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Abstract For mostwood-based product useis is essential to remove a large part of the water
content fromwet or green (freshcut) wood,to reduce furtherdimensionalvariations under
varying humidity conditions,improve its mechanical characteristics andotect it from
biological attacksHoweverthe internalmechanisms of drying are not fully described. Here we
observe drying at differergcalesusingmacroscopianeasurements (weighingNMR (Nuclear
Magnetic Resonance) measurements allowing to distinguish bound and free water coatahts
XRCTXray computed tomgraphy) imagesof air-liquid interfaces at te smallest pore scale
(wood lunens). We show that during wood dryingven well above the Fiber Saturation Point
bound water diffusion ircell walk (instead ofcapillary effectsensuresthe extraction of liquid
water from poresand itstransport towards the surface of evaporation, atidis controls the
drying rate.The distribution of bound water content (uniform or heterogeneous) along the main
sample a$ and the drying rate evolutiodepend on the competition between the external
conditions and a characteristic rate of transport due to bound water diffuskaor. sufficiently
slow drying this distribution remains homogenous until free water is fully extracted. An original
physical phenomenon is thus at work which plays a major ralegflation of water extraction,

in that it maintains a constant drying rate and a homogeneous distribution of the (mean) water
content throughout the materialThese results provide sodnconcepts for modeling and
controlling drying properties of wood matels. Theyopenthe way to the understanding or
control of the properties of many other materials daming twowater types in food or civil
engineering application®©ur results complete recent observatiotiat bound water diffusion
alsocontrols imbibition in hardwoodand finally fow that transfers between bound and free
water play a major role ithe interactionof plantlike systemswith water.

. Introduction

Wood is a natural material widely used in construction, tooling, boat building, sculpture, etc. For most
applications it is essential to remove a large part of its watetent fromwet or green (freskcut) wood,to
reduce further dimensional variations under vaying humidity conditions, improve is mechanical
characteristics oprotectit from biological attacksHoweverdrying is highly energy and/or time consuming,

so that a better understanding of the internal physical gagsses (drying ratedry front, type of water
extracted) is essential to optimize thsedtechniques (e.gkiln-drying).

Dryingconsists in removing water from a porous material. Here we focusoonectivedrying at ambient
temperature,obtained by placinghe wet (or green)wood sample in contact with an aflow of low relative
humidity. The drying of a simple liquid layer lyorga solid surface in such a way results in evaporation from
the liquid-air interface then vapor diffusion. For most porous materialth a solid struaire and weH

1


mailto:philippe.coussot@univ-eiffel.fr

connected pors (or voids), water extraction may also involve vapor diffusion through the pormsityin
addition, liquid transportcaused bycapillary effects, as the menisci created by some liquid extraction induce
a Laplace pressurthat can redistribute the liquid throughout the sample. This makes it possible to
distinguish characteristic drying regimes depending on the relative importance of thestsgff&¢.

Forwood the possibility of such basic mechanisms has long beeted, butthis material has specificities
which may make the process more coewl[811]: (i) hardwoodson which we will focus herepntain long
vessels but also a large fraction of voids (fibers) whose connection with the sample free surface is tenuous
or inexigent, (ii) bound water gdsorbed incell wals can diffusehrough the solid structure. In this context,

by similarity with knowledge of drying in simpler porous medikas been considered that in a first stage
some water (free water in voids) is wittalvn from the sampldy capillary forces, while in a second stage
drying essentially occurs by diffusion of vapor and/or bound wttesugh the sample [9, }25]. However,

the detailed characteristics of these two phase®l the conditions of transitiondiween them are not well
identified or experimentally proved by internal observations. Then models essentially provide a
phenomenological description of drying below the FSP (Fiber Saturation Paijrthe maximum moisture
content when the wood sample only contains bound wateonsidering bound water transport due to a
diffusion process, assuming different possible driving forces (vapor pressure, moisture content, chemical
potential, etc) at the oigin of the process [147]. More sophisticated modeling approaches taking into
account different transport mechanisms for bound water, free water and water vapor have later been
developed 18-22], which appeato beable to predict macroscopic trends as s@ma number of parameters

are introduced and fitted. However, they are less appropriate to proaidiear appreciation of the dominant
physical mechanisms eithen a global oion a local scale. This suggests that more physically sound modeling
would berequired, for example inspired from invasipercolation theory [15, 23

Onthe other hand the few experimental insights in the effective internal transport phenomena during wood
drying provided interesting but questioning observations. A homogeneousedse of the water content
throughout the medium was for example observed in some cadexeas ary front developed from the
free surface in other case2326]. Also, it was observed thauring slow dryingbound water concentration
decreases whemmog free water has disappeared26-28] while for fast drying bound water content
decreases propontinally to free water content [29

In order toget a cleagr understandingof the physical mechanisms it appearscessary to have a view of
the internal transport of water in its different states botim a globaland local scaléuring well controlled
drying of wood of known structurdéiere we carried out such a study with the help of NMR (Nuclear Magnetic
Resonane) measurements allowing to distinguish bound and free water contentsXaray computed
tomography (XRCT) method to imagg-liquid interfaces at tk smallest pore scale (wood luménd/e show

that during wood dryingeven well above the FSBound waterdiffusion incell walk (and not capillary
effects) ensures the extaction of liquid water from pore and itstransport towards the surface of
evaporation, andthus controls the drying rateThe distribution of bound water content (uniform or
heterogeneos) along the main sample axis and the drying rate evolution depend on the competition
between the external conditions and a characteristic rate of transgoet to bound water diffusion

These results provide sound ampts for modeling andontrolling diying properties of wood matéals. They
showthat the drying of a hygroscopic material withuid-filled poresis controlled by the bound phase, which
opens the way to thenderstandingr controlof the properties oimany othemateriak containingalsotwo
water types irfood [30-31] or civi engineering applications [32

Concerning plantdt is remarkable to see that bound watdiffusion which was proved to control imbibition
in hardwoodinstead of capillarity33-34], also contrasthe opposite pocess of dryingThis finally shows that
transfers between bound and free water play a major rolthainteraction of plardike systems with water.

Since the paper successively presents and interprets data obtained at different scales from obsewititions
several techniques wstart (next Sectionpy presenting thaletailed plan of the work and results, alpwith
the successive conclusions.



Il. Structure of the analysis and main conclusions

All experiments are carried out with poplar samples (hardwodd)ey are essentially cut along the
anisotropic directions (Longitudinal L, Radial R and Tangenti@h&)main direction of drying is along the
longitudinal (L) direction and the free surfarsethe transversal RT (Radial R and T tangential) plane. The
structure is essentially composed of cells (vessels and fibers along the L direction and rays along the R
direction) which contain free water and sobdll walk which mayontainbound water §ee Section IlI)

We first observe (Section J¥he (macroscopic) drygnrate of wood samples subjected to an faw along

the transversalRT free surface, and see that despite the complexity of wood structure, the drying rate
remains constant over almost all the process if thdlaw is sufficiently lowThis has two major implications

i) the conditions of liquid evaporation are maintath constant along the free surface of the sample, and ii)
there exists a driving force inducing the transport of internal water towards the free surface.

MRI observations then show that the (free) water distribution remains uniform throughout the saraple a
long as the dryingate is constant (see Sectidf). This means that thedriving force acts throughout the
sampleandimpose a uniform effect over the sample length.

Usually, i.e.with simpler porous media with an impermeable solid structure, the dgvbrce is capillarity,
which leads to a constant drying rate associated with a continuous liquid network continuously re
equilibrated throughout the sample and transporting the liquid towards the free surface. However,
observationsof the shape and distoution of the liquidair interfaces ora local (pore) scale with 3D XRCT
show that such a continus network of free water carot exist inside wood (see Sectiot)V

This implies that differentdriving force has to be found. Since the main difference between wood and
simple porous media is the presence of bound water inside the solid structure it is natwahsaerthat

this bound water plays significantrole in the specific driving force wolved in wood dryingn order to get

an idea of this rolsve follow the relative amount of bound and liquid water in time by NMR relaxometry (see
Section W). It appears that the bound water starts disappearing only when all free water has been extracte
and, for slow dryingthe drying rate remains approximately constant even wisaty bound water remains

in the sample.

We then discuss the physical arigf this process (SectionINThe chemical potential gradient due to the
extraction of bound wadr near the evaporation front (i.ethe sample free surface) is here the driving force,
inducing transport of water through diffusion of bound water in ttedl walk and absorption of free water

in deepercell walk. Some further evidence ahese phenonenaon a local scale is provided by 3D XRCT
observationgSection IX a liquid volume in a vessel progressively disappearing from this region without
other possibility than absorption icell walk.

