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Abstract

This paper presents a thermal analysis method based on inverse heat
transfer to estimate moisture content. The inverse method is based on
numerical and experimental studies. A sand multilayer at different
moisture contents is thermally excited. Thermocouple probes are
placed at different depths within the sand and at the extremities of the
multilayer where temperature variations were recorded during the
experiment. Prior test results are model inputs and provide empirical
relationships between the thermophysical properties and the moisture
content. A numerical heat transfer model based on finite difference
approach associated with a Levenberg-Marquardt optimization

algorithm allows layers’ moisture contents estimation.
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List of Symbols
C Specific heat capacity JK_lkg_1
S Sensitivity
F Objective function
W’ Estimated moisture content set %
f Weighted residuals
m Mass kg
p Parameters array
T Temperature °C
t Time s
X Space (thickness) m
Greek Letters
At Time-step s
AX Space-step m
Ao Absolute error on moisture content %
o Thermal diffusivity m?s~!
€ Minimum user defined value
[0) Heat flux density Wm™?
A Thermal conductivity WK 'm™!
Aa LMA damping factor
p Density kgm_3

pC Volumetric heat capacity JK 'm™3
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Pdry Dry density kgm_3

® Moisture content %

Ot Saturated moisture content %
Subscripts

b Bottom

cal Calculated

[ Time index

ini or 0 Initial

] Space index

m Middle layer position index

meas Measured

ref Reference

sim Simulated

u Upper

1. Introduction

Measuring moisture content is crucial with any soil processes. In the
geothermal area, an optimal heat transfer between the medium and the buried
collectors, like ground source heat pumps (GSHPs) or borehole heat
exchangers (BHEs), is necessary, to exploit the efficiently renewable energy
of soil [1-5].

In ground heat pump applications, deposition or extraction of thermal
energy from the ground is accomplished by using a ground heat exchanger
(GHE) [6], whose operation induces simultaneous heat and moisture flow in
the surrounding soil. Thus, the energy efficiency of buried systems is directly

related to the soil properties including its layers and also to moisture content,
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which impacts the heat transfer. Therefore, thorough knowledge of the
intricate nature of soils related to coupled heat and moisture in the ground is
essential to both the design and operation of ground heat pump systems.
Recent papers dealing with the influence of soil moisture conditions on
ground heat pump performance have been published [7-9]. It was found that
the soil moisture content was a dominant factor responsible for seasonal
thermal conductivity variations. The effect of soil conditions and thermal
conductivity on heat transfer in ground heat storage was also demonstrated.
That is why, it is necessary to know not only the thermal properties for the
use of heat pumps from the ground, but also to measure ground water
content. As the thermal properties and water content of a soil are closely

related, it makes sense to study one by the other.

In different other fields, studies highlight the relation between moisture
content and heat transfer [10-14]. For optimal exploitation of the studied

systems, one should capture the media moisture distribution.

Several methods are available to measure moisture content [15]. Time
domain reflectometry is an available in situ method, as also is time domain
transmissometry. They are studied and discussed; their limits are mainly due
to their sensitivity to the soil salinity, calibration, and operator [16, 17]. The
neutron probe method is also an available method. Its limits are mainly due
to the high price and high risk [18]. Other methods, like ground penetrating
radar, tensiometers, or remote sensing, allow moisture content determination

or monitoring [19-21].

In addition to the cited methods, interesting thermal analysis based
methods exist. The dual (or multi) thermal probe is basically used to measure
the thermal properties (hot wire method) of a material, but has been adapted
to measure soil moisture content [22, 23]. The major interest of the method
is its ability to measure the moisture content near the surface. The method
disadvantages are the same as for the hot wire method. The measurement
uncertainties are mainly due to the wire dimensions or thermal inertia [24].

The thermo-TDR combines a heat pulse sensor (a thermal probe and a heat
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source) and a classic TDR. The advantage of this method is its ability to
measure more than one parameter at the same time. Thus, it was used to
measure soil water flux and pore water velocity [25]. As it combines the two
cited methods, this method also combines their disadvantages, such as sensor
dimensions and high soil salinity dependence. Other field methods rely on
thermal inertia to estimate the moisture content near the surface of bare soil
[26]. However, if the sensing is expensive, the method will be onerous,

cumbersome or not easy to use.

