
Wind-Tunnel Guy Talks about Fluid Dynamics

53 39

2021/7/2 53 39 1

40+years

2021/7/2 53 39 2

第 53 回流体力学講演会／第 39 回航空宇宙数値シミュレーション技術シンポジウム論文集 13

This document is provided by JAXA.



, 

!!
2021/7/2 53 39 3

1980 NAL

2021/7/2 53 39 4

宇宙航空研究開発機構特別資料　JAXA-SP-21-00814

This document is provided by JAXA.



1980 NAL

“Computers vs. Wind Tunnels” 
for Aerodynamic Flow Simulations

Dean R. Chapman, Hans Mark, and Melvin W. Pirtle
(NASA Ames Research Center)
AIAA Aeronautics and Astronautics,
Vol. 13, No. 4 1975

“To displace wind tunnels as the principal source of flow 
simulations for aircraft design….the required computer 
capability would be available in the mid-1980s.” 

“…within a decade computers should begin to 
supplant wind tunnels in the aerodynamic design and 
testing process…”

supplant :( …
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AIAA Dryden Lectureship in Research (1979)

“Computers” “Wind Tunnels” 

1980 NAL

1981.4
1983.4 

https://mtkbirdman.com/tr797-explanation
(@mtk_birdman) / Twitter

( )
, 

1982. 4
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NAE
5 20

Boeing
TWT, SWT, etc.
NASA Ames
UPWT 11ft TWT
14ft TWT
80x120ft NFAC, etc.
AEDC
PWT 16ft T, 16ft S
4ft TWT, etc.
NASA Langley
NTF, 0.3-m TCT
8ft PTWT, etc.
NAE (Canada)
9m LSWT
1.5m Trisonic WT 
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Cryogenic WT) NASA Langley Research Center 

T [K]        Re q Power     
300        1 1        1
200        1.76         1        0.82
150        2.64         1        0.71
100        4.65         1        0.58

77        6.71         1        0.51     N2 @1atm

0.5 0.5 1.4VLRe MpR T L0.5 0.5 1.4VLRe MpR T L
a RT

2 21
2 2

q V pM

21
2

Power mV

(9bar) Re=O(109)

Dr. R.A.Kilgore

National Transonic 
Facility (NTF)
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Adaptive Wall) Computer

NASA Ames: Slotted Wall Segmented Plenum 
AEDC: Perforated Wall Variable Porosity
NASA Langley: Solid Wall Streamlined Wall 

Hybrid Simulation

NASA Ames Research Center 

NASA Langley Research Center (0.3-m TCT) 

W.R. Sears, R.J. Vidal , J.C. Erickson, Jr. and A. Ritter, “Interference-Free Wind-Tunnel Flows by 
Adaptive-Wall Technology” ICAS Paper No. 76-02

AEDC 4ft TWTDr. E.M. Kraft
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Captive Trajectory System Computer AEDC 4ft TWT

Dr. E.M. Kraft
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1983 11
- -

https://www.jstage.jst.go.jp/article/jjsass1969/31/358/31_358_597/_pdf/-char/ja
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Kn
L L

=68 nm at p = 101.3 kPa

=0.3 m at altitude=120 km

Large

Ex. Low Density Gas Flows

L
Ex. Micro System

Small L

2
M MKn
Re Re

0.1 1 100.001

Free Molecular flowTransitionSlip-flowContinuum flow

Kn 0.1 1 100.01     

Free Molecular flowTransitionSlip-flowContinuum flow

Kn

( ), ( )
Re

M-Re

Mn/Rem

M/Re ( Kn )

Mn/Rem

Bushnell et al (1993, NASA-TM-107730)
Reynolds number influences in aeronautics

viscous interaction parameter)

2M
L Re

3MM
L Re

Space Shuttle
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ONERA
Dr. X. Vaucheret
(ONERA, France)

Euler
Mr. Lars Torngren
(FFA, Sweden)

Mr. Alan Boone
(NASA Ames, USA)
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(1991-93)

http://www.icas.org/ICAS_ARCHIVE/ICAS1988/ICAS-88-0.5.pdf(*) 
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NAL 2-m TWT vs FFA T-1500

