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1. #65

[T FERRSEEBN X, FW IR AN AE R & P RS & U CERERZEHIZ R &E2x 00
% (Fig. 1), #HlziX, B T, B8 TX LY ) 12X > TEMEOAGFEZ ATREICT 572012, Lt
)R & 2R [AIFERRSEEBNIC L > TEICEE S, ZORBEEIEER)L, [t I2L5 b0 TliER
< (Cafe et al. 1998), &28E CRAEMET DAL EGEICBEITL Z LIck>TEL, ZoEENES
BRI RCERE I L > TRR D, Bl2IE, v uA XFXFOIEZEITHKI 00 43T 1 [HlEET 5 Z &3
HDILTEY, £72h 7 ALXOMERITK 110-130 57, A > 7D a— NI 120457, e~ T U DY)
BRI 153 45, 7 A A OFEZITH 160-300 73 T 1 [HlEET 5 2 L NHE STV 5 (Someya et al. 2005,
Israelsson and Johnsson 1967, Hou and Li 1997, Berg and Peacock 1992, Hatakeda et al. 2003), 7=, tRDIA]
FERREEEENC BTl U a v OEEK 80-120 4y, I —1 v X F T OBEAR 3 FEE, U I0
BAR 68, A Z VT T4 7T ADFEK 7.6 ], =2 RUOBEE 7.7 BE T 1 Mg+ 25 & Wn
IMENDH DD, TAULEER - ABRIFICE o THERD (Barlow et al. 1994),

Circumnutation =

Circular movement of
elongating organs such as
stem and root

It has been debated whether
circumnutation involves
gravitropic response or not.

Fig. 1. Plant circumnutation.
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We have S
tested it with agravitropic mutants.

[ESERRBERN DA U D L < b2 THRWA, ZODFMPEE I N TV, —Dld, TOilfE%
#4819~ 2 internal oscillator (NHHREN 1) ZMEL7=ET /L THY (Brown et al. 1990, Barlow et al. 1994,
Antonsen etal. 1995), & 9 — DI, EE N EH ) JEMECTIRE S UL RIZ#N > T — =22 — 1),
ZORKFANIRD EOWZRMT25 2 L 280 IR L IRY FO L O @245 2 E0FE ) & 70> T
WBHEEZDHETIVTHD (Israelson and Johnsson 1967, Johnsson and Heathcote 1973, Johnsson 1979), &
7z Johnsson (1997) (X, WIRIWEDIRE -2 MEMZRE OREI 25| S Z L, ZOWNMRKF2E/SE R E
DINIERN T 4 — Ry Z T 25 2 & ChleissEE 2 755325 LV 9 | two-oscillator &7 /L & $2
L7z, NAYEEI T8 ED L5 72 bOMTH»> TRV, BIEL TV HEE TIEAL T T ARH
VAAF L NEITENVE DF—F T ELUTEZEEDORY OAE T L EENREZEZ LN TVND
(Badot et al. 1990, Johnsson 1997, lida et al. 2017), WNRPEDHEENH) 721 A4 Oy & [RIEHRHES) &
MHCAHBEIRIR Y H B = & HE STV 5 (Millet ef al. 1984, 1988, Shabala and Newman 1997), & 512,
N T LR TIZE T Ca¥REZJAHANCHE T 5 L A TH D Ca®' oscillations 1L, SEFIFER
M S 2T LD—#zil-> Tk Y | BEREESH O OR S & HEET L5 & FHi T % (Blatt
etal. 2007), L2xL, BEDO L Z A, ZHHDOEROMRY A3, MIFERIEHES ZH#E L 2000, b L
ITZEND, BENEHLUIZERE L TAEL TN, To& D LTy, [lEissaEH) B85
THREWEEL LT, A—F v, = F L, V¥ AEVBRENRHRE I TS (Johnsson 1997, lida
etal 2017), Z @ 9 HEEERFEEERNICE G T 2 EMEOR BRIV EBZ LN TWNHON, F—F
Thd, AA—F T3, HEMOERREDRRA IRRHEIZE D 5 EELMED R NLE L ThD, R
— FRRLENICK L ORTIEMEGIZS, A—F T U BESBEET 5, 20X 5 2B 5 Hl#E+ 57
DIZ, A—F T T FICEELCE WVETEGHR S, RO 2GFT~mk S b, = FU D%
HEUBRT 2 Z LiIC k> Ty a— FOREHEIEEMF I L, £/, ZOBE, XTHOUIEINIC IAA
54 % Z & ChHllEissRiEB 23 m11E 35 Z & Al STV % (Tepper and Young 1996), ¥ 1A X X
Tl EXTEZUIBRE K 12 RER R RS (X e R BRE B 23 ki 5~ 5 23, £ O 45 1325 (Niinuma et al. 2005),
ZoLE, TURTEFEERIC, v aA XFAFHEOGINIRIC IAA ZF 535 & BIEfiRiEEE) 3 ke
T 5, [lfEL TV D XRTEEIC A — % 3 o OftE#kERALE Al Té 5 1-naphthylphthalamicacid (NPA) % L



< 1% 2,3, 5 - trilodobenzoic acid (TIBA) Z BT 2 & | REKRFANCEIEHEME TN S L<ITEILT5 2
ENB Y, Va— MORGEREEICIL, XENSOF—F T UEHERAMETH DL L EZ BN D,

Bl fEEnEEEE) & EANEDE R

[l fEREEIE BN (235 1T D B INE DOBIGIZ OV Tk, Darwin #H7 (1881)23% U CREMIZEIZZ L T
DM EDHB, WAWALRFERFERITES GaF i, BlzIX, e~ U U O o bl EiniiE®) X
7V ) AK y hCHER S CTHWENZ T 2B GRZRELT 2 S Ml S b3, AN—2 % FLH
WZFRFbiIAEN e~ U U ORIEERIER) L, /NS 25500, MUNEI FTHEIE I L7z (Brownand
Chapman 1984, Brown etal. 1990), Z D Z &b, BEJE O b O WA ERRFER) 2 5| & & 2 5 NERMEA >
L—Z—ICBRT D EIEBZoNT, LA WHRMEOA Y L —F —IC Lo TAEUTEH ZEET 5 X
B < &5 % L7 (Israelson and Johnsson 1967, Johnsson and Heathcote 1973, Johnsson 1979), Z M
FTHWERNE, Al U7z & O W CHE D@ tE CaeE S TESG ML IR R dh T 5 A — N — 22— MK
HEDEZFH 8D (Israelsson and Johnsson 1967), WA AZ 7V 7 2% > FCTHERI W25 &, HIJENME
& & B ICRIEHAEEER) 1495 (Chapman et al. 1980, Johnsson 1997, Tomita et al. unpublished data), F
7-. Zachriassen & (1987) 1%, b~V U DHAEZIZ3G ZAMTH L, 1G FTOHDIZER~T, IRffioH
fEtRgEE MEE SN D Z MG L TCWD, L2 L, Brown & Chapman (1984) OFH ERTIL, H
B ECHE Tz 48 LTk, 2ol L& & 9 BN FHEZE M C ol EtRiEEE) R A 5
ZT-AEeME 5% 5, 5. Antonsen & Johnsson (1998)i. [FIEHREEHEE D 7= DA v L — X —DFESNLIZ
WTAEBYIIICRB T 5 ENDEENLETHDH Z LR LT 5D, Johnsson H (2009) 1L, 1A XFXFD
L O RIERIREE) & 7T L. UNE ) T ORMIKIC 0.8G DE N EARTT 5 2 &12 & - ChlEfxiaE
AKRBICHEIEESND Z E2HWELTWD, 72, BUNET FTH/NEWRN 5 b REIRIRER) 2 7~
TEEMELTNDN, £/ EBOMATIIHIREICEHE L& SRR LTV D,

BHEMRALEROOEIREEE)

—J7. bivbhit, BEHEMEEZ KB U7 YT A ORERERE (X V7 %7 ) onfehsiE )
ZfiEtr U, [FEREEEE) & B S OBREA SN L L D & LT& e, T B AT RER =Y
T, XHEICEZXHSONT L URS, bivbhiL, Y F LTV A A0, EHERT 5O &R
MR E IEFIZob S5 2 EMTET, TANRIK CE M & REIRIED 2R S 77, FECE &
FPICEEND Z L EZH BT L (Fig. 2; Kitazawa et al. 2005, 2008), = O # /@S MR O/ 1
SCARECROW (SCR) &I & MEE T 5 Z &N BHIL TV = (Di Laurenzio et al. 1996, Fukaki et al. 1998),
ZIZT, VA VTHHALEIEERT YA D PnSCR & s OB IERY 2 kg LR, X L7 0
Z @ PnSCR % L /87 1%, EHERE O LB LT, HEDORESNEICT 2/ BES 1 A S
NTHWBHZ ERbhotz (Fig. 2 ZOVH VT Y HA L IER 2T Y HAZNZEID PnSCR Bis1 %
ETNVAEYE LTHLND Y B A XTFRFORBRRIRERE (v a A XFXFTH ZOBEFITHRE
MAET D & BERESMIRSIER 20T, B L FERBEER) S’ = 57 <72 5) ITEALL
LA IEERT Y HAD PnSCR B 2B AN LT & X200, vaA X AT ZRERIKOE g
Moo, EAJENE, IFERIEES) 2 RE S5 2 LN TE 2 (Kitazawa er al. 2005), Z D Z &1L,
PnSCR B N7V HAOENEZMIDDO MK ET, ZOBLBTERIIL > TUHX LT HHAMR
FEHEM L P EREER 2 EF ISR CEPICHEND Z L 2R LTV D, D ORI, EEz
RS T T AD L UBRY | ZOEN) & 72 5 FIEIRIHER /A THH Z AR LTS, AT,
bbb, ¥uA XFT X FOEIJEMIRELRK (pgm-1, axr2-1, sgr-1-1/scr-3, sgr7-1/shr-2) 3 [EIIE
REATEENC R 2Rk 92 & BB 52 L7z (Hatakeda et al. 2001, Kitazawa et al. 2005), Tanimoto & (2008)
b, v aA X TR FOES)EMEGEIRAE AR shoot gravitropism 5 TRIER7: Z & A L T 5,

Z D%, BEIEIEIERERARTH DA X lazyl (Fig. 3; Abe et al. 1996) O ShHE#Y XA fElzgH & Hh 2 K48
LTW5A Z &EMRHE X7 (Yoshihara and Iino 2006, 2007), Yoshihara & Iino (2006) 1%, lazyl OIhHER,
X REHREEES) 2 52 2R LTV DS, EHBMEEZ R TR Z H0ICHFFL T Dd E LT, 47 L 1
FEH M EERIEER ORI & B2 5 Z LITTER0NE LT D, B 5I3BBREN 2 &2, [BIEHRIA
B )NREE ONTEPE DR IC L > THE ST, ZOFFENCEEZ 3B 5 L W2 AJREER & 5
EBHIRRTND, LvL, DO Z OA RINBERIZ IS T 5 [BIEHRIHES) & 8 ) et BIfR 2 3H/1C
fERT LToAESR, LT DO Z EBRHAL NIRRT,



Wild type

Fig. 2. Shoots of weeping 1
morning glory lack gravitropic
response and circumnutation.
A mutation in SCR gene is
responsible for the defect in the
differentiation of gravisensing

weeping 1

g2 cells, gravitropism and

g - circumnutation (Modified from

3 0 .

5 - Kitazawa et al., PNAS 2005)
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"v{ PnSCR] W T T [T Tl
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Mutation in PnSCR necessary for
differentiation of endodermis
(gravisensing cells) (PNAS 2005)

Fig. 3. Direction of tiller growth in
wild-type and lazy! rice plants.
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2 20} 2 =20¢ £ 0 shoots was measured using Imagel.
5 o & o 5 20 Data show the mean + SE (n=22-23).
(G) Coleoptile length was measured
G Stage | ! Stage |l 1 Stagelll using ImagelJ from photographs taken
25 i i every hour for 3 days in the dark.

T 20 E (BRBReL gavavasass 9005 Each data point represents the mean
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k5 : according to Abe et al. (1994a).

2 10 g 1

g : | |

2 5 I I -~ \Wild type

S 1 1 -8 Jazy1

0 ! !
44 68 92 116

Time after the start of seed imbibition (h)



Thbb, bivbhud, BEHREWEIERERIKTH D lazyl DA FLIERE OB EMEREZ G 5 720
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HEIIZONTEHIE T L, Stagelll TIETERIZKDND Z ENPH LN -T2 (Fig.4), KRIZ, Stagel
220 Stage 11 F£ T 72 FEH, BFER T CREE X2 L7z & X OLIER O RIERIHED) & R &2 T L
7z (Fig. 5), ZODOfER, BAMTIL, Stage ] D% M, Stage I1 DGR, Stage 11 O FiTH CHAMR 72 [BIhEHR
SHIEEN S A HILTE DS, lazyl Tl Stage I THREHITIZ S 2 30T 0 EB 2R L, £ O%, [nlfeER) %
KO MDD ST (Fig. 5). £, 2D &L X OIEMOMEEZWE LI, BpAER & 2R R
ROMIZZET72 <, Stage I OBRYITIRZE A EMEMTEAEEIL LT, b DRERIZ lazyl OT
UIVGERERIRTH D FKHEEKES THLREEETH-Z (Fig. 5), L7z - T, Stage I 225 Stage III D
AT C 29K A8 SR D [RIFERRSEIE B 3 7 D V72 WRIRNE, EARE DR TIZ K D MREENE 2 bivlz, —
J7. Stage Il D% CHEITEHRIGES 2 R S 72V DIE, TO7OO+nEE o TneWnWzdThd
EEZLNT,

7K Plant Rotation S FEER O MEfFFE T, T HJEMEZ K Lo N7 22K BAK ageotropum DR
[l fEHREEIEE) 2 7R S 72N 2 E BTz (Kim et al. 2016),
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| | Fig. 5. Circumnutational movement and elongation
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RE, KB WMEFMOHIEZ FTRBIZ LTz, Z OO E)INE ORI, o LWk, £%E
PE. BRIRIGE OHMAZMAT 5 &\ o | EWFRIEAN BT Tl NEOFHIFE OO D4
AHERF S AT L OREEE, £ L TREN =X — BRE CHIBKARRE A T 50 0 &2 A3 729
WZh, OTEHETHD, 29 LEENSEFLITENEBERTLSALATWDONE)EMET
HOHN, FHEHOMOREBG L ENSEIC L > THIH EN D Z EBHESN TS, Iz, XM
e EOIENYE (i) 2RV, BE LN HMET S TEEisiaES) (circumnutation)] &, FEJ)
DL THEBZZ LN TE R, FIEREERDIL, 1Z&AEDOHYMOMEREICA LI, YDA
RS D —EBr & L CEHERFE THDH EE 2 HNT7-Z &5, Charles Darwin & % @ B+ Francis
Darwin OHFFE (1881) LIk, < DMFFREMNED A N = A L7 b NIEINGE L OBMREZH LML
EHELT&7, UL, FERIEGETORE) /)OA 7 = X LMZOWTITaEmd V. BIISEOLE
PEIZDOWTHREZFRENF TV D (Kiss 2006, 2009), & D L 5 704k F T, ARBFFEREE DILT
B, THHA, A XFT A A ROBEEEZRERAENESEMEO R 5T, RIEiSiEES) 2
HbRBETHZEE R L, Zhud, FERSGES N E NICEICEKTF T2 2"t 0 L LTHH
INTWD, £Z TARERZOFHERTIX, MUNENERELZFH LT HEYOE]ERRSGES) O 5 )
BARAVE) (BT DGR AT 2 & & b, FHZERIZEB T 2P ERIEDHREICE T 2 ALE 15
HTEHHEME LT,

PRSI
R DRI ERREREEN I EH IS E 2 LB L+ D LB b, BASENMEDOHUNE S FTIE, Bl
EE}E LS HES D2, £ ORBERRANET D,

FBR T 1

W1 280l ERMUNE S TR - AF S, EROHFEZOBINEN THEEIW 16 EOHIZ X
HANTLHES)) FTORE - E#Z 8 & U TRE - itikd 5, TNOOHEGEX Y ) o7 L, i
Hrd 2o Z L2k > T, BADENEHRIEC KT EBICET 2 LRtz et 2, ZhE TOFH
EERCHE & SRR & L COEREBRROEEIRFHE 3 58 A2 P 52T 272912, 1G 7
HuG 12, uG 761G IR EZBTERX ERET D, £/, 7TH AL LA XOEISETR
EEIROWUNET) T CTOEE Z RIT T 5 720012, TN ENDOEAERNTINZ T, 7Y I A D weepingl
EA XD lazyl W5,

ARFEERTIL, WEWERREE L LT, ZHE TIZISS FH KR T H I D & 5 Plant Experiment
Unit (PEU; 95x240x170 mm) % V% (Yano ef al. 2013), PEU IC& v b4 2 MM B KA ZRT 60x 60x50
mm &/ TH DN, BBEEREOT-ODOH AT L LED BV 27 A& L, it L EET
X5, REMNOEMIIES 10mm O v 7 7—ve L, 7Y T4 OBFEITE AR L J2/728 RO fE+
Z 3T, A FOLEEITHAER L IRERKOTE % 6 T >, | eSS (Fig. 6). 7Y
T AFEA X, RO IO, IR LY~ EE T 5, b1 20 mL D7 /K TR
Wk L, Bl ESEBRCld, PEU (2 > b L7222 Cell Biology Experiment Facility (CBEF) (ZH Y fF1F
%o CBEF NTT HH A DAL 25°C, A 12 OHE1E 28°C THET 5, HFZ OMMIEDORE %€ =
B —F 5D, HulE EFEBRTIXLED BEICL 277 v aT4 b (A ; 8.5 umolm?s!) i
ZATO N, HiEXTHRSERRTIX, LED 77 v v 27 A MREISMA T, BT CRIMNRD 2 7 % Witz
EEIT,

#E FERRIE. 4 DOEBRIX (Run 1, Run 2, Run 3, Run 4)I2 X% L CEMi4 2 (Fig. 7). FH 1G KX
CBEF W Tzt DMEIZEE L7 PEU 20z S8 5 Z LI2 X » T, FH uG KILPEU #§E+ 25 Z L1c k&
STHIET D, Runl & Run2 (7 %4 4% HV, Run3 & Rund %, £ %>, Runl & Run3 TIEHE



KBIZ uG FCH#E L, 4AF (Tﬂiﬁz/ BT 1GITYIV B 2. Run2 & Rund TILfIc, #AK#%IZ1G T
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Kim Hye-jeong, & HEK, EHREEF GALKT)
BT

CXIFEHEHT— L

ISS 7 /b— (iJF8IEH, Terry W. Virts)

23 A a—)b

AEBRIT, 2012 42 AT TXIEH ) N FERESE 2 BRI a7 B Ef 7 —~ & L TERIRE L,
Z DOFHEFEBROEIICET THEMRF 2 B, 2013 45 1-3 A JEM EBREREL L TR—2F 1 1k
INDERFFZ, 774 NERERBITEELZRC, ERFTHEL RIS T, ZOWBET, 42
TH A LA FOHFEAEZFRAEE (Plant Rotation chamber), ZFAE X O FKEREE, AT D720 O[5 Bfs
Fik, LT DHFAEZDOHKBEAT —VEEPLIIHRET L. ERFTEELER Lz, & <2, Z0FERD
T2 O DB DO RIS DBAFRE 2T U, RIMRI A T OFEHE - FFHL AR E VI FRMET, ZhE TiEH
FRED b HEY IR =~ b (PEU) 3L LED A A HW-T7 7 v a2 T4 MR THEZ
DR BB A ST 20 ER B o7, LovL, M EEBROERNS, A FHEEZONEHOMEL X
ORI EIREEEEY S IIH] SN2 B 6, A X B LT H A O 2 Onl iElssEER) & ffT 325 2 L 23]
B Thollzd, FHERTOLMNENOXBELMITT 52 LNARETH D LIl LTz, £D#%, PEU
AR, BHRBR, 7V — ML —=0 72 FE T 5L EbIC, 7T A MO L5 XL &21T
VW, 20151 A 11 BIZHT b REiFen, 20151 H 2 BOX v 7473 —T 4 7 BIOY A =
ALY NERRTC, Hul REERE I LT,

FERFTEHE, 20154F 1 H 11 B (JST) 12476 EIF B4u7z Space X5 12 L - T ISS IZH A Z 41, Runl @
BoE ESEBR 2015452 A 11 A225 2 A 17 HE T, Run2 OfiiE ESEER2Y 2015452 A 17 B 2 H 24
HE T, Terry W. Virts FHRITLIC L o CTHEMEI 7z, F7-. Run3 OFE IR 201547 H 28 H
775 8 H 6 HE T, Rund OFLE EFEBRAN 2015468 4 17 B 5 8 H 26 HE T, MAREMFTHMRITL
WZ Lo TSz,

F 7=, PlantRotation D EEREE DR — L_—T% JAXAweb A + EIZAB L, #E EEBROBIMHIZ
DONWTIE T VALY —RA%E{To T,

@ Watering for Plant growth [Culture] 4 runs in total

E germination chamber and Plant 28°C (Rice) 7 days x 2 runs
Experiment Unit 25°C (Morning glory) 5 days x 2 runs
(PEV)

N or =¥

Embedded rice se€dSs

AT | ‘ CCD photography in PEU
Cell BiologyAI-Ex;)eriment Facility (CBEF) y,
Launch by SpaceX-5
y N A

C Turnover to NASA D F

J Seeds in a Monitoring seedlings in PEU
Petri dish by CCD camera
Embedded Operating team on the ground
morning glory seeds #=8 . e o ’
# — Plant Rotation Plant growth chamber x 8
growth

’ chamber with
seeds
o embedded in
B a Rockwool Water-contained syringe x 9 4

block

L (Kennedy Space Center)) Tsukuba Space Center))

|

(Tsukuba Space Center)

Fig. 8. Plant Rotation spaceflight experimental procedure. Rice and morning glory seeds were sown in
Rockwool in a Plant Rotation chamber on the ground. The chambers, together with water-containing plastic
syringes, were launched by SpaceX-5. In the ISS KIBO module, each Plant Rotation chamber was placed in the
PEU unit. Following water supply to induce seed germination, the PEUs were enclosed in the CBEF and
incubated under microgravity or 1g conditions in space. During incubation, images of seedlings were captured
every 15 min and downlinked to the ground for analysis.
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ﬁET%iAKiO EHFERT —~ & U CTERIRESN % O IX, M E AR & OGRS
K\_ﬂiTES?E%%Tﬁ%%ﬁ®%éﬁ%%%iﬂy%(Hm)%ﬁﬁﬁé_t%mﬁtbf\
WRNERICH#ED Bz, 7272 L, KFEHERICB T 2K KOMEIL, Y (7AW, 1 R
) O EB &2 T T X DG EEHEICH o T2, FDTOIS, THHTBLOA RDFEAZD
AEBICKIT D PEU RO BGOBUSIE & MRGE, = U CGEBOMHT F1EDORFHIZ% < OF§HE %
Lz, &<IT, PEU I S -2l LED BRI OfERICH 7= > TiL, 7 FA sk LT
EHFREDT-DIHERET D LI, A FBEHIH L CUIMEZAET S L OIHMEHTHZ L0,
Tl AW 7K 20> B B %# %Tif®ﬁ%\£ﬁ%ﬁ®@0§i®&4iyﬁ\@6UV%”@%®%
TR IR RIE T B, T Y DAL ORI D 7= D OFE 1) 0 AL DI RIT T H B4 fif
Bri. 2EROERFEICKM ST, /o, T4 & A XOFEAZ ORUSEE ) S I & A 2 OE
FEHRSEIER) & Ml - KT D720 OFEERFI L, K VMBEOBWE TOT — X ik E Rt L
72 WE EEBROUE HIFIEFEE Y (790 S, EEOBLE FEEXLLTO X 9 ICFE sz
(Fig. 8).

1) 7Y A HFEZ Ol EERFER)C BT 28uE F525R (Runl, Run2)

T WA A EMBHZ L7z Runl 38 KOV Run2 OFEERIL, #/K% 24 KEE (2 H 12 B 22 1) o #igs
BAtE L, PTG ERHEAZERE LT, 120#H Q2 H 16 H22K) THREAK TTHTFETH-7, G
ZME1E, Runl T pG 25 1G, Run2 TIG 25 uGICEE T 5 Z L &5 L7-, L2 L. Runl TiL,
HECTOPHERCTIIAONRDSTZHEOBENBE 272012, £, BBEO ) A AHR%L, £0D
FHLEN G CHFIZR D ATREMERH D LD Z LT, Eﬁﬁgéﬁuﬁézgﬂibﬁﬁ iz, 216
H 221 (FAK225 120 B H) 12 uG 6 1IGICAER Lz, BEOBIN 1 B EEXDBR, TX5
PR ZES T2 2 2%, KEMIC2 A 17 B 16 FEET (FAk 5 138 BEfE) e Lz,
IHIZ, REIX, Bl L L TRESINNTWAHOT, ZRafuE Ehoi b~ V7 L, Z0H)
B 7 7 A VDT LB A Ue, 2 ORER. BFHS T v 23— (SN101 & SN102) 458 #icH1,
BRI (WE E VRU IZEHI PTRE 72§ (R B ANMRAF S AL7R D25 72) 1L SN101 T 6 Btdp > 7278,
Ny 72Ty THOY TNV A LEGNG | EMEBETEIZZ LN, HRAEAIIZ SN101 T 453 #41,
mm<ww&mﬁﬁéﬁﬁﬁé’tﬁf%kommm\nazwﬂﬂnt%%%%L\%ﬁm

FIETEME Y FEK 24 FERZICHER TE 72, Runl BT 572012, 2 A 21 B 158 ((57K 89 FEfH
E);JG#6uG_ﬁﬁL\LHMH4ﬁ@(MK%BWﬁﬁE)i?ﬁ%%ﬁoko@%¢®¢
1T Runl EFBET, AT v 73— (SN201 & SN202) 505 £, EiRAR1FE I IE SN201 T4 4T
ol N Ty THOUTIVE A L) B T 2liEIE 7 < . BfEMIIZ SN201 T 501
Br. SN202 T 505 DB A2 TfFT 5 Z LR TET,

2) A RIHEZ ORITEERBHIEENC B 2 A FFEER (Run3, Rund)

A F&FEFE L7 Run3 38 X O Rund D EBRIT, Runl/2 OEM « #ER2BE (2, FRNCHEGT — 2 3@
RIS & BRI EE 2 MZ =, T72b5H, Rund3 % uG X, Rund % 1G X & LT, TNENFEER
HTOGEFRIIITHORNWI LI Lz, £/, Rund3 TSR (a2 F L) NI 7R EL, weelbith
RIS 3 BRI < 72 572, Rund TlE, Run3 CTHRIFICHE L= 258 L C, REBHMHIERZ B
komwv@%%%¥%&~@mm&smmw@ﬁﬁ\ﬁ@%f%%iQBMTgﬁ SN302 T2
Kedo o 7273, SN301 (X2 Ke& U 7 V& A LG DA T HAEAYIC SN301 1X 654 ¥z, SN302 (%
658 R DfFAT A ER IEHE{R A2 BfS35 2 LN TE 72, Rund THFHET v > 73— (SN401 & SN402) 703
W R ERAFRIIE SN40T T 3 2, SN402 T3 &Y, SN401 13X 1, SN402 1X3 & U T A A
B HAETE | HfEAYIZ SN401 1% 701 Bz, SN402 13 703 B D fgetir i Lk B 1 4 S L 72,
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Table 1 Germination of morning glory seeds in Runl and Run2. Data show a number of seeds germinated in each

chamber.
Plant Runl Run2
S/N101 S/N102 S/N201 S/N202
Wild type 1 1 3 2
weepingl 3 3 1 3
Plotting the Fig. 9. Seed germination and
iti f .

ggizlall?ﬂoook v‘ ‘ » hypocotyl growth of morning
by Image J \ i e i ABLEEEEE, - glory (Runl). Seeds were

wn | germinated and the seedlings

were grown in microgravity, and
then exposed to 1G 120 h after

the start of seed imbibition.

Arrowhead in red indicates the

point of which movement is

monitored.

—

L T YT R sene bone ¢ areanas

SN 102 (C8 : : s 102 [

a

Ceiling Fig. 10. Hypocotyl movement of
£ . wild-type morning glory under
<4 TGrowth direction yp g glory
P ..

i < Changeing 1G and pG conditions. Seeds
© e .
S5 | conditions were germinated and the
g (0,0) = Start of i
measurement seedlings were grown under 1G
0 +—— + conditions, and then exposed to
3 -2 1 0 1 2 3 4 L . . .
X-Coordinates (cm) microgravity. Arrowhead in blue
WT 1 WT2 WT 3 o . .

6 - o> 6 6 indicates the point at which 1G
- g-change 2 E was changed to microgravity.
4 74 z4
- g E
§ 2 § 2 § 2 >
3 > >

04— — 04— 0 4+—— —

3 -2 -1 0 1 2 3 4 32 -1 0 1 2 3 4 3 -2 -1 0 1 2 3 4
X-coordinates (cm) X-coordinates (cm) X-coordinates (cm)
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iE B COT W AR DOFE R Table 1 35 L O Figure 9 (2" 7 &80 T, PAALLEIZ, FEFFRIEN
ARNTH o7z, EEHEEZ 7' 7 v T 570G L2 bEG D ERT ¥ N —F OB E %
B L, 7Y AAHEEZOBE ECoBE 2 HEL Lz, £72. 7Y A4 HEEZ OTETOE) & 2 Hi
fiEHT > 7 N Image] CEHAI L CEE LI vy L, 2OT7—X %4 & IC# % 77 71t L7 (Figs
9,10), 7272L., uG TAEB LB L7 Runl TIEL, BEPBILEL TLE-72Z b H 0, FHIKIRIZT
E5bDIT, BART I R, BEIEERRERLT 2K TH o7, £72. Run2 TEHHAIFREZR T
T A TE AR T 2 B, BRI RAT2EETH o7, 2O OB, BB A HRIE
RO LH Z EIIREETH -7,

42 A FHIER Oo| ESSEEIEE) - KT 9 E S R

T L2 fR REG D. A REHOBEZ/ERT 2 & & b, SERLROEN X 2B Lo e
v h LT, A RS X OVE S JENEZSIRAE AR lazy] DFAEZ O ERFE « ROV, #i E LED 7
TvvagA MrET, FHIEEIG-LED 77 v ¥ =274 MrE T, BLXOFHHE E G - LED
7T v vaTA M TICBITAE% Fig. 11 1R T, AUOEEIZZNENOXOWKE 80 FffH
H & 100 H#F"ﬁ HzEzmRL, #E - KRR TOFEAEZ I Stage NIZET 5 (Fig. 11A), BARTS JOGEIRZE F
ROFEIFEIT 92 - 100% T, FH EERX CEAERIFE 1 24 {EAAH 2 ERNARFEIETH - 72 (Table 2), H
ECiE, BAEROIEA Z X NSRRI THE L, lazy] IX8EBR»STHD L) THE L=
(Fig. 11A, B), F°H 1G X ClX, EAFMNEEHROMEOE O 117 T30, BARMIZOE ) HFI%
> T NS, lazyl 1ZEF)T71A 0 W THE L7z (Fig. 11C), HUNE T TR, BAMIES KW lazyl
WL THIEERII R v 7 U — ARG HEE GF) L. ERIC L > TERZ FmIcE L7z (Fig
11D), F£7-. #/NESTFTIE, B ARAKFICROHE T BIR N A L7 (Fig. 11D),

Table 2 Germination of rice seeds in Run3 and Run4. Data show a number of seeds germinated in each chamber.

Plant Run3 Run4
S/N301 S/N302 S/N401 S/N402

Wild type 5 5 6 6

lazyl 6 6 6 6
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80 h after imbibition 100 h after imbibition

Ground 1g Q\L A-2 gl/
Dark WT2 WT4 la2 la4
(infrared . . WT1 WT3WT5 /a1 /a3 a5
light) WT1 WT3WT5 /a1 la3 /a5

Ground 1g g|| B-2

WT2 WT4 WT6 /a2 /a4, la6
LED W= WE-WTS—fatndad iab
flashlight : ' '

\
Space ug B‘

LED "
flashlight

Fig. 11. Coleoptile elongation in rice seedlings grown in Plant Rotation growth chambers in the ground (control)
and spaceflight experiments. (A-D) Photographs of rice seedlings 80 h (left) and 100 h (right) after water was
supplied to initiate seed germination. The dark-grown seedlings in A-1 and A-2 are considered to be at Stage 11
and Stage III, respectively, according to the classification in Fig. 12B. The photographs were taken with a video
camera under infrared irradiation (A) or a CCD camera with an LED-synchronized lighting system installed in
the PEU (B) on the ground. The photographs in (C) and (D) were taken with a CCD camera with an LED-
synchronized lighting system installed in the PEU under microgravity and 1 g conditions, respectively, in space.
In each photograph (A to D), five to six wild-type seedlings and /azy! seedlings are shown on the left and right,
respectively. The individuals in each panel are labeled WT (wild type) 1 to 6 and /a (lazyl) 1 to 6. Arrow in panel
indicates the direction of gravitational force.
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Fig. 12. Coleoptile length in
rice seedlings. (A) Using the
photographs shown in Fig. 11,
final coleoptile lengths were
- lazy1 measured using ImagelJ
software. Error bars indicate
SD. Different lower-case letters
above the bars indicate
statistical significance (Tukey
c HSD test, P < 0.05). There was
cd cd cd a significant inhibition of
coleoptile elongation after
exposure to LED flashlight
photography. (B) Time-course

study of coleoptile elongation
Ground 1g  Ground 1g Space 1g Space ug in wild-type and lazy1 rice

(Infrared (LED (LED (LED seedlings grown in the dark

light) flashlight) flashlight) flashlight) (under infrared light). Each

data point represents the mean

Stage I + SD (n=5). Growth stages
(Stage I to III) of coleoptiles,
which were previously
categorized as the time after
the start of seed imbibition
(Abe et al. 1994a), were
estimated based on the kinetics
of growth curves shown in Fig.
S3. Vertical dotted lines
between Stage I and II and
between Stage II and 111
indicate 18 and 36 h after
coleoptile tip emergence,
respectively.

) »
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o

o

A RNIERIT . BT ROV T) 2B LT LED 79 v 254 Mm-/TT T, HEAEL
L. BT 2 DR 30%@133%%}:71@0%: (Fig. 12A), WERTCARAMEZ 10 O/, 100 Z &2
FLTH, ShEHORKEIL15-17mm & 72 -7, LED 77 v ¥ =74 R _ctof\ HIHEFE D
BEREIX4-6 mm &7e o7z, M EBIOFH uG X T, SEEHOREKENCEWERICH 57223, A
BRETII oz, ZOMEEB I OREMARIZIBW T, BT Cid, AR L lazy]l TIIRE EN
zﬁ%t bivieino 7o (Fig. 12), Figure 4 DRE AT — Y OFRMEITILS & BEET CHhZER e » e
RENTISHRIE D 36 KM H £ TREBB L Z D Stage MITHN T2 & PRI 7= (Fig. 12B),

th EREFRIZH 1T ABHFAER - Jazyl 4 RHEH DO MIEIRIEES)

Figure 11 (278 L7240 « S COYIEM O RIFEIRBHIEENIC DWW T, LLFITR R 5, & < IZBpAER
DJEVEZE b o 7= R FERREEE S O BHAARE T3S I ONEEhERE R X EARIZ K o> ThO TR e o 7203, %
BAT—V L OEFOREE Y — LT 5 b DO Th o7 (Figs 13, 14), BT T, BAER O ShiE
Wixe v 70— b HIFERE < UTCHEIERIGED 2 Blis L, X% 12 FFEZIIIR E ek &
e, ENNBEE 24 K E E TSI L. Z0%, IREIMEIE LZ, 72720, BIRIZ L o TEHS).
K& 72 IREN T ZF% 36 FfH B (Stage 1T O i CHET) Bz, —H. lazyl OSHIEEIT, BT T, %
AEROZNENXRR DIRE Y — ER LT, T7bb, ERITRZRD DD, lazyl 1ITHFEHRI I E
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Fig. 13. Circumnutational
movement of rice coleoptiles in
the dark on the ground. Wild-
type and /azyl seeds were
sown in a Plant Rotation
chamber, and the resulting
seedlings were grown at 28°C
in the dark. Photographs of
side-view images of coleoptiles
were taken with a video camera
every 10 min under infrared
irradiation. The trajectory of
each rice coleoptile tip was
measured using Imagel
software. Coleoptile tip
movements of five wild-type
and five /lazy! individuals are
shown.

