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HIGHLIGHTS GRAPHICAL ABSTRACT

e Conical spouted bed dryer is suitable for
drying of winery waste.
e The operability of beds of winery waste
was determined in the jet-spouted bed.
o Jet-spouted bed regime is highly effi-
cient for drying of winery waste.

e Time evolution of gas humidity was
predicted by an artificial neural
network.

v

e Evolution of solid moisture content was
obtained from gas humidity by mass
balance.

Jet spouted
Wine bed dryer
ARTICLE INFO ABSTRACT
Keywords: To analyze the performance of a conical spouted bed dryer for the valorization of wine-production waste (grape
Conical spouted bed dryer skins, seeds, and stalks) in a jet-spouted-bed regime (dilute spouted bed), the operating conditions in the jet and
Drying jet-spouted-bed performance spouted-bed regimes were delimited for comparison. Drying was conducted at different air temperatures and

Drying model

Neural network

Jet-spouted bed (dilute spouted bed)
Winery waste

velocities in both regimes, and the time evolution of the gas humidity and solid moisture content was monitored
to obtain the most appropriate conditions for drying. An artificial neural network was trained to predict the time
evolution of gas humidity in both regimes in a conical spouted bed dryer. From these data, the solid moisture
content was determined using differential mass and heat balances, considering equal temperatures in the gas and
solid phases. Finally, the fitting of the experimental results of the solid moisture content demonstrates the val-
idity of drying tracking from the time evolution of the air humidity.

1. Introduction [1]. Renewable energies, including biomass, with a share of 15% of the
primary energy supply in 2020 [2], play a key role in the transition to

The world is facing an unprecedented energy crisis, to which the clean energy and climate change mitigation [3], contributing to atten-
COVID-19 pandemic and Russia's invasion of Ukraine have contributed uating the effects of the crisis. The use of biomass is recommended to
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avoid additional environmental contamination [4]. Biomass has been
the primary renewable energy resource worldwide for millennia. In
prehistoric times, humankind first started burning wood to cook and
stay warm. Currently, 96% of all renewable heat produced worldwide
comes from biomass [2]. Woody biomass from forestry is currently the
most important biomass resource for energy generation. Other sources
include agricultural (energy crops) and waste biomass (agricultural
waste, food industry waste such as shells and olive pits, and municipal
organic waste) [5].

The common grape vine (Vitis vinifera) is a very important fruit crop
worldwide, with 7.3 million Ha of cultivated land globally, a global
grape production of nearly 7 million tons, and wine production of 258
million hL in 2022 [6]. The wine sector generates a large amount of
biomass waste (approximately 20 wt% of the grapes), characterized by
high organic content and low concentrations of nitrogen and phosphorus
[7]. This waste includes pomace, the main by-product, constituted by
skins, seeds, and stalks obtained after the extraction of grape juice [8];
lees precipitates generated in the clarification process of the fermenta-
tion and maturation of wine [9]; and vinasse depleted of the wine ob-
tained from the sludge washing water and sewage sludge.

Winemaking waste is usually managed by distilleries or utilized as
fertilizer. This renewable energy source could become an important raw
material for thermal valorization, as a source of heat for drying waste to
a dryness content close to 10-15 wt% and for the heating system of the
company. The potential application of winery waste in energy produc-
tion is affected by its high moisture content. Although winemaking
byproducts are a source of natural bioactive compounds with substantial
antioxidant potential, they are vulnerable to microbial deterioration
because of their high moisture content [10]. Therefore, a pre-drying
process provides relevant advantages for combustion by providing
higher thermal efficiency (by lowering the concentrations of carbon
monoxide) [11], which reduces the flue gas emissions of volatile com-
pounds. Owing to previous drying, transport costs are lower, quality is
preserved in storage, stability is improved [12,13], and biological ac-
tivity is inhibited.

The drying kinetics of grape pomace were studied in an infrared
dryer and convective dryer at 90 °C [14]; in an air dryer and accelerated
solar dryer at 55 °C [15]; in a tray dryer at 55, 65, and 75 °C [16], and at
60, 65, 70, 75, 80, and 85 °C [17], by non-thermal electrohydrodynamic
drying [18]; in a heat pump dryer at 45 °C and different air velocities
(1.5, 2.0, and 2.5 m/s) [13], and at 45 and 50 °C with an air velocity of
1.0 m/s [19]; and in an air dryer, vacuum dryer, ultrasound assisted
vacuum dryer, and freeze dryer [20]. Although several authors have
reported on the drying of winery waste, most studies have focused on the
effect of the drying method on the chemical composition, bioactive
compounds, and antibacterial activity on a laboratory scale [10,21-27]
and on an industrial scale [28].

