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Experimental Studies of Laminar Flame Propagation

in Dust Suspensions (1)

—— Polyethylene Dust-Air Flame —

by Toei Matsuda

Considerable data of characteristics of dust explosion hazards have been accumulated and a large
amount of information is now available on the subjects. However, a fuller understanding of the flame
propagation process in dust suspensions is still insufficient and needed for predicting more accurately
the explosion behavior in the dust handling industrial plant.

The propagation of laminar dust flame is studied experimentally, using polyethylene powder as a
fuel in the first place. Measurements of lower limits of flammability, flame speeds and gaseous
products after combustion are made initially, and appearance of the flame is observed in order to
examine the nature of dust flame propagation. Then, a Mach-Zehnder interferometer and schlieren
techniques are applied to the propagating flame with employment of high-speed cine photography. |

A vertical tube of cylindrical glass about 2-m long and 75mm in diameter was used for observation
of upward propagating flames. For the steady flame propagation, the top of the tube was closed,
leaving the end opened just before ignition.

The relationship between the lower flammability limit, (L mg/l) and the mean dust falling velocity
- at the limit, (V cm/s) was obtained as (V—114).(L—5.7)=—1008. The flame speed was measured
as function of dust concentrations and particle sizes, and appeared to relate to the ratio of the
experimental to the calculated carbon dioxide contents in the combustion products. The limiting flame
speeds at the lower limits seemed to remain essentially constant for the particles greater than about
125um, but with decreasing paticle sizes decreased to the value of premixed gaseous flames.

Observation of the flames at near-limit showed a change of flame appearance with dust particle sizes.

In case the mean particle diameter was at least below 90 #m, the flame propagated discontinuosly
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with burning individual or groups of particles of a faint blue color at the front, usually following
with burning groups of particles, yellow shinning. At the diameter around 125 um, the flame was
like a coherent yellow flame which contained burning individual or gr»oups of particles, scatteringly
in itself. The flame appeared to be composed of the dark, but also coherent flame head and the yellow
trails of flame separate from the front, above the diameter around 180 #m. These flame appearances
also transferred to the longer flames with increasing dust concentrations above the lower limit of
flammability. ' _

The optical records indicated that any change of falling dust particles was undetected ahead of the
flame, and that the pyrolysis of particles could occur in the preheating zone for a blue flame ap-
pearance, and in the flame itself for large part of particle sizes. The particles mostly kept falling
into the flame at their speed unchanged, and in case the particle sizes were not so large, a small
number of particles was seen to reverse their direction upwards in the flame.

On these observation and experimental results, the flame propagation mechanism was considered
qualitatively as follows.

When the particle size is small below 90 #4m and the dust concentration is near the lower limit,
the heating will be enough for some particles to melt and oxidative-pyrolyse in the preheating zone of
the approaching flame from the bottom, as the velocity of falling dust is comparatively slow. However,
the pyrolysis occurs almost completely near, or at the particle surface, owing to the small size par-
ticle, and the localized pre-mixture of pyrolysate and air may be formed. Then, the appearance of blue
sparks is observed with ignition at the flame front. The flame propagation is likely to be supported
with buoyancy of the hot exausted gas. With raise of the particle diameter and dust concentration,
the pyrolysis takes place more rapidly in the flame, and the process will be seen of the upward diffu-
sion of the pyrolysate into the preheating zone, rich of fresh air, accordingly the whole bright diffu-
sion flame being observed. Moreover, as the particle sizes, or the dust concentrations are increased
more than the above case, the pyrolysis of the particles becomes not to be sufficient in the flame
head, due to less heating, but soon to be fast in the flame inside, thereby the bright trails of burning
particlles.being obtained. For this kind of flames, the more thicker flame front, or flame head could be
given if the heat flux from the lowerside diffusional flame is attained with higher dust concentration.
In conclusion, the mechanism is affected by the rate of pyrolysis of the particles and the dust sedi-

mentation velocity.
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Fig. 1 Experimental apparatus and Mach-Zehnder interferometer system-Schematic

KEBREE (RRARE 0T oK



R C AP RIT 5 BRAXBEEOERFFE(T)

AR EN LR E OB BBNCERTS X
S5 LThY, omIREROREY AvHR T3
FeHDX 7 F@PKKEIFHIERPBRCA 7 4 v X —
DFELALRELEROEBEN L TERLTH S,
D EDBRBESBRR IOB  LAGHERX Thith
SEMECREMOTSBEER RS XOREELTE
T, B UAZTEIEEOREVREEE O imE Ui
WISk, ZoEBEORMELERIKELT4 » ORE)
BFIEAQERERE Lico

R, TOBEORBERANF - DR THRVF
— L LTHHEIhDEY, v Vv & —TE
X - CEBRBOERE BT 5 BIFRORMNEL
WHRDIO, bbb, KB X » TERERLDOZER
BT mESh, nBaEE ERRRE v THRE
FTh, TDLEZED=Y ZAY—RTEHT L - THE

Fig. 2 Interference pattern of a spark dis-
charge between electrodes (from cine

films)
EBRMEEOCTHROF

2.5¢F

= .

