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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 modelling 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 Fick's
equation for the moisture flow g [kg/(m®s)], a sorption isotherm for the moisture content by
volume w(Q) [kg/m3] and the mass conservation equation. In the one-dimensional case, using
water vapour content v [kgwa,e,/m3] as independent variable, we have:

ov ow 9 v
=-D —_— w=w —_—=—D o — 1.1
The water vapour content is v = @ - vy, where @ is the relative humidity and v, is the water
vapour content in saturated air. For wood the moisture content u# [Kgyaer/K8woos] usually is
used. The moisture content is related to the dry mass of woodw =p-u.

The equilibrium moisture content u(¢) is measured for different relative humidities ¢ . The
moisture flow coefficient D,(¢@) 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 D,(¢) is to weigh continuously the moisture uptake after a step change of @ . This
sorption method is discussed in great detail in Wads6 (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 although 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.
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sample flow half thickness
number | direction mm
1 longitudinal 6,7
2 longitudinal 11,4
-3 tangential 48
4 tangential 8,1

10h 100 h 500 h
ot 4 ' . §

0 500 1000 1500
Viime . V5

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
Wadsd (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




Retarded sorption in wood

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:

e sorption isotherm u(¢Q)

e moisture flow coefficient D(¢)

¢ model for the retarded cell wall sorption

In Eq. (1.1), it is the left hand term dw/dr that must be modified. The change of moisture

content in the cell wall depends on the actual value of @ but also on the previous history, i.e.
on ¢(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 @(t) = RH(?) is carefully controlled. The weight u(f) of the sample
is measured continuously. The tangential and radial free strain due to changes in moisture
state, € and €, , 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 u(t) of moisture content [Kgyaer/Kgyooa] 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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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-
ternal nodes to account for cell wall sorption. Right: The corresponding net-
work in two dimensions.
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The retarded, transient sorption in the cell wall will, tentatively, be modelled by "internal"
nodes. The case with a single internal 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 internal 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 internal nodes. The corre-
sponding network in two dimensions is shown to the right. Internal nodes coupled to different
neighbouring external nodes may exchange moisture directly. 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 internal 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 internal level, linear Several internal levels, non-linear

AD)

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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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.
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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.
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Figure 1.8  Example of sorption and tangential swelling during a cyclic sequence.
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Figure 1.9  Relation between u and &, for the sequence of Figure 1.8.

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:

Hékansson H. 1994
Experimentella studier av transient sorption i cellviiggen 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.

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

Hékansson 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.

Hékansson H. 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. Hikansson H. 1993
Modelling of Moisture Flow in Wood. Fundamental Experiments and Analyses. Proc. of the 34
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, Skellefted Campus, Sweden.

Claesson J. Hakansson H. 1996
Modelling, measurements 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. Hikansson 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).

Fick 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 Fick'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), Wads6 (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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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, #;5 .

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 Wads6 (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 fys , the time when half
the sorption has taken place. The inverse of the half-time, /¢, ., proves for many cases to be

closely proportional to the logarithm of the quotient of the two relative humidities for the step,
ln((p1 /(02). This means that if the response process is simplified to be governed by a single

conductance, it is proportional to In(p,/@,) = In(p,)—In(p,). This means that the conduc-

tance is proportional to the step size (for small steps where In(Q1/@2) ~ (@; - @2)). 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.
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Figure 1.10 Dependence of sorption half time at relative humidity p, on conditioning period
at relative humidity p; = 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 um) and a species with thick cell walls
(Satin box, 4 um) 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 flat pores in this reasoning.

Much of the stiffness and strength of wood is provided by the microfibrils situated in the S,
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%,
(9) 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 €, [€_ plotted against

fraction of equilibrium moisture increase u, [u_ . (b) Fraction of equilibrium

axial strain increase €, [€_, 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.
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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 #, 5 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 (Smm 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 7y 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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Part 1 Experimental set-up and intro-
ductory modelling

2 The experiment

2.1 Method

In order to isolate the retarded sorption, especially designed measurements were made. The
samples were thin and cut perpendicular to the grain, so that the moisture transport took place
in the fast longitudinal direction. The air was agitated around the samples to reduce surface
resistance. The samples were undisturbed by being continuously suspended from balances in
precision moisture chambers. An outline of the arrangement is shown in Figure 2.1. Well de-
fined steps in relative humidity (RH) were made. The samples were weighed by high precision
balances (of the analysis type with 0.1 mg as the last digit).

The measurements were made at 20°C and 5°C temperature. This made it possible to study
the temperature influence on the retarded sorption.

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

2.2 Wood material

The wood used is pine (Pinus sylvestris) from southern Sweden which was felled around
1990. Transient sorption studies on this wood were published by Wadso (1994). Villadsen et
al. (1993) have also conducted steady-state cup measurements on the same material (cf.
Wadso 1994b). The sections used for the samples consisted of 90% to 95% sapwood. The dry
density was determined for an adjacent larger sample. This value, 530 kg/m®, is used in the
following only to calculate relative volumetric swelling. The sorption is given in moisture
content in this report, where the dry density is not involved.
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2.3 Samples

The samples designated Sample 1 and Sample 2 were composed of several sheets of 3 mm
thickness mounted in parallel as Figure 2.2 shows. These samples were used during the first

series of measurements.

Figure 2.2  Array of wood for Sample 1 and Sample 2

The other series of measurements (second to sixth) have been carried out on thinner sam-
ples, designated Sample 3 and Sample 4. The sample arrangement with two sheets of 1.7 mm
thickness is shown in Figure 2.3. As seen in the figure the surfaces are freely exposed to the

circulating air.

pendulum
suspension
_ifrom balance

o

99 mm

&
~——

45 mm

Figure 2.3  Array of wood for Sample 3 and Sample 4
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The results from the sorption tests in this report are shown in the diagrams as variation of
moisture content u(f) with time. Let m,(f) be the measured weight of the wet sample at any
time ¢, and let m denote the weight of the dry sample. Then we have for the moisture content
u(t) (water content /dry mass [kg/kg]):

ty—m
u(t) = mﬁ% [kgwater /kgwood]

The dry weight m was determined in the following way. After the tests the samples were
dried by being surrounded by a drying agent of the molecular-sieves type in a closed container
at 60°C for 10 days. The high temperature accelerates the drying process several times com-
pared to room temperature. At the same time it is low enough to avoid resin flow and to re-
strict the emission of volatile compounds. A drying process exhibits retarded properties. The
final part of the drying takes very long time to accomplish compared with what could be ex-
pected from the first fast phase. This is illustrated by the measurements themselves, which
have shown retarded effects at room temperature, also at low relative humidities. This was the
background for the used thorough drying procedure for the thin samples.

A specific problem when weighing dried thin samples with high precision in ambient air is
the fast absorption during the inevitable handling time. The error was minimized by doing the
drying procedure in two steps. First, the drying was done with unwrapped, freely exposed
samples. In a second drying, the samples were wrapped with aluminium foil, leaving an
opening that was easy to seal rapidly. This second drying lasted for an extra day. Most of the
small amounts of water unintentionally absorbed during the wrapping handling time could
escape through this opening during the second drying.

The measurements have been reported in previous reports in Swedish, Hakansson (1994a)
and (1995a). The final measurements of the dry weights were not available at that time. There-
fore assumed dry weights were used. Those differ about one percent or less from the new
ones. This explains the small differences in u between the previous reports and this one.

2.4 Measurements of swelling

Measurements of swelling (and shrinkage) was conducted on twin samples simultaneously
with sorption on Sample 3 in the same chamber. In the following, the word swelling is used to
include shrinkage also. This common chamber makes accurate comparison between sorption
and swelling possible since the samples are subjected to the same climate, including devia-
tions from the intended RH-level. It is also important that the same sequence of RH-steps are
used for comparison as the retarded sorption proves to be dependent on the moisture history.

The swelling was measured in tangential and radial directions on two separate samples.
They were made from adjacent wood to the sorption samples, and they had the same thickness
(1.7 mm). The samples were divided by radial cuts, made perpendicular to the annual rings,
and then glued together to straighten out the annual rings as Figure 2.4 shows. The glue lines
were kept thin and attention was paid to avoid excessive glue. Polyurethane adhesive was
used, the type curing by the ambient moisture. Three metal plates were also glued on to serve
as fastening points.
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80mm

40 mm

J
g

1.7mm

—

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

The device for measuring swelling is shown schematically in Figure 2.5. The two points on
the lower base were fixed to the frame by four thin metal rods, allowing free movements also
perpendicular to the measured vertical direction.

Li .. Movement from
ight-sensitive area swelling of wood
on position sensor

High-intensity
light-emitting diode

|
)
i

i
)
Il

7}/}

E\\ Wood sample
EQN 80x45x1.7 mm

i

A

~=—

i

%

Figure 2.5 Device for measuring swelling using an optical position sensor
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The vertical movement was prevented from lateral deviation by being guided by thin hori-
zontal wires arranged in a cross. This is not shown in the figure. This allowed for reasonable
guidance and still maintaining the device friction free.

The upper moving point on the sample was connected to a screen with a horizontal slot.
This slot altered the position of a beam of light falling on an optical position sensor. The
screen was made from copper foil with a dark, matt surface facing the sensor. The width of
the slot was approximately 0.1 mm.

The components in the device was soldered together to be easy adjustable, and still provide
rigid connections.

The position sensor was a Hamamatsu S 3979. The light-sensitive surface has an area of
1x3 mm and consists of a photo-diode with common cathode and two separate anodes. In the
data-sheet for the sensor x is the distance from the centre of the sensitive area to the centre of
the spot of incident light. The distance x as a function of the two currents through the anodes
is given by the expression:

O O il

2 I +1,
x distance between light-spot and centre of sensor
L the length of the sensitive area (3 mm for S 3979)
L, I, the currents through the two anodes

The error of position based on the equation above is given in the data sheet as typically +15
pm and +60 pm as a maximum. The error of position is given with the nominal value of the
length L in the expression. Judging from the good linearity for the sensor according to the
examples in the data sheet, a better accuracy can be achieved if a calibration is made in two
points as it is done here. The examples in the data sheet show smooth curves. The relative
error can then be assumed to be small even for minor intervals. As the currents are small in
the used application, the output signal is noisy. This was counteracted by recording the mean
value in a one minute interval.

Since the sensor is measuring the centre of gravity of the spot of incident light, it is impor-
tant to have a distinct spot, well within the boundaries of the length of the sensitive area. The
slotted screen was therefore adjusted close to the sensor, but with a clearance to avoid friction.

2.5 Precision moisture chambers

Two precision moisture chambers were used. They had a cylindrical shape with 0.295 m in
diameter and 0.32 m height, giving 22 1 of volume each. The chambers were submerged in a
large common constant-temperature bath. Access to the chambers were by top-mounted lids.
The principle of the apparatus is shown in Figure 2.6.

The precision moisture chambers were of the two-pressure principle. In such an apparatus,
saturated air at a total absolute pressure of p; is allowed to expand to a pressure of p, . The
relative humidity in the expanded air is given by the relation p,/p; (constant temperatures are
implied). This is valid for perfect gases, but the deviation for water/air is only 0.1% at 65%
RH and it decreases at higher RH-levels. In the study, no correction was applied.

In a two-pressure apparatus, the saturation of the air to a well defined temperature is
achieved by letting saturated air at an elevated temperature pass a condenser. With sufficient
surface area in the condenser, an equilibrium with the desired temperature is attained and the
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saturation is still maintained. The produced condensed water must be allowed to be separated
from the air stream to be drained off.

After passage through the valve reducing the pressure from p; to p; , the air is unintention-
ally cooled by the adiabatic expansion and has again to be brought to the desired temperature
by an additional heat exchanger.

The apparatus was originally constructed in the 1970's and a version is described by
Ahlgren (1972). A two-pressure apparatus described by Amdur & White (1965) has to some
extent served as a model for the design.

Constant |
temperature|
bath

Pressure
reduction

P/ pD

_-Ajratjpressure p,

____________

Saturation at M
elevated temperature

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

In the used apparatus the condensers and the additional heat exchangers were composed of
copper tubes coiled around the chambers. The close thermal contact between sample and sur-
faces defining the saturation pressure provided by the constant temperature bath, ensured that
only minor errors were caused by temperature differences. The top lid was well insulated to
minimize influence from the surroundings.
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Air has to be allowed to escape, corresponding to the entered volume into the chambers.
Sufficiently wide exit openings for the air stream in the top lid made the pressure difference
negligible. At the same time they were narrow and long enough to ensure that external air did
not enter the chambers. In one of these openings the suspension for the sample under the bal-
ance was placed. The suspension consisted of a thin wire to minimize influence from the air
stream. The small air stream passing the opening was diverted to avoid turbulence around the
sensitive parts of the balance.

The low pressure difference over the lid meant that the pressure p, was the atmospheric
pressure. The pressure p; was actively controlled according to barometric changes. This was
achieved by pressure transducers controlling a servo motor adjusting a pressure regulator
valve connected to the compressed air supply. The two chambers were controlled independ-
ently. A common pressure transducer measured the barometric pressure. However the first
series of measurements were made with mechanical pressure regulators only, without the aid
of active control. The pressures were manually monitored on mercury or water column pres-
sure gauges.

When the expanded air entered the chamber, it passed a nozzle and a jet was produced that
was directed towards the sample. This provided a good mixing within the chamber and reduc-
tion of surface resistance at the sample with minimal temperature disturbances. If an alterna-
tive with a fan had been used, a substantial heat source would have been introduced and a risk
of changing the RH. This possibility of producing agitation without a fan is an advantage with
the two-pressure principle. In order to avoid disturbances during weighing, the jet was di-
verted at these times and diffused through a perforated plate by a screen attached to a sole-
noid.

The rate of air flow was determined by the setting of the expansion valve and the pressure
over the valve, p; - pz. This pressure difference varied over a wide range for the used RH-
values. The apparatus was not equipped with air flow meters, but a reasonably constant flow
was kept by an indirect method. The vertical jet blowing on the sample and its suspension
created an uplift that could be seen on the balance (0.1 g was used). The air flow was deter-
mined when the measurements were finished by a volumetric method normally used for cali-
brating tracer gas. The flow was captured in a bag for a certain period of time and the volume
measured by a piston.
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2.6 Weighing

The samples were weighed continuously suspended from balances. See Figure 2.6. The pen-
dulum suspension was made from a 0.2 mm in diameter resistance wire that was made straight
by being heated electrically and stretched. It was possible to dislocate the suspension from a
hook on the balance to facilitate zeroing of the drift of the balance without disturbing the
sample.

The balances were of the analytical type Mettler AK160, with 160 g range and 0.0001 g
resolution. An estimate of the maximal drift during a period of a month was 0.0030 g . This
corresponds to a moisture content of 0.04% [Kgwater / K€wood ] fOr the smaller samples used.

A malfunction in the control circuitry occurred for one balance (sample 3, the second se-
ries). The symptom was an unexpected diurnal variation. It was therefore discovered and the
fault is not thought to have been going on for a long time. The balances were with regular
intervals controlled by placing a calibrated weight on the weighing pan and a check was done
for the correct increment on the scale.

The weight result was logged once every hour. A separate clock has controlled the deflec-
tion of the air stream for a couple of minutes around the logging time.
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3 Analysis of the response for a small
body

In order to distinguish properly the non-Fickian part of the dynamic response, an estimate of
the theoretical Fickian behaviour for the experiment is needed. An understanding of the rate
with which the step-change inside the sample is taking place for a theoretical Fickian process
is the base for evaluating the non-Fickian, retarded sorption. For this objective and these
measurements, some reasonable simplifications are made, discussed in this chapter. This is
also done in Section 9.1, where also numerical examples are presented.

The air flow rate to the chamber that is given the desired step change was limited with the
used apparatus. One disadvantage was that this resulted in a less steep step of relative humid-
ity in the air of the chamber. However, this effect is completely analogue with an added sur-
face resistance and when the flow of the supply air is known, thus well defined. This calcula-
tion is showed in Section 3.1.1 below. The less steep step in the ambient air is further damp-
ened out inside the sample by diffusion. How this is treated for the analysis of these measure-
ments is mentioned in Section 3.1.2.

A way to estimate the influence from latent heat is suggested in Section 3.2. This influence
is not considered in Hakansson (1995b).

The mass of water vapour per unit volume, v [kg/m3], in humid air is in SI-standard to be
called humidity by volume. It is called water vapour content in this thesis.

Notations:

Latin letters

A surface area of sample (area of both sides) [m?]
c heat capacity of the wood [I/(kg -K)]
Cpa heat capacity of the air [J/kg -K)]
D, vapour transport coefficient [m%/s]
G moisture uptake rate of the sample [kgwater / 8]
h, latent heat of evaporation [I/kg]
L halv thickness of the sample [m]
L, average diffusion length in sample [m]
m dry mass of sample kgl
T temperature in sample [K]
T, ambient chamber temperature [K]
u average moisture content in sample [(kgwater / K8wood ]
Vair air flow rate [m3/s]
Va volume of chamber [m’]
v average water vapour content for air phases inside the sample [kg/m®]
Viat water vapour content in saturated air [kg/m3]
Vinlet water vapour content in in-flowing air [kg/m3]
Ven water vapour content in mixed air in chamber (kg/m’]
Vsurf water vapour content on surface of sample [kg/m’]
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Greek letters

o, convective heat transfer coefficient [W/(m? -K)]

a, radiative heat transfer coefficient [W/(m? -K)]

Olyor total heat transfer coefficient o, = o, + o, [W/(m? K)]

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

Buior total moisture transfer coefficient [m/s]

Pa-Cpa  volumetric heat capacity of the air J/m® -K)]
3.1 Isothermal case

In the isothermal analysis, we assume that the sample temperature is equal to the chamber air
temperature: T =T, .

3.1.1  Moisture flow resistance over boundary layer

The variables concerning the chamber and boundary layer are shown in Figure 3.1.

G -
L] a a
Ve v /" Ve
% surf 9
vinlet Vch Vch
|
Ver

Figure 3.1 Variables for moisture exchange into sample in chamber

The moisture balance for the air in the chamber is:
(Vinlet - vch) : Vair = G (31)

For simplicity the moisture capacity of the air is neglected, being only a small fraction of
the moisture capacity of the sample. A numerical example of this is given in Section 4.1.5 in
Hakansson (1995b).

We can now calculate the moisture balance of the surface. Let 3 [m/s] denote the air-to-
surface moisture transfer coefficient, and A [rn2 ] the total exposed area of the sample (both
sides). The balance of the surface becomes:

(Vch - Vsurf) . B -A=G (32)
These two equations may be written:
1
Viuer —Veor =G = (3.3)
B 1
Vch_vsurf _Gﬂ (34)

Addition of the two equations gives:
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1 1
Vinlet _vsurf =G- (V . +ﬂ)

air

3.1.2  Moisture resistance associated with sample thickness

The effect of the moisture transport within the thin sample is here dealt with in the following
way. Let 2-L be the thickness of the sample, Figure 3.2. Let L., denote an estimated average
length for the diffusion within the sample. This length must be a fraction of L: 0 < L., < L .
The sorption experiments were executed with steps and the analysis is based on this. Let fur-
thermore D, denote the vapour transport coefficient in wood for the direction in question
(longitudinal) and v the average water vapour content in the sample. See Figure 3.2. The index
v indicates that the moisture flow is obtained from a difference in water vapour content v.

Then we have:

D, =L Y A=G or,
eq
L,
Vo ~V=G-E (3.5)

L,=08L.

L)

Figure 3.2  Estimated average diffusion length into the sample

We can now combine the equations for the complete moisture flow. To the previous mois-
ture resistances representing the dampening effect of the limited flow of supply air, Equation
3.3, and the surface-to-air resistance, Equation 3.4, the last approximate resistance in the ma-
terial can be added, Equation 3.5.

=G L_{__l__i_i (3.6)
Vinlet V= V A'ﬂ A‘Dv *

This may be written in the following way:
G= A- ﬂth ) (Vinlet - V) (37)

Here we have introduced a total moisture transfer coefficient, B, :

viot
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1 A 1 L, 1
_A 1, S 8
P V. B'D,  PeTA 1L 9
vioi air v +_+
Vair ﬁ Dv

The above equation may be written in the following way:
1 A 1 L, L

B V. B L D,

air

The factor L.,/L must lie between 0 and 1. It may be close to zero during a first rapid period.
But the value of L., does not matter much if the moisture resistance L/D, of half the sample is
small compared to the outer resistance. The internal flow in the sample is of secondary im-
portance when the following criterion is fulfilled:

A 1L
v B D,

air

From a reference case in Section 4.2.3 the corresponding terms are: 270 + 100 > 212. At the
late part of the step-response ("late regime") the shape of the distribution of moisture gradient
is more established and the transfer can with good accuracy be described by a constant mois-
ture resistance and a lumped moisture capacity. For a not too precise calculation, it is reason-
able to assume a constant resistance after roughly half of the sorption has taken place. This
assumption holds even for thick samples, also when the surface resistance not is dominating.

3.1.3  Equation and time constant for isothermal
moisture uptake u(r)

The moisture uptake G results in a change of moisture content u of the sample:

G=m 3.9)
=m y .
Combining Eq. (3.7) and (3.9), we have:
m du
o _y= e— 3.10
leet A . ﬂwm d ¢ ( )

The average moisture content is related to the average humidity by volume v of the sample by
the sorption isotherm:
v

u=u(Q) o= @3.11)

sat

Here, vy = Vsa(T) 1s the saturation water vapour content at the concerned temperature.

It is shown in Figure 4.1. Here we use the chamber temperature. The complication with differ-
ent chamber and sample temperatures is discussed in Section 3.2. We insert Eq. (3.11) in
(3.10) and multiply the equation by du/dg. Then we have:

sat du (inlet ):ﬂ_m—% (312)

FE‘” g dp A-B,, dt

We use a linear approximation of the sorption isotherm. See Figure 3.4. Then we have:
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du

uinlel —u= @ ’ ((Pinlet - (P)

Here, u;n.; is the moisture content of the sample for the inlet relative humidity: Uinier = U(Pinter)-
Inserting this in (3.12) gives the following equation for u(?):
du

Wintes —u(t): L —é? (313)

Here we have got a time constant #, for the response of the sample moisture uptake:

- m du
] BV!BI -A'V.Stll d¢
The moisture transfer coefficient By, is given by Eq. 3.8. The time constant #; is then:
A L,
| Ay L Za | _m Qe (3.14)
Vair ﬁ Dv A ’ V:at d(P

The solution for a constant u;,,, and a given u(0) at ¢ = 0 is readily obtained from 3.13:
u(t) = u(0) + (u,,,, —u(0))-(1—e'*) (3.15)
or in dimensionless form:

u'(t) — u(t) - u(O) =1- e—t/tl
uinlet - M(O)

The dimensionless moisture content u’(¢) starts at zero and increases exponentially to +1 with
a time constant #;. This solution is shown in Figure 3.3.

1
u'(t)
0.8 4

06 T

04+

021

0 . f . } . }
0 1 2 3 1/t 4

Figure 3.3  Step response in dimensionless form

Half of the change from u(0) to #;n., occurs at u’=0.5:
w'=05=1-¢"" or t/t;=In(2) =0.69.
The half-time 7y 5 corresponding to u"= 0.5 is then:

tos =t -In(2) = 0.69- 4. (3.16)

A numerical example is shown in Section 4.2.3 with data in (4.6) for a typical case from
the measurements. The sample thickness is 2-L = 1.7 mm. The step is from 70% to 85% rela-
tive humidity and the temperature is 20°C. The resulting time-constant #; is 1.41 [h] for this
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case. The contribution to the time-constant from the effect of the restricted air flow is rather
big.

3.2 Effect of latent heat on response time

The temperature 7 in the sample will vary in time if the latent heat of evaporation is accounted
for. We will in this section consider this effect. The heat capacity of the sample is still ne-
glected. This effect will be considered in the next section.

The other assumptions from the previous section are retained. The transport in the sample
is modelled by a lumped moisture capacity and an average diffusion length. The influence
from the moisture capacity of the air in the chamber is ignored.

3.2.1 Different sample and chamber temperatures

The three equations for moisture balance with humidity by volume as the driving force are
still valid for different sample and chamber temperatures. Equations (3.3), (3.4) and (3.5) are:

1

Vinlet _Vch = ‘—7—_.G
1 G
Vch _Vsurf :F.X
— Lf-’q G
Vsurf -y = X

The sum of these equations gives:

L
Vinler —Vv= A +_}_+_—££I- E (317)
V. B D, | A

air

or as in the preceding section, Eq. 3.7, with By, defined by (3.8):
G=A- ﬁvtat ’ (Vinlet - V)
The moisture uptake increases the moisture content:

_du

el 1
dt G189

G=m
We have:

v v m du
inlet ~ ¥ — L
A- ﬁvmt dt

The water vapour content is given by the product of relative humidity and saturation vapour
content. The temperature dependence of the saturation moisture content is illustrated in Figure
4.1. We have, using the temperatures 7, and T

Vinlet = q)inlet ’ Vsat (Tch) V= (p ’ Vsat(T) (319)

From equations (3.17 — 3.19) we get:

40




Analysis of the response for a small body

m_ du
A'ﬂvrot dt

¢inlet ’ Vsat (TL‘h )_ ¢ : Vsat (T) = (3'20)

From the sorption isotherm we have that the relative humidity is a function of the moisture
content . We use a linear relation between u and ¢ locally in the considered RH-region. See
Figure 3.4.

u=1u + iu. . (qo — (P )
inlet d(P inlet
or
du du
dq) ¢ inlet d(P (pmlet ( )

du
Here E(; is the slope of the equilibrium sorption curve for the inlet value.

A
u

inlet

S
rd

(pinlet (P

Figure 3.4  Linearization of the sorption isotherm

d
We multiply (3.20) by E{% and divide it by v_,(7,,). Then we get, inserting Eq. (3.21), the

following equation for u(z):

du du v T du
- ¢inlet —| U= uinlet +— ¢inlet ) - ( ) = tl L (322)
d(p d(P Vsat (Tch ) dt
Here, t; again is a time constant, Eq. (3.14):
L
= A 1 By} 0m du (3.23)
Vair B Dv A : Vsat (Tch ) d(p

Equation (3.22) is our basic equation for the response u(f) when Qin.; is changed in time. In
the case T = T, , the last factor before the equality sign in (3.22) is +1, and we regain the
isothermal equation (3.13). Now, we need to relate the temperature T to u(?).

3.2.2  Equation for the temperature 7(¢)

The temperature factor v T)/Vsa(Ter) in (3.22) is obtained in the following way. The phase
change of the moisture flow G from vapour to liquid results in a heat production on the sur-
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face determined by the latent heat of evaporation &, [ J/kgwaer 1. We neglect the heat capacity
of the sample. The heat of condensation balances the convective heat flow from the sample:

G h=Aa T-T,) [W] (3.24)

Here, o, is the convective heat transfer coefficient.

We now have two transfer coefficients o and . Lewis’ relation, which relates B to o, , Eq.
(3.60), may often be used with good accuracy.

The temperature difference due to moisture flow is obtained from Egs. (3.24) and (3.18):

r-r, =t G_h m du (3.25)
o A o A dt

The function v,,(7) is locally linearized:

VD) =¥, (L) + Do 7 1,) (3:26)
dTr

Combining these two equations, the temperature factor in (3.22) may be written:

Ve (T) du

—_— =1+ 3.27
Vsat (Tch ) ?,1 dt ( )
Here, the constant v; is given by:
1 dv, h, m
Y= =. et [S’ kgwood /kgwater] (328)

v.(T,) dT a, A

tot

The factor containing the derivative of v,(7) divided by v,(7) is plotted in Figure 4.2.

Radiation is neglected in the above formulas. If a parallel heat exchange by radiation also is
taken into account with a radiative heat transfer coefficient, o, , the balance (3.24) becomes:

Gh=A(+ca)(T-T,) (3.29)

If also the radiative heat transfer coefficient is taken into account, we have to add o, to o .
Eqg. (3.25) becomes:
T"Tch: he -g: he ﬁgﬁ
c.+ta, A o +o, A dt

The constant v, , Eq. (3.28), becomes:

1 dv h m
L sat ‘—-— [, k8wood 'KEwater]
Vi Toy) AT o +a, A

7=

In all formulas to follow we will use oy, to account for the total heat transfer Q(r) [W] due
to convection and radiation:

Olor = O + Oy (330)
The heat flow Q(#) [W] to the sample is given by:
0=A-a,-(T,-T) (3.31)
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3.2.3  Equation for moisture content u (f)
The final equation for u(¢) is now from Eq. (3.22) and (3.27).

du du du du

2o —Nul)-u, +—0.  |l1+y, — |=1,-— (3.32

d(P (Pmlet [u() umlel ng (Pmlet][ YI dl] 1 dt ( )
or

uinlel - u(t) = % : |:tl + 71 : [u(t) - uinlet + S_Z) ' (pinlel ):| (3‘33)

This is our general equation for u(#). The initial value #(0) is given. The inlet relative humidity
is a given function of time.

3.2.4  Solution for a constant step

We consider a constant @, for z > 0, and a given initial value u = u(0) atz=0.