The combustion performance, the first stage of which is the drying of
wine waste, was studied using thermogravimetric analysis [29,30].
Wine pomace has a long combustion time, which is an interesting
parameter for fuel, a high heating value, an ash content near 10 wt%,
and a CO/CO- ratio lower than 10% [29]. Schonnenbeck et al. [31]
performed the combustion of pre-dried grape marc and its mixtures with
conventional biomass in a domestic boiler, obtaining a [CO]/([CO] +
[CO2]) ratio lower than 9%. Benetto et al. [32] assessed the feasibility of
producing pellets from grape pomace for heat production owing to its
high heating value.

A spouted bed is a technology suitable for the fluid-solid contact of
coarse solids, sludge, pastes, sticky or viscous irregular textures with a
wide particle size distribution, and mixtures of different particle sizes or
densities [33]. The good performance of this technology in operations
and processes is based on the vigorous cyclic movement of the solid
particles [33]. This provides a high turbulence in the bed, avoiding
problems inherent to fluidized beds such as defluidization by agglom-
eration [34] and segregation [35], and allowing efficient fluid-solid
contact, which improves both fluid-solid mass and heat transfer
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[36-39] relating to fluidized and fixed beds [40]. Moreover, unlike
fluidized beds, conical spouted beds do not require the use of inert
materials as adjuvants such as sand [41].

In conical spouted beds in the spouted-bed regime, three regions are
distinguished: the spout zone, annular zone, and fountain [42]. Beds in
spouted-bed contactors with a conical geometry are characterized by
two characteristic regimes depending on the fluid flow: the spouted-bed
regime and jet-spouted-bed regime [33,43]. The jet-spouted bed regime
presents hydrodynamic characteristics that are different from those of
the spouted bed [43-46]. This regime provides more vigorous solid
movement and better gas-solid contact than the spouted-bed regime.
The jet-spouted-bed regime is advisable in operations involving
adherent sludge because it promotes higher mass and heat transfer rates,
avoids particle segregation, and improves the mixing of particles of
different sizes and densities. It also enables uniform operation with wide
particle distributions [33,43]. The design factors of the conical con-
tactors and the operating conditions in the jet-spouted-bed regime were
delimited in previous studies on glass beads are: D,/D; = 1/2-5/6 for
both spouted bed and jet spouted bed regimes, and D,/d, = 2-60 in the
spouted bed regime, and D,/d, = 1-80 in the jet spouted bed regime
[33,43]. The gas flow pattern was analyzed in the jet-spouted bed
regime for materials with different densities and particle diameters in
conical spouted beds [46]. The operating conditions for the treatment of
sludge waste at high temperatures were delimited in the spouted bed
and jet-spouted bed regime in conical spouted beds [47].

Spouted bed technology has been successfully applied to the treat-
ment of biomass waste in the spouted-bed regime by drying [42,48-58],
combustion [11,59-63], pyrolysis [64,65], gasification [66-69], and
anaerobic digestion [70].

Artificial neural networks (ANNs) have been effectively used to
predict the behavior of certain materials in spouted beds. Freire et al.
[71] used a hybrid lumped parameter/neural network model to estimate
the outlet air temperature, relative humidity, air temperature, and ma-
terial moisture content as functions of time during the drying of pastes
with inert particles. A hybrid neural network was also used to estimate
changes in moisture content during milk drying [72]. The pressure drop
and minimum spouting velocity evolution during the drying of skim
milk were predicted using an ANN [73]. A hybrid model consisting of an
ANN coupled with a phenomenological model was used to simulate the
time evolution of the particle diameter and density, solid moisture
content, and gas humidity during the drying of guava [74].

There is a lack of literature regarding the application of the jet-
spouted-bed regime for drying; therefore, in this study, a conical
spouted-bed contactor was designed for the drying of beds consisting of
mixtures of winery waste (grape skins, seeds, and stalks) in the jet-
spouted-bed regime. The operability of the winery waste mixture beds
in the jet-spouted-bed regime was determined by the evolution of the
bed pressure drop with air velocity [75], whose maximum pressure drop
determines the impulsion equipment. Similarly, the drying performance
of winery waste was studied in the jet-spouted-bed regime under
different operating conditions of air velocity and temperature.
Furthermore, an ANN model was developed and trained to predict the
drying kinetics of winery waste and the evolution of gas humidity and
solid moisture content over time in the jet-spouted-bed regime in a
conical spouted-bed dryer.

