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Abstract:

D–SEND is a project to demonstrate a low sonic boom aerodynamic design concept. In the #2 part of this

project, the flight test was conducted at the Esrange Space Center in Sweden. Three Boom Measurement

Systems (BMSs) were set up in the Zone-B flight test area. A BMS comprises a series of microphones attached

to the mooring cable of a blimp to record the sound of the sonic boom generated by the test vehicle at various

heights above the ground, and associated ground support facilities. The vehicle is lifted to an altitude of 30

km suspended vertically from a balloon, and separates when it drifts to within a given distance from any

one of the BMSs. After separation, the vehicle’s onboard flight control computer selects one of the BMSs

as a target according to the separation point. The vehicle then autonomously flies to the selected BMS and

establishes prescribed sonic boom measurement flight conditions in its vicinity. Since this controller uses a

detailed mathematical model of the vehicle, it is quite important to evaluate the accuracy of the mathematical

model. The aerodynamic coefficients and their uncertainties are estimated, and they are compared to the

aerodynamic model for the controller design.
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ṙ


 = I−1







Mx

My

Mz


−



p

q

r


× I



p

q

r







(2)

I =




Ixx 0 −Ixz

0 Iyy 0

−Ixz 0 Izz


 (3)

4 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 5

3:

JTAS8), 9) Euler ( )

( Re )

( )

( )

( ) ( )

(β )

FaSTAR10) JTAS RANS ( )

( )

( )

( )

( ) ( )

(β ∗ )

FaSTAR NS ( )

NASTRAN CFD ( +

)

NASTRAN CFD

DATCOM 11)

∗:



L

D

Y


 =QS



CL

CD

CY


 (4)

Ma =QS



Cl · b
Cm · c
Cn · b


 (5)

F a =




L sinα−D cosα

Y

−L cosα−D sinα


 (6)

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 5

This document is provided by JAXA.



D–SEND#2 6

3:

M =Ma +



Faz · ly − Fay · lz
Fax · lz − Faz · lx
Fay · lx − Fax · ly


 = Ma +




0 −lz ly

lz 0 −lx

−ly lx 0


Fa = Ma + LaF a (7)

La =




0 −lz ly

lz 0 −lx

−ly lx 0


 (8)

a =aTLM (9)
[
p q r

]T
=
[
pTLM qTLM rTLM

]T
(10)

Q =QTLM (11)

α =αTLM (12)

6 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 7

F a =ma (13)

L =Fax sinα− Faz cosα (14)

D =− Fax cosα− Faz sinα (15)

Y =Fay (16)

Ma =Iω̇ + ω × Iω − LaF a (17)

ω̇ ω

4

10 20 50 100

10

10

53.5 54 54.5 55 55.5
-10

-8

-6

-4

-2

0

2

4

6

8

10

4:

飛行データ

空力モデル
- ノミナル値
- 誤差モデル
- 読み取りの不確かさ

空力係数推定値
- ノミナル値
- 不確かさ

迎角などから
表を参照 加速度などから推定

比較

5:

3.2

( 5)

3

3.2.1

GUM12)

− ( ) ( )

GUM (uncertainty)

� �

� �

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 7

This document is provided by JAXA.



D–SEND#2 8

( 6)

誤差モデル

計測誤差

迎角など

空
力
係
数

読み取り誤差

空力モデル

計測値

6:

4

13)

3.2.2

3.2.1

2

(

)

( )

4

14) ( 5)

4: ( 1σ )

±15 [m] /

±1.27 [m/s] ( )

±2.5 [m/s] ( )

±0.1 [deg] /

±0.0[deg/s] /

±0.06[m/s2] / (Az )

/

( 7)

±0.133 [deg]

8 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 9

0 20 40
0

1

2

3

4

5

0 20 40
30

40

50

60

70

80

0 20 40
0

0.1

0.2

0.3

0 20 40
0

1

2

3

4

5

0 20 40
0

10

20

30

40

50 0.20
0.60
0.90
1.10
1.20
1.40
1.60

7: ADS ( )

5:

1.

a

b

c ( ) ( )

d (a)–(c)

2.

