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Introduction

Works concerning materials, especially alloy steel that includes 9-12% of Cr have been
conducted for many years in the aspect of using these studies in some of steam and gas tur-
bines (Lecomte-Beckers, 2002). Some of these studies reach back to the forties of the last
century. Unfortunately, even greater present participation of renewable energy sources en-
forces a bigger elasticity of the power share from traditional (professional) power stations,
which translates into more frequent cycles of start-up and shut-downs and operation of energy
blocks with supercritical parameters at which e.g. temperature of the steam overheated in the
circumference of the power station may reach even 610°C. Thermal loads, to which construc-
tion materials in the sector of traditional energy are exposed, result the most often (Dudda et
al., 2019) from high temperature of fresh steam and secondarily overheated steam, uneven
heating during the turbine start, blocking of thermal deformation in connections, thermal cy-
cles during a start-up and shut-down and cycle material loading (Dudda, 2007). Coexistence
of high parameters of turbine operation with uneven heating during the start-up, blocking of
free thermal deformations in connections etc. may lead to the critical effort of elements of
these turbines. Thus, better materials have been searched for particular structural elements
such as rotors of turbines, blades, pipelines, boilers, etc.

The paper presents a modified Burzynski’s hypothesis for description of the effort of
structural elements which may work in thermally variable load conditions (Burzynski, 2008,
Bana$ and Badur, 2017). For modification of the hypothesis, parameters obtained from ex-
periments of loading the cylindrically shaped samples are used (Dudda, 2019) and applied in
numerical simulations. Based on the suggested hypothesis, surfaces of the beginning of yield
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for St12T steel designed for elements of turbines to work in elevated temperatures were de-
termined. Two numerical simulations of thermo-mechanical loads of the turbine vane made
of St12T steel were performed. As a result of analyses, the effort states of a vane acc. to
Huber-Mises- Hencky’s hypothesis and acc. to the suggested Burzynski’s hypothesis ad-
justed to thermal loads were determined.

Reduced stresses

A considerable majority of computer systems designed, inter alia, for strength analyses
of the structure, uses the reduced stress (equivalent, substitutive) resulting from Huber-
Mises- Hencky’s hypothesis (HMH). These equivalent stresses for the space system express
with the following relations

Oumu = \/% [(Jx — Jy)z + (Jy — JZ)Z + (0, — ax)z] +3(td + 12, +14) @)
or

OHmMH = \/TZS )

where:
Jos  — it is the second invariant of the stress deviator
Ox, Oy, Oz, Tuys Tz, T — are normal elements and tangents of stress tensor

We know that there is a considerable group of materials for which corresponding proper-
ties have various values depending on the manner of simple loading e.g. various values of
tensile strength, compressive strength, twisting strength or various values of the yield strength
in these simple effort states. Indicating various properties of the same material at stretching
and compression, Burzynski generalized Huber-Mises- Hencky’s hypothesis from which the
following relation to equivalent stress results:

Op = a- H)(0x+0y+az) +

1
2n

\/ (¢ — 12(0,+0y+0,)% + 4x[0? + 02 + 02 — 0,0, — 0,0, — 0,0, + 3(12, + T2, + T4)] ], 3)

which may be written down with an equation after simplification:

1
05 =5 [3(% - Do, + \/9(% — 1)20% + 4noiyy ] 4)
where:
on — 1s an average normal stress according to the relation
1
Om = E(O'x + o0, + O’Z) (5)
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— is a coefficient of asymmetry of the elastic region determined with the equation

Rec
n=o= (6)
RET
In the above equation (6) R.- means a strength yield at stretching and R.. stands for the
strength yield at compression. These values should be determined from the material tests
such as static tensile test and static compression test (Banaszkiewicz and Dudda, 2018).

