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JAXA 6

Error Evaluation in JAXA Hypersonic Wind Tunnel

Force Measurement Tests

Fujii Keisuke and Takama Yoshiki

Abstract

The free-stream Mach number of JAXA 1.27m/0.5m hypersonic wind tunnel had been reported to actually

fluctuate between blows with a small extent which could still be one of the major error sources in aerody-

namic coefficients reduced from measurements. The cause of the fluctuation still remains unclear, however,

an attempt to remedy such the unexpected varying Mach number effect has been made by accounting repre-

sentative dynamic pressure variation between blows with leveraging pitot pressure monitoring measurement

which is originally for wind tunnel validity evaluation purposes. The effectiveness of the remedy has then

been evaluated based on data acquired through HB2 standard model tests ever conducted in the facility,

in accordance with the error propagation relation developed for the proposed procedure to determine the

free-stream Mach number.

Non-uniformity of the free-stream, however, cannot be accounted as an error source in the above uncertainty

analysis, though previous M5 tests in the 0.5m hypersonic wind tunnel showed it actually has considerable

effects, especially on the pitching moment coefficient. The mathematical formulation for estimating the error

induced by the non-uniformity was then derived in terms of the three-dimensional spatial power spectrum

of the pitot pressure ratio distribution and of the test model shape information, separately. Standard model

test results where the test model was placed in different locations in the free-stream core region, agreed well

with the estimated error from the non-uniformity, especially in the longitudinal aerodynamic characteristics,

exhibiting the validity of the estimation formulation.

One of major error sources in the lateral-directional characteristics in the facility, however, turned out to be

alignment errors of the balance coordinate and of the model coordinate, after examining again aerodynamic

characteristics obtained in the axisymmetric standard model and reorganizing them by correcting the model

coordinate directions based on the balance alignment angles estimated from static tare data.

keywords : Error in force measurements, Mach number fluctuation, Non-uniformity, Alignment error
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2
+K2σ2
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p02s
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2
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δp02s
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2
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δpo
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ap
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Mach Run

Mach (4)

Mach
(

p02s

po

)
A

Run

Mach(
p02s

po

)
A

2.2 6

‘ ’p02

‘ ’(CAF,0)
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Lm qf

Cp ds

Mach Mach

:

p02
q

=
p02
po

po
p∞

2

γM2
→ 2γ− γ

γ−1

(
γ + 1

2

) γ+1
γ−1

≈ 1.84 (M → ∞) (11)

xo

xo f(xo)

σ2
f ≈ (i, j,k)

1

Vo

∫

Vo




(
fx(xo)− fx

)2
(
fy(xo)− fx

)2
(
fz(xo)− fx

)2


 dvxo

≈ (i, j,k)
1

Vo

∫ ∫ ∫

αo ̸=0



|Fx(αo)|2

|Fy(αo)|2

|Fz(αo)|2


 d

(αo
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)
d
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βo

2π
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2π
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Fz(α)


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∫
f(xo)e
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≈
N1−1,N2−1,N3−1∑

h,i,j=0

fh,i,je
(αk,l,m,xoh,i,j)∆xo = Fk,l,m∆xo∆yo∆zo

xo x

(qf (x+ xo)) (ds) Cp(x)

f :

f(xo) ≡
∫

S

qf (x+ xo)Cp(x)ds

xo

F(α) ≡
∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞

∫

S

qf (x+ xo)Cp(x)ds ei(α,xo)dxodyodzo

=

∫

S

∫ ∞
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∫ ∞
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∫ ∞

−∞
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∫
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∣∣∣
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∣∣∣∣
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
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fC(αk, βl, γm) ≡
∑
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Cpioe
−i(αk,l,m,xio )∆sio (13)

Qk,l,m fC

STL fC(αk, βl, γm)

α (12)

(|Qk,l,m|2) σ2
f

m(xo) ≡
∫

S

qf (x+ xo)Cp(x)(x− xCM)× ds
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M(α) ≡
∫ ∞

−∞

∫ ∞
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∫ ∞

−∞

∫
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S
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
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|mCy (αk, βl, γm)|2

|mCz (αk, βl, γm)|2


 (14)

mC(αk, βl, γm) ≡
∑
io

Cpioe
−i(αk,l,m,xio )(xio − xCM)×∆sio (15)

mC(αk, βl, γm)

σ2
m

|x| ≦ L1, |y| ≦ L2, |z| ≦ L3

F(α) = Qf (α)

∫

V

∇
(
Cp(x)e

−i(α,x)
)
dv

= (i, j,k)


−Qf (α)e

−i(α,x)

αβγ



α

β

γ







L1,L2,L3

−L1,−L2,−L3

= (i, j,k)Qf (α)
8i sinαL1 sinβL2 sin γL3

αβγ



α

β

γ




σ2
f

σ2
f ≈ 1

V

∫ ∫ ∫
|f |2 dxodyodzo =

∑
k,l,m

∣∣∣∣
Fk,l,m

N1N2N3

∣∣∣∣
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≈ (i, j,k)
∑
k,l,m

∣∣∣∣
Qk,l,m

N1N2N3

∣∣∣∣
2 ∣∣∣∣

8 sinαkL1 sinβlL2 sin γmL3

αkβlγm

∣∣∣∣
2



|αk|2

|βl|2

|γm|2




(16)

M(α) = −Qf (α)

∫

V

∇×
(
e−i(α,x)x

)
dv

= (i, j,k)


Qf (α)e

−i(α,x)

αβγ



−β

γ (−i+ γz) + γ
β (−i+ βy)

− γ
α (−i+ αx) + α

γ (−i+ γz)

−α
β (−i+ βy) + β

α (−i+ αx)
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




L1,L2,L3

−L1,−L2,−L3

= −(i, j,k)
8Qf (α) sinαL1 sinβL2 sin γL3

αβγ




β
γ (1− γL3 cot γL3)− γ

β (1− βL2 cotβL2)
γ
α (1− αL1 cotαL1)− α

γ (1− γL3 cot γL3)
α
β (1− βL2 cotβL2)− β

α (1− αL1 cotαL1)



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
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
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f
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
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σ2
m

σ2
m ≈ 1

V

∫ ∫ ∫
|m|2dxodyodzo =

∑
k,l,m

∣∣∣∣
Mk,l,m

N1N2N3

∣∣∣∣
2

≈ (i, j,k)
∑
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2
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2
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∣∣∣∣
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∣∣∣∣
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3
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0.5 m Mach 5 7 HWT1

1.27 m Mach 10 HWT2

[1] HWT1 1965 M5 M7

Mach

[7]

M10

HWT2 1995

[2] Mach

[8]

HWT2

HWT1

2

3.2

JAXA 6 2.1

16

3　誤差評価の風洞試験への適用

14 宇宙航空研究開発機構研究開発報告　JAXA-RR-20-001

This document is provided by JAXA



2: JAXA

3

3.1 JAXA 6

0.5 m Mach 5 7 HWT1

1.27 m Mach 10 HWT2

[1] HWT1 1965 M5 M7

Mach

[7]

M10

HWT2 1995

[2] Mach

[8]

HWT2

HWT1

2

3.2

JAXA 6 2.1

16

δFA δpo

δpb

δ p02

po

JAXAϕ1.27m (HWT2)

δpb δ p02

po

HWT2 HB

σδCAF
(8)

3.2.1 pb

Mach HWT2 M ≈ 10 HWT2 po = 6 MPa

p∞ 200Pa

( 30∼60

(Kulite XCS-093-5A)

5 psi

( ≈ 30 kPa) ( 200 Pa)

HWT2 3

HWT2 HB2

po = 1 MPa

HWT2

100Pa

8

Baratron 690A 3

Baratron

10Pa ∼ 20Pa

σδpT.C. σpT.C

δpb

:

δpb = pb − pb,0 = pb − pT.C.,0 = (pb − pT.C.) + δpT.C. (18)

pb − pchamber (t = 7 ∼ 8 s)

δpb
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1: HWT2

po, MPa p∞, Pa δpb, Pa σδpb
, Pa

1.0 32.7 -5.54 7.84

2.5 74.7 -3.00 5.05

4.0 115 -2.40 4.61

6.0 166 -2.35 4.53

3: (Run2864)

δpb = (pb − pT.C.) + δpT.C. ≈ pb − pT.C.

