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Fire Spread over Metal Dust Layer*

by Masaaki YAsHIMA®* and Toei MATSUDA™*

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 pm); 2.5
mm/s, Mg (29 um); 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.
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Table 1 Compositions and particle sizes of dust samples.

RERICA VRS DR & R F&

No.| Dust éamples Composition, (wt.%) Dv750 (pm) D3’2 (pm) Span
(Dy,90 — 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 | MgAl [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)

ARl 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.
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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 | Meg-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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F OB LI HE ) IRENIZ 70 B L O ekE
FRELNT, @h—E L ®ETEILT 2, Fig. 5
3, SEEEFT A A FITE BRRERIEE 055 2 &
CERADLELRLNTH D, HEHLmITBHLY
WIS DB dh, ZRBTHEBLTWEZ 5D
b, SODXD RN FENT, LA TiNE
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Fig. 4 Position of leading luminous zone with time.

R oY 3 RABERAE

Fig. 5 Transition of leading luminous zone. (FPA-2
holder, Ti powder; 18 um, time step 0.5 s).
BIHEIRDHR

Fi\272 Chernenko & PivtsovZ® ¥R L7 & 9 ZIREN
IR Z IRV EFE B L BHLDTH 5,

3.2 BLEFES[HOBRANESY EE

Table 3 (3, FHBRZIA ) EE 2 F & OB
BTHb, “Not spread” & FiC#k L72E A 3R 2 350° 5
Trolrl b #RT, $hbb, RBMLEAKLTHHE
SIS e dr 72l b B R LTS, TN
IZ Siwek & Pllmont ® 7 5 X 2 IZF%$ 57, “—" H
IBEBREBITbP 722 L 20T, HEREICIH72
PRZ DD TlE, —ENCHWBRE 2 % 505, Ze-2
e TabicB L TIEELEBTH S0, Kok
SHTHAERREIT -2,

(1) M AIED Y EEDERBERDEIE

@ Tik (18 pm) IZDOWTELICHBESIE/REBT
(3, BRZIA D BEICHT IR DHEII IS v,
72720, 0.5 & 8 mm DERZILA) BWEDNI P DR
T EINLRRKREVDE, BRGERLTHETA T~
LV ZBOFEE OBFENIC & 5, TA-10 & TPA-10
DMRZIEHY EE 9.4 & 11.9 mm/s & HBET 3 &,
25 VAD IR RS ¢ TPA-10 DIE D
DR ZYEDT D BEDK E W,

® HBTFEDENIZOWTTiIiERS &, RAEID

BERERLWENFFHME NIIS-RR-2000 (2001)

BT PR ZAEAT ) BEHKEV, 80 um D
Ti OB Z A ) EEL, 18 pum BOBDZN &
Db 34~35%71F A& v, THIIRAREITRS %
Vo Mg TlE, #iC29 um XD S RELR T
TH5D 62 um DRI Y BEIKE N,

® Tif (80 um) I DWTESICHBEEIRKET
13, B EBRZIED ST,

@ HITEDEWIZIOWTRERSL L, Tif (18 um)
T3, »IFEL & IR Z A ) EE NS
AEmPR LN G, IS LT Mgk (29 um)
T3, »IFEOREIMKIEEI L TR A ) &
B3 s Emr R 5N 5,

® 2mmiES TELICHREIEHEE FPA-2 Tl
B3 &, Ze-28 (27 um) DOBRZIEHTY HEE S,
Tik (18 pm) ITHRT3.7HKE W, Tafy (62
pm) DWRZ AT EEE (2, Tik (80 pm) 1TV
ETH 5,

® Mg/AlAEROMROBEL RD L, FRE TA-
10 l2x LT, Al OMBREIA»E < & b Ik
ZALH D) HEATD T 5, T 6 ICHEE S E 2GR,
Mg/Al [6:4] BLIED Al # &TL68% ([5:5), [4:6])
BBR 23008 6 70\, AL TIIZ AR ICHERE
LT YRR 6o 72,

@ Mg# (29 pm) 12D\ TR IEH* Y HE 2 RS
TA-10 & FPA-2 L lb#9 5 &, TA-10I2B1T5&E
BERFPA-2DZN LN b 44f5KE v, Mg/Al&
48 [7:3] 12DV LIRS, TA-10 DERZHnA°
DREIZFPA2DZNED b 4fEKE W,