The actual work is based on inverse heat transfer analysis. A numerical
study has been performed (Section 2) before any experimental work (Section
3). The study considers a multilayered homogeneous configuration of the
tested soil (sand). Four separated layers at different moisture contents are
considered (Figure 1). They represent the vertical moisture content variation

in the multilayer. The moisture content noted below ® (%) or p, is imposed

constant parameter vertically and horizontally in each layer. This assumption
is discussed in the experimental part (Section 3). Prior tests are performed

to determine relationship between the sands’ thermophysical properties
(MW/m/K) : thermal conductivity and pC(J/K/m>): volumetric heat
capacity) and its moisture content ® (%). The actual method aims to

estimate the four mean moisture contents of the multilayer. It is based on the
temperature measurement at different positions during a test (Figure 1). The
theoretical and numerical studies are based on the heat transfer equation and
the finite difference method associated to the Levenberg-Marquardt
Algorithm (LMA): optimization algorithm. Their usual assumptions are
discussed later in Section 2. On one hand, the method uses a simple
experimental setup. On the other hand, it considers the only heat transfer to
estimate a mass transfer parameter. This makes the method easy to use, not
expensive and non-intrusive due to the thermocouples small dimension.
These are the major interesting points of the method. The method can be

useful in several application areas.
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Figure 1. Sample tested in a multilayered configuration.
2. Numerical Study

2.1. Numerical model

Heat transfer occurs only through unidirectional conduction, without heat
generation. This is due to the fact that the medium is supposed as solid,
homogeneous and non-transparent. This is also due to the establishment of
the experimental process, when for example, transversal sample’s dimensions
are greater than its thickness, or probes selected locations that allows to avoid
edge effects (refer to Figures 1 and 2, and Subsection 3.2). Note that in other
studies higher dimensions were considered for materials characterization
[27]. In this case (1-D), the heat transfer is determined by the heat conduction
equation (equation (1)). One can connect it to equations (6) and (7) (refer to
Subsection 3.1). Its numerical solution is described later. It is based on the
finite difference method suitable for our case study [28]

T Mo) O°T

&t~ pC(0) ol

(M

A multilayered horizontal material is studied (for the case of in situ
media - soils). The finite difference spatiotemporal discretization is applied
to the multilayer. The successive four layers are discretized along the

thickness into M nodes (j = 0, 1, ..., M). The space step between two nodes
is AX. The total test time is discretized into N intervals (i = 0, 1, ..., N). The
time step is At = 4s, which is also the temperature recording time step

during an experimental test. The heat transfer is unidirectional with no lateral

loss (more details in Subsection 3.2) through the thickness of the multilayer,
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where temperature evolution is simulated, after solving equation (1). 1-D
transfer was also confirmed by measuring soil temperature at positions other
than the middle of the soil layer.
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Figure 2. Tested multilayer and discretization details.

Numerically, we introduce the known initial condition, which is a one

column matrix: T (jAX). This is the initial temperature field through the
multilayer thickness, carefully defined from initial recorded temperatures and

noted Tjj. We also introduce the known two boundary conditions. Each

boundary condition is a one column matrix representing the temperature field
at the top: T, = T,(iAt), and at the bottom of the multilayer: T, = T,(iAt).

These Dirichlet boundary conditions make it possible not to have to rely on
the determination of the convection and radiation coefficient. The matrix
system of the finite difference method applied on the conductive heat transfer
depends on the thermophysical properties and dimensions of the sample (four
layers). Thus, it depends on the moisture content (four moisture contents
corresponding to each layer). Matlab® is used to solve the described
numerical model, and thus provides all the simulated temperatures.
Throughout the actual study, we are interested in the simulated temperatures
in the middle of each layer (Figure 2): (Tgm(MLiAt), Tgm(m2,iAt),
Tgm(m3,iAt), Tgm(md,iAt), where: i =1, ..., N). For simplification, they