2. Materials and methods
2.1. Equipment

The experimental equipment, previously designed at the pilot plant
scale and shown in Fig. 1, has been described in detail in the literature
[11,52]. It consisted of a conical reactor, an impulse blower, a high-
efficiency cyclone to retain fine particles, and a mass flow meter (ac-
curacy +0.5%) controlled by a computer that measured the air flow rate
inside an extractor hood.
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Fig. 1. (a) Experimental equipment and (b) scheme, along with the geometry of the conical spouted bed rector and the particles of winery waste in the jet-spouted

bed regime.

The conical spouted bed dryer (Fig. 1) was made of 316 stainless
steel. It had an angle of 36°, base diameter of 0.03 m, and inlet fluid
diameter to inlet dryer diameter ratios D,/D; of 1/2, 2/3, and 5/6. The
geometric factors of the conical dryer are depicted in Fig. 1, along with
an overview of the solid particles in the jet-spouted bed regime. The
upper part of the conical dryer was a 10x methacrylate magnifying glass
that allowed visualization of the bed from the outside.

The air flow provided by the blower was heated by an electrical
heater specifically made for the purpose (Reyter, Spain), located hori-
zontally before the dryer, controlled by Selecta Electemp-TFT (J.P.
Selecta, Spain, accuracy +0.1 °C), based on a set temperature measured
by a K-type thermocouple (relative error of +0.75% or + 2.2 °C) placed
at the dryer inlet. Electrical heaters were installed around the external
wall surface of the dryer to reduce heat loss. These heaters were
controlled by a Schneider Electric controller (France, accuracy +0.5%)
using the temperature determined by a thermocouple, which could be
adjusted to various positions inside the dryer. Quartz fiber was used to
insulate the heaters, and the reactor was encased in a cylindrical jacket
made of AISI-310S stainless steel. K-type thermocouples were used to
measure the air temperatures at various longitudinal and radial angles
within the dryer throughout the drying process. The air temperature and
humidity content at both the inlet and outlet of the dryer were moni-
tored by Alhborn MT8636-HR6 thermal conductivity detectors (Ahl-
born, Germany, accuracy +2% relative humidity). The data stored in the
Alhborn Almemo 2290-8 data logger are important control parameters
for the drying performance. The temperature of the solid was measured
using an infrared laser thermometer (Fluke 572-2, USA).

2.2. Materials

The biomass used was winery waste consisting of grape skins, seeds,
and stalks obtained during the pressing of grapes to obtain grape juice
(Fig. 2), with a density of 1050 kg/m?, a particle size ranging from 13 to
7 mm, belonging to the D Geldart group, and a moisture content of 150
wt% (dry basis) measured by the Mettler Toledo HB43-S Halogen hy-
grometer (Mettler Toledo, Switzerland, accuracy +0.01%). This method
of moisture measurement was previously checked by drying samples in
an oven at 105 °C for 24 h (ISO 18134-1:2015 standard). “In order to
uniformize the size and the shape the winery wastes were ground to
smaller particle sizes by the Fritsch Pulverisette 15 mill (Fritsch, Ger-
many) and sieved by meshes in a sieving machine (Filtra FTI-0300, Filtra
Vibracion, S.L., Spain), obtaining 5-6 mm particles with a Sauter mean
diameter of 5.6 mm, equivalent sphericity of 0.9, and stagnant bed

Fig. 2. Particles of winery waste (grape skins, seeds, and stalks). Wet particles
are left of the diagonal, dry particles right of the diagonal.

porosity of 0.64. Gas inlet diameter to Sauter mean diameter ratio, D,/
dp, is 5.36, which is comprised within the ranges of the geometric factors
corresponding to the spouted bed and jet-spouted bed regimes of the
design factors of conical spouted beds reactors [43].”

Particles from the winery waste bed were sieved before and after
each drying experiment to determine whether there was a size variation
due to attrition.

