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1 Introduction

Lime production is one of the most important
process in industry. Lime has variety of industrial
usage in steel production, building, glass, paper
industry and for water treatment. Based stone type and
fuel availability different types of kilns are used, most
common kiln are single haft kilns, parallel flow
regenerative kilns and rotary kilns. Rotary kilns are
mainly use for lime production in steel industry, where
is high lime demand. Rotary kilns for lime production
using different fuel types. In Europe most common fuel
is coal and natural gas, but more and more frequently
alternative fuels are being used. Due to usage of solid
fuel with ash content there is specific problem with
formation of ash ring, that limits kiln production,
operational conditions and kiln availability. [1]

2 Ash ring formation in rotary kilns

Generally, in rotary kiln, firing solid fuels occurs
phenomena of ash ring (coating) formation. The ash
ring is formed by reaction between impurities coming
from feed and ash from fuels in certain range of
temperatures. In Figure 1 is example of ash ring
formed in lime rotary kiln.

Figure 1 Ash ring in lime rotary kiln

Ash ring formation negatively influences process
parameters (kiln pressure loose, kiln load, increase of
stone bed depth, etc.) and mechanical load of kiln
shell, refractories by weight of ash ring. Due to these
phenomena kilns has to be more frequently stopped. In
lime rotary kiln ash ring is formed in calcination zone.
Figure 2 shows kiln temperature profile, are marked
has ash ring formed and that cause lower shell
temperature. Decrease of temperature marked by blue
arrow show Kiln tyres ring.
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Figure 2 Rotary kiln temperature profile

2.1 Mechanism of ash ring formation in rotary
kilns

Current research shows that following elements
participate on ash ring formation: CaO, SiO, Al;Os,
Fe203, MgO, 803, C|, Kzo, NaO.

In case of lime rotary kilns is ring formed with
particles on alumina bases. Ash ring has usually high
mechanical strength that is caused by precipitation and
sintering of particles forming the ash ring. Liquid
phase is partially formed by sintering of alumina and
iron phase. Ash ring formation is influenced by
composition of alternative fuels, increase amounts of
alternative fuels tends to promote ash ring formation in
comparison to natural gas and low ash content coal.
Alumina phase brought by feed to kiln has critical
impact on ash ring formation. Figure 3 show phase
diagram of mixture CaO-Al,03-Fe;05-Si0O, with
impurities of MgO. Eutectic point indicates starting
temperature when preliminary melt is formed with
mentioned chemical composition and creates melted
mixture. This melt starts to form at 1300°C and 14%
vol. Fe;Os in preliminary liquid phase. With decreased
Fe,O3 content melting temperature of melt is increased.

Ash composition coming from fuel contents high
ratio of iron/alumina components, with increased ratio
of ash formed from alumina components, decreased
melting temperature, that cause at the same
temperature higher ash ring formation which in solid
phase is cumulated on refractory. This effect could
increase with deposit of unburned coarser fuel and
local higher temperature with burning of this fuel. With
growing ash ring, growth is getting faster due to
shorter distance between ash ring and flame and it is
closer to hotter flame part.
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Figure 3 Phase diagrm of CaO-Al203-Fe203-Si02 with
MgO impurities

On figures 4,5,6 below it is visible growth of ash
ring (marked with black arrow) during kiln campaign.
Kiln was stopped due to ash ring after 25 days. From
second half of campaign is visible that ash ring growth
is faster.

Figure 4 Ash ring size after 11 day of operation

Figure 5 Ash ring size after 19 days of operation



Figure 6 Ash ring size after 23 day of operation

Termovision pictures below show how shell
temperature has changed before (Figure 7) and after
(Figure 8) ring formation. Big temperature difference
demonstrates thickness of ash ring.

Figure 7 Kiln at begining of campaign without ash ring

Figure 8 Kiln at end of campaign with ash ring (23 days)
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2.2 Location of ash ring in rotary kilns

On pictures below there are marked several
locations of ash ring formation in rotary kilns. Location
are marked with numbers.

Figure 10 Location of ash ring in rotary kilns 2

1. Dust ash ring — Occasionally forms during
kiln start up. Dust is transferred by secondary
air from cooler and remains on retention ring.
This type of ash ring usually collapse itself
during the kiln start-up.

2. Middle- kiln ash ring — Potassium component
forms liquid phase in calcination part of kiln.
Particles in this section agglomerating
together, joints refractory a creates ring. At
begging ring is soft and contains CaCO3 and
CaO, later when operational condition change,
ring is cooled down and CaO reacts with CO;
and forms CaCOgs this is called re-
carbonatation. During this process ring
becomes harder and it is not able to fall itself.
This is ring is typical for kilns with processing
wet calcium mud.

3. Mud rings — Moisture level of mud suppose to
be below 5%. In case moisture is above 15%
ash ring forms in chain section

4. Ash ring in burning zone- This type of ash
ring is in kilns with dry feed and fuels has a
lot of ash.

5. Sodium ball — If dust level is above 15% of
dry matter entering the kiln, than it is
entrained as dust by fumes, then this creates
balls on chains.

3  Possibilities of ash ring reduction in rotary
kilns

The main driver for ash ring reduction is inputs

control. For the lime kiln main feed is limetone with its
impurites and different types of solid fuel like a coal,



solid alternative fuels. In this this case to eliminate ash
ring formation there are following recommendations:

1. Selection of fuel with proper fuel properties
Based experience there are several parameters
influencing the ash ring formation the most. Low fuel
fusion temperature is promoting ash ring formation,
recommeded softening temperature is 1400°C and
fusion temperature more than 2800°C. Maximum
avarage ash contend should be below 8,5 % in dry
matter. Minimum requirement of ash composition is
Fe,03 <8,0 %, Na,O <1,0 %, K:0 <2,0 %, CaO <2,0
%

2. Stable feed quallity
Cleanest and proper granulometry of the feed is
cruicial for decrease of ash ring formation. Lot of
impurities like sand, clay, mud brings change of ash
and lime kiln dust properties and promotes reaction of
lime, that reacts with ash and sinters on the wall of
kiln.

3. Process control
The main driver for the process control is to reduce
reduction atmosfere in kiln. It is crucial to have good
mixing of fuel and air to reduce alternative fuel to fall
on bed. This is possible to improve by sufficient swirl
effect and burner momentum.
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1 Introduction

The processes of heating steel charge before plastic
working are inseparably accompanied by steel
oxidation. As a result of this phenomenon, scale forms,
whose presence poses a substantial problem both for the
heating process and for the subsequent plastic working.

For a long time, the world's metallurgy has been
pursuing the goal of reducing the heat consumption. An
important issue related to this objective is the reduction
of the amount of forming scale by selecting an
appropriate heating technology. This problem has been
widely covered in publications [1+4].

Heating of charge before plastic working is done
primarily in pusher and stepper furnaces that are
continuous operation furnaces. Each shutdown of the
operation of such a unit results in heat losses. These
shutdowns are largely caused by the necessity of
carrying out repairs and overhauls of furnace hearths
that have been damaged by the action of scale falling
down during heating. This constitutes a major problem
for the manufacturers of both metal sheets and plates
and sections.