are noted Tgmy, Tgm2s Tsmz and Tgmy, simultaneously.
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The location nodes ml, M2, m3 and M4 correspond to the nodes where

the temperature fields are recorded during a test (Subsection 3.2): Tyeagl»
Theas2> Tmeass and Tpeass. Continuity at the interfaces is assumed to be

established. A thin waterproof film placed between layers has a negligible
thickness (12um). Thus, their thermal resistance and heat capacity do not

affect the conductive heat transfer [29]. Particular attention is paid when
placing the films, so that additional contact resistances are avoided and
numerical assumption respected.

The results of the developed numerical model (simulated temperatures)
based on the finite difference method and the results of experimental tests
(measured temperatures) are both associated in a parametric estimation
algorithm. This allows moisture content estimation of every layer, by fitting
the simulated temperatures to the measured ones.

Thereafter, the parametric estimation method is described. The
connection is made between the numerical model and the parametric
estimation. The whole numerical process is explained.

2.2. Parametric estimation

In this study, we used the Levenberg-Marquardt algorithm (LMA). This
was first introduced by Levenberg [30], and developed by Marquardt [31]. It
is still being improved and adapted, in recent studies [32]. This algorithm has
now become a standard that has always provided good results in the actual
conditions.

The connection between the experimental results, the finite difference
numerical model, and the LMA leads to an inverse analysis model. The

initial parameter set “p,” is a vector of four mean moisture content values

(i.e., between 5% and 31.7%, please refer to Subsection 3.1). Numerically,
other tested initial parameters provide similar results. Thermal properties are
calculated from the parameter set “p” thanks to equations (6) and (7). This
allows to the numerical model to solve the heat equation (equation (1)) and to
simulate temperature through the medium thickness. Then the LMA
compares them to the measured temperatures, and tries at each step to
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minimize an objective function that we defined, noted F. In this work, the
objective function F set from a weighted least square is defined by the
following equations (2) and (3). This uses the four simulated and measured
temperature vector differences (Tmeasj = Tsmj> J =L, .-, 4). The LMA

checks for the stopping criteria and then it either proposes another parameter
set, or displays the last one found. Details about the algorithm are not
discussed here. For more information, please refer to previous work [33].
Figure 3 below presents an inversion analysis diagram:

Trmeasj — Taim j(p)
max(Tmeas j) = Min(Teas )’

F(p) =3 (F;(p)). 3
]

fi(p) = @)

where: j =1, .., 4 (nodesml, .., m4) and p: vector of parameters to

estimate (moisture content of each layer j).

In fact, the LMA is a descent method and uses both Jacobian and
Hessian. Elements of the derivative used in calculation are sensitive
parameters on which depends the choice of the descent direction and the
damping factor. Hereafter, the algorithm is explained step by step:

(1) Choose parameters initial values and an initial damping factor (A

generally equals to 10%); iteration 1 starts (i = 1).
(2) Calculate the Jacobian (iteration i).

(3) Check the current parameters (p;) optimality (all sensitive elements

are lower than a user defined value): Y/N = stop/continue.

(4) Find new parameters pj,; = pj + hyma (this last is the descent
direction).

(5) Compare F(pj;;) to F(p;) and then calculate the new damping
factor. If F(pj;)—F(p;j)<0, then choose a lower A 5 and go to step 2 else
choose a higher A 5 and go to Step 4.
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At the end of the calculation, the algorithm outputs the last parameters
set (four estimated moisture contents, one for each layer of the sample), as
well as the simulated and measured temperature fields. The graphs offer

information about the curve fitting and the objective function minimization.

Model inputs:
-Initial and boundary
temperatures:

P
Measured temperatures -Initial parameters :
at mlddle of the layers Po= O )
Trvess 1 Tmesn 25 Tens 25 Tmenss -Empirical equations :
pC(w); Mw)

Temperature simulation using
finite difference method:

T = T(X,1,p)

Extracting middle layer
temperatures: T, T, 2 .03 Tims

-Calculating residuals : Updating
Toim) = Teas; (iI=1...4) parameters
-Calculating objective

function: F(p).
-Minimizing objective
function: F(p)

Stop criterion at k"
iteration :

a) min F(p)<¢
b) Pt =P < Apmm
c)k=k,.,

No

| Print estimated parameters : p, |

Figure 3. Inverse analysis diagram.