2.3. Drying

The moist winery waste was dried in a conical spouted bed dryer
under two operating regimes:

- in the jet-spouted bed regime from the minimum jet-spouting ve-
locity to 1.5 times greater than the minimum

- in the spouted-bed regime from 2% above the minimum spouting
velocity (to ensure that it is in the spouted-bed regime and prevent
the fountain from collapsing owing to a small change in the air flow
provided by the blower) to 1.5 times greater than the minimum
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with inlet air temperatures ranging from 40 to 105 °C, and a bed mass of
50 g. Temperatures below 40 °C were not used because drying times are
long and generate a certain attrition which separates the seeds from the
skin without segregation and with insignificant elutriation (<1 wt%).

Drying air, consisting of hot flue gas from a blower heated after
passing through an electrical heater, was used to preheat the conical
dryer to the desired temperature before feeding the biomass. All ex-
periments started with identical gas absolute humidity (0.007 + 2% kg
water/kg dry air) and solid moisture content (150 + 0.01% dry basis) to
ensure that the drying results were comparable.

In the drying experiments of beds consisting of winery waste in a
conical spouted-bed dryer, the air relative humidity and temperature at
the exit were monitored with time until the air humidity remained
almost constant and equal to that of the inlet. The absolute humidity (Y)
of the air was obtained from the relative humidity and temperature.
Simultaneously, small solid samples (approximately 0.5 g) were
collected from the fountain at regular time intervals using a pump to
determine the moisture content evolution of the solids. When the air
humidity and solids moisture content difference between two consecu-
tive measurements were lower than 0.05 wt%, the drying process was
concluded. Each drying experiment was repeated three times under the
same conditions, and the average values were calculated.

3. Results and discussions
3.1. Performance in conical jet-spouted-bed regime

The operating conditions of the beds were determined to dry winery
waste (grape skins and stalks) in conical spouted beds in the jet-spouted
bed regime.

The delimitation of the operating regimes of beds consisting of
winery waste from the fixed bed to the spouted-bed and jet-spouted bed
regimes was determined by the evolution of the bed pressure drop with
air velocity, u, referred to as the diameter of the dryer bottom, D;. The
bed pressure drop increased as fluid velocity increased from zero to the
maximum pressure drop value, then sharply dropped until a stable
pressure drop was reached. The fluid velocity continued increasing until
the spouted bed regime was reached (Fig. 3a) characterized by pressure
drop fluctuations with a standard deviation <10 Pa [75], which
remained constant over a range of air flows. A velocity increase of 50%
allowed operation in the spouted bed regime, while maintaining a
constant pressure drop. Subsequently, the bed pressure drop decreased
gradually until it reached the jet-spouted bed regime (Fig. 3b) at the
minimum jet-spouted bed velocity, after which it did not remain con-
stant. The minimum spouting velocity, unys, was obtained by decreasing
the air flow rate until the fountain disappeared. By decreasing the fluid
velocity, the pressure drop was lower than that measured by increasing
the fluid velocity owing to hysteresis.

(a) (b)

Fig. 3. Outline of particle movement in the (a) spouted-bed regime and (b) jet-
spouted-bed regime.

Powder Technology 436 (2024) 119455

For various masses corresponding to the stagnant bed height to
height of the cone section ratio, Ho/H,, as air velocity increased, the
experimental values of the gas velocity ranges corresponding to the
spouted-bed and jet-spouted-bed regimes were determined for air tem-
peratures ranging from 40 to 105 °C. Table 1 lists the air velocity ranges
corresponding to the spouted-bed and jet-spouted bed regimes for a bed
consisting of winery waste at 105 °C as an example. The operating zone
in the jet-spouted bed regime was larger than that in the spouted bed
regime at every stagnant bed height. An increase in the ratio of the
stagnant bed height to the height of the cone section led to an increase in
the minimum spouting velocity.

The bed voidage, ¢, of the beds of winery waste was high; in the
spouted bed regime, the voidage increased with increasing gas velocity,
from that corresponding to the minimum spouting velocity of approxi-
mately 0.70 to the beginning of the jet-spouted-bed regime of approxi-
mately 0.97. As the air velocity increased in the jet-spouted bed regime,
the bed voidage of winery waste increased sharply from the minimum
jet-spouting velocity higher than 0.97 to almost 1, which provided a
very vigorous movement of the particles, resulting in a homogeneous
gas-solid contact and high mass transfer in the drying process [46].