After exiting the furnace and prior to rolling, the steel
surface should be cleared of scale. However, if the
adhesion of the scale is too high, it will not be wholly
removed. As a consequence, laps will form in the plastic
working process, whose removal will require a

laborious and costly treatment. This, however, impairs
the quality of products [5]. The problem of too high
scale adhesion occurs also in the wire drawing process.
Indeed, scale residues left on the wire rod are pressed
into the material during wire drawing and give rise to an
intensive wear of the drawing dies [6].

Thus, it can be concluded that the next stage in the
improvement of the heating process should be
developing a technology that minimizes steel loss, but,
at the same time, guarantees such scale adhesion to the
steel substrate that the scale will not come off the steel
surface in the furnace and allow itself to be removed
after leaving the furnace.

2 Measuring stand and research methodology

To realize the objective of the research, a specialized
laboratory has been built at the KPPiOS (Department of
Industrial Furnaces and Environmental Protection). The
basic element of the measuring stand is an electric
furnace, type KS 520. A combustion chamber with a gas
burner are integrated with the furnace. The burner
performs the role of a gaseous atmosphere generator.
The temperature in the furnace is controlled by means
of a TROL — 9090 regulator. The accuracy of
temperature control is £1.0K. In order to determine the
adhesion of scale for mass method, a scale knocking-off
device was designed and constructed. A set of



measuring testing stands discuss in work more widely
[7+9].

It was assumed that the degree of specimen surface
cleaning after partial chipping off of the scale layer
would be essential for the measurement. The mass
method of determining the adhesion of scale involves
the weighting of samples in the successive stages of the
research. The adhesion of a scale layer can be expressed
by the ratio of the mass of scale left after knocking off
to the entire mass of the scale. The value of so
determined adhesion is defined by the following
equation [10]:

p="2"Ms 10095 (1)

m, —Mm,
where:
m1 — mass of the sample after heating, kg,
m2 — mass of the sample after scale knocking off, kg,
m3 — mass of the sample after complete cleaning, kg,
P —adhesion of scale, defined by the percentage fraction
of scale left on the steel core after hitting by the ram, %.
The masses m2 and m3 are determined by weighting the
sample. For the determination of the mass ml, the
following equation is used:

m, = m, + 28 @)
LY 074
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where:

mO — mass of the sample before heating, kg,
z — loss of steel for scale, kg/m2,

A — sample surface area, m2.

For the determination of the loss of steel, the following
p equation is used:
z=Mo— My 3)
A
Scheme of course of research with utilization of the
mass method is shown in Fig. 1

3 Results of adhesion measurements

It carry measurements of masses of samples in the
successive stages of the test. Calculation of the loss of
steel and scale adhesion on the base of carried
measurements was executed. The heating were varied
out with the value of combustion air excess ratio of
[1=0.6111.4. and heated in temperature 900, 1000, 1100,
1200 and 1300°C. Results of measurements and
accounts summarized in Table 1 and Table 2.

Appointment of mass m;
from dependence (2)

A stand for partial
knocking off scale l

Measurement of
mass m) Cooling

Processing of results

Figure 1 Scheme of course of research with utilization of the mass method [11]
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Table 1 The results of the measurements of sample masses and steel losses for scale and scale adhesion for a<1.0

o t,°C mo, ¢ mi, g mz, g ms, g z, kg/m? P, %
900 349.877 355.769 350.175 349.459 0.545 11.35

1000 349.917 360.328 350.403 348.517 0.963 15.97

06 1100 349.610 366.551 349.660 345.371 1.567 20.25
' 1200 350.905 376.700 349.428 338.542 2.386 28.53
1300 349.620 386.842 347.784 327.984 3.443 33.64

1330 350.159 391.337 345.018 319.624 3.809 35.41

900 351.786 358.771 351.766 350.973 0.646 10.41

1000 349.489 361.488 350.944 349.214 1.142 14.06

0.7 1100 349.524 368.378 350.769 346.741 1.857 18.02
1200 350.714 380.487 350.586 340.762 2.826 24.72

1300 349.424 392.248 341.053 318.903 4.079 30.13

1330 349.486 397.055 333.721 304.271 4513 31.74

900 349.522 357.412 349.043 348.123 0.748 9.91

1000 349.217 363.152 349.695 347.823 1.322 12.21

08 1100 352.452 375.114 349.033 344.293 2.150 15.38
1200 349.671 384.181 350.327 342.376 3.274 19.02

1300 349.850 399.643 353.651 338.426 4,724 24.87

1330 350.347 405.442 354.043 335.682 5.227 26.32

900 349.974 359.185 341.784 340.027 0.852 9.17

1000 349.786 366.056 342.470 339.588 1.505 10.89

0.9 1100 351.150 377.615 342.596 337.474 2.448 12.76
1200 349.961 390.242 344.219 335.032 3.726 16.64

1300 350.728 408.869 348.424 332.752 5.378 20.59

1330 350.387 414,711 348.641 328.817 5.950 23.08

900 350.387 414,711 348.641 328.817 0.956 7.86

1000 350.793 361.128 334.829 332.586 1.690 9.32

10 1100 350.412 368.682 335.303 331.872 2.749 11.74
1200 349.922 379.641 336.042 330.243 4.184 14.67

1300 349.829 395.061 338.830 329.163 6.038 17.71

1330 349.445 414,721 341.508 325.752 6.682 18.93

Table 2 The results of the measurements of sample masses and steel losses for scale and scale adhesion for ¢>1.0

o t,°C Mo, ¢ mi, ¢ mz, ¢ ms, g z, kg/m? P, %
900 350.274 362.004 325.863 323.593 1.085 5.91

1000 349.875 369.270 328.993 325.906 1.794 7.12

11 1100 350.144 379.928 332.535 328.008 2.755 8.72
' 1200 349.893 393.039 339.298 332.966 3.991 10.54

1300 349.251 408.894 346.641 336.279 5.517 14.27

1330 349.884 415.095 352.761 340.658 6.032 16.26

900 348.808 361.129 318.615 317.247 1.169 3.12

1000 349.761 370.115 321.823 318.951 1.931 5.61

12 1100 349.259 380.522 324.271 320.115 2.966 6.88
' 1200 348.115 394.418 329.586 323.130 4.298 9.06

1300 348.861 411.482 338.781 327.452 5.941 13.48

1330 349.973 418.434 345.059 331.679 6.495 15.42

13 900 350.365 363.889 312.430 311.127 1.251 2.47
' 1000 349.685 372.031 314.597 312.483 2.067 3.55
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1100 349.824 | 384.148 | 317.331 | 314.094 3.175 4.62
1200 350.258 | 399.988 | 321.482 | 315.673 4.600 6.89
1300 349.318 | 418.064 | 327.522 | 318.491 6.359 9.07
1330 349.914 | 425.071 | 334.450 | 321.052 6.952 12.88
900 348.839 | 362.825 | 305.427 | 304.726 1.332 1.21
1000 349.327 | 372.496 | 306.224 | 305.117 2.202 1.64
14 1100 348.104 | 382.426 | 307.676 | 305.931 3.381 2.28
' 1200 348.452 | 397.914 | 309.993 | 306.672 4.899 3.64
1300 349.580 | 420.817 | 314591 | 308.215 6.772 5.66
1330 349.607 | 427.909 | 319.964 | 310.729 7.404 7.88
4 Analysis of measurement errors Hence the:
~ Due to many reasons, which have a source in the AP — oR ‘Am 4 oR + oR |
imperfection of the measuring apparatus, observation T om. 2 3 1
imperfections and the elusive influence of the
environment, each physical value determined by ©)
measuring and expressed in a particular number is And
different from the actual value of that quantity. The oP,
difference between the measurement vglue a%d the AP, = 8m ‘A 3‘+ \Am\ )
actual value is called an absolute error. The relative where:

standard error of measurement is equal to the ratio of the
absolute error to the actual value [12].

