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1. iR

Aiw %, WUNE BB T D BB T A D RKBR O 2 HRIZAT > 72
BEOWUNESFERIZONWTER, ZLTENLDFERTHOLNTCHAEZ S & ITHUNET
BREICBIT 2 HAKBBIIONWTHT 2O TH S, KAETIIET, Ml ms LTHAFE
TEENC I D KKFR LA BIZEIT 5 KKZ2RR, £ L CRUNEREEZFIH U7 iibE
WFFEIZDOWTIRR D, IRNT, AFEO BRI E T a2 420k~ 5.

11. HRER
1.1.1. FHEARBICHITDIANKER

FHRIT LN EREETH 27— 2 > (International Space Station, ISS) (2 HFHET 5 X 9
2725 C, A4 (Vg 2018 ) T 18 &Mz 5. FTHAATLOMWEMMIIFEAHOTE
O, A®%ETETEILT A ENEZONS. £72, T AU IHZEFEHR NASA I2X 5
KEBEEHERC, SpaceX <> Orbital Sciences 72 EDREEHIC L HAFHE Y R ADS AR L,
L% NEDOIEBY DGR FH ~ L HEFRITIR Y 505 5.

ANFEIGCBT 2 EEEHE, AMmOR#ETHD. i, JIvva VAEICED
LT RELFHTHY, SHZOFHARIZEBWTHARETH D LS. fNICE T 25 &
GUEDIERRLAN =T 71 /N RIE DML L 2D FHMOMIER & N & & T F:40%
Ba B2 050, b alREMENE <, EEAE NI AMICED 2 F5R8 kK TH
5[12]. ZTHETICH A= ¥ hLRoa 7 OFHM I — /L TO KK FERNSHME S
ALTWDN, KRR 2 H L7- DX 1967 4F D Apollo 1 123317 % kK Fl (Figure 1.1.1)
T H[3,4]. W ETOFFEFITH AL, N TIHIFIZ Y 72> Tz 34 OFIED BbE & 7n
Sl BHGREZRESNEE LT b OO, EMRFSRENOREICIIE STz, Z O,
BT R TR MBENEAINTEY, ZRICL VEENIER LIZO TR0 M)

TP« \ 8 !
Figure 1.1.1 Apollo 1 fire: (a) blackened command module and (b) charred remains of the

Apollo 1 cabin interior.



LEONTWD., ZNasld, ZOFSLIE, FHMPICIEHE L IZFRFEOMAL 2 £ - 7
ZEENANSEN TG, ok, AFEHIIH EICBWTRAELEZELTH LD, TOHENKITY
AT HANTTNVZRD D ThHoT2l=2, 7 AV IOFHBRELIZE T 25O Fi
FplE L THRbIL TN,

1.1.2. BMEADFHRARKICHETHBHKXE

ISS ZBZE 2 1356, € DOMMNIZITFHERAZAT 5 EER 1SS £ D b D OEAN ML
FEERNEDL E ZAITBBEIN TS, ZNLITEFFEEINTEY, By a— Mk 5
HAKIZH2IZH V155, £, BAEZEBIIZTREMEREBEH L TEBY, 26 ~DR 2B
DIZ R D KEILR BRI D[5]. 1SS TR O T FHMNILPAHZEM Th 5728, —BEk K
WHAET 2 LN L, B Lo CHBEMICMEZR LT bE 205, T, MM
R ELZE TR LoV RS 0 1 CREIREREE T D 720, FHIR7e & O AR E 2 1
S LTIEFHMEDH TS Z X TE RV, LEN-T, KENRAELZEAICIE, O
HTHKICHTZ20, b LIXENBRE LG AT EOFHEM DB 272,

LInLZR D, KKERIRT S Z EDRR BRI TH Y, NASAIZEBITHI vira i
PN TIIIERAMEAS, Rl GRS E A B ORRBENE & FRTIZFET L TV 5. NASA 13 E DR
BeltEREANE S L OEHEZ [NASA-STD-6001B) & L THE L TWA[6]. Ziuilik 18 maklik
ERB L OGHEEENEG T TV D, B2, Testl @ 175 kS AntEakBi T, 300x64 mm O
BB E RV =28y NL, TOTFHET I INA T T A X=XV mkT 5 (Figure
112). Z95F5 &, KRB EFIZAD> TEEL TV FARORBRZ ZEEL, VWi
O KRMeRE LIRSS 150mm UL T THR TS 2 L, AUz TARIETIZAEL D
KDy (burning debris) 12X > THRAF — FIZERE L7 EMITKBRZTE D220 2 & ovH|r
FUEL 20 5. AR, ORBEMEDN S D L SNIRBES, BRI > THEMiSND.

5 cm typical [ Test
Substrate 7 ehamber
for testing ” 7
of coatings -,_|
Typical
specimen —

Figure 1.1.2 Test system for Test 1 of NASA-STD-6001B[6].



1.1.3. RARKLEEEICBITHIRE

NASA-STD-6001B (%, 1971 4F{Z NHB-8060.1 & L CZ OIS 4T S 4, NHB-8060.1 T
4 [a], NASA-STD-6001 & 72> THBITEEHIZARAE 5 6 [, 51 10 FOBEEKRTE
[7]. LxLens, REICE L OBEFHENFAET H[8]. —oIF, 3RS Pass/Fail test 72 i
Thd. 2F0, RBERBEH - REORTH D 7 ORBENE 2 E BTGS2 Z &2
TXR. ZO1®, [FUEMCTHERARENE UL, BBz L TERb 2wy, 4
BB DI S, FHBBIHEN SN D EICARRER A TR T 5 2 L IR LR7ED, HRE
FEDZNZEYEE WD BLRIZSI D &, ZHIFRERMEE VWX D, S 612, BHEFPARILE R
FLIR N 2 8 5. 2L, Testd T 1%&%%%%@%%@%%%@ LTk, RERADERRZ

END I5MHIT TRRE L, £ Mz sukaic L0 k3% (Figure1.1.3). £d 15° L ED
BRI DWW TR Zefiali e vy, B <, ﬁE%EZE@{%T@J: EE L COME L Bbh
L0, FIRRDIATH 1971 4 & FPEACRTTH 0, éi%&‘@&ﬂ%ﬁméuﬁf%m&%ﬁi%
bl ElBbind. LT, HBBEINDENEZ AN, WTNOREBR S H B2 THE S
NHEWVWH ZEThD. FHEER, SFVMNENEREIZE W THEMATEOMEIOREEN: %
H EIZBWCREIIT 2 & ) SICERINAE T 5. B DR (FlgureSZ 1D IcfkEFshsb L)
\ZIEH B L U NE IR T, ERHES IR TR 5. Il E B CIXE I
K9 5% 35 cm/s DXFBFAET D, TDT=D, T ORI - TEREEEIZ FR3E 03 e <
D ZE &R, MNETREE CIExHRIC L 2R OMGEA IS S s, Tz R,
PRBEVEREMMAABR I L CIT O CE R TH D, o F 0, M/NENERE CIXARSRIC L S
R OMAEGHME T URBEME D T35 . Lo T, BREEMED @\ il RIS W CRElistER
i AIUE, MUNENREICE T 5 KKZEMITHERIND LB N TE .

Scale Ceramic insulator

1.3

Sample wire

ANRAANAAAARAN AN NARAAY INANNARANE]

Q:H : Q = Igniter
\\
Ceramic insulator
Figure 1.1.3 Test system for Test 4 of NASA-STD-6001B[6].



1.1.4. BUNENRRICE T HMRERR

PRBEBL T I OB A Z T 5\ e, BEENRE CIIRRORE LR Z D Z &3
LW BUNE BRI I OB YR TE 5 L\ ) sUCREEFZE I IER 1B 27 T B,
ThU, THETICHEZ L DBRBERS DI MUNEREREICB W TR S TE 2. BLTIE, £
D % =

1.1.4.1. R

WUNENREZFIE LI ED 5 5, &2 < OFER RSN TV L 580 —2)3
TRTIRBE[9-22] T D, ZhiE, HEYET L D00 2 ¥ — B L7 E OPWIREERI DR EER T
TORTWDEMEFRIED A = X LR Z B & L CWDRFENR S, EHEREEE I 7 0
WCRD L, Mok S THum 2> b Fum O — 2 — & 72 o T RERE S B R L2
SIREEL TRV, TOR/NEALSE—EHCTH 5. B S BRI XA FE AN FEH 12/]s
SNV, KEHTHDEHAOERIT/N SV, FEBRCTIENBMER T4 U T D54 X
BAERRL, TOMBERS BT 52 I3 LD, HORERE W E AT, #Muh
A BREE TIRBEEBR 21T > TV 5 [13,14,23-26]. = LT, H—iEiMREEDOIRRE L LT, &k
Ze—RIT I INI A T @i 511[15,20,27-30]°, —IRIC & HIC =R TTICHAT - ki #E[21,22] D
WRBERFTE 6 2 < 72 ST\ % (Figure 1.1.4).

