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SUMMARY 

In 1994 approximately 400 000 m3 of Pinus radiata D. Don was treated with boron 

based preservatives. The current preservative process involves either the immersion 

or spraying of green timber with concentrated boric acid solutions followed by 

stacking under cover for considerable lengths of time. The New Zealand Forest 

Research Institute has proposed an alternative to this aqueous phase process which is 

commonly called the vapour boron timber-treatment process. 

The vapour boron timber-treatment process involves drying the timber to a low 

moisture content (preferably in a high-temperature kiln) and then placing the timber 

which is to be treated in the treatment vessel. The treatment vessel is then heated and 

evacuated and the preservative (usually trimethyl borate / methanol azeotrope) is 

injected into the vessel as a liquid. As the preservative evaporates in the reduced 

pressure and the elevated temperature of the vessel, the pressure in the vessel rises 

rapidly causing a pressure wave of gas to flow into the timber. As this pressure wave 

travels through the timber the trimethyl borate reacts with any water vapour still 

present and the adsorbed water in timber to form boric acid (which acts as the 

preservative) and methanol. Subsequently, the trimethyl borate left in the treatment 

vessel diffuses through the timber and reacts with the adsorbed water. A second 

vacuum removes the methanol from the timber. 

The modelling of this process involves both the study of the chemical kinetics of the 

reaction between trimethyl borate and water and the study of the flow of gases 

through and/or into Pinus radiata D. Don. 

The trimethyl borate reacts with both adsorbed water and water vapour. Both 

reactions proceed by the sequential replacement of the three methyl groups with 

hydroxyl groups until the boric acid molecule is produced. The reaction rate constant 

for the reaction between trimethyl borate and water vapour has been experimentally 
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determined by drawing water vapour and trimethyl borate through a transparent glass 

tube, noting the position of the build-up of boric acid on the walls of the tube. The 

reaction rate constant was determined to be 6. 8 x 10-3 ± 0. 7 x 10-3 Pa -1 s -1• 

The reaction rate between the adsorbed water and trimethyl borate is related to the 

moisture content of the wood. At low moisture contents the water that is adsorbed 

onto the wood surface is more tightly bound than water which is adsorbed at higher 

moisture contents. As the activation energy for any reaction between adsorbed water 

and trimethyl borate will be a function of the adsorption energy, the reaction rate also 

is a function of the moisture content. 

moisture content 

(wt/wt oven dry basis) 3 % 6% 9% 

reaction rate constant (s-1) 0.17 0.27 1.4 

Table 1: Adsorbed-phase reaction rate constants 

Table 1 shows the adsorbed-phase reaction rate constant which has been determined 

by fitting the results of experimental preservative treatments to simulations (using the 

proposed model) of those treatments. 

The predominant flowpath for the flow of gases and liquids under a constant pressure 

gradient in Pinus radiata D. Don is via the axial and radial resin canal network. 

There is some evidence that some of the flowpaths may be less than the mean free 

path-length of the gas as molecular flow occurred in a few samples. However, the 

flow can be modelled accurately by Darcy's Law. The radial permeability of Pinus 

radiata D. Don increases with the severity of drying; air-dried wood has a lower 

permeability than wood dried in a kiln with a wet-bulb temperature of 60 °C and a 

dry-bulb temperature of 70 °C. High-temperature dried Pinus radiata D. Don has a 

still higher permeability. As both heart- and sap-wood displayed the same trend, the 

increase in permeability is presumed to be caused by modification of the resinous 

deposits and blockages in the resin canals. 
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The unsteady-state flow of gases (where the pressure gradients change with time) can 

be modelled using only one resistance, however where molecular flow was present 

this assumption was not exact. 

The proposed model of the vapour boron timber-treatment process involves flow of 

gases by permeation and diffusion. The diffusional flow has been approximated to a 

binary system with methanol, air, and water vapour making up one pseudo-species, 

and trimethyl borate the other. The model has been solved numerically using the 

method of lines and an implementation of the Adams-Moulton method. 

The equations which make up the model form a family of four, coupled, partial 

differential equations. These equations appear to be parabolic (second order); 

however, as some of the species have a zero concentration (due to reaction) the 

equations become first-order in nature. This causes severe numerical difficulties 

when a central difference approximation to the partial differential equation is used. 

These numerical problems have been solved by a using mixed central and backwards 

approximation to the partial differential equations. 

Simulations of laboratory-scale experimental treatments have shown that the model 

accurately predicts the boric acid deposition profile. These simulations show that 

moisture content is by far the dominant factor in determining the shape of the boric 

acid retention profile. At low moisture contents, the profile is quite flat; at high 

moisture contents the majority of the boric acid is deposited in the outer 10 mm of the 

sample. 
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ONE 

PAST WORK ON THE VAPOUR BORON TIMBER 

TREATMENT PROCESS 

1.1 Introduction 

In 1994 approximately 1.4 million cubic meters of timber (including roundwood) was 

treated with preservative in New Zealand. Of this just less than 400,000 m3 was 

treated with boron-based preservatives (Daly, 1995). The boron preservative process 

involved either momentary immersion or spraying green timber with concentrated 

boric acid (18 to 25 % H3B03 equivalent) followed by stacking the timber under 

cover for about one month for each 25 mm of timber thickness. This process was 

relatively successful. However, economic and environmental pressures in the 

preservative industry worldwide forced a search for faster and more environmentally

friendly alternative processes. 

One of the alternatives investigated was the so-called vapour boron process. The two 

main research groups working on this process were located at Imperial College (UK) 

and at the New Zealand Forest Research Institute (NZ). The results of the two 

studies are presented below. 

Imperial's work is exemplified by that of Turner (1991) who studied the process for 

his Doctor of Philosophy degree. Rotorua's work has been more commercially 

driven. This can be seen by the more quantitative results of Turner when compared 

to the qualitative information presented by the New Zealand Forest Research Institute 

(for example Vinden et al., 1985). 
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1.2 Imperial College 

1.2.1 Outline of Experimental Equipment and Procedure 

The treatment apparatus and procedures employed at Imperial College are 

significantly different to the procedures and apparatus used and developed at the New 

Zealand Forest Research Institute. At Imperial College the treatment chamber 

consisted of a 300 mm long by 220 mm diameter stainless steel tube (wall thickness 4 

mm), with the end plates and flanges being cut from 10 mm stainless steel plate. The 

cylinder had fittings for a digital thermometer (accuracy ± 1 °C), and a pressure 

transducer (reported accuracy ± 1 Mbar, but presumably ± 1 mbar). The treatment 

vessel was connected to a 56 1/min "Genevac" double-stage vacuum pump, and a 

reservoir of trimethyl borate. The treatment vessel and the reservoir were housed in 

an environmental chamber which was capable of controlling the temperature over the 

range -70 °C to +200 °C (± 0.1 °C). 

The specimens were placed in the preheated treatment vessel. The chamber was 

sealed and the samples left to reach the treatment temperature. After three hours the 

treatment vessel was evacuated (over 15 minutes) to a full vacuum (less than 0.5 

mbar). The vacuum pump was isolated and the valve connecting the treatment vessel 

to the reservoir of preservative was then opened, allowing gas to enter the chamber. 

The samples were exposed to the preservative for a predetermined length of time, 

from one minute to two hours. 

Turner (1991) measured the depth of boric acid penetration using a "spot test", 

consisting of 0.25g of curcumin and 10g of salicylic acid dissolved in 10 ml of 

ethanol, diluted with 100 ml of ethanol. By using this solution a red colouration 

would appear at boric acid retentions above 0.2 % wt/wt (oven-dry basis) in wood. 

Quantitative analysis of boric acid retentions was based on the spectrographic 

technique outlined in Williams (1968) with minor modifications. 

The work at Imperial College concentrated mainly on wood-based panel products with 

solid wood being only briefly investigated. Tests were undertaken on a variety of 
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boards including 9 and 18 mm "Sterling boards" (a PF bonded, oriented strand 

board), 18 mm MF/UF bonded, flooring-grade chipboard, 9 mm Canadian softwood 

plywood, 18 mm medium density fibreboard, and 9 mm Douglas Fir faced plywood. 

1.2.2 Results 

1.2.2.1 Decay Studies 

The samples used in this part of the study were exposed to a vacuum of approximately 

20 mbar for three days, as this pre-treatment was found to significantly decrease the 

amount of variability in the results. Three boric acid retentions were tested, 0.2 % , 

0.5 %, 0.7 % (wt/wt boric acid equivalent (BAE)), as well as untreated controls. A 

number of different boards were tested, representing a number of different end uses, 

as well as two solid wood samples. These are listed below: 

• 9 mm pine based oriented strand board ("Sterling board") 

• 9 mm Canadian manufactured aspen wafer board ("Aspenite") 

• 9 mm Canadian softwood plywood 

• 18 mm exterior grade medium density fibreboard ("Medex") 

• 9 mm Douglas Fir faced plywood (used as an internal standard) 

• Pinus sylvestris (Scots pine) 

• Fagus sylvatica (beech) 

Samples were exposed to two fungi, Coniophora puteana (FPRL 1 lE), and 

Pleurotous ostreatus (FPRL 40C). In addition, boards with a softwood furnish were 

exposed to Serpula Lacrymans (FPRL 12C), while Coriolos Versicolor (FPRL 28A) 

was used on the "Aspenite" boards which had a hardwood furnish. The test were 

carried out in accordance with BS: 1982 (Fungal Resistance of Panel Products). 

The results showed that complete protection was afforded by boric acid retentions of 

0.7 % (wt/wt). Further, samples that were edge-sealed were completely protected 

from decay with boric acid retentions of 0.5 % (wt/wt). 

In summary, Turner found that boric acid retentions of 0.5 to 0. 7 % boric acid 

equivalent (BAE) were necessary to protect .all boards against all fungi, and for this 
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an exposure time of between 5 and 10 minutes was required. Spot testing of the 

boards showed that full penetration of all boards occurred in less than one minute. 

1.2.2.2 Vapour Boron Treatment for Fire-Retardant Purposes 

To provide adequate protection under BS 476 (class 1: surface spread of flames), 

British Plimber Ltd. (B.P. 818,574 (1957)) required retentions 10 - 13 % (wt/wt 

oven-dried wood). In this patented process, the boric acid was applied as a solid 

during the manufacture of chipboard. It is therefore probable that to obtain a similar 

degree of protection for boards using the vapour phase treatment process, similar 

retentions would be necessary. (Note, recent work has suggested that loadings as low 

as 8% BAE would be acceptable (Murphy 1994)) 

Turner (1991) extensively investigated the possibility of achieving these high 

retentions in both oriented strand board and chipboard. The use of high temperatures 

(above 100 °C) was rejected on the grounds that prolonged exposure to these high 

temperatures would lead to a substantial moisture loss (required for the hydrolysis 

reaction). 

Turner postulated that the best way to increase the amount of boric acid retention was 

to extend the exposure time from 2 hours to a maximum of 48 hours at a temperature 

of 50 °C. To test this postulate, he treated boards at 6 % and 17 % moisture content. 

A secondary objective of this investigation was to investigate the relationship between 

boric acid retention and the increase in weight of the boards (both immediately after 

treatment and after conditioning). 

The results showed a maximum retention of 15 % after 48 hours. The results from 

the experiments indicated that there was no significant difference in retention between 

boards at 17 % initial moisture content and 6 % initial moisture content. However, 

assuming hydrolysis only occurs with adsorbed water, Turner noted that from 

stoichiometric considerations a minimum board moisture content of equal to 80 % of 

the required boric acid retention (wt/wt basis) is necessary. Therefore, for a 15 % 

retention of boric acid, the moisture content of the board must be at least 12 % for all 
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the trimethyl borate to be able to react with water adsorbed in the board. Two 

possible conclusions can be drawn from these results. 

Either: there was condensation of trimethyl borate and methanol in the board, 

and only when the board was subsequently exposed to the (humid) air 

did the condensed trimethyl borate react with atmospheric moisture to 

form boric acid; 

or there was a reaction between trimethyl borate and hydroxyl groups 

associated with the phenols, sugars, cellulose or hemicellulose in the 

timber. 

As no absolute pressures are reported for the treatments, it is not possible to comment 

of the possibility of condensation of trimethyl borate: although at 50 °C the absolute 

pressure would have to be greater than 82 kPa for there to be any condensation (based 

on the thermodynamic properties of the methanol/ trimethyl borate azeotrope). 

It was also found that the initial percentage increase in the mass of the board was 

significantly greater than the mass due to the percentage boric acid retained in the 

board, suggesting that a significant amount of methanol was also retained. Despite 

this, Turner found that initial board weight gain could give a reasonable indication of 

the percentage boric acid retention. 

1.2.2.3 The Effect of Boric Acid on the Physical Properties of Board. 

Board swell 

It became apparent to Turner (1991) that the dimensional stability of boards was 

affected by the treatment process, although there was considerable variability in the 

results. The degree of initial board swell was significantly greater than that which 

could be attributed to the uptake of boric acid. However, after conditioning the 

degree of swell was approximately equal to the amount of boric acid retained in the 

board. Turner related the temporary "excess" swell to the presence of methanol 

which would "permeate" out of the timber over a period of time. Turner further 
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stated that the permanent swelling was an indication that the boric acid was adsorbed 

in the non-crystalline regions of the cell wall. 

Internal Bond Strength 

The internal bond strength of boards treated to 2, 4, 7, 12, and 15 % boric acid 

retentions and a control (0 % BAE) were tested. The tests were carried out in 

accordance to BS: 5669 (part 1) (Specification for Wood Chipboard and Methods of 

Test for Particle Boards) on dry samples and samples subjected to a two-hour boil. 

No difference in internal bond strength was detected for any of the samples in both 

the dry tests and the boiled samples, clearly demonstrating that the adsorption of boric 

acid did not affect the internal bond strength of the board. 

Board Swell with Water Soak 

The II Sterling boards II samples used in the previous tests were trimmed to remove the 

edge sealant, weighed and measured. These boards were then soaked in water for 24 

hours to test for swell and water uptake. The results showed a definite maximum of 

stability, with boards that were treated to 7 to 9 % (BAE) being more stable than 

boards with no boric acid or boards with a higher boric acid retention. Unfortunately 

there is no record of the boric acid content on the boards after the soaking, as 

leaching would be expected. 

1.2.3 Solid Wood Treatments 

Air dry (12 % moisture content) Scots pine (Pinus silvestris) samples were cut into 50 

mm x 50 mm x 160 mm samples and treated with either binary azeotrope (trimethyl 

borate and methanol) or 99 % trimenthyl borate. The treatments were carried out at 

both 20 °C and 50 °C, and the exposure time was 4 hours. The treatments carried 

out with the azeotrope had consistently higher boric acid retentions and penetrations. 

Further treatments were carried out at a wood moisture content of 8 % and a shorter 

exposure time of one hour. The results of these tests showed both an increase in the 

boric acid retention and better penetration. 
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The sensitivity of the treatment process to wood moisture content was noted to 

correspond with the earlier results of Vinden (1985) on solid wood, as well as those 

of Turner (1986), and Turner and Murphy (1987) on board materials. 

The factors highlighted by the solid wood trials were: 

• the sensitivity of the process to moisture content; 

• the much lower permeability of solid wood compared to board materials; 

• the lower surface to volume ratio of solid wood compared to chips or fibres 

make treatment of solid wood more difficult. 

1.2.4 Turner's conclusions {1991) 

Preservative treatment of wood-based board materials using trimethyl borate and at 

ambient equilibrium moisture contents was effective, in that: 

• Treatment sufficient to prevent decay {0.5% BAE wt/wt) was achieved with the 

trimethyl borate/ methanol azeotrope at either 20 °C or 50 °C. 

• The treatment of orientated strand board (OSB) to retentions suitable for flame 

retardant protection (10 to 13 % ) was possible if the treatment time was greatly 

extended. Effective treatment times for 18 mm OSB were between 20 and 36 

hours: the treatments being carried out at the elevated temperature of 50 °C. 

• It was evident from treatments to high boric acid retentions that there was some 

reaction between the wood constituents and trimethyl borate. The complexes 

formed however were unstable, breaking down to form boric acid when water was 

present. 

• Board weight immediately after treatment could be related to boric acid retentions 

when the temperature of the treatment was below 60 °C. 

• Board swell could be divided into transient swell and permanent swell. Permanent 

swell was created by the bulking of the non-crystalline regions of the cell wall. 

• Transient swell was due to the presence of methanol, which subsequently 

evaporated from the board. 

• Boric acid retentions of up to 15 % (BAE) did not affect the internal bond strength 

of the timber. 
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• Boards with a high boric acid retention (5 to 10 % BAE) were more dimensionally 

stable than untreated boards. 

• Temperature of treatment, length of treatment, substrate permeability, and length 

of flowpath are the significant factors affecting treatment. 

• Treatment of solid wood with the trimethyl borate / methanol azeotrope resulted in 

a "more even distribution (of boric acid) and more effective treatment" than when 

treating with pure trimethyl borate. 

1.2.5 Interpretation of Results. 

The treatment process developed at Imperial College is fundamentally different from 

that developed at the New Zealand Forest Research Institute Ltd. In the Imperial 

College process, liquid preservative (either trimethyl borate or trimethyl borate / 

methanol) was in equilibrium with the vapour in the treatment vessel. The 

temperature of the treatment influenced the vapour pressure of the preservative, and 

therefore, the pressure in the treatment vessel. The wood was also kept in 

equilibrium with the preservative for a significant length of time. 

The pressure in the vessel determined the rate at which the wave of trimethyl borate 

travelled through the wood. Since the flowrate of trimethyl borate must influence the 

boric acid retention profile (Turner, 1991, Evans and Keey, 1995), it is clear the 

temperature of treatment should influence the boric acid retention in the Imperial 

College process. This concurs with the results of Turner. 

In the process developed by the New Zealand Forest Research Institute Ltd (NZFRI), 

the pressure in the treatment vessel is controlled by the amount of preservative used 

(or indirectly by the target loading). The wood is usually removed from the vessel in 

a matter of minutes. 

The extended holding period in the Imperial treatments indicates that diffusion of 

trimethyl borate from the vapour in the treatment vessel into the wood would 

complement the trimethyl borate present due to the initial pressure-driven flow. With 

some of the higher retentions there would be little or no available water for this 
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"diffusive" trimethyl borate to react with. So, boric acid would have to form by 

reaction with hydroxyl groups in the wood substrate. One might expect such a 

reaction to have a much slower reaction rate and, therefore, the penetration of boric 

acid should improve (as observed). 

In the NZFRI method of treatment, the vapour pressure of trimethyl borate quickly 

drops to zero (see simulations later in thesis); consequently the loadings being 

considered are generally lower. 

1.3 The New Zealand Forest Research Institute Process 

1.3.1 Introduction 

The New Zealand Forest Research Institute Ltd vapour boron timber treatment 

process patent (Burton et al. 1988) outlines a process which is fundamentally different 

to the process used by Turner (1991). The New Zealand Forest Research Institute's 

process has three distinct parts: 

• the drying of the timber; 

• the treatment of the timber; 

• the reconditioning of the timber. 

The major emphasis of the work carried out to date has been on the timber treatment 

stage. This stage consists of vessel evacuation, the introduction of chemical in liquid 

form with subsequent evaporation, a holding period, and a re-evacuation of the vessel 

to recover methanol. The difference between the Imperial College process and the 

New Zealand Forest Research Institute Process is that in the former process the 

vapour in the treatment vessel is in equilibrium with liquid preservative throughout 

the treatment process. 

The principal claims of the patent are that: 

• at least the drying and reconditioning stages should take place in the same vessel; 

• if possible, the treatment stage should be carried out in the same vessel as the 

drying and reconditioning; 
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• the pressure in the treatment vessel should be at most 30 kPa (absolute) and 

preferably less than 15 kPa.; 

• the treatment should take place at an elevated temperature, preferably above 80 °C; 

• 90 % of the timber must have a moisture content of less than 6 % (wt/wt) with a 

moisture content of 2 % (wt/wt) being preferred; 

• high-temperature drying is preferred; 

• the vessel walls shall be hot enough to prevent any condensation; 

• the preferred treatment chemical is the trimethyl borate/ methanol azeotrope. 

The provisional patent also mentions a number of alternative chemicals to trimethyl 

borate, which presumably have been investigated and, while less attractive 

preservatives, needed to be included to protect the patent: methydiborane, 

trimethylboron, dimethyldiborane, borine carbonyl, dimethoxyboronclyoride, 

dimethyl hydroxy borine, dimethylboric anhydridedimethylboric, trimethyldiborane. 

The major commercial disadvantages of all these compounds are their relative 

obscurity and price. 

The results of the various studies undertaken by the New Zealand Forest Research 

Institute are outlined below. It should be noted, however, that at the time when most 

of the work on the vapour boron process was being carried out by the New Zealand 

Forest Research Institute, the New Zealand Timber Preservation Council (NZTPC) 

required that the central 119th of the timber section must contain at least 0.1 % (wt/wt 

BAE) boric acid. This requirement was used, at times, to determine the success or 

failure of preservative treatments. 

Subsequently, the NZTPC requirements have now been relaxed so that the central 

119th only requires a loading of 0.04 % (wt/wt BAE) boric acid. Bearing this in mind 

it is believed that, although the quantitative conclusions of many of the earlier studies 

may no longer be completely valid, the qualitative trends are still accurate. 
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1.3.2 Results of the NZFRI studies. 

Burton and Kimberley (1989) and Bergervoet et al. (1988) found that the three most 

important variables affecting the ultimate core boric acid loadings were: 

• the amount of applied boron (presumably trimethyl borate); 

• the liquid volume used; 

• the moisture content of the wood. 

An extensive experimental programme by Burton et al. (1991) found three additional 

factors influenced treatment quality: 

• the pressure at the time of liquid injection; 

• the rate of injection of the chemical; 

• the physical characteristics of the wood such as growth ring spacing. 

It was noticed during this study that quartersawn specimens with narrow ring width 

did not take up preservative very well (less than 0.1 % wt/wt BAE in the core). This 

was a qualitative observation rather than a quantitative result which may have been 

due to variations in permeability. 

The initial investigations into the vapour boron timber treatment by NZFRI had 

created a mass of data. These data were used by Bergervoet and Kimberley (1992) to 

rank the effect that these variables had on the process. The results are shown in 

Table 1.1. 

The same data were also used to devise a series of equations which could be used to 

determine the amount of trimethyl borate required to give a required cross sectional 

loading of boric acid to meet Timber Preservation Council (NZTPC) specification Hl: 

where 

TS= 0.0087 x cone+ 0.056 x MC- 0.021 (1) 

IS = required cross-sectional loading (units unclear). 

cone = BAE concentration of the TMB I MeOH mixture(% wt/volume). 

MC = mean cross-sectional moisture content(% wt/wt). 
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This equation had a reported r2 coefficient of 0.933 making it useful in estimating the 

mean cross-sectional retention required to meet NZTPC requirements (0.1 % wt/wt in 

central section). 

Two correlations were produced to estimate the amount of TMB / MeOH required to 

be injected into the vessel in order that the treated timber would meet the NZTPC 

specifications. The first equation used the boric acid equivalence of the treatment 

chemical and the moisture content of the timber, whilst the second included the vessel 

temperature as well. Both these equations had relatively low r2 coefficients. 

Nasheri and Laytner (1994) found that the use of a greater vacuum than normally 

used (5 to 10 kPa absolute compared with 15 kPa) significantly increased the 

penetration of boric acid. 

Variable Rank 

Volume of preservative used 2 

Composition of preservative 1 

Cross sectional moisture content of wood 1 

Core moisture content of wood 1 

Basic density of wood 2 

Exposure time to the preservative 1 

Injection time 2 

Pressure rise after injection 3 

Table 1.1: Ranking of variables 

1.3.2.1 The effect of moisture content 

The first paper to come out of the New Zealand Forest Research Institute describing 

the vapour boron process was by Vinden et al. (1984). Although the paper is 

superficial, it details the one fundamental result which has been found consistently in 

all subsequent studies of this preservative process. Namely, the initial moisture 

content of the timber affects the boric acid penetration. The higher the moisture 
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content the less likely there would be significant penetration of boric acid: at 12 % 

moisture content there was no significant penetration of boric acid; at O % moisture 

content full penetration of boric acid was achieved. 

One of the principal claims of the patent taken out by the New Zealand Forest 

Research Institute (Burton et al., 1988) is that (for treatment to be successful) 90 % of 

the pieces of timber must have a moisture content of less than 6 % (wt/wt), with a 

moisture content of 2 % (wt/wt) being preferred. 

Drying timber to a low moisture content (less than 8 % ) requires more energy than 

ultimately necessary, as timber left under covered conditions will attain a equilibrium 

moisture content of 8 to 12 % (wt/wt). Thus, by drying to a moisture content less 

than 8 % (wt/wt), the timber is being over-dried. This extra energy cost must be 

balanced with the extra cost of using more trimethyl borate for wood of a higher 

moisture content in order to meet the required preservative loading. Burton et al. 

(1990) has recommended that the best compromise was to dry the wood to between 4 

and 6 % (wt/wt). 

Nasheri and Laytner (1994) have concluded that the moisture content of the sample is 

the dominant factor in ensuring the effectiveness of the treatment. At 9 % moisture 

content it was difficult to get anything other than minimal penetration of boric acid. 

The results from a large-scale trial at the Carter Holt Harvey Mill in Taupo show 

some completely different trends to those seen at the laboratory-scale work. 

Bergervoet et al. (1992) reported higher core than cross-sectional loadings of boric 

acid. This was put down to an extremely uneven moisture profile in the timber. It 

also may call into question the validity of that particular study. 

Vinden et al. (1985) have found a linear relationship between moisture content 

(between O and 6 % ) and boric acid retention. The higher the moisture content, the 

higher the retention (retentions ranged from 0.6 % w/w to 5 % w/w). 
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1.3.4 Conclusions from the NZFRI studies. 

The lack of hard data in many of the reports and papers published by the New 

Zealand Forest Research Institute Ltd. means that only mainly qualitative conclusions 

can be drawn from much of their work. There have been three commercial-scale 

trials at Taupo, two in a conventional kiln and one in a modified radio-frequency kiln. 

The results of these studies have been alluded to in many reports; however, no public 

reports have been written. This means that it is not possible to draw any conclusions 

from these trials. 

The major conclusions from the studies carried out by the New Zealand Forest 

Research Institute Ltd are: 

• Moisture content is the most significant factor when treating Pinus radiata D. Don. 

90 % of the timber to be treated should have a moisture content of less than 6 % 

(wt/wt) with a moisture content of 2 % being preferable; 

• The moisture gradient in the board is also significant. If the surface of the board 

has a high moisture content, this will "scavenge" the trimethyl borate. 

• The vacuum level immediately prior to the addition of the preservative is also 

significant in enhancing the quality of treatment. The lower the pressure the better 

the treatment. 

• Using the trimethyl borate I methanol azeotrope produces better treatment quality, 

by increasing the initial pressure rise in the vessel. 
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2.1 The Physical Properties of trimethyl borate 

Trimethyl borate is an ester of boric acid and methanol, which has a triagonal co

planer structure. The ester's major uses include being a fire-proofing agent for cotton 

materials, a solvent for oils, resins, and waxes; it can be used in the preparation of 

higher-order boric acid esters. Trimethyl borate is used also as an intermediate in the 

preparation of alkyl borines, boron hydrides, and boroxines. It is further employed as 

a moisture scavenger in paints and a curing agent in epoxy resins. In 1994, 8600 tons 

of trimethyl borate were produced (Kroschwitz, 1995), far more than any of the other 

boric acid esters. The azeotrope of trimethyl borate and methanol is widely used as a 

soldering flux. 

Trimethyl borate has a liquid density of 930 kg m-3 and a liquid viscosity of 3. 7 x 10-4 

Pas at 25 °C (Christopher and Washington, 1969). 

2.2 The Thermodynamic Behaviour of the trimethyl borate/ methanol azeotrope 

Christopher and Shilman (1967) measured vapour pressures of a series of tri-alkyl 

borates including trimethyl borate. They used a three-parameter equation (Equation 

2.1), similar to the more familiar Antoine equation, to correlate the vapour pressure 

data. 

log(P~] = ½ + B log(T) + C (2.1) 

where 

Pio = vapour pressure of pure trimethyl borate (Pa). 
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T = temperature (K). 

and for trimethyl borate 

A = -1445.8 

B = 2.4187 

C = 2.1273 

This correlation predicts a boiling point of 67 .1 °C at atmospheric pressure which is 

very close to their measured boiling point of 67.4 °C, although it is noted that 

Steinberg and Hunter (1957) found the boiling point to be in the range 68 to 68.5 °C. 

Reid et al. (1988) have correlated the vapour pressure of methanol using a four

parameter expression (Equations 2.2 and 2.3), which predicts a boiling point of 64 °C 

at atmospheric pressure. Lide et al. (1995) have reported the boiling point of 

methanol at 1 atmosphere to be 64.6 °C. 

In[~'.] = Q - x r (Ax+ Bx15 + Cx' + Dx') (2.2) 

where 

(2.3) 

and (for methanol) 

Pc = critical pressure (80.9 x 105 Pa) 

Tc = critical temperature (512.6 K) 

A = -8.54796 

B = 0.76982 

C = -3.1085 

D = 1.54481 
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Figure 2.1: Correlated vapour pressures for methanol and 

trimethyl borate (Reid et al., 1988). 

Gmehling et al. (1977) present experimental data for the trimethyl borate / methanol 

system (from Serafimov et al., 1964) and constants (predicted by regression analysis) 

for use with various common equations for the prediction of activity coefficients. 

Gmehling et al. (1977) also give constants for use in the Antoine equation for the 

prediction of vapour pressures. However, the use of these constants could not 

accurately predict the boiling point at atmospheric pressure. Therefore, the equations 

set out above (Equations 2.1 to 2.3) were used to predict the vapour pressures of the 

methanol and trimethyl borate in this work. 

The non-random two-liquid (NRTL) model (Equations 2.4 to 2.6) was chosen to 

predict the activity coefficients as this appeared to have the lowest absolute 

uncertainty between experimental data for both temperature and mole fraction of the 

models presented. 
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where 

't _ gl2 - g22 
i2 - RT and 't _ g21 - gll 

21 - RT 

G 12 = exp(a-c 12 ) and G 21 = exp(a-c 21 ) 

where 

Yi = ith species activity coefficient. 

xi = mole fraction of ith species in liquid phase. 

R = gas constant (8.314 J mor1 K-1). 

T = temperature (K). 

and for the trimethyl borate/ methanol system. 

gl2 - g22 = 1496.7901J 

g21 - gll = 4263.191 J 

a= 0.2903 

(2.4) 

(2.5) 

(2.6) 
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Figure 2.2: Composition-temperature plot for trimethyl borate / 

methanol azeotrope (total pressure 100 kPa). 
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Figure 2.3: Composition-temperature plot for trimethyl borate / 

methanol azeotrope (temperature 50 °C). 
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2.2.1 The diffusivity of trimethyl borate in methanol 

The binary diffusion coefficient for trimethyl borate in methanol can be estimated 

from the Chapman-Enskog approximation (Reid et al., 1988). The diffusion 

coefficient worked out in this manner is 1.19 x 10-5 m2 s-1. 

D = 2.66 x 10-1 T½ 
AB PM½ 2A 

ABO' :!..!.o 

where 

DAB = diffusion coefficient (m2 s-1). 

T = temperature (K). 

P = pressure (bar). 

and where for the trimethyl borate / methanol system 

MAB = 48.9 g mor1. 

crAB = 4.84 A. 
QD = 1.655. 

2.3 Viscosity Estimation 

(2.7) 

The viscosity of a mixture of trimethyl borate, methanol, and water vapour has been 

estimated by the "method of Lucas" as outlined in Reid et al. (1988). The viscosity 

(at 50 °C) of trimethyl borate was calculated to be 1.49 x 10-5 Pa s, methanol as 1.32 

x 10-5 Pa s, and water vapour 1.95 x 10-5 Pa s. The uncertainty in these prediction is 

approximately ± 5 % . 

The viscosity of a mixture of gases may be estimated using the "method of Wilke" 

(Reid et al., 1988). Table 2.1 presents the viscosity of the trimethyl borate / 

methanol / air / water vapour system for a number of different gas-phase 

compositions. It can be seen clearly from this table that the viscosity of the gas 

mixture does not change very much with composition, as the viscosities of the 

individual components are very similar. 
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Mole Fractions 

trimethyl borate 0.4 0.3 0.2 0.1 0 

methanol 0.4 0.5 0.6 0.7 0.8 

air 0.05 0.05 0.05 0.05 0.05 

water vapour 0.05 0.05 0.05 0.05 0.05 

Viscosity (Pa s) 1.53 X l0-05 1.51 X l0-05 1.50 X l0-05 1.48 X 10-05 1.50 X l0-05 

Table 2.1: Viscosity of the trimethyl borate /methanol / air / water vapour 

system. 

2.4 The Vapour Pressure of Water in Wood 

The USDA "Wood Handbook" (1987) reports that for most practical purposes the 

vapour pressure of water vapour in equilibrium with water adsorbed on wood does 

not vary with timber species. Simpson (1971) correlated data from the USDA "Wood 

Handbook" (1987) and derived an equation using the two-hydrate Hailwood and 

Horrobin model to predict the vapour pressure of water at a given temperature and 

moisture content. The results are shown in Figure 2.4. 
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Figure 2.4: Vapour-pressure of water as a function of 

temperature and moisture content. 
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The permeating trimethyl borate reacts with the available water to form boric acid. 

As can be seen from Figure 2.4, the water vapour pressure is about 15 kPa at 60 °C. 

With this amount of water vapour, a boric acid loading of only 0.02 % (wt/wt boric 

acid equivalent) is possible if the hydrolysis of trimethyl borate takes place with only 

water vapour in the wood. Therefore, to achieve the required boric acid loadings 

under the New Zealand Timber Preservation Council Guidelines of 0.04 % (wt/wt 

boric acid equivalent) in the central one ninth of the cross-section, it is necessary that 

there is a reaction between trimethyl borate and the adsorbed water (this is discussed 

in more detail in Section 3.3). 

The effect of total pressure on the vapour pressure of water can be calculated by 

applying chemical potential principles using Equation 2.8 (Denbigh, 1971): 

p' V o ln- =-(p-p) 
p 0 RT 

(2.8) 

where 

p' = vapour pressure at total pressure p (Pa), 

p0 = vapour pressure of pure water (Pa). 

V = molar volume of water (m3 mor1). 

p = total pressure (Pa). 

At pressures less than atmospheric pressure, the correction to the vapour pressure is 

insignificant. 

2.5 The Anatomy of Pinus radiata D. Don 

Pinus radiata D. Don is a diploxylon pine with two vascular bundles in the leaf. Its 

anatomical structure places it close to many other Pinus species trees, notably Pinus 

attenuata, with which it hybridises in natural populations (Bamber and Burley, 1983). 
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As can be seen from a scanning electron micrograph of Pinus radiata D. Don (Figure 

2.5), the principal feature of the wood structure is the longitudinal tracheid, which 

can occupy up to 95 % of the wood volume (Kininmonth and Whitehouse, 1991). 

These longitudinally orientated cells vary from 1 mm to 4 mm in length, and are 

arranged in radial rows with a gradual increase in wall thickness, from the earlywood 

to the latewood tracheids. Bamber and Burley (1983) report that the earlywood 

tracheids have a cell wall thickness of 3 µm and the latewood tracheids have a cell 

wall thickness of 5 µm, although these measurements were for Australian trees where 

the variation in seasonal growth rate may not be as pronounced as it is in New 

Zealand. 

Longitudinal resin canals are the other distinctive feature of the anatomy, they consist 

of a central tube surrounded by parenchyma cells. In the living tree, it is these 

parenchyma cells which secrete the resin. 