σ2
δpb

= σ2
(pb−pT.C.)

+ σ2
δpT.C.

(19)

1σ

0

HB2 ( 3 )

1

Run

(t < 0 s) 7 s < t < 8 s pT.C.

pb pT.C.

pb

p∞

3 p0 = 1 MPa

100 Pa 20 Pa

18

16 宇宙航空研究開発機構研究開発報告　JAXA-RR-20-001

This document is provided by JAXA



1: HWT2
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4: p02/po

(18) Baratron δpT.C.

σδpb
≈ σδpT.C.

δpb ≈ 0.000Pa :

σδpb
≈ 4.12Pa

3.2.2 p02

po

2.1

δp02s δpo δ∗ p02s

po

ap ≡ p02

p02s
ap σap

( 4)

Mach M∞

‘ ’ p02 p02s ap

x z y

(x, y, z) = (900 mm, 186 mm, 71 mm) ( 5)

t =8 Run
p02s

po
0mm < x < 900 mm,

√
y2 + z2 < 300 mm)

‘ ’ p02

po
ap

ap a′p σap)
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5:

2: p02

po

po,MPa p02

po
ap

1.0 3.820×10−3 0.9866

2.5 3.590×10−3 0.9911

4.0 3.500×10−3 0.9956

6.0 3.410×10−3 0.9937

ap =

(
p02

po

p02s

po

)
=

p02
po

(
1

p02s

po

)

([4]) 2 ‘ ’ p02

po
x = 900 mm,√

y2 + z2 ≈ 200 mm p02s

po
ap

σap

x
p02,x∈xL

po
x = x1√

y2 + z2 ≈200mm p02s∗
po

a∗p ≡ p02,x∈xL

po
/p02s∗

po

σap ≈ σa∗
p

x = 600 mm, 700 mm 20

x = 700 mm
√

y2 + z2 ≈ 200 mm

σap

σap
≈ 0.003017 (20)

σ2
a∗
p
≈

∑
po=1MPa

(
a∗p − a∗p

)2
+ · · ·+

∑
po=6MPa

(
a∗p − a∗p

)2
Npo=1MPa + · · ·+Npo=6MPa

δ p02s

po

Mach M∞ p02/po Run

20
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1
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po
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√
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σap
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σ2
a∗
p
≈

∑
po=1MPa

(
a∗p − a∗p

)2
+ · · ·+

∑
po=6MPa

(
a∗p − a∗p

)2
Npo=1MPa + · · ·+Npo=6MPa

δ p02s

po

Mach M∞ p02/po Run

20

3: HWT2

t >20 p02s
po

∗

po =1MPa po =2.5MPa po =4MPa po =6MPa

HWT18-51 7 7 0 8 HB2

HWT17-53 2 2 5 1 HB2

HWT17-52 12 2 0 4 HB2

HWT16-06∗ 1 1 2 3

HWT16-05 5 1 0 6

HWT16-04 6 0 0 4 HB2

HWT16-03 9 2 0 6 HB2

HWT16-02 0 25 0 0

HWT16-01∗ 0 30 0 2

HWT15-53 7 8 15 6 HB2

HWT15-51 2 3 0 2 HB2

HWT15-05 0 33 0 0

HWT14-52 1 1 1 1 HB2

HWT14-02 6 11 0 0

HWT13-102 2 3 3 3 HB2

HWT13-101 2 1 1 1 HB2

HWT13-10∗ 0 0 0 12

HWT13-06 0 10 0 1

HWT(N/A) 0 4 0 4

HWT12-103 2 2 0 2 HB2

HWT12-102∗ 2 6 1 1

HWT12-05 2 1 3 2

HWT12-01 1 2 0 4

HWT11-08 1 1 0 0

([4]) 2
p02s

po
≈ p02/po

ap
3 JAXA

δ∗ p02s

po
(4)

4 [4]

1σ 1%

σδ∗
p02s
po

blow RSS

Mach M∞

t = 8

Mach

2.1
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4: Mach δ∗ p02

po

po, MPa δ∗ p02s

po
δ∗ p02s

po
/p02s

po
, % σδ∗

p02s
po

σδ∗
p02s
po

/p02s
po

, %

1 -3.15×10−5 -0.8 2.82×10−5 0.73

2.5 -8.97×10−6 -2.5 2.68×10−5 0.74

4 -4.78×10−5 -1.4 2.59×10−5 0.73

6 -9.03×10−5 -2.6 3.92×10−5 1.14

6: HWT2 p02s

po

t = 8 s

p02s
po

( 6

3 ∗ δ∗ p02s

po

t < 20

6 t = 7 ∼ 8 s ‘ ’p02s

po A
t

p02s

po
(4) NR 5 Nk 8 ≤ t ≤18

δ∗
p02s
po

=

∑
NR

∑
8≤tk≤18 δ

∗ p02s

po

NRNk

σ2
δ∗

p02s
po

=

∑
NR

∑
8≤tk≤18

(
δ∗ p02s

po
− δ∗ p02s

po

)2

NRNk

5 Mach 4

δ∗ p02s

po

σδ∗
p02s
po

p02s

po

t = 7 ∼ 8 s

Mach

(9)
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4: Mach δ∗ p02

po

po, MPa δ∗ p02s

po
δ∗ p02s
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, %
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4 -4.78×10−5 -1.4 2.59×10−5 0.73

6 -9.03×10−5 -2.6 3.92×10−5 1.14

6: HWT2 p02s

po

t = 8 s

p02s
po

( 6

3 ∗ δ∗ p02s

po

t < 20

6 t = 7 ∼ 8 s ‘ ’p02s

po A
t

p02s

po
(4) NR 5 Nk 8 ≤ t ≤18

δ∗
p02s
po

=

∑
NR

∑
8≤tk≤18 δ

∗ p02s

po

NRNk

σ2
δ∗

p02s
po

=

∑
NR

∑
8≤tk≤18

(
δ∗ p02s

po
− δ∗ p02s

po

)2

NRNk

5 Mach 4

δ∗ p02s

po

σδ∗
p02s
po

p02s

po

t = 7 ∼ 8 s

Mach

(9)
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5: Mach δ∗ p02

po

po,MPa δ∗ p02s

po
δ∗ p02s

po
/p02s

po
, % σδ∗

p02s
po

σδ∗
p02s
po

/p02s
po

, %

1 3 -2.33×10−5 -0.60 9.06×10−6 0.23

2.5 37 -5.03×10−6 -0.14 5.21×10−6 0.14

4 3 -2.46×10−5 -0.70 8.92×10−6 0.25

6 18 -1.40×10−5 -0.41 1.40×10−5 0.41

7: HWT2 HB2

δpb, δ
∗ p02s

po
, ap, σap

3.2.3 HWT2

6

HWT2(ϕ1.27m 6 U2
CAF

(9)