In this work, numerical tests with the developed numerical model,
demonstrate that empirical relationships (equations (6) and (7): refer to
Subsection 3.1) [29] provide more precise results in comparison with the
previous studies results [34, 35]. This comes from the fact that in the actual

study, we used exactly the same material used by Chauchois while Kersten
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established equations for ranges of soils. Concerning the specific heat, there
is a significant similarity between the previous work results of Chauchois and
Laurent [29, 35]. Using their results, we obtain the empirical relationships
between the volumetric heat capacity and the moisture content. Therefore,
equations (6) and (7) are used to represent the thermal behavior according to

the moisture content.

From then on, we exploit the inverse heat transfer analysis for moisture
content estimation to carry out a sensitivity study. This provides information
about the reliability of the developed process and its settings, like the
minimum necessary test time, or minimum valuable parameters. Subsection
2.3 develops valuable information to take into account before the
experimental work. The approach uncertainty on moisture content estimation
is possible in case of destructive tests like in the actual study. However, when
using the actual approach for non-destructive in situ tests, the uncertainty on

estimation cannot be quantified.
2.3. Sensitivity study

In this work, a sensitivity study was numerically achieved, before
starting the experimental part. This study focuses on the impact of a
parameter, one among the four moisture contents to be estimated, variation
on the simulated temperatures. If a parameter variation induces slight
variations in the simulated temperatures, then this implies that the model is
relatively insensitive to tested parameter. So its estimation will be difficult.
In addition, this study provides an optimal test time for which a satisfying
numerical model’s sensitivity is obtained as well as simultaneous parameters
identification. It is also necessary for the optimal test time window to have
LMA valuable inputs (temperatures) and good parameter estimation

(moisture contents of the four layers).

To carry out the actual sensitivity study, we consider a simple problem.
In fact, the initial constant temperature is imposed through the material:

Tini = 20°C. Boundary conditions arise from instant t;, which remains
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constant during the test: T, = 20°C, Ty, = 23°C. Other initial and boundary

conditions were tested and similar results were found. From the bottom to the

top, the moisture contents of the tested layers are: ®; = 20%, w, =15%,
o3 =10% and wg4 = 5%. These moisture content variations from one layer

to another give rise to variation in thermophysical properties (refer to
equations (6) and (7)). After the first 1800 time steps, a steady state is

established. This corresponds to the useful time window (7200 seconds).

The sensitivity is expressed as follows (equation (4)):

Sy =T | @

where j =1, ..., 4 (corresponds to the four layers).

The derivative is numerically calculated by varying the parameter o;

around its nominal value. The graphs in Figures 4.1 to 4.4 represent the

temperature sensitivity functions in relation to the tested parameters j.
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The downstream and upstream temperature fields of a considered layer
are impacted by the imposed variations on moisture content. The effect
decreases with the distance. The nearest nodes to heat or moisture content
variations are the most sensitive. The distant nodes undergo less variation
than the first ones. For the actual considered heat excitation, the graphs show
that the steady state is almost reached in 6000 seconds. The sensitivity curves
are then all parallel to the X-coordinate. After this time window, no more
additional relevant information is provided. In the first part of the test (i.e.,
from 0 to 2000s), the sensitivity curves behave differently, and suggest non-
significant correlation between the parameters to be estimated. After this
(i.e., from 2000 to 6000s), the sensitivity curves tend to be proportional. This
part of the test is used to consolidate the parameter estimation, because the

temperature changes are related to the parameters, relationships.

A statistical approach is used to test the correlation between parameters.
Thus, uncorrelated and randomly normally-distributed variables are defined

around moisture content reference values of the four layers (i.e., 20%, 15%,
10% and 5%). These variables are noted W = (0;m,m304 )t. Temperatures
were simulated for each vector W, using the same initial and boundary

conditions. An inverse process using these simulated temperatures

allows parameter estimation. The estimated parameters are noted W' =

(0|whwiwy ). The covariance matrix of W' is calculated (equation (5)).

