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Model of Drying Stress Distribution in Disks End-wrapped in
Korean Paper and Effects of End-wrappings on Prevention
of Drying Defects for Vacuum Drying of Disks™

Nam-Ho Lee™?* Hee-Suk Jung™**

SUMMARY

It was proved that in conventional kiln drying of disks piling position in the kiln exerted a
great influence on drying rates, and the larger the variation of disk diameter, the more
undulating drying rates of disks. While in vacuum drying disks there was no influence on
drying rates.

By the end-wrapping treatments and the radial direction of disks tangential surface stresses
in the core of disks were slightly compressive in three species. In control disks the drying
stresses distributed into one step-style that compressive stresses in the pith side of 6cm from
pith were larger than those in the bark side, while in the disks end-wrapped with Korean
paper the drying stresses distributed uniformly, because flow rates of free water in disks had
no difference between heart-and sap-wood by obstruction of evaporating water from surface
of disks by end-wrapping with Korean paper. And end-wrapping with Korean paper
considerably restrained those.

Tangential differential shrinkage stresses developed the maximum tensile stress near the
bark, and with approaching the pith the stresses gradually reduced and changed into
compressive stresses in near the pith. At the end of vacuum drying the maximum tangential
tensile stresses of disks end-wrapped with Korean paper were smaller than those of control

disks, and critical moisture contents causing
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the V-shaped crack of disks end-wrapped with Korean paper were lower than those of control

disks because of the set by obstruction of evaporating water of end-wrapping with Korean

paper.

In the experiment of vacuum drying stress distributicn the disks end-wrapped with Korean

paper or aluminum foil in three species were free from V-shaped cracks and control disks

were defected very slightly by V-shaped cracks. And also disks end-wrapped with Korean

paper were {ree from heart checks in Alnus japonica and Juglans sinensis, and heart checks were

occurred very slightly in others. Especially, not to speak of disks end-wrapped with Korean

paper, vacuum drying of disks end-wrapped with aluminum foil prevented effectively drying

defects, moreover drying times could be shortened, that 1s. Ginkge biloba, Alnus japonica, and

Juglans sinensis disks could be dried from green to in-use moisture content in 110 hours, 272

hours. and 407 hours, respectively.
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I: Disks for initial moisture content

C: Disks for control
K : Disks for end-wrapping with Korean paper

A : Disks for end-wrapping with aluminum foil

Figl. Sample disks preparation in test of
drying schedules of drying stress dis-
tribution and vacuum drying stress

distribution (unit : cm).
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Table 1. Number, shape, initial moisture content and green volume specific garvity of sam-
ple disks used in test of drying schedules for vacuum drying stress distribution
Species Drying End Number End_shape Initial Sp.
method treatment of . Long Short Eccen MC(%) Gr
disks | diameter(cm) | diameter(cm)|  tricity T )
Alnus Conventional Control 15 27.28 21,58 0.20
Japonica kiln drying 135 +0. 64 +0.05
Korean paper 15 27,16 21.58 0.22 46.4 0.39
+1.26 +0.40 +0.07 +5.14 10.01
Aluminum foil 15 26. 66 21.42 0.19
1,22 +0.53 +0.16
Vacuum Control 15 29,52 23.57 0.19
drying 15,49 £3.01 0. 06
Korean paper 15 29.59 23.55 0.19 57.5 0.39
5. 54 +3.04 +0.07 +5.05 +0.01
Aluminum foil 15 30.07 23.79 0.26
+3.43 +2.95 +0. 06
Juglans Conventional Control 15 24.71 18.16 0.26
sinensis kiln drying 115 +1.63 +0.09
Korean paper 15 24,55 17.84 0.27 64.2 0.8
+1.33 +1.34 +0.09 +2.28 +0.03
Aluminum foil 15 24.49 18.10 0.26
111 +1.33 +0.08
Vacuum Control 17 23.33 20,34 0.12
drying +2.25 +1.24 +0.07
Korean paper 17 23.38 20,02 0.14 65,7 0.59
+2.18 +1.02 +{. 06 +3.65 10,02
Aluminum foil 17 23.21 20.27 0.12
+2.33 +0, 96 +0.06
Ginkgo Conventional Control 11 28.64 21.25 0.25
bilaba kiln drying £0.74 671 +0.09
Korean paper u 26.20 20.98 0.20 89.8 0. 36
£7.42 4628 10.06 163 £ gg
Aluminum {oil 1 27.16 21.22 0.21
+8.35 +6.16 +0.05
Vacuum Control i3l 28.40 21. 46 0.24
drying +1.25 070 +0.06
Korean paper 11 27.18 20. 64 0.24 71.0 0.37
+1.39 +0.83 10.08 +21.88 +0.01
Aluminum foil 11 26.96 20.94 0.22
+10). 64 +0, 60 +0.06
A zete] ZAs oY, FAFEE AFE g, HEY AzxdaM A7 2499 £
NAF&E, e 0.2Colx, EE 1.0m/secE & F UE

