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Thermal Insulation and Strength Properties
of Semi-carbonized Wood*!

Noboru SEKINO*2, Katsumi TANABE*23 and Zhuoqiu JIANG**

Assuming the use of semi-carbonized chips under the floor for thermal insulation, wood (Douglas fir
heartwood) was semi-carbonized (torrefied) at heating temperatures of 270 to 300 °C and oxygen
concentrations of 1 to 4%. Changes in thermal insulation capacity, hygroscopicity, strength properties,
and so on were investigated using the mass loss caused by semi-carbonization as an index. The
thermal conductivity decreased linearly as the mass loss increased, and the rate of decrease was about
0.75% per 1% mass loss. The main cause of the decrease in thermal conductivity was the increase in
porosity due to the decrease in density. However, the heat transfer model analysis revealed that the
thermal conductivity of the substance (heat bridge) decreased by up to 5% due to the decreases in
hygroscopicity and substance density. Although the compressive strength and shear strength
decreased to about 1/4 when the mass loss reached 40%, the pulverization rate due to repeated drop
impacts remained below 10%. Assuming that a mass loss of 20% or more ensures decay resistance, the
semi-carbonization condition that achieves both thermal insulation and impact resistance was judged to
be in the range of 20 to 40% in terms of mass loss.

Keywords : semi-carbonization (torrefaction), mass loss, thermal conductivity, hygroscopicity,
strength properties.
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y=16.9 e 0-544x
R?2=0.972

Oxygen concentration (%)

Nitrogen inflow rate (L/min)

Fig. 1. Relationship between nitrogen inflow rate and
oxygen concentration in the furnace.
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Fig.2. A heat transfer model applied to the direction
perpendicular to the fiber.

DD 29 F 2%z, B ITIITR L CTZe %z
BSEHIS B, ZFOAHIERAGEE &S 5
e o TwWh, EFNVEROBYRER ) 1L, HF
& EFRERoBIPLO MBI 2 HwT, X 3) T
REND (ROFLEOFMIIER 2BH), b
PO VIZZEERE (0<V<1), A, I ZIE5EED#
s, ), XZBROMRERETH 5,
1

- v
by

A=, v
As «/V/la_‘_(l_x/V)As

AV A+ A=0V) A 3)
AQ+V=V) +2.(V -V)
29 BHEOAE
NV T Bt ERE (NF555, G D65, HE
108, WEE8mm, (FR) HARBEBTHE) 2 Hw
T, L'a'b FORICB T HWE L B O &
b R WE L7 RIS IR 3 & OSRLEE £ o) 5 )
EHREK (%18MH) @ TL 1l THro 720 REME 1
O ZEEDOSHIZMEL, TS DTHfEz
ZORBROREM (L, @, b*) & L7

3. BRBLIUEE

3.1 HERECHEERDE
Fig. 3 \ZHNIRIE (BXHFoR) & BRI O
TEB 2R o TREEHEH OBk % 280 THER 3

A=

1




20214£10 7]

PRAL S NIZAM O W EATE & 5RIE

171

%3 L U300 THEHE 1 % TIE L 7281 THh 5. N
HEE (W) ORI 7 b5 & e Lo R T
BRTEND, SHRBIKONMED 720, KT
BT 5100 THHETOREERIZBE SR
3, ARBRRREE L RES L C ER L,
LT, o300 CIMEICRL S & 512, BRI
IFTRIE & I Bl 5 72e S AUZE RIS HE S
REANBEREEZ SN, BALY, LY b RAL
FEEROWRENE CRBOERNZ LTwb, Bk
JEOmEE (LLT, FERE) % Table 1 IR,
FZHMoOMEBE () F5REERBAME 3 Ny F &
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0
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Fig.3. Examples of temperature history during
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FEFEIRIE 0 % £21% CHBERDEDOIZ5: 6 TH
B0, FIHRICEEIR2I%EH ST b &R

heating. MEIZ2HBE LN B ZOMELY, AW TIT
Table 1. The maximum temperature (C, mean +std) observed at the specimen’s surface.
Temperature inside Oxygen (%)
the furnace (C) 1 2 3 4
270 - - - 271+13 (n=17)
280 - - 288=11 (2=8) 2898 (n=7)
290 311+19 (n=8) 31719 (#=8) 324%40 (n=8) 315+15 (#=8)

300 337+32 (n=8)

Table 2. Mass loss (%, mean =std) of the specimens for each heating condition.