Several reasons can affect the magnitude of
measurement error. Systematic and accidental errors are
distinguished depending on the type of cause and nature
of the error [12+18]. Systematic errors always have the
same effect on the measurement result made using the
same measuring apparatus and measurement method.
Accidental errors are the result of many minor and
variable factors of accidental causes.

In the paper in the presented research, the cause of
systematic errors can be:

e measurements of dimensions sample, £10-
5m,

e measurements of the mass of samples
before and after heating, £10-6 kg,

e measurements of the heating time, £10 s,

e accuracy of the temperature control, £1K,

e accuracy of regulation of gas and air flow,
+10-2 m3/h.

To calculate AP, for the scale adhesion determined
by the mass method, the equation (1) should be written
in the form:

PZ( mZ _ m3

my—ms m;—my

j-lOO% (4)

and then perform calculations using the absolute
differential method [18] separating equation (4) into
two parts:

AP =(AP,—AP,)-100% (5)

Am2= Am3=10-6 [kg].
The value of Am1 was calculated method of the
absolute differential on the basis of the formula (2):

Am, = omy |Amy| + aml |Az|+ aml a4 @)
om,
where:
Am0=10-6kg.

Detailed calculations of Az values are presented in
the paper [19]. Based on the dependencies presented
there, calculations were made and a result was obtained

Az =0.00470 kg/m2.

The value of AF was calculated by means of the
absolute differential method from the dependence on the
surface of the cuboid'

Ad = |A | |Ah| ©)

After differentlatlon dependence was obtained:
AA=4-(a+h)-|Aa+4a-|Ah| = +4.4-107°, m?
(10)
Differentiating and substituting the results of
calculations to dependence (8) it was obtained:

m; =1- |Am0| +4- |AZ| +z |AA| =41.10"
11)
Differentiating and substituting the results of
calculations to dependencies (6) and (7) it was obtained:



m
J-Am3+(—(m —2m )ZJ-Am1 (12)
1 3

AP, =-9464 -107°, %,

AP =1 .Am2+(—m2 i
m, —m, (ml_m3)
And
m m
AP, =1 __JAm|+|-—2  |-|Am
i (ml_m3)2 ‘ 3‘ ( (ml_ms)zJ 1‘

(13)
AP, =-8660 -10°°, %.
Substituting for formula (5), the value of the absolute
statistical error for the adhesion measure was obtained

AP =108 %.

The average value of the adhesion measure will be:

yr
P BB 1598 4 (1)
n 48

The average value of a relative systematic error is:

AP

5="
P

-100% = 0.052 , % (15)

5  Summary

In measuring the scale adhesion indirect and direct
measurement errors and calculation inaccuracies may
occur. Based on the calculated values of measurement
errors, it can be concluded that the measurement of the
adhesion of the scale to the steel substrate has been
carried out with high accuracy.

The accuracy of measurements can also be affected
by accidental errors to which, in the case of the
presented research, can be included:

- changes in ambient parameters,

- fluctuations in the chemical composition of the gas,
- accuracy of descaling from the surface of samples,
- fluctuations in gas pressure,

- fluctuations in air pressure,

- other.
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1 Introduction

Thermal comfort and thermal discomfort are two
diametrically opposed conditions, which one feels in the
internal (external) environment of buildings. [1][2].
Table 1 shows the human interaction with thermal
environment in two positions of perception — thermal
comfort and thermal discomfort.
Table 1 Interaction of person with thermal environment —
their elements [3]

Thermal discomfort —
discomfort creates:

Thermal comfort = balance
between person and
environment should be
ensured by :

Indoor temperature G, or | Heat radiation

Exterior temperature G asymmetry

Medium radiation | Excessive temperature
temperature 6, gradient of air

Air flow velocity v, Drafts, air flow

Air velocity v Draught, air flow

Isolation of human clothing | Too hot or cold floor
|c|

Resistance of clothing
against the evaporation of
sweat Rel

Too hot or cold
ceiling

Human metabolism M

Occupation — activity W

10

The evaluation of measured value (from the first
column in Table 1) is based on the heat balance factors
which are acting between human and thermal
environment — internal production of heat (M), heat
transfer by radiation (R), heat conduction (C),
evaporation (skin —E, respiration — Eres) and flowing —
respiration (Cres).

2  Cumulative room temperature evaluation

Cumulative room temperature M is one of the
qualitative indicators for assessing internal environment
of buildings in relation to the thermal comfort. The
theoretical calculation of the cumulative temperature for
heating or summer season is known. Assessing the value
under in situ conditions is possible in operating mode of
an empty room or with the inhabitants using the
appropriate  measurement devices. Determining the
mean surface temperature of constructions bounding the
room appears to be a tough problem. Therefore an infra-
red method for assessing the mean surface temperature
of a surface has been chosen. The paper describes the
combined method application procedure (air
temperature measurement method + infra-red method —
thermography), as well as an example of its application.

It is possible to identify thermal comfort of
building's users using Cumulative room temperature 6M
described by the following equations [1]:

Om = 0ai + 05 (1)
GS = (63i1.A1+ esiz.A2+ ..... esin.An):(A1+A2+ ....+An) (2)



where:

Owm is cumulative room temperature, (°C),

0ai 1s indoor air temperature (°C),

05 is average surface temperature of the surrounding
areas , mean radiation temperature (°C),

0si1, Osiz.. Osin are temperatures of inner surfaces of
building structure (°C),

A, Ay,.... A, are the surfaces of individual structures
(m2).

Residential and civic buildings are required to meet
a winter condition for Oy > 38 °C and summer condition
for Om> 51 °C while the air speed is maximum 0,1 m/s,
relative humidity between 35 — 50%, including
additional condition that 85 <27 °C, 6si <27 °C. In the
design stage of a building construction plan it is possible
to calculate and assess Oy on the base of standardized
thermo-technical values and boundary conditions. The
indoor air temperature and average surface temperatures
of building structures under in situ conditions have
often uneven progress thanks to permanent service
within the room. Therefore the current calculation of Oy
in this situation would be inaccurate. Proposed infrared
method (thermography) for determining the average
surface temperature 05 replenishes the classic air
temperature measurement 0ai and the assessment of Om.

