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UDC 621.165.62-192 The urgency of the paper is dictated by the problems that arise during the operation
of power boiler drums. As a result of exposure to high pressure, elevated tempera-

CFD SIMULATION ture, cyclic loads, and a corrosive environment, the formation of various defects and
OF THERMAL AND damages, such as cracks, fatigue failures, corrosion, and others, might occur. These
THERMALLY defects can cause acczdent.s and even catastropﬁu:’ a(estmctzon, which threaten the
safety and efficiency of boiler units. Therefore, it is important to carry out regular

STRESSED STATE inspections, maintenance and repairs to ensure the safety and reliability of the
OF THE DKVR-10-13 equipment. Work on extending the period of safe operation of the boiler, which has
served its intended service life, is carried out in accordance with the provisions of

BOILER DRUM SOU 40.1-21677681-02:2009 approved in Ukraine, which recommend performing
. calculations on the strength of boiler units elements. These calculations can be per-
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ORCID: 0000-0002-1427-8068 separator installed above the DKVR-10-13 type boiler fuel tank, which is equipped
1 Artur Yu. Rachynskyi with burners operating using jet-niche technology. The burners differed in the type of

fuel supply. In one of the burners, fuel is supplied through rectangular slits, in the
other one - through round holes arranged in a row. Air is supplied to both burners
through rectangular slits. The research was carried out for two operating modes of
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olexandr baranyuk@gmail.com ANSYS-Fluent application program package. The object of the study is a boiler drum
ORCID: 0000-0001-6008-6465 of the DKVR-10-13 type with all weakening holes. The subject of the study is the

1 . . . . processes of thermal strength of the shell structure, which is inherent in the boiler
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of Ukraine "Igor Sikorsky heated gases moving into the fuel chamber of the boiler equipped with jet-niche
Kyiv Polytechnic Institute", burners both at nominal and 60% heat load. It was determined that the nominal wall
37, Beresteiskyi ave., Kyiv, thickness of 10 mm for the drum of the DKVR-10-13 boiler, both at the nominal and
03056, Ukraine at 60% heat load, is quite sufficient to ensure the strength of the drum, since the dif-
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Institute of NAS of Ukraine ture field of the drum wall is more uniform than in the case of fuel supply through
19, Andriivska str., Kyiv, rectangular slits. The maximum equivalent Mises stress that occurs between the
04070, Ukraine rows of holes on the drum reaches 75 MPa. It was also determined that the maxi-

mum deformation of the drum walls was 1.1 mm, which could not lead to the de-
struction and rupture of the drum under internal pressure.
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Introduction