Parameter correlation is discussed. This is based on matrix elements

comparative study

108.53  9.87 0.04 0.63
987 9824 377 —1.13
0.04 3.77 494 -023]
063 —-1.13 -023 1.13

COV(W') =1073 Q)

From equation (5), one can note that the covariance matrix is positive-

definite (positive eigenvalues). This means that no notable linear relationship
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exists between the estimated parameters. The relatively low values of the
non-diagonal covariance matrix elements support this conclusion. The
sensitivity study has demonstrated that the developed model is sensitive to all
parameters, and the method allows simultaneous parameters estimation. The
parameters are the four layers non-correlated moisture contents. It also has
demonstrated that at least the first 1500 iterations are needed to perform a

correct test. This corresponds to a minimum test time of 6000s.

Temperature measurement noise can influence on the estimation. Thus, a
temperature standard deviation of 0.04°C due to a normal distributed noise is
taken into account to make three series of 100 numerical tests. The moisture

content maximum standard deviation on the four parameters (o j-; . 4) is

equal to 0.23%. Thus, for calibrated thermocouples (+/-0.1°C), fluctuation
temperature can lead to a maximum deviation of 0.7% on moisture content
estimation. One can see that the reasonable but real supposed noise on

temperature does not affect significantly the parameters’ estimation.

Sensors placement, layers load and setup movement can lead to
positioning errors determined to be +/-lmm maximum (+/-5% in terms of
relative error). One can note that for larger dimensions this relative error is
lower and consequently estimation errors too. To define the influence of
these errors on parameters’ estimation, a simulation has been made under a
temperature gradient for different cases. The results are summarized in Table
1. One can see that the error on thermocouple positioning is amplified by the
fact that its position is near from the heat source (multilayer bottom where

Ty = 23°C). This is confirmed by the high relative errors on the first
moisture content ®; due to positioning error at the middle of the first layer.

This study shows that a maximum uncertainty of 0.51% on moisture content

estimation due to thermocouple positioning has to be considered.
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Table 1. Estimation errors due to the thermocouples positioning error

Layer Erroron  Relative error ~ Relative Relative Relative ~ Maximum
number thermocouple on (%) error on €r1or 0N €I70r 0N absolute
position (mm) 7 (%) 03(%) ©4(%) error (%)

1 +1.00 4.56 1.81 1.56 0.81 0.23

1 -1.00 5.43 1.94 1.43 1.02 0.27

2 +1.00 1.37 3.59 1.61 1.22 0.36

2 -1.00 1.52 4.78 2.12 1.30 0.48

3 +1.00 1.09 1.99 2.59 1.52 0.39

3 -1.00 1.02 2.18 3.02 1.74 0.45

4 +1.00 0.95 1.22 2.01 2.55 0.51

4 -1.00 1.03 1.51 2.08 2.56 0.51

3. Experimental Setup

3.1. Material prior characterization

The moisture content obviously influences the heat transfer through a
granular medium. It directly impacts the thermophysical properties of soils
[29, 36-41]. The devising of a method capable of linking the thermophysical
quantities of the soil to its water content is therefore important, since these

parameters appear to be closely interconnected.

Relationships between the tested sand water content (@(%)) and its
thermophysical ~properties (M(W/m/K): thermal conductivity and
pC(J/K/ m3) : volumetric heat capacity) were established in previous works

in our laboratory, and are used in this study [29] (equation (6) and equation
(7) defined for moisture contents greater than 5%). These empirical
relationships are comparable to those cited in the literature [34, 35] (refer to
Table 2)

pC(®) = —269.13 - 0> +35.25-10° -  + 130.67 - 10%, (6)

Mo)=-8-10* 0> +6.84-107 - @ +8.82-1072% (7)
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Table 2. Thermophysical properties related to moisture content

o (%) 0.00(dry)

A_Chauchois  0.25
(W/K/m)

A Kersten N/A
(W/K/m)

C_Chauchois 737
(J/K/kg)

C_Laurent 770
(J/K/kg)

05.0
1.20

1.23

929

898

10.0
1.50

1.56

1058

1026

15.0
1.70

1.76

1152

1154

20.0 25.0
1.90 2.10
1.89 2.00
1249 1402
1282 1409

31.7(saturated)

2.20

2.12

1593

1581

Table 3 and Figure 5 show some characteristics of the used sand.

