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ON THE ESTIMATION OF MOISTURE PERMEABILITY
AND ADVECTION COEFFICIENTS OF A WOOD FIBRE
MATERIAL USING THE OPTIMAL EXPERIMENT DESIGN
APPROACH

JULIEN BERGER*, THOMAS BUSSER, DENYS DUTYKH, AND NATHAN MENDES

ABSTRACT. This paper presents a practical application of the concept of Optimal Exper-
iment Design (OED) for the determination of properties of porous materials with in-situ
measurements and an identification method. First, an experimental set-up was presented
and used for the measurement of relative humidity within a wood fibre material submitted
to single and multiple steps of relative humidity variation. Then, the application of OED
enabled to plan the experimental conditions in terms of sensor positioning and boundary
conditions out of 20 possible designs. The OED search was performed using the Fisher in-
formation matrix and a priori knowledge of the parameters. It ensures to provide the best
accuracy of the identification method and thus the estimated parameter. Optimal design
results have been found for single steps from the relative humidity ¢ = 10 to 75 %, with
one sensor located at the position X between 4 and 6 cm, for the estimation of moisture
permeability coefficients, while from ¢ = 75 % to ¢ = 33 %, with one sensor located
at X° = 3 cm, for the estimation of the advection coefficient. The OED has also been
applied for the identification of couples of parameters. A sample submitted to multiple
relative humidity steps (¢ = 10— 75 — 33 — 75 %) with a sensor placed at X° = 5 cm
was found as the best option for determining both properties with the same experiment.
These OED parameters have then been used for the determination of moisture perme-
ability and advection coefficients. The estimated moisture permeability coefficients are
twice higher than the a priori values obtained using standard methods. The advection
parameter corresponds to the mass average velocity of the order of v. = 0.01 mm/s within
the material and may play an important role on the simulation of moisture front.
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1. Introduction

Heating or cooling strategies and design of building envelopes are commonly based on
numerical simulations performed by hygrothermal tools such as Delphin [5], MATCH [34],
MOIST [11], WUFI [19] or Umidus |26, 28] or by whole-building simulation programs, used
in the frame of the International Energy Agency Annex 41 [43]. Details about the math-
ematical models and their numerical schemes are described in [27]. Those programs are
capable to simulate whole buildings considering the combined heat and moisture transfer
through porous elements.

Nevertheless, porous materials have hygrothermal properties strongly dependent on mois-
ture content — mainly highly hygroscopic materials such as wood, are commonly estimated
using experimental characterisation methods. The moisture capacity is traditionally de-
termined using the gravimetric methods (ISO 12571). Samples are weighed for different
relative humidity conditions, ensured by salt solutions. For the vapour permeability, the
most common measurement procedure is based on the standard (ISO 12572). It measures
the mass variation of a material sample under a controlled difference of relative humidity
between both sides. The vapour permeability is estimated for different relative humidity
levels (dry and wet cup). For the liquid permeability, the sample is exposed to a lig-
uid pressure gradient. The permeability is estimated by measuring the liquid flux at the
equilibrium.

Even if measurements of these properties are well established and largely reported in
the literature, some discrepancies can appear when comparing experimental data from
in-situ measurements to numerical model results. A material, with an initial moisture
content wy, is submitted to an adsorption phase at relative humidity ¢, and then to a
desorption phase at relative humidity ¢,. Results of the simulation underestimate the
adsorption process or overestimate the desorption process. Numerous studies state similar
observations. Interested readers may consult [9, 20| for a preliminary introduction to this
investigation.

To answer this issue, models are calibrated using in-situ measurements for estimating
material properties to reduce the discrepancies between model predictions and real perfor-
mance. For instance, in [14], liquid and vapour transfer coefficients are determined for hemp
material submitted to a drying process. In [22], moisture- and temperature-dependent diffu-
sivity and thermo-physical properties are estimated using only temperature measurements
under a drying process. In [35], moisture properties of a wood fibre material were estimated
and so the parameter estimation problem revealed a resistance factor for vapour perme-
ability lower than 1, which is physically unacceptable as the vapour diffusion of through
the porous material cannot be faster than in the air. Physical models commonly take into
account only diffusion transfer and authors conclude that other physical phenomena, such
as moisture advection, might not be ignored. Therefore, this research has been conducted
to estimate the moisture permeability and advection coefficients of a similar wood fibre
material. First, an experimental set-up has been used, enabling to submit the material
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samples to several steps of relative humidity, under isothermal conditions. Temperature
and relative humidity sensors have been placed within the samples.

The estimation of the unknown parameters, e.g., wall thermo-physical properties, based
on observed data and identification methods, strongly depends on the experimental pro-
tocol and particularly on the imposed boundary conditions and on the location of the
sensors. In [8], the concept of searching the Optimal Experiment Design (OED) was used
to determine the best experimental conditions in terms of quantity and location of sensors,
and flux imposed to the material. These conditions ensure to provide the best accuracy
of the identification method and thus the estimated parameter. It was studied for the
identification of hygrothermal properties of a porous material. Even though the approach
was verified by solving 100 inverse problems for different experiment designs, it remained
theoretical as no real experimental data nor existing facility were considered.

This research intends to go one step further. The issue is to use the methodology
to determine the OED according to the existing facility. It first aims at defining the
optimal boundary condition and location of the sensor to ensure an accurate solution of the
parameter estimation problem. Then, experimental measurements are provided respecting
the particular design and used to estimate the unknown parameters. Thus, this article is
organised as follows. Next Section 2 presents the physical problem and the methodology
of OED searching. Then, Section 3 describes the experimental facility used for providing
measurements in a wood fibre material. In Section 4, the OED is searched according to the
different possibilities for the estimation of one or several parameters. Section 5 provides an
estimation of the moisture permeability and advection coefficients, given the experimental
data obtained according to the OED.

