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The paper presents a technical solution for modernization with the aim of in-
creasing the efficiency of the steam boiler of TPP Ugljevik, which implies the re-
organization of the combustion system. More efficient operation of the furnace
can be achieved by replacing the existing burners, reducing the number of burner
levels as well as the organization of tangential combustion. The flame formed in
the shape of a tube around the two central combustion vortices provides a larger
amount of heat transferred to the combustion furnace, less fouling of its screen
walls and thus a lower average temperature of the combustion products at its
outlet. As the chosen reorganization affects the increase of the temperature of the
superheated steam and the decrease of the temperature of the reheated steam, it
has been proposed to reduce the area of the semi-irradiated superheater and in-
crease the area of the second reheater. Taking into consideration that the reor-
ganization of the combustion system may lead to the change of the thermal load
of the evaporator located in the furnace, the paper presents the work of the steam
boiler operation under new operating conditions. Used calculation system ena-
bles reliable prediction of operating characteristics of the steam boiler in new
operating conditions of combustion, and its application helps assess the quality
of the boiler in terms of how effective, efficient, safe and environmentally friendly
its operating mode is. In this way, it is possible to form a comprehensive descrip-
tion of the operating mode of the steam boiler.

Key words: steam boiler, furnace, calculation system, efficiency

Introduction

A steam unit of 300 MW power has been in use in TPP Ugljevik since 1985, with
more than 200000 working hours in production. The steam unit has reached the end of its ser-
vice life, and has, because of the obsolescence of equipment and frequent use of coal with in-
creased propensity to slagging and fouling, been operating with less power, increased number of
unplanned outages and frequent downtime due to cleaning of deposits on heating surfaces.

In order to check the operation of the steam unit, identify the main problems in its
operation and set guidelines for increasing its availability, power and efficiency — it is neces-
sary to define mathematical models of complex thermal and stream processes [1, 2] which,
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with the implementation of a number of control calculations, enable the analysis of the exist-
ing state of the plant [3] and give proposals of measures for improvement of its operation as a
whole. The use and benefits of such a complex model is shown through papers [4-6].

In order to test the possibility of applying measures of reorganization of the combus-
tion process as well as the analysis of their effects on the steam boiler operation, a modeling
of the lignite combustion process in the steam boiler furnace of TPP Ugljevik has been per-
formed. A comprehensive description of the process in the furnace of the energy steam boiler
for coal combustion is defined by a mathematical model of radiated reactive two-phase turbu-
lent flow together with a submodel of fuel and thermal nitrogen oxides formation [7-9]. Such
a complex mathematical model is connected with thermal calculation procedures into a
unique calculation system for the analysis of steam boiler operation. The defined system ena-
bles calculations with the change of influential parameters in the widest limits, which was ap-
plied for calculations of steam boiler operating regimes for the design combustion system, as
well as the reorganized combustion system, after the proposed modernization.

The changes in the operation of the considered steam boiler after the introduced
measures are presented by the relevant results of the calculation system in case of change of
its load for thermal power fuel currently used in the power plant and in variants of greater and
less tendency to slag and fouling heating surfaces.

The performed calculations, previously verified and validated by measurements [10]
at the plant in question shown [11-13], showed problems in its operation, based on which, for
coal to be used in the next period, additional measures and reconstructions of the boiler plant
were proposed in order to increase the current steam production.

The steam boiler of TPP Ugljevik, shown in fig. 1, consists of a water heater, an
evaporator located in the furnace, three stages of steam superheater and two stages of steam
reheater. The regulation of the temperature of fresh and reheated steam is done by biflux and
the desuperheaters water injection placed between the heating surfaces. The boiler is equipped
with eight individual plants for the preparation of coal powder, designed as modified plants
with direct blowing and drying by a closed process. Each coal powder preparation plant has
one jet burner which is divided in height into three levels, which are inclined towards the fur-
nace funnel at an angle of 15°. In the furnace of the boiler, of rectangular cross-section, four
burners were placed on both side walls. The two central jet burners are placed opposite, and
the other two end ones are slightly turned, by 13° 30' in the horizontal plane, towards the cen-
tral axis of the furnace.

Through multi-level jet burners for coal, air mixture and secondary air are intro-
duced into the furnace of the steam boiler. In the burner zone, their intensive mixing, burning
and combustion of coal particles is performed. In the combustion process, high-temperature
combustion products (heat transmitter) are formed, which further flow through the boiler,
transferring energy to the water-steam flow (heat receiver) by means of heating surfaces. The
products of combustion of coal particles formed in the zone of the burner flow vertically up-
wards, transferring the amount of heat by radiation to the membrane pipes that shield the
walls of the furnace.

