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Abstract

This paper presents a detailed comparison of
EFD/CFD results for the supersonic flow around
NEXST-1. The CFD results show fairly good
agreement with each other as well as the exper-
imental data except for following discrepancies:
Cb, CLa, Cwa and the pressure distributions at
the leading edge on the upper surface as well as
at the outer wing. Detailed studies on the above
discrepancies were conducted as follows: sensi-
tivity analysis for parameters of the experiments,
repeatability check of the experimental data, ge-
ometry measurement of the wind tunnel model,
aeroelasticity analysis of the wind tunnel model,
and effects of transition. The results show that the
discrepancies of C_y and Cy are caused by the
aeroelastic deformation of the wind tunnel mode.
Also the discrepancy of the pressure distributions
are caused by the difference of the model geom-
etry and the transition specification.

1 Introduction

Japan Aerospace Exploration Agency (JAXA)
has conducted NEXST (National EXperimental
Supersonic Transport) project[1]. This project
aims to establish an optimal design system for
a next generation supersonic transport based on
Computational Fluid Dynamics (CFD). Highly
reliable CFD codes are indispensable for using
CFD as an optimal design tool. It has been
suggested that aerodynamic drag prediction er-

ror should be less than 1 count. Therefore, more
systematic and precise validation and verification
are necessary for enhancement of CFD reliability.
For this purpose, the 3rd SST-CFD-Workshop[2]
was held in Dec. 2001, where verification and
validation of CFD results for NEXST-1 8.5%
scale model were conducted. It was pointed out
that further investigation is necessary for several
differences between the CFD results and the ex-
perimental data. This paper summaries the dis-
cussion at the workshop and reports mutual vali-
dation results on discrepancy between the CFD
results and the experimental data, which were
conducted after the workshop.

2 SST-CFD-Workshop

The subjects of the workshop for supersonic flow
analysis around NEXST-1 consists of two parts.
One is analysis of a wind tunnel testing condition
and another is that of a real flight condition of
the experimental vehicle. Attack angle sweep are
required for both conditions. Dimensions of the
experimental vehicle and calculation conditions
are listed in Table 1 and Table 2, respectively.
The wind tunnel model is a 8.5% scaled model
of the real experimental vehicle but the geome-
try of the model is different at the boat tail be-
cause of the installation to the sting of the wind
tunnel. The boat tail of the model is cut off at
the station 0.79 m from the nose, right behind the
vertical wing. Figure 1 shows the 8.5% scaled
model, installed to a wind tunnel at ISTA/JJAXA.
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The experimental data used in this validation are
as follows; longitudinal aerodynamic character-
istics: C_,Cp and Cy, and pressure distributions
at each span location: 30%, 50%, 70% and 90%.

Fig. 1 8.5% scaled model of NEXST-1

Table1 Dimensions of NEXST-1

| Dimensions | Values |
Length [m] 11.5
Wing span [m] 4.718
Reference area [?] 10.117
Longitudinal reference length [m] 2.754
Momentum center [m] (5.254,0,0)

Table 2 Numerical conditions

| Parameters | Values
Unit Reynolds number 27.5 x 10°
Mach number 2.0

Attack angle [degree] | —2,—1,0,1,2,3,4,5,6
Forced transition

Misc at the leading edge

Table 3 is the list of the numerical methods
used by each applicant. There are several kinds
of turbulence models and numerical grids: struc-
tured grid and unstructured grid.

Comparison between the CFD results and the
experimental data was conducted. The details of
both data were written in the previous paper[3].

2.1 Comparison of Aerodynamic character-
istics

First, we discuss about aerodynamic characteris-
tics. Figure2(a), 2(b) and 2(c) show diagram of
a—C., a—Cy and Cp — C_, respectively. Ta-
ble 4 shows coefficients of curve fitted approxi-
mation for each aerodynamic coefficient: C, Cy
and Cp. The curve fitting is conducted between
the attack angle of —2 and 2.

First we compare the CFD results with each
other. As for C, the CFD results show good
agreement. As for Cy, the CFD results show
good agreement except for a small difference of
Cwma, Which causes none negligible difference of
Cwm at high angle attack cases. As for Cp, a big
discrepancy can be seen. For example, the dis-
crepancy of Cpyin is up to 20 counts.

Next, the CFD results are compared with the
experimental data. As for C., the CFD results
show good agreement except for a slight differ-
ence of C_4, where the CFD results is a little bit
higher than the experimental data. Regarding Cy,
which is similar to C, they show good agreement
as a whole except for Cyq Where the CFD results
is a little bit smaller than the experimental data.
As for Cp, it is difficult to compare the CFD re-
sults with the experimental data because the CFD
results show big deviations in themselves. The
discrepancy between the CFD results and the ex-
perimental data is about +10 counts.