~2.0

o //

=3 o

j 1.5 °/°

= 7

= /

&= 1.0 ) '

é 0.5

H -oF 3 /o

o o700

LRy

o 4 8 1z 16 20
ELAPSED TIME  (ms)
Fig. 3 Total enthalpy calculated from inter-
ferograms, as function of time. Spark
gap : 4. 7 mm
B OBHE LTDeE=y 2L S
EDFHEGI CKTERER 4. 7 mm OB 4)

_.5_

THZERTED, Fig. 2 EFR L-TFHERD
Fchh, =vEA¥-HIFART X S TEHIhS,

Hely-A f f S(z, y)dudy

T2 L, ko EH, AER, Sl v)  BRE.
Fig. 3 HIEBRELZFRI R Uice chit X 5
ZREFERFER L5, BEMELRAZ W&
LB EBERBAAEDECEDD Z Db b, T
T, BLAZDOEKCIAHOKERHLIMS L5
Lio LrL, BKR=RAF— OB T b EH I
Hd Do CTEBROBHRECFLEDREBRVA, 2T
i, BB TREBELRDS ETHoh=k1E—
BEZBNBNESPRETEMEC Lico £0®,
HCNEOREVEICOWUI EBRDOES KIEDK,
BOEHHT AL (XD —F) BRI THHEEL
THB LEAABTHEN S, DT, FOMOR,
FHE O WL EREI KB X 5F K2 1T+ 70
ZOREE, WIhER IREBH»ELAR LR X »
THaHh=FrF-nEzbh3d0 L L,
Fig. 4 WRABREBEFASHAO EHREED BETH
Bo HAFFOBETIL, MEEEO—E TEHNTF
BCXHUT, HO X5 RERARRERE L, H2E
R LI ALREE (300 ml) Il BRAR = » 7 28
BTH2FRCI-TC, EEORKRTONMT ANERTE
Do BBEET AL, BLANTAETIRD OCH
FRPEM L > THRELTH VY 7Y v 7% Tt

2.2 X B R

Y VB —TEFHOREROE MY EED
fe®, Fig. 1EREBORINEGHE® TURLI, ¥
Ewik, He-Ne v—+"— (5 mW, A=6328 A) %
FAllco REMBHALNE 20um Oy k-1 - 7

'?\y)\o

. rubber bung

magnetic valve

gas sampling
bottle

to vaccum
combustion -
tube )

Fig. 4 Combustion gas sampling system

PRIE T ABLE R



— 6 — PEE R L PIICRT AT &R
AVE—FED, Y RA—K—. VX (f=1250

mm, ¢=120mm) & X - CETHM & 7 Bo Flo
T, A7) yX—+ 7 V—} Bl TRIEZLVEER
SEIR T E, —HixsRE (B1-M1) ¢ LT,
LR EE M2 1 X » TR 2% 2 kBT HER
¥EETHYEH (M2-B2) L LTEHE, Fv-—+©
B2 TEHE—INBEBRVVABBRTHIAT « VY ARA
3% 23 LTHEFBADEHREROELTIEL T
- IR STEBROEEY, KEBIUBLARNTE
LB 16 SVEREI AT LI -TEE TET5
TENTED, —F, vVal)—VVvEBRKIZIERDOTF
BEHO2@EOVVYAEEBERL, VvX v, ) -V
BE L, BEREAEF 2, vI v 72 ER Lo

23 8 & B OB

ERLERY =FVvy (PE) kN3, EBE PE
(leE 0.92g/em?, HEBEFE, B{Ls 84°C) BIUV'E
g PE (0.95g/cm3, 123°C) o 2 f&¥HT, EEET
SBVHTTHRED R HFER #1187, 40, 50, 70,
100, 150, 200, 325 FEUN X » & o O KEEES FH
L, ZhZhotz B & OFEELIR - TR
DOFHRE dp (um) B2FETo LiEL, 325 RO 2y
¥ o O BB Lo oFEENRi, EEERA
HEERUEEBC X » CRODIEEERRZ L LD
7::10)0 :

[

3 M BETRR

3.1 BETRFROAE

(a) WEFHE
MEETIRIBE (FTRA) ofiEx, EFKEEETS
BARDOWT st WLABEEL LT, Mkt
DETRBA LT b EOSHBTHERIC L -
AT, BREEEEYAT 1 FRCHACRREE T
BT LOEED—EBRETEETHSH LALHEE
WX - CTHEL, F0BRYREEABEcEHb L
T X o CTHERE (BOBE) 2Rdic, BECAE
THHR CAEL BB LA LELHTEDLLDThH-
Joo TR L, RIS 30 um LITF (% PE)
DBV AT, HRERECR - CHEREL
ZO—-IEENEL R ABAELTCEREREG T
ABEXRD D Z LIETRTRETH - o

. RIIS-TN-77-6

BEnX5k, BLAREXFHEEL LTRDED
T, BLAOGEECITFEREL, TEHLETERF
DOMIERIR - TH—BE LD X 5EE LT,

(b) PR
C TREEIREEOXSUEORIFTCRIXTES
RARRE L KAEREDOR bR WRKIEE & O EE
LLTERDI, ThbORES X OFEKIEEOXIT,
m=125 um [ BT 4mg/l ¥ TRDD ZENT
i, TRUTORRETIE Tmg/l Thotze NE
WRERORBICK LTEEOR CABE 0T, 20
mg/l DT OEBE Gl R e 57D Th b,

BIEBR Y FHNEL BRI BT, Fig. 5imw
To BEERIUCREE PE LI, HENIPELK
BRETBRAMEL 255, dp=200um LITFORET
EOE T E DS T, ¥ d,=360 um LI Fo PE
TREDI S KB CABECETHE K REHR

TR AE bbb, ThbORFERL, MoOTRE

BLARDOWT—BACEHEIRTWAERE—FT
B0, WREBDPEGE, EEE PE XV ECTRR
BT, IR TFORERRL 5 ik i & &
RXoTRLIOTREVWAEEbhS, ki, SEHE
PE X FHEGTELELRIELRZVWORENRT, &
BE PE CIB BB S hich e\ TR
EERILBEROLONWBEEINIENBEFRE LY »
Thhb,

dm=29 um (BEE PE) T, BRET LIy

= o hd.PE
¥ O combustion tube length:60cm
£ L
=100r o a.pPE , &
= Xno-ignition at any higher [/
S 80F concentrations K
S /
/

£ 60 ;/
P ;O
3) /

/
g 40r ) /
B 200 L_w),1;§ﬁ
5 - —e
Q 1 1 L

0 100 200 300 400

PARTICLE MEAN DIAMETER, d,, (microns)

