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ABSTRACT 
rid analysis of variance design wG%!&fs 

Gas bubble nucleation and expansion in supersaturated aqueous solution, by decorn- to assess the effects of ternpemtur~, prep 
WE, and absorption time on carbon di- pression of the applied gas prcssm, can m v e  fiee water from t h ~  cell lumens of a aide decompRasion A permeable wood s t r u m .  Carban dioxide and niirogen gas were used to evaluato h e  biTlatibn of six rcmpennves 20n, 

dative effects of tile process variables pressure, temperature, md absorption time on 
the decompression drying ofradiatapirre sapwood chips. Water loss with carbon dioxide 25", 3Q0, 35", and 4OUC), h e  gas pres- 

gas increased with pressure and absorption h e ,  and varied with tmperam. The s m s  (1.50, 4.89, add 6.89 W a ) ,  and 

volume ofgas bubblcs genernted on decompression appemdto be animportant criterion &G absorption times (5, 15, and 45 
for watcr loss. The water loss also increased with repeated cycles of gas absorption atld 

rnin.) were used with carbon dioxide gas. 

decompression drying, which suggests the proportion of drlwatcr vapor present in the The gas pressure of 6.89 MPa could only 

wood was also impomt  in determining the amount of water loss. Water loss with be attained at temperatures of 30°, 35", 
and 40°C. 

nitrogen gas was determined by thc nmber of cycles of decomprgssion-~ng, rather 
Uvvl the period d nitrogen gas absorption. The very low solubility"b~i&&n gas in Thm low ~olub%' o f i m p  gas 
water suggesh tile water loss occurred due to the compression and expansion of water at a presWe of 5-065 ma 
prc-existing air bubbles. ble I) suggests that the process variable 

pressure, which determines thc concen- 
tration of dissolved ga in the water, was 
o f  little importance in d e t b d n g  the The nucle~ttiionofbubb1es ofa solute Lients in water, but c d o n  dioxide g a ~  decoplMesdon lbility Of mkogm 

gas in supersaturated aqueous solutions has a much higher solubility in watu g, carnparcd with hc 
provides a rapid means of drying sap- than nitrogen gas (Table 1). High gas perahre and absorptionme. A two-way 
wood chips. The supersaturated state is soIubilities in water can be expected to fafional arralysis ofvdace hign was 
achieved by lowering the applied gas improve thfi cffiedveness of decom~res- Used assess the effecb of t empmm 
PR~SUW, usually by some tens or hun- drykg by increasing su~e~xatu- md time an imgcn gas 
dreds of to ahovhcric ration of the gas in the water at decom- drying. A combination of three tmpera- 
pressure. ~ e n u m b ~ o f b u b b l e s  andtheir pression, h a b y  increasing the numbw ~ e s  (200, 300, and 40°C) and k e  ab- 
rate of production increase with increas- of gas bubble in fhe sorption times (5, 15, and 45 rnin.) were 
ing supersaturation of gas dissolved in The way in which the Process used with a nihgm gas pmssure of 4-89 
the water (1). n e  bubbles that f o m  cm variables affected the decompression ma. 
effectively fore& the free water from the response of the two gats was Decompression dryingwith di- 
cell 1-r within I permeable wood a"ess the d~~ sol'bilib' oxide and nieogm g s ~  m y  a l s ~  be d 
smcture. on decompression Wng. fected by the extent to which the wood 

An assessment was made of the rela- METHODS AND MATERIALS chips rn g a m t e d  with water. The ex- 

effects of a nmber of process yati- Tempmure and pressure bath have a pansion of dissolved supersaturated 
ables on&comprtssion m a g .  The vari- strong effect on the solubiliv of carbon cwbon dioxide or dmgm gas into pm- 

included tempem-, pressure, dioxide gas in water. A three-way facto. c ~ h g  gadwater vapor bubbles within 
tirnc, add the choice of solute gas. Tern- 
perature dccts the rate of gas diffusion 
into water, pressure affects the conccn- The authors are. mpectivdy, Scimtist, PAPRO New Zealand, Private Eag 3020, Rotorua, 
tration of dissolved winwater, and time New Zealand, and b m r e r ,  School of Foisuy, Univ. of Canterbury. Privak Bng 4800, 
fiEcts the amount of gas dissolved at a Christchurch, New Zealmd. The Forcst Refi. Inst., Ministry of Foresb. New adand, 

supported this work by way of a postgraduak studentship. ?his paper was received for given tempGrmre and prcssuro' Tho p&ljcation in Dcccmba ,996. Reprint No. 8613. 
gases used were carbon dioxide and ni- o~~~~~ products society 1 ggg. 
trogen. Both have similar diffusion coef- Foest Prod. Y. 49(1);67-72. 
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Sblubiliricsb 
GW Diffision wefficimls' 25°C 5O0C 

