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Abstract — The slagging which generated from ash deposition on furnace wall and tube in boiler reduces the heat
transfer efficiency and damages to safety of boiler. The slag flow behavior in boiler is affected by melting temperature
which is related to ash compositions. In this study, the behavior of slag is researched by using ash fusibility test, called
TMA (Thermo-Mechanical Analysis). The technique measures the percentage shrinkage as the function of temperature,
T25%, T50%, T75%, T90%. These temperatures indicate different stages of melting. Then, the effect of ash chemical
compositions measured from XRF (X-ray Fluorescence Spectrometer) to ash fusion temperatures is discussed. Among
the chemical compositions, refractory and fluxing influence on ash fusibility is described. High levels of refractory com-
ponent and limited amount of fluxing components (Fe,0;, K,O, CaO) increase overall melting temperatures. High SiO,/
Al,O; ratio decrease high melting temperatures (T75%, T90%). Meanwhile, the presence of reasonable levels of fluxing
components reduces overall melting temperature. A presence of fluxing component such as K,O and CaO is found to
decrease the T25% values significantly. From this research, it is possible to make a reasonable explanation and predic-
tion of ash fusion characteristic from analysis of TMA results and ash chemical compositions.
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Aeke] AndolA HE2 oz WAeh= 13 (fly ash)y= o1
THY Frlgo] gaH =d olF °oF 95%7F Kaolinite
{ALSi,O5(OH),}, Pyrites(FeS,), Calcite(CaCO3)Z. T/J%o] SITH6]
HAele] ol A4k ke 3e g e A5t 3] 4
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Hell §-5, FA = o] Wysh= o)t o= AdHE 4, Aa
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U)X G EASIATHS]. s thefst e Sk 3] &
g sliom 1 el ‘/]'?l ASTM tests= Cone HE2] 3=
(815 °C muffle furnace®ll<] FHIE) 1000 °ColAH-E 1600 °C7HA]

9 5°C/min B 10 °C/min® 2 5-2A|7|HA] 3JE] Hslof| whE
SH2EE S8k WHolt) o] HAEES F3to] -5 TAlol e
4717 L5 73} DT(Deformation Temperature)s= -£-8-0] Al
2k o} Conel] ZHT)7]7}F okt T2 Wdhe %, ST(Sphere
Temperature)i= Cone2] °]7} UH| ¢} ZolA]:= 2%, HT(Hemis-
pherical Temperature)= Cone2] 30|17} U1] 2] 1lo] &&= &%, FT(Flow
Temperaturey= Cone®] 50|17} LH] 9] 16:2] 19] ¥ 255 Wsi).
ojmj HT¢} FT= el AIE otaat AAA7E vk=A] a8
o 3= 2=olth10].

ASTM testi= A3x7} =0 2 e §IslE S4s|of
ASTM test .t} A2 0 2 3] 8825 573 4= Q1= Thermo-
Mechanical Analysis(TMA)7} #QF=] 12 9] 0 A4 wbd i Rl )
o9 9] 3] g (deposition) TS & FAGR= Z1o=2
TH11,12]. TMA test= S8+ 329 FFES JHHo=2 5
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TX%ZE FEAsH o= F£550] X%Y W] 255 oJujgitt.
TMAOIA =389 A3} gk 5 T25%, T50%, T75%, T90%7} Tl
EHO® §§ EAS UeEREe &50lth T25%E 25%2] 4-50]
Azt o) 2ol ol 3]t dslel AAR QS| HA) Ao
25%(15%)7} YERATE. T50%2 3171 2859 50%2] 450] 4
old u) 255 ol oF 60%(15%)2] &-5°] WAFT) T75%=
80% ©]’3e] §-go] dojubr o] 2EE &-Fo] $hHs| ot &
Fdolgtal Eot. T90% = &8¢ dojrhs vt ©A| (887 >
90%)2faL B o] £5= ] &1 f5 s 1A 55
UERATH13]. 371 88517 gl nISFEHE Bdejelx AgstA
HIE3E7] 1A T75%2] =5 oatellr] Bde|7}t 2gE]ofof gt}
B oM shl) whag0 7 AREEE Aulel ECM, Glencore,
Wira, Collie, Baramulti, Berau, KPU, RotosouthS A1'H3}o] 38-&
AlZFstal TMA 1)E o]-g3ste] A12H 319] &85 w4138181
th XRF ¥ 5 o]&3to] S 7} 3] gl AlslE vEs
Aegsleta AtslEl vlE 5 3 &8 S B2 s vA=
refractory contents(SiO,, Al,O;), fluxing contents(Fe,0,, K,0, Ca0)<]
QS BAEglom Z7te] Aol TMAS] E-54¢l ofH o3&

