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Abstract

A supersonic flight test was performed using a
small scaled experimental airplane (NEXST-1)
to demonstrate the aerodynamic design
technology for the next generation SST.
Aerodynamic forces at high Reynolds number
and Mach 0.6-2.0 can be obtained from the
flight test. Aerodynamic data at the transonic
region were validated from comparing with
flight test, CFD analysis and wind tunnel tests.
When the CFD results compare with flight test
results at high Reynolds number conditions,
difference of the drag component was observed
at both results. However, similar trend were
obtained at CFD and flight test results at Mach
number from 0.8 to 1.2.

1 Introduction

A research for the next generation
supersonic transport named NEXST (National
Experimental Supersonic Transport) program
had been advanced in JAXA (Japan Aerospace
Exploration Agency) [1]. One of main activities
of the NEXST program was to develop of an
optimum aerodynamic design technology. A
target of the aerodynamic design was set to the
drag reduction on the supersonic cruise
condition, a small scaled and non-powered
supersonic experimental airplane (NEXST-1)
was designed using a CFD based inverse design
method with four design concepts for the drag
reduction [2].

A supersonic flight test using the NEXST-
1 is planned to validate the aerodynamic design
concepts and design process at high Reynolds
number conditions. The flight test was
successfully conducted on October 2005 at

Woomera test range in Australia [3], and
aerodynamic data could be obtained from the
supersonic regions to the low-speed regions.
The aerodynamic design concepts and design
process can be confirmed by the flight test at the
supersonic cruise condition M=2.0 [4-7]. On the
other hand, the flight test results at transonic
regions are interested to validate the CFD solver.
In general, the flow field around the SST
configurations at the transonic region is more
complex than the supersonic region. Therefore,
the comparisons with CFD results and flight test
results are very valuable to validate the CFD
analysis at high Reynolds number and transonic
region.

In this paper, CFD results at the transonic
regions were validated using the flight test
results. Furthermore, CFD results at low
Reynolds number conditions were also validated
using wind tunnel test results.

2 Aerodynamic Design

A target of the flight conditions for the
aerodynamic design of the NEXST-1 was set to
a design point as the lift coefficient C =0.1,
Mach number M=2.0 and altitude H=18km that
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Fig. 1 Schematics of the NEXST-1configuration



was a supposed cruise condition of the SST. To
reduce the drag at the design point, four drag
reduction concepts were applied to the
aerodynamic design of the NEXST-1. 1)
cranked arrow wing planform, 2) warped wing,
3) area ruled fuselage and 4) natural laminar
flow (NLF) wing can reduce the supersonic drag
components (the lift dependent drag, the wave
drag and the friction drag). The CFD based
inversed design method was used to derive an
optimum geometry of the NEXST-1. Details of
the aerodynamic design process were reported
on reference 2. Figure 1 shows the geometry of
the NEXST-1. Benefits of each design concepts
were confirmed by the CFD analysis and wind
tunnel tests. And then, validation of the design
tools was confirmed at high Re conditions from
the flight test.

3 Aerodynamic Force Measurements

Three kinds of aerodynamic data can be
obtained from the flight test, CFD analysis and
wind tunnel tests. Measurement details of these
data were shortly mentioned in this chapter.

