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Summary

This paper deals with the implementation of #ev turbulence model in a multi-block Navier—
Stokes flow solver, intended for the simulation of compressible flows around complex, aerody-
namic configurations. The standadrew model has two main drawbacks: the results depend in an
unphysical manner on the free-stream value of the turbulence variables exiubits a singular
behaviour at solid walls. A recently derived version of thes model is employed that resolves

the so-called free-stream dependency without using the wall distance. The numerical accuracy is
strongly improved by using = 1/w as dependent variable, thus avoiding the singular behaviour
of w. Furthermore, the weak solution of the model equations at boundary-layer edges is properly
accounted for in the numerical diffusion. The basic flow equations ané-thenodel equations

are solved as one system of equations by a multi-grid scheme. Efficiency of this scheme is en-
hanced by using separate time steps (and residual-averaging coefficients) for the basi&aad the
equations and by accounting for grid cells with high aspect ratios.
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List of symbols

A cell-face area vector

c speed of sound

Cho cross-diffusion term

Cp.Cy pressure and skin-friction coefficients

Cr.Cp lift and drag coefficients

E total energy per unit volume

Fe pd po convective, diffusive, and artificial diffusive fluxes

g 9=V1jw

h mesh size

k turbulent kinetic energy

M Mach number

Py,P,,P-,P, production terms ok, w, 7, andg

Re Reynolds number

Re; turbulent Reynolds numbeRe, = 1,/

S ‘source’ vector with non-conservative terms

t time

U flow-state vectorl/ = (p, pii, pE, pk, pr)"

V cell volume

Y normal wall distance

Z position vector with Cartesian components

Uy velocity vector and magnitude

e angle of attack

Qg coefficient of production term ab

BB coefficients of dissipation terms éfandw

dv,03v first- and third-order differences$« = v ;1. — vi—1 ;1.
03V = Vig1 ik — ik + 301k — Vie2,j k)

At time step

€ turbulent dissipation rate

€ coefficients of artificial diffusion

A scaling factor of artificial diffusion

bk fhes viscosity coefficients ok andw equations

Hosfbt dynamic molecular and eddy viscosity coefficients

v kinematic molecular viscosity coefficient
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List of symbols (continued)
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i Reynolds-stress tensor
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i,7,k grid-cell indices
+ law—of—the—wall scaling

o0 free-stream value
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1 Introduction

The solution of the steady, compressible, Reynolds-averaged Navier—Stokes equations together
with two-equation turbulence models is currently feasible for complex aerodynamic configura-
tions, such as transport aircraft. Nevertheless, further improvements, in terms of accuracy, effi-
ciency, and robustness, are still required if such computations are to become an engineering tool
for aircraft design (Ref. 1). For such simulations, #hev turbulence model has become one of

the more popular models for two main reasons: wall-damping functions are not strictly necessary,
so that the computation of wall distances is not needed, and it is less stifkthanodels in the
near-wall region. In particular the first property is desirable for complex configurations. However,
the reliability of simulations based on tiiew model may suffer from two problems: the results
depend in an unphysical manner on the free-stream value of the turbulence variables<aituts

a singular behaviour at solid walls.

The unphysical free-stream dependence of the original Wikcax model (Ref. 2) was first rec-
ognized by Menter, who resolved this problem by using a blending betweérthand thek—

model (Ref. 3), but at the cost of introducing the wall distance. The model switches:frorto

k—e (in a k—w formulation) when approaching the boundary-layer edge, with as main effect the
introduction of the so-called cross-diffusion term. Recently (Ref. 4), we have derived a new set
of diffusion coefficients for th&—w model, including the cross-diffusion term, that resolves the
free-stream dependency, and that is valid throughout the complete boundary layer. Thus, a blend-
ing function and therefore also the wall distance is not required, making the model suitable for
complex configurations. In this version of the model, the cross diffusion is only included when it
is positive (as proposed by Wilcox (Ref. 5)), so that it is not effective close to the solid wall, as in
the originalk—w model.