Table 3. Sand properties

Fine sand Fineness modulus

Dry density

Moisture content at

M i 9
M) (vd)(kg/m3) saturation (®ggt ) (%)
(0/0.45) 12 1700 31.7
GRAVEL SAND LIMON
Coarse  Medium Fine
—~ 100
= g0 N
2 a0
(]
8 60
o 50 \
g 40
S 30 \
g 20 \
o 100 \-.
1 1 0.1 0.01

Sieve size (mm)

Figureb5. Sieve analysis graph of the tested material (fine sand).

3.2. Experimental tests

The experimental instrumentation consists of a tested multilayered

material equipped with thermocouples, a flat heating resistance, a cold

junction terminal block for differential measures, a data logger, and a control

computer (Figure 6.1).
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Cold junction terminal
block (with Pt100 for 4{ 10313 Logger
reference temperature) (Keithley 2700)

The rmocouplas
Type T B

Control Computer

Resistance

Figure 6.1. Experimental setup.

Thermocouples

type T Layer 4 (Upper)
Polystyrene sand at o,(%)
guard ring Layer 3
sand at (%)
Waterproof Layer 2
thin film sand at v,(%)

Layer 1 (Bottom)
sand at v,(%)

Figure 6.2. Tested multilayer details.

The multilayer is made of four thin layers of sand (2cm thickness)
separated by a thin (12pm thickness) waterproof film. Layers placed

horizontally are at different moisture contents (o), ®;, 3, ©4) =
(20%, 15%, 10%, 5%). These different moisture contents are achieved by

wetting and mixing dry sand (stable weight reached after 7 days in an oven at
105°C), after adding different amounts of water. The different moisture
contents were defined by mean of a gravimetric method using a 0.1g
precision balance. During the sample preparation, the mean absolute error
due to weighing and positioning is up to 0.5% (assumed after increasing the
cumulated errors of balance, moisture loss after a test and supposed setup
movements). The layers are arranged in decreasing order of moisture content,
from the bottom to the top. Each layer is inserted in a 2cm thickness
polystyrene guard ring. This maintains sand, and limits lateral heat losses.
Thus, a unidirectional heat transfer is guaranteed. Introduction of the sand
in its guard ring is made in two parts. The first one is to fill in the first
centimeter layer thickness without compaction on the whole surface
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(25 x 25cm2). The thermocouple is inserted in the middle of the layer. After

that, the second centimeter layer thickness is filled, following exactly the
same procedure as the first centimeter, with the same material and the same

moisture content. This ensures correct positioning of the thermocouple
centered in the middle of the layer volume (25 x 25 x 2cm3). The same

process is repeated for the three other layers. T-type thermocouples allow
the temperature field to be recorded at the middle of each layer
(Trmeast> Tmeas2> Tmeas3 @1d Trpeasa)- A thin (12um - thickness) waterproof

film is placed at the layers’ interfaces. This prevents layer water exchanges
and losses, either liquid or vapor. Thus, it enables an established heat
transfer, and a limited mass transfer. Table 4 shows the layer mass evolution
during a 12-hour test. This is the maximum test time to prevent likely mass
transfer occurring even under low temperature gradient of 3°C. The weight
loss and moisture content deviation low values allow us to consider layers’

constant mean moisture contents. A thin film also separates the bottom layer,
and the heating resistance (25 x 25cm2, 19.2Q). The upper layer is in direct

contact with the ambient air. These two last boundaries are equipped with
T-type thermocouples in the middle surface at the top and the bottom. They
allow us to record temperature fields at the extremities (boundary conditions:

T, and T,) (Figure 6.2). The heating resistance is placed under all layers of

the tested sample and on an insulating base, which directs the main heat flow
dissipated by the resistance to the top, in the direction of the multilayer. This
base consists of a Polyurethane plate (Scm thickness) and PVC plate (1cm
thickness), which offers a flat surface to the setup establishment. This
experimental setup configuration (polystyrene guard ring, thin waterproof
film, and heat source dimension equal to those of the samples ...) allows a
unidirectional heat transfer. This was inspired by several standards, like
ASTM C 1363-05 and ISO 8990.

