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Navier-Stokes Simulations of Transonic Flows
over a Wing-Fuselage Combination

Kozo Fujii*
National Aerospace Laboratory, Tokyo, Japan

Shigeru Obayashit
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Computations of transonic flows over a practical wing-fuselage geometry designed for a transonic transport
aircraft are carried out using three-dimensional Reynolds-averaged “thin-layer” Navier-Stokes equations. The
thin-layer approximation is extended to two directions to evaluate viscous layers on both the wing and fuselage
surfaces. The LU-ADI factorization algorithm is used with the implementation of new smoothing terms.
Computations are done for several angles of attack with the specified Mach and Reynolds numbers corresponding
to the experiment, and the comparison of the computed surface pressure to the experimental data shows good
agreement. The computed results reveal the effect of the fuselage near the wing root, especially at relatively high
angles of attack. It is shown that the flow pattern when a fuselage exists is quite different from that for an isolated
wing. This indicates the importance of the computation over a wing-fuselage combination using Navier-Stokes
equations. The computations, which uses about 700,000 grid points, requires about 5-6 h of computer time on a

Japanese supercomputer for each case.

Introduction

YO make realistic and cost-effective predictions of trans-

L port aircraft aerodynamics, reliable and efficient three-
dimensional transonic flow analysis methods are required.
Presently, these predictions are mainly based on solutions of
transonic potential equations, and the use of these solutions
actually helped the design of recently developed transport
aircrafts such as Boeing 757, 767, Airbus 310 and so on.!

Flowfield simulations using three-dimensional Navier-Stokes
codes have been in the research stage. However, with the
present progress of supercomputers and numerical techniques,
they are moving into a mature stage for realistic problems.
The use of potential codes as design tools may be replaced by
the use of “Reynolds-averaged” Navier-Stokes codes in the
near future.

The use of a supercomputer is an unavoidable factor in
realistic Navier-Stokes simulations. Thus, an algorithm used
for that purpose should have good vectorization capability in
addition to efficiency and robustness. Efforts have been made
to develop such algorithms, and a number of results using
supercomputers have been reported recently.>”* The present
authors have also been engaged in developing efficient and
robust three-dimensional Navier-Stokes codes. The LU-ADI
algorithm used in these codes was originally developed by
Obayashi and Kuwahara® for the two-dimensional problem.
Its extension to three dimensions and application to relatively
simple geometries were reported in Ref. 6. Its stability and
efficiency were then improved, and the application of the
improved code to a transonic flow over an isolated wing was
presented in Ref. 7 (also see Ref. 8).

In the present paper, viscous transonic flows over a realistic
transport wing-fuselage combination are simulated using the
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three-dimensional Reynolds-averaged Navier-Stokes equa-
tions. The LU-ADI algorithm, shown to be suitable for such
simulations requiring a large amount of grid points and com-
puter time, is used. The “thin-layer” approximation in two
directions is adopted to evaluate the viscous layers on both the
wing and fuselage. A new type of nonlinear smoothing term
developed in Ref. 9 is implemented.

The body geometry is a wing-fuselage combination called
“W-18” which was designed for transonic transport aircraft.
Computations are carried out for several angles of attack with
specified Mach and Reynolds numbers corresponding to an
experimental study of the same geometry. Each computation
requires several hours of computer time on a Japanese super-
computer. The computed result demonstrates an interesting
separated flow pattern near the wing-fuselage junction for
relatively high-angle of attack cases, which indicates an im-
portant effect of the fuselage’s existence. The comparison of
the Cp distribution with the experiment on both the fuselage
and the wing shows good agreement, and the results in general
indicate that the application of the present Navier-Stokes code
to complete aircraft geometries is quite promising,

Governing Equations and Numerical Algorithm

Compressible Navier-Stokes Equations

The partial differential equations in the generalized coordi-
nate system governing the three-dimensional flow of an un-
steady, ideal gas can be written in conservation-law form:

3,0+ 8. E+3,F+3,C=Re'(3,5,+8.8,) (1)
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and; U, V, and W are unscaled contravariant velocities.

