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SLATSÚ�ê;

l ŀŒŪŇŨq(Kn)ŮS¿VĦŖŢşŪň

Ø Ŝŋŕq(M)ŮØĕĦŖŢşŪň

SLATSS¿¬'¤«Ħºy
l Ò�îV (300 km�)EF�>ĦŗŦŨōĺĹķâhĘĴÎĭġĖğ, Ò�îV
ÂxeÁÎí�ūSLATSŮTsubame)ďâ ĕĵąÒ�îVĤıĴÚ�ďHÌĕ
ĵěĆ

l î³VĤ¬�f'ķ	�ĘĴĔġďÏO!]ĤàÆĠĉĳŬĬěŬÓÜÞ§ŗĻ
ŪņĤčĊğįļĹŦŘťŪľķ~(Ĥ�ċĔġĤıĳąlÙ$ķ±´ĘĴĔġď
ĠĐĴĆ

l [�ĦSentmanŠŎŤ¯Ħ@�f'	�ĠħąÚ�ũA)ÇĤıĴCDSĦ20�
Ħ?*ķÍ�ĠĐģĊĆ→A)ÇũîV�CĦ¬'ŎŪňŚŪŅĦ�²ď@�
JVũÓÜ�G³VĤàÆ

Kn
0.01 0.1 1 10 100Continuum Free-molecule

Euler Eqs.
N.S.  Eqs.

The Boltzmann Equation

Kn = λ(mean free path)
L(characteristic length)

M =
U (velocity relative to the medium)

a(speed of sound)
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SLATS¬'ŎŪňŚŪŅ�Æ
• ¬'ŎŪňŚŪŅĦÍ�d�(CDS)ĤĞĊğ×ĪĴĆ
• ¼��B�(Free molecular; FM)È�ķHuĘĴġġįĤąDSMC(direct simulation 

Monte Carlo)È�Ĥıĝğ�Ô�ÌķÀċĆSLATSĦ¬'ŎŪňŚŪŅħ<�¡ĤîV
ħ50km"ĭąÕÇ( α=-180 – 180Ą)Ŭ��ĳÇ( β=-90 – 90Ą)ħ1V"ĭĠ�cĘĴĆ

• *D©Ů7 © (N, O, Ar, He, H, N2, O2)
• ÄæŠŎŤŮMaxwell model (�£¥�~)ąγ=0.9 (ŔŝőŤ)
1. ¼��B�È�
• JAXAĠâ ĕĵě¼��B�ŃŪŐ(FM_3D Ver.07)ķ��

– SLATSŠŎŤ: Standard Triangulated Language (STL) format. 
– Ray-tracing (RT)ŅľŪŞŮzäæĦ��
– 1ŇŁşŨŏĦRayqŮ1�1000Ġ?{0»Ć1Ħ=2ħŇŁşŨŏĦ�^�ą2�Ħ
=2ħŇŁşŨŏÄæ�ĠŢŨŉŞĤßg

2. DSMC (direct simulation Monte Carlo)È�
• Modeling Of Transitional-Ionized Flows (MOTIF)ŃŪŐķ��

– Rotational-Translational(R-T), Vibrational-Translational (V-T) ļœŤĿŪ
nŮ
Borgnakke-Larsen (BL) model

– FMġ�Ī�BãÃįÍ�ĘĴıĳî³Vģ¬'È�ŌŪŤ
– ěĜĖąÉ°ŃŅŏďîĊěĮąFMĦ³V�ÌġĖğ��
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¼��B�È�d�, 1/2
• In the segment-fixed frame (k), the Boltzmann distribution function can 

be expressed as

fi
F =

mi

2πkT
!

"
#

$

%
&
3/2

exp −
mi

2kT
(vj +Vj )

2

j∑
)
*
+

,
-
.

fi
D =

mi

2πkTW

!

"
#

$

%
&

3/2

exp −
miv

2

2kTW

!

"
#

$

%
&

• The Boltzmann velocity distribution for particles diffusely 
reflected from the surface is given by

• The particle fluence rate on the surface element, k, is written as[1]

Γi = dv2−∞

∞

∫ dv3−∞

∞

∫ (−niv1) fi
F dv1−∞

0
∫

Γi =
nivi

T

4
exp(−c1,i

2 )+ π c1,i 1+ erf (c1,i )#$ %&{ }

c1,i = −V1 mi / 2kT

vi
T = 8kT /πmi

[1] Fujita and Noda, “Rarefied Aerodynamics of a Super Low Altitude Test Satellite,” AIAA Paper 2009-3906, 22-25 June 2009. 