Then we compared coefficients for curve fit-
ted approximation of each aerodynamic coeffi-
cient, excepting the maximum and the minimum
value of the CFD results. As for C,, differences
are as follows; from 4% to 7% for C_, and 2%
to 4% (less than 0.04 degree) for ag. As for Cy,
differences are as follow; from 6% to 9% for Cy 4
and 13% to 26% for Cy1o, Which are bigger than
C_ case. Regarding Cp, differences are as fol-
lows; from 2% to 7% for K, 17% to 51% for
CLo and 2% to 8% (2 to 9 in counts) for Cpin.
The difference of C_ g is bigger than that of K and

CDmin-
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Table 3 Workshop applicants

| ID | Applicant(Organization)  Governing equation Grid(points) Turbulence model |
SSTO1 | K. Miyaji(Yokokoku Univ.) NS USG:tetra+prism(0.9M) K-w
SST02 M. Yoshimoto(MHI) NS(TL) SBSG(1.5M) B-L
SSTO03 Y. Ito(Tohoku Univ.) NS USG:tetra+prism(1M) G-R
SST04 | M. Kondo(Tohoku Univ.) NS(TL) MBSG(2.3M) B-L
SSTO05 | UPACS-BL(ISTA/JAXA) NS MBSG(3.4M) B-L
SST06 | UPACS-SA(ISTA/JAXA) NS MBSG(2.3M) S-A
SSTO7 A. Ochi(KHI) NS USG:hexa(0.9M) B-B
SST08 P. Lahur(Nagoya Univ.) Euler Cartesian(0.5M) NO
- U. Herrmann(DLR) NS unknown unknown
M. Kubosawa(FHI) Euler+BLC Cartesian L-E

B-L : Baldwin-Lomax, S-A : Spalart-Allmaras, G-R : Goldberg-Ramakrishnan,

L-E : Green’s Lag-Entrainment, B-B : Baldwin-Barth

TL : Thin layer, BLC : Boundary layer correction

MBSG : Multi-Block structured grid, USG : Unstructured grid, SBSG : Single-Block structured grid

Table 4 Comparison of the aerodynamic characteristics

CL Cwm Co
CL =Ciq(0—0a0) | Cm = Cma0 +Cwmo | Co = K(CL —Ci0)%+ Comin

CLqa ofs) CMa Cwmo K CLo Comin
SSTO1 0.0370 -0.946 | -0.0126 -0.00729 | 0.459 0.00774 0.0111
SST02 0.0371 -0.933 | -0.0128 -0.00774 | 0.417 0.00509 0.0108
SSTO03 0.0377 -0.924 | -0.0129 -0.00831 | 0.457 0.00919 0.0122
SST04 0.0366 -0.913 | -0.0123 -0.00580 | 0.425 0.00528 0.0128

SSTO08 0.0380 -0.826 | -0.0127 -0.00784 - - -
SSTO05 0.0375 -0.932 | -0.0129 -0.00771 | 0.415 0.00552 0.0106
SSTO06 0.0376  -0.929 | -0.0131 -0.00794 | 0.400 0.00390 0.0111
Experiment(1999) | 0.0354 -0.951 | -0.0119 -0.00629 | 0.428 0.00789 0.0113

2.2 Comparison of pressure distributions on leading edge kink. Another big discrepancy is at
the wing the outer wing region.

Here, a comparison of pressure distributions on 2.3 Subjects for further investigations

the wing is described. Figure 3 shows an exam-

ple of the comparison. The CFD results are com- Here we summarize the results of comparisons
pared with each other, showing excellent agree- and conclude as follows. Regarding the aerody-
ment except for some small differences. Then namic characteristics, except for Cp, and pressure
the CFD results are also compared to the experi- distributions, the CFD results show fairly good
mental data, showing fairly good agreement as a agreement with each other as well as the exper-
whole. However, there are two remarkable dis- imental data. As for C 4 and Cyq, There is the
crepancies. One is how to capture a suction peak small difference between the CFD results and the
at the upper surface of the leading edge, which is experimental data. Cp is also a issue to be dis-
remarkable at the 50% span location close to the cussed further. As for pressure distributions, fol-
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Fig. 2 Comparison of the aerodynamic charac-
teristics