For high-Reynolds-number flows, the viscous effects are
confined to a thin layer near the wall boundary and are
dominated by the viscous terms associated with the strain
rates normal to the wall. The terms associated with the strain
rates along the body surface are comparatively small and
negligible. Also, since the computational grid is highly con-
centrated near the body surface, resulting in the mesh aspect
ratio becoming very large, the inclusion of these terms would
not change the solution. Thus, the thin-layer approximation
has been introduced in Egs. (1), as is typically done in most
Navier-Stokes computations. In Egs. (1), however, the concept
of thin-layer approximation is extended to two directions,
since viscous layers on both the fuselage and the wing should
be considered. The cross-derivative terms are neglected, and
only the Sy, and S, terms are retained.

L A i s i
e

AT i 2

A
e =

L vsssaas

AJAA JOURNAL

The pressure, density, and velocity components are related
to the energy for an ideal gas by the following equations:

p=(y~1)[e-—p(u2+vz+w2)/2] (2)

In the following computations, the viscosity coefficient in
Egs. (1) is computed as the sum of p + p,. The turbulent eddy
viscosity p, is computed by using a two-layer algebraic viscos-
ity model, due to Baldwin and Lomax, with a modified
distance. The length scales are difficult to define near the
junction of a fuselage and a wing. In the present study, the
evaluation of length scales proposed by Hung for his bluntfin
study!'® are adopted. The metrics are evaluated using second-
order central-difference formulas for interior points and
three-point, one-sided formulas at the boundaries. The
steady-state solution of Egs. (1) is obtained by time integra-
tion in a time-asymptotic fashion.

LU-ADI Factorization Algorithm

The numerical algorithm used here is the new LU-ADI
factorization method proposed by the present authors.” Im-
plicit time integration methods with a delta form are widely
used for solving steady-state problems, since the steady-state
solutions are indifferent to the left-hand side operators. The
most commonly used is the approximate factorization method
proposed by Beam and Warming used in Ref. 11. The present
LU-ADI factorization method belongs to a category of
schemes that reduces the work of inverting the left-hand side
operators of the Beam and Warming method. Each ADI
operator is decomposed into the product of lower and upper
bidiagonal matrices by using a flux vector splitting technique
and a diagonally dominant factorization. It should be noted
that the right-hand side remains to be the same as the Beam-
Warming method where central differencing is used.

The Beam-Warming factorization applied to Egs. (1) is
written as

(1+h8A"~D,|,)(1+h8,B"-D,,)
X(1+h8.C" — hRe™ '8 'M"] — D,|) A"
= —h|8E"+8,F"+8,6"~ Re '5,5"]
—(D.le+ Doly+ D) 0" (3)

where h is the time step and § is a central finite-difference
operator. The implicit and explicit artificial dissipation terms
D, and D, should be added to the left-hand and right-hand
sides, respectively, to maintain stability. The basic algorithm
is first-order in time and second-order in space.” For the
convective terms on the right-hand side, fourth-order dif-
ferencing is used, except near the boundaries. Maintenance of

Fig. 1 Overall view of the discretized region of
the grids (upper half of the computational
domain).
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the freestream is achieved by subtracting the freestream fluxes
from the governing equations.

In the LU-ADI algorithm, each ADI operator is rewritten
using the diagonal form'>!3 and the flux vector splitting

technique." For example, in the £ direction,
I+h8, A =T,(1+h8D; +hd{Dy )T
= T,(1 - ahby,+ h8tD; )(1+ah|Dy,1) "
x(1+ahDf n8lD; )T (4)

where a is a coefficient appearing on the j index for the
upwind differencing. In other words, @ = 1.0 when first-order
differencing is used for the £ derivative and 1.5 when second-
order differencing is used. Currently, « is set to be 7/6, since
three-point first-order differencing is used for the ¢ derivative
to be consistent with the fourth-order differencing in the
right-hand side convective terms. The decomposition used in
Eq. (4) can be called approximate LDU factorization or
diagonally dominant factorization. This decomposition is more
stable than simple LU factorization since the diagonal ele-
ment always has |D,|.

In the solution process, an inversion in one direction con-
sists of one scalar forward sweep and one scalar backward
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sweep. Thus, the LU-ADI algorithm requires little additional
memory and is easily vectorized. It may be noteworthy that an
operator in each direction can be considered to be a single
iteration of a symmetric Gauss Seidel relaxation. The terms
D are modified to include an implicit artificial dissipation
term. Another modification is necessary in the { direction to
evaluate implicit viscous terms.®

New Artificial Dissipation Model

The fourth-order dissipation model has been widely used
with central differences in Navier-Stokes computations.*510
This constant-dissipation model reduces undesirable oscilla-
tions in the solution near discontinuities like shock waves. On
the other hand, the second-order dissipation produced by
proper upwinding works better than this fourth-order dissipa-
tion model in the region near the discontinuity. Such dissipa-
tion, however, is not desired for the rest of the flowfield, since
it reduces the spatial accuracy to at most the first order.
Higher-order TVD upwind schemes can be constructed by
introducing antidiffusive terms, which should be accompanied
by some form of limiters.