Modification of burzynski’s hypothesis

Numerical analyses of some of the thermo-mechanically loaded parts, such as turbine
vanes, should be based on the values of material parameters that depend on the temperature.
Thus, in order to apply Burzynski’s hypothesis for description of the thermo-mechanical ef-
fort of material, it does not suffice to make such properties of materials like Young module
E=E(T), tensile strength R,~R.(T) etc. dependent on the temperature. First, the coefficient
introduced by Burzynski, for which we now extend the name into temperature coefficient of
asymmetry of the elastic region determined with the equation should be made dependent
upon the temperature

RZC RgZC

HT=H(T)=R—,£TER(,§2
2T

()

Therefore, it is indispensable to determine by an experiment the impact of temperature
on the values of clear yield strength both to RZ.stretching and compression RY.and in case of
their absence on the values of their contractual counterparts, namely contractual yield
strength to stretching and compression determined correspondingly RY,,. and RD,.
(Banaszkiewicz and Dudda, 2018, Banaszkiewicz et al., 2019).

The impact of temperature on the properties of material

A vane analysed in the paper is made of St12T steel. To obtain material properties of
St12T steel indispensable in the thermo-mechanical analysis, static tests of stretching and
compression were performed: each three tests in temperatures of 20, 200, 400, 600°C and
each one in the temperature of 800°C with the use of samples the dimensions of which were
presented in figure 1.
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Figure 1. Dimensions of samples for static attempt of stretching (a) and compression (b)
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The average values of the determined properties of St12T steel were placed in Table 1
(Dudda et al., 2019, Dudda, 2019, Dudda, 2020).

Table 1.
Properties of steel St12T in raised temperatures

Temperature E(T) Ru(T) RY,, RY,,
(T) (GPa) (MPa) (MPa) (MPa)
20°C 217.9 874.3 720.3 786.0
200°C 206.9 804.3 656.7 731.7
400°C 193.1 728.5 608.0 666.3
600°C 141.8 570.5 487.0 639.3
800°C 81.3 190 160.0 290.0

Values of contractual yield strength at stretching and compression marked in table 1 were
used for determination of the temperature coefficient of asymmetry of the elastic region r
expressed with the equation (7). So determined values of the coefficient 7 in relation to the
temperature were presented on the diagram in figure 2.

Numerical simulations where we thermo-mechanically model the structure loads as a rule
have a variable temperature in time. Therefore, during numerical calculations the program
should have access to the values of the coefficient of asymmetry of the cycle 7 in any tem-
perature within the range of 20-800°C. Therefore, instead of using interpolation procedures,
a multinomial equation was determined that describes the change of the coefficient r from
the temperature in the form of:

np=41-10°T3—=2,57-10"°T2 + 4-107* T + 1,09 (8)

Figure 2 presents the graph of the change of the value of coefficient r with temperature,
obtained according to the equation (8) with values calculated based on the data from tensile
and compression tests.
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Figure 2. Coefficient of asymmetry of the elastic region T as a function of temperature
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Modified plasticity surfaces

The plasticity surface as a function of major efforts o1, o», o3, after modification of
Burzynski’s hypothesis is expressed with a relation

of + 05 + 0§ — 2v(010; + 0203 + 0301) + (ep — 1)(01 + 03 + 03)RG 5 — 27 - (RG2)* =0 (9)

where:
v —is aplasticity coefficient which Burzynski defined as follows
RecRec
=——— 10
T 2L (10

