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1. Problem statement

Modern science uses a lot of calculation complexes/structures, each with its
own advantages and disadvantages. An engineer seldomly takes into consideration
or avoids simple analytical methods for solving problems and starts/prefers working
with complex simulation programs. Sometimes this approach is justified by the re-
sults, but sometimes not. In this work we try to answer the question about the neces-
sity and appropriateness of a «difficult/complicated» program for the calculation of
structures, such as metal chimneys and give answers to the required degree of com-
plexity.

According to the normative documents [1, 2, 7] and technical literature [5, 6,
11], metal chimneys should be calculated as cantilever beam-curved rods, fully
clamped at the base. As experience shows [4] this is not always justified, especially
when checking calculations are conducted/performed in the exploitation stage/phase
of such structures, when different kinds of geometrical deviations in form of various
dimples, burnouts, docking drawer side with eccentricity and elliptical cylinder
shells should be considered. In modern world there are separate research centers,
where the behavior of structures is studied by creating design models as close as
possible to the real structures. There are also new separate research centers, in which
the behavior of structures is studied with the help of creating calculating schemes,
which are also close to the real structures. For example, the solid modeling of build-
ings and structures, that takes into account additional factors which affect the per-
formance of such structures, and, therefore, the stress-strain state. Some of these
factors are: taking into account the foundation, the base, different ways of modeling
and adding the stresses, using different calculation schemes and methods of compu-
ting [3, 9]. Normally, for all types of construction and calculating cases (for exam-
ple, accounting for the geometrical deviations) it is necessary to define the most
suitable method of calculation, because it would allow to get the stress-strain state
(hereinafter SSS) model in practice, which is close to the real one.

It is necessary to check whether the given complexities are justified and allow
us to determine the SSS structure more accurate, and therefore to get more precise
results in comparison with simple analytical models, since these complexities always
require/demand high expenses of time and knowledge.

2. The aim of the research

On the base of comparative calculation we try to determine the most rational
calculation schemes and methods to determine the stress-strain state of such struc-
tures in the design phase (ideal cylindrical shell) and in the checking phase (example
of imperfect cylindrical shell with geometrical deviation in a dimple form). There-
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fore it is necessary to determine the impact of the base and other factors (in our case
— geometrical deviation in form of a dimple) on the SSS structure.

3. Object of research

The objects of research are steel chimneys. A chimney is a tall cylindrical
structure, used for exhausting gases to the outside atmosphere and for their subse-
quent dispersion. The steel industrial chimneys are divided into free-standing, sup-
ported by rigid braces or braces, and those with a lattice frame (extraction tower).
The main types of steel chimneys are shown in Figure 1.

a)

b)
Figure 1. The main types of steel chimneys: a) free-standing; b) supported by
braces; c) with lattice frame

The main types of calculated loads on chimneys (by [10]) are divided into
permanent and temporary.
Permanent loads:

net weight of the construction;
weight of lining and additional equipment.

Temporary loads:

impact of wind;

internal pressure;

temperature effect;

icing;

special types of impact (seismic, emergency, chemical exposure).

In this paper the effect of geometrical variations on the SSS of steel chimneys
was considered. The areas with geometrical deviations represent zones with local
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perturbations. The areas with edge effect (sudden change in cross-section) and those
with locally applied loads (intersection joint of braces) are also considered zones
with local perturbations (by [8]).

4. Main material

In this work a steel chimney with height H = 60 m, diameter D = 3.0 m and
thickness of t = 10 mm was investigated.

The calculations included the self-weight of the structure, the line weight of the
fireclay brick (width of brickwork bg, = 144 mm, density p = 1900 kg/m3) and the
wind load with its characteristic value taken in accordance to [2] W = 600 Pa.

There were compared four calculation schemes to determine the SSS of the
chimney: cantilever rod of constant cross section; spatial ideal cylindrical shell;
spatial ideal cylindrical shell which includes the base and foundation; spatial imper-
fect cylindrical shell with a geometrical deviation in form of a dimple/a dimple
form.

The methods of calculation and boundary conditions, adopted in this study to
determine the SSS for the freestanding chimney, are the following:

- For the calculation scheme 1, the analytical method of calculation was
adopted, the same as for the rigidly clamped cantilever rod. Determine the main
characteristic of SSS — the main stresses oy;

- For the calculation scheme 2, according to [9, 10], linear-resilient method
of calculating the shell (LA) was adopted with the definition of the primary stresses,
in our case - the equivalent stress c.q (von Mises stress). The cylindrical shell is
considered as ideal rigidly clamped at the base;

- For the calculation scheme 3, the same calculation method as for scheme 2
was adopted, considering in addition the effects of the fixed base connection with
the foundation;

- For the calculation scheme 4, according to [9], physically and geometrical-
ly nonlinear analysis with the defects (GMNIA) was adopted together with the defi-
nition of the primary stress (von Mises stress). The cylindrical shell is considered to
be imperfect, having a geometrical deviation.

