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Dehydration by Successive Pressure Drops (SPD) is a process with high potential for
treating heat-sensitive materials; this includes agro-industry by-products. However, the
response of drying kinetics to operating conditions of SPD is not fully understood. The
present manuscript refers to mathematical simulations to describe drying kinetics of

discarded potatoes using SPD. While there are numerous theoretical, semi-theorical
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and empirical mathematical models, the selection of the appropriate model is a rigorous
process. In this paper, the Thompson thin-layer semi-theoretical model was chosen
since the assumptions for this model (e.g., product is arranged in thin layers) are

tulfilled for the SPD. As a result of mathematical simulation, it was possible to describe
the drying kinetics in terms of the major parameters of SPD namely pressurizing level
(Pa) and the Frequency of Pressure Drop (FPD). The dehydration by SPD allows the
removal of water from the material, mainly at the pressure drop. If this stage occurs
more frequently, the drying rate increases. The model developed describes at less 91%
of the variability of the experimental data. It is recommended to use high FPD and Pa
equals to 0.50 MPa.

Drying kinetics

Contribution/Originality: This study is one of the few studies explaining the application of a thin-layer model
for Successive Pressure Drops drying of agro-industry by-products. This study originates new formula for drying
kinetics of discarded potatoes based on the major parameters of Successive Pressure Drops drying namely

pressurizing level and pressure drop frequency.

1. INTRODUCTION

The proportion of by-products, residues, and non-standard products generated by the agro-industry is a global
predicament, from field production to commercialization (Galanakis, 2012). Evidence suggests that vegetable
residues cause environmental pollution but also, they are an untreated source of biocomponents (Ajila, Brar, Verma,
& Prasada Rao, 2012; FAOSTAT, 2020). Consequently, residue management systems are a key in the agricultural
and agri-food sector due to the pressure exerted on both environment and natural resources protection, and

sustainable development.
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Animal and human food as well as extraction of biocomposites are reported as modern and sustainable
procedures to use agri-food residues (Esteban, Garcia, Ramos, & Marquez, 2007). However, an effective
conditioning of the material is generally compulsory due to a high moisture content (higher than 0.80 g g-! wet
matter, Ajila et al. (2012) of agri-food residues. Consequently, they are highly biodegradable and both, hard and
expensive to handle (Sotiropoulos, Malamis, Michailidis, Krokida, & Loizidou, 2016).

Several studies have focused on the use of hot air drying to reduce the moisture content of residues (Benseddik
et al., 2020; Henriquez, Cérdova, Almonacid, & Saavedra, 2014; Obied, Bedgood Jr, Prenzler, & Robards, 2008;
Shah, Jani, & Khan, 2014; Wuttipalakorn, Srichumpuang, & Chiewchan, 2009). However, this technique is not
adequate for some heat-sensitive agri-food by-products, as, the increase of the drying temperature results in an
enzymatic and non-enzymatic degradation or decomposition of thermosensitive compounds (Gan, Ong, Chin, &
Law, 2017; Larrauri, Rupérez, & Saura-Calixto, 1997; Mounir, Besombes, Al-Bitar, & Allaf, 2011). Thus, it is
necessary to study the appropriate drying techniques to facilitate the management and conservation of this type of
biomasses.

Dehydration by Successive Pressure Drops (SPD) is a process with high potential for treating heat-sensitive
materials (Alonzo-Macfas, Montejano-Gaitan, & Allaf, 2014; Bouallegue et al., 2020; Iguedjtal, Louka, & Allaf, 2008;
Louati, Bahloul, Besombes, Allaf, & Kechaou, 2019; Louka & Allaf, 20045 Louka., Juhel, & Allaf, 2004). The
operating principle in this process is to submit the material to successive changes between two pressure values
Figure 1: a high-pressure level (P, with values up to 1 MPa) and a base pressure level (P, or low pressure with
values equal or lower than atmospheric pressure). These pressure levels are set for a respective period £ and #,
known as pressurizing phase and base pressure phase duration, respectively. Generally, the value of this period
ranges from 5 to 35 seconds. These values cause the frequency of pressure drops (F/PD) to vary between 0.50 to 12
depressions per minute. With this pressure changes, it is possible to (a) change the porosity of the material, which
improves the drying kinetics, (b) create an instantaneous airflow which removes the water from the surface of the
material, and, (¢) when the vacuum is established, reduce the evaporation temperature of the water contained in the

