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Abstract
This work investigates the drying of yacón (Smallanthus sonchifolius), a source of fructooligosac-
charides and inulin, two prebiotic compounds. Experiments were performed using an in-house15

device consisting of a magnetic suspension balance coupled to a drying chamber and an in-situ
shadowgraphy system. This allowed the continuous acquisition of mass, sample volume and ex-
hange surface area to be register versus time at different temperatures (50-70°C) and relative hu-
midities (10-30 %), which was never done with yacón. Once corrected by the actual area of the
exchange surface, the drying kinetics (kg.s−1.m−2) depicts two phases, a very long constant dry-20

ing rate flux and a falling drying rate flux. Even though yacón samples lost up to 91 % of their
initial volume, an iso-volume deformation was observed: the reduction of sample volume equals
the volume of removed water. Thanks to these two experimental facts, an extended, original, van
Meel model is proposed to account for this huge change of sample shape in a predictive way.

Keywords: Biological product, Cell collapse, Constant Drying Rate, Digital Image Correlation,25

Exchange surface, Vegetable

1. Introduction

Yacón (Smallanthus sonchifolius) is a perennial plant from the Andean region. Most of
its varieties are originally from Peru, but some are some found in Bolivia, Ecuador, and
neighbouring countries. Its cultivation has recently spread to other countries and conti-30

nents [20]. The roots are mildly sweet and edible when raw, due to the almost complete
absence of starch. Its energy reserves are largely in the form of fructooligosaccharides
(FOS) and inulin [21, 44].
The human gastrointestinal tract cannot digest FOS and inulin, because it lacks the neces-
sary enzymes [13]. This leads to two main implications: firstly, yacón roots do not cause35

a glycemic peak, thus being a sweet alternative for diets with sugar restrictions, such as
for diabetics [37]. Secondly, these compounds reach the intestinal microbiota practically
intact, leading to prebiotic and immunomodulatory effects [13, 46, 14].
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Yacón roots have a very high moisture content (X), usually higher than 90g /100g fresh
weight (dry-basis initial moisture content over 1,000g/ 100g!). The compounds of inter-40

est represent about half of the dry content in yacón [21]. The water activity is also high,
leading to a short shelf life [34] . A simple but effective way to preserve yacón is to dry
the roots before storage, to reduce their water activity. Several studies were carried out to
evaluate different aspects of yacón drying, since the drying and blanching processes can
lead to a loss of the FOS and inulin, either by lixiviation or hydrolysis [38]. Bernstein and45

Noreña [6] performed the convective drying of yacón slices, to evaluate the thermophys-
ical properties and volumetric shrinkage along the process. Perussello et al. [33] used
an osmo-convective process to dehydrate yacón and estimate the density and the ther-
mal properties of the samples. Scher et al. [38] used a vacuum-aided drying process to
dry yacón samples under different temperatures and pretreatment conditions, to verify a50

possible degradation of the FOS during these processes. Shi et al. [40] used a convective
dryer assisted by microwave heating to dry yacón under a range of different conditions,
looking for an optimal response in terms of drying rate, color, shrinkage, and rehydration
capacity.
However, to our knowledge, the convective drying of the yacón roots under controlled55

relative humidity was only performed on a pilot scale [23]. Controlling this parameter is
a common practice in drying experiments and has been reported for other crops, such as
potatoes [19, 2] and apples [4].
In the case of fruits and vegetables, the product usually depict large deformations (shrink-
age) during drying. Gorling [16] was one of the first author to account for deformation60

(the change of thickness) to analyze the drying rate. In this work, thickness was just mea-
sured manually using a caliper. Lozano et al. [22] emphasized the effect of shrinkage on
porosity in the case of deformable products. As a direct effect of deformation, a rigorous
analysis of the drying behavior required the drying rate (time-derivative of mass loss),
to be corrected by the actual exchange surface area. The first attempts to follow size and65

volume used manual measurements at discrete times during the process, removing the
sample from the oven [36]. However, in-situ and continuous measurements are required
to correct the drying rate by the actual surface area. Such an analysis allowed an appar-
ent falling drying rate period to be turned into a constant drying rate flux [24]. This was
consistently confirmed by a computational model accounting for the coupling between70

mechanics and transfers [28]. This constant drying rate flux is usually very long for bio-
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logical product. By measuring the surface temperature of the sample, it was proved that
this constant drying flux period consistently correspond to a real first drying period, dur-
ing which the sample remains at the wet bulb temperature [29].
This fact emphasizes the need to measure the sample shape without any perturbation75

during drying. To obtain accurate measurements, several features should be fulfilled si-
multaneously : i) continuous measurements (high frequency) of mass and dimensions to
follow the time-evolution of shape and drying rate ii) contactless determination to avoid
articfacts in deformation iii) in-situmeasurements tomaintain the drying conditions. Sev-
eral devices have been imagined for that purpose: scanning laser micrometers to follow80

two dimensions of a simple geometry[24, 29], 2D imagingwith suitable image processing
[2]. Note that 2D image processing requires further assumptions/constrains to obtain the
volume and surface area of the sample. For example, such as in the present work, using
axi-symmetrical samples and assuming the sample to keep this shape during drying. Re-
cently, Singh and Talukdar [42] proposed the combination of two images, taken at 90°, to85