4.1 Discretization of the models

The selection of the Finite Element (hereinafter FE) size for the calculation
models 2-4 represented the basis for the preliminary calculation and dimensioning
of FE, whereas its subsequent reduction does not affect the results of the calculation
or have very little impact (up to 3%). The comparison was made in terms of equiva-
lent stresses (o,,) and the following dimensions of FE were used:

- in the calculation schemes 2 and 3 the first 5 meters starting from the base
of the computational model were divided into FE with size of 50x50 mm, and all the
rest with 200x200 mm;

- in calculation scheme 4, the same first 5 meters were divided into FE with
size of 25x25 mm; and a FE mesh refinement (maximum size of 5x5 mm) was pro-
vided in the zone of geometrical deviation.

4.2 Calculation scheme 1

The fixed supported cantilever of constant cross-section was adopted as calcu-
lation scheme according to [1].
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The principal stress in the trunk of the steel chimney was calculated by the
formula:

c=N/F+M/W<Ry, (1)

where N is the longitudinal calculated force from vertical loads; M denotes the
calculated bending moment from the horizontal loads; 4 = 2art is cross sectional
area of the chimney shell; W = m’t the section modulus of the chimney shell; » and
t are radius—and thickness of the shell.
The loading scheme of this computational model is presented in Figure 2. The
model is divided into 12 equal parts - each by 5 m. Figure 2 shows the following
symbols: g;, I ... g5, 12 - wind load on the section of the chimney, according to [2];

qw 1 ... q,, 12 gravity load of the chimney; g/ ... g;12 - line loads . The values of
gy and gy are constant for each segment of the model.
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Figure 2. Calculation scheme of the chimney modeled as a cantilever rod

4.3 Calculation scheme 2

A spatial thin sheet cylindrical perfect shell is adopted as calculation scheme,
modeled in the finite element software package ANSYS Workbench 14.0. The val-
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ues of the equivalent stress (o,y) are defined directly in the software package by (von
Mises stress):

- [ 1 52— 2
0, = \/0')C +0,-0,0,+37,

The loading scheme of this computational model is presented in Figure 3.
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Figure 3. Calculation scheme of the pile in the PC ANSYS

The wind pressure for the calculation scheme is defined by [2] the same as for
the calculation scheme 1.

The wind load is applied in the PC ANSYS model as follows (Figure 3):
- first we find qhi , the distributed wind load in N/m, for the cantilever rod:
qh, =Wm, -d 3)
- find the concentrated load on each node :
Guoai = h; -l | N

)
where, Wm; - wind pressure on one side in accordance with [2];
d - chimneys diameter;

lsec - height of section of design model;
N - number of nodes for each side.
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The counting of the number of nodes and the application of the wind load are
done automatically with the help of a special macro, which was created in the pro-
gramming APDL (ANSYS Parametric Design Language).

This macro allows performing calculation and application of wind loads auto-
matically. The universality of this macro consists in determining the wind loads in
all regions of Ukraine, as well as in the calculation of a chimney with any diameter
and height (it is also possible to consider the conical part of chimney, the parameters
of the lining); with the help of command inserts APDL, point masses are added to
the model, which simulate the mass and inertial characteristics of the linear sector,
considering the forces as applied to the support lining ribs.

4.4 Calculation scheme 3

A thin sheet perfect cylindrical shell modeled together with the foundation and
the base was adopted in the PC ANSYS as calculation scheme following the “chim-
ney-foundation-base” typology. The values of the equivalent stress (c.,) are defined
directly by the software (Formula 2).

The loading scheme and the application of the wind load on the model is simi-
lar to calculation scheme 2.

This paper examines the influence of 3 base types on the SSS structure defined
by a high, medium and minimum elastic modulus (E,), of 50 MPa, 30 MPa and 15
MPa, respectively. A general view of the calculation scheme is shown in Figure 4.

The results of comparative calculations are shown in Table 1.

