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MATHEMATICAL MODELS OF COMBUSTION, CONVECTION AND HEAT TRANSFER IN
EXPERIMENTAL THERMIC DEVICE AND VERIFICATION
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Original scientific paper
The presented paper deals with the analysis of turbulent burning and with transport of energy and momentum. The article specificity lies in the fact that
these processes are analysed in the horizontal furnace in which the screw reactor is placed. This reactor processes organic raw materials continually and
thermally. Volume input of the raw materials is about 60 kg per hour. Solution of this issue comes from the measured energy responses of this device and
from the principles of mathematic 3-D modelling. The main aim is to introduce a methodology of the combined modelling of the turbulence, burning and
radiation for the monitored case and to verify it on the basis of experimentally obtained data.
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Matematicki modeli izgaranja, konvekcije i prijenosa topline u eksperimentalnom toplinkom uredaju i verifikacija

Izvomi znanstveni ¢lanak
Rad se bavi analizom turbulentnog izgaranja te prijenosom energije i koli¢inom gibanja. Rad je specifican po Cinjenici da se ti procesi analiziraju u
horizontalnoj visokoj pe¢i u koju je postavljen vijéani reaktor. Taj reaktor preraduje organske sirovine kontinuirano i termalno. Koli¢ina unosa sirovina je
oko 60 kg na sat. RjeSenje ovog pitanja nalazi se u izmjerenim koli¢inama energije tog uredaja i u principima matemati¢kog 3-D modeliranja. Osnovni je
cilj predstaviti metodologiju kombiniranog modeliranja turbulencije, izgaranja i radijacije u istrazivanom slucaju i verificirati ga na osnovi

eksperimentalno dobivenih podataka.

Kljucne rijeci: izgaranje, piroliza, pretvorba energije, prijenos topline, reaktor, visoka pec¢

1 Introduction

CFD (Computational Fluid Dynamics) is a numeric
method that falls within a competence of the fluid
mechanics. This method enables to simulate physical
processes by utilization of various computational
algorithms. It leads to discretization and solution of a
system of transmission differential and integral equations
which mostly utilize a finite volume method [1, 2].
Reliability of the obtained outputs is usually confirmed by
a line of measurements on real devices [3].

In our case the CFD software is utilized for the
modelling of processes in the furnace of the experimental
system. This system serves for thermic processing of
organic raw materials by a form of pyrolysis. The
modelling utilizes parameters which deal with combustion
of heating gas, with convection of created burnt gases and
with heat transmission to the reactor walls. The reactor
has been situated in the furnace. The pyrolysis process is
a complex of thermochemical degradation reactions that
proceed under temperatures range from about 100 °C to
1000 °C and without air access. The principle lies in
heating of the input material above the limit of thermal
stability of the present organic substances. The
consequence is that high-molecular chains are lysed to
stabile low-molecular products and a solid residue. This
fact is generally valid for all organic materials whether
they are of natural (biomass) or of synthetic (plastics,
rubbers) origin. The pyrolysis process course itself is
dependant on a kind and characteristics of the input
material, on a content of water in the input material, on
the pyrolysis temperature and reaction time [4, 5, 6].

2  Experimental System Description

The experimental system is equipped by a horizontal
furnace with maximal thermal input of 200 kW. Furnace
walls are 162 mm thick in total and they are created by a
layer of insulation made of aluminosilicate fibers. The
insulation layer is 158 mm thick. The rest of the wall is
created by metal sheets (internal one and external one)
which are 2 mm thick. A horizontal screw reactor is
placed in the furnace (heat resisting steel AVESTA 253
MA) with the wall 8§ mm thick and of the total length of
4000 mm. The reactor is divided into the upper and lower
part. The organic raw material is brought to the upper part
from the hopper by the screw conveyer (biomass, rubber,
polyethylene or coal).

This material is consequently advanced in the reactor
by means of the two screws of 2 x 210 mm diameters and
at the same time it is pyrolysed. At the end of the upper
part of the reactor, there is a hole for material downflow
to the lower part in which the material is lead back in the
opposite direction by the screw of 110 mm diameter. At
the end of the lower part, there is a conveyer situated. It
carries the rest of the material off into the ash box. The
solved situation geometry is illustrated in Fig. 1. (Hatched
arrows in the figure show material flow direction in the
upper and lower reactor part.)

