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Abstract: Cirina forda caterpillars are a significant protein source in Central Africa, yet their preservation and

consumption pose challenges. This study investigates the drying of Cirina forda caterpillars to enhance preservation

methods and product quality. Caterpillars were subjected to drying experiments at temperatures ranging from

40◦C to 70◦C, using tunnel and oven dryers. The drying kinetics was analyzed using mathematical models,

revealing a water diffusion-limited mechanism in all the tested conditions. The Newton model provided adequate

estimations of the drying behavior, facilitating further practical dryer design. Shrinkage analysis indicated a

two-step process independent of the drying conditions. Achieving a moisture content suitable for prolonged

storage resulted in substantial volume loss, highlighting the challenges of preserving dried caterpillars. These

findings shed light on how to optimize drying processes for Cirina forda caterpillars, crucial for sustaining protein

sources in Central Africa.

Keywords: solar drying; cirina forda; drying kinetics; shrinkage; diffusion

1. Introduction

Insects are consumed since the prehistoric period and around 2000 insect species are globally con-
sumed nowadays, principally Coleoptera (31%), Lepidoptera (18%), Hymenoptera (14%), Orthoptera
(13%), and Hemiptera (10%). These are consumed by 2 billion people, in particular in Asia, Africa and
Latin America [1]. Insects are consumed at distinct life stages: eggs, larvae, pupae or adults [2]. With
a low demand for land, water and a better feed conversion than traditional farmed animals, insects
provide a large amount of suitable energy, fat, and protein [3–5]. The growth in world population
is causing an increase in the global demand for food, in particular of proteins sources, mainly in
developing countries [5]. In 2050, the global human population is predicted to reach 9 billion. In this
regard, edible insects present a sustainable protein source [5,6].

The literature reports that dead insects can undergo some processing for their preservation or
consumption, such as drying, toasting, frying, roasting or boiling [7–10]. Drying makes seasonal
insects available all year round. Sun drying is the most common process applied to the edible insects
in Africa after their collection in the wild [10]. This drying is mostly based on purely empirical habits.
Yet, the drying conditions have an impact on the quality of the final product. Some research showed
that the processing method affects the nutritional potential of edible insects by changing the nutriment
proportions, protein digestibility, and the amino acid and vitamin content [8,9,11,12]. Moreover, the
process of the drying can induce a shrinkage of the product, that can have an impact on the drying
dynamics as well as on the final product properties (size, shape, porosity...) [13].

The knowledge of the characteristics of the drying of a given product allows the design and
the control of an efficient process, leading to an enhanced and more reproducible final product. In
recent years, there has been an abundance of scientific production on edible insects but very little on
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the characterization of their drying [9,14] and even less on the shrinkage dynamics. Loss of water
and heating during drying can cause volume reduction of foodstuffs, due to important stresses in
the cellular structure leading to change in shape and decrease in dimensions [15]. The parameters
controlling this shrinkage are not correctly identified for insects. Yet, this shrinkage can both impact
the kinetics and the final product acceptance by the consumer [16].

Consequently, there is a lack of information on the drying of many edible insects, such as Cirina
forda. However, Cirina forda caterpillars are one of the most consumed caterpillars in Central Africa.
Traditionally, the caterpillars are dried in the open air under direct solar irradiation. This method has
several disadvantages for food products, such as uncertain drying time, high labor cost, the need for
large areas, risk of infection by insects or microorganisms, presence of other foreign bodies, etc. All
these can cause a poor quality of the final product [17] and a reduced guarantee of revenue for the
producer. To overcome these problems, it is necessary to develop dryers that ensure a better control of
the process and, thus, of the product quality [18]. Designing a dryer requires mastering the drying
characteristics of the product of interest.

Therefore, the aim of this work is to provide and understand the characteristics of Cirina forda
drying by measuring the drying kinetics and the evolution of the size of Cirina forda caterpillars over
time. Simple mathematical models based on strong physical assumptions are used to simulate the
experimental behavior and propose first basic explanations of the phenomena controlling the drying
kinetics of these caterpillars. To propose such a first explanation, a follow up of the size of the insects
at different stages of the drying is realized.

