
PHYSICAL REVIEW APPLIED 0, XXXXXX (2020)

How Bound Water Regulates Wood Drying Q21
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For most wood-based product uses it is essential to remove a large part of the water content from wet
or green (fresh-cut) wood, to reduce further dimensional variations under varying humidity conditions,
improve its mechanical characteristics, and protect it from biological attacks. However, the internal mech-
anisms of drying are not fully described. Here we observe drying at different scales using macroscopic
measurements (weighing), nuclear magnetic resonance measurements allowing to distinguish bound- and
free-water contents, and x-ray computed tomography images of air-liquid interfaces at the smallest pore
scale (wood lumens). We show that during wood drying, even well above the fiber saturation point, bound-
water diffusion in cell walls (instead of capillary effects) ensures the extraction of liquid water from pores
and its transport towards the surface of evaporation, and thus controls the drying rate. The 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 diffusion. For 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 role in regulating
water extraction, in that it maintains a constant drying rate and a homogeneous distribution of the (mean)
water content throughout the material. These results provide sound concepts for modeling and controlling
drying properties of wood materials. They open the way to the understanding or control of the properties
of many other materials containing two water types in food or civil-engineering applications. Our results
complete recent observations that bound-water diffusion also controls imbibition in hardwood and finally
show that transfers between bound and free water play a major role in the interaction of plantlike systems
with water.

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

DOI: 10.1103/PhysRevApplied.0.XXXXXX29

I. INTRODUCTION30

Wood is a natural material widely used in construction,31

tooling, boat building, sculpture, etc. For most applica-32

tions it is essential to remove a large part of its water33

content from wet or green (fresh-cut) wood, to reduce fur-34

ther dimensional variations under varying humidity condi-35

tions, improve its mechanical characteristics, or protect it36

from biological attacks. However, drying is highly energy37

and/or time consuming, so that a better understanding38

of the internal physical processes (drying rate, dry front,39

type of water extracted) is essential to optimize the used40

techniques (e.g., kiln drying).41

Drying consists in removing water from a porous mate-42

rial. Here we focus on convective drying at ambient tem-43

perature, obtained by placing the wet (or green) wood44

*philippe.coussot@univ-eiffel.fr

sample in contact with an air flow of low relative humidity. 45

The drying of a simple liquid layer lying on a solid surface 46

in such a way results in evaporation from the liquid-air 47

interface then vapor diffusion. For most porous materials 48

with a solid structure and well-connected pores (or voids), 49

water extraction may also involve vapor diffusion through 50

the porosity but, in addition, liquid transport caused by 51

capillary effects, as the menisci created by some liquid 52

extraction induce a Laplace pressure that can redistribute 53

the liquid throughout the sample. This makes it possible to 54

distinguish characteristic drying regimes depending on the 55

relative importance of these effects [1–7]. 56

For wood the possibility of such basic mechanisms 57

has long been studied, but this material has specifici- 58

ties that may make the process more complex [8–11]: 59

(i) hardwoods, on which we focus here, contain long 60

vessels but also a large fraction of voids (fibers) whose 61

connection with the sample free surface is tenuous or 62
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inexistent, (ii) bound water (adsorbed) in cell walls can63

diffuse through the solid structure. In this context, by sim-64

ilarity with knowledge of drying in simpler porous media,65

it has been considered that in a first stage some water (free66

water in voids) is withdrawn from the sample by cap-67

illary forces, while in a second stage drying essentially68

occurs by diffusion of vapor and/or bound water through69

the sample [9,12–15]. However, the detailed characteris-70

tics of these two phases and the conditions of transition71

between them are not well identified or experimentally72

proved by internal observations. Then models essentially73

provide a phenomenological description of drying below74

the fiber saturation point, (FSP, i.e., the maximum mois-75

ture content when the wood sample only contains bound76

water) considering bound-water transport due to a diffu-77

sion process, assuming different possible driving forces78

(vapor pressure, moisture content, chemical potential, etc.)79

at the origin of the process [16,17]. More sophisticated80

modeling approaches taking into account different trans-81

port mechanisms for bound water, free water, and water82

vapor have later been developed [18–22], which appear to83

be able to predict macroscopic trends as soon as a num-84

ber of parameters are introduced and fitted. However, they85

are less appropriate to provide a clear appreciation of the86

dominant physical mechanisms either on a global or on87

a local scale. This suggests that more physically sound88

modeling would be required, for example, inspired from89

invasion-percolation theory [15,23].90

On the other hand, the few experimental insights in the91

effective internal transport phenomena during wood dry-92

ing provided interesting but questioning observations. A93

homogeneous decrease of the water content throughout94

the medium was, for example, observed in some cases95

whereas a dry front developed from the free surface in96

other cases [23–26]. Also, it was observed that during slow97

drying, bound-water concentration decreases when most98

free water has disappeared [26–28] while for fast-drying99

bound-water content decreases proportionally to free water100

content [29].101

In order to get a clearer understanding of the physical102

mechanisms it appears necessary to have a view of the103

internal transport of water in its different states both on104

a global and local scale during well controlled drying of105

wood of known structure. Here we carry out such a study106

with the help of nuclear magnetic resonance (NMR) mea-107

surements allowing us to distinguish bound- and free-water108

contents and the x-ray computed tomography (XRCT)109

method to image air-liquid interfaces at the smallest pore110

scale (wood lumens). We show that during wood drying,111

even well above the FSP, bound-water diffusion in cell112

walls (and not capillary effects) ensures the extraction of113

liquid water from pores and its transport towards the sur-114

face of evaporation, and thus controls the drying rate. The115

distribution of bound-water content (uniform or hetero-116

geneous) along the main sample axis and the drying-rate117

evolution depend on the competition between the exter- 118

nal conditions and a characteristic rate of transport due to 119

bound-water diffusion. 120

These results provide sound concepts for modeling and 121

controlling drying properties of wood materials. They 122

show that the drying of a hygroscopic material with liquid- 123

filled pores is controlled by the bound phase, which opens 124

the way to the understanding or control of the properties 125

of many other materials containing also two water types in 126

food [30,31] or civil-engineering applications [32]. 127

Concerning plants, it is remarkable to see that bound- 128

water diffusion, which was proved to control imbibition in 129

hardwood instead of capillarity [33,34], also controls the 130

opposite process of drying. This finally shows that trans- 131

fers between bound and free water play a major role in the 132

interaction of plantlike systems with water. 133

Since this paper successively presents and interprets 134

data obtained at different scales from observations with 135

several techniques we start (next section) by presenting 136

the detailed plan of the work and results, along with the 137

successive conclusions. 138

II. STRUCTURE OF THE ANALYSIS AND MAIN 139

CONCLUSIONS 140

All experiments are carried out with poplar samples 141

(hardwood). They are essentially cut along the anisotropic 142

directions [longitudinal (L), radial ®, and tangential (T)]. 143

The main direction of drying is along the longitudinal 144

direction and the free surface is the transversal RT plane. 145

The structure is essentially composed of cells (vessels and 146

fibers along the L direction and rays along the R direction), 147

which contain free water and solid cell walls, which may 148

contain bound water (see Sec. III). 149

We first observe (Sec. IV) the (macroscopic) drying 150

rate of wood samples subjected to an air flow along the 151

transversal RT free surface, and see that despite the com- 152

plexity of wood structure, the drying rate remains constant 153

over almost all the process if the air flow is sufficiently 154

low. This has two major implications: (i) the conditions of 155

liquid evaporation are maintained constant along the free 156

surface of the sample, and (ii) there exists a driving force 157

inducing the transport of internal water towards the free 158

surface. 159

Magnetic resonance imaging (MRI) observations then Q3160

show that the (free) water distribution remains uniform 161

throughout the sample as long as the drying rate is con- 162

stant (see Sec. V). This means that the driving force acts 163

throughout the sample and imposes a uniform effect over 164

the sample length. 165

Usually, i.e., with simpler porous media with an imper- 166

meable solid structure, the driving force is capillarity, 167

which leads to a constant drying rate associated with 168

a continuous liquid network continuously re-equilibrated 169

throughout the sample and transporting the liquid towards 170
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the free surface. However, observations of the shape and171

