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ABSTRACT

A Study on Effect of Heat of Reaction and Charring on Heat
Release Rate Produced from Burmming Douglas-fir wood

Lee, Myung-Kyu
Advisor : Prof. Park Seul-Hyun, Ph.D.

Department of Mechanical Engineering,
Graduate School of Chosun University

The heat release rate (HRR) of fires can be determined from the relationship between
the thermal pyrolysis rate of combustibles and the effective heat of combustion. To
accurately determine the thermal pyrolysis rate of combustibles, it is important to
understand the heat of reaction of combustibles. However, this parameter is difficult to
measure for combustibles, such as wood, that produce charring during combustion
because they undergo a multi-step pyrolysis reaction. In this study, the ISO 5660-1
standard method was used to perform cone calorimetry experiments to understand how
the HRR is affected by the heat of reaction heat and charring properties of
combustibles. To this end, the HRR calculated using FDS computational analysis was
compared to the measured value from the ISO 5660-1 cone calorimetry experiments. A
dehydrated Douglas-fir, an evergreen tree of the pine family, was used as a combustible
material.

Compared to PMMA which are often used as interior materials for buildings,
Douglas-fir wood was found to produce a lower rate of heat release and CO which
help to lessen human damage in fire. Results obtained from FDS numerical analysis
and ISO 5660-1 cone calorimetry experiments clearly demonstrates that the heat release
rate varies depending on the thermal thickness and the presence of charring layer of the
combustible material. Unlike PMMA specimen, which do not generate a charring layer
during combustion, the charring layer developed for Douglas-fir specimen further
increases the thermal thickness, reducing the amount of thermal decomposition and thus

the heat release from fire. The total heat release rate calculated reached the maximm as

- VIl -
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the heat of reaction input in the FDS numerical analysis was approaching the mimunm
during computational analysis increased from 2400 klJ/kg to 100 kJ/kg. The cone
calorimetry experiment and FDS computational analysis results confirmed that increases
in the heat of reaction and charring properties were directly correlated with the decrease

in the HRR.

- VI -
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Figure 1.2 Mjostirnet wooden building"

Table 1.1 Fire statistics from the national fire agency (2020)™

Type of fire Number of fires Deaths Injuries Property damage
Total 38,659 365 1,917 600,475,432
Architecture,
) 10,664 201 878 65,147,390
structure(Dwelling)
architecture, structure
. i 14,265 99 705 467,606,612
(non-residential)
Automobile,
. 4,558 34 139 33,860,796
Rail Car
Dangerous Articles,
21 3 6 731,496
Gas Works
Ship, Aircraft 119 3 22 6,390,872
Forest Land 1,619 9 52 20,039,521
etc 7,413 16 115 6,698,745

(Unit: case, person, thousand won)
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Figure 1.4 A graph of defining fire growth rate ['”!
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Figure 1.5 Process for thermal pyrolysis of solid combustible

_9_

Collection @ chosun



N
—_

A

X

o 2
e
o

BHAA UYHE dAET} AHHOR o] FojxH JtAES EF <
X Al (Thermal conductivity), Bl <€ (Heat capacity)e] x}ololl ola] &<
®HA vt Abolo] RE=FuirE AR STl zpolo] o s
74 (Thermal penetration depth)”} 2 E T E& HF Zol7} 7tAEY
o ¥ 7FAE WEE wE dHFo] o] FolX 2= urt 22 &
7} E(Thermally thin)Z EF= 1 Btl2 43 3T Zol7} 71AE 9
=7 FARG Zow FHor 2rTHiyl & dHOoE FAE VA=
(Thermally thick)2 EFHTH. Figure 1.6 ¢4 AFH 944 F

of drE&l 9T ATl AGA FHA=A =25tE LY Zolth

o

Jo

™z
41 4 & e

rlr

O R 14
o ™ X
o X

fz

2 kX
g

fl

a b | Intermediate thick c
& non-charring ) )
& | Thick non-charring 4 x Thick charring
b o I I
Time Time Time
d : e
Thick charring with Thin sample
x additional peak at o
4 f o
& the end of burning %
Time Time

