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Abstract

VITAZEK I, HAVELKA ., 2011. Drying medium — modelling and process evaluation. Res. Agr. Eng., 57 (Special

Issue): S24-S29.

Natural gas is used as a heat source in the majority of modern drying plants in agriculture. The input gas is a mixture

of natural gas and atmospheric air. With burning, the composition of this mixture changes. Drying medium is a mix-

ture of hot combustion gases from natural gas and atmospheric air added. The thermic parameters of natural gas and

atmospheric air are permanently constant. The authors present their method of the calculation of thermodynamic

parameters of the drying medium. They elaborated two computer programmes in Q-Basic for the calculation related

to the drying medium with temperatures in the range 100-200°C.
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Drying is a necessary process in agriculture for
the final treatment of forages and grains.

In modern drying appliances, mixtures of com-
bustion gases from natural gas with added atmos-
pheric air are used as the drying medium.

The process of drying is explained in detail in spe-
cific literature by the authors MALTRY and POTKE
(1966), VALCHAR et al. (1967), IMRE (1974), PABIS
(1965, 1982). In this, PABIs (1965, 1982) presented his
special knowledge gained in USA from Henderson.
In the paper by IMRE (1974), a computer program is
given for the drying process modelling.

In their work, the authors try, to reach the most
precise calculations of the drying medium param-
eters by using the gas mixtures thermodynamics
according to HAVELKA et al. (1989) and VITAZEK
(2006), and precise parameters of individual gases
coming from the tables by RAZNJEVIC (1969). The
authors constat the best oldish description of fuel
gases combustion by KASATKIN (1957).

Natural gas is used as a heat source in the ma-
jority of modern drying plants in agriculture. The
source of the drying medium is a gas burner with

a mixing chamber. The input gas mixture consists
of natural gas and atmospheric air. With burning,
the composition of this mixture changes as given
by ViITAZEK (2008).

The quality parameters of natural gas are peri-
odically published by SPP Bratislava (2010), Slovak
Gas Industry in Bratislava. The quality parameters
of atmospheric air and natural gas are permanent-
ly constant. Therefore, the authors state that one
comprehensive elaboration suffices in many cases
of research and practice.

The authors present here their method of the
thermodynamic parameters calculation for the
drying medium concerned. For this calculations,
a computer program in Q-Basic was elaborated.

MATERIAL AND METHODS

The authors present the basic quality parameters of
natural gas from the year 2009, the basic quality pa-
rameters of atmospheric air, stoichiometric relations
for the oxidation of natural gas. With this knowledge,
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Fig. 1. Scheme of the mass flow in the burner chamber

they elaborated an analytical model of ideal burning
of natural gas and of drying medium as a mixture of
combustion gases with added atmospheric air.

For this analysis, they used the thermodynamics
of ideal gases, thermodynamics of gas mixtures,
and tables of quality parameters of individual gases
as gived in the publication by RAZNJEVIC (1969).

They derived the relations for characteristic in-
dexes of the drying medium analysed.

Model of drying medium

The scheme of the source of the drying medium,
which is a gas burner with a mixing chamber, is
shown in Fig. 1. The process of the drying medium
creation is demonstrated in i—x diagram of wet air
(wet gas) in Fig. 2. An air fan supplies atmospheric
air m, in quality state, point 0. In the gas burner the
first part of this air, stoichiometric part mg, is mixed
with natural gas m o State point 1. The quality of this
mixture changes with burning into ideal combustion
gases m,), state point 2. These ideal combustion gases
m, are mixed in the mixing chamber with the sec-
ond part of the atmospheric air, added atmospheric
air m, by which the final mixture is created, i.e. hot
drying medium ,, state point 3.

ty

Fig. 2. Scheme of i-x diagram of wet air

Basic quality values:
Trade unit of natural gas:
1m3 t=15C, p=101.325kPa, ¢ = 0

Density P, = 0.7048 kg/m?
Relative density P, = 0-5751
Heat value Q, =9.563 kWh/m?® =

34.427 MJ/m? = 48.98 MJ/kg
Heat of combustion Q, =10.6077 kWh/m?® =
38.188 MJ/m® = 54.32 MJ/kg

Average Molar concentrations (%):

Methan (CH,) x =96.806
Etan (C,H)) x=1.4617
Propan (CSHS) x = 0.6575
Carbon dioxyd (CO,) x =0.2258
Nitrogen (Nz) x = 0.8558
Average Mass concentrations:

Carbon ¢ =0.7378
Hydrogen h  =0.24279
Carbon dioxyd co, =0.006
Nitrogen n, =0.0145

Average value of Molar mass M, =16.56 kg/mol
Average value of Gas constant 7 = 202.04 J/kg K

Atmospheric air

Quality parameters from CHYSKY (1977). Atmos-
pheric air serves as a source of oxygen for natural
gas burning.