Z 2T, B OBEB I OV IR R B L N D BRBE CIR I BE 1T, Figure
115 O XD ITEHRD KR LB L, —RITDFRE LT D T EDAMREICR D . BREERFIC
IRUER X ONREICB T 280 LOWE ok, £ L CRIRMmEICBIT LR E LT

° . O —O\
25000 999 %90
o°°oo -0-00 0 _Q_Q_Q 9\ o - :o
Qo0 Droplet Array Lo ; _b .
$8%0° 009 0TIy
000 T ~4°4,.
o o Droplte matrix (2-D) o Ry
Spray 09
. Droplet matrix (3-D)
Multiple droplet Sysvtem
Figure 1.1.4 Schematic of a category of droplet combustion.
(a) Normal gravity (b) Microgravity
Figure 1.1.5 Droplet flame in (a) normal gravity and (b) microgravity[14].
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Figure 1.1.6 Evolution of droplet diameter and burning rate (K) in the atmosphere in normal

gravity (left) and microgravity (right)[14].

BY, RE—F2OREHSTH 5. Figure 1.1.6 |Z n-nonane (CoHao) ki 03 T 11 ERBE
W/ NE S BRERIC I T DIRBERE 2 097 [14]. E EJEREE ClX 0.8 mm¥s TH D DITx L,
WUNE IBRERIE 0.7 mm2fs &/h SV, BUNEJEREETIE, B ARKHRN I S5 7o O ISR
DEPFIZTIENIEEIND. TIUTED, BEZEKD KR ~OUFEME Y, PREEEEE DMK
5. e, MUNEDBRE TIIHIIC L DB D KR A~DOHAE IR S 41, $E80°E
LD, FIVHBRBEREIK T OERK L > TN D.

1.1.4.2. BEMABRIGE
[ ABRIE & W R EE & 36 A OV N EBREE CHEM SN CX 2REEI 2D —H>Th 5. £
D% L%, FHEEICBIT 2 K28 m E2 BRIZiThbhTng ., ERICHWSL LTV D

2 T T T T T
- [e  o0,18%
—_ [ u} 0,:17%
ié’ [ |&  0,16%
1.5F -
E |
2
=
T
= 1 B
5
= /
. /
go0s5F " \ N
E / N \‘.
=
\
1 1 " 1 1
0'g 10 20 30 & 40

Opposed flow velocity (cm/s)

Figure 1.1.7 Flame spread rates of a thin PMMA sheet under N2 balance condition[34].
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(a) Normal gravity (b) Microgravity

Figure 1.1.8 Wire fire in (a) normal gravity and (b) microgravity.
10 T T T T T
® 0G (T=398K)
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& | Y 16 (T=398K)
£ Vv 1G (T=298K)
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C s | L 1
30 40 50

Oxygen concentration (%)

Figure 1.1.9 Flame spread rates of ETFE (ethylene-tetrafluoroethylene)-insulated wire in

normal gravity and microgravity as a function of ambient oxygen concentration[50].

AEHE, v— MRO b D[31-35]° 1 v R[36,37], ZAUIC FIAMERL FEEHR[38-49] 72 E 3 5.
Bz 10X, BN T 7 VLK (Polymethyl methacrylate, PMMA) <Ti%, 10 cm/s F£E D
22N D INE DI BREEZ F N TARIRER 73 O F BN IER U, KRASHE I AN 09
5 ENERB X OB B E 72> TS (Figure 1.1.7) [34].

PR OPRBETIL, Figure 1.1.8 |29 K 5 (Tl H H BRI & U NE 18R CRRBED 1
HIRRE LSR5, BUNEHRE TR, BAHESIH S D 2 LT & 08RO & ED
H"H5D., THUCK > THRERIC K HBWERME T L, KREHEEE L HIMT 5 (Figure 1.1.9)
[50]. F7z, HENDEVERITINTIE, BRBESEIIC I T D W 73 8 7 B ) B B8 I
TLTHEREESNDD, M/NEDBRE CILRROE 0 ICHE LB MAT A L L COHE SRS
7o, fERE U TKRBHERENNT 52 & b5rh > T4 [51,52].

1.2. HIREM
ATET 1.1.4 THRA7Z X 918, BUNE RS CIIHRIRRBED & 5 [TRBEMEDME T 28158 b
OV, FEERBED K5 I2H DKM T TIHEMT 2BRLFET S, Lo Laedb, MuhE
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Figure 1.2.1 Test system for Test 2 of NASA-STD-6001BJ[6].

FIBREEZ 31T D KRBT R LTI, R O H 585Uk [13]° AR, PMMA & — R 72 8D ik
[31-33], % L CHEMROIEERS K[38,4L43]13FFE S TWND A, AR A D Uk BIG % %t
G & LIZRIZRDD B\, 207w, MUNEEREEIZHS W TRAMENEINT 200y, %
NEBIRTTDONDIIREF LIRS TRV, ZOEHITRS <, SABENI YA
—H—TRTTHREERBERTH L7720, BEHNCLLIEELZT R EEX LN TEE
DIZEHEI SIS, L7z o T, MUNEDBREEIZIS T 2 vl BNE S A O UK B OFR AL 71
MEREGALTNDLENZD.

AR TIT LREOE A B E 2, MUNEDBREICR T 2 v BRIET 2 O iUkBLS, LD bl
AR L 0 3 AT D BRI A D K BIR ORI 2 B L 3 5. BB iE AT A D
S, NASA-STD-6001B @ Test 2 235Hlixf4 & L CWAHBSRTHH 5 (Figure 1.2.1). %
D=, RIFFETHE LD EHERERIL, B2 W THEME STV 2 Test 2 23N JJER
BB DENGHFEIT A D JKMEZ T LIS TV D DO ERRGEET HARILIC /2 0 15 5.

1.3. MRITAER

AWFFROME % Figure 1.3.1I2F L 5. ARBIFETIE, FHITH D BEIRMEHE Mg AT A
D/INENBREEICEBIT 2 5K EREITH 124720, Figure 1.3.1 (IR T8 THIZEZ 24T L
7z,

FT, WUNEIREICRT 5 RKBIGORBEN MR ESG 5 Z LA ENE LT, REIDR
WRIAMER A R AN EIBREIZB W TRK L, £ ORFO FUKRE, Frloioh ik =¥
— L KREERRERRZ A Lz, REHCIE, 7727 UAVEHE (PMMA) OEMET A Tl D A
27 YNEBEATF IV (MMA) ZHWTWS. £ LT, @ ENRREICEIT 2RO ER TH
DNTAER LIS 22 LIk Y, EHRRKFFEICKIETEICONTELZ L.
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WIZ, FEOFIERERAKERORE L LT, EINELFHEMANREIC L VITWEh
PHZBWTHRKEREFEM L=, 723, Test2 btz wfﬁk%%%ﬁofwé R
BHZZ, B EIOB R IT 2 & JE 2R DIRE KIS 725 K 5, BFBREITH
HYAFNT—T /L (DME) ZH\\We., 2 LT, o d H1/NE B TO R KBGHT D
WT, BOEBRIVEONT-HRE DL EICTBEREITHoT-.

RBIZZINS ZoDORREENE X, B BB R ZORUNET) T RKEREZIT ST,
B AMEHZIZAR U = F L oS 2 AV 72, 1142 B Thib <72 X 912, AR ERE R
IFFEHAKEZE R E LT, ZHVETIB/NENRE TR R IIVTE 12D, HBE
ADFKEFI LIZFIEZAE T, 70, REBREZITH LV LA, FEHIT UC
Berkeley (ZFBWTA Y =F L U IBERR OB X IEN U L IRFHE OB T 282 B3 2 A%
EIToTEY, TR =F L o mEEiz AW RICE L d. ZOERERIZOW
ThH, KimXHFTHEARDZ L &35, RKFIEROFERIC %qu,%@:o@mk%%ib
BONICMRAEBBITERZ L, BT AOMNENREIZEBT 5 RkBg, £ L TR F
ﬁ&@éw%mowf%%ﬁbt

WELRE, EERENAZIAIZENRS.