distribution of the liquid-air interfaces on a local (pore)172

scale with three-dimensional (3D) XRCT show that such a173

continuous network of free water cannot exist inside wood174

(see Sec. VI).175

This implies that a different driving force has to be176

found. Since the main difference between wood and sim-177

ple porous media is the presence of bound water inside178

the solid structure it is natural to consider that this bound179

water plays a significant role in the specific driving force180

involved in wood drying. In order to get an idea of this role181

we follow the relative amount of bound and liquid water182

in time by NMR relaxometry (see Sec. VII). It appears183

that the bound water starts disappearing only when all free184

water has been extracted and, for slow drying, the dry-185

ing rate remains approximately constant even when only186

bound water remains in the sample.187

We then discuss the physical origin of this process (Sec.188

VIII): the chemical potential gradient due to the extraction189

of bound water near the evaporation front (i.e., the sample190

free surface) is here the driving force, inducing transport of191

water through diffusion of bound water in the cell walls and192

absorption of free water in deeper cell walls. Some further193

evidence of these phenomena on a local scale is provided194

by 3D XRCT observations (Sec. IX): a liquid volume inQ4 195

a vessel progressively disappears from this region without196

the possibility of absorption in cell walls.197

In fact, in a structure as complex as wood the distribu-198

tion of bound and free water is complex on a local scale199

and varies as soon as some water transport has occurred.200

A consequence is that the processes on a local scale are201

highly nonlinear. Evidence is provided by observing the202

evolution of the distribution of filled and empty vessels203

and fibers in time (Sec. X): during drying, some vessels204

and fibers may be emptied then refilled, while neighboring205

vessels or fibers follow a different evolution. A scheme of206

the process is proposed (Sec. XI).207

Finally, we consider the case of a faster air flow (Sec.208

XII). In that case the velocity of water transport by diffu-209

sion in cell walls is too slow for water to replace the bound210

water extracted by evaporation along the free surface of211

the sample. From MRI and deformation measurements we212

show that a significant gradient of water concentration213

(bound and free) develops towards the interior of the sam-214

ple. Water evaporation now occurs (from bound and free215

water) at a depth increasing in time.216

The following scheme of water transport during slow217

drying emerges:218

(1) Most of the evaporation occurs from bound water219

along the sample free surface.220

(2) As long as there is free water in the sample the evap-221

orated bound water is replaced by bound water formed222

by absorption of deeper free water in the cell walls and223

diffusion towards the free surface.224

(3) When there is no more free water the drying goes 225

on by progressively decreasing the bound-water con- 226

tent in the sample, thus progressively forming a dry 227

front. 228

For fast drying, the diffusion of bound water through cell 229

walls is not sufficiently rapid, which leads to the develop- 230

ment of a gradient in the bound-water distribution earlier 231

in the process. 232

III. METHODS 233

A. Materials 234

Green-wood samples for NMR experiments (R × T × L 235

= 6 × 6 × 10 mm3) and for x-ray computed tomography 236

experiments (R × T × L = 4.5 × 4.5 × 40 mm3) are col- 237

lected from cutoff poplar trees in the Region Nouvelle 238

Aquitaine (Biron city). The sample for MRI experiments 239

(R × T × L = 38 × 16 × 38 mm3) is collected from poplar 240

plank, which had been left drying naturally under ambient 241

conditions (from Region Ile de France). All samples are 242

sawn along the anisotropic directions of wood (longitudi- 243

nal, radial, and tangential) and come from the inner part of 244

the trunk (heartwood). 245

Poplar (and more generally hardwood) is basically made 246

of long (hollow) dead-end vessels extending in the L direc- 247

tion (see Fig. 1) and whose diameter is about 100 μm, 248

through a solid structure containing elongated enclosed 249

fibers (also in the L direction), which can store some free 250

water. Their length ranges from 1 to 12 mm and their 251

diameter is about 10 μm. Neighboring vessels may be con- 252

nected by pits, which are membranes with pore size of a 253

few tens of nanometers. Pits between fibers are generally 254

inconspicuous. There are also some rays, made of a series 255

of parenchyma cells (approximately 15 μm high, 10 μm 256

wide, and 200 μm long), aligned along the radial direction, 257

which may be connected to fibers and vessels, thus cre- 258

ating a privileged pathway for water and biochemicals in 259

the radial direction. The volume fractions of vessel pores, 260

fibers pores, and ray pores, accessible to free water, are 261

approximately 34, 55, and 11%. This leads to a poros- 262

ity of about 68% (for the maximum sample volume, i.e., 263

saturated with bound water). Moreover, the cell walls can 264

absorb water in the form of bound water, up to a moisture 265

content of about 30%. 266

The wood samples are taken in a region as homoge- 267

neous as possible, and are tested either green, or resoaked 268

after drying. Although the resulting values of initial water 269

content in vessels and fibers differed from one sample to 270

another the trends observed by the different techniques and 271

the mechanisms discussed below are qualitatively similar. 272

Under these conditions we can consider that we are deal- 273

ing with a single given material and focus on its physical 274

properties. 275
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R

T

L

200 µm 

FIG. 1. 3D XRCT view of the wood structure during drying
(at MC = 151%, see drying characteristics in Sec. XII). Light
gray corresponds to air regions, darker gray areas correspond to
liquid water or cell walls. Red arrows show the vessels, black
(long dashed) arrows the fibers, and the green (dotted) arrow the
rays. Short dashed red arrows show vessels containing water.Q6

F1:1
F1:2
F1:3
F1:4
F1:5
F1:6

B. NMR relaxation and one-dimensional (1D) profiles276

The sample is inserted in a Bruker NMR minispec277

mq20, 0.5 T [for tests (a), (b), and (c)]. We measure278

the NMR relaxation through a Carr-Purcell-Meiboom-Gill279

(CPMG) sequence composed of a first π /2 pulse and 1000280

π pulses during 5000 ms distributed in logarithmic inter-281

vals typically between 0.5 and a few tens of ms. The282

repetition time is 10 s to get a complete relaxation of all283

protons. This sequence is repeated 16 times to increase284

the signal-to-noise ratio. The T2 distribution can then be285

resolved by means of inverse Laplace transform (ILT). Our286

procedure is a non-negative least-squares fit to the data287

with Tikhonov regularization, which is similar to the “Con-288

tin” method [35,36], and described in Ref. [37]. We finally289

get an apparent statistical distribution of T2, expressed290

in terms of signal intensity associated with each possible291

value of T2, which we call here “T distribution.” Note that292

the exact shape of this T distribution depends on the tech-293

nique of regularization used, and in particular on the value294

of the “parsimony factor” [37]. However, the positions of295

the peaks and the relative amounts of liquid associated with296

these peaks are robust values. Also, the evolution of the297

shape of the distribution is reliable information that can298

be used for a qualitative physical analysis, as long as the299

parsimony factor is kept constant for the treatment of all300

corresponding data. As we are looking at the signal result- 301

ing from protons of mobile hydrogen atoms we consider 302

that there are no more water molecules (either free or in 303

bound state) inside the sample wood when the NMR signal 304

is equal to zero. 305

In addition, roughly speaking, the relaxation time is 306

related to the mobility of water molecules, and specific 307

interactions of water with their environment (e.g., adsorp- 308

tion, proton lability, presence of paramagnetic elements, 309

etc). In the particular case of free water embedded in a 310

pore cavity, within the usual hypothesis of biphasic fast 311

exchange [38], the relaxation time scales as the ratio of the 312

volume of free liquid water to the area of the water-solid 313

interface, with a factor depending on the NMR surface 314

relaxivity [39]. Note that this volume-to-surface ratio is 315

only proportional to radius—not only for uniform spheri- 316

cal pores but also for cylindrical pores (i.e., no dependence 317

on the cylinder length). We deduce that a more or less filled 318

cylinder yields a fixed relaxation time, while a cylinder 319

with a progressively thinning liquid layer (along its walls) 320

yields a decreasing relaxation time. Also, a homogeneous 321

decrease of liquid content in a pore class leads to a decrease 322

of the peak amplitude, and the curve portion is directly 323

shifted towards lower relaxation times. In contrast, a het- 324

erogeneous spatial variation of the liquid content leads to a 325

spreading of the peak towards lower values [40]. For bound 326

water, the relaxation time depends on the average mobility 327

of the bound water. Different types of bound water may 328

be distinguished but here we simply assume that the local 329

relaxation time decreases with the total concentration of 330

bound water. Each of the “T2 distributions” may be ana- 331

lyzed by assuming that the liquid in the vessels, if filled 332

with liquid, has a relaxation time around 600 ms, the liq- 333

uid in the fibers has a relaxation time around 80 ms, and the 334

relaxation of bound water is typically in the range 0.5 to 335

5 ms. Note that a straightforward correspondence between 336

these values and the pore size cannot be established with- 337

out knowing the relaxivity of the medium, but the order of 338

magnitude of these values is consistent with various obser- 339

vations. Then the amount of liquid of each class may be 340

estimated from the integral of the T2 distribution around 341

the peak of relaxation time associated to this class. This 342

approach is precise as long as the overlap between the 343

peaks is sufficiently small. 344

For the 1-cm-long samples it is also possible to get 345

1D NMR profiles with the same NMR system equipped 346

with a 4 T/m vertical pulsed-gradient unit. The profiles are 347

performed with 128 pixels over a field of view of 2 cm 348

performing a multiecho sequence (TE = 7.2 ms) with 128 Q5349

echos set during 1 s, and 64 accumulations (to increase 350

the signal-to-noise ratio), and a repetition time of 8 s. A 351

Fourier transform of the data for each echo time is then 352

processed. For each pixel, the water signal is finally given 353

from the amplitude of an exponential fit to the data associ- 354

ated with the 64 1D profiles corresponding to each even 355
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echo (to remove π -pulse imperfections). Furthermore, a356