2. Methodology

2.1. Physical problem and mathematical formulation

The physical problem involves one-dimension moisture convection through a porous ma-
terial defined by the spatial domain 2, = [0, L] as shown in Figure 1. The moisture trans-
fer occurs due to capillary migration, vapour diffusion and advection of the vapour phase.
The physical problem can be formulated as the convective moisture equation |7, 25, 37

Oprs O [ OP, oP, o ( P,
ot oz (k’ or P ) oz (RUTV) : (2.1)

where p;., is the volumetric moisture content of the material, k£, and k;, the vapour
and liquid permeabilities, P,, the vapour pressure, P., the capillary pressure, T', the
temperature, v, the air velocity and, R, , the water vapour gas constant. Eq. (2.1) can be
written using the vapour pressure P, as the driving potential. For this, we consider the
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physical relation, known as the KELVIN equation, between P, and P.:

P. = Rlen< il )

Py(T)
OP. R,T
P, P,

Thus we have:
oP. oP. 0P, oP. 0T

o 0P, 0x | oT o1

The temperature remains the same at the boundaries. Even if heat transfer occurs in
the material due to phase change, the temperature variations in the material are assumed
negligible. Thus, the second right-hand side term vanishes and we obtain:

oP.  R,T 0P,
or P, Oz

In addition, we have:

8lerv - alerv a(b apv 8lerv or

o 0 0P, Ot oT ot

Under isothermal conditions, the second right-hand term of the equation above also van-
ishes. Considering the relation p;y, = f(¢) = f{(P,, T), obtained from material
properties and from the relation between the vapour pressure P, and the relative humidity
¢, we get:

alerv o i alerv 8Pv 1 of apv

oo P, 9p 0Ot P, 0¢p Ot

The advection flow is given by:

,ja = = PrVv,
where v is the molar average velocity and p; is the volumetric concentration of moving

moisture mass, calculated as:

p:p_m
k b’

where p,, is the volumetric concentration of moisture and b is the ratio of the volume of
moisture V,,, to the total volume of capillaries V. Thus, we have:

It is also assumed that there is no variation of the volume of capillaries. In other words, the
shrinkage or expansion effects, due to the variation of the moisture content, are neglected
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* Using the perfect gas law, we obtain:

P,
Ja = RUTV'

With the assumption of isothermal conditions and constant mass average velocity v, it can

be written:
g P, v oP,
or\R,T') R, T or

Eq. (2.1) can be therefore rewritten as:

19P, 9 (klR];vT . kv)%

v 0P,
R, T Oz

a U)PS ot Oz

(2.2)

The material properties f(®), k; and k, depend on the vapour pressure P,. We denote

R, T of 1
d = ky + k, the global moisture transport coefficient, ¢ = — — the moisture
P, 0¢p Py
storage coefficient and, as a = ﬁ , the advection coefficient. Thus, Eq. (2.2) becomes:
opP, 0 0P, opP,
= — — : 2.
‘ot Ox ox e (2:3)

At x = 0, the surface is in contact with the ambient air of temperature T'> and relative
humidity ¢°°. Thus, the boundary condition is expressed as:

oP
d—~ — aP, = h| P,— P, (T>) ¢> |. 2.4
L, (Po-ri(r=) 0~ (2.4)
At x = L, the flow is imposed to be null:
oP
d— — aP, = 0. 2.5
0 (2.5)
At t = 0, the vapour pressure is supposed to be uniform in the material
P, = P! (2.6)

The following assumptions are adopted on the properties of the material. The moisture
capacity c is assumed as a second-degree polynomial of the relative humidity. The moisture
permeability d is taken as a first-degree polynomial of the relative humidity:

c=co+ cr1o + cadp?, (2.7)
As the sorption isotherm function is a monotonic increasing function, a constraint is im-

posed on cg, ¢1 and cy. Other functions can be used to describe the variation of the
moisture permeability, for instance, exponential ones. However, the permeability of the

*This hypothesis could be revised by writing the volume of capillaries as V' = (1 + 6) Vo, where
Vi volume of capillaries at dry state and g, the shrinkage coefficient, depending on the moisture content

Pltv -
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¢OO material
T e ‘/9—0
h z=0 T =1

Qs

Figure 1. Illustration of the physical problem.

material under investigation has been determined using the cup method in [33, 42| and
expressed as a first-order polynomial, which will be used as a priori parameters in the next
Sections.

The direct problem, defined by Eqgs. (2.3), (2.4), (2.5) and (2.6), is solved using a finite-
difference standard discretisation. An embedded adaptive in time RUNGE-KUTTA scheme,
combined with a SCHARFETTER—GUMMEL spatial discretisation approach, is used [9]. Tt
is adaptive and embedded to estimate local error in time with little extra cost. The
algorithm was implemented in the Matlab environment. It is also important to note that
a unitless formulation of the problem was used, due to a number of good reasons. First
of all, it enables to determine important scaling parameters (BIOT, LUIKOV numbers for
instance). Henceforth, solving one dimensionless problem is equivalent to solve a whole
class of dimensional problems sharing the same scaling parameters. Then, dimensionless
equations allow to estimate the relative magnitude of various terms, and thus, eventually to
simplify the problem using asymptotic methods [29]. Finally, the floating point arithmetics
is designed such as the rounding errors are minimal if you manipulate the numbers of the
same magnitude [21]. Moreover, the floating point numbers have the highest density in the
interval (0, 1) and their density decays exponentially when we move further away from
zero. So, it is always better to manipulate numerically the quantities of the order of O(1)
to avoid severe round-off errors and to likely improve the conditioning of the problem in

hands.

2.2. Optimal Experiment Design

Efficient computational algorithms for recovering parameters P given an observation ey
of the field u (z, t) have already been proposed. Readers may refer to [32] for a primary
overview of different methods. They are based on the minimisation of the cost function
J[P]. For this, it is required to equate to zero the derivatives of J[P], with respect to
each of the unknown parameters p,, to find critical points. Associated to this necessary
condition for the minimisation of J[P], the scaled dimensionless local sensitivity function
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[18] is introduced:

op, Ou

O (z,t) = vm € {1,...,M} (2.9)

0w Opm ’
where o, is the variance of the error measuring v .x,. The parameter scaling factor o, equals
1 as we consider that prior information on parameter p,, has low accuracy. It is important
to note that all the algorithms has been developed considering the dimensionless problem
in order to compare only the order of variation of parameters and observation, avoiding
the effects of units and scales.