During the pyrolysis process the created gas is drawn
off the reactor to the cyclone and consequently to the
aerial and hydraulic cooler. During cooling of the gas,
some hydrocarbons are condensated to pyrolysis fluid.
After these treatments the gas can be accumulated in a gas
collector or directly utilized.

Heat input for the pyrolysis (so for the reactor
heating) and coverage of thermal losses is ensured by five
sections of the burners (S1 up to S5) that are situated in
the lower part of the furnace. Every burner section is
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equipped by two low-pressure burners. The burners are of
the jet type and they suction only a part of the
stoichiometric volume of combustion air. The rest of the
volume is brought to the combustion space by the furnace
draught. So, the gas and air are partly pre-mixed already
in front of the input to the combustion space. From the
physical point of view, the following situation is formed
during the combustion: From a reason of the insufficient
quantity of primary combustion air (we consider surplus
primary air n = 0,9) in the mixture, only a part of the
natural gas will be burnt in the kinetic regime.

Axial plane

The rest of gas that was not burnt in the queue of
kinetic combustion is mixed with the created burnt gases.
Thus, the secondary mixture is created. The air necessary
for combustion of the rest of gas is sucked by a flue
exhauster from the surrounding. The secondary air is
diffused to the rest of gas and after the ignition the second
queue of the combustion of diffused character is created.
From that reason, it is necessary to select mathematic
models that describe both, the kinetic and diffused
combustion (see further).

Reactor Low-pressure
(screws burner
inside)

949

Figure 1 Thermic system furnace and reactor geometry

3 Mathematic models of individual physical and chemical
processes in system

As it has been already described above, in unit's
furnace the heating gas is burnt and consequently the
reactor is bypassed by created burnt gases. Modelling of
these processes brings along certain complications
because it is necessary to solve a system of equations
describing (i) non-isoheat flux of compressible fluid of
turbulent character, (ii) chemical reactions, diffusion and
kinetics of combustion, (iii) transmission of heat by
radiation and related phenomena.

3.1 Flow

Fluid state in a certain moment is given by speed
components u, v, w, static pressure p, density p and
temperature 7. Viscous compressible fluid flow in laminar
and also turbulent regime is generally described by the
basic laws of conservation - law of conservation of
matter, of momentum and of energy that are completed by
other so called constitutional formulas which define
thermodynamic characteristics of the fluid [7, 8].

Law of the Conservation of Matter

It is described by the continuity equation. It says that
the amount of mass flowing into the certain volume must
be equal to the time rate of change of the mass inside this
volume [9, 10]. This definition can be described
mathematically by the following averaged Eq. (1) in
which we utilized Einstein Summation Notation.

3 Mixture
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2 air output
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where ¢ presents time, p density and u velocity (# mass
conditional averaging that was introduced by Favre [11]
because of the simplification).

Momentum Transfer - Navier-Stokes Equation

The Law of Conservation of Momentum is described
by Navier-Stokes Equations for fluid motion that
formulates balance of forces of inertia, of gravity, of
compression and viscous forces at real fluid flow. When
we utilize Einstein Summation, the Navier-Stokes
averaged Equations are described in the following way:

;(pﬁi%(i(p»zﬁf)=—gjcf+6ij(f,,~—pu'iu'j), @)

where p is pressure and ;; viscous stress tensor.