The thermocouples are non-insulated junction type T: copper/constantan
(0.08 x 2mm diameter or 2x40 American wire gauge); Class 1 referring to
EN 60584-2 with a tolerance of +/-0.5°C within the temperature range-40 to
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125°C. The thermocouples’ temperatures observed deviations were inferior
to 0.1°C compared to a calibrated thermometer (Pt100 WIKACTH 6500
0.03°C precision probe). They are connected to a cold junction terminal
block. A Pt100 resistance thermometer is also connected to the block, to
provide a reference experimental temperature, which is necessary for
differential measurement. The purpose of using a differential measurement
terminal block is to overcome possible temperature fluctuations at the data
logger card.

The data logger is a multimeter scanner (Keithley 2700) fitted with a
multiplexing card for measuring, and with two voltage output dedicated
channels. One of the two channels stimulates the heating resistance via a
power amplifier. The scan time is the same as time step used in the numerical

study which is equal to 4 seconds for all performed tests.

A computer interface allows communication with the data logger and the

power amplifier. It stores and prints the acquired data.

Table 4. Layers mass evolution during one of 12 hour tests at different

moisture contents

Mean moisture content values (%) 5 10 15 20
Mass before test (g) 5312.4 5485.2 5750.1 6037.5
Mass after test (g) 5308.1 5479.1 57353 6017.4
Weight loss (%) 0.07 0.11 0.26 0.33
Absolute moisture content deviation (%) 0.08 0.03 0.03 0.04

The six measured temperature fields (T, Teasl> Tmeas2> Tmeas3» Tmeasd
and T,) during a test are numerically exploited. The next section presents

and discusses the results.
4. Results and Discussion

The numerical study associated with the experimental procedure leads to
an inverse heat transfer analysis. This section presents and discusses the

results of the whole process.
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Previous studies allow us to define the relationships between the

thermophysical ~properties (A(W/m/K): thermal conductivity and

pC(J/K/m?>) : volumetric heat capacity) and moisture content: «(%). These

results (equations (6) and (7)) were used in the current study. It is worth
recalling that these relationships are only valid for @ > 5%. These empirical
relationships were introduced in the inverse heat transfer analysis. This
allows the parametric estimation to deal with the four moisture contents of
the tested layers, and not directly with their eight thermophysical properties.

Thus, the optimization is improved, and the estimation errors are reduced.

A test campaign is a series of tests conducted on a sample using the
experimental setup. In the campaign, four distinct tests were performed. The
sample is a multilayer consisting of 4 layers at different mean constant

moisture contents. From the bottom to the top: ®; = 20%, ®, = 15%,
®3 ~ 10% and ©4 ~ 5% (Ao = +0.5%). The test campaign aims to record

the temperature fields at the middle of each layer of the sample and also at its
ends (boundaries). From the bottom to the top of the multilayer, the

measured temperatures are: Ty, Tmeasl> Tmeas2> Tmeas3s Tmeasa and T,. The

thermal loads resulting from the flat heating resistance consist of randomly
selected heat flux sequence levels. This allows the applicability of the device
to be determined regardless of the excitation, and suggests in situ
applications (Figure 7). The measurements are numerically exploited. This
allows temperature simulation in the middle of each layer. Then the LMA
operates for parameter estimation (the four layers’ moisture contents: refer to

Figure 3).
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Figure 7. Heat flux delivered by the heating resistor during the presented
test.

