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Vacuum Drying of Wood with High Frequency Heating (1I)
The Pressure within Lumber during Evacuation and Drying

Kazuhisa Sasaxi, Jun-ichi Kawape and Minoru Mori
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Fig. 1 Comparison between r-£ curves on the bases of Eq. (9) and Eq. (12)
/11 A=0,B=0.5C=0.9
x ¢ Distance from the center in longitudinal direction of the lumber
2{: Length of the lumber
M1 (9 rx (12) &2 oL o
T A=0,B=05C=09
x DB ot S O R & e i
20 HE

#F1 OBHEERBC B MM OE
Table 1 Properties of wood used for exhausion tests

Wood species 7 " o 10 b

P ‘ (1/cm) | (on'/om » mmHg * sec) (mmHg)
Western hemlock ) .
(Tsuga hetevophylla Sarc.) 0.48 2.7 42.6 269
Western red cedar 0.36 9.6 1.2 262

(Thuja plicate D.Dox.)

Ya .

n:
Koand K5 &
D .

b

. Specific gravity at air-dried condition

Va

n.
Koand K :

Pt
b

QuEkeiE

RS (1/cm)

B, BLURHEOORERLES FRESEHE (B4 15%)
BB O SES N ERITE S

2 v v~ S RO

Number of annual ring per cm

True and superficial longitudinal air permeability of test specimen at 15% of moisture
content respectively Ks= Kol(l+5/pn)

Average pressure in the specimen

Coefficient of the KLINKENBERG equation
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Fig. 2 Longitudinal location of test lumber for measuring pressure (A, B, C)
H2 FEMoRsEnNEEINENE (A, B, O

Rubber tube

Surface of lumber 15

Glass tube

Epoxy resin

Center line of lumber :
.

Space 4:

13 {unit:mm)

Fig. 3 Vertical section of glass tubu, rubber tube and space at the front of hole for measuring

pressure in lumber
B3 BREERONIEDNERY I A%, o L85 & OO BT

2.2,2, BlZEH &

HRM ONIE I #ME T 2 729, A RRREERBRE T, 2ok o, A
DL X (v SR odidiit MN ot A, B L O ofEs 5 250 mm OFE
B, 450 mm O C @ 30 KV AR, FUAKER3IORS I, FUsic
LEONEL D PPREVER 13mm O F U AR EES 40mm 2 THEP, RICZORD
Ul I TERE 6 mm D% S0 mm B FTHT 2, FLTHAME6mm, AFE4mm oY
T AE R ZOMEOWRDER & THAL, it T2 LB L, MeToE8BLU
H I AEEDOMICIZZBEORNRE VLS 2Rl F VEIE T TR\ L, B, &
DBEN Z AEHRM LR SN HEHEEO B Y VRIEOEBRATIZN 0mm® Th s, Lz
B3 T, REBCB T LHNELOMEMIZ, JOZBRBIOPEENE2RTIEXC RS,

KERCIE, BB 2 IR (38X 38X 127 em®) WA, MPENER o 498 & 55
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SO~ /S A—F L Z N PNERL CHEBLU0B, 150/ min OEZER> I TREL,
BERIC L b d =/ A=Y OEBD 2—ERM I L CHlEL. =/ A—FDHED
WARRTE L MR ERERRT -0, ElTEIBB LIS L5, EROBMBE
v/ A= QBB LEEEIEOMOERAERD, InEdBv CHEEERIEL .

ZRBRUNFE 743, 40 mmHg, 100 mmHg 8 & 0V 400 mmHg (=2 mmHg) i2—& & L7z,

2.3, HIEfE ¢ IRMEDLER
BUERC B 2 A YV H B L UNA A FTREM TS (p) ORIFZIEORERR
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0 0 i
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Fig. 4 Comparison between experimental and theoretical values for time-pressure curves during
evacuation of test lumber.
-~ Experimental value
--------- Calculated value
A, B and C: Longitudinal location of test lumber (Refer to Fig. 2)
B4 Erh o BERM 2 55 1T 5 IR — FE D Bl AR O BRI & BERIE O PRI
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#2 ke DHEHE
Table 2 Method of calculation of &y