material (Mounir, Téllez-Pérez, Alonzo-Macias, & Allaf, 2014).
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Figure-1. Pressure variations in dehydration by Successive Pressure Drops (SPD).

To make recommendations about sizing and operation of a dehydrator by SPD for agri-food residues, two ways
are established: to conduct experimental studies, being an expensive procedure (Chou, Chua, Teoh, & Ho, 2006;
Haddad, Juhel, Louka, & Allaf, 2004; Louati et al., 2019; Maache-Rezzoug, Rezzoug, & Allaf, 2001; Maache-
Rezzoug, Rezzoug, & Allaf, 2002; Parra-Coronado, Roa-Mejia, & Oliveros-Tascén, 2008; Rakotozaty, Louka,
Therisod, Thérisod, & Allaf, 2000), and to develop a mathematical simulation of drying assisted by computer (Al
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Haddad, 2007; Henriquez et al., 2014; Kaveh & Amiri Chayjan, 2017; Parra-Coronado, 1993; Roa et al., 1999;
Sadeghi, Movagharnejad, & Haghighi Asl, 2019; Thompson, Peart, & Foster, 1968).

Mathematical simulation is a practical tool to design an appropriate implementation of new dryers. The
simulation of various drying systems involves solving a set of heat and mass-transfer equations, which describe (a)
heat and moisture exchange between product and air, (b) psychrometric properties of moist air, (¢) adsorption and
desorption rates of heat and moisture transfer, and (d) equilibrium relations between product and air (Ertekin &
Firat, 2017). The heat is required to evaporate the moisture, which is removed from the drying product surface by
the external drying medium, usually air. Generally, the moist agri-food by-products dry in constant rate, followed
by a subsequent period where drying rate is lower, and it stops when an equilibrium is established. There are
theoretical, semi-theoretical and empirical relationships to predict the drying behaviour of different products in
those periods. Theoretical models (generally based on Fick’s second law of diffusion) are rigorous and difficult to
apply because of the large number of unknown parameters (Erbay & Icier, 2010). Those models consider both the
internal and external heat and mass transfer, and predict better the temperature and the moisture gradient in the
product. However, simpler options have been applied instead. The characteristic drying curves (Fyhr & Kemp,
1998) obtained from thin-layer drying equations are the most used models for predicting the drying rate. They are
easier and need fewer assumptions due to the use of some experimental data. The models are then used to predict
drying rates at conditions different from the reference case, and even changing some parameters associated with the
dehydrator.

For this last category, one of the most popular mathematical models for static bed dryers is the Thompson
thin-layer model (Kaveh & Amiri Chayjan, 2017; Thompson et al., 1968). It is a semi-theoretical model, originally
developed to simulate grains corn drying. In this model, the thick layer of corn kernels is divided into many thin
layers (thickness around one inch), placed one over the other. Then drying is calculated as a heat and mass balance
in each of the different layers, integrating them at the simulation process end. This semi-theoretical model has
proved useful for the dryer designers (Brooker, Bakker Arkema, & Hall, 1974). This model can generate errors in
the estimations by assuming a uniform product temperature (in some cases, equivalent of the room temperature) at
the beginning of the simulation. However, this error occurs only at the beginning of the process and it may be
reduced to acceptable values with reducing the thickness of the product (Erbay & Icier, 2010; Henderson & Pabis,
1961).