In fact, in a structure as complex as wood the distiitinuof bound and free water ilomplexona local scale
and variesas soon as some water transport has occurred. A consequence is thptdbesseson a local
scale arehighly nonlinear. Evidencds provided byobservingthe evolution of the distributia of filled and
empty vessels ahfibers in time (SectioX): duringdrying, some vessels and fibers may be empthrezh
refilled, while neighbdng vessels or fibers follow a different evolutighscheme of the process is proposed
(Section R.

Finally we consider the casef a faster aiflow (SectionXll). In that cae the velocity of water transpolty
diffusion incell walk is too slow for water to replace tHmundwater extracted by evaporatioalong the

free surface of the samplé&rom MRI and deformation measurements we show that a significant gradient of
water concentration (bound and free) develops towards the interior of the sample. Water evaporation now
occurs(from bound and free watgrat a depth increasing in time.

The folowing scheme of water transport during slow dry@merges:

- Most of the evaporation occurs from bound water along the sample free surface

- Aslong as theresfree water in the sample the evaporated bound water is replaced by bound water
formed by absgption of deeper free water in the cell waltsd diffusion towards the free surface;

- When there is no more free water the drying goes on by progressively decreasinguhé water
content in the sample, thus progressively forming a dry front.



For fast dryingthe diffusion of bound water throughell walk is not sufficiently rapid, which leads to the
development of a gradient in the bound water distribution earlier in the process.

[ll. Methods
I1l.1Materials

Green wood samples for NMR experiments (RxXT 6 x 6x 10 mni) and forXray computed tomography
experiments R x Tx L= 4.5 x 4.5 40 mnd) are collected from cubff poplar treesin the Region Nouvelle
Aquitaine (Birortity). The sample for MRI expeerents R x T 1=38 x 16 x 38 mAis collected from popla
plank,whichhad been left drying naturally under ambient conditions (from Region lle de Fraicedmples
aresawn along the anisotropic directions of wood (longitudinal L, Radial R and Tangential T) aricbnome
the inner part of the trunk (heartwood).

Poplar(and more generally hardwood basically madef long (hollow) deagnd vesselgxtending in the
L-direction (see Figure 1) andhose diameteris about 100 Bn, through a solid structure containing
elongated enclosed fibeglso in the tdirection) which castore some free watefTheir length ranges from

1 to 12 mm and their diameter is about 1Bn. Neichboringvessels may be connected by pitghich are
membranes with poresize of a few tens of nanometers. Pits between fibers are generally inconspicuous.
Thereare also some rays, made of a series of parenchyma cells (approximately 15 um high, 10 jandvide
200 um long), aligned along the radial directi@®) which may be connected to fibers and vessels, thus
creating a privileged pathway for water and biochemicals in the radial direciiba.volume fractions of
vessel pores, fibers pores and ray pores;essible to free water, are approximately 34%, 55%, and THi%o.
leads to a porosity ofl@ut 68 % (forthe maximum sample volume, i.esaturated with bound water).
Moreover, the cell walls can absorb water in the form of bound water, up nsture content of about
30%.

Figure 1 3D XRCT view of the wood structutaring drying && MC 1526, see drying
characteristics in Section XllLight gray correspond to air regions, darker gray areas correspond
to liquid water or cell walls. Restrows show the vessels, blagkng dashedarrows the fibers

and green(dotted) arrow the rays. Shortaghedred arrows show vessels containing water.



The wood samples are takendmegionas homogneous as possibland are tested either green, ogsoaked

after drying Although the resultingyalues ofinitial water content in vessels and fibers differed from one
sample to another the trends observed by the different techniques and the mechanisms discussed below
were qualitatively similar. Under these conditions we can considat we are dealing with &inglegiven
material and focus on its physical properties.

I11.2NMR relaxation and 1D profiles

The sample is insertdd aBruker NMR minispec mg20.5 T(for tests a), b) and ¢)}Ve measure the NMR
relaxation through &arrPurceltMeiboom-Gill (CPMG) sequencemposed of a firsk/2-pulse and 100
pulses during 5000 ms distributed in logarithrivitervals typically between 0.5 and a few tens of e
repetition timeis 10 s to get a complete relaxation of all protons. This sequence is repeated 16 times to
increase the signal to noise ratidhe T distribution can then be resolved by means of ILT (Inverse Laplace
Transform). Our procedure is a noBgative least square fit to the data with Tikhonov regularizatiehnich
issiml & S} SZ Z }vs]Vv3d5-36],5ahfl dé&scribed in [37We finally get an apparent statistical
distribution of B, expressed in terms of signal intensity associated with @adsible value of;] which we

will call Z ET distribution . Note that the exact shape of thisdistribution depends on the technique of
regularization used, and in particularonthe pal }( §Z "% & *]u}VvICHOwWeVg(Rhe gdsitions of

the peaks and therelative amounts of liquid associated with these peaks are robust values. Also, the
evolution of the shape of the distribution is reliable information that can be used tpraditative physical
analysis, as long as the parsimony factor gt kenstant for the treatment of all corresponding datss we

are looking at the signal resulting from protons of mobile hydrogen atoms we consider that there are no
more water molecules (either free or in bound state) inside the sample wood when thedigvi& is equal

to zero.

In addition, roughly speaking the relaxation time is related to the mololitwater molecules, and specific
interactions of water with their environment (e.g. adsorption, prottability, presence of paramagnetic
elements, etc)In the particular case of free water embedded in a pore cawtthin the usual hypothés of
biphasic fast exchange [B8he relaxation time scales as the ratio of the volume of free liquid water to the
area of the watersolid interface, with a factorepending orthe NMR surface relaxivif9]. Note that this
volumeto-surface ratio isonly proportional to radiust not only for uniform spherical pores but also for
cylindrical pors(i.e., no dependence othe cylinder length)We deduce that a more dess filled cylinder
yields a fixed relaxation time, while a cylinder with a progressively thinning liquid layer (along its walls) yields
a decreasing relaxation time. Also, a homogeneous decrease of liquid content in a pore class leads to a
decrease of tb peak amplitude, and the curve portion is directly shifted towards lower relaxation times. In
contrast, a heterogeneous spatial variation of the liquid content leads to a spreadiing getk towards
lower values [4D For bound water, the relaxation tiexdepends on the average mobility of the bound water.
Different types of bound water may be distinguished but here we simply assume that the local relaxation
time decreases with the total concentration of bound water. Z }( $2 ]48&E] uS]}ve analyted

by assuminghat the liquid in thevesselsif filled with liquid, has a relaxation time around 600 ms, the liquid

in the fibershas arelaxation time around 80 ms, and the relaxatiorbolund water is typically in the range

0.5 to 5ms. Note thata straightforward correspondence between these values and the pore size cannot be
established without knowing the relaxivity of the medium, but the order of magnitude of these vialues
consistent with various observationshenthe amount of liquidof each classnay be estimated from the
integral of the T distribution around the pealof relaxation time associated to this cla3$isapproach is
preciseas long as the overlap between the peaks is sufficiently small.

For the cm-long samples it waalso possible to get 1D NMR profiles with the same NMR system equipped
with a 4 T/m vertical pulsed gradient wnTheprofiles were performed with 128 pixels over a field of view
of 2 cmperforming a muliecho sequencd L yd «¢) with 128 echos set dung 1 second, an&4
accumulationgto increase the signal to noise ratio) and a repetition time ef 8Fourier transform othe

data foreach echdime isthen processed. For each pixtie water signal is finally given from the amplitude

5



of anexponentia fit to the data associated with the 64D profiles corresponding teachevenecho (to
remove S pulse imperfections)Furthermore, a calibration of each profile is set by a pure water filled tube
to remove effects of magnet heterogeneitiesNote that with this technique, the bound water with its very
short relaxation should essentially be visible in the first (odd) and the second (even) echo, which negligibly
impact the amplitude deduced from the exponential fts a consequence, we can consider that the NMR
signal corresponding to bound water is of the same ordesroaller than the noise during all the drying of
free water.Bound water is thus not detected by this sequeritieis is confirmed by the excellent cistency

of the total NMR signal deduced from 1D profiles and the free water amount ddduma relaxometry (see
data below. At last, the technique and setup described by Zébal.[33] was used to get 1D MRI profiles
on large samples. In that casegtharge length of the sample allowedaking direct measurements of the
deformation, which can be used to deduce the amounbafind water in each section [33].

