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Abstract: This work presents the mathematical modeling of the conveyor-belt dryer with tangen-
tial flow operating in co-current, which has the advantage of improving the preservation of the
organoleptic and nutritional qualities of the dried food. On the one hand, it is a more cumbersome
dryer than the perforated cross flow belt dryer but, on the other hand, it has a low air temperature
in the final section where the product has a low moisture content and, therefore, it is more heat
sensitive. The results of the mathematical modeling allowed a series of guidelines to be developed
for a rational design of the conveyor-belt dryer with tangential flow for the specific case of the
moisture content of the final product Xr lower than the critical one X¢ (Xr < X¢). In fact, this work
follows a precedent in which a mathematical model was developed through the differentiation of the
drying rate equation along the dryer belt with the hypothesis that the final moisture content Xr of
the product was higher than the critical one Xc. The relationships between the extensive quantities
(air flow rate and product flow rate), the intensive quantities (temperatures, moisture content and
enthalpies) and the dimensional ones (length and width of the belt) were then obtained. Finally,
based on these relationships, the rules for an optimized design for X < X were obtained.

Keywords: conveyor-belt dryer; food drying; mathematical modeling; design; food quality; food safety

1. Introduction

In previous papers [1,2], the conveyor-belt dryer with tangential flow operating in
co-current had been indicated as the dryer that shows the advantage of possible lower
thermal damage, especially for heat-sensitive food. However, its use is infrequent with
respect to the through-circulation conveyor-belt dryer (perforated belt) [1,3]. In fact, having
the hot air temperature approximately constant throughout the length of the dryer when
the air enters the product, this dryer is more compact and easier to design and, given its
high diffusion, it has been the subject of theoretical and experimental studies also to give
indications for its design [4-10].

Furthermore, the thermo-hygrometric exchanges during drying are described by
differential equations [11] that can be solved in closed form or with numerical methods. The
scientific literature is rich in mathematical models of heat and mass exchanges developed
with numerical or empirical solutions to describe the drying phenomenon when the
temperature of the air entering or touching the product remains constant. Among the food
products that can be mentioned are: apple [12-17], apricot [18], banana [19-23], carrot [24],
cassava [25], coconut [26], coroba [27], cumbeba [28], fisher [29], ginger [30], jujuba [31],
kiwi [32], mandarin [33], mango [34-37], mussel [38], quince [39], papaya [40], pear [41],
potato [42], rice [43], sultanas [44], taraxacum [45], tomato [46,47], turnip [48], generic
fruits [49-54] and generic foods [55-71].

Trying to fill the gap in the study of conveyor-belt dryers with tangential flow, in
a previous work [1] mathematical modelling was developed of the thermo-hygrometric
exchanges between the product with final moisture content Xr higher than the critical one
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Xc (Xr > X¢) and the air that continuously changes its temperature inside the dryer in
order to offer a series of design guidelines. In the present work, with the aim of completing
the study related to the case of final moisture content of the product lower than the critical
one (Xr < Xc), broader mathematical modelling will be performed for these dryers. Finally,
after the experimental validation of the mathematical modelling, the design guidelines will
be proposed.

2. Materials and Methods
2.1. Mathematical Modelling

Figure 1 shows the schematic of a conveyor-belt dryer with tangential flow. The
typical diagram of the temperatures of the air T4 and the product Tp inside the dryer is also
shown. Inside, two zones can be identified: first long L;.c, where the product maintains the
moisture content X higher than the critical moisture content X¢ and, last, long Lo where
the moisture content of the product X is lower than the critical one Xc.
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Figure 1. The conveyor-belt dryer with tangential flow and diagram of the temperature of the air
and product with final moisture content Xr lower than the critical one X¢ (X < X¢).

2.1.1. First Zone of the Dryer Ly.c

In the first zone, long L;.c, the product is characterized by a moisture content X higher
than the critical one X¢, and therefore it maintains its temperature Tp constant and equal to
the wet bulb temperature Tyyp [1]. In this first zone, the equations proposed in the previous
work [1] are valid. The first equation, called (12) in [1], concerns the heat transfer rate q;.c
that the warm and dry air of initial mass flow rate G,4j releases when cooling from the
input temperature T4 to temperature T4c corresponding to the achievement of critical
moisture content (Figure 1):

qi-c = Garca(Tar — Tac)n 1)

where: c4 is the specific heat of dry air; 7 is the corrective coefficient introduced in [2] and
related to the heat losses. For the pilot dryer used in the experiments performed in this
work, 1 is equal to 0.965.

