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Moisture transport and/or storage in clothes plays a major role on the comfort or discomfort they
procure due to the resulting wetness or heat loss along the skin. Our current knowledge of these com-
plex processes, which involve both vapor transport and water sorption in the solid structure, is limited.
This is, in particular, due to the open questions concerning the sorption dynamics at a local scale (for
modeling), which lead to complex nonvalidated models, and to the challenge that constitutes the direct
observation of these transports (for measurements). Here, through unique experiments, we directly observe
the bound-water transport in a model textile sample during drying with the help of an original magnetic
resonance imaging technique. Despite the various physical effects involved, this transport appears to fol-
low a diffusionlike process. We then demonstrate theoretically that this process is described in detail (at
a local scale) by a simple model of vapor transport through the structure assuming instantaneous sorption
equilibrium and without any parameter fitting, which finally brings a simple response to modeling. This,
in particular, allows us to quantify, as a function of simply measurable material parameters and air-flux
impact, the characteristic time during which the evaporation of sweat is accelerated by sorption, the time
during which a textile constitutes a barrier against ambient humidity, or the conditions of mask humid-
ification. These results open the way to a full characterization and prediction of fabric properties under
different conditions, and to direct formulation of high-performance materials by adjusting the material

constituents.
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I. INTRODUCTION

Evaporation of wetness, usually sweat, is crucial in
human thermoregulatory function. Clothing constitutes a
protection against external conditions but it also usually
stores humidity from sweat or ambient humidity. One of
the factors considered as the most crucial in causing wear
discomfort during physical activity is the presence of wet-
ness at the skin-clothing interface [1-4] but, thanks to
water sorption in fabric, clothing can also play a signifi-
cant role in the moisture transport or storage [1], and the
heat loss due to sweating [5] as water-vapor adsorption is
an exothermic process. An analogous problem exists with
bio-based materials used for construction such as wood,
hemp concrete, etc., which appear as excellent hygrother-
mal regulators [6,7]. On another side, the drying of textiles
requires a huge amount of energy and the search for the
most efficient technique is a critical stake [8]. Finally, the
question of the impact of humidification, due to humid
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exhaled air, on the efficiency of masks against COVID-19
propagation or severity, is critical [9,10].

The current description of these processes relies on
empirical models [11,12], global laws [1,13—16], or statis-
tical approaches [17], of limited applicability, for describ-
ing vapor or heat transfers through fabrics. For example,
the mass flux of water evaporating from a surface covered
by a textile is often considered to be simply proportional to
the vapor-pressure difference and to a material coefficient,
i.e., the so-called “clothing vapor resistance” [12,14,15];
an approach which is likely valid in steady state. The heat
transfer is then assumed to be simply proportional to this
vapor mass flux. On another side, an empirical (negative)
exponential model was suggested to represent the moisture
content versus time during drying of viscose bobbins, with
parameters depending on temperature, bobbin diameter,
volumetric flow rate, etc. [11].

Alternatively, sophisticated models have been devel-
oped, starting with Henry [18] later followed by Refs.
[19-26], which take into account, at best, all the inter-
nal processes (vapor transport, sorption, etc.), but they
generally involve various a priori unknown parame-
ters. The predictions of these models appear to be in
qualitative agreement with observations but can hardly be
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fully validated due to the absence of appropriate measure-
ments of internal physical quantities.

One of the major complexities in the process analy-
sis lies in the fact that hygroscopic fabrics such as wool,
viscose, cotton, silk, nylon, some polyesters, etc., contain
some significant amount of water that can be absorbed by
the solid structure from vapor in the surrounding air. The
transfers of this so-called bound water play a fundamental
role in the humidity control and feeling. However, follow-
ing the transport of bound water in such materials remains
challenging. This, in particular, leaves the pivotal question
of the role of sorption dynamics open, and leads to various
speculations in models.

The complete modeling approaches first rely on the con-
servation of water-vapor mass while it diffuses through
the structure, taking into account the loss or contribution
due to sorption or desorption. The second equation, which
expresses the conservation of heat, has a similar form, with
a term associated with latent heat due to sorption or des-
orption. Thus the sorption or desorption processes play a
critical role in these equations, both on the mass transfer
and heat transfer (through latent heat), and they are also the
main unknown in these equations. In his pioneering model-
ing work, Henry [18] suggested that sorption or desorption
should be considered as instantaneous, but subsequent
models generally assumed the opposite and attempted to
describe the sorption dynamics in detail, which led to var-
ious speculations. David and Nordon [26,27] assumed the
rate of mass transfer to be proportional to the difference
between current and equilibrium relative humidity, with
a factor expressed as an exponential function of the dif-
ference between these two relative humidities. Then, in a
series of works by Li and co-authors [21-25] it was sug-
gested that the sorption process should be described by a
two-stage sorption rate equation. More precisely, the first
stage is represented by a Fickian diffusion with constant
diffusion coefficient; the second-stage sorption follows an
exponential relationship. The relative contributions of the
two stages to the total uptake vary with the stage of
sorption and the initial regain of the fibers.

On another side, bio-based construction materials are
also porous hygroscopic media, which can absorb a signif-
icant fraction of bound water. Some fiberboard materials
used for insulation exhibit characteristics resembling that
of textile. Numerical hygrothermal models [28-30] have
been developed in the literature, which take into account,
at best, internal processes (vapor transport, sorption, etc.),
but they also generally involve some unknown parameters
concerning the sorption-desorption dynamics. Finally, sig-
nificant discrepancies subsist between the predictions of
these models and macroscopic measurements [31,32], sug-
gesting the need of progress concerning the description of
physical processes in these model.

