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Abstract

The thermal decomposition process of combustible materials is known to be a complex combination of thermal, chemical,
and mechanical reactions. In this study, the fire risk of combustible materials was evaluated using both the fire risk index-XII
(A) and the newly proposed fire risk index-XII (B) based on Chung’s equation-XII. As a case study, the combustion charac-
teristics of five wood species were tested using a cone calorimeter according to ISO 5660-1. The experiment was conducted
at an external heat flux of 50 kW/m’. As a result of the examination, according to (A), the fire risk ranking was lowest
for zelkova (0.00) and highest for lauan (4.69). Also, according to (B), the ranking was lowest for zelkova (0.00) and highest
for lauan (5.142). In other words, it appears that the first maximum heat release rate and first maximum smoke generation
rate based on the instantaneous maximum values had a significant influence on (A), and the time-averaged and mass-based
maximum average rate of heat emission and smoke extinction area had a significant influence on (B), respectively. In con-
clusion, the fire risk index-XII (A) and the newly proposed fire risk index—XII (B) can be applied as a useful method for
comprehensively predicting and evaluating the fire safety of combustible materials.
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Table 1. The Moisture Content and Bulk Density of Each Wood
Before Combustion Testing

Moisture ~ Bulk
Classification content  density
(%) (kgm’)

Materials Scientific name

Pine rigida (PN) Pinus rigida Soft wood 10.0 419.0
Lauan (LU)  Pentacme contorta Hard wood 8.8 542.5
Chest nut (CN)  Castanea sativa ~ Hard wood 11.0 634.0
Oak (OK) Quercus variavilis  Hard wood 12.1 976.0
Zelkova (ZV) Zelkova serrata  Hard wood 10.0 655.0
PMMA - - - 1180.0

Technology Co.2] Cone calorimeters AHg-stod, A gk 45}
AR Af-<521 50 kW/mPe] o1 AR ZaolA Waskici10]. AF
£33 AlFH] T/ 10 mmo] L AJE-2 100 mm x 100 mm (£9)

719 AR SHHoM, Ak VL B} Ak S A%k

22. S Al S SIEY "It ek
7t =49 A 84S Hrksh] flstel A88 Chung’s
equation—XIIf’J 218 o3 Zo17].
2.2.1. SESXI+-X (A), FPI-X (A) ¥ SHIESXI+-XT (A),
FRI-XI (A)9] H9

FPI-X (A), FPI-XI (A)i= 2] (1) ¥ (2)9} 2TH17].

FPI- X (s*/kW)(A)

_ CRT(s)
SPR,,.(m*/s) « PHRR(kW/m?) « COP,,,,(g/$)](CO,P, ., (g/s)
1
CRT
SP. « PHRR - COP /CO,P
FPI— XI(A) — }%ﬁ"’f T mean 2" mean (2)

[

SPI%ﬁak - PHRR - COPm,san /COQRan ]P“JAUA
CRT: Combustion resistance time

Method B: SPR.. (m¥/s)S SEA (m¥/kg)o.Z T

PHRR (kW/m?)& MARHE (kW/m?)E thA|gh

FPI-XI (A), 4] (1) 448+ 7Hcombustion resistance time, CRT
)& Al 7 FL23 Aa 54320 HA A Epeak smoke pro-
duction rate, SPRyey (m%s)], H AW EE[peak heat release rate,
PHRR (kW/m?)], 22132 COPpean (2/5) / COsPrean (¢/5)°] W15 w51
Wie Zlo= A ek

CRT(s)E 1473 =49 A4 Al A 1A H o EHEEHRR 1« pear)
A 7 WA HGEEHRRu pea) A5 A1) 2] AT
olt}. ulgksly E49l PMMAL &M 43 A4 343 Fer)
= A4 AlolliE HRR g pea 5 BOIRITE WA 0] 59 2lo]E &
28}817] 213l HRR g pea 2+ ZHEHAIZH(time to ignition, TTI) Abo]&] A
2AZHE s

A Al *17] HAY TE]e] FeAS arEske], A8 AqtelA=
A7) @ AHE EAJOZ SPRye (m¥/s) 2k PHRR (kW/m?)S W29
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Z3FIIT) o2 B Ao AE FPIX (A)E Asklch a2y = o
B AR A A8AE Fr1s B eAdo] IO BE SPRywcE 714
Z~3bH A[(smoke extinction area, SEA (m%kg)] > = thA|sle] #&3}
Sith SEAE 7FAA) B9 &4 9] Agd wgste AV|ES
e A 24, SPRE A &<=4E[mass loss rate, MLR (g/s)]=
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ESE HRRS 7] A 2] 0] Z(noise)oll 23t @ 2E WAIAIZIT)
wEba o]F A4s} 3b7] $lte] FH U DA (maximum aver-
age rate of heat emission, MARHE (kW/m?®)]< &85} ©]& FPI-X
(B)Z 313 tl. MARHES EAWZEE{total heat release rate, THRR
kWmH) & AZEeR Uie gho® g o¥t}21,22]. MARHEE HRR
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7+ o] wkgde gtolth