2. Materials and Methods

2.1. Material: Cirina Forda Caterpillars

Living caterpillars were purchased from the market in Kinshasa, Democratic Republic of Congo.
They were packed in sealed plastic bags and stored at -20◦C until use. Just before use, the caterpillars
were left overnight to thaw at room temperature.

2.2. Measurement of the Dry Matter Content

In parallel with each drying experiment (see below), the dry matter content of the caterpillars was
evaluated by the oven method at 105◦C. A sample with an initial mass M0 of around 6 g was placed in
an oven at 105◦C and weighed every 24h until a constant mass M f was obtained.

The initial moisture content of the sample X0, expressed in a dry basis (kg of water per kg of dry
matter), was calculated by:

X0 =
M0 − M f

M f
(1)

This analysis was done in triplicate.

2.3. Drying Experiments

Drying experiments of caterpillars were carried out in two different set-ups:

1. a tunnel dryer developed by Spreutels et al. [13]. This device allows a drying with well-controlled
local conditions and an in situ mass measurement. However, this device is limited to a maximal
drying temperature of 60◦C.

2. an oven dryer with less controlled conditions and manual mass measurement that requires to
take the sample out of the drying chamber for each measurement but that allows temperature
above 60 ◦C. This set-up is used to extend the tested conditions to 70◦C.

In the tunnel dryer, a fan generates an air flow of 20 Nm3.h−1, corresponding to an air velocity of
approximately 0.5 m.s−1 around the sample. This air flow is brought to the desired temperature by a
heating resistance controlled by a regulator coupled to a thermocouple. The air enters the tunnel to
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dry the sample that is placed on a plate connected to a Sartorius ENTRIS22021-1S weighing balance.
This balance measures and records the mass of the sample every 10 minutes. A multimeter Testo 400
records the humidity and the temperature of the air a few centimeters downstream of the sample
during the drying. For each experiment, a sample of three caterpillars (around 6 g) was placed on the
balance. They were dried at a constant temperature during the whole experiment. Tests were realized
at 40, 50 and 60◦C. The sample was allowed to dry until no significant loss of its mass was recorded for
at least 30 minutes. By night, tests were interrupted. Samples were sealed in aluminium and placed a
dessicator overnight. Each drying condition was tested in duplicate.

For the tests in the oven dryer, a sample of around 30 g of caterpillars was placed in an oven on
a tared support. The sample was weighed after every hour. Tests were realized at 60 and 70◦C. The
sample was allowed to dry until no significant loss of its mass was recorded for at least 2 hours. Each
drying condition was tested in duplicate. Complementary tests for shrinkage measurements (without
kinetics analysis) were also performed in duplicates at 50◦C.

2.4. Moisture Content, Moisture Ratio and Drying Rate Calculations

For each drying experiment, the moisture content of the sample at time t, written Xt, expressed
in dry basis (kg of water per kg of dry mater), was calculated based on its measured mass at time t,
written Mt, and on the value of X0 determined in parallel by the oven method:

Xt =
Mt(1 + X0)

Mt=0
− 1 (2)

The moisture ratio of the sample at time t, written MRt, was calculated as:

MRt =
Xt − Xeq

X0 − Xeq
(3)

where Xeq is the moisture content of the sample at the end of the drying (i.e., when equilibrium is
reached between the sample and the drying air).

The drying rate Jt = −dXt/dt (in kg of water evaporated per unit of time and per kg of dry mater
in the sample) was estimated using the Savitzky-Golay method for the first derivative, with a window
size depending on the considered time step summarized in Table 1 [19].

Table 1. Savitzky-Golay method for the first derivative used to estimate the evaporation rate J with ∆t
is the time interval between two measurements (10 minutes for the tunnel dryer and 1h for the oven
dryer).