CAF,0

σ2
δCAF

(8)

HWT2

D = 100 mm HB2 7 S 0.007854 m2 Sb 0.02011 m2

6

6: HWT2

po, MPa

HWT- 1.0 2.5 4.0 6.0

18-51 #2 7 7 0 8

17-53 #3 2 2 5 1

17-52 #2 12 2 0 4

16-04 #2 6 0 0 4

16-03 #2 9 2 0 6

15-53 #1 7 8 15 6

(9) (10) U2
δFA

U2
δp02s

U2
δpo

σδCAF
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7:

δX σδX

δFA, N 1.0×10−3 0.14 0.25

δpo, Pa 0.0 ×103 1.07×103 5.17×103

δp02s, Pa 0.0 ×101 10.9 66.7

¯δX, σδX

8: (9) α = 0 deg CAF

po AF Apb
Ap02

ap Ap02

ap

po

(
Apo

−Ap02

p02sap

p2
o

)
p02s

po
Ap02

, MPa UδFA
Uδpb

Uδ∗
p02s
po

Up02s Uδpo Uap UCAF

1 M∞ 1.70×10−2 2.06×10−2 1.72×10−2 3.67×10−3 5.10×10−5 3.98×10−3 3.22×10−2

1 p02

po
1.70×10−2 1.02×10−2 4.99×10−3 3.71×10−3 5.11×10−5 4.01×10−3 2.11×10−2

2.5 M∞ 7.13×10−3 5.50×10−3 2.25×10−2 1.47×10−3 2.00×10−5 3.71×10−3 2.45×10−2

2.5 p02

po
7.13×10−3 4.30×10−3 1.97×10−3 1.48×10−3 2.00×10−5 3.72×10−3 9.45×10−3

4 M∞ 4.69×10−3 3.27×10−3 1.57×10−2 1.03×10−3 1.31×10−5 4.00×10−3 1.72×10−2

4 p02

po
4.74×10−3 2.86×10−3 5.91×10−3 1.05×10−3 1.33×10−5 4.05×10−3 9.11×10−3

6 M∞ 3.16×10−3 2.16×10−3 2.41×10−2 6.42×10−4 6.63×10−6 3.69×10−3 2.47×10−2

6 p02

po
3.16×10−3 1.90×10−3 5.56×10−3 6.43×10−4 6.63×10−6 3.69×10−3 7.65×10−3

bias δ precision

σδ 7

95% (10) K K = 2 bias

KB =1

α = 0 deg CAF 8 8

α = 0 deg CAF Mach

δ∗ p02

po

Mach po = 1 MPa

δFA δpb

δpb

σδCAF

9 σδCAF
CAF

σCAF
2 deg/s 1 kS/s 100

α = 0 deg 9

6

8 po = 1 MPa
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δX σδX

δFA, N 1.0×10−3 0.14 0.25
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Ap02
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p02sap

p2
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Uδpb

Uδ∗
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2.5 p02
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7.13×10−3 4.30×10−3 1.97×10−3 1.48×10−3 2.00×10−5 3.72×10−3 9.45×10−3

4 M∞ 4.69×10−3 3.27×10−3 1.57×10−2 1.03×10−3 1.31×10−5 4.00×10−3 1.72×10−2

4 p02

po
4.74×10−3 2.86×10−3 5.91×10−3 1.05×10−3 1.33×10−5 4.05×10−3 9.11×10−3

6 M∞ 3.16×10−3 2.16×10−3 2.41×10−2 6.42×10−4 6.63×10−6 3.69×10−3 2.47×10−2

6 p02

po
3.16×10−3 1.90×10−3 5.56×10−3 6.43×10−4 6.63×10−6 3.69×10−3 7.65×10−3

bias δ precision

σδ 7

95% (10) K K = 2 bias

KB =1

α = 0 deg CAF 8 8

α = 0 deg CAF Mach

δ∗ p02

po

Mach po = 1 MPa

δFA δpb

δpb

σδCAF

9 σδCAF
CAF

σCAF
2 deg/s 1 kS/s 100

α = 0 deg 9

6

8 po = 1 MPa
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(a) (M = (b) p02

po
M

8: HWT2 HB2 α = 0 deg CAF

9: (8) α = 0 deg CAF

po AF Apb
Ap02ap Ap02

ap

po

(
Apo −Ap02

p02sap

p2
o

)
p02s

po
Ap02

, MPa σδFA
σδpb

σδ∗
p02s
po

σp02s
σδpo

σap
σCAF

1 M∞ 8.48×10−3 9.73×10−3 4.78×10−3 1.84×10−3 2.55×10−5 1.99×10−3 1.40×10−2

1 p02

po
8.48×10−3 5.11×10−3 1.55×10−3 1.85×10−3 2.56×10−5 2.00×10−3 1.04×10−2

2.5 M∞ 3.57×10−3 2.64×10−3 4.55×10−3 7.37×10−4 1.00×10−5 1.85×10−3 6.66×10−3

2.5 p02

po
3.57×10−3 2.15×10−3 8.86×10−4 7.38×10−4 1.00×10−5 1.86×10−3 4.70×10−3

4 M∞ 2.34×10−3 1.58×10−3 4.92×10−3 5.16×10−4 6.57×10−6 2.00×10−3 6.04×10−3

4 p02

po
2.37×10−3 1.43×10−3 1.72×10−3 5.22×10−4 6.64×10−6 2.03×10−3 3.87×10−3

6 M∞ 1.58×10−3 1.05×10−3 6.95×10−3 3.21×10−4 3.31×10−6 1.84×10−3 7.45×10−3

6 p02

po
1.58×10−3 9.52×10−4 2.49×10−3 3.22×10−4 3.32×10−6 1.85×10−3 3.62×10−3

CAF po = 1 MPa

σCAF

8 po = 1 MPa δFA

σδFA

po = 4 MPa 3

HWT15-53
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(a) (M = (b) p02

po
M

9: α =0deg σCAF

3.3

6 2.2

6 JAXA ϕ1.27m

(HWT2)

ϕ0.5m (HWT1)

x

HWT1 HB2

3.3.1 (HWT14-51)

JAXAϕ0.5 m (HWT1)M5 235.2 mm D = 48 mm 76.8 mm

HB2 10(a),(b) 408 mm D = 48 mm AGARD-B 10(c)

20deg po = 1.0 MPa

-20 deg ≤ α ≤ 20 deg 6

6

Ls 10

HB2 11 ABARD-B 12

(p02/po) [7]

(0 mm ≤ x ≤ 500 mm r ≤ 140 mm)

((0 mm ≤ x ≤ 500 mm -100 mm ≤ y, z ≤ 100 mm

13
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(a) (M = (b) p02

po
M

9: α =0deg σCAF

3.3

6 2.2

6 JAXA ϕ1.27m

(HWT2)

ϕ0.5m (HWT1)

x

HWT1 HB2

3.3.1 (HWT14-51)

JAXAϕ0.5 m (HWT1)M5 235.2 mm D = 48 mm 76.8 mm

HB2 10(a),(b) 408 mm D = 48 mm AGARD-B 10(c)

20deg po = 1.0 MPa

-20 deg ≤ α ≤ 20 deg 6

6

Ls 10

HB2 11 ABARD-B 12

(p02/po) [7]

(0 mm ≤ x ≤ 500 mm r ≤ 140 mm)