3.

( 6)

=

{
+ + (CL, CD, CY )

+ + + (Cl, Cm, Cn)
(18)

+3σ

−3σ

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 9

This document is provided by JAXA.



D–SEND#2 10

6:

1.

2.

3. 1–2

4.

3.2.3

14) ( 7)

7:

1.

a 4

b

c ( ) ( )

d (a)–(c)

2.

3.

4

4.1 6

6 8– 9

2.3

ADS 20

( 2 )

8 CL (0–33.9[s]) CD, Cm

(96.3–108.4[s]) 0.03

CD

9 Cm

,

4.2

3.2

10

ADS (

) ( )

10 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 11

0 20 40 60 80 100 120 140

-0.2

0

0.2

0.4

0.6

C
L

0 20 40 60 80 100 120 140
0

0.05

0.1

C
D

0 20 40 60 80 100 120 140

time [s]

-0.02

-0.01

0

0.01

C
Y

8: 6 (1/2

)

0 20 40 60 80 100 120 140
-4

-2

0

2

4

C
l

10-3

0 20 40 60 80 100 120 140
-0.2

-0.1

0

0.1

C
m

0 20 40 60 80 100 120 140

time [s]

-5

0

5

C
n

10-3

9: 6 (2/2

)

11 – 15

20 30 40 50 60 70 80 90 100 110 120
-0.4
-0.2

0
0.2
0.4
0.6
0.8

C L

20 30 40 50 60 70 80 90 100 110 120
0

0.05

0.1

0.15

C D

20 30 40 50 60 70 80 90 100 110 120
time [s]

-0.2

0

0.2

C m

10:

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 11

This document is provided by JAXA.



D–SEND#2 12

20 22 24 26 28 30 32 34
-0.4
-0.2

0
0.2
0.4
0.6
0.8

C L

20 22 24 26 28 30 32 34
0

0.05

0.1

0.15

C D

20 22 24 26 28 30 32 34
time [s]

-0.2

-0.1

0

0.1

C m

11: ( )

35 40 45 50 55 60 65 70
0

0.2

0.4

0.6

C L
35 40 45 50 55 60 65 70

0

0.05

0.1

0.15

C D

35 40 45 50 55 60 65 70
time [s]

-0.2

-0.1

0

C m

12: ( )

4.2.1

11 ADS

25 CL, Cm

4.2.2

12

55 CL

CD 55

57 Nz (0.01 )

Cm 55 (0.01 )

12 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 13

70 75 80 85 90 95

0

0.2

0.4

C L

70 75 80 85 90 95
0

0.02

0.04

0.06

0.08

C D

70 75 80 85 90 95
time [s]

-0.1

0

0.1

C m

13: ( )

96 98 100 102 104 106 108
-0.4

-0.2

0

0.2

C L
96 98 100 102 104 106 108
0

0.02

0.04

0.06

0.08

C D

96 98 100 102 104 106 108
time [s]

-0.05

0

0.05

0.1

C m

14: ( )

4.2.3

13 CL, Cm CD

(0.005 ) CD

25%

4.2.4

14 CL 0.01 CD 0.012 Cm 0.015

CD 20% Cm 25%

CL CD

(+3σ ) −3σ

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 13

This document is provided by JAXA.



