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Vapor-sorption coupled diffusion in cellulose fiber pile (fabric) revealed by MRI 

X. Ma, B. Maillet, L. Brochard, O. Pitois, R. Sidi-Boulenouar, P. Coussot 

Laboratoire Navier (Ecole des Ponts Paris Tech-Univ Gustave Eiffel-CNRS), Champs-sur-Marne, France 

 

Abstract: 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 
complex 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 
modelling), which lead to complex non-validated 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 (MRI) technique. Despite the various physical effects involved this transport 
appears to follow a diffusion-like process. We then demonstrate theoretically that this process is described 
in details (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 modelling. This in particular allows 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 humidification. 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. 

 

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 wetness at the skin-clothing 
interface [1-4] but, thanks to water sorption in fabric, 
clothing can also play a significant role in the moisture 
transport or storage [1], and heat loss due to sweating 
[5] as water vapor adsorption is an exothermic process. 
An analogous problematic exists with bio-based 
materials used for construction such as wood, hemp 
concrete, etc, which appear as excellent hygrothermal 
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]. At 
last, the question of the impact of humidification, due 
to humid 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 
statistical approaches [17], of limited applicability, for 
describing 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 vs time during drying of viscose 
bobbins, with parameters depending on temperature, 
bobbin diameter, volumetric flow rate, etc [11]. 

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

One of the major complexity in the process analysis lies 
in the fact that hygroscopic fabrics such as wool, 
viscose, cotton, silk, nylon, some polyesters, etc, 
contain some significant amount of water which 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, following 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 modelling approaches first rely on the 
conservation 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 desorption. 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 
modelling 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 
details, which led to various 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 difference between 
these two relative humidities. Then, in a series of works 
by Li and co-authors [21-25] it was suggested that the 
sorption process should be described by a two-stage 
sorption rate equation. Here, 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, biobased construction materials are 
also porous hygroscopic media which can absorb a 
significant 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 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, significant discrepancies 
subsist between the predictions of these models and 
macroscopic measurements [31-32], suggesting the 
need of progress concerning the physical process 
description in these models.  

Here, with the help of a specific Magnetic Resonance 
Imaging 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 (cellulose 
fiber pile) during drying. It appears that its transport 
essentially follows a simple diffusion-like process. We 
then show that this transport is described in details (at 
a local scale) by a simple model of vapor transport 
through the structure assuming instantaneous sorption 
equilibrium. The agreement between the model 
predictions without any fitting parameter and the 
internal data in time fully supports the model validity. 
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 
material textiles properties under different conditions, 
and to 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 was made of pure (99.5%) cellulose fibers 
(Arbocel BC1000, supplied by Kremer Pigmente). These 
fibers are hydrophilic and essentially made of natural 
crystalline cellulose. The average fiber thickness is 20 
µm and the average length is 700 µm. The bulk fiber 
density is about 1500 kg/m3. Sorption isotherm was 
performed at room temperature (22±2°C). Cellulose 
samples were first dried in an oven of 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 used 
this state as the reference one for supposedly dried 
state. Then different samples were placed in 
desiccators with different salt solutions or a bath of 
deionized water imposing different RH (Relative 
Humidity) values at equilibrium. The MC of the 
cellulose sample upon adsorption was then measured 
at equilibrium. By following the sample mass in some 
cases we could check that a plateau in mass was 
reached after about one week, so we left the samples 
between 2 and 3 weeks to be sure to get the 
equilibrium state. The MC for desorption was 
measured 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 the approach 
of the maximum RH (see Figure 1). Remarkably the 
data for sorption and desorption are very close. 
Hysteresis in sorption-desorption measurements are 
generally 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 
negligible 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. 
Hysteresis in nanopores, in particular in cellulose, may 
also result from adsorption-swelling coupling [34]. The 
absence of hysteresis in our case suggest that such 
effects are absent and/or our equilibration time was 
sufficiently large. 

Note that we also will 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: 

    (1)  

in which  is the MC and  the RH. 

 

 

Figure 1. Sorption and desorption data for cellulose fibers. 
Each data point was 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 [29], N. Ben 
Abdelouahab courtesy). 

 

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 was 7 mm 
diameter and 10 mm thick for NMR tests, 60 mm 
diameter and different thicknesses for macroscopic 
(weighing) and MRI tests. The apparent porosity of the 
samples is , 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 was 18% 
(97% RH), while the other samples were 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 Figure 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 were reproduced outside the magnet, by 
imposing similar air flux and weighing the sample in 
time. This allowed to check the ability of our NMR and 
MRI measurements to properly follow the (non-vapor) 
water mass in time (see Appendix 1). We also carried 
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 internal water 
content whatever the mechanical constraints on the 
sample and, for these light cellulose samples, directly 
provide precise mass vs time curves (see below and 
Appendix 1).  