calibration of each profile is set by a pure water-filled tube357

to remove effects of magnetic heterogeneities. Note that,358

with this technique, the bound water with its very short359

relaxation should essentially be visible in the first (odd)360

and the second (even) echo, which negligibly impact the361

amplitude deduced from the exponential fit. As a conse-362

quence, we can consider that the NMR signal correspond-363

ing to bound water is of the same order or smaller than the364

noise during all the drying of free water. Bound water is365

thus not detected by this sequence. This is confirmed by366

the excellent consistency of the total NMR signal deduced367

from 1D profiles and the free-water amount deduced from368

relaxometry (see data below). At last, the technique and369

setup described by Zhou et al. [33] is used to get 1D MRI370

profiles on large samples. In that case, the large length of371

the sample allows direct measurements of the deformation372

to be made, which can be used to deduce the amount of373

bound water in each section [33].374

C. X-ray microcomputed tomography imaging375

Experiments are run on the Anatomix beamline of376

Synchrotron SOLEIL during the beamtime of proposal377

no.20 180 522. Anatomix is a 200-m-long beamline using378

a cryogenic in-vacuum undulator source (U18), which379

allows the use of various tomographic setups for 3D imag-380

ing over a wide range of length scales and materials,381

and provides absorption and phase contrast [41]. In the382

present study, a rather classical parallel-beam absorption-383

tomography setup is used and local tomography is per-384

formed. The undulator is used with a gap of 13 mm and385

the beam is filtered by a 0.9-mm CVD diamond filter386

resulting in a large-band “pink” beam centered at a pho-387

ton energy around 15 keV. The x rays are converted into388

visible light with a lutetium aluminum garnet (LuAG)389

scintillator mounted in front of a 45° mirror, which redi-390

rects the light into a 5× Mitutoyo objective that creates391

a magnified image of the scintillator plane on the CMOS392

sensor of an ORCA Flash 4.0 V2 camera from Hama-393

matsu. The voxel size of the reconstructed volumes is394

1.3 μm with a field of view of 2.6 mm; volume dimensions395

are (2048 × 2048 × 2048) voxels. The spatial resolution of396

this setup and the contrast obtained are sufficient to image397

liquid inside lumens (voids) and to cover a large part of398

the growing ring. A typical acquisition sequence includes399

the recording of dark images, flat-field images for normal-400

ization before and after the scan, and a 180° scan of the401

sample containing 2000 projections (i.e., angle between402

projections is 0.09°).403

A special device has been developed to perform “in404

situ” experiments, taking into account the constraints of405

the Anatomix beamline and the variation of sample dimen-406

sions with moisture content: a container cast by 3D print-407

ing with flexible clips to vertically maintain the samples408

and to take into account the variation of sample dimensions 409

during the drying process. Before a drying test, the lateral 410

surface of the sample is covered with parafilm® tape and 411

the reference image is the first acquired image. The evolu- 412

tion of liquid distribution in the sample is obtained from a 413

succession of images during the experiments over a period 414

of 70 h. Local tomography is performed at two heights (at 5 415

and 10 mm from the top free surface). The duration of each 416

tomography scan is 200 s. Successive acquisitions (i.e., 417

over a very short period) at some time during the process 418

are also performed, allowing further insight into the liquid- 419

transfer dynamics and the drying mechanisms. The sam- 420

ples are weighed before and after each test to check that 421

the x-ray synchrotron radiation does not modify the dry- 422

ing dynamics (on a “macroscopic” scale) within 0.1%. All 423

volumes are reconstructed with the software PyHST2 [42] 424

using a Paganin filter, and first analyzed with the Fiji soft- 425

ware [43]. To compare images at successive times, similar 426

positions are identified by inspection of the structure (ves- 427

sels and fibers). Then the gray-level range is improved and 428

a filter applied with ImageJ software. In some cases, a 429

series of images are colored differently depending on the 430

observed evolutions and then superimposed using Draw 431

(LibreOffice) software. 432

D. Drying tests 433

The samples are either in fresh-cut state or dried then 434

resoaked by immersion in water for a few days, then cov- 435

ered with an impermeable tape on all sides except the top 436

surface. The temperature is maintained at 22 °C. The sam- 437

ples are either subjected to a (vertical) dry-air flux towards 438

their free surface, or left in ambient air at a relative humid- 439

ity (RH) = 50%. The flow rate of the air flux (typically 440

of the order of 10−3 m3 min−1) for the NMR experiments, 441

and its position in the NMR tube can be varied, leading 442

to different rates of evaporation. These drying conditions 443

are anyway only indicative as the resulting drying rate 444

also significantly depends on the exact flux orientation and 445

shape and roughness of the sample surface. Under these 446

conditions the relevant parameter describing the external 447

conditions, which are in any case convective, is the initial 448

drying rate. Indeed, since the sample is initially wet along 449

its free surface, the initial drying rate directly describes 450

the evaporation rate of the water molecules covering the 451

top surface, which is a function of all boundary condi- 452

tions mentioned above (temperature, flow rate, air-flux 453

orientation, RH, roughness, etc). 454

We take wood samples in which all faces but one are 455

covered with an impermeable tape so that water can be 456

extracted in the form of vapor only through the RT free 457

surface (see Fig. 2). We thus here look at the drying in 458

the longitudinal direction, i.e., along the main axis of the 459

vessels and fibers. 460
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Wood sample

Air flux

Teflon
Growth ring

L

R

T

Water vapor

xx 0

x 0

x NMR signal

1D profile

FIG. 2. Scheme of the main aspects of the setup for drying
experiments: (left) sample orientation for drying and main axes,
where R and T are the radial and tangential directions and L the
longitudinal direction (vertical tree axis); (right) principle of the
1D NMR profile measurements, where the data point for x0 in the
profile corresponds to the total NMR signal in a thin layer of the
sample situated at x0.

F2:1
F2:2
F2:3
F2:4
F2:5
F2:6
F2:7

The water content of the whole sample in time is461

followed by NMR (see above), which allows measurement462

of the total mass of water whatever its state (bound or463

free). We then can compute the drying velocity (or drying464

rate) (V) defined as the liquid volume crossing the sample465

free surface per unit time (t) and surface (S). In fact, the466

water leaves the sample only in the form of vapor. Thus,467

the drying rate results from the evaporation along some468

liquid-air interfaces inside or at the surface of the sam-469

ple, and this vapor is then transported by diffusion through470

the sample free surface. In this context, liquid transport471

inside the sample, which induces a redistribution of the472

water-air interfaces, can play a significant role in the pro-473

cess. As a consequence, the drying velocity is a marker474

of the different mechanisms and may be directly analyzed475

to identify the dominant mechanism. Usually, for simple476

porous samples of cylindrical or cuboid volume � and477

height H with a pore volume ε �, where ε is the poros-478

ity, we have V = −εHdψ/dt, where ψ is the saturation,479

defined as the volume fraction of liquid in the pore vol-480

ume. For wood samples, as the pore volume is difficult to481

estimate, the samples may be initially partially saturated482

and water may be in different states, we describe the water483

volume through the moisture content, MC, i.e., the ratio of484

water mass to the mass (m) of the dry sample, so that the485

drying velocity (or drying rate), as defined above, can be486

written as487

V = − m
ρS

dMC
dt

, (1)488

where ρ is the liquid-water density (pure water under489

ambient conditions). Note that the drying rate is computed490
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FIG. 3. Drying rate of wood samples (1 cm along L axis) as a
function of the moisture content for different initial drying rates
(corresponding to the first values on the right of each curve) (for
all these tests we had �n = 1, i.e., a flow of completely dry
air): test (a) (dark blue diamonds); test (b) (violet squares); test
(c) (dark yellow circles). The filled symbols show a similar test
with the same sample (open symbols of same color) dried after
resoaking for case (c). The dark blue crosses show a test similar
to case (a) but with another sample at a different initial MC (see
Appendix B). The insets show the 1D NMR profiles of free water
measured at different times during each of these three tests: (from
top to bottom) (a) every 11 h, except the three last profiles every
3 h, (b) every hour, (c) every 30 min starting from 2 h after the
beginning. Let us recall that each point in these profiles corre-
sponds to the total excitation of hydrogen proton spins contained
in a small layer of the sample situated around this position (see
Fig. 2). The red dashed line in NMR profiles [insets for cases (a),
(b), and (c)] is the last profile for which free water exists through-
out the whole sample (black profiles before, blue profiles after
this profile). The corresponding points on the drying curves are
indicated as red disks. The dashed lines correspond to the model
of drying front in vessels only [Eq. (4)], the dotted lines to the
dry front model for all water [Eq. (5)].
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from the mass variation over time. As a consequence, it 491

exhibits noise, which is a function of the uncertainty on 492

mass measurement and of the time interval chosen. The 493

scatter observed on the drying-rate values (see, e.g., Fig. 3) 494

reflects the uncertainty on data. 495

IV. DRYING RATE 496

The first fundamental observation is that during a first 497

period of drying the drying rate is constant, and starts 498

to decrease below some critical moisture content, whose 499

value decreases for decreasing initial rate of evaporation 500

(imposed by boundary conditions) (see Fig. 3). In other 501

words, all other things being equal, the initial constant 502

drying-rate period is longer for slower drying. 503

Although such a macroscopic observation (constant dry- 504

ing rate) may appear trivial, it is in fact surprising because 505

it means that despite the transient nature of the process, 506
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i.e., the water content is progressively decreased inside507

