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Abstract: The mathematical modeling presented in this work concerns the conveyor-belt dryer with
the tangential flow of air with respect to food. This dryer, if operating in co-current, has the advantage
of well preserving the organoleptic and nutritional qualities of the dried product. In fact, it has a
low air temperature in the final stretch where the product has low moisture content and is therefore
more temperature sensitive. It is a bulkier dryer than the continuous through-circulation conveyor
dryer with a perforated belt. The latter is therefore more frequently used and has received greater
study attention from researchers and designers of the industry. With the aim to propose guidelines
for a rational design of the conveyor-belt dryer with tangential flow, a mathematical model was
developed here through the differentiation of the drying rate equation followed by its integration
performed along the dryer belt. Consequently, and with the assumption that the final moisture
content XF of the product is higher than the critical moisture content XC, the relationships between
the intensive quantities (temperatures, humidity and enthalpies), the extensive quantities (air and
product flow rates) and the dimensional ones (length and width of the belt), were obtained. Finally,
on the basis of these relationships, the rules for an optimized design for XF > XC were obtained and
experimentally evaluated.

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

1. Introduction

The drying of food products aims to reduce the activity of water [1,2] and therefore to increase the
shelf life of the product, without resorting to the more expensive refrigeration or freezing processes,
and to contain storage and transportation costs for the reduction of weight and volume [3–6].

The lowering of the water content in solid food products must be carried out by evaporating the
water contained in the product, exposing it to a stream of hot and dry air. All this inside a plant called
a dryer.

Drying brings the product to relatively high temperatures [7,8] with negative effects on the quality
of the dried product. Then, denaturation of proteins, loss of vitamins, etc., are possible. However,
from the thermodynamics of the air it is known that during the removal of the water the product
takes on a lower temperature than the drying air, in particular a value equal to or close to the wet
bulb temperature. Therefore, the damage in many cases is limited and the drying operation remains
highly interesting.

The fundamental problem of drying is the mathematical modeling of the thermo-hygrometric
exchange processes between the air and the wet product [9,10]. The differential equations of the

Inventions 2020, 5, 22; doi:10.3390/inventions5020022 www.mdpi.com/journal/inventions

http://www.mdpi.com/journal/inventions
http://www.mdpi.com
http://www.mdpi.com/2411-5134/5/2/22?type=check_update&version=1
http://dx.doi.org/10.3390/inventions5020022
http://www.mdpi.com/journal/inventions


Inventions 2020, 5, 22 2 of 15

heat and mass transfer must be set and resolved in closed form [11–13] or by numerical methods.
Over the course of several decades, the scientific literature has produced solutions of these differential
equations, and therefore many simulations and experimental tests, with reference to a multitude of
products [14–53].

A second problem that arises is the mathematical modeling of the operation of the dryers and
therefore the definition of guidelines for their design.

From the dawn of agriculture, humanity has learned that it is possible to carry out the drying of
agricultural products simply by posing them on surfaces lapped by the environmental air, if only it is
hot and dry. This simple first drying way is still in use today, one thinks of the drying of tomatoes,
seedless grapes, apricots, plums, figs, cod, hay, etc.

Its main characteristic is that the air mass of the environment is infinitely greater than the product
placed in drying. Therefore, the drying air is able to maintain constant both its temperature TA and its
specific humidity x.

With elementary dryers of this type, called solar dryers, made with surfaces exposed to
environmental air, the design guidelines are very simple and are reduced to the calculation of
the drying time.

A second drying way refers instead to the use of preheated air sent with fans to touch the product
according to a flow inside a closing carter. There are several dryers that refer to this continuous
operation scheme, namely: the through-circulation conveyor-belt, tangential flow conveyor-belt, tunnel
trucks, rotary, fluid bed and the pneumatic [54,55]. All are characterized not only by the movement
of hot air forced by the fans, but also by the movement of the product. Compared to the product,
the air can have a tangential flow in counter-current or co-current or a cross flow (through-circulation
conveyor dryers). Further differences between the dryers are in the feed system of the food products,
but all the dryers internally present variations in the thermodynamic parameters of the drying air,
and therefore the mathematical modeling of the operation and design results more complex.