The following figures and tables summarize the test results. For clarity,
the details of one test among others are presented in Figure 8. Tables 5 and 6

show the moisture content reference values (o ), calculated moisture

contents (g ) and estimation errors.

Table 5. Results of one of the four tests: statistical indications about Figure 8

Position ml m2 m3 m4
26 10.5 5.9 8.3 7.7

Max(Tgim - Tineas) (107 °C)
2.2 1.1 1.7 1.7

Standard deviation (1072 °C)

Table 6. Results of one of the four tests: moisture content values and
estimation errors

Test time Oref ®cal Absolute Relative
Layer number
(hours) (%) (%) error (%) error (%)
1(bottom) 20.00 20.28 0.28 1.41
2 15.00 16.38 1.38 9.18
2.66
3 10.00 11.00 1.00 10.02

4(top) 5.00 5.08 0.08 1.66
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Figure 8. Results of one of the four tests: simulated after optimization and
measured temperatures at the four nodes m1, m2, m3, md.
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For a good parametric estimation, we take into account a minimum value
of the moisture content, and a good initial temperature representation.
Sequence levels of thermal load delivered by the heating resistance are used.
For information about the thermal load type, refer to Figure 7. The optimized
time (6000s) is learned from the sensitivity study. Table 7 summarizes the

tests series (4 tests were conducted, one after the other) results.

Table 7. Test results: mean values of the four tests

Position Oref ®Ocal Absolute Relative
(%) (%) error (%) error (%)
ml 20.00 20.37 0.37 1.86
m2 15.00 15.80 0.80 5.35
m3 10.00 10.40 0.40 4.00
m 5.00 4.40 0.60 12.05

The presented results show a good parametric estimation, in light of the
low relative error values. A good curve fitting is related to this parametric
estimation. Table 7 shows that when the moisture content is close to or below
the minimum moisture content threshold (5% at position M), the empirical
relationships (equations (6) and (7)) are no longer representative of the
moisture content evolution related to the thermophysical properties. In this
case, the estimation of this parameter is more difficult. Thus, it is estimated
with high relative errors (> 12%). We consider the estimation on the whole
tests campaign to be satisfactory. The well measured and simulated
temperature curves fitting provide an appreciation of the objective function

minimization.

Remember that errors on moisture contents estimation are possible to be
determined in the actual work but in a non-destructive test this will not be
possible or one must use another method for comparison. However, the worst
scenario can be supposed in the actual study to cumulate all above analyzed
errors: weighing and setup positioning (0.5%), temperature noise (0.7%),
thermocouple positioning (0.51%), and maximum estimation error (1.38%).

Thus, the maximum global absolute error on moisture content estimation in
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the present case study case is 3.09%. This value is comparable to accurate
moisture content instruments. An identical error analysis should be

performed in other case studies.

5. Conclusion

The article presents a conductive thermal diffusion analysis for moisture
content characterization. This method is applied here on fine sand, which is a
homogeneous, stable, thermally reversible, and easy to use.

First, to apply the method, we needed prior tests to determine the
relationship between the thermophysical properties (thermal conductivity and
volumetric heat capacity) and water content of the sand. Then, by an inverse
heat transfer analysis through the tested sample, we estimated the different
moisture contents. This method is applied to a multilayer of 4 sand layers at
different moisture contents (5%, 10%, 15% and 20%), separated by a thin
waterproof film. The inversion algorithm implementation is based on a 1-D
finite difference method. The algorithm exploits the temperatures measured
by four thermocouples in the middle of each layer. The moisture contents
were estimated with satisfactory relative errors of 1.86% to 5.35%. For the

driest (w4 ~ 5%), the mean relative error is higher (i.e., 12%). In this case,

the correlation between thermophysical properties and moisture content
reached its validity limit.

In this work, we consider watertight layers. The moisture content is
supposed to be uniformly distributed in the thickness of each layer. We now
plan to study a multilayer with continuously varying moisture content. To do
this, we can include in the heat transfer simulation algorithm a function
describing the spatial (1-D) variations of the moisture content. The aim is to
deal with moisture content monitoring, and to reach an in situ stable
application of the method.
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