p Position A
(mmHg) £ . t Ry {ent/ememmHg-sec)
(hr) x 10
750 0.026215 0.080843
700 0.152083 0.158075 0.8 2.73
650 0.269271 0.222319 1.3 2.08
600 0.377778 0.289399 1.8 1.98
550 0.477604 0.360545 2.2 1.95
500 0.568750 0.438617 2.7 1.95
450 0.651215 (.524511 3.3 1.91
400 0.725000 0.620457 4.0 1.86
350 0.790104 0.730538 4.8 1.82
300 0.846528 0.8575897 5.8 1.77
250 0.894271 1.009050 7.1 1.71
200 0.933333 1.199950 8.7 1.66
150 0.963715 1.452400 11.1 1,57
100 (0.984517 ~1.813200 15.4 1.42
75 0.993012 2.168440 20.0 1.30
50 0.998440 2.787200
Average Jog 1.81

kg 1, A AXBERS 0BT (40 mmHg) OB ORI B 5 IRERE D o WiER £ A
vy, W (9) »EHMELTRD.,

The values of %, were obtained by the revese calculations on the basis of Eq. (9) by use of
measured values of pressure at the center of lumber (western red cedar) during exhaustion
(40 mmHg).

4 (D-3) wHET, BREBWT, M3 FARE2EVTR 9) »oitfL
HERHIR T H B, TR, 2T ORENBRBICOWT, ¢ #OMOE a:;aﬁ 4) R
ALT by ZELTHL, RIS, #OVHE ke 2R, Iz (9) RAL THW
HERITH B, Tabb, ERCHEET 5L, R (9) Ok BERATOS, ke
DHEBIEE 2T Lo COBWED by OEIBFMRNES 40 mmHg D & &, XA AFT
i3 A~C BT 1.8~2.3X 107 (cm®/ cm mmHg-sec), A4 Y Hit A~C{iiET67~73x
1074(em?®/ cmemmHg-sec) TH 5, 4 (1)-(3) 2T, MRz g s % &, M
DBE &b BBRNCIZITMEE T 508, WEYIIC A0 C ALE TR BEERIhAR DR T 23K
BRHHAR & D TH D, BRI I # b g AR T O FEE RO SR KE I~ D EE
mip DB TV S, FIEEOBANE, MR TR (=0 THEEEEHEZSEN (b.) FHL
T b EARE LA, EERTIRBERG (1=0) %, FRAEID po KWIRT T2 £ TICH
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#3OEWS L UIEERIRIRC 817 5 B o 8HE DT SR IR O Hoik
Table 3 Comparison of longitudinal permeability of test specimen between under steady state and
unsteady state flow condition.

b Unsteady state Steady state
Wood Species ( OH ) Position e X107 hs X 1071
mmig (Lm‘/cm'mmllg sec) (e’ /cmemmHg*sec)
West: hemloc! A 67.2
estern hemlock 40 " . .
(Tsuga heteropylla Sara.) ICJ ;gj .z
A 1.8
40 B - 2.3
C 2.3
West 1 ced A 2.1
Nestern red cedar . p
(Thuja plicata D. Dox.) 100 g ji 2.2
A 1.6
400 B 1.9 2.0
C 2.9
bo  LBRERBAED
/fs . ﬁ:rh‘ N C )’6@%%2 )“i”Jumﬁ':ﬁ& (%{ 1 7)‘bo)uf {:ﬁ‘)

ks DA ORI R S O M (52 218

A, B, C: L.dléii’.@

bo : Reduced pressure in vacuum chamber

ks . Longitudinal air permeability at steady state flow condition (calculated values from Table 1)

ks Longitudinal air permeability calculated basing on time-pressure curves in Fig. 4 (Refer to
Table 2)

A, B, C: Refer to Fig.2

20min #8 L, HOREOREESI~OBES R DBIET B0 EZ oS, BED
I&F]&i HAREClE 2wy, D&, KLINKENBERG DRAZHOE 1 »SHE L BEHECS

BEMRE ks (EHWO T TOMEME) LXK 40 ke 2HIEL, B3 WRLE, ARD &
9&h?@k%@@“w%§&bt‘

2.4, & &=

PRSI DRI LI, Tt 2O OEERED REF gE s s, Hilo &
5423 (9) WBIEBABR O M PE I b & F, SEERREIE—E e IRE L2
fRCd B0, B RORENC DL TR & 2 IR & Sy iBEplL Tn b
DX, RRHSHMNOEMHFRAOBEC B JFTEEEAREOBEC DWLTHET 5,
”W&L/(,%ﬁﬂﬂchm,1§§1%cm,%WW§O7QWMW*4OmmHg@HWT SRR

