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Abstract. The goal of the work was to propose and verify the model of
temperature changes of the convective dried biomass depending on the
drying time. The algebraic temperature model of the convective dried
solid, giving the possibility of its direct calculation, was based on the
logistic function of growth. Temperature model was verified for convective
dried biomass: vegetable and wood (poplar and willow wood chips)
significantly differing in initial moisture content. Parameter W in the
temperature model, defined as the coefficient of temperature rate changes
reaches greater values in higher temperature of drying air and for wood
biomass which has lower initial moisture content. Empirically selected
parameter W allows to verify the temperature model with the relative error
less than 5%.

1 Introduction

Biomass is third largest and most available natural source of energy, and is widely used in
power industry [1-3]. Currently, the share of solid biomass in the RRE in Poland has
increased from 88 to 92-94%, and approx. 6% of biomass is used to produce biofuels. In
Poland, 15% of energy is to be generated from RRE by 2020, with biomass amounting to
approx. 60% [4].

Utilization of biomass for heat generation is conditioned by its low moisture. The drier
the biomass, the higher its energy properties [5]. Biomass types suitable for energy
purposes include wood biomass and plant-derived biomass that does not meet quality
requirements for raw materials to be used as food or fodder, e.g. infected grain, fermenting
or moulded pomace left over from the production of fruit or vegetable juices left for too
long before processing, etc. In most cases, such biomass requires drying to obtain the
desired combustion parameters and the required energy value of the fuel [6,7]. Due to the
efficiency and technological availability, biomass is usually dried in forced convection,
with wood being also dried in natural convection. Heat may efficiently be obtained from
biomass when its moisture does not exceed 12%. This parameter is also required for
briquetting. Drying biomass under forced conditions is expensive. Therefore, predicting this
process based on mathematical models of their computer simulations is recommended.
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Principles of heat exchange in porous media have been known for a long time [8], as
well as theoretical laws explaining the process of convection drying solids. From these laws
follows a system of equations describing heat exchange and mass exchange [9], which is
considered fundamental for mathematical modelling of convective drying of solid bodies:
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where:

a — heat diffusion coefficient, m%/s

am — mass diffusion coefficient, m?/s

¢ — specific heat of the moist body, J/(kgK)

r — water vaporization heat, kJ/kg

t — temperature of the body, °C

u — moisture content, kg/kg

€ - phase transition coefficient, (-)

O, — thermal gradient coefficient, (-)

p - density of the moist body mass, kg/m?

T - drying time, s
The solution of this system of equations (1) requires the introduction of a series of
simplifying assumptions. One of the most important of these assumptions is the assumption
of the fact that the temperature of the material being dried remains constant and is equal to
the temperature of the drying agent. As a result, a mathematical model of changes of water
content in the material being dried is obtained. The solution in the form of infinite series is
obtained for characteristic shapes of objects being dried, e.g. for a sphere:
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where:

u; — equilibrium moisture content, kg/kg

Fom — Fourier number for mass transfer, (-)
Practical application of this model requires further simplification to a simple exponential
function, while determination of the temperature of the body being dried with simultaneous
determination moisture content during drying, resulting from scientific knowledge laws,
based on the solution of the system of equations (1), is possible only in the numeric form,
e.g. [10,11]. Such a model has limited practical application, due to the fact that it does not
have the algebraic form, and as such, it cannot be used for steering and control of the
process of drying.

The goal of the work was to propose and verify the model of temperature changes from
time drying. The model verified for woody biomass and vegetable biomass, significantly
differing in initial moisture content, is a generalized model for objects with significantly
different moisture. The algebraic temperature model of the convective dried solid, giving
the possibility of its direct calculation, was based on the logistic function of growth
[12].This function is used to describe many economic, social, natural and other phenomena
[13]. In the work, the parameters of the models were sought in order to use the model both
in the period, in which external conditions of heat and mass transfer determine drying, and
in the period, in which internal diffusion dominates.
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2 Modelling of temperature