the sample, which implies that the potential surfaces of508

evaporation change, a constant global evaporation rate509

is observed. As a consequence, this result (constant dry-510

ing rate) is significant from a physical point of view: as511

explained below it tells us a lot about the behavior of the512

liquid in the structure over time.513

A constant drying rate means that the conditions of514

evaporation do not evolve significantly during the pro-515

cess. In order to analyze the implications and thus give a516

more precise description of the physical meaning of these517

“conditions of evaporation,” let us review some basic prin-518

ciples of (convective) drying at ambient temperature. For519

a porous sample almost filled with liquid water we can520

consider that, at the beginning of drying, a lot of liquid-521

air interfaces, resulting from liquid “patches,” are situated522

along the free surface of the sample, so that the relative523

humidity, here denoted n, along the free surface is close524

to 1 as a first approximation. Then drying results from the525

vapor diffusion from this free surface to a region where526

n = 1 −�n < 1. The process may be generally described527

by considering that this diffusion occurs through a bound-528

ary layer (of air) of thickness δ [44], whose value is smaller529

for stronger air flux. Under such conditions, from Fick’s530

second law, the drying rate can be written as531

V0 = ρ0

ρ

D0�n
δ

(2)532

with D0 = 2.7 × 10−5 m2 s−1 the water-vapor diffusion533

coefficient in air, and ρ0 = 0.0234 kg m−3 the maximum534

vapor density in air (at 25 °C, for n = 1). For example, for535

the test (b) of Fig. 3, from the measured drying rate at the536

initial times and the above expression we deduce δ ≈ 1 cm.537

Thus, this single parameter δ directly describes the impact538

of the boundary conditions, including RH and air flux, on539

the drying rate, whatever the convective drying technique540

used.541

From this description we see that a change of position542

of the liquid-air interfaces may lead to a modification of543

the value of δ, which induces a change of the drying rate.544

Let us, for example, assume that for a porous medium545

some dry region of thickness h develops inside the sam-546

ple from its free surface, so that the liquid now evaporates547

exactly from this depth (corresponding to the new position548

of the liquid-air interfaces) and the vapor then diffuses to549

the free surface over the distance h, before reaching the550

external boundary layer of thickness δ. Now the relative551

humidity at the sample free surface is n1 and (assuming552

for the sake of simplicity �n = 1) the drying velocity is553

V = n1ρ0D0/ρδ = n1V0. Note that from this approach, V0554

is the initial drying rate. Besides, the vapor density gra-555

dient along the dry region induces a vapor flux, which556

can be expressed in steady state as V = ρ0Dv(1 − n1)/ρh,557

where Dv is the vapor-diffusion coefficient through the558

(dry) porous medium. We can write Dv as εD0/τ , where 559

ε and τ are the porosity and the tortuosity of the medium 560

[45]. From the two expressions above for the vapor flux we 561

deduce n1 = 1/(1 + D0h/Dvδ), and the drying rate can be 562

written 563

V = ρ0

ρ

Dv

(h + δ∗)
= V0

(1 + h/δ∗)
, (3) 564

with δ∗ = Dvδ/D0. This model is validated, for example, 565

in the context of the drying of model porous systems (uni- 566

form bead packings with bead size from 45 to 0.1 μm) for 567

which both the drying rate and the thickness of the dry 568

region can be measured in time [46]. 569

Considering hardwood structure, the simplest assump- 570

tion is that the liquid contained in the vessels (large paths 571

connected to the free surface) dries first, so that the liquid- 572

air interface withdraws towards the interior and the vapor 573

then essentially diffuses through the (straight) vessels (thus 574

τ = 1) along a distance h. In this context, we can, for 575

example, consider two different situations: either a first full 576

drying of the vessels without any transport of the rest of 577

water (i.e., contained in cell walls or fibers), or by assum- 578

ing that at each step all the bound and free water situated 579

down to the depth h is extracted and transported towards 580

the free surface by (vapor) diffusion along the vessels from 581

this depth, thus forming a fully dry front. 582

Let us first assume that the vessels are initially filled 583

with water and that they dry first, while the remaining 584

water (contained in fibers and cell walls) is not transported 585

at all. In that case the water evaporates from the liquid- 586

air interface and diffuses along the vessel towards the free 587

surface of the sample, and the liquid-air interface progres- 588

sively advances deeper in the vessel. The drying rate is 589

given by Eq. (3), in which we have to relate h to the mois- 590

ture content. The initial moisture content associated with 591

vessels is MCv = 0.34 × (MC0 − MCb), where MC0 is the 592

moisture content associated with saturation and MCb the 593

maximum moisture content associated with bound water. 594

We deduce in this case h = H [(MC0 − MC)/MCv]and the 595

final expression for the drying rate is 596

V = V0

1 + H(MC0−MC)ρV0
ρ0DvMCv

. (4) 597

Note that here Dv = εD0 with ε = 0.34 × 0.68 = 23% 598

being the porosity associated with vessels, since τ = 1 for 599

vapor diffusion in straight channels. 600

Alternatively we can assume that, when the liquid-air 601

interfaces are situated at a depth h in the vessels, all the 602

water, i.e., bound and free water, situated above this level 603

in the sample, has been extracted. More precisely, we 604

assume that at each step the water situated around the 605

depth h is extracted and transported towards the sample 606

free surface by vapor diffusion along the vessel. In this 607
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scheme a straight dry front grows from the free surface608

towards the interior of the whole sample, and we have609

h = H [(MC0 − MC)/MC0], so that610

V = V0

1 + H(MC0−MC)ρV0
ρ0DvMC0

. (5)611

In both cases, i.e., dry front in the vessels or in the whole612

sample, the drying rate is not constant, which is in con-613

tradiction with our observations. Finally, the predictions of614

these models [Eqs. (4) and (5)] significantly depart from615

the observed drying rate (see Fig. 3). Thus, any type of616

dry front growing from the sample free surface towards the617

interior of the sample, leads to a nonconstant drying rate,618

which differs from our observations.619

Actually, the constant drying rate observed in these tests620

is the hallmark of evaporation conditions remaining con-621

stant during all this period, i.e., the spatial distribution of622

relative humidity, imposed by the air flux and the distribu-623

tion of liquid-air interfaces, remains constant. This has two624

important implications on the drying characteristics of this625

constant rate period:626

(i) Sufficiently wet conditions around the free surface627

of the sample are preserved, i.e., similar to those prevailing628

at the beginning of drying.629

(ii) Sufficient water is continuously transported towards630

the free surface to maintain these wet conditions.631

In the next sections (Secs. V to XI), the mechanisms of632

drying in the constant drying rate regime are analyzed. The633

transition in the drying-rate regime occurring at sufficiently634

low MC is discussed in Sec. XII.635

V. WATER CONTENT DISTRIBUTION DURING636

DRYING AT CONSTANT RATE637

In order to transport the water towards the free sur-638

face of the sample it is necessary to have a sufficiently639

large driving force acting over almost the entire process640

to replace the liquid extracted as a result of evaporation641

at the free surface. The existence of such a large driving642

force implies that the emptying of the sample should occur643

homogeneously, as this force should also act in any region644

to balance out some liquid depletion. This is effectively645

what we observe from 1D NMR profiles (see insets in646

Fig. 3): the (free) water content along the height in the sam-647

ple decreases homogeneously in time (i.e., its distribution648

remains approximately uniform) during the constant rate649

regime. Thus, some equilibrium is maintained throughout650

the sample as long as free water is extracted.651

Such characteristics are observed with simple porous652

systems [3,46] containing only free water, during the so-653

called “constant rate period”: a continuous liquid network654

is preserved, which enables liquid transport towards the655

free surface through capillary effects tending to balance out 656

the saturation throughout the medium. This finally main- 657

tains a sufficient density of liquid patches close to the free 658

surface, which induces a RH close to 1 along the free 659

surface, even if the typical patch size decreases as dry- 660

ing progresses [47]. The liquid transport towards the free 661

surface requires good wetting of the solid surfaces by the 662

liquid (say, a contact angle inferior to 90°) and, at any 663

time, a continuous liquid film covering the solid surface 664

and connecting the whole liquid phase. Note that a contin- 665

uous liquid network is essential in this context to ensure the 666

transport [48,49]: if the liquid volumes are disconnected, 667

the only possible transport of water is in the vapor state, 668

but such transport is negligible because the relative humid- 669

ity inside a region surrounded by liquid patches is constant 670

and equal to 1, thus precluding diffusion (see, e.g., Refs. 671

[48,49]). 672

It is thus interesting to check whether such a liquid net- 673

work of free water exists during wood drying. It can rather 674

easily exist in simple porous media such as bead packings 675

since the pore network in these materials is made of pores 676

of similar size well connected to the others through paths 677

of size of the same order. The pore network of wood is 678

very different, as it is made of open (vessels) and dead-end 679

(fibers) conduits, only possibly connected via some very 680

small pits with nanometric holes. In this context it is even 681

more remarkable that for a sufficiently slow drying [case 682

(a)] the 1D NMR profiles remain approximately uniform 683

up to the complete disappearance of free water [see inset 684

(a) of Fig. 3]. Such an effect does not even occur in simple 685

porous media such as bead packings for which a dry front 686

starts to develop at the latest when there remains 10% of 687

the initial water (initially saturated sample) [46]. 688

VI. SHAPE AND DISTRIBUTION OF LIQUID-AIR 689

INTERFACES 690

In order to search for the possible existence of a liquid 691

network we look at the water distribution at the micron 692

scale, from XRCT observations of air-liquid interfaces of 693

the poplar sample (see Sec. III). From an inspection of the 694

transitions of the gray level, resulting from different x-ray 695

attenuations, we can identify the position and shape of the 696

air-liquid interfaces (see typical example in Fig. 4). Some 697

of the vessels are filled with water, at least in the observed 698

region, while some others are apparently partially empty. 699

Some fibers are partially filled, with liquid filling one of 700

their extremities (blue arrows in Fig. 4). 701

The angles between the liquid-air interfaces and the ves- 702

sel or fiber walls in 2D XRCT images are measured by 703

fitting a disk of appropriate diameter to the interface in 704

the neighborhood of the point of contact, and estimating 705

the slope of the tangent at this point (see Appendix A). 706

The uncertainty on this estimation is about 10°. These 707
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250 µm 