((0 mm ≤ x ≤ 500 mm -100 mm ≤ y, z ≤ 100 mm

13

26

(a) HB2 (b) HB2 20deg

(c) AGARD-B

10: HWT14-51

10: HWT14-51

# po,MPa θo,deg α,deg Ls,mm Run#

2 HB2 1.0 20. -20 ∼ +20 124. 20deg 4834

3 HB2 1.0 20. -20 ∼ +20 74. 20deg 4835

4 HB2 1.0 20. -20 ∼ +20 25. 20deg 4836

6 HB2 1.0 20. -20 ∼ +20 160. 20deg 4838

7 HB2 1.0 0. 0 ∼ +40 195. 4839

8 HB2 1.0 0. 0 ∼ +40 145. 4840

9 HB2 1.0 0. 0 ∼ +40 95. 4841

10 HB2 1.0 0. 0 ∼ +40 225. 4842

9 AGARD-B 1.0 0. 0 ∼ +40 145. 4843

10 AGARD-B 1.0 0. 0 ∼ +40 95. 4844
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(a) α =0 deg (b) α =10 deg

(c) α =20 deg

11: HWT1 M5 HB2

3.3.2

6 (i) Newtonian Cp (12)

(14) σf σm STL

Newtonian 0

Newtonian (ii)Cp

M∞ → ∞ Cp02 (= 1.84)

(i) θ

p p/q = 1.84 cos2 θ p/q = 0

HB2

14 (i) σf σm
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(a) α =0 deg (b) α =10 deg

(c) α =20 deg

11: HWT1 M5 HB2

3.3.2

6 (i) Newtonian Cp (12)

(14) σf σm STL

Newtonian 0

Newtonian (ii)Cp

M∞ → ∞ Cp02 (= 1.84)

(i) θ

p p/q = 1.84 cos2 θ p/q = 0

HB2

14 (i) σf σm

28

(a) Ls =95 mm (b) Ls =145 mm

12: HWT1 M5 AGARD-B

2σf 2σm (ii)

∆Fx ∆Fy Newtonian

(i) ±2σfx

∆My

(i) 2σMy α ≈ 0 deg

(i) 2σMy (i)

HB2 cos2 θ

Newtonian

(ii)

(i)

(ii) 3.4 Appendix C

AGARD-B HB2

2 15

HB2 (i)

(i)

(ii)

M5
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(a) αk − βl (b) βl − γm

13: HWT1 M5 FFT

3.3.3 HWT2

HWT1 M5 HWT2

M10 HWT2

HB2 D = 100 mm 16

Appendix A ’ ’

po = 1.0 MPa

po = 6 MPa

M5

3.4

RCS

3

HB2

CY CLB CNB

17

30
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(a) αk − βl (b) βl − γm

13: HWT1 M5 FFT

3.3.3 HWT2

HWT1 M5 HWT2

M10 HWT2

HB2 D = 100 mm 16

Appendix A ’ ’

po = 1.0 MPa

po = 6 MPa

M5

3.4

RCS

3

HB2

CY CLB CNB

17

30

(a) ∆Fx, σFx
(b) ∆Mx, σMx

(c) ∆Fy, σFy (d) ∆My, σMy

(e) ∆Fz, σFz (f) ∆Mz, σMz

14: HB2
: x =75mm

(i) Newtonian : :σf ,m 2σf ,m)
(ii) p02 :σf ,m 2σf ,m)

2
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(a) ∆Fx, σFx
(b) ∆Mx, σMx

(c) ∆Fy, σFy (d) ∆My, σMy

(e) ∆Fz, σFz (f) ∆Mz, σMz

15: AGARD-B
: x =75mm

(i) Newtonian : :σf ,m 2σf ,m)
(ii) p02 :σf ,m 2σf ,m)

2
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(a) ∆Fx, σFx
(b) ∆Mx, σMx

(c) ∆Fy, σFy (d) ∆My, σMy

(e) ∆Fz, σFz (f) ∆Mz, σMz

15: AGARD-B
: x =75mm

(i) Newtonian : :σf ,m 2σf ,m)
(ii) p02 :σf ,m 2σf ,m)

2

32

(a) ∆Fx, σFx
(b) ∆Mx, σMx

(c) ∆Fy, σFy
(d) ∆My, σMy

(e) ∆Fz, σFz
(f) ∆Mz, σMz

16: HWT2 M10 HB2
Newtonian (po =1, 2.5, 4, 6 MPa): 2σf , 2σm)
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(a) CY (b)CNB

17: HWT1 15-53 Run2745 HB2

Appendix B

HB2

3.4.1

(i4, j4,k4)

j4 −k4 i4 ≡ j4 × k4 (i1, j1,k1)

18 (βs, θs, ϕs) (HWT1,2)

θs ϕs βs

βs 0

i4 βs =0deg

i4 (i0, j0,k0) (i1, j1,k1)

(β1, θ1, ϕ1) 19

(iM , jM ,kM ) (i0, j0,k0)

(βM0, θM0, ϕM0) 20

3.4.2 HWT2

HWT2 HB2 3.2.3

3 3

34

32 宇宙航空研究開発機構研究開発報告　JAXA-RR-20-001

This document is provided by JAXA



(a) CY (b)CNB

17: HWT1 15-53 Run2745 HB2

Appendix B

HB2

3.4.1

(i4, j4,k4)

j4 −k4 i4 ≡ j4 × k4 (i1, j1,k1)

18 (βs, θs, ϕs) (HWT1,2)

θs ϕs βs

βs 0

i4 βs =0deg

i4 (i0, j0,k0) (i1, j1,k1)

(β1, θ1, ϕ1) 19

(iM , jM ,kM ) (i0, j0,k0)

(βM0, θM0, ϕM0) 20

3.4.2 HWT2

HWT2 HB2 3.2.3

3 3
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18: (i4, j4,k4) (i1, j1,k1)

19: (i1, j1,k1) (i0, j0,k0)

(i0, j0,k0) CAL-BODY

CAL-BODY (i0, j0,k0)

(i1, j1,k1) (β1, θ1, ϕ1)

11

ϕ1 #1,#2 ϕ1 ≈ ±0.3 deg #3 ϕ1 ≈ ±0.6 deg

δϕ1
= 0.11 deg

β1, θ1 #2 β1 ≈ −0.2 ∼ −0.1 deg

#1,#3 β1 ≈ 0.0 deg θ1 θ1 ≈ 0 ∼ 0.1 deg

HB2 (i0, j0,k0)

(iM , jM ,kM ) β1, θ1, ϕ1 αeff

ϕ1

β1, θ1 #1 (β1, θ1, ϕ1) HB2
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11: HWT2