Fig. 5 Variation of lower flammability

limits with particle mean diameter
BEE (@) BIUEEE () ®v
= Vv U A DREE TR & FiEkr
FEORGK



BER CAFC BT 2 B AREORBHZE (1)

THN S HET A0 CAENR bR, a3 Ttk
THBCE VR EEE L TESTELED L Sl
> TETF LI LS ERDLISE, Db DB LA
DRECMHET S, cOBED BEE PE O TRA
L, f924mg/l ThHoTe, BENTRERTE LB
BEEDORE L LT 60cm CHIZE L= TRAL, 16mg/!
Tholo CHILFigbD X5k, F— 22 EiH L
TAHDTERLELZBND, LIL, ZOL5REE
LEWH CARDWTRENNEL kO BREDES
WL 2B TH A S b, SENTFHREOBERE—
NFCEELCOINE S pREEACEbRS, 22T
1%, Fig. 5 0HARE S OB LARDWTHEIRT
WBZEMnD—E NTFROEELLTED X 5k
BeEx, thEBLAOHKER L TRADMKRE
LT Fig. 6 TR Lo ZOBRIE, FELINEKEL
BRI DONTRDI LD LB, PERDOWTEH
RULKBERTEL, Z0HE, HEERIINTFOMIR
EHRRLEE L TESEEISER L DT, ch
% S (m%g) BIUVUTREEY L (g/m®) LThiEE
BE PE oW,

(S—0.021) (L—14. 9) =0. 20 (1)
BIOEEE PEZo\T, .
(S—0. 024) (L—8.0) =0. 22 (2)

DERTEIND LB, ZOROEDITERT,

01

N

\o
N

0.01

Specific surface (S-a) [m?/g]

o hd.PE °

011'd'PlE

1 10 100
Lower limit(L-b) [g/m®]

: Fig. § The dependence of the lower limit
on the specific surface of the par-
ticles

| HEER (S—a) R 5 TFRE (L—b)
DR

0.001

MEAN VELOCITY OF THE FALLING

(m?/m®) BEfEHFF O T b b, D DRILEAL
BRI BT BT O HETRN—E & 75 ErHIk
LCWB LBRTE 5o FECIETRER L ET0
<, RIGHEEERS L OLEETIUERDBES
L2 L, RUARERKS%ZERPEZ 4wy v
ARfTIED L O, FOBREEREIRERETHS S,
P CTREIXBA TR UChEEE O THENT, ©
HEDBCATEWEA—LEE L8 2081
TRBCHRFT &M D 5o

32 BLABOETERE

—7, LEOBEREGFICBRETRACB CADE
DD L TORBEL L > TRELFBIRD L LEAE
BRHETEDs Lrdr, B—RTo (k) &KX
HEEXAZCEHTE RS, NFHLLTHRIBEE
ML E LD TR L L, E—RTFOEFH TR
bRIEVWERLAZYET S MRSV, £TT,
BUABELHUAG FREOBBLAEL, Thi
LTRAELETEEDOREFREHEAND = Lz Lic,

BCAFEETEER, BREEHOTFEHHCARE
L X DRET R THRRETH C—ERERE LY

200 * Lower limit SRR
’ R V=226C%¥®
w , _ e ’x/dm=254,um
S~ [
g 100~ - e FT —133C 0.7

- . ~ o5 V=133C
< o o /4’% v dm=125um
> B — 7 o 0"
o " //,./ :/,’ )
w0 o . S V=61CHE
5 40 / I
a ! _ OO dm=60um
T
o

20

10 111 Lirir N

- 001 0.02 =+ (.05 01 - 02 03

DUST CONCENTRATION C (g/1)

Fig. 7 Mean velocity of ‘the falling dusts .
with change in dust -concentration

and lower flammability limits .
BLATFHETEE (V) LBE (C) B
CXORBETIRR (A8 OBAR, SEE

PE -

:ay=i$%;1, L

cm=RA M) OBER CAE(mg/s), A=BIEH(cm?),



|
o
|

2.0
1.8~

1.6} ,{*X }

14~

log(114-V) {em/s]

Y=

1.2¢~

! 1 1 1
1.0 12 1.4 16 18 20
X =log(L-5.7) [mg/l] -

Fig. 8 The dependence of the lower limit
on the mean velocity of falling dusts
THETEECRT 5 FRAOKEME

CLAEDNDEHL TR, BRIIFHE TEE
(V) LB UARE (C) OBGHY bm 2EHELT,
V=kC™ pRDcEE LT Fig. 7 7+ (BBE
PE) R HREDREE TRIIFCRDTHB DT,
R TS TEECH LTHETT 2y b L, &
R X5k, HTEEOHMC SR TRETIRRSE
Qs BESBBETHD, FTRE% L(mg/l) &3l
= DRI,
(V—114) (L—5.7) =—1008 (3)

RroTEIhb, Shi, MIUDOREEIAZ L
X »T Fig. 8 @Wind, 7oy AL TNIRCT

¥ig\t Fig. 7 hoh bOFEATS ORI
550 LBbhb, " LT, BTEELTRADH

BRI, HEERE TRROBGER(1)RIU(2) &

FolclBHDOLD LS,

PREETIRFA K2 ﬁmﬁ%kﬁ%?ﬁ%@fﬁau'
E, BEORFRY > THEIhLZEIHOLNT, -
DHEOBEDERDRLOWTRY L5 & LILRR
LROEBRERLOWICKD -

FEOFRILD HD,
37tz ENEX B Tiebdb, R(3)INXZD
BETIEETEEN L 14m/s 2#2% PEHLAE
ke, TFEBAL 5.7g/md ¥ TCETCEX5EY
RLTWB, MLABDOETEEN, H2HEIV K
L RMEBEKARAEZ X AHFE, KEOREHLE
FAUECURTFEIND L THHA, hixBifsk
OESHER CRBEELTCEETH D, Thbdb, &
2 LOBRBHREEE LD SONEET S0 bok
PoDBEADOWMLAZEOETEE R, BLARERX
ORIRR & BB LBRITER B W TTh b,

