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Abstract

Numerical computations of the flowfields of
the two-dimensional transonic wind tunnel of the
National Aerospace Laboratory, Japan, are pre-
sented in this paper. The full Navier-Stokes equa-
tions are solved numerically by a cell centered
finite-volume method. In the present numerical
method the inviscid flux is estimated by the ap-
proximate Riemann solver by Roe with MUSCL
higher order interpolation, while the viscous flux
is approximated by a Galerkin-like discretiza-
tion formula with the Baldwin-Lomax turbulence
model. The present numerical study includes two
part: the simulation of the whole flowfield of the
wind tunnel and the simulation of the flowfield
near the airfoil mounted in the wind tunnel. The
computations are compared with the experimen-
tal data. The flow mechanism at near-region of an
airfoil model mounted in the tunnel is discussed.

Introduction

In two-dimensional transonic airfoil testing, it
is important to estimate wall effects on measure-
ment of the flowfields around an airfoil. Exper-
imental studies including flow visualization have
been conducted to investigate the flowfields in the
NAL(the National Aerospace Laboratory, Japan)
two dimensional transonic wind tunnel(1(2), By
these studies, it has become evident that the side-
wall boundary layer is large compared with other
two dimensional wind tunnel facilities such as the
two dimensional wind tunnel of the IAR, Canada.
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It is found that the presence of the sidewall ef-
fects on the flowfield near airfoil surface, especially
on the airfoil boundary layer, cannot be ignored.
It is important to estimate these effects for air-
foil testing. These experimental studies, however,
are limited on the flowfield near airfoil. It is dif-
ficult to investigate experimentally the whole of
the flowfield of the wind tunnel. It is important
to know the whole of the flowfield and the charac-
teristics of the wind tunnel well to depict a source
of the errors in airfoil testing.

There exist papers presenting numerical simu-
lations on the wind tunnel flowfield®(4)(5), How-
ever, these papers performed the simulations only
flowfields of the test section. It, however, is im-
portant to investigate the whole of the flowfield in
order to understand the top and side wall effects
to the measurement.

The purpose of this study is to investigate nu-
merically the whole of the flowfield in the NAL
two dimensional transonic wind tunnel of blow-
down type. The Navier-Stokes simulation of the
flowfield of the NAL two-dimensional wind tun-
nel is presented in this paper. The computation
is performed on whole of the wind tunnel config-
uration, from a entry of a contraction cone to the
exit of the wind tunnel. The detailed computa-
tion is also performed for the flowfield near the
airfoil model mounted in the tunnel.

The present paper consists of two parts: com-
putation of the flowfield of the whole of the wind
tunnel and computation of the flowfield near the
airfoil mounted in the wind tunnel. The first part
is intended to capture the global flow character-
istics of the NAL two dimensional transonic wind
tunnel. The next part is the detailed simulation
of the near-region of the airfoil model in order to
understand the flow mechanism and wall interfer-
ence.

809



Numerical Approach

Governing Equations

The full Navier-Stokes equations governing
nonstationary flow are written in the conservation
law form as follows:
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or, in integral form using the Gauss theorem:

% /Q Qdv + /a (H-H)ds=0.  (2)

where,

H = Eng + Fny + Gn,,
1

H, = —E_(Evnx + Fvny + Gvnz).
e

Here, Q2 is a control volume or a cell, 99 is a
cell surface, and (ng,ny,n,) is unit vector nor-
mal to the cell surface. The dependent variables
Q = (p, pu, pv, pw,e)T is the vector of the conser-
vative variables. H and H, are the inviscid and
viscous fluxes, respectively.

Cell-centered Finite-Volume Method

We use the structured mesh system: (£,7,().
The cell-centered finite volume formulation is ap-
plied to Eq.(2), where the integral is estimated
about the cell (¢, 7, k).

Now the Eq.(2) is discretized at the time level
n + 1, assuming that the states at the time-level
up to n are completely known. Then we get the
following discretized equation:
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where,

O HIAs; = Hiyy/90814172 — Hi_yjaAsi_q/2

AQ=Q" - Q" (1=1,j,k).

Here, the time-step is represented by At and V; ; «
is the volume of the cell (i,7,k). Aspyq/ is the
area of the cell interface in the l-direction, | =
i,7,0rk.

The inviscid flux at the cell interface H;,/, is
evaluated by the Roe’s flux difference splitting(®)
as

, 1
Hiyijp = 5 [HQM) + H(@Q")
~|PIg5a1 QR - Q)] -
The variables at cell interface QL and QF are eval-
uated by the high-order MUSCL interpolation(?
with the minmod limiter using the primitive
variables (p,u,v,w,p). The third-order accurate

MUSCL interpolation is used throughout the pa-
per. The matrix Pfj_‘;e/z is evaluated with the Roe

averaged-state variables, which are denoted by 6,
such that

H(Q™) - H(Q") = Pe(Q -
and | PR°¢| is defined as

|PRoe| = RIA|R-.

