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Abstract. In this work, optimization will be done on the basis of a calculation of an initial
medium temperature step and following that the maximum heating or cooling rate of
temperature changes. The calculated results will have a very high practical significance
because it will be possible to use them in power plants. Temperature step change can be
easily implemented by suddenly opening hot water or steam supply into the interior of a
pressure element, which has a lower initial temperature. Next, CFD calculations of the
flowing medium in a power block element will be presented.

1 INTRODUCTION

High thermal stresses are created during the operation of power block devices such as
boiler drums, outlet headers, steam valves, turbines and heat exchangers. Due to a cyclic
character of such stresses, a phenomenon of low-cyclic fatigue occurs, which may lead to the
formation of fractures. Manufacturers of power block devices frequently advise the users to
keep within the prescribed limits for maximum heating and cooling rates of elements [1].
Attempts are made to develop algorithms for operating power blocks [2, 3]. Thanks to these
mathematical systems, one is able to extend the life of operating devices and shorten the
duration of all transient operations.

2 THERMAL STRESSES AND STRESSES CAUSED BY FLUID PRESSURE

The T-pipe used in the fresh and pre-heated steam pipelines in a power unit of a 360 MW
power plant is one of the most loaded elements in power block. The T-pipe is installed in a
steam pipeline of BP1150 boiler with a steam capacity of 1150 t/h. It is exposed to high
stresses caused by temperature and pressure given off by a flowing medium. The T-pipe was
designed for the pressure, pi,=18 MPa, and steam temperature, T,,=540°C. Its weight equals
1378 kg. The geometry of the T-pipe is presented in Fig.1.
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Figure 1: Geometry of the T-pipe.

It is necessary to construct pressure elements, which operate under high work parameters,
out of materials that exhibit good mechanical properties. Materials should retain their
properties within the wide temperature range in which they operate, especially at the yield
strength R. . The actual T-pipe was made out of an alloy steel with the purpose of working at
elevated temperatures designated as 14 MoV63 (13 HMF). This steel has a ferritic structure
and a high yield strength, R.=206 MPa for the temperature t=500°C. Thermal and mechanical

properties are presented in Figs. 2-3.
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Figure 2: Thermal properties for the steel 14 MoV63 (13 HMF).
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Figure 3: Mechanical properties for the steel 14 MoV63 (13 HMF).

Temperature and stress monitoring conducted for the T-pipe was presented in
Measured temperature and steam pressure histories are presented in Fig. 4.
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Figure 4: T-pipe —measured temperature transients and fresh steam pressure history

Fig. 1.

ANSYS software based on the finite element method was used for the calculation of time-
space temperature and stress distribution. Assuming the symmetry, 4 of the T-pipe area was
divided into eight-node finite brick elements presented in Fig. 5. This is the most optimal

mesh based on accuracy and solution time.
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Figure 5: Division of T-pipe into finite elements

Temperature distribution in time and space are calculated on the basis of measured
temperature and pressure histories while assuming that the heat transfer coefficient on the
inner surfaces equals 2000 W/m?K.

Next, stress analyses are carried out. In order to do so, the calculated temperature
distribution in space and time is transferred to the stress model. Additionally, the stress model
is constrained to ensure symmetry conditions and to allow for the possibility of free
lengthening in the direction of the horizontal and vertical pipe. The basic assumption here is
that the surfaces connecting the T-pipe with the pipeline must be planes. The most loaded
region is located close to point P; presented in Fig.5. The calculated equivalent thermal and

total stress histories are presented in Fig. 6.
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Figure 6: Equivalent thermal and total stress histories
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Figure 7: Equivalent stress distribution MPa at time =5700 s
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The highest stresses occur at 5700 s. They are caused by a sudden steam temperature
increase. Steam pressure causes tension stresses with an opposite sign to thermal stresses. For
that reason, total stresses are smaller than thermal stresses. Stress distribution in the whole T-
pipe is shown in Fig. 7.

When assuming that the heat transfer coefficient on inner surfaces is h=2000 W/m’K, the
stresses do not exceed the yield point, which equals Re=245 MPa at a temperature of
T=300°C. When h is higher, the yield stresses on the inner surface are likely to occur. It is
necessary to monitor this element in order to avoid yield stresses and the shortening of
element life.