EERETRTEME R

RIIS-TN-77-6

M TR K LRI B8, WESRTIEE K
Liclitdz km%&#f%kﬁ@ﬁﬁ$lxw#
—V%&ﬁ?%iﬁbﬁo

4. K RfmE K

4.1 Kk % ¢ O 8
MHKADﬁgm,i%FELLTW%Mk HE
TRBIREETCEHEET B KECoWT, HER
VCEEFERPYL X - Tfitole T2 TR, HIF
BREOEET ONTHRRS, TEALIER IO ZH
I Y EIrCEEBELCRT S KD EEYEHE PE
oW TERFhEERET Fig. 9 i3 (s,
K#E PE L OERDSFDEETEHEVWOTUTEE
L7)o

KETHIRE L OEEEE, ARG TR ESR
IOBUABECY - TREDL5REL %, THRR
FED dp=60 36 X% 90 um TII BB D 2%
FROKFRECHNT Ul KIEHK &« LT, TR 4
DEUEET 5o HBWE, FEOEBEOMIT AL
RERLOFA Lk LIELIERES (2, b)o Kk
SRTEL 2, KRB (lame front) TR
Bytet bR E R L CRIET 5. RFROF L
BT HARIIEZE LB BWLABRERZHET L60
am T, BEAOKESHEMCEEGLTHS S E
BB CKEBTHREh B (e)o 90 um TIRRDBRR
KB T Do TizbD 125 um OTFRFELH DK
K%, KEEHRCHKBT S X ST AN D> TED
FRICRLT & R FRIC TR L Ic KA RAEL T B
KEEELTT (6 Do WTRLEBERDKLET, Kk
KORIIKECHET L ORI B, 125 um TREY
BT L, BIKENRRRE  —MILBC X > TR
PO X 5B (8)o 180 um DIRITKIKT b FEE
DR BB Thr g Y RV KEE BT % (4, 1),
Lil, ZOEBETHOBES VKL LIBKISHS
BEWHTALDL SR %2 5o
. —7, Butlin®3#% 200 um 0 PERBTCELRZS
LR KBRBEELTHNDDT, B LADHRPLEEIN
DCin BB OBRFIREEL 8 X » T KDk
SULTOBETHE00d Lt LEROBEETY

oD KEERIEHE L TEZIRTERY, BEIFk

P BT b (D I{LAZE 5 hRIE B 5\ L BB R



B U A IS

(=15 9ETIE (1)

f g
Fig. 9 Direct photographs of dust-air flames (shutter speed,
close to lower limits; (e-h) dust concer

trations were slightl

o<

increased above the lower limits. Particle diameter (5F
\'b £ 90, (c,g) 125 (4, k) :

BBLONEEL TS LB b,
L COEEKIEDBED B E D!
B TEETLHI LTS,

< &b RUfEds

(i) “FERESRH 9 um LITOES, hge) NLEE T R
T”’Cbify’jl‘l/&,%wj*i“f:ii A A DI DB
KA Ak 2 E TR L OREFE T E T L Mk E Do

(i) &@%k%<ma#,m
TEEBOORREVEE LY
I EE O DRI F ik
Bk e L

(iii) 9&<a

DRIHTFL,
BELWE—l a0 X 5k bh, TH

”éﬁ%?%%b
0, DILE T

71:0 ijxLy —F:* ?v{:@j J\,




ED WD, %LA&F&X&EF@%W@%
B X > TARRB LR L

KISEEDHEIEE, HE\v kKo “CIEI%/Z 7 .
VegZ— (At ABEBETEEWL) & 35 IUAR
FEEAAET, ROARCONWTUL 16 3V «viD
27 (50~100 =~/F) #FThFh F R LTk
Too ¥, T TTHEMA LR S REEETRAT, k
A% X O F B O £AECOFER LABF T,
EENCIXBE—EEE TRENMITT B 2 Lol
ST 53, éar’olbkxfnﬁgﬁkulé
&, BIEEFTHEET D KBXFEA»DEL L 7.
XKEE&%LAEE@%%@WﬁW®V<O#%
Fig. 10 R Lo EEEF— X2k niE5H0L 23,
BEBHBEERDD ZEC LT, FERENKE B
BIILBEOEINC O K ISEEZ R DRI EE I L i
BTEEIWIN I R B EARZ LIS, ZhiT
U CPFERENNICBERE, BE#EIMCohT
LOREVKEEEDOERIRSD & Liboh b, Essen-
high H¥X, 2B ULADKKEELEELT,
NECBEL CABEOERAYRED W5, BEERKT
BREEELRRDD Z 1L, AWEOEED BT

80— (a)

60

T

40—

ERZETRFBAES

RIIS-TN-77-6

RO, Th D ORERIIKEOTREBEL BIRL T
BL0LEbhD, KEDHREK ST L BE
TREH, ZZTRED b2 TKEOHREKLDORER
RIS #To dn=180 um Ll ETRTRAME, B
B D BKERRBRD & LRk, B,
BLABE TR ORKEICE D, DItk
KOLHN LRFEE TR ETHER AL TEEIRD
LOBRBTRIETH IO LB, 2D X 5 ERL
BEYHELCLESKRL 50T, Figl0n X 51k
KEECTFHLRSVPERZ O TR WH EHEIR
Ho THERLT dp=25um TI¥, drdbLkED
BE oo TEWDOT, 00X 5 kBT s ¥
TIRIL, WLAREL &bk ARERECHEMTE
LDEHTHAH I LEbND, KIEEITHY 0.1
mfs OA—X—T, Im/s &z e\ ThITREY
@%éklof% FEINDEESD, L LATRK
IDVRELKETH L5 THBY,
BEZNBELTEBOhD TRACKT S KAEEL
TR L OB%RY Fig. 11 ©FRd, k¥, dn=25
um OFRFEETILE CADBRED T 475 —
EDRRDONIEDP SO TRIALTT w y b Lz, H

(c)

80

FLAME SPEED (cm/s)

60—

40+

20

] | ! I

80 40 - 60 80 -100

DUST CONCENTRATION (mg/1)

Fig. 10 Variation of flame speed with dust concentration and particle

diameters :

(a) 25, (b) 60, (c) 125, (d) 180 um

KEEEECRIETH CABELNEOR
SR (a) 25, (b) 60, (c) 125, (d) 180 um



B C AR BT 5 Bl K REXORBIPFE(D)

E 80

g

N

2 3

.