Re=10.0M
NAL)

Re=11.3M
FFA)
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Re=7.4M
(FFA)

Re=6.6M
NAL)

STOL (1987-89)

(*) https://commons.wikimedia.org/wiki/NASA_QSRA
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STOL (1987-89)

Sawada, K. and Takanashi, S. “A numerical investigation 
on wing-nacelle interferences of USB configuration,”
AIAA Paper 87-0455, 25th AIAA Aerospace Sciences 
Meeting (1987) https://doi.org/10.2514/6.1987-455
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“Cryogenic Approach”

0

1000 333
300 100

tj

t

T K K
T K K

:

Lower Figure:
NASA Langley Research Center
National Transonic Facility (1% scale 
model with solid plume simulator)

Upper Figure: 
NASA Lewis Research Center
10 x 10-foot Supersonic Wind Tunnel

(Ethylene/air combustion)

NASA Lewis 10ft SWT

NASA Langley NTF
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NASA Langley Research Center
Transonic Aerodynamics Division
Experimental Techniques Branch
Head: Dr. Robert A. Kilgore
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Hot-Jet Simulation in Cryogenic Wind Tunnels

( , ; , , , , , , ; , , , , , , ) 0j j j j j j jF p l p V T Cp Cv k p V T Cp Cv k

Buckingham Pi Theorem
Step1: Identify all important quantities associated with the problem.

][][][][][ 121
i

dcbadcba
i QTLTTMLLQTVpl

• Q = p p/p
• Q = pj pj/p
• Q = Vj Vj/V
• Q = Tj Tj/T

• Q = Cp Cp T /V 2

• Q = Cpj CpjT /V 2

• Q = Cv Cv T /V 2

• Q = Cvj CvjT /V 2

• Q = V /lp
• Q = j jV /lp
• Q = k k T /l p V
• Q= kj kjT /l p V

Step2: choose l, p , V , T as the base for forming each dimensionless 
parameter pi

Here, the primary dimensions are [M] [L] [T] [ ] (m=4). 
Then, from the Buckingham pi theorem, the number of pi parameters is n-m =12.

Step 3:  determine the exponents so that the i’s are dimensionless.

(n=16)

Basic similarity rule

Step 4: Rearrange the obtained parameters into a more general form.

p/p = f( , M , Re , Pr  , j, Mj, Rej, Prj, pj/p ,Vj/V , Tj/T  )

, M , Re , Pr

j, Mj, Rej, Prj

pj/p ,Vj/V , Tj/T  
NPR C
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Hot-Jet Simulation in Cryogenic Wind Tunnels
Simulation capability: cryogenic approach

Conventional (compressed air) Cryogenic (compressed N2) 

Model size: 10% of  full scale

0G L jm m m

0G t L a j j FAN CONDm h m h m h Q Q

( )1
( )

j j a FAN CONDG

j j t FAN CONDL t a

m h h Q Qm
m h h Q Qm h h

Gm

Lm

jm

Tunnel equilibrium condition: 

mass conservation 

energy conservation 

mass equilibrium of contaminant (CH4)CH4/N2
LN2 CH4
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4,0 4,/CH j G CH jx m m x

Specification
Type … Fan-driven, Closed-circuit
Test section size … 0.1 x 0.1 x 0.3m
Mach range … up to 1.02
Pressure … up to 200 kPa
Temperature … 90K to ambient

NAL 0.1-m Transonic Cryogenic WT Test article (base model)

Model material … SUS 304

Jet Flow Conditions
• Gas: N2, N2/CH4 (0-60%), 

N2/Ar (0-60%), N2/He (0-60%)
• NPR = off to 6.0
• Ttj/Tto = 1.0 to 3.6
• Rj = 236 to 611 [J/kg-K]
• j = 1.3 to 1.53
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Mo =0.814, Pto = 110 kPa, Tto = 140 K

Ptj = 288 kPa, Ttj = 138 K
Gas = N2
NPR = 4.04, TR = 0.98 (cold jet)

Ptj = 288 kPa, Ttj = 385 K
Gas = N2/CH4 (40%) 
NPR = 4.03, TR = 2.75 (hot jet)