Fusiform rays can be seen on the radial face Figure 2.5, these rays contain the radial 

resin canals which join up with the longitudinal resin canals to form a complex 

network. 

The tracheids have a number of pits. These pits provide flowpaths for liquids in the 

living tree. However, during the drying process these pits aspirate (or close) blocking 

flow into and out of the tracheids. 
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Figure 2.5: Anatomical Structure of Pinus spp. (Howard and Manwiller, 1969) 

Transverse view. 1-la ray; B dentate ray tracheid; 2 resin canal; C thin-walled parenchyma; D thick

walled parenchyma; E epithelial cells; 3-3a earlywood tracheids; F radial bordered pit pair cut through 

torus and pit apertures; G pit pair cut below pit aperture; H tangential pit pair; 4-4a latewood. 

Radial view. 5-5a sectioned fusiform ray; J dentate ray tracheid; K thin-walled parenchyma; L 

epithelial cells; M un-sectioned ray tracheid; N thick-walled parenchyma; 0 latewood radial pit; O' 

earlywood radial pit; P tangential bordered pit; 6-6a sectioned uniseriate ray. 

Tangential view. 7-7a strand tracheids; 8-8a longitudinal parenchyma (thin-walled); T thick-walled 

parenchyma; 9-9a longitudinal resin canal; 10 fusiform ray; U ray tracheids; V ray parenchyma; W 

horizontal epithelial cells; X radial resin canal; Y opening between horizontal and vertical resin canals; 

Z tangential pits. 

2.6 Steady-State Permeability 

2.6.1 Introduction 

The flow of gases through timber has been the subject of a number of investigations in 

the past. Gas permeability studies can be of interest when seeking to predict the drying 



Chapter 2: Literature Review 2.11 

and preservative behaviour of timber. However the majority of investigations have 

centred on the longitudinal permeability, as the resistance to flow in this direction is 

many times less than in the transverse direction; ratios as large as 106 have been 

reported (Comstock, 1970), although for trees of the Pinus family the ratio is usually of 

the order 104• Kumar and Kohli (1986) present a comprehensive review of the available 

data for gas permeability (longitudinal and transverse). 

There is considerable evidence to suggest that resin canals play an important part in 

fluid transport, where they are present. Booker (1990) has measured the change in 

permeability of two species of wood (Darcydium cupressium Lamb. and Pinus radiata 

D. Don) subjected to three different drying regimes (air, kiln, and high-temperature). 

His hypothesis was that, in Pinus radiata D. Don, the predominant mechanism of liquid 

transport was through the axial and radial resin canals. Although the change in 

permeability was not reported separately for each of the different drying schedules, it 

was reported for the green and dried timber. The results showed that radial 

permeability and axial permeability increased with drying for Pinus radiata D. Don, 

whilst for Dacrydium cupressinum Lamb. (which contains no resin canals) there was a 

slight decrease in radial and axial permeability. The tangential permeability in both 

species decreased due to pit aspiration. 

Booker (1990) also passed dye through Pinus radiata D. Don and then made 

photomicrographs of the pathways. These photomicrographs clearly show that the resin 

canals play an important part in fluid transport in this type of timber. 

Bamber (1973) was interested in the formation of interstitial spaces due to the collapse 

of epithelial parenchymatous cells. Photomicrographs of Pinus radiata D. Don, oven

dried at 105 °C for 24 hours, showed the collapse of both the epithelial cells lining the 

resin canals and the canals themselves. The same photomicrographs indicate that some 

resin may be retained in the canals in the form of hardened lumps. 

Nelson et al. (1977) were interested in petroleum-soluble resins obtained from Pinus 

radiata D. Don. They reported that kiln drying at 105 °C reduced the amount of resin 
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available from wood chips by approximately 50 % compared to the resin content of air 

dried material. This indicates that drying would reduce the amount of resin in the 

canals and thus reduce the flow restriction. 

It is clear from preservative treatments that, even though longitudinal permeabilities in 

coniferous timber may be as much as 105 times as great as radial permeabilities 

(Comstock, 1970), preservatives enter and flow primarily in a radial direction (Vinden, 

1985). The explanation for this apparent contradiction is that longitudinal resin canals 

are regularly blocked by resin deposits, which would prevent the flow of a fluid. Thus, 

in laboratory-scale experiments where permeability is measured, sample lengths are 

usually of the order of 5 to 100 mm. Over these lengths there will still be many 

unblocked longitudinal resin canals. However, over the much longer lengths found 

when treating commercial board timber, practically all the longitudinal resin canals will 

be blocked. Radial resin canals are less likely to be blocked because of the much 

smaller flow path length across the grain in the board. Moreover the timber to be 

treated is usually over 2 metres long, and therefore the radial dimension (of a typical 

100 x 50 mm piece) is much less than the longitudinal dimension. 

2.6.2 Studies of Steady-State Permeability 

The Darcy equation (Equation 2.9) is the usual basis for permeability studies. It was 

developed initially to describe the flow of fluids through sand; however, the basic 

assumptions hold when dealing with flow in wood. 

k = Flux _ /(t A) 
Pressure Gradient - ll)i, 

(2.9) 

where 

k = permeability (m3 s kf1). 

V = volume of fluid (m3). 

t = time (s). 

A = cross-sectional area (m2) • 

.!lP = pressure differential (Pa). 
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L = length of flowpath (m). 

On the assumption of perfect gas behaviour (a reasonable assumption for air at ambient 

conditions) Equation 2.9 becomes:-

where 

k = QLPa 
g AtiPP 

kg = gas permeability (m3 s kf 1). 

Q = volumetric flowrate measured at pressure Pa (m3 s-1). 

Pa = pressure at which flowrate Q is measured (Pa). 

P = average pressure across sample (Pa). 

(2.10) 

Poiseuille's law for viscous gas flow through N straight cylindrical tubes may be written 

as:-

where 

N = number of tubes. 

r = tube radius (m). 

Q = Nnr4fiPP 
8µLPa 

µ = dynamic viscosity (Pa s) 

L = tube length (m). 

(2.11) 

Smith and Lee (1958), in their comprehensive survey of softwood and hardwood 

permeability, observed that a number of woods obeyed Darcy's law. They also 

commented that compliance with Darcy's law was not a function of the magnitude of 

permeability. The same authors attempted to use literature-based estimates of pore size 

and frequency to predict permeability through the application of Poiseuille's Law. The 

attempt was, however, only moderately successful. 

When the size of the vessel through which the gas is flowing is sufficiently small ( or the 

absolute pressure is low enough), the gas may no longer be described as a continuous 
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dispersion. This means that molecule-molecule collisions (and therefore momentum 

transfer) are greatly reduced, while molecule-wall collisions become dominant. 

Consequently Poisueille' s law no longer describes the fluid behaviour. This state is 

sometimes referred to as "slip flow" and has been observed when the capillary radius is 

of the same order or smaller than the gas mean free path length. 

Adzumi (1937) has derived a mathematical description for "slip flow" (probably more 

correctly referred to as molecular flow):-

(2.12) 

where 

R = gas constant (J K 1 mole-1). 

T = absolute temperature (K) 

M = molecular weight of the permeating gas (g mole-\ 

Where there is a significant distribution of capillary sizes both viscous and molecular 

flow may occur: viscous flow in the larger capillaries and molecular flow in the smaller 

capillaries. Equations 2.11 and 2.12 may be combined to describe the gas flow through 

capillaries where both molecular flow and viscous flow occur. For a gas phase with 

only one component this becomes:-

Q = nNr4 LiPP +a.± J2nRT . Nr3 • iiP 
8µLPa 3 M L pa 

(2.13) 

where a is a dimensionless proportionality factor, commonly referred to as the 

"Adzumi constant" . 

Scheidegger (1960) reports that for a gas phase with only one component the Adzumi 

constant is about 0.9. For a gas phase with more than one component, the constant is 

about 0.66. 

The specific permeability may be defined as: 

K =kg·µ (2.14) 
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where 

K = specific permeability (m2). 

Comstock (1967) has shown experimentally that the specific permeability of wood is a 

characteristic of the wood and is independent of the fluid used to measure it, as long as 

the fluid does not swell the wood. 

Equation 2.13 may then be rearranged into the Klinkenberg form (Siau 1971): 

where 

where 

kg= k(l+ ;) 

b = 3.8/\.P 
r 

A = mean free path length of gas (m). 

(2.15) 

(2.16) 

A more complete derivation and a discussion of these equations are found in Kumar 

(1981) and Siau (1971). 

Equations 2 .15 and 2 .16 enable one to calculate a characteristic capillary diameter from 

the variation of gas permeability (kg) with the reciprocal of the average pressure drop 

(1/ P). This is only true if there is a combination of viscous and molecular flow. 

A number of attempts have been made to characterise capillary diameters using this type 

of relationship. Comstock (1967) applied this method to calculate the pit-openings in 

eastern hemlock. His results showed that this method could be used to calculate the 

characteristic radius to within an order of magnitude when comparing calculated 

diameters to optically determined pit-opening diameters. Sebastian et al. (1965) 

obtained similar results for white spruce. 

Siau et al. (1981) attempted to characterise not only wood but also a series of membrane 

filters. Their results displayed a linear plot of longitudinal permeability versus 
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reciprocal pressure for the filters. However, the same plots for Tilia Americana L. 

(basswood), Acer saccharum Marsh. (sugar maple), Pinus lambertana Dougl. (sugar 

pine) displayed a curvilinear plot. The authors suggested that this was due to two 

conductances in series, one much larger that the other. By deriving an equation similar 

to the Klinkenberg equation, but with two conductances in series, they were able to 

predict the radii of the trachieds and resins canals for Pinus lambertana Dougl. with a 

reasonable degree of accuracy. The same argument was put forward by Petty (1970) 

who had similar results. 

As well as molecular and laminar flow there exists a third possibility, that of turbulent 

flow. If the pressure differential is large enough and the capillary size is large enough 

the enable to formation of the turbulent eddies, turbulent flow will occur. In straight 

tubes of radius r turbulent eddies start to occur at Reynolds numbers of around 2200 

(Equation 2.17). 

where 

Re= 2pur 
µ 

p = density of fluid (kg m-3). 

m = fluid viscosity (kg m-1 s-1). 

(2.17) 

However, in curved tubes and packed beds turbulence may be initiated at much lower 

Reynolds numbers in the range 1 to 10 (Collins, 1961). 

Turbulence is a non-linear phenomenon, with the flow being proportional to the square

root of the pressure drop. Kumar (1979), Sucoff et. al. (1965), and Wiley and Choong 

(1975) found that above a limiting value of the differential pressure (Af>) the flowrate 

was no longer a linear function of Af>, indicating turbulent flow. 

The specimen length also appears to affect longitudinal permeability. Sebastian et al. 

(1965), Bramhall (1972), and Siau (1970) have all found that within a specific range of 

specimen length the permeability of a specimen decreased with length. 
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Choong and Fogg (1972) have measured permeability in the longitudinal, radial, and 

tangential directions for samples taken from different trunk heights, and at different 

distances along different radii, from juvenile and mature Pinus echinata Mill. (shortleaf 

pine) trees and Liriodendron tulipifera L. (yellow poplar) trees. Their results for the 

Pinus echinata Mill. showed little difference between radial and axial permeability, 

although the radial permeability was less than the axial permeability. They also 

observed that the height (up the stem) had a small but significant effect on the 

permeability. The permeability tended to increase with increasing height in the tree. 

The samples used in this study had their surfaces smoothly sanded and then any debris 

present was blown off using a compressed air hose prior to the permeability 

measurements. This procedure could introduce significant end effects because of 

damage to the cell structure (Choong et al., 1975) reducing the validity of their results. 

Fogg (1969) has measured the longitudinal permeability of four Southern pines (Pinus 

taeda L., Pinus palustris Mill., Pinus ellioti Engelm, Pinus echinta Mill.). He used 

dry air to measure the permeability. This had the effect of drying (and thus increasing 

the permeability) of the specimen. In his study, the effect was irreversible below a 

moisture content of 6 % (wt/wt); above 6 % the effect was only temporary. 

Osnich (1961) measured the directional permeability in both the sapwood and heartwood 

of an unidentified Pinus tree. The results of this study have been reported by Comstock 

(1970). They showed that the ratio of longitudinal to radial permeability was about 

14 400 for sapwood and 5 200 for heartwood. Comstock (1970) also attempted to 

correlate the differences between longitudinal and tangential permeability. His model, 

in which it is assumed that the tapered ends of the tracheids overlap on the radial 

surfaces with pits only on the overlapping, predicted permeability ratios with reasonable 

accuracy. 

An extensive study by Choong et al. (1974) examined the directional permeability of 

hardwoods. Their results showed radial to longitudinal permeability ratios ranging 

between 138 000 (for Cherrybark Oak) to approximately 200 (for Blackjack Oak). 

Their results did not show any effect of height in the tree on permeability. 
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2. 7 Review of Unsteady-State Permeability Models 

Resch (1967) has studied the unsteady state flow of compressible fluids in wood. The 

equation he cited to model this flow was obtained by combining the continuity equation 

and Darcy's equation for one-dimensional movement, and is equivalent to the model 

developed in this work :-

µE ap2 a2p2 
--= 
KP 8t 8x2 

(2.18) 

where 

E porosity (m3 m-3). 

x spatial dimension (m). 

Resch studied the outflow of gas flow from cylindrical Douglas fir bolts and solved the 

above equation using a finite-difference method. The results showed good agreement 

between experimental data and a numerical simulation. 

Prak (1970) has derived a similar equation to Resch's using Darcy's law and the ideal 

gas law, but employed a cylindrical control volume :-

8P _ K 1 8 [ 8(P2 
)] ----- x--

8t 2Eµ X 8x 8x 
(2.19) 

Again a finite-difference approach was used, with an equation equivalent to the model 

presented in this work. Some of Prak's results showed that a sample may contain zones 

of different permeability. This behaviour was modelled in terms of an arbitrary "dual 

permeability" to fit the data. 

Prak (1970) used samples of hard maple, tupelo gum, Douglas fir, yellow poplar 

(heartwood and sapwood), soft maple, and white oak in his study. Douglas fir 

displayed such dual permeability, while the other samples did not. 
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Sebastian et al. (1973) have studied the axial flow of gas in wood, and derived a model 

based on permeability varying with pressure. The dimensionless form of their equation 

may be written:-

where 

and 

k 

L 

Pn 

Pa 

t 

i:;a 

X 

X 

't 

ap2 
-"-

in 

ap aP2 = _n_,_, 
ax ax 

+ (P +a) a2P; 
n ax2 

't = 
4tkPa 
VaL2 

X 
2x 

= -
L 

apparent specific permeability (m2). 

length of sample in flow direction (m). 

(2.20) 

(2.21) 

(2.22) 

ratio of pressure to atmospheric pressure (normalised pressure) (Pa Pa-1). 

atmospheric pressure (Pa). 

time (s). 

• ( 3 -3) porosity m m . 

distance (m). 

dimensionless distance (m m-1). 

dimensionless time (s s-1). 

The parameter a is a dimensionless Klinkenberg constant which accounts for the 

presence of molecular flow. 

Their experimental data agreed reasonably well with the numerical solution of the above 

equation. 

Siau (1976), in his analysis, employed Equation 2.20 with a model of wood structure 

which incorporated conductances in series as outlined by Petty (1970). The constants 

used in this model were determined by a numerical fit between the experimental and 

theoretical results to provide a description of both evacuation and permeation. 
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The models Resch (1967), Prak (1970), Sebastian et al. (1973), and Siau (1976) can 

be directly derived from the continuity equation (Bird et al. 1960) the significant 

differences of these models to the model presented in this work (Chapter 5) are in the 

control volume used (Prak, 1970), the concept of dual permeability (Prak, 1970), the 

occurrence of molecular flow (Sebastian et al., 1973), or combinations of all these 

features (Siau, 1976). 
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CHAPTER 

THREE 

THE CHEMISTRY OF THE VAPOUR BORON TIMBER 

TREATMENT PROCESS 

3.1 Introduction 

Pinus radiata D. Don is first dried to a moisture content of between 3 and 9 % (wt/wt 

dry basis) (usually in a high-temperature kiln), before completing the vapour boron 

timber treatment process. The dried timber is then placed in a treatment vessel which 
' 

is then evacuated and the preservative (usually trimethyl borate / methanol azeotrope) · 

is injected onto a hot tray (to speed evaporation) inside the vessel. As the 

preservative evaporates, the pressure in the vessel increases and causes a "pressure

wave" of trimethyl borate and methanol to travel through the wood. As this wave 

permeates the timber, the trimethyl borate reacts with both water vapour and adsorbed 

water to produce methanol and boric acid (which acts as the preservative) (Equation 

3 .1). The final stage of the treatment process involves the pulling of a second 

vacuum to remove the methanol produced by the reaction (three moles of methanol 

are produced for every mole of trimethyl borate consumed):-

(3.1) 

trimethyl water boric acid methanol 
borate 

There are three possible reaction mechanisms for the production of boric acid from 

trimethyl borate: 

• Reaction in the gas phase (i.e. a reaction between water vapour and trimethyl 

borate vapour); 

• Reaction with adsorbed water. There are two possible mechanisms: firstly, the 

trimethyl borate could be adsorbed, then undergo a series of partial hydrolysis 
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reactions with adjacent (adsorbed) water molecules. or, secondly, the adsorbed 

water could be desorbed and the reaction could occur in just above the wood 

surface; 

• Reaction with hydroxyl groups of the wood structure (the phenols, sugars, 

cellulose, or hemicellulose). 

The third possible reaction mechanism will only be significant where the moisture 

content of the wood is very low (very close to a zero moisture content). However, a 

reaction between trimethyl borate and the wood substance is possible (Franich, 1993 

and Turner, 1991). The reaction rate for this type of reaction will be slower than a 

reaction with water due to the increased steric hinderance. The actual reaction is 

more likely to be a trans-esterification of trimethyl-borate into a higher order borate, 

rather than a hydrolysis to boric acid (Equation 3.2): 

(CH3O)3B + 3R'OH • (R'O)3B + 3CH3OH (3.2) 

There, is also the possibility of the formation of mixed esters derived from trans

esterification of trimethyl borate with different alcohols or phenols. 

This chapter investigates the two most likely reaction mechanisms: the vapour-phase 

reaction rate (section 3.2) and the adsorbed phase reaction rate (section 3.3) 

3.2 The Vapour Phase Reaction Rate. 

3.2.1 Reaction Mechanisms 

The aqueous-phase chemistry and reaction kinetics of the hydrolysis of tri-alkyl 

borates have been the subject of many studies (Steinberg, and Hunter, 1957; 

Scattergood et al., 1945, for example). However, only the reaction rates (or half 

lives) for the tri-alkyl borates with alkyl groups larger than tri-o-cyclohexylphenyl 

were slow enough to be measured (Steinberg and Hunter, 1957; Steinberg, 1963). 

Steinberg (1963) has reported that the rate of hydrolysis was believed to be a function 

of the steric hindrance of the alkyl groups to the approach of a water molecule; hence 



Chapter 3: Chemistry 3.3 

the increasing reaction rate with decreasing alkyl group size. The conclusions of 

Scattergood et al. (1945) concur with this. 

Scattergood et al. (1945) also noted that the hydrolysis rate of tri-n-alkyl borates was 

not hindered by the presence of a strong acid. The addition of a hydroxyl group (to 

form some type of (CH30hB+oH- compound) is, therefore, unlikely to be the first 

step in the hydrolysis reaction. 

Steinberg (1963) adds that "the SN2 displacement of an alkoxy group by water with 

either a concerted or subsequent loss of proton ..... seems a logical path for the three 

(methyl group replacements) reaction necessary for complete hydrolysis." 

This literature indicates that, the hydrolysis of trimethyl borate to form boric acid is 

not a single-stage reaction. The presence of one or more (unstable) partially 

hydrolysed intermediate(s) whose subsequent reaction(s) to form boric acid will 

complicate the reaction kinetics. 

3.2.2 Theory 

It may be assumed that the production of boric acid by a reaction between water 

vapour and trimethyl borate is directly proportional to both the concentration of 

trimethyl borate and that of water (Turner, 1990): 

d[H~03] = K[(CH30)3B lH20] (3.3) 

where 

K = reaction rate constant (Pa-1 s-1). 

[A] = concentration of species A. 

The required loading of preservative (boric acid) to meet the New Zealand Timber 

Preservation Council for Hl protection is currently 0.04 % (wt/wt boric acid 

equivalent) in the central one-ninth of the treated block of timber. 
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Timber to be treated is usually dried to between 3 and 9 % (wt/wt) moisture content 

before treating with trimethyl borate. Therefore, one can assume that the water is 

present in vast excess, and Equation 3.3 can be rewritten as: 

d[H BO ] 
3 3 = K'r(CH 0) B] dt t 3 3 

(3.4) 

where K' (f1) is the coefficient: 

(3.5) 

It is belived that this reaction proceeds via at least one intermediary compound 

through the sequential replacement of hydroxyl groups. Levenspiel (1972) has 

considered the kinetics of two unimolecular irreversible reactions in series with, R, an 

unstable intermediary: 

R K2 ) s 
(3.6) 

(3.7) 

The rate equations for each of the three species involved (A, R, and S) can be written: 

(3.8) 

(3.9) 

(3.10) 

From the above equations, it may be seen that the rate of formation of the final 

product (S) depends on the concentration of the intermediary (R), whereas the 

reaction rate of the intermediary depends on both the intermediary concentration and 

the initial reactant concentration. By integrating Equations 3. 8, 3. 9, and 3 .10 with 

respect to time, it is possible to calculate the concentration of the intermediate R: 

(3.11) 

The time when the concentration of the intermediate R is greatest is also the time to 

maximum formation of the final product S. The point of maximum concentration of 

R can be determined by differentiating Equation 3 .11 and setting the resultant 

equation to zero: 
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where 

½nax = time of maximum concentration of species R (s). 

Kim = log-mean reaction rate constant (Pa- 1 s-1). 

Equation 3 .12 may be compared with the analogous equation for the half-life of a 

single first order reaction: 

where 

ln(2) 
tl/2 = -

K 
(3.13) 

t112 = time when concentration of reacting species equals half the original 

concentration (s) . 

K = reaction rate constant (Pa-1 s-1) 

The relationship between the concentrations of the three species of interest can be 

seen in Figure 3 .1. The maximum concentration of R corresponds to the maximum 

rate of production of the final species S. Therefore, by estimating the time when the 

maximum production of the final species occurs it possible to estimate the log mean 

reaction rate constant (Kim) using Equation 3 .12. 

A~R~S 

[R] [S] 

time 

Figure 3 .1: Concentration profiles for three 

irreversible reactions in series. 
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A similar analysis can be undertaken for a series of three or more first-order 

irreversible reactions in series, such as the hydrolysis of trimethyl borate (assuming 

vast excess of water). The results of such analysis show that the maximum 

concentration of the final product is only dependent on the concentration of the next to 

last species. 

3.2.3 Experimental 

The experimental apparatus consisted of a 2-litre spherical glass connected to a 3 mm 

ID glass tube by a Young's valve. The valve was placed as close to the glass tube as 

practical (about 3 mm). One end of the glass tube was open to the atmosphere, the 

other was attached to an in-house vacuum system. 

The experimental apparatus is shown in Figure 3.2. 

Figure 3.2: Experimental apparatus. 

A type-K thermocouple, located in the middle of the glass vessel, was read using a 

FLUKE 52 K/J thermometer. The pressure in the vessel was measured with a 

National Semiconductor LX0503 series pressure transducer, with the signal from the 

transducer being amplified to O to 10 volts and then displayed on a digital voltmeter. 
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The glass vessel and tube were placed in a water bath, as shown in Figure 3 .2. The 

temperature of the water bath was increased to 60 °C, by both live steam injection and 

electrical heating. The glass vessel was evacuated using a double-stage, oil-sealed, 

vacuum pump before the trimethyl borate / methanol azeotrope was injected into it 

though a septum. The pressure in the vessel was monitored until it was just above 1 

atmosphere. 

Humid air from immediately above the water surface was drawn through the glass 

tube at varying rates (adjusted by a needle valve). The pressure drop across the glass 

tube was measured by a mercury-in-glass manometer. Initially both the relative 

humidity and the temperature of the air were measured. However, as the relative 

humidity was found to be essentially 100 % , this measurement was not taken in the 

later runs. 

Once the pressure in the glass vessel was slightly above atmospheric pressure the 

Young's valve was opened and the trimethyl borate / methanol azeotrope allowed to 

flow out of the vessel into the tube. As soon as a significant build up of boric acid 

was seen on the glass walls, the Young's valve was closed. However, if the pressure 

in the vessel dropped below atmospheric pressure, the valve was closed to prevent 

suck back. 

The flowrate from the glass vessel was also measured to ensure that it was 

insignificant in comparison to the flow of air through the tube. 

3.2.4 Results 

The boric acid deposition (Figure 3.3) displayed a pattern that was consistent with the 

reaction proceeding by two or more consecutive reactions with reaction rate constants 

which were similar in magnitude. 
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Figure 3.3: Boric acid deposition pattern. 

The flowrate of the trimethyl borate / methanol azeotrope from the glass vessel was 

measured by noting the rate at which the pressure dropped in the vessel. The rate of 

pressure loss was converted to a mass flowrate using the universal gas equation. 

The gas velocity in the glass tube was calculated from the measured pressure 

assuming isothermal turbulent flow (Perry, 1987) . The distance between the Young's 

valve and the point at which the boric acid deposition was greatest was measured. 

The time to reach the maximum concentration of the intermediate species is then 

calculated from Equation 3 .14. 

z t = max 
max U (3.14) 

where 
Zmax = distance to maximum boric acid deposition (m). 

U = mean velocity (m s-1). 

Therefore, by knowing the time when the maximum deposition of boric acid 

occurred, the reaction rate constant was estimated using Equation 3 .12. 
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The flow was always transitional or turbulent with the Reynolds number varying from 

2100 (at a velocity of 14 m s·1 ) to 10000 ( at a velocity of 65 m s·1). 

Of the 17 runs completed the average (log-mean) reaction rate constant (Kim) was 

calculated as being (Equation 3 .12) 6.8 x 10·3 Pa·1 s·1, with a standard deviation of 0. 7 

x 10·3 Pa·1 s·1• The full experimental data can be found in Appendix C. 

3.2.5 Discussion 

The flowrate was estimated assuming isothermal turbulent flow. The glass tube was 

slightly more elevated from the water bath at its downstream end and, therefore, the 

wall temperature of the tube would have been lower at this end. However, as there 

was little or no condensation of humid air in the tube (the inlet air was at 100 % 

relative humidity) and little variation in the amount of condensation on the outside of 

the tube, there would have been only a minimal change in the temperature of the gas. 

Therefore, the asumption of isothermal flow is an acceptable approximation. 

The absence of condensation on the walls of the tube also shows that the boric acid 

was not formed by a reaction with water condensed on the walls (giving a false 

reaction rate). 

The technique assumes that the boric acid is deposited where it was formed and that it 

is not carried along with the gas stream some distance before being deposited. As the 

coatings were always of consistent thickness around the circumference, it is unlikely 

that the boric acid powder was carried a significant distance before being deposited. 

If the powder had been entrained by the air, a degree of settling would be expected to 

occur and the deposit of boric acid would have been greater at the base of the tube 

than at the top. 

It is believed that the coating was caused by the reaction to boric acid which occurred 

close to the surface of the glass tube, with the rest of the reaction products being 

carried down the tube. 
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There was a degree of uncertainty in estimating the location of the maximum 

concentration of boric acid build-up. The uncertainty in the estimation of the point of 

maximum deposition of boric acid was as much as ± 30 mm for some of the runs, 

because of this the high standard deviation ( 10 % ) is a fair reflection of the 

experimental uncertainty. 

3.2.6 Conclusion 

The hydrolysis of trimethyl borate to boric acid proceeds via at least one reaction step 

with each step having a reaction constant of similar order of magnitude. The reaction 

rate for the overall hydrolysis process has been estimated as being 6.8 x 10-3 Pa-1 f 1 

with a standard deviation of 0.7 x 10-3 Pa-1 f 1. The probable mechanism for the 

reaction is the sequential replacement of the hydroxyl groups from trimethyl borate. 

3.3 The Adsorbed-Phase Hydrolysis of Trimethyl Borate. 

3.3.1 Introduction 

The dominant parameter in the vapour boron timber treatment process is the moisture 

content of the timber (Nasheri and Laytner, 1994 for example). At 9 % moisture 

content it has been found to be virtually impossible to get any more than an envelope 

of boric acid in the timber, with virtually no boric acid being deposited in the core of 

the treated wood. It has even been suggested (Nasheri and Laytner, 1994) that above 

about 6 % moisture content it is virtually impossible to get good penetration of boric 

acid, whereas below this moisture content the boric acid penetration is much more 

significant. This phenomenon may be a direct result of changes in the way in which 

the water is adsorbed in the timber. 

3.3.2 Adsorption Studies 

Walker (1993) states that the Langmuir isotherm can adequately explain the initial 

parabolic adsorption curve of moisture on woody materials. There have been a 

number of studies and theories presented to explain the nature of adsorption on 
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accessible carbohydrate substance. They all start from the same postulate: that at low 

moisture contents the adsorbed water is tightly bound as a monolayer to the 

carbohydrates. At higher moisture contents, this tightly bound water still exists; 

however, it is augmented by less tightly bound water. 

It is also probable that at low moisture contents the water hydrogen bonds with the 

polymeric materials (cellulose, hemicellulose, and lignin) forming hydrates (Walker, 

1993). The moisture content needed to form a monomolecular layer within the 

amorphous regions (non-crystalline) regions of the cell walls is about 5 % . This is 

moisture level is comparable to the 6 % moisture content of wood above which 

treatment with the vapour boron timber treatment process becomes much less effective 

(Burton et al., 1988, Nasheri and Laytner, 1993). 

Essentially this sequence of adsorption may be described by the BET multilayer 

adsorption theory where the first layer is considered tightly bound and subsequent 

layers are less tightly bound. 

There is considerable evidence from Nuclear Magnetic Resonance spectrographic 

studies to support the idea of a more tightly bound, less mobile water phase at low 

moisture contents. Nanassy (1974) studied the NMR spectra of green and re

moistened wood with a wide-line spectrometer. The spectra displayed two distinct 

components, broad and narrow. The narrow component was caused by a more 

mobile phase, whilst the broad component was due the wood itself and a solid-like 

localised phase of water. 

Peemoeller and Sharp (1985) undertook a pulsed NMR study of cellulosic materials 

with moisture contents ranging from 20.5 to 218 % (wt/wt oven dry basis). Their 

work isolated two distinct phases of water at the fibre saturation point, one tightly 

bound and one loosely bound. 

Hartley and Avramidis (1993) have indicated in that above 7 % moisture content, 

additional water molecules are adsorbed by sites that already have existing molecules. 
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All the above authors agree that there is a more tightly bound phase of water which 

represent most of adsorbed water up to a certain moisture content (which varies from 

3 to 7 %). 

From the Arrehenius equation (Equation 3.15) it may be seen that the reaction rate 

constant (K) is dependent on the activation energy: 

K = Aexp(-%T) (3.15) 

where 

K = reaction rate constant. 

A = pre-exponential factor. 

E = activation energy (J mor\ 

R = gas constant (J mole-1 K\ 

T = temperature (K). 

(The units for the reaction rate constant and the pre-exponential factor in Equation 

3.15 will be the same) 

The activation energy for any reaction with tightly bound water will be larger than the 

activation energy for loosely bound water. Consequently, the reaction rate constant 

will be larger for a reaction with loosely adsorbed water than for one with tightly 

bound water 

The activation energy for the reaction will be related to the differential heat of 

adsorption for a reaction with an adsorbed phase. Therefore, from Equation 3 .15 it 

can be seen that a reaction with more tightly bound water (high differential heat of 

adsorption) will have a lower reaction rate constant than a reaction with less tightly 

bound water. 

A slower hydrolysis reaction rate for trimethyl borate with the adsorbed water will 

result in more boric acid being formed in the central regions of the timber and a more 

even boric acid distribution. 
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Kelsey and Clark (1956) have measured the differential heat of adsorption of ground 

Araucaria Klinkii Lauterb. (klinki pine) at a variety of temperatures. Drain and 

Morrison (1952) report that it is possible to determine the distribution of energy sites 

for adsorption of a gas on a solid from a graph of heat of adsorption against volume 

of gas adsorbed by plotting the distribution function g(B) (Equation 3.15): 

where 

dV 
d L1H = g(B) 

V = volume of gas adsorbed at STP (m3). 

t1H = differential heat of adsorption (kJ kt1). 

g(B) = distribution function (m3 kg kJ-1). 
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Figure 3.4: Distribution of adsorption site energies for 

Araucaria klinkii Lauterb. at 46°C (adapted from 

Kelsey and Clark, 1956). 

(3.16) 

It is more common in wood science to measure the mass of water adsorbed rather 

than the volume of water vapour adsorbed. The arguments of Drain and Morrison 
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(1952) still hold for this type of measurement, as the mass of adsorbed water will be 

directly proportional to its gas volume. 

Figure 3 .4 is plot of the distribution of adsorption energies for Araucaria Klinkii 

Lauterb.; the data for this plot were taken directly from the work of Kelsey and Clark 

(1956). The distribution function g(s) was calculated directly from the weight of 

water adsorbed rather than the gas volume. 

It can be seen from Figure 3 .4 that there is a large amount of water adsorbed at low 

heat of adsorption. This is the water adsorbed at the higher moisture contents, it 

relates directly to the narrow band seen in NMR spectroscopy (N anassy, 197 5; 

Peemoeller and Sharp, 1985), which represents the less tightly bound layers of the 

BET adsorption theory. 

There is also a small amount of water adsorbed at a wide range of higher adsorption 

energies. This is the water adsorbed at lower moisture contents, and relates to the 

narrow peak in the NMR spectra, or the more tightly bound water. 

The estimation of a reaction rate constant from theory requires the calculation of the 

pre-exponential factor and the activation energy (Equation 3 .15). This is a difficult 

and time consuming task which is often inaccurate, particularly when one of the 

reactants is adsorbed onto a surface (Williamson, 1995). 

Atkins (1987) reports a range of values for the experimentally determined pre

exponential factor for first-order reactions of between 1010 to 1017 . 

The estimation of the activation energy of a reaction from theory involves detailed 

knowledge of the transition states of the molecules during the reaction. Although the 

reaction intermediates may be known for the purely gas-phase and purely liquid-phase 

reaction (Section 3 .1) these may not be the same for a mixed-phase reaction. 

However, for many gas phase reactions involving organic species the activation 

energy has been found to be approximately 100 kJ mor1 (Atkins, 1987 and Glasstone, 
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1948). For a first approximation the extra energy required for a reaction between a 

gas and a liquid phase species may be assumed to be approximately equal to the heat 

of adsorption. 

It is therefore possible to estimate the increase in reaction rate due to the decrease in 

activation energy for the reaction with increasing moisture content. 

It seems reasonable to split the adsorption energies of the adsorbed water into two 

distinct categories (Figure 3 .4): a large amount of water adsorbed in the 50 to 200 kJ 

kg-1 (0.9 kJ mor1 to 3.6 kJ mor1) range, and a smaller amount of water adsorbed in 

the 200 to 1000 kJ kg-1 1 (3.6 kJ mor1 to 18 kJ mor1) range. The average heat of 

adsorption within these bands is 2.25 kJ mor1 and 10.8 kJ mor1 respectively. 

Therefore the activation energy can be estimated at the higher moisture contents as 

102.25 kJ mor1, and at a lower moisture content as 110.8 kJ mor1• By substituting 

these different activation energies into Equation 3 .15, the ratio the reaction rate 

constant at a high moisture content can be estimated as being 30 times larger than the 

rate constant at a low moisture content. 

