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Experimental and Numerical Research on Boundary Layer Transition
Analysis at Supersonic Speed:
JAXA-ONERA Cooperative Research Project (Part 2)’

Kenji YOSHIDA™, Yoshine UEDA ",
Olivier VERMEERSCH? and Daniel ARNAL"™

Abstract

Stability analysis on a supersonic natural laminar flow (NLF) wing designed by JAXA was performed at both
flight and wind tunnel test conditions as a joint research program between ONERA and JAXA. Both parties
validated the NLF wing effect by confirming suppression of crossflow instability at design point, using an ¢"
method with fixed J strategy proposed by ONERA. Although JAXA’s flight test vehicle and wind tunnel
test model had almost same averaged roughness height of about 1 1 m, it was shown that surface roughness
had little influence on measured transition location at both flight and wind tunnel test conditions. Further-
more, JAXA found that the pressure distribution measured in flight test did not completely coincide to the
target pressure distribution (Cpr,) for the NLF wing design. It revealed that measured transition location
at outer wing region was not delayed in flight test, compared with the transition location predicted with the
CPrurger Which had large gain to delay the transition. Influence of Reynolds number on transition location was
also studied for the target pressure distribution Cpr,,.. Consequently, chordwise transition location, (x/C)y,,
rapidly moves from mid-chord location to forward location (near leading edge) for increasing Reynolds num-
bers, according to the change of instability of boundary layer from Tollmien-Schlichting instability to cross-
flow instability.

Keywords: boundary layer transition, supersonic flow, linear stability analysis, ¢ method, natural laminar
flow wing, flight test, wind tunnel test

Nomenclature AOA . angle of attack

Cp : pressure distribution X : chorwise djrection perpendicular
CpTarget . target pressure distribution v ‘ to the l.eadl.ng efige
Re : Reynolds number - Spanwise dlrectlf)n o
Kk . surface roughness height X, . external str§aml.1ne direction
R . Reynolds number based on Ys crossflow direction L

K " roughness height z : normal to the surface direction
Ra . average roughness height v : longitudinal, sp::_mwise and nor-
Tu . turbulence level Z , mal mean velocity
S . semi-span q : dlstufbance .
C, . lift coefficient q : amplitude function
P, . total pressure ® : frequency
M : Mach number

* Received 7 March, 2013 CEf254:3H 7H %))
*1: Supersonic Transport Team, Aviation Program Group, JAXA
(FHMZEAF BRI MeT n 7T L7 —7 BEEET — )
*2: Department of Modeling for Aerodynamics and Energetics (DMAE), ONERA
(7 7 AT HBIIERT 2671/ =R F—F T /L)
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a=ca, +ia
B =B, +ip,
a=a,+ia,
B =B, +ip,
k=(a.5,)
7%

Abbreviations:

. Tollmien-Schlichting Instability
: CrossFlow Instability

: Hot Film sensors

: Dynamic Pressure transducers
. Preston tubes

: ThermoCouples

: Mean Aerodynamic Chord

: Navier-Stokes

: Laminar Boundary Layer

: Turbulent Boundary Layer

: Boundary Layer Edge

TSI
CFI
HF
DP
Pr
TC
MAC
NS
LBL
TBL
BLE

Subscripts:

JAXA Research and Development Report JAXA-RR-12-009E

. complex wave-number in X di-
i " rection
. complex wave-number in Y di-
" rection
. complex wave-number in x_di-
" rection
. complex wave-number in y_di-
" rection

. wave-number vector

angle between the external

. streamline and the wave-number

vector k

. angle between the external
" streamline and X direction
: amplitude of a disturbance

N factor provided by the integral

: of imaginary part of longitudinal

wave-number

relative to the mean aerodynamic

" chord
. at the boundary layer edge
: at the wall

. relative to the laminar boundary
" layer region

_ relative to the turbulent bound-

" ary layer region

relative to stability computation

. performed using envelope strat-

cgy

. relative to stability computation
" performed using fixed B strategy

1. Introduction

(1) Background

Boundary layer transition prediction is
still a challenging subject in both practical
engineering field and academic/scientific field"!".
ONERA(France) and JAXA(Japan) collaborated
to elaborate boundary layer transition prediction
methods for three-dimensional wings at supersonic
speed in the framework of cooperative research
activity®®. This cooperation started on April in
2000 and ended on March in 2008. Both parties
obtained good cross-validation for both transition
prediction methods and useful information to
understand transition phenomenon on the natural
laminar flow (NLF) wing of the experimental
airplane of JAXA (called “NEXST-1” ) at flight
test condition. It was designed and developed by
JAXA in the National EXperimental Supersonic
Transport (NEXST) program®®. But both parties
also obtained a few issues to be more investigated.
After completing a final report® of the cooperation,
ONERA and JAXA had an opportunity to discuss
those remaining challenging subjects, then made
new tasks and a research plan. Both parties
agreed to continue present research activity to
solve the challenging subjects in the cooperative
research framework at the 7th ONERA-DLR-
JAXA trilateral meeting held in Paris on the 18"
of June, 2009. A brief history and principal results
of previous cooperative research activity are
summarized in Appendix A.

(2) Work tasks

Previous cooperative work on the transition
research at supersonic speed conducted from 2000
to 2008 was divided into the following three tasks
(see Fig. A-1 and A-2 in Appendix A).

(1) Task 1 : Transition analysis on a sharp cone
model at wind tunnel test conditions

(i1) Task 2 : Transition analysis on the nose cone
model of the NEXST-1 airplane at wind tunnel test
conditions

(iii) Task 3 : Transition analysis on the NLF wing
model of the NEXST-1 airplane at wind tunnel and
flight test conditions

This document is provided by JAXA.
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Through the Task 1 to 3, both parties’ transition
analysis codes were well validated. Considering
the Task 3, good agreement between analysis
results and flight test data at inner wing region
was obtained. Nonetheless, discrepancy between
computations and measurements in the outer wing
region highlighted some misunderstanding in
transition mechanism analysis. This offered a few
subjects to improve and expand previous transition
analysis results (see Fig. A-3 in Appendix A).

Furthermore, in order to understand transition
mechanism on the NLF wing in detail, we needed
to focus on Reynolds number effect and surface
roughness influence at the design point condition
of the NEXST-1 airplane. As transition phenom-
enon (in particular, receptivity of freestream distur-
bances and surface roughness) is generally differ-
ent for Tollmien-Schlichting (TS) waves and cross-
flow (CF) disturbances, distinction must be made
between these two types of instabilities.

In previous cooperative research, both parties
used an approach of stability analysis with “en-
velope strategy” . Although this strategy is conve-
nient for consuming computation time, it cannot al-
ways make a clear distinction between TS and CF
instabilities. Therefore, another approach based on
fixed 8 strategy has been proposed by ONERA in
current eN method.

Fortunately, one of research members of JAXA
had an opportunity of staying at ONERA about 6
weeks from May to June in 2009 under a “short-
term stay abroad system” of JAXA. Preliminary,
stability characteristics applying the fixed [ strat-
egy on the subject of the NEXST-1 NLF wing was
investigated, and some new aspects were found by
both parties (see Fig. A-4 in Appendix A).

After that, additional tasks were defined in new
cooperative research as a follow-up activity to
previous cooperation.

(iv) Task 4 : Transition analysis on the NEXST-1
NLF wing model including roughness effect and
Reynolds number effect

Present Task 4 consists of the following

subtasks.

a) Subtask 4.1: Detailed transition analysis
on the NEXST-1 NLF wing model at
flight test conditions

As mentioned before, to understand measured
transition characteristics at flight test condition
more physically, we need to apply fixed [ strategy
to investigate stability characteristics. This strat-
egy can reveal the most dominant instability of the
boundary layer. At the design point condition of
the NEXST-1 NLF wing, JAXA controlled growth
of crossflow instability to realize that transition
due to Tollmien-Schlichting instability (exactly
speaking, “oblique” TS wave) was dominant.
Previous analysis confirmed that transition due to
oblique TS instability occurred at inner wing re-
gion by investigating propagation direction of the
most amplified disturbance wave. But at outer
wing region, we were not able to make it clear. It
came from envelope strategy applied to transition
analysis. Fixed 3 strategy, as one of detailed ap-
proaches in transition analysis, is well known to
be effective and useful for making clear transition
mechanism. Therefore, the fixed 3 strategy was
firstly applied in this task.

First of all, we analyzed stability characteristics
at the design point condition of NEXST-1 airplane:
Mach number 2.0, flight altitude 18 km, angle of
attack 1.6 degrees. Then we conducted same anal-
ysis at higher Reynolds number condition corre-
sponding to an altitude of 12 km. Comparing them,
we confirmed Reynolds number effect and also
investigated roughness effect, because practical
surface roughness condition kept constant at both
Reynolds number conditions.

b) Subtask 4.2: Detailed transition analysis
on the NEXST-1 NLF wing model at
S2MA wind tunnel test conditions

Before the flight test of the NEXST-1 air-
plane, JAXA conducted transition measurement
in ONERA-S2MA wind tunnel facility to vali-
date JAXA’s NLF wing design concept. S2MA
wind tunnel has a rather low turbulence level
(Tu=0.15%), so that this facility is well adapted
to laminar study. In the same way, JAXA made a
wing-body configuration model with a great care
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devoted to surface polishing and the average sur-
face roughness Ra was measured to study its im-
pact on transition location. During the wind tun-
nel campaign, the total pressure has been varied
from P =0.6 to 1.4 bar allowing an investigation of
Reynolds number effect on transition location. The
experimental pressure distributions were used to
conduct stability computations using fixed S strat-
egy. Through detailed analysis of wind tunnel mea-
surements and stability computations, both parties
expected to make an effective and useful correla-
tion among transition process, influence of surface
roughness and Reynolds number as well as influ-
ence of freestream turbulence.

(3) Approach

In the flight test, JAXA observed a slight differ-
ence between measured and CFD-computed pres-
sure (Cp) distributions. First of all, that difference
should be reduced to improve the discrepancy of
transition locations measured in flight test and es-
timated with eN method. As one of best ways for
it, the Cp distributions for three dimensional lami-
nar boundary layer (3D-LBL) computations were
estimated by applying a surface interpolation tech-
nique to the measured Cp distributions. Then, both
parties applied 3D-LBL code and e¥ method with
envelope strategy, respectively. By comparing both
results with measured transition location data, a
useful database for the N factor corresponding to
transition was made.

Furthermore, to confirm the nature of transition,
the fixed S strategy was applied to stability com-
putations for all cases. Additionally, roughness ef-
fect on transition location was evaluated using the

U(k)xk
(k)

Reynolds numberR; =
ness height k.

based on rough-

(4) Objectives

According to previous sections ( “Work
tasks “ and “Approach ), main objectives of
present cooperative work are to advance previous
transition research results on the NEXST-1 air-
plane, and to confirm the validity of both parties’
transition analysis methods through comparing
numerical results with both wind tunnel and flight

test measurements at supersonic speed conducted
by JAXA. Based on them, present main objectives
and approaches are divided into three parts as fol-
lows:

(i) Objective 1: To confirm the suppression of
crossflow instability (CFI) at the design point of
NEXST-1 flight test

— Approach 1: To conduct stability analysis with
fixed [ strategy, comparing stability results at off-
design points

(i) Objective 2: To quantify the influence of
surface roughness on transition process

— Approach 2: To compute the roughness
Reynolds number based on measured roughness
height R, using ONERA’s roughness database

(iii)) Objective 3: To investigate the Reynolds
number effect on the target Cp distribution for the
NEXST-1 NLF wing

— Approach 3: Same as Approach 1

(5) Schedule

Present new cooperative work was achieved
within a time span of three years, namely from the
end of 2009 to the end of 2012. The first year was
mainly devoted to the achievement of the Subtask
4.1 whereas the second year concerned Subtask
4.2. The last year was devoted to achievement of
making a final common report and some technical
papers for international conferences. Of course,
a review meeting was organized each year to
discuss, adjust and summarize research results by
both parties.

(6) Research plan

Table 1 shows a brief summary of present
research subjects.

(7) Contents of present report

The objective of present report is to summarize
the results obtained in present cooperative research
activity. This report particularly focused on the in-
depth comparisons of stability results computed
by both parties to experimental results obtained by
JAXA.

Present report consists of following three parts:
The first part is transition analysis on the NEXST-1

This document is provided by JAXA.
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Table 1. Summary of present research activities

| Flowfield LBL stability Rk—study Re-study
| Coluvw) Envelope |  Fixed 8 Database
JAXA |ONMERA| JAXA |[ONERA| JAXA OMERA JAXA | ONERA |ONERA| JAXA ONERA JAXA

M| o Nod o O O o &) O O - - o o o
i & _No.2 - 9] - —_ - — —_ — —_ —
? o _No.3 O — &) - o — o - — — - | -
1 Re_No5 O (] O o (0] O O — - o (9] 8]
5 PO=06bar|] O 0 0 o] (o] (o] o} o (0] (o] o | ©
2postobed — [0 |00 |0 |0|O0| 0| =-]|0]|0O]O
APO=14bar] — o o o o o o o Q O Q O

flight test conditions (Chapter 2). Stability analysis
is made using fixed 8 strategy which highlights the
most dominant instability of boundary layer lead-
ing to the transition for flight test configuration.
The second part corresponds to transition analysis
on the NEXST-1 wing-body model at S2MA wind
tunnel test conditions (Chapter 3). It also describes
to make clear the most dominant instability mode.
The third part is physical consideration on the in-
fluence of roughness and Reynolds number on
the NEXST-1 experiments (Chapter 4 and 5). The
third part also includes a study of Reynolds num-
ber effect on numerical target pressure distribution'
for the natural laminar flow wing design concept
(Chapter 5).

2. Stability computations at NEXST-1 flight
test conditions

2.1. Outline of flight test
(1) Design concept

It is very important to control crossflow in-
stability to obtain a significant region of laminar
boundary layer on a highly swept wing. JAXA
found an ideal pressure distribution to suppress
the CFI on supersonic transport (SST) configura-
tions by using a current transition analysis method
(e™ method), then developed a CFD-based inverse
design method® for a natural laminar flow wing
design. The procedure of present method is illus-

I Let’s recall that in flight, measured Cp distribution
was slightly different from the target pressure distribu-
tion computed by JAXA

trated in Fig. B-1 of Appendix B. The most im-
portant part in this procedure is to specify a target
pressure coefficient distribution (CPyyppe)- It con-
sists of (i) an ideal pressure distribution on upper
surface to suppress the CFI, and (ii) the difference
of Cp distributions on upper and lower surfaces
satisfies “warped” wing design condition.

According to this procedure, JAXA firstly pre-
pared an initial configuration designed with three
pressure drag reduction concepts based on su-
personic linear theory, that is, an arrow planform,
a warped wing and an area-ruled body. Then, the
difference between the CPrrger and CFD-computed
Cp distribution on the initial configuration was es-
timated. After that, the configuration was modified
to reduce the difference of Cp distributions by us-
ing supersonic lifting surface theory. Finally, such
a step was continued until converging towards the
target pressure distribution.

To demonstrate the NLF wing design concept
in flight test, JAXA designed and developed an un-
manned and scaled supersonic experimental vehi-
cle (called “NEXST-1” ) shown in Fig. 1, which
was manufactured taking account of the elastic
deformation at the design point: Mach number
M=2.0, lift coefficient C =0.1 and flight altitude
H=18 km. It also includes present four design con-
cepts to reduce supersonic airframe drag. The de-
sign process and principal results are described in
Ref. 4 in detail.
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Cranked Arrow Planform

Aspect Ratio: 2.2
Wing Area: 10.12m?

Natural Laminar Flow Wing

Weight: 1.94 ton

Area Ruled Body
'/ ; N

“~«~ Design Point: M=2.0, C,=0.1, H=18km

% "F'g'- .

Figure 1. NEXST-1 airplane with aerodynamic design concepts

(2) Flight test and wind tunnel test valida-
tions

Before the flight test of the NEXST-1, JAXA
experimentally confirmed the NLF wing design
concept using a special wing-body model which
consisted of adiabatic material skin (about 5 mm
thickness on metal body) and multi-element type
hot-films. The continuous supersonic wind tun-
nel of ONERA (S2MA) was chosen to investi-
gate transition characteristics since its turbulence
level “Tu” was firstly considered as rather low:
0.15%<Tu<0.20%. Nonetheless, these values re-
main high compared to very weak turbulence level

in free flight condition: Tu<0.05%. Therefore, the
NLF wing design was qualitatively confirmed but
not quantitatively in terms of transition location as
shown in Fig.29. Furthermore, stability analysis on
S2MA test conditions was also conducted, and its
results were summarized in next Chapter and Ref.
7.

Then, the flight test of the NEXST-1 was con-
ducted at Woomera test field in Australia, 2005.
The test consisted of two aerodynamic measure-
ment phases. One was “angle of attack sweep
test” phase around 18 km altitude to confirm the
drag characteristics of the NEXST-1. Another was

IR Image Test in ONERA-S2MA : M=2, Re,,,~4.7 X 10¢
@Off-Design Point:a=-1°

Transition line

.'.
Rearward y/s=0,7
movement g

“ 23.3% model
T |

Figure 2. Experimental validation test for transition

@Design Point:a=2°

) W

characteristics
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“altitude sweep test”
the design value of lift coefficient C =0.1 to inves-
tigate the effect of JAXA’s NLF wing concept at
higher Reynolds number than the one of the design
point (about 2.4 times higher). Outline of the flight
test is illustrated in Fig.3.

phase while maintaining

To realize the NLF wing concept in real flight
vehicle, severe criterion for surface smoothness
that averaged
roughness height was reduced less than 1 p m at

condition was specified, is,
least as explained later. To detect its transition
characteristics, hot-film sensors (indicated by
“HF” ), dynamic pressure transducers ( “DP” ),
tubes ( “Pr’ )
( “TC” ) were applied. They were mounted on the
upper surface of the wing and the side surface of
the forebody as illustrated in Fig. 4(c) and Fig. B-5
of Appendix B.

Principal

Preston and thermocouples

of the

results flight test are

M=2, low Re

summarized in Figs. 4. Fig. 4(a) shows a
comparison between measured and CFD-based
Cp distributions on the wing at the design
condition ( “a No.4” ) of the NEXST-1. These
computations were performed on the elastic
deformed configuration designed by JAXAY.
Especially, high correlation between them on
upper surface was confirmed within measurement
error bar of ACp=720.0115 illustrated as symbol
of “T”
conditions to obtain extended laminar regions
on the wing were satisfied during the flight test.

in Fig. 4(a). It indicates that necessary

Fig. 4(b) shows one of measured data with hot-
film sensors at a typical measurement position.
After analyzing whole data on the upper surface,
transition line was estimated as indicated in Fig.
4(c) by the green line. At the design point, the
boundary layer remains laminar in the first 40% of
chord. The evolution of transition line as a function

Woomera
H=13.7T~11.5km

| @ M=2, Cy 4, =0.1

e * 1k

- 0

B5 80 a5 100 105 110 MF 120 125 130 135 140 145 150 155 180 165

s [s0c]
Figure 3. Overview of NEXST-1 flight test
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(a) Comparison of measured and CFD-based pressure distributions at design point
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State of boundary layer at 4™ step of a-sweep (C,-sweep) /»
was supposed to be laminar from HF-DC/AC output.

(b) Hot-film measurement data

TC: Thermocouple, Pr : Preston Tube, HF: Hot Films, DP: Dynamic Pressure
a1 B oHF Dp

A TC(TUR) +PiTUB} * HRTUB) = DR(TUR)

A TOLAMR+TREN) + PiLMETEN) *HRLME-TRN) "DRLMRETRN)

Dgsign paint (o_No,4)
Cp=.10 aM=2.02,4=1.59" ,
H=18. 1km (Rec=14.0 X 10%)

“Estimated transition line”
based on measured transition data

8-

About 40% laminarization

(c) Summary of transition measurement results

Figure 4. Principal flight test results
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of the angle of attack is illustrated in Figs. B-8 of
Appendix B.

Furthermore, Fig. 4(d) shows a comparison of
measured transition data and JAXA’s transition
analysis results, that is N contours™ ®. Solid-red
and open-blue symbols correspond to turbulent
and non-turbulent state in boundary layer at the
design point,
means laminar and transitional states. Measured

respectively. Here non-turbulent
transition data indicate approximately 40% of
laminarity on the upper surface as clearly shown in
Fig. 4(c). Three solid-lines correspond to transition
lines predicted with assumed transition criteria for
N contours based on a current eN method. JAXA
improved an in-house e code under the framework
of ONERA-JAXA cooperative research program®
and used so-called envelope strategy” to compute
amplification rates of disturbances in stability
analysis. In this comparison, transition location at
inner wing region predicted with N=11 seems to be
in good agreement with measured data, whereas a
lower value N=9 matches with measured transition
pattern at outer wing region®. This non-unique
N value corresponding to measured transition,
contrary to what was expected, highlights the fact
that distinct transition mechanisms may exist in
inner and outer part of the wing. This is strong
motivation to advance present ONERA-JAXA
cooperative research activity.

2.2. Analysis approach

To reduce the discrepancy between measured

and predicted transition pattern at the design
condition shown in Fig. 4(d), the following
subjects were investigated; (i) to check the Cp
distribution to be used for computing laminar
boundary layer, (ii) to understand physical
mechanism, identifying the most dominant mode
(Tollmien-Schlichting or crossflow instabilities),
(ii1) to consider the influence of surface roughness,
and (iv) to quantify Reynolds number effect on
transition characteristics.

Outline of our approach to the subject (i)-(iv) is
summarized in the following paragraphs.

(1) Improving Cp distributions [Subject (i)]

Although CFD-based Cp distributions are defi-
nitely located within measurement error bar of
measured pressure coefficients as shown in Fig.
4(a), there is slight difference between them. It
may affect the properties of the LBL. Therefore,
JAXA improved the Cp distributions used to com-
pute 3D-LBL by applying a surface-interpolation
technique based on the difference between mea-
sured and computed pressure coefficients. It con-
sists of a combination of least square approxima-
tion technique for chordwise direction and con-
strained spline function fitting technique for span-
wise direction.

The procedure of this interpolation technique is
described as follows:

(1) First of all, it is assumed that the interpolated
Cp distribution consists of a base part and a per-

a-sweep No.4 (design point) |

M:.=11 has gaadl

correlation with FLT data.

N+, =8 has almost
th FLT data
Transition measurement results on each sensor

0 HFAClLam+Tra)  © DPAC{Lam+Tra)
+ DPAC(Turb.)

correlation wi

» HFAC(Turb.)

== — non-turbulent state
~_~{laminar+transition)

— N=10

turbulent state — N=11

& Preston(Lam+Tra)
s Preston(Turb)

(d) Comparison of measured and analyzed transition data in previous ONERA-JAXA joint research

Figure 4. Principal flight test results
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turbed part as defined by the following relation.
CpFLT,interpalated (53 77) = Cpbase (5’ 77) + 5Cp(§’ 77)

Here, as the base part, JAXA used the Cp distribu-
tions on the elastic deformed configuration com-
puted using JAXA’s NS code with full turbulent
boundary layer (TBL) condition.

CPuse (5’ 77) = CpNS(TBL) (5: 77)

(i) Then, the perturbed part is estimated as
follows:

a) Chordwise 6Cp distributions at five spanwise
stations for pressure measurement are interpolated
by using a least square technique.

5Cp((§, Ny ) = Least Square Approximation withn —th polynomial of &
Jortwo & regions on5Cp(£,,,n,, )at each 17,
where 5Cp(§M R )E Cprir (SZM v )_ e (§M R )

x . .
&y = [fj at measured chordwise position
¢

Ny = [Xj at measured spanwise station
s

Here two & regions are defined as follows:

region] :0< & <&
regionll 1§, <&E<E,

y/s=0.15

— === "__r.-*-"""‘

® Cplmass
4 s =Cp nterpa
==Cp-N3

ACp=Cp(FLT_Meas.)-Cp(CFD_NS_TBL)

==1i .--'--;-J" ""r--...p;_-j.___‘n-‘e_'_ L1 n T
o R
558
T [ 1t I ' Y
s LT
% I
il | & Cpimeas)
o 3 * Cp_intp
Tp_mrerps
i Cp(FLT_intp.)=CP(CFD_NS_TBL)+ACp(LSQ)
-F-] - z : X : - - .

o =1L (-]} a3 oo a8 aios o 0 on (-1 ) B

To realize effective interpolation, & ' and n (order
of the polynomial) must be carefully selected at
each pressure measurement station. Fig. 5(a) shows
typical results in this process: n=4 and 3 were cho-
sen in the region I and II respectively. As clearly
seen in the figure, present interpolated Cp distribu-
tions were in close agreement with measured pres-
sure distributions with consideration of measure-
ment error bar.

b) Spanwise §Cp distributions at each chordwise
position (x/c) with finer spacing were interpolated
by using a constrained spline technique.

5Cp(§,77) = Constrained Spline of n for 5Cp(§,77M) ateach&

Figure 5(b) shows a result of present spanwise in-
terpolation. To avoid any unexpected waviness
due to application of spline approximation, it was
clearly found that present constrained spline tech-
nique was very effective.

Figure 5(c) shows a comparison of present
surface-interpolated and previous Cp contours.
Previous one was the Cp contour computed
with CFD and it was used for previous stability
analysis. Present one was used to conduct present
stability analysis.

