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WALL BOUNDARY CONDITIONS FOR INVISCID
COMPRESSIBLE FLOWS ON UNSTRUCTURED MESHES
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SUMMARY

In this paper we revisit the problem of implementing wall boundary conditions for the Euler equations
of gas dynamics in the context of unstructured meshes. Both (a) strong formulation, where the zero
normal velocity on the wall is enforced explicitly and (b) weak formulation, where the zero normal
velocity on the wall is enforced through the flux function are discussed. Taking advantage of both
approaches, mixed procedures are defined. The new wall boundary treatments are accurate and can be
applied to any approximate Riemann solver. Numerical comparisons for various flow regimes, from
subsonic to supersonic, and for various approximate Riemann solvers point out that the mixed boundary
procedures drastically improve the accuracy. © 1998 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Accurate calculation of global coefficients, such as lift or drag, are very important for the
aerodynamic design of aircrafts and space vehicles. These quantities depend not only on the
accuracy of the scheme used for interior nodes, but also on the wall boundary treatment.
Various ways of implementing the wall boundary condition to numerically obtain the solution
to Euler equations of gas dynamics on structured meshes have been studied extensively [1].
Although the implementation of the wall boundary condition on unstructured meshes involves
the extension of ideas which are already known in the context of structured meshes, it is not
trivial and often not stated explicitly. Therefore, we re-examine the problem for unstructured
meshes for both cell vertex and cell center finite volume schemes.

The satisfaction of the wall boundary condition for the compressible inviscid flows can be
achieved using two types of formulations, namely, (a) the strong formulation and (b) the weak
formulation. In the strong formulation the values of the state variables on the wall boundary
are defined using certain physical constraints. In the weak formulation the values of the state
variables on the wall boundary are updated in a way similar to the procedure used for
updating the interior cells/nodes. The former is very useful for Taylor Galerkin implicit
schemes and for gridless schemes based on the method of least squares for the discretization
of the spatial derivatives [2,3]. In this work we investigate both of these formulations of
implementing the wall boundary conditions on unstructured meshes, particularly in the context
of upwind schemes widely used in industry.
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1482 N. BALAKRISHNAN AND G. FERNANDEZ

The rest of the paper is organised as follows. The general framework of higher order finite
volume schemes on unstructured meshes is presented in Section 2. Various types of wall
boundary condition are described in Section 3. The results obtained using different wall
boundary conditions in the framework of cell vertex finite volume schemes are presented in
Section 4. Concluding remarks are made in Section 5.

2. HIGH ORDER FINITE VOLUME SCHEMES

Using the Gauss theorem, the state update formula for a finite volume scheme is written as

oW\ _ 1 *
< o > =0 Lgi F (W(#, 1)) ds, )

where the vector of state variables W = (p, pii, E)T represents the mass density, momentum
components and total energy. The subscript i represents the values in the ith finite volume Q,.
The Euler flux normal to the finite volume interface 0Q; is given by: F| =F - i = (pu, pu i +
pi, (E+ p)u,)’, where 7 is the outward unit normal, u, =i - 7 and u =1 A7 are the normal
and tangential velocities to the interface. The pressure p is given by p = (y — 1)(E —3p(u? +
uﬁ)), where y = 1.4 is the specific heat ratio.

On unstructured meshes it is possible to build finite volume schemes either in cell vertex or
cell center framework. Typical cell vertex and cell center finite volumes on a triangulated
domain are shown in Scheme 1.

In a cell vertex finite volume framework the state variables are updated at the nodes,
whereas in the cell center finite volume framework the state variables are updated at the
centroids of the cells. We shall refer to these points in a finite volume as the reference points.

For steady state computations. the accurate calculation of fluxes on the cell interface using
high order spatial accurate schemes is very important and the time integration can be
performed using either implicit or multistage schemes. To achieve high-order spatial accuracy,
the method of reconstruction discussed by Barth and Frederickson [4] or Fezoui and Stoufflet
[5] is employed. These works can be considered as a multidimensional generalisation of the
high-order schemes developed by van Leer [6]. In these procedures the spatial variation of any
variable ¢ over a finite volume is represented as

G+ dr) = ¢ () + (Vop), - dr, ()

where ¢ (7;) represents the values at the reference points obtained using the state update
formula. The variable ¢ used in the above expression is general and can represent conservative,
primitive or characteristic variables. The use of variables other than the conservative variable

(a) Cell vertex framework (b) Cell center framework

Scheme 1. Control volumes Q,.
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in the reconstruction procedure is valid when one is interested only in the steady state values.
The gradient terms appearing in Equation (2) can be computed in many different ways. In the
numerical experiments presented in this paper, the primitive variables are reconstructed and
the gradients are obtained using one of the following methods.