Buik \@f@&;%%ﬁsmﬁ (RaHm) SUARRENC X %8 duGEBo WERE T3 il o &k
;MMW& BERER S RT, IO%E, HOPLEB—BENCHBESNS ETD
FIT BRI O 0&3&193%43( (he) WCHLEFIL, BWHE a &35 kA b S HEHRS

g = (/ﬁ’/?gul (13)
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213 po=40 mmHg OEFEL T T, p,=760 mmHg » & 50 mmHg, # & ' 500 mmHg
EFCIWETHEED by & 9 OREFHER 6 CRL,

800 kg (cm¥cm-mmHg-sec)

5 \M”d
%;) 400 F
g 5x107°
& 00
%10
0 5 10 15 20
Time (hr)

Fig. 5 Time-pressure curves for different values of longitudinal permeability of wood (k)
5 AREOEBMETEEMEE (k) & 2EE—Ehiiao%l

i Po =40 mmHg
: \ Position : A
O Size of lumber .
10 b \  10x10x 100 e
L Va=0.7
- 0 o,
i \«;
S i
&;’ [ \&\\ O, ’o\;
f L Oé\.;- s
é /0\» CO
»’E -3 “{1;0\/ ° \\)
S0k o Y
w  k o \"o
22 N NS O,
L O )5~ \o,&
! & O{J
N
] 8 o)
%
A 5
{J
-4
100 L (lll||t|1 3 Lommmenbmmsooomabmndectdid L )
10 10 10
6  (hr)

Fig. 6 Relationship between longitudinal permeability of wood (%) and time required to fall the
pressure from 760 mmHg to 50 mmHg or 500 mmlg (6)
po: Pressure in vacuum chamber A . At the center of test lumber
ve : Void volume of the lumber
6 Mg (k) & 760 mmHg 6 50, 500 mmHg & TOEE TR (0) OBMR
Dol WIEARBNES A BBAEORG vl L K OERER
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3. BRRETRIC BT IRBES E EKEOEFII

3, EEBRFE

L1, ® M

HEEEI I 1, HRHET O G ASEE M T RIFSBRE s L7 E N v, R
LLTRAY SR, O TARZEIEE LT AF 2R, BUhOLR0wiBESHO
EF e T, HEME, FELRUC L 20 4 @F % 7V — TR Y, KROM
BFIEEE SN0 ZTUB L, £ 100em O 10 cm Atk BT,

WM OWEE I 2 MEST 279, AIHE 20 A, B, COSMBEOEM, RTOLD
W2, MO RIRE Y, oM EA» S 25 mm ONEDB LU 45 mm OB EK N U AR
G, FUNMVROERETIHE S AU TH 2,

SEIRELEM O &K, HEL P EER4IRT, FAROBHEAMEEERREL, 4
ST s e MIOERTE S AEHEMBTH S s, 1981) (2K, 1983).

Fig. 7 Transeverse location of test lumber for measuring pressure (A, D, E)
7 B oPEREIEMSE (A, D E)

#d IR B B M O
Table 4 Properties of wood used for vacuum drying tests

e i s n u oo X 1074 b

Wood species (%) (I/em) © (%) {a/cm mmHgrsec) | (mmHg)
Apitong 15 9000 -
(Dipterocarpus 58 0.80 - 25 800 -
grandiflorus Bico.) 40 3000 -
West hemlock 15 42.6 269
/estern hemlock 5 " = .
(Tsuga heterophylla Sarc.) 64 0.48 2.7 i(; ??8 38
West d ced 15 1.2 362

Nestern red cedar . g o

(Thwje plicata D. Dox.) 66 0.36 9.6 25 8? gg

u; R O YIRS R
i L EEEERC B A8
va , n, ko, b 321 B,

u; + Initial moisture content of test lumber (96)

u : Moisture content of wood specimen at permeability test (%)
Yoo R, ko, b Refer to Table 1.