Fig. 14. Circumnutational
movement of rice coleoptiles in
the dark on the ground. Wild-
type and /azy I rice seeds were
sown in a Plant Rotation
chamber, and the resulting
seedlings were grown at 28°C
in the dark. Side-view images
of coleoptiles were taken with a
video camera every 10 min
under infrared irradiation. The
trajectory of each rice
coleoptile tip was measured
using ImagelJ software.
Coleoptile tip movements of
five individual wild-type
(upper) and lazy!l (lower)
plants are shown.
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AT = ORI O E T, BAERTH 128 43, lazyl THI 270 4y, FAEROWRIEDO K& S13 lazyl DI 2.5
BECTHoTm, ZDX I, lazyl SHIEEFOHIEEZ BRI 12 K] (Stage I OFIH) £ TOROIERIL,
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Fig. 15. Circumnutational
movement of wild-type rice
coleoptiles under an LED-
synchronized lighting system in
a PEU on the ground. The
experiments were performed
using the same experimental
apparatus and conditions as the
spaceflight experiments, except
for 1 g conditions on the ground.
The side-view images of
coleoptiles were taken by LED-
synchronized flashlight
photography with a CCD
camera every 15 min. The
trajectory of each rice coleoptile
tip was measured using ImageJ
software. Coleoptile tip
movements of 11 individuals
from two chambers are shown.
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in space. The side-view images
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movements in 12 individuals
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Fig. 18. Circumnutational
movement of lazy! rice
coleoptiles on the ground. The
side-view images of coleoptiles
were taken with a CCD camera
every 15 min under an LED-
synchronized lighting system.
The trajectory of each rice
coleoptile tip was measured
using Imagel] software.
Coleoptile tip movements of 11
lazyI individuals are shown.
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Summary report of the 1SS-Kibo utilization mission
Plant circumnutation and its dependence on the gravity response (Plant Rotation)
Principal Investigator; Hideyuki Takahashi (Graduate School of Life Sciences, Tohoku University)
January 31, 2019

Plants, as primary producers, are considered to be a basis of life support. Such plants with sessile nature
utilize gravity for controlling their growth and development including the regulation of growth orientation. The
study of plant gravity response is therefore important for us not only to understand biological fundamentals
underlying plant evolution, production and responses to environmental cues but also to obtain a clue to solve
issues related to food, energy and environment on a global scale. Of gravimorphogenesis or graviresponses in
plants, gravitropism is well known and studied. However, it has been suggested that plant growth and
development other than gravitropism are also regulated or influenced by graviresponse. For example, plants
exhibit helical growth movements known as circumnutation in growing organs, and some studies indicate that
circumnutation involves the gravitropic response. Previously, we showed that shoots of weeping morning glory
(wel and we2) are impaired in not only the differentiation of endodermis (gravisensing cells) and gravitropic
response, but also winding and circumnutation. In addition, we found a reduced circumnutation in the shoots of
Arabidopsis and rice mutants defective in gravitropic response. These results suggest that circumnutation is
tightly related with gravitropic response, but this notion is a matter of debate.

In our spaceflight experiments, Plant Rotation, we attempted to verify the hypothesis that circumnutation
requires gravity response, by using microgravity environment in KIBO module of the International Space Station.
We grew morning glory and rice seedlings under both uG and 1G conditions on orbit and monitor their growth by
a camera. Images downlinked were used for the measurements of plant growth and nutational movements, and
the results were compared with those of the experiments with agravitropic mutants.

To verify the hypothesis that plant circumnutation requires graviresponse (if it does, circumnutational
movement is not observed or modified in microgravity), seeds of rice and morning glory were germinated and
their seedlings were grown under either uG or the centrifuge-generated 1G conditions in space. In addition to the
wild-type morning glory (cv. Violet) and rice (cv. Kamenoo), their gravitropic mutants, wel morning glory and
lazyl rice plants, were grown as well. Images of seedlings were taken via interval photography and downlinked to
the ground for analyses. For this study, an acrylic chamber named the Plant Rotation growth chamber (60 x 60 x
50 mm) was designed and constructed to fit into the Japan Aerospace Exploration Agency (JAXA) Plant
Experiment Unit (PEU) (95 x 240 x 170 mm). Six seeds each of wild-type and lazyl rice or three seeds each of
wild-type and wel morning glory were sown on an autoclaved Rockwool block (10 x 50 x 45 mm) and placed in
the Plant Rotation growth chamber. The chamber was then installed into the PEU. In orbit, the PEUs were
unstowed and installed into the Cell Biology Experiment Facility (CBEF) in the Japanese experiment module
KIBO of the ISS. Onboard experiment consists of four runs. In Run 1 and Run 2 experiments with morning glory
plants, seedlings were grown in microgravity following seed imbibition and under 1G conditions at a later stage
of seedling growth (Run 1) or under 1G conditions following seed imbibition and in microgravity at a later stage
of seedling growth (Run 2). In Run 3 and Run 4 experiments with rice plants, seedlings were grown under
microgravity conditions (Run 3) or under 1G conditions (Run 3) for entire period of experiments.

For each run, two PEUs were placed under microgravity conditions, and the two remaining PEUs (for the
second run) were centrifuged at 1G in the CBEF. The generated centrifugal force was directed in an angle of
approximately 11° from vertical plane of Plant Rotation growth chamber. Dr. Kimiya Yui, an ISS crew, imbibed
the seeds by adding 20 mL distilled water to the Rockwool block using a syringe. The plant growth chamber
contains a port with a filter (functioning as an air outlet) connected to a ventilation pump by a Teflon tube
designed to remove the humid air inside the PEU. When the ventilation pump is running, air inside the CBEF
enters the plant growth chamber through the air inlet. The ventilation pump operates for 5 sec every 10 min.
Seeds were germinated and their seedlings were grown at 25.0°C + 0.1°C for morning glory and at 28.0°C *
0.1°C for rice. Images of seedlings were collected using an automated acquisition system in the PEU. In this
system, the seedlings were exposed to LED light (approximately 8.5 umol m2 s) with spectral peaks at 440 and
550 nm for approximately 10 sec every 15 min. The recorded movies were downlinked at various intervals to
Tsukuba Space Center, Tsukuba, Japan. The images were captured from the movies as mpg files using UiApp
software developed by JAXA. Static images at each time point were then obtained from the captured movies
using JAXA ipuApp software and used to plot the positions of rice coleoptile tips with ImageJ software. The
oscillations or movements of coleoptile tips were tracked by plotting the positions of the tip end on x-axis. A
series of control experiments were conducted on the ground using a PEU installed into the CBEF at Tsukuba
Space Center. The effects of infrared and LED irradiation were also compared during the recording of images of
the elongation and circumnutation of rice seedlings.



For the ground experiments, using this Plant Rotation growth chamber, the elongation growth and
circumnutational movements of rice coleoptiles were initially monitored on the ground as follows. Germination
was initiated by supplying the seeds with 20 mL distilled water, and the resulting seedlings were grown at 28°C in
the dark. Seedling growth and movement were recorded from the side using a Sony Handycam digital video
camera on night-shot (Infrared) mode under infrared light irradiation; the wavelength was longer than 750 nm
with its peak at 940 nm. Movie images of dark-grown seedlings were obtained every 10 min with this camera
attached to a video-camera control timer (Model No. 5500; Soyou Laboratory, Hamamatsu, Japan) developed
specifically for the Sony Handycam. These side-view images were used to track coleoptile movement by plotting
the position of coleoptile-tip end on x- and y-axes using ImageJ software (NIH; http:// rsb.info.nih.gov/ij). The
distances by which the coleoptile tip deviated to the left and right as seen from camera were described as negative
(minus) and positive (plus) values, respectively. Circumnutational movements were thus evaluated and compared
with the periods and amplitudes of coleoptile tip oscillations.

In onboard experiments with morning glory (Run 1 and 2), unusual irregular seed germination resulted in the
loss of adequate filming time for hypocotyl circumnutation. Hypocotyl movements in the obtained images were
too small to show their circumnutation.

Using the agravitropic rice mutant lazyl and space-grown rice seedlings (Run 3 and 4), we found that
circumnutation was reduced or lost during agravitropic growth in coleoptiles. Coleoptiles of wild-type rice
exhibited circumnutation in the dark, with vigorous oscillatory movements during their growth. The gravitropic
responses in lazyl coleoptiles differed depending on the growth stage, with gravitropic responses detected during
early growth and agravitropism during later growth. The nutation-like movements observed in lazyl coleoptiles at
the early stage of growth were no longer detected with the disappearance of the gravitropic response. In space, we
began filming the seedlings 2 days after seed imbibition and obtained images of seedling growth every 15 min.
The seed germination rate in space was 92% to 100% under both microgravity and 1G conditions.
LED-synchronized flashlight photography induced an attenuation of coleoptile growth and circumnutational
movement due to cumulative light exposure. Nevertheless, wild-type rice coleoptiles still showed
circumnutational oscillations under 1G but not microgravity conditions. Small nutation-like movement in lazyl
coleoptile at the early stage of growth likely disappeared in microgravity. These results support the idea that the
gravitropic response is involved in plant circumnutation.
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3. EREE - EH

SEBRA4 KL% Dragon SpX-5/CRS-5 T ISS 12 H EiF 512 7= 0, 2014 4511 A 18 H»
B RT 4 — A=A ¥ — (KSC) IZCREHEMIERZLE L-, HEEE I,
75y hOFT EBIENRE L, BHOTETHD 12 A 16 BT EFHE3K 1 4 HIEH]
S, 2015 H 1 H 10 BT B oaviz, ABHEEE®ZO 14 HIZ ISSNTOT &=
T U — 7 O DV | HRDHER S D E TOR], #ul EofifusiEE (CBEF)
WEBEyT&hote, ZOH 1A 21 B E CEBRBBDIEM SN RERo70, £
7o, FEBRBALARTORBHRAEIREIL 4CEZR LT e, ik HMmEE (GLACIR) @
ALY, —RFHIZ I0CRREE THIE L7, 207, POLOR ~ L B#) LI~E % i
J7z (X3.1), WL ONBEENOREICER L7zt DD, BEEK TRORTR N v 7 Ok
TEEXIEIMNOD AT THERZ L2 & ZA(X 3.2), MHAEITEEICKELTWS Z &
ISHERR C&E T, A HARDARIR - IRAFZTD < ERT D52 LB TET
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3.2 A {REFEHZ DAY 7 NOBHROET

FBGUEHE, FT RV v (A, KAy 7 (RBEAY) TSN TEY
Wil E T ot M oOBEAR — RO EEER Ny Z IR ETEAT L L TEFE
Bifh L7z, CBEF NT 4 AFLE 20CHE Lo, WRIMROFHROLEE LD =D
TANH— #&méﬂtﬁzf THEEHNT, FRIRBKRO —HZ2H e # Ny

7 ~REZAENTE, AR Z T FANR Do TR IR, 85483y 7 & MELFI IZT-95C
THRE L7, DARE B [AIERIC CBEF INTC 4 HEEEE 20°CH 28 L=k, MAMEIHRRICE S
MG Z 3[R D R LTz, A& HRIC W T, B8 v 7 NIC DMSO ik & 1A L,
FEPREE 5%\ CTHURERT LTz, 7 v —% X 3.3 TR Lz, & HROB# R 0 A&
X, #3-LITOR L, k. $UE EEBREEORE T — 213K 3.1 1R Lz, B, 5
FIREILFHERY Th o7z,

A:Sample
TENDD
(with synchronized 9000 L1 larva)

B: Experiment Start C: Cultivation D: Passage

Tix stage
Adult and progeny(L.1-2)

Filtrated next progenies
(L1 Larva were inject by 10 mm mesh filter

*> Culture bag)

it AT

(containing £ coli OPS0 ODax=5 )

E: Fixation

Re-cultivation
The remaining
sample were
4 generation samples Frozen
by 3 times passage
Inoculate the progeny

into the new bag.

3.3 Epigenetics & F5E5R 7 = —



# 3.1 HE L FERE RN

1G uG
1R H 4d + 18.5h 4d + 18.5h
2 AR H 4d 4d
3HARH 4d 4d
4 IACH 4d + 1.5h 4d + 2h

4. EBERBLUKR

4-1. HERGSUIC hda-4. sir-2.1 ZERIZHEITS5FHUGC BREICHSETRFRELE

4-1-1. FHuG BREEICIGE T 5 SIR-2.1 Ol

RiflE] 30 L 7= CERISE FH BT, BFAER N2 238 L1 S5 4 HOpuG BB CThllE

L7zp L BE | 1G BREEF & OHBICHBW T, Bhob o U —HIIRNEDRE 72 5
Sir-2.1 BAnF OB 2 5L FTIEH 2P AREICHE LT 5 2 & 2R S (K 4-
1-1.1) . Walker &% 5, sir-2.1 A= T OWBFIFEHUZ LV fat-7 BAS T OFIMH] & & 612,
BREAGNICER T DIFEEROK T2 HE LT\ b, FA7=Hix, CERISE FHuG BEE D
FBICERWN T, ARRICHAEE DR T HHER L TEY, 2LV THhORRENL S
CERISE FH7 7 A FH o 7 MZBWT sir-2.1 BETOIEHEERAE T TND 2 & &5
SABLTER 2 (K 4-1-11), ZOFHUG BREICH T 5 sir-2.1 OIFHAL S FELM: R
<, SR TR OND b DONED, fat-7 Bl FHEOZEEBHIIHO>NT, K
Epigenetics EBRIZIB W THEF 2L 2 A N2 72 5 ONC hda-4 ZBIRTIIuG BREE T
fat-7 Bz FOFBURT & sir-2.1 KPEZRETEIR—RA LUV TOFRBED LH2 5
NG BREIC L DMHENE LK F T2 & bR L7z (K 4-1-1.2), PLEORER)
5. CERISE 72 & ONZ Epigenetics DWW LIV TH, FEIMER < | FHuG BR5E Tl
SIR-2.1 DIEMHALBRA L T fat-7 XU & T2 BB T RBUCEEZ KT )
—HIRSENFEIND Z LR R I,



sir-2.1 expression was activated under

microgravity condition.
GMA microarray analysis in CERLISE exp.

0™ | g
(ng / 16) (p-value)
sir-2.1 0.53 4 0.00012
fat-7 -0.38 0.010

1

B il

e we  Fat cont, reduced
Walker A K et al. Genes Dev. 2010:24:1403- ml |
Bars = B0mm

4-1-1.1 HijlE] CERISE FH FHEBRICA H7-pG BREEIZ K 5 SIR-2.1 OIE AL 2

SIR-2.1 is activated by space microgravity and represses fat-7.

fat-7 encodes an essential deha-9 fatty acd desaturase that is requined for the synthesis of
mansunsaturated fatty acids.

fat-7 expression levels

2000
; Il Em

1G 1a 15 2o 16 3ecd 15 &h il 151 il 2nad g 3d igla Aths

WH? mhda-d mae-2]

Plerg BCA el
AT TS CEpT OV

Cmm

1G T
MWW = W
fat-7 off

far-7on

4-1-12 FHpG BREEIC X D SIR-2.1 OIEMEAIIAFEHER CH A B2 THEL



4-1-2. FHPG BREIIGE T 5 HDA-4 Ol

SIR-2.1 |2t =, FHuG &L T hda-4 B2 LV HIE SN D BEFREDPFET D
7, AR/ 5 TONC hda-4, sir-2.1 ZE SR DA 2 48 2 - M8 ERA 72 B L R B O fiR
Wi 7z, ZOfER, hda-4 ZBRIRICE T, BAR N2 <0 sir-2.1 Z R L ik L
TVIGEREE T TONR—A L~V TORENE L, FHuG BETL Y RE{FEshd
REBERIND T20D4.11 Bl FIZ L OKHON DB FREZ R L7 (K 4-1-21), £7-.
INHEMLFIE. BV RO EO 150 kbp DFEIKICIAL B Tz (K4-1-2.2), Zih
DIXBFAER N2 IZBWTHFHUG BE COT M TS 2D BANFLEINTNDH &
15, WEEHDA-4 Db X U7 B F LR OB X2 LY, R L~V CEEE T
HENAICMZADN TWAIEETHD & 2 &, SHIZ, FHuG OREIC L ) AEKT
OB FRIBUTIED FAICFEE S 11, hda-4 2K TE OFENIEE /2 D EE O8I
THENICHEBRNFAET D Z BN o T,

1G: st 2ed 5rd g g et Jed G g

=

hda-4

sir-2.1

o s il il it mstmiali —
T =] i LI T Xl FEL . ML 38
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q Chromosome V 50 kbp
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4-1-2.2 HDA-4 |2 L 0 AIZHIE S FHUG THRE EFT 25 V YO RER O 5 1R

FIERIZ, FHUG DN hda-4 ZRBIC L VBEEICR AL FREZHME LIz E 2 A,
EADLOEV D TR X RICES TEBOBG RN 522 —8 U TIEE
T 52 ERMER SN (5 4-1-2.1),

7% 4-1-2.1 HDA-4 2 XV AICHIi S FHuG THRE EH T2
YR BB A T T AL —

hda-4 (Gene Lavel) 1te £ @ 2R flugyd | Lhiged-]
~ |Chromesome lecation J1|Fald € - [Log Fi - [Regul: - |Fold € - |Lag Fi - [Reguli - [Feld € - |Log Fi - |Reguli - |Fold € - |Log Fi - |Reguli -
TOREIL 10 ical protein 1:12345819..12347265 1:13.15 /- 0.000 cM | 243 | 1.28 [up 08| 203 Jup 385 184 [up 122 | 0.29 jup
oac-45 0-AC; homalog 1:12353506..12356337 113,16 +/- 0.001cM | 213 | 104 [up 207|105 [up 2892 154]up 161 0.58 [up
oac-44 0-AC; hemolog I: 12369341 1:13.16 0.001 cM 248 L.31 Jup 191 0.94 [up 215 L1l Jup L51 0,60 Jug
[B3GNTL, Beta-1,3-N-acetylGuccsamiNyiTransferase 1, h1:12374206..12376649 1:13.16 138 | 047 [up 1053 340 up .76 .29 [up 9.65 .27 Jup
GLYcosylation related :12379335..12381032 1:13.17 +/- 0.003 cM _tﬁ_i 28) [down 4.70 23 [up .41 .07 Jup 6.50 .70 Jup
GLuCuronosyl Transterase-like :12385766..12388791 1:13.19 +/- 0.003 cM 50 58 |up 1069 | 342 Jup .85 .14 [up 845] 308 |up
T1506.8 protein :12389760.12391004 1:13.19 +/- 0.000 cM .37 145 |up 10.72 342 Jup .37 .23 |up 1.55 .92 Jup
T1506.10 protain :12394120..12396322 1:13.19 +/- 0.000 cM AL 53 Jup .37 | 75 |up .78 .26 [up 431 11 Jup
T1506.11 ical protein 306644,.12306267 I:13.19 +/- 0.000 cM A3 51 [up 23| 208 Jup 367 87 up 278 AB Jup
ical protein 1:12405110..1 2404489 1:13.19 +/- 0.000 cM Ly 0.53 Jup 513 2.36 [up 407 2.03 Jup 495 231 Jup
protein It 12406546 1:13.19 +/-0.000cM | L54 | 062 [up 362] LE6Jup 285 151 |ue 192 094 Jup
nypathetical protein 1:12407664..12411435 1:13.19 +/-0.000cM | 147] 056 [up .78 48 [up .19 13 Jup .39 .26 Jup
protein 11:3825661. 3827879 1-6.21 +/- 0.000 cM (interd .55 _I.éd up B .53 [up 37 .24 |up 88 .91 Jup
Fa1G3.20 orotein :6749793. 6751029 11:0.07 +/- 0.000 cM (interp, KT 95 [up 14| 110 [up 61 138 fup 19| 113 up
C23G10.11 pretein "6215164.. 6215576 - 1.41 +/- 0.000 eM (inte .24 31 [up a7 LE? |up .54 | : 18 Jup 56 .36 Jup
Y5TG11C.40 protain IVi14703209.. 14704255 IV:12.38 +/- 0.000 ¢ 97 58 [up 385 _.8? up 3.00 | ! 59 [up 45 .30 Jup
YSTG11C.46 ical protein IVi14813141..14816388 IV:12.52 +/- 0.000 ¢ .33 _IAU. up 3.62 B5 |up 3.02 .59 [up .28 _.19 e
M135.8 ical protein IV:165133835..16133999 IV:12.84 +/- 0.000 | 200 00 Jup 2,65 40 Jup 243 15 [up (1] .23 Jup
fipr-1 FIF (Fungus-Induced Protein) Related V:12361301..12361839 V:4.02 +/- 0.006 cM L1l 0.14 Jup 271 L4 |up 2.27 LI1E |up 3.08 162 Jug
cpr-2 Cysteine PRolease related V:16533004..16534110 V:10.29 +/- 0.015 cM 18 | 0.24 |up 17.87 | 4.16 up .54 09 |up TAl| 289 |up
ZK21E5 ical protein V:17101132.17102017 V: / 58 | 066 [up 95| 198 Jup .4 77 Jup 48] 210 Jup
ZK21B.7 protesn V:17106783..17106656 V: LBY 52 [up 62 B [up b} B9 Jup [ 7] .00 Jup
ZK218.11 protein V:17107530..17108418 V: .31 39 [up ¥ii 65 |up 7! .24 |up 2. .39 Jup
egas-3 IE_plus ASC domain ion channel V:18628680,. 18636348 V17, ¥ 19 [up AT | 16T Jup 3.81 93 fup T LTT Jup
ard-2 GRounDihog (hedgehog-like family) V:20604752..2061 3929 V-2 51| 058 lup B3] 055 Jup 214 10 fup 1 .19 Jup
C3188.4 ical protein V:2696657..2698454 V--12.86 +/- 0.000 cM 08 05 [up A5 | 262 |up 5,63 51 Jup 16 37 Jup
C36C5.12  [UPFO376 protein CI6C5.12 V:3158406..3169166 V:-12.73 +/- 0.000 cM 112 016 |up 2.88 L53 up 239 L25 Jup 234 1.22 Jup
T2BA11.16 |hwmmal protein V:3268372.3269218 V:-12.43 +/-0.000cM ([ 300] 159 [up T .23 [up 908 316fup 39 .43 Jup
T28A11.19 protein V:3Z68E09..3269510 V:-12.41 +/- 0.000 cM 62 85 Jup 15. 392 |up 1492 390 Jup 1127 49 |up
T28A11.20 protesn V:3271395..3273266 V:-12.40 +/- 0.000 cM .73 52 |up 62 Jup .99 _.Sﬂ ug 7 .75 Jup
T2BA11.3 protain V:3275333..3276110 V:-12.39 +/- 0.000 cM _3_1_ 21 Jup .12 |up .56 .36 up 4 .90 Jup
T28A11.2 pratein V:3280379..3281160 V:-12.36 +/- 0.000cM (1 233 [ 122 [up 3 .71 Jup 90 54 Jup 45 .30 Jup
C17B7.9 ical protein Vi3330015..3332113 V:-12.14 +/- 0.000 cM .54 B2 |up 543 _.d-l up 14 .36 |up L .21 Jup
C17B7.4 ical protein V:3339548..3340092 V--12.15 +/- 0.000 cM A0 214 fup 15.16 52 [up 10.72 .42 Jup 783 .87 |up
C17E7.10 ical protein V:3340179..3342006 V:-12.13 +/- 0.000 cM .69 254 lup 1138 351 |up 5.12 261 Jup 6.64 273 Jup
T2004.12 _[nypothetical protein V:3397065.3397800 V:-11.82 +/- 0.000cM (| 780 | 296 [up 72| 224 up 389] 196fup 443 .15 Jup
T20D4.11 Ihypu\mﬁcal protiin V:3398690.,3300640 V:-11.82 +/- 0,000 eM 319 &8 Jup 66 EEET 7.35 88 Jup 83 5 Jup
T20D4.10 [hypothetical protein V:3400262..3401063 V:-11.81 +/- 0.000 cM _ll_ 07 Jup .05 _-34 ) .12 | : .36 Jup 5.42 .44 Jup
sm-1 Serpentine Receptor, class N V26262920, 6786434 V:-0.19 +/- 0.001 eM 60 58 |up 62 66 [up 66 .50 |up 347 .79 Jup
C03G6.5  [UPFOITE protein CO3GE.5S V: 7365251, T366204 V:0.72 +/- 0.000 ¢M (interp) T2 79 |up 48 .60 [up .80 49 Jup 21 15 Jup
srbe-12 Serpentine Receptor, class BC (class B-like) V:848499, 851332 V- 10.65 +/- 0.000 cM B2 .87 |up 22 115 [up .28 18 |up 79 .84 Jup
C€35c58 | ical protein ¥:11534004. 11536574 X:4.35 +/'- 0.000 cM {intd 3 043 |up .58 248 |up .52 .34 fup 45 .30 Jup
zig-3 |2 (Zwei] IG damain protein ¥:7930738.. 7931808 X:-0.94 024 cM 1B0| 085 [up 813 302 [un 355 | 183 fun 549 [ 2.46 |up
ME0.7 hypothetical protein X:8266149..8261176 X:-0.24 +/- 0.000 eM (i 146] 054 [up 519] z3up 261] 136fup d42] 21duo
FPOBEFIER. DUF-LIFXA A »ERTIHETH

ZNHDE TR ARIBE T TH L0, 2N THHE V YA o T20D4.11 Eis T
13 U OO 18 P FF A 2B RE AR DUF-19 RAA V2R T 54 R0
Za— RLTWe (4121 K5, M4a1-23), ZORAAL T 1RO AT A
FRIELDMEAF S, — RIS D D AIRAN i 2 v R 7 T L PR S L, 95 O Paralog 737/
A BIZHAET 5, BB, SR OEBEFHMaC A B /2o ) —=2—m TR
Lbivd,
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interpro:

*B.UF.JIQ.A

pfam:

— DUF19.

pirsf:

Paralog:95in C. elegans
Ca. 200aa

DUF19: The domain contains
12 conserved cysteines. which
suggests that the domain & an
extracellular domain and that
these cysteines fonm sic
intradamain dizulphide
bridges. The GO annotation for
this protein indicates that it
has a function in nematad s
larval developemant.
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4-1-2.3 C.elegans 7/ LIZHHDH DUF-19 R A A v Z2HT 5l RE

DUF-19 R XA A > &9 HHEBERIE AT OIEM %

5 HEY T, T20D4.11 BT %

it O ARBE 5 BB EAG F myo-3 B — X — & W CREIFREL S B, ZORE. 4
HLL M CORBEIEERS vulva BEH LT R EORFZBlET5 L L b, &
BIZAE LI RIZB W THHRENABEIIE T2 2 L3R S, REETOBF
HEUIREZAICHIET 5 Z E B8RSz (K4-1-24),
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T20D4. 11 overexpression inmusclecelks
reduced body length and growth rate.

Frequently abnormalll arrest and pvl
phenotype appeared.

Vector control T20D4.11 over expression line

[X] 4-1-2.4 DUF-19 KA A > & A7 % T20D4.11 OEFEPRBIZ L D
BREOEREKRT (BE) LlkEMH (FTE)

EHIT, INOLBEFORALHE L XA N AEMOTE Y =X T 4 v 7 Bt Z R
RLHHMT, EAXARNCH3D K27 D~ U AFNAL%E T20D4.11 EinFD 7' 7T — X —1H
W GEfsFMEMER) 1G1 & 1G2 128\ T ChIP iLIC L W 72, Z DR, BAR N2 &
Lol U C hda-4 ZRATITHEIC B U A F IHULOREMEL TnDE 2 &, &I, 2
D b U AFUACITTHUG BRIE CTHEICHMT 2 Z L nBlE S (M 4-1-25), uG 85
WIS LTy = X7 4 v IV R EBIR T RBLOE#H Z T LD TR A D Z L ITHY)
L7,

E AR H3K27 D kU AFIAITER G A MG T 5 HmO= vy = 327 1 v 7 12284k
THY, BARTII hda-d BRIELD ZDO U AF LD L-ULBR L TRV &,
T20D4.11 DFHA L VA LN TWDIRI E —ET D, — T, WTFNLbFHuG &R
TARBBFREN EAT2ICHEDLT, 2o M) AF/iFidicmE L Tnws 2 &
. 2D~ U AF UL L~V DZEAETZ T CHAIZ T20D4.11 i As D3 Bl DO HE N % 7
32 Z SIXTE R, 4R, T20D4.11 #1X U & T 2B T EEA E A Uil A T L
{ERES jmjd-3.1 72 & ONC jmjd-1.2 Bis T OMEFREBUC K> CREFEINDLZ &, Zh
5 jmjd B FORBGFEITII bav R 7 OMREEEICL > TEL D 2 & SITERS
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ENTED 8, ZNLMATF MR EZ GO Y 22T 1 v 7 REENFEHUG B
BICBWTAL, BEFRIOER,. &5 03I EF 244~ < Hri- /s H3 K27
D kY AFALTOHE LIz FIREMER B STz (X 4-1-2.6),

— 5T, ZORBICHE LN B Y AF LD T, RO L1 ghficisn iz
BAVT. B4 - ERERE T, MUNENORBIZ Lo T, ToHRNTOE{LTHY , T
RiIZBW IV Yy hahbd Z Ebbholz,

Histone H3 K27 tri-methylation levels of intergenic regions, IG1 and IG2 (promoter
region), of T20D4.11 gene decreased in hda-4 mutantin each condition,compared with
N2 wild type.

In addition, the levels increased by pnG conditions.

1G1 1G2
0.0100 0.0200
nG 1G nG 1G
.....
0.0150
060
0.0100
o Anan
0.0050
0.0020 I
0.0000 - 0.0000 I I
M2 (B3) hdz4(C3) N2(G3) hda4(3) M2 (B3) hda4(C3) N2(G3) hda4{3)
trimet trimet trimet trimet trimet trimet trimet trimet

4-1-25 T20D4.11 @ b7 v &—& —fElk (B{sFHE IG1 & IG2) ITAiAbidE R
o H3K27 U A F AR DOZA, & 3 HROBMBLRD T T A4 M T fift, F
HuG BREE T, BFAR N2 72 5 ONT hda-4 Z2EKIZIB VT H3 K27 D b U X FAbs i
L. £70, BARN2 &g LT hda-4 ZEEIZENTIEZO b U A F b L~uEndi
HALTF LTz,
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Microgravity?
Mitochondria
AN N
s ] L2z
j
N2 Nucleus
H3K27Tme3  MFUMID-3.1  H3K2Tmet :;.,R;m
me3 4 mip-1.2
me3 me3me3 me3mel mel —
me3 Inactive Active
me3me3me3 mer%eénelmﬂ
1G nG e
IMID-3.17? 400
IMID-1.217?
- 300
hda-4 .
me3 me3 mel mel me3 )
MW = WWW |
me3 me3 mel me3 100 )
1G nG I | N P i
IMID-3.11? 0 - N
IMID-1.2°? T2004.10 T20D4.11 T2004.12 T28A11.19 C1787.4
N2 mjmjd3.1+ mjmjd1.2+
Merkwirth et al., Cell (2016)

4-1-2.6 FHUG BREICABND B A F 2 H3K27 b U A F /LB DL &
fiit 2 F AL EESE IMID (1 X B3 BLHIEET L

4-2 FEHIGC REICHTABHOAEREL
4-2-1 BMP * TGF-B 7 F /L DpG BEEIC L AL T

fijlal > CERISE FH EBRICB W THLE LD 16 L uG & OBREETH - -k i & bl L
fo b A, WEKIEBRFOEECIRIEAME T2 & & IS, (REEFHITIN X T, M.
Mgt~ N v 7 A FaT 0o nad—rr R SR - ¥ 37 E,
BROENNZZENDLZ A — FT 28I FHEOBILNVPFREIE T T L2 /L
27, 6T, MEOERELFHEWG TIFARICES Y, TOERKE LT, KELXEID
FHEIT 5 BMP « TGF-B7 7 2 U —® DBL-1 ¥ 7 J/MRERNUG THIH SN D Z &0
BEINT 2T,

% ZC Epigenetics EBRIZHBWTH, HEMERS LD, DBL-1 O Tk TH 5
rol-6 <° sqt-1 &5 1 (=7 4 7 V2T —4 ) OBFAR N2 725 N hda-4, sir-2.1 &
FAROWE | 1G L pG 4o 7o 4 RIS h - 2 BB LT 2R ~T-, TORE, 5 2
HARLE T TNORFIZIBNT S, FHuG BRETOMEBIZLY rol-6 EisFDIE
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NI EN D Z ERBE LMo (K 4-2-1.1),

_ BIVIP TGF-3/DBL-1 is down-regulated by space microgravity
\ and represses its downstream targets.

rol-6 and sqt-1 encode essential cuticle collagen genes regulated by DBL-1.
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BEHREOLEIZL > TDBLL 7 FAREB L2 Eanh, i ETHikAEE o
RE (HoKE) ORtEZZSE T, IIFMARIZE U T DBL-L v 7 AnZEdhd 2
DD D FEREIT T, TO/MF., FRKER S TKMEZ NS E 5 & DBL-L &7
TN ERT 2 EEWLN LT, BREBIXZESR OISR D ONS KRR A
BIZRESNTEY | HEES -ETHIIE, 50K E SITEEMZRERIZE 53K
BENHMIE Z LI TCTE )N, FHIZU DM EEBROE & LT, EITE S 520
WS DBL-1 241 L7z 7 P AR 2Rk L, 2O/, AMEchorRkaT7—5
ROREER OF BRI L, A bIEMEL S 3L, 1T, pG O FRIRIANZ LR
L TIEBMP « TGF-B 7/ VRS DIEMENME T T2 b0 LB SN T,

4-2-2.Catechol-O-Methyl Transferase (COMT) i&fn+ D FEEIZEH)

#rB o> DBL-1 1%, EICHEEARIRGR 213 U &3 DiEEit, SEE O 2 S
BOMBAILIZIB N THIL TWD, DF 0, MEOE IR OISEITIL, 2 b
A% L7z BMPITGF-BY 7 FABFIET Db D EWZ D, £ 2T, JIFHIRIN G
HEENHRRIZ 1T D DBL-1 OFEBIAENCE H MR ZEOMBEN K25 & LTHITH
N5, CERISE FEB7z & N 4 o Epigenetics F2BrIZILE LT, pG Oo% > 7 /L CTH
PR < F—s82 v 043 fiRIZ B4 % Catechol-O-Methyl Transferase (COMT) & fn+ D3
BMET 222 /A L7z (K4-2-21), ABEFHRBULF— "I 2/NT5 L 1
HL7Z &b, FHuG THRE LTEMRABTIE R— I VEOEK T4 U TV 5 Al fetk
W RS (K 4-2-22), £2°C, 3D 7V J A¥ v & W8l E B
FCHBZKE SE T, COMT BB FORILORIHREAD F— "IV BOEELIT
ST A, 1G OFFESMEHEE LT, 3D 7V J A% v hOH T LTk COMT i
BT ORBNMETFTHELHIZ, F=IVBL WBUFOLUCETIRFTHZ &
R U (M4-2-2.2),
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COMT-4 is down-regulated by space microgravity.

comt-4 is an ortholog of human COMTD1 (catechol-O-methyltransferase domain
contacting 1) for dopamine degradation enzyme.

comt-4 expression levels
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comt-4 is induced by exogenous Dopamine application
and also down-regulated by clinorotation.