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 will see later, the resulting drying 
rate can be fully characterized by a single parameter, 
namely a characteristics distance of vapor diffusion 
from the sample free surface, so that it is useless to 
describe in details the air flux characteristics. For 
example, for the experiments for which this 
characteristics distance ( ) is 8 mm, the tangential air 
flux velocity at about 1 cm above the sample is of the 
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order of 10 cm/s, which would correspond to a weak 
wind. 

In practice, textile drying occurs under a variety of 
conditions. 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 conditions a 
purely tangential flow, or a more complex flow 
involving tangential and normal components, are 
considered. Actually, whatever the characteristics of 
the flow at some distance from the sample surface, the 
flow close to this surface is necessarily tangential; 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 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 could observe that  is significantly larger 
(i.e. slower drying rate) for an air flux tangential to the 
sample 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 
surface, so that main transport processes are 
perpendicular to the sample surface. The situation is 
more complex when a sample, or a clothes, is subjected 
to different air fluxes at different positions of its 
surface. In that case we can expect different evolutions 
of moisture content depending on the position, and 
possible transversal diffusion processes not taken into 
account here. 

 

 
Figure 2: Scheme of the experimental set up with the sample inside the magnet (a), and main NMR (T2 
distribution) (b) and MRI (1 D profile) (c) sequences used to explore the water content during sample 
drying.

C. Bound water measurement by NMR and MRI 

For sufficiently thick samples we measured the 
distribution 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, generally shorter than 1 ms. 
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, especially at the 

ultimate stages of drying. The distribution of water in 
small cross-sectional layers along the sample height 
direction (see Figure 2c), 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 there 
could appear ramps (or curvature) on the bottom 
border of the profiles. A more detailed description of 
the MRI sequence is provided in an earlier study [35]. 
Here we used a flip angle of 50° with a repetition time 
of 40 ms. The measurement time was 380 µs, of the 
order of the relaxation time of bound water in cellulose. 

d

d



The whole profiling process was repeated 64 times on 
purpose of phase cycling and signal accumulation, and 
lasted about 6 min. The resolution was 0.78 mm. The 
mass of cellulose is recorded before and after the drying 
test, therefore the NMR signal can be calibrated on the 
effective mass loss.  

With 1 cm-thick samples we measured the NMR 
relaxation through a Carr-Purcell-Meiboom-Gill (CPMG) 
[36] sequence composed of a first π/2-pulse and a train 
of π 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 the 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 depend 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 T2 values can then be resolved by means 
of ILT (Inverse Laplace Transform). Our procedure is a 
non-negative least square fit to the data with Tikhonov 
regularization; it is similar to the ‘Contin’ method [37-
38], and is described in [39]. We finally get an apparent 
probability density function of T2, expressed in terms of 
signal intensity associated with each possible value of 
T2 (see Figure 2b) 

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 
profile 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 was 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 bound water fraction which is 
“mobile” within the frame of our tests, 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 
distribution, as obtained from NMR relaxometry during 

the drying of a cellulose sample initially filled with 
bound water, are shown in Figure 3. We initially observe 
essentially one peak around 3 ms. Such a small time 
value is characteristic of bound water in cellulosic 
material such as wood (see [40-41]). During drying this 
peak progressively 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.  

 
Figure 3: Distribution of NMR relaxation at different times 
(every two hours) during a drying test of a 0.8 cm thick sample 
with . 

 

Let us now look at the drying of the cellulose packing as 
it appears from MRI profiles at successive times (see 
Figure 4). Before focusing on the main trends of the 
drying 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 was 
developing in the top layers of the sample. However, we 
finally observed 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 homogeneous (i.e. 
the MRI signal is not flat in Figure 4): there is more 
bound water in the central part of the sample. For the 
other experiment presented here the profiles were also 
slightly non uniform, but in that case the largest 
saturation point was observed at the approach of the 
sample bottom. This is likely due to some heterogeneity 
of the cellulose 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%. 
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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. On the contrary, here, a strong gradient of 
water content develops immediately in 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 
gradient 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 
longitudinally in the form of bound water through the 
solid structure, similarly to what happens in wood [40]. 
However, here, considering the large sample porosity, 
another scenario could happen where water vapor 
plays a significant role. In the following, we will quantify 
and compare both contributions, i.e. bound water and 
vapor diffusions, in order to identify the right scenario. 