gain a more complete information of the sample shape. Still, the simultaneous interpreta-
tion of both images still needs assumptions. In this sense, modern 3D imaging tools such
as micro-tomography seems ideal in terms of sample geometry description. However, the
scanning time and the difficulty to get in-situmeasurements are still important concerns.
As example of 3D imaging, [6] used a 3D laser scanner to follow the shape of yacón sam-90

ples during drying. However, the measurements were neither in-situ nor continuous and
the analyzed results are sparse and quite noisy.
The present work proposes an original study of convective drying of yacón under a range
of controlled conditions, using an experimental device especially designed for the con-
tinuous measurement of mass and dimensions of samples. The precise control of drying95

conditions, the accurate measurement of the mass, together with the in-situmeasurement
of sample volume and surface area allow us to obtain novel data regarding the physical
behavior of yacón during drying. The experimental device fulfill all conditions for an
optimal analysis of the drying behavior, as listed above: i) continuous, ii) contactless iii)
in-situ. We just assumed and checked that the cylindrical samples remained cylindrical100

during most of the drying process. To the best of our knowledge, this is the first time all
these conditions are met ti study the drying of yacón.
This unique set of experimental data allowed us to prove that yacón depicts a very long
first drying period and undergoes an iso-volume deformation during most of the drying
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process. These two novelties allows us to propose an extended van Meel model able to105

account for the huge deformation of the product in a predictive way.

2. Material and Methods

2.1. Material

Yacón root samples (Smallanthus sonchifolius) were acquired from a local market, in two 4-
kg lots. They were grown in Bretagne, France, and the lots were harvested in January and110

February 2021. Upon reception, each root was individually wrapped in absorbent paper
and PVC film, and kept refrigerated at 4 °C until use, for up to one month. Although
the variety was not identified, the roots had a dark-brown peel and a light-yellow flesh.
To determine the sorption isotherms, a yacón root was cut into cylinders, 1 cm diameter
and approximately 1 mm height, using a cylindrical cheese cutter and a razor blade. As115

the shrinkage anisotropy is an important information in this work, all samples were cut
along well-identified product directions. They were cut from the central axis of the roots,
in the longitudinal direction, as shown in Fig. 1a. For the drying experiments, the roots
were cut into cylinders with 1.0 cm diameter and 1.2 cm height. Samples were prepared
immediately before the tests, to prevent dehydration; and previously blanched in 20 mL120

of a citric acid solution of 2 g/L, for 3 min.

2.2. Water vapor isotherms

The water vapor sorption isotherms were performed in duplicate using a DVS (Intrinsic,
Surface Measurement Systems, UK), at 35 °C, under a flow of 200cm3/min of nitrogen.
An ultra-sensitive micro-balance allows measurement of sample mass variation as low125

as 0.1µg. Nitrogen passes then through the chamber to maintain the desired relative
humidity level.The accuracy on the air relative humidity is of ± 0.5 % and is of ± 0.1 °C
on the temperature. A sample pan was designed in order to expose all faces of samples
in chamber conditions. Approximately 95 mg of fresh sample, with an initial moisture
content of ca. 13 kg/kg, dry basis, was inserted in the sample pan. Desorption tests were130

made from aw = 0.9 to 0, by steps of 0.1. The criterium for equilibrium at each step was
a mass rate less than 0.002 % per minute over a 15-min period. The parameters of the
Guggenheim-Anderson-de Boer (GAB) model [17, 3, 8] were fitted to minimize the root
mean square error (RMSE):
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Figure 1: Sampling: (a) directions concerning the yacón root and (b) sample dimensions and metallic
support.

Xeq =
Xmonockaw

(1− kaw) (1 + (c− 1)kaw)
(1)

Where Xeq is the equilibrium moisture content [kg/kg, d.b.]; Xmono is the monolayer135

moisture content [kg/kg, d.b.].; c is a parameter for sorption heat [-]; k is a constant [-],
and aw is the water activity [-].
GAB model was fitted to the curves by nonlinear regression, via Marquardt method, on
the Statgraphics 19 Centurion software (Statgraphics Technologies, Inc., USA).

2.3. Drying setup140

Amagnetic suspension balance (10-µg-MSB, Rubotherm, Germany), with a resolution of
0.01 mg and a standard deviation of 0.02 mg [2], was used to follow the weight changes
during drying. As the balance and the electromagnet are completely disconnected from
the measuring chamber, high values of temperature and relative humidity can be tested
without disturbance of the mass measurement (the balance and the upper part of the145

electromagnet are in the ambient environment, away from the hot airflow) and without
cold points or leakage likely to perturb the conditions. Another advantage of this balance
is that it can tare during the test, then preventing balance drift. The sample is attached to
a hook (Fig. 1b), which is mounted on the permanent magnet of the suspension device.
Compared to Almeida et al. [2], a new chamber was designed and realized to better meet150

the needs of this work. The changes in the oven also increased the observation area, al-
lowing for the use of larger samples in comparison to previous work (Fig. 2a). In order
to ensure isothermal conditions, the main body, of parallelepiped shape (35 mm (l) ×
35 mm (w) ×100 mm (h)), is made of thick brass plates, an alloy with very good ther-
mal conductivity, close to that of aluminum, suitable for precision machining and likely155
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to resist corrosion from water flow for this device designed to work up to 90°C. The im-
age acquisition system was designed in such way that the sample images can be grabbed
during the test without perturbation of the weighting system, RH and temperature regu-
lation. To meet this requirement, two windows (22 mm (l) × 47 mm (h)) are positioned
on two opposite sides of the oven. These windows are double-walled to avoid conden-160

sation. Polished quartz was used for these windows because of its good optical proper-
ties. This permits the sample to be observed by shadowgraphy. We use two telecentric
lenses, one for the lighting and one with the camera, to avoid any optical bias in the size
determination (camera: Pilot piA1600-35 gm, Basler, Germany; telecentric illumination:
TECHSPEC 62-760, Edmund Optics Inc., USA and lens: VICOTAR T151/0.44, Vision and165