The singular behaviour ab at solid walls { is inverse proportional to the square of the wall
distance) may result for most numerical schemes in considerable numerical errors, implying a
strong grid dependency, in particular for the skin-friction coefficient. This problem can be resolved
by using as second dependent variable- 1/w instead ofw. Alternatively, one could also use

g = /7T as in thek—g model of Kalitzin et al. (Ref. 6). However, it will be shown that the
dominant terms in the equation ferall remain bounded when approaching the solid wall, while
the dominant terms in the equation #pfas in the equation fap) are unbounded.

The k—w model has been implemented in the Navier-Stokes flow s@Xs30LV (Refs. 7, 8),
which previously employed algebraic turbulence models. The governing equations consist of the
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Fig. 1 The NLR multi-block flow-simulation system ENFLOW.

Reynolds-averaged Navier—Stokes equations, assuming a calorically perfect gas, using the Suther-
land law to model the molecular-viscosity coefficient, and using the Boussinesq hypothesis to
model the Reynolds-stress tensor. Here, we focus on the numerical aspects of including the
model in this flow solver. In particular, we consider the numerical accuracy, for which the sin-
gular behaviour ofv is the main concern, and the efficiency of the method, aiming for a similar
convergence rate as was previously obtained with the algebraic turbulence models.

The flow solverENSOLYV is part of the NLR flow-simulation syste®NFLOW for multi-block
structured grids (Ref. 9). This system further includes tools for geometry modelling, grid gen-
eration, and flow visualization (figure 1). The system has been employed to simulate the flows
(both on the basis of the Euler equations and of the Reynolds-averaged Navier—Stokes equations)
around a large variety of complex aerodynamic configurations, extending from civil and military
aircraft to spacecraft. Main bottleneck to allow efficient employment of the system for engineering
purposes is the man-hour consuming grid-generation task. IBENH&.OW system, this task is
done in two steps (Ref. 10): first, the flow domain is divided into subdomains called blocks using
the domain modelldENDOMO; second, structured grids are generated subsequently in the edges,
the faces, and the blocks using the grid genergtdGRID. Currently, work is ongoing to reduce

the turn-around times by automatic generation of blocks through solving the potential equation
(Ref. 11).
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2 Turbulence-Model Equations

2.1 Thek-w model with TNT coefficients
The k—w model equations, including the so-called cross-diffusion term, are given by

Opk -,

L2V (pkt) = Po— Brpwk + V- (uVE), (1)
Opw . 2

5 TV (pwii) = Py —fupw” + V- (u,Vw)+ Cp, (2)

with p the density;i the velocity vectork the turbulent kinetic energy, anrgthe specific turbulent
dissipation. The respective viscosity coefficients are given by

Pk = B+ Okfi, (3
fo =+ Oup, (4)

with u the molecular-viscosity coefficient ang = pk/w the eddy-viscosity coefficient. The
production terms and the cross-diffusion term are given by

P, = tht.vi, (5)
QW

P, = L Pka (6)

Cp = O'dg max {Vk - Vw,0}. (7)

with 77 the Reynolds-stress tensor. Note that the cross-diffusion term is only included when it is
positive. This means that it is not effective close to the solid wall (whesiadw have opposite
gradients), which is crucial for a correct behaviour of thes model. Thek—w model has six
closure coefficientsey,, B, Bu, ok, 0w, @andoy. In the originalk—w model, these coefficients are
given by

a, =0.5, B =0.09, B,=0.075 o,=0.5, o0,=05 oc4=0.0. (8)
However, here we employ the TNT set of values for the diffusion coefficients, given by
o, =2/3, o0,=0.5, o4=0.5. 9)

These coefficients were recently derived by Kok (Ref. 4) using a theoretical analysis for turbulent
/ non-turbulent (TNT) interfaces that was based on an analysis by Cazalbou et al. (Ref. 12) for
k— models. It was demonstrated that this set of coefficients effectively resolves the free-stream
dependency.
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2.2 Thek—r formulation
Solution of thek—w model results in a singular behaviour foat solid walls with perfectly smooth
surfaces. This solution, which is valid in the viscous sublayer, is given by (Ref. 13)

6v
ﬁwy2’

with v the kinematic viscosity ang the normal distance to the solid wall. Near the wall, the

w — y — 0, (20)

dominant terms in the equation are the dissipation and diffusion terms, which behave as

36p12 36p12
By’ Boy*

This singularity must be treated carefully in the numerical discretization of the equations in or-

Bopw?® — V (twVw) — (11)

der to avoid large numerical errors. In practice, often a finite valuevfer used at solid walls,

e.g., using a rough wall boundary condition with the surface roughness small enough to simu-
late a hydraulically smooth wall (Ref. 13). However, the distributionuddtill exhibits a ‘near’
singular behaviour, with large first and second-order derivatives, which may easily lead to large
discretization errors.