We have to integrate Eq. (3.33)for constant @ (and constant #;x.;). The solution is obtained
by direct integration if we consider ¢ as a function of u. We have:

du d
dr L+ 7’1(“0) — Uiy + ;i— *Dinter ) L+Y, E’Lf' " inter
a _ 14 -y + 4 (3.34)
du uinlgt - u(t) uinlet - u(t)

Integration from u(0) to u(f) gives:

t=—y, -(u(t)—u(O))—[tl +7, -g—;-(om,e, ] h{”’—_”@) (3.35)

uinlet - M(O)
We introduce the dimensionless moisture content u’(¢):

u@®) —u©0) (3.36)

v = Uinter — U(0)

The above equation is then:
, du ,
t=-7% '(uinzet —-u(O))- u _[tl 1 'a?o'.(pinlet ]'ln(l —u ) (3.37)

The equation may be written:
t=—t -u'—(t,+1,)-In(l-u) (3.38)

Here, two new time constants #, and #, are introduced:
du

L =% 'E""(Dinler ’ (3.39)
4
t, =7, (U —4(0)) (3.40)

Dividing (3.38) by #; . > , we get the following final dimensionless equation:
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’ t ’ ’
t = =—y-u —Inll—u 3.41
T (1-u) (3.41)

This dimensionless equation between ¢"=t/(t, +t,) and u’ involves a single parameter y:

__b (3.42)
y—q+5 '

Division by 7 in Eq. (3.39) and (3.40) gives:
uinlet — M(O)

y:t_1+ﬂ‘_.¢ (3.43)
y] d¢ inlet
Here, we have from Eq. (3.23) and (3.28):
t L
h dul A 1 k) % (3.44)
,}/1 dq) Vair ﬂ DV ___dvsm . h

The value u(0) may be the equilibrium value for a previous ¢ =¢_,  for t < 0. Then we

have, using (3.40), (3.43) and (3.44):
M(O) = u((Pi;let)

inlet

_ du _
uinlet - M(O) =u ((Dinlet ) - u((Pinlet ): d_ ’ ( inlet — (Pinlet )
4
du -
t}' = YI ’ E ) ( inlet (Dinlet )
(Pinlet — (Di:tlet
Y= ”
L /(71 ':T;)'*' Oies

— (Dinlet - (Pi:tlet

! [i.{.i_;_lleq ].L_{_(p
Vair ﬁ Dv he . d(‘;—;ﬂ' inlet

The heat of evaporation is neglected by putting s, =0 or y=0. For y=0, we have the
pure exponential response, Figure 3.3.

t' =—In(1-u’) e =1-w

or:
wW=1-e"
The basic equation (3.41) is illustrated in Figure 3.5. The dotted lines show ¢" =7 -u’" for a
few different y . The difference between the curve —In(1—u’) and curve y-u’ gives ¢t as a
function of u’.

The relation (3.41) with u” as a function of ¢” is shown in Figure 3.6 for different vy .
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t’=-In(1-u")

02 %

-0.5 0 0.5 1 1.5 2 25 3 35 ¢+ 4

Figure 3.5 Illustration of Eq. (3.41).

u’
0.8 +
0.6 + “"“ v¥=0.1
o v=0.05
7, ¥=0
041 7 y=-005
¥=-0.1
02+
0 1 t t + + } }
0 0.5 1 15 2 25 3 35 t 4

Figure 3.6  The relation (3.41) between u” and t” for different 7y .

A good measure of the response time, is
the time #o 5 for which u” equals 0.5. Equation (3.38) gives:

tos =1, 05—, +1,)- In(1—1)

or
tys =In(2)-(t, +1,)-05-1, =0.69-(t, +1,)-0.5-1,

3.2.5 Equation for the sample temperature T

We consider the case of constant chamber temperature 7,. The sample temperature, 7' = 1(?),
will vary in time. We have from Eq. (3.25), (3.36) and (3.41) :
h,om du h,-m u,, —u@) du

a,-A d o, A t+t, d

tot

T()-T, = (3.45)

For t =0 we have:
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h,-m u,, —u@) du’ 0)

TO)-T, =
0L At +t, drf

tot

’

The derivative p is, Eq. (3.41) :

u/
de’” N 1 du  1-u’ (3.46)
dw = VT dt’ 1-y+y-u '
From this we have:
1-u’)-(1-
10)-1, + 10)-1,)-L=4:0=1)
1-y+7-u
or
=)
T0)=T,+({T0)-T,) ————— (3.47)
1+
1-y
Here, the factor 7(0) - T is the temperature difference at ¢ = O:
h - . —u(0
T(O)__TCh — e m . umlet u( ) . 1 (348)
tot A tl + t2 l—’)/
or, inserting Eq. (3.42):
h - . —u(0
7(0)-T,, = - Yiia ~ 4 (3.49)

0, A t+1,—t,
Equation (3.47) involves the factor y/(1-y), which may be written, Eq. (3.42):
Y Ly

-y t,+1,—t

14
A dimensionless excess sample temperature is introduced:
, TO-T, 1-u
TO)-T, 1+’

(3.50)

This function is shown in Figure 3.7 for different y.
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0 + } } t }
0 02 0.4 0.6 0.8 -1

Figure 3.7 The dimensionless excess sample temperature, (3.50).

The above equation gives 7~ as a function of u". In order to obtain the time dependence,
we have to combine Figure 3.7 and Figure 3.6 as it is done in Figure 3.8. An example of con-
nected values ¢t', u’and T° for y=0.1 is shown by the dotted lines.

3.2.6  Summary
Let us summarize the obtained result. The dimensionless equation between u’ and t’ is,
(3.41):

, t

t'= =—y-u' —In(1—u’)
1+,

Here, u’ is the dimensionless moisture content.

ORI
uinlet - M(O)

Here, Uinter = U(@inter), is the equilibrium moisture content for @ = Qin.; . The time £ is the time-
constant for an isothermal step response, (3.23):

A 1 L, m du
=t | — . — ]
Vair ﬁ Dv A ’ Vsat (Tch ) dq)

The dimensionless variable ¥ involves two new time-constants, (3.42):

t-y = ’}/l ’ (uinlet —u(O)) [S]
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The constant 7y; involves the effects of latent heat, (3.28):

1 dv,, h, m
= : L — Sak W /k water.
'}/1 TM) dT am A [ Bwood/ K& ate]

Vsat

A linear relation between u and @ is used:.

du
u((P) = uinlex + % ’ ((p - ¢inlex )

The temperature development in the sample, T = 7(?), is, (3.47):

T(t)=T, +({T(0)-T,) —— [*C]

1
l+—7~u

The temperature difference at " =0, is, (3.49):
h - . —u(0
T(O)_Tch — e m . Uipter u( ) [oC]
o, -A L +t, —ty

The dimensionless excess sample temperature 7~ is:
, T-T, 1-u
TO)-T, 1+&-u

The above relations between u”, 7" and ¢ are shown in Figure 3.8 for different 7.

—
’///
"
—_—
==
s
P
L 4
AL
7S
////
_ y=0.1
/i i
L //// Y=0
e,
§//4 v=-0.1
1/
.......... /
/
1/
VA
04 T /I//:
/B
)/
/-
)/
Vi :
Vi :
1 .
/ :
t”:
L 1 l L ]l
r 1 1 1
1 - ,
T 0 1 2 3 0t 4

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

3.3 General equations for moisture and temperature

In the above section we neglected the heat capacity of the sample. A linear approximation for
the sorption isotherm u(¢) was used. We also used a linear approximation in temperature for
the saturation water vapour content vg,(7). We will here consider a more general case with-
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out these restrictions. We still consider a “small” sample, which is described by a single (av-
erage) moisture content u(f) and a single (average) temperature 7(f). The solution of the equa-
tions will be obtained numerically using the mathematical package Mathcad.

The moisture flow G(#) is given by (3.7):
G=A- ﬁvtot ’ (Vinler - V)

The heat flow Q(r) [W] is given by (3.31):
Q :A.atot .(Tch _T)

The mass and heat balance equations are:

m-%:G (3.51)
dt
m-c-(:i—]t‘:Q-i—he-G (3.52)

Here, ¢ [J/(kg,K)] is the heat capacity of the sample, and A, the latent heat of evaporation.
We now have two coupled differential equations for u(z) and 7(¢):

du A-
_Ei—t- = ZVM! ) (Vinlet - V)

ar _AGy ¢ _qy APuwhe ()
dt m-c m-c

The water vapour concentration v is related to the relative humidity, Eq. (3.11):
v

Vou(T)

For the sorption isotherm u = u(@), we may use the inverse @ = @(«). From this we get v as a
function of u and T:

q):

v, T)=0(u) v, (T) (3.53)
We also have:

Vit = Poner Vs (L) (3.54)

The equation system involving only « and T is now:

‘;—”t‘ = —A—"f%"-- v, T)-v,.) (3.55a)

dr  A-a,

(-1,)- 2P e (1) v,.)  (3.55b)

A& mec m-c
The initial values of moisture content, u(0), and temperature, 7(0), must be prescribed. The
function v(u,T) is given by (3.53), and Vin.; by (3.54).

This equation system for u(f) and 7(f) will be solved using the Mathcad program for com-
puter solution of mathematical problems. A number of results will be given in Chapter 4. A
complete solution in Mathcad for a particular case is given in Appendix A.
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3.4 Basic response time constants

The above equations, (3.55a) and (3.55b), for u(¢) and 7(¢) involve two basic time constants
for the moisture and thermal response to a change of the outside humidity @, and/or tem-
perature 7. In order to obtain formulas for these time constants, we have to linearize the
equation system.

The water vapour content v = v(i,7) is linearized:
ov

0
Nt )+ 2 (0-1,)

Tch )+ inlet
Here, the derivatives of v(u,T) , Eq. (3.53), are taken at the point of linearization:

v(u,T) = v(u

inlet *

a_v = d(p (uinlet )‘ vxut (Tch ) = ME_E];—}')

du  du -
ov dv dv
Y _ ) lsa (T V= . —sat (T
aT ¢(uznlet ) dT ( ch ) (Dmlet dT ( rh)
Insertion of the linearized approximation of v(u,T) — Vi, in the equations (3.55) gives:
A- .
Yo AP V‘”'d(T“” ) -ty )- AP g S 1) (3.562)
dr m r m dT
dr A- o,
— = e (T_T -
dt m-c ( ch )
h (A .
—=- ﬁvmt ’ VsatdETCh ) ’ (u ~Uinter )+ A ﬂvmt “Qinter * de, ’ (T _Tch) (3.56b)
c m - m dT

The factor before u — u;y,; in (3.56a) is 1/t; , Eq. (3.14):
m du

t e . —
: A'ﬁvmt .Vsat (Tch) dq)

The factor before T — T, in the first term of the equation for 7(7) gives the time constant #; for
a pure thermal response:

m-c
t, = 3.57
’ A- a, ( )

(@)

The factor before T — T, in the equation for u(f) may be written in the following way:

dv g,
A ’ ﬁvmt dV sat 1 du dT

m "Winler * d_T - -t—l- ' (pinlet ’ @ ’ th (Tch )

Here, v1 , 1s given by (3.28) and #, by (3.39).
The two linearized equations (3.56a) and (3.56b) are now:
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du 1 c I

= y-uy V-2 (T-T 3.58
dt t] (u umlet) he tl 't3 ( ch) ( a)
dT 1 , h, 1

S AT -T.,)-—- —-(u—u. 3.58b
dt [’3 11'13]( +) ¢ = t) ( )

The equations involve the factor c¢/h, and the three times #;, f and f3. The solution for any
initial values #(0) and 7(0) is well known. See for example Claesson and Hagentoft (1994).
We will not give the solution in detail here. Our main interest is the time constants of the re-
sponse to a change of @, (and/or T ). The solution consists of two exponentials exp(-A-2)
and exp(-A.-f). The exponents involve the two eigenvalues of equation system (3.58). These
are the solution of the determinant:

L _c.
t] he

h
_h 1o, 1
c t t,

PEI I LR S-S U S
L Ly 4Ll

-1,
2’2

We multiply this equation by the factor

1 1
t, -t3—1-(t1 +1, +t3)+7=0

The solutions for % are:

2
1t +1,+t, t,+t,+t,
—= + —1 -1,
A 2 2

We have obtained the two time constants of the exponentials:

, :%:%-(tl +t2+t3+J(tl 1,41, ) —4-1, -t3) (3.59a)
t‘:%:%-[tl+t2+t3—\/€+t2+t3)2—4-t1-t3] (3.59b)

The solutions for u(t) —uin., and T(¢) — T, are linear combinations of the two exponentials:

—t/t, —t/t

e e

The coefficients are determined from the initial conditions.

51




Retarded sorption in wood Part1

The larger time constant ¢, determines the exponential approach towards u = u;y,, and
T =T, . 1tis our basic response time:

1
, =A_=%'(t1 +1, +1, -i-\/(tl +,+1,) —4-1, -t3)

+

Let us summarize the results. We have three time parameters:

h-—— 2 (p,,,)
: A ’ ﬂvmt : VSHI (Tch) dgo e

du m-h d;}” (T " )
t,. =—\0. - Q. . - -
5 ng (¢znlet ) Pinter A- a, v, (Tch )
{ = m-c
’ A a,,

These times are combined in (3.59) to give the smaller time constant ¢ and the larger, basic
response time #,.

3.5 Heat and moisture transfer coefficients

A crucial part of the above theory for the moisture and temperature response of the thin sam-
ples of the type used in the experiments is the transfer coefficients oy, and P for heat and
moisture. We will here discuss them in some detail.

3.5.1 Lewis’ relation

Lewis’ relation, Eckert and Drake (1959), relates the surface moisture coefficient B to the
convective heat transfer coefficient o, :

p=—"

[m/s] (3.60)

a Cpa

The relation is based on an analogy between heat and water vapour diffusion in flowing gas at
a solid boundary.

The following value for the volumetric heat capacity of the air will be used:
Pa - Cpa = 1200 [J/(m’, K)]

3.5.2 Heat transfer coefficients

The heat transfer consists of a part due to radiation, o, , and a part due to convective heat
transfer, o, . The total heat transfer coefficient ,, is the sum of these two. See Eq. (3.30).

Radiative heat transfer coefficient Q.,

For the samples placed in a single flat layer, the heat transfer coefficient from radiation, o, , is
calculated with a view factor F = 1, since every part of the sample is openly exposed to a
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hemisphere of chamber wall. For a view factor of 1, an approximate expression for the coeffi-
cient for a moderate temperature difference is:

o =4-¢0-(T +273) [Wim*°C)] 3.61)

Here, the Stefan—Boltzmann constant is ¢ = 5.67-10% [W/(m*K*)]. The combined emissivity

€ is with the emissivities €; and &, of the surfaces of the sample and the chamber:
1 1 1

—=—+—-1 3.62
E g & (362)

The emissivity for wood is around 0.9, and the same value was chosen for the walls of the
chamber. This gives with (3.62) a combined emissivity of 0.82.

Convective heat transfer coefficient O

For the convective heat transfer coefficient, o , a rough estimate based on an assumed speed
in the surrounding air is made. The air blows parallel to the sample.

The Colburn analogy between wall friction and heat transfer, given in Bejan (1993), is:
Nu, =0.0296-Re’ - Pr*

a .

Nu, the local Nusselt number, Nu y = CA Y
A heat transfer coefficient [W/(m-K)], A =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 0-30°C)

. u,-y
Re, the local Reinolds number, Re y=—

\%

U, the speed of the surrounding air [m/s]
v kinematic viscosity [m%/s]

The air speed is assumed to be 1.5 m/s. A point on the middle of the sample, 0.05 m from the
edge, is investigated.

e, = 1‘—5;0—'(_3% 5000  Nu, =0.0296-5000% -0.72% =24
’ 1510 ’
o, = Mz 12 [W/(m*K)]
0.05

Here, v =15 .10 m?s is the kinematic viscosity for air at 20°C. This reference value for o, is
varied in Sections 4.3.6 and 4.4.3.

3.5.3  Heat transfer coefficient in a pure water vapour environment

In Section 0 examples from the experiments of Christensen in pure water vapour are evalu-
ated. The heat transfer coefficient is required in the calculations. Only natural convection is
assumed to take place. (It should be noted that there is no diffusion of water vapour here. This
means that Lewis' law is not applicable).
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The following notations are used in this section:

g gravitational acceleration [m/s?]
Bex coefficient of volumetric thermal expansion K1Y
Tyuy-Ton= AT temperature difference between sample and chamber [K]
L, height of the vertical surface [m]
P density [ kg/m® ]
Psar density of saturated water vapour [ kg/m3 ]
Cp heat capacity for the gas [ J/(kg-K) ]
R dynamic viscosity [ kg/(s-m) ]

. L 2 U
\% kinematic viscosity [m“/s]V = —
o, convective heat transfer coefficient [ W/(mz, K)]

V . p - C # - C

Pr Prandtl number for the gas, Pr = E = -

A A

The convective heat transfer coefficient, o , is calculated with help of the Nusselt number.
The average Nusselt number for a "wall" of height L is defined as:

_ L Nu, -
Nu, = 7 4 o, = Nu. -4 [ W/(m% K) ] (3.63)

y

A representative sample size is 10x10x1 mm for many experiments made by Christensen
and coauthors. The Grashof number gives a relation between buoyancy forces from natural
convection versus viscous forces. The Grashof number, Gry , related to the total height of the
sample is, Bejan (1993):

B (T -T.)-I L,
_& P (s‘"/”; o) Ly (3.64)

Gr,

10 mm

0
%y

For water vapour at the actual pressures far away from the pressure at the critical point, the
dynamic viscosity is highly independent of the pressure. The value of the dynamic viscosity
for water vapour, U, is shown in Table 3.1 and Figure 3.9. On the other hand the kinematic
viscosity, defined as v = W/p , is inversely proportional to the density and thus inversely pro-
portional to the pressure (if the gas acts as a perfect gas). This is illustrated in Figure 3.9 for @
=1and 9=0.5.

v _p wT) u(T)

v sat p sat

In

The conductivity, A, is highly constant with pressure for pressures in the actual range. This
means that the values in can be used for all @. This also applies for the Prandtl number for the
gas also shown in Table 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 V0 A Pr
[°C] [ kg/m’] [ kg/(ms) ] [ W/(mK) ]
0 4847-10° 884-10° 0.0167 0.9816
10 9396-10° 917-10°® 0.0174 0.9812
20 1729-10° 952.10°® 0.0181 0.9805
30 3037-10° 986-10° 0.0190 0.9730
40 5116:10° 1018-10°® 0.0197 0.9741
50 8302-10° 1051-10°® 0.0204 0.9784
60 1302-10* 1088-10°® 0.0212 0.9833
70 1982-10* 112810 0.0222 0.9837
1.2E-05 ; ; 0.0012
1.0E-05 ;/,__, . // 0.001
5, 8.0E-06 Dy 0.0008
? 6.0E-06 1 N 1 0.0006 %
E ronos \ \\ .v((p=0.50) 00004 E
Qg | \ .
v(g=1)
2.0E-06 s 0.0002
\
0.0E+00 + . . . 0
10 20 30 40 50 60

Temperature [ °C]

Figure 3.9  Viscosity of water vapour as a function of RH and temperature

A empirical correlation to calculate the Nusselt number for an isothermal vertical surface is
shown in Figure 3.10, Pitts and Sissom (1977). The lower range in the diagram is applicable
for the conditions here where conduction is dominating. A rough estimate of pure conduction
in stagnant gas with the sample size and a chamber diameter of 0.1 m gives a corresponding
value of In(Nu) = 0.1 . This figure is used as an extrapolation of the diagram for low values.
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25

In(Nu)

05 d
]

-1 1 3 5 7 9
In(Gr-Pr)

Figure 3.10 Correlation between Gr-Pr and Nu numbers for heated vertical plates

The product of Gr-Pr is used in Figure 3.10. It can be expressed as:
3 3 2
g B AT-L, v-pc, gP,AT-L-p°c

Gr-Pr= 4
v’ A A-u
Exchanging p with p,, - ¢ and grouping the temperature depending variables we get:
2
- . C
Gr-Pr:g-LSy-——B” il 2(T)-@*-AT
A-u

At 20°C the product of Gr-Pr is:

0.0173* -1866 _
(20+273)-0.0181-952-107*

At 60°C the product of Gr-Pr is:

Gr-Pr=9.81-0.01"- @’ -AT =0.108 - ¢ - AT

0.1302% -1916 _
(60+273)-0.0212-1088-107°

Gr-Pr=9.81-0.01°- @’ AT =4.15-¢> - AT

The Prandtl number is very close to 1 as seen in Table 3.1. The convective heat transfer coef-

ficients are calculated from Equation. (3.63) for a few values in below.

Table 3.2 Convective heat transfer coefficients for different temperature differences, RH-
levels and temperature levels for the examples
T =20°C T=60°C ‘
RH AT=0.1°C |AT=1°C AT=10°C [AT=0.1°C [AT=1°C AT =10°C
¢0=02 2.04 2.04 2.04 2.39 2.50 2.64
¢0=0.5 2.04 2.04 2.06 2.39 2.52 3.49
¢©=0.8 2.04 2.04 2.09 2.42 2.79 4.18

As seen in the table, 0. is close to constant with temperature difference. It is only at high tem-
perature combined with a large temperature difference that there is a significant influence.
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4 Numerical studies of step responses

We will in this chapter apply the theory developed in Chapter 3 for the thin samples used in
the experiments reported in this thesis.

4.1 Saturation water vapour content

The formulas of the preceding chapter involve the saturation water vapour content, vs(7), and
its derivative. These functions are shown in Figure 4.1. The strong temperature dependence of
the saturation vapour content is illustrated in the diagram. The ratio used in for example in
Equation 3.28 between the temperature derivative of the saturation water vapour content and
the function itself, is plotted in Figure 4.2. Its variation with temperature is small.

The expression to be used for the saturation water vapour content is given by (4.1). The
principle for the expression is taken from The Institute of Measurement and Control (1996)
adopted from vapour pressure to vapour content to values from Grigull (1979). The fitted
range is 0 < T < 80°C.

v =¢€

a
xp[m-i-az +a,-(T+273.15)+a, -(T +273.15) +a, -1n(T+273.15)}

where: a; =-6050 a,; =14.835 a3 =-0.0268 a4 =0.0000172 as=1.43 “4.1)

1 0.1
mE B~ v
=

2 k-

- E
>"1 =
§ o1 _— —3 001

8 — e

S ~

‘3 //

[} L~

2 | Yo T dvald]

g 0.01 — =+ 0.001
S s L

Q

.§ // -

=

w2

0.001 0.0001
0 10 20 30 40 50 60 70 80

Temperature 7' [ °C ]

Figure 4.1 Saturation moisture content Vs, and its temperature derivative dvy,/dT as a
function of temperature.
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0.08
1 .dvm,
vV, dT
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Figure 4.2 Ratio between the temperature derivative dv,/dT and the saturation moisture
content Vg, as a function of temperature.

4.2 Reference case

The calculations in this chapter will concern a reference case and variations of some parame-
ters of this case.

4.2.1  Sorption isotherm

It is very convenient to have a formula for the sorption isotherm that is easy to work with. The
following simple expression has an overall shape with a rather good agreement for wood in
general:

u(p) = A1l In(@)]

008<¢p <098
B ®

The @-interval is however limited since the function is not finite at both extremes of the inter-
val. If additional constants C and D are added the algorithm can be made finite.

u(0)= A-In[- 1nl£c @+ D)

0<@p<1 (4.2a)

The constant D is chosen so that u(0) = 0. Furthermore C is chosen so that u(1) = u,,, . We
thus have three variables A, B and u,,,, for the sorption formula. The constants D and C be-
come:

eA_B'”max A

A
D=e"° C=e" —e ¢ (4.2b)
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We will also need the inverse of the sorption isotherm: ¢ = @(x) . We have from (4.2a):

o(u)= % . {exp[- exp(A—B- u)]— D} O<s<u<u,, (4.2¢c)

The derivative of the sorption isotherm and its inverse are readily obtained from(4.2a) and
(4.2c). We get:

du C 1 1

an _t. : 0<p<1 4.2d
dp B —-In(C-9+D) C-¢+D ¢ (+2d)
dp B
=T =" .explA-B-u—-exp(A-B-u)] O0<u<u_ (4.2¢)
du C

The following values will be used at 20°C for Scots pine (Pinus sylvestris):
A=15 B=19.2 Umax = 0.5 (4.2f)

The values for C and D become:
D =0.01131 C =0.98838

It is somewhat difficult to obtain good sorption data from literature (they seem to vary
more between specimens of researchers than between specimens of wood). Fitting has been
made to absorption data from Ahlgren (1972) given in Kielsgaard-Hansen (1986). The mois-
ture content values are somewhat high compared to data by others. Kielsgaard-Hansen pres-
ents two series of measurements. The one with smaller values was used to obtain the above
values. The fitted value of u,,,, became high. It was reduced to conform with other data.

The sorption isotherm depends somewhat on the temperature also: u = u(@,7). The tem-
perature dependency of the sorption isotherm is not too well established. The temperature de-
pendence is obtained by fitting in the following way:

A=17-0.01T
B =19.1 +0.00025-7°
Upar = 0.52 — 0.001-T (4.2g)

Here, T is given in °C. The temperature dependence is not obtained by fitting of specific data
for Scots pine only, but also on properties for wood in general described in the literature. The
above fitting is therefore somewhat uncertain. The temperature dependency for upg, , which is
mostly influencing the relative humidity range close to 100%, was selected to be ~ 0.1% per
°C. This is based on the temperature dependency for the fibre saturation point which is con-
sidered to have this value generally for wood, Nilsson (1988). By adding a linear term to the
constant A , the desired effect of having a rather uniform du/dT distribution over a wide range
of the centre @ -interval is achieved. Due to the special properties of the algorithm, to maintain
this desired effect over a wide range of temperature levels, a non-linear term have to be added
to the constant B. The uniform du/dT distribution is based on data from Stamm (1964). Both
Stamm (1964) and Krischer (1963) show a slight increase in the du/dT values for a range
around ¢ = 0.8 for high temperatures. The same tendency is seen in data from Kelsey (1957)
discussed in Wadsé (1997). This effect could be achieved by increasing the non-linear term in
constant B but it is not done here. A moderate temperature dependence is used in the analyses
in this chapter.
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The sorption isotherm u(@,T) (4.2a, b, f and g) for Scots pine is shown in Figure 4.3.
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Figure 4.3  Sorption isotherm (4.2) for Scots pine

The sorption isotherm , fitted for Scots pine at 20°C, is rather similar for other species such
as Norwegian spruce, Sifka spruce and Klinki pine. The temperature dependence in the ex-
pression is taken from several kinds of wood. The group of sorption curves for the whole tem-

perature range are therefore not so related to Scots pine specifically, but more to wood in gen-
eral.

4.2.2  Latent heat of evaporation and heat of sorption

The latent heat of evaporation, A, , has a slight dependence with temperature. A linear expres-
sion for this dependence is given in (4.3), taken from Nevander and Elmarsson (1996). The
expression yields k. = 2.45-10° [J/kgyarer] for 20°C and A, = 2.49-10° [J/Kgyaz] for 5°C.

h,(T)=25-10°-(1-0.001-T)  [I/Kguaer) (4.3)

The latent heat of sorption is the difference in enthalpy between vapour and free liquid
water. The enthalpy at the free, liquid state is zero by definition. There is also a difference in
enthalpy between the free and the sorbed state. In Figure 4.4 the heat of sorption, designated
hsorp , is shown as a function of the moisture content for wood. The arrow in the figure shows
the differential heat of sorption produced by absorption at a constant level of humidity (an
infinitesimal amount of water sorbed to the material). In the calculations, an average over the
step interval in moisture content is used. No temperature dependence for the heat of sorption
is included. The total heat of sorption becomes:

he,mt = he (T)+ hsorp (u) (44)
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The heat of sorption in Figure 4.4 is taken from a diagram in Wadso (1997) (from Skaar
1988). A fitting with a simple expression, (4.5), was done.

h (4)=1.15-10°-exp| — —— 45
@) {57 @5
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Figure 4.4  Latent heat of evaporation, h, (at 20°C), and heat of sorption, hsp(u), as a
function of moisture content for wood. (J per gram of water).