The second equation, called (13) in [1], concerns the heat transfer rate g;.c exchanged
between the air and the product:

qi-c = x-Aj_c-ATy ¢
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where: « is the convective heat transfer coefficient; AT, .c) is the logarithmic mean
temperature difference in the I-C zone; A ¢ is the total area of the product inside the I-C
zone of the dryer.

From Equation (18) of [1]: Aj_¢c = f:L;_c; where: f is the transverse dimension
shown in Figure 5 of [1]; L1.c is the length of the I-C zone of the dryer (Figure 1). Therefore,
the equation that gives the heat transfer rate exchanged between air and product is:

qi-c = o f-LicATyp1-c) 2

The third equation refers to the heat transfer rate required by the water in the product
to evaporate. It was indicated with the number (20) in [1]:

X;—Xc
qi-c = Gey(1-c)'"1-c = HI'BI'UBelt'PBulkI'TXI'rI—C ®3)

where: Gry(rc) is the mass flow rate of the evaporated water in the I-C zone; Hj is the input
height and By is the input width of the bulk product on the belt; vg,; is the belt speed; ppyi
is the bulk density of the input product; X is the input moisture content; X¢ is the critical
moisture content; rc is the thermal energy, in the I-C zone, required to produce 1 kg of
superheated steam at the air temperature T4; r1.c is equal to the difference in enthalpy [3]
between the superheated steam at T4 and the water contained in the product to be dried
at the temperature Tp. As indicated in [1] ;¢ is considered constant and has an average
value of 2617 k] kg 1.

2.1.2. Second Zone of the Dryer Lc_g

In order to write the mathematical modelling of the C-E drying zone in which the
product moisture content is lower than the critical one (X < X¢), the first equation proposed
concerns the heat transfer rate gc_g that the warm air of initial flow rate G releases when
cooling from the temperature T4c to the exit temperature T4r. This equation is similar
to (1):

Ge—£ = Garca(Tac — Tag)n 4)

where: Gyj is the mass flow rate of drying air; c4 is its specific heat; 7 is the corrective
coefficient introduced in [2], related to the heat losses and equal to 0.965 for the pilot dryer
used in the experiments. The steam mass flow rate coming from the previous Ly.c dryer
area and mixed with the air, has been neglected because analyzing the data indicated in [1]
it is about 2% of the dry air flow rate G4 and therefore two orders of magnitude less
than Gy;.

The second equation, concerning the heat transfer rate gqc.p exchanged between air
and product, is similar to (2):

qc—g = & f-Le—p ATy (c—E) ®)

where: « is the convective heat transfer coefficient; AT, () is logarithmic mean tempera-
ture difference in the C-E zone; f is the transverse dimension shown in Figure 5 of [1]; Lc.p
is the length of the C-E zone of the dryer (Figure 1).

The third equation refers to the heat transfer rate gc_g required by the water to evapo-
rate and, similarly to (3), it is:

Xc— Xp

W TC—E (6)

qc—£ = Gey(c—E)'Tc—E = Hi-B1-Upeit-PBuikc:
where: Gey(c.p) is the mass flow rate of the evaporated water in the C-E zone; Hj is the
input height and Bj is the input width of the bulk product on the belt; vg,; is the belt
speed; ppyikc is the bulk density in the point where the product has the critical moisture
content; X is the critical moisture content; Xr is the final moisture content; rc_g is the
thermal energy, in the C-E zone, required to produce 1 kg of superheated steam at the air
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temperature T4 and is equal to the difference in enthalpy [3] between the superheated
steam at T4 and the water contained in the product to be dried at the temperature Tp. The
thermal energy rc._r is currently unknown.

A fourth equation must be added to correlate the bulk density pp, i of the product at
point C to the input bulk density pg,, .

Considering: pg iy = "2 and: ppyc = “277™MC, where: mp is the dry mass;
my is the mass of water; V is the bulk volume; we obtain:

PBukc _ 1+ Xc
PBuki 1+ X1

@)

Finally, the Lc.g zone with X < X¢ is characterized by a drying constrained to the
process of internal diffusion of water towards the surface of the product. The diffusion

of water inside the product is described by Fick’s second law, i.e., by a partial differential

equation (PDE) that in the one-dimensional case is: %—}f = D‘g%.

In the case of a simple geometry such as the thin plate to which many food products
are similar and excluding the initial period corresponding to the phenomenon of delay,
Perry [72] suggests a solution of the PDE, such as:

X—Xeq 8 ef%gt (8)

Xc—Xeg 72

where: X is the moisture content as a function of the drying time ¢; X¢ is the critical moisture
content of the product and corresponds to the initial one of the drying in the Lcg zone; X,
is the equilibrium moisture content; D is the mass diffusivity of water inside the product; 6
is half the thickness of the plate.

