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Abstract

The fire risk and fire safety of four types of wood were comprehensively evaluated according to Chung’s equation-XII. White
ash, willow, fraxinus mandshurica, and sagent cherry trees were selected as test specimens. A cone calorimetery (ISO 5660-1)
was used to examine the combustion characteristics of the test piece, and finally, the fire risk rating (FRR) was predicted
using the fire risk index-XII (FRI-XII). The predicted fire performance index-X (FPI-X) and fire growth index-X (FGI-X)
ranged from 469.03 to 1109.73 s¥kW and 0.0009 to 0.0280 kW/s?, respectively. Additionally, the fire performance index-XI
(FPI-XI) and fire growth index-XI (FGI-XI) ranged from 0.41 to 0.97 and 1.11 to 3.11, respectively. The fire risk index-XII
(FRI-XII), representing a fire risk rating, showed that the fire risk of frasxinus mandsurica tree (FM) was very high at 7.60
(fire risk rating: D). And it was compared with Chung’s equation-IX, fire risk index-IX (FRI-IX). The fire risk ratings accord-
ing to FRI-IX and FRI-XII were generally high for willow and frasxinus mandsurica trees. Additionally, the results of FRI-XII
and FRI-IX had a similar relationship, and the size of each fire safety rating closely matched each other.
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Table 1. The Moisture Content and Bulk Density for Test Specimen

Materials Scientific name Classification Water content (%) Volume density (kg/m’)
White ash tree (WA) Fraxinus americana Hard wood 8.6 632.93
Willow tree (WL) Salix babylonica Hard wood 8.8 352.33
Frasxinus mandsurica tree (FM) Fraxinus chinensis Hard wood 9.0 552.63
Sagent cherry tree (SC) Prunus sargentii Hard wood 8.5 612.38
PMMA - - - 1180.00
G Tl g8l GEs e Ao dEA QITH9,10] AR ARSIt
ALEARL A7, A7MHEE, AATks, vizd s, 9=
F 5o] TFHCHII-13], Lo} o]9} & B 7k A7HA 2. AlE] 9l AIS| Hp
710 3] ]

A8 AFelde 78NS ASsh] g WO E Chung’s
equations 1, 2, 3[14] & Chung’s equations-V, Chung’s equation-VIZ
3RSk vl QI 1S5 Bk 718k & E e AR vk &
A4S 98l Chung’s equations-II, Chung’s equations-III, 72]3L
Chung’s equation-IVE 5t v} 3ltH16].

FHA O F Chung’s equation-IVel] 2t ARV (fire
risk index-1V, FRI-IV)7} obdas shA|9]@d4do] obxl& Uehd
thi6]. o173 AR D FAel] o3 A A5E] gk
Zloltt,

st A7) K8 E = Bl HAE S A TRl dAksiekae)
oAt i Fasb] witel olF xdlste] Frlelof Stk
o] 9J&l A8 dFHollAl= Chung’s equations-VII, Chung’s equations-
VIII, Z12]31 Chung’s equation-IXQ! A1 A A|S~IX (fire risk in-
dex-IX, FRI-IX)E 4935tk 18]2 A8 3A]4~1X (FRI-IX)E
AR 3l S E A5 F(fire risk rating, FRR)S A BFATH17].
o] W& A9 27] WAlel 23-& g sHAIEA BrRolqlt
e A4 =S i Aol wE Y dAE SestEE
o]F Wigste] B tE e 1REIsith

%, 9129 T2 249 ZshAIZ time to ignition, TTI)ol| t}-5-5+4]
A4 3A|ZHcombution resistance time, CRT)Z} A7A] = A1
2t A7 Eell E@=E= AlXKtime to st peak smoke pro-
duction rate, TSPRig pea)® T-8-3H= +2 A7 A {Haccumulated
smoke generation time, ASGT)S HF33IAth welr o]& $I5ko]
Chung’s equations-X°l| 2]+ 3}A14d52|9=X (fire performance in-
dex-X, FPI-X) % 3}AIAdA|9=X (fire growth index-X, FGI-X),
Chung’s equations-XI°ll ¢]3F 3}A14J-54]5~X1 (fire performance in-
dex-XI, FPI-XT) % 3} A]4=XT (fire growth index-XI, FGI-XI)<
931313, ©]& AR Chung’s equation-XIToY 2] 3t 3}A)$13 A9 <]
S=XII (fire risk index-XII, FRI-XI)E A Zo] HH3IATH18].

