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Abstract — This study was performed by using an LFR (laminar flow reactor), which can be used to carry out differ-
ent types of research on coal. In this study, an LFR was used to analyze coal flames, tar and soot yields, and structures of
chars for two coals depending on their volatile content. The results show that the volatile content and oxygen concen-
tration have a significant effect on the length and width of the soot cloud and that the length and width of the cloud
under combustion conditions are less than those under a pyrolysis atmosphere. At sampling heights until 50 mm, the tar
and soot yields of Berau (sub-bituminous) coal, which contains a large amount of volatile matter, are less than those of
Glencore A.P. (bituminous) coal because tar is oxidized by the intrinsic oxygen component of coal and by radicals such
as OH-. On the other hand, at sampling heights above 50 mm, the tar and soot yields of Berau coal are higher than those
of Glencore A.P. coal by reacted residual volatile matter, tar and light gas in char and flame. With above results, it is con-
firmed that the volatile matter content and the intrinsic oxygen component in a coal are significant parameters for length
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and width of the soot cloud and yields of the soot. In addition, the B.E.T. results and the images of samples (SEM)
obtained from the particle separation system of the sampling probe support the above results pertaining to the yields; the
results also confirm the pore development on the char surface caused by devolatilization.

Key words: LFR (Laminar Flow Reactor), Devolatilization, Pyrolysis, Tar-soot, Soot Cloud
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Fig. 1. The reaction schematic of coal devolatilization.
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Table 1. Results of proximate and ultimate analysis of the selected coal

L Proximate (wt% Air Dry) Ultimate (wt% Dry)
Coal (Geographic Origin) -
Moi. VM FC Ash C H (¢} N S Ash
Glencore A.P 1.49 242 58.9 154 74.2 4.68 34 1.74 0.32 15.7
Berau 16.3 38.5 40.5 4.7 66.4 5.2 20.5 1.47 0.85 5.62
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Table 2. Gas flow condition in each experimental condition

Experimental condition [Unit : slm]

Gas - -
Pyrolysis Combustion
CO 4.7 4.1
H, 0.7 0.7
0O, 2.6 33
N,-oxy 8.5 12
N,-fuel 10 6.5
N,-carrier 0.035 0.035
N,-quenching 27 27
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Table 3. Mole fraction of species in post flame by Chemkin code

Mole fraction of species in post flame

Conditi Equiv. rati
ondaition qu1V ratio C02 Nz HZO CO NO 02 H2
Pyrolysis 1.0387 0.1878 0.7736 0.0289 0.0083 0.0001 0 0
Oxy (3.5%) 0.7268 0.1692 0.7635 0.0288 0.0002 0.0017 0.0364 0
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Table 4. Proximate analysis of collected char

s} s,

3-1-1. Hkg- 25171014 9 519 vl

Fig. 5014 & 5= glzo] gigell THAIglo] el 4171041 <] 5}
P2 MEY X2 H O Yol =gdt wiykR] vk YAt A=
AL A (wake)©] T8 ESHA VFEREAL Qo) A4 #9171l
9] 319 A8 T UEA] E35)aL QJt). Saastamoinen et
al [8] A'F Ake] ehgpto] ul-9- W AJ7HE<l wgsie] 23t
o] TEH F 2 A Hhgo] A&Aolm g 8| ofHrtal B
Takgivk ARk o] @3 o] Ahe tiste] e H
(Overlap)@ = Q1= RS Aabdn 238e] #go] & Arw
21893 v 51939] P el s Frkal AISkAL SIth. Fletcher
et al[5}= B9} 0] Wk 7to] AJeke] F5(Coal type), T
H-(Heating rate), A+A17H(Residenc time), <5 (Temperature), 14} L
9]¢] & 4l Ak e (Intra- and extraparticle heat and mass transfer), &
2] G35 (Posity, swelling and softening characteristics)°ll £]3l]
FAeHEZ B2 A7 A Qs v Ak AEs) 2Pge] sjek4 &
dell A7t HFH o] lom FES) EkEL] AlSEE- 9l A4 3
ofl4e] A+7F 719 glrkar HAlskar it

TSt Haynes et al[91c 95 2% (Fuel rich) 2713 A8 3|4}
(Fuel lean) Z=71elA 8] A A7} A7t Fulel A 29]7]0l4
PAH(Polycyclic aromatic hydrocarbon) <= 3|2l (pyrene)©] Z-3]
HaljElo] FES} B2t B5atm 2o qhgol Pk 7] st
L 3lom, McLean e al[10]9] 735, 4= 9171014 271 3 wks
“}(Early stage reaction zone)llA] 1A} B84~ (High molecular
weight hydrocabon) AJi-5°] light gas® 35| o] S=E ¢} E}=9] b
Aol thgh G3Fo] 719 glvtkar skl it