BUNENRRICE T DEFRMBMBANBARDRAKICET HHR

B8 EfRMHZmE - BROBOLE, ZTORSBAREZWNENRBICSEVWTRAXET S, BRENREIC hlfél_lﬁ
DRBREDLEICEY, BEENRREMNEARBICE FE2AKREORBVOCAXRRICRIFTENOZEIC
WTHRET 5. (MNENBRBECE T IMEFRIHRLATOA TS, TREEESSDANREERAE LHEHIG hi
TIZHES, REZNICETAHREFEF LA TLEL. )

Keyword: HMUNELRE, BOMBAX, AKX, RNMEKIRIILE— KEZEEBE
I\ AR TEONEREHMRS, TERNEBEICSHFHNKRLMAL~ERT 52 0ET
MEIoeR
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Figure 2.2.1 Hot surface ignition for a droplet with FeCr wire.

""

Figure 2.2.2 Torch ignition for an ethanol -liquid oxygen rocket engine with hydrogen

burner.
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Figure 2.2.3 Laser breakdown and induced plasma.
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Figure 2.2.4 Two processes leading to breakdown: (a) multiphoton process and (b) inverse

bremsstrahlung process[96,97].
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Figure 2.2.5 Time scale of breakdown on the laser-induced spark ignition process[96].
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Figure 2.3.1 Schematic diagram of electrical spark ignition system.
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Figure 2.3.2 Schematic diagram of ignition circuit.
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Figure 2.3.3 Schematic of setup of electrode.
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Figure 2.3.4 Schematic diagram of laser-induced spark ignition system.
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Table 2.3.1 Test conditions of electrical spark ignition test.

Item Value
Tested gas Methane-air mixture (equivalence ratio ¢ = 0.6)
Filled pressure 1 atm (0.1 MPa)
Temperature Room temperature (~ 295 K)
Variable Electrode gap: 1, 1.5, 2, 3, 4,5 mm
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Figure 2.4.1

Schematic of focusing laser beam and beam waist[53].

Table 2.4.2 Test conditions of laser-induced spark ignition test.
Item Value

Tested gas Methane-air mixture (equivalence ratio ¢ = 0.6)
Filled pressure 1 atm (0.1 MPa)

Temperature Room temperature (~ 295 K)

Variable Focal length: 70, 80, 100, 120, 150 mm
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Figure 2.6.1 Ignition characteristics of (a) electrical spark ignition and (b) laser-induced

spark ignition.
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(a) Electrical spark ignition at electrode gap of 3.0 mm and spark energy of 12 mJ
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(b) Laser-induced spark ignition at focal length of 70 mm and absorbed energy of 15 mJ

Figure 2.6.2 Schlieren images of flame kernel development on (a) electrical spark ignition
and (b) laser-induced spark ignition.
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NTEY, RO THLZEHEIC X 2H/NEAFEBRBMITHOI T\ 5. % FE XM E BB Ok
REFINE N E WD R B DY, BRBEDGE, R E CIIBRNETT5HE T
A BRETH D720, FEBREIT O IUI o2 Th 5. BEIRREDSEIE, £D%<
DIRZYIEDN D Z25t5 8 LTHRY, WRABEICH S TR A 7 — A RNEW. 20720, —EO
NRIRY v 77 T4 FTEHBRIOMNEREZ FEBRTE 2MEHNRZHINTWD.
TAY B TIEEBREFEAT = a R, A= % bR Cygnus & V9 HEAFHAFAHE
THRBEERNEMmMINTND. 7288, BOSETHIMEE (2017 ), EHEFEHEAT—va v
HARZERIR (21X 9] CTHIOWNE FEABEFEER & 72 2 W REIAGE F25R 23 F2 0 < 47z

AR THEE LT D KT, KREPTER S CTRBERSRN I KR BMERET 5
FTCICEABEI VD TH L2, b MUNEDBEREMGR B N CH 4128
GERADZENHKD. £, HAKTHERNFERTH LD, ST THEMmL THAK
RN & SKRBOW BN AE T D, D18, &5 —ERELL EOERZIT, HEHAIC L
TOMENRD D, FOEWT, K20 B OM/NE B4 281 T & DA ERIL, —[H
DNFHRY v 7 7T A MICEREIO R KFEREIT S L BRSO IR 1A % e FB
EEZD. LLEEENE 2, AFFROM/NEFEBR T FEB X OWI AR L. DL
2, ZOFEMEIRND.

33. ¥TI&

Figure 3.3.1 [T RTE REA 7 — /L /N TELZAWNS. mSiE 1l m T, % FRRHE, O
F 0 N E I BRBEG R 3K 04 B TH D, FIw, Figure2.3.4 IZR L7z L—W il AL
KAEE &R U RS 2 H5H <7 500 x 500 x 130 mm DT LS 7 L—AT v 7 (Figure
332) », EOERAICEIVMY TN TWS. 72720, L—FEa bR/l

22



THEMOPHES ICRE L T b, EBHANT ZITRDET v 7 BNKET LIk, Th L FEE
:%%ﬁt@v—%:b)ﬁ~ﬁﬁﬁk%m,V—f%ﬁ%%éﬂé.%%éMKV~$%
3% N B X T —1C ko TS &, BRSO LENO AST 5. 1 X%, K
A EEICEE SN TEY, 77 ERIETT 5720, Bl EEShRTT LA 7 X
TUNET D, RAKFERITEORE TERT BTV, Sk X —0RER LUK REZ
RIS OBIEE 21T 9 .

% I X DM NEAEROLS, BFITERESICL 2BV VDK T2 <0
WCEBRT v 7 OIMINZ KT v 7y — b REFRIN A EREZFRIT H[7L]. 2F 0, “HEFOH

Electromagnet Mirror
i

Nd:YAG laser
1

Combustlon chamber

Frame- work package

| |
| |
: Buffer :
| |
L | ! Q

Figure 3.3.1 Schematic of laboratory-scale drop tower.

Combustion
chamber

High-speed
300 camera
Concave
mirror Metal plate :
500
mirror

500 mm

Figure 3.3.2 Schematic of drop package.

23



Acceleration level (g)

100

101+

102+

103

10-4 —

10-5 —

106

0.1

0.2

0.3

0.4

Time (s)

Figure 3.3.3 Simulated acceleration level.
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Figure 4.2.2 Schematic diagram of laser-induced spark ignition system.
Table 4.2.1 Laser output specifications.
Item Value
Wave length 532 nm
Pulse energy 100 mJ/pulse

Energy instability +2%

(standard deviation)
Pulse duration 5.9ns
Pulse reputation rate 30 Hz

Beam diameter 4 mm

Figure 4.2.3 Beam profile of the second harmonic of the Nd: YAG laser: (a) 3D whole

profile and (b) top view.
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Figure 4.2.4 Transmitted energy versus incident energy in the air.
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Table 4.2.2 Properties of methyl methacrylate (MMA).
Methyl methacrylate (MMA)

Chemical formula CsHgO2

Molar mass 100.12 g/mol

Density 0.94 g/cm3

Melting point 225 K

Boiling point 374 K

Flash point 275K

Auto-ignition temperature 708 K

Explosive limits 1.7vol.%-8.2vol.%
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Figure 4.2.5 Saturated vapor pressure curve of methyl methacrylate (MMA).
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Table 4.2.3 Test conditions of ground experiment and microgravity experiment on
parabolic flight.

Ground experiment Microgravity experiment
Tested gas MMA-air mixture
Equivalence ratio Variable: 0.8 — 2.0 Variable: 0.9 - 1.5
Incident energy Variable: 14.8 — 100 mJ
Focal length 100 mm
Filled pressure 1 atm (0.1 MPa)
Temperature Room temperature (~ 22°C)
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Figure 4.2.6 Schematic of rotating mechanism of combustion chamber on turntable.
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32



H OB R R KR~ E R LG D KREATRT 2 DIZ L0 @OV R L F— RN BT
HinbErEZLND. £i2, BELE LTHWE MMA (3458728 100 Ot #Ey TV
A A Le N1 EHD. ZDT, WEIB LD SEIEHO G MENL L 720, BRERE IR

(¢>1) ITBWTH/NE 72D XD Al o T,

W E R EMUNENBRE O/ NEK TR X —F T 5 L, EREITo AN E
HIZBWTHUNETREO R/ KRV F—DNBHENREOZNL D KW, LT,
Z D ZEIAE A RIB T HE EYER T DA H D . Z OFERIL, BUNEDEREICB W THA
PRI AR T 2 fREME 2 RIE L TS E 52 5.