W , kg xcg, mm ycg, mm zcg, mm β1, deg θ1, deg ϕ1, deg

HWT# Run σW σxcg
σycg

σzcg σβ1
σθ1 σϕ1

18-51 2971 26 #1 2017 13.24 13.94 -0.17 0.12 -0.02 0.01 -0.41

0.00 0.22 0.01 0.09 0.05 0.01 0.10

17-53 2950 11 #2 2016 13.15 13.62 -0.14 0.06 -0.11 -0.00 -0.29

0.01 0.19 0.01 0.06 0.01 0.01 0.04

17-52 2920 18 #2 2016 13.21 13.67 -0.07 -0.12 -0.11 0.00 -0.31

0.01 0.11 0.01 0.04 0.03 0.02 0.11

16-04 2866 10 #2 2016 13.19 13.65 -0.13 -0.06 -0.10 0.05 -0.43

0.01 0.08 0.01 0.05 0.02 0.01 0.07

16-51 2861 5 #2 2016 13.19 13.59 -0.11 -0.12 -0.11 0.01 -0.37

0.01 0.04 0.02 0.01 0.02 0.02 0.05

16-03 2839 17 #2 2013 13.22 13.66 -0.07 -0.05 -0.13 0.14 -0.61

0.01 0.08 0.01 0.04 0.03 0.02 0.07

15-53 2743 36 #1 2015 13.33 13.47 -0.07 -0.07 -0.03 -0.02 -0.17

0.01 0.11 0.01 0.04 0.03 0.02 0.11

#1 2015 13.24 11.59 -0.08 -0.61 -0.02 -0.06 -0.15

JAXA 0.02 0.42 0.02 0.13 0.04 0.13 0.10

15-51 2668 7 #2 2013 13.21 13.63 -0.10 -0.07 -0.16 0.12 -0.01

0.00 0.08 0.01 0.02 0.02 0.02 0.04

14-52 2596 5 #2 2013 13.17 13.47 -0.04 -0.10 -0.14 0.04 0.21

0.01 0.08 0.00 0.03 0.03 0.02 0.09

13-102 2552 8 #2 2013 13.21 13.50 -0.09 -0.12 -0.15 0.08 -0.00

0.01 0.04 0.02 0.01 0.02 0.02 0.06

13-102 2560 3 #3 2012 13.06 48.24 -0.14 -0.10 -0.05 0.16 0.19

0.00 0.23 0.00 0.09 0.02 0.04 0.02

13-101 2529 6 #3 2012 13.05 46.79 -0.23 0.19 0.01 0.18 -0.59

0.00 0.10 0.00 0.04 0.01 0.02 0.01

12-103 2425 4 #2 2010 13.25 13.53 -0.06 -0.16 -0.15 0.11 -0.24

0.00 0.05 0.01 0.02 0.06 0.03 0.16
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11: HWT2

W , kg xcg, mm ycg, mm zcg, mm β1, deg θ1, deg ϕ1, deg
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0.01 0.11 0.01 0.04 0.03 0.02 0.11

16-04 2866 10 #2 2016 13.19 13.65 -0.13 -0.06 -0.10 0.05 -0.43

0.01 0.08 0.01 0.05 0.02 0.01 0.07

16-51 2861 5 #2 2016 13.19 13.59 -0.11 -0.12 -0.11 0.01 -0.37

0.01 0.04 0.02 0.01 0.02 0.02 0.05

16-03 2839 17 #2 2013 13.22 13.66 -0.07 -0.05 -0.13 0.14 -0.61

0.01 0.08 0.01 0.04 0.03 0.02 0.07

15-53 2743 36 #1 2015 13.33 13.47 -0.07 -0.07 -0.03 -0.02 -0.17

0.01 0.11 0.01 0.04 0.03 0.02 0.11

#1 2015 13.24 11.59 -0.08 -0.61 -0.02 -0.06 -0.15

JAXA 0.02 0.42 0.02 0.13 0.04 0.13 0.10

15-51 2668 7 #2 2013 13.21 13.63 -0.10 -0.07 -0.16 0.12 -0.01

0.00 0.08 0.01 0.02 0.02 0.02 0.04

14-52 2596 5 #2 2013 13.17 13.47 -0.04 -0.10 -0.14 0.04 0.21

0.01 0.08 0.00 0.03 0.03 0.02 0.09

13-102 2552 8 #2 2013 13.21 13.50 -0.09 -0.12 -0.15 0.08 -0.00

0.01 0.04 0.02 0.01 0.02 0.02 0.06

13-102 2560 3 #3 2012 13.06 48.24 -0.14 -0.10 -0.05 0.16 0.19

0.00 0.23 0.00 0.09 0.02 0.04 0.02

13-101 2529 6 #3 2012 13.05 46.79 -0.23 0.19 0.01 0.18 -0.59

0.00 0.10 0.00 0.04 0.01 0.02 0.01

12-103 2425 4 #2 2010 13.25 13.53 -0.06 -0.16 -0.15 0.11 -0.24

0.00 0.05 0.01 0.02 0.06 0.03 0.16
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(a) po =6MPa, CY (b) po =6MPa, CNB

(c) po =1MPa, CY (d)po =1MPa, CNB

21: HWT2 HB2 CY , CNB
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(a) po =6MPa, CY (b) po =6MPa, CNB

22: HWT2 β1 ≈-0.11 deg CY , CNB

CY , CNB ’CY Model’, ’CNB Model’

β1, θ1, ϕ1

#2

11 2010 2013 2016 3 β1, θ1

#2 #1, #3

β1 0.1 deg #2 2004 3

2016 5

23 (FA)

(FN ) EFY (a),(b) β = 0.1 deg

ϕ = −0.1 deg ±0.1 deg

Appendix C

3.4.3 HWT1

HWT1 0.5m HWT2 HB2

α = −20 deg ∼ +20 deg

12 ϕ1 ≈ ±1 deg HWT15-52

20deg θ1 = 0.15 ∼ 0.4 deg 2007 HWT07-03

β1 ≈ −0.25 deg HWT1 2015
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(a)FA EFY (b)FN EFY

β =0deg, 0.1deg ϕ =0deg, -0.1deg

23: #2 EFY

#2 2000 2004 2007 2010 2013 2016 6

12: HWT1

M∞ W , kg xcg, mm ycg, mm zcg, mm β1, deg θ1, deg ϕ1, deg

HWT# Run σW σxcg
σycg

σzcg σβ1
σθ1 σϕ1

17-51 4952 5 7 2017 1.772 0.26 -0.01 -0.02 -0.26 -0.02 0.29

0.001 0.08 0.02 0.02 0.02 0.02 0.16

15-54 4920 13 5 2014 1.822 1.26 -0.04 0.02 -0.24 0.17 -0.25

0.005 0.09 0.03 0.03 0.06 0.06 0.25

15-52 4914 3 5 2014 1.825 0.52 -0.05 -0.02 -0.23 0.16 0.27

0.008 0.70 0.02 0.12 0.09 0.26 0.12

(off-set 4906 4 5 2014 1.824 0.41 -0.10 -0.28 -0.24 20.17 -0.61

sting) 0.001 0.06 0.01 0.03 0.05 0.04 0.16

14-53 4846 8 5 2014 1.819 0.28 -0.03 0.04 -0.26 0.35 -0.99

0.004 0.20 0.01 0.02 0.01 0.02 0.41

14-51 4839 4 5 2011 1.825 -0.47 0.02 0.05 -0.27 0.39 -0.14

0.000 0.08 0.01 0.02 0.02 0.04 0.70

07-03 4264 19 7 2005 1.836 -0.06 0.00 0.22 -0.08 0.23 -0.18

0.005 0.46 0.03 0.07 0.03 0.11 0.26
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β1 2007 -0.25deg

i3 i4 (βs = 0 deg)

αeff C ′
Y , C

′
NB (21),(22),(23)

CY , CNB 24(a), (b) CY , CNB

α ≈ 0 deg C ′
Y , C

′
NB 0

HWT2 #2 ( 22

i3 i4 βs = 0 deg

iM i4 -0.25 deg HWT1

βM ≈ β1 θs

βs ≈ −0.25 deg

βs ≈ −0.25 deg

HWT1 25

8 2010

-0.25 deg

HWT07-03 β1 -0.1deg

24(c),(d) β1 ≈ −0.1 deg C ′
Y , C

′
NB

HWT1

-0.25deg

HWT1 HB2

βs ≈ −0.25 deg

CAL-BODY HWT2

4

JAXA 1.27m/0.5m 6

Mach Mach

JAXA
p02

po

HB2

JAXA

6

’ ’

41
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(a)HWT17-51 CY (b)HWT17-51 CNB