V∞=freestream velocity in body-fixe 
frame
v=particle velocity
i=chemical species
j=index in segment coordinates
(1=normal direction, 2,3=transverse)
k=index of segment
ni=number density of i

!",$ = &'ũ(k,j=1,	!",- = &'ũ(k,j=2, !",/ = &'ũ(k,j=3
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¼��B�È�d�, 2/2

• The normal force F1 (j=1) on chemical species i can be expressed as 

F1,i =mi[ −∞

0
∫ −∞

∞

∫ v1(2−γ )(−niv1) fi
F dv1 dv2−∞

∞

∫ dv3

       −
0

∞

∫ −∞

∞

∫ v1(ni
Dv1) fi

D dv1 dv2−∞

∞

∫ dv3]

Fj,i =mi −∞

0
∫ −∞

∞

∫ vjγ (−niv1) fi
F dv1−∞

∞

∫ dv2dv3

Fj,i =miγΓiVj

(j=2,3)

• The particle fluence rate diffusely reflected by a surface element, is [1]

Γi
D = dv2−∞

∞

∫ dv3−∞

∞

∫ (ni
Dv1) fi

D dv10

∞

∫

Γi
D =

ni
Dvi

Tw

4
vi
Tw = 8kTW /πmi

ni
D = 4γΓi / vi

Tw

niD=number density of diffusely reflected particles

(Γi
D = γΓi )

i=index of chemical species
j=index of segment coordinates
k=index of each segment
iD=unit vector in drag force direction

[1] Fujita and Noda, “Rarefied Aerodynamics of a Super Low Altitude Test Satellite,” AIAA Paper 2009-3906, 22-25 June 2009. 

γ=surface accommodation parameter
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SLATSÈ�ŠŎŤ, 1/2
• The origin of body fixed frame is the 

center of body in the x, y direction and 
the bottom surface in the z direction.

• à^�¸ (CoG)
(x, y, z)=(-62.1, -10.5, 260.2)mm

• ŠŪşŨŏħà^5ĳ
• Äæ�V: Tw=300 K
• -�æª: Sref=10.093 m2

• -�á: Rref=0.54 m

List Symbol Unit Size
Height H m 0.54

Width W m 0.66

Depth D m 2.038

Width for solar panels Wp m 5.17

Thickness of solar panels Tp m 0.02

õö÷ýùïðñïôóòõôïõùāĂïøÿþúüûăĀöĂüÿþ

V∞

Body-fixed coordinates in FM and DSMC

Z

XY
Mx

My

Mz

CD = FD / (1 / 2ρ∞U
2
∞Sref )

CDS =CDSref

Knudsen number as a function of altitude

Orbit transfer phase

altitude keeping phase 

CM ,i = FM ,i / (ρ∞U
2
∞Sref Rref )

!M = !'cosQcosR
!S = !'sinQ

!V = !'cosQsinR

α=angle of attack
β=sideslip angle

6
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SLATS Geometry (B):
Simplified model, Nface=15278

SLATSÈ�ŠŎŤ, 2/2
SLATS Geometry(A):
Simplified model, Nface=9584

SLATS Geometry (D):
Full model, Nface=1511087

SLATS Geometry(C):
Surface near-full model, Nface=31425

Geometry model dependence can be negligible compared to numerical model dependence.
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SLATS¬'ŎŪňŚŪŅ, 1/2

8

• SLATSĦ¬'ŎŪňŚŪŅĦî³V*ķ9ĴĔġĤıĳąSLATS@�JV°�
Ħî³V*ąA)ŠŪŐĦYçÍ�ķÀĝěĆ

–¼��B�È�ĤčĊğą�B·ŏťŪńŨŁŅľŪŞķ��ĘĴĔġĤı
ĳą[��ıĳf'	�³Vď4�ĖěĆA)ÇĤıĝğąCDSħ10�?*
ĘĴĆ

–A)ÇũîV�CaĦŎŪňŚŪŅķ�²ĘĴĔġĤıĝğî³V*
(A)Çħ1V"ĭąîVħ<�50 km"ĭ)

–îV150kmıĳîîVĠħ¼��B�È�µ�ħDSMCÈ�µ�ġ¾Ċ�
½ď\ĲĵěěĮą¼��B�È�µ�ķįġĤŎŪňŚŪŅķ�²ĖěĆ

150 km, β=0Ą

Comparison of CD,CL, and CM (β=0) between DSMC and FM

150 km, α=0Ą

Comparison of CD,CL, and CM (α=0) between DSMC and FM
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SLATS¬'ŎŪňŚŪŅ, 2/2

H=100 km
(FM)

H=100 km
(Corrected)

H=150 km
(FM)

• îV120km�ĠħS¿(�ĤıĳąFMġ
DSMCĦµ�ĤQď�ėĴ

• îV150km�Ġħ¼��B�È�µ�
ĤS¿(�Å�ŖŢşŪňķÝ�ĖąS¿(
�ķ¹bĖěĆ

Comparison of CD between FM(nominal and modified) and 
DSMC with β=0 and 30 deg. at 100 km. 