2.1. Averaging the gradients in the neighbouring cells

This method of determining the gradients is inspired by the finite element methodology.
Linear test functions N are introduced on each triangle to approximate the variable and its
gradient on the triangle, such that

@ (F) %z]: &N (F),

and

Vo

.~ ¢, VN,
7

The gradient at vertex i is then recovered using area averaging over the triangles 7 sharing the
vertex i:

1
Vo ——— ¥ Vo
z QT tiet

tliet
This method applies only in a cell vertex framework and we present the next approach which
is more general.

Qe A3)

2.2. The method of least squares

Here the gradient terms appearing in Equation (2) are obtained by minimising the sum of
the squares of the errors [3,7], defined by

E;= ; (Ag;— (V); - AP, 4)

where subscript j represents the neighbouring grid points, J is the number of support points,
¢, is the value obtained from the state update formula, A¢;, = ¢, — ¢, and Af;=# — 7, For a
linear reconstruction procedure it is possible to obtain a closed form expression for the
gradient terms by minimising Equation (4); they are given by

_ [Av[P(Ax, Ag) — (Ax, Ay) (Ay, Ag)

N Ve Vv By e vy (52)
g, = 18Xy, A) — (Ax, Ay)(Ax, Ag) (sb)
|Ax[?|Ap]? = (Ax, Ay
where
N N
|Ax|? = Zl Axi,  |ay|P= }Zl Ay3,
j= j=

(Ax, Ap) = ]zv: Ax; A¢; and (Ay,A¢)= ]zv: Ay, Ao,

Jj=1

© 1998 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 28: 1481-1501 (1998)



1484 N. BALAKRISHNAN AND G. FERNANDEZ

Equations (3) and (5) are used for the determination of the gradients of the variables and are
very useful in satisfying gradient boundary conditions on unstructured meshes.

The next step is the calculation of the fluxes at the cell interfaces and they are obtained in
the present work using the Roe [8], van Leer [9] and KFVS [10] approximate Riemann solver.
The flux formulas of the above mentioned schemes are presented in Appendix A. For linear
reconstruction procedure it is sufficient to use a one-point quadrature formula to integrate the
fluxes on the interface. The high resolution schemes thus obtained are not monotonicity
preserving. Therefore, it becomes necessary to limit the gradients to enforce monotonicity. In
the present work we either use the multidimensional limiter developed by Venkatakrishnan
[11,18] or a modified minmod limiter.

An important distinction between the two finite volume frameworks discussed earlier, is that
the reference points of the boundary cells fall on the boundary in the case of cell vertex
schemes and it is not so in the case of cell center schemes. This feature becomes important in
enforcing wall boundary conditions, as will be discussed in the following sections.

3. WALL BOUNDARY CONDITIONS

For a solid wall only one characteristic enters the flow domain and it is necessary to provide
only one fact on the wall based on physical considerations (natural boundary condition,
u, =0). The remaining information for defining the state variables on the wall must be derived
from within the flow domain (numerical boundary condition). Thus, when enforcing zero mass
flux on the body, the flux formula for a stationary wall reduces to

0
nx
F p=ps . (6)

ny

0

As mentioned earlier, the wall boundary condition can be satisfied either using strong
formulation or using weak formulation. These formulations differ in the way the state
variables are updated in the boundary cells. In the following section we present the strong
formulation in greater detail, the use of which is not so common in the framework of
unstructured meshes. Then, some of the conventional weak formulations, followed by three
modified weak formulations are presented.

3.1. Strong formulation

In the strong formulation the state variables are updated at all the interior nodes using the
state update formula (1). Then, the state variables on the boundary are updated using the new
information available in the interior nodes with the following physical constraints:

u, =0, (7a)
oS y—1

o e (7b)
0H

—=0, (7c)
on
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p uf

o P (7d)
In the above expression S=p/p? is an entropy-like variable, H=(E+ p)/p is the total
enthalpy, w is the vorticity, Z is the radius of curvature of the wall boundary and » represents
the direction normal to the wall. The value of any variable ¢ (S, H or p as the case may be)
on the wall can be obtained by enforcing the conditions on the normal gradients using
Equations (3) or (5).