 
Figure 4: Drying of a 4 cm cellulose sample. The dry air flux 
is along the sample top (right side). Successive bound water 
distributions in time as obtained by averaging basic profiles 
over successive periods (see corresponding times in 
caption) of progressively increasing durations. The dotted 
circle indicates the region of probable shrinkage. 

 

IV. A SIMPLE MODEL FOR BOUND WATER 
TRANSPORT IN TEXTILE 

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 Figure 5). We look at the water 
transport properties in one direction only, i.e. . The 
material properties are assumed to be homogeneous in 
planes perpendicular to  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 , 

, i.e. the bound water to (dry) cellulose mass 
ratio, and the distribution of relative humidity in the 
pores, . Here we basically consider moisture 
transport induced by a change in the boundary 
conditions with respect to some previous equilibrium 
under ambient temperature. We will only consider 
temperature distribution changes and heat transfers in 
the medium as an effect of moisture transfers. 

 

 
Figure 5: Scheme of the internal structure of the cellulose 
fiber pile and main variables. 

 

The variations of  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 . We first 

describe the conservation of mass for each water type, 
considering  the mass of vapor molecules, and  the 
mass of bound water molecules, per unit length of 
cross-sectional layer:  

    (2a) 

    (2b) 

in which  is the diffusion coefficient of vapor through 
the void network, and  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  may be written as  

[43], with   the diffusion 
coefficient of vapor in air and  the tortuosity of the 
(void) medium, and similarly , with  
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the tortuosity of the (solid) medium, and  the 
diffusion coefficient of bound water along the fiber. 

Eliminating  from (2a) and (2b) we get 

   (3) 

 and  are obviously related to  and . We can 
write  in which  is the pore volume per 

unit length and  the saturation vapor 
density at our ambient temperature (22.5°C). We also 
have , in which  and  are the volume 
and density of the dry solid phase. Using the sample 
volume  and the porosity we get  
and .  

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 depending 
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  and  would allow to solve 
equation (3). From a general point of view we can 
search for the dependence of  as a function of the 
history of , 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 
models assume that absorption is not instantaneous. 
This was initially suggested by Nordon and David [26-
27], relying on some observations of sorption kinetics in 
a single wool fiber with a “vibroscope” [44-46]. 
However, in these experiments, the characteristic time 
for the main absorption (say, 80 to 90% of the final 
amount) is typically less than one minute 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 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 ( ) 
of the transport experiment. This is so if the 
characteristic time of penetration by diffusion is much 
smaller than , i.e. if , in which  is the 
fiber radius and  the diffusion coefficient of bound 
water in the solid structure in the direction 
perpendicular to the wall surface. Using for  the 
order of magnitude for  as found in [47] from 
molecular simulations for amorphous cellulose, i.e. 

, 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  is likely somewhat smaller, 
this order of magnitude shows that over the typical 
duration of our tests (i.e. > 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 
relative humidity and the bound water content, which 
implies that , in which  is the sorption or 
desorption curve, depending on whether  is 
increasing or decreasing. Note that for our material  
is the common sorption and desorption curve (see 
Figure 1). 

Taking into account this result we deduce that  and 
are in the same order, and this conclusion also applies 
to their spatial or time variations. Since 

  is in general much 
larger than 1 since , we deduce that we can 
neglect  compared to  in equation (3).  

Equation (3) finally writes 

        (4) 

with  

Knowing the exact expression for the sorption curve 
, the equation (4) will be solved numerically for 

initial and boundary conditions corresponding to our 
experiments. Let us for example consider the simplest 
case of a linear sorption or desorption curve, i.e. 
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: equation (4) is a simple diffusion equation 
with a diffusion coefficient . In this simplified 
context we see that the transport 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  and  
we can also identify the leading diffusion process: For a 
cellulosic solid phase (i.e. with a density 

 and ), a porosity of 80% and a 
tortuosity equal to 1.3 (see Appendix 2),  is in the 

order of . This is much larger than the 
value of the diffusion coefficient of bound water 
through the cellulose structure (estimated for ), 
i.e. , which is significantly smaller 

than  according to the value found from 
simulations for  [47] and the values for the porosity 
and the tortuosity of the solid structure, the latter 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. ), depending on the 
boundary and initial conditions, and we can neglect the 
second term in the right hand-side of (4).  

