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Risk Assessment of Smoke Generated During Combustion for Some Wood
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Abstract
In this study, Chung's equations 1, 2, and 3 were extended to standardize smoke safety rating evaluation in case of fire,
and Chung's equations-V, smoke performance index-V, and smoke growth index-V were calculated. Five types of wood were
selected and their smoke indices were measured using the cone calorimeter method according to ISO 5660-1. The smoke
risk was graded by the smoke risk index-VI according to Chung's equation-VI. Smoke risk index-VI increased in the order
of PMMA (1) = maple (1.01) < ash (1.57) < needle fir (4.98) < paulownia (46.15) < western red cedar (106.26). It was
predicted that maple and ash had the lowest smoke risk, and paulownia and western red cedar had the highest. The five
samples’ CO mean production rate (COPjpean) Was 0.0009~0.0024 g/s, indicating that these woods were incompletely burned
than the polymethyl methacrylate (PMMA) reference material. Regarding the smoke properties of the chosen woods, the
smoke performance index-V (SPI-V) increased as the bulk density increased, and the smoke risk index-VI (SRI-VI) decreased.

Keywords: Combustion, Chung’s equations, Smoke performance index- V (SPI- V), Smoke growth index- V (SGI- V), Smoke
risk index- VI (SRI-VI)
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dex-V, SPI-V £} smoke growth index-V, SGI-V )%} Chung's equa-
tion-VI (smoke risk index-VI, SRI-VI)[9]2 ©]&3d}o] 7} A=l

sk 234 A7)98A] 538 o =519tt
2. A 2
2.1. X2

2 Ao AR EA A AAE(Thuja plicata, western red
cedar), AU Abies holophlla, needle fir), B-F2N - Fraxinus exelsor,
ash), YU (Acer palmatum  thunb, maple), L F YUK (Paulownia
coreana, paulownia)®] <53t ZAS T-9J8lo] FA| 10 mmE HEL

7heAE glol A AL Al Aol A ARSIt

Ao R S AR ARE 105 °ce HxT]elA

AR 2EE FASH FARE Ax2A710, O o)) T3 st
Ae w7 AEE o83t FAE S v 4 () o] 83t
o] AXFEFITH16].
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Wi T5F&& Totaat she 54 AT % (g)0lT, Wee
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Table 1. The Moisture Content and Bulk Density of Each Wood

Moisture Bulk
Materials Scientific name  Classification content  density
(%) (kg/m’)
Western red . .
cedar (WC) Thuja plicata Soft wood 9.0 293.98
Needle fir /¢ holophlla  Soft wood 123 36324
(NF)
Ash Fraxinus exelsor ~ Hard wood 9.3 576.84
(AS) ’ ’
Maple Acer palmatum
(MP) thunb Hard wood 7.5 633.78
Paulownia Paulownia coreana  Hard wood 7.0 221.86
(PN)
PMMA - - - 1180.0

WSk Table 28] 7|4 R AFES PMMAE Y9 Fire Testing
Z

3
[17,18] o] EZ-& 53 7

TechnologyAloll A 2S5k
ol AZASSLE N9 A2l N3 21 Ao Bk AL
th 53] PMMAE %8 AdA 9l vy die] 71Eed® A

shola MaATg} FAst Eﬂo] 1% AHE-3FATH 19].

22. ZZ=e|0E AlY

A Aol thtk ABL 18O 5660-12] Aol A38k] 57 Fire
Testing TechnologyAF2] dual cone calorimeter “JH] S AFE-3}3] 0,
A siAe} 2 AT A HEEE 50 kW/m®e] 95 A
%(external heat flux) =713}l A Y3} TH4]. AMESH A|FH L] A
7]+ 100 mm (W) x 100 mm(*9) (L) x 10 mm (H) o] 74202 Hgh
3ielar, A4 - 4719194 Frtel oish 7] 1A} B AFE 8t
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. Pressure ports

. Orifice plate

. Thermocouple

(located on stack centreline)
Hood

. Blower

. Heater

. Gas sampling ring probe

. Spark plug

9. Optional screens

W N

SRR NEVRNN

10. Blower motor

Figure 1. Schematic diagram of cone calorimeter([4].
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Table 2. Experimental Conditions for Cone Calorimeter Test