® PMMA % (72 pm) O¥RZ 3580 BEE 1342 0.1
mm/s L&, BuegBBorn s ) b—if
P&,

(2) HEOHRERE DLEH

OOV TIE, HEBOTORT v L AR MES
n, 2o (FiF~D) BAREIRZIHD D IZFHFE LT
Bl EZLNE, AT vV ARIIBIERDERIC
LANZDDT, X7 L ADRERBYZEMEIC L -
T3, MLV EEDRT L LI DL, D
E9 HERBEOREE 2 HWBR IS BT,
R, BRSO IR 5T RS OBELZITRT
W ERH ST W 5,

Chernenko & Pivtsov?®) i3, #Hmk & RFENEL S 10
TR UM Tif o L TR Z DT ) BE 2 RO T
2%, HEE 50 pm BEHOKITDOWT 2.72 em/s &\
SFEREBTNL, SOMIIAMIEEL Y 4L RE N,
F7, ESCELTE, 4 mm P ETIRRZ D0 8EE
MRICEKEL LW EVWIHEREIFTWED, oM
MHIARER L FRETH b, #ERDE 5, Chernenko &



R L S BB B I - 7ok 2 4547 D — 53—

Table 3  Spread rate of fire. (horizontal, without forced flow)
WAAES Y EE (K, BEKRS)

Upper: Spread rate (mm/s)
Sample dust Lower: [Bulk density (g/ cm?®)]
(D.50) 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 — o
Ceramic fiber board; insulator) [1.6] [1.8]
CA-5.6 (Half-Cylinder, Ceramic 7.7 — — - -
fiber board) [1.6]
TPA-10 (Triangular solid, 11.9 — — — o
Stainless plate, Ceramic fiber [1.6]
board) IS—
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 25
(d= 2 mm) (L.6] L8] (1.7] 2.0] [L.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
(Do50) Mg Mg Mg Mg-Al Mg-Al | MgAl | MgAl | PMMA
[7: 3] 6 : 4] [5: 5] [4:6]
Sample (29 pm) | (20 pm) | (62 pm) | (36 pm) | (3L 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]
L I

Pivtsov DW%El3, KERFERIWE, SEFEIKREL
TWwad kv BICHESH 5, 7KE 1.4%, BFR3.3%%
EUTiRICB T, REREDORERRE, S 3K
BT B ey, 722 L, RETORSIRED 1,600°C

BELES, F—s0iEb2 S, REMIZIA Z 3 5
RREPr LT 5L, gy E L HEIL TITDRIOR

5D IBEMO S H 5o o
Cohen ¥ Luft D ZENFY o BT AR ZIEY
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HEDRERD T, MgH (<150 pm) T 3.8 mm/s, BV
<F ¥ (76-150 pm) T 0.04 mm/s TH 5, ALK (7
V—274K), $R7 SIZBRZ DS S5 v, Mg xS T
A1# 3.8 mm/s i3, REBRBERLABRETH 5,

ALBI ¥R Z 35550 (2B L T3, Echhoff »#AHE 7
65112 4 T ALRIZOWT, 1@z REL )
YL S TR B EHE L TW B, ALRICD
WL, FOFNKEETS09) L L IR ZIEA ) DT
RetEE % M 2 LES D B, BERFODFE L
Al OFKIHEERTIE, 3R 2 KR O L IcHERE
X, BALURZLPABTEBEL TS, 2O
A, BEBABTEHEL LY, KitoBGiRIz L AR
M OBRIEEDS AL ORKICH G L T 2mTReES S 5,

iR Ti R L Zr RO 2 35 ) 12 L T,
Harrison OFFZE0 TlE, Zr MERDIT D 23008k 2 3t
DEEFRKENEWIEREHFE TS, L2rL, T2
DIEDENIZ 2FEDBA & 370\,

BREEAR T3, BRZILATD BE Tid 7% <, MRBERED
SREY LTHWOLNEY, I ARBREEES DB
BOEIET A ETRRS & EEINDED, b)Y
AR TIRARHR 2 KRBT T HHBICERIND
(BIR) MR AR D EETH 5, MIEAM T,
EE S L ARRLE o 2 BRI L OBRERE FOES L TH
WABRDT, BRGEEE ICRIT TR TROMKAER, RIF
e L5 ICH—DR FRBICBIT AN HE (B
BEERE) LIIRL LY, I THREEARICEIT BN
BENBE L ZDMEE R 5T H S,