4.2.3 Data for reference case

As a first numerical example we consider the following case which is quite typical for the
experiments. The temperature is 20°C. The initial relative humidity in the sample is 75%, and
the inlet air relative humidity is 85%. The sample is subjected to a step from 75% to 85%. The
dry weight of the sample is m = 0.0077 [kg] and the total area of the sample is A = 0.0178
[m2 ]. The sample thickness, 2-L, is 1.7 mm. The average diffusion length, L., , is chosen to

L, =08L= 0.68-10° [m] . See Figure 3.2. The air exchange into the chamber is Vm.,=
0.066-10° [ m’/s ]. Longitudinal transport coefficient is D, = 4-10® [m%s] according to Vil-
ladsen et al (1993). The radiative heat transfer coefficient is with a emissivity of 0.9 on the
sample and the chamber wall, Egs. (3.61) and (3.62), o, = 4 [W/(m?,K)]. An estimate for the
convective coefficient is o = 12 [W/(mz,K)] according to Section 3.5.2. The latent heat of
evaporation is h, = 2.45-10° [J/kg] and the heat of sorption is estimated to Ay, = 0.10-10°
[J/kg] according to Section 4.2.2 (for u = 0.17). The heat capacity for dry wood is estimated to
1300 [J/(Kgwood» K)]. To this capacity the added mass of water is contributing with 4180
[J/(Kgwater, K)]. At this moisture level the combined heat capacity becomes 2000 [J/(kgwater,
K)].
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We have the following primary input data:

Qinter = 0.85 ¢(0) =0.75 T, =20°C
T(0) = 20°C m = 0.0077 kg A=0.0178 m*

L., =0.6810-3 m Vir =0.066-10-3 m3/s D, =4-10-6 m/s

o, =4 W/(m2,K) o = 12 W/(m2,K)

h, =2.55-10° J/kg ¢ = 2000 J/(kg,K) 4.6a)

The total heat transfer coefficient becomes, (3.30):
Ot = 16 [W/(m®, K)]

We use Lewis’ law, (3.60), to get the surface moisture transfer coefficient:

12
=——=0.01 [m/s
P 1200 (ro/s]

The total moisture transfer coefficient By, becomes, (3.8):
1 0.0178 1 0.68:107°
= —+ + —
B... 0.066-10 001 4-10

Buior = 0.001853 [m/s]

The saturation moisture content at 20°C and its temperature derivative can be obtained from
Figure 4.1, Vgq = 17.29-10° [kg/m® ] and dv,/dT = 1.012-10 [kg/(m® K)]. The moisture ca-
pacity for the wood at Qin; = 0.85 is du/de = 0.3759 [Kgwarer/KEwood]-

We have the following auxiliary data for the reference case:
Oor =16 [W/(m% K)]  Puor = 0.001853 [m/s]
d
Vear (20) = 17.29-107 kg/m’ —g-%'-'-(zo) =1.012-10" kg/m* K :—” (0.85)=0.3759 kg/kg
(7

w(0) =0.1436 kg/kg  wimer=0.1733 kglkg (4.6b)

424  Comparison of the different solutions for the reference case
In the preceding chapter, we have presented three solutions involving different assumptions. It
is of interest to compare these.

In Section 3.1, the temperature changes were neglected. By assumption the sample tem-
perature was equal to the chamber temperature: T = T, . The time constant #; , (3.14), be-
comes:

L[ 00178 1 0.68-10 )  0.0077-0.3759

" 10.066-10° 001 4-10° | 0.0178-17.29-10°

t, =(270+100+170)-9.405=5077 [s] t, =1.41 |h]

The solution u(f) 1s given by the simple exponential expression (3.15). Figure 4.5 shows u(?)
for the reference case.
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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.

In Section 3.2, the effect of latent heat was considered, but the heat capacity of the sample
was neglected. The constant y; concerning the latent heat and the total heat transfer, Eq.
(3.28), is:

_1.012:107 2.55-10° 0.0077
17.29-10° 16  0.0178

The time constant £, , (3.39), is:

t,=7%, '&d%'q’""’” = 4032 - 0.3759 - 0.85 = 1288 [s] #,=0.36 [h]

=4032 [s, kgwood /kgwa!bf]

1

The time constant #, , which depends on the step size, Eq. (3.40), becomes:
ty=4032 - (0.1733 - 0.1436) = 120 [s] #y=0.03 [h]

The dimensionless parameter Y from Eq. (3.42), involving ¢, t; and #5, is:
120

y=——" 00188
5077 +1288

The excess temperature at ¢ = 0 is, Eq. (3.49):

0)-T _2.55-10°-0.0077 0.1733-0.1436
o 16-0.0178 5077 +1288—120

=0.327 [K]

The solution u(?) is given by (3.38). It is shown in Figure 4.6, left. The shaded line shows
the solution of Figure 4.5 from Section 3.1. The essential difference of the two curves is that
the time constant in the exponential is changed from #; = 1.41 hto t; + £, = 1.41 + 0.36 h. The
correction due to the small y-value of 0.0188 is secondary. The right hand figure shows the
temperature as a function of time, Eq. (3.47).
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Figure 4.6  The moisture content, u(t) (left figure) and the temperature T(t) (right figure) for
the reference case using the second solution from Section 3.2. The shaded line
shows the solution from Figure 4.5.

The general solution for a small sample was given in Section 3.3. The two coupled, nonlin-
ear equations for u(f) and 7(¢) are given by (3.55a) and (3.55b). The equations have been
solved using the mathematical package Mathcad. A numerical routine based on the Runge-
Kutta method is used. The complete work sheet for the general solution is given in Appendix
A. A few comments are added in order to explain the different steps in the solution. The
Mathcad solution is shown in Figure 4.7

0.175 204
T
u 0.17 [DC] 20.35
(kg/kg]
20.3 A
0.165 -
20.25 1
0.16 4
20.2 1
0.155 A
20.15 4
0.15 4 201 4
0.145 A 20.05
0.14 L] L} L) L) 20 ) L3 T L]
0 1 2 3 4 5 0 1 2 3 4 5

t [h] 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.

The thermal response involves a much shorter time constant. Figure 4.8 shows this initial
period with its rapid temperature change to a maximum and a following, slow thermal decline.
The maximum temperature 7" = 20.390 occurs at ¢ = 200 sec.
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Figure 4.8 The moisture content u(t) (left figure) and the temperature 1(t) (right figure) for
the solution from Figure 4.7 for the initial period.

The three solutions of Figure 4.5 to Figure 4.8 are shown for comparison in Figure 4.9.

0.175 20.4
T 2035 -
u 0.17 1 [°C] 33
[kg/ke] 20.3
0.165 -
2025 -
0.16 4 202 -
0.155 4 20.15 4
20.1 A 32
0.15 -
20.05 -
3.1
0.145 20 - /
0.14 . T . T 19.95 — T . T
0 1 2 3 4 5 0 1 2 3 4 5
t [h] t [h]
Figure 4.9 The moisture content u(t) (left figure) and the temperature 1(t) (right figure) for

the three solutions of Sections 3.1 - 3.3.

The nonlinear equations were linearized in Section 3.4. We obtained a time constant #; for
a pure thermal response, and two basic time constants #. and .. The value of #3 is for the refer-
ence case, Eq. (3.57):
0.0077 - 2000
t;, =————— =54 [s]
0.0178-16
The three time constants ¢, , f; and t3 are combined to give the two time constants for the so-
lution. The time constant ¢, from Eq. (3.59a) is the basic response time:

13 =0.015 [h]
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t, =1 (5077 +1288 + 54 + \/(5077 +1288+54)" —4.5077 - 54) = 6377 [s] t.=1.77 [h]
Time constant 7. from Eq. (3.59b) is short and basically only influencing the initial phase:

t =1(5077+1288+ 54— /(5077 + 1288+ 54 — 4-5077-54 )= 43 [s]

The linear equations may be solved analytically. For simplicity, we have used the mathcad
solution linearized in v(u, T) as is shown in Section 3.4. In Figure 4.10 the lincarized and ex-
act solutions for u(f) and 7(¢) are shown. The linearized solution is shown as thin lines. The
full lines show the general solution from Section 3.3. We see that the solutions at first are
somewhat different, but later they follow each other quite well. There is a certain difference
for the temperature during the first period with rapidly changing temperature. This is shown in
Figure 4.11, left. These initial differences are due to different conditions for the two solutions.
The solution from Section 3.4 uses a linearization for the moisture capacity and the saturation
vapour content in the equilibrium point. The general model on the other hand uses the exact
moisture capacity and the saturation vapour content at the present moisture content and tem-
perature. These differences are largest at the start of the step.

0.175 20.4
T
uw 0.17 4 Cl 20.35 4
[kg/kg] .
20.3 4+
0.165 -
20.25
0.16
20.2 -
0.155 4
20.15 4
15 4
0.15 20.1 -
0.145 4 20.05 -
0.14 . T . . 20 r . . .
0 1 2 3 4 5 0 1 2 3 4 5
t [h] t [h]

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
Jfrom Section 3.3.

The driving force behind the moisture transport is differences in moisture vapour content.
To illustrate how the vapour content evolves during the initial phase with rapidly changing
temperature, a diagram with v(?) is plotted. See Figure 4.11, right. At the starting point of the
step the two curves of moisture vapour content differ since curve 3.4 is derived from a lineari-
sation at @i, and curve 3.3 uses the correct vapour content. The two response curves con-
verge at equilibrium.
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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 Changes of key parameters for the reference case

4.3.1  Temperature altered to 5°C

The experiments have been carried out, besides at 20°C as in the reference case, at 5°C. It is
of interest to consider the reference case with the temperature altered to 5°C. The primary data
of reference case (4.6a) are valid except for:

T, =5°C T(0)=5°C

The auxiliary data, (4.6b), have the following changes:

dv

Vsar (5) = 6.80-10° kg/m’ —d}i(s):4.49-10'4 kg/m* K  h, =2.49-10° J/kg

—dl(o.ss)zo.378 kg/kg u(0)=0.1519 kg/kg tine =0.1817 kg/kg

de

The time constant ¢, , (3.14), becomes:

- 0.0178 N 1 +O.68-1O‘3 ~0.0077-0.378
" 10.066-10° 001 4-10° | 0.0178-6.8-10°°

t, = (270+100+170)-24.1=12990 [s] t1=3.61 [h]

The constant v; is changed somewhat , Eq. (3.28):
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_4.49-107" 257 10° 10.0077
6.8-107 16 0.0178

The time constant 7, , (3.39), is:

1, =7, ‘:—;-gom,e, = 4599 - 0.378 - 0.85= 1478 [s] 1,=0.41 [h]

=4599 [s, kgwood /Kgwater]

Vi

The difference in the moisture content in the equation for time constant ¢, is changed slightly
because of the minor temperature dependence of the slope of the sorption isotherm. Eq. (3.40)
gives:

ty=4599 - (0.1817 - 0.1519) = 137 [s] #,=0.04 [h]

In Table 4.1 the constants for 5°C are shown together with the previous ones for the refer-
ence case.

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

at 20°C.

lower temp. ref. case
T, =5°C T =20°C

t [s] 12990 5077

t [s] 1478 1288

Y 0.0095 0.0188

ty [s] 137 120

t, [s] 14470 6377

t [s] 49 43

I0)- T, [°C] 0.145 0.327

We see that significant changes take place for #; , y and T(0) - T, whereas #, and t, are
changed insignificantly. The saturation water vapour content, vy, , is a factor of the denomi-
nator in Eq. (3.23) for ¢, . This explains the change of ¢, . The expressions for 7(0) - 7, and ,
(3.49) and (3.42), have the time constant ¢, in the denominator, which explains the change.

The time constants #, and #, are changed insignificantly with temperature. They both con-
tain y; as a factor, (3.39) and (3.40). The expression for v; , (3.28), contains a factor (dvs,/d7)/
vsar shown in Figure 4.2. Its variation with temperature is small.

The solutions u(#) and 7(f) were calculated in the previous section for the reference case (at
20°C). Corresponding results for the reference case at 5°C are shown in Figure 4.12 and
Figure 4.13.

Figure 4.12 shows the second solution given by (3.38). The shaded, upper line shows the
isothermal solution from Section 3.1. The corresponding Figure 4.6 at 20°C has a substan-
tially faster development. The excess temperature is also substantially lower at 5°C, since it is
driven by the moisture flow. This is seen in Eq. (3.49) of the excess temperature where the
step in the moisture content is in the numerator and the time constants are in the denominator.
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Figure 4.12 The moisture content, u(t) (left figure) and the temperature T(t) (right figure) 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° C from Figure 4.6 are thin.

The step response basically takes place with an exponential decline with a time constant of
11 + 1, , and with the time constant of #; for a response where the latent heat is ignored. This
means that the relative importance from the latent heat is less at lower temperature where f; is
relatively larger.

The three solutions from Sections 3.1, 3.2 and 3.3 are shown in Figure 4.13. The corre-
sponding curves for the reference case at 20°C are given in Figure 4.9.
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Figure 4.13 The moisture content u(t) (left) and the temperature 1(t) (right) for the three
solutions of Sections 3.1 — 3.3.
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The influence from the temperature is illustrated further in the parameter study in Section
4.4.1 for a wider interval of temperature.

4.3.2  Smaller step in relative humidity
Instead of the step from @(0) = 0.75 to @ine = 0.85 in the reference case, a smaller step from

¢(0) = 0.83 to Qjnier = 0.85 is calculated.

In the analytical solution, time constants #; and #, are not changing with the step change
since they depend on du/d¢@ , vy, and @;ns; , Which remain the same. The primary and auxiliary
data only have the following changes:

¢(0) =0.83 u(0) =0.1662 kg/kg
Time constant ¢, is proportional to the step size, Eq. (3.40):
t, =7, (U —u(0)) = 4032 - (0.1733 - 0.1662) = 29 [s]

The constant vy, is not changing with the step size, Eq. (3.28).

Table 4.2 Time constants for a step response for a small step from ¢(0) = 0.83 t0 Qinser =
0.85 in reference case (4.6), 20°C.

small step ref. case
83% —> 85% 75% —> 85%
n [s] 5077 5077
5 [s] 1288 1288
Yi 4034 4599
Y 0.0045 0.0188
ty [s] 29 120
£ [s] 6377 6377
t. [s] 43 43
T0) - T, [°C] 0.077 0.327

In Figure 4.14 the linearized solution from Section 3.4 is compared with the general solu-
tion from Section 3.3. For this small step, the two solutions of u(f) are virtually identical.
There is a very small difference for the temperature around the temperature peak.
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Figure 4.14 The moisture content u(t) (left figure) and the temperature 1(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  Step at higher relative humidity

Instead of the step from @(0) = 0.75 to @it = 0.85 in the reference case, a step at higher rela-
tive humidity but with the same magnitude, (in RH), is tested. The step is from @(0) = 0.85 to
@it = 0.95 . The heat of sorption is changed insignificantly at this high moisture level. The
primary data of reference case (4.6) are valid except for:

Qinter = 0.95 (P(O) =0.85
The auxillary data have the following changes:
%(0.95) =1.062 kgkg u(0) =0.1733 kg/kg  uimer = 0.2331 kg/kg

The moisture capacity, du/de, is substantially larger at 95% . The expressions for both #; and
t, contains the moisture capacity as a factor.

t, =%, (U, —u(0)) = 3578 (0.2331 - 0.1733) = 214 [5]
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Table 4.3  Time constants for a step response at higher humidity from @(0) = 0.85 t0 Qe
= 0.95 in reference case (4.6), 20°C.

high RH-level ref. case
85% —> 95% 75% —> 85%

t [s] 14350 5077

t [s] 3980 1288

Y1 [s-kg/kg] 3944 4599

Y 0.0129 0.0188

ty [s] 236 120

ty [s] 18340 6377

t. [s] 43 43

T(0) - T, [°C) 0.223 0.327

In Figure 4.15 the differences between the responses at higher relative humidity compared
to the reference case are shown. We see that initially there is the same sorption rate resulting
in the same excess temperature. Later the responses are slower due to the higher moisture ca-
pacity at the higher humidity level.
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Figure 4.15 The moisture content u(t) (left figure) and the temperature 1(t) (right figure) at
higher relative humidity using the general solution from Section 3.3. The refer-
ence case is included for comparison.

The influence of relative humidity is illustrated further in Section 4.4.2, where the relative
humidity is varied in a wider range. Also an investigation of a combination of the levels of
relative humidity and temperature is shown.

4.3.4  Variations of the resistance of diffusion

The uncertainties of the moisture resistance due to internal diffusion are represented by the
equivalent length for the diffusion L., in the sample, Figure 3.2. In the example in this section
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the resistance of diffusion is halved and doubled compared to the reference case to investigate
the influence. To test the influence from the chosen fraction L./L = 0.8, the fraction is given
its largest possible value, 1.0 , in one case. A case with zero diffusion resistance in the mate-

rial is also included. The time constants are shown in Table 4.4 below.

Table 4.4  Time constants for different moisture diffusion values in reference case (4.6).
zero  re- low resis- reference Lyg=1L high re-
sistance tance case sistance
L., /Dy 0 85 170 212.5 340
t [s] 3478 4278 5077 5477 6676
t [s] 1288 1288 1288 1288 1288
Y 0.0251 0.0215 0.0188 0.0177 0.0150
t, [s] 120 120 120 120 120
t. [s] 4781 5579 6377 6776 7974
t. [s] 39 44 43 44 45
T(0)-T,, [°C] 0.439 0.375 0.327 0.307 0.260

The contribution from the resistance of diffusion, L., /D, , to the total moisture resistance,
1/Bvior » in Eq. (3.8) is less than half for the reference case. The variation of the internal diffu-
sion does not have a large influence in the examples. We have the important conclusion that
the response time scales are not influenced significantly by this somewhat uncertain factor.

4.3.5

The flow rate of air into the chamber is limited. This makes the step in the air inside the
chamber less steep. To test the influence, the air flow is doubled and halved. The obtained
time constants are shown in Table 4.5. A case where the step in the chamber is thought to take
place instantaneously is also included.

Supply air flow

Table 4.5  Time constants for different amounts of supply air in reference case (4.6).
instant. step high air flow ref. case low air flow
V. [ms] o 0.132:10° 0.066-10° 0.033-10°
t [s] 2540 3809 5077 7614
1 [s] 1288 1288 1288 1288
Y 0.0312 0.0235 0.0188 0.0134
ty [s] 120 120 120 120
t. [s] 3847 5111 6377 8911
t [s] 36 40 43 46
T0)- T, [°C] 0.551 0410 0.327 0.233

The effect of the restricted air flow influences the moisture flow through a term in the total
moisture resistance, /By, , in Eq. (3.8). It influences By in the same way as the diffusion
resistance in the material. The contribution to the total moisture resistance in the reference
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case is a little larger than that from the resistance from internal diffusion and hence a variation
in supply airflow has a little more influence than a variation of the internal diffusion parame-
ters.

The measurement of the supply air flow was rather accurate and the uncertainty of this term
in Eq. (3.8) is relatively small.

4.3.6

A change of the convective heat transfer coefficient o, is more complicated than the effect
from variations of the resistance of diffusion and the effect of variations in air supply, which
both influence through the total moisture resistance, 1/Bys; . An increased heat transfer coeffi-
cient primarily decreases the thermal resistance and reduces the excess temperature and thus
the effects from latent heat. The heat transfer is somewhat complicated by working in parallel
with the radiative heat transfer. Besides the thermal effect, an increased convective heat trans-
fer coefficient also has a direct influence on the moisture flow by reducing the surface mois-
ture resistance and thereby reducing the total moisture resistance.

Convective heat transfer coefficient

The time constant #; for the thermal response is inversely proportional with o, as seen in
Eq. (3.57). The time constant is included in Table 4.6 to illustrate this.

Table 4.6  Time constants for different convective heat transfer coefficient in reference
case (4.6).
low convection reference case high convection
0 6 12 24
4 [s] 6018 5077 4607
H [s] 2062 1288 736
Y 0.0237 0.0188 0.0128
ty [s] 191 120 68
t; [s] 87 54 31
t, [s] 8102 6377 5347
t. [s] 64 43 27
T©) - T, [°C) 0414 0.327 0.221

The influence from the surface transfer coefficient is illustrated further in Section 4.4.3,
where the variations in intervals of transfer coefficient and temperature are extended.

4.3.7

To illustrate the influence from the moisture dependence of the heat of sorption, Eq. (4.5) the
variation for the interval in the reference case is investigated. The influence on the latent heat
of evaporation from the small temperature change during the step is also tested.

Effect of heat of sorption

The moisture content for the interval in the reference case, (4.6b), is between wu(0) =
0.1436 and wu;ne = 0.1733 [kg/kg]. The differential heat of sorption from Section 4.2.2 is at
those points 0.148-10° and 0.097-10° [J/kg], respectively. The temperature variation during
the course of the step for the reference case is between 20°C and 20.38°C. The latent heat of
evaporation is 2.450-10° and 2.449-10° [J/kg] for these two temperatures, Eq. (4.3). By add-
ing the absolute values for the differences for the two variations, the upper limit for a possible
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variation on the total heat of evaporation and sorption is obtained. The variation becomes
2.0%. This corresponds to a change of . of only 4.2%o.

In the calculations in this chapter, an average heat of sorption for the interval in question
and the latent heat of evaporation at the equilibrium temperature are used.

4.4 Parameter variations

Larger parameter variations of temperature, humidity level and convective heat transfer coef-
ficient are made in this section, far beyond the conditions for the measurements. Only a small
step is considered and the heat capacity of the sample is ignored. The comparisons in this sec-
tion is focused on the primary time constants #; and #,. The time constants #; and #, are not
depending on the step size. The governing time constant becomes the sum of #; and #, under
these conditions. Under isothermal conditions when the latent heat is ignored, the governing
time constant becomes f; only.

In this section the radiative heat transfer is assumed to be zero, contrary to the previous
calculations for the reference case. The reason for this is to demonstrate a more pure and large
latent heat effect. The conditions without radiative transfer occur for instance inside a pile of
wood during convective kiln drying. Samples 1 and 2 measured in the first series of measure-
ment in Section 5.1 consists of several layers, as shown on the picture in Figure 2.2. The ra-
diative transfer is limited for the centre parts in those samples.

The expressions for the time constants #; and ¢, are repeated in Eqs. (4.7) and (4.8) below
for the discussions in this section:

L
tlz __A_.*_l_{._fﬂ_ —m_____(iil [S] (47)
Vair ﬁ Dv

1 dv
= sat | e (7.7 ®.. [s] (4.8)

4.4.1  Variation of the temperature

The conditions are basically assumed to be the same as in the reference case, (4.6). The radia-
tive heat transfer is however set to zero. The expressions for the time constants are evaluated
at the same moisture level, ¢ , as the equilibrium humidity in the reference case. @ = Qiner =
0.85. The temperature level T is the varied parameter.

o,=0
@ = Qinter = 0.85
T=T.=T() is varied

The values of the two time constants as a function of temperature level are shown in Figure
4.16. We see that the time constant #; decreases strongly with temperature. The second time
constant £, is rather constant (it decreases slightly with 7' ). These results are quite clear from
the formulas (4.7) and (4.8) for #; and #, . The strong variation of v, with temperature affects
t; . The factor in the formula for #, , dvg,/dT divided by v, , varies only slightly with tem-
perature. A graph of the variation with temperature for this factor is shown in Figure 4.2.
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Figure 4.16 Time constants t; and t, as a function of temperature for the reference case (with
the exception o, = 0 ).

4.4.2  Variation of the relative humidity

The conditions are basically the same as in the reference case, (4.6) with the exception that the
radiative heat transfer is set to zero. The expressions for the time constants are evaluated at the
same temperature level, 7' = T, = T(0) = 20°C, as in the reference case. The humidity level, @
= Qinle; 18 the varied parameter.

o =0

@ = Qinte; 18 varied

T=T.,=T0)=20°C

The variation with relative humidity level for the two time constants is shown in Figure
4.17. The variation of #; is a direct reflection of the moisture capacity variation, du/de , in the

equation for f;, (4.7). In the equation for #, , (4.8), ¢ is a factor. This explains the growing
value of 7, with relative humidity.
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Figure 4.17 Time constants t| and t, as a function of the relative humidity level for the refer-
ence case (with the exception o, = 0 ).

To further illustrate the relative importance of including latent heat in calculations of a
moisture change, the ratio between ( #; + f, ) and ¢, is formed. This ratio is thus the relation of
the response time scale where the latent heat is included compared to when it is ignored. The
result is shown in Figure 4.18 for the combined variation of temperature and relative humidity
levels.
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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 o, = 0 ).

We see that the importance of latent heat increases with temperature and relative humidity.
At 20°C the factor varies between 1 and 1.39 for the whole humidity interval between 0 to
100%. The relation between surface moisture resistance and total moisture resistance is con-
stant in the reference case. That relation is varied in the next section.

443 Variation of the heat transfer coefficient

The relation between the surface moisture transfer coefficient and the convective heat transfer
coefficient is obtained by Lewis’ law, (3.60), where p, - ¢p, = 1200 is selected.

B Pa- Cpa= 0 [W/(m? K)]

The constant relation between [ and o, makes it possible to have both coefficients in the same
diagram in Figure 4.19, where the upper x-axis has the surface moisture transfer coefficient
and the lower the convective heat transfer coefficient. The diagram is only applicable for the
reference case (4.6) with the exception for the change to o, =0 .
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Figure 4.19 Time constants t; and t, as a function of humidity level and heat convective
transfer coefficients for the reference case (with the exception o, = 0 ).

Let us now consider the effect of variation of o, and temperature 7 not only for thin but
also for thick wood samples. The total moisture resistance is 1/By, , Eq. (4.9).

L _ —.i+i+ Ly 4.9)
ﬁ viot Vair B D v
To obtain a more general picture of the influence from convection, a dimensionless con-
vection related parameter € is created to be used in Figure 4.20. If the moisture resistance at
the surface, 1/B, is subtracted from the total moisture resistance, the remaining moisture re-
sistance is A/V, + L.y/D, [s/m]. The parameter  is the ratio between this moisture resistance

and the surface moisture resistance, 1/j:

YPBow ~VB _ AfVur + Ly D,

§= (4.10a)
/B /B
This fraction in moisture resistances can be expressed in ¢ through Lewis’ law:
a A L,
- e | 2 4 4.10b
¢ 1200 [Vair D, ] ( )

The dimensionless parameter & gets very small for the combination of small convection
and thin wood, and very large for high agitation and thick wood. It could thus vary in a wide
range under different conditions. The reference case with high convection and thin sample
thickness has a intermediate value and the parameter becomes & = 4.4. In kiln drying with low
convection combined with large wood thickness a similar intermediate value could be as-
sumed to apply.
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The ratio (¢; + , )/t; as a function of 7 and & is shown in Figure 4.20. We see that the com-
bination of high T and low & gives a high ratio.

8
L+t
1 2 7 4
tl
£=0.5
6 - low convection, E=1
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5 E=44 ref. case
£=5
high convection, &=10
41 thick samples £=20
&=50

0 T ¥ 1 T ¥ 1
0 10 20 30 40 50 60 70
temperature 7' [°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 The experiments of Christensen in pure water vapour

The response times for a Fickian process vary strongly with the level of relative humidity due
to the influence from the moisture capacity and the effect of latent heat. In this section, simu-
lations with the complete set of equations from Section 3.3 are made for a selection of Chris-
tensen's measurements in pure water vapour. The objective is to be able to, with more cer-
tainty, identify responses that exhibit a non-Fickian behaviour.

4.5.1 Different step sizes starting from a dry sample

In the experiments in pure water vapour made by Christensen and co-authors, some of the
time scales of the step responses are very short. In other instances, when non-Fickian effects
are prominent, the time scales are remarkably extended. One occasion with short time-scales
is when a step starts from a dry sample. The time-lag emanating from non-Fickian behaviour
seems to be very small for this case. This is the reason why these tests are selected to be used
for fitting for a rough moisture resistance. It is then examined in Section 4.5.2 how consistent
this fitted moisture resistance is with another measurement in pure water vapour.

The development of the moisture uptake from steps starting with a dry sample with a wide
range of step amplitudes is tabulated in Christensen (1959), expressed in fractions of moisture
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change. The step responses are shown in diagrams in Figure 4.21 and Figure 4.22. The sam-
ples, made of klinki-pine, were cut in 1 mm thick slices in the grain direction. The temperature
was 25°C in this experiment.
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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.
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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 simulation for the six steps with the general solution from Section 3.3 is shown in Figure
4.23. The transfer coefficients By, and oy, are critical for the calculation results. The moisture
transfer coefficient is particularly uncertain, since Lewis' law is not applicable in pure water
vapour. This variable has therefore been varied. Two values of the total moisture conductance,
Bvior = 0.01 and By = 0.006 are used in the simulations. In Section 3.5.3 the value of the con-
vective heat transfer coefficient o, in pure water vapour is discussed in detail. The values of
o, are chosen according to the relations given there. In Table 3.2 some examples of ¢, are
shown. The used radiative heat transfer coefficient @, is given by (3.61) (the used emissivity is
€ =0.82).

We see that there is a large discrepancy in the shape of the response curves for the first
steps, A and B. For the last curves D, E and F however, there is a better agreement. One ex-
planation could be that the resistance to diffusion is lower at low relative humidity, but that is
contrary to common experience for wood. If the starting point is displaced, a better agreement
is obtained but only for the first steps.

One thing that differs between the first steps and the later ones is that the amount of water
engaged in the first steps is much less than in the later ones. An explanation for the very fast
response for the first fraction of moisture uptake for the first step could be that the step pro-
ducing part of the apparatus is not ideal. Instead one small amount of water could be readily
available and the rest accessible with a moisture resistance. This moisture resistance is incor-
porated in the fitting with the one node simulation and gives a reasonable agreement in the
last steps where the small amount of water that is readily available from the apparatus is not
dominating.
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Figure 4.23 Simulated step responses for the cases A to F in Figure 4.21 and Figure 4.22.

4.5.2  Temperature rise from absorption step

In Christensen and Kelsey (1959) the temperature development at the surface of the sample is
shown for a sequence of absorption steps. Klinki pine was used as in Section 4.5.1. The ambi-
ent temperature was 40°C in this test. The samples were cut parallel to the grain. The smaller
of the total moisture conductances in Figure 4.23, By, = 0.006 , is used for the simulations.
The direction of transport is different from the cases in Section 4.5.1. In pure water vapour the
moisture diffusion resistance could be thought to be eliminated, at least in the coarser pores.
The anisotropy of the wood looses its meaning in a pure water vapour atmosphere (without
trapped air). Instead the assumed moisture resistance is thought to emanate mainly from
sources such as the sorption in the cell wall or in the apparatus itself. The direction of trans-
port is then not a decisive factor.