Figure 1.6 Typical HRR curves for different characteristic burning behaviours™

Figure 1.6 ()94 & & A+ nle} 2ol
z7] AAGANA ALaHAAZA =Y
shA] GACA S=7F AT A FF
ukef o] F3b FAo nigrst JtAE A
gz oz FAL ©3 719 E(Figure 1.6 (c) 3}t

7] F74E Holr] olF wEtFol FAUAUA AyEFgol Fadoh 53

+ H &3 7tdE2 FHA)

43 Z7kstn olF A%

2
o
fru
<
ol X

, Figure 1.6 (b)oll AlAlH

A& A duEol Z7RT

o
ol
£
e to w2 e
oL
i
o
[o]

Lo
ol re
4o
=
(2

oth
o
oflt
ox
i)
N
=
=2
12
oL
e

Collection @ chosun



wio] AAA A FA ol

SEREFEE
B0 B

HAEL 7HAE AA 7}

Aze Az F4Et 1A

o~
T

o
=

ol €Eee ¢

=71

9]

o
RS

)
K

o

o

o

™
fiTe)
;OU
B

¢+

il

a4

£9] FDS A4k

=4 7+

(&3} =,

ASE 8ol A

1|

o] A7

4 olA <&

9

dE Al FDS x4t

+9)e

E]_]_'

HolB g @ Bok A7 FAAL AAY

3

A

qr

3+

Aol the

L
T

5

Avh} 2 o)

of ol Al AlE

535 A spAe] st A A

B!

Fd ot

3|

+ PMMA(Poly methyl

o)
=

SFA

37t Ay

Al

SPS

ATolM =

B

o] & 3l
methacrylate) 7tA&E3 i

1l

shel stge] AA e} wale] ofs) Zeix

ol sl dobrR gkt

1 o= AmE

[3)

R

Sy, Al £ o)

7] << (National

Institute of Standards and Technology, NIST)oll A 7}|'&gk

< 9

1 FDS 6.7.1

e}
vl

1=

No

=
K3

19 aL, Al xF=AFE &9 (Differntial Scanning Calorimetery, DSC), €
H (Thermogravimetric analysis, TGA), 433#(Light Flash Method, LFM)< &

w3

A

v
fite)

Aol

;:—_]__

Az}e} ojm

249

Ny

= O
WES

o met 2
A% ER, A7 9

FA T

S

14 A AA 5

HHoz2 A4k s

S,

Al Hlal-&

g Hol:

A%

=
=

Douglas-fir

_11_

Collection @ chosun



A2 AR ZFX L P
2.1 ISO 5660-1 ZZZF|HE o] &3 14| 7[AE9] ALAF

ZZ=E2vE & 1980dthol] w5 =¥ FEF7]<=Y(National Institue of Standards
and Technology, NIST)°lA F= AR ZE W= |
ML AL o] kg df&oz HA 7tdd & e EFstE H2E
ISO 5660-1 TFZAS2 TAFAT ISO 5660-1 TZZHvE = +3 WIde Z 3)H
EALgo] ddsiAl Al HEE i APES ALk TR AL AMEE S
Aot dUEES 2As FA EXS A=Y e AMEEI JT

B AFNAE Douglas-fir FAe] dAWE& H4H 4
5660-1 ZZZYHEHE A&t AlEd ol 283 2 ¢
& ==3T.

—— Pressine posts
4—— Stack thermocoaple

Laser system Exlisus dust

Sumpling ring |
|

Fan ™ L] |
mone
i 2
Fire testing techaniogy Cone caborocer | EE ]
Fam speed ] 0O 0O 0O O
ountnol — [ — neler
S 0 0 o | N
. } ¥ +I0]
™Y 1 e nt alec
I o i e
Cirying
ol wad cel
=l i\ =T
® \ X
[ ] Oxygen analyzer
° :\‘Q‘cu-to_.mmm.-
\\ Flow control pstel
AT frmy
U] [V

Figure 2.1 ISO 5660-1 cone calorimeter apparatus'*”’
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Figure 2.2 Effective heat of combustion results obtained from cone calorimeter experiments
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Figure 2.4 Measured CO yield from cone calorimeter experiment

_17_

Collection @ chosun
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drE&9 4k A4S 93] TGA(Thermogravimetric analysis)oll A A& H 5
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Figure 2.6 Measured In([3/ Tanax) plotted as a function of 1/7] .
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224 &3l
A 7t E gBile =
o A ()& 4

THe,

=
|

Z2eu g A4 AF 9 Douglas-fir A& (w)H A4
sta 2 (2.8)% ol gt YAHHE BIEES 18 %2 AH3)

Charring ratio= w,/w, X 100%

Table 2.1 Summary of thermal and decomposition properties of douglas-fir & char.