Equation (7b) is simply the Crocco’s relation [12] in a direction normal to the wall, wherein
the isenthalpy of the flow is assumed. In the case of inviscid subsonic flows without
discontinuities, this relation becomes

oS

on 0 ®
Enforcing zero normal entropy gradient on the wall boundary has been found to be less
dissipative for subsonic flows and transonic flows. In most of the computations presented in
this paper constraint (8) is used in preference to Equation (7b), except when otherwise
mentioned. This aspect will be discussed in greater detail in Section 4. The total enthalpy
remains constant for inviscid flows without source terms if the flow at infinity is isenthalpic.
Therefore, Equation (7¢) is also a valid boundary condition and is used to obtain uy.

Equation (7d) corresponds to the normal momentum equation for rigid stationary walls
satisfying ou,0t=0. The use of the radius of curvature in satisfying normal momentum
equation can be avoided simply by using the differential relation obtained from the non-con-
servative form of the Euler equations:

D pi (@ V)i, ©)
n
It is possible to obtain a similar relation for the normal gradient of pressure on the wall using
the conservative form of the Euler equations. Yet another way of determining the pressure on
the wall satisfying the normal momentum equation is to use the conservative integral relation
[13]:

j F, ds= —J F, ds.
20y o,

In the above equation 0Qgy and 0Q,; represent the boundary and the interior edges of a wall
boundary cell respectively. Assuming that the pressure is constant along the boundary edges of
each of the wall boundary cells, the relation for the pressure on the boundary is

1
D= —|:nxf Fuds-i—nyj Fy; ds:|, (10)
ASB o0, Q

1

where Asg is the length of the boundary edge. In this work we adopt either Equation (9) or (10)
to satisfy the normal momentum equation on the wall. Therefore, based on the way the normal
momentum equation is satisfied, we have two variations of implementing the strong boundary
condition. In the variation Method Sa the wall pressures are determined using the differential
relation (9), whereas in Method Sb they are determined using the conservative integral relation
(10).

When the flow is irrotational (i.e. when Equation (8) is a valid approximation), we have

»=0. D
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The above relation is used to obtain u. This leads us to the third variation of the strong
boundary condition, Method Sc, wherein the constraint on the normal enthalpy (7¢) is replaced
by Equation (11).

The main advantage of the strong formulation is that it is less dissipative and takes into
account the effect of curvature of the wall boundary. The curvature effects are present in
Equation (7d). They also arise in Equation (7b) through the vorticity, rewritten as w =
(u)/#) — (Ouy/on). The main drawback of the strong formulation is that the scheme used for
the boundary points is not the same as the one used for the interior points. Therefore it
violates the global conservation, as will be shown in numerical experiments. Also, the
implementation of the strong boundary condition in a cell vertex finite volume framework is
straightforward, whereas it is not so in the case of the cell center finite volume framework. This
is due to the fact that in the cell center finite volume schemes the reference points of the
boundary cells are not coincident with the wall boundary. In fact, in this framework, the
normal velocity is not zero at the reference points of the boundary cells and Equation (7a) is
not valid. For structured meshes this problem is overcome by introducing half cells on the wall
boundary. Therefore it is important to design less dissipative weak boundary conditions which
take into account the curvature effects.

3.2. Weak formulation

One of the essential elements of weak wall boundary condition is that the slip condition is
enforced only in an integral sense (through the flux function). Consequently, the slip condition
u, =0 is not satisfied exactly by the state variables on the boundary. Therefore the weak wall
boundary condition reduces to determining the fluxes on the cell interfaces coinciding with the
wall boundary. It is important to note that the implementation of the weak boundary
condition essentially remains the same in both the cell center and cell vertex finite volume
frameworks, and that the reference points of the boundary cells are still updated using
Equation (1). Here we present three different weak formulations.

3.2.1. Pressure extrapolation method. Using the fact that the fluid velocity normal to the wall
is zero, the fluxes on the wall boundary are solely given by Equation (6). One of the ways of
obtaining the pressure py on the wall is to solve the normal momentum equation, as is done
while enforcing the strong boundary condition. But this boundary procedure is found to
produce an artificial boundary layer [14]. The other way is to extrapolate the pressure from the
interior. A zero-order extrapolation requires the use of the pressure at the reference point itself
to calculate the wall flux. This procedure is more meaningful in the case of cell vertex
framework, where the reference points lie on the wall boundary. When a linear reconstruction
procedure is used, the gradient of pressure p in the boundary cell is directly available (if
primitive variables are used in the reconstruction procedure) or derivable from other gradients
(if conserved/characteristic variables are used in the reconstruction procedure). This informa-
tion regarding the gradients is used in obtaining the pressures at the Gaussian points on the
wall boundary and wall fluxes can be determined using numerical integration procedure.