upEpa] 2 Aol FEA o0& AP A X (FRI-XI)E
APdatal, FRRS ol5atsivt. e 3 A delld Bare shajeldd
8AF-IX (FRI-IX)Ol <3t kA 9184 5 F(FRR)[19]34 H]Lsto] o]
o] #AE HEIT

o] A7l E FE A D WEAZ AREY, AHSRIET} =
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2.3. AXIRHS| HAEY Al

ALY AL IS0 5660-1 2% Q=+ Fire Testing Technology A
2] dual cone calorimetery S A3t} 24 HAME RG-S (external ra-
diant heat flux) 50 kW/m>Z A 3tAoll 518 Z0lA ALAYS
SHATH7]. A8 10 mm (H)S] FAE 71 ASE 100 mm (W)
x 100 mm (£5) (L)8] FAC=Z FH|SFITE

2.4. SRHIEY X H SIS S "It W[18]
2.4.1. S SX|4-X (fire performance index-X, FPI-X)2} SHAid S
X|4=-XI (fire performance index-XI, FPI-XI)
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FPI-XI = [ CRT(S) | ©)
SPR,,,.(m*/s) - PHRR(kW/m?) - COP (g/s)/ CO,P,,.., (g/s) """
_ SPRpeak (mQ/S) i PHRR(]{)VV/WZZ) ) COPIVLC(LI! (g/s) / COQPm@un (g/s)
FGI-X = ASCT () @
SPRpmk(mz/s) - PHRR(EW/m?) - COP,,,.. (g/3)/ COP,.... (g/s)
FOT— XI= ASGT (s)
- SP}?pmk‘ (mQ/S) ) PHHR(}CVWWQ) ) CORncan (g/S) / COZPmc(m (g/S) (5)
[ ASGT (S) }PAIA\IA

ztol& #Hasketr] flaA 7R 38 8490 HRRug peacS} TTI ALC]
o] AAARRES #8310k

FPLI-XI 2] (3)°ll AIA8F3 T FPI-XT2 FPI-VIIIS] TTI (s)°l] th-$-
3}o] CRT (5)Z thAlSF FPI-XE FPI-Xpuua O % Ve #hO2 ERY
ATk o] W42 SPRyex 3 PHRRE Fto] 314 2719 S23 24
O] BZ SPRig peak®F HRRit pea Bhe A ESIITE 72kl gho 2 o]
2w A71elM A FAE YT A E nEste] Hughs gl
Stk of7]ell A FPI-XI gho]l A-GFE sk do] Fopxich

2.4.2. SIS EX[4-X (fire growth index-X, FGI-X)2t S-S &
K| 4=-XI (fire growth index-XI, FGI-XI)

FGI-XE 4] (4)°] YERNITE FGI-X2 3719 52 2491 SPRc
(m%s), PHRR (kW/m?), 183 COPpean (2/S)/CO2Pmean (&/5) S 3317
AL gholl thaked, FGI-VIIS] Time to SPRycq (s)°ll TH-&-8t0] thA| 3t
ASGT ()= e o= Aoldr) F&A7|AIA N accumulated
smoke generation time, ASGT)Z A4 tldE0] A2 W) TSPRig peak
9] X2 TSPRawd peac A1 FE] 7HAE SJujgith. 53], nigts} 54
< VA =43 ALY ETE o207 wiel ole] 7 Tk 54
Q1 TTI9F TSPRig pea H1X1E] IHAS ASGTE A-&3t= Hjolth

FGLXIE 2 (5)° YERNTE FGLXIS FGL-VIINS] Time to
SPRycic ()01 THS310] ASGT (5)% tIAISE FGI-XS FGI-Xpaar®)
#Ho® e Ao g Aot webA FGI-XIo] AdTS kA9
o] AAH, Wi shARbdo] wolr= Ao w AwHrt. o] A&
A 2719] 284S 1E5kY] SPRiy perF HRR gy peak Ak AHS}
o] Agaton, FAAA|GF7E Dozt