0 a0

*4Ce . least square (LSQ) fit
0o & KX} || =1 - =L 7 R t ;.,
—atp /
oo |, ! / ‘
fa AT f/ 7 4
*.:-?':':"‘[' Lr %\H—’/J £ i -\-‘.':.'"’t._- -.,./‘/v
g
i 030 {
: =le
a0 | n=d n=3

Vr==e3-.04,_ 03 08 07 08 0 SC
-'"""'---.....___

(a) Chordwise interpolation (1/3)
Figure 5. Results of Cp interpolation technique
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(a) Chordwise interpolation (3/3)
Figure 5. Results of Cp interpolation technique

In present stability analysis, the following four
cases are mainly focused on; (A) at design point

case called

sign point cases called

and (C) at

“a No.4” , (B) at typical two off-de-
“a No.2” , “a No.3”
a higher Reynolds number case called

“Re No.5” . Their detailed conditions are de-

11

scribed in Table B-1 of Appendix B. Concerning
the case Re No.5, similar surface-interpolated Cp

distribution was also applied and good interpola-

tion result, especially near the leading edge region
were obtained as shown in Fig. 5(d). However, for
two off-design point cases, CFD-based pressure
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A constrained spline technique was applied to reduce unexpected waviness.

representative point

&Cp
-0.04
-0.03
-0.02

-0.01

0.01

o =522 x"+ 11.138:" - 78637 = 2.0432x - 0.1636

|

oo be—_— Measurement stations I|=yr!s

(b) Spanwise interpolation

a-sweep No.4

CFD(NS)-based Cpyppe
(previous study)

=

Interpolated Cp,ppe,
(present study)

(¢) Surface-interpolated Cp contour at o« No.4 case

Figure 5. Results of Cp interpolation technique

distributions were applied because they were very
little different from measured ones. Fig. 6 shows
a comparison of several Cp distributions along
chordwise location at inner and outer wing regions
(y/s=0.3 and 0.7) where s stands for the semi-span
of the NEXST-1: s=2.36 m. (Furthermore, Mach
number contour and external streamline at o«

No.4 case were illustrated in Fig. 7 as a reference.)

Finally, to be convenient for computing
3D-LBL and stability characteristics, detailed
numerical tables of present surface-interpolated
pressure and velocity distributions at boundary
layer edge are summarized in Appendix D.
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Interpolated CPyye(FLT) at Re_S
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(d) Surface-interpolated Cp contour at Re No.5 case

Figure 5. Results of Cp interpolation technique
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Figure 6. Pressure distributions for computing laminar boundary layer

(2) Fixed P strategy [Subject (ii)]

As mentioned before, comparison between ex-
periments and stability computations using en-
velope strategy provide different values of transi-
tion N factor for the inner and the outer regions
of the wing. This may indicate that distinct transi-
tion process exists in these regions: one driven by
Tollmien-Schlichting instability and the other by
crossflow instability. Therefore, it is important to
split crossflow instability from Tollmien-Schlich-
ting wave to understand physical nature of transi-

tion in three-dimensional boundary layer. In our
previous analysis®, both parties used envelope
strategy which reduces computational cost by ne-
glecting freedom of physical variables in three di-
mensional disturbances.

In the framework of classical linear stability
theory, disturbances are introduced as:
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Figure7. Definition of disturbance on the wing coordinate system (X, Y, z) and external streamline coordinate
system (xs, ys, z), including Mach number color map and freestream lines at & No.4

¢'(X,7,2,¢)
=q'(x,,1,,2,1)
( exp aX) exp[ (a, X +pY - a)t)] ONERA
exp ax )expz(ax +,By - ot JAXA
e))

where ¢' is a fluctuation (velocity, pressure
or temperature) and ¢ its amplitude function.
ONERA and JAXA wused different coordinate
In the
formulation by ONERA, X is perpendicular to the
leading edge (along Y axis) and z normal to the

wall. In the formulation by JAXA, x_ corresponds

systems to define the disturbances.

to the external streamline direction and y_ is
perpendicular to x_as represented in Fig. 7.
Considering the spatial approach in stability
theory, @ =, +ia, or & =a, +id, is complex
wave-number in the X or x_direction. The span-

wise wave-numbers [ (along Y direction paral-

lel to the leading edge) and E (along y_direction
parallel to crossflow direction) respectively as well
as the frequency @ are real. Assuming that the
spanwise wave-number is real means that there is
no amplification of the disturbance in spanwise di-
rection. This implies that formulation by ONERA
or JAXA is based on different assumptions for the
spanwise wave-number: this problem is discussed
in Appendix C. Fortunately both parties confirmed
that the assumption made little difference in com-

puting stability characteristics.

It is common to introduce the angle between the
external streamline and the wave-number vector as
defined by the following relation:

v =tan(B/a,)-

A, ~
=tan” (B/a,) @)
where @ represents the angle between the external
streamline and the X direction (see Fig. 7). The
angle ¥ corresponds to the propagation direction
of instability wave. It is an interesting parameter
which allows the distinction between the two
kinds of disturbances respectively TSI and CFIL.
As a matter of fact, for TS wave ¥ remains
less than ¥ <60° and on the contrary, dealing
with CFI ¥ is around ¥ ~89°

The amplification of a disturbance, i.e. the ratio
between the amplitude at a given station and the
initial one is given by relation (3). It is common to
introduce the so-called N factor which describes
the total amplification rate of the small disturbanc-
es along a path where disturbances propagate.

Ai;—exp( J.XO a(x )dx)

To compute the N factors,
following two approaches can be used:
a) Envelope strategy: at a given streamwise posi-

3)
generally the

tion x, and for a fixed value of the frequency o),
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the value of the longitudinal wave-number @, is
calculated as a function of  and the N factor cor-
responds to the most unstable wave-number direc-
tion according to:

N(@)=~[ Mar{a(x,: 0.9 )lax,

Envelope strategy consists of selecting a special

propagation direction (¥») which has maximum
amplification rate (¢ =-«,) among whole propaga-

tion direction angles (-90<¥ <90°) at each frequen-

cy (f[Hz]) and streamwise Reynolds number based
on chordwise location (Re ), as illustrated in Fig. 8.

This model cannot explicitly split CFI and TSI, be-

cause the selection of ¥ always means to indicate
maximum value on o of CFI or TSI. It can be an-
ticipated that compared to fixed 8 strategy the en-
velope strategy lacks certain physical information.
Indeed, from a numerical viewpoint, it is assumed
that crossflow instability can suddenly change to
streamwise wave within short distance.

b) Fixed 8 strategy: the N factor is integrated fol-

lowing wave with constant frequency and constant
spanwise wave-number according to:

N(o,B)=~[ &(x;o,Bx,

Fixed 8 strategy represents an improvement com-

pared to envelope strategy". In this approach, sev-
eral pre-set combinations of (5., ) are applied
to compute eigenvalues (&,>;) in linear stability
equation in spite of selecting ¥, as illustrated in
Fig. 8. ONERA has reported its effectiveness on
several transition studies in both low and transonic
speeds”. The application of such fixed B strategy
to JAXA’s NLF wing in supersonic flow is one
of valuable challenges for ONERA as well as for
JAXA.

(3) Rk study [Subject (iii)]

As mentioned before, surface quality and sur-
face defaults may strongly influence the transition
process. For instance, it is now established that CFI
is sensitive to surface roughness and will have an
initial amplitude all the more important than the
surface average roughness parameter is high. In
this context, the NEXST-1 airplane was carefully
manufactured and polished to keep severe surface
roughness condition for little influence on transi-
tion phenomenon. Before and after its flight test,
surface roughness was measured with a special

technique illustrated in Fig. 53(b). From the sur-
face average roughness, JAXA computed the cor-

_ Uk)xk
responding Reynolds number R, = W

Using the ONERA’s correlation between R, and
the transition N factor (see Fig. 55), the influence

O Envelope strategy «— Effective to simplify
A {[[— a (X fop, )X = J Mpx[- a (X 1. y)kx
O Fixed [ strategy -— Effective to split TS or.;Z'F instability modes
Nk X i f . B)m j-[- a X 1w, }}f.‘l.' = j[-a,!.’t’ . lan"[—g]”-i\'

B = fixed values for

L
i

[Ts1) ¢
|CFT |
1%

nE

L

Figure 8. Comparison of envelope and fixed 3 strategies
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of surface roughness on transition occurring on the
NLF wing was investigated. The main results are
described in Chapter 4.

(4) Stability analysis at higher Reynolds
number conditions [Subject (iv)]

Reynolds number effect on transition phenome-
non on the NLF wing is the most important subject
to establish and confirm JAXA’s NEXST-1 aero-
dynamic design technology. In the flight test, its
transition characteristics at higher Reynolds num-
ber condition Re,, =35.2X10° (Re_No.5 case),
which was about 2.4 times higher than Reynolds
number at the design point Re,,, =14.9X10° (a_
No.4 case), were measured. (Here, Re,, . is Reyn-
olds number based on the mean aerodynamic chord
of the NEXST-1.) Then, stability analyses were
performed and compared with transition measure-
ment data. Furthermore, transition characteristics
on the target pressure distribution CPrypee ToOr the
NLF wing design were carefully investigated by
applying fixed S strategy. The principal results are
described in Chapter 5.

2.3. Stability analysis

2.3.1. Stability analysis at design point
(a_No.4)

(1) Boundary layer computations

To improve the discrepancy between mea-
sured and numerical transition locations as shown
in Fig. 4(d), ONERA and JAXA directly applied
present surface-interpolated Cp distribution to
compute 3D-LBL characteristics, in place of us-
ing CFD(NS)-based Cp distribution as in previous
study. Some comparisons of LBL results computed
by ONERA and JAXA independently are summa-
rized in Figs. 9 and 10. First of all, comparison of
chordwise evolutions of Mach number (M), static
temperature (T ) at boundary layer edge (BLE) and
wall temperature (T ) are summarized in Fig. 9(a)
at inner wing region (y/s=0.3) and Fig. 9(b) at out-
er wing region (y/s=0.7). Here, “NS (ES shape)”
means the results computed by JAXA with a CFD
code involving laminar flow condition (NS mode).

“ES”  indicates the configuration elastically
deformed under aerodynamic load at the design

point. They were used in previous stability analy-
sis. In addition, previous results were also plotted
in each figure.

In general, there is arbitrariness to define the
boundary layer edge. For its computations, ONE-
RA used two definitions: firstly, the boundary layer
thickness was defined as the point where the ve-
locity reaches 99.8% of the external velocity (U(y
=0)/U.=0.998) (A); secondly, this point was little
modified such as U(y=0)/U=0.995 (©). JAXA
used the latter definition to calculate boundary lay-
er edge: these results correspond to the red full line
(—). The evolution of the boundary layer thickness
(“Delta” ) as well as the displacement thickness
( “Delta*” ) are plotted in Fig. 9. The displacement
thickness is defined as followed:

)
5 ( _ﬂde

0

As well as for external Mach number and static
temperature, there is a remarkable correlation be-
tween ONERA and JAXA computations. The same
kind of comparison, at other spanwise stations (y/
s=0.5 and 0.9), are summarized in Figs. E-1 of Ap-
pendix E.

As a typical LBL result, dimensionless cross-
flow velocity profiles (V/U)) in external streamline
coordinates are plotted in Figs. 10(a) for the inner
wing region and Fig. 10(b) for the outer wing re-
gion. Here, “z” is the wall normal direction. As
mentioned before, ONERA used two definitions of
boundary layer edge: U/Ue=0.998 (open triangle
symbols) and U(y =0 ) / Ue = 0.995 (solid trian-
gle symbols). On the other hand, JAXA compared
previous NS-based results (coloured dashed lines)
with present results computed with JAXA’s 3D
boundary layer code at the condition of U(y=0 )/
Ue=0.995 (coloured solid lines). As shown in each
figure, ONERA’s results (solid triangle symbols)
are in rather good agreement with JAXA’s ones
(coloured solid lines). For other spanwise stations,
similar comparisons are summarized in Figs. E-2
of Appendix E.

(2) Stability analysis (envelope strategy)

The laminar boundary layer mean velocity pro-
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(b) Comparisons of boundary layer thickness at y/s=0.7

Figure 9. Boundary layer computations at « No.4

files were used to conduct stability analyses. The
corresponding N factors and the most amplified
propagation direction angles (¥') using envelope
strategy obtained by ONERA and JAXA are plot-
ted in Figs. 11 and 12. These figures also include
transition locations (indicated by “X exp” ) mea-
sured during the flight test> and the corresponding
N factor values (called “transition N factor value:

2 All experimental transition locations are gathered in
the arrays of Figs. B-8 of Appendix B

NTR.” )-

As similar to previous study, JAXA’s N fac-
tors are almost in good agreement with ONERA’s
results as shown in Figs. 11(a) and (b). At other
spanwise stations (y/s=0.5 and 0.9), similar com-
parisons are summarized in Figs. E-3 of Appendix
E. There was a slight difference between ONE-
RA’s and JAXA’s results at mid-span region (y/
s=0.5) as shown in Fig. E-3(a). This region corre-
sponds to the kink of leading edge at the NEXST-1

This document is provided by JAXA.
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Figure 10. Boundary layer computations at o« No.4
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Figure 11. N factors computed with envelope strategy at design point
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Figure 12. Propagation direction computed with envelope strategy at o« No.4
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JAXA

(b) y/s=0.7 (outer wing region)
Figure 12. Propagation direction computed with envelope strategy at « No.4

wing planform. It was supposed that it generated
slight distortion of both surface contour and span-
wise pressure gradient. Therefore, each 3D-LBL
result near this region was very sensitive to such
distortion.

Against our expectation, the N at inner wing
region (y/s=0.3) is about two times higher than
that at outer region (y/s=0.7) as shown in Figs.
11(a) and (b). If it is assumed that the N, should
be constant in the spanwise direction, JAXA thinks
that the measured transition location at outer
region is forced to be located more forward than
the location predicted with the constant N_. . This
point will be discussed at Chapter 5.

The chordwise evolution of the direction of the
wave vector ¥ (compared to external streamline)
is plotted in Figs. 12 for the inner part of the wing
y/s=0.3 (a) and the outer part y/s=0.7 (b). As men-
tioned before, ¥ ~89° is representative of CFI
whereas ¥ < 60° stands for TSI. There is only a
qualitative agreement between ONERA and JAXA
results. It is no surprising because envelope strat-
egy is very sensitive to the selection of the direc-
tion corresponding to the locally most amplified
disturbance. That is why there is some discrep-
ancy in the evolution of ¥ angle between ONE-
RA and JAXA results. Nonetheless, the evolution
of corresponding N factors which correspond to

the integration of the eigenvalues «, are in close
agreement. On Figs. 12, the limitation of envelope
strategy is illustrated with the suddenly change of
¥ value which corresponds to a change of nature
of instabilities from crossflow to Tollmien-Schlich-
ting ones. Such a limitation can be overcome using
fixed 8 strategy.

(3) Stability analysis (fixed p strategy)

Figs. 13 and 14 show similar comparisons of
N factors and propagation direction angles (¥
) computed with fixed 3 strategy by both parties.

The range of several combinations of (5., f') was
specified as follows:

—450< B.[m™'1<3000, 3< f[kHz]<25 for y/s=0.3
—-500< B.[m™']1<2000, 4< f[kHz]<20 for y/s=0.7

These values were defined on agreement with
previous envelope strategy computations. First
of all, JAXA’s results of both N factors and ¥
distributions are in good agreement with ONERA’s
ones. But there was remarkable difference between
ONERA'’s and JAXA’s results at mid-span region
(y/s=0.5) as shown in Fig. E-5(a) of Appendix E:
as mentioned before, this section corresponds to
the kink of the leading edge.

Then, as easily seen in these figures, contrary
to envelope method, fixed [ strategy can clearly

This document is provided by JAXA.
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Figure 13. N factors computed with fixed 3 strategy at design point
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Figure 14. Propagation direction computed with fixed 3 strategy at « No.4
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Figure 14. Propagation direction computed with fixed 3 strategy at « No.4
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a0
1
] 0.2 o4
-500< B[m™"]< 2000
split instabilities into two modes: crossflow

instabilities on one hand and Tollmien-Schlichting
instabilities on the other hand. N factors due to
CFI mode (N,
edge where the flow is accelerated (high negative

) rapidly increase near the leading

pressure gradient), then N factors due to TSI

mode (N
of the N,

is weakly negative or positive as illustrated by the

) gradually grows after the maximum
in region where the pressure gradient

comparison between Figs 6 and 13.

According to the measured transition data, it
is recognized that the most dominant instability is
TSI at inner wing region (y/s=0.3) as shown in Fig.
13(a). The transition N factor obtained by fixed
[ strategy at the transition location is N=9.5. On
the contrary for the outer part on the wing, transi-

tion process is conducted by CFI (Fig 13(b)) and
occurs close to the leading edge for low value of

N factor N=4.5. The evolutions of ¥ angles are

given in Figs. 14. Further stability results at other
spanwise stations computed with fixed 3 strategy
revealed that TSI is the most dominant instability
over the whole wing region as shown in Fig. 15(b)
except at y/s=0.7. This figure also includes predict-
ed transition lines based on some typical N values
provided by envelope strategy.

(4) Summary

Present comparison of N factors and ¥

distributions computed by both parties for
o No.4 are summarized in Table 2. There

was good correlation between ONERA’s and

Table 2. Summary of stability analysis at « No.4

a-sweep_4 Exp. N (envelope strategy)
(FLT)
yls (x/c)rr ONERA JAXA
f(Hz) N y(°) | f(Hz) N y(°)
0.30 0.38 8000 14.6 -64.6 8200 14.4 -64
0.50 0.44 6000 6.4 -711 7600 10 -66
0.70 0.25 12000 7.4 -65.0 | 18500 7.6 -56
0.90 0.50 16000 4.4 57.5 11000 5.4 66
a_4 | Exp. N(fixed B strategy)
(FLT)
yls | (x/c)r ONERA JAXA
f(Hz) | B N | w() f(Hz) | B N Tw()
0.30 | 0.38 | TS| 5000 | -300 | 9.2 | -71.4 | TS| 5400 | -300 | 9.5 | -70.1
0.50 | 0.44 | TS| 6000 | -300 | 4.1 | -68.7 | TS| 6600 | -300 | 7.7 | -67.4
0.70 | 0.25 |CF|15000 | 1000 | 4.2 | 78.9 |CF | 15500 | 850 | 4.5 | 76.1
0.90 | 0.50 |TS|11000 | -400 | 2.4 | -64.3 | TS| 10000 | 400 | 2.4 | 63.5
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JAXA’s stability results as shown in this table.
Comparison of previous and present stability
analyses shown in Fig. 15(a), demonstrates slight
improvement at inner wing region using present
surface-interpolated Cp distribution. But certain
discrepancy between measured and predicted
transition location still exists.

From Fig. 15(b), it was confirmed that CFI was
well suppressed except for a narrow zone around y/
s=0.7, namely the most dominant mode responsible
for transition onset was TSI. As for the transition
at the narrow zone, its origin exists in the fact that
the transition was measured relatively close to the

leading edge as explained previously. There might
be a few possibilities, for example, influence of
surface roughness on transition phenomenon, small
spanwise deviation between measured and target
Cp contours, and so on. Before discussing them, to
understand effectiveness of present Cp distribution
on suppressing CFI clearly, influence of angle
of attack (AOA) on transition process has been
studied and summarized in the next sub-section.
Finally, N=14 and 8 due to envelope strategy
almost correspond to the measured transition
locations based on HF/DP data at inner and outer
wing regions, respectively.

OComparison of flight data and analysis results with envelope strateqgy

Yim}

og | @ sweep TEST No.4,t=25683(sec)

M=2 0206, or=1.50843, CL=0.1, H=18.039(km), Rec=149( % 1076)

Solid line : New analysis

LimitefLBL __

15 | | — Nty | Dashedine :
- N=12 Previous results
obtained in 2006
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4 PrestondLam.+Tra) ® HFAC(Turb.)
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(a) Comparison of previous and present results
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W N=4.2-4.5(CF)

(b) Comparison of FLT data and N contours

Figure 15. Summary of stability analysis at « No.4
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2.3.2. Stability analysis at off-design points
(a_No.2 and a_No.3)

(1) Boundary layer computations

In the flight test, 6 steps of angle of attack were
specified and the design point was realized at the
4% step (a No.4 ). As typical off-design point
condition, the 2" step (« No.2 ), and the 3™ step
(@« No.3 ) were selected in this section. The cor-
responding angle of attack were AOA=-0.09° and
AOA=0.77° corresponding to the lift coefficients
of C,=0.04 and C,=0.07 respectively.

As previously mentioned, JAXA did not apply
the surface-interpolation technique to the Cp distri-
butions for LBL computations at these off-design
points, because the differences between measured
and CFD(NS)-based Cp distributions were very
small. Based on the CFD(NS)-based Cp distribu-
tions, JAXA computed 3D-LBL characteristics

as shown in Figs. F-1(a) and (b) of Appendix F
at each « No.2 and « No.3. These figures in-
clude chordwise Cp distributions, boundary layer
thickness (0 ) distributions, and representative
crossflow velocity profiles plotted in the external
streamline coordinate for two spanwise positions,
y/s=0.3 and y/s=0.7, and several chorwise stations.
To help our understanding of stability charac-
teristics, comparisons of crossflow velocity profiles
at design point (o No.4) and at o No.2 case as
one of typical off-design points are summarized in
Figs. 16. As shown in these figures, the change of
maximum crossflow velocity from leading edge re-
gion to front part of its chord (namely, x/c=0.3) is
more remarkable at the design point than at the off-
design point. It will be seen later that this generates
meaningful difference in stability characteristics.
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Figure 16. Comparison of crossflow velocity growth at design point and typical off-design point
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(2) Stability analyses (envelope strategy and
fixed P strategy)

N factors computed with envelope and fixed 3
strategies are summarized in Figs. F-2 and F-3 of
Appendix F for the off design cases o No.2 and
a No.3. In this section,  No.2 case is focused
on. Figs. 17(a) and (b) show these N factors ob-

tained with both envelope and fixed S strategies
at « No.2 case, respectively. The range of several

combinations of (ﬂr S ) in fixed S strategy was
specified as follows:

—450< B.[m™]<3000, 3< f[kHz]<25 for y/s=0.3
~500< B.[m"1<2000, 4< f[kHz] <30 for y/s=0.7

To understand the effect of JAXA’s NLF wing
design concept, JAXA focused on the comparison

25

of N factors at the design point (o No.4) and at
the off-design point (« No.2). As easily seen
in Figs. 17(a) and (b), N factors at the off-design
point are larger than the ones obtained at the
design point (as compared with Figs. 11 and 13).
By comparing N factors and measured transition
location, it is clear that the CFI is dominant and
responsible for an early transition. The first reason
the
external flow keeps being accelerated which leads

1s the extension of the accelerated zone:

to an amplification of CFI as illustrated in Fig. 6.
The second reason of non-suppression of CFI at
a _No.2 lies in the evolution of crossflow velocity
profiles. For the off-design point, its crossflow
velocity profile (plotted in streamline coordinates)
in the boundary layer thickness remains negative

— 0Kz
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Figure 17. Stability characteristics at « No.2 (off-design point)
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moving downstream as represented in Fig. 16.
This means that the crossflow velocity is orientated
towards the concavity of the external streamline.
On the other hand, at the design point, the
crossflow velocity is still negative in the leading
edge region but rapidly changes its sign and keep
weak values reducing the amplification of CFI.
Therefore, the NLF wing design concept is based
on suppression of CFI due to existence of reverse
change of crossflow velocity direction.

As 1illustrated in Figs. F-3(a) and (b) of
Appendix F, CFI at each off-design point was also
not suppressed due to large crossflow velocity and
no change of the direction of crossflow velocity
vector.

(3) Summary

Fig. 18 (or Fig. F-4(a)) shows a comparison of
measured transition data and N factors computed
with both envelope and fixed 3 strategies at sev-
eral spanwise stations for &« No.2 case. N=10 pro-
vided by envelope strategy is in good agreement
with measured transition locations. Stability anal-
ysis obtained with fixed [ strategy reveals that
CFI is dominant on transition phenomenon except
for tip region (y/s=0.9) as shown in Fig. 18. This
means that the shape of Cp distribution at the de-
sign point, which is almost the same as the Cpmget’
is the only effective one to suppress the CFI. On
the other hand, other Cp distributions at some off-
design points, especially near leading edge have

no potential to suppress the CFI. It becomes one of
evidences for validation of JAXA’s NLF wing de-
sign concept. Another comparison at «_No.3 case,
illustrated in Fig. F-4(b) of Appendix F, shows the
same kind of results as the « No.2 case.

2.3.3. Stability analysis at higher Reynolds
number condition (Re No.5)

(1) Boundary layer computations

As mentioned above, JAXA applied the sur-
face-interpolated technique to the measured Cp
distributions at Re No.5 case as shown in Fig.
5(d) and Fig. 6. Figures 19(a) and (b) exhibit a
comparison of crossflow velocity profiles comput-
ed by JAXA at the design point (o« No.4) and at
Re No.5 case as a typical higher Reynolds num-
ber condition. From the viewpoint of the aerody-
namic design of the NEXST-1, Cp distributions
at both « No.4 and Re No.5 cases should be the
same. As shown in Fig. 6, both Cp distributions
are comparable except in the leading edge region,
which originates from elastic deformation. In gen-
eral, boundary layer theory leads to no Reynolds
number effect in the shape of crossflow velocity
profiles normalized with boundary layer thickness
and external velocity, that is z/0 vs. V/Ue. Figures
19 clearly shows such situation. Reynolds number
effect only appears in the evolution of boundary
layer thickness 6 .

a-sweep No.2 (M=2.0, a=-0.09" , C,=0.04, H=18.8km, Re_=13.4 M) |

......

transition data

o HFAG{Lam+Tra.)
& HFAC(Turb.)
o DPAC{Lam+Tra)

+ Preston(Turb)

Envelope strategy

Limit of LBL cumputatiu[li

Fixed @ strategy A N=9.8(CF)

¥ N=7.9(CF)

Figure 18. Comparison of transition analysis and measurement results at a typical off-design point
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Figure 19. Boundary layer computations at Re No.5

(2) Stability analyses (envelope strategy and
fixed P strategy)

Stability analyses with both envelope and fixed
[ strategies were performed at Re No.5. Figs.
20 and 21 show comparisons of N factors and
propagation direction angles (¥) by selecting the
most amplified disturbance, i.e. computed with
envelope strategy. There is almost good agreement
between ONERA and JAXA results, but transition
N value is slightly different. This is probably due
to the fact that numerical error on eigenvalue
computation increases with Reynolds number.

