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ESTIMATING WORKABILITY OF STEAM BOILERS SUPERHEATERS
CONSIDERING WITH THE HIGH-TEMPERATURE CREEP
AND UNIFORM CHEMICAL CORROSION

It is proposed theoretical estimating workability of steam boilers superheaters on the base of considering the influence of a high-temperature
uniform chemical corrosion on of a high-temperature creep of superheater pipes on account of stresses redistributions the pipes walls due to
their thickness decreasing. The high-temperature uniform chemical corrosion is presented by the well-known time and temperature depend-
ences of the height of damaged material. The high-temperature creep is considered using the well-known incremental-type theory taking into
account the Cachanov-Rabotnov scalar damage parameter. It is proposed the mathematical model of state of superheaters pipes in the form of
initial-boundary-value problem in the domain with the moving boundary. The differential equations, initial and boundary conditions of that
problem are corresponded to the well-known in the theory of high-temperature creep. Moving of the boundary is corresponded to the well-
known time dependence of the height of damaged material due to the high-temperature uniform chemical corrosion. Although, the used
theory of creep and the used regularities of uniform corrosion are well-known separately, considering the influence of uniform corrosion on
the creep is the complicated problem due to the moving boundary in the corresponded initial-boundary-value problem. It is shown, that the
spatial variable replacement allows to reduce the proposed initial-boundary-value problem with the moving boundary to the initial-boundary-
value problem with the fixed normed boundary, that allows to simplify numerical solving of the considered problem. The method of lines is
discussed for solving the initial-boundary-value problem, representing the mathematical model of the state of pipes of superheaters.

Key words: superheater, steam boiler, pipe, life time, uniform corrosion, high-temperature creep, damage parameter, initial-boundary-
value problem, moving boundary, method of lines.

0. B. E®IMOB, 10. B. POMAIIIOB, B. /I. KABEPIIEB

OLIHKA MPAIIE3JATHOCTI TAPOIIEPEI PIBAYIB TIAPOBUX KOTJIIB
3 YPAXYBAHHSIM BUCOKOTEMIIEPATYPHOI TIOB3YYOCTI

I PIBHOMIPHOI XIMIYHOI KOPPO3UU

IponoHyeThCst TEOPETHYHA OLIHKA IPAIE3aTHOCTI aporeperpiBadi mapoBUX KOTIIB HA OCHOBI BPaXyBaHHS BILUIMBY BHCOKOTEMIIEPATYp-
HOT piBHOMIpHOI XiMi4HOT KOpO3ii Ha BHCOKOTEMIIEpaTypHY MOB3Y4iCTh TPpyO maporneperpiBaya yepe3 nepepo3noiia HarpyXeHb CTIHOK TPYO
4epe3 3MEHIICHHS X TOBIIMHM. 3alpONOHOBAaHO MaTEMAaTHYHY MOJE/b CTaHy TPYO maporeperpiadiB y BUIVISAAI II04aTKOBO-KpaioBoi 3a1aui
3 PyXOMOIO rpaHurero. [1okazaHo, 10 3aMiHa IPOCTOPOBOI 3MIiHHOI JO3BOJISIE 3BECTH 3alPOIIOHOBAHY MOYAaTKOBO-KPAHOBY 3aqady 3 pyXo-
MO}0 IPAHHMIIEIO JI0 TOYaTKOBO-KpaioBoi 3a/1adi 3 pikcOBaHOIO IPAHMIIEIO, IO JO3BOJISE CIPOCTUTH YHCENIbHE PillIeHHs JJaHOT 3a1aui.

KuouoBi ciioBa: maporneperpisay, mapoBuii KoTel, Tpyoa, pecypc, piBHOMipHA KOPO3isi, BACOKOTEMIIEPATypHA TIOB3YUiCTh, TAPAMETP
MOIIKOPKYBAHOCTI, T0YaTKOBO-KpaifoBa 3a/a4a, pyxoMa rPaHHMLIs, METO/ MPSIMUX.