Zo] DSC, TGA, LFM

371 93 B Ao A AHEE Douglas-fird] 713

7IY & T8 88

Parameter [ Unit [ Typical Value
Douglas-fir Thermal Properties
Density kg/m’ 474.78
Temp. Value
10 C 0.097
Thermal Conductivity, k W/(m-C) 27 C 0.100
42 C 0.103
62 C 0.109
Temp. Value
25 C 1.501
Specific Heat, ¢, kJ/(kg: C) 50 C 1.693
75 C 1.866
100 C 2.029
Effective Heat of
Combustion Mike 13.69
Specific extinction Area m*/kg 85.63
CO yield, Yo kg/kg 0.0048
Douglas-fir Decompositon Properties
Activation Energy, E kJ/kmol 9.51 X 10*
Pre-exponetial, A 1/s 1.25 X 10°
Char Thermal Properties
Charring Ratio % 18
Density, p kg/m3 300
Thermal Conductivity, k W/(m-K) 0.052
Temp. Value
Specific Heat, ¢, kJ/(kg'K) 27 C 0.71
1724 C 2.04
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gol 288t wio] gor Ars) TAn BYA FAAR A9 Ao 4
f4e FRE 5 gtk F R d9EE 4% 29 SAEE T8 Figue 3.1
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Thermal Properties
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]

Figure 3.1 Comparisons for FDS combustion models
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Figure 3.2 Boundary conditions for used for calculating an interior temperature distribution
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FDS Z4F 3148 Figure 3.3 o] 0.26(W) x 0.26(L) x 0.6(H) m =7]2] 3}
ol A 3 H A 2™, Douglas-fir Al st & A& sttt i &
Jahiol = 222 v AP U3 24 Lise F3FS gttt £3/H
ISO 5660-1 724 £17d 177 mm, W7 110 mmol A =d a9 Z3El e} 7}
%l Douglas-fir £8 Abo]e] A+ 25 mm=E B

N

¢

ol
0)'

o
i

Wood (Douglas-fir)
100(W) X 100(L) X 29(H) mm

0.6 m

— BT

Low density Ceramic wool

100(W) X 100(L) X 10(H) mm

I’ 0.26 m 1

Figure 3.3 Computational domain and mesh generated for the ISO 5660-1 calorimeter
experiment
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FDS A4 4 A A AR 2718 A4 8 B A 2719 ARE A

A3 A3 Az A715 AR APdTe] mER B Ao 8" dE
3 Rdle A5 7Y WEEETE F3s] mEte 7Agste] dms ¥ F7]9
54 T Altel Y8l A== idel A&H7] wmol AR AT dFS
Wol wetha dA YL mebA Ao dFS FA & AHedA A A
715 AAst= Aol Fasttal & 4 vk wEkA FDS M4t sl #8&d AR
a71E AAs7] fal 2 3.7)e 54 3HA 27 (Charateristic fire diameter, D*)<
o] g3te] Ax A71E AAFAT. old 2 BN QE WEFEEW), p.t F
W 719 R kgm’), ¢, 5 FH F719] HIEKIkgK), T, ¥719 F9 %K)
g 9 7HEE(m/s7)olth

0 2
D'=(—F—)° 3.7
o, Tos Vg G

)= A2 A 2199 3] (Nuclear Regulatory Commission ,NRC)2| x| =2leo] A
T EiAd 2" AES %611 Ue EA kA AADHS A F3e Az =
Z1d)E e Fakd sHA 2739 nl7E 4-16 Aold A9 dlMel Slo] At
B ol B Ao = 2+2F 0.0173 m, 0.0144 m, 0.0093 m, 0.0074 m, 0.0058
m, 0.005 m®] Az} 7|5 AAF}AL s AHEE 7IE ARE AYstr] fls)
2 3.7)& B3 A" T2 A AL Table 3.10 =ASA T