FIG. 4. Typical view of the internal structure of a wood sam-
ple (sample length: 4 cm) at 3.7 mm (mean distance) in a TL
plane (see Fig. 2) below the free surface during drying in the
constant-rate regime (MC = 151%) (see drying characteristics in
Sec. XII). The darkest areas correspond to air. The lightest gray
areas correspond to free water or cell walls containing bound
water. The (short dashed) blue arrows show water in partially
filled fibers. The black arrows show liquid drops blocking a ves-
sel and with a contact angle around 150°. Red (long dashed)
arrows show liquid drops on one side of a vessel and with a con-
tact angle around 80°. Yellow (dotted) arrows show liquid drops
blocking a vessel and with a contact angle around 0°. Note that
in a 2D picture vessels can easily be distinguished from fibers as
their diameters are typically 10 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.
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measurements are carried out on 160 interfaces in ves-708

sels and 150 interfaces in fibers taken in various places in709

the imaged volume, in images of the same type as Fig. 3710

(see two other examples in Appendix A). We consider711

only interfaces having a sufficiently clear intersection with712

the wall. Note that the sharp apparent interfaces in some713

fibers in fact correspond to the end of the fiber (i.e., solid-714

air interface). The distribution of angles is represented in715

Fig. 5. We thus obtain apparent contact angles, which just716

give some indication on the effective contact angle in the717

absence of more information on the rest of the interface718

shape. However, when the interface is circular in the plane719

of observation and in contact with both sides of the ves-720

sel or fiber, due to the relation between the curvatures and721

the pressure drop (Laplace pressure), and the uniformity of722

the pressure in the liquid drop in the absence of gravity or723

inertia effects, it follows that the curvature in a perpendic-724

ular plane is constant; we deduce that the interface shape is725

either cylindrical with an axis perpendicular to the plane of726

observation, which is incompatible with the shape of ves-727

sels and fibers, or spherical. Here we observe that most728

of the interfaces (say, about 80%) in fibers are circular,729
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FIG. 5. Fraction of liquid-air interfaces in vessels and fibers as
a function of the angle range (10° steps for vessels, 5° steps for
fibers) from the successive images obtained at MC = 151%.
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while only about 60% of the interfaces in vessels are cir- 730

cular, which means that large fractions of these interfaces 731

are spherical caps. 732

In fibers, which can be approximately considered as 733

cylinders, the liquid-air interfaces are essentially spherical 734

caps (see Fig. 4), and the contact angle distribution is gath- 735

ered around a peak at about 20° ± 10° (see Fig. 5). Note 736

that this is nevertheless an apparent contact angle, as there 737

might be some pinning effect, as a result of the wall rough- 738

ness or the perforations forming rims, which can induce a 739

significant straining of the interface. 740

In partially filled vessels, the liquid-air interfaces take 741

the form of drops of liquid with various shapes, with an 742

apparent angle of contact in a much wider range than in 743

fibers (see yellow to red then black arrows in Fig. 4). Actu- 744

ally two peaks appear in the distribution of contact angles: 745

around 0 and around 90° (see Fig. 5). Note again that 746

the same pinning effects as mentioned above can occur, 747

along with the strong effect on wetting properties recently 748

observed [33,34]: it was indeed shown that the contact 749

angle of the liquid-air interfaces in the vessels is around 750

90° when water comes into contact with nonsaturated cell 751

walls, so that imbibition is strongly slowed down, while it 752

is much smaller when the cell walls are saturated, allow- 753

ing fast imbibition. In any event, here we do not analyze 754

the origin of the values of these apparent contact angles; 755

we rather discuss the implications concerning the liquid 756

distribution in the porous structure, and the possible water 757

transport by liquid flow. 758

At first sight, no clear hydraulic connection seems to 759

exist between the liquid patches. In particular, we do not 760

directly see liquid films along the walls in the rest of the 761

partially filled fibers and vessels, but considering the res- 762

olution of our images (voxel size of 1.3 μm), a film of 763
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thickness of a few microns or smaller could exist. Actu-764

ally, it is worth having in mind that in a cylindrical vessel,765

a drop forming a meniscus with contact angle θ can be766

connected with a film along the walls and at (capillary)767

equilibrium only if the Laplace pressure is the same along768

the liquid film and in the drop. This implies that we need769

to have an equality between σ/R (Laplace pressure in the770

film) and 2σ cos θ/R (Laplace pressure in the drop), which771

implies a specific value for θ , namely 60°. As a conse-772

quence, for fibers and vessels, which are approximately773

cylindrical and for which the contact angle is either clearly774

different from 60° (for fibers) or takes various values with775

two peaks at 0 and 90° (for vessels), we should in general776

not have the possibility of films.777

Note that the demonstration above is valid in the absence778

of pinning, but if the line of contact is pinned, by definition779

it is not connected with a film. This nevertheless does not780

totally exclude the possibility of complex shapes with lines781

of contact pinned along almost longitudinal contact lines782

allowing the existence of some film covering a fraction of783

the wall surface. Such a situation is typically observed for784

a rectangular container, with liquid films remaining pinned785

to the exit corners [48], and maintaining a liquid transport786

towards the exit and a constant drying rate. Such a situation787

seems rather unlikely with our system. Indeed, the vessel788

cross sections are generally elliptical, with some possible789

unevennesses. Such unevennesses (in particular, certain790

contiguous vessels) can occasionally permit the existence791

of a local longitudinal film (covering the unevenness, with792

the same total curvature as the main liquid-air interface, for793

capillary equilibrium), but since in these natural materials794

the vessel shape at least slightly changes all along its axis,795

such a film could hardly exist along all the vessel, up to the796

free surface. Another element of evidence arises from the797

absence of any film or junction between the main liquid798

volume and a film, in any of the vessels in our pictures.799

A hydraulic connection between the liquid patches in800

the vessels and the sample top (free surface) is thus very801

unlikely. This is, a fortiori, the same for the liquid in802

fibers which could be connected to the free surface of the803

sample only through possible small pits with nanometric804

holes between them and the vessels, and then through liq-805

uid films of free water in partially filled vessels. In any806

event, such connections between liquid in partially filled807

fibers and vessels can hardly exist in quasistatic condi-808

tions (which prevail in such slow drying), as they would809

not be compatible with capillary equilibrium since there810

is in general a large ratio of meniscus radii between the811

vessels and the fibers. We can nevertheless remark that812

there might subsist very thin films along the cell walls, typ-813

ically of the order of a few molecules thick, which would814

not be stabilized by standard capillary effects but by dis-815

joining pressure and local RH. However, their possible816

transport would be extremely slow, and these molecules817

might hardly be distinguishable from the bound water, so818

that they would behave more or less like bound water in 819

terms of transport. We conclude that in general the liq- 820

uid volumes of free water in the porous structure of the 821

wood do not form a continuous hydraulic network allow- 822

ing, as in bead packing, the transport of free water towards 823

the free surface. This implies that we have to look for 824

another mechanism to explain the transport of water from 825

the interior of the sample towards the free surface. 826

VII. BOUND- AND FREE-WATER DYNAMICS 827

FOLLOWED BY NMR RELAXOMETRY 828

Since the specificity of wood as a porous medium is the 829

presence of bound water in the solid structure, it is natural 830

to consider that bound water may play a significant role in 831

the driving force at the origin of free-water transport. In 832

order to get an idea of this role we look at the evolution 833

of the different types of water in the sample during dry- 834

ing. This is possible thanks to the NMR relaxation time, 835

which decreases when the pore size decreases or, more 836

generally, when the water mobility is reduced. We mea- 837

sure the distribution of relaxation times at different times 838

during drying (inset of Fig. 6, see also Appendix B). In 839

the initial distribution we can identify mainly three peaks, 840
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FIG. 6. Moisture content of water in the different pore types
(free water in vessels or fibers, bound water in cell walls) of a 1-
cm-long poplar sample during drying [case (a) of Fig. 3] (mass of
water in each of this pore type to dry-wood mass ratio). The MC
of each water class is computed from the integral of the signal
in the corresponding region of relaxation time in the distribu-
tion shown in the inset. Free water corresponds to the sum of the
signal for vessels and fibers. Total water is computed from the
sum of the signal for free and bound water. The straight dotted
line is a guide for the eye. The orange curve in the main graph
corresponds to the integral of 1D profiles in time (correspond-
ing a priori to free water). The inset shows the distribution of
relaxation time at different times during this test (every 9 h). Dif-
ferent line types and colors (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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respectively associated with free-water-filling vessels (T2841