2.4.3. SHHQIEEX|=-XII (fire risk index-XII, FRI-XIT)2} SHH 2
‘4 SE(fire risk rating, FRR)
A Aol 98] FHE FRILIX[17]9 WA F5ko 2 g8l §
3 v W o2 FRIXIL 2 (6)S 483139tk FRI-XITE 2] (6)°]
xS Ak

FGI—-XT

FRI-XIIE FPI-XI O 2 FGI-XIS e A O= Aosiqith o]+ 3}

A7F FAAFE Aokddo] Hashe Flow AuyREth2l). &,
FRI-XIIZF AZGFE siA918/d0] Z718tar o) e} w2 2old4s
sAIEAd0) sk 2S vEhH, A8 sAEd 5
BS TIHoR =3 4 9k

ok HFAom AEAE HsH] fl8l FRIXI #hs vheo.
2 Tabe 28} o] FRRE o] &3] s8N wS B71E 4 Utk
O AL FRI-XILY] #ko] 0~12 HEx= 1 oAke] 2 kS 2wk9)9) 740
2 31 Ay EAES AbaAS 157 R wEEt A9 EA

S W7} eItk 3 e Bg AcARE Hakgl el o

S L G7HA] Fofeiglt) S GO B A AmEA Y] s
e SR = gl Y-S UERASITH18,23]. wEbA Table 2

9] 71l wet AN TS Bkt 18a o) Hlwst
A AEATe] &3k FRILIX #HS vlE e 2 3k FRRO 73S Table
3o AABFATH17].

Table 2. Criteria of Fire Risk Rating for the Fire Risk Index-XII

FRI-XII Fire risk rating Fire safety
Less than 2 A Very high
2 to less than 4 B High
4 to less than 6 C Medium 1
6 to less than 8 D Medium 2
8 to less than 10 E Low 1
10 to less than 12 F Low 2
12 or more G Very low

Table 3. Criteria of Fire Risk Rating for the Fire Risk Index-IX

FRI-IX Fire risk rating Fire safety

5 or less A Very high
More than 5 up to 10 B High
More than 10 up to 15 C Medium 1
More than 15 up to 20 D Medium 2
More than 20 up to 25 E Low 1
More than 25 up to 30 F Low 2

Over 30 G Very low

Appl. Chem. Eng., Vol. 35, No. 1, 2024



32 AR -

= A EES SRS Brke sARA
At 7EEAR A-H PMMAE AdiT-e] HolH
23], A4 A B S 04T ALAZARE
(CRT), A7124E(smoke production rate, SPR), AW-ZE(heat re-
lease rate, HRR), CO 7}~8} CO, 7149 whA& T 4l =29 7]ukAy
AZHASGT) 52 59 #4s11om, 1o tfst Hlo]E|E Table 2
o] AT, ol& HolHE 7L #A1dsA7-X (FPI-X)¥ 3}
AIZAFX (FGI-X)= Axtslela, olE 2Eslstr] S48 s
A|4XI (FPI-XD) ¥ A1/ A =X (FGI-XD)S AHd3te] 283 &
A A 94 -XIT (FRI-XID S A8 5 (FRR)S A4
skt

FRI-XIIE= 73R AG2A] s34 1Eskst S84 shA
NS AAEIAATE Table 48] A3 thato] TTI, dUE55E
(heat release rate, HRR), 17| ¥HAE(smoke production rate, SPR) &
CO/CO, BEAEEE NS A3 A7ellA RIg vlolE[19]15

BIA P ole

A

3. Q9 4 7| 85 "It

A A AN A 249 wig- Tod SAS U

wick AR AR T, @A, 72 R W E, e

AT T TIAEA, A WES &

ok 3 Ase 7)) sekdE sl Aol s AdEt

TR 3w dial 7pae] Alske sk ,
Table 4] LHEbd nle}l o] Al o] Z3pARES 5~19 s& 5745

.