A. B. EOUMOB, I0. B. POMALIIOB, B. /1. KABEPIIEB

OIIEHKA PABOTOCIIOCOBHOCTH MEPETPEBATEJIEN TAPOBBIX KOTJIOB
C YYETOM BBICOKOTEMITEPATYPHOM MOJI3YUYECTH

U PABHOMEPHOM XUMHUYECKOMW KOPPO3UN

Ipemnaraercs TeopeTHdeckas OeHKa pabOTOCIIOCOOHOCTH Maponeperpesareneil MapoBbIX KOTIOB Ha OCHOBE y4eTa BIIHSHHS BEICOKOTEMIIC-
paTypHOH paBHOMEPHOH XHMHUYECKOH KOPPO3HMHU Ha BBICOKOTEMIIEPATypHYIO HOJI3y4ecTh TPYO IapoleperpeBareis H3-3a Iepepacipererne-
HHUS HaNPsHKEHUH CTEHOK TPyO M3-3a YMEHbIICHUs UX TolnmuHsL. [IpeuiokeHa MaTeMaTHuecKas MOZIEb COCTOSHUSA TPYO Mmaporeperpesare-
Jell B BUJE Ha4aJIbHO-KPAcBOW 3aJaun B 00JIACTH C MOABWXHOI rpanuneil. [TokazaHo, 4TO 3aMeHa IPOCTPAHCTBEHHOW MEPEMEHHON MO3BO-
JIeT CBECTU MPEATIOKEHHYI0 HadallbHO-KPAeBYyIO 3a/1ady C MOABIDKHOU IpaHUIEH K HadalbHO-KpaeBoil 3a1aue ¢ (PHKCHPOBAHHON HOPMHPO-
BaHHOM IpaHULIEH, YTO NO3BOJIAET YIPOCTHTh YHCIIEHHOE PEllIeHHE PacCMaTPUBAEMOI 3a1a4u.

KiroueBble cj1oBa: maponeperpesareib, IapoBOH KOTeN, TpyOa, pecypc, paBHOMEpHAsl KOPPO3Hs, BBICOKOTEMIIEpATypHasl MON3Y-
4eCTh, HapaMeTp HOBPEXKIaeMOCTH, HauaIbHO-KpaeBasi 3a1a4a, IOABIDKHAS TPAHUIIA, METOJ IIPSMBIX.

Introduction temperatures of this vapour and combustion products,

heating the vapour, lead to the damages due to the

It is well-known, that workability of the steam
superheaters of boilers is significantly limited on ac-
count of the most complicated operating conditions
due to the highest internal pressures and temperatures
firstly.

The heat exchanges pipes are the principal parts
of the steam superheaters of boilers [1]. These pipes of
the superheater are located in the flow of high-
temperature combustion gaseous products and the
water vapour is heated while it moving inside that
pipes. The highest pressures of the water vapour and

creep of pipes of steam superheaters. Besides, and the
highest chemical reactivity of the combustion prod-
ucts, heating the pipes, leads to the significant damag-
es due to the corrosion of steam superheaters of boil-
ers. Thus, workability of steam superheaters of boilers
is the one of principal problem in thermal power in-
dustry and engineering. Due to these circumstances,
there are a lot of publications, connecting with worka-
bility of steam superheaters of boilers [2—4], which
make actual the theme of this article, which deals with
superheater workability too.
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Purposes of the article

