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Abstract: Light metal powders such as aluminum (Al) and magnesium (Mg) have been known as

combustible powder to cause dust explosions in industries. With development of material science

and manufacturing process, other fine powders of metals (Ti, Ta, Zr, Fe, alloys, etc.) are produced
mainly or secondarily, then they will fall on the ground or equipment. In this condition of the powder

(dust) accumulation, dust explosions or fires may occur when an ignition source is given. It has a

tendency for metal powder to form dust layer rather than dust cloud before ignition. The spreading

of fire over a dust layer is the primary phenomenon in dust fires.

An experimental study has been conducted in order to clarify the mechanisms of the combustion
zone spreading over a metal dust layer. Nine sample holders are used to examine the effects of
layer configuration and depth on the fire spread. Six of them have flat-shaped layer in which the
combustion area is 10 mm wide, 160 mm long and various depths (0.5, 1, 2, 3, 4 and 8 mm,
respectively). The 2-mm depth flat-shaped holder is mainly used in the current study. Ti, Zircaloy-
2 (Zr alloy), Ta, Mg and Mg/Al alloy powders are used, whose median particle diameters, Dy 50
are between 18 and 80 pm: Furthermore, the powder of PMMA (polymethylmethacrylate), whose
sheet has been usually an object material in basic studies for fire spread, is used to compare the
combustion behavior to those of the metal powders. To achieve the purpose of this study, we take
into consider some factors described below.

(a) Layer configuration and sample holder.

(b) Physical properties of the metal used and its powder state.

(¢c) Inclination of the dust layer between —30 and +30 degree (0 degree is horizontal) and the
direction of the fire spread.

(d) Opposite air velocity up to 5 m/s.

(e) Atmosphere in Ar, Ny and water mist for the fire extinction.

Behavior of the fire spread is examined with a high-speed video camera and a digital high-precision
still camera, and then the luminous zone (combustion zone) is analyzed by an image processing
technique. A model analysis is made to understand the behavior of the fire spread over the metal
dust layer.

Results are as follows:

(1) It is found that flat-shaped layer is more convenient to examine the characteristics of the
fire spread than those of triangular prism layer and semi-cylindrical layer. Reducing heat loss
from the burning area to the base is necessary by using an insulator plate to obtain proper
experimental data.
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(2) The dependency of the layer depth on the spread rate of fire is shown quite small for the metal
powder used in this study.

(3) The spread rate of fire for zircalloy-2 powder (D, o5 = 27 pm) is 25.3 mm/s in the flat-
shaped layer (depth: 2 mm). This value is larger than any other metal powders in this study.
The spread rate of fire for Ti (18 pm); 6.9 mm/s, Ti (80 pm); 2.4 mm/s, Ta (62 um); 2.5
mm/s, Mg (29 pym); 1.4 mm/s and Mg/Al (31 pm, Mg: Al= 60%: 40% wt.); 0.38 mm/s. With
increasing the Al component in Mg, the spread over the dust alloy can not continue.

(4) Tt is found that the combustion occurs in the surface of the dust layer for Ti, Zr and Ta, while
the combustion occurs in gas phase for Mg, Mg/Al and PMMA.

(5) The thickness of luminous zone for Ti can be estimated between 0.4 and 0.8 mm by means of
the image processing.

(6) In the experiment of inclination of dust layer, the spread rate in downward direction increases
with the angle, while the spread rate in upward direction is nearly constant.

(7) The spread rate of fire increases with the opposite air velocity in all metal powder. These
results are different from the results on smoldering combustion of organic materials such as
cork, starch, paper, etc. '

(8) Oxidation process over the surface of the dust layer and the thermal conductivity through the

layer (powder and air) would be important to control the spread rate of the metal dust fire.

Keywords; Fire spread, Flame spread, Metal dust, Metal powder, Titanium, Magnesium, Extinc-

tion limit
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Table 1 Compositions and particle sizes of dust samples.

RERICAVARMB OB L HFE

No.| Dust samples Composition, (wt.%) Dy 50 (um) D3 o (pm) Span
(Dy90 — Dv,lb)/Du,so

1 Ti Ti: 99.5 18 15 2.41
2 Ti Ti: 99.9 80 74 0.926
3 | Zr (Zircaloy-2) Zr: 98.2 (*1) (*2) 27 15 2.86
4 Ta Ta: 99.9 28 14 2.93
5 | Mg Mg: 99.0 29 22 1.56
6 | Mg Mg: 99 62 41 1.41
7 | MgAl[7:3] Mg: 70.3, Al: 20.5 (*3) 36 15 4.07
8 | MgAl [6:4] Mg: 59.1, Al: 40.4 (*3) 31 21 2.23
9 Mg-Al [5:5] Mg: 50.5, Al: 49.3 (*3) 26 18 2.13

10 | Mg-Al [4:6] Mg: 40.1, Al: 59.8 (¥3) 26 18 1.80

11 PMMA methylmethacrylate 72 43 1.40

(polymethylmethacrylate)

A#lid impurities (wt.%)
(*1) Sn: 1.5, Fe: 0.12, Ni: 0.05, Cr: 0.10
(*2) H< 50 ppm

(*3) Si: <0.05, Fe: <0.3, Cu: <0.05, Zn: <0.05, Mn: <0.01, Ti: <0.01
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Table 2 Porosities in dust layer.

