (2) are given by

Q(X7 t) = (0707070707 QG(X7 t))u

Qs(x,t) = Pr(x,t) — De(x,t) — Di(x,t),

Pr(x,t) = o, (1 — fi,(x,1)) S(x,t)0(x, t): 2
De(x,t) = <cwlfw(x, t) — %ft2(x, t)) (V(X’ t>) ,

a
3 ~ 2

Di(x,1) = 2 C”@JW<
=1

o Oz,

where we denote by Pr the production term, by De the destruction term and by Di
the diffusion term. Terms required for transition given in [23] are neglected. Further
terms are given by

Q ﬂ(X, t)fv2 (X7 t)

S(x,t) = [curl u(x,t)l2 + AEx) foo (%, 1) == ¢y exp (—cy, x(x, 1))
- x(x,t) - 1+c8, 1/6
falet) = T ey e =D [(g(x, D)+ } ’
g, 1) = r(x0) + e (5 0) = r(x,1)),  r(x,t) = v(x,1)

K2d%(x)S(x, 1)

Here d(x) describes the distance to the wall. The constants of the model are

2
cp, = 0.1355, o¢p, :=0.622, o0 := 3 k=041,
1
Cw, = o + S Cbz, Cwy = 0.3, Cyy = 2,
K o
¢, = 1.2, ¢, =05, ¢, =71



j2

Figure 1: Example of a dual cell; the solid lines represent the primary grid, the
dashed line the corresponding dual cell

3 Discretization

The CFD solver used is the TAU code developed at the Deutsches Zentrum fiir Luft-
und Raumfahrt e.V. TAU is based on a finite volume formulation where a median
dual grid forms the control volumes with the unknowns at vertices of the primary
grid. The dual grid is created in a preprocessing step. Figure 1 shows an example
of a dual cell. An agglomeration multigrid algorithm is used to approximate a
steady state solution of the governing equations. The description of the multistage
preconditioned Runge-Kutta scheme, which is used as a multigrid smoother, is topic
of this report.

Throughout this report the set of points in the dual grid where the unknowns are
located is denoted by G := {1, ..., N} and the unknowns are given by Wy, ..., Wy.
The neighbors of some point i € G are described by N (i), and the corresponding
face between the points ¢ and j is denoted by ij.

3.1 The Inviscid Contribution

For an inner volume €2; the inviscid part f,. - n of (2) is approximated by

/é)Q.fC'ndS(y> ~ ) %{(fc'nij)(wi)+(fc'nij)(wj)}

JEN(7)

1
~3 |A;1D (Wi, Wieni), Wiken()) - 9)



As a basic definition for the dissipative term D we use
DPt,Lz,s(W),f (VV27 Wj,je/\/'(i)7 W]g,kej\/(j))
{old (W, = W) —€sy(W) (1) (£70W) — EW)) |- 10

where P, denotes the dependency on some pressure switch to weight first and second
order terms, L, represents some construction of second order terms and s;; and & are
some factors. A more detailed construction of these terms is topic of Sections 3.3—
3.5.

3.2 Construction of Roe matrix

Going into the details of the construction of the dissipation we start with the com-
putation of the Roe matrix |A;;| arising in (9). To implement |A;;| for a fully
coupled solver an eigendecomposition of the derivative a(f;‘;) with respect to the
six conservative variables (1) is required. Following line by line the analysis in [10]

the derivative can be assembled as
I(f. -n)(W)

8W =VI -+ al(bl)T -+ ag(bg)T (11)
where
a; = (1,U1,U2,U3,H, I;)T>
as = (0,nl,n2,n3,‘/,O)T,
bl = (_‘/7 n17n27n37070>T7
2 T
b2 = (7_ 1) <’|1;H2,—U1,—U2,—U3,1,0) .
It can be shown that the vectors
2 T
Y1 = (1,U1,U2,U3, ||l;||270) 9
y2 = (07 0,n3, —ng, usng — usng, 0)T7
ys = (0,—n3,0,n1, uzng —uinz, 0)"
Y4 = (Oa Ng, =Ny, O> Uing — UaNy, O)T

satisfy the orthogonality relations bYx = blx = 0. However, the vectors y»,ys
and y4 are linear dependent since niys + noys + ngys = 0. Therefore, three linear
independent eigenvectors may be obtained as

g1 = niy: +ays,
g = noy: +ays,
g3 = Mngy1 +ayys,

6



where a := \/vp/p denotes the speed of sound. Obviously, gs := (0,0,0,0,0,1)
is another eigenvector with corresponding eigenvalue V. To identify the remaining
eigenvectors we use the relations

T T

bla, = A> and bla; = d?

where A := /n? + n3 + n2 denotes the surface area. Then we compute using (11)

O(f. - n)(W)

oW

o(f. - n)(W)

10AYY%

(Aa; +aay) =

(Aa1 — aa2) =

(V + aA)(Aa; + aay),

(V —aA)(Aa; — aay).

Hence, we found the two remaining eigenvalues V' + aA with corresponding eigen-

vectors gy /5 := Aa; £ aas.

Theorem 3.1 The derivative matriz of the convective fluzx f.-n for a one-equation
turbulence model given by (11) has the following set of eigenpairs

{(V, gl) ’ (‘/7 g2) ) (‘/7 g3) ) (V + CLA, g4) ) (V - CLA, g5) ) (‘/7 g6>} :

Proof: The assertion follows by the computations above.

O

Theorem 3.2 Let G := (g1, 82, 83, 84,85,86) denote the matriz corresponding to

the eigenvectors of w. We define the vectors
R 7 1 H 2 T
P = a2 ( - ||11||2,U1,UQ,U3,—1,0) ) (123“)
p2 = (ugnz — usna, 0, —n3,ms,0,0)7, (12b)
ps = (usny — uing, ng,0,—nq,0, O)T, (12¢)
P14 = (u1n2 — U2MNy, _n27n1707070)T (12d)
and
1 1
@ = 3 (nlplT - 5p2T) (13a)
1 1
@ = <n2P1T - apg) (13b)
1 1
qs = VY] (nsp{ - EPZ> (13c)
1 a
= bZ —bT> 13d
G = g (b + 0 (13d)
1 a
— bl — —bT> 1
95 2a2A ( 24t (13¢)
ooy =1 ( 3 a?
qs ‘= a2 <_ 9 , U, Uz, U3, 1a ~(7_ 1) (13f)



Then the inverse of G is given by
Q1
q2

J=| B |, e (@'=1
q4

g5
Q6

Proof: The theorem follows by straightforward computations (see [10, Theorem 3]
for more details.
U

Theorems 3.1 and 3.2 allow a straightforward generalization of the Matrix Dissipa-
tion operator to turbulent flows via

A= Y ol (14

j=1
where the scalars «; are given by the eigenvalues
o =ay =03 =0ag=V, ayg =V 4+ aA, as =V — aA.

Formula (14) is evaluated on a face k¢ using Roe-averaged variables [21] and some
entropy fix to avoid zero dissipation. The exact proceeding can be found in [10, Sec-
tion 3.4]. Additionally the entropy fix needs to be incorporated into the additional
turbulent equation, which is straightforward.

3.3 General dissipative operators

To derive a dissipative scheme for convective dominated flows we consider for a
domain U C Q x [0,7), T > 0, Q C R™ the heat equation

%u(z,t) = Au(z,t), t>0, ze€Q, (15a)
u(z,0) = f(x), x € 0f). (15Db)

Integration of (15a) and the application of Green’s theorem yields

/Q %u(m,t) d — /Q Au(z, t) dz = / a“é“;’;’t) ds(y). (16)

o0

Here n denotes the outward facing normalized normal vector on 0€2. Considering a
dual grid approach a possible discretization of (16) may read

vol(€) (d‘zt(t)) = 3 uy(t)vel(9) (17)

JEN (i)

8



where the term u;;(¢) is approximated by

()
a'lL([L', t) (u (%_Jl;plt)))n
— (grad u(z, )0y & { | 0w |,
on (u (tzgjul: ))ns

u,(t) — wi(t)
d(pj’ pi)

vol(€2;;) denotes the volume of the face connecting the elements around the node p;
and p; and
d(p;, pi) := [[p; — Pill2-
Neglecting boundaries (17) can be written in matrix form
du(t)

M T Au(t), M := diag(vol(£2;)). (18)

To understand the shape of the matrix A = (a;;) we rearrange

S ouytvol@y) = Y (M) vol(Q))

JEN () JEN(G) d(p;, pi)
uj(t) 1
= ) o vol(Qy) —wi(t) Y S ———vol(Q).
57 4Py pi) o7 4y pi)
From this we conclude that
1O, :
A - ;70(7”) (19a)
JENG) (ijpi)

VOl(Qij) . . . .o .
a;; = ——, e N (i), a; =0, i#7,7¢N(>). 19b
j 0y, 1) j (4) J # 3,5 ¢ N(i) (19b)

To show that this discretization is stable one needs to show that it satisfies some
energy estimate. The key property for this is that all eigenvalues of A are nonpos-
itive. For further details on this topic we refer to [25, 24]. Here we only prove the
nonpositivity of A.