Q)

Here, A is the diagonal matrix whose elements are
the eigenvalues of the matrix PR°¢ and R is the
matrix whose columns are the right eigen vectors
of these eigenvalues.

The viscous flux term at the cell interface is
evaluated by Galerkin-like discretization which re-
sults the formula of central-difference method.

The implicit flux vecters of the Eq.(3) are now
linearized by

OH\"
n+l n 7 n+l _ ~n
= H" + P"AQ. (5)
Introducing these linearized flux terms into

Eq.(3), we get

Z 61 (P" — P)), Asi| AQi ik
v]yk 1—1,3,
At
=7 [RHS]; ;4 (6)

[RHS]i,j,k = Z 61 (H - HU)‘ln AS[.
I=1,7,k

In this paper, the steady flow solutions
are sought for and the expensive penta-diagonal
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solver should be avoided from the efficiency con-
siderations. Thus, the Jacobian matrices appear-
ing in the left-hand side of the above equation may
be approximated. The first order upwind formu-
las are used for the flux terms in the implicit side
of Eq.(6) in order to make the system tridiagonal.
Thus, in the left-hand side of the Eq.(6), AQ,I_'H/2
and AQﬁq /2 are estimated by AQ; and AQ41,
respectively. The viscous-flux Jacobian P, ap-
pearing left-hand side of Eq.(6) is omitted for
simplicity. Furthermore both the approximate-
factorization and diagonalization techniques pro-
posed by Pullium and Chausee(® are introduced
for efficiency. Thus final formula of the present
finite volume method becomes:

At
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The computation is started with proper initial
condition and the steady state solution is obtained
in a time-dependent manner.

Numerical Boundary Conditions

The boundary conditions needed for the
present cell-centered finite volume method (7) are
set by use of fictitious cells placed outside of the
boundary or inside of the body-wall. Individual
boundary condition of the problems will be given
at the corresponding sections.

Code Verification

At first, the accuracy and verification of the
code are checked by comparison with experimen-
tal data and the other computation. Two dimen-
sional flow around NACA0012 airfoil is adopted
in the comparison, though the present computer
code is written for three dimensional flows. There-
fore we put four grid points in the span direction
with periodic boundary treatment, while a C-type
grid of 249 (181 on airfoil surface) grid points in &-
direction and 60 grid points with minimum spac-
ing of 3.3x107¢ is used. The transition point from
laminar to turbulent is fixed at 5 % chord point.

The Baldwin-Lomax turbulence model is used for
estimation of eddy viscosity. The purpose of this
computation is to check the reliability of the code
and accuracy of the computed results. Computa-
tion was carried out at a Mach number of uniform
flow M, = 0.7, Reynolds number based on the
airfoil chord length Re., = 9.0 x 10°, angle of at-
tack a = 1.49°. Figure 1 shows comparison of the
present result with the experiment by Harris(®).
Table 1 shows the comparison of the computed
lift coefficient Cr, and drag coefficient Cp with
experiment(® and computation by Coakley(19),

Table 1. Comparison of Cr, and Cp.

Cr Cp
Present 0.246 | 0.0084
Experiment(Harris) 0.241 | 0.0079
Computation(Coakley) | 0.255 | 0.0083

From these comparison, the present result
agrees well with the other computation and ex-
periment, which shows partly the verification of
the present code and the accuracy of the method.

Wind-Tunnel Simulation,
Results and Discussion

All the calculation in this paper were carried
out with third-order accurate MUSCL interpola-
tion. Convergency was checked by monitoring the
residual of right-hand side of the method.

Two-Dimensional Transonic Wind Tunnel
The NAL two-dimensional wind tunnel('!) was
built to meet the requirements of high Reynolds
number testing of wing section at transonic
regime. It is a blowdown tunnel with a test section
of 0.3 m x 1.0 m. The capability of the tunnel
is for Mach numbers from 0.2 to 1.2 and for a
Reynolds number up to 40 million at Mach num-
ber 0.8. Figure 2 shows the tunnel. The air from
20.5 kg/cm? high pressure air tank flows through
pressure regulating valve and settling chamber,
where the flow disturbances are removed, and
reaches to contraction cone. At this contraction
cone of length 3m, the cross section of the flow
path is changed from a circular of diameter 2.5m
to a rectangular of 1.0m x 0.3m. Overall contrac-
tion ratio is 16.35:1. The test section follows the
contraction cone. The test section is 0.3m wide,
1.0m high and 3.0m long. It is enclosed in the
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plenum chamber of a 2.8m diameter. Top and
bottom walls are slotted walls with variable open-
area ratio of zero to ten percent. The side walls
are solid. The air through test section flows into
second throat, locating at the 3.6m downstream
of the test section and exits to outside of the fa-
cility through a silencer.