Makino & Law DIBRENTZIZ L 5 &, BRELHE L
BFRICREFL, Ti/CRTIE, RFE2 pm &F
5 E, BAEEEEI 10 mm/s BRE & 7 B, BB IER
IAZEIE LT W AEAICIZ IR 2 A S IS Y
T2, B, HEESEBEFOBMBIEREL, ERP L
FEEFEICHIICBRREPRIEIT L EDEEE LT
EFEINDL, TNUF, B 1) EBRBRITA-HRIED
WhisE S B ADE ST EE L RO EFETH 559,

PMMA OB 2 BEICEL T, 2 & 5 mm iR
B PMMA #RICE L TERINCTH 2, £2DRER, £
NZEH 0.08 & 0.06 mm/s &\ ) fELF SN2, HE
FERE DR Z A ) BMEFEIEDOROZ N L D K
EnZ b lz, EBBERBOMRR L) RS,
EAF, B, TV LT r—LEDRENS)
YT X B AN ) EE (0.01~0.1 mm/s) Sk
T2 &, 10U EREWT b7,

(3) RI/AIIL/TNIZILESR

AlDEBEEIBMT 5 &, EXKBAON—F—F—F
AL T O REHIROICER LR L, WEH TR
T AT THIMR IR Z LAY HHED 5% v, Al T3

R AWAITIMRS  NIIS-RR-2000 (2001)

fRERNPRE WD, FAENOBIERIKRENZ EIT)
L 5%, AlOFKTIE, BILE () OBSEFrLETH
37, Mg & Al ¥ —HRORBE I Z N EN 650°C &
660°C T 575, BEDHRILA 50:50 & 7% 5 & 470°C
3 TRLS ST T 2 Lo 75 H 5538, Roberts 5
DEE, BEPD Mg/AlAEHORKFFIEICEY 20
gelc kB &, Al Mg 2 10%&HF ENB750T, &
KB T 2748, RABEELGET 5,

T, ALBOSA, BRKEEFRFRICLL LW
o lELH DL, Mg & AldZFn2h MgO &
AL Os~NDELOHEITIZOWTIE, HIEY »7 -
Ny F7 =R THMINTER0, $hbb, K
5 ¢ VMgO/VMg = (.81, VA1203/VA1 =128THb, 2D
5T 5L, Mgihorg{tg () F2ETHD,
LR EE (3 —FBE I h T, B L D & D ICERY
RN A (EARRD ., L2 L, ALBICDOWTIE, B
LB AMRENICER L, BbEEI—EDWEICHN
¥, EEEAMEOREOEIC L 2IHEEICL 5D
T, HEEICELT 5 (Rl 58, L L, Mg/Al
A& LTI, AlD8RA-TLE2ILENHD,
B —WRBESTTRETH B X\ 5 39,

Takeno & Yuasa @ Mg ¥ 5 KB T 25230 T
13, Mg DERLBICE L CHABIEEN S D, 630°CLL
TR L TIRENTH 555, 20l
ELETIE, FENTIERPES DLV )HERES
Twb, RIBICBIT2ILE () &R, BIUE
P WIREED SR bANIC L S &, WEREIILIDE
WIZERALAEIT T 559,

33 RAH, BT

(1) BAwBDNES

Fig. 6 (3, Ti# (18 um), FPA ) — XD HEE
IZDWT, 71 MY EHREREES S 2mm 5,
BRI RO (r =80 mm) ICERE L, BREEHIEEL
RRORERENE (BEES) 2RLLLDTH
5, BEEDOZEMEHIT 0.5 mm NTH 5, MO
B IEEEL, B2 BT MR 2 3t ) R EL
P OBEEEE Y LTHRELLDTH D, RATIIZE
ZHos D EE, BEEWENE LRRCETA A AT
B 27w, Y OERARIRO RATH 2R 2 55
Nz DDTH S ; (Il z) = (2 I LERED
RIFFE 7R 2 95757 0 BE) X (RedReH]),