Heat Transfer Equation - Conservation of Energy

Conservation of Energy comes from the First
Thermodynamic Law which says that energy or matter
can neither be created nor destroyed. It is valid that the
sum of the heat flux into the fluid element and of work
done by forces on the element equals to the total
increment of energy inside the fluid element. The heat
flux and work are always divided into a voluminous and
surface component:
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where ¢ is heat flux and /4 enthalpy.
3.2 Turbulence

For turbulence was selected the model RANS k-w
because it is suitable for situations of the flow with low
Reynolds number, respectively for transition ranges of
flow with little developed turbulence [12]. It corresponds
to the solved situation (it was defined by calculation of
the Reynolds number in advance). The model comes from
the Boussinesq's turbulent viscosity hypothesis. This
hypothesis expects that components of the Reynolds
stress might be interchanged by Newton Law what will be
the reason of distinctive simplification. It is valid that:

— Ou
il =, 2 @

where 7, represents turbulent viscosity.
The k- model describes the turbulent viscosity 7z,

according to [7] by the following formula:
n=pr. ©)
@

In the equation (5), the w represents so called vorticity
(s™) what is a level of fluid rotation in the given place and
k is turbulent kinetic energy. The turbulent characteristics
k and w that are parts of the equation are defined from the
following formulas:
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where 3, i", y, 0 and ¢ are empiric constants.
More detailed information on the k- model might be
found e.g. in the publication [13, 14, 15].

3.3 Burning
In the sections above it was mentioned that burning in

the burners for heating gas runs in the transition range (it
deals with the kinetic and diffusion burning) because in

front of the input to the burning area only a part of
stoichiometric burning volume is premixed with the gas
and the rest is brought separately by the influence of
furnace chimney effect.

The transport equation for the individual components
(CH4, N», O,, H,0, CO, CO,, NOx) in the flow of heating
gas, air and created burnt gases is in the CFX (software
used for the solution) according to the defined in the
following way:

6(/060[)Jr a(pujwi)za(EM]JrS[, ®)
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where w; is a mass fraction of the component i in the
mixture (kg-kg "), T is a coefficient of diffusion transfer
of the given component and S; represents a source
member that is expressed by a speed of production of the
given component within the volume unit (kg'm>-s"). It
deals with the equation of weight balance in which
i-component flow is expressed as a sum of the convection
and diffusion flow. There are a few components. This
means that a system of equations is solved for every
component. Speed of components production S; conforms
to two mechanisms that have been already described
above - chemical kinetics and diffusion of the
components.

The Finite Rate Chemistry model was selected for the
kinetic regime and the Eddy Dissipation model was
selected for diffusion regime. It deals with the models that
are often used for simulations of burning and that
generally show good results.

Finite Rate Chemistry Model
This model describes reaction speed on the basis of
Arrhenius equation [16]:

E R n; -3 -1
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where A represents an empirical coefficient, £ represents
activation energy (J-kmol™), v; represents molar
stoichiometric coefficient, M; represents a molar weight
of i-component, ¢; represents a molar concentration of the
given reagent and n; represents a speed exponent of the
given reagent.

Eddy Dissipation Model

The model postulates that the reaction speed
corresponds to the time needed for reactants mixing on
the molecular level. The calculation comes from the
turbulent kinetic energy k and dissipation ¢ (it means that
it is possible to apply it for the turbulent burning only).
Production speed R; of i-component within the FEddy
Dissipation model corresponds to the following relations
according to Magnussen [17]. At the same time, the lower
value of the results is always considered:

C:
R = AZmin| & | kg-m™ 57, (10)
k Vi
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where symbols 4 and B represent empirical coefficients
[1], ek represent a specific speed of kinetic energy
dissipation s, cir and ¢;p represent molar
concentrations of the reactant and product and v’; and v’y
represent stoichiometric coefficients of the reactant and
product. For further information, see [18].

3.4 Thermal radiation

During mathematic modelling of gases radiation (in
our case it deals with burnt gases) we focus on the
monitoring of the basic phenomenon what is a change of
radiation intensity / during a change of trajectory s in a
certain elementary volume of the solved gaseous space. It
deals with the fact that the radiation intensity weakens
longitudinally with the course of the beams by absorption
and diffusion in the environment and at the same time
increases by the influence of gas radiation and diffusion
coming from somewhere else.

In the CFX there are in total four models of heat
transmission by radiation: Rosseland, P, Discrete
Transfer and Monte Carlo.