[11.3X%-ray micrecomputed tomography imaging

Experiments were run on the Anatomix beamlineSgihchrotron SOLEIL during the beamtime of proposal
No. 20180522. Anatomix is a 26®8long beamline using a cryogenicviacuum undulator source (U18)
which allows using various tomographic setups for 3D imaging awside range of length scales and
materials andprovidesabsorption and phase contrast]]. In the present study, a rather classical parallel
beam absorption tomography setup was used and local tomography was performed. The ungdator
used with a gap of 13 mm and the beam was filtered by ar@r® CVDOdiamondfilter resulting in a large
band ‘pink_beam centered at a photon energy around 15 keV. TheyX were converted into visible light
with a lutetium aluminum garnetl(uAG scirtillator mounted in front of a 45mirror, which redirects the
light into a 5x Mitutoyo objectivéhat creates a magnified image of the scintillator plangleenCMOS sensor

of an ORCA Flash 4.0 V2 camera from Hamamatsu. The voxel size of the recongtiuoted is 1.3.m
with a field of view of 2.6 mivolume dimensions were (2048 x 2048 x 2048) voXdis spatial resolution

of this setup and the contrast obtainedere sufficient to image liquid inside lumens (voids) and to cover a
large part of the graving ring.A typical acquisitiosequencencludes the recording of dark images, ffaid
images for normalization before and after the scan, and a 180° scan of the sample containing 2,000
projections (i.e., angle between projections was 0.09°).

Aspecio A] Z - v A 0}% 5P]%uE (B E]w vieU § IJvP Jv§} JUVSE &
of the Anatomix beamline and the variation of sample dimensions with moisture content: a container cast

by 3D printing with flexible clips to vertically m&iim the samples and to take into account the variation of
sample dimensions during the drying process. Before a drying test, the lateral surface of the sample was
covered withparafilm®tape and the reference image is the first acquired image. The ewrlutf liquid
distribution in the sample was obtained from a succession of images during the experiments over a period

of 70 h.Local tomography was performed at two heights (at 5 and 10 mm from the top free surfdee).
duration of eactomography scan wa200 sSuccessive acquisitiofis., over a very short period} some

time during the procesbavealso beerperformed allowing a further insight in the liquid transfer dynamics

and the dryingnechanismsThe samples were weighed before and after etadt to check that the Xay
synchrotron radiation does not modify the drying dymé « ~}v Au EYe }%] _ o OAM A]3Z]v
volumes were reconstructed with the software PyHSAZ [isinga Paganin filter, and first analysed with

the Fiji software 43]. To compare images at successive times, similar positions were identified by inspection

of the structure (vessels and fibers). Then thaydevel range was improved and a filter appliethwimageJ

software. In some casesseries of images were cotmt differently depending on the observed evolutions

and then superimposed using Draw (LibreOffice) software.



[11.4 Drying tests

The samples were either in freglut state or dried then resoaked by immersion in water for a few days,
then covered withanimpermeable tapeon all sides except the top surface. The temperature is maintained
at 22°C. The samples amdther subjectedto a (vertical) dry air flux towards their free surface, or left in
ambient air at a RH=50%. The flow rate of the air flux (&flyiof the order of10° m*® min*) for the NMR
experiments and its positiorin the NMR tubecould be varied, leading to different rates of evaporation.
These drying conditions are anyway only indicative as the resulting drying rate alsoaiggifiepends on

the exactflux orientation and shape and roughness of the sample surface. Under these conditions the
relevant parameter describing the external conditions, which are in any case convective, is the initial drying
rate. Indeed, since the sarte is initially wet along its fresurface, the initial drying rate directly describes
the evaporation rate of the water molecules covering the top surface, which is a function of all boundary
conditions mentioned above (temperature, flow rate, air fluieatation, RH, roughness, etc).

We take woodsamplesin which all faces but one are covered with an impermeadfe so thatwater can
be extracted in the form of vapor only through the RT (Rabi#agential) free surface (see Figure 2). We thus
here look at the drying in the longitudinal direction, i.e., along the main axis of the vessels and fibers.

Air flux

:

4L A Water vapor 1D profile

R go=r

o Wood sample 4 NMR signal
Growth-ring
| < Teflon \\/

Xo X

Figure 2 Scheme of themain aspects of the setup fadrying experiments: (left) sample
orientation for drying and main axeshere R and T are the radial and tangential directions and
L the longitudinaldirection (vertical tree axis)(right) principle of the 1D NMR profile
measurements, where the data point fox, in the profile corresponds to the total NMR signal

in a thin layer of the sample situated a&j.

The water content of the whole sample in time is followed by Nk abov§ which allows to measure the

total mass of water whatever its state (bound or free). We then can compute the drying velocity (or drying
rate) (v ) defined as the liquid volume crossing the sample free surface per unit tijren@ surface §). In

fact, the water leaves the sample only in the form of vapor. Thus, the drying rate results from the evaporation
along some liqui€hir interfaces inside or at the surface of the sample, ang Yaipor is then transported by
diffusion through the sample free surface. In this context, liquid transport inside the sample, which induces
a redistribution of the watedir interfaces, can play a significant role in the process. As a consequence, the
drying velocity is a marker of the different mechanisms and may be directly analyzed to identify the dominant
mechanism. Usually, for simple porous samples of cylindrical or cuboid voluama heightH with a pore
volume A , where fis the porosity, wéave V Hd | /dt, where | is the saturation, defined as the

volumefraction of liquid in the pore volumd:or wood samples, as the pore volume is difficult to estimate,
the samples may be initially partially saturated and water may be in different states, we describe the water



volume through the moisture conteptMcC, i.e.,the ratio of water mass to the mass( of the dry sample
so that he drying velocitfor drying rate) as definedabove here writes

m dMC (1)

B dt
where ( is the liquid water densitypure water under ambient conditionsiNote that the drying rate is
computed from the massgariationovertime. As a consequengi exhibits noise which is a function of the
uncertaintyon mass measuremerand of the time interval chosen. The scatter ebsed on the drying rate
values (sege.g, Fig.3reflects the uncertainty on data.

IV. Drying rate

Thefirst fundamental observation is thaluring a first period of dryinthe drying rate is constantind starts
to decrease below someritical moisture contentwhose valuedecreasedor decreasingnitial rate of
evaporation (inposed by boundary conditiohésee Figure)3In other wordsall other things being equé#the

initial constant drying rate period is longer for slower drying

Although such a macroscopic observation (constant drying rate) may appear trivial, it is in fact surprising
becauset means that despite the transient nature of the process, ilge water content is progressively
decreased inside the samplehich imples that the potential surfaces of evaporation change, a constant
global evaporation rate is observed. As a consequence, this result (constant drying sig@jficanfrom a
physical point of viewas explained belovit tells usa lot about the behavio of the liquid in the structure
overtime.

Figure 3 Drying rate of wood samples (1 cm alongxis) as a function of the moisture content
for differentinitial drying rates (corresponding to the first values on the rigtdaath curvejfor
all these tests we had'n 1, i.e., a flow of completely dry 3irtest (a) (dark bluediamonds)
test (b) (violet squares)test (c) (dark yellowcircles) The filled symbols show a similar test with
the same sample (opesymbolsof same coloydried after resoakingfor case (c)Thedark blue
crossesshow atest similar to case (a) bwvith another samp at a different initial MGsee



Appendix B)The insets show the 1D NMR profileflsfree watermeasured at differentitmes
during each ofthese three tests: (from top to bottom) (a) every 11h, except tle three last
profiles every 3 h(b) every hour, (c) every 30 min starting from 2 h after the beginhiegus
recall that each point itheseprofiles corresponds to théotal excitation of hydrogen proton
spins contained in a small layer of sample situatezliad this position (see Figurg.Zhe red
dashedline in NMR profilesitisets for casea, b and ¢ is the last profile for which free water
exists throughout thevhole sample(black profiles before, blue profiles after this profiléhe
corresponding points on the drying curvese indicated as red diskdhe dashed lines
correspond to the model of drying front in vessehly (equation (4)) the dotted lines tahe dry
front model for all watel(equation (5))