Contents ISO 5660-1
Sample size (mm’) 100 x 100 x 10
External heat flux (kW/m®) 50

Orientation Horizontal face upwards

Test time (s) 1800
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3. A4}
3.1. @ EMoll 28t "ot
A& E(heat release rate, HRR), 17"} E(smoke production rate,

SPR) 2 &3}A]7N(time to ignition, TTI)S B2 A2AES H7leh=

F2.3t m7AS=o]tH20]. Table 30l A AIEA] TTI & A&

13

11. Retainer frame and specimen
12. Specimen holder
13. Weighing device

AAIEFATH21]. 171914 maple®] TTIE 16 s=A] western red cedar
9] 3 sof] vlaf 538 x]Ax]o] LFEFRLTE ©] A2 Table 1 A vE
9} o] maple®] AZUE7} 633.78 kg/m’ S FX4 western red cedar®]
AA W E(293.98 kg/m’) BT} 7] wjEo g ®elth

Table 3. Combustibility of Wood Specimens at an External Heat Flux
of 50 kW/m’

a HRRig peak © d
Materials F{S])ql (kW/m?) hﬁﬁv%‘;eak Sl()riéjtsfi’eak
at time (s)

Western red cedar 3 266.46 / 20 166.21 0.0441
Needle fir 9 214.96 / 25 146.27 0.0191
Ash 15 271.93 / 30 232.25 0.0183
Maple 16 24551 / 40 239.49 0.0172
Paulownia 4 201.70 / 20 125.82 0.0274
PMMA 17 1110.56 / 385 662.94 0.0516

. “TSPRs_pes 'SEA $COPpean "CO2P rean

Materlals © e @ @
Western red cedar 15 185.59 0.0012 0.0276
Needle fir 20 97.10 0.0011 0.0305
Ash 35 100.68 0.0024 0.0476

Maple 45 78.08 0.0021 0.0517
Paulownia 10 67.48 0.0009 0.0179
PMMA 385 169.58 0.0007 0.1232

“ Time to ignition; b 1st  peak heat release rate; © maximum average rate of heat
emission; ¢ 1st peak smoke production rate; © Time to reach lst peak smoke
production rate; {specific extincntion area; & mean carbon monoxide production
rate (g/s); "mean carbon dioxide production rate (g/s)
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oColl = wi7bA] 2ol oJst G A9 ik oF 175 °C® 5%
7t S7rstel whk HA1 8] Y- Ae] 28l 7F A& 100~200 °C
Atolel A= CO,, F71813HE, 75719 22 AN A=l A4
1, 200 °C oo E AERE e AV} BafjE) 1 Bl 29} 7FAA 3t
AEZo] AgET AEZ oAt 240~350 °C, dU|AEZ oA
200~260 °C, 2|12 280~500 °Coll ZH2+ Eafjd). gade] o
S ]3] G egAdo] =2 ol BARe] A FERA0
NEZ 7taEe] Q7] wliolty 257t ol BE 3y B
2 Zatu]o] ARMA L 15~20% J=2] Z(char)o] Wit o) 2l
ol B7] wiEolth22].

sl AeS Ak vl WS F 7PE SQ3t 31 HRROlth
[23]. Figure 27} Table 30l 2% H7<5 50 kW/m? oA 575k A8
o] B = E(peak heat release rate, HRReu) = LFEFHTE 4] A
A A HRR 2hslel $ w2 S71ek3iom, i #golA
T N9 A7t FE A0 E vERTh A4 27)0l 13k 937t By
a1, Fo] AX|7] Aol 23} w27} WEE Tk 12F 329} 23 92
Apol9] el o] A= o R, £ FAVE FaA AdE
o] w} £o] W= AA3kS slEE HRRY 27t 7HAEE Zo]
PR 17} P35 ARR s FvAEE e, wIde] AR
2 vER, 221 B3 A o] Al AAERA BEEE TR
23 ksl A4 ghso] Al AW AAZT/HH] B AE §
W& P(back effect) Witoll ol FA = o] B4 ¢hal Folgle= HAl7t
GEA 07 )| so] AepAHA ThA] AaEE PR 3| LA
3h= Aoz AEth24].