Endogenous dopamine levels decreased by clinorotation.
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TORBERBBUKTRHRE S, uG BEIX~ 7 ADOMANIZB N TH =3I vV EXK
TS ENMABENTND S, F— I F, ROERK, FH TN T, H#Hillh
M OFRE 2D HEARAMRGEDE THY . MBRICBWTHEET I AT v 7 vy
— L O DI NI & TR 3T BI85 & rTEME, oA B AE S EB) 7 1R o
feffi, X — OMELREICEDL ZENMLN TS, T74bb, FHuG BE T,
<A, BEOWTRYL ., T OEERREEICBW TR & OB Z Sh, &
HNCIE D 2 AT OIS, F—33 v OEAZIKT S8 72 Al fetE s ik < Rg
STz,

FHMTEY T ALHBHBEOUG 25N 3D 7 U A v MEFECHEIc TS D R
— RO TR, 1G BE TIISARMICAE UK (KM & ofnkbh, Wb
2 fil 5 D R W D IR T IR R L 72 ATReME A $2PE LoV, EENC K D F—sN3
DRI Z T, FEOfRTERPLTT v b O[T F— 32 V38842 &
IME B L H V| uG BE CITEINIMN X TR 2 M9 2 LA, MR A DT
RS, A ORI D 72 51 EBar OREREIKN T, S HIT, R— 33 U3FE O agREIC
HLEET, ZINOHOEEKTY 27 OREBEHC L ORN 5 B0 EELZEINT,

FHUG RIEICHITHHRH microRNA DFEIREE)

FH IR TIX, A48 14 B £ TN=2 TREZH/ WD, £, FlEfERE LT,
1A HB L4 AR E O 1 FEHZ DWW TEKD mRNA BEHABZ~ A /727 LA T
v N IEAT Uz, R S 4072 227 miRNA (I22OWCuG #E IG BEx b L= & 2 A,
X 4-3.1 1T L7z X 2o, WA TR EZMDT, MUNE T TREN 2552 KE<
BMZTCT vy 7 FXal—rard 2000 EERD b, BREKEERDSMERL
7o ZOREROEBESD - OICERH AR OFE & AT L7 S B S S
MmoTo,

2T, WIZERFEEEARORE 2 FV /- RNAseq 1£I1C L AT 21T > 72, X 4-3.2
(2 1 A E TuG - 1G M CTRENZL L7 mIRNA 27 /L% 1V 7 (Delete count 0,
fold change abs>1.5) L. BEOT v /L Fal—rar bty Fal—var
ARV EAERL LTz, ZORER, 2 TOKRICILE L THRELO 232 6 D)% 3miRNA,
TN5 LD 4miRNA Boho7=, 4 mIRNA 4133 4.1-1 1x LT, Fexid, #@ED
FH 5Bk CERISE T%H miRNA Offfr 217> TEY, oL x, 1A, 2#HREE
TOMBAEZHTWD, 22 THENIZZEILT S mRNA ZEEE LR, SEO
Epigenetics &R & —H T2 L DIIE LN T, SHIT, F 4 U ETHR T LIZFH
BROMENT 21T o 72, T OFEHE, %8 U @45 mRNA BT 25 Z & i372n-o
7o (3 4-3.1), BRI, HARE 8 CTEMT 25 miRNA ORISR A [X] 4-3.3 127 LTz,
Z OFEFIT, mIRNA OFRBUHIEIIIARZBL TEC L2 LRz A LR, HRTE
== THY, Yo TV TDHA I TR W RREE AT — Y DENR, nG
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UP_lst_N2

Mir-791
Mir-250
Mir-8199

UP_lst_hsa-4

UP_lst_sir-2.1

DOWN_1st_N2 DOWN_1st_hsa-4

DOWN_1st_sir-2.1

Mir-2212
Lin-4
Mir-797
Mir-358

4-3.1 miRNA fEHT

MrIERIEEAY 7 1 IR OFE B L fe: FEBUEIN, A B

# 4-31 FRHBRILETEL L2 A RO miRNA
upP DOWN
1K E mir-791,mir-250, mir-8199 mir-2212, lin-4, mir-797,mir-358
2 t#KH mir-239a-5p mir-75-5p, mir-235-5p
IHAREB - mir-37-5p, mir-38-5p
4 HKHE mir-4920-5p mir-243-5p, mir-797-3p
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UP_lst_sir-2.1 UP_4th_sir-2.1 DOWN_Ist_sir-2.1 DOWN_4th_sir-2.1

2 4-3.3 miRNA f#HT R o AR o 5 B A L
e BB BRARRK BN, A BB BRAERK FBLRD
e B hda-4 Z8 B0k FEBUEIN, 4B hda-4 28 BRI SR
e T B sir-2.1 22 BER BN, 47 B sir-2.1 R R ELED
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FHUG BREICBNT, D72 &b 1 oD X b7 B F LR HDA-4 23 E
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72BN A R H3 K27 7KED Y A FIALDOEENZ L V6N L, ks,
ZDORU AFABIE, IO LLSTHIZBW TR By hSfvTuz,

£, ZD 1 OO FEE T T20D4.11 1TFHuG BREEICB W THRIAN LRI 5 2
L. BT, ZOBETFOBRIFBIIEECREAMET 5 2 & 2FBUC A Lz,
FHUG BEICHB T HETIE, 22672%1ESD BMP - TGF-B 7 FANME T 5 2
EERBMNI LT,

TEY 2 XT 4 v ZIZHE STV T20D4.11 OFBFHE N2 T, EBfRE A
LR S5 BMP « TGF-B 7 LMK R L, FHuG REIZHB W THRIAO NG
DREFZEMZ D HFINAERT 22 2R Lz, ZOZ L, pGlE, o722 Xz
BDINBERT 2 Z E B Wb ZBERMEMRZEMO OB TTHET 5 & &bz, ik
B () bl S s arREE 2R <oRme LR E V2 D,

FH UG BREEZ b OB NENBREI3D 7 U J A v b & AWZERICE N T,
WIS R= I U I ARKRFT 52 L 2H 600 Lz, 77 O BION-M1
EHWE 1 ABORMFHEE~Y 7 AOMIZBO T HFEEKIC R—X vy 7
NOKTRMESINTEY ., EfEEtlz - BdtE SR Sz, FHuG RE T
MRS E LK TFT52 812k, R—=R"I v v T AN T 58721
ATREMEDS R ST,

microRNA DHEFER 72 FEBUFEAT 2 FEhE L7223, FHuG BREEIZIGZ L 72 microRNA
ORBIEETAHET, FHUG BREINE Loy = 2T v 7 72HlHIT E
e X b UERiE N LT b ORTLTHD 2 EDREBSNT,

PRI WFFEBAR Y WNCSL CTTo @B (7B A7 A4 7 V7)) & DOXIRITON

CUTICE LD (F5-1),
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ERHLNTEY ., MUNEHBRBICHET 2012, LA MEGFRIREEAFTEINTIVS
ZERFEEINDD., CNFETIEIBTORBHIH LI o110, TOFHMITBITIN TLVLY,
—ARIVATIE. BIRICBT5FRBRENMFOREICEZEZRITTL. TAHHRZEZ TS
EIh B E(SE M 1: Waterland RA et al., Mol Cell Biol. 2003) , * X5V rDIFIZxt 3 B %¢
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BENEEE S 510, RY A XDt ERFEDOHEE 10 FOFEEF (S5 m)OED#EEZRNT, AL
149 BE* TOLBETL., ¥ORIIHT S 15 cm BOEF RO Z B4 2rEEL-, EhiED
BTIE.BR\ABT7T—CADENDENTELN., PR TD Fos IR ERE. REXZILGEDE
KIGE(E. RERDEEEHLLGA ST (BUR - F4MT3%3C 1: Morita et al., PLoS One. 2015) ,

*HZ 15em EOEE 77 rpm, FF 15m RO 24 rpm TY—U R (BRE) [SHENT 1g DEDAEAD

IEENTEEINE, T—DEIEEDAIZEVET URSEE T i E 1g EOERAELTY—CHNEKRE

AR 1.4g DBEHELD,

SHIC T E-EREBEOBEHDEELXREI LI TL-ERBFEORKAZEHFEELI=2 5
D 10 g BFTIZKY. plasma corticosterone [FEALF=AY. 90 R & ICILRHMEICEIE LTz, &
BELEBETENTHA LI, T, MIE AST & CK [IELET . HRCHRBOS A—2F
BWEDERDLND (R -3 4: Morita et al., J Physiol Sci. 2017) , ChHDFER (L, 3T
L-EURBEOBENEROFEIL—BETHIEETRETILEDTHD,

3. 3 ER%H
JAXA [2E2THHTONEMIYS a0 THY ., HERAREEICNZ . YO RADEEEHRIC
B9 5 ERARHEFITHEELT-,

3.3. 1 ZELLUEREM

BB CEERT LN ERBAEEAILOICAERSN-FIEEELEIC. TERTLIE
MThnfz, B8 LRERICH F CRERIBFEEZE=AL. BEEHEIC IAXA ERF—LLEE
L. RSP BTS00, XBF— L BIREF—L. BEMHF—LE IAXA BRF—LE
EBITozal—avilgE=IT1=,

3. 3. 2 EREEHRIKH

Syl a i, EREVEFEMEZESD 5 FOEBEMZREL. LB LMSEFIUYY
JENERT—CDEZAMB (DEKEL 17 —DICDE 10 DRE., F—V DIRELTLEOE
RICIELCTER) PV EEZEIC. BHEV I ADERREDERFTILELI-, EEE-1E
KB TETWVEWVEESNE L TREGR AN BELLDGEICHA. FEOFHERITLIOMHE
ERTVa— VIR AR B (B AREFREFAT O BFEE) FTICHERERZADHILELZ BE
LOFERITLIEND LA THEEETOTLAN, B LLELRIEICDOULVTIL 24 B LA N
DBEMIZERT HEF ISSERIL—ILO—DELTHREL=,

EZABE (51 120 D LLE) X8 B 6 GB IZR AN, BREMF—LMN I BETICHRTESL
5. T =320 tFx a1 TA4EHERLI- L TR L)IZERIETESARFNE AT LEE KL=, BRI
BIRIEZECHIET DL —2a 0 FERL. RKBICAITTEEEROELZ. BLEALGED
BERANUIEIC(, BERMMN) 7 ILEA LTEBEZEZATESRRFHEL S —TODER
EHIZIIBEITEELE, TNBIZEY NASA PELE EFERITLITIREET . B0 ikEE
RO ELFHIME JAXA D EARMICER TE 5 HZMEILL .
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3. 4 JSAMERER (FBEX-PELERE=2-BIIUSEELEL)
AEEBOREBREARTHSIIRIL NASA TR TAAR—REUHF—(KSC;KkEZ7QYF M)
Mo, FEECKE SpaceX #RZIVFEM) CEBFHERAT—3> (ISS)IZEESN ., BIFE
LT BHETCICERMNFABIN T, UELERF L. FEFHEEV2—ICTE= 2D ThNi,
SITTSAPEEBOERE. M4 [CHELIVRABLUVEEREIO—ETT,

KFIIRE
(FRHDBSRS. B
_ J [ZGMT) )
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ERRGLE
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Y OADEMESE. 3T LEBEZEIL. ARF—LE JAXA,KSC REvTIZ&Y,KSC IZT,
2016 £ 6 A 25 H (IR, LLTRE) KYITWL. ITEIT D 24 BRFNIIC<T IR (8 A&
TCUIZHEEL., FEEAICSIZELz, YORZEBEL-FEHE. 7 A 18 HIZITE LA o1,
FEEM ISS ITFREBL. TCU AZFESMANISEVRAEN =&, YORIEITO—TRYIRNT
FEHRITLICEVBELAT Yy —2ICBLEBEZAON., BLE LSBT —U A CBEF [ZHRYUF 5
NT.BELFAEFENBIASNZ(7 B 21 B) (R 4(1)),

IS EMOAENMERELT. UNED. AT 1g DEIBE CREZMGET A ENTE . M
INEHBETEIHRBETHASEAFENT=A, T4/ \BEEICKY AT HRZRELTEYIRE
#BAICE=2TE, 8 BN ERITEMRBLERT H5ZEMNTEZ HCU &, FERITLIZELY
TEHMIZEEA—R) YO, FAK/NIL—o~ADKER (R 4(2)) . BRIILZ3THE, Bt
EURFED AV TR (K 4Q3))EEMNTTHh NI,

YO RIFEEIL, 1SS M OFHEEZVIYEETRIE (F7Z2FH 5% 6 BFRERD (CFHERITLH
Y AR%E HCU A5 TCU IZFELIRZ . THEAIZHKEL= (K 4(4)), FHEIE8 A 26 BIZXK
EAUTHIL=THIZEKL., MRIZKDEUR., &FF%.8 A 28 HIZTCU # NASA o2 fEL 1=,
KETEFOHYEEREER (Explora BioLabs: kEH) 74/)L=7 M) CEMWELI=F AT, £
NMERTIRETIHRELI-CEEHEZELT-,

BB . Explora BioLabs 2T, AIRF—LIZEY., TELI=YD R (13 B#H) £ELDOANIL
AFIVIELVITETACDERE . f2ZT70— (X 5)IZLi=A>TREINTTHhT-, 5 EH
FUHBAREFELLEA . 8 A 30 HICHMTHEFEICSIEFEINTER.9 A 2 BIZHEFTH
T A—IZFEEL. RIB. ARBF—LAG|EESNT=,

Fi-. th EXEBEER L, IAXA RFEFEEUA—ICT W ERAATEEEZANT, 75/ MEER
DEEEE. ATV a1—)LICELTERELIZ(8 A31B~11 A 48),

BHE.ITAREERICEILE. IO ADIT LERIEER. £FEIRE DY EERTER A~ D #HiE
BIUBEEEDUN—YILE. TNTNDOIERICE WV TEREL. X FHRE. Hi%-%iE. 7
FRE.HEMRFORE. FEFIE. FEERRKRGIGLEEHERL. TOHRETITAINEERICK
M-,
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4. RBRHERBLURE

MHU AW /NE DB (MG) BEUAT 1g H#(AG) . TNTN YU R 6 EF D, 35 HHE
DEFNEFEZITL., Hh EX A (GC) &HHhE TLLEFEMEL = (R - FfiTs% X 6:Shiba D
et.al., Sci. Rep. 2017),

BEICFEANELNIEIIRERNT, AG YIRDKEENEMLI=DIZRL. MG ¥R
DAEEIFEMN., F£-IEBERERBETH =, ISSIZIEEFREN GO AE, BB LU
HKDHEEZATETAHLEITET F - BNRLTEREZATTHLICLRANHY . E
BROEEEZNINT HILIETEGI Sfz, Flz. GC YV RIE, AG KYFEHHEELHT HIZHE
mLTHY. COMEL, T L-FERORE - HEO, REFOMNENRE~NDRBLEN
FHELTVAERERLE AN D,

F1-.37 HEDIZA P ORBIERERL. FH-BERFERITBRBEIELREF
(Passive Dosimeter for Life Science Experiment in Space; PADLES) AW TAIESN ., |
IN#RE (& 0.23+£0.02mGy/day. HEREZHE (L. 0.43+0.03mSv/day TH>7=,

BN F—LDIERELTIZRT .

4.1 BEHZR

BERAMHEREL. B-EULREFRAZFERALEWEICE>TELIHERTHY .. BIEHE
LTOHEETE L EEIND, BF. SRt LF U TWSEAETIEIERAMEHERILE
RIRERELGHEBED 1 DTHAICEOMDLT . BEFE. AREIIRIEHEILISN
TWEW, FEFEICBVTELIHEBDRECEEE (L., th EICEITHETIILEMEERL L
NEBRTRECEITIIENMONTIND, L X. FEFED2IFEDERE (AG &
U MG) Lith E X EEEER (GC) KYURONT-IMENFHTHIAESABMICERERY. SRV T
LB SR ERHER D FORIEEZH T,

BEBHIIAD 5 BEOREEEHZEN. E2RTEOHER. ESA5H. BEM. HEEHR
[ZEVWTGC BELUAG LEBELTMG TEERLRETHHARLN., HERBIERTE (R 6A),
BEERBEDODESAFHEY RNA #1EEL. RNA-seq TIZ&Y R —H T 9 —FFHLV =13
BHECFREBNETV. RERBOBECFRELELDOLEESIHo1-, 3 FHTHELE
BEEEGFOE— Y TZ2HE . EBEFEIUTILEISRRIVT LI-FER.AG & GC (&
BUL-EEFRIB/NNA—2FRTE. TN 2 HE MG ORI TRELEWNAH LI ENA LIS
(B 6B), 2FY. FHIRIETOEIAHANDEEILENITKEGERT HIEMNFEBHSINT =,

RIRTHBIEFELT, 11D 2 BITHEART MG THEIZHEMLTLVS 679 BIEF. HALT
V% 696 EiImFHHE SNTz, SEIC, RFHETFERKDIzH. MG THEMLTWSEERFET
—AR—ZRRIZIYHRARENGRRELRFELRL, TODTHEBICEEEINTINT
LVELY 10 B0 ERREECFEME L, M CEIEHETFEHEBEOBESENA
RBE=O2, FEGCFERBTHMMAT T/ IMILRAERVHEICHESET=-C2C12 HIREH%
[CREIRBELER. 10 EnFh 4 EEFrBEREREIE-EMRBICEVWTHERDODEER
DA LNTZ(K 6C), SHICRABDMABRZ 7T /IMILARERWNTI I RAHERERGFIZS
NoDBEFEEALERANTLHEREZSIESRIIEEZRHLE BE EEFREIYIR
FERIL, RBEMFTEEEL TS,

IEST/LBITICOVNTIX. ESARICHITHERILERNT—ID H3K4Me3 HXUV
H3K27ac @ ChiP-seq f##T#EEL. MG TEMHEER N I—O D &MY S EMREIREER
FOMBIZHILTEY . REMEHB~OBEEEZFFML TS,
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4. 2 RBIR BT

BN EZIZDULNTIE, GC ELEBLTAG KU MG THELEMA Ho1=HY. AG-MG [H
[ZE (M -1=(F 6A) . 1=, $REIFHIETICHB L TE AG-MG EIZEIZRohiEm->1-(F
acac IR

bS5 AR
|~ *

1.2 3

10 E
o

&

06 o
2
(4]
=

GC AG MG
RAHEE

HlEEH

5 3 8§ 8 & 3§ 3
C = = - 2 2 a 2 @

C2C12 @RicRMNETF I ROHEEE
2

GC AG MG GC AG MG GC AG MG

6
A BEBREICETOIAETEELL-EBES

B: ESAB M RNA-seq T IC KD EEFREROE— Iy

C: HEMBEHEEFEBRIFIRIET- C2C12 BN HERD LTI (#1~10 (X 10 BEDFH
EMRIEHEEETF, M; Mock, G; GFP 1B%|%3R ., F; FoxO3a :@%| #1] (FEarta—)L))
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4.3 B%

MG.AG.GC3H YV RANDEEL LU BEMMEEIZOVNT, EERKBERMEBZEALT
IA90CT IZKBEBFEITV., BREEEICEITAEB 2. AG ¥ GC LB LT MG THEE
[TIETFLTWAIEFHRE LT (R - 2475w 6:Shiba D et.al., Sci. Rep. 2017) , ¥#7% f2 47
[Z&Y. COBEETIEIBREORDBELEIVERBEOREIDETICERT S50
MIZLT=(2016 &£ 12 A 5 B JAXA FLRJIJ—R 135 HE DO RHLFHE TECHRDEHTE
ZITHL~ZIINBITHRAETIVADM EAHTER~ 1. K7 &), T=. REEOHEH
MolE. MG TIXEZICKREERMETLTREENELG>TLAIEMNHIBALZ(’ 7 H),
SHICEBEBICHFET 2 ERINEFESHEE ML ERAZEIES B FMARICxT 521D\ T
EREREEEZRW -G ET oA, BHEBD OB BRI OIEMNASE F4
BEBOET. FhiZESmpBlkiIRY—h—TRAP (tartrate-resistant acid phosphatase) @ _E
FPBEEEI—H—THAHPINP(A B TOaS5—452-N-TARTFE) 45 OCN (osteocalcin) D
ETZBELMNITIEHE MG [TEFTHBEETITOVWTEZ AN DGR EEREL -,

BRBRBESLVER X EHMAEEEHABICHBLT. ThENERETo-. B
FZBREL-EHEBIIBRVEBICISBERE - F-BREFTO TSN, BRAICHEETIHE
HECEFME. BEEICIEENE-ERROA LS TS, COBHBERAV-BENEE
FHIFMEHT (RNA-seq BT Z1To=#ERHM5H. MG TH EMAZEEE T F (Tnfrsflla,
Acp5, Ctsk, Atp6v0d2) i EIEFEBMNEEICLEFELTWAIENHIBALE:, LMLZED—AT.,
Z<{DEFMAAREEIEF (Runx2, Sp7, Collal i2&) DERICFEELEVIERH NGNS
fzo COFERIT. IO RMIKIZENSBREIFETDIA LTV ICEDFEELEZLN, th LIFER
[CBEHEABRSNTERICEYDDOHAENTEREINT=, COEHEBO RNA-seq BT HD
WNENTICEITEBEERTORREELLYSDERFEHL. in vitro IZH 1T 5E G FHEEERET
F1To1z&2 A, in vitro [TEIT2BFHEMEEZHIHT 2F - EEFERE Lz |/E. 2D
BEREFREIVDRZERL, ZOEHEBORBEBINETO>TLD,

—A.MG XU AG YHORD BB SR =B HEHEZE AL Tin vitro BB
EERICEDWEMBESIEEEREITO-ECH MG Y RBEEDEHMBEOHE ML b
TEEICTTET HIEMNEIBAL -, COEERIL. in vivo 2B TAH B HaEIE MM B At
BFETAHEEMEFERME (B v/no7— R M) BEDZ S LRELFRICERT S
EETRBLTLND, MG LU AG YORHEDEHMENSHESE-HEMIBIZHITS
RNA-seq fEHTZEMELI=A., W EMBEREEY—H—EEFORIBICEZLLEHITLNIEN
5. REGZHEEICL DB EMBESETTENRI TS ED EHERSINT-, IR7E . RNA-seq fi#
&Y in vitro BB HBEMEREEIESIEERFOHEETO>TLS,

p<0.05, **p<0.01, **p<0.005 (AG vs MG)
$p<0.05, $$p<0.01, $$$p<0.005 (GC vs AG)

BIREE BRER BREBEE
(um) (1/mm) 120 (mg/cm3)

REEER REBBESE
(mm?) (mglcm?®)

(um) .
1500
$ $ 8 ..
0.8 wrx
06 1000
0.4
500
0.2
0 0 0

GC AG MG GC AG MG GC AG MG

7 ERBRARREREEMSEAVN-Y490 CT @i
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4. 4 FIEER

ERDEFMEETM ED 1 gEWSEHBBICEIGT 2E5EELTEY ., EH (EHIMERE)
BABECTHAERMESRNODERICEONT, BLADEAMEENRAG I TS, LAL.
HARAERIATEMEIENEAMONTEY . BELIENREICBINSETDOHENEIL
TEHEEZLND ER . ER IV ADITHERERDFER .. MG Trighting reflex :BIEERA R
S t- (LR - T3 6:Shiba D et.al., Sci. Rep. 2017) , COEEBRIER (L. IBEROFER
TTIZHNZERRERENTEEBHEDEEN MG THLREETWDILEFTRETHED
ThHd, CORZDHBEMEBEZFARDL-O. EAREMBENS 1 R=a—0OVTHIHEIE
HEZETOS /L IES ) LB ETo1=,

FICEEAMDIMRERMIZE CHARMELKFEARDMEERMIZE CHIMAE
DRBEMHAD RNA ITO774)L%ER 8 [TRY . GC TIIHRMELMBEDEEFHIEL
RNIVIZEDHBD. MG BELUAG TIEZDE (T, Bk E IR EOHEEE (SHGRIT
BAVTFIICE - THFIN TSI LETRET 52D THS,

1 R=a2—AVTHHNEREKTIE.AG &£ MG TIIREHEMNR LN, PCA 7OYMTEH
AG, GC DIZARRZ—E MG DIZAREI—NIE2EY iz, ChioD by TeEVr DB FEHE
R5é&, Klotho, BIBREBERILEVESVRR—4F—, MEEHEBER)RTFE (VIP:
vasoactive intestinal peptide)2E DMMEFEEBIZHRBMNLEILL. EENBEEREILT /44
TERTEEFNIREBINTEY . NEABRBEOINETICHRESATOEVWEENRS
nfz (@9,

- EEEED

1
Fi BT o

sy TN
o TETER s | S
aEEsEE_ ., . S N
BRFC ¥ Bz 0a L MG -
AG MG GC AG MG GC o N
8 . 215 = o J *
— T 0.2 AG \‘ \
|-G AG MG GC Vel
= - o v oal
A—i 1 !l
02 e,

45678 >o

8 HAEREMAAN RNA HIFTOT74)L

MG expression

1000

100
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0.5
PC1

Vip

o

Avprila ./ '

X
-

~ L

Kl

Ttr

Clic

10
GC expression

1000

9 FIEMAIZEO RNAXRTOJ7/ILE

ERDAH
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ASAREBRDRIEMRZZIC
(. I HE S IR E D T
BEE=FTHS Vgat (/ME
GABA r52 RR—%—) ., Vglut2
NS ILBS VBN S Y RTR—
A—)MREELTHEY (K 10).
MG Tl Gabral (GABAALl %

1.5+ Gabra1

o
e

BIK) & Grial (AMPAL Z&4K) 3 Gria1 ‘
DRENFECHILTESY. A J s kO
EMERTOEEEECMLSA, U - s
DENEI ST S ATREMEA ' e

N2y (W L DL L1

UEDERBERE, BUNES - v o
I;%iﬁl:é:éﬁﬁfﬁ%ﬂ@ﬂ‘]%kli 10 ﬁ']EMﬁ*ﬁT@*ﬂiﬁEﬂElﬂ{E%%ﬁ

DIKELBRBEHENS 1 R_a—OVDERBETEL TSI ELERET LD THS,

FEHEEROD spin off RER: FIEMBRZR CTRENEILT DV IILISVEZEA. GABA ZAK
DERENZFRZ1=8. Vglut2-cre YIAHB KXY Vgat-cre Y IRAZEAL, ChoZRIADRIHE
ERE1T o1z HAIXRIBIZH L TIE, T ILASUBZRATIEREAIZ. GABA ZRATIER >t
BIARDMELN =, Tz, VAYEY N-AFIRIZKEMmANMEZFRICH LTI, J LA BEZ
BATEIBEELZEDBNERETEEEEEM, GABA SRARTIIRBINERERTEEELTE
FERAONRONT=, F=. Vglu2-caspase IZKYRTEMBR DT LIV EEZRAEHIRL
TYRATIL., BEHEFEOFEBERETANGE ST, FEKRRETIE. THRIZBITEE
NEEVDIBIZELEZONTEY. EHEVOFIRERF ICRIEMEZDO Y ILEAZS—a—AViE
AR EL TLSIEATRESNT-,
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4.5 fEIR#:%R

IDEIE. MBEENLTEEANEBRFTORES . RILEVGEOEEEEYMETEYHIT R
TELTEKELLIC, DEOEEBTHERT A HRILEVOREMEEETILE . BEHEICH
BATHD. LHOL. DIBEDEENFHIRIETEDHKIZEILTE2DONIZDONTO D FHLEEE
THTHD.

ZIT.FHIYVADLETD % BRE®
RNA OliftEsmemRmicE 78 55, ., - > 0
BT B0t ENSFEAD 5uroR
REBHIZESIDBOEGRFR
DELISOVT. EEENOHR U IS mrem T R
! BECIHBA MR F

5%k (RNA-seq) & mRNA @ ' F FA R G RE T
Jalichia d ERAHMNRIRET RLELEEMEEET

FIER 2 1E 3R (Ribo-seq) Z & #T e e
LI=(R® 11), FEIVRERH s RNA-seq
RIIVRDLEDEGIHERD F
WMELLBRLU-FER., 7R
RDBIEFNREEELTLD
CEMNBHLMIL ST,

Ribo-seq

11 FHEIYIALEOHNEHBETO
TENEEFOTATFA) Y

(5:&)(X 12)

i . . R B saenn omusmm _MRNA, KUY—4
-FEIYRAERMHR TR0 RSO — >

T e ar——

8- 86

&Y RNA #HH
-BREEYORAKBEROEHRELT, MY
A2 T h—L (RNA-seq) BT &£
-mRNA OFIERSBEIFRZIG I H7=0.
rS52 AL A b—L (Ribo-seq) f2HT & £

[#E£]
FHEIYIRDDE RNA ZHL =
RNA-seq @i D#ER . GC EMG TIXEIR

S EU-LOERE

ad Ribosomel Z R xh -
RNABTH O
o= == BORILAFE)

v v

total RNAD % / o RNADS 8-

W

RNA-seq Ribo-seq
GEEHELE mRNAD | | BROBISEETS
F =33 mRNA®D[ & 23]

FORBIKENEYZRHICKELELST
EQHIBAL, . EBEEFEHOTO _ s N
I7 LY G ERT, GC IZHAT MG TL 12 ?;Ef_,?l.ir;;@o)ﬁ;ﬁg@ RNA ®

S UI&EFA 51E. B L 95 D PRI

EFZERELIz. RIZ. FEIVRDEOFIRER TOELFRITKEEIZ DT, Ribo-seq fi#
HCHELIZECA, GC ITHERT MG TIEERLIEEFH 6 A, BV ETETF 4 BELKERE
DEHHZERLI=,

ZZT.RNA-seq & Ribo-seq DfEMT#EREHMEMICEET LT, T ARDEEZEIRS
BEOECFRENMMNENRBEO DB TRECEETHIENALMNIET-, SBIZ, FH
IOAMNLFE LR ERIDADDBEDOEGERRERZHEMTLULER. LR ARKBEDE
EFHRRELZEFH LTSI ENHBALT-,

APRTIE. FEYVRADBOEGE-FREME TOEGFORKIRBEEMEEMITEEL:,
ZTOHEBE M ELFEGLIFHEEMICEMEDETIE., B FDES ., FHERO KRR THI
MEEILSEDIIENTREEINT -, T, FHRELEICKSIEEBERFEHEOELIL. IR
DILEDEBEIERICHEEE RIFTAEEENA TR INT -,
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4.6 H£HER

FHEMBEICKIBE TR - 2R AR TIEEL, HlFN R - EEFHER
LANGEEEFIDELIZ BN ETolz, FRIRETVANSHBEL-BFEERRTFTHELD
(2. ZDZREENORERELERENICONT, KN ZRE-EBEFICKYEITLEz, &8I
[FUTORENBONTEY. Ly AEEDFHERE(MGELUAG) T, EEEENCHETFZ
- RERANICITARERENTDOONLENIENELINEL S, SHITEEBEFERAVL TR
ROEEICBEILTEY., + R ICHMIEERSINEEZ D,

4.6. 1 FBFREREENDEN

BFRREEAICOLTIE, MR- 2N EHERICNA T FEMENLZTIO—FH5

BREZEMAFER, LV O—)L(GC) EFHEIYVAMG LU AG) DEITHEELE

[FEBHLNLGEM ST,

(7) HHiGARSIE R AR
A TERROCRIETEIRIZOWTC, EE. BEIZMATR. B OBRICIYEFREE
NEBFTLIZESA, FIEMNDENELLE MG BXU AG DEILETEIRO—ERIZEH
WTETOEERTHROLNT-, LOLBBGENSIX. GC EFELEEZEDLN
Hhot=,

(1) D FEWERIENT
A TERR ORI TERR(CDULVT. RNA-seq &Y B FRIDEBEN - BERIZHBTL
=M. FBETIL. GC & MG LU AG DRITHEEREIIRHONGEI 1=, BIETE
IRICDOWTHHEELGEIIZE O NLEI ST,

4.6. 2 ZFR-REGERIOEN
FEHESA LN CRIETBEIE, S RGLE
BELTRADBENHS. LREKE AR
BAZELS . RO BEN D=t R
HTERBRELT. RRISHALL, TR
BB ITIE . R B EE UL
WABIC LY AT Y BB EATE: (B 13).
() BN - -
BREEANSEIRLE AT ERMEREL R, W .
RELTHE. BDE, KO BRRBET L (g 13 =g 3
2. CC LRBSOHE-BHENETL MM |t i mrmn
BRMMECLEREEROBNAEN T, 016 % 10 B 13 H I JAXA
(F) FLREDHR HIIR—DITTAM
HABREEHBENSLUBIEBRATE | (o T b
RIEISED . EFEROSEIAMLE. RO | 1000161018 mouse i)
REICLEERBOLNT, BATEIC LS -
BILLRBENL,

AP
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4.7 REZR
4. 7.1 FHEELMENDMIRIZGEZ L5528

Y ORMIRIEFHEFEICEVERBT HEMESN TS (SEXH 6:Gridley DS et al.,
PLoS One. 2013), (it EEEREL T 2G AFMERSIVEMBEERZEZTLEL. BWRD
EMEERL TS (BLR - #1753 2: Tateishi R et al., PLoS One. 2015, R -2#isHX 7:
Horie K et al., Biochem Biophys Res Commun. 2018) , LM LEHAD , FHEEEIZED EHT
REZBODRT. EOEHNERTEREZSISECT OMEESNTLVEL,, MG, AG. GC IZ
BITHMIREELLLELI-ECAH MG TIHBARNEHEL. AG ICKYFERICEELZ, $4hb5
BMEHDORBIMIREMREZSIERIT, T, AG [CEYELICEBELLZNIENDS, AL
DFHREBELMRICEETLHEEZOND,

FRRGIRIBANL AN, REICHBET HRAGHRMRE ZIRMICEDSE . RERIEZEE
INSEBIENSNTUVS (BECHR 7: Gruver AL et al., J Leukoc Biol. 2008) , &Y AD
K RRMABUI FEERL. ARE D IO EBICIYRBEEESIUREEREOE L
BRETLIZAY., FPRHEERLGUIBBEDEWVIIRONGELI oz, THHE ., FHFEEICKDHARD ZEHE
&, REICHRET SRAMRMEDZRGRE D TIEAL, RS IEZRVISE DTS
DHFERTHARREEAFLY,

DU\Tith L RERDFER IS (B R -2 1iT5H 2: Tateishi R et al., PLoS One. 2015, &R -
fiT 8% X 7 : Horie K et al., Biochem
Biophys Res Commun. 2018) . Il T®D
FHELENMEVKAR RN EEZ
(T5EFREL. BEZTE T, EEHAR
B FEERL. MR E RO <—Ah
—THNAEEBEETHo=. TDHER. MG
DOHIRTIE. BEIIHEEHICHET S
TSF2-5 D LR, BEE D H
BHTREICHEEINT, COBRIE.
FEHHTETOMENRE LHMREED £
REICEEEZRIZTEERET S,

SHICHIREB TREATIEGFHET X4 WlE TRIFT 238G FDVolcano-plot.
RNA-seq IZkYBHLT=, ZOHE. AG  HNENE MG) & AT1g# (AG) AL L1z
B GCIZHAT. MG 2BV TEHDEE FAERIEP =0.05. BRI 22ZEOERE.
FHRIEMNEMLEZ(E 14), CWHDEBEFDIFEAE L LA THEB TIHENICRE T 58
ZFTH-oT=. WIRDEEE £ RMa. ZHGHEBITENEGTEERMNICRITT S (5EX
#ik 8: Abramson J et al., Annu Rev Immunol. 2017) , RNA-seq ST DFERIE. FHEHFEDRD
BENRBEOMOIN AN, WIRHEE L RBEOECFRRICEEEEZDHILEETRELT
L3,

-Log 1 O(P—value)

PR i AL

(8]
I
(Y
(o]
[ge]
In
(8]