Mach 2.00 a=-2.0 Wingspan 30 %

Mach 2.00 0=6.0 Wingspan 70 %
T

T
-0.30
-0.20 ”
L roeeneEy
020 1 T
0.10 ”‘,é ! '
ﬁ:ﬁ*“ 010 .
0.00 & i
0.00
£ 010 5570 1 >
S SSTOT S e
SST02 o 0.10
SST03 e o
020 SST04 1 fﬂam
o i o
0 SST
030 Exp.85% @ SST03 e
ssTo4 e
030
| 4
040
! SST07 %
040 ¥ Exp.85% @

0.50 i i i
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00

xlc xlc

@a=-2andy/b= (b) a =6 and y/b =
30% 70%

Fig. 3 Examples of the pressure distributions

lowing two aspects should be discussed further.
One is at the leading edge on the upper surface at
50% span location (Fig.4(a)) and another is at the
outer wing region (Fig.4(b)). The discrepancy at
50% span location is remarkable for the design
condition as attack angle is 2.0. Therefore de-
tailed investigation was conducted for following
discrepancies, C 4, Cvq and pressure distribu-
tions at the leading edge of the 50% span location
and at the 90% span location in the case of a = 2.

3 Detailed study on the discrepancy

Detailed study on the discrepancies was con-
ducted between the CFD results and the experi-
mental data. UPACS solver[4], which is a stan-
dard CFD program at ISTA/JAXA, was used.
Navier-Stokes equations are discretized in the
manner of cell-centered finite volume method
in UPACS solver. UPACS solver is a typi-
cal CFD program for compressible flow simu-
lations, which consist of Multi-block structured
grid method, Roe’s Riemann solver with MUSCL
approach, and Baldwin-Lomax (BL) model and
Spalart-Allmaras (SA) model as a turbulence
model.

3.1 Dependency on grids and numerical
methods

First of all, dependency checks on computa-
tional grids and numerical schemes were studied.
The grid dependency check[5] shows sufficient
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Fig. 4 Comparison of the pressure distributions

grid convergence for the current number of grid
points. The number of grid points are 2.3 mil-
lion for BL model analysis and 3.4 million for
SA model analysis. The dependency check[3] for
limiter functions for MUSCL approach shows no
remarkable difference among limiters except for
superbee. Here, minmod, superbee, van Albada
and van Leer for 2nd order accuracy and minmod
for 3rd order accuracy were used as limiter func-
tions. Superbee can capture suction peak sharply
because of relative low artificial viscosity. How-
ever, it does not affect the pressure distributions
so much.

3.2 Sensitivity analysis for parameters of the
experiment

Sensitivity analysis was conducted for parame-
ters of wind tunnel operations using CFD because
one of the uncertainty of the experimental data
comes from setting error of them. Free stream
Mach number and angle of attack were consid-
ered. As for Mach number, 1.96 and 2.04 are

studied for the right condition of 2.0. As for at-
tack angle, 1.8, 2.2 and 2.4 are studied for the
right condition of 2.0. Figure 5 and 6 show the
results of sensitivity analysis for Mach number
and attack angle, respectively. The pressure dis-
tributions at the leading edge on the upper surface
are sensitive not to free stream Mach number but
to attack angle. It is true that pressure distribu-
tions at that region is sensitive to attack angle but
used deviation is too large and it exceeds general
setting error of attack angle greatly. Therefore
the difference of the pressure distributions is not
caused only by the setting error of attack angle.
Still we cannot decrease the difference of the
aerodynamic characteristics and the pressure dis-
tributions between the CFD results and the exper-
imental data. Therefore we conducted following
studies: repeatability of the experimental data,
model geometry, turbulent transition and elastic
deformation, presented in Fig. 8 and 9. Figure
8 shows the aerodynamic characteristics and Fig.
9 shows the pressure distributions which are fo-
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at the leading edge (dependency on angle of at-
tack)

cused on.

3.3 Repeatability of the experimental data

Two kinds of the experimental data in Fig. 9(a)
show different tendency with each other. It is
worthy of note that difference of the experimen-
tal data is not pressure level but distribution ten-
dency. Discrepancy between two experimental
data is larger than that among the CFD results.
Some problems seems to exist in these experi-
ments, where the wind tunnels and the size of
the wind tunnel models were different from each
other. The experiment using the 8.5% scaled
model was conducted JAXA’s supersonic wind
tunnel in 1999 and the experiment using the

23.3% scaled model was conducted at ONERA.
Thus the differences between the 8.5% and the
23.3% scaled models are as follows; the model
manufacturers, the purpose of the model (conse-
quently accuracy requirements) and the wind tun-
nels.