As of now, most heating boiler houses, which were put into operation in the 60s and 70s of the last cen-
tury, use the DKVR-type steam boilers. All of them have been operating for more than 40 years and have ex-
hausted their resource long time ago. In order for them to continue their operation, the operating pressure in the
boilers is reduced to 0.6-0.8 MPa, and in reality, during operation, many boilers maintain a pressure of 1-2 atm.
The operation of steam boilers at such low pressures negatively affects the stability of the circulation due to a
decrease in the saturation temperature and an increase in the proportion of vaporization. In the screen tubes, in-
tensive scale formation occurs and the probability of tube burnout increases. In addition, when the boiler is oper-
ating at a pressure of 1 to 3 atm due to the low saturation temperature, it is necessary to turn off the cast-iron wa-
ter economizer, since vaporization may occur in it, which is unacceptable under conditions of reliable operation.
All of the above leads to the fact that the efficiency of these steam boilers does not exceed 80—82%, and in some
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cases, when the pipes are heavily contaminated, the boiler efficiency decreases to 70-75%. In view of this, such
boilers require regular technical inspections, and therefore, they are transferred to the water-heating mode. After
the end of the standard operating period of water-heating boilers, their resource is extended based on the conclu-
sion of the industrial safety examination. In this regard, in accordance with the Resolution of the Cabinet of Min-
isters of Ukraine dated May 26, 2004 No. 687 "On approval of the procedure for conducting an inspection, test-
ing and expert examination (technical diagnostics) of machines, mechanisms, equipment of increased danger"
(NPAOP 0.00-8.18 (HITAOIT 0.00-8.18)) and NPAOP 0.00-1.08 (HITAOIT 0.00-1.08) "Rules for the construc-
tion and safe operation of steam and water-heating boilers", the standard "Procedure for extending the service
life of high-pressure boiler drums" was put into effect [1]. It establishes the equipment resource (established ser-
vice life) of high-pressure boiler drums, defines the main requirements for the procedure for performing their
technical diagnostics, as well as the norms and criteria for assessing the quality of drum elements when extend-
ing their service life after the equipment resource has been exhausted. The designated service life of water-
heating boilers in the event that manufacturing enterprises have not indicated them in the boiler passport is 16
years. Among the boiler equipment, drum separators, which are an extremely important and expensive part of
the boiler equipment, should be noted separately. Work on the continuation of the safe operation of a boiler that
has reached the established service life is carried out in accordance with the provisions of [1] and includes calcu-
lations of the elements’ strength. These calculations can be performed using numerical modeling. For example, a
mathematical model is presented in [2] to describe the dynamics of the drum level of a boiler with natural circu-
lation. The drum boiler is divided into two parts: the upper one contains saturated steam, while the lower one
contains a steam/water mixture. The steam ratio in such a mixture is defined in the mentioned paper as the volu-
metric steam ratio. At the same time, the balance equations are applied to the drum. The obtained equations are
used to model the drum level. The importance of the obtained model is explained by the possibility of direct
modeling of the drum level, which is usually calculated in an offline mode using empirical formulas and assump-
tions. The results of [2] show that an ideal level controller cannot be designed without appropriate modeling, and
the safe operation of boilers depends on it. In [3], the authors apply nonlinear modeling methods to evaluate the
dynamics of the boiler drum in terms of a nonlinear model, which is one of the important requirements for the
development of water level control schemes in the drum. The studies were conducted for a 210 MW boiler.

However, during the operation of a steam boiler, it is very important to evaluate multiple accident
scenarios in real-world conditions of the enterprise [4]. We believe that the use of realistic computer codes,
such as RELAP5/Mod3.2, will help to understand the thermal-hydraulic behavior of the plant under normal
and emergency conditions.

The authors of [5] were studying the long-term low-cycle fatigue of a steam drum of a supercharged
boiler. They proposed a simplified calculation method that can be used to calculate the variable stress range of a
steam drum of a supercharged boiler. This calculation method (compared to the Chinese standard calculation
method) can not only reduce the computational burden, but also significantly simplify the calculation steps.

There is quite little information on the extension of the service life of Soviet-era boiler equipment in
foreign literature. Therefore, the closest to the presented paper is the one published by the authors of [6, 7], de-
voted to the development of a methodology for studying the possibility of further operation of boiler drums of
thermal power plants after their equipment resource is exhausted. Based on the method of calculating spatial-

three-dimensional thermoelasticity coefficients using
finite element analysis, the authors proposed a meth-
odology for computer modeling of deformation pro-
cesses of a high-pressure boiler drum under different
operating modes. The specified methodology will
allow to establish the residual operating resource of
drums of boiler units of thermal power plants and to
outline ways of their more economical operation. It is
important to add that the authors of [6, 7] studied the Fig. 1. Geometric model of the high-pressure boiler
drum of a high-pressure boiler of the TP-100 system of the TP-100 thermal power plant system [6]

of Burshtyn TPP (Fig. 1).
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The most radical method is the replacement of the main separator of steam boilers, but thanks to it,
their maximum service life is ensured. The paper [8] is devoted to its study, where the possible technical so-
lutions for the replacement of spent drum boilers are analyzed from a technical and economic point of view.
Three options were selected for replacing the separator: a similar drum made of imported WB36 steel; an
alternative option with a small drum and a bank of remote cyclones; a drumless option based on a multi-
stage evaporation cycle and a bank of cyclones. The materials currently used in the separators, i.e. 16GNM
and 16GNMA, are compared with imported WB36 steel. It was established that each option has its own ad-
vantages and disadvantages, which should be analyzed according to the following parameters: mass and
overall dimensions; expected need for lifting equipment; hydraulic losses; expected changes in automatic
boiler equipment; relative costs associated with design, analysis and risk management.