Figure 2°] YERH vk} 7H0] maple] Al A4 717+ 3
western red cedar®] 9124 717101 299 sH T} v A1, ekulkeln HRA o
2 Asshe Aow UeRdth 5419 Ak HolEUEEHRR g pea)
2 western red cedar”} 266.46 kW/m?© & UEFH ™ paulownia: 7}
7 w2 201.70 kW/m* 2.2 YEFSLTE western red cedar®] - A%
A7t gy 3 7135858 Wol X3slal QLo B E o EA)
o wlal] 12 HOdWEE°] =/ YEFESH paulowniats A A U=
7 gta B BRFEA 2 LA A71ES A 7] bz
Azk FodEEe] 9A vepd 02 ols)Hch
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T T T
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Time (s)

Figure 2. The heat release rate curves of specimens at an external heat
flux of 50 kKW/m’.
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Hwd TR £58 5t ddF J8S $o2H HRRE 18
27} FAEE Fo

AR A AFTE H 7IFEEA PMMAS HRRiy peak B
1110.56 kW/m* 22 th Alg#e| vl wl$- =7 Jeldth ol
PMMA7} H]€h8} E4olm® Ak Al A5 3dAdo] 7] wEel
Aoz FaEd

3.2. AVIRHY Et

HRR¥} 3] fr=57k2 9 «171€] A SIS H7kehk= dl
F23 TS it o] AV BE HUsh] A #eE ARt
o] Wslo]] whE %7] A7 AYE(1st_peak smoke production rate,
SPR s pea) = -7 525k AA}olTt. Figure 37} Table 3o YERA v}
9} o] western red cedar?} paulowniat= Z}Z} 0.0441 m?s, 0.0274
m¥/s O & T2 A HARC} =4 veldt) o] 74-& western red cedar”}
AQFEA AA Y F71ES b a8k glo] dasErt
ok ZgpAlgto] 3 s® gl B AV[EEC] S7ke] WiEo® o
S|t} 128] 32 paulowniai= Table 1614 HolF nhe} o] Gk 433
ek} vk AW 5(221.86 kg/m’) WEQ Ao olsjd}. 121
PMMAE HA| Ahrgo = Qlato] Jedo] =71 wiitoll SPRiy pea
ol & Ao AT HRR 728} vzt oFs itk

Smoke production rate (ml/s)

Time (s)

Figure 3. Smoke production rate curves of specimens at an external
heat flux of 50 kW/m’.
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a1, SPI #%= 930.23 s¥m’C. & 71 =4 Vel al, western red cedar
£ 68.03 s/m’C. 2 7FE WA YERIT) o] 22 western red cedar”}
G2 AAUER Qe AASFTr) WE L AV FUIsoR
A A7 do] wlg- e Ao R .

Table 4. Smoke Performance Index (SPI) of Wood Specimens at an
External Heat Flux of 50 kW/m’

Materials a~{s~1)~1 SI?;:;;;';M (s§/}r)r112)
Western red cedar 3 0.0441 68.03
Needle fir 9 0.0191 471.20
Ash 15 0.0183 819.67
Maple 16 0.0172 930.23
Paulownia 4 0.0274 145.99
PMMA 17 0.0516 329.46

T3 7k AE] A719EAS A5 Qg o R VA
A S(smoke growth index, SGD)E= TR 2] (3)2 Z-&-3F3Ath8s).

(m?/s) 3
®) ®

SPR

7= peak
5 Time to SPR

‘peak

0] 212 SPRyex @ HTh17|eHAEC] TEsl= Al 7time to reach
peak smoke production rate, Time to SPRyeu) = S7d3+01 ShAllZ7]<]
A71%8 H7HE TABITE ©] SGIE SPRiy peacs HTNA7HAY
Eoll et AlREe 7] HAYEoE vhe gho2A kA A «17]
S A5 5 vk A Al HUIYEE Edete AR 3
A7 DAY ok webd 5L HjdwE el Egske ARl
o] ZH&TE AR o] molxitk o] AV Ags) B2
Wetolu], A7 EAGT7E 2o Ar|918o] ok Aol =
th= As ¢+ Stk