Logz{MGIAG}

4.7.2 FEHEBEELHMENNIBRE. VONEGSLUONFAL/JOEVICERHEE

BEOEEIMENRETRMERNRONDID ., METEMIZHEETIEEMN oz, T8
BB R EATRE D) I 2E L TREILED., BEDEVA RS GA ST,

MG. AG. GC DIZIE THIZI 51815 F% RNA-seq [CKY LB LT-, ZELEEF D GO &
M5, GC IZEART MG B&U AG TRALILEGFHIC. AN TRIRT S ELFHEE
FNAHIENHIBALIZ, FBAO LB FOERERIERFTIEDS /L DNA EHIZEfTLIE
ZA, FMBRDMEICEEL GATAL BEU TALL DEAEIINEBEIZEBIN TULV -,

Do NEOERFRIRLERIC RNA-seq TLHELz, MEDEZ A, GO TP ERAE
BB ERHILIE., FEFEDFZEILEREIZLZOTLVEL,
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MFROQILFARTAVEAL/TAT)VESH ELISA ETHEMTLIZ, 2UFIRTAVIE
MG YORXTLRLEMN,AG [TKY LRSIz, 2LFARTAVIE, REICEEFT S
EMD, FEHBEPICAGEREERIT HALT. FEMNODIFETELDIRAN RZEERL-ATRE
nNHbd,

F-M#TFFD IgG2b & IgG31E MG TLEFL1=AY. 19G2b [& AG IZKYNFIEH . 1IgG3 (&
FlENEh o1z, IgA [ MG & AG TV RTEA LT, IgG1 BLW IgM [ZIXFELES (L4H
2, BEENZEO-FEREN. FERADAL/FOT)UEBIZEZHHZEDERIZDINTIE.
5. SHIRFATHIDRELNH D,
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4.8 HNRibHR

A EEICBEL T BFICERNICELTEFL A ONT-ISIEHB O BT E1To1=,

MG DRERAERITIL. AG ELERTHEE LARAEN (B 15A) LEER K TIEMEBCTEEES
DBEEGTEMMNBREINT, NS BB 7 CEHEMICERELI-LIA BR KB
BREBETEREETHERE YA XDOERIBREIN . MG TIXEEHR B O A RESN
T=o

R, BB OBGFRIBMANEETEM RT-PCR THRTLE-ECH, BEBE TIEHE
#BIZHUT, MG TFabpd HEDARIEHIY—H—DRIR L ENHERINT-, 18R IR
HULTIEL Ucpl DHRB LERENFER SNz, S5, PP A AAUIZTDONTHEET/IOE—
A7 LAZBWNTETLIZESA, TIMP-1, MMP9, TSLP, SAPEA MG TLER T 5 ENFEER
SNz, RE HFICHBEARLEEFREOE TEIEARON-EEEE FTIRHEBCEE
FERED MG TZAL T B IEFHRIBIZ DT RNA-seq #1TL\. ZDEFMZ@BITH TH 5,

ZOES, FHBNENRBETCRATINEYOREHEETIE. BBIEHDOEREINADS
. BEHRHEHOMBIARBEINZA, CNEORENMNEAICRELIER THIMRILT
516 BOEERAVTRBE ARE T CTHRBELIZYIRIZDVWTHENZIT o=,

B C57B6) RMD T IRZBEHIEET 2G) T2 BAMBEAET LI-LZA. FHMNEHIRE
TTHRBLEYDREEHIZ, HBIEHESOEEENEL T HERINBEEINT, FCHERHE
BRI EEAREmTHEELRONAONTz, — A, BRBEBHTIXZOLSTEEEDEH D
FERINGD o1z, \STr0 BIBKARY) /5 CREIMEBZESFMICEHRLI-LIA, FICHERE
BB THEY A XDBEEGETHAERIN, BEHFABFTRET CIEEHASRERAEMSE
fEEnTWAHIEMNTRE SN (K 15B),

F-. BB YT ILOEEM RT-PCR T TlE. 8B EIFEMICRELINM VR T
DEELEICHEZUcpl NBENEFHTORELAEBIHFTRRFZEIN TSI EABHLNE
Hotzo —A. B THWMINETTARRIFUOBLTFUODOHEBIL, BELKEBHOB
FIEREREBTETLTEY . BEAZHS T T, BEERMEBOIN VR 7 TREERIY Y
BIEEHRAERIETCEMMICIRILTY—EENFTEIN. BIHBOS@BENEIYDOTELT
WBIENTREEINTz, T HE YA XDEELRERTEARBEBHI—H—DIETARERINT-
WEREIERE AR DB E A EELRFICBEIL T, &512 RNA-seq 170122 A. BAZAREY
TFIVEBBRPURIVNIERKICEET HELFHIFICEEFL TSI EAREINT -,

UL, FEMBNEARETIZET

A EWAT B ~ MWAT 5BERUVBEIEREROEILEH

L = o T MICEEITL. SHIRENRRICLD
: % LT REIETSCECKYEER ALK
AG : 16 s CLEVESIBLIRILE— R HIE FIE
! | TEARNBEETLHIEHEED

- BEEBLMNNIT AN TES,

{ , gt R15 BEARVFEBINENRE
MG~ 26 e BETCRESABELLYY RN
Lot T 0 B (AFERNENEBTEETY
WS L= RO KRS AR (EWAT) O
ATREIYLIF VU REE, (B)

BEHAEBET VY RAOMKMES

GC - ; O B4R (MWAT) DA RFS Y- T
FogaEB, U4 X3—(% 100 um
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4.9 #HER
4.9. 1 ICBITHELFDORBEMBEN

MG, AG. &Y GC DINERIZEIEL . BEAEE. /MXRER. SREAIZDULVT RNA-seq fi#
(& n=3)I2&kY ., BEFREODEHICOVTREMBITEZITE =, ShE CTHEAISHEE
BEAERETICDULVTH RNA-seq fi#HT (MG, AG. & n=3)%&1To71=. TDHER. LT DLIIT MG
EAGHITHEE (p<O.05)NRbdNt=, T CNOHDFERIZDINNT, FHEERELTITofHh
FRE& (29 14 HOBEHER) (R -21i75%3 5:Ishikawa C et al., PLoS One. 2017) &Lt
gL,

1) ERES

AG ELEELT MG T 29 B FHRBET. 25 B F CREMNEMLIz, KEINETL:
BIEFICTMHERT B 1(ZBS 595 Arc (activity regulated cytoskeletal-associated protein)%i
ENEFNTWV . AE. BEARE M EER) ICEVWTEABETRRENELLZKA
K HIERERF (BDNF) &tOR= 1A ZEAE (5-HT1AR) (X, S EID MG, AG B TEGFH
RICHEEEFRONGEM ST,

2) Vi

275 BEFTRENELL. FENMETLELONKED THoT-. REMNETLEEF
[2IEERR=URBIKR(5-HT1IAR, 2CR AN EENT, —F . i EEERT 5-HT1AR DHKIR
ENBRHEIT >N, BEARETELIIRONGE,H 1=,

3) fREIK

106 BIZFTHRBRET. 79 B FTREMNMEML Iz, BEAMETLILEGFICE Arc Y E
EFNTULV =,

4) BB R LA B IR AT

BHROEH 21— VEEEGEFLARTREM 2 —OVEEEEFOREMN AG L&
LT MG T. ZNZFNERIEHEEHHREICSVLTRD L,

1) ~3) KYENRE (T FEHHFHEEICEATIECTFORRICHELERIFL. TO/ERAIEX
BRI IIRTFT D EMNRENT -, FEHERI M EERTREISEVAROAEN, ChIZERD
BEOSHWUNEALBEH)EFOHIR (35 BRE 14 B ICIKEFT ARIEEENEZ SN
5, F-. BEHERKRTHS 3 BRICEGCFREDOEELZHAN - L EBROBEREEET
& HMBHBENSKDY LTI T ETHOIAMICKEDOELLARIET DEGCFOEFENE
Ao, SEREINIZ&VILYZLDEGRFNIMNENRETERELTZ(T, ATRHEICE-TH
BEAEIET S EEEEEZIONS, S5IZ4) &Y, BB -1 —AVLEAREMH-—21—OVTE
EFOEBENEILLEA. I NEND T TOBRFOERBEOEENEZLND,

4.9. 2 REERTHADITENERMN

RERADEELLT. MG, AG. GC AR (FO) DHEFERAN AN ZHEIZL->THEE SN
=R I IR (A A X FLEAWNT, U TORETEICDOWLWTHEFTLIZ (K8 n=~16):
BEREN . BRRERZME. AR, SDHITE . ERIEREEE . ANLRIGE (BRI RED
MAPILFIARTAVEE), ZOFER. WTHOETIZELTE MG, AG, GC D F13 ™ X[H
TEEEZEFROHONT . EHICKIBEELGEEIIRONGI oz, LIzA>T. SEDHM14A
DFEETOMNEHEET, KHRITIRADAN REETEN(FR. 532, ANLAGE) O
BRERNLGEDTHICEEEZRIFESLNIENTEIN, LOLELRS, §&. KEEERE
EHOFHRETOFREZERETHE. SYRHBOFHIREICOWVT, SEIEHLGMN -4
SMBEDTHZEDTHRMIPIDELEHOND,
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4. 10 WEMBYTIVEHRR
4.10. 1 MIEHOHS RNA fZ4T

AG (N=6) . MG(N=6). GC (N=5) M #Z#&{A &Y RNA ZHEHL.small-RNA-seq LU
RNA-seq f#7#17o1= (X 16) . AG-MG-GC B TZ{t T % miRNA A& S, I/ \2—>
OB E TEHLDELTL, MiLHBRRICHEMNGEG TN H oI, FE
HBOELERMLTULAAREMEA TR INT,

MIRNA LISNADA I REL T, f. RER. FRICRIRT SEEFHALELEMBEHRIZIES
WA, I FERTEARLLEGFICITHEBIFEEIER SN T . Cell redox homeostasis.
Ubiquitin, ER. Protein folding Z:& D AL R G EBEEFHENZ VN ED R I/ BT A DR
BIhtz, CNoDBEEFHOEIEIS, RBRODATIVILGEENF RSN,

AG MG GC INAT) 4 2 HT (Gene Ontology Term)
| ¥ § | .

cell redox homeostasis

protein ubiquitination involved in ubiquitin-dependent... nE——————

RNA !IC\HE e

3 4
p-Value(-Log10)

KEGG/A\RH A
Ubiquitin-mediated
proteolysis
TevhLi-EEF8

Raw p-value <0.05
440 genes

16 MmM#Eh RNA fiZ#T

RNA-seq TELNI-—KREES/ LDBIEFICIVEL T LTEERMZEIT o=, R#RB &
VAEXFURKICEAT 2EEFEICHET S RNA BNEELI=2EMN, IRRI /BT TRS
nt-,

4.10. 2 IEY /LB (ESAR. AIESZE%. BRRE)

ESARFIZDULNT, ERRY H3 DR AFIL Lysd, ZHEFILIE Lys27 HEURJ AF)LIE Lys27
E8EIZM ELT= ChIP-seq T E1To1=. RNA-seq BT TEIL D RN =& EF RS
H. IES /LLRILTOEIEISRHETERIEMN D, RNA ORBRICEERNGZOWIEDS T
AVIBEALFRZDIENTER(E 17),

HIEAERK. BLUBRBE T, STESIE/NNIILIBB TOBRTEZFTEL T A, 1 EF
HEERICBODTHBEELNMBEEDENREETILICHTIREICENHDILETE T HHER
NEontf=f= . L—H—< 40058 (o arERN =@ %E{Tof-. RNA-seq fHIZ&kY.
ENREZEEZIBISIEARICEVT. EGFREALANILTOEENEETSI L, £, Bk
BEIMEEOKEEZEDHIFICITEENLGENNDELILERTHEEZE -
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BRkHo 3+ BPRs 38, L IRNAseqRAT HE®
AG uG GC
I NN

R

AG uG GC AG uG GC
T R N B e

A EHTIIREELBREED
RNASHIOT7AILOEHN NS>
=

I WNE DR TIIBREELIBRED
BREEA KD S AREY

E—tRuT T Oy DR DA R
I BMP signaling, SMAD, E2F7z&
I Stem cell:&

I Cyloskeletion, ECMAR&

[ L]
O 4bA 16139

17 ERFIED RNA-seq fEHT

BREOFBUEBIERLVEBISZUIYEHL., BFEIT oz, /NILOEE (BkFsZ+ IR E)
BBV TEEL-ERFHOMEBIFEST . Bk R - IIRBEEZ TN TN BEELI-@HT TS
HICHERTHLIZKY . I BLHKBEDELFRELANILTOHEEEN IS/ MEETIEEL
bhdIEnRrENT=,
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4. 11 S£5E-RIERETR [AMED &)

SOMENL, REDBREAN AN KR BEAROBEICHZEESZA/OIIENTESN
TW%, BRIZINETORETIL, ANV RASEHEERF ATF7 NEEMBEOIE S T
VI EEIREEHIET AL -T. COLSHBEEBEENGISHR IS TSI LEEFHBIC
RELTWS, ZCT. FHREOM/NEHEAEH HIEEERIED ATF7 #H&- - ITEDIRT1
IPRERURHRBBORBETOI7MILICEZ S EICDWTETET o1

GC.MG B&U AG o R4 TEMAEZEURL . ChiP-seq &IZ&K>TATF7 DEBEHEH LD
HEAIREEICDLVTEITLT=, ZTDHE . GC Tl 6,102 #FF M ATF7 #E&MEENRIESN. £5
70.0% M TOE—42— I BEL TV = MG (2B TEREIBRDEZITEITL., LLEL-HEE.
GC BEIZBITHTOE—4—LO ATF7 $EEFEEHD 59.7%H MG [THEWTHEADL T (E
18A), CHDKIMEMIE AG IZEVWTHEBEINI=F=0 . BEMIRIZH TS ATF7 DEEBIREE
BEDEVF. FEEHART COENRETIE ITLT - REOEENT-ERR-EHE
Banfz, T, KRMWBIED R Ty 7B THS H3K4mMe3-H3K27me3 IZDULNTHERHT
LT=&CAATF7 [ H3KAMe3 #8951 — VA FUMBEBICHREL TS —A T, Chioi&th
LARJLIE GC & MG OREHICEWTRELEIIRBDOONGEIO1=(K 18A) , CORERIZ. @
BHORBEMBOEETOI7/ILICKEGEENRHONGL, EWSERERER R CHD
BmEZELTLD,

RIZ.GC.MG DEIVAHEDFEFMNLEHLIZRERTDRIZDOWNTHETEITO . 3
BEE OB ZAMSAFEZEUL . RNA-seq J&IC&>TEEETAT7 M ILE@EHTLIzEZA. GC
ELEBLT 21 EEFH MG OXRMRTERENFEICERELTEY. 5 EEFNAEIDLTIL:
(X 18B) , HBRFEWNC &I, BB LR LB FICIE MCM E&H YT 1=yMiED DNA &
BRIZEADHIEEFENEREICESEN TV, T FEMRBRIZE WL TATF? M5 T 512008
EFELEBLIZECAH MG DRMERTRELF T HEEFIL ATFT ZMEGFLEEEICESE
LTLM=(E18C), CNLDFERMG, 3 TH LITEDOEMAN REE K> TEMIELI- ATFT7
NEEMBEOIED AR TAV I EMMIREFEILI BRI LTI T BFEN LT, RIERER
DERBREICHEERIZLTOSATEEENRE SN,

. B.
ATF7 H3K4me3 H3K27me3 Raw Z-score
GC MG GC MG i . 2 0 2
£3 > o %\"’Q\\\h‘;{b\v‘“{’ﬁk & B \nfo\,s\""\é’& "
@ﬁb\\‘ﬂé\ﬁe@@‘\éﬁ&@ SESAE @a‘fg%‘%&e‘&v‘%‘%&ef e
(7 b
8. F oo
(K< MG
= (n=5)
f}"%@ C. 16
E 2 o p<10
3 Y ow ATF7-target genes
\&@;gc,‘v\ (4,868)
>
Ko 1
3kb around TSS
A. GC - MGEEDEEAIEMIRC ST D ATF7 - H3K4me3 - H3K27me3Dit &> )LsExR b — I~
Tw I TRUIE, TSS FOATFZHESMESCDLNT, GCELE L TMGTATFZESSNNREL 3 2781,
(Cluster_1), 59Dk (Cluster_2) . ZEMVau iRl (Cluster_3)(COSRAAY VLU,
B. GC - MGNY I ADtHAEEDIHRICHE LT, BEZH ULISELTFORESEF E— v I TRUR.
C. WBELBMRICE I SATF/ESEGFEHIRREIMELTE (BERB) TR LI,

18 WUNENEAEFMNFERMBD ATF7 HERERUVRERDOEEFRERICEALEZE
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4. 12 BREFRERER) [EFEE]

FEHBEECBLWT. FERITTOERICIIMNEAICEDIEIL (BE) HNFIERIINDH.
ISS IZHBFT53va B PIRERICAONDIREREZ (T ZD—DOTHY. ISS TORLHE
PEROBEAFEZFREICMITRERI REEXGRETH S, CORRZHELMICL, XK EE
HEL T BH=0IZISS ICEVNTEZLDHENEDH SN TS, BIRBABIC T 2E DR EET
O FLARILTORY MBI T —2EEOH. MEM(IOR) ERAWV=RELEE
EZABNTLDNFIC, YVORAANDENDBFEGEZEFME. $EFT LT MG & AG D LLER
ST EHFBMELI=AIY ay THIO TRREE ST,

NFETRAR—RIvMLERWN-FEHERMN ., BIRMEIZHTET7HRN— XV _E X
BICHRTHNENEICBLTEMNLTWAIEEZRHELTEY., ChizkYEIE#EED T E®
EEMNSIZEISNDAREENREINIZD ., FIEOEEOE L ME OEIE AN RGE
BRRBERIZESOTEIDIENRESNTEY . TOAN=XLIEFTHTH o1z, T T, 754
FED IO RREKAABERNT, U/ \VBERIETOI77/ LD EILPEEARN RIZK-TREE
BTRE—REFARDIEIZKY . FEFBEICIYREBEEZRIT AN LEHLMNZTS
ZEEEMELT-,

ARERAERE D EEMETMICKY . MG ORIEMERNE MO TRE— XM, thDEEIZHEART

EIZEEINTWAIENHLMNELS=(F19) , MG IZHITEH TR —U X[, GCIZEERT
64%BIEML TS Ehh of=, TATAIVREMIZKY . HAETE. MAREE. KE. RBEXE
LRIZEE T E2E<NDEELRIRM GC [THERT MG THEIZEIELTWAIENHAI DT,
NITMA, SNEDFN\IBEFREIL, AG ELEELT MG THEICE(EL TSI EZHLAIC
L1= (BB - 21738 8:Mao XW et al., Int J Mol Sci. 2018),

NODFRIF. FERTHRELENEMIEOT RN REFEL., MIEICHS T, iz
B RIERM ., REHEEICRE T 29 N\ VBERIRZELIEDIE, SHIZThoDMAIELH
HWEEN, ATEHEFRICKYEBINSZEFALIZ, CNETOFHERICEWLVTETD
ADIREKARMIES (FMESN TV, th ERABFH LD LR THY M NEDUSN DN HER
(EEEMSHECIT LT IZERDBEHERLE) DEELZHBR TS, oz, REERIZKY.
HELTAIMNIC IQREZEVHL. RERABETAIENTETHOH T. RERICEEE SR
HIRIKAABEZENMNEAICLDBDTHSZEFBALMNIZLT=,

. a
HE ug+lg

Vivarium control Habitat control

Counts/mm?

(B)

19 HBERRBBICHSITET7HRN—IX
MR DE N (KR - 175/ 8:Mao XW
etal., Int J Mol Sci. 2018 LYK ZE)
(A)HBIE RN ERAR#E D TUNEL 2/ #:TUNEL BiE#pa (FHRN — X HE) . = LOFBE
PR (RRMAR) . & :DAPI(#%) KEN: TUNEL &4 M K

(B)TUNEL ZBIC&HMERNED TR — AMZDE £

(A)
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4.13 F&D

LUEDREENS 0 ERIFATI 7T HEREIFLUTOLSIZB D EHEL =,
RRFRE IV AMED BETOD VMG, FHERDEZEN, REKDIIVRADELEF

R B
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Summary report of the ISS-Kibo utilization mission,
“Transcriptome analysis and germ cell development analysis of mice in the space”
(Mouse Epigenetics)

Principal Investigator, Satoru Takahashi (University of Tsukuba)
February 2019

Adapting to a changing environment is a key to any organism’s survival. Gravity is one of the most
important factors shared by most organisms on Earth through evolution. Therefore, when organisms go to
space, physiological changes occur in adapting to microgravity. Previous space studies using mice as a
mammalian model have suggested that microgravity in space causes tremendous changes in biological
reactions such as gene expression. And recent studies on genetics have identified the significance of
epigenomic input in gene expression. Epigenomics is closely related to gene expression, although
independent of the genomic sequence itself. Importantly, epigenetic variations are highly susceptible to
environmental stimuli, including gravitational changes. The precise variations on changes in gene
expression and its epigenetic factors during adaptation to microgravitational environments are largely
unknown, however, given the limited resources for conducting space flight experiments using mice models.
And studies on epigenetics have revealed the potential of epigenetic changes being transmitted across
generations. However, whether epigenetic changes caused by the space environment are inheritable also
remains unknown.
In an effort to answer these questions, this project focused on elucidating the impacts of microgravity
(MG) and artificial gravity (AG), equivalent to Earth (1 g), on mice in the ISS. For this purpose, a hewly
developed mouse habitat cage unit (HCU) that can be installed in the Cell Biology Experiment Facility
(CBEF) was used. The CBEF is equipped with sections providing microgravity and artificial gravity of 1 g,
enabling a comparison of the biological consequences of microgravity and artificial 1 g on mice housed in
space. To compare the gravitational differences generated by CBEF in space, ground-based 1 g (GC) was
also applied to clarify the impacts of microgravity and the space environment. Another striking innovation of
the HCU is the introduction of individually housed male mice within the space environment for reproduction
studies. Thus, the HCU may hold the key for mankind to prosper through outer space in the future.
Twelve C57BL/6J male mice were launched to the ISS and housed onboard under MG or AG. After
35 days of habitation, all mice were returned to Earth and processed. Significant decreases were evident in
femur bone density and the soleus/gastrocnemius muscle weights of MG mice. In contrast, AG mice
maintained the same bone density and muscle weight as mice in the ground control experiment. These
results replicated the housing conditions in the flight experiment. These data indicate that the changes were
due to gravity in particular. Tissues of these mice were examined to comprehensively analyse the long-term
effects of the space environment, especially the alteration of gene expression patterns and epigenetic
changes. In addition, offspring were generated using sperm derived from these mice to identify the impact
on subsequent generations.
® Analysis of the skeletal muscle system confirmed significant atrophy of anti-gravitational muscle in MG.
These measurements confirmed that the experimental apparatus of the current experiment can
reproduce the results of past space experiments. Gene expression analysis was performed using the
soleus muscle. The results confirmed significant atrophy, and several candidate genes related to
muscle atrophy were identified.

® Skeletal system analysis not only showed a decrease in bone mass in MG, but also the possibility that
AG can suppress bone loss. Histological analysis revealed that bone mass reduction in MG was due
to the promotion of bone resorption by osteoclasts and the reduction of bone formation. This was
confirmed by enhanced expression of osteoclast-related genes in bone tissue. Moreover, bone
marrow cells of the spaceflight mice were successfully cultured and clarified that osteoclast
differentiation is enhanced in cells derived from the MG mice. This result is important as it reveals that



the influence of MG is memorized at the cellular level.

In the vestibular system, plasticity changes were revealed according to gravitational changes. These
changes were observed at least between the peripheral receptors and the primary neurons. In addition,
the involvement of glutamatergic neuron activity in the vestibular nucleus was identified as the central
mechanism of gravity sickness. These findings are very important in clarifying part of the molecular
mechanism of gravity sickness in astronauts.
Analysis of the cardiovascular system compares the expression of genetic information about the
hearts of MG, AG, and GC mice by analyzing the total transcript (RNA-seq) and translation template
information of MRNA (Ribo-seq). The gene of the ketone body metabolism system was revealed to
fluctuate greatly. This change is conversely suppressed in the next generation, and revealed for the
first time ever that gene expression affected by spaceflight is transmitted to the next generation.
In the reproductive system, mice that spent about a month in the space environment did not show any
abnormality in spermatogenesis and its function. In vitro fertilization using the sperm of these mice
showed that healthy offspring can be obtained as well.
Immune system studies revealed that the additive effect of gravity fluctuation and other environmental
changes cause changes in factors important to induce self-tolerance. These include atrophy of the
thymus and increased gene expression of medullary epithelial cells. In addition, the space
environment has little influence on the construction of the spleen and lymph nodes. However, the
expression of genes related to red blood cells is decreased in the spleen.
In the endocrine system, MG mice showed an increase in wet weight and the oil droplet size of
epididymal fat and the subcutaneous adipose tissue in the inguinal region. Suppression of fat
metabolism was also confirmed by the increased expression of white fat markers in gene expression
analysis.
In the nervous system, the expression of genes related to neural plasticity was altered in a site-specific
manner (ventral hippocampus, striatum, cerebellum, spinal cord, spinal cord ganglion). In addition,
there were no noticeable changes in the behavior of mice obtained by in vitro fertilization of sperm
obtained from mice bred in the space environment, thereby confirming that the space environment
does not influence the behavior of the next generation mice.
Analysis of the reproductive system was also conducted in cooperation with AMED. It revealed that the
stress of the space experiment affects the next generation and influences gene expression in the next
generation.
In the sensory system analysis conducted in collaboration with NASA, retinopathy was mild in AG
compared with MG. This result is evaluated globally as an artificial gravitational load that can prevent
common eye problems among male astronauts.

As mentioned above, this project discovered new results in that “changes in gene expression induced

by the present generation are memorized as epigenetic changes and are transmitted to the next
generation.” The results also present the first evidence that the addition of gravity in space can prevent the
decrease in bone density and muscle mass induced during spaceflight.
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TEFENER DR OREELZ ORI EL 25 Z LR HKR D, £, EME S OB

D WREDIERSCA T 2 D AN OB 28 2 5, B 10 mm OWREOS AT, R
IREZEOFHR X OREBNEEOFHZER L, MBAT 4 A7 ET7 AV I=0 L8 E LT
W5, REIEESMOBENL, FARTI—T7 774 IR W AT) ZEHLTWS, Fil
OB OFHIN I T A G A5 2 AV, HEREBETEEZ LRI L, Ny 7 T4 Mk
IZ X VIR B R EE ORI A 2 (2], ZhEho, FHEFIE 6356x475 um? (BAR
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Table 3-1 AEEEE K OVERREE

=4 | IR | AR k L— R 2R JEI P 25 PR S A T
[mm] [mm?/s] [um]
DS-1 30 5 180 %=
DS-2 10 5 30 A E T T
DS-3 30 10 180 2= 4

*EER 11 AE TIIRA LA, 125 0B FETIET LI H A

3. 2 EEEA

(1) HE@E gkt y v 7 v

FPEF ¥ L OVFEBRBEEUAIT Fig. 3-1, 3-2 1T K 5 Ik~ 2 BLAIKERE 2 K > T D | ISS
BT 2 EEMREOFR TUABROBEHIDHUTH D, ERERGT 21201%, FHARAT
T2 K2 ERAUKRZ AL T, FPEF ICHAM T 28y N7 v TEEER T o T2, T OHEH
WPz, YIEIOEE - fEkikt v b T o 7R, EAEER & LT/ 10 R, 3 AR
ST TCOE¥(ETH T2, TOHOE Y T v 7VEEIT, AiElOFER A L2tk o By
SR, BBy b~ORH, WEOER b L L 25720 K 14 R OE¥E%
Il L7z,

(2) EBREH

FEMERIE DO Y b T Y TIPTS5 L EEMEIROERET = v 7 21TV, £ DRIE
RMITERA EBAT L, IEIFIER IS RAFICER S L, D OREEZANL Ty 7 v T=
KA A S EZ OB KT LTz, MREENICIE, KIEANRA L7223, OB OEK[E O KR
Hickiaz EFRESBRETH2FEEZ AT LICblI Lz,

FEOEM TIX, UL ORTY Y g U BFREOERZIY £ L, FERuEMEHIZEE 2R
ARZ RN D FERAMIT Li-, EEMREOBIEIL, T 2 —0 b 0mE#RiE=
~ ¥ RIC &0 FEhE Uz, ke~ 7 > T =5280%, 1SS ZFIH L 7= KB o T b 8 L 3B
D—DThH 9, T, IEROWEKRE ETFHOT 4 A7 DR THZ THREEL TS0,
TRAETERR « DU SO 72 i 2 AT O BN S D, T2, VT AH A ATBIESNDFLRIC
AOETRIEOBREEZ 20  RET R 7 7 ANVEEE L) 28 EEETHET 52~
Y REBBICEET O ZLBRNWT —F G T 2 ETHATH L, 207D, 1 HOER
TH) 150 2av o FEXELT, FPEF 7217 CH 118 av REZALTEY, ZhEND
gy RE—DO—DORLAENG, UL 60 ERZHK L Ca~vy RERKE RICEET
HIERITIEFICEE 2 b ONER I LA, EAEHYE O IXAMO & ER 21
AT LT,



4. EBRBREBIUHE
4. 1 BEREBEEZE$E XU Hydrothermal Wave D&%

W~ 7 T =xtitid, 74 A7 BIREZE (AT) OHEINE & ICEmEENZ L, FF
TEDRMIZBWTEADE B LT — FEE 2 RE#R~ L EE T 5, Dynamic
Surf TiE, S F I EREHTER, FENRIE, 70 2 7 REIC L CTIREEER OSSR T 1
A7 BHREZE (AT, IREERKE (£, JAHmE— % (m) ZFHL7, Fig. 4-1 i34
TARY N (T4 A7 ERIZHT DS S : AR=H/D) [ZX L THlR~T7 I =%

(Mae) & BERGTTIRTERSR (F) 27 vy ML T 7 Thd, 2I2C, Ma, Fl3zh
TNAT., LI T HMERITCETHY, UTOLIITERSND,

Ma, = M (4.1)
pva
- (D;j) ¢ (4.9)
[04 a

(4

I T, oon po v T ENENRIEEIRERE, BE, SRS IRELBERTH 5,
Fig. 4-1 1 ZREM DT ¢ 2 7 WD 20°C OFERDO AP REIN TS, AR <0.50 TliX AR
D¥EINE & BT Mac & B REL DL, £D%, 0.50 < AR <1.50 OHiH Tl D%k
Wil 720 BBUDRA—EDEIZELE TS, AR>1.50 TIX7' 7 M (Pr) 12
Lo TREEMEMBROMANKE SRRV, Pr=112 Tl Ma. & FE2XHEVELLRWN
DIZXF LT, Pr=67TlX Ma. & FPEMICBDT L L2l LT, ZOX ) AL E
PERFR O3 1L, Pr ORI Z T, R BHREICB T 28BHOEEL R ZIT T
5 ENAKMFRTHO NI ENTZ, Pr=112 TIEAT BB KRE W20, AR E D
OEFASKIE~BE T 2B OHEINT 5, —F. Pr=67 CIIAT BB/ S W2 ik
FEIRFE & JEBHIRE D787 720 | FER & U ORI D JE BRI~ & BB 2 2R
WD U, REEENRKE < Z kL=,

20.0 —T T T T T | — — T T T T 1
Schwabe (2005) Nishino et al. (2015) 20} © Present i
10.0k© XD=6mm, Pr=28-29 © D=30mm, Pr=67 M e AD=10mm, Pr=67
oo s D=30mm, Pr=207 J & © D=30 mm, Pr=67
—_— r a D=50 Pr=112 1 | ©D=30 LPr=112
g 5.0 v D=5omm. P:=20? ] 1.0 i k: 2 " ]
= 3 E [ %% [ ahba 3 ]
=20 % | Fosp  Brefaress :
4] Bubbles
< 10} ?nﬂﬁgnﬁw x . I r—Hu |
: sgf ¢ wf .., 1 o2 8 O gaA
0.5+ a —— b
I Bubbles 1 o~
" 1 " 1 " 1 " 1 " 1 " 01 " 1 " 1 " 1 " 1 " 1 "
0 0.5 1.0 1.5 20 2.5 3.0 0 0.5 1.0 1.5 20 25 3.0
AR [-] AR [-]

Fig. 4-1 ERRI T 3-8 Mac & BRTIREEFEE Fc (Yano et al. 2018 XELE X —EER)



Fig. 4-1 i Eom v MR [3,4] LEBFHAT — 3 VER (6] 07 —2 b5
FENTVDEN, A THLNIERIL, TR OETHREORKRL L —H LTV, i
EOMUNENER [6] IZBWTH, & ARSGMFICB T 5 Ma & F OR2W7 2Tl s
NTEY Yanoetal.[6]1LZ D X 9 2 ARZEMEMARD /315723 % 5 & Hydrothermal Wave

(LT, HTW) O HFmPET 52 &2 WmE L Tnsd, L, Yano et al D& T
X HTW OEFE 5 M ORI EEE O 2 MBI RENTE DO Th o7z, Zhic
X LT, AT ERTIL HTW OIsHE 57 OWs 2 EEICBIZE T 5 2 LIS LTz, Fig,
4-2 [FIEAERE OIRELEEZ IR AT TRIFUL LSRR TH VY . X TIZ HTW AR
25 EIRM (FREIEDT L Wi &) 12, FRITTIE HTW A3 Eia i h SRR (FRimiR 3 &
R E) IEEL WA T 2R T A2 ENTE D, £72, 20O L X ORFENOIRENS
Z AL L7245 Fig. 43 Th b, @ AR KIENO~ 7 > I =3B IRENE~ & BT
% &R OREIE BT IARTE T D28, T OfE & HTW OEHERAEWISER LT\ 5
bR SN, HTW OB, &7 7 v MABIRIR O~ 7 > 2 =4 it 5Eic
B AEBERFEO D Tholond, AFETHE SN2 HTW 1 X, BERE#RAICH L TYT
b ERNT [T, 8102 TRl &7z HTW & FELL U752 o832 & 0SB STz,

Temp. fluctuation [K]

Heated disk Anatyzs;d region -0.07

' _ 1.0

0.5 1.0 1.5 2.0
tlic(= 0/2r) [-]

(@) Pr=112, T, = 15°C (Case A)

Temp. fluctuation [K]

—_

Heated disk Analyzed region -0.12

1
Ll

Cooled disk: 1.0

tiz(= 612n) [
(b) Pr= 112, T, = 20°C (Case B)

Fig. 4-2 IRAASTEEL Iz HTW D& (Yano et al. 2017)



[V] (mm/s]
0.8

0.6
0.4

0.2

0

tir=1/6-2/6 tir=2/6-3/6 tir=3/6-4/6
(a) Pr=112, To= 15°C (Case A)

V| [mm/s]
1.0

t/7=1/6-2/6 t/r=2/6-3/6 tIr=3/6-4/6
(b) Pr=112, T, = 20°C (Case B)

Fig. 4-3 3-DPTV IZ &k B RBEED AIMRILETBIFER (Yano et al. 2017)

4. 2 FHEBHKRAICEITI2BHOZE

(1) BB EEREFT

Dynamic Surf CTiX, Kamotani & DL 7 /L—FIZ L 0GB —HEOEBRERIZL VIR
SNTZIREGERICH T 2 HERE 20 LI BUREORE9, 1012 R EENRO—o &
LCRRELTWD, HUNENFEBR TR, BHT + A7 IREEZGEICE L& T TE
B R ORE B L OIRENTER % OxHiiss D[R E %217 > T & 72[11], MEIS # & O* Dynamic Surf
TIXPERIT A2V VR Pr iR & xl G & L2F98 44TV FRIZ MEIS T b - IRENER 1T
B LT Pr>60 &72 2R BRIIAZ x5 & U CRIBREMWMNT 21T > T\ 5[12], 7272L., H
MAmE N LBV EOREBICE L T2 2 £ TOM Pri#ifiihaxtg & Liiseidsi s n
TRV, % Z T, Dynamic Surf 3 XN MEIS TS NMFFEREE L 0 X< BRI 5 7-
D, & Pr BRI A REBRIRAR & Lo RIBHE A xR & U CRB R E MM & £l L7z, fEko
WFZEIZ LD | Pr=16 ORI Z G & LI R EM I TWA[13]12 &b, 22Tl
WNEAERTHLHWONIZ5cSt v a—r A0 (Pr~28) &Rl L CRUEZ EMEfRIT
AT, HEHTREASMIEIZ OV TIE Motegi etal. DL [14] IZEELLY,

w1 Pr iR a5t G & T MR EMMNT 2 — ROBRRBICH 20 | T ORYME AT
[13]DFER & bk, & ORISR A B 5 2 & TREEL 7, Fig. 4-4 IZ7 A7 b
e r=180EMEEZxG E L, BASIKIRE T 20T 4 A7 RE LR — ( Temp =
To ) & LIZSA ORMBATRE R % Xunetal. [I3IC X2 THIE & BITRT, ZHICED AR=a—
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K23 Pr=16 ORBRIEARICH L CRAFICEEL TS Z E&2R LT, X5, REFFETHE
L% (Pr,) = (2820)DRAEICKT L, W@ O CEM L7 Y v R (N, N,) =
(67,120) T B - IRENEER R L OV K 0 @R 72 54 (N,, N,) = (133,240) T H 1
T IRENER RS AR FE THRIG &5 Bi SHIIZ ISV TR TR 2.5 %D AERNFIE LT,
DT ENOBBEIZOVWTORGRBELHRL TND EEZ TS,

5000 +
Ci:v g= 0
4000 - Tamb = T
3000 n present
. —&— Xun et al. (2011)

2000 4 ’-(: SO“d: m=1

I null: m=0
1000 'm“'g

0 I T I T

0 1 2 3 4 5 Bi
Fig. 4-4 AR TR LI-EBHRELEMBTI— FIRIIER Pr=16,T=18 DEMAXEZXE
ET 5, M Xunetal [13]I2& B FHIE EHITRT,

RRRERE R Z Rl & LC, MEHEJEREE TICH1T 25 Pr=28 ik CTD m= 1 IRENTER S & Bi
DRI L OIRENRIER % O K HiREL#) /35010 % Fig. 4-51277, 22 TIX3FEDT X
R R EMSGE LTS, T=1.0BLV LS OEFEICBWTHE, gL LT0w\25 Bi f
IZRWCH—DEAREEE AT 25 & baRaxhids & LTRRT 5, —F5, =20
DRWAETIZ, m=1UIx L, 2 o0RLDEAEBEZAT 2SN EET L2 LW 5
M LT, ZD X722 oDBEAREIT Pr=16 DBEITITR SN TEHF[13]. & Pr i
KICBIT DR THDLEBE2 NS, 22T, FrICBilxt LTHE T30 O % 7~ 7 [
AE% %A HTW(a), Pr=28 |[ZBWTHIZHRELLZATE L3 0 O 2 7~ [E A B x
HTW(a) & EFT 5, Ek, MR SIKIERECRY T 2IRE R IX HTW@) & EEZ ST
TS, ARENTIC L0 REELES > (Fig. 4-5 (T) ) BLR r—z FHEHNTRON DR
itds CIXAERE% 2 SOBEGREBOBICRD 5 Z LERHIRRWo, ()& EE LT,
AAERIT, PERDIFFR TITON TV D REEE A OFHH (e.g.,[15]) MHIX220RR5
E AR AE AT DS ORI E 2T 5 2 LIXE O TREETH D, NI & O A
BUERAFRETH D Z L 2R L TN D,
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2000

Re

1000

Fig.4-5 EEEARBETICHEITS Pr=28 ZETO m=1RBFEH AL BIOER (L) LU
RBAEBEODREERELTHINM (T). FARY FEE1.0, 1.5, 2.0 DEFIZDODLWTRRELT
W5.