The singular behaviour can be avoided by switching to a different dependent variable. In particular,
7 = 1/w (~ y? close to the wall) ang = /7 (~ y) may be considered, as was also done by
Kalitzin et al. (Ref. 6). The equation faris given by

)
% + Y (prit) = —Pr+Bup+ V- (1,V7) = 8 | V7| + Cp, (12)
Pr = %Pk, Cp = oqpT min{Vk - V1,0}, (13)

while the equation fop is given by

8 w w
09 15 (pgi) = —p,+ 2 L4V (1Y) - 322 | Vg + Cp, (14)
Py = O;u;cgpk, Cp = oapg” min {Vk - Vg,0}, (19

Near the wall, the dissipation and diffusion terms in thequation behave as

Bup = Bupy, YV -(uVT) = L8, 8uu VTP = L8up, (16)

while in theg equation these terms behave as

ﬁ
LS \BE Ve (uVg) =0, 3%”%”% ﬁg (17)
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Thus, we see that in theequation all terms remain bounded, but that in ghexjuation, just like

in the w equation, the dominant terms are singular (although their behaviour is more moderate
than in thew equation). Therefore, we prefer to use thérmulation. In order to allow that
approaches zero in the free streams redefined as = 1/(w + wy) With wy = 20us /L by

default (which is generally the order ofnear the boundary-layer edge).

In the k—g model of Kalitzin et al., they formulation was chosen because of the linear behaviour
of g near the solid wall. They found that the quadratic behaviourabse to the wall caused large
numerical errors when computing its gradient using central differences. This was particularly the
case for the additional diffusion term in theequation containing a product of gradientsrods

given by

252 o7 (18)

However, to circumvent this problem it is not necessary to completely switch tg éagation,
but it is sufficient to rewrite this additional diffusion term using gradientgrofi.e. g), as is done
in equation (12).

The improved numerical accuracy when using tke formulation is illustrated by computations

for the constant-pressure flat-plate boundary layekat = 107 and M., = 0.5. Transition is
prescribed at 5% from the leading edge. The free-stream turbulent Reynolds number is taken as
Ret oo = (/1) oo = 1072, while the free-stream value éfis taken ag., /u?, = 107¢. A grid

is used with64 x 64 grid cells of which40 in stream direction on the flat plate and approximately

30 to 40 in normal direction inside the turbulent boundary layer. For the first grid point above the
flat platey™ ~

The grid dependency for thHe-w and thek—r formulations are illustrated by figure 2, showing the
skin-friction coefficient as well as the velocity andlistributions at the locatioRe = 5-10°. To

focus on the numerical accuracy related to the normal direction, the grid is coarsened in the normal
direction only. The strong difference in grid dependency is apparent. With-thdormulation,

the correct level of the skin-friction coefficient is already obtained on the coarsest grid, which has
only about10 grid points inside the boundary layer. For the velocity andistributions, only

minor differences are observed on the coarser grids. The distributieniso€onsistent with the
theoretical law—of-the—wall solution, particular in the viscous sublayer (equation (10)). For the
k—w formulation, the ‘slightly’ rough-wall condition fow results in a different solution in the
viscous sublayer. The roughness is small enough to obtain the correct skin friction on the finest
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=

grid level. However, on the coarser grids, humerical errors cause too high valuegxiending
into the log layer, which reduce the eddy-viscosity level and subsequently also the skin-friction
coefficient.
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Fig. 2 Flow solution of k—w model both in k—7 and in k—w formulation for flat plate at Re,, = 107
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3 Numerical Method