Fig. 5258 FE Seh¢-29] F o5l 29} o) nke-2 7
13k 9122 242} (a) 6.9~7.1 cm, (b) 4.9~5.1 cm, (c) 7.7~7.9 cm,
(d) 6.2~6.4 cm ©]1 A2 F-97]0lM Aerqixle] &3]l y1gdo] A
R WE Al FREO] # A4E AARIAL Y8 HolE
t}. Table 48] A¥+= ol2jst A= S0k Sl & 5 Utk
gk, A JB9)7]0M FE SEkete] o7t ol Aol gRl
] o= g3 oA AAdHE S AER] EFE9) light gas
7} 2k HEEslo] FES] S AEAA FE SeR-E Aol
7} ZolE Z10& HRITHS,11].

Residual volatile fraction [wt% of collected char by height above reactor]

Sample 50 [mm] 60 [mm] 70 [mm] 80 [mm] 90 [mm] 100 [mm] 150 [mm] 200 [mm]
Glen-pyro 12.39 11.86 1123 10.98 10.84 10.97 10.90 10.71
Glen-oxy 9.65 8.82 9.06 838 8.49 9.00 827
Ber-pyro 8.54 7.93 6.87 6.98 6.85 6.64 6.72
Ber-oxy 5.15 453 3.41 347 3.48 332 3.40
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3 o] vk 7 B sl Sl sk T4le] AAT
AJEE FE SFE-E0] 2olE & 4 Sl Ma[3]9) Fletcher ef
al[518] A3ATeIN & 5 Qo] FE b vk ST
EHE 7P el skl Algto] whgshaA stels FAE ),
ME7 T2 H (sampling probe)oll 3l 31 FFgko g yko Hl

71EHH Holi= 1A AH (wake)?} 71 52 FHHE- 3)Qo] Ho]
] He)zto]] E8IeHA FAlE Fow A sels AL e
E Seherh vehde. S ko] A2 Glencore A P. B
E b A o m e —L;]' ] ‘:31‘4'7(] A A%Lv‘i— ﬂ‘%ko
22 Berau B> §]r°3 Z“/]

Ak Qe A & 5 Qltk Fig. 5&-‘%151 A%l% %%01 2

Glencore AP B FE %ﬂ-—r‘:«] A A2l o) 7} Berau BHHT}
18 5= 90 (@)2) (o), (D)9} (d)2] AT S
aﬂﬂHi HXV} AJoLH= Ao 2 Kol 3kt slgko] SE e

o] Holeof| Jaks vz— RS & = drk. olefsh A Fk
o] xjolof 2t Zlo & FATE AFARE Bk LT 2 Q1A
SEM o] A ZH-E] L] xole oJ8) tha] gt ¥ F1sk = 9l
o BEE GE vl s A AoE AlEET12,13].

3-2. Tar/Soot H|x!

Table 4¢} Fig. 5% W& w1719} 3iHte] 3k st et
7] ffsto] Mgk siake] FHelf AlFARFERE S48 ﬁﬂ}oLE E}
29} fEO| MRS Ao YehZels ojglwol wEtt
ATl R B ol FES] S Ak Berau ©O] A
3l elM R FE Seheg =ols Hul AFAte R 4
Sk 5 AFAIRES Fo7PdA 10l ke Bt} SEO AR
ERllaL Qltt. Ma[3], Zhang[4]7} Fletcher et al.[5]oll SJ3FA A€t
SO Aol == FREY] oF 50%+ AEE A1 S B
2olr o]t B2 AR 23} &bt 314 AHA gt 5
73R FES] Axt He AR Ruwa Qo BE AR T A
= FEZL ol wARgo] 7hE: light gase} 2 7 Ao 2 A

Sheitt,

T-2(1200 K~)2) 23]k 3148 Faf Aek Ytz RE thsidut
PSR (PAHYE X8 Bt AlSSi A ol g B
2 AET} light gas AEE-2 Aka B39 3dH ) 37 2E 9
22F 29 7EAss AT

Fig. 6& Q&3] 2 A #9170l F ¥go] Alet 3
Ef= o} FEO HMIES ekl Zlow H3S F A
G xsto] A2 e gl FEO] o) tigh wiE-ams] gl
T e Aol Bl= et E/l H“ﬁ Hle] Hi= Stk a1
& 7
]