The measured excess temperature is shown in Figure 4.24. Note that the scale of the axis is
as a function of the square root of time. The temperature peak occurring at 0.12 [h**] corre-
sponds to 52 [s]. Figure 4.25 presents the corresponding temperatures calculated with the gen-
eral model. The first curve has the best agreement. For the remaining curves, the similarities
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are best in the initial period. For the rest of the response time a smaller excess temperature is
measured. The difference increases for steps at high RH.
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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.)
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Figure 4.25 Simulated excess temperature responses for the step sequence in Figure 4.24. A
total moisture transfer coefficient By, = 0.006 is used.

In Christensen and Kelsey (1959) also the sorption responses are given for similar samples

measured simultaneously with the samples for temperature. The diagram is shown in Figure
4.26.
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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)

The simulated sorption curves are shown in Figure 4.27. We see that only the first curve,
starting from 0% RH, has a reasonable agreement. The other curves have longer response
times with increasing differences for each step.
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Figure 4.27 Simulated sorption responses for the step sequence in Figure 4.26. A total
moisture transfer coefficient By, = 0.006 is used.
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To illustrate the influence from the latent heat on the time scales and also the influence on
the shape of the response curves, a simulation is made where the latent heat is ignored (iso-
thermal case). The curves where the latent heat is ignored are shown in Figure 4.28. We see
that including the influence from the latent heat in the calculations is crucial for this case. This
is explained by the fast response obtained in the pure water vapour environment and the en-
suing higher relative importance from the latent heat. The latent heat is slowing down the re-
sponse with increasing relative humidity as illustrated in for instance in Figure 4.18 and the
time scales for the responses are increasing for each step at growing relative humidity in
Figure 4.27. The time scales for the isothermal responses in Figure 4.28 are basically deter-
mined by the moisture capacity only and they are consequently shortest at mid range RH
where the capacity is at its lowest.

Not only the time scale but also the shape of the response curve are different from the iso-
thermal case. This is due to that a separate time scale for the heat response also is involved.
This is also the case for the general solution for the reference case in humid air in Section
4.2.4 where the effect from the thermal response is barely noticeable and where the time con-
stant for the thermal response is very much shorter than the moisture one.

Initially, before the excess temperature is established, the moisture uptake is the same in

Figure 4.27 and in the isothermal case in Figure 4.28. Very soon the temperature rises as seen
in Figure 4.25 and the responses slow down compared to the isothermal case.
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Figure 4.28 Sorption responses for the step sequence in Figure 4.27. The effects of latent
heat are ignored in the simulation.

The response curves in Figure 4.28 have basically the shape of an exponential decline with
the time scales depending on the moisture capacity of the present humidity interval of the step.

The time axis as a function of square root of time is somewhat deceptive for comparison at
different points in time. To compare the three time scales of sorption between the measured
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and simulated responses with and without latent heat, the time when half the sorption has oc-
curred is transferred to Table 4.7.

Table 4.7  The time ty5 when half the sorption has taken place, (E = 0.5), in Figure 4.26
and Figure 4.27.
tos [h] tos [h] to5 [h]
measured simulated simulated, latent
Step in @ heat ignored
0—>0.143 0.042 0.048 0.035
0.143 > 0.334 0.094 0.058 0.031
0.334 — 0.541 0.28 0.083 0.022
0.541 —>0.739 0.65 0.138 0.022
0.739 — 0.900 ~2 0.315 0.059
0.900 — 0.957 ~10 0.767 0.137

We see that the measured and simulated values of #ys closely is the same for the first step
but with ever larger differences for each following step. This can be compared to the reasona-
bly good agreement for the simulations at high RH in Section 4.5.1.

The difference between the tests in the previous section and this one is the wide range of
step sizes in Section 4.5.1 but also that the tests are starting from zero moisture content which
seems to nullify the influence from retarded sorption. Smaller steps have normally larger por-
tion of retarded sorption, but the measurements of steps starting from zero in Section 4.5.1
rather the opposite seems to be the case (maybe attributed to the measurement circumstances).

45.3

In pure water vapour the diffusion resistance is reduced to zero since no collisions take place
with air molecules. In finer pores in a material however, the walls form a resistance when the
pore size is in the same magnitude or smaller than the mean free path of the water molecules.
Trapped air is also a possible hindrance. The vapour generating device is a potential source of
resistance in the experiment as well.

Conclusion for the simulations in pure water vapour

Even if the transport resistance was reduced to zero, the slowing effect of latent heat still
remains that is controlling the moisture transfer. In the example here in pure water vapour the
influence from latent heat is very important.

For the steps starting from zero humidity, the effects of retarded sorption are hard to detect
independently if the higher levels of RH are included in the interval or not. For smaller steps
in the higher range of RH however, substantially longer time scales of sorption are measured
than simulated.
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5 Overview of the measurements

In this chapter, an overview of the measurements is given. The relative humidity, (RH), in the
precision chamber was kept constant during a certain period, and then changed to a new value.
The samples experience a sequence of step changes in relative humidities. The weight, and
hence the moisture uptake, was measured continuously.

These measurements were organised in a number of series, usually starting and ending in a
relatively dry state. Two samples in separate chambers were tested simultaneously. Samples of
two different thickness was used. In the first series the thickness of the samples was 3 mm
(Sample 1 and Sample 2). In the remaining second to sixth series, the thickness of the samples
was 1.7 mm (Sample 3 and Sample 4). The wood was pine (Pinus silvestris).

5.1 The first series

The total time for the first series was 9 months. The sample thickness was 3 mm. The se-
quence of relative humidities is shown in Figure 5.1 for Sample 1 and in Figure 5.2 for Sam-
ple 2. The sequence of steps consists of continuous absorption steps from dry (~30% RH) to
very moist (98% RH), followed by continuous desorption steps. In principle, the two se-
quences differ in the following way. There are essentially twice as many steps for Sample 1.
Each (larger) step for Sample 2 corresponds to two steps for sample 1.

The temperature was constant and equal to 20°C during the whole measurement. All meas-
urements of the first four series was at 20°C. The temperature in the last two series was
mostly held constant at 5°C, but there were a few shifts between 20°C and 5°C.

RH Sample 1, 20°C

0 1000 2000 3000 4000 5000 6000 7000
Time [h]

Figure 5.1 Relative humidities for the first series of measurements, Sample 1
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RH Sample 2, 20°C

0 1000 2000 3000 4000 5000 6000 7000
Time [h]

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

5.2 The second series

In this series and the following ones, a thinner sample thickness of 1.7 mm was used. This
facilitated the analyses of the first period after a step change. The quantity of wood was sub-
stantially less. This results in a faster step change in the air in the chamber, since the limited
air supply is not affected so much by a large moisture capacity from the wood

The step sequence pattern from the first series is copied, but the total time is shortened to 2
months. The step pattern for Sample 3 in Figure 5.3 is similar to the previous steps in Figure
5.1, and the pattern for Sample 4 in Figure 5.4 is similar to the steps in Figure 5.2.
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RH Sample 3, 20°C

1.1

0.9 1
0.8 1
0.7 4
0.6 -

051 -
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Time [h]

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

RH Sample 4, 20°C
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Figure 5.4  Relative humidities for the second series of measurements, Sample 4
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5.3 The third series

The sequence of humidities for the third series of measurements for Sample 3 is shown in
Figure 5.5. The step sequence for Sample 3 was divided further compared to Figure 5.3 in the
previous series. Each step in Figure 5.3 is divided into two smaller steps in Figure 5.5. The
time for each individual step was relatively short.

During the desorption step to 35% RH, substantial retarded sorption effects were found,
unexpected at such a dry state. This interval was therefore prolonged to investigate this fur-
ther. After the desorption and the long equilibrium time at 35% RH, the opportunity to add an
absorption step without disturbing the sample was utilised.

The step sequence for Sample 4 shown in Figure 5.6 started with a step with very large
amplitude to investigate the influence from the size of the step. The succeeding desorption
steps were chosen to make up for such desorption intervals in the second series, where the
measurement results were lost due to recording problems.

Sample 3, 20°C

Time [h]

Figure 5.5 Relative humidities for the third series of measurements, Sample 3
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RH Sample 4, 20°C
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Figure 5.6  Relative humidities for the third series of measurements, Sample 4
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5.4  The fourth series

In the fourth series, cyclic steps were introduced. The sequence of humidities for the fourth
series of measurements is the same for Sample 3 and Sample 4. This is shown in Figure 5.7.

In this fourth series and the remaining fifth and sixth ones, the two samples have under-
gone (practically) the same step sequences, but in separately controlled chambers. This gives
an added safety from errors, and it has in some instances been used to increase precision in the
analyses by averaging the two results.

The first few cycles, at medium-range relative humidity, consisted of a daily step change.
At higher RH the sorption is slower, and two days between step changes were chosen. The
cycle time is 96 hours. This cycle time is used for the remaining sequences.

RH Sample 3 and 4, 20°C

Time [h]

Figure 5.7  Relative humidities for the fourth series of measurements, Samples 3 and 4
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5.5

At the end, a temperature shift to 20°C was made and a few cyclic steps were repeated.

The fifth series

All measurements in the preceding series were performed at 20°C. At lower temperature,
larger effects from retarded sorption were expected. A lower temperature, 5°C, was therefore
introduced in the fifth series. The sequence of humidities for the fifth series of measurements
is shown in Figure 5.8. Cyclic steps were used, interspersed with larger single absorption
steps, resulting in a high RH-level at the end of the series.

Sample 3 and 4, 5°C

0.9
0.8 1

1000 2000 3000
Time [h]

Figure 5.8 Relative humidities for the fifth series of measurements, Samples 3 and 4
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5.6 The sixth series

The sequence of humidities and temperatures for the sixth series of measurements is shown in
Figure 5.9. The temperature of 20°C at the end of the previous series (Figure 5.8) was shifted
to 5°C at the starting point for this series. This was followed by a number of RH-cycles and a
desorption step at 5°C. Next two temperature shifts between 5°C to 20°C and back were
tested. During these shifts the relative humidity was kept constant at 85%. After the tempera-
ture shifts a number of RH-cycles, followed by some consecutive desorption steps, were per-
formed at 5°C. At the end of the series, another temperature shift from 5°C to 20°C was made,
but this time the RH-level during the change was adjusted in accordance to zero sorption in
the samples. This gives an estimate of the temperature dependence for the equilibrium mois-
ture sorption curve.

RH Sample 3 and 4, 5°C/20°C

Time [h]

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

In this chapter the directly measured sorption for the different sequences is shown in diagrams
as a function of continuous time. Using the dry weight of the samples, the weight results are
converted to moisture content, U [Kgwater/ K8dry wood J» it the diagrams. The formula is given in
Section 2.3. The sorption was recorded with one-hour interval. When dots are used on the
sorption response curves, hourly values are shown. The first hours after a step change, the
curves usually are steep. The individual dots representing hourly values are distinguishable in
these parts. This facilitates evaluation and comparison between curves during the first hours
after a step change.

During these long sequences of measurements, some failures occurred. These are reported,
and curves from sequences, where a part of the measured values are missing, are still pre-
sented. The parts, where problems occurred, are indicated in the curves.

6.1 The first series

The first series of measurements was performed with Sample 1 and Sample 2. The sequences
of relative humidity steps are shown in Figures 5.1 and 5.2. The wood samples are described
in Section 2.3 and in Figure 2.2. The thickness of the samples was 3 mm. The temperature
was 20°C.

The measurements started with the samples at room conditions with an estimated RH of
around 28%. The first absorption steps to 65% RH in the sequence served as a test of the ex-
periment procedure. Absorption was also established. These initial steps are shown separately
in Section 6.1.1.

A survey of the result is shown in Figure 6.1 for sample 1 and in Figure 6.2 for sample 2.
The initial steps are not included. The relative humidity during each step is shown by straight
thin lines.
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Moisture content u [kg/kg]

Time [h]

Figure 6.1  Survey of sorption response in the first series, Sample 1

0.3 94% 94%

Moisture content u [kg/kg]

0 1000 2000 3000 4000 5000 6000
Time [h]

Figure 6.2  Survey of sorption response in the first series, Sample 2

6.1.1 Initial absorption steps

The samples were not dried totally prior to the tests in order to avoid drying damages of the
structure of the wood. The measurements started with the samples at room conditions. The
relative humidity was estimated to be around 28%. The first three absorption steps to 65% RH
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in the sequence served as a test of the experimental procedure. Absorption was also estab-
lished for the following steps.

During the 65% RH-step, the chamber was opened, the samples isolated and nozzles pro-
ducing air agitation in the chambers were installed. The set-up is described in Section 2.5.

0.125 65% RH

Ll

0.12 A
Chamber

0.115 + 55% RH opened

0.11 A

45%RH '
0.105 + !
~28% /

0.1 +

o
(el
\O
W
i
1

Moisture content u [kg/kg]

0.09 + }

0.085 A1

0-08 L 'l 1 L = A ' Il L : 1 I 1 ' ‘I 1 1 i ' : ' L Il -l
0 50 100 150 200 250
Time [h]

Figure 6.3  Initial steps. Sorption response, Sample 1, 28% — 65% RH-interval.
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Time [h]

Figure 6.4 Initial steps. Sorption response, Sample 2, 28% — 65% RH-interval.
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6.1.2  Absorption steps

For the remainder of the first series, the measured sorption response is shown together for the
two samples in Figure 6.5 to Figure 6.11. The measurements have taken place simultaneously
in the same interval of relative humidity for the two samples. Sample 1 however, was under-
going two steps during the interval where Sample 2 only had one step. In order to make the
whole curves stand out separated from one another in the diagrams, minor displacements on
the time axis have been made.

The sorption responses for steps in the RH-interval from 65 to 85% are shown in Figure
6.5. The samples do not come to a distinct equilibrium. Instead a distinct retarded sorption is
taking place, clearly visible for instance about 80 hours after a step. It was not possible at this
stage to keep the RH-levels sufficiently constant to get a quality of measurement, allowing
evaluation of the whole period.

In Figure 6.6 the absorption steps in the interval from 85% to 94% are shown. Also here
several disturbances were encountered, e. g. slightly lost control of temperature in the sur-
rounding bath. The undisturbed parts of the curves however, are possible to evaluate. The re-
sponse curves show an increasing effect of retarded sorption compared with the previous
curves at lower relative humidity.

In Figure 6.7 the final absorption steps in the interval from 94% to 98% are shown. The
step size in relative humidity is only 2% for Sample 1. Here a division of moisture uptake in a
first fast phase and a second retarded phase is especially distinguishable.

0.2
85% RH
0.19 + Sample 2 e, : e
‘ . N SRS

e 0.18 + 85% RH
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Figure 6.5 Sorption response, Sample 1 and Sample 2, 65% — 85% RH-interval.
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Figure 6.6  Sorption response, Sample 1 and Sample 2, 85% — 94% RH-interval.
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Figure 6.7 Sorption response, Sample 1 and Sample 2, 94% — 98% RH-interval.
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6.1.3 Desorption steps

The first desorption steps in the interval from 98% to 94% are shown in Figure 6.8. The
chamber for Sample 2 unfortunately had a problem of leakage from the temperature bath. The
deviation from an expected response curve is not so large, hence the effect from the deviation
on the following desorption step is thought to be small. Sample 1 was taken out of the cham-
ber and isolated for a short period. The short disturbance in the sorption seems to recover al-
most totally.

In Figure 6.9 the desorption steps in the interval from 94% to 85% are shown. Data was
lost for a long period, fortunately the first responses after step changes were recorded.

Figure 6.10 shows the desorption responses in the interval from 85% to 65%. Several of
the previous problems were sorted out and undisturbed measurements were obtained. The
slope of the response curves when the first sorption after a step has taken place is rather simi-
lar for the two samples, though the step size is different. The amount of desorbed water differs
between the two samples subjected to the same RH-interval. The two smaller steps of desorp-
tion for Sample 1 yields totally less change in moisture content than one larger step for Sam-
ple 2. When, as in this case, the two samples are subjected to the same overall interval change
during the same period, the conditions are that Sample 1 is experiencing half of the time be-
tween step changes, compared to Sample 2.

In Figure 6.11 the final desorption steps in the interval from 65% to 45% are shown. Also
in this curves the sorption responses after the initial sorption after a step has taken place is
rather similar for larger and smaller RH-steps. It is noticeable that the retarded sorption is
clear even at such dry conditions as 45% relative humidity. Influencing factors could be that
the samples have been exposed for high relative humidities and for long periods.

98% Moisture level
undefined due to

0.28 + 94% RH water leakage from
gﬂ temperature bath
éﬂ | 98%
=
§ 027+
g Chamb
g 96% RH T Sample 2
g
a -
wl
ks
=
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94% RH
Chamber 8
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0.25 : } . t : ; L t L t
3300 3500 3700 3900 4100 4300

Time [h]

Figure 6.8 Sorption response, Sample 1 and Sample 2, 98% — 94% RH-interval.
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Figure 6.9  Sorption response, Sample 1 and Sample 2, 94% — 85% RH-interval.
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Figure 6.10 Sorption response, Sample 1 and Sample 2, 85% — 65% RH-interval.
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Figure 6.11 Sorption response, Sample 1 and Sample 2, 65% — 45% RH-interval.

6.2 The second series

The first series of measurements was performed with samples of 3 mm thickness. In this se-
ries and the following ones, a thinner sample thickness of 1.7 mm was used. The wood sam-
ples are described in Section 2.3 and shown in Figure 2.3. The samples are designated Sample
3 and Sample 4, and they were used in the remainder of the measurements. The first series of
measurements consisted of continuous absorption steps followed by desorption steps. The
total period was 9 months. In this series the sequence pattern from the first series is repeated,
but the total time is shortened to 2 months. The sequences of relative humidities are shown in
Figure 6.3 and Figure 6.4. Surveys of the result are shown in Figure 6.12 and Figure 6.13 for
the absorption steps and in Figure 6.17 and Figure 6.18 for the desorption steps. The relative
humidities are shown over each curve segment. The dotted lines represent lost sorption data.
The temperature was 20°C.

6.2.1  Absorption steps

The measured sorption responses with two steps for Sample 3, simultaneous with a single step
for Sample 4, are shown together in the same diagram in the common RH-interval. The same
kind of presentation was used in the first series.

A survey of the sorption responses for Sample 3 is shown in Figure 6.12 and for Sample 4
in Figure 6.13. At the end of the absorption sequence large parts of the measurement data
were lost. The sorption is then hinted by dotted lines to show the duration of the RH-steps.
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The first sorption responses for steps in the RH-interval from 45% to 65% are shown in
Figure 6.14.

In Figure 6.15 the sorption responses for steps in the RH-interval from 65% to 85% are
shown. The same sequence in the first series with thicker samples is shown in Figure 6.5. In
both diagrams the dots represent hourly values, and a comparison is possible of the sorption
speed the first period after a step change. This gives an idea of the thickness dependence of
the swiftness of the step response. The time for half the sorption to take place takes roughly 8

hours for the thicker samples compared to 2 hours for the thinner, for the step from 65% to
85%.

Figure 6.16 shows the sorption responses in the interval from 85% to 94% RH. Corre-
sponding curves for the first series with thicker samples are found in Figure 6.6. Unfortunately
the quality of the measurements are not so good in this interval, with missing data and small
jumps on the curves.
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Figure 6.12 Survey of absorption response in the second series, Sample 3
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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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Figure 6.15 Sorption response, Sample 3 and Sample 4, 65% — 85% RH-interval.
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Figure 6.16 Sorption response, Sample 3 and Sample 4, 85% — 94% RH-interval.

6.2.2  Desorption steps

A survey of the sorption responses for Sample 3 is shown in Figure 6.17 and for Sample 4 in
Figure 6.18. For Sample 4 large parts of the measurement data were lost. Sorption response
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when the data were lost is hinted by dotted lines to show the duration of the RH-steps. At one
instance, Sample 4 had to be removed from the chamber and isolated. The event is noted in
Figure 6.18. To maintain desorption for the following measurements, a few drops of water
were added inside the container where the sample was isolated.

Only in the first desorption interval described in Figure 6.19, measurement data were ob-
tained for both of the samples. In Figure 6.20 to Figure 6.22 only the sorption response for
Sample 3 is available. In Figure 6.23 the sorption response for the last interval of Sample 4 is
shown. The same interval for Sample 3 is shown in Figure 6.22. The step changes were not
made simultaneously and because of this the measurements are shown separately.

An insidious fault occurred in the electronic balance weighing Sample 3. The optical sys-
tem guiding the control had a flaw and the performance of the balance was slightly deterio-
rating. Fortunately it had a diurnal variation and was therefore eventually discovered, but not
until the end of the series.

In Figure 6.19 the first desorption responses for steps in the RH-interval from 98% to 94%
are shown. The same sequence in the first series with a thicker sample is shown in Figure 6.8.

Measurements in the RH-interval from 94% to 85% for Sample 3 are shown in Figure 6.20.
Corresponding interval in the first series is shown in Figure 6.9. The sorption response in the
RH-interval from 85% to 65% for Sample 3 is shown in Figure 6.21. Corresponding interval
in the first series is shown in Figure 6.10. The last sorption response for Sample 3 in the RH-
interval from 65% to 45% is shown in Figure 6.22. Corresponding interval in the first series is
shown in Figure 6.11

In Figure 6.23 the desorption step for Sample 4 from 65 to 45% RH is shown. Sample 3
was subjected to the same interval in two steps, shown in Figure 6.22. Additional manually
readings for an extended period at 45% RH are shown in the overview of the desorption re-
sponse for Sample 4 in Figure 6.18.
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Figure 6.17 Survey of desorption response in the second series, Sample 3.
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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% RH-interval.
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Figure 6.23 Sorption response, Sample 4, 65% — 45% RH-interval.
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6.3 The third series

The sequences of relative humidities are shown by Figure 5.5 (Sample 3) and Figure 5.6
(Sample 4). A survey of the absorption response for Sample 3 is shown in Figure 6.24, and the
absorption response for Sample 4 is shown in Figure 6.28. Surveys of the desorption re-
sponses are shown in Figure 6.29 for Sample 3 and in Figure 6.30 for Sample 4.

For Sample 3, the absorption step sequence in Figure 6.24 and the desorption step sequence
in Figure 6.29 was divided further compared to the steps in the previous series. Each step in
Figure 6.12 and Figure 6.17 in the previous second series is divided into two smaller steps in
Figure 6.24 and Figure 6.29. The time for each individual step was relatively short.

6.3.1  Absorption steps

In Figure 6.25 the sorption response for the first steps are shown. The wood does not come to
an equilibrium at all between steps. This is specially the case in the responses for steps at high
RH shown in Figure 6.26. Note that for step responses calculated by a traditional Fickian pro-
cess, equilibrium is established after rather few hours for these tin samples.

Figure 6.27 shows the last absorption step. The 98% RH-level was kept for 500 hours. The
origin for the tree disturbances, marked with vertical lines, are known .The reason is that the
air jet was diffused more than the time around weighing by mistake. It resulted in a somewhat
different temperature pattern in the chamber.

The intention was to subject Sample 4 to a single, very large step, from 35% to 98% RH.
Unfortunately, the control of the mechanical pressure regulator was lost some time after the
step and the deviation was not found and corrected until 64 hours after the step. The 98% RH-
level was then kept for about 500 hours. The sorption response is shown in Figure 6.28.
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Figure 6.24 Survey of absorption response in the third series, Sample 3.
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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  Desorption steps

Surveys of the desorption responses are shown in Figure 6.29 for Sample 3 and in Figure 6.30
for Sample 4. The desorption response curves for Sample 3 are shown in more detail in Figure
6.31 and in Figure 6.32. The desorption response curves for Sample 4 in Figure 6.33 and in
Figure 6.34 were made in order to supplement the measurements in the second series, where
data were lost due to recording problems.

20°C
0.28 1 1oo
= i
% 0.24 407
i) I
=
2 [
Q
2 024 105
8 L
(5]
3
z i ]
= 016+ . . 403
0.12 + 1
0‘08 lllllllll : lllllllll ‘} lllllllll : lllllllll : lllllllll : lllllllll : lllllllll
720 820 920 1020 1120 1220 1320 1420

Time [h]

Figure 6.29 Survey of desorption response in the third series, Sample 3.
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Figure 6.30 Survey of desorption response in the third series, Sample 4.
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Figure 6.31 Sorption response, Sample 3, 98% —> 85% RH-interval.
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Figure 6.32 Sorption response, Sample 3, 85% — 35% RH-interval.

98%

0.28 -

0.26 1

85%
0.24 1

65%

0.22 +

Moisture content ¥ [kg/kg]

02+

0.18 1 1 L L : L 1 L L : A i I . : i i A L : 1 2 1 i

0 50 100 150 200
Time [h]

Figure 6.33 Sorption response, Sample 4, 98% — 85% RH-interval.
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Figure 6.34 Sorption response, Sample 4, 85% — 35% RH-interval.

6.3.3  Desorption followed by an absorption step

Figure 6.35 shows the last steps of sorption response in this series for Sample 3, including an
absorption step.

Substantial retarded sorption effects were found during the desorption step to 35% RH.
This was unexpected under such dry conditions. The time interval was extended to investigate
this further.

After the wide desorption interval, starting at 98% RH, and the long equilibrium time at
35% RH, the opportunity to add an absorption step was used (35% to 45% RH). As seen in
the figure, the sample comes to a much more distinct equilibrium during the last step, where
desorption is followed by absorption.
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Figure 6.35 Sorption response, Sample 3, 45% — 35% — 45% RH-interval.

6.4 The fourth series

The sequence of relative humidities is shown in Figure 5.7. Those series of measurements are
made on Samples 3 and 4 at 20°C as the previous series. Cyclic steps are introduced in this
series. Also measurements of swelling are started, performed on separate samples, placed in
the same chamber as Sample 3. The samples and the device for measurement of swelling are
described in Section 2.4. A survey of the result of the sorption is shown in Figure 6.36 for
sample 3 and in Figure 6.37 for sample 4.

The diagrams of the measured sorption responses for Sample 3 and Sample 4 are followed
by a diagram with the measured swelling responses. Figure 6.40 is the first diagram of this
type. Curves of tangential and radial swelling are shown in the same diagram. Thus allows
comparison. Diagrams for the comparison of responses between swelling and sorption are
given in Chapter 8.

The chamber containing Sample 3 and the samples for the swelling measurements has a
short, very dry period (1993-09-02). This was due to an oversight to replenish the water in
the saturation vessel for that chamber.

The time scale in the diagrams has got the year—-month—day format in this series and the
following ones. The primary ticks on the time scales are placed with 14 days interval and sec-
ondary ticks represent one day.
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Figure 6.36 Survey of sorption response in the forth series, Sample 3.
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Measured result

6.4.1  Cyclic steps between 50% to 65% and 65% to 75% RH

The conditions for the samples preceding this fourth series were as follows. Sample 3 was
subjected to desorption to 35% RH followed by an absorption step to 45% RH in the third
series. It was then exposed to room climate for 1%2 months (an average RH of 50% is esti-
mated). Sample 4 had desorption to 45% RH, and was then exposed to room climate for 2
months.

The sorption responses are shown in Figure 6.38 for Sample 3 and in Figure 6.39 for Sam-
ple 4. The swelling responses are shown in Figure 6.40.

The first parts of the series involve cycles between 50% and 65% RH. They were per-
formed with a daily step change. After a few steps, the RH-level was kept constant at 50% for
a longer period. A part of this time the control of the RH was left unattended and deviations
were later found, but the RH-level was closely monitored some hours before the next step to
65% RH. This level was then kept for a long period. After that, cycles between 50% and 65%
RH with a daily step change were repeated, followed by the same RH-steps with two days
interval. The cycle time was thus 96 hours. This cycle time was chosen to be suitable and have
been widely used in the following measurements.

After the cycles between 50% and 65%, cycles were performed at a higher level, 65% to
75% RH. Due to a mistake, the chamber containing Sample 3 together with the samples for
swelling measurements got a short, very dry period (1993-09-02). However, the chamber
containing Sample 4 was not affected. Comparison can be made for the subsequent sorption
responses with different preconditions.

Generally, absorption steps to a previously not attained RH-level have resulted in large ef-
fects of retarded sorption. This is for instance the case for the step to 75% RH for the first
time in this part of the measurements.
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Figure 6.38 Sorption response, Sample 3, 50% «—> 65% and 65% <> 75% cyclic RH-steps.
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Figure 6.39 Sorption response, Sample 4, 50% <> 65% and 65% «—> 75% cyclic RH-steps.
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Figure 6.40 Tangential and radial swelling responses,
50% <> 65% and 65% <« 75% cyclic RH-steps.
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Measured result

6.4.2  Cyclic steps between 75% and 85% RH

In this part of the series, several cycles of steps between 75% and 85% RH were performed.
The sorption responses are shown in Figure 6.41 for Sample 3 and in Figure 6.42 for Sample
4. The swelling responses are shown in Figure 6.43. The first cycles were preceded by an ab-
sorption step and the last cycles was preceded by a long period at 85% RH. The shapes of the
sorption response curves are different for these two situations. A diagram with parallel com-
parison with these two cycles are made in Section 7.1.
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Figure 6.41 Sorption response, Sample 3, 75% <> 85% cyclic RH-steps.