By differentiating we obtain:

adXx 2D _Dn?,
E = — (XC — Xeq) '572'6 4.62 (9)
Since [1]: ‘fi—)f = —%, where: Gry is the instantaneous mass flow rate of evap-

orated water; mp is the dry mass present in the Lcg section of the dryer and is [2]:

e — Hi-By-ppuikc-Le-k H-Bi-ppuiki-Le—k
D = T+Xc T+X;

the belt speed vp,y; is constant and: vg,;; = %, the previous (9) becomes:

, that is, based on (7): mp = . Furthermore, since

2
Hi-By-pguikrLc—g 2D o
Gev = 1+ X; 7 (Xe = Xeg)-e #me (10)

This equation indicates that the mass flow rate of water evaporated Ggy varies along
the horizontal coordinate z within the Lc_g zone of the dryer (Figure 1) according to the
exponential function as shown in Figure 2.
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Figure 2. Mass flow rate of evaporated water Ggy vs. z-coordinate within the Lc_g zone, correspond-
ing to the direction of the belt in the C-E zone where the moisture content is X < Xc.

Therefore, the integral average evaporated water flow rate Gry(c.r) can be calculated

as follows:
1 rLe-e Hy-Brppukr-Le—g 2D — 37
Gev(c-p) = LC,E/o e 2 (Xe = Xeg) e #madz
Then:
2
Hi-B-0Bulk1 VBeit 8 2Lk
Gevie-n = 1%, (Ko~ X): [1-e Hu (1)

However, since food products do not always have the plate shape, the previous
equation must be rewritten to make the mathematical model more general:

Hi-Bi-PBuiki-UBel —aprLe-
Gev(c_p) = 1F:Lux1 .Cy-(Xe — Xeg) |1 — € Pt CF (12)

where: C; and C; are constants to be determined by experiments.
The heat flow rate required for this mass flow rate of evaporated water is:

H;-B;- v S
qc-t = ff”;g Belt.Cy (X — Xeg)- {1 —e Prar E-‘ “TC—E (13)

Equation (13) is added to the other four Equations (4)—(7) to perform mathematical
modelling of the drying in the Lc_r zone where the moisture content is X < Xc.

2.2. Design Guidelines

In the previous paragraph, eight equations were found, namely (1), (2), (3), (4), (5),
(6), (7) and (13), in which there are eight unknowns: q.c, 9c-e, Gar, Puiki; Tac, Li-c, Lc-E
and Tpg. Therefore, this system of equations has a solution, which will be found in the next
sub-paragraphs, where the design guidelines will be also proposed.

2.2.1. Air Temperature T4 at Critical Moisture Content of the Product

Since the air temperature at the input T4y and exit T4r of the dryer can be imposed a
priori [1], the combination of Equations (1) and (3) gives:

X; — X¢
Garca(Tar — Tac)n = HI'BI'UBelt'PBulkI'1I_|_7XI'VFC (14)

The combination of Equation (4) with (6) and (7) gives:

Xc—X
Garca(Tac — Tag)n = HI'BI'UBelt'PBulkI'1C+7XIF'VC—E (15)
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The division of (14) with (15), after a few steps, gives the T4¢ temperature (Figure 1):

_ Tap-(Xi = Xc)-ri—c + Tar(Xc — Xp)-re—g

T
Ac (X1 — X¢)r1—c+ (Xc — Xp)re—k

(16)

The T4 value allows us to calculate AT, (Figure 1): AT, = (Tac — Twg), where Twp
is the temperature of the product equal to the wet bulb temperature [1].

2.2.2. Length of Dryer Lrc to Reach Critical Moisture Content X¢

The combination of Equation (2) with (3) and the observation [1] that h{; .-01‘31 = Fu,
where F is the form factor of the product, gives the length of the dryer Ly.c corresponding
to the zone with X > X¢:

UBelrPBulkl T1-c X1 — Xc
Li_c= : 17
! FaAT, ¢ 1+X 17

Equation (17) is similar to (23) of [1].

2.2.3. Mass Flow Rate of Drying Air G4

The combination of Equation (1) with (3) gives the mass flow rate of drying air Ga;:

Gap = Br-Hr-vper-puik X1 — Xc
ca(Tar —Tac)n 1+X;

TI—C (18)

2.2.4. Length of Dryer Lc_g to Reduce Moisture Content from Critical Value X to Final
One X]:

The combination of Equation (4) with (13), gives the length of the dryer Lc.r where
the product dries from X¢ to Xp:

YBelt 101 Garca(Tac —Tap)n 14X

- (19)
G C1-Hp B pBuik1 UBeittc—E Xc — Xeg

Le—p=—

2.2.5. Temperature Difference Aty at the Dryer Exit and Product Exit Temperature Tpg

The combination of Equation (4) with (5) gives the temperature difference between
the air and the product at the exit of the dryer (Figure 1): AT, = Tar — Tpg, where T4 is
the air exit temperature and Tpg is the product exit temperature:

AT — AT, Garca(Tac — Tag)n

lné%;f ~ FoaHpBrleg

AT,rc-p) = (20)

The temperature difference AT}, can be obtained by an iterative method easily through
a spreadsheet. As seen in Section 2.2.1, the T4r temperature can be set a priori and,
therefore, the product exit temperature Tpg = T4r — AT}, can be obtained.