As evidenced by the study of available literature, it is impossible to come up with a universal meth-
odology for analyzing the damageability and extending the service life of power boiler drums that would be
suitable for all types of drums.

Purpose and objectives of the study

The aim of the paper is a computational study of the thermal and stress-strain state of the drum of a
water heating boiler of DKVR-10-13 type.

To achieve the set goal, the following tasks were solved:

— development of a fuel tank model and parts of the drum-separator of the boiler of DKVR-10-13
type, which provides for equipping with burners of various configurations;

— development of a model of a slot burner and a burner manufactured using jet-niche technology;

— study of the thermal and stress-strain state of the boiler drum taking into account the effect on the
bottom f the drum of flame flares from a slot burner and a burner manufactured using jet-niche technology.

Research objects and features of finite element models

ANSYS strength calculation software allows to solve complex engineering problems and make bet-
ter and faster design decisions. With the help of finite element analysis (FEA) solvers available in the pack-
age, it is possible to configure and automate the solution of structural mechanics problems and parameterize
them for the analysis of several design scenarios.

The presented paper is a continuation of research [9], on the basis of which heat flows from incan-
descent flue gases moving into the DKVR-10-13 boiler fuel tank to the bottom of the drum separator located
above the DKVR-10-13 fuel tank were determined (Fig. 2). The finite element mesh of the CFD model of
the drum separator is tetrahedral, since the developers of ANSYS [10] recommend using a tetrahedral mesh
for modeling the thermal stress state of structures.

The independence of the solution from the density of the computational mesh was achieved by repeat-
edly calculating the temperature field of the drum depending on the step between the nodes of the computation-
al mesh. The step between the nodes of the mesh was changed until the type and value of the temperature

field changed. It was determined that
the optimal value of the distance be-
tween the nodes of the model mesh
(Fig. 2) is 3 mm, since a further de-
crease in the distance between the : RS
nodes while simultaneously increasing ‘
the number of finite elements will not
lead to a change in the distribution of
the temperature field of the drum.
Therefore, the maximum number of
model nodes reached 200 thousand,
which is quite acceptable when using Fig. 2. Temperature field of the DKVR-10-13 boiler drum (a) and finite
the ANSYS-Student version. element mesh of the drum with a display of the temperature field
of the drum wall, which is in contact with the incandescent
gases moving into the boiler fuel tank (b)
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The boundary condi-
tions on the inner surface of the
drum were the distribution of
the heat transfer coefficient
(Fig.3,a) and temperatures
(Fig. 3,b) depending on the
circumferential coordinate 6,
which were chosen according
to the recommendations of
[11]. Also, a uniform pressure
distribution of 1.4 MPa was set
on the inner surface, according
to the boiler passport. The outer
surface of the drum is thermally
insulated. The temperature of
the air surrounding the drum is
assumed to be 40 °C.

To analyze the thermal
and stress-strain state of the
drum in this paper, the results of
thermal-hydraulic calculations
of stabilized combustion with-
out preliminary mixing [9] for
two operating modes of the
boiler unit - nominal and at 60%
capacity were used as starting
points. As a result of changing
the type of gas distribution in
the jet-niche burner, four differ-
ent temperature fields of the
shell structure of the drum,
which were selected as the ini-
tial data in the Static Structure
ANSYS calculation, were ob-
tained.

Temperature distribu-
tions (Fig.4) and local heat
flows (Fig.5) were converted
onto the drum wall, which is in
contact with the hot gases
moving into the boiler fuel
tank (Figs. 5, 6).

It should be noted that
the temperature field of the
drum (Fig.4) varies within
30 °C, and when gas is distrib-
uted through round holes it is
more uniform.
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Fig. 3. Graph of the change in the heat transfer coefficient in the circumferential
direction (a) and the temperature of the inner surface of the drum (b)
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Fig. 4. Temperature distribution both in the fuel tank volume and on the drum wall
in contact with the hot gases at nominal thermal load for the case when fuel
is supplied through a series of round holes in a jet-niche burner (a) and
when fuel is supplied through rectangular slots (b)
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Fig. 5. Distribution of local heat flows on the drum wall, which is in contact
with the incandescent gases moving into the fuel tank of a boiler equipped
with jet-niche burners in which fuel is supplied through a series of round holes at
nominal thermal load (a) and when operating at 60% capacity (b)

Fig. 6. Distribution of local heat flows on the drum wall in contact with the hot gases
moving into the fuel tank boiler, equipped with jet-niche burners
in which fuel is supplied through rectangular slots at nominal heat load (a)
and at 60% capacity (b)

The results of ANSY'S modeling are given in the form of distributions of the Total deformation parame-
ter and Mises stress. Total deformation — is a scalar value of the deformation value along all coordinate axes
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Ul = 1/Uj +U;+U? .