Due to the 'T' shape of the gas path of the steam boiler in question, the combustion
products leave the furnace by dividing into two parts and entering two symmetrically placed
horizontal gas intermediate channels in which two semi-irradiated fresh steam superheaters are
installed. The walls and ceiling of the horizontal gas intermediate channel are shielded with
membrane pipes which, along the heat receiver, represent a continuation of the screen pipes of
the middle and upper radiation part of the furnace and form additional heating surfaces in this
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Figure 1. Steam boiler in TPP Ugljevik

The design characteristics of the steam boiler, for guaranteed coal with a lower heat-
ing value of 10467 kJ/kg, are:
—  Unit power, P =300 MW
—  Main steam mass flow rate, D = 1000 t/h
— Main steam pressure, ps = 25.0 MPa
— Main steam temperature, t; = 545 °C
— Reheated steam mass flow rate, D;s = 800 t/h
— Reheated steam pressure, ps = 3.84 MPa
— Reheated steam temperature, t; = 545 °C
— Steam pressure at the reheated inlet, p, = 4.19 MPa
—  Steam temperature at the reheated inlet, t. = 306 °C
—  Feed water pressure pny = 30.8 MPa
—  Feed water temperature thy =275 °C
— Boiler efficiency 7« = 86 £0.5%
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part of the gas tract. At the end of the horizontal gas intermediate channel, both streams of
combustion products turn downwards and enter two vertical convective gas channels symmet-
rically placed in relation to the vertical axis of the boiler. Convective (outlet) superheater 3,
convective (outlet) reheater 2, convective reheater 1 and two packages of water heaters were
placed in order along the combustion products in these gas channels. These heating surfaces
are placed in both gas channels symmetrically in relation to the vertical axis of the furnace.
Vertical convective gas ducts are not shielded by pipes of additional heating surfaces.

After the transferred amount of heat in the vertical convective gas ducts, the com-
bustion products reach the ash funnels, turn and enter two horizontal tin flue ducts, placed
directly next to the vertical convective gas ducts of the boiler. After that, the flue gases are
divided from two gas channels and introduced into three columns of a tubular air preheater
of cascade type. In the air preheater, the combustion products reached the final outlet tem-
perature and, after dedusting, released into the atmosphere. In the air preheater, the combus-
tion products reached the final outlet temperature and, after dedusting, released into the at-
mosphere.

Analysis of the steam boiler calculation system

Steam boiler operating mode calculation system

In order to reach variant solutions for the organization of processes in the furnace
and the resulting effects on the operation of the steam boiler, modelling of coupled complex
processes in the power steam boiler of TPP Ugljevik was performed for working conditions
with new arrangement of burners. For the purpose of predicting the operation of the complex
boiler plant, regardless of the concept of combustion applied in its furnace, an algorithm has
been defined for connecting integral calculations of the boiler and numerical calculations of
the element whose work is analysed in more detail. The modelling of these processes was per-
formed using a software system that includes a differential and integral mathematical model
with their interaction. This system enables a broader overview of all relevant states of currents
involved in the flow, combustion and heat transfer in the furnace of the steam boiler. This
model was verified where the results of the integral, zonal and numerical model of the pro-
cesses in furnaces were confirmed. It has been shown that different organizations of the com-
bustion process can be tested with this model. The verification was carried out by the design
integral and zonal thermal calculation of the boiler, while the validation was carried out on the
basis of the measured process data parameters. Bold values shown in tabs. 2 and 3 are used
for model validation. This system tool served as the basis for the presented research. The ap-
plied mathematical model describes the formation and radiant reactive multiphase turbulent
flow and provides a detailed insight into such complex and coupled processes that take place
simultaneously in the combustion zones of the steam boiler furnace. The mathematical sub-
model of formation and destruction of fuel and thermal nitrogen oxides, NOy, is also included
in the overall model. The defined system enables calculations with changes of influential pa-
rameters in the widest limits (coal quality, heating surface fouling rate, quantities and velocity
of air mixture and air, combustion products recirculation rate, orientation of burners). In the
described way, the system enables monitoring of the operation of a complex energy system
and testing a measures that affect its operation which is shown in the papers [6, 12, 13]. Ap-
plying the mentioned system, the appropriate calculations of the existing furnace with the de-
sign conventional combustion system within TPP Ugljevik were performed and the system of
reorganization of the process in the furnace was proposed.
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By analysing the obtained results, it is possible to give guidelines for improving the
process in order to increase its power, efficiency, reliability, and environmentally acceptable
way of operating. The described procedure was applied in the testing of the new combustion
organization in TPP Ugljevik, which includes burners of new construction and tangential or-
ganization of superstoichiometric combustion in the furnace, so the described procedure was
used to select burner geometry, as well as their place and angle [14].