Figs. 22 and 23 show similar comparisons of N
factors and propagation direction angles (¥ ) com-

puted with fixed 3 strategy at Re No.5. The range

of several combinations of (B, /) was specified
as follows:

~300< B,[m™1<5000 , 6< f[kHz]<50 for y/s=03 by ONERA
—450< B.[m'1<3000 , 3< fIkHz]<20 for y/s=03 by JAXA
—600< B.[m™]1<10000,10 < f[kHz] <40 for y/s=0.7 by ONERA
~300< B,[m1<2000 , 4< f[kHz]<20 for y/s=0.7 by JAXA

There is almost good agreement between
ONERA'’s and JAXA’s results in both figures. By
comparing measured transition location with N
factors at y/s=0.3 and 0.7, it was cleared that the
most dominant disturbances was CFI at higher
Reynolds number condition as shown in Figs.
22(a) and (b).

(3) Summary

Present stability results are summarized in
Tables 3(a)-(b) and Appendix G for y/s=0.5 and
y/s=0.9. Consideration of whole results along
several spanwise stations reveals that the CFI is
nearly dominant except for tip region (y/s=0.9)
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(b) Comparisons of crossflow velocity profiles at y/s=0.7
Figure 19. Boundary layer computations at Re No.5

and kink region of leading edge (y/s=0.5) as shown
in Fig. 24. From this figure, N=12 computed with
envelope strategy are in good agreement with
transition data measured with HF/DP at inner
and outer wing regions, respectively. Against our
expectation, however, CFI was not suppressed at
such higher Reynolds number condition. It means
present ideal pressure distribution for JAXA’s NLF
wing design concept is not optimum and needs
to be improved. JAXA has already improved the
CPryger Using JAXA’s transition analysis code'?.
(Recently, JAXA has tried to design a new NLF
wing by using the improved CPrrger and our CFD-
based inverse design method.)

2.4. Summary of chapter 2
(1) Subjects

In this chapter, the following three subjects
have been investigated:

a) The quantitative discrepancy between measured
and predicted transition locations at outer wing re-
gion in case of the design point of the flight test.
To do this, JAXA modified the Cp distributions for
3D-LBL computations to reduce the difference be-
tween CFD(NS)-based and measured Cp distribu-
tions, by using a surface interpolation technique.

b) JAXA also applied present surface-interpola-
tion technique for improving the Cp distributions
at higher Reynolds number case. However, the
CFD(NS)-based Cp distributions were directly ap-
plied to compute 3D-LBL characteristics at other
AOA cases, because the differences between mea-
sured and CFD(NS)-based Cp distributions were
nearly negligible.

c) JAXA and ONERA computed 3D-LBL and
stability characteristics with both envelope and
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(b) y/s=0.7 (outer wing region)
Figure 20. N factors computed with envelope strategy at Re No.5

ONERA  y/s=0.30 @Re_No.5 JAXA
External streamline at $=y_99.5%U,,,,

. T kxgie = 0 0.1 0.2 0.3
(a) y/s=0.3 (inner wing region)
Figure 21. Propagation direction computed with envelope strategy at Re No.5
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ONERA y/s=0.70 @Re_No.5 JAXA
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(b) y/s=0.7 (outer wing region)
Figure 21. Propagation direction computed with envelope strategy at Re_No.5
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Figure 22. N factors computed with fixed 3 strategy at Re No.5
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(a) y/s=0.3 (inner wing region)

y/s=0.70 @Re_No.5

External streamline at =y_99.5%U,,,

(b) y/s=0.7 (outer wing region)

Figure 23. Propagation direction computed with fixed 3 strategy at Re No.5

fixed  strategies, then compared their N factors
with measured transition locations. According to
the fixed B strategy, both parties investigated the
nature of transition by confirming the most domi-
nant instability, namely TS or CF instabilities.

(2) Principal results

Then, the following four results were obtained:
a) For the design point, stability analysis with en-
velope strategy quantitatively showed good corre-
lation between measured transition and N contours

at inner wing region, namely the transition N value
was nearly 12. But other N value, namely N=8 was
found at outer wing region.

b) For the design point, it was confirmed that the
crossflow instability was strongly suppressed in the
whole part of the wing except for a narrow region
near y/s=70% in spanwise direction.

c) However, the CFI was not suppressed at a high-
er Reynolds number condition. It means any im-
provement is necessary to extend JAXA’s natural

This document is provided by JAXA.



32

JAXA Research and Development Report JAXA-RR-12-009E

Table 3. Summary of stability analysis at Re No.5

(a) Envelope strategy

Re 5 Exp. N(envelope strategy)
(FLT)
y/s (x/¢)1r ONERA JAXA
f (Hz) N W) | f(Hz) N ¥ ()
0.15 0.11 22500 19.3 -60
0.20 0.11 20.5
0.30 0.11 10000 15.4 -67.5 23000 17.3 =55
0.40 0.06 11.2
0.50 0.32 10000 9.5 -60 15500 10.6 -58
0.60 0.28 10
0.70 0.25 20000 13.5 -67.5 22500 14.3 -66
0.80 0.32 10
0.90 0.32 21000 10 -69.6 24500 9.7 -68
(b) Fixed S strategy
Re_5 | Exp. N(fixed 3 strategy)
(FLT)
y/s | (x/¢)rg ONERA JAXA
f(Hz) | P N Y0 f(Hz) | P N Y0
0.15 | 0.11 | CF | 15000 | 2000 | 10.9 | 84.1 20000 | 1350 | 8.9 | 77.8
0.20 | 0.11 CF 13
0.30 | 0.11 | CF | 30000 | 3000 | 9.6 | 82.6 | CF| 21000 | 1750 | 9.8 | 79.3
0.40 | 0.06 CF 5
0.50 | 032 | TS | 10000 | 500 53 | 683 | TS| 10500 | -500 | 6.7 |-68.0
0.60 | 0.28 CF 4.3
0.70 | 0.25 | CF | 20000 | 2000 | 6.6 | 83.5 | CF| 26500 | 1600 | 7.8 | 77.8
0.80 | 0.32 TS 7.6
0.90 | 032 | TS | 20000 | -1000 | 4.7 | -69.9 | TS| 18500 | -950 | 5.2 |-70.6

| Re-sweep No.5 (M=2.0, a=1.6deg., CL=0.1, H=11.7Tkm, Rec=35.2 M) |

e O

@

Mmsure&“"-n_h
transition data
HFAC({Lam.+Tra.)
HFAC(Turb.)

DPAC{Lam+Tra)
+ DPAC(Turb.)

—_ N=E
= N=10
= N=12

Envelope strategy | Fixed p strategy

& N=

8

0.8(CF)
¥ N=5.6-7.8(CF)

~ Comparison of FLT data and N contours ~

Figure 24. Summary of stability analysis at Re No.5
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laminar flow wing design to higher Reynolds num-
ber flows.

d) Furthermore, in the same way, the CFI was also
not suppressed at off design condition correspond-
ingto « No.2 and o No.3 cases.

3. Stability computations at S2MA test
conditions

3.1. Outline of S2MA wind tunnel test
(1) S2MA wind tunnel

The main purpose of this wind tunnel test was
to validate JAXA’s NLF wing design concept ex-
perimentally. The experiment was carried out in
2000 in the continuous supersonic ONERA wind
tunnel of Modane-Avrieux centre (S2MA wind
tunnel)®. The test section, represented in Fig. 25,
is 1935 mm high and 1750 mm width. Total pres-
sure in the test section can be adjusted between
0.2 and 1.8 bar covering a wide range of Reynolds
numbers. The main problem concerning laminarity
studies in wind tunnel concerns the level of distur-
bances in the test section (pressure disturbances p,
as well as velocity disturbances u,).

In 1993, the quality of the flow in S2MA test
section was investigated and two approaches were

Wingd 'I""m'-'ﬁd?ﬂ.ﬂ. ONERA Modane

Hot-film sensors

IR camera ———» Surface

used. The first one consisted of a direct disturbance
level measurement using an unsteady pressure sen-
sor and a hot film probe!V. The second way rested
on combined infra-red (IR) visualizations on a 10°
sharp cone coupled with stability computations. In-
deed, in the 70’s, adequacy of many wind tunnel
facilities (in USA and Europe) to simulate flight
test conditions has been tested measuring transition
location on the famous AEDC cone'?.
Level of pressure and velocity fluctuations
in S2MA test section are represented in Fig. 26,
at Mach 2 for total pressure between 0.5 < P/ <
1.5 bar. (Here, in this report in agreement with
NEXST-1 notation, total pressure is notified as
“P,” instead of “P” wused by ONERA). In
supersonic configurations, the wind tunnel can be
considered as a quiet one since disturbances are
rather low: static pressure fluctuation Cp’  =0.2%
and freestream velocity fluctuation Tu=0.15%.
From these measurements, it is possible to com-
pute a transitional N factor. Lying on the fact that
amplitude of these disturbances depends on exter-
nal disturbance level, Mack'® used empirical corre-
lations and proposed relation (4) which established
a direct link between the N factor at transition (N_)
and the external freestream turbulence level Tu.
Higher N. value means that the flow quality is bet-
ter and it corresponds to natural transition.

i

" October in 2000

[NEXST-123.3% Wing-Body Model]
total length:1.87m, span:1.1m

temperature

total pressure / .
probe e \
prassure holas -

Figure 25. Transition measurement test at ONERA-S2MA
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Figure 26. Freestream disturbance in S2MA test section and corresponding N factors

N, =-8.42-2.41In(Tu) (4)

For flight experiments, the transitional N factor
is around N=10?Y (with fixed S strategy). A wind
tunnel will so be identified as quiet for N factor
close to this value. For the S2MA test section in
supersonic conditions, the N factors deduced from
Tu measurements according to Mack formulation
decreases from N =8 at P =0.5 bar to N 6.5 at
P =1.5 bar as plotted in Fig. 26.

In cases of transonic and supersonic flows,
noise radiated by test section walls (in particu-
lar from suction holes) becomes prominent, and
can overwhelm velocity fluctuations because of
p’ oM’ Using plane wave assumption (see
equation (5)) which establishes a relation between
pressure and velocity fluctuation, it is possible to
define a transitional N factor involving equivalent
turbulence level Tu, (see equation (6)). N factor
obtained from pressure fluctuation measurement in
S2MA is plotted in Fig. 26. It does not depend on
total pressure so that N, = 7 and is in the same or-
der of magnitude than the one provided by velocity
disturbance level.

p=pcu (5)
T —_ pl’”ms‘ — p;mx _Lp;’ﬂ&'
Up = = =
peU  p(RTIM M P (g

Infra-red visualizations and stability computations
realized on the 10° sharp cone in 1993, are in close
agreement with direct measurements. Computa-
tions give an N factor equals to 5.5 at the begin-
ning of transition detected in IR visualizations and
increases up to 7 at the end of transition region'?.

JAXA
measured freestream turbulence level during
S2MA wind tunnel test. Then, according to the
measured data, brief consideration on the influence
of freestream turbulence was performed and
summarized in Appendix H. JAXA conducted two

Furthermore, also  independently

transition measurement wind tunnel campaigns
on the NEXST-1 nose cone model at S2MA and
another at wind tunnel of Fuji Heavy Industry
(FHI) in Japan. Comparing these transition data
measured at different freestream turbulence level,
an approximated relation between the N and Tu
was roughly obtained as indicated by “curve-
fitting”
remarkably different from Mack relation and need

shown in Fig. H-5. This relation is

further investigation. Nonetheless, it might be
useful as input for the database between transition
N factor and Tu.

(2) Test model

The wind tunnel test model consists of a wing-
body configuration which was sting mounted in
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the test section (see Fig. 25). It was a 23.3% model
compared to the flight demonstrator (see Ref. 14-
15). The fuselage length of the model is 1870 mm
and its span is 1100 mm. The geometry of the
wing is depicted in Fig. 25. The leading edge is
characterized by two sweep angles: A =66°

LE,inner

=61.2°

LE,outer

in the outer wing part (y/s>0.5). The trailing
edge also presents two sweep angles 0° from the

in the inner wing part (y/s<0.5) and A

root to y/s=0.4 and for higher spanwise location
ATE’OW=3 0°. The mean aerodynamic chord (MAC)
of the model is ¢ =642 mm.

In order to improve IR visualizations, the model
was black painted and then polished. As a matter
of fact, crossflow instabilities responsible for tran-
sition onset in the vicinity of leading edge are sen-
sitive to surface roughness. Therefore, in order to
ensure laminar flow on the wing, a great care was
devoted to surface polishing. JAXA measured the
average roughness height Ra by laser displace-
ment technique on resin sample pieces. Measure-
ments demonstrated the quality of the surface since
0.18<Ra<0.94 u m. Dealing with boundary layer
stability, surface quality is often expressed as a
roughness Reynolds number R, = kXU(k) /v(k)
based on roughness height k. Considering about
1 # m height, this Reynolds number is very low,
R, <0.1, highlighting the fact that surface roughness
will have weak influence on crossflow instability
initial amplitude. Principal results of those rough-
ness measurement and R, study are summarized in
chapter 4.1.

Before explaining stability analysis, attach-
ment-line contamination was briefly considered.
In general, transition on swept wing can be trig-
gered by attachment-line contamination. As the
NEXST-1 wing is characterized by a high sweep
angle (more than 60°), we have to ensure that tur-
bulent structures propagating from the root along
the attachment line are damped moving towards
the tip of the wing. The radius of the leading is
slowly varying in spanwise direction and remains
less than r, , <1 mm as plotted (dashed line) in Fig.
27.

The flow along the attachment-line can be char-
acterized by a typical Reynolds number R defined
in subsonic condition by relationship (4) where V,

and U are respectively the external velocities par-
allel (Y) and normal (X) to the leading edge. For

subsonic condition, if Poll’s criterion R <250 is
verified, turbulent spots will be damped.

This criterion has been extended to supersonic
flows by using R defined by the relation (5) con-
sidering the viscosity v" which corresponds to the
reference temperature 7 obtained in a classical
way. Experiments have shown that the subsonic

critical value R™ <250 was still valid in superson-
ic condition as mentioned by Arnal'®.

* *

-V . 1%

e

R = *77 with n =
v (

T" =T, +0.16x(T,~T,)+0.54x(T, - T.)

e

T, : wall temperature

T, : adiabatic wall temperature

Computations concerning the NEXST-1 wing for
P,=0.6 and 1.4 bar are plotted in Fig. 27. For the
higher total pressure the maximum is R" =150
, ensuring in accordance with Poll’s criterion that
the flow will be laminar along the whole part of the
leading edge for all configurations of wind tunnel
tests.

(3) Transition measurement techniques and
results®

Two areas of hot films were flush mounted
at the inner part y/s=0.3 (28 elements) and at the
outer part of the wing y/s = 0.7 (40 elements) as
represented in the left lower side of Fig. 25. Typi-
cal rms values deduced from hot film signals, ob-
tained for P =0.6 and 1.0 bar at the two spanwise
positions are shown in Fig.28. Each curve presents
a well defined peak voltage corresponding to tran-
sition location. Considering the smaller total pres-
sure P =0.6 bar (lines with full symbols), transition
takes place at x /c=0.37 and 0.49 at y/s=0.3 and
0.7 respectively. When total pressure, i.e. Reynolds
number, raises up to P ;=1.0 bar, transition moves
towards the leading edge from x,/c=0.37 to 0.22
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Figure 28. Hot-film measurements

at the inner wing (y/s=0.3) and from x /c=0.49 to
0.28 at the outer part (y/s=0.7).

Hot film measurements were completed by
infra-red visualizations (see Fig. 25). In order to
improve wall temperature difference between lami-
nar and turbulent regions, the first half part of the
wing was covered by an insulating material. In the
same way, the whole model was black painted to
increase its emissivity. These two treatments aim at
improving infra-red images which are sensitive to
wall temperature. As highlighted previously, transi-
tion can be detected by the fact that heat transfer
increases when boundary layer becomes turbulent.
Wall temperature difference between laminar and

turbulent regions can be computed as a function of
the Mach number as follows:

T - 7, =0.85
L ALy VES AR K
Te 2 rturb = 090
= AT = Tp,turb - Tp,lam
= (r;‘urh - r}am ){%_leeZYL
(6)

This difference is linked to the increase of heat
exchange coefficient (so-called recovery factor)
r between laminar and turbulent states. For M = 2
and a stagnation temperature T =290 K, laminar to
turbulent wall temperature difference is equal to
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AT~6K.

Infra-red images were corrected by a 3D af-
fine transformation and projected on a reference
mesh. Some examples of infra-red image are given
in Fig. 29. It is easily judged that the remarkable
change of color is corresponding to transition line.
The rectangular with brown color indicates hot-
film elements at the outer part (y/s=0.7). Whole
transition measurements are summarized in Fig.
30, including the comparison of hot-film and IR
measurements of transition location. A detailed de-
scription of this transition test and measurement re-
sults were presented in Ref. 6, and the summarized
results on hot-film measurement data are described
in Appendix L.

3.2. Stability analysis

3.2.1. Lower Reynolds number case (P =0.6
bar condition)

(1) Pressure distribution

During the S2MA wind tunnel test campaign,
it was observed that an angle of attack AOA=1.5°
well corresponded to the realization of the CFD-
based design pressure distribution for the NLF
wing design as shown in Fig.31(a), except for mid-
span region (y/s=0.5). Nonetheless, as the differ-
ence between measured and CFD-based Cp distri-

bution at y/s=0.5 near leading edge was small and
not avoidable because of the kink of leading edge,
JAXA finally judged that any interpolation of mea-
sured pressure distributions was not necessary.
Therefore, ONERA and JAXA used present CFD-
based chordwise pressure distributions at each
spanwise station (shown in Fig. 31(b)) to compute
boundary layer characteristics at whole Reynolds
number conditions.

(2) Boundary layer computations

ONERA and JAXA computed representative
boundary layer characteristics at inner and out-
er wing regions (y/s=0.3 and 0.7) in the case of
P,=0.6 bar condition and summarized them in Figs.
32. Plots correspond to streamwise velocity, cross-
flow velocity and temperature profiles as well as
chordwise thickness distributions (boundary layer
thickness 0 , displacement thickness §%). JAXA’s
results are in very close agreement with ONERA’s
ones. Similar comparison at mid-span region (y/
s=0.5) is summarized in Appendix J.

(3) Stability analysis

Linear stability computations with envelope
and fixed 3 strategies were performed by ONERA
and JAXA to validate both parties’ computational
codes as a regard of S2MA experimental results.

| a-sweep test : M=2.0, P0=0.6 bar

a=2.0"

| Re-sweep test :;-10, a=15" |

PO=0.6 bar

P0=1.0 bar

Figure 29. IR transition measurement results at S2MA test
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OMeasured total pressure fluctuation : (Ps;-Po)ym/Pe;=0.29% at 1.8<M<2.2
O Transition Measurement Data obtained by Hot-film sensors & IR images
Inner wing (y/s=0.3) Outer wing (y/s=0.7)
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Figure 30. Summary of transition measurement results at S2MA test
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(a) Comparison of measured and NS-based pressure distributions
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(b) CFD-based chordwise pressure distributions at each spanwise station
Figure 31. Pressure distributions at S2MA test
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(b) Outer wing region (y/s=0.7)
Figure 32. Boundary layer computations at P0=0.6 bar condition
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These computations were limited to the upper side
of the reference case corresponding to an angle of
attack of AOA=1.5°. Numerical results obtained by
both parties were in close agreement for each span-
wise station y/s=0.3 and 0.7 (see Table 4) at total
pressure P =0.6 bar. The evolution of N factors and
propagation direction angles ¥ of disturbances
computed with envelope strategy at y/s=0.3 and
0.7 for P;=0.6 bar are summarized in Figs. 33 and
34 respectively. Similar results at mid-span region
(y/s=0.5) are presented in Fig. J-2 and J-3 of Ap-
pendix J.

As for the inner wing region (y/s=0.3), in
the first per cent of chord, i.e. in the vicinity
of attachment line where the flow is strongly
accelerated, N factor rise (Fig 33(a)) is due
to crossflow instabilities as illustrated by the
evolution of the propagation angle which starts at
W= 89° (see Fig. 34(a)). Moving downstream,
there is a change in nature of predominant
disturbances: ¥ rapidly decreases from 89° to
60°. In Fig. 33 (a), the vertical line stands for hot-
film transition measurement at (XTRl/C)EXp'ZO.37.
At this position the most amplified frequency is
f=15 kHz and corresponds to a numerical N factor
N=5.6 in ONERA’s computations, lower that the
value expected in usual quiet wind tunnel tests.
The corresponding wave-number vector direction
is ¥ =-65° as seen in Fig. 34(a) which highlights
the “oblique” Tollmien-Schlichting nature of the
wave responsible for transition onset.

Same computations were made for y/s=0.5 and
0.7 (see Fig. 33(b), 34(b), Fig. J-2, J-3, Table 4).
The values of N factors are lower than those ob-
tained for the inner wing indicating that amplifica-
tion of TS waves is reduced. As a result, boundary
layer remains laminar up to 49% of chord the outer
wing region (y/s=0.7) which corresponds to an N
factor equals to N =4.4~4.8 as illustrated in Fig.
33(b).

Figures 35, 36 and J-4, J-5 show the same com-
parisons of stability results (N factor and propaga-
tion direction) computed with fixed S strategy by
ONERA and JAXA as those due to envelope strat-
egy (shown in Fig. 33, 34 and J-2, J-3). Transition
N factor values obtained by ONERA and JAXA are
in close agreement for y/s=0.3, 0.5, 0.7 at P ;=0.6

bar. At the measured transition location indicated
by the vertical line, it was found out that the domi-
nant instability was TS mode as shown in Fig. 35.
But, the corresponding N value is much smaller
than that estimated in the process of natural transi-
tion at normal wind tunnel tests. Although it relies
on higher freestream turbulence at the test condi-
tion, we have no information about it as explained
in Chapter 3.1(1). This correlation between N fac-
tor obtained with fixed § strategy and measured
transition data might be not enough reliable. As
both parties have no way to advance results, how-
ever, present analysis is considered to be qualita-
tively reasonable at least.

Based on the stability results with both enve-
lope and fixed f3 strategies for the complete set of
spanwise stations, the comparison of measured
transition location and N contours is summarized
in Fig. 37. N =4.5, provided by envelope strategy,
is almost in close agreement with IR test results
between inner and outer wing regions. N_ =5.5
and 4.5 are corresponding to HF test results at in-
ner and outer wing regions. Stability results com-
puted with fixed B strategy reveal that measured
transition is dominated by TS instability even-
though the corresponding N value is small.

(4) Parabolas method

Linear stability theory is very effective to iden-
tify properties of disturbances involved in transi-
tion process. Nonetheless, this method needs lots
of computation time since it requires to solve an
eigenvalue problem at each station of disturbance
path. As one of ideas to improve such situation, a
simplified stability method called Database meth-
od'"1® developed by ONERA is introduced in this
section. The principle of such a method is to com-
pute an analytical growth rate as a function of lo-
cal parameters and mean flow properties. In case of
2D flows, for a given mean velocity profile and a
dimensionless frequency F =27zv [/ Uez, the curve
of the local growth rate —c , is given as a function
of Re, (Reynolds number based on displacement
thickness 0 ) by two half parabolas'®.