Stress: equivalent (von-Mises) — a stress value based on the Mises-Hencky theory, also known as the
strain energy theory. The theory states that a plastic material begins to fail at points where the Mises stress o
becomes equal to the ultimate stress o, or greater than it: o, > o,.

The Mises stress is calculated from the principal stress components (the formula is written in the ab-
sence of shear stresses) [10]

2
Steel grade 12Kh1MF was used to model the drum material.

|:(Gl _62)2 +(o, _63)2 +(0o; _61)2} 5

Results of modeling the stress-strain state of the DKVR-10-13 boiler drum depending on the type of
gas distribution in the burner and the level of thermal load on the boiler

The simulation result is pre-
sented in Figs. 7-10. As the figures
show, the distribution of stress fields
is significantly inhomogeneous.
Stress concentration occurs on the
inner part of the pipe surface at the
point of its greatest curvature. The
level of stresses arising in the loaded
element is within 50-100 MPa,
which is significantly lower than the
allowable stress ([c]<540 MPa for
steel 12Kh1MF), at a given tem-
perature.

As can be seen from Figs. 7—
10, the distributions of stresses and
strains are almost the same, which
indicates the absence of a visible ef-
fect of the type of gas distribution in
the burner on the thermally stressed
state of the drum. In all the figures
given, the highest stress occurs near
the weakening holes with a diameter
of 100 mm, which correspond to the
downpipes for the lower distribution
manifold. The stress reaches only
25 MPa near a row of holes arranged
in a checkerboard pattern and which
correspond to the side screen pipes.
Analyzing the distribution of defor-
mation of the drum walls, we note
that due to the action of pressure and
heating, the material "bends" be-
tween the rows of holes, and, in fact,
the area of the drum shell with the
rows of holes "bends" into the mid-
dle of the drum. Therefore, in this
context, a row of these holes can play

Stress

a
Fig. 7. Distribution of Mises stress (a) and total deformation of the walls
of the drum (b), located above the fuel tank of a boiler equipped
with jet-niche burners, in which fuel is supplied through a series
of round holes at nominal thermal load

a
Fig. 8. Mises stress distribution (a) and total deformation of the walls
of a drum (b), located above the fuel tank of a boiler equipped
with jet-niche burners, in which fuel is supplied through a series
of round holes when operating at 60% capacity

[MPa]

a

Fig. 9. Distribution of Mises stress (a) and total deformation of the walls
of the drum (b), located above the fuel tank of a boiler equipped
with jet-niche burners, in which fuel is supplied through
rectangular slots at nominal thermal load
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the role of a so-called stiffening edge.
However, the maximum deformation
of the drum walls at an operating
stress of 75 MPa is 1.1 mm, which
cannot lead to destruction and rup-
ture of the drum under internal pres-
sure. In confirmation of the above,
the deformed state of the drum cross-
section due to the action of internal
pressure and temperatures is shown
in Fig. 11,a. The thick black line

a b

Fig. 10. Mises stress distribution (a) and total deformation of the walls
of the drum (b), located above the fuel tank of a boiler equipped

with jet-niche burners, in which fuel is supplied through

corresponds to the real image of the ; .
rectangular slots when operating at 60% capacity

deformation of the boiler drum mod-
el. The colored image shows what
the deformation of the drum surface
will look like if the internal pressure
is increased by 200 times. As can be
seen in Fig. 11, a, the drum surface
"bends" inward at the location of a
row of holes. If there is an area of
surface bending", then there will also
be areas where the wall "bends" —
between the rows of holes. At the
nominal internal pressure of the
coolant in the drum, the maximum
deformation is 1.1 mm.