Here, with the help of a specific magnetic resonance
imaging (MRI) sequence, which makes it possible to

measure the local full amount of bound water at any
time throughout the sample, we directly observe the
bound-water transport in a model textile sample (cellu-
lose fiber pile) during drying. It appears that this trans-
port essentially follows a simple diffusionlike process.
We then show that this process is described in detail
(at a local scale) by a simple model of vapor trans-
port through the structure assuming instantaneous sorp-
tion equilibrium. The agreement between the model pre-
dictions (without any fitting parameter) and the internal
data in time fully supports the model validity. A sim-
ple version of this model makes it possible to predict
the rate at which bound water is extracted or stored, and the
corresponding heat-exchange rate. These results open the
way to a full characterization and prediction of mate-
rial textile properties under different conditions, and to
the direct formulation of high-performance materials by
adjusting the material constituents.

II. FOLLOWING BOUND WATER IN A DRYING
MODEL TEXTILE

A. Materials

We use cellulose, which is used for various fabrics, and
can be considered as a model textile material. In particular,
its sorption isotherm appears to have a shape qualitatively
similar to that of other textile materials such as silk, cotton,
wool, viscose, nylon, with a typical moisture content (MC)
(i.e., water-to-solid mass ratio) reaching 20%—30% at high
relative humidity [33], i.e., the so-called fiber saturation
point. The material is made of pure (99.5%) cellulose fibers
(Arbocel BC1000, supplied by Kremer Pigmente). These
fibers are hydrophilic and essentially made of natural crys-
talline cellulose. The average fiber thickness is 20 um and
the average length is 700 um. The bulk fiber density is
about 1500 kg/m>. Sorption isotherm is performed at room
temperature (22 £ 2 °C). Cellulose samples are first dried
in an oven at 60°C for 3 days, which sets up at a low
moisture content (with a small amount of residual bound
water, likely of the order of 0.5% in terms of moisture
content). Note that we use this state as the reference one
for the supposedly dried state. Then different samples are
placed in desiccators with different salt solutions or a bath
of deionized water, imposing different relative-humidity
(RH) values at equilibrium. The MC of the cellulose sam-
ple upon adsorption is then measured at equilibrium. By
following the sample mass in some cases we can check
that a plateau in mass is reached after about 1 week, so
we left the samples between 2 and 3 weeks to be sure to
get the equilibrium state. The MC for desorption is mea-
sured at equilibrium from samples prepared through the
above sorption procedure (up to equilibrium) then placed
at a lower RH imposed by salts. The sorption-desorption
data show a typical aspect with a slow initial increase as
a function of RH followed by a fast increase of the MC at
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FIG. 1. Sorption and desorption data for cellulose fibers. Each
data point is obtained by averaging independent measurements
obtained on at least three different samples. The error bars
are within the symbol size. The inset shows an ESEM Image
of the cellulose structure (from Ref. [29], courtesy of N. Ben
Abdelouahab).

the approach of the maximum RH (see Fig. 1). Remark-
ably the data for sorption and desorption are very close.
Hysteresis in sorption-desorption measurements are gen-
erally due to capillary effects and can be significant for
sufficiently small pores (say, <50 nm). The absence of
hysteresis confirms that such small pore size is negligi-
ble within this porous structure made by the entanglement
of fibers of much larger characteristic length (more than a
few hundreds of microns). This is then again confirmed
by our NMR measurements (see below). Hysteresis in
nanopores, in particular, in cellulose, may also result from
adsorption-swelling coupling [34]. The absence of hystere-
sis in our case suggest that such effects are absent and/or
our equilibration time is sufficiently large.

Note that we also see below that this MC includes a
negligible amount of free water in pores.

These data can be very well represented by the following
empirical model:

s = 0.106n + (n/1.33)" (1)

in which s is the MC and » the RH.

The cellulose samples for drying tests are prepared by
mixing them manually and gently packing the resulting
material in a glass cylindrical cup, so that only the top
surface is in contact with air. The sample size is 7 mm
diameter and 10 mm thick for NMR tests, 60 mm diame-
ter and different thicknesses for macroscopic (weighing)
and MRI tests. The apparent porosity of the samples is
82 + 1%, but due to the large deformability of this material
the local concentration could not be perfectly controlled,
so that there may subsist some slight heterogeneities (see

below). These samples are then kept in desiccator at high
RH for several weeks. The initial MC of the samples for
MRI tests is 18% (97% RH), while the other samples are
saturated (21% MC, 100% RH).

B. Drying set up

We induce a constant dry air flux (relative humidity
below 0.5%) vertically against the sample-free surface (see
Fig. 2) and we follow the water amount in time with NMR
for 1-cm samples or MRI for the thickest samples (see
below). The tests carried out with these techniques are
reproduced outside the magnet, by imposing similar air
flux and weighing the sample in time. This allowed us to
check the ability of our NMR and MRI measurements to
properly follow the (nonvapor) water mass in time (see
Appendix A). We also carry out additional tests by only
weighing the samples during drying. However, following
the sample weight under an air flux provides data with
more scatter due to the air-flux pressure on the balance,
whose relative impact is larger for lower sample weight.
In contrast, NMR measurements strictly reflect the inter-
nal water content whatever the mechanical constraints on
the sample and, for these light cellulose samples, directly
provide precise mass versus time curves (see below and
Appendix A).

Note that the air flux is obtained from a tube whose
exit is at some distance from the sample surface. Both this
distance and the air-flux velocity can be tuned, and the
resulting air flux along the sample surface also depends
on the geometry of the whole set up. This finally mainly
induces an air flow tangentially to the upper surface of the
sample. As we see later, the resulting drying rate can be
fully characterized by a single parameter, namely a char-
acteristics distance of vapor diffusion from the sample-free
surface, so that it is useless to describe the air-flux char-
acteristics in detail. For example, for the experiments for
which this characteristics distance (6) is 8 mm, the tangen-
tial air-flux velocity at about 1 cm above the sample is of
the order of 10 cm/s, which would correspond to a weak
wind.