The high-temperature creep and uniform chemi-
cal corrosion in combustion products and their influ-
ences on limiting the workability of steam superheat-
ers of boilers are relatively fully researched separately
each other as wrote in [5, 6] for example. At the same
time, the high-temperature creep and the uniform cor-
rosion are presented simultaneously during superheat-
ers operating, and the workability assessments consid-
ering separately the creep only and the corrosion only
can be noticeable different from the actual workability
of steam superheaters. Really, the uniform corrosion
leads to decreasing the thickness of the wall of pipes
of steam superheaters, and as the results of this it lead
to the increasing of the internal mechanical stresses as
clearly understood from well-known fundamentals of
the strength of materials and the theory of elasticity [7,
8]. At the same time, the rate of creep is significantly
depended on the mechanical stresses at the given tem-
perature and due to the nonlinear dependence between
the rate of creep and the stress the relative small in-
creasing of the stress can lead to noticeable increasing
the rate of the creep [9, 10]. Thus, the uniform corro-
sion can noticeably accelerate the rate of the creep in
account of the stresses increasing due to the thickness
decreasing of the wall of superheaters pipes and it is
necessary to have the assessments for magnitudes of
that acceleration and their influences on workability of
superheaters. Thus, the purpose of this article is de-
veloping the approaches to estimating workability of
the steam superheaters of boilers considering with
influencing the uniform high-temperature chemical
corrosion on the damaging due to the high-
temperature creep of superheaters pipes.

Mathematical model of superheater's pipes,
considering the creep and uniform corrosion

The typical steam superheater of a boiler is a lot
of heat exchanging pipes, which are hanged in the
boiler's gas flue, so that the heated steam is moved
inside these pipes, but the heating combustion gaseous
products are moved on the outside these pipes, as
shown on the fig. 1-a.

The average length / of the straight fragment of
the pipes is significantly greater than the transverse
sizes, limited by the external radius of the pipes. Due
this circumstance the states of the pipers are almost
similar at the cross-sections far from the edges of the
pipes. Thus, to define the state of the pipe at the cen-
tral cross-sections it is possible to use the well-known
assumptions of the plane problem, widely used in the-
ory of elasticity and in the theory of creep to simplify
the problems [7, 9], and to consider further the state of
only the central cross-section (fig. 1-b) of the pipe of a
superheater.

It is naturally to assume that the pressure p of

the heated steam, moving inside the pipe, is similar in

all circumferential directions (fig. 1-b). Corresponding
with purposes of this article, it is suitable to neglect
the all circumferential distributions of the state of the
pipe, because it will allow to simplify significantly the
mathematical formulation of the problem without los-
ing the opportunities for researching.

The high-temperature creep will be considered
further on the base of the incremental-type creep theo-
ry with the Cachanov-Rabotnov scalar damage param-
eter, which allowing to define the rupture time of the
pipe, limiting the workability of a superheater.

Results of the high-temperature uniform chemi-
cal corrosion will be imagined as decreasing the ex-
ternal radius of the pipe on the magnitude [11]:

«(t;T)=C(T)-"7), (1)
where « is the depth of corrosion-damaged layer on
main metal (fig. 1-b).; ¢ is the time and T is the tem-
perature; C(T) and D(T ) are the functions, corre-
sponded to the given structural material of the com-

bustion products of the given fuel, which can be esti-
mated as the results of experimental researching [11].
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Fig. 1 — The fragment of a typical superheater (a) and
the cross-section (b) of its pipe:
1 — pipes; 2 — fixing parts; 3 — suspension rod;
4 — moving steam; 5 — moving combustion products;
6 — corrosion damaged layer;
7 — diagram of the temperature in the pipe's wall
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The uniform corrosion of the pipe of superheat-
ers from the steam side is neglected, so that the inter-
nal radius a of the pipe is the constant (see fig. 1-b).
At the same time, the external radius of the pipe is
changed during the operating time, and this changing
can be represented using the relation (1) in the form:

ble)=by (7). @
where b(t) is the external radius of the pipe at the
time moment ¢, but b, is the external radius of the
pipe at the time moment ¢ =0; 7} is the temperature

of the pipe at its external radius (see fig. 1-b).

The temperature field in the wall of the pipe can
be chose corresponding to the solution of stationary
heat conduction in the axial-symmetrical cylinder con-
sidering the relation (2) in this solution as:

In(r/5(r))
T(r,t)=T, -\, - T, )——55 » 3
( ) b ( b )ln(a/b(t)) ( )
where T, is the temperature of the pipe at its internal
radius (see fig. 1-b).

Magnitudes T, and 7, of the temperatures at the
internal and external surfaces of the pipe of the super-
heater can be estimated from heat transfer analysis in
the steam boiler independently from the pipe worka-
bility researching.

