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Abstract

At present, the main attention of researchers is paid to the deterioration of
heat transfer when heating the outer surface of the pipe with the liquid or
steam, flowing inside it, in the presence of films or deposits on its inner sur-
face. However, when pipe is heating by heat carrier medium, flowing inside it,
film on the inner pipe surface serve a dual protective function, protecting the
pipe from corrosion and reducing its thermal stress. The article represents the
results of the computational analysis of protective films influence on the
thermal stressed state of headers and steam pipelines of combined-cycle pow-
er plants (CCPP) heat-recovery steam generators at different transient oper-
ating conditions particularly at startups from different initial temperature
states and thermal shock. It is shown that protective films have a significant
influence on the stresses magnitude and damage accumulation mainly for
great temperature disturbances (for thermal shock). Calculations were carried
out at various thicknesses of films and assuming that their thermal conductiv-
ity less than thermal conductivity of the steam pipelines metal.
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1. Introduction

Economizers and evaporators pipe systems, steam pipelines, attemperators and
heat-recovery steam generator (HRSG) details experience cyclic impact of great
and often drastic temperature changes of heat-transfer medium, leading to the
fatigue damage accumulation, one of the most important kind of which is corro-

sion fatigue that is manifested in the metal destruction under the simultaneous
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action of cyclic stresses and corrosive environment [1] [2].

The measure of material corrosion fatigue strength is corrosion-mechanical
strength, defined as the limit of the allowable static or cyclic stresses in the metal
at the selected time interval or number of loading/unloading cycles.

On the one hand the cause of the rapid metal destruction is the oxide film de-
struction and on the other-metal surface damage, caused by corrosion, contri-
buting to the fatigue cracks initiation. Under the influence of corrosion metal fa-
tigue-limit is reduced in some cases by 65% against its normal value.

As a rule, damage from corrosion fatigue is greater than sum of damage,
caused by fatigue and corrosion. Temperature fluctuations in the pipelines with
steam or hot water, leading to their periodic expansion and compression, are the
main types of damage and due to corrosion fatigue can cause destruction at
stresses less than fatigue-limit [3].

The stress state of the detail is determined by stress intensity factor in the cur-
rent point of the contour of the cracks at the time of its promotion. Equation (1)

estimates stress intensity factor for plane strain:

Kl =o /nl/(l—vz), Pa-m®5, (1)

where ois the stress, Pa; /is the crack length, m; v is the Poisson’s ratio. A pro-
tective (magnetite) film, able to regeneration, forms on the pipe-systems interior
surface of combined-cycle power plants (CCPP) HRSG at temperatures over
230°C and good deaeration [4].

An oxide film or a corrosion products film, protecting the metal from corro-
sion environment, helps to prevent its corrosion-fatigue damage and also re-
presents an additional thermal resistance in the heat exchange process between
heat-transfer medium and metal. Low thermally conductive deposits and oxide
films with high thermal resistance (J1) = 2.2 x 10™* m*K/W [5] reduce the

temperature of inner surface from the direction of heat-transfer medium.

2. Description of the Calculation Model

The mathematical model of the CCPP-450 high-pressure outlet superheater
header (426 x 34 mm) was used to analyze the films influence on the details of
thermal stressed state. The calculation model was designed as a two-layer cylin-
drical shell whose inner layer was a protective film.

The modes with a stepped change of heat transfer medium temperature were
considered, which usually are accompanied with the appearance of the highest
stress. In these circumstances a film should reduce stresses in the base metal to
the greatest degree.

The steam temperature was assumed to be constant and equal to 500°C at
analysis of warm and hot startups and 400°C - 500°C at analysis of cold startups.
The initial metal temperature was assumed to be, respectively, 50°C at cold star-
tups; 150°C at warm startups and 250°C at hot startups.

The calculations were performed by finite element method using ANSYS

software. To assess the film effect on thermal stressed state of steam lines and
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headers, startup modes from different thermal states with aforementioned tem-
peratures of steam and metal and heat transfer coefficient, changing with a con-
stant velocity to a maximum value of 1500 W/(m?°C) during (0.5 - 15) minutes,
were calculated.

Fatigue stress evaluation was carried out according to the method [6]. The

thermal-stress concentration factor was taken equal to 2.