RITCI3EF IR Z A0 ) DT LT W5 2 LTk
ILTWw3, %8, d=2 & 8 mm D _DDHFRH
BEabWEIE, KREFEICOTPICTLLTRL
THbd, BREDEKRMEIZOVWT, d=2 £ 8 mm Tl
b EPITEDR LN B0, BRSO DT EIICE
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Fig. 6 Intensity variation over luminous zone.
(Ti powder; 18 pm).
RABICB-LRBIBMEOEL
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3.2 Titanium(Dg.5=18 m)
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2.8 O f16 ]
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Fig. 7 Relation between thickness of luminous zone
and exposure of still camera.
MASBERERATESOBER

LT 22 b b, BKAMEMEICE W TREE?R
LNV L PEETH 5, E—7HitkDfRDE
KeaR2E, 2L 8mmiEIELLB-TWEI LD
b, BABEHE ORI L CABM 2R\ 20 Z L0
HERTE 2, BAfEICHT 2HMIELr 2L, d=2 &
Smm FNFN28 ¢ 24mm L 7r b, 2O, &I
CBRBRFAA AT L BEBEGROMER LD D
K&W, ZoEBE LTI, (a) 2D 0.5 mm M
ThH BTz, REHOES L BT 5 &+ 10 AH
BhhS W 3ERT, krfimInctns e, (b)
7 b T Y YVR Y DGRBS FIMERICB T
Wiee, BRIET B RBEETH O T BGER T T HRIME

PZRLTWDBIE, REFEZLND,

d=8mm T3 T L TREVIEF->TWBEN, Ih
12, BHE TR L T w320 TH 5, BRI
I3 ARIRBEIE R RE ICEIET 5 2 & TS S, T
Zebhb, BESIRELETEEEIR->T, BRAET
IFFEE SWNE (FE) cmb - UEIFL T 5,

Fig. 71, VY ROKY (F4E) LA X T DEHIK
R ¢, %22 CHR L EHERICH L TREEFDES
5 BROIAERTH B, COBESREPTDOLDTH
D, RIMEOSEREER L) ARHZECE>T
sked7z, 6 I3V Y RO E, ThbbAATNDE
WBICHEIT B b b, KYEN 2.8, 4, 5.6, 8,
11, 16, 22, 32 L —ERPENE 2 2 ficifiia 1/2 9 2=
WHNT, 32 FHHEICT R L, {16341, 81316 1%
DAENEBL D, 32 EMEICT 2 L, HHEFIZL &
2, REENEI 1 mm K{THH L ASERIT
&5,

(2) MBEHEDE & ,

FEOBRITIE, BRESOEIEHEICROLIL
FTEE, BIESEICOWTLRETH D, BERESEY
5T RERE IR IR AR & ) B IR W72, FEET AR
prEs )y F | e L ICEBRSRETDH S,

Dreizin 54013, #/NEHEIcBITH Mg LAER
DOKFEFCE LT, EfpRmEmy s L TR
BhgeEs 2 B L, KREEEOMEERA TV 5. A
75 L FREDTFHEIC L ), BREBEHOE S ZRNL1DIT,
ZFNH A S CHEEEY LR EOBERIZO W TH
s 247y, RGBEBRICLZBHRMGHRBH
A EEL, 255 EEROME (M) CTRMET I L%
K A7z, RGBT & B A MENWE S, ERLCHEELT)
AV VEa—FDESAE, GEE, AATIE-T
ZAR 2 FHIENITH BHY, B=450 nm, G=>550 nm,
R=620 nm 25 L T 548,

gk iEIc B B F & v HDFNIT 498.1, 499.1,
499.9, 500.7 nm®?, & 5T 501.4, 517.3, 519.2, 521.0
nm3 DWW RS HH Y, BRHER TIRER L 72 B4t
TiO 4F® C3A—X3A DERIC & 5 516.7 nm DI
BEEALTWEY, oz b b L, Eff% RGB
AR U723 A, RBREo S b, MEE 34 517.6
am BLF, $7bb, BicsimlTnwbid§Tahsd,