The present numerical simulation covers the re-
gion from contraction cone to downstream of the
test section, where the tunnel flow characteristics
is considered to be determined directly. The test
section with an airfoil model is also focused and
detailed simulation is performed.

Overall Flowfield Solution

The first simulation was performed for under-
standing the flow characteristics of the whole of
wind tunnel which were considered to be deter-
mined by the tunnel configuration. The simula-
tion in this section covers the region from the en-
try of the contraction cone to the downstream of
the test section. In the present simulation, it is as-
sumed that a NACA0012 airfoil model is mounted
at the test section with zero angle of attack.

Computational Grid

The computation region includes some special
feature in the geometry. The cross section is cir-
cular at the upstream of the contraction cone and
rectangular at the test section of the tunnel. The
cross section geometry of the contraction cone
changes its shape gradually from the circle at the
entry to the rectangle at the exit of the contrac-
tion cone. The airfoil model is also mounted in
the test section whose cross section is rectangu-
lar. It is important to consider these geometric
condition for generating the computational grid.
The most important issue in the grid system, the
regions at the boundary-layers at the four walls
should not include the irregular point of the grid
system from the solution-accuracy and stability
considerations. The grid system of simple topol-
ogy shown in Figs.3(a), (b) and (c) is used in this
computation. In the figures, the shape of the tun-
nel duct and plenum chamber are illustrated us-
ing solid lines. The NACA0012 airfoil model is
assumed to be mounted at zero angle of attack in
the test section. The symmetry assumption as to
the horizontal plane is forced in order to save the
grid points in the computation. The number of

the grid points is 105 in the flow (i—) direction,
18 in the radial/wing-span (j—) direction, and 54
along the wall (k—direction) (total 102,060 grid
points).

Numerical Computation

The initial condition for impulsive start of the
computation is as follows; The Mach number at
the test section of the tunnel is given. The one-
dimensional isotropic flow according to the vari-
ation of the cross-sectional area is calculated and
given as the initial flow condition. The total tem-
perature Tp and entropy sp at the entry of the
contraction cone estimated above are also used
as the boundary condition. The boundary con-
ditions of the computation are as follows. At the
entry of the contraction cone, the inflow boundary
conditions are specified. In the present computa-
tion, the total temperature Tp and entropy sg are
specified and other quantities are derived using
the one-dimensional Riemann invariants and first-
order extrapolation. At the exit of the test sec-
tion, the out-flow boundary conditions are given.
The pressure p., at the exit is specified explic-
itly and other quantities are derived from the Rie-
mann invariant and first-order extrapolation. At
the surfaces of the wind-tunnel walls and airfoil
model, no slip boundary condition is used, and
the non-heat transfer (07 /0n = 0) is assumed.

Due to the insufficiency of the grid points es-
pecially toward the j—direction, it is assumed in
this computation that the flow is laminar. Thus
the Reynolds number based on the airfoil-chord
length is assumed 10° and the Mach number at
the test section of the tunnel is 0.8. The effect
of the existence of the plenum chamber is not in-
cluded and the upper and lower slotted walls of
the test section are assumed to be closed.

Figure 4 shows the surface grid as well as the
surface-pressure contours on the contraction cone.
Figure 5 shows the pressure contours on the (a)
vertical and (b) horizental symmetry planes. Fig-
ures 6(a) and (b) show the contours of the density
and Mach number on the horizontal plane, respec-
tively. From these figures, the typical pressure dis-
tribution near the airfoil model is attained. The
two-dimensionality is attained at the center of the
airfoil model. No flow-separation at the entry or
the exit of the contraction cone appears. As for
the contraction cone of the wind tunnel, the pres-
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sure distribution, density distribution, and Mach
number distribution show the favorable flow char-
acteristics. The two-dimensionalty is predicted
near the vertical symmetry region or center re-
gion of the test section, though only 18 cell grids
are put in the airfoil-model-span direction. There
exists no special problem in the calculated flow
properties in the present computational condi-
tions. However, the separation at the junction
region between airfoil model and side wall of the
tunnel does not appear in the present computa-
tion, because the very coarse grid points are put
in the airfoil-model-span direction. It is evident
too coarse to catch such the separation.

It is very important to get the informa-
tion on that region in order to discuss the two-
dimensionality and the flow characteristics. Thus
to capture the details of the flow mechanism near
the airfoil model region, the computation on that
region was performed and the results is given at
the following section.