The value RY in the relation (10) means the yield strength when twisted. Thus, it is clear
that Burzynski included in his hypothesis the difference of properties not only at stretching
and compression but also at twisting. Certainly, in the future, the coefficient v should also be
revalorised from the temperature. However, due to ongoing studies on determination of the
temperature impact on the value of the yield strength at twisting, at this stage of research it
was assumed 1=0.5. Moreover, assuming now this and not any other value of the yield
strength was dictated, inter alia, by the fact that Burzynski postulated this value for hard and
plastic materials, therefore the relation (3) is determined at the assumption 1=0.5.
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Figure 3. Cross-sections of the plasticity surfaces of Huber-Mises-Hencky’s hypotheses and
modified Burzynski’s with axiator surface for Sti2T steel
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Using the relation (9) at +=0.5 and including the temperature change of the coefficient
of the cycle asymmetry and contractual yield strength to stretching (Table 1) the surfaces of
plasticity of St12T steel for temperature 20°C, 200°C, 400°C, 600°C, 800°C were deter-
mined. In case of the modified Burzynski’s hypothesis these are paraboloids and for Huber-
Mises-Hencky these are cylinders. For all these surfaces, a longitudinal axis is a hydrostatic
axis for which o1=0»=03 takes place and thus it is a perpendicular axis to the deviator surface.
Figure 3 presents cross-sections of these surfaces with the axiator surface, i.e. the surface that
includes this axis. But, the cross sections of the plasticity surface in Fig. 3 were made by
deferring on the horizontal axis the mean stress valueo;,, and on the vertical axis, deviator
stress values op i.e. the value of the projection of the geometrical sum of main stresses vectors
of a particular point of the plasticity surface on the deviator surface.

The analysis of the shape of the plasticity surface, whose cross-sections were presented
in figure 3, show a strong impact of temperature on the evolution of the surface of the plas-
ticity beginning, in particular within the region of stretches, the so-called region
(oitoyto3)>0. Particularly s.ignificant seems to be the impact of the value of the asymmetry
coefficient 7 for the temperature of ca. 400°C. A local minimum is visible here, the result of
which is a movement of the front of the plasticity surface for 400°C before the front of the
surface for 200°C (Fig. 3).

Thermo-mechanical simulation of the turbine vane load

To compare the effort determined with Huber-Mises-Hencky’s hypothesis and revalor-
ised Burzynski’s hypothesis, numerical simulation of finite elements of the thermo-mechan-
ical load of the turbine vane was performed. The analysis consisted in determination of the
effort during heating and cooling of the guide vane embedded without clearance in the direc-
tion of x between non-deformable walls determined with digits 1,2 and 3 (Fig. 4A), the move-
ments on the indicated walls were blocked in the x direction. Heating and cooling of the vane
took place on the surface of its blade and, a root and shelf adjusting to its surfaces of (Fig. 4
b). While the cycle of the temperature change in time was presented in figure 5.

]

) b

Figure 4. Model of the turbine vane: a) regions where movements are blocked, b) regions
where the vane is heated and cooled
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Figure 5. Change of the temperature in the heating and cooling cycle of a vane

Thermo-mechanical analysis with the use of finite elements method was performed.
A change of temperature of heating the vane blade was set according to the cycle presented
in figure 5. The effect of the analysis that was performed was to determine the vane stress
strain based on Huber-Mises- Hencky’s hypothesis according to the relations (1) and accord-
ing to the modified Burzynski’s hypothesis according to the relations (3) including the tem-
perature change of the asymmetry coefficient of the cycle expressed with the equation (8)
and Young module (Table 1).

Figure 6 presents the state of the vane effort at the temperature of 550°C described with
HMH’s hypothesis (Fig. 6 a) and revalorised Burzynski’s hypothesis (Fig. 6 b).

Von-Mises equivalent stress
Unit: MPa
834

847.3 Max

Burzyriski equivalent stress
Unit: MPa
84

755.9 Max

a) b)
Figure 6. Effort of vane acc. to HMH (a) and Burzynski (b) after its heating to 550 °C

Analogically, figure 7.a and 7.b present the effort of this vane after its cooling to 20°C
described correspondingly with HMH’s and Burzynski’s hypotheses.
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a) b)
Figure 7. Effort of vane acc. to HMH (a) and Burzynski (b) after its heating to 20 °C

During inspection of damages of such type of vanes, recurrent cracks on the edge of out-
Ifow within the area between a blade and root of the vane were reported. This area was
marked with K in figure 4a.

