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Abstract: After a series of radio frequency/ vacuum ( RF V) drying tests were conducted by using boxed heart timber of Japa-
nese plantation species , Sugi, the drying characteristics and corresponding RF/ V conditions were investigated. The results of
tests showed that before starting RF/ V test, the pre-treatment methods with steaming and superheatedsteaming under the atmo-
sphere pressure were the effective ways to improve RF V drying quality especially on reducing drying checks .
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1 Introduction

Sugi ( Cryptoneria japonica) is the main plantation species that occupies 45 % of the planted areas in Japan ( Hisa-
da, 2001) . The main use of this species is for the material of post and beam in wooden house . In order to prevent the
generation of troubles after the house completed , it is necessary to use high-quality dried timber. But in practical produc-
tion, drying Sugi is a very difficult project . One reason is that Sugi timber for construction material usually contains the
pith ( boxed heart) with large cross-section, another reason is that the range of moisture content ( MC) of green Sugi timr
bers is very diverse , generally from 50 % to 250 % . All these reasons make it difficult to get the high drying quality with
little drying checks and uniform final MC after drying. As we know, radio frequency/vacuum ( RF/ V) drying is a fast
drying method especially for valuable and large-size timber but takes high cost. So the aim of this research is to investi-
gate the reasonable RF/ V drying conditions that can make the boxed heart timber of Sugi dry quickly and have high drying
quality .

The RF/ V drying technology combines two special drying methods together. One method is to employ the vacuum
drying that causes rapid evaporation of surface moisture at low te mperature , another method is to employ the radio-fre-
quency ( RF) current heating . The energy of RF waves is being dissipated to high degree in the timber causing heat be-
cause of the molecular friction of the water molecules . The heat will make the moisture of lumber move quickly from in-
side of lumber to its surface ( Resch et al., 2001) . In Japan many research work about this combined drying method
have been done for many years , but drying boxed heart timber of Sugi is still keeping on the research step , because there
have some proble ms such as heave drying checks , high drying cost .

The main purpose of this research work is to obtain RF/ V drying technology and drying characteristics on boxed heart
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timber of Sugi and at the same time clarify the method how to reduce the drying checks during RF/ V drying process .
2  Material and methods

2.1 Material

The species of tests is Japanese Sugi. The dimension of samples was 1 200 mm X 114 mm x 114 mm. The range
of initial MC was from 50 % to 160 % , the average basic density was 0 .35 gecm’ }

All the tests were conducted in wood drying laboratory of Forestry and Forest Product Research Institute in Japan .
The main equipment is RF/ V test dryer typed as SB - 900 . The maximum pressure and volume of chamber are 0. 049
MPa and 1 .655 m’ respectively . This RF/ V dryer consists of six parts that are radiofrequency ( RF) applicator syste m
with the frequency of 6 .7 MHz , vacuum system , cooling syste m , electric controller system , steaming pretreatment syste m
and oil cylinder pressure system .

About RF applicator system , there are three different voltages ( written as EI) of input power that can be chosen as
4 kV,5.1 kVand 6.2 kV. The range of the current of input power ( written as IP) is 0.2 ~ 0.8 A. Both of the maxi-
mum oscillation on time and oscillation off time are 3 min. The working principle of RF heating system is showed by fol-
lowing formula .

P=El«IP-[T/(T + T)]*602%V (D

El: the voltage of input power of RF applicator system, kV;IP: the current of input power of RF applicator sys-
tem, A; T, : oscillation on time , min; T, : oscillation off time , min; P : input power of RF applicator for per cubic lunr
ber, kWem ™’ ;60 % : the efficiency of RF applicator system for SB - 900 dryer; V: the total samples volume for test,

3
m .

2.2 Methods
Before starting the tests , every two samples with length of 1 200 mm were cut from one 3- meter-long lumber shown

as Fig.l , and the initial MC slices and density slices were cut at the same time . Sample SI and sample S2 were consid
ered to have the same properties and were used for the comparison tests . The initial MC slice was cut into seven pieces to

measure initial MC distribution , as shown in Fig .1 .
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Fig.1 Sample, MC and density slice cutting

When starting each test , six samples were taken out from cooling storage , and the initial data about weight , width,
length and initial checks were taken from every sample . Then, the samples were stacked in RF/ V chamber as shown in
Fig .2 .