Temperature inside

Oxygen (%)

the furnace (C) 1 9 3 4
74 42
20 - - - 71 =16
81° = 31 131°+72
280 1442+ 14 11.04+19
290 253127 21.6°+£82 270° £104 1574 +85
192°+ 36 953766 203%+ 32 92,35 +5]
393 £ 85
300 343 £ 79

The upper and lower rows show the values for the strength measurement test pieces (z=18) and
the thermal conductivity measurement test pieces (z2=5), respectively. In each test piece group
means with different letters are significantly different at P =0.05.
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Fig. 4. Relationship between the maximum temperature
on the specimen’s surface and mass loss.
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Fig.5. Relationship between mass loss and volume
shrinkage.
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Fig. 6. Relationship between mass loss and rate of
density reduction.
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Table 3. Equilibrium moisture content (EMC: %) measured at 20 C.

Relative

Mass loss (%)

humidity ~ COntro! 0-10 10-20 20-30 30-40 40-50
33% 560 377 (67) 357 (64) 360 (64) 362 (60 379 (68)
54% 8.19 561 (68) 524 (64) 511 (62) 525 (64) 536 (65)
85% 1320 929 (70) 841 (64) 795 (60) 776 (59)  7.81 (59)

Values in parenthesis are percentage to the control value.
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VA 0t BE o - 35 4160.0673 W/mK  (EMC i 1 #2)
RILHEICE SNz, F70, X EEIIRIZEEOK
THETHY, PRI ORBARO K & fnil
FHERFOREEEZHTEMN L, 7uy M
WA EZIEOMBE»ED S, BUREH (EHR)
PHWAS L, BEEKTERIO%, 20%, 30%I23T 5

O Corrected by EMC
X : Measured

Thermal conductivity (W/mK)

y =-0.000515 x + 0.0690
0.03 R?=0.634**

0.02

0 10 20 30 40 50
Mass loss (%)

Fig.7. Relationship between mass loss and thermal
conductivity.

40

y=129x-735
35 | o R?=0.608**
30 |

25

20 r y=0.867 x
15 Wood
(0.53g/cni)

10

Reduction rate of thermal conductivity (%)

0 5 10 15 20 25 30 35 40
Reduction rate of density (%)

Fig. 8. Relationships between density reduction and
thermal conductivity reduction.
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BYSERETRIE, Th2NR, 6%, #18%, ¥
32% & %o 70

—7Jj, Fig. 8 FOWMIIAMIZB ) 2 BEK T H
EBYBERETROMBRTH Y, UTOTNETHE
I CIRAMEAM (FEHH03~08 g/cm®) ®
T J5 B3R % A28 & Wl — 0% & &M T
Weg L, B r(g/cm’) & BIEER y(W/mK) @
BRE LT, y=0147 x+ 00125 5T 5, [
Jay=ar+bI2BVT, DR TEEZ ¢ (0< a<
1), yOETRZ p0<<]) 5L, f={ar/
(ax+b)}a &R B0 5, x IZKFRORBED T
#2053 g/cm® ZACAT B &, MO §=0867
PESNS, 3T, 7oy MEOREIFER (F) &
WO EMFRICER T2 &, WEIE—HEFIcK
L 720 ZOERICIE BB ORERKD B mE AT
DHEEBA L H A 9 A, PIRALICBIT 2 BURERo
ZALICIEHE R T UM OER B 2 & 2 RIBT %,
34 BiE (RE) O#MzER

FEICFE L7 BT U OER" 13, Kb
DBDMEY) W TH LN (LLT, 246 Oz
ILEBETEL, ZLT, AMERRTEERTO
HNCBYRERM T AR E W — ATl EEEE (A
T OILT B X WA RGO IR LT, #
WHAEROBIZDERIE T L2 EZ bND, BFE
BB LT, MBS 13237 C - 1R o BLZe L
FLCAFHMOBEBIEH1512 g/cm® 7 51473 g/cm?®
ANER3BIET LA EWM U2, 72, BB SO X
B O AM O P FEAVE IR A 34928 % DAL
X 91517 g/cm® & 51471 g/em® N &5 3 B AR T
L, EERAZER63%D 5L (450 C) Ti1.384 g/
M’ NEHIOUBET L2EWM U2 LA T,
Fig. 7 \OR T ERIRDFLA0%FEE T T2, k4~
5%DEEERTAELTWEEEZONL—T,