v ula s,
2. A FX| H U

2-1. A|l2 FH|

TMA A3E 918l AHEE 319 A& =) she i AollA
8= t)3EEHECM, Glencore, Wira, Collie, Baramuilti, Berau, KPU,
Rotosouth)?] 3|5 AAsloict. AAH Bhs o] fslo] 35 #A|&s
A}, dFo)ug =7R o) 75~90 um V)2 B5E Agk 2 ¢S Yl
Az F-71014 107 °C7HA 6 °C/minl & L8] 25 A A8}
I 2e A B-971904 107 °ColA 950 °C7HA] 43 °C/minl 2 %
23to] FHHES A 78I 600 °C7HA] LEE U T Ak B
£171ell49 600 °CollA 750 °C7HA] 15 °C/min® 2 5-28FHA] 113
GAE AASN] HFH o7 35 A=)

2-2. TMA A
Fig. 1914 TMA 71ZFeS JERQlaL, Fig. 20141 TMA A
3 A2 YERISleh Al ' 8] AlRE 2F 200 mgS =7
318k & tappings F3t0] A5 S-S H9sHA skt
A7 kst Alg el YIRAAIZL 5, e (furnace) Y-
of Wi=tt. o]gA FHlE AlRE Aa F90710lA ZHdsit 1
S£AE 1A 120 L5 600 °C7HA] 50 °C/min®E ok 1287 F
&R 22235 5600 °ColA 1600 °C7HAE 5°C/minZ H3HE] 58
AZIEE. Fig. 200141 &R1EE = Q= 2149 37F 8-8-¥HA ram©|
7hkekar, o] XIPEHEA ram? E7FHE] Rl 31FAlIE 52
Al 1t Rame] 7heRek BiglE dlo]A WAAE ol &M 573
i}, o]EA S99 WY E 555 (% shrinkage)® HI8E & &%
of W2 £EE IIZE 53 3] &§ 5SS T3

2-3. 3| Y& =M
3] 0] gt A F 7|29t Aol 21810 Netherland
PhilipAF PW2400 318 333 X-ray Fluorescence Spectrometer
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Fig. 1. Experimental schematic of TMA.

Graphite Ram ——> AT & A S EFAIHE Philips AlellA FE8hE &
JFE BT RS ol8sto] 179] IRJAES o] 85 A= 24
so] 9 242 stk
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Fig. 2. Experimental procedure of TMA.

(XRF)E o]g3}o] B4kl om A¥= Table 1] YERASITE Al
= AAE AR S48 AEE FIAE 1 gell vl (Wax) 0.6 g
HIEE E3kslo] AHRu)E dish(@32 mm)ol] Bo} 12ton/in®E 719t
3to] pellets WHEQITE. XRF #4202 74 8l S 2412
XRF A-g 2T E0IQ] Semi-QE o]-g3] 4] 3l on g4
9171(2.5 Pa) B1ellA] 7145799F 24~50 Kv 9] A5 50-80 mAE 7}510]