2.2.6. Known Quantities and Experimental Quantities

a. The input and exit temperatures of the drying air T4; and T4 can be defined using
the guidelines 3.1.1 proposed in [1].
b. The compound quantity F-« is the product of the convective heat transfer coefficient

« and the form factor F = ﬁ, where f is the transverse dimension (Figure 5 in [1])
and Hj and By are the height and width of the bulk product placed above the belt,
respectively. The quantity F-« is measured as indicated in the guidelines 3.1.9 of [1].
C. The bulk density pp,; is measured as indicated in the next point I) of Section 2.3.
d.  The thermal energy r;.c has an average value of 2617 k] kg !, as indicated in guide-
lines 3.1.6 of [1].



Inventions 2021, 6, 43

7 of 17

e. The constants C; and C,, where the first one can be connected to the diffusivity of
the water inside the product and to the size and the second concerns the initial delay,
must be determined using the experimental method that will be described in the
next Section 2.3. The same experimental method will also allow us to determine the
critical moisture content X¢ and the equilibrium moisture content X,.

f. To determine the lengths L.c and Lc g of the dryer, it is necessary to impose the
belt speed vg,;; and the height H; and the width B; of the bulk product above the
belt. These three quantities must be chosen a priori in order to reach the total mass
flow rate of evaporated water Gry ) foreseen for the dryer. In fact, it is known
that the quantity characterizing a dryer, both technically and commercially, is the
GEey(rg) quantity. Therefore, the designer must start from: a known value of the mass
flow rate Geyrp); the input and final moisture content and from bulk density of the
product; an equation obtained by adding the mass flow rate of evaporated water
Grev(r.c) in the Lc zone, and the one Ggy(c.r) of the L. zone:

X, — Xp
Gev(i-r) = Gev(i—c) + Gev(c-) = HI'BI'UBezt'PBuzkITXI (21)

In this equation, the designer can choose the values of Hj, B; and hence can obtain
the UBelt-

g.  Finally, the thermal energy rc. in the Lc g length zone with X < X must be measured.
The rc.p will be greater than the 7;.¢ of the zone with X > X, since below a certain
value of the moisture content X, lower than the critical one X, the evaporation of
the bound water requires thermal energy greater than that for free-form water. In
Section 2.3 the iterative method for determining the experimental values of rc.g will
be described.

2.3. Experimental Procedure and Equipment

The experimental activity was carried out using a pilot dryer. The pilot dryer was the
same as in previous works [1,2] and Table 1 summarizes its geometrical data. All the tests
were carried out by drying alfalfa consisting of leaves attached to the stems cut in pieces
5 cm long. In the table the value of the quantity F-« relative of alfalfa is also reported. This
quantity F-a was experimentally evaluated in the previous work [1].

The measuring instruments used were: infrared thermometer for the alfalfa temper-
ature; PT100 resistance thermometers for the input and exit temperature of the dryer;
precision balance for weighing the sample before and after dehydration in an oven for two
hours at 135 °C to measure the moisture content of the product at the input and exit; a pitot
anemometer; data logger. The bulk density was calculated after measuring the mass and
volume of the samples. Five replicates were made for each test.

Table 1. Geometrical and operational data of the pilot dryer.

Quantity Symbol Value
Belt width By (m) 0.3
Total Belt length Lt (m) 6.0
Alfalfa bulk height Hj (m) 0.05
Flow section of the drying air Ay (m?) 0.15
Form factor-Convective heat transfer coefficient [1] Fa (Wm™3.K1) 5144

The three purposes of the experiments were:

(I)  to quantify the constants C;, Cp, the critical moisture content X¢ and the equilib-
rium moisture content X, of the alfalfa were as foreseen in the previous point e. of
Section 2.2.6. The four quantities, Cy, C;, Xc and X, can be obtained from the experi-
mental drying curve plotted in a diagram (time, moisture content), by interpolating
the moisture content data measured each minute on a sample of the product inserted
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(I1)