Table 3.1 Characteristic fire diameter and grid size ratio results

Charateristic
Size of mesh, dx ) D*/dx
fire diameter, D*
0.0173 3.87
0.0144 4.65
0.0093 7.20
0.067
0.0074 9.05
0.0058 11.55
0.0050 13.40
— 27 —
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Table 4.1 Thermal properties and ignition time of Douglas-fir and PMMA

Item Douglas-fir 29mm | PMMA Smm PMMA 10mm
COIEL?V‘;:‘;’ . 0.109 0.336
Ignition time , t,, 12 132 126
Specific Heat, c, 2.029 1.46
Density, p 474.78 1180

Figure 4.1 (a) ~ (c)= & (4.1)E o] &3t A4 Douglas-fir 54 Al%H3} PMMA
AR A FA, 5,5 =AIZ Aol T-A E 5 Qe uket o] At
&= v Douglas— fir < Op panid 10mm < Op pamyia smm =22 AXE A
g 4 Atk BekA Douglas-fir 7F =2 E838 57 29 mm Btk €3 X
Zbol 2 o7 FAL 7} E(Thermally thick) 1™, &2 F7] 10 mm
PMMAE TY3% o|FE FHOE F7AL 7MAEYS ¢ T Ao ¥ =9

| AE Zo7t 7t Ee E94 FARG A

lo Jn o
N
o
N

2
-
X
(9,
=]
=)
o
<
<
>
1o
oM
o
2
rlr
i1
N
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\\\\\\\\

(b) Thermal thickness of PMMA 10 mm

A AT N

(¢) Thermal thickness of PMMA 5 mm
Figure 4.1 Thermal thickness evaluation for PMMA & Douglas-fir samples used in the present
study.

_31_

ZICollection @ chosun



Figure 42 (a) ~ (b)¥ PMMA 7}9&E% Douglas-fir 719 &9 EWE&S vlwgt
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(b) HRR measured from the cone calorimetery experiment of Douglas-fir
Figure 4.2 Comparisons of the HRR measured from the cone calorimetery experiment of
PMMA and Douglas-fir
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(¢) HRR & CO Yield measured from the cone calorimetery experiment of Dougals-fir

Figure 4.3 Comparisons of the HRR & CO Yield measured from the cone calorimetery
experiment of PMMA & Dougals-fir
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Figure 4.4 Calculated heat release rate of Douglas-fir specimen as a function of time with the
different number of dx
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Figure 4.5 Calculated THR of Douglas-fir specimen as a function of time with the different number of
dx

_38_

Collection @ chosun



Figure 475 814 32 W AR =7] 0.0074 mQ #¥ AAAZ 2 &3}3L Table
2.1 AAE Douglas-fire] EAAE 7IEo2 H4E ids g Aot 1SO
5660-1 SZ=Hny Ao AAE Hlug Lfzoltt. kA 7l&dt vieh o
A M= A4 @2 IA 9 A2 (Flaming, Thermal penetration), &4 A4
(Smoldering Combustion)Z EF& = Y3 ob&d FA7}F A4 A TAs= &
HAS TA 471A 9 &5 gHgo g FEAo] A 4= Qtt. Browne”, Jonsson
I} Pettersson™), Carling®”, White®} Dietenberger®, Buchanan'®, Mikkola®! %
Parker®= o] F o) ti3l Figure 4.63} o] B7F3th

External heat source

Originai_su_r_fn;z__‘ — _t____ 4

Surface recession ZONE [ 500-1100°¢

Valatiles
1 i) =

Char | 2
ayery o ZONE ¢ 280-500°C

Pyrolysis zone § ————— — ' ZOME B: 200-280°C

—  —————————————— —— \7ONEA: 100-
Unpyrelysed wood =N — o £ 100-200°¢

«100°C

Figure 4.6 Temperature zones in a solid wood cross-section exposed to fire!*”)

BAE 7HG A LETh 100T(FY AF YoW HetHos ANA g S
of EWeIA BrETh W, BAY FHRY WBE: L HuABR20 2
£571 Z74s] ARstel Jtad 377 ARER =W SRR QRssh Asd

THYL 2 =7} 200C (7Y B) ool HH d&s] #Ao] Wi A HAA dENF
Al

o] WAo] Hr), AF7aT} Rl NWA BaFol A WA 714 Z717}
PAAT L7} 3000(F ©) oo LEAAE BH T2} YRS A%

skl w24 @37t o] ZAjo =Tt ZFASHA doh w3, A Wkl &
/A o] e vebm 7kAdd F719 Aol w9 FolxHPl o wme o
ol o3 <AzFAo] F7F3t) 450C2 500C(TFH D) o)A LxolM= 3t
Ao Aol SnHAR &35 AL AV]E AkstEo CO, CO ¥ H,0

Pt FUHAQ A EAE TAAIH.