Finally, a third drying way provides preheated and forced air to pass through a mass of static
product. This is the case with silo dryers. The crossing requires that the product be presented in granular
or fibrous form so that the air passes through it regularly, creating a more intimate thermo-hygrometric
exchange. The mathematical description of the operation of these silo dryers is also complex due to
the discontinuous process. In fact, the product evolves its moisture content both over time and in the
space, as well as the air, what requires the setting of partial differential equations.

Below we will deal with conveyor-belt dryers. The characteristic element of this type of dryer is
the belt on whose surface the food product to be dried is distributed. The conveyor belt moves inside a
tunnel where hot drying air circulates.

As can be seen from Figures 1 and 2, two solutions are possible. In the first solution, the air passes
through the product and then goes to the top of the tunnel. This is possible due to the presence of a
perforated belt (through-circulation conveyor-belt dryer). In this case, the drying air is blown starting
from the area below the belt (Figure 1).

In the second solution, the air flows tangentially over the product, as the conveyor belt has not
perforated (conveyor-belt dryer with tangential flow). The drying air therefore circulates only in the
volume above the belt, entering at one end and exiting at the opposite one (Figure 2).

The perforated belt dryer with crossing air from below or from the top was analyzed very
thoroughly. In fact, various mathematical models are available [56–62] which hypothesize the drying
air which uniformly crosses the entire length of the dryer with a constant air inlet temperature.

The conveyor-belt dryer with tangential flow (Figure 2), on the other hand, has the air channeled,
what results in continuously changing its characteristics of temperature TA and specific humidity
x, in the length of the dryer. Therefore, the mathematical description of the thermo-hygrometric
exchange between the air and the product is complicated precisely because of these variabilities. Below,
a mathematical model will be developed to determine the average flow rate of evaporated water GEV
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of the dryer and then to design it when the output product is still with a moisture content higher than
the critical moisture content (XF > XC).Inventions 2020, 5, x 3 of 15 

 
Figure 1. Through-circulation conveyor-belt dryer (perforated belt) in co-current: (left) side view; 
(right) front view. 

 
Figure 2. Conveyor-belt dryers with tangential flow (not perforated belt) for food drying. 
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content X greater than the critical one XC. In other words, if the product is moist enough to behave 
like pure water; α (Wm−1K−1) is the convection coefficient; A (m2) is the area of the product lapped by 
the air; r (J/kg) should be the latent heat of the water vapor at the wet bulb temperature TWB, but it 
assumes a greater value as indicated by [55]. 
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2. Materials and Methods

2.1. Preliminaries

The drying rate can be defined [55] as:

R = −
dX
dt

=
GEV

mD
(1)

where: R (s−1) is the drying rate; X = mW/mD (kg/kg) is the moisture content (dry basis) of the product
without dimensions; mW is the mass of water and mD is the dry mass; GEV = dmW/dt is the flow rate of
evaporated water (kg/s).

By applying an enthalpy balance [55] we obtain:

GEV =
q
r
=
α·A·(TA − TWB)

r
(2)

where: q (W) is the heat transfer rate from the air to the product; TA (K) is the air temperature; TWB (K)
is the wet bulb temperature of the air. It is also the temperature of the food product if it has a moisture
content X greater than the critical one XC. In other words, if the product is moist enough to behave like
pure water; α (Wm−1K−1) is the convection coefficient; A (m2) is the area of the product lapped by
the air; r (J/kg) should be the latent heat of the water vapor at the wet bulb temperature TWB, but it
assumes a greater value as indicated by [55].
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By inserting (2) in (1), we obtain:

R =
α·A·(TA − TWB)

r·mD
(3)

This equation indicates that, with X > XC, TWB is constant and if the air temperature TA also
remains constant, then the drying rate R becomes constant and is called RC.