A constant drying rate means that the conditions of evaporation do not evolve significantly during the
processin order to analyze the implicatiossd thusgive a morgrecisedescription othe physial meaning
}(8Z « ~ Yv ]8]}ve }( Aet¥s}ir@viehbspme basic principles of (convective) drying at ambient
temperature. Br a porous sample almost filled witigjuid water we can consider thaat the beginning of
drying,a lot of liquidtair interfacesU € epo3s]vP (@a&chesoddesituated along the free surface of the
sample, so that the relative humidiffRH), here denoted, along the free surface is close to 1 as a first
approximation. Then drying result§rom the vapor diffusion from this free surface to a region where

n 1 'n 1. The process may be generally described by considering that this diffusion occurs through a
boundary layer (of air) of thickness[44], whose véue is smaller for stronger air flux. Under such conditions,
(E}u &dedondaw, the drying ratecan be written as

YD,'n
" UG (2)

with D, 2.7 u0® m*s* the water vapor diffusion coefficient in air, andy 0.0234&gm™ the maximum
vapor density in air (at 2%, for n 1). For example, for the test lof Figure 3from the measured drying
rate atthe initial timesand the above expression we dedu@g| 1cm. Thus this single parameterc directly
describes the impact dhe boundary conditions, including RH and air flox the drying rate, whatever the
convective drying technique used

From this description weee that a change of position dfd liquidair interfacesmay lead to a modification
of the value of ¢, which will induce a change of the drying rate. Let us for example assumietlzaporous
mediumsome dry region of thicknegs develops inside the sample from its free surface, so that the liquid
now evaporatsexactly from this depth (corresponding to the new position of the ligaidinterfaces) and
the vapor then diffuses to the free surface over the distancébefore reaching the external boundary layer
of thickness ¢. Nowthe relative humidity at the sample free surface ig and (assuming for the sake of
simplicity 'n 1) the drying velocity i&/ n, {D,/ U &V, . Notethat from this approachy, is the initial
drying rate.Besidesthe vapordensity gradientalong the dry regiorinduces a vapor flux whichan be
expressed irsteady state a8/ (D,(1 n)/ &, where D, is the vapor diffusion coefficient through the
(dry) porous medium. We can writ®, as B,/ I, where +and I are the porosityandthe tortuosity of the
medium[45]. From the two expressiorabovefor the vapor flux v deducen, 1/(1 D,h/D, &, andthe
drying ratecan be written

Lﬁ/ DV VO
uh 6 1 héG

®3)

with G D, @D, . This model has beevalidated for examplein the context othe dryingof modelporous
systems(uniform bead packings with bead size from 45 to &d) for whichboth the drying rate and the
thickness of the dry regiooould be measured in time [46

Considering handood structure, the simplestassumption ighat the liquid contained in the vessefsrge
pathsconnected to the free surfacelyies first, so that the liquigir interface withdraws towards the interior
andthe vaporthen essentially diffuses through the (straight) velss(thus I//1) along a distanceh . In this
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context, we can for example consider two different situatioegher a first full drying of the vessels without
any transport of the rest of water (i.econtained incellwalls or fibers), or by assuming that at each step all
the bound and free water situated down to the depth has been extracted and transported towards the
free surface by (vapor) diffusion along the vessels from this depth, thusrigrafiully dry front

Let us first assume that the vessels are initially filled with water and that they dry first, while the remaining
water (contained in fibers and cell walls) is not transported at all. In that case the water evaporates from the
liquid tair interface and diffuses along the vessel towards the free surface of the sample, and thealiquid
interface progressively advances deeper in the vessel. The dryingsrgieen by (3)in which we have to
relate h to the moisture content. The initial moisture content associated with vessels is
MC, 0.34uMC, MQC ), where MC, is the moisture content associated with saturation aMC, the
maximum moisture content aeciated with bound watelMVe deduce in thiscase H (MG, MC)/ MG
and te final eypression for the drying rate is
VO
H(MC, MC) b
{OMC,

Note that hereD, /D, with A 0.34u0.68 23% beingthe porosity associated with vessels, sinizel
for vapor diffusion in straight channels.

\ (4)

1

Alternatively we can assume thathen the liquidair interfaces aresituated ata depth h in the vessed, all
the water, i.e. bound and free watersituated above this level in the sample, has been extracted. More
precisely, we assume that each step thevater situatedaround the depthh is extractedand transported
towards the sample free surfad® vapordiffusion along the vessel. In this schem&raightdry front grows

from the free surfacéowards the interior othe whole sampleand we haveh H (MG, MC)/ MG, , so
that
VO
H(MC, MC) ¥,
IEADVMCO

In both cases, i.e. dry front in the vessels or in the whole sample, the drying rate is not constant, Wwhich is
contradiction with our observationsFinally, the predictions of these models (equations (4) and (5))
significantly depart from the observedydng rate (see Figure 3yhus,any type of dry front growing from

the sample free surface towards the interior of the sample, leads to aceostant drying rate which differs
from our observations.

\ ©)

1

Actually the constant drying rate observed in thesssts is the hallmark of evapattion conditions remaining
constant during all this periqd.e, the spatial distribution of relative humiditymposed by the air flux and
the distribution of liquidair interfacesremains constantThis haswo importantimplicationson the drying
characteristics ofhis constant rate period

® Sufficiently vet conditionsaround the free surface of the sampdee preseved, i.e, similar to
those prevailing at the beginning of drying;

(i) Qufficient water iscontinuouslytranspated towards the free surface to niratain thesewet
conditions

In the next sections\ to X), the mechanisms of drying in the constant drying rate regime are analyzed. The
transition indrying rate regimeccurring at sufficiently lonMC will be discussed in Section. Xl

V. Water content distribution during dryingat constant rate

In order to transport thewvater towards the free surface of the sample it is necessary to have a sufficiently
large driving force acting over almost thetiea processto replace the liquid extracted as a result of
evaporation at the free surfacd he existence of such a large driving force implies that the emptying of the
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sample should occur homogeneously this force shouldalsoactin anyregionto balance outsome liquid
depletion This iseffectively what we observe from 1D NMR profiles (seets in Figure)3the (free) water
content along the height in the sample decreases homogeneously in timeit.aistribution remains
approximdely uniform)during the constant rate regimelrhus, somequilibrium is maintained throughout
the sample as lap asfree water is extracted.

Suchcharacteristics arebserved with simplg@orous system§3, 49 containing only free wateiduring the
so-called Constam Rate Period: a continuoudiquid networkis preserved, whiclenablesliquid transport
towards the free surfacgéhrough capillary effectdending to balance out the saturation throughout the
medium This finally maintaiga sufficient density of liquidaiches close to the free surface, which induces
a RH close to 1 along the free surface, even if the typical patch size descesdsying progresses [4./7The
liquid transport towards the free surfacequires good wetting of the solid surfaces by thauith(say, a
contact angleinferior to 90°) and at any time a continuous liquid filmcoveringthe solid surface and
connecting the whole liquid phaslote that a continuous liquid network is essential in this contexnsure

the transport [4849]: if the liquid volumes are disconnected, the only possible transport of water is in the
vapor state, but such transport is negligible because the relative humidity inside a region surrounded by liquid
patches is constant and equal tothus precluding diffusin (seg e.g, [48-49)).

It is thus interesting to check whether such a liquid netwoirkree waterexists during wood dryindt can

rather easily exist in simple porous media such as bead packings since the pore network in these materials is
made of paesof similar sizavell connected to the otherthrough paths of size of the same ord&he pore

network of wood is very different, as it is made of open (vessels) andeled(fibers) conduits, onlyossibly
connected visomeverysmall pitswith nanametric holeslIn this context it is even more remarkable that for

a sufficiently slow drying (case (a)) the 1D NMR profiles remain approximately uniform up to the complete
disappearance of freevater (see inset (a) of Figurg. Buch an effect does not eveccur insimple porous

media such abead packingfor which a dry front starts to develop at the latest when there remains 10% of

the initial water (initially saturated sampl&6].