In practice, textile drying occurs under a variety of con-
ditions. In laboratory, the evaporation properties may be
studied under some ambient humidity without controlling
precisely the air flux [5], or with a tangential motion of the
fabric with respect to ambient air [1,15]. In some cases,
the motion of a person wearing clothes is considered [12].
Thus, depending on the situation, a purely tangential flow,
or a more complex flow involving tangential and normal
components, are considered. Actually, whatever the char-
acteristics of the flow at some distance from the sample
surface, the flow close to this surface is necessarily tan-
gential; then we can expect vapor diffusion in the direction
perpendicular to this surface at least over some thickness,
with possible perturbation beyond; but in steady state the
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Scheme of the experimental set up with the sample inside the magnet (a), and main NMR (7, distribution) (b) and MRI (1D

profile) (c) sequences used to explore the water content during sample drying.

resulting drying rate can still be described with the help of
an equivalent thickness (i.e., §, see below) of diffusion of
vapor in open air.

This thickness will vary as a function of the exact flow
conditions and sample geometry. For example, during this
work we can observe that § is significantly larger (i.e.,
slower drying rate) for an air flux tangential to the sam-
ple surface than for the same air flux but, at some distance,
normal to the free surface.

Thus, the present work is easily applicable for any given
homogeneous air-flux conditions along the sample sur-
face, so that main transport processes are perpendicular to
the sample surface. The situation is more complex when
a sample, or an item of clothes, is subjected to differ-
ent air fluxes at different positions of its surface. In that
case we can expect different evolutions of moisture con-
tent depending on the position, and possible transversal
diffusion processes not taken into account here.

C. Bound-water measurement by NMR and MRI

For sufficiently thick samples we measure the distribu-
tion of moisture content along the sample vertical direction
during a drying test by means of the single-point imaging
sequence (SPI). This sequence is dedicated to the study
of materials with very short spin-spin relaxation times,
as low as 1 ms or even shorter. Since cellulose samples
contain mostly bound water whose relaxation time further
decreases when the water content decreases, this sequence
is well adapted to follow the moisture content, espe-
cially at the ultimate stages of drying. The distribution of
water in small cross-section layers along the sample height

direction [see Fig. 2(c)], which we also call a profile,
is obtained at different times. It is noticeable that the
measured profiles are also sensitive to the geometry of
the sample confined in the container. That is why ramps
(or curvature) on the bottom border of the profiles could
appear. A more detailed description of the MRI sequence
is provided in an earlier study [35]. Here we use a flip angle
of 50° with a repetition time of 40 ms. The measurement
time is 380ms, of the order of the relaxation time of bound
water in cellulose. The whole profiling process is repeated
64 times on purpose of phase cycling and signal accumu-
lation, and lasts about 6 min. The resolution is 0.78 mm.
The mass of cellulose is recorded before and after the dry-
ing test, therefore the NMR signal can be calibrated on the
effective-mass loss.

With 1-cm-thick samples we measure the NMR relax-
ation through a Carr-Purcell-Meiboom-Gill (CPMG) [36]
sequence composed of a first 7/2 pulse and a train of
7 pulses during 160 ms. The echo time is 0.4 ms and
the echo number 400. The repetition time is 1 s to get
a complete relaxation of all protons. This sequence is
repeated 128 times to increase the signal-to-noise ratio.
The duration of each sequence measurement is 3 min.
This technique provides us with a set of data representing
the complete relaxation of the NMR signal from all water
molecules in the sample. However, the relaxation time of
these molecules depends on their mobility, which typically
decreases when the water is contained in smaller pores. We
thus expect different values of this relaxation for different
molecules in the sample. The distribution of 7, values can
then be resolved by means of inverse Laplace transform
(ILT). Our procedure is a non-negative least-squares fit to

024048-4



VAPOR-SORPTION COUPLED DIFFUSION...

PHYS. REV. APPLIED 17, 024048 (2022)

the data with Tikhonov regularization; it is similar to the
“Contin” method [37,38], and is described in Ref. [39]. We
finally get an apparent probability density function of 7,
expressed in terms of signal intensity associated with each
possible value of 75 [see Fig. 2(b)].

For the NMR tests we integrate the relaxation-time
distribution to get the current water mass. For the MRI
experiments we integrate the NMR signal over each pro-
file to get the current water mass. We can remark that in
both cases there is an apparent residual amount of NMR
signal after the end of drying (indicated by a plateau of
the apparent mass). The corresponding mass is only partly
withdrawn after oven drying. This suggests that after the
end of the test there remains a small fraction of water inside
the sample because the air-flux RH is not exactly 0%, and a
fraction of hydrogen protons in the (dry) cellulose structure
providing some residual NMR signal; in each case these
amounts are equal to a few percent of the total water mass.
In order to strictly follow the “mobile ” bound-water frac-
tion, we subtract, from the mass and from the profiles, the
value associated with the total residual signal.

III. GENERAL CHARACTERISTICS OF
BOUND-WATER EXTRACTION

Typical aspect and evolution of the relaxation-time dis-
tribution, as obtained from NMR relaxometry during the
drying of a cellulose sample initially filled with bound
water, are shown in Fig. 3. We initially observe essen-
tially one peak around 3 ms. Such a small time value is
characteristic of bound water in cellulosic material such as
wood (see Refs. [40,41]). During drying this peak progres-
sively shifts towards about 1 ms. This means that all along
the process we measure mainly bound water, i.e., there is
no condensation of capillary water. This progressive shift
results from a loss of mobility of the bound water as its
concentration decreases and the fibers shrink.