HREOERE
No. | Dust samples Dy, 50 (4m) Particle desity, Bulk density, Porosity, €,
pp (g/cm®) pb (g/cm®) 1= po/pp
1 Ti 18 4.5 1.5~1.7 0.66~0.62
2| Ti 80 4.5 1.7~1.8 0.62~0.60
3 | Zr (Zircaloy-2) 27 6.6 2.0 0.70
4 | Ta 28 16.6 1.9 0.89
5| Mg 29 1.74 0.54~0.56 0.68~0.68
6 | Mg 62 1.74 0.48 0.72
7 | Mg-Al[7:3] 36 2.02 0.87~0.99 0.56~0.51
8 | Mg-Al [6:4] 31 2.12 0.75 0.64
9 | Mg-Al [5:5] 26 2.20 0.78 0.65
10 | Mg-Al [4:6] 26 2.31 0.81 0.65
11 PMMA 72 1.00 0.67~0.77 0.33~0.23
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Fig. 4 Position of leading luminous zone with time.
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Fig. 5 Transition of leading luminous zone. (FPA-2
holder, Ti powder; 18 um, time step 0.5 s).
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Table 3 {3, FHPRZ LA ) ME D F & D EERE
BThHb, “Not spread” & FCE L 720138k 235575
ol l b ®wRT, Thbb, FBLEALTLH
SLEICIZR A A S -l e B RLTWA, O
lZ Siwek & Pllmont 7 5 R 2 (IZAE% T 57, “—” Efl
BERZITO L5722 L 20T, HHEBEIZIE -7
MRZIEHD T, —ENCHW2RE 2L B 50, Zr-2
B TaicB L CIEELERTH 2720, Bohiz
FHETHAEREIT -T2,

(1) AR Y EEDOERBEROEE

@ Tif (18 pm) IZDOWTEL ICHBESE/IRET
13, BRZIATD MBI T IS DBEIZ NI v,
72720, 0.5 & 8 mm DR Z YLD ) HWE DI DOE
BN HRRKE VDL, B ZEHORT >~
U ZEIORR G OBFEENC L 5, TA-10 & TPA-10
DIRZ YA EE 9.4 & 11.9 mm/s & HIRT 3 &,
ATy VAD LI R HE S ¥ TPA-10 DT
SRR ZPEAHT ) MEEATK E

@ BFEDENOWTTiIRERSE, BFEID

FERTLEWEMFFHE NIIS-RR-2000 (2001)

ST ) DR ZBEHS ) MEATKE 80 pm BN
TR ORI A ) EELE, 18 pmBOKBDOZENL
D3 34~35%7F /M E v, THIEEBEITKS &
Vo Mg Tld, #i229 um XD b RELR TR
TH 5 62 pm DIRZIEHD Y BEFKE A,

® Ti# (80 um) WX DOWTELCHEIE/RET
3, B EBRZIEA S\,

@ HITFEDBEWITOWTHESL Y, Ti¥ (18 um)
Tid, PIBEE & IR ZIA ) HE NS
LEmPRLND, THIZHLT Mg# (29 pm)
T, »SHEEOEIMMCKEFIL TRZ LA &
B 3 Emr R 65,

® 2mmiESTELICHEIELFHES FPA-2 Tl
B$ 5L, Zr-248 (27 pum) DBRZHnH% Y HEE (S,
Ti (18 pm) ITHANT 3.7f5KE v, Taky (62
pm) DPRZ AT HEE (2, Tik (80 pm) 1TV
fBETH b,

® Mg/AlAEROMBROEERRDE, HEE TA-
10 Tx LT, Al oMiREIE &< & b Iievi
2 MDA T B, o ICHRE S S5 E,
Mg/Al [6:4] LI ED Al & TLASH ([5:5), [4:6])
SR Z A8 5 70\, AV TII = AREIR IS HERE
LTHMRIER S 72,

@ Mg (29 pum) 1T DWW TERZ AT ) HE 2 REkS
TA-10 & FPA-2 L [ § 5 &, TA-10I2BITHE
EXRFPA2DOZN LN b 4415K&E v, Mg/Al&
&8 [7:3] DWW T HFEEEIC, TA-10 DR ILAY
DHEIZFPA2DZN LD b 4fEKRE W,

® PMMA % (72 pum) OB Z35A 0 EE 13842 0.1
mm/s £/, HuEBBo s L ) b—HF
PlEAEn,

(2) HERDOHARERE DLEB

DIZDWTIE, HBEBDOTORT v L ARDINES
n, 20 (HH~D) BAREIIRZIHD IZHFLS L Tw
LlzhtEZ oD, AT L ARIIBGEEDFRRIC
LN BDT, RF v L ADRERBYZEMEIC L -
TIE, RPN BENMETELBI DB, 2D
&9 HRBEOREIE 2 WA 2B W T,
REHEE, HEOCELTHRMENHELZITRT
WZ EPTHLENTWS,

Chernenko & PivtsovZ) (3, ML ERFZEOERL 5 10
T T TiBics U TR Z D7) BE 2 RO T
5%, HEE 50 pm BEBOKIZOWT 2.72 em/s &
IRREBTWE, TOMHEEAFEL) 4B KRE W,
F/z, FERJICHLTUL, 4 mm U ETEBRZILA) EE
PERSIEREL LW EVIHEREZFTW LYY, Z0fE
FUIREER L FERETH 5, #ERD L 5, Chernenko &
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Table 3 Spread rate of fire. (horizontal, without forced flow)
WA EE (KT, BbXiis)