VI. Shape and distribution of liquiehir interfaces

In order to search for the possible existence of a liquid netwweklook at the water distribution at the
micronscale, fromXRCBbservations of aitliquid interfaces bthe poplar sample (see Section.IFrom an
inspection of the transitions of gy levd, resulting from differentX-ray attenuations, we candentify the
position and shape of the alliquid interfaces (setypical example ifrigure 4. Some of the vessels arddd
with water, at least in the observeggion, while some others are apparengartially empty. Some fibers
are partially filled, with liquid filling one of thedxtremities (blue arrows in Figure)4
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Figure 4 Typical view of the internal structure of a wood samf@ample length4 cm) & 3.7

mm (mean distancej a TL plane (see Figb8low the free surface during drying in the constant
rate regime (MC 15P6) (see drying characteristics iBection X)I The darkest areas
correspond to air. The ligbst gay areas correspond to free water cell walkcontaining bound

water. The(short dashedplue arrows show water in partially filled fibers. The black arrows
show liquid drops blocking a vessel and with a contact angle around 150{loRgddashed)
arrowsshow liquid drops on one side of a vessel and with a contact angle around 80°. Yellow
(dotted) arrows show liquid drops blocking a vessel and wittontact angle around ORlote

thatin a 2D pictureessels can easily be distinguished from fibers as tha@meters are typically

ten times larger than fiber diameters. A 2D plane can occasionally cross a vessel along its side,
leading to an apparent channel of size similar to that of fibers, but this is a rare event.

The angles between the liqutdir interfaces and the vessel or fiber walls in 2D XRCT images were measured
by fitting a disk of appropriate diameter to the interface in the neighborhood of the point of contact, and
estimating the slope of the tangent at thpsint (see Appendix A The uncertanty on this estimation isbout

10 degrees. These measurements were carried out on 160 interfaces in vessels and 150 interfaces in fibers
taken in various places in the imaged volume, in images of the same type as Figure 3 @Gthethexamples

in Apperdix A. We only considered interfaces having a sufficiently clear intersection with the wall. Note that
the sharp apparent interfaces in some fibers in fact correspond to the end of the fiber (i.etagdliderface).
Thedistribution of anglessrepresented in Figure.3We thus obtain apparent contact angjeghich just give

some indication on the effective contact angle in the absence of more information on the rest of thadeterf
shape. However, when the interface is circular in piene of observation and in contact with both sides of

the vessel or fiberdue to the relation between the curvatures and the pressinap (Laplace pressure), and

the uniformity of the pressure in the liquid drop in the absence of gravity or inertia effeatdipivé that the
curvature in a perpendicular plane is constant; we deduce that the interface shajibascylindrical with

an axis perpendicular to the plane of observation, which is incompatible with the shape of vessels and fibers,
or sphericalHerewe observe that most of the interfaces (say, about 80%) in fibers are circular, while only
about 60% of the interfaces in vessels are circular, which means that large fractions of these interfaces are
spherical caps.
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Figure 5 Fraction of liquidtair interfaces in vessels and fibers as a function of the angle range
(10° steps for vessels, 5° steps for fibémsin the successive images obtainedMC 152%.

In fibers, which can beapproximately considered asylinders the liquidair interfaces are essentially
spherical cap(see Figure 4and the contact anglelistribution isgatheredaround a peak at abou20qr10¢
(see Figure 5Note that this is nevertheless an apparent contact angle, asetimight be some pinning
effect, as a result of the wall roughness the perforations forming rimswhichcan induce a significant
straining of the interface.

In partially filled vessels, the liquidir interfaces take the form of drops of liquid with various shapes, with
an apparentangle of contacin amuch wider range than in fibe(seeyellow to red then black arrows in
Figure 4. Actually two peaks appear in the distribution of contact anglesiund 0 and around 90° (s&&gure

5). Note again that the same pinning effeais mentioned above can occur, along with the strong effect on
wetting properties recently olessved [3334)]: it was indeed shown that the contact angle of the ligtai
interfaces in the vessels is around 90° when water comes into contact witisatonatedcell walk, so that
imbibition is strongly slowed dowmwhile it is much smaller when theell walk are saturatedallowing fast
imbibition. In any event, here we will hanalyze the origin of the values of these apparent consafles;

we will rather discuss the implicatisitoncerning the liquid distribution in the porous structurend the
possible water transport by liquid flaw

At first sight no clear hydraulic conection seensto exist between the liquid patches. In particulare do
not directlysee liquid films along the walls in the rest of the partially filled fibers and vessels, but considering
the resolution of our images (voxel size of B8), a film of thicknessf a few microns or smallepald exist.
Actually,it is worth having in mind than a cylindrical vessel, a drdprminga meniscus with contact angle

7 can be connected with a film along the walls and at {&a&y) equilibrium only if the Laplace pressure is
the same along the liquifilm and in the drop. This implies that we need to have an equality betwééh

(Laplace pressure in the filrapd 2 Wos 7R (Laplace pressure ihe drop), which implies a specific value

for 7, namely 60°As a consequence, for fibers and vessels, which are approximately cylindrical and for
which the contact angle is either clearly different from 60° (for fibers) or takesusavialues with two peaks
at 0 and 90° (for vessels), whouldin general not have the possibility of films.

Note thatthe demonstrationaboveis valid in the absence of pinning, but if the line of contact is pinned, by
definition it is not connected with film. This nevertheless does not totally excluke possibility of complex
shapes with lines of contact pinned along almost longitudinal contacs fitewing the existence of some
film covering a fraction of the wall surfacBuch a situation is typally observed for a rectangular container,
with liquid films remaining pinned to thexit corners[48], and maintaining a liquid transport towards the
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exit and a constant drying rat&uch a situation seems rathenlikely with our systemindeed, the vesel
crosssections are generally elliptical, with some possible uneesses. Such uneveesseg(in particular

certain contiguous vesselsan occasionallpermit the existence of a local longitudinal film (covering the
unevenness, with the same totalirvature as the main liquidir interface for capillary equilibriuny but

since in these natural materials the vessel shape at least slightly changes all along its axis, such a film could
hardly exist along all the vessel, up to the free surface. An@lenent ofevidence arises from the absence

of any film or junction between the main liquid volume and a film, in any of the vessels in our pictures.

A hydraulic connection between the liquid patches in the vessels and the sampl&depsurface)s thus

very unlikelyThis isa fortiori, the same for the liquid in fibers which could be connected to the free surface
of the sample only through possible small pitgh nanometric holesdetween them and the vessels, and
then through liquid filmsof free waer in partially filled vesseldn any eventsuch connections between
liquid in partially filled fibereind vessels can harddxist in quasstatic conditiongwhich prevail in such slow
drying) as they would not be compatible with capillary equilibmigince there is in general a large ratio of
meniscus radii between theessels and the fiberVe can nevertheless remark that there might subsist very
thin films along the cell walls, typically of the order of a few molecules thick, which would noatiézsd

by standard capillary effects but by disjoining pressure and local RH. However, their possible transport would
be extremely slow, and these molecules might hardly be distinguishable from the bound water, so that they
would behave more or less likund water in terms of transportWe conclude thatn general thdiquid
volumes of free water in the porous structure of the wood do not forrooatinuous hydraulic network
allowing,as in bead packinghe transport of free water towards the free sucka This implies that we have

to look for another mechanism to explain the transport of water from the interior of the sample towards the
free surface.

VII. Bound and free water dynamid®llowed by NMR relaxometry

Since the specificity of wood agparous medium is the presence of bound water in the solid structure, it is
natural to consider that bound water may play a significant role in the driving force at the origin of free water
transport. In order to get an idea of this role we look at the atioh of the different types of water in the
sample during dryingThis is possibliaanks to the NMR relaxation time which decreases when the pore size
decreasesor, more generally when the water mobility is reduced We measured the distribution of
relaxation times at different times during dryingigset of Figure 6 see also Appendix B In the initial
distribution we can identify mainly three peaks, respectively associated with free water filling vessels (T
around 700 ms) or fibers {&round 100 ms), and bound water,@round 4 ms). Also note a peak of small
amplitude (% around 20 ms) which might correspond to water in wood rays, but for the sake of simplicity
and because the two peaks (fibers and rays) are close we will includelter®z ~(] & PE}u% X

From these datand in the case of bbng constantrate period (i.e.case (a) in Figure,3ve clearly observe
that, during a first stage (A), the vessels and the fibers drain simultanedhslhyamplitude of the peaks
correspondindgo water in these regions progressively decregseinset ofFigure §. At the end of this stage
the vessels are empty while a significant volume of ligeidainsin the fibers. In the next stage (B) the fibers
drain until they are fully emptylhis ca be analyzed more quantitatively integrating the signal below each
peak associated witthe different water classesvhich allowdollowingthe evolution of the fraction of water
in each clas¢see Section ) The results are shown in Figure 6 the case (a) of Figure & addition we
show inAppendixBthe results for the similar test with another sampitea different initial MC. Very similar
trends are observedwhich supports the generality of the conclusigmesented belowunder slow drying
conditions