Boiler calculation systern results

Based on the given models, the calculation of work in design conditions (unrecon-
structed — UNR) was performed, as well as with the proposed reorganized combustion system,
when two same directions flames are formed in the furnace around central vortices, optimal in
terms of temperature field symmetry and absence of particularly unfavorable high local tem-
perature zones near the screen walls, as shown in test cases TC1-TC4. For this selected sys-
tem, CFD calculations of steam boiler operation were performed for a unit power of 260 MW,
with turned off and on high pressure feed water heaters (HPH) and 300 MW with turned on
high pressure feed water heaters, and each of the tested operating modes was tested using coal
more or less prone to fouling, the composition of which is given in tab. 1 and which is close to
the guaranteed. Control thermal calculations were performed for the existing steam boiler, in
order to determine the temperatures of heat transmitters and receivers at the inlet and outlet of
heating surfaces, in accordance with the heat balance shown in tab. 2. Thermal calculations,
whose selected results are shown in tab. 3, were performed according to the normative meth-
od [15], while the level of fouling and thermal efficiency of individual heating surfaces were
harmonized with the current operation of the boiler. When calculating the process in the fur-
nace, the redistribution of coal particles, transport fluid and heated air by levels of burners
was adopted on the basis of measurements after the reconstruction of the air mixture separator
in 2020, which means that the air mixture is divided in mass ratio 51:30:19 and that the excess
air 1.24 for the unit power of 260 MW, which can be achieved with the current quality of coal
and the design combustion.

Table 1. Coal composition — lignite Ugljevik LHV = 10341 kJ/kg

Raw coal a t(s::;;rzztl(l;trif)lgtsle " Dry ash free Proximate analysis
Cr [%] | 29.13 Ccr [%] | 39.79 CDAF [%] | 70.81 Volatile [%] | 40.12
H" [%] | 2.05 HP [%] | 2.80 HPAF [%] | 4.98 Crix [%] | 16.08
o [%] | 7.22 or [%] | 9.86 QPAF [%] | 17.55 A [%] | 37.10
Nr [%] | 0.81 Np [%] | 1.11 NDAF [%] 1.97 w [%] 6.70

St [%]] 193 St (%] | 2.64 M | (%] | 4.69

A | [%]| 2716 | AP | [%] | 37.10

W [%]] 3170 | We | [%]]| 6.70
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Table 2. Boiler heat balance extracts for the existing and reorganized combustion system

Unit power [MW]
260 300
No. Name Mark | Unit
Without HPH With HPH
UNR* | UNR™ | TC1™ | TC2™ | TC3" | TC4™
1. | Lower heating values of raw coal | LHV |[kJkg']| 10341 | 10341 |10341|10341|10341 |10341
2. Excess air at the furnace outlet Afo -1 1.240 1.240 | 1.240 | 1.240 | 1.200 | 1.200
3. | Increase of excess air in furnace | AAr [-] 0.150 | 0.150 |0.110 | 0.110 | 0.080 | 0.080
4. Increase of excess air in mill Adm -1 0.258 | 0.258 |0.140 | 0.140 |{ 0.120 | 0.120
5. | Air leakage from the air preheater | Adan [-] 0.216 | 0.216 | 0.072 | 0.074 | 0.054 | 0.054
6. Excess air at the boiler outlet Aout -1 1.686 1.686 | 1.452|1.452|1.374|1.374
7. Temperature of outlet gases tout [°C] 223 208 185 178 | 187 | 179
8. Waste gas loss 02 [%] 15.44 1428 | 11.22 (10.73 | 10.34 | 10.34
9. Loss due to unburned gases O3 [%] 0 0 0 0 0 0
10, | Loss due to incomplete mechani- | ¢ | ol | 508 | 208 | 2.08 | 2.08 | 1.80 | 1.80
cal combustion

11. Radiation loss Qs [%] 0.14 0.14 | 0.14 | 0.14 | 0.12 | 0.12
12. Loss due to slag heat Je [%] 0.07 0.07 0.07 | 0.07 | 0.07 | 0.07
13. Boiler efficiency 7sb [%] 82.27 | 83.43 |86.49 | 86.98 | 87.16 | 87.67
14. Boiler load D [kJs'] | 207.50 | 207.50 |214.93|214.93|251.50{251.50
15. | Temperature of superheated steam| s [°C] 545 545 545 | 545 | 545 | 545
16. | Pressure of superheated steam Ps [bar] | 243.53 | 243.53 (244.12|244.12|247.36|247.36
17. Feed water temperature thw [°C] 164.3 164.3 |266.3 | 266.3 | 270.5 | 270.5
18. Feed water pressure prw [bar] | 274.21 | 274.21 |275.97|275.97|290.96|290.96
19. Production of reheated steam D: [kJs!] | 203.50 | 203.50 |191.65[191.65|224.95(224.95
20. | Temperature of reheated steam tes [°C] 545 538 545 | 545 | 545 | 545
21. Pressure of reheated steam Prs [bar] 34.80 | 34.80 |33.00|33.00 | 38.28 | 38.28
22, | Temperature Ofrf;eam forreheat- | ¢ | 1oc | 3044 | 3044 |285.4|285.4(298.7 | 298.7
23.| Pressure of steam for reheating pr [bar] 37.40 | 37.40 |34.52|34.52|40.38 | 40.38
24 | AAmount of gggggﬁ?;gr(ﬁié‘; the | oree | awy | - — 350|350 | 411 | 411
25, | Amount "“Le;‘iﬁ:rsed insteam |51 MW | 659.62 | 656.41 |618.24|618.24|712.94|712.94
26. Fuel consumption B [KJs™] | 76.434 | 75.005 |68.568(68.186|78.468(78.010