Upper: Spread rate (mm/s)
Sample dust Lower: [Bulk density (g/ cm?)]
(Du50) Ti Ti Zircaloy-2 Ta
Sample holder (18 pm) (80 pm) (27 pm) (62 pm)
TA-10 (Triangular solid placed on 9.4 — 3.0 —
Ceramic fiber board; insulator) [1.6] [1.8]
CA-5.6 (Half-Cylinder, Ceramic 7.7 — — — o
fiber board) [1.6]
TPA-10 (Triangular solid, 11.9 _ — | —
Stainless plate, Ceramic fiber [1.6]
board)
FPA-0.5 (Flat, depth; d =0.5 mm, 7.5 — Not spread — -
Ceramic fiber board) [1.4] '
FPA-1 6.8 — Not spread - o
(d =1 mm) [1.6]
FPA-2 6.9 8.3 2.4 25.3 2.5
(d = 2 mm) [1.6] [1.8] 1.7) (2.0] [1.9]
FPA-3 6.9 — 2.6 - -
(d =3 mm) [1.6] [1.7]
FPA-4 7.6 — 2.7 - -
(d =4 mm) [1.7] [1.7]
FPA-8 7.8 — . 2.7 - -
(d = 8 mm) [1.5] [1.7]
Table 3 (Continue)
(%)
Upper: Spread rate (mm/s)
Sample dust Lower: [Bulk density (g/cm®)]
D
(D 50) Mg Mz Mz M Al Mg Al | MgAl | MgAl PMMA
[7:3] [6 : 4] [5 : 5] [4:6]
Sample (20 pm) | (29 pm) | (62 pm) | (36 pm) | (31 pm) | (26 pm) | (26 pm) | (72 pm)
holder
TA-10 6.2 — — 1.2 0.88 0.72 0.22 —
[0.56] 0.9] [0.75] [0.78] [0.81]
FPA-2 1.4 1.0 2.7 0.30 Not Not Not Not
(d = 2mm) [0.54] [0.61] [0.48] [0.87] spread spread spread spread
FPA-3 — — — 0.38 Not Not Not 0.14
(d = 3mm) [0.99] spread spread spread [0.67]
FPA-4 1.2 — — 0.37 Not Not Not 0.10
(d = 4mm) [0.58] [0.96] spread spread spread [0.69]
FPA-8 — — — — Not Not Not 0.11
(d = 8mm) spread spread spread [0.77]
I

Pivtsov OMFFEld, RERFERIWIE, BE HIEICKEL
Twad b)) BJICHEYH 5, 7KE 1.4%, BFR3.3%%
U TIiRICBW TS, REREOBIEZRED S 3 B
BT B e, 22770, RETOREEED 1,600°C

BELKS, F—2niFs2E, IRENIIZBR Z 545 5

B> L2, EBEELS H=HEL TITh ook

9 picEMoSs B bo o
Cohen & Luft ®» 2 ENF Y L ZICET BRI



EEDFERD L, Mg# (<150 ym) T 3.8 mm/s, BAH
<8 (76-150 pm) T 0.04 mm/s TH 2, ALK (7
V=23, B RIS v, Mg #icad s
51H 3.8 mm/s |3, REBRERLFBRETH 5,

ALK 235550 1B L T3, Echhoff »#EHED 7
6312 1T A TR AL IZOWT, 1EBEIZRELSY)
YK S TRZIEA B SPEL T35, ALRRIZD
WU, FOFRKERETS09) L L QIR s D F
R R TS 2 0E DD 5, BERFODIZM L2
Al DOFKIFEERTIE, B 2 KR LI HAE
S, BKURZLI BRI EBEL TS, T
A, BEBABMTHEL LY, KMOBG®BIZ L DR
MO AL B DFKITEHE L T 2w R H 5,

HIEER T TiARR L Zr RO Z 28D AL T,
Harrison DFZE0 T, Zr HHEED 13D 250 R0Mk 2 308
NEEFRKEVWEWIEREZETWE, LrL, =2
DIEDE NI 2FEDBA & 1370\,

BREE R TIE, BRZ LAY BME Tl <, BBEHRE D
BEE LTHWLNE D, ZITRREEES~ DR
WOEITT 2RAFT MRS EEFEINEZD), brHE
AR TIRAZH 2 KRPMEET 25 ERIND
(BR) M E L RN ERTH 5, MBEAKTII,
R LR o 2 U oK E TFORALTH
WBRDT, BRIGEEE IS RIT TR TR, &R
D L) ICH—DRLTRICHIT AMAIDT ) HE (%
PEEE) LIIR B, I THRIBEARICBIT 28
BREOBB L ZDMEE D> LT H DL,

Makino & Law DIEFHMMNOIC L 2 &, BREEEE 13
BRI EBFIL, Ti/CRTIE, BRFHE20 pm &F
D&, BRBEREIL 10 mm/s BRE & 7% 5, MREES 2Tl
RIFIEL T 3R INARZ 545 ) S IR Y
T2, &8, #HEESEBFOBRBEEE X, EHPH
IEEF ISR PEIET 2L ENEEL LT
EFIND, UL, B ) EREBMNICA - 2ikiRH
B3 2 GADRERTEE L FEDOERTH 552,

PMMA ¥ OMRZMEA D HEICBEL T, 2 &£ 5 mm iR
JE PMMA #RICE U CTERBRIVICHHN 2, ZOMER, £
NZEH0.08 X 0.06 mm/s &\ I EFEL NN, HE
R OIS ) BREVFIEORDZN L) LK
EWC EWbrole, SRBIREDBRZ L) WIS,
=t B, TV T =L ENZENS)
P EBRZAED D EE (0.01~0.1 mm/s) 1Yk
W3 5 &, 100U EREW bz,

(B) ?I/ 2V L/TLIZILER

Al DEFEDPEMT B L, ERBON—F—F—F
2N T O REP IR OICER LR L, WEH R
T B2 THIMBNZIRZ I HHEZ 67\, Al 138k

EXERSMEMIFERE  NIIS-RR-2000 (2001)

RERPRE WD, FE~OBHREIKRENZLIZY
E B0, AlDFK T, BLE () OBEEILETH
37, Mg & Al OH—#RORE I Z LEN 650°C &
660°C TH 575, AEDOMBLILH50:50 & 7% 5 & 470°C
T CRUEDIRA T 5 & o 8t H 538, Roberts 5
DEIE, BBEPRD Mg/Al 2B DR KR ICE T 25
RICLBE, ALFIZ Mg P 10%EHFINBITTT, &
KB T B0, RSEIEILT 5,