This model was extended to 3D mean flow*":
for a propagation direction angle ¥ =~ 90°, growth
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(b) Outer wing region (y/s=0.7)
Figure 33. Comparison of N factor (envelope strategy) at P0=0.6 bar
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Propagation directions (y/s = 0.3) at P0=0.6 bar

ONERA(Castet code) JAXA(LSTAB code)
/55000 1335 Madel: =210 11,5 degPO1 bar ot ONERA-SIMA

— A = 1000k
© | = T2y = 15004
= Ee = W00
— = 3000 Hz
= 10000 Hz » F\\l
e = 12000 Hz
= 15000 Hz ]
—_— = 22500 Hz 4
= 25000 Hz 3
1= 30000 Hz (Xrr/C)exp.=0.37 |
(Xrn/C e =037 - |
— ——
S musn e :
PO [T TN S (N I RN B Y
;i 0.3 0.4 05 .
(X-X e 0 005 Q1 015 02 05 03 0% W 05 05 g

(a) Inner wing region (y/s=0.3)

Propagation directions (y/s = 0.7) at P0=0.6 bar

ONERA(Castet code) JAXA(LSTAB code)
¥/ 006 21 Model: M20, =1 5 deg. PO=1 Dbar ot ONERA-SUA

80 =
[ =000 = 14D
6o} 5 = 1§00 — 2004
I il = M0y = 300y
il n
3 f=10000 Hz
¥ o — :: :mm:: | (% fC)gnp =0.49 3 0 [:tmrn'ch.,ﬁﬂﬂ
——— f=20000 Hz =
i 1= 25000 Hz 4
| | ———— 1= 30000 Hz
0 ——— 1=32000 Hz »
|| =——— 1= 35000 Hz
sl 4 —
[ -t
P { I ST N | AT SN I T Y " 1 "
e o1 R - S 08 £l
m-x,,]h: 0 0 o1 wF 02 0X 03 03 o4 o 0F gy

(b) Outer wing region (y/s=0.7)
Figure 34. Comparison of propagation direction (envelope strategy) at P0=0.6 bar
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N factors (y/s = 0.3) at P0=0.6 bar
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Figure 35. Comparison of N factor (fixed 3 strategy) at P0=0.6 bar

rate depends on the mean velocity and the shear
stress at the generalized inflection point. Database
N factor values obtained for P =0.6 bar and an an-
gle of attack of AOA=1.5° are represented by full
lines in the right part of Fig. 38 and compared to
exact stability computations (dashed lines). Data-
base provides N factors higher than exact stability

computations, nonetheless, the agreement is rather
good between the two numerical approaches. Data-
base can therefore be considered as a powerful tool
for stability studies: since approximation of growth
rate only depends on global parameters it can eas-
ily be implemented in a boundary layer code.

In the left part of Fig. 38, IR visualization and
hot-film measurements were reported as well as
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Propagation directions (y/s = 0.3) at P0=0.6 bar
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Figure 38. Comparison of measured transition location and ONERA’ s database method at P0=0.6 bar condition

numerical stability results. In the outer part of the
wing, from y/s=0.5 to y/s=0.7, measurements are
well correlated by a Database N factor around 5
(N=4.4 for linear stability computation as specified
in Table 4). Concerning the inner part (y/s=0.3),
hot-film transition location at x/c=0.37 is correlat-
ed by a Database N factor of 6 (N =5.6 for linear
stability theory, see ONERA’s result shown in Fig.
33(a)).

3.2.2. Middle Reynolds number case (P =1.0
bar condition)

(1) Pressure distribution

As mentioned above, the pressure distribution
measured at AOA=1.5° and P =0.6 bar condition
was in almost good agreement with CFD-based
numerical design pressure distribution. Therefore,
both parties also used the CFD-based pressure
distribution for boundary layer computations
corresponding to the other values of total pressure.

(2) Boundary layer computations

Two comparisons of boundary layer character-
istics at y/s=0.3 and 0.7 computed by both parties
at P =1.0 bar condition are summarized in Figs.
39(a) and (b). Plots correspond to streamwise and
crossflow velocity profiles, temperature profiles
and chordwise thickness distributions (bound-
ary layer thickness §, displacement thickness 0°).
JAXA'’s results are in very close agreement with
ONERA’s results as same as for P =0.6 bar.

(3) Stability analysis

As mentioned before, for an angle of attack
of AOA=1.5° and a total pressure P =0.6 bar,
corresponding to a MAC-based Reynolds number
Rec=5 X 10°, even though N factors are lower than
those expected, the high swept wing designed by
JAXA remains laminar up to about 40% of chord.
The optimized pressure distribution manages
to damp initial crossflow disturbance and so
transition is triggered by TS waves. The influence
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Figure 39. Boundary layer computations at PO=1.0 bar condition
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of Reynolds number on transition process was then
analyzed. Hot-film measurements have shown that
when total pressure increased at P =1.0 and 1.4 bar,
i.e. when Reynolds number increased respectively
at 8 and 11 X 10°, the transition moved towards the
leading edge.

Exact stability computations (N factor and
propagation direction angle ¥') computed with
envelope strategy at y/s=0.3 and 0.7 for P =1.0
bar are summarized in Figs. 40 and 41. When the
Reynolds number increases, transition at inner
wing region (y/s=0.3) moves towards the lead-
ing edge and in the same time, the transitional N
factor as well as frequency of the most unstable
disturbance are increased, as shown in Fig. 40(a)
compared with Fig. 33(a). The same trend is ob-
served for the outer part of the wing (y/s=0.7). As
mentioned previously, in envelope strategy frame-
work, growth rate corresponds to the most unstable
wave-number direction. This means that there is a
cumulative effect of firstly CFI and then TSI com-
plicating results interpretation.

Therefore to complete stability analyses, in par-
ticular to settle on the nature of disturbance, addi-
tional fixed 3 strategy computations were conduct-
ed. The results of N factors and propagation direc-
tion angles at higher total pressure P, = 1.0 bar are
shown in Figs. 42 and 43. The path to transition is
fully dominated by crossflow disturbance as eas-
ily seen by the evolution of N factor in Figs. 42(a)
and (b). Figs. 43 show the corresponding propaga-
tion direction corresponding to the same spanwise
wave-number 3 values as same as Fig. 36. Corre-
sponding infra-red visualizations are presented in
Fig. 44: laminar zone is drastically reduced up to
a maximum of 28% of chord. N=5.5 is almost in
good agreement with IR test results between inner
and outer wing regions. N=6.5 and 5.5 match with
HF transition positions at inner and outer wing re-
gions, respectively.

Transition location corresponding to N=5 both
for Database method and linear stability computa-
tion are summarized in Fig. 45 and superimposed
to IR visualizations. At the inner part (y/s=0.3),
considering a numerical N factor N=5 underesti-
mates the position of transition compared to hot-
film data. For the outer region (y/s=0.5 to 0.7), nu-

merical studies give transition locations in remark-
able agreement with infra-red visualizations and
hot-film data.

3.2.3. Higher Reynolds number case (P =1.4
bar condition)

(1) Boundary layer computations

Some comparisons of boundary layer charac-
teristics computed by both parties at P =1.4 bar
condition are summarized in Figs. 46. JAXA and
ONERA results are in very close agreement as for
the results obtained at P =0.6 and 1.0 bar.

(2) Stability analysis

Stability results of N factors and propagation
direction angles computed with envelope strategy
aty/s = 0.3 and 0.7 for P =1.4 bar are summarized
in Figs. 47 and 48. When the Reynolds number
increases, transition at inner wing region moves
further towards the leading edge than at P =1.0
bar and the transitional N factors of the most un-
stable disturbance are increased, as shown in Fig.
47(a) compared with Fig. 40(a). The same trend as
the inner part is observed for the outer part of the
wing.

Stability results computed with fixed [ strate-
gy are summarized in Figs. 49 and 50. At this high-
er total pressure condition of P =1.4 bar, the path
to transition is also fully dominated by crossflow
disturbance as easily seen in Figs. 49(a) and (b).
Propagation directions are exhibited in Figs 50.
Corresponding infra-red visualization is presented
in Fig. 51: laminar zone is drastically reduced less
than 20% of chord. N=4.5 is almost in good agree-
ment with IR test results between inner and outer
wing regions. N=7.5 and 6.5 correspond to HF
measurements at inner and outer wing regions, re-
spectively.

On these infra-red visualizations, the transition
location corresponding to N=5 both for Database
method and linear stability computation are sum-
marized in Fig. 52. At the inner part (y/s=0.3), con-
sidering a numerical N factor N=5 underestimates
the position of transition compared to hot-film
data. For the outer region (y/s=0.5 to 0.7), numeri-
cal studies give transition locations in remarkable
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(b) Outer wing region (y/s=0.7)
Figure 40. Comparison of N factor (envelope strategy) at P0=1.0 bar
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Propagation directions (y/s = 0.3) at P0=1.0 bar
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(b) Outer wing region (y/s=0.7)

Figure 41. Comparison of propagation direction (envelope strategy) at PO=1.0 bar
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N factors (y/s=0.3) at P0=1.0 bar
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Figure 42. Comparison of N factor (fixed S strategy) at PO=1.0 bar
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Propagation directions (y/s=0.3) at P0=1.0 bar
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(b) Inner wing region (y/s=0.7)
Figure 43. Comparison of propagation direction (fixed 3 strategy) at P0=1.0 bar
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Figure 44. Comparison of measured transition location and N contours at PO=1.0 bar condition
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Figure 45. Comparison of measured transition location and ONERA’s database method at PO=1.0 bar condition

agreement with infra-red visualizations and hot-
film data.

3.3. Summary of chapter 3

Stability results computed with envelope and
fixed § strategies for wind tunnel test campaign
are summarized in Tables 4(a) and (b) respectively
and compared with experimental results. Naturally,
JAXA'’s results are in very close agreement with
ONERA’s ones. As expected, fixed S strategy
provides good information to understand transition
mechanism occurring in the S2MA wind tunnel.

As a conclusion, transition on a supersonic NLF
wing with a highly sweep angle was characterized
experimentally by hot-film measurements and in-
fra-red visualizations. Experimental results on the
upper side obtained for an AOA=1.5° angle of at-
tack and several total pressures P =0.6, 1.0 and 1.4
bar were presented. These experiments provide
accurate transition location, nonetheless, there is
a lack in the understanding of this process, in par-
ticular the nature of instability triggering the tran-
sition. Stability studies, involving linear stability
and Database computations were therefore carried

out. They showed that for a MAC-based Reynolds
number Rec = 5X10° present pressure distribu-
tion for the NEXST-1 NLF wing manages to damp
crossflow instability and so a significant part of the
wing remains laminar before transition onset due
to Tollmien-Schlichting waves. In this wind tun-
nel campaign, when Reynolds number increased
beyond Rec>8 X 10°, crossflow amplification was
sufficient to trigger the transition. This early tran-
sition is attributed to the not-so-low external dis-
tance level in the test section compared to flight
condition. Indeed, as mentioned in previous chap-
ter, the flight test data (at Rec=15X10°) has dem-
onstrated the ability of the NEXST-1 wing to re-
main laminar on an extended region validating its
natural laminar flow design.

Finally, present subjects and principal results of
this chapter are summarized again as follows:

(1) Subjects

a) To investigate the effect on the natural laminar
flow wing design concept created by JAXA
in detail, both parties analyzed the stability
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(b) Outer wing region (y/s=0.7)
Figure 46. Boundary layer computations at P0=1.4 bar condition
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N factors (y/s=0.3) at P0=1.4 bar
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(b) Outer wing region (y/s=0.7)
Figure 47. Comparison of N factor (envelope strategy) at P0=1.4 bar
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(b) Outer wing region (y/s=0.7)
Figure 48. Comparison of propagation direction (envelope strategy) at PO=1.4 bar
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N factors (y/s=0.3) at P0=1.4 bar
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Figure 49. Comparison of N factor (fixed [ strategy) at PO=1.4 bar
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Figure 50. Comparison of propagation direction (fixed 3 strategy) at PO=1.4 bar
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(b) Outer wing region (y/s=0.7)
Figure 50. Comparison of propagation direction (fixed [ strategy) at PO=1.4 bar
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Figure 51. Comparison of measured transition location and N contours at PO=1.4 bar condition
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Table 4. Summary of stability analysis at S2MA test
(a) Comparison of stability results due to envelope strategy

Envelope Method
ONERA JAXA
wic
N w | N Hz) | w
i P=06| 0.37 | 56 | 15000 | 65 | 59 | 16500 | 54
yWe=03 "o -1 | 022 | 64 | 20000 | 62 | 66 | 23000 | 60
(c=0.659)
P=14| <015 | 7.6 | 35000 | 59 | 82 | 41500 | 52
Envelope Method
ONERA JTANA
i
N w| N W
P=06| 049 | 44 | 20000 | 65 | 48 | 19500 | 66
{gﬁ,‘gégl Po1 | 028 | 52 | 40000 | 58 | 55 | 44500 | 56
; Pe=1.4 02 6.4 50000 66 T 57000 65

(b) Comparison of stability results due to fixed 3 strategy

Fixad Beta Strategy
ONERA JAXA

t:E:;} N | Bea 1| Psi N |beta| 1 | Psi

Pe=06 | 037 |T5| 29 -500 | 14000 | 68 | TS| 233 650 | 13000 | -66

;:3;35;; P=1 | 022 |cF| 27 | 1500 | 25000 | 72 |cF| 28 | 1250 | 24000
Prsid g-:g cF | 43 | 4000 | 45000 | 80 |cF| 45 | 3280 |43000| T
Fixed Beta Strategy
DONERA JANA
' 3 &
{Exp) M bada I Psi N bata I Psi |

Po=06& | 049 | TS| 18 -500 | 12000 | -TO | TH | 22 -850 | 16500 | -68 |

ylis=0.7 Pe=1 028 (CF| 32 3500 (32500 | 75 |CF| 35 2700 | 42000 | T6
{c=0.308)

Po=1.4 D2 |CF 4 4000 | 45000 | 80 |CF | 45 4250 | 55000 ) TR

characteristics on transition experiments conducted
by JAXA at S2MA wind tunnel in 2000.

b) In this analysis, the CFD(NS)-based Cp distribu-
tions by JAXA were applied for the 3D-LBL com-
putations, because they were in good agreement
with the measured Cp distributions except for that
at mid-spanwise station (y/s=0.5).

c) JAXA and ONERA computed the 3D-LBL and
stability characteristics with both envelope and
fixed 8 strategies, then both parties compared their
N factors with measured transition locations. Ac-
cording to the fixed [ strategy, both parties inves-

tigated the nature of transition by confirming the
most dominant unstable mode, namely TS or CF
instabilities.

d) Furthermore, ONERA used “Database”
simplified stability method and compared it to
experimental measurements and exact stability
computations.

(2) Principal results

a) ONERA and JAXA confirmed good agreement
in their stability results computed with both
envelope and fixed 3 strategies.
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b) Comparison of the N contour based on their
stability results and experimental transition
locations provides the following relations:

i) At P =0.6 bar condition, N=4.5 corresponds to
the transition location measured with IR tech-
nique. N=5.5 and 4.5 (values obtained with
envelope strategy) correspond to the transition
location estimated with HF data at inner and
outer wing regions

ii) At P =1.0 bar condition, N=5.5 corresponds to
the transition location measured with IR tech-
nique. N=6.5 and 5.5 correspond to the transi-
tion location estimated with HF data at inner
and outer wing regions

iii) At P =1.4 bar condition, N=4.5 corresponds to
the transition location measured with IR tech-
nique. N=7.5 and 6.5 correspond to the transi-
tion location estimated with HF data at inner
and outer wing regions

¢) Furthermore, ONERA confirmed good relation
among exact stability analysis with envelope
strategy, ONERA’s simplified method called
“Database” and experimental results.

d) Finally, JAXA independently investigated the
freestream turbulence level at the S2MA tunnel by
using a dynamic pressure transducer to measure
total pressure fluctuation. Then, JAXA compared
them with ONERA’s original data, and found
1.5 times higher level of Cp_ as described in
Appendix H.

4. Numerical study on influence of
roughness

4.1. Measured roughness data

As mentioned above, surface quality has im-
portant influence on transition process. As a mat-
ter of fact, crossflow instabilities are very sensitive
to surface roughness but any effective correction
approaches on current e method have not been
established yet. Before and after the flight test of
the NEXST-1, JAXA measured roughness height
distributions on the surface of both the S2MA test
model and the NEXST-1 airplane, by using lots

of sample pieces made of “resin” and laser dis-
placement measurement system as shown in Figs.
53-54. Fig. 53(a) exhibits measurement points for
those sample pieces on the wing and forebody sur-
faces of the S2MA wind tunnel test model. Fig.
53(b) indicates outline of present measurement
technique and a summary of measured results on
the S2MA model. From these data, we found that
the averaged roughness height was less than about
1 um as a metric of “Ra” . Fig. 54(a) shows mea-
surement points on the wing and body surfaces of
the NEXST-1 airplane before the flight test. Fig.
54(b) indicates a summary of measured roughness
data including the data measured after the flight
test. It was obtained that the NEXST-1 had a simi-
lar averaged roughness height of about 1 um to the
one of the S2MA test model.

4.2. Influence of roughness condition on
transition process

A couple of years ago, ONERA has proposed a
useful relation between Reynolds number based on
roughness height R , which is defined by the fol-
lowing equation and transition N value in super-
sonic flow condition” as summarized in Fig. 55.
ONERA approximately found out linear relation
between R, and the N value as illustrated in the fig-
ure.

Then, both parties computed R, value on the
S2MA test model at each test condition, using 3D
laminar boundary layer characteristics. ONERA’s
and JAXA’s results were compared as shown in
Figs. 56 and 57 and demonstrated a good agree-
ment. The maximum R, value was less than 0.1
even at the most highest test Reynolds number,
P,=1.4 bar condition.

Then, JAXA independently computed R, con-
tours on the NEXST-1 airplane over the same
spanwise stations as the S2MA test model at two
flight test conditions (namely « No.4 and Re
No.5) and summarized them in Figs. 58. Based
on these data, it was finally found that the maxi-
mum R, value was less than 0.05 even at the higher
Reynolds number condition (Re No.5).

These R, values were so small that they are
not located within the database shown in Fig. 55.
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(b) Summary of measurement technique and results

Figure 53. Measured roughness data on S2MA test model

(a) Measurement points
Figure 54. Measured roughness data on NEXST-1 airplane
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Therefore, JAXA approximated ONERA’s data-
base by using the following relation:

N=1625-6.61 log,R, where R, ="k
Vk

According to this approximation, it is supposed
that for such low value of R,<0.1, the correspond-
ing critical N value is very high N>22. Thus, pres-
ent N value is too high to predict transition loca-
tion due to influence of roughness. Based on pres-
ent ONERA’s database, it means that these R, val-

ues have little influence on transition phenomenon.
Naturally this consideration is also valid for tran-
sition phenomenon at « No.4, because boundary
layer thickness at this angle of attack is larger than
at Re No.5 case. Therefore, both parties finally
judged that those measured roughness data on both
the S2MA test model and the NEXST-1 airplane
had no influence on transition process at test condi-
tions.

® Ra<(.5 ® (). 5==Ra<l| l<=Ra<2
=500
-
Excluding
B Soratches
1500
Scratches data was excluded.
~2500 |
5000 000 000 BO0G G000 10600
(b) Summary of measured results
Figure 54. Measured roughness data on NEXST-1 airplane
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Figure 55. ONERA's transition database on roughness condition
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4.3. Summary of chapter 4 in the linear relation between R_and transition N
(1) Subjects values.

To investigate the roughness effect on transition
characteristics, both parties analyzed the Reynolds
number based on measured roughness height R
along the chordwise location of both the NEXST-1
airplane and the S2MA test model. Then, both sample pieces made of resin.
parties compared them with ONERA’s roughness
database, which was approximately summarized

(2) Principal results

a) Measured roughness height was about 1 u m,
using a laser displacement detector and several

b) Computed R, values were less than about 0.1

*P,=0.6 bar S2MA case
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SRR e
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Vi
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(b) y/s=0.7
Figure 56. R, contours computed at P0=0.6 bar of S2MA test model
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(b) y/s=0.7
Figure 57. R, contours computed at PO=1.4 bar of S2MA test model

after the neutral point in chordwise location. It means that such roughness condition makes no
Therefore, according to the comparison of the influence on transition process.

R, values and ONERA’s original experimental

roughness database, both parties found the special

N value due to natural transition was above 22.
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Figure 58. R, contours on NEXST-1 airplane

5. Consideration of Reynolds number effect

As mentioned above, JAXA’s NLF wing de-
sign concept of the NEXST-1 was not effective at
higher Reynolds number condition (Re No.5). To
understand this situation, the influence of Reynolds
number on transition process in fully 3D laminar
boundary layer is considered in this section. First
of all, the complete set of experimental transition
data is summarized. In a second time, experimental
transition locations are compared to the predicted
numerical ones obtained with an assumed critical
value of N factor. Finally, the influence of Reyn-
olds number on the nature of instability and transi-
tion process using theoretical target external pres-
sure distribution is investigated.

5.1. Summary of experimental transition
data

Figures 59 and Table 5 summarize transition
measurement results of S2ZMA wind tunnel and
NEXST-1 flight tests mentioned above. As seen
in Fig.59(a), behavior of transition location at out-
er wing region in the S2MA test case is different
from that in the NEXST-1 flight test case when the

MAC-based Reynolds number Re,, . increases.
Fig. 59(b) shows such behavior more clearly in
the spanwise variation of measured transition loca-
tion. The left part of Fig. 59(b) shows the spanwise
trend of measured transition position normalized
with each local chord (x/c),, for the case a_No.4,
and the right part of the figure indicates transition
Reynolds number based on streamwise distance
from the leading edge of the models. In this figure,
the measured transition location at y/s=0.7 for o _
No.4 case has relatively a strange feature compared
with other transition locations. Both parties turned
their attention to the fact that the transition mea-
sured at y/s=0.7 was too close to the leading edge
at o No.4.

According to the R, study for the S2MA test
model and the NEXST-1 airplane, the influence of
roughness on transition process was estimated to
be weak. As mentioned before, freestream turbu-
lence level is supposed to be very low for flight test
condition, Tu=0.05% and increases for wind tunnel
tests (Tu=0.15% at S2MA). Therefore, the evolu-
tion of transition location along the spanwise direc-
tion is only influence by freestream turbulence and
external pressure distribution.
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In addition, if it is assumed that transition is
predicted with a constant N factor value over the
whole part of the wing, the transition lines ob-
tained imposing N=4.5 for the S2MA test cases
and N=12 for the NEXST-1 flight test cases are
plotted in Fig. 60 (corresponding values appear
in Table 6). Experimental results are in almost
close agreement with these predicted ones as

S2MAtest (M=2, a=1.5" , T0=290K)

i S T
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liia A ge03T |
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_ .-"‘--- . J s
Bfansal TIAN - L3 1 ~ [NEXST-1(100%), MAC=2.754m]

[52MA model (23.3%), MAC=0.642m ]

seen in Fig. 60. Therefore, the Reynolds number
trend on measured and predicted transition loca-
tions can be summarized in Figs. 61. Fig. 61(a)
shows unit Reynolds number effect on transi-
tion location (both transition Reynolds number

Re, _Us Xx/ and dimensionless transi-
T Vv

tion location x,/c). Fig. 61(b) indicates MAC-
based Reynolds number effect. As seen in both

| NEXST-1FLT test (M=2) |

»c(n=0.3)=2.83m, c(n=0.7)=1.32m

(a) Surface pattern
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Figure 59. Summary of experimental transition data
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Table 5. Summary of experimental transition data
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figures, Reynolds number has opposite influence
on measured transition location at y/s=0.7 in the
NEXST-1 flight test case, compared to the other
curves.

From the Fig. 61(b), if the outer part of the
wing, namely y/s=0.7, is considered, the evolution
of transition Reynolds number in the flight test
condition (indicated as “FLT” ) is different
from that in the wind tunnel test condition. It
also implies that the measured transition location
at y/s=0.7 at o No.4 case was too close to the
leading edge compared with the transition location
predicted with the constant N value.

This
transition location at y/s=0.7 may originate in the

upstream movement of measured
following subjects:

(a) Interpolated Cp contour did not completely
coincide with measured Cp contour, especially
spanwise variation of Cp distributions near y/s=0.7
was not well-interpolated.

(b) Measured Cp contour did not reflect the
target Cp contour, especially near the outer wing
region.

As for the subject (a), additional stability anal-
ysis on the Cp distributions based on our surface-
interpolation technique with carefully tunned pa-
rameters near the region at y/s=0.7 indicates that
correlation between measured and predicted transi-

tion locations was slightly improved, but not fully.
JAXA has not cleared this point yet. As for the
subject (b), further stability analysis on the CPrpper
contour was performed as described in next sec-
tion.

Therefore, JAXA reconsidered the stability
characteristics at outer wing region for the o
No.4 case and discussed them, compared with
stability results on the JAXA’s target pressure
distribution for the NEXST-1 NLF wing design.
These results are described in section 3. But, in
next section, both parties show important results on
investigation of the nature of measured transition
under the help of fixed 3 strategy.

5.2. Consideration on nature of transition
and Reynolds number effect

Figs. 62 show two comparisons of spanwise
variation of N factors corresponding to measured
transition location computed by ONERA and
JAXA. The nature of instability responsible for
transition onset is specified on the graphs in agree-
ment with fixed 8 strategy computations. The N
factor computed with envelope strategy in Fig.
62(a) is larger than that with fixed 8 strategy in
Fig. 62(b). However, of course, spanwise trend of
transition movement in Fig. 62(a) is qualitatively
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Increase of Re No.

Ny ot . : N{due to envelope strategy)
at trangition point

Figure 60. Comparison of measured and predicted transition locations

Table 6. Summary of transition analysis data

Test Case ReMilliar) MAC Reuschil M z/e=03
{1/m) () {xmfch i clm) Rec | xmdm) | RexmdM]
NEXST-1 | AOA No.4 547 2754 1493 12 028 28300 1534 080 437
{100%) | Re Mo.& 12,76} 2,754 35.14) 12 003 2830 3511 Q.07 Q.52
SIMA | PO=0 fbar 7 66 .64 acal 45 0220 0856 507 015 1.12
(233%) | PO=1(bar 1280 0642 21| 45 005 0F50: 044 003 041
PO=1 Shar 17.80) 064 1149] 45 002 0658 1180 002 0.40)
Test Crase ReMilliar] MAC Rewschdl MNer zie=07
{(1/m) {m) lxmfch i clm) | Rec | xndm) | RexmdM]
NEXST-1 | ADANoA 5 42 2754 1493 12 054: 13200 715 071 B
{100%) | ReMoS 12,754 2,754 %14 12 Q1% 1320 1684 0,19 247
S2MA | PO=0.Gbar 7 60 0842 403 45 043 03080 237 013 1
(233%) |PO=1(bar 1280 0642 821 a5 015 0308 304 008 o%
FO=1 dbar 17 90f 0642 1149) 45 008 0308 551 002 04

the same as that in Fig. 62(b) because it depends
on measured transition location. The trend of tran-
sition N factors computed with both envelope strat-
egy (N, ) and with fixed S strategy (N, ) cor-
responding to measured transition location show
that they qualitatively decrease as spanwise sta-
tion (y/s) increases. It means that disturbances are
weakly amplified in the outer region than in inner
wing region. Furthermore, at a given spanwise
station, the N_ and N, generally increase as the
Reynolds number increases. This is due to the en-
hancement of CFI growth in the vicinity of the
leading edge.