*Boiler operation with coal of greater tendency to slag.
** Boiler operation with coal of less tendency to slag
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Table 3. Thermal calculations extracts for the existing and reorganized combustion system
Unit power [MW]
, 260 | 300
No. Name Mark | Unit = =
Without HPH With HPH
UNR" | UNR™ | TC1* |TC2™| TC3"|TC4™
Heat transmitter (flue gases)
1 Temperature of flue gases on the fur- ! [°C] | 1044 | 968 919 | 886 | 957 | 922
nace outlet
5 Tempera?u_re of flue gases behind the t [°C] 376 315 821 | 791 | 860 | 828
semi-irradiated superheater
3 Temperature of flue gases in front of b [°C] 852 791 799 | 771 | 836 | 306
convective superheater
4 Temperature of flue gases in front of t [°C] 778 723 734 | 703 | 763 | 729
the second superheater stage
5 Temperature of flue gases in front of t [°C] 725 676 | 683 | 656 | 708 | 678
the first superheater stage
6. Temperature of flue gases in front of ts [°C] 623 589 592 | 578 | 609 | 593
the water heater
Temperature of flue gases in front of o
7. the turbine economizer (TuE) ts [°C] B B 372 | 361 | 385 372
g Temperature of flue gases in front of t [°C] 351 326 | 305 | 294 | 313 | 301
the air preheater
9. | Temp. of flue gases at the boiler outlet tout [°C] 223 208 185 | 178 | 187 | 179
Heat receiver (superheated steam)
10. Feed water temperature tow [°C] | 164.3 | 164.3 | 266.3 |266.3|270.5(270.5
11. | Water temp. at the outlet of water heater | tfwo [°C] 335 326 362 | 360 | 363 | 361
Temperature of the medium at the out- o
12. let of NRD 1 tnrpio | [°C] 391 391 398 | 399 | 403 | 404
13.| Temp.of the medium at the outletof | " rocy | 309 | 309 | 415 | 419 | 417 | 421
NRD 2
14. | Steam temperature at the outlet of SRD | tsrpo [°C] 415 423 446 | 455 | 445 | 452
15. Steam temp. at the outlet of VRD tvrRDo [°C] 428 441 469 | 478 | 466 | 474
16.| Theamount "tfnh;j; transferred in | o | (MW] | 34.77 | 46.13 | 47.07 | 56.94|45.74| 57.72
17, Steam temperature at the inlet tpp: [°C] 493 497 502 | 500 | 499 | 497
to convective superheater
18, Steam temperature at the outlet t, [°C] 545 545 545 | 545 | 545 | 545
of convective superheater
Heat receiver (reheated steam)
19. Steam temperature at the inlet of the tepseao | [°C] 491 493 489 | 495 | 485 | 491
second reheated stage
20. Steam temperature at the outlet of the te [°C] 545 538 545 | 545 | 545 | 545
second reheated stage

*Boiler operation with coal of greater tendency to slag.

** Boiler operation with coal of less tendency to slag
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In order to allow the possibility of comparative analysis in the tables of heat balance
and thermal calculation, the operating regimes with the new combustion system and the exist-
ing power of 260 MW are shown, as well as the work with the design power of 300 MW,
which could not be realized before the proposed measures.

By analysing the presented results, it can be noticed that the reorganization causes
lower temperatures of combustion products at the outlet of the furnace, higher power and pro-
cess efficiency. It should be noted that for these reasons, the proposed reorganization of the sys-
tem includes the introduction of an additional heating surface of the turbine economizer (TuE),
reducing the semi-irradiated superheater and increasing the second reheater. Reconstructions of
the convective superheater, the first reheater stage and the finned water heater are not necessary.
In this way, it would be possible for the temperatures of the combustion products in front of the
finned water heater to be close to the design ones. The reduced thermal efficiency of the exist-
ing finned water heater has led to the need to install a TuE, which would be installed instead of
the third stage air preheater. By installing a turbine economizer and repairing the first and sec-
ond stage air preheater in order to seal them, the temperature of the combustion products at the
outlet of the steam boiler would be reduced, which would significantly improve its efficiency.
This lowering of the temperature of the combustion products at the boiler outlet would enable
the unit to work with the high pressure feed water heaters on. In addition, it should be noted that
when using coal with a greater tendency to fouling boiler heating surfaces, with unit power
greater than 280 MW, the temperature of the combustion products in front of the convective su-
perheater at the outlet of the diversion chamber would exceed the recommended maximum val-
ue of 820 °C, which represents protection in the operation of the boiler from increased fouling
of its heating surfaces and subsequent suspension of work for their cleaning.