72, Al oBe, RAKBEFRTFRICLSL 20N
oL H b, Mg & Al D ZENZ 1L MgO &
AL Os~DEILDHEITIZOWTIE, HIEYy » 7 -
Ny F7 =X T I NTER), $hbb, i
I5d VMgO/VMg = (.81, VAIQOg/VAl =128ThHb, 2D
64 5s, Mgt () I2ILETHD,
BB X —FEE I H UL, BRI b & LIS
RN 5 (EGRD ., L2 L, ALBIC oW, &
LB IRERIIER L, BLEEI—EDREICHI
I3, RELADLOREDEIC L 2IHEEICL 2D
T, BWHRIICEALT 2 (iRl 58, LA L, Mg/Al
AEICELTIE, AlX8B%RA-THEILEXH Y,
P —BRIBASTRE T H B L1539,

Takeno ¥ Yuasa O Mg B DI AIZET 25230 ¢
13, Mg DERLBICEI L CTHARIBES S D, 630°C LI
TTIHMEEROBR IR L TRENTH 595, ZDIE
ELETIE, RENLCERAPES L L W) EREHE
Twd, KiRICBIT58LE () o4ERIL, BBIUE
e WIREE SERLANIC L B &, PEREICL DR
RICE LA HEITT 5%,

3.3 RitEs, MG

(1) BAETNE S

Fig. 6 |3, Ti# (18 um), FPA ¥ ) — XD #klE
220w, 7+ by Y2 HEBREREL S 2 mm 53,
MR YL (z =80 mm) ICFRE L, MREEH @A L
REROFERENE (BEES) 2RLCODTH
%, BEREDZHERIZ 05 mm FINTH 5, KD
BhOIEEEIS, RN 2L E RATR 28R 2 505 1) R
P OBENREREY LTHELLDTH D, FAEILIR
ot ) W, RBEWERE LRRFICETA A XS
B 2 AT\, o Y ALE @B O R 208k 2 YEHS
NIZED L LDTH 5 ; (I8 z) = (L HLERHED
RFTHI R 95070 ) X (FAREE),
RITIIAEFANTRZ G HEIT LT B 2 &kt
ILTwd, &8, d=2 & 8 mm D _ DD
B LWL, KREFEICOTH»ICT S LTRL
THd, BREDEKRMEIZOWT, d=2 & 8 mm Tl
DEPITESR LN B0, B RO B EIIE
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Fig. 6  Intensity variation over luminous zone.
(Ti powder; 18 pm).
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Fig. 7 Relation between thickness of luminous zone
and exposure of still camera.
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2%, REENER (1 mmKFHTH DI EVHERT
&5,

(2) MBENE S ,

FEROBBITIE, RAEOEIEHBEIIRDLIL
FTET, BREEEICOWTORETH 5. BEREES
5 3 FRER ISR & D B IR 729, FIEHE R
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ZFN A A S THEEE LR EOEIRIC D TH
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Fig. 8 Intensity variation of emitting R, G and B light
over luminous zone. (Ti powder, 18 um)
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N5, FHEKEBOREICOWT, MgicoWwT, 516.7,

EELEWEARMERE NIIS-RR-2000 (2001)

2000 T T TT T T T T T
B Tntanlum(Do 5=18,.4um)

1800 | PYPt=Rh13%, 25 1um wire

1600/ (without compensations of
~thermal inertia and radiatio

Wire broken

x (mm)
Fig. 9  Variation of surface temperature during fire
spread.
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Photo 3  Cross-section of Ti dust layer along direction
of fire spread. (FPA-2, d = 2mm, 18 pm).

BEEXCL S TiBEENEORT

@ d-2mm

 (b) d=8 mm
Cross-section of Ti dust layer in width.
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Fig. 10 Position of leading luminous zone with time.
(slope: +30 deg. (upward) and —30 deg. (down-
ward)).
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Fig. 11 Relation between spread rate and slop of dust
layer. (FPA-2, d =2 mm).
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Fig. 12 Position of leading luminous zone with time
under opposite air flow. (FPA-2, d = 2 mm, Ti
powder; 31 pm).
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Fig. 13 Relation between spread rate and air flow veloc-
ity. (FPA-2, d =2 mm).
MR A FRAS Y I & RURRE DRI R

H b, BRERRIL, ZLOMERWESRLNLL LD
D, ERTHRL LIZF—EEETHEIL, SEED
BN 5L LAMZID ) REISRELS LD &
b5,

Fig. 13 (3, V, i2x§ 5 PRIV EE V,, &
FNEFNDOERMTLICRLILDTH b, RFED
B3 Tik (F)RFRIE 31 um & 72 um) % KT
2L, RFEPNIVIEIINV, BPREWI &by
5, 22T, BhoTi®H Blum) KFHTEE, V,
3V, 2925 m/s $TIE V, £&BITKRFIZEMT S
7%, 2.5~3 m/s 2T LTV, OEMOEA»EILT
B2IENLRPL, COL) ERRBEICKH L TR
PN REOHMORBESFRRET 2HFIETho
B2 R6NE, ZOHRR L 2AMERL EICZL 3
&, REICHBRBREOFRIEDHE (FTAN) BB
LD DRIFORNITH L > VEDOEFEIFH
FTAT L TR B 2 b -7,

BHIT, [UREENMINE & LIz, BREEERRfTE
2 SRR 2RO TR B I N, 2
NI TiEH (72pum) I2BWT, SEEICR N, I
13, BRI E ORI Fosxd E SRS & - TIE
REEEDY), BRIEFNRAT 720 TH 5, HEL
rPRTOBENCE, RE), BKIB, MEH LY, BE)
RED %, 50 pm O TiHITOWTREDL 3 &, BE)
RO LREEIL 8.2 m/s L W) ERIPELNS,
T, RENLZAQMEES 2 m/s & L, #HEEPLR
(Fig7» 5 115 mm) CTOEABOES 25HH» 5 7K
b2 E46mm &b, TOEITRTRERLY b-HHITK
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Table 4  Extinction limit by argon.
FRIIZE BERRR