(X I O~ m2s-I) (my of gas at STPlg of H2Dj 
Carbon dioxide 1.99 27.23 17.25 
Nimgcn 2.19 0.67 0.53 

a M w m d  nt 25'C nnd 0.1013 MFa (2)). 
"cwumd at 5.065 MPa (3,4). 

'1ABL.E 2. - Sopwoad chip WUIW loss with cart,on diuxide p . a s  
L .  -. 

D c ~ e e s  of Mean loss Variance of water loss 
Source of variation freedom MS F MS F 
Tcmpernture 5 239.16 8.75 ** 0.127 13.99 ** 
Pressure 1 3483.41 127.49 ** 0.55B 61.20 ** 
Timc 4 1852.01 67.78 ** 0.007 0.74 nsb 
Tempml~m x pressm 5 78.63 2.88 +' 0.079 8.65 ++ 

Tmperaturc x timc 20 33.51 1.2311s 0.011 1.1Sns 

Pmssurc x tilne 4 68.28 2.501-18 0.035 3.84 

Pressure (MPa) 
I 

Temperature ("C) 

Figure 1. - Mean water loss from sapwood chips with cahon dioxide gas. The 
values plotted are the meam forthe five absorption times. 

thc wood chip muld improve the process 
of decompression dryulg. Repfated cy- 
cles of decompression drying were used 
to test the idea. Two cyclic dec0mprt.s- 
sion drying t;mc series were used, one 
involving nine repcated cycles of 9 min- 
utes absorption time and the other tlvee 
rqeatcd cycles of 15 minutes absomon 
timc, both giving a total Eas alsoqhon 
time of 45 minutes. 

Carbon dioxide and nitrogen gas dc- 
compression drying were compar~d 
using a h e - w a y  factorial aualysis of 
variance for the combination of #me 

temperatures (ZOO, 30D, and 40°C) add 
three absorption times (5, 15, and 45 
min.) at a pressure of 439 MPa. The 
variables in the analysis were tempera- 
tm, time, and carbon dioxide vems ni- 
trogen (C02 vs. Nz). 
WOOD CHIP PREPARATION 

FIat-sawn boards (1 00 rnm by 25 rnm) 
of Pinus radiuta sapwood were dressed, 
ripped, and cross-cut to yidd chips of 
dimensions 8 mm by 25 mm by 25 rnm 
with a flat-sawm orientation Thc chip 
maim cgntent ranged from 95 to 199 

percent, with saturations of 93 to 99 per- 
cent, and basic dmsitics of 372 t~ 61 1 
lcg/m3. The large range of values for clip 
moisture content and basic density re- 
flect the l q e  diflercnccs in thc propor- 
tions of earlywood and latewood in the 
chips. 

DEtdMPRESS[ON 
DRYING PROCEDURE 

The equipment consisted of two pres- 
sure cylinders comectcd in smics to a 
carbon dioxido or nitrogen gas supply 
cylinder, all, contained inside an air-con- 
ditioned room. The large mswoir cylin- 
der was prtssurizedto the operating pms- 
sm, md its tmperature was allowed to 
re-equilibrate to the operating tempera- 
ture. There were 100 chips randomly se- 
lected for each combination of tcmpm- 
tm, pressure, and timo; 50 to mewm 
decompression drying and 50 as contmIs 
to correct for Waporative water loss, par- 
ticularly at elevated temperatures. The 
chips wem individually weighed and 
placed in the smalI decompression dry- 
ing cylinder or a metal container (for the 
conmls). Thc decompression drykg cyl- 
indcr was pressurized from the reservoir 
cyl;nd~r. The offect was very rapid pres- 
surization with only a small drop in pres- 
m. This was quickly adjusted with ad- 
ditional gas from the carbon dioxide or 
nitrogen gas supply cylinder. The tcm- 
peraturc change associatedwith pressuri- 
zation was small, and quickly re-ecpili- 
brated to the operating temperature. 
Decompression after thc required ab- 
sorption time was rapid taking just a few 
scconds dqmrling on the pressure. The 
wood chips were individually weighed 
and the water loss calculated as apercmt- 
age ofthe total water content oftX~e chip. 

