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Abstract — The experiment was designed to compare the char combustion kinetics of pulverized Indonesia coals com-
monly utilized in Korea power plants. The reaction rate of coal char has been formulated using the external and internal
effectiveness factors to describe the diffusion effect quantitatively. The Random Pore Model (RPM) was used for apply-
ing internal specific surface area as a function of carbon conversion ratio. Reaction rate was obtained from reaction time
using the Wire Heating Reactor (WHR) which can heat and measure the char particle temperature at the same time. BET
and TGA were used to obtain physical properties such as internal specific surface area and structural parameter. Three
kinds of Indonesia Sub-bituminous coals “BARAMULTI, ENERGYMAN, AGM” were used in order to derive the acti-
vation energy and pre-exponential factor. The results of this study showed that the effect of internal diffusion than that of
external diffusion is the dominant as comparison of kinetics was reflected in external and internal effectiveness factors.
For three kinds of coal char, finally, activation energy of intrinsic kinetics indicates 110~118 kJ/mol.
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Fig. 1. The three zones of porous char reaction - the change of reac-
tion rate with temperature.
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Table 1. Coal properties

Coal type BARAMULTI ENERGYMAN AGM
C 75.72 69.60 72.11
H 5.83 4.59 5.12
Ultimate analysis (Wt%) (6] 16.76 24.54 21.34
N 2.01 1.17 1.38
S 0.14 0.14 0.05
FC 41.44 41.03 39.50
Proximate analysis (wt%) Xﬁ 45(?6541 45(?'6312 3; ’5700
Moi 13.01 13.04 18.30
Particle diameter 0.075 mm
Apparent char density (g/cm®) 1.65 1.38 1.22
Porosity (g) 0.20 0.21 0.23
Pore structure parameter () 11.00 12.50 11.20
Average BET specific 180.30 196.92 298.90
Internal surface area (m?/g)
Average pore diameter (A) 47.28 54.25 43.00

Korean Chem. Eng. Res., Vol. 52, No. 1, February, 2014



136 - R - 78

Internal volume

N

; = \
[ 30mm )

i i

) :

- i Back -

LR €— . regulator [ Computer |
| T i

Control unit
—1 (Current source)

T <Thermocouple shape>

]

<without particle>

F_

-~ — - ——

Gases \

Fig. 2. Schematic diagram of the experimental apparatus.

FREQUENCY OF 1 KHz

THERMOCOUPLE  CURRENT PULSE

2 VOLTAGE HEATING TIME
&a (500 pms) (500 pms) .
A

time (ms)
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Fig. 4. Temperature history for reacting and inert condition as a func-
tion of time using WHR; Reacting condition is the char combus-
tion process at specific condition, Inert condition is the reference
temperature without char particle for combustion experiment.

Qo= o] APAE L5 SA3HL 500 ps stolle= AR7E
Q1718k0 24 7195 SI3ITE T3 Duty A|o1 5 53l 528 (Heating
rateyS A3 58S 10°K/7HA] Ao17) 753l

Fig. 4= BARAMULTI AJ&te]] tifaf AJ7ke] wste) whe} ddrhe]
25E BolFm, Qo] 1Sl 75 ume] AR Qe
7352k Sl 7A9-E nlwsileh Aekzte] Hs) Al o] s Al
ZFap7| wiitell Z1lellx gl 2ol Alekart Sl A9-2] 71717 A

Korean Chem. Eng. Res., Vol. 52, No. 1, February, 2014

. QElRl . AZs)

= py

i

o

27} gl 71871 H} 278 0= AksatA] ft. o]of] u
28] Ak EEglo] =7 0 2 Ak AlRloR A ols
WHR 4132 1373, 1473, 1573, 1673 KZ A gslolon] 253
10:12] RHE31] Datad 57813

AFS SI3k =5 A5k 21819 Electric furnace= A8l
1223 KellM 291712 AE2 (Thermal Shocky& 5201 2023t 7
HiE frrlsto] AeaE AT &S] A7 75 pm=E FH]sH
At

Pore structure parameter(y)ye A71$13 TGA(Thermo-Gravimetric
Analysis, SDT-Q600) 3] & ARSI TH 5282 10 K/min® = 2
2R R AellA 1173 K7 527 5 Air 1291719141 30 min
{r - (isothermal YJ Bl A 5FHA FAIRAE SRlsIgiaL 3|5
2% (Ash tracer method)S AFE-510] §FAH S-S (Carbon conversion
ratio, Xy& =ESIICE Mg 2] Z7UIHR] 31 4] (Initial specific
surface area, Sp)} H1171547-5 471 $18ll BET(Brunauer-Emmett-
Teller, ASAP2020) 48|15 AMgalglom, #44 7F~=+= N, He
7IE ARESISIAL 77 Kol 24S R1asielch,

oo

4. Aydu} ol Et

4-1. MEEL S8 £

Fig. 5t 3714 &9 TGA AE A2, g4 o
Apparent rate(=dx/dfyS> ERITE o7 BAlE HFELS AY
ol =EE Avjola A0 BAIE FE2 o] A 0 R of|5E|0)]
e JeRITE 37H4] gk BFolA ghamEgo] 0.3 Fto
wl 7}4] Apparent rate ©] S57FsFch7F, 71 9 FAFA 0 = FhAske
T2 HolE A Rl