FARFENKHRIGZ DWW CTE ) OFBEERFET 729, Fig. 4-5 (R LIz & oAz xt
L. @HEEHEMINLIZR TORSLEREZRD =Y O % Fig. 4-6 (2R T, 2 2 CHEAME
ErEETHICHIZY ., H B2 THERM LTV A4 0.75 mm OHEFEZM8E L TERY AR >
F¥Bd ZEH LT\ 5, 2B, KPIZIE Fig. 4-5 () (R L7 EE DBREE T Cofhzih
METRLTND, BiddhHBMERE W, 37205, Bi 2 0.7CIE I ORREO/NIUHR
FECIXIZIE R — D PL i a 23 2, BVREORENPE IR b D OIXK Bi fE kT
HD, Bi M 0IZES< IO, m=1 OXEGITOT 0N 6 b ZEICHN D, T78D
B, WA VA I NVZENRKREL D, SHICBI /NS THEHLTEREREEREHFT D
GRS 5, ZOEABEEIL. IREVTEBZ ITIRFER I LT 2 IR B 2 il
FHNIRT TR R EA L E AT 5, AFRTIEZoBEAGEEEHT 5
% 2 HTW(b) & %9 5, PAS IZBI4 2 M EEBRICK W T, MUNEHFEBRCTRA L
PAS & H.70 2%t T D PAS DR S T2, RERELEBOFE G, £ OxHils &
PLiebDTHDLBERXDND, —T T, KEHTIZ L > TZ OXHASIE B~ 0 DIRRETH
BLEbDOTHDLZ b, H EFEBRTOSME OBAEME, IRENEEBEZ OXis 12317
LEHROEEIZONWTIIAS BRI DR DN LE LD,
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2000

Re

=20
Tamb = TC

1000 ¢

Bi

Fig.4-6 Pr=28, =20 &IETO m=1RENEZ R L Bi DBERICHTIENDEE.

(2) £E&

WEOH FEER [9,16] CffEfEdT [17], BEmfEdT [18] [2BW T, iEA mRmIZE
T HEREN N~ T I =R KR X e A K ET 2 &#ﬁiéﬂfwéoDﬁmmc&M
T, Z %@%%%?é EEAMO—oL LTW5, MEIS Z£DEBRTIX, BHHIT 4 A
7 ARSIV 20 C—E & LT, MAT 4 A7 IREEE 2 5 2 & TR
JEFEA T2, Dynamic Surf Tix, WEIT A AZBEL T A—F L L, T4 AZIR
AP RIRORE A B S E TR AT o T2,

Fig. 4-7 1AL 30mm T, FFFUREZE AT 3 X OEEFRISI T 2MET « A 7 RE
(Thee) DIWENIT 4 A7 WRE (To) (T T DIKMEMETH D, BIUREZIZ, GHT 4 A7
ERm< s EHICTFREL, Te 28 28CE 0 BWSEATIE—EDRMREZZ R L TWD,
FEFIZB W T, FAHKIKORET 23CHETH 722 L b, AR COEBH) & D
BE@AREWEDOEE X e (Bi= @2rLxAT) THEE L7t D% Fig.4-8 12R1,
Qiﬁﬁ%ﬁ#%@Aﬁ%%i Kk [ TIRRDOBMRERTH D, ’NHLHLNRE D ITEE
X207 T U FITHTHZ ENHKS, Branch 1 13, FER A B A5 IR I BURIC 2
OAHHETH D, £D—J. Branch2 TORRFEIT—E Lo TW5D, M EEBRTIE
BROFIFKIN S B A ERE LT HH5RMRENNETH 572D, Branch 2 (TFHERZT-
THDTHRLNERTH D,
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50

50000
D=3cm,As=0.5 Vr=1.0,Pr=55-81, up-g o
D=3.0cm,As =0.5 Vr=1.0, p-g
40 ° 40000 |- o
Pr=55-81
°
(Th), o
30 Hler
30000 |-
o ® ° * [ ] o Branch 1
I
. 2 o 20000 |
o At L4 Branch 2 N
[ ]
e} or ° °
10 10000 | o
o
8 o o O
0 ‘ ‘ ‘ ‘ ‘ ‘ 0
0 5 10 15 20 25 30 35 40 0.0 05 1.0 15 20 25 30 35
T (°C) Bi
Fig. 4-7 BERRDIERT 1 RV BEKEFMH Fig.4-8 ERRYS U I=_HELEAH

(B 30 mm)

Fig. 4-9 1XRHRE 10 mm ([ZBWT, WEIT 4 AZRE (To) I LTCAT E £&2 Ty
FNL7rT7ThY, EMIZAR =050, FXIT AR =100, JAFAKKITT VT E72iEx
FTHDH, WTHOFRERIZBWNTS Te B EINT 25 EAT & £33 L Tn%, Fig. 4-9 (2
BT, To BEINT 5 E AR RROEE HHM L, WA B R D OEE LT 2
2, BUREN~ T v T =i A R R ELSETWD Z ERNbnd, 20K ) RBGHEKED
INZHE D <7 v =3O AL E/biL, Kamotani et al. [9] <° Shevtsova et al. [16]
PIT o T EFEBR T OGRS LTS, E7o, AR =0.50 OFERIZIW T, AERIEE 7 v
AUNORFNIELETDHE TP L, ~7 v A= mm A ZE L TS Z &b
Do ZHUL, TN T ANTHARTRA AFBMEER N @20 | 7B RIEIZR T 28 H)
BRI 5720 L EZ BN (T T OBREE)R k, =0.018 W/(m-K) 2k LTxrA
Y OBMRERIT ky, =0.049 W/(m-K)), L2Lans, BAEKEOFEENE I LZZ LI
L2 RIT AR =1.00 TIIMRT 52 LN T Ao dz, WA BRI 52U HIL,

—ki(%g}L:-kc(%ng+eiaw(733—7§) (4.3)
ERTENTE D, 22T, EXROLENTIREMOBGH, AT RAEMOBGR TH Y |
B TEIIRHR MR IC L Dy, 3 LSS FMBEBIC L 2 T b, EXnb bbb
E O ICHEARRAOBRER N LT 2 LIk 280503, RO —HIZORMEMRT
%o W/ NENBREE IR H AR AE LW T2 b, S BMRE D BN NS L 225,
Z ORI, REREAES . 2o, REBOKE VE ARKIETHE L 725729, Fig. 4-
9D AR =1.00 TIHEHKENT VA2 & XA OEETHRERICHEERE O DB -
TeeEZBND,

W H O SIBREE T, AR P ORI ER O BARRITE AR A L, ZHUC & 2 i BsE
AL A HEEICB T 2B 2 X T 5720, WEDHIZE TILS < FHRE D F 8 4
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SNDZENEh o, L L, MUNENRE CTlES M~ 7 0 T =5l o ii < 2%
T EN, KFRICL > THLMIZ SN, Fig. 4-10 1%, WHERNOWREY; (7272 LEH
i) ZRLIEbDTHY, b, (a) S<HHMeBE R U8t . (b) 5S<IMs
B\EZIE U BRI R, (o) b L—Whir 2 Ao aidlbEbiisi R cd 5, £72. Fig.
4-11121% (a) WREEWEROWE, (b) WAERE AT OFHE, (o) WHERmIRE, (d) KX
R AR A L L2 fE R Z2 7R T, 2D OFERICE N T, S SHEEE L U 72 Bl it
FERLT, PEEHOMENMEE IR L D0 B0 RRO LR, S HHMEEBET S
T LT K o THABMHTHRE R & EBRER D K< —BT 5, E R0 BEmIR £ DN RARE L v
HIRWIGE S HHMREUC Ko TR HEHIS NS, ZORITERMOT + 27 HFI2E
WTHRHICBHE L 720 | ZOFMEDORENRE 20 | BERREE NN Z — 06 B8 E KX
T, AR T, 74 A7 EEN 30 mm OBEITIE, BHEEAREOABEREIZHED LS5
HHMBEADEIB K 84%IC 672D Z EWNbhotz, 7 v T=fOREEMEICK LT,
EROWEEEZ RS 52 LIFFERICEETH Y | RFEHERTHONIERIT, 4B O
~ 7 A=K L CHOEERBE®REF o T\D,

40} ' ' IA A;gon :ambie'm gaTs - 30k ‘ l ' Il A:'gon :]ambie'nt ga]s i
& (ka, =0.018 W/(m-K)) | (Ka, = 0.018 W/(m-K))

— 30} ¥ Neon ambientgas J _ - B ¥ Neon ambient gas
X v : a (ke=0.049WImMK) | X onl By (kye=0.049 W/(m-K)) |
= 20+ ¥ a {2 | a
< *8§ A 1 <40l * B

10} Frgs, | 10 z = 3%

a : ra
0 ————t——t— 0 p—+—"t—+t—t—+

0.4F . 0.3- 4
— 0.3+ a 4 — | a
N v é ¢ N 0.2+ N a A .
E'O 0.2+ ¢+ 4vn A, E'U X A a
Y L o T v

01k ] 0.1F -

) b
0 10 20 30 40 0 10 20 30 40
Tc [°C] Tc [°C]
1)AR=0.50 (D=10 mm), Pr=67 2)AR=1.00 (D=10 mm), Pr=67
(

Fig. 4-9 BEFRBEEAT. CIRBEEHD L OKET « RV REKEME (Yano et al. 2018)
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(a) w/o radiation  (b) with radiation (c) 3-D PTV

Fig. 4-10 A< SHEEDREMEEIZ S X 552 (Shitomi et al. 2018)

—— Simulation with radiation ---- Simulation w/o radiation ¢ 3-D PTV

T s T x T

PT P —
40f ]
35] f
3o} / ]

—'20; i i
15F i B
10__ ]

z[mm]

00 02 04 0642 08 04 0 20 24 28 32 36001 01 1 10 100
(a) Vz[mmi/s]atr=7 mm (b) V;[mm/s] atr=14 mm (c) Tig [°C] (d) T g/oz [K/Imm]
Fig. 4-11 A< HHEEMNRR., REEE. REEEAERICE X 552 (Shitomi et al. 2018)

4. 3 BHREEHOE

Dynamic Surf @ EZE 2 B O —21%, A RREOBIZEE (LLF, DSD) K~ 7 v
TSI RIETREBELZP O NICT 52 L TH 5, i8EIZ Kanashima et al. [19], Ferrera
et al. [20], Montanero et al. [21] 72 EI2 & - T, #i EZEERTIX DSD OFHAINT /24
TENBNEREEIZET 5 DSD OFHHIIIARNIZEN ORI TH 5, Fig. 4-12 13 DSD

OFHFGIEE R LIZKTH S, LED KR CHRELZFmAOR O L, B hFRm & B
kv ZftED CCD A A7 Tlpig ¥ 2 LB BTN & LTEND, iR I
BN D KFEF M OBEE S 2B L, Zausxh LTk Z RO 5, Z0
AR O ZE MR R B R E ONLE & LTRED [22],
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Fig. 4-12 (L) BHEEHEXREDLKEBRE (T) KEARODEESM (Yano et al. 2018)

Fig. 4-13 1% (k) AR=050% (F) AR=1.00Zxr34 2 (a) @i A BFER OB E)

(DSD). (b) MKIRMT ¢ 27 FHEDREZES), (¢) gv vy ¥ —OFHIFERTH D, Fiz,

(d-f) ITIEENENDOWBIT T BEWE AT PARFRENTWD, 2T, EBREM:
X D=10mm. Pr=67ThHV ., AT [TIRHIMEROBERAZIELY bOTNITKEWN,
AR =0.50 DFERIZEB VT, 0.25 Hz TDSD LIREEEBOEEE AT MR E—7 2R
LTEY, ZOWRBESG DR~ T v A= MO ZERITER T 5D THDH Z Libnd,
AR =1.00 DFERITBNTHFEEROMM 2R v, DSD EIREEEB) O f DI A~
FUAY 018 Hz TE—2 2L THEY, ZHE~T7 A=t ORNLEMICERT 5 60
Thb, £/, AR=0.50 T/%6.73 Hz, AR=1.00 TiZ3.31 Hz & 6.84 Hz T% DSD ®
JAWE AT DAV DOE— 7 BREGRT D ENTE D, ZhiE, gV v ¥ —DOFBLEZ T TR
HEREIRL TWA72DTHDH I LN, AIFEIZB W CHERR X 4172, Sanz and Diez [23] @
WA IZ LT, AR = 0.50 TIRENE — F2 (my,, Np) =1, D O OEIRE B EUT 7.44 Hz,
AR =1.00 TIREVE— R (m, Nip)=@1,1 & (0,2 055 OLRE R 3.49 Hz &
9.24 Hz & PHIT 2 Z &8 TE, 26 OIIRAREIT DSD ORI AT F L TR
N —7 OREEKE X< T 5, 22T, mus (ZEA G R OREEREE — M, Ma i3
T OWRARE T — R CTH D, ~ T > = OMREE PRI & ko R A I s
BREND LI, MR 7 4 VI —E#HE i Z & T, 2RO ORI Z 0lid 52 &
WHRETH 5, Fig.4-14 (X, DSD RIEOE T oA & R LR TH D, v 7 v I =%
DARZENVEICHEIK L= DSD {22\ T, AR=0.50 & 1.00 TIER&E < BARD 04 % LT\
%o AR =0.50 TIIEAEF LA CIRBOHI N HER TX 501Ix LT, AR=1.00 TIZZ D
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Eo IR s N, T, AR=0.50 & 1.00 T~ 7 > = =5t O 5 6] O A3 F
IRBLAREMER R L CWN D, F7o, HLIRICEK L7 DSD Ol 5545 OFHARE R S| g
Uy B — ORI LV IAES (my Nop) =0, 1) £7215(0, 2) DF— FTRE L TV 2861
EWERTHZENTED,

0.25 Hz 6.73 Hz
— 1 -d T : T T T : I-
£, .
T 210"} ' 1
= 8102
o 310 - i
2 Bl V)
1 1 L 410-4 1 il E 1 4l 1 +
b L L 1 -e : T Ll T

°
T

T W TR TR N W 1

Tem pe rature
fluctuation [K]
(=]

PSD [K?/Hz]
S o

o 5]

10° :
108 !
= . |
E |
8 :
é i
0 20 40 60 80 0.01 0.1 1 10
Time [s] Frequency [Hz]
Original data Results of FFT analysis
0.18Hz 3.31Hz 6.84 Hz
T T T 1 [ T T | T T | T H I_
20}2 4 E d ! N
= 210 ' v
= 8102
a O Ef 10
A 810°
20t E &,
. ; . 10
b T T 10-2

°
T
1

o

Temperature
fluctuation [K]
o
PSD [K?/Hz]
> o

[-:] o

.
eQ
@@ @

|
1
|
|
1
1
|

5 F10%f
E 0%-]0-12_
= -14[
é ' a9

; ; i 107°% . R .

0 20 40 60 80 0.01 0.1 1 10

Time [s] Frequency [Hz]
Original data Results of FFT analysis

Fig.4-13 B BHREMOEBNEE. EEA T+ RV DERELE. -0 v 2 —DOEMEZEIE. Bk
V. TNFNORRMERER . (£) AR=0.50. (F) AR =1.00 (Yano etal.2018)
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DSD due to Marangoni instability DSD due to g-jitter

1.0 {10 i
08| \ {1 i osf \ 1
— 06} { i oef i e
= r4 | I \ | : E%
N 04| < { 1 o4t / ! -
p - ! p
: /
02 - v 02 .
h Mg = 1, NLB =1
AR 0.50 1 H AR=0.50 1
i myg: azimuthal mode

0 0 03 0 06 0. 09 0.12 0 0.40 ' 0.80 120 1.60
& [um] : J [um]
a-1.f=0.25 Hz a-2.f=7.44 Hz c. Oscillation mode of liquid bridge

1,0\ 1.0\. ——r 1.0—‘K..; —
0.8 i o8k 1 os} 1
\\ | | ' =
“'\\ F
06} . 06} « Yo 4 ost / 1

'

Ng: axial mode

T i " x| ’
N 04] ,/-;’ {1 1 oaf f .' 1 o4} i
”z 1 .f 1 r
0.2} 1 102} V4 4 02t r 1
: # 7 AR=1.00" — AR=1.00
“ 1 AR_ 1 00 E j 1 1 I_ ) L 1 I_ )
0 003 006 009 0412 i 0 020 040 060 080 0 002 004 006 008
S [um) ; 5 [um) S[um)
b-1. f=0.18 Hz : b-2. f=3.49 Hz b-3. f=9.24 Hz

Fig.4-14 BIEHRREOBMNEROEWARS M : (@) AR=0.50. (b) AR=1.00. (c) &
HOIREE—F (Yanoetal. 2018)

4. 4 EFHREEBORT—Y2YT

DSD HI7ED HA9X DSD #EIE (LLF, 8,) DA —U »JHIZFHRL Z LiIcL-> T, i
BIEBE N MaBiBLThH L0, SNRTA—Z IR THLINERLNNCTLHZEITH D, S
INTA=BTS, bAy ba—TFH A X (LT, A Ok LTRATERZSND (Masudet
al.[24]),

sz(éj 4.4)

Ma B DOYE . SAFRDO A — U U ZHNZHED Z ENRTRIN TN D,

s
O

5, o (”V“jMaLj” [ x9(x-1)"] (4.5)
ZIT. X=AT/AT, TEESH., B~ T T =8 Ma, 3K TERSND,

Ma, =12 (4.6)
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ZZC, Ma,=Ma, [2AR Tk %, MaB B ThHiUL Ma.=—7E L 72572, X(4.5)I%,
X% LiHiuE (B2, X=1.1 TR . 6 3R & LIZIHKFEET . pva/o ®
PIATFT D 2 L2 EWT 5,

— . SNRT A= XEOLE, SAFRDAr—Y  ZHINCHED Z ERTRINATND,

5 o [’f—;f)m Ma_ " [X?’/ZS (X—1)”2} 4.7
BRI XE LR (B2 0E, X=1.1 THERT D) . 0 1% Mae [2135R SIREET (Fe
s 3128 L/NEWTIZ®) | praL/(oPr) WHEAFT D2 L EEWRT D, FRC, Ma Bl O
Yt L BIpY | L2IRTFT 2 RPN EETH S,

ERL7zs DA —U o ZAIOFPRZBIET 5720, D=10mm & 30mm ({H L, AR=0.5)
BT 6 #HEL, 6O DIEGMEER~Z, 22T, FHERICBIT 5 ATREFHED
WAL 8 2 SAEfRT 0 sRd, ZORLEICRIT 5 6, Zali L7z, £/, X=1.1 TO S &k
W D720, 0<X2.0 TOREMEIZ(X-1DV2 DR A H TiTH T X=1.1 TOEZRDTZ, /)
BAEDT —% & LT, D=3mm. 4mm. bmm (2% 2 FEROFE R4 G 7~ # EFE
BRIZEBIT D AlX, 8 PMET + A7 CRAREZ I AHAE & LTED, ZDMEIZHEITD
S, &Rz, Table 4-1 ITHHRICH W FEBRT — 4 2 £ L O b D TH %, Fig. 4-15 & Fig.
4-16 1%, TNEFIROER LEEZ DXL TF ey LD TH S,

S
O

— -1
Fig. 4-15: & (pva)

_ -1/2
Fig. 4-16 : 55(’”“}
oPr
INHOFER LY | kST DSD RIED DIk 2EF L. Ma 350 % € L 7= Fig.

4-15 & 88T A—Z XRAE L7- Fig. 4-16 DEHLICH R ONDN, HBE DT IMELF
PEDSFRNZ Do Tc, TOZ EiX, REGRIERD Ma B D\ % S /37 A —FZ OHM
TIRHHRETE RNV E2ERT D, ZOMRIT AR =0.5 OWEFE (HIG, # LR Al HE/
BV ELNIREE) 12635 D TH Y | FHEBROFHUTH 2 RIEHE (8 ARIEH) 1220
TiX, 4. 2 TR X 9 Aelil 7 mIRENE — ROWHERNA L 572 8, ARICRT 2B /e
KR SIS TWD, 2D X5 70 ARIKENEX, 4. 28T~ 72 X 9 22k A W
RENPOLOBBENE LEIELTEY, ZRETELLTEHEHSNTEE Ma ke §/87 2
— 2 U OBBE Z RET WK T A — X OEEPH LN Shood 5,
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Table 41 & 02— v 7 RIOBAIC 7= F 50 & Mo E TR
D [mmilL mm]| AR [ | AT, [°C] 3 2 2 Js [um]
2 c gas [ Pr[] | p [kgim?] | vm[m“s]| a [m%s] | o [N/m] atX =11
ug(DS1-6) 30 15 0.5 6.5 Ar 67 915 5. 15E-06 | 7. 46E-08 | 1. 98E-02 | 0. 0550
ug(082-30) 10 5 0.5 19.31 Ar 67 915 4.59E-06 | 7.46E-08 | 1. 93E-02 | 0. 0464
ng(D82-2) 10 0.5 17.35 Ne 67 915 4.68E-06 | 7.46E-08 | 1. 94E-02 | 0.0781
ug(D83-4) 30 15 0.5 13.79 Ar 112 935 9. 58E-06 | 8. 94E-08 | 1. 99E-02 | 0.0648
1g(D5mm) 5 2.5 0.50 29.8 Ar 67 915 4. 28E-06 | 7.46E-08 | 1. 90E-02 | 0.0732
1g(D=4mm) 4 0. 50 36.7 Ar 67 915 4, 10E-06 | 7.46E-08 | 1. 87E-02 | 0.0774
1g(D=4m) 4 0. 50 39.8 Ar 67 915 4.03E-06 | 7. 46E-08 | 1. 86E-02 0. 159
1g(D=4mm) 4 0.50 15. 25 Ar 28 873 1.91E-06 | 7. 00E-08 | 1. 81E-02 0. 054
2
10 E ' i E s : 1 | pg experiment
[ ] DS1
T B 7] ® D=30mm, Pr=07, Ar
—_ I 1 | D82
0 | ] A D=10mm, Pr=67, Ar
6 v D=10mm, Pr=67, Ne
~ 1 * DS3
3 10°F - 1| © D=30mm, Pr=112, Ar
| :Q:L N ]
~— N X4+ v ] lg experiment
ey | & ® + D=5mm, Pr==67, Air
X D=4mm, Pr==67, Air
T 0 | ® D=4mm, Pr=067,Air
100 , o B e i . B D=4mm, Pr=28, Air
1 5 10 50
D [mm]
Fig. 4-15 Ma X% T 51-HDER5T DSD RigD FO v +
0
— 10 E ' BRI TR Wl d 1 | ng experiment
TF 1 | Ds1
B 5] ® D-=30mm, Pr=067, Ar
S I ] [Dps2
r— | ¢ | & D=10mm, Pr=67, Ar
ii: v D=10mm, Pr= 67, Ne
b -1 X DS3
~. 107 + 1 | 0 D=30mm Pr=112, Ar
'“g C " v ]
([ N A 7 | lg experiment
QU | - i + D=5mm, Pr=067,Air
» X D=4mm, Pr=067,Air
< I 1 ® D=4mm, Pr=267, Air
. B D=4mm, Pr=28, Air
10 - I L 1 | IV T o | L
1 ) 10 50
D [mm)]

Fig. 4-16 S/\SA—AXEERILT H-HDERT DSD RIEDA TO Y +
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4. 5 HEZBATHEONEER
(1) Particle accumulation structure (PAS)D S£E],

N T = R R RS L LIRS~ T S =5 RIC BT A FSEIC B VT, & Pr &
RIZFB T D IRENRIER i OBR L3NS, ko vk B B CHRIRNITAT B U7 e+
DEFR7ZEE), WDW LERRFEASHR LM RO -2 L LTHET LN TS, Zh
I%, Schwabeetal. [25]I1C & > TH A 4, FEBRAI[ (Ueno etal. [26]; Tanaka et al. [27]; Schwabe
etal.[28]) - FF&E M) (Melnikov etal. [29, 30]; Muldoon & Kuhlmann [31, 32]; Romano & Kuhlmann
[33]) CHFFEAM TN T2, I EEBREFRIZ%ED Pr B LT ¢ A7 8% iz MAXUS %
BRCTH PAS BEBLEN TS [27], 20X 9 2R FHEABZRITV bW 2 BIEARENT T HEL
T5H T ENHMBITVWSDA, Dynamic Surf |2 & X3 F T KIBO TN S S i 7= 555k

(Marangoni Experiments in Space, MEIS) Tl&, #i ECHEM ST I 720> 7 Pr iR n
D KHUBEAE 2 NN T2 B 123V o D IREMRENE 23 SABLANIC 72 D Z & 2881 57> (Sato et al.
[34]; Matsugase etal. [35]) (272> THY, PASOEBIH LW & SN TET, —F, R
FElEZ 1 X0 /S < T 5 L@ Pr BRI RBARIE R C bR 00 B ERIZ R G 2 BLG 0 e
T,

Dynamic Surf TIXZNHDF RZEFE 2, WEZ KIBO IZTHEEAL TWRH-72 PAS O
HHLRIFOWREAT T, 70, BUNESFEBROR HO—2>Th 5 Rk TORFHEA 51
DRF &I THT o7z, ZOFER, JHHME— Fm =10 PAS 2] THEETLHZ &I
K LTz, AT, ZOEO—H L, MREOT=OFEN L EEBRTH LN REEHIT
Do

Dynamic Surf T38 L 7= PAS ®—#l% Fig.4-17 35 X O' Fig. 4-18 (279, Z DfEHIL 2015
12 H 10 B (GMT) (Z5EHE L7- DS3-9 THSF L TW5b, EBRGEIFILT A7 hE I'(=
H/R) = 1.0, {KR{LLV/V, = 0.95, T, = 40°C, AT = 8.2K, Ma = 1.3 x 10*(e ~ 0.18) T 5.,

Fig. 4-17 TIIA Y PF VBB S O U v Z i EO Rl 28I LQ), 4%kttt
[ AR B I BE A JEIR AN B S W C RS BEE RICEH L 72 b DB) 2R LTV D, 2L, &
FEFILE THO TN D EHBIEN A T IR B G 2 i3 5 720120 A Z i)
WAEFDE E TN TWD T2, B R ERSEER TOMBE L 72> TWRNWT SIZEEDN S
HThod, 2D, RIETIEH 2 THEHREIE R & il T 5, HEEEREAE R ICEW L7z
DL, KA HNEAEHOIEE CE RN 1 EER L7206 H R EIHIZEIE, £ 0% [ O
HFOEBICR ST D m=1 OEEZIIREIZIRZ 5 Z L0k, 72, ’IFP@IZIIME 16
B LT PAS DT 2R LT 5, T2 THOHERBGAZHIFRLRETRL TS, KH
JERL - BUE BE A OIS B2 S VTR 0 | IR AL TIRIRAR 2> & miR ANz i <
&GN LB E AR Z TS, Fig. 4-18 TiX Fig. 4-17 {OR LIZ[R—DFEBRT — 2 2B L, #KH)
T DB W 3 ORLA- 36 L ORBEIREZE 5 ORRINT — 2 2R L TWD, ZOT7T =X
£V, m=10PAS FHBLF TOHEE & hydrothermal wave RZEE I & - THAM L 7-IREN TS
TORMEIRELE) & ORFZER OXF IS TT ZRIRE & LTz,

_22_



M @) ®) 4)
Fig.4-17 DS3-9 (2015F 12 A 10 B (GMT) IZE#GLIPAS: (1) LADASD 1 Dbk
FLIzA ) OFIVER, (2) RERLEER, (3) BERRENFROERFRMICED  BHEEER
RER W10 RS EES - THL), @) BEIRNBEFAFBERER, KBRS ST PAS OE
EARIEREFEEY .

LR KR =
= ¢ bl ket "

=]
temp. deviation [K]

[
l Lh
-
E 3, b
" - A - ) W 4 &,
by N o | L . Y
aloegty® ® . 3 -
' hh ! B Y
p B LB o o SR b
" s b *'s =,
T <, o ':- :
L ] - g
- % - ; kY
» - - .
. P y i (ol
% Rl -
L ] o S " A
L i, A s . Py <
Meipliog #F0 M T A
e : v da
R A S -
Yl el
1 iy 1
.o ® A g LA
- r . .‘
PR . N ; _‘ ! VS
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(=] [=]
i

0.5

Snt/4 3r/2 /4 2n

Fig.4-18 DS3-9 (20154 12 A 10 B (GMT) ICE#F L 1= PAS OBFRIIZEIL : (£) BIFFH A
JER () LAHASDIDICEYREFLEER (T) REREXEBS. AIAELTLAD
DOMFERICOVNTIE, BI1 TRLEERLER, BRREGELTHFOSTERLTILTY
%, RBIFRE & U PAS OEEA AT REFETEY .
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Fig.4-19 TiX, PAS JERIZNTZ 5 ERTOWALRLF- 2B Ot T 127~ V/V, = 0.94,
Ma =128 X 10*DIRFETHEIH L T %, Fig.4-17 TRLEFTDHIELZPAS LRIL L 5722
LB _EICARYE)— TR 034EA LT 5, Schwabe et al. [20]7% “clouds’ & B L CU N2 &% EEGE
UL T b, ZONRBEIIMaZ BT E ORI Z f85r & > 7 ECTEBLLTEBY, A~
— IR PE S LR BRI AR STV D, PAS DT A 1 = X KD WTIKIRI &
DITIR 5 TWRWRENE L, ZO KD R 72k RS A FHMIC T2 2 LIk
DAN=ALIEATLOAERMAZER T2 ZLDWRBIZRD EEZTND,

Fig. 4-19 PASsRK (H1) RIDHFAY—2MIREORRIIEER (DS3-9 (20154 12 A 10
B (GMT) IZEE) : (£) LEAHASICLH2IFBEE (T) AlAELASICTLLEREFEE,
WIhHE 1 LRFEOESVIEBIEEIT o TS, T L—LRRE: 8.6s, IREFEDEEARIL
REFETEY .