We can see that uring the two stagesdescribed abovehe bound water amount remains approximately
constant(see Figure 6a slight increase is nevertheless observed for which we have no straightforward
explanationas ye}. Finally the essetial decrease of bound water amount starts in the third stageyW@gn
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all free water has disappeareft.is worth noticing thatas long as free water is removed (stages A and B)
the relaxation time of water invessels oin fibers remainconstant i.e., the positiors of the peak remain
approximately fixedsee inset of Figure)pwhile the water catent in both regions decreaseseg., the
integral of thecurve below the peak decreasegnismeans that the liquid keeps forming drops of similar
sizes or more precisely similar aspect ratiedjile drying progressedn contrast, if water was forminfgms

or blobs of thicknes®f progressively decreasing thickness in time, the relaxation time would decrease
significantly(see Section ) This is casistent wth the observations of Section \@ndfurther confirmsour
conclusiorthat liquid filmsin fibers and vesselre almost inexistent

Remarkablyye observe thatalthough there is10 evidence of a connected hydraulic network of free water

(i) the liquid patches in vessels and in fibers disappear simultaneously in the first stage while fibers finish to
empty in the second stage; (ii) the drying ragn remairnconstantwhile the moisture content deceeses to

low values (see Figurd,3neaning thasufficient water is continuously transported towards the free surface.
Moreover, bound water starts disappearing only when free water (from vessels and fibers) is fully absent.

These different observations suggest that bound water in the selidvallstructurecould playa major role
in the drying of the system, by ensuring the connection and transport between the free water patches inside
the medium andhe free surface of the sampland then evaporating from the sample

Fgure 6 Moisture content of water in thelifferent pore typedqfree water in vessels or fibers,
bound water incell walk)of al-cm-longpoplar sample dung drying (case (a) oigare 3 (mass

of water ineach ofthis pore type to dry wood mass rajioThe MC of each water class is
computed from the integral of the signal in the corresponding region of relaxation time in the
distribution shown in the inset. Free water corresponds to the sum of the signal for vessels and
fibers. Total water is computeddm the sum of the signal for free and bound wafEhne straight
dotted line is a guide for the ey&heorangecurvein the main grapltorresponds to the integral

of 1D profiles in timgcorresponding a priori to free wateryhe inset shows the distribution of
relaxation time at different timeduring this tes{every %h). Different line types and colors (see
legend) are used for the different stag@s, B and C) identified in the main graph and separated
by dashed lines.
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VIIl. Physical origin obound-water transport

The potential energy of the system is lower when water molecules are placed between the initially
neighbouring polymer molecules composing -egdllls (essentially cellulose and hemicelluloses) which thus
tend to absorb water. When there is some gradient of water concentration the molecules start propagating
inside the celwalls to tend to an even distribution of the number of water molecules in the cellulosic
structure, which is at the origin of the diffusionquess.

The extraction of free water from the wood interior and its transport towards the free surface should occur
as a result oan imbalance between th@ower) chemical potentiabf boundwater along the free surface of

the sample, in contact with awith n 1, and the(larger)chemical potential of liquid water in depth the
sample Note thatinsidethe samplepwingto the presence of liquid patches and bound water saturating the
wall, we can consider that 1 (seeabové. The chemical potential dhe liquid at ambient pressure and
temperatureis £, and that of the vapor is? RTIn(n) (see e.g, [50]). Remarkably, a relative humidity
slightly smaller than Jevenby a value as small d®6,givesalargechemical potentiatlifference[51], which
inducesa diffusion otthe bound watertowards the free surface of the samplerough thecell walk.

If the liquid is contained in an airtighbrethe pressure in the liquit strongly decreased, which may induce
cavitation. Such a phenomenmowas demonstrated to occub]-54] and properly modeled in the case of
pores filled with liquid andlispersed in a hydrogel, which may be considered as model materials of wood
[34, 53, at least concerning fluid transfer characteristiltds not clear whether this situation is frequent in
wood, as there might alslee alarge number of/ery thin air connections throughout the structunéhen the
material is partially saturatedThe main esult of the above considerations is that a gradient of chemical
potential is a powerfumeans to extract liquid water.

In the case of woodacomplete description of the transport process resulting from the chemical potential

drop would require a detaileknowledge ofphysicachemical characteristics of thaell walk. Herg in order

to roughly quantify the processye will simply directly consider the resimg diffusion process described by

&] I[* o A A3z ] (( 1« ]D vor the bbuhdwiater througta wood saturatedwith bound water

For a homogeneous medium and in steady sta8e] |[*+ 0 A § 0o pue 3Z § §Z (opZE SA v §
and the free surface (situated at a distanbg is proportional 6 D/h. For a medium in which the liquid

sources are dispersedver the sample heightH and partially ceer the cellwall surfaces (coverage
described by thdraction /), and thebound water contenbccupies a volume fractiork, we then expect a

characteristic velocitpn the order ofV, Kf(/)D/H . In this expressionk is about 12%estimated from
the FSP, and f is an unknownfunctionsuch that f (1) 1 and decreasing slowly as 0 0, since a limited
number of interfaces betweecell walkand liquid is likely sufficient to ensure a maximum flow rate.

The value ofD may be found from theimilardiffusion processbserved wher{dry)wood is put in contact
with a liquid bath In that case it was indeed shown thsitund water progresses in advance of the free water
front [26, 34, which means thait diffuseslongitudinallyin the cell walk. The boundwvater progressiomwas
well described by considering diffusion frommoving boundary (i.ethe advancing front of free watgr
which led to estimate the coefficient of diffusion @ |6 ul0® m*s* [33]. This value is at the same
magnitude as those reported befotmut measured differently55-58]. Finally wefind that theinitial (here
we assume/ 1)water velocity induced by diffusioshould bev, | 7 w0® ms* for H 1cm.

IX. Water dynamics at the local scale

We can gea direct view ofthis phenomenon ofbsorption then transport of free water through cell wall
from successiv&8D XRCTmagesin time. In Figure Ave see a vessel containing two largegions bottom
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and top) filled with air, andhe liquid volume between these two regions significantly decreases in time (over

a few minute$. Let ussearch for the origin of this liquid transpofthis liquid may evaporate, be transported

via liquid filmand vessel walls, move to ray or fibers, or be absorbextilwalk. First of allas the relative
humidity all along the vessel is close to 100% (see abevaporation from the liquidair interface towards

the sample free surface would lmuch too sbw as compared to the observed dynamics. Moreouegny
event,it could notexplain the growth of the second (bottom) bubble in the chanaslthe vapoformed,
blocked by liquid patches in the vessebuld notreach the sample free surfac&hen,since the contact
angles of the liquigir interfaces ardetween 0 and 15° there can hardly be liquid films aloaly walkin

these regions allowing some transport along the vessels (see demonstration above). We also checked from
images in a RT plartleat this vessel has no neighting vesseinto which the water could have been driven

by capillary forcéthrough connection by pits)Ve deduce that this liquid volume necessarily flows through

the cell walk in the form of bound water. The liquid mighsalflow towards some nearby fibers or wood
rays. This nevertheless seems rather unlikely as this would require a large number of them in order to store
such avolume of liquid. Moreovetthis storedliquid would then have to escape from these fiheshichare
deadend channelspr rays which are aligned in a direction perpendicular to the longitudinal direction. Then,
the liquid would likely be extractetthrough thdar own cell walk, and this woula priorialso occuvia bound

water.

Figure 7 Successive viewsvery 200 yof the internal structureof a wood sample (sample length:
4 cm) at 3.7 mm (mean distance) below the free surfa@ T planeg(see Figurd)during drying

in the constant rate regimé MC 15P46). A liquid region in a vessel is shown with the red
arrow. An air region (bubble) in the same vessel is shown with the white arrow.

Onthe other handwe can observe thgrowth of the bottom air regior{see white arrowjn Figure 7 This

shows that someiais available somewhere in the wood and is attracted there or pushed. Since air is perfectly
wetting the liquid and solid surfasdé caneasily move from one place to another through very small pores,
driven by small pressure differencedut this necesarily induces liquidvater motion. A similar, more
spectaallar effect is shown in Figure(Bd arrow)wherewe can also observthe suddenbirth of a bubble

insice a liquidwaterregion. Such an effect is reminiscent of cavitatidowever, sandard caviation cannot

occur in a vessel open to the sample free surface at short distance and subjected to the ambient pressure
and bubble creation via radiation damage was not observed in the whole volume of this time series. More
likely, this bubble forms as asult of the complex transports of liquid in the porous structure and the
corresponding pressure distribution evolution.
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Figure 8 Successive views (every 2000é the internal structureof a wood sample (sample
length:4 cm) at 3.7 mm (mean distance) below the free surfa@T plangsee Figur@) during
drying in the constant rate regim@viC 15®46). A bubble (see redotted arrow) appears on
the third picture and then grows; this apparently pushes downwards the ligniithe bubble
(see white arrow}ituated below the bubbleNote that artefacts appear as light white lines due
to liquid motion during the time of acquisitiqisee bluedashedarrow).