Usage of the individual mathematical models is
limited especially by optical depth of the medium in
which the radiation has been simulated. In the publication
[24], the optical depth is mathematically defined as a
product of the absorption coefficient K, and beam average
length L (therefore we do not consider the diffusion K,L).
On the basis of relations stated in [19 + 25], we
designated by calculation that the optical depth is 0,069
for our case. From this determination, it is obvious that
the suitable models are Discrete Transfer and Monte
Carlo only. The model describing distribution of radiation
temperature P/ should be used for optical depths above 1
only and the Rosseland model is limited by the optical
depths higher than 3.

For our modelling the model of Discrete Transfer is
to be used. It shows very good results for tasks dealing
with burning. The method was proposed by Lockwood,
see [26]. This model comes from simulation of
trajectories of representative beams that are radiated,
absorbed and reflected by walls surface. The calculation
of the change of radiation intensity is done:

4

Ly L (12)
ds o

where o is Stefan—Boltzmann constant.

The most important advantage of the Discrete
Transfer model is its generality because it is possible to
use it for any optical depths even the ones under 1.
Model accuracy might be set by means of beams number
for which the equation is solved. Understandably, the
more beams we use for -calculations, the more
computational time we need. During this simulation we
consider radiation of grey gas (because it is not dependant
on the wave length). Generally, it can be said that this

model is of better quality than the models of P/ and
Rosseland, especially as regards small optical depths.

3.5 Spectral Model

The equation (12) contains a coefficient of
absorption. This coefficient must be specified. In our case
we consider a spectral model Multigray for its
specification that deals with burnt gases characteristics. It
considers burnt gases as a mixture of grey gases.
Radiation characteristics are dependent on the local
concentrations of the individual components and on the
temperature. The Multigray model comes from
dependencies of gases emissivity on the temperature and
on the product of partial pressure and length of the beam
that were published for the first time by Hottel and
Sarofim [20]. Based on these functional dependencies, the
total emissivity &g, of the gases mixture (of the burnt
gases) through the distance / is defined by means of the
individual grey gases of various absorption coefficients in
the following way:

n

&y =Zai[l—exp(—Kipl)]a (13)

i=1

where a; is a weight factor of emissivity for i-component
of gray gases [1], K; represents absorption coefficient of
i-component (m ') of gray gases, p represents partial
pressure of all components contained in the burnt gases
(Pa) and / is an average length of the beam (m). Necessary
dependencies of the individual parameters contained in
the Eq. (13) are described in details in [27, 28].

4 Modelled situation description and input data obtained
by experiments

The model is designed for the situation when the
furnace was in operation during thermic processing of
rubber under the volume input power of 60 kg per hour at
process temperature of 600 °C.

In this case only three burners sections were in
operation (S1, S2, S3) which disposed of the thermal
output power of 31,1 kW for S1, 34,0 kW for S2 and 31,8
kW for S3. These output powers correspond to the
following mass flow rates of methane + air mixture which
amount to 0,0051, 0,0056 and 0,0052 kg~s_1 in the same
order. Methane concentration is 6,1 % and oxygen
concentration is 21,7 %. (Primary surplus of air is 0,9.)

On the basis of the measured concentration of oxygen
that amounts to 7,7 % in the created burnt gases it was
designated further that the heating gas was burnt under
the given situation with total air surplus of 1,56. The
following mass flow rates of the secondary air to S1, S2
and S3 sections correspond to the values of 0,0035,
0,0038 and 0,0036 kg's"'. Oxygen and nitrogen
abundance under consideration is 23,1 % and 76,9 %.

Input temperature of the secondary air and heating
gas + air mixture is 21 °C and the turbulence is defined by
intensity of 10 % and by characteristic size of the area.
Burnt gases under-pressure at the outlet from the furnace
is —20 Pa.
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We considered speed components at reactor wall
equal to zero. The emissivity was set to the value of 0,98
and the diffusion coefficient to 1. We considered the walls
ideally smooth.

Temperatures of the reactor wall were measured at
ten locations. Temperature values were recorded in
intervals of a minute. Average temperatures of the wall
are shown in Fig. 2.
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Figure 2 Average temperatures of reactor wall

On the basis of these obtained values the wall
temperature was defined in the CFX as a polynomial
function of the reactor length:

T=-2x10"°1+5x107 L* +0,045L+835,93, K, (14)

where L represents the distance from the beginning of the
axis parallel with the reactor. (In this case the axis
beginning x (that is L) is considered at the reactor end
from the reason of the frame of reference within the CFX,
see Fig. 3).