RPI-XI- PMMAE 7|& 222 ARSIl o, 2] ()¢l A=k

222, SHHEERIS-X (A), FGIX (A) ¥ SEEX X (A),
FGI-XI (A)2 F2|
2] FGIX (A), FGIXT (A)E 2] (3), (4)9} o] vehiieh17].

FGI- X (kW]s*)(A)

_ SPR,,(m?/s) - PHRR(kW/m?®) - COP,,,,(g/5)/ COP, 0, (g/3)
- ASGT(s)

©)

SP}zpuuk - PHRR - CO])mazm /002])’VVLC(LIL
ASGT
et X[(A) - SP}%)f’ak + PHRR - COPmenn/COZPmean (4)
[ ASGT ]PI\’H\/IJ\

ASGT: accumulated smoke generation time
Method B: SPR,.u (m/s)S SEA (mi/kg) O = thA|gh
PHRR (kW/m*)2 MARHE (kW/m*)= thAh

FGI-X (A), (3} SPRye (m%s), PHRR (KW/m?), COPen (g/5) /
COPrean (g/5)°] Al 7HA] TS A4 54 Q4AE ¥t 42 s
A A7 A T Haccumulated smoke generation time, ASGT (s)]=
e sloz ek

ASGTE 714 &40l tigh Al A7 eAE T2s & Al
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Fire Risk o<
FGI-XI  FGI-VII  FGI-II  FGI-II
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SGI— XTI
o TSPI— X1 ©)

WA ERIXIL (A, B 4 (), ()°] AR

FRI-XII(A) = % (6)
FRI—-XII(B) = % @)

FRI-XII (A, B)& FGI-XI (A, B)& FPI-XI (A, B)E e gtelth
=, FRI-XII (A, B) #to] mobda= 3] g1 o] Fobx|a, =2
FRI-XIL (A, B) #ko] wobda=5 3hA) qhl o] ot o3l
A= sto] Al APANE THACE H7F 2 cS5ato] A A9
=5 ST

3. Za 9 DE

3.1, B RIEM "ot aiHo M

A AFrelxE 71Ad S49] sAl @Al dist B7) 9 oS
= 37] 913101 TTL SPRyew, PHRR, 12|31 CO9} CO,8] B dA<E
EHE 23k 4 9] F23) i 54S A#X|o] FPLIXS A3t
St aar sk 1384 Bkl A-&-stlthiel.

gt ol5S I TIE whow 7= PoAo] glorw,
FRI-IXZ #4149 A4 54 5 34 2491 TTIE CRTE diAls]
21 (¥} 0] FPI-X W78 28 29 skSIth17]. Table 20 MARHES}
SEAS A&t Aaq Aol dlole]E Faslti18]. Table 29}
Figure 1914 AAIE wke} 7o) CRTE A4 thdEe] Ai A ZHzt
HRR 5 peak 2 HRR g peak AFO1S] AIZE M S ALAFAIZEOZ A9
SHATH17]. iy B2 7 A2 Ak 236l wEf Adiagl
zte)7F vk2 A yEehdel

ok vlEsy B4 w3t B4 tEA 4T ® HRRig pea
9 UERdth TP vigsid E4Q1 PMMAC] tiste] A AT
ol 4= CRT 49} 7 243 22491 TTIZ HRR g peak AFO19] Al
7y 72438 CRTZ YeERAATH17].

Table 3 UERd ulel o] FPI-XL AAATNZE IAWEE
(Figure 1), 917](Figure 3) 2 CO (Figure 4)2} CO, (Figure 5)°] 1
WA EH] 9] AS BAIEA, FPI-X (A)Y] 7S U(511.32 s%kW)ol
78 v, “ElUR29801.32 sYkW)7F 7 =8 o2 bt
weba] =EUETE Skl Ao T W A o= olsjdrt o]
2 “EEIE A4 Aol HRRyg pea (144.50 kW/mH)7F 718 S,
SPRig peak (0.0043 m/s)0] 71 U7] wiizolch o] Al @A o]
AR AL L 9J&Esto] solA]= A= o Ao F)4
H 4 QIth Table 16 UERH nle} o] F3hubiol L2 4]
Y= 717} 976.0 kg/m’, 655.0 kg/m’olth AAUEI} = Fhy
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Table 2. Combustion Characteristics of the Specimen under Conditions of External Radiant Heat Flux of 50 kW/m®