Because the product is arranged in thin layers into the treatment chamber of SPD dehydrator, one on top of the
other, the Thompson thin-layer model can be used to simulate the kinetics of drying as a function of pressurization
times (% and %) and pressure levels (P, and Py). The aim of this work is to simulate the operating conditions of the
SPD dehydrator and to define the configuration that allows the best drying kinetics for the drying of discarded
potatoes due to poor quality. To achieve this goal, the study aimed 1) to develop a model adapted to the SPD, 2) to
calibrate the best-performed single-thin-layer equation according to the SPD operation parameters, and 3) to

validate model reliability using values obtained from experimental trials.

2. DEVELOPMENT OF THE MATHEMATICAL SIMULATION

The implementation of the Thompson thin-layer model represents the passage of air initially at a temperature
(T) and a humidity ratio (H), through the first thin layer of product that has an initial moisture content (M) and a
temperature (8). The air outflow conditions of the first thin layer of product are the entrance conditions for the next
layer, and so on until the thick layer of product is completed. After an interval of time, a certain amount of moisture
evaporates, being removed by the air because of pressure drops. The model estimated the evolution of the moisture
content along drying time, under the predetermined operating conditions. To adjust a thin-layer drying equation,

the SPD was represented as a tray dryer with the same airflow generated by the sudden pressure drop. Therefore, it
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was assumed that the removal of water occurs only during the pressure drop lapse (when pressure changed from P,

to Py, Figure 1).

2.1. Airflow Estimation
The sudden pressure drops in the SPD dehydrator results in the instantaneous release of an air mass
(increasing kinetic energy), producing an instant convection and moisture reduction of the material. Airflow (q in

m?® min') was calculated by Equation 1 (Gutierrez-Pacheco, 2016).

_ (ﬂP-dE-P,;

75.7L }_I tarop FPD (1)

Where AP represents the pressure drop (kg cm2), d is the pipe/air outlet valve diameter (mm), P, is the
pressurizing level (kg cm=), L is the length of the pipe/outlet valve (mm), taop is the pressure drop duration
(approximately 1/60 min), FPD is the frequency of pressure drops (drops min-'), and 75.7 is the conversion factor to

obtain the air flow in m3 min-'.

2.2. Calculation of the Product-Air Amount Ratio (R)
The R factor was necessary to make the equivalence between the water lost by the product and transferred to
the air. The calculated difference in moisture of the product for each iteration is multiplied by this factor and added

to the humidity ratio of the drying air. The R factor was determined by Equation 2 (Gutierrez-Pacheco, 2016).

__ Vgir-adm
= (2)

Where R is the product-air amount ratio (kg of product kg-' of air), v, is the specific volume of air (m® kg'), q
is the airflow (m® h-') generated by each cycle of pressure drop, At is the time interval adopted for each iteration
(one hour), and adm is the amount of dry matter in the treatment chamber (kg of dry

product).

2.8. Heat Balance before Drying

For each time interval (At), the Thompson model (Kaveh & Amiri Chayjan, 2017; Thompson et al., 1968)
determined the equilibrium temperature (T.) between the drying air and the product. This sensible heat balance was
represented by Equation 3. Where H is the air humidity ratio (kg of water kg-! of dry air), T is the air temperature
(°C), Cp is the specific heat of the product (kJ kg-! °C-'), and 8 is the product temperature (°C).

(10048+1E8-H) T+Cp 8
¥ L0048+188-H+Cp (%)

2.4. Heat Balance after Drying
The Thompson model also allows a post-drying heat balance to determinate the air and the dried product

temperature (Ty) after the time interval (At). It is assumed that the moisture lost by the product (AM) is removed by

air, which increases its humidity ratio to H. Equation 4 allows this calculation.

(10048+188-Hp) Te—AM-( 246142+ LHEV-T) +( Gy Te)
= 4
I 10048+1.88-Hf +Cp ()

Where H is the air humidity ratio (kg of water kg-! of dry air), and the subscript o and f represent the initial

and final values for each iteration, respectively, T. is the equilibrium temperature (Equation 3, °C), LHV is the
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latent heat of vaporization (Equation 6, kJ kg'), and C, is the specific heat of the product
(kJ kgt °C).

