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Abstract 

Abstract 

Models of moisture flow processes in wood are normally based on a Fickian approach. In 
many instances, there are considerable discrepancies between modelling and experimental 
results. It is shown in this thesis that a major cause for these discrepancies is a so-called 
retarded sorption which is not accounted for in conventional theories. 

This retarded sorption occurs in the wood cell wall. A special experimental set-up to 
isolate and measure this process has been developed. Extensive series of sorption response 
measurements with different sequences of relative humidities have been performed on very 
thin, well exposed wood samples. The results show that the sorption often has an intricate 
dependence on moisture history. Two small steps may not give the same sorption as the 
corresponding single larger step. The process is not linear. The part of the sorption that is 
retarded is especially large at high relative humidities. The retarded sorption increases with 
decreasing temperature. In special cases, retarded sorption for single cell walls with a time 
scale of more than a month has been observed. 

Different models to reproduce the measured results have been tested. It is shown that 
models with one added internal node are not sufficient. A few internal nodes are needed. The 
conductances between the nodes must be decreasing inwards. Non-linear conductances, where 
the conductance increases with the difference in moisture state between the nodes, are 
required to reproduce the result for more irregular sequences of relative humidity. The best 
agreement was obtained with a non-linear model with five internal nodes, where the inner
most node accounted for hysteresis. 

Tangential and radial swelling (and shrinkage) was measured in parallel for two series. The 
ratio between radial and tangential swelling was quite constant throughout the whole series 
with their many and varied changes of relative humidity. The variation in time of tangential 
swelling and moisture content followed each other quite well along lines with a constant 
slope, in particular for cyclic steps. A somewhat higher slope was obtained in all cases where 
the sorption contained a larger retarded part. 
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Introduction 

1 Introduction 

Wood is an excellent building material. In comparison with other building materials, it has 
good strength and stiffness relative to its weight. Wood has good thermal insulation properties 
in comparison with its load bearing capacity. Wood is easy to cut, tool and join together. The 
fact that wood has different properties in different directions can be exploited for more opti
mal designs. It is possible to produce wood in a cost-effective, environmentally friendly way. 
The tactile quality of wood makes it popular for furniture and interior design. It is perceived 
as a soft and inviting material for facades. There certainly is a potential for a widespread use 
of this versatile material. At the same time, the limits of function for wood has to be estab
lished, in order to avoid that unsuitable use will bring it into disrepute. 

However attractive, the hygroscopic properties of wood have constantly to be addressed, so 
that moisture-related problems can be avoided. It is an important task to deepen and enlarge 
the knowledge of moisture behaviour in wood. 

The interest of modelling of moisture processes in wood has increased during the last dec
ade due to various problems related to moisture in wood. A few examples of such problems 
are rot and mould growth in painted exterior wood panels, dimensional changes with chang
ing moisture content, and cracks caused by initial drying. 

The possibilities of using advanced computer models have increased considerably due to 
the rapidly increasing computer capabilities. However it is still a main challenge is to estab
lish proper, experimentally verified models, and in particular to determine the data needed in 
the models. 

Many authors report discrepancies between measured and modelled moisture processes in 
wood. It is claimed in this thesis that the main reason for these discrepancies is that the sorp
tion in the wood cell wall is not modelled in a correct way. The conventional use of the sorp
tion isotherm implies that the moisture uptake is virtually instantaneous in small parts of the 
cell wall. But a closer analysis of experiments shows that the sorption process is much more 
complicated in many cases. It depends on the moisture history and, in a non-linear way, on 
the size of the change of relative humidity. 

This sorption in the cell wall with its complicated behaviour and varying time scales will 
be referred to as retarded sorption. 

A large part of the work in this thesis has been devoted to experimental studies of this re
tarded sorption under various conditions. The experiments are described and analysed in 
Part I. The second part reports the result from sequences of measurements. In the third part 
tentative models for the retarded sorption are described. 

The swelling and shrinkage in the tangential and radial directions were measured on twin 
samples in the climate chamber. Accurate comparisons are hence possible. 

An effect, peculiar for wood, is the substantially increased creep that is obtained when 
wood is subjected to load combined with humidity variations. This phenomenon is often re
ferred to as the mechano-sorptive effect. A proper description of the temporal variations of the 
moisture content including the retarded sorption should have an important bearing on the 
mechano-sorptive effect. The mechano-sorptive effect is not dealt with in this thesis except 
when touched upon in connection with swelling and shrinkage. 
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1.1 Moisture flow in wood. Cell wall sorption 
The modeUing of moisture flow in wood involves particular problems. This will be discussed, 
and examples of results from this work will be presented. 

1.1.1 Failure of Fickian models 
Conventional models for isothermal moisture flow processes in wood are based on Pick's 
equation for the moisture flow g [kg/(m^-s)], a sorption isotherm for the moisture content by 
volume w((p) [kg/m ] and the mass conservation equation. In the one-dimensional case, using 
water vapour content v [kgwater^T^^] as independent variable, we have: 

g=-DM~ — « p ) ^-^(DM-) ( U ) dx dt dx dx 
The water vapour content is v = cp • Vsat where (p is the relative humidity and \sai is the water 
vapour content in saturated air. For wood the moisture content u [kg^ater^gwood] usually is 
used. The moisture content is related to the dry mass of wood w = p • u . 

The equilibrium moisture content M((p) is measured for different relative humidities (p . The 
moisture flow coefficient Dy((p) which depends strongly on the relative humidity for high hu
midities, may be measured with the Cup-method. A steady-state flow is established over a 
slab of the material and the water flow is measured by weighing. Another common method to 
determine Dv((p) is to weigh continuously the moisture uptake after a step change of cp . This 
sorption method is discussed in great detail in Wadso (1993). The problem is that the two 
methods often give quite different results, in particular for relative humidities above 70%. 
This type of discrepancies is reported in Nilsson (1990). A clear example of the discrepancy is 
shown in Figure 1.1, which is taken from Wadso (1993). The full curves 1-4 show measured 
moisture uptake in samples of pine sapwood after a change of the relative humidity from 75% 
to 84%.The flow direction and the thickness of the samples are given in the table. The time to 
absorb half of the equilibrium moisture content is around 100 hours aldiough the samples are 
quite thin. The corresponding dashed curves give the result of a calculation according to Eq. 
(1.1). The moisture flow coefficient has been measured with the Cup method for duplicate 
samples of pine sapwood. The time to half-absorption lies between 2 and 15 hours. There is a 
large discrepancy. There is something fundamentally wrong in our models. 

12 
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sample flow half thickness 
number direction mm 

1 longitudinal 6,7 
2 longitudinal 11,4 

. 3 tangential 4,8 
4 tangential 8,1 

Figure 1.1 Relative moisture uptake in a sample of pine after a change of relative humidity 
from 75% to 84%. The dashed lines are the result from calculations. From 
Wadso (1993). 

1.1.2 Possible explanations of the discrepancies 
The measurements cited above are carefully performed so the discrepancies are certainly not 
due to measuring errors. 

The moisture changes are much slower than those predicted by Cup measurements A pos
sible explanation is that there is a surface resistance over the wood surface. The conventional 
resistance from humid air to the outer wood surface, which is quite well known, is not suffi
cient. In order to fit the sorption measurements, one has to assume a much higher moisture 
flow resistance. The wood surface must in some way or another bloc the moisture transfer. A 
problem is that the discrepancies increase with increased relative humidity. 

The curves 1, 2 (longitudinal flow) and 3 (tangential flow, thin sample) in Figure 1.1 lie 
quite close to each other after 10 hours and onwards. Suppose that a surface resistance is the 
major cause for the slow uptake of moisture. Sample 2 is twice as thick as 1 and 3. Then the 
relative uptake (per unit volume) would be only half of that of the other two. Curve 2 should 
lie much lower than the other two, if a surface resistance is dominating the uptake. This 
proves that a surface resistance cannot explain the long time-scales. The lag of curve 4 (tan
gential flow, thicker sample) is of the same size in measurements and calculations. The lag is 
due to the slower moisture migration in tangential direction. 

We are forced to consider the single cell or wood fibre in order to find an explanation of 
the slow uptake. The moisture uptake in single cell walls was studied by Christensen in the 
Fifties. She in some cases used extremely thin slices of wood. Pure water vapour was used in 
order to reduce as much as possible any outside resistance between air and sample. She meas
ured very clearly these long time-scales, Christensen (1965). The curves were similar to those 
in Figure 1.1. 

13 
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1.1.3 Retarded cell wall sorption 
Thus, it is an experimental fact that there exists a retarded cell wall sorption with a wide 
range of time-scales of days and even much longer, in particular at higher relative humidities. 
This is a third elementary process that has to be measured and accounted for in the models. 
The three elementary processes, which are to be used in the models and must be measured, 
are: 

• sorption isotherm M((p) 
• moisture flow coefficient Dv((p) 
• model for the retarded cell wall sorption 
In Eq. (1.1), it is the left hand term dw/dt that must be modified. The change of moisture 

content in the cell wall depends on the actual value of (p but also on the previous history, i.e. 
on q){t') , t' <t. The problem is to find a description that reproduces experimental values with 
sufficient accuracy. The problem of transient cell wall sorption is touched upon in some refer
ences from Christensen (1965) and onwards, but a standard reference for models of moisture 
flow in wood like Siau (1984) does not mention these problems. 
1.1.4 Measurements of retarded cell wall sorption 
In order to study the transient cell wall sorption a precision climate chamber is used. Figure 
1.2. The relative humidity (p(t) = RH(f) is carefully controlled. The weight u{t) of the sample 
is measured continuously. The tangential and radial free strain due to changes in moisture 
state, Er and E r , are measured on separate twin samples. 

We want to reduce the moisture flow resistance from air to sample and through the sample 
as much as possible in order to obtain the transient cell wall sorption only. There is a strong 
air circulation in the chamber in order to reduce the air-to-sample resistance to a minimum. 
The samples of pine are very thin (1.7 mm), and they are cut perpendicular to the fibres. The 
moisture transport occurs in the fast fibre direction. The relative humidity is changed in steps. 
The response M(t) of moisture content [kgwafgr/kgwood] is measured continuously. The time-
scale for the chamber to establish a new constant relative humidity after a step-change with 
these samples is below a few hours. Extensive sequences of measurements was performed. 
Figure 1.5 shows one of the six sequences. A survey of the measurements is given in Chapter 
5. The first measurements, which involved sequences during almost a year, are shown in de
tail in Section 6.1 . 
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t 
Figure 1.2 Measurements of retarded sorption and swelling. 

1.1.5 Modelling of retarded cell wall sorption 
In order to simulate these various moisture processes including the transient moisture uptake 
in the cell walls, different models with increasing complexity have been tested. Let us first 
consider an ordinary Fickian model. In the numerical solution we divide the porous material 
in nodes or cells. Each node has a moisture capacity. The moisture flow is determined by the 
moisture conductances between the nodes. We get a moisture flow network with capacities 
that are coupled to neighbouring nodes and boundary nodes by conductances. The top left 
picture in Figure 1.3 illustrates this Fickian moisture flow network in the one-dimensional 
case with four nodes inside the material. 

Figure 1.3 Left: Fickian moisture flow network and a corresponding network with two in
temal nodes to account for cell wall sorption. Right: The corresponding net
work in two dimensions. 
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Retarded sorption in wood 
The retarded, transient sorption in the cell wall will, tentatively, be modelled by "intemal" 

nodes. The case with a single intemal node has been studied by for example Cunningham 
(1995). It will be shown that this is not sufficient in many cases. We have to use two or more 
inner nodes. The simplest possibility is to couple the intemal nodes in series. We have for 
each Fickian node an outer node and a line of inner nodes. Figure 1.3, bottom left, shows the 
modification of the top left Fickian network in the case with two intemal nodes. The corre
sponding network in two dimensions is shown to the right. Intemal nodes coupled to different 
neighbouring extemal nodes may exchange moisture directiy. This would require further 
moisture conductances. The complexity of the model would increase drastically. This addi
tional complication has not been studied here. 

In a Fickian model, it would be sufficient to use a single node for our very thin samples. 
The wood sample is in our measurements represented by a single outer node coupled to the 
boundary via an outer conductance to the humid air in the precision chamber. See Figure 1.4, 
left. A few tested networks with capacities and conductances are shown in Figure 1.4 . Both 
linear and non-linear conductances have been used for the intemal nodes or levels in the cell 
wall. The outermost conductance connected to the ambient climate chamber is the same for all 
models. This conductance accounts for the surface resistance and (to some extent) the Fickian 
diffusion within the thin sample. Several models have been tested and measured sequences 
have been compared to simulated ones. This is described in Chapter 11. Three of the models 
are presented in this introduction, simulating one of the measured sequences (at 5°C). 

Fickian One intemal level, linear Several intemal levels, non-linear 

Figure 1.4 Networks with capacities and conductances for a few tested models. Very thin 
sample. 

First a traditional Fickian model is tested. The network is shown in Figure 1.4, top left. 
The result is shown in Figure 1.5, where the result of the simulations is compared to the 
measured values. The simulated sorption reaches equilibrium very fast, whereas there is a 
drift in all measured sorption curves, especially at high RH. For cyclic steps the measured 
sorption amplitude is much smaller than the result from the Fickian model. The Fickian model 
is generally poor in reproducing the measured values. 
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Figure 1.5 Simulation compared to measurements. Fickian model. 

The first step for describing the retarded sorption is to add one internal level connected with a 
moisture conductance. The network is shown in Figure 1.4, centre. Comparison between 
simulated and measured sorption can be made in Figure 1.6. The measured response contains 
a wide range of time-scales, but this model basically produces responses from the internal 
level with only one time-scale 
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0 . 2 4 

Time [h] 
Figure 1.6 Simulation compared to measurements. Model with one internal level, linear 

conductance. 

A further step is to use non-linear conductances in the model and combine it with several 
internal levels. An example is shown in Figure 1.4, right. The result from this simulation re
produces quite well the responses both for the long and short time-scales and with different 
combinations of steps. This is shown in Figure 1.7. 

0 . 2 4 

0 . 1 5 I ' • I I I I I I I • I I . I • I • I . I I . . I . I I I . . I I I I 

0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0 

Time [h] 
Figure 1.7 Simulation compared to measurements. Model with five internal levels, non

linear conductances. 
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These few examples and the results to come lead to the following conclusions. To model 
the sorption in wood in detail, also the transient sorption in the cell walls has to be considered. 
In order to investigate this process, particularly designed experiments are needed. 

The measured step-responses exhibit a complex behaviour. Responses have non-linear 
properties. There is an intricate dependence on the moisture history. The most readily avail
able moisture capacity has a different (smaller) variation versus RH than the capacity for the 
remaining time-dependent sorption. 

Models of different complexity to simulate these processes have been tested. It is only the 
models where the time-dependent sorption in the cell wall is modelled with non-linear con
ductances combined with several internal levels that have been able to reasonably well repro
duce all situations in the tested sequences. 

1.1.6 Radial and tangential swelling and shrinkage 
Swelling (and shrinkage) in the tangential and radial directions is measured at the same time 
as the sorption on samples of the same thickness. This enables close comparison. The swel
ling in the two directions perpendicular to the fibre direction was proportional to one another 
with the same time-pattern. The swelling and sorption responses were also similar, but there 
was a certain difference. An example is seen in Figure 1.8 (from a sequence different from the 
one previously shown). 

Subtle differences of proportionality and time-lag can be seen more easily in Figure 1.9 
which shows the relation between u and . In the diagram consecutive points are connected 
by a thin trajectory. The first step to a previously not attained moisture level has a higher 
slope. This is a situation where the measurements have proved to give a large portion of re
tarded sorption and thus a pronounced non-Fickian behaviour. The tangential swelling is 
somewhat lagging behind the sorption for this initial step in the diagram. 

0.18 --

0.17 --

0.16 --

0.15 --

0.14 
1993-09-18 1993-10-02 1993-10-16 1993-10-30 1993-11-13 

Figure 1.8 Example of sorption and tangential swelling during a cyclic sequence. 
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1.2 Progress reports and presentations 
The work of this thesis has been going on during some years. Four reports for a Licentiate 
thesis was presented during 1994-95: 
HakanssonH. 1994 

Experimentella studier av transient sorption i cellvdggen i trd. (Experimental studies of transient 
sorption in the cell wall of wood). (Report TABK~94/3021). Lund Institute of Technology, Dept. 
of Building Science. 

HakanssonH. 1995 
Experimentella studier av transient sorption i cellvdggen i trd. Del II —Fortsatta mdtningar. 
(Experimental studies of transient sorption in the cell wall of wood. Part II —Continued 
measurements). Report TABK~95/3030, Lund Institute of Technology, Dept. of Building Science. 

Hakansson H. 1995 
A non-linear model for time-dependent moisture sorption in wood. Report TABK~95/3031, Lund 
Institute of Technology, Dept. of Building Science. 

HakanssonH. 1995 
Time-dependent moisture sorption in wood. Report TABK-95/1005, Lund Institute of 
Technology, Dept. of Building Science. 

For this thesis, the material in the first two reports in Swedish on measurements have been 
rewritten and supplemented rather thoroughly. The third report concerning modelling is es
sentially unaltered and presented as Part III of this thesis. The fourth report is an overview of 
the work at the present time intended primarily for the Licentiate dissertation. 
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The progress of the work has been presented at the following conferences: 
Claesson J. Hakansson H. 1993 

Modelling of Moisture Flow in Wood. Fundamental Experiments and Analyses. Proc. of the 3'^'' 
symposium, Building Pysics in the Nordic Countries, Thermal Insulation Laboratory, Technical 
University of Denmark. 

Hakansson H. 1994 
Time-dependent sorption and swelling in wood. Proc. from Nordic Workshop, Moisture in Building 
materials and Constructions, Norges byggforskningsinstitutt, Universitetet i Trondheim. 

Hakansson H. 1995 
Measurements of time-dependent sorption in wood. Proc. from W40 Symposium on Moisture 
problems in Building Walls, Porto, Portugal. 

Hakansson H. 1995 
Time-dependent sorption in wood. Proc. from a Nordic Conference, Wood - Paint - Moisture, 
University of Lulea, Skelleftea Campus, Sweden. 

Claesson J. Hakansson H. 1996 
Modelling, meastirements and analyses of transient sorption and moisture flow in wood. 
Proc. of the 4'" symposium. Building Pysics in the Nordic Countries, VTT Building Technology, 
Espoo, Finland. 

Claesson J. Hakansson H. Arfvidsson J. 1996 
Modelling of moisture flow in coated wood - recent results. Proc. from a Nordic Conference, 
Wood - Paint - Moisture, Swedish Institute for Wood Technology Research, Stockholm. 

Claesson J. 1997 
Mathematical modelling of moisture transport. Proc. from COST Action E8, Mechanical 
performance of Wood and Wood products. Theme: Wood - water relations. Dept. of Structural 
Engineering and Materials. Technical University of Denmark. 

(Only a part of this conference paper deals with retarded sorption and the work of this thesis). 

1.3 Literature survey 
This literature survey concentrates on anomalous sorption in wood and movements (swelling 
/shrinkage) related to this sorption. For general discussions on wood structure, moisture trans
port and sorption see Siau (1984) and Skaar (1988). 

Pick originally investigated a stationary case of diffusion and found a proportionality be
tween flow and gradient. A conventional model for the transient case, where also the capacity 
is involved, is sometimes referred to as Pick's second law. These laws have been extensively 
used for moisture transport in wood and other materials. 

Over the years a number of researchers have reported on anomalous (non-Fickian, time-
dependent, two-stage, retarded) sorption in wood, e. g. Christensen (1960), Comstock (1963), 
Prichananda (1966), McNamara et al. (1971), Rogers (1965), Park (1968), Kelly and Hart 
(1970), Wadso (1993) and Wadso (1994). 

The first and also most important work on non-Fickian behaviour in wood was made by 
Christensen and co-workers. They subjected thin samples to rapid steps in water vapour pres
sure in absence of air. In a pure water vapour environment the diffusion resistance basically is 
eliminated and the response times will become very short if non-Fickian effects are not pres
ent. The sample thickness is usually very thin in the experiments. In all Christensen's studies 
however, large non-Fickian effects are seen. The only exception is when the sorption starts 
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Retarded sorption in wood 
from a dry sample. The steps are generally absorption steps in the works of Christensen and 
the most common evaluation point is the half-time, fo.s • 

Christensen found that the non-Fickian effects were nullified when starting from a dry 
sample. The consistency of this, from an example taken from Christensen (1959), is further 
verified by calculations made in Section 4.5.1. 

In Christensen (1959) different degrees of delignification and processing was investigated 
with respect of the anomalous effects. The largest delayed sorption was obtained for untreated 
wood followed by delignified wood. Further smaller effects were found for pulp made from 
the same wood. In Christensen (1965) tests were run on regenerated cellulose of different 
thicknesses . Non-Fickian effects were found at least to some degree on all wood and wood 
derivatives. 

In the present thesis, only the retarded sorption of one species of softwood, Scots pine, is 
investigated. In Christensen and Kelsey (1959) non-Fickian effects were found on another 
softwood, Klinki pine. Similar effects were found for hardwoods: Eucalyptus, Christensen 
(1960), Balsa and Satin box, Christensen (1965). In Wadso (1993), non-Fickian effects were 
found with little variation for the two softwoods and four hardwoods that were investigated. 

The step size has a very strong influence on the retarded sorption. In Christensen (1959), 
(1960), (1965) and (1967) a special evaluation is used that illustrates and quantifies the influ
ence from the step size in a distinct way. The used time parameter is /q.s , the time when half 
the sorption has taken place. The inverse of the half-time, l/r^ 5 , proves for many cases to be 
closely proportional to the logarithm of the quotient of the two relative humidities for the step, 
l n ( ^ j / ( P 2 ) . This means that if the response process is simplified to be governed by a single 
conductance, it is proportional to \n[(p^l(p^) = ln[(p^)-\n{(p2). This means that the conduc
tance is proportional to the step size (for small steps where ln((pi/(p2) ~ ( c p i - c p i ) ) . The mois
ture flow is with this assumption proportional to the square of the difference in humidity. The 
measurements of Christensen are discussed more in detail in Section 4.5. 

A drastic, related example of the influence from a special step was found by Christensen 
and Hergt (1969). Samples were kept at the same humidity for a long time. They were then 
dried also for a long time, but some of the moisture was still retained. If liquid water was 
added to the samples, it was possible to dry them completely in a comparatively short time. 

In Toratti and Svensson (1998), also Svensson (1997), wood is subjected to compression 
and tension cycles perpendicular to grain combined with moisture cycles. It is observed that a 
single large step in relative humidity results in larger free shrinkage than corresponding 
smaller steps. Thus the step size influences mechano-sorptive effects. 

In some instances a fraction of the sorption after a step has a markedly faster response than 
the remaining more retarded sorption, especially at high levels of relative humidity. An ex
ample is response curve 1 in Figure 1.1. The time axis is represented by the square root of 
time in the diagram. The ideal (Fickian) step response for a semi-infinite body becomes a 
straight line in such a diagram. The way in which the time scale is expressed influences of 
course a visual evaluation. In Christensen, the response curves are usually given for the 
square root of time. It is hard to physically motivate this representation since the diffusion 
process over the thickness of the sample is practically eliminated in the pure water vapour 
environment. The samples are also very thin. In many response curves at high RH a distinct 
knick-point is apparent in some of the curves when only a fraction of the sorption has taken 
place. In Section 9.1 in this thesis a method for thin samples is devised and tested to evaluate 
the fraction of the sorption associated with a moisture capacity that is readily accessible. 

The term moisture history can have several meanings. It may refer to any time-variable set 
of moisture distributions. Here, we are interested in the previous moisture at any considered 
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point in the wood. In Christensen and Hergt (1969) a special form of moisture history is dem
onstrated. The samples were initially dry. The samples were then subjected to an intermediate 
step to 0.52 RH. Different samples were exposed to the intermediate humidity for a wide 
range of time periods, however all did come to apparent equilibrium. After that the samples 
were subjected to another step (smaller, from 0.52 to 0.69 RH), and the sorption responses 
were registered. The equilibrium levels were consistently higher for shorter exposure to the 
intermediate level (at 0.52 RH). The half-time 5 for the following step was distinctly longer 
for those samples that were exposed to the intermediate step for longer time. In fact there was 
a nearly linear relationship between the logarithm of the exposure time and the logarithm of 
the half-time. This is shown in Figure 1.10, the upper line. This is an example of memory in 
the material that is not reflected in instantaneously measurable properties, since the moisture 
content was the same for the different samples at the intermediate point. Also a larger second 
step from 0.52 to 0.80 in relative humidity was tested for some samples. A similar linear rela
tionship between the two logarithms was obtained. However, the influence on the half-times 
was not so large as seen in Figure 1.10, the lower line. 

1.0 TO 100 
CONDITIONING PERIOD (hr) 

WOO 

Figure 1.10 Dependence of sorption half time at relative humidity p2 on conditioning period 
at relative humidity pi = 0.53. From Christensen and Hergt. 

In Christensen (1965) the influence from cell wall thickness on absorption speed was in
vestigated. A species with thin cell walls (Balsa, 1 |a,m) and a species with thick cell walls 
(Satin box, 4 }j.m) were selected. A relatively small step at high RH gives a very slow absorp
tion but nevertheless practically identical for the two different cell wall thicknesses. If the 
retarded sorption is thought to be confined to separate regions, they are much smaller than the 
cell wall thicknesses. The regions are with this way of reasoning surrounded by a pore system 
that is comparatively more penetrable. 

A similar discussion is pursued in Bazant (1985). First Bazant puts the attention on simi
larities between the behaviour of stressed wood and cement-based concrete and presents some 
similarities. A broad range of pore sizes including subcapillary pores of molecular dimen
sions, gel-type pores, and strongly hydrophilic pore walls. Bazant makes a reasoning about 
the the orders of magnitude between the coarser pore system and the gel-type pores. Assum
ing viscous flow with a conductivity proportional to the cube of the pore width, he concludes 
that the water enters the finest pores equally from all directions. The flow in coarse pores, 
driven by a gradient in water vapour pressure, is called macrodiffusion. The macroscopic 
transport of water tends to pass through the passages of least resistance. The transport from 
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the coarse pore system to the gel-type sorption sites is accordingly called microsorption. The 
driving force for this water migration is thought to be differences in chemical potential. 

The focal point of the paper of Bazant is a discussion in what way the structure of wood 
accelerates the creep caused by moisture. Early experiment with a steady-state diffusion on a 
stressed specimen of wood did not seem to accelerate creep and such an influence was ruled 
out. Bazant points out that the width of the gel-type pores is only a few molecules and that the 
water is able to interact with the adjacent walls and take part in transmitting of loads. Bazant 
assumes yZaf pores in this reasoning. 

Much of the stiffness and strength of wood is provided by the microfibrils situated in the S 2 
layer in the cell wall. They also have a limited longitudinal swelling and contribute to the fact 
that the longitudinal swelling of for instance pine is only about one fourteenth of the tangen
tial swelling. The average angle between the microfibrils and the longitudinal axis of the 
wood has a profound influence on the distribution of the swelling between different direc
tions. A typical value for pine is a microfibrillar angle of 10° to 20°. In Meylan (1972) the 
longitudinal swelling of radiata pine for a wide range of microfibrillar angles is investigated. 
Meylan also measured the swelling in the radial and tangential directions and found propor
tionality with the moisture content. Based on the measurements, he could not draw conclu
sions whether hysteresis occurred or not. 

In Persson (1997), variation of properties of wood is investigated, both the distribution 
over the tree trunk to a individual growth ring. Both mechanical and moisture (swelling 
/shrinkage) properties are investigated. Models are presented that account for the mechanical 
properties of the components in wood. This is also done in Petersson, Dahlblom, Ormarsson 
and Persson (1997). 

A remarkable transient temporary effect of the longitudinal swelling is demonstrated in 
Hunt (1989). Thin samples of 0.5 mm thickness of Scots pine were subjected to steps in RH 
under zero load while the axial swelling and the absorption were registered. For steps at high 
RH there is a large 'overshoot' of the axial swelling seen in Figure 1.11(b). In Figure 1.11(a) 
the axial swelling is shown versus moisture uptake. A proportionality between axial swelling 
and moisture uptake would have produced a straight line. Instead the moisture uptake is lag
ging behind. In Figure 1.9 it is shown that there is a rather close proportionality between tan
gential swelling and sorption for the measurements in this thesis. 
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Figure 1.11 Step increase in air humidity under zero load; relative humidity (x) 32 to 42%, 
(•) 42 to 51%, (+) 51 to 62%, (A) 62 to 70%, (1) 70 to 77.5% and (°) 77.5 to 
90%. (a) Fraction of equilibrium axial strain increase eje^ plotted against 
fraction of equilibrium moisture increase uju^ . (b) Fraction of equilibrium 
axial strain increase e,/e„ plotted against the square root of time. From Hunt 
(1989). 

The hysteresis of the moisture content is rather large for wood when subjected to large 
scans in absorption-desorption. The longitudinal moisture-related strain however, does not 
follow the moisture content in this respect, but it has rather the same value for the same RH, 
independent of absorption or desorption. This is measured by Hunt (1990) in Figure 1.12. It is 
also illustrated in the figure that the longitudinal swelling strain is larger at low RH. 

10-

RELATIVE HUMIDITY |V.) 

Figure 1.12 Zero-load axial equilibrium dimensional changes plotted against relative hu
midity. (+) absorption, {°) desorption. From Hunt (1990). 
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In Hunt (1989) two classical theories of stress and sorption are combined. The first is 

Barkas' (1949) thermodynamically based theory that states that a tensile stress applied to 
wood will cause an increase in the moisture equilibrium content and a compression stress the 
reverse. The second is the lenticular trellis theory of Boyd (1982) in which the structure of 
wood is simplified into a lentil shape with a stiff envelope surrounding a hygroscopic interior. 

A retarded sorption may be interpreted as caused by an increased surface resistance. It has 
been thought that non-Fickian or retarded response sorption curves could be corrected by the 
introduction of a large surface moisture transfer coefficient. This is based on the work by 
Choong and Skaar (1969), who fitted an empirical relationship for diffusion coefficient and 
surface resistance to Fick's second law. It was meant to be applied on drying of wood. The 
equation is based on the time to.s when half the sorption has taken place after a step change. 

Although there certainly is a surface resistance, it cannot account for the observed, large 
deviation from Fick's law. An example of this is Avramidis and Siau (1987) who obtained 
diffusion coefficients and surface emission factors from measured sorption responses where 
sample thickness, temperature and moisture level were varied. The result gives a wide range 
of surface emission factors for the same drying situation. For instance, the factor increases 
threefold at a relative humidity of 30% compared to 90% (at high temperature). The diffu-
sivities have an equally large variation with thickness (5mm and 20 mm, at 30°C and 90% 
relative humidity). Moreover, the individual coefficients are widely scattered. It is hard to find 
any consistent features for the coefficients derived in this way. However, the coefficients are 
obtained solely by the /0.5 point in time and some of the response curves actually show a "two-
stage non-Fickian situation", Avramidis and Siau (1987). 

In the present thesis, not only consecutive absorption steps and consecutive desorption 
steps are measured, but also cyclic steps. Substantially less moisture capacity is found to be 
active than determined by the slope of a mean moisture equilibrium curve. In Time (1998) it 
is emphasised that including hysteresis in the moisture equilibrium curve for a transient 
moisture transport calculation gives a better result. The less steep slope of the intermediate 
curves between absorption and desorption of the moisture equilibrium curve gives the desired 
reduction in moisture capacity. 
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P a r t I E x p e r i m e n t a l set-up and i n t r o 
ductory modelling 

2 T h e e x p e r i m e n t 

2 . 1 M e t h o d 
I n o r d e r t o i s o l a t e t h e r e t a r d e d s o r p t i o n , e s p e c i a l l y d e s i g n e d m e a s u r e m e n t s w e r e m a d e . T h e 
s a m p l e s w e r e t h i n a n d c u t p e r p e n d i c u l a r t o t h e g r a i n , s o t h a t t h e m o i s t u r e t r a n s p o r t t o o k p l a c e 
i n t h e f a s t l o n g i t u d i n a l d i r e c t i o n . T h e a i r w a s a g i t a t e d a r o u n d t h e s a m p l e s t o r e d u c e s u r f a c e 
r e s i s t a n c e . T h e s a m p l e s w e r e u n d i s t u r b e d b y b e i n g c o n t i n u o u s l y s u s p e n d e d f r o m b a l a n c e s i n 
p r e c i s i o n m o i s t u r e c h a m b e r s . A n o u t l i n e o f t h e a r r a n g e m e n t i s s h o w n i n F i g u r e 2 . 1 . W e l l d e 
f i n e d s t e p s i n r e l a t i v e h u m i d i t y ( R H ) w e r e m a d e . T h e s a m p l e s w e r e w e i g h e d b y h i g h p r e c i s i o n 
b a l a n c e s ( o f t h e a n a l y s i s t y p e w i t h 0 . 1 m g a s t h e l a s t d i g i t ) . 

T h e m e a s u r e m e n t s w e r e m a d e a t 20°C a n d 5°C t e m p e r a t u r e . T h i s m a d e i t p o s s i b l e t o s t u d y 
t h e t e m p e r a t u r e i n f l u e n c e o n t h e r e t a r d e d s o r p t i o n . 

Figure 2.1 Arrangement for weighing of samples in precision moisture chambers. 

1 2 W o o d m a t e r i a l 
T h e w o o d u s e d i s p i n e {Pinus sylvestris) f r o m s o u t h e r n S w e d e n w h i c h w a s f e l l e d a r o u n d 
1 9 9 0 . T r a n s i e n t s o r p t i o n s t u d i e s o n t h i s w o o d w e r e p u b l i s h e d b y W a d s o ( 1 9 9 4 ) . V i l l a d s e n e t 
a l . ( 1 9 9 3 ) h a v e a l s o c o n d u c t e d s t e a d y - s t a t e c u p m e a s u r e m e n t s o n t h e s a m e m a t e r i a l ( c f . 
W a d s o 1 9 9 4 b ) . T h e s e c t i o n s u s e d f o r t h e s a m p l e s c o n s i s t e d o f 9 0 % t o 9 5 % s a p w o o d . T h e d r y 
d e n s i t y w a s d e t e r m i n e d f o r a n a d j a c e n t l a r g e r s a m p l e . T h i s v a l u e , 5 3 0 k g W , i s u s e d i n t h e 
f o l l o w i n g o n l y t o c a l c u l a t e r e l a t i v e v o l u m e t r i c s w e l l i n g . T h e s o r p t i o n i s g i v e n i n m o i s t u r e 
c o n t e n t i n t h i s r e p o r t , w h e r e t h e d r y d e n s i t y i s n o t i n v o l v e d . 
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2 . 3 S a m p l e s 
T h e s a m p l e s d e s i g n a t e d S a m p l e 1 a n d S a m p l e 2 w e r e c o m p o s e d o f s e v e r a l s h e e t s o f 3 m m 
t h i c k n e s s m o u n t e d i n p a r a l l e l a s F i g u r e 2 . 2 s h o w s . T h e s e s a m p l e s w e r e u s e d d u r i n g t h e f i r s t 
s e r i e s o f m e a s u r e m e n t s . 

Figure 2.2 Array of wood for Sample 1 and Sample 2 

T h e o t h e r s e r i e s o f m e a s u r e m e n t s ( s e c o n d t o s i x t h ) h a v e b e e n c a r r i e d o u t o n t h i n n e r s a m 
p l e s , d e s i g n a t e d S a m p l e 3 a n d S a m p l e 4 . T h e s a m p l e a r r a n g e m e n t w i t h t w o s h e e t s o f 1 . 7 m m 
t h i c k n e s s i s s h o w n i n F i g u r e 2 . 3 . A s s e e n i n t h e f i g u r e t h e s u r f a c e s a r e f r e e l y e x p o s e d t o t h e 
c i r c u l a t i n g a i r . 

p e n d u l u m 

m m 

Figure 2.3 Array of wood for Sample 3 and Sample 4 

28 



T h e experiment 

T h e r e s u l t s f r o m t h e s o r p t i o n t e s t s i n t h i s r e p o r t a r e s h o w n i n t h e d i a g r a m s a s v a r i a t i o n o f 
m o i s t u r e c o n t e n t u{t) w i t h t i m e . L e t m ^ C O b e t h e m e a s u r e d w e i g h t o f t h e w e t s a m p l e a t a n y 
t i m e t, a n d l e t m d e n o t e t h e w e i g h t o f t h e d r y s a m p l e . T h e n w e h a v e f o r t h e m o i s t u r e c o n t e n t 
u{i) ( w a t e r c o n t e n t / d r y m a s s [ k g / k g ] ) : 

^^^.^^abMzIl [ k g w a t e r / k g w o o d ] 
m 

T h e d r y w e i g h t m w a s d e t e r m i n e d i n t h e f o l l o w i n g w a y . A f t e r t h e t e s t s t h e s a m p l e s w e r e 
d r i e d b y b e i n g s u r r o u n d e d b y a d r y i n g a g e n t o f t h e m o l e c u l a r - s i e v e s t y p e i n a c l o s e d c o n t a i n e r 
a t 60°C f o r 1 0 d a y s . T h e h i g h t e m p e r a t u r e a c c e l e r a t e s t h e d r y i n g p r o c e s s s e v e r a l t i m e s c o m 
p a r e d t o r o o m t e m p e r a t u r e . A t t h e s a m e t i m e i t i s l o w e n o u g h t o a v o i d r e s i n f l o w a n d t o r e 
s t r i c t t h e e m i s s i o n o f v o l a t i l e c o m p o u n d s . A d r y i n g p r o c e s s e x h i b i t s r e t a r d e d p r o p e r t i e s . T h e 
f i n a l p a r t o f t h e d r y i n g t a k e s v e r y l o n g t i m e t o a c c o m p l i s h c o m p a r e d w i t h w h a t c o u l d b e e x 
p e c t e d f r o m t h e f i r s t f a s t p h a s e . T h i s i s i l l u s t r a t e d b y t h e m e a s u r e m e n t s t h e m s e l v e s , w h i c h 
h a v e s h o w n r e t a r d e d e f f e c t s a t r o o m t e m p e r a t u r e , a l s o a t l o w r e l a t i v e h u m i d i t i e s . T h i s w a s t h e 
b a c k g r o u n d f o r t h e u s e d t h o r o u g h d r y i n g p r o c e d u r e f o r t h e t h i n s a m p l e s . 

A s p e c i f i c p r o b l e m w h e n w e i g h i n g d r i e d t h i n s a m p l e s w i t h h i g h p r e c i s i o n i n a m b i e n t a i r i s 
t h e f a s t a b s o r p t i o n d u r i n g t h e i n e v i t a b l e h a n d l i n g t i m e . T h e e r r o r w a s m i n i m i z e d b y d o i n g t h e 
d r y i n g p r o c e d u r e i n t w o s t e p s . F i r s t , t h e d r y i n g w a s d o n e w i t h u n w r a p p e d , f r e e l y e x p o s e d 
s a m p l e s . I n a s e c o n d d r y i n g , t h e s a m p l e s w e r e w r a p p e d w i t h a l u m i n i u m f o i l , l e a v i n g a n 
o p e n i n g t h a t w a s e a s y t o s e a l r a p i d l y . T h i s s e c o n d d r y i n g l a s t e d f o r a n e x t r a d a y . M o s t o f t h e 
s m a l l a m o u n t s o f w a t e r u n i n t e n t i o n a l l y a b s o r b e d d u r i n g t h e w r a p p i n g h a n d l i n g t i m e c o u l d 
e s c a p e t h r o u g h t h i s o p e n i n g d u r i n g t h e s e c o n d d r y i n g . 

T h e m e a s u r e m e n t s h a v e b e e n r e p o r t e d i n p r e v i o u s r e p o r t s i n S w e d i s h , H a k a n s s o n ( 1 9 9 4 a ) 
a n d ( 1 9 9 5 a ) . T h e f i n a l m e a s u r e m e n t s o f t h e d r y w e i g h t s w e r e n o t a v a i l a b l e a t t h a t t i m e . T h e r e 
f o r e a s s u m e d d r y w e i g h t s w e r e u s e d . T h o s e d i f f e r a b o u t o n e p e r c e n t o r l e s s f r o m t h e n e w 
o n e s . T h i s e x p l a i n s t h e s m a l l d i f f e r e n c e s i n u b e t w e e n t h e p r e v i o u s r e p o r t s a n d t h i s o n e . 

2 . 4 M e a s u r e m e n t s o f s w e l l i n g 
M e a s u r e m e n t s o f s w e l l i n g ( a n d s h r i n k a g e ) w a s c o n d u c t e d o n t w i n s a m p l e s s i m u l t a n e o u s l y 
w i t h s o r p t i o n o n S a m p l e 3 i n t h e s a m e c h a m b e r . I n t h e f o l l o w i n g , t h e w o r d s w e l l i n g i s u s e d t o 
i n c l u d e s h r i n k a g e a l s o . T h i s c o m m o n c h a m b e r m a k e s a c c u r a t e c o m p a r i s o n b e t w e e n s o r p t i o n 
a n d s w e l l i n g p o s s i b l e s i n c e t h e s a m p l e s a r e s u b j e c t e d t o t h e s a m e c l i m a t e , i n c l u d i n g d e v i a 
t i o n s f r o m t h e i n t e n d e d R H - l e v e l . I t i s a l s o i m p o r t a n t t h a t t h e s a m e s e q u e n c e o f R H - s t e p s a r e 
u s e d f o r c o m p a r i s o n a s t h e r e t a r d e d s o r p t i o n p r o v e s t o b e d e p e n d e n t o n t h e m o i s t u r e h i s t o r y . 

T h e s w e l l i n g w a s m e a s u r e d i n t a n g e n t i a l a n d r a d i a l d i r e c t i o n s o n t w o s e p a r a t e s a m p l e s . 
T h e y w e r e m a d e f r o m a d j a c e n t w o o d t o t h e s o r p t i o n s a m p l e s , a n d t h e y h a d t h e s a m e t h i c k n e s s 
( 1 . 7 m m ) . T h e s a m p l e s w e r e d i v i d e d b y r a d i a l c u t s , m a d e p e r p e n d i c u l a r t o t h e a n n u a l rings, 
a n d t h e n g l u e d t o g e t h e r t o s t r a i g h t e n o u t t h e a n n u a l rings a s F i g u r e 2 . 4 s h o w s . T h e g l u e l i n e s 
w e r e k e p t t h i n a n d a t t e n t i o n w a s p a i d t o a v o i d e x c e s s i v e g l u e . P o l y u r e t h a n e a d h e s i v e w a s 
u s e d , t h e t y p e c u r i n g b y t h e a m b i e n t m o i s t u r e . T h r e e m e t a l p l a t e s w e r e a l s o g l u e d o n t o s e r v e 
a s f a s t e n i n g p o i n t s . 
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8 0 m m 

1 . 7 m m 

Figure 2.4 Samples for measuring radial, (left) and tangential swelling, (right) 

T h e d e v i c e f o r m e a s u r i n g s w e l l i n g i s s h o w n s c h e m a t i c a l l y i n F i g u r e 2 . 5 . T h e t w o p o i n t s o n 
t h e l o w e r b a s e w e r e f i x e d t o t h e f r a m e b y f o u r t h i n m e t a l r o d s , a l l o w i n g f r e e m o v e m e n t s a l s o 
p e r p e n d i c u l a r t o t h e m e a s u r e d v e r t i c a l d i r e c t i o n . 

Light-sensitive area 
on position sensor 

Movement from 
swelling of wood 

High-intensity 
light-emitting diode 

Figure 2.5 Device for measuring swelling using an optical position sensor 
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T h e v e r t i c a l m o v e m e n t w a s p r e v e n t e d f r o m l a t e r a l d e v i a t i o n b y b e i n g g u i d e d b y t h i n h o r i 
z o n t a l w i r e s a r r a n g e d i n a c r o s s . T h i s i s n o t s h o w n i n t h e f i g u r e . T h i s a l l o w e d f o r r e a s o n a b l e 
g u i d a n c e a n d s t i l l m a i n t a i n i n g t h e d e v i c e f r i c t i o n f r e e . 

T h e u p p e r m o v i n g p o i n t o n t h e s a m p l e w a s c o n n e c t e d t o a s c r e e n w i t h a h o r i z o n t a l s l o t . 
T h i s s l o t a l t e r e d t h e p o s i t i o n o f a b e a m o f l i g h t f a l l i n g o n a n o p t i c a l p o s i t i o n s e n s o r . T h e 
s c r e e n w a s m a d e f r o m c o p p e r f o i l w i t h a d a r k , m a t t s u r f a c e f a c i n g t h e s e n s o r . T h e w i d t h o f 
t h e s l o t w a s a p p r o x i m a t e l y 0 . 1 m m . 

T h e c o m p o n e n t s i n t h e d e v i c e w a s s o l d e r e d t o g e t h e r t o b e e a s y a d j u s t a b l e , a n d s t i l l p r o v i d e 
r i g i d c o n n e c t i o n s . 

T h e p o s i t i o n s e n s o r w a s a H a m a m a t s u S 3 9 7 9 . T h e l i g h t - s e n s i t i v e s u r f a c e h a s a n a r e a o f 
1 x 3 m m a n d c o n s i s t s o f a p h o t o - d i o d e w i t h c o m m o n c a t h o d e a n d t w o s e p a r a t e a n o d e s . I n t h e 
d a t a - s h e e t f o r t h e s e n s o r x i s t h e d i s t a n c e f r o m t h e c e n t r e o f t h e s e n s i t i v e a r e a t o t h e c e n t r e o f 
t h e s p o t o f i n c i d e n t l i g h t . T h e d i s t a n c e x as a f u n c t i o n o f t h e t w o c u r r e n t s t h r o u g h t h e a n o d e s 
i s g i v e n b y t h e e x p r e s s i o n : 

L 1,-1, 
x = 

2 I,+I, 
X d i s t a n c e b e t w e e n l i g h t - s p o t a n d c e n t r e o f s e n s o r 
L t h e l e n g t h o f t h e s e n s i t i v e a r e a ( 3 m m f o r S 3 9 7 9 ) 
I \  h  t h e c u r r e n t s t h r o u g h t h e t w o a n o d e s 

T h e e r r o r o f p o s i t i o n b a s e d o n t h e e q u a t i o n a b o v e i s g i v e n i n t h e d a t a s h e e t a s t y p i c a l l y ±15 
| a m a n d ±60 ^ m a s a m a x i m u m . T h e e r r o r o f p o s i t i o n i s g i v e n w i t h t h e n o m i n a l v a l u e o f t h e 
l e n g t h L i n t h e e x p r e s s i o n . J u d g i n g f r o m t h e g o o d l i n e a r i t y f o r t h e s e n s o r a c c o r d i n g t o t h e 
e x a m p l e s i n t h e d a t a s h e e t , a b e t t e r a c c u r a c y c a n b e a c h i e v e d i f a c a l i b r a t i o n i s m a d e i n t w o 
p o i n t s a s i t i s d o n e h e r e . T h e e x a m p l e s i n t h e d a t a s h e e t s h o w s m o o t h c u r v e s . T h e r e l a t i v e 
e r r o r c a n t h e n b e a s s u m e d t o b e s m a l l e v e n f o r m i n o r i n t e r v a l s . A s t h e c u r r e n t s a r e s m a l l i n 
t h e u s e d a p p l i c a t i o n , t h e o u t p u t s i g n a l i s n o i s y . T h i s w a s c o u n t e r a c t e d b y r e c o r d i n g t h e m e a n 
v a l u e i n a o n e m i n u t e i n t e r v a l . 

S i n c e t h e s e n s o r i s m e a s u r i n g t h e c e n t r e o f g r a v i t y o f t h e s p o t o f i n c i d e n t l i g h t , i t i s i m p o r 
t a n t t o h a v e a d i s t i n c t s p o t , w e l l w i t h i n t h e b o u n d a r i e s o f t h e l e n g t h o f t h e s e n s i t i v e a r e a . T h e 
s l o t t e d s c r e e n w a s t h e r e f o r e a d j u s t e d c l o s e t o t h e s e n s o r , b u t w i t h a c l e a r a n c e t o a v o i d f r i c t i o n . 

2 . 5 P r e c i s i o n m o i s t u r e c h a m b e r s 
T w o p r e c i s i o n m o i s t u r e c h a m b e r s w e r e u s e d . T h e y h a d a c y l i n d r i c a l s h a p e w i t h 0 . 2 9 5 m i n 
d i a m e t e r a n d 0 . 3 2 m h e i g h t , g i v i n g 2 2 1 o f v o l u m e e a c h . T h e c h a m b e r s w e r e s u b m e r g e d i n a 
l a r g e c o m m o n c o n s t a n t - t e m p e r a t u r e b a t h . A c c e s s t o t h e c h a m b e r s w e r e b y t o p - m o u n t e d l i d s . 
T h e p r i n c i p l e o f t h e a p p a r a t u s i s s h o w n i n F i g u r e 2 . 6 . 

T h e p r e c i s i o n m o i s t u r e c h a m b e r s w e r e o f t h e t w o - p r e s s u r e p r i n c i p l e . I n s u c h a n a p p a r a t u s , 
s a t u r a t e d a i r a t a t o t a l a b s o l u t e p r e s s u r e o f p i i s a l l o w e d t o e x p a n d t o a p r e s s u r e o f p 2 . T h e 
r e l a t i v e h u m i d i t y i n t h e e x p a n d e d a i r i s g i v e n b y t h e r e l a t i o n p 2 / p i ( c o n s t a n t t e m p e r a t u r e s a r e 
i m p l i e d ) . T h i s i s v a l i d f o r p e r f e c t g a s e s , b u t t h e d e v i a t i o n f o r w a t e r / a i r i s o n l y 0 . 1 % a t 6 5 % 
R H a n d i t d e c r e a s e s a t h i g h e r R H - l e v e l s . I n t h e s t u d y , n o c o r r e c t i o n w a s a p p l i e d . 

I n a t w o - p r e s s u r e a p p a r a t u s , t h e s a t u r a t i o n o f t h e a i r t o a w e l l d e f i n e d t e m p e r a t u r e i s 
a c h i e v e d b y l e t t i n g s a t u r a t e d a i r a t a n e l e v a t e d t e m p e r a t u r e p a s s a c o n d e n s e r . W i t h s u f f i c i e n t 
s u r f a c e a r e a i n t h e c o n d e n s e r , a n e q u i l i b r i u m w i t h t h e d e s i r e d t e m p e r a t u r e i s a t t a i n e d a n d t h e 
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s a t u r a t i o n i s s t i l l m a i n t a i n e d . T h e p r o d u c e d c o n d e n s e d w a t e r m u s t b e a l l o w e d t o b e s e p a r a t e d 
f r o m t h e a i r s t r e a m t o b e d r a i n e d o f f . 

A f t e r p a s s a g e t h r o u g h t h e v a l v e r e d u c i n g t h e p r e s s u r e f r o m p i t o p 2 , t h e a i r i s u n i n t e n t i o n 
a l l y c o o l e d b y t h e a d i a b a t i c e x p a n s i o n a n d h a s a g a i n t o b e b r o u g h t t o t h e d e s i r e d t e m p e r a t u r e 
b y a n a d d i t i o n a l h e a t e x c h a n g e r . 

T h e a p p a r a t u s w a s o r i g i n a l l y c o n s t r u c t e d i n t h e 1 9 7 0 ' s a n d a v e r s i o n i s d e s c r i b e d b y 
A h l g r e n ( 1 9 7 2 ) . A t w o - p r e s s u r e a p p a r a t u s d e s c r i b e d b y A m d u r & W h i t e ( 1 9 6 5 ) h a s t o s o m e 
e x t e n t s e r v e d a s a m o d e l f o r t h e d e s i g n . 

S a t u r a t i o n a t f ' " - ' 
e l e v a t e d t e m p e r a t u r e 

o - A A A A A M A A A - o 

Figure 2.6 Precision moisture chamber. Outline of the basic components in the two-
pressure apparatus. 

I n t h e u s e d a p p a r a t u s t h e c o n d e n s e r s a n d t h e a d d i t i o n a l h e a t e x c h a n g e r s w e r e c o m p o s e d o f 
c o p p e r t u b e s c o i l e d a r o u n d t h e c h a m b e r s . T h e c l o s e t h e r m a l c o n t a c t b e t w e e n s a m p l e a n d s u r 
f a c e s d e f i n i n g t h e s a t u r a t i o n p r e s s u r e p r o v i d e d b y t h e c o n s t a n t t e m p e r a t u r e b a t h , e n s u r e d t h a t 
o n l y m i n o r e r r o r s w e r e c a u s e d b y t e m p e r a t u r e d i f f e r e n c e s . T h e t o p l i d w a s w e l l i n s u l a t e d t o 
m i n i m i z e i n f l u e n c e f r o m t h e s u r r o u n d i n g s . 

32 



T h e experiment 

A i r h a s t o b e a l l o w e d t o e s c a p e , c o r r e s p o n d i n g t o t h e e n t e r e d v o l u m e i n t o t h e c h a m b e r s . 
S u f f i c i e n t l y w i d e e x i t o p e n i n g s f o r t h e a i r s t r e a m i n t h e t o p l i d m a d e t h e p r e s s u r e d i f f e r e n c e 
n e g l i g i b l e . A t t h e s a m e t i m e t h e y w e r e n a r r o w a n d l o n g e n o u g h t o e n s u r e t h a t e x t e r n a l a i r d i d 
n o t e n t e r t h e c h a m b e r s . I n o n e o f t h e s e o p e n i n g s t h e s u s p e n s i o n f o r t h e s a m p l e u n d e r t h e b a l 
a n c e w a s p l a c e d . T h e s u s p e n s i o n c o n s i s t e d o f a t h i n w i r e t o m i n i m i z e i n f l u e n c e f r o m t h e a i r 
s t r e a m . T h e s m a l l a i r s t r e a m p a s s i n g t h e o p e n i n g w a s d i v e r t e d t o a v o i d t u r b u l e n c e a r o u n d t h e 
s e n s i t i v e p a r t s o f t h e b a l a n c e . 

T h e l o w p r e s s u r e d i f f e r e n c e o v e r t h e l i d m e a n t t h a t t h e p r e s s u r e p 2 w a s t h e a t m o s p h e r i c 
p r e s s u r e . T h e p r e s s u r e p i w a s a c t i v e l y c o n t r o l l e d a c c o r d i n g t o b a r o m e t r i c c h a n g e s . T h i s w a s 
a c h i e v e d b y p r e s s u r e t r a n s d u c e r s c o n t r o l l i n g a s e r v o m o t o r a d j u s t i n g a p r e s s u r e r e g u l a t o r 
v a l v e c o n n e c t e d t o t h e c o m p r e s s e d a i r s u p p l y . T h e t w o c h a m b e r s w e r e c o n t r o l l e d i n d e p e n d 
e n t l y . A c o m m o n p r e s s u r e t r a n s d u c e r m e a s u r e d t h e b a r o m e t r i c p r e s s u r e . H o w e v e r t h e f i r s t 
s e r i e s o f m e a s u r e m e n t s w e r e m a d e w i t h m e c h a n i c a l p r e s s u r e r e g u l a t o r s o n l y , w i t h o u t t h e a i d 
o f a c t i v e c o n t r o l . T h e p r e s s u r e s w e r e m a n u a l l y m o n i t o r e d o n m e r c u r y o r w a t e r c o l u m n p r e s 
s u r e g a u g e s . 

W h e n t h e e x p a n d e d a i r e n t e r e d t h e c h a m b e r , i t p a s s e d a n o z z l e a n d a j e t w a s p r o d u c e d t h a t 
w a s d i r e c t e d t o w a r d s t h e s a m p l e . T h i s p r o v i d e d a g o o d m i x i n g w i t h i n t h e c h a m b e r a n d r e d u c 
t i o n o f s u r f a c e r e s i s t a n c e a t t h e s a m p l e w i t h m i n i m a l t e m p e r a t u r e d i s t u r b a n c e s . I f a n a l t e r n a 
t i v e w i t h a f a n h a d b e e n u s e d , a s u b s t a n t i a l h e a t s o u r c e w o u l d h a v e b e e n i n t r o d u c e d a n d a r i s k 
o f c h a n g i n g t h e R H . T h i s p o s s i b i l i t y o f p r o d u c i n g a g i t a t i o n w i t h o u t a f a n i s a n a d v a n t a g e w i t h 
t h e t w o - p r e s s u r e p r i n c i p l e . I n o r d e r t o a v o i d d i s t u r b a n c e s d u r i n g w e i g h i n g , t h e j e t w a s d i 
v e r t e d a t t h e s e t i m e s a n d d i f f u s e d t h r o u g h a p e r f o r a t e d p l a t e b y a s c r e e n a t t a c h e d t o a s o l e 
n o i d . 

T h e r a t e o f a i r f l o w w a s d e t e r m i n e d b y t h e s e t t i n g o f t h e e x p a n s i o n v a l v e a n d t h e p r e s s u r e 
o v e r t h e v a l v e , p i - p 2 . T h i s p r e s s u r e d i f f e r e n c e v a r i e d o v e r a w i d e r a n g e f o r t h e u s e d R H -
v a l u e s . T h e a p p a r a t u s w a s n o t e q u i p p e d w i t h a i r f l o w m e t e r s , b u t a r e a s o n a b l y c o n s t a n t f l o w 
w a s k e p t b y a n i n d i r e c t m e t h o d . T h e v e r t i c a l j e t b l o w i n g o n t h e s a m p l e a n d i t s s u s p e n s i o n 
c r e a t e d a n u p l i f t t h a t c o u l d b e s e e n o n t h e b a l a n c e ( 0 . 1 g w a s u s e d ) . T h e a i r f l o w w a s d e t e r 
m i n e d w h e n t h e m e a s u r e m e n t s w e r e finished b y a v o l u m e t r i c m e t h o d n o r m a l l y u s e d f o r c a l i 
b r a t i n g t r a c e r g a s . T h e flow w a s c a p t u r e d i n a b a g f o r a c e r t a i n p e r i o d o f t i m e a n d t h e v o l u m e 
m e a s u r e d b y a p i s t o n . 
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2 . 6 W e i g h i n g 
T h e s a m p l e s w e r e w e i g h e d c o n t i n u o u s l y s u s p e n d e d f r o m b a l a n c e s . S e e F i g u r e 2 . 6 . T h e p e n 
d u l u m s u s p e n s i o n w a s m a d e f r o m a 0 . 2 m m i n d i a m e t e r r e s i s t a n c e w i r e t h a t w a s m a d e s t r a i g h t 
b y b e i n g h e a t e d e l e c t r i c a l l y a n d s t r e t c h e d . I t w a s p o s s i b l e t o d i s l o c a t e t h e s u s p e n s i o n f r o m a 
h o o k o n t h e b a l a n c e t o f a c i l i t a t e z e r o i n g o f t h e d r i f t o f t h e b a l a n c e w i t h o u t d i s t u r b i n g t h e 
s a m p l e . 

T h e b a l a n c e s w e r e o f t h e a n a l y t i c a l t y p e M e t t l e r A K 1 6 0 , w i t h 1 6 0 g r a n g e a n d 0 . 0 0 0 1 g 
r e s o l u t i o n . A n e s t i m a t e o f t h e m a x i m a l d r i f t d u r i n g a p e r i o d o f a m o n t h w a s 0 . 0 0 3 0 g . T h i s 
c o r r e s p o n d s t o a m o i s t u r e c o n t e n t o f 0 . 0 4 % [ k g w a t e r / k g w o o d ] f o r t h e s m a l l e r s a m p l e s u s e d . 

A m a l f u n c t i o n i n t h e c o n t r o l c i r c u i t r y o c c u r r e d f o r o n e b a l a n c e ( s a m p l e 3 , t h e s e c o n d s e 
r i e s ) . T h e s y m p t o m w a s a n u n e x p e c t e d d i u r n a l v a r i a t i o n . I t w a s t h e r e f o r e d i s c o v e r e d a n d t h e 
f a u l t i s n o t t h o u g h t t o h a v e b e e n g o i n g o n f o r a l o n g t i m e . T h e b a l a n c e s w e r e w i t h r e g u l a r 
i n t e r v a l s c o n t r o l l e d b y p l a c i n g a c a l i b r a t e d w e i g h t o n t h e w e i g h i n g p a n a n d a c h e c k w a s d o n e 
f o r t h e c o r r e c t i n c r e m e n t o n t h e s c a l e . 

T h e w e i g h t r e s u l t w a s l o g g e d o n c e e v e r y h o u r . A s e p a r a t e c l o c k h a s c o n t r o l l e d t h e d e f l e c 
t i o n o f t h e a i r s t r e a m f o r a c o u p l e o f m i n u t e s a r o u n d t h e l o g g i n g t i m e . 
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3 A n a l y s i s o f t h e r e s p o n s e f o r a s m a l l 
b o d y 

I n o r d e r t o d i s t i n g u i s h p r o p e r l y t h e n o n - F i c k i a n p a r t o f t h e d y n a m i c r e s p o n s e , a n e s t i m a t e o f 
t h e t h e o r e t i c a l F i c k i a n b e h a v i o u r f o r t h e e x p e r i m e n t i s n e e d e d . A n u n d e r s t a n d i n g o f t h e r a t e 
w i t h w h i c h t h e s t e p - c h a n g e i n s i d e t h e s a m p l e i s t a k i n g p l a c e f o r a t h e o r e t i c a l F i c k i a n p r o c e s s 
i s t h e b a s e f o r e v a l u a t i n g t h e n o n - F i c k i a n , r e t a r d e d s o r p t i o n . F o r t h i s o b j e c t i v e a n d t h e s e 
m e a s u r e m e n t s , s o m e r e a s o n a b l e s i m p l i f i c a t i o n s a r e m a d e , d i s c u s s e d i n t h i s c h a p t e r . T h i s i s 
a l s o d o n e i n S e c t i o n 9 . 1 , w h e r e a l s o n u m e r i c a l e x a m p l e s a r e p r e s e n t e d . 

T h e a i r f l o w r a t e t o t h e c h a m b e r t h a t i s g i v e n t h e d e s i r e d s t e p c h a n g e w a s l i m i t e d w i t h t h e 
u s e d a p p a r a t u s . O n e d i s a d v a n t a g e w a s t h a t t h i s r e s u l t e d i n a l e s s s t e e p s t e p o f r e l a t i v e h u m i d 
i t y i n t h e a i r o f t h e c h a m b e r . H o w e v e r , t h i s e f f e c t i s c o m p l e t e l y a n a l o g u e w i t h a n a d d e d s u r 
f a c e r e s i s t a n c e a n d w h e n t h e f l o w o f t h e s u p p l y a i r i s k n o w n , t h u s w e l l d e f i n e d . T h i s c a l c u l a 
t i o n i s s h o w e d i n S e c t i o n 3 . 1 . 1 b e l o w . T h e l e s s s t e e p s t e p i n t h e a m b i e n t a i r i s f u r t h e r d a m p 
e n e d o u t i n s i d e t h e s a m p l e b y d i f f u s i o n . H o w t h i s i s t r e a t e d f o r t h e a n a l y s i s o f t h e s e m e a s u r e 
m e n t s i s m e n t i o n e d i n S e c t i o n 3 . 1 . 2 . 

A w a y t o e s t i m a t e t h e i n f l u e n c e f r o m l a t e n t h e a t i s s u g g e s t e d i n S e c t i o n 3 . 2 . T h i s i n f l u e n c e 
i s n o t c o n s i d e r e d i n H a k a n s s o n ( 1 9 9 5 b ) . 

T h e m a s s o f w a t e r v a p o u r p e r u n i t v o l u m e , v [ k g / m ^ ] , i n h u m i d J i i r i s i n S l - s t a n d a r d t o b e 
c a l l e d h u m i d i t y b y v o l u m e . I t i s c a l l e d w a t e r v a p o u r c o n t e n t i n t h i s t h e s i s . 

Notations: 
Latin letters 

A surface area of sample (area of both sides) 

c heat capacity of the wood [J/(kg -K)] 

heat capacity of the air [J/(kg -K)] 

vapour transport coefficient [m^/s] 

G moisture uptake rate of the sample [kgwater / s] 

he latent heat of evaporation [J/kg] 

L halv thickness of the sample [m] 

average diffusion length in sample [ml 

m dry mass of sample [kgl 

T temperature in sample [K] 

Tch ambient chamber temperature [K] 

u average moisture content in sample [kgwater/kgwood] 

air flow rate [mVs] 

volume of chamber 

V average water vapour content for air phases inside the sample [kg/m^] 

Vsat water vapour content in saturated air [kg/m^l 

^inlel water vapour content in in-flowing air [kg/m^] 

water vapour content in mixed air in chamber [kg/m^l 

water vapour content on surface of sample [kg/m^] 
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Greek letters 

ttc convective heat transfer coefficient [W/(m^ K ) ] 

radiative heat transfer coefficient [W/(in^ -K)] 

a,o, total heat transfer coefficient a,^, = 0^ + 0^ [W/(m^ -K)] 

P air-to-surface moisture transfer coefficient [m/s] 

Pvroi total moisture transfer coefficient [m/s] 

Pa • Cpa volumetric heat capacity of the air [J/(m^ -K)] 

3 . 1 I s o t h e r m a l c a s e 
I n t h e i s o t h e r m a l a n a l y s i s , w e a s s u m e t h a t t h e s a m p l e t e m p e r a t u r e i s e q u a l t o t h e c h a m b e r a i r 
t e m p e r a t u r e : T=Tch . 

3 . 1 . 1 M o i s t u r e f l o w r e s i s t a n c e o v e r b o u n d a r y l a y e r 
T h e v a r i a b l e s c o n c e r n i n g t h e c h a m b e r a n d b o u n d a r y l a y e r a r e s h o w n i n F i g u r e 3 . 1 . 

G 
—> 

— > surf 

v.. 

Figure 3.1 Variables for moisture exchange into sample in chamber 

T h e m o i s t u r e b a l a n c e f o r t h e a i r i n t h e c h a m b e r i s : 

( v , n . , - v , J - K , , = G ( 3 . 1 ) 

F o r s i m p l i c i t y t h e m o i s t u r e c a p a c i t y o f t h e a i r i s n e g l e c t e d , b e i n g o n l y a s m a l l f r a c t i o n o f 
t h e m o i s t u r e c a p a c i t y o f t h e s a m p l e . A n u m e r i c a l e x a m p l e o f t h i s i s g i v e n i n S e c t i o n 4 . 1 . 5 i n 
H a k a n s s o n ( 1 9 9 5 b ) . 

W e c a n n o w c a l c u l a t e t h e m o i s t u r e b a l a n c e o f t h e s u r f a c e . L e t P [ m / s ] d e n o t e t h e a i r - t o -
s u r f a c e m o i s t u r e t r a n s f e r c o e f f i c i e n t , a n d A [ m ^ ] t h e t o t a l e x p o s e d a r e a o f t h e s a m p l e ( b o t h 
s i d e s ) . T h e b a l a n c e o f t h e s u r f a c e b e c o m e s : 

{ych-^surf)-^-A = G ( 3 . 2 ) 

T h e s e t w o e q u a t i o n s m a y b e w r i t t e n : 

v , „ , . - v , , = G - - i - ( 3 . 3 ) 
^ air 

y.-^.urf=G-^ ( 3 . 4 ) 

A d d i t i o n o f t h e t w o e q u a t i o n s g i v e s : 
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V — V 
' i n l e t ' surf 

3 . 1 . 2 M o i s t u r e r e s i s t a n c e a s s o c i a t e d w i t h s a m p l e t h i c k n e s s 

T h e e f f e c t o f t h e m o i s t u r e t r a n s p o r t w i t h i n t h e t h i n s a m p l e i s h e r e d e a l t w i t h i n t h e f o l l o w i n g 
w a y . L e t 2L b e t h e t h i c k n e s s o f t h e s a m p l e . F i g u r e 3 . 2 . L e t Leg d e n o t e a n e s t i m a t e d a v e r a g e 
l e n g t h f o r t h e d i f f u s i o n w i t h i n t h e s a m p l e . T h i s l e n g t h m u s t b e a f r a c t i o n o f L : 0 < Lgg < L . 
T h e s o r p t i o n e x p e r i m e n t s w e r e e x e c u t e d w i t h s t e p s a n d t h e a n a l y s i s i s b a s e d o n t h i s . L e t f u r 
t h e r m o r e Dy d e n o t e t h e v a p o u r t r a n s p o r t c o e f f i c i e n t i n w o o d f o r t h e d i r e c t i o n i n q u e s t i o n 
( l o n g i t u d i n a l ) a n d v t h e a v e r a g e w a t e r v a p o u r c o n t e n t i n t h e s a m p l e . S e e F i g u r e 3 . 2 . T h e i n d e x 
V i n d i c a t e s t h a t t h e m o i s t u r e f l o w i s o b t a i n e d f r o m a d i f f e r e n c e i n w a t e r v a p o u r c o n t e n t v . 

T h e n w e h a v e : 

V — V 
A = G o r . 

eq 

eq ( 3 . 5 ) 

Leq = 0 . 8 L . 
T h e l e n g t h o f Leq i s s h o w n i n F i g u r e 3 . 2 . W e w i l l c h o o s e t h e f r a c t i o n , Lgq IL t o 0 . 8 b e l o w : 

L u m p e d 
p o s i t i o n 

Figure 3.2 Estimated average diffusion length into the sample 

W e c a n n o w c o m b i n e t h e e q u a t i o n s f o r t h e c o m p l e t e m o i s t u r e f l o w . T o t h e p r e v i o u s m o i s 
t u r e r e s i s t a n c e s r e p r e s e n t i n g t h e d a m p e n i n g e f f e c t o f t h e l i m i t e d f l o w o f s u p p l y a i r . E q u a t i o n 
3 . 3 , a n d t h e s u r f a c e - t o - a i r r e s i s t a n c e . E q u a t i o n 3 . 4 , t h e l a s t a p p r o x i m a t e r e s i s t a n c e i n t h e m a 
t e r i a l c a n b e a d d e d . E q u a t i o n 3 . 5 . 