Assumptions simplifying the solution of the equations (1) related to the temperature of the
body being dried, in the period, in which external conditions of transfer dominate, t=ts, (the
so called 1st stage of drying) and in the period, in which transfer resulting from internal
diffusion dominates, t=t, (2nd stage) result from the assumptions of mathematical theory of
convective drying of solid bodies [14]. Such a simplifying assumption is practically
justified in case of grain and seeds which are small, have relatively low moisture content
and become dry in the second stage of drying because the time in which they reach the
temperature of the drying agent is insignificant compared with the amount of time required
to reach the content of water desired from the technological point of view [15]. In case of
bodies with the moisture ranging from 30 to 50% (e.g. wood biomass) and bodies with high
moisture content that initially dry in the first and then in the second period of drying, e.g.
fruit-vegetable biomass, with the moisture content higher than 50% (e.g. pomace left over
from juice production) that take a long time to heat to the temperature of the drying agent
due to their material structure, such an assumption is a large simplification of the
characteristic of continuous change of the temperature of the material being dried.

Figures 1 and 2 show example results of vegetable and wood biomass temperature
measurements for a few temperatures of drying air. In the process of drying vegetable
biomass, four periods of increase of the temperature of its particles may be indicated, which
differ in dynamics and duration. The four periods are: the period of initial heating — a short
period compared to the total drying time, and which may be disregarded; the second period,
in which the temperature of the surface of the particles being dried is rising slowly within
the range of wet thermometer for given drying conditions; the third period when the
temperature rises quickly and the last period, in which the temperature of the biomass
slowly approaches the temperature of the drying air. Apart from initial heating, durations of
the other periods may not be considered insignificant. Such a situation characterizes size-
reduced plant biomass with large initial moisture content — higher than 1kgmo/kgim
(relative moisture higher than 50%). Therefore, it was necessary to formulate a
mathematical model of temperature describing its continuous (and not discrete) increase
from the value of the temperature of wet thermometer to the temperature of the drying air.
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Fig 1. Measurements of temperature of vegetable biomass particles — vegetable marc, dried at drying
air temperatures of 50°, 60°and 70°C
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In case of biomass with lower initial moisture content, e.g. wood biomass, the surface of
particles is dry enough for the drying air with the temperature higher than the temperature
of biomass to heat it quickly and maintain thermal balance determined by the temperature
close to the temperature of the drying air.
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Fig 2. Measurements of temperature of wood biomass particles dried at drying air temperatures of
50°, 60° and 70°C

The research goal of this work was to verify whether the change of the temperature of
both types of biomass may be described by a mathematical model based on logistic
function.

2.1 A logistic model of the increase of the temperature of the solid body in
the process of drying

There is an analogy between the increase of the temperature of a solid body being
convective dried by heated air and the increase of the dependent variable in the logistic
function, which models changes of a certain quantity y(x), from yo to yi, with the
coefficient 4 being the increase rate. It is the solution of the differential equation with split
variables, also called Robertson’s equation, which may be presented in the following way:

d
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The solution with the initial condition y(x=0)=yo, has the following form:

Yo¥max
(x) = 3
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It is worth noting that the rate of changes dy/dx is parabolic relative y, and the boundary
values of this logistic function are: limy, o, y(x) = 0 gng limy—s 00 ¥(X) = Vimax .
The usefulness of the above logistic function for the description of the increase of the
temperature of moist biomass dried by convection was considered, assuming structural
analogy of different growth processes. However, it required modification of formula (3) so
that: 1iMyeco Y(*) = Ymin >0 and yo=ymmn+e, where e denotes selected parameter of
translation of the function graph (3), allowing to obtain small increments y(x) but within the
range of increasing rate of changes dy/dx.
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The logistic model of heating of moist particles of biomass dried by heated air was
formulated in a similar way as for vegetables during drying [16,17].