(1)

in the pilot dryer. The sample of alfalfa of initial moisture content X; was placed
with a height H; equal to 0.05 m on a thin aluminum plate 1 m long and 0.3 m wide,
i.e., like the dryer belt width. In turn, the plate was placed on a precision balance
placed on the locked belt of the dryer. Only the drying air at the temperature T4y
equal to 60 °C was forced by the fan to lick the product sample. The total mass of
the sample mt = my + mp, dry mass mp plus water mass my, was measured each
minute. Knowing [2] that mp = %, where my is the initial mass of the sample, the
moisture content X of the product at instant ¢ in which the mass of the alfalfa sample
mr is measured, can be calculated as follows:
mr mr

Xzi—lz

1+X;)—-1 22
- mTI( + Xi) (22)

where the initial moisture content Xj is measured on a separate sample of the same
alfalfa, by weighing the mass before and after drying in an oven at 135 ° C for two
hours. Therefore, the drying curve plotted on the t-X diagram allows obtaining C;,
Cy, Xc and X, (see also the next Section 3);

to quantify the thermal energy rc g during drying with X<Xc by means of an iterative
procedure as provided in point g. of the previous Section 2.2.6. The iterative procedure
consists of three steps. In the first step, rc_g is assumed equal to 7 that is 2617 k] kg™!
and a preliminary design of the dryer is performed according to guidelines Section 2.2.
However, some guidelines are overturned because the pilot dryer already has a
predetermined length Lt = Lj.¢c + Lc.g = 6 m. Therefore, in this case the sequence of
calculations is seen to impose Lt = 6 m to derive the belt speed vg,;. For the rest of
the quantities, the guidelines are the same as in Section 2.2, thus determining the air
temperature T 4c and T4g, the mass flow rate of the drying air G4j and the product exit
temperature Tpr, using equations in the Section 2.2.1, Section 2.2.3 and Section 2.2.5.
The second step consists in carrying out a test on the pilot dryer functioning as required
by the preliminary design. During the test, the actual temperatures T'pr and T" 4
are measured, which will be different from those of the preliminary design Tpr
and Tg. The third step consists in looking for the rc_g value which, inserted in the
equations of guidelines Section 2.2, allows to restore the initial values of the Tpg and
T Ar temperatures of the preliminary project, to the experimental values T'pr and T 4.
Since the equations of guidelines Section 2.2 are implementable in a spreadsheet, it is
very easy to perform this third step;

to validate the mathematical model described in Section 2.1 and the design guidelines
described in Section 2.2.

3. Results

To determine the quantities X¢, X¢5, C1 and Cy, the series of tests was conducted as

described in purpose (I) of the previous Section 2.3. Figure 3 shows the time-moisture
content diagram (f-X) called drying curve. The value of the critical moisture content X¢
was measured at the point where the straight section, which represents the drying phase at
constant rate (dX/dt = Rc), begins to flex, exactly when the derivative dX/dt changes by 1%
with respect to the value of the slope of the line equal to Rc¢.

When the measured moisture content value remained constant for five consecutive

readings (5 min), it was defined as the equilibrium moisture content X,;.
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Figure 3. Experimental drying curve of alfalfa. From it, the critical moisture content X and the
equilibrium moisture content X,; can be obtained.

To determine the constants C; and C;, the diagram of Figure 4 was made using data
of Figure 3 relating to the phase with decreasing drying rate, i.e., for X < Xc. In fact, the
time on the abscissa is t" = t — tc, where t¢ is the time to reach the critical moisture content

Xc. In ordinate there is the quantity: In ( )?C __);’fq )

1.0
I I I I

0.0 \\ In[(X-Xeq)/(XC-Xeq)]= -0.0026 ¢ + 0.1385 []
1.0 ~ R2=0.9993 H

2.0 M
-3.0 <~
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-6.0 e
7.0
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-10.0
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T
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Drying time (below Xc) t'=t - tc (s)

Figure 4. Alfalfa drying curve modified to obtain the constants C; and Cj, the first can be linked to
the diffusivity of the water inside the product and to the size, the second to the initial delay.

Starting from Equation (13) and returning to having time as an independent variable,
it becomes:
X — Xeq

In
Xc — Xeg

=InC; -Gyt (22)

This is the equation of a line that has a negative slope equal to —C; and intercept equal
to In(Cy), therefore it is sufficient to look for the regression line in the diagram of Figure 4,
to obtain In(Cy) = 0.1385 and C, = 0.0026. Table 2 summarizes the results obtained.
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Table 2. Results from experimental drying curve.