4242 KREBEHRBERE

Figure 42812 ELg=0.9, Figure 4.2.9 (2 &ELbg= 1.5 Ol E/EREE & U/ E I EREE
BT D AKEREDO KRR ERED Y v RU 7 Z ZHig 4277, ERICIRAT OREEIX
T LA T ET GO 2 R

BEMEIZBWT, KRB S NTZE#% O 100 us Tl Figure 2.6.2(b) & [AERIC L—H A
FH5ANC third lobe 234 U TV 5. EO1%, K] & 41T third lobe (3R~ 12 < 72D, 1.1 ms
WZIZHER LI T\, Z 2T, thirdlobe DA 1 = X LIZDONTHRR L. L—P o=
ANF—X, TA 7 XU TIBRINDEIERD T T XA~ L o> TRINE N, £ ORI
IEHTRx (Figure4.2.10 @ h) TR &<, #%if% (Figure4.2.10 ® g) Tlid/h&EW. ZDEIZED

100 ps 300 ps 500 ps

1.7 ms Z 2.1ms
(b). Microgravity, = 1.0, Ej; = 41.2 mJ

Figure 4.2.8 Shadowgraph images of flame kernel development for MMA-air mixture

with an equivalence ratio of 1.0 in (a) normal gravity and (b) microgravity.
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Figure 4.2.9 Shadowgraph images of flame kernel development for MMA-air mixture with
an equivalence ratio of 1.5 in (a) normal gravity and (b) microgravity.
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Figure 4.3.1 Schematic of combustion chamber.
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Table 4.3.1 Properties of dimethyl ether (DME).
Dimethyl ether (DME)
Chemical formula C2HeO
Molar mass 46.07 g/mol
Density 2.1146 kg/m3
Melting point 132K
Boiling point 249 K
Flash point 232 K
Auto-ignition temperature 623 K

Explosive limits

3.4 vol.% - 27 vol.%
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Table 4.3.2 Test conditions of ground experiment and microgravity experiment at the

laboratory-scale drop tower.

Ground experiment Microgravity experiment
Tested gas DME-air mixture
Equivalence ratio Variable: 0.575 — 0.675
Incident energy Variable: 14.8 — 100 mJ
Focal length 100 mm
Filled pressure 1 atm (0.1 MPa)
Temperature Room temperature (~ 22°C)
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= ignition energy for i th test
yi = 0 for “no ignition” or 1 for “ignition” (4.3.1)
P(xi) = probability that y; = 1 for the i th test
ZIT, PNELLFDEQ 432 TERINDHIRTVAT 4 v 7B TET.

1
P = L ool o= i) (432)

7120, NIA—Z B, PUTLLTORERE L ZHRKET 5 HTHS.
L= HP X )@= P(x )} (4.3.3)
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Figure 4.3.4 Minimum ignition energy in normal gravity and microgravity as a function of

equivalence ratio for DME-air mixtures.
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(@) =0.675, Eg=52.1mJ, 1g

(b) $=0.675, Ey = 52.7 mJ, ug

Figure 4.3.5 Shadowgraph images of flame kernel development of DME-air mixtures with
an equivalence ratio of 0.675 in (a) normal gravity and (b) microgravity.
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Figure 4.3.6 Displacement of flame leading edge of DME-air mixtures with an equivalence

ratio of 0.575 and 0.675 in (a) normal gravity and (b) microgravity.
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(a) Normal gravity (b) Microgravity
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Figure 4.3.7 Flame dimension of DME-air mixtures as a function of equivalence ratio in

(a) normal gravity and (b) microgravity.
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Table 5.2.1 Test conditions of ground experiment and microgravity experiment on
parabolic flight.

Ground experiment Microgravity experiment
Tested gas DME-air mixture
Equivalence ratio 0.6
Flow velocity Variable: 0, 5, 10, 20, 25, 30 cm/s Variable: 0, 5, 10 cm/s
Incident energy Variable: 14.8 — 100 mJ
Focal length 100 mm
Static pressure 1 atm (0.1 MPa)
Temperature Room temperature (~ 22°C)
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Figure 5.2.3 Minimum ignition energy in normal gravity and microgravity as a function
of flow velocity for DME-air mixtures with an equivalence ratio of 0.6.
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FIANEIEE PR, E S AITERE B X Th S, BRI ORLIL, 7L X T rnb
ORGBEREFE 2R3, 22T, 900 B0 K5 ITKEEE AR TR LTV 5.

BB IOVGRICBED O T, KRB 1L L —F AR 7 I mT T third lobe 734
L, £D#% Fifi~B8) L OO R EE DRI DR BIZHZE L TOSAEFRS1D. L
L7230, BEEDBRE T 15ms RN 5, KD FES EEICH N TREET, LI
DHP—THENAZHEL TV D, ZOMMIE, WIEOKEN10ems IZEBHFETH L. £ivs
IRTRAYIS, UNE I BREE CILRREED TR FRICAR LTV 5. @ BB T, TR
K BRI S M > TS T2, R CIEERE L7t & 0 SOV FRAAFEAE L T
WHEBEZLND. TDID, KROBHEHRE L HIRESKE W EFrIsshm L e
DENIEIECTE T, FHPENIZ L D R ARBBBREIND EEZOND. AR DB
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5.0 ms « ié.o ms IS.O ms

25.0 ms \30.0 ms 35;.)0 ms
(a) Normal gravity, 5 cm/s, E;y = 53.4 mJ

5.0 ms 7100 ms " 150ms

B 20.0 ms 25.0 ms 30.0 ms y 35.0 ms
(b) Microgravity, 5 cm/s, E;; = 53.9 mJ

Figure 5.2.4 Shadowgraph images of flame kernel development of DME-air mixtures with
an equivalence ratio of 0.6 at 5 cm/s in (a) normal gravity and (b) microgravity.

100 ps > 10.0 ms 15.0 ms

20.6 ms 25.0 ms 30.0 ms 35.0 ms
(a) Normal gravity, 10 cm/s, E;y = 57.8 mJ

5.0 ms N10.0 ms : 15.0 ms

20.0 ms ~ 25.0 ms . 30.0 ms y 35.0 ms
(b) Microgravity, 10 cm/s, Ej; = 57.9 mJ

Figure 5.2.5 Shadowgraph images of flame kernel development of DME-air mixtures with

an equivalence ratio of 0.6 at 10 cm/s in (a) normal gravity and (b) microgravity.
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B, BE LISiEORNABFET 21T TH Y, 2@ EAREOWIL LV iE MK
W, KRITTENITHE S > TIERE L TV 2Rk D. 26 kRTEIRDENWD, K
INERTZRINF—ITENE BT LTWND EEZXLNGED.

53. REHRDFEE

5.3.1. ERZE

PRBER AR, TR AT A, L—PF AR EBIIEOER THN LD LFRIKTH
5. LIedo T, #5221 H4ZMLTHHW, T TORBITEESS.
AREBRTIE, AR RE ST M OB DWW T 572, Figure 5.3.1 @ X
INTRBER AR O E 2 AT LTl A a0 Bz, RAFEREIT-oTWDH., 22Tk, B
SRFHFE I 6 U CHBHIHE S AT 72 85 A1 1 “Concurrent”, a1 72354 121% “Opposed”, & L
THEAT 5HA121% “Orthogonal” & EFET 5.

5.3.2. EEREH

KRGO FIREIRASICIE, ZAUE TLFBRIC DME—ZEXURARZ V5. SR
0.65 & L, A/ NTA—=Z ThDH. FMERFIZENT, b= AF =L F—ZFHE L
IR S KR FEBREATV, TRV KT FOLX — 2 H > TRUKERE) « Bl 5 07— % % B+
L. O, FHEKSMIE Table 5.3.1 (RT3 THS.