O

ft
)
i
&
Ak
=
re
~
)
o
2,

2
o
o 2
2
g
)
L
0%
i
£ oo n

[

Aek HEWRE7) 8 s2 7k mhE g, At 19 s2 7R 71 AIRE
07 FAEQTE HEWRY A9 RS o8 AEEEY 2
zlo)7} o, A9 we A AU (352.33 kg/m®) Wl Z3kA7E
o] @EE Zo R s m, AbUNEE njmA] = o] =4, 2
AL 5= Aol folsto] ALAA 7eo] =& HOE os)H)

244 TTI= 548 A, dAEs, A 3He] d&4 A
T, FeRE ol U E zto]] Aol Hlgshs FoE Bk
Aol 7FlIA = EAF Q- heat flux)2] Aol vH]Egho24].
2 A= AP AAUES} TAste] AP o7 do] 5
oA 4 9t} 7P R AU} Erhs AL sl 7to] XA
T A0®E ot

SO EA HAYGLEES A Al A-LTS Al 1 2E &
A7), dWEEe] W AN AEe SAERRE AAAZIT
[25]. HNLDEE(peak heat release rate, HRRpe) U= W
SR 1o BE IR A2 HEETH26,27].
(e}

AgEe] ALAlgelA AlRtel g dEE S4e

-

[o5

Figure 1
HERASIH. dEE 5499 AlAk 5421 HRRy peai= 712 71

ol
M
o,
lo
ue
e
%
o,

N
N
>
N
)
fo
-z
N
o
ue
2,
10,
:oul;'
)
oX
i
&
Hy
Db
mo e, A

AEAL X&H Rz FPEH o w2 3y &

= friesith sk duEE 549 A2k 542U HRRow peak
9} Bhst FHE Qlste] AgHo Rt E o g 3
) } A LERATH28]. o] AlEH HH A
W& Fback effect) = DFHZ0] FOZH W Ho] FAle] W
YEoz &EA UTH10]. oF A EdE0] gloldlel
wzh 3k At AEEI dUEEe] aAwth

Table 49} Figure 19 235 A7} o] HA1S] HRRiy pea 573

rLLlTlv rlo
P
fu

o (9
[N

o
X
ok
fi
it
|o

oo mE rf o R ot
10 ox

i
)
N

Table 4. Combustion Characteristics of Test Specimens at an External Radiant Heat Flux of 50 kW/m’

. a b CI—IRI{] st_peak dHRRan |_peak cSPRlst _peak
Materials TTL ) CRT (5) (kW/m?) at Time (s) (kW/m?) at Time (s) (m?s)
White ash tree
Ay 17 260 265.80 / 40 392.60 / 300 0.0248
Willow tree
8 180 215.06 / 25 320.14 / 205 0.0226
(WL)
Fraxinus mandshurica tree
15 215 241.03 / 35 444.60 / 250 0.0257
(FM)
Sagent ((é};”y tree 19 240 21440 / 40 344.64 / 280 0.0216
PMMA 17 368 111056 / 385 - 0.0516
h, 2 . .
Materials "TSPiy e (5)  *ASGT (5) Spiz“;ﬁ;t g‘)’ ) iCOPmen (@) 'COPrmean (@)  COPiean / COPrnean
White ash tree
wa) 50 265 0.0702 / 315 0.0021 0.0511 0.0410
Willow tree 20 190 0.0588 / 210 0.0021 0.0300 0.0700
(WL)
Fraxinus mandshurica 90 165 0.0887 / 255 0.0033 0.0446 0.0740
tree (FM)
Sagent gg)ﬂy tree 90 220 0.0648 / 310 0.0023 0.0493 0.0467
PMMA 385 368 - 0.0007 0.1243 0.0056

* Time to ignition;

® combution resistance time; © 1st ' peak heat release rate; 4 2nd | peak heat release rate; © 1st_peak smoke production rate; f Time to Ist ' peak smoke

production rate; & accumulated smoke generation time; " 2nd_peak smoke production rate; ' mean carbon monoxide production rate; ! mean carbon dioxide production