Control, Germany).
This device can control the temperature level in the range of 5 to 95 ° C. The relative hu-
midity (RH) ranges from 0 to 98 % (accuracy of ±0.6 % at 23 ±5 °C). The new chamber
performs robustly, with a peak to peak temperature variation equal to ±0.15 °C. The rel-
ative humidity is obtained by a moist air generator MHG-32, ProUmid GmbH and Co.,170

Germany with a working range from 2 % to 98 % (accuracy of ± 0.6 % RH at 23 °C at ±
5 °C, 500 mL/min). We used two independent probes: one for the regulation and one
to check and register the actual conditions. Both probes are placed upstream close to the
sample to avoid the perturbation due to drying. Dry air (0 % RH) is achieved by using a
three-way valve that shifts the inlet airflow from the humidity generator and dry nitrogen.175

2.4. Drying protocol

The temperature and relative humidity of each experiment were defined as a central com-
posite design [25]. The full experimental design is shown in Fig. 2b. The samples were
dried between 5 and 7 h, depending on the drying conditions, until equilibrium was ap-
proached (dm/dt lower than 0.02 mg/min). During drying, the sample mass was col-180

lected every 30 s, and an image of the sample was taken every 180 s. At the end of each
experiment, the sample was placed in an oven (at 70 °C, under <90 mmHg vacuum) for
24 h to determine its oven-dry mass.
The resolution of the raw projection images was 1600×1200 pixels. The deformation dur-
ing drying was determined by digital image correlation (DIC), assuming a uniform de-185

formation over the entire sample [27, 1].Therefore, 6 independent parameters were de-
termined by DIC: one rotation angle, two translations (x and y) and three components
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Figure 2: Drying protocol: (a) Schematic of the drying chamber with image grabbing and (b) Central
composite experimental design.

of the deformation tensor (x and y deformation plus the shear angle). Out of these 6 pa-
rameters, only 2 are useful (deformation along x and y) while the shear deformation is
just used to check the quality of the experiment (it must remain small). This treatment190

was done automatically over the full image series of each test using the in-house software
MeshPore [26]. The algorithm implemented inMeshPore uses a formulation in large defor-
mation, whose parameters are identified using the Simplex algorithm [35]. More details
can be found in [27, 2].

2.5. Data analysis195

The moisture content along the drying process was defined on dry basis as:

X =
m(t)−ms

ms
(2)

whereX is the moisture content [kg.kg−1d.b],m(t) is the sample mass at a given time [kg],
andms is the oven-dry mass of the sample [kg].
The directional deformations obtained inMeshPore express the dimensionless changes of
length over the respective direction as a function of time, which is directly related to the200

global shrinkage coefficients of the sample:

βL =
h0 − h(t)

h0
; βR =

d0 − d(t)
d0

(3)
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Where βL and βR are, respectively, the longitudinal and radial shrinkage coefficients [-];
h0 and d0 are, respectively, the initial height and diameter of the samples [m]; and h(t)
and d(t) are, respectively, the height and diameter of the samples at time t [m].
To evaluate the differences between the shrinkage in the two directions, the anisotropy ra-205

tio,Rani, is defined as the ratio between the radial and longitudinal shrinkage coefficients:

Rani = βR/βL (4)

In the case of a deformable product, the reduction of exchange surface area is likely to
hinder the existence of a first drying stage period. The constant drying rate flux is revealed
when accounting for the actual surface exchange area [24], and was subsequently proved
bymeasuring the surface temperature, which remains at the wet bulb temperature during210

this period [29]. The global drying rate,Qv [kg.s
−1], as determined by the time-derivative

of the samplemass, must therefore be analyzed in terms of drying rate per actual exchange
surface area qv [kg.s−1.m−2]:

Qv =
dm

dt
= ms

dX

dt
= A(t)qv (5)

where A(t) is the actual area of exchange surface [m2].
To emphasize on the key point of the present work, the corrected rate is the sole rigorous
concept for a deformable product. It will be noted qv in the following. This is the drying
rate flux (kg.s−1.m−2) per actual surface area A(t). The uncorrected drying flux qv,uncor
is the drying flux per initial surface area :

qv(t) =
1

A(t)

dm

dt
(6)

qv,uncor(t) =
1

A(t = 0)

dm

dt
(7)

Assuming the sample to keep a cylindrical shape, which was observed for most of the215

drying process except at the very last stage, the actual surface area, which consists of the
side face and both ends of the cylinder, reads as:

A(t) = πd(t)

(
d(t)

2
+ h(t)

)
(8)

