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Abstract

A hybrid unstructured Navier-Stokes code
with Spalart-Allamars one-equation turbulence
model has been incorporated into a CFD-based
design system of Japan Defense Agency,
CASPER. For the code validation, we
performed transonic flow computations around
ONERA Model M5 configuration, which is a
high Reynolds number transonic wind tunnel
testing calibration model for the JDA 2mx 2m
trisonic wind tunnel in Higashi-Chitose. As the
first step of the unification of CFD and EFD,
the wind-tunnel testing data obtained here can
be expected to be useful for improvement of
CFD code reliability as well as evaluation of
uncertainties arising from tunnel wall constraint,
flow turbulence and so on. On wing surface
pressure distributions, longitudinal forces and
moment coefficients and boundary layer
transition lines, the CASPER is quantitatively
evaluated before implementation of higher
Reynolds number CFD validation computations.

1 Introduction

Recently, a CFD (Computational Fluid
Dynamics)-based design system becomes an
increasingly powerful tool in conceptual process
of aircraft design with a rapid progress of high
performance computer engineering as well as
numerical algorithm [1]. Taking account of the
technical background, CASPER (Computational
Aerodynamics System for  Performance
Evauation and Research), has been developed

by Technical Research and Development
Institute of Japan Defense Agency [2].

A hybrid unstructured Navier-Stokes code
with Spalart-Allamars one-equation turbulence
model [3],[4] has been incorporated into the
CASPER. For the validation, we performed
transonic flow computations around an ONERA
Model M5 configuration (see Fig.1), which is a
high Reynolds number transonic wind tunnel
calibration model for the JDA 2mx2m trisonic
wind tunnel in Higashi-Chitose [5]. As the first
step of the unification of CFD and EFD, the
wind-tunnel testing data obtained here can be
expected to be useful for improvement of CFD
code reliability as well as evauation of
uncertainties arising from tunnel wall constraint,
flow angularity, flow turbulence and so on.
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Fig.1 Surface unstructured grids of ONERA
Model M5 configuration for computation of
Re=60.0x 10°.



2 Numerical Results and Discussions

On pressure distributions, forces and moment
coefficients and wing surface boundary layer
trangition lines, the present computed results
obtained by CASPER-hybrid unstructured
Navier-Stokes (henceforth N-S) code are
guantitatively discussed with the Euler
computed results [6] and the other N-S
computed results [7],[8] and the wind-tunnel
testing data [9],[10] before implementation of
CFD validation in higher Reynolds number
regions.

Figure 2 shows the front-above view of body
surface pressure distributions at a freestream
Mach number of 0.84, an angle of attack of -1.0
deg, and a Reynolds number of 60.0x 10°. This
represents a transonic, high Reynolds number
and viscous flow condition. Negative pressure
region can be observed due to flow acceleration
from the point of a fuselage. Also, negative
pressure and compressible region can be aso
observed around the attached position of main
wing. Above al, the location of shock wave
moves forward a tip on the upper surface of
main wing and as a result the A -shaped triple
shock wave is produced. In addition, because of
the downwash effect of man wing, a
compressible region can be seen on the upper
surface of horizontal tail aswell.

Front-Above View
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Fig.2 Computed pressure distribution at M.,
=0.84, o =-1.0 deg, and Re=60.0x 10°.
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Figure 3 shows the comparisons of computed
and experimental wing surface pressure
coefficient distributions in S1, S2 and S3-
sections at a freestream Mach number of 0.84,
an angle of attack of -1.0 deg and Reynolds
numbers of 1.0x 10° 2.0x 10° and 60.0x 10°,
respectively.
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Fig.3 Comparison of wing surface pressure
coefficient distributions at M_ =0.84, a =-1.0
deg, and Re=1.0x 10°, 2.0x 10° and 60.0x 10°.
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As for the strength and the location of the
combined and the double shock waves, which
are one of the outstanding characteristics of
main wing with a swept-back angle of 30.0 deg
of the ONERA Model M5 configuration, the
present N-S computed results show better
agreement with the wind-tunnel testing data [9]
than the unstructured N-S computed results by

Ochi et a. [8] and the shock-boundary layer
interaction can be accurately simulated. As for
the location of trailing-edge shock wave, the
computed result of a Reynolds number of 60.0
x 10° is more aft than the computed results of a

Reynolds number of 1.0x 10° and the wind-

tunnel testing data.