For unit power of 300 MW, with high pressure heaters included, the temperature of
the combustion products at the boiler outlet would be 187 °C, boiler efficiency would be
87.16% and the temperature of the combustion products in front of the convective superheater
would be 836 °C (zone of increased risk of slagging and fouling of boiler heating surfaces).
All this indicates that, when operating a boiler with coal that has a greater tendency to fouling
the heating surfaces, the maximum unit power of 280 MW could be achieved, so this load
(TC3a") is shown in tab. 4. When using coal less prone to fouling, it is possible to safely
achieve a design power of 300 MW with an efficiency of 87.67%.

Analysis of the boiler calculation system results

Based on the mentioned models, control CFD calculations of the furnace for the pow-
er of 260 MW were performed with the high pressure heaters turned off when burning coal with
higher (UNR") and lower (UNR™) tendency to fouling of the boiler heating surfaces, with lower
heating value of 10341 kJ/kg. The results of control CFD calculations for the furnace and ex-
tended domain of the diversion chamber with convective gas channel, for the existing conven-
tional combustion system and work with coal with a higher tendency to fouling, as the most un-
favorable operating regime, are presented by appropriate temperature and concentration fields
of O, and CO. The basic results of these calculations are shown in tab. 4, while the characteris-
tic fields are shown in figs. 2-4. Figure 2 show the temperature fields in the central longitudinal
and characteristic cross-sections of the boiler. On the longitudinal sections, it can be noticed that
the thermal gradient is small, that is, that the temperature on the side of the combustion prod-
ucts, due to the high fouling of the screen walls, slowly decreases in the vertical direction. The
cross-sections suggest that a high combustion temperature occurs in the central space between
the side walls of the furnace, thus forming a flame curtain of a specific shape, composed of
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three prismatic segments, as shown in fig. 8. Calculations have shown that the side walls are
approximately as irradiated as the front and rear wall. Analysis of the temperature field in the
axial cross-sections of the burners can show markedly elevated temperatures in the areas of the
front and rear wall of the furnace, which ranges between 1230 °C and 1280 °C. This phenome-
non is a consequence of vortices in the corners of the main combustion zone, so that in this way,
a part of the coal particles is located in the dead zones between the end burners and the front
and rear wall, which locally raises the temperature. It can be easily noticed that high tempera-
tures, up to 1180 °C, are present along the front and rear walls and in the upper parts of the fur-
nace up to the level of 38.5 m. The highest temperatures of combustion products along the side
walls occur in the lower parts of the furnace in the areas below the burner which represent the
most sensitive zones of the screen walls in terms of slagging.

Temperature | s

1700
1600
1500
1400
1300
1200
1100
1000
= 900
800
700
600
500
400

[K]

Figure 2. Temperature field in the calculation domain. Coal with a greater tendency to fouling heating
surfaces (Ha = 10341 kJ/kg) for unit power of 260 MW, with HPH turned off and eight mills in
operation; (a) central longitudinal section along the width of the boiler, (b) cross-section along the axis
of the lower burner, (c) cross-section along the axis of the middle burner, and (d) cross-section along
the axis of the upper burner

Figure 8 shows a parallel view of the temperature field in the longitudinal sections of
the boiler in width and depth of the furnace, which is supplemented by a spatial representation
of high temperatures in the furnace. Maximum temperatures in the boiler furnace for these op-
erating conditions range from 1250 °C to 1400 °C. By analysing the mentioned view, it can be
noticed that the maximum temperatures occur in the zones below the first level of the burner,
and as a result of the increased flow of the air mixture through the lower burners. As the burn-
ers are inclined 15° towards the furnace funnel, 51% of the air mixture and secondary air from
the first level cross the path through the part of the furnace funnel, so intensive combustion
takes place in the zones below the burner in a field of significantly increased oxygen concen-
tration, which results in an increase in local temperature of the combustion products. By ana-
lysing the field in fig. 8, it can be noticed that the air mixture from the lower level of the burner
is significantly directed towards the furnace funnel, and in the absence of resistance in the form
of combustion products moving towards the boiler outlet. Opposite to it, the coal particles of
the air mixture from the second level of the burner has, at a slightly lower slope, sufficient
range and path to the center of the furnace, and then continues upwards, and consequently has
a shorter path and time of stay in the furnace. In the case of coal particles from the third level
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of the burner, this phenomenon is even more expressed, so the particles turn towards the exit
from the furnace earlier. Essentially, the formed products of coal particles combustion from the
first level of the burner with their impulse partially correct the input currents formed from the
second and especially the third level of the burner and do not allow the coal particles to extend
its path through the lower parts of the furnace. This phenomenon, conditioned by the opposite
position of the burner, results in a part of the coal particles, especially the one from the upper
level of the burner, partially burning in the zones above the burner where temperatures up to
1250 °C are maintained. As the amount of coal particles that is introduced into the third level
of the burner is only 19% and as the combustion takes place in a field of high oxygen concen-
tration, it mostly ends up to the level of 23.5 m. By analysing the temperature field in the lon-
gitudinal plane, it can be stated that the distribution of the air mixture by burner levels, in the
ratio of 51:30:19 by mass, contributed to the lowering of the flame and its maximum tempera-
ture towards the furnace funnel. In addition, it can be stated that the second part of the flame
was slightly extended due to a smaller impulse from the third level of the burner, so this distri-
bution achieved a flame that was lowered but somewhat extended in the direction of the fur-
nace exit. All of the above resulted in flue gas furnace outlet temperature of 1043 °C.