Using the above estimates of pre-exponential factor and activation energy the reaction 

rate constant for the reaction between adsorbed water and trimenthyl borate may be 

within the range 10-9 and 10° s-1. This would indicate that the reaction rate with 

adsorbed water is signifcantly slower than the gas phase reaction which would have a 

rate constant of 13 . 6 s -l if the partial pressure of water were 2 x 103 Pa. 
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4.1 Introduction 

CHAPTER 

FOUR 

THE STEADY-STATE PERMEABILITY 

OF PINUS RADIATA D. DON 

The vapour boron timber treatment process involves the flow of a vapour through 

timber. The transport processes involved in this flow of vapour have to be 

understood before any detailed modelling can take place. This chapter underpins the 

following chapter (Chapter 5), which deals with the unsteady-state transport 

phenomena, by looking closely at the mechanism involved in the steady-state flow of 

vapour (or gas) through Pinus radiata D. Don. 

The bulk of the material presented in this chapter is reproduced from Booker and 

Evans (1994) whose paper was based on experimental work completed by Dr. Rolf 

Booker at the New Zealand Forest Research Institute Ltd. . The author is grateful to 

Dr Booker for permission to use the data. 

4.2 Flow Mechanisms 

There is considerable evidence to suggest that resin canals play an important part in 

fluid transport, where they are present. Booker (1990) measured the change in 

permeability of two species of wood (Dacrydium cupressinum Lamb. and Pinus 

radiata D. Don) before and after drying. His hypothesis was that in the dry wood of 

Pinus radiata D. Don the predominant mechanism of liquid transport is through the 

axial and radial resin canal network. The results showed that for Pinus radiata D. 

Don radial permeability increased with drying by a factor of 20, whilst for Dacrydium 

cupressinum, which contains no resin canals , there was a very large decrease in radial 
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and axial permeability. The tangential and axial permeabilities m both species 

decreased due to pit aspiration. 

Bamber (1973) observed the formation of interstitial spaces due to the collapse of 

epithelial parenchymatous cells. Photomicrographs of Pinus radiata D. Don after 

oven-drying at 105 °C for 24 hours showed the collapse of both the epithelial cells 

lining the resin canals and the canals themselves. The same photomicrographs 

indicated that some resin may be retained in the canals in the form of hardened lumps. 

Booker (1990) passed dye through Pinus radiata D. Don and then made 

photomicrographs of the pathways. These photomicrographs also clearly showed that 

the resin canals play an important part in fluid transport in this type of timber. 

Similarly Figure 4.1 shows iodine-stained resin canals. The centre of a 100 x 50 x 300 

mm sample of Pinus radiata D. Don was reached by drilling a 10 mm diameter hole. A 

small amount of iodine was placed in this hole which was then sealed with PV A glue 

and dowelling. The timber was finally placed in a vacuum oven at 55 °C and -80 kPa 

overnight. Splitting the sample with a meat clever revealed the stained resin canals. 

Figure 4.1: Iodine-stained resin canals. 
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Dry Pinus radiata D. Don heartwood displays variable resistance to impregnation 

with preservatives, while the impregnation of dry Pinus radiata D. Don sapwood is 

more straight forward. It has been found that the ease of heartwood impregnation is 

also related to the drying schedule for the timber. High-temperature dried timber 

shows better heartwood penetration than air-dried timber, other parameters being 

equal (Vinden 1985). 

Booker (1990) developed an impregnation model for Pinus radiata D. Don that 

consists of two parts: 

• long-length paths of low resistance along radial and axial resin canals that carry the 

fluid into the boards. 

• short-length paths of high resistance from the radial resin canals into the tracheids. 

These two flow paths cannot be distinguished by impregnation experiments, as during 

impregnation both mechanisms are active. Under hydrostatic pressure, the 

preservative surrounding the wood enters the timber from the radial surfaces and 

flows through the radial resin canals. From here it flows via the high-resistance flow 

paths into the empty tracheids. 

By contrast, in a permeability experiment the liquid flows along a pressure gradient 

from one side of the specimen to the opposite side via the lower resistance radial resin 

canal network. Liquid flowrates through flow paths into the tracheids (with much 

higher resistance) are several orders of magnitude smaller and hence negligible. 

The aim of this chapter is to examine the effect of different drying schedules on the 

resin canal pathways in order to determine whether a drying schedule affects the 

radial permeability, and also elucidate the flow mechanisms. Gas permeability was 

chosen for the investigation rather than liquid permeability, as it was hoped that gas 

permeability measurements would allow the determination of the effect of drying 

schedule on the number and the diameter of the conducting pathways . Gas flow is 

also more representative of the flow regime during the gaseous treatment process. 
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4.3 Gas Permeability 

The Darcy equation (Equation 4.1) is the usual basis for permeability studies. It was 

initially developed to describe the flow of fluids through porous materials such as 

sand; however, but the basic assumption holds for flow through wood. It is assumed 

that the flow through a unit area (the flux) is directly proportional to the pressure 

gradient: 

Flux /(t A) 
k=------

Pr essure Gradient - b.~ 
(4.1) 

where 

k = permeability (m3 s kg·\ 

V = volume of fluid (m3). 

t = time (s). 

A = cross-sectional area (m2). 

b.P = pressure differential (Pa). 

L = length of flowpath (m). 

Herek is the permeability (m3 s kg-1) and not the specific permeability K (m2), which 

includes a viscosity term, as will be discussed. 

If perfect gas behaviour is assumed, which is reasonable for air at ambient conditions, 

Equation 4 .1 becomes: 

k = QLPa 
g Ab.PP 

(4.2) 

where 

kg = gas permeability (m3 s kg"\ 

Q = volumetric flowrate measured at pressure Pa (m3 s·1). 

Pa = pressure at which flowrate Q is measured (Pa). 

P = average pressure across sample (Pa) . 
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Poiseuille's law for the laminar flow of a viscous gas through N straight cylindrical 

tubes of radius r in parallel may be written as: 

where 

N = number of tubes. 

r = tube radius (m). 

Q = Nnr4 LiPP 
8µLP. 

µ = dynamic viscosity (Pa s) 

L = tube length (m). 

(4.3) 

When the size of the vessel through which the gas is flowing is sufficiently small ( or 

the absolute pressure is low enough), the gas may no longer be described as a 

continuum. This means that molecule-to-molecule collisions (and therefore momentum 

transfer) are greatly reduced, while molecule-to-wall collisions dominate. 

Consequently, Poiseuille's law no longer describes the fluid behaviour. This state is 

sometimes referred to as "slip flow" and has been found to occur when the capillary 

radius is of the same order as or smaller than the gas mean free path length. 

Adzumi (1937) has derived a mathematical description for "slip flow" (probably more 

correctly referred to as molecular flow): 

Q = ± ✓21tRT. Nr3
• LlP 

3 M L P. 
(4.4) 

where 

R = gas constant (J K 1 mor1). 

T = absolute temperature (K) 

M = molar mass of the permeating gas (g mor1). 

Where there is a significant distribution of capillary sizes, both viscous and molecular 

flow may occur in parallel, with viscous flow in the larger capillaries and molecular 

flow in the smaller capillaries. Equations (4.3) and (4.4) may be combined to 

describe the gas flow through a capillary system where both molecular flow and 
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viscous flow simultaneously occur in parallel. This representation has been proposed 

by Adzumi (1937): 

Q = nNr4 L\PP +a. _i ✓2nRT . Nr3 • L\P 
8µLPa 3 M L pa 

(4.5) 

where a is a dimensionless proportionality factor, commonly referred to as the 

"Adzumi constant" . 

Scheidegger (1960) reports that for a gas phase with only one component the Adzumi 

constant is about 0.9. For a gas phase with more than one component, the constant is 

about 0.66. 

Comstock (1967) has shown that the specific permeability of wood is a characteristic 

of the wood and is independent of the fluid used to measure permeability as long as 

the fluid does not swell the wood cells. The specific permeability K (m2) is defined 

as:-

Equation (4.5) may then be rearranged into the Klinkenberg form (Siau 1971): 

kg= k(l+ ;) 

where the coefficient b is given by: 

b = 3.811,P 
R 

(4.6) 

(4 .7) 

(4.8) 

A more complete derivation and discussion of these equations has been presented by 

Kumar (1981) and Siau (1971). 

Equation (4. 7) enables the calculation of a characteristic capillary diameter from the 

linear plot of Ka versus 1/ P. Note, that linearity is only observed if there is a 

combination of viscous and molecular flow. 
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As well as molecular flow and laminar flow, there exists a third possibility: namely 

turbulent flow. If the pressure differential is sufficient by large, eddies will form and 

turbulent flow will occur. In straight tubes, turbulent eddies start to occur at 

Reynolds numbers of around 2200, in curved tubes turbulence may be initiated at 

Reynolds numbers as low as 1 to 10 (Collins, 1961). 

4.4 Experimental 

One sapwood and one heartwood board of Pinus radiata D. Don, flat sawn, 100 x 50 

mm, were obtained from Waipa Sawmill, Rotorua, New Zealand. Three 600 mm 

lengths were cut from each board. One length from each board was air dried, one 

kiln dried accordingly to a 70/60 °C schedule, and the third dried in a high

temperature kiln (120/70 °C schedule). 

After drying, cross-sections 30 mm in diameter along the grain were cut from the 

centre of each board. From near the centre of each cross-section, a strip of wood was 

split with a meat cleaver along the grain so that its axis was as close as possible to the 

radial direction and its width slightly over 20 mm. The cleft surfaces of each strip 

were smoothed with a very sharp tungsten-tipped saw. The transverse surfaces were 

sawn exactly perpendicular to the radial faces, slightly over 20 mm apart. Each strip 

was then split into specimens either 6 or 18 mm in the radial direction. The cleft 

(tangential) surfaces of each specimen were smoothed and made parallel to each other 

with a very sharp chisel. Finally the radial and transverse surfaces were chiselled 

until they were smooth and perpendicular to the tangential faces, and the longitudinal 

and tangential dimensions were as close as possible to 20 mm. By this procedure 

specimens were created with their sides exactly perpendicular to the radial, tangential, 

and axial directions, irrespective of any grain deviation the original boards may have 

possessed. The dimensions and weights of the specimens were determined, after 

which the minor surfaces were covered with a very thin, smooth layer of epoxy resin, 

taking extreme care not to contaminate the 20 x 20 mm surfaces. 
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Each specimen was placed, in turn, in the permeability cell and the rubber sleeve 

pressurised with water to around 690 kPa to prevent leakage along the sides. Then 

air pressure was applied across the specimen and the air flowrate measured with one 

of two glass flowmeters at pressure differentials of 10, 20, 30, 40, 50, 60, 70, 80, 90 

or 100 kPa for each specimen. Higher pressure differentials were not used as it was 

feared that they would alter or damage the wood structure. 

The two flowmeters were both of the Triflat type; the first was a Triflat 02-F¼ -20-5 

with a black glass float, the second was a Triflat 02-F½-12-5 with a sapphire float. 

Both flowmeters were carefully calibrated with air at atmospheric pressure. 

4.5 Results 
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Figure 4.2: Flow versus pressure drop for three sapwood 

specimens. 

The specific permeability of the specimens was calculated at each of the pressure 

differentials (Equation 4.6). Figures 4.2 and 4.3 are typical plots of flow versus 

pressure differential across the sample for sapwood and heartwood respectively. Plots 

of specific permeability versus the reciprocal of the average absolute pressure showed 

that the permeability was independent of pressure (Figures 4.4 and 4.5). The 



Chapter 4: Steady-State permeability 4.9 

deviations at high 1/ P values are caused by the difficulty of accurately measuring low 

flow rates. The fact that permeability was independent of pressure had two 

consequences: firstly, as the slope of the graph is zero no molecular flow occurred, 

and secondly, there was one dominant conductance for radial flow in Pinus radiata D. 

Don. 

As there was no apparent molecular flow, the data could not be used to obtain a 

characteristic capillary diameter from the plots of Ka versus 1/P (Equations 4.7 and 

4.8). Because the pressure difference readings and the flow measurements were more 

accurate at higher values, the permeability values listed in Tables 4.1 and 4.2 are the 

averaged values for ·differential pressures of 50, 60, 70, 80, 90, 100 kPa. The 

standard deviation is also recorded in these tables. 
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Figure 4.3: Flow through three heartwood specimens. 

A second series of steady-state permeability experiments were carried out as part of 

the unsteady-state tests. These experiments showed that in some samples molecular 

flow did occur. The results of these tests are set out and discussed in chapter 5. 
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Figure 4.4: Sapwood permeability versus reciprocal pressure drop. 
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Figure 4.5: Heartwood permeability versus reciprocal pressure drop. 

The dimensions, density, and permeability values for the 6 mm specimens are shown 

in Table 4 .1, and those for the 18 mm specimens in Table 4.2. The calculated 

densities were based on the actual dry dimensions, as the green volumes could not be 

determined. 
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Name Schedule Densi7- Radial 
(kg/m) Permeability 

(m2) 

Sap AID air-dried 
1 599 4.95±0.09 
2 517 3.16±0.15 
3 535 5.64±0.1 

Sap 70/60 kiln-dried 
1 596 7.83±0.07 
2 533 10.2±0.1 
3 564 8.88±0.17 

Sap 120/70 HT-dried 
1 514 13.8±0.1 
2 605 12.5±0.6 
3 584 9.47±0.28 
4 578 8.35±0.3 

HTA/D air-dried 
1 532 1.41±0.06 
2 522 1.19± 0.06 

HT 70/60 kiln-dried 
1 491 1.60±0.03 
2 501 2.05±0.08 
3 464 1.39±0.04 

HT 120/70 HT-dried 
1 518 7.86±0.5 
2 507 2.35±0.13 

Table 4.1: Radial permeabilities from the 6 mm specimens. 

It is clear from Tables 4.1 and 4.2 that for the sapwood the densities for the air-, kiln

and high-temperature-dried material were very similar, and there was little variation 

between the 6 mm and the 18 mm specimens. The same is true for the heartwood. 

This agreement confirms that close matching was achieved. The average heartwood 

density at 502 ± 21 kg/m3 was somewhat lower than the sapwood density at 554 ± 

28 kg/m3. 
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Name Schedule Densi~ Radial 
(kg/m) Permeability 

(m2) 

Sap AID air-dried 
4 570 5.22±0.21 
5 532 6.37±0.53 
6 518 6.73±0.5 

Sap 70/60 kiln-dried 
4 541 7.27±0.38 
5 546 9.71 ±0.70 
6 546 8.50±0.49 

Sap 120/70 HT-dried 
4 546 12.0±0.6 
5 551 9.38±0.65 

HT AID air-dried 
3 507 0.88±0.33 
4 519 1.60±0.16 

HT 70/60 kiln-dried 
4 499 2.24±0.16 
5 456 1.18±0.07 

HT 120/70 HT-dried 
3 508 3.54±0.16 
4 499 6.41±0.45 

Table 4.2: Radial permeability for 18 mm specimens 

A test of the hypothesis that there was no significant difference between the average 

permeabilities of 6 mm and 18 mm specimens dried to the same schedule using the 

"Student's" t distribution, confirmed that the hypothesis was valid at the 95 % 

confidence level. This confirms that the permeability is independent of the specimen 

length, as would be expected for reasonably uniform material. This allows all 

sapwood specimens dried using a given schedule to be grouped together. 

Linear correlations were performed in turn for the sapwood and heartwood specimens 

dried to a given schedule: 

• between permeability and density. 

• between permeability and the number of latewood bands in the specimen. 

• between permeability and specimen length. 



Chapter 4: Steady-State permeability 4.13 

The only relationship which had a significant correlation coefficient (r) was that 

between density and permeability for the kiln-dried heartwood specimens (r = + 
0.92). This correlation can not be accepted, as there is no apparent physical reason 

for this result, and, moreover, no significant correlation occurred between density and 

permeability for the air-dried and high-temperature-dried heartwood. As none of the 

other correlations had significant correlation coefficients, radial sapwood permeability 

is independent of the amount of latewood in the specimens. 

Material Schedule Permeability Ratio 1 Ratio 2 
(l0-14 m2) 

heartwood air-dried 1.3 ±0.3 1.0 1.0 
heartwood kiln-dried 1.7±0.4 1.3 1.3 
heartwood high-temp 5.0±2.2 4.0 4.0 
sapwood air-dried 5.3±1.1 1.0 4.2 
sapwood kiln-dried 8.7±1.0 1.6 6.9 
sapwood high-temp 10.9±2.0 2.0 8.6 

Table 4.3: Results of radial permeability experiments 

Ratio 1 = permeability at the specified schedule / permeability of the air-dried 

heartwood or sapwood specimens as applicable. 

Ratio 2 = permeability at the specified schedule / permeability of the air-dried 

heartwood specimens. 

Table 4.3 groups together the data for the 6 mm and the 18 mm specimens, and 

shows the increase in permeability from air-dried to kiln-dried to high-temperature

dried both sapwood and heartwood. 

The increased radial permeability of the high-temperature-dried wood may be partly 

responsible for the increased uptake of preservative in impregnation experiments 

(Vinden 1985). However, there is a further factor, as the permeabilities for the air

dried sapwood and the high-temperature-dried heartwood are very similar at 5.3 and 

5.0 x 10-14 m2 respectively (Table 4.3), yet the sapwood will take up much more 

preservative than the heartwood. As already mentioned, permeability measurements 

give information on only one of the two flowpaths that in series contribute to 

impregnation (Section 4.2). 
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4.6 Discussion 

The results of this study do not show any dependence of radial permeability on the 

specimen length, in contrast to longitudinal permeability (Bramhall 1971; Sebastian 

et al. 1965; Siau 1970). Consequently the resistance to flow per unit length must be 

uniform in the radial direction and unaffected by localised obstructions. 

Wiley and Choong (1975) found that some of their plots of the Klinkenberg 

relationship (Equation 4.7) had a zero slope for a significant range of pressure drops . 

However, some of their plots had either negative or positive slopes. They concluded 

that neither turbulent nor molecular flow could adequately explain their results. 

Similar results have been observed in this study (Figures 4.4 and 4.5). 

Kumar (1979), Sucoff et al. (1965), and Wiley and Choong (1975) found that above a 

limiting value of the pressure drop ~p the flowrate was no longer a linear function of 

~p, indicating turbulent flow. In contrast, the plots of flow versus pressure difference 

are linear (Figures 4.2 and 4.3) indicating entirely Darcian (laminar) type flow and 

there is no evidence of turbulence or secondary flowpaths at the experimental 

conditions used. 

Molecular flow was also absent, as the graphs of gas permeability versus reciprocal 

pressure are also linear (Figures 4.4 and 4.5) and the slope of these plots is 

substantially zero over a significant mean pressure range. Hence in Pinus radiata D. 

Don fluid transport in the radial direction occurs entirely by laminar flow. 

Consequently, the flow channels must be at least an order of magnitude larger than 

the mean free path length of air at ambient conditions . As the mean free path is 

approximately 0.1 µm the flow channels must be at least 1 µm in diameter. 

Siau et al. (1981) have attempted to characterise not only wood but also a series of 

filter membranes. Their results showed a linear plot of longitudinal permeability 

versus reciprocal pressure for these filters. However, the same plots for Tilia 
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Americana L. (basswood), Acer saccharum Marsh. (sugar maple) and Pinus 

lambertiana Dougl.(sugar pine) displayed a curvilinear plot. The authors suggested 

that this was due to two conductance's in series, one much larger that the other. In 

contrast in this study, as permeability could be linearly related to the reciprocal 

pressure drop, there is only one characteristic size of flowpath (or conductance) for 

radial permeability in Pinus radiata. 

The following factors all point to flow occurring exclusively along the resin canals: 

(i) the absence of turbulence and slip flow, which shows that the diameter of the flow 

paths is greater than 1 µm, 

(ii) the presence of only one characteristic size of flow path, 

(iii) permeability being independent of specimen length, 

(iv) the absence of a correlation between permeability and the amount of latewood, 

and, 

(v) the photomicrographs of Booker (1990). 

This behaviour is in direct contrast to the preservative treatment of timber, which is 

an unsteady-state process with respect to the flow of preservative into the timber. In 

that situation it is necessary for flow to occur from the resin canals and collapsed 

epithelial cells into the tracheids via ray-to-tracheid pits. It is suggested that in 

heartwood the resistance to flow from resin canals into tracheids must be much larger 

than in the sapwood. This difference helps to explain why air-dried sapwood will 

saturate with more preservative than high-temperature dried heartwood even though 

their permeabilities are similar (5.3 and 5.0 x 10-14 m2 respectively). 

The increase in radial permeability with severity of drying for both sapwood and 

heartwood means that the process which increases the permeability must be common 

to both sapwood and heartwood. As epithelial cells tend to be lignified in heartwood 

Pinus spp, whereas sapwood epithelial cell tend to be unlignified (Panshin and De 

Zeeuw 1964; Fahn 1974), the collapse of unlignified epithelial cells cannot be the sole 

cause of the increased permeability. It is therefore probable that the increase in 
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permeability due to severity of drying is caused by the movement and modification of 

the resin. 

4. 7 Conclusion 

It was found that the flow through the permeability samples was entirely laminar, with 

no evidence of either molecular or turbulent flow for pressure differentials from 10 to 

100 kPa. 

The radial permeability increased for both heartwood and sapwood as the severity of 

drying increased. The increase in permeability is attributed to movement and 

modification of the resin in the resin canals, which are the predominant route for fluid 

transport in Pinus radiata. D. Don 
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CHAPTER 

FIVE 

UNSTEADY-STATE FLOW IN PINUS RADIATA D. DON 

5.1 Introduction 

The vapour boron treatment process involves the movement of a pressure wave of 

trimethyl borate and methanol (into the timber to be treated) and the simultaneous 

reaction of trimethyl borate with the residual water in the timber. Therefore it is 

necessary to understand the dynamics of the vapour flow through the timber to model 

adequately the treatment process. 

During the treatment process, the pressure at the centre of the timber equalises with the 

pressure in the treatment vessel. As the flowrate is proportional to the pressure drop 

(section 4.2), and the pressure drop changes with time, the flowrate is not constant. 

This type of flow is referred to as unsteady. 

This chapter describes the unsteady-state flow of a gas or vapour through Pinus radiata 

D. Don. 

5.2 Flow Mechanisms 

Resin canals in Pinus radiata D. Don play an important part in pressure-driven 

transport of fluids under steady-state conditions. Booker (1990) shows 

photomicrographs of these pathways by using dyes. These photomicrographs clearly 

show that the dye only passes through the network of radial and longitudinal resin 

canals. 
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Similarly Figure 5.1 shows iodine-stained resin canals. These photomicrographs were 

produced by drilling a 10 mm diameter hole in a 100 x 50 x 300 mm sample of Pinus 

radiata D. Don, placing a small amount of iodine in this hole and sealing the hole with 

PVA glue and dowelling. The timber was then placed in a vacuum oven at 55 °C and -

80 kPa vacuum overnight to volatilise the iodine and encourage it to migrate out of the 

wood. Splitting the sample with a meat clever revealed stained resin canals 

Figure 5.1: Iodine stained flowpaths (resin canals) in Pinus radiata D. 

Don. 

It is clear also from preservative treatments that, even though longitudinal permeabilities 

in coniferous timber may be as much as 105 times as great as radial permeabilities 

(Comstock, 1970), preservatives enter and flow primarily in a radial direction (Vinden, 

1985; and Burton, 1995). The explanation for this apparent contradiction is that 

longitudinal resin canals are regularly blocked by resin deposits, which would prevent 

the flow of a fluid. In laboratory-scale experiments where permeability is measured, 

sample lengths are usually of the order of 5 to 100 mm. Over these lengths there will 

still be many unblocked longitudinal resin canals. However, over the much longer 

lengths found when treating commercial board timber, practically all the longitudinal 

resin canals will be blocked. Radial resin canals are less likely to be blocked because of 
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that the timber to be treated is usually over 2 metres long, and therefore the radial 

dimension (of a typical 100 x 50 mm piece) is much less than the longitudinal 

dimension. 

It is therefore legitimate to describe the flow of a gas (or vapour) through dried Pinus 

radiata D. Don by a one-dimensional model of flow in the radial direction. 

5.4 Model Development for Pinus radiata 

Booker and Evans (1994) have adopted the approach of earlier workers in applying 

Darcy's law (Siau, 1971) to model the steady-state penetration of a gas (or vapour) 

through a pore network as found in Pinus radiata D . Don : 

!! = -Kv'p (5.1) 

where 

:u = bulk velocity (m s-1). 

K = permeability (m3 s kg-1)_ 

p = pressure (Pa). 

Permeability in wood is measured by determining the flowrate through a sample of 

known cross-section and thickness using a number of known constant pressure 

differences. Permeability is a measure of the bulk flow through a sample and does not 

indicate the velocity distribution or the nature of the flow through the network of resin 

canals. 

This permeability is related to specific permeability by the expression (Siau, 1971):-

b
.1. specific permeability 

permea 1 1ty = . . . 
dynamic v1scos1ty 

(5.2) 

Comstock (1967) has shown that the specific permeability of wood is only a function of 

the size and number of flow paths, and that specific permeability is independent of the 

fluid (liquid or gas) used to measure the permeability as long as the fluid does not swell 
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• Resin Deposit 

I Resin canal 

I Dead leg 

-

Figure 5.2: Representation of resin canal network. 

The continuity equation (Equation 5.3) describes the conservation of mass for a compressible 

fluid under isothermal conditions in a porous medium (Treybal, 1980):-

£. ap + v'(pu) = 0 at - (5.3) 

where 

p = gas density (kg m-3
). 

t = time (s). 

Ea = apparent porosity (m3 m-3). 

The apparent porosity (Ea) is a measure of the volume of vapour that can be stored in a unit 

volume of solid. This porosity will be larger under m1Steady-state conditions than at steady

state, as some dead-ended resin canals (Figure 5.2) and some tracheids can store vapour but 

will not conduct it elsewhere. Such blocking may be the result of the deposition of resinous 

material during drying. 
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store vapour but will not conduct it elsewhere. Such blocking may be the result of the 

deposition of resinous material during drying. 

Darcy's law (Equation 5.1) and the continuity equation (Equation 5.3) can be coupled to 

produce an equation describing the unsteady isothermal flow of a vapour through a pore 

network in the one dimension x:-

op - K ~ (p op) = 0 
at ax ax (5.4) 

where K is the unsteady-state conductivity (m3 s kf1) and is given by: 

K 
K = (5.5) 

Equation (5.4) has been solved numerically using the subroutine D03PAF from the 

National Algorithms Group (NAG) library. This algorithm approximates the parabolic 

equations with a series of ordinary differential equations (ODE), by replacing the space 

derivatives by finite-difference approximations. The system of ODE's was then 

integrated using the Gear method (Gear, 1971). 

The boundary conditions and initial conditions were: 

and 

where Lis the half thickness. 

p = constant at x = 0 

fort~ 0 

p = constant at t =O 

for O:::; x:::; L 

op= 0 at x = L 
ax 

for all time 

(5.6) 

(5.7) 

(5.8) 
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5.5 Model Verification 

In the experiments, the permeation of vapour was simulated by allowing compressed air 

to flow through sample blocks of Pinus radiata D. Don. The end grain of three blocks 

of the sapwood, 97 x 47 mm in cross-section and 50 mm long, was sealed with three 

coats of PV A glue. The specimens were taken from a batch of three-way matched 

timber used in a concurrent study. Two of the specimens had been air-dried (2Al and 

8Al) the third (8Hl) was high-temperature kiln dried (120/70°C schedule). A hole, 5.8 

mm in diameter and 24 mm deep, was drilled from one end into the centre of the cross

section. 

A 6.4 mm diameter tube was fitted through the bottom of a 7 .9 x 10·3 m3 vacuum-rated 

vessel. A 0-350 kPa pressure transducer was inserted into the external end of the tube 

and the tube was filled with light oil. The tube projected 30 mm upwards into the 

vessel and was pushed hard into the drilled hole in the wood sample. A second similar 

pressure transducer was used to measure pressure in the vessel. Transducer outputs 

were interfaced to a personal computer by a Metrabus MA116 analogue input board. A 

GW BASIC program allowed the collection of about 10 sets of measurements per 

second. 

The vessel was sealed and evacuated to about 1.35 kPa. Datalogging was started and 

the vessel was vented with air to about 40 kPa in 0.75 seconds. Data collection 

continued during the pressure rise inside the sample and until the pressure had 

stabilised. Recorded voltages were calibrated from a reference mercury column 

manometer and temperature readings. 

This experimental method was developed to match closely the conditions found during 

the vapour boron timber treatment process. 

A typical plot of vessel and wood pressure profiles is presented in Figure 5.3. 



Chapter 5: Unsteady-state flow 5 .7 

50 

45 

40 

35 -

'2 30 

~ 
!! 25 -+- pressure in vessel 
::, 

-+- pressure in center of sample ~ 
!! 
0, 20 

15 

10 

5 ' 

-2 .000 0.000 2.000 4,000 6,000 8.000 10.000 12.000 

lime (s) 

Figure 5.3: Experimental pressure profiles (sample 2Al). 

After the unsteady-state tests were completed, a sample was cut from either side of the 

pressure well from each of the test specimens. This allowed two samples for steady

state permeability measurements per unsteady-state specimen. 

Each of the unsteady-state specimens were split longitudinally with a meat cleaver to 

yield a small sample of wood with its axis as close as possible to the radial direction and 

slightly more than 20 mm wide. The cleft surfaces of each sample were smoothed with 

a very sharp tungsten-tipped saw. Further cuts were made with a very sharp chisel to 

ensure that the cross-cut surfaces of each sample were virtually perpendicular to the 

grain and that the dimensions in the longitudinal and tangential directions were as close 

as possible to 20 mm. Each sample was then cut into smaller specimens approximately 

6 mm in the radial direction. By this procedure specimens were created with their sides 

exactly perpendicular to the radial, tangential and axial directions, irrespective of any 

grain deviation the original boards may have possessed. The dimensions and the weight 

of these final specimens were determined, after which the minor surfaces were covered 

with a very thin, smooth layer of epoxy resin, taking extreme care not to contaminate 

the 20 x 20 mm surfaces. 
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A pressure drop was then applied across the specimen with compressed air and the air 

flowrate measured with one of two glass flowmeters at pressure differentials of 10 kPa 

rising in increments of 10 kPa to 100 kPa for each specimen. Higher pressure 

differentials were not used as it was feared that they would alter or damage the wood 

structure. Fuller details are given by Booker and Evans (1994) . 

The flowmeter, a Triflat 02-F-1/2-12-5 with a sapphire float, was calibrated with air at 

atmospheric pressure. 

5.6 Results 

The unsteady-state experimental runs were simulated using Equations 5.4, 5.6, 5.7, and 

5.8. The unsteady-state conductivity is the constant used to fit the simulation to the 

experimental data and is the ratio of the unsteady-state permeability to the unsteady-state 

porosity. The resultant curves are presented in Figures 5.4, 5.5, and 5.6. No error 

analysis has been attempted. However in all cases the assumption of a single 

conductivity describing the flow-resistance of the entire specimen was sufficient to 

provide good agreement between the simulations and the experimental data. 

Table 5.1 uses the average steady-state permeability to compare the unsteady-state 

conductivity and the steady-state permeability of the three specimens. 

Sample Average steady- state Unsteady-state Ratio of unsteady 
permeability conductivity conductivity to 

steady-state 
(l0-14m2) (lff14m2) permeability 

8Hl/2 8.8 ± 0.8 20 2.3 ± 0.2 

8Hl/1 6.0 ± 0.5 20 3.3 ± 0.3 

8Al/2 2.2 ± 0.6 15 6.8 ± 2 

8Al/1 2.9 ± 0.2 15 5.2 ± 0.4 

2Al/2 19 ± 1 65 2.9 ± 0.2 

2Al/1 12.3 ± 0.8 65 5.3 ± 0.3 

Table 5.1: Comparison of permeabilities measured in the steady and unsteady 
states. 
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Figure 5.6: Experimental and simulation results for sample 

8Hl. 

The results of the steady-state permeability experiment are presented in Table 5.2. Plots 

of flow against pressure drop were completely linear indicating that there was no 

turbulent flow. However, for two of the three specimens (2Al and 8Hl) plots of 

permeability against the reciprocal of the average pressure ("Klinkenberg" plots) had a 

non-zero slope indicating molecular or "slip" flow. An example of such a plot is 

presented as Figure 5. 7. A regression line was fitted to these plots using the regression 

option in EXCEL 4. The t test proved that the slope for these samples was significant in 

all cases at the 0.95 level. However the intercepts (apparent permeability) were not 

statistically significant except for the intercept of sample 2Al/2. No regression analysis 

was carried out on the samples where no molecular flow was apparent (8Al). 

Table 5.2: Results of "Klinkenberg" plots. 
Sample Intercept Slope r.l coefficient 

(10-10 m3 s kg"1) (lff7 m2 s·l) 

8Hl/2 -8 ± 10 7 ± 1 0.902 

8Hl/1 3 ± 5 3.8 ± 0.7 0.904 

2Al/2 -150 ± 0.4 29 ± 5 0.974 

2Al/1 -9.0 ± 0.1 9 ± 1 0.953 
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Figure 5.7: Klinkenberg plot for sample 8Hl. 

The Klinkenberg theory is based on a flow path with a uniform diameter smaller than 

the mean free path length of the gas. It predicts a linear relationship between 

permeability and 1/Pave· In Pinus radiata D. Don, the obstructions causing molecular 

flow might consist of discontinuous deposits of resin partially blocking the resin canals, 

so that the uniform diameter used to derive the Klinkenberg relationship no longer 

holds. Therefore, no attempt has been made to calculate resin canal radii from these 

results. 

5. 7 Discussion 

The average permeability of the two specimens that displayed molecular flow (8Hl and 

2Al) was significantly higher than the permeability of the other specimen at the 0.95 

level of significance (student t tests of 11 and 2.9 respectively) . 

The radial resin canals are approximately 20 to 60 µm in diameter and the axial resin 

canals are about twice that size, while the mean free path length of air is about 0. lµm 

(at 1 atmosphere) so only a partially blocked resin canal could have flow areas 
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sufficiently small to cause molecular flow. Therefore, the samples 2Al and 8Hl must 

have a large number of partially blocked resin canals which can conduct gas. By 

contrast, in sample 8Al (low steady-state permeability) the resin canals must be either 

fully blocked or sufficiently clear so as not to cause molecular flow. 

Steady-state permeability is an inverse measure of the "flow resistance" of the network 

of resin canals. During steady-state measurements, there is no accumulation of gas in 

the specimen. A sample with a higher steady-state permeability (or lower flow 

resistance) compared to another sample must have 

• either more flow paths conducting vapour; 

• or less resistance in the existing flow paths. 

As samples 8Hl and 2Al had higher average permeabilities than sample 8Al, these 

samples must have had more flowpaths that could conduct vapour than does sample 

8Al. Samples 8Hl and 2Al also displayed molecular flow and therefore had a 

significant number of partially blocked resin canals. 

Booker (1990) has developed a model for the impregnation of Pinus radiata D. Don 

that will also apply to unsteady-state vapour flow. It is assumed there are both 

• long-length paths of low resistance along radial and axial resin canals that carry 

the fluid into the boards; 

• and short-length paths of high resistance that carry the fluid from the radial resin 

canals to the tracheids. 

There is a third possibility during impregnation: the existence of short-length paths of 

low resistance within blocked resin canals (Figure 5.2). These "dead-legs" may have a 

significant volume when compared to the volume of the resin canal network. 

For fluid to flow out of one resin canal and then back into another resin canal the fluid 

would have to flow from a resin canal into a ray cell and then into a tracheid via 

damaged half-bordered pits. It would then have to flow along a number of tracheids via 

bordered pits (two-thirds of which are aspirated) and then flow out through another 
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resin canal at a low pressure. If the tracheids are not connected to a resin canal at a 

lower pressure no flow can occur. Under unsteady-state conditions, the tracheids act as 

a sink for fluid. A group of tracheids needs only a single resin canal to behave in this 

way. Consequently the unsteady-state conductivity should be much larger than the 

steady-state permeability. 