3. The Calculation Results Discussion

Equation (2), which described the heat transfer through a multilayer cylindrical
wall, is a good illustration of the mechanism of the film influence on the thermal
stressed state of the base metal of cylindrical shell, although refers to the warm

up mode with a constant heat flux density:
T (tl - tn+l )

n 1 diy1 !
Zizl 2% In d;

where ¢ is the linear density of heat flux, W/m; # is the temperature of the inner

G = (2)

surface of the multilayer wall, °C; .., is the temperature of the outer surface of
the n-layer wall, *C; n = 2 is the number of layers; J; is the thermal conductivity
coefficient of the i-th layer, W/m; d;is the inner diameter of the th layer, m.

From Equation (2) it can be inferred that the temperature difference across
the wall thickness of the base metal in the protective film presence is determined
by the ratio of their thermal resistances (J/1).

Computation researches were carried out for films with thicknesses of 0.25 - 1
mm. Protective film thermal conductivity was assumed to be half of the base
metal thermal conductivity, which considerably exceeds the minimum value of
thermal conductivity of iron oxides that form the protective film [6].

The results of calculations of modes like “thermal shock” equal to 100°C at in-
itial metal temperature equal to 50°C and the heat transfer coefficient equal to
1500 W/(m?*°C) are represented as the relationship between temperature change
across the wall thickness and the stress maximum from the protective film
thickness (Figure 1 and Figure 2).

As it follows from carried out calculations, the film presence on the surface,
contacts with heat transfer medium, reduces temperature on the base metal sur-
face and thus reduces stress in it. The greatest effect of the film presence occurs
under “thermal shock” mode at the first moment of temperature action, when
only the boundary layer has time to heat, the major part of which is film (Figure
1). The maximum stresses occur in the base metal 21 - 24 seconds later. By that
time there is a partial alignment of the temperature field in the wall, and the ef-
fect of the film presence is reduced. At a quasi-stationary mode the wall temper-
ature field is established from the very beginning of heating process, so the effect
of the film presence obviously will be significantly less.

Figure 3 shows the dependence of the temperature difference across the wall
thickness of the base metal of the header from the rate of HRSG capacity rise,

taking into account the protective film presence. As can be seen from this figure,
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Figure 1. The temperature distribution across the wall thickness in “thermal shock” mode 0.5 s after the heating start for different
protective film thickness. (1) Protective film is absent; (2) Protective film thickness is 0.5 mm; (3) Protective film thickness is 1
mm.
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Figure 2. The distribution of equivalent stress maximum across the wall thickness for different protective films thicknesses. (1)
Protective film is absent; (2) Protective film thickness is 0.5 mm; (3) Protective film thickness is 1 mm.
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Figure 3. The film influence on the temperature difference across the thickness of the base metal wall of the header 426 x 34 mm
when starting from different thermal states. (1) Cold start; (2) warm start; (3) hot start.

due to the film presence, the temperature difference is reduced in a greatest ex-
tent during cold startup with initial steam temperature equal to 500°C at the
maximum rate of steam flow increase.

Figure 3 shows the dependence of the temperature difference across the wall
thickness of the base metal of the header from the rate of HRSG capacity rise,
taking into account the protective film presence. As can be seen from this figure,
due to the film presence, the temperature difference is reduced in a greatest ex-
tent during cold startup with initial steam temperature equal to 500°C at the
maximum rate of steam flow increase.

The effect of the film on the temperature difference across the wall thickness
affects only during fast startups, reaching the value of 11°C at cold startup, when
the maximum steam flow is reached in a minute after startup beginning. At a
lower loading rate, when the nominal steam flow is achieved not earlier than 5
minutes after the start the change of the temperature difference across the head-
er wall thickness the regardless of the film presence and the type of startup
doesn’t exceed 2°C.

The corresponding stress reduction due to the film presence at cold startup
with an initial steam temperature of 400°C is 13 - 15 MPa, at an initial steam
temperature of 500°C - 17.4 MPa.

These values refer to startup at such loading rate, that a given steam flow is

achieved in a minute after the start.
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Similarly, there is a decrease of equivalent operating hours, accumulated at
one startup, reaching 47.7 at cold startup with the initial steam temperature of
500°C (Figure 4). At a lower loading rate, when the nominal steam flow is
achieved not earlier than in 5 minutes, the effect of the application of the protec-
tive film is about 7 equivalent operating hours.

The calculation of equivalent operating hours was carried out according to the
methodology described in [7].