Fig. 8 (3, Ti® (18 pm) , k& FPA-2 12BN
T, RFNEHEEEEL, BEOTLE (B IZHE-
T RGB Z L icEEL, ZOWENHEZRLI—H
Thb, FEBBIIEY 32, EHEEE1 ms THb,
BRZ IS HIIER TIAETH 5, R OMERE, EtE
HIZ 7+ b k5 v YR THA Fig. 6 L~ LT
2 Ehbhr s, ROMEICEWT, SAEMLETRR
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Fig. 8 Intensity variation of emitting R, G and B light
over luminous zone. (Ti powder, 18 um)

BABIZB-7R G BRDEB 2OZEL

SEHEEADS R 555, BB S 3nFiLh 2gucsmL,
BFTT I T 5, BT B Sehit i OBERIEE
WTE, BRBICEDLCHIANLESHEICL D
DFIMBE LD ERSHZ v (R B . BT 2
FIRFHE T3, ROBIEDOIL S LA EHFBR GO
R L 0 LAMIICH B 2 LA TH B, Thbb,

DEFFEITON TS, 22T, BOMEIZOWTHE
fElg% & 3L 066 mm &7 3, &V EMICHENEITS
23, FEEDORDWEICHT 52 RGBEAR (XYZ, =
YERNTGEDRGRP L IBETE D) OEAEER
HYCHERRE 2T 2L W2 Lichk B,

Molodetsky & ) Bi— & L fIF 2 F 72 WF584043)
T, BB L L DITIERL Tw3 F 2 > DRZEL
(Ti, a Ti%¥) ITL->TREFRBICENLT S L)
WREB/TND, COEEPLT L L, FERTII, B
ZHAHN &L LICHEEICH LT 24T 513
TTH 5, URiOWES T3, AWK ELFEL 7+ 3
. v VAL PTSL Z vy, RRILWEZIEMEE (0.6 mme)
2L CEBRET -7, 0k B2, T 55eisft
ETHTPIIANZADHZHEHIBLNT VWS, 22X
BEHOKESICE->TELNAMBITEI R LIS
7, MHELEBENEEZFNE 2 L3ARHENEN
TRZWOT, COLHILFERIIZITEEDTEL,

£ AT, MgBomBETIE, [HICKEITERS
N5, FHRSRENFHICOWT, MglcoWwT, 516.7,

EERLWEAMWIRERS  NIIS-RR-2000 (2001)

1 1 T T T T TT T T T T T
~ Titanium({Dg 5=18 u4m)
1800 oy /o .
| Pt/Pt-Rh13%, 25 um wire
1600/ (without compensations of
thermal inertia and radiatio

Wire broken

x (mm)
Fig. 9 Variation of surface temperature during fire
spread.

AT Y DBOREREDLEL

517.3, 518.3 num®), MgO & FICBIL T, T

v {3 372.1, 373.1 nm, WFRGEEE (RA4IE) 491.3~500.7

umPO DR S EE A TV BDT, Dreizin 54D ¥ [E4E
IR DR S, ThbbARNEIERELLIZ L
HTED,

(3) REEBEE

AT S R R a2 T o RN AT L el = B = B =
UL 13REES (FE 25 pm) R REICHEM I,
C DOBERHIIRIE R H5ER T A NI T 548, D
CEHEEH»EML TUIN T 2 = TOREZREL, B
BELABBMES*RELZZ P TEL, 2750, &
< HHIE & BVE A AT O BUBIE ORI IZIT > T e
W, Fig. 913, ERfIRBICH$ 3IEELL® g
TRMELEMICERE LS DT, 1,700°C D X EP
MIETHUM L TWw5, 72770, Ti L BE&DREIZFN
ZI1,675°C L 1,772°C Th 5, Hpff L IEEH (I,
FEFC7 4+ b o ic X 2REMBIMEB T EFT A
AFI LB EHEMEERE LERICLY, 33 Q)
L RIBRIZ R D72,

CHORPHIE, BEERD 2 =035 mm » 5B F
D, z=1.7mm TYUFL TWBZ »bhr b, Fig. 6
& Fig. SO B33 DR(LL T 5 &, BE LRI
H LD PRRBERICE S TW Y, i, B
DR (BEERER) 12Xk bnELBbs,

& HHEERT 2 - T T OIS O RSRE 5
NTCAIZEL S, 2,600°CTRETH LI Libhr -7,
Z DiBEL, Molodentsky 530 DZERHICH L TH—
TiBiF (240 pm) (2K L TERIICE S - EEEE
(BRBEIRE) 2,400°C £ 9 b, BERAISRD 22
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Photo 3  Cross-section of Ti dust layer along direction
of fire spread. (FPA-2, d = 2mm, 18 ym).