Other additional parameters were considered: Expected final moisture content (wet matter) of 10% and specific
heat (C,) of 3,608 kJ kg °C-! (Araya-Farias & Ratti, 2009). For the purposes of this publication, the specific heat of
the product (Cp) was considered as a constant (invariable against changes in humidity).

The bulk density (p,, in kg m) and latent heat of vaporization (LHV, in kJ kg') of the product were
recalculated for each iteration according to Equation 5 (Key-Technology, 2015) and 6 (Chen, 2006) respectively.

py = 305 + 5.89 - M; - 100 (5)

LVH = 1512.9 - (M; - 100)~%7#¢ + 0.461 - (6887 — 5.31- (8 + 273.15)) (s)

Where M; is the moisture content of the product (g g-! dry matter, d.m.) and 0 is the product temperature (°C)

for each iteration.

2.5. Thin-Layer Drying Equation

Finally, this mathematical model required a single-thin-layer equation (Equation 7) calibrated for the SPD
conditions to be analyzed. This equation had to be a function of the product's moisture content (M), time (t) and the
most relevant parameters of the SPD (e.g. frequency of pressure drops, FPD, and pressure levels, P, and Py,). This
equation incorporated all transport properties in function of the drying mechanism. For SPD drying technique, a
thin layer equation has not been developed, so the first step was to determine the equation describing the drying

kinetics by SPD. The procedure for selecting this equation is described in the materials and methods section.
aM
o f(M,P,, P, FPD, ..., 1) (7)

3. MATERIALS AND METHODS
3.1. Dehydrator Prototype and Operation Description

Figure 2 describes the SPD dehydrator set up. Each test started with compressor activation (Figure 2, B). P,
was established using a pressure regulator (Figure 2, D). The first cycle began with the opening of the valve F, to
establish the Py level in the treatment chamber (Figure 2, G) (in this case, Py, equals to atmospheric pressure, Pam).
Then, valve I remained closed during the base pressure phase (t,) and then, the valve D was open to pressurize the
treatment chamber. Finally, the valves D and I* were closed during the pressurizing phase (t,). Subsequently, the

cycle was repeated until test duration was reached.

Air outlet
Airinlet

G

Figure-2. SPD set up diagram. A) air filter, B) compressor and compressed air tank, C and E) pressure gauges, D and F) solenoid valves

compressor, G) treatment chamber.
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3.2. Raw Material and Experimental Data

Discarded potatoes (cultivar Russet Burbank) for the presence of sprouts were used as raw material. For each
test, samples of 30 g were cut into rectangular prisms 20 mm x 10 mm x 5 mm and placed in the SPD device. The
weight of the samples was recorded every 30 minutes to determine the variation of moisture content during drying.
Samples were weighted using an electronic scale (Mettler PM2000 precision 0.1 g - Columbus, OH, USA). To
determine the dry weight, at the end of each treatment, each sample was dehydrated in the oven (Carbolite LHT
6/120 - Hope Valley, UK) for 24 hours at 60 °C. Moisture content was calculated by Equation 8:

Wi —Wary

M; = Wary (8)

M; is the moisture content (g g-! dry matter, d.m.) for drying time z, // is the weight of the wet sample (g) and
Wary 1s the weight of the dry sample (g).

For model calibration and validation, four SPD configurations were performed, summarized in Table 1. Each
test had a duration of six hours. Four repetitions were made for each configuration, three repetitions for the

calibration of the model and one for validation of model reliability.

Table-1. Summary of experimental configurations for model validation.