3  Determination procedure of cumulative room
temperature under in situ conditions

Assessment of room thermal comfort using the
cumulative room temperature under in situ conditions is
possible using two methods:

a) Determination of air temperature 65 (°C) (dry
temperature) or simply determining the temperature
nearby human body or any human not affected by
temperature radiation of any surrounding areas.
Temperature is measured by thermometers in close
distance from a person. If the working position in not
known then we measure 1,5 m far from the floor.

b) To determine the average surface temperature
of the surrounding areas (walls, windows, ceiling,
floor), variety of temperature sensors to measure the
surface temperatures can be used. Using these sensors
(contact or contactless thermometers) we will obtain
only local temperature values. In order to get the
average surface temperature of the whole area, we need
much more measurements, so that the measuring point
net becomes more dense and the result of the average
surface temperature becomes more accurate. This kind
of measurement is time consuming and the surface
temperatures tend to change over the measurement
period. It is essential to apply the Thermal imaging
measurements which is able to display the surface
temperatures of the whole area at once. Depending on
the type of thermal imager (the software equipment) the
below mentioned procedure is applicable.
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This the procedure of determination of average
surface temperature of the building structure by
applying thermo imager (for case assessment on
window construction) respecting the boundary
conditions suitable for measurement.

1.  Set the required parameter of imager (MOBIR
M4 — date of measurement, time, room humidity,
distance, predominant material emissivity).

2. Specify the construction to be evaluated and
perform the thermo image, then set parameter for
another construction. For constructions of large
dimensions divide the surface into smaller fragments
which can be captured by camera lens.

3. Evaluate the corresponding image by computer
software.

4. Determine the assessment area as an
intersection of two rectangles (polygons) using the
appropriate software, as in Fig. 1 and Fig. 2.

5. Enter the appropriate values of surface
temperatures into table, then evaluate the next part of the
construction.

6. Each view of the thermal imager is assigned a
real area determined from the construction dimensions
of certain room.

7. Appropriate values can be calculated right in
the table (effectively in Excel format).

DataView

Obj... | Te... | Property
Max 557.. Tempera..
Rl 56.5.. MaxTemp

18.2.. AvgTemp
58°C MinTemp
R2 23.5.. MaxTemp
16.2.. AvgTemp

58°C MinTemp

Figure 1 Thermovision image, intersection of two rectangles
R1 and R2 with assesed teperatures in table

The advantages of the presented method for
determination of cumulative room temperature can be:
*  Assesing speed of the values in given time,

*  Accuracy of the assessed surface temperatures
due to the area under consideration,



. Determination of surface temperatures on the
interior elements, e.g. walls, furniture, radiators, which
is a disadvantage at the same time when preventing us
building structure temperature.

from measurment of

Obj... ‘Te... |Property ‘
Max  55.7..
X1 224. MaxTemp

| 154.. AvgTemp |
5.8°C MinTemp

Tempera...

Figure 2 Surface X1 determining the average surface
temperature of the whole window

334°C

S vl X
I IMAGE34 @ . o
[315  XPos 210
295 YPos 107

La77  CursorTemp 254°C
MaxTemp:  557'C
Filter. 1
Ambient 213¢C
Emissivity: 093
Humidity: 40%
Created Date:

Friday. February 08. 2013
[145  Created Time:

[126 72418AM

Device Type

M4

Serial Number.

70°C 3642423045

Obj... |Te... | Property
Max 55.7.. Tempera..
L1 21.2.. MaxTemp
15.0.. AvgTemp
156 101.. MinTemp
L2 17.6.. MaxTemp
14.2.. AvgTemp
8.9 13.0.. MinTemp

Figure 3 Course of the surface temperature through the
window in linear investigation on section lines L1, L2

22.3°C

The disadvantages (constraints) of infra red method
may be:
« Entry of a single material emmisivity even if there are
more than one material,
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« Limited using conditions in winter (temperature
difference must be higher than 15°C .

» Measuring the mean radiant temperature Vernon-Jokl
thermometer is a time faster than time losses in the
formation of various thermography of surfaces .

The assessor, evaluator plays an important role in
while measurement. He or she can also be the source of
error if s/he is not skilled in measurement methodics, not
to mention the possible inaccuracy of measurement
devices. Outputs from measurement of the average
surface temperatures have been entered into Tab. 1,
subsequently we can calculate the summary room
temperature for office with dimensions 3m x 6,0m x
2,9m and for heating season.

Table 2 Exemplary calculation of Cumulative room

temperature

construction determine the surface temperature | area —A; 0s.Aj

construction - 84 (°C) (m?) (°.C.m?)
1. floor 20,1 18.0 361.8
2. ceiling 21,1 180 3798
3. inside wall 203 174 3532
4. inside wall without door 20,0 7.1 142,0
5. door 19,8 1,6 31,68
6. external wall 18,2 174 316.68
7. external wall without 18,0 3,66 65,88

window

8. window (from fig.2) 15,4 5,04 77,61
the sum of columns 882 172865
the average surface temperature of the surrounding areas - 65 1728,65: 88,2=19,59
indoor air temperature - 6. 20,5°C
cumulative room temperature- Gy 20,5 +19,56 = 40,09°C

We see that Oy = 40.09 ° C > 38.0 ° C, which is
satisfactory; the difference of air temperatures — surface
radiation asymmetry on window construction A8 = 20.5
-15.04 =5.46 ° C < 10 ° C is satisfactory.

nye

18 IMAGE341

i

 CIBIX) Bvissietemaseit [~ [ X WA

Figure 4 Course of surface temperatures in the corner of
peripheral case (outdoor temperature of air +2°C)[5]

Application of the previous thermal images( Fig.4)
is possible during the elimination of thermal bridges
because there is a risk of mould formation.

4 Summary

The importance of application of the above described
methodology for determining the cumulative room
temperature lies in its flexibility and ability to react
quickly to rapidly changing conditions. It is possible to



record temperature changes in the interior (due to
heating sources, sunlit, heat flows from the technology,
etc.) and to evaluate them. Whether we feel cold or hot
from surrounding structures depends on the temperature
difference (A0 = 0ai - 0si) and the distance from the
structure . People rotate often over different work
positions within the work environment which results in
changes in cumulative temperature of the room. The
infra red method determines the thermal contribution of
each structure for assessment of average temperature of
surrounding area and determines the most significant
construction. At the same time the inequalities are
diagnosed — inhomogeneous structures and thermal
bridges, which give rise to subjective mentioned
“feeling cold” and heat in room, respectively . The
benefit of the described method is also the visualization
(infrared photography of surfaces) indoor environment .
The application of infrared method is important during
the determination of qualitative and quantitative
material properties in diagnostic processes, building
construction, thermal comfort and devices by non-
destructive method.
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Abstract: Reduction of specific energy consumption at cast-iron production is the topical issue over several decades.
One of basic areas of the specific energy consumption reduction is the specific coke consumption reduction due to
injection of pulverized coal fuel (PCF). Under the present-day conditions of blast-furnace shop operation, the use of
low-potential SERs seems to be the most promising measure with regard to reduction of cast-iron production cost.
Proposed measures on improvement of blast-furnace gas calorific power due to the reduction of its moisture content
allow the blast-furnace air temperature increase and coke consumption reduction. Also proposed is partial transfer
of excess heat from the blast-furnace gas to combustion air by means of the system of heat pumps, which allows
increase in calorimetric combustion temperature. In this paper, main parameters are calculated of the heat pump
system operation under the conditions of blast-furnace shop at the increased top gas temperature. This paper
presents heat pump system operating efficiency and determines conversion factor for the specific conditions (COP).
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1 Introduction _refractory production — 1-2%; electric power
installations — 12-14%; other consumers — up to 7%.
For what concerns the energy consumption by Coefficient of major SERs utilization does not
modern metal manufacturers in Ukraine, its structure is exceed 40%, which indicates low efficiency of
approximately as follows: recuperation plants and systems. Since blast-furnace
1)  Coke — 32-35%; processing is one of primary energy consumers in the
2)  Natural gas — 13-16% industry, improvement of its operating efficiency and
3)  Blast-furnace gas — 17-20% introduction of new energy-saving technologies would
4)  Coke oven gas — 7-9% allow considerable reduction in total industry-wide
5) Power-generating coal — 2-4% power Ccosts.
6) Heavy fuel oil — 2-4% Pulverized coal injection technology is used in
7)  Other fuel types — up to 1% growing number of blast furnaces.
8)  Electric power — 15-20% Depending on the used technology and PCF

quality, this measure provides coke consumption
savings of 40% to 10%. Previously, coke consumption
for cast-iron production made 500-550 kg per ton of
cast-iron, and now some plants reduced this value to
270-237 kg of coke per ton of cast-iron due to the use
of PCF.