Only the mechanism involving the longer length paths of low resistance is active during 

the constant flow under a pressure gradient which takes place in a steady-state 

experiment. On the other hand in the unsteady-state case, when there will be an 

accumulation of vapour within the timber structure, both mechanisms are active. It is 

difficult to comment on the effect that the short, high-resistance flow paths into the 

tracheids will have on the overall resistance to flow. 

Table 5.1 shows that the unsteady-state conductivity was 2.3 to 6.8 times the steady

state permeability. If the steady- and unsteady-state permeabilities were the same, that 

is the resistance to flow were the same for the same sample thickness, Equation 5.5 

would indicate that the unsteady-state porosity was between 0.14 and 0.43. As the resin 

canal network occupies a minor proportion of the volume of the timber a significant 

number of tracheids would have to act as storage elements. The maximum possible 

void space for wood with a density of about 450 kg/m3 is approximately 0.70. 

As partially blocked resin canals have a smaller flow area than fully open resin canals, 

the resistance to flow through the partially blocked resin canals will be larger. A model 

with a single resistance is unlikely to describe the flow accurately if there were 

differences in resistivity throughout the flow network. For samples 2Al and 8Hl (Figs 

5.4 and 5.5) there is a discrepancy between the experimental and simulated results at the 

initial stages of pressure increase. It is suspected that this deviation is caused by the 

presence of partially blocked resin canals with a higher flow resistance. Sample 8Al 

did not show such a discrepancy., This sample had a low unsteady-state permeability, 

indicating that there were only a few partially blocked resin canals which were able to 

conduct vapour in this sample. Any discontinuity or variation in permeability which 
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may have occurred in this sample was too small to be detected by the experimental 

method. 

To estimate the flow area of the resin canals in the specimens, sections from sample 

8Hl were cut and studied under a scanning electron microscope. The axial resin canals 

appeared to be greatly distorted due to the collapse of the epithelial cells and many were 

partially blocked by resinous deposits. The axial resin canal flow areas were measured 

in the unblocked regions and could be approximated to a circular flow region with an 

average diameter of 150 ± 90 µm. 

5.8 Conclusion 

The proposed model correctly predicts the rise of pressure in the centre of a test sample 

of Pinus radiata D. Don on the assumption that the wood has a higher unsteady-state 

conductivity than steady-state permeability. The most likely reason for this apparent 

increase in permeability is that more areas become accessible to flow under unsteady

state conditions. Between 14 % and 43 % of the samples would have to be accessible to 

vapour for the unsteady- and steady-state permeabilities to be the same. 

Two of the three samples tested showed signs of slip or "molecular " flow. These two 

samples also showed the highest unsteady-state permeability and the highest average 

permeability. 
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CHAPTER 

SIX 

THE MODEL OF THE VAPOUR BORON PROCESS 

6.1 Introduction (Process Description) 

When Pinus radiata D. Don is to be treated by the vapour boron timber treatment 

process, the timber is first dried to moisture content of between 3 and 9 % (wt/wt dry 

basis), usually in a high-temperature kiln. The treatment vessel is evacuated and the 

preservative (usually trimethyl borate/methanol azeotrope) is injected onto a hot tray 

(to speed evaporation) inside the vessel. As the preservative evaporates, the pressure 

in the vessel increases, and causes a "pressure-wave" of trimethyl borate and 

methanol to travel through the wood. As this wave permeates the timber the trimethyl 

borate reacts with both water vapour and adsorbed water to produce methanol and 

boric acid (which acts as the preservative) (Equation 1). The final stage of the 

treatment process involves the pulling of a second vacuum to remove the methanol 

produced by the reaction (three moles of methanol are produced for every mole of 

trimethyl borate consumed):-

(CH30)3B<&> + 3H20(g& I) • 3CH30H(g) +H3B03,!, (6.1) 

An alternative view of the vapour boron timber treatment process is to consider the 

timber as a catalyst bed for producing methanol. One of the reactants, water, is 

adsorbed on the catalyst itself and also has a significant vapour pressure within the 

free volume of the catalyst. The other reactant (trimethyl borate) enters the catalyst 

bed and strips the water from the catalyst. One of the products of the reaction is 

deposited on the catalyst (boric acid), the other product (methanol) can be removed 

from the catalyst bed by pulling a second vacuum. 
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6.2 The Model of the Vapour Boron Timber Treatment Process 

In Chapter 5 of this work, it was shown that fluid movement in dry Pinus radiata D. 

Don can be modelled essentially by a one-dimensional model. Therefore, the model 

of the vapour boron treatment process needs only be one-dimensional as well. 

The continuity equation describes mass conservation in a control volume; it was used 

as the basis for the unsteady-state permeability model (Chapter 5), and it will be used 

again here to describe mass conservation during the treatment process. The continuity 

equation for a multicomponent system with flow by both diffusive and permeative 

mechanisms can be written (Bird et al., 1960; Taylor and Krishna, 1993): 

(6.2) 

where 

Pi = mass concentration of ith species (kg m-3). 

t = time (s). 

u = mass average velocity (m s-1). 

ji = mass fluxes of the ith species relative to mass average velocity (kg 

-1 -2) s m . 

ri = mass rate of production of the ith species (kg s-1 m-3). 

In Equation 6.2 the first term on the right hand side (piu + ji) describes the movement 

of the individual gas species. This term can be broken into two parts: the bulk 

movement of the gas (the piu term), and the movement of the individual species 

relative to the bulk movement of the gas ( or the diffusive term). 

The mass average velocity can be given by: 

where 

n 

u=Iroiui 
i=l 

(6.3) 
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mi = mass fraction of ith species (kg kg ·1). 

ui = velocity of ith species (m s·1). 

Therefore, the bulk flow term is the average of the mass fluxes of the individual gas 

species. 

The diffusive term represents the deviation from the average flowrate of an individual 

species (Equation 6.4). The driving forces for diffusive flows are the differences in 

the individual partial pressures. 

(6.4) 

In the vapour boron treatment process, the bulk flow of the gas mixture will be due to 

the total pressure drop (or the sum of the individual partial pressure drops). This type 

of flow is referred to as permeation. From the work of Bergervoet et al. (1994), the 

pressure in the centre of a quarter-sawn 100 x 50 mm piece of high-temperature Pinus 

radiata D .. Don will be very similar to the external pressure under typical treatment 

conditions (vacuum pulled, total pressure increase etc.) within 1 to 10 seconds. In 

contrast, diffusion (of gases) is a much slower process in Pinus radiata D. Don. 

Therefore, as the hydrolysis of trimethyl borate is fast (section 3.2 of this work), the 

diffusive flux will probably be insignificant compared to the permeative flux. Two 

models of the vapour boron process were developed: the first (section 6.2.1) ignores 

the possibility of diffusive flux; the second model (section 6.2.2) investigates 

modelling the secondary effect of the diffusive flux. 

6.2.1 Model Development without Diffusion 

If the diffusive flux is insignificant compared to the permeative flux, the continuity 

equation (Equation 6.2) can be rewritten: 

ap. 
- 1 =-'vp.u+r, at I I 

(6.5) 
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Booker and Evans (1994) and Allen· et al. (1993) adopted the approach of many 

earlier workers in applying Darcy's law to model the steady and unsteady-state flow 

of a gas through wood (in one dimension), where the pressure gradient is significant: 

Kap 
U=---

µ ax (6.6) 

where 

µ = viscosity (Pas). 

K = specific permeability (m2). 

p = pressure (Pa). 

Comstock (1967) has shown that the specific permeability K (m2) of many timbers is 

only a function of the size and number of flow paths, and is independent of the 

viscosity of the fluid used. Permeability k (m3 s1 kf1) is related to specific 

permeability K (m2) by the expression (Siau, 1971):-

b.1. (k) specific permeability (K) permea 1 1ty = ---'---------
dynamic viscosity (µ) 

(6.7) 

Viscosity is a measure of the resistance of two layers in a fluid to sliding across each 

other (Massey, 1983). As molecules in the gas mixture move and collide, they 

transfer momentum or energy. It is this phenomenon which leads to viscosity, and 

because of this viscosity is a property of the bulk fluid rather than the individual 

components in that fluid (Reid et al., 1988). 

Consequently, when modelling the flow of a multicomponent fluid the viscosity of the 

mixture, and not the individual viscosities should be used. (The viscosity of the 

trimethyl borate / methanol / water vapour / air system is discussed in section 2.3 of 

this work). 

The mass average velocity of a multicomponent mixture in timber can therefore be 

modelled by: 



Chapter 6: Model Development 6.5 

n 

I opi 
u = -k ~i=~1--

m ax (6.8) 

where 

km permeability of wood to a multicomponent mixture (m3 s kt1). 

Pi partial pressure of component i (Pa). 

There are four gas phase components of interest in the vapour boron process: 

trimethyl borate, methanol, air, and water vapour (referred to by the subscripts 1 to 4 

respectively throughout this work). Instead of using a single continuity equation to 

describe mass conservation of all of the species, it is more appropriate to write a 

continuity equation for each component. At this stage any diffusional mass transfer is 

neglected, as it is assumed that diffusional processes are much slower than pressure

driven flow (section 6.2.2 deals with possibility of both permeative and diffusive 

fluxes). The four continuity equations that form the basis of the vapour boron timber 

treatment model are: 

(6.9) 

(6.10) 

(6.11) 

(6.12) 

where 

p101 = the sum of the partial pressures (Pa). 

Kgas = gas phase reaction rate constant (m3 kt1 f 1). 

Kad = adsorbed phase reaction rate (m3 kt1 s-1). 

and the subscripts refer to the species 

1 = trimethyl borate. 

2 = methanol. 
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3 = air. 

4 = water vapour. 

(These subscripts are used throughout this work) 

Since there are two separate reaction processes, the accumulation/depletion terms 

have been written in two parts: an adsorbed-phase reaction rate and a gas-phase 

reaction rate. A reaction between trimethyl borate and adsorbed water is probable, as 

there is not enough water vapour present for all the trimethyl borate to react. The 

gas-phase reaction rate depends on both the water vapour concentration and the 

trimethyl borate partial pressure. It is not clear whether this reaction involves the 

water being desorbed with subsequent gas phase reaction, or adsorption of trimethyl 

borate with subsequent reaction with adsorbed water, or even whether there is a 

reaction between trimethyl borate and hydroxyl groups from for example the 

hemicellulose components. 

As the boric acid retentions are low (of the order of 0.1 % wt/wt) the adsorbed water 

will be present in vast excess, only the trimethyl borate concentration will affect the 

reaction rate. Any reaction with adsorbed water will, obviously, not affect the water 

concentration, and thus this quantity does not appear in Equation 6.12. 

These equations are written in terms of the partial pressure of species i (p) and the 

mass concentration (pi) of the ith species. These parameters are related through the 

Perfect Gas law: 

. (RT) 
pl= Mi Pi (6.13) 

where 

Mi = molar mass of species i (kg mor1). 

R = Gas constant (J K 1 mor1). 

T = temperature (K). 
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The gas-phase reaction rate constant has been experimentally measured in terms of 

drop in partial pressure, and therefore the conversion of the accumulation/depletion 

terms to partial pressure units is straight forward. The four equations to solve 

become: 

(6.14) 

(6.15) 

(6.16) 

(6.17) 

It should be noted that km (the permeability of the timber to a multicomponent 

mixture) is a function of the partial pressures of all the gas species present. 

These equations form a family of coupled non-linear partial differential equations. 

Chapter 7 deals with the methods chosen to solve these equations. 

6.2.2 Model Development with Diffusion 

If the diffusive flux is significant compared to the permeative flux, a continuity 

equation including diffusion flux has to be used (Equation 6.2). There are four gas 

phase components of interest in the vapour boron process, trimethyl borate, methanol, 

air, and water vapour, and therefore, four diffusive fluxes. Including the diffusive 

fluxes in the vapour boron model changes Equations 6.14 - 6.17 to: 

(6.18) 

(6.19) 

(6.20) 

(6.21) 
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where 

ji = diffusive flux of the ith species (kg s-1 m-2). 

To calculate the diffusive flux for each species in a quaternary mixture is an overly 

difficult problem, as the diffusivities in a quaternary mixture are complex functions of 

mass fractions (Krishna and Taylor, 1993). Therefore, it is necessary that the 

diffusive flux be solved for a pseudo-binary system with the two species being A 

(trimethyl borate) and B (methanol, air and water). This grouping was chosen as the 

molecular masses of methanol, air, and water are significantly lower than the 

molecular mass of trimethyl borate (diffusion coefficients are strongly related to 

molecular mass). This approach pseudo-binary is similar to the use of "key" binary 

groupings to model multicomponent distillation. 

There is another obvious grouping, that of A (trimethyl borate and methanol) and B 

(air and water). The trimethyl borate and methanol permeate through the wood 

matrix as a wave. Diffusion is more likely to occur across this wave front (where the 

mass fraction differences are highest) than within the two zones either side of the 

wave (where mass fractions are relatively constant), corresponding to the areas where 

there is no water and air, and areas where there is no trimethyl borate and methanol. 

Both groupings will be tested to check whether the diffusive fluxes are significant. 

With the first grouping, the diffusion flux of A in a binary A-B mixture can be 

written: 

(6.22) 

where 

PT density (kg m-3). 

DAB diffusivity of trimethyl borate in a methanol, air and water mixture (m2 

-1) s . 

COA mass fraction of trimethyl borate (kg kf1). 
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Equations 6.18 - 6.21 can therefore be rewritten to include binary diffusion (and 

converted to partial pressure instead of partial density) instead of quartenary diffusion 

(note the conversion from concentrations Pi to partial pressures p): 

(6.23) 

(6.24) 

(6.25) 

(6.26) 

where 

mi = mass of species i divided by mass of methanol, air, and water (kg 

6.3 Derivation of Boundary Conditions 

If it is assumed that the resistance to flow in the treatment vessel is many times 

greater than the resistance of the timber, then the pressure at the leading edges of the 

timber is equal to the pressure in the treatment vessel. The change in pressure in the 

vessel will have two components: 

rate of e'vaporation of preservative 

= + rate of flow of gas into timber 8I>vessel 

at 
(6.27) 

+ effect of reaction within vessel 

The rate of evaporation of preservative can be calculated from the specific heat and 

the latent heat of vaporisation of the trimethyl borate / methanol azeotrope, and the 

amount of heat input from the hot tray (see Section 6.1). However, for the purposes 

of modelling the treatment process this relationship can be simply represented as: 

api = f(t) 
at 

(6 .28) 
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. . . pressure profile 
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Vessel Wood 

Figure 6.1: Pressure profile at boundary. 

This would indicate that as the trimethyl borate / methanol azeotrope is approximately 

equimolar the rate of evaporation of trimethyl borate and methanol are equal. 

The flowrate of gas across the edge of the timber can be estimated from the pressure 

profile between the first and second nodes. This is only an estimation of flowrate as the 

driving force for the flow of gas into the timber is actually the pressure difference 

between the vessel and the leading edge of the timber (Figure 6.1). 

The flowrate of gas across the leading edge can be calculated again using Darcy's law 

and the perfect gas equation: 

u = -k aP101 
m ax (6.30) 

As the gas only permeates through the radial surfaces of the timber, the volumetric 

flowrate of an individual species can be calculated from the radial surface area of the 

timher and the mole fraction of the species of interest: 

Q. = -y.Ak: aP101 
I I In ax (6.31) 
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The flowrate of gas across the leading edge can be calculated again using Darcy's law 

and the perfect gas equation: 

u = -k optot 
m ax (6.30) 

As the gas only permeates through the radial surfaces of the timber, the volumetric 

flowrate of an individual species can be calculated from the radial surface area of the 

timber and the mole fraction of the species of interest: 

Q. = -y.Ak opto1 
I l ffi ax (6.31) 

where 

Yi = mole fraction of the ith species (mole mole-\ 

Q = volumetric flowrate (m3 s-1). 

A = radial surface area of timber (m2). 

By multiplying Equation 6.31 by the concentration of the ith species (pi) and again 

applying the Perfect Gas equation, it is possible to predict the rate of change in 

pressure in the treatment vessel: 

Bpi = _ Pi y.Ak: op101 
at yt max (6.32) 

where 

V = un-utilised volume of treatment vessel (volume- volume wood) (m\ 

The reaction rate at the boundary can be estimated in the same way as the reaction 

rate throughout the body of the timber matrix (Equations 6 .14 - 6 .17), except that the 

pressure change due to reaction at the edge of the timber must be scaled by the ratio 

of the volume of the first node (mesh size multiplied by the radial surface area) to the 

volume of the treatment vessel. 



6.12 Chapter 6: Model Development 

As there must be some moisture vapour in the vessel prior to the treatment process, 

there must be some hydrolysis of trimethyl borate in the treatment vessel itself. This 

can easily by accounted for using the reaction rate equations determined in Chapter 3. 
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CHAPTER 

SEVEN 

THE NUMERICAL SOLUTION TO THE MODEL 

7 .1 The Method of Lines 

The series of equations set out in Chapter 6 form a family of coupled parabolic partial 

differential equations (PDE). As there is no obvious analytical solution to these 

equations, a numerical solution is required. The numerical method chosen was the 

"Method of Lines" (MOL) (Hyman, 1977) or semi-discretisation in the spatial 

dimension (figure 7 .1). The resultant family of ordinary differential equations have to 

be solved using an ordinary differential equation (ODE) solver.' It can be shown that 

this family of differential equations is usually stiff, and that the degree of stiffness 

increases with decreasing mesh size (Hyman, 1977), and therefore, it will take longer 

for the solver to converge to a solution. Consequently, it is never appropriate to 

increase the accuracy of a solution solely by increasing the number of nodes in the 

spatial dimension. 

i 
.. .. ~l •l •l 1 

' ! 
I • ' • I 
' i 

i i • ' ' 
spatial mesh • 

Solve for every mesh point at a particular time, and then step in time 

Figure 7.1: The method of lines (MOL). 
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Two different methods for solving the equations developed in Chapter 6 were tried: 

the National Algorithms Group (NAG) partial differential equation (PDE) solver 

DO3PGF, which uses the Gear method (Gear, 1971), and DVODE (Brown et al., 

1989), an ordinary differential equation (ODE) solver which utilises a variable

coefficient Adams-Moulton multi-step method (based on the earlier EPISODE and 

EPISODEB codes) (Brown et al., 1989). 

7 .2 The NAG partial differential equation solver D03PGF. 

The NAG subroutine was tried initially as it appeared to provided an easy and 

relatively quick method of solving partial differential equations. It also has the 

reputation of being very stable and efficient (Sneyd, 1995). DO3PGF uses the 

method of lines and the Gear method (Gear, 1971) to solve a series of partial 

differential equations. This approach has been used several times in the past, with the 

Hindmarsh implementations GEAR (Hindmarsh, 1972) and GEARB (Hindmarsh, 

1973) proving very robust and successful (Carver, 1976) for solving smoothly stiff 

partial differential equations. 

The spatial discretisation is accomplished by using the finite-difference equations 

presented by Sincovec and Madsen (1975). The discretisation approach is the 

equivalent to a three-point, central difference method. The resultant equations form a 

family of coupled equations involving (in this case) the partial pressures of the gas 

phase species plt) at the mesh points. 

7.2.1 A Brief Explanation of the Gear method (Hyman 1977) 

Let us consider the PDE: 

oy 
- = f(t,y), y(0) = Yo at (7 .1) 

The Gear method approximates the following identity for y(tn+i), where the subscript 

refers to the time step and not the spatial node, to solve the PDE (Equation 6.1): 
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ln+I 

y(tn+t) = y(tn) + f f(s,y(s)) ds (7 .2) 
t,. 

The integral is approximated by interpolating the function f with a polynomial 

determined by a Taylor series expansion, the values of the function f, and y from the 

immediate past. 

For a method of order p this results in an equation of the form: 

where 

p- 1 

Y n+I = Iaiy n-i + hb_ifn-1 
i~o 

(7.3) 

The solution of this equation involves the inversion of the Jacobian matrix, and in a 

large system ODEs (such as in the problem considered in this thesis) this becomes 

both an expensive (in memory) and time-consuming operation. It should be noted that 

the Jacobian matrix is itself approximated by finite differences, which may lead to 

compounding of errors in some cases. 

7 .2.2 Implementation of NAG subroutine 

A FORTRAN program, called REACTPRO.FOR (Appendix 1), was written to test 

the ability of the NAG subroutine DO3PGF to solve the model equations of the 

vapour boron process as described in Chapter 6. For the purposes of testing, the 

program had a slight simplification in that the boundary conditions were simplified to: 

At x = 0 and x = L 

p(l) 20,000 

p(2) 20,000 
(7.4) = 

p(3) 5,000 

p(4) 2,000 

where 
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p(l) = partial pressure of trimethyl borate (Pa). 

p(2) = partial pressure of methanol (Pa). 

p(3) = partial pressure of air (Pa). 

p(4) = partial pressure of water vapour (Pa). 

These boundary conditions did not allow for any variation in pressure in the treatment 

vessel. This would be true if the treatment vessel was considered as having an 

infinite volume, or if the flow into the timber was considered insignificant. 

The test problem modelled a quarter-sawn 100 x 50 mm (a radial flowpath of 50 mm 

into the center of the block), block of high temperature dried Pinus radiata D. Don. 

The total pressure ( of 45 kPa) in the vessel was chosen to be typical of pressures used 

in trials carried out at the New Zealand Forest Research Institute Ltd (Nasheri and 

Laytner, 1994). 

The permeabilities k (m3 s1 kf1) used in testing the program were based on the 

specific permeability K (m2) of high temperature dried Pinus radiata D. Don of 1 x 

10-13 m2 (Booker and Evans 1994) and the viscosities of the individual gas species 

present have been calculated in Section 2 .3. The viscosity of the gas mixture was 

calculated at each node using the method previously discussed in Chapter 2 (method 

of Wilke). 

A reaction rate constant of 6.8 x 10-1 (s-1) was used for the reaction between trimethyl 

borate and the adsorbed water . The partial pressures of the individual gas phase 

components were scaled from pascals to bar, with appropriate scaling of the other 

variables to make all the numbers stored and manipulated approximately the same 

order. This should improve the accuracy of the solution and speed convergence. 

REACTPRO.FOR was run on the University of Canterbury 's DEC-7610 computer 

(CantVA), this computer has recently been upgraded to DEC's Alpha (AXP) 

architecture. With 100 nodes in the spatial dimension, the program ran for 
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approximately 20 minutes before the NAG subroutine returned the implementation 

failure message "IF AIL= 1", indicating that the family of ordinary differential 

equations were "ill-behaved" (National Algorithms Group, 1991). The simulation 

had reached about 2 seconds in real time at this stage, and the pressure profiles of the 

four permeating species were very oscillatory. 

Figure 7 .2 is a plot of the pressure profiles after one second, which clearly shows the 

onset of this oscillatory behaviour (100 nodes in the spatial dimension were used in 

this particular solution). 

0.3 
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~ 0.2 
e 
~ 
[ 0.15 

0.1 

0.05 

0 10 

oscillations in pressure profiles 

--+- trimethyl borate 
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20 30 40 50 

distance into wood (mm) 

Figure 7.2: NAG routine D03PGF solution to model after one 

second. 

A great deal of effort was expended in trying to get the NAG subroutine to produce 

non-oscillatory and feasible pressure profiles. However, differences in node spacing, 

scaling the variables, and adjusting the error tolerances had little or no effect on the 

accurate convergence of the subroutine. The only way to produce relatively stable 

profiles was to use different permeabilities for each species. This approach was, 

however, seen as unrealistic of the physical situation as the gas is considered to 

behave as a continuum as far as viscosity is concerned (the point has investigated in 

section 6.2) . 



7. 6 Chapter 7: Numerical solution 

It was therefore concluded that the subroutine was unable to provide a realistic 

solution to the family of partial differential equations which form the model of the 

vapour boron process. 

7 .3 The Ordinary Differential Equation Solver DVODE 

Brown et al. (1989) reported that Gear's method was unable to cope with certain 

chemical kinetics problems that had sharp and frequent time variations in the 

coefficient functions and solutions. As a result the codes, VODE and more recently 

DVODE, were written to deal more effectively with problems which have frequent 

and/or wide changes in (time) stepsize. 

The development of DVODE can be traced from the initial writing of a program 

called EPISODE in .the mid 1970's (see Bryrne and Hindmarsh, 1975) to solve 

difficult kinetics problems. DVODE solves ordinary differential equations and, 

therefore, the partial differential equations must be semi-discretised in the spatial 

dimension before the subroutine can be used. This could be considered to be a 

difficulty but, as noted later, it is therefore possible to change the differencing scheme 

used. 

7.3.1 Brief Explanation of the Adams-Moulton method (Hyman, 1977) 

Again let us consider the PDE: 

oy 
- = f(t, y), y(O) = Yo 
at 

(7.5) 

Again, an approximation to Equation 6.5 is used in the solution of the PDE. 

However in the Adams-Moulton method the following equation is used as the 

predictor: 

where again 

p-2 

Yn+I = aoYn-i + h I b_/n-i 
i=-1 

(7.6) 
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and the subscripts refer to the time step rather than the spatial node. 

If Equations 7.3 and 7.6 are compared, it can be seem that the major difference 

between the Adams-Moulton and the Gear methods is that the former method uses the 

past history of the function f, whereas, the latter uses the past history of y. It is 

assumed that, by using the past history of the function rather than the dependent 

variable y, the Adams-Moulton transient and/or sudden variances in y do not affect 

the convergence of the method as much. 

7.3.2 The Implementation of DVODE 

Before the ordinary differential equation solver DVODE could be used the partial 

differential equations that form the model had to be discretised into a family of 

ordinary differential equations. The three-point finite central difference approach of 

Sincovec and Madsen (1975) was used: 

j_(D .(t X _)opj) = _!_[Dn+_½(ut1 - ufJ- Dn-J(uf - ur1J] ax k,J ' ,p ax h k,J h k.J h (7.7) 

where (in this case) 

Dk,j = Pk 

n n 
Uj = Ptot 

h = mesh spacing (m). 

The four partial differential equations can therefore be discretised to a family of 

ordinary differential equations using central difference methods: 

d n k [ [ n+l n ] [ n n-1 ]] :ti = ; &t½] P101 : P101 _ &t½] P101 ~ P101 _ rgasP~P~ _ radP~ (7.8) 

d n k [ [ n+l n ] [ n II-I ]] :t = ~1 &t½] P101 ~ P101 -&t½] P101 ~ P1ot + 3rgasP~P~ + 3radP~ (7.9) 

d n k [ [ n+l II ] [ n n-1 ]] :: = ; &t½] P101 ~ P101 _ &r½] P1a1 ~ P101 (7.10) 

d n k [ [ n+l II ] [ n n-1 ]] :t = ; &t½] P1ot ~ P1ot "- &t½] P101 ~ P101 _ 3rgasP~P~ (7.11) 
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A FORTRAN program called TMBODE.FOR (Appendix A) was written to 

implement this procedure for solving the differential equations. The test problem was 

exactly the same as that used to test the NAG subroutine. A copy of DVODE (on 

disk) is included as Appendix D. 

The equations developed to describe the boundary conditions derived in Chapter 6 

were also tested to see if the solution was feasible (i.e. non-oscillitory), however, the 

results were very similar to the results for the constant boundary conditions. For the 

sake of comparison the results for the boundary conditions described by Equation 7.4 

above are presented in Figure 7. 3. The results from both sets of boundary conditions 

were similarly oscillatory in nature. 

As can be seen in figure 7. 3 the results again show oscillatory pressure profiles, the 

oscillations appear more pronounced than those seen in the NAG solution. The 

program ran for approximately 5 minutes as a batch process on CantV A, before the 

time step became too small, and the program stopped running. At this stage the 

program had integrated to about 1.3 seconds in real time. 

Again much effort was expended to try and solve these equations: varying the node 

spacing, local accuracy, order of the method (Equation 7 .6), scaling of variables, and 

changing the boundary conditions were all tried. However, none of these methods 

succeeded in improving the solution. 
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Figure 7.3: The DVODE central difference solution to the 

model at 0.8 seconds. 

The DVODE solution shown in Figure 7.3 employs 50 nodes across the test 

specimen, whereas the solution shown for the NAG subroutine employs 100 nodes. 

The effect of increasing the mesh spacing (decreasing the number of mesh points) 

would be to decrease the stiffness (which could be reflected in a decrease in 

implementation time) and also to decrease the local accuracy. However, the problem 

with the solutions (oscillations) does not appear to be one of accuracy. The solvers 

(both DO3PGF and DVODE) converge to a solution that does not appear to be 

physically feasible as the oscillations do not seem to be representative of any physical 

phenomenon. In other words, the solution does not appear to be consistent with the 

original differential equations. 

One method of increasing the local accuracy, whilst maintaining the same number of 

nodes, is the use of a higher-order difference formula. Equations 6.23 -6.26 can be 

rewritten: 
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op I = k [ op I ap IOI + p a2 p IOI ]- r p p _ r p at m ax ax I ax 2 gas I 4 ad I 
(7 .12) 

op2 = k [op2 oplol +p a2P101]+3r pp +3r p at m ax ax 2 ax 2 gas I 4 ad I 
(7.13) 

apJ = k [ap3 ap,o, + a2 P,o,] 
at m ax ax p J ax 2 

(7.14) 

op4 = k [op4 op101 + P a2P101 ]- 3r PP 
ot m ax ax 4 ax 2 gas I 4 

(7 .15) 

The five-point, central difference approximations to the first- and second-order 

derivatives can be written (McCormick and Salvadori, 1964): 

dp. = Pn-2 -8Pn-l + 8pn+l - Pn+2 
dx 12h 

(7.16) 

d2p. _ -Pn-2 + 16Pn-l - 30pn + 16Pn+l - Pn+2 
dx2 - 12h2 (7.17) 

where 

h = node spacing (m) '. 

Pn = pressure at node n (Pa). 

One problem in using a five-point approximation method is in approximating the 

second node (node 1), and the second to last node, (node n-1). To do this information 

is needed on nodes -1, 0, 1, 2, 3. However, node -1 does not exist, nor does node 

n + 1. The "missing" nodes were approximated using cubic extrapolation (Hyman, 

1977): 

Pn-2 = 4Pn-l - 6pn + 4Pn+l - Pn+2 (18) 

Using a five-point central difference approximation method did reduce the oscillations 

in the solution but did not provide entirely consistent solutions. 

Smoothing of both the time derivative terms and the partial pressure was also 

attempted. The smoothing of the partial pressure was achieved by making the partial 

pressure at node n equal to the average of the partial pressures at nodes n-1, n, n + 1. 

Smoothing of the opi/ at terms was carried out in a similar way. This smoothing was 

unsuccessful in reducing the oscillatory behaviour. 



Chapter 7 : Numerical solution 7. l l 

7.4 Spurious Wave Formation in the Solution of Hyperbolic Differential 

Equations. 

One principal assumption has been made in choosing the method in attempting to 

solve the model: that is that the equations are parabolic. However on re-examining 

Equations 7.12-7.15, it can be shown that, if the partial pressure of a particular 

species (p) was zero, the second-order terms in that equation would tend to zero also. 

The equation would then become a first-order, partial differential equation which 

might behave very similarly to a hyperbolic equation. 

Carver (1976) has reported that the probability of getting "good solutions" of 

hyperbolic equations using symmetrical difference formulae is low. The same author 

presented a number of plots which show the solution of a simple hyperbolic equation 

using a variety of central difference methods. These plots show very similar 

oscillations to those obtained from the two methods tried so far (D03PGF and central 

differences with DVODE). These oscillations were due to a wave propagating in the 

backwards, as well as in the forwards direction, which are a result of the differencing 

scheme used. 

Carver found that a backwards difference formulae completely removed the 

oscillations in the solution. Higher order, central difference methods improved the 

quality of the solution, and that adding an artificial second "dissipative" term (Lax

Wendroff method) provided the most accurate solution to the hyperbolic equation 

tested. 

Vichnevertsky and Tomalesky (1971) have shown that the first-order, central

difference approximation to the first order hyperbolic equation (Equation 7 .19) to be 

consistent with the solution of the wave equation (Equation 7. 20) . 

du +c du= 0 
dx dx 

(7 .19) 
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d2u 2 d2u 
- - c -=0 
dx2 dx 2 

(7.20) 

From these results it is obvious that the partial differential equations that model the 

vapour boron timber treatment process might behave like hyperbolic differential 

equations when one or more of the partial pressures of the permeating species tend to 

zero. Therefore, the exclusive use of central difference approximations to these 

equation would be unsuccessful in achieving a consistent solution. 

Vreugdenhil and Koren (1993) report that many numerical methods produce a small 

oscillation in the pressure profile when used to solve permeation (sometimes called 

advection) and diffusion problems. They also state that these oscillations are 

inconsistent with the physical situation. Many attempts have been made to construct 

numerical schemes which do not produce these oscillations, the most successful have 

usually employed some type of backwards (or upwind) differencing. 

7.4.1 An Improved Solution of the Vapour Boron Treatment Model. 

A central difference approximation to a parabolic differential equation will generally 

be more accurate than either a backwards or a forwards approximation (Smith, 1974). 

It was, therefore, decided to try a combination of a central-difference approximation 

solution to the second-order term, and a forwards-difference approximation to the 

first-order term. Both approximations were first-order: 

dp n Pn - Pn-1 -=---
dx h 

(7.21) 

d2 Pn Pn+l - 2pn + Pn-1 
dx2 = h2 

(7.22) 

This differencing scheme was implemented in a FORTRAN program, 

TMBBAC.FOR. Figure 7.4 shows the resultant pressure profiles for a solution with 

constant boundary conditions (Equation 7.4), purely for comparison purposes with 

Figures 7 .2 and 7.3 . 
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Figure 7 .4: DVODE solution with a combination of central 

and backwards differencing after 0.8 seconds. 

Although, there appears to be some oscillation in the above profiles, the oscillations 

are a result of the inappropriate boundary conditions rather than any spurious wave 

formation. The overall profiles are much smoother than those to be seen in figures 

7.2 and 7.3, especially in the wave front region. 

The best way of demonstrating that the solutions provided by the above differencing 

scheme are consistent with the real solution of the partial differential equations is by 

comparing the solutions for different nodes. If the differencing scheme were not 

consistent then the solution to the partial differential equations would be dependent on 

the node spacing. Figure 7. 5 shows the pressure profiles produced by 

TMBPAC.FOR with 20 and 50 nodes. 
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Figure 7.5: Consistent solution to model using backwards and central 

difference approximations after 0.8 seconds. 

7 .5 Conclusion 

The partial differential equations which model the vapour boron process can be solved 

using the Method of Lines and the DVODE implementation of the Adams-Moulton 

method, if a combination of backwards and central differencing is used to discretize 

the partial differential equations. 

Although the partial differential equations appear to be parabolic in nature, when one 

of the partial pressures (p) tends to zero due to depletion by reaction or for some 

other reason, the equation describing the flow of that particular species behaves in 

very similar way to a hyperbolic equation. 

Hyperbolic equations are difficult to solve using a central difference approximation 

and therefore those routines (such as NAG subroutine D03PGF) which use a central 

difference approximation, will not be able to provide a consistent solution to the 

model. 