Treatment* Pressurizing le.vel, P. Frequency of pressure drops,.FPD
(gauge pressure in MPa) (number of depressions per minute)
DSPD 1 0.30 6
DSPD 2 0.30 12
DSPD 3 0.50 12
DSPD 4 0.60 12
Iljlgaee:l*Each treatment had four repetitions. Three for the calibration of the single-thin-layer equations and one for the validation of the

3.8. Thin-Layer Drying Equation

Three repetitions for each treatment Table 1 were used for the calibration of the single-thin-layer equation
Equation 7. Since no calibrated thin layer equation has been reported for SPD, the first step was to determine the
equation describing the drying kinetics by SPD. The experimental moisture content values versus the drying time
were fitted using four common thin-layer equations used to explain the drying kinetics of foods Table 2. The

empirical constants for the models were obtained using Microsoft office Excel Solver.

Table-2. Thin-layer equations tested to describe dehydration of potatoes by SPD.

Model name Equation* Reference

Newton M; = Mg xe <t Lewis (1921)

Henderson-Pabis M; = My*o e <t Henderson and Pabis (1961)

Logarithmic M; = MD(Q g FE ],:} Yagcioglu, Degirmencioglu, and Cagatay (1999)
Wang-Singh M;=My(axt2+ B+t +1) ‘Wang and Singh (1978)

Note: *M; is the moisture content (kg kg-' dry matter) for each time 7, Mo is the initial moisture content (kg kg-' dry matter), ¢is the drying time
(hours), a, B, ¥ and k are empirical constants.

Newton’s equation represents a simple exponential of the drying kinetics as a first-order model. Henderson-
Pabis equation presents an additional parameter that can improve the fitting, but if the estimated value of the
parameter « is different from 1, the moisture content will not assume a value equal to M, at the initial time, which
invalidates the mathematical consistence of model. Logarithmic equation is mathematically consistent at the initial
time only if the estimated values of parameters a and y present a sum equal to 1. Finally, Wang-Singh equation is a

second order empirical model, consistent for the initial moisture content value. Lastly, the shrinkage phenomenon
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was assumed as negligible, although it is widely well known that it is notorious in fruit dehydration (Chemkhi &
Zagrouba, 2011; Frias, Clemente, & Mulet, 2010; Mounir et al., 2014).
The best-performance equation in the calibration will be chosen. This equation will be adjusted to obtain the

drying kinetics of a thin layer according to the operating conditions of the SPD.

3.4. Performance Criteria

Mathematical simulations were computer-assisted and were implemented in Microsoft Visual Basic
programming language for applications 7.0. The drying kinetics calculated the conditions of the drying air
(temperature, 7, and humidity ratio, H) and the conditions of the product (moisture content, M, and temperature,
0). It was an iterative process for the four layers of product disposed in the SPD, and time step between each
simulation was one hour. These simulated values were compared with the values observed in the experimental
samples (one sample per treatment).

To quantify the accuracy of estimation, three statistical evaluation criteria were used. Coefficient of
determination (R?, Equation 9), the root-mean-square error (RMSE, Equation 10), and the Nash-Sutcliffe
Coefficient (NS, Equation 11). These criteria described the statistical correlation between the estimated and
observed data.

The coefficient of determination (R?):

-

N r z
Tt Yoy, i—Faim, [:'

R*=1- <N vz (9)
TN pz =i osmi
=1 exp.i N

The root-mean square error (RMSE):

[=§ . A%
Zit | Yexpi- Yslm.lj
RMSE = *JI B (10)

And the Nash-Sutcliffe Coefficient (NS):

N r z
E[:ﬂ._Ye::p_[_Ks[m[:'

NS =—— —— T
E'}:['-_Yexp_i_i’exp]

(11)

Where 7" is the moisture content for each iteration (dry matter), the subscripts exp and sim refer to the
experimental and simulated values, respectively, ¥ is the mean of observed moisture content, and N the number of
observations. The best fit is achieved when the RMSE is close to zero, and both, NS and R2 are close to one. In this
study, RMSE and NS statistics were used to measure the model performance for forecasting product moisture
content whereas R? was used to analyze the linear regression goodness of fit between observed and estimated data.

Also, for model goodness of fit, the intercept and gradient should be close to zero and one, respectively.