As seen in these figures, at low Reynolds num-
ber conditions, TS instability is dominant except
for y/s=0.7 at & No.4. As Reynolds number in-
creases, instability changes from TS to CF. These
results mean that JAXA’s target pressure distribu-
tion well suppresses CF instability at the design
point, but is not adapted to high Reynolds number
conditions.

Finally, N factor on the S2MA test case in-
dicates relatively lower value than that at the
NEXST-1 flight test condition. In the same way,
the decrease of N factor, obtained with enve-
lope method, from inner to outer wing region at
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Figure 62. Spanwise variation of transition N values

the NEXST-1 case is much larger than that at the
S2MA case: this implies that earlier transition at
outer wing region for the « No.4 case was mea-
sured against JAXA’s prediction.

5.3. Reynolds number effect on the
NEXST-1 target Cp distributions

At first, comparison of the target pressure (Cp-
Target) and present surface-interpolated Cp contours
is shown in Fig. 63. As ecasily seen, there is re-

markable difference at outer wing region, includ-

ing slight difference near leading edge region.
These difference originated in non-completion of
convergence in the inverse design process of the
NEXST-1 NLF wing. As shown in Fig. B-2 of Ap-
pendix B, the final CFD-based design Cp distribu-
tions had already slight difference at outer wing
region®. Therefore, JAXA computed 3D boundary
layer flow using this target pressure distribution. A
comparison of new boundary layer characteristics
and previous results computed with surface-inter-
polated pressure distribution is shown in Fig. 64.
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Figure 63. Comparison of target and surface-interpolated measured pressure distributions at & No.4

It was clearly found remarkable difference in both
maximum values of CF velocity profile.

A comparison of stability results on target and
surface-interpolated Cp contours computed with
envelope strategy are summarized in Fig. 65. This
figure indicates that the CPye CONtOUr has possi-
bility to delay the transition at outer wing region
more strongly than at the surface-interpolated one.

Then, Reynolds number influence on transition
process (nature of instability and transition loca-
tion), was numerically investigated using the theo-
retical target pressure distribution. N factors pro-
vided by envelope strategy over full spanwise wing
region and by fixed 3 strategy at the mid-span re-
gion (y/s=0.5) are plotted in Fig. 66 and Fig. 67 at
representative Reynolds number conditions. It was
naturally confirmed that the predicted transition lo-
cation corresponding to a certain N value moved
towards the leading edge when Reynolds number
increased.

To understand physical nature of transition,
namely to identify the most dominant instability,
fixed 8 strategy computations were also performed.
Here, to study Reynolds number effect on transi-
tion movement, a critical value of N factor corre-
sponding to transition onset must be set. Based on
previous results shown in Fig. 65, since N=6 for
fixed B strategy had good correlation with mea-

sured transition location, it was selected in present
study as the transitional N factor value.

According to this criterion, the dominant
mode is Tollmien-Schlichting instability for the
lower Reynolds number case as shown in Fig.
67. When Reynolds number increases above
Re,,, >22.4X10°, transition is triggered by cross-
flow instability. As a matter of fact, as chord Reyn-
olds number Re, .
near the leading edge region is enhanced. The evo-

increases, amplification of CFI

lution of dimensionless transition location (x/c),,
corresponding to N =6 is plotted in Fig. 68 (green
line for y/s=0.5) as a function of chord Reynolds
number, and summarized in Table 7. Open symbols
stand for TSI driven transition whereas full sym-
bols represent CFI induced transition. Up to Re,, .
< 22.4X10¢, transition is triggered by TSI and its
position slightly moves upstream when Re,, . in-
creases. At Re, =22.4X10° as represented in
Fig. 67, CFI are sufficiently amplified to reach the
critical transition N value: therefore, the transition
dramatically moves towards the leading edge and
will take place all the more close to the leading
edge than the Reynolds number increases.

This physical change of transition phenom-
enon is illustrated by the drop of the green line
represented (x/c),, as a function of chord Reyn-
olds number at Re,;, =22.4X10° in Fig. 68. Same
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Figure 65. Comparison of N factors (envelope strategy) on target and surface-interpolated Cp contours

kind of analysis has been carried out for y/s=0.3
and 0.7. All the results are also gathered in Fig.
68. For the inner part of the wing, namely y/s=0.3,
transition is induced by CFI even for low Reynolds
number. For the outer part of the wing, y/s=0.7,
the evolution is very similar to the one obtained
at y/s=0.5. N factors on present target Cp contour
computed with envelope and fixed 3 strategies at
y/s=0.3, 0.5 and 0.7 for whole Reynolds number

conditions are summarized in Appendix K.

As mentioned before, the predicted transi-
tion near mid-span region rapidly moves near the
wac=22.4 X100,
because of the change of instability nature from
TSI to CFI. Therefore, JAXA’s NLF wing design
concept completely based on the CPyyer CONtOUr
has possibility of large laminarity at outer wing re-
gion for a Reynolds number range such that Re,, .

leading edge region, around Re
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Figure 66. N contours (envelope strategy) on target pressure distribution
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Figure 67. Predicted transition location on target Cp distribution based on N factors computed
with fixed [ strategy

< 22.4X10° under the approximation of selecting transition location firstly gradually moves forward,
N=6 as a transition criterion. and beyond a certain Reynolds number, it suddenly

Finally, according to present investigation, jumps up to the region near the leading edge. Ap-
Reynolds number effect on transition movement proximately, three patterns for transition movement
and nature of instability are schematically sum- are found as illustrated in Fig. 69. In the NEXST-1
marized in Fig. 69. As Reynolds number increases, NLF wing case, the design point at higher Reyn-
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Figure 68. Reynolds number effect on target Cp distribution

Table 7. Summarized results of Reynolds number effect on target Cp distribution
- Transition location and nature due to fixed [ strategy -

NEXST-1FLT Test| MAC[m]= 2754 | Npwaniw= B

Case | Condition | RewuM] | RewnciM] |  y/s=03

Neo. (1/m) (x/echr | Mature
1 |ADA Nod 5.4 14.9 0.050 CF

2 |Ps=9KPa 6.6 18.2 0.026 CF
3 |Ps=9.4KPa 6.9 19.0 0.026 CF
4 |Ps=0.8KPa 7.2 198 0.020 CF
5 |Ps=106KPa| 7.8 214 0.019 CF
6 |Ps=11.1KPa| 8.1 224 0.016 CF
7 |Ps=116KPa| 8.5 234 0.020 CF
8 |Ps=122KkPa| 89 248 0.014 CF
9 |Ps=138KPa| 10.1 219 0.010 CF

10 |Ps=147KkPa| 108 29.7 0.009 CF 0.024 CF 0.050 CF
11 |Ps=155kPa| 114 313 0.008 CF 0.020 CF 0.040 CF
12 |Ps=16.3KPa| 119 329 0.007 CF 0.020 CF 0.035 CF
13 |Ps=17.0KPa| 125 344 0.007 CF 0.020 CF 0.032 CF
14 |Ps=18.1KPa| 133 36.5 0.007 CF 0.017 CF 0.029 CF
15 |Ps=19.1KPa| 140 38.6 0.007 CF 0.016 CF 0.025 CF

olds number condition (Re No.5) is supposed to
be located beyond the line of rapid change where 5.4. Summary of chapter 5
transition suddenly moves up to the region near the (1) Subjects

leading edge. Therefore, JAXA’s target pressure
distribution should be improved. The main point of
the improvement is that the rapid change line must
be increased up to the region beyond the design
point at high Reynolds number condition as illus-
trated in Fig. 69.

a) According to several comparisons of experi-
mental transition data and stability analysis results
(computed with both envelope and fixed [ strate-
gies), transition N values were summarized at each
spanwise station.
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Figure 69. General feature of Reynolds number effect on transition movement on an ideal pressure
distribution improved to suppress CFI of a highly swept wing

b) JAXA estimated transition locations based on
the assumed transition N value due to envelope
strategy and compared them with experimental
results. More specifically, JAXA focused on the
Reynolds number effect on transition location at
outer wing region near y/s=0.7.

c) As for the detailed analysis of the transition
characteristics on the NEXST-1 target Cp
distributions at several Reynolds number
conditions, JAXA investigated the Reynolds
number effect of the transition characteristics that
the target Cp distributions inherently have.

(2) Principal results

a) The trend of transition N values corresponding
to experimental transition location, namely N_
due to envelope strategy and N, due to fixed S
strategy show that they qualitatively decrease as
spanwise station (y/s) increases. Furthermore, they
generally increase as Reynolds number increases.

b) By comparing experiments with N contours due
to envelope strategy, JAXA estimated N=12 and
4.5 in the flight test and S2MA wind tunnel test
respectively, as approximated transition criteria.

¢) According to the comparison of experimental
transition data and transition locations predicted
with these criteria, it was found that transition lo-
cation at outer wing region near y/s=0.7 at the de-
sign point condition (« No.4) was detected close
to the leading edge than the JAXA numerical pre-
diction. As the main reason, JAXA supposes that
the NEXST-1 airplane was not able to realize the
complete target Cp distributions at outer wing re-
gion in the flight test condition.

d) According to JAXA’s new investigation
on transition characteristics on the target Cp
distribution, the following Reynolds number trend
was revealed: at lower Reynolds number condition,
the target Cp distributions well suppressed CF
instability and transition location due to TS
instability was delayed. As Reynolds number
increases, the suppression of CFI is lost, then
the change of instability from TSI to CFI makes
transition location moves forward rapidly. This
change spreads from the inner to outer wing region
as the Reynolds number increases.

This document is provided by JAXA.



Experimental and Numerical Research on Boundary Layer Transition Analysis at Supersonic Speed 75

6. Concluding Remarks

Principal results in present research are as
follows;
a) Stability analysis with envelope strategy shows
good correlation between measured transition
location and N contour, for example N =12 for
the NEXST-1 flight test and 4.5 for the S2MA
wind tunnel test conditions.

b) Stability analysis with fixed S strategy makes
clear dominant instability at measured transition
location. Both parties confirmed well-suppression
of CFI on the NEXST-1 at the design point in flight
test and at lower Reynolds number case in S2ZMA
wind tunnel test.

¢) Investigation of chord Reynolds number (Re,,, )
effect on transition characteristics on experimental
results shows similar feature on predicted

transition results for variation of Re except

MAC?
for the outer wing region (y/s=0.7) in flight test.
This exception is thought to be induced by non-
completeness of realizing the CpTarge[ at the design

point in flight test.

d) According to roughness study with measured
roughness height of about 1 © m on the NEXST-1
and the S2MA test model, there is no influence of
surface roughness on transition location based on
ONERA'’s experimental database.

e) It was obtained that the CpTarget distribution
for the NEXST-1 NLF wing design has great
potential to delay transition onset at the design
point. Nonetheless, transition moves rapidly from
mid-chord position (TSI-dominant) to forward
uac Increases above
22.4 millions. Therefore, further improvement of

present Cp,. distribution is necessary, because of

position (CFI-dominant) as Re

no suppression of CFI at higher Reynolds number
case (Re No.5) in flight test.

Finally, as conclusion of present and previous joint
research activities, ONERA and JAXA obtained
valuable knowledge of transition in supersonic
flow, for example, cross-validated e methods,

NLF wing effect (well-suppressed CFI), useful
relations (as database) on roughness, freestream
turbulence and Reynolds number effects.
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Appendixes

A. Background of cooperative research

In previous cooperative work, both parties con-
ducted three research tasks as summarized in Fig.
A-1. This research work continued during about 8
years, because JAXA mainly spent three years to
recover the second flight test of the NEXST-1 air-
plane after the failure of the first flight test in 2002.
Time history of previous cooperative work is il-

lustrated in Fig. A-2, including the main events of
JAXA’s NEXST-1 project.

Figure A-3 shows principal results of previous
cooperative work®. First of all, both parties ob-
tained useful and meaningful results as follows: (i)
Both eN codes were well cross-validated. (ii) Both
eN codes had good correlation with measured tran-
sition data from inner to mid-span region. How-
ever, both parties also found the following points:
(a) There was little correlation between measured

Task JAXA ONERA
10° Sharpcone | |W/T test] |Analysis|
1 i B Dx,. +» Transition map (T)e™: Linear {o=0,#0)
—~—=—"" [[| @Condition:M=20,a=0,#0 | @PSE (a=0)
L 1 Analysis] @ Condition: W/T, Flight
Nose cone :
@Cp: Analytic, Euler, NS
3| OfNEXSTI @LBL: BL (a=0) , NS (a#0)
":::—_-—-—-_.__—:_—H: (@ e: Linear (o=0, az0)
—— | @Condition: W/T, Flight
NLF wing IW/T test) [Analysis|
of NEXST-1 @(x/c)y, @yls, Transition map | @LBL:3-D BL code
@Condition: M=2.0, a-sweep | @ €": Linear (dp ;)
3 "/ ||Analysis| @Condition: W/T, Flight
;"'_"_':Fr ————um (@LBL: BL, NS (a-sweep)
H““H_H | @e™: Linear (a-sweep)
\\ @ Condition: W/T, Flight
(BALC: Poll method
Figure A-1 Previous research tasks
[ year 00 01 02 03 04 05 06 07 08 09 10 |
= Start(17 April) End(31 March)
§ v v
Fundamental research Final report
Task 1 and
g 2 e ? o) |
£ .2 NEXST-1Transition analysis Flighttest analysis = Atrial work
3% (Task 1, 2 and 3) . (Task3) ey radtion
Transition analysis
validation prediction validation
' v Challenging
¥ ¥ i subjects
.. ONERA-S2MA 1%tFlighttest 2" Flighttest
5 transitiontest failed (14 July) succeeded
n (Oct.) (10 Oct.

Improving
NEXST-1
system

Figure A-2 History of cooperative research and JAXA's NEXST-1 project
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and predicted transition location at outer wing re-
gion, that is, lower N value than that at inner wing
region was required in order to predict transition at
measured position. (b) There was different N be-
havior along the spanwise direction. As a result,
both parties recognized that more research subjects
were still remained, for example to advance previ-
ous transition analysis for understanding transition
nature, that is, to quantify the most dominant insta-
bility of boundary layer, Reynolds number effect
and influence of roughness condition on transition
process, etc.

In preliminary investigation and discussion
from May to June in 2009, both parties found out
some possibilities to solve present subjects by ap-
plying the fixed [ strategy proposed by ONERA
into the stability analysis at the NEXST-1 flight
test condition. Figure A-4 shows the main result of
this investigation. By comparing measured transi-
tion data with stability results computed with fixed
[ strategy, the following results were obtained: (i)
At the region from inner wing to mid-span, cross-
flow instability (CFI) was fully suppressed up to
the measured transition location. (ii) On the other

Transition analysis : NS-based Cp — Laminar BL — e" (envelope strategy)

(1) Both e™ codes were well cross-validated.
(2) Both e™ codes have good correlation with measured

transition data from inner to mid span region.

hallenging
ubjects
*Re No. effect
*Roughness effect

P Gixoapstrategy)|

(1) Little correlation : lower N values
(2) Different spanwise N behavior

Transition measurement results on each sensor
¢ DPAGILam.+Tra)

o HFAC({Lam+Tra.)
* HFAC(Turb.) + DPAC(Turb.)

‘‘‘‘‘

&

4 Preston{Lam.+Tra.)
Praston(Turb.)

Figure A-3 Principal results of previous cooperative research

By comparing FLT data with fixed p results (new approach),
(1) Inner to mid: fully CF suppression — TS dominant Tr.
{2) Mid to outer: slightly increased N on CF — CF dominant Tr.

rhlu remarkable N evolution on TS mode, because of flow mlanﬁ

#50(y/s=0.4)

| ser |

#TB(y/=s=0.6) #91(y/s=0.7)

1] [:1 oz o3 md
TSmode 4

) &':n: n'*

01 0z 03 fu'-t 0 o1 o2 *_ 04 o

Xy p1/C=39% Xy p7/C=41.6% Xy ;11/C=36.5% Xy r7/C=29%

Figure A-4 Main results of a trial work in May, 2009
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hand, at the region from mid-span to outer wing,
CFI was dominant at measured transition location.
Therefore, such fixed S strategy is a very pow-
erful approach to understand physical nature in
transition process. According to this investigation
and discussion, both parties made new tasks as de-
scribed in section (2) of Chapter 1.

CFD-based Inverse Design

Cp,upper

ACp=CpJower-Cp,upper

| S

IdealCp ldEaIIiI:nadfnr
for NLF reducing
lift-depended drag
Target Cp
s < Initial Shape

successive w}’mﬂﬂb}' CFD

approach

Designed airfoil geometry
final

with warped arrow and area-ruled body

! |1 convergence

B. Aerodynamic design and measured
transition data on the NEXST-1 airplane

JAXA promoted the National EXperimental
Supersonic Transport program called “NEXST”
program from 1997 to 2006, in order to
develop new drag reduction technologies for
next generation of SSTs. In this program, four
design concepts to reduce supersonic drag were
applied to the development of an unmanned and
scaled supersonic experimental vehicle called

“NEXTS-17
concepts of an arrow planform, a warped wing and

airplane. Although three design

an area-ruled body were based on conventional
supersonic linear theory, a supersonic natural
laminar flow wing design concept was originally
created in this program.

The key technology for the NLF wing de-
sign was to develop a CFD-based inverse design
method, and to derive an optimum and ideal pres-
sure distribution for the NLF wing design. Figure
B-1 shows the procedure of present inverse design
method for the NLF wing concept. According to
this procedure, JAXA firstly prepared an initial
configuration designed with three pressure drag re-
duction concepts mentioned above. Then, the dif-
ference between the CpTarget and CFD-computed Cp

Designed

Figure B-1 CFD-based inverse method for NLF wing design
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-0.15

=010

=0.05
0.00

& 005

R4 :final designed
configuration

010

O 4 : TargetCp

: Designed Cp

oo o 0.2

03 04 05 08 07 08 09 XNC

Figure B-2 Comparison of inverse-designed and target pressure distributions at final step

distributions on the initial configuration was esti-
mated. After that, the configuration was modified
to reduce the difference of Cp distributions by us-
ing supersonic lifting surface theory. Finally, such
a step was continued to reduce the difference.

To demonstrate the NLF wing design concept
in flight test, JAXA designed and developed an
11%-scaled (NEXST-1)

experimental vehicle

shown in Fig. 1. Its design point was Mach
number M=2.0, lift coefficient C =0.1 and flight
altitude H=18 km. The CFD-based inverse design
method was applied to design the NEXST-1.
Almost good convergence between the CP et
and CFD-based design pressure distributions was
obtained as shown in Fig. B-2 for two spanwise
stations y/s=0.3 and y/s=0.7. The NEXST-1

Design Condition for Jig Shape : M=2, C,;=0.1, H=18 km

Tools : CFD code
NASTRAN code

FEM Model

Oln the design
Aerodynamic Shape [AS]

/’l— Oln drawing +
/O Jig Shape [JS]

Displacement at 50%C of tip : AZ=-16.24 mm
Twistangleat tip : Ab= +0.43°

QOOn the ground

Production Shape [PS] ﬁlllclmlirm production errors

QOln Flight
Elastic Shape |ES]

4=m Including elastic deformation of wing

Figure B-3 Consideration of elastic deformation of NEXST-1 airplane
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0i 4 elastic deformation effedt
v/ 5=0.9

xfe

0.2
00 g Nod (a=-1.57" ) 0

= CFD-AS

= CFD-ES
& FLT{upper)
FLT{lower)

y/s=0.9

b - - L —

o
v/s=0.9

xle
00 g Nod4 (u=153" ) 1.0

0.2

Cp
=01
elastic deformation effect
0.0
o
v/s=0.9
xlc
D2 =

% Re No.5 (a=156") '°

Figure B-4 Effect of elastic deformation on pressure distributions

was manufactured taking account of elastic
deformation at the design point, according to the
design procedure as illustrated in Fig. B-3. Such an
elastic deformed configuration was called “ES” .
On the other hand, the original aerodynamic
configuration without any elastic deformation was
called “AS” . Fig. B-4 shows the effect of elastic
deformation on the pressure distributions at flight
test conditions, « No.l, o No.4 and Re No.5
cases.

Before the flight test of the NEXST-1, JAXA
investigated the NLF wing effect experimentally.
Fig. 2 shows the principal result of experimental
validation® at the design angle of attack. JAXA
qualitatively confirmed remarkable rearward
movement of transition by detecting surface
temperature using IR camera technique.

During the flight test, JAXA measured pres-
sure distributions and transition locations using
several aerodynamic sensors as illustrated in Fig.
B-5. Transition location was estimated from steady
and unsteady measured quantities indicating lami-
nar or turbulent boundary layer states. JAXA used

four kinds of transition detection sensors, namely
hot-films (HF), dynamic pressure transducers (DP),
Preston tubes (Pr) and thermocouples (TC). Corre-
lations of these sensors in detecting transition were
already investigated in preliminary wind tunnel test
on the nose cone of the NEXST-1 and the main re-
sult of the test was summarized in Fig. B-6: in this
figure, sensors are located at x=250 mm from the
apex of the cone and transition occurs at this loca-
tion for an angle of attack of AOA=2°.

Figure B-7 illustrates outline of the flight test
of the NEXST-1 and Table B-1 gathers flight mea-
surement conditions. Figure 4(a) shows a compari-
son of measured and CFD-computed Cp distribu-
tions at the design point. It was confirmed that
there was good correlation between them. Figure
4(b) shows one of typical time histories of mea-
sured HF signals: laminar state indicated by little
fluctuation on measured HF signal was clearly
observed at the design point (4" step of « -sweep
test). Figure 4(c) gathers all the detection sen-
sor measurements for several spanwise locations,
blue color stands for non-turbulent boundary layer
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[Pressure measurement technique]

¥ Pressure holes (322)

B Preston tube (10)

+ Thermocouple (46)

# Dvnamic pressure transducer (20) ®x  Hot=-film sensor (20)

Figure B-5. Aerodynamic measurement technique

Each sensor has good correlation in detecting transition location.
pP_—HF

05 T T T T T = 45
® HF: &'ms [V] 4 DP: p'ms [KPa] Pr
B Pr: Press. [kPa] # TC: Temp. ['C
&% | p.[C] o E
. TC =
& . 0y =
e =, mim
& 03 . 35 5
E‘ "] L] - E
B ' =
'a 02 i 3 %0 F
S - =
= Maodel length :700m =
g0 ng AL 25 2
w0 . g
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Figure B-6. Correlation of transition measurement sensors
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H=13.7~11.5
@M=2, C,=0.1

a=-1.5~-3.5 @ M=2

Measurement

[ Separation

p

il

Altitude [km]

Morthing Return HELL
it o b o Launch
~ Landi
Max. Epaed: M2.7 Recovery &

Max. Altitude: 19km
Max. Distance: 102km

Easting [km]

Oct. 10. 2005 at Woomera
Figure B-7. Flight test trajectory

Table B-1. Flight test conditions

Phase 1| M ol [ Hien) [ Selmiied
al 2.00 12.72
a2 204 1337
@ —sweep ol 117.72 204 14.25
phase a4 121.82 203 1493
as 12643 | 200 =0.08 1554
b 131.25 197 344 0.00 1747 1584
s Rel 16735 | 201 156 | -008 | 1224 3425
ignis ? Re5 17135 | 1.96 158 | -045 | 1169 35.15
Ref 175.33 1.80 1.56 -018 | 1145 34.70
ATC o Pr oHF oDp
ATC(TURB) * Pr(TUB) * HF(TUB) s DP(TUB)
ATCLMEATEN) * PoLMRE+TEN) ®HF(LMR+TREM) ® DF{LMRE+TEN)

a-sweep No.1

.16 LI}
0l6 01,34
D13 =054
T
0.32 .7

0.5

(a) o No.1 case

Figure B-8. Measured transition data on NEXST-1 flight test
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whereas red one corresponds to turbulent region:
the deduced transition location is plotted by the
green line. As a result, JAXA roughly estimated
about 40% of chord the extension of laminar and
transitional boundary layer region over the up-
per surface of the wing. This validation leads to
estimation of quantitative effect of the NEXST-1

aerodynamic design technology when it is applied
to the design of a real size SST. Figures B-8(a) to
B-8(g) exhibit measured transition data at whole
flight test conditions.