Similarity rule for jet-temperature effects 
on transonic base pressure K. Asai, AIAA Journal, Vol. 33(2), Feb. 1995

Max plume to nozzle exit diameter ratio (d1/de)

2
1

1
*

1

1 1
1

2 2
/

n n
j j

e e

M
d
d M A A

1

1

1 2& 1
2( 1) 1

j

jj

j j

n M NPR

Plume shape parameter

(C2H4/air combustion)

(Blockage) (Entrainment)
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Asai, K., “Hot-Jet Simulation in Cryogenic Wind 
Tunnels”, NASA RP-1220, July 1989. 

H. K. Tanna, “An Experimental Study of Jet Noise Part I: Turbulent Mixing
Noise,” Journal of Sound and Vibration (1977) 50(3), 405-428

Potential applications: 
• Development test
• Basic similarity research
• CFD validation
Subjects:
• Afterbody flow
• Jets in cross flow

V/STOL, thrust reverser,
thrust vectoring,
reaction control, 
abort system, etc. 

• Mixing, heat transfer, …
• Aeroacoustics
• etc.

Asai, K.,“Propulsion simulation potential” 
NATO STO/AVT-328 Technical Course 
“Impact and Advanced Implementation of 
Cryogenics in Aerodynamic Testing,” 
NASA Langley RC, June 26, 2019
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(1993-)

Global Measurement 
30

PIV/PTV , PSP/TSP /
IR Oil Film , Light
Scattering ( ) PLIF … 

:

1950-60

2 3

:

1950-60

2 3

JAXA 
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(Pressure-Sensitive Paint [PSP])

PMT
Photodiode
CCD camera

Excitation 
(UV, visible)

Luminescence
(Intensity and lifetime)

Quenching
(O2/Thermal)Lasers

Xenon lamp
LED

Model

Gas 
molecules

Sensor
coatings

Sensor Molecules

N N

NN
Pt

CH2CH3 CH2CH3

CH2CH3

CH2CH3

CH2CH3CH2CH3

H3CH2C

H3CH2C N

N

N
N

N
N

Ru

absorption

Phosphorescence

Ground State

Excited Singlet State

Excited Triplet State

Fluorescence

Thermal 
deactivation Oxygen 

Quenching

Principle

Oxygen Quenching
Luminescence O2 concentration
(partial pressure) Pressure

Jablonski Diagram

O2

2
0 1 OKP
I
I

O2

N2
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JAXA Repository
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M-Re
Mn/Rem

M/Re ( Kn )
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( 2
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h

K. Nakakita, T. Yamazaki, K. Asai, N. Teduka, A. Fuji, and M. Kameda, “Pressure Sensitive Paint Measurement in a Hypersonic Shock
Tunnel,” AIAA Paper 2000-2523

= 0deg.= 0deg. =20deg.
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=20deg.

Bow Shock
 

Impinging Shock

ExpansionP

S

Shear Layer

M

Referred by B. Edney, FFA Report 115, 1968Bow Shock

Impinging
Shock Expansion

Shear
Layer

=20deg.
Multi view 
measurement

Type VI Interaction

=0deg.

K. Nakakita and K. Asai, “Pressure Sensitive Paint Application to a Wing-Body Model 
in a Hypersonic Shock Tunnel,” AIAA Paper 2002-2911
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Köln (Germany)

1993

https://www.etw.de/wind-tunnel/overview
2021/7/2 53 39 39

DLR-F4)(NAL) (DLR)

(Re ) M=0.785, CL=0.5

Re
LN2 =

12,800

U. Fey, R. H. Engler, Y. Iijima, Y. Egami, K. Asai, U. Jansen, and J. Quest, 20th ICIASF, DLR, Göttingen, Germany, Aug.25, 2003.
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T. Niimi, M. Yoshida, Y. Oshima, H. Mori, Y. Egami, 
K. Asai, H. Nishide, Application of pressure sensitive
paints to low-pressure range. J. Thermophys. Heat 
Transf. 19(1), 9–16 (2005)