b c e
Materials "CRT (5) (kW/rrll_g?l:tISliBie;kle (s) (kW/rIr;lzf){iztnd'ﬁeriie () "ASGT (5) (kW/mZ;\A/A;H"ll::ime (s)
Pine rigida 295 171.05 / 35 287.19 / 330 230 131.71 / 350
Lauan 280 246.84 / 30 277.45 / 310 290 171.07 / 310
Chest nut 230 178.99 / 60 370.54 / 290 245 164.46 / 390
Oak 310 176.10 / 105 375.76 / 415 325 189.79 / 440
Zelkova 450 144.50 / 65 193.75 / 515 480 68.90 / 610
PMMA 368 1110.56 / 385 - 368 662.61 / 435
Materials o SPE‘?{;‘; © gspzz";ﬁ‘; ((‘S‘;z/ s) COPyean / COAPean 'SEA (mPkg)
Pine rigida 0.0124 / 40 0.0232 / 270 0.0322 64.88
Lauan 0.0297 / 25 0.0273 / 315 0.0747 89.34
Chest nut 0.0087 / 35 0.0190 / 280 0.0559 38.00
Oak 0.0041 / 105 0.0122 / 430 0.0548 41.12
Zelkova 0.0025 / 60 0.0043 / 540 0.0418 6.88
PMMA 0.0516 / 385 - 0.0057 169.58

*Combustion resistance time; blst,peak heat release rate; “2nd.peak heat release rate; Ymaximum average rate of heat emission; ‘Istpeak smoke production rate;

faccumulated smoke generation time; ®2nd.peak smoke production rate;

450

—— PN
—w

«» PMMA

Heat release rate (kW/m?)

Time (s)

Figure 1. The heat release rate curves under conditions of external

radiant heat flux of 50 kW/m’.

b SAEASTY A b B0 cEEglont ek

T =8 Ao g Ueht) o]7e A7 TS
HApls) Ak M Ao RA, ATne A 7]

F9l %ol

59 Aat

gl A=A 7)so] b)) miEolth of= A3A 0% CRT gl

o|&3H= Ao g olFHt) o]9) ¥ Usto] A 93

ol 7V

o Ao Yehd AL SR 3EK8.8%)0l 7FE Wil COpen/

COsPrean (0.0747)7F 718 7] WlE o2 osfdt).

©]Z I Figure 22] MARHE % SEAE Z-&3F t}2 WO 2 Table
4of] AIAE FPI-X (B)] 7k 13025 skWikg)ol 71 wha, gL}
522,72 skWikg)7F 71 =2 Zlo2 Yelst) Wi “ElUE)

A 1A 7HE B Z1o® o]gErt. o] FPI-X (A)
A o® &3k Hulak 718k HRR g peac 2 SPRi pea”}
S n|z A o), FPIX (B)oll thate] 242 Al B3 1l
¢l MARHE (68.90 kW/m?) 2} SEA(6.88 m%/kg)7} 2.3+
ZAo7 ®elt}
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Figure 2. The average rate of heat emission curves under conditions
of external radiant heat flux of 50 kW/m’.
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Table 3. Fire Risk Index-XII (A) of Specimens under Conditions of External Radiant Heat Flux of 50 kW/m’

Materials FPI-X (s/kW) FPI-XI FGI-X (kW/s%) FGI-XI FRI-XII
Pine rigida 4319.18 3.83 0.0003 0.33 0.09
Lauan 511.32 0.45 0.0019 2.11 4.69
Chest nut 2640.64 2.34 0.0004 0.44 0.19
Oak 7828.28 6.95 0.0001 0.11 0.02
Zelkova 29801.32 26.45 0.0000 0.00 0.00
PMMA 1126.76 1.00 0.0009 1.00 1.00
Table 4. Fire Risk Index-XII (B) of Specimens under Conditions of External Radiant Heat Flux of 50 kW/m’
Materials FPI-X (skW/kg) FPI-XI FGI-X (kW/kg:s) FGI-XI FRI-XII
Pine rigida 1.07 1.88 1.20 0.69 0.37
Lauan 0.25 0.44 3.94 2.26 5.14
Chest nut 0.66 1.16 1.43 0.82 0.71
Oak 0.72 1.26 1.32 0.76 0.60
Zelkova 22.72 39.86 0.04 0.02 0.00
PMMA 0.57 1.00 1.74 1.00 1.00
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Figure 3. The smoke production rate curves under conditions of
external radiant heat flux of 50 kW/m’.