While the sample surface is supplied by free water, the sample temperature stabilized at
the wet bulb temperature. In the case of highly deformable product, we get a period of
constant drying flux (CDF), rather as the classical constant drying rate (CDR) period. As220
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the sample temperature is constant during this period, the enthalpy balance is simple: the
total heat supplied to the sample by convection, Qh [W ] is used for phase change (liquid
to water) of the water removed from the sample:

QvLv = Qh (9)

Where Lv is the latent heat of vaporization [J.kg−1]. The same relation can be derived in
terms of fluxes per surface area:225

qvLv = qh (10)

Where qh is the heat flux per actual exchange surface area [W.m−2]. During the CDF
period, the drying flux q0v is then simply determined by the heat transfer coefficient:

q0v =
hh(Ts − Tw)

Lv
(11)

where hh as the heat transfer coefficient [Wm−2.K−1], Ts and Tw respectively as the dry-
bulb and wet-bulb temperatures of the drying air (°C).
At the end of the CDF period, a function allows the decreasing drying rate stage to be230

represented, by a function of water content [24]:

qv = q0vF (X
∗) where X∗ =

X −Xeq

Xcr −Xeq
(12)

In equation (12), Xeq is the equilibrium moisture content, as defined by the drying con-
ditions and the sorption isotherms andXcr is the critical moisture content, below which
the vapor pressure at surface becomes lower than the saturated vapor pressure. In the
present work, the function F proposed by May and Perré [24] was used. This function
has a continuous derivative at X∗ = 1 , which is consistent with the experiments, while
parameter α defines the slope at X∗ = 0:

F (X∗) = 1 forX∗ > 1

F (X∗) = αX∗ + (3− 2α)X∗2 + (α− 2)X∗3 forX∗ 6 1 (13)

By working of our experimental data, we observed that the value of αmust be as high as
possible to match the experimental curves. This is why we always set α = 3 as, above this
value, the curve is not monotonic anymore (for α > 3, F”(1) > 0).

2.5.1. Sample morphology during dehydration235

Microscopic images of the samples were obtained using an environmental scanning elec-
tron microscope (ESEM, Quanta 200, FEI Company). Images were taken in environmen-
tal mode, at 667 Pa, voltage 13 kV, with a beam spot size of 4.5 and a working distance
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Figure 3: Vapor sorption isotherms of yacón samples obtained at 35 °C. Experimental values and adjusted
GAB model.

of approximately 8.5 mm. A sample of about 1 mm x 1 mm x 5 mm was inserted, using
an in-house metallic sample support, designed to improve heat transfer from the Peltier240

stage to the sample. To observe saturated samples, the stage temperate was set at 2 °C, 667
Pa (RH= 95 %). Then, the stage temperature was increased to 10 °C, 667 Pa (RH 55 %) to
observe the sample over time during the drying due to the decrease in relative humidity.
The sampling process was similar to that described in Section 2.3. Samples were taken
from the center of the root and observed in the transversal and longitudinal directions.245

3. Experimental results

3.1. Vapor sorption isotherms

The vapor sorption isotherms, as depicted in Figure 3, are of Type III, which is common
for solvent- and sugar-rich systems [5]. Shi et al. [41] studied the adsorption behavior
of yacón and highlighted a sharp increase in the amount of adsorbed water at higher250

aw, particularly for aw value which exceeds 0.75. The same results were observed in the
present work. Adjusting the GABmodel, the parameters were C = 0.559 [−]; k = 1.00 [−]

and Xw,m = 0.114 [kg/kg d.b.], R2 = 0.9994.
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Table 1: Theoretical versus actual air conditions. The corresponding experimental wet bulb temperature and
the difference between dry and wet bulb temperatures, are involved in equation 11, as also reported.

Test Tth (°C) RHth (%) Texp (°C) RHexp (%) Tw,real (°C) T − Tw,real (°C)

1 52.8 12.9 53.67 ± 0.17 13.05 ± 1.27 27.26 26.41

2 52.8 27.1 53.38 ± 0.33 26.27 ± 0.86 33.47 19.91

3 67.1 12.9 67.59 ± 0.41 12.96 ± 0.66 35.00 32.59

4 67.1 27.1 67.30 ± 0.25 26.72 ± 0.36 43.78 23.52

5 60.0 20.0 59.97 ± 0.32 21.35 ± 0.58 35.62 24.34

6 60.0 20.0 60.17 ± 0.42 20.26 ± 0.69 35.03 25.14

7 60.0 20.0 60.50 ± 0.22 20.44 ± 0.56 35.62 24.88

8 60.0 20.0 60.29 ± 0.17 21.19 ± 0.68 35.54 24.76

9 60.0 20.0 60.31 ± 0.30 20.31 ± 0.57 35.19 25.13

10 70.0 20.0 69.93 ± 0.50 19.96 ± 0.43 41.67 28.24

11 50.0 20.0 51.45 ± 0.52 21.16 ± 0.91 29.76 21.69

12 60.0 30.0 60.31 ± 0.30 28.34 ± 0.73 39.49 20.82

13 60.0 10.0 59.81 ± 0.30 10.76± 1.07 28.99 30.82

3.2. Drying kinetics

Table 1 presents the theoretical versus actual air conditions of all drying experiments. It255

can be observed that the experimental conditions previously defined are closely respected
in the new chamber.
In Fig. 4a, the experimental drying curve, along with the drying rates and selected corre-
sponding images, are shown for one representative experimental test (60 °C, 20 % RH).
One can see that the sample keeps the cylindrical shape, therefore enabling the estimation260