5.3.3. EERFIE

AREBIIE FEIZBWTEB L TRY, POL—FAF =R F—8 X OO Mm%k
W, FEEHRE AT —a L b —FZBEL TEOMEIZR D L HOWMET S, 20k, 4
YuAa—", @RENAT % N T—HEIREEICT . 2 LT, Ty 7 V% N RN
DT HENTWAEMATH LT, WK 2T LDV T 2T, IRAKEREERIRIZTTT.
WMENLZELT-OEMHR LD, BMAEZ A 7ICLT I v 7 2HBHE FSES. R E1EE

T Flow l l l
\ ‘ Concurrent ‘ ‘ Opposed ‘
— —

Flow
g 53 O E_ @ E_ . Pas
A A A - O -
Do — =

BL:%\/,:;nt ﬂ;lﬂn[
Flow 1 11 !

Figure 5.3.1 Definition of flow direction.
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Table 5.3.1 Test conditions of ground experiment and microgravity experiment at the
laboratory-scale drop tower.

Ground experiment Microgravity experiment
Tested gas DME-air mixture
Equivalence ratio 0.65
Flow velocity Variable: 10 — 100 cm/s
Incident energy Variable: 14.8 — 100 mJ
Focal length 100 mm
Filled pressure 1 atm (0.1 MPa)
Temperature Room temperature (~ 22°C)

[FRFIC L — PR RBIR SN TRAL, 7—F O T s, U, ERROFIEEA#EED K
LAT D . HBSEERIT, L%ﬂ%’iﬂlﬁﬁ)%?*yﬁ%%é@ﬁ;ﬁ%%%b\fz FIETEMT 5. 7ok, H
EEBRTIEGE G MO LRH D720, MERGOME ZLE L TRAKERZIT->T
WD, %@%/E}%%Eﬁil@&iﬁlﬂf%é.

534. RMRXIRILF—EHAE — BASRTayvIEIRSH

4.3 HiDW TEEFEBRIAER, ARIZBRITIMEIEUHIBRNE <, HEHLE LIS 28O T — Z 5
BEBGTDHZENARETH LD, BV AT v ZEIFSHIC L B/ k=R ¥ —
ERFHNC RO T, MRITITEIZ OV TIE, 434 FHiE#SR L TH BV,

535 MREIUVEER
5351 ®NMNRAXNIRILF—

Figure 5.3.2 |Z&WRIE T IZ BT D HR/DRK TRV X—D 3 mT . BT R F
—1¥, ETOFEHF NSO TR EmZ /R LT, #16, FsOBEMmE KT L Th Hi
BIZRBWTHER/NE 20 5. IKHEE, ©F ¥ 10-50cm/s Tl sk x/L¥—%, concurrent
< orthogonal < opposed DJAIZIFSS. LcL7en D, LIt ZNSE5 &, R/hak=
FOVX— I IFREIC e LT L, SE1E E ONENRLIL concurrent > orthogonal > opposed & 72 1)
KANDIHHES 2D WUNE BRI D Fe/ K = 0L 0 — (RGN Ik, i@k BB
\ZF51F % orthogonal &, &t Tl opposed & {El7= & 5 2 &2 78 L7z,

THIIZEIC ZOOERR S5 B2 oD, —DIIRRIEER O, 9 —213%Hi
WCRDBMEERDHEINTH L. ZNODHROBEIZEY, BRI F—PIRESILT
wé&%ﬂéhé,ﬁﬁﬁég{ﬁ@ﬁ%#§M%@ﬁA 1%, K02 < OB BUGS I

DIAEN, BREEMEESIND. DF D, KRRV TIE, JREOEINIE Z DR A
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Figure 5.3.2 Minimum ignition energy in normal gravity and microgravity as a function of

flow velocity for DME-air mixtures with an equivalence ratio of 0.65 in three different flow
directions.
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B L T o, ZUTEE WV Rf X —NHE L7205, 20720, Vi % FICH
M5 L, BHEOFENE Y G/ RKT R VX =03 5. AEEBRTIE, 100cm/s F
TULMNEREIT > TRV, 100 cmis BARE & e/ MK =3 L X — 38N Uit 5 Z & 3%
ZHiD.

F7o, WIEITHED B/ DK== L > T, R EETH D, KRN
H O GREARE R KR~ ERET 2BBEICE W T, KREOR/NHEXHRERL L K&
7RFUL e e\, THRIEBET, ELIETREICIAE L TN 5. Lo T, @mts Tk
IZEDHDIL, KEEOKREERRT 2LERHY, ZRUIIEEHNTE R LF—52ET 5.
Lﬁwwemdsmmﬁ&%sﬂi,mwwﬂfﬂﬁfﬁ%ﬁ’ﬁtwvdx%m@U<{mgifw@&
THDICEFT HZLFX—, DF D Rk VX —1%, HREHEO =FIZHHIT5 2 &
AN, £ LU CERMICHL ML TS, KTkt L,

MIE = ¢, p,AT,4 (7 /6)dS oc u" (5.3.1)

Z 2T, Cp, po, ATad, dg, U IZZNENVEITLLEL, WA RS, RS BA, HARERE + L Tt
THD. FBEnE, ZZ2TEN>0THD. &I BNT, f/hmkm 3L F—0320
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WHEKRT 22 DB ERORE D 505,

Figure 5.3.2 22553025 K 91T, F/NEKTZ R =03/ & 7 2 s O fE T X 7 1h)s
Lo TETHEZ%. Concurrent D3FE121E, 3040 cm/s 13T THi/ Mt 2 B 5 A3, opposed T
% 60cm/s Thii/h & 7e > T 5. BIBREEN Z L2, fvMEIT 2 7 iz sV ClRl—C, 35
ml Tho. Thbb, R/PRKZRIAF—DRMIFATEE L THDITBE RV, il
ALzl L, /PR KTRNVF =22 SE DD TIERL, /R KEFNF—D5)
Mz 7 hEEDHTETHD. Zhid, &b EEOHED BIARXHRIZ L 0 #M, & 50X
AL TnanniE e Bbind. AR 30 — 40 cm/s DIt CTH D Z L= BET D &,
concurrent & N ) BREE T ORUIMEZ IS O EN B L Z 30 emls THhDH Z &%, Lb
Thb.

10 — 50 cm/s DAXIEIE CTi, concurrent M fg/N ik = % /L —| X opposed & orthogonal O i
FEYBIED. ZNFETIZ, L OFRICE > THRAERXDERERANHESCE T, kB
WABIEET DB NIC Lo TN SN D 728, KRABREIRA D T H TR TR & A3
HNETROTNDN, RERBRIZIZNOERVW—HERL TS L F % 5[88].

5.3.5.2. KX ERIERE

Figure5.3.3 (2 40cm/s IZ 81T D K REMREWED > ¥ FU 7T TEtg %2 ~1. 72720, @
HHENBREICI T S orthogonal [XFRHIRHE & HARXHENEA LTE Y, FLs 53405 IR IcH)
WCAFET . B2 HICT 572012, 2 2 Cldil®E B IR IZH 1 % concurrent & opposed,
Z L CuINE SIBRESIC 31T 5 orthogonal (29U T#& 2 4. Concurrent DIEITIE, K&
THICH S oo E Lz, 2, KREDOT LA 7 Z 07 LD B OFE ST [~ DR
ZENL %7 LT- Figure 5.3.4 705 H B 522 CTd 5. Concurrent DI5A 13 e & BB FE /3 3V VA3,
ZAVE RS, BARIHESIND Y ZHROF TR OIEEDPRKREVNLEEZ I LS. RN
C, orthogonal, & L CHARRFRIZHKIA L THEEE LR ITAUL72 5720 opposed 23fx HIEL .
F7-, opposed DEE, 5ms LI TIXAREOBENN L VELS o7z, ZO2#E)E Figure
5330 6 bR TE 2. BREAMNCIE, KRETELZHFITHEEL THRWED, Tt~
s, LaL, miucxim L TEE CTE 2ROBEICE CRET S &, LIRS
NHZ e, TOMENGRIEL TS, @EitEICBW TR L TV DIEEITE, X
REPD—EBEENDEZ, B LTHL P2 o Bt~ > TRRPMERE L T <
Rr@lEsn.