PdTFPP

CH3

Si(CH3)3
n

Poly(TMSP)
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PSMF (Pressure-Sensitive Molecular Film)
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Wright Flyer I (1903) 
First powered flight in human history

10:35am, Dec. 17th, 1903 at Kitty Hawk, North Carolina
Flight time: 12s, Distance: 36m

Wilber (1867-1912) Orville (1871-1948)

Wright Brothers’ First Flight Centennial

Balance (Lift)
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1 Group 2 Group 3 Group
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Daiju Numata, et al: "Ultrafast-Response Anodized-Aluminum 
Pressure-Sensitive Paints for Unsteady Flow Measurement"., AIAA J., 
Vol. 55, Issue 4 (2017) 

Time response curves

= 0.35 s

3501 .
t

e)t(f

t = 0 s t = 10 s t = 20 s

t = 30 s t = 40 s t = 50 s

t = 60 s

20 40 60 80 100 120
P [kPa]

Shock 
reflection

Triple point

Shock 
diffraction

Schematic

5 mm

Shock direction

0 20 40 60 80 100 120 [kPa]

t  = 0 s t  = 10 s t  = 20 s t  = 30 s

t  = 40 s t  = 60 s t  = 80 s t  = 100 s

Mach reflection Shock wave diffraction
Vortex

PBA

gk

gk

DD
DD

D

Dg

Dk

mD
h2

h2

d 

Kameda, et al, Meas. Sci. Tech. 
15 (2004) 488-500. 

Shota Fujii, Daiju Numata, et al AIAA Paper 2013-0485 (2013)
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•
•

•

…
1

1x101

1x102

1x103

1x104
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D
 [P

a2 /H
z]

Frequency [Hz]

1

1x101

1x102

1x103

1x104

0 500 1000 1500 2000 2500

PS
D

 [P
a2 /H

z]

Frequency [Hz]

Noise Floor of PSP:
approx.100 Pa2/Hz

Noise Floor of PSP:
less than10 Pa2/Hz

M. Pastuhoff, D. Yorita, et al. Meas. Sci Tech (2013), Y. Sugioka, K. Hiura, et al (ExIF 2019)
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Thin-oil-film equation

Luminescent intensity is 
proportional to oil thickness

optical flow equation 

(for small h)

LLS-method (Lee, et al)

T. Lee, T. Nonomura, et al, Rev. Sci. Instr. 
89 (6), (2018)

T. Lee, et al, J. Visualization, 23(5),(2020)
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The 8th International Conference on Flow Dynamics (ICFD 2011)
Hotel Metropolitan Sendai, Sendai, Japan, Nov. 9th-11th, 2011

https://aeroastro.mit.edu/faculty-research/faculty-list/mark-drela

Wright Brothers Wind Tunnel

115.11 km (23 Apr 1988)

2021/7/2 53 39 49

Greer, Hamony, et al Design and Predictions for a 
High-Altitude (Low-Reynolds-Number) Aerodynamic
Flight Experiment, NASA/TM-1999-206579 (1999)

Altitude (70,000 to 100,000 ft)
Reynolds No. (200,000 to 700,000)
Mach number (0.5 to 0.65)
Turbulent intensity (0.02 % or less)

NASA LaRC ‘ARES’ ISAS/

2021/7/2 53 39 50
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Indraft Wind Tunnel

Vacuum chamber
(volume=12.7m3)

Buffer tank
(volume=11m3)

1,800mm
SUS304

Mars Airplane 
(JAXA/ISAS)

Mars Helicopter
(NASA/Caltech)

0
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0.2
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0.9

103 104 105 106

M
ac

h 
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um
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r

Reynolds Number

Air mode and CO2 mode
Total Pressure: 1kPa ~60 kPa

Re, M,

Supersonic EjectorCO2 Supply
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M. Anyoji, et al, AIAA Journal, 
Vol. 53, No. 6 (2015)

M = 0.20
Re = 4.9x103 ~ 4.1x104

5%-thick Flat Plate ( =0deg) 