123




Retarded sorption in wood

Part 11

75%<—>85%

0.18 g
75%<—>85%
{ s
4
1 [
[
= 0.17 t
=) ¢
~ ;
X - 75%
= £
2 » 8
8 0.16 5
2 ' g
2 ' £
< e
e 'y L
> Z
[ 7]
0.15 g
. - <
¢ 16 3
7.395
75%
‘b
0-14 bededd AL LD L i ) : Aol A A 2 4 4 4 J 1 t 3 1 Ll L A 4 A & 4 2 &t & 1 } L A3 3 i 4 2 2 1 1 5 1 il
1993-09-18 1993-10-02 1993-10-16 1993-10-30 1993-11-13
Figure 6.42 Sorption response, Sample 4, 75% <> 85% cyclic RH-steps.
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Figure 6.43 Tangential and radial swelling responses, 75% <> 85% cyclic RH-steps.
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Measured result

6.5 The fifth series

New in the following fifth series compared to the previous ones is that the measurements were
performed at 5°C instead of at 20°C. The sequence of relative humidities is shown in Figure
5.8. The RH-levels are comparatively high. This, in combination with the low temperature,
results in profound effects of retarded sorption. Overviews of the sorption response is shown
in Figure 6.44 for Sample 3 and in Figure 6.45 for Sample 4. The series is a direct continua-
tion of the fourth, but starts with an unintentional dip in RH when the cooling device was
started up for the first time.

An uneven temperature in the water bath, surrounding the chambers and condensers, re-
sulted in a drop in the RH at the start-up of an external cooling system. This could be ex-
plained in the following way. An outline of the two-pressure RH-generator is shown in Figure
2.6. The cause of the drop in humidity is that, when one part of the condenser is cooler than
the rest, the saturated air is depleted of moisture when passing the cool part and the saturation
moisture content in the air is from then on determined by the lowest temperature during the
passage. The connecting tubing to the water bath was too narrow to allow sufficient circula-
tion to the external cooling system. The restricting tubing to the water bath was increased, and
it was possible to use the full capacity of the circulation pump in the external cooling system.
This was not totally sufficient however, to achieve full circulation in the water bath inside the
apparatus. This was not discovered until the temperature was changed at the beginning of the
sixth series.

The compressor for the air supply had a breakdown (1993-12-31), and no air entered the
chambers for three days. Judging from the recorded changes in moisture contents, the RH-
levels was only falling gradually with an estimated four percent, when the RH-control again
was restored.

The same RH-sequence was intended for both samples. Water was however spilled into the
chamber containing Sample 4 (Due to an ill-placed pressure gage of the water-column type,
and the arrangement of the top lid). The chamber was opened and Sample 4 was subjected to
room climate for 5 minutes, during which time the water in the chamber was wiped off.
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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
RH from Sample 3 in Figure 6.44.
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Measured result

6.5.1  Cyclic steps of different amplitude

After the unintentional low RH, cyclic steps were performed with three different amplitudes,
but with the same average of relative humidity, 79%. See Figure 6.46 and Figure 6.47. The
tangential and radial swelling is shown in Figure 6.48. After the cyclic steps, a single absorp-
tion step to 89% RH was kept for a longer period. The period was interrupted by a breakdown
of the supplying air compressor, but the samples still could stay protected inside the chambers
with little RH-change. To some extent, this was a test that the exit openings from the cham-
bers not were excessively wide.
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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% <> 81% cyclic RH-steps.
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Measured result

6.5.2  Small cyclic steps at high RH

The sorption response curves for the sequence of small cyclic steps at high relative humidity
are shown in Figure 6.49 for Sample 3 and in Figure 6.50 for Sample 4. The response curves
for swelling are shown in Figure 6.51.

The temperature and moisture pulse at the start of the response for Sample 4 in Figure 6.50
was unintentional and caused by spilled water. The chamber had to be opened and Sample 4
was subjected to room climate during 5 minutes, while the water was wiped off. The very high
peak in moisture uptake after that the sample was put back into the chamber is unexpected,
but it could not be ruled out that a thin water film still was remaining on the surfaces of the
chamber. The sorption responses for Sample 4 is compared with Sample 3 in a diagram in
order to evaluate the impact from the pulse in chapter 7, Figure 7.9.

Cyclic steps, mainly between 88% and 90% RH, were performed. The samples had earlier
been subjected to absorption in general terms for a long period. This seems to be reflected in
the drift towards a higher moisture content, on which the cyclic step responses are superim-
posed. This is also the precondition for the following single step to 93% RH in the next sec-
tion.
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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 single step at high RH

The response curves for the last part in this series is shown in Figure 6.52 for Sample 3 and in
Figure 6.53 for Sample 4. The response curves for swelling are shown in Figure 6.54.

The sorption response was followed for a long time (29 days). The retarded sorption is very
large. It seems as the combined action of low temperature, high relative humidity and a step to
a previously not attained RH is the cause of this. Two small disturbances in the RH-level oc-
curred for Sample 3. During the last part of the single step, the sorption was only recorded
manually at irregular intervals, the swelling was however logged continuously.

The cyclic steps at the end of the series are described in the next series, where temperature
shifts are made.
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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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6.6 The sixth series

In the sixth series, primarily the influence on the sorption from temperature and temperature
shifts was investigated. Overviews of the results from the measurements are shown in Figure
6.55 and in Figure 6.56. In the first part of the measurements, repeated cyclic steps were
made: at 5°C, at 20°C and finally again at 5°C. This part is discussed in Section 6.6.1.

After this and a few desorption steps, the temperature dependence of the equilibrium
moisture sorption curve was studied by making temperature shifts from 5°C to 20°C and back
to 5°C. The RH was maintained at 85%. Substantial sorption effects were obtained.

At the end of the series, another temperature shift was made. This time the RH-level was
adjusted according to an assumed temperature dependence for the sorption isotherm, so that a
close to zero sorption during the shift was achieved. This gives an estimate in an other way of
the temperature dependence of the sorption isotherm.

In this series, the measurements of swelling were failing.
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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
RH from Sample 3 in Figure 6.55.

6.6.1 Cycles at different temperature levels

This section starts by a temperature rise from 5°C to 20°C. At this temperature the same cy-
cles as earlier were repeated. The temperature was again lowered to 5°C and the same cycles
repeated once again.

When the temperature was changed to as low as 5°C for the first time, it was discovered
that the mixing in the water bath was inadequate. The circulation from the cooling device was
then enhanced. When the temperature was changed back to 20°C in this series, the RH still
dropped somewhat. This is explained by uneven temperature distribution in the water bath
surrounding the chambers and condensers, as described in Section 6.5. It was apparent that the
entrance orifice to the water bath was not capable of inducing circulation. This was taken care
of later, described in the next Section 6.6.2.

Based on the temperature dependence of the moisture equilibrium sorption curve, a higher
temperature is expected to give a lower moisture content at the same RH. In this case the op-
posite takes place. Rising the temperature results in a large absorption, as seen in Figure 6.57
and Figure 6.58. When the same low temperature and the same cycles in RH are repeated (the
last cycles in the diagrams), the level of the moisture content is much higher. It seems as the
temperature shifts have triggered the wood to come to a different type of equilibrium.

There is an interesting difference of the shape of the response curves for cyclic steps at low
and high temperature. All steps have a 2% amplitude in relative humidity, still the sorption
amplitude is much larger at the higher temperature. Diagrams with parallel comparison with
these two cycles at different temperatures are made in Chapter 7, Figures 7.7 and 7.8.
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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 few sorption steps at 5°C

In this section adjustment was made to the apparatus and sorption took place that basically
was an indication of the function of the apparatus. The samples reached the highest moisture
content and a desorption step was made that was followed for a rather long time.

During the measurements in this section the problem with inadequate circulation in the
water bath surrounding the chambers was taken care of. The circulating water from the pump
in the cooling device was injected through a tube with tapered section into the central part of
the water volume. The water is leaving the end of the tube at high speed and is inducing an
effective agitation in the water volume. A short change in temperature from 5°C to 3°C and
back, was made to verify that the cooling worked properly.

0.24
_ 5°C
&0
=
o0
24
=
=
L
=
=]
(5}
&
@ 92%
k=
= ,
023 + 9% 90%
0.225 1 ! 1 1 1 ] i L L ] 1 1 1 : 1 1 1 1 1 L Il i 1 Il Il L L 1 A 1 [l 1 Il
1994-04-30 1994-05-14 1994-05-28

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  Temperature shifts at constant RH and at adjusted RH to ob-
tain zero sorption

The starting point for this section is marked at the top of the survey diagrams in Figure 6.55
and Figure 6.56.

The result from this part of the measurements are shown in Figure 6.61 for Sample 3 and
Figure 6.62 for Sample 4. The desorption step in the previous measurements was continued by
another desorption step from 90% to 85% RH. After 13 days, a shift in temperature from 5°C
to 20°C was made. The relative humidity was maintained at 85%. The shift required 4 hours
to do. A distinct and large desorption step with substantial drift was achieved. After 11 days
the temperature was changed back to 5°C, still at constant RH. The shift took as long as 65
hours to accomplish, due to the large volume in the water bath and poor cooling capacity (ice
temporarily forming?). The sorption came to a distinct equilibrium at a low moisture content
shortly after the temperature shift was completed. This can be contrasted against the previous
sorption response behaviour at the same temperature and RH, where the temperature shift was
preceded by desorption steps.

The equilibrium at 85% RH was followed by several cyclic steps between 85% and 90%
RH. This was followed by several desorption steps ending at 75% RH. The temperature was
then shifted from 5°C to 20°C. As the temperature changed, the setting for the RH was manu-
ally altered according to the temperature dependence of the sorption isotherm. The assumed
temperature dependence was 5% RH per 15°C. The purpose for this was to obtain zero sorp-
tion. This was successful, because the curves meet if they are extrapolated to a point at the
time of change.
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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,
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7 Particular analyses

The measurements reported in Chapter 6 show many things. In this chapter, a few observa-
tions, comparisons and analyses of details of measurements are presented.

7.1 Influence from moisture history on cyclic steps

The sorption and its development in time have proved to have an intricate dependence on the
moisture history. A first example concerns the influence of moisture history on periodic se-
quences of steps. An overview of the two sequences that are selected from the fourth series of
measurements to illustrate the influence from the prehistory is shown on Figure 7.1. The se-
lected sequential periodical steps of sorption are marked with a thicker line. In Figure 7.2, the
two sorption sequences are compared. They have the same cycles between 75% and 85% at
20°C, and only differing by the previous moisture history.

Let us look at the first sorption sequence in the overview. The RH-level is kept at 65% for
9 days, followed by a step to 75% for 3 days and a step to 85% for 2 days. The last step to
85% is to a previously not reached level, which has proved to give especially large proportion
of retarded sorption. Two days are, by good margin, sufficient to let the sample come to equi-
librium according to traditional Fickian theory. Substantial drift is taking place when a de-
sorption step to 75% RH is made at 96 h on the time axis in Figure 7.2. One marked feature is
that the previous absorption drift is not superimposed on the new desorption step.

The two sequences with repeated periods of cyclic steps have clearly different absorption
patterns as seen in Figure 7.2. The prehistory for sequence 2 is a constant level at 85% RH
kept for 24 days, whereas sequence 1 is reaching this level for the first time. The difference
between patterns is repeated for several periods, and it is only gradually diminishing.

When a desorption step is made at 96 h, one marked feature is that the rising absorption
slope of the response curve before the step not is superimposed on the new desorption step.
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Figure 7.1 Survey of the prehistory for two sequences of RH-steps described in Figure 7.2
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Figure 7.2 Sorption responses for two sequences with prehistory according to Figure 7.1.

7.2 Repeated cyclic steps

In Figure 7.4 comparisons between consecutive cycles are made. An overview of the preced-
ing steps is shown in Figure 7.3. The cycles are between 75% and 85% RH and the tempera-
ture is 20°C.

A corresponding comparison for another sequence is made in Figure 7.6 with the overview
of the preceding steps in Figure 7.5.

For both sequences of repeated cycles there is a tendency of diminishing moisture ex-
change with the number of cycles. The division between an initial fast phase and a phase with
slow change, becomes more distinct with the number of cycles.
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Figure 7.3  Survey of the RH-steps in Figure 7.4
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Figure 7.4  Sorption responses for consecutive cycles

141




Retarded sorption in wood

09 +

Il

06 +

RH

e
cycle 2
05 +

<>t
cycle 3

04 4 e
' cycle 4

03

0.2 + + e + + + + + +
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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7.3 Comparison between the sorption responses at 20°C

and 5°C

In Figure 7.7 and Figure 7.8 response cycles with the same amplitude in RH, but at different
temperature are shown together. In both cases the moisture exchange over the cycle is less at
5°C than at 20°C. At the lower temperature, there is a more distinct division between the ini-
tial fast phase after a step and the phase of slow retarded sorption.

One interpretation of the cause of the difference of shape on the response curves is that the
time scale for the retarded sorption is greatly extended at the lower temperature.
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Figure 7.8  Sorption responses for cyclical steps at 5°C and 20°C.
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7.4 Influences from temperature shifts on the sorption re-
sponses

By mistake, Sample 4 was subjected to a temperature and moisture pulse. This is described in
more detail in Section 6.5.2 and indicated in Figure 6.50. Sample 3 was unaffected and allows
comparison. In Figure 7.9 the sorption responses for the two samples are shown. The existing
small difference of moisture content between the samples before the pulse is increased after
the pulse and this difference is maintained for a long period, also after that the moisture con-
tent is exceeding that of the time of the moisture pulse. At the end of the sequence in the dia-
gram, a temperature shift from 5°C to 20°C is made. The difference between the samples was
substantially reduced after this event. It seems as if the temperature shifts triggers the samples
to come to a more genuine equilibrium. By this interpretation, Sample 3 is deviating more
from a true equilibrium, as it was not subjected to a temperature shift in the beginning of the
diagram.

The influence from temperature shifts on the sorption is further dealt with in Section 7.7,
where comparisons with a permanent equilibrium are made.
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Figure 7.9  Sorption response following a temperature and moisture pulse (Sample 4) com-
pared to the same undisturbed sequence (Sample 3).

7.5 Comparison between steps of different amplitudes

In the first and second series, tests of step responses were made with two samples simul-
taneously in the same interval of RH. The difference was that one sample was subjected to the
entire interval in one step, whereas the interval for the other sample was divided into two
steps. In most of the diagrams of sorption responses in Chapter 6.1 and 6.2 the two response
curves are shown together. A typical example of the difference of the response curves is given
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in Figure 6.10. One rather consistent feature of these measurements is that the slope, after that
the first fast sorption after the step has taken place, of the two sorption responses are similar,
regardless of the amplitude of the RH-step. Another feature is a tendency that the amount of
sorption is less for the sum of two smaller steps compared to one larger step.

In the third series the interval was divided further into four steps for one sample. The step
responses for desorption in the interval from 94% to 85% RH for Sample 3 in the third series
is shown in Figure 7.10. The corresponding single step for Sample 4 is also shown. We see
that the amplitude for the large steps is much larger than the sum of the four small steps.
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Figure 7.10 Sorption responses from one single step together with a corresponding sequence
of four smaller steps.

7.6 Comparison between cyclic steps of different ampli-
tude

In Figure 7.11 the sorption for cyclic steps of different amplitude is compared. The curve for
10% RH amplitude is taken from the first part of Figures 6.46 and 6.47 and the curve for 4%
in the late part of the same figures. The relationship between the respective scales in the dia-
gram for moisture content for the two curves is given the same relationship as the moisture
content on an assumed equilibrium sorption curve for the respective RH-intervals. The equi-
librium sorption curve in Section 10.5 was used. The same assumed equilibrium sorption
curve is also used in Section 7.7. The average from two samples and two cycle sequences are
used to increase the precision.

There is a slight tendency of reduced moisture capacity for the RH-cycles with small am-
plitude.
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Figure 7.11 Sorption responses from cyclic steps of different amplitude.

7.7 Comparison between a sorption equilibrium curve and

measured points

The sorption curve (or curves) relates moisture content u to relative humidity, ¢ . In the meas-
urements we know u(#) and @(?) . It is quite instructive to plot these as points in a u - ¢ dia-
gram together with the equilibrium sorption curve.

In this section comparisons are made between such measured points of sorption (which
change slowly in time) and an assumed equilibrium moisture sorption curve. The points are
selected at different times after a step and with different prehistory. This is one way to, with
help of diagrams, illustrate the effects from retarded sorption, which result in deviations from
a supposedly true equilibrium in different situations.

The points are consecutive and taken from the last part of the fifth series and the whole of
the sixth series. Sections 7.7.1 to O show different features of the retarded sorption.

7.7.1  Sorption response at 5°C with a large portion retarded sorp-

tion
This section concerns the sequence A-B-C-D-E in Figure 7.12. Corresponding measured
points are shown in Figure 7.13 with one value each day.

Absorption steps to a previously not attained RH-level have resulted in large effects of re-
tarded sorption. This is especially true for this selected step in Figure 7.12 at high RH and low
temperature.
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Figure 7.12 Sorption response at 5°C with a large portion retarded sorption.
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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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7.71.2  Cyclic sorption response with shifts of increasing and de-
creasing temperature

This section concerns the sequence E-F-G-H-I-J in Figure 7.14 and corresponding point in
Figure 7.15.

In this sequence, cyclic steps with 2% amplitude in relative humidity are performed. These
cycles are made before and after a temperature shift from 5°C to 20°C and again after a shift
back to 5°C. This is described in more detail in Section 6.6.1. The sorption responses from the
sequence of steps are shown in Figure 7.14. In Figure 7.15 the selected points are related to
the equilibrium sorption curve.

The prehistory for this sequence is shown in Figure 7.12. In Figure 7.13 the deviation from
the equilibrium sorption curve is illustrated. This gives the prehistory for the temperature
changes here. After the temperature change from 5° to 20°C, a very large absorption took
place at practically constant RH. This despite the fact that the temperature dependence for the
moisture equilibrium curve is giving a desorption. This is illustrated in Figure 7.15, where
point F is far under the corresponding moisture equilibrium curve at 5°C in contrast to point G
that is above its moisture equilibrium curve at 20°C.

The amplitudes of moisture content are somewhat higher at 20°C, which is seen for in-
stance on the slope of the line connecting the two levels of the step in Figure 7.15.
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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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Figure 7.15 Measured sorption points obtained from the sequence of Figure 7.14 compared
to equilibrium sorption curves for 5°C and 20°C.

7.7.3  Desorption response with shifts of increasing and decreasing
temperature

This section concerns sequence M-N-O-P-Q-R in Figure 7.16. The measured points are shown
in Figure 7.17.

The sorption response curve in Figure 7.16 starts with a desorption step from 90% to 85%
RH (M—>N). This step was preceded by cycles in the 94% to 90% RH range. An overview of
the preceding steps is shown in Figure 6.55. The 85% RH level is continuing for a rather long
time to obtain reasonable equilibrium. At point O a temperature change is made at constant
RH. This results in a desorption, quite according to the temperature dependence of the mois-
ture equilibrium curve. The drift of the moisture content is rather large in point P as long as 11
days after the temperature step. At point P, a change back to 5°C is made. Still, the 85% RH
level is maintained. The temperature step took 65 hours to complete (due to peculiarities with
the apparatus). After the temperature step no drift of the moisture content is detectable for any
of the two samples (this is the only time for all the measurements that this is the case).

It seems as if temperature shifts speed up the retarded sorption so the wood comes closer to
a more genuine equilibrium. It could however be argued for this case that it was the effect of
the desorption — absorption cycle O-P-Q in Figure 7.16.
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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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7.7.4  The RH compensated to obtain zero sorption during a tem-
perature shift

This section concerns sequence S-T-U-V-X-Y in Figure 7.18. The measured points are shown
in Figure 7.19.

In this selected sequence, an assured desorption was established by a rather swift succes-
sion of desorption steps, sorption points S to V in Figure 7.18. After that, a temperature shift
from 5°C to 20°C was made. Simultaneously with the temperature change, the RH was
changed accordingly, with the ambition to attain zero sorption. The relation used was a 5%
RH increase to compensate a 15°C temperature increase. The assumed temperature depen-
dence was close to the indirectly measured, since the curves meet if they are extrapolated to a
point between point V and X where the change took place.
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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 Analyses of swelling

The free, moisture-related dimensional changes involving swelling and shrinkage are in this
report called swelling. Also shrinkage is implied. Measured data of swelling are obtained from
the forth and fifth series.

8.1 Comparison between tangential and radial swelling

Tangential and radial swelling, €, and €, , are presented together in the same diagram in the
results presented in sections in Chapter 6, Sections 6.4 to 6.5. They follow each other very
well during the various sequences. See Figures 6.40, 43, 48, 51 and 54. The ratio €.#) / €(?) is
quite constant. The scales in the diagrams for the two directions were adjusted for a represen-
tative value of €,/ €, . For the forth series of measurements at 20°C the relationship €,/¢, is
set to 0.6 as a representative value. The relationship is changed to 0.65 for the measurements
at 5°C. These measurements have predominantly taken place at higher relative humidities than
those at 20°C. It is therefore not possible clearly to relate the change in ratio to temperature or
to RH-level.

Comparison can also be made in diagrams in the following section. See Figures 8.3, 5, 8,
11, 13, 16 and 19. In these diagrams the tangential swelling is plotted as a function of the ra-
dial swelling.

8.2 Comparison between sorption and swelling

In this section the tangential swelling step response is compared to the sorption response.
Measured data of swelling are obtained from the forth and fifth series.

The comparison between sorption and swelling is made in three types of diagrams in this
section. In the first type the swelling and sorption response curves are compared together as a
function of time, where the sorption is designated with a thicker curve related to the left axis,
and the tangential swelling to the right axis. An example of a diagram of this type is Figure
8.1. The relation between the scale for tangential swelling [m/m] and sorption [kgwater/K8wood
is set at 0.32 for all diagrams. This is based on a rough fitting made at the initial phase of the
step responses. The starting points for the scales are not accumulated from the previous dia-
gram with the factor 0.32, but slightly adjusted to an even number for the individual diagram.
The axes are also adjusted so the curves come close together to facilitate comparison. This
means that the right-hand scale is shifted somewhat from one diagram to the next one. This
applies for all the diagrams with a right hand scale.

In the second type of diagram the tangential swelling as a function the moisture content is
directly compared in points and the progression of time is shown by a trajectory line. An ex-
ample of a diagram of this type is Figure 8.2. The time between the selected points is six
hours. The selected points are adjusted so the five hour measurements after a step not are in-
cluded. This is because the samples for measurement of moisture content are placed closer to
the jet of incoming air than the samples for swelling measurement. The jet is agitating the air,
reducing the surface resistance. This has given a slightly faster response for the sorption sam-
ples, noticeable the first hour or two after a step.
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The diagrams in all the figures illustrate that the patterns of response are rather similar for
tangential swelling and the moisture uptake. This pattern also includes the retarded sorption.
There is however a consistent tendency that this retarded response is somewhat larger for the
swelling than the sorption. This is perhaps especially visible in the diagrams where swelling is
plotted against moisture content.

The relationship between radial swelling and moisture uptake is not directly illustrated in
diagrams. Instead a comparison has to be done in two stages. Radial and tangential swelling
are shown together in diagrams in Chapter 6.4 to 6.5. In this chapter moisture content and
tangential swelling are shown together in diagrams. However, the tangential and radial swel-
ling are proportional to one another, or in some instances close to proportional.

An alternative way to compare tangential and radial swelling is a third type of diagram in
this section, starting with Figure 8.3. In this type of diagram tangential swelling is plotted
against radial swelling. The progression of time is shown by a trajectory line.

The axial swelling is not measured.

The measurements of swelling are getting very noisy after the fifth series in Chapter 6.5
and are assessed not to be credible. It seems that the position for the optical sensors have
fallen out of the core of the light source, due to an unfortunate design. See Figure 2.5. This is
remedied in the next version of position sensor, based on a laser diode as a light source, cre-
ating a stationary disc-shaped beam of light. The optical positioning sensor is moving in this
stationary beam, connected to the sample.

8.2.1  The first part of the fourth series

The measurements in the fourth series are divided in two parts. The first part comprises a
lower range of moisture contents and the second a higher one.

The measurements of sorption u(f) and tangential swelling €(7) from the first part of the
fourth series are shown in Figure 8.1. In Figure 8.2 tangential swelling is plotted against
moisture content. The progression of time is shown by a thin trajectory line. Only the 50% —
65% RH cycles from Figure 8.1 are shown in Figure 8.2 and the rest is shown in Figure 8.4. In
corresponding diagrams in Figure 8.3 and Figure 8.5 the tangential swelling is plotted against
the radial swelling for the sequence in Figure 8.1.

The precondition for the samples for sorption measurements was room conditions for 12
months (an average RH of 50% is estimated) preceded by roughly half a month at 35% RH
(Sample 3 in the third series). The wood used to make the swelling samples had been kept at
room climate for a long time.

The initial step in Figure 8.1 exhibits a different response patterns between sorption and
swelling. In later steps in the same range the response patterns are very similar. This is clearly
seen in Figure 8.2, where the moisture content is plotted versus the swelling. The conditions
during the initial step can be described as a step outside the limits of earlier attained moisture
content. This concept is used in mechano-sorption to describe special effects found during
those conditions, Mértensson (1992). The 65% — 50% RH cycles preceded by a period of 65%
RH for as long as 14 days, exhibit a very close similarity between sorption and tangential
swelling as the upper scanning curves in Figure 8.2 illustrate. The scanning curves for these
cycles follow the &, /u ratio of 0.32 very closely for the whole sequence of repeated cycles.

The trajectory for the time describes a counter-clockwise pattern for the initial cycle in
Figure 8.2. This means that a part of the tangential swelling is lagging behind compared the
sorption. This can be compared to the diagrams in Section 7.7 where the sorption is lagging
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behind the relative humidity. There it is however much more pronounced. In Figure 8.3 there
is the same tendency of a counter-clockwise trajectory between tangential and radial swelling.
A pattern of the time-delays of the different responses emerges. The largest time-delay is con-
nected with the tangential swelling. The time-delay for radial swelling is somewhat smaller
and the time-delay for sorption a bit smaller still. This pattern is consistent in the measure-
ments (whenever a difference occurs).
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Figure 8.1 Sorption response compared with tangential swelling response,
from the first part of the fourth series.
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Figure 8.2 Tangential swelling € 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 &,
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 8.4 Tangential swelling €, 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.
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Figure 8.5 Tangential swelling & as a function of radial swelling &,
Consecutive points in time are connected with a thin line.
From the 65% — 75% RH cycles in the last part of Figure 8.1.

8.2.2  The last part of the fourth series

In Figure 8.6 to Figure 8.8 measurements of swelling from cycles between 75% and 85% are

presented. The measurements of sorption u(f) and tangential swelling €(f) are shown in Figure
8.6.
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In Figure 8.7 tangential swelling is plotted against moisture content. The same pattern for
the initial step to a previously not reached level is seen as in Figure 8.2. The initial step in the
figure has a proportionally larger swelling than sorption. The remaining cycles in Figure 8.7
have only a slight drift towards higher tangential swelling compared to moisture content.

Moisture content u [kg/kg]

20°C
£, ‘, 5 0.32
018+ e ; 4+ 31
+29
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+27 &
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0.16 + 35
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0.15 + 15 E
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0.14 --J
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Figure 8.6 Sorption response compared with tangential swelling response,
Jrom the last part of the fourth series. 75% — 85% RH cycles.
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Figure 8.7 Tangential swelling € as a function of moisture content u.

Consecutive points in time are connected with a thin line.
75% — 85% RH cycles from Figure 8.6.
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Figure 8.8 Tangential swelling €, as a function of radial swelling &,

Consecutive points in time are connected with a thin line.
75% — 85% RH cycles from Figure 8.6.

8.2.3  The first part of the fifth series

The measurements of the fifth series are divided in three parts here. The first part includes the
first cyclic steps in the fifth series. The second part describes cyclic steps at a higher RH level.
The third part is a step to a high RH level maintained for a long time.

The measurements of sorption u(f) and tangential swelling €,(f) from the first part of the
fifth series are shown in Figure 8.9. During the shift from 20°C to 5°C at the start of the fifth
series an unintentional dip in RH was produced. This is shown at the beginning of the curves
in Figure 8.9.

In Figure 8.10 the tangential swelling is plotted against moisture content for the cycles
between 74% to 84% RH and for the following smaller cycles. In a corresponding diagram in
Figure 8.11 the tangential swelling is plotted against the radial swelling. The large difference
in swelling at the start of Figure 8.10 can be explained by thermal expansion.

In Figure 8.12 the tangential swelling is plotted against moisture content for a step to a pre-
viously not attained level (to 89% RH). We see the same pattern as in Figure 8.2 and Figure
8.7 before with proportionally larger swelling than sorption when RH is reaching beyond a
previously not attained level.

In Figure 8.13 the tangential swelling is plotted against the radial swelling for the same se-
quence as Figure 8.12.
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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 €&, 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 €, as a function of radial swelling &, .
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 €, 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 € as a function of radial swelling &,.
Consecutive points in time are connected with a thin line.
From the step to 89% RH and onwards in Figure 8.9.

8.2.4  Small cyclic steps in the fifth series

In Figure 8.14 to Figure 8.16, a number of small steps at a relatively high RH are made. For
the smaller steps at the end of the sequence in Figure 8.15 the &/u ratio is somewhat less than
0.32, indicated by the dashed line.
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Figure 8.14 Sorption response compared with tangential swelling response,
small cyclic steps in the fifth series.