The function ©,, measures the sensitivity of the estimated field u with respect to change
in the parameter p,, [4, 30, 32]. A small magnitude of ©,, indicates that large changes in
P m induce small changes in . The estimation of parameter p,, is therefore difficult in this
case. When the sensitivity coefficient ©,, is small, the inverse problem is ill-conditioned. If
the sensitivity coefficients are linearly dependent, the inverse problem is also ill-conditioned.
Therefore, to get an optimal evaluation of parameters P, it is desirable to have linearly-
independent sensitivity functions © ,, with large magnitude for all parameters p,,. These
conditions ensure the best conditioning of the computational algorithm to solve the inverse
problem and thus the better accuracy of the estimated parameter.

It is possible to define the experimental design in order to reach these conditions. The
issue is to find the optimal sensor location X ° and the optimal amplitude ¢>° of the

relative humidity of the ambient air at the material bounding surface, x = 0. To search
this optimal experiment design, we introduce the following measurement plan:
m={X,0*}. (2.10)

Here, the measurement plan considers the whole values of the space domain €2, for the
sensor position X . When solving numerically the problem, a step AX = 0.01, between
each sensor position, is taken into account. For the relative humidity ¢ >, the measurement
plan is fixed according to the experimental facility. As detailed in the next sections, 20
different boundary conditions are considered.

In the analysis of optimal experiments for estimating the unknown parameter(s) P, a
quality index describing the recovering accuracy is the D—optimum criterion [2-4, 6, 16,
17, 23, 30, 36, 39-41]:

U = det[F(m)], (2.11)
where F'(7) is the normalized FISHER information matrix |23, 40| defined as:

F(r) = [®], Vi) € {1,...,M}*,  (2.12a)

N T
;o= > / O, (x,,t) O (x,,t) dt. (2.12D)
n=1 0
where NV is the number of sensors and 7 the simulation horizon time.
The matrix F'(7) characterises the total sensitivity of the system as a function of mea-
surement plan m (Eq. (2.10)). The OED search aims at finding a measurement plan 7° for
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which the objective function -Eq. (2.11)- reaches the maximum value:
7 = {X°,¢°} = argmax V. (2.13)

To solve the Eq. (2.13), a domain of variation €2 is considered for the sensor position X
and the amplitude ¢>° of the boundary conditions. Then, the following steps are carried
out for each value of the measurement plan 7 = {X , ngoo} in the domain 2, . First,
the direct problem, defined by Eqgs. (2.3)-(2.6), is solved. Then, given the solution P, for
a fixed value of the measurement plan, the next step consists of computing the sensitivity

U
coefficients ©,, = . using also an embedded adaptive time RUNGE-KUTTA scheme
P

combined with central Tgpatial discretisation. Then, with the sensitivity coefficients, the
FISHER matrix (2.12)(a,b) and the D—optimum criterion (2.11) are calculated. All in all,
four partial differential equations have to be solved for each values of the measurement
plan: one for the vapor pressure and three for the sensitivity functions associated to the
three parameters under investigation. Using the Matlab platform and the ODE45 function,
the computation of the results for one value of the measurement plan takes 150 s with
Intel i7 CPU and 16GB of RAM. Thus, the exploration of the whole measurement plan
requires less than 1 h. The solution of the direct and sensitivity problems are obtained
for a given a priori parameter P and, in this case, the validity of the OED depends on
this knowledge. If there is no prior information, the methodology of the OED can be done
using an outer loop on the parameter P sampled using, for instance, Latin hypercube or
HALTON or SOBOL quasi-random samplings. Interested readers may refer to [8] for further
details on the computation of sensitivity coefficients.

Equation (2.10) has been written for a relative humidity step at the boundary of the
material. However, the methodology can be applied for any other boundary condition. For
instance, in [8], time varying boundary conditions in relative humidity and temperature
are considered for the analysis of the OED. In [4], a time varying boundary heat flux is
studied. Other examples can also be consulted in [40].

An interesting remark with this approach is that the probability distribution of the
unknown parameter p,, can be estimated from the distribution of the measurements of the
field v and from the sensitivity ©,,. The probability P of u is given by:

F(u) = ?{u(az,t,pm) < a}

Using the sensibility function ©,,, the probability can be approximated by:

F(u)~ ?{U(ﬂf,t,pfn) + Om (Pm — p5) < ﬂ},

Assuming ©,, > 0, we get:

_— ¢ po
F(ﬂ) _ j){pm < p;zﬂ n U U(l‘, 7pm)}

O
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Therefore, using a change o variable, the cumulative derivative function of the probability
of the unknown parameter p,, is estimated by:

F(pm) = ?{pm < pm}, (2.14)

= F(u+ Om- (Pm —pfn)). (2.15)
When ©,, < 0, the cumulative derivative function of the probability is given by:

F(pm) =1 —F(u+@m-(pm —pfn)). (2.16)

It gives an local approximation of the probability distribution of the unknown parameter
Pm, at a reduced computation cost. Moreover, the approximation is reversible. Thus, if
one has the distribution of the unknown parameter, it is possible to get the one of field .

3. Description of the experimental facility

The test facility used to carry out the experiment, henceforth mentioned as the RH-Boz,
is illustrated in Figure 3(a) and a picture is given in Figure 3(b). It is composed of two
connected climatic chambers. The temperature of each chamber is controlled indepen-
dently with a thermostatically-controlled water bath allowing water to circulate in a heat
exchanger. Relative humidity is controlled using MgCl, and NaCl saturated salt solutions.
Chambers 1 and 2 are fixed to ¢1 = 33 % and ¢ = 75 %, respectively. Another
climatic chamber is also available. It is independent from the others as there is no doors
linking the chambers. It is regulated at ¢y = 10 % to initially condition materials.