3.1 Spacediscretization

The k—w model isimplemented in the multi-block Reynolds-averaged Navier—Stokes flow solver
ENSOLV by considering the basic flow equations and the k—r equations as one system of equa-
tions. The equations are discretized in space using a cell-centred finite-volume scheme with scalar
and matrix Jameson-type artificial diffusion. For each block (containing a structured grid), let the
grid cells be indicated with the indices (i, j, k). For each cell, let the cell faces be numbered from
1 to 6 (with positive 7 direction from face 1 to 2, positive j from 3 to 4, and positive k& from 5 to 6).
Let the flow state vector at each cell centre be given by U ; » = (p, pt, pE, pk, pT)g:j,k, with £
the total energy per unit mass. Integrating the flow equations (in conservative form) over the cell
volume, and applying Gauss' divergence theorem, the set of semi-discrete equations is obtained:

dUpjp 1
a V

26: (—F;+F;¥+F;) .

5T f:l ’

with V; ; 1 the cell volume, Ff, Ff, and Ft the convective, diffusive, and artificial diffusive fluxes
across the six cell faces, and S ; 5, the ‘source’ term containing the non-conservative terms of
the k—r equations. For the convective and diffusive fluxes, values of the flow variables and their
gradients are needed at the cell faces. The value of the flow variables are obtained by simple
averaging. For an arbitrary flow variable v, the gradient is computed by

= @Vf + @vn + @vg, (20)
o3 n

Vo 3 ac

with (¢,m,¢) the computational coordinates corresponding to the (i, 7, k) indices. To compute
the gradients of the computational coordinates, the Jacobian J = (0%/9¢, 0%/0n, 0% /9¢) isin-
verted. For the differences of v and Z with respect to the computational coordinates, the same
stencil is employed, so that the computation of the gradient of v is exact in case of alinear distri-
bution of .

For the basic flow equations, the artificial-diffusive flux is defined by the method of Jameson
(Ref. 14): ablending of first and third-order differences with a pressure-based shock sensor. In
order to improve the numerical accuracy in the boundary layers, without additional costs, the
scheme is extended with areduced form of the matrix scaling of Swanson and Turkel (Ref. 15), as
described by Kok (Refs. 7, 8).
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For the turbulence-model equations, the artificial-diffusive flux is aso defined by a blending of
first and third-order differences,

Ff = Af(%e@)&) — 6(4)530), (21)

with v either pk or pr, and with the scaling factor )\, given by the eigenvalue of the convective
flux of the k—r equations, which is the velocity component normal to the cell face. In order to
avoid that the artificial -diffusive flux becomes equal to zero when the flow is aligned with the grid,
the spectral radius of the convective flux Jacobian of the basic flow equations is used to define a
lower bound:

A =max { |+ Ayl e(|ii- Ayl + e A7)} (22)
with ¢ the speed of sound, fff the cell-face area vector, and ¢ = 0.01.

The turbulence equations generaly allow aweak solution at the edge of the boundary layer. Also,
very high gradients that are represented on the grid practically as discontinuities may appear near
transition and near trailing edges. Improper treatment of these situations may result in oscillations
in the solution and as a consequence possibly negative values of the turbulence variables. Apart
from being unphysical, these negative values may aso induce a breakdown of the computations.
To properly capture the weak solution, a separate TVD sensor (distinct form the pressure-based
sensor of the basic flow equations) is used to switch on the second-order artificial diffusion in
the turbulence equations. This sensor was derived by Swanson and Turkel (Ref. 15) for central
schemes from the ‘upwind’ Van Leer sensor, and is given for the ¢ direction by

|Vis1gk — Vi + Vi1l

Viip = i 23
P it gk — Vi + [Vijk — vi1jk] + 10720 23
The coefficients of the artificial-diffusive flux at the cell face f = 1 are now defined by
e = max{vi_1 . vijr}, (24)
€W = LpM(1—e®), (25)

with £ a numerical parameter that is also used for the fourth-order artificial diffusion of the
basic flow equations (and taken as K% = 2). Near discontinuities (and extrema) in the solution,
the TVD sensor goesto one, so that the second-order diffusion isfully switched on (and the fourth-
order diffusion isfully switched off) and thus locally the scheme reduces to essentialy afirst-order
upwind scheme.
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Remains the discretization of the non-conservative terms in the k—r equations, needed at cell
centres. The velocity gradient, required in the production terms, as well as the gradients of &
and 7, required in the cross-diffusion term, are computed by integrating over the cell volume and
applying Gauss' divergence theorem