(c)HWT07-03 CY (d)HWT07-03 CNB

24: HWT1 HB2 CY , CNB

HWT2 ( 22) α ≈0deg CY , CNB 0 β ̸=0deg

i4 = i3 βS =0deg C′
Y ≈0, C′

NB ≈0 (αeff ≈0deg)

βs ≈-0.25deg HWT07-03 (c), (d)

(a),(b) β1 ≈ βM
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(a)HWT17-51 CY (b)HWT17-51 CNB

(c)HWT07-03 CY (d)HWT07-03 CNB

24: HWT1 HB2 CY , CNB

HWT2 ( 22) α ≈0deg CY , CNB 0 β ̸=0deg

i4 = i3 βS =0deg C′
Y ≈0, C′

NB ≈0 (αeff ≈0deg)

βs ≈-0.25deg HWT07-03 (c), (d)

(a),(b) β1 ≈ βM
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25: HWT1

(i) Newtonian Cp (12) (14) σf σm

(ii) |x| ≤ Lx/2 |y|, |z| ≤ Ly/2, Lz/2 Cp M∞ → ∞
Cp02 (1.84)

(i) 3

(ii)

(i)

HWT2 M10

[1] . - -. Technical

Report NAL-TR-1261, , 1 1995.
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[2] . 1.27m Mach

. Technical Report JAXA-RR-05-041, JAXA, 2 2006.

[3] W.G. Vincenti and C.H. Kruger. Introduction to Physical Gas Dynamics. Krieger Publishing Company,

1965.

[4] . 6

JAXA 1.27m . Technical Report JAXA-RR-16-004,

JAXA, 2016.

[5] . HWT14-51 HB2 . Technical Report HWT14-51, JAXA,

2014.

[6] AIAA (WINTEC JAXA ). Assessment of experimental uncertainty with application to wind tunnel

testing, 1999.

[7] . 0.5m Mach 5

7 . Technical Report JAXA-RR-05-043, JAXA, 2 2006.

[8] . .

, 55(645):483–489, 2007.

[9] NIST. NIST ChemistryWebbook, SRD. http://webbook.nist.gov/cgi/cbook.cgi?ID=C7727379&Mask=4,

2018.

[10] . . Technical Report HTR17-005R0, JAXA , 9
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A HWT2 Mach

HWT2 [2]

[4]

Mach Re

Mach

M10

[2] Re

po To p02

Mach M∞ Reynolds Reunit 26(a)

po =1 MPa, 2.5 MPa, 4 MPa, 6 MPa To Mach M∞

Reynolds Reunit :

M∞ ≈ a0 + a1 loge Runit + a2(loge Runit)
2 (24)

a0 = 2.119 a1 = 8.850× 10−1 a2 = −2.523× 10−2 (24) Mach

A
√

Ao/π −
√

A/π Reynolds

26(b) Reynolds Re−1/5

Re−1/6 ) (24) Mach (24)

M∞ To, po 27

Antoine pN2
:

log10
pN2

pref
= A− B

T + C

pref = 105 Pa A = 3.7362 B =264.651 K C = −6.788 K [9]

po To (24) Mach

(0mm ≤ x ≦900mm, r ≦ 300mm)

p02 po To (24)

Mach M∞ (p02/po)ref
p∗02,i(x, r) ≡

(p02/po)
(p02/po)ref

i

p∗02,i x r

p∗02(x, r) ≡
∑

i p
∗
02,i(x, r)/Ni σ02 ≡

√∑
i

(
p∗02,i(x, r)− p∗02(x, r)

)2

/Ni 28

p∗02(x, r) σav ≡
√∑

x,r

(
p∗02(x, r)− 1

)2

/Nx

(r ≦ 300 mm, 0 mm≦ x ≦ 900 mm) σav = 0.004584

σfluc ≡
√∑

x,r σ
2
02/Nx σfluc = 0.004528

RSS
∑

x

∑
i(p

∗
02,i−1)2

NxNi
=

√
σ2
av + σ2

fluc = 0.006443 Mach

(δM/M) ≈
∣∣∣ dM
d(p02/po)

p02/po

M

∣∣∣σp02/po
≈ 0.00139 M ≈ 9.6

Mach (σM/M ≈ 0.0010 ∼ 0.0023)[4]
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(a) Mach Reynolds (b) Reynolds

26: HWT2 Mach Reynolds

27: Mach Ma

Mach Reynolds

2.2

(24)(
p02

po

)
ref

p∗02 = (p02/po)
(p02/po)ref

0mm≤ x ≤900mm, -210mm≤ y, z ≤210mm ( 29

B

JAXA M5 M10

Mach
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(a) Mach Reynolds (b) Reynolds

26: HWT2 Mach Reynolds

27: Mach Ma

Mach Reynolds

2.2

(24)(
p02

po

)
ref

p∗02 = (p02/po)
(p02/po)ref

0mm≤ x ≤900mm, -210mm≤ y, z ≤210mm ( 29

B

JAXA M5 M10

Mach
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(a) p∗02(x, r) (b) σ02

28: HWT2 Mach

(a)αk − βl (b) βl − γm

29: HWT2 M10 p∗02 = (p02/po)
(p02/po)ref

FFT

x
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B.1

JAXA

:

Si = Ai00 +
∑
j


Ai0jFj +

∑
k≤j

AijkFkFj




:

Fi = Bi00 +
∑
j


Bi0jSj +

∑
k≤j

BijkSkSj


 (25)

(25)

B.2

Smeas

(βs, θs, ϕs)

( ) (i4, j4,k4) βs

(i3, j3,k3) θs (i2, j2,k2)

ϕs (i1, j1,k1) i2

3.4.1 18 (i0, j0,k0)

(i1, j1,k1) Θ1 ≡ (β1, θ1, ϕ1)
t 3.4.1 19

(i2, j2,k2) = (i1, j1,k1)A2p

(i3, j3,k3) = (i2, j2,k2)A3p

(i4, j4,k4) = (i3, j3,k3)A4p

(i4, j4,k4) = (i1, j1,k1)A2pA3pA4p

(i1, j1,k1) = (i0, j0,k0)A2A3A4

(i4, j4,k4) = (i0, j0,k0)A2A3A4A2pA3pA4p ≡ (i0, j0,k0)A0
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B.1

JAXA

:
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∑
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
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30: (i4, j4,k4) (iM , jM ,kM )

A2p =



1 0 0

0 cosϕs − sinϕs

0 sinϕs cosϕs


 , A3p =



cos θs 0 − sin θs

0 1 0

sin θs 0 cos θs


 , A4p =




cosβs sinβs 0

− sinβs cosβs 0

0 0 1


 (26)

A2 =



1 0 0

0 cosϕ1 − sinϕ1

0 sinϕ1 cosϕ1


 , A3 =



cos θ1 0 − sin θ1

0 1 0

sin θ1 0 cos θ1


 , A4 =




cosβ1 sinβ1 0

− sinβ1 cosβ1 0

0 0 1


 (27)

(iM , jM ,kM ) 30 (i4, j4,k4)

ΘM ≡ (βM , θM , ϕM )t (i0, j0,k0)

(iM , jM ,kM ) = (i4, j4,k4)AM = (i0, j0,k0)A0AM ≡ (i0, j0,k0)M2B (28)

AM ≡



cosβM − sinβM 0

sinβM cosβM 0

0 0 1







cos θM 0 sin θM

0 1 0

− sin θM 0 cos θM






1 0 0

0 cosϕM sinϕM

0 − sinϕM cosϕM


 (29)

i4 (iM , jM ,kM ) α

β 31 i5, j5,k5)

i5 =
i4 − (i4, jM )jM

||i4 − (i4, jM )jM ||
j5 = jM

k5 = i5 × j5

α β :