Table 1. Chemical compositions of ash samples

AJit-21 Clay(Al,Si,0,,{OH}), Carbonate(CaCOs), Quartz(SiO,), Pyrites
(FeS,), BaSO,, TiO,7} 7} ell whe} Faj = A}t f7]=2 3 A
sto AbSlE-S S Zlolct. A 3] Al e g
%2 ECM, Glencore, Wira®] 7-%- refractory contents®] H&0]
70% ©d& 2E8H W A] Ad2<] fluxing contentst 212t 10%
o]3}3it}. refractory contents®] 0] 70% ©]3FQ! 3]+ Collie,
Baramulti, Berau, KPU, Rotosouth®]™ fluxing contents & Fe,0s,
CaO o] w2 Z1& 2l < Qlrk. Collie, Baramulti, Berau, KPU,
Rotosouth®] Fe,0,2] &2 10~20%2] H$o]™ Berau, KPU,
Rotosouth®] CaO $H=2 10~20%2] Wl A& & 4= 18T}, o]
3t gaAQl S 71T oE 99 38 A IEE VY
ZF Aol 319 8§54l nX= P B4

Composition (%) ECM Glencore Wira Collie Baramulti Bearu KPU Rotosouth
Na,O 041 0.20 0.30 0.00 1.90 3.03 4.03 0.00
MgO 0.64 1.18 0.58 1.16 2.69 421 2.60 7.58
AL O4 2547 20.87 29.34 30.34 21.29 17.14 14.75 13.98
Sio, 61.84 60.37 46.81 41.95 4091 30.04 32.35 31.82
P,0O; 0.50 0.49 0.60 0.51 1.24 0.18 0.38 0.00
SO, 0.96 3.16 429 2.27 4.01 9.81 19.93 4.67
K,0 1.74 2.65 1.06 0.55 1.99 1.27 1.30 0.94
CaO 1.67 3.84 5.26 1.86 6.52 21.13 11.42 21.63
TiO, 1.68 0.86 2.58 1.77 1.06 0.94 0.75 0.90
Fe,04 493 6.26 8.92 19.47 18.18 11.78 12.13 18.36
StO 0.15 0.13 0.27 0.12 0.21 0.47 0.36 0.11
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3-1. M2 E 2F

Table 12] A= vlEto 2 3)of 55 A A% 5 refractory
contents®} fluxing contents®] & e} TMA A3 A¥}E 74
sharak gy, ket 771 A Foﬂjﬂ ash®] €8¢l J&F= mx=
JEE50] refractory®} fluxing contentse]™ 2} AJ&2] Wl n}E 3]
L5449 Azl tigt A7) R ETH14]. Refractory contents®]
A9+ Si0,, ALO;2] FA] E=ESI0,+ALO, ) Si0,2} ALO,S] W&
(Si0,/Al,05), fluxing contentst= K,0, Ca0, Fe,0,2] $&o] ufe}
AT eH, Table 201 ©]& VERASIT

Table 20114] BRIt 4= Q1= Z1X 9 refractory contents?] SiO,+Al,05
o] 7P =2 3= ECMolH 71 W 3= Rotosouth®]t.
133 Si0y/ALOyF 71 =& 3]+ Glencoreo | RIZ 71 whe-
A2 Collieol] YERATE. Fluxing contents?] CaO &0] 71 =&
3]+= Rotosouth®] 1L Fe,052 Collie7} 7H &2 #b& YERATE
K,02] 7% Glencore”} 7V & 3-8 2R g}, o]2st 4 4
7= F3IA refractory contents®] &Hego] SR AREAQ &
F257F 5716PH Fluxing contents”| 5715 929l £-§
27F AT Z 0 R gt = Qi)

3-2. TMA Z2} 3| Mg&2| HluwEAM

TMA A3 A3E TX%el W} Table 30l e SITE A 44]
O % Wira®] §§ 257t & 318 IS = ik A 7R
54 545 7FE 1902 A7-E Fig. 3ol Felste] 3.1604 i
78t Aol #AE RISt Fig. 35 EW Si0+AL0,S]
SrFo] Fobd s 11-2(T90%)0l14 9] €8 257t obAl= A&
Rzt 4= At o9} Wi Si0,+A1L,05,8] o] AeTs
fluxing component3! CaO, Fe,0;, K,02] 3] S7lsto] 4
ARl E-F-E57F Si0,+A1L,04°] FFo] H& 3]of nlsiA W A
< Elst 4= 9l