Time step Windows size Equation Jt =

First and last None 0

Second and second-to-last 3 1
∆t (−Xt−∆t + Xt+∆t)

Third and 5 1
12∆t (−Xt−2∆t + 8Xt−∆t

third-to-last −8Xt+∆t + Xt+2∆t)

Forth 1
252∆t (−22Xt−3∆t + 67Xt−2∆t

and 7 +58Xt−∆t − 58Xt+∆t
forth-to-last −67Xt+2∆t + 22Xt+3∆t)

1
1188∆t (−86Xt−4∆t + 142Xt−3∆t

All other 9 +193Xt−2∆t + 126Xt−∆t
time steps −126Xt+∆t − 193Xt+2∆t

−142Xt+3∆t + 86Xt+4∆t)
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2.5. Modeling of the Drying Kinetics

Three different classical thin layer drying models were tested against the experimental results.
Two of them, giving the most relevant results and interpretation, are presented here. The third on
(Page model) is presented and shortly discussed in appendix B.

The first and simplest model of this category is the Newton model. It is based on the assumption
that the evaporation rate is directly proportional to the water content:

dXt

dt
= −Jt = −kXt (4)

where k (s−1) is a kinetic constant, sole parameter describing the global timescale of the drying.
Integrating equation 4 gives:

MRt = exp(−kt) (5)

The second model is a variation of the Newton model, the Henderson and Pabis model [20]. This
model generalizes equation 5 by multiplying the righthand side by a dimensionless constant a:

MRt = a exp(−kt) (6)

The physical interpretation of the Henderson and Pabis is limited. Nevertheless, such an expres-
sion of the moisture ratio over time can be obtained when solving an equation describing the diffusion
of water in a porous slab of thickness H0, with an effective diffusion coefficient Deff (m2.s−1), and
keeping only the first term of the series giving the exact solution of the equation, yielding [21]:

MRt =
8

π2 exp

(
−4π2Deff

H2
0

t

)
. (7)

The error induced by neglecting the further terms of the series when compared to the exact
solution of the diffusion equation is below 1% when t > 0.123H2

0 /(4Deff).
Expressing the model as a diffusion one allows further physical interpretation. In particular, the

influence of the temperature on the effective diffusion coefficient can often be expressed following an
empirical Arrhenius law:

Deff = D0 exp
(
− Ea

RT

)
(8)

where Ea is an activation energy (J.mol−1), D0 is a pre-exponential factor (m2.s−1), R is the ideal gaz
constant (8.314 J.mol−1.K−1) and T the drying temperature (K).

2.6. Shrinkage Measurement

The length L, width W, and thickness H (all in mm) of the caterpillars at different stages of their
drying were measured using a digital caliper (Figure 1). The distance from the tip of the head to
the tail was taken as the length. Positioning the caterpillar with its feet on a horizontal surface, the
width and thickness are respectively defined as the horizontal and vertical sizes of the caterpillar in
the plan perpendicular to the length (see Figure 1). W and H were estimated based on the average of
measurements at the head, mid-body and tail of the caterpillar. 30 fresh caterpillars were measured to
characterize their geometry. For dried samples, 10 insects randomly selected were monitored during
their drying in the oven, and average values of L, W and H were determined at different drying times.
The volume V of a caterpillar was estimated by taking the product of the three measured dimensions:

V = LWH (9)
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Figure 1. Dimensions of Cirina Forda caterpillar. Left is the side view. Right is the top view.

2.7. Modeling of the Shrinkage

Shrinkage during air-drying is typically illustrated by plotting the dimensionless volume ratio
(Vt/V0) (i.e., the ratio between the volume at time t and the initial volume) as a function of the moisture
ratio MR.

If the volume of solid is constant over time and if the fluid volume (initially assumed to be fully
composed of water) decreases monotonically during the drying with a constant fraction α of the
volume of the evaporated liquid yielding a volume of gas staying inside the sample, the link between
the volume ratio and the moisture ratio writes (see appendix C):

Vt

V0
= 1 − ϵ0(1 − α)(1 − MRt) (10)

where ϵ0 is the initial porosity of the sample, estimated as the initial volume of water in the sample
divided by the initial total volume of the sample.