 

B. Convective drying of cellulose 

Equation (4) may be solved as soon as the boundary 
conditions 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 
external 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 , and that it flows along a plane maintained at 

a RH . The plane is sufficiently long so that edge 

effects can be neglected. Assuming a uniform tangential 
velocity , the vapor distribution is described by an 
advection-diffusion equation, whose solution in steady-

state expresses as , in 

which  is here the distance from the surface and  

the position along the surface starting at . As a 

consequence, for a given position  the local vapor flux 

in the direction normal to the surface writes 
, with 

. 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 

, with . Extrapolating this 

result to more complex air flows and a 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.  

As drying affects the water content in the porous 
material  will evolve in time, but the characteristic 
distance , whose value is independent on 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 : indeed, in that 
case, in the context of our model with the assumption 
of local equilibrium between  and ,  is equal to 

 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  associated 

with the value of . The solution of this problem is 
found by solving numerically equation (4) with the 
initial conditions on  and the boundary condition for 
the mass flux of water at the top surface  and no 
mass flux through the bottom surface. The details of 
these numerical simulations are given in Appendix 2. 

 

C. Comparison with experiments  
 
Mass vs 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 vs 
time curves are drawn in the form of the saturation as 
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a function of time (see Figure 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 ration of 
the current to the initial moisture content. Obviously 
we observe that the drying takes a longer time for 
thicker samples, i.e. larger  values, and for lower air 
flux, i.e. larger  values (see Figure 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 Figure 6). 
This excellent prediction 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.  

 

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

 

Saturation profiles along sample depth 

We now look in more details 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 Figures 5-
6). 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 account its detailed impact on 
the transport phenomena during the process. In this 
way, we look at the distribution 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 diffusion 
process (see Figures 7-8): 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 remarkable for the test with the 1.8 cm sample (see 
Figure 7). A slight discrepancy is just observed in the 
second part of the process, say around ten hours. For 
the test with the 3.8 cm sample (see Figure 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 experimental 
distribution shapes in the intermediate range, say 
between 12 and 25 hours. 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 phenomenon which is negligible 
(smaller than 1 mm) for the 1.8 cm sample.   

 

Figure 7: Drying test with 1.8 cm sample ( ). 
Saturation profile measured by MRI (symbols) at different 
times (indicated in caption), and model predictions 
(corresponding continuous curves) for the same times.  
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Figure 8: Drying test with 3.8 cm sample ( ). 
Saturation profile measured by MRI (symbols) at different 
times (indicated in caption), and model predictions 
(corresponding continuous curves) for the same times. 

D. Characteristic times of drying or humidification of 
textile 

Without fitting any parameter, our model predicts very 
well the mass vs 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 confident about the validity of physical 
assumptions underlying 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 could 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 sample thickness plays 
a major role on the drying, as it can be appreciated in 
Figure 6. At last the sample porosity also plays an 
important role (see Figure 6) as the diffusion coefficient 
is proportional 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,  can become in the order or smaller than . 
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 the equation (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 
approximate representation of the sorption curve by a 
straight line), which also provides good estimations in 
other cases. Indeed, in that case equation (4) has an 
analytical solution (see Appendix 3) from which we can 
plot the total saturation as a function of the 
dimensionless time  for different values of the 

parameter  (see Figure 10). For a given air 
flux  increases with the sample thickness, 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 product of some characteristic 
length to dry, i.e. , and the air flux intensity, 

expressed through .  

Two drying regimes appear (see Appendix 3). For 
sufficient low  values (i.e. ) the model predicts 
almost uniform saturation profiles in time (see Figure 
11) and a drying rate simply imposed by the external air 
flux: the drying rate slowly decreases, proportionally to 
the saturation 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  values induce lower constant 
drying rate (see Figure 10).  

For large values of  significant heterogeneity in the 
saturation distribution develops (see Figure 11), and the 
drying rate becomes independent of the air flux for 
sufficiently large , i.e.  (see Figure 11). Note 
that for our tests  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 ( ). We define this time 
as the one for which the average saturation reaches one 
third. It appears to be equal to about  when , 
and 0.36 when  (see inset of Figure 10). This 
gives: 
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  (5) 

 (6) 

Since the equations of the model are the same if we 
replace  by , we get the same solution, now for 

 if the boundary and initial conditions are also 
changed to  values. This change corresponds to a 
sample initially dry ( ) which is suddenly placed in 
contact with a saturated air flux ( ) characterized 
by a parameter , and we assume no exchange 
through the sample bottom ( ). Then the 
characteristic time for humidification of the textile 
sample is found from equations (5) and (6) depending 
on the value of . 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 