Decbmpressim drying of Pinus rd- 
diata sapwood chips with carbon dioxide 
gas was mngly aKectedby p~ssure  and 
to a lesser extent by temperature and ab- 
sorption time mg. 1, Table 2). There 
was a similar pasem OF water loss with 
temperature at pressures of 1.50, 4.89, 
and 6.89 MPa. However, at 25" and 30°C 
tllere was a very marked increase in watm 
lass ht llow prc&$m (1.50 MPa) iel~tive 
to high prcssme (4.89 m a ) .  This gave 
rise to a significant temperature x prcs- 
sure intemction, which suggests tha af- 
fect of temperature depends on the prcs- 
sure at which the water loss occm. The 
pattern of water loss with temperature at 
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low pressure (1.50 MPn) was very con- 
sistent for the different absorption times 
(Pig. 2). 

The variation of water loss from the 
c11i~s was affected by pressure, tempma- 
ture andtimc (Fig. 3, Table 2). The effect 
of tempemturc was mast pronounced at 
low pr~ssurc (1.50 m a )  and at lower 
temperatures therc was a substantial in- 
crease in the variation of water loss rela- 
tive to high presswe (4.89 MPa). This 
accounts for the sigu%cmt tempemturc x 
pressure iateraction and suggs6t.6 that the 
effectiveness of decompression dtyhg at 
low temperatures and p r e s m s  depends 
increasingly on the characteristics of the 
chips. I fwe  examine the eEcd ofabsorp- 
tion time on the variation of water loss at 
pressures of 1.50 and 4.S9 MPa (Fig. 41, 
a reversal id occurs with longer 
absorption h c s  having water  variation 
of water loss at low pressure (1.50 W a )  
and slightly Iwe r  variation at high pres- 
slue (4.89 ma). This explains the sig- 
dificant pressurn x h e  interaction and 
illustmtes how variable the water loss is 
at low pressure. 

Repeated cycles of gas absorption and 
decompr~ss;on dqhg  (nine cyclas bf 5 
min. absorption, h e  cycles of 15 min. 
absorption) wtsrc more effectivs in re- 
m o a  water h m  chips than a single 
cycle of 45 minutcs absorption at pres- 
~11~;s of 1.50,4.89, and 6.89 MPa (Table 
3). 7herc was no significant difference in 
the effectiveness ofaine cycles o f  5 min- 
utes absorption and three cycles of I5  
minutes absolption. 

The variation ofwater lass was signifi- 
cantly lower with repeated cycles of gas 
absorption and decompression drying 
(dm cycles of 5 mid. absorptiaq three 
cycles of 15 min. absorption) tlran a sin- 
gle cycle of 45 minutes absorption at 
pressures of 4.89 and 6-89 ma. There 
was no significant difference in the wri- 
atition of watm loss with nine c y c l ~ ~  of 5 
h u t e s  absorptian add three cycles of 15 
minutes absorption. 

Wath loss with nitrogw gas was de- 
termined by the number of cycles of de- 
cornpression drying, rather than the pe- 
riod of nitrogen gas absorption at 4.89 
ma (Fig. 5, Table 4). There were sub- 
stantial increases in watm loss with three 
cyclcs of 15 rnjnutes, and nine cycles of 5 
minutcs, gas absorption and decompres- 
sion drying. Water loss with one cycle of 
g a  absorption and decompression dry- 

TABLE 3. - Cyclic ver,~ur nan-cyclic sapwood chip wuaer loss With carbon dim id^  us. 
L.. - - -. 