Reactor

|51 S2 S3 S4 S5

x =4000 mm x=0mm
Figure 3 Frame of reference in CFX

We set the following basic characteristics of the
furnace wall: Thermal conductivity of 0,147 W-m LKL
density of 130 kg'm™ and specific thermal capacity of
1,140 J-kg "K', External surface temperature of the
furnace walls corresponds to the average measured
temperature of 81 °C.

On the basis of the average temperature of the burnt
gases of 196 °C and on the basis of volume flow rate of
0,044 m’y's”!, it was designated that the stack loss of the
system is 10,5 kW. From the measured surface
temperatures of the system and from the wall
characteristics, it was derived that the heat leakage
through the walls is 21,7 kW. This finding will serve
further for the verification of the mathematic model.

5 Results and Verification

The subject matter of this experiment is especially
evaluation and verification of the model from the point of
view of heat fluxes by convection and radiation to reactor
walls. Analysis of the flow in the furnace by means of a
resultant vector field at the selected furnace localities and

analysis of the burnt gases streamlines preceded the heat
fluxes evaluation itself.

5.1 Flow and Temperatures

The situation is visualised in Fig. 4, where you can
see burnt gases streamlines in the area of the whole
furnace from the burners mouths up to the outlet. The
streamlines are coloured according to their temperature.
We can see how the outgoing burnt gases are changing
their direction — at first, they flow upright to the
horizontal plane of the reactor and they expand, and
further, influenced by the chimney flue, they bypass the
walls up to the outlet. Behind the 3™ section the flow is
almost steady because the 4™ and 5™ burner sections are
not operated in this case.

Temperature

g 1455
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820
661

TE|11Pe|‘at11re
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344
200
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Figure 5 Reactor bypassed by burnt gases
(the arrow shows the position of the displayed plane)

In Fig. 5 vector fields coloured according to their
temperature are illustrated in the selected planes. On the
left, there is a front view of the first burner section (in
concrete terms the first burner centre) and on the right
there is a view of a part of the selected plane the position
of which is referenced in the figure. We might identify a
certain eddy of the burnt gases alongside the flame. It is
created by the flow expanding from the burner mouth (up
view in Fig. 5). The down view in this figure shows the
space where the burnt gases from the first and second
section are mixed. This phenomenon contributes to the
destabilization of the burnt gases flow from the first
section in the lower furnace part and to a slight inclination
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of flame in the second section. Mixing is also a cause of
the increased speed of the burnt gases alongside the
furnace length.

The presented visualizations show that during the
flow there is no development of undesirable burnt gases
circulations that would have unfavourable influence on
the combustion process run (that is on the wrong run of
burners). We can claim that the present conception of the
furnace is suitable and that it was verified by this
mathematic model from a point of view of its
aerodynamics and of the burners operation.

Further, we can see how the reactor is "lashed"
especially in its secondary part (that is in the lower part
behind the secondary screw). The consequences of that
are illustrated in Fig. 6 from the point of view of the heat
fluxes. The flame temperatures are satisfactory in the
closeness of reactor's wall. This fact confirmed that the
setting of the total surplus of air (of about 1,6) from the
point of view of the walls' thermal stress was correct.
However, in the case of burners' continual operation
under this output power, we must comply with the
following prerequisite. That is that the reactor must be
completely filled up by the input material because it also
serves for cooling it down. As we can notice, the
temperatures in the upper part of the furnace are lower
than in the inferior part because the burnt gases are partly
cooled down in the direction from the burners’ mouth up
to the upper furnace walls. Maximal temperature in the
area is 1470 °C.