The samples are placed above the saline solution on grids. To avoid any perturbation of
the chamber conditions, the various samples are handled using gloves. Two door locks, at
each side, allow the operator to insert or remove samples to minimize system disturbances.
They enable easy and instantaneous change in humidity boundary conditions for the sam-
ples while passing from one chamber to another. Two fans, operating continuously, allow
to homogenize the inside air when the saline solutions are settled. Interested readers may
consult a complementary discussion in [12].

The temperature and relative humidity fields are measured inside the samples with
wireless sensors from the HygroPuce range (Waranet industry). The accuracy is + 2 %
for the relative humidity and + 0.5 °C for the temperature and the dimensions are 0.6 cm
thickness and 1.6 cm diameter, as illustrated in Figure 4(a). The response time of the
sensor is 5 to 10 min.

The material investigated is the wood fibre, which properties have been determined in
[33, 42] and are shown in Table 1. They constitute a priori information on the unknown
parameters dy and d;. The temperature was assumed to have slight variations in the ma-
terial, around 7" = 24.5 °C. This hypothesis is assumed considering the slight variation
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Figure 2. Variation of the ambient temperature inside the RH-box (a) and
inside the material at x = 2.6 cm (b).

of temperature observed in the ambient facility and in the material, as illustrated in Fig-
ures 2(a) and 2(b). In [9], the mass average velocity in the material was estimated around
v = 5 mm/s, where the facility imposed an air flow at one face of the material. In the cur-
rent study, no air movement are imposed. Therefore a lower velocity value v.= 0.1 mm/s
is used as a priori value in the material. This hypothesis will be verified when estimating
the parameters. Therefore, according to the definition, an a priori estimation of the advec-
tion parameter isa = 7.2-107!' s/m. The samples are cylindrical, with a 10 cm diameter
and 8 cm thickness. The size of the samples has been chosen in order to avoid borders
effects and to minimize the perturbation of sensors inside the sample. Moreover, to ensure
one-dimensional moisture transfer, the side and bottom surfaces of the samples are covered
with aluminium tape and glued on a white acrylic seal, as illustrated in Figure 4(b).

The sensors are placed within the wood fibre by cutting the samples. The exact location
of the sensor will be investigated through the OED approach in the next Sections. The
influence of cutting the sample and introducing the sensor inside the sample has been stud-
ied in [12]. Several samples have been under investigation by cutting them and introducing
1, 2 or 3 samples at different position. Sensors were inserted inside the sample and at the
bottom surface of the sample. Measurement inside these samples has been compared to
a reference measure. The latter was obtained from a sample with only a sensor at the
bottom surface, settled without cutting the sample. Results revealed a good agreement
between the measurements of all samples, concluding that the protocol may not disturb
the moisture transfer. The total uncertainty on the measurement of relative humidity can
be evaluated considering the propagation of the uncertainty due to sensor measurement
and due to their location. It should be noted that uncertainties due to contact resistance
between the sensor and the material are difficult to estimate and therefore are not taken
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into account here. The total uncertainty on relative humidity is [38]:

2 2
86 AX Ad
e ¢ ¢

Ox
where X is the location of the sensor and AX the uncertainty on its position. The term
g—f has been evaluated using a numerical computation of the direct problem for the differ-
ent range of humidity investigated here and results show a maximum value of 0.04 m~1.

Considering measuring a relative humidity ¢ = 10 %, the sensor uncertainty A¢p = 2 %,
and the sensor location uncertainty AX = 0.1 mm, the total uncertainty on the mea-
surement is of the order of A¢ = 2 % . The contribution of the uncertainty of the sensor

location is 100 times lower than the one of the sensor measurement. These results confirm
the ones presented in [12|, showing that the hygrothermal behaviour is not impacted by
the experimental design. Moreover, the reproducibility of the experiments has also been
verified, testing seven samples at the same time when carrying out the experiments.

As mentioned in Section 2.1, an null flux condition is assumed at the bottom of the
samples (r = L). At x = 0, a ROBIN type boundary condition Eq. (2.4) is considered.
The surface is in contact with the ambient air of the chamber knowing that the experimental

facility enables to perform one or multiple steps of relative humidity:
o0 ¢i7 t < 07
¢ = .
'+ Adps, t 20,

The convective mass transfer coefficient h has been estimated by preliminary measurements
adapted from [24]. A reservoir with liquid water is placed in the RH-boxr and the mass
change was recorded during 3.5 days. Figure 5 gives the time variations of water weight

in the reservoir placed in the climatic chamber with ¢ = 33 %. The convective mass
transfer coefficient has been estimated using following equation:
h = g

Py(Ty) = Ps(T>) o>

where P4( T, ) is the saturated vapour pressure for the temperature 7', of the liquid water.
The moisture flux g is computed using the slope of the mass variation of water according
to time. Results give a convective mass transfer coefficient around h = 9-107? s/m.
This value provides an acceptable estimation of the coefficient, given the values used in
literature [31, 35]. It will be used as a first approximation for the hygroscopic material.
Finally, the experimental facility is used to submit the samples to a single or multiple
steps of relative humidity. In the first case, the material can be initially conditioned at
o = 10%, ¢ = 33%or ¢ = 75 %. In the case of multiple steps, as the climatic
chamber ¢ = 10 % is not linked with the others, the samples will always be conditioned
using this chamber. Therefore, the multiple steps can only be operated between climatic
chamber 1 and 2, where the perturbations, due to the mouvement of the samples, are
reduced. For single step experiments, it is not possible to perform a step from 33 % or
75 % to the climatic chamber at 10 % for the same practical reasons. The pre-conditioning
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Figure 3. Illustration of the RH-box experimental facility.

is reached when the mass change of the samples is lower than 0.05 % . A total of 20 designs
are possible as reported in Tables 2 and 3.

4. Determination of the OED
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Figure 4. Sensors of relative humidity and temperature (a) and wood fibre
samples (b) with white acrylic seal and with aluminium tape.