3.2.2. Mirror condition. In this condition the approximate Riemann solver used to determine
the fluxes in the interior edges is also used on the wall boundary. When this procedure is
adopted for calculation of fluxes on the wall boundary, information regarding one of the states
is obtained from the computational domain (interior state) and the other state (we shall refer
to this state as the fictitious state) is determined in such a way that the zero normal mass flux
across the wall is guaranteed. There are various ways of determining the fictitious state. In this
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Scheme 2. Mirror boundary condition.

procedure, represented in Scheme 2, the fictitious state velocity vector is obtained by reflecting
the velocity vector computed on the wall.

The pressure p; and the density p, in the fictitious state are assigned the same values as in
the interior state. The mirror condition can be represented as

Ui p= —Uq, qu:MHI, Pr= D1 Pr= Pr (12)

where the subscripts f and I refer to the fictitious state and the state obtained from the
computational domain respectively. In Scheme 2 the additional subscript w has been intro-
duced to denote the values at the wall obtained from the reconstruction procedure. The main
advantage of the mirror condition is that it permits the use of the interior scheme (an
approximate Riemann solver) on the wall boundary and thus it takes into account the
direction of information propagation. Its drawback is that it does not take into account the
effect of curvature and it is dissipative. For instance, in the cell center framework, in the case
of first-order schemes, the variables at the wall Pr> Uis , Ujs and pr, are given by the cell
values themselves. Therefore, using this boundary condition assumes zero normal pressure and
density gradients on the wall and thus violates the Crocco’s relation (7b) and the momentum
relation (7d) [15]. When a higher order reconstruction procedure is adopted, though the spatial
variation of the variables are properly represented, numerical experiments indicate that this
alone is not sufficient to make the boundary condition less dissipative.

The other variation of the mirror condition is presented in Reference [1]. In this procedure
u is determined using Equation (11) rather than as described in Equation (12), wherever the
physics of the fluid flow permits the use of Equation (11). Though this procedure results in
improved Mach contours compared with the original mirror condition, it does not significantly
improve the wall entropy levels. Therefore, the results obtained using this procedure are not
presented in this paper.

3.2.3. Kinetic characteristic boundary condition (KCBC). This procedure is based on the
specular reflection model of kinetic theory of gases. This boundary condition is more physical
compared with the wall reflection boundary condition described above, in the sense that it does
not require fictitious states to be defined on the wall boundary, and at the same time takes into
account the direction of information propagation using the specular reflection of molecules at
the wall. The following expressions for the wall fluxes obtained following the KCBC procedure
are derived in Reference [10]:
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0
F.— 2n ((pr + pquu)Xfr + pui Yy (13)
i 2ny((pl + Pluil)Xl+ + pruiYy) ’
0
where
1 + (er/)(By) exp( — By) P
B, = Xff=—>"= Y, =——m—7-— =—
I Uy \/[jja I 2 s 1 2\/@ H ﬂ 2p’
and

2 ~ 2
erf(x) = ﬁ L e dy.

3.3. Modified boundary conditions

Apart from the conventional weak formulations discussed above, it is possible to construct
modified weak formulations based on certain physical and numerical constraints. We discuss
three of such modified formulations here.

3.3.1. Flux equality method. This boundary condition was derived by Deconinck and Struijs
[16]. The boundary procedure is similar to the mirror condition, in the sense that it defines a
fictitious state to determine the wall fluxes. In this procedure the unknowns along the
boundary (the fictitious state) are determined such that the flux calculated using the approxi-
mate Riemann solver based on the fictitious state and the interior variables leads to a flux
which satisfies the boundary condition (6). If F | is the exact boundary flux calculated using
the fictitious state and F is the numerical flux function, then the fictitious state is obtained
requiring that

FL(WIa WB) = FJ_B(WB)- (14)

Equation (14) is a non-linear algebraic relation between interior unknowns W; and the
boundary unknowns Wy. For the van Leer scheme, solving Equation (14) results in [16]

=D
up=0, Ui = U)r, ag = al[l + ) M |,

py= pu(My + 1>2[1 + 020 Ml] . (15)

The distinguishing feature of this boundary condition is that for a linear set of equations, it
reduces exactly to the characteristic boundary condition. For Euler equations, the direction of
information propagation is taken care of by the use of the interior scheme itself. It is
interesting to observe that this boundary procedure reduces to the mirror condition for M,
tending to 0. Also, by using this boundary procedure, it is not possible to obtain a closed form
expression for the boundary fluxes for all upwind schemes (consistent with the interior
scheme), because of the resulting non-linear algebraic equations.