5.2 Heat transfer and Verification

Fig. 6 illustrates a field of heat flux density to the
reactor walls. It deals with a total specific heat flux that is
a sum of the radiation and convection. The negative value
is understood as the received heat. We can recognise that
the heat fluxes to the walls have the highest density in the
lower reactor part at the locations directly above the
burners especially in the first section. It is caused by the
fact that the reactor has lower temperature in these areas.
The reactor is minimally thermally stressed in its upper
part what is caused by cooling down of the burnt gases.
According to the mathematical model, the average value
of the specific heat flux reaches 16,3 kW-m * and the total
heat flux to reactor's walls is 79,9 kW (from that value,
the radiation component is 68,0 kW and the convective
component is 11,9 kW).

Wall Heat Flux
0
-5266
-10532
-15798
-21064

-26330

7

3725
[W m”-2]

Figure 6 Visualization of heat fluxes to reactor walls

Based on the total burners' output power (97 kW), on
the thermal losses through walls (21,7 kW) and on the
losses in burnt gases (10,5 kW), we might deduce that the

total heat flux to reactor's walls in the real system

amounts to 64,8 kW. See Fig. 7.

The heat flux predicted by the mathematic model
deviates from the measured data by 18,9 %. The main
reasons why the simulation overestimates the heat fluxes
might be the following:

- The experimental measurements themselves are
always encumbered with a certain mistake. Therefore,
we cannot consider that we obtain completely correct
values by the measurement of the researched
quantities.

- The temperature of the lower furnace wall (fluid) was
defined by the only value.

- The thermal field of reactor's wall was determined
from insufficient number of the set input data within
the edge conditions (the surface temperatures are
measured at 10 reactor's locations only) and also the
emissivity of walls was set inaccurately.

- Mathematic modelling of the flow in the transition
regime when the turbulence has not been completely
developed is considered to be a problematic issue
generally. So we cannot expect that the k- model is
able to predict the flow precisely.

- The unsteady state is not considered.

90
80
70
60
50
40
30
20
10

kW

Total Heat Flux to Walls /

Math. model Experiment
Figure 7 Results comparison dealing with total heat flux to
reactor's walls

Because of the fact that many phenomena affect the
real device that cannot be taken into account within the
model and in addition, because we cannot obtain
absolutely precise results from the measurements, and
regardless of the mentioned deviation, we can claim that,
for the solved situation, the selected methodology of the
mathematical modelling was verified as a suitable one.

Lineno.2  Lineno. 3

Figure 8 Lines for Heat Fluxes Evaluation for Models

5.3 Analysis of heat fluxes from the point of view of
selected locations at reactor walls

Profiles of heat fluxes alongside reactor length are
illustrated also in the graph in Fig. 9. Three locations at
reactor walls in a form of segments were selected to
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which these fluxes are related (in lower, central and upper
positions). Their position including corresponding
designation is illustrated in Fig. 8.

Heat fluxes might be evaluated from two aspects - a)
from the point of view of dependence on reactor's length
and b) with regard to a vertical distance from the burners’
mouths.

a) As regards the first aspect mentioned, the
mathematical model shows that the heat flux to the walls
of reactor's lower part (line no. 1) at its beginning equals
to about 70 kW-m > and then, regardless of some
fluctuations at certain localities, it gradually decreases all
the way to the distance of about 2,5 m from the beginning
of the frame of reference where it amounts to 24 kW-m .
Further, the heat flux is of the slightly increasing
character all the way to reactor's outlet.

The mentioned fluctuations of the heat fluxes are
understandable because they occur above the heating gas
burners where the burnt gases are of higher temperatures.
High values of the heat fluxes in the area of the first
section are caused by low temperature of the material that
enters the reactor here and "cools its walls down". The
material temperature gradually increases what causes
decreasing of the heat fluxes because the difference in
temperature between the burnt gases and the wall
decreases too. In the distance of about 2,5 m from the
beginning of the frame of reference, the material has
already reached the required process temperature.

From this distance there are no fluctuations of the
heat fluxes because the 4™ and 5" burner section are not
in operation. In the middle and upper part of the reactor
(what is related to lines no. 2 and 3), the heat fluxes are of

the decreasing character up to a half of the reactor length.
At the same time, there are no fluctuations because the
thermal field is not influenced by flames so much and it is
more "steady" in the higher parts of the furnace.

b) The heat fluxes to the lower reactor part (line no.
1) are more intensive than to the middle part (line no. 2)
and to the upper part (line no. 3). It is caused by the fact
that the burnt gases temperature gradually decreases in the
direction from burners’ mouth to the upper wall of the
furnace (see e.g. Fig. 5).