.......... measure
2 N —fitted function: —5-107"¢ 7

mass change (g)
N o &
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20 40 60 80
time (h)

o

Figure 5. Time variation of the mass changes for the estimation of the
convective mass transfer coefficient h .
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Sorption curve {%| f(¢) = 40 ¢3 —49 ¢2 +27.02 ¢

Moisture permeability [s] d = 233-107" + 5.68-10711 ¢
Advection coefficient [s/m ] a = 721071

Table 1. A priori material properties of wood fibre from [9, 33].

4.1. Estimation of one parameter
4.1.1 Single step of relative humidity

The aim is to use the measurements to estimate one of the parameters of the material
moisture permeability and advection coefficients, d, d; or a, with a single step in relative
humidity. Considering the facility described in Section 3, four designs are possible for
a single step of humidity, and are reported in Table 2. The issue is to determine the
optimal design, in terms of location of the sensors in the material for each of the four
designs. Then, by comparing the magnitude of the criterion ¥, one can define which step
of relative humidity is the best design. For this purpose, the duration of experiments is
set to 7 = 200 h. These wood material properties reported in Table 1 are used as prior
informations to compute the sensitivity coefficients.

The D—criterion ¥ has been computed for each of the four designs and results are given
in Table 2. As illustrated in Figure 6(a), the design 2, which has the higher step of relative
humidity, has the highest criterion ¥ for both parameters dy and d;. This design would
provide the highest accuracy to estimate one of these two parameters. For the advection
coefficient a, the design 4 has the criterion. Nevertheless, it can be noted that the design
2 reaches almost 90% of the maximal criterion. Therefore, both designs 2 and 4 could be
used to estimate the parameter a with the best accuracy. On the opposite, the designs 1
and 3 are the worst protocols. The results are confirmed by the variation of the sensitivity
coefficients given in Figures 7(a) and 7(b). The function © measures the sensitivity of the
estimated field with respect to change in the parameter (dg, d;, or a). The function have
higher magnitudes of variations for the design 2 than for design 1. The field is thus more
sensible to changes in those parameters for the design 2. Indeed, the relative humidity in
the material have sharper variations in the material for the OED than for the worst design,
as illustrated in Figure 8. As noticed in Eq. (2.12), the criterion ¥ is computed using the
sensitivity function ©, which explains why the OED corresponds to the design 2.

The variation of the criterion WU with the position X of the sensor is given in Figure 6(b)
for the design 2. The criterion reaches its maximum for the sensor located between X ° =
4 cm and X° = 6 cm. This optimal position does not vary much for other designs for
parameters dy and d1), as reported in Table 2. For parameter a, the optimal position
varies between 3 cm and 6 cm.
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. Relative humidity dg dq a
Design
step ¢ (%) Uiax X2 (M) Yoo X°(m) Uy X°(m)
1 10-33 0.58 0.060 0.09 0.045 0.19 0.054
2 10-75 3.08 0.058 1.48 0.039 0.73  0.059
3 33-75 0.36  0.060 0.23 0.043 0.07  0.058
4 75-33 042  0.040 0.77  0.040 0.84 0.031

Table 2. Determining the OED (highlighted in bold) for the identification of one
parameter, using an experiment with a single step of relative humidity.
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Figure 6. Variation of the criterion W for the four possible designs (a) and as a
function of the sensor position X for design 2 (b).

Summarizing, for the identification of parameter dy or d;, a single step of humidity
from 10 % to 75 %, with a sensor located at X° = 6 cm and X° = 4 cm, respectively,
ensures the highest accuracy for solving the parameter estimation problem. Concerning
the advection coefficient a , a step from 75 % to 33 %, with a sensor located at X° = 3 cm
is the optimal design. The same design as the one for parameter d; can also be used to
estimate this parameter.

4.1.2 Multiple steps of relative humidity

The OED has been obtained for the estimation of one parameter, considering an exper-
iment with multiple steps of relative humidity. According to the description of the facility
and to Table 3, 16 designs are considered. The design with a primary step to ¢ = 75%
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Figure 7. Sensitivity coefficients © for parameters do, d1 and a for the designs
2 (OED) (a) and 1 (c) (X = X°).
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Figure 8. Variation of the relative humidity ¢ for the designs 2 (OED) (a)
and 1 (c) (X = X°).

has the highest criterion ¢ and thus is the OED. Nevertheless, it can be noted that this
experiment require a long-time measurements (around 500 h). Therefore, the choice of an
experiment with a single step relative humidity is preferable for the estimation of one pa-
rameter. In terms of sensor location, the OED is reached for X° = 55cm, X° = 3.8 cm
and X° = 6 cm for the estimation of dy, d; and a respectively.
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Design Duration of the dg dq a
steps (days) vV X°(m) ¥ X°(m) ¥ X°(m)
step ¢ (% ): 10-33-75-33
1 1 0.49 0.055 0.24 0.049 048 0.057
2 2 0.83 0.056 0.34 0.045 0.77  0.059
3 3 1.13  0.058 0.41 0.042 1.03 0.059
4 4 1.35  0.067 045 0.042 1.22 0.057
) ) 148 0.066 048 0.042 1.33  0.060
6 6 1.49  0.068 048 0.042 1.34 0.060
7 7 1.49  0.068 048 0.040 1.34  0.060
8 8 1.49  0.068 048 0.042 1.36  0.060
step ¢ (% ): 10-75-33-75

9 1 1.91 0.068 1.06 0.042 1.65 0.061
10 2 3.1 0.056  1.82  0.039 4.3 0.061
11 3 2.3 0.056 243 0.038 257 0.061
12 4 6.01 0.056 292 0.038 3.37 0.061
13 5 6.7 0.056 3.28 0.038 4.12  0.061
14 6 6.9 0.056 3.51 0.038 1.8  0.061
15 7 7.0 0.055 3.56 0.038 5.02  0.061
16 8 71 0.056 3.8 0.038 5.14 0.06

Table 3. Determining the OED (highlighted in bold) for the identification of one
parameter, using an experiment with a multiple steps of relative humidity.