Figure 3 shows the oxygen field where it is clear that the combustion is organized in
conditions of significantly increased concentration, and according to the coefficient of excess
air of 1.24. By analysing the cross-sections through burners, it can be noticed that the way of
introduction and high speeds of secondary air ensure that coal particles pass through a field of
high oxygen concentration which provides fast reactions, as conventional combustion is con-
ceived. Combustion acceleration was additionally achieved by preparing coal powder of in-
creased fineness as shown in tab. 4, where the ratio of secondary air and air mixture velocities
is also shown, amounting to 2.70 for this operating mode. An overview of the CO field in fig.
4 shows the zones along the height of the furnace, above the upper level of the burner, where
the combustion mostly ends. Higher concentration of CO occurs in the zones of active com-
bustion at the level of the burner in the central part of the furnace.
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Figure 3. Oxygen field in the calculation domain. Coal with a greater tendency to fouling heating
surfaces (Ha = 10341 kJ/kg) for unit power of 260 MW, with HPH turned off and eight mills in
operation; (a) central longitudinal section along the width of the boiler, (b) cross-section along the axis
of the lower burner, (c) cross-section along the axis of the middle burner, and (d) cross-section along
the axis of the upper burner
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By analysing the operating mode, with the design organization, it can be stated that
the process of combustion by lowering the flame started earlier and that the maximum tem-
perature occurs in the zone below the first level of the burner. The flame of a specific curtain
shape is somewhat elongated, and calculations have shown that its irradiation towards the
walls is lower than the flame that forms around the central vortex. In addition to the smaller
amount of emitted energy, increased fouling from the walls represents additional resistance to
absorption, so as a final result we have a high temperature of the combustion products at the
end of the furnace. The increased content of oxygen and recirculated cold combustion prod-
ucts, as a measure of lowering the average outlet temperature of combustion products from
the furnace, enabled the combustion to proceed faster and the content of nitrogen oxides to be
at the level of 396 mg/Nm?.
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Figure 4. Carbon monoxide field in the calculation domain. Coal with a greater tendency to fouling
heating surfaces (Ha = 10341 kJ/kg) for unit power of 260 MW, with HPH turned off and eight mills in
operation; (a) central longitudinal section along the width of the boiler, (b) cross-section along the axis
of the lower burner, (c) cross-section along the axis of the middle burner, and (d) cross-section along
the axis of the upper burner

Figure 5 show the temperature fields in the central longitudinal and characteristic
cross-sections of the boiler, for the most favorable reorganized operating mode (TC4™) in the
combustion of coal less prone to fouling. On the longitudinal sections, it can be noticed that
the thermal gradient is large, that is, that the temperature on the side of the combustion prod-
ucts in the vertical direction decreases significantly. The cross-sections suggest that a high
combustion temperature occurs in the central space around the central vortex and that in this
way an elliptical-circular flame is formed at the base. The accelerated combustion achieved
by the new combustion organization suggests that there is no need to tilt the burner towards
the furnace funnel. Calculations have shown that the flame, which is formed due to the new
tangential orientation of the burner, has a larger surface area and irradiation towards the fur-
nace screens. By analysing the temperature field in the axial cross-sections of the burners, less
pronounced zones of elevated temperature of combustion products can be observed, which
range between 1280 °C and 1350 °C. As the power of the central vortex is dominant, there is
no retention of coal particles around the local vortices in the corners of the main combustion
zone, so there is less danger of additional thermal stress and intense local fouling in these
zones, which was expressed in design conditions. In fig. 5, it can be easily noticed that high
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Figure 5. Temperature field in the calculation domain. Coal with less tendency to fouling heating
surfaces (Ha = 10341 kJ/Kg) for unit power of 300 MW, with HPH turned on and eight mills in
operation; (a) central longitudinal section along the width of the boiler, (b) cross-section above the
funnel, (c) cross-section along the axis of the lower floor of the burner, and (d) cross-section along the
axis of the upper floor of the burner