The porosity ϵt of the sample at time t is the fraction of the total volume of the sample that is
occupied by fluid (gas and liquid). Following the same assumptions as for the evolution of the volume
ratio with the moisture ratio, the porosity as a function of the moisture ratio writes (see appendix C):

ϵt = ϵ0
α + (1 − α)MRt

1 − ϵ0(1 − α)(1 − MRt)
(11)

If a linear relationship between MRt and Vt/V0 is indeed observed experimentally, equation (10)
indicates that the slope of the line is ϵ0(1 − α), while its value at MRt = 0 is equal to 1 − ϵ0(1 − α), so
that their sum should be equal to 1. Knowing the initial values of the volume, mass, and water content
of a sample, an estimate of ϵ0 can be calculated and a value of α can be further deduced. Equation (11)
can then be used to estimate the evolution of the porosity of the sample as a function of MRt.

2.8. Fitting of the Models

The k parameter appearing in equations (5) of the Newton model and (6) of the Henderson and
Pabis model (with a fixed at a value of 8/π2) were obtained, for each drying experiment, by a linear
least-square fitting of ln(MRt) as a function of t. To limit the impact on the fitting quality of the high
relative error on the experimental values of MRt at low moisture content, only data for MRt > 0.2
were taken into consideration for the fitting.

Both coefficient of correlation (r2) and the root mean square error analysis (RMSE) were used to
evaluate the quality of the fitting [14]:

r2 =
∑N

i=1
(

MRpre,i − MRexp
)2

∑N
i=1
(

MRexp,i − MRexp
)2 (12)

RMSE =

√√√√∑N
i=1
(

MRpre,i − MRexp,i
)2

N − p
(13)
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where MRpre,i is the predicted value of MRt at time i, MRexp,i is the measured value of MRt at time
i, MRexp is the average of the experimental values of MRt, N is the number of values and p is the
number of adjusted parameters. The statistical analysis was done with Excel 2010 and Matlab R2023a.

Using the Henderson and Pabis model, the value of the effective diffusion coefficient Deff can be
deduced for each experiment from the value of k, knowing the initial thickness H0 of the caterpillars.
Then, the activation energy Ea can be estimated by a linear least-square fitting of the plot of log(Deff)

as a function of T−1 (see equation 8).

3. Results

3.1. Initial Sample Properties

Cirina forda dimensions and water content prior to drying are presented in Table 2.

Table 2. Initial dimensions and water content of Cirina forda larvaes based on 30 initial samples).

Property Average Standard deviation

Length L0 (mm) 43.3 4.9

Width W0 (mm) 6.11 0.73

Thickness H0 (mm) 6.04 0.81

Volume V0 (mm3) 1612 610

Moisture content X0
(kgwaterkg−1

drymater)
3.35 0.19

3.2. Drying Curves

Figure 2 (left) presents the experimental drying curves with the evolution of the moisture ratio as
a function of the time, for the different drying temperatures, while Figure 2 (right) presents the drying
rate Jt as a function of the water content Xt of the sample. For the test at 40◦C in the tunnel dryer, the
total duration of the drying is of 60h. The last 30h are not shown on Figure 2 (left) for clarity of the
figure.

At 60◦C, both the oven and the tunnel dryers were tested. We see in Figure 2 that they show
similar results although the oven gives a slightly faster drying during the second half of the drying,
leading to the prediction of a 12% shorter total drying time. This difference is mostly attributed to the
lower control of the local conditions inside of the oven compared to the control in the tunnel. We can
nevertheless conclude that it is relevant to group all the drying results, at the different temperatures,
on a same figure.