4.2. Estimation of several parameters

4.2.1 Single step relative humidity

The issue is now to estimate two or three parameters among the material moisture
permeability and advection coefficients, dg, d1 and a. This section focuses, therefore, on
a single step of relative humidity. Table 4 gives an overview of the results. First of all, the
sensitivities of parameters dy and d; have a strong correlation. This interaction can also be
observed in Figure 7. Therefore, the identification of the couple (d 05 dl) or even of three
parameters might be a difficult task with these experiences. As shown in Figure 9(b), the
design 2 appears to be the one providing the optimal conditions to estimate the couples of
parameters (do, a) and (dq, a). Figure 9(b) gives the optimal localisation of the sensors
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Figure 9. Variation of the criterion ¥ for the four possible designs (a) and as a
function of the sensor position X for design 2 (b).

Design Relative humidity (do, dy) (do, a) (dy, a)
step ¢ (%) v X°(m) Corr ¥ X°(m) Corr V¥ X°(m) Corr

1 10-33 0.05  0.050 0.81 0.11 0.051 -0.1  0.02  0.050 0.50
2 10-75 4.40 0.048 0.85 2.25 0.061 -0.16 1.15 0.052 0.50
3 33-75 0.08 0.046 0.89 0.02 0.0564 -0.45 0.01 0.053 0.03
4 75-33 0.33 0.040 0.83 0.35 0.030 0.045 0.61 0.041 -0.46

Table 4. Determining the OED (highlighted in bold) for the identification of

several parameters, using an experiment with a single step of relative humidity.
for the design 2. The sensor should be located around X° = 6 cm and X° = 5 cm for

the couples of parameters (dg, a) and (dq, a), respectively.
4.2.2 Multiple steps of relative humidity

Another type of design is investigated, based on multiple steps of relative humidity.
The 16 possible designs are reported in Table 5. All the designs have an initial relative
humidity ¢ = 10 %. Two types of consecutive steps are possible: ¢ = 33 — 75 —33 %
and ¢ = 75 —33 — 75 % . The optimal design is sought as a function of the location of
the sensor and as a function of the duration of each step of relative humidity. Results are
provided in Table 5. The sensitivity coefficients of dy and d; are also correlated for these
designs as it can be noticed in Figure 11(a). Therefore, the estimation of this couple of even
three parameters with reasonable accuracy would be a difficult task. Figure 10(a) reveals
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Figure 10. Variation of the criterion ¥ for the four possible designs and for the
identification of one (a) or two parameters (b).

that the designs with the multiple steps ¢ = 75— 33 — 75 % have a higher magnitude of
criterion W . Moreover, the design 16, corresponding to a duration of each step of 8 days,
have the highest criterion. The time variation of the sensitivity coefficients are given in
Figures 11(a), 11(b) and 11(c) for the designs 16, 8 and 1. The coefficients have higher
magnitude of variation for design 16 than for the others, justifying its correspondence to
the OED. Figure 10(b) gives the variation of the criterion as a function of the location of
the sensors X ° for the design 16. The optimal position is somewhere between X ° = 5 cm
and X° = 6cm.

An interesting remark is that the best sensitivity is obtained for an experiment with
three steps of 8 days. For each step, the steady state is reached in the sample. Indeed,
it corresponds almost to the duration of the cup experiment for this material, which also
carried out measurement until reaching the steady state. This similarity shows a good
agreement between the OED results and the cup method.

4.3. Synthesis on the determination of the OED

With the given facility, two types of experiments can be carried out with (i) single step
and (ii) multiple steps of relative humidity. A total of 20 designs are possible. The measure-
ment of vapor pressure in the material can be used to estimate the diffusion and advection
coefficients dg, d1 and a. To provide the best accuracy when solving the parameter estima-
tion problem, the OED has been determined for each design in terms of sensor position and
boundary conditions. Two cases has been distinguished. The first one intends to estimate
one parameters out of the three. The estimation of the three coefficients at once may lack
of accuracy due to the important correlations of the parameters. Thus, the second case
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Design Duration of (do, dq) (do, a) (dq, a)

steps (days) ¥ X°(m) Corr ¥ X°(m) Corr ¥ X°(m) Corr

step ¢ (% ): 10-33-75-33
1 1 0.11  0.02 0.81 0.23  0.057 0.29 0.12 0.055 0.34
2 2 0.27 0.061 0.82 0.64 0.058 -0.51 0.23 0.055 0.11
3 3 042 0050 083 1.17 0.059 -0.61 0.35 0.054 0.06
4 4 054 0.050 083 1.63 0.059 -0.66 044 0.053 -0.10
) ) 0.63 0049 084 197 0.059 -0.69 052 0.054 -0.11
6 6 0.64 0050 084 198 0.059 -0.69 0.52 0.055 -0.10
7 7 0.65 0.051 08 199 0.059 -0.69 053 0.054 -0.10
8 8 0.66 0.050 084 202 0.059 -0.69 054 0.054 -0.11
step ¢ (% ): 10-75-33-75

9 1 1.86  0.048 0.87 3.31 0.058 -0.54 1.49  0.055 0.05
10 2 5.15 0.046 0.87 8.1 0.059 -0.62 345 0.063 -0.05
11 3 9.12 0.047 088 144 0.060 -0.65 5.73 0.053 -0.10
12 4 13.3  0.046 089 220 0.059 -0.66 833 0.061 -0.12
13 ) 169 0.046 0.89 273 0.058 -0.66 10.3 0.054 -0.12
14 6 200  0.045 090 335 0.059 -0.66 12.0 0.052 -0.13
15 7 222 0.045 090 358 0.089 -0.66 13.3 0.052 -0.13
16 8 23.1 0.045 0.90 36.1 0.059 -0.66 13.5 0.051 -0.13

Table 5. Determining the OED (highlighted in bold) for the identification of
several parameters, using an experiment with multiple steps of relative humidity.

aims at estimating two coefficients out of the three. A synthesis of the OED is given in
Table 6. The choice between the two types of experiments is a compromise between the
duration of the total test (200 h for the single step and 576 h for the multiple steps) and
the magnitude of the criterion ¥, which is higher for the multiple steps experiments.