Theorem 3.3 The matriz A defined through (19a) and (19b) is symmetric and
negative semidefinite, that is

vIAv <0 for all v € RY.



Proof: Since vol(€2;;) = vol(€2;;) and d(p;, p;) = d(p;, pj) we conclude that a;; =
aj; for all 4,j. Therefore A is symmetric. From (19b) and (19a) it is obvious
that a;; > 0, j € N (i) and a; < 0. Moreover, for the off diagonal elements of
the ith row of A we compute

E Qij = E Qij = —Qjj.
JEN,j#i JEN(4)

Hence, the Gerschgorin circles of A are given by

Gi=qz€R:|z—ay < Y lay| p ={z €R: |z —au| < |aa|} C (—o0,0],
JEN(i)
because a; < 0. From Gerschgorin’s theorem it follows that all eigenvalues A; of A
satisfy A; < 0.
O

Now we incorporate a boundary term into (17). Denoting a possible boundary point
by ps a possible discretization for a boundary point may read

VOI(Qb) <dudbt(t)) = Z ubj(t)vol(ij) + ub7N(t)V01(Qb). (20)

FEN(b)

Here u, n(t) denotes some so far unknown construction of the normal derivative
for a boundary point b. Before constructing this term we extend the matrix A to
boundary points. To do so we rewrite (20) as

> wy(1)vol(Qy) + wp n () vol (€)

JEN(b)
w;(t vol(Qp;
_— d({i())vombj) —u(t) M iy  (£)vol(2)
JEN(b) Pj, Po JEN(D) Pj, Po
= ) apuy(t) + apuy(t) + v (t)vol(€2)
JEN(b)

where

1(Q
ap, = —Z vol(fy)

JEN(b) pjvpb
vol(2s;) . .
ay;, = —2%, eN(b), ay; =0, b#7j,7¢&N(D).
by d(p],pb) J ( ) bj ;éj J ¢ ( )

Note that the matrix A with this extension is still symmetric and negative semidefi-
nite. Symmetry is a consequence of a,; = a;,. As above for a boundary off diagonal

row sum we compute
E Qp; = E Qp; = —Qpp-

JENJ#b ]EN(b

10



Therefore the additional Gerschgorin circles are given by
Gy={2€R:|z—ay| <|ay} C (—o0,0],

since ap, < 0. Hence, all eigenvalues of the extension of A to the boundary point
are nonpositive.

To construct the term wu, v (t) we introduce the following sets:

Definition 3.4 Let p, denote a boundary point. We define

B, {pi:i e N(b)N B},
My = N()\ By,
I, == M,uU{b}
Ly = N(G)\ L,

Lemma 3.5 For a point py,

b e B we have

>y “ﬂ o )Vol(Qij) = 0. (21)
i€l JEN (1)NI, pﬂ’ Pi)
Proof: By the Definition 3.4 we have negelecting time level ¢
> Z T o1(y)
iely jeN (i)NIy pj’ pl)
= Vol i) + — ol Q,;
EZA; 2 Pmpz 2RPIEDY (pg,pz) (%)
1€My jeEN (1)1 ie{b} jeN (i)NI,
i \eai, 4Py pz) enfanm 4P pi)
u; —u, u; —u
+ Z ]7\@1(91)]) Z ]7\@1(91)])
JENB)NM, d(py, Pv) JEN DN d(pj; Pv)
Since N'(b) N {b} = 0 and N (b) N M, = M, we have
> duj —vol(Qy) = 0
JEN (b)N{b} (P;: Pe)
u; —uy u;, —u
> ﬁwﬂ(@w) y (J _ b)vol(ij). (22)
sentonr, UPs Py APy
Moreover, by N (i) N {b} = {b} for i € M, we conclude
u; — u, —u;
o> —vol(Qy) = Y 5 —vol(Qa). (23)
i€Mpy jEN (I)N{b} d(p;. p:) €M, d(pe, pi)

11



Note that the sum of (22) cancels the sum of (23). Thus, we have proven so far

u; —u;
Z Z p],pz Vol Z Z 7d<Jpj7pi)V01(Q,-j).

i€ly jeN(i)NI, €My jEN (1)NM,

Using that NV(i) N M, = M, \ {i} for i € M, and extending vol@u) _ 1 e get

d(pL PL)

Yy T oly)

i€ M, jeN(i)me d<pj’ pl)
Y Y Bt
e pg, pz)

- Y Y B i, + d(if %’>v01(92-i)

S\ d(pj, pi)

_ ZZ Y- vol () =0,

i€My, jEM, pj’ p’

which proves the assertion.

O

So far we have left open the construction of the term u, 5 () in (20). To close this

gap we define a new dual volume for some boundary point p; by

Qg;:Qbu<U Qj) =

JEM, Jely

Using (24) we define

vol () (dub ) Z Z u] i VOl(jS)‘l'ub,N(t)VOl(Qb)a

i€l j€Ly; p], p’

which can be rewritten using (20)

vol (€2}) <dub ) ZZUJ il Ol(jS)

i€l jELy; pj’p’
duy(t) u;(t) — u(t)
= vol () <7) — Z — ol (Qyp)
dt o) d(pj, Ps)

We may now prove the following:

(24)

(25)

(26)

Lemma 3.6 FEquation (26) is, at least, a first order approzimation of (15a) at some

boundary point py.

12



Proof: Using Lemma 3.5 we subtract (21) from the left side of (26) to obtain

vol () (d“;t(t)) ey W) =Wl g

iely 7€ Lu; pjupz

— Z Z >V01(Qij)

i€l jeEN (5N, pj’ Pi)

— el (dm(t)) Coy Wl g )

dt vt d(p;, py)

Since Ly, = N (i) \ I, = N'(i) \ (N (i) N 1) we have
Ly U (N(2) N I,) = N(4). (28)
Putting together (27) and (28) we get for the left hand side of (27)

vol () (d“b ) > u;(t) —wilt) vol(92;;)

Pt p],pz)

= vol (Qb) <d%f)) — Z MVOI(QJ},). (29)

JEN(D) d(pja pb)

Using I, \ {b} = M,

vol () (d“;ft>) = vol () (d“b ) > “J Wt Zwl) o)

vt pg,pz)

+ Z u](t) _Ub(t)VOI(ij)

JEN(D) d(pja pb)

— vol () (d“b ) S “J W) = wl) o s0)

ZEMbJEN(Z p]7pl)

The sum over M, is a sum of the approxnnate Laplacians of interior points, the
boundary point excluded. Solving (30) for % ) using (24) and (17)

dub(t) ug u; )
at ZjeMbvol (Z Z Pg,Pz) Ol(jS))

i€My jEN (4)

- = Mlvol(Qj) <Z vol(Qi)dlZlft)) . (31)

1€ My,

duzt B VolQ Z (uy pg,p;)(t))ml(gij)

13
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is an approximation of (Au); one can show using for example Taylor’s expansion
that

dui t .
dt( ) = (Au)y, + O(d(ps, Pi)), i e N(b).
Let hy, := max{d(py, pi)}, i € M, we finally obtain using (31)

duy(t) 1 duy(t)
dt - Tiew, voll%) (Z VO““Z"T) +O(h),

1€ My

which represents a first order approximation of the Laplacian at py.
OJ

3.4 Construction of dissipative operators for flow problems

Equation (17) serves as a prototype to define a dissipative operator to stabilize a
convective dominated partial differential equation. By constructing a dissipative
operator it is our goal not to influence the properties of the operator proven in
Theorem 3.3. To this end, in a first step we generalize (17) to

vol(£2;) <dui(t)) = Z MVOI(Qij>wji7 (32)

where wj; > 0 denotes some weight satisfying w;; = w;;. In a further step we scale
the approximate Laplacian with some grid dependent value. For example, to obtain
a classical dissipative operator we scale the right hand side operator of (32) with
some grid size h, which may be locally given by hgg) = d(p;, p;)/vol(€2;;). Then (32)
becomes

du;(t) 1 u; (1) — uy(?)
= h j—VOl Qz Wi
dt vol(€);) jg;(i) d(pj, pi) (€25)w;

. 01 =0 o
7 vol(Q) je%i)h” d(pj, pi) (8w
= Y [wt) - wt)] wj. (33)

JEN(3)
However, note that hg-(i)) is only one possible choice. Another one suggested in [24]

is for example hﬁ) = d(pj, pi)*>. Then we obtain

du,(t) . 1 u; (t) — u(t)
dt  vol(f) v d(p;, p7) vol (i) wjs
~ Vole-) Z [u;(t) —wi(t)] d(py, pi)vol(ij)wyi. (34)
Y GeN ()