Figure 2 (right) shows that, in all the tested conditions, the drying of Cirina forda caterpillars is
characterized by the absence of a constant rate period, as Jt monotonically decreases with a decrease of
Xt. Therefore, we can assume that this drying is controlled by internal transport mechanisms, rather
than external ones. This was also observed for many food products, including some insects, such as
yellow mealworm [14].
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Figure 2. Black symbols correspond to tests in the tunnel dryer while gray symbols correspond to tests
in the oven dryer. Each symbol corresponds to a given drying temperature. (left) Moisture ratio MRt

as a function of time. (right) Drying rate Jt as a function of the solid water content Xt.

3.3. Modeling of the Drying Kinetics

Table 3 presents the identified value of k for both the Newton and the Henderson and Pabis
models, with a pre-exponential factor fixed to 8/π2 for the latter, along with the corresponding r2

and RMSE. The Newton model offers, in all the tested conditions, a better fitting, with a good level
of accuracy (lowest r2 at 0.979 and maximum RMSE at 0.055). Appendix B also present the results
obtained with the two adjustable parameter Page empirical models. The gain of offering a second
degree freedom in parameter adjustment is marginal as the r2 are only slightly higher. In Appendix A,
Figure A1 illustrates the fitting obtained with the Newton model.

The good quality of the fitting with both the Newton and the Henderson and Pabis models
highlights that, in all the tested conditions, the drying seems to be limited by the same, diffusion like,
set of transport phenomena, with some minor effects inducing a deviation from the analytical solution
of the diffusion equation. Possible effects might, for example, be shrinkage and/or deformation of the
insects during their drying.

As expected when looking at the drying curves in Figure 2 (left), the value of k significantly
increases with the temperature.
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Table 3. Identified values of k (with a = 8/π2 for the Henderson and Pabis model) and the correspond-
ing statistics for the two tested models at different temperatures.

Experiments Parameter Newton Henderson and Pabis

40◦C in tunnel
k (h−1) 3.7 4.4

r2 0.998 0.968
RMSE 0.021 0.099

50◦C in tunnel
k (h−1) 5.8 7.0

r2 0.985 0.971
RMSE 0.055 0.091

60◦C in tunnel
k (h−1) 11.7 13.8

r2 0.987 0.974
RMSE 0.050 0.089

60◦C in oven
k (h−1) 12.3 15.2

r2 0.988 0.963
RMSE 0.049 0.107

70◦C in oven
k (h−1) 19.2 23.4

r2 0.979 0.967
RMSE 0.075 0.115

3.4. Effective Diffusion Coefficient and Activation Energy

As mentioned previously, the values of the effective diffusion coefficient Deff were deduced from
the values of k obtained using the Henderson and Pabis model, knowing the initial thickness H0 of the
caterpillars. Figure 3 gives the value of the logarithm of Deff as a function of the inverse of the product
of the temperature T and the ideal gas constant R. The good quality (r2 = 0.988) of the linear fitting
observed, the slope of which is the opposite of the activation energy Ea (see equation 8), confirms an
Arrhenius like behavior of the dependence of Deff on T, for the tested range of temperatures.

The calculated values of Deff are between 1.15 10−9 m2.s−1 (at 40◦C) and 6.14 10−9 m2.s−1 (at
70◦C). The activation energy Ea and the pre-exponential factor D0 are evaluated equal to 51.6 kJ.mol−1

and 0.457 m2.s−1, respectively.
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Figure 3. Linear fitting of the logarithm of the effective diffusion coefficient Deff as a function of the
inverse of the temperature.
The values of the effective diffusion coefficient and of the activation energy obtained in this work

are in the large ranges of values already reported for food products. Indeed, it was reported that
the effective diffusion coefficient of most food products is between 10−12 and 10−6 m2.s−1, while the
activation energy is between 12.32 and 406.02 kJ.mol−1 [22]. For the specific case of insects, Azzollini
et al. [14] observed, for yellow mealworm (Tenebrio molitor), an effective diffusion coefficient increasing
from 4.5 10−11 m2.s−1 (at 50◦C) to 1.62 10−10 m2.s−1 (at 70◦C). They obtained an activation energy of
52.1 kJ.mol−1 and a pre-exponential factor of 1.38 10−2 m2.s−1.