Tablel Comparison of computed and experimental forces and moment coefficients.
Lift Coefficient Drag Coefficient Pitching Moment Coefficient
Reynolds Arcl)?le CL CD CM
Number Attack
Re o
(<109 | eg) Diff. | ERR. Diff. | ERR. Diff. | ERR.
(cts) | (%) (cts) | (%) (cts) | (%)
10 10| 02591 — — | 0.0266 — — 0.0586 — —
WTT 30| 00195 — — | 0.0198 — — 0.0985 — —
20 20| 01307 — — | 0.0213 — — 0.0786 — —
-10| 02567 — — | 0.0269 — — 0.0584 — —
Euler Comp. — -10| 03053 | 462 | 17.8| 0.0299 3| 124 01330 | 744 | 1270
10 -1.0] 0.2599 8 0.3 [ 0.0285 19 7.1 00779 | 193] 329
Unstructured N-S -30] 00213] 18 9.2 | 0.0206 8 4.0 01125 | 140 142
Comp. 20 20| 01468 161 | 12.3 0.0226 13 6.1 01002 | 216 | 275
(Present) -10| 02802 | 235 9.2 | 0.0286 17 6.3 00789 | 205 351
60.0 10| 02923 — — | 0.0237 — — 0.1095 — —
10 -10| 02668 77 3.0 [ 0.0271 5 19 00802 [ 216] 369
Structured N-S -3.0 | -0.0154 | 349 | 178.9 | 0.0205 7 35 0.0985 0 0.0
Comp. 20 20| 01190 | 117 9.0 | 0.0215 2 0.9 00953 | 167 | 212
(Takakuraet a.) -1.0| 0.2666 | 99 3.9 | 0.0259 10 37 00841 | 257 440
60.0 -10| 02633 — — | 0.0258 — — 0.0812 — —
10 -10] 02908 317 | 122 0.0293 27| 102 00831 | 245 418
Structured N-S -30] 0.0195 0 0.0 | 0.0205 7 35 01121 | 136 | 138
Comp. 20 20| 01560 | 253 | 19.4 | 0.0222 9 4.2 01006 | 220 280
(Takanashi et a.) -10| 02940 | 373 | 145 0.0286 17 6.3 00872 | 288 493
60.0 -10| 03067 | — — | 0.0234 — — 0.1044 — —
10 -1.0| 02256 | 335 | 12,9 0.0323 57| 214 00466 | 120 205
Structured N-S -30] -0.0147 | 342 | 1754 | 0.0243 45| 227 0.0875 11 11
Comp. 20 20 0.0990 | 317 | 24.3 0.0249 36| 169 0.0697 89| 113
(Kaiden et al.) -10]| 02145| 422 16.4 | 0.0286 17 6.3 0.0494 9 15
60.0 -10] 03200 — — | 0.0208 — — — — —
10 -1.0]| 02998 [ 407 | 157 [ 0.0290 24 9.0 01142 | 556 949
Unstructured N-S -30] 00230 35| 17.9 0.0210 12 6.1 01414 | 429 436
Comp. 20 20| 01583 | 276 | 21.1 0.0230 17 8.0 01264 | 478 6038
(Ochi et a.) -10| 02991 | 424 | 165 | 0.0300 31| 115 01103 | 519 889
60.0 -10| 03076 | — — | 0.0254 — — 0.1319 — —
cf. Diff.= CFD WTT ,ERR.= CFD WTT  WTT x 100 (%), 1ct = 0.000L.
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Subsequently, the present computed
longitudinal forces and moment characteristics
are compared quantitatively to the Euler
computed results [6] and the other muilti-
blocked structured and unstructured N-S
computed results [7],[8] and the wind-tunnel
testing data [9],[10] at M, =0.84 and Re=1.0x
10° and 2.0x 10° (see Table 1). In Figures 4 to 6
the CL-, CD- and CM-a curves are illustrated
respectively. As shown in Fig.5 the present drag
prediction is remarkably improved by the
following three strategies [11]: (1) high
resolution of chord surface grids around each
leading edge, (2) extension of Normalized
Unstructured Mesh method [12] and (3)
modification of transition parameters in Spalart-
Allmaras turbulence model within ther
recommendation [4].
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Structured N-S Comp. [7]

Moreover Figure 7 shows the CFD prediction
of transition lines at Reynolds numbers of 1.0x
10° and an angle of attack of -1.0 deg as
compared to the other N-S computed results [7],
[8] and the rough sketch of oil flow patterns
obtained by the wind-tunnel tests [9]. Here, the
computed transition lines are obtained
visualizing the isosurface edge of specified
turbulent viscosity value proposed as transition
criteria in Baldwin-Lomax model [13]. The
present computed results are better agreement
with the wind-tunnel testing data than the other
N-S computed results. In particular, the

transition lines at the wing lower surface
obtained by the other N-S computations are
predicted a little to the upstream of the wind-
tunnel testing data, but the present computed
results are well simulated.
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Fig.7 Comparison of boundary layer transition lines between computed and experimental results
at M, =0.84, a =-1.0 deg, Re=1.0x 10°.



In the case of Reynolds numbers of 1.0x 10°
and 2.0x 10° total number of the time iterations
for the convergence was 150,000 with a CFL
number of 5.0, which costs about 473 CPU
hours on a single processor of the NEC SX-
4/2C supercomputer. Also, in the case of
Reynolds numbers of 60.0x 10° total number
of the time iterations for the convergence was
50,000 with a CFL number of 10.0, which costs
about 116 CPU hours.

3 Conclusions

In this paper, transonic and high Reynolds
number flows around the ONERA Model M5
configuration were computed by using the
hybrid unstructured N-S code in CASPER. The
present computed results were quantitatively
compared with the other N-S computed results
and the wind-tunnel testing data. These results
lead us to the following conclusions:

(1) As is evident from the comparisons of
wing surface pressure distributions on the
strength and the location of shock waves, the
shock-boundary layer interaction was well
simulated.

(2) The longitudinal forces and moment
prediction, drag, has shown to be of adequate
accuracy.

(3) From the comparisons of boundary layer
trangition lines, the present CFD results show
better agreement with wind-tunnel testing oil
flow patterns than the other N-S computed
results. Particularly, the present computed
transition lines were greatly improved on the
lower surface of wing.
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