Detailed design process and results, including
the flight test results can be found in Ref. 4.

aTC *Pr oHF
ATC(TUB) +Pr(TUB) ® HF(TUB)

|4 TO(LMR+TRN) * PALMR+TRN) e HF(LMR+TRN) ® DP(LMR+TRN)

opP
EDPTUR)

o-sweep No.2

(b) « No.2 case

aTC “Pr o HF
ATC(TUB) +*PrTUB) s HF(TUB)

ATC(LME+TREN) #PiLMEATEN) *HF(LME+TEMN) sDP{LME+TRN)

opp
BDP(TUB)

a-sweep No.3

(¢) « No.3 case

Figure B-8. Measured transition data on NEXST-1 flight test
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oTC Pr > HF oDP
ATC(TUB)  +PA(TUB) SHF(TUB)  ®DP(TUB)
|4 TC(LMR+TRN) # PLMR+TRN) ¢ HF(LMR+TRN) 8 DP(LMR+TRN)

a-sweep No.4

(d) @ No.4 case (design point)

A TC *Pr oHF oDPp
& TC(TURB) + P TUR) s HF(TUR) 1DPTUB)
| & TOLME+TRN) # PriLME+TEN) * HF(LMRE+TEN) ® DP{LAE+TRN)

a-sweep No.5

(e) o No.5 case

Figure B-8. Measured transition data on NEXST-1 flight test
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aTC
4 TC(TUB)
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*Pr oHF opP
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a-sweep No.6

(f) « No.6 case

&TC
ATC(TUR)

{ATCLMRATRN) ¢ PALMR+TRN) @ HF(LMR+TRN) ®DP(LMR+TRN)

Py oHF oppP
* Pr(TUR) * HF(TUR) B DP(TUR)
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ol 0,00

ol 0135
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(g) Re No.5 case

Figure B-8. Measured transition data on NEXST-1 flight test
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C. Comparison of formulation of stability
codes

ONERA and JAXA used distinct formulation
of disturbance based on each different coordinate

applied so-called infinite swept-wing approxima-
tion for spanwise wave-number . Since this
approximation means two dimensional flow exists
along the X direction, the growth of disturbance

system. A comparison of these formulations is il- might have two-dimensionality, that is, /5, =0.

lustrated in Fig. C-1. ONERA used wing-based
coordinate system: leading edge is placed along Y

This implies that amplification of disturbances in
the spanwise direction is neglected. But it is gen-
eral that three-dimensionality exists on its propa-

direction and X direction is perpendicular to the ] o . i
gation direction, that is, 5, # 0. It is supposed to

leading edge. In this coordinate system, ONERA

ONERA u'= f{z]exp[:’{txk' + BY - m‘}] where a=a +ia, , f=p+if
Approximation : f, =0
JAXA u'= f(z}exp[r{&x, + 8y, -r.ur)] where @=& +id@, . f=Pp +if
coordinate dx,| [ cosg sing | dX dX'| (cosg -—sing) dx,
y transformation | —sing cosé] d}’] = [d‘lr"] “[sir@ cosd dy,]

¥

’ ” Integration of amplification rate
o o =-[(adX + gd)
n=yls % __' / =—[la(cosgds, ~singdy, )+ j(sin pdx, +cos gy, )}
] iy p =~[ (e cos g+, sin g )dx, +(~a sin g+ f cosg )y, |
. = [ (@as, + Bay,)
gl 2 e P i )
X

(a) Definition of disturbance

To apply ONERA's approximation ( g=0 ), the following relation must be introduced
in not changing JAXA's coordinate system: B =@ sing+ficosg=0=". fi =—a tang

Integration of amplification rate along external streamline
ONERA o =—[(adX +fdY)= [-(adX+pdY)= [-adx with §=0

EF afreein EX, ifrpamming

= L W T (R
- [ g L

e, alramiline

Streamline relation (ref. right figure)

e L e O
= sar < 1) Jor - 25

dx .'£- i U ; L,
ma= T Y mi#[::] [m:}lx '

JAXA o =-[(adx, + By, )=

[-adx, with f=-a ang

Lt

= I—qm;ﬁdx. g =acosg with §=0

o, utramiling

(b) Consideration of infinite swept wing approximation
Figure C-1. Consideration of stability formulation
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be reasonable as one of the simplest assumptions
among several proposed models.

On the other hand, JAXA used so-called ex-
ternal streamline coordinate system, because it
is physically approximated that any disturbance
mainly propagates along external streamline (x
direction). In practice, in the stability compu-
tations, B; is set equal to zero. This assump-
tion originates in the same consideration on the
disturbance along the x_direction, which has three-
dimensionality in its propagation direction, that is,
/7, # 0. Difference between these two approaches
is illustrated in Figure C-1 (a-b).

To realize the same approximation as ONERA’s
one, f; in the formulation by JAXA should be sat-
isfied with the following relation:

B =d sing+pf cosg=0 = .. J =-a tang

In addition, similar transformation on the
propagation direction ¥ is also derived as follows:

y =tan(B,/a,)—¢=tan"'(B,/Q,)

where ¢ represents the angle between the exter-
nal streamline direction (x, direction) and the X
direction (see Fig. 7 and C-1).

JAXA checked N factors computed without
and with such a relation at the design point. Fig-
ure C-2(a) shows the N factors and i distributions
computed without that relation, namely with a usu-
al assumption of ,El =0, and Fig. C-2(b) indicates
the N factors and ¥ distributions computed with
present relation. By comparing Fig. C-2(a) with
(b), the application of present relation leads to a
slight improvement in agreement between both N
factors. JAXA also found little improvement in the
N factors at other spanwise stations and Reynolds
number cases.

Although this subject based on different
formulation of each stability code should be further
investigated, fortunately the difference of stability
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(a) Previous JAXA results computed with
Figure C-2. Check of N factors at o No.4
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(b) Improvement of JAXA computation with
Figure C-2. Check of N factors at « No.4

results between S, =0 and ,El =0 is relatively
small, as seen in the comparison of Fig. C-2(a)
and (b). Therefore, for sake of simplicity, JAXA
basically decided to apply the condition of B, =0
to present stability analysis, and compared JAXA’s

results with ONERA’s ones.

D. Surface-interpolated pressure and edge
velocity distribution data

Present surface-interpolated pressure coefficient
(Cp) distributions and external streamwise velocity
(U,) distributions at boundary layer edge of the
NLF wing at representative spanwise stations (near
y/s=0.3 and 0.7) are summarized in tables D-1
~D-3 and Figs. D-2~D-4. These data respective-
ly correspond to the design point (« No.4), higher
Reynolds number point (Re_No.5), and P =0.6 bar
point of S2MA test. Here X, Y, Z, U, V,, W_ are
defined in Fig. D-1. These data are used to perform
boundary layer computations.
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(a) y/s=0.3 (1/2)

Table D-1. Pressure coefficient and edge velocity distributions at o« No.4 of NEXST-1 flight test

v/s=0.30 Y¥[ml= 0707400
S/C X[m] ZIm] | Uelm/s] Velm/s] Welm/s] Cp
0000000 4366800 | 0049663 482 B09253 214937723 | -9.303147  0.206682
Q000010 4366777 | -0.049647 482 292063 216.211443 —E.Bﬂﬂﬁﬂii 0.206654
 0.000020 | 4.366754 | -0.049630 |482.083061 216.722079 | -5.886401  0.206626
0.000030 4366731 | -0.040613 481.923786 217.112265 | -5.080615 | 0.206596
0.000072 4.366637 | —-0.049538 |481.458636 218308582 | -1.893641 0206421
Q000177 4.366423 | -0.049333 480.149996 221.664537 9359063 0.205055
10000212 | 4366357 | ~0.049259 479.878754 222521318 | 13.632440 | 0.204281
0.000382 | 4.366091 | —0.048857 |479.283722 224.000830 | 39.155873  0.196639
0.000542 4.365973 | -0.048422 |4B3.153373 217.652967 | 69.596843 | 0.181258
0.000728 4.366044 -0.047903 491.733853 201.823731 EE.IBBEEAI; 0.160833
0.001257 | 4.366959 @ —0.046735 512.300067 154.848082 |132.259576  0.111754
0.001914 | 4.368513 | -0.045709 |520.010103 117.674552 | 140.598365 | 0.078B181
0002575 | 4.370197 | -0044885 539.507114  94.227403 | 140.157050  0.057686
0.004011 | 4.374000 | -0.043437 |552.643114  64.561599 | 134627207 | 0.031521
0005070 | 4.376864 | —0.042532 | 559160892 49.819708 | 130.325050 | 0.017785
0006065 | 4.379579 | -0041766 |563.864116  39.163804 | 126.492337 | 0.007622
0.007139 4.382527 | 0.041005 568.147739 29495871 _'[22_?931@: —0.002088
0008093 | 4.385158 | —0.040376 571.571262  21.784636 | 119.878300 -0.010260
0.009099 | 4.387945 0039754 |574.981187 14.116285 | 116.507961 | —0.018406
0010159 | 4.390886 | —0.039142 578.220557  G.826166 |112.515563  —0.025940
0012670 4397890 | 0037850 |583.927218 —6. 108630 | 101.090473 | -0.037525
0.017580 4411654 | <0.035750 |5B6.616743 —12.171377 | 87.273042  -0.039266
0020153 | 4418883 -0034768 5BBE.479645 -16.225866 | 82.637916 -0.043361
0.022569 4.425683 | -0.033914 [500.007888 -19.591103 | 77.485020 | -0.046295
0025107 | 4.432832 | -0.033083 590.747285 -21.193683 | 72.873314 | -0.046946
0.030187 | 4.447157  -0.031554 591.355880 -22.361682 | 66.474851 @ —0.046621
0.035300 | 4461589 | 0030148 592.085709 -23.738988 El.iﬂﬂlﬂlﬂj —0.047389
0.040364 4.475892 | -0.028865 592.680286 —24.793017 57.43'.-'395! =0.048119
0.045305 | 4.489854 | -0.027699 593.165266 -25.601891 54014938 | -0.048742
0.050055 | 4.503284 | 0026647 593.545562 -26.183702 | 51.126509 -0.049213
0055015 | 4517311 | 0025611 593.874502 -26.634862 | 48.487057 I.“.‘-’W“ﬂﬁ”
0.060182 | 4.531929 | -0.024592 594.175421 -27.011983 | 45.997386 —0.049991
0.065057 | 4.545725 -0.023681 594409787 -27.258854 | 43.874660 -0.050258
0.070101 | 4.560000 -0.022786 594.615844 -27.434620 | 41.880874 —0.050479
0075311 | 4574749 | —0.021906 594.802965 —27.563345 | 39.937463 | —0.050665
0.080142 4.588427 | 0021130 |594.953503 -27.637035 | 38.218633  -0.050794
0.085106 | 4.602483 | —0.020368 595070672 -—27.629860 | J6.658227 | —0.050852
0090202 | 4.616915 | 0019620 |595.141207 -27.527263 35.“5244! —0.050766
0.095429 4631721 | 0018885 595.169826 —-27.324252 | 33.851797  —0.050595
Q100185 4.645193 | 0018238 595206129 -27.155032 | 32.923181 | 0050521
0.1 10004 4673010 | —0.016971 |595.388838 —27.065558 | 30.748657 —0.050717
0120229 4701982 | 0015751 585672729 -27.158017 | 28532681 —0.051275
0130181 4.730182 | 0014660 | 595941056 -27.226634 | 26.452407 0051826
0140482 4.759378 | -0.013627 |596.200889 -27.271649 | 24.369904 | -0.052368
0.150411 | 4.787519 | -0.012721 |596.428630 -27.297353 | 22.332881 | —0.052836
0160639 4816513 | -0.011876 |596.625340 -27.268553 | 20.398931 -0.053230

This document is provided by JAXA.

91



92

JAXA Research and Development Report JAXA-RR-12-009E

(a) y/s=0.3 (2/2)

Table D-1. Pressure coefficient and edge velocity distributions at o« No.4 of NEXST-1 flight test

y/s=0.30 ¥[ml= 0. 707400
S/C X[m] Z[m] Ue[m/s] Ve[m/s] We[m/s] Cp
0.170404 4844195 0011151 596.769321 -27178196 18697749  -0.053493
0.180424 | 4872603 —0.010487 596.881919 —27.050350 16.936708 | —0.053662 |
0.190698 | 4.901732 -0.009878 596966884 -26.848860 15351416 | -0.053765
0.200405 4.929256 0009362 597027251 -26572826 14129316 | —0.053821
0.210326 | 4957386 -0.008881 597105355 -26.229832 13287329 | -0.053957
0.220459 | 4986120 -0.008434 597.240602 -25.976112 11.686838 | —0.054241
0.230804 5015454 0008048 597438464 -25689077 10492748 -0.054751
0.240472 | 5042868 —0.007758 597.687391 -25.545973 8410552 | —0.055407
0250315 | 5070782 -0.007530 597.962295 -25263462  7.321197 | —0.056182
0.260334 | 5.099193 -0.007394 598.259456 -25.168216  4.212188  -0.057003
0.270527 5128099 0007338 598.543063 -—24.748266 3596544 | 0057818
0.280893 2157498 -0.007322 598.783692 -24.334648 2203258 | 0.058491
0.291433 5187386 —0.007419 598971908 -23983163 -0319335 -0.059019
0.300184 5212204 0007547 599077355 —23.486091 -0863639 0059286
0325095 | 5282846 -0.008166 599171119 -22295384 -4346699 -0.059481
0339430 | 5323494 -0.008671 599.163755 -21.602622 -5.806370 | —0.059417 |
0.366778 5401041 0009818 599211324 20421792 -8245245 | 0059524
0.400610 | 5496964 —0.011787 599.421185 -19.255093 —12.689812  —0.060295
0.420861 5554375 -0.013271 599480153 -18.426854 -15032964 | —0.060564
 0.450893 | 5639503 —0.015882 599.470903 —17.111188 —18.890145  —0.060751
0475820 | 5710145 —0.018453 599387674 -16.011459 -22 416584 | —0.060775
0.500112 5.778977 0021271 599.252184 —14.793284 24281043 | 0.060483
0522433 | 5842215 -0.024070 599.101165 -13.845473 -27.119888 @ -0.060322
0.550302 | 5921150 -0.027980 599.066780 -12.935653 -30.539467 | —0.060661
0.570973 5979685 0031151 599047327 -12370372 —-32850674 —0.060941
~ 0.590659 6.035420 —0.034367 599022949 -11.907317 —-35081183 | 0061227
0601280 | 6.065484 -0.036186 598988804 -11.669177 -36.395046 | -0.061348
~ 0.620068 | 6.118658 —0.039551 598939242 -11.232110 -38.140124 | —0.061504 |
0.640482 6.176427 0043339 598.818922 -10.669510 -39.702444 | 0.061414
0.661190 6.235017 —0.047330 598.769370 10109739 —-41.365245 | 0061578
0.680782 6.290433 —0.051299 598.729632 -9.604033 —44079815  -0.062026
0.700627 | 6.346552 -0.055537 598687027  -B.985661 —45.932587 | —0.062293
0.741075 | 6460903 -0064576 598299285 -7.310898 -48542219 | -0.061662
0.781032 | 6573812 -0.074125 598.172834 -5.519364 -52.629162 | —0.062277 |
0.820388 6.684964 -0.084197 598.220985 -3.615859 -55969328 | 0063310
0.860601 | 6.798480 —0.095117 598.368034  —1.755199 -59.129001 | —0.064665
0.900072 | 6909851 -0.106333 598.289697 0391949 -61.283115 | -0.065080
0.950105 7050071 -0.121093 598.005766 3.703463 -63.604518  -0.064988
1.001338 | 7.195409 -0.136809 597.740570 7.397897 -65.757834 | —0.064995
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Table D-1. Pressure coefficient and edge velocity distributions at « No.4 of NEXST-1 flight test

y/s=0.70 Y[m}= 1.650600
S/C X[m] Z[m] Ue[m/s] Ve[m/s] We[m/s] Cp
0000000 | 6289516 -0078219 444764000 244087926 3657500  0.302955
0.000010 | 6.289506 | —0.078211 |443.262737 246.737392 | 9.364565  0.302758
0000020 | 6.289496 -0.078202 |442.597878 247.910207 | 11.899487 | 0.302561
0.000030 | 6289486 -0.078193 442110075 248.770282 | 13.77119%0 | 0302364
0.000072 | 6289445 0078155 440710400 251.232262 | 19310050 | 030154
0.000177 | 6289344 -0.078060 438.777711 254.646690 | 28.753791 | 0.299408
0000212 | 6289312 -0.078028 438.280333 255507912 | 31.436594  0.298646
0000382 | 6289158 -0.077863 436.402341 258.695286 44.061909  0.294191
0000542 | 6.289025 -0.077698 435367978 260453369 | 56.006734 = 0288815
0000728 | 6288888 —0.077495 434914055 260.878281 | 70.967516  0.280596
0001257 | 6.288655 -0.076842 442933350 248.033418 124457308 0238028
0001914 | 6288852 -0.076009 469.111488 197.771539 186.283161  0.150300
0.002575 | 6.289428 -0.075356 |500.582884 139.314565 211.466360  0.073893
0.004011 | 6.291048  -0.074377 545594482  57.556531 |206.831082 | —0.016679
_0.005070 | 6.292343 -0.073844 563.965640  24.419147 |191.380727 = -0.048386
0.006065 | 6.293589 —0.073422 574.483259 5479223 |177.406549 = -0.064668 |
0007139 | 6294951 -0073023 582047777 -8.043993 163.154327 -0.074571
0008093 | 6296172 -0.072706 586283153 -15586688 [152.111233  -0.078635
0009099 | 6297467 -0.072399 589.027639 -20.426683 |141.763442 0079510
0010159 | 6.298836 -0.072099 590631643 -23.237993 133421976  —0.078804
0012670 | 6302094 0071460 594.161777 -29.462926 |118.737550 | —0.080797
0017580 | 6.308500 -0.070407 599556816 -38.958830 | 98.773656 0087449
0020153 | 6311868 -0.069930 (601.443378 -42.260904 | 91.426793 -0.090168
0022569 | 6315037  —0.069518 603.115366 —45.177909 | 84.943575 —0.092843
0025107 | 6318368 -0.069117 604.223209 -47.075804 | 80.004078 -0.094491
0030187 | 6325045 -0.068382 605814508 -49.758119 | 71.737745 | -0.096676
0035300 | 6331773 | 0.067720 607.165563 -52.031907 | 64.926114  -0.098870 |
0040364 | 6338442 -0.067127 608.184506 -53.726897 @ 59.308711 -0.100541
0.045305 | 6.344953 -0.066597 608.904615 -54.902863 54.756656 —0.101662
0050055 | 6351217 | -0.066126 609.485759 —55.844550 | 50.970947  -0.102613
0.055015 | 6357759 0065669 610.022591 -56.712603 | 47.463245 | -0.103549
0060182 | 6364576 -0.065226 610517043 -57.512502 | 44317687 | -0.104481
0.065057 | 6371011 -0.064835 610954233 -58.222404 | 41.622624  -0.105361
0070101 | 6377669 -0.064455 611.376732 -58.910733 | 39.076379 —0.106255
0075311 | 6384548 -0.064087 |611.777693 -59.561465 36671352 -0.107132
0080142 | 6390927 -0.063766 612.118723 -60.111486 | 34.648567 —0.107902
0085106 | 6397483 -0.063455 612435087 —60.616857 | 32.764586 —0.108630 |
0090202 | 6404215 -0.063153 612.725651 —61.069939 | 30.862262 -0.109286
0095429 | 6411120 -0062861 612979276 -61.438357 | 29.085710  -0.109850
0.100185 | 6417404  -0062610 613.169088 -61.677241 | 27535256 —0.110244
0.110004 | 6430378 —0.062134 613469367 -61.930130 | 24.627080 | —0.110803
0120229 | 6443891  -0.061690 613.688929 —61.969942 | 21.996673 -0.111145
0.130181 | 6457044 -0.061304 |613.829908 —61.856524 | 19.623889  —0.111282
0.140482 | 6470660 -0.060947 |613.905001 -61.591864 | 17.396100  -0.111232
0150411 6483784 -0.060641 (613925582 -61.231994 | 15435717 | -0.111047
0160639 | 6497306 -0.060360 |613.904321 -60.783463 | 13.683847  -0.110752
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(b) y/s=0.7 (2/2)

Table D-1. Pressure coefficient and edge velocity distributions at & No.4 of NEXST-1 flight test

y/s=0.70 Y[ml= 1.650600
S/C X[m] Z[m] Ue[m/s] Velm/s] | We[m/s] Cp
0.170404 | 6.510215 -0.060124 613.859917 -60.315954 | 12.149117 | -0.110414
0180424 | 6.523462 —0.059910 613806368 —59.829655 | 10.572687  —0.110056
0.190698 | 6.537045 —0.059717 613.745738 -59.334974 | 95.130452 | 0.109692
0.200405 | 6.549879 0059561 613.689307 -58.883403 | 7.966497 | -0.109372 ]
0.210326 | 6.562996 —0.059424 613.636225 -58.444557 | 6.629356 | —0.109066
0220459 | 6576395 -0.059305 613.579930 -58.007320 | 5.615308 | 0.108768
0.230804 | 6.590073 -0.059208 613.522966 -57.573830 | 4.549663 @ -0.108474
0240472 | 6.602855 | —0.059133 613.469886 -57.177351 | 3.475432  —0.108205
0.250315| 6.615870 —0.059077 613.414454 -56.777948 | 2820704 —0.107940
0260334 | 6.629117 | -0.059035 613.357088 -56.376905 | 1.604738 | —0.107667
0.270527 | 6.642595 -0.059015 613.278673 -55.939623 | 0.868191 | —0.107334
0.280893 | 6.656302 -0.059005 613.198390 -55.492577| 0.161578 | -0.106997
0291433 | 6670238 —0.059013 613.096481 -55.006429 -0.876904 —0.1065%4
0300184 | 6.681809 —0.059034 612.984077 -54.555874 | —1.200309 | —0.106171
0325095 | 6.714747 | —0.059139 612.653925 -53.255114 | —-2.612342 | 0.104943
0.339430 | 6.733700 0059231 612487875 -52.562925  -3.484812 | —0.104324
0.366778 | 6.769860  -0.059467 612.252770 -51.425591 | -4.803884 | 0.10341
0400610 | 6.814592 -0.059862 612070133 -50.296868 | -6.355129 | -0.102687
0420861 | 6.841368 -0.060151 612.010416 -49.751437 | -7.203148 | —0.102422
0450893 | 6.881074 -0.060646 611.972845 -49.092477 | -8.436280 | -0.102215
0475820 | 6914030 -0.061115 611.989799 -48.687662 | -9.392019 | -0.102214
0500112 | 6946146 -0.061621 612045471 -48.428729 -10.283403 -0.102357
0522433 | 6.975655 | —0.062125 612.115779 —48.292832 |-11.085301 | ~0.102567
0550302 | 7.012498 -0.062806 612.218048 -48.213504 |-12.057839 | —0.102893
0570973 | 7.039824 0.063348 612.303602 —48.184999 —12.828947 | 0.103175
0.590659 | 7.065849 -0.063894 612391058 -48.159420 -13.575691 | —0.103463
0601280 | 7.079888 -0.064201 612441421 -48.143689 —-13.967076 | —0.103628
0620068 | 7.104724 | —0.064767 612.536277 —48.113009 |-14.708457 | —0.103939
0.640482 | 7131709 -0.065413 612.653892 -48.083370 |-15.511173 | -0.104321
0661190 | 7.159081 -0.066102 612.794381 -48.072399 |-16.332568  —0.104775
0.680782 | 7.184977 0066787 612.953071 -—48.099544 —17.135464 | —0.105289
0700627 | 7211206 -0067513 613144474 -48.183694 |-17.995885 0105915
0.741075 | 7.264665 -0.069097 613.592593 -48.502335 -19.831346 —0.107398
0.781032 | 7.317470 -0.070804 614.043891 -48.843561 -21.729418 | -0.108911
0820388 | 7.369476 | —0.072625 614.462331 -—49.062449 |—23.642198 | —0.110319
0860601 | 7.422609 —0.074632 614.829466 —49.084106 |-25.590571 | —0.111557
0900072 | 7.474757 | —0.076737 615077456 —48.840829 |27.327980 | —0.112396
0950105 | 7.540852 -0.079577 615251297 -48.066592 -29.362878 | —0.112968
1.001338 | 7.608522  —0.082698 615.466559 —47.172937 —31.464669 | —0.113657
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Table D-2. Pressure coefficient and edge velocity distributions at Re No.5 of NEXST-1 flight test
(a) y/s=0.3 (1/2)

v/5=0.30

Y[mlkE

0.707400

5/C

#[m]

Z{m)

Us[m/s]

Velm/s)

Welm/s]

Cp

0.000000

Q0000201

0.000177]

000054

0004011
000507

0070101

0.085108
0090202

0120229

0150411

~_0o0001Qf

. 000003q 4

000021
0000389

1 438522482

0079311
0080142
0095429

0100189

i G 'r ﬂﬂ#ﬂ? ;

436695623

436693534
4.36691248
4,36688969

4. 3555?;

436623193

437693311

437964719 -

436650943 -

00502437

C!D&D?Eﬂg
-0.050210

486.136300

485527117
485281713

216.367984:

_2 1 ? 8592152
2184533145

—D 0501933

- -0.0501201]

-0 0499185

-00498465

436609702 -00490218
436614885 -0.048500
0001257 436
“oo0257d 437027078
437407136,

-D 0430873
-0. 042315‘5

438259442 -0041551:

4388010??5

q 39?953‘265

0| 441171514
441894256
442574201

443289006

444721318 -
0 446164383
447594588

44899067

450333572

456004751
4.57479635;

46025285
461696007

463176515

464523661
467305267
470202342

478755776
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473022228
1475941745, -