of its area by equation (8). The experimental determination of the sample size was used
in the corrected rate shown in Fig. 4b. Note that the first and second drying periods are
only visible when the drying rate curve is corrected by the actual exchange surface area of
the sample (Fig. 4b). As already stated [24, 2], such an analysis is absolutely required to
a rigorous assessment of the physical behavior. It requires the actual shape of the sample265
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to be monitored continuously during drying, which is a major advantage of our experi-
mental device. This correction is so accurate that we can even see the effect of the sample
size on the heat transfer coefficient. As depicted in Fig. 4b), one can see that the drying
rate flux slightly increases during drying, due to the reduction of the characteristic di-
mension. This effect is consistent with the dimensionless correlations [7, 47]. This effect270

was already observed, using a different method to obtained the in-situ and continuous
deformation of potato [29]. With the chamber used in the present work, the heat trans-
fer coefficient hh, as computed using equation 12, increases from 19 to 21 W.K−1.m−2.
This range is consistent with the values obtained using the same device with fiberboard
samples for which shrinkage is negligible [32].275

Note however that this treatment is no longer valid at the very last stages of drying (last
image in Fig. 4a) as the sample ultimately loses its cylindrical shape. The characteristic
drying curve, as computed with the fitted parameters of functionF is also plotted. One
might note that the mathematical expression used has not enough degrees of freedom
to perfectly fit the experimental values. Still, the trends are consistent and we believe280

it would not be relevant to add one degree of freedom for a slight improvement. The
ultimate goal of this article is to propose a simple, but predictive model. If it were too
complex, the approachwould lose its operational value. Figure 4c depicts the drying rates
obtained for a selected sub-set of experiments. The influence of temperature (50, 60, 70
°C) for the same relative humidity (20 %) condition is noticeable and seems to be more285

relevant in this case than the influence of different relative humidity values (10, 20, 30
%) maintaining the same temperature (60 °C). These trends are consistent with equation
(11).
The results obtained for the full set of experiments are summarized in Table 2. The ob-
served critical moisture content Xcr varies between 1.5 and 4.5 [g/g d.b.], with a consid-290

erable deviation between the repeated runs. The lowest value of Xcr was obtained at the
highest drying temperature (70 °C), which can be explained by the thermal activation
which eases the internal moisture migration and allows the deformation of the sample to
occur without hardening. The drying air conditions have a clear influence on the initial
drying rate, as shown in Fig. 5: the higher the difference between the drying air temper-295

ature and the wet-bulb temperature, the higher the initial drying rate, as expected from
equation (11).
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Figure 4: (a) Drying kinetics for an test performed at 60 °C, 20 % RH. Images of the sample at three contrast-
ing times are inserted in this graph to illustrate the size reduction. (b) Drying rate versus moisture content,
with and without correction by the actual surface area; (c) corrected drying rates of a subset of different
drying conditions.
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Figure 5: Response surface, showing the influence of the drying conditions on the initial drying rate.

3.3. Shrinkage

In Table 2, Figs. 4a and 8b, it is noticeable that the longitudinal shrinkage is lower than
the radial shrinkage. The calculated anisotropy ratio (radial/longitudinal shrinkage) was300

1.64± 0.4 for the sample dried at 60 °C, 20 % RH. This ratio was defined at amoisture con-
tent of 3 kg/kg, db. This result is consistent those found in Marques et al. [23], in which
convective drying of yacón slices were performed in a completely different experimental
setup. In order to better understand the shrinkage of yacón, the cellular structure of sat-
urated samples was observed by ESEM (Fig. 6). Figures 6a and b highlight two different305

types of cells: xylem vessels (presenting thick cell walls and a longitudinal orientation)
and parenchyma cells (thin cell walls). Due to the high thickness of xylem vessels cell
walls, they are likely to be less sensitive to collapse during drying, which would force
collapse to occur mainly in radial direction. Note that the anisotropy factor could also be
promoted at the final stages of drying by the adhesion of the sample to the support (Fig.310

4a last image3). For this reason, shrinkage results in Table 2 were analyzed at a moisture
content of 3 kg/kg (d.b.).
The drying behavior of yacón roots at cellular level can be observed in the ESEM images
(Fig. 7). Images 7a to 7d were taken from the same parenchyma cells and the collapse of
these elliptical-shaped cells during drying becomes evident. It must be highlighted that315

the same method was applied to xylem vessels and it was not observed the collapse of
these cells.
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Table 2: Summary of experimental conditions.