1 6

vAs, 26
Vi,j,k;ff 29

(V)i =

with the values at the cell faces computed by simple averaging. The cross-diffusion term is a
convection-like term that is important at turbulent/non-turbulent interfaces, such as the boundary-
layer edge (where the k—r eguations have a weak solution) as was shown in (Ref. 4). Central
discretization may then introduce oscillations. In practice, however, the artificial and physical
diffusion aready included in the 7 equation appears to be sufficient to avoid this. Finaly, the
additional diffusive term in the 7 equation (the fourth term on the right-hand side of equation
(12)), requires some extra attention. Thisterm isaways negative, and, if not treated carefully, may
generate negative values of 7. Therefore, the gradient of /7 is discretized such that it is exactly
equal to zero in case of alocal minimum of /7. Using an analogy with an upwind discretization,
the gradient is obtained by using equation (26) but with the value of v =,/7 at thecell face f = 1
computed by

vp = 5Vi1jk + Vigk) — $VigklVige — viovjikl, (27)

where v is the same sensor as equation (23). Thus, if the cell-centre value is a local minimum,
then the sensors for the three computational directions al equal one, implying 4 = v; ; ; for all
the six cell faces, and thus Vv = 0.

3.2 Solution procedure

The solution procedure for the basic flow eguations (excluding the turbulence model equations),
consists of a multigrid scheme with Runge-Kutta time integration as relaxation procedure, accel-
erated by local time stepping and implicit residual averaging with varying coefficients (Ref. 8).
A W-cycle is used, with 5 pre and 5 post relaxations (which was found to be more robust than
using just one pre/post relaxation). On each grid level of amulti-grid cycle, aloop over al blocks
is performed, while a complete Runge—Kutta time step is performed for each block successively.
Restriction is done by volume-weighted averaging, while prolongation is done by trilinear inter-
polation.

Including the k—w model, the same solution method is applied considering the basic flow equa-
tions and the turbulence-model equations as one system of equations. The only essentially new
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terms to take into account are the source terms of the k—r equations. These are treated explicitly,
including an appropriate restriction of the time step based on the eigenvalues of the source terms.
Furthermore, the source terms are also computed on the coarse levels of the multi-grid scheme;
only the eddy-viscosity coefficient is restricted form the finest level.

The convergence rate of this solution procedure isdominated by the stiffhess of the equations close
to the solid wall. There, the three time-step restrictions that are required, related to convection, to
diffusion, and to the source terms of the k—r equations, are given by, respectively,

h h? 1
= Aty = — Aty = — 28
|Un|+c, d 4V, S ( )

te

Brw’

with h the mesh size in normal direction and «, the normal velocity component. Applying law—
of—the-wall scaling, substituting the viscous-sublayer solutions of velocity (¢ = y™) and of w
(equation (10)), and neglecting the normal velocity in the convective time step, we find

ht

At =M—, B
y

65k

with M the local Mach number. In aerodynamic computations, it is common practice to use for

Aty =3(h7)%, A =2 (y")? (29)

the first layer of grid cells along the solid wall a mesh size " ~ 1 (which was also shown to

result in sufficient accuracy for the flat plate, at least for the k—r formulation). It is then clear that
for these first grid cells (where y™ ~ 1 and M < 1), the convective time step dominates, while
the source-term time step is of the same order as the diffusive time step. Thus, there is no need
to treat the source terms implicitly. The convective time step, however, is related to the maximum
convective eigenval ue of the basic flow equations and can significantly slow down the convergence
of the k—r equations, for which the convective eigenvalue is proportional to the normal velocity
component. Therefore, to enhance the efficiency of the scheme, a separate time step is used for the
k—r equations based on the convective eigenvalue given by equation (22) with ¢ = 0.1. Findly,
the source-term time step is only included in the time step for the turbulence equations.