BEBEXCLS TiBEENEORT

 (b) d=8 mm
Cross-section of Ti dust layer in width.
(FPA-2, d = 2mm, 18 pum).
SEERCL S TiBEEREORT

Photo 4

FH TOWTBRBEHREE 3,177°C X 1) (3R,
4 SEHRICLIBBHEORT

Photo 3 i3, JRZILHD o, AT 2V AR T
PR FENNT S L TREITHR S L S0
WML SR (BRFHm) Ok 2ERX L
ELITRLALDTH D, 72770, BEICHRZIES
728D Ar HFZADIREHE LIZH % 8B b 5/ EelEs
HHNT, WOHE~EHFHL TwiZv, Photo3 T
3, BEEERASED A Y ) L2, BRI, BrE
DEDENE ML —Z, Ny F L LD THY,
BMERMZ L ITRLZ LD TIE R v, ZOTEL LI
et 5B TIPS IS D IUBES BT L BB LR 3%
FEAEDICEHNTH ’), Bl & & D IcRREm A2 5 N

BICELHETLTWE I bbb,

%z##@#%JL BRI L 72 i BRI
(tghm) ZILKREE LT % Photo 4 [ZRT, &

CEERRELY

By 2 4m5 ) — 57 —

0 [ R A I T R SN BN N I SN N EN AN NN B R N T | |
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C i
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E Titanium(Dg.5=18 1.m) N
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Fig. 10 Position of leading luminous zone with time.
(slope: +30 deg. (upward) and —30 deg. (down-
ward)).

BEICHT 3RATEROME

BORET > HELE IZHL T 5 & B b 2 fEk 2 BE
T5E, BILMENEZZ d=2mm OBEBICE W
Ti206 mmBETHLZ L HHAINL, BBTH
LB TERIZIZ0.09 mm EE DB WES, FOTF
IZRRHERD I - F2 AT 5, Bah &
T 5L, XEBITERLTYAE{LMIZ TIO.NE S T
}—)557)

B RE T, BT 2 BEITE WIS O A MBS
NWTRZID Y BT T2 bbb, ZD2H, 2
~8 mm NFH TBNDIEI 2 ENI T LW ILHY
FAL L,

&2 AT, Photo 4(b) DFES S mm iITHWT, i
CHESEOBWEFERENL I thbhroT, &
g, ZE|LF 2 >~ (TiN) TH 355, BRI Hifcip
ifui LTORBNES»SBICR NG, ERFN

KT 22T LS AWMEIERT 5,

35 BHEENES CRAMS Y FRADEE

WO WERE (£30°) cRELE 21T, EHE
TH I 5T 2T/, Fig. 10 (3, Ti# (18
pm) {IZDWT, HE 4+30° EHMRZ A7) L fE & —-30°
THERZ ) DO R RIRR Iz 28T 5 e
Thd, FFERIZHEEE, THRZILD O DT »IR
ZIWHDBEIRKRENENI I ETH DB, oD
PoYbE, EEFEMNTRZIET D EEX, THOES
e mE L, EHFOBAICIRIZT—ETHEI &H
birb,

Fig. 113, HBGHEE L PR 05 HE DR
ZRLIZHLDTH B, Tiky, Mgk & L ISP HRZ LA
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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).

HARHERICH T IEFEICTTIRATERD
&
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Fig. 13 Relation between spread rate and air flow veloc-
ity. (FPA-2, d = 2 mm).
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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)
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LTRIRP S B75F 0BT 7.5 mm/s &\ ) R
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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.
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Md*T/dn?) — pCVy(dT Jdn) + m,"AH =0 (1)
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Fig. 16 Temperature profile along dust layer.
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+(1—e)/{1/n+2/3)(M/A0)} (12)

1= 1/t + hipdp /At (13)
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a. & Fig. 9 OREEEDOED» 5, BEHE DK E
WEZAEB L,

dT/dz = 5,139K/mm,
PEFELNDBH, K (9)~(11) & DEBIIZIE,
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RRET B, BIBEREETCIIERRIEMLTEY, &
RIETR (IRTR 21258, |, BIERRE L
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