Let us now look at the drying of the cellulose packing
as it appears from MRI profiles at successive times (see
Fig. 4). Before focusing on the main trends of the dry-
ing behavior, we mention two artefacts. We can observe
some apparent shift of the (right) base of the first profiles
towards the left, as if some dry region is developing in the
top layers of the sample. However, we finally observe some
shrinkage, say of about 2 mm, at the end of the test, which
suggests that the initial progressive shift is associated with
this shrinkage and no significant dry front developed. We
can also observe that the bound-water distribution, as it
appears from the initial profiles, is not perfectly homo-
geneous (i.e., the MRI signal is not flat in Fig. 4): there
is more bound water in the central part of the sample.
For the other experiment presented here the profiles are
also slightly nonuniform, but in that case the largest sat-
uration point is observed at the approach of the sample
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FIG. 3. Distribution of NMR relaxation at different times
(every 2 h) during a drying test of a 0.8-cm-thick sample with
6 =6cm.

bottom. This is likely due to some heterogeneity of the cel-
lulose concentration in the initial packing. We stress that
the impact of these artefacts on the main trends is minor.
Finally the relative uncertainty associated with this effect
is about 5%.

The main trends show that the extraction of bound water
from a cellulose packing has nothing to do with the typical
drying under similar air-flux conditions of simple porous
materials initially filled with free water [42]. In that case,
capillary effects are dominant, leading to a homogeneous
desaturation during a long first period. In contrast, here, a
strong gradient of water content develops immediately in

Profiles times (h): 0.5 0.9
14 23
28 37
41 46
55 7.3
92 M1
12.8 13.8
15 16.8
18.7 20.5
22.3 24.2
26 27.8
29.7 315
35.2 37
\ 1. 38.8 40.7
\i44.3 48
' 55.3 62.7
2 4 66.3 70
Height (cm) 73.7 773
81

NMR signal (arb. units)

FIG. 4. Drying of a 4-cm cellulose sample. The dry air flux is
along the sample top (right side). Successive bound-water dis-
tributions in time as obtained by averaging basic profiles over
successive periods (see corresponding times in the caption) of
progressively increasing durations. The dotted circle indicates
the region of probable shrinkage.
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FIG. 5. Scheme of the internal structure of the cellulose fiber
pile and main variables.

the water distribution and spreads in the sample from the
top to the bottom; note that these heterogeneities are much
stronger than the initial one (see above); when this gra-
dient has reached the sample bottom, the profiles become
progressively flatter.

These features are characteristics of a diffusion process.
At this stage one could consider that the water diffuses lon-
gitudinally in the form of bound water through the solid
structure, similarly to what happens in wood [40]. How-
ever, here, considering the large sample porosity, another
scenario could happen where water vapor plays a signifi-
cant role. In the following, we quantify and compare both
contributions, i.e., bound water and vapor diffusions, in
order to identify the right scenario.

IV. A SIMPLE MODEL FOR BOUND-WATER
TRANSPORT IN TEXTILES

A. Transport by coupled vapor-bound water diffusion

We consider a porous medium of porosity ¢, made of
a solid structure, which can absorb water in the form of
bound water (see Fig. 5). We look at the water-transport
properties in one direction only, i.e., x. The material prop-
erties are assumed to be homogeneous in planes perpen-
dicular to the x axis. Thus, the evolution of averaged
variables over cross sections fully describes the process.
We neglect porosity or sample volume changes resulting
from bound-water content variations. In this context, the
water transport is fully described by the distribution of
moisture content at each time ¢, s(x, ), i.e., the bound water
to (dry) cellulose mass ratio, and the distribution of relative
humidity in the pores, n(x,f). Here we basically consider
moisture transport induced by a change in the bound-
ary conditions with respect to some previous equilibrium
under ambient temperature. We consider only temperature
distribution changes and heat transfers in the medium as an
effect of moisture transfers.

The variations of s and » may be looked at in their
respective media (i.e., solid and void networks) and be
described by diffusion equations, taking into account the
transfer of water between the two networks, expressed in

the form of a local flux Fi.4-. We first describe the con-
servation of mass for each water type, considering N the
mass of vapor molecules, and S the mass of bound-water
molecules, per unit length of cross-section layer:

oN ’N

, —Pv o5 — Frans ers 2
o1 ox2 | ram (22)
S _p,S ok (2b)
Y, = LJp 92 transfers

in which D, is the diffusion coefficient of vapor through
the void network, and D, the diffusion coefficient of bound
water through the solid network. As long as the pore
size is much larger than the mean free path of water
molecules D, may be written as D, =~ ¢Dy/t [43], with
Dy = 2.7 x 107> m? s~! the diffusion coefficient of vapor
in air and 7 the tortuosity of the (void) medium, and sim-
ilarly D, = (1 — ¢)Dy/t’, with t’ the tortuosity of the
(solid) medium, and D; the diffusion coefficient of bound
water along the fiber.
Eliminating Fianster from Egs. (2a) and (2b) we get

N  aS D 9°N D 028 3
ot T e TP ®)
N and S are obviously related to n and s. We can write
N = np$2, in which £2, is the pore volume per unit length
and py = 0.02 kg m™> the saturation vapor density at our
ambient temperature (22.5 °C). We also have S = sp,82;,
in which £2; and py are the volume and density of the dry
solid phase. Using the sample volume £2 and the porosity
we get S = spo,(1 — )2 and N = nppes2.