During the drying process , the samples were weighed and at the same time drying checks were also measured one
time every two days in order to get the current MC and drying defects under corresponding RF/ V conditions which are
shown in Tab .l . The test was finished when the estimated finial MC reached 15 % , and then the final test data about
weight , width , length and drying checks of every sample were taken . After then, one final MC slice was cut from every
sample around its middle portion so as to measure the final MC and final MC distribution for every sample , and the inter-
nal checks were also observed after cutting the MC slice .

When the test was finished , the drying quality was evaluated in terms of drying checks , average final MC and final
MC distribution , shrinkages and drying rate . The rationality of RF/ V drying conditions for every test was also evaluated at
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the same time , and then the ideas to improve the drying quality were put forward . In this series of research tests , steanr
ing pretreatment and superheated-steaming pretreatment were adopted to improve RF/ V drying quality for Sugi boxed- heart
lumber .

3  Results and discussiors

Five tests were conducted in this research work . The Pressure
tests results and their corresponding RF/ V drying conditions .
were shown in Tab .1 , and their drying qualities were evalu- @ SR
ated according to drying checks, final MC distributions , = : Ti
drying rates and shrinkages . Positive | Porser ko i z : E
3.1 The drying checks @ S

According to RF/ V conditions listed in Tab.l , test 1 . ':.
was conducted under the same absolute pressure under vacu- Mol o . - i

@ e

um ( APV) of 0.008 MPa as test 2, but adopted much stron
ger power supply of 10 kWe m” * than in test 2. Fig. 2 The stack of test

The results showed that, even though some surface
checks occurred in test 2, but no internal checks did. In test 1 there were some internal checks and the surface checks
were more severe than in test 2 as shown in Fig.3 . Therefore the test 3, which had the same RF/ V conditions as test 2,
and additional 90 C steaming pretreatment for 19 h, was conducted after test 2. The results of test 3 showed that , even
though there were still some surface checks occurred during the drying process , the degree of drying checks was reduced
compared with test 2. In order to reduce the drying checks in a higher level , the test 4 which had the same RF condi-
tions , but higher APV of 0 .05 MPa was conducted after test 3 . The results of test 4 showed that, the degree of drying
checks was reduced much more than test 3, but the drying rate was very low. After test 4, test 5 was conducted with the
same RF/ V conditions as test 3 and with superheated-steaming pretreatment . The superheatedsteaming pretreatment con
ditions were set as : steaming at 115 'C for 6 h and superheatedsteaming at 115 C for another 42 h , meanwhile the rela-
tive humidity ( RH) was set gradually decreasing from 100 % to 83 % within 42 h. As the result, the average MC of samr
ples for test 5 was reduced from 90 .1 % to 64 .8 % after 48 h pretreatment . The results of test 5 showed that the degree
of drying checks was a little more serious than test 4, but lighter than test 3, and in addition, the drying rate of test 5
was three times faster than test 4 . Considering all tests results synthetically , the RF/ V drying conditions for test 5 are rel-
atively better than those for other tests, even if there still have some drying checks in test 5. The main reason for this
change is that steaming and superheate d-steaming pretreatment make the efficient effect for reducing the drying checks , as
some researchers have reported ( ,2003 ; Cheng et al ., 2002) .

In test 5, the samples were pretreated with steaming and superheated steaming of 115 'C that is much higher than
the lignin softening point of Sugi wood( about 80 C) . As the superheatedsteaming pretreatment goes on, the moisture of
surface layer evaporates first, and when its moisture content decreases below FSP, the surface layer begins to shrink , and
then tension stress in surface layer is caused . It is known that wood characterize the viscoelastic property , and under high
temperature and high humidity , wood will be more viscous than under lower te mperature , so even there are some tension
stress in the surface layer, it can not be kept strong enough to cause surface checks , and some proportion of drying stress
will be absorbed by the creep of wood . Therefore , in test 5, after the superheated-steaming treatment , not only the aver
age MC of samples were decreased, but also thin layer of surface drying sets were formed , thus during the follow up RF/
V drying , less surface check occurred . In Japan, using high te mperature drying is one of the practical methods to reduce

