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Abstract

A non-homogeneous temperature distribution in an element and an affecting pressure are
causes of stresses in the material of the element. Knowledge of these stress values is
necessary for proper determination of stresses allowable for the element. One of the element
stress components is thermal stress, caused by temperature difference At in the element wall.
This article presents a comparison of stress concentration factor computations based on
PN-EN 12952-3 code recommendations and computations based on FEM analysis conducted
in ANSYS environment. The comparative analysis is performed for the drum-pipe joint of
a drum boiler.
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Streszczenie

Chcac poprawnie wyznaczy¢ napre¢zenia dopuszezalne w elemencie cisnieniowym, konieczna
jest znajomos¢ wartosci naprezen sktadowych. Jedna ze sktadowych naprezen w elemencie sa
napre¢zenia cieplne powstajace na skutek réznic temperatur w $ciance. Artykut przedstawia
poréwnanie wyznaczenia wartosci wspotczynnika koncentracji naprezen pochodzacych od
temperatury, zgodnie z zaleceniami PN-EN 12952-3 i z obliczeniami wykonanymi w progra-
mie ANSYS. Analiz¢ pordwnawcza przeprowadzono dla elementu, ktorym jest potaczenie
walczak — rura opadowa.

Stowa kluczowe: naprezenia cieplne, wspolczynnik koncentracji naprezen, metoda elementow
skoniczonych
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1. Introduction

A non-homogeneous temperature distribution in an element and an influential pressure
are causes of stresses in the material of the element. Knowledge of these stress values is
necessary for proper determination of stresses allowable for the element. Determination of
thermal and pressure stresses depend mainly on a proper form of a stress concentration
factor: in the case of pressure stresses fing,, it is the factor o, whilst in the case of thermal
Stresses fungs» it is the factor o,. PN-EN 12952-3 code introduced a rough method for
calculation of stress concentration factor which may differ slightly from precise
calculations. In this paper, the author compares results obtained from this code and from
FEM analysis (ANSYS system) for a drum boiler.

2. Methodology of calculations based on PN-EN 12952-3

One of the element stress components is thermal stress fi,,,, caused by temperature
difference A7 in the element wall. The stress is calculated by the following formula:

B

LA
.f;ang,t =at?At[MPa] (1)
where:

B, — linear coefficient of thermal expansion,
E’* — elastic modulus,
% — Poisson’s ratio,
At - temperature difference in the wall,
o, — stress concentration factor for thermal stresses.

Thermal stresses in the element depend on a proper form of stress concentration factor
o, appearing in the formula (1). Its value may be evaluated graphically from the plot
(Fig. 1) published in [1] or numerically from the formula (2).
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where:
h — heat penetration factor,
z — quotient of combined elements’ diameters.

The quotient z is calculated from the formula (3):

2= )
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where:
d . — average diameter of the body,

ms

d

mb

— average diameter of the pipe branch.
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Fig. 1. Stress concentration factor o for thermal stresses in cylindrical and spherical shells

Rys. 1. Wspolczynnik koncentracji naprezen wywolany naprezeniami termicznymi o,
dla powlok walcowych i kulistych

According to the codes, the heat penetration factor % is equal to 1000 W/m’K in the
case of steam and is equal to 3000 W/m’K in the case of water.

3. FEM-based verification of results

Determination of the above-mentioned factor from the plot (Fig. 1), according to the
recommendations of PN-EN 12952-3 code [1], is imprecise. For a higher accuracy of
obtained results, the code recommends complex numerical methods e.g. the finite element
method. A comparative analysis was conducted for an example element: the drum-pipe
joint of a drum boiler (Fig. 2).
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Fig. 2. Drum-pipe joint of a drum boiler

Rys. 2. Polaczenie walczak — rura opadowa
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As part of the analysis, stress concentration factors at were calculated from the formula
(2) assuming a value of the heat penetration factor /4 equal to 3000 W/m?K. Next, numerical
calculations were conducted starting from an unweakened element (a pipe) modelled in
ANSYS [2]. Owing to the symmetry of the element, modelling of a quarter was sufficient.
The model was subsequently divided into solid elements (Fig. 3).