33 AR 25

31004 ool g5 upo® 2 Aol AR 87H T we
Si0,+ALO;%} K,0, Ca0, Fe,0,9] H]£0] 3]9] 8554 1 v X)=
FEe Rl Sl 310 Wrlew, vhe 71 & ot
o] g},

I EC VI Glencorclll Wira
[ Collielll Baramultilll Berau
[ KPUMEE Rotosouth

1400

Temperature(’C)
N
8

1000

Fig. 3. Comparison of TMA temperature at T90%.

3-3-1. Group A

Group A= SiO,+ALO;2] 3H0] 75% ©"HECM: 87.31%, Glencore:
81.24%, Wira: 76.14%)°.% W& OO‘:/] refractory components 3%
5 Ca0, Fe,0;, K,02] HIE2 & 2J0]& HolX| ¢i= ECM,
Glencore, Wira 9] 3|5 473 0]'93\‘:]'. AAE A 7] &= Sioy
ALO4(ECM: 2.43, Glencore: 2.89, Wira: 1.60)°ll4] Zfo]& H.o|m
Si0,/ALOsell W 3] §-554S w48 5 ATk

3-3-2. Group B

Group BE SiO,+AL0;2] &l 50% ©|3k(Berau: 47.18%, KPU:
47.10%, Rotosouth: 45.80%)= 2> <] refractory components
23 Si0,/ALO;, Ca0, Fe,0;2] H]E0] A= T Berau, KPU,
Rothsouth®te] 315 A7stqict. A€ 519 Si0,/Al,04(Berau:
1.75, KPU: 2.19, Rotosouth: 2.28%)% 2[°]E Kol Ca02] S
Berau(21.13%), Rotosouth(Zl 63%)°1 HI3l KPU(11.42%)7} ©F 10% St
ST}, Fe,0,0] HI-E-2 Berau(11.78%), KPU(12.13%)1] H]3l Rotosouth
(1836%)7} F 10% =S4T} 01 E814] Si0,/ALO;, Ca0, Fe,052]

Hlgo] 3] §-55d0l nX= S AT 5 AT

3-3-3. Group C
Group C&= SiO,+ALO,S] o] 75% o138} 50% © "3 (Collie: 72.29%,
Baramulti: 62.20%)°1™ K,0, Fe,0,2] H]&2] Zfo]7} A2 Collie,