With the constant rate RC, the (1) can be rewritten:

RC = −
dX
dt

=
∆X
tC

(4)

where: ∆X = (XF −XI), XI is the initial moisture content and XF è is the final moisture content of the
period at constant speed. Therefore, the drying time tC at a constant rate is:

tC =
(XI −XF)

RC
(5)

This is the situation that occurs with the first drying way (solar dryer), that is, with constant TA
and with XF > XC.

However, when the moisture content of the product X falls below the critical moisture content XC,
the water runs out on the surface of the product. This does not prevent drying since water from the
inside comes by diffusion through the internal mass. However, the process is conditioned precisely by
the reduced speed of water diffusion towards the surface. Therefore, the balance between the heat
transfer rate q, from the hot air to the product, and the heat transfer rate q that accompanies the flow
rate of evaporated water GEV from the product to the air [55], occurs with a product temperature TP
higher than that of the wet bulb TWB. Equation (2) is still valid provided that the temperature TP
replaces the TWB, which confirms the reduction of GEV and therefore also of the drying rate R.

2.2. Mathematcal Modeling of the Conveyor-Belt Dryer with Tangential Flow

In the introduction, a second drying mode was defined. It refers to the use of preheated air sent
with fans to touch the product according to a flow inside a top closing carter. Among the various types
of dryers, the conveyor-belt dryer with tangential flow (Figure 2) will be discussed below.

In this case, the temperature of the drying air decreases in the length of the dryer, from the inlet to
the outlet, and therefore it is necessary to write the Equation (2) in differential form:

dGEV =
dq
r

=
α·dA·(TA − TWB)

r
(6)

To develop a mathematical model suitable for determining the overall flow rate of the evaporated
water GEV in the entire dryer, it is necessary to proceed with the integration of (6). This requires
knowledge of the mathematical relationship between the air temperature TA and the coordinate along
which the dryer belt develops.

The mathematical model will be developed under the condition XF > XC, that is the output
product is still with a moisture content higher than the critical one. This means that the product
maintains its TP temperature constant and equal to that of the wet bulb of the TWB air throughout
the dryer.

Figure 3 shows the scheme of a belt dryer completed by the diagram of the temperatures of the TA
air and the TP product.

The infinitesimal heat transfer rate dq in (6) is transferred from the air to the product through the
elementary area dA (Figure 3):

dq = α·dA·(TA − TWB) (7)
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where: α is the convection coefficient; dA is the elementary area; TA is the air temperature when it
comes into contact with the dA area; TP = TWB is the temperature of the product, assumed equal to that
of the wet bulb of the air.Inventions 2020, 5, x 5 of 15 
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Figure 3. The conveyor-belt dryer with tangential flow and a diagram of the temperatures of the air
and the product with a moisture content XF > XC.

Under the condition that the drying process is adiabatic, i.e., that it takes place in the absence
of heat dispersion through the walls, then the elementary heat transfer rate dq can also be written
in relation to the elementary variation of temperature dTA of the air (in its dry component). In fact,
it undergoes a decrease by flowing over the elementary area dA, as it warms to the same area dA
(Figure 3):

dq = −GA·cA·dTA (8)

where: GA is the mass flow rate of dry air; cA is the specific heat of dry air; dA is the elementary area;
dTA is the elementary decrease in air temperature when it laps the dA area. The negative sign appears
to make the heat transfer rate dq positive since dTA is negative.

Figure 3 shows that, from the beginning of the dryer, the temperature of the product, TPI,
was considered equal to the wet bulb TWB. This is an acceptable approximation because, in the enthalpy
balance of the dryer [55], the thermal energy required to heat the dry component of the product, from
TPI to TWB, is less than 1% of the total thermal energy supplied by the hot air. While the thermal energy
necessary to heat the water contained in the product from TPI to TWB is approximately 3% and will be
taken into consideration during the development of the mathematical model.