In the absence of exchanges between the bound water
and the vapor, the vapor would be rapidly transported so as
to reach equilibrium with the conditions imposed outside.
In parallel the bound water could diffuse through the solid
structure, but would not evaporate even along the sample
surface. After some time this leads to a neutralization of
the transport. As a consequence, drying occurs only if there
is a continuous exchange between bound water and vapor,
which induces a vapor transport inside the sample depend-
ing on bound water-vapor exchanges. These exchanges
govern the relation between the local moisture content in
the structure and the relative humidity in the surrounding
air. Ideally, the knowledge of the relationship between n
and s would allow Eq. (3) to be solved. From a general
point of view, we can search for the dependence of s as a
function of the history of x, i.e., the sorption dynamics.

Actually, this question of the sorption dynamics, which
plays a critical role in the model, is central also in the
models developed during the past 80 years. Those mod-
els assume that absorption is not instantaneous. This was
initially suggested by Nordon and David [26,27], rely-
ing on some observations of sorption kinetics in a single
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wool fiber with a “vibroscope” [44—46]. However, in these
experiments, the characteristic time for the main absorp-
tion (say, 80 to 90% of the final amount) is typically less
than 1 min when the dry fiber is placed in contact with
wet air at 80 or 90% RH. Such a time is actually much
smaller than the typical time for water transport under real
conditions, i.e., typically a few hours for the drying of a
centimetric cellulose sample under a fast dry air flow. This
means that over such a duration we are certainly close to
equilibrium at any time in the structure, i.e., the remaining
difference is negligible.

Let us quantify this process. Water-vapor molecules first
hit the fiber walls then diffuse through the structure. The
exchange between vapor and fiber walls being fast, the
equilibrium assumption is valid if the diffusion of bound
water through the thickness of the fibers is sufficiently
fast compared to the typical duration (Af) of the trans-
port experiment. This is so if the characteristic time of
penetration by diffusion is much smaller than Az, i.e., if
e?/Dr << At, in which e is the fiber radius and Dy the
diffusion coefficient of bound water in the solid structure
in the direction perpendicular to the wall surface. Using
for Dy the order of magnitude for D, as found in Ref. [47]
from molecular simulations for amorphous cellulose, i.e.,
1071 m? s~!, we find a characteristic time of diffusion of
the order of 1 s. Even if for our material made of crystals in
an amorphous matrix Dy is likely somewhat smaller, this
order of magnitude shows that over the typical duration
of our tests (i.e., At > 10000 s) the equilibrium is largely
reached.

As a consequence, here we consider that locally, at any
time, we are close to the equilibrium between the rela-
tive humidity and the bound-water content, which implies
that s = f (n), in which f is the sorption or desorption
curve, depending on whether n is increasing or decreas-
ing. Note that for our material /* is the common sorption
and desorption curve (see Fig. 1).

Taking into account this result we deduce that »
and s are in the same order, and this conclusion also
applies to their spatial or time variations. Since S/N =
(s/n)(ps/po)((1 — €)/¢e) is in general much larger than 1
since pg/ps << 1, we deduce that we can neglect IN/d¢
compared to 05/9d¢ in Eq. (3).

Equation (3) finally writes

% :Daszl(s) 9%s

3t TP @)

. 2

withD = 22 £ D,
Cops (I=9)7 . .

Knowing the exact expression for the sorption curve
1 (s), Eq. (4) will be solved numerically for initial and
boundary conditions corresponding to our experiments.
Let us, for example, consider the simplest case of a lin-
ear sorption or desorption curve, i.e., f (n) = an: Eq. (4)
is a simple diffusion equation with a diffusion coefficient

D/a + Dy. In this simplified context we see that the trans-
port of humidity through a hygroscopic porous medium is
essentially described by a simple diffusion process with
a diffusion coefficient depending on the vapor diffusion,
vapor-bound water exchange, and bound-water diffusion.

By comparing the orders of magnitude of D/« and D,
we can also identify the leading diffusion process: for a cel-
lulosic solid phase (i.e., with a density p; ~ 1500 kg m~3
and o ~ 0.2), a porosity of 80% and a tortuosity equal to
1.3 (see Appendix B), D/« is in the order of 4 x 10~ m?s.
This is much larger than the value of the diffusion coef-
ficient of bound water through the cellulose structure
(estimated for n = 1), i.e., Dp = (1 —e)Dy/7’. It is sig-
nificantly smaller than 107! m?s according to the value
found from simulations for D; [47] and the values for the
porosity and the tortuosity of the solid structure, the lat-
ter likely being significantly larger than 1. This indicates
that the absorbed water is transported through the structure,
thanks to vapor, where it may then be stored or extracted
(i.e., ds/dt > 0 or < 0), depending on the boundary and
initial conditions, and we can neglect the second term in
the right-hand side of Eq. (4).

B. Convective drying of cellulose

Equation (4) may be solved as soon as the boundary con-
ditions are properly defined. In the following we determine
these boundary conditions in the case of a simple air flux
along the free surface of the sample.

We consider the case of a porous material, subjected
along its surface to a given air flux, while the other exter-
nal surfaces of the sample are not permeable. Since the
air flux can hardly penetrate the sample, which is a finely
divided dead-end network, the air essentially flows along
this surface.

Let us now consider more precisely that the RH of the
air is ng, and that it flows along a plane maintained at a RH
n;. The plane is sufficiently long so that edge effects can be
neglected. Assuming a uniform tangential velocity V, the
vapor distribution is described by an advection-diffusion
equation, whose solution in steady state expresses as n; +
(ng — ny)erf(x/24/Doy/V), in which x is here the distance
from the surface and y the position along the surface start-
ing at y = 0. As a consequence, for a given position y
the local vapor flux in the direction normal to the sur-
face writes Jy = —poDy(0n/0x) = poDo(n; — ng)/d, with
d = /mDgyy/V. We deduce that the total vapor flux, i.e.,
the drying rate, found by integrating this flux over the
surface, may be written in a similar way [48], with now
on/dx = (n; — ng) /8, with § = (1/d). Extrapolating this
result to more complex air flows and surfaces of any shape
we deduce that the vapor flux can be expressed in the same
way, with § depending on the area of the surface, its shape,
size and roughness, and more critically on the upstream
air-flux characteristics.
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As drying affects the water content in the porous mate-
rial n; will evolve in time, but the characteristic distance
8, whose value is independent of the internal material
properties, does not change. As a consequence § may be
estimated from the initial drying rate of the sample under
given initial conditions s;: indeed, in that case, in the
context of our model with the assumption of local equi-
librium between n and s, n is equal to #;(s;) all along the
free surface of the sample (i.e., including void and solid
regions).