1 
+ 

1 
- I - -

eq 

K i r AD, 
( 3 . 6 ) 

T h i s m a y b e w r i t t e n i n t h e f o l l o w i n g w a y : 

G = A - A , . - ( v , > . . , - v ) ( 3 . 7 ) 

H e r e w e h a v e i n t r o d u c e d a t o t a l m o i s t u r e t r a n s f e r c o e f f i c i e n t , j3^,„,: 
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P ~V P D A 1 L , , ^^-^^ 
Hvtot ' air ^\ |_ ^1 

K i r P 

T h e a b o v e e q u a t i o n m a y b e w r i t t e n i n t h e f o l l o w i n g w a y : 

P . 0 , K i r P LD^ 

T h e f a c t o r Leq/L m u s t l i e b e t w e e n 0 a n d 1 . I t m a y b e c l o s e t o z e r o d u r i n g a f i r s t r a p i d p e r i o d . 
B u t t h e v a l u e o f Leg d o e s n o t m a t t e r m u c h i f t h e m o i s t u r e r e s i s t a n c e L / D v o f h a l f t h e s a m p l e i s 
s m a l l c o m p a r e d t o t h e o u t e r r e s i s t a n c e . T h e i n t e r n a l f l o w i n t h e s a m p l e i s o f s e c o n d a r y i m 
p o r t a n c e w h e n t h e f o l l o w i n g c r i t e r i o n i s f u l f i l l e d : 

A 1 L 
+ — > — 

V. B D 
air r V 

F r o m a r e f e r e n c e c a s e i n S e c t i o n 4 . 2 . 3 t h e c o r r e s p o n d i n g t e r m s a r e : 2 7 0 -t- 1 0 0 > 2 1 2 . A t t h e 
l a t e p a r t o f t h e s t e p - r e s p o n s e ( " l a t e r e g i m e " ) t h e s h a p e o f t h e d i s t r i b u t i o n o f m o i s t u r e g r a d i e n t 
i s m o r e e s t a b l i s h e d a n d t h e t r a n s f e r c a n w i t h g o o d a c c u r a c y b e d e s c r i b e d b y a c o n s t a n t m o i s 
t u r e r e s i s t a n c e a n d a l u m p e d m o i s t u r e c a p a c i t y . F o r a n o t t o o p r e c i s e c a l c u l a t i o n , i t i s r e a s o n 
a b l e t o a s s u m e a c o n s t a n t r e s i s t a n c e a f t e r r o u g h l y h a l f o f t h e s o r p t i o n h a s t a k e n p l a c e . T h i s 
a s s u m p t i o n h o l d s e v e n f o r t h i c k s a m p l e s , a l s o w h e n t h e s u r f a c e r e s i s t a n c e n o t i s d o m i n a t i n g . 

3 . 1 . 3 E q u a t i o n a n d t i m e c o n s t a n t f o r i s o t h e r m a l 
m o i s t u r e u p t a k e u{t) 

T h e m o i s t u r e u p t a k e G r e s u l t s i n a c h a n g e o f m o i s t u r e c o n t e n t u o f t h e s a m p l e : 

d w 
G = . . - ( 3 . 9 ) 

C o m b i n i n g E q . ( 3 . 7 ) a n d ( 3 . 9 ) , w e h a v e : 

m du 

A~PZ"dt 
v , > . . , - v = ^ ^ - — ( 3 . 1 0 ) 

T h e a v e r a g e m o i s t u r e c o n t e n t i s r e l a t e d t o t h e a v e r a g e h u m i d i t y b y v o l u m e v o f t h e s a m p l e b y 
t h e s o r p t i o n i s o t h e r m : 

u = ui(p) (p = — ( 3 . 1 1 ) 

H e r e , Vsat = ^sat(T) i s t h e s a t u r a t i o n w a t e r v a p o u r c o n t e n t a t t h e c o n c e r n e d t e m p e r a t u r e . 

I t i s s h o w n i n F i g u r e 4 . 1 . H e r e w e u s e t h e c h a m b e r t e m p e r a t u r e . T h e c o m p l i c a t i o n w i t h d i f f e r 
e n t c h a m b e r a n d s a m p l e t e m p e r a t u r e s i s d i s c u s s e d i n S e c t i o n 3 . 2 . W e i n s e r t E q . ( 3 . 1 1 ) i n 
( 3 . 1 0 ) a n d m u l t i p l y t h e e q u a t i o n b y d w / d c p . T h e n w e h a v e : 

d M / \ m du 
V 

- dcp dcp A.p^,„, dt 

W e u s e a l i n e a r a p p r o x i m a t i o n o f t h e s o r p t i o n i s o t h e r m . S e e F i g u r e 3 . 4 . T h e n w e h a v e : 

\U I I I U M , 
- ' P ) = - ^ - - 7 - ^ r ( 3 - 1 2 ) 
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^ i n l e , - " = d(p 

H e r e , i s t h e m o i s t u r e c o n t e n t o f t h e s a m p l e f o r t h e i n l e t r e l a t i v e h u m i d i t y : M,„/e, = u((pi„iet). 

I n s e r t i n g t h i s i n ( 3 . 1 2 ) g i v e s t h e f o l l o w i n g e q u a t i o n f o r u(t): 

du 

dt 
( 3 . 1 3 ) 

H e r e w e h a v e g o t a t i m e c o n s t a n t ti f o r t h e r e s p o n s e o f t h e s a m p l e m o i s t u r e u p t a k e : 

m du 
h = 

j 8 •A-\ 
vtot sat 

d(p 

T h e m o i s t u r e t r a n s f e r c o e f f i c i e n t ^^tot i s g i v e n b y E q . 3 . 8 . T h e t i m e c o n s t a n t ti i s t h e n : 

V. B D 
' a i r f 

Ay sat 

T h e s o l u t i o n f o r a c o n s t a n t Umiet a n d a g i v e n M ( 0 ) a t ? = 0 i s r e a d i l y o b t a i n e d f r o m 3 . 1 3 : 

u{t) = M ( 0 ) + - M ( 0 ) ) - ( l - e-'"^ ) ( 3 . 1 5 ) 

o r i n d i m e n s i o n l e s s f o r m : 

" , . ^ - " ( 0 ) 

T h e d i m e n s i o n l e s s m o i s t u r e c o n t e n t u\t) s t a r t s a t z e r o a n d i n c r e a s e s e x p o n e n t i a l l y t o + 1 w i t h 
a t i m e c o n s t a n t t\. T h i s s o l u t i o n i s s h o w n i n F i g u r e 3 . 3 . 

t I t , 4 

Figure 3.3 Step response in dimensionless form 

H a l f o f t h e c h a n g e f r o m M ( 0 ) t o UMet o c c u r s a t M ' = 0 . 5 : 

M ' = 0 . 5 = 1 - e-'"' o r tlti= l n ( 2 ) = 0 . 6 9 . 

T h e h a l f - t i m e ro.5 c o r r e s p o n d i n g t o u'= 0 . 5 i s t h e n : 

?o.5 = ? i • l n ( 2 ) = 0 . 6 9 - r i . ( 3 . 1 6 ) 

A n u m e r i c a l e x a m p l e i s s h o w n i n S e c t i o n 4 . 2 . 3 w i t h d a t a i n ( 4 . 6 ) f o r a t y p i c a l c a s e f r o m 
t h e m e a s u r e m e n t s . T h e s a m p l e t h i c k n e s s i s 2 - L = 1 . 7 m m . T h e s t e p i s f r o m 7 0 % t o 8 5 % r e l a 
t i v e h u m i d i t y a n d t h e t e m p e r a t u r e i s 20°C. T h e r e s u l t i n g t i m e - c o n s t a n t ti i s 1 . 4 1 [ h ] f o r t h i s 

3 9 



Retarded sorption i n wood P a r t i 

c a s e . T h e c o n t r i b u t i o n t o t h e t i m e - c o n s t a n t f r o m t h e e f f e c t o f t h e r e s t r i c t e d a i r f l o w i s r a t h e r 
b i g . 

3 . 2 E f f e c t o f l a t e n t h e a t o n r e s p o n s e t i m e 
T h e t e m p e r a t u r e T i n t h e s a m p l e w i l l v a r y i n t i m e i f t h e l a t e n t h e a t o f e v a p o r a t i o n i s a c c o u n t e d 
f o r . W e w i l l i n t h i s s e c t i o n c o n s i d e r t h i s e f f e c t . T h e h e a t c a p a c i t y o f t h e s a m p l e i s s t i l l n e 
g l e c t e d . T h i s e f f e c t w i l l b e c o n s i d e r e d i n t h e n e x t s e c t i o n . 

T h e o t h e r a s s u m p t i o n s f r o m t h e p r e v i o u s s e c t i o n a r e r e t a i n e d . T h e t r a n s p o r t i n t h e s a m p l e 
i s m o d e l l e d b y a l u m p e d m o i s t u r e c a p a c i t y a n d a n a v e r a g e d i f f u s i o n l e n g t h . T h e i n f l u e n c e 
f r o m t h e m o i s t u r e c a p a c i t y o f t h e a i r i n t h e c h a m b e r i s i g n o r e d . 

3 . 2 . 1 D i f f e r e n t s a m p l e a n d c h a m b e r t e m p e r a t u r e s 
T h e t h r e e e q u a t i o n s f o r m o i s t u r e b a l a n c e w i t h h u m i d i t y b y v o l u m e a s t h e d r i v i n g f o r c e a r e 
s t i l l v a l i d f o r d i f f e r e n t s a m p l e a n d c h a m b e r t e m p e r a t u r e s . E q u a t i o n s ( 3 . 3 ) , ( 3 . 4 ) a n d ( 3 . 5 ) a r e : 

^ i n l e t 

1 
- G 

1 G 
A 

kq G 
A 

T h e s u m o f t h e s e e q u a t i o n s g i v e s 

i n l e t - V ( 3 . 1 7 ) 

o r a s i n t h e p r e c e d i n g s e c t i o n , E q . 3 . 7 , w i t h Pvror d e f i n e d b y ( 3 . 8 ) : 

G = A - j 8 , , „ , . ( v , „ , , , - v ) 

T h e m o i s t u r e u p t a k e i n c r e a s e s t h e m o i s t u r e c o n t e n t : 

d M 
G = m • dt 

W e h a v e : 

( 3 . 1 8 ) 

m d u 

T h e w a t e r v a p o u r c o n t e n t i s g i v e n b y t h e p r o d u c t o f r e l a t i v e h u m i d i t y a n d s a t u r a t i o n v a p o u r 
c o n t e n t . T h e t e m p e r a t u r e d e p e n d e n c e o f t h e s a t u r a t i o n m o i s t u r e c o n t e n t i s i l l u s t r a t e d i n F i g u r e 
4 . 1 . W e h a v e , u s i n g t h e t e m p e r a t u r e s Tch a n d T: 

^ i n l e t = ( P i n l e , ' ^sat^J^n) ^ = <P ' ^ s a t ( T ) ( 3 . 1 9 ) 

F r o m e q u a t i o n s ( 3 . 1 7 - 3 . 1 9 ) w e g e t : 
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m du 

A-P.O. 
(3.20) 

F r o m t h e s o r p t i o n i s o t h e r m w e h a v e t h a t t h e r e l a t i v e h u m i d i t y i s a f u n c t i o n o f t h e m o i s t u r e 
c o n t e n t u. W e u s e a l i n e a r r e l a t i o n b e t w e e n u a n d cp l o c a l l y i n t h e c o n s i d e r e d R H - r e g i o n . S e e 
F i g u r e 3.4. 

o r 
du du 

d M 

(3.21) 

H e r e i s t h e s l o p e o f t h e e q u i l i b r i u m s o r p t i o n c u r v e f o r t h e i n l e t v a l u e . 

u 

M.„ 

4 i 

> 

Figure 3.4 Linearization of the sorption isotherm 

du 
W e m u l t i p l y (3.20) b y — a n d d i v i d e i t b y v ^ „ , ( r , ) . T h e n w e g e t , i n s e r t i n g E q . (3.21), t h e 

dcp 
f o l l o w i n g e q u a t i o n f o r u(ty. 

du 

dcp • ( P i n l e , -

d M 

dcp ' ' i n l e t dt AW 
H e r e , t\n i s a t i m e c o n s t a n t , E q . (3.14): 

V. B D 
' a i r H ^ \ 

m du 

A-^sai{Tj dcp 

(3.22) 

(3.23) 

E q u a t i o n (3.22) i s o u r b a s i c e q u a t i o n f o r t h e r e s p o n s e u{t) w h e n c^Met i s c h a n g e d i n t i m e . I n 
t h e c a s e T = Tch , t h e l a s t f a c t o r b e f o r e t h e e q u a l i t y s i g n i n (3.22) i s +1, a n d w e r e g a i n t h e 
i s o t h e r m a l e q u a t i o n (3.13). N o w , w e n e e d t o r e l a t e t h e t e m p e r a t u r e T t o u{t). 

3 . 2 . 2 E q u a t i o n f o r t h e t e m p e r a t u r e T{f) 
T h e t e m p e r a t u r e f a c t o r ysat{T)l'^sat{Tch) i n (3.22) i s o b t a i n e d i n t h e f o l l o w i n g w a y . T h e p h a s e 
c h a n g e o f t h e m o i s t u r e f l o w G f r o m v a p o u r t o l i q u i d r e s u l t s i n a h e a t p r o d u c t i o n o n t h e s u r -
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f a c e d e t e r m i n e d b y t h e l a t e n t h e a t o f e v a p o r a t i o n he [ J / k g w a t e r ] • W e n e g l e c t t h e h e a t c a p a c i t y 
o f t h e s a m p l e . T h e h e a t o f c o n d e n s a t i o n b a l a n c e s t h e c o n v e c t i v e h e a t f l o w f r o m t h e s a m p l e : 

Gh^=Aa^{T-Tj [ W ] ( 3 . 2 4 ) 

H e r e , Oc i s t h e c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t . 

W e n o w h a v e t w o t r a n s f e r c o e f f i c i e n t s a n d p. L e w i s ' r e l a t i o n , w h i c h r e l a t e s P t o , E q . 
( 3 . 6 0 ) , m a y o f t e n b e u s e d w i t h g o o d a c c u r a c y . 

T h e t e m p e r a t u r e d i f f e r e n c e d u e t o m o i s t u r e f l o w i s o b t a i n e d f r o m E q s . ( 3 . 2 4 ) a n d ( 3 . 1 8 ) : 

T-T^,=^.^ = ̂ . ^ . ^ ( 3 . 2 5 ) 
" A A dt 

T h e f u n c t i o n VsatiT) i s l o c a l l y l i n e a r i z e d : 

v . . (T) = v,„, ( ? ; , ) + ̂ . ( T - T ^ J ( 3 . 2 6 ) 
d l 

C o m b i n i n g t h e s e t w o e q u a t i o n s , t h e t e m p e r a t u r e f a c t o r i n ( 3 . 2 2 ) m a y b e w r i t t e n : 

^ = 1 - 7 . ^ ( 3 . 2 7 ) 
v . a , ( 7 ; j dt 

H e r e , t h e c o n s t a n t y i i s g i v e n b y : 

^ 1 = 7^ • • — • T ^B^ood/^g.a,er] ( 3 . 2 8 ) 

T h e f a c t o r c o n t a i n i n g t h e d e r i v a t i v e o f ysai(T) d i v i d e d b y \sat{T) i s p l o t t e d i n F i g u r e 4 . 2 . 

R a d i a t i o n i s n e g l e c t e d i n t h e a b o v e f o r m u l a s . I f a p a r a l l e l h e a t e x c h a n g e b y r a d i a t i o n a l s o i s 
t a k e n i n t o a c c o u n t w i t h a r a d i a t i v e h e a t t r a n s f e r c o e f f i c i e n t , oCr, t h e b a l a n c e ( 3 . 2 4 ) b e c o m e s : 

G.h,=A.{a,+aJ{T-Tj ( 3 . 2 9 ) 

I f a l s o t h e r a d i a t i v e h e a t t r a n s f e r c o e f f i c i e n t i s t a k e n i n t o a c c o u n t , w e h a v e t o a d d t o ttc . 
E q . ( 3 . 2 5 ) b e c o m e s : 

T-T = G _ h^ m du 
a^+a^ A a^+a^ A dt 

T h e c o n s t a n t y i , E q . ( 3 . 2 8 ) , b e c o m e s : 

v , . , ( 7 ; j dr a^+a^ A 

I n a l l f o r m u l a s t o f o l l o w w e w i l l u s e a,o; t o a c c o u n t f o r t h e t o t a l h e a t t r a n s f e r Q{i) [ W ] d u e 
t o c o n v e c t i o n a n d r a d i a t i o n : 

a t o , = a c + a , ( 3 . 3 0 ) 

T h e h e a t f l o w Q{t) [ W ] t o t h e s a m p l e i s g i v e n b y : 

Q = A a , „ , { T c , - T ) ( 3 . 3 1 ) 
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3.2.3 E q u a t i o n f o r m o i s t u r e c o n t e n t u (t) 
T h e f i n a l e q u a t i o n f o r u{t) i s n o w f r o m E q . ( 3 . 2 2 ) a n d ( 3 . 2 7 ) . 

d M 

d(p • ( P i n l e , -

du 
+ — - ( P i n l e , 

d(p 

o r 

" .> . to -" (0 = 
d M 
dt 

l + 7i 

d M 

d M 

dt 
= t, 

du 

dt 

uit)-Uinle,+ — - ( P i n l e , 

( 3 . 3 2 ) 

( 3 . 3 3 ) 

T h i s i s o u r g e n e r a l e q u a t i o n f o r u{t). T h e i n i t i a l v a l u e M ( 0 ) i s g i v e n . T h e i n l e t r e l a t i v e h u m i d i t y 
i s a g i v e n f u n c t i o n o f t i m e . 

3 . 2 . 4 S o l u t i o n f o r a c o n s t a n t s t e p 
W e c o n s i d e r a c o n s t a n t ^Met f o r t>0, a n d a g i v e n i n i t i a l v a l u e u = M ( 0 ) a t ? = 0 . 

W e h a v e t o i n t e g r a t e E q . ( 3 . 3 3 ) f o r c o n s t a n t (p,„/e, ( a n d c o n s t a n t UMet)- T h e s o l u t i o n i s o b t a i n e d 
b y d i r e c t i n t e g r a t i o n i f w e c o n s i d e r f a s a f u n c t i o n o f u. W e h a v e : 

d£ 
d M 

du 

d(p 
= -7i + 

I n t e g r a t i o n f r o m M ( 0 ) t o u{t) g i v e s : 

^ = - 7 i ( " ( 0 - « ( o ) ) -
d M 

dcp 
• I n 

d M 

dip 

- " ( 0 

" m t o - " ( 0 
t - " ( 0 ) 

W e i n t r o d u c e t h e d i m e n s i o n l e s s m o i s t u r e c o n t e n t u'it): 

" « „ - « ( 0 ) 

T h e a b o v e e q u a t i o n i s t h e n : 

^ = -7i - " ( 0 ) ) - « ' -
d M 

^i+7r —•<P.>./e, d ^ 

T h e e q u a t i o n m a y b e w r i t t e n : 

t^'t^ u'-it, + / 2 ) - l n ( l - M ' ) 

H e r e , t w o n e w t i m e c o n s t a n t s t2 a n d ty a r e i n t r o d u c e d : 

d M 

( 3 . 3 5 ) 

( 3 . 3 6 ) 

• l n ( l - M ' ) ( 3 . 3 7 ) 

( 3 . 3 8 ) 

( 3 . 3 9 ) 

( 3 . 4 0 ) 

( 3 . 3 4 ) 

D i v i d i n g ( 3 . 3 8 ) b y ti + t2, w e g e t t h e f o l l o w i n g f i n a l d i m e n s i o n l e s s e q u a t i o n : 
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t' = — ^ = -Yu'-ln{l-u') ( 3 . 4 1 ) 
+ 

T h i s d i m e n s i o n l e s s e q u a t i o n b e t w e e n t' = tl{t, + ) a n d u' i n v o l v e s a s i n g l e p a r a m e t e r y : 

( 3 . 4 2 ) 

D i v i s i o n b y y i i n E q . ( 3 . 3 9 ) a n d ( 3 . 4 0 ) g i v e s : 

d M 
( 3 . 4 3 ) 

7, d ( p 
• ' i n l e t 

H e r e , w e h a v e f r o m E q . ( 3 . 2 3 ) a n d ( 3 . 2 8 ) : 

t, d M 

71 d()? 

1 L 
• + —+ • eq a.. 

d v . 
( 3 . 4 4 ) 

dr 
T h e v a l u e M ( 0 ) m a y b e t h e e q u i l i b r i u m v a l u e f o r a p r e v i o u s (p = (p^^i^, f o r t < 0 . T h e n w e 

h a v e , u s i n g ( 3 . 4 0 ) , ( 3 . 4 3 ) a n d ( 3 . 4 4 ) : 

" ( 0 ) = " f c j 

- " ( 0 ) = "(<P,„fe, ) - ) = • ( ( P i n l e , - ^ i n l e , ) 

ty=ri-^\9inle,-9Met) 
a(p 

^ i n l e t ^ i n l e t 

KlKy.-^V^tnlet 

^ i n l e t - ( P i n l e , 7 = 
1 L eq 

V. B D 
a i r r" v 

a 
d'v,„, '^^ i n l e t 

e d T 

T h e h e a t o f e v a p o r a t i o n i s n e g l e c t e d b y p u t t i n g he = 0 o r y = 0 . F o r y = 0 , w e h a v e t h e 
p u r e e x p o n e n t i a l r e s p o n s e . F i g u r e 3 . 3 . 

r ' = - l n ( l - M ' ) e~^'^l-u' 

o r : 

T h e b a s i c e q u a t i o n ( 3 . 4 1 ) i s i l l u s t r a t e d i n F i g u r e 3 . 5 . T h e d o t t e d l i n e s s h o w t' = Yu' f o r a 
f e w d i f f e r e n t y . T h e d i f f e r e n c e b e t w e e n t h e c u r v e - l n ( l - M ' ) a n d c u r v e y - M ' g i v e s a s a 
f u n c t i o n o f u'. 

T h e r e l a t i o n ( 3 . 4 1 ) w i t h M ' a s a f u n c t i o n o f t' i s s h o w n i n F i g u r e 3 . 6 f o r d i f f e r e n t y . 
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-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 

Figure 3.5 Illustration ofEq. {3.41). 

0 0.5 1 1.5 2 2.5 3 3.5 ^ - 4 

Figure 3.6 The relation {3.41) between u' and t 'for different y . 

A g o o d m e a s u r e o f t h e r e s p o n s e t i m e , i s 

t h e t i m e ^.5 f o r w h i c h u' e q u a l s 0 . 5 . E q u a t i o n ( 3 . 3 8 ) g i v e s : 

f o . 5 = ? , - 0 . 5 - ( f , + f J - l n ( l - i ) 

o r 

?o.3 = l n ( 2 ) • + r J - 0 . 5 • t^ = 0 . 6 9 • ( r , + f J - 0 . 5 • t^ 

3 . 2 . 5 E q u a t i o n f o r t h e s a m p l e t e m p e r a t u r e T 
W e c o n s i d e r t h e c a s e o f c o n s t a n t c h a m b e r t e m p e r a t u r e T^h- T h e s a m p l e t e m p e r a t u r e , T = T{f), 
w i l l v a r y i n t i m e . W e h a v e f r o m E q . ( 3 . 2 5 ) , ( 3 . 3 6 ) a n d ( 3 . 4 1 ) : 

- A a , „ , -A t,^t, dt 

F o r / = 0 w e h a v e : 
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«,„ , -A t,+t, dt'^' 

dt' 
T h e d e r i v a t i v e — 7 i s , E q . ( 3 . 4 1 ) : 

d u 

dt' 1 du' l-u' 

du''~^^\-u' dt'~\-y + yu' ^^'^^^ 

F r o m t h i s w e h a v e : 

l-y+yu 

o r 

m = T^, + ( r ( 0 ) - T j . - ^ ^ ^ ( 3 . 4 7 ) 

1 - 7 

H e r e , t h e f a c t o r T{0) - Tch i s t h e t e m p e r a t u r e d i f f e r e n c e a t ? = 0 : 

7-(o)^r,=A:^.if i=^LZil(2) .j_ 348, 

o r , i n s e r t i n g E q . ( 3 . 4 2 ) : 

T(p)-T^^=A:I^.!^MEZm ( 3 . 4 9 ) 

E q u a t i o n ( 3 . 4 7 ) i n v o l v e s t h e f a c t o r 7 / ( 1 - 7 ) , w h i c h m a y b e w r i t t e n , E q . ( 3 . 4 2 ) : 

1 - 7 t,+t,-t^ 

A d i m e n s i o n l e s s e x c e s s s a m p l e t e m p e r a t u r e i s i n t r o d u c e d : 

. _ m - T „ _ i-u' 

T h i s f u n c t i o n i s s h o w n i n F i g u r e 3 . 7 f o r d i f f e r e n t y . 
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Figure 3.7 The dimensionless excess sample temperature, ( 3 . 5 0 ) . 

T h e a b o v e e q u a t i o n g i v e s T' a s a f u n c t i o n o f M ' . I n o r d e r t o o b t a i n t h e t i m e d e p e n d e n c e , 
w e h a v e t o c o m b i n e F i g u r e 3 . 7 a n d F i g u r e 3 . 6 a s i t i s d o n e i n F i g u r e 3 . 8 . A n e x a m p l e o f c o n 
n e c t e d v a l u e s t', u' a n d T f o r y = 0 . 1 i s s h o w n b y t h e d o t t e d l i n e s . 

3 . 2 . 6 S u m m a r y 
L e t u s s u m m a r i z e t h e o b t a i n e d r e s u l t . T h e d i m e n s i o n l e s s e q u a t i o n b e t w e e n u' a n d t' i s , 
( 3 . 4 1 ) : 

t 
t = = - 7 u ' - l n ( l - M ' ) 

H e r e , u i s t h e d i m e n s i o n l e s s m o i s t u r e c o n t e n t . 

^,^u(t)-u(0) 

" ( 0 ) 

H e r e , M ,„/e, = u(%„iet), i s t h e e q u i l i b r i u m m o i s t u r e c o n t e n t f o r (p = cp ,„/e, . T h e t i m e ti i s t h e t i m e -
c o n s t a n t f o r a n i s o t h e r m a l s t e p r e s p o n s e , ( 3 . 2 3 ) : 

h = 

1 L eq m du 
[ s ] 

, ^ • v . . ( r , j d(p 

T h e d i m e n s i o n l e s s v a r i a b l e y i n v o l v e s t w o n e w t i m e - c o n s t a n t s , ( 3 . 4 2 ) : 

t.. 
y = 

T h e a d d i t i o n a l t i m e c o n s t a n t s t, a n d t^ f o r t h e n o n - i s o t h e r m a l c a s e a r e , ( 3 . 3 9 ) a n d ( 3 . 4 0 ) : 

[ s ] 

^ = 7 1 - " ( 0 ) ) [ s ] 

d M 
d(p 

Al 
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T h e c o n s t a n t y i i n v o l v e s t h e e f f e c t s o f l a t e n t h e a t , ( 3 . 2 8 ) : 

1 
7, = 

A l i n e a r r e l a t i o n b e t w e e n u a n d (p i s u s e d : . 

T h e t e m p e r a t u r e d e v e l o p m e n t i n t h e s a m p l e , T= T{t), i s , ( 3 . 4 7 ) : 

n t ) = T,,+[T{Q)-Tj.^^^~y , [°C] 
i - r • u 

T h e t e m p e r a t u r e d i f f e r e n c e a t r ' = 0 , i s , ( 3 . 4 9 ) : 

r ( o ) - r , = A - ^ . " - " ' - - " ^ Q ^ [°C] 

T h e d i m e n s i o n l e s s e x c e s s s a m p l e t e m p e r a t u r e T i s : 

j>^T{t)-T^,_ \-u' 

•u 

T h e a b o v e r e l a t i o n s b e t w e e n T a n d f a r e s h o w n i n F i g u r e 3 . 8 f o r d i f f e r e n t y. 

1 TT 

# ^ Y = 0 
T = - 0 . 1 

Figure 3.8 The relations between T', u' and t' for different y. 

3 .3 G e n e r a l e q u a t i o n s f o r m o i s t u r e a n d t e m p e r a t u r e 
I n t h e a b o v e s e c t i o n w e n e g l e c t e d t h e h e a t c a p a c i t y o f t h e s a m p l e . A l i n e a r a p p r o x i m a t i o n f o r 
t h e s o r p t i o n i s o t h e r m M ( ( p ) w a s u s e d . W e a l s o u s e d a l i n e a r a p p r o x i m a t i o n i n t e m p e r a t u r e f o r 
t h e s a t u r a t i o n w a t e r v a p o u r c o n t e n t \satiT). W e w i l l h e r e c o n s i d e r a m o r e g e n e r a l c a s e w i t h -
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o u t t h e s e r e s t r i c t i o n s . W e s t i l l c o n s i d e r a " s m a l l " s a m p l e , w h i c h i s d e s c r i b e d b y a s i n g l e ( a v 
e r a g e ) m o i s t u r e c o n t e n t u(t) a n d a s i n g l e ( a v e r a g e ) t e m p e r a t u r e T(t). T h e s o l u t i o n o f t h e e q u a 
t i o n s w i l l b e o b t a i n e d n u m e r i c a l l y u s i n g t h e m a t h e m a t i c a l p a c k a g e M a t h c a d . 

T h e m o i s t u r e f l o w G(t) i s g i v e n b y ( 3 . 7 ) : 

T h e h e a t f l o w Q{t) [ W ] i s g i v e n b y ( 3 . 3 1 ) : 

T h e m a s s a n d h e a t b a l a n c e e q u a t i o n s a r e : 
m— = G ( 3 . 5 1 ) 

dt 

m c — = Q + h^G ( 3 . 5 2 ) 
dt 

H e r e , c [ J / ( k g , K ) ] i s t h e h e a t c a p a c i t y o f t h e s a m p l e , a n d hg t h e l a t e n t h e a t o f e v a p o r a t i o n . 

W e n o w h a v e t w o c o u p l e d d i f f e r e n t i a l e q u a t i o n s f o r u{t) a n d T(t): 

du 
= ^ ^ - ( v , „ . - v ) 

dt m 

dt mc mc 

T h e w a t e r v a p o u r c o n c e n t r a t i o n v i s r e l a t e d t o t h e r e l a t i v e h u m i d i t y , E q . ( 3 . 1 1 ) : 

V 

V sat (T) 

F o r t h e s o r p t i o n i s o t h e r m u = u{(p), w e m a y u s e t h e i n v e r s e (p = (p(u). F r o m t h i s w e g e t v a s a 
f u n c t i o n o f u a n d T: 

y{u,T) = (p{uyy^^,{T) ( 3 . 5 3 ) 

W e a l s o h a v e : 

' ^ . n l e . = ( P i n l e t - ^ s A T c h ) ( 3 - 5 4 ) 

T h e e q u a t i o n s y s t e m i n v o l v i n g o n l y u a n d T i s n o w : 

d M 
= _ A i L . ( v ( „ , r ) - v ^ J ( 3 . 5 5 a ) 

dt m 

f = • (T - ) - ^ ^ ^ ^ • ( v ( M , r ) - v , , „ ) ( 3 . 5 5 b ) 
dt mc mc 

T h e i n i t i a l v a l u e s o f m o i s t u r e c o n t e n t , M ( 0 ) , a n d t e m p e r a t u r e , T(0), m u s t b e p r e s c r i b e d . T h e 
f u n c t i o n v(u,T) i s g i v e n b y ( 3 . 5 3 ) , a n d \iniet b y ( 3 . 5 4 ) . 

T h i s e q u a t i o n s y s t e m f o r u{t) a n d T(t) w i l l b e s o l v e d u s i n g t h e M a t h c a d p r o g r a m f o r c o m 
p u t e r s o l u t i o n o f m a t h e m a t i c a l p r o b l e m s . A n u m b e r o f r e s u l t s w i l l b e g i v e n i n C h a p t e r 4 . A 
c o m p l e t e s o l u t i o n i n M a t h c a d f o r a p a r t i c u l a r c a s e i s g i v e n i n A p p e n d i x A . 
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3 . 4 B a s i c r e s p o n s e t i m e c o n s t a n t s 
T h e a b o v e e q u a t i o n s , ( 3 . 5 5 a ) a n d ( 3 . 5 5 b ) , f o r u{i) a n d T{t) i n v o l v e t w o b a s i c t i m e c o n s t a n t s 
f o r t h e m o i s t u r e a n d t h e r m a l r e s p o n s e t o a c h a n g e o f t h e o u t s i d e h u m i d i t y i^Met a n d / o r t e m 
p e r a t u r e Tch- I n o r d e r t o o b t a i n f o r m u l a s f o r t h e s e t i m e c o n s t a n t s , w e h a v e t o l i n e a r i z e t h e 
e q u a t i o n s y s t e m . 

T h e w a t e r v a p o u r c o n t e n t v = \{u,T) i s l i n e a r i z e d : 

v (« ,r) = v ( . , , „ r j + ^ . (. - . [T - T^,) 

H e r e , t h e d e r i v a t i v e s o f \iu,T), E q . ( 3 . 5 3 ) , a r e t a k e n a t t h e p o i n t o f l i n e a r i z a t i o n : 

^ = ^ ( u ) - v (T ) = ljBjLhl 

I n s e r t i o n o f t h e l i n e a r i z e d a p p r o x i m a t i o n o f v ( M , r ) - Vj„/e, i n t h e e q u a t i o n s ( 3 . 5 5 ) g i v e s : 

d v . d M 
dt m 

dT 

dt mc 

y* " • M e t ) yinlet du m dT 
( 3 . 5 6 a ) 

m dl m du_ 
dtp 

( 3 . 5 6 b ) 

T h e f a c t o r b e f o r e u - UmM i n ( 3 . 5 6 a ) i s llt\ E q . ( 3 . 1 4 ) : 

m d M 

A - P . t o t - ' ^ s a t i W 
{ ( P i n l e t ) 

T h e f a c t o r b e f o r e T- Tch i n t h e f i r s t t e r m o f t h e e q u a t i o n f o r T{t) g i v e s t h e t i m e c o n s t a n t tj, f o r 
a p u r e t h e r m a l r e s p o n s e : 

mc 

A a,. 
( 3 . 5 7 ) 

T h e f a c t o r b e f o r e T - Tch i n t h e e q u a t i o n f o r u{t) m a y b e w r i t t e n i n t h e f o l l o w i n g w a y : 

m 

1 c 1 

dv^„, _ 1 d M 
^ i n l e t , r r i . ^ i n l e t 

dT t, 

AT _ 

du h mc dv„ 

dr 
i n l e t 

dcp c A-a,„, w^^XW 

1 d M c 
• < P i n l e t - — -Yx = d(p K h-t. 

H e r e , y i , i s g i v e n b y ( 3 . 2 8 ) a n d ?2 b y ( 3 . 3 9 ) . 

T h e t w o l i n e a r i z e d e q u a t i o n s ( 3 . 5 6 a ) a n d ( 3 . 5 6 b ) a r e n o w : 

5 0 



Analysis of the response for a small body 

du 1 / s c ( . 

dt t. K h-t. 

d T 

dt 

1 
—+ • 

t. 
c r , 

( 3 . 5 8 a ) 

( 3 . 5 8 b ) 

T h e e q u a t i o n s i n v o l v e t h e f a c t o r c/he a n d t h e t h r e e t i m e s / ] , t2 a n d t^. T h e s o l u t i o n f o r a n y 
i n i t i a l v a l u e s M ( 0 ) a n d r ( 0 ) i s w e l l k n o w n . S e e f o r e x a m p l e C l a e s s o n a n d H a g e n t o f t ( 1 9 9 4 ) . 
W e w i l l n o t g i v e t h e s o l u t i o n i n d e t a i l h e r e . O u r m a i n i n t e r e s t i s t h e t i m e c o n s t a n t s o f t h e r e 
s p o n s e t o a c h a n g e o f %niet ( a n d / o r Tch ) • T h e s o l u t i o n c o n s i s t s o f t w o e x p o n e n t i a l s e x p ( - A , + - 0 
a n d e x p ( - A , - - 0 . T h e e x p o n e n t s i n v o l v e t h e t w o e i g e n v a l u e s o f e q u a t i o n s y s t e m ( 3 . 5 8 ) . T h e s e 
a r e t h e s o l u t i o n o f t h e d e t e r m i n a n t : 

X - - -
c t t, t,-t, 

= 0 

o r 

t, t,-t. 

1 1 t, 
_ + _ + _ 2 _ 

c t, K h-t, 

1 
- I - - - 0 

W e m u l t i p l y t h i s e q u a t i o n b y t h e f a c t o r 

T h e s o l u t i o n s f o r — a r e : 

1 r , U,+t,+t,^ 

W e h a v e o b t a i n e d t h e t w o t i m e c o n s t a n t s o f t h e e x p o n e n t i a l s : 

t = — = 4 

t,+t,+t,+^{t,+t,+tj-A-t,-t, ( 3 . 5 9 a ) 

( 3 . 5 9 b ) 

T h e s o l u t i o n s f o r u(t) -UMet a n d T{t) - Tch a r e l i n e a r c o m b i n a t i o n s o f t h e t w o e x p o n e n t i a l s : 
- / / r -tit e * e . 

T h e c o e f f i c i e n t s a r e d e t e r m i n e d f r o m t h e i n i t i a l c o n d i t i o n s . 
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T h e l a r g e r t i m e c o n s t a n t t+ d e t e r m i n e s t h e e x p o n e n t i a l a p p r o a c h t o w a r d s u = UMet a n d 
T=Tch • I t i s o u r basic response time: 

1 
t, +t,+t, +^{t,+t,+tj-4-t,-t, 

L e t u s s u m m a r i z e t h e r e s u l t s . W e h a v e t h r e e t i m e p a r a m e t e r s : 

m du 
i n l e t ) 

'2 - , y P i n l e t ) T i n l e t . \ 

m • c 

T h e s e t i m e s a r e c o m b i n e d i n ( 3 . 5 9 ) t o g i v e t h e s m a l l e r t i m e c o n s t a n t t. a n d t h e l a r g e r , b a s i c 
r e s p o n s e t i m e t+. 

3 . 5 H e a t a n d m o i s t u r e t r a n s f e r c o e f f i c i e n t s 
A c r u c i a l p a r t o f t h e a b o v e t h e o r y f o r t h e m o i s t u r e a n d t e m p e r a t u r e r e s p o n s e o f t h e t h i n s a m 
p l e s o f t h e t y p e u s e d i n t h e e x p e r i m e n t s i s t h e t r a n s f e r c o e f f i c i e n t s a ^ ; a n d P f o r h e a t a n d 
m o i s t u r e . W e w i l l h e r e d i s c u s s t h e m i n s o m e d e t a i l . 

3 . 5 . 1 L e w i s ' r e l a t i o n 
L e w i s ' r e l a t i o n , E c k e r t a n d D r a k e ( 1 9 5 9 ) , r e l a t e s t h e s u r f a c e m o i s t u r e c o e f f i c i e n t P t o t h e 
c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t qLc : 

P = [ m / s ] ( 3 . 6 0 ) 
O • c 
1^ a pa 

T h e r e l a t i o n i s b a s e d o n a n a n a l o g y b e t w e e n h e a t a n d w a t e r v a p o u r d i f f u s i o n i n f l o w i n g g a s a t 
a s o l i d b o u n d a r y . 

T h e f o l l o w i n g v a l u e f o r t h e v o l u m e t r i c h e a t c a p a c i t y o f t h e a i r w i l l b e u s e d : 

Pa • = 1 2 0 0 [ J / ( m ^ K ) ] 

3 . 5 . 2 H e a t t r a n s f e r c o e f f i c i e n t s 
T h e h e a t t r a n s f e r c o n s i s t s o f a p a r t d u e t o r a d i a t i o n , ttr , a n d a p a r t d u e t o c o n v e c t i v e h e a t 

t r a n s f e r , ttr. T h e t o t a l h e a t t r a n s f e r c o e f f i c i e n t Otot i s t h e s u m o f t h e s e t w o . S e e E q . ( 3 . 3 0 ) . 

Radiative heat transfer coefficient 

F o r t h e s a m p l e s p l a c e d i n a s i n g l e f l a t l a y e r , t h e h e a t t r a n s f e r c o e f f i c i e n t f r o m r a d i a t i o n , a r , i s 
c a l c u l a t e d w i t h a v i e w f a c t o r F = \, s i n c e e v e r y p a r t o f t h e s a m p l e i s o p e n l y e x p o s e d t o a 
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h e m i s p h e r e o f c h a m b e r w a l l . F o r a v i e w f a c t o r o f 1 , a n a p p r o x i m a t e e x p r e s s i o n f o r t h e c o e f f i 
c i e n t f o r a m o d e r a t e t e m p e r a t u r e d i f f e r e n c e i s : 

= 4 e c T - ( r + 2 7 3 ) ' [ W / ( m ^ - ° C ) ] ( 3 . 6 1 ) 

H e r e , t h e S t e f a n - B o l t z m a n n c o n s t a n t i s a = 5 . 6 7 - 1 0 " ^ [ W / ( m ^ - K ' ^ ) ] . T h e c o m b i n e d e m i s s i v i t y 
e i s w i t h t h e e m i s s i v i t i e s 81 a n d £2 o f t h e s u r f a c e s o f t h e s a m p l e a n d t h e c h a m b e r : 

- = — + — - 1 ( 3 . 6 2 ) 

T h e e m i s s i v i t y f o r w o o d i s a r o u n d 0 . 9 , a n d t h e s a m e v a l u e w a s c h o s e n f o r t h e w a l l s o f t h e 
c h a m b e r . T h i s g i v e s w i t h ( 3 . 6 2 ) a c o m b i n e d e m i s s i v i t y o f 0 . 8 2 . 

Convective heat transfer coefficient OLc 

F o r t h e c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t , O c , a r o u g h e s t i m a t e b a s e d o n a n a s s u m e d s p e e d 
i n t h e s u r r o u n d i n g a i r i s m a d e . T h e a i r b l o w s p a r a l l e l t o t h e s a m p l e . 

T h e C o l b u m a n a l o g y b e t w e e n w a l l f r i c t i o n a n d h e a t t r a n s f e r , g i v e n i n B e j a n ( 1 9 9 3 ) , i s : 

N U y = 0 . 0 2 9 6 R e f P r ^ 

a-y 
Nuy the local Nusselt number, JNUy = — - — 

A 

X heat transfer coefficient [W/(m-K)], X = 0.025 for air at 20°C 

y distance from the edge to the local point in question [m] 

Pr Prandtl number for the gas, Pr = 0.72 for air (at 0 - 3 0 ° C ) 

• y 
R c y the local Reinolds number, R e = — 

^ V 

the speed of the surrounding air [m/s] 

v kinematic viscosity [m^/s] 

T h e a i r s p e e d i s a s s u m e d t o b e 1 .5 m / s . A p o i n t o n t h e m i d d l e o f t h e s a m p l e , 0 . 0 5 m f r o m t h e 
e d g e , i s i n v e s t i g a t e d . 

R e = ^ ' ^ " ^ " ^ f = 5 0 0 0 N u , = 0 . 0 2 9 6 • 5 0 0 0 ^ • 0 . 7 2 ^ = 2 4 
' 1 5 1 0 - ' ' 

a = ^ ^ ^ = 1 2 [ W / ( m ^ . K ) ] 
0 . 0 5 

H e r e , v = 1 5 - 1 0 " ^ m ^ / s i s t h e k i n e m a t i c v i s c o s i t y f o r a i r a t 20°C. T h i s r e f e r e n c e v a l u e f o r O c i s 
v a r i e d i n S e c t i o n s 4 . 3 . 6 a n d 4 . 4 . 3 . 

3 . 5 . 3 H e a t t r a n s f e r c o e f f i c i e n t i n a p u r e w a t e r v a p o u r e n v i r o n m e n t 
I n S e c t i o n 0 e x a m p l e s f r o m t h e e x p e r i m e n t s o f C h r i s t e n s e n i n p u r e w a t e r v a p o u r a r e e v a l u 
a t e d . T h e h e a t t r a n s f e r c o e f f i c i e n t i s r e q u i r e d i n t h e c a l c u l a t i o n s . O n l y n a t u r a l c o n v e c t i o n i s 
a s s u m e d t o t a k e p l a c e . ( I t s h o u l d b e n o t e d t h a t t h e r e i s n o d i f f u s i o n o f w a t e r v a p o u r h e r e . T h i s 
m e a n s t h a t L e w i s ' l a w i s n o t a p p l i c a b l e ) . 
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T h e f o l l o w i n g n o t a t i o n s a r e u s e d i n t h i s s e c t i o n : 
g gravitational acceleration [m/s^J 

Pex coefficient of volumetric thermal expansion [K"^] 

Tsurf-Tch = temperature difference between sample and chamber [K] 

Ly height of the vertical surface [m] 

p density [ k g W ] 

Psat density of saturated water vapour [ kg/m^ ] 

Cp heat capacity for the gas [ J/(kg-K) ] 

|J, dynamic viscosity [ kg/(s-m) ] 

V kinematic viscosity [m /s] V = — 
P 

ttc convective heat transfer coefficient [ W/(m^, K ) ] 

V • p C l i e 
Pr Prandtl number for the gas, P r = — — — 

T h e c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t , O c , i s c a l c u l a t e d w i t h h e l p o f t h e N u s s e l t n u m b e r . 
T h e a v e r a g e N u s s e l t n u m b e r f o r a " w a l l " o f h e i g h t L i s d e f i n e d a s : 

= ^ a , = [ W / ( m ^ K ) ] ( 3 . 6 3 ) 

A r e p r e s e n t a t i v e s a m p l e s i z e i s 1 0 x 1 0 x 1 m m f o r m a n y e x p e r i m e n t s m a d e b y C h r i s t e n s e n 
a n d c o a u t h o r s . T h e G r a s h o f n u m b e r g i v e s a r e l a t i o n b e t w e e n b u o y a n c y f o r c e s f r o m n a t u r a l 
c o n v e c t i o n v e r s u s v i s c o u s f o r c e s . T h e G r a s h o f n u m b e r , G r L , r e l a t e d t o t h e t o t a l h e i g h t o f t h e 
s a m p l e i s , B e j a n ( 1 9 9 3 ) : 

F o r w a t e r v a p o u r a t t h e a c t u a l p r e s s u r e s f a r a w a y f r o m t h e p r e s s u r e a t t h e c r i t i c a l p o i n t , t h e 
d y n a m i c v i s c o s i t y i s h i g h l y i n d e p e n d e n t o f t h e p r e s s u r e . T h e v a l u e o f t h e d y n a m i c v i s c o s i t y 
f o r w a t e r v a p o u r , \i, i s s h o w n i n T a b l e 3 . 1 a n d F i g u r e 3 . 9 . O n t h e o t h e r h a n d t h e k i n e m a t i c 
v i s c o s i t y , d e f i n e d a s v = f i / p , i s i n v e r s e l y p r o p o r t i o n a l t o t h e d e n s i t y a n d t h u s i n v e r s e l y p r o 
p o r t i o n a l t o t h e p r e s s u r e ( i f t h e g a s a c t s a s a p e r f e c t g a s ) . T h i s i s i l l u s t r a t e d i n F i g u r e 3 . 9 f o r cp 
= 1 a n d cp = 0 . 5 . 

v „ , ft. P,..(T)f if, 

T h e c o n d u c t i v i t y , X, i s h i g h l y c o n s t a n t w i t h p r e s s u r e f o r p r e s s u r e s i n t h e a c t u a l r a n g e . T h i s 
m e a n s t h a t t h e v a l u e s i n c a n b e u s e d f o r a l l (p. T h i s a l s o a p p l i e s f o r t h e P r a n d t l n u m b e r f o r t h e 
g a s a l s o s h o w n i n T a b l e 3 . 1 . 
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Table 3.1 Density, dynamic viscosity, thermal conductivity and Prandtl number for satu
rated water vapour at different temperatures 

T Psat X P r 
[ ° C ] [ k g / m ' ] [ k g / ( m - s ) ] [ W / ( m - K ) ] 
0 4 8 4 7 - 1 0 " ' ' 8 8 4 - 1 0 " ' 0 . 0 1 6 7 0 . 9 8 1 6 

1 0 9 3 9 6 - 1 0 " ' 9 1 7 - 1 0 " * 0 . 0 1 7 4 0 . 9 8 1 2 
2 0 1 7 2 9 1 0 ' ^ 9 5 2 - 1 0 " ' 0 . 0 1 8 1 0 . 9 8 0 5 
3 0 3 0 3 7 - 1 0 ^ 9 8 6 - 1 0 ' 0 . 0 1 9 0 0 . 9 7 3 0 
4 0 5 1 1 6 - 1 0 " ^ 1 0 1 8 1 0 " ' 0 . 0 1 9 7 0 . 9 7 4 1 
5 0 8 3 0 2 - 1 0 ' ^ 1 0 5 1 - 1 0 ' 0 . 0 2 0 4 0 . 9 7 8 4 
6 0 1 3 0 2 1 0 ' * 1 0 8 8 - 1 0 " ' 0 . 0 2 1 2 0 . 9 8 3 3 
7 0 1 9 8 2 - 1 0 " ' * 1 1 2 8 - 1 0 " ' 0 . 0 2 2 2 0 . 9 8 3 7 

A e m p i r i c a l c o r r e l a t i o n t o c a l c u l a t e t h e N u s s e l t n u m b e r f o r a n i s o t h e r m a l v e r t i c a l s u r f a c e i s 
s h o w n i n F i g u r e 3 . 1 0 , P i t t s a n d S i s s o m ( 1 9 7 7 ) . T h e l o w e r r a n g e i n t h e d i a g r a m i s a p p l i c a b l e 
f o r t h e c o n d i t i o n s h e r e w h e r e c o n d u c t i o n i s d o m i n a t i n g . A r o u g h e s t i m a t e o f p u r e c o n d u c t i o n 
i n s t a g n a n t g a s w i t h t h e s a m p l e s i z e a n d a c h a m b e r d i a m e t e r o f 0 . 1 m g i v e s a c o r r e s p o n d i n g 
v a l u e o f I n ( N u ) = 0 . 1 . T h i s f i g u r e i s u s e d a s a n e x t r a p o l a t i o n o f t h e d i a g r a m f o r l o w v a l u e s . 
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0-1 1 1 1 1 1 1 1 1 ^ 1 1 
-1 1 3 5 7 9 

I n ( G r . P r ) 

Figure 3.10 Correlation between G r P r and N u numbers for heated vertical plates 

T h e p r o d u c t o f G r - P r i s u s e d i n F i g u r e 3 . 1 0 . I t c a n b e e x p r e s s e d a s : 

E x c h a n g i n g p w i t h Psai • 9 a n d g r o u p i n g t h e t e m p e r a t u r e d e p e n d i n g v a r i a b l e s w e g e t : 

G r • P r g • 4 • " ''''{T)(p'AT 

A t 20°C t h e p r o d u c t o f G r - P r i s : 

G r P r = 9 . 8 1 0 . 0 1 ^ ^ f ' ^ ^ " ' ^ ^ ^ ^ ^.^2 _ ^ ^ ^ ^ g 2 _ 

( 2 0 + 2 7 3 ) - 0 . 0 1 8 1 • 9 5 2 - 1 0 " ' 

A t 60°C t h e p r o d u c t o f G r - P r i s : 

G r • P r = 9 . 8 1 • 0 . 0 1 ^ • . 0 1 3 0 2 ^ - 1 9 1 6 ^ . cp'. AT = 4.15 • <p'• AT 
( 6 0 + 2 7 3 ) - 0 . 0 2 1 2 - 1 0 8 8 - 1 0 " ' 

T h e P r a n d t l n u m b e r i s v e r y c l o s e t o 1 a s s e e n i n T a b l e 3 . 1 . T h e c o n v e c t i v e h e a t t r a n s f e r c o e f 
f i c i e n t s a r e c a l c u l a t e d f r o m E q u a t i o n . ( 3 . 6 3 ) f o r a f e w v a l u e s i n b e l o w . 

Table 3.2 Convective heat transfer coefficients for different temperature differences, RH-
levels and temperature levels for the examples 

T=20°C r = 6 0 ° C 
R H AT=0.1°C AT= r c AT= 10°C A r = o . r c AT= rc A T = 10°C 

9 = 0 . 2 2 . 0 4 2 . 0 4 2 . 0 4 2 . 3 9 2 . 5 0 2 . 6 4 

9 = 0 . 5 2 . 0 4 2 . 0 4 2 . 0 6 2 . 3 9 2 . 5 2 3 . 4 9 

9 = 0 . 8 2 . 0 4 2 . 0 4 2 . 0 9 2 . 4 2 2 . 7 9 4 . 1 8 

A s s e e n i n t h e t a b l e , oCc i s c l o s e t o c o n s t a n t w i t h t e m p e r a t u r e d i f f e r e n c e . I t i s o n l y a t h i g h t e m 
p e r a t u r e c o m b i n e d w i t h a l a r g e t e m p e r a t u r e d i f f e r e n c e t h a t t h e r e i s a s i g n i f i c a n t i n f l u e n c e . 
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4 N u m e r i c a l s t u d i e s o f s t ep r e s p o n s e s 
W e w i l l i n t h i s c h a p t e r a p p l y t h e t h e o r y d e v e l o p e d i n C h a p t e r 3 f o r t h e t h i n s a m p l e s u s e d i n 
t h e e x p e r i m e n t s r e p o r t e d i n t h i s t h e s i s . 

4 . 1 S a t u r a t i o n w a t e r v a p o u r c o n t e n t 
T h e f o r m u l a s o f t h e p r e c e d i n g c h a p t e r i n v o l v e t h e s a t u r a t i o n w a t e r v a p o u r c o n t e n t , VsatiT), a n d 
i t s d e r i v a t i v e . T h e s e f u n c t i o n s a r e s h o w n i n F i g u r e 4 . 1 . T h e s t r o n g t e m p e r a t u r e d e p e n d e n c e o f 
t h e s a t u r a t i o n v a p o u r c o n t e n t i s i l l u s t r a t e d i n t h e d i a g r a m . T h e r a t i o u s e d i n f o r e x a m p l e i n 
E q u a t i o n 3 . 2 8 b e t w e e n t h e t e m p e r a t u r e d e r i v a t i v e o f t h e s a t u r a t i o n w a t e r v a p o u r c o n t e n t a n d 
t h e f u n c t i o n i t s e l f , i s p l o t t e d i n F i g u r e 4 . 2 . I t s v a r i a t i o n w i t h t e m p e r a t u r e i s s m a l l . 

T h e e x p r e s s i o n t o b e u s e d f o r t h e s a t u r a t i o n w a t e r v a p o u r c o n t e n t i s g i v e n b y ( 4 . 1 ) . T h e 
p r i n c i p l e f o r t h e e x p r e s s i o n i s t a k e n f r o m T h e I n s t i t u t e o f M e a s u r e m e n t a n d C o n t r o l ( 1 9 9 6 ) 
a d o p t e d f r o m v a p o u r p r e s s u r e t o v a p o u r c o n t e n t t o v a l u e s f r o m G r i g u U ( 1 9 7 9 ) . T h e f i t t e d 
r a n g e i s 0 < r < 8 0 ° C . 

v . . = e x p j r ^ ^ ^ + a,+a,-{T + 2 7 3 . 1 5 ) + a, {7 + 2 7 3 . 1 5 ) ^ + a, • \n{T + 2 7 3 . 1 5 ) 

w h e r e : o i = - 6 0 5 0 a2 = 1 4 . 8 3 5 ^3 = - 0 . 0 2 6 8 04 = 0 . 0 0 0 0 1 7 2 0 5 = 1-43 ( 4 . 1 ) 

0.001 0.0001 
10 20 30 40 50 

Temperature T [ " C ] 

60 70 80 

Figure 4.1 Saturation moisture content Vsat its temperature derivative d\sat/dT as a 
function of temperature. 
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0 . 0 8 

1 dv,„, 

0 . 0 2 - -

0 - I 1 i 1 1 1 1 1 
0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 

T [ ° C ] 

Figure 4.2 Ratio between the temperature derivative dWsat/dT and the saturation moisture 
content Wsai cis a function of temperature. 

4 . 2 R e f e r e n c e ca se 
T h e c a l c u l a t i o n s i n t h i s c h a p t e r w i l l c o n c e r n a r e f e r e n c e c a s e a n d v a r i a t i o n s o f s o m e p a r a m e 
t e r s o f t h i s c a s e . 

4 . 2 . 1 S o r p t i o n i s o t h e r m 
I t i s v e r y c o n v e n i e n t t o h a v e a f o r m u l a f o r t h e s o r p t i o n i s o t h e r m t h a t i s e a s y t o w o r k w i t h . T h e 
f o l l o w i n g s i m p l e e x p r e s s i o n h a s a n o v e r a l l s h a p e w i t h a r a t h e r g o o d a g r e e m e n t f o r w o o d i n 
g e n e r a l : 

„(^) = A z 1 e M 0.08<9<0.98 
B 

T h e ( p - i n t e r v a l i s h o w e v e r l i m i t e d s i n c e t h e f u n c t i o n i s n o t f i n i t e a t b o t h e x t r e m e s o f t h e i n t e r 
v a l . I f a d d i t i o n a l c o n s t a n t s C a n d D a r e a d d e d t h e a l g o r i t h m c a n b e m a d e f i n i t e . 

/ X A - l n [ - l n ( C - ( p + Z ) ) ] ^ , 
u{(p) = 5̂  5 ^ — ^ Q < ( p < \) 

B 

T h e c o n s t a n t D i s c h o s e n s o t h a t M ( 0 ) = O . F u r t h e r m o r e C i s c h o s e n s o t h a t M ( 1 ) = u„uix • W e 
t h u s h a v e t h r e e v a r i a b l e s A, B a n d u^ax f o r t h e s o r p t i o n f o r m u l a . T h e c o n s t a n t s D a n d C b e 
c o m e : 

D^e-' C^e-' -e-' ( 4 . 2 b ) 
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N u m e r i c a l studies of step responses 

W e w i l l a l s o n e e d t h e i n v e r s e o f t h e s o r p t i o n i s o t h e r m : (p = ( p (M ) . W e h a v e f r o m ( 4 . 2 a ) : 

(p{u) = —{exp[-exp{A-Bu)]-D} 0<u<u^ ( 4 . 2 c ) 
c 

T h e d e r i v a t i v e o f t h e s o r p t i o n i s o t h e r m a n d i t s i n v e r s e a r e r e a d i l y o b t a i n e d f r o m ( 4 . 2 a ) a n d 
( 4 . 2 c ) . W e g e t : 

^ = ^ ^ , L _ o < 9 < l ( 4 . 2 d ) 
d(p B -\n{C(p + D) C(p + D 

— = — • e x p [ A - 5 M - e x p ( A - 5 M ) ] 0 < M < M „ 
d M C 

( 4 . 2 e ) 

T h e f o l l o w i n g v a l u e s w i l l b e u s e d a t 20°C f o r S c o t s p i n e (Pinus sylvestris): 

A = 1 .5 5 = 1 9 . 2 M ^ = 0 . 5 ( 4 . 2 f ) 

T h e v a l u e s f o r C a n d D b e c o m e : 

D = 0 . 0 1 1 3 1 C = 0 . 9 8 8 3 8 

I t i s s o m e w h a t d i f f i c u l t t o o b t a i n g o o d s o r p t i o n d a t a f r o m l i t e r a t u r e ( t h e y s e e m t o v a r y 
m o r e b e t w e e n s p e c i m e n s o f r e s e a r c h e r s t h a n b e t w e e n s p e c i m e n s o f w o o d ) . F i t t i n g h a s b e e n 
m a d e t o a b s o r p t i o n d a t a f r o m A h l g r e n ( 1 9 7 2 ) g i v e n i n K i e l s g a a r d - H a n s e n ( 1 9 8 6 ) . T h e m o i s 
t u r e c o n t e n t v a l u e s a r e s o m e w h a t h i g h c o m p a r e d t o d a t a b y o t h e r s . K i e l s g a a r d - H a n s e n p r e s 
e n t s t w o s e r i e s o f m e a s u r e m e n t s . T h e o n e w i t h s m a l l e r v a l u e s w a s u s e d t o o b t a i n t h e a b o v e 
v a l u e s . T h e f i t t e d v a l u e o f Umax b e c a m e h i g h . I t w a s r e d u c e d t o c o n f o r m w i t h o t h e r d a t a . 

T h e s o r p t i o n i s o t h e r m d e p e n d s s o m e w h a t o n t h e t e m p e r a t u r e a l s o : u = u{(^,T). T h e t e m 
p e r a t u r e d e p e n d e n c y o f t h e s o r p t i o n i s o t h e r m i s n o t t o o w e l l e s t a b l i s h e d . T h e t e m p e r a t u r e d e 
p e n d e n c e i s o b t a i n e d b y f i t t i n g i n t h e f o l l o w i n g w a y : 

A = 1 . 7 - 0 . 0 1 T 

5 = 1 9 . 1 + 0 . 0 0 0 2 5 - 7 ^ 

M ; ^ = 0 . 5 2 - 0 . 0 0 1 T ( 4 . 2 g ) 

H e r e , T i s g i v e n i n °C. T h e t e m p e r a t u r e d e p e n d e n c e i s n o t o b t a i n e d b y f i t t i n g o f s p e c i f i c d a t a 
f o r S c o t s p i n e o n l y , b u t a l s o o n p r o p e r t i e s f o r w o o d i n g e n e r a l d e s c r i b e d i n t h e l i t e r a t u r e . T h e 
a b o v e f i t t i n g i s t h e r e f o r e s o m e w h a t u n c e r t a i n . T h e t e m p e r a t u r e d e p e n d e n c y f o r Umax , w h i c h i s 
m o s t l y i n f l u e n c i n g t h e r e l a t i v e h u m i d i t y r a n g e c l o s e t o 1 0 0 % , w a s s e l e c t e d t o b e - 0 . 1 % p e r 
°C. T h i s i s b a s e d o n t h e t e m p e r a t u r e d e p e n d e n c y f o r t h e f i b r e s a t u r a t i o n p o i n t w h i c h i s c o n 
s i d e r e d t o h a v e t h i s v a l u e g e n e r a l l y f o r w o o d , N i l s s o n ( 1 9 8 8 ) . B y a d d i n g a l i n e a r t e r m t o t h e 
c o n s t a n t A , t h e d e s i r e d e f f e c t o f h a v i n g a r a t h e r u n i f o r m du/dT d i s t r i b u t i o n o v e r a w i d e r a n g e 
o f t h e c e n t r e cp - i n t e r v a l i s a c h i e v e d . D u e t o t h e s p e c i a l p r o p e r t i e s o f t h e a l g o r i t h m , t o m a i n t a i n 
t h i s d e s i r e d e f f e c t o v e r a w i d e r a n g e o f t e m p e r a t u r e l e v e l s , a n o n - l i n e a r t e r m h a v e t o b e a d d e d 
t o t h e c o n s t a n t B. T h e u n i f o r m du/dT d i s t r i b u t i o n i s b a s e d o n d a t a f r o m S t a m m ( 1 9 6 4 ) . B o t h 
S t a m m ( 1 9 6 4 ) a n d K r i s c h e r ( 1 9 6 3 ) s h o w a s l i g h t i n c r e a s e i n t h e du/dT v a l u e s f o r a r a n g e 
a r o u n d cp = 0 . 8 f o r h i g h t e m p e r a t u r e s . T h e s a m e t e n d e n c y i s s e e n i n d a t a f r o m K e l s e y ( 1 9 5 7 ) 
d i s c u s s e d i n W a d s o ( 1 9 9 7 ) . T h i s e f f e c t c o u l d b e a c h i e v e d b y i n c r e a s i n g t h e n o n - l i n e a r t e r m i n 
c o n s t a n t B b u t i t i s n o t d o n e h e r e . A m o d e r a t e t e m p e r a t u r e d e p e n d e n c e i s u s e d i n t h e a n a l y s e s 
i n t h i s c h a p t e r . 
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T h e s o r p t i o n i s o t h e r m M ( c p , 7 ) ( 4 . 2 a , b , f a n d g ) f o r S c o t s p i n e i s s h o w n i n F i g u r e 4 . 3 . 

0.3 

T h e s o r p t i o n i s o t h e r m , f i t t e d f o r S c o t s p i n e a t 20°C, i s r a t h e r s i m i l a r f o r o t h e r s p e c i e s s u c h 
a s N o r w e g i a n s p r u c e , S i f k a s p r u c e a n d K l i n k i p i n e . T h e t e m p e r a t u r e d e p e n d e n c e i n t h e e x 
p r e s s i o n i s t a k e n f r o m s e v e r a l k i n d s o f w o o d . T h e g r o u p o f s o r p t i o n c u r v e s f o r t h e w h o l e t e m 
p e r a t u r e r a n g e a r e t h e r e f o r e n o t s o r e l a t e d t o S c o t s p i n e s p e c i f i c a l l y , b u t m o r e t o w o o d i n g e n 
e r a l . 

4 . 2 . 2 L a t e n t h e a t o f e v a p o r a t i o n a n d h e a t o f s o r p t i o n 
T h e l a t e n t h e a t o f e v a p o r a t i o n , he, h a s a s l i g h t d e p e n d e n c e w i t h t e m p e r a t u r e . A l i n e a r e x p r e s 
s i o n f o r t h i s d e p e n d e n c e i s g i v e n i n ( 4 . 3 ) , t a k e n f r o m N e v a n d e r a n d E l m a r s s o n ( 1 9 9 6 ) . T h e 
e x p r e s s i o n y i e l d s he = 2 . 4 5 - 1 0 ^ [J/kgwar.r] f o r 20°C a n d he = 2 . 4 9 - 1 0 ^ [J/kgwarer] f o r 5°C. 

/ i , ( r ) = 2 . 5 • 1 0 ' ( 1 - 0 . 0 0 1 r ) [ J / k g , „ , . . ] ( 4 . 3 ) 

T h e l a t e n t h e a t o f s o r p t i o n i s t h e d i f f e r e n c e i n e n t h a l p y b e t w e e n v a p o u r a n d f r e e l i q u i d 
w a t e r . T h e e n t h a l p y a t t h e f r e e , l i q u i d s t a t e i s z e r o b y d e f i n i t i o n . T h e r e i s a l s o a d i f f e r e n c e i n 
e n t h a l p y b e t w e e n t h e f r e e a n d t h e s o r b e d s t a t e . I n F i g u r e 4 . 4 t h e h e a t o f s o r p t i o n , d e s i g n a t e d 
hsorp , i s s h o w n a s a f u n c t i o n o f t h e m o i s t u r e c o n t e n t f o r w o o d . T h e a r r o w i n t h e f i g u r e s h o w s 
t h e d i f f e r e n t i a l h e a t o f s o r p t i o n p r o d u c e d b y a b s o r p t i o n a t a c o n s t a n t l e v e l o f h u m i d i t y ( a n 
i n f i n i t e s i m a l a m o u n t o f w a t e r s o r b e d t o t h e m a t e r i a l ) . I n t h e c a l c u l a t i o n s , a n a v e r a g e o v e r t h e 
s t e p i n t e r v a l i n m o i s t u r e c o n t e n t i s u s e d . N o t e m p e r a t u r e d e p e n d e n c e f o r t h e h e a t o f s o r p t i o n 
i s i n c l u d e d . T h e t o t a l h e a t o f s o r p t i o n b e c o m e s : 

K , o . = K i T ) + K „ , ^ { u ) ( 4 . 4 ) 
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N u m e r i c a l studies of step responses 

T h e h e a t o f s o r p t i o n i n F i g u r e 4 . 4 i s t a k e n f r o m a d i a g r a m i n W a d s o ( 1 9 9 7 ) ( f r o m S k a a r 
1 9 8 8 ) . A f i t t i n g w i t h a s i m p l e e x p r e s s i o n , ( 4 . 5 ) , w a s d o n e . 

/i,„^(M) = 1 . 1 5 1 0 ' e x p u 
0 . 0 7 

( 4 . 5 ) 

3000 

2500 -

2000 -

1500 -

1000 -

>i 500 -

•3 
g 0 -

he 

0.3 0.35 u 0 

moisture content [kg/kg; 

Figure 4.4 Latent heat of evaporation, he (at 20°C), and heat of sorption, hsorp(u), as a 
function of moisture content for wood. (J per gram of water). 