Fig. 11. Deformed state of the DKVR-10-13 boiler drum with an increase
in internal pressure from 1.4 MPa to 280 MPa (a) and the distribution
of equivalent Mises stresses in the cross-section of the drum wall (b)

In the longitudinal section of the drum (Fig. 11, b) the most loaded area is the transition of the cylin-
drical part of the drum shell into the elliptical part. However, at an operating internal pressure of 1.4 MPa,
the nominal wall thickness of 10 mm is quite sufficient to ensure the strength of the drum.

Conclusions

1. The temperature field of the drum wall, which is in contact with the incandescent gases moving
into the boiler fuel tank, equipped with jet-niche burners, in which the fuel is supplied through rectangular
slots, varies in the range of 290-322 °C, and for burners in which the fuel is supplied through a series of
round holes — in the range of 358-388 °C. Moreover, when gas is distributed through round holes, the tem-
perature field of the drum wall is more uniform than in the case of fuel supply through rectangular slots. This
indicates more favorable conditions for ensuring the drum strength.

2. The type of gas distribution affects the level of heat fluxes from the hot gases moving into the
boiler fuel tank. The heat flux over the fuel tank equipped with jet-niche burners, in which the fuel is sup-
plied through rectangular slots, at the nominal heat load is 36% lower than for the case of gas distribution
through round holes. For the case of 60% heat load, fuel supply through rectangular slots reduces the heat
flux over the fuel tank by 32%, compared to the case of gas distribution through round holes.

3. There is no visible effect of the type of gas distribution in the burner on the thermally stressed
state of the boiler drum.

4. The highest stress occurs near the 100 mm diameter weakening holes, corresponding to the down-
pipes from the drum to the lower distribution manifold. Near a series of staggered holes, corresponding to the
side screen pipes, the stress reaches only 25 MPa.

5. Modeling deformation when increasing internal pressure by 200 times allows predicting the shape
of a destroyed drum and determining the location of destructive cracks on the drum surface.

6. The calculation shows that the nominal wall thickness of 10 mm for the drum of the DKVR-10-13
boiler, both at nominal and at 60% thermal load, is quite sufficient to ensure the strength of the drum.
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CFD-Moaeab TeNJI0BOro i TepMOHANPY:KeHOro cTany 6apadany koriaa JJKBP-10-13
10. 10. Yepnoycenko, ! A. FO. Paunncekuii, 2 0. B. Bapaniok

' Hanionansuuii TexHiunmii yHiBepeuteT Ykpainu « KHiBChKUi TOMITEXHIYHUIM iHCTUTYT
imeHi Iropst CikopchKoroy
03056, Ykpaina, m. Kuis, np. bepecreticpkuii, 37

2acTUTyT TeroeHepreTuunux Texuonorii HAH Vkpainu
04070, Ykpaina, m. Kuis, Byn. AampiiBceka, 19