Regarding the 8.5% scaled model, another
wind tunnel test was conducted at newly im-
proved supersonic wind tunnel at JAXA in
2002 to check repeatability of the experimental
data[6]. Regarding comparison between two ex-
periments at JAXA, the results show about 10
counts difference for Cp shown in Fig.8. The re-
peatability of the Cp at the newly improved wind
tunnel is about 2 counts. Other aerodynamic
characteristics C_ and Cy show good agreement.
Difference of Cp between two experiments is al-
most the same as that between the CFD results
and the experimental data. The difference be-
tween two experimental data of 1999 and 2002
is relatively bigger than usual because of the im-
provement of the wind tunnel, persons in charge,
long interval of the experiments and disk rough-
ness used as the method of fixing the transition
point, which is relatively lower repeatability.

3.4 Geometry measurement of the wind tun-
nel model

We applied an inverse method to estimate the
geometry of the wind tunnel model that pro-
duces the experimental pressure distributions[7].
As for comparison between the original geom-
etry and the estimated geometry by the inverse
method, the results show that extremely small
difference, which is same level of manufactur-
ing accuracy, changes the pressure distributions
around the leading edge at the 50% span loca-
tion greatly. Therefore the geometry measure-
ment was carried out by a three-dimensional non-
contact measuring device employing laser beam
and auto-focus system. The measuring accuracy
is 0.1 micron. The leading edge, which is most
important and the trailing edge could not be mea-
sured sufficiently. Because the measuring device
cannot capture reflection of laser beam due to the
large curvature around the leading edge. For ex-
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ample, the region from the leading edge to 3%
chord length could not be measured at the 50%
span location. Therefore the original geometry
of the leading edge was enlarged in the direc-
tion of the airfoil thickness to fit the measured
geometry and used to reproduce the geometry of
the leading edge, which could not be measured.
Other kinds of efforts are necessary to measure
the leading edge geometry accurately.

The comparison of airfoil parameters be-
tween the original geometry and the measured
geometry is conducted at several span locations
in the span range from 20% to 90%. Results
show that there is little difference in camber, twist
angle and trailing edge angle. However the dif-
ference of the leading edge radius is remarkable
between the two geometries, increasing from the
inner wing to the outer wing. The leading edge
radius of the measured geometry is larger by an
average of 53% and up to 120% than that of the
original geometry. The discrepancy is roughly
from 0.01mm to 0.05mm in actual size, which is
very small considering manufacturing accuracy.
Also the discrepancy comes from the small ra-
dius of the leading edge especially at the outer
wing. Very thin wing, which is specific to super-
sonic transporters and small scaled model causes
such small radius at the leading edge. Figure 7
shows comparison of wing cross section shape at
the 50% and 90% span locations. As for the lead-
ing edge radius, measured geometry is larger than
that of the original geometry. The airfoil shape
itself is quite different from the measured geom-
etry at the 90% span location because the dis-
crepancy of the leading edge radius is relatively
bigger comparing to airfoil thickness. Moreover,
symmetry of the airframe is lost because its right
and left wing have different cross sections Thus
this discrepancy of the model geometry men-
tioned above is one of the main reason for the
discrepancy of pressure distributions.

The calculation for the measured geometry
was conducted for both sides of the airframe be-
cause of the discrepancy of the left and right wing
shape. All the other calculations for the original
geometry were conducted for one side of the air-
frame because of the symmetry. As for the pres-
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Fig. 7 Comparison of the airfoil geometry

sure measurement, pressure distributions on the
upper surface were measured on the left wing and
those of the lower surface were measured on the
right wing. The results of the measured geome-
try are shown as the legend of "SA-3dm™ in Fig.
8 and 9. Here, "SA" in the legend means that SA
model was used as a turbulence model. As for
the calculation results, there is another difference
between the original geometry and the measured
geometry. The actual wind tunnel model has the
trailing edge thickness. Therefore, calculations
for the measured geometry considered this thick-
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ness, which are ignored in all the other calcula-
tions for the original geometry. This difference
is appeared in Cp. Cp of the measured geometry
is about 6 counts larger than that of the original
geometry. This difference of 6 counts is caused
by the effect of the discrepancy of the wing ge-
ometry as well as the effect of the trailing edge
thickness. As for other aerodynamic character-
istics, C_ and Cy, there is no remarkable differ-
ence between both geometries. While, effects on
the pressure distributions are remarkable, which
brings the pressure distributions of the CFD re-
sults close to those of the experimental data at
both 50% and 90% span locations.

Here, we would insist that this wind tunnel
model is not an inferior product but the product
which can fully satisfy the accuracy requirement
for honor of manufacturer. What we learned from
this study is that it is necessary to reconsider the
accuracy requirement of the wind tunnel models
in several cases such as leading edge, thin wing,
etc..