Dust samples Free stream velocity, Extinction limit by Argon, | Extinction limit of Oxygen,
Vo (m/s) Qare (vol.%) Qo,e (vol.%)
Titanium 0.69 70 6.4
(Dv’50 =31 ,um) 1.5 68 6.7
2.1 65 7.4
Tantalum 0.25 (~100) —
(28 pm)
Magnesium 1.3 83 3.6
(62 pm)

EnnT, BEBEFEROHMI IMNOGITHEL 2t n»
EEZT I,

anz, BT, OBk EDRIRB NIRRT I
Wl RENLY) BT ARMBEDORER, &
¢ {3 Palmer'iz X - CHEIF 2> THEXLNT W5,
ZLT, [URICKHES 2R 2 A D 2o nW T, KR
BEOHME & LICHLBRF TIIMIILAT) EEH
BT 2R/ TS, HELLSBHEEICE-
PRRZIEATD 1, BBR IR o 7ok 2 E T D HEf102Y
LEBICERDRENS) T OEET ZELL 2
MEREHEOILVREDHTHRING, Tihbb, &F
- BERBICIR > TR ) T, B LB R aE L 2ER
ROHEHE, RELHEBEREICEJIIKEFETLILD
LEZLNDLH, THZ EIBLTUIERTRETT 2,
BRZAEDSY) MEL D 55 EE (2~3m/s) BIKIC
bEPIREMT B Ehs, MIEAPDITRITITHRN

DEORE (BRBEFE, IRERAEBE) 2owTid |

ELITHRHT AUEND B,
3.7 HRER

Table 4 13, ZERTIC Ar 2N L2 BOBERBR
(RFEIBRE Qa,e) BEILILHERET, ZRAPOBRERR
B Qoe I LTHMHETRLA, TiIZDONWT, R
PREIE V, 2 2.1 m/s £ TEALSREHE T, Vo 2
Bnyae, B AriBETHRT B2 L0005, Ta
BWDZAIL, Qare PF100% &Y, B @R 286
ATWBREHRLEZWI b oT2, ZZTEEL
T HNIEE 5% wDlE, HRICEL FTITE, HoE
PR L T Ar 2T RENH L L TH D, BDEMF
D TaDBERICIIIBs #H L, TNIHFLT Tik

R Mg B CREBTHRICES, TalinGa, #HE,
KEPHER L TORNMTRIIET L T B2 A2

WE EDThh o,
3.8 EBEKICLIURE
A AN KIERE 15 pm (4 —H1E) , B

BIEB DT OVEFETRR 17 pg/cm®s (R DM
Ti, SUREEIZ02m/s &b, TOFRMITHLT,
Ti# (31 pm) DFAIE, V, =8.8 mm/s, /KEFHEL
LTRIRP S B75F 0BT 7.5 mm/s &\ ) R
HAF b iLIe, IREFEDH B3HE DT ) PRI HEAT ) &
EXEMYT 5, R UEBRMEICOWT, Tam T, 1,
=2.2 mm/s, RKEFEF L WIBATIE 3.3 mm/s THY,
EHE D BIGEVRAIES ) BESRRWLTH L
D bIro72e IRFEE/N S CHETIE, KEFICE-
THRZ B2 ) BE 2SR5 S A 7 & iz,

3.9 ¥t

REEBRZIT FTRONIHEER, BMEEZIWYIKS L

TRt Wem 2 U TFicd~x5, .

@O HEE FPA ¥ ) —X(2IE% 10 mm & [EE L THE
BREIT->72, MALH D BECRZTIEDHES

L HEANBOIERIE 2mm —E L LT, 20,30, 50
mm EDOREE 2 8YEL 7, 727750, HRITWEIC
A LUTERTIEZR S, S—F—b—FIiT & 0 im
DFRD—ETIT-72, Ti¥ (18 pm) XL T,
SEYHA 2 A5 AT D) FEEE IR 20, 30, 50 mm 2xf LT #
NZN8.7, 8.6, 9.1 mm/s &\ ) ER2E, 1§

CORIIC LTI ZHEAS ) BEF RN 516
[mAtHh B, IEoEIE & L IREERDEINT 5
72T, BUSHAKE RTF v L RBOREE A
EFHMICK-TLE ) b, T4b
L, BUYELX T UV RBORBEEHEATE S
MEi3 10 mmBESETTH 5,

® TafHI—EBREFBFELE, TNTRIRESLFE
TERZAEDS) PR T B 2 &b o7z, BRAE
PO EBRDBKICHT 7 ABEHFICR LB %I, &
LB TR IAPFENEZ EFHoT2, Th
i3, FREREICRIRE Lo BAE TS
FTHRHOTW/2hTHh D, Tith e kIR E
PEWzd, BRBERF KR IS C L2 T KB
2 BIERMErH 5,
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® Mg#IAERD LS IEREI N BB T 5HE
Fa/ N & VA2, Photo 2(b) @ & I I2fge s
IR Z A B0, BT E P& BT, BRET
HWZZw) BIcElBR2E»T &, FELERD
H2 DR TEETRL DT, TAXEEERL
THRZ B LI B, HAREZRLTOLMRZ It
D EEE AT & N AR S e o 7,
72770, MYEH BT Takr & RERICRARICER 2
BoLnI ) ITHODEEFLETH 5,

@ FABT, PMMA 2 Y EGRBOE#EGEZ LS 2 v 7
ZER—-FIcI I EE, N—F— b —
FTMBALTWB L, BICHREZKRPMEET S
EDbote, BITE CIRERREICEE TH 575,
MR EZEKBE L BRKRPFET DL, BED
fabRtEdH 5 T EHREI N2, T L) LB
oW TIE, BOEEICHmELZITI TETH 57,
CAAHE 2 KR L m/s REDRE CTREIC
BoTEIEITIER 77 v 2n—FEEEZ TL