14



Let us shortly analyze the dissipation operators (33) and (34) on a 2d cartesian
grid. Let h denote the grid spacing and assume that the unknowns are ordered in
a matrix w; ;. Then we have V; = h?%, d(p;, p;) = h and vol(£2;;) = h. Choosing the
weights as normal directions, we obtain for (34)

% = % {(uk-i-l,k(t) — 2uk,k(t) + uk—l,k(t)) h? <61> 61>

+ (llkJH_l(t) — 2uk,k(t) -+ uk,k_l(t)) h2 <€2, €2>}
= (Weg1 k() + Uppg1(t) — dup () + upr—1(t) + wp_1x(t)),

which represents the undivided standard stencil of (15a) in 2d. Note that (33) gives
exactly the same result. Assuming that u(.,t) € C*'(U) by Taylor’s expansion the
approximate second derivatives satisfy

1

7z (Werin(t) = 20(t) + we-rn(t) = o(h),

1

ﬁ (uk7k+1(t) — 2uk,k(t) + uk,k_l(t)) = O(h)

Therefore, for a cartesian mesh the dissipation operators defined by the right hand
side of (33) and (34) are of order o(h). In general, for a given unstructured mesh

we cannot expect better than this.
To increase the order of accuracy of the dissipation operator we define
() — (¢
(Au(t), == Y (M) vol (€ )wji. (35)
JEN(D) d(pj, pi)

According to (17) we now apply the construction of the dissipation operator above
to (Au(t)), and obtain

d(Au(t);\ vol()) ! (Au(t)); — vol(Q)"(Au():
vol(€,) (T) = > TS vol(€;),

which can be viewed as the application of the right hand side of (16) twice. Again,
introducing some weight w;; > 0, w;; = wj; a dissipative operator may be given by

JEN(3)

d(Au(t)), _ 1 vol(€) " (Au(t)); — vol() "M (Au(®)); ey o
dt ~ vol(€)) jg;(i) d(pj, pi) )
- 1 VOI(Qij)'LZin
~ vol(€) je%i) d(pj, pi)
1 uy(t) — uy(t) vol(Q Vaw
vol(€;) k&;@)( d(pr, pj) ) e

S ue(t) ~ i(t) vol(£2; )w;
VOI(QZ) Z ( d(pk,pz) ) I(ka) ik (>

kEN(3)

15



which as above may be scaled with some grid dependent value. Following the idea
above we multiply with d(pg, p;)?%

vol(lﬁj) > (M) vol(Qkj ) wji,

kEN () d(pr, p;)
1
vol(€2;) kgv:(j) (ug(t) — w;(t)) d(pr, P;)vol(Q; ) wjr
and get
d(Au(?)), 1 )
@ " ey 2 e p)
1
vol(Q;) ke;(j) (u(t) — u;(t)) d(pr, Pj)vol(Q;)w;p
_VOIEQZ-) Z (up(t) — wi(t)) d(pr, pi)vol (s )wir, o . (36)

keN (i)

Considering as above a 2d cartesian grid with grid size h and assuming again that
the unknowns are ordered in a matrix u;; we have vol(Q); = h? d(p;,p;) = h

16



and vol(€2;;) = h. Then the dissipation operator (36) can be expressed by

w ~ Y g S () - w0) w

JEN(3) keN(5)

—Z uk —112 )wik

= )y { (e (1) e (8) — Awg(8) + g (1) + wy5(1))

JEN(3)

— (Wig1,i (1) + Wi i1 (t) — 4w (t) + i1 (F) +wim14(7))}
= —4(Wir1i(t) + w1 () — 4w () + i1 () + wim1,(1))
(Wi—2(t) + Wig1,i—1(t) — 4w ;-1 (t) + w5 (8) + w1 (t
(Wigrim1(f) + Wigoi(t) — 40303 (t) + Wigr g () + wg(t

+ (1))
+ (1))
+ (Wi,i(1) + W11 (1) — 4011 (1) + W2 (t) + Wimr,i41 (1))
+ (W1 () + i) — 4w (1) + w1 (8) + wig4(t))

= (Wiig2(t) = 441 (F) + 60, (8) — w1 (F) + wii-2(1))

— (W24 (t) — 4wy (1) + 6w 4() — 4wy (1) + Wiy(t))
F{iio1 () = 2w 14(t) + wi1i41(2))

=2 (wpi-1(F) = 2u4,4(t) + i1 (2))
(Wit1,i-1(F) — 20i41,i(t) + Wit1,i1(0)) }
F{(iio1 () = 2wi-1 () + wigr-1(t))
—2 (wi14(t) — 2u;4(t) + wip14(2))

(W11 (t) = 20541 (F) + Wi (1))} (37)

By (37) it is obvious that on a 2d cartesian mesh the dissipation operator (36) is
an approximation of the differential operator

dMu N du N du N du

dx} 022023 03013 O

WIA(Au) = B (

This analyis can be extended to 3d, and it can be shwon that in 3d on a cartesian
grid (36) approximates the differential operator

” < Iu N Iu N du
Oxi  0x30x%  0xi0x3
u Iu Iu
0x30x3 ~ Ord  Ox30x3
Mu O*u o'u )

* dx30x3 * Dx3012 * x4

R*A(Au) =

(38)
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Hence, at least on a cartesian mesh we conclude that the construction (36) yields
for an inner point to an operator of order (o(h?)).

We want to emphasize that on a given, unstructured mesh one cannot expect to get
this order of accuracy for the operator above. Moreover, (38) also shows a major
difference of the construction of the dissipative operator when compared with a
structured code. In general, in a structured code having determined directions
in hand, the dissipative operator is constructed by considering only the diagonal
terms of (38), that is 844, i = 1,2,3, whereas the construction (36) also leads to

cross derivative terms, as shown in (38).

3.5 Construction of blended dissipation

In Sections 3.3 and 3.4 above we have presented some general view on the con-
struction of a dissipative operator. As we have seen there is quite some freedom to
choose proper weightings for the dissipation operators to ensure both

a) accuracy,
b) reliablity.
On the other hand it is clear that if the weights are not chosen adequately both

accuracy and reliablity can be severely deteriorated.

It is now our goal to define and investigate required terms for the dissipative term D
given in (10). Starting with the pressure switch ol = 1,2, we investigate the
two formulations

ij

\Il(l) = min{EwmaX{\Di,\Dj}a]-}>

‘ZJGN —p) . (39a)

jEN(z (pj + p2)

(pj —pi)?
(pj +pi)?*

Note that (39a) and (39b) only differ in the formulation of the scaled pressure
difference over the face ij. Whereas (39a) takes into account neighbor information
which increases the stencil, (39b) only evaluates the difference across some face,
yielding a nice compact stencil. The formulation of the pressure sensors (39a)
and (39Db) are such that across a shock the pressure difference is large, and therefore
the first order terms in (10) are activated, whereas in smooth regions of the flow the
first order terms should be negligible. The unknown value €, deals as weight for the
scaled pressure difference. The choice €, = 0 switches off the first order terms, the
choice e, = oo gives a purely first order scheme assuming that either max{;,¢;} >
0 or ¥;; >0 for all 4, j. In applications we use in general ¢, € [1, §].

v = min{e,V,;, 1}, T (39D)
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The complete first order dissipative term for the point 7 is given by

D' (W“Wj,jef\/(i)) = 5 Z @b |Al]| (W; - W,)
JGN)
= 5 Z Y Gyl A |G (W, — W),
JGN)

which corresponds to (33). The weight satisfying w;; = w;; is given by

Following the analysis of Section 3.3 we conclude that D'$! can be written as

D" (W;, W, jen)) = BW,

where
bi = — Y U GylAylGy
JEN(3)
bij = (t GZ]|AZ]|G g

Note that each b;; is a block matrix. By similar arguments we may conclude that
all eigenvalues of B are nonpositive.
The remaining term on the right hand side of (10) given by

D2nd (W“ Wj JEN () Wk,ke/\/(j))
= DY W) () 1Al (W) - L w)) )

]6./\/

is more complicated. First of all we define

LOW) = Y (W, - W,),
JEN()
LOW) = — W, - W,

-1

w) = [ ¥ % y (W= Wy

Pty d(pj, pi) Pavtt d(pj, pi)

Then we conclude that the construction of (40) corresponds to (36) and (37) re-
spectively. Note that on a cartesian mesh we have LZ@) = LE?’) and therefore LE?’)
can be viewed as generalization of ng). The operator ng) has been introduced
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dh| (k—=20+4+2)| (k—1,0+2) (k,04+2) | (k+1,04+2)| (k+2,0+2)
dh| (k—=204+1)| (k—1,0+1) (k,04+1) | (E+1,0+1)|(k+2,0+1)
dh| (k—20) (k—1,0) (k,0) (k+1,0) (k+2,0)
dh| (k—=20—1)| (k—1,0—1) (k0—1) | (k+1,0—-1)| (k+2,0—1)
dh| (k—2,0—2)| (k—1,0—2) (k0 —2) | (k+1,0—2)| (k+2,0—2)

dH dH dH dH dH

Figure 2: Example of an anisotropic cartesian mesh
in [5]. The scaling by grid distances has been suggested in [18]. Such a scaling

is important when working with highly stretched meshes as required in boundary
layers for RANS computations.