4 . 2 . 3 D a t a f o r r e f e r e n c e c a s e 
A s a f i r s t n u m e r i c a l e x a m p l e w e c o n s i d e r t h e f o l l o w i n g c a s e w h i c h i s q u i t e t y p i c a l f o r t h e 
e x p e r i m e n t s . T h e t e m p e r a t u r e i s 20°C. T h e i n i t i a l r e l a t i v e h u m i d i t y i n t h e s a m p l e i s 7 5 % , a n d 
t h e i n l e t a i r r e l a t i v e h u m i d i t y i s 8 5 % . T h e s a m p l e i s s u b j e c t e d t o a s t e p f r o m 7 5 % t o 8 5 % . T h e 
d r y w e i g h t o f t h e s a m p l e i s m = 0 . 0 0 7 7 [ k g ] a n d t h e t o t a l a r e a o f t h e s a m p l e i s A = 0 . 0 1 7 8 
[ m ^ ] . T h e s a m p l e t h i c k n e s s , 2 - L , i s 1 . 7 m m . T h e a v e r a g e d i f f u s i o n l e n g t h , Leq , i s c h o s e n t o 
Leq = 0 . 8 - L = 0 . 6 8 - 1 0 ' [ m ] . S e e F i g u r e 3 . 2 . T h e a i r e x c h a n g e i n t o t h e c h a m b e r i s V„,r = 

3 3 6 2 
0 . 0 6 6 - 1 0 " [ m / s ] . L x ) n g i t u d i n a l t r a n s p o r t c o e f f i c i e n t i s Dy = 4 - 1 0 " [ m / s ] a c c o r d i n g t o V i l 
l a d s e n e t a l ( 1 9 9 3 ) . T h e r a d i a t i v e h e a t t r a n s f e r c o e f f i c i e n t i s w i t h a e m i s s i v i t y o f 0 . 9 o n t h e 
s a m p l e a n d t h e c h a m b e r w a l l , E q s . ( 3 . 6 1 ) a n d ( 3 . 6 2 ) , ttr = 4 [ W / ( m ^ , K ) ] . A n e s t i m a t e f o r t h e 
c o n v e c t i v e c o e f f i c i e n t i s oCc = 1 2 [ W / ( m ^ , K ) ] a c c o r d i n g t o S e c t i o n 3 . 5 . 2 . T h e l a t e n t h e a t o f 
e v a p o r a t i o n i s he = 2 . 4 5 - 1 0 ^ [ - l / k g ] a n d t h e h e a t o f s o r p t i o n i s e s t i m a t e d t o h^orp = 0 . 1 0 - 1 0 ^ 
[ J / k g ] a c c o r d i n g t o S e c t i o n 4 . 2 . 2 ( f o r u = 0 . 1 7 ) . T h e h e a t c a p a c i t y f o r d r y w o o d i s e s t i m a t e d t o 
1 3 0 0 [J/(kgwood, K ) ] . T o t h i s c a p a c i t y t h e a d d e d m a s s o f w a t e r i s c o n t r i b u t i n g w i t h 4 1 8 0 
[J/(kgwater, K ) ] . A t t h i s m o i s t u r e l e v e l t h e c o m b i n e d h e a t c a p a c i t y b e c o m e s 2 0 0 0 [J/(kgwater, 

K ) ] . 
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Retarded sorption i n wood P a r t I 

W e h a v e t h e f o l l o w i n g p r i m a r y i n p u t d a t a : 

(Piniet = 0.S5 9 ( 0 ) = 0 . 7 5 TcH = 20°C 

T(0) = 20°C m = 0 . 0 0 7 7 k g A = 0 . 0 1 7 8 m ^ 

Leg = 0 . 6 8 - 1 0 - 3 m Kir = 0 . 0 6 6 - 1 0 - 3 m 3 / s D v = 4 - 1 0 - 6 m / s 

a , = 4 W / ( m 2 , K ) = 1 2 W / ( m 2 , K ) 

he = 2 . 5 5 - 1 0 ^ J / k g c = 2 0 0 0 J / ( k g , K ) 4 . 6 a ) 

T h e t o t a l h e a t t r a n s f e r c o e f f i c i e n t b e c o m e s , ( 3 . 3 0 ) : 

a,ot = 1 6 [ W / ( m ^ K ) ] 

W e u s e L e w i s ' l a w , ( 3 . 6 0 ) , t o g e t t h e s u r f a c e m o i s t u r e t r a n s f e r c o e f f i c i e n t : 

5 = ^ ^ = 0 . 0 1 [ m / s ] 
^ 1 2 0 0 

T h e t o t a l m o i s t u r e t r a n s f e r c o e f f i c i e n t Pvwr b e c o m e s , ( 3 . 8 ) : 

1 0 . 0 1 7 8 1 0 . 6 8 - 1 0 " ' „ ^ ^ ^ , n ^ o r 
• + + — pvtor = 0 . 0 0 1 8 5 3 [ m / s ] j8„„, 0 . 0 6 6 - 1 0 " ' 0 . 0 1 4 1 0 

T h e s a t u r a t i o n m o i s t u r e c o n t e n t a t 20°C a n d i t s t e m p e r a t u r e d e r i v a t i v e c a n b e o b t a i n e d f r o m 
F i g u r e 4 . 1 , v,„, = 1 7 . 2 9 - 1 0 ' ^ [ k g / m ^ ] a n d dv , „ /dr= 1 . 0 1 2 - 1 0 " ^ [ k g / ( m ^ K ) ] . T h e m o i s t u r e c a 
p a c i t y f o r t h e w o o d a t 9i„to = 0 . 8 5 i s d w / d c p = 0 . 3 7 5 9 [kgwater/kgwood]-

W e h a v e t h e f o l l o w i n g a u x i l i a r y d a t a f o r t h e r e f e r e n c e c a s e : 

a t o , = 1 6 [ W / ( m ^ K ) ] pv^t = 0 . 0 0 1 8 5 3 [ m / s ] 

V,,,, ( 2 0 ) = 1 7 . 2 9 - 1 0 " ^ k g / m ^ - ^ ^ ( 2 0 ) = 1 . 0 1 2 - 1 0 " ' k g / m ^ K — ( 0 . 8 5 ) = 0 . 3 7 5 9 k g / k g 
dr d(p 

M ( 0 ) = 0 . 1 4 3 6 k g / k g M,„to = 0 . 1 7 3 3 k g / k g ( 4 . 6 b ) 

4 . 2 . 4 C o m p a r i s o n o f t h e d i f f e r e n t s o l u t i o n s f o r t h e r e f e r e n c e c a s e 
I n t h e p r e c e d i n g c h a p t e r , w e h a v e p r e s e n t e d t h r e e s o l u t i o n s i n v o l v i n g d i f f e r e n t a s s u m p t i o n s . I t 
i s o f i n t e r e s t t o c o m p a r e t h e s e . 

I n S e c t i o n 3 . 1 , t h e t e m p e r a t u r e c h a n g e s w e r e n e g l e c t e d . B y a s s u m p t i o n t h e s a m p l e t e m 
p e r a t u r e w a s e q u a l t o t h e c h a m b e r t e m p e r a t u r e : T = Tch • T h e t i m e c o n s t a n t ti , ( 3 . 1 4 ) , b e 
c o m e s : 

^1 = 
^ n r M ^ o 1 n ^ o i n - 3 \9 0 . 0 1 7 8 1 0 . 6 8 - 1 0 " 

0 . 0 6 6 1 0 " ' 0 . 0 1 4 - 1 0 " ' 0 . 0 1 7 8 1 7 . 2 9 - 1 0 
-3 

?i = ( 2 7 0 + 1 0 0 + 1 7 0 ) - 9 . 4 0 5 = 5 0 7 7 [ s ] ? i = 1 . 4 l [ h 

T h e s o l u t i o n u(t) i s g i v e n b y t h e s i m p l e e x p o n e n t i a l e x p r e s s i o n ( 3 . 1 5 ) . F i g u r e 4 . 5 s h o w s u(t) 
f o r t h e r e f e r e n c e c a s e . 
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Figure 4.5 The moisture content u(t)for the reference case using the first, isothermal solu
tion from Section 3.1. 

I n S e c t i o n 3 . 2 , t h e e f f e c t o f l a t e n t h e a t w a s c o n s i d e r e d , b u t t h e h e a t c a p a c i t y o f t h e s a m p l e 
w a s n e g l e c t e d . T h e c o n s t a n t y i c o n c e m i n g t h e l a t e n t h e a t a n d t h e t o t a l h e a t t r a n s f e r , E q . 
( 3 . 2 8 ) , i s : 

1 . 0 1 2 - 1 0 " ' 2 . 5 5 - 1 0 ' 0 . 0 0 7 7 , , „ . 
^ ' = i 7 : 2 ^ ' ~ i ^ M ^ = ' ' ' ' K k g . . o , / k g . . . j 

T h e t i m e c o n s t a n t t2 , ( 3 . 3 9 ) , i s : 

2̂ = r r — • ( P i n i e , = 4 0 3 2 - 0 . 3 7 5 9 • 0 . 8 5 = 1 2 8 8 [ s ] t2 = 0 . 3 6 [ h ] 
d ( p 

T h e t i m e c o n s t a n t ty, w h i c h d e p e n d s o n t h e s t e p s i z e , E q . ( 3 . 4 0 ) , b e c o m e s : 

fy = 4 0 3 2 - ( 0 . 1 7 3 3 - 0 . 1 4 3 6 ) = 1 2 0 [ s ] ?y = 0 . 0 3 [ h ] 

T h e d i m e n s i o n l e s s p a r a m e t e r y f r o m E q . ( 3 . 4 2 ) , i n v o l v i n g ty, ti a n d t 2 , i s : 

y = = 0 . 0 1 8 8 
5 0 7 7 + 1 2 8 8 

T h e e x c e s s t e m p e r a t u r e alt = 0 i s , E q . ( 3 . 4 9 ) : 

r ( 0 ) - r . = ^ - ^ ^ " ' ' ° ° ° ^ ^ 0.1733-0.1436 ^^3^^ 
^ ^ 1 6 - 0 . 0 1 7 8 5 0 7 7 + 1 2 8 8 - 1 2 0 

T h e s o l u t i o n u(t) i s g i v e n b y ( 3 . 3 8 ) . I t i s s h o w n i n F i g u r e 4 . 6 , l e f t . T h e s h a d e d l i n e s h o w s 
t h e s o l u t i o n o f F i g u r e 4 . 5 f r o m S e c t i o n 3 . 1 . T h e e s s e n t i a l d i f f e r e n c e o f t h e t w o c u r v e s i s t h a t 
t h e t i m e c o n s t a n t i n t h e e x p o n e n t i a l i s c h a n g e d f r o m ti = 1 . 4 1 h t o ti + t 2 = 1 . 4 1 + 0 . 3 6 h . T h e 
c o r r e c t i o n d u e t o t h e s m a l l y - v a l u e o f 0 . 0 1 8 8 i s s e c o n d a r y . T h e r i g h t h a n d f i g u r e s h o w s t h e 
t e m p e r a t u r e a s a f u n c t i o n o f t i m e , E q . ( 3 . 4 7 ) . 
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20.4 

Figure 4.6 The moisture content, u(t) (left figure) and the temperature T(t) (rightfigure) for 
the reference case using the second solution from Section 3.2. The shaded line 
shows the solution from Figure 4.5. 

T h e g e n e r a l s o l u t i o n f o r a s m a l l s a m p l e w a s g i v e n i n S e c t i o n 3 . 3 . T h e t w o c o u p l e d , n o n l i n 
e a r e q u a t i o n s f o r u(t) a n d T(t) a r e g i v e n b y ( 3 . 5 5 a ) a n d ( 3 . 5 5 b ) . T h e e q u a t i o n s h a v e b e e n 
s o l v e d u s i n g t h e m a t h e m a t i c a l p a c k a g e M a t h c a d . A n u m e r i c a l r o u t i n e b a s e d o n t h e R u n g e -
K u t t a m e t h o d i s u s e d . T h e c o m p l e t e w o r k s h e e t f o r t h e g e n e r a l s o l u t i o n i s g i v e n i n A p p e n d i x 
A . A f e w c o m m e n t s a r e a d d e d i n o r d e r t o e x p l a i n t h e d i f f e r e n t s t e p s i n t h e s o l u t i o n . T h e 
M a t h c a d s o l u t i o n i s s h o w n i n F i g u r e 4 . 7 

0.175 

u 0.17-
[kg/kg] 

0.165 -

0.16 -

0.155 -

0.15 -

0.145 -

0.14 -
0 1 2 3 4 5 0 1 2 3 4 5 

t M t [h] 

Figure 4.7 The moisture content u(t) (left figure) and the temperature T(t) (right figure) for 
the reference case using the third, general solution from Section 3.3. 

T h e t h e r m a l r e s p o n s e i n v o l v e s a m u c h s h o r t e r t i m e c o n s t a n t . F i g u r e 4 . 8 s h o w s t h i s i n i t i a l 
p e r i o d w i t h i t s r a p i d t e m p e r a t u r e c h a n g e t o a m a x i m u m a n d a f o l l o w i n g , s l o w t h e r m a l d e c l i n e . 
T h e m a x i m u m t e m p e r a t u r e T = 2 0 . 3 9 0 o c c u r s a t ? = 2 0 0 s e c . 

6 4 



N u m e r i c a l studies of step responses 
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20 
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Figure 4.8 The moisture content u(t) (left figure) and the temperature T(t) (right figure) for 
the solution from Figure 4.7 for the initial period. 

T h e t h r e e s o l u t i o n s o f F i g u r e 4 . 5 t o F i g u r e 4 . 8 a r e s h o w n f o r c o m p a r i s o n i n F i g u r e 4 . 9 . 

20.4 

Figure 4.9 The moisture content u(t) (leftfigure) and the temperature T(t) (rightfigure) for 
the three solutions of Sections 3.1 - 3.3. 

T h e n o n l i n e a r e q u a t i o n s w e r e l i n e a r i z e d i n S e c t i o n 3 . 4 . W e o b t a i n e d a t i m e c o n s t a n t t^ f o r 
a p u r e t h e r m a l r e s p o n s e , a n d t w o b a s i c t i m e c o n s t a n t s t+ a n d t.. T h e v a l u e o f ?3 i s f o r t h e r e f e r 
e n c e c a s e , E q . ( 3 . 5 7 ) : 

0 . 0 0 7 7 - 2 0 0 0 ^ ^ ^ .3 = 0 . 0 1 5 [ h ] 
' 0 . 0 1 7 8 - 1 6 

T h e t h r e e t i m e c o n s t a n t s ti , tz a n d t^ a r e c o m b i n e d t o g i v e t h e t w o t i m e c o n s t a n t s f o r t h e s o 
l u t i o n . T h e t i m e c o n s t a n t r+ f r o m E q . ( 3 . 5 9 a ) i s t h e b a s i c r e s p o n s e t i m e : 
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5 0 7 7 + 1 2 8 8 + 5 4 + ^ ( 5 0 7 7 + 1 2 8 8 + 5 4 ) ' - 4 • 5 0 7 7 • 5 4 ) = 6 3 7 7 [ s ] U = 1 - 7 7 [ h ] 

T i m e c o n s t a n t L f r o m E q . ( 3 . 5 9 b ) i s s h o r t a n d b a s i c a l l y o n l y i n f l u e n c i n g t h e i n i t i a l p h a s e : 

5 0 7 7 + 1 2 8 8 + 5 4 - ^ ( 5 0 7 7 + 1 2 8 8 + 5 4 ) ' - 4 • 5 0 7 7 • 5 4 ] = 4 3 [ s ] 

T h e l i n e a r e q u a t i o n s m a y b e s o l v e d a n a l y t i c a l l y . F o r s i m p l i c i t y , w e h a v e u s e d t h e m a t h c a d 
s o l u t i o n l i n e a r i z e d i n V ( M , T) a s i s s h o w n i n S e c t i o n 3 . 4 . I n F i g u r e 4 . 1 0 t h e l i n e a r i z e d a n d e x 
a c t s o l u t i o n s f o r u(t) a n d T(t) a r e s h o w n . T h e l i n e a r i z e d s o l u t i o n i s s h o w n a s t h i n l i n e s . T h e 
f u l l l i n e s s h o w t h e g e n e r a l s o l u t i o n f r o m S e c t i o n 3 . 3 . W e s e e t h a t t h e s o l u t i o n s a t f i r s t a r e 
s o m e w h a t d i f f e r e n t , b u t l a t e r t h e y f o l l o w e a c h o t h e r q u i t e w e l l . T h e r e i s a c e r t a i n d i f f e r e n c e 
f o r t h e t e m p e r a t u r e d u r i n g t h e f i r s t p e r i o d w i t h r a p i d l y c h a n g i n g t e m p e r a t u r e . T h i s i s s h o w n i n 
F i g u r e 4 . 1 1 , l e f t . T h e s e i n i t i a l d i f f e r e n c e s a r e d u e t o d i f f e r e n t c o n d i t i o n s f o r t h e t w o s o l u t i o n s . 
T h e s o l u t i o n f r o m S e c t i o n 3 . 4 u s e s a l i n e a r i z a t i o n f o r t h e m o i s t u r e c a p a c i t y a n d t h e s a t u r a t i o n 
v a p o u r c o n t e n t i n t h e e q u i l i b r i u m p o i n t . T h e g e n e r a l m o d e l o n t h e o t h e r h a n d u s e s t h e e x a c t 
m o i s t u r e c a p a c i t y a n d t h e s a t u r a t i o n v a p o u r c o n t e n t a t t h e p r e s e n t m o i s t u r e c o n t e n t a n d t e m 
p e r a t u r e . T h e s e d i f f e r e n c e s a r e l a r g e s t a t t h e s t a r t o f t h e s t e p . 

0.175 

u 0.17-1 
[kg/kg] 

0.165 - I 

20.4 

Figure 4.10 The moisture content u(t) (left figure) and the temperature T(t) (right figure) for 
the linearized solution from Section 3.4. The full lines are the general solution 
from Section 3.3. 

T h e d r i v i n g f o r c e b e h i n d t h e m o i s t u r e t r a n s p o r t i s d i f f e r e n c e s i n m o i s t u r e v a p o u r c o n t e n t . 
T o i l l u s t r a t e h o w t h e v a p o u r c o n t e n t e v o l v e s d u r i n g t h e i n i t i a l p h a s e w i t h r a p i d l y c h a n g i n g 
t e m p e r a t u r e , a d i a g r a m w i t h y(t) i s p l o t t e d . S e e F i g u r e 4 . 1 1 , r i g h t . A t t h e s t a r t i n g p o i n t o f t h e 
s t e p t h e t w o c u r v e s o f m o i s t u r e v a p o u r c o n t e n t d i f f e r s i n c e c u r v e 3 . 4 i s d e r i v e d f r o m a l i n e a r i 
s a t i o n a t (piniet a n d c u r v e 3 . 3 u s e s t h e c o r r e c t v a p o u r c o n t e n t . T h e t w o r e s p o n s e c u r v e s c o n 
v e r g e a t e q u i l i b r i u m . 
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V 0.0135 
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0.0134 
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Figure 4.11 The temperature T(t)for the initial period in Figure 4.10, (left figure). The de
velopment of the water vapour content, v{t),for the initial period is shown in the 
right hand figure. 

4 . 3 C h a n g e s o f k e y p a r a m e t e r s f o r t h e r e f e r e n c e ca se 

4 . 3 . 1 T e m p e r a t u r e a l t e r e d t o 5°C 
T h e e x p e r i m e n t s h a v e b e e n c a r r i e d o u t , b e s i d e s a t 20°C a s i n t h e r e f e r e n c e c a s e , a t 5°C. I t i s 
o f i n t e r e s t t o c o n s i d e r t h e r e f e r e n c e c a s e w i t h t h e t e m p e r a t u r e a l t e r e d t o 5°C. T h e p r i m a r y d a t a 
o f r e f e r e n c e c a s e ( 4 . 6 a ) a r e v a l i d e x c e p t f o r : 

Tch = 5°C T{0) = 5°C 

T h e a u x i l i a r y d a t a , ( 4 . 6 b ) , h a v e t h e f o l l o w i n g c h a n g e s : 

v,„, ( 5 ) = 6 . 8 0 - 1 0 - ^ k g / m ' ( S ) = 4 . 4 9 • l O " ' k g / m ^ K he = 2 . 4 9 - 1 0 ^ J / k g 
dr 

— ( 0 . 8 5 ) = 0 . 3 7 8 k g / k g M ( 0 ) = 0 . 1 5 1 9 k g / k g «;„/« = 0 . 1 8 1 7 k g / k g 
d ^ 

T h e t i m e c o n s t a n t , ( 3 . 1 4 ) , b e c o m e s : 

r « . ^ n ^ o 1 r ^ ^ o 1 ^ - 3 ^ 0 . 0 0 7 7 • 0 . 3 7 8 0 . 0 1 7 8 1 0 . 6 8 1 0 
• + + 

0 . 0 6 6 1 0 " ' 0 . 0 1 4 1 0 " ' ^ 0 . 0 1 7 8 - 6 . 8 1 0 -3 

^1 = ( 2 7 0 + 1 0 0 + 1 7 0 ) - 2 4 . 1 = 1 2 9 9 0 [ s ] = 3 . 6 1 [ h ] 

T h e c o n s t a n t y i i s c h a n g e d s o m e w h a t , E q . ( 3 . 2 8 ) : 
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4 . 4 9 l O - " 2 . 5 7 1 0 ' 0 . 0 0 7 7 , , 
= [s ,kg .ooa/kgwateJ 

T h e t i m e c o n s t a n t t2 , ( 3 . 3 9 ) , i s : 

2̂ = 7i • — • ( P i n i e , = 4 5 9 9 • 0 . 3 7 8 • 0 . 8 5 = 1 4 7 8 [ s ] t2 = 0 . 4 1 [ h ] 
d ( p 

T h e d i f f e r e n c e i n t h e m o i s t u r e c o n t e n t i n t h e e q u a t i o n f o r t i m e c o n s t a n t ty i s c h a n g e d s l i g h t l y 
b e c a u s e o f t h e m i n o r t e m p e r a t u r e d e p e n d e n c e o f t h e s l o p e o f t h e s o r p t i o n i s o t h e r m . E q . ( 3 . 4 0 ) 
g i v e s : 

= 4 5 9 9 - ( 0 . 1 8 1 7 - 0 . 1 5 1 9 ) = 1 3 7 [ s ] .^ = 0 . 0 4 [ h ] 

I n T a b l e 4 . 1 t h e c o n s t a n t s f o r 5°C a r e s h o w n t o g e t h e r w i t h t h e p r e v i o u s o n e s f o r t h e r e f e r 
e n c e c a s e . 

Table 4.1 Time constants for the lower temperature at 5°C and for the reference case (4.6) 
at20°C. 

l o w e r t e m p . r e f . c a s e 
7 h = 20°C 

h [ s ] 1 2 9 9 0 5 0 7 7 

t2 [S] 1 4 7 8 1 2 8 8 

Y 0 . 0 0 9 5 0 . 0 1 8 8 

ty [S] 1 3 7 1 2 0 

t. [ s ] 1 4 4 7 0 6 3 7 7 

t- [ s ] 4 9 4 3 

7 ( 0 ) - T c H [°C] 0 . 1 4 5 0 . 3 2 7 

W e s e e t h a t s i g n i f i c a n t c h a n g e s t a k e p l a c e f o r ti , j a n d 7(0) - 7ch w h e r e a s t2 a n d ty a r e 
c h a n g e d i n s i g n i f i c a n t l y . T h e s a t u r a t i o n w a t e r v a p o u r c o n t e n t , Wsat, i s a f a c t o r o f t h e d e n o m i 
n a t o r i n E q . ( 3 . 2 3 ) f o r ti . T h i s e x p l a i n s t h e c h a n g e o f t\. T h e e x p r e s s i o n s f o r 7(0) - 7ch a n d y , 
( 3 . 4 9 ) a n d ( 3 . 4 2 ) , h a v e t h e t i m e c o n s t a n t ti i n t h e d e n o m i n a t o r , w h i c h e x p l a i n s t h e c h a n g e . 

T h e t i m e c o n s t a n t s t2 a n d ty a r e c h a n g e d i n s i g n i f i c a n t l y w i t h t e m p e r a t u r e . T h e y b o t h c o n 
t a i n y i a s a f a c t o r , ( 3 . 3 9 ) a n d ( 3 . 4 0 ) . T h e e x p r e s s i o n f o r y i , ( 3 . 2 8 ) , c o n t a i n s a f a c t o r (dVsat / dT) / 
Vsat s h o w n i n F i g u r e 4 . 2 . I t s v a r i a t i o n w i t h t e m p e r a t u r e i s s m a l l . 

T h e s o l u t i o n s u{t) a n d T(t) w e r e c a l c u l a t e d i n t h e p r e v i o u s s e c t i o n f o r t h e r e f e r e n c e c a s e ( a t 
20°C). C o r r e s p o n d i n g r e s u l t s f o r t h e r e f e r e n c e c a s e a t 5°C a r e s h o w n i n F i g u r e 4 . 1 2 a n d 
F i g u r e 4 . 1 3 . 

F i g u r e 4 . 1 2 s h o w s t h e s e c o n d s o l u t i o n g i v e n b y ( 3 . 3 8 ) . T h e s h a d e d , u p p e r l i n e s h o w s t h e 
i s o t h e r m a l s o l u t i o n f r o m S e c t i o n 3 . 1 . T h e c o r r e s p o n d i n g F i g u r e 4 . 6 a t 20°C h a s a s u b s t a n 
t i a l l y f a s t e r d e v e l o p m e n t . T h e e x c e s s t e m p e r a t u r e i s a l s o s u b s t a n t i a l l y l o w e r a t 5°C, s i n c e i t i s 
d r i v e n b y t h e m o i s t u r e f l o w . T h i s i s s e e n i n E q . ( 3 . 4 9 ) o f t h e e x c e s s t e m p e r a t u r e w h e r e t h e 
s t e p i n t h e m o i s t u r e c o n t e n t i s i n t h e n u m e r a t o r a n d t h e t i m e c o n s t a n t s a r e i n t h e d e n o m i n a t o r . 
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0.185 

" 0.18 -
[kg/kg] 

0.175 H 

5°C:<Pi„,„ =0.1817 

20°C; (p,„,« = 0.1733 

3.1 
T 

[°C] 

5.15 -

5.05 -

Figure 4.12 The moisture content, u(t) (left figure) and the temperature T(t) (rightfigure) for 
the reference case altered to 5°C, using the second solution from Section 3.2. 
The shaded line is the first, isothermal solution from Section 3.1. The corre
sponding lines at 20° Cfrom Figure 4.6 are thin. 

T h e s t e p r e s p o n s e b a s i c a l l y t a k e s p l a c e w i t h a n e x p o n e n t i a l d e c l i n e w i t h a t i m e c o n s t a n t o f 
ti + t2 , a n d w i t h t h e t i m e c o n s t a n t o f t\r a r e s p o n s e w h e r e t h e l a t e n t h e a t i s i g n o r e d . T h i s 
m e a n s t h a t t h e r e l a t i v e i m p o r t a n c e f r o m t h e l a t e n t h e a t i s l e s s a t l o w e r t e m p e r a t u r e w h e r e t\s 
r e l a t i v e l y l a r g e r . 

T h e t h r e e s o l u t i o n s f r o m S e c t i o n s 3 . 1 , 3 . 2 a n d 3 . 3 a r e s h o w n i n F i g u r e 4 . 1 3 . T h e c o r r e 
s p o n d i n g c u r v e s f o r t h e r e f e r e n c e c a s e a t 20°C a r e g i v e n i n F i g u r e 4 . 9 . 

0.185 

u 0.18-
[kg/kg] 

0.175 -I 

5.2 

5.18 

3.2 

4 
t [h] 

Figure 4.13 The moisture content u(t) (left) and the temperature T(t) (right) for the three 
solutions of Sections 3.1 - 3.3. 
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T h e i n f l u e n c e f r o m t h e t e m p e r a t u r e i s i l l u s t r a t e d f u r t h e r i n t h e p a r a m e t e r s t u d y i n S e c t i o n 
4 . 4 . 1 f o r a w i d e r i n t e r v a l o f t e m p e r a t u r e . 

4 . 3 . 2 S m a l l e r s t e p i n r e l a t i v e h u m i d i t y 
I n s t e a d o f t h e s t e p f r o m ( p ( 0 ) = 0 . 7 5 t o cpiniet = 0 . 8 5 i n t h e r e f e r e n c e c a s e , a s m a l l e r s t e p f r o m 
(p (0 ) = 0 . 8 3 t o 9i„iet = 0 . 8 5 i s c a l c u l a t e d . 

I n t h e a n a l y t i c a l s o l u t i o n , t i m e c o n s t a n t s h a n d t2 a r e n o t c h a n g i n g w i t h t h e s t e p c h a n g e 
s i n c e t h e y d e p e n d o n d w / d t p , v ^ / a n d (pi„;e,, w h i c h r e m a i n t h e s a m e . T h e p r i m a r y a n d a u x i l i a r y 
d a t a o n l y h a v e t h e f o l l o w i n g c h a n g e s : 

(p (0 ) = 0 . 8 3 M ( 0 ) = 0 . 1 6 6 2 k g / k g 

T i m e c o n s t a n t ty i s p r o p o r t i o n a l t o t h e s t e p s i z e , E q . ( 3 . 4 0 ) : 

ty=Yx- (",„/« - " ( 0 ) ) = 4 0 3 2 • ( 0 . 1 7 3 3 - 0 . 1 6 6 2 ) = 2 9 [ s ] 

T h e c o n s t a n t y i i s n o t c h a n g i n g w i t h t h e s t e p s i z e , E q . ( 3 . 2 8 ) . 

Table 4.2 Time constants for a step response for a small step from (p(0) = 0.83 to (piniet = 
0.85 in reference case (4.6), 20°C. 

small step ref. case 
8 3 % - > 8 5 % 7 5 % - > 8 5 % 

ti [s] 5 0 7 7 5 0 7 7 

ti [s] 1 2 8 8 1 2 8 8 

Yi 4 0 3 4 4 5 9 9 

Y 0 . 0 0 4 5 0 . 0 1 8 8 

ty [S] 2 9 1 2 0 

t . [s] 6 3 7 7 6 3 7 7 

t. [s] 4 3 4 3 

T { Q > ) - T c H [ ° C ] 0 . 0 7 7 0 . 3 2 7 

I n F i g u r e 4 . 1 4 t h e l i n e a r i z e d s o l u t i o n f r o m S e c t i o n 3 . 4 i s c o m p a r e d w i t h t h e g e n e r a l s o l u 
t i o n f r o m S e c t i o n 3 . 3 . F o r t h i s s m a l l s t e p , t h e t w o s o l u t i o n s o f u{t) a r e v i r t u a l l y i d e n t i c a l . 
T h e r e i s a v e r y s m a l l d i f f e r e n c e f o r t h e t e m p e r a t u r e a r o u n d t h e t e m p e r a t u r e p e a k . 
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20.08 

Figure 4.14 The moisture content u(t) (left figure) and the temperature T(t) (right figure) for 
the linearized solution from Section 3.4. The upper lines are the general solution 
from Section 3.3 (virtually the same). Small step size. 

4 . 3 . 3 S t e p a t h i g h e r r e l a t i v e h u m i d i t y 
I n s t e a d o f t h e s t e p f r o m ( p ( 0 ) = 0 . 7 5 t o cpiniet = 0 . 8 5 i n t h e r e f e r e n c e c a s e , a s t e p a t h i g h e r r e l a 
t i v e h u m i d i t y b u t w i t h t h e s a m e m a g n i t u d e , ( i n R H ) , i s t e s t e d . T h e s t e p i s f r o m ( p ( 0 ) = 0 . 8 5 t o 
tpiniet = 0 . 9 5 . T h e h e a t o f s o r p t i o n i s c h a n g e d i n s i g n i f i c a n t l y a t t h i s h i g h m o i s t u r e l e v e l . T h e 
p r i m a r y d a t a o f r e f e r e n c e c a s e ( 4 . 6 ) a r e v a l i d e x c e p t f o r : 

cp,„,,, = 0 . 9 5 (p (0 ) = 0 . 8 5 

T h e a u x i l i a r y d a t a h a v e t h e f o l l o w i n g c h a n g e s : 

— ( 0 . 9 5 ) = 1 . 0 6 2 k g / k g M ( 0 ) = 0 . 1 7 3 3 k g / k g = 0 . 2 3 3 1 k g / k g 
d ( p 

T h e m o i s t u r e c a p a c i t y , d w / d c p , i s s u b s t a n t i a l l y l a r g e r a t 9 5 % . T h e e x p r e s s i o n s f o r b o t h ti a n d 
t2 c o n t a i n s t h e m o i s t u r e c a p a c i t y a s a f a c t o r . 

ty=ri- (",„ie, - " ( 0 ) ) = 3 5 7 8 ( 0 . 2 3 3 1 - 0 . 1 7 3 3 ) = 2 1 4 [ s ] 
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Table 4.3 Time constants for a step response at higher humidity from (p(0) = 0.85 to cpMet 
= 0.95 in reference case (4.6), 20°C. 

high RH-level ref. case 
8 5 % - > 9 5 % 7 5 % - > 8 5 % 

h [s] 1 4 3 5 0 5 0 7 7 

ti [s] 3 9 8 0 1 2 8 8 

Y i [s-kg/kg] 3 9 4 4 4 5 9 9 

Y 0 . 0 1 2 9 0 . 0 1 8 8 

ty [S] 2 3 6 1 2 0 

t. [s] 1 8 3 4 0 6 3 7 7 

t- [s] 4 3 4 3 
r w - r , , [°c] 0 . 2 2 3 0 . 3 2 7 

I n F i g u r e 4 . 1 5 t h e d i f f e r e n c e s b e t w e e n t h e r e s p o n s e s a t h i g h e r r e l a t i v e h u m i d i t y c o m p a r e d 
t o t h e r e f e r e n c e c a s e a r e s h o w n . W e s e e t h a t i n i t i a l l y t h e r e i s t h e s a m e s o r p t i o n r a t e r e s u l t i n g 
i n t h e s a m e e x c e s s t e m p e r a t u r e . L a t e r t h e r e s p o n s e s a r e s l o w e r d u e t o t h e h i g h e r m o i s t u r e c a 
p a c i t y a t t h e h i g h e r h u m i d i t y l e v e l . 

0.23 -

" 0.22 
[kg/kg] 

0.21 

20.45 

Figure 4.15 The moisture content u(t) (left figure) and the temperature T(t) (right figure) at 
higher relative humidity using the general solution from Section 3.3. The refer
ence case is included for comparison. 

T h e i n f l u e n c e o f r e l a t i v e h u m i d i t y i s i l l u s t r a t e d f u r t h e r i n S e c t i o n 4 . 4 . 2 , w h e r e t h e r e l a t i v e 
h u m i d i t y i s v a r i e d i n a w i d e r r a n g e . A l s o a n i n v e s t i g a t i o n o f a c o m b i n a t i o n o f t h e l e v e l s o f 
r e l a t i v e h u m i d i t y a n d t e m p e r a t u r e i s s h o w n . 

4 . 3 . 4 V a r i a t i o n s o f t h e r e s i s t a n c e o f d i f f u s i o n 
T h e u n c e r t a i n t i e s o f t h e m o i s t u r e r e s i s t a n c e d u e t o i n t e r n a l d i f f u s i o n a r e r e p r e s e n t e d b y t h e 
e q u i v a l e n t l e n g t h f o r t h e d i f f u s i o n L^q i n t h e s a m p l e . F i g u r e 3 . 2 . I n t h e e x a m p l e i n t h i s s e c t i o n 
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t h e r e s i s t a n c e o f d i f f u s i o n i s h a l v e d a n d d o u b l e d c o m p a r e d t o t h e r e f e r e n c e c a s e t o i n v e s t i g a t e 
t h e i n f l u e n c e . T o t e s t t h e i n f l u e n c e f r o m t h e c h o s e n f r a c t i o n LeqIL = 0 . 8 , t h e f r a c t i o n i s g i v e n 
i t s l a r g e s t p o s s i b l e v a l u e , 1 . 0 , i n o n e c a s e . A c a s e w i t h z e r o d i f f u s i o n r e s i s t a n c e i n t h e m a t e 
r i a l i s a l s o i n c l u d e d . T h e t i m e c o n s t a n t s a r e s h o w n i n T a b l e 4 . 4 b e l o w . 

Table 4.4 Time constants for different moisture diffusion values in reference case (4.6). 

z e r o r e 
s i s t a n c e 

l o w r e s i s 
t a n c e 

r e f e r e n c e 
c a s e 

L , , = 1 L h i g h r e 
s i s t a n c e 

L e q I D y 0 8 5 1 7 0 2 1 2 . 5 3 4 0 

ti [ s ] 3 4 7 8 4 2 7 8 5 0 7 7 5 4 7 7 6 6 7 6 

ti [ s ] 1 2 8 8 1 2 8 8 1 2 8 8 1 2 8 8 1 2 8 8 

Y 0 . 0 2 5 1 0 . 0 2 1 5 0 . 0 1 8 8 0 . 0 1 7 7 0 . 0 1 5 0 

ty [ s ] 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 

t. [ s ] 4 7 8 1 5 5 7 9 6 3 7 7 6 7 7 6 7 9 7 4 

t- [ s ] 3 9 4 4 4 3 4 4 4 5 
T { Q ) - T , , [°C] 0 . 4 3 9 0 . 3 7 5 0 . 3 2 7 0 . 3 0 7 0 . 2 6 0 

T h e c o n t r i b u t i o n f r o m t h e r e s i s t a n c e o f d i f f u s i o n . Leg ID^ , t o t h e t o t a l m o i s t u r e r e s i s t a n c e , 
l / p v i o ( , i n E q . ( 3 . 8 ) i s l e s s t h a n h a l f f o r t h e r e f e r e n c e c a s e . T h e v a r i a t i o n o f t h e i n t e r n a l d i f f u 
s i o n d o e s n o t h a v e a l a r g e i n f l u e n c e i n t h e e x a m p l e s . W e h a v e t h e i m p o r t a n t c o n c l u s i o n t h a t 
t h e r e s p o n s e t i m e s c a l e s a r e n o t i n f l u e n c e d s i g n i f i c a n t l y b y t h i s s o m e w h a t u n c e r t a i n f a c t o r . 

4 . 3 . 5 S u p p l y a i r f l o w 
T h e f l o w r a t e o f a i r i n t o t h e c h a m b e r i s l i m i t e d . T h i s m a k e s t h e s t e p i n t h e a i r i n s i d e t h e 
c h a m b e r l e s s s t e e p . T o t e s t t h e i n f l u e n c e , t h e a i r f l o w i s d o u b l e d a n d h a l v e d . T h e o b t a i n e d 
t i m e c o n s t a n t s a r e s h o w n i n T a b l e 4 . 5 . A c a s e w h e r e t h e s t e p i n t h e c h a m b e r i s t h o u g h t t o t a k e 
p l a c e i n s t a n t a n e o u s l y i s a l s o i n c l u d e d . 

Table 4.5 Time constants for different amounts of supply air in reference case (4.6). 

i n s t a n t , s t e p h i g h a i r f l o w r e f . c a s e l o w a i r f l o w 
oo 0 . 1 3 2 - 1 0 ' 0 . 0 6 6 - 1 0 ' 0 . 0 3 3 - 1 0 ' 

h [ s ] 2 5 4 0 3 8 0 9 5 0 7 7 7 6 1 4 

ti [ s ] 1 2 8 8 1 2 8 8 1 2 8 8 1 2 8 8 

Y 0 . 0 3 1 2 0 . 0 2 3 5 0 . 0 1 8 8 0 . 0 1 3 4 

ty [S] 1 2 0 1 2 0 1 2 0 1 2 0 

t. [ s ] 3 8 4 7 5 1 1 1 6 3 7 7 8 9 1 1 

t- [ s ] 3 6 4 0 4 3 4 6 
r ( 0 ) - r , , [°c] 0 . 5 5 1 0 . 4 1 0 0 . 3 2 7 0 . 2 3 3 

T h e e f f e c t o f t h e r e s t r i c t e d a i r f l o w i n f l u e n c e s t h e m o i s t u r e f l o w t h r o u g h a t e r m i n t h e t o t a l 
m o i s t u r e r e s i s t a n c e , l / P v t o r , i n E q . ( 3 . 8 ) . I t i n f l u e n c e s %tot i n t h e s a m e w a y a s t h e d i f f u s i o n 
r e s i s t a n c e i n t h e m a t e r i a l . T h e c o n t r i b u t i o n t o t h e t o t a l m o i s t u r e r e s i s t a n c e i n t h e r e f e r e n c e 
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c a s e i s a l i t t l e l a r g e r t h a n t h a t f r o m t h e r e s i s t a n c e f r o m i n t e r n a l d i f f u s i o n a n d h e n c e a v a r i a t i o n 
i n s u p p l y a i r f l o w h a s a l i t t l e m o r e i n f l u e n c e t h a n a v a r i a t i o n o f t h e i n t e r n a l d i f f u s i o n p a r a m e 
t e r s . 

T h e m e a s u r e m e n t o f t h e s u p p l y a i r f l o w w a s r a t h e r a c c u r a t e a n d t h e u n c e r t a i n t y o f t h i s t e r m 
i n E q . ( 3 . 8 ) i s r e l a t i v e l y s m a l l . 

4 . 3 . 6 C o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t 
A c h a n g e o f t h e c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t oCc i s m o r e c o m p l i c a t e d t h a n t h e e f f e c t 
f r o m v a r i a t i o n s o f t h e r e s i s t a n c e o f d i f f u s i o n a n d t h e e f f e c t o f v a r i a t i o n s i n a i r s u p p l y , w h i c h 
b o t h i n f l u e n c e t h r o u g h t h e t o t a l m o i s t u r e r e s i s t a n c e , \l%m • A n i n c r e a s e d h e a t t r a n s f e r c o e f f i 
c i e n t p r i m a r i l y d e c r e a s e s t h e t h e r m a l r e s i s t a n c e a n d r e d u c e s t h e e x c e s s t e m p e r a t u r e a n d t h u s 
t h e e f f e c t s f r o m l a t e n t h e a t . T h e h e a t t r a n s f e r i s s o m e w h a t c o m p l i c a t e d b y w o r k i n g i n p a r a l l e l 
w i t h t h e r a d i a t i v e h e a t t r a n s f e r . B e s i d e s t h e t h e r m a l e f f e c t , a n i n c r e a s e d c o n v e c t i v e h e a t t r a n s 
f e r c o e f f i c i e n t a l s o h a s a d i r e c t i n f l u e n c e o n t h e m o i s t u r e f l o w b y r e d u c i n g t h e s u r f a c e m o i s 
t u r e r e s i s t a n c e a n d t h e r e b y r e d u c i n g t h e t o t a l m o i s t u r e r e s i s t a n c e . 

T h e t i m e c o n s t a n t .3 f o r t h e t h e r m a l r e s p o n s e i s i n v e r s e l y p r o p o r t i o n a l w i t h a,o« a s s e e n i n 
E q . ( 3 . 5 7 ) . T h e t i m e c o n s t a n t i s i n c l u d e d i n T a b l e 4 . 6 t o i l l u s t r a t e t h i s . 

Table 4.6 Time constants for different convective heat transfer coefficient in reference 
case (4.6). 

l o w c o n v e c t i o n r e f e r e n c e c a s e h i g h c o n v e c t i o n 

6 1 2 2 4 

h [ s ] 6 0 1 8 5 0 7 7 4 6 0 7 

ti [ s ] 2 0 6 2 1 2 8 8 7 3 6 

Y 0 . 0 2 3 7 0 . 0 1 8 8 0 . 0 1 2 8 

ty [S] 1 9 1 1 2 0 6 8 

t3 [S] 8 7 5 4 3 1 

t^ [S] 8 1 0 2 6 3 7 7 5 3 4 7 

t- [ s ] 6 4 4 3 2 7 

T { 0 ) - T c , [°C] 0 . 4 1 4 0 . 3 2 7 0 . 2 2 1 

T h e i n f l u e n c e f r o m t h e s u r f a c e t r a n s f e r c o e f f i c i e n t i s i l l u s t r a t e d f u r t h e r i n S e c t i o n 4 . 4 . 3 , 
w h e r e t h e v a r i a t i o n s i n i n t e r v a l s o f t r a n s f e r c o e f f i c i e n t a n d t e m p e r a t u r e a r e e x t e n d e d . 

4 . 3 . 7 E f f e c t o f h e a t o f s o r p t i o n 
T o i l l u s t r a t e t h e i n f l u e n c e f r o m t h e m o i s t u r e d e p e n d e n c e o f t h e h e a t o f s o r p t i o n , E q . ( 4 . 5 ) t h e 
v a r i a t i o n f o r t h e i n t e r v a l i n t h e r e f e r e n c e c a s e i s i n v e s t i g a t e d . T h e i n f l u e n c e o n t h e l a t e n t h e a t 
o f e v a p o r a t i o n f r o m t h e s m a l l t e m p e r a t u r e c h a n g e d u r i n g t h e s t e p i s a l s o t e s t e d . 

T h e m o i s t u r e c o n t e n t f o r t h e i n t e r v a l i n t h e r e f e r e n c e c a s e , ( 4 . 6 b ) , i s b e t w e e n M ( 0 ) = 
0 . 1 4 3 6 a n d M,>,to = 0 . 1 7 3 3 [ k g / k g ] . T h e d i f f e r e n t i a l h e a t o f s o r p t i o n f r o m S e c t i o n 4 . 2 . 2 i s a t 
t h o s e p o i n t s 0 . 1 4 8 - 1 0 ^ a n d 0 . 0 9 7 - 1 0 ^ [ J / k g ] , r e s p e c t i v e l y . T h e t e m p e r a t u r e v a r i a t i o n d u r i n g 
t h e c o u r s e o f t h e s t e p f o r t h e r e f e r e n c e c a s e i s b e t w e e n 20°C a n d 20.38°C. T h e l a t e n t h e a t o f 
e v a p o r a t i o n i s 2 . 4 5 0 - 1 0 ^ a n d 2 . 4 4 9 - 1 0 ^ [ J / k g ] f o r t h e s e t w o t e m p e r a t u r e s , E q . ( 4 . 3 ) . B y a d d 
i n g t h e a b s o l u t e v a l u e s f o r t h e d i f f e r e n c e s f o r t h e t w o v a r i a t i o n s , t h e u p p e r l i m i t f o r a p o s s i b l e 
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v a r i a t i o n o n t h e t o t a l h e a t o f e v a p o r a t i o n a n d s o r p t i o n i s o b t a i n e d . T h e v a r i a t i o n b e c o m e s 
2.0%. T h i s c o r r e s p o n d s t o a c h a n g e o f t+ o f o n l y 4.2%o. 

I n t h e c a l c u l a t i o n s i n t h i s c h a p t e r , a n a v e r a g e h e a t o f s o r p t i o n f o r t h e i n t e r v a l i n q u e s t i o n 
a n d t h e l a t e n t h e a t o f e v a p o r a t i o n a t t h e e q u i l i b r i u m t e m p e r a t u r e a r e u s e d . 

4 . 4 P a r a m e t e r v a r i a t i o n s 
L a r g e r p a r a m e t e r v a r i a t i o n s o f t e m p e r a t u r e , h u m i d i t y l e v e l a n d c o n v e c t i v e h e a t t r a n s f e r c o e f 
f i c i e n t a r e m a d e i n t h i s s e c t i o n , f a r b e y o n d t h e c o n d i t i o n s f o r t h e m e a s u r e m e n t s . O n l y a s m a l l 
s t e p i s c o n s i d e r e d a n d t h e h e a t c a p a c i t y o f t h e s a m p l e i s i g n o r e d . T h e c o m p a r i s o n s i n t h i s s e c 
t i o n i s f o c u s e d o n t h e p r i m a r y t i m e c o n s t a n t s ti a n d tj. T h e t i m e c o n s t a n t s ti a n d t2 a r e n o t 
d e p e n d i n g o n t h e s t e p s i z e . T h e g o v e r n i n g t i m e c o n s t a n t b e c o m e s t h e s u m o f t i a n d u n d e r 
t h e s e c o n d i t i o n s . U n d e r i s o t h e r m a l c o n d i t i o n s w h e n t h e l a t e n t h e a t i s i g n o r e d , t h e g o v e r n i n g 
t i m e c o n s t a n t b e c o m e s ti o n l y . 

I n t h i s s e c t i o n t h e r a d i a t i v e h e a t t r a n s f e r i s a s s u m e d t o b e z e r o , c o n t r a r y t o t h e p r e v i o u s 
c a l c u l a t i o n s f o r t h e r e f e r e n c e c a s e . T h e r e a s o n f o r t h i s i s t o d e m o n s t r a t e a m o r e p u r e a n d l a r g e 
l a t e n t h e a t e f f e c t . T h e c o n d i t i o n s w i t h o u t r a d i a t i v e t r a n s f e r o c c u r f o r i n s t a n c e i n s i d e a p i l e o f 
w o o d d u r i n g c o n v e c t i v e k i l n d r y i n g . S a m p l e s 1 a n d 2 m e a s u r e d i n t h e f i r s t s e r i e s o f m e a s u r e 
m e n t i n S e c t i o n 5.1 c o n s i s t s o f s e v e r a l l a y e r s , a s s h o w n o n t h e p i c t u r e i n F i g u r e 2.2. T h e r a 
d i a t i v e t r a n s f e r i s l i m i t e d f o r t h e c e n t r e p a r t s i n t h o s e s a m p l e s . 

T h e e x p r e s s i o n s f o r t h e t i m e c o n s t a n t s t i a n d t2 a r e r e p e a t e d i n E q s . (4.7) a n d (4.8) b e l o w 
f o r t h e d i s c u s s i o n s i n t h i s s e c t i o n : 

^1 = 
A 1 4 -

• + - + • " V. B D 
air n v 

[ s ] (4.7) 

^ ' = - ^ - ^ ^ - 7 ? - ^ - [ s ] ( 4 . 8 ) v . „ , ( 7 ; j dr A dcp 

4 . 4 . 1 V a r i a t i o n o f t h e t e m p e r a t u r e 
T h e c o n d i t i o n s a r e b a s i c a l l y a s s u m e d t o b e t h e s a m e a s i n t h e r e f e r e n c e c a s e , (4.6). T h e r a d i a 
t i v e h e a t t r a n s f e r i s h o w e v e r s e t t o z e r o . T h e e x p r e s s i o n s f o r t h e t i m e c o n s t a n t s a r e e v a l u a t e d 
a t t h e s a m e m o i s t u r e l e v e l , cp , a s t h e e q u i l i b r i u m h u m i d i t y i n t h e r e f e r e n c e c a s e , (p = (p;„/e, = 

0.85. T h e t e m p e r a t u r e l e v e l r i s t h e v a r i e d p a r a m e t e r . 

a , = 0 
cp = piniet = 0.85 

T = T c h = r(0) i s v a r i e d 

T h e v a l u e s o f t h e t w o t i m e c o n s t a n t s a s a f u n c t i o n o f t e m p e r a t u r e l e v e l a r e s h o w n i n F i g u r e 
4.16. W e s e e t h a t t h e t i m e c o n s t a n t h d e c r e a s e s s t r o n g l y w i t h t e m p e r a t u r e . T h e s e c o n d t i m e 
c o n s t a n t t2 i s r a t h e r c o n s t a n t ( i t d e c r e a s e s s l i g h t l y w i t h T ) . T h e s e r e s u l t s a r e q u i t e c l e a r f r o m 
t h e f o r m u l a s (4.7) a n d (4.8) f o r ti a n d t2 . T h e s t r o n g v a r i a t i o n o f \sat w i t h t e m p e r a t u r e a f f e c t s 
tl . T h e f a c t o r i n t h e f o r m u l a f o r t2 , d w s J d T d i v i d e d b y \sat , v a r i e s o n l y s l i g h t l y w i t h t e m 
p e r a t u r e . A g r a p h o f t h e v a r i a t i o n w i t h t e m p e r a t u r e f o r t h i s f a c t o r i s s h o w n i n F i g u r e 4.2. 
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Figure 4.16 Time constants ti and t2 as a function of temperature for the reference case (with 
the exception ar = 0 } . 

4.4.2 V a r i a t i o n o f t h e r e l a t i v e h u m i d i t y 
T h e c o n d i t i o n s a r e b a s i c a l l y t h e s a m e a s i n t h e r e f e r e n c e c a s e , ( 4 . 6 ) w i t h t h e e x c e p t i o n t h a t t h e 
r a d i a t i v e h e a t t r a n s f e r i s s e t t o z e r o . T h e e x p r e s s i o n s f o r t h e t i m e c o n s t a n t s a r e e v a l u a t e d a t t h e 
s a m e t e m p e r a t u r e l e v e l , T=Tch = T{0) = 20°C, a s i n t h e r e f e r e n c e c a s e . T h e h u m i d i t y l e v e l , cp 
= piniet i s t h e v a r i e d p a r a m e t e r . 

ar = 0 

9 = piniet i s v a r i e d 
r=r,ft = r ( 0 ) = 2 0 ° c 

T h e v a r i a t i o n w i t h r e l a t i v e h u m i d i t y l e v e l f o r t h e t w o t i m e c o n s t a n t s i s s h o w n i n F i g u r e 
4 . 1 7 . T h e v a r i a t i o n o f t i i s a d i r e c t r e f l e c t i o n o f t h e m o i s t u r e c a p a c i t y v a r i a t i o n , d u / d c p , i n t h e 
e q u a t i o n f o r t i , ( 4 . 7 ) . I n t h e e q u a t i o n f o r ?2 , ( 4 . 8 ) , cp i s a f a c t o r . T h i s e x p l a i n s t h e g r o w i n g 
v a l u e o f t2 w i t h r e l a t i v e h u m i d i t y . 
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Figure 4.17 Time constants ti and tj as a function of the relative humidity level for the refer
ence case (with the exception ar = 0 ) . 

T o f u r t h e r i l l u s t r a t e t h e r e l a t i v e i m p o r t a n c e o f i n c l u d i n g l a t e n t h e a t i n c a l c u l a t i o n s o f a 
m o i s t u r e c h a n g e , t h e r a t i o b e t w e e n ( ? i + 2̂ ) a n d t i i s f o r m e d . T h i s r a t i o i s t h u s t h e r e l a t i o n o f 
t h e r e s p o n s e t i m e s c a l e w h e r e t h e l a t e n t h e a t i s i n c l u d e d c o m p a r e d t o w h e n i t i s i g n o r e d . T h e 
r e s u l t i s s h o w n i n F i g u r e 4 . 1 8 f o r t h e c o m b i n e d v a r i a t i o n o f t e m p e r a t u r e a n d r e l a t i v e h u m i d i t y 
l e v e l s . 
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Figure 4.18 Ratio between the time constants when the influence from latent heat is included 
and when it is ignored, as a function of temperature and relative humidity level 

for the reference case (with the exception (Xr = 0 ) . 

W e s e e t h a t t h e i m p o r t a n c e o f l a t e n t h e a t i n c r e a s e s w i t h t e m p e r a t u r e a n d r e l a t i v e h u m i d i t y . 
A t 20°C t h e f a c t o r v a r i e s b e t w e e n 1 a n d 1 . 3 9 f o r t h e w h o l e h u m i d i t y i n t e r v a l b e t w e e n 0 t o 
1 0 0 % . T h e r e l a t i o n b e t w e e n s u r f a c e m o i s t u r e r e s i s t a n c e a n d t o t a l m o i s t u r e r e s i s t a n c e i s c o n 
s t a n t i n t h e r e f e r e n c e c a s e . T h a t r e l a t i o n i s v a r i e d i n t h e n e x t s e c t i o n . 

4 . 4 . 3 V a r i a t i o n o f t h e h e a t t r a n s f e r c o e f f i c i e n t 
T h e r e l a t i o n b e t w e e n t h e s u r f a c e m o i s t u r e t r a n s f e r c o e f f i c i e n t a n d t h e c o n v e c t i v e h e a t t r a n s f e r 
c o e f f i c i e n t i s o b t a i n e d b y L e w i s ' l a w , ( 3 . 6 0 ) , w h e r e Pa • Cpa = 1 2 0 0 i s s e l e c t e d . 

P • Pa • C p , = o c [ W / ( m ^ K ) ] 

T h e c o n s t a n t r e l a t i o n b e t w e e n P a n d Uc m a k e s i t p o s s i b l e t o h a v e b o t h c o e f f i c i e n t s i n t h e s a m e 
d i a g r a m i n F i g u r e 4 . 1 9 , w h e r e t h e u p p e r x - a x i s h a s t h e s u r f a c e m o i s t u r e t r a n s f e r c o e f f i c i e n t 
a n d t h e l o w e r t h e c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t . T h e d i a g r a m i s o n l y a p p l i c a b l e f o r t h e 
r e f e r e n c e c a s e ( 4 . 6 ) w i t h t h e e x c e p t i o n f o r t h e c h a n g e t o a r = 0 . 
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0.001 0.01 surface moisture transfer coefficient (3 

1 10 convective heat transfer coefficient 100 

Figure 4.19 Time constants ti and t2 as a function of humidity level and heat convective 
transfer coefficients for the reference case (with the exception ar = 0 ) . 

L e t u s n o w c o n s i d e r t h e e f f e c t o f v a r i a t i o n o f Oc a n d t e m p e r a t u r e T n o t o n l y f o r t h i n b u t 
a l s o f o r t h i c k w o o d s a m p l e s . T h e t o t a l m o i s t u r e r e s i s t a n c e i s l / P v ( o r , E q . ( 4 . 9 ) . 

1 + l + ( 4 . 9 ) 

T o o b t a i n a m o r e g e n e r a l p i c t u r e o f t h e i n f l u e n c e f r o m c o n v e c t i o n , a d i m e n s i o n l e s s c o n 
v e c t i o n r e l a t e d p a r a m e t e r ^ i s c r e a t e d t o b e u s e d i n F i g u r e 4 . 2 0 . I f t h e m o i s t u r e r e s i s t a n c e a t 
t h e s u r f a c e , 1 / p , i s s u b t r a c t e d f r o m t h e t o t a l m o i s t u r e r e s i s t a n c e , t h e r e m a i n i n g m o i s t u r e r e 
s i s t a n c e i s AlV^.^ + LeqIDy [ s / m ] . T h e p a r a m e t e r ^ i s t h e r a t i o b e t w e e n t h i s m o i s t u r e r e s i s t a n c e 

a n d t h e s u r f a c e m o i s t u r e r e s i s t a n c e , 1 / ^ : 

^ ~ 1//3 I I P ' 

T h i s f r a c t i o n i n m o i s t u r e r e s i s t a n c e s c a n b e e x p r e s s e d i n oCc t h r o u g h L e w i s ' l a w : 

1 2 0 0 D.. 
( 4 . 1 0 b ) 

T h e d i m e n s i o n l e s s p a r a m e t e r ^ g e t s v e r y s m a l l f o r t h e c o m b i n a t i o n o f s m a l l c o n v e c t i o n 
a n d t h i n w o o d , a n d v e r y l a r g e f o r h i g h a g i t a t i o n a n d t h i c k w o o d . I t c o u l d t h u s v a r y i n a w i d e 
r a n g e u n d e r d i f f e r e n t c o n d i t i o n s . T h e r e f e r e n c e c a s e w i t h h i g h c o n v e c t i o n a n d t h i n s a m p l e 
t h i c k n e s s h a s a i n t e r m e d i a t e v a l u e a n d t h e p a r a m e t e r b e c o m e s ^ = 4 . 4 . I n k i l n d r y i n g w i t h l o w 
c o n v e c t i o n c o m b i n e d w i t h l a r g e w o o d t h i c k n e s s a s i m i l a r i n t e r m e d i a t e v a l u e c o u l d b e a s 
s u m e d t o a p p l y . 
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T h e r a t i o (^i + ?2 Vh a s a f u n c t i o n o f T a n d ^ i s s h o w n i n F i g u r e 4 . 2 0 . W e s e e t h a t t h e c o m 
b i n a t i o n o f h i g h T a n d l o w ^ g i v e s a h i g h r a t i o . 

0 -I 1 1 r 1 1 1 i 

0 10 20 30 40 50 60 70 
temperature T [°C] 

Figure 4.20 Ratio between the time constants when the influence from latent heat is included 
versus when it is ignored, as a function of temperature level and the convective 
parameter ^ from Eq. (4.10). 

4 . 5 T h e e x p e r i m e n t s o f C h r i s t e n s e n i n p u r e w a t e r v a p o u r 
T h e r e s p o n s e t i m e s f o r a F i c k i a n p r o c e s s v a r y s t r o n g l y w i t h t h e l e v e l o f r e l a t i v e h u m i d i t y d u e 
t o t h e i n f l u e n c e f r o m t h e m o i s t u r e c a p a c i t y a n d t h e e f f e c t o f l a t e n t h e a t . I n t h i s s e c t i o n , s i m u 
l a t i o n s w i t h t h e c o m p l e t e s e t o f e q u a t i o n s f r o m S e c t i o n 3 . 3 a r e m a d e f o r a s e l e c t i o n o f C h r i s -
t e n s e n ' s m e a s u r e m e n t s i n p u r e w a t e r v a p o u r . T h e o b j e c t i v e i s t o b e a b l e t o , w i t h m o r e c e r 
t a i n t y , i d e n t i f y r e s p o n s e s t h a t e x h i b i t a n o n - F i c k i a n b e h a v i o u r . 

4 . 5 . 1 D i f f e r e n t s t e p s i z e s s t a r t i n g f r o m a d r y s a m p l e 
I n t h e e x p e r i m e n t s i n p u r e w a t e r v a p o u r m a d e b y C h r i s t e n s e n a n d c o - a u t h o r s , s o m e o f t h e 
t i m e s c a l e s o f t h e s t e p r e s p o n s e s a r e v e r y s h o r t . I n o t h e r i n s t a n c e s , w h e n n o n - F i c k i a n e f f e c t s 
a r e p r o m i n e n t , t h e t i m e s c a l e s a r e r e m a r k a b l y e x t e n d e d . O n e o c c a s i o n w i t h s h o r t t i m e - s c a l e s 
i s w h e n a s t e p s t a r t s f r o m a d r y s a m p l e . T h e t i m e - l a g e m a n a t i n g f r o m n o n - F i c k i a n b e h a v i o u r 
s e e m s t o b e v e r y s m a l l f o r t h i s c a s e . T h i s i s t h e r e a s o n w h y t h e s e t e s t s a r e s e l e c t e d t o b e u s e d 
f o r f i t t i n g f o r a r o u g h m o i s t u r e r e s i s t a n c e . I t i s t h e n e x a m i n e d i n S e c t i o n 4 . 5 . 2 h o w c o n s i s t e n t 
t h i s f i t t e d m o i s t u r e r e s i s t a n c e i s w i t h a n o t h e r m e a s u r e m e n t i n p u r e w a t e r v a p o u r . 

T h e d e v e l o p m e n t o f t h e m o i s t u r e u p t a k e f r o m s t e p s s t a r t i n g w i t h a d r y s a m p l e w i t h a w i d e 
r a n g e o f s t e p a m p l i t u d e s i s t a b u l a t e d i n C h r i s t e n s e n ( 1 9 5 9 ) , e x p r e s s e d i n f r a c t i o n s o f m o i s t u r e 
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c h a n g e . T h e s t e p r e s p o n s e s a r e s h o w n i n d i a g r a m s i n F i g u r e 4 . 2 1 a n d F i g u r e 4 . 2 2 . T h e s a m 
p l e s , m a d e o f k l i n k i - p i n e , w e r e c u t i n 1 m m t h i c k s l i c e s i n t h e g r a i n d i r e c t i o n . T h e t e m p e r a t u r e 
w a s 25°C i n t h i s e x p e r i m e n t . 

0.9 --

0.8 •-

0.7--

g 0.6--
c 

I ) 0.5 - -
'E 

I 0.4 - • 

i 0.3 - • 

0.2 -• 

0.1 - -I 

0 < 

RH 0-> 0.034 
- K B RHO-> 0.091 
- e - c RH0-> 0.194 

-+-
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time t [s] 

600 700 800 900 1000 

Figure 4.21 Step responses for 1 mm samples in pure water vapour, starting from a dry 
sample. From Christensen (1959). Steps A to C with increasing amplitudes. 

1 

0.9 -

time t [s] 

Figure 4.22 Step responses for 1 mm samples in pure water vapour, starting from a dry 
sample. From Christensen (1959). Steps D to F with increasing amplitudes. 
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A s i m u l a t i o n f o r t h e s i x s t e p s w i t h t h e g e n e r a l s o l u t i o n f r o m S e c t i o n 3 . 3 i s s h o w n i n F i g u r e 
4 . 2 3 . T h e t r a n s f e r c o e f f i c i e n t s [3v(o; a n d a ^ f a r e c r i t i c a l f o r t h e c a l c u l a t i o n r e s u l t s . T h e m o i s t u r e 
t r a n s f e r c o e f f i c i e n t i s p a r t i c u l a r l y u n c e r t a i n , s i n c e L e w i s ' l a w i s n o t a p p l i c a b l e i n p u r e w a t e r 
v a p o u r . T h i s v a r i a b l e h a s t h e r e f o r e b e e n v a r i e d . T w o v a l u e s o f t h e t o t a l m o i s t u r e c o n d u c t a n c e , 
P v t o i = 0 . 0 1 a n d P v w / = 0 . 0 0 6 a r e u s e d i n t h e s i m u l a t i o n s . I n S e c t i o n 3 . 5 . 3 t h e v a l u e o f t h e c o n 
v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t O c i n p u r e w a t e r v a p o u r i s d i s c u s s e d i n d e t a i l . T h e v a l u e s o f 
OCc a r e c h o s e n a c c o r d i n g t o t h e r e l a t i o n s g i v e n t h e r e . I n T a b l e 3 . 2 s o m e e x a m p l e s o f oCc a r e 
s h o w n . T h e u s e d r a d i a t i v e h e a t t r a n s f e r c o e f f i c i e n t i s g i v e n b y ( 3 . 6 1 ) ( t h e u s e d e m i s s i v i t y i s 
e = 0 . 8 2 ) . 

W e s e e t h a t t h e r e i s a l a r g e d i s c r e p a n c y i n t h e s h a p e o f t h e r e s p o n s e c u r v e s f o r t h e f i r s t 
s t e p s , A a n d B . F o r t h e l a s t c u r v e s D , E a n d F h o w e v e r , t h e r e i s a b e t t e r a g r e e m e n t . O n e e x 
p l a n a t i o n c o u l d b e t h a t t h e r e s i s t a n c e t o d i f f u s i o n i s l o w e r a t l o w r e l a t i v e h u m i d i t y , b u t t h a t i s 
c o n t r a r y t o c o m m o n e x p e r i e n c e f o r w o o d . I f t h e s t a r t i n g p o i n t i s d i s p l a c e d , a b e t t e r a g r e e m e n t 
i s o b t a i n e d b u t o n l y f o r t h e f i r s t s t e p s . 

O n e t h i n g t h a t d i f f e r s b e t w e e n t h e f i r s t s t e p s a n d t h e l a t e r o n e s i s t h a t t h e a m o u n t o f w a t e r 
e n g a g e d i n t h e f i r s t s t e p s i s m u c h l e s s t h a n i n t h e l a t e r o n e s . A n e x p l a n a t i o n f o r t h e v e r y f a s t 
r e s p o n s e f o r t h e f i r s t f r a c t i o n o f m o i s t u r e u p t a k e f o r t h e f i r s t s t e p c o u l d b e t h a t t h e s t e p p r o 
d u c i n g p a r t o f t h e a p p a r a t u s i s n o t i d e a l . I n s t e a d o n e s m a l l a m o u n t o f w a t e r c o u l d b e r e a d i l y 
a v a i l a b l e a n d t h e r e s t a c c e s s i b l e w i t h a m o i s t u r e r e s i s t a n c e . T h i s m o i s t u r e r e s i s t a n c e i s i n c o r 
p o r a t e d i n t h e f i t t i n g w i t h t h e o n e n o d e s i m u l a t i o n a n d g i v e s a r e a s o n a b l e a g r e e m e n t i n t h e 
l a s t s t e p s w h e r e t h e s m a l l a m o u n t o f w a t e r t h a t i s r e a d i l y a v a i l a b l e f r o m t h e a p p a r a t u s i s n o t 
d o m i n a t i n g . 

8 2 



N u m e r i c a l studies of step responses 

0.9--
1 
, 0.8 --

RH 0 -> 0.034 

1000 

1000 

600 800 
timet [s] 

600 800 
timet [s] 

1000 

Figure 4.23 Simulated step responses for the cases Ato F in Figure 4.21 and Figure 4.22. 

4 . 5 . 2 T e m p e r a t u r e r i s e f r o m a b s o r p t i o n s t e p 
I n C h r i s t e n s e n a n d K e l s e y ( 1 9 5 9 ) t h e t e m p e r a t u r e d e v e l o p m e n t a t t h e s u r f a c e o f t h e s a m p l e i s 
s h o w n f o r a s e q u e n c e o f a b s o r p t i o n s t e p s . K l i n k i p i n e w a s u s e d a s i n S e c t i o n 4 . 5 . 1 . T h e a m b i 
e n t t e m p e r a t u r e w a s 40°C i n t h i s t e s t . T h e s a m p l e s w e r e c u t p a r a l l e l t o t h e g r a i n . T h e s m a l l e r 
o f t h e t o t a l m o i s t u r e c o n d u c t a n c e s i n F i g u r e 4 . 2 3 , Pvto« = 0 . 0 0 6 , i s u s e d f o r t h e s i m u l a t i o n s . 
T h e d i r e c t i o n o f t r a n s p o r t i s d i f f e r e n t f r o m t h e c a s e s i n S e c t i o n 4 . 5 . 1 . I n p u r e w a t e r v a p o u r t h e 
m o i s t u r e d i f f u s i o n r e s i s t a n c e c o u l d b e t h o u g h t t o b e e l i m i n a t e d , a t l e a s t i n t h e c o a r s e r p o r e s . 
T h e a n i s o t r o p y o f t h e w o o d l o o s e s i t s m e a n i n g i n a p u r e w a t e r v a p o u r a t m o s p h e r e ( w i t h o u t 
t r a p p e d a i r ) . I n s t e a d t h e a s s u m e d m o i s t u r e r e s i s t a n c e i s t h o u g h t t o e m a n a t e m a i n l y f r o m 
s o u r c e s s u c h a s t h e s o r p t i o n i n t h e c e l l w a l l o r i n t h e a p p a r a t u s i t s e l f . T h e d i r e c t i o n o f t r a n s 
p o r t i s t h e n n o t a d e c i s i v e f a c t o r . 

T h e m e a s u r e d e x c e s s t e m p e r a t u r e i s s h o w n i n F i g u r e 4 . 2 4 . N o t e t h a t t h e s c a l e o f t h e a x i s i s 
a s a f u n c t i o n o f t h e s q u a r e r o o t o f t i m e . T h e t e m p e r a t u r e p e a k o c c u r r i n g a t 0 . 1 2 [h' '^'] c o r r e 
s p o n d s t o 5 2 [ s ] . F i g u r e 4 . 2 5 p r e s e n t s t h e c o r r e s p o n d i n g t e m p e r a t u r e s c a l c u l a t e d w i t h t h e g e n 
e r a l m o d e l . T h e f i r s t c u r v e h a s t h e b e s t a g r e e m e n t . F o r t h e r e m a i n i n g c u r v e s , t h e s i m i l a r i t i e s 
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a r e b e s t i n t h e i n i t i a l p e r i o d . F o r t h e r e s t o f t h e r e s p o n s e t i m e a s m a l l e r e x c e s s t e m p e r a t u r e i s 
m e a s u r e d . T h e d i f f e r e n c e i n c r e a s e s f o r s t e p s a t h i g h R H . 

Qv 0.5 ce 

Figure 4.24 Measured excess temperature responses for 1 mm samples in pure water va
pour, consecutive steps. From Christensen and Kelsey (1959). (Legends in Ger
man: relative Feuchtigkeit = RH, Temperatur-Unterschied = excess tempera
ture.) 

12 

square root of lime t [h ]̂ 

Figure 4.25 Simulated excess temperature responses for the step sequence in Figure 4.24. A 
total moisture transfer coefficient fiytoi = 0.006 is used. 