Finally, in contrast with simple porous media filled with
water for which capillary effects play the major role, here
the current drying rate depends on the mechanism of bound
water and vapor transport in the whole medium, leading to
the current value of #n; associated with the value of s;. The
solution of this problem is found by solving numerically
Eq. (4) with the initial conditions on s and the boundary
condition for the mass flux of water at the top surface Jy
and no mass flux through the bottom surface. The details
of these numerical simulations are given in Appendix B.

C. Comparison with experiments
1. Mass versus time curves

Let us start by analyzing the mass variations of the
whole sample as a function of time. In order to compare
more directly the different results the water mass versus
time curves are drawn in the form of the saturation as a
function of time (see Fig. 6). Here the saturation means
the ratio of the current water mass to the initial one (let
us recall that all the samples are initially almost or fully
saturated). The saturation is also the ratio of the current to
the initial moisture content. Obviously we observe that the
drying takes a longer time for thicker samples, i.e., larger
H values, and for lower air flux, i.e., larger § values (see
Fig. 6).

We can then compare the predictions of the model with
these data. It appears that the model perfectly predicts the
results, except in some cases at the end of the process, i.e.,
for a saturation below 10% (see Fig. 6). This excellent pre-
diction of the data is obtained over a range of thicknesses
between 0.5 and 4 cm, and for different air-flux intensities
leading to § ranging from 4 mm to 6 cm.

2. Saturation profiles along sample depth

We now look in more detail at the model predictions
concerning the spatial distribution of bound water in time.
For the sake of clarity, we concentrate on a limited series
of MRI profiles among the large number obtained. For
each experiment we rescale the profiles by the initial one,
which makes it possible to get a constant plateau in the
saturated region (see Figs. 7 and 8). Actually, this is a
rough approach to disregard the effect of the previously
mentioned slight concentration heterogeneity (maximum
saturation-level difference of 10%), without taking into
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O 38;8
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A 18;8
O 08;8
% 05;4
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--—-idem, £=0.72

05;4

------- 04;8

-+ 02;8
0.0 T

107 1072

o
1

© Saturation =

(&)
1

10~ 10° 10" 102

FIG. 6. Saturation versus time curve for drying tests under
different conditions, i.e., different sample thicknesses (H) and
drying rates (described through the parameter §, see text). Except
when mentioned experimental and simulation data are for a
porosity (&) of 0.82.

account its detailed impact on the transport phenomena
during the process. In this way, we look at the distribu-
tion in time of the local saturation, defined as the ratio of
the local current moisture content to the initial one.

The model successfully predicts the measured diffu-
sion process (see Figs. 7 and 8): first a front penetration,
then a progressive decrease of the saturation with a slight
gradient. The quantitative agreement between the model
predictions of bound-water distributions in time is remark-
able for the test with the 1.8-cm sample (see Fig. 7).
A slight discrepancy is just observed in the second part
of the process, say around 10 h. For the test with the 3.8-
cm sample (see Fig. 8) an excellent agreement is observed
at the beginning, i.e., during the front penetration, and at
the end, when the saturation is almost homogeneous; there
appears some discrepancy of the theoretical and experi-
mental distribution shapes in the intermediate range, say
between 12 and 25 h. However, we can remark that the
distributions in this range have similar shapes but seem to
be slightly deformed in the two directions, which suggests
that this discrepancy is due to the sample shrinkage, a phe-
nomenon which is negligible (smaller than 1 mm) for the
1.8-cm sample.

D. Characteristic times of drying or humidification of
textiles

Without fitting any parameter, our model predicts very
well the mass versus time curves under different conditions
(sample thickness and drying rate) within wide ranges.
It also predicts very well the saturation evolution in time
at the local scale. Under such conditions we can be fully
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Saturation

1.0
Height (cm)

FIG. 7. Drying test with the 1.8-cm sample (§ = 8 mm). Sat-
uration profile measured by MRI (symbols) at different times
(indicated in the caption), and model predictions (corresponding
continuous curves) for the same times.

confident about the validity of physical assumptions under-
lying this model, mainly the sorption equilibrium at each
time.

Note that the solid textile bulk density and tortuosity
probably vary marginally from one material to another, so
they may be considered as constant in the model. Also, we
can see through various simulations that the exact shape
of the sorption curve plays a relatively minor role on the
drying curve, the total duration of drying being mostly
governed by the maximum moisture content at 100% RH,
which is equal to « in the linear case. In contrast, the sam-
ple thickness plays a major role on the drying, as it can be
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FIG. 8. Drying test with the 3.8-cm sample (§ = 8 mm). Sat-
uration profile measured by MRI (symbols) at different times
(indicated in the caption), and model predictions (corresponding
continuous curves) for the same times.

appreciated in Fig. 6. At last the sample porosity plays a
critical role (see Fig. 6) as the diffusion coefficient is pro-
portional to the squared porosity. In particular, all other
parameters being constant (with values of this study), in
the extreme case when ¢ decreases below 0.2, D/« can
become in the order or smaller than D,. This means that
bound-water diffusion starts to play a significant role in the
water transport in dense fabrics.