For the first time here we were able to present a full set 
of data showing the spatial distribution of bound water 
in a model textile during drying. A simple model 
assuming sorption equilibrium at any time is able to 
almost perfectly 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 empirical models are difficult 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 [18]) would be possible. Actually, 
the equation of vapor transport (water mass 
conservation) is similar to ours if a similar value for the 
diffusion coefficient for vapor through the structure (

) is used and if the sorption dynamics is supposed to 
be instantaneous (with respect to the characteristics 
time of the test). However, 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 propose in this paper. An 
interesting point would be to study, within the frame of 
our approach, the impact of the sorption 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 
practical cases, which constitutes a critical result which 
will greatly facilitate the modelling of such systems. 
Also, it is likely that this result can be used for the 
predictions of thermal transfers, and will facilitate the 
hygrothermal modelling approaches. Water desorption 
is indeed associated 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 evaporate 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 affecting the desorption curve, the vapor 
diffusion coefficient 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 problematic is analogous for 
mechanical effects: they may have an impact for 
sufficiently thick samples or fast processes. 

At last, we have seen that the model can be used for 
straightforward analytical predictions of the 
humidification or drying characteristics of textile 
materials. In particular one can predict the typical time 
of humidification of a mask submitted 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 1: DRYING CURVES: COMPARISON 
BETWEEN MRI AND WEIGHING DATA  

Here we present data for the saturation vs time as 
deduced by integration of the NMR signal in the profiles 
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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 interaction between the air flux and the sample, but 
the two set of data are very close (see Figure 9). 

 
Figure 9: Comparison between MRI data and weighing for two 
tests with different thicknesses (  in both cases).  

 
APPENDIX 2: NUMERICAL SIMULATIONS  

We adopt the Finite Differential Method (FDM) to solve 
the partial differential equation, with specific initial 
condition 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 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 ), corresponding to the impermeable 
bottom surface, is set as no-flux boundary condition, 
and the right boundary (free surface, i.e. ) is 
Fourier-type (convectional boundary), i.e., the relative 
humidity value along the interface 𝑛! changes 
progressively to the ambient condition (𝑛" = 0) along 
the characteristic distance of  𝛿.  

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

For these simulations the fixed parameters are: the 
saturation vapor density at 22.5°C , 

 the density of the dry solid phase, 

 the diffusion coefficient of vapor 
in air, the porosity , the tortuosity . 
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 , which 
is measured and assumed constant during the test, and 
the characteristic thickness of vapor diffusion resulting 
from air flux , which is estimated from the slope of 
the mass vs time curve in the very first time of drying. 
The uncertainty on this value is about 15%. 

 

APPENDIX 3: ANALYTICAL SOLUTION OF THE MODEL 
FOR A LINEAR SOPRTION CURVE:  

In that case in the porous medium the flux of writes 
 which corresponds to a mass flux

, which is equal to  at the 
interface, which gives

 (for 
). We deduce that the condition along the free 

surface may be written as 

      (7) 

with . The solution of equation (4) for 

, namely , with the  

boundary condition (7) for , and   for 
 (i.e. no flux through the sample bottom) is given 

[52] as follows. The local saturation writes , 
with  the moisture content at initial time. The 
saturation profile at any time expresses as  

 (8) 

in which  and  are the positive 

solutions of .  

The average bound water saturation over the sample 
thickness (i.e. ) expresses as: 

   (9) 
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Two regimes may be distinguished. For sufficient low  
values (i.e. ) the successive profiles are 
essentially horizontal (see Figure 11): the saturation 
decreases homogeneously 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 

. Thus, the drying rate continuously decreases 
as the saturation decreases. Furthermore, the drying 
rate is simply proportional to  and thus to  (see 
Figure 10). 

For sufficiently large  values (i.e. ) the profiles 
are strongly curved at the approach the top surface of 
the sample from the very beginning (Figure 11). In that 
case the drying rate rapidly decreases at the beginning 
of the test and, as we increase , the drying curves 
represented as a function of the dimensionless time 

tend to an asymptotic curve (see Figure 10). 

 

 

Figure 10: Drying curves predicted from the model 
(equation (9)), in terms of average saturation as a function 
of dimensionless time, for different  values indicated in 
the graph. The inset shows the dimensionless time value, 

i.e. , for which the saturation reaches 1/3, as 

a function of . In this inset the inclined dotted line has a 
slope -1. 

 

Figure 11: Bound water distribution in time as a function of 
the dimensionless distance from bottom (sample top at 

) as predicted by the model for different values of . 
In each case the distributions are drawn for the same series 

of dimensionless times ( ) (same line color for same 
dimensionless time), some of them being indicated in the 
graphs. 
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