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I. Introduction

N computational fluid dynamics (CFD) for transonic aircraft

flows, there is an problem that even the fundamental phases of
computed flowfields do not always agree with those in experiments,
especially when separation occurs in a large region. Usually flow-
fields about an object located in a uniform flow are numerically
solved and compared, not with flight experiments, but with wind-
tunnel experiments. Here, the flowfields in a transonic wind tunnel
with a fully configured model of aircraft named ONERA-MS5! are
solved and then compared with wind-tunnel experiments.

Since the beginning of CFD, attempts have been made to solve
flows in transonic wind tunnels with perforated test-section walls.?
In this paper a model is presented to evaluate the outflow or inflow
effects through the perforated wall by considering the pressure losses
of the fluid and computations of wind-tunnel flows are realized.

The method of numerical analysis used here is summarized as
follows.

A. Multidomain Technique

For computations of flows about complex configurations the
multidomain technique proposed in Ref. 3 is a very useful and sim-
ple method. This technique allows the solution of flowfields on the
whole space which is covered with several domains overlapping
each other. We use this with a more direct and simpler formulation.*
For each time step the flow of each domain is independently
solved, and then physical values are exchanged between domains by
the first-order interpolation scheme. These series of computations
proceed until convergence has been reached.

B. Grid Generation

Each grid component is generated independently by an algebraic
method where the geometric quantities of a surface are taken into
account to generate smooth grids with orthogonality near bodies by
marching from the inner to the outer surface.’ In the multidomain
technique, most attention must be given to the grid intervals near
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the boundary where physical values are exchanged. If the grid in-
tervals of two grid systems differ extremely from each other near
that boundary, then transmission of physical information becomes
degraded, and at worst the solutions do not converge.

C. Governing Equations and Numerical Scheme

In the individual domain, the three-dimensional thin-layer
Navier—Stokes equations in conservation law form are used as the
governing equations and are numerically solved by the finite volume
method. Space discretization is performed by the Chakravarthy-
Osher postprocessing total variation diminishing (TVD) scheme®
with the improvement that not fluxes but the characteristic variables
are extrapolated’ and that high accuracy is held even at points of
extrema.® Time integration is executed by the usual first-order ex-
plicit method with local time stepping.

The Baldwin-Lomax algebraic turbulence model° is used in the
individual domain. The intensity of the turbulence of this model
is determined using the normal distance from the wall, whereas
the normal distance cannot accurately be estimated in the case that
the coordinate lines curve and that grids are overlapping. It may be
said that the immaturity of the turbulence model becomes evident
in solving complex flowfields.

II. Simple Model for Outflow Through Perforated

Test-Section Wall

The outflow or inflow effects through the perforated test-section
wall of the transonic wind tunnel are modeled with the following
considerations.

The perforated wall is considered as an assembly of a circular
pipe which has a cross section that reduces and magnifies discon-
tinuously, like Fig. 1. The part with the minimum cross section
corresponds to a hole of the wall. Let Ug be the outflow velocity
through the wall at a grid point and Uy be the averaged velocity
at the hole, when pressure is specified at both sides of the circular
pipe: local pressure p is given on the inner side of the test-section
wall and constant pressure in the plenum chamber pyienum is on the
outer side of that. Usually ppienum is regarded as the uniform-flow
pressure p. Let ¥ be the porosity ratio.
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Fig. 1 Modeling for hole on perforated wall.
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Then the outflow velocity at a grid point Ug can be described by
Ug =¥ Un

The averaged velocity in a hole Uy can be determined by pressure
balance

P — Pplenum = Apa+ Apg + Apc

where Ap, and App are pressure losses caused by the rapid reduc-
tion of cross-sectional area from A, to A, and magnification from
Aj to As, respectively, '

Apa=tpUg/2, [ =1(A/A)
App = {1 — (A2/A3)YpU} /2, £ =100
6 — 180 deg

and Apc is a pressure loss caused by the frictional drag in the hole,
which is negligible compared with the two losses.

III. Computational Results and Discussion

A. Computational Grids and Numerical Condition

AsshowninFig. 2, the computational region covers the whole part
of the test section and squared diffuser of the wind tunnel with five
domains: wind-tunnel, fuselage and sting (body-sting), main wing,
horizontal-tail (h-tail) wing, and vertical-tail (v-tail) wing domains,
Dy, Dy, D3, Dy and Ds (D; D D,, D D D3, Dy D Dy, D,
D Ds). The number of grid points on each grid system is shown in
Table 1.

Table 1 Number of grid points on each grid system

Domain Kind of domain Grid-point number®
Dy : wind-tunnel Main 121 x 45 x 31
D, : body-sting Submain 131 x 69 x 37
D3 : main wing Sub 121 x 45 x 31
Dy : h-tail wing Sub 93 x 31 x 21
Ds : v-tail wing Sub 61 x 35 x 21

21n order of streamwise, circumferential/spanwise, and normal directions.

Fig.2 Whole grid view for test section and squared diffuser of wind
tunnel.
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Mach Number 0.84
Attack Angle —1.00°
Re Number 1.0x10¢
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A Computation
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Fi%. 3 Numerical solution on ONERA-MS model M, = 0.84,Re =
10°% o = —1 deg: a) pressure distribution and b) C, distributions on
main wing.

To avoid smearing numerical solutions when exchanging physical
quantities near the attached region of the fuselage and each wing,
each subdomain of the wing is fitted not only to the wing surface
but also to the fuselage surface in each grid system. The minimum
grid size at the wall is taken as 10 of the mean chord length of the
main wing.