By equating (7) with (8), we obtain: α·dA·(TA − TWB) = −GA·cA·dTA; from which, by separating
the variables A and TA and moving on to integration, we have:

α
GA·cA

·

ATOT∫
0

dA =

TAI∫
TAE

dTA

(TA − TWB)
(9)

where: ATOT is the total area of the product surface inside the dryer; and TAI and TAE are the dryer
input and exit air temperatures (Figure 3). The result of the integration is:

α
GA·cA

·ATOT = ln
(

TAI − TWB

TAE − TWB

)
(10)
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Setting, as shown in Figure 3, TAI −TWB = ∆Ta and TAE −TWB = ∆Tb, then moving the logarithmic
term to the left and the product GA·cA to the right, and multiplying both members by TAI − TAE,
we have:

α·ATOT
(TAI − TAE)

ln
(

∆Ta
∆Tb

) = GA·cA(TAI − TAE) (11)

The right term:
GA·cA(TAI − TAE) = q (12)

is precisely the heat transfer rate q released to the product from the drying air throughout the length
of the dryer due to the cooling effect from TAI to TAE. Having admitted that it goes completely to
the product without dispersion to the outside, then the left term of (11) becomes the heat exchange
equation between the air and the product. Just add and subtract the TWB temperature inside the
parenthesis, to have (TAI − TAE) = ((TAI − TWB) − (TAE − TWB)) = ∆Ta − ∆Tb. Definitely:

q = α·ATOT
(∆Ta − ∆Tb)

ln
(

∆Ta
∆Tb

) = α·ATOT·∆TmL (13)

As is known [63] the quantity: (∆Ta−∆Tb)

ln
(

∆Ta
∆Tb

) is defined as the logarithmic mean temperature difference

between the air and the product: ∆TmL.
Here, the total flow rate of evaporated water GEV from the product bed within the tunnel of the

dryer is:

GEV =
q
r
=
α·ATOT

r
·∆TmL (14)

where: r is the thermal energy to produce 1 kg of superheated steam at the temperature of the TA air as
we will see in Section 3.1.6.

2.3. Experimental Equipment

A pilot dryer consisting of a non-perforated belt, BI = 0.3 m wide and LTOT = 6 m long, was used
(Figure 4). The scheme of its operation was the same as in Figure 3. The dryer was fed with alfalfa
distributed on the belt for a height (HI) of 0.05 m. The geometric and operational characteristics are
shown in Table 1.
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Table 1. Geometrical and operational data of the pilot dryer.

Quantity Symbol Value

Belt width BI (m) 0.3
Belt length LTOT (m) 6.0
Belt speed vBelt (m/s) 0.005

Air input velocity vAI (m/s) 2.6
Air section AA (m2) 0.15

Air input volumetric flow rate QAI (m3/s) 0.395
Air input temperature TAI (K) 393

Air input density ρAI (kg/m3) 0.896
Air mass flow rate GAI (kg/s) 0.354

Alfalfa input moisture content (D.B.) Xl 1.892 ± 0.110
Alfalfa input moisture content (W.B.) YI (%) 65.4 ± 1.3

Alfalfa input bulk density ρBulkI (kg/m3) 197 ± 7.5

Five PT100 resistance thermometers were installed along the air flow channel: one at the air
inlet and the others following one every 1.5 m; therefore, the last probe was on the exit of the dryer.
Consequently, the air temperatures were measured and registered in a data logger. The alfalfa
temperature at the input and exit of the dryer was measured with an infrared thermometer. Each test
was replicated 5 times.

The moisture content of alfalfa was measured in the laboratory by weighing before and after
drying in a stove at 408 K (135 ◦C) for 2 h respectively. Each test was replicated 5 times. The bulk
density was obtained by measuring the mass and volume of the samples.

3. Results

3.1. Design Guideline Conveyor-Belt Dryer with Tangential Flow for Food with XF > XC

The two previous Equations (12) and (14) are useful for designing a conveyor-belt dryer with
tangential flow. Below we analyze the various quantities to identify what will be the starting data of
the design problem and the unknowns to be obtained.