3.5 Aeroelastticity

Aeroelastic analysis was conducted to check an
elastic deformation effect of the wind tunnel
model. Its fuselage, tail wings and inner wing
were fixed and the elastic model was made for
the outer wing (from the 40% span location to the
tip). Further details about this analysis method
can be found in another paper[8]. The results of
the deformed shape, which were obtained from
the aeroelastic analysis, are shown as the leg-
end of "BL-elas" in Fig. 8 and 9. Here, "BL"
in the legend means that BL model was used as
a turbulence model. The aeroelastic effect de-
creases both C_ and C_4 and increases Cy and
Cma, bringing the CFD results close to the ex-
perimental data. In this analysis, only the defor-
mation of the outer wing is considered. There-
fore, it brings the CFD results more close to the
experimental data to consider the deformation of
the entire wing and the fuselage. On the other
hand, the aeroelastic deformation doesn’t affect
pressure distributions so much.

3.6 Transition specification

A simple transition model was used to investigate
the effect of the transition, which switches off the
production term in Spalart-Allmaras turbulence
model at the laminar region. In the experiment,
roughness was put on at the 3% cord position for
all wings and at the 5% overall length for fuse-
lage in order to force the transition from the lam-
inar flow into turbulence flow. These positions of
the roughness are set as the transition positions
in the calculations. The results are shown as the
legend of "SA-tran" in Fig. 8 and 9. Comparing
the results with the transition to those without the
transition, there is no remarkable difference for
the aerodynamic characteristics. On the contrary,
the transition effect is remarkable for the pres-
sure distributions at the 50% span location, which
brings the CFD results close to the experimental
data.
Now, we summarize as follows (cf. table 5).

1. Thediscrepancy of C 4 and Cy can be de-
creased by considering the aeroelastic de-
formation of the wind tunnel mode.

2. The discrepancy of the pressure distribu-
tions at the 50% span location can be de-
creased by considering the measured ge-
ometry of the wind tunnel model and the
transition specification.

3. The discrepancy of the pressure distribu-
tions at the 90% span location can be de-
creased by considering the measured ge-
ometry of the wind tunnel model.

Table 5 Summary of studies

influence on
section subjects CL, Cp, Cw | Cp Fig.
3.2 M. and a 5,6
3.3 repeatability Co 8
34 geometry Cp O1809
3.5 | aeroelasticity | C_y, Cuq 8
3.6 transition Ol 9
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Fig. 9 Comparison of the pressure distributions
at the leading edge

In this study, each subject is studied indepen-
dently in order to verify each effect. The dis-
crepancy between the CFD results and the exper-
imental data can be greatly reduced if all the fol-
lowing subjects are considered concurrently, the
measured geometry, the elastic deformation and
the transition specification.

The discrepancy of the pressure distributions
at the leading edge is due to the very small differ-
ence like 0.05mm of the geometry. This size is
the same as the paint thickness of the wind tunnel
model, which is about 0.03mm. In other words,
the pressure distributions at the leading edge is
strongly affected by the geometry difference of
the same order as the paint thickness. This fact
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suggests that particular attention should be given
to the accuracy requirement and manufacturing
accuracy to the wind tunnel model as well as
the paint thickness when pressure or temperature
sensitive paint is used especially for the leading
edge shape.

4 Conclusions

Detailed comparison of the CFD results and the
experimental data was conducted as for the aero-
dynamic characteristics and the pressure distri-
butions of the supersonic flow around NEXST-
1. The CFD results shows good agreement with
each other. The CFD results and the experimental
data show good agreement except for the discrep-
ancies of C_ 4, Cuq, and pressure distributions at
the leading edge and the outer wing. Our conclu-
sions are as follows.

1. The discrepancy of C 4 and Cy COmes
from the aeroelastic deformation of the
wind tunnel mode.

2. The discrepancy of the pressure distribu-
tions at the 50% span location comes from
the difference of the model geometry and
the transition specification.

3. The discrepancy of the pressure distribu-
tions at the 90% span location comes from
the difference of the model geometry.

The drag estimation error required in the
aerodynamic design is less than 1 count. This re-
quirement is still very severe for the current CFD
technology. However, this study shows the esti-
mation error of CFD is not greatly inferior to the
experimental data in this case. The experimen-
tal data with high quality are necessary for fur-
ther validation of CFD. For this purpose, it is im-
portant to establish further collaboration between
CFD and wind tunnel testing. CFD should be
used to clarify several problems of wind tunnel
tests and help the establishment of the correction
method to eliminate the interaction of wind tun-
nel walls and support devices. Collaboration can
lead both CFD and wind tunnel tests to have high
reliability.
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