3.1 Flight Test

Figure 2 shows the overall flight test plan
using the NEXST-1. Although, the objective of
the flight test was validation of the design
concepts and design process at the design point
(M=2.0), aerodynamic forces were obtained at
the transonic and subsonic region. Figure 3
shows the flight path of the flight test. The
circle  symbols plotted on Fig.3 are
corresponded to evaluation data points. At
transonic region (called as transonic and
recovery phase), aerodynamic data at only a
point was obtained at each Mach numbers.
Because influences of the unsteady flow want to
eliminate from flight test results, those
evaluation points at the transonic region were
selected to the data that has not abrupt change of
the airplane attitude and control surface
deflections. Table 1 shows the detail flight
conditions at the each evaluation point at the
supersonic and transonic regions. Reynolds
numbers based on the mean aerodynamic chord
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Fig.3 Flight path at supersonic and transonic phase
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phase (Satregz[N:/{: Tolsed | M. | aldeg] | Q[kPa] | H [km] bas:;[ﬁ%‘ ac
a1 11022 | 200 | 157 | 1819 | 1804 1272
a2 1422 | 204 | 014 | 1885 | 1891 13.37
Aero. | arsweep | a3 1772 | 204 | 071 | 2018 | 1851 1425
Measure. | phase a4 12192 | 203 153 | 21.30 | 1810 14.93
Phase a5 12643 | 200 | 251 | 2208 | 1768 1554
(design a6 13125 | 197 | 344 | 2215 | 1747 15.64
points) | o o_Red 16735 | 201 156 | 5250 | 1224 3425
ohase Re 5 17135 | 19 156 | 5444 | 1169 35.15
Re_9 175335 | 190 156 | 5318 | 1145 34.70
18 18410 | 179 156 | 4567 | 1168 3162
6 20320 | 159 129 | 3107 | 1258 2531
14 22018 | 144 180 | 2420 | 1201 2104
12 26428 | 121 081 | 1908 | 1221 2033
transonic, 11 30036 | 110 | 090 | 1931 | 1098 2158
recovery phase 105 31834 | 105 | 058 | 1878 | 1053 2170
095 36348 | 095 | 255 | 1975 | 690 2411
09 38621 | 090 | 051 | 1899 | 642 2411
08 45401 | 081 224 | 1940 | 678 2620
06 67200 | o081 110 | 1965 | 244 3039

Table 1 Air data at the flight test

Ienegth at the transonic region are 20.3 — 26.2 x
10°.

Aerodynamic forces on the flight test were
measured by the IMU sensor (Inertial
Measurement Unit) located at the gravity center
of the NEXST-1. Detail configuration of the
NEXST-1 on the flight test was not
corresponded to the configuration on CFD
analysis. Because, a Pitot probe and a total
temperature sensor (TAT), etc.(called as
additional parts) were installed to the NEXST-1
at the flight test. Furthermore, the control
surfaces were deflected at the flight test, and
structure of the airplane was deformed by aero-
elastic effects [8-10]. To compare with CFD
results, the configuration of the NEXST-1 at the

2
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Fig.4 JAXA 2m x 2m transonic wind tunnel

flight test has to correspond with the
configuration at the CFD analysis. The
aerodynamic effects of the additional parts were
compensated at the CFD analysis. Aerodynamic
data obtained from the flight test were corrected
as the configuration with no deflection of the
control surfaces. Further, the angles of attack «
measured by the Pitot probe were corrected by
the aero-elastic analysis of the NEXST-1 [10].
Because the Pitot probe was installed near the
airplane nose that deformed by acceleration of
the airplane.

3.2 CFD Analysis

The CFD analysis was performed using the
structured mesh code UPACS (Unified Platform
for  Aerospace Computation  Simulation)
developed by JAXA. The Navier-Stokes flow
solver is based on a cell-centered finite volume
method. The Splart-Allmaras one equation
model is used to simulate turbulent flow in
UPACS code. Detail of the CFD code was
described in reference 8,9.

CFD analysis were conducted on a clean
configuration without the Pitot probe and TAT
sensor at the flight test conditions (high Re, see
tablel) and wind tunnel test conditions (Low
Re). Some additional parts had been installed to
the NEXST-1. This complex geometry is not
suitable for the computation using UPACS code,
because the UPACS code has the structure mesh
system. Therefore, effects of additional parts
were cleared by the CFD analysis using the
unstructured mesh code named TAS code
(Tohoku University Aerodynamic Simulation).
Effects of additional parts were also confirmed
by the wind tunnel test. Additional parts induce
to the increment of drag component [8,9].

EXPERIMENTAL AIRPLANE (NEXST-1)

3.3 Wind Tunnel Tests

Wind tunnel tests were conducted at 2m x
2m JAXA transonic wind tunnel (Fig.4). Two
wind tunnel test models with 8.5% scale of the
NEXST-1 were used separately for the force
measurement and surface pressure measurement.
Reynolds number based on the mean
aerodynamic chord length is Re=2.6 x 10° A
tape type roughness was attached on the wing
leading-edge to promote the boundary layer
transition near the leading edge of the wing.
Because, wind tunnel test condition should
correspond to the conditions of CFD analysis
that has fully turbulent model.