3.1.1. Input and Exit Temperatures of the Drying Air

The air temperatures, at the input TAI and at the exit TAE of the dryer, must be defined in order
to calculate the logarithmic mean temperature difference in ∆TmL. The input temperature must be
established according to the characteristics of the product to be dried. It may be greater, the smaller
and more uniform the size of the product, and the more permeable the surface of the product and the
more humid the entering product are. All these facts allow to keep the product sufficiently humid
on the surface and therefore its temperature equal to the wet bulb. Furthermore, it is necessary to
avoid denaturing some components of the product. For example, and with reference to the grain,
the maximum recommended TAI for maize is 115–120 ◦C, while oilseeds, such as soy, can be subjected
to a TAI temperature of no more than 90 ◦C. For rice, it must be below 70 ◦C. For herbaceous products,
due to the size of the leaves and the stems, as well as to the high permeability of the surfaces, the TAI
can reach 500 ◦C [64] and, if very humid, even 800 ◦C [65].

Regarding the air exit temperature TAE, it must be adequately higher than that of the wet bulb
TWB. In fact, even if the product were pure water, this temperature TWB would be reached by the air at
the end of a continuous dryer only if it had infinite length (Figure 3).

Therefore, in order to have not too long dryers, the next Equation (23) indicates that we must keep
the logarithmic mean temperature difference ∆TmL, between the air and the product, high enough.
As is known, it is assumed here that the product is throughout the dryer with a moisture content higher
than the critical value, and therefore, at a temperature equal to that of the wet bulb TWB. In order to
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have good values of the logarithmic mean temperature difference: ∆TmL
(∆Ta−∆Tb)

ln
(

∆Ta
∆Tb

) , both ∆Ta and ∆Tb

must be high; as shown in Figure 3, the latter is high if the temperature of the air at the exit of the dryer
TAE is also high.

As a rule of thumb, TAE is set a few tens of degrees higher than that of the exit product. For example,
with a TAI of 120 ◦C, the TWB, provided by the psychrometric diagram, is 34 ◦C and therefore the final
temperature of the TAE air can be set between 50 ◦C and 60 ◦C.

3.1.2. Flow Rate of Evaporated Water and Final Moisture Content

The flow rate of the evaporated water GEV must be considered a datum of the problem. It is related
to the flow rate of the product to be dried GI, the input moisture content XI and the final moisture
content XF to be reached during the process. Indeed, the manufacturers identify the performance of
the dryers, in their production range, precisely through the flow rate of evaporated water expressed
in kg/h.

The evaporated water flow rate is the difference in the initial water mass mWI of the product and the
final one mWF, divided by the time interval ∆t required for this evaporation: GEV = mWI−mWF

∆t . The total
mass of wet product (dry mass mD plus water mass mWI) that enters the dryer in this time interval ∆t
is the flow rate of the wet product, i.e., at the conditions of input into the dryer: GI =

mD+mWI
∆t .

By dividing the flow rate of the evaporated water by the flow rate of the wet product GEV
GI

,

we obtain: GEV
GI

= mWI−mWF
mD+mWI

. Dividing above and below by the dry mass mD and defining the moisture

content on a dry basis X = mW
mD

, we have: GEV
GI

= XI−XF
1+XI

.
Therefore, given the three quantities mentioned above XI, XF and GI, relating to the wet product

and its drying process, the determination of GEV, as the initial datum of the problem, is immediate:

GEV = GI
XI −XF

1 + XI
(15)

3.1.3. Wet Product Flow Rate

The mass flow rate of the wet product at the input of the dryer GI can be defined as the volumetric
flow rate of the bulk wet product QBulkI multiplied by the bulk density of the wet product at the input
of the dryer, ρBulkI: GI = ρBulkI·QBulkI.