E 40 - no propagation

[47] Lo

€] L

S 20

<

E} 0 ] 1 1 |
0 100 200 300 350

PARTICLE MEAN DIAMETER dp, (zm)
Fig. 11 Variation of flame speed at the
lower limit with particle mean

diameter )

PR KSR & PR EROBMR
IZIK g, 150 um B h HBRNEDINEL KRB
DN TRECKEEEIETLC, NEIER/NER
BERETORKEE R 25~30cm/s ORI H B = &
DFRTED, —F, #150um UTOREWHET
R—ZEDRFKKEE, 46£3cm/s BRFB, 1K1,
350 um P ETIRHIEREK EIEL T LI
PR

T, ERECOIERNORBITET B KIE

EThHbo bLIDENEULELTHE BEFAD
BREET BRI B\ TRREINE, BER T A D g
(bubble of hot exhaust gas) IZ X - CTHBE L TTL
Ev 3 Levy 0 TE L bhd EEEE 28 cm/s 12
BHTIELS (EFRE v=0.464V/gr 253
B, 1oL, g=BENOMEE, r=F¥B), £
HADEN ERBICOWTIIBI b iBR5,

4.3 BBREBRARNHR

(a) HEHE

PREER T A DBPE, ThE TRATREESAET A
RIEE R T ich @ THE L, ¥ ARRER (Fig. 4)
X, BREEE D TR b L~ 140, 165cm OB
THhEZENEFNC U TEBE L Th b KENLEHOHE
FOREBLEE TREbRERA YKL Ty v
TV v IETIR oI, AR —ERHER, BE
PHFAIR< 757 4=k oT CO,CO,CH,, H,
oW TEREIT Lo ABEREL ST, +v 7V
v FALBERHE, BLABEDH G Lo T
Lick &b, KEOHRIBIELVWHELTTC L
Bbotoico BT T, HKBREFRE L KENED
RBIDHMECHELT, EROXIBFYT Y v s
MEZREL, hOXFNGHETiho TEDOFHET
F— 2R, FEE T KENEL T BRET
T TV YIRS ke hiE ) B IREE DBABEAE B
FABREBEACSHD DT, & & CIHREEE BE
LIcEBOF AR BETS X 51 Ui,

(b) BEER

SRR 90, 125, m0mn@aﬂTMﬁLt#%
%, Fig. 12 ©iRTo chir X% L FTRAEETCOR
BRI, CO, M3 L A ET (2L, H,0 VIR
WELUTRL), BULARRED RERHT AR LIEL
EHEBEEEEhD CORHMAT AL, BLAEZDAR
v COERPPFHRCRTH LT, EFchE
COFWHERERFE L OMELEERTHLHEND
B, BB L Zo—BARSBL0L E L b h

10-(a) -(b) ()
| - /
3 s // co.
g 58 i ./ i /CO; | 7
ég Co, | f/
6L L n
éé :
e CO
Sger 4 i / i CH
S 2N . : 4
B 2 ~ ./ - I ’ H.
2 B DA ./ / ?
5 A
© ] L ' 1 L 1 L I i
0 - 20 40 60 0 20 40 60 0 20 40 60 80

DUST CONCENTRATION (mg/l)
Fig. 12 Combustion gaseous products near lower limits (H,0 excluded)
dm; (2) 90, (b) 125, (c) 180 um
TRRIGLEECORBEERY, 77El H0 xfx<



— 12 — EERETEENER  RIS-TN-77-6

s (a) (b} /"~ (e)

[=) a ¢

§N 80 /.,-o - / \.. - o\.\. .

$ 60 /?ﬂ - J -

S 40 o ” L/ - I

> .

S B N

x .

= 1 ] ) 1 L I 1 | -+

~ 0 20 40 60 O 20 40 60 0 20 40 60 80
DUST CONCENTRATION (mg/¢)

Fig. 13 The ratio of experimentally obtained CO, volume to calculated one

(a)-(c) : particle size, same as in Fig. 12

REE 7 AEBER O HE,  (a)-(c)

Bo HIRE\NT, REEN ADEEITN UAERE O
o THATHER DD, FHRERIB IV
180 um TILRFCEHMANFET 5o ChE BT
Thicw, LEOW LARECRITSELEMEEC X -
THRT 5 REEH A OERECH T2 HE E 0 & &
(ERXR) &k, th% Fig. 13 i, chick
Ty FERO=OORREH L &bk 40 mg/l D
CABERRSWTRADERERRRT & Litbh b,
Lid, FOHEL 80~90% whET5rH, BHLA
BEATRAE CETTICONEECNEL %,
Lal, BREOH CAZEF TR HER LT
—BRithER IRDIS, FLEVWH LABER
B &, TERERBEERYL A v Y ¥ ARNERY
L EENB IO/ DHDT, REFADEREDH
THET5Z LEARFEYL /b, bodd, ThbD
Bl 21X Fig. B R+, R REL
HETHo —F, dn=90um TRZOBREHETY
— 7B ALY, EEOoDRBEOEE LRV
Richo _

r =¢, Fig. 10 8 X v' Fig. 13 %L A RE,

BRERIT A DR K JSRE DB HIE LR b DT

HBCENBBEHTES TH 5 50 Thebd,
Fig. 10 (c), (d) ®kJHEE D EM A 40 me/l O
B UAREELL, chiexdids Fig 13(), (o)
DE—7{EDB LABELZEAF—FT B, B,
TR B 5 FHEBLEEN S S L5 h %D dn=
90 um B KICEED BIEHRL BH LIS,