4 Results and Discussion

4.1 Comparison with Wind Tunnel Test

At first, CFD results were compared with
the wind tunnel results at low Re conditions
(Re=2.6 x 10°. As mentioned before, CFD
analyses were conducted at same Re with the
wind tunnel tests. Figure 5 shows Ci-a
characteristics at several M. The CFD results
were revealed good agreement with the wind
tunnel test results at M=1.2, 1.05. However,
slight difference on both results were observed
at M=0.95, 0.8.

Co=K(CL-CLo) *+Comin (1)

To break down the C_-Cp characteristics,
the Cp represents as a second order of the Cp
(Eq.1). Figure 7 shows variation of the K, Cuo
and Comin at the transonic region. Value of the K
is depended on the wing planform. Variation of
the K value by CFD analysis is agreed with that
by the wind tunnel tests. The Cwo shows the
different trend on both results. The Cwo of wind
tunnel test are larger than the CFD results at the
subsonic region (M<1.0), however, the Cwo of
wind tunnel test are smaller than the CFD
results at the supersonic region (M>1.0). In
general, the value of the CLo means the strength
of the warp wing. It was suggested that the
difference of the Co by CFD and wind tunnel
test were induced to the difference of the
spanwise load distributions. Therefore, it was
suggested that the different Cp distributions will
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Fig.5 Comparison of CFD results with wind tunnel test
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Fig.7 C.- Cp characteristics by CFD and wind tunnel
test results (Re=2.6x10°)

be observed on both results. Figure 8 shows
static pressure coefficient Cp distributions at
the spanwise location 7=0.3, 0.7 on a=0deg.
However, Cp distributions by the CFD were
relatively corresponded with the wind tunnel
test results. It means that the different of
aerodynamic forces observed in Fig.5 was not
observed on Cp distributions in Fig.8. Good

agreements were observed on the Comin at the
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Fig.8 Cp distributions by CFD and wind tunnel test
(a=0deg, Re=2.6x10°)

supersonic region, while the values of the Comin
of wind tunnel results are smaller than the CFD
results at the subsonic region.

4.2 Reynolds number effects in CFD

CFD results at the flight test conditions
(high Re; see tablel) were compared with the
CFD results at wind tunnel test conditions (Low
Re). Figure 9 shows C,, Cp, Cy, characteristics
at M=1.05. C.-a (Fig.9(a)), Cm-a (Fig.9(c))
characteristics shows good agreement on both
results. However, the Cp at wind tunnel test
conditions was larger than that at flight test
conditions. These differences of Cp values on
both results were not changed at several angles
of attack. When the drag was broken down to
the pressure drag and friction drag component,
it was cleared that the difference of the drag on
both results was induced by the different value
of the friction drag component. Figure 10 shows
the difference of Cp values obtained from the

0.4 0.4

0.3 0.3

0.2

-

0.2
-
o

0.1

® CFD_Highle 0
—&CFD_Low Re
0.1 0.1
3 2 1 0 1 2 3 4 5 6 7 0

0.1

afdeg] <

(@) Gra (b) C-Cp

0.08 * CFD_HighLe
—&-CFD_Low Re
3 -2 10 1 2 3 4 5 6 7

a[deg)
(c) C-ex

Fig.9 CFD results at different Re (M=1.05) 4
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CFD analysis at both Re. Values of the friction
drag correction obtained from Plantle-Hoerner’s
method [11] were also plotted in Fig.10. Similar
trend were observed on both curves. However,
Plantle-Hoerner’s method for correction of the
friction drag depended on the Re was slightly
larger than the values obtained by the CFD
analysis using Splart-Allmaras turbulent model.
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Fig.10 Values of the drag correction at different
Reynolds number

4.3 Comparison with Flight Test

To validate the CFD analysis at high Re,
CFD results were compared with the flight test
results. C_-« characteristics obtained from the
flight test and CFD were seen on Fig.11. As
mentioned before, a data at one angle of attack
was obtained at each M from the flight test (see
table 2). However, CFD analyses were
conducted at four « points at same Re and M
with the flight test conditions. C,_ from the flight
test was slightly larger than the C. by CFD
analysis. Figure 12 shows C_ - Cp curves at
several M. The Cp from the flight test were
smaller than the CFD results at M=1.2, 1.05.
Figure 13 shows Cn,-« characteristics as Fig. 11,
12. The Cp, from the flight test show relatively
good agreement with CFD results.