When choosing LZ@) or ng) we set (W) = 1 and use the resulting scheme as dissi-
pative operator. Another idea to introduce some proper scaling for the dissipative
term D?"¢ is to use values arising from the scheme itself. To this end we construct
a scalar s) based on the largest convective eigenvalues. Using the notation

AP = [Vl vol(Qi)ag, A=) Ay
JEN(3)
Z(l) — )\z — )\ij 2(2) .: max{%)\i — )\ij7 0}
o Nij v Aij

we define

VA
VA

To understand the construction (41) we consider the boundary layer of an anisotropic
mesh, represented in Figure 2. Assuming that the magnitude of the speed of sound
is much greater than the streamwise normal velocities in the viscous boundary layer,
that the speed of sound is constant over neighboring cells and that dH > dh, we
approximate for a vertical face for example between the cells (k, ¢) and (k + 1,¢)

L) > keni) (Vik| +vol(Qix)air) — [Vij| + vol(2;)ay;
' |Vij| + vol(€)a;
dH
2_
dh

)i=142— YV I (41)

2dH + dh _
dh

Q

and therefore
dH

143 (42)

dH
24/2%
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Exchanging the role of dh and dH we get for a horizontal face (e.g. the face between
the cells (k,¢) and (k, ¢+ 1)

1) 2dh + dH
z; ~ ——— ~ 1

dH

—

and therefore

sD(W) ~1+21 =2

ZJ

Following the arguments for z; M) e may also conclude for a vertical face for example
between the cells (k,¢) and (k + 1, /)

o) _ 5 (2dH +dh) _dH

i dh ~dh (43)

and therefore

dH
sSP(W) mlt2-d_=14,/d
The approximations (42) and (43) show that the for both zi(l) and zz@ the factor s;;
is designed to increase the dissipation significantly for highly stretched cells in di-
rection of the cell stretching. This is a desired effect to improve the reliability of
the algorithm.

1) (2)

Let us still shortly discuss the difference between 2,7’ and z; As seen above

from (42) and (43) z Y produces finally shghtly bit more dissipation for highly
stretched meshes. However, the advantage of zi ) is that it satisfies zl( )~ 0. There-

fore the expression 32(]1-) is well defined. Although zl-(z) produces slightly bit less
dissipation it happens that zl@ = 0. Hence, 52(]2-) is not necessarily well defined for
all states and all faces. In particular in the critical starting phase of the algorithm

in general this happens. Therefore, for zZ@) some fix needs to be employed and the

2)

the term s;;” must be exchanged by for example

S (W) :=1+2 \/7
\/?

_(2) 1, zZ@) =0 and z](?) =0,
Sij (W) := ()
sii (W), else.

In summary: To construct the dissipative part of the convective flux we can choose
the pressure sensor either by (39a) or by (39b). These pressure sensors can be
combined with LZ@, t =1,2,3, where for the choice Lgl) again between zl-(l) or zl-(Q)
may be chosen. Hence, totally we have 8 different formulations of a dissipative term

and it is hard to evaluate which to prefer.

e>0

or
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3.6 Construction of dissipation at the boundary

For the implementation of the dissipation at the boundary we have not tried yet the
rather complicate formulation in formula (25). Instead we construct the following
operator at the boundary. Using the notation of Figure 3, which shows a dual cell
around a boundary point p, given by a half cell, we close this boundary element
by mirroring the values with respect to the nearest boundary point p,,. Then, for
a quadrilateral element as given in the right of Figure 3 we obtain using (33)

dudbt(t) — (ule (t) — Uup, (t)) + (upb1 (t) — up, (t))

+ (up, (t) — up, (1)) + (up, (t) — up, (¢))
= Up, | (t) — 2uy, (t) + Up,, (t) (44)

Obviously this constructions yields for a quadrilatel mesh an undivided Laplacian
on the boundary. Unfortunately this construction does neither carry over straight-
forward to triangular or tetrahedral meshes nor to curved boundaries. On the one
hand for a general mesh as can be seen by the left of Figure 3 a nearest neighbor
point is not well defined i.e. unique, on the other hand the projection is in general
not directly in direction of the normal. Both properties are only satisfied for special
cases.

Hence, to generalize the construction (44) to unstructured meshes we neglect in the
boundary formulation of the dissipation the faces connecting the boundary point
and the neighboring inner points. Then for both the triangular and quadrilateral
mesh in Figure 3 we obtain (44) as boundary operator.

To obtain the fourth difference operator we simply apply the described idea above

to dust(t). Then we get a typical fourth difference on the boundary. For example for

a one dimensional boundary surface as given in Figure 3 we obtain using (44)

% =up, (1) —4up, (f)+6up,(t) —4up, (1) +up, (). (45)

Both (44) and (45) generalize straightfoward to 3d, where the surface boundary is
represented by a two dimensional manifold.

3.7 Viscous contribution

The derivatives of the flow variables required to discretize the viscous terms f, - n
are computed by a Green-Gauss ansatz,

JEN (i)
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Prn_; . Pn Pn,

Ps; Py, tpb Py,

Figure 3: Example of an anisotropic cartesian mesh

where n;, describes the kth entry of the normal vector. Using an averaging of the
velocities, the viscosity and the conductivity on the face k¢

1 1 1
wom b ), = b (8 D), ek (s e) 0

formulae (46) and (47) allow a straightforward implementation of the viscous terms.

3.8 Source terms

The source terms are discretized in a straightforward manner using the approxima-
tion
/ Qdx =~ vol(€2;)Q (W, grad W) .
Q;

The dependency of the source terms with respect to grad W is due to curl (u) and
the diffusion term Di. Hence, the source term also depends on the variables of the
direct neighbors of point 7. All the other terms occurring in the source terms only
require direct information of the variables W;.
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4 Line implicit preconditioner

4.1 Determination of lines

Grids given in an unstructured data format have no line information. This infor-
mation must be generated. To this end we exploit that, in general, meshes for high
Reynolds number turbulent flows have a structured boundary layer with strong
anisotropies. To detect these anisotropies we formulate in this section a so-called
line search algorithm. Similar line search algorithms have been suggested for exam-
ple in [15, 6]. A line search algorithm based on the boundary surface can be found
in [19]. In the context of Discontinuous Galerkin methods there also line search
algorithms based on an advection-diffusion equation are established [7].

The line search algorithm presented here is based on a weighted graph method. Each
edge of the mesh is assigned a weight w(e;) representing the degree of coupling in
the discretization. The weights are taken as the inverse of the edge length,

w(e:) = (||vileft) — v;(xight)[|) ", (48)

where v;(left) and v;(right) denote the left and the right vertex of the edge e;. The
ratio of maximum to average weight is used as an indication of the local anisotropy
in the mesh at each vertex.

In the next step the vertices are sorted according to the ratio of the maximum to
the average weight. This is an important issue since it ensures that lines originate
in areas of maximum grid stretching and end in isotropic regions.

To construct the lines the first vertex in this ordered list is picked as the starting
point for a line. The line is built by adding to the original vertex the neighboring
vertex which is most strongly connected to the current vertex, provided this vertex
does not already belong to a line, and provided the ratio of maximum to minimum
edge weights is greater than some threshold parameter ;.. > 1. The line terminates
when no additional vertex can be found.

The line search algorithm can be summarized as follows:

1) For each vertex v;, construct a list of edges e;(j) originating from the vertex
and determine the weight (48).

2) Compute the minimum weight, maximum weight, the average weight and the
ratio of both of them:

wmin(v;) = ig\}g){w(ei(j)}, wmax(v;) ::ilénj\zflég){w(ei(j)}
1 #N(5)

wavg(vj) = ING) Z w(e; (7)), rat(v;) := wmax(v;)/wavg(v;).

i=1
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3) Sort the vertices v; with respect to rat(v;).
4) Construct the lines:

a) Set searchOppositeDirection = false.

b) Pick the first vertex vy out of the sorted list, delete it from the list and
add it to the line.

c¢) If the ratio wmax(vy)/wmin(vg) > Vine:

% Find the neighbor vertex Uneig corresponding to wmax(vy), delete
it from the sorted list and add it to the line.

x Define v, := Uneig and go back to b).

d) else if the ratio wmax(vy) /wmin(vg) < Yiine and searchOppositeDirection =
false:

x searchOppositeDirection = true

« Go back to the first element in the line. (E.g. when a line starts in
a wake region, one has to search in both directions from the original
element. )

x Go to ¢).
e) else

x Go to a).