Tth RHth Tw,th Xcr X0 βL βR Rani

Test (°C) (%) (°C) (-) (-) (-) (-) (-)

1 52.8 12.9 26.9 3.0 9.70 0.07 0.32 4.57

2 52.8 27.1 33.4 4.5 13.28 0.22 0.38 1.73

3 67.1 12.9 35.0 4.3 12.48 0.17 0.38 2.24

4 67.1 27.1 43.5 2.1 10.85 0.11 0.36 3.27

5 - 9* 60.0 20.0 34.9 3.3±0.7 11.95±1.5 0.23±0.03 0.36±0.06 1.64±0.40

10 70.0 20.0 41.6 1.6 14.56 0.25 0.42 1.68

11 50.0 20.0 28.4 2.1 13.97 0.20 0.43 2.15

12 60.0 30.0 39.7 4.3 14.20 0.23 0.41 1.78

13 60.0 10.0 29.0 4.2 14.11 0.20 0.38 1.90
* Tests 5 through 9 are repetitions of the central point.
βL, βR and Rani were determined at 3 kg/kg, db.
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Figure 6: Images obtained by environmental scanning electron microscopy (ESEM) of yacón samples taken
from the central axis of the root at saturating conditions (2 °C, P = 667 Pa, RH = 95 %). (a) Transversal
section. (b) Increased magnification of the region marked with a white rectangle in “a”. (c) Longitudinal
section. (d) Increased magnification of the region marked with a white rectangle in “c”. XL: xylem vessels.
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Figure 7: Images obtained by environmental scanning electron microscopy (ESEM) of yacón samples taken
from the central axis of the root, transversal section (perpendicular to longitudinal section): (a) saturating
conditions (2 °C, P = 667 Pa, RH = 95 %), (b) after 6 min of drying (10 °C, P = 667 Pa, RH≈ 55 %); (c) after
10 min of drying (10 °C, P = 667 Pa, RH ≈ 55 %); (d) after 50 min of drying (10 °C, P = 667 Pa, RH ≈ 55 %)
Rectangles indicate the shrinkage of the zone shown in (a).
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From the data on the central point repetitions (60 °C, 20 % RH), the yacón samples under-
went a volume loss of 90.5 ± 0.1 %, after 6 h of drying. Other authors [38] reported an 89
% volume loss in yacón, dried first at 50 °C for 5 h, then at 75 °C for another 5 h. It must be320

highlighted that the yacón variety used was not mentioned in the previous work, and is
possibly a different variety than the one used in this work; also, the relative humidity was
not reported. For potatoes, volume losses between 80 %[12] and 85 % [48] were reported;
for apples, 72 % [15]; for bananas, 86% [10]; and for quince, 85 % [43]. The high initial
water content and the observed cell collapse in yacón are factors that influence its con-325

siderable shrinkage. Potatoes, for example, have a lower water content; and apples form
pores when drying [24, 2], resulting in a lower shrinkage than that observed in yacón.
It is interesting to note that the volume loss by the samples is consistently close to the
volume of water loss for all drying conditions, as seen in Fig. 8. In the literature, similar
results have been reported for yacón [38], potatoes [11, 24, 2] and pears [18]. This behav-330

ior can be explained by a full collapse of cells for a product with a very low initial porosity.
This equivalence between loss of volume sample and volume of water removed will be
called iso-volume deformation drying in the following. Note that, even for those products
depicting iso-volume deformation, a deviation from the linear behavior was generally ob-
served at the very last drying stage [2]. This is probably related to casehardening, once335

the absence of water can no longer act as a plasticizer for the cell wall.
For apples, a paper claims an iso-volume deformation [39], but other works, probably
more reliable as they were performed with different experimental devices allowing con-
tinuous shape assessment, report a more pronounced volume reduction than water loss
[24, 2]. This effect is attributed to the high initial porosity of apple: during drying, this340

porosity is likely to be reduced by the deformation of the cellular structure, which con-
tributes to a higher reduction of the volume compared to the loss of water. A similar,
although less pronounced, effect was also observed for carrots [24]. For yacón, the simi-
larity between volumetric water loss and the volume loss suggests that the initial porosity
of this product is likely to be negligible.345

4. The extended van Meel model

Contrary to comprehensive models of coupled heat andmass transfer [30, 28, 31], the van
Meel [45] approach does not solve the internal heat andmass transfer inside the products.
Instead, the physics of drying is embedded in the concept of Characteristic Drying Curve
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(CDC). This concept allows the drying rate at a certain averaged moisture content to be350

quantified as a function of the maximum drying rate, the so-called constant drying rate
period (CDR). During this period, the water vapor pressure at the product surface re-
mains equal to the saturated vapor pressure and the product temperature stabilizes at the
web bulb temperature. The value of the CDR is then defined by equations (11) and (12).
Beyond a certain value of moisture content, the critical moisture content Xcr introduced355

in section , the drying rate is just a fraction of this maximal drying rate and is defined by
the function F (X).
Rigorously, the value ofXcr and the shape of functionF belowXcr depends on the drying
conditions and on the product size. Contrary to comprehensive models, these dependen-
cies cannot be predicted by the van Meel approach. Consequently, it remains valid and360

predictive as long as the drying conditions remain sufficiently close to the dataset used
to define F and Xcr. This limitation is however counterbalanced by the simplicity of the
model. In the initial paper published by Van Meel [45], the product is assumed to keep
its initial shape throughout drying. In the case of yacón, concomitant facts allowed us
to derive an extended van Meel model able to account for the shape reduction during365

drying:

1. An iso-volume deformation during a major part of the drying process,
2. The sample keeps a cylindrical shape over most of the drying process,
3. A very large initial moisture content, over 10 kg of water per kg of dry mass,
4. A low critical moisture content (1.5 to 4.5) compared to the initial moisture content370

(9.70 to 14.56 kg/kg, d.b.).