I n C h r i s t e n s e n a n d K e l s e y ( 1 9 5 9 ) a l s o t h e s o r p t i o n r e s p o n s e s a r e g i v e n f o r s i m i l a r s a m p l e s 
m e a s u r e d s i m u l t a n e o u s l y w i t h t h e s a m p l e s f o r t e m p e r a t u r e . T h e d i a g r a m i s s h o w n i n F i g u r e 
4 . 2 6 . 
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OS 0.6 0,1 ojs OS 10 

Figure 4.26 Measured sorption responses corresponding to the temperature responses in 
Figure 4.24. From Christensen and Kelsey (1959). (Legends in German: r. F. = 
RH, relative Anderung des Feuchtigkeitsgehaltes = fractional weight increase) 

T h e s i m u l a t e d s o r p t i o n c u r v e s a r e s h o w n i n F i g u r e 4 . 2 7 . W e s e e t h a t o n l y t h e f i r s t c u r v e , 
s t a r t i n g f r o m 0 % R H , h a s a r e a s o n a b l e a g r e e m e n t . T h e o t h e r c u r v e s h a v e l o n g e r r e s p o n s e 
t i m e s w i t h i n c r e a s i n g d i f f e r e n c e s f o r e a c h s t e p . 

square root of time [h^] 

Figure 4.27 Simulated sorption responses for the step sequence in Figure 4.26. A total 
moisture transfer coefficient P^tot = 0.006 is used. 
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T o i l l u s t r a t e t h e i n f l u e n c e f r o m t h e l a t e n t h e a t o n t h e t i m e s c a l e s a n d a l s o t h e i n f l u e n c e o n 
t h e s h a p e o f t h e r e s p o n s e c u r v e s , a s i m u l a t i o n i s m a d e w h e r e t h e l a t e n t h e a t i s i g n o r e d ( i s o 
t h e r m a l c a s e ) . T h e c u r v e s w h e r e t h e l a t e n t h e a t i s i g n o r e d a r e s h o w n i n F i g u r e 4 . 2 8 . W e s e e 
t h a t i n c l u d i n g t h e i n f l u e n c e f r o m t h e l a t e n t h e a t i n t h e c a l c u l a t i o n s i s c r u c i a l f o r t h i s c a s e . T h i s 
i s e x p l a i n e d b y t h e f a s t r e s p o n s e o b t a i n e d i n t h e p u r e w a t e r v a p o u r e n v i r o n m e n t a n d t h e e n 
s u i n g h i g h e r r e l a t i v e i m p o r t a n c e f r o m t h e l a t e n t h e a t . T h e l a t e n t h e a t i s s l o w i n g d o w n t h e r e 
s p o n s e w i t h i n c r e a s i n g r e l a t i v e h u m i d i t y a s i l l u s t r a t e d i n f o r i n s t a n c e i n F i g u r e 4 . 1 8 a n d t h e 
t i m e s c a l e s f o r t h e r e s p o n s e s a r e i n c r e a s i n g f o r e a c h s t e p a t g r o w i n g r e l a t i v e h u m i d i t y i n 
F i g u r e 4 . 2 7 . T h e t i m e s c a l e s f o r t h e i s o t h e r m a l r e s p o n s e s i n F i g u r e 4 . 2 8 a r e b a s i c a l l y d e t e r 
m i n e d b y t h e m o i s t u r e c a p a c i t y o n l y a n d t h e y a r e c o n s e q u e n t l y s h o r t e s t a t m i d r a n g e R H 
w h e r e t h e c a p a c i t y i s a t i t s l o w e s t . 

N o t o n l y t h e t i m e s c a l e b u t a l s o t h e s h a p e o f t h e r e s p o n s e c u r v e a r e d i f f e r e n t f r o m t h e i s o 
t h e r m a l c a s e . T h i s i s d u e t o t h a t a s e p a r a t e t i m e s c a l e f o r t h e h e a t r e s p o n s e a l s o i s i n v o l v e d . 
T h i s i s a l s o t h e c a s e f o r t h e g e n e r a l s o l u t i o n f o r t h e r e f e r e n c e c a s e i n h u m i d a i r i n S e c t i o n 
4 . 2 . 4 w h e r e t h e e f f e c t f r o m t h e t h e r m a l r e s p o n s e i s b a r e l y n o t i c e a b l e a n d w h e r e t h e t i m e c o n 
s t a n t f o r t h e t h e r m a l r e s p o n s e i s v e r y m u c h s h o r t e r t h a n t h e m o i s t u r e o n e . 

I n i t i a l l y , b e f o r e t h e e x c e s s t e m p e r a t u r e i s e s t a b l i s h e d , t h e m o i s t u r e u p t a k e i s t h e s a m e i n 
F i g u r e 4 . 2 7 a n d i n t h e i s o t h e r m a l c a s e i n F i g u r e 4 . 2 8 . V e r y s o o n t h e t e m p e r a t u r e r i s e s a s s e e n 
i n F i g u r e 4 . 2 5 a n d t h e r e s p o n s e s s l o w d o w n c o m p a r e d t o t h e i s o t h e r m a l c a s e . 

Figure 4.28 Sorption responses for the step sequence in Figure 4.27. The effects of latent 
heat are ignored in the simulation. 

T h e r e s p o n s e c u r v e s i n F i g u r e 4 . 2 8 h a v e b a s i c a l l y t h e s h a p e o f a n e x p o n e n t i a l d e c l i n e w i t h 
t h e t i m e s c a l e s d e p e n d i n g o n t h e m o i s t u r e c a p a c i t y o f t h e p r e s e n t h u m i d i t y i n t e r v a l o f t h e s t e p . 

T h e t i m e a x i s a s a f u n c t i o n o f s q u a r e r o o t o f t i m e i s s o m e w h a t d e c e p t i v e f o r c o m p a r i s o n a t 
d i f f e r e n t p o i n t s i n t i m e . T o c o m p a r e t h e t h r e e t i m e s c a l e s o f s o r p t i o n b e t w e e n t h e m e a s u r e d 
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a n d s i m u l a t e d r e s p o n s e s w i t h a n d w i t h o u t l a t e n t h e a t , t h e t i m e w h e n h a l f t h e s o r p t i o n h a s o c 
c u r r e d i s t r a n s f e r r e d t o T a b l e 4 . 7 . 

Table 4.7 The time to .5 when half the sorption has taken place, (E = 0.5), in Figure 4.26 
and Figure 4.27. 

S t e p i n 9 

0̂.5 [ h ] 
m e a s u r e d 

to.5 [ h ] 
s i m u l a t e d 

to.5 [ h ] 
s i m u l a t e d , l a t e n t 

h e a t i g n o r e d 
0 - > 0 . 1 4 3 0 . 0 4 2 0 . 0 4 8 0 . 0 3 5 
0 . 1 4 3 - > 0 . 3 3 4 0 . 0 9 4 0 . 0 5 8 0 . 0 3 1 
0 . 3 3 4 - > 0 . 5 4 1 0 . 2 8 0 . 0 8 3 0 . 0 2 2 
0 . 5 4 1 - > 0 . 7 3 9 0 . 6 5 0 . 1 3 8 0 . 0 2 2 

0 . 7 3 9 - > 0 . 9 0 0 ~ 2 0 . 3 1 5 0 . 0 5 9 
0 . 9 0 0 - > 0 . 9 5 7 - 1 0 0 . 7 6 7 0 . 1 3 7 

W e s e e t h a t t h e m e a s u r e d a n d s i m u l a t e d v a l u e s o f to.5 c l o s e l y i s t h e s a m e f o r t h e f i r s t s t e p 
b u t w i t h e v e r l a r g e r d i f f e r e n c e s f o r e a c h f o l l o w i n g s t e p . T h i s c a n b e c o m p a r e d t o t h e r e a s o n a 
b l y g o o d a g r e e m e n t f o r t h e s i m u l a t i o n s a t h i g h R H i n S e c t i o n 4 . 5 . 1 . 

T h e d i f f e r e n c e b e t w e e n t h e t e s t s i n t h e p r e v i o u s s e c t i o n a n d t h i s o n e i s t h e w i d e r a n g e o f 
s t e p s i z e s i n S e c t i o n 4 . 5 . 1 b u t a l s o t h a t t h e t e s t s a r e s t a r t i n g f r o m z e r o m o i s t u r e c o n t e n t w h i c h 
s e e m s t o n u l l i f y t h e i n f l u e n c e f r o m r e t a r d e d s o r p t i o n . S m a l l e r s t e p s h a v e n o r m a l l y l a r g e r p o r 
t i o n o f r e t a r d e d s o r p t i o n , b u t t h e m e a s u r e m e n t s o f s t e p s s t a r t i n g f r o m z e r o i n S e c t i o n 4 . 5 . 1 
r a t h e r t h e o p p o s i t e s e e m s t o b e t h e c a s e ( m a y b e a t t r i b u t e d t o t h e m e a s u r e m e n t c i r c u m s t a n c e s ) . 

4 . 5 . 3 C o n c l u s i o n f o r t h e s i m u l a t i o n s i n p u r e w a t e r v a p o u r 
I n p u r e w a t e r v a p o u r t h e d i f f u s i o n r e s i s t a n c e i s r e d u c e d t o z e r o s i n c e n o c o l l i s i o n s t a k e p l a c e 
w i t h a i r m o l e c u l e s . I n f i n e r p o r e s i n a m a t e r i a l h o w e v e r , t h e w a l l s f o r m a r e s i s t a n c e w h e n t h e 
p o r e s i z e i s i n t h e s a m e m a g n i t u d e o r s m a l l e r t h a n t h e m e a n f r e e p a t h o f t h e w a t e r m o l e c u l e s . 
T r a p p e d a i r i s a l s o a p o s s i b l e h i n d r a n c e . T h e v a p o u r g e n e r a t i n g d e v i c e i s a p o t e n t i a l s o u r c e o f 
r e s i s t a n c e i n t h e e x p e r i m e n t a s w e l l . 

E v e n i f t h e t r a n s p o r t r e s i s t a n c e w a s r e d u c e d t o z e r o , t h e s l o w i n g e f f e c t o f l a t e n t h e a t s t i l l 
r e m a i n s t h a t i s c o n t r o l l i n g t h e m o i s t u r e t r a n s f e r . I n t h e e x a m p l e h e r e i n p u r e w a t e r v a p o u r t h e 
i n f l u e n c e f r o m l a t e n t h e a t i s v e r y i m p o r t a n t . 

F o r t h e s t e p s s t a r t i n g f r o m z e r o h u m i d i t y , t h e e f f e c t s o f r e t a r d e d s o r p t i o n a r e h a r d t o d e t e c t 
i n d e p e n d e n t l y i f t h e h i g h e r l e v e l s o f R H a r e i n c l u d e d i n t h e i n t e r v a l o r n o t . F o r s m a l l e r s t e p s 
i n t h e h i g h e r r a n g e o f R H h o w e v e r , s u b s t a n t i a l l y l o n g e r t i m e s c a l e s o f s o r p t i o n a r e m e a s u r e d 
t h a n s i m u l a t e d . 
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Overwiew of the measurements 

5 O v e r v i e w o f t h e m e a s u r e m e n t s 

I n t h i s c h a p t e r , a n o v e r v i e w o f t h e m e a s u r e m e n t s i s g i v e n . T h e r e l a t i v e h u m i d i t y , ( R H ) , i n t h e 
p r e c i s i o n c h a m b e r w a s k e p t c o n s t a n t d u r i n g a c e r t a i n p e r i o d , a n d t h e n c h a n g e d t o a n e w v a l u e . 
T h e s a m p l e s e x p e r i e n c e a s e q u e n c e o f s t e p c h a n g e s i n r e l a t i v e h u m i d i t i e s . T h e w e i g h t , a n d 
h e n c e t h e m o i s t u r e u p t a k e , w a s m e a s u r e d c o n t i n u o u s l y . 

T h e s e m e a s u r e m e n t s w e r e o r g a n i s e d i n a n u m b e r o f s e r i e s , u s u a l l y s t a r t i n g a n d e n d i n g i n a 
r e l a t i v e l y d r y s t a t e . T w o s a m p l e s i n s e p a r a t e c h a m b e r s w e r e t e s t e d s i m u l t a n e o u s l y . S a m p l e s o f 
t w o d i f f e r e n t t h i c k n e s s w a s u s e d . I n t h e f i r s t s e r i e s t h e t h i c k n e s s o f t h e s a m p l e s w a s 3 m m 
( S a m p l e 1 a n d S a m p l e 2 ) . I n t h e r e m a i n i n g s e c o n d t o s i x t h s e r i e s , t h e t h i c k n e s s o f t h e s a m p l e s 
w a s 1 . 7 m m ( S a m p l e 3 a n d S a m p l e 4 ) . T h e w o o d w a s p i n e {Pinus silvestris). 

5 . 1 T h e f i r s t s e r i e s 
T h e t o t a l t i m e f o r t h e f i r s t s e r i e s w a s 9 m o n t h s . T h e s a m p l e t h i c k n e s s w a s 3 m m . T h e s e 
q u e n c e o f r e l a t i v e h u m i d i t i e s i s s h o w n i n F i g u r e 5 . 1 f o r S a m p l e 1 a n d i n F i g u r e 5 . 2 f o r S a m 
p l e 2 . T h e s e q u e n c e o f s t e p s c o n s i s t s o f c o n t i n u o u s a b s o r p t i o n s t e p s f r o m d r y ( - 3 0 % R H ) t o 
v e r y m o i s t ( 9 8 % R H ) , f o l l o w e d b y c o n t i n u o u s d e s o r p t i o n s t e p s . I n p r i n c i p l e , t h e t w o s e 
q u e n c e s d i f f e r i n t h e f o l l o w i n g w a y . T h e r e a r e e s s e n t i a l l y t w i c e a s m a n y s t e p s f o r S a m p l e 1 . 
E a c h ( l a r g e r ) s t e p f o r S a m p l e 2 c o r r e s p o n d s t o t w o s t e p s f o r s a m p l e 1 . 

T h e t e m p e r a t u r e w a s c o n s t a n t a n d e q u a l t o 20°C d u r i n g t h e w h o l e m e a s u r e m e n t . A l l m e a s 
u r e m e n t s o f t h e f i r s t f o u r s e r i e s w a s a t 20°C. T h e t e m p e r a t u r e i n t h e l a s t t w o s e r i e s w a s 
m o s t l y h e l d c o n s t a n t a t 5°C, b u t t h e r e w e r e a f e w s h i f t s b e t w e e n 20°C a n d 5°C. 

R H 
1 . 1 

1 

0 . 9 - -

0 . 8 - -

0 . 7 - -

0 . 6 - • 

0 . 5 - \

0 . 4 • • 

0 . 3 - • 

0 . 2 

S a m p l e 1 , 20°C 

+ + 
0 1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 

T i m e [ h ] 
5 0 0 0 6 0 0 0 7 0 0 0 

Figure 5.1 Relative humidities for the first series of measurements, Sample 1 
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R H 

0 . 8 - • 

0 . 6 - -

0 . 4 - • 

0 

S a m p l e 2 , 20°C 

1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 
T i m e [ h ] 

5 0 0 0 6 0 0 0 7 0 0 0 

Figure 5.2 Relative humidities for the first series of measurements, Sample 2 

5 . 2 T h e s e c o n d s e r i e s 
I n t h i s s e r i e s a n d t h e f o l l o w i n g o n e s , a t h i n n e r s a m p l e t h i c k n e s s o f 1 .7 m m w a s u s e d . T h i s 
f a c i l i t a t e d t h e a n a l y s e s o f t h e f i r s t p e r i o d a f t e r a s t e p c h a n g e . T h e q u a n t i t y o f w o o d w a s s u b 
s t a n t i a l l y l e s s . T h i s r e s u l t s i n a f a s t e r s t e p c h a n g e i n t h e a i r i n t h e c h a m b e r , s i n c e t h e l i m i t e d 
a i r s u p p l y i s n o t a f f e c t e d s o m u c h b y a l a r g e m o i s t u r e c a p a c i t y f r o m t h e w o o d 

T h e s t e p s e q u e n c e p a t t e r n f r o m t h e f i r s t s e r i e s i s c o p i e d , b u t t h e t o t a l t i m e i s s h o r t e n e d t o 2 
m o n t h s . T h e s t e p p a t t e r n f o r S a m p l e 3 i n F i g u r e 5 . 3 i s s i m i l a r t o t h e p r e v i o u s s t e p s i n F i g u r e 
5 . 1 , a n d t h e p a t t e r n f o r S a m p l e 4 i n F i g u r e 5 . 4 i s s i m i l a r t o t h e s t e p s i n F i g u r e 5 . 2 . 
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R H 
1 . 1 - r 

1 - -

0 . 9 - • 

0 . 8 - • 

0 . 7 - -

0 . 6 - -

0 . 5 

0 . 4 - -

0 . 3 - -

0 . 2 

S a m p l e s , 20°C 

+ + 
1 0 0 0 0 5 0 0 

T i m e [ h ] 

Figure 5.3 Relative humidities for the second series of measurements, Sample 3 

1 5 0 0 

R H 
1 . 1 

0 . 9 - • 

0 . 8 - -

0 . 7 - -

0 . 6 - • 

0 . 5 - -

0 . 4 - -

0 . 3 - -

0 . 2 

0 

S a m p l e 4 , 20°C 

+ + 
5 0 0 1 0 0 0 1 5 0 0 

T i m e [ h ] 

Figure 5.4 Relative humidities for the second series of measurements. Sample 4 
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5 . 3 T h e t h i r d s e r i e s 
T h e s e q u e n c e o f h u m i d i t i e s f o r t h e t h i r d s e r i e s o f m e a s u r e m e n t s f o r S a m p l e 3 i s s h o w n i n 
F i g u r e 5 . 5 . T h e s t e p s e q u e n c e f o r S a m p l e 3 w a s d i v i d e d f u r t h e r c o m p a r e d t o F i g u r e 5 . 3 i n t h e 
p r e v i o u s s e r i e s . E a c h s t e p i n F i g u r e 5 . 3 i s d i v i d e d i n t o t w o s m a l l e r s t e p s i n F i g u r e 5 . 5 . T h e 
t i m e f o r e a c h i n d i v i d u a l s t e p w a s r e l a t i v e l y s h o r t . 

D u r i n g t h e d e s o r p t i o n s t e p t o 3 5 % R H , s u b s t a n t i a l r e t a r d e d s o r p t i o n e f f e c t s w e r e f o u n d , 
u n e x p e c t e d a t s u c h a d r y s t a t e . T h i s i n t e r v a l w a s t h e r e f o r e p r o l o n g e d t o i n v e s t i g a t e t h i s f u r 
t h e r . A f t e r t h e d e s o r p t i o n a n d t h e l o n g e q u i l i b r i u m t i m e a t 3 5 % R H , t h e o p p o r t u n i t y t o a d d a n 
a b s o r p t i o n s t e p w i t h o u t d i s t u r b i n g t h e s a m p l e w a s u t i l i s e d . 

T h e s t e p s e q u e n c e f o r S a m p l e 4 s h o w n i n F i g u r e 5 . 6 s t a r t e d w i t h a s t e p w i t h v e r y l a r g e 
a m p l i t u d e t o i n v e s t i g a t e t h e i n f l u e n c e f r o m t h e s i z e o f t h e s t e p . T h e s u c c e e d i n g d e s o r p t i o n 
s t e p s w e r e c h o s e n t o m a k e u p f o r s u c h d e s o r p t i o n i n t e r v a l s i n t h e s e c o n d s e r i e s , w h e r e t h e 
m e a s u r e m e n t r e s u l t s w e r e l o s t d u e t o r e c o r d i n g p r o b l e m s . 

S a m p l e s , 20°C 

0 5 0 0 1 0 0 0 1 5 0 0 
T i m e [ h ] 

Figure 5.5 Relative humidities for the third series of measurements, Sample 3 
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Overwiew of the measurements 

R H S a m p l e 4 , 20°C 
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Figure 5.6 Relative humidities for the third series of measurements, Sample 4 
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Retarded sorption in wood Part 11 

5 . 4 T h e f o u r t h s e r i e s 
I n t h e f o u r t h s e r i e s , c y c l i c s t e p s w e r e i n t r o d u c e d . T h e s e q u e n c e o f h u m i d i t i e s f o r t h e f o u r t h 
s e r i e s o f m e a s u r e m e n t s i s t h e s a m e f o r S a m p l e 3 a n d S a m p l e 4 . T h i s i s s h o w n i n F i g u r e 5 . 7 . 

I n t h i s f o u r t h s e r i e s a n d t h e r e m a i n i n g f i f t h a n d s i x t h o n e s , t h e t w o s a m p l e s h a v e u n d e r 
g o n e ( p r a c t i c a l l y ) t h e s a m e s t e p s e q u e n c e s , b u t i n s e p a r a t e l y c o n t r o l l e d c h a m b e r s . T h i s g i v e s 
a n a d d e d s a f e t y f r o m e r r o r s , a n d i t h a s i n s o m e i n s t a n c e s b e e n u s e d t o i n c r e a s e p r e c i s i o n i n t h e 
a n a l y s e s b y a v e r a g i n g t h e t w o r e s u l t s . 

T h e f i r s t f e w c y c l e s , a t m e d i u m - r a n g e r e l a t i v e h u m i d i t y , c o n s i s t e d o f a d a i l y s t e p c h a n g e . 
A t h i g h e r R H t h e s o r p t i o n i s s l o w e r , a n d t w o d a y s b e t w e e n s t e p c h a n g e s w e r e c h o s e n . T h e 
c y c l e t i m e i s 9 6 h o u r s . T h i s c y c l e t i m e i s u s e d f o r t h e r e m a i n i n g s e q u e n c e s . 

R H 

0.9 • • 

0.8 

0.7 

0.6 

0.5 

0 

S a m p l e 3 a n d 4 , 2 0 ° C 

I 
I F l l U L f 

m 
( 2 0 °c) 

+ 
1000 2000 

UUUIIL 

+ 

°c 
20 

10 

3000 
Time [h] 

Figure 5.7 Relative humidities for the fourth series of measurements, Samples 3 and 4 
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Overwiew of the measurements 

5 . 5 T h e f i f t h s e r i e s 
A l l m e a s u r e m e n t s i n t h e p r e c e d i n g s e r i e s w e r e p e r f o r m e d a t 20°C. A t l o w e r t e m p e r a t u r e , 
l a r g e r e f f e c t s f r o m r e t a r d e d s o r p t i o n w e r e e x p e c t e d . A l o w e r t e m p e r a t u r e , 5°C, w a s t h e r e f o r e 
i n t r o d u c e d i n t h e f i f t h s e r i e s . T h e s e q u e n c e o f h u m i d i t i e s f o r t h e f i f t h s e r i e s o f m e a s u r e m e n t s 
i s s h o w n i n F i g u r e 5 . 8 . C y c l i c s t e p s w e r e u s e d , i n t e r s p e r s e d w i t h l a r g e r s i n g l e a b s o r p t i o n 
s t e p s , r e s u l t i n g i n a h i g h R H - l e v e l a t t h e e n d o f t h e s e r i e s . 

A t t h e e n d , a t e m p e r a t u r e s h i f t t o 20°C w a s m a d e a n d a f e w c y c l i c s t e p s w e r e r e p e a t e d . 

R H 

• • J ] J | | ] J h j i J i r i J T . 

0.6 - -
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S a m p l e 3 a n d 4 , 5 ° C 

1000 
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Figure 5.8 Relative humidities for the fifth series of measurements, Samples 3 and 4 
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5 . 6 T h e s i x t h s e r i e s 
T h e s e q u e n c e o f h u m i d i t i e s a n d t e m p e r a t u r e s f o r t h e s i x t h s e r i e s o f m e a s u r e m e n t s i s s h o w n i n 
F i g u r e 5 . 9 . T h e t e m p e r a t u r e o f 20°C a t t h e e n d o f t h e p r e v i o u s s e r i e s ( F i g u r e 5 . 8 ) w a s s h i f t e d 
t o 5°C a t t h e s t a r t i n g p o i n t f o r t h i s s e r i e s . T h i s w a s f o l l o w e d b y a n u m b e r o f R H - c y c l e s a n d a 
d e s o r p t i o n s t e p a t 5°C. N e x t t w o t e m p e r a t u r e s h i f t s b e t w e e n 5°C t o 20°C a n d b a c k w e r e 
t e s t e d . D u r i n g t h e s e s h i f t s t h e r e l a t i v e h u m i d i t y w a s k e p t c o n s t a n t a t 8 5 % . A f t e r t h e t e m p e r a 
t u r e s h i f t s a n u m b e r o f R H - c y c l e s , f o l l o w e d b y s o m e c o n s e c u t i v e d e s o r p t i o n s t e p s , w e r e p e r 
f o r m e d a t 5°C. A t t h e e n d o f t h e s e r i e s , a n o t h e r t e m p e r a t u r e s h i f t f r o m 5°C t o 20°C w a s m a d e , 
b u t t h i s t i m e t h e R H - l e v e l d u r i n g t h e c h a n g e w a s a d j u s t e d i n a c c o r d a n c e t o z e r o s o r p t i o n i n 
t h e s a m p l e s . T h i s g i v e s a n e s t i m a t e o f t h e t e m p e r a t u r e d e p e n d e n c e f o r t h e e q u i l i b r i u m m o i s 
t u r e s o r p t i o n c u r v e . 

R H 
1 

Sample 3 and 4, 5 ° C / 20°C 

0.9 

0.8 - • 

0.7 - -

0.6 " 

0.5 

. T j - v n j v ~ H L 

0 

20°C 

5°C] 
+ 

5°C 

+ 

°C 
- 20 

- - 10 

^ 0 

1000 2000 3000 
T i m e [ h ] 

Figure 5.9 Relative humidities for the sixth series of measurements, Samples 3 and 4 
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Measured result 

6 M e a s u r e d r e s u l t 

I n t h i s c h a p t e r t h e d i r e c t l y m e a s u r e d s o r p t i o n f o r t h e d i f f e r e n t s e q u e n c e s i s s h o w n i n d i a g r a m s 
a s a f u n c t i o n o f c o n t i n u o u s t i m e . U s i n g t h e d r y w e i g h t o f t h e s a m p l e s , t h e w e i g h t r e s u l t s a r e 
c o n v e r t e d t o m o i s t u r e c o n t e n t , u [ k g w a t e r / k g d r y w o o d ] , i n t h e d i a g r a m s . T h e f o r m u l a i s g i v e n i n 
S e c t i o n 2 . 3 . T h e s o r p t i o n w a s r e c o r d e d w i t h o n e - h o u r i n t e r v a l . W h e n d o t s a r e u s e d o n t h e 
s o r p t i o n r e s p o n s e c u r v e s , h o u r l y v a l u e s a r e s h o w n . T h e f i r s t h o u r s a f t e r a s t e p c h a n g e , t h e 
c u r v e s u s u a l l y a r e s t e e p . T h e i n d i v i d u a l d o t s r e p r e s e n t i n g h o u r l y v a l u e s a r e d i s t i n g u i s h a b l e i n 
t h e s e p a r t s . T h i s f a c i l i t a t e s e v a l u a t i o n a n d c o m p a r i s o n b e t w e e n c u r v e s d u r i n g t h e f i r s t h o u r s 
a f t e r a s t e p c h a n g e . 

D u r i n g t h e s e l o n g s e q u e n c e s o f m e a s u r e m e n t s , s o m e f a i l u r e s o c c u r r e d . T h e s e a r e r e p o r t e d , 
a n d c u r v e s f r o m s e q u e n c e s , w h e r e a p a r t o f t h e m e a s u r e d v a l u e s a r e m i s s i n g , a r e s t i l l p r e 
s e n t e d . T h e p a r t s , w h e r e p r o b l e m s o c c u r r e d , a r e i n d i c a t e d i n t h e c u r v e s . 

T h e f i r s t s e r i e s o f m e a s u r e m e n t s w a s p e r f o r m e d w i t h S a m p l e 1 a n d S a m p l e 2 . T h e s e q u e n c e s 
o f r e l a t i v e h u m i d i t y s t e p s a r e s h o w n i n F i g u r e s 5 . 1 a n d 5 . 2 . T h e w o o d s a m p l e s a r e d e s c r i b e d 
i n S e c t i o n 2 . 3 a n d i n F i g u r e 2 . 2 . T h e t h i c k n e s s o f t h e s a m p l e s w a s 3 m m . T h e t e m p e r a t u r e 
w a s 20°C. 

T h e m e a s u r e m e n t s s t a r t e d w i t h t h e s a m p l e s a t r o o m c o n d i t i o n s w i t h a n e s t i m a t e d R H o f 
a r o u n d 2 8 % . T h e f i r s t a b s o r p t i o n s t e p s t o 6 5 % R H i n t h e s e q u e n c e s e r v e d a s a t e s t o f t h e e x 
p e r i m e n t p r o c e d u r e . A b s o r p t i o n w a s a l s o e s t a b l i s h e d . T h e s e i n i t i a l s t e p s a r e s h o w n s e p a r a t e l y 
i n S e c t i o n 6 . 1 . 1 . 

A s u r v e y o f t h e r e s u l t i s s h o w n i n F i g u r e 6 . 1 f o r s a m p l e 1 a n d i n F i g u r e 6 . 2 f o r s a m p l e 2 . 
T h e i n i t i a l s t e p s a r e n o t i n c l u d e d . T h e r e l a t i v e h u m i d i t y d u r i n g e a c h s t e p i s s h o w n b y s t r a i g h t 
t h i n l i n e s . 

6 . 1 T h e f i r s t s e r i e s 
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- 9 6 % 
9 8 % R H 

1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 

T i m e [h ] 

5 0 0 0 

Figure 6.1 Survey of sorption response in the first series, Sample 1 
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^ 0.26 - -
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1000 2000 3000 4000 
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Figure 6.2 Survey of sorption response in the first series. Sample 2 

6 . 1 . 1 I n i t i a l a b s o r p t i o n s t eps 
T h e s a m p l e s w e r e n o t d r i e d t o t a l l y p r i o r t o t h e t e s t s i n o r d e r t o a v o i d d r y i n g d a m a g e s o f t h e 
s t r u c t u r e o f t h e w o o d . T h e m e a s u r e m e n t s s t a r t e d w i t h t h e s a m p l e s a t r o o m c o n d i t i o n s . T h e 
r e l a t i v e h u m i d i t y w a s e s t i m a t e d t o b e a r o u n d 2 8 % . T h e f i r s t t h r e e a b s o r p t i o n s t e p s t o 6 5 % R H 
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Measured result 

i n t h e s e q u e n c e s e r v e d a s a t e s t o f t h e e x p e r i m e n t a l p r o c e d u r e . A b s o r p t i o n w a s a l s o e s t a b 
l i s h e d f o r t h e f o l l o w i n g s t e p s . 

D u r i n g t h e 6 5 % R H - s t e p , t h e c h a m b e r w a s o p e n e d , t h e s a m p l e s i s o l a t e d a n d n o z z l e s p r o 
d u c i n g a i r a g i t a t i o n i n t h e c h a m b e r s w e r e i n s t a l l e d . T h e s e t - u p i s d e s c r i b e d i n S e c t i o n 2 . 5 . 

0.125 . 6 5 % R H . 

0.12 --

„ 0 . 1 1 5 --

^. 0.11 + 

^ 0.105 + 
I - 2 8 % 

S 0.1 - I -
3 
I 0.095 + 

0.09 --

0.085 --

4 5 % R H 

0.08 

5 5 % R H 
C h a m b e r 

o p e n e d 

_| , , , , ,_ 
100 150 

Time [h] 
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Figure 6.3 Initial steps. Sorption response. Sample 1, 28% -> 65% RH-interval. 
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Figure 6.4 Initial steps. Sorption response. Sample 2, 28% -> 65%D RH-interval. 
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6 . 1 . 2 A b s o r p t i o n s t e p s 
F o r t h e r e m a i n d e r o f t h e f i r s t s e r i e s , t h e m e a s u r e d s o r p t i o n r e s p o n s e i s s h o w n t o g e t h e r f o r t h e 
t w o s a m p l e s i n F i g u r e 6 . 5 t o F i g u r e 6 . 1 1 . T h e m e a s u r e m e n t s h a v e t a k e n p l a c e s i m u l t a n e o u s l y 
i n t h e s a m e i n t e r v a l o f r e l a t i v e h u m i d i t y f o r t h e t w o s a m p l e s . S a m p l e 1 h o w e v e r , w a s u n d e r 
g o i n g t w o s t e p s d u r i n g t h e i n t e r v a l w h e r e S a m p l e 2 o n l y h a d o n e s t e p . I n o r d e r t o m a k e t h e 
w h o l e c u r v e s s t a n d o u t s e p a r a t e d f r o m o n e a n o t h e r i n t h e d i a g r a m s , m i n o r d i s p l a c e m e n t s o n 
t h e t i m e a x i s h a v e b e e n m a d e . 

T h e s o r p t i o n r e s p o n s e s f o r s t e p s i n t h e R H - i n t e r v a l f r o m 6 5 t o 8 5 % a r e s h o w n i n F i g u r e 
6 . 5 . T h e s a m p l e s d o n o t c o m e t o a d i s t i n c t e q u i l i b r i u m . I n s t e a d a d i s t i n c t r e t a r d e d s o r p t i o n i s 
t a k i n g p l a c e , c l e a r l y v i s i b l e f o r i n s t a n c e a b o u t 8 0 h o u r s a f t e r a s t e p . I t w a s n o t p o s s i b l e a t t h i s 
s t a g e t o k e e p t h e R H - l e v e l s s u f f i c i e n t l y c o n s t a n t t o g e t a q u a l i t y o f m e a s u r e m e n t , a l l o w i n g 
e v a l u a t i o n o f t h e w h o l e p e r i o d . 

I n F i g u r e 6 . 6 t h e a b s o r p t i o n s t e p s i n t h e i n t e r v a l f r o m 8 5 % t o 9 4 % a r e s h o w n . A l s o h e r e 
s e v e r a l d i s t u r b a n c e s w e r e e n c o u n t e r e d , e . g . s l i g h t l y l o s t c o n t r o l o f t e m p e r a t u r e i n t h e s u r 
r o u n d i n g b a t h . T h e u n d i s t u r b e d p a r t s o f t h e c u r v e s h o w e v e r , a r e p o s s i b l e t o e v a l u a t e . T h e r e 
s p o n s e c u r v e s s h o w a n i n c r e a s i n g e f f e c t o f r e t a r d e d s o r p t i o n c o m p a r e d w i t h t h e p r e v i o u s 
c u r v e s a t l o w e r r e l a t i v e h u m i d i t y . 

I n F i g u r e 6 . 7 t h e f i n a l a b s o r p t i o n s t e p s i n t h e i n t e r v a l f r o m 9 4 % t o 9 8 % a r e s h o w n . T h e 
s t e p s i z e i n r e l a t i v e h u m i d i t y i s o n l y 2 % f o r S a m p l e 1 . H e r e a d i v i s i o n o f m o i s t u r e u p t a k e i n a 
f i r s t f a s t p h a s e a n d a s e c o n d r e t a r d e d p h a s e i s e s p e c i a l l y d i s t i n g u i s h a b l e . 

0.2 

8 5 % R H 
0.19 -- S a m p l e 2 

i S O . l S -- 8 5 % R H 

S a m p l e 1 

' I ' ' 
0 50 100 150 200 250 300 350 400 450 
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Figure 6.5 Sorption response, Sample 1 and Sample 2, 65% - > S J % RH-interval. 
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Measured result 
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Figure 6.6 Sorption response, Sample 1 and Sample 2, 85% -> 94% RH-interval. 
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6 . 1 . 3 D e s o r p t i o n s t eps 
T h e f i r s t d e s o r p t i o n s t e p s i n t h e i n t e r v a l f r o m 9 8 % t o 9 4 % a r e s h o w n i n F i g u r e 6 . 8 . T h e 
c h a m b e r f o r S a m p l e 2 u n f o r t u n a t e l y h a d a p r o b l e m o f l e a k a g e f r o m t h e t e m p e r a t u r e b a t h . T h e 
d e v i a t i o n f r o m a n e x p e c t e d r e s p o n s e c u r v e i s n o t s o l a r g e , h e n c e t h e e f f e c t f r o m t h e d e v i a t i o n 
o n t h e f o l l o w i n g d e s o r p t i o n s t e p i s t h o u g h t t o b e s m a l l . S a m p l e 1 w a s t a k e n o u t o f t h e c h a m 
b e r a n d i s o l a t e d f o r a s h o r t p e r i o d . T h e s h o r t d i s t u r b a n c e i n t h e s o r p t i o n s e e m s t o r e c o v e r a l 
m o s t t o t a l l y . 

I n F i g u r e 6 . 9 t h e d e s o r p t i o n s t e p s i n t h e i n t e r v a l f r o m 9 4 % t o 8 5 % a r e s h o w n . D a t a w a s 
l o s t f o r a l o n g p e r i o d , f o r t u n a t e l y t h e f i r s t r e s p o n s e s a f t e r s t e p c h a n g e s w e r e r e c o r d e d . 

F i g u r e 6 . 1 0 s h o w s t h e d e s o r p t i o n r e s p o n s e s i n t h e i n t e r v a l f r o m 8 5 % t o 6 5 % . S e v e r a l o f 
t h e p r e v i o u s p r o b l e m s w e r e s o r t e d o u t a n d u n d i s t u r b e d m e a s u r e m e n t s w e r e o b t a i n e d . T h e 
s l o p e o f t h e r e s p o n s e c u r v e s w h e n t h e f i r s t s o r p t i o n a f t e r a s t e p h a s t a k e n p l a c e i s r a t h e r s i m i 
l a r f o r t h e t w o s a m p l e s , t h o u g h t h e s t e p s i z e i s d i f f e r e n t . T h e a m o u n t o f d e s o r b e d w a t e r d i f f e r s 
b e t w e e n t h e t w o s a m p l e s s u b j e c t e d t o t h e s a m e R H - i n t e r v a l . T h e t w o s m a l l e r s t e p s o f d e s o r p 
t i o n f o r S a m p l e 1 y i e l d s t o t a l l y l e s s c h a n g e i n m o i s t u r e c o n t e n t t h a n o n e l a r g e r s t e p f o r S a m 
p l e 2 . W h e n , a s i n t h i s c a s e , t h e t w o s a m p l e s a r e s u b j e c t e d t o t h e s a m e o v e r a l l i n t e r v a l c h a n g e 
d u r i n g t h e s a m e p e r i o d , t h e c o n d i t i o n s a r e t h a t S a m p l e 1 i s e x p e r i e n c i n g h a l f o f t h e t i m e b e 
t w e e n s t e p c h a n g e s , c o m p a r e d t o S a m p l e 2 . 

I n F i g u r e 6 . 1 1 t h e f i n a l d e s o r p t i o n s t e p s i n t h e i n t e r v a l f r o m 6 5 % t o 4 5 % a r e s h o w n . A l s o 
i n t h i s c u r v e s t h e s o r p t i o n r e s p o n s e s a f t e r t h e i n i t i a l s o r p t i o n a f t e r a s t e p h a s t a k e n p l a c e i s 
r a t h e r s i m i l a r f o r l a r g e r a n d s m a l l e r R H - s t e p s . I t i s n o t i c e a b l e t h a t t h e r e t a r d e d s o r p t i o n i s 
c l e a r e v e n a t s u c h d r y c o n d i t i o n s a s 4 5 % r e l a t i v e h u m i d i t y . I n f l u e n c i n g f a c t o r s c o u l d b e t h a t 
t h e s a m p l e s h a v e b e e n e x p o s e d f o r h i g h r e l a t i v e h u m i d i t i e s a n d f o r l o n g p e r i o d s . 
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Figure 6.8 Sorption response, Sample 1 and Sample 2, 98% - > 9 4 % RH-interval. 
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Figure 6.10 Sorption response, Sample 1 and Sample 2, 85% - > 6 5 % RH-interval. 
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Figure 6.11 Sorption response, Sample 1 and Sample 2, 65% -> 45% RH-interval. 

6 . 2 T h e s e c o n d s e r i e s 
T h e f i r s t s e r i e s o f m e a s u r e m e n t s w a s p e r f o r m e d w i t h s a m p l e s o f 3 m m t h i c k n e s s . I n t h i s s e 
r i e s a n d t h e f o l l o w i n g o n e s , a t h i n n e r s a m p l e t h i c k n e s s o f 1 .7 m m w a s u s e d . T h e w o o d s a m 
p l e s a r e d e s c r i b e d i n S e c t i o n 2 . 3 a n d s h o w n i n F i g u r e 2 . 3 . T h e s a m p l e s a r e d e s i g n a t e d S a m p l e 
3 a n d S a m p l e 4 , a n d t h e y w e r e u s e d i n t h e r e m a i n d e r o f t h e m e a s u r e m e n t s . T h e f i r s t s e r i e s o f 
m e a s u r e m e n t s c o n s i s t e d o f c o n t i n u o u s a b s o r p t i o n s t e p s f o l l o w e d b y d e s o r p t i o n s t e p s . T h e 
t o t a l p e r i o d w a s 9 m o n t h s . I n t h i s s e r i e s t h e s e q u e n c e p a t t e r n f r o m t h e f i r s t s e r i e s i s r e p e a t e d , 
b u t t h e t o t a l t i m e i s s h o r t e n e d t o 2 m o n t h s . T h e s e q u e n c e s o f r e l a t i v e h u m i d i t i e s a r e s h o w n i n 
F i g u r e 6 . 3 a n d F i g u r e 6 . 4 . S u r v e y s o f t h e r e s u l t a r e s h o w n i n F i g u r e 6 . 1 2 a n d F i g u r e 6 . 1 3 f o r 
t h e a b s o r p t i o n s t e p s a n d i n F i g u r e 6 . 1 7 a n d F i g u r e 6 . 1 8 f o r t h e d e s o r p t i o n s t e p s . T h e r e l a t i v e 
h u m i d i t i e s a r e s h o w n o v e r e a c h c u r v e s e g m e n t . T h e d o t t e d l i n e s r e p r e s e n t l o s t s o r p t i o n d a t a . 
T h e t e m p e r a t u r e w a s 20°C. 

6 . 2 . 1 A b s o r p t i o n s t eps 
T h e m e a s u r e d s o r p t i o n r e s p o n s e s w i t h t w o s t e p s f o r S a m p l e 3 , s i m u l t a n e o u s w i t h a s i n g l e s t e p 
f o r S a m p l e 4 , a r e s h o w n t o g e t h e r i n t h e s a m e d i a g r a m i n t h e c o m m o n R H - i n t e r v a l . T h e s a m e 
k i n d o f p r e s e n t a t i o n w a s u s e d i n t h e f i r s t s e r i e s . 

A s u r v e y o f t h e s o r p t i o n r e s p o n s e s f o r S a m p l e 3 i s s h o w n i n F i g u r e 6 . 1 2 a n d f o r S a m p l e 4 
i n F i g u r e 6 . 1 3 . A t t h e e n d o f t h e a b s o r p t i o n s e q u e n c e l a r g e p a r t s o f t h e m e a s u r e m e n t d a t a 
w e r e l o s t . T h e s o r p t i o n i s t h e n h i n t e d b y d o t t e d l i n e s t o s h o w t h e d u r a t i o n o f t h e R H - s t e p s . 
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Measured result 

T h e f i r s t s o r p t i o n r e s p o n s e s f o r s t e p s i n t h e R H - i n t e r v a l f r o m 4 5 % t o 6 5 % a r e s h o w n i n 
F i g u r e 6 . 1 4 . 

I n F i g u r e 6 . 1 5 t h e s o r p t i o n r e s p o n s e s f o r s t e p s i n t h e R H - i n t e r v a l f r o m 6 5 % t o 8 5 % a r e 
s h o w n . T h e s a m e s e q u e n c e i n t h e f i r s t s e r i e s w i t h t h i c k e r s a m p l e s i s s h o w n i n F i g u r e 6 . 5 . I n 
b o t h d i a g r a m s t h e d o t s r e p r e s e n t h o u r l y v a l u e s , a n d a c o m p a r i s o n i s p o s s i b l e o f t h e s o r p t i o n 
s p e e d t h e f i r s t p e r i o d a f t e r a s t e p c h a n g e . T h i s g i v e s a n i d e a o f t h e t h i c k n e s s d e p e n d e n c e o f 
t h e s w i f t n e s s o f t h e s t e p r e s p o n s e . T h e t i m e f o r h a l f t h e s o r p t i o n t o t a k e p l a c e t a k e s r o u g h l y 8 
h o u r s f o r t h e t h i c k e r s a m p l e s c o m p a r e d t o 2 h o u r s f o r t h e t h i n n e r , f o r t h e s t e p f r o m 6 5 % t o 
8 5 % . 

F i g u r e 6 . 1 6 s h o w s t h e s o r p t i o n r e s p o n s e s i n t h e i n t e r v a l f r o m 8 5 % t o 9 4 % R H . C o r r e 
s p o n d i n g c u r v e s f o r t h e f i r s t s e r i e s w i t h t h i c k e r s a m p l e s a r e f o u n d i n F i g u r e 6 . 6 . U n f o r t u n a t e l y 
t h e q u a l i t y o f t h e m e a s u r e m e n t s a r e n o t s o g o o d i n t h i s i n t e r v a l , w i t h m i s s i n g d a t a a n d s m a l l 
j u m p s o n t h e c u r v e s . 
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Figure 6.13 Survey of absorption response in the second series, Sample 4 
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Figure 6.14 Sorption response. Sample 3 and Sample 4, 45% -> 65% RH-interval. 
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Measured result 
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Figure 6.16 Sorption response, Sample 3 arui Sample 4, 85% -> 94% RH-interval. 
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6 . 2 . 2 D e s o r p t i o n s t eps 
A s u r v e y o f t h e s o r p t i o n r e s p o n s e s f o r S a m p l e 3 i s s h o w n i n F i g u r e 6 . 1 7 a n d f o r S a m p l e 4 i n 
F i g u r e 6 . 1 8 . F o r S a m p l e 4 l a r g e p a r t s o f t h e m e a s u r e m e n t d a t a w e r e l o s t . S o r p t i o n r e s p o n s e 
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w h e n t h e d a t a w e r e l o s t i s h i n t e d b y d o t t e d l i n e s t o s h o w t h e d u r a t i o n o f t h e R H - s t e p s . A t o n e 
i n s t a n c e . S a m p l e 4 h a d t o b e r e m o v e d f r o m t h e c h a m b e r a n d i s o l a t e d . T h e e v e n t i s n o t e d i n 
F i g u r e 6 . 1 8 . T o m a i n t a i n d e s o r p t i o n f o r t h e f o l l o w i n g m e a s u r e m e n t s , a f e w d r o p s o f w a t e r 
w e r e a d d e d i n s i d e t h e c o n t a i n e r w h e r e t h e s a m p l e w a s i s o l a t e d . 

O n l y i n t h e f i r s t d e s o r p t i o n i n t e r v a l d e s c r i b e d i n F i g u r e 6 . 1 9 , m e a s u r e m e n t d a t a w e r e o b 
t a i n e d f o r b o t h o f t h e s a m p l e s . I n F i g u r e 6 . 2 0 t o F i g u r e 6 . 2 2 o n l y t h e s o r p t i o n r e s p o n s e f o r 
S a m p l e 3 i s a v a i l a b l e . I n F i g u r e 6 . 2 3 t h e s o r p t i o n r e s p o n s e f o r t h e l a s t i n t e r v a l o f S a m p l e 4 i s 
s h o w n . T h e s a m e i n t e r v a l f o r S a m p l e 3 i s s h o w n i n F i g u r e 6 . 2 2 . T h e s t e p c h a n g e s w e r e n o t 
m a d e s i m u l t a n e o u s l y a n d b e c a u s e o f t h i s t h e m e a s u r e m e n t s a r e s h o w n s e p a r a t e l y . 

A n i n s i d i o u s f a u l t o c c u r r e d i n t h e e l e c t r o n i c b a l a n c e w e i g h i n g S a m p l e 3 . T h e o p t i c a l s y s 
t e m g u i d i n g t h e c o n t r o l h a d a f l a w a n d t h e p e r f o r m a n c e o f t h e b a l a n c e w a s s l i g h t l y d e t e r i o 
r a t i n g . F o r t u n a t e l y i t h a d a d i u r n a l v a r i a t i o n a n d w a s t h e r e f o r e e v e n t u a l l y d i s c o v e r e d , b u t n o t 
u n t i l t h e e n d o f t h e s e r i e s . 

I n F i g u r e 6 . 1 9 t h e f i r s t d e s o r p t i o n r e s p o n s e s f o r s t e p s i n t h e R H - i n t e r v a l f r o m 9 8 % t o 9 4 % 
a r e s h o w n . T h e s a m e s e q u e n c e i n t h e f i r s t s e r i e s w i t h a t h i c k e r s a m p l e i s s h o w n i n F i g u r e 6 . 8 . 

M e a s u r e m e n t s i n t h e R H - i n t e r v a l f r o m 9 4 % t o 8 5 % f o r S a m p l e 3 a r e s h o w n i n F i g u r e 6 . 2 0 . 
C o r r e s p o n d i n g i n t e r v a l i n t h e f i r s t s e r i e s i s s h o w n i n F i g u r e 6 . 9 . T h e s o r p t i o n r e s p o n s e i n t h e 
R H - i n t e r v a l f r o m 8 5 % t o 6 5 % f o r S a m p l e 3 i s s h o w n i n F i g u r e 6 . 2 1 . C o r r e s p o n d i n g i n t e r v a l 
i n t h e f i r s t s e r i e s i s s h o w n i n F i g u r e 6 . 1 0 . T h e l a s t s o r p t i o n r e s p o n s e f o r S a m p l e 3 i n t h e R H -
i n t e r v a l f r o m 6 5 % t o 4 5 % i s s h o w n i n F i g u r e 6 . 2 2 . C o r r e s p o n d i n g i n t e r v a l i n t h e f i r s t s e r i e s i s 
s h o w n i n F i g u r e 6 . 1 1 

I n F i g u r e 6 . 2 3 t h e d e s o r p t i o n s t e p f o r S a m p l e 4 f r o m 6 5 t o 4 5 % R H i s s h o w n . S a m p l e 3 
w a s s u b j e c t e d t o t h e s a m e i n t e r v a l i n t w o s t e p s , s h o w n i n F i g u r e 6 . 2 2 . A d d i t i o n a l m a n u a l l y 
r e a d i n g s f o r a n e x t e n d e d p e r i o d a t 4 5 % R H a r e s h o w n i n t h e o v e r v i e w o f t h e d e s o r p t i o n r e 
s p o n s e f o r S a m p l e 4 i n F i g u r e 6 . 1 8 . 

0 .1 -I ' 1 ' 1 • 1 • 1 ' 1 — 
6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 

T i m e [h] 

Figure 6.17 Survey of desorption response in the second series, Sample 3. 
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Measured result 
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Figure 6.18 Survey of desorption response in the second series, Sample 4. 
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Figure 6.19 Sorption response. Sample 3 and Sample 4, 98% -> 94% RH-interval. 
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Figure 6.20 Sorption response, Sample 3, 94% -> 85% RH-interval. 
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Figure 6.21 Sorption response. Sample 3, 85% -> 65% RH-interval. 
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Figure 6.22 Sorption response, Sample 3, 65% -> 45%c RH-interval. 
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Figure 6.23 Sorption response. Sample 4, 65%D - > 4 5 % RH-interval. 
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6 . 3 T h e t h i r d s e r i e s 
T h e s e q u e n c e s o f r e l a t i v e h u m i d i t i e s a r e s h o w n b y F i g u r e 5 . 5 ( S a m p l e 3 ) a n d F i g u r e 5 . 6 
( S a m p l e 4 ) . A s u r v e y o f t h e a b s o r p t i o n r e s p o n s e f o r S a m p l e 3 i s s h o w n i n F i g u r e 6 . 2 4 , a n d t h e 
a b s o r p t i o n r e s p o n s e f o r S a m p l e 4 i s s h o w n i n F i g u r e 6 . 2 8 . S u r v e y s o f t h e d e s o r p t i o n r e 
s p o n s e s a r e s h o w n i n F i g u r e 6 . 2 9 f o r S a m p l e 3 a n d i n F i g u r e 6 . 3 0 f o r S a m p l e 4 . 

F o r S a m p l e 3 , t h e a b s o r p t i o n s t e p s e q u e n c e i n F i g u r e 6 . 2 4 a n d t h e d e s o r p t i o n s t e p s e q u e n c e 
i n F i g u r e 6 . 2 9 w a s d i v i d e d f u r t h e r c o m p a r e d t o t h e s t e p s i n t h e p r e v i o u s s e r i e s . E a c h s t e p i n 
F i g u r e 6 . 1 2 a n d F i g u r e 6 . 1 7 i n t h e p r e v i o u s s e c o n d s e r i e s i s d i v i d e d i n t o t w o s m a l l e r s t e p s i n 
F i g u r e 6 . 2 4 a n d F i g u r e 6 . 2 9 . T h e t i m e f o r e a c h i n d i v i d u a l s t e p w a s r e l a t i v e l y s h o r t . 

6 . 3 . 1 A b s o r p t i o n s t eps 
I n F i g u r e 6 . 2 5 t h e s o r p t i o n r e s p o n s e f o r t h e f i r s t s t e p s a r e s h o w n . T h e w o o d d o e s n o t c o m e t o 
a n e q u i l i b r i u m a t a l l b e t w e e n s t e p s . T h i s i s s p e c i a l l y t h e c a s e i n t h e r e s p o n s e s f o r s t e p s a t h i g h 
R H s h o w n i n F i g u r e 6 . 2 6 . N o t e t h a t f o r s t e p r e s p o n s e s c a l c u l a t e d b y a t r a d i t i o n a l F i c k i a n p r o 
c e s s , e q u i l i b r i u m i s e s t a b l i s h e d a f t e r r a t h e r f e w h o u r s f o r t h e s e t i n s a m p l e s . 

F i g u r e 6 . 2 7 s h o w s t h e l a s t a b s o r p t i o n s t e p . T h e 9 8 % R H - l e v e l w a s k e p t f o r 5 0 0 h o u r s . T h e 
o r i g i n f o r t h e t r e e d i s t u r b a n c e s , m a r k e d w i t h v e r t i c a l l i n e s , a r e k n o w n . T h e r e a s o n i s t h a t t h e 
a i r j e t w a s d i f f u s e d m o r e t h a n t h e t i m e a r o u n d w e i g h i n g b y m i s t a k e . I t r e s u l t e d i n a s o m e w h a t 
d i f f e r e n t t e m p e r a t u r e p a t t e r n i n t h e c h a m b e r . 

T h e i n t e n t i o n w a s t o s u b j e c t S a m p l e 4 t o a s i n g l e , v e r y l a r g e s t e p , f r o m 3 5 % t o 9 8 % R H . 
U n f o r t u n a t e l y , t h e c o n t r o l o f t h e m e c h a n i c a l p r e s s u r e r e g u l a t o r w a s l o s t s o m e t i m e a f t e r t h e 
s t e p a n d t h e d e v i a t i o n w a s n o t f o u n d a n d c o r r e c t e d u n t i l 6 4 h o u r s a f t e r t h e s t e p . T h e 9 8 % R H -
l e v e l w a s t h e n k e p t f o r a b o u t 5 0 0 h o u r s . T h e s o r p t i o n r e s p o n s e i s s h o w n i n F i g u r e 6 . 2 8 . 
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Figure 6.24 Survey of absorption response in the third series, Sample 3. 
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Measured result 

0 . 0 6 - I ' 1 ' 1 ' 1 ' 1 ' h 
0 2 0 4 0 6 0 8 0 1 0 0 

T i m e [ h ] 

Figure 6.25 Sorption response, Sample 3, 35% - > 7 0 % RH-interval. 
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Figure 6.27 Sorption response. Sample 3, 97% -> 98% RH-step. 
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Figure 6.28 Sorption response. Sample 4, 35% -> 98% RH-interval. 
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Measured result 

6 . 3 . 2 D e s o r p t i o n s t eps 
S u r v e y s o f t h e d e s o r p t i o n r e s p o n s e s a r e s h o w n i n F i g u r e 6 . 2 9 f o r S a m p l e 3 a n d i n F i g u r e 6 . 3 0 
f o r S a m p l e 4 . T h e d e s o r p t i o n r e s p o n s e c u r v e s f o r S a m p l e 3 a r e s h o w n i n m o r e d e t a i l i n F i g u r e 
6 . 3 1 a n d i n F i g u r e 6 . 3 2 . T h e d e s o r p t i o n r e s p o n s e c u r v e s f o r S a m p l e 4 i n F i g u r e 6 . 3 3 a n d i n 
F i g u r e 6 . 3 4 w e r e m a d e i n o r d e r t o s u p p l e m e n t t h e m e a s u r e m e n t s i n t h e s e c o n d s e r i e s , w h e r e 
d a t a w e r e l o s t d u e t o r e c o r d i n g p r o b l e m s . 

20°C 

0 . 0 8 I I I ' ' I ' I ' • ' I I ' I 
7 2 0 8 2 0 9 2 0 1 0 2 0 1 1 2 0 1 2 2 0 1 3 2 0 1 4 2 0 

T i m e [ h ] 

Figure 6.29 Survey of desorption response in the third series, Sample 3. 
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20°C 
R H 

+ 0 . 9 

+ 0 . 7 

+ 0 .5 

+ 0 .3 

Figure 6.30 Survey of desorption response in the third series, Sample 4. 
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T i m e [ h ] 
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Figure 6.31 Sorption response. Sample 3, 98% -> 85%i RH-interval. 
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Measured result 

8 5 % 

0 . 0 9 I • • • ' I • ' ' ' I ' • • ' I ' ' ' • I ' ' • ' I ' • ' ' I ' ' ' • I 
1 0 3 0 1 0 8 0 1 1 3 0 1 1 8 0 1 2 3 0 1 2 8 0 1 3 3 0 1 3 8 0 

T i m e [ h ] 

Figure 6.32 Sorption response, Sample 3, 85% -> 35% RH-interval. 
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Figure 6.33 Sorption response. Sample 4, 98%c -> 85% RH-interval. 
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5 5 0 6 0 0 6 5 0 

Figure 6.34 Sorption response, Sample 4, 85% -> 35%) RH-interval. 

6 . 3 . 3 D e s o r p t i o n f o l l o w e d b y a n a b s o r p t i o n s t e p 
F i g u r e 6 . 3 5 s h o w s t h e l a s t s t e p s o f s o r p t i o n r e s p o n s e i n t h i s s e r i e s f o r S a m p l e 3 , i n c l u d i n g a n 
a b s o r p t i o n s t e p . 

S u b s t a n t i a l r e t a r d e d s o r p t i o n e f f e c t s w e r e f o u n d d u r i n g t h e d e s o r p t i o n s t e p t o 3 5 % R H . 
T h i s w a s u n e x p e c t e d u n d e r s u c h d r y c o n d i t i o n s . T h e t i m e i n t e r v a l w a s e x t e n d e d t o i n v e s t i g a t e 
t h i s f u r t h e r . 

A f t e r t h e w i d e d e s o r p t i o n i n t e r v a l , s t a r t i n g a t 9 8 % R H , a n d t h e l o n g e q u i l i b r i u m t i m e a t 
3 5 % R H , t h e o p p o r t u n i t y t o a d d a n a b s o r p t i o n s t e p w a s u s e d ( 3 5 % t o 4 5 % R H ) . A s s e e n i n 
t h e f i g u r e , t h e s a m p l e c o m e s t o a m u c h m o r e d i s t i n c t e q u i l i b r i u m d u r i n g t h e l a s t s t e p , w h e r e 
d e s o r p t i o n i s f o l l o w e d b y a b s o r p t i o n . 
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Measured result 

6 . 4 T h e f o u r t h s e r i e s 
T h e s e q u e n c e o f r e l a t i v e h u m i d i t i e s i s s h o w n i n F i g u r e 5 . 7 . T h o s e s e r i e s o f m e a s u r e m e n t s a r e 
m a d e o n S a m p l e s 3 a n d 4 a t 20°C a s t h e p r e v i o u s s e r i e s . C y c l i c s t e p s a r e i n t r o d u c e d i n t h i s 
s e r i e s . A l s o m e a s u r e m e n t s o f s w e l l i n g a r e s t a r t e d , p e r f o r m e d o n s e p a r a t e s a m p l e s , p l a c e d i n 
t h e s a m e c h a m b e r a s S a m p l e 3 . T h e s a m p l e s a n d t h e d e v i c e f o r m e a s u r e m e n t o f s w e l l i n g a r e 
d e s c r i b e d i n S e c t i o n 2 . 4 . A s u r v e y o f t h e r e s u l t o f t h e s o r p t i o n i s s h o w n i n F i g u r e 6 . 3 6 f o r 
s a m p l e 3 a n d i n F i g u r e 6 . 3 7 f o r s a m p l e 4 . 

T h e d i a g r a m s o f t h e m e a s u r e d s o r p t i o n r e s p o n s e s f o r S a m p l e 3 a n d S a m p l e 4 a r e f o l l o w e d 
b y a d i a g r a m w i t h t h e m e a s u r e d s w e l l i n g r e s p o n s e s . F i g u r e 6 . 4 0 i s t h e f i r s t d i a g r a m o f t h i s 
t y p e . C u r v e s o f t a n g e n t i a l a n d r a d i a l s w e l l i n g a r e s h o w n i n t h e s a m e d i a g r a m . T h u s a l l o w s 
c o m p a r i s o n . D i a g r a m s f o r t h e c o m p a r i s o n o f r e s p o n s e s b e t w e e n s w e l l i n g a n d s o r p t i o n a r e 
g i v e n i n C h a p t e r 8 . 

T h e c h a m b e r c o n t a i n i n g S a m p l e 3 a n d t h e s a m p l e s f o r t h e s w e l l i n g m e a s u r e m e n t s h a s a 
s h o r t , v e r y d r y p e r i o d ( 1 9 9 3 - 0 9 - 0 2 ) . T h i s w a s d u e t o a n o v e r s i g h t t o r e p l e n i s h t h e w a t e r i n 
t h e s a t u r a t i o n v e s s e l f o r t h a t c h a m b e r . 

T h e t i m e s c a l e i n t h e d i a g r a m s h a s g o t t h e y e a r - m o n t h - d a y f o r m a t i n t h i s s e r i e s a n d t h e 
f o l l o w i n g o n e s . T h e p r i m a r y t i c k s o n t h e t i m e s c a l e s a r e p l a c e d w i t h 1 4 d a y s i n t e r v a l a n d s e c 
o n d a r y t i c k s r e p r e s e n t o n e d a y . 
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Figure 6.36 Survey of sorption response in the forth series, Sample 3. 
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Figure 6.37 Survey of sorption response in the forth series. Sample 4, minor differences in 
RHfrom Sample 3 in Figure 6.36. 
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Measured result 

6 . 4 . 1 C y c l i c s t eps b e t w e e n 5 0 % t o 6 5 % a n d 6 5 % t o 7 5 % R H 
T h e c o n d i t i o n s f o r t h e s a m p l e s p r e c e d i n g t h i s f o u r t h s e r i e s w e r e a s f o l l o w s . S a m p l e 3 w a s 
s u b j e c t e d t o d e s o r p t i o n t o 3 5 % R H f o l l o w e d b y a n a b s o r p t i o n s t e p t o 4 5 % R H i n t h e t h i r d 
s e r i e s . I t w a s t h e n e x p o s e d t o r o o m c l i m a t e f o r IV2 m o n t h s ( a n a v e r a g e R H o f 5 0 % i s e s t i 
m a t e d ) . S a m p l e 4 h a d d e s o r p t i o n t o 4 5 % R H , a n d w a s t h e n e x p o s e d t o r o o m c l i m a t e f o r 2 
m o n t h s . 

T h e s o r p t i o n r e s p o n s e s a r e s h o w n i n F i g u r e 6 . 3 8 f o r S a m p l e 3 a n d i n F i g u r e 6 . 3 9 f o r S a m 
p l e 4 . T h e s w e l l i n g r e s p o n s e s a r e s h o w n i n F i g u r e 6 . 4 0 . 

T h e f i r s t p a r t s o f t h e s e r i e s i n v o l v e c y c l e s b e t w e e n 5 0 % a n d 6 5 % R H . T h e y w e r e p e r 
f o r m e d w i t h a d a i l y s t e p c h a n g e . A f t e r a f e w s t e p s , t h e R H - l e v e l w a s k e p t c o n s t a n t a t 5 0 % f o r 
a l o n g e r p e r i o d . A p a r t o f t h i s t i m e t h e c o n t r o l o f t h e R H w a s l e f t u n a t t e n d e d a n d d e v i a t i o n s 
w e r e l a t e r f o u n d , b u t t h e R H - l e v e l w a s c l o s e l y m o n i t o r e d s o m e h o u r s b e f o r e t h e n e x t s t e p t o 
6 5 % R H . T h i s l e v e l w a s t h e n k e p t f o r a l o n g p e r i o d . A f t e r t h a t , c y c l e s b e t w e e n 5 0 % a n d 6 5 % 
R H w i t h a d a i l y s t e p c h a n g e w e r e r e p e a t e d , f o l l o w e d b y t h e s a m e R H - s t e p s w i t h t w o d a y s 
i n t e r v a l . T h e c y c l e t i m e w a s t h u s 9 6 h o u r s . T h i s c y c l e t i m e w a s c h o s e n t o b e s u i t a b l e a n d h a v e 
b e e n w i d e l y u s e d i n t h e f o l l o w i n g m e a s u r e m e n t s . 

A f t e r t h e c y c l e s b e t w e e n 5 0 % a n d 6 5 % , c y c l e s w e r e p e r f o r m e d a t a h i g h e r l e v e l , 6 5 % t o 
7 5 % R H . D u e t o a m i s t a k e , t h e c h a m b e r c o n t a i n i n g S a m p l e 3 t o g e t h e r w i t h t h e s a m p l e s f o r 
s w e l l i n g m e a s u r e m e n t s g o t a s h o r t , v e r y d r y p e r i o d ( 1 9 9 3 - 0 9 - 0 2 ) . H o w e v e r , t h e c h a m b e r 
c o n t a i n i n g S a m p l e 4 w a s n o t a f f e c t e d . C o m p a r i s o n c a n b e m a d e f o r t h e s u b s e q u e n t s o r p t i o n 
r e s p o n s e s w i t h d i f f e r e n t p r e c o n d i t i o n s . 

G e n e r a l l y , a b s o r p t i o n s t e p s t o a p r e v i o u s l y n o t a t t a i n e d R H - l e v e l h a v e r e s u l t e d i n l a r g e e f 
f e c t s o f r e t a r d e d s o r p t i o n . T h i s i s f o r i n s t a n c e t h e c a s e f o r t h e s t e p t o 7 5 % R H f o r t h e f i r s t 
t i m e i n t h i s p a r t o f t h e m e a s u r e m e n t s . 

1.5475 7 5 % 7 5 % 7 5 % 

1 9 9 3 - 0 7 - 0 1 1 9 9 3 - 0 7 - 1 5 1 9 9 3 - 0 7 - 2 9 1 9 9 3 - 0 8 - 1 2 1 9 9 3 - 0 8 - 2 6 1 9 9 3 - 0 9 - 0 9 1 9 9 3 - 0 9 - 2 3 

Figure 6.38 Sorption response, Sample 3, 50% <-> 6 5 % and 65% <-> 7 5 % cyclic RH-steps. 
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0 . 1 4 5 
20°C _ 7 5 % . - 7 5 % —, 

1 9 9 3 - 0 7 - 0 1 1 9 9 3 - 0 7 - 1 5 1 9 9 3 - 0 7 - 2 9 1 9 9 3 - 0 8 - 1 2 1 9 9 3 - 0 8 - 2 6 1 9 9 3 - 0 9 - 0 9 1 9 9 3 - 0 9 - 2 3 

Figure 6.39 Sorption response, Sample 4, 50% <-> 65% and 65%c <-> 7 5 % cyclic RH-steps. 

6 5 % < - > 7 5 % 6 5 % < - > 7 5 % 

1 9 9 3 - 0 7 - 0 1 1 9 9 3 - 0 7 - 1 5 1 9 9 3 - 0 7 - 2 9 1 9 9 3 - 0 8 - 1 2 1 9 9 3 - 0 8 - 2 6 1 9 9 3 - 0 9 - 0 9 

Figure 6.40 Tangential arui radial swelling responses, 
50% <-> 65% and 65%> <-> 75% cyclic RH-steps. 
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Measured result 

6 . 4 . 2 C y c l i c s t eps b e t w e e n 7 5 % a n d 8 5 % R H 
I n t h i s p a r t o f t h e s e r i e s , s e v e r a l c y c l e s o f s t e p s b e t w e e n 7 5 % a n d 8 5 % R H w e r e p e r f o r m e d . 
T h e s o r p t i o n r e s p o n s e s a r e s h o w n i n F i g u r e 6 . 4 1 f o r S a m p l e 3 a n d i n F i g u r e 6 . 4 2 f o r S a m p l e 
4 . T h e s w e l l i n g r e s p o n s e s a r e s h o w n i n F i g u r e 6 . 4 3 . T h e f i r s t c y c l e s w e r e p r e c e d e d b y a n a b 
s o r p t i o n s t e p a n d t h e l a s t c y c l e s w a s p r e c e d e d b y a l o n g p e r i o d a t 8 5 % R H . T h e s h a p e s o f t h e 
s o r p t i o n r e s p o n s e c u r v e s a r e d i f f e r e n t f o r t h e s e t w o s i t u a t i o n s . A d i a g r a m w i t h p a r a l l e l c o m 
p a r i s o n w i t h t h e s e t w o c y c l e s a r e m a d e i n S e c t i o n 7 . 1 . 

0 . 1 8 

0 . 1 7 

8 0 . 1 6 

Q 

I 
0 . 1 5 -• 

7 5 % 

20°C 

7 5 % < - > 8 5 % 1 

0 . 1 4 ' ' ' I 

. 7 5 % < - > 8 5 % . 

7 5 % 

+ 1 9 9 3 - 0 9 - 1 8 1 9 9 3 - 1 0 - 0 2 1 9 9 3 - 1 0 - 1 6 1 9 9 3 - 1 0 - 3 0 

Figure 6.41 Sorption response, Sample 3, 75% <-> 85% cyclic RH-steps. 