L}55,56)o
4, =% =

4.1 BRAIEASY HE

ARPEEARE B > /2R AR D BRI LT, 2
NF THRIILRMBITIC L - TRZ D) EEHRKD &
n«c % 7»\,.16,17,19,31,44,45)o

INLEBEICT L L DITEEBREREZTTLL,
SBBEBERICR RPN EEL REL L 2
Lz, 1277, Z2TE, EBRERLOED
DIZTIBIZT DN TETILZ TV, RDFWEEZE
L7z,

O EHICHBLIREZGHET S, _

@ EIEREE, Z8Po TiHoOBEE T3, SHHICIZH
L kRFERSNT, BWRERE GEER &
M) CBWTBREIT-> T\ 5,

@ KRS VDT, WS HHERRBEETD

AL 180°, Thbb, BREMGRKIZO LA, &
HIDEEIIE|HTE 5,

EFNIIK TR EERP LR BB EERE L
LDOTHbHI L,
RERETER O, PR T 5,
BRIGEEIIE < (0.1 mm A —%), & L THRBER
(BREi) RN E BET 5,

ZOBEEE IHEBNOBBEERE L E L\,
BRRYEDTY) DMERWI L IRAT TS, BEERBNOBE
BIERER R L2BMITE -, Euk e v I
Lo TIN5, EBRERD 512, BB FE

@ ©®6

EEREMENMMARSE NIIS-RR-2000 (2001)

ETHABIY, BkE (GEe) DOFE3ITERE
L7 >, Photo 3 MW & IREZEAL, X512, [EH
BREICIHE - 72RZ LA N 128 T 28HER NDIR
BEafmyr» 5T 5 &, BRENIIZDOE FIRE
AT HIE L Twb EEZ NS,

@ TEBBEIIBROLEICKET %,

Fig. 14 IZBKZ DY) DEFINR2RT, —URICTIHA
PiThihsg b, BREICH - CEEF BB ED
LBz, BREICHRTRNDEFEI»H ) DT,
BRIBEIIH BEHE 0 2> TCHDEFMEFT 5, T
bbb, BREICH > TRILI LI ENTE S, £
BRICX 2REEEOUERKED 5, BRI OBBEDH]
1257 VB L TV 3720, WHEE N OB H
AT ORI T3 TICER (B 2 5 lREicEft
LTWwb, S0 kid, BB A ORFREY TR
L, BEICEAZE—HORTFHIRLZICHEKTSHIET
WRZBEDBBDTIE R VEW) T EEEKRLTW 5, B
KHE OB ORIS O TEGER TIE, T CIEBEIE
i, EL, BALRIOVIEE > T b,

Fig. 15 (3, MEEH 2R NSRS 2BRDIRE
DAL BREDRESMOBRRNKTH 5, 72750, BER
DIRESAITEME L7z, W OIMINCIZERILE (B
L) R LTWw5E, 22T, T id Tik & BRILE
REDERE, T 3B LFHMRAEOBRETH S, &
DRTIZ, Tee > Ty TH B728D, BRITHWTHREEL
Tw b, Mg DA, BILEDEE S, ik
PEAATRZ I h b, Thbb, KREEK
T5, 2T, n 3FHEISH LTEEHMIZEL 5, B
LR & & L ICH#IATT 20T, BBLEBIXTREICES
b, BALEREL &), BILEEBLI-BROBE)
(ERLE R IE LIEBER A o v oREh) »bT 5
&, BBERIGIEEILET 5, $7%4b5H, Photo4 D L)
KB ICOABRILB IR T 5. '
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o
Fig. 14 Model of fire spread over metal dust layer for
surface combustion. _
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Fig. 15 Temperature (and oxygen) profile perpendicular
to oxide surface and burning velocity.
REBREICEESFAORESH (BREE) &
R BE R B

e R R SR LBICBET 2 A v X — R,
Vo ZIMBEE OBRE ICEENRISEE (MREE) &
LTERAD L) i2ET 5,

Md?T/dn?) — pCV,(dT/dn) + m,"AH=0 (1)

2720, TURE, n . BREICEEFROERE )
BHREOBIRER, p. BEEOBE, C:BEBOL
2, m,” | BT, OS2 ) OBLEE, AH:
FeshE (Bhbesh),

FHEEA (n < 0) T3, REBUIE-oT, R 1)
RDOE I B,

Md?T/dn?) — pCV,, (dT/dn) =0 (2)

BiStH (n=0) 28 L72RIRBEAI~DOBGR ¢ 1<
E0, KDL LBREHFNL TR () 2 &, K
@) e 5,

n— —oo, T'=T,
(3)
n=0, dT/dn = ("/N)es

2272, T, i BB ORI, ¢ @ BALER,
HATHER & 72 ) OB R,

T =Tu+{(d"/(pCVa)} - exp(pCVan/X)  (4)
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Fig. 16 Temperature profile along dust layer.
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K@) BRDED K% B,
Va=4¢"{pC(Tes — Tu)} (6)
ZoRIE, Williams DR L72KR),
pVAh=q" (7)

EAREBHNCEIL DD TH B Ebh b, 72750, Ak
B2 THh B,
BIRE ¢ 13,

g’ = MdT/dn)es (8)
&9, KX ()3,
Vo= a/(Tcs - Tu) . (dT/dn)cs (9)

72720, BdiEE a=A/pC

Fig. 16 |3, BEERE ISR > TRIEESHOEREX
THbd, BEICHIMRZIEPYEEV, LT, B
B IR SIS 20T, ELMICAE 0 &
T 519,

Vo = Va/siné (10)

613, WEHER L VELITERTHELNS,
sin@ ~ (dT'/dn)s/(dT/dz)s (11)