Flows about the ONERA-MS aircraft model within the National
Aerospace Laboratory (NAL) transonic wind tunnel are numerically
solved under the flow condition of Mach number 0.84 and Reynolds
number based on the mean chord length of the main wing, 10°.

B. Casefor o = —1 deg

When the attack angle for the fuselage is —1 deg, that for the main
wing is about 3 deg because the incidence angle is about 4 deg.
Figures 3a and 3b show distributions of pressure on the aircraft
and pressure coefficients on the main wing, respectively. In this
figure the triple shock wave (weak and strong shock waves and their
united shock wave) is clearly observed on the main wing, and that
agrees well with NAL experimental data (No. 418). Investigating the
solution near the connection of fuselage edge and sting, C, takes
negative values at the rear edge of the fuselage and positive values at
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Table 2 Comparison of C;, and Cp vs a between computations
and experiments

o = —1deg o = —2deg o = —3 deg
CL Computations 0.268 0.120 —0.0151
Experiments 0.259 0.130 0.0201
Cp Computations 0.0259 0.0215 0.0205
Experiments 0.0266 0.0213 0.0198

the root of sting. Perhaps separation is caused by the step between the
fuselage edge and the sting, and this phenomenon strongly affects
the calculation of drag. Both the lift and drag coefficients agree well
with experimental data (see Table 2).

C. Cases for Series of Attack Angles

Table 2 shows the values of lift and drag coefficients for ¢ =
—1, -2, and —3 deg. Except for the lift for « = —3 deg, both
the lift and drag coefficients agree well with experiments. It is es-
pecially remarkable that the computed drag corresponds well with
wind-tunnel experiments, since, typically, in computations of air-
craft flows the drag does not compare with the data.

IV. Concluding Remarks

The transonic flows about a fully configured model of aircraft
named ONERA-MS5 within the NAL transonic wind tunnel have
been numerically solved to investigate the reliability of numeri-
cal solutions. The multidomain technique was used to solve the
whole flowfield around the complicated configuration. In each
domain the grid was generated by an algebraic method and the
thin-layer Navier—Stokes equations were solved by the improved
Chakravarthy—Osher TVD scheme. Further, a simple model was
presented to estimate the outflow/inflow effects at the perforated
wall of the transonic wind tunnel. The results obtained by the present
methods have shown good coincidence with the experimental data
of NAL wind-tunnel test, in regard to local C,, distributions on the
main wing and total forces C;, and Cp.

Therefore, in spite of the primitive model for the perforated
wind-tunne] wall and the immature algebraic turbulence model,
we believe that this numerical analysis is the first step for the
more precise evaluation of the numerical solutions and wind-tunnel
experiments.
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Introduction

PLANE wall jet is a stream of fluid blown tangentially along

a plane wall. It has a wide range of applications, such as
boundary-layer control over a wing, film cooling on turbine blades,
etc. It consists of two distinct regions: 1) an outer shear layer that
is subjected to the inviscid Kelvin-Helmholtz instability and 2) an
inner layer that behaves like a viscous boundary layer. The inter-
action between the structures from these two layers leads to the
eventual laminar to turbulent transition. Katz et. al.! observed that
the external excitation on the plane turbulent wall jet has no appre-
ciable effect on either the maximum velocity decay or the spreading
rate of the jet. The linear stability calculations by Cohen et. al.?
indicated the existence of two unstable modes: an inviscid mode
that represents the large-scale disturbances in the free shear layer,
plus a viscous mode describing the small-scale disturbances near
the wall. They have also shown that the relative importance of each
mode can be controlled by subjecting the wall jet to small amounts
of blowing or suction. The extensive literature available on wall
jets is mainly based on either pointwise measurements, flow visu-
alization studies, or analytical/numerical investigations. However,
to understand the unsteady flow characteristics associated with the
dynamic behavior of the vortices and their interactions, it is neces-
sary to study the spatial vorticity distribution at each instant. In view
of this, we proposed to examine the flowfield using particle image
velocimetry (PIV). This technique can provide the instantaneous
two-dimensional velocity data in a selected plane of the flowfield
with sufficient spatial accuracy such that the instantaneous vorticity
field can be obtained. For a detailed description of the PIV technique,
please refer to Adrian® and Lourenco et al.*

The focus of the present investigation is to describe the effects of
using a low-frequency, high-amplitude external acoustic excitation
on a wall jet and the subsequent interactions between the inner and
outer region vortical structures. Both PIV and smoke/laser sheet
flow visualization techniques are used for the understanding of the
global dynamics of the interaction process.

Experimental Setup

The experimental facility is shown schematically in Fig. 1. The
wall jet originates from a two-dimensional channel (A x W x L =
0.5 x 10.0 x 52.7 cm) that is connected to a settling chamber via
a two-stage contraction. The aspect ratio of the nozzle (W/h) is
20. Because of the long developing length of the channel (L/k =
105.4), the exit velocity profile is a fully developed parabolic profile.
A loudspeaker attached to the settling chamber is used to porturb
acoustically the wall jet (Fig. 1). The wall is made of Plexiglas plate
with side walls to minimize the influence of the side edges. The
jet is seeded with smoke particles produced by a Rosco-type 1500
smoke generator. The entire apparatus is placed inside an enclosure
(1.5 x 1.5 m in cross section) with three sides covered by plastic
sheets to minimize the outside influence. A second smoke generator
of the same type is used to seed the outside ambient flow surrounding
the jet. A Cartesian coordinate system (x, y, z) is chosen as shown in
Fig. 1. A dual pulsed laser system consisting of two Spectra-Physics
DCR-11Nd:YAG pulsed lasers is used to provide the double illumi-
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