Grid cells with high aspect ratios, which are usually present close to the wall, can seriously reduce
the convergence rate. For the basic flow equations, this is resolved by an appropriate scaling
of the artificial diffusion and by using varying coefficients for the residual averaging following
Martinelli (Ref. 16). For the turbulence-model equations, the high-aspect-ratio scaling is applied
to the fourth-order diffusion only.
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4 Results

As afirst representative 2D test case, we consider the RAE2822 airfoil at M, = 0.73, Rey, =
6.5 - 10%, and o = 2.8° (case 9 of reference 17). Transition is fixed at 3% from the leading edge.
The free-stream turbulent variables are taken as Ra oo = (p1/1)oo = 1072 and koo /u’, = 1076
(which values are also used for the other testcases). An 8-block C-type grid is used with 528 x 96
grid cells, of which 384 around the airfoil and approximately 30 to 40 in normal direction inside
the bounary layer. For the first grid point above the arfoil surface ¢y < 1. Thefar field is located
at 50 chords from the airfoil.

The solution of the k—v model with the new TNT coefficients is compared to the original Wilcox
model and the Cebeci—Smith algebraic model in figure 3. The Wilcox model gives a shock position
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Fig. 3 Flow solution with TNT and Wilcox k—w models, and with Cebeci—-Smith model for
RAE2822 airfoil, case 9.

dightly aft of the other two models as well as a somewhat higher skin-friction level. As pointed
out in reference 4, this may very well be a consequence of the free-stream dependency. The
grid dependency with the TNT k—w variant (in k—r formulation), shown in figure 4, isfound to be
satisfactory, athough for the skin-friction coefficient it appears to be somewhat stronger compared
to the flat plate. However, in this case the grid was coarsened in both computational directions,
so that the dependency on the grid resolution in circumferential direction dominates (in particular
near shock and transition).

The convergence histories of the k£ and 7 equations for this case are shown in figure 5. The basic
scheme, with the same time step for the basic and the turbulence equations and without high-
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Fig. 4 Grid dependency of flow solution with TNT k—w model in k-7 formulation for RAE2822

airfoil, case 9.
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Fig. 5 Convergence history of k and 7 equations for TNT k—w model, RAE2822 airfoil, case 9.
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aspect-ratio scaling of the artificial diffusion in the turbulence equations, gives aslow convergence
rate, which even seems to stall for the = equation on the finest grid. Using a separate time step
for the turbulence equation clearly improves the convergence rate, in particular on the coarser grid
levels and during the initial iterations on the finest level. A satisfactory convergence rate is only
obtained if also the high-aspect-ratio scaling isincluded for the k—r equations. With this scheme, a
convergence rate is obtained that is comparabl e to the computations with the Cebeci—Smith model,
as shown in figure 6 for the aerodynamic forces and for the mass equation. The force coefficients
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Fig. 6 Convergence history of aerodynamic forces and mass equation with Cebeci—Smith and
with TNT k—w model for RAE2822 airfoil, case 9.

are already sufficiently converged (Cp within 1 count) within 200 iterations. Note that with one
iteration is meant one fine-grid relaxation (or Runge—Kutta time step), so that those 200 iterations
arein fact equivalent to 20 multi-grid cycles (with 5 pre and 5 post relaxations per cycle).

The efficiency of the method is further evaluated for a 3D test case: the ONERA M6 wing at
My = 0.84, Reso = 11.8 - 10%, and o = 3.06°. A 12-block, CO-type grid is employed with

256 x 64 x 48 grid cells. Animpression of theflow solution isgiveninfigure 7. The convergence is
slower than in 2D, due to higher cell aspect ratios, but with the k&—w model still a convergence rate
is obtained comparable to computations with algebraic models (in this case Baldwin-Lomax), as
shown infigure 8. Asbefore, the force coefficients are sufficiently converged within 200 iterations.
Only on thefinest grid level doesthe convergence with the k—w model tend to slow down, as shown
infigure 9 for the £ and  equations. The convergence was found to be the slowest in the wake (not
near the airfoil surface), as a consequence of the fact that the boundary-layer grid resolution was
largely maintained in the wake, while the damping due to the source terms and physical diffusion
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Fig. 7 Pressure and skin-friction distribution on upper side of ONERA M6 wing for TNT k—w

model (Mo = 0.84, Reso = 11.8 - 105, and o = 3.06°).
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Fig. 8 Convergence history of aerodynamic forces and mass equation with Baldwin—Lomax and
with TNT k—w model for ONERA M6 wing.
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Fig. 9 Convergence history of £ and 7 equations for TNT k—w model, ONERA M6 wing.

are much weaker there. This can be alleviated easily by spreading out the grid lines in the wake as
was done in fact for the RAE2822 airfail .