Fig. 10 (a), (b) M LHETES L 5K, RENPIE

e BEHMLL Y BREMCTh DS, REDE
ME R KIGEEN R EL 7B 235 EE2 B b 2
T, Fig. 13 © 90 um DHAOHHADL, L

kiR Fig. 12 w@EUT

T, CO EEIIAKDORICEKFELILIDOTHD
EEB LT, KEIBIEREORKRE L2 R T b
D, TibbRGERDTOLDOTHELZ b h
BEHET 5o

4.4 HXHFOHRY

RIEDBB LI, MBEENERCILE O THARE
AR LTNE LI PE NFH@RHbIh 5, Fig. 14
XD XS IRTFOBETET, WY (¥, ¥
ERPY) OBWESEERT O BIWE, BET
BHLTTERS DO, BUOBEAICRREER Tk
X o THRL, HBELERTREELRbhE, EBK,
Fig. {512 = 0 X 5 e H AN T OXRFEBEREFRE TR T
DIREEBEL TR LTV 55 D& Bbiis, Fig.15 (o
b) DRFEECET, —FHTCREESELBRE
THEBEISILRIEBERDO S OBRTHTHCHRBI S DI
WL, M TIERHINLER R zomBES
LWEbAADbI B, Zhbil, NFOREETOE

A microphotograph of particles
quenched on the tube wall dur-
ing combustion

ETELFTHE LN TFSEDEETR

Fig. 14



i U AR BT 2 BIRKREEORRMFIE(D) — 13 —

BALCDOHEBECL-TEEZhDLOTHDS, ETO
IMEEESRCICEERT RS S L Bbh b, Fig 16
i3, EANTRACBEWECBMEFTE (3, b) Ik
ChTEROBEER (¢) i ZOBIMETS
BRI, ROV I, PERELLIEE
ENIPETHBEEZ DD, L, HITHAE
FITFHBREECHLERELT, £oRTFRREN K
Lic & #E2 R0 T BN FLE~HIpED
, , , FERORE SRHREFBTERVL S B bR
(a) 200 um (b) B Bz, Fig 16 (@) TIAEOBELEWTHIE L X

e b 2 BRI B DB A b B CRBDC L,

Fig. 15 Photomicrographs of single particle S .
: kBT O 2y v A (pyrolysis, #4562) FiniL
quenched ‘during combustion KERTDA =Y (pyrolysis, R7fk) [t

FOBEMETE, JEE X300 —RIELZOTERCAETFE IR %, 1, Fig
16 () BNFEMwHobOTHB ETHIE, BRENA
CIRRENREENRAZERRDTESL D

N LT, BADR TR X5 i/ EY
TREFET R LT TETESY, PEOMEES
FHEBTRBEEEDI L DEE LI AWVDT
KREHFTDAS v Y v ARIEEDKERE DA
HET S,

(b)

5. REKRDOAFREE

X300 71 200 um X800 20 um
| 1 [ 51 + % B E

Central burning

particle (s LRF) KBEEOBTEEEATS BT, o TRk
gepd PHEET A U A KSE (BBE THERO
L) By e Ve v AT EE L TEED
R BT BE LSRR~ S, BET
Bioo TTHREFELEEOETIIRT, 16307
AT I HTYHR7 405 (FE ASA 400 Z702F
AT =) REFEIEI 7 4V AEER, BELMEC
LT o THEENED, TOEEILT, OBUAR
Fo @k, OTEBRERBICGESECEL L RER
Lice UL, TRRATOKZIFLULEIHEHSD X

X600 (c) il%um§ CZLVDT, V=%F—Fk (RNy 7 - 77 v F)
Fig. 18 Photomicrographs (a & b) of con- ZEBIHCHES T 2BEDRD ol THIRHL T K 4
densed materials around the burhing BT OWEN AT, BT asvr=,
paricle quenched, and (c) of the FELTHZ2Z2O0TCTEODERIIKTEHDTHE, =
surface of smgl.e particle guenched N TEEEOGTLE LT, BB Stnh s
during combustion )
AR R OB E PGk PRV, £IT, ThBOERZHLTNL Sk, #

FEE (c) OB Wi 4 —RERLUTHEE LY, BXVHAED



— 4 — R TR RIIS-TN-77-8

TR RKKOPCELL EXREHITBEEN D IO (i) oRERRRELELDRL D,

%mﬁoto:@ié AN, BAT LR (F D EDTFBERE B THREEO DML LIS
=1.8, f=85mm) X TEAHXITHA, FHIXTE T - TED, KRHEDWHPEFEETHET
HRETELLTIRHCEEL, ToFELRTHRER KEBTT TR U%ai?ﬂ)\ IR LD s T D R

BEEHEZRCHET IO Lice 2OX 5 LTHE REEDRRKRDBRAKKCETL, BIFXDOFIR

TEAEET 4 L ATEER 500 2=/ Th ot B FHEELTEFSLTTL, THBOE T iERE
BrO—EEETREALYER L, (BB ORITE A BEFERE D2 WE Lt DT

Fig. |7 12 FHEEZ 60 um OB& 0 TEHE: Pie L FEE TR A REST
KL RS FMAY R T, BR (A) IBRAK Ezbh3dY, shiex LTk ’“é:
HrEL, B (B FhIvEreE rxf}z TOR FANEETHDOTRES AL
SPEGKERIRT, B, BB TR ST # AR DT — F BB 7
BORBERICTR S TR T 5 D2 5 8 hﬁ~ %% (5T & B KEDTHED b
75, BETIZE - Tl BV KETITES KED 5
Mﬂk%ﬁ®~ﬂﬁ®@ & bR, —7, Fig.18 %E@
RO K SEE O T BR R — e TR AT DGR T tiéwwf/gb»: L X BN, BE