3.2. Drying of beds consisting of winery waste

Figs. 4-8 demonstrate the experimental results of the time evolution
of the air absolute humidity, Y, and the solid moisture content, X, during
the drying process of beds consisting of winery waste (grape skins, seeds,
and stalks) with a Sauter mean particle diameter of 5.6 mm from the
initial solid moisture content of 150 wt% (db) to the equilibrium
moisture content with a constant outlet and inlet air humidity.

3.2.1. Effect of air flow rate in the jet-spouted bed regime

Fig. 4a presents the time evolution of the absolute humidity in the
drying of winery waste in the jet-spouted bed regime at the minimum
jet-spouting velocity (corresponding to 4.2 up,) and at 1.5 times greater
than the minimum jet-spouting velocity (1.5 uy; corresponding to 6.3
Ups) at 105 °C. The dotted lines in Fig. 4a show the experimental values
of the absolute humidity of the air for better visualization. The absolute
air humidity increased from the inlet air humidity to a maximum value,
followed by a decline which asymptotically approached the inlet air
humidity. It is worth highlighting that the air flow rate was sufficiently
high to avoid saturation of the outlet air humidity and to provide a
driving humidity gradient. This behavior occurred in the jet-spouted-
bed regime as well as in the spouted-bed regime in conical spouted
bed contactors. An increase in the air flow rate from the minimum jet-
spouting velocity to 1.5 times the minimum jet-spouting velocity
resulted in narrower peaks with higher maximum air humidity values
obtained at shorter times. Furthermore, the drying time was consider-
ably reduced.

The time evolution of the solid moisture content of the winery waste
in the jet-spouted bed regime at 105 °C is plotted in Fig. 4b. The drying
of winery waste occurred during the falling rate drying period, and the
constant drying rate period was negligible at the air temperatures
studied, as previously reported for the drying of grape pomace in a tray
dryer [17] and food products and agricultural grains in spouted beds
[48,52,76,77]. The initial induction stage contributed very little to the

Table 1
Experimental values of the gas velocity ranges corresponding to each operating
regime at 105 °C.

H,/H, us (m/s) range u; (m/s) range
0 0 0

0.07 3.25-14.41 14.84-60
0.13 4.91-21.19 22.04-60
0.20 6.98-28.74 29.89-60
0.27 9.29-36.20 37.65-60
0.33 11.35-44.38 45.14-60
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drying kinetics, as it lasted only a few seconds owing to the quick
heating of the solid by convection. First, the solid moisture content
declined proportionately, but later, the decline in moisture content was
less than proportional, depicting an asymptotic tendency near the
equilibrium moisture content. Increasing the airflow rate in the jet-
spouted bed regime led to a higher mass transfer rate, which resulted
in a shorter drying time.

The time required to accomplish drying in the jet-spouted bed regime
was reduced by around 50% at 105 °C (from 10 to 5 min) from the
minimum jet-spouting velocity to 50% greater than this velocity. It is
worth mentioning that the minimum jet-spouting velocity, upj, was
achieved at a velocity that was approximately 4.2 times the minimum
spouting velocity.

3.2.2. Effect of air flow rate in the spouted-bed regime

The results of drying beds of winery waste in the spouted-bed regime
are shown in Fig. 5 at 105 °C as an example. In the spouted-bed regime at
105 °C at the minimum spouting velocity and 1.5 x above this velocity,
the shape of the curves of the evolution of the air absolute humidity
(Fig. 5a) and of the solid moisture content (Fig. 5b) with drying time
were similar to those observed in the jet-spouted-bed regime. Never-
theless, the drying times were shorter in the jet-spouted-bed regime, as
can be observed from a comparison of Figs. 4 and 5. The drying time
decreased by approximately 27% (from 15 to 11 min) as the airflow rate

increased from the minimum spouting velocity (1.02 ups) to 50%
greater than the minimum velocity (1.5 uys).

The effect of the airflow rate on the drying time was similar to that
previously observed in drying in conical spouted beds in the spouted bed
regime of beds consisting of sludge waste [51] and sawdust [52], grains
and vegetables in conventional spouted beds [49,50,77], sawdust in
fluidized beds [78], and in a tray dryer [79]. The influence of air velocity
on drying time was also in agreement with the results found by Taseri
et al. [13] for grape pomace, with a drying time decrease of 69% when
the velocity increased from 1.5 m/s to 2.5 m/s.