However, number of processing complexities is
related to the PCF preparation process. Primarily, this

Energy consumption pattern broken down by main
process areas of the metallurgical industry in 2010-
2016 is as follows: sintering process — 6-8% of total
industry-consumed energy; coking process — 4,5-6%;
blast-furnace ironmaking — 47-50%; steelmaking — 6-
11% (at this processing stage, number of electric
furnaces increases sharply); rolling process — 6-9%;
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is proper drying prior to injection into furnace through
air tuyeres. Natural and blast-furnace gases can be used
for drying, as well as combustion products escaping
from hot-blast stove being the secondary energy
resource (SER), of which efficient use would result in
the cast-iron production cost reduction. It might be
well to evaluate the SER use at the blast furnaces in
present-day conditions.

2  Performance potential of blast-furnace
complex constituents with regard to the SER
usage

Major portion of total thermal energy generated in
furnace shaft and carried in with the hot air blast is
lost:

1) Blast furnace;

2) Blast furnace gas treatment system;

3) Hot stoves.

1) Blast furnace - for the physical and chemical
processes inside furnace shaft, for the change of
enthalpy and melting of charge components, for the
finished cast-iron and slag overheat, and for heating the
heat-transfer medium and change of its aggregate state
in the cooling system; in addition, part of thermal
energy is carried off with the furnace top gas.

The most practicable SER sources are sensible heat
of cooling system heat-transfer medium, sensible heat
of top gas and partial usage of the overheated liquid
slag heat. However, such SER usage is scarcely
adopted, except for the occasional use of heat-recovery
boilers in the evaporation cooling systems [2]. The use
of sensible heat of overheated liquid cast-iron is
challenging target even in theoretical terms, because its
overheating is relatively low.

In the blast furnace cooling systems, water is the
basic heat-transfer medium; in the evaporation cooling
systems, it may exist both in gaseous and liquid states.
At the most enterprises, water is cooled with the use of
cooling towers or special cooling ponds without
sensible heat utilization.

2) Blast furnace gas treatment system.

Sensible heat of furnace top gas is main and sole
heat resource at this facility. When leaving the blast
furnace, top gas temperature ranges from 170°C to
450°C depending on blast-furnace smelting features.
While cleaned blast - furnace gas temperature makes
from 15°C to 65° C, respectively. The use of high
temperature of top gas in conventional heat exchangers
upstream the gas treatment system is complicated due
to considerable dust content (up to 20g/md).
Conventional heat exchangers are virtually inoperative
at such dust content in one of heat-transfer media.

3) Hot-blast stoves.
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Main secondary thermal energy source is chimney gas
with temperature 180-250° C from hot-blast stoves [3].
These SERs are successfully used at many enterprises;
however, there is number of limitations as well, which
reduce sensible heat utilization efficiency. These
include minimum temperature condition for fumes
from heat exchanger; temperature must be higher than
or equal to 110-230° C, since it is the level of dew
point of sulphuric acids contained in fumes. When
fume temperature drops below the indicated value,
condensed moisture is deposited on the heat exchanger
walls resulting in the acid corrosion. Such phenomena
cases were observed at the Zaporizhstal Iron & Steel
Works in 2005.

Thus, it may be concluded that SER are only partly
used in the most example cases [4].

2.1  The use of the system of heat pumps and their
calculation for the blast-furnace shop
conditions

The study proposes the use of the sensible heat
utilization system based on heat pumps and heat
transfer tubes. This system includes intermediate heat-
transfer medium and is capable of operation with low-
grade sources of sensible heat [5].

One of proposed solutions for the set problem is
extraction of energy from the blast-furnace gas, both
upstream and downstream the gas treatment system.
Here, heat exchanger with intermediate heat-transfer
medium (Freon or oil) has not necessarily contact
directly with the dust-carrying top gas, but can be
securely attached to the external surface of top gas
discharge duct. In this case, heat amount taken from
the top gas would depend on the heat-exchange surface
area, aggregate coefficients of heat transmission from
surface to the gaseous medium at the “hot” and “cold”
sides, and on the heat-transfer resistance in the points
of tubing contact with the top gas line surface. On the
average, furnace top gas temperature could be
decreased by 70-120°C prior to the entry into gas
treatment system. Alternatively, heat exchanger with
intermediate heat-transfer medium could be installed
inside the air duct supplying combustion air into hot-
blast stoves (HS). Such installation efficiency could
make 45-80%, which allows hot blast temperature
increase by 10-15°C. At the total reduction in blast-
furnace gas consumption for HS heating by 6-8%,
average value of savings on specific energy
consumption in the blast-furnace processing would
make approximately 0.5% [6]. When engineering the
proposed system, installation of compressor equipment
and expansion valves (included in every heat pump
system) could be eliminated, as well as the change of
aggregate state of intermediate heat-transfer medium.
Completed system is the system of heat exchangers
with intermediate  high-temperature heat-transfer
medium. However, if temperature at the “hot” side of
such system is below 180-200°C, such equipment



modification seems being of little promise. Moreover,
the use of classic heat pump or heat transfer tubes is
only practical for the blast-furnace gas temperature
downstream the gas treatment system. Gas temperature
downstream the gas treatment system makes 40-65°C.
It should be noted that heat utilization at lower
temperatures is quite impractical. In our opinion,
primary objective in this case is not so much utilization
of small amount of sensible heat as total blast-furnace
gas temperature reduction downstream the burners.
The matter is that the blast-furnace gas with relatively
high temperature (45°C and over) has sufficiently high
moisture content, which reduces its calorific heat
value. The work [6] considers in some detail the blast-
furnace gas moisture content data from existing
furnaces versus temperature and impact of these
parameters on the eventual combustion temperature in
HS. The use of heat pump with Freon-type heat-
transfer medium in the internal circuit is proposed for
this heat utilization and blast-furnace gas temperature
reduction.

Following is calculation of such heat pump system
for operation with low-grade thermal energy source
under the blast-furnace shop conditions.

2.2 Calculation of heat pump performance

Calculation of evaporator for blast-furnace gas
cooling
Input data:
Refrigerating fluid — Freon R22.

Refrigerating fluid boiling point: tr=-10°C.

Freon heat capacity at constant pressure: c;; = 0.714
kJ/(kgK)

Inlet blast-furnace gas temperature: th =65°C
Outlet blast-furnace gas temperature:  t; = 35°C

Inlet blast-furnace gas humidity: d; = 250 g/m?
Outlet blast-furnace gas humidity: d, =54 g/m?