KOBYZIEER (20 C) 130589 W/mK TAMIEE D
BUZER L W% ETH B 7207, iz X 50
BYET (Table33R) b BMGEOMREMR T % D
7eb$, £ZT, Fig2 0fEEF V&, DL
TIZEAE A RO BYRER %2 T %,

Table 4 1%, ABICHOW/-F#MED X ORERE RO
—ETH b, REITEERDHEO%, 10%, 20%,
30%, 40% @ 5 KIETIFT-72, 9, X (3) OFF
BTITERRDER T L ICREIRE (GKEMC) @
BREVERET HLENRD ), LTOTIHTH
E LT OEWHEE p, 20 BOMES03 g/cm® &
Fig.6 OIJERA» ST 5. QEFEE p, & 5T
T1517 g/emPe L, HREBLFEIO% T LI p & 1
B, V, =(1—(p/p)) &0 V, ZPET S0
@R ORI 28 p, H3WAE K5 DRI
LB W RIS, GAREMCIIBIT L
KT DOEREILERS, 2, S, =28% p,x (MC/FSP)
/100& W EF B, 7272 L FSP I3 #k#MERAI S TdH
D, AIETIX28% & L, FiAbird BT EKED 72
D OGEFIEIS IR L HEERET 5. DFRFLIRED
Z2RRE VI K OARRE LSRG U T ez iRiE
DEREV, L) L&Y, V=V,/1A+S,) %5
MR R V. T 5720, ZOXNL) VERET S,
BT, Q) @A, ICEIEZEA (23C) oBRE
#0026 W/mK, VICERTHMEEZRAL, £
BUZEE ) 285 X — % L L T0001 W/mK %] &
TEALSETETIVORMLER | 2RO, Thh
Fig. 7 o)X LOBRER ) kb R—HT S
LED N BB, REEN A ZEBRDEO %
GRFR) 0273 W/mK, EEAH10% &20% Tl
B & FETH DA, 30% T2 %DET, 40%
TS UDET ol ZODEIIHETTIED
BHEME A ROBYRERIE T L, BN RE

Table 4. Calculation of thermal conductivity of substance ().

Density without

Void’s ratio

Thermal conductivity

l\l/f)assss water (g/cm®) ; V="V,/(1+S,) (W/mK)
(%) Bulk  Substance v,y MC 14 Bulk Substance
Po Ps (%) 2 2" A

0 0.503 1.517 0.669 8.2 0.041 0.642 0.0690 0.0691  0.273 (100%)
10 0470 1.502 0.687 54 0.025 0.670 0.0639 0.0638  0.276 (101%)
20 0437 1.487 0.706 5.2 0.023 0.690 0.0587 0.0586  0.272 (100%)
30 0.405 1471 0.725 5.2 0.021 0.710 0.0536 0.0536  0.267 (98%)
40 0.372 1.456 0.745 5.3 0.020 0.730 0.0484 0.0483  0.260 (95%)

2)
3
4)

U V== po/py).
)

Values on the regression line in Fig. 7.
Values calculated using Eq. (3).

Volume increase of substance due to bound water.



20214£10 7]

PRAL S NIZAM O W EATE & 5RIE 175

Itz Ezo6hb, £O—JT, Tabled ®
IR VICERT AL, FIRD64.2% 5 b5 4 128
L TEERBAEA0% TIZ730% 1% L7, Thk
0, BYBEERMKT O R BERPBEEORN HZL R
) ThHDHIENHEMEATE b,
35 WEHt

FEAf R & H Rk AR O BAR % Fig. 9 (A) 1R
o BRI G KFII R I C3115% (A Py
114~119%), FRALTHI41% (GrAifdipH - 35~
56%) Tdh o720 MHDEKKIL Table 3 » EMC
M5 RCH—RBERET LIS 20D, HER

,\
>
=
o
)

~
o

@
[s]

(@)

%
o

o % y=0.0236x2-2.32x+66.0

R*=0.908
40 |

30 | o
0 |

10 |

Compressive strength (MPa)

o] 10 20 30 40 50
Mass loss (%)

Shear strength (MPa)

0 10 20 30 40 50
Mass loss (%)

Fig. 9. Relationships between mass loss and compressive
strength (A) and between mass loss and shear
strength (B).