M = 0.21 ~ 0.65
Re = 1.1x104

Transition

Separation

Turbulent Reattachment

Turbulent Reattachment

Laminar Reattachment

Laminar Reattachment

Re

Turbulent Reattachment

M

Turbulent Reattachment

Laminar Reattachment

Turbulent Reattachment

Laminar Reattachment

Reynolds

Mach

50 mm

2.5 mm

PdTFPP

CH3

Si(CH3)3
n

Poly(TMSP)
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NACA0012-34

5% Flat Plate

1% Flat Plate

3% Circular Arc

6% Circular Arc
Ishii airfoil

3% triangular

M. Anyoji, et al. JOV (2015)

(2016.6)   
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M=0.5
=8deg

=10deg

=12deg

P. M. Munday, K. Taira, T. Suwa,, D. Numata,
K. Asai, J. Aircr., Vol. 52, No.3 (2015) 

Passive flow control (Biomimetics): 
Serration, mini-flap, corrugation…
Active flow control: DBD plasma actuator

N

i
iii

1

TT vuVUA

Plasma region

Electrodes
Dielectric

T. Nagata, A. Noguchi, et al. JFM (2020), E. Mongeol, et al. ExIF (2020) , K. Kusama et al (2020), 
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Re = 5,000, M = 0.4Re = 2,000, M = 0.3
Cp

-1

-0.5
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0.5

1

Re = 4,000, M = 0.5
Cp

Re = 4,000, M = 0.2
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-0.5
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0.5

1

Re = 10,000, M = 0.3

Re = 10,000, M = 0.6

Re = 10,000, M = 0.45

Re = 1,000, M = 0.5

Re = 4,000, M = 0.5

Re = 4,000, M = 0.1

Nagata, T., Noguchi, A., Kusama, K., et al., Journal of Fluid Mechanics, 2020, 893, A13
Kusama, K., Nagata, T., Anyoji, M.,, et al., Fluid Dynamics Research, 2021, 53(1), 015513
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C. Pekardan and A.A. Alexeenko, “Rarefaction Effects for Transonic Airfoil 
Flows at Low Reynolds Numbers,” AIAA Journal 56(2), pp. 1-14 (2017)
DOI:10.2514/1.J056051

Fig. 1 Knudsen number vs Mach number chart for some applications in 
aerospace and transportation (N/MEMS, nano/microelectromechanical
systems). Mn/Rem

Boundary-layer:

Knudsen layer:

Mars Wind Tunnel
(Tohoku Univ.)
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(hPa) 1,013 92,100 0.7 1,470

(K) 288 740 210 94 

(m/s2) 9.80 8.87 3.71 1.35 

N2(78.1%)
O2(20.9%)
Ar(0.93%)

CO2(0.03%)

CO2(96.5%)
N2(3.5%)

SO2 (0.015%)
Ar (0.007%)

H2O (0.002%)

CO2(95.3%)
N2(2.7%)
Ar(1.6%)
O2(0.13%)

N2 (98.4%)
CH4 (1.6%)

super rotation

, “Planetary Locomotion ,”
Vol. 60(11) 2012, pp. 421-426.

2021/7/2 53 39 57

Specific heat ratioSound of Speed [m/s]

Reynolds number 

Gravity [m/s2]
Mach number 

L=1.00m, V=100m/s

http://dragonfly.jhuapl.edu/
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Frequency range:
k=O(0.01) O(1)

T. J. Mueller, “Fixed and Flapping Wing Aerodynamics for Micro Air Vehicle Applications,” 
Progress in Astronautics & Aeronautics, AIAA (2002)

Phugoid

Dutch Roll
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PA10 (Serial Link)

PA10 HEXA

Type Serial Link Parallel Link

Characteristics
Wide range of motion
Limited frequency 
performance

High frequency motion
High rigidity motion

HEXA (Parallel Link)
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Achieved Roll Oscillation with amplitude 
of 10 deg and at frequency of  4Hz

HEXA-X2 : 6-DoF Robotic Manipulator

-DoF

2-DoF

Motor type: SHA40A51SG
(Torque 340Nm Geared motor)
Weight (Base+motors) 158kg
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(MSBS)

0.1-m MSBS 
Low-speed
Dynamic
Supersonic

0.3-m MSBS
Low-speed
Dynamic
Advanced 
measurements

1.0-m MSBS 
Low-speed 
Dynamic / High-
Low-turbulence

Special Session: Magnetic Suspension and Balance Systems 
for Wind Tunnel Testing

2021.1.13

Organizer:
Colin P. Britcher
Professor, ODU

USA)
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(MSBS)

2011

1988

ETB, NASA Langley RC
Prof. Eugene E. 