(%)
BHSREE (%)
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3.1.2, REBEE

ARRERC v 72 8 DI R RS I AT (P S, 1984) LRILTC, HISE 2K
IR d, REICBL TAMEDORER R, 7)3EBLUESHE b Bem, B
7% 127 cm C, BIH 3 EERM 288 4 2 720 0B 7 2 U VBB, (I 2N E
HPER D T LEB L UCHEBHROBRIERT SR, FRFPRESRLSZ LS ICEHIED
ENTW5, MBS BT 2EBMOBRED > 207 201, B An R EHO
FTFEemicEAERE AR L 8mm EO TR (61K, FR, 2) 2#E&, 2ok
THEBR (R, 3) Tilaa, 2HEHTHRER (BRI, 4) S#EFLL, ERRg
OB OEREUNET 2700, BBEMO T LILE»D (K, 5) #8ELL. &
W FEIEE (R, 8) 1k 3kW, 6.7 MHz THiJ7ix 4000 V, BBHERIZ0.2A &L, B
Bkt O UL E S — TEIRE 2T 2 & O wBAEN A oRIEEEE (R, 10) <k Dk
GiRR S, BREPWET ZHZERY 7 150 [/ min Th 5.,

;
10

Fig. 8 Schematic diagram of the apparatus for measuring pressure in test lumber during vacuum
drying with high frequency heating
1. Test lumber 2. Relief board 3. Electorode 4. Electric feeder 5. Weigh scale
6. Thermocouple 7. Vacuum chamber 8. High frequency oscillator 9. Manometer
10. Control apparatus for temperature 11. Cooling apparatus 12, Vacuum pump
A-E: Measured point for pressure
(8 A InsIEREN T B % REH PEE R O BRE Y
1 BEEM 2, Ml 3 4, i 5, KRB 6, BH 7. HERE 8 EEMARE
9, v/ A% 10, BIEHEER 11 HHEME 12, HERC T
A-E . NERE ST HE LR
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3.3, MAELHSLUBREOHEFE

HMWIEDE, B E2 S ChuliE» SHiEto A~E 5@ F ) VRERD TH 5 2E
EFAL, TLAEENLTERADEARKDKIP =/ A~ LEEL THIEL /2.

IREERIEAIE I, MEORR 5 30 mm, 253 mm B X U 447 mm B4 3 W O1E T 1A
DOFNENIAME T, FUMRERY, 7o VERHA2EAL, Z8ELowEd
T Tl ik U THlEL 2,

.14, EREM

EERTIE, R AL CREM O R ARTEOREH 40°C 1ET 5 & TIEL, Z
DWEE» SWEZZ T, SMEOMAET, I{IEOBRE, B & UMOEL % —ERFH
CERHET 5. BB 0BT AL 2 SR U TR 40°C (£ 1°C) I, Z&88W
EJ7td 40 mmHeg (=2 mmHg) & U7,

B, WEABNOBREEEME L ok, SIEORES (&5, 1984)
% 5 o TH OIEHERIE 6 2 fFIZEEUE 55 mmHg & &8N ES 40 mmHg D% & b,
WERRD S ORI L 2EEMAOBE L2, 20 80~85%% & 5 & BREE
62%M A HIS,

EMOWIRERTIX, 78 b2 TIEAIE AR 8% 6, fHEITFERE13% £ T 35hr
MGG Uz, CORMICES 100cm, 10cm AORS T Lk il 4 Kz, Tk
H50%, 40%, 30%, B LU 20% % TENEPNFEZRMECHEEZREL, WRETE, S
BaHEO IWHICOWT, BEEs2FReEN 3%, 5998 L TEEBH O S KES
R,

RA Y H TR EKRE 64% 5 28% % T 33 hr FFEHEEE L, 7 D% 8 hr & & OHIRIZHRE
772w, B9 50hr T 16% % THEMEL 7o, A A F TlEEKRIE 66%» 5 59% % T 12 hr 3
REHEHE L, FO#%5~8hr T & OMIKEEE 8% % Tk o7z,

3.2, ERRER

3.2.1. MAEHOEHRZTI

3D FBHI 1T DT, WERE & REBRIEHIC & b 2 ) MN&MEOENZLD
WERRZR 9 1RT, S mEREO RIiF27 ¢ YR (1) ok di, &L
LA AITRIE S A, ARDE 2 S 50 mm P CA7E Tl 8RO FBIZUDBRE L TR
EE A (FEEMNIZIEE 20 min T40mmBg £ CET T 2), #7 1.5 hr BI121% 55 mmHg TiE
SRR E T 5, Bs R E TRIE A & 10 mm A0 EALE TR, MHORER
I DRI SN, HIRRH CBE S T v <, RDOE A S 250 mm WO BAE T
S SWWESENS Y, §i2# L BIZEHOBBTHESNTO L., MPRAMES LT
FT» 5 25 mm O DAL Tl S & DIREMENR 2 & & bic, BEMKBRIZIE
1.5~6 hr T 120~150 mmHg O FEFH CTH WL OER o LI & & 1, 2 O%IEHE
PMEDZONTHUBESh T L,