Considering the noted above assumptions, the
mathematical model of the state of the pipe of a steam
superheater of a boiler is proposed as follows:

1 v Ou v
—Ecr +EO'9 +5—0L(T(l", t)—T0)+cr —EGZ ,

1
%cr —Ece +%:a(T(r, t)—T0)+ce —%cz,
%J’_GV_GQZO’ (4)
or r

O,y ==P200], ) =0 (5)

o, _Sloou ),

ot ZGeq r 0 z)s

da_Jloou Tl oy

ot ZGeq 0 r z/)
%—?%(@ 6.: (1)), (6)
c’|f:0 =0, ce|t:0 =0, ('0|t:0 =0, @)
aSer(t), (®)

where r is the radial coordinate (see fig. 1-b); E, v
and o are the average in corresponding temperature
interval magnitudes of the Young's module, Poisson's
ratio and the thermal expansion of the structural mate-
rial of the pipe; o, , o4 and

(12

C,=p———=
LI ANE

are the redial, circumferential and axial stresses in the

pipe; u is the radial displacement of the pipe;

T, =293K is the temperature of the naturally unload-
ed state; ¢, and cq are the radial and circumferential

creep deformations of the pipe; @ is the Cachanov-
Rabotnov damage parameter;
cqu = ﬁ\/(cr ) )2 + (GB -0 )2 + (Gz -0, )2

is the equivalent stress; f. ((D, G T ) is the creep
ey T ) is
the damage parameter velocity, which all can be estab-
lished for the given structural material using creep and
long-term strength curves at given temperatures.

Differential equations (4) and boundary condi-
tions (5) represent the mathematical model of the
stress-strain state of the pipe for the given temperature
and the given creep deformations. Differential equa-
tions (6) and initial conditions (5) represent the math-
ematical model of growth the creep deformations and
the permanent damages in the pipe. The relation (8)
defines the domain of the pipe cross-section with the
moving external surface. The influence of the uniform
corrosion on the creep and damages the pipe is pre-
sented in mathematical formulation (4)—(8) through
the time depended external radius (2) of the pipe,
which is defined using the model of uniform corrosion
in the form (1).

equivalent deformation velocity and f, (o), c

Numerical analysis the state of the pipe considering
the creep and the uniform corrosion

The most main difficulties in solving the initial-
boundary-value problem (4)—(7) are due to the moving
boundary (8). Really, for the fixed boundary, when the
external radius is not depends on the time and is the
given constant, it is possible to solve the problem (4)—
(7) of the theory of creep by using the Galerkin's
method [12] or by the more effective method of lines
[13], because the equations (4), (6) can be discretized
once for the given fixed domain and this discretization
can be used further during integrating on the time as
wrote in [12, 13]. In the case of the moving boundary
(8), the equations (4), (6) at some moment of the time
are defined in the current domain, corresponded to the
moving boundary at that same moment of the time.
Thus, during integrating on the time it is necessary to
rebuild discretization of the equations (4) and (6) for
each current moment of the time.

For solving the initial-boundary-value problem
(4)—(7) with the moving boundary (8) it is suitable to
use the variable replacement:

r—a
P30 ©)
where p is the new spatial variable for further using

instead the radial coordinate r.

As follows from the double inequalities (8), de-
fining the domain with the moving boundary, consid-
ering the definition (9) the introduced new spatial var-
iable is changed in the constant limits:
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0<p<l, (10)
where p=0 and p=1 are the values, corresponding

to the internal and external side-surfaces of the pipe of
a steam superheater.

Using the definition (9) of the new spatial varia-
ble, it is possible to represent the radial coordinate as

r=a(1—p)+pb(t). (11)

Relations (9) and (11) allow to reduce the equa-
tions (4) with the boundary conditions (5) as well as
the equations (6) to the form

1 v 1 ou

—Ecr +EGG +b(t)—_aa—p=

=alT(p.1)-Ty)+e, -0

zo

v 1 u _

a(l—p)+pblt)
=a(T(p.1)-Ty)+ g ..