40% 
discrepancy
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È�µ�ġSLATSŎŪňĦ�Ô
10

The comparison of atmospheric density at approximately 400 km in April 2018 between the 
SLATS data and several atmospheric models (SLA-170038-�)

• ĬęąSPMĦA)ŠŪŐď�ĠĉĝěîV400kmĤčĒĴµ�ķ�Ë9Ĥ¦ĘĆ
• ĔĦîVĤčĒĴNRLMSISE-00Ħ@�JVħąıĳsĖĊ@�ŠŎŤĠĉĴ

JB2008 İDTM2013ġ�Īğ´20%îĊĆ
• SLATSĠ°�ĕĵě@�JVħT:¡ĤNRLMSISE-00ıĳJB2008 İ

DTM2013ġıĳ¾Ċ�½ķ¦ĖğĊĴĆ
• ��4ħGOCEĦŎŪňÈ�ġ�½ĖğĊĴĆ(Doornbos et al. used a factor of 

1.25 for the comparison between GOCE density data and several atmospheric 
model) (HASDM, JB2008, NRLMSISE-00, and previous DTM models). 

• JB2008İDTM2013ŠŎŤħÖ
UĦ CHAMP, GRACE, GOCE
¯ĦÒ�îVĦŎŪňķ��Ė
ğčĳąÒ�îVĦJV	�³
VďîĊġ¹ČĵĵĴĆ

• SLATSĠį3�Ħ�4Ġĉĳą
JB2008İDTM2013ġıĳ¾Ċ�
½ď\ĲĵěĆ

Doornbos, et al.: Air density and wind retrieval using 
GOCE data, ESA SP-722, 2013. 
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@�JVlGĦÑë

• SLATSĠlGĕĵě@�JVħąNRLMSISE-00ıĳ�đąJB2008 İ
DTM2013ġħıĳ¾Ċ�½ķ¦ĖğĊĴďąîVď�đģĴġQď�ė
ğĊĴĆ,8ġĖğą�Ĥ�Ë3�ďjēĲĵĴĆ

1. Ò�îVê;ĤčĒĴ@�ŠŎŤĦ@�JVÐQ

2. CDSÐQ1ūÄæ/MŠŎŤĤıĴq�È�ÐQ) 
3. CDSÐQ2(@��VĤıĴśŤŌŜŨ�R�G

ĤıĴopf'ĦÛ%ģlG)

– NRLMSISE-00ď�ĖĊġ�GĖě=2ą�ËĦ2ą3ĦCDSÐQĤı
ĳąSLATS@�JVÍ�ď0»Ďą�Ë3©ìĦCDSŎŪňŚŪŅķ
�ÔĖą�ÌĘĴĆ

(A) Nominal CDS database (γ=0.9, 0%付着確率) 
(B) 100% 付着確率：CDS誤差1を考慮したケース
(C) 100 % 付着確率および摩擦抗力を除外(極端な仮定)：CDS誤差
2を考慮したケース

11
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¬'ŎŪňŚŪŅĦŖŢşŪň�Ca

• 3種類の空力データベース (DBs)を構築し、比較検証した。
(A) Nominal CDS database (γ=0.9, 0%付着確率) 
(B) 100% 付着確率
(C) 100 % 付着確率および摩擦抗力を除外(極端な仮定)

• ケース (A) と (B)のCDの比較
– 有効断面積が低い条件：CDはほぼ一致する。
– 有効断面積が高い条件：CD (B) < CD (A) (at |α|=90 deg., 15 % 

discrepancy) 
• ケース (B) と (C)のCDの比較
– 有効断面積が低い条件： CD (C) < CD (A) (reduced by at most 

50%) 
(圧力抗力に対する摩擦抗力の比が高いため)

– 有効断面積が高い条件： CD (C) 〜 CD (B)

12

H=400 km
(FM)

Comparison of CD for the β=0 deg. at 400 km among 3 cases. Drag coefficient difference among three cases for the β=0 deg. at 400 kmŭ

H=150 km
(FM)
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@�JV	�Ħ¬'DB�Ca
13