Test-Section Flowfield Solution

The computation in this section was performed
for the purpose of capturing flow details at the
airfoil model region. In order to put adequate
grid cells at the region, the computation was per-
formed with another situation, independently of
the previous section. We have enough data of ex-
periment of a BGK No.1 airfoil conducted at the
NALM®@(2), Thys, the BGK No.1 airfoil model
is assumed to be mounted in the tunnel. Two-
dimensionalty of the computed flowfield is com-
pared with experiment.

Computational Grid

Vertical symmetry is assumed in the computa-
tion to save the grid points. Therefore the half of
the test section is considered for computation.
Figure 7 shows the computational grid of this
computation. The C-type of 109 x 34 x 40 grid
cells are used. Minimum spacing of the grid is
1.0 X 107® at the adjacent grid of the side wall
and airfoil.

Numerical Computation

Computation is performed under the condi-
tions that the free-stream Mach number is M, =
0.75, the Reynolds number based on the airfoil

chord length Re,, = 21.0 x 10%, the angle of at-
tack a = 2.0°, the airfoil-model aspect ratio (span
length /chard length) is 1.2. The slotted walls of
the ceiling and floor are assumed 3 % of the open-
area ratio in the simulation.

The turbulent eddy viscosity is estimated by
the Baldwin-Lomax turbulent model. The exten-
sion of the turbulence model to the three dimen-
sional space follows Vatsa and Weden(®),

From the detailed measurement of the bound-
ary layer on the tunnel side-wall, the NAL two-
dimensional transonic wind tunnel has relatively
thick side-wall boundary layer compared with
other wind tunnel. The displacement thickness
6* of the side-wall boundary layer is 4.7mm at
the test section. In the present computation,
two dimensional computation about the flow past
flat plate were performed in advance and the cal-
culated boundary layer properties which are ac-
cording to the measured displacement thickness
(6* = 4.7mm) are used as the boundary condition
of the side-wall boundary-layer at the inflow posi-
tion. The other treatment of the inflow and out-
flow boundary conditions are the same as the pre-
vious tunnel-flow simulation. The upper(ceiling)
and lower (floor) walls have 3 % opening of the
slotted wall. Thus the present computation al-
lows the through passage of the rate of 3 % of the
momentum in the vertical direction. The other
component of the flow properties are put as like
as slip-wall condition.

Figure 8 shows the isobars on the airfoil sur-
face and side wall. The figure shows good two-
dimensionality near and at the center of the airfoil
model. Figure 9 shows the chordwise distribution
of the airfoil-surface pressure at various span posi-
tion (y/(b/2) =0, 0.5, 1.0, = 30cm:full span
length). Here, y = 0 is the position of the vertical
symmetry plane or the center of the airfoil model.
The pressure distribution on y = 0 line is also
compared with the experiment in Fig.9. Compar-
ison of the computed pressure distribution in the
airfoil-span direction with experiment is shown in
Fig.10. The agreement is good. Both the experi-
mental data and computed result show good two-
dimensionalty.

Summary and Conclusion

The Navier-Stokes simulations of the flowfields
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of the NAL two-dimensional transonic wind tun-
nel were presented in this paper. The flowfield
of the wide range of the wind tunnel facility, from
the contraction cone to the downstream of the test
section, was treated and simulated. The detailed
simulation of the flowfield near the airfoil model
mounted in the tunnel was also performed. The
comparisons of the numerical results with the ex-
periment shows very good agreement.

The combination of the two computation using
overset grid methodology is now under develop-
ment and will be appear in near future.
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Figure 3 (a)-upper Grid at various cross
sections.(Airfoil-surface grid is also shown).
(b)-lower : Grid on vertical symmetry plane
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Figure 4 Surface grid and pressure contours on
the contraction cone, view from upstream of the
entry of the contraction cone.

Figure 3(c) Computational grid at horizontal
symmetry plane, view from upper side.

Figure 5 (a) Pressure contours on the vertical Figure 5 (b) Pressure contours on the horizental

symmetry plane of the tunnel.

symmetry plane of the tunnel.
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Figure 6(a) Density contours on the horizontal Figure 6(b) Mach number contours on the hori-

symmetry plane of the tunnel. zontal symmetry plane of the tunnel.
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Figure 8 Isobars on the airfoil surface and side
;‘ wall, shown half of the model.
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Figure 7 Computational grid. (a)-upper : Over
all, side view, (b)-lower : Close up at the airfoil-
wall junction region
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Figure 9 Chordwise airfoil-surface pressure distri-
bution at various span positions.
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Figure 10 Spanwise airfoil-surface pressure distri-
bution at the 90 % chord position.
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