FUELDChE. L OBATER L TEC LB D3,

K& e —Te KD LT, TONED ER I SEHERIEDS 90 um LAT@TR %y

PR 2> 3 2R R F RIS Ui KD gL :

L, IR AEFBILUTHRLOSEYLIREUK <o iﬁ?%ix?aif‘%@%ﬁi =
RBEBREINTHLEFTER LT B, BLKED} HEIh2h0L Mmhéos i BBEFR KBTI O
BTEWCIES LD SN, T OKER FEE oA L I iE DIABEAE R A DIFTI 550 THERZ

HRHETHD L L RATH, BEXChO B FEE  hBLEZDhD. IDILL, BRAKEERER
R LR TF 2 RFR L -T2 e b b@w?@m%ﬁbt HEREH AD;
H2 bhBOT, ZOBEDOWHBGIMEILREKETFO LEENOLEETES (4.2),
GBI TEEINDTHA D, BRI ORSE

{20, KEOBIZE 4.1) TEDekEEE (1) B

Fig. 17 Interferograms of (A) thin flame, blue ‘in color and (B)
thick flame, with yellow front and blue base. Both close to
the lower limit Ay ==60 um
fﬁf KR DT HE (A)

UFEFE A D K45




BEHCABEEBT LB

j D

n/\

Fig. 18 Interferograms of the propagating dust-flame near the lower limit.

ook
(92 ]

AL DFEBRMITEE(L)

Zen
Scale s o

i !
i H

Time  interval 8ms (From top to bottomn and left to right) d,=

¥
90 am
FTRAMETEIET 5 kEDES
52 Lal—L2EBE
Ve )=V EEBRTHBEECAE TS0 THED
D RT A w Y v AP TOEE LD HNT
B LT, Fig. 19 W L OB LRBEELTE
foria ) = VYV EEDO—EY IR, T TREBOE
BTy X =R UCEEREC R, KED

—HEREDITBLEI RT3,

Figi' 19 (A) Tixiz L A XElhaind, BRAEE
ETABETERLTGED, AkETOL DI THET
HB: B (B) CHREADEFOL v Y v ARFRT
BADBKERMCERR 2 Do FEERKERHTIT

BFD1 vy vz ibhiicls
T4 2y v ARTI N R, Thbbik

Land, —Hok

l—vé

EERAEE 8ms

% K ASETH
_;“%\I\%‘ u‘*@

3

KA

i
9

3‘%

T R FSR
FHEBTA
U AR DGR
SRR T LTI L

(Fig. 13) »Hd b
‘ﬁﬁ??%momk
CIEPRARER
R

@ ngy

% Ay

I, }\E?IW.)Q

ho!

i

h’iﬁiﬁz’zﬁ A EER
» THRAEL TIBLA
AR LT, Dt
ﬁéoﬁ&®&%@ﬁﬁzﬁw%

22k DB BEE O THET




(B)

Scale ;i 2em |

Fig. 19 .Schlieren photographs of propagating flames, (A) dp=
60 um, and (B) d7~¢:180 wm {with visible flame front)
K AT (A) 60pm, (B) 180 um,

MG TN

Hﬂf@,*

%%zé

Rt FErzbonby R4 YA
6. EEBBEOZE RS AT AVIE o TR AR T 2 &

53 T, AX VOIS HANRER
FAT K BB DEE IR B[R

]

BILREAEN ADRFE,BR

KPDBEB LT L
=5 Vi U AT BT 5 KAEL
Kﬁ@i%m%ﬁ%a:a%f%go

(1) FHEOEITIET I DIE

RSB OR T, R T OBEEE LA

%Zﬁ’:ﬁﬁ@ﬁ?%‘%f}\”‘éh*?, V 7‘:;'1 BT EL e HDTEHERD AN ADHEINLKRE (/2%
@K%T@, : T, BAKENDEREN B DT TREZOEN
< F %Ts%@%mﬁﬁﬂﬁﬁﬁ%ﬁ@kk%’“f

4@”@@
v AL

50 44

:&#%,Kﬁﬁ%ﬁk
DEN ERTE 2 bR




B C AP 1T B B K SRIE ORIV (1)

TELDOTREVNEEL bR, BRKEDOTEE
Hbhzhemteabhs (Fig. 17 (A)),

(i) BT OHmI KSR EUEBEORE Ll
Ko  SEERIER 125 um Hic b OBR KL THESh
% LR, TORRKIGEETTEERE & © B R
(Fig. 11) &8\ T, —20FHECIE TS, Zh
LT Linb DRI TIRTRONEGR I KR
& TRIBA D & AR RIS S EEOME L
DLEzbhb, Thbb, BUAKES X CIRES
WTORTFEETO 4 v ) v AXEABCETL,
BFHTORL v ) AERFT AORENRED BT
- Do TRBLDBEIF AR TFRHEGE I A LTES
BET B 0T, BRIARBCTEEHN»ID 5 2 bR
Bo BTORFIHRBC 4 v Y v A%ETHIT T
RN DT, EROKEATIES h CHNZAICREES
HEFLEHERAOIE, Lrl, BLABERETLE
FAFCIEEE D A E B DT, FEFHTOS»
Y & AXRECEET I D KK EA L THH TS

AvY)ARBTIOREE, TOKKTIIRFER .