Effective diffusion coefficients (and, accordingly, the pre-exponential factor) for Cirina forda appear
to be one order of magnitude above the values observed for Tenebrio molitor by Azzollini et al. [14]
while staying in an acceptable range for food product.

On the contrary, the value of the activation energy obtained in this work is really close to the
value of Azzollini et al. [14] for Tenebrio molitor and it is about 20% larger than the latent heat of water
vaporization (43 kJ.mol−1 at 50◦C). Tshanga et al. [23] have shown that the isosteric heat of sorption of
Cirina forda is below 20 kJ.mol−1 at 50◦C, for a moisture ratio larger than 0.23. Therefore, the observed
activation energy could be the expression of the latent heat of vaporisation of water modified by the
isosteric heat, leading to the fact that the Arrhenius like behavior corresponds to the thermodynamic
Clausius-Clapeyron law for a liquid bound to a solid [24].

This result suggests that the change of the drying rate as a function of the temperature can be
mostly attributed to the change of the equilibrium vapor pressure. This confirms that the limiting
drying phenomena observed at the different temperatures can be the same and that no other major
change in the drying dynamics is observed in this range of temperature.

3.5. Shrinkage and Porosity Evolution

Figure 4 presents the volume ratio as a function of the moisture ratio for three tested temperatures.
The three curves follow the same linear trend for MRt > 0.07 while, below that value, the decrease in
the volume ratio with a decrease in the moisture ratio is greater. The least-square optimal linear fitting
(r2 = 0.98) of the combined set of data for the 3 temperatures and for MR > 0.07 is:
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Vt

V0
= 0.5418 MRt + 0.4655 (14)

For MRt > 0.07, a value close to 0.54 for the group ϵ0(1 − α) is thus predicted. Using values
of the initial volume, mass and water content of the caterpillars, a initial porosity ϵ0 = 0.77 can be
estimated, leading to a value of α = 0.3. In other words, the insect structure collapses progressively
as only 30% of the space freed by the evaporated water remains inside of the porous structure. The
observed collapse is independent of the temperature, and thus of the kinetics itself.

For MRt < 0.07, the reduction of volume is more pronounced when the moisture ratio decreases
and seems also independent of the temperature. The observed change of slope can be interpreted as a
rise in the matrix degradation, loosening the mechanical properties of the solid and leading to a more
important collapse.

Generally speaking, the results show that the volume of the caterpillars decreases by more than
50% when drying is complete.

Figure 4. Volume ratio as a function of the moisture ratio for drying at three different temperatures.

4. Discussion and Conclusion

The analysis of the drying behavior of Cirina forda in the range of temperature from 40 to 70◦C
shows results similar to what was observed for many other foodstuffs like banana, potato, apple
and carrot [15,25,26]. The drying kinetics globally fits well with a diffusion limited mechanism,
with a limiting phenomenon that is the same from the beginning to the end of the drying. The
temperature dependence that is observed can be mostly attributed to the change of volatility of water
with temperature, including some water bounding effect.

The shrinkage of the product appears to be independent of the temperature, with a two successive
steps mechanism. For the first step, corresponding to the majority of the water removal, the water
content reduction leads to a partial but regular collapse of the structure. In the second, final shrinking
phase, the shrinkage is more pronounced. The two steps of shrinkage cannot be correlated explicitly
to a change in the drying rate, as the second shrinkage phase only happens for really low water
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content. The impact of the shrinkage on the drying rate is therefore hidden in the fitted value of the k
parameter of both the Newton and the Henderson and Pabis models. For further use in the framework
of dryer design and optimisation, the Newton model appears to give a sufficient precision, avoiding
over-parametrization.