Estimated density ratio in March 2019 

• ÓÜ�iŗĻŪņĤÖĊîV285�270 

km(2019U3})Ħ�Ôķ¦ĘĆ 2019U3}Ġħ
f'��ŠŪŐĦNM-Yď��ĕĵěĆ

• SLATS(łŪŅA)ħNRLMSISE-00ġ�Īğ.t
ġį25�35%�Ċ@�JVķ	�ĖğĊĴĆ400 

kmĦłŪŅġ�ĪğąĚĦQħıĳîđģĝğč
ĳąf'ĦI�ď@�JVĦlGĤıĳîđģĝ
ğĊĴĔġď�8ġ¹ČĲĵĴĆ

• ØV�ď´10Ġ~(ræªďĚĵīĢîđħģ
Ċ(|β|> 60 deg)Ħ��ĠħąłŪŅ(A)ġ(B)Ĥı
Ĵ@�JVĦQħPĕĊĆ�tąłŪŅ(C)ħą
f'��ŠŪŐ(NM-Y)Ħ=2ħą´30%¨VQ
ď�ėĴĆ�ŠŪŐĠħ�f'ĤKĘĴopf
'Ħ&2ďîĊěĮĠĉĴĆ

Attitude
mode

Number of 
orbital laps

Ratio of SLATS density to 
NRLMSISE-00

DB(A) DB(B) DB(C)

Total 478 0.65 0.65 0.98
NM-Y 478 0.65 0.65 0.98

The comparison of atmospheric density in March 2019 between 
the SLATS data and the atmospheric models

NRLMSISE-00ď�Ĝġ�GĘĴġopf
'ď0ĠĉĴ_ÆďĉĴĆ
opf'Ħ#m��ĠĉĴÒ�îVê;
ĤčĒĴśŤŌŜŨ�RĦ�Ìħ_ÆĠĉ
Ĵďąå�H¡ġ`ĶĵĴĆ
→ NRLMSISE-00ħÒ�îVê;ĤčĊ
ğ@�JVďîĊĦĠħģĊĎů
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¬'ŎŪňŚŪŅĦĬġĮ
14

• �èĠħSLATSĦ¬'ŎŪňŚŪŅĦî³V*ķ9ĴĔġĤıĳąSLATS@�
JV°�Ħî³V*ąA)ŠŪŐĦYçÍ�ķÀĝěĆ

–¼��B�È�ĤčĊğą�B·ŏťŪńŨŁŅľŪŞķ��ĘĴĔġĤı
ĳąf'	�³Vď4�ĖěĆ

–îV150kmıĳîîVĠħ¼��B�È�µ�ħDSMCÈ�µ�ġ¾Ċ�
½ď\ĲĵěěĮą¼��B�È�µ�ķįġĤŎŪňŚŪŅķ�²ĖěĆ

–îV150km�Ġħ¼��B�È�µ�ĤS¿(�Å�ŖŢşŪňķÝ�
ĖąS¿(�ķ¹bĖěĆ

• 3©ìĦ¬'ŎŪňŚŪŅķ��ĖąSLATSĦ@�JVķlGĖěĆ
– SLATSĠlGĕĵě@�JVħNRLMSISE-00ġ�Īğ�ĥ65�80%Ġ
ĉĳąNRLMSISE-00ħÒ�îVê;ĤčĊğîĊ@�JVķ	�ĘĴĔġ

ď�wĖěĆ

– SLATSĠħą NRLMSISE-00ıĳįıĳsĖĊ@�ŠŎŤ(JB2008ą
DTM2013)ġıĳ¾Ċ�½ď\ĲĵěĆ

–îV´400 kmĠħDTM2013ġ¾Ċ�½ď\ĲĵěďąîV�iŗĻŪņ
ĠħDTM2013ıĳį�ĊJVķ	�ĖğĊĴĆ

–f'��ŠŪŐ (NM-Y)ĠįąSLATS ġNRLMSISE-00ĦJVĤQďĭĲĵ
ąopf'ĦYçď¦7ĕĵěĆ
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SLATSS¿¬'ĦN�É�
• �ZĦÑë

1. Ò�îVê;ĤčĒĴNRLMSISE-00Ħ@�JVÐQ
2. @��VĤıĴśŤŌŜŨ�Rķ�GĘĴĔġĤıĴopf'ĦÛ%
ģlG

3. Äæ/MŠŎŤĤıĴq�È�ÐQ

– �ËĦ,8ķÍ�ĘĴěĮĤħąÒ�îVê;ĤčĒĴĕĲģĴŎŪň
ĠĦ�Ìď_Æ�0�ĠĉĳąSLATSũGOCEũŎŘţŊŪŞġ+'Ėğ
�ÌķÙĮĴĆ

– Ò�îVê;ĤčĒĴ@�JV¢kÉ�d�Ħ¥®ď_éĠĉĴĆ
– S¿(�Ħ�ÌĦěĮą��ŗĻŪņĤčĒĴ@�JV�ÌķÀċĆ
– îV�iŗĻŪņĦL6WáĤ4Ēğąf'��ŠŪŐĤčĒĴopf
'(¶f')��Ĥ4ĒěSAPX�Ħ|Ý*ķ�ÊĘĴĆ
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