Chapter 7: Numerical solution 7 .15 

However, by approximating the differential equations which form the model by a 

family of ordinary differential equations using both central and backwards 

differencing a consistent solution was obtained. 
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CHAPTER 

EIGHT 

EXPERIMENTAL VERIFICATION OF MODEL 

8.1 Introduction 

This chapter reports the results of the experimental work necessary to verify the 

model described in Chapter 6. The next chapter (Chapter 9) reports the simulations 

of the experimental runs. Most of the previous experimental work (carried out by the 

New Zealand Forest Research Institute) has been commercially driven: consequently, 

the results had been presented only in terms of boric acid concentration in the central 

core and the outer regions of the treated timber to meet the New Zealand Timber 

Preservation Council requirements . These results are unsuitable to measure the 

accuracy of the model. 

Therefore, a series of experimental treatments had to be carried out to verify the 

ability of model developed in Chapter 6 to predict reliably the results of a vapour 

boron timber treatment. 

The model developed in Chapter 6 predicts a concentration profile of boric acid 

across the radial cross-section of the timber. The shape of this profile depends on the 

reaction rate between the adsorbed water and trimethyl borate (Section 3.3) ; the faster 

the reaction the steeper the concentration profile. Therefore, to verify the accuracy of 

the model , it is necessary to measure the boric acid concentration at a number points 

across the radial cross-section of the timber. 

The timber used in this study was 100 mm x 50 mm flat-sawn board of high

temperature dried Pinus radiata D. Don. The samples were cut after treatment into 
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thin radial samples, as shown in Figure 8.1 to determine the boric acid retention 

profile. 

• 
• 

Figure 8.1: Diagram of sample slicing procedure. 

8.2 Experimental Design. 

Initial simulations of the vapour boron timber treatment process and examination of 

the experimental work carried out by the New Zealand Forest Research Institute 

(especially Nasheri and Laytner, 1994) indicated that the experimental work should be 

concerned with three distinct variables. They were: 

• moisture content; the moisture content of the wood has always been found to 

determine the effectiveness of the treatment process. 

• vessel occupancy; this influences the total press~re rise in the vessel and 

consequently the velocity of the gas into the timber. 

• rate of vaporisation of the treatment chemical ; this also influences the total 

pressure rise in the vessel. 
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Table 8.1 lists the trials that were undertaken. In all cases 20 ml of trimethyl borate / 

methanol azeotrope were injected into the vessel, the initial vacuum was 10 kPa, and 

the water bath temperature was between 55 °C and 65 °C. 

trial 3 % me I 6 % me I 9 % me 
1 fast vaporisation, low vessel occupancy 
2 repeat of 1 
3 repeat of 1 
4 repeat of 1 
5 high occupancy, fast evaporation 
6 repeat of 5 
7 repeat of 5 
8 repeat of 5 
9 low occupancy, slow vaporisation 
10 repeat of 9 

Table 8.1: Experimental design. 

A critical moisture content in the vapour boron treatment process appears to be about 

6 to 7 % (wt/wt dry basis). At moisture contents below this the penetration of boric 

acid is much better than above (Nasheri and Laytner, 1994). Three levels of moisture 

content were chosen for the trials 3 % , 6 % , and 9 % (wt/wt oven dry basis). 

Fifteen 2.4 m lengths of 100 mm x 50 mm Pinus radiata D. Don were selected at the 

Waipa Mill in Rotorua. These longer lengths were then cut into shorter 600 mm 

lengths. Three end-matched specimens were then dried to the different required 

moisture contents in the small-scale, high-temperature kilns at the New Zealand 

Forest Research Institute at Rotorua. Therefore, each of the longer lengths yielded 

three 600 mm samples, which were then dried to moisture contents 3 % , 6 % , and 9 

% respectively. 

The volume of the treatment vessel used in this study was 16.6 litres and the volume 

of a single 600 mm length of 100 mm x 50 mm timber is 3 litres. Therefore, the 

occupancy of the treatment vessel with only one piece of timber was approximately 18 

% . This was the occupancy used for the low-occupancy trials. Polypropylene rods 

and insert were used to increase the occupancy of the vessel to about 25 % in the 

higher-occupancy trials (an increase in occupancy of 40 %). 
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Thermocouples 

strain gauge wires 

--~--- spring steel with strain 
gauges either side 

Figure 8.2: Treatment rig central flange. 

The fast vaporisation trials were carried out by injecting the treatment chemicals onto 

a hot plate. For the slow vaporisation trials the hot plate was switched off. 

8.3 Experimental Apparatus. 

8.3.1 Treatment Rig. 

The treatment rig used for the treatments had a central section consisting of two 150 

0 x 300 mm QVF pipeline sections, with a 150 0 to 50 0 QVF reducer on one end 

and a 150 0 to 40 0 QVF reducer on the other end of the central section. A stainless 

steel flange (Figure 8.2), through which two thermocouples and the wires for two 

strain gauges were passed, was positioned between the two pipeline sections. The 

two strain gauges were attached to either side of a 10 mm x 60 mm x 2 mm piece of 

spring steel. The purpose for this was to weigh the timber specimen during the 
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treatment process by suspending the specimen from the steel and measuring the 

change in deflection of the spring steel. 

A second stainless steel flange was placed between one of the pipeline sections and 

the 150 0 to 50 0 reducer. This flange supported a hot plate, which had an element 

capable of producing approximately 30 W of heat, and onto which the treatment 

chemical was injected (via a hypodermic needle through the flange). 

The 150 0 to 50 0 reducer was sealed with a rubber cork and silicon sealant. The 

150 0 to 40 0 reducer was sealed with a rubber cork through which a 10 mm 0 

stainless steel tube was placed. This tube was connected to the Department's in-house 

vacuum system, into which was introduced a pressure tapping for a pressure 

transducer. There was also a tapping for a mercury-in-glass monometer, but this was 

sealed as the trimethyl borate / methanol azeotrope could have distilled over into the 

monometer tubing. Figures 8.3 and 8.4 show the experimental treatment rig. 

The treatment vessel was heated in a water bath which had three 2 kW heating 

elements before and during the treatment process. The temperature of the water bath 

was controlled to within 5 °C. The elements also had an over-temperature cut-out 

safety switch which operated at 109 °C. 

The pressure in the treatment vessel, two temperatures within the vessel, and the 

voltage from the strain gauges were measured and data-logged onto an AT IBM clone 

computer via an Advantech PCL-DAS multiplexer and analogue-to-digital converter. 

The data logging program (called TMBDAT.BAS) written in QBASIC can be found 

in Appendix A. 

Unfortunately it was found that there was too much noise in the signal from the strain 

gauges to obtain meaningful measurement of the small weight increase and, therefore, 

this measurement is not reported. 
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Figure 8.3: Experimental treatment rig. 

Figure 8.4: Experimental rig showing hot plate 

used for evaporation of preservative. 
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8.3.2 Extraction and Determination of Boric Acid Content. 

Boric acid is a weak monoprotic acid and so direct titration with a standard alkali 

solution (sodium hydroxide solution for example) is not possible. However, the 

addition of certain organic compounds, such as glucose or mannitol, to boric acid 

solutions releases one proton per boric acid molecule (Basset et al., 1978): this allows 

titration to the phenolphthalein end-point (pH 6.8) with a standard alkali. 

To extract the boric acid from the treated timber, Franich (1995) recommends boiling 

a ground sample of wood in slightly acidic water for 1 ½ hours. Aliquot's are titrated 

to a pH of 6.8 using standardised sodium hydroxide solution before the mannitol is 

introduced (releasing one proton per boric acid molecule). Sodium hydroxide is again 

added to the solution until the second end point is reached. The amount of sodium 

hydroxide used in the second part of the titration is equivalent to the amount of boric 

acid in the solution. 

In this study, this experimental method was found to pose several difficulties: notably 

that it was difficult to determine when the extraction of the boric acid from the timber 

samples was complete and that the end point of the titration tended to be indistinct at 

higher boric acid concentrations. 

The largest source of uncertainty in the titration method is the effect of the extractives 

on the apparent boric acid concentration. Some of the water-soluble and partially 

water-soluble extractives must leach out into solution during the extraction process. 

These extractives will interfere with the titration as they are themselves slightly 

acidic. It is possible that the addition of mannitol not only releases one proton from 

the boric acid present, but also one proton from the extractives present. It has been 

reported that wood extractives from the timber can interfere with the titration: 

untreated (boron-free) controls can appear to have boron loadings as high as 0.15 % 

(Williams, 1970). 
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Williams (1968 and 1970) developed an alternative technique to replace the titration 

method. This method relies on the formation of a coloured complex formed by boric 

acid and curcumin (1,7-Bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadien-3,5 dione). 

The concentration of the coloured complex (and hence the concentration of boric acid) 

can be determined by measuring the transmission of the solution at 555 nm. For this 

study a Spectronic 20 spectrophotometer was used to measure the transmission of the 

solutions containing the complex. 

The major advantages of this latter method are the use of sodium hydroxide to leach 

out the boric acid rather than water and that the method is specific to boric acid rather 

than any weak acids present. 

In this study, it was determined that soaking 1 g of wood chips (approximately 2 x 2 x 

5 mm) in 1 mol r1 sodium hydroxide at 60 °C for 1 ½ hours was more than sufficient 

to leach all of the boric acid from the samples. Precise details of the experimental 

procedure can be found in Appendix B. 

A linear relationship between absorbance and boric acid concentration (Figure B .1) 

was found in this study. This is comparable to the linear relationship between optical 

density and boric acid concentration found by Williams (1968 and 1970) and Hayes 

and Metcalfe (1962). 

However, Turner (1991) has found a linear relationship between transmission and 

concentration (transmission and absorbance are logrithmatically related), which is 

inconsistent with both the results of the other workers and the widely accepted Beer's 

law (Atkins, 1986), which predicts a linear relationship between absorbance and 

concentration (in the liquid phase). This latter dependence is also found in this study 

and is regarded as the preferred relationship . 
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8.4 Experimental Procedure 

The samples of Pinus radiata D. Don that were to be treated were first dried to the 

appropriate moisture contents in high-temperature kilns at the New Zealand Forest 

Research Institute Ltd at their Rotorua laboratory . The samples were then sealed in 

two layers of polythene plastic to stop them re-absorbing moisture. 

A week before the experimental treatments were to take place the ends of the wood 

samples were end sealed with a thick layer of epoxy resin (5 minute "Araldite") with 

approximately 15 grams of epoxy being applied to each specimen. 

The experimental procedure was as follows: 

1. Lower treatment vessel into water bath and heat bath to about 50 °C. 

2. Weigh specimen. 

3. Raise vessel and place test specimen inside, lower vessel back into water bath. 

4. Start data logging program and evacuate vessel. 

5. Once the vessel is completely evacuated inject 20 mls of trimethyl borate / 

methanol azeotrope. 

6. After the required period of time re-evacuate the vessel and stop data logging. 

7. Remove specimen, reweigh, and slice as per Figure 8.1. 

8. Complete boron extraction and determination procedure as per Appendix B. 

8.5 Results. 

The specimens were weighed before and immediately after treatment. The increase in 

weight of the timber did not match the boric acid content measured using the 

extraction and determination procedure (Appendix B). For all specimens the weight 

increase of the timber was significantly more than the determined boric acid content. 

As the samples did not adsorb the same amount of boric acid in each case, 

comparison between individual treatments is difficult. Therefore, the boric acid 
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retention profiles have been normalised by dividing the boric acid retention for each 

slice (g boric acid / g dry wood) by the total amount of boric acid retained by that 

sample). Figure 8.5 shows the characteristic curves for a representative trial (trial 3, 

sample 13). 
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As can be seen in Figure 8.5 the characteristic curves for the three different moisture 

contents have distinctly different profiles. In the high moisture content (9 % wt/wt) 

sample, the boric acid retention profile shows that most of the boric acid has been 

deposited within the first 10 mm of the surface; whereas with the medium moisture 

content (6 % wt/wt) sample, the profile is flatter, with the boric ·acid penetrating very 

much further. The low moisture content (3 % wt/wt) profile shows complete 

penetration of the boric acid with a very flat profile. These results are typical of the 

results in all trials. 

Table 8.2 shows the experimentally determined moisture contents which were 

measured by placing an off-cut (usually about 50 x 50 X: 100 mm) in an oven set at 

105 °C for 3 days. The low-moisture samples had moisture contents in the range 3.4 

to 5.0 percent (wt/wt oven dry basis). Samples of intermediate moisture content 

samples had a moisture content of 6.3 to 7.5 percent (wt/wt oven dry basis), while the 
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high-moisture content samples had moisture contents in excess of 8.7 percent (wt/wt 

oven dry basis). 

These moisture contents are significantly higher than the desired 3, 6 and 9 percent 

values. However, as these moisture contents were measured after the treatments, 

some of this excess may be due to methanol retention in the timber as the moisture 

contents were measured immediately after treatment. 

trial sample moisture content 
( % wt/wt oven dry basis) 

1 4 8.7 7.5 4.2 
2 11 9.3 7.4 4.6 
3 13 9.6 7.1 3.4 
4 15 10.0 6.8 3.5 
5 9 10.5 7.5 4.9 
6 12 10.4 7.4 4.6 
7 1 9.3 6.3 4.9 
8 8 9.2 6.7 4.7 
9 14 10.1 7.1 4.9 
10 7 10.2 6.9 4.7 

Table 8.2: Experimentally measured moisture contents. 

The overall retention of boron in the sample was calculated from the amount of boric 

acid retained in the five cross-sectional slices, the oven-dry weight of the timber 

sample, and the proportion of the cross-section occupied by each slice. 

The slices were approximately 2 mm thick, the saw cuts were approximately 4 mm 

thick. For example, the boric acid retention in the first slice taken from the sample 

was used to determine the boric acid retention in the first 4 mm of the sample (the 

first slice thickness plus half the thickness of the saw cut). The second slice was used 

to calculate the retention 4 to 10 mm into the sample and so on. 

The resultant retention profiles can be found in Appendix C (with the results of the 

simulations). 
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Only one repetition of the fast vaporisation / high occupancy trial was undertaken 

instead of the three carried out in the other two test scenarios as the agreement 

between the results of the first two trials was excellent. The range in the normalised 

boric acid contents for the slices being at most 17 % of the average boric acid content 

for that slice and more usually around 5 to 9 % . This could have been a result of 

refinement of the experimental technique, as these were the last trials carried out, or 

that the higher occupancy reduced the variability in the treatment process. 

Only two of the specimens that were used in these tests did not end-seal well. The 9 

% moisture content specimen and the 6 % moisture content specimen from test piece 

11 showed significant holes in the epoxy resin used as an end seal. Unfortunately 

these were only noticed after the results had been examined. For this reason, the 

results from sample 11 have not been included in this study. 

8.6 Discussion. 

8.6.1 Discrepancy between weight increase of specimens and calculated boric acid 

content. 

The discrepancy between the increase in weight of the timber immediately after 

treatment and the amount of boric acid recovered by the extraction and determination 

procedure could be influenced by one of the following : 

• The spectrographic technique gave an incorrect boric acid concentration. 

• The extraction did not remove all the boric acid from the wood. 

• The timber specimens were inadequately end-sealed, therefore, some gas would 

have entered the timber through the ends and not just radially, causing a higher 

concentration of boric acid in the ends of the specimen (the slices for extraction 

were taken from the centre of the timber Figure 8 .1). 

• Some methanol was adsorbed during the treatment process which was not removed 

by the final vacuum. 
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Although there were a number of initial problems with the spectrographic technique, 

three successive calibration runs gave reproducible data (Figure A.1). Therefore, it is 

improbable that the calibration data are incorrect. 

To determine the amount of time that the wood should be extracted, samples were 

boiled for ½, 1, 1 ½, 2, and 3 hours. No increase in concentration of boric acid was 

detectable after 1 hour. The samples were heated for 1 ½ hours to ensure that no 

further boric acid could be extracted from the wood. 

It is interesting to observe that the sodium hydroxide solution turned a brown colour 

after the extraction. Presumably this colouration was caused by the removal of 

extractives from the timber. The liquid from the extraction of the first slice (the outer 

edge of the timber) was always darker than that of the other solutions. The higher 

concentration of extractives at the outer edges of the timber can be explained by the 

presence of the evaporative plane close to the surface of the timber in the first stages 

of drying sapwood (Pang, 1994). 

The higher concentration of extractives in the outer slice would mean that the outer 

slice would neutralise more alkali, to imply a higher (false) boric acid loading than in 

the four other slices if the titration method were to be used to measure the boric acid 

concentration. 

At least 15 g of epoxy resin was applied to the ends of all specimens forming a thick 

sheen. It is very unlikely that any gas could penetrate the ends of the specimens. The 

only exceptions to this are the high and medium moisture contents specimens from 

sample 11, as both these specimens did not end-seal well. For the purpose of analysis 

sample 11 has been discounted as noted previously . 

The 20 ml of the trimethyl borate / methanol azeotrope used for each treatment has a 

boric acid equivalency of 8 g. A large number of the samples had initial weight 

increases as high as 10 g. It is, therefore, probable that the weight increase measured 
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immediately after the treatment process could be due to both boric acid production 

and methanol retention (the methanol is likely to diffuse slowly out of the timber with 

time). 

Turner (1991) indicated that methanol was retained in the wood at least for short 

periods of time (24 hours) after the treatment process. However, it should be 

emphasised that there appears to be a serious problem with the method that Turner 

used to determine his boric acid content (see Section 8.3.2) so the accuracy of his 

boric acid concentration measurements are suspect. 

A significant methanol wood adsorption isotherm may exist since solvent-exchange 

between adsorbed water in the cell wall and methanol is a standard step in a procedure 

to measure the internal surface area of wood (Walker, 1993). Sheppard and 

Newsome (1932) report that at 30 °C and at the saturation pressure there may be as 

much as 25.6 g of methanol adsorbed per 100 g of cellulosic type substrate. The 

actual adsorption process may, however, take as long as 6 hours to reach equilibrium. 

Stamm (1964) reports that significant amounts of methanol will remain adsorbed on 

the wood substrate even after the substrate has been subjected to a strong vacuum for 

24 hours. 

Therefore, the boric acid retentions as measured by the extraction and determination 

procedure are presumed to be a more accurate reflection of the boric acid retention in 

the timber, rather than the initial weight gain of the timber. 

8.6.2 Boric acid retention profiles 

To compare the boric acid penetration profiles between samples was difficult as the 

total retentions of boric acid in the samples varied greatly (from 1.4 g for the 9 % 

moisture content specimen from sample 9 to 7. 7 g for the 9 % moisture content 

specimen from sample 8). Therefore, the retentions were normalised by dividing the 

retention for each slice by the total amount of boric acid in the sample. 
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Figure 8.6 shows the mean retention curves at the three different moisture contents 

for the low-occupancy, fast-evacuation trials. These curves were produced by taking 

the mean of the results of the repetitions of each of the test scenarios within each 

moisture content level. 
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Figure 8.6: Mean retention curves for the low occupancy, fast 

evaporation of preservative trials. 

The assumption that the moisture content affects the shape of the retention curve can 

be tested by comparing the mean normalised retentions of the individual slices for a 

particular moisture content with the retentions for another moisture content. If the 

means are significantly different then the shape of the curve is different. 

Comparison of the 3 % and 6 % curves for the fast evaporation and low occupancy 

trial (trials 1, 2, and 4) shows that the retention profiles are significantly different for 

the first three slices at the 0.05 level, whereas, the mean retentions in both slices 4 

and 5 were not significantly different. Comparisons between the 6 % and 9 % mean 

retention curves shows that slices 1, 3, and 4 have significantly different means, 

whereas slices 2 and 5 do not. 
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The shape of the boric acid retention curve, therefore, is a strong function of moisture 

content. At high moisture contents the boric acid is deposited at the outer edges of 

the timber, whereas at lower moisture content the profile is much flatter. 

Figures 8. 7, 8. 8, and 8. 9 show the normalised boric acid retentions for the three 

moisture content levels tested (3 % , 6 % , and 9 % wt/wt). These plots show the 

mean normalised boric acid retention for each of the three different treatment types 

tested (fast evaporation, slow evaporation, and high occupancy). Significant changes 

in treatment parameters (evaporation rate or occupancy etc.) do not change the shape 

of the characteristic curve markedly, indicating that, within the ranges of the variables 

tested, the rate of evaporation of preservative and the occupancy of the treatment 

vessel do not significantly affect the shape of the boric acid deposition curve. 

However, as previously stated, the moisture content of the sample did have a very 

marked effect on the shape of the retention curves. This indicates that the most 

significant variable in the effectiveness of the vapour boron treatment process is the 

moisture content of the timber to be treated. 
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8. 7 Conclusion 

The spectrographic technique developed by Williams (1968 and 1970) for the 

determination of boric acid content has the advantage over the acid/base titration 

method of being specific to boron. The thin slices used to build up the boric acid 

profiles in this study mean that extractives from the timber would lead to an elevation 

in the apparent boric acid level in the outer regions of the timber if the acid / base 

titration method developed by the New Zealand Forest Research Institute Ltd 

(Franich, 1995) were used. 

The results of the experimental study of the vapour boron timber treatment process 

show that, within the ranges of variables tested, the moisture content of the timber to 

be treated is the most significant factor in determining the effectiveness of the 

treatment process. 
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CHAPTER 

NINE 

SIMULATION OF EXPERlMENTAL RESULTS 

9 .1 Introduction 

The best test of the reliability and accuracy of the proposed model is a comparison of 

the results of simulation and experimental work. The first section of this chapter 

compares the experimental results reported in Chapter 8 and Appendix C with 

simulations of those experiments . The second part of this chapter utilises the model 

to analyse the effects that the various treatment variables have on the effectiveness of 

the treatment. The final section of this chapter seeks to interpret some of the more 

unexpected results that have been reported by the New Zealand Forest Research 

Institute Ltd and to explore possible methods of effectively treating timber at higher 

moisture contents (greater than 7 % ) . 

9.2 Simulation of experimental results 

9.2.1 Input data 

The parameters that need to be specified for the proposed model of the vapour boron 

timber treatment process are: 

• unsteady-state conductivity of the specimen and gas mixture viscosity 

• the gas diffusivity (usually trimethyl borate in methanol); 

• the moisture content of the wood; 

• radial dimension of the specimen (a quartersawn 100 x 50 sample has a radial 

dimension of 100 mm, a flat sawn specimen has a dimension of 50 mm); 

• radial surface area of sample; 

• volume of the wood sample; 

• volume of the treatment vessel; 
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• the amount of water vapour in the vessel; 

• amount of preservative (trimethyl borate / methanol azeotrope) introduced into 

treatment vessel; 

• rate of evaporation of that preservative; 

• the length of time until the vessel was evacuated (effectively ending treatment). 

The unsteady state conductivity was estimated as 3.5 x 10-13 m2 based on the results of 

the unsteady-state experiments (Chapter 5). The diffusivity of trimethyl borate in 

methanol has been estimated as 1.19 x 10-5 m2 s- 1 (Section 2.2.1). All the specimens 

to be treated were 100 mm x 50 mm x 600 mm flat-sawn, high-temperature dried 

Pinus radiata D. Don and, therefore , had a radial dimension of 50 mm and a radial 

surface area (the surface area of the sample aligned in the radial dimension) of 0.12 

m2 . A quartersawn sample would have a radial dimension of 100 mm and a radial 

surface area of 0.06 m2. 

The volume of the treatment vessel was 16.6 litres. In the high-occupancy trials, 

about 4 litres of plastic inserts were used to effectively decrease the volume of the 

vessel. Twenty millilitres of preservative (trimethyl borate / methanol azeotrope) 

were used in all the trials. There was a significant amount of water vapour in the 

vessel during the treatment process as the treatment vessel was opened and closed 

immediately above the water bath ( operating at about 60 °C). The partial pressure of 

water in the treatment vessel was estimated at 2 Pa, when the total pressure in the 

vessel was 10 Pa (the usual initial pressure before treatment). 

The rate of evaporation of preservative was calculated by determining the total 

pressure rise possible by the evaporation of 20 millilitres of trimethyl borate / 

methanol preservative in the treatment vessel and then dividing by the length of time 

during which the pressure in the vessel rose. This assumes that the rate of 

evaporation is constant, which is true if the amount of heat input to the fluid is 

constant. For the fast evaporation trials, this condition would be reasonable as the hot 

plate did not cool significantly and the pressure rose linearly with time (Figure 9 .1). 

However, in the slow evaporation trials, there was no heat input into the hot plate 
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cooled and it, therefore, cooled significantly (from around 80 °C to as low as 20 °C) 

over the period it took to evaporate the preservative. This would mean that the rate 

of evaporation would decrease with time under these conditions . 

The length of treatment was taken directly from the measured pressure profile during 

the treatment process. 
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Figure 9 .1: Typical experimental pressure profile for treatment 

vessel (sample 4, high moisture content specimen). 

9.2.2 Results and discussion of numerical simulations. 

9.2.2.1 Influence of diffusion 

The most significant (and surprising for the author) initial conclusion which can be 

drawn from the numerical simulations is that diffusion plays a significant part in the 

vapour boron timber treatment process. The initial, unsteady-state vapour flow into 

the timber must be followed by a longer period of flow by diffusion. The pressure 

gradients within the timber will flatten soon after the evaporation of preservative has 

been completed , leaving a significant amount of trimethyl borate unreacted in the 

treatment vessel. If no flow by diffusion processes was to occur, this trimethyl borate 

would remain unreacted. 
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The Peel et number (Equation 9 .1) is a measure of whether flow by diffusion or by 

permeation (sometimes called advection) is the dominant flow mechanism 

(Vreugdenhil and Koren, 1993). 

where 

Pe 
u l 
D 

Pe = Peel et number (dimensionless). 

u = velocity (m s-1). 

l = dimension over which gradient are significant (m). 

D = diffusivity (m2 s-1). 

(9.1) 

The Peclet has been estimated as being approximately 100 during the initial stages of 

the preservative process (due to the large pressure gradients inducing a high gas 

velocity), this indicates that permeation is the dominant flow mechanism. As the 

pressure gradients within the timber flatten, the amount of flow by permeation will 

diminish. The Peclet number during the second period of the preservation process 

where the pressure gradients are minimal has been estimated as being between 1 and 5 

indicating that diffusion becomes a more significant transport mechanism. 

9.2.2.2 Influence of moisture content 

The major problem with the vapour boron timber treatment process is that at high 

moisture contents (above 7 % wt/wt oven dry basis) it is very difficult to get full 

penetration of boric acid into the centre of the timber. The hypothesis presented in 

this work is that the rate of the reaction between the adsorbed water and trimethyl 

borate has a significant effect on the spatial deposition of boric acid during the 

treatment process. 

At moisture contents lower than 7 % (wt/wt oven dry basis) the water is much more 

tightly bound to wood substrate than at higher moisture contents (Section 3.2.2). The 

more tightly the water is bound to the wood substrate the slower any reaction between 

the water and trimethyl borate is likely to be. 
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The experiments were carried out with wood at three moisture content levels (Table 

8.2) 3 %, 6 %, and 9 % (wt/wt oven dry basis). To model the boric acid deposition, 

it should be necessary to use only three distinct reaction rate constants (in conjunction 

with the other variables used by the program). Table 9 .1 shows the constants used in 

the modelling of the experimental results. These reaction rates constants were those 

that provided the best overall fit to all the experimental results with each particular 

moisture content grouping, and were estimated by trial and error. The ratio of the 

constant at high moisture to the rate constant at low moisture content is 8 which 

compares with the estimated ratio of 30 (Section 3.3.2). The discrepancy between 

these two values suggests that the approximation used in Section 3. 3. 2 that the 

reaction rate decreases with increasing heat of adsorption over-estimates the change in 

reaction rate. 

The absolute value of the reaction rate constants is within the range of estimated 

values determined in Section 3.2.2. 

moisture content 3% 6% 9% 

(wt/wt oven dry basis) 

reaction rate constant (s-1 ) 0.17 0.27 1.4 

Table 9.1: Reaction rate constants for adsorbed phase reaction 

Figures 9.2, 9.3, and 9.4 show a representative sample of plots comparing the 

simulations to experimental results. The full results can be found in Appendix C, 

along with details on the experimental conditions. 

9.2.2.3 The accuracy of the model 

In modelling the results of the experiments, it was realised that the majority of the 

experimental treatments had been stopped before all of the trimethyl borate had 

reacted, since the treatment vessel had been prematurely re-evacuated before all of the 

trimethyl borate had entered the timber. Thus the experimental results test the model 

in unsteady-state rather than at steady state when all the trimethyl borate would have 
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reacted. This explains the wide variation in total boric acid deposition seen in the 

experimental results, which range from a minimum 1.4 g for the low-moisture 

specimen in sample 9 (slow evaporation and low occupancy) to a maximum of 7.6 g 

for the high-moisture content specimen from sample 8 (slow evaporation and low 

occupancy). 
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Figure 9.2: Simulated and experimental results for 9 % moisture content 

specimens (left to right, top to bottom) from samples 4 (low occupancy, fast 

evaporation), 12 (low occupancy, slow evaporation), and 7 (high occupancy, fast 

evaporation). 
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Figure 9.3: Simulated and experimental results for 6 % moisture content 

specimens (left to right, top to bottom) from samples 4 (low occupancy, fast 

evaporation), 9 (low occupancy, slow evaporation), and 14 (high occupancy, fast 

evaporation). 
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Figure 9.4: Simulated and experimental results for 3 % moisture content 

specimens (left to right, top to bottom) from samples 15 (low occupancy, fast 

evaporation), 9 (low occupancy, slow evaporation), and 14 (high occupancy, fast 

evaporation). 

The total pressure in the treatment vessel tended to drop slightly with time during the 

experimental runs after all the preservative had evaporated (during the diffusional 

stage of the treatment process). If methanol vapour were produced by the reaction of 

trimethyl borate with adsorbed water (there will be an insignificant amount of water 

vapour at this point of the treatment process), the total pressure should increase as one 

mole of trimethyl borate would produce three moles of methanol. Therefore, as there 

is no pressure rise, some of the methanol must be adsorbed onto the internal surfaces 

of the wood during this stage of the treatment process. 
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The partial adsorption of methanol was modelled by assuming that the reaction 

between trimethyl borate and adsorbed water would not produce any methanol vapour 

in the period immediately following the reaction (i.e. the methanol vapour from this 

reaction was adsorbed onto the internal surfaces of the wood). 

As can be seen from Figure 9.2 (and Appendix C) there is an excellent fit between the 

simulation and experimental results for the high moisture content (9 % wt/wt oven 

dry basis) samples. The simulation results use a single (estimated) reaction rate 

constant for the reaction between the adsorbed water and trimethyl borate for the 

range of moisture contents represented by these specimens (8 .7 % to 10.5 % wt/wt 

oven dry basis) as previously mentioned . This implies that the trimethyl borate is 

reacting with adsorbed water having very similar heats of adsorption throughout this 

moisture content range. One reason for this agreement may be that the vast majority 

of the boric acid is deposited in the outer 10 mm of the sample. Any discrepancies 

between the experimental and simulated results will most likely be restricted to this 

region. Therefore, if the model is able to predict the correct total amount of boric 

acid deposited, the deviation of the predicted deposition profile to the actual 

deposition profile will be minimal. 

The fit between the medium (6 % wt/wt oven dry basis) and the low moisture content 

(3 % wt/wt oven dry basis) experiments and simulations is not as good (Figures 9.3 

and 9.4) as for the 9 % (wt/wt oven dry basis). This may be because the treated 

specimens had a wide range of moisture contents. Over this lower range, the heat of 

adsorption will have varied significantly (Figure 3 .4), resulting in variations in the 

reaction rate constants for the reaction between trimethyl borate and adsorbed water. 

9.2.2.2 The effect of diffusion 

The proposed model frequently overpredicted the amount of boric acid in the centre 

of the timber for samples low and medium moisture contents. One plausible 

explanation for this discrepancy would be that the apparent diffusion coefficient 

should be adjusted to take account of the tortuosity in the flow and the porosity of the 

structure (Kirscher and Kast, 1978). The effect of correcting for these variables 

r'f-" ( ' •,Ii Y 
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would be to reduce the diffusion coefficient. The effect of altering the diffusion 

coefficient is studied in section 9. 3 .1. 

A second plausible explanation is that the binary diffusion approximation to the 

diffusional processes that occur during the vapour boron timber treatment process is 

not appropriate. Diffusion becomes the dominant transport mechanism when the total 

pressure gradients are negligible (soon after the evaporation of the preservative has 

finished). At this stage of the treatment process the amount water vapour is minimal, 

although, the mole fraction of air will be significant. Figure 9.5 shows the pressure 

profiles for the low-moisture specimen from sample 15 (fast evaporation and low 

occupancy) after 25 seconds (evaporation was completed after 20 seconds). The mole 

fraction of air is about 0.1 at the edge and about 0.5 in the centre of the specimen. 

Therefore, air represents a significant proportion of the atmosphere and its presence 

may have an effect on the diffusional processes. A more precise model of the vapour 

boron timber treatment process may be obtained if a ternary diffusion model with 

trimethyl borate, methanol, and air were used instead of the binary simplification 

currently employed. 

Even though diffusion only becomes the dominant mass-transfer mechanism after the 

evaporation of the preservative is complete, the proposed model predicts that some 

diffusion will occur prior to this. This is evidenced by the appearance of small humps 

in the boric acid deposition in the centre of the timber (Figure 9.6) produced by the 

simulations. These humps occur when the water vapour, which has been pushed into 

the centre of the timber by the wave of methanol and trimethyl borate, reacts with the 

trimethyl borate diffusing across the wave front. Therefore, the vapour boron timber 

treatment process must involve the tertiary diffusion of trimethyl borate, methanol, 

air, and water . 

However, as the model accurately predicts the experiment boric acid depositions, the 

addition of ternary or even tertiary diffusion to the model (instead of the binary 

diffusion approximation used) would not produce a significant improvement in the 

accuracy of the model. 
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Figure 9.5: Pressure profiles for a low moisture content, flat

sawn sample soon after the completion of preservative 

evaporation. 
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Figure 9.6: Boric acid deposition pattern. 



9.12 Chapter 9: Simulation Results 

9.3 Sensitivity Analysis on Process Variables 

In this section, the model is used to check the sensitivity of the treatment process to 

the alteration in the treatment variables. In this section only low moisture content (3 

% wt/wt oven dry basis) and high moisture content timber is considered. For the 

purposes of comparison, a standard treatment has been defined based on the 

experiments carried out (summarised in Chapter 8) : 

• unsteady-state conductivity of specimen = 3.5 x 10-13 m2. 

• the gas diffusivity (trimethyl borate/ methanol) = 1.19 x 10-5 m2 s-'; 

• radial dimension of specimen = 5 x 10-2 m; 

• radial surface area of sample = 0.12 m2 ; 

• volume of wood sample = 3 x 10-3 m3; 

• volume of treatment vessel = 1.16 x 10-2 m3; 

• the amount of water vapour in the vessel = 2 Pa; 

• initial vacuum = 10 Pa. 

• amount of preservative (trimethyl borate / methanol azeotrope) introduced into 

treatment vessel = 20 ml; 

• rate of evaporation of that preservative = 10 s; 

• the length of time until the vessel was evacuated = 600 s (after steady-state has 

been reached). 
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Figure 9. 7: Effect of changes in diffusivity on the 

penetration of boric acid for a sample with a moisture 

content of 3 % (wt/wt oven dry basis). 

9.3.1 The affect of changes in the diffusion coefficient 

The diffusion coefficient that was used in the model was the pure gas-in-gas diffusion 

coefficient. However, as wood is a porous material and, therefore, the diffusion 

coefficient should be scaled to account for the tortuosity of the flowpath (assuming no 

wood I gas interaction) and the porosity of the material . 

Figure 9. 7 shows that multiplying the diffusivity by a factor of 5 significantly 

increases the penetration of boric acid for a sample with a moisture content of 3 % 

(wt/wt oven dry basis). Conversely, dividing the diffusion coefficient by a factor of 5 

significantly reduces the penetration of boric acid, with much higher concentration of 

boric acid deposited near the surface. 