1 9 9 3 - 1 1 - 1 3 
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Figure 6.42 Sorption response, Sample 4, 75% <-> 85% cyclic RH-steps. 

8 5 % . 

1 9 9 3 - 0 9 - 1 8 1 9 9 3 - 1 0 - 0 2 1 9 9 3 - 1 0 - 1 6 1 9 9 3 - 1 0 - 3 0 1 9 9 3 - 1 1 - 1 3 

Figure 6.43 Tangential and radial swelling responses, 75% <-> 85% cyclic RH-steps. 
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Measured result 

6 . 5 T h e f i f t h s e r i e s 
N e w i n t h e f o l l o w i n g f i f t h s e r i e s c o m p a r e d t o t h e p r e v i o u s o n e s i s t h a t t h e m e a s u r e m e n t s w e r e 
p e r f o r m e d a t 5°C i n s t e a d o f a t 20°C. T h e s e q u e n c e o f r e l a t i v e h u m i d i t i e s i s s h o w n i n F i g u r e 
5 . 8 . T h e R H - l e v e l s a r e c o m p a r a t i v e l y h i g h . T h i s , i n c o m b i n a t i o n w i t h t h e l o w t e m p e r a t u r e , 
r e s u l t s i n p r o f o u n d e f f e c t s o f r e t a r d e d s o r p t i o n . O v e r v i e w s o f t h e s o r p t i o n r e s p o n s e i s s h o w n 
i n F i g u r e 6 . 4 4 f o r S a m p l e 3 a n d i n F i g u r e 6 . 4 5 f o r S a m p l e 4 . T h e s e r i e s i s a d i r e c t c o n t i n u a 
t i o n o f t h e f o u r t h , b u t s t a r t s w i t h a n u n i n t e n t i o n a l d i p i n R H w h e n t h e c o o l i n g d e v i c e w a s 
s t a r t e d u p f o r t h e f i r s t t i m e . 

A n u n e v e n t e m p e r a t u r e i n t h e w a t e r b a t h , s u r r o u n d i n g t h e c h a m b e r s a n d c o n d e n s e r s , r e 
s u l t e d i n a d r o p i n t h e R H a t t h e s t a r t - u p o f a n e x t e r n a l c o o l i n g s y s t e m . T h i s c o u l d b e e x 
p l a i n e d i n t h e f o l l o w i n g w a y . A n o u t l i n e o f t h e t w o - p r e s s u r e R H - g e n e r a t o r i s s h o w n i n F i g u r e 
2 . 6 . T h e c a u s e o f t h e d r o p i n h u m i d i t y i s t h a t , w h e n o n e p a r t o f t h e c o n d e n s e r i s c o o l e r t h a n 
t h e r e s t , t h e s a t u r a t e d a i r i s d e p l e t e d o f m o i s t u r e w h e n p a s s i n g t h e c o o l p a r t a n d t h e s a t u r a t i o n 
m o i s t u r e c o n t e n t i n t h e a i r i s f r o m t h e n o n d e t e r m i n e d b y t h e l o w e s t t e m p e r a t u r e d u r i n g t h e 
p a s s a g e . T h e c o n n e c t i n g t u b i n g t o t h e w a t e r b a t h w a s t o o n a r r o w t o a l l o w s u f f i c i e n t c i r c u l a 
t i o n t o t h e e x t e r n a l c o o l i n g s y s t e m . T h e r e s t r i c t i n g t u b i n g t o t h e w a t e r b a t h w a s i n c r e a s e d , a n d 
i t w a s p o s s i b l e t o u s e t h e f u l l c a p a c i t y o f t h e c i r c u l a t i o n p u m p i n t h e e x t e r n a l c o o l i n g s y s t e m . 
T h i s w a s n o t t o t a l l y s u f f i c i e n t h o w e v e r , t o a c h i e v e f u l l c i r c u l a t i o n i n t h e w a t e r b a t h i n s i d e t h e 
a p p a r a t u s . T h i s w a s n o t d i s c o v e r e d u n t i l t h e t e m p e r a t u r e w a s c h a n g e d a t t h e b e g i n n i n g o f t h e 
s i x t h s e r i e s . 

T h e c o m p r e s s o r f o r t h e a i r s u p p l y h a d a b r e a k d o w n ( 1 9 9 3 - 1 2 - 3 1 ) , a n d n o a i r e n t e r e d t h e 
c h a m b e r s f o r t h r e e d a y s . J u d g i n g f r o m t h e r e c o r d e d c h a n g e s i n m o i s t u r e c o n t e n t s , t h e R H -
l e v e l s w a s o n l y f a l l i n g g r a d u a l l y w i t h a n e s t i m a t e d f o u r p e r c e n t , w h e n t h e R H - c o n t r o l a g a i n 
w a s r e s t o r e d . 

T h e s a m e R H - s e q u e n c e w a s i n t e n d e d f o r b o t h s a m p l e s . W a t e r w a s h o w e v e r s p i l l e d i n t o t h e 
c h a m b e r c o n t a i n i n g S a m p l e 4 ( D u e t o a n i l l - p l a c e d p r e s s u r e g a g e o f t h e w a t e r - c o l u m n t y p e , 
a n d t h e a r r a n g e m e n t o f t h e t o p l i d ) . T h e c h a m b e r w a s o p e n e d a n d S a m p l e 4 w a s s u b j e c t e d t o 
r o o m c l i m a t e f o r 5 m i n u t e s , d u r i n g w h i c h t i m e t h e w a t e r i n t h e c h a m b e r w a s w i p e d o f f . 
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Figure 6.44 Survey of sorption response in the fifth series, Sample 3. 
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Figure 6.45 Survey of sorption response in the fifth series. Sample 4, minor differences in 
RHfrom Sample 3 in Figure 6.44. 
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Measured result 

6 . 5 . 1 C y c l i c s t eps o f d i f f e r e n t a m p l i t u d e 
A f t e r t h e u n i n t e n t i o n a l l o w R H , c y c l i c s t e p s w e r e p e r f o r m e d w i t h t h r e e d i f f e r e n t a m p l i t u d e s , 
b u t w i t h t h e s a m e a v e r a g e o f r e l a t i v e h u m i d i t y , 7 9 % . S e e F i g u r e 6 . 4 6 a n d F i g u r e 6 . 4 7 . T h e 
t a n g e n t i a l a n d r a d i a l s w e l l i n g i s s h o w n i n F i g u r e 6 . 4 8 . A f t e r t h e c y c l i c s t e p s , a s i n g l e a b s o r p 
t i o n s t e p t o 8 9 % R H w a s k e p t f o r a l o n g e r p e r i o d . T h e p e r i o d w a s i n t e r r u p t e d b y a b r e a k d o w n 
o f t h e s u p p l y i n g a i r c o m p r e s s o r , b u t t h e s a m p l e s s t i l l c o u l d s t a y p r o t e c t e d i n s i d e t h e c h a m b e r s 
w i t h l i t t l e R H - c h a n g e . T o s o m e e x t e n t , t h i s w a s a t e s t t h a t t h e e x i t o p e n i n g s f r o m t h e c h a m 
b e r s n o t w e r e e x c e s s i v e l y w i d e . 
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Figure 6.46 Sorption response. Sample 3, 74% <-> 84% and 77%) <-> 81% cyclic RH-steps. 
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Figure 6.47 Sorption response, Sample 4, 74% <-> 84% and 77% <-> 81% cyclic RH-steps. 
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Figure 6.48 Tangential and radial swelling responses, 
74% <_> 84%, and 77% <-> S i % cyclic RH-steps. 
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Measured result 

6 . 5 . 2 S m a l l c y c l i c s t eps a t h i g h R H 
T h e s o r p t i o n r e s p o n s e c u r v e s f o r t h e s e q u e n c e o f s m a l l c y c l i c s t e p s a t h i g h r e l a t i v e h u m i d i t y 
a r e s h o w n i n F i g u r e 6 . 4 9 f o r S a m p l e 3 a n d i n F i g u r e 6 . 5 0 f o r S a m p l e 4 . T h e r e s p o n s e c u r v e s 
f o r s w e l l i n g a r e s h o w n i n F i g u r e 6 . 5 1 . 

T h e t e m p e r a t u r e a n d m o i s t u r e p u l s e a t t h e s t a r t o f t h e r e s p o n s e f o r S a m p l e 4 i n F i g u r e 6 . 5 0 
w a s u n i n t e n t i o n a l a n d c a u s e d b y s p i l l e d w a t e r . T h e c h a m b e r h a d t o b e o p e n e d a n d S a m p l e 4 
w a s s u b j e c t e d t o r o o m c l i m a t e d u r i n g 5 m i n u t e s , w h i l e t h e w a t e r w a s w i p e d o f f . T h e v e r y h i g h 
p e a k i n m o i s t u r e u p t a k e a f t e r t h a t t h e s a m p l e w a s p u t b a c k i n t o t h e c h a m b e r i s u n e x p e c t e d , 
b u t i t c o u l d n o t b e r u l e d o u t t h a t a t h i n w a t e r f i l m s t i l l w a s r e m a i n i n g o n t h e s u r f a c e s o f t h e 
c h a m b e r . T h e s o r p t i o n r e s p o n s e s f o r S a m p l e 4 i s c o m p a r e d w i t h S a m p l e 3 i n a d i a g r a m i n 
o r d e r t o e v a l u a t e t h e i m p a c t f r o m t h e p u l s e i n c h a p t e r 7 , F i g u r e 7 . 9 . 

C y c l i c s t e p s , m a i n l y b e t w e e n 8 8 % a n d 9 0 % R H , w e r e p e r f o r m e d . T h e s a m p l e s h a d e a r l i e r 
b e e n s u b j e c t e d t o a b s o r p t i o n i n g e n e r a l t e r m s f o r a l o n g p e r i o d . T h i s s e e m s t o b e r e f l e c t e d i n 
t h e d r i f t t o w a r d s a h i g h e r m o i s t u r e c o n t e n t , o n w h i c h t h e c y c l i c s t e p r e s p o n s e s a r e s u p e r i m 
p o s e d . T h i s i s a l s o t h e p r e c o n d i t i o n f o r t h e f o l l o w i n g s i n g l e s t e p t o 9 3 % R H i n t h e n e x t s e c 
t i o n . 
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Figure 6.49 Sorption response, Sample 3, 88% <-> 90% cyclic RH-steps. 
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Figure 6.50 Sorption response, Sample 4, 88% <-> 90% cyclic RH-steps. 
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Figure 6.51 Tangential and radial swelling responses, 88% <-> 90% cyclic RH-steps. 
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Measured result 

6 . 5 . 3 A s i n g l e s t e p a t h i g h R H 
T h e r e s p o n s e c u r v e s f o r t h e l a s t p a r t i n t h i s s e r i e s i s s h o w n i n F i g u r e 6 . 5 2 f o r S a m p l e 3 a n d i n 
F i g u r e 6 . 5 3 f o r S a m p l e 4 . T h e r e s p o n s e c u r v e s f o r s w e l l i n g a r e s h o w n i n F i g u r e 6 . 5 4 . 

T h e s o r p t i o n r e s p o n s e w a s f o l l o w e d f o r a l o n g t i m e ( 2 9 d a y s ) . T h e r e t a r d e d s o r p t i o n i s v e r y 
l a r g e . I t s e e m s a s t h e c o m b i n e d a c t i o n o f l o w t e m p e r a t u r e , h i g h r e l a t i v e h u m i d i t y a n d a s t e p t o 
a p r e v i o u s l y n o t a t t a i n e d R H i s t h e c a u s e o f t h i s . T w o s m a l l d i s t u r b a n c e s i n t h e R H - l e v e l o c 
c u r r e d f o r S a m p l e 3 . D u r i n g t h e l a s t p a r t o f t h e s i n g l e s t e p , t h e s o r p t i o n w a s o n l y r e c o r d e d 
m a n u a l l y a t i r r e g u l a r i n t e r v a l s , t h e s w e U i n g w a s h o w e v e r l o g g e d c o n t i n u o u s l y . 

T h e c y c l i c s t e p s a t t h e e n d o f t h e s e r i e s a r e d e s c r i b e d i n t h e n e x t s e r i e s , w h e r e t e m p e r a t u r e 
s h i f t s a r e m a d e . 
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Figure 6.52 Sorption response for an absorption step to 93%, Sample 3. 
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Figure 6.53 Sorption response for an absorption step to 93%, Sample 4. 
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Figure 6.54 Tangential and radial swelling responses for an absorption step to 93%. 
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Measured result 

6 . 6 T h e s i x t h s e r i e s 
I n t h e s i x t h s e r i e s , p r i m a r i l y t h e i n f l u e n c e o n t h e s o r p t i o n f r o m t e m p e r a t u r e a n d t e m p e r a t u r e 
s h i f t s w a s i n v e s t i g a t e d . O v e r v i e w s o f t h e r e s u l t s f r o m t h e m e a s u r e m e n t s a r e s h o w n i n F i g u r e 
6 . 5 5 a n d i n F i g u r e 6 . 5 6 . I n t h e f i r s t p a r t o f t h e m e a s u r e m e n t s , r e p e a t e d c y c l i c s t e p s w e r e 
m a d e : a t 5°C, a t 20°C a n d f i n a l l y a g a i n a t 5°C. T h i s p a r t i s d i s c u s s e d i n S e c t i o n 6 . 6 . 1 . 

A f t e r t h i s a n d a f e w d e s o r p t i o n s t e p s , t h e t e m p e r a t u r e d e p e n d e n c e o f t h e e q u i l i b r i u m 
m o i s t u r e s o r p t i o n c u r v e w a s s t u d i e d b y m a k i n g t e m p e r a t u r e s h i f t s f r o m 5°C t o 20°C a n d b a c k 
t o 5°C. T h e R H w a s m a i n t a i n e d a t 8 5 % . S u b s t a n t i a l s o r p t i o n e f f e c t s w e r e o b t a i n e d . 

A t t h e e n d o f t h e s e r i e s , a n o t h e r t e m p e r a t u r e s h i f t w a s m a d e . T h i s t i m e t h e R H - l e v e l w a s 
a d j u s t e d a c c o r d i n g t o a n a s s u m e d t e m p e r a t u r e d e p e n d e n c e f o r t h e s o r p t i o n i s o t h e r m , s o t h a t a 
c l o s e t o z e r o s o r p t i o n d u r i n g t h e s h i f t w a s a c h i e v e d . T h i s g i v e s a n e s t i m a t e i n a n o t h e r w a y o f 
t h e t e m p e r a t u r e d e p e n d e n c e o f t h e s o r p t i o n i s o t h e r m . 

I n t h i s s e r i e s , t h e m e a s u r e m e n t s o f s w e l l i n g w e r e f a i l i n g . 

1994-03-20 1994-04-03 1994-04-17 1994-05-01 1994-05-15 1994-05-29 1994-06-12 1994-06-26 1994-07-10 1994-07-24 

Figure 6.55 Survey of sorption response in the sixth series, Sample 3. 
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Figure 6.56 Survey of sorption response in the sixth series. Sample 4, minor differences in 
RHfrom Sample 3 in Figure 6.55. 

6 . 6 . 1 C y c l e s a t d i f f e r e n t t e m p e r a t u r e l e v e l s 
T h i s s e c t i o n s t a r t s b y a t e m p e r a t u r e r i s e f r o m 5°C t o 20°C. A t t h i s t e m p e r a t u r e t h e s a m e c y 
c l e s a s e a r l i e r w e r e r e p e a t e d . T h e t e m p e r a t u r e w a s a g a i n l o w e r e d t o 5°C a n d t h e s a m e c y c l e s 
r e p e a t e d o n c e a g a i n . 

W h e n t h e t e m p e r a t u r e w a s c h a n g e d t o a s l o w a s 5°C f o r t h e f i r s t t i m e , i t w a s d i s c o v e r e d 
t h a t t h e m i x i n g i n t h e w a t e r b a t h w a s i n a d e q u a t e . T h e c i r c u l a t i o n f r o m t h e c o o l i n g d e v i c e w a s 
t h e n e n h a n c e d . W h e n t h e t e m p e r a t u r e w a s c h a n g e d b a c k t o 20°C i n t h i s s e r i e s , t h e R H s t i l l 
d r o p p e d s o m e w h a t . T h i s i s e x p l a i n e d b y u n e v e n t e m p e r a t u r e d i s t r i b u t i o n i n t h e w a t e r b a t h 
s u r r o u n d i n g t h e c h a m b e r s a n d c o n d e n s e r s , a s d e s c r i b e d i n S e c t i o n 6 . 5 . I t w a s a p p a r e n t t h a t t h e 
e n t r a n c e o r i f i c e t o t h e w a t e r b a t h w a s n o t c a p a b l e o f i n d u c i n g c i r c u l a t i o n . T h i s w a s t a k e n c a r e 
o f l a t e r , d e s c r i b e d i n t h e n e x t S e c t i o n 6 . 6 . 2 . 

B a s e d o n t h e t e m p e r a t u r e d e p e n d e n c e o f t h e m o i s t u r e e q u i l i b r i u m s o r p t i o n c u r v e , a h i g h e r 
t e m p e r a t u r e i s e x p e c t e d t o g i v e a l o w e r m o i s t u r e c o n t e n t a t t h e s a m e R H . I n t h i s c a s e t h e o p 
p o s i t e t a k e s p l a c e . R i s i n g t h e t e m p e r a t u r e r e s u l t s i n a l a r g e a b s o r p t i o n , a s s e e n i n F i g u r e 6 . 5 7 
a n d F i g u r e 6 . 5 8 . W h e n t h e s a m e l o w t e m p e r a t u r e a n d t h e s a m e c y c l e s i n R H a r e r e p e a t e d ( t h e 
l a s t c y c l e s i n t h e d i a g r a m s ) , t h e l e v e l o f t h e m o i s t u r e c o n t e n t i s m u c h h i g h e r . I t s e e m s a s t h e 
t e m p e r a t u r e s h i f t s h a v e t r i g g e r e d t h e w o o d t o c o m e t o a d i f f e r e n t t y p e o f e q u i l i b r i u m . 

T h e r e i s a n i n t e r e s t i n g d i f f e r e n c e o f t h e s h a p e o f t h e r e s p o n s e c u r v e s f o r c y c l i c s t e p s a t l o w 
a n d h i g h t e m p e r a t u r e . A l l s t e p s h a v e a 2 % a m p l i t u d e i n r e l a t i v e h u m i d i t y , s t i l l t h e s o r p t i o n 
a m p l i t u d e i s m u c h l a r g e r a t t h e h i g h e r t e m p e r a t u r e . D i a g r a m s w i t h p a r a l l e l c o m p a r i s o n w i t h 
t h e s e t w o c y c l e s a t d i f f e r e n t t e m p e r a t u r e s a r e m a d e i n C h a p t e r 7 , F i g u r e s 7 . 7 a n d 7 . 8 . 
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Measured result 
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Figure 6.57 Sorption response for cyclic RH-steps with temperature shifts, Sample 3. 
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Figure 6.58 Sorption response for cyclic RH-steps with temperature shifts. Sample 4. 
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6 . 6 . 2 A f e w s o r p t i o n s t eps a t 5°C 
I n t h i s s e c t i o n a d j u s t m e n t w a s m a d e t o t h e a p p a r a t u s a n d s o r p t i o n t o o k p l a c e t h a t b a s i c a l l y 
w a s a n i n d i c a t i o n o f t h e f u n c t i o n o f t h e a p p a r a t u s . T h e s a m p l e s r e a c h e d t h e h i g h e s t m o i s t u r e 
c o n t e n t a n d a d e s o r p t i o n s t e p w a s m a d e t h a t w a s f o l l o w e d f o r a r a t h e r l o n g t i m e . 

D u r i n g t h e m e a s u r e m e n t s i n t h i s s e c t i o n t h e p r o b l e m w i t h i n a d e q u a t e c i r c u l a t i o n i n t h e 
w a t e r b a t h s u r r o u n d i n g t h e c h a m b e r s w a s t a k e n c a r e o f . T h e c i r c u l a t i n g w a t e r f r o m t h e p u m p 
i n t h e c o o l i n g d e v i c e w a s i n j e c t e d t h r o u g h a t u b e w i t h t a p e r e d s e c t i o n i n t o t h e c e n t r a l p a r t o f 
t h e w a t e r v o l u m e . T h e w a t e r i s l e a v i n g t h e e n d o f t h e t u b e a t h i g h s p e e d a n d i s i n d u c i n g a n 
e f f e c t i v e a g i t a t i o n i n t h e w a t e r v o l u m e . A s h o r t c h a n g e i n t e m p e r a t u r e f r o m 5°C t o 3°C a n d 
b a c k , w a s m a d e t o v e r i f y t h a t t h e c o o l i n g w o r k e d p r o p e r l y . 
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0.23 - - 9 1 % 
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Figure 6.59 Sorption response for cyclic RH-steps in the 90% - 94% interval, 
5°C, Sample 3. 
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Figure 6.60 Sorption response for cyclic RH-steps in the 90% - 94% interval, 
5°C, Sample 4. 

6 . 6 . 3 T e m p e r a t u r e s h i f t s a t c o n s t a n t R H a n d a t a d j u s t e d R H t o o b 
t a i n z e r o s o r p t i o n 

T h e s t a r t i n g p o i n t f o r t h i s s e c t i o n i s m a r k e d a t t h e t o p o f t h e s u r v e y d i a g r a m s i n F i g u r e 6 . 5 5 
a n d F i g u r e 6 . 5 6 . 

T h e r e s u l t f r o m t h i s p a r t o f t h e m e a s u r e m e n t s a r e s h o w n i n F i g u r e 6 . 6 1 f o r S a m p l e 3 a n d 
F i g u r e 6 . 6 2 f o r S a m p l e 4 . T h e d e s o r p t i o n s t e p i n t h e p r e v i o u s m e a s u r e m e n t s w a s c o n t i n u e d b y 
a n o t h e r d e s o r p t i o n s t e p f r o m 9 0 % t o 8 5 % R H . A f t e r 1 3 d a y s , a s h i f t i n t e m p e r a t u r e f r o m 5°C 
t o 20°C w a s m a d e . T h e r e l a t i v e h u m i d i t y w a s m a i n t a i n e d a t 8 5 % . T h e s h i f t r e q u i r e d 4 h o u r s 
t o d o . A d i s t i n c t a n d l a r g e d e s o r p t i o n s t e p w i t h s u b s t a n t i a l d r i f t w a s a c h i e v e d . A f t e r 1 1 d a y s 
t h e t e m p e r a t u r e w a s c h a n g e d b a c k t o 5°C, s t i l l a t c o n s t a n t R H . T h e s h i f t t o o k a s l o n g a s 6 5 
h o u r s t o a c c o m p l i s h , d u e t o t h e l a r g e v o l u m e i n t h e w a t e r b a t h a n d p o o r c o o l i n g c a p a c i t y ( i c e 
t e m p o r a r i l y f o r m i n g ? ) . T h e s o r p t i o n c a m e t o a d i s t i n c t e q u i l i b r i u m a t a l o w m o i s t u r e c o n t e n t 
s h o r t l y a f t e r t h e t e m p e r a t u r e s h i f t w a s c o m p l e t e d . T h i s c a n b e c o n t r a s t e d a g a i n s t t h e p r e v i o u s 
s o r p t i o n r e s p o n s e b e h a v i o u r a t t h e s a m e t e m p e r a t u r e a n d R H , w h e r e t h e t e m p e r a t u r e s h i f t w a s 
p r e c e d e d b y d e s o r p t i o n s t e p s . 

T h e e q u i l i b r i u m a t 8 5 % R H w a s f o l l o w e d b y s e v e r a l c y c l i c s t e p s b e t w e e n 8 5 % a n d 9 0 % 
R H . T h i s w a s f o l l o w e d b y s e v e r a l d e s o r p t i o n s t e p s e n d i n g a t 7 5 % R H . T h e t e m p e r a t u r e w a s 
t h e n s h i f t e d f r o m 5°C t o 20°C. A s t h e t e m p e r a t u r e c h a n g e d , t h e s e t t i n g f o r t h e R H w a s m a n u 
a l l y a l t e r e d a c c o r d i n g t o t h e t e m p e r a t u r e d e p e n d e n c e o f t h e s o r p t i o n i s o t h e r m . T h e a s s u m e d 
t e m p e r a t u r e d e p e n d e n c e w a s 5 % R H p e r 15°C. T h e p u r p o s e f o r t h i s w a s t o o b t a i n z e r o s o r p 
t i o n . T h i s w a s s u c c e s s f u l , b e c a u s e t h e c u r v e s m e e t i f t h e y a r e e x t r a p o l a t e d t o a p o i n t a t t h e 
t i m e o f c h a n g e . 
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Figure 6.61 Sorption response for temperature shifts without change in RH, 
and combined with change in RH, Sample 3. 
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Figure 6.62 Sorption response for temperature shifts without change in RH, 
and combined with change in RH, Sample 4. 
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7 P a r t i c u l a r a n a l y s e s 
T h e m e a s u r e m e n t s r e p o r t e d i n C h a p t e r 6 s h o w m a n y t h i n g s . I n t h i s c h a p t e r , a f e w o b s e r v a 
t i o n s , c o m p a r i s o n s a n d a n a l y s e s o f d e t a i l s o f m e a s u r e m e n t s a r e p r e s e n t e d . 

7 . 1 I n f l u e n c e f r o m m o i s t u r e h i s t o r y o n c y c l i c s t eps 
T h e s o r p t i o n a n d i t s d e v e l o p m e n t i n t i m e h a v e p r o v e d t o h a v e a n i n t r i c a t e d e p e n d e n c e o n t h e 
m o i s t u r e h i s t o r y . A f i r s t e x a m p l e c o n c e r n s t h e i n f l u e n c e o f m o i s t u r e h i s t o r y o n p e r i o d i c s e 
q u e n c e s o f s t e p s . A n o v e r v i e w o f t h e t w o s e q u e n c e s t h a t a r e s e l e c t e d f r o m t h e f o u r t h s e r i e s o f 
m e a s u r e m e n t s t o i l l u s t r a t e t h e i n f l u e n c e f r o m t h e p r e h i s t o r y i s s h o w n o n F i g u r e 7 . 1 . T h e s e 
l e c t e d s e q u e n t i a l p e r i o d i c a l s t e p s o f s o r p t i o n a r e m a r k e d w i t h a t h i c k e r l i n e . I n F i g u r e 7 . 2 , t h e 
t w o s o r p t i o n s e q u e n c e s a r e c o m p a r e d . T h e y h a v e t h e s a m e c y c l e s b e t w e e n 7 5 % a n d 8 5 % a t 
20°C, a n d o n l y d i f f e r i n g b y t h e p r e v i o u s m o i s t u r e h i s t o r y . 

L e t u s l o o k a t t h e f i r s t s o r p t i o n s e q u e n c e i n t h e o v e r v i e w . T h e R H - l e v e l i s k e p t a t 6 5 % f o r 
9 d a y s , f o l l o w e d b y a s t e p t o 7 5 % f o r 3 d a y s a n d a s t e p t o 8 5 % f o r 2 d a y s . T h e l a s t s t e p t o 
8 5 % i s t o a p r e v i o u s l y n o t r e a c h e d l e v e l , w h i c h h a s p r o v e d t o g i v e e s p e c i a l l y l a r g e p r o p o r t i o n 
o f r e t a r d e d s o r p t i o n . T w o d a y s a r e , b y g o o d m a r g i n , s u f f i c i e n t t o l e t t h e s a m p l e c o m e t o e q u i 
l i b r i u m a c c o r d i n g t o t r a d i t i o n a l F i c k i a n t h e o r y . S u b s t a n t i a l d r i f t i s t a k i n g p l a c e w h e n a d e 
s o r p t i o n s t e p t o 7 5 % R H i s m a d e a t 9 6 h o n t h e t i m e a x i s i n F i g u r e 7 . 2 . O n e m a r k e d f e a t u r e i s 
t h a t t h e p r e v i o u s a b s o r p t i o n d r i f t i s n o t s u p e r i m p o s e d o n t h e n e w d e s o r p t i o n s t e p . 

T h e t w o s e q u e n c e s w i t h r e p e a t e d p e r i o d s o f c y c l i c s t e p s h a v e c l e a r l y d i f f e r e n t a b s o r p t i o n 
p a t t e r n s a s s e e n i n F i g u r e 7 . 2 . T h e p r e h i s t o r y f o r s e q u e n c e 2 i s a c o n s t a n t l e v e l a t 8 5 % R H 
k e p t f o r 2 4 d a y s , w h e r e a s s e q u e n c e 1 i s r e a c h i n g t h i s l e v e l f o r t h e f i r s t t i m e . T h e d i f f e r e n c e 
b e t w e e n p a t t e r n s i s r e p e a t e d f o r s e v e r a l p e r i o d s , a n d i t i s o n l y g r a d u a l l y d i m i n i s h i n g . 

W h e n a d e s o r p t i o n s t e p i s m a d e a t 9 6 h , o n e m a r k e d f e a t u r e i s t h a t t h e rising a b s o r p t i o n 
s l o p e o f t h e r e s p o n s e c u r v e b e f o r e t h e s t e p n o t i s s u p e r i m p o s e d o n t h e n e w d e s o r p t i o n s t e p . 
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0.2 

Prehistory 1: 
85% RH for 2 days 

Sequence 1 

Prehistory 2: 
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I Sequence 21 

1993-07-01 1993-07-21 1993-08-10 1993-08-30 1993-09-19 1993-10-09 1993-10-29 1993-11-18 

Figure 7.1 Survey of the prehistory for two sequences of RH-steps described in Figure 7.2 

139 



Retarded sorption in wood 

7 . 2 R e p e a t e d c y c l i c s teps 
I n F i g u r e 7 . 4 c o m p a r i s o n s b e t w e e n c o n s e c u t i v e c y c l e s a r e m a d e . A n o v e r v i e w o f t h e p r e c e d 
i n g s t e p s i s s h o w n i n F i g u r e 7 . 3 . T h e c y c l e s a r e b e t w e e n 7 5 % a n d 8 5 % R H a n d t h e t e m p e r a 
t u r e i s 20°C. 

A c o r r e s p o n d i n g c o m p a r i s o n f o r a n o t h e r s e q u e n c e i s m a d e i n F i g u r e 7 . 6 w i t h t h e o v e r v i e w 
o f t h e p r e c e d i n g s t e p s i n F i g u r e 7 . 5 . 

F o r b o t h s e q u e n c e s o f r e p e a t e d c y c l e s t h e r e i s a t e n d e n c y o f d i m i n i s h i n g m o i s t u r e e x 
c h a n g e w i t h t h e n u m b e r o f c y c l e s . T h e d i v i s i o n b e t w e e n a n i n i t i a l f a s t p h a s e a n d a p h a s e w i t h 
s l o w c h a n g e , b e c o m e s m o r e d i s t i n c t w i t h t h e n u m b e r o f c y c l e s . 

140 



Particular analyses 

1993 07-01 1993-07-15 1993 07-29 1993-08-12 1993-08-26 1993-09-09 1993-09-23 1993-10-07 1993-10-21 1993-11-04 1993-11-18 

Figure 7.3 Survey of the RH-steps in Figure 7.4 

Figure 7.4 Sorption responses for consecutive cycles 
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1993-07-01 1993-07-15 1993-07-29 1993-08-12 1993-08-26 1993-09-09 1993-09-23 1993-10-07 1993-10-21 1993-11-04 1993-11-18 

Figure 7.5 Survey of the RH-steps in Figure 7.6 
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Figure 7.6 Sorption responses for consecutive cycles 

1 3 C o m p a r i s o n b e t w e e n t h e s o r p t i o n r e s p o n s e s a t 20°C 
a n d 5°C 

I n F i g u r e 7 . 7 a n d F i g u r e 7 . 8 r e s p o n s e c y c l e s w i t h t h e s a m e a m p l i t u d e i n R H , b u t a t d i f f e r e n t 
t e m p e r a t u r e a r e s h o w n t o g e t h e r . I n b o t h c a s e s t h e m o i s t u r e e x c h a n g e o v e r t h e c y c l e i s l e s s a t 
5°C t h a n a t 20°C. A t t h e l o w e r t e m p e r a t u r e , t h e r e i s a m o r e d i s t i n c t d i v i s i o n b e t w e e n t h e i n i 
t i a l f a s t p h a s e a f t e r a s t e p a n d t h e p h a s e o f s l o w r e t a r d e d s o r p t i o n . 

O n e i n t e r p r e t a t i o n o f t h e c a u s e o f t h e d i f f e r e n c e o f s h a p e o n t h e r e s p o n s e c u r v e s i s t h a t t h e 
t i m e s c a l e f o r t h e r e t a r d e d s o r p t i o n i s g r e a t l y e x t e n d e d a t t h e l o w e r t e m p e r a t u r e . 
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Figure 7.7 Sorption responses for cyclical steps at 5°C arui 20°C. 
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Figure 7.8 Sorption responses for cyclical steps at 5°C and 20°C. 
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7 . 4 I n f l u e n c e s f r o m t e m p e r a t u r e s h i f t s o n t h e s o r p t i o n r e 
s p o n s e s 

B y m i s t a k e , S a m p l e 4 w a s s u b j e c t e d t o a t e m p e r a t u r e a n d m o i s t u r e p u l s e . T h i s i s d e s c r i b e d i n 
m o r e d e t a i l i n S e c t i o n 6 . 5 . 2 a n d i n d i c a t e d i n F i g u r e 6 . 5 0 . S a m p l e 3 w a s u n a f f e c t e d a n d a l l o w s 
c o m p a r i s o n . I n F i g u r e 7 . 9 t h e s o r p t i o n r e s p o n s e s f o r t h e t w o s a m p l e s a r e s h o w n . T h e e x i s t i n g 
s m a l l d i f f e r e n c e o f m o i s t u r e c o n t e n t b e t w e e n t h e s a m p l e s b e f o r e t h e p u l s e i s i n c r e a s e d a f t e r 
t h e p u l s e a n d t h i s d i f f e r e n c e i s m a i n t a i n e d f o r a l o n g p e r i o d , a l s o a f t e r t h a t t h e m o i s t u r e c o n 
t e n t i s e x c e e d i n g t h a t o f t h e t i m e o f t h e m o i s t u r e p u l s e . A t t h e e n d o f t h e s e q u e n c e i n t h e d i a 
g r a m , a t e m p e r a t u r e s h i f t f r o m 5°C t o 20°C i s m a d e . T h e d i f f e r e n c e b e t w e e n t h e s a m p l e s w a s 
s u b s t a n t i a l l y r e d u c e d a f t e r t h i s e v e n t . I t s e e m s a s i f t h e t e m p e r a t u r e s h i f t s t r i g g e r s t h e s a m p l e s 
t o c o m e t o a m o r e g e n u i n e e q u i l i b r i u m . B y t h i s i n t e r p r e t a t i o n , S a m p l e 3 i s d e v i a t i n g m o r e 
f r o m a t r u e e q u i l i b r i u m , a s i t w a s n o t s u b j e c t e d t o a t e m p e r a t u r e s h i f t i n t h e b e g i n n i n g o f t h e 
d i a g r a m . 

T h e i n f l u e n c e f r o m t e m p e r a t u r e s h i f t s o n t h e s o r p t i o n i s f u r t h e r d e a l t w i t h i n S e c t i o n 7 . 7 , 
w h e r e c o m p a r i s o n s w i t h a p e r m a n e n t e q u i l i b r i u m a r e m a d e . 

0 . 1 8 --

0 . 1 7 I • I I I I " ' " I I • I I 
1 9 9 3 - 1 2 - 2 2 1 9 9 4 - 0 1 - 0 5 1 9 9 4 - 0 1 - 1 9 1 9 9 4 - 0 2 - 0 2 1 9 9 4 - 0 2 - 1 6 1 9 9 4 - 0 3 - 0 2 1 9 9 4 - 0 3 - 1 6 1 9 9 4 - 0 3 - 3 0 

Figure 7.9 Sorption response following a temperature and moisture pulse (Sample 4) com
pared to the same undisturbed sequence (Sample 3). 

7 . 5 C o m p a r i s o n b e t w e e n s t eps o f d i f f e r e n t a m p l i t u d e s 
I n t h e f i r s t a n d s e c o n d s e r i e s , t e s t s o f s t e p r e s p o n s e s w e r e m a d e w i t h t w o s a m p l e s s i m u l 
t a n e o u s l y i n t h e s a m e i n t e r v a l o f R H . T h e d i f f e r e n c e w a s t h a t o n e s a m p l e w a s s u b j e c t e d t o t h e 
e n t i r e i n t e r v a l i n o n e s t e p , w h e r e a s t h e i n t e r v a l f o r t h e o t h e r s a m p l e w a s d i v i d e d i n t o t w o 
s t e p s . I n m o s t o f t h e d i a g r a m s o f s o r p t i o n r e s p o n s e s i n C h a p t e r 6 . 1 a n d 6 . 2 t h e t w o r e s p o n s e 
c u r v e s a r e s h o w n t o g e t h e r . A t j ^ i c a l e x a m p l e o f t h e d i f f e r e n c e o f t h e r e s p o n s e c u r v e s i s g i v e n 
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i n F i g u r e 6 . 1 0 . O n e r a t h e r c o n s i s t e n t f e a t u r e o f t h e s e m e a s u r e m e n t s i s t h a t t h e s l o p e , a f t e r t h a t 
t h e f i r s t f a s t s o r p t i o n a f t e r t h e s t e p h a s t a k e n p l a c e , o f t h e t w o s o r p t i o n r e s p o n s e s a r e s i m i l a r , 
r e g a r d l e s s o f t h e a m p l i t u d e o f t h e R H - s t e p . A n o t h e r f e a t u r e i s a t e n d e n c y t h a t t h e a m o u n t o f 
s o r p t i o n i s l e s s f o r t h e s u m o f t w o s m a l l e r s t e p s c o m p a r e d t o o n e l a r g e r s t e p . 

I n t h e t h i r d s e r i e s t h e i n t e r v a l w a s d i v i d e d f u r t h e r i n t o f o u r s t e p s f o r o n e s a m p l e . T h e s t e p 
r e s p o n s e s f o r d e s o r p t i o n i n t h e i n t e r v a l f r o m 9 4 % t o 8 5 % R H f o r S a m p l e 3 i n t h e t h i r d s e r i e s 
i s s h o w n i n F i g u r e 7 . 1 0 . T h e c o r r e s p o n d i n g s i n g l e s t e p f o r S a m p l e 4 i s a l s o s h o w n . W e s e e 
t h a t t h e a m p l i t u d e f o r t h e l a r g e s t e p s i s m u c h l a r g e r t h a n t h e s u m o f t h e f o u r s m a l l s t e p s . 
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T i m e [ h ] 

Figure 7.10 Sorption responses from one single step together with a corresponding sequence 
of four smaller steps. 

7 . 6 C o m p a r i s o n b e t w e e n c y c l i c s t eps o f d i f f e r e n t a m p l i 
t u d e 

I n F i g u r e 7 . 1 1 t h e s o r p t i o n f o r c y c l i c s t e p s o f d i f f e r e n t a m p l i t u d e i s c o m p a r e d . T h e c u r v e f o r 
1 0 % R H a m p l i t u d e i s t a k e n f r o m t h e f i r s t p a r t o f F i g u r e s 6 . 4 6 a n d 6 . 4 7 a n d t h e c u r v e f o r 4 % 
i n t h e l a t e p a r t o f t h e s a m e f i g u r e s . T h e r e l a t i o n s h i p b e t w e e n t h e r e s p e c t i v e s c a l e s i n t h e d i a 
g r a m f o r m o i s t u r e c o n t e n t f o r t h e t w o c u r v e s i s g i v e n t h e s a m e r e l a t i o n s h i p a s t h e m o i s t u r e 
c o n t e n t o n a n a s s u m e d e q u i l i b r i u m s o r p t i o n c u r v e f o r t h e r e s p e c t i v e R H - i n t e r v a l s . T h e e q u i 
l i b r i u m s o r p t i o n c u r v e i n S e c t i o n 1 0 . 5 w a s u s e d . T h e s a m e a s s u m e d e q u i l i b r i u m s o r p t i o n 
c u r v e i s a l s o u s e d i n S e c t i o n 7 . 7 . T h e a v e r a g e f r o m t w o s a m p l e s a n d t w o c y c l e s e q u e n c e s a r e 
u s e d t o i n c r e a s e t h e p r e c i s i o n . 

T h e r e i s a s l i g h t t e n d e n c y o f r e d u c e d m o i s t u r e c a p a c i t y f o r t h e R H - c y c l e s w i t h s m a l l a m 
p l i t u d e . 
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Figure 7.11 Sorption responses from cyclic steps of different amplitude. 

1.1 C o m p a r i s o n b e t w e e n a s o r p t i o n e q u i l i b r i u m c u r v e a n d 
m e a s u r e d p o i n t s 

T h e s o r p t i o n c u r v e ( o r c u r v e s ) r e l a t e s m o i s t u r e c o n t e n t u t o r e l a t i v e h u m i d i t y , (p . I n t h e m e a s 
u r e m e n t s w e k n o w u{t) a n d (p(0 . I t i s q u i t e i n s t r u c t i v e t o p l o t t h e s e a s p o i n t s i n a m - cp d i a 
g r a m t o g e t h e r w i t h t h e e q u i l i b r i u m s o r p t i o n c u r v e . 

I n t h i s s e c t i o n c o m p a r i s o n s a r e m a d e b e t w e e n s u c h m e a s u r e d p o i n t s o f s o r p t i o n ( w h i c h 
c h a n g e s l o w l y i n t i m e ) a n d a n a s s u m e d e q u i l i b r i u m m o i s t u r e s o r p t i o n c u r v e . T h e p o i n t s a r e 
s e l e c t e d a t d i f f e r e n t t i m e s a f t e r a s t e p a n d w i t h d i f f e r e n t p r e h i s t o r y . T h i s i s o n e w a y t o , w i t h 
h e l p o f d i a g r a m s , i l l u s t r a t e t h e e f f e c t s f r o m r e t a r d e d s o r p t i o n , w h i c h r e s u l t i n d e v i a t i o n s f r o m 
a s u p p o s e d l y t r u e e q u i l i b r i u m i n d i f f e r e n t s i t u a t i o n s . 

T h e p o i n t s a r e c o n s e c u t i v e a n d t a k e n f r o m t h e l a s t p a r t o f t h e f i f t h s e r i e s a n d t h e w h o l e o f 
t h e s i x t h s e r i e s . S e c t i o n s 7 . 7 . 1 t o 0 s h o w d i f f e r e n t f e a t u r e s o f t h e r e t a r d e d s o r p t i o n . 

7 . 7 . 1 S o r p t i o n r e s p o n s e a t 5°C w i t h a l a r g e p o r t i o n r e t a r d e d s o r p 
t i o n 

T h i s s e c t i o n c o n c e r n s t h e s e q u e n c e A - B - C - D - E i n F i g u r e 7 . 1 2 . C o r r e s p o n d i n g m e a s u r e d 
p o i n t s a r e s h o w n i n F i g u r e 7 . 1 3 w i t h o n e v a l u e e a c h d a y . 

A b s o r p t i o n s t e p s t o a p r e v i o u s l y n o t a t t a i n e d R H - l e v e l h a v e r e s u l t e d i n l a r g e e f f e c t s o f r e 
t a r d e d s o r p t i o n . T h i s i s e s p e c i a l l y t r u e f o r t h i s s e l e c t e d s t e p i n F i g u r e 7 . 1 2 a t h i g h R H a n d l o w 
t e m p e r a t u r e . 
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A s s u m e d m o i s t u r e 
e q u i l i b r i u m c u r v e , 

p i n e , 5°C 
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D 
28 days 
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Figure 7.13 Measured sorption points obtained from the sequence of Figure 7.12 compared 
to a equilibrium sorption curve. 
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1.12 C y c l i c s o r p t i o n r e s p o n s e w i t h s h i f t s o f i n c r e a s i n g a n d d e 
c r e a s i n g t e m p e r a t u r e 

T h i s s e c t i o n c o n c e r n s t h e s e q u e n c e E - F - G - H - I - J i n F i g u r e 7 . 1 4 a n d c o r r e s p o n d i n g p o i n t i n 
F i g u r e 7 . 1 5 . 

I n t h i s s e q u e n c e , c y c l i c s t e p s w i t h 2 % a m p l i t u d e i n r e l a t i v e h u m i d i t y a r e p e r f o r m e d . T h e s e 
c y c l e s a r e m a d e b e f o r e a n d a f t e r a t e m p e r a t u r e s h i f t f r o m 5°C t o 20°C a n d a g a i n a f t e r a s h i f t 
b a c k t o 5°C. T h i s i s d e s c r i b e d i n m o r e d e t a i l i n S e c t i o n 6 . 6 . 1 . T h e s o r p t i o n r e s p o n s e s f r o m t h e 
s e q u e n c e o f s t e p s a r e s h o w n i n F i g u r e 7 . 1 4 . I n F i g u r e 7 . 1 5 t h e s e l e c t e d p o i n t s a r e r e l a t e d t o 
t h e e q u i l i b r i u m s o r p t i o n c u r v e . 

T h e p r e h i s t o r y f o r t h i s s e q u e n c e i s s h o w n i n F i g u r e 7 . 1 2 . I n F i g u r e 7 . 1 3 t h e d e v i a t i o n f r o m 
t h e e q u i l i b r i u m s o r p t i o n c u r v e i s i l l u s t r a t e d . T h i s g i v e s t h e p r e h i s t o r y f o r t h e t e m p e r a t u r e 
c h a n g e s h e r e . A f t e r t h e t e m p e r a t u r e c h a n g e f r o m 5° t o 20°C, a v e r y l a r g e a b s o r p t i o n t o o k 
p l a c e a t p r a c t i c a l l y c o n s t a n t R H . T h i s d e s p i t e t h e f a c t t h a t t h e t e m p e r a t u r e d e p e n d e n c e f o r t h e 
m o i s t u r e e q u i l i b r i u m c u r v e i s g i v i n g a d e s o r p t i o n . T h i s i s i l l u s t r a t e d i n F i g u r e 7 . 1 5 , w h e r e 
p o i n t F i s f a r u n d e r t h e c o r r e s p o n d i n g m o i s t u r e e q u i l i b r i u m c u r v e a t 5°C i n c o n t r a s t t o p o i n t G 
t h a t i s a b o v e i t s m o i s t u r e e q u i l i b r i u m c u r v e a t 20°C. 

T h e a m p l i t u d e s o f m o i s t u r e c o n t e n t a r e s o m e w h a t h i g h e r a t 20°C, w h i c h i s s e e n f o r i n 
s t a n c e o n t h e s l o p e o f t h e l i n e c o n n e c t i n g t h e t w o l e v e l s o f t h e s t e p i n F i g u r e 7 . 1 5 . 
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Figure 7.14 Sorption response with temperature shifts from 5°C to 20°C and back to 5°C. 
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1.13 D e s o r p t i o n r e s p o n s e w i t h s h i f t s o f i n c r e a s i n g a n d d e c r e a s i n g 
t e m p e r a t u r e 

T h i s s e c t i o n c o n c e r n s s e q u e n c e M - N - O - P - Q - R i n F i g u r e 7 . 1 6 . T h e m e a s u r e d p o i n t s a r e s h o w n 
i n F i g u r e 7 . 1 7 . 

T h e s o r p t i o n r e s p o n s e c u r v e i n F i g u r e 7 . 1 6 s t a r t s w i t h a d e s o r p t i o n s t e p f r o m 9 0 % t o 8 5 % 
R H ( M - > N ) . T h i s s t e p w a s p r e c e d e d b y c y c l e s i n t h e 9 4 % t o 9 0 % R H r a n g e . A n o v e r v i e w o f 
t h e p r e c e d i n g s t e p s i s s h o w n i n F i g u r e 6 . 5 5 . T h e 8 5 % R H l e v e l i s c o n t i n u i n g f o r a r a t h e r l o n g 
t i m e t o o b t a i n r e a s o n a b l e e q u i l i b r i u m . A t p o i n t O a t e m p e r a t u r e c h a n g e i s m a d e a t c o n s t a n t 
R H . T h i s r e s u l t s i n a d e s o r p t i o n , q u i t e a c c o r d i n g t o t h e t e m p e r a t u r e d e p e n d e n c e o f t h e m o i s 
t u r e e q u i l i b r i u m c u r v e . T h e d r i f t o f t h e m o i s t u r e c o n t e n t i s r a t h e r l a r g e i n p o i n t P a s l o n g a s 1 1 
d a y s a f t e r t h e t e m p e r a t u r e s t e p . A t p o i n t P , a c h a n g e b a c k t o 5°C i s m a d e . S t i l l , t h e 8 5 % R H 
l e v e l i s m a i n t a i n e d . T h e t e m p e r a t u r e s t e p t o o k 6 5 h o u r s t o c o m p l e t e ( d u e t o p e c u l i a r i t i e s w i t h 
t h e a p p a r a t u s ) . A f t e r t h e t e m p e r a t u r e s t e p n o d r i f t o f t h e m o i s t u r e c o n t e n t i s d e t e c t a b l e f o r a n y 
o f t h e t w o s a m p l e s ( t h i s i s t h e o n l y t i m e f o r a l l t h e m e a s u r e m e n t s t h a t t h i s i s t h e c a s e ) . 

I t s e e m s a s i f t e m p e r a t u r e s h i f t s s p e e d u p t h e r e t a r d e d s o r p t i o n s o t h e w o o d c o m e s c l o s e r t o 
a m o r e g e n u i n e e q u i l i b r i u m . I t c o u l d h o w e v e r b e a r g u e d f o r t h i s c a s e t h a t i t w a s t h e e f f e c t o f 
t h e d e s o r p t i o n - a b s o r p t i o n c y c l e 0 - P - Q i n F i g u r e 7 . 1 6 . 
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Figure 7.16 Desorption response with temperature shifts from 5°C to 20°C and back to 5°C. 
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Figure 7.17 Measured sorption points obtained from the sequence of Figure 7.16 compared 
to equilibrium sorption curves for 5°C and 20°C. 
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1.1 A T h e R H c o m p e n s a t e d t o o b t a i n z e r o s o r p t i o n d u r i n g a t e m 
p e r a t u r e s h i f t 

T h i s s e c t i o n c o n c e r n s s e q u e n c e S - T - U - V - X - Y i n F i g u r e 7 . 1 8 . T h e m e a s u r e d p o i n t s a r e s h o w n 
i n F i g u r e 7 . 1 9 . 

I n t h i s s e l e c t e d s e q u e n c e , a n a s s u r e d d e s o r p t i o n w a s e s t a b l i s h e d b y a r a t h e r s w i f t s u c c e s 
s i o n o f d e s o r p t i o n s t e p s , s o r p t i o n p o i n t s S t o V i n F i g u r e 7 . 1 8 . A f t e r t h a t , a t e m p e r a t u r e s h i f t 
f r o m 5°C t o 20°C w a s m a d e . S i m u l t a n e o u s l y w i t h t h e t e m p e r a t u r e c h a n g e , t h e R H w a s 
c h a n g e d a c c o r d i n g l y , w i t h t h e a m b i t i o n t o a t t a i n z e r o s o r p t i o n . T h e r e l a t i o n u s e d w a s a 5 % 
R H i n c r e a s e t o c o m p e n s a t e a 15°C t e m p e r a t u r e i n c r e a s e . T h e a s s u m e d t e m p e r a t u r e d e p e n 
d e n c e w a s c l o s e t o t h e i n d i r e c t l y m e a s u r e d , s i n c e t h e c u r v e s m e e t i f t h e y a r e e x t r a p o l a t e d t o a 
p o i n t b e t w e e n p o i n t V a n d X w h e r e t h e c h a n g e t o o k p l a c e . 
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Figure 7.18 Sorption response with a temperature shift from 5°C to 20°C, 
the RH compensated to zero sorption during the shift. 
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Figure 7.19 Measured sorption points obtained from the sequence of Figure 7.18 compared 
to equilibrium sorption curves for 5°C and 20° C. 
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8 A n a l y s e s o f s w e l l i n g 
T h e f r e e , m o i s t u r e - r e l a t e d d i m e n s i o n a l c h a n g e s i n v o l v i n g s w e l l i n g a n d s h r i n k a g e a r e i n t h i s 
r e p o r t c a l l e d s w e l l i n g . A l s o s h r i n k a g e i s i m p l i e d . M e a s u r e d d a t a o f s w e l l i n g a r e o b t a i n e d f r o m 
t h e f o r t h a n d f i f t h s e r i e s . 

8 . 1 C o m p a r i s o n b e t w e e n t a n g e n t i a l a n d r a d i a l s w e l l i n g 
T a n g e n t i a l a n d r a d i a l s w e l l i n g , E, a n d , a r e p r e s e n t e d t o g e t h e r i n t h e s a m e d i a g r a m i n t h e 
r e s u l t s p r e s e n t e d i n s e c t i o n s i n C h a p t e r 6 , S e c t i o n s 6 . 4 t o 6 . 5 . T h e y f o l l o w e a c h o t h e r v e r y 
w e l l d u r i n g t h e v a r i o u s s e q u e n c e s . S e e F i g u r e s 6 . 4 0 , 4 3 , 4 8 , 5 1 a n d 5 4 . T h e r a t i o ê O / £,(0 i s 
q u i t e c o n s t a n t . T h e s c a l e s i n t h e d i a g r a m s f o r t h e t w o d i r e c t i o n s w e r e a d j u s t e d f o r a r e p r e s e n 
t a t i v e v a l u e o f £;•/£, . F o r t h e f o r t h s e r i e s o f m e a s u r e m e n t s a t 20°C t h e r e l a t i o n s h i p e ^ / Et i s 
s e t t o 0 . 6 a s a r e p r e s e n t a t i v e v a l u e . T h e r e l a t i o n s h i p i s c h a n g e d t o 0 . 6 5 f o r t h e m e a s u r e m e n t s 
a t 5°C. T h e s e m e a s u r e m e n t s h a v e p r e d o m i n a n t l y t a k e n p l a c e a t h i g h e r r e l a t i v e h u m i d i t i e s t h a n 
t h o s e a t 20°C. I t i s t h e r e f o r e n o t p o s s i b l e c l e a r l y t o r e l a t e t h e c h a n g e i n r a t i o t o t e m p e r a t u r e o r 
t o R H - l e v e l . 

C o m p a r i s o n c a n a l s o b e m a d e i n d i a g r a m s i n t h e f o l l o w i n g s e c t i o n . S e e F i g u r e s 8 . 3 , 5 , 8 , 
1 1 , 1 3 , 1 6 a n d 1 9 . I n t h e s e d i a g r a m s t h e t a n g e n t i a l s w e l l i n g i s p l o t t e d a s a f u n c t i o n o f t h e r a 
d i a l s w e l l i n g . 

8 . 2 C o m p a r i s o n b e t w e e n s o r p t i o n a n d s w e l l i n g 
I n t h i s s e c t i o n t h e t a n g e n t i a l s w e l l i n g s t e p r e s p o n s e i s c o m p a r e d t o t h e s o r p t i o n r e s p o n s e . 
M e a s u r e d d a t a o f s w e l l i n g a r e o b t a i n e d f r o m t h e f o r t h a n d f i f t h s e r i e s . 

T h e c o m p a r i s o n b e t w e e n s o r p t i o n a n d s w e l l i n g i s m a d e i n t h r e e t y p e s o f d i a g r a m s i n t h i s 
s e c t i o n . I n t h e f i r s t t y p e t h e s w e l l i n g a n d s o r p t i o n r e s p o n s e c u r v e s a r e c o m p a r e d t o g e t h e r a s a 
f u n c t i o n o f t i m e , w h e r e t h e s o r p t i o n i s d e s i g n a t e d w i t h a t h i c k e r c u r v e r e l a t e d t o t h e l e f t a x i s , 
a n d t h e t a n g e n t i a l s w e l l i n g t o t h e right a x i s . A n e x a m p l e o f a d i a g r a m o f t h i s t y p e i s F i g u r e 
8 . 1 . T h e r e l a t i o n b e t w e e n t h e s c a l e f o r t a n g e n t i a l s w e l l i n g [ m / m ] a n d s o r p t i o n [ k g w a t e i / k g w o o d ] 
i s s e t a t 0 . 3 2 f o r a l l d i a g r a m s . T h i s i s b a s e d o n a r o u g h f i t t i n g m a d e a t t h e i n i t i a l p h a s e o f t h e 
s t e p r e s p o n s e s . T h e s t a r t i n g p o i n t s f o r t h e s c a l e s a r e n o t a c c u m u l a t e d f r o m t h e p r e v i o u s d i a 
g r a m w i t h t h e f a c t o r 0 . 3 2 , b u t s l i g h t l y a d j u s t e d t o a n e v e n n u m b e r f o r t h e i n d i v i d u a l d i a g r a m . 
T h e a x e s a r e a l s o a d j u s t e d s o t h e c u r v e s c o m e c l o s e t o g e t h e r t o f a c i l i t a t e c o m p a r i s o n . T h i s 
m e a n s t h a t t h e right-hand s c a l e i s s h i f t e d s o m e w h a t f r o m o n e d i a g r a m t o t h e n e x t o n e . T h i s 
a p p l i e s f o r a l l t h e d i a g r a m s w i t h a right h a n d s c a l e . 

I n t h e s e c o n d t y p e o f d i a g r a m t h e t a n g e n t i a l s w e l l i n g a s a f u n c t i o n t h e m o i s t u r e c o n t e n t i s 
d i r e c t l y c o m p a r e d i n p o i n t s a n d t h e p r o g r e s s i o n o f t i m e i s s h o w n b y a t r a j e c t o r y l i n e . A n e x 
a m p l e o f a d i a g r a m o f t h i s t y p e i s F i g u r e 8 . 2 . T h e t i m e b e t w e e n t h e s e l e c t e d p o i n t s i s s i x 
h o u r s . T h e s e l e c t e d p o i n t s a r e a d j u s t e d s o t h e f i v e h o u r m e a s u r e m e n t s a f t e r a s t e p n o t a r e i n 
c l u d e d . T h i s i s b e c a u s e t h e s a m p l e s f o r m e a s u r e m e n t o f m o i s t u r e c o n t e n t a r e p l a c e d c l o s e r t o 
t h e j e t o f i n c o m i n g a i r t h a n t h e s a m p l e s f o r s w e l l i n g m e a s u r e m e n t . T h e j e t i s a g i t a t i n g t h e a i r , 
r e d u c i n g t h e s u r f a c e r e s i s t a n c e . T h i s h a s g i v e n a s l i g h t l y f a s t e r r e s p o n s e f o r t h e s o r p t i o n s a m 
p l e s , n o t i c e a b l e t h e f i r s t h o u r o r t w o a f t e r a s t e p . 
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T h e d i a g r a m s i n a l l t h e f i g u r e s i l l u s t r a t e t h a t t h e p a t t e r n s o f r e s p o n s e a r e r a t h e r s i m i l a r f o r 
t a n g e n t i a l s w e l l i n g a n d t h e m o i s t u r e u p t a k e . T h i s p a t t e r n a l s o i n c l u d e s t h e r e t a r d e d s o r p t i o n . 
T h e r e i s h o w e v e r a c o n s i s t e n t t e n d e n c y t h a t t h i s r e t a r d e d r e s p o n s e i s s o m e w h a t l a r g e r f o r t h e 
s w e l l i n g t h a n t h e s o r p t i o n . T h i s i s p e r h a p s e s p e c i a l l y v i s i b l e i n t h e d i a g r a m s w h e r e s w e l l i n g i s 
p l o t t e d a g a i n s t m o i s t u r e c o n t e n t . 

T h e r e l a t i o n s h i p b e t w e e n radial s w e l l i n g a n d m o i s t u r e u p t a k e i s n o t d i r e c t l y i l l u s t r a t e d i n 
d i a g r a m s . I n s t e a d a c o m p a r i s o n h a s t o b e d o n e i n t w o s t a g e s . R a d i a l a n d t a n g e n t i a l s w e l l i n g 
a r e s h o w n t o g e t h e r i n d i a g r a m s i n C h a p t e r 6 . 4 t o 6 . 5 . I n t h i s c h a p t e r m o i s t u r e c o n t e n t a n d 
t a n g e n t i a l s w e l l i n g a r e s h o w n t o g e t h e r i n d i a g r a m s . H o w e v e r , t h e t a n g e n t i a l a n d r a d i a l s w e l 
l i n g a r e p r o p o r t i o n a l t o o n e a n o t h e r , o r i n s o m e i n s t a n c e s c l o s e t o p r o p o r t i o n a l . 

A n a l t e r n a t i v e w a y t o c o m p a r e t a n g e n t i a l a n d r a d i a l s w e l l i n g i s a t h i r d t y p e o f d i a g r a m i n 
t h i s s e c t i o n , s t a r t i n g w i t h F i g u r e 8 . 3 . I n t h i s t j ^ e o f d i a g r a m t a n g e n t i a l s w e l l i n g i s p l o t t e d 
a g a i n s t r a d i a l s w e l l i n g . T h e p r o g r e s s i o n o f t i m e i s s h o w n b y a t r a j e c t o r y l i n e . 

T h e a x i a l s w e l l i n g i s n o t m e a s u r e d . 

T h e m e a s u r e m e n t s o f s w e l l i n g a r e g e t t i n g v e r y n o i s y a f t e r t h e f i f t h s e r i e s i n C h a p t e r 6 . 5 
a n d a r e a s s e s s e d n o t t o b e c r e d i b l e . I t s e e m s t h a t t h e p o s i t i o n f o r t h e o p t i c a l s e n s o r s h a v e 
f a l l e n o u t o f t h e c o r e o f t h e l i g h t s o u r c e , d u e t o a n u n f o r t u n a t e d e s i g n . S e e F i g u r e 2 . 5 . T h i s i s 
r e m e d i e d i n t h e n e x t v e r s i o n o f p o s i t i o n s e n s o r , b a s e d o n a l a s e r d i o d e a s a l i g h t s o u r c e , c r e 
a t i n g a s t a t i o n a r y d i s c - s h a p e d b e a m o f l i g h t . T h e o p t i c a l p o s i t i o n i n g s e n s o r i s m o v i n g i n t h i s 
s t a t i o n a r y b e a m , c o n n e c t e d t o t h e s a m p l e . 

8 . 2 . 1 T h e f i r s t p a r t o f t h e f o u r t h s e r i e s 
T h e m e a s u r e m e n t s i n t h e f o u r t h s e r i e s a r e d i v i d e d i n t w o p a r t s . T h e f i r s t p a r t c o m p r i s e s a 
l o w e r r a n g e o f m o i s t u r e c o n t e n t s a n d t h e s e c o n d a h i g h e r o n e . 

T h e m e a s u r e m e n t s o f s o r p t i o n u(t) a n d t a n g e n t i a l s w e l l i n g f r o m t h e f i r s t p a r t o f t h e 
f o u r t h s e r i e s a r e s h o w n i n F i g u r e 8 . 1 . I n F i g u r e 8 . 2 t a n g e n t i a l s w e l l i n g i s p l o t t e d a g a i n s t 
m o i s t u r e c o n t e n t . T h e p r o g r e s s i o n o f t i m e i s s h o w n b y a t h i n t r a j e c t o r y l i n e . O n l y t h e 5 0 % -
6 5 % R H c y c l e s f r o m F i g u r e 8 . 1 a r e s h o w n i n F i g u r e 8 . 2 a n d t h e r e s t i s s h o w n i n F i g u r e 8 . 4 . I n 
c o r r e s p o n d i n g d i a g r a m s i n F i g u r e 8 . 3 a n d F i g u r e 8 . 5 t h e t a n g e n t i a l s w e l l i n g i s p l o t t e d a g a i n s t 
t h e r a d i a l s w e l l i n g f o r t h e s e q u e n c e i n F i g u r e 8 . 1 . 

T h e p r e c o n d i t i o n f o r t h e s a m p l e s f o r s o r p t i o n m e a s u r e m e n t s w a s r o o m c o n d i t i o n s f o r IV2 
m o n t h s ( a n a v e r a g e R H o f 5 0 % i s e s t i m a t e d ) p r e c e d e d b y r o u g h l y h a l f a m o n t h a t 3 5 % R H 
( S a m p l e 3 i n t h e t h i r d s e r i e s ) . T h e w o o d u s e d t o m a k e t h e s w e l l i n g s a m p l e s h a d b e e n k e p t a t 
r o o m c l i m a t e f o r a l o n g t i m e . 

T h e i n i t i a l s t e p i n F i g u r e 8 . 1 e x h i b i t s a d i f f e r e n t r e s p o n s e p a t t e r n s b e t w e e n s o r p t i o n a n d 
s w e l l i n g . I n l a t e r s t e p s i n t h e s a m e r a n g e t h e r e s p o n s e p a t t e r n s a r e v e r y s i m i l a r . T h i s i s c l e a r l y 
s e e n i n F i g u r e 8 . 2 , w h e r e t h e m o i s t u r e c o n t e n t i s p l o t t e d v e r s u s t h e s w e l l i n g . T h e c o n d i t i o n s 
d u r i n g t h e i n i t i a l s t e p c a n b e d e s c r i b e d a s a s t e p o u t s i d e t h e l i m i t s o f e a r l i e r a t t a i n e d m o i s t u r e 
c o n t e n t . T h i s c o n c e p t i s u s e d i n m e c h a n o - s o r p t i o n t o d e s c r i b e s p e c i a l e f f e c t s f o u n d d u r i n g 
t h o s e c o n d i t i o n s , M a r t e n s s o n ( 1 9 9 2 ) . T h e 6 5 % - 5 0 % R H c y c l e s p r e c e d e d b y a p e r i o d o f 6 5 % 
R H f o r a s l o n g a s 1 4 d a y s , e x h i b i t a v e r y c l o s e s i m i l a r i t y b e t w e e n s o r p t i o n a n d t a n g e n t i a l 
s w e l l i n g a s t h e u p p e r s c a n n i n g c u r v e s i n F i g u r e 8 . 2 i l l u s t r a t e . T h e s c a n n i n g c u r v e s f o r t h e s e 
c y c l e s f o l l o w t h e e, lu r a t i o o f 0 . 3 2 v e r y c l o s e l y f o r t h e w h o l e s e q u e n c e o f r e p e a t e d c y c l e s . 

T h e t r a j e c t o r y f o r t h e t i m e d e s c r i b e s a c o u n t e r - c l o c k w i s e p a t t e r n f o r t h e i n i t i a l c y c l e i n 
F i g u r e 8 . 2 . T h i s m e a n s t h a t a p a r t o f t h e t a n g e n t i a l s w e l l i n g i s l a g g i n g b e h i n d c o m p a r e d t h e 
s o r p t i o n . T h i s c a n b e c o m p a r e d t o t h e d i a g r a m s i n S e c t i o n 7 . 7 w h e r e t h e s o r p t i o n i s l a g g i n g 
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b e h i n d t h e r e l a t i v e h u m i d i t y . T h e r e i t i s h o w e v e r m u c h m o r e p r o n o u n c e d . I n F i g u r e 8 . 3 t h e r e 
i s t h e s a m e t e n d e n c y o f a c o u n t e r - c l o c k w i s e t r a j e c t o r y b e t w e e n t a n g e n t i a l a n d r a d i a l s w e l l i n g . 
A p a t t e r n o f t h e t i m e - d e l a y s o f t h e d i f f e r e n t r e s p o n s e s e m e r g e s . T h e l a r g e s t t i m e - d e l a y i s c o n 
n e c t e d w i t h t h e t a n g e n t i a l s w e l l i n g . T h e t i m e - d e l a y f o r r a d i a l s w e l l i n g i s s o m e w h a t s m a l l e r 
a n d t h e t i m e - d e l a y f o r s o r p t i o n a b i t s m a l l e r s t i l l . T h i s p a t t e r n i s c o n s i s t e n t i n t h e m e a s u r e 
m e n t s ( w h e n e v e r a d i f f e r e n c e o c c u r s ) . 

3 - 0 7 - 0 1 1 9 9 3 - 0 7 - 1 5 1 9 9 3 - 0 7 - 2 9 

Figure 8.1 Sorption response compared with tangential swelling response, 
from the first part of the fourth series. 
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QJ 4 - -

0 . 1 0 4 0 . 1 0 9 0 . 1 1 4 0 . 1 1 9 
M o i s t u r e c o n t e n t u [ k g / k g ] 

0 . 1 2 4 

Figure 8.2 Tangential swelling e, as a function of moisture content u. 
Consecutive points in time are connected with a thin line. 
From the 50% - 65%) RH cycles in Figure 8.1. 
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Figure 8.3 Tangential swelling £, as a function of radial swelling Er. 
Consecutive points in time are connected with a thin line. 
From the 50% - 65% RH cycles in Figure 8.1. 

4\s Diagr2 
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0.112 0.117 0.122 0.127 0.132 
Moisture content u [kg/kg] 

0.137 0.142 

Figure 8.4 Tangential swelling e, as a function of moisture content u. 
Consecutive points in time are connected with a thin line. 
From the 65% - 75% RH cycles in the last part of Figure 8.1. 

18 • 

16 --

14 --

12 -• 
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C 10 --

•^993-08-21 

1993-09-03 

5 6 7 
Radial swelling [%o] 

Figure 8.5 Tangential swelling e , as a function of radial swelling Sr. 
Consecutive points in time are connected with a thin line. 
From the 65% - 75% RH cycles in the last part of Figure 8.1. 

10 

8 . 2 . 2 T h e l a s t p a r t o f t h e f o u r t h s e r i e s 
I n F i g u r e 8 . 6 t o F i g u r e 8 . 8 m e a s u r e m e n t s o f s w e l l i n g f r o m c y c l e s b e t w e e n 7 5 % a n d 8 5 % a r e 
p r e s e n t e d . T h e m e a s u r e m e n t s o f s o r p t i o n u{t) a n d t a n g e n t i a l s w e l l i n g e,(0 a r e s h o w n i n F i g u r e 
8 . 6 . 
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I n F i g u r e 8 . 7 t a n g e n t i a l s w e l l i n g i s p l o t t e d a g a i n s t m o i s t u r e c o n t e n t . T h e s a m e p a t t e r n f o r 
t h e i n i t i a l s t e p t o a p r e v i o u s l y n o t r e a c h e d l e v e l i s s e e n a s i n F i g u r e 8 . 2 . T h e i n i t i a l s t e p i n t h e 
f i g u r e h a s a p r o p o r t i o n a l l y l a r g e r s w e l l i n g t h a n s o r p t i o n . T h e r e m a i n i n g c y c l e s i n F i g u r e 8 . 7 
h a v e o n l y a s l i g h t d r i f t t o w a r d s h i g h e r t a n g e n t i a l s w e l l i n g c o m p a r e d t o m o i s t u r e c o n t e n t . 