It is convenient to highlight the volumetric flow rate QBulkI since it is equal to the initial section
multiplied by the feed speed of the product, equal to the belt speed vBelt: QBulkI = BI ·HI · vBelt. It is
therefore very easy to control QBulkI both by adjusting the initial height of the bulk product HI (BI
is the initial width) with a toothed roller and by adjusting the speed of advancement of the belt
vBelt. Therefore:

GI = BI·HI·vBelt·ρBulkI (16)

Finally, by inserting (16) in (15) we have:

GEV = BI·HI·vBelt·ρBulkI
XI −XF

1 + XI
(17)

3.1.4. Area of the Product Lapped by the Air

The total area of the product, ATOT, exposed to the drying air, can be imagined as the length, LTOT,
of the belt of the dryer multiplied by a transverse dimension f (Figure 5):

ATOT = f ·LTOT (18)
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The quantity f is an unknown and it is difficult to predict, therefore it will have to be determined
experimentally as we will see in the subsequent Section 3.1.9.

3.1.5. Convection Coefficient

The convection coefficient α depends on the velocity of the drying air vA, in addition to other
parameters. We can proceed to the calculation of α through the formulas between the dimensionless
numbers of Nusselt, Reynolds and Prandtl Nu = f (Re, Pr) [55,66].

However, for greater precision, we can proceed experimentally as we will see in the subsequent
Section 3.1.9.

3.1.6. Thermal Energy r

The thermal energy r to produce 1 kg of superheated steam at the air temperature TA is equal to
the difference in enthalpy [55] of the superheated steam at TA and that of the water contained in the
product to be dried at the temperature TPI:

r = cW(TWB − TPI) + λWB + cSV(TA − TWB) (19)

where: cW is the water specific heat capacity equal to 4.187 kJ kg−1K−1; λWB is the latent heat at the wet
bulb temperature TWB; cSV is the superheated steam specific heat capacity equal to 1.92 kJ kg−1K−1.

Using hot air in the dryer with temperatures TA between 343 K (70 ◦C) and 423 K (150 ◦C) and
considering an initial product temperature TPI of 293 K (20 ◦C), the thermal energy r assumes a value
between 2542 and 2694 kJ kg−1. If an arithmetic mean value r of 2617 kJ kg−1 is assumed, a standard
error of 1.6% and a maximum error of 2.9% are verified. These errors must be accepted as a consequence
of the imposition r = constant. Otherwise, the mathematical modeling developed in the previous
Section 2.2 would have been much more complicated and consequently the design guidelines would
become impractical.

3.1.7. Flow Rate of Drying Air

Having admitted as negligible both the thermal dispersion from the walls of the dryer and the
thermal energy of preheating the dry mass of the product, the heat transfer rate q is used for preheating,
evaporating and overheating up to TA the flow rate of the water GEV contained in the product, so that
the moisture content drops from XI to XF. For this reason, this heat transfer rate q will be related to the
GEV given by Equation (17) and to the thermal heat r provided by Equation (19):

q = GEV·r = BI·HI·vBelt·ρBulkI
XI −XF

1 + XI
·r (20)
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This heat transfer rate q is provided by the incoming hot air in the dryer with the flow rate GA, i.e.,
by Equation (12). By equating (12) with (20), we can finally derive the flow rate of drying air GA:

GA =
BI·HI·vBelt·ρBulkI

cA·(TAI − TAE)
·
XI −XF

1 + XI
·r (21)

3.1.8. Length of the Dryer

By combining Equations (14), (17) and (18), we obtain:

LTOT =
BI·HI·vBelt·ρBulkI·r
α· f ·∆TmL

·
XI −XF

(1 + XI)
(22)

It is convenient to collect the quantities BI, HI and f in a single parameter that could be called a
form factor, F =

f
BI ·HI

:

LTOT =
vBelt·ρBulkI·r
F·α·∆TmL

·
XI −XF

(1 + XI)
(23)

This equation becomes the design equation because it defines the length of the dryer belt, LTOT,
after the values of the dryer belt speed, vBelt, and the initial moisture content XI and the final moisture
content XF, were chosen.