The same variation in diffusivity had no significant effect on samples with a moisture 

content of 9 % (wt/wt oven dry basis). 
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Figure 9.8: Effect of changes in unsteady-state conductivity 

on penetration of boric acid. 

9.3.2 The affect of changes in the unsteady-state conductivity 

As the unsteady-state conductivity may vary considerably (Chapter 5) between wood 

samples the effect of changes in the unsteady-state conductivity has been analysed. 

Figure 9. 8 shows that changes in the unsteady-state conductivity (permeability) of the 

sample did not effect the penetration of boric acid for a sample with a moisture 

content of 3 % (wt/wt oven dry basis). The same result was found for a sample with 

a moisture content of 9 % (wt/wt oven dry basis). 

9.3.3 The affect of changes in the vessel occupancy 

Simulations showed that a vessel occupancy did not significantly effect penetration of 

boric acid for either a 3 % (wt/wt oven dry basis) or a 9 % (wt/wt oven dry basis) 

sample. 
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9.3.4 The affect of rate of evaporation of preservative 

Simulations showed that a total evaporation time of between 1 and 50 seconds did not 

effect the penetration of boric acid for either a 3 % (wt/wt oven dry basis) or a 9 % 

(wt/wt oven dry basis) sample. 

9.3.5 Conclusion 

The dominant factor in determining the penetration of boric acid appears to be the 

reaction rate between the adsorbed water and the trimethyl borate. Significant 

changes in other variables do not appear to effect this overall trend. The only 

exception appears to be changes in diffusion coefficient, which effect penetration for a 

sample with a low moisture content sample (3 % wt/wt oven dry basis). 
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Figure 9.9: The effect of variable moisture content 

profile of boric acid retention profile. 

9 .4 Numerical experimentation 

The samples used in this study can be assumed to have a very even moisture content 

profile as they were stored for at least one month (without significant weight gain) in 

polythene bags. However, wood dried in a kiln and then treated immediately will 

have a significantly different moisture content in the middle than at the edges. Pang 
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(1994) gives experimental moisture content profiles for wood dried in a high

temperature kiln. His results show an increase of moisture content from 3 % at the 

edge of the sample (wt/wt oven dry basis) to 9 % (wt/wt oven dry basis) in the middle 

of the sample . 

The change in moisture content will effect the reaction rate between the adsorbed 

water and the trimethyl borate. Figure 9.9 shows the boric acid retentions for two 

samples. The first sample had a variable moisture content profile similar to the 

experimental results of Pang (1994) . The second sample had a constant moisture 

content profile which matched the average moisture content of the first sample. 
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Figure 9.10: Effect of moisture content profile on boric acid 

retention profile. 

Figure 9. 9 shows clearly that the effect of a variation in the moisture content is to 

flatten the boric acid retention profile. It is conceivable that, if the moisture gradient 

were pronounced enough, the boric acid retention profile for relatively wet timber 

would be flat enough for the treatment to be acceptable under New Zealand Timber 

Preservation Council guidelines. However, as Figure 9.10 shows, the trimethyl 

borate is very quickly "stripped" if the moisture content rises to around 9 % (wt/wt 

oven dry basis). 
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9 .5 Conclusion 

The vapour boron timber treatment process can be accurately simulated by a model 

including flow of gas by both permeation and diffusion. The principal factor affecting 

the effectiveness of treatment is the moisture content, as the reaction rate between the 

adsorbed water and trimethyl borate is a very strong function of moisture content. 

It was apparent from the simulations that the vast majority of the boric acid was 

deposited during the second stage of the treament process when the diffusional 

processes are more dominant. 

The unsteady-state conductivity of the wood has no effect on the effectiveness of the 

treatment within the range of conductivities tested (2.5 x 10-13 m2 to 1.0 x 10-12 m2), 

which indicates that most of the deposition of boric acid occurs during the diffusional 

stage of the treatment process. Consequently, rate of evaporation of preservative and 

vessel occupancy also have little effect on the treatment quality. 
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CHAPTER 

TEN 

CONCLUSION AND FuTURE WORK 

This thesis details a physical model of the vapour boron timber treatment process 

which accurately predicts the penetration of boric acid into the timber. The modelling 

process involved both the study of the chemical kinetics of the reaction between 

trimethyl borate and water (vapour and adsorbed), and the flow of multicomponent 

gases through and into Pinus radiata D. Don. 

The most significant conclusion which can be drawn from this work is that the 

effectiveness of treatment is a strong function of the moisture content of the timber. 

At low moisture contents (3 % wt/wt oven dry basis) there is good penetration of 

boric acid, at higher moisture contents (above 6 % wt/wt oven dry basis) the boric 

acid is deposited close to the surface of the timber. This result indicates that the 

majority of the boric acid is formed by a reaction between trimethyl borate and the 

adsorbed water. As the moisture content decreases the heat of adsorption (and 

therefore, the activation energy) increases . Therefore, the reaction between adsorbed 

water and trimethyl borate is slower at low moisture contents. 

Numerical experimentation with the model has shown that variations in any of the 

treatment variables (e.g. vessel occupancy, rate of evaporation, and temperature) did 

not significantly alter the effectiveness of treatment. 

The major difficulty in preparing this thesis has been determination of the reaction 

rate constants for the reactions between trimethyl borate and water vapour and 

trimethyl borate and adsorbed water. 
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The experimental method for the determination of the gaseous phase reaction rate 

(Section 3 .3) relied on the visual estimation for the point of greatest concentration of 

boric acid build-up on a glass capillary tube. This method could be greatly improved 

by the use of more sophisticated means for determining the maxima, for example 

mass spectroscopy. 

The reaction rate constants for the reaction between trimethyl borate and adsorbed 

water (at the various moisture content levels) presented in Chapter 9 were determined 

from a numerical fit of the results from the experimental treatments. Therefore, the 

experimental verification of these reaction rates would be worthwhile and also lend 

considerable weight to the model proposed in this work. Such an experiment would 

be difficult as is a small but significant amount of water vapour present in equilibrium 

with any absorbed water. If the two reaction mechanisms could be isolated, by 

drawing trimethyl borate through a tube made of cellophane in a similar manner to the 

gas phase reaction rate experiments would make it possible to estimate adsorbed phase 

gas rates. 

The steady-state flow of gas in Pinus radiata D. Don is understood reasonably well. 

However, more investigation of the causes and the magnitude of the variability in 

steady-state permeability would be beneficial for areas as diverse as drying, 

preservative treatment, and fire engineering. 

It is essential that further study be carried out on the unsteady-state flow of gases 

through and into Pinus radiata D. Don. This knowledge would enable the modelling 

of any process that involves unsteady-state flow of gases and liquids including other 

timber preservation processes. 

The primary cause for the lack of penetration of boric acid in higher moisture content 

(above 6 % ) timbers with the vapour boron timber treatment process is the speed of 

the reaction of trimethyl borate with adsorbed water. The fast reaction rate means 

that the trimethyl borate is "stripped" before it fully penetrated the timber. If it were 

possible to slow this reaction down by either using a higher order alkyl borate (with 
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consequently slower reaction rate) or by some pre-treatment which bound the water 

more tightly then the vapour boron treatment process would become more viable at 

these moisture contents. 

The major disadvantage of the use of boric acid as a timber preservative is that boric 

acid is partially water-soluble and, therefore, can leach out of the wood. If it were 

possible to "stabilise" the boric acid in the timber the market for would be greatly 

increased as boric acid preservation would provide an environmentally-friendly 

alternative to Copper-Chrome-Arsenic (CCA) treatment processes (Anderson et al., 

1995). Currently around one million cubic meters of timber per year is treated with 

CCA preservatives in New Zealand. 
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Nomenclature 

A = cross-sectional area (m2). 

A = radial surface area of wood (m2) (Section 6.3). 

DAB = binary diffusion coefficient (m2 f 1). 

ji = diffussive flux of ith species (kg s-1 m-2). 

jA = pseudo-binary diffusive flux (kg s-1 m-2). 

E = activation energy (J mar'). 

g(e) = distribution function (m3 kg kr'). 

h = mesh spacing (m). 

~H = differential heat of adsorption (kJ kf'). 

k = permeability (m3 s kg-')_ 

kg = gas permeability (m3 s kf1). 

km = gas mixture permeability (m3 s kf '). 

K = specific permeability (m2). 

L = length of flowpath (m). 

mi = mass of species i divided by mass of methanol, air, and water (kg kf '). 

M = molecular weight (g mole-'). 

MAB = molecular weight of gas mixture (g mar'). 

N = number of tubes. 

p' = vapour pressure (Pa). 

p = total pressure (Pa). 

Pt = vapour pressure of pure substance (Pa). 

Pc = critical pressure (Pa). 

P = average pressure across sample (Pa). 

~p = pressure difference (Pa). 

Pa = ambient pressure (Pa). 

P n = ratio of pressure to atmospheric pressure (Pa Pa-'). 

Pe = Peclet number (dimensionless). 

Q = volumetric flowrate (m3 s-1). 



11.2 Nomenclature 

r = tube radius (m). 

rad = reaction rate constant for reaction between adsorbed water and trimethyl 

borate (Pa-1 f 1). 

rgas = reaction rate constant for reaction between water vapour and trimethyl 

borate (Pa-1 s-1) . 

R = gas constant (J K 1 mole-1). 

Re = Reynolds number (dimensionless) . 

t = time (s). 

tmax = time of maximum concentration of product (s). 

t112 = half life of reaction (s). 

T = temperature (K) . 

Tc = critical temperature (K) . 

.u = bulk velocity (m s-1). 

V = molar volume of water (m3 mor'). 

V = volume of fluid (m3) (Section 2.6.2). 

V = volume of gas adsorbed at STP (m3) (Section 3.2.2). 

V = free volume of treatment vessel (m3) (Section 6.3). 

x = spatial dimension (m). 

xi = mole fraction of ith species in liquid phase (mol mor1) 

X = dimensionless distance (m m-1). 

[ ] = concentration (Pa). 

Greek 

E = porosity (m3 m-\ 

Ea = apparent porosity (m3 m-3). 

Yi = ith species activity coefficient (dimensionless). 

K = reaction rate constant (Pa-1 s-1) (Chapter 3). 

Kim = log-mean reaction rate constant (Pa-1 s·1) (Chapter 3). 

K = unsteady-state conductivity (m3 s kg" 1). 

'A, = mean free path length of gas (m). 



Nomenclature 11.3 

µ = dynamic viscosity (kg m-1 f 1). 

p = density (kg m·\ 

cr AB = characteristic length (A). 

Pi = density (concentration) of ith species (kg m·\ 

-r = dimensionless time (s s·1). 

QAB = collision integral (dimensionless). 
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Appendix A: 

Program Listings 

A.1 REACTPRO.FOR 

REACTPRO.FOR was written to use the NAG subroutine D03PGF, the program is 

listed below: 

* 
* 
* 
* 
* 

* 
* 

* 

* 

* 

* 

+ 

Program written to Use NAG routine D03PGF 
to model the Vapour Boron Timber Treatment 
Process. Program written by John Evans based 
on sample program. 
..... . PARAMETERS ..... . 
IMPLICIT NONE 
INTEGER NOUT, OUT 
PARAMETER (NOUT=6) 
PARAMETER (OUT=2) 
INTEGER NPDE, IU, NPTS, IBAND, IWK 
PARAMETER (NPDE=4, IU=NPDE, NPTS=lO0, IBAND=7, 

IWK=NPDE*(3*IBAND*NPTS+l2*NPTS+2*NPDE+5)+50) 
...... SCALARS IN COMMON .... 
.. .... LOCAL SCALARS .. ... . 
REAL*8 ABSERR,HX,RELERR,TOUT,TS 
INTEGER I, IFAIL, IMON, IND, INORM, J, K, M, N, IT 
...... LOCAL ARRAYS .. .... 
REAL*8 U(IU,NPTS), WORK(IWK), X(NPTS) 
.. .. .. EXTERNAL SUBROUTINES .. .... 
EXTERNAL BNDY, D03PGF, PDEF, D03PAZ, MU 
.... .. INTRINSIC FUNCTIONS ...... . 
INTRINSIC REAL, DBLE 

* SPECIFY THE INTEGRATION PARAMETERS 
* CARTESIAN CORDINATES 

M=0 
* 
* DEFINE ACCURACY 

RELERR = 1.0D-5 
ABSERR= 1.0D-7 
INORM=2 

* SET IMON SUCH THAT OUTPUT SUBROUTINE IS CALLED AFTER EVERY 
* SUCCESFUL STEP 

IMON=0 
C WRITE (NOUT,9999) 'Numerical solution found using' , NPTS, 
C + ' mesh points' 
C WRITE (NOUT,*) 
C WRITE (NOUT,9998) 'ABSERR =' ,ABSERR, 'RELERR =', RELERR 
* SET UP EVENLY SPACED MESH POINTS 

HX= lOOD0/DBLE(NPTS-1) 
DO 20 I=l,NPTS-1 

X(l)=HX*DBLE(I-1) 
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20 CONTINUE 
X(NPTS)= 100D0 
OPEN (UNIT=2, FILE='REACT.DAT', STATUS='new') 

* SET UP THE INITIAL CONDITIONS 
U(l,1)=20D-2 
U(2, 1) =20D-2 
DO 40 1=2, NPTS-1 

U(l,1)=0.0D0 
U(2,1)=0.0D0 

40 CONTINUE 
DO 60 I= 1, NPTS-1 

U(3,1) =5 .0D-2 
60 CONTINUE 

DO 70 I= 1, NPTS-1 
U(4,1)=2.0D-2 

70 CONTINUE 
U(l ,NPTS) =20D-2 
U(2,NPTS)=20D-2 
U(3,NPTS)=5.0D-2 
U(4,NPTS) =2.0D-2 

* MAIN INTEGRATION LOOP 
TS=0.0D0 

* 

+ 
* 
* 
* 

* 

* 
* 

* 

100 

* 
* 
* 
* 
* 
9999 
9998 
9997 
9996 
9995 
9994 

* 

IND=0 
DO 100 IT = 1, 20 

TOUT=DBLE(IT-1)*0.5D0 
IF (IT.EQ.l) TOUT =0.lD0 

IFAIL=0 

CALL D03PGF(NPDE,M,PDEF,BNDY,TS,TOUT,U,IU,NPTS,X,RELERR, 
ABSERR,INORM,D03PAZ,IMON ,!BAND, WORK,IWK,IND,IFAIL) 

WRITE RESULTS TO SCREEN 
WRITE (NOUT,9996) TOUT 
WRITE (OUT,9996) TOUT 
WRITE (NOUT,9995) (U(l,1),I= 1,NPTS) 
WRITE (OUT,9995) (U(l ,1),1=1,NPTS) 
WRITE (NOUT,9995) (U(2,l),I= l,NPTS) 
WRITE (OUT,9995) (U(2,l),I= 1,NPTS) 
WRITE (NOUT,9995) (U(3,I),I=l,NPTS) 
WRITE (OUT,9995) (U(3,1),l=l,NPTS) 
WRITE (NOUT,9995) (U(4,l),1= l,NPTS) 
WRITE (OUT,9995) (U(4,1),I= 1,NPTS) 

CONTINUE 
CLOSE (UNIT=2) 
CLOSE (UNIT=3) 
END OF THE INTEGRATION LOOP 

FORMAT STATEMENTS 
FORMAT (lX,A,15,A) 
FORMAT (lX,A,Ell.4,A,Ell.4,A) 
FORMAT (1X,A ,6F10.2) 
FORMAT (lX,FS.2) 
FORMAT (1X,6(El 1.3,', ')) 
FORMAT (1X,2Ell.4) 
END 



* 
SUBROUTINE PDEF(NPDE,X,T,UX,DUX,F,G,C) 

* SUBROUTINE THAT DEFINES THE P.D.E.'S 
* .. .... SCALAR ARGUMENTS ...... 

REAL*8 T,X,N 
INTEGER NPDE, J 

* ...... ARRAY ARGUMENTS ...... 

Appendix A: Program Listings A.3 

REAL*8 C(NPDE), DUX(NPDE), F(NPDE), G(NPDE,NPDE), UX(NPDE) 
* ...... EXECUTABLE STATEMENTS ..... . 
* 
* 
* 

* 

Calculate viscosity at node X by calling subroutine mu 

CALL MU(UX(l), UX(2), UX(3), UX(4), N) 

* Define the coefficients for the PDE's 
* 

C(l)= 100 
C(2)=1DO 
C(3)=1DO 
C(4)=1DO 
G(l, 1) =5D-2*UX(l)/N 
G(l ,2) =5D-2*UX(l)/N 
G(l ,3) =5D-2*UX(l)/N 
G(l,4)=5D-2*UX(l)/N 
0(2, 1) =5D-2*UX(2)/N 
0(2,2) = 5D-2*UX(2)/N 
0(2,3) =5D-2*UX(2)/N 
G(2,4)=5D-2*UX(2)/N 
0(3, 1) =5D-2*UX(3)/N 
0(3,2) =5D-2*UX(3)/N 
0(3,3) =5D-2*UX(3)/N 
0(3,4) =5D-2*UX(3)/N 
G(4,1)=5D-2*UX(4)/N 
G(4,2)=5D-2*UX(4)/N 
G(4,3)=5D-2*UX(4)/N 
0(4,4) =5D-2*UX(4)/N 

* ACUMMULATION AND DEPLETION TERMS 
* 3 MOLES WATER NEEDED FOR ONE MOLE TMB 

* 
* 

F( 1) =-6.8D-3* 1 D5*UX(l)*UX( 4)-0.68DO*UX( 1) 
F(2)=6.8D-3*3D0*1D5*UX(l)*UX(4)+2.04DO*UX(l) 
F(3)=0.0EO 
F(4) =-6.8D-3*3D0*1D5*UX(l)*UX(4) 

END 

SUBROUTINE BNDY(NPDE, T, UX,IBND,P ,Q,R) 
* SUBROUTINE THAT DEFINES THE BOUNDARY CONDITIONS 
* ...... SCALAR ARGUMENTS .. .. .. 

REAL*8 T 
INTEGER IBND, NPDE 

* ...... ARRAY ARGUMENTS ...... 
REAL*8 P(NPDE), Q(NPDE), R(NPDE), UX(NPDE) 

* .... ... EXCUTABLE STATEMENTS ... 
IF (IBND.EQ.O) THEN 

P(l)= 1.0DO 



A.4 Appendix A:Program Listings 

P(2)= 1.0D0 
P(3)= 1.0D0 
P(4)= 1.0D0 
Q(l)=0.0D0 
Q(2)=0.0D0 
Q(3)=0.0D0 
Q(4)=0 .0D0 
R(l)= 20D-2 
R(2)= 20D-2 
R(3)=5.0D-2 
R(4)=2.0D-2 

ELSE 
P(l)=l.0D0 
P(2)= l.0D0 
P(3)= 1.0D0 
P(4)=1.0D0 
Q(l)=0.0D0 
Q(2)=0.0D0 
Q(3)=0.0D0 
Q(4)=0.0D0 
R(l)=20D-2 
R(2)=20D-2 
R(3)=5.0D-2 
R(4)=2.0D-2 

END IF 
RETURN 

END 

SUBROUTINE MU(PTMB,PMET ,PAIR,PW AT ,N) 
C SUBROUTINE TO CALCULATE THE MIXTURE VISCOSITY 

DOUBLE PRECISION N, YTMB, YMET, YAIR, YWAT, THI, 
1 Nl,N2,N3,N4,PTMB,PMET,PAIR,PWAT 
DIMENSION THl(4,4) 
INTEGER TMB, MET, AIR, WAT, ACID, I 
COMMON I COMPONENTS I TMB, MET, AIR, WAT, ACID 

C VISCOSITY DAT A 
Nl =l.49D-5 
N2= l.32D-5 
N3=1.85D-5 
N4=1.95D-5 

C CALCULATE THE MASS FRACTIONS AT NODE N 
YTMB=0.0D0 

C 

YMET=0.0D0 
YAIR=0.0D0 
YWAT = 0.0D0 

IF (PTMB.GT.0.0D0) THEN 
YTMB = PTMB/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PMET.GT.0.0D0) THEN 
YMET = PMET /(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PAIR.GT.0.0D0) THEN 



Y AIR= PAIR/(PTMB + PMET +PAIR+ PW AT) 
ENDIF 

IF (PWAT.GT.0.0D0) THEN 
YW AT= PW AT /(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

C THE INTERACTION PARAMETER THI(4,4) 

THI(l, 1) = l .0D0 
THI(2, 1) =2.19D0 
THI(3, 1) =2.844D0 
THI(4, 1) =3.380D0 
THI(l ,2) =4.397D-1 
THI(2,2) = l .0D0 
THI(3,2) = l .253D0 
THI(4,2) =3.219D-1 
THI(l ,3)=3.695D-1 
THI(2,3)=8. l 19D-1 
THI(3,3)=1.0D0 
THI(4,3) = l .225D0 
THI(l,4)=2.859D-1 
THI(2,4)= l.358D-l 
THI(3,4) =7.974D-1 
THI(4,4) = l.0D0 

C CALCULATE THE VISCOSITY OF THE MIXTURE 
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N = YTMB*Nl/(YTMB+ YMET*THI(l,2)+ YAIR*THI(l,3)+ YW AT*THI(l ,4)) 
1 + YMET*N2/(YTMB*THI(2, 1) + YMET+ YAIR*THI(2,3)+ YW AT*THI(2,4)) 
2 + Y AIR *N3/(YTMB*THI(3, 1) + YMET*THI(3, 2) + Y AIR+ YW A T*THI(3 ,4)) 
3 + YWAT*N4/(YTMB*THI(4,1)+ YMET*THI(4,2)+ YAIR*THI(4,3)+YWAT) 

RETURN 
END 

REACTPRO.FOR was compiled and linked using READY.COM listed below 

* Program READY.COM written to compile for 
* NAG subroutine 
$ fortran reactpro 
$ link reactpro, naglib/1 

REACTPRO.EXE was usually run on REGYVB as a non-interative batch job, using 

the com. file RUNODE.COM: 

I$ set def [.reactprog) 
$ run reactpro 
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and the command line 

I$ SUBMIT/ runode .com/ queue =regyvb$large/ noprinter 

A.2 TMBODE.FOR 

TMBODE.FOR was written to use the DVODE subroutine to solve the partial 

differential equations: 

C PROGRAM WRITTEN TO USE VODE SUBROUTINE 

C 

IMPLICIT DOUBLE PRECISION (G) 
INTEGER FOUT 
PARAMETER (FOUT = 2) 

EXTERNAL F, MU 
DOUBLE PRECISION ATOL, RPAR, RTOL, RWORK, T, TOUT, Y, H 
DIMENSION Y(255), RWORK(132367), IWORK(285), RTOL(255) 
INTEGER TMB, MET, AIR, WAT, IPAR, ACID, SRWORK, SIWORK, 

1 NODE,NEQ 
COMMON I COMPONENTS I TMB, MET, AIR, WAT, ACID 
NEQ = 255 
SRWORK=22+9*NEQ+2*NEQ**2 
SIWORK=30+NEQ 
NODE = (NEQ-5)/5 
H = 0 .1/ NODE 
TMB = 1 
MET= NODE+2 
AIR = NODE*2+3 
WAT= NODE*3+4 
ACID= NODE*4+5 
OPEN (UNIT=2, FILE = 'DVODE.DAT', STATUS='NEW') 

C 
C INITIAL CONDITIONS 
C LEFT HAND BOUNDARY 
C 

C 

Y(TMB) = 20D3 
Y(MET) = 20D3 
Y(AIR) = 5.0D3 
Y(WAT) = 2.0D3 

DO 5 J = 1, NODE-1 
Y(TMB + J) = 0.0D0 
Y(MET + J) = 0.0D0 
Y(AIR + J) = 5.0D3 
Y(WAT + J) = 2.0D3 
Y(ACID +J) = 0.0D0 

5 CONTINUE 
C 
C INITIAL CONDITIONS 



C RIGHT HAND BOUNDARY 
C 

C 
C 

Y(TMB + NODE) = 20D3 
Y(MET + NODE) = 20D3 
Y(AIR + NODE) = 5.0D3 
Y(W AT + NODE) = 2.0D3 

T = 0.0D0 
TOUT = l.0D-1 
ITOL = 3 
DO 61= l,NEQ 

RTOL(J)=l.0D-6 
6 CONTINUE 

ATOL = l.0D-6 
ITASK = 1 
!STATE= 1 
DO 101=5,10 

RWORK(l) = 0.0D0 
10 CONTINUE 

DO 20 I= 5,10 
lWORK(l) = 0 

20 CONTINUE 
IWORK(5)=5 
lWORK(6) = 1E5 
IOPT = 1 
LRW = SRWORK 
LIW = SlWORK 
MF= 22 
DO 40 IOUT = 1,9 
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CALL DVODE(F,NEQ,Y,T,TOUT,ITOL,RTOL,ATOL,ITASK,lSTATE, 
1 IOPT,RWORK,LRW,IWORK,LIW,JAC,MF,RPAR,IPAR) 

WRITE(FOUT,*) lWORK(14), T 
WRITE(FOUT,30) (Y(K), K=TMB,TMB+NODE) 
WRlTE(FOUT,30) (Y(K), K=MET,MET+NODE) 
WRlTE(FOUT,30) (Y(K), K=AlR,AlR+NODE) 
WRITE(FOUT,30) (Y(K), K=WAT,WAT+NODE) 
WRlTE(FOUT,30) (Y(K), K=ACID, ACID+NODE) 

30 FORMAT (1X,6(Ell.3,' ,')) 
IF (ISTATE .LT. 0) GO TO 80 

40 TOUT= TOUT*2 
WRlTE(FOUT ,60) lWORK(l 1),IWORK(12),IWORK(13),IWORK(l 9), 

1 IWORK(20),IWORK(21),IWORK(22) 

60 FORMAT(/' No. steps = ',16,' No. f-s =' ,16, 
1 ' No. J-s =' ,15,' No. LU-s = ',15/ 
2 ' No. nonlinear iterations = ',15/ 
3 ' No. nonlinear convergence failures = ',14/ 
4 ' No. error test failures = ',14/) 
CLOSE (UNIT=2) 
STOP 

80 WRITE(6,90) ISTATE 
90 FORMAT(///' Error halt.. !STATE =',I3) 

STOP 
END 

SUBROUTINE F (NEQ, T, Y, YDOT, RPAR, IPAR) 
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C 

IMPLICIT DOUBLE PRECISION (G) 
DOUBLE PRECISION RPAR, T, Y, H, P, PTOT, YDOT 
DIMENSION Y(*), YDOT(*), P(8) 
DOUBLE PRECISION ATMBI, ATMB, AMETI, AMET, AAIRI, AAIR, 

2 AWAT, AWATI, DPTOTI, DPTOT, N, TMBPM, METPM, AIRPM, WATPM, 
3 TMBPI, METPI, AIRPI, WATPI,TMBPl, METPl, AIRPl, WATPl, TMBPN, 
4 METPN, AIRPN, WA TPN 
INTEGER TMB, MET, AIR, WAT, NODE, ACID 
COMMON I COMPONENTS I TMB, MET, AIR, WAT, ACID 
NODE = (NEQ-5)/5 
H = 0.05/NODE 

C LEFT HAND BOUNDARY CONDITIONS 
C 
C 

C 

C 
C 

C 

C 

YDOT(TMB) =ODO 
YDOT(MET) =ODO 
YDOT(AIR) =ODO 
YDOT(W AT) =ODO 

DO 100 I= 1,NODE-1 

TMBPM= Y(TMB+l-1) 
METPM= Y(MET+l-1) 
AIRPM= Y(AIR+l-1) 
WATPM= Y(WAT+I-1) 
TMBPI= Y(TMB+I) 
METPI = Y(MET + I) 
AIRPI= Y(AIR+I) 
WATPI= Y(WAT+I) 
TMBPl= Y(TMB+l+1) 
METPl= Y(MET+l+1) 
AIRPl = Y(AIR + I+ 1) 
WATPl= Y(WAT+I+l) 

A TMBI = (TMBP 1 + TMBPI)/2D0 
ATMB = (TMBPI + TMBPM)/2D0 
AMETI = (METPl + METPI)/2D0 
AMET = (METPI + METPM)/2D0 
AAIRI = (AIRPl +AIRPI)/2D0 
AAIR = (AIRPI+ AIRPM)/2D0 
AWATI = (WATP1+WATPI)/2D0 
AWAT = (WATPI+WATPM)/2D0 
DPTOTI = ((TMBPl +METPl +AIRPl +WATPl) 

1 - (TMBPI+METPI+AIRPI+WATPI))/H 
D PTOT = ( (TMBPI + METPI + AIRPI +WA TPI) 

1 - (TMBPM + METPM + AIRPM + W ATPM))/H 

C CALL VISCOSITY SUBROUTINE 

CALL MU(TMBPI,METPI,AIRPI,WATPI,N) 
C 
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YDOT(TMB+I)=S .0D-13/(H*N)*(ATMBI*DPTOTI-ATMB*DPTOT) 
l 6.8D-3*TMBPI*(W ATPI+ lO0D0) 

YDOT(MET+l)=S.0D-13/(H*N)*(AMETI*DPTOTI-AMET*DPTOT) 
I + 6.8D-3*3D0*TMBPI*(W ATPI + lOOD0) 

YDOT(AIR + I) =5.0D-13/(H*N)*(AAIRI*DPTOTI-AAIR*DPTOT) 
YDOT(WAT+ I) =5.0D-13/(H*N)*(AWATI*DPTOTI-AWAT*DPTOT) 

l 6 .8D-3*3D0*TMBPI*WATPI 

100 CONTINUE 
C 
C 
C 
C RIGHT HAND BOUNDARY CONDITIONS 
C 

C CALCULATE B.C"S 

C 
C 
C 

YDOT(TMB +node) =ODO 
YDOT(MET +node) =ODO 
YDOT(AIR +node) =ODO 
YDOT(WAT +node) =ODO 

RETURN 
END 

SUBROUTINE MU(PTMB,PMET,PAIR,PWAT,N) 
IMPLICIT DOUBLE PRECISION (G) 

C SUBROUTINE TO CALCULATE THE MIXTURE VISCOSITY 

DOUBLE PRECISION N, YTMB, YMET, YAIR, YWAT, THI, 
1 Nl,N2,N3,N4,PTMB,PMET,PAIR,PWAT 
DIMENSION THl(4,4) 
INTEGER TMB, MET, AIR, WAT, ACID, I 
COMMON/ COMPONENTS I TMB, MET, AIR, WAT, ACID 

C VISCOSITY DAT A 
Nl =8.60D-6 
N2= l.32D-5 
N3=l.85D-5 
N4= l.76D-5 

C CALCULATE THE MASS FRACTIONS AT NODE N 
YTMB=O.0D0 

C 

YMET=0.0D0 
YAIR=0.0D0 
YWAT=0.0D0 

IF (PTMB.GT.0.0D0) THEN 
YTMB = PTMB/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PMET.GT.0.0D0) THEN 
YMET = PMET /(PTMB + PMET +PAIR+ PW AT) 
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ENDIF 

IF (PAIR.GT.0.0D0) THEN 
Y AIR= PAIR/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PWAT.GT.0.0D0) THEN 
YW AT= PW A T/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

C THE INTERACTION PARAMETER THl(4,4) 

THI(l, l)= 1.0D0 
THl(2, 1)=2.19D0 
THI(3, 1) =2.844D0 
THI(4, 1) =3.380D0 
THI( 1,2) =4.397D-1 
THI(2,2) = 1.0D0 
THl(3,2)= 1.253D0 
THl(4,2)=3.219D-l 
THl(l,3)=3.695D-l 
THl{2,3) =8.119D-1 
THl(3,3)= 1.0D0 
THl(4,3) = 1.225D0 
THl(l ,4) =2.859D-1 
THI(2,4)= 1.358D-1 
THl(3,4)=7.974D-1 
THl(4,4) = I.ODO 

C CALCULATE THE VISCOSITY OF THE MIXTURE 

N = YTMB*Nl/(YTMB+ YMET*THl(l ,2)+ YAIR*THl(l,3)+ YW AT*THI(l,4)) 
1 + YMET*N2/(YTMB*THl(2,1)+ YMET+ YAIR*THl(2,3)+ YWAT*THl(2,4)) 
2 + Y AIR *N3/(YTMB*THl(3, 1) + YMET*THl(3 ,2) + Y AIR+ YW A T*THI(3 ,4)) 
3 + YW AT*N4/(YTMB*THl(4, 1) + YMET*THl(4,2) + Y AIR *THl(4,3) + YWAT) 

RETURN 
END 

TMBODE was compiled and lined to the ordinary differential equation solver 

DVODE using the command lines: 

I$ fortran TMBODE 
$ link TMBODE, DVODE 

The resultant file (TMBODE.EXE) was submitted to a batch queue using the 

communication program ODERUN.COM: 

I* com file oderun to run TMBODE etc 



* as batch job 
$ set def [.odesolver] 
$ run tmbode 

and by typing the command line 

I$ SUBMIT/ oderun.com/ queue =cantva$medium / noprinter 

A.3 TMBBAC.FOR 
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TMBBAC.FOR was written to use the DVODE subroutine to solve the partial 

differential equations. TMBBAC uses both central and backward differences to 

approximate the partial differential equations: 

C PROGRAM WRITTEN TO USE VODE SUBROUTINE 

C 

IMPLICIT DOUBLE PRECISION (G) 
INTEGER FOUT 
PARAMETER (FOUT=2) 

EXTERNAL F, DELTAP, MU 
DOUBLE PRECISION ATOL, RPAR, RTOL, RWORK, T, TOUT, Y, H 
DIMENSION Y(250), RWORK(132367), IWORK(280), RTOL(250) 
INTEGER TMB, MET, AIR, WAT, IPAR, ACID, SRWORK, SIWORK, 
1 NODE, NEQ 
COMMON I COMPONENTS I TMB, MET, AIR, WAT, ACID 
NEQ = 100 
SRWORK=22+9*NEQ+2*NEQ**2 
SIWORK=30 + NEQ 
NODE = (NEQ-5)/5 
H = 0.1/ NODE 
TMB = 1 
MET= NODE+2 
AIR = NODE*2+3 
WAT= NODE*3+4 
ACID= NODE*4+5 
OPEN (UNIT=2, FILE='20.DAT', STATUS='NEW') 

C 
C INITIAL CONDITIONS 
C LEFT HAND BOUNDARY 
C 

C 

Y(TMB) = 0.0D0 
Y(MET) = 0.0D0 
Y(AIR) = 5.0D3 
Y(WAT) = 2 .0D3 
Y(ACID) = 0.0D0 

DO 5 J = 1, NODE-1 
Y(TMB + J) = 0.0D0 

Y(MET + J) = 0.0D0 
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Y(AIR + J) == 5.0D3 
Y(W AT + J) == 2.0D3 
Y(ACID +J) == 0 .0D0 

5 CONTINUE 
C 
C INITIAL CONDITIONS 
C RIGHT HAND BOUNDARY 
C 

C 
C 

Y(TMB + NODE) == 0.0D0 
Y(MET + NODE) == 0.0D0 
Y(AIR + NODE) == 5.0D3 
Y(WAT + NODE) == 2.0D3 
Y(ACID + NODE) == 0.0D0 

T == 0.0D0 
TOUT == l.0D-1 
ITOL == 3 
DO 6 J=l,NEQ 

RTOL(J) == l .0D-6 
6 CONTINUE 

ATOL == l.0D-6 
ITASK == 1 
ISTATE == 1 
DO 10 I=S,10 

RWORK(I) == 0.0D0 
10 CONTINUE 

DO20I == 5,10 
IWORK(I) == 0 

20 CONTINUE 
IWORK(5) =7 
IWORK(6)= 1E5 
IOPT == 1 
LRW == SRWORK 
LIW == SIWORK 
MF== 22 
DO40IOUT == 1,10 

CALL DVODE(F,NEQ,Y,T,TOUT,ITOL,RTOL,ATOL,ITASK,ISTATE, 
IOPT,RWORK,LRW,IWORK,LIW,JAC,MF,RPAR,IPAR) 