We assume equipment size along the blast-furnace
gas flow (depth) L =400mm suitable for
accommodation of four serial banks of plate fins of
80x40 mm each. We assume as follows: fin thickness
of op = 0.4 mm, copper tube of 16x1 mm in diameter,
fin pitch of Sy = 7 mm. Tubes are arranged in line with
the same fin pitch in longitudinal and transverse
directions S; = S; =0.04 m (Figure 1).

Nominal fin height:

2

log (1.28;71 /j—: - 0.2)) 1)

where d; is diameter of cooper tube.

h= %(1.285—1 2_02- 1) (1 +0.805 *
2 ds N
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h= w(usﬂm— 1) (1 +0.805 *

2 0.016
0.04 _
log (1.28 T = 0.2)) =0.02m

Coefficient of frost build-up on the heat-transfer

surface of equipment:

2121;2 (dprg—dsr) @)
cp org=trr)

where duyg is average blast-furnace gas humidity , ds is

rime humidity , terg is blast-furnace gas temperature, ti

is rime humidity.

2122(2-15.4)

Sin=1+

Eim = =1.48
714(50+12)

Blast-furnace gas side heat flux density:

ap = abfgin(tbfg - tfr) ®)

where  apr 1S
coefficient.
ap = 78.6 * 1.48 x (50 + 12) = 7212 W/m2

blast-furnace gas heat-exchange

20

I N
4 N

A

40

Figure 1 Plate fins
Nominal fin height:

2 (If.,-
tah 0.02
( v M )

=" ) @
2T 6,02
p Ap
2x11.1
tah( 0.0004* 204 002)
£, = - = 097
*
1 9.02

0.0004* 204
where 4, is coefficient of thermal conductivity of the
edge
1
Apr = 1 +(5_p) (5)
apr Efr A fr

Ay = —1—— = 1.1 W/(m?K)

78.6%1.48 12.3

Total finning efficiency can be calculated as follows:
f.
Sn=€p+(1—€p)f—l; (6)
where fis is area of intercostal surface, fs is total area of
heat exchanger.

g, = 0.97 + (1 —0.97) 228 =

0.448

0.98



We determine evaporator heat-transfer surface as
follows:

Fy=22 )
14
where Qev is total heat flow
%103
F, = 1376+10° _ 191 m2
7212

Mass flowrate of refrigerating fluid under the complete
boil-off condition:
4L qp B
M, =—"""—
s din(iend—ibeg) (8)

_ 4%10%721210.25107% 2
My = 0.014%(701-488) 987 kg(m*s)

where L*- is pipe hose length, L*=10m are
refrigerating fluid enthalpies at the equipment inlet and
outlet. According to the Freon boiling point R22
ineg = 488 kJ/(kgK) and iend = 701 kJ/(kgK),

L is coefficient of finning

din- inside tube diameter 16x2 mm is 0.014 m;
Refrigerating fluid side heat-exchange coefficient:

M1.4
a = K= )

98714 2
O.’f = KW = 35772 W/m K
where K is correction factor, we assume K = 0.272.
Mass flow of refrigerating fluid:

_ Qev
Gf N lout—lin (10)
1376
f ™ 701-488 ~ 6.5 kg/s

Total cross section available for refrigerating fluid
passage

fo=3k (11)
fr==6.6%107 m?
Single tube nominal bore:
fup = 0.785d2, (12)

fep = 0.785 % 0.0142 = 1.54 x 10™* m?
Required number of coil sections:
fy

n, = == 13

¢ = (13)
6.6 1073

Ne = Toae0-2 43

Battery dimensions 2000x650x500 mm, suitable for
installation of 2 fans.

Calculation of condenser for air heating is similar to
that of evaporator. Finally, we obtain following results
Heat flux density is determined as:

q= ky):(tgas - ttb) (14)
where kyx is equivalent heat transfer coefficient.

q =113 % (50 — 40) = 565 W /m?

Value of equipment heat-transfer surface area:

F =22 (15)
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__1378x103

F=———=1219 m’
After inserting the necessary numerical values, let us
apply these to 1 for determination of compressor
power:
N = prrVsr lfr (16)

NiMm Mo
where pi is freon density, Vs is freon volume flow, Iz
is specific work, 7 is relative isothermal compressor
efficiency (0.65 +~ 0.85), 77 is mechanical efficiency
of the compressor, 70 is volume factor which takes
into account freon volume losses due to leakage
through compressor sealing intervals

15.4%0.42%16
=—————=330kW
0.65%0.680.71

3 Determination of heat pump COP

CORP is transformation coefficient showing the ratio
of generated and thermal energy to electric power
consumed by the heat pump. Coefficient can also be
defined as the condenser heating effect to screw
COmpressor power ratio.

Heat pump COP is determined according to
following formula:

QCOTL

Ncor = = (17)
1378

Ncor = 535 = 4.2

Based on calculation of this heat pump COP, we
come to conclusion that heat pump generates thermal
energy 4.2 times as much as its electric power
consumption for work execution.

4 Conclusions

The use of heat pump system for reduction of
specific power consumption under the blast-furnace
shop conditions is quite promising trend, and it can be
applied at virtually every enterprise having blast
furnaces.

Primary advantage of the proposed heat pump
system is integration in the existing top gas treatment
system. The proposed system does not require major
reconstruction of existing equipment and features
relatively small dimensions.

In addition to the primary objective of increasing
the blast-furnace gas calorific power (due to the
moisture content reduction), a few other serious
practical problems are solved. One of such problems is
increasing the temperature of combustion air supplied
to hot-blast stoves. Sensible heat carried by air into the
combustion zone allows calorimetric temperature
increase by 3-5°C in the combustion zone, which
would result in the blast-furnace air temperature
increase and coke consumption reduction.

Furthermore, implementation of this system would
enable production of substantial amount of the
chemically purified water. The blast-furnace gas



cooling in the heat pump evaporator would yield up to
200g of H,O per 1m3 of blast-furnace gas. This water
could be further used in the blast-furnace shop cooling
system.
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The use of polyvinyl butyral is large, and its advantage is a direct application to practice. The aim of this paper is
thermal characterization of recycled polyvinyl butyral by differential scanning calorimetry. Using this analysis it
was obtained results for Tg a Tm for a tested material. Recycled polyvinyl butyral is characterized by very good
elasticity, adhesion to various surfaces, good water resistance, and high compatibility with other polymers and by
good processing possibilities and possibility for application in many industries.
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1 Introduction