Dqrees of Mean water loss Varimce of water loss 

Source of va-hdon f~bedom MS F M$ F 
Pressure 1.50 MPa 
Tempenturn 5 201.41 4.37 **' 0.201 10.54 ** 
Timc 4 636.73 13.80 +* 0.027 1.44 n.sb 

45vsn9x5and3x15 1 0.033 1.751~ 649.49 14.08 ** 
9 x 5 v s . 3  x 15 1 25.26 0.55 ns 9.092 0.12 ns 

Temporam x time 20 46.14 0.019 

Ppssurc 4.89 MPn 
Temperature 5 116.39 7.92 ** 0.006 6.94 ** 
Time 4 1283.56 87.37 ++ 0.014 17.30 +* 
45vs.9~5and3x15 1 0.017 19-96 " 995,82 67-79 ** 
9 x 5  va. 3 x 15 1 0.34 0.02 ns 0.992 2.00 ns 

Tmpcrdm x timc 20 14.69 0.0008 

Pressure 6 3 9  M a  
T e m p e m  2 21.05 2.32 ns 0.003 4,41 PS 
Time 4 524.65 57.W ** 0.007 9.39 ** 
45vs.9x5md3xI5 1 461.27 50.85 ** 0.013 17.24 ** 
9x5vs.3xI5 1 6.41 0,71 ns 0.0002 0.26 ns 

9.07 0.007 

' " = p  < 0.01 
nb =p > 0.05 

1 1  Time (minutes) 

Temperatwe ("C) 

Figure 2. -Mean water loss from sapwood chips with carbon dioxide gas at 1.50 
M Pa. 

ing was very low, evcn at absorption 
times of 45 minutes. 

7 h e  number of cycles of decompres- 
sion drying had no effect on thc miation 
of water loss, which was low with n h -  
gen gas and increased ody  slightly at 
lower temperatures (Fig. 6, Table 4). 

CARBON DIOXIDE 
VERSUS NITROGEN 

Decompression drying of sapwood 
chips was more effective with carbon di- 
oxide than with nitrogen gas at 4.89 MPa 
{Fig. 7, Table 5). There was only a very 

small increase in water loss with absorp- 
tion h e  for nitrogen gas, but a substan- 
tial increase iu water loss with absorption 
time far carban dioxide. Thjs ~xplnins 
the significant time x C02 vs. N2 intern- 
t i a ~  which can be attributed to the large 
solubility difference of the ma gases in 
wat~r (Table 1). 

Chips dried with carbon dioxide at 
4.89 MPa showed a similar water loss 
aficr three cycles of I. 5 minutes and nine 
cycles of 5 minutes, which suggests that 
at high g z  solubilities in water both the 
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occur comistcntly for each of the five 
absorption times (Fig. 2). Temperawe 
pn~malies occur in the properties o f  
water near interfaces in capillaries aad 
thin films where the supcrlicial s d c e  
area is vuy small comparcd to the sur- 
face area available to the watcr molecule 
(6). The water properties near th~sc h e r -  
faces m c h w e  abruptly at certain tem- 
peraturcs and over small t~mperature h- 
tervals, and such changes within the 
tracheids of wood could explain the in- 
tmction of pressm add temperam 
with decompression drymg. 

The effcd of time was greater for gases 
of higher solubiliy in water. This was 
clearly demonmtcd in the comparison 
between carbon dioxide and nitmgm 
gascs (Fig. 7). The higher solubility o f  
carbon dioxide gas in watcr produced a 
much greater increase of water loss with 
time than was obtained with nitrogen 
gas. It might ba expected that at higher 
temperatures with lower solubilities and 
greater rates of gas absorption, the effects 
of increasing gas absorption time on 
water loss would diminish. The effect 
should show itself in a significant rem- 
perature x tima in~ctiw,  hut in thc 
analysis of variance the interaction was 
not significant (Table 2). 

The proportian of air present in the 
wood was importmt for cffedve water 
loss at low gas solubilities in water (Fig, 
8). Thc volume of gas genmratcd by bub- 
ble nucleation at low gas solubiliv ap- 
pears insufficient to expel the water. The 
loss ofwater is therefore thought to occw 
as a cmequence of the compression of 
pre-existing air bubbles within the chips, 
creating a thin low-moisture zone at thc 
chip surface. On dewmpression, the re- 
expansion of compressed &partially re- 
fills this zone and expels some water 
along with thc gas. The very low solubil- 
ity of nitrogen gas in water would sug- 
gest that water loss with nitrogen gas 
O C C ~  by this process of air bubble com- 
pression and expansion. Oncc some of 
the initial watcr has been losf it may be 
possible that compressed Eas will get be 
hind the wet line in the chip, via adjacent 