KIME, RESIRIZ LD ZDOIRDBKRE S EFR LTS, Figure5.3.3a 225 & B H 7>
E 91T, KEEO TEITRAFHRICH A L TRETETITHR L TLE>TND. ZO5HE,
FERANTIIRKIZE S TN DD, KR B OLD A OB TR KR~ LR L, e
RAIED S TWD. ZD X IR KRIBIROETRIZ L DB, concurrent O @it AR 35
WCBHE TS LB 26D,

Figure 5.3.5a (%, 40 cm/s (21T 2 KREEH L0 D D KRS ORI 283, 72721,
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10 mm

(a). Normal gravity, Concurrent, 40 cm/s, E;; = 30.6 mJ

(b). Normal gravity, Opposed, 40 cm/s, E;; = 65.1 mJ

(c). Microgravity, 40 cm/s, E;y = 49.2 mJ

Figure 5.3.3 Shadowgraph images of flame kernel development of DME-air mixtures with

an equivalence ratio of 0.65 at 40 cm/s.

Bah 4 5 KREZEOFLNE OFREN THSH Z LIER SV, KR EiE v, il
Zy. LT 5. KEFERITNO, ERIEIC K2 RMRIRIC LD s BAcEmL s, 2o
BITEHKRBE~LEB L, Ma—EEE TN LT T\s. ZoMnE, #HEREAEX
SR EBROEA LR TH D (Figure 4.3.6). Concurrent T, FAVICH & o TGS 5 M
(y.) »3+531 ’%ﬂé“ LTWZgu, iR, SEATME (y+) Eofrmfi] (y.) TEMIZENAEL, £i
(IR ORI & LITHEA > TV D, ZAUE, HATHISERAICHKE L, KREEIZE~ vy
/VHA«HK@J(Kﬁ)ﬂ:/E‘Zéﬂ’CU\é EERLTEY, ZitFigure 5.3.3a NHHERTE 5.
—7J7, opposed Ti% 3 ms F£ CTIXIZIEF U THlis A iz LT\ 225, ZO% sl (ys)
DEFFEENMET L TWAD. Z2C, ATl & kbl EFE2s concurrent & opposed TifilZ
2o TS Z EIZIERE SNV, Opposed (28T HAEMIZZAITAE U TW5 73, concurrent
AR TEEOWEHDN/ NS WD, ZOEITENTH L. Zhd 2oL IR, #MhE
FITEREE CIL A RAEE D RAIR UAEHKEHE C L FiZ - TG L TV 5.
KRIGIR %R HE9 5 D2, Figure 4.3.7 [FIEE, Mo yoly. 2 kK FEE L TER L. KRE
BN 10 mm OB k4 ~HE% 7R L= A Figure 5.3.5b Td 5. Concurrent TlE, Z DI
WZHBI LTI L T s 20uE, TR (ye) 13EALUSiR > TIEREL TW 5 DIkt L,
SEEMAD (y) I TRIVUCBIER T DN TWA 720 TH 5. [FERIZ, *aMilOAFE 2T opposed
IZBWTHROLNDD, PEHITHE D Z TR/ NS v, —F T, orthogonal Tidik 21k
FVGRIC L DT LA AHERE LT\ 5. 37eb b, STl kbl oo i 5 3B plidz LT
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Figure 5.3.4 Displacement of the flame kernel of DME-air mixtures with an equivalence

ratio of 0.65 from a breakdown point at 40 cm/s.

(a) Displacement of flame leading edge (b) Flame dimension
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Figure 5.3.5 (a) Displacement of flame leading edge at 40 cm/s and (b) flame dimension at

a flame diameter of 10 mm as a function of flow velocity for DME-air mixtures with an equivalence
ratio of 0.65.

V5. Opposed & orthogonal D fxe/s ik = L X — 3 Bl7= X 9 ZefHa 207 L=, 712, 60 cm/s
U boEiE T, ENZERCTHD. 2O HHOREELERT S &, KEBRD
FRALIT opposed (ZLERT/NE W, T, /i k=¥ —Icb -z b5 L Tn5b
Db LIz,

Figure 5.3.6 /X, opposed ® 40 cm/s, 80 cm/s (Z81T D sk KUBF D K RO TH D,
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(a). 19, Opposed, 40 cm/s, Eig =37.4mJ

(b). 19, Opposed, 80 cm/s, Ej; = 41.1 mJ

Figure 5.3.6 Quenching behaviors of the flame kernel of DME-air mixtures with an

equivalence ratio of 0.65 at 40 cm/s and 80 cm/s.

I & i nE CIRH R B AR TR 2 5. 40emis DRFIZIE, K2k 3ms DA IR
B9, haAg ZREHER L OoHRA ICHATWD . ZOHE, KIRESICRROREAZMN
F MG ST RO ATEEME R H V5. —J57, 80 cmis TiE, KERENHE L TLDIR
2720, BEMHERL WD, EFRTIHRRZ X 51, @it TOEOH I X 5 E
BPRIZED. LL7ed s, Figure5.3.6b IEETtHKIFIZB W TRRMEOZENHE TH
HZERLTWA. OF D, FKICEDZDIIERRIC L DBGE K & kKK ME DB T
AT BBEDIE EOWHE b o T KREZTERK L2 e e, L Lans, RFERT
X ED S OFENLEN L DGR T DITIXE LRV, 2O, BIEFRSS A 7 — VRN
IR EORRLHE, MHREPGLEERD.
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AR L v B, Wk, & L THOES B OEBICOWTHELR Lz, MZeic X 20/ E 1 55R
T, 77— 2 2B 5 2 L O TEILMESFMIR LN TV DD, 4 EOFER LRI UL,
UNEIBRBRICB O TR/ RN F =B T RN G DN, 202, ih) ik
WEEHICRE L, MNP & 5256 3Gl SN AEmIZh o7, o, KREERERIZIE
BB E W BLEE S, B EBRE TIRRAISH T 2 2NE & A SRR Lol
L, MUNERE CIE E T2 kKRB S, % PR 2/ E ) BRI, it
W02 28 2 CRABED K FEREAT - 12, T OFER, il G M a2 bS8 5 2 Lidm/hmik
TRNX =D 2 BICEATBE S BTV DI E T, R/RKZ R LF—DEEEZT
WDHRRTIX Ao 7o, B, WBEARIC BARRHRA D 5 Z L2 kY, shblxhiil Lo
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HIZ72 5> TWD DD, ZiL & BIRHIRIRLL T OIEIZ /R > TW D DNZH L 72D TH S, M
KERENRED K RBENE, ZAVE T L REOFENDBIE S 7203, KRR IR @i
BOTKRPME L TOWDERFR RO, WEROHEINTIRIC L 28RN, £
BB/ NIRRT I =R EIETND EBbN R, KRMRICLZEBELRENE

EMHALNE ST

LIk, 4 BEOFIEREARAK EAREOREEASKAKRERLY, BUNENREIZHBIT 55
KEBEGICBET MAEE. kOTrE AL LT, KO HNTH 28/ NEHBREICBT
% BRI BV 7T A D K FEBR ATV, UNE I BREECIS T 2B T A D i kKD ZE
bERET 5. T LT, ZOMBICKH LT, ZNETITHBEZMRAESEITEREZITV, )
HABRBICBIT DB R A D SKBGUZ O T L 5.

BRI A K FEBR AT 5 KV LIRS, %E#E 1 University of California, Berkeley (UC
Berkeley) |2C, 7R Y =F L U EBEROMR ZIEN 0 L VAR O T+ 2 5%
Tole. ZOMFLEEEER T, RY =F L G 4 KK ERAOBEIERMEE UTERAL
7o, 2B, 1 BT L DI, ARSI AR L R C L) ICFH AR LB RE L
THUNENRE TSN TE . L LR DL, MUNEDEREEICE W TR R H
A DKM ERE L2 2 E TICED, 2 EEMEHCR ) = F L o ahEig 4%
RUHEATHS. WETIE, UC Berkeley T{T- 2R U =F L U REHERR OIRBERFEIC
DWTIHRN, R Y =F L TGRSR T A D i K ERA~ LT 5.
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R IFLOBEBRRZIH Y RER

AT, UC Berkeley TiTo7-R U =F I/‘/W%%ﬁ@ﬂﬁi?fﬁ DEBRICELT, £
DFEERIERE « S0 - FIA, 2 U TEBRFRZ BN, BXIEN 0 L ERYE O T8 oHEE
WZDOWNWTELET 5.