Figure 14 shows C. -a, C_ - Cp curve at
M=2.0 (the design point of the NEXST-1) [7,8].
At M=2.0, the aerodynamic data at several «
were obtained at same M, Re. CFD analysis at
M=2.0 were considered the friction drag
corrections using the boundary layer transition
location obtained from the flight test [8,12].
Locations of the boundary layer transition
depend on the pressure distributions and Re.
Surface static pressure distributions Cp depend
on the ¢ and M. The Re and M is different at the

EXPERIMENTAL AIRPLANE (NEXST-1)
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Fig.11 Comparison of CFD results with flight test results
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distributions at ¢=0.81deg (M=1.2) are similar
with Cp distributions at the design point (Fig.15
and Fig.8 (a)). It means that Cp distributions at
M=1.2 were similar with Cp distributions at the
design point that can be delayed the boundary
layer transition. Because, Cp distributions at the
design point were the optimum Cp distributions
for the natural laminar flow wing [2]. Therefore,
it was suggested that the laminar region on the
upper surface of the wing was exist at M=1.2 of
the flight test. This delay of the transition at the
flight test can reduce drag than the CFD results
obtained from fully turbulent analysis.

Figure 16 shows the minimum drag at the
several M. The C. - Cp curves obtained by the
CFD analysis were approximated by Eqg.1. The

0.014
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Comin at the flight test were obtained by an
assumption that the C_ - Cp curve at the flight
test has same value of the K and C, of the CFD
results. It means that the C. - Cp curves of the
CFD results shift along x-axis as left figure on
Fig.16 until the flight test results located on a
line of the shifted C, - Cp curve. The value of
the shift from CFD result to the flight test
results is the difference of the Cppin 0n the CFD
and flight test results. Wind tunnel test results at
high Re were also estimated by Re correction
using CFD results at the wind tunnel test Re and
the flight test Re (see Fig.9). When M increases
upto M=0.95, Cpnmin at M=0.6, 0.8, 0.9 doesn’t
change obviously, however slightly increases at
M=0.95. Over M=1.0 regions, the Cpmin
increases drastically at M=1.05. And then, the
Comin decreases linearly with increasing M upto
1.8. This variation of the Cpmi, at the transonic
region is similar with the drag variations
observed at the conventional aircraft. Similar
trend of Cpmin Characteristics was observed from
the results by the CFD analysis. However, as
mentioned before, values of the flight test
results were smaller than the CFD analysis. The
difference of the Cpmin at M=1.05 — 1.4 were
larger than the difference at other M. On the
other hand, wind tunnel test results were well
agreed with the flight test results at the subsonic
regions (M<1), but relatively good agreement
with the CFD results were observed at
supersonic regions (M>1).

When CFD results were compared with the
flight test results, C., Cp characteristics were
relatively corresponded on both results.
However, the Cp from the CFD results was
larger than the flight test results at wide
transonic regions. Similar trend was
also observed results at M=2.0. The
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Fig.16 Cpmin estimation at transonic regions (Re=20.3-26.2x10°)

along M-sweep obtained by the
CFD analysis were corresponded to
the flight test results.
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5 Conclusion

Results of CFD analysis on the SST
configuration at transonic region were validated
by comparing with NEXST-1 flight test and
wind tunnel tests.

e When CFD results were compared with
wind tunnel test results at Re=2.6x10°, good
agreement were observed at M>1, relatively
poor agreement were observed on low « at
M<1.

e From CFD results at different Re, the
difference of the friction drag component
was main reason of difference of the total
drag.

e  When CFD results were compared with the
flight test results at Re=20.3-26.2x10°,
difference of the drag component were
observed on both results. Further data
analysis is needed to clear the difference.
However, similar trend were obtained on
both results.
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