We denote the sets of points determined by the algorithm above by Li, ..., L,.
These sets of points satisfy for j =1,...,n:

L;c{1,...,N}, L,NL; =0, i#j, Ui, Ly ={1,...,N}
The number of points in the set L; is given by
T = #{Lz}7 Zzl,,n

If r; > 1 we call L; a line, otherwise we say L; is a point.

4.2 Line implicit Runge-Kutta method

To derive a line implicit Runge-Kutta method we start with an s-stage diagonally
implicit Runge-Kutta method given by the Butcher scheme

a 0 0
11 . . . O 0
A= | ' ' , b= : and c:=| : |. (49)
0
0 e Olg g1 Olgg Msi1s
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The stages of this scheme and the discrete evolution are given by

k’l = —M_lR (WT" + AtOéllk’l)
]{72 = —M_IR (WTn + Ata21k1 + Ataggkg)
. (50)
k’s = —M_lR (WT" + AtOé&S_lk‘S_l + AtOéssk’s)
Wit = W+ Atagy ok,
Instead of considering the stages k;, 7 = 1,...,s, being functions of all vari-
ables W;, i = 1,... N, we consider them as being functions only of the variables
along the lines L;,...,L,. Then the nonlinear equations k; of the scheme (50)
decouple for ¢t = 1,...,n as follows:
kl(WLi) = —1\/]:231:{,[/Z (WTn + CFLimplAtLiallkl(WLi))
]{32 (WL1> = _MZZ-IRLi (WT” + CFLimplOélgAtLikl (WL1> + CFLimplOéggAtLikg(WLi))
: (51)
k(W) = =M Ry, (W' + CFLinpias—1,jAtp ks—1(Wy,) + CFLinpiass At k(W)

W, = W + CFLiynpivsy1, At ko (Wy,).

7

Here the diagonal matrices with respect to the local time steps and the cell volumes
along the lines L; are denoted by

Aty = diag (At@;, ce Até;z) and M, := diag (Vol (QQ) , ..., vol (sz)) .

To approximate a solution of the nonlinear systems ki,...,k; we use Newton’s
method to approximate the root of the function

9;(k;(Wr,)) = k;(Wp,)+M; Ry, (W'
+ CFLimplaj—l,jAtLikj—l(WLi) + CFLimplOéjjAtLikj(WLi)) .

Its derivative is given by

g, (k;(WL,))

, ORp,
. — . .. 1 2
Ok (W) [k;(Wp,)] I + CFLippicvj; A, M

7 L,L
OW 1,
+ CFLimplaj—l,jAtLikj—l(WLi) -+ CFLimplajjAtLikj(WLi)) .

(W

and Newton’s method may be formulated by
l{:](-o) (W) =0 (initial guess)
—g(k"™ (W),

h(L) = K™D (WL — K™ (W),

9g; (k;(WL,))
Ok;(Wr,)

(&™) (W L) (L)
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Stopping Newton’s iteration after one step we get for j =1, ..., s the iterates

KD(W) == [Py(Lo)] " (g; (K (WL)),  i=1,....n, (52)
where
P.(L;,) =1+ CFL. ;A M‘lﬂ WTr & CFL. o 1Aty kY (W
]( 2)— + implQj; AL, L; OW . + implQj,j—1 A%, j—l( Li) :

Using these formulae the line implicit Runge-Kutta method (51), where the inner
Newton iteration is truncated after one step can, be represented by the algorithm

ki(Wr) = —[Pi(L)] ' MRy, (W)
ko(Wr,) = —[Po(Li)] " My Ry, (W' + CFLimpian Aty k)
k(Wp) = —[Po(L)]7 MRy, (W™ + CFLinpiovs1,sAt g, k1)

Wgé“ = Wr[I::L+CFLimplas—l—l,sAtLiks(WLi)-

Defining the updates W(LO,L-) = Wgn and
W(Lji) = ngn B CFLimplO‘ﬂLjAtLi [Pj(Lz‘)]_l MZ:RLZ. (W(j_l))

we notice that the Runge-Kutta scheme above can be formulated equivalently by

wY = Wi
W(Lli) = W(LO,L.) — CFLinpiaa At Py (L) "' M Ry, (W)
. (53)
W = WY — CFLinpis 1,608, Po(Li) "M Ry, (WED)
Wit = WY
Algorithm (53) indicates that along each line the linear system
P;(Lihy, = CFLinpiyj41,;,At, M R, (WUTY)
needs to be solved. This can be equivalently formulated by
1 _1 OR;y, -
Atp) "My, + ajjmer | hy, = aj Ry, (WUTD), 54
(G ()™ M+ i o, = g R (WO D), (51)

The exact construction of the preconditioner P; is topic of the next section. Here
we want to mention that the actual preconditioner P; is given by a simplification
of a first order approximation to the Jacobian of the residual function R(W®).
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Then the residual at point 7 only depends on its direct neighbors (i.e., R; =

R; (Wi, W ieni))-

Therefore, along a line L; the extracted part ORp,/OW,
of the full Jacobian can be represented by a block tridiagonal matrix,

IR 1 OR 1
8WZ1 aWZZ
R,z ORp R 2
6W221 8WZ? 8WZ3
ORy, 1 L
aWLi 8Re” -1 6Rﬂi -1 8Refi -1
W, 2 W, avée?
' OR,r; OR i

(1
oW i1 W
3

Hence, to compute one stage of Algorithm (53) n block-tridiagonal linear sys-
tems (54) need to be solved. This can be efficiently done by applying for example
a block LU-decomposition (see e.g. [8]).

In the case when a line degenerates to a point, which is usually the case for the
isotropic part of the mesh, Algorithm (53) becomes point implicit. Hence, the line
implicit preconditioned Runge-Kutta method (53) is a straightforward generaliza-
tion of the algorithm presented in [10]. Moreover, specifically, a line implicit method
is a hybrid method which is

a) line implicit in anisotropic parts of the mesh,
b) point implicit in isotropic parts of the mesh.

Similar line implicit methods are suggested in [1, 6, 14, 15, 16]. However, usually
the derivation of these methods in these references are quite specific and do not
exploit the general formulation of implicit Runge-Kutta methods.

Finally, note that in our line implicit solution strategy all lines determined by
the line search algorithm are used. This remark seems to be trivial. However,
for example in [6] it was mentioned that their algorithm only accepts lines of a
minimum length of 10 elements. In our algorithm this does not play a role since
our algorithm becomes automatically point implicit. Therefore lines of very short
length can be handled.
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5 Construction of the preconditioner

The construction of the preconditioner is guided by the following rules:

a) We only consider a first order discretization of the residual function, that is
we neglect second order terms.

b) The dissipation operator |A;;| in (9) is assumed to be constant.

c¢) The effective viscosity pes and effective conductivity kg (see (6)) are assumed
to be constant.

For the exact inviscid contribution to the preconditioner we refer to [10]. A detailed
description of the viscous contribution and the contribution with respect to the
source terms is given in the Appendix, Section 8.

Therefore, the diagonal entries of the tridiagonal matrix (55) are approximated by

8RZ ~ Z { 1 ‘A_ | |:8(fv : n) (W(p(i),p(j))):| TSLv/»‘cff:COnst}
- 5 1| — .
8Wz ]GN(Z) 2 8Wp(l)

9 (foary - m) (W) 9Q(Wi, W)

OW; OW,;
For an inner point 7 the boundary term fi,4,y -1 vanishes. However, since we consider
all derivatives of the boundary terms (e.g. characteristic farfield, Euler wall) we
mention them here for completeness. For example, for an inviscid calculation the
derivative of the Euler boundary condition fi,gyy e - 1 := (0, n1p, nop, nap, 0) given

by

— vol (€) : (56)

0 0 0 0 0

—niuy; —NiUz  —Niuz Ny

a (fbdry,eul . Il) (W)
OW

— n|[ul]

== | 252 —nguy —nous —maouz ny
3 —Nn3u; —N3zus —N3zU3 N3
0 0 0 0 0

is added to the preconditioner. (We left out the sixth component in the formula
above because turbulence is not present in an inviscid calculation.) Moreover, in
a cell vertex code the boundary condition for a boundary point i in general only
depends on variables at point i. Hence, derivatives of the boundary fluxes need
only be added to the diagonal of the Jacobian.