The average values of the heat fluxes related to the
individual lines (in the order from 1 up to 3) are 35,4,
12,9 and 3,6 kW-m 2 Heat fluxes density around reactor's
diameter significantly differs then.

We might for example deduce that the heat flux to the
lower reactor part assumes the value mostly 10 times
higher than to the upper part. In the area from 1,1 to 2,3 m
of the reactor length, the received heat is even zero and
there is a transition of the heat from the wall to the burnt
gases (on average it is 0,8 kW-m?). These huge
differences are caused by both, by higher radiation and by
higher convection in the lower part of the furnace because
in this area the flame of high temperatures radiates energy
(radiation) and the burnt gases are quicker (convection).

In Fig. 10 the individual components of the heat flux
to the lower reactor part were compared in order to have
the full picture. As we can see, the radiation is dominant.
The average density of the radiation flux and of the
convective flux amounts to 29,4 kW-m * and 6,0 kW-m 2
in the same order. So the radiation within this "locality"
takes a share of 83 % in the total heat transmission.
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Figure 9 Heat flux density course to various parts of reactor walls
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Figure 10 Density course of radiation and convection heat flux to the lowest reactor part (Line no. 1)

6 Conclusion

The paper introduces the furnace model for the
experimental pyrolysis system. The model comes from
the measured energy responses of the system when the
rubber of mass input of 60 kg per hour was processed at

the process temperature of 600 °C. The results of the
model were verified on the basis of furnace thermal
balance and the found deviation was 18,9 %.

Because of the fact that the issue was solved
comprehensively, we might consider the deviation
acceptable. We might claim that in our case the selected
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method predicts the heat transmission on a satisfactory
level and it is applicable on the similar tasks.

Acknowledgements

The article was written under support of the following
projects: CZ.1.05/2.1.00/03.0069 - VaVpl OP2 vyzva 2
ENET and CZ.1.07/2.3.00/30.0016 Ptilezitost pro mladé
vyzkumniky.

7 References

[1] Anderson, J. D.; Degroote, J.; Degrez, G.; Dick, E.;
Grundmann, R.; Vierendeels, J. Computational Fluid
Dynamics An Introduction. 3™ ed. Springer, 2009. 332 p.
ISBN 978-3-540-85055-7.

[2] Versteeg H. K.; Malalasekera W. An Introduction to
Computational Fluid Dynamics: The Finite Volume
Method. 1% ed. Prentice Hall, 1995. 257 p. ISBN 0-582-
21884-5.

[3] Yin, C.; Rosendahl, L. A.; KAR, S. K. Grate-firing of
biomass for heat and power production. // Progress in
Energy and Combustion Science, 34, 6(2008), pp. 725-754.

[4] Basu, P. Biomass Gasification & Pyrolysis: Practical
Design and Theory. 1% ed. Academic Press, 2010. 376 p.
ISBN 978-0-12-374988-8.

[5] Crocker, M. Thermochemical Conversion of Biomass to
Liquid Fuels and Chemicals. 1* ed. Royal Society of
Chemistry, 2010. 552 p. ISBN 978-1-84973-035-8.

[6] Dubois, E.; Mercier, A.; Elagroudy, S. A.; Warth, M. A_;
Lombardi, L.; Cherubini, F.; Jungmeier, G. Energy
Recovery. Nova Science Pub, Inc., 2009. 329 p. ISBN 978-
1-61728-402-1.

[17] Prihoda, J.; Louda, P. Mathematical modelling of turbulent
flow. 1* ed. CVUT Prague, 2007. 111 p. ISBN 978-80-01-
03623-5.

[18] Zanouna, E. S.; Durstb, F. Turbulent momentum transport
and kinetic energy production in plane-channel flows. //
International Journal of Heat and Mass Transfer, 17-18,
52(2009), pp. 4117-4124.