3.3.2. Modified pressure extrapolation method. Here we present a variation of the pressure
extrapolation method described in the previous section. In this variation, we propose that the
pressure and density gradients in the boundary cells are no longer determined using Equations
(3) or (5), but using the steady state momentum equations and isentropic relation. Therefore,
the expressions for the pressure and the density gradients are given by
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Vp= —p(@i- V)i, sz;Vp. (16)

In the above expressions, gradients of the velocities are still determined using Equations (3) or
(5). It is important to note that the modified gradients of pressure and density are used in the
calculation of fluxes for both the interior and the boundary edges of the boundary cell.

3.3.3. Mixed boundary condition. From the above discussion it is clear that while the strong
formulation takes into account the curvature effects, the weak formulations, such as the mirror
condition, permit the use of the interior scheme itself and thus take care of the direction of
information propagation. In order to harness the advantages of both the strong and weak
formulations, we propose the following mixed boundary treatment.

In this boundary condition we make use of the strong formulation to determine the fictitious
state. The interior state is determined in a similar way to the mirror condition. This allows the
use of an approximate Riemann solver to determine the wall fluxes. As can be easily seen, this
boundary treatment is also not conservative since it allows the transpiration of mass flux
across a rigid wall. The use of such a boundary condition can be justified by the fact that the
computed fluid velocities normal to the wall at steady state are small and therefore the
numerical error involved is also small. Numerical results support this fact.

Following an approach similar to the one proposed by Deconinck and Struijs [16] it is
possible to correct the zero normal velocity obtained from the strong formulation (to be used
in the fictitious state), so that zero mass flux across the rigid wall is satisfied. In this procedure
we still compute the variables such as density, pressure and total enthalpy in the fictitious state
using the strong formulation. The expression for the corrected normal velocity in the fictitious
state for the van Leer scheme is

12
uyp =ag —(uy +a )<plwafw> . (17)
v v \pran
Interestingly, the use of the above relation for determining u,, also satisfies the zero energy
flux across the wall for the van Leer flux corrected by Hinel, which preserves total enthalpy
in the entire flow field. Contrary to the expectations, the numerical experiments indicate that
this modification is sensitive to the asymmetry in the grid, a feature similar to the strong
boundary conditions. Therefore, the results are not presented for this case in the following
section.

4. NUMERICAL EXPERIMENTS

The boundary conditions discussed in the previous section are tested for various schemes for
the following test cases:

(i) Symmetric transonic flow past NACA 0012.
(i) Subsonic flow past NACA 0012.
(ii1) Supersonic flow past a semi cylinder.
(iv) Hypersonic flow past double ellipse

The details regarding the grids used for the different computations are presented in Table I.
Grid 1 is a symmetric regular triangular grid and grids 2—4 are asymmetric unstructured grids.
The fine grid, grid 3, has been generated by adding a node at the midpoint of the edges of the
coarse grid (grid 2) and recovering four triangles from each of the coarse grid triangles. Thus
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1490 N. BALAKRISHNAN AND G. FERNANDEZ

Table 1. Grid details

Name Configuration Nodes Cells Edges
Grid 1 Airfoil NACA 0012 3200 6144 9344
Grid 2 Airfoil NACA 0012 2779 5438 8217
Grid 3 Airfoil NACA 0012 10 996 21752 32748
Grid 4 Half cylinder 3870 7456 11325
Grid 5 Double ellipse 6844 13325 20 168

grid 3 preserves the asymmetry of the parent grid. Grid 5 is a regular triangular grid, adapted
in the cabin shock region.

In the results presented, the wall entropy deviation is defined as £ = (p/p*)(p */p)” — 1. The
discussions on the effect of the boundary condition presented in the following sections are
generally found to be independent of the interior scheme used.

4.1. Transonic flow past NACA 0012

The computations are made for a free stream Mach number of 0.85 and 0° angle of attack.
This symmetric transonic flow is an interesting test case, because the unstructured meshes
generated around airfoils, by definition, need not be symmetric and the use of non-conserva-
tive boundary treatment in computing flows with shocks can introduce asymmetry in the flow,
which otherwise should be symmetric. A good boundary condition is expected to be insensitive
to this grid-induced asymmetry. In the following computations on unstructured meshes, the
flow is understood to be symmetric if both the upper and lower shocks share the corresponding
locations on the top and bottom walls, respectively.