The approximate derivative of the residual with respect to a neighboring point 5 €

N (i) reads
OR; ~ _1 A +1 [0(fc . nij)(W(p(in(j)))}
oW, 2 TW i
_ {a(fu : nij)(w(p(i)7p(j))):| TSL,per=const
OW i)

oW,

— vol () (57)
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The terms on the right hand side of (56) and (57) are used to approximate the
block tridiagonal matrix (55) denoted in the following by dR[,/OW,. The linear
system (54) is slightly modified into

1 o OR, i
(CFLimpl (At,)” My, + gpajjm) hr, = a1 R, (WYUTD). (58)
The parameter ep can be used for overrelaxation and underrelaxation. It can be
similarly interpreted as in [10, Section 5.1] (see also [2]). The estimate for the
time step At; is computed by a weighting of the largest convective and viscous
eigenvalues (see e.g. [11]),

1
At; = vol(€;) Z §(|Vij\+aijz4ij)
JEN(4)

Cuise(pest )ij Aij (max{% (Keft)ij(7 — 1) })} o C.o =4
Ip® — pW2pt) 3 (pem)is ’
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6 Numerical results

6.1 Investigation of dissipative scheme

In Section 3 we suggested many different techniques to construct the term (9).
Once again we want to emphasize that in particulat this term is responsible for
both accuracy and reliability of a flow simulation. Prior to the investigations it
should be mentioned that the suggested methods have reached a final end. From our
point of view still many things need to be considered to reach an overall satisfying
formulation of the dissipative terms. The following investigationy may be viewed
as a first step towards such a formulation.

6.1.1 Inviscid flow over smooth bump

We consider the inviscid flow simulation over a smooth bump. The grids are shown
in Figures 4- 6. Their generation is completely described in the notes of the High-
Order CFD workshop taken place at the AIAA conference January 2012. The flow
conditions for the testcase are Ma = 0.5 and Angle of attack 0°.

First of all we want to get an idea of the order of accuracy of the discretization
defined by (9). To this end first of all note that the argumentation given in (37)
and (36) do not hold since we work with triangular meshes. Hence, considering the
general theory of Section 3.3 we can only expect a method of order one. However,
Figure 7 shows that the considered method yields on the sequence of triangular
meshes a method which approximately shows a second order of accuracy. The
considered error in Figure 7 is a so-called entropy error

1/2
>

N -1/2 [/ N Pj _ P 2
Error := <Z VOl(Qj)) Zvol(Qj) (%) , (59)
P =1

P&
which needs to go to 0 for an infinite fine mesh.

6.1.2 Influence of construction of dissipation at the boundary

To give an initial impression of the influence of the construction of dissipation at
the boundary we consider again the smooth bump as in Section 6.1.1. Only for
the finest mesh (see Figure 6) we have plotted the total pressure loss in Figure 7
on the right. Here the effect described in Section 3.6 can be observed. Dealing
with a triangular mesh formulae (44) and (45) are not good approximated by the
construction with the nearest neighbor point to the wall when compared with the
construction where the faces connecting the boundary point and the next inner
points are neglected. For the first construction a significant larger total pressure
loss can be observed.
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Having Figure 7 we restrict ourselves in the following to the construction of bound-
ary dissipation by neglecting faces connecting the boundary point and the next inner
points. Note that so far we have not implemented and investigated the boundary
construction using formula (25). Moreover, it is still an open issue to construct
a stable artificial dissipation operator in corners such as wing body junction. We
assume that many reliability problems of unstructured CFD codes is due to the
problem of constrcution of dissipation near the boundary.

6.1.3 Inviscid flow over NACAQ0012

To investigate the interplay of different parameters we investigate inviscid flow over
a NACAO0012 airfoil under flow conditions Ma = 0.8, AoA = 1.25°. We consider a
sequence of meshes of dimension 640 x 128, 320 x 64 and 160 x 32. An illustration
of the meshes is given in Figures 8 — 10.

Mesh: 640 x 128 C-drag C-lift
U ey =1, € =0.015625, sV | 2.1425¢ — 02 | 3.3425¢ — 01
U ey =8, € =0.015625, sV | 2.1484e — 02 | 3.3522¢ — 01
U ey =8, € =0.03125, s | 2.1502¢ — 02 | 3.3555¢ — 01
U ey =1, € =0.015625, sV | 2.1417e — 02 | 3.3413e — 01
U@ ey =8, € =0.015625, sV | 2.1426e — 02 | 3.3427e — 01
TP ey =8, € =0.03125, sV [ 2.1458¢ — 02 | 3.3486e — 01

Table 1: C-drag and C-lift for the mesh 640 x 128

Mesh: 320 x 64 C-drag C-lift
U ey =1, € =0.015625, sV | 2.1493¢ — 02 | 3.3525¢ — 01
U ey =8, € =0.015625, sV | 2.1614e — 02 | 3.3671e — 01
U ey =8, € =0.03125, s [ 2.1638¢ — 02 | 3.3707e — 01
P ey =1, € =0.015625, sV | 2.1474e — 02 | 3.3500e — 01
U ey =8, € =0.015625, sV | 2.1500e — 02 | 3.3538¢ — 01
U@ ey =8, € =0.03125, s | 2.1546e — 02 | 3.3612¢ — 01

Table 2: C-drag and C-lift for the mesh 320 x 64

To get an impression of the influence of the two different pressure switches (39a)
and (39b) we make computations for both. Moreover, to see the influence of the
weighting coefficient €, and & we choose either £, = 1 and ¢4 = 8 and we con-
sider £ = 0.015625 and § = 0.03125. The weighting function s;; is always deter-

mined by s,@}) .
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Mesh: 160 x 32 C-drag C-lift
U ey =1, € =0.015625, sV | 2.1624e — 02 | 3.3759¢ — 01
U ey =8, € =0.015625, sV | 2.1969¢ — 02 | 3.3851e — 01
UMD ey =8, € =0.03125, sV [ 2.2007e — 02 | 3.3863¢ — 01
v =1, £ =0.015625, s | 2.1587¢ — 02 | 3.3721e — 01
U@ ey =8, € =0.015625, sV | 2.1633¢ — 02 | 3.3710e — 01
U ey =8, € =0.03125, sV [ 2.1706e — 02 | 3.3776 — €01

Table 3: C-drag and C-lift for the mesh 320 x 64

Results for C-drag and C-lift for all computations are given in the Table 1- 3.
However, these values seem to carry only little information to evaluate the different
discretizations and one should be very careful by evaluating the different discretiza-
tions with respect to these values. It is more important to have a closer look at the
cp distributions given in Figures 11— 13. From Figure 11 it is obvious that a choice
of ey = 1 and £ = 0.015625 is not appropriate since the cp distribution shows lots
of oscillations in a neighborhood of the shock.

A first explanation for this behavior is given by Figure 14. Despite the theoretical
assumption also in a neighbor of the shock neither of both pressure switches (39a)
and (39b) is close to 1. Therefore the scheme (10) will never reach a first order
scheme in the neighborhood of the shock. It will only deliver a small scaled first
order part and will mainly be a second order scheme. Hence, oscillations in a
neighborhood of the shock can be expected. Therefore, we increased the ey = 1
to eg = 8. Then, in a neighborhood of the shock comes closer to a first order
scheme. However, by a look at Figure 12 it can be observed that the influence of
increasing ey to 8 is negligible.

So, to reduce the oscillations we finally increased the weighting factor £ to 8. This
improves the quality of the solution significantly. We want to mention that the final
oscillation of Figure 13 cannot be significantly reduced by playing around with ey
and . It can be avoided by modifying the pressure switch a little. However, since
such an oscillation can in general not be observed in viscous computations, no
modifications are included into the implementation.

Figure 13 also shows that the shock position is not significantly influenced by the
choice of the pressure switch. Following the argumentation in Section 3.5 we there-
fore recommend to use the more local formulation (39b). Although not shown here
in particular for 3d configurations it figured out that this formulation yields better
reliability.
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6.2 Concluding remarks with respect to construction of dis-
sipation

Both the theory presented in Section 3 and the numerical investigations of Sec-
tions 6.1.1, 6.1.2 and 6.1.3 may be viewed as initial data points to construct an
accurate and reliable scheme. We have tried to give arguments that the construc-
tion yields a stable implementation by estimating the eigenvalues of the dissipative
operators. Moreover, we showed which accuracy of the scheme can be expected.
However, the theoretical view does not circumvent the problem that in pratice
some scaling of first and second order terms is required. Also the construction of
dissipation along the boundary is still not answered satisfactory.

So, in future work additional data points are required to get an impression of the
behavior of the dissipative scheme. Here in particular turbulent high Reynolds
number flow simulations also on complex 3d configurations should be investigated.

Moreover, we think that further significant improvements can only be reached by
extending the theory presented in Section 3 to the relevant block systems. Special
focus should be in the construction of dissipation along boundaries in particular in
junction areas.

6.3 Application of the line search algorithm

To demonstrate the influence of the threshold parameter ~;,. of the line search
algorithm we consider a structured RAE 2822 airfoil grid of dimension 736 x 176.
In Figures 15 — 17 the lines determined in the neighborhood of the airfoil are shown
for Mine = 5 and e = 20. Obviously, the choice Y, = 20 is far more restrictive
and the lines are significantly shorter.