Table 2. Primary chemical composition related to ash melting characteristic

ECM Glencore Wira Collie Baramulti Berau KPU Rotosouth
SiO,+ALO; 87.31 81.24 76.14 72.29 62.20 47.18 47.10 45.80
Si0,/ALO4 243 2.89 1.60 1.38 1.92 1.75 2.19 2.28
CaO 1.67 3.84 5.26 1.86 6.52 21.13 11.42 21.63
Fe,04 493 6.26 8.92 19.47 18.18 11.78 12.13 18.36
K,0 1.74 2.65 1.06 0.55 1.99 1.27 1.30 0.94
Table 3. TMA results of ash samples
ECM Glencore Wira Collie Baramulti Berau KPU Rotosouth
T25% 1032 1008 1001 1037 896 1047 1086 1012
T50% 1088 1094 1106 1073 1026 1087 1117 1072
T75% 1181 1170 1269 1123 1077 1164 1157 1118
T90% 1350 1255 1414 1267 1099 1187 1192 1125
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Fig. 4. (a) Comparison of TMA shrinkage curves from some ashes that
contain high refractory components(Glencore, ECM, Wira) and
low refractory component(Berau) and (b) TMA temperatures
(T25%, T50%, T75%, T90%).
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Fig. 49141 SiO,+ALO;>70%2] W2 el Ait-a 3kl Sl
3]Q] ECM(87.31%), Glencore(81.24%), Wira(76.14%)% SiO,+Al,0,
slefo] 22 3] F thEA Q) Berau(47.18%)2 T90%S Hlwal B
Glencore(1255 °C), ECM(1350 °C), Wira(1414 °C)°ll B3} Berau(1187°C)
7h e A& GRIE = Qlt. o] § A3k= Si0,, ALO;Y §82
57} 1700, 2020 °CE FobA] T Adito] 3|9 S5 55 Holv
&5 517] wliEolth15]. ECM, Glencore, Wira®] Ca0, K,0,
Fe,0,°9] g2 W& 2jo)F Ho|x] o] wfel J&F 243 -+ §
At} Si0,/AL0,°] 789~ Glencore(2.89) > ECM(2.43) > Wira(1.60)
TOF Fho] F AL B 9l o] v]ge| wEf eofx ] E-g-2
581 T75%%= Glencore(1170 °C) < ECM(1181 °C) < Wira(1269 °C),
T90%x= Glencore(1255 °C) < ECM(1350 °C) < Wira(1414 °C) <42
e 21 gRlsk 4= gt o] gl A3do] YEhs= o= Sio,/

=g s ueE T

|57 Wil digk 237
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Fig. 5. (a) Comparison of TMA shrinkage curves from some ashes that
contain low refractory components (Rotosouth, KPU, Berau)
and (b) TMA temperatures(T25%, T50%, T75%, T90%).

ALOY} FE55 Si0,9] H|&0] AX|=d] o]u], Si0,%] §§ 2%
(1700 °Cy7} Al,045(2020 °C)2] &-§ 2 EHTHFO VR Si0,/AlL 0,
7} AAFE 110 M9 8§ £ T75%, T0% | Holxle <&

% ek,

3-5. Berau, KPU, Rotosouth H|ul=A1

Fig. 5914 Si0,+A1,0,2] HI&0] 50% ©]5= YERY: Berau
(47.18%), KPU(47.10%), Rotosouth(45.80%)2] TMA A3-= e}
uiglet. o] 49 AAIA Q1 8- 2527 1200 °C ]38k A& ERIst 4
St ol =2 S5 5E 7HA= refractory component SiO,,
AlL0;9] 3hgo] A3 we §-85-25F 7HAE fluxing component
Ca0, Fe,0;, K,09] &go| F71317] wjtolct.

Refractory component?] SiO,, Al,0;2] $go] F 45-47%= f-
ARellA] o] “3ie] JakS AN¢lgt fluxing component CaO, Fe,0;,
K,02] grgo] 247e] g-g-2%ol vxe s 248 = STt
A CaO7} 88250l MR Y-S 248 218l CaO o]
OF 21%% F-AFSE Berau, Rothsouth9} 11.42%<1 KPUE B 4
313t KPUS Ca02] $FEo| Berau, Rotosouth Ht} oF 10% St
om o] Ajo] mjFel] KPUS| %7]8-§ &%) T25% 1A B A
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o]& HQIt} KPU2] T25%= Berau®ll H]3l 39 °C 3 Rotosouthel]
13l 74 °C =t} Wb Ca02] T 7] 825 T25%CN <
g mAE RS gl 5 qlvh16].

Si0,/Al,05i= Rotosouth(2.28) > KPU(2.19) > Berau(1.75)2] 73
TS 1It) oM ] 88252 B wal KA T75%= Rotosouth
(1118 °C) < KPU(1157 °C) < Berau(1164 °C)Z Si0,/Al,0,2] Fto]
55 271 HolA = AS #8191 4= QI T90%= Rotosouth
(1153 °C) < Berau(1187°C) < KPU(1192°C)] 4% Hol T75%2]
A7} k2 A Berau?] 257 KPU BU} w2 A8 gelst 4= 9l
T}, o= Berau®] CaO $hego| |2 0% o] 241431 S-5-257}
g7 RO fad 4= Qlrt