Thermal analysis refers to any technique for the study
of materials which involves thermal control.
Measurements are usually made with increasing
temperature, but isothermal measurements or
measurements made with decreasing temperatures are
also possible. [1]. By the research was used a
differential scanning calorimetry (DSC). This thermal
analysis can also be used to follow the transfer kinetics
of the tested material from a controlled release system
into the bio membrane model. The advantage of using
a calorimetric technique, compared to traditional
release experiments, is the evaluation not only of the
dissolution of the tested material released but also of
the presence of a system able to take up the test sample
released during the experiment, as well as of sample
diffusion. [1]. The thermal properties of thermoplastic
materials are equally as important as the electrical and
mechanical properties. Unlike metals, thermoplastics
are extremely sensitive to changes in temperature. The
mechanical, electrical, and chemical properties of
thermoplastics are dependent on the thermal properties
at which the values were derived. The molecular chain
crystalline has a number of important effects upon the
thermal properties of a polymer. Semi-crystalline
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thermoplastics have a well-defined sharp melting point
with  thermo  mechanical  rigidity  properties.
Amorphous thermoplastics, in contrast, have a gradual
softening range of the polymer melt. [2]The use of
materials that are environmentally friendly is a priority
for every industry. Polyvinyl butyral is characterized
by good elasticity, adhesion to various surfaces, good
water resistance, high compatibility with other
polymers and also very good processing options, is
becoming a priority material in this industry. [3]

2 Material definition

Polyvinyl butyral (PVB) is a special resin used as a
raw material for glass laminated safety glass in cars
and in the building industry, especially in high-rise
buildings and, last but not least, in the photovoltaic
industry, where is as solid coating form. PVB produces
several companies in Europe, Asia and in USA, each
under its trade mark [2]. Germany has become a
powerhouse in the photovoltaic industry. The
production of machines used for the production of
components of photovoltaic installations and their
equipment are mainly exported to Asia, except for
Central and Eastern Europe. In addition to the main
application and thus the use of PVB films, PVB resins
are used for the production of paints, structural



adhesives, dry toner paints, and as binders for ceramics
and composite fibers. [3] The PVB film has a number
of outstanding features such as high tensile strength,
impact resistance, transparency and flexibility, which
is particularly useful in the production of safety glass.
Consider of the alcohol, ester and acetate contents. [4]

e

T

Figure 1 Po]yvinyl butyral in flakes form [9]'

Due to the properties of polyvinyl butyral and its
application in the many industries (primary in building,
engineering, automotive industry), its primary use is
mainly in the field of insulation. It is used as a special
cover laminate film which forms a solid homogeneous
whole on the insulations panels.

As we compared PVB with EVA by the solar energy
using, currently, EVA (Ethylene-vinyl acetate) film is
replaced with this thermoplastic. [5], [6] Compared to
EVA foils, polyvinyl butyral has higher permeability,
thus releasing light radiation with wavelength from 280
nm (EVA is 320 nm). [1]

Table 1 Material properties of polyvinyl butyral

Polyvinyl butyral (PVB)

Form flakes
Colour neutral
Size 20-30 mm
Purity more as 97%
Foreign mater content less as 3%
Humidity ca. 2%
Ratio of glass particles less as 2%
Fire point -

Melt point temperature 130 °C -170°C
Viskosity 100 — 175 m Pa*s
(dynamic) (DIN 53015)

Polyvinyl butyral as a thermoplastic material is soluble
in ethanol, butanol, ethyl acetate, butyl acetate, in a
mixture of chlorinated hydrocarbons and is insoluble in
aliphatic hydrocarbons (in petrol) The density of
recycled polyvinyl butyral is 1,07g.cm™ a and the
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recyclable sales price ranges from 0,25 € to 0,50 € per
kilogram.

Translucent polyvinyl buyral (PVB) film is placed
from the front and back of photovoltaic cells. The film
melts, i.e., reaches the melting point Tm, thus filling all
the gaps and removing the air between the layers. [6]

3 Thermal analysis of polyvinyl butyral

3.1 Diferential scanning calorimetry definition

By determining the glass transition temperature (Tg)
and melting point (Tm) [7] for recycled polyvinyl
butyral, important information about the processing
possibilities of the test material is obtained. The
method used in the test is called differential scanning
calorimetry (DSC). [1] It belongs among the methods
of thermal analysis and is suitable for measuring the
characteristic temperature of the phase transitions | and
Il. heating. [4] It is also used to quantify the enthalpy
characteristics associated with both physical and
chemical changes of substances in the tested systems.
This method can be used to measure the heat capacity,
purity of substances and other special purposes.

3.2 Recycled polyvinyl butyral testing

Sample analysis took place under laboratory conditions
at room temperature 22°C and humidity 60%, in
accordance with standard DIN ISO 113 57. Laboratory
equipment DSC 204 was used for analysis. Obtained
datas were evaluated by NETZSCH Proteus. [94] The
weight of the analyzed sample was 9 mg. The test
temperature ranged from -50 °C to 300 °C. The
measurement itself began by cooling the sample

to -180 °C followed by heating. The run in key was
-50°C.The sample is heated up to + 300°C. The
following figure (Fig.2) looks at the device in which
the analysis took place.

Figure 2 Differential scanning calorimetry equipment [9]

Using the differential scanning calorimetry method
[2],[6] the sample undergoes linear heating and hence
the rate of heat flow in the sample. The heat flow is



proportional to instantaneous heat. Within the
instrument, the internal temperature of which was
equal to room temperature, (ca.20 ° C), two symmetric
boxes were placed. The equipment is a resistive
thermometer and a heating element that is embedded in
the sample carrier and serves as the primary control of
the system. The temperature of the sample is
isothermal maintained with the comparison. Such
amount of energy is needed to maintain isothermal
conditions. [8] The process is plotted against time or
temperature. Small samples (weight in mg) were used
for analysis. The tested material is placed on metal pad,
which reduce the thermal gradient to a minimum. As a
result of the analysis, it was possible to use high
heating rates (in tens of K.min?, °C.min?), thus
ensuring a high resolution of the heating and the
temperature range thus obtained. The following
graphical representations obtained datas after DSC
analysis of recycled polyvinyl butyral samples.
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'rempeSrgmrﬁc
Figure 3 Results after differential scanning calorimetry
measurement (1.Heating) [9]
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Figure 4 Results after differential scanning calorimetry
measurement (2.Heating) [9]

Legend to the figures No.3 and No.4

From german language "Glasiibergangstemperatur” -
glass transition temperature (Tg)

Red color line - Recycled polyvinyl butyral (1.heating)
Black color line - Recycled polyvinyl butyral
(2.heating)
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From the graphical view that was obtained through the
NETZSCH Proteus evaluation software there is a
difference between the first and second heating. This
means that during the first heating, to inaccurately
place the sample in the test aluminium box. In the latter
case, a final material analysis was obtained as such.
Glass transition temperatures for recycled material
range from 62 °C to 72°C. Melting point Tm is higher,
temperature is about 150 °C. The value of 15 °C, the
graph tells about the beginning of temperature changes
in materials, but without disturbing the inner structure
of the material.

Values at 217°C and 253°C point are presented
violation of the inner bonding of the material. In view
of the ongoing differential scanning calorimetry
analysis, it can be concluded that the sample was
deposited according to the rules of ca. 9 mg in an
aluminium box and the results can be considered final.
The advantage of using a differential scanning
calorimetric technique, compared to traditional release
experiments, is the evaluation not only of the
dissolution of the tested recycled polyvinyl butyral
released but also of the presence of a system able to
take up the test sample released during the experiment,
as well as of sample diffusion.