D–SEND#2 14

4.2.5

15 CL, Cm

CD 0.004

110 115 120 125
0.05

0.1

0.15

0.2

C L
110 115 120 125

0.01

0.02

0.03

0.04

C D

110 115 120 125
time [s]

-0.06

-0.04

-0.02

0

0.02

C m

15: ( )

4.3

• ADS 55

• 55

– CL

– CD

– Cm

CFD

Appendix B

14 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 15

5 CFD

5.1 CFD

CFD CFD JAXA

JTAS JTAS

HLLEW (Harten–Lax–Van Leer–Einfeldt–Wada)

Venkatakrishnan 10

LU-SGS (Lower–Upper Symmetric Gauss Seidel)

1,100 JTAS

CFD CFD

CFD D–SEND–#2

CFD

Re Euler 4

CFD RANS

CFD

Prandtl–Hoerner 15) RANS CFD

Spalart–Allmaras (SA–noft2)16)

CFD 4 CFD

8 4.2.1

CFD CFD

ADS

CFD

8: CFD

[s] [deg] [deg]

66.50 1.506 9.15 -6.43

86.08 1.388 5.45 -1.78

105.42 1.271 -3.43 7.48

116.98 1.386 4.74 -1.00

CL 9 CFD 2% 16 CFD

M=1.4

M=1.4 CL=0.3 CD ∆CD/∆CL = +1.7cts/0.001 CL = 0.12

∆CD/∆CL = +0.6cts/0.001 CL = −0.25 ∆CD/∆CL = −1.7cts/0.001

CFD CL 1–5cts cts drag

counts 0.0001 1cts

CD CFD

10– 13 CD

CFD

Euler

CFD CD,P

CD,P

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 15

This document is provided by JAXA.



D–SEND#2 16

9: CL

0.293 0.156 -0.252 0.123

CFD 0.300 0.153 -0.254 0.125

0.297 0.154 -0.267 0.122

∆CDs, ∆CDsa

CFD

17

CDmisc( )

CFD CDmisc(Gap)

CFD

CDf Prandtl–Hoerner

(PH) CFD Spalart–Allmaras (SA) CDflex

( ) CFD

CP

CFD CFD

18 CFD D–SEND#2

CFD

16: CFD ( M=1.4)

5.2

10

• CFD 72 cts

• (CDp) CFD CFD

• (∆CDs) CFD 33 cts

16 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 17

a) b)

17:

a) b) c)

18: ( )

• (CDmisc) 9 cts

CFD

• (CDmisc) CFD

• (CDf ) Prandtl–Hoerner (PH) Spalart–Allmaras

(SA) CFD

• CFD 9 cts (CDflex)

( CFD ) D–SEND#2

CFD

• (∆CDsa) CFD

• CFD 20 cts ∆CD/∆CL ∼5.1 cts

15 cts

5.3

11

• CFD 48 cts

• (CDp) CFD CFD

• (∆CDs) CFD 17 cts

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 17

This document is provided by JAXA.



D–SEND#2 18

10: ([cts])

CD CDp ∆CDs CDmisc( ) CDmisc(Gap) CDf CDflex ∆CDsa

551 448 -22 14 13 89(PH) 7 2

CFD 479 444 -55 5 N/A 87(SA) -2 N/A

459

• (CDmisc) 9 cts ( )

• (CDmisc) (

)

• (CDf ) SA CFD

• CFD

CFD

• (∆CDsa) 0

• CFD 12 cts ∆CD/∆CL ∼-0.6 cts

12.6 cts

11: ([cts])

CD CDp ∆CDs CDmisc( ) CDmisc(Gap) CDf CDflex ∆CDsa

297 166 8 14 14 91(PH) 4 0

CFD 249 164 -9 5 N/A 89(SA) N/A N/A

237

5.4

12

• CFD 111 cts

• CFD CFD

• (∆CDs) CFD 27 cts

• (CDmisc) 9 cts ( )

• (CDmisc) (

)

• (CDf ) SA CFD

• (CDflex) CFD 60 cts

• (∆CDsa) CFD

• CFD 19 cts ∆CD/∆CL ∼-22 cts

3 cts

18 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 19

12: ([cts])