BIHED R T AR E W20, 2 2 TIIKRSHIE
EFICERE WD Do IR O 5 E I3
64.0 MPa (fE#:fFi74.6 MPa, n=10) T, B
#20% CTHEMRE XTI L 720 HmiA#20%
3#13% OEIERT (Fig.6 2H) 21E) 720, #
JEET LR T O—KTH 575, BUMiic X 5k
MEEOWEIEATER EEZ 5N D, BHREE D
W, Y I E AR X B A F LM O
043 L H SR EE AV R A H20% TR 4 BT Lz &
W25, EOEMOT ORI RELT LY B
TNV, —TJ5, BARRE & ERERDROBR
% Fig.9 (B) (2R 2%, JEMiBREE L IL_TNT v F
MR E Do Too REBRREE K I B TF511.2%
(A PR © 109~117%), PRI THEHAI% (5
AP © 33~45%) TH Y, HEMOBE LIFIFH
HTh oo WIBOEAWHREIZFEIYT]1 MPa (12
#EfF7#22 MPa, n=8) Th b, HERIE)I20%
RRIEIET 5 T AWTRE IR L7225, S oM
e EFBPL T 5,

i) 1l B oD BBk S & Table 512783 RN
LRI TR %7230 cm O %2521, 1 [EIC
DEL~2HOEF DD, HEEEIE 1~ 2 M x
50 rpm X 1043 =500~1000[ & 7 5, Z D X 9 721
Bizwt LT, WO DUIZ998% T, ZhidmibL
TEREDRARD2%ICHE W L 2 RT, DU
R FRORI & AT L T L7225, #lz
X DUIN% LT b BERMEFI0% L FAE E L
LTI, EEEADRIZA0%ME L THRTE 5,
Z OB, TERMREE L & A BRI RALET O
1/4 L7 % (Table5 &), L2L, KR FHETIE
M EAATH EAREET, Wik E LRSI &
N5 A a40% 0yt Rido X9 12830%
DOBLERIL FAWETE 5. —7, FESY O
XY, WL T X 2 ERIRAED TRRIZ20
BREETH D, L712Do T, IWTFEEEEH & LTl
Bk LR (&R Z2m7 sS85k b, 8
FHIRAE20~40% DHPH & S 2 5o

Table 5. Results of impact strength test and retentions of compressive and shear strengths.

Retention of

Mass loss (%)

Control

strength (%) 0-10 10-20 20-30 30—-40 40-50
Impact” 99.8 98.2 96.5 939 90.6 86.3

Compression” 100 88.6 56.4 349 26.0 11.3
Shear? 100 56.5 358 29.9 24.0 229

V" DU values defined by eq. (2).

¥ Retentions obtained using data plots shown in Fig. 9 (A) and (B) for each class of mass loss.
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fa~), Bl b (FhbHEa~) O3l TH s0 | .
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WG, n=18) |&, L*4%633%25, &’ 4132+ 11, L :?é‘*
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FHEM LHM Lz, 2T, HEHAE20~40
%EERME»SHELZVA, (A) ~ (F) orh
BT DHTHH ) D (A) O L IFHRBARL D
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TIE R E20%, 40% 65T 5 R Lol
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LT D EMRUD, ATEONA < V.0 T,
L*+b vz rdtl e 52 X9, —4, (D)
#RA L, C OMITERHAF20% TIE10L T,
B #40% TIE S LFIERFLTEBY, C %
AV EOWE DML EZ O D, 7272
L, BRI LIRGET 2720, SHiIdHk~
LBECOMFAPLETH %,

4. #&
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HRIEZ0~300 T THRAL S w7, RIS LB
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y= 520018t
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Fig. 10. Relationships between mass loss and color
data. (A) L*, (B) ', (C) &, (D) C*, (E) L*+
a', (F) L*+b".
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0.652x & 72 2 BFRAE H N7z,
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AT & L TR 3 ~ 4 KT L7z BERmA
R10% U ETORTERIZI2~41% TH - 7275, il
10% Al TIEAE T4 7 £ 30~33% TH - 726
3. BRI RN ORI O TEBNIC
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