Sugi drying checks .
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Tab.l Tests resuts and corresponding RF V drying conditions”

Test No. Test 1 Test 2 Test 3 Test 4 Test 5
Dimension of sample 1200 mm x 114 mm X 114mm (6 pieces)
Sample volume/ m® 0.094 0.094 0.094 0.094 0.094
Power supply/(kWe m™ %) 10 3 3 3 3
Voltage of input power EI/kV 5.1 5.1 5.1 5.1 5.1
Current of input power I[P/ A 0.41 0.41 0.41 0.41 0.41
Oscillation time ( on/ off , minute) 3/0.9 0.9/3 0.9/3 09/3 0.9/3
Pretreatment conditions No No 90 C pretreatment 19 h 115 °C pretreatment 48 h
Absolute pressure under vacuum ( APV) / MPa 0.008 0.05 0.008
( Water boiling point is 41 C) ( Around 85 C) (41 C)
Average initial MG % 96 .5 96 .4 98 .3 95 .3 90.1 (64.8)*
Average final MU % 6.9 9.3 8.1 19.6 9.4
Shrinkage of surface & % 3.2 3.0 2.6 1.9 0.3
Shrinkage of surface B/ % 3.8 3.1 3.3 3.8 3.5
) Numbers/ Samples with checks 13/4 12/5 7/5 1/1 7/4
zz:ig Length/ (cmem™ ') ** 18.9 17.2 8.7 2.7 5.1
Range of width/ mm 0.2~7 0.2~6 03~3.5 0.2 0.2~3.5
Total drying time /h 47.7 167.3 1442 ) 338 8 . %2 .
(163 .2) (357 .8) (135.2)
0.63 0.22 0.59
Average drying rate/( %*h ") 1.88 0.52 (055" (021" (0.6) * *
Total power consumption/ ( k W= h) 188 .5 364 .8 344 8 562 .4 151577
Oscillation powet/ ( k W h) 30 79.9 69 .6 163 .5 449

@:“ #7 the figure in bracket was the average MC of samples after pretreatment . “ # # ”this value was the total length of surface checks divided by total

length of all surfaces of six samples for each test . When calculated the total checks , the very narrow checks that the width is smaller than 0 .2 mm was not includ-

ed. “ * ”this total drying time consisted of RF/ V drying time and pretreatment time .“ * * ”these drying rates were calculated according to total drying time of RF/

V drying time and pretreatment time . “ * * * ”this power consumption didn’ t consist of pretreatment power consumption .

Tesm | Test2

Fig. 3 The scanning of cross-section for samples after drying

3.2 The moisture content distribution

Test 5

The average final MC of dried construction lumber in Japanese market is around 15 % . But the initial MC of Sugi

species is very diverse , the heartwood is generally in a wide range of 50 % to 150 % and sometimes reaches 250 % , while
that of sapwood is around 150 % to 250 % ( Hisada , 2001) . For these reasons , Sugi boxed heart lumber is difficult to be
dried to low and uniform final MC in short time . RF/ V drying method is one of the efficient ways to solve this problem .

After all the drying tests , the results of five tests showed that , the final MC distributions of six samples in different site of

stack were even in any test. In this paper, the distributions of initial MC and final MC for six samples of test 1 and test

5 were shown in Fig. 4 and Fig.5 . The results were shown that even if the initial MC for six samples in different site of

stack were very different , all the curves showed that the final MC were more uniform in every sample after RF/ V drying .
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The group curves at the top of the Fig.4 and Fig.5 are initial MC distributions ;

The group curves at the bottom of the Fig.4 and Fig.5 are final MC distributions .

In Japan, some wood drying factories usually presort Sugi lumbers according to their weight before drying, so that
the timbers with little difference in initial MC will be dried in the same kiln, and at the same time more dried timbers
with even final MC will be gotten .