CD CDp ∆CDs CDmisc( ) CDmisc(Gap) CDf CDflex ∆CDsa

587 472 -4 14 13 92(PH) -3 2

CFD 476 473 -31 5 N/A 90(SA) -61 N/A

495

5.5

13

• CFD 31 cts

• (CDp) CFD CFD

• (∆CDs) CFD 10 cts

• (CDmisc) 9 cts ( )

• (CDmisc) (

)

• (CDf ) SA CFD

• D–SEND#2 ( )

(CDflex)

CFD -2 cts

• (∆CDsa) 0

• CFD 9 cts ∆CD/∆CL ∼1.8 cts

7 cts

13: ([cts])

CD CDp ∆CDs CDmisc( ) CDmisc(Gap) CDf CDflex ∆CDsa

253 134 6 14 14 82(PH) 2 0

CFD 222 135 -4 5 N/A 82(SA) 4 N/A

213

5.6 CFD

1. CFD

2. CFD

3.

.

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 19

This document is provided by JAXA.



D–SEND#2 20

4. Prandtl–Hoerner

CFD 2 cts

5. CFD

CFD

CFD

1. CFD

2. CFD CD 10–20 cts

3. 19 cts CL

0.01

CFD

CFD CFD

CD

6
D–SEND#2

CL, Cm CD

3σ

CFD CD

CL CD

( CFD)

CFD

1) , . D-SEND (< > 1 (D-SEND)

). , Vol. 60, No. 7, pp. 245–249, 2012.

2) , , . D–SEND#2 . Technical Report JAXA–RR–17–011, JAXA,

2018.

3) , , . D-SEND#2 . , Vol. 65, No. 1,

pp. 10–16, 2017.

4) , , . D–SEND#2 . Technical Report JAXA–RR–

18–004, JAXA, 2018.

5) Vladislav Klein. Estimation of aircraft aerodynamic parameters from flight data. Progress in Aerospace

Sciences, Vol. 26, No. 1, pp. 1–77, jan 1989.

6) Eugene A Morelli and Vladislav Klein. Application of System Identification to Aircraft at NASA Langley

Research Center. JOURNAL OF AIRCRAFT, Vol. 42, No. 1, 2005.

7) John E Lamar, Clifford J Obara, Bruce D Fisher, and David F Fisher. Flight, Wind-Tunnel, and Com-

putational Fluid Dynamics Comparison for Cranked Arrow Wing (F-16XL-1) at Subsonic and Transonic

Speeds. Technical Report February, 2001.

20 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 21

8) Y. Ito and K. Nakahashi. Surface trianglation for polygonal models based on cad data. International

Journal for Numerical Methods in Fluids, Vol. 39, No. 1, pp. 75–99, May 2002.

9) Ito Y. Nakahashi, K. and F. Togashi. Some challenge of realistic flow simulations by unstructured grid cfd.

International Journal for Numerical Methods in Fluids, Vol. 43, No. 8, pp. 769–783, October 2003.

10) , , , , . fastar .

, Vol. 63, No. 3, pp. 96–105, 2015.

11) RD Finck. Usaf (united states air force) stability and control datcom (data compendium). Technical report,

MCDONNELL AIRCRAFT CO ST LOUIS MO, 1978.

12) JCGM/WG 1. Evaluation of measurement data guide to the expression of uncertainty in measurement.

Technical report, JCGM, 2008.

13) , , , . 2(D–SEND#2)

. Technical Report JAXA–RR–17–006, JAXA, 2018.

14) JCGM. Evaluation of measurement data supplement 1 to the ”guide to the expression of uncertainty in

measurement” - propagation of distributions using a monte carlo method. Technical report, JCGM, 2008.

15) . ( ) . , Vol. 18, No. 5, pp.

287–290, 1999.

16) Philippe Spalart and Steven Allmaras. A one-equation turbulence model for aerodynamic flows. In 30th

aerospace sciences meeting and exhibit, p. 439, 1992.

17) Gaussian Process for Machine Learning. The MIT Press, 2005.