4.1.1. Coarse grid results. The symmetric regular triangular grid (grid 1) and asymmetric
unstructured grid (grid 2) used in the computation are presented in Figure 1. The Mach
contours and the wall entropy levels for this test case with strong boundary condition are
presented in Figure 2. The asymmetry in the solution obtained using grid 2, indicates that the
strong boundary conditions are sensitive to the grid-induced asymmetry. The figures also
indicate that the strong boundary formulation is sensitive to the way the normal momentum
equation is satisfied.

The results obtained using different weak boundary formulations are presented in Figures 3
and 4. One of the important features of the results obtained using the weak formulations is

Grid 1 Grid 2

Figure 1. Symmetric and asymmetric grids used in the calculations.
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Figure 2. Strong boundary condition—Mach contours and wall entropy Roe scheme—cell vertex finite volume. Flow
past NACA 0012 M, =0.85, angle of attack = 0° (— top wall, --- bottom wall).

that they all preserve the symmetry of the flow. The results obtained using the mirror
condition, KCBC and flux equality method show non-physical curvature of the Mach contours
on the wall. This feature is less pronounced in the case of pressure extrapolation boundary
conditions. The mixed boundary condition preserves symmetry and at the same time the
quality of the Mach contours are comparable with those obtained using the strong boundary
condition.

The observations that have been made based on the Mach contours presented in Figure 3
can be re-emphasised using the entropy levels presented in Figure 4. From Figure 4 it is clear
that the best entropy levels are obtained using the mixed boundary condition. It can also be
seen that the modified pressure extrapolation method produces better entropy levels compared
with the pressure extrapolation method. The entropy levels obtained using all the rest of the
weak formulations are an order of magnitude higher than the entropy levels obtained using the
mixed boundary treatment.

The lift and drag coefficients computed using different boundary procedures are presented
in Table II. The lift coefficient predicted for this zero lift case is a measure of asymmetry in
the solution. The asymmetry of the solutions obtained using the strong boundary conditions

© 1998 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 28: 1481-1501 (1998)



1492 N. BALAKRISHNAN AND G. FERNANDEZ

manifests in the form of relatively higher lift coefficients and underprediction of the wave drag.
The best prediction of the lift coefficient is by the mixed boundary condition.

It is found that mixed boundary treatment produces improved results, even in the case of
cell center finite volume schemes. A comparison of the results obtained using the cell center
finite volume schemes is found in Reference [17].

4.1.2. Fine grid results. Here we summarize some quantitative results using a finer grid (grid
3). We restrict our attention to the numerical boundary conditions which lead to better results.
The entropy deviations are plotted in Figure 5. In Table III we present theoretical and
computed entropy jumps across the shock on the top wall of the airfoil. The theoretical
entropy jumps are computed using the normal shock relation, based on the upstream Mach
number (which is the maximum Mach number reached on the top wall). We observe that using
the strong formulation Sa still leads to asymmetric results on this finer grid. Though the results
obtained using the strong formulation Sh remain symmetric, the jump predicted is inaccurate.
The jumps predicted using both the mixed and the pressure extrapolation boundary conditions
are accurate.

Pressure Extrapolation - Roe Mirror Condition - Roe KCBC - Roe

Flux Equality - van Leer Modified Pressure Ext. - Roe Mixed Boundary - van Leer

Figure 3. Mach contours obtained using weak boundary condition cell vertex finite volume. Flow past NACA 0012
M, =0.85, angle of attack = 0°, grid 2.
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Figure 4. Wall entropy obtained using cell vertex finite volume scheme. Flow past NACA 0012, M_, = 0.85, angle of
attack = 0°, grid 2 (— top wall, --- bottom).

4.2. Subsonic flow past NACA 0012

Here the computations are made for a free stream Mach number of 0.63 and 2° angle of
attack (zero drag case). In this test case entropy layer generated because of the wall boundary
condition becomes more apparent when we look at the Mach contours presented in Figure 6.

Table II. Flow past NACA 0012 airfoil, M, =0.85, o =0°

Boundary condition

Lift coefficient

Drag coefficient

Strong Sa

Strong Sh

Mirror

KCBC

Pressure extrapolation
Modified pressure extrapolation
Flux equality method

Mixed

—0.0252
0.0352
0.0190
0.0185
0.0196
0.0209
0.0194

—0.0063

0.0413
0.0405
0.0450
0.0447
0.0473
0.0474
0.0439
0.0451
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Figure 5. Wall entropy obtained using cell vertex finite volume scheme. Flow past NACA 0012, M_ = 0.85, angle of
attack = 0°, grid 3 (— top wall, --- bottom wall).