WRITE(FOUT,*) IWORK(14), T 
WRITE(FOUT,30) (Y(K), K=TMB,TMB+NODE) 
WRITE(FOUT,30) (Y(K), K=MET,MET+NODE) 
WRITE(FOUT,30) (Y(K), K=AIR,AIR+NODE) 
WRITE(FOUT,30) (Y(K), K=WAT,WAT+NODE) 
WRITE(FOUT,30) (Y(K), K=ACID, ACID+NODE) 

30 FORMAT (1X,6(El 1.3,', ')) 
IF (ISTATE .LT. 0) GO TO 80 

40 TOUT= TOUT*2D0 
WRITE(FOUT,60) IWORK(l l),IWORK(12),IWORK(13),IWORK(19), 

1 IWORK(20),IWORK(21),IWORK(22) 

60 FORMAT(/' No. steps = ',16,' No. f-s == ',I6, 
1 ' No. J-s =',IS,' No. LU-s = ',15/ 
2 ' No. nonlinear iterations == ',15/ 
3 ' No. nonlinear convergence failures = ',14/ 
4 ' No. error test failures =' ,14/) 

CLOSE (UNIT=2) 



STOP 
80 WRITE(6,90) ISTATE 
90 FORMAT(///' Error halt .. ISTATE =',13) 

STOP 
END 

SUBROUTINE F (NEQ, T, Y, YDOT, RPAR, IPAR) 
DOUBLE PRECISION RPAR, T, Y, H, P, YDOT 
DIMENSION Y(*), YDOT(*), P(8) 
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DOUBLE PRECISION TOT2,TOT1,TOTI,TOTM,TOTM2,N, 
2 METPM,AIRPM,WATPM,TMBPI,METPI,AIRPI,WATPI,TMBPl, 
3 METP1,AIRP1,WATP1,PREST,DTOT2, TMBPMl,METPMl, 
4 AIRPMl, WATPMl,DTMB,DMET,DAIR,DWAT 
INTEGER TMB, MET, AIR, WAT, NODE, ACID 
COMMON/ COMPONENTS/ TMB, MET, AIR, WAT, ACID 
NODE = (NEQ-5)/5 
H = 0.05/NODE 

C WRITE(6, *) T 

C 

TMBPI= Y(TMB) 
METPI= Y(MET) 
AIRPI = Y(AIR) 
WATPI= Y(WAT) 
TMBPM 1 = 2D0*Y (TMB)-Y (TMB + 1) 
METPMl = 2D0*Y(MET)-Y(MET+ 1) 
AIRPMl = 2D0*Y(AIR)-Y(AIR + 1) 
WATPMl= 2D0*Y(WAT)-Y(WAT+l) 

CALL DELTAP(TMBPI, METPI, AIRPI, WATPI, TMBPMl, METPMl, AIRPMl, 
1 WATPMl, H,P,T) 

C LEFT HAND BOUNDARY CONDITIONS 
C 
C 

C 

C 

IF (T.LT.2.0D0) THEN 
YDOT(TMB) = p( 1) + 20D3-6. 8D-3 *TMBPI*(W A TPI + 1 00D0) 
YDOT(MET) = p(2) + 20D3 + 6. 8D-3 *3D0*TMBPI*(W A TPI + 1 OOD0) 

ELSE 
YDOT(TMB) = p( 1 )-6. 8D-3 *TMBPI*(W A TPI + 1 OOD0) 
YDOT(MET) =p(2) +6.8D-3*3D0*TMBPI*(WATPI + lO0D0) 

END IF 
YDOT(AIR) =p(3) 
YDOT(WAT) =p(4)-6.8D-3*3D0*TMBPI*(WATPI) 
YDOT(ACID) =6 .8D-3*TMBPI*(WATPI + lOOD0) 

DO 100 I= 1,(NODE+ 1)/2 

TMBPM= Y(TMB+I-1) 
METPM= Y(MET+I-1) 
AIRPM= Y(AIR+I-1) 
WATPM= Y(WAT+I-1) 

TMBPI= Y(TMB+I) 
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C 

C 

METPI = Y(MET + I) 
AIRPI= Y(AIR+I) 
WATPI= Y(WAT+l) 
TMBPl = Y(TMB+I+ l) 
METPI= Y(MET+I+l) 
AIRPl= Y(AIR+I+l) 
WATPl = Y(WAT+I+ l) 

TOTl = (TMBPl+METPl+AIRPl+WATPl) 
TOTI = (TM BPI+ METPI + AIRPI +WA TPI) 
TOTM = (TMBPM + METPM + AIRPM +WA TPM) 

C CALL VISCOSITY SUBROUTINE 

CALL MU(TMBPl,METPl,AIRPI, WATPl,N) 
C 
C THE DIFFERNCE APPROXIMATIONS 
C 

PREST= (TOTI-TOTM)/(H) 
DTOT2 = (TOT1-2D0*TOTI + TOTM)/(H**2) 

C 
C THE MODEL ODE'S 
C 

DTMB = (TMBPI-TMBPM)/(H) 
YDOT(TMB +I)= 5 .0D-13/(N)*(DTMB*PREST + TMBPl*DTOT2) 

1 6.8D-3*TMBPl*(WATPI + lO0D0) 
C 

DMET = (METPI-METPM)/(H) 
YDOT(MET + I) =5 .0D-13/(N)*(DMET*PREST + METPl*DTOT2) 

1 + 6.8D-3*3D0*TMBPl*(W ATPI + lO0D0) 
C 

DAIR= (AIRPI-AIRPM)/(H) 
YDOT(AIR + I) =5 .0D-13/(N)*(DAIR *PREST+ AIRPI*DTOT2) 

C 

C 

C 

C 

DWAT=(WATPI-WATPM)/(H) 
YDOT(W AT+ I)= 5 .0D-13/(N)*(DW AT*PREST +WA TPl*DTOT2) 

1 6.8D-3*3D0*TMBPl*(W ATPI) 

YDOT(ACID + I) = 6.8D-3*TMBPl*(WATPI+ lOOD0) 

YDOT(TMB +NODE-I)= YDOT(TMB + I) 
YDOT(MET +NODE-I)= YDOT(MET + I) 
YDOT(AIR +NODE-I)= YDOT(AIR + I) 
YDOT(W AT+ NODE-I)= YDOT(WAT + I) 
YDOT(ACID+NODE-l)=YDOT(ACID+l) 

100 CONTINUE 
C 
C 
C RIGHT HAND BOUNDARY CONDITIONS 
C 

C 
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C CALL VISCOSITY SUBROUTINE 

TMBPI= Y(TMB+node) 
METPI= Y(MET+node) 
AIRPI= Y(AIR+node) 
W ATPI = Y(W AT +node) 

C CALCULATE B.C'S 
IF (T.LT.2.0D0) THEN 
YDOT(TMB +node) = p( l) + 20D3-6. 8D-3*TMBPI*(W A TPI + l 00D0) 
YDOT(MET+node) =p(2)+20D3+6.8D-3*3D0*TMBPl*(WATPI + 100D0) 

ELSE 
YDOT(TMB+node) =p(l)-6.8D-3*TMBPI*(WATPI + 100D0) 
YDOT(MET +node) = p(2) + 6. 8D-3 *3D0*TMBPI*(W A TPI + 100D0) 

END IF 
YDOT(AIR +node) =p(3) 
YDOT(WAT+node) =p(4)-6.8D-3*3D0*TMBPI*(WATPI) 
YDOT(ACID +node)= 6.8D-3*TMBPI*(WATPI + lOOD0) 

RETURN 
END 

C PROGRAM WRITTEN TO CALCULATE THE CHANGE IN 
C PRESSURE AT THE BOUNDARIES 

SUBROUTINE DELTAP(TMBPI, METPI, AIRPI, WATPI, TMBPMl, 
1 METPMl, AIRPMl, WATPMl, H,P,T) 
DOUBLE PRECISION X, Y, DPL, DPR, TPL, TPR, P,N, TMBPI, METPI, 

1 AIRPI,WATPI, TMBPMl, METPMl, AIRPMl, WATPMl 
DIMENSION X(8), P(*) 
INTEGER TMB, MET, AIR, WAT ,ACID,I 
COMMON/ COMPONENTS I TMB, MET, AIR, WAT, ACID 

C 
C TOTAL AVERAGE PRESSURE LEFT HAND BOUNDARY 

TPL=TMBPI + METPI + AIRPI + WATPI 
1 +TMBPMl+METPMl+AIRPMl+WATPMl 

C TOT AL AVERAGE PRESSURE RIGHT HAND BOUNDARY 
C TPR=Y(TMB+99)+ Y(MET+99)+ Y(AIR+99)+ Y(WAT+99) 
C 1 + Y(TMB+ 100)+ Y(MET + 100) + Y(AIR + 100) + Y(WAT + 100) 

C CALCULATE MOLE FRACTION OF EACH COMPONENT 

X( 1) = (TMBPI + TMBPM 1)/TPL 
X(2) = (METPI + METPM 1 )/TPL 
X(3) = (AIRPI + AIRPM 1 )/TPL 
X(4) =(WATPI + WATPMl)/TPL 

C X(5)=(Y(TMB+99)+Y(TMB+l00))/TPR 
C X( 6) = (Y (MET+ 99) + Y (MET+ 100) )/TPR 
C X(7) = (Y (AIR+ 99) + Y (AIR+ l 00) )/TPR 
C X(8) =(Y(W AT +99) + Y(WAT + 100))/TPR 

C CALCULATE DIFFERENTIAL PRESSURE 
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DPL = (TMBPI + METPI + AIRPI + W ATPI) 
I -(TMBPM I+ METPM I+ AIRPM I+ W ATPM I) 

C DPR =-(Y(TMB +99) + Y(MET +99) + Y(AIR +99) + Y(W AT +99)) 
C I +(Y(TMB+IO0)+Y(MET+I00)+Y(AIR+I00)+Y(WAT+IO0)) 

C CALL VISCOSITY SUBROUTINE 
CALL MU(TMBPI,METPI,AIRPI,WATPI,N) 

C 
C CALCULATE THE CHANGE IN PRESSURE DUE TO FLOW 

C 

C N=l.SD-5 

P(l) =5D-13/(H*N)*X(l) *TMBPI*0. 12D0/0.005D0*DPL 
P(2) = 5D-13/(H*N)*X(2)*METPI*0 .12D0/0 .OOSD0*DPL 
P(3) = 5D-13/(H*N)*X(3)* AIRPI*0.12D0/0.005D0*DPL 
P(4) =5D-13/(H*N)*X(4)*WATPI*0.12D0/0.005D0*DPL 

C P(S) = -5D-13/(H*N)*X(5)*Y(TMB)*0.12D0/0.005D0*DPR 
C P(6) = -5D-13/(H*N)*X(6)*Y(MET)*0.12D0/0 .005D0*DPR 
C P(7) =-5D-13/(H*N)*X(7)*Y(AIR)*0 .12D0/0.005D0*DPR 
C P(8) =-5D-13/(H*N)*X(8)*Y(W AT)*0.12D0/0.005D0*DPR 

C 
C 

RETURN 
END 

SUBROUTINE MU(PTMB,PMET,PAIR,PWAT,N) 
IMPLICIT DOUBLE PRECISION (G) 

C SUBROUTINE TO CALCULATE THE MIXTURE VISCOSITY 

DOUBLE PRECISION N, YTMB, YMET, YAIR, YWAT, THI, 
l Nl,N2,N3,N4 ,PTMB,PMET,PAIR,PWAT 
DIMENSION THI(4 ,4) 
INTEGER TMB, MET, AIR, WAT, ACID, I 
COMMON I COMPONENTS I TMB, MET, AIR, WAT, ACID 

C VISCOSITY DATA 
N1=8.60D-6 
N2=1.32D-5 
N3= l .85D-5 
N4=1.76D-5 

C CALCULATE THE MASS FRACTIONS AT NODE N 
YTMB=0.0D0 

C 

YMET=0.0D0 
YAIR=0.0D0 
YWAT=0.0D0 

IF (PTMB.GT.0.0D0) THEN 
YTMB = PTMB/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 



IF (PMET.GT.O.ODO) THEN 
YMET = PMET /(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PAIR.GT.O.ODO) THEN 
Y AIR= PAIR/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PWAT.GT.O.ODO) THEN 
YW AT= PW A T/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

C THE INTERACTION PARAMETER THl(4,4) 

THl(l, l) = I.ODO 
THl(2, l) =2.19DO 
THl(3, 1) =2.844DO 
THl(4,1)=3.380DO 
THl(l ,2) =4.397D-1 
THI(2,2) = 1.0DO 
THl(3,2)= 1.253DO 
THl(4,2)=3.219D-1 
THl(l,3)=3.695D-1 
THl(2,3) = 8.119D-1 
THl(3,3) = I.ODO 
THl(4,3) = l .225DO 
THl(l ,4) =2.859D-l 
THl(2,4) = 1.358D-1 
THl(3,4)=7.974D-1 
THl(4,4)= I.ODO 

C CALCULATE THE VISCOSITY OF THE MIXTURE 
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N = YTMB*N 1/(YTMB + YMET*THl(l ,2) + Y AIR *THl(l ,3) + YW A T*THl(l ,4)) 
1 + YMET*N2/(YTMB*THl(2, 1) + YMET + Y AIR *THl(2, 3) + YW A T*THl(2,4)) 
2 + YAIR*N3/(YTMB*THl(3, 1)+ YMET*THl(3,2)+ YAIR+ YWAT*THl(3,4)) 
3 + YWAT*N4/(YTMB*THl(4,1)+ YMET*THl(4,2)+ YAIR*THl(4,3)+ YWAT) 

RETURN 
END 

TMBBAC.FOR was compiled and run on CANTV A in the same way as 

TMBODE.FOR was compiled and run. 
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A.5 TMBMOD.FOR 

TMBMOD.FOR is the used to simulate the vpaour boron timber treatment process. It 

is written to use the DVODE subroutine and includes both permeative and diffussive 

fluxes. 

C PROGRAM WRITTEN TO USE VODE SUBROUTINE 

C 

C 
C 
C 
C 

C 

C 

C 

C 

C 

IMPLICIT DOUBLE PRECISION (G) 
INTEGER NNOUT 
PARAMETER (NNOUT=2) 

EXTERNAL F, DELTAP, MU, DIFFUS, DIFFBOUND 
DOUBLE PRECISION ATOL, RPAR, RTOL, RWORK, T, TOUT, Y, H, 

1 VOLV, VOLW, RSURF, RDIST, PERM 
DIMENSION Y(250), RWORK:(132367), IWORK(280), RTOL(250) 
INTEGER TMB, MET, AIR, WAT, !PAR, ACID, SRWORK, SIWORK, 

1 NODE,NEQ 
COMMON/ COMPONENTS/ TMB, MET, AIR, WAT, ACID 
COMMON/ PARAMET/ VOLV, VOLW, RSURF, RDIST 
COMMON I CONSTSI PERM 

TREATMENT CONSTANTS 

VESSEL VOL 
VOLV = l.66D-2 

WOOD VOLUME 
VOLW=3D-3 

RADIAL SURFACE AREA 
RSURF =0.10D0*0.6D0*2D0 

PENETRATION DISTANCE 
RDIST=0.0SD0 

WOOD PERMEABILITY 
PERM= lOD-13 

NEQ = 250 
SRWORK=22+9*NEQ+2*NEQ**2 
SIWORK=30+NEQ 
NODE = (NEQ-5)/5 
H = RDIST/ NODE 
TMB = 1 
MET= NODE+2 
AIR= NODE*2+3 
WAT= NODE*3+4 
ACID = NODE*4+5 
OPEN (UNIT=2, FILE='TEST.DAT', STATUS='NEW') 

C 
C INITIAL CONDITIONS 
C 
C VESSEL PARTIAL PRESSURE 

Y(TMB) = 0.0D0 
Y(MET) = 0.0D0 
Y(AIR) = 8.0D3 
Y(WAT) = 2.0D3 
Y(ACID) = 0 .0D0 



C 
C WOOD 

DO 5 J = 1, NODE-I 
Y(TMB + J) = 0.0D0 
Y(MET + J) = 0.0D0 
Y(AIR + J) = 7.8D3 
Y(WAT + J) = 2.2D3 
Y(ACID +J) = 0.0D0 

5 CONTINUE 
C 
C 

C 
C 

VESSEL AGAIN 
Y(TMB + NODE) = 0.0D0 
Y(MET + NODE) = 0.0D0 
Y(AIR + NODE) = 8.0D3 
Y(W AT + NODE) = 2.0D3 
Y(ACID + NODE) = 0.0D0 

T = 0 .0D0 
TOUT= l.0D-1 
ITOL = 3 
DO 6 J=l,NEQ 

RTOL(J) = l .0D-6 
6 CONTINUE 

ATOL = l.0D-6 
!TASK= 1 
!STATE = 1 
DO 101=5,10 

RWORK(I) = 0.0D0 
10 CONTINUE 

DO 20 I = 5,10 
IWORK(I) = 0 

20 CONTINUE 
IWORK(5)=7 
IWORK(6) = 1E5 
IOPT = 1 
LRW = SRWORK 
LIW = SIWORK 
MF= 22 
DO 40 IOUT = 1,600 
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CALL DVODE(F,NEQ,Y,T,TOUT,ITOL,RTOL,ATOL,ITASK,ISTATE, 
IOPT,RWORK,LRW,IWORK,LIW,JAC,MF,RPAR,IPAR) 

C WRITE(NNOUT,*) (T,' ,' ,(Y(TMB)+Y(MET)+Y(AIR)+ Y(WAT))) 
c WRITE(NNOUT, *) (Y(TMB),' ,' ,Y(MET)) 

IF (IOUT.EQ.600) THEN 
WRITE(NNOUT,*) IWORK(14), T 

C WRITE(NNOUT,30) (Y(K), K=TMB,TMB+NODE) 
C WRITE(NNOUT,30) (Y(K), K=MET,MET+NODE) 
C WRITE(NNOUT,30) (Y(K), K=AIR,AIR+NODE) 
C WRITE(NNOUT,30) (Y(K), K=WAT,WAT+NODE) 

WRITE(NNOUT,30) (Y(K), K=ACID, ACID+NODE) 
END IF 

30 FORMAT (1X,6(El l.3,' ,')) 
IF (!STATE .LT. 0) GO TO 80 

40 TOUT = TOUT+ I.ODO 
WRITE(NNOUT,60) IWORK(l l),IWORK(12),IWORK(13),IWORK(l9), 

1 IWORK(20),IWORK(21),IWORK(22) 



A.20 Appendix A:Program Listings 

60 FORMAT(/' No. steps = ',16,' No. f-s = ',16, 
I ' No. J-s = ',15,' No. LU-s = ',15/ 
2 ' No. nonlinear iterations =',IS/ 
3 ' No. nonlinear convergence failures = ',14/ 
4 ' No. error test failures = ',14/) 
CLOSE (UNIT=2) 
STOP 

80 WRITE(6,90) ISTATE 
90 FORMAT(///' Error halt.. ISTATE =',13) 

STOP 

C 

END 

SUBROUTINE F (NEQ, T, Y, YDOT, RPAR, IPAR) 
DOUBLE PRECISION RPAR, T, Y, H, P, YDOT 
DIMENSION Y(*), YDOT(*), P(4) 
DOUBLE PRECISION TOTl, TOTI, TOTM, TMBPM,METPM,AIRPM, 

2 WATPM,TMBPI,METPI,AIRPI,WATPI,TMBPl,METPl,AIRPl,WATPl, 
3 PREST ,DTOT2,ADREC,DTMB,DMET,DAIR,DWAT, 
4 PTMB, PMET, PAIR, PWAT, Jl, 12,13,14,NODE, N, 
5 VOLV, VOLW, RSURF, RDIST, PERM 
INTEGER TMB, MET, AIR, WAT, ACID, NEQ 
COMMON/ COMPONENTS I TMB, MET, AIR, WAT, ACID 
COMMON/ PARAMET/ VOLV, VOLW, RSURF, RDIST 
COMMON / CONSTS/ PERM 

C WRITE (6, *) T 
C SET NODE SIZE 
C 

NODE = (NEQ-5)/5 
H = RDIST/ NODE 

C 

C INITIALIZE VARIABLES FOR B.C. 'S 
C 

C 

PTMB=Y(TMB) 
PMET=Y(MET) 
PAIR=Y(AIR) 
PWAT=Y(WAT) 
TMBPI= Y(TMB+l) 
METPI= Y(MET+ 1) 
AIRPI= Y(AIR+l) 
WATPI= Y(WAT+l) 

C CALL DELTAP FOR B.C.'S 
C 

C 

CALL DELT AP(TMBPI,METPI,AIRPI, W ATPI,PTMB,PMET ,PAIR, 
1 PWAT,H,P,T) 

C ADSORBED PHASE RECA TION RA TE 
C 

ADREC =200.0D0 

C LEFT HAND BOUNDARY CONDITIONS 
C 
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YDOT(TMB) = P( l)-6.8D-3*PTMB*(PWAT + ADREC)*9D-3 
YDOT(MET) = P(2) + 3D0*6.8D-3*PTMB*(PW AT)*9D-3 
YDOT(AIR) = P(3) 

C 

YDOT(WAT) =P(4)-3D0*6.8D-3*PTMB*(PWAT)*9D-3 
YDOT(ACID) =6.8D-3*PTMB*(PWAT+ADREC) 

C INTERNAL NODES 
C 

DO 100 I= !,(NODE+ 1)/2 
C 

C 

C 

C 

TMBPM= Y(TMB+l-1) 
METPM= Y(MET+I-1) 
AIRPM= Y(AIR+l-1) 
WATPM= Y(WAT+I-1) 
TMBPI = Y(TMB +I) 
METPI= Y(MET+l) 
AIRPI= Y(AIR+l) 
WATPI= Y(WAT+I) 
TMBPl = Y(TMB+I+ l) 
METPl = Y(MET+l+1) 
AIRPl = Y(AIR + I+ 1) 
WATPl= Y(WAT+l+1) 

CALL DIFFUS(TMBPM,METPM,AIRPM, W ATPM, TMBPI,METPl,AIRPI, W ATPI, 
1 TMBP1,METP1,AIRP1,WATP1,Jl,J2,J3,J4,H) 

TOTl = (TMBPl+METPl+AIRPl+WATPl) 
TOTI = (TMBPI + METPI + AIRPI + W ATPI) 
TOTM = (TMBPM + METPM + AIRPM + WATPM) 

C CALL VISCOSITY SUBROUTINE 

CALL MU(TMBPl,METPI,AIRPI,WATPI,N) 
C 
C THE DIFFERENCE APPROXIMATIONS 
C 

PREST= (TOTI-TOTM)/(H) 
DTOT2 = (TOT1-2D0*TOTI + TOTM)/(H**2) 

C 
C THE MODEL ODE'S 

DTMB = (TMBPI-TMBPM)/(H) 
YDOT(TMB +I)= PERM/(N)*(DTMB*PREST + TMBPI*DTOT2) 

1 +Jl - 6.8D-3*TMBPI*(WATPI+ADREC) 
C 

DMET = (METPI-METPM)/(H) 
YDOT(MET +I)= PERM/(N)*(DMET*PREST + METPI*DTOT2) 

1 +J2+6.8D-3*3D0*TMBPI*(WATPI) 
C 

DAIR= (AIRPI-AIRPM)/(H) 
YDOT(AIR +I)= PERM/(N)*(DAIR *PREST+ AIRPI*DTOT2) 
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C 

C 

C 

C 

+J3 

DWAT=(WATPI-WATPM)/(H) 
YDOT(W AT+ I)= PERM/(N)*(DW A T*PREST +WA TPI*DTOT2) 

I +J4-6.8D-3*3D0*TMBPl*(WATPI) 

YDOT(ACID+I) = 6.8D-3*TMBPI*(WATPl+ADREC) 

YDOT(TMB +NODE-I)= YDOT(TMB + I) 
YDOT(MET +NODE-I)= YDOT(MET + I) 
YDOT(AIR +NODE-I)= YDOT(AIR + I) 
YDOT(W AT+ NODE-I)= YDOT(WAT + I) 
YDOT(ACID +NODE-I)= YDOT(ACID + I) 

100 CONTINUE 
C 
C 
C RIGHT HAND BOUNDARY CONDITIONS 

C CALCULATE RIGHT HAND B.C'S 
C 

C 

C 

C 

YDOT(TMB +node) = YDOT(TMB) 
YDOT(MET +node) = YDOT(MET) 
YDOT(AIR +node) = YDOT(AIR) 
YDOT(WAT+node) =YDOT(WAT) 
YDOT(ACID+node)= YDOT(ACID) 

RETURN 
END 

SUBROUTINE DELTAP(TMBPI, METPI, AIRPI, WATPI, PTMB, 
1 PMET, PAIR, PWAT, H,P,T) 
DOUBLE PRECISION X,DPL,TPL,P,N,H,T,FLOW,TMBPI, 
1 METPI,AIRPI,WATPI,PTMB,PMET,PAIR,PWAT, 
2 Jl, J2, 13, 14, VOLV, VOLW, RSURF, RDIST, PERM 
DIMENSION X(4), P(4) 
INTEGER TMB, MET, AIR, WAT ,ACID,I 
COMMON I COMPONENTS I TMB, MET, AIR, WAT, ACID 
COMMON I PARAMET/ VOLV, VOLW, RSURF, RDIST 
COMMON I CONSTS/ PERM 

C SUBROUTINE CALCULATES PRESSURE CHANGE AT BOUNDARY 
C 
C 
C PART ONE: EV APO RATION RA TE 
C 

IF (T.LT.10 .0D0) THEN 
P(l)=2.2680D3 
P(2) = 3 .1320D3 

ELSE 
P(l)=0.0D0 
P(2)=0 .0D0 

END IF 
P(3) = 0.0D0 



P(4)=0.0D0 

C 
C PART TWO: REACTION RATE IN VESSEL 
C 

P(l)= P(l)-6.8D-3*PTMB*PWAT 
P(2)= P(2)+3D0*6.8D-3*PTMB*PWAT 
P(3)= P(3) 
P(4) = P(4)-3D0*6.8D-3*PTMB*PWAT 

C 
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C PART THREE: FLOW FROM VESSEL INTO WOOD 
C 

C CALL VISCOSITY SUBROUTINE 
C 

CALL MU(TMBPI,METPI,AIRPI, W ATPI,N) 
C 
C CALCULATE DIFFUSSIVE FLUX AT BOUNDARY 
C 

CALL DIFFBOUND(PTMB,PMET,PAIR,PWAT,TMBPI,METPI,AIRPI, 
1 WATPl,Jl,J2,J3,J4,H) 

C 
C CONVERT FLUX TO PRESSURE EQUIVALENT 
C 

C 

J1 =Jl *0.12/0.104D0*8.314*333/1.36D-2 
J2 =J2*0.12/0.032D0*8.314*333/l .36D-2 
J3 =J3*0. 12/0.029D0*8.314*333/l .36D-2 
J4 =J4*0. 12/0.018D0*8.314*333/l .36D-2 

C CALCULATE THE CHANGE IN PRESSURE DUE TO PRESSURE FLOW 

C 

DPL = (PTMB + PMET +PAIR+ PW AT) 
1 -(TMBPI + METPI + AIRPI +WA TPI) 

IF (DPL.LT.0.0D0) THEN 
TPL = PTMB + PMET +PAIR+ PW AT 
X(l)=(PTMB)/TPL 
X(2) = (PMET)/TPL 
X(3) = (PAIR)/TPL 
X(4)=(PWAT)/TPL 

ELSE 
TPL=TMBPI + METPI + AIRPI +WA TPI 
X(l) =(TMBPI)/TPL 
X(2) = (METPI)/TPL 
X(3) = (AIRPI)/TPL 
X( 4) =(WA TPI)/TPL 

END IF 

FLOW =-PERM/N*RSURF*DPL/H 
P(l)=P(l)+FLOW*X(l)*PTMB/ (VOLV-VOLW)+Jl 
P(2)=P(2)+FLOW*X(2)*PMET/(VOLV-VOLW)+J2 
P(3) = P(3) + FLOW*X(3)*PAIR/(VOLV-VOLW) +J3 
P(4)=P(4) + FLOW*X(4)*PWAT/(VOLV-VOLW)+J4 
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C 

RETURN 
END 

SUBROUTINE MU(PTMB,PMET,PAIR,PWAT,N) 
IMPLICIT DOUBLE PRECISION (G) 

C SUBROUTINE TO CALCULATE THE MIXTURE VISCOSITY 

DOUBLE PRECISION N, YTMB, YMET, YAIR, YWAT, THI, 
1 N l ,N2,N3,N4,PTMB,PMET,PAIR,PWAT 
DIMENSION THl(4,4) 
INTEGER TMB, MET, AIR, WAT, ACID, I 
COMMON/ COMPONENTS/ TMB, MET, AIR, WAT, ACID 

C VISCOSITY DAT A 
Nl= l.49D-5 
N2= l.32D-5 
N3=1.85D-5 
N4=1.95D-5 

C CALCULATE THE MASS FRACTIONS AT NODE N 
YTMB=O.ODO 

C 

YMET=O.ODO 
YAIR=O.ODO 
YWAT=O.ODO 

IF (PTMB.GT.O.ODO) THEN 
YTMB = PTMB/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PMET.GT.O.ODO) THEN 
YMET = PMET/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PAIR.GT.O.ODO) THEN 
Y AIR= PAIR/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

IF (PWAT.GT.O.ODO) THEN 
YW AT= PW A T/(PTMB + PMET +PAIR+ PW AT) 

ENDIF 

C THE INTERACTION PARAMETER THl(4,4) 

THl(l,l)=l.ODO 
THl(2, 1) =2.19DO 
THl(3,1)=2.844DO 
THl(4, 1)=3.380DO 
THl(l ,2)=4.397D-l 
THl(2,2)= I.ODO 
THl(3,2)= l.253DO 
THI(4,2)=3.219D-1 
THI(l,3) =3.695D-1 
THl(2,3) =8.119D-1 
THI(3,3) = I.ODO 
THI(4,3)= l.225DO 



THI(l ,4) =2 .859D-1 
THI(2,4)= l.358D-l 
THI(3,4) =7 .974D-1 
THI(4,4) =I.ODO 
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C CALCULATE THE VISCOSITY OF THE MIXTURE 

N =YTMB*Nl/(YTMB+ YMET*THl(l,2)+ YAIR*THl(l,3)+ YWAT*THl(l,4)) 
I + YMET*N2/(YTMB*THl(2, 1)+ YMET+ YAIR*THl(2,3)+ YW AT*THl(2,4)) 
2 + YAIR*N3/(YTMB*THl(3,1)+ YMET*THI(3,2)+ YAIR+ YW AT*TH1(3,4)) 
3 + YWAT*N4/(YTMB*THl(4,1)+ YMET*THl(4,2)+ YAIR*THl(4,3)+ YW AT) 

RETURN 
END 

SUBROUTINE DIFFUS(TMBM,METM,AIRM, WATM ,TMBI,METI,AIRI, 
1 WATI,TMB1,MET1,AIR1,WAT1,Jl,J2,13,14,H) 
IMPLICIT DOUBLE PRECISION (G) 

C SUBROUTINE TO CALCULATE THE DIFFUSIVE FLUX 

C 

DOUBLE PRECISION TMBM,METM,AIRM,WATM,TMBI,METI,AIRI, 
1 WATI,TMBl,METl,AIRl,WATl,XM,XI,X l,Jl,12,J3,14,H, 
2 MR,XMET,XAIR,XWAT, RHO 

XM=TMBM*104D0/(TMBM*104D0+METM*32D0+AIRM*29DO+WATM*18D0) 
XI= TMBI* 104 D0/(TMBI* 104DO + METI*32D0 + AIRI*29D0 +WA TI* 18D0) 
X 1 = TMB 1 * 104 D0/(TMB 1 * 104 DO+ METl *32D0 + AIRl *29D0 +WA Tl* 18DO) 

XMET = (METI)*32D0/((TMBI)* 104DO + (METI)*32D0 
2 +(AIRI)*29D0+(WATI)*18D0) 
XAIR = (AIRI) *32D0/( (TMBI)* 104 DO+ (MET!) *32D0 

2 +(AIRI)*29DO+(WATI)*18DO) 
XW AT= (WA TI)*32DO/((TMBI)* 104D0 +(METI)*32D0 

2 +(AIRI)*29D0+(WATI)*18D0) 

C MASS AVERAGED MOLECULAR WEIGHT 
C 

MR=Xl*0.104D0+XMET*0.032D0+XAIR*0.029DO+XWAT*0.018DO 
C 
C DENSITY OF GAS 
C 

C 
C 
C 

RHO= MR *(TMBI +MET!+ AIRI + WA TI)/(8.314D0*333DO) 

CHANGE IN FLUX WITH PRESSURE CONVERSION IN 

J1 =2.662D4*RHO*l .19D-5*(Xl-2D0*XI +XM)/H**2 
12 =-104D0/32D0*Jl *METI/(METI + AIRI +WA TI) 
J3 = -104 D0/29D0* J1 * AIRI/(METI + AIRI +WA TI) 
14 =-104DO/ 18DO*Jl *W ATI/(METI + AIRI +WA Tl) 

RETURN 
END 

SUBROUTINE DIFFBOUND(TMBM,METM,AIRM, W ATM, TMBI,METI,AIRI, 
I WATI,Jl,J2,J3,14,H) 
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IMPLICIT DOUBLE PRECISION (G) 
C SUBROUTINE TO CALCULATE THE DIFFUSIVE FLUX 

C 

DOUBLE PRECISION TMBM,METM,AIRM, W ATM, TMBI,METI,AIRI, 
l WATI,XM,XI,Xl,Jl,J2,J3,J4,H,MR,XMET,XAIR,XWAT,RHO 

XM=TMBM*l04D0/(TMBM*l04D0+METM*32D0+AIRM*29D0+WATM*18D0) 
XI =TMBI* 104D0/(TMBI*l04D0+ METI*32D0+ AIRI*29D0+ WATI* 18D0) 

XMET=(METM+METI)*32D0/((TMBM+TMBI)*104D0+(METM+METI)*32D0 
l +(AIRM +AIRI)*29D0+(WATM+WATI)*18D0) 
XAIR = (AIRM + AIRI)*29D0/((TMBM + TMBI)* 104D0+(METM + METI)*32D0 
l +(AIRM+AIRI)*29D0+(WATM+WATI)*18D0) 
XWAT=(WATM+WATl)*18D0/((TMBM+TMBI)*104D0+(METM+MET1)*32D0 
l +(AIRM +AIRI)*29D0+(WATM+WATl)*18D0) 

C MASS AVERAGED MOLECULAR WEIGHT 
C 

MR=XI*0.104D0+XMET*0.032D0+XAIR*0.029D0+XWAT*0.018D0 
C 
C DENSITY OF GAS 
C 

C 
C 
C 

RHO=MR*(TMBI + METI + AIRI + WATl)/(8.314D0*333D0) 

CHANGE IN FLUX WITH PRESSURE CONVERSION IN 

Jl =RHO*l .19D-5*(XI-XM)/H 
J2 =-Jl *METM/(METM + AIRM +WA TM) 
J3 =-Jl * AIRM/(METM + AIRM +WA TM) 
J4 =-Jl *WA TM/(METM + AIRM +WA TM) 

RETURN 
END 

A.5 TMBDATA.BAS 

The data aquisition program used in the experimental work was called 

TMBDATA.BAS. TMBDATA.BAS is written in QBASIC. 