4. RESULTS AND DISCUSSION

4.1. Calibration of Single-Thin-Layer Equation

The thin-layer equations studied Table 2 were adjusted for the experimental data of the different drying conditions
Table 1. The estimated parameters for models are presented in Table 3. Also, calibration performance (RMSE, R?
and NS coefficients) from each equation are presented in Table 4. According to the results, the calibration process is
satisfactory (calculated coefficients of determination greater than 0.98). The RMSE values obtained from the
adjustment procedure show the goodness of the calibration of the single-thin-layer models tested to describe the
different SPD configurations. Calculated RMSE values were less than 0.07. However, despite the Logarithmic and
the Wang and Singh models have a good fit (low RMSE value and NS and R? values close to one, Table 4,

predictions of negative moisture values were obtained, which is not coherent.
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Table-3. Estimated parameters of the models examined to describe the drying kinetics of potato residues by SPD.

Calculated air
. Model name
Treatments flow (m® min™)
Newton Henderson-Pabis Logarithmic Wang-Singh
DSPD 1 4.34 1.6534 a 1.0712 a 1.732 a | 0.2754¢
K 1.755¢ K 0.7159¢ B | -1.185
y -0.708"
DSPD 2 8.68 K | 2.853¢ a 1.0464b a 1.172b a | 0.7167°
K 2.484¢ K 1.755¢ B | -167°
y -0.1512
DSPD 3 14.28 K | 3.1082 a 1.027b a 1.12b a 1.0892
K 3.1674 K 2.669% B | -2.048°
y -0.083%
DSPD 4 17.08 K | 2.838P a 1.0412b a 1.074b a | 0.9898?
K 2.919° K 2.272b B | -1.985¢
y -0.0982

Note: DSPD: Dehydrator configuration by successive pressure drops. DSPD 1: P, = 0.8 MPa, FDP = 6. DSPD 2: P, = 0.3 MPa, FDP = 12. DSPD 3: P, = 0.5
MPa, FDP = 12. DSPD 4: P, = 0.6 MPa, FDP = 12.
Different superscripts between parameters of the same model represent statistical differences in mean values (p <0.05).

Newton’s model was chosen due to its simplicity to describe the single-thin-layer drying as a function of the
airflow (q) generated by the pressure drop. Significant differences between the values of the parameter x were
obtained. The parameter k of this model can be expressed as a function of the estimated flow rate after the pressure
drop, which is a function of the pressure difference (P, — P,) and the frequency of pressure drops (FPD). For this,

Equation 12 was obtained.

o EAT
kK =3.6543-¢" 1 )

(12)

Table-4. Performance criteria values thin-layer models examined to describe the drying kinetics of potato residues by SPD.

Performance Model name

Treatments . . " : T -
criteria Newton | Henderson-Pabis | Logarithmic | Wang-Singh

DSPD 1 R2 0.981 0.984 0.997 0.997

RMSE 0.07 0.06 0.03 0.08

NS 0.952 0.959 0.992 0.992

DSPD 2 R2 0.985 0.987 0.993 0.996

RMSE 0.05 0.05 0.08 0.03

NS 0.973 0.977 0.988 0.993

DSPD 3 R2 0.993 0.993 0.993 0.996

RMSE 0.03 0.03 0.03 0.02

NS 0.989 0.990 0.990 0.995

DSPD 4 R2 0.983 0.984 0.992 0.997

RMSE 0.05 0.05 0.03 0.02

NS 0.974 0.976 0.988 0.996

Note: DSPD: Dehydrator configuration by successive pressure drops. DSPD 1: P, = 0.3 MPa, FDP = 6. DSPD 2: P, = 0.3 MPa, FDP = 12. DSPD
3: P, = 0.5 MPa, FDP = 12. DSPD 4: P, = 0.6 MPa, FDP = 12.

The pressure drop and pressure drop frequency are the variables to be controlled in the SPD. A comparison of
the findings with those of other studies (Al Haddad, 2007; Chou et al., 2006; Maache-Rezzoug et al., 2001; Maache-
Rezzoug. et al., 2002; Rakotozafy et al., 2000) confirms drying kinetics is explained by these two factors.