20°C 

1993-09-18 1993-10-02 1993-10-16 1993-10-30 1993-11-13 

Figure 8.6 Sorption response compared with tangential swelling response, 
from the last part of the fourth series. 75% - S 5 % RH cycles. 

32 -R 

0.16 0.162 0.164 0.166 0.168 0.17 0.172 

M o i s t u r e con ten t u [ kg /kg ] 
0.174 0.176 0.178 0.18 

Figure 8.7 Tangential swelling e , as a function of moisture content u. 
Consecutive points in time are connected with a thin line. 
75%c - 85%c RH cycles from Figure 8.6. 
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2 4 --

13 13 .5 1 4 14 .5 15 1 5 . 5 1 6 
R a d i a l s w e l l i n g [%c] 

16 .5 1 7 

Figure 8.8 Tangential swelling Et as a function of radial swelling Er 
Consecutive points in time are connected with a thin line. 
75% - 85% RH cycles from Figure 8.6. 

17 .5 18 

8 . 2 . 3 T h e f i r s t p a r t o f t h e f i f t h s e r i e s 
T h e m e a s u r e m e n t s o f t h e f i f t h s e r i e s a r e d i v i d e d i n t h r e e p a r t s h e r e . T h e f i r s t p a r t i n c l u d e s t h e 
f i r s t c y c l i c s t e p s i n t h e f i f t h s e r i e s . T h e s e c o n d p a r t d e s c r i b e s c y c l i c s t e p s a t a h i g h e r R H l e v e l . 
T h e t h i r d p a r t i s a s t e p t o a h i g h R H l e v e l m a i n t a i n e d f o r a l o n g t i m e . 

T h e m e a s u r e m e n t s o f s o r p t i o n u(t) a n d t a n g e n t i a l s w e l l i n g ê O from t h e f i r s t p a r t o f t h e 
f i f t h s e r i e s a r e s h o w n i n F i g u r e 8 . 9 . D u r i n g t h e s h i f t f r o m 20°C t o 5°C a t t h e s t a r t o f t h e f i f t h 
s e r i e s a n u n i n t e n t i o n a l d i p i n R H w a s p r o d u c e d . T h i s i s s h o w n a t t h e b e g i n n i n g o f t h e c u r v e s 
i n F i g u r e 8 . 9 . 

I n F i g u r e 8 . 1 0 t h e t a n g e n t i a l s w e l l i n g i s p l o t t e d a g a i n s t m o i s t u r e c o n t e n t f o r t h e c y c l e s 
b e t w e e n 7 4 % t o 8 4 % R H a n d f o r t h e f o l l o w i n g s m a l l e r c y c l e s . I n a c o r r e s p o n d i n g d i a g r a m i n 
F i g u r e 8 . 1 1 t h e t a n g e n t i a l s w e l l i n g i s p l o t t e d a g a i n s t t h e r a d i a l s w e l l i n g . T h e l a r g e d i f f e r e n c e 
i n s w e l l i n g a t t h e s t a r t o f F i g u r e 8 . 1 0 c a n b e e x p l a i n e d b y t h e r m a l e x p a n s i o n . 

I n F i g u r e 8 . 1 2 t h e t a n g e n t i a l s w e l l i n g i s p l o t t e d a g a i n s t m o i s t u r e c o n t e n t f o r a s t e p t o a p r e 
v i o u s l y n o t a t t a i n e d l e v e l ( t o 8 9 % R H ) . W e s e e t h e s a m e p a t t e r n a s i n F i g u r e 8 . 2 a n d F i g u r e 
8 . 7 b e f o r e w i t h p r o p o r t i o n a l l y l a r g e r s w e l l i n g t h a n s o r p t i o n w h e n R H i s r e a c h i n g b e y o n d a 
p r e v i o u s l y n o t a t t a i n e d l e v e l . 

I n F i g u r e 8 . 1 3 t h e t a n g e n t i a l s w e l l i n g i s p l o t t e d a g a i n s t t h e r a d i a l s w e l l i n g f o r t h e s a m e s e 
q u e n c e a s F i g u r e 8 . 1 2 . 
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Figure 8.9 Sorption response compared with tangential swelling response, 
from the first part of the fifth series. 
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Figure 8.10 Tangential swelling e, as a function of moisture content u. 
Consecutive points in time are connected with a thin line. 
From the first part of Figure 8.9. 
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Figure 8.11 Tangential swelling Et as a function of radial swelling Er. 
Consecutive points in time are connected with a thin line. 
From the first part of Figure 8.9. 
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Figure 8.12 Tangential swelling Et as a function of moisture content u. 
Consecutive points in time are connected with a thin line. 
From the step to 89% RH and onwards in Figure 8.9. 
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Figure 8.13 Tangential swelling e , as a function of radial swelling £r. 
Consecutive points in time are connected with a thin line. 
From the step to 89% RH and onwards in Figure 8.9. 
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Figure 8.14 Sorption response compared with tangential swelling response, 
small cyclic steps in the fifth series. 
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Figure 8.15 Tangential swelling e, as a function of moisture content u. 
Consecutive points in time are connected with a thin line. 
From Figure 8.14. 
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Figure 8.16 Tangential swelling Et as a function of radial swelling Er. 
Consecutive points in time are connected with a thin line. 
From Figure 8.14. 
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8 . 2 . 5 T h e l a s t p a r t o f t h e f i f t h s e r i e s 
F i n a l l y , F i g u r e 8 . 1 7 t o F i g u r e 8 . 1 9 d e s c r i b e s a s t e p t o a h i g h ( 9 3 % ) R H , f o l l o w e d b y a f e w 
c y c l i c s t e p s . T h e s i n g l e s t e p i s m a i n t a i n e d f o r a l o n g t i m e . W e s e e i n F i g u r e 8 . 1 8 t h a t t h e EJU 
r a t i o i s l a r g e r t h a n 0 . 3 2 f o r t h e s i n g l e s t e p a n d s m a l l e r t h a n 0 . 3 2 f o r t h e f o l l o w i n g c y c l e s . T h e 
s i n g l e s t e p i s r e a c h i n g a p r e v i o u s l y n o t a t t a i n e d l e v e l . 

F i g u r e 8 . 1 9 s h o w s t h a t t h e s a m e r a t i o a s b e f o r e b e t w e e n t a n g e n t i a l a n d r a d i a l s w e l l i n g i s 
m a i n t a i n e d f o r t h i s p a r t o f t h e s e q u e n c e a t h i g h R H . 
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Figure 8.17 Sorption response compared with tangential swelling response, 
from the last part of the fifth series. 
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Figure 8.18 Tangential swelling Et as a function of moisture content u. 
Consecutive points in time are connected with a thin line. 
From Figure 8.17. 
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Figure 8.19 Tangential swelling Et as a function of radial swelling Er. 
Consecutive points in time are connected with a thin line. 
From Figure 8.17. 
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8.3 V o l u m e t r i c s w e l l i n g 
B a s e d o n t h e m e a s u r e m e n t s , a n e s t i m a t e o f t h e r e l a t i o n s h i p o f t h e v o l u m e t r i c s w e l l i n g a n d t h e 
v o l u m e o f t h e s o r b e d w a t e r i s m a d e i n t h e f o l l o w i n g w a y . 

F o r s m a l l v a l u e s , t h e v o l u m e t r i c r e l a t i v e s w e l l i n g i s t h e s u m o f t h e s w e l l i n g i n t h e t h r e e 
o r t h o g o n a l d i r e c t i o n s : 

A n e s t i m a t e d a v e r a g e v a l u e f o r t h e r e l a t i o n s h i p b e t w e e n Er lEt i s 0 . 6 5 f o r t h e f o u r t h a n d 
f i f t h s e r i e s . T h e l o n g i t u d i n a l s w e l l i n g w a s n o t m e a s u r e d , b u t t h e c o n t r i b u t i o n i s s m a l l a n d i t i s 
e s t i m a t e d t o £/ = 0 . 0 5 • E t . T h e v o l u m e t r i c r e l a t i v e s w e l l i n g i s : 

Ey = E , + 0 . 6 5 e , + 0 . 0 5 e , = 1 . 7 e , [ m ^ / m^^ood ] 

T h e v o l u m e c h a n g e o f 1 m ^ o f w o o d i s = 1 . 7 -E, . L e t Au d e n o t e t h e c o r r e s p o n d i n g 
c h a n g e o f w a t e r c o n t e n t . T h e d r y d e n s i t y o f w o o d i s pdry = 5 3 0 k g / m ^ . T h i s m e a n s t h a t 
5 3 0 - A M k g w a t e r i s a d d e d . T h e d e n s i t y o f w a t e r i s Pwater = 1 0 0 0 k g / m ^ . T h e a d d e d w a t e r 
v o l u m e A V H - i s t h e n ( i f i t w e r e " f r e e " ) : 

A M - 5 3 0 3 3 
AV^ = Q̂QQ [m watei/ m wood ] 

A r e p r e s e n t a t i v e v a l u e f r o m t h e m e a s u r e m e n t s f o r t h e r a t i o e , / A M i s 0 . 3 2 . T h e r e l a t i o n 
s h i p b e t w e e n t h e v o l u m e t r i c r e l a t i v e c h a n g e o f t h e w o o d a n d t h e v o l u m e o f t h e a d d e d w a t e r 

" ^ ^ J ^ ^ 1 7 : 0 3 2 ^ ^ ^ ^ 2 6 
AV^ 0 . 5 3 A M 0 . 5 3 A M 

O n e i n t e r p r e t a t i o n , s i n c e t h i s r e l a t i o n s h i p i s c l o s e t o o n e , i s t h a t t h e v o l u m e o f t h e p o r e s i s 
u n a f f e c t e d a n d t h a t t h e r e m a i n i n g w o o d i s i n c r e a s i n g i n v o l u m e c o r r e s p o n d i n g t o t h e v o l u m e 
o f t h e w a t e r . 

8 . 4 C o n c l u s i o n s 
I n a l l d i f f e r e n t s i t u a t i o n s i n t h e m e a s u r e m e n t s , t h e t a n g e n t i a l a n d r a d i a l s w e l l i n g h a v e r a t h e r 
s i m i l a r s t e p r e s p o n s e s a s t h e s o r p t i o n . T h i s m e a n s t h a t r o u g h l y t h e s a m e p r o p o r t i o n b e t w e e n a 
f a s t r e s p o n s e a n d a r e t a r d e d r e s p o n s e w a s m e a s u r e d . T h e r e i s h o w e v e r a s m a l l d i f f e r e n c e . T h e 
f r a c t i o n w i t h r e t a r d e d r e s p o n s e i s p r o p o r t i o n a l l y l a r g e r f o r s w e l l i n g t h a n f o r s o r p t i o n . T h e r e i s 
a p a t t e m o f o r d e r . T h e t a n g e n t i a l s w e l l i n g h a s m o s t r e t a r d e d r e s p o n s e , c l o s e l y f o l l o w e d b y 
r a d i a l s w e l l i n g , w h i c h i n t u m i s f o l l o w e d b y s o r p t i o n . T h i s p a t t e m i s c o n s i s t e n t i n t h e m e a s 
u r e m e n t s ( w h e n e v e r a d i f f e r e n c e o c c u r s ) . 
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P a r t III A n o n - l i n e a r model for retarded sorption 

9 C h a r a c t e r i s t i c s o f r e t a r d e d s o r p t i o n o b 
s e r v e d i n m e a s u r e m e n t s 

M a n y o b s e r v a t i o n s a n d c h a r a c t e r i s t i c s o f t h e r e t a r d e d s o r p t i o n a re p r e sen t ed i n C h a p t e r 6 a n d 
7. L i t h i s chap te r , s o m e f e a t u r e s are a n a l y s e d f u r t h e r . B a s e d o n a l l t h i s a t e n t a t i v e m o d e l t o 
a c c o u n t f o r r e t a r d e d s o r p t i o n w i l l b e p r e sen t ed i n C h a p t e r 10. 

9 . 1 I m m e d i a t e m o i s t u r e c a p a c i t y 
F i g u r e 9.1 s h o w s a t y p i c a l m o i s t u r e u p t a k e u(t) f o r a s tep-change o f R H . T h e m e a s u r e d c u r v e 
i s t h e f r o m t h e f i f t h se r i es . F i g u r e 6.52 ( i n t h i s s e c t i o n s o m e w h a t i n c o r r e c t d r y w e i g h t s h a v e 
b e e n u s e d a n d t h e m o i s t u r e c o n t e n t s v a r y f r o m t h o s e i n C h a p t e r 6). T h e r e i s a m o r e o r less 
e x p o n e n t i a l r e sp o n se d u r i n g a f i r s t p e r i o d . T h i s i s t o b e e x p e c t e d s ince t h e s a m p l e i s v e r y t h i n . 
B u t t h e r e i s a l s o a s l o w l o n g - t i m e inc rease . 

T h e m o i s t u r e s o r p t i o n i n t h e s i n g l e c e l l w a l l m a y t h e r e f o r e be d i v i d e d i n t o t w o pa r t s . T h e 
f i r s t p a r t w i l l b e c a l l e d t h e immediate sorption a n d t h e o t h e r p a r t t h e retarded sorption. T h i s 
d i s t i n c t i o n i s n o t t o o p rec i se , h i c o n v e n t i o n a l d e s c r i p t i o n s a l l m o i s t u r e i s a s s u m e d t o be 
so rbed i m m e d i a t e l y i f t h e s a m p l e i s s m a l l e n o u g h . 

T h i s d i v i s i o n i n t o t w o pa r t s i s m o r e p r o n o u n c e d a t l o w t e m p e r a t u r e s . D u r i n g t h e f i r s t h o u r s 
a f t e r a s tep change , t h e t i m e scale o f t h e s o r p t i o n i s c l o s e t o t h e c o n v e n t i o n a l t h e o r y o f d i f f u 
s i o n , b u t w i t h o n l y a c e r t a i n , o f t e n s m a l l f r a c t i o n o f t h e t h e o r e t i c a l m o i s t u r e capac i t y i n v o l v e d . 

T h e f o l l o w i n g m e t h o d has b e e n u s e d t o e s t i m a t e t h e i m m e d i a t e m o i s t u r e capac i t y f r o m t h e 
m e a s u r e m e n t s . I t i s based o n t h e f ac t t h a t t h e s o r p t i o n o f a s m a l l s a m p l e a f te r a step change , 
c a l c u l a t e d w i t h c o n v e n t i o n a l t h e o r y , f o l l o w s a n e x p o n e n t i a l d e c l i n e r a t h e r c l o s e l y w h e n h a l f 
o f t h e s o r p t i o n has t a k e n p l ace . T h e m e a s u r e d m o i s t u r e c o n t e n t u at t = I , 2 ..6 h o u r s a f t e r a 
s t ep-change h a v e b e e n f i t t e d t o t h e f o l l o w i n g e q u a t i o n f o r e x p o n e n t i a l d e c l i n e : 

u{t) = u,-c-e~'^" (9.1) 

I t s h o u l d be n o t e d t h a t t h e v a l u e MQ at f = 0 i s n o t i n c l u d e d i n t h e f i t t i n g . 
T h e t h r e e ad ju s t ed v a r i a b l e s are : 

Ml f i n a l v a l u e f o r m o i s t u r e c o n t e n t f o r t h e f i t t e d f r a c t i o n 
c c o n s t a n t 
to t i m e c o n s t a n t f o r a F i c k i a n , s i n g l e n o d e r e s p o n s e 
A n o n - l i n e a r r e g r e s s i o n m e t h o d has b e e n e m p l o y e d t o f i t t h e cons t an t s w i t h a l eas t square 

c r i t e r i o n . A n e x a m p l e o f a g r a p h o f E q . (9.1) f i t t e d t o m e a s u r e d p o i n t s , i s s h o w n i n F i g u r e 9.1. 
I n t h e E q . (9.2) b e l o w t h e f i n a l v a l u e MI f r o m t h e f i t t e d e q u a t i o n a n d t h e i n i t i a l v a l u e UQ are 

u s e d t o e s t i m a t e t h e i m m e d i a t e m o i s t u r e c a p a c i t y AMJ^ / A 9 : 
A M ^ ^ j V - M ^ (9 2) 
Acp ( p , - ( p . 

H e r e , cpo a n d cpi are t h e R H - r a n g e o f t h e step. 
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T h e c a l c u l a t e d i m m e d i a t e m o i s t u r e capac i t i e s a re q u i t e t h e s a m e f o r a b s o r p t i o n a n d de
s o r p t i o n . A n e x a m p l e o f t h i s c a n be seen i n F i g u r e 9 . 2 w h e r e t h e a b s o r p t i o n step r e s p o n s e i s 
m a r k e d l y d i f f e r e n t f r o m t h e f o l l o w i n g d e s o r p t i o n step r e sponse o f t h e s a m e R H - a m p l i t u d e . 
T h e c a l c u l a t e d i m m e d i a t e m o i s t u r e changes , AM,>„ , a re o n t h e o t h e r h a n d v e r y s i m i l a r . T h i s 
e x a m p l e i s t a k e n f r o m t h e f i f t h se r ies . F i g u r e 6 . 4 9 . 
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Figure 9.1 Exponential curve (9.1) fitted to the first part of the step response. 
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Figure 9.2 An example of almost equal immediate moisture capacity 
during absorption and desorption. 

H 1 1 h 
90 100 

T h e i m m e d i a t e m o i s t u r e capac i t i e s h a v e b e e n c a l c u l a t e d f o r a l l m e a s u r e d step re sponses 
p e r f o r m e d at 5°C. T h e r e s u l t i s s h o w n i n a s u r v e y i n F i g u r e 9 .4 . T h e t w o steps i n F i g u r e 9 . 2 
h a v e n u m b e r 2 2 a n d 2 3 i n t h e s u r v e y . N o t e t h a t t h e a x i s r ep resen t s o r d e r o f e v e n t s o f t h e steps 
a n d n o t t i m e . S o m e i n t e r v a l s are m u c h l o n g e r t h a n t h e m o s t f r e q u e n t 4 8 h o u r s . M o s t o f t h e 
m e a s u r e d s o r p t i o n sequence at 5°C i s s h o w n i n F i g u r e 1 1 . 2 . 

C o n s e c u t i v e steps h a v e s i m i l a r i m m e d i a t e capac i ty , w h i c h s eems t o be i n d e p e n d e n t o f a m 
p l i t u d e o f step, i n t e r v a l b e t w e e n s teps a n d a b s o r p t i o n / d e s o r p t i o n . 

T h e t i m e c o n s t a n t s to f r o m t h e s a m e c a l c u l a t i o n s a re s h o w n i n F i g u r e 9 . 5 . T h e t i m e c o n 
s t an t l i e s m a i n l y i n t h e i n t e r v a l f r o m 1.5 h t o 2 .5 h w i t h a n ave rage v a l u e f o r a l l t i m e c o n s t a n t s 
o f 1.96 h . 

T h e s e f i t t e d t i m e c o n s t a n t s m a y b e c o m p a r e d t o w h a t a s i m p l e m o d e l g i v e s . See F i g u r e 9 . 3 , 
w h e r e t h e m a t e r i a l i n t h e s a m p l e i s a s s u m e d t o be l u m p e d i n t o o n e p o i n t . H e r e (^Met deno te s 
t h e R H o f t h e i n c o m i n g a i r i n t o t h e c h a m b e r . T h e t o t a l c o n d u c t a n c e KQ i s o b t a i n e d f r o m t h r e e 
res i s t ances as d e s c r i b e d i n S e c t i o n 1 0 . 1 . 4 . T h e d a m p e n i n g e f fec t o f t h e l i m i t e d a i r s u p p l y , t h e 
su r face r e s i s t ance b e t w e e n t h e a i r a n d s a m p l e a n d t h e ave rage r e s i s t ance i n t h e m a t e r i a l . T h e 
i m m e d i a t e m o i s t u r e capac i t y o f t h e s a m p l e i s d e n o t e d 

du 

d(p i m 

Figure 9.3 A simplified network for the immediate moisture capacity. 

T h e m o i s t u r e f l u x o v e r t h e t o t a l c o n d u c t a n c e e q u a l s t h e m o i s t u r e u p t a k e : 
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du 

d(p 

U s i n g t h e r e l a t i o n v = (p-Vsat(T), w e get : 

= ( P i n l e , - < P 

T h i s i s a d i f f e r e n t i a l e q u a t i o n i n (p(0- T h e f a c t o r b e f o r e dcp/dr c o r r e s p o n d s t o t h e t i m e c o n s t a n t 
to--

i m ( 9 . 3 ) 

I n s e r t i n g t h e a b o v e ave rage v a l u e f o r to a n d u s i n g t h e a v e r a g e v a l u e o f Aut^ /A(p f o r 
w e get : 

' ' 0 . 0 9 4 5 dip i m - = 0 . 0 0 1 9 7 K / ( k g w o o d - s ) ] 
^oV,„,(r) 1 . 9 6 - 3 6 0 0 - 6 . 8 0 - 1 0 

t h e r e , VsmiT) i s t h e s a tu ra t ed m o i s t u r e c o n t e n t a t t h e u sed 5°C. 
T h i s c o n d u c t a n c e m a y be c o m p a r e d t o t h e v a l u e f o r t h e e x p e r i m e n t a l se t -up , w h i c h i s g i v e n 

i n S e c t i o n 1 0 . 1 . 4 . T h i s v a l u e , w h i c h accoun t s f o r t h e m o i s t u r e c a p a c i t y o f t h e a i r i n t h e c h a m 
ber , t h e s a m p l e su r face r e s i s t ance a n d o r d i n a r y d i f f u s i o n i n t h e t h i n s a m p l e . T h e v a l u e c a l c u 
l a t e d f o r t h e e x p e r i m e n t a l se t -up , = 0 . 0 0 3 5 [ m ^ /(kgwood"S) ] , i s r o u g h l y t w i c e as b i g . I t co r 
r e s p o n d s t o a t i m e c o n s t a n t to=l h o u r . T h i s m e a n s t h a t w h a t i s c a l l e d h e r e i m m e d i a t e so rp 
t i o n i s i n f l u e n c e d t o a s m a l l e r e x t e n t b y r e t a r d e d e f fec t s . 

•3 i 0.02 - — \'—\[+^ — [—t [+]—k-h^ • 
B j I ' ^ I ' ' I ^ T ^ r ^ T T i I ' I . 

0.00 M ' ^ ^ ^ ^ ' ^ ' I ^ ^ ^ ^ ^—^ I ' I ^ ^ ' ' ' I I • U I I I ' ' i—• \ } \ \ \ \ , \
0 10 20 30 40 50 60 

Number of consecutive step-responses at 5°C 

Figure 9.4 Survey of immediate moisture capacity calculated by exponential 
fitting, Eq. (9.1), for all measurements at 5°C. 
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A n ave rage v a l u e o f t h e i m m e d i a t e capac i t i e s i n F i g u r e 9 . 4 a l l s tep changes i s o f i n t e r e s t . 
T h i s v a l u e i s 0 . 0 9 4 5 [kgwater/(kgwood - 1 0 0 % R H ) ] . 

0.5 

Time constants 
from calculations 

of immediate 
moisture capacity 

* Absorption step 
• Desorption step 

I 1 

10 20 30 40 

Number of consecutive step-responses at 5°C 

50 

Figure 9.5 Survey of time constants calculated by exponential fitting, 
Eq. (9.1), for all measurements at 5°C. 

60 

T h e v a r i a t i o n o f i m m e d i a t e c a p a c i t y w i t h t h e R H - l e v e l i s o f i n t e r e s t . F i g u r e 9 . 6 s h o w s t h e 
e s t i m a t e d i m m e d i a t e c a p a c i t y f r o m a l l t h e s o r p t i o n steps m e a s u r e d at 5°C t o g i v e t h e R H -
dependence o f t h e i m m e d i a t e c a p a c i t y . A n ave rage b e t w e e n t h e t w o l e v e l s o f R H i n a s tep has 
b e e n u s e d f o r each p o i n t i n t h e d i a g r a m . W h e n c o n s e c u t i v e p e r i o d i c steps are m a d e i n t h e 
s a m e i n t e r v a l h o w e v e r , a s m a l l a l t e r a t i o n o f R H has b e e n d o n e i n o r d e r t o b e ab l e t o d i s t i n 
g u i s h t h e i n d i v i d u a l p o i n t s i n t h e d i a g r a m . 

C o m p a r i s o n c a n b e m a d e w i t h t h e t o t a l m o i s t u r e c a p a c i t y i n t h e s a m e d i a g r a m d e r i v e d 
f r o m t h e s lope o f a m o i s t u r e e q u i l i b r i u m c u r v e . T h e i m m e d i a t e m o i s t u r e c a p a c i t y i s r a t h e r 
c o n s t a n t o v e r t h e m e a s u r e d R H - i n t e r v a l w i t h o n l y a s l i g h t i n c r e a s e at h i g h R H , w h e r e a s t h e 
t o t a l m o i s t u r e c a p a c i t y i s s t r o n g l y i n c r e a s i n g at h i g h R H . O n l y a s m a l l f r a c t i o n o f t h e m o i s t u r e 
capac i ty i s i m m e d i a t e a t h i g h R H . T h i s a l s o i l l u s t r a t e s t h a t r e t a r d e d s o r p t i o n i s m o r e d o m i n a n t 
at h i g h e r R H . 
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0.60 

° 0.20 •- Estimated immediate 
moisture capacity 

o 
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+ + 
+ 

0.00 
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RH 

Figure 9.6 Immediate and total moisture capacity as a function ofRH. 

A n o t h e r i l l u s t r a t i o n o f t h e fac t t h a t t h e i m m e d i a t e capac i t y c a n b e s m a l l c o m p a r e d t o t h e 
t o t a l i s t o l o o k at m e a s u r e m e n t s f r o m p e r i o d i c steps at l o w t e m p e r a t u r e a n d h i g h R H a n d 
c o m p a r e t h e m w i t h s i m u l a t i o n s based o n t r a d i t i o n a l t h e o r y . T h i s i s m a d e i n S e c t i o n 1 1 . 1 . 1 , 
F i g u r e 1 1 . 8 . 

9 . 2 F i t t i n g t h e s o r p t i o n c u r v e s u s i n g a f e w t i m e c o n s t a n t s 
T h e s o r p t i o n r e sp o n se c a n n o t be f i t t e d b y a s i n g l e e x p o n e n t i a l f u n c t i o n . T h e n e x t s tep i s t o t r y 
a s u m o f e x p o n e n t i a l s w i t h d i f f e r e n t t i m e c o n s t a n t s . T h e m a g n i t u d e o f e a c h e x p o n e n t i a l c o m 
p o n e n t ha s t o be f i t t e d . F i g u r e 9 .7 s h o w s a n a b s o r p t i o n r e sponse f o r a step i n R H f r o m 7 8 % t o 
8 9 % ( S a m p l e 4 , t h e f i f t h s e r i e s ) . A c u r v e c o m p o s e d o f t h r e e t e r m s o f e x p o n e n t i a l d e c l i n e 
f u n c t i o n s w i t h a s s u m e d t i m e cons t an t s has b e e n f i t t e d t o t h e m e a s u r e d s tep r e sponse . A l i n e a r 
r e g r e s s i o n m e t h o d has b e e n u s e d t o d e t e r m i n e t h e m a g n i t u d e o f e a c h e x p o n e n t i a l f u n c t i o n . 
T h e a s s u m e d t i m e c o n s t a n t s a re 3 , 2 0 a n d 1 5 0 h o u r s . ( T h e shape o f t h e t h r e e c o m p o n e n t s are 
s h o w n i n t h e f i g u r e . T h e s u m i s s h o w n as ' F i t t e d c u r v e ' . ) A g o o d f i t i s p o s s i b l e a n d a n e x 
t r a p o l a t i o n t o a n e q u i l i b r i u m i s o b t a i n e d . 

T h i s a p p r o a c h has b e e n t e s ted o n m a n y o f t h e s o r p t i o n r e sponses f r o m t h e tes ts o f t h i c k e r 
s a m p l e s ( 3 m m ) i n t h e f i r s t ser ies a n d w i t h l o n g e r i n t e r v a l s b e t w e e n steps. U p t o s e v e n t i m e 
c o n s t a n t s f r o m 2 h t o 1 0 0 0 h h a v e b e e n u s e d . T h e m a g n i t u d e o f e a c h e x p o n e n t i a l w a s deter 
m i n e d f o r t h e bes t f i t . T h e r e w a s n o t a n y r e g u l a r p a t t e r n . 

h i v i e w o f t h e d i f f e r e n t s tep responses t h a t h a v e b e e n r e c o r d e d a m o r e c o m p l e x m o d e l i s 
needed . T h e step r e sp o n se seems t o be d e p e n d e n t o n t h e a m p l i t u d e o f t h e step. A n o n - l i n e a r 
m o d e l t h a t i s ab l e t o t a k e t h i s i n t o a c c o u n t i s t e s t e d i n C h a p t e r 1 1 , S e c t i o n 1 1 . 2 a n d o n w a r d s . 

T h e d i f f e r e n t m e a s u r e d step responses h o w e v e r s h o w a v a r i e t y o f pa t t e rn s s e e m i n g l y de
p e n d i n g o n t h e p r e v i o u s c o n d i t i o n s . T h i s m a k e s e x t r a p o l a t i n g a s i n g l e c u r v e o f r e sponse t o a 
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t r u e e q u i l i b r i u m p r e c a r i o u s . S u c h c a l c u l a t i o n s are v e r y s e n s i t i v e t o t h e a s s u m e d c o n d i t i o n s 
a n d h a v e f a i l e d t o p r o d u c e c o n s i s t e n t e q u i l i b r i u m r e s u l t s . 

h i v i e w o f t h e m a n y t y p e s o f s tep responses t h a t h a v e b e e n r e c o r d e d a m o r e c o m p l e x m o d e l 
t h a t i s ab le t o fo recas t t h e t i m e p a t t e r n based o n t h e p r e v i o u s h i s t o r y c o u l d be e x p e c t e d t o be 
n e e d e d t o f i n d a m o r e t r u e e q u i l i b r i u m . 

0.164-• 

0.162 •• 

0.16 

Measured values 

Initial value 
78% >̂89% KH, 5°C 

+ 
20 40 60 80 100 120 

Time after step [h] 

140 160 180 200 

Figure 9.7 Fitting of measured response using exponential functions. 

9 . 3 B l o c k i n g o f m o i s t u r e c a p a c i t y i n t h e c e l l w a l l 
T h e r e t a r d e d s o r p t i o n has s e v e r a l f ea tu res t h a t c o u l d b e d e s c r i b e d as a b l o c k i n g o f t h e 

m o i s t u r e c a p a c i t y . T h i s b l o c k i n g a l t e r s a c c o r d i n g t o t h e c o n d i t i o n s . I t c a n be b u i l t u p w h e n 
R H a n d t e m p e r a t u r e are l i m i t e d t o a s m a l l r ange . T h i s can b e seen w h e n a s a m p l e i s sub jec ted 
t o r epea ted R H - c y c l e s w i t h s m a l l a m p l i t u d e . A n e x a m p l e i s s h o w n i n F i g u r e 9 .8 w h e r e t h e 
step i s f r o m 8 5 % t o 9 0 % R H t a k e n f r o m t h e s i x t h se r ies . F i g u r e 6 . 6 1 . T h e m o i s t u r e e x c h a n g e 
i s s m a l l w i t h a dec reas ing t e n d e n c y w i t h t h e n u m b e r o f cyc le s . 

173 



Retarded sorption in wood P a r t HI 

0.007 

0.006 - • 

f 0.005 

I 
a 0.004 
c 
-S 
o 0.003 
.2 0.002 o 
e 
'Z 0.001 

0 - -

-0.001 

5°C 
Cycle 1 
Cycle 2 
Cycle 3 

I 

I 

Theoretical response, 
assumed final value 

10 15 20 25 30 35 40 45 5) 

Time after step 85%->90% RH [h] 

Figure 9.8 Calculated step response with assumed moisture capacity. 

T h e b l o c k i n g d i m i n i s h e s c o n s i d e r a b l y w h e n a l a r g e a b r u p t c h a n g e o f R H i s m a d e . I f t h e 
p r e v i o u s s t r o n g b l o c k i n g ha s caused t h e s o r p t i o n t o d e v i a t e s i g n i f i c a n t l y f r o m a t r u e e q u i l i b 
r i u m a n d i f t h e n e w l a r g e step has t h e a b s o r p t i o n - d e s o r p t i o n d i r e c t i o n t o i n t e r a c t w i t h i t , a 
l a r g e s o r p t i o n t a k e s p lace . O n e s u c h e x a m p l e i s w h e n c y c l i c s teps are m a d e a n d t h e y a re f o l 
l o w e d b y a step t o a p r e v i o u s l y n o t a t t a i n e d l i m i t . T h e t i m e scales o f these l a r g e s o r p t i o n r e 
sponses s e e m t o v a r y i n a w i d e r ange i n t h e m e a s u r e m e n t s . T h i s c o u l d t o s o m e e x t e n t be at
t r i b u t e d t o t h e w i d e r a n g e o f m o i s t u r e capac i t i e s o v e r t h e u s e d R H - i n t e r v a l s i nce t h e t i m e -
scale o f t h e r e s p o n s e i s p r o p o r t i o n a l t o t h e c a p a c i t y . T h e d r i v i n g fo rces f o r t h e m o i s t u r e u p 
t a k e are p r o p o r t i o n a l t o t h e sa tu ra t ed v a p o u r c o n t e n t t h a t a re s t r o n g l y i n c r e a s i n g w i t h t e m 
p e r a t u r e . S i m u l a t i o n s w i t h a m o d e l t h a t t a k e s t h i s i n t o a c c o u n t c a n be e x p e c t e d t o get a be t t e r 
o v e r v i e w o f t h e spec i f i c p a r a m e t e r s i n f l u e n c i n g t h e r e t a r d e d s o r p t i o n . 

T h e t o t a l m o i s t u r e capac i t y , r e p r e s e n t e d b y t h e s l o p e o f t h e m o i s t u r e e q u i l i b r i u m c u r v e , i s 
s t r o n g l y i n c r e a s i n g w i t h h i g h R H f o r w o o d . T h e i m m e d i a t e c a p a c i t y ha s b e e n f o u n d r a t h e r 
c o n s t a n t o v e r t h e R H r a n g e as m e n t i o n e d e a r l i e r . T h u s t h e r e m i n d e r o f t h e c a p a c i t y w h i c h 
t h e n ca r r i e s t h e r e t a r d e d p r o p e r t i e s , i s m u c h m o r e d o m i n a t i n g at h i g h R H . 

T h e s tep r e s p o n s e i s i n f l u e n c e d b y t h e p r e v i o u s m o i s t u r e h i s t o r y . A n e x a m p l e i s w h e n an 
a b s o r p t i o n s tep has b e e n e x e c u t e d o u t s i d e p r e v i o u s l y a t t a i n e d l i m i t s , w h e r e a l a r g e r p r o p o r t i o n 
o f t h e s o r p t i o n i s r e t a rded . 
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9 . 4 S u p e r p o s i t i o n o f s t ep r e s p o n s e s 
W h e n t w o s m a l l s tep r e sponses f r o m t h e m e a s u r e m e n t s a re s u p e r i m p o s e d , t h e r e s u l t i s c l e a r l y 
d i f f e r e n t f r o m a r e s p o n s e i n t h e s a m e i n t e r v a l w h e r e t h e change i s m a d e i n a s i n g l e s tep. T h i s 
i l l u s t r a t e s t h a t t h e s o r p t i o n i s n o n - l i n e a r . T h i s i s d e m o n s t r a t e d i n F i g u r e 9 . 9 , F i g u r e 9 . 1 0 a n d 
F i g u r e 9 . 1 1 w h e r e t h e d o t t e d l i n e r ep resen t s t h e t w o s u p e r i m p o s e d step responses . T h e c o m 
p l e t e m e a s u r e m e n t sequences are s h o w n i n S e c t i o n 6 . 1 . A g e n e r a l e x p e r i e n c e f r o m t h e m e a s 
u r e m e n t s i s t h a t t h e r e t a r d e d p a r t o f t h e s o r p t i o n i s p r o p o r t i o n a l l y l a r g e r w i t h s m a l l steps. 
T h e r e is a l s o a t e n d e n c y t h a t t h e s o r p t i o n i s l a r g e r w h e n i t i s m a d e i n f e w l a r g e r steps e v e n 
w h e n t h e r e sponse i s e x t r a p o l a t e d t o e q u i l i b r i u m . 

0.07 

Time after step [h] 

Figure 9.9 Two superimposed step responses compared to a single step. 
Absorption, 1.7 mm samples. 
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-0 .05 - I 1 1 1 1 1 1 1 
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Time after step [h] 

Figure 9.10 Two superimposed step responses compared to a single step. 
Desorption, 1.7mm samples. 
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Figure 9.11 Two superimposed step responses compared to a single step. 
Absorption, 3 mm samples. 
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9 . 5 T e m p e r a t u r e d e p e n d e n c e o f t h e r e t a r d e d s o r p t i o n 
A t l o w e r t e m p e r a t u r e s t h e e f fec t s f r o m t h e r e t a rded s o r p t i o n are m o r e p r o m i n e n t a n d t h e 

s o r p t i o n i s m o r e d i s t i n c t l y d i v i d e d i n t o i m m e d i a t e a n d r e t a r d e d par t s . T h e t i m e - s c a l e s o f t h e 
responses a re a l so g r e a t l y i nc r ea sed . I n c y c l i c steps t h e m o i s t u r e e x c h a n g e i s s i g n i f i c a n t l y 
l o w e r at 5°C t h a n a t 20°C. 

A n e x a m p l e o f t h e i n f l u e n c e o f t e m p e r a t u r e change o n r e t a r d e d s o r p t i o n c a n b e seen i n 
F i g u r e 9 . 1 2 c o v e r i n g a n 8 0 - d a y p e r i o d . T h i s p e r i o d has b e e n p receded b y a l o n g p e r i o d o f 
s l o w a b s o r p t i o n i n steps at 5°C u p o n w h i c h cyc les w i t h s m a l l a m p l i t u d e h a v e b e e n added . 
T h e n o n e l a r g e r a b s o r p t i o n s tep f r o m 8 8 % t o 9 3 % R H i s m a d e t o a n p r e v i o u s l y n o t a t t a i n e d 
l e v e l . ( A t 1 9 9 4 - 0 2 - 1 9 i n F i g u r e 9 . 1 2 ) . T h i s g i v e s a r e m a r k a b l y l a rge p o r t i o n o f r e t a r d e d so rp 
t i o n . E v e n 3 0 days a f t e r t h e s tep a c o n s i d e r a b l e d r i f t i s o b s e r v e d a n d o n l y 6 8 % o f t h e s o r p t i o n 
has t a k e n p l ace a c c o r d i n g t o a n e s t i m a t i o n b y e x t r a p o l a t i o n . ( A n e x p o n e n t i a l d e c l i n e w i t h a 
s i n g l e t i m e c o n s t a n t i s a s s u m e d i n t h i s e x t r a p o l a t i o n a n d t h e l a s t 2 0 days has b e e n u s e d i n t h e 
c a l c u l a t i o n ) . 

A f t e r s o m e a d d i t i o n a l s m a l l cyc l e s ( 9 1 % <-> 9 3 % R H ) , t h e t e m p e r a t u r e i s s h i f t e d t o 20°C. 
A c c o r d i n g t o t h e t e m p e r a t u r e d e p e n d e n c y o f t h e m o i s t u r e e q u i l i b r i u m c u r v e , 9 3 % R H a t 5°C 
g i v e s a h i g h e r m o i s t u r e c o n t e n t t h a n 9 4 % R H at 2 0 °C, b u t n e v e r t h e l e s s a n e s s e n t i a l abso rp 
t i o n o c c u r s . T h e s o r p t i o n u n m i s t a k a b l y de f i e s t h e t r a d i t i o n a l t h e o r y f o r t h e m o i s t u r e e q u i l i b 
r i u m i n t h i s s i t u a t i o n . A t l eas t f o r a p a r t o f t h e s o r p t i o n , a n e x p l a n a t i o n c o u l d b e t h a t t h e ear
l i e r o n g o i n g process o f s l o w r e t a r d e d s o r p t i o n i s s t r o n g l y acce lera ted . 

T h e t e m p e r a t u r e i s o n c e a g a i n s h i f t e d t o 5°C at 1 9 9 4 - 0 4 - 1 5 a n d t h e s a m e s m a l l c y c l e s are 
repea ted . T h e m o i s t u r e c o n t e n t i s n o w m u c h h i g h e r a n d n o d r i f t i s o b s e r v e d a f t e r t h e i m p a c t o f 
t h e t e m p e r a t u r e c y c l e f r o m 5°C t o 20°C a n d b a c k t o 5°C. 

•93% 93% -T-93% 9 3 % ™ 9 4 % ^ 9 4 % 9 3 % ^ 9 3 % . 9 3 % 

0.19 •-

1994-02-08 1994-02-28 1994-03-20 

Figure 9.12 Sorption sequence with temperature shifts. 

1994-04-09 1994-04-29 
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9 . 6 T r u e s o r p t i o n e q u i l i b r i u m 
A u n i q u e m o i s t u r e c o n t e n t v e r s u s R H at e q u i l i b r i u m i s a s s u m e d f o r c o n t i n u o u s a b s o r p t i o n i n 
c o n v e n t i o n a l m o d e l s . A n y dependence o n p r e v i o u s m o i s t u r e h i s t o r y ( e x c e p t h y s t e r e s i s ) i s n o t 
a c c o u n t e d f o r . M a n y m e a s u r e m e n t s c o n t r a d i c t t h i s a s s u m p t i o n . I t ha s b e e n r e p o r t e d t h a t l a r g e r 
a b s o r p t i o n steps g i v e h i g h e r final m o i s t u r e c o n t e n t t h a n c o r r e s p o n d i n g s m a l l e r ones . S e e f o r 
e x a m p l e C h r i s t e n s e n ( 1 9 6 5 ) . H o w e v e r , s i nce t h e s o r p t i o n t i m e - s c a l e s f o r t h e s m a l l e r R H - s t e p s 
h a v e p r o v e d t o be m u c h l o n g e r , a n i n t e r p r e t a t i o n c o u l d be t h a t t h e f i n a l m o i s t u r e c o n t e n t s are 
t h e s a m e i f i t w a s p o s s i b l e t o w a i t s u f f i c i e n t l y l o n g t i m e . 

9 . 7 M o d e l l i n g o f l a y e r s i n t h e c e l l w a l l 
O n e p r o n o u n c e d f e a t u r e o f t h e r e t a r d e d s o r p t i o n i s t h e s m a l l m o i s t u r e e x c h a n g e w h e n t h e 
w o o d i s sub j ec t ed t o R H - c y c l e s . O n e p o s s i b i l i t y i s t o assoc ia te t h i s t o a l i m i t e d p e n e t r a t i o n 
d e p t h i n t h e c e l l w a l l d e p e n d i n g o n t h e d u r a t i o n o f t h e cyc le s . I n a d i sc re t e m o d e l t h i s d e p t h 
c o r r e s p o n d s t o l e v e l s c o n n e c t e d i n ser ies . A m o d e l w i t h m a n y l e v e l s c a n p r o v i d e t h e g r a d u a l l y 
l o n g e r t i m e - s c a l e s f o r t h e s o r p t i o n w h i c h i n v a r i a b l y h a v e b e e n o b s e r v e d a f te r a s tep change . 
A s each l e v e l has i t s o w n R H , t h e c o m p l e x i t y o f t h e m o d e l i s i n c r e a s e d b y t h e n u m b e r o f l e v 
e l s . A m o d e l w i t h s e v e r a l l a y e r s w i l l be a b l e t o h o l d m o r e i n t r i n s i c i n f o r m a t i o n a b o u t t h e 
m o i s t u r e h i s t o r y o f t h e s a m p l e . 

A n o t h e r p o s s i b i l i t y f o r a m o d e l t o h a v e a s m a l l m o i s t u r e e x c h a n g e i f sub jec t ed t o c y c l e s , i s 
i f i t i s based o n a h y s t e r e s i s m o i s t u r e e q u i l i b r i u m c u r v e . O n e e x a m p l e o f s u c h a c u r v e i s seen 
i n F i g u r e 1 1 . 4 7 . H e r e t h e i n t e r m e d i a t e c u r v e s w h i c h r u n b e t w e e n t h e a b s o r p t i o n c u r v e a n d t h e 
d e s o r p t i o n c u r v e de s igna t ed ' p i v o t l i n e ' , a p p l i e s f o r t h e c y c l i c s o r p t i o n case. T h e i n t e r m e d i a t e 
l i n e s can b e c o n s t r u c t e d t o be m u c h m o r e h o r i z o n t a l t h a n t h e u p p e r d e s o r p t i o n l i n e o r t h e 
l o w e r a b s o r p t i o n c u r v e i n t h e s a m e R H - i n t e r v a l , t o a d o p t t o a d e s i r e d l o w e r m o i s t u r e capac i t y . 

M e a s u r e m e n t s h a v e b e e n m a d e w h e r e t h e s a m p l e ha s b e e n s u b j e c t e d t o cyc l e s t h a t a re f o l 
l o w e d b y a l a r g e r a b s o r p t i o n s tep o u t s i d e p r e v i o u s l y a t t a i n e d l i m i t s . O n these o c c a s i o n s a 
c o m p a r a t i v e l y l a r g e r a m o u n t o f m o i s t u r e i s a c t i v a t e d b y t h e l a r g e s tep, c o m p a r e d t o t h e p r e v i 
o u s c y c l i c s teps. I n a m o d e l w i t h a h y s t e r e s i s m o i s t u r e e q u i l i b r i u m c u r v e t h i s s i t u a t i o n w i t h 
c y c l i c steps c o r r e s p o n d s t o c y c l e s o n p a t h c ->d i n F i g u r e 1 1 . 4 9 w i t h l o w m o i s t u r e capac i t y . 
W h e n f o l l o w e d b y a l a r g e r s tep, t h i s c o r r e s p o n d s t o p a t h d->e i n F i g u r e 1 1 . 5 0 o n t h e a b s o r p 
t i o n c u r v e , w i t h a h i g h e r m o i s t u r e capac i ty . T h e m e a s u r e m e n t s s h o w t h a t t h e s o r p t i o n i s l a r g e 
w h e n t h i s l a s t l a r g e r s tep i s m a d e , a n d i t i s d i s t i n c t l y r e t a r d e d w i t h l o n g t i m e - s c a l e s . T h i s i l 
l u s t r a t e s t h a t t h e h y s t e r e s i s s eems n o t t o be c o u p l e d t o t h e i m m e d i a t e l e v e l i n t h e m o d e l , b u t t o 
h a v e a s t r o n g e r c o n n e c t i o n t o deeper l e v e l s . 

9 . 8 N o n - l i n e a r r e t a r d e d s o r p t i o n 
T h e r e t a r d e d pa r t o f t h e s o r p t i o n s h o w s n o n - l i n e a r c h a r a c t e r i s t i c s . W h e n c o m p a r i n g t h e step 
re sponse f r o m o n e l a r g e s tep w i t h t h e s u m o f t w o s m a l l e r steps, t h e l a r g e r s tep r e s u l t s i n l a r g e r 
s o r p t i o n w i t h a p r o p o r t i o n a l l y s m a l l e r p a r t r e t a r d e d s o r p t i o n . 

T o s i m u l a t e t h e r e t a r d e d s o r p t i o n t h e m o d e l s u s e d h e r e are c o m p o s e d o f d i s c r e t e c o n d u c 
tances a n d capac i t i e s . I f t hese c o m p o n e n t s a re l i n e a r a s u p e r p o s i t i o n o f t h e r e sponses w o u l d 
p r o d u c e t h e s a m e r e s u l t , i n d e p e n d e n t o f h o w t h e d i v i s i o n o f steps i s m a d e . T h u s , t h e c o n d u c 
tances m u s t b e n o n - l i n e a r , i . e. t h e y m u s t d e p e n d o n t h e m o i s t u r e c o n d i t i o n s o f t h e i n t e r n a l 
l e v e l s . 
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Selected model 

1 0 S e l e c t e d m o d e l 

T h e a i m o f t h e e x t e n s i v e m e a s u r e m e n t s i s t o s t u d y t h e e f fec t s o f r e t a r d e d s o r p t i o n a n d t o es
t a b l i s h a n e x p e r i m e n t a l base f o r m o d e l s o f t h i s t r a n s i e n t s o r p t i o n . T h e f i n a l g o a l i s t o b e able 
t o s i m u l a t e t h e r e t a r d e d s o r p t i o n w i t h s u f f i c i e n t accuracy w i t h t h e s i m p l e s t p o s s i b l e m o d e l . 
T h i s i s a c o m p l i c a t e d t a sk . T h e e f f o r t s r e p o r t e d h e r e s h o u l d be r e g a r d e d as t e n t a t i v e f i r s t m o d 
e l s . 

1 0 . 1 M o d e l s t r u c t u r e 
A n i n t r o d u c t o r y p r e s e n t a t i o n o f t h e c o n t e m p l a t e d m o d e l o f t h e r e t a r d e d s o r p t i o n a n d i t s c o u p 
l i n g t o t h e c o m p l e t e m o i s t u r e p rocess i n w o o d i s g i v e n i n S e c t i o n 1.1.5. F i g u r e 1.3 s h o w e d t h e 
c o n c e p t u a l m o i s t u r e f l o w n e t w o r k . S e e a l s o F i g u r e 1 0 . 2 . h i a c o n v e n t i o n a l n u m e r i c a l s o l u t i o n 
w e d i v i d e t h e p o r o u s m a t e r i a l i n n o d e s . E a c h n o d e has a m o i s t u r e capac i t y . T h e m o i s t u r e f l o w 
i s d e t e r m i n e d b y t h e m o i s t u r e c o n d u c t a n c e s b e t w e e n t h e n o d e s . W e get a m o i s t u r e f l o w ne t 
w o r k w i t h capac i t i e s t h a t a re c o u p l e d t o n e i g h b o u r i n g n o d e s a n d b o u n d a r y n o d e s b y c o n d u c 
tances . A c o n v e n t i o n a l m o d e l f o r a o n e - d i m e n s i o n a l p rocess w i t h f o u r n o d e s i s s h o w n i n 
F i g u r e 1 0 . 1 . 

Figure 10.1 Conventional, one-dimensional model (four nodes). 

T h e m o d e l de s igned t o s i m u l a t e t h e r e t a r d e d s o r p t i o n cons i s t s o f a n u m b e r o f i n t e r n a l 
n o d e s c o u p l e d t o a n o u t e r n o d e . T h e m a c r o s c a l e f l o w occu r s i n a c o n v e n t i o n a l n e t w o r k be
t w e e n these o u t e r nodes . I n F i g u r e 1 0 . 2 t w o i n t e r n a l n o d e s i n ser ies a re added . 

Figure 10.2 One- and two-dimensional moisture flow networks. The retarded sorption is 
modelled by internal nodes (enclosed by the dashed lines). 
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T h e m o d e l f o r r e t a r d e d s o r p t i o n i n v o l v e s o n l y t h e o u t e r n o d e a n d i t s " a p p e n d i x " o f i n n e r 
nodes . T h i s p a r t o f t h e t o t a l n e t w o r k i s e n c l o s e d b y dashed l i n e s i n F i g u r e 1 0 . 2 . h i t h e f o l 
l o w i n g w e w i l l o n l y d e a l w i t h t h i s pa r t , a n d o m i t t h e c o n v e n t i o n a l n e t w o r k . 

T h e t h i n s a m p l e s u s e d i n t h e e x p e r i m e n t s a r e d e s i g n e d t o r e g i s t e r t h e i n t e r n a l m o i s t u r e u p 
t a k e i n t h e c e l l w a l l . B u t t h e s a m p l e s i n t e r a c t i o n w i t h t h e c l i m a t e c h a m b e r s m u s t be a c c o u n t e d 
f o r b y a m o i s t u r e c o n d u c t a n c e . F i g u r e 10 .3 s h o w s t h e c o n c e p t u a l m o d e l o f t h e e x p e r i m e n t s . 
T h e i n l e t w a t e r v a p o u r c o n t e n t Wmtetit) acts o v e r a m o i s t u r e c o n d u c t a n c e o n t h e o u t e r n o d e , 
w h i c h i s i n c o n t a c t w i t h i n n e r n o d e s b y c o n d u c t a n c e s i n ser ies . 

Figure 10.3 Network for the thin samples of the experiments. Outer node in contact with the 
climate chamber and two internal levels. 

1 0 . 1 . 1 M o i s t u r e d i s t r i b u t i o n i n l e v e l s 
T o m o d e l t h e r e t a r d e d s o r p t i o n , N i n t e r n a l l e v e l s a re added t o a n o u t e r l a y e r i n d i r e c t c o n t a c t 
t o t h e c e l l l u m e n . T h e i n t e r n a l l e v e l s are t h o u g h t t o b e s i t u a t e d deeper i n t h e c e l l w a l l , a n d t h e 
m a c r o - s c a l e m o i s t u r e f l o w m a y b e a s s u m e d t o t a k e p l a c e i n t h e o u t e r l a y e r o n l y . 

T h u s t h e m o i s t u r e c o n t e n t u i s a s s u m e d t o b e d i s t r i b u t e d i n A'^ - i - 1 l e v e l s , w h e r e l e v e l s are 
i n t e r n a l i n t h e c e l l w a l l : 

"(<P) = "o( 'P) + " i (<?)+••• +"N( 'P) ( 1 0 . 1 ) 

T h e t o t a l r e t a r d e d s o r p t i o n [ \i%waterlogwood ] i s g i v e n b y t h e s u m Mi((p) - i - . . . + U N { V ? ) o f a l l 
i n t e r n a l n o d e s . T h e o u t e r n o d e w i t h i t s p a r t Mo((p) o f t h e t o t a l c a p a c i t y M((p) r ep resen t s i m m e 
d i a t e o r r a p i d l y access ib le m o i s t u r e capac i ty . 

•gO.15 w ( ( p ) ^ ^ ^ ^ 

——' ' 1 1 1 : 
0 0.2 0.4 0.6 0.8 1 

RH 

Figure 10.4 Distribution of the moisture content u{(p) in an external part UQ , and N internal 
parts to represent retarded sorption. N = 3. 
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1 0 . 1 . 2 I n t e r n a l m o i s t u r e f l o w s 

T h e t o t a l m o i s t u r e f l o w t o t h e s a m p l e i s d e n o t e d Go [kgwater / s ] . W e c o n s i d e r t h e w h o l e s a m 
p l e w i t h i t s m a s s m. T h e m o i s t u r e f l o w f r o m l e v e l n - 1 t o n i s d e n o t e d G„ , n = I , . . . N. See 
F i g u r e 10 .5 . H e r e , t h e m o i s t u r e f l o w conduc t ances a re r ep re sen t ed b y a n e w , m o r e " w a v y " 
s y m b o l . T h i s i s d o n e i n o r d e r t o e m p h a s i s e t h a t t h e c o n d u c t a n c e m a y be n o n - l i n e a r , i . e. n o t 
c o n s t a n t b u t d e p e n d e n t o n t h e m o i s t u r e s ta te o f t h e t w o adjacent n o d e s . 

m-UQ m - u ^ m - U 2 m u ^ 

Go G , G2 G3 
Figure 10.5 Network for the moisture flows between internal levels in the cell wall for the 

sample with mass m. 

T h e d r y m a s s o f t h e s a m p l e i s m \k.%wood\- T h e m o i s t u r e f l o w s pe r unit dry mass b e t w e e n 
i n t e r n a l l e v e l s are d e n o t e d gn . 

Gn = m-gn n = 0,l...N 

T h e m o i s t u r e n e t w o r k r e l a t e d t o a u n i t d r y m a s s o f t h e s a m p l e i s s h o w n i n F i g u r e 1 0 . 6 . 

^0 ^1 §2 
Figure 10.6 Network for the selected model for a unit dry mass of the sample. 

T h e m o i s t u r e f l o w b e t w e e n n o d e s depends o n t h e d i f f e r ences i n m o i s t u r e s ta te . W e w i l l u se 
w a t e r v a p o u r c o n t e n t v as s ta te v a r i a b l e . T h e w a t e r v a p o u r c o n t e n t i n t h e o u t e r n o d e i s VQ a n d 
i t i s v„ i n n o d e n. L e t K„ [ m ^ /(kgwood • s ) ] d e n o t e t h e m o i s t u r e c o n d u c t a n c e b e t w e e n n o d e 
n - 1 a n d n. S e e F i g u r e 1 0 . 6 . T h e s e c o n d u c t a n c e s h a v e v a p o u r c o n t e n t as d r i v i n g p o t e n t i a l , 
a n d t h e y c o n c e r n a u n i t m a s s o f t h e w o o d s a m p l e . W e h a v e : 

^ n = ^ n - ( v „ - i - v j n=l,...N ( 1 0 . 2 ) 

W e a s s u m e i n g e n e r a l t h a t t h e i n t e r n a l c o n d u c t a n c e Kn depends o n t h e t w o adjacent v a 
p o u r c o n t e n t s v„_i a n d v„ : 

Kn = Kn{ Vn-l, Vn ) 

A n i m p o r t a n t case i s o f c o u r s e c o n s t a n t v a l u e s Ki,... K„ . T h e m o d e l i s t h e n l i n e a r , h i t h e 
n o n - l i n e a r case w e w i l l t es t a p o w e r l a w o f t h e f o l l o w i n g t y p e : 

=^ . - |Vn- l -V„r ( 1 0 . 3 ) 

T h e c h o i c e o f t h e c o n s t a n t s k„ a n d y i s d e s c r i b e d i n S e c t i o n 1 0 . 4 . 2 . 
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1 0 . 1 . 3 M a s s b a l a n c e e q u a t i o n s 
M a s s b a l a n c e e q u a t i o n s f o r t h e + 1 l e v e l s a re : 
duQ 

du. 

du 

dt 
^ = 8.-0, 

o r : 
du ( 1 0 . 4 ) 

( 1 0 . 5 ) 

dt 

h i s e r t i o n o f ( 1 0 . 2 ) g i v e s : 

^ = gn - gn+l = Kn- ( V„.i - V„) - Kn+V ( V„ - V„+i) 
dt 

T h e m o i s t u r e c o n t e n t M„ depends o n t h e r e l a t i v e h u m i d i t y (p„ : 
du^^du^ d ^ 

dt dcp^ dt 

U s i n g v„ = (p„ • v ^ T ) , w e get t h e f o l l o w i n g e q u a t i o n f o r t h e r e l a t i v e h u m i d i t y (p„(0: 

^ • % = V , ( D • • {(p„_, -cp„)- K^,, •((?)„-<p„,,)] ( 1 0 . 6 ) 
dq}^ dt 

1 0 . 1 . 4 E x t e r n a l m o i s t u r e f l o w 
T h e e x t e r n a l m o i s t u r e f l o w Go = m • go i s r e l a t e d t o t h e c o n d i t i o n s i n t h e p r e c i s i o n c h a m b e r . 
T h e i n v o l v e d v a r i a b l e s , w h i c h a re s h o w n i n F i g u r e 1 0 . 7 , a re : 

^air s u p p l y a i r f l o w [m^ / s ] 
V^-^ v o l u m e o f c h a m b e r [ m ^ ] 
yinlet w a t e r v a p o u r c o n t e n t i n i n f l o w i n g a i r [ k g W ] 
Wch w a t e r v a p o u r c o n t e n t i n m i x e d a i r i n c h a m b e r [ k g / m ^ ] 
^surf w a t e r v a p o u r c o n t e n t o n sur face o f s a m p l e [ k g / m ^ ] 
G o m o i s t u r e u p t a k e [ k g 

water / s ) ] 

m d r y m a s s o f s a m p l e , [ kgwood ] 

go = G q / w 
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Figure 10.7 Variables for external moisture exchange to sample in chamber 

T h e m o i s t u r e b a l a n c e f o r t h e a i r i n t h e c h a m b e r i s : 

(v,„.,-v.J-V;,, = Go=go-'« ( 1 0 . 7 ) 

H e r e t h e m o i s t u r e c a p a c i t y o f t h e a i r , w h i c h m a y be o f i m p o r t a n c e f o r r a p i d v a r i a t i o n s , i s n e 
g l ec t ed . T h i s i s d i s cus sed f u r t h e r i n S e c t i o n 1 0 . 1 . 5 . 

L e t P [ m / s ] d e n o t e t h e a i r - t o - s u r f a c e m o i s t u r e t r a n s f e r c o e f f i c i e n t , a n d A [ m ^ ] t h e t o t a l 
e x p o s e d a rea o f t h e s a m p l e ( b o t h s ides ) . T h e m o i s t u r e b a l a n c e o f t h e su r face b e c o m e s : 

(Vcft-v,„^).p-A = G o = g o - m ( 1 0 . 8 ) 
L e t Leg d e n o t e a n e s t i m a t e d ave rage l e n g t h f o r t h e d i f f u s i o n w i t h i n t h e s a m p l e , a n d l e t D y 

d e n o t e t h e v a p o u r t r a n s p o r t c o e f f i c i e n t . See F i g u r e 1 0 . 8 . T h e n w e h a v e : 

D^^^^^^^-A^G,^g,-m ( 1 0 . 9 ) 

T h e l e n g t h Lgq i s s h o w n i n F i g u r e 10 .8 . T h e c h o i c e Lgq = 0 . 8 - L , w h e r e L i s h a l f t h e t h i c k 
ness o f t h e s a m p l e , w i l l b e u sed b e l o w . 

L u m p e d 
p o s i t i o n -

^ — ^ 

G 
—> 

j4 

G 

Figure 10.8 Estimated average diffusion length into the sample 

T h e a b o v e t h r e e e q u a t i o n s E q s . ( 1 0 . 7 ) - ( 1 0 . 9 ) m a y be w r i t t e n i n t h e f o l l o w i n g w a y : 
m 

^ i n l e t ^ch So ' 
K i r 

( 1 0 . 1 0 ) 
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^c,-^su,f=8oJ^ ( 1 0 . 1 1 ) 

m • L 
^surf-^0-8o-^^ ( 1 0 . 1 2 ) 

T h e f ac to r s a f t e r go d e f i n e t h r e e m o i s t u r e res i s t ances . See F i g u r e 1 0 . 9 . 

| ^ v ^ / ' ^ ^ - • - ' ^ v / ^ / ^ ^ - • - ^ V \ / ^ ^ 

Figure 10.9 Moisture resistances between "Vm, \ch, ysurf cindvo 

A d d i t i o n o f t h e t h r e e e q u a t i o n s ( 1 0 . 1 0 ) - ( 1 0 . 1 2 ) g i v e s : 

^mto — 8o' 
K i r A-P AD, 

T h e t h r e e m o i s t u r e res i s t ances o f F i g u r e 1 0 . 9 a re added. T h e t o t a l m o i s t u r e c o n d u c t a n c e 
b e t w e e n v,„/e, a n d VQ i s g i v e n b y t h e i n v e r s e o f t h e t o t a l r e s i s t ance : 

^o=— J ^.i [ m ' / (kgwood- , s ) ] ( 1 0 . 1 3 ) 
m m - + - + -

eq 

K i r A-P AD, 

I t s h o u l d be n o t e d t h a t A deno te s t h e t o t a l su r f ace a rea o n b o t h faces o f t h e s a m p l e . 
T h e c o n d u c t a n c e d e t e r m i n e s t h e e x t e r n a l f l o w go : 

go = ^0 • (Vm/er - Vo) 

T h e c o n d u c t a n c e .^o f o r t h e e x t e r n a l f l o w depends o n t h e experimental set-up a n d t h e ge
o m e t r y o f t h e s a m p l e . I t i s n o t d e p e n d e n t o n t h e a s s u m p t i o n s f o r t h e i n t e r n a l l e v e l s i n t h e c e l l 
w a l l . 

1 0 . 1 . 5 D a t a f o r e x t e r n a l c o n d i t i o n s i n t h e m e a s u r e m e n t s 

C a p a c i t y o f a i r i n c h a m b e r 
T h e m o i s t u r e c a p a c i t y o f t h e v o l u m e o f a i r i n t h e c h a m b e r i s n e g l e c t e d i n E q . ( 1 0 . 7 ) . A n e s t i 
m a t e i s m a d e i f t h i s i s r e a s o n a b l e . A w o r s t case w i t h a s m a l l s a m p l e a n d a l o w m o i s t u r e ca
p a c i t y ( at R H = 4 0 % ) f o r w o o d i s se lec ted . 

T h e t o t a l m o i s t u r e capac i t y o f t h e a i r v o l u m e i s : 
dW 

= v^^ . v̂ „, = 0 . 0 2 2 • 6 . 8 0 • 1 0 " ' = 0 . 1 5 • 1 0 " ' [kgwater / 1 0 0 % R H ] 
d^ 

H e r e Vch [ ] i s t h e v o l u m e o f t h e c h a m b e r , a n d v^^, [kgwater / m ^ l i s t h e m o i s t u r e c o n t e n t o f 
s a tu ra t ed a i r a t 5°C. 
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T h e m o i s t u r e capac i t y o f t h e s a m p l e i s : 

f i l l - = m • — = 0 . 0 0 7 7 • 0 . 1 5 = 1.2 • 1 0 " ' [kgwater / 1 0 0 % R H ] 
dip d(p 

A s seen f r o m t h e t w o f i g u r e s , t h e m o i s t u r e c a p a c i t y f o r t h e s a m p l e i s d o m i n a t i n g o v e r t h e 
c a p a c i t y i n t h e v o l u m e o f a i r . 

D a t a f o r t h e c o n d u c t a n c e KQ 
C h a r a c t e r i s t i c v a l u e s f o r t h e c o n d u c t a n c e f o r t h e e x t e r n a l f l o w a re c a l c u l a t e d f o r t h e c o n 
d i t i o n s i n t h e a c t u a l m e a s u r e m e n t s . 

A l o w m o i s t u r e t r a n s p o r t c o e f f i c i e n t has b e e n se lec ted , r e l e v a n t f o r t h e d r y e r pa r t s o f t h e 
s i m u l a t i o n s . T h e t r a n s p o r t d i r e c t i o n i n t h e w o o d i s l o n g i t u d i n a l . 

T h e c o n d u c t a n c e c o n s i s t s o f t h r e e res i s t ances i n ser ies as d e s c r i b e d i n S e c t i o n 1 0 . 1 . 4 , 
E q . ( 1 0 . 1 0 ) - ( 1 0 . 1 2 ) . E q . ( 1 0 . 1 3 ) reads: 

m m + - eq 

K i r A-P AD, 

T w o e x a m p l e s a re c o n s i d e r e d . T h e f i r s t o n e c o n c e r n s t h e f i r s t sequence s i m u l a t e d i n 
C h a p t e r 1 1 w i t h l o n g e r i n t e r v a l s b e t w e e n steps i n R H a n d a t 20°C. ( S a m p l e s 1 a n d 2 , T h i c k 
ness 3 m m ) . T h e f o l l o w i n g f i g u r e s a re o b t a i n e d : 

m 0 . 0 5 4 ,, 3^ = 1 7 4 [(kgwood • s ) / m ' ] 
A / 3 0 . 0 0 5 0 . 0 6 2 
m-L 0 . 0 5 4 0.8 1 .5 -10 - ' 3n 

0 . 0 6 2 . 4 . 1 0 - ' [ t e . » . s ) / m l 

T h e m o i s t u r e c o n d u c t a n c e b e t w e e n v,„ and VQ b e c o m e s : 

= i = 0 . 0 0 0 8 0 [ m ^ /(kgwood -s)] 
8 2 0 + 1 7 4 + 2 6 0 

T h e second e x a m p l e c o n c e r n s t h e s e c o n d sequence s i m u l a t e d i n C h a p t e r 1 1 w i t h s h o r t e r p e r i 
ods b e t w e e n steps i n R H a n d at 5°C. ( S a m p l e s 3 a n d 4 , T h i c k n e s s 1.7 m m ) . T h e f o l l o w i n g 
f i g u r e s are u s e d i n t h e s i m u l a t i o n : 

m 0 . 0 0 7 7 ^.^ , . 3 . , 
= - 5 - = 1 1 7 [(kgwood -s)/!!! '] 

V , , 0 . 0 6 6 1 0 ' 
air 

• = 8 6 [(kgwood • s ) / m ' ] 
A-p 0 . 0 1 7 8 0 . 0 0 5 

m-L 0 . 0 0 7 7 0.8 0 .85 1 0 W.UU/ / W . O - U . O J I U ^ 3 
= 1 = 7 4 [(kgwood • s ) / m ] 

AD, 0 . 0 1 7 8 - 4 - 1 0 - ' 

T h e m o i s t u r e c o n d u c t a n c e b e t w e e n Vmiet a n d vo b e c o m e s : 

K, = ^^^^^^^^^ = 0 . 0 0 3 6 [m^/(kgwood -s)] 
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T h e r e s i s t a n c e r e p r e s e n t i n g t h e t h i c k n e s s o f t h e s a m p l e i s o n l y a r a t h e r s m a l l f r a c t i o n o f t h e 
t o t a l r e s i s t ance 1 IKQ i n t hese t w o m e a s u r e m e n t cases. T h i s m e a n s t h a t t h a t t h e a s s u m e d s i m 
p l i f i c a t i o n t o l u m p a l l o f t h e m a t e r i a l i n o n e p o i n t i s r ea sonab l e . 