RO LA, 1N (9) DERBHERHRIEIHINS) ¥k
B g3 <, SRk AELRIBIC & 3RS
I 2 RISHE D & RBRBHIl OB RO K X & LMERE
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HOBRENC L > T2 D) BEFRESZIELZE
BRLTwWa3,

ST, REEosEER AL TE, BEEA
DAL EILREICH B L LT, BERBOFNERE
A 23RKDH B, K (49) 1213, FRIEERERERD
53 (12) & & 2R (13)~(15) RSN T 5,

)\e//\f = 6(1 + hrvdp/Af)
+(1—e)/{1/n+(2/3)(Ac/Ap)} (12)

n= 1/ + hupdp/As (13)
Rup _ 0.227{¢/(2 — &)} (T/100) (14)
hee = 0.227/[1 +¢/{2- (1 — &)}

(1= €)/¢] x (T/100)° (15)

ST, el ZERRE, £ ARCHE, Y3 A/ e
DT (%R (49) D p.91, K1) K HFAL S,
2T, Tigicowe, BEEM, SV, 2RED
N, K (9) & (10) DRYH:ZFERT 5.
T T, EREEER L RBO O T OWEEE RO
5,

2T, =066, d, = 18um, Tes = 1,665°C (Al
=), Ty, =15°C
Tik :1,100K (827°C) i2 T, Ap = 21.3 W/(mK),

of = 7.38 mm?/s
Air 1 1,100K, Af=71.5x1072 W/(mK)

R (12)~(15) BT, BHEEAD L CHELKE
RD B LIFESHTIEL VDT, BRI AT
DEVICESTEDERE A & ac PEATEZ20H
R,

@ HHEERTLZEE, R (12)~(14) &Y
Ae = 0.384 W/(m-K)
a. = 0.117 mm? /s
@ £=02NL X
Ao = 2.17 W/(m-K)
a. = 0.763 mm?/s
® E=05DLE
Ae = 4.93 W/(m-K)
ac = 1.73 mm?/s

O~@LY, BEBHNLEELZ EDEEAMED
BPIC L 5 THBRERIGZ ISR LTEET S S
Wb b,

Bk Z ) REE IS RE B T A BR L RE AR
KRGS 20T, BEAERNOKRESE, BEITOT
BENEITRELI LI TEL, £=02&8L, 2D

REERLWERIIFEHE  NIIS-RR-2000 (2001)

ac & Fig. 9 DREREDOED &, BEHGROK X
WEZAHRED L,

dT/dz = 5,139K /mm,
PRONBEL, K (9)~(11) & VEBAEICIE,
Vp = (0.763/1,650) x 5,139 = 2.4mm/s

&b,

CDMEITERMED 6.9~7.5 mm/s L 1) LB ks
A =FE—HLTwd, BRZIH 0 BELE~% 10
mm/s TH 5NDIL, EIZEBOBIHECE (REEER)
CEBEIADPRECEITHE, RO PLTHBE,
PEEE pp OWEMNZ, p— KEZD, BRiinsn
WEDRLHPHNENL, LirL, BERBoOBYEEIC
BV, EEICL)ERENEL 2D, &R odny
R, Thbb, AEEER N\ T 50T,
KEDMRZ ) BWEIWINT 2, 2D &S e kERIT,
Table 3 ® Ti¥; (18 ym) @ FPA-2 (d = 2 mm) I28
WTR LS, BT W — RIS 2 35570 R
BR (N DEBY, BEOMMIZ L > TR &
Ei3EbT 5,

T, BRI &ICBILEERY®) B R 2 &, 1,000
°ClZBWT, Ti;6.9mm?/s, Zr-2 (Zrkr & LT);10.4
mm?/s, Ta; 24.2 mm?/s, Mg ; 68.9 mm?/s TH 5,
Ta DBILEEEITITI L) DRE VDS, BRIIA) HE
i3, Ti XD b/Dh3v, 2L, TaDBREEEES TiO
TNED @ Liznz, EREIAKEWDICHEE
WOFNBIRER YN b b Lt s,

ZAMRICHERE L 2B AICIE, Bl T H ok
BIZEYD, Ed»SRBHLD T, BEL ), R
2, X)) TAHBEGED (Ts—T,) — &Y, Vy—
KELBZEDPHEEND,

Fig. 16 » 5695 &, EERTELNRA, it
ORI, 0 ISIHEWBBE 2 L > SEEL 2
RPTORITHDZEbh 5,

4.2 MAIEDY) RE~DMFEDKEE

Table 3 DEBRIERTIE, BFH& — KICBELT,
TikI Vp — /A, Mg V, — K& v sk s
na,

BARBNOBMZEIC LT3, R (12)~15) kY %
DIBETHZERE, B, RFRICL 2, RERTI,
DI FEEATVE 2012, FRRFRDE NS
bbby, ZBHENHFNEDLZL\ (Table2), =N
728, BIRERIZKIZ TR TRDOBEIL S v,

e, BRI I ON TR FIIART 20T,
KA EPMBER & D D/ WBAITIE, RIS oRES
AL B2 W EE bR 52324,
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Merzhanov & D¥ABEARICEE 3 5 5Ti + 3Si DRKE
WO Z IR U THAER, 100 pm FBE R 4%
Tld, BBEHOE ST, RE—Z2EIFE LTHY
W) REFDH DY, 2L S ngEATE, B—
B EIEE LT FE-TH L& 0 I #ERE2E T
%)27)0

AE DR TIE, BFRGMICIEPEDFHY, KT
BEZAZILEBRPT->TWEnD, FLBETHNR
IR FEEDOWDE & B2, Fig. 14 RSN T8
BWT, RN TOBLT 2EEIEMNT 5T
THhb,