Quantity Symbol Value

Alfalfa input moisture content (D.B.) Xr 1.688 £ 0.105

Alfalfa input bulk density eBut (kgm=3) 183 £7.6

Alfalfa critical moisture content (D.B.) Xc 0.290
Alfalfa equilibrium moisture content (D.B.) Xeq 0.041
Coefficient related to delay C1 1.149
Coefficient related to diffusivity Cy 0.0026

To determine the average thermal energy rc_g required to evaporate 1 kg of water
during drying with X < X, the procedure adopted is that described in purpose II) of the
previous Section 2.3. The results of the three steps are indicated in Table 3.

Table 3. Results of the three steps to obtain the thermal energy rc.g concerning the humidity X < Xc. The first step refers

to the results of the preliminary design with rc_g equal to r;.¢c = 2617 k] /kg. The second step concerns the experimental

measurement of moisture content and temperatures of the air and of the product (red font). The third step concerns the rc.g

value found (red font) through the equations of the design guidelines 2.3 by imposing the experimental temperatures (red

font).
. 1st Ste 2nd Ste 3rd Ste
Quantity Symbol Preliminary I])Design Exper. Varue Search for}:’C_E
Thermal energy rce (K kg™ 2617 4271
Input moisture content X 1.688 1.688 £ 0.105 1.688
Final moisture content Xr 0.122 0.121 £ 0.01 0.122
Input bulk density Pk (kg m=3) 183 183+ 7.6 183
Critical moisture content Xc 0.290 = 0.290
Equilibrium moisture content Xeq 0.041 = 0.041
Air input temperature T41 (°C) 120 119.7 £1.2 120
Air exit temperature Tag (°C) 57 527+ 1.1 52.7
Belt velocity Ve (M s~ 1) 0.0036 = 0.0036
Air temperature in C Tac (°C) 63.8 = 63.8
Dryer length I-C (Figure 1) Lic (m) 3.55 = 3.55
Dryer length C-E (Figure 1) Lcp (m) 245 = 2.45
Total dryer length Lt (m) 6.00 = 6.00
Product exit temperature Tpe (°C) 55.6 46.5+ 0.7 46.5
Air input mass flow rate Gyy (kg s 0.246 0.246 £ 0.006 0.246

During the first step, the dryer was preliminarily designed by imposing a thermal
energy in the C-E section, where X < X¢, rc.g is 2617 kJ /kg, i.e., the same as in the I-C
section, where X > X¢. In addition, a total length LT equal to 6 m was set for this preliminary
design, which is the length of the pilot dryer (Table 1), in order to obtain the belt speed
VB, through the design guidelines of Section 2.2. Instead, the belt speed vg,; is normally
chosen, so that the mass flow rate of evaporated water Ggy(.g) foreseen for the dryer is
satisfied through Equation (21), and consequently, through the design guidelines 2.2, the
length Lt is calculated.

Therefore, the data of the first column (first step) are related to this preliminary design
(blue font). In the second step, it was planned to carry out the experimental survey on
the pilot dryer, running with the data obtained in the first step. Among the experimental
measurements detected, the most important were the product exit temperature Tpr (red
font) and the air exit temperature T4r (red font). As reported in the second column (2nd
step) of Table 3, the values of these quantities are lower than those expected from the
preliminary design: an experimental T'4g = 52.7 °C instead of design T4g = 57 °C and an
experimental T'pr = 46.5 °C instead of design Tpr = 55.6 °C. It is clear the experimental
T’ or lower than the design T4 indicates that the air has more cooled to transmit a greater
heat flow rate towards the product to be dried. This is an indication that the product
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requires a thermal energy rc_r greater than that assumed in the preliminary design, which
was 2617 k] kg 1. The decrease in the experimental T’"pg compared to the design Tpg can
also be explained by the need to transmit a greater heat flow rate to the product due to rc.g
greater than 2617 kJ kg_l. In fact, the experimental T”pg settled on a value that produced a
logarithmic mean temperature difference AT’ ,,,; () of Equation (5) equal to 13.9 °C against
the 8.5 °C of the AT,,;(c.r) calculated during the design of the first step. Therefore, the
increase in AT, (c.p) is 63.2% and implies that the heat flow rate gc.g has to increase by
the same amount based on Equation (5), therefore based on Equation (6) also the thermal
energy rc.g has to increase by 63.2% i.e., from 2617 to 4271 k] kg’l. This last value coincides
with that obtained in the third step (Table 3) according to the procedure of purpose (II) of
Section 2.3, confirming that the calculations are correct.

The purpose (III) of the experiments, described in Section 2.3, concerned the validation
of the mathematical modelling 2.1 and of the design guidelines 2.2, using the value of the
thermal energy rc_g equal to 4271 k] kg ! as just determined. For a broader validation, the
experiments were doubled with the air input temperature T4 set on two values: 120 °C
and 100 °C.