F i g u r e 9 .3 i n S e c t i o n 9 . 1 s h o w s a s i m p l e n e t w o r k f o r t h e m o i s t u r e r e s p o n s e o v e r a c o n 
duc t ance Kf). T h e r e s p o n s e t o a step c h a n g e b e c o m e s e x p o n e n t i a l , E q . ( 9 . 1 ) , w i t h a t i m e c o n 
s tant g i v e n b y E q . ( 9 . 3 ) . F o r t h e s e c o n d e x a m p l e a b o v e t h i s g i v e s , u s i n g t h e ave rage m o i s t u r e 
capac i t y f r o m S e c t i o n 9 . 1 o b t a i n e d b y E q . ( 9 . 2 ) : 

0 . 0 9 4 5 
6 . 8 0 10"^ 0 . 0 0 3 6 

^ o = T T ; 7 r T 7 r w 7 : ; ^ = 3 8 6 0 [s] - 1 . 1 [h ] 

H e r e IQ i s t h e t i m e scale f o r t h e r e s p o n s e f o r t h e s a m p l e i n t h e p r e c i s i o n c h a m b e r . 
T h e f i g u r e f o r t h e r e s i s t ance e m a n a t i n g f r o m t h e l i m i t e d s u p p l y o f c o n d i t i o n e d a i r i s r e l a 

t i v e h i g h . T h i s m e a n s t h a t t h e e x p e r i m e n t a l se t -up i s n o t a l l o w i n g steep s tep changes . H o w 
e v e r o n e a d v a n t a g e i s t h a t t h e l a y e r s o f w o o d w i t h d i f f e r e n t d i s tances f r o m t h e su r face e x p e r i 
ence r a t h e r c l o s e l y t h e s a m e R H - c h a n g e s i m u l t a n e o u s l y w i t h o n l y s m a l l d i f f e r ences . T h i s 
c o u l d b e t h o u g h t t o inc rea se t h e p r e c i s i o n i n a n a l y s i n g t h e r e t a r d e d s o r p t i o n , b u t a t t h e s a m e 
t i m e n o t a c t i v a t i n g t h e fas t c o m p o n e n t s o f t h e p h e n o m e n o n . T h e s tep c h a n g e i n t h e m a t e r i a l 
has t a k e n p l a c e w i t h a t i m e c o n s t a n t i n t h e o r d e r o f t w o h o u r s i n t h e fas t se r ies o f e x p e r i m e n t s . 

1 0 . 2 C o m p l e t e n e t w o r k f o r t h e m o d e l 
F i g u r e 1 0 . 1 0 s h o w s t h e c o m p l e t e n e t w o r k w i t h a n o u t e r n o d e MQ a n d N i n t e r n a l n o d e s . T h e 
o u t e r c o n d u c t a n c e b e t w e e n v,„ a n d VQ i s KQ, w h i l e K \ a re t h e c o n d u c t a n c e s b e t w e e n t h e 
i n t e r n a l n o d e s . A l l e q u a t i o n s r e f e r t o a u n i t m a s s o f t h e s a m p l e . 

^ inlet r r ^ „ ' „ ^ ^ 

go Vo ^1 V, gl g3 V3 

V. i K ) 
Y Y 
A B 

Figure 10.10 Network for the model. N = 3 . A: Conductance calculated from physical con
ditions around the sample and transport into the sample. B: Conductances 
based on assumptions for a process acting locally in the cell wall. 

T h e m a s s b a l a n c e e q u a t i o n s ( 1 0 . 4 ) a re : 
du^ 
dt 

n = 0,..N (g;v+i = 0 ) 

T h e f i n a l e q u a t i o n s f o r t h e r e l a t i v e h u m i d i t i e s (po(t). . . (p/v(t) are , E q . ( 1 0 . 6 ) : 
du„ ^ du„ dcp^ 
dt dq)^ dt 

^ = ; ^ - ^ = V,,,(r).[/^„ i < P n - . - C P n ) - K . A ^ n - C P n . . ) ] ( ^ N . l = 0 ) 

T h e s y s t e m i s d r i v e n b y t h e i n l e t v a p o u r c o n t e n t v,„(0 = ysatiT) • (pm(0 • 
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1 0 . 3 C o m p u t e r m o d e l 
T h e n u m e r i c a l c a l c u l a t i o n s t o s o l v e E q . ( 1 0 . 6 ) a re based o n t h e m e t h o d o f e x p l i c i t f i n i t e d i f 
f e rences . F o r each t i m e - s t e p t h e f o l l o w i n g p r o c e d u r e i s u sed . 

1 . Vn - v a l u e s are c a l c u l a t e d f r o m cpn - v a l u e s a n d V s ( 7 ) 

^« = 
" v , ( r ) 

2 . T h e c u r r e n t v a l u e s o f t h e conduc t ances K n a re c a l c u l a t e d as a g i v e n f u n c t i o n o f IVn-i-Vnl, 

E q . ( 1 0 . 1 7 ) . T h e f a c t o r s f o r t h e v a r i a t i o n o f conduc t ances b e t w e e n t h e l e v e l s a re de
sc r ibed b y E q . ( 1 0 . 1 7 ) . T h e m o i s t u r e c a p a c i t y v a l u e s , du^/d(p^ , are c o m p u t e d f r o m a n 
a l g o r i t h m d e s c r i b e d i n S e c t i o n 1 0 . 5 , E q . ( 1 0 . 1 8 ) . T h e d i s t r i b u t i o n o f c a p a c i t y b e t w e e n 
t h e l e v e l s are d e s c r i b e d i n S e c t i o n 1 0 . 4 . 1 , E q s . ( 1 0 . 1 4 ) - ( 1 0 . 1 6 ) . 

3 . F o r each l e v e l , a s tab le t i m e - s t e p At„ i s c a l c u l a t e d : 

=-r- T^^^TTV.—(« = 0 . -N-i); A r ^ = d(p„ y,{T)-{K^+K^,,) '•• ' ^ dip, y,{T)-K, 
T h e s m a l l e s t t i m e - s t e p f r o m t h e l e v e l s i s se lec ted as t h e s t ab le t i m e - s t e p At. 
S i n c e t h e v a l u e s o f t h e conduc t ances are d y n a m i c a l l y c h a n g i n g i n t h e s i m u l a t i o n o f t h e 
n o n - l i n e a r m o d e l s , t h e s t ab le t i m e - s t e p i s r e c a l c u l a t e d f o r each n e w t i m e - s t e p . 

4 . T h e q u a n t i t y o f m o i s t u r e e x c h a n g e d b e t w e e n t h e l e v e l s d u r i n g a t i m e - s t e p i s c a l c u l a t e d : 
Mn = At- Kn (v„.i-v„) ( n = 1 , ..AO ; Mo = At-Ko- (v,„-vo) 

5 . T h e s u m o f t h e q u a n t i t i e s o f m o i s t u r e t h r o u g h ad jacen t conduc t ances are d i v i d e d w i t h 
t h e m o i s t u r e c a p a c i t y f o r e a c h l e v e l t o f o r m t h e c a l c u l a t e d change i n (p d u r i n g a t i m e -
step. 

^.new ..old . " "+1 .^new ..old . N 
=^n + 17. ^ ( P N + dUn -N -r. 

d(pn dip. 
T h e r e l a t i v e h u m i d i t i e s f o r a l l l e v e l s a re s h o w n i n t h e d i a g r a m o f s i m u l a t i o n t o i l l u s t r a t e 
t h e p rogress o f t h e p o t e n t i a l s f o r t h e r e t a r d e d s o r p t i o n . 

6 . A n a l g o r i t h m f o r t h e m o i s t u r e e q u i l i b r i u m c u r v e ca l cu l a t e s t h e v a l u e o f t h e m o i s t u r e 
c o n t e n t f o r each l e v e l a n d a t o t a l u c a n be s u m m e d u p t o g i v e t h e o u t p u t f o r t h e t i m e -
step i n t h e s i m u l a t i o n p r o g r a m . 

« " ^ " = i « „ ( < P n ) ( n = 0 , . .AO 
/i=0 

T h e p r o g r a m i s w r i t t e n i n V i s u a l B a s i c w i t h i n E x c e l a n d w i t h a spreadsheet as a n i n t e r f a c e . 
D e s i r e d o u t p u t t i m e s a n d R H are e n t e r e d as i n p u t s o n t h e spreadsheet a n d t o t a l m o i s t u r e c o n 
t e n t a n d t h e R H f o r each l e v e l a re c a l c u l a t e d b y t h e p r o g r a m . D i a g r a m s are l i n k e d t o t h e 
spreadshee t a n d c o m p a r i s o n w i t h m e a s u r e d v a l u e s c a n e a s i l y b e m a d e i n t h e E x c e l e n v i r o n 
m e n t . 
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1 0 . 4 S p e c i f i c a s s u m p t i o n s 

1 0 . 4 . 1 M o i s t u r e d i s t r i b u t i o n i n t h e a s s u m e d l e v e l s 
T h e t o t a l m o i s t u r e capac i t y i s s t r o n g l y i n c r e a s i n g w i t h h i g h R H f o r w o o d . T h i s i s seen b y t h e 
steep s l o p e o f t h e m o i s t u r e e q u i l i b r i u m c u r v e a t h i g h R H . T h e i m m e d i a t e s o r p t i o n r e sponses 
i n t h e m e a s u r e m e n t s t h e f i r s t h o u r s a f t e r a s tep h a v e p r o v e n r a t h e r p r o p o r t i o n a l t o t h e R H - s t e p 
i n d e p e n d e n t o f R H - l e v e l . T h i s i s r e f l e c t e d i n t h e u s e d m o d e l s b y g i v i n g t h e i m m e d i a t e l y ac
cess ib le l e v e l ( d e s i g n a t e d 0 ) a c o n s t a n t c apac i t y . T h i s i s seen i n t h e a s s u m e d m o i s t u r e e q u i l i b 
r i u m c u r v e i n F i g u r e 1 0 . 1 1 , w h e r e t h i s c apac i t y i s r e p r e s e n t e d b y a s t r a i g h t l i n e . 

A c o n s t a n t m o i s t u r e capac i t y i s a s s u m e d i n l e v e l 0 : 
Mo((p) = c o - ( p ( 1 0 . 1 4 ) 

T h e r e m i n d e r o f t h e m o i s t u r e c a p a c i t y i s d i s t r i b u t e d o v e r t h e A'̂  l e v e l s b y f a c t o r s cx„: 
N 

Wn(Cp) = On • ( M (Cp) - MO(CP) ) X " « = l {\0.\5) 

Tn o r d e r t o get a m a n a g e a b l e n u m b e r o f p a r a m e t e r s i t i s a s s u m e d t h a t t h e f a c t o r s On a re 
g i v e n b y a g e o m e t r i c a l ser ies : 

On = a i • ( b u ) n-l n=l,... N ( 1 0 . 1 6 ) 
T h e s u m o f t h e f ac to r s i s 1 , so w e h a v e : 

F r o m t h i s w e h a v e : 
l-b. 
l - b 

n - l n = 1 , . . . 

F o r a n y g i v e n t o t a l m o i s t u r e e q u i l i b r i u m c u r v e u((p), t h e a b o v e m o d e l uses t h r e e p a r a m e 
te r s , Co, A^, bu t o get t h e m o i s t u r e capac i t i e s M„((p), n = 0 , . . . A^ 

0.25 • 

0.2 --

s 0.15 --

I c o o 
I 0.1 •-

'o 
s 

0.05 - -

Figure 10.11 Distribution of moisture capacity in model 
with three internal levels. 
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1 0 . 4 . 2 C o n d u c t a n c e s ^„(v„ . i , v„) 
T h e c o n d u c t a n c e s b e t w e e n t h e d i f f e r e n t l e v e l s are d e t e r m i n e d b y c o n s t a n t s kn g i v e n b y a 
g e o m e t r i c ser ies : 

V„.l-Vn kn = h - { h ) n-l { h < \  ( 1 0 . 1 7 ) 

T h e v a l u e s 7 = 1 a n d 7 = 2 are u s e d i n t h e m o d e l s . C o n s t a n t c o n d u c t a n c e s are a l so tes ted . 
T h e y are a l s o g i v e n b y t h e g e o m e t r i c ser ies : 

T h e m o d e l t h u s uses t h r e e p a r a m e t e r s k\ bk a n d y t o d e t e r m i n e t h e c o n d u c t a n c e s 
K\N . 

1 0 . 5 S o r p t i o n i s o t h e r m 
h i C h a p t e r 4 . 2 . 1 a f o r m u l a f o r t h e s o r p t i o n i s o t h e r m w a s p r e sen t ed . A n e a r l i e r s i m p l e r f o r m u l a 
f o r t h e s o r p t i o n i s o t h e r m has b e e n used f o r t h e s i m u l a t i o n s o f r e t a r d e d s o r p t i o n a n d i n t h e 
c o m p a r i s o n w i t h t h e m e a s u r e m e n t s . 

T h e f o r m u l a f o r t h e s o r p t i o n i s o t h e r m i s g i v e n b y E q . ( 1 0 . 1 8 ) . T h e cp- in terva l i s l i m i t e d 
s i nce t h e f u n c t i o n i s n o t f i n i t e at cp = 0 . h i t h e s i m u l a t i o n s o f t h e m e a s u r e m e n t s , v a l u e s f o r l o w 
(p's a re n o t n e e d e d a n d t h e l o w i n t e r v a l c a n be e x c l u d e d . 

M(<P) = 
A - l n ( C - l n ( ( p ) ) du 1 

B dip ip B [C-\n{ip)) 
( 1 0 . 1 8 ) 

T h e f o l l o w i n g v a l u e s h a v e b e e n u s e d a t 20°C: 
1 . 3 7 - l n ( 0 . 0 0 5 - l n ( ( p ) ) 

"(<P)=- 1 8 . 6 
0 . 0 8 <(p<l 

A t e m p e r a t u r e dependency i s added: 
( 1 . 4 7 - 0 . 0 0 5 - T) - l n { ( 0 . 0 0 7 - 0 . 0 0 0 1 T) - ln(<p)} 

1 6 . 6 + 0 . 1 r 
0 .08<«p<l o ° c < r < 3 0 ° c 

( 1 0 . 1 9 ) 

T h i s i s o t h e r m i s s h o w n i n F i g u r e 1 0 . 1 2 . T h i s f o r m u l a i s u s e d i n C h a p t e r 7 t o 1 1 . h i S e c t i o n 
11.3 t h e a l g o r i t h m has b e e n s u p p l e m e n t e d w i t h a h y s t e r e s i s f u n c t i o n . 
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0 -I 1 1 1 1 1 1 1 1 1 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

RH 

Figure 10.12 Moisture equilibrium curve from the formula (10.19). 

1 0 . 6 T e m p e r a t u r e d e p e n d e n c e o f m o i s t u r e f l o w 
I n t h e d i s c u s s i o n i n S e c t i o n 9 . 3 , b l o c k i n g w a s d e f i n e d as t h e v a r y i n g o b s t r u c t i o n t h a t m a d e 
par t s o f t h e m o i s t u r e c a p a c i t y i n a c t i v e . T h e r e a re s e v e r a l i n d i c a t i o n s t h a t t h e b l o c k i n g i n 
creases s t r o n g l y w i t h dec r ea s ing t e m p e r a t u r e . 

O n e w a y t o a c h i e v e t e m p e r a t u r e dependence i s t o use w a t e r v a p o u r c o n t e n t ( o r a l t e r n a 
t i v e l y v a p o u r p r e s su re ) as t h e d r i v i n g f o r c e f o r t h e r e l a x a t i o n o f m o i s t u r e b e t w e e n t h e i n t e r n a l 
l e v e l s i n t h e m o d e l . A v a p o u r d i f f e r e n c e A v i s c o n n e c t e d t o a d i f f e r e n c e i n R H , Acp, b y t h e 
s a tu r a t ed v a p o u r c o n t e n t v^^, 

A v = A(p • v ^ 

I n t h e m a i n , n o n - l i n e a r m o d e l t h e i n t e r n a l m o i s t u r e f l o w g i s r e l a t e d t o t h e v a p o u r d i f f e r 
ence A v . 

g = c o n s t a n t • A v • | A v | ^ y = 1 

V 

B y u s i n g t h e n o n - l i n e a r m o d e l , t h e t e m p e r a t u r e e f f ec t f o r t h e r e t a r d e d s o r p t i o n i s e n h a n c e d . 
A t 20°C a n d 5°C r e s p e c t i v e l y , t h e r a t i o b e t w e e n t h e sa tu ra t ed v a p o u r c o n t e n t s w^at i s 2 . 5 5 . 
W i t h t h e n o n - l i n e a r m o d e l t h e c o r r e s p o n d i n g r a t i o f o r t h e i n t e r n a l m o i s t u r e f l o w b e c o m e s 

^ 1 7 . 2 9 - 1 0 - ' 
§5= ( v , , , ( 5 ) - A < p ) 6 . 8 0 1 0 -3 = 2 . 5 5 ' = 6 . 5 

T h i s r a t i o g i v e s t h e i n c r e a s e d speed w i t h w h i c h t h e r e t a r d e d s o r p t i o n r e l a x e s at 20°C c o m 
p a r e d t o 5°C i n t h e u s e d m a i n n o n - l i n e e i r m o d e l . 
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Simulations of measured sequences 

1 1 S i m u l a t i o n s o f m e a s u r e d s e q u e n c e s 
T w o m e a s u r e d sequences h a v e b e e n se lec ted f o r t h e s i m u l a t i o n s w i t h t h e o b j e c t i v e t o c o v e r a 
w i d e r a n g e o f c o n d i t i o n s . T h e a i m i s t o t e s t d i f f e r e n t m o d e l s a n d t o f i t t h e p a r a m e t e r s o f t h e 
m o d e l s . 

T h e sequences a re s t a r t i n g a t a p o i n t w h e r e t h e r e t a r d e d s o r p t i o n i s c o n s i d e r e d s m a l l t o 
m i n i m i z e t h e i n f l u e n c e o f t h e necessa ry a s s u m e d i n i t i a l v a l u e s i n t h e i n t e r n a l nodes o f t h e 
m o d e l s . 

T h e f i r s t sequence , w h i c h c o n s i s t s o f t h e m a i n p a r t o f t h e f i r s t ser ies o f m e a s u r e m e n t s de
s c r i b e d i n S e c t i o n 6 . 1 , c o n c e r n s a m e a s u r e m e n t f o r a t i m e o f a l m o s t o n e yea r . T h e t e m p e r a t u r e 
i s 20°C . S e e F i g u r e 1 1 . 1 . T h e f i r s t pa r t c o n s i s t s o f a b s o r p t i o n i n steps t o 9 8 % R H . I t i s f o l 
l o w e d b y c o r r e s p o n d i n g d e s o r p t i o n steps. T h e r e s u l t s f r o m t h e m e a s u r e m e n t s a re s h o w n i n 
S e c t i o n 6 . 1 . 

T h e a b s o l u t e l e v e l s o f t h e m o i s t u r e c o n t e n t f o r t h e f i r s t sequence i s s o m e w h a t u n c e r t a i n . 
D u r i n g t h e l o n g m e a s u r i n g t i m e , dus t m a y h a v e c o l l e c t e d o n t h e s a m p l e e tc . D r y i n g i n o v e n 
w a s n o t b e e n p e r f o r m e d p r i o r t o t h e m e a s u r e m e n t s , i n o r d e r n o t t o d e s t r o y t h e s a m p l e . I n s t e a d 
t h e d r y w e i g h t o f t h e s a m p l e w a s t e m p o r a r i l y e s t i m a t e d f o r t h e r e s u l t s t o t h e f i r s t r e p o r t i n 
S w e d i s h . L a t e r t h e s a m p l e s w e r e d r i e d at a h i g h e r t e m p e r a t u r e a n d t h e d r y w e i g h t u sed h e r e . 

T h e s e c o n d sequence w h i c h cons i s t s o f t h e m a i n p a r t o f t h e fifth ser ies o f m e a s u r e m e n t s 
de sc r ibed i n S e c t i o n 6 .5 , c o n s i s t s o f p e r i o d i c steps i n t e r s p e r s e d w i t h s i n g l e l a r g e r a b s o r p t i o n 
steps f o r l o n g e r p e r i o d s . T h e t e m p e r a t u r e i s 5°C. T h e sequence i s t a k e n f r o m S e c t i o n 6.5 . T h e 
r e s u l t s f r o m t h e m e a s u r e m e n t s are s h o w n i n F i g u r e 1 1 . 2 . 

0.12 -I 1 1 1 1 1 1 1 
0 1000 2000 3000 4000 5000 6000 

Time [h] 

Figure 11.1 Measured sequence at 20°C used to test different models (from the first series 
of measurements described in Section 6.1). 
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Figure 11.2 Measured sequence at 5°C used to test different models (from the fifth series of 
measurements described in Section 6.5). 

F o r e a c h s e c t i o n i n t h i s chap t e r a n e w v a r i a n t o f m o d e l i s t e s ted . T h e p a r a m e t e r s i n t h e 
m o d e l a re k e p t t h e s a m e i n t h e t w o s i m u l a t e d sequences . T h e f i r s t t w o d i a g r a m s i n e a c h sec
t i o n s h o w t h e s i m u l a t i o n r e s u l t s f o r t h e t w o sequences t o g e t h e r w i t h t h e r e l a t i v e h u m i d i t y i n 
t h e o u t e r l e v e l o r n o d e a n d i n t h e i n t e r n a l l e v e l s . T h i s m a k e s i t p o s s i b l e t o ge t a n o v e r v i e w o f 
t h e p rog re s s o f t h e R H - p o t e n t i a l s i n t h e a s s u m e d l e v e l s a n d c o m p a r e w i t h t h e s i m u l a t e d 
m o i s t u r e c o n t e n t . I n t h e r e s t o f t h e d i a g r a m s i n e a c h s e c t i o n , t h e s i m u l a t i o n r e s u l t i s s h o w n 
t o g e t h e r w i t h t h e m e a s u r e d v a l u e s . 

1 1 . 1 L i n e a r m o d e l s 
W e w i l l f i r s t t e s t l i n e a r m o d e l s , i . e. m o d e l s w i t h c o n s t a n t c o n d u c t i v i t i e s Kn , n = \,... N. 

1 1 . 1 . 1 F i c k i a n 
T h e f i r s t s i m u l a t i o n s are m a d e w i t h a m o d e l based o n t r a d i t i o n a l t h e o r y w h e r e a l l o f t h e 
m o i s t u r e c o n t e n t i s a s s u m e d t o be i m m e d i a t e l y access ib le i n a l o c a l p o i n t i n t h e m a t e r i a l . 

F i g u r e 11 .3 s h o w s a m o i s t u r e f l o w n e t w o r k f o r t h i s m o d e l . T h e s a m p l e i s v e r y t h i n so t h e 
' F i c k i a n ' d i f f u s i o n o n a m a c r o - s c a l e i s n o t s i g n i f i c a n t . T h e e s s e n t i a l p rocess i s t h e m o i s t u r e 
u p t a k e f r o m t h e i n c o m i n g a i r i n t o t h e p r e c i s i o n c h a m b e r t o t h e c e l l w a l l s . 
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K , " (cPo) 

Vo 

Figure 11.3 Network for a Fickian process for a very thin sample. 

T h e v a l u e s f o r t h e c o m p o n e n t s c o n s t i t u t i n g are d e s c r i b e d i n S e c t i o n 4 . 1 . 5 . i s depend
e n t o f t h e t h i c k n e s s o f t h e s a m p l e . T h e v a l u e s a re A'o = 0 . 0 0 0 8 3 [ m ^ /(kgwood -s)] f o r t h e 
t h i c k e r s a m p l e (20°C sequence) , a n d KQ = 0 . 0 0 3 5 [ m ^ K^gwood -s)] f o r t h e t h i n n e r s a m p l e 
(5°C sequence ) . T h e s e s v a l u e s a re u s e d f o r a l l t h e m o d e l s i n t h i s chap te r . 

T h e m o i s t u r e capac i t y i s g i v e n b y t h e m o i s t u r e e q u i l i b r i u m c u r v e i n S e c t i o n 1 0 . 5 . 
F i g u r e 1 1 . 4 s h o w s t h e r e s u l t f r o m t h e s i m u l a t i o n o f t h e sequence at 20°C. T h e uppe r c u r v e 

i n t h e d i a g r a m i s t h e c a l c u l a t e d R H i n n o d e 0 , w h i c h i s t h e o n l y n o d e i n t h i s F i c k i a n m o d e l , h i 
F i g u r e 11 .5 t h e s a m e s i m u l a t i o n f o r t h e sequence at 5°C i s s h o w n . 

h i F i g u r e 1 1 . 6 , c o m p a r i s o n f o r t h e sequence at 20°C i s m a d e . F i g u r e 11 .7 s h o w s t w o s tep-
re sponses a t h i g h R H f r o m t h e p r e v i o u s f i g u r e m o r e i n d e t a i l . W e can see h o w fas t t h e t r a d i 
t i o n a l F i c k i a n m o d e l reaches a d i s t i n c t e q u i l i b r i u m a f t e r a s tep-change . T h e m e a s u r e d r e 
sponse n e v e r reaches e q u i l i b r i u m d u r i n g t h e m e a s u r e d i n t e r v a l s . T h e s o r p t i o n responses s h o w 
a w i d e r a n g e o f t i m e - s c a l e s . 

h i F i g u r e 11 .8 a n d F i g u r e 1 1 . 9 c o m p a r i s o n w i t h t h e m e a s u r e m e n t s f r o m t h e second se
q u e n c e at 5°C i n v o l v i n g c y c l i c steps i s m a d e . T h e d i f f e r e n c e b e t w e e n t h e F i c k i a n m o d e l a n d 
m e a s u r e m e n t s i s v e r y b i g , i n p a r t i c u l a r f o r t h e c y c l i c v a r i a t i o n s . 

I t i s c l ea r t h a t a F i c k i a n m o d e l c a n n o t r e p r o d u c e t h e m e a s u r e d v a l u e s . 

0.12 4 
0 1000 2000 3000 

Time [h] 
4000 5000 6000 

Figure 11.4 Simulation of the sequence at 20°C. 
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500 1000 1500 2000 
Time [h] 

2500 

Figure 11.5 Simulation of the sequence at 5°C. 
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Figure 11.6 Simulation compared to measurements for the sequence at 20°C. 

194 



Simulations of measured sequences 

0 . 2 5 T 
9 0 % 

0 .24 + 

MO.23 I 
0 . 2 2 + 

o o 

o 

0 . 2 1 + 

0.2 + 

0 . 1 9 + 

0 . 1 8 

94% R H Measured 

Simulated 

9 6 % R H 

1500 1700 1900 2 1 0 0 2 3 0 0 

Time [h] 

2 5 0 0 2 7 0 0 2 9 0 0 

Figure 11.7 Simulation compared to measurements at 20°C. Detail from Figure 11.6. 
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Figure 11.9 Simulation compared to measurements at 5°C. Detail from Figure 11.8. 

1 1 . 1 . 2 O n e i n t e r n a l l e v e l i n t h e c e l l w a l l 
A s i m p l e m o d e l w i t h o n l y i n t e r n a l l e v e l ( A ^ = 1) i s t es ted . F i g u r e 1 1 . 1 0 s h o w s a m o i s t u r e f l o w 
n e t w o r k f o r t h i s m o d e l . 

Co-cpo «(tpi)-Co-q5, 

^ 0 9 o (p, 

Figure 11.10 Network using one internal level. 

T h e c o r r e s p o n d i n g n o n - l i n e a r m o d e l w i t h o n e i n t e r n a l l e v e l i s s t u d i e d i n S e c t i o n 1 1 . 2 . 1 . I n 
S e c t i o n 1 1 . 3 . 3 t h e c o r r e s p o n d i n g n o n - l i n e a r m o d e l i n c l u d i n g h y s t e r e s i s i s s t u d i e d . 

T h e o u t e r l e v e l 0 has b e e n g i v e n a c o n s t a n t c a p a c i t y CQ , i n d e p e n d e n t o f R H , based o n o b 
s e r v a t i o n s m a d e i n S e c t i o n 9 . 1 . T h e m e t h o d g i v e s l e v e l 0 a c o n s t a n t c a p a c i t y v e r s u s R H a n d 
m a k e s t h e c a p a c i t y o f t h e o t h e r l e v e l s a l l t h e m o r e v a r y i n g . T h i s i s de sc r i bed i n 1 0 . 4 . 1 . F r o m 
F i g u r e 9 . 4 t h e f o l l o w i n g v a l u e o f CQ i n E q . ( 1 7 ) i s c h o s e n : 

"o(<P) = Co-<P 

Co = 0 . 0 8 [ k g 
water /kgwood ] 

T h i s v a l u e , w h i c h i s s o m e w h a t u n c e r t a i n , i s u s e d i n a l l m o d e l s f o r b o t h 5°C a n d 20°C i n 
t h i s chap t e r ( e x c e p t f o r t h e m o d e l i n S e c t i o n 1 1 . 1 . 3 w i t h i t s s p e c i a l a s s u m p t i o n s ) . T h e v a l u e i s 
based o n ana ly se s o n m e a s u r e m e n t s at 5°C o n l y . 
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T h e i n t e r n a l m o i s t u r e t r a n s p o r t c o e f f i c i e n t c o n c e r n s - a u n i t m a s s o f w o o d , a n d i t r e fe r s 
t o w a t e r v a p o u r as g rad i en t . B y f i t t i n g o n e o f t h e f i r s t s tep r e sponses at 20°C, t h e f o l l o w i n g 
v a l u e w a s o b t a i n e d : 

^ 1 = 5-10-^ [ m V ( k g w o o d , s ) ] 
F i g u r e 1 1 . 1 1 s h o w s t h e r e s u l t f r o m t h e s i m u l a t i o n o f t h e sequence at 20°C. h i f i g u r e 1 1 . 1 2 

t h e s a m e s i m u l a t i o n f o r t h e sequence a t 5°C i s s h o w n . T h e t w o u p p e r c u r v e s i n t h e d i a g r a m s 
a r e t h e c a l c u l a t e d r e l a t i v e h u m i d i t i e s i n t h e n o d e s . T h e t h i c k e r l i n e des igna tes (po(0-

h i F i g u r e 1 1 . 1 3 c o m p a r i s o n w i t h t h e m e a s u r e m e n t s at 20°C i s m a d e . F i g u r e 1 1 . 1 4 s h o w s 
t w o s tep-responses f r o m t h e p r e v i o u s f i g u r e m o r e i n d e t a i l . T h e a m p l i t u d e s o f t h e steps a re 
dec rea s ing f r o m 4 % i n t h e f i r s t s tep t o 2 % R H i n t h e s e c o n d o n e . W e c a n see t h a t t h e s e c o n d 
m e a s u r e d r e spo n se i s v e r y d i f f e r e n t f r o m t h e s i m u l a t e d b o t h i n shape a n d a m p l i t u d e . T h e s e 
s teps w i l l l a t e r b e c o m p a r e d i n F i g u r e 1 1 . 3 9 f o r a n o n - l i n e a r m o d e l w i t h 5 i n t e r n a l l e v e l s . 

h i F i g u r e 1 1 . 1 5 t h e r e s u l t o f t h e s i m u l a t i o n f o r t h e sequence at 5°C i s s h o w n . F i g u r e 1 1 . 1 6 
s h o w s a p a r t i n m o r e d e t a i l . T h e s i m u l a t i o n c a n n o t at a l l r e p r o d u c e t h e s o r p t i o n r e sponse f o r 
t h e c y c l i c s teps. T h e m a g n i t u d e o f t h e m o i s t u r e e x c h a n g e f o r t h e c y c l i c steps are h o w e v e r r e 
d u c e d t o s o m e e x t e n t c o m p a r e d t o t h e F i c k i a n m o d e l ( F i g u r e 1 1 . 8 v e r s u s F i g u r e 1 1 . 1 5 ) . 

O n e s i t u a t i o n , w h e r e a l l t e s t ed l i n e a r m o d e l s f o r r e t a r d e d s o r p t i o n a n d m o d e l s w i t h j u s t o n e 
i n t e r n a l l e v e l h a v e f a i l e d , a re seen a t t h e e n d i n F i g u r e 1 1 . 1 6 . H e r e t h e s i m u l a t e d v a l u e s has 
c o m e c lo se t o e q u i l i b r i u m (a t 9 3 % R H ) a n d t h e n a n u m b e r o f c y c l i c steps a re added i n t h e 
s i m u l a t i o n . T h e m o i s t u r e l e v e l i s d r i f t i n g f o r each n e w c y c l e i n t h e s i m u l a t i o n . T h i s sequence 
w i l l l a t e r b e c o m p a r e d i n F i g u r e 1 1 . 4 1 f o r a n o n - l i n e a r m o d e l w i t h 5 i n t e r n a l l e v e l s . 

A l i n e a r m o d e l w i t h o n e e x t r a i n t e r n a l l e v e l i m p r o v e s t h e a g r e e m e n t b e t w e e n s i m u l a t i o n 
a n d m e a s u r e m e n t b y i n t r o d u c i n g a second , l a r g e t i m e - s c a l e . B u t t h e m e a s u r e d responses c o n 
t a i n m a n y a n d v a r i e d t i m e scales. A l l t h e t i m e - s c a l e s c a n n o t b e a c c o u n t e d f o r b y t h i s t y p e o f 
m o d e l . I t i s c l e a r t h a t m o r e c o m p l e x m o d e l s are needed . 

0.16 •• 

0.14 -I J 1 1 1 1 1 ^ h -
0 1000 2000 3000 4000 5000 6000 

Time [h] 

Figure 11.11 Simulation of the sequence at 20°C. 

197 



Retarded sorption i n wood P a r t III 

0.24 

0.14 -I* 1 1 1 1 1 1— 
0 500 1000 1500 2000 2500 3000 

Time [h] 

Figure 11.12 Simulation of the sequence at 5°C. 

0.28 

0.14-• f > 1 

0.12 - I — » — ' — ' — ' — I — ' — ' — ' — ' — I — ' — ' — ' — ' — I — ' — ' — ' — ' — I — ' — ' — ' — ' — I — ' — ' — ' — ' — h -
0 1000 2000 3000 4000 5000 6000 

Time [h] 

Figure 11.13 Simulation compared to measurements at 20°C. 
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0.25 T 

0.24 + 

^0.23 

0.19 

94% RH 
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1500 1700 1900 2100 2300 

Time [h] 

2500 2700 2900 

Figure 11.14 Simulation compared to measurements at 20°C. Detail from Figure 11.13. 
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^0.21 + 

, 0.2 + 

I 0.19 + 
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Time [h] 

2500 3000 

Figure 11.15 Simulation compared to measurements at 5°C. 
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0.235 

Figure 11.16 Simulation compared to measurements at 5°C. Detail from Figure 11.15. 

1 1 . 1 . 3 C o n s t a n t c o n d u c t a n c e s i n c e l l w a l l 
T h e n e x t l e v e l o f m o d e l c o m p l e x i t y i s t o u se s e v e r a l i n t e r n a l l e v e l s . T h e c e l l w a l l i s i m a g i n e d 
t o c o n s i s t o f A'̂  l a y e r s . I n p a r t i c u l a r w e w i l l c o n s i d e r N = 6. S e e F i g u r e 1 1 . 1 7 . T h e r e i s n o r 
m a l l y a n o t h e r c e l l w a l l t o t h e r i g h t . T h e f l u x t o t h e r i g h t i s t h e r e f o r e b y s y m m e t r y z e r o . T h e 
c o m p l e t e m o i s t u r e f l o w n e t w o r k i s i n d i c a t e d i n F i g u r e 1 1 . 1 8 . 

H o m o g e n o u s c e l l w a l l 

K, K, K, K, K, K, 

" i f gi * "g^ g4' gf, * 
Figure 11.17 Model of cell wall with 6 internal levels. 

T h e t o t a l M ( ( p ) i s d i v i d e d i n o n e f r a c t i o n po o f t h e m o i s t u r e c o n t e n t t h a t i s d i r e c t l y accessi
b l e f o r t h e o u t e r p o r e s y s t e m . T h e res t , \-po , i s d i s t r i b u t e d p r o p o r t i o n a l t o l a y e r t h i c k n e s s i n 
t h e c e l l w a l l . F o r a homogenous m a t e r i a l a n d l a y e r s o f c o n s t a n t t h i c k n e s s , t h i s g i v e s : 

uo=po-u{(p) M „ = p r M ( ( p ) n=l,...N 
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l-po=PvN 
H e r e A'̂  = 6 i s u s e d , a n d po = 0 . 4 has b e e n c h o s e n f o r a r o u g h b a l a n c e b e t w e e n i m m e d i a t e a n d 
r e t a r d e d s o r p t i o n . N o t e t h a t t h e R H - d e p e n d e n c e i s t h e s a m e f o r t h e o u t e r c apac i t y M o ( ( p ) , as 
f o r t h e i n n e r M„((p). I n a l l o t h e r m o d e l s w i t h i n t e r n a l n o d e s , l e v e l 0 has b e e n g i v e n a c o n s t a n t 
capac i ty , based o n d i r e c t o b s e r v a t i o n s f r o m t h e m e a s u r e m e n t s . 

T h e c o n d u c t a n c e s a re c h o s e n i n p r o p o r t i o n t o t h e t h i c k n e s s o f t h e l aye r s i n t h e c e l l w a l l . 
L e t Ki be t h e c o n d u c t a n c e o f t h e f i r s t h a l f l a y e r i n F i g u r e 1 1 . 1 7 . T h e n t h e o t h e r conduc t ances 
b e c o m e : 

K„ = 0 .5 Ki n = 2, ...N 

T h e c h o s e n v a l u e o f t h e t o t a l c o n d u c t a n c e f o r t h e c e l l w a l l , Ki / ( 2 N ) , i s 15-10"^ 
[ m ^ /(kgwood , s ) ] - T h i s g i v e s Ki = 180-10"^ [ m ^ /(kgwood , s) ] f o r N =6. T h e c h o i c e i s m a d e t o 
r o u g h l y f i t t h e l o n g t i m e - s c a l e s f o r t h e steps at h i g h R H i n t h e f i r s t sequence w i t h i t s l o n g i n 
t e r v a l s . 

T h e o n l y p a r a m e t e r s i n t h i s m o d e l t h a t a re ad ju s t ed t o f i t t h e m e a s u r e d r e sponse are po a n d 
^ 1 . 

Po-u((Po) P i - " ( q ) , ) p M ( p 2 ) p M ( ? J 

Ko cpo ^ 1 9 i ^ i / 2 9 2 ^ i / 2 (Pjv 
Figure 11.18 Network for a homogenous cell wall using 6 internal levels. 

T h e r e s u l t s o f t h e s i m u l a t i o n s o f t h e t w o sequences a re s h o w n i n F i g u r e 1 1 . 1 9 a n d F i g u r e 
1 1 . 2 0 t o g e t h e r w i t h t h e R H i n t h e d i f f e r e n t l e v e l s . T h i s g i v e s a p o s s i b i l i t y t o f o l l o w t h e p r o g 
ress o f t h e c h a n g e o f R H a n d m o i s t u r e i n t h e c e l l w a l l f o r t h i s m o d e l . 

I n F i g u r e 1 1 . 2 1 , F i g u r e 1 1 . 2 2 a n d F i g u r e 1 1 . 2 3 t h e r e s u l t s o f t h e s i m u l a t i o n s are c o m p a r e d 
t o t h e m e a s u r e m e n t s . 

A l o w c o n d u c t a n c e i n t h e c e l l w a l l has b e e n u s e d t o m o d e l t h e l o n g t i m e - s c a l e f o r t h e 
s o r p t i o n at h i g h R H . T h i s g i v e s f a r t o s l o w s o r p t i o n a t m i d - r a n g e R H i n t h e b e g i n n i n g o f t h e 
s i m u l a t i o n . T h e shape o f t h e s o r p t i o n r e sponse c u r v e s are a l s o v e r y d i f f e r e n t f r o m t h e shapes 
i n t h e m e a s u r e d sequence . W h e n R H i s k e p t c o n s t a n t f o r a l o n g p e r i o d a l l t h e n o d e s a r r i v e at 
n e a r e q u i l i b r i u m a n d t h e s o r p t i o n s tops , w h e r e a s r e t a r d e d s o r p t i o n a l w a y s i s p re sen t i n t h e 
m e a s u r e d sequences . S e e i n p a r t i c u l a r F i g u r e 1 1 . 2 1 . 

I t i s c l ea r t h a t t h i s m o d e l , w h e r e t h e i n t e r n a l c o n d u c t a n c e s are t h e s ame , i s n o t s u f f i c i e n t . 
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0.12 
1000 2000 3000 4000 

Time [h] 
5000 

Figure 11.19 Simulation of the sequence at 20°C. 
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Figure 11.20 Simulation of the sequence at 5°C. 
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0.28 

0.26 

0.24 

- 0.22 
a 
c 

0.2 + 

I 0.18 + 
o 

0.16 

0.14 + 

0.12 
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4000 

Figure 11.21 Simulation compared to measurements at 20°C. 

5000 6000 

0.18 
1500 1700 1900 2100 2300 

Time [h] 

2500 2700 2900 

Figure 11.22 Simulation compared to measurements at 20°C. Detail from Figure 11.21. 
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Figure 11.23 Simulation compared to measurements at 5°C. 

1 1 . 1 . 4 V a r i a b l e c o n d u c t a n c e s i n c e l l w a l l 
T h e n e x t s tep o f c o m p l e x i t y i n t h e m o d e l i s t o c o n s i d e r d i f f e r e n t i n t e r n a l c o n d u c t a n c e s . 

T h i s m o d e l i s s i m i l a r t o t h e m o d e l i n S e c t i o n 1 1 . 1 . 2 , b u t i n s t e a d o f o n e i n t e r n a l l e v e l t h i s 
m o d e l has f i v e {N = 5 ) . T h e c o n d u c t a n c e s b e t w e e n t h e l e v e l s a re p r o g r e s s i v e l y dec rea s ing 
u n l i k e t h e p r e v i o u s m o d e l i n S e c t i o n 1 1 . 1 . 3 , w h e r e t h e c o n d u c t a n c e s w e r e t h e s a m e t o de
scr ibe a h o m o g e n o u s c e l l w a l l . F i g u r e 1 1 . 2 4 s h o w s a m o i s t u r e f l o w n e t w o r k f o r t h i s m o d e l . 

Kg K^ K2 K^ K^ Kg 
^ i n l e t l - ^ ^ v ^ ^ - v - ^ V ^ - ^ W V - ^ - V W - ^ ^ ^ W ^ - ^ V / S ^ 

tPo (Pl (Ps (P4 (P5 

Figure 11.24 Network using five internal levels and variable conductances 

A s desc r ibed i n S e c t i o n 1 0 . 1 . 4 a n d u s e d f o r t h e m o d e l i n S e c t i o n 1 1 . 1 . 2 , t h e m o i s t u r e ca
p a c i t y i n l e v e l 0 has b e e n g i v e n a c o n s t a n t v a l u e . 

Co = 0 . 0 8 [kgwater /kgwood ] "o((p) = CQ • Cp 
T h e r e m i n d e r o f t h e m o i s t u r e c a p a c i t y i s d i s t r i b u t e d i n t h e A'̂  = 5 i n t e r n a l l a y e r s as a geo 

m e t r i c ser ies a c c o r d i n g t o E q s . ( 1 0 . 1 4 ) - ( 1 0 . 1 6 ) i n S e c t i o n 1 0 . 4 . 1 : 
UnW) = a„ • ( M (cp) - Mo((p)) 

a„ = tti • n-l 

204 



Simulations of measured sequences 

T h e f a c t o r a i i s d e t e r m i n e d b y fe„ , E q . ( 1 0 . 1 6 ) . A f t e r a f e w tests ^„ = 1.4 has b e e n c h o s e n , 
w h i c h r e s u l t s i n a i = 0 . 0 9 1 , a2 = 0 . 1 2 8 , a s = 0 . 1 7 9 , 0C4 = 0 . 2 5 2 , a s = 0 . 3 5 1 . 

T h e c o n d u c t a n c e s b e t w e e n t h e d i f f e r e n t l e v e l s are a l s o v a r i e d as a g e o m e t r i c ser ies : 
K n = K i ( h f - ' ( h < l ) . 

A f t e r a f e w tes ts , bk = 0 . 6 a n d K i = M O " ^ [ m ^ /(kgwood , s ) ] has b e e n c h o s e n . 
T h e r e s u l t s o f t h e s i m u l a t i o n s o f t h e t w o sequences are s h o w n i n F i g u r e 1 1 . 2 5 a n d F i g u r e 

1 1 . 2 6 t o g e t h e r w i t h t h e R H i n a l l l e v e l s . 
h i F i g u r e 1 1 . 2 7 , F i g u r e 1 1 . 2 8 a n d F i g u r e 1 1 . 2 9 , t h e r e s u l t s o f t h e s i m u l a t i o n s are c o m p a r e d 

w i t h t h e m e a s u r e d v a l u e s . 
A d i f f e r e n c e f o r t h e t w o s i m u l a t i o n sequences a t d i f f e r e n t t e m p e r a t u r e s can be n o t e d . A t 

20°C as seen i n F i g u r e 1 1 . 2 7 , t h e a s s igned v a l u e f o r t h e c o n d u c t a n c e s appear t o o s m a l l a n d 
t h e r e t a r d e d s o r p t i o n i s t o o d o m i n a t i n g . C o m p a r i s o n c a n b e m a d e w i t h a s i m u l a t i o n w i t h t h e 
s a m e a s s u m e d c o n d u c t a n c e s f o r t h e 5°C sequence . F i g u r e 1 1 . 2 8 . H e r e o n t h e o t h e r h a n d , a 
s t r o n g e r b l o c k i n g o f t h e c a p a c i t y s eems t o b e n e e d e d t o r e d u c e t h e s o r p t i o n a m p l i t u d e s a n d t o 
m a k e t h e t i m e - s c a l e s l o n g e r . I n t h e n o n - l i n e a r m o d e l s a r e d u c t i o n o f t h e conduc t ances b y t e m 
p e r a t u r e i s a t t a i n e d b y t h e t e m p e r a t u r e dependence o f t h e v a p o u r c o n t e n t s as desc r ibed i n 
S e c t i o n 1 0 . 6 . 

L e v e l 0 has b e e n g i v e n a c o n s t a n t c a p a c i t y v e r s u s R H i n t h i s m o d e l , i n c o n t r a s t t o t h e i n 
t e r n a l l e v e l s . C o m p a r i s o n c a n be m a d e w i t h t h e h o m o g e n o u s c e l l w a l l m o d e l i n S e c t i o n 
1 1 . 1 . 3 , w h i c h has t h e s a m e capac i t y v a r i a t i o n s f o r a l l l e v e l s . T h e r e t a r d e d s o r p t i o n i s f a r t o o 
p r o n o u n c e d a t l o w R H i n t h e h o m o g e n o u s c e l l w a l l m o d e l seen i n F i g u r e 1 1 . 1 9 o f t h e s i m u l a 
t i o n at 20°C. C o m p a r i s o n c a n be m a d e w i t h t h e c o r r e s p o n d i n g F i g u r e 1 1 . 2 5 w i t h t h i s m o d e l . 
T h i s d e m o n s t r a t e s i n d i r e c t l y t h e n e e d t o a s s i g n a d i f f e r e n t R H - d e p e n d e n c e f o r t h e i m m e d i a t e 
s o r p t i o n . T h e i m m e d i a t e c a p a c i t y w a s a n a l y s e d m o r e d i r e c t l y i n S e c t i o n 9 . 1 . 

F i g u r e 1 1 . 2 7 c o n t a i n s steps w h e r e a b s o r p t i o n i s f o l l o w e d b y d e s o r p t i o n . T h i s l i n e a r m o d e l 
i s v e r y p o o r i n r e p r o d u c i n g t h e f i r s t t w o s tep- responses a f t e r t h e t u r n at 9 8 % R H . T h e c o r r e 
s p o n d i n g s i m u l a t i o n w i t h a n o n - l i n e a r m o d e l i s i n S e c t i o n 1 1 . 2 . 2 , F i g u r e 1 1 . 3 8 w i l l l a t e r s h o w 
a m u c h be t t e r a g r e e m e n t . 
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Figure 11.25 Simulation of the sequence at 20°C. 

206 



Simulations of measured sequences 

0.28 

0.26 

0.24 

- 0.22 

Measured 

1000 2000 3000 4000 

Time [h] 

5000 6000 

Figure 11.27 Simulation compared to measurements at 20°C. 
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Figure 11.28 Simulation compared to measurements at 5°C. 
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1 1 . 2 N o n - l i n e a r m o d e l s 
T h e p r e v i o u s m o d e l s i n S e c t i o n 1 1 . 1 w i t h t h e i r i n c r e a s i n g c o m p l e x i t y are a l l l i n e a r . T h e y 
c o u l d s i m u l a t e pa r t s o f t h e v a r i o u s c o m p l e x r e sponses . B u t v e r y c l ea r d i s c repanc ie s b e t w e e n 
m e a s u r e d a n d s i m u l a t e d r e sponses are s t i l l r e m a i n i n g . I t i s c l e a r t h a t n o n - l i n e a r m o d e l s are 
needed . 

I n t h e n e t w o r k s a n o n - l i n e a r c o n d u c t a n c e i s g i v e n a spec i a l s y m b o l : 

— W v — n o n - l i n e a r c o n d u c t a n c e 

1 1 . 2 . 1 O n e i n t e r n a l l e v e l i n c e l l w a l l 
A n o n - l i n e a r m o d e l w i t h o n e i n t e r n a l l e v e l (A^ = 1 ) i s t e s ted . I t s l i n e a r c o u n t e r p a r t i s d i scussed 
i n S e c t i o n 1 1 . 1 . 2 . F i g u r e 1 1 . 3 0 s h o w s a m o i s t u r e f l o w n e t w o r k f o r t h i s m o d e l . 

K K 

Figure 11.30 Non-linear network using one internal level. 

A s e a r l i e r , t h e m o i s t u r e c a p a c i t y i n l e v e l 0 has b e e n g i v e n a c o n s t a n t v a l u e : 
C o = 0 . 0 8 [kgwater /kgwood ] 

T h e c o n d u c t a n c e f r o m E q . ( 1 0 . 1 7 ) i n S e c t i o n 1 0 . 4 . 2 c o n t a i n s t w o p a r a m e t e r s , a n d y : 
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^ 1 = fcl • I Vo - Vi 1̂  

T h e e x p o n e n t f o r t h e n o n - U n e a r i t y o f t h e i n t e r n a l conduc t ances i s y = 1 . T h i s m e a n s t h a t t h e 
i n t e r n a l m o i s t u r e f l o w i s p r o p o r t i o n a l t o t h e square o f t h e a p p l i e d d i f f e r e n c e o f v a p o u r c o n t e n t 
o v e r t h e c o n d u c t a n c e . 

B y f i t t i n g o n e o f t h e f i r s t s tep- responses w i t h l o n g i n t e r v a l s , t h e f o l l o w i n g v a l u e w a s o b 
t a i n e d : 

ki = 0 .5 [ m ^ /(kgwood, kgwater" s) ] y = 1 

T h e f i t t i n g w a s m a d e f o r t h e s a m e i n t e r v a l s as t h e f i t t i n g i n t h e c o r r e s p o n d i n g l i n e a r m o d e l i n 
S e c t i o n 1 1 . 1 . 2 . 

T h e r e s u l t o f t h e s i m u l a t i o n s o f t h e t w o sequences are s h o w n i n F i g u r e 1 1 . 3 1 a n d F i g u r e 
1 1 . 3 2 t o g e t h e r w i t h R H o f t h e t w o l e v e l s . 

h i F i g u r e 11 .33 a n d F i g u r e 1 1 . 3 4 , t h e r e s u l t s o f t h e s i m u l a t i o n s a re c o m p a r e d w i t h t h e 
m e a s u r e d v a l u e s . O n e i m p r o v e m e n t i n t h e r e s u l t f r o m t h i s n o n - l i n e a r m o d e l c o m p a r e d t o t h e 
c o r r e s p o n d i n g l i n e a r m o d e l i n S e c t i o n 1 1 . 1 . 2 c a n be s t u d i e d i n steps w i t h s m a l l a m p l i t u d e i n 
R H . I f t h e s i m u l a t i o n r e s u l t f o r t h e steps 9 4 % - > 9 6 % - > 9 8 % R H ( 2 3 8 0 h t o 3 6 0 0 h o n t h e t i m e 
a x i s ) i n F i g u r e 11 .13 i s c o m p a r e d t o t h e r e s u l t i n F i g u r e 1 1 . 3 3 , t h e n o n - l i n e a r m o d e l c a n b l o c k 
a n d d e l a y t h e s o r p t i o n s o m e w h a t be t t e r . I n t h e s i m u l a t i o n o f p e r i o d i c s teps. F i g u r e 11 .15 
c o m p a r e d t o F i g u r e 1 1 . 3 4 , t h e shape o f t h e responses are be t t e r f o r t h e n o n - l i n e a r m o d e l . 

C y c l e s o f l a r g e r a m p l i t u d e h a v e p r o d u c e d p r o p o r t i o n a l l y s l i g h t l y l a r g e r s o r p t i o n t h a n cyc les 
w i t h s m a l l e r R H a m p l i t u d e . T h i s m o d e l exaggera te s t h i s e f fec t . T h i s c a n be seen i n F i g u r e 
1 1 . 3 4 , w h e r e t h e s i m u l a t e d s o r p t i o n f o r t h e 7 4 % - 8 4 % R H cyc le s , t o t h e l e f t i n t h e f i g u r e , i s 
f a r t o o b i g . T h i s c a n be c o m p a r e d t o t h e 8 8 % - 9 0 % R H cyc l e s i n t h e c e n t r e o f t h e d i a g r a m . 

T h e m o d e l i s n o t ab l e t o s i m u l a t e t h e d i f f e r e n t t i m e - s c a l e s p r e s e n t i n t h e 5°C sequence . 
G e n e r a l l y , t h e m o d e l s w i t h j u s t o n e i n t e r n a l l e v e l a re t o o c r u d e t o b e ab l e t o s i m u l a t e b o t h 
s h o r t a n d l o n g i n t e r v a l s b e t w e e n steps. 
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Figure 11.31 Simulation of the sequence at 20°C. 
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Figure 11.32 Simulation of the sequence at 5°C. 
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Figure 11.33 Simulation compared to measurements at 20°C. 

0.23 

0.22 + 

0.21 -• 
00 

1 0.2 --

s 
0.19 --

o c o o 0.18 --

'o 0.17 --

Simulated 

Measured 

500 1000 1500 2000 

Time [h] 

2500 3000 

Figure 11.34 Simulation compared to measurements at 5°C. 
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1 1 . 2 . 2 5 i n t e r n a l l e v e l s i n c e l l w a l l 
T h e p r e v i o u s n o n - H n e a r m o d e l , w i t h j u s t o n e i n t e r n a l l e v e l , s h o w e d s o m e i m p r o v e m e n t o n t h e 
c o r r e s p o n d i n g l i n e a r m o d e l . I n t h i s m o d e l n o n - l i n e a r c o n d u c t a n c e s are c o m b i n e d w i t h s e v e r a l 
i n t e r n a l l e v e l s . I t s l i n e a r c o u n t e r p a r t i s d e s c r i b e d i n S e c t i o n 1 1 . 1 . 4 . F i g u r e 1 1 . 3 5 s h o w s a 
m o i s t u r e f l o w n e t w o r k f o r t h i s m o d e l w i t h f i v e i n t e r n a l l e v e l s . 

Figure 11.35 Non-linear network using five internal levels. 

A s e a r l i e r , t h e m o i s t u r e capac i t y i n l e v e l 0 has b e e n g i v e n a c o n s t a n t v a l u e . 

C o = 0 . 0 8 [kgwater /kgwood ] Wo((p) = C o • (p 
T h e r e m i n d e r o f t h e m o i s t u r e c a p a c i t y i s d i s t r i b u t e d i n t h e = 5 i n t e r n a l l a y e r s as a g e o m e t r i c 
ser ies a c c o r d i n g t o E q s . ( 1 0 . 1 4 ) - ( 1 0 . 1 6 ) i n S e c t i o n 1 0 . 4 . 1 : 

M„((p) = a„ • ( M ((p) - Mo(cp)) 

an = ax-{Kr' n=\,...N 

T h e s a m e v a l u e = 1.4 as t h e m o d e l i n S e c t i o n 1 1 . 1 . 4 has b e e n c h o s e n . 
T h e c o n d u c t a n c e s are p r o p o r t i o n a l t o f a c t o r s kn , E q . ( 1 0 . 1 7 ) i n S e c t i o n 1 0 . 4 . 2 : 
Kn = kn-\Wn-l-yn\'^ 7 = 1 

s a m e v a l u e bk = 0 . 6 as t h e m o d e l i n S e c t i o n 1 1 . 1 . 4 i s u sed . 
T h e r e s u l t o f t h e s i m u l a t i o n s o f t h e t w o sequences are s h o w n i n F i g u r e 1 1 . 3 6 a n d F i g u r e 

1 1 . 3 7 t o g e t h e r w i t h R H f o r a l l l e v e l s . 
I n F i g u r e 1 1 . 3 8 t o F i g u r e 1 1 . 4 1 , t h e r e s u l t s o f t h e s i m u l a t i o n s are c o m p a r e d w i t h t h e m e a s 

u r e d v a l u e s . T h i s m o d e l e x h i b i t s c o n s i d e r a b l e i m p r o v e m e n t s c o m p a r e d t o t h e p r e v i o u s ones . 
R e s p o n s e s are f a i r l y w e l l r e p r o d u c e d , b o t h w i t h l o n g a n d s h o r t t i m e - s c a l e s . P r o p o r t i o n s be
t w e e n t h e s o r p t i o n at d i f f e r e n t a m p l i t u d e a l s o s h o w g o o d a g r e e m e n t . T h e m o d e l c a n a l s o h a n 
d l e c o m b i n a t i o n s o f steps. O n e e x a m p l e i s a n a b s o r p t i o n step k e p t c o n s t a n t f o r a l o n g p e r i o d 
f o l l o w e d b y s m a l l c y c l i c steps. See F i g u r e 1 1 . 4 1 . A n o t h e r e x a m p l e i s a l o n g s u c c e s s i o n o f 
a b s o r p t i o n steps f o l l o w e d b y a d e s o r p t i o n step i n F i g u r e 1 1 . 3 8 . 

A s a g e n e r a l c o n c l u s i o n , t h e m e a s u r e m e n t s h a v e s h o w n , t h a t t h e s o r p t i o n a f te r a s tep i s de
p e n d e n t o n t h e p r e v i o u s m o i s t u r e h i s t o r y . A m o d e l t h a t c o n s i s t s o f s e v e r a l l a y e r s c o n n e c t e d 
w i t h n o n - l i n e a r conduc t ances o p e n s t h e p o s s i b i l i t y o f h a v i n g t h e d e s i r e d p r o p e r t i e s f o r a so rp 
t i o n t h a t i s d e p e n d e n t o n t h e p r e v i o u s h i s t o r y i n a w a y t h a t i s o b s e r v e d i n t h e m e a s u r e m e n t s . 
T a k e as a n e x a m p l e a case w h e r e s l o w a b s o r p t i o n has t a k e n p l ace o v e r a l o n g p e r i o d . H e r e t h e 
m o d e l w i t h n o n - l i n e a r c o n d u c t a n c e s a l l o w s a s m a l l b u t s i g n i f i c a n t d i f f e r e n c e o f p o t e n t i a l be
t w e e n t h e l e v e l s t o be b u i l t u p . T h e r e t a r d e d s o r p t i o n c a n s t i l l b e s l o w . I f t h e n a n o t h e r abso rp -

K Q K I K2 K^ K^ Kg 

9o tPl tp2 (Ps (P4 
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t i o n step i s added , t h e d i f f e r e n c e s o f p o t e n t i a l a re inc reased . T h i s r e s u l t s i n h i g h e r c o n d u c 
tances a n d a s u b s t a n t i a l r e t a r d e d s o r p t i o n t akes p lace . 

T h e s i m u l a t i o n o f t h e f i r s t d e s o r p t i o n s tep i n F i g u r e 1 1 . 3 8 g i v e s r a t h e r g o o d a g r e e m e n t 
( 3 6 0 0 h t o 3 8 0 0 h o n t h e t i m e a x i s ) . T h e m o d e l b l o c k s m u c h o f t h e s o r p t i o n f o r t h i s f i r s t de
s o r p t i o n s tep. C o m p a r i s o n c a n be m a d e w i t h t h e c o r r e s p o n d i n g s i m u l a t i o n i n F i g u r e 1 1 . 2 7 
w i t h a l i n e a r m o d e l . H e r e t o o m u c h s o r p t i o n i s a c t i v a t e d . 

D e s p i t e t h e g e n e r a l l y g o o d a g r e e m e n t , t h e r e are s t i l l s o m e d i sc repanc ie s b e t w e e n m o d e l 
s i m u l a t i o n s a n d m e a s u r e m e n t s . T h e m a j o r d i s c r e p a n c y occurs w h e n t h e sequence has scanned 
o v e r a w i d e r a n g e o f a b s o r p t i o n a n d d e s o r p t i o n . T h i s i s appa ren t w h e n t h e t h i r d d e s o r p t i o n 
step i s m a d e i n t h e f i r s t sequence seen i n F i g u r e 1 1 . 3 8 ( 4 5 0 0 h o n t h e t i m e a x i s a n d o n w a r d s ) . 

T h i s m o d e l has a c o u n t e r p a r t w i t h a h y s t e r e s i s f u n c t i o n se lec ted as t h e m o d e l w i t h t h e bes t 
o v e r - a l l a g r e e m e n t de sc r i bed i n S e c t i o n 1 1 . 3 . 5 . h i t h e s econd sequence (5°C), t h e h y s t e r e s i s i n 
t h e m o d e l i s h a r d l y a c t i v a t e d , s i n c e t h e h y s t e r e s i s c o m p o n e n t s i n t h e deeper l e v e l s o f t h e 
m o d e l a l m o s t e n t i r e l y are e x p o s e d t o a b s o r p t i o n . T h e o u t c o m e o f t h e s i m u l a t i o n s are t h e n a l 
m o s t i d e n t i c a l . 
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Figure 11.37 Simulation of the sequence at 5°C. 
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Figure 11.38 Simulation compared to measurements at 20°C. 
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Figure 11.39 Simulation compared to measurements at 20°C. Detail from Figure 11.38. 
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Figure 11.40 Simulation compared to measurements at 5°C. 
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Figure 11.41 Simulation compared to measurements at 5°C. Detail from Figure 11.40. 

1 1 . 2 . 3 C o n d u c t a n c e s w i t h s t r o n g e r n o n - H n e a r i t y 
T o i n v e s t i g a t e t h e i n f l u e n c e f r o m a s t r o n g e r n o n - U n e a r m o d e U i n g a v a r i a n t o f t h e p r e v i o u s 
m o d e l i n S e c t i o n 1 1 . 2 . 2 i s t e s t ed , h i s t e a d o f Y = 1 f o r t h e e x p o n e n t i n t h e e q u a t i o n f o r t h e c o n 
duc tances , Y = 2 has b e e n tes ted . T h e s a m e m o i s t u r e flow n e t w o r k w i t h t h e s a m e n u m b e r o f 
n o d e s as i n F i g u r e 1 1 . 3 5 i s u s e d . 

T h e capac i t i e s are t h e s a m e as i n t h e c o m p a r e d m o d e l i n S e c t i o n 1 1 . 2 . 2 : 
Co = 0 . 0 8 [kgwater /kgwood ] ^« = 1 -4 

T h e c o n d u c t a n c e s are p r o p o r t i o n a l t o f ac to r s kn f r o m E q . ( 2 0 ) : 
= ^„ • I v„.i - v„ 1 ,̂ Y = 2 

kn = h-{bkT-' n=l,...N iN=5) 

A f t e r a f e w tes ts , A:i = 1 0 0 [ m ^ / ( kgwood > (kgwater)^ , s ) ] a n d bk - 0 . 7 w a s c h o s e n . 
T h e r e s u l t o f t h e s i m u l a t i o n s o f t h e t w o sequences a re s h o w n i n F i g u r e 1 1 . 4 2 a n d F i g u r e 

1 1 . 4 3 t o g e t h e r w i t h R H f o r a l l l e v e l s . 
I n F i g u r e 1 1 . 4 4 a n d F i g u r e 1 1 . 4 5 t h e r e s u l t s o f t h e s i m u l a t i o n s a re c o m p a r e d w i t h t h e 

m e a s u r e d v a l u e s . 
C o m p a r i s o n can be m a d e w i t h t h e r e s u l t f o r t h e c o r r e s p o n d i n g e a r l i e r m o d e l w i t h w e a k e r 

n o n - l i n e a r i t y . F i g u r e 1 1 . 3 8 c a n b e c o m p a r e d t o F i g u r e 1 1 . 4 4 a n d F i g u r e 1 1 . 4 0 t o F i g u r e 1 1 . 4 5 . 
N o d i r e c t d i s a d v a n t a g e c a n be seen w h e n u s i n g t h i s s t r o n g l y n o n - l i n e a r m o d e l . I t i s h o w e v e r 
h a r d t o ge t a n o v e r v i e w o f t h e i m p a c t f r o m changes o f t h e p a r a m e t e r s i n these n o n - l i n e a r 
m o d e l s . I t i s t h e n h a r d t o e s t i m a t e h o w g o o d t h e p a r a m e t e r s f o r t h e t w o i n d i v i d u a l tes ts a re 
fitted. 
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Figure 11.42 Simulation of the sequence at 20°C. 
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Figure 11.43 Simulation of the sequence at 5°C 
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Figure 11.44 Simulation compared to measurements at 20°C. 
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Figure 11.45 Simulation compared to measurements at 5°C. 

218 



Simulations of measured sequences 

1 1 . 3 M o d e l s i n c l u d i n g h y s t e r e s i s 

1 1 . 3 . 1 S o r p t i o n h y s t e r e s i s f u n c t i o n 
I n o r d e r t o i n v e s t i g a t e t h e i n f l u e n c e o f s o r p t i o n h y s t e r e s i s i n t h e m o d e l s f o r r e t a r d e d s o r p t i o n , 
a set o f m o i s t u r e e q u i l i b r i u m c u r v e s w i t h t h e f o l l o w i n g c h a r a c t e r i s t i c s has b e e n used . 

T h e h y s t e r e s i s r e s u l t s i n so c a l l e d s c a n n i n g c u r v e s . T h i s m e a n s t h a t t h e m o i s t u r e c o n t e n t u 
f o l l o w s a n e w c u r v e a f t e r each t u r n b e t w e e n a b s o r p t i o n a n d d e s o r p t i o n . T h e p r o p e r t i e s o f t h e 
h y s t e r e s i s f u n c t i o n u s e d i n t h e m o d e l i s de sc r i bed i n steps f o r a n e x a m p l e b e l o w . 

C o n s i d e r f i r s t a n i n i t i a l a b s o r p t i o n f r o m d r y c o n d i t i o n s . T h e m o i s t u r e e q u i l i b r i u m c u r v e f o r 
i n i t i a l a b s o r p t i o n i s f o l l o w e d , Uin.ab. • A f r a c t i o n ( 1 - Uhyst) o f t h i s c u r v e i s a s s u m e d n o t t o be 
i n f l u e n c e d b y h y s t e r e s i s . T h i s f r a c t i o n c a n be a l t e r e d t o g i v e t h e d e s i r e d s t r e n g t h o f h y s t e r e s i s 
f o r t h e t o t a l m o i s t u r e capac i ty . F o r t h e m o d e l s i n t h i s paper ahyst = 0 . 3 5 1 has b e e n u s e d a f t e r a 
r o u g h f i t t i n g . 

T h i s s e p a r a t i o n i n t w o par t s i s i l l u s t r a t e d i n f i g u r e 1 1 . 4 6 . T h e f r a c t i o n a b o v e t h e h o r i z o n t a l 
a x i s i n f l u e n c e s t h e h y s t e r e s i s , w h i l e t h e f r a c t i o n u n d e r t h e a x i s r ep re sen t s a c o n s t a n t c o n t r i b u 
t i o n , i n d e p e n d e n t o f h y s t e r e s i s . 
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^ 0.05 + 

I 
s c o u 

U in. ab. 
(XhysfU in. ab. 

-0.05 -• 

-0.1 -• 

-0.15 
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Figure 11.46 Division of the moisture equilibrium curve in two components. The fraction 
above the horizontal axis influences the hysteresis, while the fraction under the 
axis represents a constant contribution, independent of hysteresis. 

F i g u r e 1 1 . 4 7 i l l u s t r a t e s t h e p r i n c i p l e s o f t h e h y s t e r e s i s m o d e l . T h e l o w e r f u l l c u r v e i s t h e 
h y s t e r e s i s p a r t o f t h e i n i t i a l a d s o r p t i o n c u r v e , i . e. t h e c u r v e a b o v e t h e h o r i z o n t a l a x i s i n 
F i g u r e 1 1 . 4 6 . W e c o n s i d e r a n y sequence o f i n c r e a s i n g a n d dec rea s ing R H . W e s tar t a t l o w 
R H (po , t h e n R H i s i nc r ea sed t o (pi , t h e n decreased t o (p2 , i n c r e a s e d t o 93 , e tc . L e t (p^ax 
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d e n o t e t h e l a rges t R H i n t h e sequence ( u p t o t h e c o n s i d e r e d t i m e ) . A so c a l l e d p i v o t l i n e i s 
d r a w n f r o m t h i s <pmax o n t h e a b s o r p t i o n c u r v e , t o a s u i t a b l y c h o s e n p i v o t p o i n t . See F i g u r e 
1 1 . 4 7 . T h e h y s t e r e s i s p a r t o f t h e m o i s t u r e c o n t e n t i s e n c l o s e d b e t w e e n t h e a b s o r p t i o n c u r v e 
a n d t h e p i v o t l i n e . T h e a b s o r p t i o n c u r v e m a y b e f o l l o w e d f o r i n c r e a s i n g R H , a n d t h e p i v o t 
l i n e m a y b e f o l l o w e d f o r d e c r e a s i n g R H . A t i n t e r m e d i a t e p o i n t s t h e d o t t e d l i n e s w i t h a less 
s teep s l o p e are f o l l o w e d i n b o t h d i r e c t i o n s . A c o m p l i c a t i o n o c c u r s w h e n (p^ox i s e x c e e d e d 
b y a n e w h i g h e r R H . T h e n a n e w p i v o t l i n e i s c rea ted . T h i s i s i l l u s t r a t e d i n F i g u r e 1 1 . 5 0 . 

W e w i l l i l l u s t r a t e h o w t h i s w o r k s w i t h a f e w e x a m p l e s . I n F i g u r e 1 1 . 4 8 t o F i g u r e 1 1 . 5 3 , 
a s equence a, b , . . . t o j i s f o l l o w e d . 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Figure 11.47 Principles for the hysteresis model. 