Considering now the situation inside the fibers we also expect the diffusion of water througieliheals
towards the free surface. If the fibers we perfectly airtight, cavitation should occur (see above).
Nevertheless, ther might also exisextremely thin paths allowing air to be transferred through fibealls

and precluding cavitation. In that case air and liquid transfers in fibers could play a role in the pressure
redistribution process mentioned above.

X. Nortlinear evolution of the processes at a local scale

We thus have a water transport basically ensured by chemical potential imbalenaevood samplethe
solid netwok which ensureshte boundwater transport iscomplex, with walls with various concentrations
and connectionbetween trem or with the liquid in poreskven if, on average, during drying, the chemical
potential at the sample free surface is lower than inside the sample, the detailed distributidreofical
potentialsin this network is obviously qutcomplex. Moreoveras the distribution of liquid and air in the
porous structure continuously evolves, so dties distribution of chemical potential#\s a resujtwe expect

a somewhat chaotic process liquid extraction throughout the medium. This is effectively illustrated by the
liquid patch distributiorobservedn a crosssection of the sampléeeFigure 9. We may first see thagome
filled fibers form alignments, an effect which might be duehe proximity ofrays alonghis line. Here we
will not discuss further this aspect and rather consider the followveiritical points:

® some vessels and fibers empty but, withaimple or systematic rule of localization of these
events, e.g.some fibers may empty while they are close to filled vessels;

(i) a significant fraction of fibers, and even some vessels, fill during drying; this filling does not follow
anysimple ruleeither, e.g, some fibers filalthoughthey are surrounded by dry fis.

In this context, thewvide rangeof contact anglesbserved betweetiquid dropsandcell walkwould be due
to the complex distribution of bound water concentration, and the critical impact of this concentration on
wetting properties of wood [3%
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Figure 9 Evolutionof the liquid distribution ina wood sample (samplength:4 cm) at 3.7 mm
(mean distance) below the free surfaicea RT planésee Figur®) during drying in theonstant

rate regime The evolution of water content in fibers and in vessels when the moisture content
evolves fromMC 1706 to MC 1526 is represented by different colors (see legend).

Xl. Drying scheme for wood

The following scheme of watéransport during slow drying emerges fraitme NMRand XRCTesults(see
Figure 10

Most of the evaporation occurs from bound water at the sample free surtacaporation of bound

water from thecell walk inside the sample can also occur but sinceRhkinside the sample is close

to 1, the resulting vapor transport by diffusion from these surfaces remains negligible (as in the case
of a channel whose internal sades are covered with liquid [}9

As long as theresfree water in the sample the evapated bound water is replaced by bound water
formed by absorption of free water in theell walsk;

When there is no more free water the drying goes on by progressively decreasinguhe Water
content in the sample

Note that this scheme in particulgsrovides a straightforward explanation to the effect of homogeneous

6).

desaturation down to complete disappearance of free water for a vieny drying (case (a) in Figw@and
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Figure 10 Scheme of principle of water transport at the different stageégongitudinal) drying

of wood: () Initial stage, (A)ee-water extraction from fiber and vessel towardsll walk then
diffusion towards free surface, (Bgssels are emptyextraction of free water from fibers thre
diffusion, (Cyessels and fibermre emptyover some distance below the free surfatextraction

of bound waterleading to the formation ofa concentration gradienin this region t main
evaporation fromaroundthe upper boundary of free wateNote that the drying ratesiconstant

in stages A and B, and decreases in stageh€se regimes correspontbr examplefo those
identified in Figure 6Note that the remaining fraction of free water in fibers in regime C
depends on the drying rate. For sufficiently slow drying there is no maager in fibersin this
regime as in the case of Figurefdr large drying rate and/or large sample length, some water
still exissin fibers in depth as in the case of Figlfe for even larger drying rate and/or sample
length, there might still exitome water in vessels, as in Figlige

XIl. Water extraction dynamics controlled by bound water

A constantrate period is observedor sufficiently slow imposed aftow and/or sufficiently large water
content in the sample (see Figurg. Bloreover,the drying rate is constant as long as free water exists over
the whole length of the sample, and starts to decrease when a region without free water déad$oping

from the sample top(see insets of Figure &nd red disks Since we haveeen that the free water is
transported as bound water towards the free surface, these observations suggest that there are some critical
conditions in terms of evaporation along the free surface anfifee-water concentration for which th&ree-

water transport is notgfficiently fast to feed the top of the sampl8ince thigree-water transport is ensured

by diffusion of bound water incell walk its rate is given by the characteristic diffusion velocity

V, | 7 uL0® ms* whichhere appears to béargeror of thesame orderasthe drying rate in theconstant

rate period for cases (a) and (o¢spectivelyv |1.3 ul0® ms* andV |6 ul0® ms*') (see Figure 3In those
casesthe diffusion throughcell walk is sufficiently fast to extract the free water from the sample bottom
and continuously supply bound water for evaporation along the sample free suifhi®is also consistent
with the observation that thdéree-water content profiles are uniforrsee insets (a) and (b) of Figure, e,

the water content transport by diffusion icell walk is sufficiently fast to reach an equilibrium throughout
the medium.In case (c) the initial drying rat8.6 uL0® ms™) is larger tharV, , which explains that the

water-content profiles do not remain uniforrgsee inset (cn Figure 3 more water is extracted from the top
layer of the sample, i.ethe diffusionof bound wateris too slow with regards to the drying rate to ensure a
compete re-equilibration of the free water distributionNote that in various other more or less complex
systems containing water in different states, the water distribution remains homogeneous for sufficiently
slow drying: bead packing46], emulsiong59], soils [60, packings of hydrogel beads [6&tc. The case of
hydrogel particle packing is more interesting as the water badiftuse through the particles, and between
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them,to reach the sample free surface, as in waadl walk. A similar criteriontien arise$61] for describing

the different regimes, quantified by the Biot number, which describes the competition between drying rate
and the rate at which water diffuses and homogenizes the moisture cortttawever, for this material there

is no coexstence of free and bound water, with possible coupling of their transport, as in wood.

In this case (¢)he drying characteristics are globally similar to those identified aboveextaction of water
from fibers and vessels in a first stage, then full emptying of fibers followdxbbgdwater extraction (see
Figure 1}. It is worth noticinghat the drying rate remainapproximatelyconstant despite the existence of
a gradient ofwater content(see case (c) in Figurg as long as the concentration of free watemot zero
close to the fre surface of the sample. This suggests thatlitpeid transport is still ensured up to the free
surface and supplied for evaporation at thedosed rate. The situation significantly changes wherfitbe-
water content reaches zero at the approach of the sample free surface: the drying rate starts éagtecr
significantly (see Figure.During this drying rate decreasee water is still sigficantly removed from the
sample, butan important difference is that this alg@pproximately)corresponds to the beginning of a
boundwater content decreasésee Figure Lltransition from regime B to regime .®Aoreover, during this
period, the peak oT, associated to bound water significanpreads (see inset of Figure) lihstead of just
decreasing in amplitude as for free water or being essentially shifted towards lowelue like incase (a)
(see inset of Figure 6). This medmat the decreas ofboundwater amount in the sample is heterogeneous,
i.e., a gradient of water concentration in the bound state develops. Obviously, since the water is extracted
from the sample from one face, we expect this gradient to develanlyat the approach ofhe sample free
surface.

Figure 11 Moisture content of water in thelifferent pore types of d-cm-longpoplar sample
during drying (case (c) of Figurg(Bhass of water in this pore type to dry wood mass ratio)
The straight dotted line is a guide for the eyidne inset showshe distribution of relaxation

time at different times during this test (every 0.5 h). Different line types and colors (see legend)
are used for the different stages (A, B and C) identifiethé main graph and separated by
dashed lines.
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In order togainfurther insight on the process in the n@onstant drying rate regime/e carried out a test
on a longer samplewhich makes it possible follow the deformations topand followed its chiacteristics
by MRI (see Section)llHere, as thesamplelength is4 cm, wehaveV, |2 uL0® ms*, which is much smaller

than the initial drying raté¢see Figure 12 As a consequencee expect a heterogeneous drying, since the
free water transport will not be sufficiently fagh supply water at the imposed rate of evaporation at the
free surface.We neverthelesslearly observe a first stage during which the dgyiate is constantsee inset
(a) in Figure 1Pas long ashe free water profile, although neaoniform, extends up to the free siace (see
inset (b) inFigure 12. Then the drying ratecontinuouslystrongly decreases as the moisture content
decreases, and a region witholuee watergrows.