The drying times were shorter in the jet-spouted bed regime, indi-
cating that they might play an interesting role in the drying of winery
waste. A short drying time is of particular interest because it increases
the production rate and saves energy, as drying consumes between 15
and 20% of industrial energy [52,80]. Similarly, avoiding over drying is
recommended because it reduces productivity and increases energy
consumption.

3.2.3. Effect of air temperature

The influence of air temperature on the drying behavior of winery
waste beds (grape skins, seeds, and stalks) is illustrated in the jet-
spouted bed (Fig. 6) and spouted bed regimes (Fig. 7). An increase in
drying temperature from 40 to 105 °C reduced the drying time in the jet-
spouted-bed regime (Fig. 6) by around 84% (from 62 min at 40 °C to 10
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bed regime.

min at 105 °C) at the minimum jet-spouting velocity and by about 76%
(from 42 min at 40 °C to 5 min at 105 °C) at 1.5 times the minimum jet-
spouting. In the spouted-bed regime (Fig. 7) the drying time decreased
by around 82% (from 82 min at 40 °C to 15 min at 105 °C) at the
minimum spouting velocity and by around 85% (from 72 min at 40 °C to
11 min at 105 °C) at 1.5 times the minimum spouting velocity. The
drying time decreased in approximately the same proportion in the jet-
spouted-bed regime as in the spouted-bed regime, even though the
drying times in the jet-spouted-bed regime were shorter.

The influence of temperature on the drying time was the same as that
in the literature, and the drying times were of the same order as those in
drying in conical spouted beds in the spouted bed regime of bed sludge
waste [51] and sawdust [52] and in conventional spouted beds in the
spouted bed regime of agricultural and vegetable materials
[49,50,53,76,77,81,82]. In addition, the drying time decreased with
temperature during the drying of grape pomace in a heat pump dryer
[19].

To find the best option for drying winery wastes, a comparison of the
time evolution of gas humidity and solid moisture content was con-
ducted under the highest and lowest air temperatures, 40 and 105 °C,
and air velocity u = 1.02 ups and 1.5 uy,; (Fig. 8). Although the shortest
drying time of beds consisting of winery waste was obtained at 105 °C in
the jet-spouted-bed regime at 1.5 times the minimum jet-spouting ve-
locity, that obtained at 60 °C (Fig. 8b, d) was quite low and similar to
that obtained in the spouted-bed regime at the minimum spouting ve-
locity at 105 °C. In addition, the drying time in the jet-spouted-bed
regime at 1.5 times the minimum jet-spouting velocity at 40 °C was
approximately equal to that obtained in the spouted-bed regime at the

minimum spouting velocity at 60 °C (Fig. 8b, d).

The drying times obtained in both the spouted-bed and jet-spouted-
bed regimes were shorter than those obtained in other dryers at tem-
peratures below the water evaporation point. The drying time of grape
pomace was over six times longer (180-240 min) in an air dryer (at
55 °C) [15], between 8 and 40 times longer (300-1560 min) in an air
dryer at 60-85 °C [17], between 15 and 25 times longer (720-1040 min)
in an open loop laboratory pilot heat pump dryer [13] at air velocities of
1.5, 2.0, and 2.5 m/s, and the drying time ranged from 17.5 to 72 h for
air drying, vacuum drying, ultrasound assisted vacuum drying, and
freeze drying [20].

Actually, in the conical spouted bed dryer, the drying times in the jet-
spouted bed regime were shorter than in the spouted bed regime because
of the vigorous movement of the particles and high bed voidage. The
drying time decreased by 1/8th as the temperature increased from 40 to
105 °C and by 1/2 as the air velocity increased from the minimum jet-
spouting velocity to 1.5 times that at 105 °C.

The drying time in the spouted-bed regime was reduced by a fifth as
the air temperature increased from 40 to 105 °C and by about a quarter
as the air velocity increased from the minimum spouting velocity to 1.5
times the minimum spouting velocity at 105 °C.

3.2.4. Modeling the drying behavior of winery waste

The drying behavior of winery waste beds (grape skins, seeds, and
stalks) in the jet-spouted-bed regime in conical spouted beds at tem-
peratures ranging from 40 to 105 °C was modeled from experimental
data using an ANN. This ANN consisted of a three-layer neural network
of interconnected neurons, with an input layer with three neurons
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Fig. 7. Time evolution of the outlet air humidity: (a) u = 1.02 Ups, (¢) u = 1.5 upys. Time evolution of the solid moisture content: (b) u = 1.02 U, (d) U = 1.5 Ups.
Experimental system: y = 36°, D, = 0.03 m, beds of winery waste (grape skins, seeds, and stalks) of M = 50 g, T = 40, 60, 80, and 105 °C in the spouted-bed regime.