1 Ooc G, — Oy
- ' = 12
b)-a dp ali-p)rpsl) Y
G, p=0 =-pP,0, p=l =0. (13)
Ao, 0., Tp,
ai: f;(@ Geq (p t))(zcr _GG_GZ)’
ot 20,
%:fc(wsceq;T(pat))(zc 6. -6 )
ot 26, o TER
0
L = fol0,0.: (0. 1). (14)

ot
Thus, the initial-boundary-value problem (4)—(7) with
the moving boundary (8) is reduced to the initial-
boundary-value problem (12)—(14) (7) in the domain
(10) with the fixed boundaries, but the equations (12)
have the time dependent coefficients instead the con-
stant coefficients in the equations (4).

For solving the initial-boundary-value problem
(12)—(14), (7) it is advisable to use the method of
lines, as wrote in [13, 14]. To represent this approach
it is suitable to represent the initial-boundary-value
problem (12)—(14), (7) using .the operator form:

AV, ")+ AP )=£0(p, ), (15)
B, u)=pl), B, u®)=p!),  (16)
a%iz):f(ﬁ(p’ t,u(z);u(l)), (17)
u®@ =0 (18)

where ul) is the vector, including the stresses and

displacement; u® s the vector, including the creep
deformations and the Cachanov-Rabotnov damage

parameter; A(l)(p,t,O), A(z)(.) and f(l)(p,t) are the
operators and the vector-function, representing the
equations (12) at the points 0 <p<1; Bg)(t,O) and

pg) are the operator and the vector, representing some
of the equations (12) and the boundary conditions (13)
at the point p=0; Bgl)(t,O) and pgl) are the operator
and the vector, representing some of the equations
(12) and the boundary conditions (13) at the point
p=1; f(z)(p,t,O;O) is the vector-function of vector
two vector arguments, representing the equations (14)
at the points 0 <p <1.

Following the method of lines, instead the vec-
tors u) and u®in all points of spatial domain (10)
these vectors will be considered in nodes only, repre-
senting some finite number of the points of the do-
main (10). These nodes are had the coordinates:

pr=k-Ap,k=0,1,2,...,n, (19)

where n is the number of the nodes; Ap=1/n is the
step of the grid; grid is imagined as the set of all
nodes.

The nodal vectors u®” and u®®) at the grid (19)
nodes can be represented using the corresponding vec-
tors ug) and ugf). Using well-known finite differ-

ences technique, it is possible to represent the equa-
tions (15) considering with the boundary conditions
(16) in the terms of the nodal vectors as follows:

[AD)] ul) + [A@]-u@ =£0)(),

n n

(20)
where [AS)(I)] is the some matrix function of the
time; [AE,Z)] is the some matrix; f,gl)(t) is the some
vector function of the time.

The differential equations (17) with the initial
conditions (18)

(2)
6!;: =f,52)(t,u$12);u9))>u$12) o (21)

where f,Ez)(t,O;-) is the some vector function of the

time and two vectors.
Using the relation (20), which represents the dis-
cretised boundary-value problem (15), (16) for a given

vector u(z), it is possible by solving the corresponding
linear equations system to find the following vector
function of the time and the vector argument:

ulleu®)=ADO] - (00)-[A2 ] u). @2
The vector function (23) gives the possibilities for
excluding the vector ug) from relations (21) and al-
lows to represent (21) as follows:

) 0, o) a0 u®
py f, (t, u,’;u, (t,un )l
Actually, the relations (23) are representing the initial-
value problem in the canonical Cauchy form, which
can be solved by using any well-known step-by-step
numerical methods, including the Runge-Kutta meth-
ods [33], but the Merson's method is recommended for
numerical solving the problem (22) [12, 13].

uf?