around 700 ms) or fibers (T2 around 100 ms), and bound842

water (T2 around 4 ms). Also note a peak of small ampli-843

tude (T2 around 20 ms), which might correspond to water844

in wood rays, but for the sake of simplicity and because845

the two peaks (fibers and rays) are close we include them846

in the “fiber group.”847

From these data and in the case of a long constant-rate848

period [i.e., case (a) in Fig. 3], we clearly observe that,849

during a first stage (A), the vessels and the fibers drain850

simultaneously: the amplitude of the peaks correspond-851

ing to water in these regions progressively decrease (see852

inset of Fig. 6). At the end of this stage the vessels are853

empty while a significant volume of liquid remains in the854

fibers. In the next stage (B) the fibers drain until they are855

fully empty. This can be analyzed more quantitatively by856

integrating the signal below each peak associated with the857

different water classes, which allows following the evolu-858

tion of the fraction of water in each class (see Sec. III).859

The results are shown in Fig. 6 for the case (a) of Fig. 3. In860

addition we show in Appendix B the results for the simi-861

lar test with another sample at a different initial MC. Very862

similar trends are observed, which supports the general-863

ity of the conclusions presented below under slow-drying864

conditions.865

We can see that during the two stages described above866

the bound-water amount remains approximately constant867

(see Fig. 6; a slight increase is nevertheless observed for868

which we have no straightforward explanation as yet).869

Finally, the essential decrease of bound-water amount870

starts in the third stage (C), when all free water has dis-871

appeared. It is worth noticing that, as long as free water872

is removed (stages A and B), the relaxation times of873

water in vessels or in fibers remain constant, i.e., the posi-874

tions of the peak remain approximately fixed (see inset of875

Fig. 6), while the water content in both regions decreases,876

i.e., the integral of the curve below the peak decreases.877

This means that the liquid keeps forming drops of similar878

sizes, or more precisely similar aspect ratios, while dry-879

ing progresses. In contrast, if water forms films or blobs880

of thickness of progressively decreasing thickness in time,881

the relaxation time decreases significantly (see Sec. III).882

This is consistent with the observations of Sec. VI, and883

further confirms our conclusion that liquid films in fibers884

and vessels are almost inexistent.885

Remarkably, we observe that, although there is no evi-886

dence of a connected hydraulic network of free water, (i)887

the liquid patches in vessels and in fibers disappear simul-888

taneously in the first stage while fibers finish to empty in889

the second stage; (ii) the drying rate can remain constant890

while the moisture content decreases to low values (see891

Fig. 3), meaning that sufficient water is continuously trans-892

ported towards the free surface. Moreover, bound water893

starts disappearing only when free water (from vessels and894

fibers) is fully absent.895

These different observations suggest that bound water 896

in the solid cell-wall structure could play a major role in 897

the drying of the system, by ensuring the connection and 898

transport between the free water patches inside the medium 899

and the free surface of the sample, and then evaporating 900

from the sample. 901

VIII. PHYSICAL ORIGIN OF BOUND-WATER 902

TRANSPORT 903

The potential energy of the system is lower when water 904

molecules are placed between the initially neighbouring 905

polymer molecules composing cell walls (essentially cellu- 906

lose and hemicelluloses), which thus tend to absorb water. 907

When there is some gradient of water concentration the 908

molecules start propagating inside the cell walls to tend 909

to an even distribution of the number of water molecules 910

in the cellulosic structure, which is at the origin of the 911

diffusion process. 912

The extraction of free water from the wood interior and 913

its transport towards the free surface should occur as a 914

result of an imbalance between the (lower) chemical poten- 915

tial of bound water along the free surface of the sample, 916

in contact with air with n < 1, and the (larger) chemical 917

potential of liquid water in depth in the sample. Note that 918

inside the sample, owing to the presence of liquid patches 919

and bound water saturating the wall, we can consider that 920

n = 1 (see above). The chemical potential of the liquid at 921

ambient pressure and temperature is μ0, and that of the 922

vapor is μ0 + RT ln(n) (see, e.g., Ref. [50]). Remarkably, 923

a relative humidity slightly smaller than 1, even by a value 924

as small as 1%, gives a large chemical potential difference 925

[51], which induces a diffusion of the bound water towards 926

the free surface of the sample through the cell walls. 927

If the liquid is contained in an airtight pore the pres- 928

sure in the liquid is strongly decreased, which may induce 929

cavitation. Such a phenomenon was demonstrated to occur 930

[51–54] and properly modeled in the case of pores filled 931

with liquid and dispersed in a hydrogel, which may be con- 932

sidered as model materials of wood [34,52], at least con- 933

cerning fluid transfer characteristics. It is not clear whether 934

this situation is frequent in wood, as there might also be 935

a large number of very thin air connections throughout 936

the structure when the material is partially saturated. The 937

main result of the above considerations is that a gradient 938

of chemical potential is a powerful means to extract liquid 939

water. 940

In the case of wood, a complete description of the trans- 941

port process resulting from the chemical potential drop 942

would require a detailed knowledge of physico-chemical 943

characteristics of the cell walls. Here, in order to roughly 944

quantify the process, we simply directly consider the 945

resulting diffusion process described by Fick’s law with a 946

diffusion coefficient D for the bound water through a wood 947

saturated with bound water. For a homogeneous medium 948
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and in steady state, Fick’s law tells us that the flux between949

the liquid source and the free surface (situated at a distance950

h) is proportional to D/h. For a medium in which the liq-951

uid sources are dispersed over the sample height H and952

partially cover the cell-wall surfaces (coverage described953

by the fraction ϕ), and the bound-water content occupies a954

volume fraction η, we then expect a characteristic velocity955

on the order of Vd = ηf (ϕ)D/H . In this expression η is956

about 12% (estimated from the FSP), and f is an unknown957

function such that f (1) = 1 and decreasing slowly as ϕ →958

0, since a limited number of interfaces between cell walls959

and liquid is likely sufficient to ensure a maximum flow960

rate.961

The value of D may be found from the similar diffu-962

sion process observed when (dry) wood is put in contact963

with a liquid bath. In that case it was indeed shown that964

bound water progresses in advance of the free-water front965

[26,34], which means that it diffuses longitudinally in the966

cell walls. The bound-water progression is well described967

by considering diffusion from a moving boundary (i.e., the968

advancing front of free water), which led to estimating the969

coefficient of diffusion as D ≈ 6 × 10−9 m2 s−1 [33]. This970

value is at the same magnitude as those reported before971

but measured differently [55–58]. Finally we find that the972

initial (here we assume ϕ = 1) water velocity induced by973

diffusion should be Vd ≈ 7 × 10−8 m s−1 for H = 1 cm.974

IX. WATER DYNAMICS AT THE LOCAL SCALE975

We can get a direct view of this phenomenon of absorp-976

tion then transport of free water through the cell wall from977

successive 3D XRCT images in time. In Fig. 7 we see a978

vessel containing two large regions (bottom and top) filled979

with air, and the liquid volume between these two regions980

significantly decreases in time (over a few minutes). Let981

us search for the origin of this liquid transport. This liquid982

may evaporate, be transported via liquid film and vessel983

walls, move to ray or fibers, or be absorbed in cell walls.984

First of all, as the relative humidity all along the vessel is985

close to 100% (see above), evaporation from the liquid-air986

interface towards the sample free surface would be much987

too slow as compared to the observed dynamics. Moreover,988

in any event, it could not explain the growth of the sec-989

ond (bottom) bubble in the channel, as the vapor formed,990

blocked by liquid patches in the vessel, could not reach991

the sample free surface. Then, since the contact angles of992

the liquid-air interfaces are between 0 and 15° there can993

hardly be liquid films along cell walls in these regions,994

allowing some transport along the vessels (see demonstra-995

tion above). We also check from images in a RT plane that996

this vessel has no neighboring vessel into which the water997

could have been driven by capillary force (through connec-998

tion by pits). We deduce that this liquid volume necessarily999

flows through the cell walls in the form of bound water.1000

The liquid might also flow towards some nearby fibers or1001

100 µm 0 s 200 s 400 s 600 s 800 s

FIG. 7. Successive views (every 200 s) of the internal struc-
ture of a wood sample (sample length: 4 cm) at 3.7 mm (mean
distance) below the free surface in a TL plane (see Fig. 1) dur-
ing drying in the constant-rate regime (MC = 151%). 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.
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F7:2
F7:3
F7:4
F7:5
F7:6

wood rays. This nevertheless seems rather unlikely as this 1002

would require a large number of them in order to store such 1003

a volume of liquid. Moreover, this stored liquid would then 1004

have to escape from these fibers, which are dead-end chan- 1005

nels, or rays, which are aligned in a direction perpendicular 1006

to the longitudinal direction. Then, the liquid would likely 1007

be extracted through their own cell walls, and this would a 1008

priori also occur via bound water. 1009

On the other hand, we can observe the growth of the 1010

bottom air region (see white arrow) in Fig. 7. This shows 1011

that some air is available somewhere in the wood and is 1012

attracted there or pushed. Since air is perfectly wetting 1013

the liquid and solid surfaces it can easily move from one 1014

place to another through very small pores, driven by small 1015

pressure differences, but this necessarily induces liquid- 1016

water motion. A similar, more spectacular effect is shown 1017

in Fig. 8 (red arrow) where we can also observe the sud- 1018

den birth of a bubble inside a liquid-water region. Such 1019

an effect is reminiscent of cavitation. However, standard 1020

cavitation cannot occur in a vessel open to the sample 1021

free surface at short distance and subjected to the ambi- 1022

ent pressure and bubble creation via radiation damage is 1023

not observed in the whole volume of this time series. 1024

More likely, this bubble forms as a result of the com- 1025

plex transports of liquid in the porous structure and the 1026

corresponding pressure distribution evolution. 1027

Considering now the situation inside the fibers we also 1028

expect the diffusion of water through the cell walls towards 1029

the free surface. If the fibers are perfectly airtight, cavita- 1030

tion should occur (see above). Nevertheless, there might 1031

also exist extremely thin paths allowing air to be trans- 1032

ferred through fiber walls and precluding cavitation. In that 1033

case air and liquid transfers in fibers could play a role in the 1034

pressure-redistribution process mentioned above. 1035

X. NONLINEAR EVOLUTION OF THE 1036

PROCESSES AT A LOCAL SCALE 1037

We thus have a water transport basically ensured by 1038

chemical potential imbalance. In a wood sample, the solid 1039
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0 s 200 s 400 s 600 s 800 s
100 µm 