temperatures, up to 1170 °C, are present along the screen walls in the upper parts of the fur-
nace up to a level of 30.4 m. The highest temperatures of the combustion products along the
walls occur in the lower parts of the furnace in the main combustion zone. The field shown
suggests that the temperatures of the combustion products directly next to the partition wall
are high. Zones of such elevated temperatures represent the most sensitive parts of the screen
walls in terms of slag, but they are narrower and of slightly lower values of temperatures than
when working in the design conditions of the boiler. Figure 9 shows a parallel view of the
temperature field in the longitudinal sections of the boiler in width and depth of the furnace,
which is supplemented by a spatial representation of high temperatures in the furnace. The
analysis of the mentioned view shows that the maximum temperatures occur in the burner
zones as a result of the extended time that the particle spends at this level due to the increased
path it travels in the space around the central vortex. Intensive combustion takes place on this
road in the burner zones in the field of significantly increased oxygen concentration, which
results in a large increase in the local temperature of the combustion products. By analysing
the field in fig. 9, it can be noticed that the air mixture from both levels of the burner is di-
rected horizontally. In addition, it can be stated that the partition wall divided the furnace, in
the main zone, into two equal units of an approximately square cross-section, which enable
the formation of two equal central flames, which are cooled more intensely due to their geom-
etry. It has been shown that the existence of a partition wall is in the function of maintaining
the desired flame geometry and that its influence is negligible in terms of the total amount of
heat transferred. All of the above resulted in increased heat flux through the screen walls of
the furnace and a lower mean outlet temperature of the combustion products of 922 °C.

Figure 6 shows the oxygen field where it is clear that the combustion is organized in
conditions of significantly increased oxygen concentration, and according to excess air in the
furnace of 1.20. By analysing the cross-sections through the burners, it can be noticed that the
way of introduction and sufficiently high speed of secondary air ensure that the coal particles
pass through a field of high oxygen concentration which provides fast reactions, which is how
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Figure 6. Oxygen field in the calculation domain. Coal with a greater tendency to fouling heating
surfaces (Ha = 10341 kJ/Kkg) for unit power of 300 MW, with HPH turned on and eight mills in
operation; (a) central longitudinal section along the width of the boiler, (b) cross-section along the axis
of the lower burner, (c) cross-section along the axis of the middle burner, and (d) cross-section along
the axis of the upper burner

conventional combustion is conceived. It can also be noticed that the zones of the central vor-
tex, in which oxygen is consumed, are the ones in which the main part of the combustion pro-
cess takes place. Combustion acceleration was additionally achieved by preparing coal pow-
der of increased fineness, as shown in tab. 4. An overview of the carbon monoxide field in
fig. 7 shows the zones along the height of the furnace, above the partition wall, where the
combustion ends to the greatest extent. Higher concentrations of carbon monoxide appear in
the zones of active combustion at the level of the burner, which is expected.
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Figure 7. Carbon monoxide field in the calculation domain. Coal with a greater tendency to fouling
heating surfaces (Ha = 10341 kJ/kg) for unit power of 300 MW, with HPH turned on and eight mills in
operation; (a) central longitudinal section along the width of the boiler, (b) cross-section along the axis
of the lower burner, (c) cross-section along the axis of the middle burner, and (d) cross-section along
the axis of the upper burner
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Figure 8. Temperature field and spatial representation of high temperatures in the calculation domain.
Coal with a greater tendency to fouling heating surfaces (Ha = 10341 kJ/kg) for unit power of 260 MW,
with HPH turned off and eight mills in operation; (a) central longitudinal section along the width of the
boiler, (b) central longitudinal section along the depth of the boiler, and (c) isothermal surfaces in the
range 1523-1673 K

Temperature [K]

Figure 9. Temperature field and spatial representation of high temperatures in the calculation domain.
Coal with a greater tendency to fouling heating surfaces (Ha = 10341 kJ/kg) for unit power of 300 MW,
with HPH turned on and eight mills in operation; (a) central longitudinal section along the width of the
boiler, (b) central longitudinal section along the depth of the boiler, and (c) isothermal surfaces in the
range 1553-1623 K

By analysing the operating mode, with the reorganized system, it can be stated that
the combustion process using new burners and the way of introducing air mixture and air led
to the acceleration of the combustion process and that the maximum temperature occurs in the
zone at the burner level. The flame has a specific shape of the tube formed around the central
vortex, and calculations have shown that its irradiation towards the walls is increased in rela-
tion to the flame curtain that is formed in the design conditions of combustion. The increased
amount of emitted energy with the design level of fouling on the side of the screen walls as a
result has a design low temperature of the combustion products. It can be stated that the intro-
duction of a new combustion organization, in this way, significantly reduced the temperature
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of the combustion products at the end of the furnace, so the steam boiler can achieve higher
power up to 300 MW. Prolonged time the particle spend in the furnace with increased content
of oxygen and recirculated cold combustion products, enabled the combustion to take place in
conditions that the content of nitrogen oxides is at the level of 451 mg/Nm?* and during the
operation of the block of 300 MW with high pressure heaters included.