162




Analyses of swelling

36

3551

345 1+

Tangential swelling & [%o]

34 4

LN

335 4
33 } t t t t t }
0.187 0.188 0.189 0.19 0.191 0.192 0.193 0.194 0.195

Moisture content » [kg/kg]

Figure 8.15 Tangential swelling €, 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 €, as a function of radial swelling &,.
Consecutive points in time are connected with a thin line.
From Figure 8.14.
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8.2.5  The last part of the fifth series

Finally, Figure 8.17 to Figure 8.19 describes a step to a high (93%) RH, followed by a few
cyclic steps. The single step is maintained for a long time. We see in Figure 8.18 that the €/u
ratio is larger than 0.32 for the single step and smaller than 0.32 for the following cycles. The
single step is reaching a previously not attained level.

Figure 8.19 shows that the same ratio as before between tangential and radial swelling is
maintained for this part of the sequence at high RH.
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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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8.3 Volumetric swelling

Based on the measurements, an estimate of the relationship of the volumetric swelling and the
volume of the sorbed water is made in the following way.

For small values, the volumetric relative swelling is the sum of the swelling in the three
orthogonal directions:

3 3
E,=E +E, +§ [m”/ m”y004]

An estimated average value for the relationship between &, /g, is 0.65 for the fourth and
fifth series. The longitudinal swelling was not measured, but the contribution is small and it is
estimated to g = 0.05 - & . The volumetric relative swelling is:

g, =€, +0.65¢, +0.05¢, =1.7¢, [m"/ m’y004]

The volume change of 1 m® of wood is ey = 1.7 -¢, . Let Au denote the corresponding
change of water content. The dry density of wood is pgs, = 530 kg/m® . This means that
530 -Au kg water is added. The density of water is pPyaer = 1000 kg/m3 . The added water
volume AV, is then (if it were "free"):

V< Au-530
¥ 1000
A representative value from the measurements for the ratio &/ Au is 0.32 . The relation-
ship between the volumetric relative change of the wood and the volume of the added water
is.
g, L7-g _17-032-Au
AV, 053-Au 0.53-Au

3 3
[I'Il waler/ m wood]

=1.026

One interpretation, since this relationship is close to one, is that the volume of the pores is
unaffected and that the remaining wood is increasing in volume corresponding to the volume
of the water.

8.4 Conclusions

In all different situations in the measurements, the tangential and radial swelling have rather
similar step responses as the sorption. This means that roughly the same proportion between a
fast response and a retarded response was measured. There is however a small difference. The
fraction with retarded response is proportionally larger for swelling than for sorption. There is
a pattern of order. The tangential swelling has most retarded response, closely followed by
radial swelling, which in turn is followed by sorption. This pattern is consistent in the meas-
urements (whenever a difference occurs).
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Part Il A non-linear model for retarded sorption

9 Characteristics of retarded sorption ob-
served 1n measurements

Many observations and characteristics of the retarded sorption are presented in Chapter 6 and
7. In this chapter, some features are analysed further. Based on all this a tentative model to
account for retarded sorption will be presented in Chapter 10.

9.1 Immediate moisture capacity

Figure 9.1 shows a typical moisture uptake u(f) for a step-change of RH. The measured curve
is the from the fifth series, Figure 6.52 (in this section somewhat incorrect dry weights have
been used and the moisture contents vary from those in Chapter 6). There is a more or less
exponential response during a first period. This is to be expected since the sample is very thin.
But there is also a slow long-time increase.

The moisture sorption in the single cell wall may therefore be divided into two parts. The
first part will be called the immediate sorption and the other part the retarded sorption. This
distinction is not too precise. In conventional descriptions all moisture is assumed to be
sorbed immediately if the sample is small enough.

This division into two parts is more pronounced at low temperatures. During the first hours
after a step change, the time scale of the sorption is close to the conventional theory of diffu-
sion, but with only a certain, often small fraction of the theoretical moisture capacity involved.

The following method has been used to estimate the immediate moisture capacity from the
measurements. It is based on the fact that the sorption of a small sample after a step change,
calculated with conventional theory, follows an exponential decline rather closely when half
of the sorption has taken place. The measured moisture content u at ¢t = 1, 2 ..6 hours after a
step-change have been fitted to the following equation for exponential decline:

u(t)=u, -—c-e_t/"’ 9.1)

It should be noted that the value u, at ¢ = 0 is not included in the fitting.
The three adjusted variables are:

u; final value for moisture content for the fitted fraction

c constant

to time constant for a Fickian, single node response

A non-linear regression method has been employed to fit the constants with a least square
criterion. An example of a graph of Eq. (9.1) fitted to measured points, is shown in Figure 9.1.
In the Eq. (9.2) below the final value u; from the fitted equation and the initial value u, are
used to estimate the immediate moisture capacity Au;, /AQ :
Au,,  w —u,

Ao 9,-9,
Here , ¢ and @, are the RH-range of the step.

9.2)
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The calculated immediate moisture capacities are quite the same for absorption and de-
sorption. An example of this can be seen in Figure 9.2 where the absorption step response is
markedly different from the following desorption step response of the same RH-amplitude.
The calculated immediate moisture changes, Au;, , are on the other hand very similar. This
example is taken from the fifth series, Figure 6.49.

88% RH 93% RH
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£
=
0.18 T
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Time after step [h]

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.

The immediate moisture capacities have been calculated for all measured step responses
performed at 5°C. The result is shown in a survey in Figure 9.4. The two steps in Figure 9.2
have number 22 and 23 in the survey. Note that the axis represents order of events of the steps
and not time. Some intervals are much longer than the most frequent 48 hours. Most of the
measured sorption sequence at 5°C is shown in Figure 11.2.

Consecutive steps have similar immediate capacity, which seems to be independent of am-
plitude of step, interval between steps and absorption/desorption.

The time constants 7, from the same calculations are shown in Figure 9.5. The time con-
stant lies mainly in the interval from 1.5 h to 2.5 h with an average value for all time constants
of 1.96 h.

These fitted time constants may be compared to what a simple model gives. See Figure 9.3,
where the material in the sample is assumed to be lumped into one point. Here @n, denotes
the RH of the incoming air into the chamber. The total conductance K| is obtained from three
resistances as described in Section 10.1.4. The dampening effect of the limited air supply, the
surface resistance between the air and sample and the average resistance in the material. The

immediate moisture capacity of the sample is denoted 44/

K 9

(pinlet I_/\/\/\’—@
du

do

Figure 9.3 A simplified network for the immediate moisture capacity.

im

The moisture flux over the total conductance K, equals the moisture uptake:
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dui do _

E~ a K, '(Vinze: - V)

Using the relation v = @-vg,(T), we get:

du
i d
. ) (p = ¢iniet - (p

vsat (T) : KO dt

This is a differential equation in @(#). The factor before d@/ds corresponds to the time constant
I :

du
rrif
1. = qmo 9.3
‘v (T)-K, ©

sat

Inserting the above average value for #, and using the average value of Au;, /AQ for el

we get:

du

Koo 0.0945
® t,-v,(T) 196-3600-6.80-107

=0.00197 (M /(kgwooq-S)]

there, v,(7) is the saturated moisture content at the used 5°C.

This conductance may be compared to the value for the experimental set-up, which is given
in Section 10.1.4. This value, which accounts for the moisture capacity of the air in the cham-
ber, the sample surface resistance and ordinary diffusion in the thin sample. The value calcu-
lated for the experimental set-up, Ky = 0.0035 [m’ /(Kgwooa'S) 1, is roughly twice as big. It cor-
responds to a time constant f = 1 hour. This means that what is called here immediate sorp-
tion is influenced to a smaller extent by retarded effects.
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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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An average value of the immediate capacities in Figure 9.4 all step changes is of interest.
This value is 0.0945 [Kgwater /(K8wood - 100% RH)] .
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Figure 9.5 Survey of time constants calculated by exponential fitting,
Egq. (9.1), for all measurements at 5°C.

The variation of immediate capacity with the RH-level is of interest. Figure 9.6 shows the
estimated immediate capacity from all the sorption steps measured at 5°C to give the RH-
dependence of the immediate capacity. An average between the two levels of RH in a step has
been used for each point in the diagram. When consecutive periodic steps are made in the
same interval however, a small alteration of RH has been done in order to be able to distin-
guish the individual points in the diagram.

Comparison can be made with the total moisture capacity in the same diagram derived
from the slope of a moisture equilibrium curve. The immediate moisture capacity is rather
constant over the measured RH-interval with only a slight increase at high RH, whereas the
total moisture capacity is strongly increasing at high RH. Only a small fraction of the moisture
capacity is immediate at high RH. This also illustrates that retarded sorption is more dominant
at higher RH.
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Figure 9.6  Immediate and total moisture capacity as a function of RH.

Another illustration of the fact that the immediate capacity can be small compared to the
total is to look at measurements from periodic steps at low temperature and high RH and
compare them with simulations based on traditional theory. This is made in Section 11.1.1,
Figure 11.8.

9.2 Fitting the sorption curves using a few time constants

The sorption response can not be fitted by a single exponential function. The next step is to try
a sum of exponentials with different time constants. The magnitude of each exponential com-
ponent has to be fitted. Figure 9.7 shows an absorption response for a step in RH from 78% to
89% (Sample 4, the fifth series). A curve composed of three terms of exponential decline
functions with assumed time constants has been fitted to the measured step response. A linear
regression method has been used to determine the magnitude of each exponential function.
The assumed time constants are 3, 20 and 150 hours. (The shape of the three components are
shown in the figure. The sum is shown as Fitted curve'.) A good fit is possible and an ex-
trapolation to an equilibrium is obtained.

This approach has been tested on many of the sorption responses from the tests of thicker
samples (3 mm) in the first series and with longer intervals between steps. Up to seven time
constants from 2h to 1000 h have been used. The magnitude of each exponential was deter-
mined for the best fit. There was not any regular pattern.

In view of the different step responses that have been recorded a more complex model is
needed. The step response seems to be dependent on the amplitude of the step. A non-linear
model that is able to take this into account is tested in Chapter 11, Section 11.2 and onwards.

The different measured step responses however show a variety of patterns seemingly de-
pending on the previous conditions. This makes extrapolating a single curve of response to a
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true equilibrium precarious. Such calculations are very sensitive to the assumed conditions
and have failed to produce consistent equilibrium results.

In view of the many types of step responses that have been recorded a more complex model
that is able to forecast the time pattern based on the previous history could be expected to be
needed to find a more true equilibrium.

0.176 Extrapolated equilibrium }-—f
‘3 h time constantl
0.174 + .
Fitted curve
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Time after step [h]

Figure 9.7  Fitting of measured response using exponential functions.

9.3 Blocking of moisture capacity in the cell wall

The retarded sorption has several features that could be described as a blocking of the
moisture capacity. This blocking alters according to the conditions. It can be built up when
RH and temperature are limited to a small range. This can be seen when a sample is subjected
to repeated RH-cycles with small amplitude. An example is shown in Figure 9.8 where the
step is from 85% to 90% RH taken from the sixth series, Figure 6.61. The moisture exchange
is small with a decreasing tendency with the number of cycles.
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Cycle 1
Cycle 2
Cycle 3

0.005 + 2% Theoretical response,
assumed final value

0.003 -

R

0.002 -

0.001 +

Change in moisture content after step Au

-0.001
Time after step 85%—90% RH [h]

Figure 9.8 Calculated step response with assumed moisture capacity.

The blocking diminishes considerably when a large abrupt change of RH is made. If the
previous strong blocking has caused the sorption to deviate significantly from a true equilib-
rium and if the new large step has the absorption-desorption direction to interact with it, a
large sorption takes place. One such example is when cyclic steps are made and they are fol-
lowed by a step to a previously not attained limit. The time scales of these large sorption re-
sponses seem to vary in a wide range in the measurements. This could to some extent be at-
tributed to the wide range of moisture capacities over the used RH-interval since the time-
scale of the response is proportional to the capacity. The driving forces for the moisture up-
take are proportional to the saturated vapour content that are strongly increasing with tem-
perature. Simulations with a model that takes this into account can be expected to get a better
overview of the specific parameters influencing the retarded sorption.

The total moisture capacity, represented by the slope of the moisture equilibrium curve, is
strongly increasing with high RH for wood. The immediate capacity has been found rather
constant over the RH range as mentioned earlier. Thus the reminder of the capacity which
then carries the retarded properties, is much more dominating at high RH.

The step response is influenced by the previous moisture history. An example is when an
absorption step has been executed outside previously attained limits, where a larger proportion
of the sorption is retarded.
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9.4 Superposition of step responses

When two small step responses from the measurements are superimposed, the result is clearly
different from a response in the same interval where the change is made in a single step. This
illustrates that the sorption is non-linear. This is demonstrated in Figure 9.9, Figure 9.10 and
Figure 9.11 where the dotted line represents the two superimposed step responses. The com-
plete measurement sequences are shown in Section 6.1. A general experience from the meas-
urements is that the retarded part of the sorption is proportionally larger with small steps.
There is also a tendency that the sorption is larger when it is made in few larger steps even
when the response is extrapolated to equilibrium.

0.07

0.06 1+

Change in moisture content Au [ kg/kg ]

1 Il 1

25 30 35 40 45 50

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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Figure 9.11 Two superimposed step responses compared to a single step.
Absorption, 3 mm samples.
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9.5 Temperature dependence of the retarded sorption

At lower temperatures the effects from the retarded sorption are more prominent and the
sorption is more distinctly divided into immediate and retarded parts. The time-scales of the
responses are also greatly increased. In cyclic steps the moisture exchange is significantly
lower at 5°C than at 20°C.

An example of the influence of temperature change on retarded sorption can be seen in
Figure 9.12 covering an 80-day period. This period has been preceded by a long period of
slow absorption in steps at 5°C upon which cycles with small amplitude have been added.
Then one larger absorption step from 88% to 93% RH is made to an previously not attained
level. (At 1994-02-19 in Figure 9.12). This gives a remarkably large portion of retarded sorp-
tion. Even 30 days after the step a considerable drift is observed and only 68% of the sorption
has taken place according to an estimation by extrapolation. (An exponential decline with a
single time constant is assumed in this extrapolation and the last 20 days has been used in the
calculation).

After some additional small cycles (91% <> 93% RH), the temperature is shifted to 20°C.
According to the temperature dependency of the moisture equilibrium curve, 93% RH at 5°C
gives a higher moisture content than 94% RH at 20 °C, but nevertheless an essential absorp-
tion occurs. The sorption unmistakably defies the traditional theory for the moisture equilib-
rium in this situation. At least for a part of the sorption, an explanation could be that the ear-
lier ongoing process of slow retarded sorption is strongly accelerated.

The temperature is once again shifted to 5°C at 1994-04-15 and the same small cycles are
repeated. The moisture content is now much higher and no drift is observed after the impact of
the temperature cycle from 5°C to 20°C and back to 5°C.

0.23 -

0.22 1

0.21

Moisture content [kg/kg]

0.19

0.18
1994-02-08 1994-02-28 1994-03-20 1994-04-09 1994-04-29

Figure 9.12 Sorption sequence with temperature shifts.

177




Retarded sorption in wood Part 11T

9.6 True sorption equilibrium

A unique moisture content versus RH at equilibrium is assumed for continuous absorption in
conventional models. Any dependence on previous moisture history (except hysteresis) is not
accounted for. Many measurements contradict this assumption. It has been reported that larger
absorption steps give higher final moisture content than corresponding smaller ones. See for
example Christensen (1965). However, since the sorption time-scales for the smaller RH-steps
have proved to be much longer, an interpretation could be that the final moisture contents are
the same if it was possible to wait sufficiently long time.

9.7 Modelling of layers in the cell wall

One pronounced feature of the retarded sorption is the small moisture exchange when the
wood is subjected to RH-cycles. One possibility is to associate this to a limited penetration
depth in the cell wall depending on the duration of the cycles. In a discrete model this depth
corresponds to levels connected in series. A model with many levels can provide the gradually
longer time-scales for the sorption which invariably have been observed after a step change.
As each level has its own RH, the complexity of the model is increased by the number of lev-
els. A model with several layers will be able to hold more intrinsic information about the
moisture history of the sample.

Another possibility for a model to have a small moisture exchange if subjected to cycles, is
if it is based on a hysteresis moisture equilibrium curve. One example of such a curve is seen
in Figure 11.47. Here the intermediate curves which run between the absorption curve and the
desorption curve designated 'pivot line', applies for the cyclic sorption case. The intermediate
lines can be constructed to be much more horizontal than the upper desorption line or the
lower absorption curve in the same RH-interval, to adopt to a desired lower moisture capacity.

Measurements have been made where the sample has been subjected to cycles that are fol-
lowed by a larger absorption step outside previously attained limits. On these occasions a
comparatively larger amount of moisture is activated by the large step, compared to the previ-
ous cyclic steps. In a model with a hysteresis moisture equilibrium curve this situation with
cyclic steps corresponds to cycles on path c—d in Figure 11.49 with low moisture capacity.
When followed by a larger step, this corresponds to path d—e in Figure 11.50 on the absorp-
tion curve, with a higher moisture capacity. The measurements show that the sorption is large
when this last larger step is made, and it is distinctly retarded with long time-scales. This il-
lustrates that the hysteresis seems not to be coupled to the immediate level in the model, but to
have a stronger connection to deeper levels.

9.8 Non-linear retarded sorption

The retarded part of the sorption shows non-linear characteristics. When comparing the step
response from one large step with the sum of two smaller steps, the larger step results in larger
sorption with a proportionally smaller part retarded sorption.

To simulate the retarded sorption the models used here are composed of discrete conduc-
tances and capacities. If these components are linear a superposition of the responses would
produce the same result, independent of how the division of steps is made. Thus, the conduc-
tances must be non-linear, i. e. they must depend on the moisture conditions of the internal
levels.
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10  Selected model

The aim of the extensive measurements is to study the effects of retarded sorption and to es-
tablish an experimental base for models of this transient sorption. The final goal is to be able
to simulate the retarded sorption with sufficient accuracy with the simplest possible model.
This is a complicated task. The efforts reported here should be regarded as tentative first mod-
els.

10.1 Model structure

An introductory presentation of the contemplated model of the retarded sorption and its coup-
ling to the complete moisture process in wood is given in Section 1.1.5. Figure 1.3 showed the
conceptual moisture flow network. See also Figure 10.2. In a conventional numerical solution
we divide the porous material in nodes. Each node has a moisture capacity. The moisture flow
is determined by the moisture conductances between the nodes. We get a moisture flow net-
work with capacities that are coupled to neighbouring nodes and boundary nodes by conduc-
tances. A conventional model for a one-dimensional process with four nodes is shown in
Figure 10.1.

INAAADAAAADNAANADANANAD AN

Figure 10.1 Conventional, one-dimensional model (four nodes).

The model designed to simulate the retarded sorption consists of a number of internal
nodes coupled to an outer node. The macroscale flow occurs in a conventional network be-
tween these outer nodes. In Figure 10.2 two internal nodes in series are added.

| |]
|

il
1

||
|

Y
I

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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The model for retarded sorption involves only the outer node and its "appendix" of inner
nodes. This part of the total network is enclosed by dashed lines in Figure 10.2. In the fol-
lowing we will only deal with this part, and omit the conventional network.

The thin samples used in the experiments are designed to register the internal moisture up-
take in the cell wall. But the samples interaction with the climate chambers must be accounted
for by a moisture conductance. Figure 10.3 shows the conceptual model of the experiments.

The inlet water vapour content v,,,(f) acts over a moisture conductance on the outer node,
which is in contact with inner nodes by conductances in series.

G 0
—_—
v inlet(t)

Figure 10.3 Network for the thin samples of the experiments. Outer node in contact with the
climate chamber and two internal levels.

10.1.1 Moisture distribution in levels

To model the retarded sorption, N internal levels are added to an outer layer in direct contact
to the cell lumen. The internal levels are thought to be situated deeper in the cell wall, and the
macro-scale moisture flow may be assumed to take place in the outer layer only.

Thus the moisture content « is assumed to be distributed in N + 1 levels, where N levels are
internal in the cell wall:

(@) = up (@) + (... +uy(9) (10.1)
The total retarded sorption [ kKgwarer ’KK8wood 1 1S given by the sum u;(@) + ... + up(¢) of all
internal nodes. The outer node with its part ug(@) of the total capacity u(@) represents imme-

diate or rapidly accessible moisture capacity.

0.25

kg/kgl
=}
()

0.15 +

Moisture content U [
1=}
=
1
T

0.05 1+

RH

Figure 10.4 Distribution of the moisture content u() in an external part uy, and N internal
parts to represent retarded sorption. N = 3.
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10.1.2 Internal moisture flows

The total moisture flow to the sample is denoted Gy [kgwaer / S]. We consider the whole sam-
ple with its mass m. The moisture flow from level n-1to nis denoted G, , n = 1,... N. See
Figure 10.5. Here, the moisture flow conductances are represented by a new, more "wavy"
symbol. This is done in order to emphasise that the conductance may be non-linear, i. e. not
constant but dependent on the moisture state of the two adjacent nodes.

m-u, m-u,
S5
0 G

m-u, m-u,
G 1 G, G,
Figure 10.5 Network for the moisture flows between internal levels in the cell wall for the
sample with mass m.

The dry mass of the sample is m [kgy0qs]. The moisture flows per unit dry mass between
internal levels are denoted g, .

G,=m-g, n=0,1...N

The moisture network related to a unit dry mass of the sample is shown in Figure 10.6.

L K W K U KU
2 & g e

Figure 10.6 Network for the selected model for a unit dry mass of the sample.

The moisture flow between nodes depends on the differences in moisture state. We will use
water vapour content v as state variable. The water vapour content in the outer node is vg and
itis v, innode n. Let K,, [ m> /(Kgwood - 8) ] denote the moisture conductance between node
n—1 and n. See Figure 10.6. These conductances have vapour content as driving potential,
and they concern a unit mass of the wood sample. We have:

g. =K -(v.,-v.)) n=1,..N (10.2)

We assume in general that the internal conductance K, depends on the two adjacent va-
pour contents v, ; and v, :

Kn = Kn ( Vn-1> Vn )

An important case is of course constant values Ki,... K, . The model is then linear. In the
non-linear case we will test a power law of the following type:
K,=Fk, Vo —va|” (10.3)

The choice of the constants k, and 1y is described in Section 10.4.2.
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10.1.3 Mass balance equations

Mass balance equations for the N + 1 levels are:

duy _ oo
ar 8o~ &1

duy

a s &

=g~ faa n=0.N (gna=0) (10.4)

Insertion of (10.2) gives:
du,
dt
The moisture content u, depends on the relative humidity @, :
du, du, do,
dt  do, dr

=8n-8n+1 = Kn' ( Vp-1 - Vn) - Kn+1' ( Vp - Vn+l) (105)

Using v, = @, - v,(T), we get the following equation for the relative humidity @,(?):
du, do,
do  dt

= Vs (T) ’ [Kn ) ((pn—l - (pn)_ Kn+1 ) ((Pn - ¢n+1 )] (106)

10.1.4 External moisture flow

The external moisture flow Go=m - gy is related to the conditions in the precision chamber.

The involved variables, which are shown in Figure 10.7, are:

V

air

V, volume of chamber [m’]

supply air flow [m?/s]

Vinle Water vapour content in inflowing air [kg/m3]
Ve Water vapour content in mixed air in chamber [kg/rn3]
Vars Water vapour content on surface of sample [kg/m3]

Go moisture uptake [ Kgwater / S) ]
m  dry mass of sample, [ kgwood ]
8 =G, / m
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G -
' —> .
V. V. V.
V.rurf
— —>
Vinlet le Vcb
Ve

Figure 10.7 Variables for external moisture exchange to sample in chamber

The moisture balance for the air in the chamber is:
(Vinter = V) Vair = G = 8- (10.7)

Here the moisture capacity of the air, which may be of importance for rapid variations, is ne-
glected. This is discussed further in Section 10.1.5.

Let B [m/s] denote the air-to-surface moisture transfer coefficient, and A [m? ] the total
exposed area of the sample (both sides). The moisture balance of the surface becomes:

(Ve - Vsurf) - B-A=Go=gom (10.8)
Let L., denote an estimated average length for the diffusion within the sample, and let Dy

denote the vapour transport coefficient. See Figure 10.8. Then we have:

D Vsurf —V()

v

A=G, =g, m (10.9)

eq

The length L., is shown in Figure 10.8. The choice L., = 0.8-L, where L is half the thick-
ness of the sample, will be used below.

A

Lumped| |

Figure 10.8 Estimated average diffusion length into the sample

The above three equations Egs. (10.7) — (10.9) may be written in the following way:

m
Vinlet _Vch = gO V_ (10-10)

air
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m
Ven —szf =80 BA (1011)
m-L,
Veury —Vo = 80" 1D (10.12)

The factors after go define three moisture resistances. See Figure 10.9.

Vin Ven Vewrs Vo
I AA—eANA AN
m, m, m, L,
V. AB AD,

Figure 10.9 Moisture resistances between vi,, Vg, Vsurg and vo

Addition of the three equations (10.10) — (10.12) gives:

m m mL,
Vinter = Vo = 80" ?/—+A_'ﬁ+ A-D

air

The three moisture resistances of Figure 10.9 are added. The total moisture conductance
between v;u,; and vy is given by the inverse of the total resistance:
1 3
Ty [ K9] (10.13)
V. A-B A-D,

air

K, =

It should be noted that A denotes the total surface area on both faces of the sample.
The conductance K, determines the external flow g :

80 =Ko - (Vinter - Vo)
The conductance K, for the external flow depends on the experimental set-up and the ge-

ometry of the sample. It is not dependent on the assumptions for the internal levels in the cell
wall.

10.1.5 Data for external conditions in the measurements

Capacity of air in chamber

The moisture capacity of the volume of air in the chamber is neglected in Eq. (10.7). An esti-
mate is made if this is reasonable. A worst case with a small sample and a low moisture ca-
pacity ( at RH = 40% ) for wood is selected.

The total moisture capacity of the air volume is:
dWair
do

=V, v, =0022.-680-10° =0.15-10"  [Kguaer /100% RH]

Here V., [ m’ ] is the volume of the chamber, and vy, [Kgwater /m3] 1s the moisture content of
saturated air at 5°C.
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The moisture capacity of the sample is:

aw =m- du =0.0077-0.15=1.2-107 [kgwater /100% RH]

do do
As seen from the two figures, the moisture capacity for the sample is dominating over the
capacity in the volume of air.

Data for the conductance K,

Characteristic values for the conductance K, for the external flow are calculated for the con-
ditions in the actual measurements.

A low moisture transport coefficient has been selected, relevant for the dryer parts of the
simulations. The transport direction in the wood is longitudinal.

The conductance K, consists of three resistances in series as described in Section 10.1.4,
Eq. (10.10) — (10.12). Eq. (10.13) reads:

1
K, = m m- Leq [m3/ (Kgwood )]

_’n_+
‘./air Aﬂ ADV

Two examples are considered. The first one concerns the first sequence simulated in
Chapter 11 with longer intervals between steps in RH and at 20°C. (Samples 1 and 2, Thick-
ness 3 mm). The following figures are obtained:

m 0.054
V B 0.066- 10_3 =820 [(kgwood -S)/m3]

m 0054
A-B  0.005-0.062
m-L, 0.054-08-15-107
A-D, 0.062-4-10°°

[(kgwood S)/ m3]

=260 [(KZwood -s)/m’]

The moisture conductance between v;, and v becomes:
K, = !

820 +174 + 260

The second example concerns the second sequence simulated in Chapter 11 with shorter peri-

ods between steps in RH and at 5°C. (Samples 3 and 4, Thickness 1.7 mm). The following
figures are used in the simulation:

m 00077
V.  0.066-107
m 00077
A-B 00178-0.005

m-L 0.0077-0.8-0.85-10°°
i = 74 k w .S /m3
A-D, 0.0178-4-10° [(Kgwood -$)/m]

= 0.00080 [’ /(Kgwood *S)]

=117 [(KZwood -S)/m’]

[(KZwood S)/M’]

The moisture conductance between v;,;.; and v becomes:
1

K,=——— =0.0036 M /(Kguood *S
° T 117+86+74 [/ (kgwoos -5)]
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The resistance representing the thickness of the sample is only a rather small fraction of the
total resistance 1/Kj in these two measurement cases. This means that that the assumed sim-
plification to lump all of the material in one point is reasonable.

Figure 9.3 in Section 9.1 shows a simple network for the moisture response over a con-
ductance Ky. The response to a step change becomes exponential, Eq. (9.1), with a time con-
stant given by Eq. (9.3). For the second example above this gives, using the average moisture
capacity from Section 9.1 obtained by Eq. (9.2):

0.0945
t, = =3860 [s] =1.1 [h
® 6.80-107.0.0036 5] (]

Here 1, is the time scale for the response for the sample in the precision chamber.

The figure for the resistance emanating from the limited supply of conditioned air is rela-
tive high. This means that the experimental set-up is not allowing steep step changes. How-
ever one advantage is that the layers of wood with different distances from the surface experi-
ence rather closely the same RH-change simultaneously with only small differences. This
could be thought to increase the precision in analysing the retarded sorption, but at the same
time not activating the fast components of the phenomenon. The step change in the material
has taken place with a time constant in the order of two hours in the fast series of experiments.

10.2  Complete network for the model

Figure 10.10 shows the complete network with an outer node uy and N internal nodes. The
outer conductance between v;, and vg is Ky, while K| ,... Ky are the conductances between the
internal nodes. All equations refer to a unit mass of the sample.

K, u K, u, K, U, K, 4
Vinter > > o g — §
& v, & v, & v, g, V,
\ J \ J
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.