Dynamic Surf (Z XV, & Pr ik « RIRFEN TO PAS ODFTEEZ I G T 5 Z &R HIK
feZ binh, EHRETICET S m =10 PAS HERZ & CHEME L7z, H ETREEORIK
MR 2 E T 556, HKEDORBEDTZOW/NETREE TIZ< HAVNS WK LMK
T5HZ ERHRARV, AN, EHREE m=1 22T 2R E KB T L7280, T A
R T =200 ZHRT 52 L & Ui, AU, Hi bk X OMUNE ) ERIZB W Tkl
WIZR BT 2R OB FIpisk s 7 A7 MEORBBEN RS (Preisser et al. [36],
Kawamura et al. [37]; Nishino et al. [12]) Z & 24K 5,

Fig. 4-20 [T H1 BSEBR CHWZ ZBISE 2~ d, AR OE Y, FKEDRELZ R L > ORIK
HAFEBT L7720, 78 R =0.75mmOEHELZ S Lz, Biiny NICERRY 7 74 7 %
A, BN OBIEEZWREICL TS, ey MIET7 VI =0 28T rh.OIc L e B
WLV VR T E O TERTORMBMAST 2 /ERIC L T\ D, A BB LOMIEIC
EREE S A (X high-speed camera) ZaX(E L, #AEPNIZAHS L7z b b— RO W]
ki LA IR OBIER & [FIRHIZAT 5 o WA FIC R IR o 7 7 U VR & 2 A s —
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VR ELUTHRE L, AR Y O KR OEGRAZE) 2 8 7 12k LTl Frig kg 2 5
HBLTWS, BB, B —L RO—IcrL~=y AIETEE L TRV, HAERES
(If) : IR camera) (Z & 2 REGEFHREDOFHIZ T 72, 7ok, MBAIIAE LT2eSt Y =
— A A Rz, ZHUE Dynamic Surf CHWZBRIEIR L D HACKED H D & 722 B 23,
PRENOER SR 2 i/ N SWRJEZTHEILT 5729 (Uenoetal. [26]) Th 5,

external shield

....................

l sapphire rod %

heater

liquid bridge

Fig. 4-20 RiEHEZxHRE LIz L REBREEDOHMIEX

i ETH B2 PAS (m = D)OWERANT — & % Fig. 421 IR T, EBREMIE, 7TAXY
N (= H/R) = 2.0, {KFEHV/V, = 0.83, T, = 20°C, AT = 20K, Ma = 1.7 x 10* Th %,
YL DR AEA IR BUCEE S & 1AM OB b Z KR LT s, B IO ET
POEAG LcE®R Az (B) BEO (1) g, FeRmBELEHSEZ (T) [Z77,
¥, EHPOESG UIZESIX, Fig. 4-17 & RERRICE fA0AB A Lo, BERKEZIT> T
Do Fiz, REIRELETZILN 10 A5 OFLET —2 0oL Tns, HETH LN
PAS (m =1, MvNENTERTH LN L O L ERIZIEF CHEEZ 2L TWDD, K
FEHRIGEIZ T EH T BOERBRE N, Thbb KAV IAD IR WGE K E W REE
MEB LTS, REBELBOFETIER T2 & RIEOH & T EITRBRE R LIS
e X OMKIR SIS — EOAEE TBEI L T\ 5,

WUINE ks KO B & OIRENR O R 2 M S8 2 i 5 72 IR AR SR TRl L
72 PAS & RmiELB) S OE M54 % & HIC Fig. 4-22 (2 d, REMHESAMAIL, — &
OAJEREICT—ED T ENIRERE S BEIT 5 2 LS E AL EEHRICER L T2 (Sato
etal,[34]) . ZOHERIC XY | WUNE ) ERRTEBL L 7 HIRENT & M SRR CEBL L 2 IRET
IZBWT, WL m=1 OEEMREIFE/ZR O 2GRN R > TS Z ENRIBIND,
INET, WEOKEWPAS IZOWTIZZD L I RERIZIZINTES T, BRI TORE
RO MTHD EEZDND, fiIT. PAS LEHENMRE O MR n U— L ofEEic>
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W Cikam 23 & 723 > T2 (Kuhlmann & Muldoon [38]; Muldoon & Kuhlmann [39]) , Kolmogorov-
Arnold-Moser (KAM) BRRAEIE & FEEN S bR e O —0, B0 8EA L TR I ILD PAS &

EOOTIVHEZAL TS Z LM EFEBRTHE O PAS (m=3) & DHZE L T

B 500272 > T % (Kuhlmannetal. [40]) . J& 5 A E D /N S WIRELE S ICEE LT,
LU, 20 MR U siGmIcEd s@Ems 2 STl 63, SR/ ES
EBRB IO FERTHEONFEEN., T AT ORIEL 25 2 E NSNS,

= > -2l -
temp. deviation [K]

Sn/4 3n/2 /4

Fig. 4-21 #h EEERIC & D PAS DBFRIIZEIL - (L) BIAHASEBZR, () LAHASERE,
(F) REERELEED, BIASLUVLANSDERFEMRIZCDOLTIL., Fig. 4-14 TRLEESL
B, ARREGELTHFOSGEZROLICLTWS, REEEZESETH 10 BRSO FHT—

Ao LTS, RERE & U PAS OEERARIFREFETEY ,
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Fig. 4-22 #UNEH (£) B&LUHLE (F) EERTHELONT- PAS OEEEZERTHRER (£)
ERMBEEEHNORAARNH (B) MNEAERS LU EEERD /T A —2 X ENnTh Fig.
4-17, Fig. 4-18 &L U Fig. 4-21 TRLEELDERBUTH S, RIBFE LK U PAS O REIEAFIE
WFhi REETEY,

%

4. 6 BEHYIERIIATITOERIKER

2n

Table 4-2 Dynamic Surf ORI FHIH 7 ® 27 F A4 7 U 7 OERCKI

v V54T 7 W | WEORE
N, ATHET A & 0 I S B 5 4.4
REZTE(DSD) itk D E
- DSD & IR B O B O 4.1, 4.2, 4.4 %
N SRBEBICET A EEET LD | O
WA
« WIS 20 F(MIDM) % F U 7= 4.3 i
I ANT gjitter |2 K 2 KRB OHRIE O
JR A, HEENE — R o A
5. #8

LB ST E B RICOW TR Z £ L 0 D,

(1) FHERTLMNEUG TEXRWAFPHO T AT N2 BT D IRERER S 2 Bs 3
HIENTEZ, i, BB 2EA S 2ET2BICEN I N
Hydrothermal Wave O=#E 710 OfilAIX, EEEARBIZEIZHO TR LTz, Tl
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X0, MELEMMNT T STz Hydorthermal Wave O/&E 7 1HIZBd %
FAEORMICK LT, AWFIEIC L0 ERIORRGEEL Rl 2 &N TE T,

(2) ML TEMEMNT I X OVEBRICIB W T, B MRS BT BB 8022 T~ T,
EL 5 EAED/N S WEEEL CIRENTER OGS AICHE R EN R o, Mk
TIEHERT —Z OFIZ WEF RO RE 27k TIL, R~ 7 v T=H2E—E
2725 2 ERH LN 5T, FHERTORE 2EETIES SHaBUZ LY R
MO DBEEEDEIENRKE L, =T A= RORL TR LT, FADREMESE
RS 5 Z LIFFFERICHEHETH Y | AFHERTHONIMRIT, SO~ T =
=X L CHHREREREZFOLDEEZX TN D,

(3) DSD #RiED YA ZEAFMEIL, Ma BOBEZARE LTAGR & S /3T A — 2 Pl & R E
L7EGRDO EHLHIZH R BN DM, %EDHPRMEFHEZ RT Z ERNghotz, 2
D ENG, BEGERD Ma$ibh 50T ST A—XOBMTIIHETE RN
EVREIC IR o T, IRENEER A I =X 2% iEmT AR, TNETELLTERS
NTETe Ma o ST A =2 LN OBBE) 2 RET HERIL/NNT A —Z OEEIH
HLNZShODH D,

(4) DSD #HHllcB W TIE, EBETEHEAT —Y a VORI L D gjitter 2Bk HHAE
&S RIRFICEHRl S 7z, DSD Z it 2 1 CRIRINCIHAE DIRENE— N &2 RrE
HTEWTE,

(5) BEAMZ THLNMAE L LT, Dynamic Surf 582 1 0 #1D CT& Pr ik - K
WHENTO PAS DFEAHILMNCT 2 Z LNk, &b, Hi L TOBRELT
VN, TRUINER ) SEER T OB U7 AIRENGE & i SRR CEEEL L 7 IREN R IC B\ T R Ul
IRENGE 272N O ZE MRS B 5 Z E DV RIB STz, ZALE T, DK E W PAS IZ
ODNWTEZDE I RBERITREINTELT, REHETORMTOFE THDL EE X
HiLb, UL, PAS EEIENXIES O halm O — L OBEIMEIZ OV TEgRR 2 R AT 7R
S TW5D, AAFFEIZ L A0/ E ) FEBR S KO ESEBR TR S Ve kbR 23, &7 VEMT
DRI L 70D Z EDNHIFF SN D,

BEH
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PE-T, MERIBELREZANT
0*=R d In(Ac2 /02) (11)
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n[{RER1 | DREL A %

F—RAHCTREARZELIET, EEREORENREZTHMHICEYRKRSD, X (B8)ZRALT St
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2. BIRME
21 YHOvRISATITP

BRAEICET2HO0CRIFATITERLIC, VATV ROBRIZEIT DO RISATIT %
F2ISTRY. BRZFRTEILENTE. HHlERETRNS.

®1 BRALOYVIERIS(TIT

HotR 924TI7 -ES
Minimum LBRMREICHENT, TEEREZEHELL | BRIE 4 FHEREH
Success BRERESFZTL, FAEORM#ERAD

BET—IBLUTHHBEBRENFTES
Zé&. (BEILTRIE 4 £HERE)




Full Success

UTD2TEERTHE. (BEILTI6E | EIL 1 EEIL 2 T16 &
£ 1) EiiFH

-EEUREK, EaEIREEBIRELIZRER
EFEITL, FTEDRMEGAEDORET—
FELVFHBEREMFTTEDL.
-EEE, FRREBAREL-EERESE
TV, MEQREH#AEDOERET—486&
UTSHHRERERFTESL.

Extra Success

N/A B0 6RUN DK ERIZEELVEL
EET—40EMREH

82 YAIVRADRRBIZBITEFHOERHISATIT

YotR 9224TIVF

Minimum -JEM O#LE LRFEBM uG BRIR)FITHELT, B2 -TERKET

Success D Soret RYUEERTE, Ao —H—DHEREEIBHX)DRIENLTE
BZL.

Full Success | AFDETEERL, Soret ¥ D EFAFiE, RUEGRAEERT

BT,

AR, BAEERKRICET Soret B S EHHTESDIL.
GEEE, FRREICHEVTHHREHB D 28 TESL.

RNFERK, EEBIVCEETE)LBARRLERL, BERRITTEDS
&

i EICHFEIR—REBREREOLEIZKY, th EOERABRERES
&.

Extra Success

UTFOWFhEZERTHE.

BB ENREETOD Soret BRECAIEICHLVT, ChETITERESA TV
HLWRELBR DN AERER/HL.
BHNBICEIERAETOYEREDN, KREARICEZIFEEFMRAT
EF5HCL.
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2.2 ARSI
UTOHRKH THREERELL-.

HRARE
SAER (RREEXE)
HEMEE
WEBE UAXA), EXEEGEHIEXRS)
EEEANCEERKE), LH—BBCGRREMXE)
IR EE(EILXE)
P4 (BRBEXE)
FAHT, eSS, RAHRE, EKkRE, BARSE, BHEXTE, FHER
FRNALY—
FRAEXCLEEXE)
EEBa—T 1 R—F—
RIFEAXA), BREKBR(ISF)
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3. RERMN-EA
(ERER

AR T, BREJEHREE(SCOF, B 5)ZFEMAL, BE SCOF EEBOMYFFHoh TLY
% FACET Ah—hIyP (R 6)ZEERLT-. %1, FACET Ah—FIvPRD =DM FACET tJL
(UTF, L1, L 2)EFERALL-.

Experiment Unique
Cartridge

Optical Window

Cell Stage Driving Unit

Gas Ports

(a) SCOFI%ESE (b) SCOF5ME
5 BEERILBRRERE(SCOR)

/(a) Quartz glass cell

6 FACET /L

12



(2)ERRBRH

*SCOF Aat# )L 2 fE (BR7E SCOF RIZERESh T S)
#H# 1 yo—in-FH2/—IL (5 mass%, 2FF)

¥ 2 Yo—)Li-TA2/—)L (3 mass%, BFF)

PFIcYa—), -T2/ —ILOYitiEERT.
H0—)L(Ci3H1003)

AhEt41.6°C, #m:173°C

-T2 /—IL(C4H100)

Al e :25.4°C, #m:83°C

4, HER - BRRR
4.1 MAFICEHEBRBEDRE

B 7 [T B HEBRMP)IZHTIEILORREFGETT. AFEICKY, 2L 1 LU 2
DTR/—IVEBEZFREN 1.58 mol% HEU 2.58mol%nLHEShT-.

REDREZHT FHEPRERICKY, REZRE
- TC : 41.5
5%,5' , » 41.1

I
yo
. T=-0.64C +41.5

| | J
}lﬁ 41.1 44.7 47.6 L1
k  RET/IC 0 06 1 1.72 3 4

tert-butyl alcohol C /mol%

T=-0.24C+41.5 H4E

P
Position

B&#*F

BET/C

[E+8

Cell1 1.15mol%
Cell2 2.58mol%

7 FHRAEEZE L -BUR IR BEDRE

4.2 )—LREBRITRER
£ Run DY, STIRITREER, BEER 3~6[CFELHT-. BEHDEEE, UTOEBRETT.
LITHREZE% 10°C T—EEL, P BEZELSET-XKER
LAy R E#E 45°C ICEEL, &R, ERmEELZELSE-ER
L/D: k& LT OXEERR, REZH—EL, HEBSE-ER
M.P. :BRBIEICKY, YO—LBEZHET SRR
SILHERWEBEHELTRIFLETE, BRNOAEHKICLI-=ER
St DEFERI, RRCEICRADEEZRLTVS. ChiX, #893E5(c, ERMIIBHER
W=2e&lzkb.
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& 3 Celll M% RUN IZHITDY—LREBOBHER(L/T, L)

eSS RUN Thot T cold mEH  |S{(532) S+(780) |f®®&E
oC oC K-l K-l
LT #1-13 60 500 0.0144 -0.0549|Hop /
#1-14 50 40|o -0.0078 -0.0060|-
#1-15 40 30|o -0.0145 0.0248|Hop / 9 &L RE
#1-16 35 25[0 0.0443 0.0305|Hop
#1-13r 50 40(0 -0.0155 -0.0153|Hop
#1-14r 50 40|o -0.0061 -0.0027|-
#1-15rr 40 30[0 -0.0138 -0.0292|-
#1-16r7 35 25(0 -0.0031 -0.0181|Hop / MMAR B &
L #1-05 60 30|RENB 0.1214 0.0261|Hop
#1-06 55 35|k HEB -0.0090 -0.0367|Hop
#1-07 50 40|REN8 -0.0341 -0.0068|Hop
#1-08 48 42|0 0.0012 -0.0311|Hop M ZELT 2
#1-05r 60 30[0 -0.0018 -0.0198|Hop
#1-06r 55 35[0 0.0040 -0.0040|Hop
#1-08r 48 42|0 -0.0152 -0.0027 2L F B
4 Celll D& RUN IZEITZY—L REBOBRITHER(L/D, M.P, S/L)
&H RUN Thot T cold mEH  |S{(532) S+(780) |f®®&E
oC oC K-l K-l
L/D #1-09 60 30K EB -0.0133 0.0175|Hop
#1-10 55 35| KEB -0.0050 0.0588|Hop / PURE&
#1-11 50 40| REB -0.0016 0.0356|Hop |
#1-12 48 42| RES -0.0136 -0.0395|Hop ML T2
#1-10r 55 35|KEE 0.0019 0.0027|Hop
#1-09rrr 60 30|- -0.0146 -0.2565|Hop
#1-10rr 55 35|- 0.0013 -0.0145|Hop
#1-11rr 65 55|- -0.0302 -0.2867|Hop
#1-12rr 55 45|- 0.0380 0.0180|Hop(#= % = &)
M.P. #1-01 |- - KB |- - ws |
S/L #1-02 52.5+6 27| KRB |- - HE | D IRRERIRE
#1-03 52.5+10 27| RERG |- - HekE o R REERE
#1-02r  |52.5+6 27|REB -10.6968 -0.7348
#1-03r  |52.5+10 27| REB 0.1960 0.1366
#1-04 52.5+20 27| REB 0.0370 0.0125

&5 Cell2M%& RUN [ZHITEHY—LREOMITHER(L/T, L)
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e RUN T hot T cold BE®  |S;(532) |S,(780) |fEE
oC oC K—l K-l

uT #2-02 65 550 -0.0074|  -0.0057|-
#2-13 60 500 -0.0200]  -0.0026|-
#2-04 55 45[0 -0.0092 -0.0245|Hop (& & b & A1)
#2-14 50 40[o -0.0167 -0.0181|- |
#2-15 40 300 -0.0155|  -0.0057|Hop(i&& tth & #i)
#2-16 35 250 -0.0031 -0.0041|Hop

L #2-05 60 300 0.0035|  -0.0038]-
#2-06 55 350 -0.0016|  -0.0086|Hop(i& & ith & #)
#2-07 50 40[o 0.0016]  -0.0050]- |
#2-08 48 42[o -0.0379 -0.0273[ W E(L TR

&6 Cell2 W% RUN [ZHITDYV—L REBOBHEBR(L/D, M.P, S/L)

s RUN Thot Teold wmEH  |S;(532) S.(780) |f&E
oC oC K-l K-l

L/D #2-09 60 30(0 0.0024 0.0012|Hop

#2-10 55 35[0 -0.0001 -0.0057|-

#2-11 50 40|o -0.0001 0.0005|-

#2-12 48 42|o -0.0106 -0.0039{u MZEIL R B
S/L ClO 52.3+6 21.8|REE |- - -

#2-01 52.3+10 21.8|KXH18 0.1851 0.1033|-

#2-03 52.3+20 21.8|KH1§ 0.3101 0.0093|-

4.3 BIFICHITSRER XD
KERZIT, BITICHNT, BLOEEMNEL, FhiowT 3 0EREIL, RRL-. XIS, TH48
WM ILTBITRBEADR L IZToT-.

(LRIt
nkyEVT

BESTAEEREBLLY, REZEABNTHIFMIZBLD THRENICTSBAKREBE
THRREARONT-. KK 780nm TFHHEAKREBENITSH—7, 532nm TREDLSLFSH
RonGnleh s, BEZEEICKDILDTIIGBLIENHOMS. £, BEIE—FRYEVT1EL
THLhAL—F—RERTORREBDICHSIFTHSROBBLEIRGIAZREEALNS. T—F
RYEVTDLHESNATHROBEELIYRELELEARLSATEY, RETHFETETLEL.
B RATI, L—Y—RREORIZIYRDEBAHTHITBEERL, AEHBOVTHITIYEN
ERBROERAEILLI-TREMESHILEEZ TS, UTTIHREDBRZEEHRYEV T 1EEFFT 5.

B 8 IZRT KIIMHBDRMELZRTRL-R, TEROMBELEZRHL, H50EO04:HE
THREGRGMAEEISENCLEHRELILT, RvEV TR OMMAEILEERT HEIICFEY
THEZTICEICKYARRLT-.

BRBOEENIREVEEFERR®, UTTHRRSMEHEIRFO=HDHRFBEEFICEH
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WTHRYEDTBRRELIIGAIE, RYED T OREEZHHTHIENTERLD, RERERIEN
LOLLTRITET O .

-
N

RyEV T I

3

co

BT
RyE ST EMNFBH

o
R —— .

I8 ZE1EAS /rad
S

1
-9

0 2 4 6 8 10
BFfEt /h
8 MIAMB@ICHTIRYELTREOFHEHR

niG i

I DEER 16mm [CHLT, MBOESEH 2mm EBREShTLS1=86, COHEETORED
BEZIEHLINMTHD. SHIT, BRERNSH I ILFLGEIBCREECLBESHTHTHY,
RIGEMNEL. — AT, BREMTEEZRBFICHET S L, THEIrORO-EEEILEZRES
DAEHLRLLEBTEDRENDHS. ST, UTOLSUMESEH1ZANT, BRAREELITFOD,
RERETHROAEBREBETSAEZEEEL:. AFEEERELEOE, Sviav&hTH
U, #MHAD Run TIHEALTULVALY,

BEQRMEEMOHELFEFHMIC CCD AASOREHEERNR KRR EREMICEE
L, EAHMB TTFSHBEEZHRBL, BOLEBE(LUTHHEBLDEMELEZ. T0O%, BEARF5E
ERRBICGo-FHEICSVTH LR LR —HBMBICBVTTHBLHEEL, SEMEMELE.
mEARMEGERM,L, REARMGELTEERBICLIFETOMICERFAETOREREL
&, TORET IR TOBBEMEIL, S, HEELEEHLL-.

REECREBAICKY, HEREAVGLRWET TORTTIXREER 150% THAIDIZHL, HE
WEAVWTHBZLET3E 40%IcKECHETE=(R 9).
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— HHEDOREICIIEELRE

.
p=J

3 i BEEMA QRETF B
E aot MNarrow
s 5(St)
A 20 532 nm 2 2
e -1 Ve 1
: \>\\ 7/ - J( a(w)) +(—5(V6))
g 10} 780 nm NN\\ Co(1—Co) J\VPT? VT
Wide
alos otom e o Lalats u @EWT))?*| _ , [(£dass2)?
0 2 4 6 8 10 12 14 16 S(ve 2|~ +8 2
RIS DREREX fmm @@C) ($98s32)

Table]l Results of multipl t A IEBIFTH
e sa PIHDIRS DERE
length Ares (mm!) GA(mm™)

532 Namow -0.3595 +0.0434
s B 5(S) » (S
nm Wide 0.3679 +0.0032 T/narrow Twide
Narrow -0.2153 +0.02 = 150% — = 40%
:.i? \“':d.e- .g 3;53 :2 Eo_ii STna rrow S: Twide
9 MEBIMEICLIMEDONL
witE R

BB EERBA LART O £ RERERFED D, FHBMAAELBITICIERIEIEZAVTE. CO
FiElE, THBOBRETHERELTREL, REARZEALRFAANO—ER LT, HFHlROBE
BENSMAEILEZRETSHHETHS. KHETHE, RENATRFARAD—ERZESIHEHRIC
KYGAEILENES OB HoT-. —ERZSIKAMZEOTLICLIVEERRLET R,
FhICHAIL TRITEREEEENEMT LM FHELEoTU-.

AR TIE, B 10 [SRT&IICFSHROABEEELLTEELL, HHBARDEI LI LIS
THRHEERICERTEIHEEEERL. AFZICKY, RERNOFERE—EICLEL, BT A%
KiBICm LSEEHIEETREICLT-. =120, BEEOREILA, <0 Run OFREMERILICEYUER
WL LG o118, SEIOHE T, HMBELEITH—LTRO-EREE/RTS.

Y Y
| il o Start
| VYL ' | .'
Rl |-
BESHEE &) B: %K) —4— B¥fE t

FABZ L RANEVE, [1E24L o0 |
FEEE 5 DERIG AR B e o
Yes ~| :
WEVE/ S5 A—BDBEIS, — BR t
SRIBHMER O 4> AP(X)

fid @

s
fitd @

9
TN e -
Ad(xy) [ - e & |
V EE 2 AP(x,Y) | E XFB R DL E pix

HEEEESHER

10 BEZOMFE7ZINITIVXLLIEE



nEHTE

11 [CAIELF=ZREDAAZEIEAPS32nm EAP780nm (2, HiRRICHITIBITERORES
FJURERBDINIRERLHCLICIYEREEL, REEILERODIAZERL. RE(THE
HTHIN, EFRIES — aDKIITKELGREEZLOWNCERLTOSIZENSBITHI LR
EORESHLERLED. Chiba, fPMBZEIEDL, SrAlIEEIEHITE - HOREICBHBREL,
BEICE->TITREEDFENEELTCLESHELNH o= Thid, ZREFHFHILHHED
BMAZAENLGHLEITHIENZS. ARETIE, DEREOREREBAE, 2)—KERTICE
Y, REZRRLL-.

R RETEOES CHHES 1
Ny = (5ﬂ/aT)C,A
heas B EORE R
AT = —— ¥ X (BA —vyA ne = (@n/d0)r,
As3z 1 a = Npago/ Nrss;
AC = — % (—al +vA 780/ M1532
Nes3z % d( - a) X (-aldssz + YAdrs0) B = Nczgo/Nesaz

Y = Azgo/ sz

| s | af

ddrge/dx drgo/dx
S;<0 < <« a< <
T P dgldx Y A/ dx
dﬁso/dx dﬁgn/dx
Sr>0 B<a<yd¢532/dx yd¢532/dx a<pf

11 V=L RBEMABEEIUGHELEDORR

ABETIE, EGBRPOYFO—ILEZZILSE-HEOHNEFER Cell RICAHEL, &8
EMRL, REZEICEITHRBOBINSEREORERROEEZMELS-.

T m ® 532nm 1 BAEIFE
L 5 _ 45°C e 786nm | ([Bi#rEt)
T ThHE B g —532nm 7 AES

& 7 ! —7850m | (RHFE)
g 46 | e t 0532nm | Fkst
o2 =
50 0785nm - + =32 EfCell
od

S

ok 5.4 -

W

B 58

0O 2 4 6 8 10
T=EC (mol%)

12 REGBJDFHEZEAVERFEORERBOMNE
K7 BRERBONE

| 53%20m | 780nm____|

ny 104K -5.0 » -4.43+0.03 -4.9 ®» -425+0.03
ne 10°mol%" -1.2 -0.8

18



%17LT SCOF ZHUL\TEREI 1= FACET 2y ar Tk, BIREFH-EIYAEL-EZANT
W=h, AFERIZKVRBERRESN-EEZONS.

1.60
, 45°C ®532nm | BRIE
& ~9__ @ 780nm (Bt
N Xo=-ca.
I 1.58 | v Seeeya *532nm } AES
L= - i X780 -
ﬁ . y 1.26x10-3x + 1.59 nm (EH_—I_-E._I_)
o -
1.56 | & waaces
/ e
y=-1.20x10-3x + 1.56
1.54 R P R
0 2 4 6 8 10
REC (mol%)
13 RGBLFEZANV-BITEDORERBOAE
#*8 RERBOUE
| s%2nm | 780nm |
ny 104K -5.0 -4.43+0.03 -4.9 -4.25+0.03
ne 103 mol%’ -1.2 -1.3+0.3 -0.8 -1.240.2

n L REfEH

1RRIMIIMBHTICKD St BEHERAT-. MEELE, REETLLREEZENEEShTELS.
CCT, BEELLORELREZILOEEDEELX ST 510, UTOL G EREAN-. ¥
HHEIT LT, SMESEN-O, RENEEFELEEROMBELEFFEEELLIZLSE
DEEZLNS. oI, BENERIELEEAOMUBEELLEREELICEILDEALRTIENTE
3. L=hioT, 2R HEIAG(T.COMSFHZETIFETORMBEILAG(TIZETIKILIZKY, B
BEZILICEBEHEEIEAG(C)ERDT-.

RE

‘{tn i
RPN _BEEES  A6(1,0) = AS(N+A(O)

o |r \r
8
£ a1
g aT——z-;jn—Tf\lﬁ(n
AG(T,C)~A A_1
$(T.C)=Ap(T) chﬂn—;\qﬁ(C)
‘ L C
to BETHIEE
E§fElt /h

14 REFELBERETILHBOS K
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16.8 — 532
. 0.05< 6A¢ = +0.1 >0
© 16.4 fitting
s ||z :
3 160 [IFF o o R e
: - —17
: 0.02< oAp =201 1782nm]
N
3112
-; m“-,..'-;- eales o0 s o o4
108 ':. I‘/t{h(=15mln) e e | . ® ] .
0 120
FfElt /min

15 BEFELBTORETLRMETE

AHFEITEY, BE 532nm. 780nm FRENMILIZHEHTL, ERIEN S DR ESHE LD
FRERDI-HER, B 16 DL S5GEARNELNT-.

AR EF AP(T,C)-A
ﬁj? @ #( ):¢(TJ

- 40 = 3 s
© :
£ _— S ol A$(C)
© anl N A(T,C)
30 P it B
3 N 31
I B ol80nm SN
E 20 o 0
a O
10+
-2+
0 ' RN 3 , g4, 4
0 4 8 12 16 0 4 8 12 16
{ERImRMNSDEEREX / mm B2 8 M SO IES X/ mm

16 {ERUEASOEMECIEZEILDORR
16 ISR BRI EEEE, REELLERGENSOEREOEFRERHL-EREE
17 12/ Y. CCT, RARF O (RPoTRLUE) T, Z2DRRICKHAEMES—BHT SLSICE
B, REOMBEHEREL(R ).

%0 RE, REMRBOZE
| s%2mm | 780nm

ny 104K" -5.0 -4.43+0.03 -4.46 -4.9 -4.25+0.03 -4.28
ne 10 mol%" -1.2 13103 -15 -0.8 -12+02 -1.2
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0 0.2
q 2015 |
X .3 S o1
= .3 ~ 0.05
- )
%.J. -4 53 0
K s 3 .05
i -6 IR
ul:| B
-7 4 -0.15
-8 ' ' 03
0 4 8 12 16 0 4 8 12 16
EBimMsDEEEEX /mm EBimM oD EEEX /mm

17 BRI LDEREREELLR, REE{LROBRK

4.4 StDREEEE
X 18, 19 1%, FhEh Celll BEU Cell2 [ZH1FD,HEET K &Y—LERE St LOBFRER
F. WTFThD St 103-102K 1 A—F—[2FEY, ST DFEE, HHLhAEDER LG -oT-.

[N
o

R

5 30 35 40 45 50 55 60 65
FivEE T(°C)

Y—LR# S, x 10°(K™)
NS o ANMNONDMOO ®
—®—

18 St DREEEFME(Cell1)
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[N
o

&

30 35 40 45 50 55 60 65
hibEE T (°C)

V—Lf&R# S, x10° (K'Y
o o AN O N M OO
—@—

H@H

Ilﬂllll
o
LA B B LA LA B LA R B

N
o1

19 StORBEEFIE(Cell2)

HEOHELY, FESHEBETHE, B20ITFRTLIICEEDOEBEVVMEAETRAICRET S
EHRHSENTVBFEEAMETIVOD. ARBTHEALLZEMTIE, ChixT4/—ILHERAIC
BETAILITHIET D, COLE, EELVY—LERRTEDELLS. B 18 8&UE 19 &Y, V
—LERBEBhEDERIZHY, FEEHETILE—BT I hhof=. LizA>THO—)Lit-
TR/—IVIZHLT, BAFNLGYHETHIHERBOFRHIEIRILE—DOY—LERHRO#TE
NITABEDREShT-. Ff-, ERBOFHEIRILE—ETURL—FOKIZKY, ED
BERFEISCEHT AN ARELMIEETHS. LD T, BEBROERNELD, V—L
FREHAHETELH LN THRENT-. EEMNLTREICE, SRYO—IL-TE2/—ILITEIT ST
BOEHEIRILF—DOBEFESENDELES.

FEEMBRRTI

UTHEILT 3.
Sp= QZa“:h
% (g)T
JE\.ris_ Ews o Vi
= % _EB—E SAMRTE
Y2 s . .°° Y , o0 o0 °°
n(gR2)r T RDT Chek Lo ity Tl
g_"‘__ v I.: Il:fo :1 ;;:l ::':::N."\ ooz
g WER o ERERTUIYL T X33 3 &°%
x:BELHE R [AREHY A LA 2o 035"
e *ETEIEEEJG);%E‘IEI:?\»#— ¥ R e f :“001:’-"\. ;'l: *e

20 MHERBOFECIRILF—LE/—LRBEDOER
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Celll TIXBABLZERNRRSNLLA, Cell2 TIEXHKE 40°C ZHI,V—LR¥OBEKREFNE
(RGBS MERZERLT=. 40°C LT TR EELRICHL St O#FHENKEL>1=—HT, 40°C
PETIE, BELEFIZHEL St OMBHEA /NS, 40°C [, BLEFO—ILORBMRTHS.LI=
BoT, HO—ILORMAZEIC BROBEMAEIELIZLDLEEZ OIS FIT,¥O—IL/IT4/—)L
DFEHREBRICEE 5L, 40°C HEIFEBRXFREICH I EAHLMNE. LM LEDLD, EERRT
ErCNEEEILEL, EILhRGEQOERER TR 21(a), 21(b)DLS5LFEB O AHBhigEMELI=E
3, 25D Run [IZET, 20°C BETHREE—INRoNT-. ChiX, MBREDEERE
BFELVEETHY, PIDEED 20°C BEICHSILETIHRIBOSIERIELIZCLEETTLOTH
5. L= T, BRUTORETIE, B ARHLEEICEVWTEETH 1-LEAONS. CO@
AHBRERD, VL RBOEEC, FEEZEA-OTREVNEEZALNS.

F1=, ® 22, 2312, FhEh Celll LU Cell2 [2HT25EBIHEERIRDEEELAESIT-
St DEERETRT. $IS, Cell2 ITBWT, BEZDEFIZHL, V—LFREA 0 IZIRT HERD
/sont-.

BY—LRBORESI(S) FMRAREC,, REAEAC, REAEAT, REAEDIREIAC),
REANRDRENDZRALBREGENZAVTUTOXNSEHLT-.

2

8(S;) = ——t J(A—Cs(m)z +(ﬁ6(AC)) (16)

Co(1-Cp) AT?

BEQE, REAQRDRER, SIBOR 17 ITRT &S5EOEOBRIEUEToRICEHIND

EEREFFALTHY, F0F—4—FFEFLTOKRT—HL:. BEAROBREAS—5—I
10 112E, BEARDBEAS—F—L 103102 BELEof-. COBR, V—LF¥ STOA—4
—MNEBEF 103~10K I THEIZEND, Y—LRBOREICHTIAMARDIZEREZETK

Z0), 5%, BERICKAMEMITEITOTINIET, V—LEB ST OELIBRERDERESRE
EENRAFNS.

50 50
—— TC3 (KR —— TC3({E:R M)
o TC4 (R M) o ¥ TC4 (Z:RHE)
N > 0t
= =
T ? 35f
v N
N N
1 i 30F \
g g \
_.;‘(: _';\(; 25r N\
i ~ e S
2ol ~ JL 20 ——
L L L 15 L L L L
09:40 09:50 10:00 09:30  09:40 0950  10:00
FrZl =37

@ (b)
21 #EEh#R (a) cellL(FRilyREE 45°C) (b) cell2(FhilyRBE 45°C)
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15

10+

_55%} ;

Y—LRE S, x10°(K™)
o

10+

-15

5 10 15 20 25 30
BEE AT (°Q)
Bl 22 SrDREEKEFME(CeIT)
15
« 1o
S st
X L
0w Oof + %
54
¥ 5t
A i
J\ -10F
_15 1 1 " 1 " 1 " 1 " 1

5 10 15 20 25 30
BEZE AT (°C)
Bl 23 SrDREEHKEFME(Cel2)

45 FoY—H—ORREERORIE(L.1 BN 1) ISHIE)
oY —H—DOHEREERN S,
_QF
S = Ry?
ExRtES. X(10)&KY, BER QZ—FELRET DL, V—LFEH St & UT? ITHL TR ELES. C
ZT, @18, 19 TRLI- STOBEXKEFERDSSE, YO—ILOBARUEORKERE, #i#hzE 1/T2LLT
ThENE 24, 25 TR, B 24, 25 &Y, V—L&FRE St & UT? [CHLTRETRLON-. Ch&
Y, 45°C - 60°CELSRERHBICH O THER QZ—ELHRET DL, Ao —H—DHRREHEHD
R ZE TR T IEENEONT. LHALEADS Celll(B 24)I=BLTHONT = ST DHFSFEA TH
—ShTWVah ofz. ShIFERMICHRAT I LETET SROFMLRITIEETHS.

17)

24



FIlvREE (°C)

60 55 4;5 3|5 30
EE, 40+
2 29}
X
~ y o 'y &
«» 0 5 Y 8
=
W 20|
1
B -40
_60 1 1 1
9 10 11

1/T? x10%K?)

24 FY—H—DHEREEDKREE(Cell1)
FulyRE (°C)

60 55 50 45 35 30
10 T T T T T T
s 5t
o
X
UJH OF ® 1
’ T e o, I,
ﬁ i .‘ [ !
.
D
-10 : - : ;
9 10 11

1/7 x10%K?®)

25 FoY—H—DOHREEOKREE(Cell2)

4.6 HEBREARHT OKRE

VLRIV EENGREAESERSNESBRICHL, REFEICEEDEE 0 [CTEES
BEEFFHRBAELS. COLEDREZLAER 26)05, FO—ILit-T2/—IL R ORI
BREETol. Y, #2-09 [THEVWTLRBROBERLREMIBRICKY, FEDORIZEITS,
EEOBEORE C #MELE. RIS, UTOEARICTEETIRE LIRS D #HHL-.
%(CHLt —2Cie+ Cioyy) (18)
Ax: Ay aTiE, M AL LRTYS, Ci Bl - R i 128113 tert- TFILT ILa—ILRE.