As a second example the determined lines of a three element high lift airfoil with
a structured boundary layer and unstructured farfield (see Figure 23) are shown in
Figures 18 — 19 for v}, = 2. The mesh has 69534 cells. Whereas the lines on the
finest grid are as expected, on the coarse grids the lines deteriorate.

As a third example and to demonstrate the applicability of the line search algorithm
for 3-D unstructured grids we show results for a 3-D wing-body configuration in
Figure 20. The mesh has 2953483 cells. The loss as well as the deterioration of the
lines on the agglomerated grid levels happens here as well.

6.4 Application of line implicit method

In all our computations we chose the Butcher schemes

The preconditioner required required for equation (58) is only constructed and in-
verted on the first stage of the Runge-Kutta scheme. Updating the preconditioner
on every stage in general did not show any significant improvement in the conver-
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0] 0 0 0 0] 1 0 0
0(2/3 0 0 0(2/3 1 0 .
ol 0 2/3 0 (expl.RK.), ol 0 23 1 (Algorithm (53)).
‘ 0 0 1 ‘ 0 0 1
Size 736 X 176 | 368 x 88 | 184 x 44 | 92 x 22 | 46 x 11
Max. aspect ratio 4000 3800 3500 3000 2200
Iter. Res. 107! expl. RK. 86309 24393 10829 6395 2952
Iter. Res. 107! line impl. 4852 2372 2639 942 862
CPU time expl. RK. > 24h 2h 14 min. | 120sec. | 15sec.
CPU time line impl. 9.5h 1.2h 21 min. | 105sec. | 30sec.

Table 4: Main results for the RAE2822 testcase

gence rate whereas the CPU time is substantially increased. The parameter ep is
always chosen as 2.

6.4.1 RAE 2822 airfoil

We apply Algorithm (53) to a sequence of five meshes for the RAE 2822 airfoil
under the following conditions:

a) Onflow Mach number: 0.73
b) Angle of attack: 2.8°
¢) Reynolds number: 6.5¢6

To eliminate parallelization effects in the algorithm all computations were performed
on a single core. For the line implicit method the parameter ;. = 5.0 was chosen.
A plot of the convergence histories is given for the finest grid in Figure 21. The drag
coefficient shows that it is usually not enough to reduce the density residual several
orders of magnitude. For the explicit Runge-Kutta methods after about 20000
iterations the density residual is reduced about eight orders of magnitude. However,
the drag coefficient after 20000 iterations is still not converged for this method. This
observation again indicates that for highly stretched meshes reliable and efficient
solution methods are required which approximate a solution of the discrete equation,
that is, which decrease the residual to machine accuracy in an adequate number
of iterations. The final drag coefficient of about C; = 0.01708 corresponds to
other results given in literature, see e.g. [22]. Figure 22 shows the C),~distribution
compared to measured data ([4]). The agreement is acceptable.
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6.4.2 Three element high lift airfoil

Results for the three element high lift airfoil are shown in Figure 23 and Figure 24.
The compuations were performed on a single core. For the line implicit method the
parameter Vi, = 4.0 was chosen. The total CPU time was about four hours. The
flow conditions of this test case are as follows:

a) Onflow Mach number: 0.22
b) Angle of attack: 21.4°
¢) Reynolds number: 4.0¢6

Figure 24 shows the complexity of flow field around a high lift airfoil. On the one
hand there are small transonic and supersonic regions in a neighborhoood of the slat
whereas the rest of the flowfield is dominated by low Mach numbers. Moreover, one
can observe that on the lower side of the slat, on the upper side of the flap and at the
end of the main wing there exist regions of separation. The flow solver is required
to handle all these flow features. This configuration provides an example for the
gain in reliability of the line implicit Algorithm (53). The explicit Runge-Kutta
method was not successful at all for this configuration whereas the line implicit
method yield to a convergent solution (see Figure 23).

6.5 Helicopter fuselage

The first 3D example we consider is turbulent flow around an analytic streamlined
body, which can be viewed as a generic helicopter fuselage (for details see [9, Chapter
33]). The mesh has 425984 elements and 38912 surface elements. A plot of the mesh
as well as the lines for v, = 10 is given in Figure 25. The flow conditions of this
test case were as follows:

a) Onflow Mach number: 0.8
b) Angle of attack: 5.0°
¢) Reynolds number: 1.0e7

The computations for this testcase were done in a parallel version of the code using
twelve processes. The convergence histories of the testcase are given in Figure 26.
The results are summarized in the following tabular:

Tabular 5 shows the significant superiority of the line implicit method (53) when
compared with the explicit Runge-Kutta method. In CPU time the speed up was
about a factor of three.
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Stopping criterion | Iterations | CPU time
expl. RK. Res. 10712 12566 3.1h
line impl. Res. 1072 875 0.9h

Table 5: Main results for the helicopter fuselage

6.6 ONERA M6 wing

We consider turbulent flow over the ONERA M6 wing. The mesh is purely hexa-
hedral with 1725056 elements. The number of surface quadrilaterals is 79280. A
section of the mesh is given in Figure 27. The lines used in the multigrid cycle are
given in Figure 28. Moreover, in Figure 28 the convergence histories for the density
and the turbulent variable residual as well as the convergence history for the lift
are plotted. The flow conditions of this test case were as follows:

a) Onflow Mach number: 0.8395
b) Angle of attack: 3.06°
¢) Reynolds number: 11.3¢6

Note that the explicit Runge-Kutta method in combination with a Matrix dissipa-
tive scheme (see (9)) was not successful at all. This observation goes along with the
theory presented in ([10]). The computation was performed using eight processes.
The total computation time to reduce the residual about nine orders of magnitude
took about 33 hours.

6.7 DPW4

As last example we consider turbulent flow over a configuration used at the Drag
Prediction Workshop 4. It is a wing-body configuration with horizontal tail plane (see
Figure 29). For more details on this test case we refer to [28]. The mesh is hybrid
with 8565419 elements and 167863 surface elements given by:

a) 5309541 tetrahedrons

b) 18384 prisms

C

108987 pyramids

d) 3128507 hexahedrals

e) 40888 surface triangles

f) 126975 surface quadrilaterals

)
)
)
)
)
)
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The flow conditions of this test case were as follows:
a) Onflow Mach number: 0.85
b) Angle of attack: 2.33548°
¢) Reynolds number: 5.0e6

Figure 29 also shows the convergence history of the density and the turbulent vari-
able residual as well as the convergence history for the drag. Note that also in this
testcase the explicit Runge-Kutta method in combination with a Matrix dissipative
scheme (see (9)) was not successful at all. The computation was performed using 16
processes. The total computation time to reduce the residual about ten orders of
magnitude took about 25 hours.

7 Conclusion and future work

We have presented a line implicit Runge-Kutta method. This technique was applied
to fully coupled turbulent flow problems for the one equation turbulence model of
Spalart and Allmaras [23]. For all parts of the equations the required approximative
derivative terms have been presented as well as the complete construction of the
preconditioner. The improved reliability and efficency in particular for meshes
with large anisotropies and for critical flow conditions such as high lift have been
demonstrated.

In our framework an agglomeration strategy built upon the same idea as the con-
struction of the preconditioner is still missing yielding in particular on coarse grid
levels within the multigrid badly shaped lines. Therefore, as one of the next steps
it is planned to combine the line implicit method with a directional coarsening
strategy [14, 12].

It was presented that the length and the shape of the lines are determined by some
user defined parameter input 7,.. 1o make the line implicit method reliable for
industrial application the influence of the length and the shape of the lines to the
flow solver must be investigated. From an algorithmic point of view lines resolving
the complete anisotropies in the given grid are desired. Then the method gets a
more implicit behaviour. This problem is in particular from relevance for parallel
applications. Domain decomposition methods are required taking care of the lines
representing the anisotropies of the grid. To ensure a good load balancing correct
weights need to be incorporated into the domain decomposition algorithms since
the main complexity of the algorithm is to set up and solve the block tridiagonal
linear systems (54).

So far, computational expensive parts namely, the solution of the block tridiagonal
linear systems, rely on private implemented routines. It can be assumed that these
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routines are not implemented in an optimal way and should therefore be exchanged
by professional tools such as LAPACK. Hence, the given CPU times in this article
may be misleading and the potential of the line implicit method is even greater
than indicated in this article.
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8 Appendix: Required derivative terms

8.1 The viscous contribution

Instead of considering the full derivative including the derivative of the Green-Gauss
gradients, we use a thin shear layer approximation for the construction of the viscous
part of the preconditioner.