FIG. 8. Successive views (every 200 s) of the internal struc-
ture of a wood sample (sample length: 4 cm) at 3.7 mm (mean
distance) below the free surface in a TL plane (see Fig. 2) during
drying in the constant-rate regime (MC = 151%). A bubble (see
red dotted arrow) appears on the third picture and then grows;
this apparently pushes downwards the liquid and the bubble
(see white arrow) situated below the bubble. Note that artefacts
appear as light white lines due to liquid motion during the time
of acquisition (see blue dashed arrow).
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network, which ensures the bound-water transport is com-1040

plex, has walls with various concentrations and connec-1041

tions between them or with the liquid in pores. Even if,1042

on average, during drying, the chemical potential at the1043

sample free surface is lower than inside the sample, the1044

detailed distribution of chemical potentials in this network1045

is obviously quite complex. Moreover, as the distribu-1046

tion of liquid and air in the porous structure continuously1047

evolves, so does the distribution of chemical potentials. As1048

a result, we expect a somewhat chaotic process of liquid1049

extraction throughout the medium. This is effectively illus-1050

trated by the liquid patch distribution observed in a cross1051

section of the sample (see Fig. 9). We may first see that1052

some filled fibers form alignments, an effect which might1053

be due to the proximity of rays along this line. Here we1054

do not discuss further this aspect and rather consider the1055

following critical points:1056

(i) some vessels and fibers empty but, without a simple1057

or systematic rule of localization of these events, e.g., some1058

fibers may empty while they are close to filled vessels;1059

(ii) a significant fraction of fibers, and even some ves-1060

sels, fill during drying; this filling does not follow any1061

simple rule either, e.g., some fibers fill although they are1062

surrounded by dry fibers.1063

In this context, the wide range of contact angles1064

observed between liquid drops and cell walls would be due1065

to the complex distribution of bound water concentration,1066

and the critical impact of this concentration on wetting1067

properties of wood [34].1068

XI. DRYING SCHEME FOR WOOD1069

The following scheme of water transport during slow1070

drying emerges from the NMR and XRCT results (see1071

Fig. 10):1072

500 µm 

Vessel or fiber
remaining filled

Vessel or fiber
remaining empty

Newly filled
vesselor fiber

Newly empty
vesselor fiber

FIG. 9. Evolution of the liquid distribution in a wood sam-
ple (sample length: 4 cm) at 3.7 mm (mean distance) below
the free surface in a RT plane (see Fig. 2) during drying in the
constant-rate regime. The evolution of water content in fibers and
in vessels when the moisture content evolves from MC = 170%
to MC = 151% is represented by different colors (see legend).
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(1) Most of the evaporation occurs from bound water at 1073

the sample free surface; evaporation of bound water from 1074

the cell walls inside the sample can also occur but since 1075

the RH inside the sample is close to 1, the resulting vapor 1076

transport by diffusion from these surfaces remains negligi- 1077

ble (as in the case of a channel whose internal surfaces are 1078

covered with liquid [49]). 1079

(2) As long as there is free water in the sample the evap- 1080

orated bound water is replaced by bound water formed by 1081

absorption of free water in the cell walls. 1082

(3) When there is no more free water the drying goes 1083

on by progressively decreasing the bound-water content in 1084

the sample. 1085

Note that this scheme, in particular, provides a straight- 1086

forward explanation to the effect of homogeneous desatu- 1087

ration down to complete disappearance of free water for a 1088

very slow drying [case (a) in Figs. 3 and 6]. 1089

XII. WATER EXTRACTION DYNAMICS 1090

CONTROLLED BY BOUND WATER 1091

A constant-rate period is observed for sufficiently slow 1092

imposed air flow and/or sufficiently large water content in 1093

the sample (see Fig. 3). Moreover, the drying rate is con- 1094

stant as long as free water exists over the whole length 1095

of the sample, and starts to decrease when a region with- 1096

out free water starts developing from the sample top (see 1097

insets of Fig. 3 and red disks). Since we have seen that 1098

the free water is transported as bound water towards the 1099

free surface, these observations suggest that there are some 1100

critical conditions in terms of evaporation along the free 1101

surface and/or free-water concentration for which the free- 1102

water transport is not sufficiently fast to feed the top of 1103
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Evaporation
Bound
water

Free
water Free

water
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Fiber
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Evaporation
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FIG. 10. Scheme of principle of water transport at the different stages of (longitudinal) drying of wood: (I) initial stage, (A) free-
water extraction from fiber and vessel towards cell walls then diffusion towards free surface, (B) vessels are empty—extraction of free
water from fibers then diffusion, (C) vessels and fibers are empty over some distance below the free surface—extraction of bound water
leading to the formation of a concentration gradient in this region—main evaporation from around the upper boundary of free water.
Note that the drying rate is constant in stages A and B, and decreases in stage C. These regimes correspond, for example, to those
identified in Fig. 6. Note that the remaining fraction of free water in fibers in regime C depends on the drying rate. For sufficiently
slow drying there is no more water in fibers in this regime, as in the case of Fig. 6; for large drying rate and/or large sample length,
some water still exists in fibers in depth as in the case of Fig. 11; for even larger drying rate and/or sample length, there might still
exist some water in vessels, as in Fig. 12.
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the sample. Since this free-water transport is ensured by1104

diffusion of bound water in cell walls its rate is given by1105

the characteristic diffusion velocity Vd ≈ 7 × 10−8 m s−1,1106

which here appears to be larger or of the same order1107

as the drying rate in the constant-rate period for cases1108

(a) and (b) (respectively, V ≈ 1.3 × 10−8 m s−1 and V ≈1109

6 × 10−8 m s−1) (see Fig. 3). In those cases, the diffusion1110

through cell walls is sufficiently fast to extract the free1111

water from the sample bottom and continuously supply1112

bound water for evaporation along the sample free sur-1113

face. This is also consistent with the observation that the1114

free-water content profiles are uniform [see insets (a) and1115

(b) of Fig. 3], i.e., the water content transport by diffu-1116

sion in cell walls is sufficiently fast to reach an equilibrium1117

throughout the medium. In case (c) the initial drying rate1118

(8.5 × 10−8 m s−1) is larger than Vd, which explains that1119

the water-content profiles do not remain uniform [see inset1120

(c) in Fig. 3], more water is extracted from the top layer1121

of the sample, i.e., the diffusion of bound water is too1122

slow with regards to the drying rate to ensure a complete1123

re-equilibration of the free-water distribution. Note that1124

in various other more or less complex systems contain-1125

ing water in different states, the water distribution remains1126

homogeneous for sufficiently slow drying: bead packings1127

[46], emulsions [59], soils [60], packings of hydrogel1128

beads [61], etc. The case of hydrogel particle packing is1129

more interesting as the water has to diffuse through the par-1130

ticles, and between them, to reach the sample free surface,1131

as in wood cell walls. A similar criterion then arises [61]1132

for describing the different regimes, quantified by the Biot1133

number, which describes the competition between drying 1134

rate and the rate at which water diffuses and homoge- 1135

nizes the moisture content. However, for this material there 1136

is no coexistence of free and bound water, with possible 1137

coupling of their transport, as in wood. 1138

In this case (c), the drying characteristics are globally 1139

similar to those identified above, i.e., extraction of water 1140

from fibers and vessels in a first stage, then full emptying 1141

of fibers followed by bound-water extraction (see Fig. 11). 1142

It is worth noticing that the drying rate remains approxi- 1143

mately constant despite the existence of a gradient of water 1144

content [see case (c) in Fig. 3], as long as the concentra- 1145

tion of free water is not zero close to the free surface of 1146

the sample. This suggests that the liquid transport is still 1147

ensured up to the free surface and supplied for evapora- 1148

tion at the imposed rate. The situation significantly changes 1149

when the free-water content reaches zero at the approach 1150

of the sample free surface: the drying rate starts to decrease 1151

significantly (see Fig. 3). During this drying-rate decrease 1152

free water is still significantly removed from the sample, 1153

but an important difference is that this also (approximately) 1154

corresponds to the beginning of a bound-water content 1155

decrease (see Fig. 11, transition from regime B to regime 1156

C). Moreover, during this period, the peak of T2 associated 1157

to bound water significantly spreads (see inset of Fig. 11), 1158

instead of just decreasing in amplitude as for free water 1159

or being essentially shifted towards lower T2 value like in 1160

case (a) (see inset of Fig. 6). This means that the decrease 1161

of bound-water amount in the sample is heterogeneous, 1162

i.e., a gradient of water concentration in the bound state 1163
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FIG. 11. Moisture content of water in the different pore types
of a 1-cm-long poplar sample during drying [case (c) of Fig. 3]
(mass of water in 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 0.5 h). Different line types and colors (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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develops. Obviously, since the water is extracted from the1164