18) Andrew McHutchon and Carl E Rasmussen. Gaussian process training with input noise. In Advances in

Neural Information Processing Systems, pp. 1341–1349, 2011.

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 21

This document is provided by JAXA.



D–SEND#2 22

Appendix

A α

A.1 α

19

CL, Cm 116.8 116.8 CL

0.01 Cm 0.07

110 115 120 125
0.05

0.1

0.15

0.2

C
L

110 115 120 125
0.01

0.02

0.03

0.04

C
D

110 115 120 125

time [s]

-0.06

-0.04

-0.02

0

0.02

C
m

19: α ( )

CL 20

CL CLbasic CLbasic α, β,Mach

21 116.8 α

β 0 CLbasic 14 116.8

α 4.95◦ 4.75◦ CLbasic 0.06 0.012

CLbasic

α

2

1. CLbasic α

2. α

CL 0.2◦

13) M = 1.4, h = 10km α 0.05◦

いる .

22 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 23

116 116.5 117 117.5 118−0.02
0

0.02
0.04
0.06
0.08
0.1

0.12
0.14
0.16

C L
 c
om
po
ne
nt
s

time [s]
 

 

CLbasic
dCLs
dCLr
dCLsa
dCLflex
dCLintl

20: CL

116 116.5 117 117.5 118
4.6

4.8

5

5.2

116 116.5 117 117.5 118
−0.1

0

0.1

0.2

0.3

116 116.5 117 117.5 118
1.384

1.386

1.388

1.39

1.392

Ma
ch

time [s]

21: CL

14: CLbasic (β = 0)

Mach

1.2 1.4

α
4 0.095853 0.089132

5 0.157556 0.144581

∂CLbasic

∂α
0.0617 0.0554

A.2 ADS

ADS 22 ADS α

α =
Pa1 − Pa2

K {P3 − (Pb1 + Pb2)/2}
(19)

K ≈0.075[Pa/deg] (20)

K ADS D–SEND#2 23 (19)

α

α

(19)

2 3(P3)

(19) 2

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 23

This document is provided by JAXA.



D–SEND#2 24

Pa2

Pa1

Pb1 Pb2

P3

22:

115 116 117 118 119 120
5.5

6

6.5

7

7.5
x 10

4

P
a2

 [
P

a]

上総圧

115 116 117 118 119 120
6.5

7

7.5

8

8.5
x 10

4

P
a1

 [
P

a]

下総圧

115 116 117 118 119 120
2000

2500

3000

3500

分
母

time [s]

23:

α0 =
2(Pa1 − (Pb2 + Pb1)/2)

K ′(P3 − (Pb2 + Pb1)/2)
(21)

K ′ = 0.071 (22)

αPa1
= α0 +Xa2 (23)

Xa2 = −0.0085α2
0 (24)

αPα1
Xa2 24

Xa2

α

αcor = αTLM +∆α (25)

∆α = αPa1
− α′ (26)

α′ =
Pa1 − Pa2

K ′(P3 − (Pb2 + Pb1)/2)
(27)

αcor α αTLM α α′ (19) OFP α

∆α 25 116.8

∆α < 0 ( )

24 宇宙航空研究開発機構研究開発報告　JAXA-RR-21-001

This document is provided by JAXA.



D–SEND#2 25

60 70 80 90 100 110 120
-5

0

5

10

15


 [

de
g]

補正前

 

 

60 70 80 90 100 110 120
-5

0

5

10

15
補正後


 [

de
g]

 

 

上総圧から算出
下総圧から算出
上下総圧から算出

上総圧から算出
下総圧から算出
上下総圧から算出

24:

117 α α

25: ∆α α

B

B.1

CL α α

CL

D–SEND#2の飛行データを用いた不確かさを含む空力特性の推定 25

This document is provided by JAXA.



D–SEND#2 26

(Gaussian Process Regression, GPR)

y

B.2

B.2.1

17) y
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