This model does not specifically apply to drying, it may
also be used to predict the evolution of the bound-water
content in a textile sample for any initial bound-water
content and any history of RH along the boundaries, by
solving Eq. (4). Detailed predictions of the characteristic
times of change of the bound-water content under specific
conditions can thus be done.

A complete overview of the model predictions can be
obtained in the case of a linear sorption curve (or approx-
imate representation of the sorption curve by a straight
line), which also provides good estimations for other cases.
Indeed, in that case Eq. (4) has an analytical solution (see
Appendix C) from which we can plot the total saturation
as a function of the dimensionless time Dt/aH? for dif-
ferent values of the parameter L = tH /%8 (see Fig. 9).
For a given air flux L increases with the sample thick-
ness, the tortuosity of the structure, and decreases when
the porosity increases. For given material properties it also
decreases when the air-flux intensity decreases, i.e., when &
increases. This parameter finally expresses the “difficulty”
of drying the material under these conditions, through the

1.0
Y
0.5 1
107 Du
T| o 52 1/3
o By 100
, g 100
1% 036 oo g LE
0.0 107 10" 10° 10" 10° 10°
10° 102 107" 036 4 10’ 10?2
Dt/oH?
FIG. 9. Bound-water distribution in time as a function of the

dimensionless distance from bottom (sample top at x = H) as
predicted by the model for different values of L: (a) 0.1; (b) 1;
(c) 10. In each case, the distributions are drawn for the same
series of dimensionless times (Dt/aH?) (same line color for
same dimensionless time), some of them being indicated in the
graphs.
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1.0

Weighing 1.8 cm
MRI 1.8 cm

Weighing 3.8 cm
MRI 3.8 cm

o X D> =%

0.5+

Saturation

0.0

0 25 Time (h) 50 75

FIG. 10. Drying curves predicted from the model [Eq. (C3)],
in terms of average saturation as a function of dimensionless
time, for different L values indicated in the graph. The inset
shows the dimensionless time value, i.e., T = Dt/aH?, for which
the saturation reaches 1/3, as a function of L. In this inset the
inclined dotted line has a slope —1.

product of some characteristic length to dry, i.e., TH/&?,
and the air-flux intensity, expressed through 1/6.

Two drying regimes appear (see Appendix C). For suf-
ficient low L values (i.e., L < 1) the model predicts almost
uniform saturation profiles in time (see Appendix C) and
a drying rate simply imposed by the external air flux: the
drying rate slowly decreases, proportionally to the satura-
tion, which imposes (due to the sorption equilibrium) the
value of the vapor density »; along the free surface, which
is also the current uniform value in the sample. Smaller L
values induce lower constant drying rate (see Fig. 9).

For large values of L significant heterogeneity in the sat-
uration distribution develops (see Appendix C), and the
drying rate becomes independent of the air flux for suffi-
ciently large L, i.e., L > 1 (see Fig. 9). Note that for our
tests L ranges from 0.23 to 8, so that we almost cover all
regimes.

From this model it is also possible to get relevant generic
estimation of the dimensionless characteristic time of the
process (T = Dt/aH?). We define this time as the one for
which the average saturation reaches one third. It appears
to be equal to about 1/L when L < 1,and 0.36 when L > 1
(see inset of Fig. 9). This gives

L<1=T=a(l —e¢)pH/poDo, (5)
L>» 1= T=036a(l —e)p,tH?/poe’Dy.  (6)

Since the equations of the model are the same if we replace
s by o — s, we get the same solution, now for o — s if the
boundary and initial conditions are also changed to o — s
values. This change corresponds to a sample initially dry
(s = 0), which is suddenly placed in contact with a sat-
urated air flux (m = 1) characterized by a parameter §,

and we assume no exchange through the sample bottom
(x = 0). Then the characteristic time for humidification of
the textile sample is found from Egs. (5) and (6) depend-
ing on the value of L. This provides the typical time during
which a clothes initially dry will protect the body against
ambient humidity, or the characteristic time before a mask
will be completely wet.

V. CONCLUDING REMARKS

Here, we present a full set of data showing the spatial
distribution of bound water in a model textile during dry-
ing. A simple model assuming sorption equilibrium at any
time is able to fully predict the observations without any
fitting parameter, the largest uncertainty being on the air-
flux characteristics and its impact on the drying rate. Also
some shrinkage may slightly affect the predictions.

Comparisons with existing empirical models are diffi-
cult as they generally concern materials for which we do
not have the characteristics used in our model, such as the
porosity and the thickness, and the information on the air
flux is not sufficient. Comparisons with complete models
(derived from Ref. [18]) would be possible. Actually, the
equation of vapor transport (water-mass conservation) is
similar to ours if a similar value for the diffusion coef-
ficient for vapor through the structure (D,) is used and
if the sorption dynamics is supposed to be instantaneous
(with respect to the characteristics time of the test). How-
ever, these models have not been developed up to the
point of providing the practical predictions concerning the
characteristic times of humidification or drying as we pro-
pose in this paper. An interesting point would be to study,
within the frame of our approach, the impact of the sorp-
tion dynamics on this characteristic time. This would, for
example, be useful to deal with thicker fibers such as
those used for fiberboard in construction. However, this
represents a significant work, which is left for the future.

Our results, in particular, validate the initial assumption
of Henry [18] on the sorption equilibrium in most prac-
tical cases, which constitutes a critical result, which will
greatly facilitate the modeling of such systems. Also, it
is likely that this result can be used for the predictions
of thermal transfers, and will facilitate the hygrothermal
modeling approaches. Water desorption is indeed associ-
ated with a latent heat comparable to that of evaporation
from standard liquid state. Thus, we expect significant heat
transfer resulting from the bound-water extraction from the
sample. However, since for all our experiments the process
is rather slow and the amount of bound water to evapo-
rate rather small, the temperature is certainly maintained
around the ambient one thanks to the air flux, to which heat
is transferred. Under these conditions, there is no impact of
heat transfer on the mass transfer.