RTFRRCHIT Lo kK3 X b OFE KK %
{ieh, ThbDO—IILBEREET 52 EX bR b,

(iii)  Jesif DL e IhBok 98 & T4 D TRRERABERL
FREDPDRBEKY : COKKTEES E T
SRFOETHEENKRESFEL NS, BTEEL

EHRBEDAEL, KEEMCEALTH TR

HAL v Y v ARAROERTIENTEY, BLAERE
DE FUHEREET 5o SROR TR @ Uik
LKOMEIT 23, —HOKEEREERAENINT
HBHEIEERTFOMEAD AL » Y Y AR ER X T
EHEhsLELbhS, UL, BEFADERKIL
+5Clg S ARC L0 BEAT B RT R & Dled,
— IR g TN KB EIREE S, B CABEN T4
BIEKEBREDUREL BDT, KEEHTD A
R YV ALBRGTEWKEERNEBLORS L Ebh
5o R ALK (Fig. 18) 13, KEVWNEEH T
AEE O linex UTRERSZ K ESHT
ERRL TS, BRKIGEER, ThboLBHE
WAENREINSPRCHBELTRE—-ER T 5
2, THIEBEBRAEDR ChbORE TN THCEBL
TBK AR R T A R T LR/ THTH
550 —F, #180um M ELOMNBTCITENIEL
K& 7Bn, BRAKXRETRPXIVRTFHOEA
Lo TrhBREAREbEWEELDR S,

< 7. ¥ R

TS U AP S0 B B R EE OB B 5D
K#bamf,ﬁum%vv%u&;%%¥kﬁmo
WCEDBEERBER L, ZOKBRCESTETER
BEE LI, i, KEEIZOBTFEEET BN
CRETE EHRET AR LARKLCTBES LU
oV — VYRR LB Lo EORBRTL Y
KBETEL SEEDO KR DONTERE L, 1
v ) Y ARENT B, KEERO VT TRSD,
RA Y YARTHELDTH B, HECTENC
IBRTFOWENRKEL M v Y Y ARGET LW
NOETTAN L ER L - TRAXNS, Evhzh
R m Y v REE LS CANT OWELFEET 5,
BLABENFIECHRARE, MNTFHEo 1w
Y RER S A DIRBENEETH S do '

PED X 5 eSEX— BT RSB T A 2\
T, BETELLONEI e BLMRTHID, Hit
BT 2L 7B CARDWTHRATS, LL, &
TRRIBERBOZZITERN RS D TCIhEERE
g5 ediciy, BRORFNE TR T i BT
THLERDAS S,

(3 &)

AR wET 3 5 £ < R N. Butlin & (5t Fire
Research Station, England) X » M-Z Fihito¥
CAKBADBERCONTIHEE 2 v, i, H
o - Bi{eER BRI REC b o THBIZ B~
2o WERD ZCRELUTESEHBELED,

(PG 52.12.13 D)

" ek

1) K.N.Palmer, ‘Dust Explosions and Fires’.
Chapman & Hall (1973)

2) A% ¥ -EARE BETF 14, 243(1975)

3) WEREX, Z4&T% 14, 323 (1975)

4) R.N. Butlin, Comb. and Flame 17, 446
(1971)

5) M. Marchant, J.A. Cobb and R.N. Butlin,
Optics and Laser Technology 3, 136 (1971)

6) H. Hannes, Forsch. Ing.~Wes. 29, 169(1963) :
cited in W.Hauf & U. Grigull, lit.16)

7) MEEEk . MR £, BETF¥ 8 107 (1969)

8) F.J. Weinberg, ‘Optics of Flames'. Butter-



— 18 — PER R L BIRTBME R

worths (1968)

9 BEWERB BGETIEMER, LR, EX
Fiffix v % — (1975)

10) AE e MEEE- FHB—, B EREL,
10, 55 (1964)

11) N B, BENTFOREH—ERERE—.
EERM v v & — (1976)

12) K.C. Brown and R.H, Essenhigh, SMRE
Res. Rep. No.165 (1959)

13) R.H.Essenhigh and D. W. Woodhead, SMRE

RIIS-TN-77-6

14)
15)
16)
17)

18)

Res. Rep. No. 166 (1959) ; Comb. and Flame
2, 365 (1958) .

A.Levy, Proc. Roy, Soc. 283, 134 (1965)
IS - i 84, (LTS 32, 1021 (1968)
W. Hauf and U. Grigull, iz ‘Advances in
Heat Transfer No.6 (ed. J. P. Hartnett et.)’
p.133 Academic Press (1970)

R.South and B.M. Hayward, Comb. Sci.
Tech. 12, 183 (1976)

EH 5 ERPPEHE RR-19-4(1971)



EERLMEITHEMHER  RIS-TN-77-6

FAf 53 4£ 3 A 30 B 1
R Y EMEEERLEWER
HERERZS5THSBEZLS
Bz (03) 4563 — 8441 % (RR)

EVRIBT # B K B0 Rl %k X & &

EES 108



UDC 536 483 : 541. 182 : 614. 833

FHH L AR FH R ORBOTIR (D
—RPITFL B AKE—

AWM

ERELMNAEE ROS-TN-T7-6, 1~18 (1978)

Hl =g prFERLAPCEF BN K EEYCRMECMLTERNTMR LT -
fro EPETRS, SAMEER L FBREY A ERSL Y ERMCREL, Ty ¥ g v
—FRHBICFY . V= BB ARCHAL T A FRRARE YRS, TheOl
Prd-Su Tk fHE Mooy TER L,

(= 19, & 12)



Experimental Stadies of Laminar Flame Propagation in Dust Saspenaions (T)
——Polyethylene Dust-Air Flame—

by T.Matsuda

Technical Note of The Research Imstitute of Industrial Safety. RIIS TN-TT-§
1~18 (1978)

The propagation of laminar flame of polyethylons dust in sir has been stodied
experimentally, Measurements of lower limit of fAammability, flame speed and
gasecus products after combustion have been made, and a Mach-Zehnder inter-
ferometér and Schlieren technigues were then applied to the propagating fame
coupled with cine photography. The propagating process is discussed in considera-
tion of particle =zizesg,

(19 figs., 18 refs.)