At warm startups the difference in the number of equivalent operating hours
accumulated for a single startup varies from 36 to 4 under the same conditions.
At hot startups the protective films have a noticeable effect only at startups at
rated steam parameters and it is about 15.2 equivalent operating hours.

The gain in the accumulation of equivalent operating hours when applying
film is determined by its thickness, and as can be seen from Figure 5, this func-
tional connection is linear.

The maximum decrease in equivalent operating hours, accumulated for a sin-
gle startup, through the use of film corresponds to the “thermal shock” mode,
Le in this case, the mode, in which steam flow has a maximum value from the
very startup beginning.

Calculations have shown that the film, having a layer of relatively high ther-
mal resistance at the boundary with metal wall, reduces stress in the wall of
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Figure 4. The film influence on the equivalent operating hours, accumulated for a single startup, at startups from different ther-
mal states. (1) Cold startup; (2) warm startup; (3) hot startup.
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Figure 5. Film thickness influence on the temperature difference across the thickness of the base metal wall of the header 426 x 34

mm at a cold startup with initial steam temperature to 500°C. (1) Maximum temperature difference across the wall thickness, in

the case when the maximum flow rate is achieved immediately after startup beginning; (2) Maximum temperature difference

across the wall thickness, in the case when the maximum flow rate is achieved in a minute after startup beginning.

header and the number of equivalent operating hours, accumulated in a single
startup the most effectively (Figure 6).

For multilayer films under stationary process it follows from the Equation (3):

RIS
I_i—di (3)
LG

In out
A d

A=

in
where 1 is the ratio of the thermal resistance of the film to the thermal resis-
tance of the wall, n is the number of the film layers with different thermal con-
ductivities, di1, d;are outer and inner diameters of the /-th film layer, m; A;is the
i-th film layer conductivity, W/(m-"C); A is the thermal conductivity of the wall
material; d,., di, are the outer and the inner diameters of the header wall, m.

Reducing the number of equivalent operating hours, accumulated over a cold
startup, is 4.4 equivalent operating hours for the film with a thickness of 0.5 mm,
provided that maximum value of the heat transfer coefficient is achieved in a
minute after startup beginning and 6.3 equivalent operating hours if the heat
transfer coefficient had a maximum value at the very beginning of the startup.

Thus the reduction of the number of equivalent operating hours, accumulated
by CCPP high pressure (HP) superheater header for a service life of 200 000
hours and 2000 cold startups will be 4.4% - 6.3% for a film thickness of 0.5 mm
and 9.1% - 13.2% for a film thickness of 1 mm.
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Figure 6. Influence of the film
startup. (1) Maximum flow rate
after startup beginning.

thermal resistance on the number of equivalent operating hours, accumulated during a single
is achieved immediately after startup beginning; (2) Maximum flow rate is achieved in a minute

4. Conclusions

1) Analysis of the results of thermal stress state calculations of the header with
and without considering the influence of a protective film on its inner surface
allows to draw the following conclusions about its impact on the thermal stress
state and cyclic strength:

a) Protective films formed on the inner surface of the HRSG pipeline systems
not only protect metal from corrosion attack occurring from internal steam flow,
but also enhance its thermal and cyclic strength, reduce the number of equiva-
lent operating hours, accumulated over a single transient mode.

b) The film influence on the thermal state and cyclic strength of steam pipe-
lines and headers is the most evident in the modes with a step change in steam
temperature, for example “heat shock”, under condensation, and among startups
from different thermal states—when cold startup. At a quasi-stationary mode
and at hot startups the impact of the film is minimal.

c) As a rule, the resource of high pressure superheater header of CCPP is
200,000 hours. If it is assumed that during this period the number of cold star-
tups will be 2000, then the presence of protective oxide film of 0.05 mm thick-
ness on the inner surface of the header 426 x 34 mm will reduce the number of
accumulated equivalent operating hours by 4.4% - 6.3% depending on the steam
flow. For larger film thicknesses the reduction of the accumulated equivalent
hours may be increased to 9.1% - 13.2%.

2) Prospects for using the results of this work in the future are related to the
analysis protected films or coatings proper with the desired heat-transfer prop-
erties and technology of their application to the header inner surface. Applica-
tion of such a protection would enhance the cyclical strength by reducing the
damage of heavy loaded elements of CCPP steam water path.
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