3sst ® 35 H A1 =, 2024
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Figure 1. Heat release rate (kW/m?) for wood and PMMA specimens
at an external radiant heat flux of 50 kKW/m’[19].
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© wElE ARz e 9 ThreA AR ofdZ2FE, $357]
aE)a 3] BA FEER o]FoJXh SPRiy pei= PMMAE
A LIS 0.0216 m%/s~0.0257 m¥sZ S EJcE 53] A=
0.0216 m¥s2 717 wekomn, o= 917] A1Ado] 71 g5t B2
2 gl o] 212 At vkel o] TTIL HRRuw S A7HE M2hs
o)ty

A2 A7 1A (the second peak smoke release rate, SPRyyg | peak)
= gkollA Ak ukel FARBIIEE 2Ev M EUEE ARAe) vk
AAUER Qlste] Auige] Aee] 7)o 2Rl wef A7
AEEE dolzltt,

Figure 2= Hth7| 4450 T2E = A7 A4 AlgH
] F A BA 0T HoJFETE SPRiy peai= 20~90 sofl LFEREO.H,
SPRong peaki= 210~315 soll Al FEF Q) o] HAo] Aital] 2ol
Al EA e wEE A9 o] S wEt Dol =EEEA9
o] Srkelal A4 7kt 7AP) wiEEE AYS UERdTh o]
e HUA7|HAEo EEE AR Al did 529 ¥,

5] 27] Al ol TR AEOZA SPRg sl EF A
& WELT} 242t 20 s 7k ke et el we
[} 4
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= 7] A8l P =2 EdE ddEn
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Figure 2. Smoke generation rate (m’/s) for the test specimen at an
external radiant heat flux of 50 kW/m’[19].
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Figure 3. Carbon monoxide (CO) production rate (g/s) for the test
specimen at an external radiant heat flux of 50 KW/m’[19].

3.2. %A JiA BN HI}

AL E49 Adel & AEE Ccox A F574
olH, Cov= AP Ai F 7H T8% 4 Bekdst o
A AdEelnt A £49 giEEe] FUH e 22 ik Co
714 @b Ao] =obx]7] wliZo|t}, Table 4 %! Figure 3] ROl AlEH
4%°] CO ¥4 S (mean CO production rate, COPpeqn)= 0.0021~
0.0033 g/so& dojRith oA 7|FEHE AHE-SE PMMA (0.0007
g/s)ell Hl3l 3~4.78] 24 PMMAKTH 417 BeHdA 4 E499S
ERigic

Table 4 2! Figure 4914 CO, 3 EA< S (mean CO, production
tate, COPrean)= = A1EHC th3l] 0.0410~0.0740 g/sSitt. o172
717 EAZ ARES PMMA 2] COyPoean (0.1243 g/s)oll HI3] 0.24~0.41
H Goith BE A A4 FHRTE EZ daE uo] duE G
A CO7F AR L™ o] 33 Ak oA T} o]Foid
thz A& & 5 ST Table 40l YERH COSt CO,2 Hi 2 &
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Figure 4. Carbon dioxide (CQO,) production rate (g/s) for the test
specimen under an external radiant heat flux of 50 kW/m’[19].
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Table 5. Fire Performance Index-XI (FPI-XI) and Fire growth Index-XI (FGI-XI) of Selected Wood and Plastic Specimens

Materials FPI-X (s7/kW) FPI-XI FPI-VIIL FGI-X (kW/s?) FGI-XI FGI-VIII
White Ash tree (WA) 961.89 0.84 1.19 0.0010 1.11 6.75
Willow tree (WL) 529.10 0.46 0.44 0.0018 2.00 21.25
Frasxinus Mandsurica tree (FM) 469.02 0.41 0.62 0.0028 3.11 6.38
Sagent Cherry tree (SC) 1109.57 0.97 1.66 0.0010 1.11 3.00
PMMA 1146.78 1 1 0.0009 1 1
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Table 6. Results of Fire Risk Index-XII (FRI-XII) and Fire Risk Rating

(FRR) for Wood and Plastic Specimens
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