The contours obtained using the strong boundary condition and the mixed boundary condition
are of superior quality. The contours obtained using the modified pressure extrapolation
boundary condition are better than those obtained using mirror condition, KCBC or flux
equality method. Similar to the previous test case the above mentioned observations can be
re-emphasised looking at the wall entropy deviation presented in Figure 7.

At this point, it is worthwhile to make some remarks on the use of the Crocco relation (7b)
which involves the computation of vorticity on the wall. In Figure 8 we present the wall
vorticities obtained using the mixed boundary condition, both for transonic and subsonic test
cases. From the figure it is clear that even if the flow is irrotational (as in the subsonic test
case) or permits only small entropy gradient (as in the transonic test case), the vorticities
computed on the wall are considerably high because of the numerical errors. This problem is
found to be more acute in the stagnation regions and is accentuated with the use of limiters.
In fact, the use of such erroneous wall vorticity values in satisfying the entropy condition on
the wall makes the boundary condition more dissipative. All the computations presented in
this work are obtained using second-order schemes. Possibly, use of third-order schemes,
coupled with sufficiently finer meshes and higher order methods to estimate the values of the
vorticity itself, will help overcome this problem. Nevertheless, the use of the Crocco relation is
very important in extending the applicability of the strong and mixed boundary conditions
discussed in this paper, to flows which do not satisfy the zero normal entropy gradient on the
wall. From various numerical experiments performed, it was found that the mixed boundary
condition suggested in this work is found to be more robust compared with the strong
boundary condition, when used in conjunction with the Crocco relation. Further research in
this direction is underway.

Table III. Comparison of entropy jumps on fine grid

Boundary method Mmaximum AZTheorelical AZComputf:d Relative error (%)
Strong Sh 1.355 0.0128 0.0098 23
Modified pressure extrapolation 1.349 0.0123 0.0126 2
Mixed 1.357 0.0130 0.0119 8
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Figure 6. Mach contours obtained using weak boundary condition cell vertex finite volume. Flow past NACA 0012
M_, =0.63, angle of attack = 0°, grid 2.

4.3. Supersonic flows

4.3.1. Flow past a semi cylinder. Here comparisons are made for the free stream Mach
number M =4. All computations were performed using a KFVS cell vertex scheme with a
minmod limiter. Despite uniform inflow conditions, vorticity is generated through the strong
bow shock standing upstream of the cylinder. Nevertheless on the body streamline the vorticity
is zero due to the symmetry of the problem. The results presented for the strong boundary
condition assume zero vorticity on the wall (Method Sc).

An asymmetric adapted grid (grid 4) shown in Figure 9(a) was used. Mach number contours
and entropy contours obtained using the mixed boundary condition are plotted in Figure
9(b,c), respectively. The comparisons are made for the wall entropy deviations and the wall
vorticities plotted in Figure 9(d,e).

The strong formulation does not lead to as good results as in the case of subsonic or
transonic flow calculations. The convergence history for an explicit scheme is presented in
Figure 9(f). The mixed boundary condition again seems to be the best compromise in terms of
accuracy and robustness.

4.3.2. Flow past double ellipse. The calculations for this test case have been made for a free
stream Mach number of 8.15 and 30° angle of attack. The grid used in this computation (grid
5) is presented in Figure 10(a). Apart from the bow shock standing upstream to the body, the
flow is also characterised by a cabin shock. Interestingly, the cabin shock is a detached shock
and should satisfy the normal shock relation on the wall. This is an interesting test case,
because the normal gradient of entropy on the wall is not zero, as is evident from the entropy

© 1998 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 28: 1481-1501 (1998)
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contours presented in Figure 10(d). The Mach contours obtained using the mixed boundary
procedure wherein the Crocco relation is used to define the entropy gradient on the wall, and
the one where the zero normal entropy gradient is assumed, are presented in Figure 10(b,c).
Both of the above mentioned procedures produce identical results, except near the wall. While
the Mach contours obtained using the strong boundary formulation are identical to those
obtained using the mixed boundary condition with zero normal entropy gradient, those
obtained using the simple pressure extrapolation method resemble the other case presented
here. Clearly, as discussed in the airfoil test case, we see that the use of computed vorticity in
satisfying the entropy gradient on the wall, makes the boundary condition more dissipative.
The wall Mach and entropy values presented in Figure 10(e,f) also re-emphasise the above
statement. Interestingly, the assumption of zero normal entropy gradient on the wall (both for
the strong and mixed boundary conditions) seem to produce good results even in this
hypersonic test case. This needs further investigation.

