OCTOBER 1985

A Wind Tunnel Inlet Flow Simulation

Upender K. Kaul*
NASA Ames Research Center
Moffett Field, California

Introduction

HE flow into an open-return wind tunnel inlet is

simulated using the Euler equations. The calculation is
time accurate and is performed to achieve a steady-state solu-
tion. The present approach affords a potential to simulate in-
let treatment effects such as those caused by vanes and
screens; the atmospheric boundary layer and the wind shear
can be simulated by prescribing a total pressure gradient and
the changing velocity vector, respectively, through the inflow
boundary condition. The predictions are in reasonable agree-
ment with the experimental data. The present investigation is a
part of an effort to improve the test section flow quality of the
open-return wind tunnel of the National Full-Scale Aero-
dynamics Complex (NFAC) by numerically analyzing the
aerodynamics of the 80x 120 inlet.

Method

The inlet flow is simulated by solving the unsteady com-
pressible Euler equations in three dimensions using MacCor-
mack’s explicit predictor-corrector scheme!? in Cartesian
coordinates with a finite volume formulation. The Euler code
used here is a modified version® of that used in Ref. 4. The
code was used to simulate the flow induced in the wind tunnel
by a fan downstream of the test section (sink-type flow).

The three-dimensiohal computational grid for the inlet, as
shown in Fig. 1, is divided into two zones. The grid is gen-
erated algebraically and plane by plane using an interpolation
scheme. The grid size for zone 1 is 11 X 32 x 30 and for zone 2
is 39x 19 x 17. The nozzle has a 5:1 contraction ratio, defined
from where the inlet cowl ends (the x=0 cross-flow plane) to
the test section. A planar grid, enlarged near the cowl and
representing a horizontal cut (i.e., the z plane), is shown in
Fig. 2. The computations are carried out corresponding to
quiescent atmospheric conditions at the upstream boundary.
Initially, stagnation conditions are imposed everywhere. The
pressure drop that generates the flow in the inlet and yields a
given test section velocity is introduced at the downstream
boundary gradually in time. The flow can be imagined to exit
at the downstream boundary at somewhat lower than the
upstream stagnation pressure. This pressure is given by

Pe=Ds— l/zpqg

in the steady incompressible limit, where the subscripts e and s
refer to the exit and stagnation conditions, respectively, and g
is essentially the horizontal velocity at the exit.

The implementation of the solid boundary condition at the
convex corners (e.g., B in Fig. 2) is done in such a way that the
same image (dummy) volume element is used to satisfy the
boundary conditions (corresponding to surface tangency) at
the two interior nodes adjacent to the corner. This is done se-
quentially in the three coordinate directions as the fluxes are
accumulated in the integration process, thereby removing the
corner discontinuity. Around the regions such as the external
cowl, where the curvature is relatively large, the pressure at the
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Fig. 1 Perspective view of the inlet model of the NFAC open-return
wind tunnel, looking at the symmetry plane and into the tunnel inlet.
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Fig. 2 Planar grid in the z plane enlarged near the inlet cowl.
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Fig. 3 Vector plot showing general behavior of the flow.

image node next to the wall is found from the conservation of
momentum normal to the cowl surface. This reduces to a
balance between the centrifugal force and the pressure gra-
dient in that direction.® This condition is given by

d,p=pV32/r

where 7 is the direction normal to the surface, Vis the tangen-
tial velocity at the curved surface, and r is the radius of cur-
vature of the surface.

At the downstream boundary, a nonreflecting boundary
condition for the pressure® was used, while the other four in-
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Fig. 4 Normalized axial velocity variation with the spanwise dis-
tance y.
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Fig. 5 Normalized axial velocity variation with the height z.
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Fig. 6 Pressure variation on the side wall centerline with downstream
distance x.

dependent variables were simply extrapolated. The boundary
condition on pressure is given by

d,p—pcdu+a(p—p,)=0

where « is an empirical parameter that determines the rate at
which the transients die out before steady state is attained.®
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Results

Computations were carried out at the test section Mach
number, M=0.15. The results from the computations are
shown in Figs. 3-6. The converged results correspond to a
relative convergence criterion on pressure such that

|(p™*+1 = p™)/p™|<0.0001

over the entire flowfield, where m is the time-step index. Con-
vergence to a steady state took about 5000 time steps (400
CPU seconds on Cray-XMP/22). The velocity vector plot in
the x—y plane, as shown in Fig. 3, indicates qualitatively the
behavior of the inlet flow. Figure 4 shows a variation of the
axial velocity normalized by the test section velocity with the
spanwise coordinate y at an x station situated 27 ft upstream
of the inlet and close to the z=0 plane. The agreement with
the experimental data in this case is quite good. Figure 5 shows
a variation of the normalized axial velocity with the vertical
coordinate z at x= — 27 ft near the symmetry plane between
the two side walls of the tunnel. The predictions are again in
good agreement with the experimental data. Pressure varia-
tion with the downstream distance (i.e., C, distribution) near
the side-wall centerline (the plane z=0) is shown in Fig. 6. The
comparison between the computational results and the ex-
perimental data is excellent, except in the region of the separa-
tion bubble (seen experimentally) for which the pressures are
slightly overpredicted relative to the experiment. The present
predictions and the panel method predictions are also seen to
be in good agreement inside the inlet.

Conclusions

A three-dimensional external-cum-internal flow through an
open-return inlet has been successfully simulated using the
Euler equations; the pressures and the velocity profiles inside
the inlet of the NFAC have been predicted. The predictions
are in good agreement with the experimental data.
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