Axmyanvricms pobomu niomeepoICyeEMvbCsl HAAGHICMIO NPoOaeM, Ki BUHUKAIOMb Npu ekcnayamayii dapabanis
eHepeemuyHUX Komie. Brnacnioox ennugy 6ucoxko2o mucky, niosuiyeHoi memnepamypu, YUKIiuHUx HA8AHMANCEHDb i KOPO-
BIUHO-AKMUBHO20 CEPEO0BULYA MOICYMb BUHUKAMU PI3HI Oedhekmu i NOWKOONCEHHS, MAKI, IK MPIuHU, MOMHI PYIHYBAH-
Hs1, Kopo3isa ma inwi. Lle y 3m031 cnpuuunumu agapii ma Hagimv npusgecmu 00 Kamacmpopiunux pyuinyeans, sKi 3apo-
Jicytoms bes3neyi il epeKmueHocmi pobomu KOmeabHux aspeeamis. 3 0210y Ha ye 01s 3abe3neuents be3nexu i HaoiuHOCmi
Ppobomu 0OAAOHAHHSA BANCIUBO NPOBOOUMU PecYNAPHE THCNEeKYil, mexHiyHe 00cayeosysants i pemonm. Pobomu 3 npodos-
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JHCeHHsL MEpMIHy De3neunol exchiyamayii Komaa, KUl 8iONpayio8as NPUHAYeHUll CMpoK CyoHcou, 30IUCHIONMbCS 8IONO-
8I0HO 00 3ameepodcenux 6 Yxpaini nonosceny COY 40.1-21677681-02:2009 saxi pexomenoyioms nposoOUmu po3paxyHKu
Ha MIYHICMb eleMeHmié KOMeIbHUX aepe2amig i Kl ModicHa gukoHamu 3acobamu cyyachux CFD-memodig obuucnrosanvHoi
eiopoounamixu (Computation Fluid Dynamics). [Ipedocmaesnena poboma npucesuena CFD-mooeniosannio mepamonanpy-
JHCeHe0 cmary bapaban-cenapamopa, 6CMaHo61eH020 Hao nanughero komaa muny J[KBP-10-13, axka ocnawena nanvHuka-
MU, WO Npayioms 3a 00NOMO20I0 CIpYMeHego-Hiuesoi mexnoaozii. Tlanvuuxu iopiznanucs munom nodayi namusa. JJo
00HO20 3 NATILHUKIE NANUE0 NOOAEMbCS KPi3b NPIMOKYMHI WITUHU, 00 IHUW020 — Yepe3 PO3MAUL08aHti 8 psid Kpyaii Omeopu.
THogimps 6 06u08a nanbHUKU NOOAEMbCS Yepe3 NPSAMOKYMHL WITUHU. JJOCTIONCeH . BUKOHYBANIOCS OJIs 080X PEXNCUMIE PO-
b60mu KOMeIbHO20 agpe2amy — HOMIHATLHO2O | Ha 60% NOMYAHCHOCMI 30 VONOMO20I0 HUCETLHUX MEMOOI8 NPU GUKOPUCHIAH-
Hi nakema npuxaaonux npoepam ANSYS-Fluent. O6’exkmom Oocnioxcenns € bapaban xomaa muny JKBP-10-13 3 ycima
ocrabnoouumu omeopamu. Ilpeomemom 0ocniodxcents € npoyecu mMepmivHOl MIYHOCMI 000I0HKOB0I KOHCMPYKYIL, KA
npumamanna bapabany Kom.a, 6HACIIOOK 6NAUEY MUCKY, MEMNEPAMYPU | MENnI08020 NOMOKY 8I0 PO3ACAPEHUX 24318, WO
PYyXaiomuCs 8 NaNUGHi KOMid, OCHAWEHOI CMpyMeHego-HileaUMY NATbHUKAMU NPU HOMIHanbHoMy U 60 %-my mennoeomy
Hasaumaoicenti. Busnaueno, wo nacnopmmuoi moswunu cminku 10 mm ona 6apabana komna JJKBP-10-13 sk npu Homina-
JbHOMY, max i npu 60% menioeomy HABAHMANCEHHAX YITKOM OOCHAMHbO, wjob 3abe3neuumu miynicmo bapabamy, ocKinb-
KU PI3HUYSL MIJIC HAUOIIBWION | HAUMEHWO MeMnepamypoio Ha nosepxui bapabana sHaxooumscs 6 medicax 30 °C. Ipu-
YOMY Npu 2a30po30ayi Kpize Kpyelii omeopu memnepamypHe noje Cminku 6apadana € Oinbut piGHOMIPHUM, HIJC Y GUNAOKY
nooaui nanuea Kpizb npsimMoxymHi winunu. Maxcumanvhe exeiganenmue HanpysxcenHs no Mizecy, wo 6uHUKae Mixc psioamu
omeopie Ha bapabani, docsieae 75 Mlla. Takodc eusHayeHo, wo MakcuMaibHa degpopmayisc cmiHok dapabana cmaHo8ula
1,1 mm, wjo He 3modice npusgecmu 00 pyuHayii i po3pusy 6apadbana nio GHYMpPIUHIM MUCKOM.

Knrouosi cnosa: zazoposdaua, cmpymenego-niuieea mexuonocis, ANSYS-Fluent, mepmiuni nanpyoicenns, ea-
30n00ibHe Nanueo, 20pinHs, MEMaH, NAIUEHs KOMIA.
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