sample from one face, we expect this gradient to develop1165

mainly at the approach of the sample free surface.1166

In order to gain further insight on the process in the1167

nonconstant drying-rate regime we carry out a test on a1168

longer sample, which makes it possible to follow the defor-1169

mations too, and followed its characteristics by MRI (see1170

Sec. III). Here, as the sample length is 4 cm, we have1171

Vd ≈ 2 × 10−8 m s−1, which is much smaller than the ini-1172

tial drying rate (see Fig. 12). As a consequence, we expect1173

a heterogeneous drying, since the free-water transport will1174

not be sufficiently fast to supply water at the imposed1175

rate of evaporation at the free surface. We nevertheless1176

clearly observe a first stage during which the drying rate1177

is constant [see inset (a) in Fig. 12] as long as the free-1178

water profile, although nonuniform, extends up to the free1179

surface [see inset (b) in Fig. 12]. Then the drying rate1180

continuously strongly decreases as the moisture content1181

decreases, and a region without free water grows.1182

We can appreciate the bound-water distribution from1183

deformation measurements, since we know that wood1184

strains are basically associated with bound-water content1185

[33]. However, we do not elaborate further on this point1186

and just consider our measurements as qualitative infor-1187

mation on the bound-water distribution. Remarkably, the1188

bound-water distribution exhibits a plateau in the region1189

where there is still free water and, beyond that region,1190

decreases towards the free surface [see inset (b) of Fig. 12].1191

This confirms that a bound-water gradient develops when1192

no more free water is available, which leads to the decrease1193
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FIG. 12. Drying of a long wood sample (4 cm along L axis)
in the MRI set up, subjected to a dry-air flow: drying rate as a
function of moisture content (squares). The red dotted line rep-
resents the model prediction from dry front thickness measured
from MRI profiles (see text). The black dashed line corresponds
to the model of Sec. XII. The filled diamonds correspond to a
(green wood) sample dried under ambient conditions (RH around
50%, 22 °C) and data obtained from mass measurements during
XRCT experiments. The open diamonds correspond to a drying
under the same conditions of a poplar sample resoaked after ini-
tial drying. The top left inset shows the evolution of the two main
water types in time. The bottom right inset shows 1D free water
profiles (lines) at different times: (from top to bottom) 0, 2, 4.5,
7, 9, 12, 14, 16, 20 h, and then every 5 h. The filled squares cor-
respond to deformation profiles at (from top to bottom) 0 and 4.5
(red), 30, 50, 70, 80, 140 h. The corresponding free-water profiles
are represented in the same colored dashed line.
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of the drying rate. Actually, this gradient could allow the 1194

transport of bound water towards the free surface, but with 1195

a characteristic velocity of the same order as Vd, which is 1196

not sufficient. As a consequence, we expect that this trans- 1197

port is negligible and the top layers progressively fully dry, 1198

forming a dry front. 1199

Under these conditions, another transport process is 1200

necessary to explain the removal of free water from the 1201

sample. In the absence of possible transport as bound or 1202

free water along the upper region, we must turn to a trans- 1203

port in the vapor state. More precisely, we can consider 1204

that most vapor forms around the highest free water-air 1205

interfaces in the sample, and then diffuses along the upper 1206

region (which does not contain free water). Such a pro- 1207

cess is similar to that observed in granular packings in 1208

the so-called “falling rate period” [46,62], and can be 1209

described with the help of the above approach providing 1210

the drying rate as V = ρ0Dv/ρ(h + δ∗) = V0/(1 + h/δ∗) 1211

with δ∗ = Dvδ/D0. Here, from MRI data [see inset (b) of 1212

Fig. 12] we can estimate the distance (h) of the region with- 1213

out free water and fit the drying rate to the observed one 1214

by choosing an appropriate value for Dv/D0, i.e., the sole 1215
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fitting parameter. It appears that the prediction (red dot-1216

ted line in Fig. 12) of this model is remarkable since it1217

represents the drying-rate evolution very well over almost1218

the whole range of moisture content. The value of 0.551219

obtained for Dv/D0is nevertheless slightly larger than the1220

value we could expect if we considered that the vapor has1221

to be transported mainly along the vessels, for which we1222

have τ ≈ 1 and ε ≈ 0.23, leading to Dv/D0 ≈ 0.23. This1223

suggests that we identify the basic process correctly but1224

there might be some amplification of the diffusion due to1225

the presence of the bound water in cell walls, providing1226

an additional source of evaporation along the vessel walls.1227

Also note that the above approach neglects the extraction1228

of bound water from the free surface, which in that case1229

continues all along the process.1230

We can remark that the free water is still transported1231

in the deeper layer through bound water. Indeed, a pure1232

motion due to water vapor would induce a growing dry1233

region without water-content variations below the front,1234

whereas here we have a further homogeneous decrease1235

of the water content in the saturated bound water region1236

below the front [see inset (b) of Fig. 12]. A similar process1237

resulting from capillary effects is shown to occur below the1238

dry front in the “falling rate period” with bead packings1239

[46]. Here this effect is again the hallmark of an equilibra-1240

tion process in this region, which logically again occurs1241

thanks to free-water transport by bound-water diffusion,1242

which has now more time to act in such a shorter region1243

and under a lower drying rate.1244

Finally, with some approximations, we can propose the1245

following model for describing the drying rate of a wood1246

sample along the longitudinal direction, i.e., when the air1247

flux is in a transversal RT plane. We consider the initial1248

drying rate V0 imposed by external conditions (air flux,1249

temperature, RH) along a water surface of the same shape1250

as the wood RT cross section. We also note that the charac-1251

teristic velocity of diffusion of bound water is expressed as1252

Vd = ηf (ϕ)D/H , in which the concentration ϕ is related1253

to the moisture content. The remaining unknown here is1254

the function f.1255

(1) As long as V0 < Vd, MC > MCc with MCc such1256

that V0 = ηf (MCc)D/H , the drying rate is constant and1257

equal to V = V01258

(2) For V0 < Vd, MC < MCc and the drying rate may1259

be approximated by considering that a dry region devel-1260

ops from the sample top, which leads to an expres-1261

sion similar to Eq. (5): V = V0[1 + H(MCc − MC)ρV0/1262

2.5ερ0D0MCc]−1.1263

The prediction of this model is compared with our obser-1264

vations for the test in Fig. 12, showing a relatively good1265

agreement except at very low moisture content.1266

XIII. CONCLUSION 1267

We show that during wood drying, even well above 1268

the fiber saturation point, bound-water diffusion in cell 1269

walls ensures the extraction of liquid water from pores 1270

and its transport towards the surface of evaporation, and 1271

thus controls the drying rate. The distribution of bound- 1272

water content (uniform or heterogeneous) along the main 1273

sample axis and the drying-rate evolution depend on the 1274

competition between the external conditions and a char- 1275

acteristic rate of transport due to bound-water diffusion. 1276

These results show that the drying of a hygroscopic mate- 1277

rial with pores filled with liquid is controlled by the bound 1278

phase, which opens the way to the understanding or con- 1279

trol of the properties of many other materials containing 1280

both water types in food or civil-engineering applications. 1281

Also note that no differences on the drying dynamics (see 1282

Fig. 12) or on the qualitative characteristics of the liquid 1283

distribution inside the sample are observed between green 1284

wood and resoaked wood samples. Thus it appears that the 1285

drying mechanisms do not differ for both systems. 1286

In this context, we can remark that NMR techniques, 1287

and in particular relaxometry in time (or “dynamic relax- 1288

ometry”), appears to be a powerful technique to observe 1289

the transport of different types of water and the evolution 1290

of the filling of the different types of pores. It should bring 1291

a lot in the future concerning the transport in other wood 1292

types and/or during drying in other directions. 1293

Note that here we only consider drying along the longi- 1294

tudinal direction as this is the fastest, but we expect that the 1295

mechanisms observed in this case will also apply for dry- 1296

ing in transversal or radial directions, i.e., drying controlled 1297

by bound-water diffusion allowing first the extraction of 1298

free water then bound water. The transition from the first 1299

regime associated with constant drying rate to the sec- 1300

ond regime governed by diffusion might nevertheless occur 1301

sooner than in the longitudinal direction as the diffusion 1302

coefficient is smaller [63], and, consequently, the rate of 1303

drying in this second regime will be smaller. 1304

Concerning plants, it is remarkable to see that bound- 1305

water diffusion, which was proved to control imbibition in 1306

hardwood rather than capillarity [33,34], also controls the 1307

opposite process of drying. This suggests that the transfers 1308

between bound and free water might play a major role in 1309

different aspects of the functioning of plant systems, and in 1310

particular in the debated problem of the refilling of cavities 1311

after embolism [64–69] or in the problem of maintenance 1312

of whole-plant water balance thanks to transfers between 1313

compartments [69]. 1314
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FIG. 13. Views of the internal structure Q7of a wood sample
(sample length: 4 cm) at 3.7 mm (mean distance) in a TL plane
below the free surface during drying in the constant rate regime
(MC = 151%). The inset shows an enlargement of a vessel with
the technique for estimating the apparent contact angle (between
the two blue lines).
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FIG. 14. Moisture content of water in the different pore types
(free water in vessels or fibers, bound water in cell walls) of a
1-cm-long poplar sample during drying (cross symbols in Fig. 3)
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APPENDIX A: CONTACT ANGLE 1331

MEASUREMENTS 1332

Here we illustrate the measurement technique for esti- 1333

mating the contact angle of liquid-air interfaces with walls 1334

inside wood samples from the XRCT images (see Fig. 13). 1335

APPENDIX B: TEST UNDER SLOW-DRYING 1336

CONDITIONS [CASE (A)] WITH A DIFFERENT 1337

INITIAL MC 1338

We present here (see Fig. 14) the results of the NMR 1339

measurements for the test shown in Fig. 3 (blue crosses). 1340
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