Table 591 YERA BEe} 0] ash$} maple®] ZHZ; 0.0005 m?/s*,
0.0004 m¥%s*C 2 7 WA LEROw western red cedar®} pau-
lownia®] 7-$- 7H7} 0.0029 m%s?, 0.0027 m¥/s* 2.2 71 =7 YERL
ol AVAGTTE T ol olEe] A fAV1Eds v g
ot YAV 2 ARLEE ZE Q7] Wt o® olslEm 17]9]
2do] w2 FoF Frier

-

Table S. Smoke Growth Index (SGI) of Wood Specimens at an
External Heat Flux of 50 kW/m’

Materials Sp(lzll;;g;eak Time tO(SS)PRlSU’eak (nslzc/}slz)
Western red cedar 0.0441 15 0.0029
Needle fir 0.0191 20 0.0010
Ash 0.0183 35 0.0005
Maple 0.0172 45 0.0004
Paulownia 0.0274 10 0.0027
PMMA 0.0516 385 0.0001

= 719 A3 H7t 377

T3k 1742 W A (specific extinction area, SEA)< 1714 E(smoke
production rate, SPR)2 2 &7 A~E(mass loss rate, MLR)Z Ui 510
F 719 AR o] AL SITH4]. Table 30f VFERd wRe} 2
o] western red cedari= SEA7} 185.59 m’kgC. 2 71 A3, pau-
lownia7} 67.48 m’/kg® 71 2kt 012 kAl Al AFUEs} A
I A7EAE e A AEo] 2 paulownia”l western red cedar
Hop 284 A 285 sk slow dhdEnh

T A RS SA 2ol AAE e 4719 AAE
F48h] A% o R A7|A4R] 4717 E(smoke intensity, SI)E
2-g3I3iTk Sl 91427] 1S0 5660-12] AWE 54 A|gelA] o]
7 w2 H A (specific  extinction are, SEA)Y} FHUEH YA
(maxmum average rate of heat emission, MARHE)®] #O.2 AAFE
ARFZA, A=A AlgelA A3E 5 e 719 sAEE o
=3 5 QlE 228 dlojgloltt. SIE Fok= A v 2 (4 &
Th8].

ST = MARHE (EW/m?) - SEA (m?/kg) 4

QYA (average rate of heat emission, ARHE)-S TEWEE
= AR vie g2 o)1 Hofgkel MARHE= AA| kA %
oA A A AT HAFE T2 FHERE HEEHI Q)
[25,26].

Table 6°] el SEA$} MARHEE 510] 73 ST+ western red
cedar”} 30.85 MW/kg O = 7H A UYEF OB R A5 A A3
Al A7 @Mo] 7P Be Ao G =Hth 121} paulownia A3
] SI7F 8.16 MW/kg®A] B Fho 2 AXke Z1& 2kl A2d
T A3 g o] Folgt F2E VAT Qlo] vdS gk ste
% MARHE #to] Ztolx) a1 i3t A7l E o] A=A Eo] 7
SEA 3to] Zolx]7] wiE oz ekt

Table 6. Smoke Intensity (SI) of Wood Specimens at an External Heat
Flux of 50 kW/m’

Materials MARHzE SE A SI
(kW/m”) (m7/kg) (MW/kg)

Western red cedar 166.21 185.59 30.85
Needle fir 146.27 97.10 14.20
Ash 232.25 100.68 23.38
Maple 239.49 78.08 18.70
Paulownia 125.82 67.48 8.49
PMMA 662.94 169.58 112.42

a=jar sA Al 471919748 7 B Qs o R V)
EAE AFESE] A7)4d°5 A9V (smoke performance index-V, SPI-
V)& AHEsto] ARtstglnt. Alxket A2 ok 2] (5)8F 2tk =, SPI-
V&= SPIZ SPlpwwa 715 7HPMMA 7]5) 0 2 Uar gho g Aot
[9]. SPI-V o] 245 A7|$13730] FolA= Fox oSt

SPRPU ok (m?/s)
TT7(s) : (5)
SPR. (m?/s) PAA

‘peak

SP[— V=

[
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Figure 4. CO production rate (g/s) curves of specimens at an external
heat flux of 50 kW/nr'.
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