FU

-

F

10] OME} 5}9} 2} Yol 3L Q= 3 (ash) ARV 117
ﬁﬁHﬂ @i ~‘ﬂm471 X2 Ef=9} FES
Ll *‘3’% EL ZfolE LRI AL QlTt. Fig. 604 & 7 b5zl 3kt
edo] 212 Glencore AP, B2 E}Z.$} +E dhFo] Atjjzlog
B o] W2 Berau BT ATHE 21& & < Qlth. o] & Fig.
7o VR g3 v Eer BEE SR Tl uhE el=el
TES] HYET light gas®] FF2Q1 O 2HE] Berau T2 light
gas’} 42 S = Glencore A.P. BHE.T} Ho] ‘ﬂe“ﬁﬁ}oi YRt Az}
s & F Uk Fig. 7= S %£7]i 2 29| TGA ¥4
A vl o2 IH5E SRS A9k #e) hEvtoZ

1

L7} B9} FEO] iR nxle Y 1039

12
r — x— Glencore A.P, Pyrolysis
1" _— —=— Berau, Pyrolysis
3 10 + ~ —«— Glencore A.P, 02 3.5 mol %
[ 9 [ / / —o— Berau, 0, 3.5mol %
()} 8 F = Feeding rate = 7 mg / min
£s /)
® 1L -
o ‘[ / \
w er = . =
—c L *
= 5[ /\_
o I :
o al 7 \
£ 3 .
e 2f
1+
o [ 1 1 1 1
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Height above reactor [mm]

Fig. 6. Nomalized tar and soot yields for the two coals.

TEE 12 AvtE HRI] Go] AAE ve] HZNE A
T} SRS A9l Feo} SENEe] T =, wi% dry & ash
free WP O = AXSE Aot} o] At BlE 9} FES] wY
o] gRlo] 3= Fukel thgt Bl= s} FES IAE ks &+ 3l
o). thit, Solomon et al.[2,21]9] B3 WFlFel Jshd 23 &
S Iprgo] Erfar &, light gas, BFE Bl FER HEPH A= 3}
7oA light gas®] D7} 2} Sol] M BFE W FEe| EA)
oI IARE o2 gt 3t B EEC] AA BlEs) FES M E
o] & JFES w|x|A] F=rhy Hilskal QOHE TGA AHE &
3l 78k wit% daf. ZJEe] FWIR-S 1000% T o] tfgt Ef=
4 FE9} lifgt gas®] WAES WS EAEIITH

>01

3-2-1. ¥k 2917 VM WAE vl

Fig. 60 25 5 ggol] thgh AEall Bl A4 2917]01x <] BF=
oF FES IR AFdE & 7 vk PSS 450171 50 mm
of |27 HXIA 0 & SRl o] = Adhe AdE
BRIt} g9jike] FRads #e] whgo] EA ] e %1%
0] 50 mm o] %] WBE A= 1ol Aatglo] vlssst
= BofFaL Stk ARsfelr o] BAYE B A B |HT
WSS YRl aL 9lom o= AkAeb Bl AJR] Wk T1e]
E9] oxidation[14-16]°1l 7|Q18t AFZ AR L} E}29} FEL
AEL A U] kA AR a7 WS- 9170l oJ g s

&g B 4 Ak

K}

e oon =

&
M=t > rlo o% |

k!

3-2-2. 3k shegol] w2 WHAYE |

ER=9L FEQ HMMYEL Fig 5ol SISt} @1 50
mm ©]$-2] ol FHAakil °1EP 1h Berau §2] E}29} 4=
WAEO] Glencore AP, BFe) HAES AHsH= dAto® L]-E}”'E}
3 gL TR ZHARE Mg ?Jx} U] 2E A E41E
7} Ef2O] M- A& FE 1 Qlom gkgel whE $kE ot
&) zlol7t BfE g} FE WEC] ARARI Alo] 2 vEhk=s 711
A1 Eleh o= 9t} Fig. 7014 & 4= l50] E4+=0] 50 mm

o]z 71|, Berau ‘%t =9 light gas® 2] Z13H8°] Glencore
AP BT 2 Zlow o = Qlr}, o] #41550] 50 mm ©|:17}
| Zeng et al[17], Bradley et al[18]2} Webb et al[1977} +=2]%} nle}
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Fig. 7. The compositions of released volatile matter.