6.1. BMESLUEM
M 2R B ALRMERR SR EOBR X IR D T, KR OB L o THRL L 7 A
TT5. 2, EACHESNDIHARTHH720, FHEMTIER OV ERA OB
GTh5H. i EIZBWTIE, ®IROERMEESREGHE ALK LIS 570, TOH N ¥Eh%
HfFE 5 2 L3RG L, EETHD. LN T, Il FEE L ZRNRAIEN 0 ICRIETE
BIZHOWTHAET 2 Z &1L, @HEEIRE S MNENRRICKIT 2882 0E 2Pt L,
# EE U CHFHZERIC fé%f%k“‘ODféﬁﬁ@C%kjo. L L7236, ZAVE TITHE F2sHE)
ERANCHEM L= 281372 . 22T, M BB W CEBRAORBERER A WV, TORZ
#ﬂ@k REMEE O THREZRAE Lz, LT T, TOFERICET 2 ERIEE - &4 - F
JI5, Z L CTHRRIZOWTIERD., RETHWDHRZIX, UTEZZELTHE LW,

Nomenclature Greeks

Symbols a angle, degree

A cross-section area, mm y surface tension, Pa

c specific heat, ki/kg/K o length, mm

d diameter, mm P density, kg/m?3

f frequency, Hz A thermal conductivity, W/m/K
g gravity acceleration. m/s? u dynamic viscosity, Pa-s
AH  heat of reaction, MJ/kg Subscripts

In  length of the molten layer, mm b burning

m  mass, g c core

m  mass-loss rate, mg/s dr  dripping

Mgr  mass of one drip, mg f flame

N number, - h horizontal

4" heat flux, KW/m? g gas

S flame-spread rate, mm/s m melting

t time, s 0 outer

T temperature, °C p pyrolysis/plastic

\% speed, m/s t total

Y mass fraction, % v vertical
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6.2. EBRYUIIL

FBRY 7T, Figure 6.3.1 IR TARERMBICER LB EEH L HNS. KY =F
LyDF a—TL&Eu Yy Rinbakd. HEXWNE do/SME do 2% 3.5/8.0 mm & 5.5/9.0 mm
O _FERAEHE Lz, SHEOFEMIX Table 6.3.1 12T, 7288, ARFEBRTHWEMIE, ftho
F52[38,39,89,90] TV LN TW A B D LD HK 10 5KV, 72721, BB ThHHKRY =F L
VFa—T7 LB ThLIERE v NOBmELIL, MO THEH STV D ER &ITIX
FCIZRDEIBREL TS, WEBLRLIAV T LU Fa—T1, REER)FL
(low-density-polyethylene, LDPE), @# R Y =F L > (high-density polyethylene, HDPE),
% LT LDPE |Z 5Wt.% D 51— 7R R 2RI L7 RE EERAR Y =F L > (black low-density
polyethylene, B-LDPE) ®O =fi¥ga fE L=, £7-, SHMOEELZHET L0, &F0 v
RHdie v N (Cu), A7 LV AFa—7 (SS), £ L CERELOLAZEET 22 1mm
DAT L AHE (no-core) O =Fi¥EZAE Lz, TH L@ & SROMMEE % Table6.3.2 (2
R

6.3. EEREE

FepAE O E A Figure 6.3.2 |27, AREBRCTITER A /AKE L EEDO @Y CTEEL,
FNEIUCB N TRZIEN 0 EBREITo 7. EREEILERY 7V OEREZDRNLE
—, B KFF (Winco, SCAL-D20, fx/NEAL0.1mg) 2>Hi%D. EHIMENFE Uk
—ICELCEET S, 2 EREY 1I0mmBEEHL, TII"—F—TEHEAkTDH. Hk

Figure 6.3.1 Laboratory simulated electrical wire and wire configuration.
Table 6.3.1 Configurations of PE insulation (125 mm long) and core (100 mm long).

dc (mm) do (mm) & (mm) AdA (-)

19% (Cu)
I 35 8.0 2.25 4% (SS)

< 1% (no core)

37% (Cu)

Il 55 9.0 1.75 5% (SS)

< 1% (no core)
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Table 6.3.2 Physiochemical properties of PE insulations and cores where thermal
properties are evaluated near the room temperature, and AH > 0 represents endothermic.
P A c T AHn To AH,
(kg/md)  (WIm/IK) (kJ/kg/K) (°C) (MJ/kg) (°C) (MJ/kg)
LDPE 927 0.23

B-LDPE 929 0.24 1.55 105-110 0.50 387 1.8

HDPE 944 0.32 2.00 130 - 135 0.81 404 2.3

Cu 8954 398 0.400 - - - -

SS 8000 13.8 0.384 - - - -

Air 1.18 0.026 1.07 - - - -
S, Svﬂ’ |

Sample holder

Drips 0
‘ Steel plate

. e | Steel plate
Scale Scale Scale
'IIIIIII#;IIII;#IIIIII%I/I/I%I/II/ flllllllllllll-ll-ll-lllll-}-ll-IIII‘
(a) Horizontal flame spread (b) Vertical downward flame spread
Figure 6.3.2 Schematic of experimental apparatus.
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Figure 6.3.3 Schematic of wire and thermocouple configuration.
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6.5. EERFIE
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m, =m, +m, (6.5.1)
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6.6. BRELUEER
Figure 6.6.1 (2, #M% 8 mm @ LDPE #{FEEHR D KN-F L OFEE O KRGO &R~

Table 6.6.1 Test condition for flame spread tests over PE-insulated wires.
Item Value

PE Insulation LDPE HDPE B-LDPE

Core material Curod SS tube SS hollow bar
Pressure 1 atm

Temperature Room temperature (~ 22°C)
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T 5. K- BEMAIZEBNT, WREENHE T LT 008005, BEOZEIZIE, &
il L 7o B BRI > T N AL, THCRER LT\ 5. &7 - - R s A
KOHEBIZESTWAZ ENDLL, ZHUIHALNTHS.

6.6.1. HELLRODEBEETOI 7ML

LDPE A 2 P13 0 REO P E R L OVEHRDIRE 7 1 7 7 A /L% Figure 6.6.2 |29, #
FRE (Tee) ICEHSOLOE—IBNALNDN, ZIUIHENER L7272 DI lmmIc iy
IAFNTWEBVEREImO B — X030 = Z L IZIR D DO Th 5. Figure 6.6.2 (1% LDPE
EOIRE T 07 7 A VDI TH DA, HDPE Z LT B-LDPE (BT b [ARE O E 2R3
BETa 77 A VRELNT.

a) Horizontal spread (no core

100 s

i:

0s 20s 40s 60 s 80s 100s | 12 20s 40s 60s 80s 100s| 120s

Figure 6.6.1 Opposed flame spread over 8 mm LDPE-insulated wires: (a) horizontal no-
core wire, (b) horizontal Cu-core wire, (c) vertical no-core wire, and (d) vertical Cu-core wire. Re-

solidification is shown when the color of drips changes from transparent back to its original white.
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(a) Horizontal flame spread (b) Vertical downward flame spread
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Figure 6.6.2 Temperature profiles of the core (T¢) and insulation (Tee) for (a) horizontal and

vertical downward flame spread over LDPE-insulated wires for three thermocouple locations.
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Figure 6.6.3 Flow and dripping of molten LDPE insulation in the horizontal flame spread.
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Figure 6.6.4 Time variation of total mass-loss rate, burning rate, and dripping rate for 8
mm wires.
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(@) 8-mm wire (b) 9-mm wire
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Figure 6.6.6 Dripping fraction (Yq) as a function of the wire cross-section thermal

conductance (3 4,4,) in the flame spread over (a) 8 mm and (b) 9 mm wires.

AT LI, W FAEL D7D, WRRREICIER 3 5 BN REES) &R 5 72
e sy, oF D,
M, 9>0,l, + 1.V, (6.6.7)

Z 2Tl (Mylp,,) TEERRITH Y TR0 TODERIE ORER S, on IREES), Varld
BRI DOIRN D IEE TH 5. KPEREROGEIIE, TS L > CTRERNIP R HRER
Hhi L e n 0, MEOLEITITHENN L ZENTZEBE 2 BND. EOT, HEOMH X
HIEFICEHEERK 772 L F 2 5. Eq.6.6.7 1%, RHEIES &AM DR ZWVERRTIE, KE72 Mo
RETDHIEERLTWD., BREEREIK D Cu lXERIIE 2 A3 572, FKmskS), kit
HIZREWFITTHD. L7eBo> T, TCUMTHRINDK My lx, Blar s 22
DO BT D — P U VRO FELZEMTTWDH L ERD.