2.2. Effect of Pressure Drop Frequency

Frequency has a positive effect on drying kinetics. According to the parameter analysis, parameter k of Newton
model increased from 1.653 to 2.353 when the FPD changed from 6 to 12 pressure drops per minute. Greater
number of depressions per minute generates greater volume of air passing through the drying chamber and

allowing faster drying. This corresponds with results reported by Chou et al. (2006) for dried pork tissue, Chua and
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Chou (2004) for potato and carrot, and by Rakotozafy et al. (2000) for baker's yeast. Figure 3 illustrates moisture
content simulated for 6 and 12 pressure drops per minute (DSPD 1 and DSPD 2, respectively). The prediction of
the data under the developed model varied 96 and 91%, respectively. The results for these two treatments describe
that drying kinetics improves when F'PD increases. However, prediction of final moisture content and drying time

should be improved.

--- Estimated L] Observed
L
— — 1
5 .
Ay
- R?=0.056 e RZ=0.008
= RMSE 0739 . RMSE=1.377
o 4 - MNS= 0702 — 1 NS- 0468
E .\ ‘\
= . v [
= — “‘ - .
-— — - 1
= 73 . \
= f=1 . Y
a3 = * L] * hd
~
@ 24 N . v
=] *a kY
® *a - ) -
= ~
= 1 hes — S
e ] * -
™ - ‘\
Tea - . -
- =
0 - n e ————
T T T T T T T T
0 2 4 & 0 2 4 &

Drying time (hours)
Figure-3. Drying curves for SPD configured for different pressure drop frequency. Comparison of experimental and
simulated results. A: Treatment DSPD 1, 6 pressure drops per minute. B: Treatment DSPD 2, 12 pressure drops per
minute.

Drying by SPD allows the removal of water from the material mainly during the pressure drop. At this stage, a
certain amount of liquid water passes into vapor, from product to drying air, to restore partial vapor pressure
(Cong, Haddad, Rezzoug, Lefevre, & Allaf, 2008). Therefore, if this stage occurs more frequently (higher FPD), the
drying rate increases. The drying frequency can increase up to the limit of system response. In this case, by the
response time of the solenoid valves. The highest frequency that can be achieved is 15 pressure drops per minute

(cycle duration of 4 s).

4.8. Pressurizing Level Effect

The eftect of pressure P, can be analyzed with DSPD treatments 2, 8 and 4 (P, = 0.3, 0.5 and 0.6 MPa,
respectively). Figure 4 illustrates experimental and simulated results for each treatment. The prediction of drying
kinetics for these treatments varied from 91 to 98%. The drying rate increased when P, changed from 0.3 to 0.5
MPa. However, when high P, values (0.5 and 0.6 MPa) were established, drying kinetics was similar. This coincides
with Rakotozaty et al. (2000) who estimated a response surface for the yeast drying rate by SPD. Their results
showed that the drying rate stabilizes for pressures greater than 0.46 MPa. This behaviour was represented by the

developed simulation model.
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Figure-4. Drying curves for SPD configured for different pressurizing level. Comparison of experimental and
simulated results. A: Treatment DSPD 2, P, = 0.3 MPa; B: Treatment DSPD 3, P, = 0.5 MPa; C: Treatment
DSPD 4, P. = 0.6 MPa.
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The current study adopted atmospheric pressure as P,. Previous studies (Alonzo-Macias et al., 2014; Cong et
al., 2008; Louka & Allaf, 2004) that have settled P, value below atmospheric pressure observed some advantages
such as product texturization and high organoleptic quality. To set P, below atmospheric pressure, the necessary
vacuum equipment is required (vacuum pump and vacuum chamber up to 130 times larger than the drying chamber,
Maache-Rezzoug. et al. (2002); Alonzo-Macfas et al. (2014). So, if the goal is only to improve the drying kinetics,

setting P, equal to atmospheric pressure and P, greater than 0.5 MPa is pertinent (Cong et al., 2008).