43 METE - BHEEZICL 3 EARTKOBE

(1) [REEDOE

EEROFER, SURBEORME & L2205 ) &
EXMmT 52 b7,

EREMMTIE, BEORENDILHE, BILHERmT
DIE, Btz @ L 7BERA T o OBENC L - TR
RO ETT 5. SN6DBBOHTHRED K -
PR & B £1932) ) Reynolds®? (2HEvs, B L@
EiIRAD & 5 10k 5,

e = A - (Re)1/2 . (T)1/2 * Pooo * exp(—B/T) (16)

72720, A B IXEE, Re 3V A4/ NV, poss I
BHOBESNETH L, ORLY, BILEEL, Re
B 1/2 i, TobbIUinEE Vo o 1/2 i
Hi$ 2z &birs,

Fig. 13 D#ERE R 5 &,

Vp ~ Vol/2 (17)

DR REND I E 5, BRZIA ) HEHERLHE
B2z 2R L IMEBNDOBEENC L 2 2
EVBEGICHETE b,

(2) HHEEE (CL 5 BRWGFOT

IS L U7 BRE ICIBPAR D B 2354, F
IS > CHRMRPFEL S, 22T, $5E»HEE
¢ 2B B MBCEARICHT 5 BAR %2 E 2 2, Re #&
Gr# (732K 7%8) 2B L T,

Re =2 Grl/? (18)
ED, BREDES 6 (3, KD & LR E» LS,

1/6¢ o< (Gr - cos ¢)M/* (19)
ERERX(17) £,

8 o< 1/Rel/? (20)

5T, & & Re BoBMRIZ, KX (18) & (19) &1,
Re « (cos ¢)*/? (21)

Y70 B,

TZebb, THRZIEAY T, BHEICB->TLER
EDEKHHH Y, FOR[RICHIMLTY, THZE
B,

Vp o (cos @)% ~ (cos ¢)1/* (22)

b,

SIT, EBF—2 % b LI (cosg)™ DRI E KD
5, m=043 &% b, 2T, ¢ =90°+Angle T
»H5b,

Fig. 11 DY, ZORBICL D RO & L ER
R2RLALLDOTH B,

Vo = 20.2{cos(90° + Angle)}o'43 (23)

HICK (22) DNEFE1/4122WT, m=0.25 &%
% & 712 Angle=—20° %38 5 iR %2803 5 &,

V, = 16.5{cos(90° + Angle)}*2° (24)

&b

22T, RN(23) & (24) DR EFTH

Angle — —90° ($fH) D& &, V, 13, ThEh
202 £ 165 mm/s LB bbb, Thbb, R
DO BBHRICOWTHERBELUEZT 72 L) D
WA EEFRE N, 2D LT, THHD BRI
FORETIIZL, BEBANHZLERTREZ L
BRET B, MREEHHEE TSR RIMLTBY, &
RIETRDRFR 2 1RE, BEHmEE, BIERE L
DIMBEHELIC & BERERS 2 EDMRITE > THFH
DREIMPEEINDDH L Lt

LR DB LTS, BEANDEREMELS NS
WZ Ehbhirb, EHRZEES) OBE, RIET KR
Beds LR L AN BERTEASH O, Mt L 2R B
BREEMERCANS, B2 ~DFHHNE v,
Tabbh, MK E RS 6 72123 2 Y] 5
BEDIMBIVETH b,

Mg B DFa, RRPTERT 5720, GHEYRD L9
TRRICE > TRRZLP VA 2 TFERTH0HT, bJ5
BRI TiL, KRIFBBEREEH C O TR Z
D) EEPHEMT 5 L) T EHHETES, LarL,
EEED & 25 Tik L FFROBEMTHY, KROFE X
D L ARIC & HEERDREDILEAZETH 5,
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4.4 MRBEEREEK

38 HIZBWT, FHEETICKEI[DFEIZL > TH
ZYEH N BESEINT BEmMP R 5Nz, BEDE
I2BWT, Cofin®™® =72 7)) K% flio/2 38R
CBWT, /KREIOTWMNS & » TR 275EH (B
BEREEORM) T5 VI RRERETWE,

SRR KT & BEMLEOBIEAD & 5 I HT X 5,
IR ARBERLT & Ha0())
HRORBEERLF & HyO(g)

FHB O RBREERL T & H20(1)

R O RBRBERL T & HoO(g)

BRIGERLT- & HL0(1)

IR F & HaO(g)

RO BRI F & HaO(1)
® ERDBEREERLF £ HO(g)

BEOEEPERTH 275, BZ b {BILARBDH
EIXLARKBETIITTCIIEHBICHDL &L b, X
B HDFFESNE, KE-BRICLIZBTI ZFAL,
FORIGIC & ) BROKREREZERTEIELT, 2D
KRER L ERHE L OFERML RK) 2FXLLD
T, @YY 5,

AREERIC L D X, TiRmOBEHFOREZ 2,500°C &
BTHhobH, 1RE, 2,163°CLILEH BN T, MREH
FEEICELS CHAT BARER (T2 L) 3oEL, &
WA, BTV RELKESFLEBESTFEL D,

2H,0(g) — 2Ha(g) + Oa(g) (25)

EHLIHETIE, FRALNVIIBOZIANTHIKRE
Wize, FFORED T EFET 5o

H,O(g) — 2H(g) + O(g) (26)

T bbb, #12,000°0C 22 5 &, BRHSF, H
FHEETEICZFERTLINT, RENDEIRDIR
EHRIIRE LY, RE~OWEDHM, B, i<
& N ELRBRIE (BRI DEEIENT 52 &
1270 5,

72, BENDBENEIC L - T, KE LICIZE
ZDWEBS T OMMNICIIKREIERMEZ LD L L
27 539, RO L A, REJEEAH TE, =R
DRI BT 5 EiIREILIC X D AREFRET 5,
KR T3,

Ti(s) + 2H20(g) — TiO(s) + 2Hz(g) (27)

©

@
©)
@
®
®
@
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