Table 4. Extracts of boiler calculation system

Unit power [MW]
, 260 | 280 | 300
No. Name Mark Unit - -
without HPH with HPH
UNR* [UNR™ | TC1* | TC2™ | TC3." | TC4™
1. Excess air at the a ] 1.240 | 1.240 | 1.240 | 1.240 | 1.200 | 1.200
furnace outlet
2. | Number of mills in operation m -1 8 8 8 8 8 8
3 Fineness of grinding coal R1000 [%] 220 | 220 | 220 | 2.20 | 2.20 | 2.20
’ powder Roo [%] 50 50 50 50 50 50
Nitrogen content in working . o
4. coal N [%] 0.81 0.81 | 0.81 | 0.81 | 0.81 | 0.81
5. | Ratio of secondary air veloci- |\, [-] 270 | 227 | 2.68 | 2.28 | 2.54 | 2.69
ty and air mixture
6. | Recirculation rate of cold r ] 0.145 | 0.145 | 0.130 | 0.130 | 0.125 | 0.120
gases
Mean temperature of com-
7. | bustion products at the end of t/ [°C] 1044 | 968 919 | 886 | 938 | 922
the furnace
Temperature of flue gases
8. | behind the semi-irradiated t1 [°C] 876 815 821 | 791 | 841 | 828
superheater
Temperature of flue gases
9. in front of convective t2 [°C] 852 791 799 | 771 | 819 | 806
superheater
10. Conce‘étra“on ofoxygenin | ) | o,yn] | 408 | 407 | 408 | 408 | 3.82 | 3.59
ry flue gases
Concentration of CO 3
11. at reference conditions (CO) | [mgN'm™] 44 46 25 30 33 37
12|  Concentration of NOx (NOw: |[mgN"'m?]| 396 | 378 | 426 | 417 | 436 | 451
at reference conditions

* Reduced power operation due to maintaining the flue gases temperature at the entrance to the convective heating surfaces.

The energy analysis of the plant operation can show that due to the change of excess
air coefficient, increased sealing and application of turbine economizer, there was an increase
in the efficiency of the boiler and fuel consumption was reduced for the same boiler operation
loads before and after the reorganization, as shown in tab. 2. In addition, it can be stated that
the degree of efficiency decreases with the reduction of the load, but that it is always higher
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than when operating the boiler in the current non-reorganized working conditions. Thus, from
the aspect of plant efficiency, the most favorable regime is TC4™, when the boiler works with
nominal production, reaches the power of 300 MW and coal has a lower tendency to fouling.
By applying the coal particles combustion process set up in this way, the temperatures of the
combustion products at the end of the furnace are significantly reduced and are lower than at
lower unit power in UNR operating modes. This phenomenon happens as a result of the in-
crease in heat fluxes in the furnace in new conditions of its operation. The temperature of the
combustion products at the end of the furnace decreases, as expected, with less fouling of the
furnace screens. As a result of this change in the furnace by further energy transfer, the tem-
peratures of the combustion products at the outlet of the semi-irradiated superheater differ
significantly from the operation of the boiler with the current combustion system, and as a re-
sult, the boiler does not have the danger of fouling the convective heating surfaces at the en-
trance of which the temperatures of the combustion products are around 800 °C, after the pro-
posed changes. This phenomenon, under the existing working conditions, affected the limita-
tion of operation, which means that the plant usually worked with reduced unit power. Thus,
also from the aspect of work safety, the new organization of combustion leads to its growth.
Table 4 shows the extracts of the calculation system which present the main boundary condi-
tions and the contents of nitrogen oxides in the combustion products. It can be stated that the
increase in power led to an increase in the content of nitrogen oxides, which is expected as the
conventional concept of combustion was maintained and the retention time of coal particles in
the furnace was extended.

Conclusion

By applying the procedures of connecting integral and differential mathematical
models, a new organization of the combustion process in TPP Ugljevik was tested, thus de-
sign the geometry and method of implantation new burners and the partition wall of the fur-
nace. In this way, two central vortices were chosen as optimal for the basis of the new same
directions flame, from the aspect of temperature field symmetry and the absence of particular-
ly unfavorable zones of high local temperature in the area of screen walls. Such boundaries of
the furnace space, in the main combustion zone, enable the formation of two equal central
flames, which, due to their geometry, emits energy more intensively.

The performed calculations showed that the proposed reorganization of the process,
in all test operating situations, provides a more efficient operation of the plant, which is a con-
sequence of increased heat flux in the furnace, improved sealing and additional heating sur-
faces. The presented analysis shows that this reorganization of the system can achieve design
power of 300 MW with increased plant operation safety when the temperatures of combustion
products at the entrance to convective heating surfaces have a permissible value of up to
820 °C. In the case of using coal with an increased tendency to fouling, the maximum power
that can be safely achieved is 280 MW.

Calculations additionally showed that with the retained high oxygen content and
cold gas recirculation rate, increased fineness of coal powder and prolonged time particles
spend in the furnace, combustion is accelerated and the content of nitrogen oxides increases,
depending on the workload and fouling of screen walls, from calculations additionally showed
that with the retained high oxygen content and recirculated cold combustion products, in-
creased fineness of coal powder and particles furnace residens time, combustion is accelerated
and the content of nitrogen oxides increases, depending on the workload and fouling of screen
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walls, from 426-451 mg/Nm?. As before the proposed measures, there is no significant
amount of residual carbon monoxide in the combustion products.
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