5. Estimation of the parameters

5.1. Methodology

As mentioned before, due to the correlation of their sensitivity coefficients, it is uncer-
tain to estimate the couple (do , dl) with the OED considering single or multiple steps.
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Figure 11. Sensitivity coefficients © for parameters dg, d1 and a for the
designs 16 (OED) (a), 8 (b) and 1 (¢) (X = X°).

Therefore, to estimate the three parameters, it is possible to use a couple of parameter
with one design (single or multiple steps) and the third one with the other. It can be
noticed that the criterion W is higher for the OED with multiple steps of relative humidity
than a single step. Moreover, for this OED, the sensitivity coefficients of the parameters
(dl, a) have lower correlation that for the parameters (do , a) . Therefore, to identify
three parameters (do ,dy ,a) , the design 16 with multiple steps 10 — 75 — 33 — 75 % will
be used to estimate the couple (dl, a) and the design 2 with the single step 10 — 75 % for
the remaining parameter do. The sensor was located according to the OED.

We denote as (dg ,dS,a® ) and (dgplr LA™ a?Pr ) the estimated and a priori parameters,
respectively. Table 7 gives the numerical values of the later. To estimate the parameter,
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Estimation of one parameter

Single step

Multiple steps

Parameter | Boundary condition Sensor location (cm) Boundary condition Sens
do step ¢ (%): 10 — 75 X € [4,6] 8 days steps, ¢ (%): 10— 75 - 33 — 75 h
dq step ¢ (%): 10 — 75 X € [4,6] 8 days steps, ¢ (%): 10 — 75 - 33 — 75 )
a step ¢ (% ): 75 — 33 X =3 8 days steps, ¢ (%): 10 — 75 - 33 - 75

Estimation of two parameters
Parameter | Boundary condition Sensor location Boundary condition Sens
(do, dy) |step ¢ (%): 10— 175 X =5 8 days steps, ¢ (% ): 10 - 75 -33 - 75
(do,a) |step ¢ (%): 1075 X =6 8 days steps, ¢ (% ): 10 - 75 - 33 - 75
(dy,a) |step o (%): 10-75 X =5 8 days steps, ¢ (% ): 10 - 75 -33 - 75

Table 6. Synthesis of the OED for the estimation of one of two parameters,

using single or multiple steps experiments.

the following cost function is defined, in its matrix form, using the Euclidean norm, as:

T
J(do’dl’a) = (uéxp - ul(XoatudO)) : (uéxp - ul(XO,t,do))
T
+ <U§Xp - uQ(Xo’t’dl’a)) '(ugxp B UQ(Xoatadlaa’)>a

where subscripts 1 and 2 denote the design with single and multiple steps of relative
humidity, respectively. The quantity u .y, stands for the measurement resulting from the
experimental facility and the OED. It is evaluated on a discrete grid of time t¢y,. The
quantity u is the solution of the direct problem — Egs. (2.3)—(2.6) —, considering the
boundary and initial conditions of the design.

The cost function J is minimised using function fmincon in the Matlab environment,
providing an efficient interior-point algorithm with constraint on the unknown parameters
[13]. Here, the constraints are defined with upper and lower bound for the parameters:

dg € [0.01,10]d,, d; € [0.01,10]d,, a® € [0.001,10]-a.

As mentioned in Section 3, the a priori advection parameter has been estimated without
experiments. Thus a larger interval was provided as a constraint for this parameter.

5.2. Results and discussion

Results of the estimated parameters are reported in Table 7. It took only 54 computa-
tions of the direct model for both experiments to minimise the cost function J. In addition,
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a comparison between the experimental measured data and the results of the numerical
models with a priori and estimated parameters is given in Figure 12. It can be noted that
the regulation by salt solutions in the climatic chamber is not very precise. For the design
with a single step, the ambient relative humidity is around ¢; = 80 % instead of 75 % .

The three estimated parameters have higher values than the a prior: ones. However,
the values are not so different to consider that the methodology used for the search of
the OED is valid. The estimated parameters for the vapour permeability is almost two
times higher. The water diffusion resistance factor u of the material, corresponding to the
ratio between the vapour permeability and the air permeability, varies between p = 4.5
and p = 2.8 for dry and wet states. As this factor remains lower than 1, one can
say that the estimated vapour permeability is physically acceptable. It can be mentioned
that in previous study [35], with similar experiments for this material and a physical
model including only diffusion transfer, authors estimated a resistance factor higher than
1. They concluded that an apparent permeability, even not-physical, was estimated and
that other physical phenomena should be taken into account. The present study goes
further by including the moisture advection, providing a more complete and reasonable
physical model. As noticed in Table 7, a ratio of 10 is noticed between the a priori
and estimated advection parameters a, highlighting that the advection in the material is
less important. The mass average velocity in the material is of the order of 0.01 mm/s.
Moreover, the moisture permeability and advection coefficients have the same order of
magnitude, confirming the results from [1], highlighting the importance of both advection
and diffusion transfer in porous materials.

These results are also correlated with the ones from [15] where authors questioned the
measurement of the vapour permeability according to the standard ISO 12572. The method
appears not to take into account the variation of the total pressure within the cup. Thus,
advective vapour transfer is overlooked. In the case of highly air permeable materials, it
implies that the vapour permeability may be underestimated.

Figure 13 gives the residual between the numerical results and the experimental data for
both experiments. The residual is lower for the results with the estimated parameters. It is
also uncorrelated, highlighting a satisfying estimation of the parameters. Nevertheless, it
can be noted in Figure 12 that some discrepancies remain between the experimental data
and the results of the numerical model. This can be specifically observed at ¢t = 150 h, in
Figure 12(a), and at ¢ = 350 h, in Figure 12(b). These discrepancies might be explained
by two reasons. First, it was assumed that the vapour permeability varies as a first-
degree polynomial of the relative humidity in Eq. (2.7) and that the advection parameter
is independent of the fields. To fit better with the experiments, this assumption may be
revisited by increasing the degree of the vapour permeability polynomial and considering a
field dependent non-constant advection parameter. Another alternative could be to search
for time varying coefficients as it was done in [10]. The second reason is that only moisture
transfer is included in the physical model, neglecting the variation of the temperature in
the samples. Even if the experimental design is carried out under isothermal conditions,
the temperature varies slightly in the material due to phase change and coupling effects
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Figure 12. Comparison of the experimental data and the numerical results.

between heat and moisture transfer. Moreover, temperature should influence at least the
advection coefficient a. Thus, the physical model should be improved for achieving a better
fitting with the experimental data.