Moreover, it is assumed that vanes were very closely adjusted during the installation in
the turbine body. It was considered whether vane shelves could have stuck in the turbine
body during its exploitation. Thus, numerical simulations of the heating-cooling cycle
(Fig. 5) including, inter alia, blockings of movement of the surfaces indicated with digits 1,2
and 3 in figure 4a were performed. A variant of thermo-mechanical load cycle presented in
the paper at the indicated manner of blocking of movements was one of many numerically
analysed.

Stress [MPa)

40

\
H
i
|
500 \‘ W —— Burzyiiski

=

-800

Temperature [°C]

0 5 10 15 20 25 30 35 40
Time [h]

Figure 8. Change of the reduced stresses acc. to HMH and Burzynski in point K (Fig. 4)
during the thermo-mechanical cycle of load
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Figure 8 presents for point K courses of changes in time (and at the same time in the
changing temperature): equivalent stresses: acc. to HMH and the modified Burzynski’s hy-
pothesis, as well as the course of changes of normal stress in the direction of x axis.

To easily compare the course of stresses, a mirror reflection towards the time axis of the
normal element graph o, stress tensor in point K was performed. Obviously, a mirror reflec-
tion was only made on the area of negative values of this element (Fig. 8). It is easy to notice
that in point K, values of the element oy had to considerably prevail over the remaining ele-
ments of the stress tensor, which was reflected during comparison of the remaining results
obtained from the numerical analysis.

Conclusion

Revalorised Burzynski’s hypothesis presented in the paper enables description of the ef-
fort of heat resistant materials, includes a wider scope of strength properties, values of which
may change disproportionally towards each other along with the change of temperature.

Evolution of the surface of the beginning of plasticity of St12T steel presented in figure
2 indicates a strong influence of the temperature on the bearing capacity of the material es-
pecially in the area of stretches, i.e. for (o1+02+03)>0. At the temperatures exceeding 800°C
one may say that possibilities of effort of this material in the areas of stretches aims to zero.

Thermo-mechanical simulations of the vane load indicate that in point K of the vane,
HMH’s reduced stress provides higher values than the one determined according to
Burzynski’s hypothesis, but only in the moment when in a given area a condition of com-
pression prevails (Fig. 8). In case, when in a given area stretching dominates, both hypotheses
provide similar values of the reduced stresses. That does not mean that Burzynski’s effort
will be always lower or at least equal to the HMH’s effort. If the analysis of the vane effort
is not limited only to one point, but its whole within the entire thermo-mechanical load cycle,
then Burzynski’s hypothesis may prove higher effort than HMH. Certainly, the highest effort
for the same load state takes place not in the same point but in similar areas of the vane. When
comparing the maximum efforts determined acc. to both hypotheses, we see (Fig. 6.a and b)
that in case of the vane thermally loaded to 550°C, equivalent stress HMH exceeds by 91.4
MPa Burzynski’s stress. On the other hand, after cooling of the vane from 550°C to 20°C,
the maximum Burzynski’s equivalent stress is higher by 33.9 MPa than the HMH stress (Fig.
7 a. and b).
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KRYTERIUM BURZYNSKIEGO
W ANALIZIE STALI ZAROWYTRZYMALYCH

Streszczenie. W pracy zaproponowano zrewaloryzowang hipotez¢ Burzynskiego do okreslania wyte-
zenia elementow konstrukeji w termicznie zmiennych warunkach obcigzenia. Wykorzystujac propono-
wang hipotez¢ wyznaczono powierzchnie poczatku plastycznosci dla zarowytrzymatej stali St12T.
Przeprowadzono dwie symulacje numeryczne termo-mechanicznych obciazen topatki turbiny wykona-
nej ze stali St12T. Efektem wykonanych analiz bylo okreslenie stanéw wytezenia topatki wg hipotezy
Hubera-Misesa-Hencky’ego oraz wg proponowanej zrewaloryzowanej hipotezy Burzynskiego.

Stowa kluczowe: hipoteza Burzynskiego, naprezenie ekwiwalentne, topatka turbiny
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