10 I 

20 'Data Acquisition Program. 
30 'Name: tmbdata.bas 
40 'Written by John Evans, with help from ACA. 
50 'based on previous programs by JME and T AGL 
60 'Set up arrays. 
70 I 

80' SCRNOUT(21,6) contains the data values which are output to the screen. 
90 ' ADSCAN(1500,4) contains the data obtained by scanning the A/D 
100 ' converter during an experiment. 



110 
120 ' VOLT(lO) stores the voltages from the AID converter. 
130 I 

140 I 

150 I 

170 DIM VOLT(lO) 
180 I 
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190 'Initialise the array values and other constants (lines 22000-22999) and the 
200 ' thermocouple conversion parameters (lines 20000-20999). 
210 I 

220 GOSUB 22000 
230 GOSUB 20000 
240' 
290' 
300 'FLAG% = 1 indicates that an experiment has been done. 
310 'EXPT% = 1 indicates that the data has been printed out and stored. 
320 START% = 0 
325 FAST% = 0 
350 tcdatfil = 1 
360 CLS 
370 PRINT "Do you want to save the data to disk? YIN" 
380 GOSUB 24000 
390 IF an$ = "N" OR an$ = "n" THEN tcdatfil = 0 
395 IF an$ = "N" OR an$ = "n" GOTO 440 
400 LOCATE 20, 10: PRINT "Enter a data file name for this session" 
410 GOSUB 25000 
420 tcdat$ = kbdin$ 
430 OPEN tcdat$ FOR OUTPUT AS #2 
440' 
450 I 

460 LOCATE 15, 10: PRINT "Press Fl to start scanning pcldas" 
470 ON KEY(l) GOSUB 23000 
480 KEY(l) ON 
490 IF START% = 1 GOTO 510 
500 GOTO 460 
510 CLS 
520 GOSUB 7000 
530 I 

540 LOCATE 12, 45: PRINT "Press F2 to start fast scan" 
550 LOCATE 13, 45: PRINT "Press F3 to stop scanning" 
555 LOCATE 14, 45: PRINT "Press F4 to slow scan again" 
560 ON KEY(2) GOSUB 29000: ON KEY(3) GOSUB 27000: ON KEY(4) GOSUB 31000 
570 KEY(2) ON: KEY(3) ON: KEY(4) ON 
590 I 

596 IF FAST% = 0 THEN GOSUB 30000 
610 GOSUB 23000 
620 I 

660 I 

680 I 

690 ' write data to file 
700 GOSUB 26000 
730 I 

810 I 

850' 
860 'Call a subroutine to display the data on the screen. 
870 I 

880 GOSUB 12000 
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950 GOTO 560 
7000 ' PRINT COLUMN HEADINGS 
7020' 
7040 CLS 
7050 LOCATE 1, 3 
7060 PRINT "Time"; 
7070 LOCATE 1, 11 
7080 PRINT "Tl"; 
7090 LOCATE 1, 18 
7100 PRINT "T2"; 
7110 LOCATE 1, 24 
7120 PRINT "Pressure" 
7125 LOCATE 1, 35 
7127 PRINT "Weight" 
7130 I 

7140 LOCATE 2, 4 
7150 PRINT "[s]"; 
7160 LOCATE 2, 10 
7170 PRINT "[oC]"; 
7180 LOCATE 2, 18 
7190 PRINT "[oC]"; 
7200 LOCATE 2, 25 
7210 PRINT "[Volts]" 
7220 LOCATE 2, 34 
7230 PRINT "[volts]" 
7240 RETURN 
12000 I 

12010 'This subroutine prints the data to screen 
12020 I 

12030 I 

12040 I 

12050 LOCATE 4, 2 
12060 PRINT USING"######"; TIMER; 
12070 LOCATE 4, 10 
12080 PRINT USING"###.#"; tgin; 
12090 LOCATE 4, 17 
12100 PRINT USING "###.#"; tgout; 
12110 LOCATE 4, 25 
12120 PRINT USING"##.##"; vl; 
12130 LOCATE 4, 35 
12140 PRINT USING"##.####"; v2; 
12200 I 

I 2210 RETURN 
20000 I 

20010 'This subroutine stores the parameters for converting the 
20020 ' thermocouple voltages to the temperatures. 
20030 I 

20040 'Set up the dimensions for storing the temperature variables. 
20050 I 

20060 DIM T.R(2), T.P(9) 
20070 I 

20080 'Load temperature variables . 
20090 ' --K type 
20100' 
20110 T.R(0) = -.0000008167743593#: T.R(l) = .00003963927586# 
20120 T .R(2) = l.640341085D-08: T.P(0) = -.05115307103# 
20130 T.P(l) = 24850.28007#: T.P(2) = -382662.2822# 
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20140 T.P(3) = 99661056.73#: T.P(4) = -10820623570# 
20150 T.P(5) = 603928552400#: T.P(6) = -19108999620000# 
20160 T.P(7) = 347823473000000#: T.P(8) = -3399102821000000# 
20170 T.P(9) = 1.382851398D+ 16 
20190 I 

20200 RETURN 
21000 I 

21010 'This subroutine converts the voltage data to temperature data. 
21020 ' for K type thermocouples. 
21030 I 

21040 'Input variables: 
21050 ' V = thermocouple voltage in volts. 
21060 ' CJC = cold junction compensation temperature in oC. 
21070 I 

21080 'Output variables: 
21090 ' TC = temperature (oC). 
21100 I 

21110 'Calculate the thermocouple temperature. 
21120 I 

21130 vl = T.R(0) + CJC * (T.R(l) + CJC * T.R(2)) + V 
21140 ' Tl = Vl *(T.P(5) + Vl *(T.P(6) + Vl *(T.P(7) + Vl *(T.P(8) + Vl *T.P(9))))) 
21142 Tl = vl "5 * T.P(9) + vl "4 * T.P(8) + vl "3 * T.P(7) + vl "2 * T.P(6) + vl * T.P(5) 
21150 T2 = T.P(0) + vl * (T.P(l) + vl * (T.P(2) + vl * (T.P(3) + vl * (T.P(4) + Tl)))) 
21160 I 

21170 'Calculate the temperature in oC. 
21180 I 

21190 TC = INT(T2 * 100! + .5) / 100 
21200 I 

21210 RETURN 
22000 I 

22170 I 

22260 I 

22270 'Set the 1/0 port base address. 
22280 I 

22290 IOPORT% = &H220 
22300 I 

22310 'For the I.R.G.A. and the thermocouples, set the actual gains 
22320 ' (IRGAGAIN and TCGAIN respectively) and the appropriate 
22330 ' amplifier outputs (GAINIRGA % and GAINTC % respectively). 
22340 I 

22350 IRGAGAIN = .5 
22360 TCGAIN = 1000 
22370 GAINIRGA % = 0 
22380 GAINTC % = 64 
22390 I 

22400 'Enter physical constants for conversions. 
22410 I 

22610 RETURN 
23000 I 

23010 'This subroutine does a single scan of the AID converter. 
23020 I 

23130 'Read the cold-junction compensation reference from the PCLD-889 
23140 ' amplifier/multiplexer card. 
23150 KEY(l) OFF 
23160 'Set the PCL-711 input channel #7 as the CJC reference input channel. 
23170 I 

23180 OUT IOPORT% + 10, 7 
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23190 ' 
23200 'Trigger the A/D conversion. 
23210' 
23220 OUT IOPORT% + 12, 0 
23230' 
23240 'Read in PCLD-889 CJC reference voltage 
23250' 
23260 HI = INP(IOPORT% + 5): IF HI > = 64 THEN 23260 
23270 LO = INP(IOPORT% + 4) 
23280 ' 
23290 'Convert the volts to real temperature. 
23300 ' 
23310 CJC = (HI * 256 + LO - 2048) * 5 I 2048 
23320 CJC = CJC * 1000 I 24.4 
23330' 
23340 'Measure the voltage and the thermocouple signals. 
23350 I 

23360 'Set the PCL-711 input channel #0 as the input channel 
23370 ' for the voltage and the thermocouple. 
23380' 
23390 OUT IOPORT% + 10, 0 
23400' 
23410 'Scan the three data ports. 
23420 I 

23430 FOR CHANNO % = 0 TO 3 
23440' 
23450 'If the channel is 0, set the gain to GAINIRGA % = 0 (I.R.G.A). 
23460 ' The real gain for the I.R.G.A. is IRGAGAIN = 0.5. 
23470 'If the channel is 1 or 2, set the gain to GAINTC% = 96 (thermocouples). 
23480 ' The real gains for the thermocouples are TCGAIN = 200. 
23490' 
23500 IF CHANNO% = 0 THEN GAIN% = GAINTC% 
23502 IF CHANNO% = 1 THEN GAIN% = GAINTC 
23504 IF CHANNO% = 2 THEN GAIN% = GAINIRGA% 
23506 IF CHANNO% = 3 THEN GAIN% = GAINIRGA% 
23510 OUT IOPORT% + 13, GAIN% + CHANNO% 
23520' 
23530 'Trigger the A/D conversion. 
23540' 
23550 OUT IOPORT% + 12, 0 
23560' 
23570 'Read in the PCLD-889 amplifier output voltage. 
23580' 
23590 HI = INP(IOPORT% + 5): IF HI > = 64 THEN 23590 
23600 LO = INP(IOPORT% + 4) 
23610' 
23640 'Convert the A/D converter data to voltages. 
23650 ' Convert voltage data to temperature data for channels 1 and 2 
23660 ' Convert voltage data to humidity data for channel 0. 
23670' 
23680 IF CHANNO % = 0 OR CHANNO % = 1 THEN ACTGAIN = TCGAIN ELSE ACTGAIN = 
IRGAGAIN 
23690 VOLT(CHANNO%) = (HI* 256 + LO - 2048) * 5! / 2048 I ACTGAIN 
23700 NEXT CHANNO % 
23710' 
23720 'For the thermocouples, convert the voltages to temperatures. 
23730' 



23740 FOR CHANNO% = 0 TO 1 
23750 V = VOLT(CHANNO%) 
23760 GOSUB 21000 
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23770 IF CHANNO% = 0 THEN tgin = TC ELSE tgout = TC 
23780 NEXT CH ANNO% 
23790' 
23800 'For the I.R.G.A., convert the voltage to a humidity. 
23810' 
23820 vl = VOLT(2) 
23830 v2 = VOL T(3) 
23850' 
23860 'set flag 
23870 START% = 1 
23880' 
23890 RETURN 
24000' 
24010 'This subroutine is a simple yes/no subroutine 
24020' 
24030 an$ = INKEY$: IF an$ = "" GOTO 24000 
24040 IF an$ = "Y" OR an$ = "y" GOTO 24100 
24050 IF an$ = "N" OR an$ = "n" GOTO 24100 
24060 GOTO 24000 
24070' 
24100 RETURN 
25000' 
25010 'This subroutine get input form keyboard 
25020' 
25030 LINE INPUT " "; kbdin$ 
25040 RETURN 
26000' 
26010 ' save data to file 
26020' 
26030 IF tcdatfil = 0 THEN GOTO 26050 
26040 PRINT #2, TIMER;","; tgin; ","; tgout; ","; vl; ","; v2 
26050 RETURN 
27000' 
27010 CLOSE #2 
27020 KEY(3) OFF 
227030 END 
28000' 
28010 
28020' 
28030 KEY(!) OFF 
28040 CLS 
28050 RETURN 
29000 FAST% = 1 
29010 RETURN 
30000 STT = TIMER: TIME = TIMER 
30010 IF TIMER< TIME AND TIME> O! THEN TIME= TIME - 86400 
30020 IF TIMER - TIME < 1! THEN GOTO 30010 
30030 TIME = TIMER 
30040 RETURN 
31000 FAST% = 0 
31005 RETURN 
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Appendix B: 

Determination of Boric Acid Content 

B.1 Extraction 

The extraction of the boric acid from the wood was achieved by heating a 1 g sample 

cut from a radial slice from the treated timber (see Figure 8.1) in a solution of 1 mol 

r' sodium hydroxide in distilled water at 55 to 60 °C. After 1 ½ hours of leaching 

little or no further boric acid was leached from the wood chips. 

The extraction procedure was as follows: 

1. Immediately after treatment the wood was sliced into thin radial sections (Figure 

8.1) . 

2. The thin slices were broken up into smaller splints ( about 2 x 5 x 5 mm). 

3. Approximately 1 g of the splints were put into a 100 ml plastic volumetric flask 

and about 50 ml of 1 mol r' sodium hydroxide solution were added. 

4. The flask was placed in water bath for about 2½ hours. 

5. The flask was removed from the water bath and the solution was made up to the 

mark with 1 mol r' sodium hydroxide solution. 

B.2 Determination 

The boric acid concentration in the sodium hydroxide solution was obtained by 

forming a complex between boric acid and curcumin (sometimes referred to as 

rosocyanin). This complex has a distinctive red colour which absorbs light at 555 

nm. The concentration of boric acid can, therefore, be determined using a 

spectrophotometer set at 555 nm 

Three solutions are used in the determination procedure. They are: 
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• curcumin/acetic acid solution: 0.12 g of curcumin are dissolved in 100 ml of warm 

glacial acetic acid. 

• sulphuric acid/acetic acid solution: 50 mls of concentrated sulphuric acid are added 

(slowly with cooling) to 50 mis of glacial acetic acid. 

• acetone/water solution: 500 mls of water to are added 500 mis of acetone. 

The procedure is as follows: 

1. Put a 0.5 ml aliquot of the extracted solution (see above) into a 12 ml plastic test 

tube, using a 0.5 ml graduated pipette. 

2. Add 3 ml (using a 5 ml graduated pipette) of the curcumin/acetic acid solution, mix 

thoroughly and leave for 10 minutes. 

3. Add 3 mls (using a 5 ml graduated pipette) of the acetic acid/sulphuric acid 

solution mix well and leave for 20 minutes. 

4. Transfer this solution into a 100 ml plastic volumetric flask half filled with the 

acetone water solution, shake well and top up to the 100 ml mark with 

acetone/water solution. 

5. Measure the absorbance of the mixture at 555 nm. 

6. If the boric acid solution is too strong (above 60 µg boric acid in 0.5 mls) then 10 

mls of the extracted solution should be added to 90 mls of 1 mol r1 sodium 

hydroxide solution in a volumetric flask and the determination procedure was 

repeated. 

The absorbance of the mixture was measured on a Spectronic 20 spectrophotometer, 

using glass test tubes. 

Plastic flasks and test tubes were used whereever possible throughout these 

procedures as boron leaching from born-silicate ("Pyrex") glassware would corrupt 

the results. 
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B.3 Calibration 

A plot of absorbance versus boric acid content was prepared by pipetting a known 

amount of boric acid into a test tube and completing the determination procedure 

(section B.2). As boric acid is hygroscopic, di-sodium tetraborate (borax) was used 

as a primary standard. Two solutions were prepared: one with a boric acid 

equivalence of 60 mg r1 and the second with an equivalence of 600 mg r1. 

Combinations of these two solution were used to prepare 0.5 ml aliquots with 6, 12, 

18, 24, 30, 60, and 72 µg of boric acid in them. The absorbance of these solutions 

was determined using the methods outlined above (section B.2). The calibration 

graph is shown as Figure B .1. 

The calibration graph presented in this work (Figure B.1) shows a linear relationship 

between absorbance and concentration (boric acid content), in contrast to Turner 

(1991) who plotted a linear relationship between transmission and concentration. The 

former relationship is expected from Beer's Law. 
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Figure B.1: Boric acid content versus absorbance. 
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Appendix C: 

Results of Experimental and Numerical Studies 

C.1 Results from trials at low-occupancy, fast-evaporation rates. 

The following tables show the results of the experimental runs and the subsequent 
simulations of the experiments with the uptake of boric acid being measured in grams. 
The distance referred to is the distance from the outer edge of the timber. The 
suffices A, B, C refer to the moisture content of the particular sample: sample with 
the suffix A have a nominal moisture content of 9 % (wt/wt oven dry basis); samples 
with a suffix B have a nominal moisture content of 6 % (wt/wt oven dry basis); and 
samples with a suffix C have a nominal moisture content of 3 % (wt/wt oven dry 
basis). 

The evaporation and treatment times are taken directly form the measured pressure 
profiles in the treatment vessel. The times start concurrently. 

Trial 1 Sample 4A 
evaporation time = 16 s 
treatment length = 45 s 

distance (mm) 1 
experimental (g) 2.813 

simulated (g) 3.427 

Trial 3 Sample 13A 
evaporation time = 25 s 
treatment length = 40 s 

distance (mm) 1 
experimental (g) 5.527 

simulated (g) 4.064 

Trial 4 Sample 15A 
evaporation time = 20 s 
treatment length = 34 s 

distance (mm) 1 
experimental (g) 3.140 

simulated (g) 3.365 

7 
1.218 
0.888 

7 
0.304 
1.000 

7 
0.784 
0.869 

13 19 25 total 
0.298 0.149 0.000 4.478 
0.164 0.028 0.000 4.508 

13 19 25 total 
0.000 0.000 0.000 5.831 
0.174 0.029 0.000 5.267 

13 19 25 total 
0.319 0.000 0.000 4.243 
0.159 0.028 0.000 4.420 
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Trial 1 Sample 4B 
evaporation time = 22 s 
treatment length = 30 s 

distance (mm) 1 
experimental (g) 1.934 

simulated (g) 1.703 

Trial 3 Sample 13B 
evaporation time = 17 s 
treatment length = 48 s 

distance (mm) 1 
experimental (g) 1.931 

simulated (g) 1.904 

Trial 4 Sample 15B 
evaporation time = 13 s 
treatment length = 36 s 

distance (mm) 1 
experimental (g) 1.586 

simulated (g) 1.478 

Trial 1 Sample 4C 
evaporation time = 16 s 
treatment length = 72 s 

distance (mm) 1 
experimental (g) 1.758 

simulated (g) 1.831 

Trial 3 Sample 13C 
evaporation time = 10 s 
treatment length = 48 s 

distance (mm) 1 
experimental (g) 0.824 

simulated (g) 1.171 

Trial 4 Sample 15C 
evaporation time = 19 s 
treatment length = 60 s 

distance (mm) 1 
experimental (g) 1.485 

simulated (g) 1.531 

7 
0.887 
0.884 

7 
0.480 
1.053 

7 
0.751 
0.835 

7 
1.119 
1.153 

7 
0.628 
0.755 

7 
1.079 
0.968 

13 19 25 total 
0.553 0.482 0.030 3.886 
0.447 0.229 0.108 3.371 

13 19 25 total 
0.442 0.436 0.173 3.462 
0.570 0.296 0.151 3.974 

13 19 25 total 
0.567 0.476 0.000 3.380 
0.462 0.242 0.133 3.149 

13 19 25 total 
0.784 0.499 0.147 4.307 
0.772 0.502 0.231 4.489 

13 19 25 total 
0.594 0.389 0.081 2.517 
0.514 0.336 0.165 2.941 

13 19 25 total 
0.866 0.755 0.035 4.220 
0.647 0.421 0.195 3.763 
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C.2 Results from trials at low-occupancy, slow-evaporation rate. 

Trial 5 Sample 9A 
evaporation time = 46 s 
treatment length = 106 s 

distance (mm) 1 
experimental (g) 1.252 

simulated (g) 1.115 

Trial 6 Sample 12A 
evaporation time = 40 s 
treatment length = 110 s 

distance (mm) 1 
experimental (g) 1.866 

simulated (g) 1.977 

Trial 7 Sample lA 
evaporation time = 60 s 
treatment length = 60 s 

distance (mm) 1 
experimental (g) 3.725 

simulated (g) 3.716 

Trial 8 Sample 8A 
evaporation time = 30 s 
treatment length = 120 s 

distance (mm) 1 
experimental (g) 6.207 

simulated (g) 6.104 

Trial 5 Sample 9B 
evaporation time = 30 s 
treatment length = 60 s 

distance (mm) 1 
experimental (g) 1.690 

simulated (g) 1.986 

7 
0.113 
0.262 

7 
0.351 
0.465 

7 
0.868 
0.862 

7 
1.265 
1.402 

7 
0.853 
1.082 

13 19 25 total 
0.000 0.000 0.000 1.365 
0.043 0.007 0.000 1.428 

13 19 25 total 
0.000 0.000 0.000 2.217 
0.076 0.012 0.000 2.531 

13 19 25 total 
0.160 0.000 .o.ooo 4.753 
0.140 0.022 0.000 4.740 

13 19 25 total 
0.156 0.000 0.000 7.628 
0.229 0.038 0.000 7.773 

13 19 25 total 
0.476 0.321 0.035 3.375 
0.576 0.297 0.145 4.086 
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Trial 6 Sample 12B 
evaporation time = 30 s 
treatment length = 58 s 

distance (mm) 1 
experimental (g) 1.855 

simulated (g) 1.986 

Trial 7 Sample 1B 
evaporation time = 30 s 
treatment length = 120 s 

distance (mm) 1 
experimental (g) 2.823 

simulated (g) 3.207 

Trial 8 Sample 8B 
evaporation time = 30 s 
treatment length = 120 s 

distance (mm) 1 
experimental (g) 3.036 

simulated (g) 3.207 

Trial 5 Sample 9C 
evaporation time = 60 s 
treatment length = 60 s 

distance (mm) 1 
experimental (g) 0.754 

simulated (g) 0.643 

Trial 6 Sample 12C 
evaporation time = 9 s 
treatment length = 3 7 s 

distance (mm) 1 
experimental (g) 1.477 

simulated (g) 1.089 

Trial 7 Sample 1 C 
evaporation time = 60 s 
treatment length = 60 s 

distance (mm) 1 
experimental (g) 0.686 

simulated (g) 0.643 

7 
1.005 
1.082 

7 
1.678 
1.704 

7 
2.077 
1.704 

7 
0.354 
0.395 

7 
1.190 
0.703 

7 
0.384 
0.395 

13 19 25 total 
0.383 0.237 0.039 3.519 
0.576 0.297 0.145 4.086 

13 19 25 total 
0.870 0.407 0.121 5.899 
0.891 0.455 0.205 6.462 

13 19 25 total 
1.187 0.570 0.081 6.951 
0.891 0.455 0.205 6.462 

13 19 25 total 
0.170 0.118 0.044 1.439 
0.251 0.157 0.080 1.526 

13 19 25 total 
0.689 0.316 0.066 3.737 
0.478 0.312 0.161 2.743 

13 19 25 total 
0.143 0.075 0.018 1.306 
0.251 0.157 0.080 1.526 
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Trial 8 Sample 8C 
evaporation time = 60 s 
treatment length = 120 s 

distance (mm) 1 
experimental (g) 2.057 

simulated (g) 2.198 

7 
1:190 
1.358 

13 19 25 
0.789 0.316 0.066 
0.889 0.572 0.252 

C. Results from trials at high-occupancy, fast-evaporation rate. 

Trial 9 Sample 14A 
evaporation time = 14 s 
treatment length = 44 s 

distance (mm) 
experimental (g) 

simulated (g) 

Trial 10 Sample 7 A 
evaporation time 
treatment length 

distance (mm) 
experimental (g) 

simulated (g) 

1 
3.656 
4.842 

1 
5.535 
5.576 

Trial 9 Sample 14B 
evaporation time = 10 s 
treatment length = 60 s 

distance (mm) 1 
experimental (g) 2.610 

simulated (g) 2.660 

Trial 10 Sample 7B 
evaporation time = 20 s 
treatment length = 60 s 

distance (mm) 1 
experimental (g) 1.026 

simulated (g) 1.051 

7 
0.000 
1.207 

7 
1.271 
1.378 

7 
1.054 
1.455 

7 
0.539 
0.557 

13 19 25 
0.000 0.000 0.000 
0.221 0.039 0.000 

13 19 25 
0.235 0.000 0.000 
0.259 0.048 0.000 

13 19 25 
0.588 0.396 0.043 
0.787 0.410 0.200 

13 19 25 
0.259 0.157 0.039 
0.285 0.148 0.077 

total 
4.418 
5.269 

total 
3.656 
6.308 

total 
7.041 
7.260 

total 
4.692 
5.512 

total 
2.020 
2.118 



C.6 Appendix C: Results 

Trial 9 Sample 14C 
evaporation time = 15 s 
treatment length = 60 s 

distance (mm) 1 
experimental (g) 1.697 

simulated (g) 1.568 

Trial 10 Sample 7C 
evaporation time = 15 s 
treatment length = 240 s 

distance (mm) 1 
experimental (g) 3.117 

simulated (g) 3.114 

7 
0.919 
0.995 

7 
2.075 
1.912 

13 19 25 total 
0.611 0.416 0.136 3.779 
0.667 0.434 0.203 3.867 

13 19 25 total 
1.077 0.829 0.220 7.318 
1.251 0.804 0.357 7.439 

C.4 Experimental data used for determination of the gas phase reaction rate. 

run 1 2 3 4 5 6 7 
Pressure drop 19 9 13 21 12 28 28 

(kPa) 
u (m s-1) 55 37 45 58 43 66 66 

Re 8932 6037 7378 9335 7024 10661 10661 
distance (m) 0.77 0.55 0.62 0.40 0.28 0.46 0.46 

time (s) 0.014 0.015 0.014 0.0069 0.0065 0.0070 0.007 
k' (f1) 72 68 73 144 155 143 143 
water 10900 10900 10900 10900 10900 10000 12300 

concentration (Pa) 

8 9 
17 7 

53 33 
8586 5291 
0.83 0.63 

0.016 0.019 
64 52 

12300 12300 

k (Pa-1 s-1) 0.0066 0.0062 0.0067 0.0132 0.0142 0.0143 0.0116 0.0052 0.0042 

run 10 11 12 13 14 15 16 17 
Pressure drop 4 4 7 4 2 8 6 2 

(kPa) 
u (m s-1) 23 24 32 23 14 35 28 17 

Re 3683 3932 5195 3810 2272 5628 4613 2719 
distance (m) 0.52 0.54 0.52 0.38 0.30 0.82 0.71 0.38 

time (s) 0.023 0.022 0.016 0.016 0.021 0.024 0.025 0.023 
k' (s- 1) 44 45 62 62 47 42 40 44 
water 12300 12300 12300 11000 11000 11000 11000 11000 

concentration (Pa) 
k (Pa- 1 s- 1) 0.0036 0.0037 0.0050 0.0056 0.0042 0.0038 0.0036 0.0040 


	CONTENTS
	SUMMARY
	CHAPTER ONE: PAST WORK ON THE VAPOUR BORON TIMBER TREATMENT PROCESS
	1.1 Introduction
	1.2 Imperial College
	1.3 The New Zealand Forest Research Institute Process
	1.4 References

	CHAPTER TWO: LITERATURE REVIEW
	2.1 The Physical Properties of trimethyl borate
	2.2 The Thermodynamic Behaviour of the trimethyl borate/ methanol azeotrope
	2.3 Viscosity Estimation
	2.4 The Vapour Pressure of Water in Wood
	2.5 The Anatomy of Pinus radiata D. Don
	2.6 Steady-State Permeability
	2.7 Review of Unsteady-State Permeability Models
	2.8 References

	CHAPTER THREE: THE CHEMISTRY OF THE VAPOUR BORON TIMBER TREATMENT PROCESS
	3.1 Introduction
	3.2 The Vapour Phase Reaction Rate
	3.3 The Adsorbed-Phase Hydrolysis of Trimethyl Borate
	3.4 References

	CHAPTER FOUR: THE STEADY-STATE PERMEABILITY OF PINUS RADIATA D. DON
	4.1 Introduction
	4.2 Flow Mechanisms
	4.3 Gas Permeability
	4.4 Experimental
	4.5 Results
	4.6 Discussion
	4.7 Conclusion
	4.8 References

	CHAPTER FIVE: UNSTEADY-STATE FLOW IN PINUS RADIATA D. DON
	5.1 Introduction
	5.2 Flow Mechanisms
	5.3 Model Development for Pinus radiata
	5.4 Model Verification
	5.5 Results
	5.6 Discussion
	5.7 Conclusion
	5.8 References

	CHAPTER SIX THE MODEL OF THE VAPOUR BORON PROCESS
	6.1 Introduction (Process Description)
	6.2 The Model of the Vapour Boron Timber Treatment Process
	6.3 Derivation of Boundary Conditions
	6.4 References

	CHAPTER SEVEN: THE NUMERICAL SOLUTION TO THE MODEL
	7.1 The Method of Lines
	7.2 The NAG partial differential equation solver D03PGF.
	7.3 The Ordinary Differential Equation Solver DVODE
	7.4 Spurious Wave Formation in the Solution of Hyperbolic Differential Equations
	7.5 Conclusion
	7.6 References

	CHAPTER EIGHT: EXPERIMENTAL VERIFICATION OF MODEL
	8.1 Introduction
	8.2 Experimental Design
	8.3 Experimental Apparatus
	8.4 Experimental Procedure
	8.5 Results
	8.6 Discussion
	8.7 Conclusion
	8.8 References

	CHAPTER NINE: SIMULATION OF EXPERlMENTAL RESULTS
	9.1 Introduction
	9.2 Simulation of experimental results
	9.3 Sensitivity Analysis on Process Variables
	9.4 Numerical experimentation
	9.5 Conclusion
	9.6 References

	CHAPTER TEN: CONCLUSION AND FUTURE WORK
	Nomenclature
	Appendix A: Program Listings
	Appendix B: Determination of Boric Acid Content
	Appendix C: Results of Experimental and Numerical Studies


 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: all pages
     Mask co-ordinates: Horizontal, vertical offset 554.52, -4.03 Width 46.55 Height 843.93 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325122131
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         162
         AllDoc
         192
              

       CurrentAVDoc
          

     554.5237 -4.0323 46.5476 843.9285 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     0
     228
     227
     2a7574e8-2a70-4d2c-b8d2-934504acfaf8
     228
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 543.39, -4.03 Width 64.76 Height 844.94 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325122333
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     543.3928 -4.0323 64.7619 844.9404 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     196
     228
     196
     a696021f-e7b2-4b4f-b9be-99342c5d43ed
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 540.36, 250.97 Width 61.73 Height 589.94 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325122422
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     540.3571 250.9677 61.7262 589.9404 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     197
     228
     197
     59daa847-7a59-485d-8f45-6131682c0860
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 543.39, -4.03 Width 61.73 Height 843.93 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325122438
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     543.3928 -4.0323 61.7262 843.9285 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     198
     228
     198
     f10e4640-8a58-480f-9ca6-83f7c8d845f8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 200 to page 205
     Mask co-ordinates: Horizontal, vertical offset 540.36, 5.07 Width 58.69 Height 836.85 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325122559
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         200
         SubDoc
         205
              

       CurrentAVDoc
          

     540.3571 5.0749 58.6905 836.8451 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     199
     228
     204
     1973c2b8-d145-430f-b3fd-5d2eff546c1a
     6
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 225 to page 227
     Mask co-ordinates: Horizontal, vertical offset 516.07, -4.03 Width 80.95 Height 843.93 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325122714
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         225
         SubDoc
         227
              

       CurrentAVDoc
          

     516.0714 -4.0323 80.9524 843.9285 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     224
     228
     226
     d210c152-c5f4-48e3-b21e-5c0ae11742b5
     3
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 520.12, 0.02 Width 41.49 Height 841.90 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325122747
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     520.119 0.0154 41.4881 841.9046 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     227
     228
     227
     1613d215-05f7-43e6-966b-8ab8261daf23
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 461.24, 487.16 Width 24.44 Height 8.73 points
     Mask co-ordinates: Horizontal, vertical offset 462.11, 493.70 Width 24.44 Height 3.49 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325135325
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     461.2353 487.1571 24.4363 8.7273 462.1081 493.7026 24.4363 3.4909 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     0
     228
     0
     4935f400-8aa6-4640-ba20-718335b09255
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 465.34, 495.97 Width 20.60 Height 2.79 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325135357
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     465.339 495.9703 20.5964 2.7927 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     0
     228
     0
     e277b630-b9a0-4fff-bca5-6e5f032b89ac
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move left by 11.34 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200325135506
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Left
     11.3386
     0.0000
            
                
         Both
         88
         CurrentPage
         89
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     0
     228
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 17.07, 678.76 Width 115.73 Height 157.47 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200325135554
      

        
     1
     0
     BL
     -15
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     17.0748 678.7606 115.7294 157.4678 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     2
     228
     2
     d13edc9b-d003-4f61-9f60-39b98de0d925
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 19.84 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326103057
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     19.8425
     0.0000
            
                
         Both
         88
         CurrentPage
         89
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     10
     219
     10
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 5.67 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326103119
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     5.6693
     0.0000
            
                
         Both
         88
         CurrentPage
         89
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     10
     219
     10
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 2.83 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326103139
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     2.8346
     0.0000
            
                
         Both
         88
         CurrentPage
         89
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     10
     219
     10
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move left by 8.50 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326103236
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Left
     8.5039
     0.0000
            
                
         Both
         88
         CurrentPage
         89
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     11
     219
     11
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 31.18 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326103333
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     31.1811
     0.0000
            
                
         Both
         88
         CurrentPage
         89
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     12
     219
     12
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 14 to page 217; only odd numbered pages
     Trim: none
     Shift: move right by 31.18 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326103424
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     31.1811
     0.0000
            
                
         Odd
         14
         SubDoc
         217
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     14
     219
     216
     102
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 14 to page 172; only even numbered pages
     Trim: none
     Shift: move left by 8.50 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326103733
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Left
     8.5039
     0.0000
            
                
         Even
         14
         SubDoc
         172
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     169
     219
     171
     80
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 17.01 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326104056
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     17.0079
     0.0000
            
                
         Both
         14
         CurrentPage
         172
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     215
     219
     215
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 22.68 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326104129
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     22.6772
     0.0000
            
                
         Both
         14
         CurrentPage
         172
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     217
     219
     217
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 14.17 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326104205
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     14.1732
     0.0000
            
                
         Both
         14
         CurrentPage
         172
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     218
     219
     218
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: none
     Shift: move right by 8.50 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20200326104310
      

        
     32
     1
     0
     No
     686
     319
     Fixed
     Right
     8.5039
     0.0000
            
                
         Both
         14
         CurrentPage
         172
              

       CurrentAVDoc
          

     None
     17.0079
     Left
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     10
     219
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 267.10, 694.95 Width 206.12 Height 43.30 points
     Mask co-ordinates: Horizontal, vertical offset 243.93, 608.97 Width 244.54 Height 43.91 points
     Mask co-ordinates: Horizontal, vertical offset 318.94, 565.06 Width 172.58 Height 45.13 points
     Mask co-ordinates: Horizontal, vertical offset 249.42, 562.62 Width 68.30 Height 25.00 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200402155134
      

        
     1
     0
     BL
     0
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     267.1006 694.9537 206.1187 43.2971 243.9275 608.9693 244.5373 43.9069 318.9352 565.0623 172.5787 45.1266 249.4159 562.623 68.2997 25.0026 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     87
     219
     87
     7e55539a-16fc-4eac-8a2f-b831f0bf2921
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 293.32, 396.75 Width 285.40 Height 43.30 points
     Mask co-ordinates: Horizontal, vertical offset 376.87, 430.29 Width 90.86 Height 88.42 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200402155154
      

        
     1
     0
     BL
     0
     238
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     293.3228 396.7523 285.3952 43.2971 376.868 430.2923 90.863 88.4237 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     87
     219
     87
     ae1f70a4-6c90-4150-9149-0852b53c977c
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 259.78, 452.86 Width 42.08 Height 23.17 points
     Origin: bottom left
     Colour: Default (white)
      

        
     D:20200402155206
      

        
     1
     0
     BL
     0
     238
    
            
                
         Both
         162
         CurrentPage
         192
              

       CurrentAVDoc
          

     259.7828 452.8556 42.0775 23.1731 
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     87
     219
     87
     e07a0868-ea3c-4e7e-a94f-f5d122a9ed37
     1
      

   1
  

 HistoryList_V1
 qi2base