R, = k(1 =)/ T—yIn(1-x) (15)

o ot o ok

b skgo) w2 Apparent rateS 5317 218l 2] (15)7) 2]
Random pore model(./1—yIn(1-x))2 &334t} Apparent rate
] (R, =dx/dt) %3 k (dx/dt,=0R= dx/dt,7F 0 wie] glo]uh, -3

0.4

dX/dt

Experiment ~  ----- - e
Prediction ] A [ ]
Structural parameter (y) 11.00 12.50 11.20
0.0 - Std_deviation 0.107 0.105 0.090
L 1 L 1 L 1 L 1 N 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 5. Apparent rate (dx/dt) of the char reaction and reaction rate
predicted by RPM as a function of char conversion ratio for
three kinds of Indonesian coal chars using TGA with Air at
1173 K and 1 atm.



S B U SRk A8 Qe

H4=(Structural parameter) yi= TGA A38S B3 oj#|= g4
S (x)°l tHE Apparent rate®] A3} Fh(Fig. 5P k(dx/dt,=0)=
&3l E=8At 0.1 olstell =S Non-linear fittings 31 =
S92 o] &S A, v (x=0) B EEo] St
groll wket Apparent rate 7} {101 271 k, groll ] a0z
Frashe 74 3E BRIt sHA|NE, -2 gho] & 739, Fig. 591 &2
o] ghawighgo] S7hgtel Wt Apparent rate 271 k2l #hETh
7t Pt Aashs BES Bk 2 ARkl i 22 %
W 4> BARAMULTI®] 73-¢- 11.00, ENERGYMAN- 12.50 Z1
2]31 AGM 11.200]T(Table 1, Fig. 5). 3£ 4} 2 XH(Standard
deviation error) k== 0.1 ©|3F=A] 2] (15)2] F2o] AHFS A
M| AlS3taL glvks e AR 0= HEsgict. o9} o] 7%
HE7E 10 01439 3he B v, @aiSke 03~04 oA Apparent
rate®] A STV} fHashs A3 Hole 2l IRl
ot wbA EEE el SAEEC] B EA vhgo] X8
Hof| & 3-89 Ade & 7 vk

S, = S,(1-x)J/TyIn(1-x) (16)

TERHGE F9] SAaAEE] dish YR EEA(S,,) HElE o
Z317] 3l 2] (162 A3t BETS S3l 2314 0 7 Aekz]o]

FE TEE F2RTE B3 9aggef ulE s, 0 53k Fig.
6ol VFERAQITE. ZH2te] Aekatel] 10 ool T3S glo] A8y
7] WEell Fig. 62 A¥el Zo] BAMEEo] 0.3~0.4 FE7H]
yprsEAe] S7HCE 1 2askie A ®olal At =,
Random pore model®] 2-4-% UFH| EHA Wstol|A G257}
10 132 3hS 7FAth= 2vli= B ehE: 0.3~0.4 F27kA] W
o] &= FRbelE U A 0] S7tsh o] % whgo] 218k
A gtk oujot},

Fig. 59} Fig. 6& vlwalld ghaAg-go) we} Apparent rated}
B2 A o] Mgleh= AR BlssiAl EREAEE, BARISHS:
0.3~0.4°114] Peak 7k A€He] S-dof wha} WhAE] = a5 vEh]
At =, Fig. 52 749~ Apparent rate®] 32 %k =22 BARAMULT],

500

rrrrrr BARAMULTI

Internal specific surface area, S_ (mzlg)

100 |- -~---- ENERGYMAN
——AGM
0 L 1 n 1 L 1 L 1 L
0.0 0.2 04 0.6 08 1.0

X
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reaction rate> WHR 30| & 53l gHAgkg0] «1] hddAA 4
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Fig. 10. The variation of external and internal effectiveness factors as
the temperature changes.
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Table 2. Kinetics parameter of three kinds of Indonesian coal char
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Kinetics parameter BARAMULTI ENERGYMAN AGM
E,pondifiusion (KJ/mol) 69.57 69.27 63.58
Knon-difision Avonusion (&/C0°S) 2.34x10° 1.79x104 133x10%
R? 0.99 0.99 0.99
E, aifiusion (KJ/mo) 76.73 74.24 70.25
K diffusion A difision (&/CM’S) 4.51x10* 2.84x10* 2.52x10*
R? 0.99 0.99 0.99
E,,difiusion (KJ/mol) 111.58 105.68 107.37
K- diusion A difision (&/0m’s) 110.50x10* 51.66x10 94.79x10*
R? 0.99 0.99 0.98
E,, (kKJ/mol) 118.74 110.65 114.04
Ko A, (g/cm’s) 213.12x10 81.81x10* 180.11x10*
R? 0.99 0.99 0.98

FH& FA18P 1373~1673 K Z270llA] Qlev|Alof Alehate] 4 v
AU F2 ZonellQ! Kinetics/diffusion zone®] WAYFS W2 +=
Z& omjgitt,