Before using the Equation (23), it is necessary to calculate: (1) the value of ∆TmL as in Section 3.1.1;
(2) the value of thermal energy r as in Section 3.1.6; the value of the bulk density of the wet product at
the beginning of the dryer ρBulkI, with the experimental method as in the next Section 3.1.9; the value
of the product, F·α, of the form factor F and of the convection coefficient α, with experimental method
as in the next Section 3.1.9.

3.1.9. Experimental Evaluation of F·α

The difficulties of the theoretical evaluation of F and the approximation of the calculation result
of α with the monomial relations Nu = f (Re, Pr) [66], due to the complex shape of the objects to be
dried, suggest proceeding with the experimental determination of the product F·α. In the laboratory,
we prepared a batch dryer with a BI · HI product section identical to that of the belt dryer to be
designed, but with a short length, LD. Above the product, high HI, flows the drying air with the same
characteristics and the same flow rate GA (and speed vA) as the dryer.

If LD is short, the exponential decrease in TA can be approximated with a segment from TAI to TAD.

Therefore, the average air temperature TAa above the product is: TAa =
(TAI+TAD)

2 . The heat transfer
rate associated with the decrease in air temperature is: q = cA·GA(TAI − TAD). This heat transfer rate
must equal that exchanged between the air and the product: q = α·A(TAa − TWB). Since the area of
product A lapped by the air is (18) A = f ·LD and remembering that: F =

f
BI ·HI

, in the absence of
thermal loss through the walls and measuring the temperatures TAI, TAE and TWB, we have:

F·α =
cA·GA·(TAI − TAD)

BI·HI·LD·((TAI + TAD)/2− TWB)
(24)

3.1.10. Adjustment of Parameters of the Dryer

If the product keeps the incoming moisture content XI constant, the dryer, sized with the LTOT
length via Equation (23), will ensure that the product will be dried at the final moisture content XF
expected according to the programmed GPI flow rate of the wet product.

However, the incoming moisture content can vary, considering that the status of many products
depends on the environmental conditions of the previous storage or on the weather conditions, if the
products come directly from the field.
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Then the same Equation (23) can be used, besides the design equation for the dryer, also as a
mathematical modeling to highlight the influence of all the quantities on the final moisture content XF:

XF = XI − (1 + XI)
F·α·∆TmL

vBelt·ρBulkI·r
·LTOT (25)

Clearly if the incoming moisture content XI increases, the final XF increases as well, failing the
food safety objective due to the consequent increase in the water activity of the product subsequently
stored. Conversely, a decrease in the final moisture content XF can also occur when XI decreases,
with an unnecessary energy consumption and an increased risk of fire/explosion in the final section
of the dryer if the product is dusty. At certain concentrations, the dry dust raised and floating in the
drying air can produce explosions from any accidental spark.

In essence, the dryers must be equipped with a feedback system that directly detects the final
moisture content of the product XF, and if this is not the desired one, intervenes accordingly on one
of the parameters in Equation (25). For example, the feed speed of the product, through vBelt, can be
varied, decreasing it for example if the XF is too high, thus leaving the product in the dryer for a
longer time.

Alternatively, the inlet temperature of the drying air can be varied. For example, if the final
moisture content XF is still too high, then one can proceed by increasing the inlet temperature of the
drying air TAI. It also follows a partial increase in the exit temperature of the air TAE. Since the product
remains at the temperature of the wet bulb, there is an increase in the logarithmic mean temperature
difference between the air and the product, ∆TmL, which leads to an increase in the heat transfer rate
q from the air to the product, intensifying the evaporated water flow rate GEV. The Equation (25)
confirms it.

3.2. Experimental Results

Table 2 reports the results of the tests reflecting the mean values of the air temperature TA and
alfalfa TP ones, together with the relative standard deviation (S.D.), at the input and the exit of the
dryer. In addition, the table shows the mean value and the S.D. of the alfalfa moisture content at the
input and exit of the dryer. There was no significant difference between the experimental values of the
alfalfa temperature TP and the wet bulb temperature TWB, quantified with the psychrometric chart.