(operating conditions: air temperature, gas velocity ratio to minimum
spouting velocity, and time), one hidden layer with 10 neurons, and an
output layer with one neuron, gas humidity (Fig. 9), to predict the time
evolution of gas humidity. The ANN was developed and trained using
the Neural Net Fitting software MATLAB 2022a with the Levenberg-
Marquardt and Bayesian Regularization training algorithms. The
optimal number of neurons in the hidden layer was determined by trial
and error, as suggested by Himmelblau [83], starting with 10 neurons
and analyzing the network performance until the number of hidden
layers that minimized the root mean square error (RMSE) value was
obtained. Fig. 10 shows a schematic diagram of the neural network used
in this study. In the development and training of the neural network, a
total of 726 data were managed: 395 in the spouted bed regime and 331
in the jet-spouted bed regime. The train ratio for the Levenberg-
Marquardt algorithm was 70%, the validation ratio was 15%, and the
test ratio was 15%. For the Bayesian Regularization algorithm, the train
ratio was 85% and the test ratio was 15%.

The experimental values of the time evolution of the outlet air hu-
midity and the values estimated by the ANN in the drying of winery
waste beds are compared in Fig. 11a by the Bayesian Regularization
training algorithm and in Fig. 11b by the Levenberg-Marquardt algo-
rithm. The prediction of the gas humidity values provided by the neural
network was in good agreement with the experimental results, with
values of the correlation coefficient, R, for training, validation, and
testing higher than 0.92, and low RMSE (Table 2), with better agreement
for the Bayesian Regularization training algorithm than for the

Levenberg-Marquardt algorithm.

The evolution of the outlet air humidity over time was a good indi-
cation of the drying performance and of how close the solid moisture
content was to equilibrium, which was easily monitored by sensors
located both at the inlet and exit of the dryer. This avoided bed
disruption during the drying process when taking solid samples to
measure the evolution of the solid moisture content over time.

Once the time evolution of the outlet air humidity was determined,
the time evolution of the solid moisture content could be calculated
using a model based on the differential mass balance of the moisture for
the solid (Eq. (1)), and the gas (Eq. (2)); Mujumdar [84] considered the
equation for the temperature in the gas and solid phases:

M, dX/dt = —wp A b}
G, dY/dt = G*, (Y — Y) +wp A, 2
where wp, is the drying rate = K (Y — Y) 3)

The global mass transfer coefficient was calculated from the water
mass flow and the logarithmic mean concentration difference of the
experimental values of air humidity based on the total surface area of the

particles [85].
K=m"/(a, Vo AYy) (€))

where my was calculated from the water balance
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Fig. 9. Schematic diagram of the neural network used to estimate drying
behavior of beds of winery waste.

=G (Y.-Y)) ®)

and AYy, is the logarithmic mean concentration difference of gas
humidity:

AY = Yo py=Y1 py /In((Yp = Y1 p,) /(Y p = Y2p,)) (6)

Fig. 12 shows the goodness of the fit of the experimental time

Read the input data

Arrange the input data
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validity
v
Select the ANN »

architecture N

v

[ Traintheann |

Is the behaviour of the
ANN appropriate?

o]

| Generate the function |6I YES |

| Predict the Y |

Fig. 10. Flowchart of the algorithm used to develop a neural network to esti-
mate the time evolution of the outlet air humidity in drying beds of win-
ery waste.

evolution values of the solid moisture content (points) to the data
determined by the mass balance (lines) for a system taken as an example
for the drying of winery waste at 80 °C in the spouted-bed and jet-
spouted bed regimes with a high correlation coefficient, (R > 0.99),
and a maximum relative error lower than 7%.
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Fig. 11. Model training and testing results of the time evolution of the outlet air humidity by (a) the Bayesian Regularization training algorithm and (b) the

Levenberg-Marquardt training algorithm in the drying of winery waste beds.

Table 2
Performance indices obtained by the ANN model for the training, testing, and
validation data.