3 OPTIMIZATION OF THICK WALLED ELEMENT HEATING WITH RESPECT
TO THERMAL STRESSES

As presented in the previous chapter, high thermal stresses occur in thick walled boiler
components. If the rate of temperature changes is too high permanent deformations can take
place in stress concentration locations, which leads to crack damages and the rapid decrease
of component life. When the rate of temperature change is too low, the power boiler start-up
and shut-down operations are extended in time. This increases start-up losses and extends the
standstill period of the power unit. Therefore it is necessary to optimize the fluid temperature
changes during power boiler start-up [4].

The optimal fluid temperature change, T«t), will be calculated assuming that the maximum
equivalent thermal stress should equal the maximum allowable stress c,.

max| opyml = oy €))

Initially, the T-pipe has a uniform temperature distribution, To=0°C. Consider that fluid
temperature changes from an initial temperature of Tf(=20°C at a constant rate. The heating
process is transient and causes the rise of thermal stresses in the T-pipe. Fig. 8 presents three
equivalent stress histories in MPa for the chosen rate of temperature change, vr. Presented
stresses are the maximum stresses in the whole T-pipe volume. It can be seen that for all three
values of vr, the thermal stresses approach three asymptotes when quasi-steady state is
achieved.

The optimal rate of temperature change, vr=4.65 K/min, was found for the asymptote
o,=124MPa using the golden search method [5].

Next, consider that the fluid temperature changes suddenly at the beginning of the heating
process by an initial fluid temperature step, Ts, and later rises with the optimal rate of
temperature change, vr=4.65 K/min. For large initial steps, high thermal stresses occur in the
beginning of the heating process. Fig. 9 presents three maximum equivalent thermal stress
histories for the chosen three initial steps. When the initial step equals 54.5°C, the thermal
stress moves quickly to the maximum allowable stress. The optimal value of the initial step
was calculated by the golden search method.

The determined optimal fluid temperature history is presented in Fig. 10. Temperature and
equivalent thermal stress distributions are presented in Figs. 11 and 12. It can be seen that the
most loaded region is located close to the inner edge of T-pipe.
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Figure 8: Comparison of equivalent stress histories MPa for three chosen rate of temperature changes v with the
allowable stress o,

160.0
Tg=70°C
5,=124MPa |1
120.0 | f—T=54.5C
‘©
o
=
I
=
I
o

80.0

v;=4.65 K/min
h=2000W/m2K

400 1 I 1 I 1 I 1
0 1000 2000 3000 4000
t[s]
Figure 9: Comparison of equivalent stress histories MPa for three chosen initial medium temperature steps Ty
with the allowable stress o,
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Figure 10: Determined fluid temperature history
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Figure 11: Temperature distribution at time 4000 s assuming the optimal fluid temperature
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Figure 12: Thermal stress distribution at time 4000 s assuming the optimal fluid temperature

4 CFD ANALYSIS

The T-pipe 3D model was analyzed. Calculations were conducted with the use of Fluent
software [6]. Only half the of the geometry was taken under consideration because of the
symmetry of the T-pipe. A schematic of the problem and boundary conditions is shown in
Fig. 13. T pipes consist of two pipes perpendicular to each other. The inner diameter for both
pipes is 0.290 m. Other overall dimensions presents Fig. 1. Geometry was divided into
tetrahedron volume elements, mesh consists of 85- 10* cells.

Fluid is a steam, and the flow is classified as turbulent and transient. The mass flow rate at
the inlet is known, and the model is used to predict the flow and temperature fields that result
from convective heat transfer.

Mass flow rate at the inlet was set by unit step change of 31 kg/s. Turbulence intensity was
set on the level Tu = 5%. Steam constants were obtained from steam data tables using a
temperature of 261°C and a pressure of 2 MPa as the reference values.
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Figure 13: Schematic of the problem
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Figure 14: Velocity distribution m/s in cross-section of the T-pipe

Calculated velocity distribution is presented in Fig.14. The heat transfer coefficient
obtained from CFD calculations is 2260 W/m’K

This value is closed to assumed heat transfer coefficient in the thermal strength analyzes
and in thermal stress optimalization algorithm. The similar value was obtained during the
identification of the temperature field based on measured temperature histories at selected
points in the T-pipe using the method for solving the inverse heat conduction problem [7].
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5 CONCLUSIONS

- A simple method for determining the optimal fluid temperature history was
presented.

- It limits the thermal stresses during power boiler start-up and shut-down operations.

- The calculated results have a very high practical significance because they can be
used in power plants.

- The heat transfer coefficient obtained from CFD calculations is similar to the value
which was obtained during the experimental identification of the temperature field.
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