=0 0383?43
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-00344028

=0 U335E'-'IE
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??’. 630629:
584945445
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-22 5044494
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~33.7598089.
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118003472  -003
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56.6501956:
5367857 -
509617676
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48 1 ﬁDE ‘:?32‘;
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403814025  -005482¢
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0209119
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0208872
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0206607
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0072747
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0.000570
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-0.05249¢]
—D D51 BBI
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-0053725
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(a) y/s=0.3 (2/2)

Table D-2. Pressure coefficient and edge velocity distributions at Re_ No.5 of NEXST-1 flight test

y/5=0.30 Y[mlE 0.707400
_8/C #lm) Zlm] Us[m/s] velm/s] | Welm/s] Cp
o 150539 481655205, -00118654  BO36769 -349510954 220861204 -0060003
0 I?DdD:I_ _434423443;___ -00111241° 603 aaﬁsmg___ -G4. 935?13 20 2277014, -0060292
0180424] 487264264 -00104452. 603891275 -348234842. 182881257 -00B0250)
o L 190693 _ _4901 77164 ;_t;n_qp_g_sj]a _503 893702 -34.5979927: 17.0826538
 0200405| 492929544 -00092680 603860582 -342962769 161346788 -005387:
0210326] 4 9574252 -0 0087161 saa 851 129% —33 332&022 164106244  -0.059785
... 0220459} .ﬂ..‘&ﬁ@.ﬁﬁ?ﬁ@.ﬁ._. -0.0081575 60401351 19: -336637082. 15. 05m537i _..-D 060150
0230804 501549060 -00076541: 604.332815: ? 139156081  -0061029
 0240472| 504290436 -0 UD?EGM 604829358 -336687614 11282568 -0062419
0250315 507081811: -0.0069 .4.9;5.. .6.‘3.'.5.9111..?.4.{15 -33632 ?.1..02.. 987713865 -
_0260334] 509922957 -00067531 606042654 -338045303 593051406
_.0270527| 512813613, - | .-33563821 505272097 -006780C
0280893| 5 15?53524_5 —cr o_m_sa_e_aa sa? 19991 1;_ ; —33 ‘262 ??85 2 91944998  -0069313
. ...F?.EFJ'EJ.}E.‘“. 521224244 -00068931. 5'3? 790861 '3? 331 0801 .'C' 8101437 -0070944
03250950 5 282884655 B -0 DD?EEIB 60? 71 2&%5 _—30 ?594968 -4 _545__1__@55; ~ -0070509
0350885 535601606' -00086726 607132395  -28789421 '»’?-.1.1.!3??‘6.‘55 _..70068450
0400810 549701114 :_(_Z_l_[_]__‘:__]_j_@  607.043695 -27. 0953:355 -0.068195
04 425421 5 56735381 B0 12491 2 ____—25 30?9&41 _ . -0C 058484
0450893 5 ﬁE_EE__EEJ_:’:_‘Ej -0.01 49911 607 1364&3§_ -25, 45&35?1 17 ?3 ?293 -0068730
0a75820] 571020883 -00175245 607025306 -246460456 -2258309
0500112 577903869, -00203066: 60679121 -23.351 9?4? =22 43660?
0 525 1 Qﬁ 58529451 -0.0234131 saﬁ 51 Eaﬁ?j : —22 41 11::335 -26 253593 {a 05741
..0550302] 592122942 -00266987 606684274 ~-219526602 -29511353  -0068328
 0576193] 599455375 -00305990: 606818301 ;  -0069157
 0601280) 606557749 -003471 59 606 833436 -212241332. -36. zm ~ -0069820)
0625483| 61340791 2; -003 90539 505 797814 —2::1 81 ?521 ? —38.061 355 -0.070002)
. DB50110) 620377341 -0 0435652 606495821 i -20 0?34424 -39.1 Eﬂﬁﬁ ~ -0069221
0675158 627464948 -0 0483324 606565441 -19. 5920225 -42 549353 ~ -0070075
O mmaz? 63466796 -0 DESEEE‘J 606 5351{_ =19 DG?3945 -46253733.  -0071207
 0741075| 646104448 -0 0525551 606048807 -172554744 -47 683191 :  -0069449
0781032 657397471 'U.C'?.‘.ﬁ.ﬁ'? 608 12486 .-.1.5.6.3.40245 .. T926635667. -0 070809
_..0820388| 668514393 -00817951. 60633941 -137745709 -56234383. -0072289
~ 0860601| 679867558 -0 0925?53 606621937 -  -59633687. -0073399
0900072 69100638 —u maesss EGS 551083 —9 90:3?3552 -1 94_3_3:35__ -0 0?4:3?1
0950105 ___1051213414% 01 ‘!8241? 606104773 -6, ?9123?35 -54 449217  -007368]
1.001338] 719566379 -01337864 605.498322 -3.77938925 -66.036818  -0072594
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(b) y/s=0.7 (1/2)

Table D-2. Pressure coefficient and edge velocity distributions at Re No.5 of NEXST-1 flight test

y/5=070 Y[m}= 1 650600
X[m] Z[m] Uel[m/s] Velm/s] Welm/s] Cp
0f 629059515 -00686034: 44780401 2454942118 536944818 03035228
6 291:'59523 -0,0685046 446004467 2485485081 150460003 03032574
620057541 -O06B5858 445103578 2499240617 180642576
6 29&55555_____;;@5;}_?@ 444 599834 2509305411 202871313
2| 629052404 -00685396 442002205 2537977988 268353807 0301618,
529042315 -00684448 ©257.7404804. 37871835 0.29880%
1629089061 -00684122 439 95'22585 258731529 409556983
32| 62902363 _-auﬁazq?a 43777814 2621681374 550805614 0292264
....529010312 -ﬂﬂﬁﬂt!ﬁ?“!f—‘i..".ﬁ.ﬁ_.?f?ﬂﬁ?ﬁi 2637583086: 678711469 0.285996!
628096541 -00678809. 436334427 2637340721 83501822 0276828
7| 528973449 -00672265 445085934 2487611084 139388384 0230385
628993614 -00663953 47260098 1944266042 203713418 0136300
6.29051364. —uue&mu 505901666, 1320364067, 220647504
__529213132 -ouswsm 553 250603 __45093322?25__2225193;___-00319315
620342442 -00642200 572084468 1244821727 20443832 -00678991
620466875 -00637963 582248221 -555625146 188375093 -0.0810063
620602973 -00633922 589418967 -180736567 17246921 -00881547
629724913 -00630696 593418819 -249605056 16020238 -00904746
620854349 00 EEQ?E'.M 596068948 -29.4336232. 140389945 -00905111
__5_2_9_-;.:_9_1_@_2_ -D0B24510 508085406 -32841516 140932268 -009089385
630316625 -00617982 601793852 -39.1279706: 125636712 -00928507
| 630956745 -00607162 607 06138 -480482781 104642074 -00982787
] 631293295 -00602238 608953221 - 969238215 - -0.1007442
631609991 -00597961 610697599 - | -0.1034855
7l 631942973 -00593794. 611 8291215____—55 0246125 850658622 -0 1050478
63261029 -00586131 6134038 -58532291 764602157 -01069365
o 633282816 -00579184 614756622 -606948623 694118057 -01089639
ol 633949484 -00572931 615747829 -622447953 635672100, -0.1103970
3 634600334 0056731 7 616 418175 -632550169: 588504897 -011124M
6 35225443 -00562298 616952499 -64.0485567: 549204319
5| 635880428 -00557404 617.440924 -647716164 513057185 -0112651:
A 6365619790 -00552629. 617893123 -654443625 48064106 -0113378¢
636625294 -00552201° 617935197 -655069824 477548866 -0.113447
...63720525 .'?_*.3!5.@39?...5.1.3.295_338? 660500511 452700404 -0.114091!
0070101 637870863 -00544263 618685947 -66637081. 426465367 -01148261
0075311] 638558627 -00540234 619052992 -671892574 401576675
....008014 63 3919545? "ﬂﬂ535593..5.1.9.35!3!995§ -676512553 380814414 -0116171
0085106 609851845 -00533249 619642247 -68068141. 361247112 -0116749¢
0090202 640524833 -00529887. 619893525 68426601 341697779 0117248
0095429 641215248 -00526611 620104399, -686944557 32 3510645
0100185 641843494 -00523780: 620247489 -688269544 307386371
643140733 -00518342 620430999 -68.8176557. 277394575
ol 644491821 -00513202 620400706 -685079031 25035864
645806884 -00508652 620468650 68027579 226029181
 B647168360: -00504369: 520327245 -67.2942936 203237398
648480617, -0.0500612. 620126130 -66.4507373] 183439183
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Table D-2. Pressure coefficient and edge velocity distributions at Re_ No.5 of NEXST-1 flight test
(b) y/s=0.7 (2/2)

v./5=0.70 ¥imk 1650600
~8/C #m] Z[m] Le[m/s] Ve[m/s] Welm/s] Cp
0160639 6 49832642. -00497090: 619881625 -655165305 165493374 -01143663
651123451 -00494033. H1964765 -646352722 149763531 -01133507
652448072, -00491178. 619429489 -637903509 133968791 -01124010
B .5..33’?1.6.255 ............... | 619237324 -630127544 11972778 -01115634
5| 655089654 -00486259 619092386 -623732073 107636724 -01109171
556401307 -00484169: 618971043 -617926955 94763136 -01103574
6 53?4_1_:_;@ -00482250: 618863883 -612575809 842592538 -01 098672
4 £59108848 -00480513 618765848 -607490134 733705527 -01094143
560387081. -00479063: 618680699 -602973735 636363528 -01090225
 661688594; -00477770 618506852 -598545686 551930814 -01086449
663013279 -00476613. 61851 5368 -50 4174709 458038107 -01082772
664361 m& -00475615. 618 426629 -589744081) 380786400 -01078950
665731761 -00474752 618331514 | 285933911
66 53252522 -00473577. 618100681 57 594267 153848669 -
8 671576441, -00472729 617776625 -56.3769665 -872E-02 -mu&aﬁm
5 674986569 -00472541 617536926 -55338102 -09711593 -01044104
681561539 -00474021.  617.3381 -539445014 -33053615 -01035246
1| 684842277 -0, M?ﬁﬁtﬁ 617325013 -53. 4596915;___—4 3327 ?Ei__ -0,1033837
688210318 -00477772 61735055 -530672863 -53168968 -01033899
691506179 -00480394 617417622 -527990046 -62355502 -01035425
g 694718125 -00483405: 617528035 -526742001 i....-? 0911497 -0,1038548
6 698166907 -00487104 617683546 526831836 -79716492° -01043318
701354161 -00490930. 61785549 -527873003 -87939589 -01048789
704777483 -00495493. 618070495 -529505188 -97089168 -01055690
0 708094212 -00500373 618300251. -53.1122156 -10637377. -01063039
711294127 -00505518 618540025 -532526568  -115428 -01070633
71454997 -00511202 618802665 -533783428 -12495741 -01078886
71786149 -00517455 619.092915. -535047263 -13488073 -01087966
N ?.21...2.2.8.44. -00524310. 61941 304 53662484 -14532617 -01098159
§ 726575519 -00536 B195 95?253 _-539601314 -1631 2538 -0.1115242
d 737059217 -00563639 620 910355 38 -_20 012192 -01145481
74 423?4135 -0 05?955? 621 35532? 6 -21900545 -01 159285
2 74 4?590554 | 621748684 -537053385 -23571661 -01170915
754202384 -00619436 622204745 -526359234 -25497768 -0.1183066
760072 -00644904 622864804  -512366 -27519457 -01200356
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Table D-3. Pressure coefficient and edge velocity distributions at P0=0.6 bar of S2MA test

(a) y/s=0.3 (1/2)

10822508
108893991
109547763

110224603
110879795

-0, (}[14042?
-0 0[]3?6&'2
-0.0035070
-0.0032751:

523583675

523849562

524.129326.
524390187
524631323,

31 5666963
=31 8382831
-32 1 43%&9

-323837075

-32.581 1886

282541744

263555525

244940357

22.7755608:

"-00519"

700633275

v/5=020 ¥mk 0707400
¥[m] i ZIm] ¢ Uslmds] ¢ Velmis] Walm/s] Cp
101745511 00117066, 422632221, 1879519587 -81354311 02059738
101744980 -00117031 422968184 1873002389 -6.8581255 (02059649
101744085 _-0011595? 423200447 _1863!2?364 -5?560419 02059419
ol 101742805 -00116875 423592641 1860066144 -37466475 (02058544
101741459 _—00115?55 .42411995? 1849327232 "—595952?5 i .029554 iz
101735973 -00116247. 425874914 1815625398 103422614  (020388:
7| 101733903 -00116021: ..*!2.@.2.53.@5.‘.:._. 1807217676, ..1@..?32?.?2,._ 02026153
___101?29?52 _.-00115463. 426778808, 1797858598 296326202 01979854
101725574 -00114326. 424040654 1864184558 570244164 01836704
101725249 -00113865. 424489831, 1860358563 684072337 01751645
101726681 -00112895. 42899599 1780647276 BA4032342 015688
101747494 -00110181. 449268585 1339547288 11944116 0106358
101782245 -00107848 46357129 1019219277 126682949 007321
. 1L‘J1$1EC5' =0l mﬂﬁﬂEE _4?2156258 B2 4?90&291 ___126 6531 62 00539031
_____10191¢53? _—0(:1(12319 485003620 5001765278 1213 352¢0c2  0024507¢
101976435 -00100350 490259862 4103958307 117814208 00121960
102044286  -00098412 494725271 3076532986 114319651 00010471
102105226 _—ooa@sma 49813796 2292941272 "111403092 00078095
102170036 -00005245 501362642 1555108621 108488645 -00164676
102238621. -00093698. 504501148 8397016756 105197962 -00249126
: 10229515' _-00092484' _5&5894:63' _295558?566 __10236?2?‘} _-G031$EE
s 102434[26 _-00089862. 51164146 -785573895 935521931,
102780405 -000844720 515166545 -158415976 79.1464644 -00472723
_1;:129531_95: -00082100 51656947 -189237065 743577481 -00501213
103115326 -00080073:  517.807991 216701393 ....5?!-.?.5.1@?!3.;......‘..’5?.-9.5?.3.‘%‘.5..
103285208 -00078088 518401325 -23116656 656621228 -00533866
4 103307086, -00077843 518565447 -232723621 652124897 -0 0534?3
103624531 -00074455 519393195 -249422669 598361258
10393950 -00071374 520008208 -261250156 556010334
104273661 -00068362 520553265 -271314193 519219639
1| 104598502 -00065637 520995404 27915779 ...f*.ﬁ-ﬁ?!?.‘.?ﬁﬁ'!i :
104938815 -0.0062966 521.393991 902603 460480504
1052641011 -00060565 521727792  -2912996 43 7066375
. -0.0058211 1 522035277 -29.6029225 415613981
. -DO056110 522 295523 09843546 39 7530625
106247604 -00054049. 52254373  -30335602 380444811
106585395 -0.0052080 522 '.FEML‘.B*i 306702151 36381535
106897786 -0.0050249 309549069 349049835
107254091 -00048312 -31.2004731 334330127
__10?58295?  -0.0046608 _5233#334:a -313782349 _32124?&53
107919501 523480173 -314047764

-0 0626832

-0.063938
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Table D-3. Pressure coefficient and edge velocity distributions at P0=0.6 bar of S2MA test

(a) y/s=0.3 (2/2)

y/s=0.30 ¥[mle 0707400
S/C Am] - Zlml 0 Uelm/s]  velm/s] | Welm/s] Cp
.0150560] 11155471 -00030567 524872306 -327664108 210342553 -00645631
.......D:!ﬁﬁﬁﬁ#.....1..-122(!22!381.tﬂ.ﬂ@?ﬁ.ﬁﬁﬁ.. 525087666 -329016281 194714212 -00651300
_0170421] 112866482 -00026880 .525233531 .T829711015. 180130369 -00656432
. 018072¢] 113547352 -00025248 525474964 -330137561 164866084 -00661414|
""”0190521.”114194294; -00023861 5255531343 -330425641 149593554. -00666057
0200526] 114855261 -00022608 525806062 -330169218 136942672 -00670827
0201305 114906682 -00022517 525840835 -330183661 135617342 -00671191
..... 02107411 113530125 -00021501: 525995328: -329762906: 12 2?.3.-'5.302.. 00675336
..P!.E?Qﬁ.-’«'!ﬂ...ﬁ1515530@ -00020598 526141891 -329094905 109128589 -00679234]
... 0230143 1 526275469  -32782313] 977286825 -0.0682801
0240109 1 . 526405995 _-3253?3?24___315333621= -00686155
0250247 118140313 -00018715. 526527783 -324898194 728155905 -00689501
02605560 1. 13391514 - -00018387 526652122 -324316077 507898184 -00692788
~0270157] 1. 9455558 -00018236 00695777
0280792 _120158535  -00018169: . 319970460 342216484 -00698853
 0290890) 120812622 -00018275 526 95522'2 -318409508 191596007: -00701320)
..Da00729 12 2‘4?59[35 .oog 0‘3‘15495 .521C ‘1‘42553 7915641999 149E+00 -00703728
" pazsord 123080292 =00019582. 527247675,
0350063 124735551 -00021454° 527473933 -306721556 -44145855 -00717518
0375876 126440967 -00024287 527 6?6(}5? =301440587 -7 dOﬁEﬂQ -00724711
0400371 128059124 -00027784 527813167 -295478636 -10144174 -00729966
0425500 12971892 -00032171.  527.88816 —288549555___—12399344 - -00733437
0450169 131348171 -00037245; 527913757, -281368029. -15470617. -00735507
0475408 133014789 -00043199. 527927355 -27468135 -18089236 -00737731
0500078 134643515 -00049797 52795632 -270071948 -20998343 -00741853
0525259 136305646 -00057391 527983976 -267072732 -23691328 -00746389
0550947 _1380()03?? -0.0065928 527. 9925_4& -26 5928112 - —252521?& -0.0750866
0575037 139649632 -00074963 528020252 -26 E*‘ISI?CQE___-‘EEBNHE ~00756432
0600160 1. 4124?38‘3 - -00084387 528044348 -267416851 -30951755 -00762034|
~os41021] 143941?5 _-00101719 ! 528062341 -266972449 - -34. ?52@3 _-00771021
0680410 14553?923 -0.0120040. 52312?&)3 -26.1289491 -3?4?5?&3 =-00778961
0720761 1491 955?? - -00141221° 527681854 -249797831 -44247796 -00780065
0760717 1F 51325985 00163960 527158794 m_m"._“._“—¢ﬁ4?1943 00766773
0800181 154423109 00187320 526469946 -223532706. -48271061 -00747089
.0 B40463 ...1.5?!3’.?33?5.. 00211912 525772278 -213874398 -49729746 -00726546
0880126| 159682408 -00236689 525271543 -206902814 -50825732 -00712047
0920539 162339843 -00262867 524814039 -200212973  -55.39638 -00711290
0960213 164946987 -00290274. 524 :_a?]c_uj:_z -19.4347389 -56873567 -00T16673
09990671 16749951 -00317791 524439739 -185139815 -58454109 -00708201
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Table D-3. Pressure coefficient and edge velocity distributions at P0=0.6 bar of S2MA test

(b) y/s=0.7 (1/2)

w/5=070

YmlE

1.650600

5/

¥lm)]

Zlm)

Us{m/s]

Valm/s]

Welm/s]

Cp

0000000
0000010
(J{IDD‘EE

T .
0000077
2000190

0000237

..0000342)
0000528

0000397

0000748
ooozn)
0001903

0002511
0004078

..0oos060)

0022587
0025177
0025508

0030340

0033

. 0oao207|

0045141

_.0050307]
0055243

0060368

0065189
horoel
_oop7s282

0.080017
0085415
0090401
0085501
01001300
0110265

o e
) msmq
1

014034

1. 46526681
146526463,
146526081
146525562
146524922
146522387
14652137
146819124
146513405;
146514115
146511546
...1.4B506
. 1.4650865
146521309
1 46562109
1 46590085
146621157
146649311
146679360
146711245
146738006
. 1.46802156
1 46963301
147043787
1.47119315!
147198508
147208881
1 47356605
147503474

=0.0190501;

-0m 90‘131
-0.01 ‘30446

00190399
700190340
-00190101;
-00190000]
-00189767,
-00189331;
00189161
-00188781
-00187280
700185380,
-0 0183940:
-00181392;
-0 0180228
-00179161]
00178325
00177529,
00176765
700176170
00174871
-0.0172153.
-00170997
=0.0160999!
00169028
-00168908
-00167272.
L_.So0e5810
14765923 -001644
147810699
147969393
148121088
148278634
148426855
148579766,
1.48737307
1 48883001
1.45049176
1.49202554.
145358512
149502008
14581401
150118923
150434587
150740146,

-00161939.
-00160865

-00156913
-00158007.
-00157189.
-00156421.
-00155617
-00154917
-0.0154240.
 =00153660
-00152490
BT
-00150518
-00149697.

38860548
389215624,

389534701

“aeosiased
390076278
390897539

39122531
392218360,

393652852]

394.067929

394812165
390145139
406742404,
430936762
471 T6T945:
485994085
495 843779
0202307,
06 739906.
510145552
512172546
515488543
521148300
522937525
524 3099981
525 AR0B4G!
525600337
527 184822
528440130

530186285

2074621388
204 8612093

2137275866
2129710658

2123854725
i Grases A sTaaae
2] 39'35555 .2 A0490663

2'139 2?91269:

2041042338

2028291679
210.3473992
ls14521818

1370980241
G2 89842565

3709554147
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Table D-3. Pressure coefficient and edge velocity distributions at P0=0.6 bar of S2MA test
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Figure D-1. Definition of each physical quantity
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Figure D-2. Edge velocity distributions at @ No.4 of NEXST-1 flight test
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Figure D-3. Edge velocity distributions at Re_No.5 of NEXST-1 flight test
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Figure D-4. Edge velocity distributions at PO=0.6 bar of S2ZMA test

E. Stability results at y/s=0.5 and 0.9 in the
case of _No.4

The comparisons of some chordwise distribu-
tions of Mach number (Me), static temperature
(Te) at boundary layer edge (BLE) and wall tem-
perature (Tw) at y/s=0.5 and 0.9 are summarized in
Fig. E-1(a) at y/s=0.5 and Fig. E-1(b) at y/s=0.9.
Several chordwise distributions of boundary layer
thickness (indicated “Delta”) and displacement
thickness ( “Delta*”) were also summarized in
Figs. E-1. Considering that boundary layer edge
was defined as the point at U(y =6 ) / Ue = 0.995,
there was remarkable high correlation between
ONERA and JAXA results.

As a typical boundary
computation result, crossflow velocity profiles

laminar layer
plotted in external streamline coordinates are
summarized in Fig. E-2(a) at y/s=0.5 and Fig.
E-2(b) at y/s=0.9. ONERA’s (solid
triangle symbols) are in rather good agreement
with JAXA’s ones (colored solid lines) at each
chordwise locations.

results

Next, the comparisons of N factor and ' evo-
lutions computed with envelope strategy are shown
in Figs. E-3 and E-4. These figures also include
measured transition location ( “X,exp” ) in the
flight test which are summarized in Appendix B
and special N values at these locations ( “N_.” ).

JAXA’s N factors and N, at y/s=0.9 are in good
agreement with ONERA’s results, but there was
a slight difference at mid-span region (y/s=0.5).
This region had a kink in leading edge which may
generate a slight distortion of both surface contour
and spanwise pressure gradient. Therefore, each
3D-LBL results near this region in each LBL code
was very sensitive to such distortion. As for the y
distributions summarized in Figs. E-4(a) and (b),
JAXA’s results after x/c>0.1 were not in agree-
ment with ONERA’s results. The main reason is
the same as that mentioned in Chapter 2: envelope
strategy is very sensitive to the selection of the
most amplified disturbance.

Figures E-5 and E-6 show similar comparisons
of N factors and ¥ evolutions computed with
fixed B strategy by both parties. The range of
several combinations of (., f ) was the same
as that mentioned in Chapter 2. JAXA’s results
of both N factors and  distributions are in good
agreement with ONERA’s ones at y/s=0.9. In
the same way as for envelope strategy, there is
a noticeable difference between ONERA’s and
JAXA'’s results at mid-span region (y/s=0.5). The
reason is the same as that mentioned above. Fixed
B strategy indicates that as CFI was also weak at
y/s=0.5 and 0.9, and TSI was the most dominant
instability at measured transition locations.
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(b) Comparisons of boundary layer thickness at y/s=0.9

Figure E-1. Boundary layer computations at  No.4
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(b) Comparisons of crossflow velocity profiles at y/s=0.9

Figure E-2. Boundary layer computations at « No.4
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(b) Comparisons of N factors at y/s=0.9
Figure E-3. Stability analysis (envelope strategy) at « No.4
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(a) Comparisons of ¢ values at y/s=0.5
Figure E-4. Stability analysis (envelope strategy) at « No.4
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ONERA ¥/5=0.90 @a_No.4 JAXA

(b) Comparisons of ¢ values at y/s=0.9
Figure E-4. Stability analysis (envelope strategy) at « No.4
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Figure E-5. Stability analysis (fixed (3 strategy) at o No.4
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(b) Comparisons of ¢ values at y/s=0.9
Figure E-6. Stability analysis (fixed [ strategy) at o No.4

F. Stability results at o_No.2 and o_No.3

Typical stability results at two off-design points
of « No.2 and « No.3 are summarized in this
Appendix.

Figures F-1(a) and (b) show chordwise pressure
coefficient (Cp), boundary layer thickness ()
distributions and crossflow velocity profiles at
several chordwise locations at inner and outer wing
regions, corresponding to those off-design points.
As the angle of attack of the NEXST-1 airplane
decreases from the design point, maximum of CF
velocity generally increases. According to such
situation, N factors with envelope strategy also
increase as shown in Figs. F-2.