4  Conclusions
Polyvinyl butyral is used in the many industry for its:

o affordability,

e dielectric

o stability,

e low absorption and

o low water permeability.
The main reason is toxic harmlessness and chemical
resistance. Due to its transparency, the recycled
polyvinyl butyral sheet enables optical transmission in
a given light spectrum region. Therefore, the use of this
secondary raw material is now mostly advanced.
By determining the glass transition temperature (Tg)
and melting point (Tm) temperature we obtained for
recycled polyvinyl butyral an important information
about the manufacturing possibilities.
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1. Introduction

Natural gas is one of the cleanest organic fuels,
nevertheless it produces pollutants in combustion
process. The major pollutants of the combustion in
the atmosphere are carbon monoxide CO, nitrogen
oxides NO, NO2, sulphur dioxide SO2 and
hydrocarbons. The most toxic emissions are nitrogen
oxides [1-3].

Nitrogen forms seven oxides, of which only
monoxide and dioxide, NO and NOZ2, are dangerous
pollutants, with dioxide being more dangerous than
monoxide [4].

In natural conditions in the atmosphere, the
amount of nitrogen oxides is measured in
percentages. Nitrogen on the planet annually
mobilizes about 140 million tons. Pollution by
nitrogen oxides occurs both locally and globally [5-
8].

In the current article were made the simulations of
the industry gas burner which are installed in the
high-pressure boilers.

2. Model description

To understand and calculate the mechanism of the
NOx formation the CFD simulations were made.
Combustion processes were calculated in the ANSYS
Fluent 14.0 [9].
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Figure 1 ANSYS models of the boiler and burners

The models of the 30 MWh boiler and two 15.7
MWh burners are in the figure 1. The model was
made in the integrated to the ANSYS module Design
Modeler. The redrawn geometry of the burner was
simplified to decrease the numbers of the elements in
the mesh to reduce calculation time of the simulation.
Nevertheless any changes in the geometry must not



influence thermodynamics or chemistry processes in
the boiler. Total number of the elements in the model
mesh is 7 946 439. Example of the generated mesh is
in the figure 2.

RN
Figure 2 ANSYS mesh of the boiler and burners

Parameters of the mesh generation (proximity and
curvature advanced size function) were selected for
the best definition of the different planes and
volumes.

3. Simulation

To understand the thermos mechanical processes
inside the boiler simulation of the non-premixed
combustion was made. All input physical parameters
were chosen according to the normal operation
conditions of the boiler and the burners.

Simulations of non-premixed combustion were
made with the fuel of average composition for 2017
year according to the SPP report (Table 1).

Tab. 1 Composition of the fuel

Natural gas composition [mol,%]
Methane 95,361
Etan 2,6231
Propane 0,6437
Butane 0,8504
Pentane 0,0407
Hexane + other 0,0255
Carbon dioxide 0,3788
Nitrogen 0,7205

The air composition is in the table 2.
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Tab. 2 Composition of the air

Element Volume [%]
N2 0,79
02 0,21

Results of the simulation are in the figure 3.

2.980+002 ) : ) L

0.000e+000

, : , L
[m s"-1] =
Figure 3 Results of the simulation (temperature and
velocity)

At the upper part of the figure 3 is shown
temperature volume rendering. At the dawn part of
the figure 3 is shown velocity streamlines of the inlet
mases.

According to the results of the simulation the
maximum temperature inside the boiler is 1931 K.
The areas of the maximum temperature are situated
near the wall in front of the burners. Average
temperature inside the boiler is 1705 K.

According to the simulation there is a good
circulation of the hot gaseous mases inside the
combustion chamber (aprx. 3-5 times).

0.000e+000

Figure 4 Results of the simulation (NOx)



Figure 4 represents mass fraction of the NO.
Maximum concentration of the NO in the boiler is
182 ppm. The average concentration inside the
combustion chamber is 89 ppm, concentration at the
exhauster is 138 ppm. From the EU legislative the
maximum possible NOx exhausting for such thermal
equipment is 250 ppm (taking to account year of
reconstruction and burners type).

According to the results the most of the NO is
produced at the end of the flame, close to the wall. As
it is represented in the figure 4 the thermal NOx are
the main source of the pollutants. Figure 5 represent
simplified scheme of the NOx formation.

N: - combustion air flame .
- fuel == i urenofthe lighest e Thermal NOx

temperature

NX - organic nitogen [y - flame front C— = o

compounds
ﬂ:{> Prompt Nox

Figure 5 simplified scheme of the NOx formation.

Thermal NOx produces majorly in the flame front
and areas of the high temperatures so their production
is controlled by the nitrogen and oxygen molar
concentrations and the temperature of combustion.
According to the Arrhenius formulation combustion
at more than 1,500 K exponentially increase
concentrations of thermal NOXx.
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Length along the axis of the flame, m

Figure 6 Concentration of the NO along the flame axis

Figure 6 represents concentration of the NO along
the flame axis. According to the results of the
simulation length on the flame is around 2,5 - 3 m.
As it is shown in the figure 6 concentration of the NO
increased exponentially along the flame axis (from 0
to 3 m). Next area from the flame end to the wall is
characterises as an area of high temperatures where
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NO production is also majorly controlled by the
Arrhenius formulation.

There is equipment which is installed in the
burner to inject O2 to the air to increase the power of
the boiler and this way to cover the maximum heat
consumption.

The simulation with higher O2 concentration was
made with next air composition (tab 3).

Tab. 2 Composition of the air with higher O2 concentration

Element Volume [%]
N2 0,78
02 0,22

The results of the simulation of the boiler with
higher O2 concentration in the air are in the figure 7

7.735e+002

2.980e+002
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0.000e+000
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Figure 7 Results of the simulation (temperature and
velocity with higher Oz concentration.)

At the upper part of the figure 7 is shown
temperature volume rendering. At the dawn part of
the figure 3 is shown velocity streamlines of the inlet
mases.

According to the results of the simulation the
maximum temperature inside the boiler rise by 5,7 %
to 2041 K comparing with the simulation with lower
02 concentration. The areas of the maximum
temperature are situated near the wall in front of the
burners. Average temperature inside the boiler is also
increased by 6,2 % t01811 K.

According to the simulation there is still good
circulation of the hot gaseous mases inside the
combustion chamber (aprx. 3-5 times).
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Figure 8 Results of the simulation (NOx with higher O2
concentration)

Figure 8 represents mass fraction of the NO.
Maximum concentration of the NO in the boiler
increased by 6,04 % to 193 ppm comparing with the
simulation with lower O2 concentration. The average
concentration inside the combustion chamber has
risen up to 95 ppm, concentration at the exhauster - to
145 ppm. Figure 9 represents concentration on the
NO along the flame axis.
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Figure 9 Concentration of the NO along the flame axis

According to the figure 9 increasing of the O2
mass concentration by 1 % leads to rising of the NOx
by approximately 6 % in the current working thermal
characteristics of the boiler as the thermal load of the
combustion chamber is placed in the Arrhenius
formulation border.

Conclusions

Above theoretical and experiential knowledge
which allows understanding and calculating the
mechanisms of NOx formation in the high-pressure
boilers. Also the main management points of control
of the thermal machines respect to its efficiency and
ecological problems are presented.

Simulations confirm the mechanism of the NOx
formation according to the Arrhenius formulation in
the thermal equipment with high thermal load of the
combustion chamber. Increasing of the O2 mass
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concentration by 1 % is leads to rising of the NOx by
approximately 6 %.

Nevertheless it is possible to increase the power
of the thermal equipment by rising of the O2
concentration in the combustion air.
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