2o] Table 1914 ER1E 4= Q= Berau ©H2] 32 AkA 3]
3| 3ukio] EEE WA RS BRI Ak 52 AkglEo] gl
O, 0 7&- Bhe|2wte)] 5.0 2 Qlsto] 702 o Fojz]
7} obd 714 w02 ks ol Z o2 AL ET) Fig. 59} Table
4°] A2 HE Glencore A.P. ¥} Berau €] th&F 50~80 mm 7+
ZrollA kA Ql eksldlo] 58S < 4= It} Glencore AP BHb
Berau €] & 40~100 mm7kA] 10 mm® 100~200 mm7FA] 50 mm
72 AEY g1 FolE WM A7I XEFlon o] SDT
Q600 TGAE AHE3le] TS AAIBIGlaL 21 A¥E v]wsled
B2 A= odet Ane) 2 Fgke HojsErt ARl E3do]
TEEE A YERA A3l Fig. 6 & 7014 ER1E = Q1= B
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Fig. 58} Table 404 & 7 Ql5z0] G3o] Fuxvets 1 %k
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fr Lo

) 4 7o) whg St ol B Bl FEAL e HlE)
& % 2 gk ol A FURAIE B L e AE 3
W} Fig, 8o AT 3 G0 SEM olol A 9 o] R o

g 4= UT}H20,21].

3-3. X} O[O|X| H|

Fig. 8 &Y Z2HZNE I3 2 A5°] SEM olv|#] ¢}
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FHE ST T2H 2] 197} 50, 100, 200 mmS! S| ellA] &l
sk Zlo|t}, o]9} 2 QJxfel | o|n)R|= oA =gt AN
AA 8] F=ok JAEE] olufA| 9} 3 Sk s¢lo] BAEE
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Fig. 8. The images of SEM on chars and filter of tar and soot collected in the two coals as a function of height above reactor and gas atmo-

sphere.

Table S. B.E.T results of samples

N, adsorption [77.33 K]

Sample

Glencore A.P-pyrolysis-50 mm
Glencore A.P-pyrolysis-100 mm
Glencore A.P-pyrolysis-200 mm
Glencore A.P-oxy(3.5%)-50 mm

Glencore A.P-0xy(3.5%)-100 mm
Glencore A.P-0xy(3.5%)-200 mm
Berau-pyrolysis-50 mm
Berau-pyrolysis-100 mm
Berau-pyrolysis-200 mm
Berau-oxy(3.5%)-50 mm
Berau-oxy(3.5%)-100 mm
Berau-oxy(3.5%)-200 mm

(1) Pore volume [cm?/g] (2) BET surface area [m?/g]
0.041606 136.8749
0.053295 164.7896
0.058338 208.7411
0.024913 95.2397
0.029767 125.0755

0.04878 156.9296
0.108143 319.6718
0.098506 331.803
0.099513 346.5247
0.057503 268.162
0.073012 276.131
0.073944 277.3485

FE W5 A9E APE = QIrt 100~200 mm 0] ofA
E}Eﬂ FES MEE gk sl 9 Ax F9710lA nissst A
O & UERdTE o]= 50 mm O F5-E ATeki ko] Sk §hee]] €
St 7152 S} § A3 A7) B9 & Q1A Uil 9l
T AL LS 38 Hell dolols B E light gas7h Al
M FES AA171aL Q7] wiolet. o] $hakel] whet 100
mm =074 2 AlF2] B A RIS 2l 7 ERkar 9lo
1} 200 mm ool A= Bl 7w e W s Ek1g 4= Qirt
5o, Table 5% SEM ZA#e} 22 3 A|5E N, T2l <3| 2}
gzke] 7)we] Wy e} i Als YR B.E.T A7eo|tH22,23].
Table 5914 & &= Q50| FU3 B9 7]oA FE ghefo] w2
Berau ] Glencore A.P BtH U} XA} 7| A%4jo] & 7S <&
4= 2o SEM olw|A|ellA] gRlgt Axte} mizb A2 Fkito] §
ol e} 50~100 mm o 7HA= # A5 ¥4 dAk BET 2
W7} vlsEst e Holal glrk 100~200 mm 0)7FA 9] A=
SEM o]n|x] vko & #lgh 4 QIld A#E YeRaL T

AT

Berau §H2] A7} 478t ¥HA Glencore AP ¥ o] 52 2}
o]Z BRIt o] FUHE Aeke] wkeA3) Psle] BAT AT
A)ZF 59t o'l Berau B2 HEF-2- FA T o] 71ar QAN &

=JEF3] Glencore AP EFY] WEE-S AlEE 1 Q18-S Llepdic), o]

3 A7R= Fig. 5ol UeRd 31 @4E & dx|sh= Avjo|r

El29} SEQ] HhE Aylel: 2 ksl 9leS & 4 )

ME = 2 T M

44 B

AT S WS I(LFR)E Eello} 14 29171014 9] 3k
e kL FE SEHEE F GEe] TR ARS
cAl=5stol 2he] TS il F Ustel @71 nlwsiolh. &
¢, Skt dgo] vk 7 Auke] Bt E0 why 194
o ol F qixe] A gl 3w o wigtel o wlasigic.
ARATATS At ubg A EEe] T3 7R e s Al
TRRE TS vl of el e Al siddiko R o
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