The TAI, TAE e TP temperatures were used to calculate the logarithmic mean temperature difference
∆TmL showed in Table 2.

The values of the quantities of Table 2 and some of those of Table 1 were implemented in
Equation (23) allowing to calculate the exact value of the quantity F·α:

F·α =
vBelt·ρBulkI·r
LTOT·∆TmL

·
XI −XF

(1 + XI)
= 5144

W
m3K

(26)

In Section 3.1.9, a simplified equation was proposed to determine the quantity F·α starting from
data detectable with a simple test on a batch dryer. To simulate the batch dryer, the pilot dryer belt
was stopped and the air temperature TAD, at distance from input z = 1.5 m, was measured together
with the TAI temperature value, the alfalfa temperature value TP = TWB and the length LD = 1.5 m.
This allowed to use Equation (24) which gave an approximate value of F·α equal to:

F·α =
cA·GA·(TAI − TAD)

BI·HI·LD·

(
(TAI+TAD)

2 − TWB

) = 5248
W

m3K
(27)

Comparing this value with the exact value of Equation (26), an error of 2.6% occurs. This is an
acceptable error testifying that the procedure proposed in Section 3.1.9 is a valid method.



Inventions 2020, 5, 22 12 of 15

Figure 6 shows the curve of the air temperature decay, TA, vs. The distance z from the input of
the dryer.

Table 2. Experimental data of the pilot dryer and the batch dryer.

Quantity Symbol Value

Air input temperature TAI ± S.D. (K) 392.2 ± 1.3
Air exit temperature TAE ± S.D. (K) 331.4 ± 1.2

Air temperature at z = 1.5 m
as batch dryer for F·α assessment TAD ± S.D. (K) 368.8 ± 1.2

Alfalfa input temperature TPI (K) 310.7 ± 0.6
Alfalfa exit temperature TPE (K) 311.6 ± 0.9

Log. mean temperature difference ∆TmL (K) 45.2
Simulated batch dryer length LD (m) 1.5

Alfalfa final moisture content (D.B.) XF ± S.D. 0.332 ± 0.016
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4. Conclusions

Various studies on the mathematical modeling and design guidelines of perforated belt dryer
(through-circulation conveyor-belt dryer) are available, while non-perforated belt dryer (conveyor-belt
dryer with tangential flow) have been neglected, probably because it is less common.

The co-current version of the conveyor-belt dryer with tangential flow has the advantage of low
air temperature in the final stretch where the product has low moisture content. In this condition
where the product is in the most temperature-sensitive condition, the fact of being in contact with air
less hot, presents itself as a positive aspect of this dryer.

For a greater diffusion of the conveyor belt dryer and therefore for its rational design, a mathematical
modeling was carried out in this work. The equations obtained show a decreasing drying rate according
to an exponential law, under the condition of the final moisture content of the product higher than the
critical one.

Consequently, a series of rational design guidelines were proposed. To validate the mathematical
model and the guidelines, especially the Section 3.1.9, experimentation on a pilot dryer was carried
out. The results confirmed the validity of the innovative design procedures proposed in this work with
an error of 2.6%.

Concerning the last rule of Section 3.1.10, and adjustment of the dryer with the feedback system,
the final equation of the mathematical model indicates, for the feedback control chain, the need to start
from an instantaneous measurement of the final moisture content of the product. The difficulties of
creating a sensor for instantaneous moisture content measurement and the not always acceptable results
of hygrometers on the market suggest to study this problem in depth in a future work. A mathematical
analysis will have to be done in order to find further relationships between the quantities: in particular,
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a relationship between the moisture content and a different parameter that is more easily measurable
for starting the feed-back control chain.

Finally, it is also necessary to extend the mathematical modeling and the design guidelines for the
case of the final product moisture content lower than the critical one (XF < XC) in further future work.
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