Finally, the applicability of the ENFLOW system to complex configurations isillustrated by two
typical transport-type aircraft configurations: a wing/body with pylon and flow-through nacelle,
and awing/body with pylon and turbofan engine. For both cases, grids have been generated with
240 and 120 blocks, respectively, with 4 to 5 million grid cells, and with for the first grid point
above the wing surface 4+ ~ 1 to 3. In order to obtain a well-converged solution, 500 to 1000
iterations (i.e. 50 to 100 multi-grid cycles) were needed.

For the first configuration, computations have been performed at M, = 0.80, Res, = 10.16-105,
and o = 2.2°. Animpression of the grid is given in figure 10. The comparison of the pressure
coefficient with experimental results at several span-wise stations (figure 11) isfound to bein line
with what is commonly reported (e.g. reference 1). Comparison with results on a coarse grid (half
the number of grid cellsin each direction) for the pressure and the skin-friction (figure 12) shows
that the grid dependence isfairly weak, in particular for the pressure coefficient.

For the second wing/body/pylon/engine configuration, computations have been performed at alift
coefficient of C;, = 0.50, and further M., = 0.75 and Res, = 4.3 - 105. An impression of

the surface grid is given in figure 13. At the fan exit, boundary conditions have been applied to
simulate both fan ‘through-flow’ and fan ‘power-on’ conditions. An impression of the fan-power
effect on the pressure distribution at the aircraft surface near the engine afterbody is given in
figure 14.
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Fig. 10

Fig. 11 Pressure distribution with k—w model for typical wing/body/pylon/nacelle (M, = 0.80,

Impression of grid around typical wing/body/pylon/nacelle.
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Fig. 12 Skin-friction coefficient with k—w model for typical wing/body/pylon/nacelle (M, = 0.80,
Reso = 10.16 - 106, and o = 2.2°).

Fig. 13 Impression of coarse surface grid for typical wing/body with turbofan engine.
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@

Fan Power On

Fig. 14 Pressure distribution for typical wing/body with turbofan engine at fan ‘through flow’ and
fan ‘power on’ conditions (C7, = 0.50, My, = 0.75, Reso = 4.3 - 106).
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5 Conclusions

The k—w turbulence model has been implemented in the compressible, Reynolds-averaged Navier—
Stokes flow solver ENSOLV, which is part of the NLR multi-block flow-simulation system
ENFLOW.

— In order to resolve the unphysical free-stream dependency of the k—w model, the TNT set

of diffusion coefficients is used, as recently derived (Ref. 4), which is vaid throughout the
complete boundary layer. Thus, a blending function and therefore also the wall distance is
not required, making the model suitable for complex configurations.

The numerical accuracy is strongly improved by rewriting the k—w model in a k—r formu-
lation (with 7 = 1/w). The dependency on the grid resolution in the direction normal to
the surface has been shown to be weak (requiring only 10 grid cells to obtain the correct
skin-friction level, within plotting accuracy, for aflat plate).

The ENSOLV convergence rates of computations with the k—w turbulence model are com-
parable to those of computations with algebraic turbulence models. It is not necessary to
treat the source terms implicitly. Instead, a separate time step has been used for the turbu-
lence equations, based on their own convective eigenvalue, and scaling for high-aspect-ratio
grid cells has been applied to the fourth-order artificia diffusion.

ENSOLV computations for transport-type aircraft (wing/body/pylon/nacelle configurations),
with 4 to 5 million grid cells, require in the order of 500 to 1000 fine-grid iterations (i.e. 50
to 100 multi-grid cycles).
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