3.3 The drying rate

From the results shown in Tab .l and Fig .6, it is observed that the drying rates of five tests are different under dif-
ferent RF/ V drying conditions . The drying rate of test 1 is the highest one , and the drying rate of test 4 is the lowest one .
Because it is known that when the drying process is running under RF/ V drying conditions , the high vacuum pressure
causes rapid evaporation of surface moisture at low te mperature and at the same time the high energy of RF heating makes
the moisture move quickly from internal of lumber to its surface ( Resch et al ., 2001) . As a result drying process will be
shortened by high vacuum pressure and strong power supply . About other three tests , the drying rate of test 5 was a little
higher than test 3, and test 3 is a little higher than test 2, but these three drying rates were not so different in the MC
range under 60 % . It is known that drying rate is not only affected by RF/ V drying conditions but also by drying pretreat-
ment conditions . The high te mperature steaming and superheated steaming pretreatment were expected to quick the drying
process , because the moisture move ment is observed to increase along with the increase of steaming te mperature and pres-
sure ( Oliveira et al., 2001) and it is speculated the permeability of wood to increase under high-te mperature and high
pressure steaming ( Ishikawa et al., 2001) In this research, the drying rates were not to be affected too much but the
drying time was shortened by the pretreatment .

3 4 The drying shrinkage

The results of average drying shrinkages of samples 120
on surface A and surface B for five tests were shown in . 1
Fig .7 . é 0

It is shown that, the average drying shrinkages of g 60
both surfaces were not too serious for every test, but the g 40 |
drying shrinkages on surface B were little more severe g 20 |
than those on surface A, the range are from 3.1 % to . N . , . ' . 1
3.8 % and 1.9 % to 3.2 % respectively . The reason for 60 ; 0 60 120 180 240 300 360
this difference was considered that during the RF/ V dry- Pretreating time and drying time/h
ing process , there was a stable cylinder pressure from top —Btest5 —A—testd —A— test3 —O—test? —i— testl
of chamber pressed on the stack to reduce the drying de-
formations, as a result, surfaces B of samples were i Fi’,” Drying rates for fve tests

In Fig .6, on the X axis, “0” to “ - 60” shows the pretreatment process ,

pressed during all the drying process . and “0” 0 “360” shows RE/ V drying process



In Fig .7, the average drying shrinkages on both surfaces for test 4 47
was shown to be more different from other tests , that was , the average

shrinkage on surface B was more severe than it of other tests, and on

inkage/%

. . E 2 |
the contrary , the average shrinkage on surface A was lower than it of 4

ing s

Dry

other tests , the main reason was estimated that tests 4 lasted longer -

time , and as a result , direction B of samples will be pressed to shrink

for long time ,and the final MC of test 4 was higher than those of other tost]  test2  test3  testd  testS

tests , the shrinkage on surface A will increase along with the MC de- The number of tests

creasing . O Shrinkage in surface A Wl Shrinkage in surface B
4 Conclusions Fig. 7 The drying shrinkage on surface A and surface B

RF/ V drying method is the efficient and fast drying method for
boxed- heart timber of Japanese Sugi, but drying quality is different under different RF/ V drying conditions . Strong power
supply and high vacuum pressure can shorten the drying process but more checks occurred at the same time . High tenr
perature steam ( higher than 90 C) and superheated-steaming pretreatment is one of the efficient ways to reduce RF/ V
drying check and quick the drying process .

The MC of green Sugi is very diverse , in this research work , the range of initial MC of samples for each test are
from 55 % to 200 % , but all tests results showed that the final MC are uniform after drying under their corresponding RF/
V conditions .

The drying rate of RF/ V drying method is not only affected by RF/ V drying conditions but also by pretreatment comnr
ditions . When the drying process is running under RF/ V conditions , high vacuum pressure causes rapid evaporation of
surface moisture at low te mperature and at the same time the high energy of RF heating makes the moisture move quickly
from internal of lumber to its surface , and in addition , high te mperature steaming and superheated steaming pretreat ment
was effective in shortening of the drying process .

Drying shrinkages of samples in five tests are different on surface A and surface B, but they are not too serious ,
shrinkages on surface B are little more severe than those on surface A, and the range are from 3 .1 % to 3 .8 % and from
1.9 % to 3.2 % respectively . The reason is direction B of samples will be pressed during the drying process .
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