4.4. Model for Drying Kinetics of Discarded Potatoes
Considering Equation 1 to 7, Equation 7 being Newton's equation calibrated (k parameter as a function of
airflow, Equation 12), the validation process was satisfactory. Calculated coefficients of determination greater than

0.90, and calculated RMSE values were less than 1.4 Table 5.

Table-5. Performance criteria values (R? and RMSE), and final moisture values for the different SPD treatments.

Treatments
DSPD 1 DSPD 2 DSPD 3 DSPD 4
R? 0.956 0.908 0.983 0.976
RMSE 0.74 1.38 0.50 0.50
Final moisture (g g-!, d.m.) 0.40 0.33 0.20 0.03

Note: DSPD: Dehydrator configuration by successive pressure drops. DSPD 1: P, = 0.3 MPa, FDP = 6. DSPD 2: P, = 0.3 MPa, FDP
= 12. DSPD 3: P, = 0.5 MPa, FDP = 12. DSPD 4: P, = 0.6 MPa, FDP = 12.

4.5. Validation

The selected thin-layer model is Newton's model and its parameter k could be expressed as a function of the air
flow Equation 12. This relation between k and airflow was also reported by Yaldiz (2001) and Hossain and Bala
(2002). The k value increases as the air flow increases, in consequence, the drying time decreases. However, there is
a point at where the x value starts to be constant. In this study, this is achieved when the pressurization level is 0.5
MPa. These results further support the idea of Rakotozafy et al. (2000) and Maache-Rezzoug et al. (2002) referring
that an increase of pressurizing level above 0.5 MPa is not statistically significant for drying rate.

Newton's thin-layer model was integrated into Thompson's model, making the balance of energy and mass
between the different layers. Thompson’s model estimations are close to the observed drying curves. The developed
model explains at least 91% of the drying of discarded potatoes through the SPD (Table 5). The fitting procedure
indicated that the assumptions made to describe the SPD drying process are valid for discarded potatoes drying.
These assumptions are: The airflow is a function of the pressure drop (P. — P;) and F'PD Equation 12; every thin
layer of product are subjected to the same air flow, therefore a ratio between the amount of air and the amount of
product is established by Equation 5; and, the thin-layer drying equation is known and can be expressed as a
function of the drying condition (in this case the level of pressurization, P.).

The present SPD prototype has the air inlet and outlet on the top of the product. This can lead to non-uniform
final moisture content and consequently problems in product storage. Further studies need to be carried out to
evaluate the influence of this variable on drying kinetics and drying uniformity, and then, optimise the system if

necessary.

5. CONCLUSIONS
The present research proposed a mathematical model for the operation conditions of the SPD system. About
the objectives set out at the beginning of the manuscript:
1) This manuscript describes the model adapted for the SPD system. The kinetics of SPD drying is largely
controlled by the pressure drop generated (P. — Ps) and the frequency of pressure drops (FPD).
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2) Four single-thin-layer equations were tested in model calibration stage. Newton’s equation was chosen due to
its simplicity to describe the single-thin-layer drying as a function of the airflow generated by the pressure
drop.

3) At least 91% of the variation of experimental data was explained by the mathematical model implemented. The
final thin-layer model for drying kinetics considered that a) each of the product thin-layers are subjected to the
same amount of air, thus generating a product-air amount ratio; and, b) the single-thin-layer drying equation
(Newton’s equation) is known and can be expressed as a function of the SPD operation parameters (P, P, and
FPD).

To obtain the greatest drying speed, the following SPD configuration is recommended: a) Use atmospheric
pressure as Pp,, which avoids the use of equipment to generate vacuum, b) Establish high FPD, c) Set high
pressurization value (P,) to 0.5 MPa.

Further studies need to be carried out to evaluate the influence of air inlet and outlet position on drying
kinetics and drying uniformity. Air circulation can lead to non-uniform final moisture content and at the same time

can change the drying kinetics of the SPD.
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