A

oL HE Jﬁ

i

t

_39_

Collection @ chosun



FDS 34 Al Z3]E 9 il 28] da wkgo] AlztEo 4% d4E3 &
A Ho @=o] =23 F PR G350 o) zlo] WFore] o] &
ool I A} EEME BT AR S AKX F EWEEo] TaHE AS
& 4 AATH FDS HAF A Asjel 2ZRuE Ag3 vm Al A WA diE
3o =EteE fY da 7S vlwE YA AT AN FAe Aio

osl €3l AAdo] AZEE Figure 4.6 o] ZHx)9 2 H3K(Grain orientation)
of o7 A2 F4do] YehteH o ¥4 /‘]'O]i a3 B=27F 239 7}

AR 717 A wA et o wE dEE oA TEgo] Sk nAb I
Z& 937t dojd F oy FDS b AellE ol o FakA Xtk E=3,

A= AddolA= Atstol os) T4 A4z

10
2 Mo
[U%]
=
B
o

K= E48Th o] 4 A4
ANA e BIFS FAFHA FEMNIF o] FAXA T A MM & P
oA o WA Figure 489 E=AIE AAH AL 14 Al 483 4 3.1)S
g o7 Aaste T4 A4 ol CcoY d% T3 MR E viwE ZF X3}
ROy F& Axoll 93 co FA% FUHE dFA Edhe dAVE B o
v B dFoA AHE&H FDS A B SN A A5 =3k o3 AdHR]
A sl FAHoR BASEA] REHr] djiolet ddEth I8 E B3
ZAA AR Wkgoly gsle] o3t nx} GWES FI, T4 FYS wH I3 AT
Hrlel B3 A AADA 7R = FDS A4t d4 Axpel Aol FAES & 5
Att.

_40_

Collection @ chosun



1.6

——‘Flﬁming : Combus‘tiou ——‘—b: Sn‘mldel'ing
1.4 : | Thermal | Combustion|
" Blaming _.: Penetration _.: —
= 12 -F\ ! 1 7
1% Peak | !
E ea : I
w 1 ! ! 7
3 | |
3 Peak | | y
v 08 5 l 1l &
= Vo ! 3
e | I =
g 06l | l 18
4~ u | | o
@ I -
== 0.4 }» | 1 I
1 I L |
0.2 : : 1
) I
0 ‘=‘ | | | | | I
0 500 1000 1500 2000 2500 3000

Time [s]

Figure 4.7 Comparisons of the HRR measured from the cone calorimetery experiment and

calculated with base case
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Figure 4.9 Comparisons of the HRR measured from the cone calorimetery experiment and
calculated with different heat of reactions
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Figure 4.11 Comparisons of the THR measured from the cone calorimetery experiment and
calculated with different heat of reactions

_44_

Collection @ chosun



Figure 4.12¢]= Table 2.19] AAE &3 =(18 %) & YHsIA ALE &S
|Zo2 &35 10 %(0.1), 28 %(0.28)5 F7} s4lste] Al4td dHE8S =
At I2HoA B F dE ve} 2ol FYd ¥HgE (100 kikg)= dEste] AL

N

W AR BHEI} 2P met AWE RS FAMA gadte AL BIY
+ qlek

1.6 T I T

= —anen

1.2 |

14

Heat Release Rate [KW]

0 i

0 500 1000 1500 2000 2500 3000
Time [s]

Figure 4.12 Comparisons of the HRR measured from the cone calorimetery experiment and
calculated with different charring properties
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Figure 4.13 Comparisons of the THR measured from the cone calorimetery experiment and
calculated with different charring properties
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