Table 4 shows the results obtained. The values of the quantities in the first column are
those of the design carried out according to guidelines 2.3 with T4; equal to 120 °C. The
values of the second column are those detected during the test with T4; equal to 120 °C
and concern: the product moisture content at the input X; and at the exit Xr; the input bulk
density pp,p; the air exit temperature T4r; the air temperature T4c at point C (Figure 1);
the product exit temperature Tpg. All the other quantities of the first column (design),
particularly the length of the dryer Lt, the mass air flow rate G4; and the speed of the belt
vpe resulted in the same value also during the test (second column) due to the adjustments
imposed on the pilot dryer.

The third and fourth columns are similar to the first and second respectively, but with
air input temperature T 4; equal to 100 °C.

Table 4. Results of the validation of the mathematical modeling and design guidelines.

Quantity Symbol Design Exper. Value Design Exper. Value
Air input temperature Ty (°C) 120 119.7 £1.2 100 1009 £ 1.1
Thermal energy (X > X¢) r.c (K kg™h) 2617 = 2617 =
Thermal energy (X < X¢) ree (K] kgfl) 4271 = 4271 =
Input moisture content X1 1.688 1.688 + 0.105 1.688 1.688 + 0.105
Final moisture content Xr 0.122 0.120 + 0.01 0.122 0.124 4+ 0.009
Input bulk density eBuikt (kg m~3) 183 183 £ 7.6 183 183 + 7.6
Critical moisture content Xc 0.290 = 0.290 =
Equilibrium moisture content Xeg 0.041 = 0.041 =
Air exit temperature Tar (°C) 57 56.7 + 1.0 57 56.8 + 0.9
Belt velocity Ve (M s~ 1) 0.00369 = 0.00344 =
Air temperature in C Tac (°C) 67.3 66.9 £ 0.9 64.1 64.3 £0.8
Dryer length I-C (Figure 1) Lic (m) 347 = 3.64 =
Dryer length C-E (Figure 1) Lc.p (m) 2.53 = 2.36 =
Total dryer length Lt (m) 6.00 = 6.00 =
Product exit temperature Tpe (°C) 52 524+ 0.6 52.1 522 +£0.7
Air input mass flow rate Gyr (kg s 0.270 0.269 +£ 0.006 0.368 0.369 £ 0.005
Evaporated water flow rate Gey (kg s 0.00591 = 0.00550 =

For both T4 of 120 °C and 100 °C, there were no significant differences between the
experimental values and the expected ones from the design on: the air exit temperatures
T4g; the product exit temperatures Tpr; the air temperatures T4 in point C of Figure 1.
Even the product exit moisture content Xr did not show significant differences between
the experimental values and those expected from the design.
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As consequence of these positive results validating mathematical modelling 2.1 and
design guidelines 2.2, a part of the equations of the model can be used to extend a result
that was obtained in the previous work [2]. In [2], an equation was obtained, numbered
(12), which correlated the final moisture content Xr to the air exit temperature T4, valid
for final moisture content greater than the critical one (Xr > X¢). In this way, it was possible
to indicate the indirect measurement of the final moisture content Xr, useful for optimized
adjustment of the drying operation, through the simpler, faster and cheaper measurement
of the air exit temperature T 4. Therefore, with the validated equations of the mathematical
modelling of Section 2.1 proposed for drying with final moisture content lower than the
critical one (Xr < X¢), the comparison between (1), (3), (4), (6) and (7) gives the following
equation in place of (12) of [2]:

r—c Garca-(1+ Xy)
Xr =X X — X
F ¢+ (X C)VC—E N Bi-HjUBeltPBuik1 T1-C

(Tag — Tar)n (24)

Knowing the critical moisture content of the product Xc, its input moisture content Xj,
its bulk density pp,, its bulk dimensions on the belt B; and Hj, the thermal energy values
r.c and rc.g, the mass flow rate of air Gy, its input temperature T 45, the belt speed vg,;
and by measuring the air exit temperature T4, Equation (24) shows that the final moisture
content Xr is promptly obtained. The same equation, appropriately implemented in a PLC,
suggests how to correct the XF, if this is not the expected value, for example by changing
the belt speed vp,y;, or the air input temperature Ty;.