ble 33} #t}.
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S : Lumber for green volume specific gravity and
shrinkage

E : Lumber for modulus of elasticity

T:
Fig.2. Preparation of lumbers for physical

Lumber for tangential tensile strength

and mechanical properties(unit : mm).
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Fig.3. Front view of vacuum dryer with hot

water circulation heating system.

Table 2. Number, shape, initial moisture content and green volume specific garvity of sam-
ple disks used in vacuum drying stress distribution test

. Number End shape
Species End treatment of disks l.ong Short Eccen- Initial Sp.
diameter | diameter tricity MC(%) Gr.
{cm) {cm)
Alnus Control 12 21.92 18.73 0.14
japonica Korean paper 12 21.94 18.89 0.14 a1.4 0. 38
Aluminum foil 12 22.00 18.53 0.15
Juglans Control 10 28.52 26.82 0.06
sinensis Korean paper 10 28.33 26. 63 0. 06 99.9 0.58
Aluminum foil 10 28.16 26. 66 0.05
Ginkgo Control 10 26.32 24.08 0.08 111.0
biloba Korean paper 10 26.42 23.69 0.09 84.7 0.37
Aluminum {foil 10 26.49 24.01 0.08 111.5
Table 3. Shrinkage of green to oven dry. 12% MC, and 9% MC and difference between
tangential and radial shrinkage of green to 9% MC
Shrinkage(%)
Species Green to oven dry Green to 12%MC [ Green to 9%MC
T | R | T/R T | R ] /R ] 1T I R | T/R ] IR
Alnus 7.71 4.14 1. &8 5.10 2.31 2,27 5.57 2.77 2,12 2.99
Japonica +0.69  +0.43 +0.23  £0.59 +0.41 (J 43 £0.61  £0.40  £0.34  £0.72
Juglans 8. 67 4.92 177 5.10 2.53 2,05 5. 99 3.13 1.93 2.86
stnensis +0.21  £0.28 F0.11  £0.31 #0.36 £0.27  +0.26 +0.33  £0.19 0636
Ginkgo 4,36 2.60 1.72 2.56 1.42 1.92 3.01 .72 1.84 1.30
hiloba +0.33  #0.37 £0.32 £0.31 +0.34 £0.62 +0.30 +0.34 +0.49 +0.48

Note: + T . Tangential, * R ! Radial,
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Fig.4. Lateral section of a U-shaped alumi-

num clip in the probe tube {unit: mm).
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3.2.3.4 Data Logging System
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FE=HE S 2t U dFvegadY Addel 50 stem 40002 AFE3F1 27, L Block diagram
s shga, oje @ &MYl whgake U = Fig 63 &t
8 dFugayge #HPYLE Data Logging 3.2.4 Stress Wave Timer
Table 4. Regression equations for each U-shaped aluminum clip
End Grain Difsrt(?;ce Regression equation
treatment direction pith(cm) (R?)
Control Longitudinal 0 €.= — 66.11—16.63¢€;(0.99)
4 € .= — Z4.1Z~—14./1€,(1 00)
8 €.= — 29.60—37.92¢€,(0.99)
12 €.= 589.65—22.28¢. (0 93)
16 €. .= 72,04-18.18¢,(1.00)
Tangential 2 € = 116.65—16.86 ¢ ,(0.99)
& €.~ 37.50—17.39¢€ ,(1.00)
10 €.= 42.13--17.22¢€ (1.00)
14 e.= 33.99—18.04¢€.(0.99)
18 € .= 109.31—14.77 € ,{0.99)
Korean paper Longitudinal 0 €. .= 28.85—16.24¢ (1.00)
4 e.= 134.11—17.76 €,(0.99)
8 €.= 149.64—15.91¢ ,(0.99)
12 e = — 7.86—22.99¢ (0.99)
16 € .= 2.04—15.02 €, (l 00)
Tangential 2 €.= — 36.02—20.55¢,(0.99)
6 e.= 62.87—23.26¢€,(0.99)
10 £ = 6.95—14.96 € ,(1.00)
14 e = 177.47-16.98¢.(1.00)
18 £ = 27,37—31.22€ (0.99]