Figures F-3(a) and (b) show the results com-
puted with fixed S strategy and reveal the nature
of the instability responsible for transition. From
these figures, CFI was dominant at measured tran-
sition location except for tip region (y/s=0.9) at
both @ No.2 and « No.3 cases. Therefore, for the
oft-design points, the transition line is very close to
the leading edge.

Finally, some comparisons of measured transi-
tion data and N contours are summarized in Fig. F-
4(a) for o No.2 case and Fig. F-4(b) for o No.3
case. In both figures, N=10 due to envelope strat-
egy is in good agreement with measured transition
locations.
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Figure F-1. Boundary layer computations at « -sweep cases
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Figure F-2. Stability results (envelope strategy) at off-design points
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Figure F-3. Stability results (fixed [ strategy) at off-design points
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G. Stability results at y/s=0.5 and 0.9 in the
case of Re_No.5

Figures G-1(a) and (b) show the comparisons
of crossflow velocity profiles at y/s=0.5 and 0.9
between o No.4 and Re No.5. In general, bound-
ary layer theory leads to no Reynolds number ef-
fect in the shape of crossflow velocity profiles nor-
malized with boundary layer thickness and edge
velocity, that is z/6 vs. V/Ue, and Reynolds num-
ber effect only appears in the boundary layer thick-
ness O distribution. Figure G-1(a) and (b) clearly
show such situation.

Stability results computed with both envelope

and fixed 3 strategies at y/s=0.5 and 0.9 in the case
of Re No.5 were summarized in Figs. G-2~G-5.
Figures G-2 and G-3 show comparisons of N fac-
tors and propagation direction angles (¥) corre-
sponding to maximum amplified wave computed
with envelope strategy by ONERA and JAXA.
There is almost good agreement between them,
but ¥ is slightly different. The main reason is the
same as the one explained in Chapter 2.

Figures G-4 and G-5 show similar comparisons
of N factors and propagation direction angles (¥)
computed with fixed 8 strategy. There is almost
good agreement between them.
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(a) Comparisons of crossflow velocity profiles at y/s=0.5
Figure G-1. Boundary layer computations at Re No.5
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(b) Comparisons of crossflow velocity profiles at y/s=0.9

Figure G-1. Boundary layer computations at Re No.5
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(a) y/s=0.5

JAXA
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0.2 0.3

Figure G-2. N factors computed with envelope strategy at Re No.5

This document is provided by JAXA.



116 JAXA Research and Development Report JAXA-RR-12-009E

ONERA y/s=0.90 @Re_No.5 JAXA
ur 14 =
L External streamline at §=y_99.5%U .
Xexp
| |
]

= 16.0KHz
T 180KHz
= 20.0KHz

— 300KHz

0.3

(b) y/s=0.9
Figure G-2. N factors computed with envelope strategy at Re No.5

ONERA y/s=0.50 @Re_No.5 JAXA
External streamline at d=y_99.5%L/,,,

]{#xp
T

(a) y/s=0.5
Figure G-3. Propagation direction with envelope strategy at Re No.5
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ONERA y/s=0.90 @Re_No.5 JAXA
External streamline at §=y_99.5%LU,,,

(b) y/s=0.9
Figure G-3. Propagation direction with envelope strategy at Re No.5
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(a) y/s=0.5
Figure G-4. N factors computed with fixed S strategy at Re No.5
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y/s=0.90 @Re_No.5 JAXA
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(b) y/s=0.9
Figure G-4. N factors computed with fixed S strategy at Re No.5
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(a) y/s=0.5
Figure G-5. Propagation direction with fixed S strategy at Re No.5
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y/5=0.90 @Re_No.5
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(b) y/s=0.9
Figure G-5. Propagation direction with fixed 3 strategy at Re No.5

H. Freestream turbulence level at S2MA
measured by JAXA

JAXA conducted transition measurement test of
the NEXST-1 configuration at S2MA test facility
in 2000. The selection of this facility is the reason
why it has lower freestream turbulence level than
usual supersonic blow-down type tunnels such as
JAXA’s supersonic tunnel facility, because of its
circuit-driven type tunnel. The turbulence level
was already measured and reported by ONERA. In
addition, JAXA also independently investigated its
freestream turbulence level by using total pressure
fluctuation data measured with a pitot probe as il-

Fa

=
A
EE

[ Freestream turbulence measurement]

3=

—~

Pitot tube was detected with a
dynamic pressure transducer.

Unsteady total pressure in the ADS

lustrated in Fig. H-1. The comparison of JAXA’s
data and ONERA’s data (as indicated in Fig. H-4)
is summarized in Fig. H-2. Although JAXA ob-
tained higher turbulence level than ONERA’s mea-
sured one, relatively lower level possible for mean-
ingful transition measurement test than JAXA’s
tunnel was confirmed. Figure H-3 explains a pro-
cedure to transform from measured total pressure
fluctuation to static pressure fluctuation, under a
few assumptions of isentropic flow process and
normal shock relation.

In general, transition is strongly influenced
by freestream turbulence level as well as surface

al length:1.87m, span:1.1m

Figure H-1. Measurement technique of freestream turbulence at S2MA
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!- "‘{EII Figure H-3)
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using a dynamic pressure transducer

Figure H-2. Comparison of measured data by JAXA and ONERA
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(normal shock relation)
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Figure H-3. Relation between static and total pressure fluctuations

roughness. The transition N factor also depends
on the level. As already well-known, a relation be-
tween that N and turbulence level (Tu) was pro-
posed by Mack as described by the relation (1) in
Chapter 3 and shown in Fig. H-5. But, this relation
was derived under the assumption of incompress-
ible flow condition, that is, low speed flow condi-
tion. Unfortunately, a similar effective relation has

never derived in supersonic flow condition. There-
fore, JAXA tried to make such a relation using
both transition data presently obtained at S2MA
and previously obtained at another wind tunnel fa-
cility of FHI. Here FHI tunnel has remarkably low
freestream turbulence level, because it is always
operated as in-draft driven type. However, Reyn-
olds number achieved in this tunnel is relatively
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From « Qualification of the supersonic test section of S2MA witha

10° CEAT sharpcone made in Ureol » in French. PV d"Essai ONERA

n° 6/1721(1992)

M | Fi[bar] | Re,, Tu(l0%) | Cp' (10
2 (.55 .80 1:2 1.53
2 0.9 11.06 1.45 1.55
2 1.25 15.20 1.96 1.55
2 1.5 17.80 1.87 1.55

||- Turbulence intensity may be more importante

than noise level

If Tu=0.196%, Nt=6.5 according to Mack relation. Still
higher than measurements (Figure H-6 gives Nt=4.5)

Figure H-4. ONERA measurements in S2MA wind tunnel:noise (p') and turbulence (Tu").

N factor (onset) of NEXST-1 nose cone @m=2.0

e S52MA
14 4 FHI i
" —[Mack]
12 - - - Nlfitting]
5 10 3
2 _
L g (See Figure H-6)
5 £
6 [ B E i e = Sty i
‘_l / ___'-I "——.,____“____
(See Figure H-T7)
2 B
0 : =1 I
0.01 FHI-WIT 0.10 S2MA 1.00
@Py=1.0bar  Cp',[%] @P,=1.0 bar
Tu=—(Cp.),. : See Figure H-8 & 10

Figure H-5. N factors and pressure fluctuation on the nose cone at W/T tests

low.

JAXA measured transition location of the
NEXST-1 nose cone at S2MA and FHI. The sum-
marized results are shown in Figs. H-6 and H-7 re-
spectively. Based on them taking account of mea-
surement error bar, JAXA tried to propose an ap-
proximated relation between the N and Cp’_ as
indicated in Fig. H-5. Here, the relation between

freestream turbulence level (Tu) and static pressure
fluctuation (Cp’ ) must be estimated to make such
a relation. At incompressible case, it is very easy to
find out it as shown in Fig. H-10. At compressible
case, if Tu is defined as velocity fluctuation only,
it is also easy to find the same relation as for the
incompressible case as shown in Fig. H-8. But, if
Tu is defined as mass fluctuation, it is slightly com-
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Figure H-6. HF test on NEXST-1 nose cone at S2MA
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Figure H-7. IR test on NEXST-1 nose cone at FHI
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plicated shown in Fig. H-9. M=2 condition gener-
ates compressible Tu (defined in Fig. H-9) which
becomes three times as incompressible Tu (defined
in Fig. H-10).

Finally, compressible Tu based on mass fluc-
tuation has an inherent problem at M=1, because
the Tu=0 even though there are any static pres-
sure fluctuations. This relation is mathematically

applicable except for near M=1. If the compress-
ible relation Tu:%‘ﬂmz—l‘(cpé)m is used, com-
parison with Mack relation will be improved.
Aa a matter of fact,(CPL)m = 0.25% (S2MA at

M=2 measured by JAXA) means Tu=0.375%.
N =-8.43-2.4In(Tu)

this provides N=4.97. This value is not far from

Using Mack relation,

exact, but it is supposed that its relation is only experimental measurements Nt=4.5 of Fig. H6.

U!:
*relation between velocity and pressure fluctuations
T.P=const.=U_ =U +U. T.=T.+T.,P.=P.+F

= Definition of turbulence factor:

=M, =M_+M.,,a,=JyRT, =@, +4d,
A TR & NP y-derul M [ -
= =—E' —_ e ——malL —_—
U,=a M, +a M, M, where 7 it 3 M. yivi , Aml+ 7 M.
=— __P' where M. = . P = 4.5
rM_F, Pl M, P,
--—!'_." LCp., where Fo=g, Cp(—%rFM ‘Cpt

Ez_,’:--u cpl, > --J-:C,-T--[G'?.L. <-I

Ref.: Same relation at incompressible flow (see Figure H-10)
*Mack relation: N =-8.43-2.4In[Tu]=-8.43- 2.4In[é—{(?p’,}_]

Figure H-8. Consideration of Mack relation

(pU7): U =
Tot = (__):["J_}r*""-* with: (o). =0 U +p, -U",
p. U Pt
] e
JAXA demonstrated that: [/', ==—-U/,-C,
A Relation between p°, and C;., involving mean quantities has to be found
[sentropic relation gives: —=cre = ===y 2z = p' = ls_" L
ol _P 2. — P
With: -',-HJ.:E'(‘.' =£-E-E:-f'.- :'ﬂr.:‘&"{.-'
e ¥ 2 ! 2 P,
cr T o PeMy e = e
(ptr), =p' T, +p, U, =T--‘.’ v U, +p, ~-E-Uf o
L 2., (AT: 1]--{‘
g it s

Figure H-9. Taking into account compressibility effects in Tu definition
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P+ lmemz =consi.= F, where p, =const. (. incompressible)

2

2
= ] — W] — 1 m— :
P=P +P. +—p \U +U.) =P.+P. +=p U |1+==
Q m+ +2pm{ u:!+ m}- m-+ m+2.pu: x[+U]

-

=P + P +l,0mt'.7; 1420 |- AT o "‘lf-’wﬁw! +pUU.
2 U, :
P+pUU,=0 = P =-pUU.
Cp., "E*‘li;?' %" = UL:H%E“CF;
q=a zp*U*I =

K
ol T e

Figure H-10. Incompressible relation between velocity and pressure fluctuation

I. Summary of hot-film test data at S2MA

The whole data measured with multi-element
type hot-film (HF) are summarized in this Appen-
dix. Figures I-1(a) and (b) show chordwise output
signal of each HF element at inner and outer wing
region in the cases of several AOA conditions at
P,=0.6 bar. For high total pressure values P =1 and
1.4 bar, Figs. -2 and I-3 show the same summa-

rized results as for P =0.6.

JAXA approximately defined transition location
as the location where AC signal reached its
maximum value as shown in those figures, except
for P =1.4 bar.

Transition Measurement at y/s=0.3 & Nose without ADS probe, ®=0°

Run No.4503
—— R290
=8=0 R291
! R232
1 R233
= R298
—i 296
——23  |R267
R238
— R299
—— R300
=g R301
12 R302
~+-1  |R303
....... 28 R304

(a) y/s=0.3
Figure I-1. Hot-film test results at P0=0.6 bar at S2MA test
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Transition Measurement at y/s=0.7 & Nose without ADS probe, ®=0°

&

-

0% -

EHEE R

AT
(b) y/s=0.7
Figure I-1. Hot-film test results at P0=0.6 bar at S2MA test

Transition Measurement at y/s=0.3 & Nose without ADS probe, ®=0°

3
28 un
e R325
—a—0 R32%
2 1 R32T
1 R328
— T Ra“
215 ~—:  |R330
. ——z R33N
- R333
! 4 R3M
—— R33s
' R338
05 it R33T
sl R338
—w-2:  |R339
]

/g

(a) y/s=0.3

Transition Measurement at y/s=0.7 & Nose without ADS probe, ®=0°

GERZREEREEREREE

o

e
(b) y/s=0.7
Figure I-2. Hot-film test results at PO=1.0 bar at S2MA test
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Transition Measurement at y/s=0.3 & Nose without ADS probe, ®=0°

Tr. @a=1.5

» ERES

FEHEH

R3T0
R3T1
RaT2
R373
R3T4
R3ITS
R3TE

(a) y/s=0.3

Transition Measurement at y/s=0.7 & Nose without ADS probe, ®=0°

Tr. fffi}tﬁ".ﬁ?

Ic=0.20 @M=2, a=1.5

HH

R3T0
R3T1
RaT2
R3I73
R3I74
R3TS
R376

(b) y/s=0.7
Figure I-3. Hot-film test results at PO=1.4 bar at S2MA test

J. Stability results at y/s=0.5 in the case of
P =0.6 bar

ONERA and JAXA also computed representa-
tive boundary layer characteristics at mid-span
region (y/s=0.5) in the case of P =0.6 bar condi-
tion and summarized them in Fig. J-1. Plots cor-
responds to streamwise velocity profiles, cross-
flow velocity profiles, temperature profiles and
chordwise thickness distributions (boundary layer
thickness 0, displacement thickness §%). JAXA’s
results are in very close agreement with ONERA’s

results (as mentioned in Chapter 2.)

The evolution of N factors and propagation
direction y computed with envelope strategy at y/
s=0.5 are summarized in Fig. J-2 and J-3 respec-
tively. JAXA’s results are in very close agreement
with ONERA’s ones for each spanwise station
mentioned in Chapter 2.

Similar computational results with fixed §
strategy at y/s =0.5 are summarized in Fig. J-4 and
J-5. Both parties’ results were also almost close
agreement.
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Streamwise profiles }'IFIJ.S Temperature profiles
= | @P0=0.6bar nx

asf ' oaford
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T 3 i naf
. #ﬂﬂﬁd «Symbaols: JAXA results (LBL3D)

K 2 naf

E f =Lines : Onera computations (3c3d)
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Ule - TTe
Cross-flow profiles
e 0003 ~
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ieuby o
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Figure J-1. Boundary layer computations at PO=0.6 bar condition - Mid-span region (y/s=0.5)

N factors (y/s = 0.5) at P0=0.6 bar

ONERA(Castet code) JAXA(LSTAE code)
2 i
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_ — 800k
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Figure J-2. Comparison of N factor (envelope strategy) at P0=0.6 bar
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Propagation directions (y/s = 0.5) at P0=0.6 bar

ONERA(Castet code) JAXA(LSTAB code)
W w
so} )
af %
| ——— 1= 12000 Hz
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Figure J-3. Comparison of propagation direction (envelope strategy) at P0=0.6 bar

N factors (y/s = 0.5) at P0=0.6 bar
ONERA(Castet code) JAXA(LSTAB code)
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Figure J-4. Comparison of N factor (fixed S strategy) at P0=0.6 bar

Propagation directions (y/s = 0.5) at P0=0.6 bar
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Figure J-5. Comparison of propagation direction (fixed S strategy) at P0=0.6 bar
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K. N factors on target Cp distribution
computed with envelope and fixed p
strategies

ed with N=12 for envelope strategy.
First of all, as one of trials for analyzing
Reynolds number effect on the NLF wing, JAXA

investigated Reynolds number influence on
numerical transition location predicted with enve-
lope strategy. According to present comparisons of
stability results and flight test data, N =12 as tran-
sitional value is used in this study.

Figures K-2(a), (b) and (c) show chordwise N
factor evolutions for several Reynolds number con-
ditions at y/s=0.3, 0.5 and 0.7 respectively. Left

JAXA performed lots of stability computations
on the target Cp distributions for the NEXST-1
NLF wing design at several Reynolds number con-
ditions as shown in Table K-1. This table is a sum-
mary of predicted transition location at y/s=0.3,
0.5 and 0.7 using N=12 for envelope strategy as
transition N factor value. Fig. K-1 shows Reynolds
number effect on the transition movement predict-

Table K-1. Transition location and nature predicted with envelope strategy

MEXST-1 FLT Test [MAC[m]=  2.754 Newi1e= 12
Case | Condition | Rew.[M) | Reusc(M) /503  y/s05 y/5=0.1_
Ma. {(1/m) {x/ehn (e/ehn  Maturs
1| AOA Nod 5.4 149 0.38539 0.80000 TS
2 | Ps=9KPa 6.6 18.2 0.28908 0.80000 I
3 | Ps=0.4KPa 6.9 19.0 0.26820 i3 0.80000
4 | P2=9.8KPa 1.2 19.8 D.24058 CF 0.80000
5 | Ps=102KPa| 1.5 20.7 0.19507 CF 0.28689 0.80000
6 | Ps=I06KPa| 1.8 214 D.11145 CF 0.37675 0.80000
7 | Pe=1L1KPa| 8.1 224 0.07438 CF 0.36220 0.80000
B | Ps=116KPa| 85 234 0.05852 CF 0.24774 : 0.80000
9 | Ps=I122KPa| 8.9 24.6 0.04731 CF 0.33152 TS 0.80000
10 | Ps=138KPa| 101 2718 0.03065 CF 0.28246 5 0.78861
1 | Ps=147KPa| 108 29.7 0.02598 CF 0.24550 CF 0.70679
12 | Ps=155KPa| 114 213 0.02304 CF 0.20151 CF 0.64727
13 | Ps=163KPa| 119 329 0.02050 CF 0.12135 CF 0.57328
14 | Ps=17.1KPa| 125 344 0.01862 CF 0.08733 CF 0.48026
15 | Ps=18.1KPa| 133 36.5 0.016432 CF 0.06345 CF 0.19018
16 | Ps=19.1KPa| 140 386 0.01487 CF 0.04971 GF 0.12912
Estimated Transition Location due to ¥ Method for Target Cp Distribution
E ] [ [ =
No LBL-computation region +y/5=03
O y/s=0.3(TS)
08 |- }&c%ﬂ—&ﬂ‘_g\n 1 +: /=05
| y/5=0.5(TS)
0.6 ey B ekan
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Rec[million]

Figure K-1. Re No. trend of transition predicted with Nenv=12
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part of the figures corresponds to N evolution com-
puted with envelope strategy and right part shows
fixed B strategy computations. “Nature” in the
table was estimated from the N evolutions with
fixed B strategy at the transition locations pre-
dicted with N_ =12 as shown in Figs. K-2. Such
predicted transition location is plotted in Fig. K-1.
This figure indicates general Reynolds number
trend on transition movement. But, N factors with
envelope strategy include so-called envelope of nu-
merically maximized N values. It means envelope
strategy overestimates N values. Therefore, similar
analysis for the N evolutions with fixed S strategy
should be investigated.

In this study, since JAXA focused on Reynolds
number effect on transition characteristics of the
NLF wing qualitatively, an N=6 criterion for fixed
[ strategy was assumed. Present stability results
are summarized in Table 7 and Fig. 68 of Chap-
ter 5. As shown in Figs. K-2, N factor evolutions
at each Reynolds number condition exhibit two
kind of disturbances CFI and TSI. At low Reyn-

o4 os o6 or o8
xfC

olds number conditions, as TSI is dominant, transi-
tion location is delayed. But, at a certain Reynolds
number (called Re ), the most dominant instability
changes from TSI to CFI. This change generates
rapid forward movement of transition as shown
in Fig. K-2 and Fig. 68. It is considered that such
Reynolds number trend on transition movement is
qualitatively general. The most important point for
the NLF wing design is to increase the Re, beyond
the design Reynolds number as illustrated in Fig.
69. There is possibility for improvement of present
target Cp distribution by increasing acceleration
gradients near leading edge, according to JAXA’s
patent application'®.

Nene & Nreqp: ¥/5=0.3@Rec=14.9M(a_4)

(a) y/s=0.3 (1/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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Nun & Niegp: ¥/5=0.3@Rec=19.0M(Ps=9.4KPa)

(a) y/s=0.3 (2/8)

Neny & Nieq 5t ¥/5=0.3@Rec=20.7M(Ps=10.2KPa)

Neny & Niyeq p: ¥/6=0.3

-

@Rec=21.4M(Ps=10.6KPa)
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15
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(a) y/s=0.3 (3/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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Neny & Neyeap: y/s=0.3@Rec=22.4M(Ps=11.1KPa)

16

Neny & Nieqg: ¥/5=0.3@Rec=23.4M(Ps=11.6KPa)

o

s 8
6 B H Y e gl e
4 4
2 2 |
0 o
1
18
14

(a) y/s=0.3 (4/8)

Nen, & Nrxeap: ¥/5=0.3@Rec=24.6M(Ps=12.2KPa)

Nens & Nixea: ¥/5=0. 3@Rec=27.9M(Ps=13.8KPa)

AN

14

H factor

(a) y/s=0.3 (5/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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2.\

31.3M(Ps=15.5KPa)

‘o

&
4
2
o

L o1 ol o3 o4 05 oE oz og og ] 0.1 0.2 oa o4 0.5 06 or [ ] L8]

(a) y/s=0.3 (6/8)

Neny & Nigeap: ¥/5=0.3@Rec=32.9M(Ps=16.3KPa)

(a) y/s=0.3 (7/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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Nom & Nexoas: ¥/5=0.3@Rec=36.5M(Ps=18.1KPa)

(a) y/s=0.3 (8/8)

Nany & Nivegp: ¥/5=0.5@Rec=14.9M(a_4)

W !

Neny & Nieap: ¥/5=0.5@18.2M(Ps=9.0KPa)
S

(b) y/s=0.5 (1/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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Nany & Neyeas: ¥/5=0.5@Rec=19.0M(Ps=9.4KPa)

Neny

& Npyeqp- ¥/5=0.5

(b) y/s=0.5 (2/8)

Nan & Nixeg: ¥/5=0.5@Rec=20.7M(Ps=10.2KPa)

(b) y/s=0.5 (3/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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Nany & Niveap: ¥/5=0.5@Rec=22.4M(Ps=11.1KPa)

f ’ £ '| i
c=23.4M(Ps=11

BKPa)

B
]
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F
o

(b) y/s=0.5 (4/8)

® Nany & Niyoag: ¥/5=0.5@Rec=24.6M(Ps=12.2KPa)

- - - ]

Nan & Niyeap: ¥/5=0.5@Rec=27.9M(Ps=13.8KPa)

!
1
=]
i

(b) y/s=0.5 (5/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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Nan & Neeq: ¥/5=0.5@Rec=29. 7M(Ps=14.7KPa)

(b) y/s=0.5 (6/8)

Nany & Neadp: yfs=0.5@€a¢=32.9M{Ps=1 6.3KPa)

E 5 R B B

(b) y/s=0.5 (7/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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1
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Nan & Nixeq s ¥/5=0.5@Rec=38.6M

(Ps=19.1KPa)
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(b) y/s=0.5 (8/8)

Neny & Npiegp: ¥/5=0.7@Rec=1

4.9M(c_4)

12
1

0.7@18.2M(Ps=9.0KPa)

(c) y/s=0.7 (1/8)

Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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Na, & Neoa: ¥/5=0.7@Rec=19.0M(Ps=9.4KPa)

(c) y/s=0.7 (2/8)

N, & Negegp: ¥/5=0.7@Rec=20.7M(Ps=10.2KPa)
:: 75
¥ ’
z |

Nan, & Niceap: ¥/5=0.7@Rec=21.4M(Ps=10.6KPa)

M factor
R A TR -

ol oz oz o4 s 0.E L% 0.8 s

(c) y/s=0.7 (3/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies

This document is provided by JAXA.



140

& e muwswaewmag EHEER

B e omow s wmowomow s = HES

BERESR

H facior

B = M oW R R W B W

M tactor

e mnwwaewnewnwidBBEEBEES

JAXA Research and Development Report JAXA-RR-12-009E

Nany & Nieap: ¥/5=0.7@Rec=22.4M(Ps=11.1KPa)
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(c) y/s=0.7 (4/8)

Neny & Neyedp: yfs=0.'?@R€::=24.BM{F‘s=12.2KF'a]
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(c) y/s=0.7 (5/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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Nan & Nevegs: ¥/5=0.7@Rec=29.7M(Ps=14.7KPa)
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Nen & Nixeas: ¥/5=0.7@Rec=31.3M(Ps=15.5KPa)
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(c) y/s=0.7 (6/8)

N & Niveg st Y/5=0.7@Rec=32.9M(Ps=16.3KPa)
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(c) y/s=0.7 (7/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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i Nep, & Npyeqp: ¥/5=0.7@Rec=36.5M(Ps=18.1KPa)
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(c) y/s=0.7 (8/8)
Figure K-2. N factors on CpTargect computed with envelope and fixed [ strategies
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