1 a->b->c 
C o n s i d e r f i r s t a d e s o r p t i o n t h a t f o l l o w s a f t e r t h e i n i t i a l a b s o r p t i o n . T h e s i t u a t i o n i s i l l u s 

t r a t e d i n F i g u r e 1 1 . 4 8 . C u r v e 1 s h o w s t h e h y s t e r e s i s pa r t , ahyst • Ui„,ab. , o f t h e i n i t i a l a b s o r p t i o n 
c u r v e , i . e. t h e c u r v e a b o v e t h e R H - a x i s i n F i g u r e 1 1 . 4 6 . 

T h e a b s o r p t i o n s tar ts i n p o i n t a. T h e n e x t e v e n t i n t h i s e x a m p l e i s w h e n t h e s o r p t i o n 
reaches a m a x i m u m v a l u e a n d a d e s o r p t i o n s ta r t s , p o i n t b . T h e d e s o r p t i o n i s a s s u m e d t o f o l 
l o w a s t r a i g h t l i n e t o a f i x e d p o i n t , n a m e d p i v o t p o i n t i n t h e f i g u r e . T h e p o s i t i o n o f t h i s p i v o t 
p o i n t i s s e l ec ted t o b e a b o v e a n y t a n g e n t s o f t h e a b s o r p t i o n m o i s t u r e e q u i l i b r i u m c u r v e . A t t h e 
s a m e t i m e i t i s r a t h e r c l o s e t o t h e t angen t s f o r t h e c u r v e i n t h e m e d i u m r a n g e o f R H . T h i s r e 
su l t s i n t h e d e s i r e d s m a l l h y s t e r e s i s e f fec ts i n t h i s r a n g e . 

T h e l i n e f r o m t h e m a x i m u m r e a c h e d R H s o r p t i o n p o i n t t o t h e p i v o t p o i n t i s c a l l e d p i v o t 
l i n e . T h i s l i n e d e f i n e s t h e c e i l i n g f o r subsequen t s c a n n i n g c u r v e s u n t i l t h e c u r r e n t m a x i m u m 
R H i s exceeded . 
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Figure 11.48 Example for an initial absorption followed by desorption, a->b->c. 

2 a->b->c->d 
T h e n e x t l e v e l o f c o m p l i c a t i o n i s t o c o n s i d e r a second a b s o r p t i o n t h a t s tarts f r o m t h e p i v o t 

l i n e t y p e 2 , p o i n t c i n F i g u r e 1 1 . 4 9 . A c o n s t a n t s l ope i s u s e d f o r t h i s i n t e r m e d i a t e c u r v e . 
R o u g h l y t h e s a m e s l o p e has b e e n u s e d as t h e s l ope i n t h e i n f l e c t i o n p o i n t o f t h e a b s o r p t i o n 
m o i s t u r e e q u i l i b r i u m c u r v e . T h i s t y p e o f c u r v e i s a l l o w e d t o c o n t i n u e u n t i l i t m e e t s t h e i n i t i a l 
a b s o r p t i o n c u r v e , p o i n t d i n F i g u r e 1 1 . 4 9 . 
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0.1 --

I 0.08 

• i 0.06 + 

g 
0.04 - -

I 0.02 - -

0 

Pivot point 

0 0.1 0.2 0.3 0.4 0.5 0.6 

Figure 11.49 A second absorption curve, c->d. 

0.7 0.8 0.9 

3 a->b->c->d->e->f->g 
A n a b s o r p t i o n - > d e s o r p t i o n - > a b s o r p t i o n c y c l e i s added. T h e added c u r v e s are s h o w n i n 

F i g u r e 1 1 . 5 0 , (d ->e->f ->g) . T h e p r e v i o u s ^^ax i s exceeded , cp̂  > 9 ^ • A n e w p i v o t l i n e i s c r e 
a ted . 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

9 

Figure 11.50 Two cycles added to the previous cycle, d->e->f->g. 

0.8 0.9 

222 



Simulations of measured sequences 

4 a->b->c->d->e->f->g->h->i->j 
A las t a b s o r p t i o n - > d e s o r p t i o n c y c l e i n t h i s e x a m p l e i s added a n d i t i s s h o w n i n F i g u r e 

1 1 . 5 1 , f ->g ->h -> i -> j . A t t h e t u r n i n g p o i n t i n h , a p r e v i o u s scan has r e a c h e d a h i g h e r l e v e l , h i 
t h i s case t h e d e s o r p t i o n f o l l o w s a n i n t e r m e d i a t e l i n e w i t h t h e s a m e c o n s t a n t s l ope as c u r v e c-> 
d a n d f ->g . T h e c u r v e c o n t i n u e s u n t i l i t j o i n s t h e p r e v i o u s l y e s t a b l i s h e d p i v o t l i n e , i n p o i n t i . 

0 -j 1 1 1 1 1 1 1 1 1 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

9 

Figure 11.51 The final cycle in the example, g—>h->i->j. 

T o s u m u p , t h e r u l e s f o r t h e h y s t e r e s i s f u n c t i o n are : T h e s o r p t i o n i s n o t a l l o w e d t o e x c e e d a 
e n v e l o p e c rea ted b y t h e i n i t i a l a b s o r p t i o n c u r v e a n d a d e s o r p t i o n l i n e ( p i v o t l i n e ) f r o m t h e 
m a x i m u m r eached R H - l e v e l . W i t h i n t h i s e n v e l o p e t h e s c a n n i n g c u r v e s h a v e c o n s t a n t s lope . 

T h e h y s t e r e s i s c o m p o n e n t o f t h e s c a n n i n g c u r v e f o r t h e w h o l e a b o v e e x a m p l e i s s h o w n i n 
F i g u r e 1 1 . 5 2 . T h i s c o m p o n e n t , c o m b i n e d w i t h t h e p a r t n o t i n f l u e n c e d b y h y s t e r e s i s , r e s u l t s i n 
t h e t o t a l m o i s t u r e e q u i l i b r i u m c u r v e i n F i g u r e 1 1 . 5 3 . 
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0 -I 1 1 1 1 1 1 1 1 1 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

R H 

Figure 11.52 Hysteresis component in the moisture equilibrium curve. 

0 -I 1 1 1 1 1 1 1 1 1 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

RH 

Figure 11.53 The resulting total moisture equilibrium curve. 
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1 1 . 3 . 2 F i c k i a n m o d e l w i t h h y s t e r e s i s 

T h i s m o d e l i s i d e n t i c a l t o t h e m o d e l i n S e c t i o n 1 1 . 1 . 1 e x c e p t t h a t t h e m o i s t u r e capac i ty i n 
c ludes h y s t e r e s i s . A m o i s t u r e flow n e t w o r k f o r t h e m o d e l i s s h o w n i n F i g u r e 1 1 . 5 4 . A spec i a l 
s y m b o l i s u s e d f o r t h e m o i s t u r e capac i t y o f a n o d e w i t h h y s t e r e s i s a c c o r d i n g t o t h e m o d e l i n 
S e c t i o n 1 1 . 3 . 1 . 

Figure 11.54 Network for a Fickian process including hysteresis. 

T h e a b o v e m o d e l f o r h y s t e r e s i s i s used w i t h OLhyst = 0 . 3 5 1 . T h i s f r a c t i o n i s a l s o u sed i n t h e 
f o l l o w i n g m o d e l s i n S e c t i o n 1 1 . 3 . 3 , 1 1 . 3 . 4 , a n d 1 1 . 3 . 5 . T h e c o n s t r u c t i o n o f t h e h y s t e r e s i s 
f u n c t i o n s i s de sc r ibed i n S e c t i o n 1 1 . 3 . 1 . 

T h e r e s u l t o f t h e s i m u l a t i o n s o f t h e t w o sequences are s h o w n i n F i g u r e 1 1 . 5 5 a n d F i g u r e 
1 1 . 5 6 t o g e t h e r w i t h R H i n l e v e l 0 , w h i c h i s t h e o n l y n o d e i n t h i s F i c k i a n m o d e l . 

h i F i g u r e 1 1 . 5 7 , F i g u r e 1 1 . 5 8 a n d F i g u r e 1 1 . 5 9 t h e r e s u l t s o f t h e s i m u l a t i o n s are c o m p a r e d 
w i t h t h e m e a s u r e d v a l u e s . 

T h e F i c k i a n m o d e l reaches a n e q u i l i b r i u m v e r y fas t c o m p a r e d t o t h e l o n g i n t e r v a l s u s e d i n 
t h e sequence i n F i g u r e 1 1 . 5 7 . D u r i n g these p e r i o d s o f e q u i l i b r i u m t h e l e v e l s o f s o r p t i o n are 
t h e s a m e as t h e c o r r e s p o n d i n g p o i n t s i n t h e m o i s t u r e e q u i l i b r i u m c u r v e i n c l u d i n g h y s t e r e s i s . 
T h e e f fec t o f h y s t e r e s i s a t e q u i l i b r i u m i s s een b y c o m p a r i n g w i t h t h e r e s u l t f r o m t h e F i c k i a n 
m o d e l w i t h o u t h y s t e r e s i s i n S e c t i o n 1 1 . 1 . 1 ( F i g u r e 1 1 . 6 a n d F i g u r e 1 1 . 5 7 , a n d t h e d e t a i l s i n 
F i g u r e 11 .7 a n d F i g u r e 1 1 . 5 8 ) . 

T h e c y c l i c steps i n F i g u r e 1 1 . 5 9 c a n be c o m p a r e d w i t h t h e c o r r e s p o n d i n g F i g u r e 1 1 . 8 , i n 
S e c t i o n 1 1 . 1 . 1 . O n l y a m o d e s t i m p r o v e m e n t c o m p a r e d w i t h t h e n o n - h y s t e r e s i s m o d e l i s 
a c h i e v e d f o r t h e s o r p t i o n a m p l i t u d e s . 

m o i s t u r e c a p a c i t y w i t h h y s t e r e s i s 
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0 . 2 8 

0 .26 

m O . 2 4 
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Figure 11.55 Simulation of the sequence at 20°C. 

0.24 

500 1000 1500 2000 
Time [h] 

2500 3000 

Figure 11.56 Simulation of the sequence at 5°C. 
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0.28 

0.26 --

0.24 --
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Figure 11.57 Simulation compared to measurements at 20°C. 

5000 6000 

0.28 T 
94% 

0.27 --
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96% RH 
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3500 3700 3900 

Figure 11.58 Simulation compared to measurements at 20°C. Detail from Figure 11.57. 
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Retarded sorption in wood P a r t III 

1 1 . 3 . 3 H y s t e r e s i s a n d o n e i n t e r n a l l e v e l i n c e l l w a l l 
T h i s m o d e l i s i n t e n d e d t o i l l u s t r a t e t h e e f f ec t o f h y s t e r e s i s c o m b i n e d w i t h n o n - l i n e a r i t y . C o m 
p a r i s o n c a n be m a d e w i t h t h e m o d e l i n S e c t i o n 1 1 . 2 . 1 , w h i c h a l s o has o n e i n t e r n a l l e v e l a n d 
t h e s ame n o n - l i n e a r c o n d u c t a n c e . T h e m o i s t u r e f l o w n e t w o r k i s s h o w n i n F i g u r e 1 1 . 6 0 . T h e 
s a m e s y m b o l f o r t h e h y s t e r e s i s has b e e n u s e d as i n S e c t i o n 1 1 . 3 . 2 . 

K K 

Figure 11.60 Network using one internal level including hysteresis. 

A s b e f o r e , t h e m o i s t u r e c a p a c i t y i n l e v e l 0 has b e e n g i v e n a c o n s t a n t v a l u e : 
Co = 0 . 0 8 [ k g 

water /kgwood] 
T h e m o d e l f o r h y s t e r e s i s i s u s e d f o r t h e i n t e r n a l n o d e 1 . T h e i n i t i a l a b s o r p t i o n c u r v e i s r e 
d u c e d t o Uin. ad. - Co • (p, s incc Co • (p i s a t t r i b u t e d t o l e v e l 0 . T h e f r a c t i o n ahyst = 0 . 3 5 1 o f t h i s 
r e d u c e d i n i t i a l a b s o r p t i o n i s u s e d i n t h e h y s t e r e s i s par t . 

T h e c o n d u c t a n c e i s p r o p o r t i o n a l t o a f a c t o r k\m E q . ( 1 0 . 1 7 ) i n S e c t i o n 1 0 . 4 . 2 . 

T h e same ki a n d e x p o n e n t y as i n t h e m o d e l i n S e c t i o n 1 1 . 2 . 1 are u sed : 
ki = 0 .5 [ m ^ /(kgwood -kgwater -s)] 7 = 1 
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T h e s i m u l a t i o n s are s h o w n i n F i g u r e 1 1 . 6 1 a n d F i g u r e 1 1 . 6 2 t o g e t h e r w i t h t h e R H f o r t h e 
t w o l e v e l s . M e a s u r e d a n d s i m u l a t e d v a l u e s are c o m p a r e d i n F i g u r e 1 1 . 6 3 t o F i g u r e 1 1 . 6 5 . 

H y s t e r e s i s i s i n c l u d e d i n t h i s m o d e l . I n o t h e r respects i t i s t h e s a m e as t h e m o d e l i n S e c t i o n 
1 1 . 2 . 1 . h i t h e s i m u l a t e d c o n s e c u t i v e a b s o r p t i o n steps i n t h e f i r s t s equence (20°C), t h e h y s t e r e 
sis f u n c t i o n f o l l o w s a a b s o r p t i o n c u r v e , a n d t h e t w o s i m u l a t i o n s a re i d e n t i c a l . T h e d i a g r a m s 
c o n c e r n e d a re F i g u r e 1 1 . 3 3 a n d F i g u r e 1 1 . 6 3 . T h e a m p H t u d e s o f t h e f o l l o w i n g d e s o r p t i o n 
steps i n t h e s a m e f i r s t s equence h a v e a b e t t e r a g r e e m e n t f o r t h e m o d e l w i t h h y s t e r e s i s . T h e 
p o o r r e p r o d u c t i o n o f t h e r e sponses r e m a i n s . T h e f i r s t d e s o r p t i o n steps h a v e s m a l l steps i n R H , 
a n d t h e r e sponses are m o d e l l e d t o o s l o w . T h e o p p o s i t e app l i e s f o r t h e l a r g e r steps i n R H at t h e 
e n d o f t h e sequence . 

T h e s a m e c o m p a r i s o n b e t w e e n t h e t w o m o d e l s c a n b e m a d e f o r t h e s e c o n d sequence , (5°C) 
i n F i g u r e 1 1 . 3 4 a n d F i g u r e 1 1 . 6 4 . T h i s m o d e l , w i t h h y s t e r e s i s i n c l u d e d , s i m u l a t e s t h e f i r s t 
cyc les i n t h e b e g i n n i n g w i t h s l i g h t l y be t t e r a g r e e m e n t . T h e d e v e l o p m e n t f o r t h e R H i n t h e 
i n n e r n o d e ( p i f o r these cyc l e s c a n b e f o l l o w e d i n F i g u r e 1 1 . 6 2 . T h e R H f o r t h i s n o d e i s h e r e 
s c a n n i n g i n a b s o r p t i o n / d e s o r p t i o n a n d t h e a v a i l a b l e m o i s t u r e c a p a c i t y i s t h e n less f o r t h e h y s 
te res i s a l t e r n a t i v e . F o r t h e s m a l l e r cyc l e s i n t h e c e n t r e o f t h e d i a g r a m s , ( p i i s m u c h m o r e s ta t ic . 
T h i s i s d u e t o t h e f ac t t h a t t h e n o n - l i n e a r c o n d u c t a n c e i n t h e m o d e l i s s m a l l e r w h e n sub jec ted 
t o s m a l l e r a m p l i t u d e s . 

0.12 - I -

0 1000 2000 

Figure 11.61 Simulation of the sequence at 20°C. 

3000 4000 
Time [h] 

5000 6000 
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0.24 

500 1000 1500 2000 2500 3000 
Time [h] 

Figure 11.62 Simulation of the sequence at 5°C. 
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Figure 11.63 Measured sequence at 20°C. 
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Figure 11.64 Simulation compared to measurements at 5°C. 
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Figure 11.65 Simulation compared to measurements at 5°C. Detail from Figure 11.64. 
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1 1 . 3 . 4 H y s t e r e s i s a n d 5 i n t e r n a l l e v e l s i n c e l l w a l l 

T h e m o d e l w i t h g o o d a g r e e m e n t f r o m S e c t i o n 1 1 . 2 . 2 i s h e r e s u p p l e m e n t e d w i t h h y s t e r e s i s . 
T h e m o d e l i s n o n - l i n e a r a n d ha s f i v e i n t e r n a l l e v e l s . 

A s b e f o r e , t h e m o i s t u r e c a p a c i t y i n l e v e l 0 h a s b e e n g i v e n a c o n s t a n t v a l u e . 
C o = 0 . 0 8 [ k g 

water /kgwood] 
T h e m o d e l f o r h y s t e r e s i s i s u s e d f o r t h e i n t e r n a l n o d e s 1 t o 5 . T h e i n i t i a l a b s o r p t i o n c u r v e 

i s r e d u c e d t o M,„. ab. - c o • (p, s i n c e c o • (p i s a t t r i b u t e d t o l e v e l 0 . T h e f r a c t i o n ahyst = 0 . 3 5 1 o f 
t h i s r e d u c e d i n i t i a l a b s o r p t i o n i s u s e d i n t h e h y s t e r e s i s pa r t . T h i s c a p a c i t y i s d i s t r i b u t e d be
t w e e n t h e i n t e r n a l l e v e l s i n t h e s a m e w a y as i n a l l m o d e l s w i t h f i v e i n t e r n a l l e v e l s i n t h i s 
s t u d y . 

T h e c o n d u c t a n c e s h a v e b e e n a s s igned t h e s a m e v a l u e s , ( = 2 [ m ^ /(kgwood -kgwater - s ) ] , 
bk = 0 . 6 ) a n d f u n c t i o n o f n o n - l i n e a r i t y ( y = 1 ) as i n t h e s i m u l a t i o n i n S e c t i o n 1 1 . 2 . 2 . A m o i s 
t u r e f l o w n e t w o r k f o r t h e m o d e l i s s h o w n i n F i g u r e 1 1 . 6 6 . 

K Q K I K2 K3 K^ Kg 

( P o t p l ( P 2 ( P 3 ( P 4 CPs 
Figure 11.66 Network using five internal levels with hysteresis. 

T h e s i m u l a t i o n s are s h o w n i n F i g u r e 1 1 . 6 7 a n d F i g u r e 1 1 . 6 8 t o g e t h e r w i t h R H f o r a l l l e v 
e l s . M e a s u r e m e n t s a n d s i m u l a t i o n s are c o m p a r e d i n F i g u r e 1 1 . 6 9 a n d F i g u r e 1 1 . 7 0 . 

h i t h e s i m u l a t i o n o f t h e sequence at 20°C w i t h t h e c o r r e s p o n d i n g m o d e l w i t h o u t h y s t e r e s i s . 
F i g u r e 1 1 . 3 8 , t h e r e sp o n se o f t h e f i r s t d e s o r p t i o n step i s r a t h e r s i m i l a r t o t h e m e a s u r e d . T h e 
f o l l o w i n g d e s o r p t i o n steps s h o w h o w e v e r p o o r a g r e e m e n t , b o t h i n m a g n i t u d e a n d shape. T h i s 
m o d e l w i t h h y s t e r e s i s i n c l u d e d s h o w s a be t t e r a g r e e m e n t f o r t hese s tep responses . S e e F i g u r e 
1 1 . 6 9 . T h e step r e sp o n se f o r t h i s m o d e l i s h o w e v e r s i m u l a t e d t o o fas t f o r t hese steps. 

T h e e f fec t f r o m h y s t e r e s i s i s s m a l l f o r t h e t w o s i m u l a t e d sequences . T h e r e s u l t o f t h e 
s i m u l a t i o n at 5°C i s s h o w n i n F i g u r e 1 1 . 6 8 t o g e t h e r w i t h t h e R H i n t h e l e v e l s . T h e l e v e l s are 
m o s t l y sub jec t ed t o a b s o r p t i o n . T h e e f fec t f r o m h y s t e r e s i s i s h e r e a l m o s t n e g l i g i b l e , at leas t 
w i t h t h e u s e d h y s t e r e s i s m o d e l . T h e r e s u l t o f t h e s i m u l a t i o n i s c o m p a r e d t o m e a s u r e d v a l u e s 
i n F i g u r e 1 1 . 7 0 a n d i s a l m o s t i d e n t i c a l t o F i g u r e 1 1 . 4 0 f o r t h e c o r r e s p o n d i n g m o d e l w i t h o u t 
h y s t e r e s i s . 
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Simulations of measured sequences 
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Figure 11.67 Simulation of the sequence at 20°C. 
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Figure 11.68 Simulation of the sequence at 5°C. 
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Figure 11.69 Simulation compared with measurement at 20°C. 
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Figure 11.70 Simulation compared with measurement at 5°C. 
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Simulations of measured sequences 

1 1 . 3 . 5 H y s t e r e s i s o n l y i n t h e i n n e r m o s t i n t e r n a l l e v e l 

T h e s i m u l a t i o n s f o r d e s o r p t i o n i n t h e f i r s t s equence (20°C) f o r t h e p r e v i o u s m o d e l i n S e c t i o n 
1 1 . 3 . 4 w e r e f o u n d t o r e s u l t i n t o o fas t s tep r e sponses . T h i s app l i e s g e n e r a l l y f o r t h e d e s o r p t i o n 
steps. S e e F i g u r e 1 1 . 6 9 . T h e p r e sen t m o d e l tes ts t h e a l t e r n a t i v e t o c o n c e n t r a t e t h e h y s t e r e s i s 
f u n c t i o n t o t h e i n n e r m o s t l e v e l . See F i g u r e 1 1 . 7 1 . O n e a d v a n t a g e f o r such a m o d e l i s t h a t t h e 
n u m e r i c c o m p u t i n g i s r e d u c e d , s ince t h e e x t r a v a r i a b l e s f o r t h e h y s t e r e s i s are r e s t r i c t e d t o o n e 
l e v e l . T h e s a m e h y s t e r e s i s f o r t h e t o t a l m o i s t u r e e q u i l i b r i u m c u r v e as f o r t h e o t h e r m o d e l s i s 
used . 

T h e n o d e s 0 t o 4 h a v e b e e n d e s i g n a t e d t h e s a m e m o i s t u r e c a p a c i t y as t h e m o d e l w i t h o u t 
h y s t e r e s i s i n S e c t i o n 1 1 . 2 . 2 . T h e s u m o f t h e c a p a c i t y f o r these n o d e s c o r r e s p o n d s t o t h e c u r v e 
u n d e r t h e a x i s i n F i g u r e 1 1 . 4 6 . T h e r e m a i n i n g f i f t h n o d e c o r r e s p o n d s t o t h e c u r v e o v e r t h e 
axes a n d ca r r i e s t h e h y s t e r e s i s . T h i s i s so because t h e f r a c t i o n f o r d i s t r i b u t i o n b e t w e e n t h e 
i n t e r n a l l e v e l s f o r l e v e l 5 , a s = 0 . 3 5 1 , has t h e s a m e v a l u e as t h e f a c t o r f o r t h e h y s t e r e s i s p a r t 
OLhyst - 0 . 3 5 1 . h i t h i s w a y t h e s a m e h y s t e r e s i s i s u s e d as f o r t h e o t h e r m o d e l s b u t i s c o n c e n 
t r a t e d i n t h e i n n e r m o s t l e v e l . 

T h e c o n d u c t a n c e s h a v e b e e n a s s igned t h e s a m e v a l u e s { k i = l [ m ^ /(kgwood -kgwater -s)] 
hk = 0 . 6 ) a n d f u n c t i o n o f n o n - l i n e a r i t y ( y = 1) as i n t h e s i m u l a t i o n s i n S e c t i o n 1 1 . 2 . 2 a n d 
1 1 . 3 . 4 . 

jKq Kg 

( p o ( P l 9 2 ( P 3 9 4 9 5 

Figure 11.71 Network using five internal levels with all hysteresis in the innermost level. 

T h e s i m u l a t i o n f o r t h e f i r s t sequence , (20°C), i s s h o w n i n F i g u r e 1 1 . 7 2 t o g e t h e r w i t h t h e 
R H i n t h e l e v e l s . C o m p a r i s o n w i t h t h e m e a s u r e d v a l u e s i s m a d e i n F i g u r e 1 1 . 7 4 . T h e r e s u l t 
f r o m t h e s e c o n d sequence , (5°C), i s s h o w n i n F i g u r e 1 1 . 7 3 . T h e e f f ec t o f h y s t e r e s i s n e g l i g i b l e 
f o r t h i s sequence . 

T h e t i m e - s c a l e s f o r t h e d e s o r p t i o n steps i n F i g u r e 1 1 . 7 4 s h o w a g o o d a g r e e m e n t . C o m p a r i 
s o n c a n be m a d e w i t h t h e p r e v i o u s m o d e l , w i t h t h e h y s t e r e s i s f u n c t i o n e v e n l y d i s t r i b u t e d i n 
t h e l a y e r s , i n F i g u r e 1 1 . 6 9 i n S e c t i o n 1 1 . 3 . 4 . E s p e c i a l l y t h e f i r s t d e s o r p t i o n step re sponses are 
t o fas t m o d e l l e d a n d t h e m o d e l o f t h i s s e c t i o n i n F i g u r e 1 1 . 7 4 s h o w s be t t e r a g r e e m e n t . 

F i g u r e 1 1 . 7 5 i s p r a c t i c a l l y i d e n t i c a l t o F i g u r e 1 1 . 7 0 f o r t h e p r e v i o u s m o d e l a n d F i g u r e 
1 1 . 4 0 f o r t h e c o r r e s p o n d i n g m o d e l w i t h o u t h y s t e r e s i s . 

I t f o l l o w s f r o m a l l a b o v e c o m p a r i s o n s t h a t t h i s m o d e l has t h e bes t g e n e r a l a g r e e m e n t . 
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Figure 11.72 Simulation of the sequence at 20°C. 
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Figure 11.73 Simulation compared with measurement at 5°C. 
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Simulations of measured sequences 
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Figure 11.74 Simulation compared with measurement at 20°C. 
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Figure 11.75 Simulation compared with measurement at 5°C. 
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Retarded sorption in wood P a r t III 

1 1 . 4 S i m u l a t i o n s f o r t w o s p e c i a l cases 

1 1 . 4 . 1 S i m u l a t i o n o f s u p e r p o s i t i o n o f s t e p - r e s p o n s e s 
I n S e c t i o n 9 . 4 d e a l i n g s u p e r p o s i t i o n o f s tep- responses , i t i s de sc r ibed h o w t h e s u m o f t w o s u 
p e r i m p o s e d m e a s u r e d step r e sponses i s d i f f e r e n t o f t h e r e s pons e i n t h e s a m e i n t e r v a l m a d e i n 
o n e s tep. F i g u r e 9 . 1 1 s h o w s a n e x a m p l e o f t h i s . C o r r e s p o n d i n g responses f r o m t h e s i m u l a 
t i o n s a re s h o w n i n F i g u r e 1 1 . 7 6 . T h e m o d e l i n S e c t i o n 1 1 . 2 . 2 ( n o n - l i n e a r , f i v e n o d e s ) i s used . 
T h e s a m e t endenc i e s are f o u n d i n t h e s i m u l a t e d re sponses , b u t less p r o n o u n c e d . 

0.04 

50 100 150 

Time [h] 

200 250 300 

Figure 11.76 Simulation of two superimposed step responses compared to a single step. Cor
responding measured responses are shown in Figure 9.11. 

1 1 . 4 . 2 S i m u l a t i o n o f t e m p e r a t u r e s h i f t 
M e a s u r e m e n t s s h o w n i n F i g u r e 9 . 1 2 , S e c t i o n 9 . 5 , i n v o l v e t h e s i t u a t i o n w h e n t h e s a m p l e i s 
sub jec t ed t o l a r g e t e m p e r a t u r e s h i f t s . F i g u r e 1 1 . 7 7 s h o w s a s i m u l a t i o n w i t h t h e m o d e l f r o m 
S e c t i o n 1 1 . 2 . 2 o n a sequence w i t h a t e m p e r a t u r e s h i f t f r o m 5°C t o 20°C. 

T h e c o m p u t e r m o d e l i s n o t adap t ed t o h a v e t h e t e m p e r a t u r e as a d y n a m i c i n p u t b u t t h e R H -
p o t e n t i a l s f o r t h e l e v e l s a t t h e e n d o f t h e s i m u l a t i o n o f t h e sequence at 5°C h a v e b e e n r e c a l 
c u l a t e d as a n i n p u t f o r t h e i n i t i a l v a l u e s f o r a c o n s e c u t i v e s i m u l a t i o n o f t h e sequence at 20°C. 
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Simulations of measured sequences 

A s a n t i c i p a t e d i n S e c t i o n 1 0 . 6 , a n o n - l i n e a r m o d e l w i t h w a t e r v a p o u r c o n t e n t as t h e d r i v i n g 
f o r c e g i v e s a m u c h f a s t e r r e l a x a t i o n speed at 20° t h a n a t 5°C. T h e d i f f e r e n c e i s h o w e v e r n o t at 
a l l s u f f i c i e n t c o m p a r e d t o t h e m e a s u r e m e n t . 

W h e n a l a r g e s h i f t i n t e m p e r a t u r e t akes p l ace , i t s eems as s o m e k i n d o f p rocess i s a c t i n g t o 
n u l l i f y t h e i n t e r n a l p o t e n t i a l d i f f e r ences t h a t a re t h e sou rce o f t h e r e t a r d e d s o r p t i o n . T h i s p h e 
n o m e n o n i s d i f f e r e n t f r o m t h e n o n - l i n e a r b l o c k i n g de sc r i be d b y t h e m o d e l . 
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Figure 11.77 Simulation of change of temperature. 

1 1 . 5 C o n c l u s i o n s 
I t i s o n l y t h e m o d e l s w i t h n o n - l i n e a r i t y combined w i t h s e v e r a l i n t e r n a l n o d e s t h a t h a v e b e e n 
ab le t o r e p r o d u c e r e a s o n a b l y w e l l a l l s i t u a t i o n s i n t h e t e s t ed sequences . 

M e a s u r e m e n t s t h a t i n c l u d e a w i d e a b s o r p t i o n - d e s o r p t i o n r a n g e h a v e b e e n s i m u l a t e d . I n t h i s 
case t h e m o d e l needs a n i n c l u d e d h y s t e r e s i s f u n c t i o n f o r t h e m o i s t u r e e q u i l i b r i u m c u r v e . I n 
cases w i t h j u s t a s m a l l d e s o r p t i o n change , a n o n - l i n e a r m o d e l ha s b e e n ab l e t o r e p r o d u c e t h e 
m e a s u r e d r e sponse . 

I t s eems as h y s t e r e s i s f o r t h e m o i s t u r e e q u i l i b r i u m c u r v e i s a s soc ia ted w i t h t h e s a m e s t ruc 
tu re s t h a t are r e s p o n s i b l e f o r t h e r e t a r d e d s o r p t i o n . T h i s i s i n d i c a t e d b y t h e g o o d r e s u l t s f r o m 
s i m u l a t i o n s w h e r e t h e h y s t e r e s i s f u n c t i o n i s c o n f i n e d t o t h e i n n e r m o s t l e v e l o f t h e m o d e l . A n 
o t h e r m o r e d i r e c t i n d i c a t i o n i s , t h a t t h e i m m e d i a t e l y a v a i l a b l e m o i s t u r e c a p a c i t y seems u n a f 
f ec t ed b y t h e d i r e c t i o n o f a b s o r p t i o n - d e s o r p t i o n . 

T h e i m m e d i a t e l y a v a i l a b l e m o i s t u r e c a p a c i t y s h a l l h a v e a d i f f e r e n t ( s m a l l e r ) v a r i a t i o n v e r 
sus R H t h a n t h e c a p a c i t y f o r t h e r e m a i n i n g r e t a r d e d s o r p t i o n . I n t h e s i m u l a t i o n s a c o n s t a n t 
capac i ty i s c h o s e n f o r t h e i m m e d i a t e capac i t y . 
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Retarded sorption in wood P a r t III 

T h e n o n - U n e a r m o d e l i s ab l e t o s i m u l a t e t h e d i f f e r e n t b e h a v i o u r o f t h e r e t a r d e d s o r p t i o n at 
t h e t w o i n v e s t i g a t e d t e m p e r a t u r e l e v e l s w i t h o u t c h a n g i n g o f a s s u m e d p a r a m e t e r s i n t h e m o d e l . 
H o w e v e r , w h e n a l a r g e r t e m p e r a t u r e s h i f t i s d o n e , a process t akes p lace t h a t seems t o n u l l i f y 
t h e t e m p o r a r y d e v i a t i o n f r o m e q u i l i b r i u m t h a t i s c h a r a c t e r i s t i c o f t h e r e t a r d e d s o r p t i o n . T h e 
p r o p o s e d m o d e l c a n n o t f u l l y r e p r o d u c e t h e r e s p o n s e t o a l a rge t e m p e r a t u r e s h i f t . 
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Sorption, swelling /shrinkage and mechano-sorption 

1 2 S o r p t i o n , s w e l l i n g / s h r i n k a g e a n d 
m e c h a n o - s o r p t i o n 

T h e i n t e r a c t i o n b e t w e e n t h e v a r i a t i o n s o f m o i s t u r e c o n t e n t a n d m e c h a n i c a l l o a d i n g i s o f t e n 
c a l l e d m e c h a n o - s o r p t i o n . T h i s t o p i c i s n o t dea l t w i t h i n t h i s t he s i s , b u t t h e r e are s e v e r a l p o i n t s 
o f c o n n e c t i o n b e t w e e n m e c h a n o - s o r p t i o n o n o n e h a n d , a n d r e t a r d e d s o r p t i o n a n d s w e l l i n g o n 
t h e o t h e r . 

M e c h a n o - s o r p t i v e e f fec t s a re n o t f o u n d o n s y n t h e t i c a l l y p r o d u c e d , h y g r o s c o p i c p o l y m e r s . 
H u n t ( 1 9 8 9 ) . T h e r e a s o n f o r t h i s m a y l i e i n t h e o r i g i n o f w o o d as a b i o l o g i c a l l y c r ea t ed m a t e 
r i a l , w h i c h g i v e s i t a n u m b e r o f spec i a l p r o p e r t i e s , d i s t i n g u i s h i n g i t f r o m s y n t h e t i c p o l y m e r s . 
W o o d ha s o r t h o t r o p i c p r o p e r t i e s . T h e s w e l l i n g h a s a d i f f e r e n t t r a n s i e n t b e h a v i o u r i n t h e t r a n s 
v e r s e d i r e c t i o n t h a n i n t h e l o n g i t u d i n a l o n e . h i t h e f o l l o w i n g s o m e t e n t a t i v e t h o u g h t s a n d 
ideas a b o u t t h e b a c k g r o u n d f o r these spec ia l p r o p e r t i e s are p u t f o r w a r d . 

W o o d cons i s t s t o a l a r g e degree o f p o l y m e r s . W o o d has a c o m p l i c a t e d s t r u c t u r e t h a t spans 
o v e r a r a n g e o f l e v e l s , f r o m t h e p o s s i b i l i t y o f a n o r d e r l y o r g a n i s a t i o n o f m o l e c u l e s t o t h e d i 
m e n s i o n a l v a r i a t i o n s o v e r t h e t r ee t r u n k . T h e s t r o n g l y o r t h o t r o p i c cha rac t e r o f w o o d b o t h i n 
m o i s t u r e t r a n s p o r t c h a r a c t e r i s t i c s , m o i s t u r e r e l a t e d m o v e m e n t s , a n d m e c h a n i c a l p r o p e r t i e s i s 
a n o t h e r e x a m p l e o f t h e o r g a n i s e d s t r u c t u r e . 

T h e s t r u c t u r e r e f l e c t s t h e d i f f e r e n t f u n c t i o n s t h a t t h e w o o d has t o p e r f o r m i n t h e l i v i n g t r e e , 
f o r i n s t a n c e as a c o n v e y e r o f w a t e r a n d n u t r i e n t s as w e l l as s u p p o r t . 

T h e l i v i n g t ree i s a d a p t i n g t o t h e c i r c u m s t a n c e s a n d i s ab l e t o d o so b y f o r i n s t a n c e c r e a t i n g 
so c a l l e d r e a c t i o n w o o d w h e n sub jec t ed t o a b n o r m a l c o m p r e s s i o n stress. S o m e cha rac t e r i s t i c s 
are h o w e v e r r a t h e r c o n s t a n t . T h e e q u i l i b r i u m m o i s t u r e c o n t e n t , c a l c u l a t e d pe r m a s s o f w o o d , 
s h o w s l i t t l e v a r i a t i o n f o r p r a c t i c a l l y a l l k i n d s o f w o o d w h e r e a s t h e d e n s i t i e s v a r y m u c h . 

T h e w o o d d e r i v e s m u c h o f i t s l o n g i t u d i n a l s t i f fness a n d s t r e n g t h f r o m m i c r o f i b r i l s i n t h e 
c e l l w a l l . A w a y f o r t h e l i v i n g t r ee t o adapt t o s t r u c t u r a l needs o v e r t h e t r e e t r u n k i s t o c h a n g e 
i t s d e n s i t y b u t a l so t o c h a n g e a n g l e o f t h e m i c r o f i b r i l s . T h e m i c r o f i b r i l s a re s p i r a l l i n g a r o u n d 
t h e c e n t r e c a v i t y i n t h e w o o d c e l l i n a t u b u l a r l a y e r , S2 , i n t h e m i d d l e o f t h e c e l l w a l l . D i f f e r 
ences i n t h e m i c r o f i b r i l a n g l e h a v e a l a r g e i n f l u e n c e o n t h e m o i s t u r e - r e l a t e d s t r a in s i n t h e 
t h r e e d i r e c t i o n s i n t h e t r u n k . 

A p a r t i c u l a r i t y f o r w o o d i s t h a t i t i s h i g h l y h y g r o s c o p i c w i t h l a r g e s w e l l i n g . T h e b u l k 
v o l y m e t r i c e x p a n s i o n i s a b o u t t h e s ame as t h e v o l u m e o f t h e a b s o r b e d w a t e r . S o m e o f t h e 
s o r p t i o n s i tes c o u l d b e t h o u g h t t o e x i s t as p o t e n t i a l f o r s o r p t i o n r a t h e r t h a n p r e sen t v o i d s . 

D u r i n g t h e w o r k w i t h t hese e x p e r i m e n t s a n d t h e t hes i s , a n u m b e r o f o b s e r v a t i o n s w e r e 
m a d e . S o m e o f t hese m a y a l s o h a v e a b e a r i n g o n m e c h a n o - s o r p t i o n . 

T h e r e t a r d e d s o r p t i o n i s l a r g e a t h i g h h u m i d i t i e s . T h e m e c h a n o - s o r p t i v e e f fec ts a re a l s o 
l a r g e f o r h i g h h u m i d i t i e s . T h e r e t a r d e d s o r p t i o n i s e s p e c i a l l y p r o m i n e n t f o r a step t o a p r e v i 
o u s l y n o t a t t a i n e d h u m i d i t y l e v e l . T h i s i s a l so a s i t u a t i o n w h e n t h e m e c h a n o - s o r p t i v e e f fec t s 
are l a r g e . 

T a n g e n t i a l a n d r a d i a l s w e l l i n g w a s m e a s u r e d t o g e t h e r w i t h s o r p t i o n . T h e r e s u l t i s a n a l y s e d 
i n C h a p t e r 8. T h e t a n g e n t i a l a n d r a d i a l s w e l l i n g r e sponses w e r e c l o s e t o p r o p o r t i o n a l w i t h t h e 
s o r p t i o n responses . H o w e v e r , w h e n a step t o a p r e v i o u s l y n o t a t t a i n e d l e v e l w a s p e r f o r m e d , 
t h e s w e l l i n g w a s c o n s i s t e n t l y l a r g e r . 
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F o r c y c l i c h u m i d i t y v a r i a t i o n s , t h e v a l u e o f t h e a v a i l a b l e m o i s t u r e c a p a c i t y t o g e t h e r w i t h a 
t r a n s p o r t c o e f f i c i e n t i s a d e t e r m i n i n g f a c t o r f o r t h e a c t u a l R H - g r a d i e n t i n m o i s t u r e c a l c u l a t i o n 
o v e r t h e t h i c k n e s s o f a b o d y . M e c h a n o - s o r p t i o n i s m o s t a f f ec t ed b y c y c l i c v a r i a t i o n s , a n d a 
c o r r e c t d e s c r i p t i o n o f t h e d y n a m i c m o i s t u r e ( h u m i d i t y ) t r a n s p o r t i s e s s e n t i a l t o c a l c u l a t e t h e 
s t r a in s r e s u l t i n g f r o m t h e m o i s t u r e g r a d i e n t . 

I n F i g u r e 1 .11 t a k e n f r o m H u n t ( 1 9 8 9 ) , a p e a k i n t h e l o n g i t u d i n a l s t r a i n o c c u r s a l r e a d y 
0 . 1 5 h o u r s a f t e r a s tep at h i g h R H - l e v e l . T h e r e l a t i v e h u m i d i t y i s t h o u g h t t o b e t h e d r i v i n g 
p o t e n t i a l f o r t h e m o i s t u r e t r a n s p o r t . T h e d i s t r i b u t i o n o f r e l a t i v e h u m i d i t y has f a r f r o m r e a c h e d 
e q u i l i b r i u m at t h a t t i m e , e v e n t h o u g h t h e s a m p l e s a re t h i n , 0 .5 m m . T h e l o n g i t u d i n a l s t r a i n 
has a d e v e l o p m e n t i n t i m e , s e e m i n g l y f a s t e r t h a n R H . A w a y a m e c h a n i s m c o u l d w o r k t o 
a c h i e v e t h i s i s b y b e i n g d r i v e n b y a d i f f e r e n c e b e t w e e n R H i n a n o u t e r p o r e s y s t e m a n d a n 
o t h e r m o i s t u r e s ta te i n a n i n n e r s y s t e m . 

A n o t h e r o b s e r v a t i o n i s t h e f o l l o w i n g o n e . T h e i m m e d i a t e p a r t o f t h e s o r p t i o n ha s t h e s a m e 
a v a i l a b l e m o i s t u r e c a p a c i t y f o r s o r p t i o n a n d a b s o r p t i o n . L o n g i t u d i n a l s w e l l i n g ha s a n i m m e 
d i a t e r e s p o n s e p a t t e r n . T h e l o n g i t u d i n a l s w e l l i n g does n o t s h o w a n y n o t i c e a b l e h y s t e r e s i s 
b e t w e e n a b s o r p t i o n a n d d e s o r p t i o n . S e e F i g u r e 1.12 t a k e n f r o m H u n t ( 1 9 9 0 ) . T h e s e a b o v e 
p h e n o m e n a f o r i m m e d i a t e s o r p t i o n a n d l o n g i t u d i n a l s w e l l i n g s e e m t o be c o n n e c t e d a n d d r i v e n 
b y t h e r e l a t i v e h u m i d i t y o n l y . 

A f u r t h e r o b s e r v a t i o n i s t h a t b o t h t h e r e t a r d e d p a r t o f t h e s o r p t i o n a n d t a n g e n t i a l / r a d i a l 
s w e l l i n g a re i n s o m e w a y c o n n e c t e d w i t h h y s t e r e s i s . 
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13 C o n c l u d i n g s u m m a r y 

M o i s t u r e s o r p t i o n i n w o o d i s , as w e e h a v e seen, a c o m p h c a t e d p rocess , h i S e c t i o n 1 . 1 , d i s 
c repanc ie s b e t w e e n c o n v e n t i o n a l F i c k i a n m o d e l s a n d e x p e r i m e n t a l d a t a a re r e p o r t e d . I n m a n y 
cases, t h e c a l c u l a t e d c h a n g e o f m o i s t u r e c o n t e n t i s m u c h fas te r t h a n w h a t i s o b s e r v e d i n t h e 
e x p e r i m e n t a l s tud ie s . P o s s i b l e e x p l a n a t i o n s o f t h e d i s c repanc ie s a r e d i scussed . I t i s p r o v e n 
t h a t a su r face r e s i s t ance c o u l d n o t b e t h e cause . 

I n c o n v e n t i o n a l F i c k i a n m o d e l s , t h e s o r p t i o n a t a p o i n t o r a s m a l l p a r t i n t h e w o o d m a t e r i a l 
i s supposed t o be i m m e d i a t e . T h e m o i s t u r e c o n t e n t at t h e p r e s e n t r e l a t i v e h u m i d i t y i s a s s u m e d 
t o b e g i v e n b y t h e m o i s t u r e e q u i l i b r i u m c u r v e u = u{<p). 

I t i s t h e m a i n p r o p o s i t i o n i n t h i s t he s i s t h a t t h e s l o w s o r p t i o n i n m a n y e x p e r i m e n t a l s i t u a 
t i o n s i s d u e t o a s o - c a l l e d retarded sorption. T h i s m e a n s t h a t t h e m o i s t u r e u p t a k e e v e n f o r a 
v e r y s m a l l p i ece o f w o o d , i n p a r t i c u l a r a s i n g l e f i b r e c e l l w a l l , i n v o l v e s t i m e d e l a y s . I t i s n o t 
s u f f i c i e n t t o use t h e m o i s t u r e e q u i l i b r i u m c u r v e o n l y i n o r d e r t o d e s c r i b e ( a n d m o d e l ) t h e p r o 
cess. P a r t o f t h e s o r p t i o n i s m o r e o r less i m m e d i a t e , w h i l e t h e r e m a i n i n g p a r t u p t o t h e f u l l 
v a l u e o f t h e m o i s t u r e e q u i l i b r i u m c u r v e i s r e t a rded . T h i s r e t a r d e d s o r p t i o n i n v o l v e s a w i d e 
r a n g e o f t i m e scales . 

W e n e e d l a b o r a t o r y e x p e r i m e n t s , w h e r e t h e t r a n s i e n t m o i s t u r e c h a n g e i s d e t e r m i n e d b y 
w e i g h i n g f o r so s m a l l p ieces o f w o o d t h a t t h e s i n g l e c e l l w a l l i s , as d i r e c t l y as p o s s i b l e , e x 
p o s e d t o a v a r i a b l e m o i s t u r e c l i m a t e . T h e r e f o r e , v e r y t h i n s a m p l e s ( 1 . 7 m m ) c u t p e r p e n d i c u l a r 
t o t h e f i b r e d i r e c t i o n are u s e d . T h e s a m p l e i n t h e c l i m a t e c h a m b e r i s e x p o s e d t o a s t r o n g a i r 
c u r r e n t i n o r d e r t o m i n i m i z e m o i s t u r e f l o w r e s i s t ance b e t w e e n a i r a n d s a m p l e . T h e s a m p l e s 
are e x p o s e d t o a w e l l - d e f i n e d r e l a t i v e h u m i d i t y i n t h e p r e c i s i o n c l i m a t e c h a m b e r . T h i s r e l a t i v e 
h u m i d i t y i s c h a n g e d i n steps a n d k e p t s t r i c t l y c o n s t a n t b e t w e e n t h e s teps. T h e m o i s t u r e u p t a k e 
i s m e a s u r e d b y c o n t i n u o u s w e i g h i n g . 

A m o d e l o f t i m e - d e p e n d e n t m o i s t u r e f l o w processes i n w o o d m u s t be ab l e t o a c c o u n t f o r 
t hese m e a s u r e d processes , w h e r e a c e l l w a l l i s e x p o s e d t o a sequence o f r e l a t i v e h u m i d i t i e s . 
T h e e x p e r i m e n t a l se t -up i s d e s i g n e d so t h a t t h i s l o c a l p rocess i s i s o l a t e d f r o m t h e m a c r o s c a l e 
m o i s t u r e f l o w process o n a l e v e l a b o v e t h e s i n g l e w o o d c e l l . 

T h e i d e a i s t o m e a s u r e c a r e f u l l y t h e r e sponse i n c h a r a c t e r i s t i c s i t u a t i o n s w i t h d i f f e r e n t se
quences o f r e l a t i v e h u m i d i t y . T h i s i s d o n e i n P a r t H . T h e n t h i s i n t e r n a l p rocess i s t o b e m o d 
e l l e d i n a s u i t a b l e w a y . D i f f e r e n t m o d e l s are t e s ted i n P a r t I I I . U n f o r t u n a t e l y , t h e m e a s u r e 
m e n t s s h o w m a n y c o m p l i c a t i o n s . T h e m o d e l s t e n d t o b e c o m e q u i t e i n t r i c a t e . I t has n o t b e e n 
p o s s i b l e , w i t h i n t h e l i m i t s o f t h i s t h e s i s , t o f i n d a m o d e l t h a t a ccoun t s f o r a l l e f fec t s . B u t i t is 
s h o w n t h a t a l l m a j o r e f fec t s m a y b e m o d e l l e d . 

T h e appara tus t o m e a s u r e t h e r e s p o n s e a f te r s tep changes i n r e l a t i v e h u m i d i t y ha s s o m e 
u n a v o i d a b l e t i m e d e l a y s d u e t o l i m i t e d c a p a c i t y o f s u p p l y o f h u m i d a i r , a i r - t o - s a m p l e m o i s 
t u r e f l o w r e s i s t ance , e tc . I n o r d e r t o d i s t i n g u i s h b e t w e e n i m m e d i a t e a n d r e t a r d e d s o r p t i o n , i t i s 
necessa ry t o k n o w the se t i m e scales i n h e r e n t i n t h e e x p e r i m e n t a l se t -up . O n e p a r t i c u l a r c o m 
p l i c a t i o n i s t h a t t h e t e m p e r a t u r e c h a n g e d u e t o t h e h e a t o f c o n d e n s a t i o n / e v a p o r a t i o n m a y i n 
f l u e n c e t h e p rocess . 

I n C h a p t e r 3 , a d e t a i l e d m o d e l o f t h e c o m b i n e d m o i s t u r e a n d t h e r m a l p rocess f o r t h e s m a l l 
a n d t h i n s a m p l e s i s p r e s e n t e d . T h e t w o c o u p l e d , n o n - l i n e a r e q u a t i o n s are s o l v e d n u m e r i c a l l y 
( i n M a t h c a d ) . T h e m o d e l i s based o n c o n v e n t i o n a l t h e o r y w i t h i m m e d i a t e s o r p t i o n a c c o r d i n g 
t o t h e m o i s t u r e e q u i l i b r i u m c u r v e . I t s h o w s t h e t i m e scales i n a c o n v e n t i o n a l case w i t h o u t 
r e t a r d e d s o r p t i o n . I n C h a p t e r 4 , t h e m o d e l i s a p p l i e d f o r t h e e x p e r i m e n t a l s i t u a t i o n . I t i s f o u n d 
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t h a t t h e r e s p o n s e t i m e s f o r a s tep c h a n g e i s o f t h e o r d e r o f a f e w h o u r s . A t h i g h r e l a t i v e h u 
m i d i t y a n d l o w t e m p e r a t u r e t h e r e s p o n s e t i m e m a y i n c r e a s e t o h a l f a d a y . I f d i s t i n c t l y l o n g e r 
t i m e scales f o r t h e s o r p t i o n r e s p o n s e t o a s tep c h a n g e a re m e a s u r e d , t h e n w e h a v e a case o f 
r e t a r d e d s o r p t i o n a n d i n t e r n a l p rocesses i n t h e c e l l w a l l t h a t c a n n o t be e x p l a i n e d w i t h o u t 
m o d i f i c a t i o n s o f c o n v e n t i o n a l t h e o r y . 

T h e m e a s u r e m e n t r e s p o n s e t i m e s a re i n m a n y o f t h e e x p e r i m e n t a l s i t u a t i o n s d i s t i n c t l y 
l a r g e r t h a n t h o s e o f c o n v e n t i o n a l t h e o r y . W e h a v e t h e n v e r y c l ea r i n s t ances o f r e t a r d e d s o r p 
t i o n . 

A n o v e r v i e w o f t h e m e a s u r e m e n t s i s p r e s e n t e d i n C h a p t e r 5 . S i x l o n g ser ies o f m e a s u r e 
m e n t s w i t h sequences o f steps i n r e l a t i v e h u m i d i t y h a v e b e e n m a d e . T w o s a m p l e s a re t e s t ed 
i n d e p e n d e n t l y i n t h e t w i n c h a m b e r s . T h e f i r s t se r ies f o r s a m p l e 1 i n v o l v e d 8 a b s o r p t i o n steps 
f o l l o w e d b y 8 d e s o r p t i o n steps. T h e h u m i d i t i e s l i e b e t w e e n 4 5 % a n d 9 8 % . T h e t i m e b e t w e e n 
steps l i e s i n t h e r a n g e o f 9 0 t o 9 0 0 h o u r s . T h e t o t a l p e r i o d o f c o n t i n u o u s w e i g h i n g i s a l m o s t 
o n e y e a r ( 6 9 0 0 h ) . T h e n u m b e r o f steps w e r e h a l v e d f o r S a m p l e 2 so t h a t t w o c o n s e c u t i v e 
s teps f o r S a m p l e 1 t o g e t h e r w e r e e q u a l t o o n e step f o r S a m p l e 2 . F r o m t h i s i t i s p o s s i b l e t o 
tes t w h e t h e r steps m a y be s u p e r i m p o s e d as i n a l i n e a r m o d e l . W e h a v e f o u n d t h a t t h i s w a s n o t 
t h e case i n m a n y i n s t ances . T h i s m e a n s t h a t t h e s o r p t i o n p rocess i s n o t l i n e a r . T h i s i s a c o n 
s ide rab l e c o m p l i c a t i o n . 

I n t h e s e c o n d ser ies f o r t h e t h i n n e r s a m p l e s 3 a n d 4 , t h e s a m e steps i n r e l a t i v e h u m i d i t y 
w e r e p e r f o r m e d as i n t h e f i r s t se r i es . T h e t i m e b e t w e e n s tep changes i s r e l a t i v e l y s m a l l c o m 
p a r e d t o t h e f i r s t se r ies . T h e t o t a l t i m e w a s 1 6 0 0 h o u r s . 

I n t h e t h i r d ser ies f o r S a m p l e 3 t h e p r e v i o u s 8 steps w e r e h a l v e d i n t o 16 steps. T h e steps 
w e r e p e r f o r m e d i n a r a t h e r f a s t succe s s ion . B u t t h e t i m e at t h e h i g h e s t r e l a t i v e h u m i d i t y , 9 8 % , 
w a s 4 0 0 h o u r s . T h i s w a s f o l l o w e d b y 16 fas t d e s o r p t i o n steps. A s i n g l e l a r g e s tep f r o m 3 5 % 
t o 9 8 % w a s m a d e f o r S a m p l e 4 . T h e f o l l o w i n g d e s o r p t i o n steps w e r e a r e p e t i t i o n o f t h o s e i n 
t h e s econd se r ies t o s u p p l e m e n t f a i l i n g pa r t s o f m e a s u r e m e n t s . 

I n t h e f o u r t h ser ies , c y c l i c steps w e r e i n t r o d u c e d . T h i s t y p e o f p rocess , w h e r e t h e r e l a t i v e 
h u m i d i t y c h a n g e s b e t w e e n t w o l e v e l s , i s q u i t e i m p o r t a n t , s ince t h i s occu r s f r e q u e n t l y i n m a n y 
n a t u r a l s i t u a t i o n s . 

T h e f o u r f i r s t ser ies w e r e p e r f o r m e d at r o o m t e m p e r a t u r e , 20°C. I n t h e f i f t h se r ies c y c l i c 
s teps at 5°C w e r e t e s ted . T h e n , at t h e e n d o f t h e f i f t h ser ies , a n d i n t h e s i x t h ser ies a f e w t e m 
p e r a t u r e s h i f t s b e t w e e n 5°C a n d 20°C w e r e t e s ted . 

I n C h a p t e r 6 , a l l m e a s u r e d r e s u l t s a re p r e s e n t e d i n 6 2 d e t a i l e d d i a g r a m s . T h e m o i s t u r e 
c o n t e n t i s s h o w n i n t h e d i a g r a m s as f u n c t i o n o f c o n t i n u o u s t i m e , so e v a l u a t i o n o f t h e p r e h i s 
t o r y f r o m p r e v i o u s d i a g r a m s i s p o s s i b l e . T h e s o r p t i o n w a s r e c o r d e d w i t h o n e - h o u r i n t e r v a l s 
a n d t h e r e c o r d e d m o i s t u r e c o n t e n t i s r e p r e s e n t e d b y a d o t i n t h e d i a g r a m s . T h i s f a c i l i t a t e s 
e v a l u a t i o n o f t h e f i r s t , s teep par t s o f t h e step r e sponses . 

I n C h a p t e r 7 , o b s e r v a t i o n s , c o m p a r i s o n s a n d a na l y se s o f t h e m e a s u r e d r e s u l t s a re p r e 
sen ted . T h e r e i s a c l ea r a n d o c c a s i o n a l l y i n t r i c a t e dependence o f t h e m o i s t u r e h i s t o r y . A n e x 
a m p l e i s a p e r i o d i c sequence o f s teps. T h e r e s p o n s e c o n t a i n s m o r e r e t a r d e d s o r p t i o n , i f t h e 
c y c l i c steps f o l l o w i m m e d i a t e l y a f t e r a s tep t o a n e w h i g h e r l e v e l . A n o t h e r e f f ec t i s t h a t t h e 
m o i s t u r e d i f f e r e n c e b e t w e e n t h e t w o l e v e l s d i m i n i s h w i t h t h e n u m b e r o f c y c l e s . T h i s a m p l i 
t u d e o f t h e m o i s t u r e e x c h a n g e a l s o d i m i n i s h e s w i t h d e c r e a s i n g t e m p e r a t u r e . T h e a m p l i t u d e 
b e t w e e n t h e s a m e t w o R H l e v e l s i s d i s t i n c t l y s m a l l e r at 5°C t h a n a t 20°C. 

S w e l l i n g ( a n d s h r i n k a g e ) d u e t o m o i s t u r e changes h a v e b e e n m e a s u r e d i n t h e f o u r t h a n d 
f i f t h ser ies . T a n g e n t i a l a n d r a d i a l s w e l l i n g f o l l o w each o t h e r v e r y w e l l d u r i n g t h e v a r i o u s se
quences o f R H . T h e r a t i o b e t w e e n r a d i a l a n d t a n g e n t i a l s t r a i n i s c l o s e t o 0 . 6 0 at 20°C. A r e p 
r e s e n t a t i v e v a l u e o f t h e r a t i o a t 5°C i s 0 . 6 5 . 
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Concluding summary 

T h e t a n g e n t i a l s w e l l i n g e^O i s c o m p a r e d t o t h e s o r p t i o n u{t) i n S e c t i o n 8 . 2 . T h e m e a s u r e d 
p o i n t s i n a n u-Et d i a g r a m f a l l o n l i n e s w i t h q u i t e c o n s t a n t s lope , h i t h e f o u r t h a n d f i f t h ser ies , 
c y c l i c steps w e r e p e r f o r m e d . T h e s l o p e o f t h e l i n e s i s q u i t e c l o s e t o 0 . 3 2 f o r t hese c y c l i c steps. 
T h e s l ope b e c o m e s h i g h e r i n case o f p r o m i n e n t r e t a r d e d s o r p t i o n caused b y a s tep t o a p r e v i 
o u s l y n o t a t t a i n e d l e v e l o f h u m i d i t y . 

A m a j o r a i m o f t h i s t h e s i s i s t o s t u d y m o d e l s f o r t h e r e t a r d e d s o r p t i o n . T h i s i s d o n e i n pa r t 
I I I . T h e m e a s u r e m e n t s i m p o s e ve i r ious r e q u i r e m e n t s o n such a m o d e l . T h e i m m e d i a t e l y a v a i l 
ab le m o i s t u r e c o n t e n t i s a n a l y s e d i n S e c t i o n 9 . 1 . F r o m e x p o n e n t i a l f i t t i n g , i t i s c o n c l u d e d t h a t 
t h e i m m e d i a t e l y a v a i l a b l e m o i s t u r e c o n t e n t has a r a t h e r c o n s t a n t c a p a c i t y as a f u n c t i o n o f 
r e l a t i v e h u m i d i t y . T h i s i s c o n t r a r y t o t h e m o i s t u r e e q u i l i b r i u m c u r v e , f o r w h i c h t h e c a p a c i t y 
increases s t r o n g l y f o r h i g h h u m i d i t i e s . I t i s c l e a r f r o m t h e m e a s u r e m e n t s t h a t t h e s o r p t i o n r e 
sponses i n v o l v e m a n y t i m e scales . I t i s n a t u r a l t o tes t f u n c t i o n s t h a t c o n t a i n a n u m b e r o f e x 
p o n e n t i a l s w i t h d i f f e r e n t d e c l i n e t i m e s . T h i s i s d o n e i n S e c t i o n 9 . 2 . T h e a m p l i t u d e o f t h e e x 
p o n e n t i a l s a re f i t t e d t o t h e s o r p t i o n r e sp o nse c u r v e . B u t i t w a s n o t p o s s i b l e t o ge t a n y c o n s i s 
t e n t r e s u l t s . B a s e d o n t h i s a n d o n ana lyses o f s u p e r p o s i t i o n o f pu l se s , i t i s c l e a r t h a t a n o n 
l i n e a r m o d e l m u s t b e u s e d . I t i s a l s o c l ea r t h a t i t i s necessa ry t o u s e a n u m b e r o f i n t e r n a l 
n o d e s . 

A sequence o f m o d e l s w i t h i n c r e a s i n g c o m p l e x i t y has b e e n tes ted . T h i s i s r e p o r t e d i n 
C h a p t e r 1 1 . T h e F i c k i a n m o d e l a t t a i n s e q u i l i b r i u m v e r y r a p i d l y . T h e m e a s u r e d s o r p t i o n , o n 
t h e o t h e r h a n d , a l w a y s e x h i b i t s changes d u r i n g l o n g e r t i m e s , e v e n d u r i n g l o n g i n t e r v a l s be
t w e e n steps. T h e m e a s u r e d s o r p t i o n a m p l i t u d e f o r c y c l i c steps i s m u c h s m a l l e r t h a n t h e r e s u l t 
f r o m t h e F i c k i a n m o d e l . 

O n e i n t e r n a l n o d e , c o n n e c t e d b y a c o n s t a n t c o n d u c t a n c e t o t h e o r i g i n a l o u t e r n o d e w i t h i t s 
i m m e d i a t e l y access ib le m o i s t u r e c a p a c i t y , i s added . T h i s g i v e s a n e w t i m e scale , w h i c h m a y 
be ad ju s t ed b y c h a n g i n g t h e v a l u e o f t h e c o n d u c t a n c e . O n l y o n e t i m e scale f o r t h e r e sponse i s 
o b t a i n e d . B u t t h e m e a s u r e d r e sponses c o n t a i n m a n y a n d v a r i e d t i m e scales a n d t h e m o d e l i s 
n o t s u f f i c i e n t . 

T h e n e x t s tep i s t o c o n s i d e r a m o d e l w i t h a n u m b e r o f n o d e s i n t h e c e l l w a l l a n d c o n s t a n t 
c o n d u c t a n c e s b e t w e e n these . T h i s m o d e l r eaches a d i s t i n c t e q u i l i b r i u m i n s i m u l a t i o n s w i t h 
l o n g p e r i o d s b e t w e e n steps. T h i s b e h a v i o u r i s n o t r e f l e c t e d i n t h e m e a s u r e m e n t s . 

I t i s c l ea r t h a t t h e c o n d u c t a n c e s b e t w e e n t h e i n t e r n a l n o d e s m u s t decrease i n w a r d s . T h i s 
t y p e o f m o d e l g i v e s accep tab le r e s u l t s f o r m o s t a m p l i t u d e s o f s o r p t i o n , a n d i t c a n a l s o p r o 
duce v a r i e d t i m e scales . I t i s o f t e n p o o r i n r e p r o d u c i n g i r r e g u l a r c o m b i n a t i o n s o f s teps. O n e 
such c o m b i n a t i o n i s a d e s o r p t i o n step p receded b y a ser ies o f a b s o r p t i o n steps. 

T h e a b o v e i n t e r n a l c o n d u c t a n c e s are i n d e p e n d e n t o f t h e m o i s t u r e d i f f e r e n c e b e t w e e n t h e 
n o d e s . T h i s m e a n s t h a t t h e m o d e l s are l i n e a r . I n t h e n e x t k i n d o f t e s ted m o d e l s , t h e c o n d u c 
tances w e r e m a d e t o d e p e n d o n t h i s d i f f e r e n c e . T h e m o d e l s a re n o n - l i n e a r , a n d t h e r e sponse 
b e c o m e s f a s t e r f o r l a r g e steps. 

T h e n o n - l i n e a r m o d e l w i t h o n e i n t e r n a l n o d e p r o d u c e s r a t h e r e r r a t i c o u t p u t f o r t h e c y c l i c 
steps, d e p e n d i n g o n t h e s tep a m p l i t u d e . A m o d e l w i t h f i v e i n t e r n a l n o d e s a n d non-line£ir c o n 
duc tances g a v e q u i t e g o o d r e s u l t s . R e s p o n s e s a re w e l l r e p r o d u c e d b o t h f o r t h e l o n g a n d s h o r t 
t i m e scales a n d w i t h d i f f e r e n t c o m b i n a t i o n s o f steps. T h e m o d e l c a n a l so h a n d l e a b s o r p t i o n -
d e s o r p t i o n scans o f m o d e r a t e a m p l i t u d e . 

T h e l a s t t y p e o f m o d e l t o be t e s t ed a l l o w e d f o r h y s t e r e s i s a l s o . T h e h y s t e r e s i s i s a s s u m e d t o 
be d e p e n d e n t o n t h e m a x i m u m a t t a i n e d R H - l e v e l . T h e p r e v i o u s l y t e s ted n o n - l i n e a r m o d e l s 
c o m b i n e d w i t h h y s t e r e s i s c a p a c i t y f u n c t i o n s w e r e tes ted . T h e s e m o d e l s p e r f o r m e d be t t e r 
w h e n t h e h y s t e r e s i s w a s c o n c e n t r a t e d t o t h e i n n e r m o s t n o d e . 
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T h e o v e r a l l bes t r e s u l t w a s o b t a i n e d f o r t h e n o n - l i n e a r m o d e l w i t h f i v e i n t e r n a l n o d e s a n d 
h y s t e r e s i s i n t h e i n n e r m o s t n o d e . 
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Appendix A 
S o l u t i o n o f c o u p l e d e q u a t i o n s f o r m o i s t u r e c o n t e n t u{i) 
a n d t e m p e r a t u r e T{t) f o r a s m a l l b o d y . 
N o n - l i n e a r g e n e r a l s o l u t i o n a c c o r d i n g t o S e c t i o n 3 . 3 . 

Expression for sorption isotherm. ( 0<T<80°C ) 

Constants: 

A(T) := 1.7-0.01 T B(T) := 19.1 +0.00025 u jj^^^d) ;=0.52 - 0.001 T 

Constants C and D, derived from A(T) , B(T) and u max 
A(T)-B(T).u^,^(T) A(T) A(T) 

C(T):=e"'' -e'*' D(T);=e'^ 

Sorption isotlierm: 

._(A(T)-ln(-ln(C(T)-(p-hD(T)))) 
" • B(T) 

Inverse of sorption isotherm: 

(p(u,T) :=_l--exp(-exp(A(T)- B ( T ) - u ) ) - D(T) 

Derivatives: ^ is designated dud(p) 

dud(p(<P,T) :=-*̂ ^̂ ^ ^ ^ 
B(T) -lii(C(T)i> + D(T)) C(T)-cp + D(T) 

d(pdu(u,T) : = - ^ | I l e x p ( A ( T ) - B ( T ) - u - exp(A(T)- B ( T ) u ) ) 

Expression for water vapour content in saturated air. ( 0<T<80°C ) 

a i ;= -6050 a2:=14.835 a 3 ;=-0.0268 a 4 := 0.0000172 a5:=1.43 

^sat(T) :=exp 
^ 1 2 

+ a 2 + a 3-(T+273.15)-h a 4-(T+273.15r-H a 5-ln(T-h 273.15) T+273.15 

Vapour content v(u,T): 

v(u,T) :=V53t(T)-(p(u,T) 

Primary input data: 

Ti n le t -20 <Piniet-0.85 T .^^^,:=2Q <Pinit'=0-75 m:=0.0077 

Ajujf 1=0.0178 Dy ;=410-^ L^^ ;=0.68-lCr^ c:=2000 h ̂ ^^p :=2.26 10^ 

a „ ; = 1 2 a . ; = 4 a.^-.= a^-ya. p := Vdot:=0.066-10"^ 
c r tot c r ^200 
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Retarded sorption i n wood 

Auxiliary data: 

«tot = 
1 

' vtot •• 
surf 1 L eq 

+ 
Vdot p D 

P^oj= 1.8529'10 ,-3 

-sat Tinit =0-01729 ^ -sat(Tinlet) =l-0124-10-3 dud(p(<p i „ , , ^ , T = 0.3759 
dT inlet 

" inlet inlet'Tinit " init init'T ink " ^^^1^4 = 0.1733 u iĵ ĵ = 0.1436 

- inlet inlet'T inlet) ^init init'Tinit) ^ inlet = 0-0147 vj^^j^^ 0.013 

Coupled differentia! equations for u(t) and T(t): 

Initial conditions in vector y: y 1 = u y2 = T. 
Differential equations with respect to I in vector D. 

y r - " i n i t y2'=Ti init 

D(t,y) := 

P vtot'^ surf 

m 
• V in le t - -y i 'y2 

" tot'"̂  surf 

m-c 

, X P vtotsurf'1^ evap 
•(T inlet- y2)+ — inlet- - i y i ' y2 

mc 

The function rkfixed(y, 0, tmax, N, D) is solving the equations based on the Runge-Kutta method. 
The endpoints of the evaluated interval are 0 and tmax. N is the number of points at which the 
solution is to be approximated. 

Solution: 

N:=1800 tmax:=18000 Z :=rkfixed(y,0,tmax,N,D) i ; = l . . N t. ;=Z. , u. :=Z. „ T . :=Z. , 
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