Table 3o YERA FPI-XI (A)2] 72 U240.45)°] 718 v, -F
WHH26.45)7F 7HE =& A0 E YERTE FPIXI (B)S] #2 W
(0.44)0] 71 Yra, “ELE(39.86)7)F 7 =& Ao 7 vEhyit) o]
= ok9] FPI-X (A)$} FPI-X (B)2] 7-9-9} W& o] sk}

TS Mg Aol A= SPRyew (m¥/s), PHRR (KW/m?), TSPRis( peak
(s), 283l CO el gt cO2l HH NS L83t 4 7)) ¢dx
B4 942 23810l FGIIXS AH3E vl Qehie).

J2evh FREIX Y dAE AASA 5 A Q4% 714 P&
U3t TSPRig pea®ll THEFA[16], “FA A7 EYAIZHASGT)S Tl &
22 o] WAl (5)9F 2ol FGI-XS FHEISItH17]. ASGTE 914
7hAEo] A4 W ZH2t TSPRug peak & TSPRong pea AFO18] AIZE 71
£ ASGTZ 7% 9]3}3it} Table 29} Fgure 201 AJ7tol] wh2 7]ebAy
E ABE YeRidth

Table 3¢ AXFE FGI-X (A)2] gtell 23t shAe1EAS eV
(0.00 kW/s?)7}F 7P war, vkh0.0019 kW/s?) 2.2 Bl 2 =7 vt

Figure 4. The CO production rates (g/s) of the specimen under
conditions of external radiant heat flux of 50 kKW/m’.
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Table 4] YEFA FGI-X (B)2] #tell &3t siAl$I 8-S =Ly
(0.04 kWikgs)7} 7% 211, 15(3.94 kWikgs) OS2 vl A =4 1}
Epstt} 01212 obA At kel 7o) FPI-X (B)9F AA HEd S
H3th o]oJA] PMMAE 71E SR 3to] & A3 AlE2] FGI-XI
S 2 (4)9) o] WE3IITH17]. Table 30 Yehd uke} o] FGI-XI
(A FE “EH0.00)7F 7HE S, veh2.1)e) 7HE e Sl
2 F7kE ik ol FGI-X (A) 7kl Aol diste] =3+ izt 7]
HES] HRR g peac 2t SPRig peak 7101 Z- 2.3+ GES w|xl A o= o]sfHrk

T3k Table 40 VER FGI-XI (B)9] 7 “EIL0.02)0] 714
v, Ush2.26)0] 7FE B& A0 2 Yeldth o] FGI-X (B) #9
Axtof tiste] Zb2 A)7HE 4 9l A 718kS] MARHES} SEA #4¢]
7P Fask g nxl ZoR ol3)Erh

Appl. Chem. Eng., Vol. 37, No. 3, 2026



284 d9= -

2]

Table 5. Comparison of Fire Risk Rankings by Fire Risk index-XII (A) and Fire Risk Index-XII (B) of Test Specimens

. Ranking by Ranking by
Materials FRI-XII (B) FRIXIT (B) FRI-XII (A) FRI-XII (A)
Pine rigida 0.37 5 0.09 4
Lauan 5.14 1 4.69 1
Chest nut 0.71 3 0.19 3
Oak 0.60 4 0.02 5
Zelkova 0.00 6 0.00 6
PMMA 1.00 2 1.00 2
0.
¢ PN Acronym
LU 1 Jieanss PMMA
0.35 1 ,..... N 0 : Time to ignition TTL s
oK b
— 03 ]=—1V 0.6 __:' : Ist peak heat release rate HRR g peak, PHRR, kW/m?
- o
= 04 g0 Maximum average rate of heat emission MARHE, kW/m?
£ 025 4 IE
; e : Smoke extinction area SEA, m’/kg
: . .
E 02 1 0 200 400 60O Peak smoke production rate SPRycak, m’/s
B 015 4 Time to peak smoke production rate Time to SPRycak, S
8 01 4 Mean carbon monoxide production rate COPrean, g/
Mean carbon dioxide production rate CO2Prnean, g/
0.05 4
Combustion resistanace time CRT, s
0 . . . - - . . | . .
M 100 - . . S . 700 200 Accumlated smoke generation time ASGT, s
Time (s) Fire risk index-XII (A), FRI-XII (A)
Fire risk index-XII (B), FRI-XII (B)

Figure 5. The CO, production rates (g/s) of the specimen under
conditions of external radiant heat flux of 50 kKW/m’.
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