In the present study, a simplified model of such a limiter is
considered. A numerical flux for the first-order upwind dif-
ferencing of the convective terms can be written as

ﬁ/ﬂ/z = (F;+ ﬁ}+1)/2” |1‘i,‘+1/2|(éj+1 - Qj)/2 (5)

Introducing a flux limiter ¢ to keep a global high-order
accuracy, Eq. (5) is rewritten as

A

F,‘+1/2 = (F; + E‘H)/z - (1_ ¢)|Aj+1/2|(Qj+1 - Qj)/2

(6)
The matrix |A +1,2| is replaced by the spectral radius o = |U|
+ Cr; so that the artificial dissipation terms are stable enough
and can be simply evaluated. Equation (6), along with a
proper evaluation of the limiter function (see Ref. 15, for
instance), leads to a new artificial dissipation model which can
be implemented in the central difference scheme. A fourth-
order dissipation term is also necessary to maintain a global
stability. The final form of the model is similar to that of an
existing nonlinear model**:

hvg(“-],'ﬂ/z) [(1 - ¢j+1/2) szgJQ - ¢j+1/2‘4A§V5AgJQ]
(7)

Fig. 3 Close-up view of the discretized region.
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where the suffix j+1/2 denotes the simple average of the j
and j+ 1 indices. On the implicit side, only the fourth-order
terms, corresponding to Eq. (7) with ¢ to be I, are included.
This new dissipation model has been used for two-dimen-
sional computations and has produced good results.’

Results

In order to demonstrate the developed code’s applicability
to practical problems, flow simulations about a wing-fuselage
combination called “W-18,” which was designed as a tran-
sonic transport aircraft, are carried out. The overall dis-
cretized region is shown in Fig. 1. Only the upper-half volume
is plotted to show the grid clearly. Flow symmetry is assumed
along the fuselage symmetry plane, and only the left-half
volume is computed. The corresponding computational space
is shown in Fig. 2. The grid topology is the C-H type. The
fuselage surface corresponds to K =1, and the wing surface,
including the wake cut, corresponds to L =1. Since there are
boundary layers not only over the wing surface but also over
the fuselage surface, the concentration of the grid at both
surfaces is necessary. A close-up view near the root of the

. wing and the front of the fuselage is shown in Fig. 3. The grid
contains 62 points in the 5 direction and 74 points in the {

L
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direction. In the £ direction, 151 points are used to capture
the canopy of the fuselage. Every second grid point in the g
and { directions is depicted in all of these figures because of
the limitations of the graphics. The canopy of the fuselage can
be recognized, although the grid distribution is not fine enough
to describe it because of the topological deficiency.

A freestream boundary condition is specified at the inflow
and the outer boundary. The pressure is fixed to be the
freestream value, and an extrapolation of the remaining physi-
cal variables is used at the outflow boundary. Flow symmetry
is assumed at the bilateral symmetry plane. The freestream
Mach number is fixed at 0.82 and the Reynolds number based
on the root chord is 1.67 X 10%, corrésponding to the experi-
ment. Computations are carried out for five angles of atack.

Figures 4a—4c show the computed pressure contours at a
2.18-deg angle of attack. Contours are plotted for several grid
surfaces in the upper-half volume. Figure 4a is an overall
view, Fig. 4b is a close-up view of the wing-fuselage junction,
and Fig. 4¢ shows the view from the top. Compression waves
in the spanwise direction are observed from the leading edge
at the root section and create a clear shock wave by coalescing
with compression waves from the rear portion. Figure 4c
indicates that the pressure distribution is almost two-dimen-
sional, even downstream of the shock wave.

Fig. 7 Computed surface oilflow pattern (M, = 0.82, Re=1.67 x
10°, and o = 2.18 deg).

Fig. 8 Computed surface oilflow pattern (M_ = 0.82, Re=1.67 X
10, and a = 4.00 deg).
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The computed result for the 4.0-deg angle-of-attack case is
shown in Figs. 5a—5c¢ in terms of the pressure contour plots.
In Figs. 5b and Sc, shock-induced flow separation is recog-
nized. Also, the shock wave is more pronounced and the
junction of two compression waves from the root section is at
the more inboard location.