For a detailed computation of the derivative given below we refer to [11]. For
notation only we describe the points 7 and j corresponding to the face ij by i = p(©
and j = p". The derivative of the viscous flux f, - n given on the face p(¥p® with
respect to the conservative variables W), £ = 0,1 can be assembled as

TSL, peg=const

J(f, - n) (Wp(o),Wpu))

0Wp(5)
O 0 0 0 0
(=14, 1N1(§)13) (—1)1N, %Nm (—1?))“1 Ny 0 0
_1)¢+1 _1)4+1
© _1)£(N2U 1N12 23) C—Ni ()N, SNy 0 0
Z _1)¢+1 _1)\4+1
ST Dl ING,) GO N, EVEING (N, 0 0
() (Z) () 9(f, n)®) A(fy-n)® A(f,n)®  kog(l—
El - E + E f(_ll) (8zy)) 5(_15) (82:52) f(% (824(1[)) ffM(eff . O
a
(—1)22 0 0 0 o Lo
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1 1
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8.2 Contribution of the source terms

We rewrite Sutherland’s law (7) as

T\ 1++
M = Hic0 (T—) ﬁ
Too

> Too
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Usually T and T, are user defined parameters with default values

T = 1104K (Sutherland’s constant),
T, = 273.15K (Reference temperature).

Working with non dimensionalized variables the temperature 7' is replaced by T4 :=
T/Ty and Sutherland’s law reads

1+ Cautn T
A Cunth = —. 60
He= A nd (Tnd + C1suth ’ o Too ( )

For the rest of the paper Sutherland’s law is always used in its non dimensional-
ized form (60) and therefore we will skip the subscript on the non dimensionalized
temperature T)4.

Note that 14« is a predetermined value and therefore constant. The derivative of
Sutherland’s law can be computed as

o VT (14 Coun)(T + 3Csun) | 0T
ow M) o (T + Coun)? oW’

Using the representation 7" = p/p we find

or _op/p) 1 [ Op Op| _10p T Op
oW~ OW ow  Yow |~

pOW  pOW'

The formulas

I gy (Il 0 " and 9P _(1,0,0,0,0,0)
oW 2 7 ! ’ 7 OW y Uy Uy, Uy Uy

conclude the derivative of Sutherland’s law. In the following we will list all required
derivatives with respect to the source terms of the turbulence model. We have

o O(8) i - p~§€e:g<a<pﬂ> 3uz)

oW~ OW 12 ow  Yow
and aa(w =(0,0,0,0,0,1). Therefore, we get the following derivatives:
ofe, 1 5 3 5 OX sO0x ] 3ex® Ox
OW (3 +c3)? [(X ) oW 3X IW]  (P®+c)20W’
Ofve, 1 ox Ofv,
oW = ) [(1 X G (f“ aW)}
— 1 X2 afﬁ . aX
I+xfu)? \" oW OW ]
Oft, Ox ox
W = —2c¢q, ¢, €XP (—ct4x) 8W —2¢, fro X 8W'
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To compute the derivative of S we start with the derivative of the Green-Gauss gra-
dients (46) applied to the velocities. Denoting the conservative variables by (21, 22, 23, 24, 25, 26) :=
(p7 pu, puz, pus, pE7 pl;) we have

5%('1)1 o _ 1 Z (n;m)j< (k) | (n))
D ~ Vol(y) g \l-1 T %

neN (k)
L ) (20 A
Therefore, we have for i = 1,2,3, { = 2, 3,4,
GG S () ) 0=k
o (ouM 1 neR) T2 T ;
92 \ Oz, ~ vol() o) Sty 0 e N(k),
0 0# kg N(k),
GG = (hn)i 1 0=k
o [ ou 1 neN ) 3 :
aZ(Z) a:L’j B VOl(Qk) k; W’ te N(k)7
" 0 04 k0 ¢ N(K),
and
o [(0u™\C o (o™
—o | 7 = | =o.
8z§z) Oz 82((56) Oz
Since

wl aly % GG_ % GG2+ %GG_ % cal?
curt iz = 8332 8$3 8$3 8x1
1/2
% GG_ % aal?
8331 8$2
we get
Oflewrl ufy 1 Ous\ ™ _ (0u\™| 0 | (0us\"F (0™
OW ~ fcurl ul|, 0Ty 0z OW | \ Oxs 0z
N % fete} B Ous acl 4 o, fete} B % fele’
01'3 81’1 8W 01'3 81’1
N % fete} B ou, acl 4 Oy fete} B % fete’
al'l 81’2 8W 0:)31 81’2 ’
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Hence, the derivative of S, 7, g and f, is computed by

S a||cur1u||2+ 1 ; Q+~afv2
oW oW a2 \"2aow T Vaw )
o _ 1 (gov 05

OW 2252 \"OW OW |’

dg ~ Or 5 Or or
EW_EWHHWﬁFﬁ$

Ofw _ 145, Y0 g g [1+d, ~5/6 _6(1+cg3)g5;—vgv
ow OW 6 g+l () )

Finally, the derivatives of production and destruction can be computed by

W W +(1—ft2)’7—+(1—ft2)sm

OW
ODe 7\ 2 Ofw b, Of e, . ( Y ) 20 O
- 3 CW1—__ CW1 w T 5 79 ovx
oW d OW K2 OW k277?) 2 OW
To get a reliable solution algorithm care has to be taken by incorporating parts

of the derivative of the source terms into the preconditioner. To get a robust
implementation in the production part it was necessary to replace

_0||curl ul|2 b _0||curl ul|2 0
U y max § PPz,

and in the destruction part to replace

pl)2 % by max pﬁz %
oW OW'’ ’

OPr [ . _Of, a3 ~aa]
= ¢, |—SV ;

For the derivative of the diffusion part Di we compute

(ngn); o(F)
Y GG Zn - . NORE (= ka
L0 (WONT s ™ v
029\ O, vol(Q2) 2 o0 ;
1 0 04 k0 ¢ N(E),
and
: (aﬂ(k) - 1 Zne%c)) i rck =k,
— Nke)j 1 = N(k)
0\ Ox; ) vol(€2 2 0 )
826 J ( k‘) O g#k’€¢/\/—( )
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The additional derivatives satisfy

o (o _
W (0—1']) :0, 222,3,4,5.

Then the derivative of the diffusion is given by

ODi_ 20,5 (07 000\
8W_ g = 825']‘ 8W a.flfj )

Finally, note that only the terms curl (u) and Di require gradient information
and depend therefore not only on the variables W;, but also on all neighbor vari-
ables W jear). This means that off-diagonal terms with respect to the source
terms need to be considered in the block tridiagonal matrix (55). But only terms
arising from

S . (@) i .
8S(Wl):8||curlu I and 0Di(W,)

aw, aw, ow, 1 ENWD

produce off-diagonal terms.
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Figure 15: RAE2822: Determined lines in the neighborhood of the airfoil on the
finest grid (left) and on the first agglomerated grid (right), Vine

=5.0
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Figure 16: RAE2822: Determined lines in the neighborhood of the airfoil on the
second agglomerated grid (left) and on the third agglomerated grid (right) Yjine = 5.0
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Figure 17: RAE2822: Determined lines in the neighborhood of the airfoil on the
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finest grid (left) and on the first agglomerated grid (right), Yine = 20.0
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Figure 18: High lift airfoil: Determined lines in the neighborhood of the airfoil on
the finest grid (left) and on the first agglomerated grid (right), Yiipe = 2.0
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Figure 19: High lift airfoil: Determined lines in the neighborhood of the airfoil on the
second agglomerated grid (left) and on the third agglomerated grid (right) Yiine = 2.0

Figure 20: Wing-body configuration: Unstructured mesh with prismatic boundary
layer(left), determined lines on the finest grid (right), Y. = 10.0
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Figure 21: RAE2822: Comparison of density residual and turbulent variable resid-
ual (left) and drag (right) for the expl. RK. and the line implicit method. The
computation of the line implicit method were performed with j,. = 5.0.
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Figure 22: RAE2822: Comparison of computed Cp—distribution on the finest mesh
of 736 x 176 and measured data [4]
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Figure 23: High lift airfoil: Section of the grid (left), Comparison of density residual
and turbulent variable residual for the exgBRK. and the line implicit method (right).
The computation of the line implicit method were performed with v, = 2.0
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Figure 24: High lift airfoil: Mach number and velocity stream traces (left), C,
distribution (right)
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Figure 25: Helicopter fuselage: Section of the grid (left), determined lines on the
finest grid 7jine = 10(right)
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Figure 26: Helicopter fuselage: Comparison of density residual and turbulent vari-
able residual (left) and drag (right) for the expl. RK. and the line implicit method
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Figure 27: ONERA M6 wing: Section of the grid (left), determined lines on the
finest grid in the neighborhood of the wing, i, = 100(right)
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Figure 28: ONERA M6 wing: Determined lines on on the second agglomerated

grid, Yine = 100, residual, turbulent variable residual and lift coefficient for the line
implicit method (right)
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Figure 29: Configuration of the Drag Prediction Workshop 4: Section of the grid

(left), density residual, turbulent variabjg residual and lift coefficient for the line
implicit method (right)
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