WMEBLE-LEFREHIE#ER, D = 1.1 x 10 m? - s 1 THot=. —A T, ¥O—)litert-TFILF7 )L
—LOERFABIHTEMERRIMSEHSNIEBERRIED =13 x107° m? s ' THAHEH
HEINTLB[10]. MEICHhTHIEELHILOD, BhRAFLEZLNS. LEzAH>T, RESER

Ci,t+At = Ci,t +
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MERESh=EABRICHL, SFISEEARZ 0 [CESEDILET, BHLhRULHHFRERO
/OARETH AN TSN, T, MRGS FHBMSMELEBRHRE, V-LORZS
CERATOMERENSIMBLELEREAZELVNI LS, BREEREICHITI VLR
ICLPERABMTOVEEED, BEREREEICEZZEEIERTERFENSNENTERS
hit-.

BRHROFEIZKY, ULTOESXDSY—LREBZEH-FEELRARXOBRRZRETTS

CENTRETHSEEZADNS.
At At
Ci A = Ci t + DE (Ci+1,,t - 2Ci t + Ci—l,,t )+ TDSr E (Ci+:L,t - Ci ,t) (19)

0.25h(19s)
BRI t/h

Am(T,C)

FHEBRHE Am/E

iREICE DT HEBE
26 RFEITEEDERZ O ICELSE-ROREDELLOEXE

4.7 Hb EREE~DEHA

SkIE, EEEBOT—4ERNVFI—VLL, L THROEZEER/NBIZLENS St &3
ET A ffiERIILTLK.

i ERERT, BILADBRESHEABIHEMLIIL—Y—RFOBREND, BHEILEFRAO
BEENHROEEBNLAZEEALMLz. Ry—UVTFHEIZLY, BiRD OB X
MXELLDT=OIZIE, PELLELFYETADREIEL 2.8mm LT THIDENHSILZHALHI
L7

- N
o o

LA4/ILX# Re x10°
o o —
2 o N

<
o

0 1 2283 4 5 6
FrETsOEME L /mm

B 27 AS5REILDXrET RERBLA /I EEDER
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BRHBBARXERTILZAVERr—) OV FHERX[11]1F, LLTOEEYTHS.

ac*

?+R9(V*-V*)C* = v*2cts

1 1 B

Sc] ScBr

$;C,(1-Cy) v*2 T

XRDBESZERY

L) — LR DBSERT

(20)

Sciazyh, SrEvERFRE, L HERREY, * R

48 YOBRIFA1TITDERE

DEDHREZERIZ, RXIvavDERLOYIERIFATITEIVHAIVADBRAIZEITS

YORRIFATIVTOEBEZ, ThEhR 10 LUK 11 [ZEE#HT S.

% 10 BALOYIERIZL4TIT DEBE

YotX 924TIVT ERE &%
Minimum | £FRKEBICHENT, EEREZBELLE: @) BRIE 4 FHEBE
Success | REREFZITL, IEORKBHEAEDE 7

ET—438LUVTHBEBREZMEFTES

& (B TRIE 4 £HEHE)
Full LTFDETEERTHIL. (BEILTL6E| O |HIL1LEEIL2TI6
Success | #4-EiE) EHEEH

- EERE, BaHREEXBELLI-RER

EFLZTL, MEOCKBEHEADEET—

AB LV THRBERENMF[TESL.

EEE, FREREERLL-EERESE

L, IEDREHEAOERET—46&

UFSHRERERMETESIL.
Extra N/A TBD | iEf0 6RUN DFEEIS
Success HFLWHELET—420D

B INER{GF
ol ERE, At —BRER, < RER
£ 11 Y4IVRAOBRICBITDIVOERISATIT DREE

Yotx 924 TI7 ERE &%
Minimum | JEM O#E EIRIE(EEEN uG R’IB)TFICE | O IL1EtIL2 DR
Success | LT, HH2E-EEKETO Soret ¥z £ BDHI%EH T Soret

BATE, AoV —H—DOHEREERER FEEREL, Y
K)DREENTESL. (I L EEL 2D —H—DEEZ IR
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EHLBOIEY T Soret FHEMBLE) L=
Full LTFDETEERL, Soret ¥ EF R
Success | Fi&, RUEGRFEZEFTHL.
~EHTRK, BAEEKIZELT Soret FRE )L 1Lt 2 DF
STEHEHTESIL. i im ik, B A HE K
T Soret EEIMF/L
=

EEE, FRERBICEVWTH#EHDEH *RUN#2-09 D IEE

HTEBTLE. (RUN#2-09 DIEEE, EBIK &, FEREICENT

BICHWTHMER D ZHELE) LB RS D 2HHL
=

BNFHERN, EEBIUEERS)LBA FoY—H—DHEKR

BXEERL, ERRIITESCL. EBEORKREE, =&
HETIVICKZEE
IS&Y, #hnpEm=
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BT AOBRE/OELVSTHEDT. MEMBRFOFHERIZRKR(TSH., BB {REREE
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HotrEmli-m, T BEEZZRAVWTCT R ERHEZFLIFEZHREAL, AIERED
EiRIZORZIF-RlE. EELGERTHOT-.
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Al #K9-1

ISS-EFXS5FAIv aY
(SO LDHMBREHEORILGNYEBHRRRBEAD=ZX LD (Group Combustion) |
MABRRBKETE
REMAEE . ZLEAN(LAKXE)
2019%1H
2019128 AWETEERJVAC~DIEHEM)

1. #8

MEIDOUDIIICHEARBHEEREMICERRFESES-OITE, KREEBITEVOTEHKEH
WBEINOIMHEBEPFDORALNVETDRDEARDEMRBE (Group Combustion) DERBENUNET
H5(E1). £, MEIVCUVDFERKRRIZCIVOVBHBZTOIEBOERE KEFICIEK, REE
FOHRBERE~ODHERLGBITINIDELLD. EERE~OEBICENT, BRERNEHETEZE
ARKBOAEIOEEFREBFOSENETCOLVWEBTEILTS. LHALELNS, EEILALEEFE
TORLEWEAICETE2EZEORALNYCHEREREFEETLICETAELSNICINTEST,
ZOMBRFHICEONTHITHERNEGLONZFELTVWSIDONRKTHS. BEFDODBRZLEHAY
FRITHRICESTICHEL, SNERBREZRRITLH-OICIE BEEZERTOIRBRORALNL
UBEBOERGIEELINEZEEE RO ARICERTIZENAELRETLE LU aL—Y
AVEMNBETHS.

B REBEORBEICELTIE Chiu ORFEHRBRERNINELEDS, EEERIESVZED
THHO, BRABENEDISIITHRBTTHMNEVN - BEMBREZRERTHILIETELGL. KR
KERED Mikami b[2]1F, HEARIBZTOFREREEZEOREICES THLRNKABHOFMEREITL,
RRBEADBRALGNYEVSBENBREZETCESEANRABRITIHERRELREL, KREHE
ILEHELSEHILERLE. o T, RBRABRALGNVICKIBERBRORBBIEBLHMNIENEE
Thb.

AHRKKED Mikami I, BMBEICHAFELZEBIERIMBIZAL, MUINEHFITENT
BEEMRALAYEER (KB 2 [4]) % 2000 FLEERIZTo-TETHY, AESAKEREEOCEE, &
EZE, BATHSMNRGEHRATERLZDMRAEZEELTETLSAWIAIE, Mikami 5[4, 5]).
ST, REMBRALGNYBBZRBFRORFADGAYIL—ILEL, BHRELTOIVT LR
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TEODRALGNYANEBRTAHE/NA—aL— a3 ETIAFREL, BRBREHEBZHART
W5 (K 3 [6]). /8s—aL—>3a>vETILELTIE Umemura+Takamori [7T1OAEMNH B H, Mikami
LOETIVIMNENEROBEREZAVTHBRABRRAORERICHFLLLEZETILTHS. AHF
RFEE BHERICAVWTHRERZXBEITIR/NMRTOBERERAOI/OLGRMEREZEIL—II
FHNEARZICKYBREREL, COBHREEIL—ILEDLEICLIZ/NA—aL—2 3V BRITKYE
HROTIOLGEHNEEMETIHIENSTIO—FELELERD.

MNENGZGZFRALRERBEDTIZRIL 1950 F£4I1Z KumagaitIsoda [8]ICXYIXLH LN, Z<D
HMENFONTE. BRARRAREIMEIVOUGEICRONIESZRBEORBMELLTITD
NTWLWHD, BEERBEORBEBICULI LLEAINTESY, MAROMICIFEKALLTKEL
FrovTNFEAELTNS. EF, ISS DREEBRBE TRBERBEEIRD FLEX, FLEX-2 A {THh,
KROBREICRELEZARICEVBRBARIMBFINLGIILEZHRATHO TRLUEZ (HIZE,
Nayagam 5[9]). COKLIICFEHERBERICIVEKEVNMENFEONTLSD, Thiod, BE—
BEERLIIZRBERRELEZDOTHS. WUNENISETORBRENG, BEBMBRALNYEZE
LT, SUALDBBRBABEOBRALNYANDLIT, RENICEZERBEANLBIFIMELIToOTLS
DERARITIN—TDHTHD. RPELEBRIITSOFLDBRBRFEHRORZIILNY LEHRBER
IRAN=ZXLDERBA (Group Combustion) IEREL TLVA.

4 [CHHBEZICETAIRALIAVOBERETRT. BEETORBEDIVI LDEMEIZLY R
BERES—TIELEWS, BERAT—ILOBRZLENYIE, BFRORBFLEOFELEZITTEIL
TEHIENEZOND. Ff-, EBEORBIEMELHARETHLH-O, ERBFDOEELEZDL
nNd. oI, BRENLHNDBREBIZRAI—~DBRALMNYTIE, VTREZ—R7—)LIZEKEFELT:
EABEROEEIRZITTCEIRTEHIIENAEZZOND. £CT, APELEERTIE, ChFETOR
ZEMYDN—aL—2aVETIICE BRI TOVEVINALDIDDFEEICDONT, RELRE
BN ENGBICEVWTEHEMICRANSILEEEMNEL:. RERBBM/NENGEZFIATSHILET, KR
BRSO LOMKRERE, REABER, BHREEKRES, REISRI—FRE, tht o 5ErEY
INENGETEERTEGI > EMICKEL-ARABREEZSREICERL, ThoDOBRBED REME
HHSImEEH TS .
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2. REE
2.1 HHEBE

1. TRUEBREBBRILENVICREFETRZEDSS, ERI1TEHBEMARABTSOEE, ER2T
TEHREOFE, ERITEHEHBBROEZEIZOVTIHANT.

EER1TIE, K5 EICRIEMEIL C, B, A LHWORIRBEBEZRZAL, THI 2R FF-
Z3BFEEDLDYDKENORBEBADBALGNYICONT, RRALGHNYBRIFHEFDICHART:.
Tz, SV LABBRRABEORALNAYERLITYD, BT BHUREAN. R1OYIERIS
ATUTICRTERY, RRABEREBRCTETHSVROEREFHDOIBIEEZI =T LY IEREL,
HMFHEOEBEEIILYIERELE:. SUFLNBBRBEHERTE, BRELFNKRITIBRT
HEIERAEHMEITEAL, EABHUEI VLAY IER, HEHBEEEIILY IR ELE.

EERR2TIE, B 6 ICRENALSICERI7FAN—LICERBIN-BE AR ER ORI LAY
[COVWTHAR:. BAREEIOBHTRERBEICOMICEEERFBELEREL:. R1OYIER
DIATITIZRT ERY, BREOBBZEREL-HERRFAETILOEARARIA T —2LELTEM
RAEENZRW-RERBRILAVHEORELZTIZLEI VLYV EREL, TERBRS
FZERAWCTHMRIET —22MBITEHIEETILFIERELT.

EERITIE, B 7 ISRENDESICEBBRFEISRI— (RI1TIXREE) OMRERRICLELER
BELEBEBIIRI—FNDOBRALNYICOVWTHRRN. R1OYIVERISATITICRT EEY,
BERDIBARIAXIIHLTISRI—HOBRALENYDERBEEDIBEEZTICLEI =LY
JEREL, FHBPFEORETITOIZEEZTILYIERELT-.

DropletL

Igniter Fixed droplets Movable droplets
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2.2 (Kl
MR F — LlkHl, JAXAZEAG S LUCEHFHEUATICRY.

- B 38 F— LK
RKEMARE:
ZEEEAN WAXE: ARRMYFELDH-EER1DILE-EE-E4H7
HREREE:
FHiER BARKE: EER20DILE-EiE-E4HF
FLE AMKE: TFPEA(SICHEABERICESCREMBLR) B
BHE ATEXE: BALILYEERS
HERE WOXZE: EBR1OER-EH
BN BAKXE: ER20DEMK-#H
HiB#E JAXA BAFHEMBMA FEFE5FAEU4— HEHERE
Daniel L. Dietrich NASA Glenn Research Center: EERS DI X -E - fET
MEHIE
IOXREZEXRZRE-ZHE, BRAREZEXRERE -FHAE
- JAXASZ B A il
EIHARMAFKEEAN FTEMEARMARERE EAFTHEMBM SE5MALV 22—, FHEHZE
BAZERT ISSEZTOCIVME (LK) ERTE-#EAARREAE SELERER
BMASHIHIEES R HEACREEMRBEEREE (GCEM) )RR
— B EEAN BAFHEIA—TL: ERRAESRE ERAEERXZIE
FEAFHVRATLM: SLELEREAEH, ERERTEXIE
BRAEHM IS 41— IRX: GCEMBIFKXIE

EHEEWN: REESROEMNAERKICHEF—LELY JAXA TEF—LHA—RIZEL, X
FHE, EERM-HAR SELERERGEICETEZTIIIVTATLADORIGHHESN,
BEYIZAWESIN, EIz—XITEVTHRFDN TS ITHELEBIZR-L-. EBR3OEHRKRTH
% NASA LDHED JAXA OXBEICKYABICEATL. $IC, VHBERIBOREE~D
FRABEESLIUZTOERDORIGIE JAXA ITKYMFEICHESIATZ. 512, LB LRBERAICSE
LEAERNEOREZEADIIEE, R—LR—JHEROCTLRAY)—ARELREDLR, RIT
BEEN, RROMYELYD, BXDOHRRELL, JAXADST+RLERIEFEE M-,

2.3 RH5Ta—)
HEEENORITEBINETORT 21— ILELTIZRT.
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3. EEREHE-EA

3.1 EREESLUERMHEERK

EEREARDO R BEERBEEE LB (GCEM: Group Combustion Experiment Module)IZDUNT,
DEE, ERAMEHR EM RE-h EEER, EM MZEHER, 2 EL CHEL T,

812 GCEM A{A[X, B 9 IZ GCEM DMRBRBRHZH IV RRRHANHBDOH, R 22 GCEM D
FELAKERT. BEBSFTNTEROETAVRBEMEDNI—VICEEL, BRALKYVELEL
St RRIEIBBOASRABEELT, BRNADLAASEREFITOI-.
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o3 S BIKIET A 2 (CroH22) . HHAHE 9.5ml x2 K
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AW, TOALNETHIASTHLEBEREEZT oz SV LB BABIBRERERPDO T RS
ICEORBERRBLVEEZERETHCLT, BEAFICFERRBABINIRINSLSICLE. ERBD
EFATHOICHEGRRERE ILNABERIE Iz —X(ICEVWTRO . COFHEMIZOLTIE
41.2()EICENTHERIRTS.

BEOBEKTBBRENEEBICKYIToz. BXARRE, ER1ABICENAVITITEEHTHE
FIFAN—D2LVDENZTNDOHRICFHREL, ER2AICIERI7A/N\—imICFHREL, EBRIA
[CIEEFIFAN—ImMEICHREL:. MBERIZTFAN—ITHBELEZRARBLURRBFETER
HAEESHLBREEFTI.

ER1BLUVUERSTIERALGHAYEFZ T OAIETAOAS THEEZZTo-. EERITIX
BRALHAY P DOKREBRBDBREETILHIZ, BREIVSRAI—FNEBRICNVISALEEREL, &
BEET=. RER2TEHBRALGAYBEFET OAILETAOATIRELZTL, BEAERFOEEHE /\
ARE—RAASERWVWTHREEZITOI-.

EERI1TEHI7AN—RAEEEZTITREESAZITD TFP (Thin Filament Pyrometry)j&Z ALY
f=. TFP A SR ERRICIYRABREZRAVZEEREZTOTLS.

EBR1BIUERR2TIEIARFORABERKIZERIAROSHBEINIEIERAN. BRBEROH
S[UFICIEMBRBRANZEES EL, ZREHHEL, MEKETO0.1MPa &L . EERI3TIEFERAR
FRAWTHMREELZZEAEELLT-. GCEM [ MSPR OT—4HRYa—LWV)DI—)LKTL—F
LIZERESNT- CCE RNICERESINTHEY, RRAFNRFORRESIUMBRICLLIFKBELD
—JLRTL—hAEHESHh, EIKRET 20°CTH 1=

3.2 EEEHR
HELEBRERAIIRAILT, #EARE, MPAKEERII, MEER, yOD—X79k OT7z—
A TITo1=.

3.2. 1 #HEAKE

HEARSZBEFIAXAAEHWFERTLICIYITON . BERRREEREE(GCEMZRBERRF
¥ IN(CCE)A~NtEYLT7YTL, CCE 22 BMERIVYIMSPR)T—IHR)2a—LWV)NEYRT
9L, HRARMILZE MSPR /NMNEEEER T 7 (SEA) TR 7Y T LI,

3. 2.2 WHEARLRERRELE

BB, V—0F vy, FIN—RABBE-NDASTH—DR-T7AN—BE2HHER &RE
ARERT—AME ER1(AFHERER) -ER2-ERIOEBRRBERER, ER 1504
LOBBRBRBEOER -ZRERBSIUVTHERBRE, EEROBR—TURAHER, DoE-TH
Y, BEE 14 BETISFETHOI=.

)—OF TV IBEICEADTLAN)—DB—INHERSN, U—YL—rREELSNhTz. U—F
BATRYIAADIER, CCE AD GCEM ZRHBREEMN L) —I LTSI EMNBHLMITE ST,
ER)—YIZH#ES CCE NBEFREERLIVUETALEOHEEILDREMERER, ZRIYV—REEE
DHER, ERMHERAD CCE HEREAIZHES GCEM ABFRREEE TICLIBREERR~ADEZE
W, 21T o-BER, ERHHARFEHNLITZVIIL—PENRARATIEHFD)—IFBFERICE
Y, REILEBMITE EFET52E4L, BLI2, D GCEM ABEREICHLEHTEIEREDE
ENLERBEERIN TR THIEDRERICE>T=. ThiZkY, JAXARE LU NASA LD FAEH B
FZ.2007FE 2 A1 B&Y)— VR ERZMIBL, MEMRERIIOZRYDEBEZFTELLBYER
L7=.



3.2.3 BMREEE

BEORGERBEA, EEEDR BRHEERASR=—FILNEE, EBRARFBER, BEE
EREM, ARBRE, BEEHSK, EXBHB ETAT—2590020, hiold. VIL—DHFEEETH
VP ECHELKLRZFENILIOEBAOHTH =M, V—VHBTEBER~NDEBICHFL, ZERHEH
RFEFNILITOMEALEMESN. ChUNDEEEH EASOTURERXRSIETITO .

DIL—FHKD G OvE—DNRBREEICEETLHILLE#TEH-O, RERREIVIL—HUER
BICEREL:. BHORBERREZTERBERTIELCGERLTERTIRICIE, ERiDREEE
BICARBEFNOBRREES, BES, RABRIRRIHEIRESHNFEHLLGLIETORMAEL
T1BERORBREETTHrLRDBRIEREEERBL-.

VHBERIIRKREBLLT, ERI1SVALSBRBEOBERN — T RAEREZBRA AE
DBREHERNRIZIT LN, COBRKEOBRALNYNEREICTHONIzIzSO, CORBROT—42%
EXGHRBRERT—4LL, BEEORREREAORAKELI:. COXRRE, ER20DBE A8
FRAIZAN—ADRAANBERENEDREIN, ARGENEECTESIRETHO-IEND, EER2
ZITSHNC, RISV LB EHREEROI VLYV ERAEHOEREZERLT .

FOBRDLUYVDFTENDERERIEL, EER1, BICLKIZEBR2AIZ7A/N—~DRARAD {175 % &t
F5EBDIZRB2OI R LY I ERAZFHE LV IL YV ERAEHEZFTTERTHENSILDE o1
N, V—VFBERNDEBRICHEND, STYLY IV EREHOEER2, EE1, RS, J)ILHI€X
ZHDEER2, FB1, EER3, TIVRASHIEREHDEER2, £E1, B3, OIEBFTOER
AETEELE. LB, ER1OKFREZERICBLVTRHEAMICTFOEDOEEHSIKIZHLY,
ROBEINA—VEREL. EREEDDIIAT, FTHELBHFLLVEENERIN =6, TIX
FSH I ERERERBEBRERATRELESFICHCEIZAT HFLLWRRICHTERGERIET 51
HDEMEBRFEEREL-. REB2TE, S2YLAY I EREHOERPTERBFERICEONTI=Y
LY OEREH,, IV IR/ ITHORNSHIELRAEHDODRELZITo1-. EER3TEFESINT:
EHEERLE.

BERERI7ZAN—ITHBELERRFIBHREHADIVMIKYRET DT ETH =M, RAD
ZUET7AN—LIZRY, EREORERFMBESITIEDMEN T NEHENELHo=. &
DEEERBTHH, RER1IEFEHERZRTE, RAOMNBOLLGWVEEBICREREREAE
L, EREABISKBFEHERET Imm BHEZE 12mm BRERTEE T H2EELTo1-. EBR2ICH
WTIE, FI7AN—BICERLEZRFENICHESA K EIZKY, REBE2AI774/N\—LDRX
ERFERETHELHAT,

T, BRNEBEORBORESIZHLTLK DARIEETo-. EERIADBE XARBEMNEERIC
HEORBRICERL, F—REIPBRICHBETSFETEL Iz, TORILX, BAEERR1AORK 1L
L, 841 HASERIMEHETIL 0.8mm &iE%E 8mm IR CERETAILEELITo/-. BF1LERL
=M, BERARBEOEREZ 0.8mm £F52ET, BRIICHBETBENNTAREE Loz, RER1H
DEB1ERB2IERARADMABFRRICIELTELLAEFERLTULEA, BR2HFEETL TLIRR (X E
B1OAZHW=ERELS:.

3.2.4 Ha—X79hk
HO0—XTF7IOMZEWNTIE, JIL—HAHAKRUAR%E MSPR M SEA Mo D EYSLEITLY, GCEM
#%% CCE &% MSPRALEYMNLZEIToT=.



4. ERBERBIUHR
4.1 EE&R1

SURLIZABLERBABHICEODTRBEEBIE—HRTIELEWEO, MALNY X EERERD /D
SNWECATRBTHBODEEEZTTEILTIZIENEALONDS. £2T, EBR1TIE, SV L%
HMREBHEOBRRRERBR (NR—aL—2a BROBRAICHA) FRICE TR ALNYER
BRTEI2RPEOEAERLLTCORBIBERTRAVEER, ZLT, SV LDBEBEEZA VL
EEREFITHOI-.

4.1.1 BREBERER

REHERER S EITRINSESIC, SXRARBINTFHHARRBEC, B, ANERZALN T
BOBRALAYRAFERRE L ~AORZLENYDAFICONT, Bl L DLEFEILSE TH
Rtz ST LYV EREHBTIK, REB EADHIEELEZ2EBTEBHICOVNVT, HFELOE
ABREEZFGEXLTRIALGHNYBRERR, JLILREHETERE L OBEEZEOLRZLENY
BRAZHMICHEAR. SHRBTHHEORALGNYBRRTEIZ VLYV EREHE LIV ILY VL
REHIZTBVWTHERE L OEABRBEFHICHLTHEZTL, TIVXSHIEREHIZEVTEHME
IZSAEZFTO=.

10 I22REFHEHEIRETSHORE L AORKRMERZENYEFERT. COLOH
EREZRBELOMBZZLELSETRYEL, BELAOBRALAYAIEZEZ IOV ERZILENYER
REMAMIVIERRNWE2EBTHSEELIRABETSEEDBHEICOVTE 11 I1ZFRT. EMH
EZFVHEFER WERAVTERELTVWS. BALHAYBRIEIOBRAEAYE)EX (BRAL
NYRA) OMICHEELTLS. RFICZIE, $BMBELT, &K@ A BHMOBRIEHNLYRSRE (FS1,
(S/do)imic=14), HFEB-ADHEDDICEARLEE—REMMIMNELELEGEORERZILAYRE
F(FS2, 2'3(S/do)iimit), i C*B-A DEBEEFDICAEKLIEZE—RFE M NEELEEEDORE
BRZTLMYRS (FS3, 3'73(S/do)imit) HRLTWS. Th &Y, 2KRETHBEORILNAYRRIERE
FABBODIGEEDORALAYRRE (FS1)KYKEL, FS2 LRUMNBFIMSNEELNSIZEADL
5. NI, SEETHEDORILAYRRIL, FS2 KYKECFSI KY/NhSWWIEhnhhb.

Droplet C
Droplet B
Droplet A
Droplet A and B ignition Droplet L ignition
t=0s t=14s

Droplet B
Droplet A

e
Droplet C and B ignition Droplet A ignition  Droplet L ignition
t=-0.033s t=0s t=1.80s

10 REBREZTORRNBRALNYVEE
(E:2%#®B-ATi58, T:3&FHC-B-A Tk
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24 X No-flame spreading

- ©  Flame spreading
X No-flame spreading - ‘;igig
2+ O  Flame spreading B
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1 FHEREBEDYDORILGNYRRIER M
(E:2%%B-AFTi58, H:3&FHC-B-A Tk

12 REBREZRRALGHVBEOTHREETHLYD 1200K FEDOBFREZE 1L
(E: 2% % B-AFTi58, H:3&HFHC-B-A Tk

RICEEBRERRALAYEBEOFTHSREELYD 1200K BB OB EILEZRT. ZZTIE,
R L ~ADBRALGNYIFECHENMEEZERLTLS. 1200K [ GCEM DT PRILETHHASD
SiC I7AN—RNXBEBICEEZELAELRERETHY, KXFABEOSEEEEZRTEE
DERELEL::. ERIEHRELTHEtZHEBTERD2EME d* TRLZt/dZZRALTLS.
2K ET S, SRATHHLLICTREEEHIEARE BK) IZEN->TEY, TOHRDIETFHEED
BEh DO fHELEER 11 DOFS2BLUFSIFRAVEREEALTLS.

Mikami 5[10][Z B EZVVEEB ORI LAYRRIIBRALEAVESREADRKRREGTRESS
LERLE. COEZAFETHRBENOOOBRALAYVICHEEL, FHRBEOEEDLORERFE M
NOBEELADRALGHNYRFERHZREAOBREEGICHLTIAOYMNZRER 13(2RYT. C
T, SHETHBHICMA2ERBT SHORE C DHRENELSZZD>DIFELEL. ZORKLY,
WRTRENDTFHBRBFOEEPDLDDORERFEMASORALNYERBEEIKZILNYREE
HAEBREADRBEBEAERTEIIETHKRTEIENALIEE ST,

LEDEBY, KRMEBEEERRICKY2RBTSBFSIUIEKBE T SRHOMALLY O FMEFEL
BALMNELS125Z, MBEH—LEERBETEHEORIALAYRRICETIEZAAZELHZIEN
TE. ChIZEY, REREREBRONMRES VA LNBEBEBRORZLGNYIZHEIT5BTH
SRELTHEATHIIENAREELRY, TVRMNSHIERAEBETCEEICERTELEERD.
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ty o'ty [s/mm?]

13 FHEBARGEREETSRBEEP ONIoDRALNYRFIERDERF
(2FMFTH, SEHMTFHBELIZED)

4.1.2 SV LDERBEBER
(a) MEARREE: KIRBERBHOER-BR M
AEPEEEBTRHWVA LSBT HAORBEHEOHEZR 14 ISR, RFEHEORBEIE—D—
DEFEREBICKYMED I7AN—KRAICEREINDE=H, CORD 97 BREDIGE, RID
BEERRBIAOREBEDRBADERBTETH 20 RFELI. COKSIC—D—DORBEERT
HILTREBEERL, BABEORBENR—ELDBESITTEEHICE, ERIEDRVEED
FREICLIERBLVZEZBELERERERSADVDELLD. COLISLEEBEM/NENBTOKRE
EREEERIERTHOTCTHA-O, BMBEERICKELSL, SLE L TOMEMKERIETI—X
[CEWVT GCEM [CXABRBARREFAS LV TNEEZEEL-REHEROHER, HFICKBEE
D—HMOEZRLBREDOHERETo-.
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15 ICERROERT—2ELT, 293K FERICETIE—REBESLUV TS _REBEOEKETD
NYIFAMNEERSIVRBER_FE I OBRMEELEZRT. COLIBBEMERTHYEGHNS, C
NET 3000s LtDEHBORERREZERL-OLHRTYOHTTHS. d-t h—TDELER
DEENILORODEFEZRFEFETHFTERBOBRMERORE E—REDH S
Ks=0.000260mm?/s &iofz. FH _RBADARKREETHIIBERTEBEHEE S/d.=3.6 [TxIL
K=0.000245mm?/s &% Y, FilHR#UTy=K/Ks=0.93 &0 7=,

RIC, B—BHEOERFKEEEEH Ks ZAVTTFAREEZTL, BERIA(ZIVJTICTEVTEFER
LEBESICERBORBEREZIMO—ILLTSUS LS BBREHEREIT . RIZ 97 BAR
FEOSUFLDBBREHEOEREZTY, REHARKRTHORBEROBEZEISDTH, B&
U, BEROTHRBERD-. | BEOERBORBER d, (X, BEERKROE XFEEH
(to-t ) FOBRFERBLVEUTORXRTEELTER 2.

di; = d§ + K(to — tgy)

BE, BRHRERBERLIANTORBITHL d=1mm &L= ZREEEHR K CETRTOERE
[CHLE—&RBED Ks ZRAWL=. B 16 ICHERFOVHPBRBTER(FEAXBRBEER) OBFEMS
DY Na ZARFERR tota [CHLTRY. REHOAREETHNE-—READOEAREEEHY Ks
ERBOTW=DICa NELTEEZDE, o FRHEFRDOTERBZAVTUTOXTRSNS.

a; = (1= y)Ks(to — tg:)/(2d5)

FOT H16DITITDRMDIE—TELPICKYVEREZELIERDIEZTERDLILETHLADT
BERBERDDHEY=0.65, HFEETE (T K=yKs=0.00017mm?/s &7Eo7=.

FHEBERODLIZATOE 16 DRHEMNSLEREL, TiHEHZEy=07 &L, 14 [2RENDE
CI97T BRBEEDERBHDERBIVRALNYEREZZNA TN 2ETo1=. 17 (2 2 EIDEER
DNPBERBHER D ZBRFBESICHLTERT. MHERLSRETNIERBLEET S, £ &L
THHRFEREIHIEERNICINE->TWLS. TEIEDEHTIE, FHEH do=1.03mm, HEXHHZEE
REMN 2.4%THY, 2E B (FFHED do=1.05mm, HXFIBERED 4.5%THY, MERBRIZD
WTBLWBEUENEGONTEEZS. EHEMN 1mm SYKRKELLES=DIFFHEHEV=0.7 £X 16
TROEELYVDLRECERELECELRAND—DEEZLND.

1812, 97 RABRED R EHICH T2 DMRALNYELERLTTRT. BRXHSDZBEME
t ZPRBFEEROFHENZF d? THRLEEREEMZRANLTNS. t/d*=0 [TEWLTRAIC
B—gEmEy)IT/hSOERRKENRN, BEEEZARPNRALINY, REBICKBRRGTE RN
HEhTWab. 1EBDEHETIE, t/de?=4.25s/mm? ITEWTHKRFLIBOREBE~NNENEELTLAS.
2EBEDEHTIE t/de®=4.13s/mm2 [ZENWTHFLEDDRBA~NEXNXENBELTLNS. FLHED
BMBENBENLIHEROEIL VAT THY, BALAVIZELWTHLEVWERENARSN T,

REIC, RBRFEBRERFRCETEZ2FREDNRILNVICEZDIHZEIZOVWTEREZTo>THL.
AEE L ERTEIBRBELTETHUERAL, GCEM RO REEADREIX 293K T— EICH#iF
SINTULV:. 293K [CEBFAETAVRBARADS[MHEAIBELIL0'=0.09 THD. BEEREDF
REELBENFEHMICIKET D, THHNORAKLAELHIE+THY, ZDEILAIREED TR
L2 (05 BE)KVTD/DEN. £oT, TOLSLERICHFELESRPTEFESNLEE
FELCHEW. Fz, TOFSLHEEICHFETESRPTHRBARDSBRINIIGEICIE, BESK
FOBRBERD—BIBERICE > TRGEFIZEENRIGIZESETS. ¢'=0.09 (FRHEEHET
(X Y£=0.0006 THY, EEERBRICETHIRBREDIBICE TAMHMEESID Y=0.85 &Lt
REEBOT/INESWMETH D=0, AERICETLIFEENBARRICEZSEEIIBH T/IHEL
LEAZAD. Nomura B[IIEHM/NENBORHER " EZJEERPICTEVTEBEINORALLY
REBETWV, TOISHNSVREEELEIRILNYICIZFEAEREEEZBNERELTLS.
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t=0s ° e e

2= 2 2— 2
14455 i Ly b t/dy*=0 s/mm t/dy*=0 s/mm
2947 s ! Ll
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NE .
=00 f Mg
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(b) U LDEREREHEDOMALNY SN

BIIETRLIZEBY, GCEM [CBVWTFHEEEZERBLEZRBERFERICLIYRBESVT LA
BEBOERMNBEANFREERZERZED 5%LULNOTNDOLETHREEITRASIENRILT
Ef-. FIT, SUSLDHBRERERDIZV LAY IEAZHBLUV IS I ERAEHELTHRE
FHEEZEBELLEWNWAA—OL—C3VETADLHONIBERSEE (HRREBRRR) FEICHETS
BMAZLNYQEMFEORBETL, TVRNSY I ERAERELTHRBFETSHEEELz/I—aL—
DAVETIADOEONIBASER(HRREXERR)MEICE TH2RALAYDFHFHEDIE
BERAA. RBRMICEEBROBRRERBRTEORIALNYVESOHMIEENEETHS:
O, FPELTW=OIL Y I ERAEZFHDEBEDLYICERORRERERFADOERDE-OOEHZRTE
Liz. BRBEREBRBRZIBELIEZIZAT, TVRASHIEREHEHRTEL, BRBRERRFED
MZLEAYDFMIBEBETSEICRILIZEZ®, BEXSEICERSNTZ. 512, HiIERELE
B3N, TOBRRICHTEIRARIAETILFONDERETRELEMFHELTERT HENTEE.

FT, WHRBEER do=1mm [CHLT, REHB M Z 152 @HS 67 BETEILSE=. RIZ, &
BB M %E 67 HEL, ALKBEB/NNFI—2VICHLT, MMRBEERE do=0.9~1.2mm &ELEHE
= VPR EROAMNZEREEIZLDISEES 3%BUTTHY, RKT 45%Tho1=. BREHDNTF
¥ REIFR(S/do)m & Mikami 5610 A KIZHELY,

(S/d,), =(NL/d,)/ M2

ELTKROF=. TIT, NERFRE(=30), L [FEF AR (=4mm) TH 5.

19121 BEORALGHAYEEDLKRASHRERERQGDERT T RERERES/do)n 123
LTHRY. BEHORBEIEFTIORLED—DDREFEDEKNMOHAIKBINATNS. K 19(a)
T, BALAYICTHEWRBEEDYICHRSN DK REIBHRRKERERITSHIET, RKEVLW—D20DFH
KEDBKRL, MFOEAANEFELTNS. KREEERBISHSRISENVRZILENYAROND

N N ™ A : &
3 () : f -
o o pe A
B 4 r 3 1
o T I3 § g . 1
i i .. -
’ 4 1
Ngs |
i Ll
[ .