α = − sin−1(k5, iM )

β = − sin−1(i4, jM )
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31: α β

(−k4) (i0, j0,k0)

θg ϕg (i0, j0,k0)

(ig, jg,kg)

ig = i0, jg = kg × ig, kg =
k4 − (k4, i0)i0

||k4 − (k4, i0)i0||
θg = − sin−1(k4, i0)

ϕg = − sin−1(kg, j0)

θg ϕg W

W = −Wk4 = (i4, j4,k4)




0

0

−W




= (i0, j0,k0)



1 0 0

0 cosϕg − sinϕg

0 sinϕg cosϕg






cos θg 0 − sin θg

0 1 0

sin θg 0 cos θg







0

0

−W




= (i0, j0,k0)




W sin θg

W cos θg sinϕg

−W cos θg cosϕg


 = (i0, j0,k0)



Fx

Fy

Fz




x z Mx Mz

(i0, j0,k0)



−Mx

My

−Mz


 = M = c×W = (i0, j0,k0)



cyFz − czFy

czFx − cxFz

cxFy − cyFx




50

48 宇宙航空研究開発機構研究開発報告　JAXA-RR-20-001

This document is provided by JAXA



31: α β
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cxFy − cyFx



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F

F ≡




Fx

Fy

Fz

Mx

My

Mz




=




W sin θg

W cos θg sinϕg

−W cos θg cosϕg

W (cy cos θg cosϕg + cz cos θg sinϕg)

W (cz sin θg + cx cos θg cosϕg)

−W (cx cos θg sinϕg − cy sin θg)




c = (i0, j0,k0)co = (i0, j0,k0)(cx, cy, cz)
t

(i0, j0,k0) Θ1d ≡ (β1d, θ1d, ϕ1d)
t

Fm = F (S)

Θ1d ≡



β1d

θ1d

ϕ1d


 = DbFm (30)

(i0, j0,k0) (i1, j1,k1)

Θ1 ≡ (β1, θ1, ϕ1)
t :

Θ1 = Θ1d +Θ10

Θ10

B.3

θMg ϕMg

W co = (cx, cy, cz)
t Soffset = (Soff1, . . . , Soff6)

t

Θ10 ≡ (β10, θ10, ϕ10)
t x

x ≡




W

co

Soffset

Θ10




=




W

cx

cy

cz

Soff1

...

Soff6

β10

θ10

ϕ10




Smeas Soffset (25)

F ′ ≡ F (Smeas + Soffset) F

x l ||Fl − F ′
l || Df l
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x

0 =
1

2

(
∂

∂x

∑
l

|Df (Fl − F ′
l )|2

)t

=
∑
l

(
∂F2

∂x

)t

l

Dt
fDf (Fl − F ′

l )

≈
∑
l

(
∂F2

∂x

)t

l

Dt
fDf (Fl − F ′

l )o +
∑
l

(
∂F2

∂x

)t

l

Dt
fDf

(
∂F2

∂x

)

l

∆x

F2 ≡ F − F ′ Df x

∆x

∆x ≈ −

[∑
l

(
∂F2

∂x

)t

l

Dt
fDf

(
∂F2

∂x

)

l

]−1 [∑
l

(
∂F2

∂x

)t

l

Dt
fDf (Fl − F ′

l )o

]
(31)

F θg

ϕg

F =




W sin θg

W cos θg sinϕg

−W cos θg cosϕg

W (cy cos θg cosϕg + cz cos θg sinϕg)

W (cz sin θg + cx cos θg cosϕg)

−W (cx cos θg sinϕg − cy sin θg)




=




Wsx

Wsy

Wsz

W (−cysz + czsy)

W (czsx − cxsz)

−W (cxsy − cysx)




sx = sin θg, sy = cos θg sinϕg, sz = − cos θg cosϕg (31)
∂F2

∂x
∂F2

∂x

∂F2

∂x
=

(
∂F
∂Wc

−∂F ′

∂S
∂F

∂Θ10

)
(32)

Wc ≡
(
W cx cy cz

)t

S ≡ (S1, . . . , S6)
t Θ10 ≡ (β10, θ10, ϕ10)

t

s ≡ (sx, sy, sz)
t

∂F

∂Wc
=

(
∂F

∂Wc

)

0

+W




I

0 cz −cy

cz 0 −cx

cy −cx 0




∂s

∂Θg

∂Θg

∂Θ1
Db

(
∂F

∂Wc

)

0

(33)

(
∂F

∂Wc

)

0

=




sx 0 0 0

sy 0 0 0

sz 0 0 0

−cysz + czsy 0 −Wsz Wsy

czsx − cxsz −Wsz 0 Wsx

−cxsy + cysx −Wsy Wsx 0




∂F ′

∂S (25) B0, B1, B2,k

(F ′)k = (B0)k + (B1S)k + StB2,kS
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(
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l
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∆x

∆x ≈ −

[∑
l

(
∂F2

∂x

)t

l

Dt
fDf

(
∂F2

∂x

)

l

]−1 [∑
l

(
∂F2

∂x

)t

l

Dt
fDf (Fl − F ′

l )o

]
(31)

F θg

ϕg

F =




W sin θg

W cos θg sinϕg

−W cos θg cosϕg

W (cy cos θg cosϕg + cz cos θg sinϕg)

W (cz sin θg + cx cos θg cosϕg)

−W (cx cos θg sinϕg − cy sin θg)




=




Wsx

Wsy

Wsz

W (−cysz + czsy)

W (czsx − cxsz)

−W (cxsy − cysx)




sx = sin θg, sy = cos θg sinϕg, sz = − cos θg cosϕg (31)
∂F2

∂x
∂F2

∂x

∂F2

∂x
=

(
∂F
∂Wc

−∂F ′

∂S
∂F

∂Θ10

)
(32)

Wc ≡
(
W cx cy cz

)t

S ≡ (S1, . . . , S6)
t Θ10 ≡ (β10, θ10, ϕ10)

t

s ≡ (sx, sy, sz)
t

∂F

∂Wc
=

(
∂F

∂Wc

)

0

+W




I

0 cz −cy

cz 0 −cx

cy −cx 0




∂s

∂Θg

∂Θg

∂Θ1
Db

(
∂F

∂Wc

)

0

(33)

(
∂F

∂Wc

)

0

=




sx 0 0 0

sy 0 0 0

sz 0 0 0

−cysz + czsy 0 −Wsz Wsy

czsx − cxsz −Wsz 0 Wsx

−cxsy + cysx −Wsy Wsx 0




∂F ′

∂S (25) B0, B1, B2,k

(F ′)k = (B0)k + (B1S)k + StB2,kS
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S

(
∂F ′

∂S

)

k

= (B1)k + St
(
B2,k +Bt

2,k

)
(34)

(32) ∂F
∂Θ10

Θg ≡ (θg, ϕg)
t k4 kg

∂F

∂Θ10
=

∂F

∂s

∂s

∂Θg

∂Θg

∂Θ1

= W




1 0 0

0 1 0

0 0 1

0 cz −cy

cz 0 −cx

cy −cx 0







cos θg 0

− sin θg sinϕg cos θg cosϕg

sin θg cosϕg cos θg sinϕg





−

(
∂k4
∂β1

,i0
)

cos θg
−

(
∂k4
∂θ1

,i0
)

cos θg
−

(
∂k4
∂ϕ1

,i0
)

cos θg

−
(

∂kg
∂β1

,j0
)

cos θg
−

(
∂kg
∂θ1

,j0
)

cos θg
−

(
∂kg
∂ϕ1

,j0
)

cos θg


 (35)

sin θg = −(k4, i0) sinϕg = −(kg, j0)
∂Θg

∂Θ10
(35)