3-6. Baramulti, Collie H|u=Ad

Fig. 62141 50% < SiO,+ALO; < 75%2] W3HE- Ad2-3- 231811 Ql
= Bl Collie(72.29%)2} Baramulti(62.20%)2] TMA A¥}E e}
uidet 7 &R Fe,059 a2 Ak Si0y/AlLO;, Ca0, K,02]
Fgo] M= T Rg gRIE 4= Qlrt. olzjst AE F3l Sioy/
ALOj;, Ca0, K,08] §Fgo] 24218 g-g-2 el A= s w4
gk = Qe Z4zke] Ay TMA A8 Z¥E vlws) B9 Collie}
Baramulti®ll B]3}l CaO% 4.66% 213l K,0F 1.44% 2> 7318 &

—— Baramulti
—— Collie

100
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Fig. 6. (a) Comparison of TMA shrinkage curves from some ashes that
contain middle refractory components (Baramulti, Collie) and
(b) TMA temperatures (T25%, T50%, T75%, T90%).
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Q13 = QISITE. Cao, K,09] 3hgo] S71erS §6327] 2511
T25%7} Sto}x]7] wj&-o Baramulti®] T25%= Collie gl B3]
141°C7} Bb& 7102 HR]IT} Si0,/Al,05 Baramulti(1.92)7}
Collie(1.60) 2T} 0.32 =0} T4 §§ 2571 Was &
4= o} Baramulti®] T75%= Collieol] BI3l 46 °C7} S0 v T90%=
168 °C7} St

4.8 E

E =RoAds ] g0 2 AREERE A'R1 ECM, Glencore,
Wira, Collie, Baramulti, Berau, KPU, Rotosouth®] 3]Z A|Z}s}11
3|atel] 25kl 2lslaS XRF A& F38t0] F#sleisivt. TMAS
ol-gajo] 7} et 3] §-§ 533 RIS T25%, T50%, T75%, T90%
O LEE T3 eH 3]°] AlslE F refractory contents, fluxing
contents”} ZZ}+0] 3] £-g-2 %o n|Xi= S SIS

(1) XRF 4% Z3ato] 7 319 Abshs s & 7 Aglen 3]
gl=tollA] refractory contents?! SiO,, ALO,S] $hgo] 7MY =55
LRt o] 71e-dl 3] 8854 B PES HIAIE refractory
contents(Si0,, Al,O5), fluxing contents(Fe,0;, K,0, CaO)ll Wz}
3714 TE-02 LRE F Si0,+AL0;, SiOy/ALO;, Fe,05, K,0, CaO
9] g Wsle] M §-554S AT

(2) Refiactory contents 3] 3 Group A% 7-9- A-20l4]<] 3]
£6-212(T90%)7} Glencore(1255 °C), ECM(1350 °C), Wira(1414 °C)
2 =937 9FA fluxing contents®] 30| B2 Group CF tEZ]]
&k Beraur 1192 °CE Y2 k& HA) o]& S3lA refractory
contents(Si0,, ALO,)E 3| 4§ 255 =o]& ¢3hS 3b1 fluxing
contents(Fe,05, K,0, CaO)= 3] 8§ 255 Wae 988 38
& = QST

(3) Group A°IA] SIO/ALOL= Glencore(2.89) > ECM(2.43) > Wira
(1.60) =02 3.0 T120fx9] 3] Gg2-fer= o] 9f Hith=2 T75%¢14]
Glencore(1170 °C) < ECM(1181 °C) < Wira(1269 °C), T90%ollA
Glencore(1255 °C) < ECM(1350 °C) < Wira(1414 °C)Q1 A& gelgh 4=
AUtk wEbA Si0,/ALO7E S7Hkell whet aneo] 3] g2k
T75%, T90%7} H2xdhe A= & 4= 33l

z A

o] =& FreuA7EAT APo FElon o
A=Y THB3-2423).
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