Tshanga et al. [23] suggested a conservation moisture content of 8% d.b (0.08 kg/kg) to ensure 12
months of storage in polyethylene bags at 30◦C. For the drying of caterpillar with an average initial
moisture content X0 = 3.35 kg/kg, such a final value of the water content corresponds to a moisture
ratio at the end of the drying equal to 0.024. As mentioned previously, Figure 4 shows that such a
final moisture ratio corresponds to a volume reduction of the caterpillars of more than 50%. In other
words, this indicates that a direct drying of the caterpillars to a moisture content that guarantees a
conservation of one year leads to a loss of almost half of their volume compared to the fresh product.
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Appendix A. Visualisation of the Fitting

Figure A1 compares the experimental time evolution of the MR with the values predicted by the
Newton model.
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Figure A1. Moisture ratio MRt as a function of time from experiments (symbols) and the Newton
model (lines). Black symbols correspond to tests in the tunnel dryer while gray symbols correspond to
tests in the oven dryer. Each symbol corresponds to a given drying temperature.

Appendix B. Page Model

On top of the Newton model and Henderson and Pabis model presented in the text, the Page thin
layer models was also tested: [20]

MR = exp(−ktn) (A1)

This model was fitted using linear regression applied on the logarithm of the logarithm of equation
(A1):

log(− log(MR)) = log(k) + n ∗ log(t) (A2)

Optimal values of the parameters for the fitting of this model with the experimental data are summa-
rized in Table A1. These results highlight that the Page model give optimal results that only slightly
differ from the Newton or the Henderson and Pabis models. Indeed, the optimal k values differ of
maximum 20% from the Newton model values. n value is in the range 0.947 < n < 1.2 for all the
tested conditions. These values stay close to n = 1 for which the Page model reduces to the Newton
model. Compared to Newton and Henderson and Pabis models, the r2 value is slightly increased,
thanks to the second adjusted parameter. The RMSE also increases showing a weaker prediction. This
rise of the RMSE can be attributed to the increased number of fitted parameters.
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Table A1. Identified values of k, n,a, c and the corresponding statistics for the three supplementary
models at different temperatures.

Experiments Parameter Page

40◦C in tunnel
k (h−1) 4.1

n 0.947
r2 0.998

RMSE 0.034

50◦C in tunnel
k (h−1) 5.55

n 0.998
r2 0.989

RMSE 0.087

60◦C in tunnel
k (h−1) 11.0

n 1.01
r2 0.992

RMSE 0.069

60◦C in oven
k (h−1) 10.6

n 1.09
r2 0.995

RMSE 0.054

70◦C in oven
k (h−1) 15.03

n 1.2
r2 0.996

RMSE 0.049

Appendix C. Model of the Evolution of Volume Ratio and Porosity as a Function of the Moisture
Ratio

At a given time t, the sample has a total volume Vt, equal to the sum of a volume of solid VS, a
volume of liquid VL and a volume of gas VG:

Vt = VS + VG + VL (A3)

Initially, this total volume is composed only of liquid and solid:

V0 = VS0 + VL0 (A4)

The volume of solid is assumed to be constant over time (VS = VS0). When the volume of liquid
is reduced by the evaporation, we assume that it is replaced by gas, but that only a constant fraction α

of the freed volume stays inside of the sample. Thus, the gas volume in the sample writes:

VG = α(VL0 − VL). (A5)

Combining equations (A3), (A4) and (A5) leads to:

Vt

V0
= 1 − (1 − α)

VL0 − VL
V0

. (A6)

By introducing the initial porosity defined as:

ϵ0 =
VL0

V0
(A7)

and taking into account that:
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VL
V0

=
VL0

V0

VL
VL0

= ϵ0
Xt

X0
= ϵ0MR (A8)

equation (A9) becomes:

Vt

V0
= 1 − ϵ0(1 − α)(1 − MR) (A9)

The porosity at time t can then be defined as:

ϵt =
VL + VG

Vt
(A10)

By using equations (A9), (A7), and (A9), equation (A10) can be rewritten as:

ϵt =
VL + α(VL0 − VL)

V0[1 − ϵ0(1 − α)(1 − MR)]
= ϵ0

α + (1 − α)MR
1 − ϵ0(1 − α)(1 − MR)

(A11)
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