∂k4

∂β1

∂k4

∂θ1
∂k4

∂ϕ1

k4 = (i0, j0,k0)A2(ϕ1)A3(θ1)A4(β1)A2p(ϕs)A3p(θs)A4p(βs)



0

0

1




∂k4

∂β1
= (i0, j0,k0)A2A3

∂A4

∂β1
A2pA3pA4p



0

0

1




∂k4

∂θ1
= (i0, j0,k0)A2

∂A3

∂θ1
A4A2pA3pA4p



0

0

1




∂k4

∂ϕ1
= (i0, j0,k0)

∂A2

∂ϕ1
A3A4A2pA3pA4p



0

0

1




(36)

∂kg

∂β1

∂kg

∂θ1

∂kg

∂ϕ1

∂kg

∂β1
=

∂

∂β1

k4 − (k4, io)io
||k4 − (k4, io)io||

=

∂k′
4

∂β1

||k′
4||

−

(
k′
4,

∂k′
4

∂β1

)

||k′
4||

k′
4

∂kg

∂θ1
=

∂k′
4

∂θ1

||k′
4||

−

(
k′
4,

∂k′
4

∂θ1

)

||k′
4||

k′
4

∂kg

∂ϕ1
=

∂k′
4

∂ϕ1

||k′
4||

−

(
k′
4,

∂k′
4

∂ϕ1

)

||k′
4||

k′
4

(37)

k′
4 ≡ k4 − (k4, io)io (35) (33), (34) (32)

∆x (31)
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B.4

W c

∆S ≈
(
∂F ′

∂S

)−1

(F − F ′)o

B.3 (25) 6

FM FA = F−FM

(i0, j0,k0) (iM , jM ,kM ) ) M−1
2B = M t

2B

:

(i0, j0,k0) = (iM , jM ,kM )Mt
2B

Jo = (i0, j0,k0)JB = (iM , jM ,kM )JM Co = (i0, j0,k0)CB =

(iM , jM ,kM )CM

Co − Jo = (i0, j0,k0)(CB − IB) = (iM , jM ,kM )(CM − IM ) = (i0, j0,k0)M2B(CM − IM )

MB0 CB = (i0, j0,k0)CB

MC :

MC = MB0 −CB × FD

MC FD

FD = (iM , jM ,kM )



FxM

FyM

FzM


 = (iM , jM ,kM )M−1

2B



FxB

FyB

FzB




MC = (iM , jM ,kM )



−MxM

MyM

−MzM




C

δFA

[10]

(iM , jM ,kM ) (i1, j1,k1)

i j k
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B.4

W c

∆S ≈
(
∂F ′

∂S

)−1

(F − F ′)o

B.3 (25) 6

FM FA = F−FM

(i0, j0,k0) (iM , jM ,kM ) ) M−1
2B = M t

2B

:

(i0, j0,k0) = (iM , jM ,kM )Mt
2B

Jo = (i0, j0,k0)JB = (iM , jM ,kM )JM Co = (i0, j0,k0)CB =

(iM , jM ,kM )CM

Co − Jo = (i0, j0,k0)(CB − IB) = (iM , jM ,kM )(CM − IM ) = (i0, j0,k0)M2B(CM − IM )

MB0 CB = (i0, j0,k0)CB

MC :

MC = MB0 −CB × FD

MC FD

FD = (iM , jM ,kM )



FxM

FyM

FzM


 = (iM , jM ,kM )M−1

2B



FxB

FyB

FzB




MC = (iM , jM ,kM )



−MxM

MyM

−MzM




C

δFA
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(iM , jM ,kM ) (i1, j1,k1)

i j k
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(i0, j0,k0) (iM , jM ,kM ) 3

βM0, θM0, φM0 (3.4.1 20

(i0, j0,k0) (i1, j1,k1) β1, θ1, φ1(3.4.1 19

Appendix B

βM0, θM0, φM0

M2B

:

M2B ≡ At
4(βM0)A

t
3(θM0)A

t
2(φM0)

A2(φ) ≡



1 0 0

0 cosφ − sinφ

0 sinφ cosφ


 , A3(θ) ≡



cos θ 0 − sin

0 1 0

sin θ 0 cos θ


 , A4(β) ≡




cosβ sinβ 0

− sinβ cosβ 0

0 0 1




(iM, jM,kM) = (i0, j0,k0)M2B

FB FM

F = (i0, j0,k0)FB = (iM, jM,kM)M t
2BFB = (iM, jM,kM)FM

FB

:

δFM = M t
2BδFB +

∂M t
2B

∂βM0
FBδβM0 +

∂M t
2B

∂θM0
FBδθM0 +

∂M t
2B

∂φM0
FBδφM0 (38)

xB0 = (i0, j0,k0)xB0 xM0 = (iM, jM,kM)xM0

MM MB F

MM = MB + (xM0 − xB0)× F

:

MM = M t
2BMB + (xM0 −M t

2BxB0)×M t
2BFB

δMM =

(
M t

2BδMB +
∂M t

2B

∂βM0
MBδβM0 +

∂M t
2B

∂θM0
MBδθM0 +

∂M t
2B

∂φM0
MBδφM0

)
+ (xM0 −M t

2BxB0)× δFM

−
[(

∂M t
2B

∂βM0
δβM0 +

∂M t
2B

∂θM0
δθM0 +

∂M t
2B

∂φM0
δφM0

)
xB0

]
×M t

2BFB

=M t
2BδMB + (xM0 −M t

2BxB0)×M t
2BδFB

+

[
∂M t

2B

∂βM0
MB + (xM0 −M t

2BxB0)×
∂M t

2B

∂βM0
FB − ∂M t

2B

∂βM0
xB0 ×M t

2BFB

]
δβM0

+

[
∂M t

2B

∂θM0
MB + (xM0 −M t

2BxB0)×
∂M t

2B

∂θM0
FB − ∂M t

2B

∂θM0
xB0 ×M t

2BFB

]
δθM0

+

[
∂M t

2B

∂φM0
MB + (xM0 −M t

2BxB0)×
∂M t

2B

∂φM0
FB − ∂M t

2B

∂φM0
xB0 ×M t

2BFB

]
δφM0

(39)
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Fa = FRun −
FTare

(i0, j0,k0)δFa = (i0, j0,k0)(δFRun − δFTare)

(i0, j0,k0)δMa = (i0, j0,k0)(δMRun − δMTare)

(38) δFTare

(i) :

(i1, j1,k1)

20(b) (i1, j1,k1) = (i0, j0,k0)A2(φ1)A3(θ1)A4(β1)

:



β1

θ1

φ1


 =



β1d

θ1d

φ1d


+



β10

θ10

φ10


 = Db

(
Fb

Mb

)
+



β10

θ10

φ10




β1 ≈ 0, θ1 ≈ 0, φ1 ≈ 0

:

δFTare ≈ δFTare,0 + (δβ1dA
′
4(0) + δθ1dA

′
3(0) + δφ1dA

′
2(0))FTare


δβ1d

δθ1d

δφ1d


 ≈ o

(
Db

[(
FRun

MRun

)
−

(
FTare

MTare

)])

(ii) / :

/ / 6

6 δFTare

δFTare ≈ o(FTare,Meas. − FTare,Est)

δMTare ≈ o(MTare,Meas. −MTare,Est)
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