Fact 1 is the most important for the extended van Meel model: it allows the change of
sample volume to be easily deduced from the drying rate. In addition, fact 2, together
with the anisotropy ratio, allows the exchange surface area, to be predicted from the vol-
ume change, hence from the moisture content change. Hence, no shape measurement is375

needed to calculate the exchange surface area, a key quantity to obtain the drying rate.
Finally, facts 3 and 4, are a plus for the predictive ability of the model. As the dimension-
less moisture content X∗ is over than one for most part of drying, the value of function
F is equal to 1 also for most part of the process and does not depend on parameter. The
extended van Meel model is derived by combining equations 5, 8, 11 and 12. First of all,380
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the volume variation is related to the drying rate, assuming an iso-volume deformation:

dV (t)

dt
=

1

ρ`

dm(t))

dt
= −q0v A (t)F (X∗) (14)

In equation (14), ρ` is the density of liquid water [kg.m−3] and q0v is the drying rate flux
[kg.s−1.m−2] during the constant drying stage, as defined by equation (11).
In order to obtain a predictive model, the actual area of surface exchange A(t) needs be
computed over time. In the case of an isotropic product, Rani = 1, the iso-volume defor-385

mation allows the evolution of radius and height to be simply derived from the volume
change:

r (t)

r0
=
h (t)

h0
=

(
V (t)

V0

)1/3

(15)

In case of an anisotropic medium, we have to come back to the definition of directional
shrinkage coefficients (equ. 4) to derive the values of r(t) and h(t) as a function of V (t):

h (t)

h0
= 1− βL ;

r (t)

r0
= 1− βR (16)

Using the definition of the anisotropy ratio, we obtain a set of two decoupled equation to
obtain βL and βR, hence h(t) and (d(t)):

V (t)

V0
= (1− βLRani)

2 × (1− βL) (17)

βR = βLRani (18)

The equation (17) is a nonlinear equation that we simply solved using a Newton iteration390

method, which converges in 2 or 3 iterations.
Finally, the step-wise algorithm allowing the drying kinetics, as well as the shape evolu-
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tion, to be computed reads as follows:
Algorithm 1: The extended van Meel algorithm
Initialization : set values of h, d0, h0, ρs, Xini, α,Xcr, dt ;
t ←− 0 ;
while t < tmax do

Compute q0v(t) using equ. (8) and actual conditions (Ts(t) and Tw(t));
Compute dm and dV using equ. (16) and (11) ;
V (t+ dt)←− V (t) + dV ;
X(t+ dt)←− X(t) + dm/ms;
if Rani = 1 then

Compute h(t+ dt) and d(t+ dt) using equ. (15);
else

Solve equ. (17) to obtain βL(t+ dt) ;
Compute h(t+ dt) and d(t+ dt) using equ. (18) and (16);

end

Update A(t+ dt) using equ. (8);
Save data ;
t ←− t+ dt ;

end

This algorithm is very simple to implement. In thiswork, a simple explicitNewton scheme,395

together with the solution of equation (17) was coded as a R script. The convergence was
checked to be secured with a time step of 30 seconds.
The simulation results are depicted in figure 9 for the same test as presented in figure 4
(T = 60 ◦C;RH = 20% ). Themodel kinetics (red solid line in fig. 9a)was computedwith
rounded values of the parameters obtained from the experiment (hh = 20W.K−1.m−2,400

Rani = 2, α = 3,Xcr = 3). The prediction is in excellent agreement with the experimental
data. In particular, one can see that the non-linear kinetics during the constant drying flux
period, physically explained by the reduction of exchange surface area, is very nicely re-
producedwithout any shapemeasurement. The RootMean Square Error (RMSE) is equal
to 13 % of moisture content. Keeping in mind that the initial moisture content equals 1400405

%, this represents an excellent accuracy. The corrected and uncorrected drying rates are
compared to the experimental ones in figure 9b. A slight difference between the predicted
and the experimental curves can be observed during the falling drying rate period. How-
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ever, wemust keep inmind that i)we have here to deal with the derivative of experimental
data and ii) the computed curve is plotted as a function of the predictedmoisture content,410

which increases the error.
To further emphasize the predictive ability of this model, two other simulations were per-
formed to test its robustness. They are intended to quantify the error that would be done
with a less documented behavior of the product:

• simulation assuming an isotropic shrinkage (Rani = 1), blue dot-dashed line,415

• simulation with Xcr = 2, instead of 3, dark red dotted line.

A tiny deviation is observed for an isotropic product (RMSE = 17 %), but the trend is still
excellent. In the case of a smaller value ofXcr, the fit is even better (RMSE =9.5 %), with
an excellent prediction of the moisture content at the end of drying. This is explained by
the increase of the heat transfer coefficient as the sample reduces in size, which is attested420

by dimensionless correlations [7] and observed experimentally on samples of similar size
[29]. For the sake of simplicity, this effect was not included in the present model and is
partly compensated by a smaller value ofXcr, which delays the falling drying rate period.
As the anisotropy ratio has little effect of the drying kinetics, this simple model relies on
two main parameters:425

• hh defined by the flow configuration and which defines the constant drying flux,
together with the dry and wet bulb temperatures,

• the critical moisture content Xcr which summarizes the product behavior

5. Discussion

Thanks to a device built around amagnetic suspension balance and using a new chamber430

specifically designed and manufactured for the present study, high quality and original
data were collected during convective drying of yacón. These data allowed the drying of
yacón to be carefully analyzed. In a first step, by correcting the drying rate by the real sur-
face, a first very long drying period was highlighted. Regarding this fact, yacón behavior
is very similar to that of potato [11, 24, 2]. Yet, in the case yacón, this behavior stands435

over a much wider range of moisture content : with an initial moisture content over 10
(dry basis), the first drying period last until a moisture content of 2 to 4 (dry basis). This
means that, for most of the drying time, the sample remains at the wet bulb temperature.