[9] Sazima, M. Heat transfer. 2" ed. CVUT Prague, 1978. 214

p.

[10] Helgaker, J. F.; Ytrehus, T. Coupling Dbetween
Continuity/Momentum and Energy Equation in 1D Gas
Flow. // Energy Procedia, 26(2012), pp. 82-89.

[11] Favre, A. Equations des gaz turbulents compressibles. //
Jour. de Mécanique, 4(1965), pp. 361-390.

[12] Blejchar, T. Turbulence. 1* ed. VSB — TU Ostrava, 2010.
259 p.

[13] Wicox, D. C. Reassessment of the scale-determining
equation for advanced turbulence models. // AIAA Journal,
26, 11(1988), pp. 1299-1310.

[14] Sharif, M. A. R.; Guo, G. Computational analysis of
supersonic turbulent boundary layers over rough surfaces
using the k- and the stress—@ models. // Applied
Mathematical Modelling, 31, 12(2007), pp. 2655-2667

[15] Bredberg, J.; Peng, S. H.; Davidson. An improved k-w
turbulence model applied to recirculating flows. //
International Journal of Heat and Fluid Flow, 23, 6(2002),
pp- 731-743.

[16] Laider, K.J. Chemical Kinetics, 39 ed. Harper & Row,
1987. p.42.

[17] Magnussen, B. F. The Eddy Dissipation Concept for
Turbulent Combustion Modelling. Its Physical and Practical
Implications. // Presented at the First Topic Oriented
Technical Meeting, International Flame Research
Foundation, IJmuiden, 1989.

[18] Kassem, H. I.; Saqr, K. M.; Aly, H. S.; Sies, M. M.; Wahid,
M. A. Implementation of the eddy dissipation model of
turbulent non-premixed combustion in OpenFOAM. //
International Communications in Heat and Mass Transfer,
38, 3(2011), pp. 363-367.

[19] Hottel, H. C. Radiant heat transmission. 3™ ed. McAdams,
W. H., McGraw-Hill, New York, 1954.

[20] Hottel, H. C.; Sarofim, A. F. Radiative Transfer. McGraw-
Hill, New York, 1967.

[21] Jelemensky, K; Sestak, J.; Zitny, R. Tepelne pochody. 2™
ed. STUBA, 2000. 308 p. ISBN 80-227-2109-3.

[22] Kaviany, M. Heat Transfer Physics. 1% ed. Cambridge
University Press, 2008. 688 p. ISBN 978-0-511-43694-9.

[23] Kolat, P. Heat and mass transfer. 3™ ed. VSB — TU Ostrava,
2004. 266 p. ISBN 80-248-0003-9.

[24] Leckner, B. Spectral and total emissivity of water vapor and
carbon dioxide. / Combustion and Flame, 19(1972), pp.
33-48.

[25] Modest, M. Radiative Heat Transfer. 2" ed. Academic
Press, 2003. 860 p. ISBN 978-0125031639.

[26] Lockwood, F. C.; Shah, N. C. A New Radiation Solution
Method for Incorporation in General Combustion
Prediction = Procedures. //  Eighteenth = Symposium
(International) on Combustion, The Combustion Institute,
Pittsburgh, PA, 1981, pp.1405-1414.

[27] Beer, J. M.; Foster, P. J., Siddall, R. G. Calculation
methods of radiative heat transfer. // HTFS Design Report,
22(1971).

[28] CFX-Solver Theory Guide. ANSYS, Inc., 2009.

Authors’ addresses

Ing. Stanislav Honus, Ph.D.

VSB - Technical university of Ostrava, Department of Energy
17. listopadu 15, 708 33 Ostrava, Czech Republic

Phone: +420 597 323 270

E-mail: stanislav.honus@vsb.cz

prof. Ing. Dagmar Juchelkovd, Ph.D.

VSB - Technical university of Ostrava, Department of Energy
17. listopadu 15, 708 33 Ostrava, Czech Republic

Phone: +420 597 325 175

E-mail: dagmar.juchelkova@vsb.cz

122

Technical Gazette 21, 1(2014), 115-122



	1 Introduction


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