D~~~~ of M m  water 1065 Variance of watcr loss 
S o w e  of variation fiedorn MS F MS F 
T m ~ e m t ~  2 96.91 5.87 *' 0 . 3  5.23 * 
nm~ 4 631% 38-25 **b 9,912 4.91 * 
CO, va. N, 1 3043.56 184.39 ** 0.OM 1.54 n~' 

Temperature x tiinc 8 8.67 0.53 ns 0.002 0.79 ns 
Temperature x C02 VS. N2 2 33,03 2,OOns 0.012 4.99 * 
Time x COi vs. N2 . 4 153.25 929 ** 0.002 0.86 ns 
Tmpcraturc x timc x CO? vs. N7 8 16.51 0.028 - . '  

"*=p<0.05 
** = p  < 0.01 

"nsrp> 0.0s 

30 I Time (minutes) 

Temperature ("C) 

Figure 5. -Mean water loss from sapwood chips with nitrogen gas at 4.89 MPa. 

Temperature ("C) 

f ime (minutes) 

dry ~ h d d s ,  and force water from the 
cLp it expands duting Figure 6. - Variation of water loss from sapwood chips with nitrogen gas at 4.89 

sion Ths  process could contribute to thc M Pa. 

increased water loss as h e  percent satu- 
radon of the chip decreases. 

gas, at tempmutes of 15' to 40DC, prcs- free water present. Water loss increased 
CONCLUSIONS sures of 1.50 to 6-89 MPa, and absorption with prCSSW and ab~btptim time, and 

Decompression drying of Pinw ra- times of 5 to 45 minutes was effective in varied with temperature- The d e c t  of 
diata sapwood chips with carbon dioxide removing a siaficant proportion of the prcssurc and h e  can be attributed t~ Ule 
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Figure 7. - Mean water loss from sapwood chips with earban dioxide and nitrogen 
gas at 4.89 MPa. The values plotted are the means for the three temperatures. 

Chip percent saturation 

Figure 8. - Chip water loss with carbon dioxide gas at 15°C and 1 .SO MPa as a 
function of chip percent saturation for each of nine repeated cycles d 5 minutes 
decompression drying. 

1.6 - -  
Gas - I 

w -E- Carbon dioxide 
8 --c- Nitrogen - 1.4- k 
2 - t 
0 1 

w 1.2-  
0 
C 
a 
'C I s 

1 .o I 

20 30 40 

Temperature ("C) 

Figure 9. - Variation of water loss from sapwood chips with carbon dioxide and 
nitrogen gas at 4.89 MPa. The values plotted are the means for the five absorption 
times. 

l q c  increase in the solubility of cmbon 
dioxide gas in water at higher pressures 
azld the m u n t  of carbon dioxide gas 
absorbed with time. The volume of the 
gas bubbles generated on dccompressi~n 
appemd to be an importaut criterion for 
water loss. The water loss also increased 
with repeated cycles of gas absorption 
and decompwssion drying. T h i s  suggcsts 
that the proportion of airhatervaporpre- 
sent in the wood was also important in 
detm&g the mount of water loss. 

'fhe variation ofwater loss with carbon 
dioxide gas increased with lower t m -  
perature and longer absorption time at a 
pressure of 1.50 MPa, but decreased 
slightly with long~r abs~rption timas at a 
pressure of 4.89 W a .  The variation of 
water loss was lower with repeated cycles 
of gas absorption and dec6mpression dry- 
ing at pressures of 4.89 and 6.89 MPn. 

Water loss with nitrogen gas, at tem- 
peratures of 20° to 40°C, a pressure of 
4.89 MPa, and absorption times of 5 to 
45 minutes, was determined by the num- 
ber of cycles of decompression drying, 
rather than the period of nitrogen gas 
absorption. The very low sdlubility of 
nitrogen gas in water suggests that the 
water loss occurred due to the compres- 
sion and expansion of pre-existing air 
bubbles. Expansion of compressed cwb- 
on dioxide and h o g e n  gas that had 
mdvtd b&d the wet line in the wood 
h u g h  adjacent dry hcheids may also 
have contributed to the increase in water 
loss with increased air volume. 
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