13
v

68



(&) 8-mm wire (b) 9-mm wire

8 — 10 8 — x — 10
[ ippi ] [ —@-— Dripping frequenc 4
B lo [ Lore | 5 7} & gt o _
T sl 18 3 Ll 183
> 6 17 & > | No-core 17 E
] — cu  Je g § 5[ J6 =
=} 4 h=} 1
S 4r 15 5 3 4 15 5
= - o = b ;4 o
o 3 14 = o3 1. £
£ t A ] > = r 43 .2
= - 3.2 = >
g of — 158 g2 1
= [mg 42 ; g L 1 2 ;
O 1  No-core J1 r 11
0 L ! ! ! ! ] 0 0 ! 0
8 T T T T T 10 8 _.V_ T T T T T T T T ™) 10
[ —@— Dripping fi ] [ Dripping frequenc i
= T [ O- wewnt per orip 1? HDPE | = 7 5 weignt per arip 17 _
I . 48 3 I 0 418 @
< 6r 17 & = 6r Cu 17 E
o [ 1 Q [ No-core 1
g Sf=— N L1 g St 465
g af a5 3 g4 5%
= o 14 & = F 1, =
2 3r 14 = o 3 14 2
£t O J3 @ -gz» 432
L . e ] ) ]
£ 2 12 = 2 12 =2
O 1}  No-core 11 61 11
0 L I T ) 0 L I I I L L Jp
8 — 77— 10 8 T T T 10
—@— Dripping frequenc ] P— ]
’jﬁ:‘ 7 *-D-We?ght%er(;]rip Y 4 g . Black =’'r N > g
b (= I 7 =)
= gL ] = 6L Cu 1
> 6 cu 17 £ LDPE > 6 17 £
) - e g g o . 16 £
g a4l 15 5 g 4l " e Drioe 15 5
=4 1 3 =4 L . ripping frequency =3
é 3l 14 = “é, 3L No-core.. - Weight perdrip -~ 44 <
£ BRI £ bt 13 ®
S 2+ ] S 2+ . 1 )
= 12 = = o 12 =
8 1r  No-core J1 e 1F 11
0 n 1 n 1 n 1 n 1 ] O 0 1 1 1 1 1 ] O
0 2 4 6 8 10 0 2 4 6 8 10
Conductance, log(¥(4;4;)) Conductance, log(%:(4;4;))
Figure 6.6.7 Dripping frequency (far) and mass of one drip (Mqr) as a function of the wire

cross-section thermal conductance (3 4,4;) in the horizontal flame spread over (a) 8 mm and (b) 9

mm wires.
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Figure 6.6.8 Illustrations of (a) the horizontal and (b) vertical wires corresponding to flow

and dripping of molten insulation.

69



6.6.3. KRIGHEERE

PRZIEDS VI, B KE L TREDEHIAAL B O, B O Tl EIET 5 £ TOH
LERT L. BRI — 2 D TRREImZ BT 5 2 LI KD KRIEREEE Z KD
7-. Figure 6.6.9 |2 LDPE EHZ 35T D WA K RARKEH L & SR K RARKR I FE O AT & 7~
T OKRITATE L BEZ RV KL 228 B EHE LTV, 3~6 BEIOERNTILIZENTS
VLK RACKE L (IR — B LTz,

Figure 6.6.10 |= ¥ K R ML 2ord. 9, T 10 K JASHE UL D 5 15 K T 7 1)
DENED HLREV. £, KEFMTE T L 77 2 2 AT B U CRPRARTREE A3 N+
5.

Sh (no-core) < Sy (SS) < Sy (Cu) (6.6.8)

BT, BEFMOKRAZE TIIE G &7 & 2 ZDOHINT K0 K RARTEHEE DS B3
5.

Sh (no-core) > Sy (SS) > Sy (Cu) (6.6.9)

BB L AIREFHICTHOMER SN L 21T, EHOM ZITE S TEMBIT AR TR T
WBEMEL, KRIGEEZRET D, OFV, SHMOGINMAESDOEFRAKKOENLD b
REWITTHS.

& (core) > & (flame) (6.6.10)
L7z o T, KRARFERE 1 IB N o 77 2 U AZHBI L TEMT 5. LorLans, ZhiZ
it D DIFIKEIT DK RACTERE DT %,

T (E 7 18] D K PARKE TId Figure 6.6.1c,d 2 7.5 &, BIROAERGITE S T EGEIE A~ & it T

LDPE-3.5/8.0 mm-Cu-Horizontal LDPE-3.5/8.0 mm-SS-Horizontal

<10 1.0
I ~ .
=08 --- S 1 o8}
3
& 06 0.6}
g 04f Y ) _ \
=
“ 0.2 02}
]
g
= 0.0 . ‘ ‘ . 0.0 ‘ : : : ‘
B0 20 40 60 80 100 120 0 20 40 60 80 100 120
= 5o LDPE-3.5/8.0 mm-Cu-Vertical Lo LDPE-3.5/8.0 mm-SS-Vertical
o8
s
& 06}
g 04
=
53
202
g
E 00 L L I L ! I " L L I
=0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time [sec] Time [sec]
Figure 6.6.9 Transient and average flame-spread rate for the horizontal and vertical LDPE

insulated wires.
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Figure 6.6.10 Flame-spread rate over as a function of the wire cross-section thermal

conductance (3} 4;4;) in the horizontal flame spread over (a) 8 mm and (b) 9 mm wires.
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Wire configuration

Insulation

Figure 7.2.1 Laboratory sample wires (insulation and core) and wire configuration.

Table 7.2.1 Configuration of PE insulation tube and metal core, and X(ocA) is calculated
using PE and Cu.

Item de(mm) do(mm) & (Mmm) AdAc(-) Z(ecA) (IIm-K)

Value 25 4.0 0.75 39% 29

RNV TF LD B-LDPE EEAWIMHEIZFI U THDH. ZD7=d, X0 FEZe 2 W MEE X
Table 6.3.2 ZZ M L TH LUz,

7.3. EBREE
7.3.1. MR
PREER 2R OWE % Figure 7.3.1 IR, 27 o L A 4§ SUS304 #LC4F 1% 300 mm, £ 80

Front Side Back

Heater

300

Sample wire

Fiaure 7.3.1 Schematic of combustion chamber.
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Figure 7.3.2 Schematic diagram of combustion chamber and flow system.
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B9 5. ZOMOEMIL Table 7.5.1 12777 7243, Hi E3EBR, MiZem S It SRR FI1X
CThb.

7.5. EBRFIE

AREBRIFMEIC LV ERLTEBY, £, NFRY v 7 7 T4 MIADRTOERE
RN R OB o TV 2 AR Z —IZEE L TRBERRNICRE L T, 2L, +
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A% 30 BRIFRE N & SV 7 Z BV T NofO2 IR AR A BER a G 95 . Z DR, AbE
KMNOENN ERT D70, FEL X2 L—FZHEL T Latm 12725 X 5 ICHET 5.

Table 7.5.1 Test conditions of ground experiment and microgravity experiment on
parabolic flight.

Ground experiment Microgravity experiment
Tested sample B-LDPE-insulated wire w/ Cu rod
Flow velocity 10 cm/s
Incident energy 100 mJ
Focal length 100 mm
Filled pressure 1 atm (0.1 MPa)
Oxygen concentration Variable: 14 vol.% - 21vol.%
Heat flux Variable: up to 15.9 kW/m?
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Figure 7.5.1 Test sequence for microgravity experiment on parabolic flight.
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Figure 7.6.1 The ignition-to-flame transition under 21% O2 and 14.6 kW/m? in

microgravity where the 5th spark ignited the wire.
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Figure 7.6.2 Ignition delay time of B-LDPE-insulated wires with dc/d, = 2.5/4.0 mm with

Cu core under different oxygen concentrations.

tig = tp +tmix +tchem (771)
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Figure 7.6.3 Ignitability map of B-LDPE-insulated wires with dc/do = 2.5/4.0 mm with Cu

core. The radiant heating time is fixed to 25 s.
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(a) Normal gravity, 18% O,, 14.5 kW/m?

(b) Microgravity, 18% O,, 13.9 kW/m?

Figure 7.6.4 Shadowgraph images of flame kernel development under 18%0O; in (a) normal

gravity and (b) microgravity.
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