The lowest temperature included in the presented model is the temperature of wet
thermometer tu, then the temperature of the body being dried t(t) changes from to=tm+e to
tmax=t, Where e is the value resulting from measurement uncertainty, selected empirically.
In connection with this, the following hypothesis was assumed: the rate of changes of the
average temperature of the solid body being dried is proportional to the product of
difference: between the temperature t, of the drying agent and the average temperature ¢ of
the body as well as the temperature ¢ of the body and the temperature of wet thermometer
and to a certain coefficient W, which depends on the conditions of external exchange (e.g.
on the conditions of heat penetration, exchange area), which may be written as follows:

dat
o= Wty -0 —ty) (4)
Then the model of the temperature has the following form:
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Figure 3 presents graphs of temperatures calculated from formula (5) for t,=60°C, t,=25°C
and for different coefficients .
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Fig. 3. Graphs of the logistic function (4) simulating the increase of the temperature in time, from
25°C to 60°C, for three example values of the coefficient W of growth rate

As it may be observed, the graphs of the logistic function for smaller values of coefficient
W, equal to 0.0005 and 0.0008 are similar to graphs of changes of the temperature of
vegetable biomass, which is characterized by high initial moisture content. However, the
model of logistic curve, in which the coefficient of temperature change rate W=0.0010 and
0.0030 may describe changes of temperature in the process of wood biomass drying.

It is worth presenting the structure of the model of temperature (5) in another form due to
its clarity, introducing the following denotations:

(tp—tm)(fo~tm” (tp—ty) M= _W(tp - tM)- (6)
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And, finally we obtain:

tr) =ty +

Equations (5) and (7) are semi-empirical models because they were theoretically introduced
as a consequence of the proposed hypothesis, by similarity of the logistic function. The
models allow for calculating values of changes of the temperature of the dried body, similar
to those based on measurements, only disregarding the initial period of heating.

3 Results and discussion

Figures 4-6 present graphs/plots of changes of the temperature of convective dried biomass,

1
aexp(mio)+b

obtained from measurements and calculated from model (7).
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Fig. 4 Results of measurements and calculations of the temperature of poplar chips dried at air

temperatures of 50°, 60°, 70°C using logistic function (7)
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Fig. 5 Results of measurements and calculations of the temperature of willow chips dried at air

temperatures of 50°, 60°, 70°C using logistic function (7)
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Fig. 6 Results of measurements and calculations of the temperature of vegetable biomass dried at air
temperatures of 50°, 60°, 70°C using logistic function (7)

As the graphs show, model (7) approximates the results of temperature measurements
well. Identification of the parameters of the model (7), involving selection of coefficient W
and temperature t0, enabled empirical verification of the model with a maximum relative
error of the model smaller than 5%.

Table 1 presents values of coefficient of temperature change rate W for logistic function
approximating changes of temperature of biomass particles being dried for 3 temperatures

of drying air.
Table 1. Values of coefficient W for different types of biomass
tp [°C] W [°C min-1]
poplar willow vegetables
50 0.00160 0.00160 0.00080
60 0.00230 0.00220 0.00095
70 0.00260 0.00250 0.00105

Practice indicates that in higher temperatures moist solids become heated and dry faster.
The fact was also confirmed by the presented model of the temperature. Coefficient of
temperature increase rate W assumes higher values for higher drying temperatures. For
drying air temperature of 50°C it was equal from 0.0008 to 0.00160. Wood biomass, which
has lower initial moisture content, becomes heated much faster, and it is also reflected in
the model as coefficient W for wood biomass is approx. 2-2.5-fold greater than for
vegetable biomass.

4 Conclusions

Model of changes of the temperature of a convective-dried solid body, based on a logistic
growth function, was empirically confirmed for wood biomass and vegetable biomass.
Parameter W in the temperature model, defined as the coefficient of temperature rate
changes, has numerical values logically justified in the presented research by the properties
of the biomass being examined, reaches greater values in higher temperature of drying air.
Empirically selected parameter W allows to verify the temperature model with the relative
error, which does not exceed 5%.
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Model of the temperature of heating of solid body being dried may be used for
controlling drying air temperature, and thus increasing the efficiency of convective drying.
Temperature model (7) may also be used to formulate theoretical model of changes of
moisture content not only in the numerical form but also in the algebraic form.
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