Database Bayesian Regularization Levenberg-Marquardt

R RMSE R RMSE
Training 0.96945 2.407 1077 0.94885 1.799107°
Validation 0.95389 2.98107°
Testing 0.95077 2.206 107° 0.92618 1.1810°*
All 0.96702 0.94650

4. Conclusions

The regimes of the jet-spouted bed and spouted bed consisting of
waste from the winemaking process (grape skins, seeds, and stalks) were
delimited, and the operating conditions were determined at air inlet
temperatures ranging from 40 to 105 °C from the experimental mea-
surements of gas velocity, bed voidage, and the regime characteristics.

The good performance of the conical spouted bed dryer was
demonstrated for the drying of winery waste beds in the jet-spouted bed
regime, and it was compared with that of the spouted-bed regime. The
conical spouted-bed dryer performed well during drying.

The drying of winery waste in the jet-spouted-bed regime led to a
reduction in drying time compared to the spouted bed regime in the
same temperature range. The jet-spouted bed regime promotes a
reduction of 33% in the drying time, at the minimum jet-spouted bed
velocity. The highest drying time reduction in the jet-spouted bed
regime was 55% at 1.5 times over the minimum velocity necessary to
achieve the corresponding regime.

Combinations of temperature and velocity variables were compared
in the spouted-bed and jet-spouted bed regimes, and it was determined
that the influence of the regime increased as the air temperature
increased. The pairs of combinations of temperature and velocity in
which the drying efficiency was better were at 1.5 times the minimum
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Fig. 12. Time evolution of the solid moisture content. Experimental system: y
= 36°, D, = 0.03 m, beds of winery waste of M = 50 g, in the spouted bed
regime u = 1.0, 1.5 Uy, and in the jet-spouted-bed regime u = 1.02, 1.5 up,;.
Experimental values are points, calculated values are lines.

jet-spouting velocity at 60 °C and 1.5 times the minimum jet-spouting
velocity at 40 °C. Therefore, the jet-spouted-bed regime is the most
important regime to use in conical spouted beds for drying winery waste.

A predictive ANN model was used to predict the time evolution of gas
humidity in the jet-spouted and spouted-bed regimes in a conical
spouted-bed dryer, which, after training, had good agreement with a
correlation coefficient, R, above 0.92.

Tracking the drying performance is suitable for monitoring the
evolution of air humidity over time. A model based on the differential
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balances of mass based on the literature [84] was proposed, from which
the results of the time evolution of the solid moisture content were ob-
tained. These results are in good agreement with the experimental
values of solid moisture content. The global mass transfer coefficient
obtained from the water mass flow and experimental values of air hu-
midity was of a greater order in the jet-spouted-bed regime than in the
spouted bed regime.

Nomenclature
A bed interfacial area of phase contact (m?)
Ar Archimedes number, Ar = g dp® p (ps-p)/p>

a, particle surface area-to-volume ratio (mz/rn3)
Dy, D, Di, D, diameters of the top of the stagnant bed and the upper
diameter of the cone, dryer bottom, and gas inlet, respectively

(m)

dp particle diameter (mm)

ds Sauter mean diameter (m)

Gg mass of the dry air (kg)

Gs mass flowrate of the dry air (kg/s)

Heylin, He, Ho  height of the cylindrical section, conical section, and
stagnant bed, respectively (m)
K global coefficient of mass transfer (m/s)

M, M;  bed mass and mass of the dry bed (kg)

my mass flow rate of the water (kg/s)

(Reo)ms Reynolds modulus corresponding to the minimum spouting
velocity

T temperature (°C)

t time (min)

u, Us, Uj, Ums, Umj gas velocity, spouting velocity, jet-spouting velocity,
minimum spouting velocity, and minimum jet-spouting
velocity of the gas referred to as D;, respectively (m/s)

Vo bed volume (m3)
Wp drying rate (kg/m?s)
X, X* solid moisture content and equilibrium moisture content,

respectively (dry basis) (kg/kg)

Xsteel, Xins thickness of the reactor wall and insulation (m)

Y, Yin, Y* air absolute humidity, air absolute humidity at the inlet, and
air absolute humidity at the equilibrium, respectively (dry
basis) (kg/kg)

Greek letters

€, € bed voidage and loose bed voidage

0} sphericity, (—)

AP pressure drop (Pa)

Y angle of the contactor (deg)

p air viscosity (kg/m s)

P, Ps density of the gas and of the solid, respectively (kg/m®)
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