Covert (MIT)

Revive

TOHOKU

Dr. R.A. Kilgore
(NASA Langley
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Colin P. Britcher
Professor, ODU

Mark Schoenenberger
Aerospace Engineer

W. A. Kilgore
Deputy Director

Forced oscillating test ~ 1 D.O.F. ~ (0.3-m MSBS)

f = 0.6 Hz f = 2 Hz f = 10Hz

f = 0.6 Hz f = 2 Hz f = 10 Hz

Amplitude 1 deg (pitching)

Amplitude 2 deg (pitching)
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Example of Multi-DoF Motion ~ 2 D.O.F. 

f = 3Hz, coning motion
(pitching+yawing)

0.3-m MSBS 1.0-m MSBS

f = 5Hz, coning motion 
(pitching+yawing)
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Hybrid Simulation

Roll 
Angle

, , , , 
, , , , 

, Hybrid Motion Simulation of an 
Aircraft in Wind Tunnel, 12 SICE

2401 -2404 (2011)
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EFD + Flight Dynamics “Flight Test in WT”
Simulate “flow” in a wind tunnel, “motion” on a computer 
Real-time simulation of aircraft motion by closed-loop control

Dr. E. M. Kraft

Captive Trajectory System (AEDC)

• The US Air Force Digital Thread-Digital Twin – Life Cycle Integration and Use of 
Computational and Experimental Knowledge (AIAA 2016-0897) 

• Approach to the Development and Application of a Digital Thread-Digital Twin
Authoritative Truth Source (AIAA 2018-4003) 

• Transforming Ground and Flight Testing through Digital Engineering (AIAA 2020-1840) 

Airframe Digital Twin Approach 

JAXA BAe Tohoku Univ. /IFS

NASA NASA Purdue Univ.
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: 
Dougherty, Jr., N. S., Fisher, D. F. : Boundary layer 
transition on a 10-deg cone : wind tunnel/ flight 
correlation, AIAA Paper 80-0154 (1980). Boundary Layer Transition 

Group (BLTSG) chaired by 
Dr. Eli Reshotko (NASA 
Ames) was formed in the 
late1970 and conducted 
systematic experiments on 
boundary-layer transition 
including flight tests

Transition detection 
traversing a pitot tube 

along the cone surface

2021/7/2 53 39 69

: 
Dougherty, Jr., N. S., Fisher, D. F. : Boundary layer 
transition on a 10-deg cone : wind tunnel/ flight 
correlation, AIAA Paper 80-0154 (1980).

Flight 

WT

Flight 

WT

Mach no.

Transition
Reynolds
number

10-deg Cone: Wind Tunnel vs Flight Test

NACA TN 4235 (1958)

Beckwith and Miller (2000) Annual Review 
of Fluid Mechanics
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:
Magnetic Supersonic Cryogenic Flight Tube 
NASA Langley ETB MSBS
P. L. Lawing, “Magnetic Suspension — Today’s Marvel, Tomorrow’s Tool,” High Reynolds Number Flows 
Using Liquid and Gaseous Helium, pp 153-164, Springer (1991)

Cryogenic
Magnetic Suspension
Optical Measurement

0.5 0.5 1.4VLRe MpR T L0.5 0.5 1.4VLRe MpR T L

T=100K a =204m/s (N2) a RT

(1) Re (2) 

(T~100K)

LN2 

GN2 

( , Sonic Boom,

© Keisuke Asai

Quiet Flow”
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Flow Simulator

.
Hybrid Simulator

,
…

 

…
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(1) 
(2) 
(3)
(4) 
(5) 
(6) 
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“One for all, all for one”

2021/7/2 53 39 73

NAL

第 53 回流体力学講演会／第 39 回航空宇宙数値シミュレーション技術シンポジウム論文集 49

This document is provided by JAXA.