=023
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Discussing the results about the numerical analysis
the state of the pipe of a steam superheater

Reducing the initial-boundary-value problem (4)-
(7) with the moving boundary (8) to the initial-
boundary-value problem (12)-(14), (7) with the fixed
boundary (10) allows to significantly simplify the nu-
merical analysis of the state of pipes of steam super-
heaters considering with the high-temperature creep
and the high-temperature corrosion. These simplifica-
tions are due to excluding the necessaries to rebuild
the grid nodes during the integration on the time, but
one of the matrices and the vector in the vector-
function (22) are the functions of the time due to the
moving boundary. Nevertheless, in proposed approach
numerical solving the initial-boundary-value problem
with moving boundary is maximal similar to the nu-
merical solving the initial-boundary-value problem
with the fixed boundary.

Solving the equation (15) with the boundary
conditions (16) can be realized not only the method of
lines, but using the Galerkin's method for example.
Significantly more time requiring for machine-
computing the matrices in the vector-function (22)
using the Galerkin's method makes the most suitable
the method of lines, especially for solving the initial-
boundary-value problems with moving boundaries.
The band structure of the matrices from the vector
function (23), when the method of lines is used, makes
this method suitable also, because it is possible com-
puting with only nonzero elements of the band matri-
ces, which will allow to minimize the computing op-
erations.

The result of the vector-function (22) is actually
the solution of the system of the linear equations each
time with another matrix, corresponding the consid-
ered moment of the time. There are a lot well-known
methods for solving the systems of linear equations
and it is necessary to choose the most suitable of these
methods for the considered problem. The possibilities
of multiple using the especially transformed matrix of
systems of linear equations for solving the linear equa-
tions with different given right vectors but with the
same matrix like in the LU-method and the Gauss 's
method are not necessary for building the result of
vector-function (22), because the different matrices
correspond to the different moments of the time. It
seems that the iteration methods, like the Seidel's
method, are more suitable for building the result of the
vector-function (22) when numerically solving the
problem (23).

The Cachanov-Rabotnov damage parameter @,
which included in the mathematical model of the state
of pipes of a steam surepheaters of boilers, consider-
ing the high-temperature creep and the uniform corro-

sion, will allow to define the time ¢  of reaching the
limiting state of the pipe using the condition:

EI(OSp* Sl)/\(t* >O):w(p*,t*):1, 24)

where p° is the normed coordinate of the place-point

of forming the macroscopic defect.

Solving the initial-boundary-value problem (10),
(12)—(14), (7), representing the mathematical model of
the state of pipes of a steam surepheaters of boilers,
considering the high-temperature creep and the uni-
form corrosion, will allow to estimate the time, corre-
sponding the limiting state of the pipes, and due to it
will give the assessment of workability of the super-
heater.

Conclusions

It is proposed theoretical estimating workability
of steam boilers superheaters on the base of consider-
ing the influence of a high-temperature uniform chem-
ical corrosion on of a high-temperature creep of su-
perheater pipes on account of stresses redistributions
the pipes walls due to their thickness decreasing.

The high-temperature uniform chemical corro-
sion is presented by the well-known time and tempera-
ture dependences of the height of damaged material.
The high-temperature creep is considered using the
well-known incremental-type theory taking into ac-
count the Cachanov-Rabotnov scalar damage parame-
ter. It is proposed the mathematical model of state of
superheaters pipes in the form of initial-boundary-
value problem in the domain with the moving bounda-
ry. The differential equations, initial and boundary
conditions of that problem are corresponded to the
well-known in the theory of high-temperature creep.
Moving of the boundary is corresponded to the well-
known time dependence of the height of damaged
material due to the high-temperature uniform chemical
corrosion.

Although, the used theory of creep and the used
regularities of uniform corrosion are well-known sepa-
rately, considering the influence of uniform corrosion
on the creep is the complicated problem due to the
moving boundary in the corresponded initial-
boundary-value problem. It is shown, that the spatial
variable replacement allows to reduce the proposed
initial-boundary-value problem with the moving
boundary to the initial-boundary-value problem with
the fixed normed boundary, that allows to simplify
numerical solving of the considered problem. The
method of lines is discussed for solving the initial-
boundary-value problem, representing the mathemati-
cal model of the state of pipes of superheaters.
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