(FH &R ERERS/do)n=11.9)

N

AL

(c) BMBERFEESFH ((S/d0)n=16.2)
19 BE5EHRBER(S/d)n DIVFT LDBRBERDEEL
1RBORALNVEFOLRAS KER
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A, BARICEMOAELTEY, ETOBEICEVWTTHREOBRALAYBLELTLS. B 19(b)
MD(S/do)n=14.5 TIX, MALHAYRBENSISICHEBETIHEELIC, BAROEBB R BEHINER
Y, NEVWRT—I)LTHELTNT, FREFHILBRLTVS. KEFHRFELBEICETEZEL
TWEWD, IRTOEFOBIZIFEZELTLNS=O, Mikami 5[6]1D/8A—aL—2a>vETILDE#
MRIREREOEERICENITHRFELARKELIZEERD. 19(c)D(S/do)m=16.2 DIFE TIT XK KIF
BRFELBSIVLEBIZFRZELTELTHOMRBELLOTVNEII LSS, HRBRBRBANDEH
LEZD B 19@)DEHIFTFHEERBLAVNAA—OL—2avETINLOBONIEREXRTRER
ZHTHIN, EEOHRRREBRBREISSICREVEYNRBRRICEELTVEILADMS.

20 [CZODRBEHMEBHEOERABABMBADKEFEEEZTT . te FE—RBOBFXNSE
FLEODEDBERBAKEDRDIZEZETIETORERBTHY, toor [(EFE—RBBFXDSRBEHDR
BN TILETCORMBTHS. L3IC, FHUWHRFIERO_FE I’ BLUVERTEFHAX
NL/do CTIEFRIELTLNS. K 20 &Y, HFLIDFETOHO K XTERFM X LR ERROEMIZHEL
MALTWS. KXV’ EFLBICHEAELGERAOFEYREEBNFEELTHY, TOEEMTE
DNERRRBRBREEAD. REEMRBFHALEARICEYREFHRBOEMICHENVERL, RKXIE
oz, REICHALTVLS. REBEIARXEZ TS FHRERREERKENEFLBDIZE
EARRIEROEYZREEBEMASLTEY, BRARRRBRMETREFOREREBIIRZKE
EFRTEEZAD. CNITHRBEERBEBRBRIGEIKEFEEIVERLGRBBZU--TRALENDE=OHTH
. 8—aLb—yavBERmM2ICENIE, NR—al—Yav0BERAICEBVWTHEBEN RN TS E
FRIND. HRGERERFRMECORREBROERICZOBRR A ETOHMERREOERE
FILTHAEEZAOND. 4, BRBRAEERFMTETEIRBRRBHREZELRKEEZRLE.

2RABFLICSVALDBLEZRBHOBERBRRBRADO TN R ERBMR(S/don (X, ZET
BEEERELGEWNWR—aL—2aVEtETIR 114 (6], 2RBTHICKIMALENYRRERHIEMNEZE
BLEFHAETIZ 135 THAH[13], AEERICEhIE, BAREXRERRAIX 152161 OREES
SHICKEL. L, REC)TRINDIBALHAYVBANDEBEDOFRICEKDIFTEEDRENER
RERBRICHELLZLDEEZLZD.

012

™l

g o b, /d(NL/dy) .
< L 2
T & 008 o toy/d(NL/dy) g
=~ 0.08 -
=5 o’
o “» o
= 2 * )
3T 00
Dy Ve [
=S o

2

0 1 1 1
0 5 10 15 20
(S/do)m

20 SV LDERBERDBRALAYICE T H MG ERRE O TR ER R DKEMGE

RIZ, BRBERBRBREAAED(S/do)n=15.2 DEHICETEIBRABRILENYIZONTEEEITS.
21 [CTFPRICEL D 1200K D FREEN G MORKEELZTRT. COBRESTOELENLGE
FOKEBBRZLAYZRRETIEEL, BRREBRRALNYEREN4]EZRO-. B 22 [T5U5 L
NERRFHEORABRALNYREZERBEIOBRZIALENYERELLERLTERYT. IbDES(E
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100

—8—1=0.10's

90 } ——1=0.235
t=0.43 s
80 t=0.87 s
t=0.97 s
70 ——1t=1.135
——1=1.37 s
60 ——1=1.035
°

> ——t=2.675S
50 ——1=3.075
e —%—1=3.73s

40
——1t=3.775
t=4.70 s

30
t=4.73 s
t=5.17 s

20
—+—1=5.40's
—o—1=6.47s

10

—&—1{=6.67 S

-30 -20 -10 O 10 20 30 40 50 60 70
x/d,

21 BHRRIERBEERRAEES/do)n=15.2 TOISUE LSRR EBRRALNYIZEITS
EEMEE N F (1200K (L B) DD EBZEE

120
O Droplet clouds
100 - Linear droplet array (experiment)
— Linear droplet array (approximation)
)
T 80 ¢ ©
é 4 ) ) @) N of
o 60
=
3 / \ <
40 | \
o ©
\OO © 10 9
20 O O
~C~ 3,3530_833
o 15 = =
0 I I 40\26 42
0 5 10 15 20

S/d,

22 BMBERBRFAEGE(S/d)n=15.2 TOSTVE LN BBREBHOBABRALNYEEDER
BEINEDHEBR(BERIRALHNYERBEDES, S/d=14 NERREBINRZLAYRS)

MZLHNYERBOEESTHS. SHRERBEHINDORZILEMNYRRIE(S/do)ine=14(4.1.1 & FS1 [
L) THA I LEZERETHE, BRBERRBRMAELVOSEBRNFEYRBEHERBOREVEHIZH
WTH, BEEORMMBRALNVICEVLWTHERREBINDOMALHAY R FREEB(S/do)im=14
(FSHKYREWEBRRICEVWTERALAYNELTWIBENHIZEADLAD. K 21 [k
niE, &EE10 M5 15 ~OBRALENYIETEARANDBRIGNYRBERLEELGRIALAYTH
B0, InslE, 411 HORBHEEREROBREINOBON-BRALGHNYERBRBEZEL24KE
FHENRICKDBRALNYBRILEKIZESIEDEEBINDS. £z, & 43 Hhid 42 ~DRZLEH
VIZZDZDER 51 IBOBRE~NDBRALILVIZENIEELGRZLNAYTHDIN, ChIXRERE
41, 44, A3 DIFFETHNRICKDIBRALHNYREBRBRILK Q11 IEOREHRERERESR)ICLD
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LOEEBEINDG. RH 26 ~DRZIEAY, BE 3B ~ADRALAYVLERRRER L LEGRZIL
AYRBTHSH, Thold 411 HORBHRERERIACHONTENRLTTEHEANTE
T, BEATHUNDEABRDKENODFRICEYRALENYRFADIEKRICES>IEEZLOND.

(c) FHABEHR

AMELERTIE ME#BERO/AA—OL—SavETILORKBENSIEFRIN TGN o125
BROERENZDBBINT. —DREBBITRAI—OKRFAEBE KRR, £5— DIXEEMBE=HIZH T
DERNREEBICLIIBRBRBRZTHD.

23 [2(S/do)n=14.5 TOBMALNVIZETHRFITRAI—DOKRAEEXBRREZRT. COR
ZIEE 21 D(S/d))n=15.2 IZEVWTHERBREINT. COLILHRBERBERRMTEORILMNYT
(X, B 21 IS RENBEIICHMALENYBRRITEHICHL>TLS. 5T, KAEBENELELKER
FOSREA—XNHICIEIBFBRALGHNYRENEL>TRILGASHENENDDL, D K EMhSN
BINTMERE[EEELTEY, TOARMEEESRN, t=4.87s [THRMFIFADNRKIZTLYE K
LIE=CETRBAEBANRELIZEEZDONS.

24 [2(S/do)n=12.1 TOBMALNYEDOBRREEICE THERXREEBICIIBRERRE
Y. COBRRIE (S/d)n=133 [CEVWTHE RSN, BBEHEOD LA t=5.50s [ZIE T TIZEH
NENBNEBLEREE EGL>TLNS. LAL, t=6.20s ITITBRNBRINGBEYHE XL,
t=6.87s~7.27s IZNITTEZDEBICEVWTE RN RGENBREINDS. BRITHRBENEC-EEIC
BLVTAREBEEBIELCTVELETTEHS, COXRRGEREIREDFREENRGERE (HIAIL
23D 4.87~4.90 DKRINBEBF XD K LGB ELERBZERERIT/HESD. COBRRITHLLDOH LK
NEEGFEBRDERICHEVERLZE, RRERVMICEYFRSABREENMETLZKETE
MR EZEOREAEKMNEYIATREZRRICEYBREINF-CLIZKYELEEIDEEZONS.

CNoDFRICBAREIN-RRICSH T IRRERILET A-ODERERZEMERELTER
L. ZO#RX, 4. 5HIBEZBATEONREIZEWVNTHRT S.

24 SUFLDEBEED (S/do)n=12.1 TOERMRBEIRICEHE T HER K REHERR (6.87~
7.27s BRI M E K LK LIRAE)
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4.2 EE2

BEBAHAETEOBRIALGAVEEE LY, RALAYREIL, BALAYRENFTRTIALE
WA ERBEOR Y —HERE-BRECKVELRTIEEALND. £IT, EEB2TIE, ERFI7AN
—LEICHARICHEHURELRFERBET ST, RFENERALILIRREBREETOT 5%
ATz

SSVLYVEREHELT, ERRBHARERFENZAV - 2REMBALNYKIERZR, &
ALGNYRAREMONBET o YMFETIE DHERBER do=1mm, BERXRT AL R FEHERE
S/do%& 2~10 ETESEZIDTHoI=. B 25 ITTHILETAAASICEIEHEE BB ENAR
E—RAASICKDBRALGHNYTDREBBOERFTETT. NMAE—FAWASEEZOEm2BED &K
FIXEERSE, SEEILCHBAERETHS. F1BDUREBIE 2B IR E~NLEDE
AL, SHITRDBFEALEERLTVDS. MICEKRASZBEIRB2ADERI7Z7A/N\—m o8N
FREBICHEETIERT, SHAORFIFAN—D—HBAER2ONRICEYMBINHEILLTL
5LEDTHY, TOEBETCANENEZELTVWSIELNEBEMICHMND. CORBFDRFMEE N
SHMBEOBMBZELEZE 26 TR, KXABE TR R FICHERAL, %ﬁi}‘fﬁb, BB HLT
RRZEWETEN, MALNYIFEISEMN o=, FO-0, UIPEREERZE do=1.4mm, 0.8mm &
TS (TILHIEREHED—E), 1=, @Ei&iﬁ@1@§i’é4ﬁb‘%2ﬁI:iJﬁZBL, & % & % D
MIEICLDBEELEZADHERITHEBERA-. =1L, K 26 TEESNERIALGNYIER BT S
BRALNYNE—D1IZHFESNDEDTHS.

v
Time

v
x

K 25 TPORIETAHASOEEEG(E), NMAE—FAASON\VISA EE (H)

2 Wrrrmmeamemmmm—m—m————————————r T T T 1]
S - R
- 16 | v® i
O & - D TR ‘* i

- .'. -
(_EU E“ 12 — L ‘.F' ]
— - — R -
T O - Al front .
% -'5 8 [ ;:d?cr::?etrggnter -]
2% 4F =
o - - 0. 170227-01_2-1 o
5 O_IIIIIIIII|IIII|IIII|IIIIWIIIIII_III_

-0.05 0 005 0.1 015 02 025 03
Time, t s

26 STYLYIVEAFZHITEFTHRBMAES SV KK 5k in 6 E Fl
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LUED#HRELY, BERERBENSDORAKNBIEEZRZALS-OIC, BERE—F1 BB 6L&E
FEEREZE S/do=2 &L, ZORDOBHAHEZFOERTVHRERE 2, 4, 6 LT EHI=I LY IER
BEFHETEREZERLE:. RRVLAKERER 27 27T, E1RBAUAEREEE 2RI AT REEE
FERTEINERBEICRALNA>TNSE(NRF—22). ZLT, BRBRBEEDYICHESIA X
ROFFICHEWE SBHTRAEIBEILE 4 BETRRBLEHA TN, K 26 DHA LR
[CBMALNYIETELCELI 2Tz (NF—21). KNE—2 1T, BEIRTEERFENERTEHILT, BB
BEODLENHITFONIIzO, BALEAYNELLELE>FBDEEZLOND. CDKSIC, BETE
BERBOMALNYNI—VIE2EZFHEEZITTELS, SHBEDEABRILEETHLIZEABHLMER

27=.

N
o

-
(@)

—_
N

" | Pattern 1
b attern
P

|

M W :
+ : flame front i
- o : droplet center —

No. 170405-01_2-36 -
1 11| III|IIII|IIII|IIIIIIIIIIIIII_

-0.05 0 0.05 0.1 015 02 025 0.3
Time, t, s

Pattern 2

Droplet and flame front
position, mm

27 STRLY UV CRBEEZFHIZEITAEBUE, NREWMAUE, RALHAY/NNEZ2—2

SIRLYVEABESZHTORBROBREZEEL, LYV ERAZHL T, FFEHRBD <D
BERHNNI—FEHEL, MRBER d=1mm DLEEEMNICTHRALNDNI—2FFLEN
o, MREREERL-. COM, BHTRABLIFTECMHMMUEICEFEFSLENIEL, FE1B8H
ARERBERADIFAN—MBICRRARMELIZZEITEY, ARSIV TEINF-E1 BB AR E
FEERBEALGITGERRERYGHALED . EROBER, BRI RRBICERERZILEND
FHEFRonE=D, EENGRALAYICEBT INI—VERoNGH . 2L, 32 LY
JERABEZGETREEONGN 2 HEGRALHAYNRI—UNBRESh-. KRWGHKEREZX 28
2Ry B1BRHAREAEAORFICIVEBHARABHIESMIGENOLE KL, TO®REE
LTWB (5 —23). B2BBERERBOMRBEICEY, ESRBTEEAYRIEAYFELTL

20 L I L | L | LI | - Trr 1T T 1T T 1"

—

!

4

-
Pattern 4

—

6
2
8

il

ﬁl Pattern 3 + : flame front
4 © :droplet center —_]
No. 170406-01_2-49 -+
o J S B IR B A BN A A B A A

-0.05 0 0.05 0.1 015 02 025 03
Time, t, s

Droplet and flame front
position, mm

28 BEITILYIEREHIZEITARBAHE, KREFRUE, BRALHLY/NEI—2
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lame

Droplet A Droplet B Droplet C

29 BEEUEESHEA M

10 i 1 1 I. T T T T 1 1 | T T T | T T T
i n-decane |
- Microgravity
8 dy=1.0 mm ]
I v ]
5 6l H© v i
e s _
5 v v :
i ° v O :Pattem 1 ]
2 A - Pattem2 |
R M :Pattem3
- v Pattem4
0 | | | | | | | | | | | | | | L |
0 2 4 6 8 10

Sag_iga/da iga

30 BETREIRBRALNY/NNE2—r <y T (Hiteh: &% BC MEERE, 18 /&% AB IR

LN E—24) .
LUEDERMNS, BEIFEERBEDORALAY (X, K 29 ITREINB3DDEHE A, B, C DEZRIC
FY, UTDADDBRATEDYINEA—2VIZHBEINDEENBALNIZHET-.

Pattern 1: & B MWK C LERTHILICKY, EKEREBC ITHRALEMNYLEISALY
Pattern 2: &i# B MN&RiE C LERLI-RIZERE ADLERREEBC ITRALMNYMNETS
Pattern 3: &i# A D&M B ICKEMNRALMNY, &iE B (XRET S

Pattern 4: jRiE B NKKXMLEIHNY, MALHNYMNEISHEHL

30 ITHRRIGASY/NE—2 v T %K% BC [E IR B (Htdh), /&% AB FERREE () (TR L TRY.
1G UI7LVREREL T 2EOBEAEERBO KRMALNYERICEVWTELGSIRAL
MYNF—URBERINTNED, MUELEEROMREZHLEIC, KYFMGNI—RENAREER
Sz 2EDBB AR RBEROBRALIAYIEZORERICHSEEEZZ(THH, SEULOBE AT
BRI DMALNYDIEE, BEBELEC OREBEBNEEAILB ANDBRALMNYIZHEEETRIT
TENBHALMNEL ST,

ELDPUHRRAERICHTEIRRE, JLY IV ERAEFHITMATIVRANS Y I EREHTIES
[CEEARILDEKXRICEKYERLZA, CCTIEIHEmOEAES LEET 5.

Group Combustion TIXBMHELLTEEREDTHAVZRAW B UEEREINRZILHLY D
MEBRZWMNEAGZICEVWTHRTHDHTITof=. ZhiITxtL, 2015 FIZKE Combustion
Integrated Rack [CEWWTHXERBEIZED FLEX-2J &L T, SEREMEOATEIVEBRBELETBE
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AIRER AN MA LN YRR ITHOATLS[15]. BRALEAYRENRNATEIUEZR V- FLEX-
2 EROBERTE, BALKNYRICRKRBOBHIRONT, RALNYETRICEEDEE, 8
BICEOERINBEEIN:. BALNYEEDOEVWTAVEZRAVEAZRBRBREADOETERD L,
BEDEFIRALAYEECRUEKFELTEY, REDORKANECLSIBHIE, RALHAYRE
NEWNTAVEBIITEEZETHLIEN LM of-. BMALENUNTETL-ROBRBEALKRICTEIT
PmEERE, FEXEALCTHOT .

SHRIET KRBRALHPYERFEEHEZHMEETLIEL, ERERZLI2L—FTEDLIICTS
FETHS.

4. 3 EE&3

BHEBRDIOEBRAINDIRBISAI—DORBEISRAI—~ODBRALENYIZEWNTIE, —#&IC
KRV AXD=ZFICHHTEIRRBENODEHNBIBEROEZEZBZTEHLDEEAOND. T
CT, EBR3THR, VPR FER AESARRRREE, V7RI —NRBRELEILIEEHILTES
BIERELTILSELEED, BRALNYDEIIZOVWTHOH THAEZITOI-.

AEBRTE, VHARBIEZR dZE 0.7mm~2.0mm, BBREEZ 17%~21%, JS5RAI—ANREHN
2EEV 5 HELEILESE. STVLY IV EAFHTCREIELEREMHICKVEREEZILE
L, ILY IV REBTEHI VLAY IV EREHOBOEHELHEMICEEIRIEZT . 2/&EY
SAA—DBE, 95AF—MR Lx (F—D2DFT12, 16, 20, 24, 28mm EBRRITEMSE, 5% S
DIRI—DIHFEIL 24, 32, 40mm ERRITEMSELIET, RALNYRERZIBETEEEL
(7 88B). TIVANSHIEAEZFHIZEVWTIE, 2HFEISAEI—DRIDERELT Lx=8mm &
TBHLET, VIRI—FHICKDBERBOEEZAN . SSILY IV EREUHENLTIRNSYY
CTREBETFEERBYREETIIENTE, HUWOEMETDICERTERLSZIC, 51T, B
BICFTRL TN -EKKENVEENBREINT. TOIHEKIE Group Combustion EERD TR
THIRALGNYRRDOERICH T HIFH-LEHARALTRET HLDTHS. &oT, SITREHHHDD
BRTHIBRBISRAI—HBRALGNYDORRNLGEELRBIREEILSEIILETUNRERT—IL
EEASEBEDEEERLDD, T CTHBEINEHLZLEHRICOVWTHRAT I LELETS.

3 IZHEIRBEER do=1mm D2EEHISTAI—TRDBRALNYKRKRERBFDNDEEEZTYT. 5
0 VSRA—DBEIISTREI—~ABRZIILENY, ZLT, VY5 RAF—[MR Lx=16mm OF 2 Y5 RE—F
TRHEBONRNBRZIENSTLSEA, Lx=20mm DFE 3 IS5RF4—FhHYICEEB N RITHERS
NEWTENG, VSRAF—RDRAILHAYBRIE 16mm LY KEC 20mm KYIMSWWIELHLMS.
=120, E3VFRF—IZIERMALIA>TLWEWLD, BREERITFLLTWSIENHOMNS. ChIL,
BTH LGRBATIEBYFLELEBEERTHY, BEIEE 3 VSRI—ITRALNLEN A, AR
DNREELBELERELEI-HTHDS. 2FY, CRETORILNYRROERIIEERILRIGIC
KBEKDRKALNYBRRTHY, BEBIERISIZEIARTTEOEBRILNYBRICIEERELT
EZDWMEMETREBLTLS.

N2 ICHMHARFEER do=2mm D2RFISAI—RBOBRALNYKRERBEDEEETRT. 5
0 VTRA—MDE 4 YSRAI—FTRHEBAREHIBRNBRRILEN>TLED, F 5 V5RF—
[SIXBARIEMA AN > TV, 72720, 5 5 VSRI—DRBIEBREFEDLLVKETRHRBEREN
BOLTWBIEND, BBRDEKZALEAYRRN TEHED, ARFBBELTWNSIEEZRELTL
5.

BRDMRALNYRFICEETDE, E 32 &Y do=2mm DFZEDBRXBRILNYEBRISRS
—MIEERE (X 24mm & 28mm DREIZHD. MR FER do CERIELI-BRXRZENYIRRIEH
Lxiimit/do 1& do=2mm DB A& 1Z1E 12<Lxiimie/do<14 =AY, 31 @O do=1mm DHBEIZIE
16<LxXimit/do<20 THY, VISAA—DRBEENKEZVNFERZILAYBRRERTISAZ—MHEE
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Hot Flame Hot Flame Hot Flame Cool Flame Cool Flame
Ignition Cluster #1 Cluster #2 Cluster #3 Cluster #3
t=0s At=0.43s At=0.77s At=1.87s At=2.63s

65 0 5 55 P 65 0 % 5s 5 65

— ppe— ﬁ

31 2HMEUSAEZ—FIDBMAIEAY (1mm &HH) . ERFEGR(E)BIUVNVISAHER(T)

Hot Flame Hot Flame Hot Flame Hot Flame Hot Flame Cool

Ignition Cluster #1 Cluster #2 Cluster #3 Cluster #4 Flame
t=0s At=0.50s At=123s At=1.76s At=A3.2s Cluster#5
%0 55 r;'n 65 0 50 55 r:n 65 70 ;r\ 55 ﬂ: 65 70 _50 55 -n 65 70 Efi 55 :: 65 70 ;“I‘At‘,‘: &’1 75:4 70

0
\ ' ] ] 0 0 =4 (, S
e () e ) o
i‘ i 74 0 -
=8 0
0 0 o - 40
0 R — 5 O 0

32 2REVIAZ—FNDMZILAY 2mm &iE) . EFREG (L) BLVNNYIFAMERZR(T)

BEIXINSWCERDOMNE. CHIETRBEDRT—ILAKRENFENLEENAEL BB LA
B KELG oIz EEZONS.

3B3ICK 32 DEHRIZEITIRALNYRDISRAI—ARBEOER_REOEMEILERT.
WNEHBCTEEMWICHRRETIREOERO ZEBENBHELLICEZENICELTS, Wb b
T2 B ICE o= REARRENRBEDRICELSZEIL, 1950 FEHR D Kumagai-lsoda [S]IDFATLLE &
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HIBNTWAIRERTHA. ILFE, ISSOREERFITEVTRFEMBEEREERD FLEX, FLEX-2 AT
b, BROERRIZSBBLTEELEARICESTE P HAMBINDIIELEZHRATYHTRL
= (B Z (X, Nayagam 5[9]). B 33 TIX, D LICRENDEISAEI— DX FHEHRAKRTL
=&ICH, VSRI—ANBRFEODERO _FEINERMICHILLTVWEILEZRLTEY, BRALEHAY
[CENWTHLRE-ARDBENEL, ARICE O THREERENMMIFINEDILEEZRLTNS. &
SIZ, FHMDEBYE 5 VFRF—FDOVICIERARDAKELGWVKETEHRBERD 2 REHLEHKRD
BEETHELLTEY, SROBEICEDIBFRENGEINATNS. COEKSIT, BRALEMNYIZEINT,
BRDREBEDNREETLHIL, BRBALGHPYBRENCEVWTESENREL, BREEELEL
SEBEMEMNMH TREINT=.

I 1 1
,,»/;J: ciDl o
C1D0 CID1
Flame Duration | CI0 ¥ CXD1 ¥
o — L - CiDh o« 3Dl +
C4DO C4D1
Flame Oscillations # e CSD0 wM C5D1
N KOO
5 —_
= HEHEHEIIO OO OO
4 T DR DI
= O X XK MY
3 . b & P
s ]
4 XXXt MM
FIQ :
] XX x# ]
)
. EX XK+ X
E OMEX X+ M1
| 3 b IR X <]
] OMXTX ¥+ 3 el
] r 1t M
. ) #
] oMl M
03 ub§¥ v DD
| 1T 11 1T 11 I 1T 11 i 1 1T 11 T 11
5 0 5 10 15 20 25 30 sec

Time after fire cluster ignition ( sec)

33 32 ZHICETHRBEE -_RIEDORMEL

4 ICEABESHABREEE 1TRITETIELBEED2RBISAI—HOBRALILYFD R
BOER_REOBRZEILZTRT. BEEENBVEFENREREIREGY, EHABEBEAUER
PRI ELEEZALOND. C2TIE, 16mm BNTZFE1I9SRI—~DBXRZILENYIELTEST,
HRMZLAYBRRIEIEISITINEELITNS. FE1I95REF—D2EEFE NS5, FEOUSRE—ITE
BID%F(C1-DO &KRE) DEFE, BELMIDEFE(CI-DI)DEFRKTELBLITHARICESIEDEEZD
nah, KiE C1-DO DERERBAFOIVSRI—DEXEEHBATHSDICHLT, &iFE C1-
D1 [EEOUSREA—DEARXNAXKICEBLTLUK 6 WIEERICARICEIAZENELTLS. Th
(TARDEO0IVTRI—MBHEE C1-DO, TLTHEFEHC1-DI NEEGEHELEMDEIIICRZDUHT
NDEZTHD. ARGENEFTHICTARETHINISESSICHELDRBEB/NEAZIZELD
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TORIANPVLETHS.

LEDEBY, ERITHYUMBEELERBIZMAT, MAGLAVIZEFE2AXDFREENSHI1-
BRRZEZADMLEMZLOLE. ER1ORBABERERCER2OBRICOISLGHEAND
RABTMELHIEEAOND. REBE1DSVALSHRBHRBRTEIZOEAIDIRZADZE
T, FRICBRIN-BRBRICHTIRMEILT, TORIADEZHOEREREZEHELTLNDS. T0D
HMIZDOWTIE 45 BiTiiRB.

D: [ mm" ]

[ [ .
Cl e b b b b e b b by

=

[=]

GCE-03-054

2

25

o BRI T T i
o= -
| Yya= 083 10 027
| P = 100am 1 1 0.29
I I Cl-D1
| =l S
I I Cl-D0
I I 16 mm
| Oca-m
I I _ t4mm
| 1 ot
C0-D0
I I [gniter
|
|
|
/ |
|
Ignition I
of CO
|
||||||||||| T T 11 | T T 11 | T T 171 | T T 17T | T T ||
0 10 15 20 25 30 sec

Time after ignition of Cluster 0 { sec)
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4. 4 BMEMYIERIZATITDERIKRR

M2V IERIZATITOESRRES LV EREETRIICRT. FMICDOLTIL 4.1 & ~4.3
HICBEWTHRARTLSDT, SBEnTL.

BE NELEBROBERIENRE BESEFICEVTEXRERZIT-THY, BEEMHER
Dr—FIICHLBEINTVD. FIC, REABRERERORALGHNVBRIEAO NI NT7IE—
5.336 @ Proc. Combust. Inst. Vol. 37 (2019)IZ, S LR EREHEOMRIENVEERE A2/
JrT774542—1.357 D Microgravity Science and Technology Vol. 30 (2018)IZ$#8& i ch TL\5.

YOERIZATITICEEFNRTOEOAD, KEBROKINE, &KX 152 BOZUF LS KRS
BOACBHARERFINECOEHENSVWARFER -TREERMICKSLEIANKEL. MIHE
ZZAPO—LLEXRFAERBRLEROBELERERET, EEMERES>Y—F LD
International Journal of Microgravity Science and Application, Vol. 35 (2018)[Zf8 &N TH
Y, BEHENEREE(GCEMIT 2017 FEDOHARBREZRBMEEZZELTWLS.

K3 YIOERISATIT DEBARRE KV E L E T

Joe £ £ 52 Er

~ (BEF BOBE (BEBDOBE) | (EHOBE

==v | © © ©

LY | BERERED S MWBEEEE | BBS R

DuR | 2BBTBICESMABAYBRE | NERVEMRES | REAYITONT,
XD T EH AR Y7 —SmE. 2% | EBEE, EEN
BAEAYRRBEATA~OSES | MBAEANYIST0 | BEBEEE2%H
OB EEYEIEE £DSHMADHE | Tise, BAKxY
525 L5 WABEER NBECLERE | ARETREELS
BRBERERRNEOMBEEDOE & DB R B B
NERE i

L | © © ©

Yot | ARBEEEER BMBHEUTE | EHTRE— M

3 2RETBICKDRATENYRFIE FRBB R RERES | ALAYIZDONT,
RKDOFMBEEHBEMRE. MALAYE | ZAVERALAY | REER, RER,

FEHEHAL TG 3% |BRRREEISICE
‘BRETHICE DALMY RFIE DEFRICKYRAL | fbSE, BALTA
RKDOEEF A FIEHEE NYNE—2%4ADIT | RERIESERGE
SV LD WREREEER S DIRZ LY FEE
HRBERBFERFRMBRORILAVE | -ELLHRBEED | IE
BOEVDOBEIRMEMHES ERfREEIICHL | -BROBRALEAY
HMBERERFAMEROBRILAYVD | TRALAYRMEZ | [CHATAXRDORZ
TOOFE (R, RIRERE | B4R LAY E B LI
%, F) DFMIERE ALY EE DR

IVRX | © A @)

bSH | REBREREER BRHPBRHERDK | VSR —RETHE

JtR | SRBETFHICIDIMRALAYREILAR | Bl BEA | BILEBERELDS
DFHMILELEBOK—HER. KX | ALLEKNL, BR | REISRE—~D

EAYEREHE AL BRBEOREEES | MALAYREDOE
SV LR BIREREER [CDVTHE S

-RETBDREERB LIz/N\—aL—
DAVETIVEDLLE. BEFRA LMY
BHEITICEIBRBRRERBRILX
DIRE 573 Hr.
ZODHBRBREZDEHE.

26



4.5 BEZHEATHELONRE

APELRRTE ChETOERBBNENSTORROCRFETILTEFEZLTL G,
PIEHRLGBEENNCONERREINT. HEKORALNYVDEZFZRESELERT1~3I2KY,
KEDBRETDERTELD, HLIBEIN-BERORREIBRILENVBRROAREEZEZ S
ATHERBRREZEZATNDLDET RS-0, BREZBAFBICEREGRRERHIIENTE
FEEZTNS.

FAPEBELERRICEVWTUTOHFRGERIVBERSIN.

1) BEISRAI—EBRALNVIZEFTEBRLOBRZILENYRANDREISRAI—IZEITE5%
HAEBR (4.3 #1)

2) BEUVIRAI—DERNOARNDEBRDARGRBLERONDIERZR (4.3 )

3) FUSLNBMABMBOBARAKERAMEEFHICETIRBFISRAI—DABREFNRR
(4.1.2(c)IB)

4) SUFLNMBEEEOHRRAERFMERHICE THEMRBEHICE T HERNRGREIC
FHEMBIRZR (4.1.2(c)H)

NOBRRIEIINETARAENASTEHERAELBRRIEELEZRALGHNYRENDEHTE, &
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Summary report of the 1SS-Kibo utilization mission
“Elucidation of Flame Spread and Group Combustion Excitation Mechanism
of Randomly Distributed Droplet Clouds (Group Combustion)”
Principal Investigator; Masato Mikami (Yamaguchi University)
January 2019

1. Background and Objectives

Stable combustion of liquid fuels like in aero engines requires the
flame spread to the fuel spray near the flame base and group-
combustion excitation in the downstream region (Fig. 1). However,
the flame-spread and group-combustion-excitation mechanisms
have not yet been completely clarified. In order to control the flame
spread in the spray without relying on trial-and-errors and realize
high-efficiency combustion, right understandings of flame spread  Fig. 1 Group combustion of fuel spray
mechanism and models or simulation
methods which describe the group-
combustion excitation through flame spread.

Our research group has proposed a new
percolation model which employs the flame
spread between droplets as the local
connection rule and describes the flame
spread over the randomly distributed droplet
cloud as a complex system and studied the

Group flame Fuel droplets

Flame spread on

.- droplet scale &

group-combustion-excitation  mechanism. . group combustion
excitation

Since the local flame spread rule determines

Flame spread on

macroscopic  characteristics of  group- droplet cluster scale

combustion excitation in this percolation
model, it is important to elucidate the flame-
spread mechanism. Figure 2 depicts the flame spread in a spray. Since the droplet spacing is not uniform due to
random dispersity of droplets in spray, the flame spread in the droplet scale will be affected by the local droplet
interaction. The flame spread is possibly affected by free droplets since the droplets in spray are movable in space.
Furthermore, the flame spread from the group flame to a droplet cluster will be affected by the radiative heat loss
depending on the cluster scale. Therefore, the purpose of the present experiments aboard the Kibo/ISS is to study
these three effects on the flame spread which have not yet been considered in the percolation model of flame

Fig. 2 Flame spread of fuel spray (droplet cloud)

spread in droplet clouds, using high-quality long-duration microgravity.

2. Experimental Description and Achievements

We investigated the effects of local droplet interaction on flame spread using two types of droplet systems
arranged on an SiC-fiber lattice: droplet-cloud elements with two or three interactive droplets (Fig. 3) and
randomly distributed droplet clouds with 67-152 droplets (Fig. 4), the effects of free droplet using movable
droplets arranged a straight fiber (Fig. 5), and the effects of radiative heat loss using droplet-cluster arrays (Fig.
6). Main findings and achievements are as follows:

(1) We developed a droplet-cloud generation method which controlled the droplet diameter at ignition based on the



verification results obtained aboard the Kibo/ISS. This method enabled us to realize the flame-spread
experiments in high-quality long-duration microgravity with randomly distributed droplet clouds, droplet-cloud
elements, movable droplet arrays and droplet-cluster arrays and to obtain high quality data.

(2) The flame-spread-limit distribution around interactive burning two or three droplets is nearly spherical with the
center at the center of mass of interacting droplets and depends on the burning lifetime of the interacting droplets.

(3) The overall combustion characteristics have been clarified around the group-combustion-excitation limit for the
flame spread of randomly distributed droplet clouds. The characteristic time scale of combustion and the number
density of unburned droplets attain maximum around the group-combustion-excitation limit.

(4) In addition to the local interactive effect, the extension of local flame-spread limit due to the droplet pre-heating
associated with the complicated flame-spread path conceivably contributes to the extension of group-
combustion-excitation limit.

(5) We newly observed two phenomena near the group-combustion-excitation limit: a large-scale ignition of droplet
cluster and re-burning by a slow flame propagation in a burned area.

(6) The flame-spread patterns for movable droplets with a low-volatility fuel are classified into four patterns
depending on the relationship among movable three droplets. The flame spread between the first and second
movable droplets is affected by the next third movable droplet.

(7) The normalized flame-spread-limit distance between the droplet clusters is smaller for a larger group flame.
This is due to the increased radiative heat loss from the flame region.

(8) We newly observed two phenomena in the flame spread between droplet clusters: a cool-flame excitation around
the droplet existing outside the flame-spread limit of hot flame and a cool-flame propagation-like phenomenon.
These findings suggest that it is necessary to reconsider the conventional definition of flame-spread limit based

on the hot flame by considering the contribution of cool flame.

Droplet L B TS e g |
Droplet A
Fig. 3 Flame spread from interactive burning - AT
three droplets Fig. 4 Randomly distributed 67 droplets and
— o
)
_ : | .‘
Time
Fig. 5 Movable droplets during flame spread Fig. 6 Flame spread between two-droplet clusters
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