MAEINE, BEOLFC X 2MENOERORES & USHKIOERIC X 2 EHY
ME DM S DWELDETH S, HEOEHHE ZOMEDQEMRBDD
BoTwaBIEHLE Z o s, RIS T, M2 S 25 mm PO DALE A 50 mm P
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Pressure (mmHg)

Time ¢hr)
(=)

800 Western red cedar
2
T 600
&
©
7 400
&

200

C r
0 5 10
Time (hr)
(3)

800 Western hemlock Ui =64%
600
£
=4
S 400t
8
&

200

]

Time (hr)

Fig. @ Changes of pressure in lumber with vacuum/high-frequency drying time
.+ Initial moisture content of test lumber

A-E:
B9 TR R R B 0 B A I 7 ORI

Longitudinal and widthwise location of lumber for pressure

w L RERE ORI E K
A-E UREREEIERE (B2 2D
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DAME L D BEISEN T3 I TR v, R OIS KEI O S, H
BVIFANBEORLBRINIERT 200 Ez 605,

NAWHTIEEY 3) LT R RIEU TR DBENERLS, KRIOE» S 50
mm P C A ¢k s 5 hr 12 45 mmHeg, 250 mm O FEEEBAIE T # 10 hr 12 55
mmHg, #OPLEIEA CEIEE LRI L2 BREO LW <HMb L IEHL, 20
DBIWES T 15 hr 1 80 mmHg TEFNFIITITFHIEL T %, DI, 608 &
HREEME LT CERKEOED L L2 EEsRTn L,

3BT 5 B MERREREO R IR AF I, MRBESR 9 (2) 0 &
HIINA YK XD B SIEN, BUERKRE 12 hr TR, ARDED S 50 mm N[O CHET
#7160 mmHg, 900 AALE TH 500 mmHg Wi s iz i3 &2 (MAEKEER 66% 0
5 59% Ik, D%, BREREITE VS, BKEN IR OEEAIC DV TORERBRE,
Al (2) HEO & 3 CH PR GBI ENE LB s LT w3, D&, 38
FEAEEM O LA SIS D W T, FERIEICE 2 BESRE ORI 2EH UK 10 1R
T, RIEERMED RIFR 7 € b CIERZEIH O BUERE S D T <, SZERIER & i
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Fig. 11 Longitudinal and widthwise distribution of pressure in lumber during drying
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Fig, 13 Variation of pressure in test lumber with lower moisture content
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Summary

It is essential for investigating the mechanism of vacuum drying of lumber to obtain the
quantitative information on the pressure behavior in the lumber during evacuating and drying. Hence
the purpose of this work is to obtain these data.

Green and air-dried square lumbers (10% X 100 cm®) of three kinds of wood species having widely
differing permeabilities were prepared for the tests. The evacuational property of air-dried lumbers
in the longitudinal direction were tested in a vacuum chamber under reduced pressure of 40-400
mmHg. Drying tests of green lumbers were performed in a vacuum dryer under 40 mmkHg, heating up
to 40 °C at the center of the lumber with radic frequency. The pressure within lumber (p) was
measured by use of the mercury manometers which were inserted into the lumber at the center and
the other four positions.

The results obtained were as follows.

(1) Experimental curves of p versus evacuating time for air-dried lumber at the center and the
other four positions show a certain degree of approximation with the theoretical curves calculated by
substituting the best fitting coefficient value of air longitudinal permeability of the wood (k) into the
unsteady-state diffusion differential equation.

(2) The pressure at each position in a green lumber during vacuum drying decreases in a
characteristic course with lower moisture content and the following three phases occur:

The first phase; In the initial stage, the value of p decreases rapidly or gradually depending on
the value of &, and the distances from the measured positions to both the ends and the edges of the
lumber.

The second phase ; The decreasing rate of pressure becomes to be equilibrated with the increas-
ing rate of moisture vapor pressure generated in the lumber, and the value of p maintains nearly a

constant value.
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The third phase; After being dried under the fiber saturation point, the value of p begins to

decrease again and approaches to the reduced pressure in the chamber.