The mass balance equations (10.4) are:

du
- = - =0,.N =0
dt 8n 8n+1 n ( 8N+1 )
The final equations for the relative humidities @o(t)... a(t) are, Eq. (10.6):
du du, do
n_ n__ " v (D |K - _ -K . _
dt d(pn dt s( ) [ n ((pn‘l (pn) n+l1 (¢n (pn+l )]
du, du, do, )
ar = d(pn . o = Vsat(T)'[Kn '((pn—l - ¢n)— Kn+1 ((Pn 0,4 )] (KN+1 = O)

The system is driven by the inlet vapour content v;,(£) = Vgul(T) - @in(?) .
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10.3  Computer model

The numerical calculations to solve Eq. (10.6) are based on the method of explicit finite dif-
ferences. For each time-step the following procedure is used.

1. vy -values are calculated from @, -values and v,(7)

V’l

R

2. The current values of the conductances K, are calculated as a given function of v, 1-vyl,
Eqg. (10.17). The factors for the variation of conductances between the levels are de-
scribed by Eq. (10.17). The moisture capacity values, du, /d¢, , are computed from an
algorithm described in Section 10.5, Eq. (10.18). The distribution of capacity between
the levels are described in Section 10.4.1, Egs. (10.14) — (10.16).

3. For each level, a stable time-step At, is calculated:
du du
At =——. 1 (n=0, N-1); Aty = — 2
do, v, (D)-(K,+K,,) do, v.(T)-K,
The smallest time-step from the levels is selected as the stable time-step Az .
Since the values of the conductances are dynamically changing in the simulation of the
non-linear models, the stable time-step is recalculated for each new time-step.

4. The quantity of moisture exchanged between the levels during a time-step is calculated:
M,=At-K; (Vp1-vn) (n=1,..N); My=At-Kp- (Vin-Vo)

5. The sum of the quantities of moisture through adjacent conductances are divided with
the moisture capacity for each level to form the calculated change in ¢ during a time-

step.
M -M
new __ .old n n+l new __ . old M N
o= O =N
d(pn d(PN

The relative humidities for all levels are shown in the diagram of simulation to illustrate
the progress of the potentials for the retarded sorption.

6. An algorithm for the moisture equilibrium curve calculates the value of the moisture
content for each level and a total # can be summed up to give the output for the time-
step in the simulation program.

N
u" = ZM,, (0,) (n=0,..N)
n=0

The program is written in Visual Basic within Excel and with a spreadsheet as an interface.
Desired output times and RH are entered as inputs on the spreadsheet and total moisture con-
tent and the RH for each level are calculated by the program. Diagrams are linked to the
spreadsheet and comparison with measured values can easily be made in the Excel environ-
ment.
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10.4  Specific assumptions

10.4.1 Moisture distribution in the assumed levels

The total moisture capacity is strongly increasing with high RH for wood. This is seen by the
steep slope of the moisture equilibrium curve at high RH. The immediate sorption responses
in the measurements the first hours after a step have proven rather proportional to the RH-step
independent of RH-level. This is reflected in the used models by giving the immediately ac-
cessible level (designated 0) a constant capacity. This is seen in the assumed moisture equilib-
rium curve in Figure 10.11, where this capacity is represented by a straight line.

A constant moisture capacity is assumed in level O:
uo(@) =co - @ (10.14)

The reminder of the moisture capacity is distributed over the N levels by factors o,
N
Un(Q) = 0 - (u (@) — up(9) ) Ya, =1 (10.15)
n=1

In order to get a manageable number of parameters it is assumed that the factors o, are
given by a geometrical series:

=0y (b)) n=1,. N (10.16)
The sum of the factors is 1, so we have:
N 1_bN
1= a,=a,-(1+b+..+b' ") =0, —
n=1 - u

From this we have:
1 - bu "_1

n=l_b;v' u

n=1,... N

For any given total moisture equilibrium curve u(@), the above model uses three parame-
ters, co, N, b, to get the moisture capacities u,(¢), n=0,... N
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Figure 10.11 Distribution of moisture capacity in model
with three internal levels.
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10.4.2 Conductances K,(V,.1 , Vn)

The conductances K; between the different levels are determined by constants k, given by a
geometric series:

K,=k, Vo1 -V k=ki-(B)™  (&<1) (10.17)

The values y= 1 and y= 2 are used in the models. Constant conductances are also tested.
They are also given by the geometric series:

Ko=Ki-(b)"'  (bi<1).

The model thus uses three parameters k; , by and Y to determine the conductances
Ki,..Ky.

10.5  Sorption isotherm

In Chapter 4.2.1 a formula for the sorption isotherm was presented. An earlier simpler formula
for the sorption isotherm has been used for the simulations of retarded sorption and in the
comparison with the measurements.

The formula for the sorption isotherm is given by Eq. (10.18). The ¢-interval is limited
since the function is not finite at ¢ = 0. In the simulations of the measurements, values for low
¢'s are not needed and the low interval can be excluded.

_A-In(C-In(g))  du _ 1
B dp ¢ B(C-In(p))

The following values have been used at 20°C:
u() = 1.37 —1n(0.005-In(¢)) 008<p<1
18.6
A temperature dependency is added:
1.47-0.005-T) —1ny(0.007 - 0.0001-T) —In
w.T) = ¢ )~ In{( )~ In()}
16.6+0.1-T
008<@p<1 0°C<T<30°C

(10.18)

u(Q)

(10.19)

This isotherm is shown in Figure 10.12. This formula is used in Chapter 7 to 11. In Section
11.3 the algorithm has been supplemented with a hysteresis function.
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Figure 10.12 Moisture equilibrium curve from the formula (10.19).

10.6  Temperature dependence of moisture flow

In the discussion in Section 9.3, blocking was defined as the varying obstruction that made
parts of the moisture capacity inactive. There are several indications that the blocking in-
creases strongly with decreasing temperature.

One way to achieve temperature dependence is to use water vapour content (or alterna-
tively vapour pressure) as the driving force for the relaxation of moisture between the internal
levels in the model. A vapour difference Av is connected to a difference in RH, A@, by the
saturated vapour content v,

Av=A@- v,

In the main, non-linear model the internal moisture flow g is related to the vapour differ-
ence Av.

g = constant - Av -|Av|” v=1
o=—"
Veu(T)

By using the non-linear model, the temperature effect for the retarded sorption is enhanced.
At 20°C and 5°C respectively, the ratio between the saturated vapour contents vy, is 2.55.
With the non-linear model the corresponding ratio for the internal moisture flow becomes

. as! 10-3 ¥
8x (v (20)-Ap) :[17.29 10 ) 2552 =65

g (v (5)-Ap)" | 6.80-107

This ratio gives the increased speed with which the retarded sorption relaxes at 20°C com-
pared to 5°C in the used main non-linear model.
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11  Simulations of measured sequences

Two measured sequences have been selected for the simulations with the objective to cover a
wide range of conditions. The aim is to test different models and to fit the parameters of the
models.

The sequences are starting at a point where the retarded sorption is considered small to
minimize the influence of the necessary assumed initial values in the internal nodes of the
models.

The first sequence, which consists of the main part of the first series of measurements de-
scribed in Section 6.1, concerns a measurement for a time of almost one year. The temperature
is 20°C . See Figure 11.1. The first part consists of absorption in steps to 98% RH. It is fol-
lowed by corresponding desorption steps. The results from the measurements are shown in
Section 6.1.

The absolute levels of the moisture content for the first sequence is somewhat uncertain.
During the long measuring time, dust may have collected on the sample etc. Drying in oven
was not been performed prior to the measurements, in order not to destroy the sample. Instead
the dry weight of the sample was temporarily estimated for the results to the first report in
Swedish. Later the samples were dried at a higher temperature and the dry weight used here.

The second sequence which consists of the main part of the fifth series of measurements
described in Section 6.5, consists of periodic steps interspersed with single larger absorption
steps for longer periods. The temperature is 5°C. The sequence is taken from Section 6.5 . The
results from the measurements are shown in Figure 11.2.

0.28

0.26

0.24

0.22 + -

0.2 1

Moisture content © [kg/kgl

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).

For each section in this chapter a new variant of model is tested. The parameters in the
model are kept the same in the two simulated sequences. The first two diagrams in each sec-
tion show the simulation results for the two sequences together with the relative humidity in
the outer level or node and in the internal levels. This makes it possible to get an overview of
the progress of the RH-potentials in the assumed levels and compare with the simulated
moisture content. In the rest of the diagrams in each section, the simulation result is shown
together with the measured values.

11.1 Linear models

We will first test linear models, 1. e. models with constant conductivities K,, n=1,... N.

11.1.1 Fickian

The first simulations are made with a model based on traditional theory where all of the
moisture content is assumed to be immediately accessible in a local point in the material.

Figure 11.3 shows a moisture flow network for this model. The sample is very thin so the
'Fickian' diffusion on a macro-scale is not significant. The essential process is the moisture
uptake from the incoming air into the precision chamber to the cell walls.
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K, u (®,)
Vinle: I'J\/\/\’_@

VO
Figure 11.3  Network for a Fickian process for a very thin sample.

The values for the components constituting K, are described in Section 4.1.5. Kj is depend-
ent of the thickness of the sample. The values are K, = 0.00083 [m3 /(Kgwooa -8)] for the
thicker sample (20°C sequence), and K, = 0.0035 [m® /(Kgwood -8)] for the thinner sample
(5°C sequence). Theses values are used for all the models in this chapter.

The moisture capacity is given by the moisture equilibrium curve in Section 10.5.

Figure 11.4 shows the result from the simulation of the sequence at 20°C. The upper curve
in the diagram is the calculated RH in node 0, which is the only node in this Fickian model. In
Figure 11.5 the same simulation for the sequence at 5°C is shown.

In Figure 11.6, comparison for the sequence at 20°C is made. Figure 11.7 shows two step-
responses at high RH from the previous figure more in detail. We can see how fast the tradi-
tional Fickian model reaches a distinct equilibrium after a step-change. The measured re-
sponse never reaches equilibrium during the measured intervals. The sorption responses show
a wide range of time-scales.

In Figure 11.8 and Figure 11.9 comparison with the measurements from the second se-
quence at 5°C involving cyclic steps is made. The difference between the Fickian model and
measurements is very big, in particular for the cyclic variations.

It is clear that a Fickian model cannot reproduce the measured values.
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Figure 11.4  Simulation of the sequence at 20°C.
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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.
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Figure 11.7 Simulation compared to measurements at 20°C. Detail from Figure 11.6.
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Figure 11.8 Simulation compared to measurements at 5°C.
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Figure 11.9  Simulation compared to measurements at 5°C. Detail from Figure 11.8.

11.1.2 One internal level in the cell wall

A simple model with only internal level (N = 1) is tested. Figure 11.10 shows a moisture flow
network for this model.

Co Py u((Pl)‘Co'(Pl
(Pinlet
K, ¢, K ¢

Figure 11.10 Network using one internal level.

The corresponding non-linear model with one internal level is studied in Section 11.2.1. In
Section 11.3.3 the corresponding non-linear model including hysteresis is studied.

The outer level O has been given a constant capacity ¢ , independent of RH, based on ob-
servations made in Section 9.1. The method gives level O a constant capacity versus RH and
makes the capacity of the other levels all the more varying. This is described in 10.4.1. From
Figure 9.4 the following value of ¢g in Eq. (17) is chosen:

uy(@)=c,- @
Co = 0.08 [kgwater /kgwood ]

This value, which is somewhat uncertain, is used in all models for both 5°C and 20°C in
this chapter (except for the model in Section 11.1.3 with its special assumptions). The value is
based on analyses on measurements at 5°C only.
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The internal moisture transport coefficient K; concerns -a unit mass of wood, and it refers
to water vapour as gradient. By fitting one of the first step responses at 20°C, the following
value was obtained:

Ky =510" [m® /( Kgwood » 5)]

Figure 11.11 shows the result from the simulation of the sequence at 20°C. In figure 11.12
the same simulation for the sequence at 5°C is shown. The two upper curves in the diagrams
are the calculated relative humidities in the nodes. The thicker line designates @o(?).

In Figure 11.13 comparison with the measurements at 20°C is made. Figure 11.14 shows
two step-responses from the previous figure more in detail. The amplitudes of the steps are
decreasing from 4% in the first step to 2% RH in the second one. We can see that the second
measured response is very different from the simulated both in shape and amplitude. These
steps will later be compared in Figure 11.39 for a non-linear model with 5 internal levels.

In Figure 11.15 the result of the simulation for the sequence at 5°C is shown. Figure 11.16
shows a part in more detail. The simulation cannot at all reproduce the sorption response for
the cyclic steps. The magnitude of the moisture exchange for the cyclic steps are however re-
duced to some extent compared to the Fickian model (Figure 11.8 versus Figure 11.15).

One situation, where all tested linear models for retarded sorption and models with just one
internal level have failed, are seen at the end in Figure 11.16. Here the simulated values has
come close to equilibrium (at 93% RH) and then a number of cyclic steps are added in the
simulation. The moisture level is drifting for each new cycle in the simulation. This sequence
will later be compared in Figure 11.41 for a non-linear model with 5 internal levels.

A linear model with one extra internal level improves the agreement between simulation
and measurement by introducing a second, large time-scale. But the measured responses con-
tain many and varied time scales. All the time-scales cannot be accounted for by this type of
model. It is clear that more complex models are needed.

0.28 1

Simulated Moisture Content [kg/kg]
o
N

018 T

016 T

0.14 - t t } } }
0 1000 2000 3000 4000 5000 6000
Time [h]

Figure 11.11 Simulation of the sequence at 20°C.
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Figure 11.12 Simulation of the sequence at 5°C.
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Figure 11.13 Simulation compared to measurements at 20°C.
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Figure 11.14 Simulation compared to measurements at 20°C. Detail from Figure 11.13.
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Figure 11.15 Simulation compared to measurements at 5°C.
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Figure 11.16 Simulation compared to measurements at 5°C. Detail from Figure 11.15.

11.1.3 Constant conductances in cell wall

The next level of model complexity is to use several internal levels. The cell wall is imagined
to consist of N layers. In particular we will consider N = 6. See Figure 11.17. There is nor-
mally another cell wall to the right. The flux to the right is therefore by symmetry zero. The
complete moisture flow network is indicated in Figure 11.18.

Homogenous cell wall

e o ® e . ® ®
K K, K K K K
INANEANNAAAAANANANAAAANANAAEANAN A ANAA S
— > > > > >
gl g2 g3 g4 gs g6

Figure 11.17 Model of cell wall with 6 internal levels.

The total u() is divided in one fraction py of the moisture content that is directly accessi-
ble for the outer pore system. The rest, 1-pg , is distributed proportional to layer thickness in
the cell wall. For a homogenous material and layers of constant thickness, this gives:

uo = po- u(Q) Uy, = p1- u(Q) n=1,...N
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1-po=p1- N
Here N = 6 is used, and py = 0.4 has been chosen for a rough balance between immediate and
retarded sorption. Note that the RH-dependence is the same for the outer capacity uo(@), as
for the inner u,(¢). In all other models with internal nodes, level O has been given a constant
capacity, based on direct observations from the measurements.

The conductances are chosen in proportion to the thickness of the layers in the cell wall.
Let K; be the conductance of the first half layer in Figure 11.17. Then the other conductances
become:

K,=05K; n=2,.N

The chosen value of the total conductance for the cell wall, K; /(2-N) , is 15-10°¢
[m® /(K8wood » 8)]- This gives K; = 180-10° [m? /(K8wood > $)] for N = 6. The choice is made to
roughly fit the long time-scales for the steps at high RH in the first sequence with its long in-
tervals.

The only parameters in this model that are adjusted to fit the measured response are p, and
K.

po'u(q)o) p1°u((P1) pl'u((Pz) p1'u((PN)
(Pinlet

K, ¢, K, ¢, K,/2 ¢, K,/2 @y

Figure 11.18 Network for a homogenous cell wall using 6 internal levels.

The results of the simulations of the two sequences are shown in Figure 11.19 and Figure
11.20 together with the RH in the different levels. This gives a possibility to follow the prog-
ress of the change of RH and moisture in the cell wall for this model.

In Figure 11.21, Figure 11.22 and Figure 11.23 the results of the simulations are compared
to the measurements.

A low conductance in the cell wall has been used to model the long time-scale for the
sorption at high RH. This gives far to slow sorption at mid-range RH in the beginning of the
simulation. The shape of the sorption response curves are also very different from the shapes
in the measured sequence . When RH is kept constant for a long period all the nodes arrive at
near equilibrium and the sorption stops, whereas retarded sorption always is present in the
measured sequences. See in particular Figure 11.21.

It is clear that this model, where the internal conductances are the same, is not sufficient.
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Figure 11.19 Simulation of the sequence at 20°C.

Simulated moisture content u [kg/kg]

0.14 t t t t }
0 500 1000 1500 2000 2500 3000
Time [h]

Figure 11.20 Simulation of the sequence at 5°C.
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Figure 11.21 Simulation compared to measurements at 20°C.
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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.

11.1.4 Vanable conductances in cell wall

The next step of complexity in the model is to consider different internal conductances.

This model is similar to the model in Section 11.1.2, but instead of one internal level this
model has five (N = 5). The conductances between the levels are progressively decreasing
unlike the previous model in Section 11.1.3, where the conductances were the same to de-
scribe a homogenous cell wall. Figure 11.24 shows a moisture flow network for this model.

Pives AN-ADAAAAD A DA DA AAAAD

0o 0, (02 (OF] Dy Ps

Figure 11.24 Network using five internal levels and variable conductances

As described in Section 10.1.4 and used for the model in Section 11.1.2, the moisture ca-
pacity in level O has been given a constant value.
Co= 0.08 [kgwater /kgwood ] uO((P) =Cy- @

The reminder of the moisture capacity is distributed in the N = 5 internal layers as a geo-
metric series according to Egs. (10.14)-(10.16) in Section 10.4.1:

Un(Q) = 0 - (1 (@) — uo(9) )
o, =0 - (b)"! n=1,..N
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The factor ¢ is determined by b, , Eq. (10.16). After a few tests b, = 1.4 has been chosen,
which results in o; = 0.091, 0, = 0.128, o3 = 0.179, oy = 0.252, as = 0.351.

The conductances K, between the different levels are also varied as a geometric series:
Ko=Ki- 00" (e<1),
After a few tests, by =0.6 and K; = 1-10° [m3 /( kgwood » $)] has been chosen.

The results of the simulations of the two sequences are shown in Figure 11.25 and Figure
11.26 together with the RH in all levels.

In Figure 11.27, Figure 11.28 and Figure 11.29, the results of the simulations are compared
with the measured values.

A difference for the two simulation sequences at different temperatures can be noted. At
20°C as seen in Figure 11.27, the assigned value for the conductances appear too small and
the retarded sorption is too dominating. Comparison can be made with a simulation with the
same assumed conductances for the 5°C sequence, Figure 11.28. Here on the other hand, a
stronger blocking of the capacity seems to be needed to reduce the sorption amplitudes and to
make the time-scales longer. In the non-linear models a reduction of the conductances by tem-
perature is attained by the temperature dependence of the vapour contents as described in
Section 10.6.

Level 0 has been given a constant capacity versus RH in this model, in contrast to the in-
ternal levels. Comparison can be made with the homogenous cell wall model in Section
11.1.3, which has the same capacity variations for all levels. The retarded sorption is far too
pronounced at low RH in the homogenous cell wall model seen in Figure 11.19 of the simula-
tion at 20°C. Comparison can be made with the corresponding Figure 11.25 with this model.
This demonstrates indirectly the need to assign a different RH-dependence for the immediate
sorption. The immediate capacity was analysed more directly in Section 9.1.

Figure 11.27 contains steps where absorption is followed by desorption. This linear model
is very poor in reproducing the first two step-responses after the turn at 98% RH. The corre-
sponding simulation with a non-linear model is in Section 11.2.2, Figure 11.38 will later show
a much better agreement.
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Figure 11.25 Simulation of the sequence at 20°C.
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Figure 11.26 Simulation of the sequence at 5°C.
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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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Figure 11.29 Simulation compared to measurements at 5°C. Detail from Figure 11.28.

11.2  Non-linear models

The previous models in Section 11.1 with their increasing complexity are all linear. They
could simulate parts of the various complex responses. But very clear discrepancies between
measured and simulated responses are still remaining. It is clear that non-linear models are

needed.

In the networks a non-linear conductance is given a special symbol:

A

11.2.1 One internal level in cell wall

non-linear conductance

A non-linear model with one internal level (N = 1) is tested. Its linear counterpart is discussed

in Section 11.1.2. Figure 11.30 shows a moisture flow network for this model.

K, K,

Qinter }«M—@——M—@

Py P,

Figure 11.30 Non-linear network using one internal level.

As earlier, the moisture capacity in level O has been given a constant value:

co = 0.08 [kgwater /kgwood ]

The conductance Kj from Eq. (10.17) in Section 10.4.2 contains two parameters, k; and
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K1=k1'|V0-V1 Y

The exponent for the non-linearity of the internal conductances is y= 1. This means that the
internal moisture flow is proportional to the square of the applied difference of vapour content
over the conductance.

By fitting one of the first step-responses with long intervals, the following value was ob-
tained:
k1=0.5 [m° /(Kgwood » Kgwaier - $)] Y= 1

The fitting was made for the same intervals as the fitting in the corresponding linear model in
Section 11.1.2.

The result of the simulations of the two sequences are shown in Figure 11.31 and Figure
11.32 together with RH of the two levels.

In Figure 11.33 and Figure 11.34, the results of the simulations are compared with the
measured values. One improvement in the result from this non-linear model compared to the
corresponding linear model in Section 11.1.2 can be studied in steps with small amplitude in
RH. If the simulation result for the steps 94%—96%—98% RH (2380 h to 3600 h on the time
axis) in Figure 11.13 is compared to the result in Figure 11.33, the non-linear model can block
and delay the sorption somewhat better. In the simulation of periodic steps, Figure 11.15
compared to Figure 11.34, the shape of the responses are better for the non-linear model.

Cycles of larger amplitude have produced proportionally slightly larger sorption than cycles
with smaller RH amplitude. This model exaggerates this effect. This can be seen in Figure
11.34, where the simulated sorption for the 74%—84% RH cycles, to the left in the figure, is
far too big. This can be compared to the 88%—-90% RH cycles in the centre of the diagram.

The model is not able to simulate the different time-scales present in the 5°C sequence.
Generally, the models with just one internal level are too crude to be able to simulate both
short and long intervals between steps.
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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.
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11.2.2 5 internal levels in cell wall

The previous non-linear model, with just one internal level, showed some improvement on the
corresponding linear model. In this model non-linear conductances are combined with several
internal levels. Its linear counterpart is described in Section 11.1.4. Figure 11.35 shows a
moisture flow network for this model with five internal levels.

O iier A A—ODAAA—ODAAA— DA DA
®o (OF) ®2 () (O D5

Figure 11.35 Non-linear network using five internal levels.

As earlier, the moisture capacity in level O has been given a constant value.

Co= 0.08 [kgwater /kgwood ] uO((P) =C- P

The reminder of the moisture capacity is distributed in the N = 5 internal layers as a geometric
series according to Egs. (10.14)-(10.16) in Section 10.4.1:

Un(@) = O - (1 (9) — uo(9) )
O = 0 - (b)) n=1,.N
The same value b, = 1.4 as the model in Section 11.1.4 has been chosen.
The conductances are proportional to factors &, , Eq. (10.17) in Section 10.4.2:
Ky=ky-1vy1-v,I y=1
ko =ki - ()™ n=1,.N

For a good over-all agreement, the value k; =2 [m6 /( K8wood ‘KEwater *8)] was chosen. The
same value b, = 0.6 as the model in Section 11.1.4 is used.

The result of the simulations of the two sequences are shown in Figure 11.36 and Figure
11.37 together with RH for all levels.

In Figure 11.38 to Figure 11.41, the results of the simulations are compared with the meas-
ured values. This model exhibits considerable improvements compared to the previous ones.
Responses are fairly well reproduced, both with long and short time-scales. Proportions be-
tween the sorption at different amplitude also show good agreement. The model can also han-
dle combinations of steps. One example is an absorption step kept constant for a long period
followed by small cyclic steps. See Figure 11.41. Another example is a long succession of
absorption steps followed by a desorption step in Figure 11.38.

As a general conclusion, the measurements have shown, that the sorption after a step is de-
pendent on the previous moisture history. A model that consists of several layers connected
with non-linear conductances opens the possibility of having the desired properties for a sorp-
tion that is dependent on the previous history in a way that is observed in the measurements.
Take as an example a case where slow absorption has taken place over a long period. Here the
model with non-linear conductances allows a small but significant difference of potential be-
tween the levels to be built up. The retarded sorption can still be slow. If then another absorp-

212




Simulations of measured sequences

tion step is added, the differences of potential are increased. This results in higher conduc-
tances and a substantial retarded sorption takes place.

The simulation of the first desorption step in Figure 11.38 gives rather good agreement
(3600 h to 3800 h on the time axis). The model blocks much of the sorption for this first de-
sorption step. Comparison can be made with the corresponding simulation in Figure 11.27
with a linear model. Here too much sorption is activated.

Despite the generally good agreement, there are still some discrepancies between model
simulations and measurements. The major discrepancy occurs when the sequence has scanned
over a wide range of absorption and desorption. This is apparent when the third desorption
step is made in the first sequence seen in Figure 11.38 (4500 h on the time axis and onwards).

This model has a counterpart with a hysteresis function selected as the model with the best
over-all agreement described in Section 11.3.5. In the second sequence (5°C), the hysteresis in
the model is hardly activated, since the hysteresis components in the deeper levels of the
model almost entirely are exposed to absorption. The outcome of the simulations are then al-
most identical.
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Figure 11.36 Simulation of the sequence at 20°C.
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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 11.41 Simulation compared to measurements at 5°C. Detail from Figure 11.40.

11.2.3  Conductances with stronger non-linearity

To investigate the influence from a stronger non-linear modelling a variant of the previous
model in Section 11.2.2 is tested. Instead of y =1 for the exponent in the equation for the con-
ductances, Y = 2 has been tested. The same moisture flow network with the same number of
nodes as in Figure 11.35 is used.

The capacities are the same as in the compared model in Section 11.2.2:

co=0.08 [kgwater KEwooa ] bu=1.4

The conductances are proportional to factors &, from Eq. (20):
Ky=ky- vy -v, ',  y=2
ko =ky - ()™ n=1,.N (N=5)

After a few tests, k; = 100 [m9 /(K8wood » (kng,)2 ,8)] and by = 0.7 was chosen.

The result of the simulations of the two sequences are shown in Figure 11.42 and Figure
11.43 together with RH for all levels.

In Figure 11.44 and Figure 11.45 the results of the simulations are compared with the
measured values.

Comparison can be made with the result for the corresponding earlier model with weaker
non-linearity. Figure 11.38 can be compared to Figure 11.44 and Figure 11.40 to Figure 11.45.
No direct disadvantage can be seen when using this strongly non-linear model. It is however
hard to get an overview of the impact from changes of the parameters in these non-linear
models. It is then hard to estimate how good the parameters for the two individual tests are
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.
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11.3 Models including hysteresis

11.3.1  Sorption hysteresis function

In order to investigate the influence of sorption hysteresis in the models for retarded sorption,
a set of moisture equilibrium curves with the following characteristics has been used.

The hysteresis results in so called scanning curves. This means that the moisture content u
follows a new curve after each turn between absorption and desorption. The properties of the
hysteresis function used in the model is described in steps for an example below.

Consider first an initial absorption from dry conditions. The moisture equilibrium curve for
initial absorption is followed, .4 . A fraction (1- Oty ) of this curve is assumed not to be
influenced by hysteresis. This fraction can be altered to give the desired strength of hysteresis
for the total moisture capacity. For the models in this paper Oy = 0.351 has been used after a
rough fitting.

This separation in two parts is illustrated in figure 11.46. The fraction above the horizontal
axis influences the hysteresis, while the fraction under the axis represents a constant contribu-
tion, independent of hysteresis.

0.1

005 T

-0.05 T

Moisture content u [kg/kg]
o

I (l‘ahyst )WUin. ab.

AN

-0.15 \

Ll

-0.1 1

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.

Figure 11.47 illustrates the principles of the hysteresis model. The lower full curve is the
hysteresis part of the initial adsorption curve, i. e. the curve above the horizontal axis in
Figure 11.46. We consider any sequence of increasing and decreasing RH. We start at low
RH ¢ , then RH is increased to @, , then decreased to ¢, , increased to Qs , etc. Let Qpax
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denote the largest RH in the sequence (up to the considered time). A so called pivot line is
drawn from this @, on the absorption curve, to a suitably chosen pivot point. See Figure
11.47. The hysteresis part of the moisture content is enclosed between the absorption curve
and the pivot line. The absorption curve may be followed for increasing RH, and the pivot
line may be followed for decreasing RH. At intermediate points the dotted lines with a less
steep slope are followed in both directions. A complication occurs when @, is exceeded
by a new higher RH. Then a new pivot line is created. This is illustrated in Figure 11.50.

We will illustrate how this works with a few examples. In Figure 11.48 to Figure 11.53,
a sequence a, b,... to j is followed.