As mentioned in Section 2.2, using Eqs (2.14) and (2.16), the local probability density
functions of the estimated parameters can be computed using the sensitivity functions of the
parameters. A normal distribution with a standard deviation of measurement o, = 0.15%
is assumed. As the field is varying in time, the probability of the parameter and its stan-
dard deviation are also depending on time as illustrated in Figure 14. In Figure 7(a), the
sensitivity function of this parameter reaches its maximum for ¢ = 11 h. It also corre-
sponds to the time where the probability function is maximum, as noted in Figure 14(a). A
precise estimation of the parameter is obtained at the moment when the sensitivity function
reaches its maximum. Similar observations can be done when comparing the sensitivity
function of parameters d; and a in Figures 11(a) and the probability in Figures 14(b) and
14(c). The interesting point is to get an information on the local probability of the esti-
mated parameter, at a low computational cost. It is computed directly from the sensitivity
function. It is not necessary to carry out numerical-based statistical inferences that have
a non-negligible computational cost as mentioned in [10] for instance.

6. Conclusion

This paper presented a study conducted for the estimation of moisture-dependent mate-
rial properties using in-situ measurements, with two mains objectives. The first one was
to compare the results to previous studies using a similar facility and material [35]. The
second goal was to propose a more detailed physical model improved by adding a moisture
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Figure 13. Residual between the experimental data and the numerical results.

Parameters a priori value estimated value

Moisture permeability [s] — dg™ = 2.33-107! df = 4.45-10~"
Moisture permeability [s]  di™ = 5.68-107!" d7 = 2.58-10~ "
Advection parameter [s/m} a® = 72-107"1 @° = 83-1071°

Table 7. A priori and estimated parameters.

advection term, commonly neglected in the literature. The unknown parameters to be
determined were the moisture diffusion and advection coefficients of a wood fibre material.
The primer one was assumed to vary as a first-degree polynomial of the relative humidity,
while the latter was defined as a constant parameter. Thus, the inverse problem involved
three parameters (do, dq, a) of a diffusive-convective moisture transfer problem.

The estimation of the unknown parameters has been accomplished using an existing set-
up based on two chambers with prescribed relative humidity and temperature. The set-up
enables to submit samples to single or multiple steps of relative humidity under isothermal
conditions. Before performing the experiments, the OED was searched in terms of optimal
boundary conditions and location of sensors within the material. These conditions ensure
to provide the highest accuracy of the identification method. This approach was described
in [8] and applied to this study for the existing facility among 20 possible designs. It has
been carried out considering a priori values of the unknown parameters determined with
standard methods [33|. For the estimation of one parameter among the three, results have
shown that a single step of relative humidity from ¢ = 10 % to ¢ = 75 %, with a
sensor located between 4 and 6 cm is the optimal design for the estimation of the moisture
permeability coefficients. For the advection coefficient, a single step of ¢ = 75 % to
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Figure 14. Probability density function approximated for the estimated parameters.

¢ = 33 %, with a sensor located at X° = 3 cm, is the optimal design. It has also
been demonstrated that the sensitivity coefficients of parameters dy and d; have strong
correlations for those experiments. Therefore, it would be a difficult task to identify all
the parameters with only one experiment. Nevertheless, the OED was also determined for
the identification of coupled parameters. A sample submitted to multiple relative humidity
steps of ¢ = 10 — 75 — 33 — 75 %, with a sensor placed at X° = 5 cm appears as
the best option. It is important to mention that this investigation is valid for the a priori
values of material under investigation as well for the conditions of the facility (length of
the samples, boundary conditions, etc.).

After these investigations, two OEDs have been used to perform two different experi-
ments. The first one, a single step of relative humidity from ¢ = 10 % to ¢ = 75 %, is
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used to estimate the parameter dy. The second experiment is based on multiple steps of
relative humidity ¢ = 10 — 75 — 33 — 75 % to determine the couple (d1 ,a) . For each
experiment, the sensors have been placed according to the OED. Using these measures, a
cost function has been defined and minimised using an interior-point state-of-the-art algo-
rithm. The estimated moisture permeability coefficients are twice higher than the a prior:
values of the parameters, being a physically acceptable moisture diffusion resistance factor.
The advection parameter has been determined, corresponding to the air speed inside the
material of the order of v. = 0.01 mm/s, which is in accordance with the results from
other studies [7, 8.

To conclude, the values of the estimated parameters are close to the ones of a priori
parameters used for the search of the OED, validating the approach. Moreover, thanks
to the computation of the sensitivity function within the OED methodology, a probability
distribution function of the estimated parameters can be approximated at a lower com-
putational cost. As highlighted in Section 5, some discrepancies still remain between the
experiments and the numerical calibrated model, which motivates further research to be
focused on upgrading the physical model by considering the combined heat and moisture
transfer to improve the calibration. In addition, the assumptions on the vapour perme-
ability and advection coefficients may be revisited. An interesting improvement of the
methodology would be to consider both fields of relative humidity and average moisture
content measurements when solving the parameter estimation problem. In that case, the
sensitivity coefficient for both fields should be computed and the new results of the OED
methodology should be then analyzed.
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Nomenclature
Latin letters
a advection coefficient s/m]
d moisture diffusion [s]
c moisture storage capacity [kg/m?3/Pal
h vapour convective transfer coefficient s/m]
k permeability [s]
L length [m]
P, capillary pressure [Pa]
P, saturation pressure [Pa]
P, vapour pressure [Pa]
R, water gas constant [J/kg/K]
T temperature K]
v air velocity [m/s]
Greek letters
0 relative humidity [—]
p specific mass [kg/m?3]
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