Average Mass concentrations:

Nitrogen 0. = 075524
Oxygen %oi = 0.23144
Carbon dioxyd uc0,™ 0.01282
Argon et add. o, =0.0005

RESULTS
Stechiometric relations

Ideal combustion of natural gas is described with
basic chemical equations for the burning of 1 kg of
natural gas.

C+0,=CO, (1)

1 kg C +2.6642 kg O, = 3.6642 kg CO,
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2H,+0,=2H,0 (2)  Specific humidity —x, =m  /m (15)
1kg H, + 7.9381 kg O, = 8.9381 kg H,0

Ideal hot combustion gases:

Mass of oxygen necessary for ideal combustion of Dry part mass Moy = My, =M+ Mo, (16)

1 kg of natural gas:

Moist part mass My =My, + Amy, (17)
me, = 2.6642 x ¢ + 7.9381 x h =3.9049kg O,  (3)
? Whole mass Myo= My, + M, (18)

The smallest mass of atmospheric air necessary for

ideal combustion of 1 kg of natural gas: Specific humidity —x,= m, /m,, (19)

m, = Moy _ 39089 _ 16.8722 kg (4)  Enthalpy of the inflammable gas mixture:

o, 023144

New gases produced by natural gas burning: I, =(m,xc,, +m,xx,xc,, +m,xc, )xt, (20)

Carbon dioxyd Mo, = 3.6642 x ¢ = 2.700 kg CO, (5)  Enthalpy of ideal hot combustion gases:

Water steam Am,, =8.94567xh =2.1881 kg H,O (6) I, = I, +m, x0,xn, = L =1/m:  (21,22)

The residual mass of intacted gases from natural
gas after combustion of 1 kg of natural gas:

Carbon dioxyd m', .= 0.00433 kg CO, (7)

(e}

Nitrogen m’N2 =0.0142 kg N, (8)

Analytic model of combustion

Ideal combustion of 1 kg of natural gas: the air fan
supplies atmospheric air 7, from which a stechio-
metric part m_; is completed with 1 kg of natural
gas and the mixture changes by burning into ideal
hot combustion gases.

Atmospheric air — mass flow:

Dry part mass my,= m, (9)
Moist part mass ~ m,, = m_ x x, (10)
Whole mass my.= m x (1 +x)) (11)

Inflammable mixture of atmospheric air and natu-
ral gas:
Natural gas mass m_=1kg

ng

+m

4 ne (12)

Dry part mass m, , =m,

=m

Moist part mass  m , =m,,

(13)

Whole mass m, . =m, +m

1= Mgty = x (L xg) + 1

(14)
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Drying medium

Drying medium is a mixture of hot ideal com-
bustion gases from natural gas m, and added at-
mospheric air 7, which is the second part of the
atmospheric air flow supplied with the air fan. The
calculation is given for 1 kg of natural gas.

Atmospheric air — mass flow:
Inflammable gas mixture — dry part mass

my,=m,+m (23)

0d pd

Added atmospheric air — coefficient of added air

o =m,,/m, (24)
Added atmospheric air — dry part mass

m,, =m, x(o—1) (25)
Added atmospheric air — moist part mass

m,, = m,;x(a—1)xx, (26)
Added atmospheric air — whole mass
m,e=m,x(o—1)x(1+x,) (27)

Hot drying medium:
Dry part mass

— — _ ’ ’
My, =My, +m,, =m,xo mozi+mcoz+mcoz+mNz(28)

Moist part mass

My = My +M = M, XOX X, +Amy, (29)
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Whole mass

Mye = My, + My, (30)
Specific humidity
Xy = My, [msy, (31)

From this relations the authors derived the mass
concentrations of individual gases in this hot dry-
ing medium

Nitrogen

Osn, = (M, XX G )/ 1ty (32)
Oxygen

O30, = (M x(a=1)x0 )/ myc (33)
Carbon dioxyd

G3co, = (m,, XOXG 00, T Mo, +m'c02)/m3c (34)
Argon et add.

Gy, = (m, xaxc,, )/ my. (35)
Humidity

Gy = (M, xaxx,+Amy )/ my. (36)
Drying medium — Molar mass

M, =1/ c,/M,) (37)
Drying medium — Gas constant

r, =8,314.4/M, (J/kg K) (38)

Heat balance of the drying medium: on combustion
of 1 kg of fuel gas the reaction heat is released — heat
value Q, — and the enthalpy of combustion gases com-
pared to the ambient neighbourhood increases by:
Al :mngXQanh =1xQ,xn, (k) (39)

RAZNJEVIC (1969) tables for gas enthalpy are
composed in such manner that the values i, = 0
are assigned to the temperature ¢t = 0°C. When us-
ing these tables, it is necessary to add a conversion
amendment that represents the residual difference
of enthalpy between the temperatures ¢ and 0°C:
ALy, = Zmy Xiy; = sti xc, <ty (KJ) (40)

The enthalpy of the combustion gases from 1 kg
of fuel gas to 0°C is then:

Iy = Al +Al, (k) (41)
and specific enthalpy:
iy =1,/ my, (kJ/kg) (42)

By means of linear regression, the authors have ob-
tained linear regression relations from RAZNJEVIC
(1969) tables for all individual gases in the given
fuel gas for temperatures 100—300°C with excellent
regression coefficient r as follows:

I, = bixt_ai (43)

The enthalpy of the gas mixture (hot drying me-
dium) is

Iy = ZZSiXGSi = ZbiXGSiXtS - ZaiXGSi

From this relation, the relation is derived for the
temperature of the hot drying medium

L= (iZ_ZaiXGSt)/ZbiXGSi

The enthalpy i, , , for the work with i—x diagram
of wet air is the sum of the enthalpy of 1 kg of dry
gases and that of x, kg of moisture with its specific
heat of evaporation

(44)

(45)

bsry = bge T%3%(2,500+17;,) (l<]/l<gdg) (46)
That is to be calculated using the relation:
ey = 3 ¥ (I+x3)+x,% 2,500 (k]/kgdg) (47)

Characteristic indexes

In this Chapter, the measured natural gas con-
sumption V, ¢ m?/h is the basis for the calculations
of the characteristic indexes.

Natural gas — Mass flow

My =V, XPrs (kg/s) (48)
Atmospheric air (input volume flow)

Vo = (m,xax(+x))xm,,)/p,  (m?s) (49)
Gas burner performance

P=m, xQxn, (W, kW, MW) (50)
Hot drying medium (output volume flow)

Vi = (myxim, xr,xT)/p,  (m?/s) (51)

Hot drying medium (volumetric concentrations of
oxygen and carbon dioxide)

0, = Fs0, XMy /Mo, (52, 53)

X300, = O3c0, XM, /Mcoz

Hot drying medium (mass concentrations of indi-
vidual gases)

My = My XM, X Gy, (kg/s) (54)
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Drying medium example

The authors present the drying medium param-
eters, calculated for the drying of cereals at about
120°C.

Given values:

Given coefficient of added air o = 26

Average consumption of natural gas 10 m*/h

Atmospheric air: £ = 15°C, p = 100 kPa, ¢ = 60%

Efficiency of gas burner n, = 98%

Calculated values:

Performance of the gas burner P = 93.9 kW

Atmospheric air, input volume flow 0.717 m3/s

Drying medium, temperature ¢, = 121.2°C

Drying medium mass flow 0.866 kg/s

Drying medium volume flow 0.982 m?/s

Drying medium enthalpy i, , , =153.3 kJ/kg dg

Program in Q-Basic

The authors elaborated two computer programs
in Q-Basic for the modelling of a specific drying
medium and evaluation of the measured process
values in a drying appliance, for drying medium
with temperatures 100—-200°C. They enable a quick
and precise calculation of the parameters for the
given drying medium.

These programs consists of three parts:

1. Introduction part. The user introduces the basic
parameters of the process. This is a very simple
activity not requiring the knowledge of the theo-
ry and of the thermodynamic parameters of the
gases;

2. Program for the realisation of calculations, in
which all necessary parameter values are intro-
duced coming from thermodynamic tables;

3. Calculation report. This is a particular report
with all initial information and input values, and
with the calculated characteristic values and in-
dexes.

DISCUSSION

The authors divided the whole process of drying
into two parts:
1. hot drying medium creation,
2. reduction of the moisture content in the dried
material by means of evaporation.
In this work, the authors present a method for
precise mathematical modelling of hot drying me-
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dium with temperature 100-300°C for drying agri-
cultural products in food quality.

SPP in Bratislava presents perfect information on
internet on the composition and thermodynamic
parameters of the natural gas delivered. The authors
used it in this work. The drying medium is a mix-
ture of five individual gases: N,, O,,CO,, H,O, Ar +
inert. gases. The authors used the enthalpy tables
presented in the publication by RAZNJEVIC (1969).
In this work, they used the relations from linear re-
gression for temperatures 100-300°C, where all the
regression coefficients were better than 0.999. The
authors have used and presented special literature
from recent time, which means all the time really
significant.

The authors prepare a complex monograph “The-
ory of drying” in which they will present all their
work done in this scientific branch.

CONCLUSION

The presented method enables precise calcula-
tions of the thermodynamic parameters of the hot
drying medium consisting of a mixture of combus-
tion gases from natural gas and added atmospheric
air, in which the changes of the parameters with
temperature are respected.

This calculation is very laborious. Therefore,
practical use of this advantageous method is con-
nected with a computer programme.

The presented method of the calculation of the
thermodynamic parameters of the drying medium
with natural gas is to be used with a great advan-
tage in practice for the evaluation of the control
measurements in drying plants and also for pre-
cise modelling of the drying medium parameters in
the research into the drying processes. Using the
computer program, this calculations are quick and
precise.
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