The results for the 6.0-deg case are shown in Figs. 6a—6c.
The shock-induced separation near the root section becomes
larger, and the shock wave exists, even at the fuselage surface.
The shock wave has a strong spanwise curvature and is
located further upstream than the lower angle of attack cases.
The wing surface pressure contours show that the flowfield
after the shock wave is not two-dimensional as is the case for
an isolated wing. For an isolated wing computation, the shock
wave is always perpendicular to the symmetry plane (see Fig.
13 in Ref. 7, for instance). On the other hand, in Fig. 6c, the
shock wave curves forward at the root section because of the
wing-fuselage interaction. In other words, the fuselage has a
large effect in the inboard region.

Computed surface oilflow patterns are shown in Figs. 7-9
for the three preceding cases. As is expected, the flowfield is
quite gradual, and no shock-induced separation is seen in Fig.

AIAA JOURNAL

Fig. 9 Computed surface oilflow pattern (M_, = 0.82, Re=1.67 X
10°, and o = 6.00 deg).

Fig. 10 Computed off-body particle path traces (M, =082, Re=
1.67 x 10°, and o= 6.00 deg).

7. At the junction of the fuselage and the wing, a small, flat
recirculating region is observed near the trailing edge. In the
other two cases, however, shock-induced separation is clearly
seen. There also exists a large, three-dimensional separation
near the junction because of the viscous effect over the fuse-
lage, and the recirculating region becomes larger with an
increasing angle of attack. To show the flow structure in this
recirculating region, off-body particle traces are shown in Fig.
10 for a 6.0-deg angle of attack. The vortex in this region
resembles a coiled spring which is bent 90 deg so that the
vortex axis is perpendicular to both the wing and the fuselage
surfaces. Further outboard on the wing, vortical flow toward
the tip is seen. For a swept wing, this kind of spiral vortex is
characteristic of the separated region induced by the shock
wave.’

The comparison with the experiment at a 4.0-deg angle of
attack is presented in Fig. 11 for the wing surface pressure
distributions and in Fig. 12 for the fuselage surface pressure
distributions. The overall agreement is fairly good, not only
for the wing but also for the fuselage. The pressure at the
trailing edge is well predicted, even for this postbuffet onset
condition, which is important for aircraft design. It should be
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Fig. 12 Chordwise C, distributions over a fuselage at several circumferential stations (M, = 0.82, Re = 1.67 X 10%, and « = 4.00 deg).

noted that the discrepancy in the pressure level at the tip
section can be explained by the elastic deformation of the test
model in the experiment. It is possible that the tip section of
the steel model was twisted by aerodynamic forces, since the
aspect ratio of the wing is very high. The detailed comparison
with the experiment is described in Ref. 16.

The code is generally vectorized for supercomputers, and it
required 9.5 ps per grid point per iteration on a Fujitsu VP
400 supercomputer. Compared to the computations over an
isolated wing,” there was about a 40% CPU time increase,

mainly because of the necessity to evaluate viscous terms and
the eddy viscosity associated with them in one more direction.
The other contributing factor is the new artificial dissipation,
which requires more computing time than the simple fourth-
order dissipation. In total, about 5-6 h were required to
obtain the converged solution for each case.

Summary and Conclusions

Computations of transonic flows over a practical wing-
fuselage geometry designed for a transonic transport aircraft
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were carried out using three-dimensional Reynolds-averaged
thin-layer Navier-Stokes equations. The thin-layer approxima-
tion is extended to two directions in order to evaluate viscous
layers on the fuselage surface as well as the wing surface. The
LU-ADI factorization algorithm was successfully used with
the implementation of new smoothing terms. Computations
were done for several angles of attack on the specified Mach
and Reynolds numbers corresponding to the experiment. The
comparison of the computed surface pressure with the experi-
ment showed good agreement. The computed results revealed
the effect of the fuselage near the wing root, especially at
relatively high angles of attack. It was shown that the flow
pattern when a fuselage exists is quite different from that for
an isolated wing. This indicated the importance of the compu-
tation over a wing-fuselage combination using Navier-Stokes
equations. The computation, which used about 700,000 grid
points for each case, required about 5-6 h of computer time
on a Japanese supercomputer.
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