5. CONCLUSIONS

A comparison of various methods of implementing the wall boundary conditions have been
discussed. From the discussions presented in the previous pages the following conclusions can
be drawn.

The mixed boundary condition, which has the advantages of both strong and weak
formulations has been suggested. This boundary condition permits the use of any approximate
Riemann solver on the wall and is found to drastically improve the solution when used in
conjunction with flux vector splitting schemes. Unlike the strong boundary procedure this
boundary condition is less sensitive to grid-induced asymmetry and to the way the normal

Milzor l o Flux Equality

¥ KCBC : $TStIonE
Modified Pressure Ext....0 . Mixed

0.1 - T

0.001 £

V¥V s sanse0ne

0.0001 i ' ‘ ‘
0 02 04 06 08 I

Figure 7. Wall entropy obtained using cell vertex finite volume scheme. Flow past NACA 0012, M_, = 0.63, angle of
attack = 2°, grid 2 (— top wall, --- bottom wall).
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Figure 8. Wall vorticity obtained using the mixed boundary condition. Flow past NACA 0012, grid 2 (— top wall,
--- bottom wall).

momentum equation is satisfied on the wall. It has also been demonstrated that this boundary
procedure can be implemented with equal ease both in cell center and cell vertex frameworks.
The mixed boundary condition with a zero normal entropy gradient produces good results for
all the flow regimes. But, its use in conjunction with the Crocco relation needs to be
investigated further.

The modified pressure extrapolation method (b) wherein the pressure and density gradients
on the boundary cells are corrected using certain physical constraints, inspired by the strong
formulation, is also very promising for transonic flow computations.

The other weak formulations namely the mirror, KCBC and flux equality method are found
to be dissipative and fine grid computation does not seem to improve the quality of the results.
Among all the dissipative weak formulations, the KCBC is more physical and it remains to be
explored if the experience gained in using the strong formulation can be adopted for improving
this kinetic boundary condition.

The results obtained using both strong and weak formulations indicate that the solutions are
not sensitive to the way the gradients are determined in the cells. Nevertheless, Equations (3)
and (5) are useful in satisfying the gradient boundary conditions on the wall.

© 1998 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 28: 1481-1501 (1998)
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Figure 9. Flow past a half cylinder, M =4. KFVS scheme using minmod limiter.
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Figure 10. Flow past a double ellipse, M_, =8.15, o =30°. KFVS scheme using Venkatakrishnan limiter.
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In the stagnation region the gradients in the flow field are high and this results in
increased numerical error. This is true for all types of boundary conditions. The use of
finer mesh (in the regions of higher gradient) and schemes of higher order accuracy are
expected to solve this problem. Also, the transonic calculations on unstructured meshes are
found to be sensitive to the limiting procedures used and frequently switching off the
limiters on the boundary cells improve the values obtained on the wall, particularly in the
stagnation region.

As indicated earlier, a conservative boundary treatment is very important for the accurate
solution of the conservation laws which permit discontinuous solution. Therefore future
efforts should be directed towards building wall boundary conditions which are genuinely
conservative and at the same time take care of the curvature effects.
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APPENDIX A. APPROXIMATE RIEMANN SOLVERS

e Roe flux function [8]: the flux function reads:

Flioe( WRa WL) = %(FL(WR) + FL(WL)) - %|52f( WR’ WLa ﬁ)

(WR - WL))
where .o/ (Wg, W, i) is the Jacobian matrix defined using Roe’s average:

N PLPRT N/ PRPL LNV Prig /Pl
)= . @)= ;
PrT/PL PrY/PL
<H> _N PrLHR+/ pRHL.

pR+\/IFL

e Van Leer flux function [9]: the flux function is written as

Fieer( We, W) =F(Wg)+F [ (W,).

With the local algebraic Mach number M| = u, /a components read

_ . .
n[(y — Du, +2al/y —nuy
Fr= i%(ML e
L([(y—Du, +£2af
2 yz—_lﬂu

Hénel’s correction corresponds to Ff = Fif H.
e Kinetic flux function [10]: the flux components read
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r pu X+t +pY T
no(p+puD)X* +pu, Y —np X+ +uY)
n,(p+pu)X* +pu, Y —npu X+ +uY)

SN
i
Il

y 1 y+1 1
L}_IP‘FZP(L& + ”ﬁ)]%/‘” + [20)_1)10 +§P(u2¢ + uﬁ)}Y

where

S O o

11.

12.

14.

15.

17.

18

©

et = LEefS,) y_ XP(=S0) Sn=u, /B, p=r

2 N

2

erf(x) = ﬁ ﬁ e’ dy.
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