Note : € ./Calibrated strain{ g )

€ ;/Strain indicated by data logging system{ g )
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Fig.5. Arrangement of U-shaped aluminum clips in the probe tube (umt :mm).
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Flow of Heated Air or Water
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C: Control disk
Kp: Disk end-wrapped with Korean paper
Ay - Disk end-wrapped with aluminum foil
) : Disks for measuring drying stress distribution

2): Disks for measuring wood temperature

Fig.7. Overviews of piling methods for con-

ventional kiln drying and vacuum

drying.
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Table 5. Conventional kiln drying and vacuum drying conditions for test of drying sche-
dules of vacuum drying stress distribution

Conventional kiln drying Vacuum drying
Species DBT WBT RH EMC Wood temp. Degree of
{C) {c) (%) (%) (C) vacuum(mmHg)
Alnus japonica 54.5 48.5 71 11.5 54.5 40~50
Juglans sinensis 43.5 38.5 67 11.4 43.5 40~50
Ginkgo biloba 60.0 56.0 81 13.8 60. 0 40~50
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Table 6. Vacuum drying schedules for species used in vacuum drying stress distribution

test
Species | Moisture content(% ) | Wood temp. () | Degree of vacuum(mmHg)
Alnus japonica Green~20% 49.0 40~50
20% ~Final 51.7 40~50
Juglans sinensis Green—30% 38.0 40~50
30%~20% 43.5 40~50
20% ~Final 46. 2 40~50
Ginkgoe biloba Green—~Final 54.5 4050
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Fig.8. The probe tube inserted in disk for
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in test ofdryingschedules for vacuum

drying stress distribution.
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Fig.25. Average total number and length or
width of heart check(A) and V-shaped
crack(B) for control disks during con-
ventional kiln drying and all disks at
the end of CKD of Ginkgo biloba disk in
test of dring schedules for vacuum

drying stress distribution.
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Table 7. Average total number and length of ring failure and number of disks with ring fai-
lures at the end of drying Ginkgo biloba disk in test of drying schedules for drying

stress distribution

? No. of disks
L . | Average Average total .
Drying methods End treatments ¢ - \ containing
i total No length{cm) !
| ring failure
Vacuum Control 0.36 0.87 2
drying Korean paper 0. 36 2.83 3
Aluminum foil 0.18 1. 69 ]
Conventicnal Control 0.38 3.02 3
kiln drying Korean paper 0.15 105 1
Aluminum foil 0 (i 0
e Aom ey e BRAS T 84
& Had deeartds EEEGAIN s 8

Fig.26. The tubercles on the tangential sec-

tion of disk with ring failure after
Ginkgo biloba disks.
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Fig.27. Vacuum drying curves of Alnus japonica
disk in vacuum drying stress distribu-

tion test,

140
1204
100
80
60

40

Moisture content(%})

U 100 200 300 400 500

Drying time(hours)

&M Conwrol  —C Korean paper €~ Aluminum foil
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Table 8. Final moisture content, drying times. and drying rates by the ranges of moisture
content in vacuum drying stress distnibution test