Fig. 11 2] (11)~(14ys &8st} AR (E)e} w1z
(AYF E=Z8P7] 918 e zolrt. 712715 S8l EAsluAE &
A3, ydHE T8l RIEQIAE EEslLE T2 E el =E
kineticst= Table 201 “d 2]ttt &4 stoll A= E
kinetics, Internal/External effectiveness factors”} 11281, E;, sision
[Internal effectiveness factor”F 112, E,, s [External effectiveness
factor’} 1218 71231 E,,, ision [Apparent kinetics, Internal/External
effectiveness factors”} T2 HA] k5] =02 &3l A o] &
Zh& 1B 531 By ision” T Eevaipision st T 1= Fig. 109]
Z}ol|x]| A3t 517} 20| Internal effectiveness factor®] #1°] External
effectiveness factor FEE.tt 2171 WiZo|th. 53] B, yssior 50l
whel AsteluA7E SEA depstt. ol Aeate] EuAl
Z0] EAT kol mE kS BT 23t Q7] ol vE
W, B,,i 3552 AR BT 120 kl/mol®] fARE ghs Kol 9
o}, oli= ARk Wi 9 SH|3EE A T2 2] wet oY
v A= eSS de 1 7] vl e stelld A
(Intrinsic activation energy)”} FASHl U A2 ALz},

o [Intrinsic

¢

i 3

b2 |

24 =2

—

5.

Aol s =il BF e Aol ks thaEAQ] QI
o} o}ed%d ¥l BARAMULTI, ENERGYMAN, AGMe®] thafl A&k
FH RRES EESIA vheat 22 5AE 18I0

(1) A= Whg-5-9] B84 B4 932 Ak 71355, U]
WA g3 FREFy)E FEEinh. et A EWA 7]
F(Porosity)°] & ©UTH 7] o] 2 Hof uiyH]aid
A% =olxlt), Random pore modelS 53l EE% ¢y BAasH:
of whE RES-& 9l a4 o] WskE LR A 3ol A A
B B 11~13 AR 3k Btk 8,00 W kgl vXE o
Fe A s AT 7 gk B 9Rg-Eel] nEsle] s 7T,
v kol wAE JEgnch AekEte] 27U E o] o &
A2 Vet

(2) WHRS 53l A3 21 1373~1673 Kok 2] Aulolr=n, o}
Ny 7 A20A D202 S-S o= 218 FRlsit.

ol kKl

o0l

ol 12o] HFE MuHE wh3-Eo] Ele] 5t JEkE wh=th=
oJujoltt, ), = 0.980014 0.82 FEZ SolX] 1L n, = 0.7914 0.37F
2] SobeEd], o] AiE Sl 2FelA AutE 1wzt e] ket
Al Uitre] ghhlo] o] P3RS A W S & Sl
(3) Apparent kinetics?} o] 112 % Intrinsic kineticsE H] w8}
&5, 3714 A%k B External, Internal effectiveness factorss
F3l gito] 1% Intrinsic kinetics7} 718 352 HESAJS- Ho|1
Qlt}. o] 1207 ZASFE "= A 93-S External,
Internal effectiveness factors”} B85 §17] wjito]t}. 53],
kineticsE =&l $lofA] ool ARk e 0 2.9 Sk
Ch= Mgk} Yiea 2] ghto] dhgEol n)x)s J3e] 84 & 7S
ERIsHGaL HFR 0 R Fhlo] 1 Ao} 352 Aekz
Intrinsic kinetics®] 43}l %|+= 110~118 kJ/molE YERNSITE

Nomenclatures

A : Pre-exponential factor [g/cm? sec]
D : Diffusivity [cm?/sec]
D : Binary diffusivity [cm?/sec]
Do, : O, effective diffusivity coefficient [cm?/sec]
D, : Knudsen diffusivity [cm*/sec]
d, : Particle diameter [cm]
dyore  : Mean pore diameter [cm]

: Activation energy[KJ/mol]
k : Kinetics [g/em? sec atm]
My : Molecular weight of one molecule [g/mol]
M,z  : Molecular weight of two molecule [g/mol]
M. : Molecular weight of carbon [g/mol]
n : Reaction order
Py s : Particle surface O, partial pressure [atm]
PT_ : Total pressure [atm]
P, : Atmosphere O, partial pressure [atm]
R : Reaction rate constant [1/sec]
R, : Universal gas constant [KJ/mol]
S : Internal specific surface area [cm*/g]
Sy : Initial internal specific surface area [cm?/g]
T, : Particle temperature [K]
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X : Carbon conversion ratio

€ : Porosity

[0} : Thiele modulus

n : Effectiveness factor

Y : Stoichiometric coefficient

\} : Structural parameter

O : Molecular radius[A]

T : Tortuosity

Py : Particle apparent density

Qup : Collision integral

Subscript

app : Apparent reaction

ex : External of char
ex-diffusion  : External diffusion of char
in-diffusion : Internal diffusion of char
int : Intrinsic reaction of char
in : Internal of char

non-diffusion

Kor

: Non-diffusion effect
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