We can appreciate theound-water distribution from deformation measurements, since we know that wood
strainsare basically associated witboundwater content[33]. Howeverwe will not elaborate further on
this point and just consider our measurements as qualitative informatgiothe boundwater distribution.
Remarkably, the bound water distribution exhibits a plateau in the regioere there is still free wateand,
beyord that region decreases towards the free surfagee inset (b) of Figure LZhis confirms that a bound
water gradient develops when no more free waie available, which leads to ttiecrease of the drying
rate. Actualy, this gradient could allow thgansportof bound water towards the free surface, but with a
characteristic velocity of the same order¥ds, which is not sufficient. As a consequence, we expect that this

transport is negligible anthe top layersprogressivelyully dry, forming a dry front.

Figure 12Drying of dongwood samplg4 cm alongaxis)in the MRI set up, sybectedto a dry
air flow: drying rate as a function of moisture content (squaré&$e red dotted line regesents
the model prediction frondry front thickness measured from MRI profilsee tex}. Theblack
dashed line corrgmonds to the model of Section XThefilled diamonds correspond to dgreen
wood) sample dried under ambient conditions (RH around 50%, 22i€yata obtainedrom
mass measurements during XRCT experimditits open diamatts correspond to a drying under
the same conditions cd& poplarsample resoaked after initial dryingThe top left inset show
the evolution of the two maimwater types in tme. The bottom right inset shows 1D free water
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profiles(lines)at different times (from top to bottom) O, 2, 4, 7, 9, 12, 14, 16, 20 and then
every 5 hThe filled squares correspond tlzformation profiles at (from top to bottom0 and

4.5 (red), 30, 50, 70, 80140h. The corresponding free water profiles are represented in the
same colored dashed line.

Under these conditions, another transport process is necessary to explain the reohéres waterfrom the
sample. In the absence of possible transport as bound or free water along the upper region, we must turn to
a transport inthe vapor state. More precisely, we can consider that most vapor forms around the highest
free watertair interfaces in theample, and then diffuses along the upper region (which does not contain
free water). Such a process is similar to that observed in granular packings in-thd# so"& oo]vP Z §
W E]} _ § @odJcadibe described with the help of the above approadviging the drying rate as

V D,/ th G V,/Q h/ G with 6 D, @D, .Here, from MRiata (see inset (b) of Figure)l®e

can estimate the distancen( of the region without free water and fit the drying rate to the obseroeg by
choosing an appropriate value f@, /D, , i.e, the sole fitting parameter. It appears that tipeediction ¢ed

dotted line in Figurel2) of this model is remarkable since it represetite drying rate evolutiorvery well

over almostthe whole range bmoisture content The valueof 0.550btained for D,/D, is nevertheless
slightly larger than the value we could expect if we considered that the vapor has to be transported mainly
along the vessels, for which we havaf1 and A] 0.23, leading toD, /D, | 0.23. This suggests that we
identified the basic processorrectly but there might be some amplification of the diffusion due to the
presence of the bound water icell walls, providing an additional source of evaporation along the vessel
walls Also note that the abovapproach neglects the extractiaibound waterfrom the free surfacewhich

in that casecontinuesall along the process.

We can remark that the free wat is still transported in the deeper layer through bound water. Indeed
pure motion due tavater vapor would induce a growing dry region without water content variations below
the front, whereas here we have a further homogeneous decrease of the watdert in the saturated
bound water region below thfront (see inset b of Figure L2 similar process resulting from capillary effects
was showntooccE 0}A §Z @EC (E}vs |v §Z withbeaolpabkidysi4oMererh]s effect

is againthe hallmark of an equilibration process in this region, which logically again occurs thafiks-to
water transport by bound water diffusigmvhich has now more time to act in such a shorter region and under
a lower drying rate

Finally, with some apprémations, we can propose the following model for describing the drying rate of a
wood sample along the longitudinal L direction, i.e. when the air flux is in a transversal RT plane. We consider
the initial drying rateV, imposed by exrnal conditions (air flux, temperature, RH) along a water surface of

the same shape as the wood RT crsastion. We also note that the characteristic velocity of diffusion of
bound water expresses &5 KT ( /)D/H , in which the concentratior/ is related to the moisture content

MC. The remaining unknown here is the functién

1) AslongsV, V,, MC ! MC, with MC; suchthatV, Kf(MC,)D/H ,the drying rate is constant
and equal toV 'V,

2) ForV, V4, MC MC, andthe drying rate may be approximated by considering that a dry region
develops from the sample topwhich leads to an expression similan equation (5):
V V,? HMC, MC &,/25HDMC, @

The prediction of this model is compared with our obsgions for the test in Figure 18howinga relatively
good agreement except at very low moisture content.
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Xlll. Conclusion

We have shown that during wood drying, even well aboveRifier Saturation Poinbound waer diffusion

in cell walk ensures the extraction of liquid water fromores and its transport towards the surface of
evaporation, and thus controls the drying rat&he distribution of bound water content (uniform or
heterogeneous) along the main sample axis and the drying rate evolution depend on the competition
between the external conditions and a characteristic rate of transport due to bound water diffusiose The
results show that the drying of a hygroscopic material vpidines filled with liquids controlled by the bound
phase, which opens the way to the understanding or control of the properties of many other materials
containing both watetypes in foodor avil engineering applicationAlso note that no differences orné
drying dynamics (see Figure)1@r on the qualitative characteristics of the liquid distribution inside the
sample were observed between green wood aneésoaked wood samples. Thus it appears tine drying
mechanisms do not diffdior both systems

In this contextwe can remark thae EDZ § Zv]<p U Vv ]Jv % ES] po & E o A}u SEC
& o A}u SEC_*U %% & S} % }A E(po 8 Zv]«pu 8} } + EA 3Z SE
the evolution of the filling of the different types of pores. It should brinigtan the future concerning the
transport in other wood types and/or during drying in other directions.

Note that here we only considered drying along the longitudinal direction as this is the fastest, but we expect
that the mechanisms observed in thisseawillalsoapply for drying in transversal or radial directions,,i.e.
drying controlled by bound water diffusion allowing first the extraction of free water then bound water. The
transition from the first regime associated with constant drying rate te second regime governed by
diffusion might nevertheless occur sooner than in the longitudinal direction as the diffusion coefficient is
smaller[63], and, consequentlythe rate of drying in this second regime will be smaller.

Concerning plants, it ifmarkable to see that bound water diffusion, which was proved to control imbibition
in hardwoodrather thancapillarity [3334], also contrasthe opposite process of dryin@his suggests that
the transfers between bound and free water might play a magbe in different aspects of the functioning
of plant systems, and in particular in the debated problem of the refilling of cavities after emb6Usd9)][

or in the problem of maintenance of wheldant water balance thanks to transebetween compartmets

[69].
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Appendix A. Contact angle measurements

Here we illustrate the measurement technique for estimating the contact angle of fajuidterfaces with
walls inside wood samples from the XRCT images (see Figure 13).
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Figure 13 Views of the internal structure of a wood samp({sample length4 cm) at 3.7 mm
(mean distancein a TL planbelow the free surface during drying in the constant rate reg{me
MC 15P20). The inset shows a zoom on vessel vifith technique for estimating the apparent
contact angle (between the two blue lines).

Appendix B. &st under slow drying conditions (case (a)) with a different initial MC

We present herdsee Figure 14je results of the NMR measuremenfiorthe test shown in Figure ®lue
crosses).
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Figure 14Moisture content of water in the different pore types (free water in vessels or fibers,
bound water in cell walls) of adm-long poplar sample duringging (cross symbols Figure 3

(mass of water in each of this pore type to dry wood mass ratio). The straight dotted line is a
guide for the eye. The inset shows the distribution of relaxation time at different times during
this test (every 3 h). Different line types and asl¢see legend) are used for the different stages
(A, B and C) identified in the main graph and separated by dashed lines.
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