01+

0.08 +

0.06 +

Hysteresis fraction of moisture content [kg/kg]

0.04 + P
/,/'/ ahyst U in. ab.
0.02 + ‘l,,/"
/
0 + } } } } } } } t
(pmax
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

Consider first a desorption that follows after the initial absorption. The situation is illus-
trated in Figure 11.48. Curve 1 shows the hysteresis part, Othys - Uin.ap. , Of the initial absorption
curve, 1. e. the curve above the RH-axis in Figure 11.46.

The absorption starts in point a. The next event in this example is when the sorption
reaches a maximum value and a desorption starts, point b. The desorption is assumed to fol-
low a straight line to a fixed point, named pivot point in the figure. The position of this pivot
point is selected to be above any tangents of the absorption moisture equilibrium curve. At the
same time it is rather close to the tangents for the curve in the medium range of RH. This re-
sults in the desired small hysteresis effects in this range.

The line from the maximum reached RH sorption point to the pivot point is called pivot
line. This line defines the ceiling for subsequent scanning curves until the current maximum
RH is exceeded.

220




Simulations of measured sequences

0.1+

0.08 +

0.06 +

0.02 +

Hysteresis fraction of moisture content [kg/kg]

Figure 11.48 Example for an initial absorption followed by desorption, a—b->c.

2 a-b-c—d

The next level of complication is to consider a second absorption that starts from the pivot
line type 2, point c in Figure 11.49. A constant slope is used for this intermediate curve.
Roughly the same slope has been used as the slope in the inflection point of the absorption
moisture equilibrium curve. This type of curve is allowed to continue until it meets the initial
absorption curve, point d in Figure 11.49.
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0.08 +

0.06 +

0.02 +

Hysteresis fraction of moisture content [kg/kg]

Figure 11.49 A second absorption curve, c—>d.

3 a-b-cod-enfog

An absorption->desorption—absorption cycle is added. The added curves are shown in
Figure 11.50, (d—e—f-g). The previous @, is exceeded, ¢, > ¢, . A new pivot line is cre-
ated.

0.1+
0.08 1
0.06 +
0.04 4

0.02 +

Hysteresis fraction of moisture content [kg/kg]

Figure 11.50 Two cycles added to the previous cycle, d—e—f—g.
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4 a-b-c—d-e-f->g—h-ioj

A last absorption—desorption cycle in this example is added and it is shown in Figure
11.51, f-g—h—i—j. At the turning point in h, a previous scan has reached a higher level. In
this case the desorption follows an intermediate line with the same constant slope as curve c—
d and f—g. The curve continues until it joins the previously established pivot line, in point i.

0.1+

0.08 +

0.06 +

0.02 +

Hysteresis fraction of moisture content [kg/kg]

Figure 11.51 The final cycle in the example, g—>h—>i—}j.

To sum up, the rules for the hysteresis function are: The sorption is not allowed to exceed a
envelope created by the initial absorption curve and a desorption line (pivot line) from the
maximum reached RH-level. Within this envelope the scanning curves have constant slope.

The hysteresis component of the scanning curve for the whole above example is shown in
Figure 11.52. This component, combined with the part not influenced by hysteresis, results in
the total moisture equilibrium curve in Figure 11.53.
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Figure 11.52 Hysteresis component in the moisture equilibrium curve.
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Figure 11.53 The resulting total moisture equilibrium curve.
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11.3.2 Fickian model with hysteresis

This model is identical to the model in Section 11.1.1 except that the moisture capacity in-
cludes hysteresis. A moisture flow network for the model is shown in Figure 11.54. A special
symbol is used for the moisture capacity of a node with hysteresis according to the model in
Section 11.3.1.

K,

Oiter I-'\/\/V-@ moisture capacity with hysteresis

Po
Figure 11.54 Network for a Fickian process including hysteresis.

The above model for hysteresis is used with oy = 0.351. This fraction is also used in the
following models in Section 11.3.3, 11.3.4, and 11.3.5. The construction of the hysteresis
functions is described in Section 11.3.1.

The result of the simulations of the two sequences are shown in Figure 11.55 and Figure
11.56 together with RH in level 0, which is the only node in this Fickian model.

In Figure 11.57, Figure 11.58 and Figure 11.59 the results of the simulations are compared
with the measured values.

The Fickian model reaches an equilibrium very fast compared to the long intervals used in
the sequence in Figure 11.57. During these periods of equilibrium the levels of sorption are
the same as the corresponding points in the moisture equilibrium curve including hysteresis.
The effect of hysteresis at equilibrium is seen by comparing with the result from the Fickian
model without hysteresis in Section 11.1.1 (Figure 11.6 and Figure 11.57, and the details in
Figure 11.7 and Figure 11.58).

The cyclic steps in Figure 11.59 can be compared with the corresponding Figure 11.8, in
Section 11.1.1. Only a modest improvement compared with the non-hysteresis model is
achieved for the sorption amplitudes.
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Figure 11.56 Simulation of the sequence at 5°C.
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Figure 11.57 Simulation compared to measurements at 20°C.
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Figure 11.58 Simulation compared to measurements at 20°C. Detail from Figure 11.57.
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Figure 11.59 Simulation compared to measurements at 5°C

11.3.3 Hysteresis and one internal level in cell wall

This model is intended to illustrate the effect of hysteresis combined with non-linearity. Com-
parison can be made with the model in Section 11.2.1, which also has one internal level and
the same non-linear conductance. The moisture flow network is shown in Figure 11.60. The
same symbol for the hysteresis has been used as in Section 11.3.2.

KO Kl

(pinlet.
?o 0,

Figure 11.60 Network using one internal level including hysteresis.

As before, the moisture capacity in level O has been given a constant value:
co=0.08 [kgwatcr /kgwood]

The model for hysteresis is used for the internal node 1. The initial absorption curve is re-

duced to uin. qa. — Co - @, SinCe ¢o - @ is attributed to level 0. The fraction Oy, =0.351 of this
reduced initial absorption is used in the hysteresis part.

The conductance is proportional to a factor k; from Eq. (10.17) in Section 10.4.2.
Ki=k-lvg-vi IY

The same k; and exponent 7y as in the model in Section 11.2.1 are used:
k1=05 [m°/(Kgwoos Kewaer )] =1
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The simulations are shown in Figure 11.61 and Figure 11.62 together with the RH for the
two levels. Measured and simulated values are compared in Figure 11.63 to Figure 11.65.

Hysteresis is included in this model. In other respects it is the same as the model in Section
11.2.1. In the simulated consecutive absorption steps in the first sequence (20°C), the hystere-
sis function follows a absorption curve, and the two simulations are identical. The diagrams
concerned are Figure 11.33 and Figure 11.63. The amplitudes of the following desorption
steps in the same first sequence have a better agreement for the model with hysteresis. The
poor reproduction of the responses remains. The first desorption steps have small steps in RH,
and the responses are modelled too slow. The opposite applies for the larger steps in RH at the
end of the sequence.

The same comparison between the two models can be made for the second sequence, (5°C)
in Figure 11.34 and Figure 11.64. This model, with hysteresis included, simulates the first
cycles in the beginning with slightly better agreement. The development for the RH in the
inner node @, for these cycles can be followed in Figure 11.62. The RH for this node is here
scanning in absorption/desorption and the available moisture capacity is then less for the hys-
teresis alternative. For the smaller cycles in the centre of the diagrams, ¢; is much more static.
This is due to the fact that the non-linear conductance in the model is smaller when subjected
to smaller amplitudes.
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Figure 11.61 Simulation of the sequence at 20°C.
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Figure 11.62 Simulation of the sequence at 5°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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11.3.4 Hysteresis and 5 internal levels in cell wall

The model with good agreement from Section 11.2.2 is here supplemented with hysteresis.
The model is non-linear and has five internal levels.

As before, the moisture capacity in level 0 has been given a constant value.
Co = 0.08 [kgwat.er /kgwood]

The model for hysteresis is used for the internal nodes 1 to 5. The initial absorption curve
is reduced tO u;n, ap. — Co - @, SinCE o - @ is attributed to level 0. The fraction oy, = 0.351 of
this reduced initial absorption is used in the hysteresis part. This capacity is distributed be-
tween the internal levels in the same way as in all models with five internal levels in this
study.

The conductances have been assigned the same values, ( k; = 2 [m6 /(Kgwood “K8water *S)],
by = 0.6) and function of non-linearity ( y= 1) as in the simulation in Section 11.2.2. A mois-
ture flow network for the model is shown in Figure 11.66.

P AN NP AAA DA AL

®o ?. Q2 Qs Q4 Qs
Figure 11.66 Network using five internal levels with hysteresis.

The simulations are shown in Figure 11.67 and Figure 11.68 together with RH for all lev-
els. Measurements and simulations are compared in Figure 11.69 and Figure 11.70.

In the simulation of the sequence at 20°C with the corresponding model without hysteresis,
Figure 11.38, the response of the first desorption step is rather similar to the measured. The
following desorption steps show however poor agreement, both in magnitude and shape. This
model with hysteresis included shows a better agreement for these step responses. See Figure
11.69. The step response for this model is however simulated too fast for these steps.

The effect from hysteresis is small for the two simulated sequences. The result of the
simulation at 5°C is shown in Figure 11.68 together with the RH in the levels. The levels are
mostly subjected to absorption. The effect from hysteresis is here almost negligible, at least
with the used hysteresis model. The result of the simulation is compared to measured values
in Figure 11.70 and is almost identical to Figure 11.40 for the corresponding model without
hysteresis.
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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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11.3.5 Hysteresis only in the innermost internal level

The simulations for desorption in the first sequence (20°C) for the previous model in Section
11.3.4 were found to result in too fast step responses. This applies generally for the desorption
steps. See Figure 11.69. The present model tests the alternative to concentrate the hysteresis
function to the innermost level. See Figure 11.71. One advantage for such a model is that the
numeric computing is reduced, since the extra variables for the hysteresis are restricted to one
level. The same hysteresis for the total moisture equilibrium curve as for the other models is
used.

The nodes 0 to 4 have been designated the same moisture capacity as the model without
hysteresis in Section 11.2.2. The sum of the capacity for these nodes corresponds to the curve
under the axis in Figure 11.46. The remaining fifth node corresponds to the curve over the
axes and carries the hysteresis. This is so because the fraction for distribution between the
internal levels for level 5, os = 0.351, has the same value as the factor for the hysteresis part
Oys: = 0.351. In this way the same hysteresis is used as for the other models but is concen-
trated in the innermost level.

The conductances have been assigned the same values ( k; = 2 [m6 /(K€wood ‘KEwater *S)]

by = 0.6) and function of non-linearity (y = 1) as in the simulations in Section 11.2.2 and
11.34.

K, K, K, K, K, K,
P A DA DA DA (D)
®o ¢, O Qs Q. ®s

Figure 11.71 Network using five internal levels with all hysteresis in the innermost level.

The simulation for the first sequence, (20°C), is shown in Figure 11.72 together with the
RH in the levels. Comparison with the measured values is made in Figure 11.74. The result
from the second sequence, (5°C), is shown in Figure 11.73. The effect of hysteresis negligible
for this sequence.

The time-scales for the desorption steps in Figure 11.74 show a good agreement. Compari-
son can be made with the previous model, with the hysteresis function evenly distributed in
the layers, in Figure 11.69 in Section 11.3.4. Especially the first desorption step responses are
to fast modelled and the model of this section in Figure 11.74 shows better agreement.

Figure 11.75 is practically identical to Figure 11.70 for the previous model and Figure
11.40 for the corresponding model without hysteresis.

It follows from all above comparisons that this model has the best general agreement.
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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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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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11.4  Simulations for two special cases

11.4.1 Simulation of superposition of step-responses

In Section 9.4 dealing superposition of step-responses, it is described how the sum of two su-
perimposed measured step responses is different of the response in the same interval made in
one step. Figure 9.11 shows an example of this. Corresponding responses from the simula-
tions are shown in Figure 11.76. The model in Section 11.2.2 (non-linear, five nodes) is used.
The same tendencies are found in the simulated responses, but less pronounced.
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Figure 11.76 Simulation of two superimposed step responses compared to a single step. Cor-
responding measured responses are shown in Figure 9.11.

11.4.2 Simulation of temperature shift

Measurements shown in Figure 9.12, Section 9.5, involve the situation when the sample is
subjected to large temperature shifts. Figure 11.77 shows a simulation with the model from
Section 11.2.2 on a sequence with a temperature shift from 5°C to 20°C.

The computer model is not adapted to have the temperature as a dynamic input but the RH-
potentials for the levels at the end of the simulation of the sequence at 5°C have been recal-
culated as an input for the initial values for a consecutive simulation of the sequence at 20°C.
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As anticipated in Section 10.6, a non-linear model with water vapour content as the driving
force gives a much faster relaxation speed at 20° than at 5°C. The difference is however not at
all sufficient compared to the measurement.

When a large shift in temperature takes place, it seems as some kind of process is acting to
nullify the internal potential differences that are the source of the retarded sorption. This phe-
nomenon is different from the non-linear blocking described by the model.
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Figure 11.77 Simulation of change of temperature.

11.5 Conclusions

It is only the models with non-linearity combined with several internal nodes that have been
able to reproduce reasonably well all situations in the tested sequences.

Measurements that include a wide absorption-desorption range have been simulated. In this
case the model needs an included hysteresis function for the moisture equilibrium curve. In
cases with just a small desorption change, a non-linear model has been able to reproduce the
measured response.

It seems as hysteresis for the moisture equilibrium curve is associated with the same struc-
tures that are responsible for the retarded sorption. This is indicated by the good results from
simulations where the hysteresis function is confined to the innermost level of the model. An-
other more direct indication is, that the immediately available moisture capacity seems unaf-
fected by the direction of absorption-desorption.

The immediately available moisture capacity shall have a different (smaller) variation ver-
sus RH than the capacity for the remaining retarded sorption. In the simulations a constant
capacity is chosen for the immediate capacity.
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The non-linear model is able to simulate the different behaviour of the retarded sorption at
the two investigated temperature levels without changing of assumed parameters in the model.
However, when a larger temperature shift is done, a process takes place that seems to nullify
the temporary deviation from equilibrium that is characteristic of the retarded sorption. The
proposed model cannot fully reproduce the response to a large temperature shift.
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12 Sorption, swelling /shrinkage and
mechano-sorption

The interaction between the variations of moisture content and mechanical loading is often
called mechano-sorption. This topic is not dealt with in this thesis, but there are several points
of connection between mechano-sorption on one hand, and retarded sorption and swelling on
the other.

Mechano-sorptive effects are not found on synthetically produced, hygroscopic polymers,
Hunt (1989). The reason for this may lie in the origin of wood as a biologically created mate-
rial, which gives it a number of special properties, distinguishing it from synthetic polymers.
Wood has orthotropic properties. The swelling has a different transient behaviour in the trans-
verse direction than in the longitudinal one. In the following some tentative thoughts and
ideas about the background for these special properties are put forward.

Wood consists to a large degree of polymers. Wood has a complicated structure that spans
over a range of levels, from the possibility of an orderly organisation of molecules to the di-
mensional variations over the tree trunk. The strongly orthotropic character of wood both in
moisture transport characteristics, moisture related movements, and mechanical properties is
another example of the organised structure.

The structure reflects the different functions that the wood has to perform in the living tree,
for instance as a conveyer of water and nutrients as well as support.

The living tree is adapting to the circumstances and is able to do so by for instance creating
so called reaction wood when subjected to abnormal compression stress. Some characteristics
are however rather constant. The equilibrium moisture content, calculated per mass of wood,
shows little variation for practically all kinds of wood whereas the densities vary much.

The wood derives much of its longitudinal stiffness and strength from microfibrils in the
cell wall. A way for the living tree to adapt to structural needs over the tree trunk is to change
its density but also to change angle of the microfibrils. The microfibrils are spiralling around
the centre cavity in the wood cell in a tubular layer, S, , in the middle of the cell wall. Differ-
ences in the microfibril angle have a large influence on the moisture-related strains in the
three directions in the trunk.

A particularity for wood is that it is highly hygroscopic with large swelling. The bulk
volymetric expansion is about the same as the volume of the absorbed water. Some of the
sorption sites could be thought to exist as potential for sorption rather than present voids.

During the work with these experiments and the thesis, a number of observations were
made. Some of these may also have a bearing on mechano-sorption.

The retarded sorption is large at high humidities. The mechano-sorptive effects are also
large for high humidities. The retarded sorption is especially prominent for a step to a previ-
ously not attained humidity level. This is also a situation when the mechano-sorptive effects
are large.

Tangential and radial swelling was measured together with sorption. The result is analysed
in Chapter 8. The tangential and radial swelling responses were close to proportional with the
sorption responses. However, when a step to a previously not attained level was performed,
the swelling was consistently larger.
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For cyclic humidity variations, the value of the available moisture capacity together with a
transport coefficient is a determining factor for the actual RH-gradient in moisture calculation
over the thickness of a body. Mechano-sorption is most affected by cyclic variations, and a
correct description of the dynamic moisture (humidity) transport is essential to calculate the
strains resulting from the moisture gradient.

In Figure 1.11 taken from Hunt (1989), a peak in the longitudinal strain occurs already
0.15 hours after a step at high RH-level. The relative humidity is thought to be the driving
potential for the moisture transport. The distribution of relative humidity has far from reached
equilibrium at that time, even though the samples are thin, 0.5 mm. The longitudinal strain
has a development in time, seemingly faster than RH. A way a mechanism could work to
achieve this is by being driven by a difference between RH in an outer pore system and an-
other moisture state in an inner system.

Another observation is the following one. The immediate part of the sorption has the same
available moisture capacity for sorption and absorption. Longitudinal swelling has an imme-
diate response pattern. The longitudinal swelling does not show any noticeable hysteresis
between absorption and desorption. See Figure 1.12 taken from Hunt(1990). These above
phenomena for immediate sorption and longitudinal swelling seem to be connected and driven
by the relative humidity only.

A further observation is that both the retarded part of the sorption and tangential /radial
swelling are in some way connected with hysteresis.
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13 Concluding summary

Moisture sorption in wood is, as wee have seen, a complicated process. In Section 1.1, dis-
crepancies between conventional Fickian models and experimental data are reported. In many
cases, the calculated change of moisture content is much faster than what is observed in the
experimental studies. Possible explanations of the discrepancies are discussed. It is proven
that a surface resistance could not be the cause.

In conventional Fickian models, the sorption at a point or a small part in the wood material
is supposed to be immediate. The moisture content at the present relative humidity is assumed
to be given by the moisture equilibrium curve u = u(Q).

It is the main proposition in this thesis that the slow sorption in many experimental situa-
tions is due to a so-called retarded sorption. This means that the moisture uptake even for a
very small piece of wood, in particular a single fibre cell wall, involves time delays. It is not
sufficient to use the moisture equilibrium curve only in order to describe (and model) the pro-
cess. Part of the sorption is more or less immediate, while the remaining part up to the full
value of the moisture equilibrium curve is retarded. This retarded sorption involves a wide
range of time scales.

We need laboratory experiments, where the transient moisture change is determined by
weighing for so small pieces of wood that the single cell wall is, as directly as possible, ex-
posed to a variable moisture climate. Therefore, very thin samples (1.7 mm) cut perpendicular
to the fibre direction are used. The sample in the climate chamber is exposed to a strong air
current in order to minimize moisture flow resistance between air and sample. The samples
are exposed to a well-defined relative humidity in the precision climate chamber. This relative
humidity is changed in steps and kept strictly constant between the steps. The moisture uptake
is measured by continuous weighing.

A model of time-dependent moisture flow processes in wood must be able to account for
these measured processes, where a cell wall is exposed to a sequence of relative humidities.
The experimental set-up is designed so that this local process is isolated from the macroscale
moisture flow process on a level above the single wood cell.

The idea is to measure carefully the response in characteristic situations with different se-
quences of relative humidity. This is done in Part II. Then this internal process is to be mod-
elled in a suitable way. Different models are tested in Part III. Unfortunately, the measure-
ments show many complications. The models tend to become quite intricate. It has not been
possible, within the limits of this thesis, to find a model that accounts for all effects. But it is
shown that all major effects may be modelled.

The apparatus to measure the response after step changes in relative humidity has some
unavoidable time delays due to limited capacity of supply of humid air, air-to-sample mois-
ture flow resistance, etc. In order to distinguish between immediate and retarded sorption, it is
necessary to know these time scales inherent in the experimental set-up. One particular com-
plication is that the temperature change due to the heat of condensation /evaporation may in-
fluence the process.

In Chapter 3, a detailed model of the combined moisture and thermal process for the small
and thin samples is presented. The two coupled, non-linear equations are solved numerically
(in Mathcad). The model is based on conventional theory with immediate sorption according
to the moisture equilibrium curve. It shows the time scales in a conventional case without
retarded sorption. In Chapter 4, the model is applied for the experimental situation. It is found
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that the response times for a step change is of the order of a few hours. At high relative hu-
midity and low temperature the response time may increase to half a day. If distinctly longer
time scales for the sorption response to a step change are measured, then we have a case of
retarded sorption and internal processes in the cell wall that cannot be explained without
modifications of conventional theory.

The measurement response times are in many of the experimental situations distinctly
larger than those of conventional theory. We have then very clear instances of retarded sorp-
tion.

An overview of the measurements is presented in Chapter 5. Six long series of measure-
ments with sequences of steps in relative humidity have been made. Two samples are tested
independently in the twin chambers. The first series for sample 1 involved 8 absorption steps
followed by 8 desorption steps. The humidities lie between 45% and 98%. The time between
steps lies in the range of 90 to 900 hours. The total period of continuous weighing is almost
one year (6900 h). The number of steps were halved for Sample 2 so that two consecutive
steps for Sample 1 together were equal to one step for Sample 2. From this it is possible to
test whether steps may be superimposed as in a linear model. We have found that this was not
the case in many instances. This means that the sorption process is not linear. This is a con-
siderable complication.

In the second series for the thinner samples 3 and 4, the same steps in relative humidity
were performed as in the first series. The time between step changes is relatively small com-
pared to the first series. The total time was 1600 hours.

In the third series for Sample 3 the previous 8 steps were halved into 16 steps. The steps
were performed in a rather fast succession. But the time at the highest relative humidity, 98%,
was 400 hours. This was followed by 16 fast desorption steps. A single large step from 35%
to 98% was made for Sample 4. The following desorption steps were a repetition of those in
the second series to supplement failing parts of measurements.

In the fourth series, cyclic steps were introduced. This type of process, where the relative
humidity changes between two levels, is quite important, since this occurs frequently in many
natural situations.

The four first series were performed at room temperature, 20°C. In the fifth series cyclic
steps at 5°C were tested. Then, at the end of the fifth series, and in the sixth series a few tem-
perature shifts between 5°C and 20°C were tested.

In Chapter 6, all measured results are presented in 62 detailed diagrams. The moisture
content is shown in the diagrams as function of continuous time, so evaluation of the prehis-
tory from previous diagrams is possible. The sorption was recorded with one-hour intervals
and the recorded moisture content is represented by a dot in the diagrams. This facilitates
evaluation of the first, steep parts of the step responses.

In Chapter 7, observations, comparisons and analyses of the measured results are pre-
sented. There is a clear and occasionally intricate dependence of the moisture history. An ex-
ample is a periodic sequence of steps. The response contains more retarded sorption, if the
cyclic steps follow immediately after a step to a new higher level. Another effect is that the
moisture difference between the two levels diminish with the number of cycles. This ampli-
tude of the moisture exchange also diminishes with decreasing temperature. The amplitude
between the same two RH levels is distinctly smaller at 5°C than at 20°C.

Swelling (and shrinkage) due to moisture changes have been measured in the fourth and
fifth series. Tangential and radial swelling follow each other very well during the various se-
quences of RH. The ratio between radial and tangential strain is close to 0.60 at 20°C. A rep-
resentative value of the ratio at 5°C is 0.65.
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The tangential swelling €,(¢) is compared to the sorption u(f) in Section 8.2. The measured
points in an u—¢, diagram fall on lines with quite constant slope. In the fourth and fifth series,
cyclic steps were performed. The slope of the lines is quite close to 0.32 for these cyclic steps.
The slope becomes higher in case of prominent retarded sorption caused by a step to a previ-
ously not attained level of humidity.

A major aim of this thesis is to study models for the retarded sorption. This is done in part
III. The measurements impose various requirements on such a model. The immediately avail-
able moisture content is analysed in Section 9.1. From exponential fitting, it is concluded that
the immediately available moisture content has a rather constant capacity as a function of
relative humidity. This is contrary to the moisture equilibrium curve, for which the capacity
increases strongly for high humidities. It is clear from the measurements that the sorption re-
sponses involve many time scales. It is natural to test functions that contain a number of ex-
ponentials with different decline times. This is done in Section 9.2. The amplitude of the ex-
ponentials are fitted to the sorption response curve. But it was not possible to get any consis-
tent results. Based on this and on analyses of superposition of pulses, it is clear that a non-
linear model must be used. It is also clear that it is necessary to use a number of internal
nodes.

A sequence of models with increasing complexity has been tested. This is reported in
Chapter 11. The Fickian model attains equilibrium very rapidly. The measured sorption, on
the other hand, always exhibits changes during longer times, even during long intervals be-
tween steps. The measured sorption amplitude for cyclic steps is much smaller than the result
from the Fickian model.

One internal node, connected by a constant conductance to the original outer node with its
immediately accessible moisture capacity, is added. This gives a new time scale, which may
be adjusted by changing the value of the conductance. Only one time scale for the response is
obtained. But the measured responses contain many and varied time scales and the model is
not sufficient.

The next step is to consider a model with a number of nodes in the cell wall and constant
conductances between these. This model reaches a distinct equilibrium in simulations with
long periods between steps. This behaviour is not reflected in the measurements.

It is clear that the conductances between the internal nodes must decrease inwards. This
type of model gives acceptable results for most amplitudes of sorption, and it can also pro-
duce varied time scales. It is often poor in reproducing irregular combinations of steps. One
such combination is a desorption step preceded by a series of absorption steps.

The above internal conductances are independent of the moisture difference between the
nodes. This means that the models are linear. In the next kind of tested models, the conduc-
tances were made to depend on this difference. The models are non-linear, and the response
becomes faster for large steps.

The non-linear model with one internal node produces rather erratic output for the cyclic
steps, depending on the step amplitude. A model with five internal nodes and non-linear con-
ductances gave quite good results. Responses are well reproduced both for the long and short
time scales and with different combinations of steps. The model can also handle absorption-
desorption scans of moderate amplitude.

The last type of model to be tested allowed for hysteresis also. The hysteresis is assumed to
be dependent on the maximum attained RH-level. The previously tested non-linear models
combined with hysteresis capacity functions were tested. These models performed better
when the hysteresis was concentrated to the innermost node.
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The overall best result was obtained for the non-linear model with five internal nodes and
hysteresis in the innermost node.
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Appendix A

Solution of coupled equations for moisture content u(z)
and temperature 7(¢) for a small body.
Non-linear general solution according to Section 3.3.

Expression for sorption isotherm. { 0<T<80°C )
Constants:
A(T):=1.7-001-T B(T) :=19.1+ 0.00025T*> u max(T) =0.52 - 0.001-T
Constants C and D, derived from A(T) , B(T) and u,,¢
A(T) = B(T) 4 ax(T) A(T) A(T)
C(T) =€ -e¢° D(T) =¢°
Sorption isotherm:
(A(T) = In(-In(C(T)-¢ + D(T))))
B(T)
Inverse of sorption isotherm:

u(e,T):=

¢(u,T) = D -exp(-exp(A(T) - B(T)u)) - D(T)du
Derivatives: ( 9 is designated dude)
dudo(o, T) =20, 1 1

B(T) -In(C(T)-¢ + D(T)) C(T)-¢+ D(T)

dodu(u, T) := Iég; exp(A(T) = B(T)-u— exp(A(T) - B(T)u))

Expression for water vapour content in saturated air. ( 0<T<80°C )
a11=-6050 a,:=14.835 a3:=-0.0268 a,:=0.0000172 ag:=1.43
a

v T =expl —————
salT) = exp T+ 273.15

+ay+a3(T+273.15) +a ,(T+273.15) + a g-In(T + 273.15)

Vapour content v(u,T):

v(u,T) 1=V G (T)-0(u, T)

Primary input data:

T inlet =20 (0] inlet =08 T init =20 0} init =0.75 m =0.0077
— — ) — 3 — — 6
Asurf"0'0178 Dv"4'10 ch.—0.68-10’ ¢ :=2000 hevap =2.26-10
o 3
o =12 o =4 o, =0+ = Vdot :=0.066-10"
C r tot C T ﬁ 1200
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Auxiliary data:

- = 1 _ i3
& or = 16 B yvtot = - B yior = 1-8529°10
surf | 1 eq
+=—+
Vdot g D,
- d - o103 -
v sat(T init) = 0.01729 T Vsat(T inler) = 1.0124°10 dudtp((p inlet’Tinit> =0.3759
mlet

Wintet = (9 intet: T i) Winit =0(P init Tinit)  Yintet = 01733 u i =0.1436
Vinlet = V(% inlet: T inlet) Vinit =V(Winit: Tinit)  Vintet = 00147 Vipig =0.013

Coupled differential equations for u(t) and T(t):

Initial conditions in vectory:  yy=u ya=T.
Differential equations with respect to t in vector D.

Yy = Winie Y2 7 T g

B vior ™ surf
— Y inter ¥(41%3))
D(t,y) =
o, A of B A rf'h
_t—o;_-cﬂ—'(T inlet ™ %) + - ;uc evap'("inlet" v{¥1:3:))

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=1.N t:=Z = v =Z 6 T.:=Z
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