Calculations for a non-stationary thermal state were conducted with the following
assumptions: starting temperature fy=20°C; heat penetration factor /4= 3000 W/m’K;
heating duration 7'= 7000 s. The external surface of the element is thermally isolated while
the internal surface is washed by a liquid. The convectional boundary condition is defined
for the whole internal surface. It is assumed that temperature varies from 7 =20°C at
a constant rate v =3 K/min, whilst the liquid temperature distribution along the internal
boundary is homogeneous. Additional assumptions were made for computations:
temperature distribution was taken from thermal calculations and the element was settled so
as to exclude any rigid movement [3].
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Fig. 3. FEM mesh applied to the unweakened element

Rys. 3. Nalozona siatka na elemencie nicostabionym

4. Results

The minimum value obtained from FEM analysis conducted in ANSYS for
circumferential stress in a quasi-stationary state system is equal to fn,, = —42,06 MPa
(Fig. 4). The distribution of the reduced thermal stresses in the unweakened element is
presented in Fig. 5. The maximum value of the stress reduced according to the HMH
hypothesis for the unweakened element is equal to fipm, = 41,83 MPa.
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Fig. 4. Distribution of thermal stresses in the direction of the x-axis for the unweakened element

Rys. 4. Rozktad naprezen cieplnych w kierunku osi x w elemencie nieostabionym
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Fig. 5. Distribution of reduced thermal stresses for the unweakened element
Rys. 5. Rozklad zredukowanych naprezen cieplnych w elemencie nieostabionym

The weakened element was also modelled. As an example of computations of a quasi-
stationary state, the joint presented in Fig. 6 was selected. Owing to the symmetry of the
element, modelling of a quarter was sufficient. The obtained model was divided into solid
elements. A finer finite element mesh was applied in those areas where the greatest stresses
were expected. In the remaining areas, a coarse mesh may be imposed to shorten
computation time.
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Fig. 6. FEM mesh applied to the weakened element
Rys. 6. Nalozona siatka na elemencie ostabionym

Control parameters and boundary conditions were similarly defined in the case of the
unweakened element. After computations in ANSYS, a stress distribution for the weakened
element was obtained. The circumferential stress at point P1 was calculated at fung, p1 =
= 28,2 MPa and at point P2 at f;,,,, p» = —52 MPa. The calculated stresses, presented in
Fig. 7, are negative due to a compression related to surface heating. The circumferential
stress at point P1 may be read as a stress in the direction of the z-axis, whilst the
circumferential stress at point P2 may be read as a stress in the direction of the x-axis.
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Fig. 7. Thermal stress distribution in the direction of the x-axis for the weakened element

Rys. 7. Rozklad naprezen cieplnych w kierunku osi x w elemencie ostabionym
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The distribution of reduced thermal stresses for the weakened element is presented in
Fig. 8. The stress at P1 point is equal to fivm, p1 = 27,99 MPa whilst at P2 point it is equal

to famm, p2 = 48,73 MPa.
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Fig. 8. Reduced thermal stress distribution for the weakened element

Rys. 8. Rozklad zredukowanych naprezen cieplnych w elemencie

5. Conclusions

ostabionym

The investigated elements were modelled in ANSYS. Minimum stress in the direction
of the x-axis was determined for the unweakened element. Circumferential stresses at
points P1 and P2 were also determined for weakened element. On the basis of their values,
stress concentration factors o, were calculated. It was assumed that ¢, is a quotient of the
maximum (according to absolute values) circumferential stress of the weakened element to

the same stress of the unweakened element.

A comparison of stress concentration factors o, obtained from the PN-EN code and
from FEM analysis is presented in Fig. 9. The computations were repeated for different
mesh densities and it was concluded that measurement sensitivity for different mesh
densities is not significant. It is recommended to determine the stress concentration factor

by FEM analysis as a more accurate method.
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Fig. 9. A comparison of stress concentration factors o, obtained from the PN-EN code and from FEM
analysis

Rys. 9. Poréwnanie wspotczynnikow koncentracji naprezen o, otrzymanych w oparciu o norme
PN-EN i w wyniku zastosowania metody elementéw skonczonych
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