23



0 1 2 3 4 5

0

2

4

6

8

10

12

14

Kinetics

Time (hours)

M
o

is
tu

re
 c

o
n

te
n

t 
(k

g
/k

g
 d

.b
.)

Experiment
Model
Model (isotrope)
Model (Xcr = 2)

0 2 4 6 8 10 12 14

0.00

0.05

0.10

0.15

0.20

0.25

Drying rate

Moisture content (dry basis)

D
ry

in
g

 r
a

te
 (

g
.s

-1
.m

-2
)

Model, Uncorrected rate
Model, Corrected rate
Experiment, Uncorrected rate
Experiment, Corrected rate

Figure 9: a) Kinetics simulation using the extended van Meel model. Experimental data from the (T =

60 ◦C;RH = 20%) test. The model (red solid line) was computed with round values close to that obtained
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This is of crucial importance to control the quality of the final product.
In addition, the analysis of sample volume tells us that yacón clearly depicts an iso-volume440

behavior. This means that the volume reduction equals the volume of remove water. This
allows us to propose an extended van Meel model. Starting with the initial shape, the
drying rate computed by the model is able to predict the reduction of sample volume.
The model is therefore able to account for shrinkage in a predictive way. About 80% of
the drying kinetics is then predicted with accuracy using one single parameters, the heat445

transfer coefficient, a parameter controlled solely by the chamber and the sample shape.
In a production plant, all these features remains the same. In spite of the range of dry-
ing conditions tested, the observed range of critical moisture content remains quite nar-
row regarding the total amount of water to be removed. This is another observation that
strengthens the predictive capacity of the model. This opens new control possibilities,450

for example by changing the drying conditions (temperature and relative humidity) over
time as a function of energy availability or energy cost.
Therefore, this model accumulates many advantages : ease of implementation, low num-
bers of parameters, prediction ability and robustness. Coming back to the aim of this pa-
per, i.e. to help the design of adapted drying strategies likely to preserve the nutritional455

quality of yacón, it is important to mention that the concept of characteristic drying curve
as proposed by van Meel allows the product temperature T (t) to be evaluated during the
process [9]. By neglecting the heat capacity of the product, we get:

T (t) = Td(t)− F (X∗)(Td(t)− Tw(t)) (19)

In an active control loop able to save energy and/or to reduce the energy cost, a criterion
based on product quality by its temperature over time, can then be implemented.460

6. Conclusion

In this paper, the convective drying of yacón was investigated using an in-house device
which allows moisture content and sample dimensions to be continuously monitored un-
der controlled conditions (temperature and relative humidity). The drying rate was cor-
rected by the actual area of exchange surface. This rigorous analyze reveals two drying465

phases:

1. A constant drying flux period (sample temperature equals to the wet bulb tempera-
ture), which lasts during most part of drying, from the initial moisture content (ca.
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13 kg/kg d.b.) to a critical moisture content ranging from 1.5 to 4.5 (kg/kg d.b.).
2. A decreasing drying flux period, which was represented by a suitable mathematical470

expression, defined by two parameters (Xcr and the initial slope).

The radial shrinkage was consistently more pronounced than the longitudinal one. Fur-
ther investigation using environmental scanning electron microscopy (ESEM) showed
that, for our samples collected in the central axis of the root, collapse occurs preferen-
tially in radial direction, because the longitudinal direction is reinforced by thick cell wall475

vessels. For all drying conditions, we observed an iso-volume deformation during most
part of the drying process: the reduction of sample volume equals the volume of removed
water. Based on this observation, we proposed an extended van Meel model able to con-
sider the large deformation of yacón during drying. The whole process can be nicely
reproduced with only two key parameters: the heat transfer coefficient, which depends480

on the dryer configuration and the critical moisture content, a parameter depending on
the product, but which acts only at the end of drying.
This model has great potential for application to any fresh product, provided that it fea-
tures iso-volume deformation.
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Notations

The main notation are summarized in tables 3 and 4.
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Table 3: List symbols (Latin letters)

Symbol Name Unit

aw water activity −

A area of exchange surface m2

d sample diameter m

d0 initial sample diameter m

F characteristic drying curve −

h sample height m

h0 initial sample height m

hh heat transfer coefficient W.m−2.K−1

Qh heat flux W

qh heat flux density W.m−2

Qv vapor flux kg.s−1

qv vapor flux density kg.s−1.m−2

Lv latent heat of evaporation J.kg−1

m mass kg

ms dry mass kg

RH relative humidity − or%

Rani anisotropy ratio −

t time s

T temperature K or ◦C

Td dry bulb temperature K or ◦C

Tw wet bulb temperature K or ◦C

V sample volume m3

V0 initial sample volume m3

X moisture content, dry basis −

Xcr critical moisture content −

Xini initial moisture content −
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Table 4: List of symbols (Greek letters)

Symbol Name Unit

α parameter of the characteristic curve −

βL longitudinal shrinkage −

βR radial shrinkage −

ρ` liquid water density kg.m−3
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