T Green=30%MC | 30~20%MC 20~15% 15~10%
Species End Final {Green~B60%MC [30~15%MC] MC MC
treatments MC(%) Drying | Drying | Drying | Drying | Dryving | Drying | Drying | Drying
time rate time rate time rate time rate
e | (/A0 | (o (/| (e [ (%/hn ] (ho | (%/hr)
Alnus Control 9.60+1.55 100 0.62 27 0,37 69 0,07 73 0.07
Jjaponica Korean paper 10.6£2.49 110 .56 55 0.18 37 0.17 Y 0.09
Aluminum foil  11.1£3.03 121 (.51 92 0.11 29 0.19 70 0.08
Juglans  Control 12.3+3.41 <208  <0.200 - - 37 o1 35 0.1
sinensis  Korean paper 14.1£2.36 Q25D <0.16 - - G 0D A% 028
Aluminum foil  14.3£3.58 <294  O. 14 - - G 018 20 0.2
Ginkgo  Control 9.30+2.64 52 1.56 {11} [0.95] - - 36 0.15
biloha  Korean paper 10.2+2.54 50 1.08 (14]  [0.74] - - 39 0.15
Aluminum foil  11.0%1.87 54 1.51 (25] [0.45] — - 38 0.17
Note:{ > —Drying time and drying rates for green ~ 60%MC
[ ]-—Drying time and drying rates for 30~15%MC
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Table 9. Tangential surface stresses by distance from pith at the early stage of vacuum

drying(kgt/cnf)
Species ' End MC Distance from pith(cm)
PPECIES L reatments (%) 2 6 O T
Alnus Control 8.7 —3.15 03 —1.82 —1.81 -
Japonica 66. 5 —3,28 - 3. 24 —1.93 ~1.95 -
Korean paper 78.6 —1.73 -1.77 -1.73 —1.73 -
66. 3 —1.88 —1.8} —1.84 -1.82 -
Juglans Control 76.3 2.57 —2.48 —1.03 —1.07 -
sinensis 67. 8 —~2.72 —2.63 —1.24 —1.31 ~
Korean paper 76.4 —1.05 —1.08 —0.98 —0.98 -
66. 3 —1.24 —1.27 —1.05 —-1.31 -
Ginkgo Control 63.9 —2.40 —2.30 —-1.20 -1.33 -—-1.30
biloba Korean paper 93.7 —0.51 —0.52 —0,49 —0.57 =, 50
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Fig.33. Critical moisture content initiating

V-shaped crack in Alnus japonica disk.
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Fig.34. Critical moisture content initiating

V-shaped crack in juglans sinensis disk.
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Fig.35. Critical moisture content initiating
V-shaped crack in Ginkgo biloba disk.
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Table 10. Average total length of heart check, and number and percentage of disks defected
by heart check at the end of vacuum drying for vacuum drying stress distribution

test
Species End Average total Defected disks
treatments Number Length Number Percentage

{pcs) {cm) (pcs) (%)
Alnus Control 0 0 0 0
Japonica Korean paper 0 ¢ 0 0
Aluminum foil 0 0 0 0
Juglans Control 0.30 1.25 1 10
sinensis Korean paper 0 0 0 0
Aluminum foil 0.10 0.15 1 10
Ginkgo Control 0. 80 2.80 4 40
biloba Korean paper 0.20 0.35 2 20
Aluminym foil 0. 50 2.38 4 40
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Table 11. Average total number width and length of V-shaped crack and number and per-
centage of disks defected by V-shaped crack at the end of vacuum drying for
vacuum drying stress distribution test
Species End Average total Defected disks
treatments Number | Width Length Number Percentage
(pes) | {em) {cm) {pes) {%)
Alnus Coantrol 0.08 0.13 0.63 1 8.3
Japonica Korean paper 0 0 0 € 0
Aluminum foil 0 0 0 0 0
Juglans Control 0.40 0.32 1.72 3 30
sinensis Korean paper 0 0 { Y 0
Aluminum foil 0 0 0 0 0
Ginkgo Control 0.20 0.05 1.60 2 20
biloha Korean paper 0 0 0 0 0
Aluminum foil 0 0 0 0 0
Table 12. Average total number and length of ring failure, and number and percentage of
disks defected by ring fatlure at the end of vacuum drying for drying stress dis-
tribution test
. End Average total Defected disks
Species
treatments Number Length Number Percentage
(pes) (cm) (pes) (%)
Alnus Control 0 0 0 0
Japonica Korean paper 0 0 0 0
Aluminum foil 0 0 0 0
Juglans Control 0 0 0 0
sinensis Korean paper 0 0 0 0
Aluminum foil 0 0 0 0
Ginkgo Control 0.20 0.72 2 20
biloba Korean paper 0 i 0 0
Aluminum foil 0 0 0 0
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Fig.36. Disks of Ginkgo biloba after vacuum
drying.
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