The last result concerns a simulation using the equations of the design guidelines.
The influence of the air temperature at the input T 4; on the following three variables was
analyzed: the length of the dryer Lt; the product temperature at the exit Tpr; the mass
flow rate of drying air G4;. Since this air temperature at the input T4; is chosen by the
designer within a range that depends on the nature of the product [1], the simulation has
highlighted the influence of this choice on the three variables defined above. The series of
diagrams on the left of Figure 5a—c represents the trend of the three variables as a function
of T 41 which has values between 100 °C and 150 °C. During the simulation, the following
quantities were kept constant: the belt speed vg,;; equal to 0.004 m s~!; the air temperature
at the exit T4r equal to 60 °C; the mass flow rate of evaporated water in the dryer Gry
equal to 23 kg h~!. It is noted that the dryer length decreases significantly. This positive
effect is reflected in a more compact system, but there is a slight increase in the product
temperature at the exit Tpg, by just a couple of degrees, which is therefore acceptable, and
a reduction in the mass flow rate of drying air G4; to keep the mass flow rate of evaporated
water Gy constant given the increase by T4;. Therefore, the space problem that afflicts
these dryers can be mitigated with an increase in Tyj.

The series of diagrams on the right of Figure 5d—f provides the three variables—length
L, temperature Tpg, mass flow rate G4—vs. the air temperature at the exit T4 which is
reduced from 60 °C to 50 °C, keeping constant: the belt speed vg,;; equal to 0.004 m s~ 1;
the air temperature at the input T4 equal to 120 °C; the mass flow rate of evaporated water
in the dryer Ggy equal to 23 kg h~1. The figure shows a slight increase in the length of
dryer Lt of about 0.5 m (+8%), an important decrease of the product temperature at the exit
Tpg which decreases from 55.7 °C to 42.8 °C improving the organoleptic and nutritional
quality. It should be remembered that the product temperature Tp remains at the wet bulb
temperature Tp up to point C (Figure 1) which is located at about 4 m from the input of
the dryer. Only in the last 2.75 m, where the moisture content of the product is below the
critical one, does the temperature slowly rise up to Tpg.
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Figure 5. Simulation using the equations of the design guidelines. Left, histograms vs. air temperature at the dryer input
T41 (With vge, Tar and Ggy kept constant), of the: (a) dryer length Lr; (b) alfalfa temperature at the exit of the dryer Tpg;
(c) mass flow rate of the drying air G 4;. Right, histograms of the same variables, but vs. air temperature at the dryer exit

T ag with vg,

1t» Tar and Gey kept constant: (d) dryer length Lr; (e) alfalfa temperature at the exit of the dryer Tpg; (f) mass

flow rate of the air G4j.

4. Conclusions

In the food industry, the drying operation is still very widespread with the use of
various types of system. In this work, the focus was on the conveyor-belt dryer with
tangential flow that is underused because it is more cumbersome and more difficult to
design, but it has the advantage of greater respect for heat-sensitive food products and,
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therefore, greater diffusion in the future it may be able to improve food quality. This is the
dryer already studied in two previous works [1,2] for the case of final moisture content
higher than critical moisture content (Xr > X¢). In this work, the mathematical modelling
and design guidelines have been extended to the more general situation of a final moisture
content lower than the critical one (Xf < X¢).

First, all the equations of the thermo-hygrometric exchange have been set up. The
associated mathematical modelling allowed us to define design guidelines and also a
method to calculate the thermal energy rc.r, necessary to evaporate the water when the
moisture content is lower than the critical one (X < X¢). In fact, it is always greater than
that for X > X¢ since starting from a certain moisture content below the critical one Xc,
there is bound water which requires higher energy to evaporate compared to latent heat.

Among the eight equations of the mathematical modelling there is one describing
the diffusion phenomenon of water inside the product when the moisture content of the
product X is lower than the critical one X¢c. The mathematical modelling and the equations
for the design guidelines, including the method for calculating the thermal energy rc.g,
have been experimentally confirmed.

A part of the equations of the mathematical modelling presented here in Section 2.1
was also used to extend the result obtained in a previous work [2] dedicated to drying with
the final moisture content of the product exceeding the critical one, Xr > Xc. It was an
equation that correlated the air exit temperature T4 with the final moisture content of the
product Xr which needs to be known promptly and continuously during the operation
of the dryer for the optimization and reduction of energy consumption [73] and for the
control of thermal damage to the dried product.

Therefore, among the results of this work there is also the new equation extended to
the case Xr < X, able to link the final moisture content Xr to the air exit temperature Tr.
If the equation is implemented in a dryer adjustment PLC, it will be able to keep the Xr
value constant and optimized, controlling the T4 which is much easier, faster and less
expensive to detect than direct methods for measuring the Xr.

Finally, the mathematical modelling and equations of the design guidelines were used
to simulate the influence of air temperatures at the input T4; and, respectively, at the exit
T g This last analysis showed that by reducing the mass flow rate of drying air G4;, with
the same Tyj, the temperature T4r and consequently the exit temperature of the product
Tp can be reduced with, consequently, less thermal damage to food.
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