The situation would be different for faster processes,
which would induce local temperature changes, possibly
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affecting the desorption curve, the vapor diffusion coeffi-
cient, and the saturation vapor density. Note that as long
as the air flux is at the same temperature as the sample (at
least initially), a drastically faster drying is likely necessary
to have such coupling between heat transfers and moisture
transport. Coupling will be more easily observed with a hot
air flux. The problem is analogous for mechanical effects:
they may have an impact for sufficiently thick samples or
fast processes.

At last, we see that the model can be used for straightfor-
ward analytical predictions of the humidification or drying
characteristics of textile materials. In particular, one can
predict the typical time of humidification of a mask sub-
mitted to a 100% air flux (considering that most of the air
flux is finally tangential to the surface due to side leakage
[49,50]).
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APPENDIX A: DRYING CURVES: COMPARISON
BETWEEN MRI AND WEIGHING DATA

Here we present data for the saturation versus time as
deduced by integration of the NMR signal in the pro-
files obtained by MRI, and we compare with data obtained
by weighing the sample during an experiment outside the
magnet but under similar air-flux conditions. There is more
scatter in the latter data due to the variation in the interac-
tion between the air flux and the sample, but the two sets
of data are very close (see Fig. 10).

APPENDIX B: NUMERICAL SIMULATIONS

We adopt the finite differential method (FDM) to solve
the partial differential equation, with specific initial con-
dition and boundary conditions. The method consists in
converting the differential equation (governing equation)
and its boundary conditions to a system of linear equations
expressed in a discrete way. Such a system is then solved
by the matrix algebra approach. The explicit method is
adopted, which is a forward difference for time and a
second-order central difference for the space derivative.
Adaptive time stepping is used to ensure the stability
condition.

Dealing with the drying process, the initial humidity
is considered homogeneous at 100%. The left boundary
(distance x = 0), corresponding to the impermeable bot-
tom surface, is set as no-flux boundary condition, and the
right boundary (free surface, i.e., x > H) is Fourier-type
(convectional boundary), i.e., the relative humidity value
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— 1 |
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32
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FIG. 11. Comparison between MRI data and weighing for two
tests with different thicknesses (6 = 8 mm in both cases).

along the interface n; changes progressively to the ambient
condition (rny = 0) along the characteristic distance of §.

The distributions of relative humidity n(x,7) are
obtained first, then converted to the distribution of mois-
ture content at each time point s(x,f) according to the
desorption isotherm curve.

For these simulations the fixed parameters are as
follows: the saturation vapor density at 22.5°C py =
0.02 kgm—3, p, &~ 1500 kg m~ the density of the dry solid
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phase, Dy = 2.7 x 1073 m?s~! the diffusion coefficient of
vapor in air, the porosity ¢ = 0.82, the tortuosity 7 = 1.2.
This value of tortuosity is taken from an extensive review
of experimental and theoretical data for fiber tortuosity
[51]. The only two parameters changing from one test to
another are the sample thickness H, which is measured
and assumed constant during the test, and the character-
istic thickness of vapor diffusion resulting from air flux §,
which is estimated from the slope of the mass versus time
curve in the very first time of drying. The uncertainty on
this value is about 15%.

APPENDIX C: ANALYTICAL SOLUTION OF THE
MODEL FOR A LINEAR SOPRTION CURVE:
s=an

In that case in the porous medium the flux of s
writes (D/a)Vs, which corresponds to a mass flux J =
ps(1 —e)D(ds/0x)/a, which is equal to Jy at the inter-
face, which gives py(1 —&)D(ds/0x)/a = poDyn;/§ =
poDysi/ad (for ny = 0). We deduce that the condition
along the free surface may be written as

(D/a)Vs = Bs;, (C1)
with 8 = pgDy /[ ps(1 — €)8]. The solution of Eq. (4) for
s = an,namely 3s/dt = (D/a)d%s/dx?, with the boundary
condition, Eq. (C1), forx = H, and (ds/dx) = 0 forx = 0
(i.e., no flux through the sample bottom) is given [52] as
follows. The local saturation writes ¥ = s/sg, with s¢ the
moisture content at initial time. The saturation profile at
any time expresses as

00 o )
1/’()(, £ = Z 2L COS(,an/H)e)Cp( ﬁn Dt/H ) (Cz)
p=1

(8,2 + L? + L)cos B,

in which L = «fH /D = tH /8¢ and B, are the positive
solutions of 8, tan 8, = L.

The average bound-water saturation over the sample
thickness (i.e., W = (1)) expresses as

>\ 2L2exp (—B,>Dt/H?)

\IJ =
(B2 + L2+ L)B,*

(C3)

p=l

Two regimes may be distinguished. For sufficient low L
values (i.e., L <« 1) the successive profiles are essentially
horizontal (see Fig. 11): the saturation decreases homo-
geneously in time. In that case, the RH, at equilibrium
with the bound-water content, is also almost uniform in
the sample so that the saturation determines the drying
rate, through the value of n; = s;/«. Thus, the drying rate
continuously decreases as the saturation decreases. Fur-
thermore, the drying rate is simply proportional to 1/ and
thus to L (see Fig. 9).

For sufficiently large L values (i.e., L >> 1) the profiles
are strongly curved at the approach to the top surface of the
sample from the very beginning (see Fig. 11). In that case,
the drying rate rapidly decreases at the beginning of the
test and, as we increase L, the drying curves represented as
a function of the dimensionless time /Dt/aH? tend to an
asymptotic curve (see Fig. 9).
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