This model is fully parameterized. It means that during the creation of the cal-
culation scheme, each geometrical and physical characteristics of the chimney have
been already set to a specific parameter, for example, the height of chimney - P1, the
diameter of chimney - P2, and so on. When changing these values in parameter set
the geometrical model of the chimney is also automatically changing, and it is im-
portant, that the whole computational model will be recalculated automatically.

The next parameters can be changed with the parameter set:

- The height, diameter, thickness and material of the chimney

(it is also possible to take into account the conical part and its characteris-
tics);

- With or without lining. The material, width and height of the lining;

- Geometrical dimension and material of foundation;

- Poisson's ratio and elastic modulus of the base;

- Wind pressure in all regions of Ukraine

(it is also possible to get any wind pressure value in Pa).

Table 1.
The value of o, and the horizontal deflection at the top () of the chimney.

Ey, MPa Geq, MPa fg, mm
15 96,0 353
30 96,0 276
50 96,0 245
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Figure 4. General view of the calculation scheme "chimney - foundation -
base"

The main features of the parameterization

Creating the calculation model takes more time than in other cases, because it
is important to set the parameters of major variables (height, diameter, thickness of
the model, the number of edges, etc.), but the subsequent adjustment of the project
takes less time and effort. The researcher spends time not on the creation of a new
computational model, but on the study of the behavior of several structures by ad-
justing different variables of the existing model.

The creation of the parametric model will allow the following:

- calculating all interesting options of the computational model immediate-
ly;

- receiving analytical dependence (as in the two-dimensional formulation -
two parameters, and in three-dimensional - the influence of two variables on the
third one);

- finding the optimal construction design solutions with the parameters set
(minimizing the weight or reducing the stress, applying the greatest safety factor,
etc.) or a combination of them;

- performing the experimental planning and constructing/obtaining the re-
sponse curves;

- performing a sensitivity analysis from various input parameters (to deter-
mine which parameters are most important to the model, and hence have the greatest
influence on SSS).

227



CTPOUTENBCTBO, MATEPUANOBEAEHWE, MALLMHOCTPOEHUE

4.5 Calculation scheme 4

A dimensional thin-sheet imperfect cylindrical shell, modeled with a geometric
deviation as a local dimple was adopted as a calculation model. This model is simi-
lar to the calculated model 2 that includes a geometrical deviation.

The local dimple has a size of 200x200 mm and a depth equal to the thickness
of the shell (/0 mm). The general view of the section with the dimple is shown in
Figure 5.

Tfk'-sci;r.'l:'.lu

\ of the ideal shell J

Figure 5. General view of the section with the dimple through the steel chim-
ney.

The dimple is characterized/defined by the next parameters:
- angle of the dimple (a°);

- width of the dimple (bginy);

- height of the dimple (/i)

- depth of the dimple (fgi)-

This computational model is also parameterized. In addition to various param-
eters of the chimney it is possible to change the size (height, width and depth), and
also the location of the dimple.

The impact of the dimple location on SSS was determined by the height of the
calculation model. The dimple was modeled at a distance of 0./ fo 0.5 m from the
base. The values of equivalent stresses in the shell (o, ), the equivalent stresses in
the dimple zone (0. 4impy) and the concentration ratio (k) are shown in Table 2. The
deflection at the top of the chimney is for all the calculated cases of 212 mm.
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From the results we obtain the dependence approximated by a 3rd order poly-
nomial, as shown in Figure 6.

Table 2.
Values of o,, and &, for different heights of the dimple.

Height from the base, mm Oeqsiw MPa Oeq dimp MPa ke

0,1 104,9 166,4 1,6
0,2 104,9 1739 1,7
0,3 104,9 175,7 1,7
0,4 104,9 177,1 1,7
0,5 104,9 176,1 1,7
0,6 104,9 176,9 1,7
0,7 104,9 175,7 1,7
0,8 104,9 176,4 1,7
0,9 104,9 175,4 1,7
1,0 104,9 174,8 1,7

4.6 Comparison of equivalent stresses (c.,) for four calculated schemes
The analysis of the stress-strain state of the four calculated schemes allowed
identifying the maximum stress and deflection at the top of the chimney, as shown in

Table 3.
Table 3.
Maximum stress and deflection at the top of the chimney
for different types of calculation schemes (CS).
The rod The shell model The model with a The model with a dimple
model (PC.1) (PC.2) base, Eb = 50 MPa (PC4)
(PC.3) (+0,500)

o, fch, oeq, fch, oeq, fch, oeq, fch,
MPa | mm MPa mm MPa mm MPa mm
92,1 | 214 104,9 199 96,0 245 176,1 212,2
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Figure 6. The influence of the location of the dimple on the SSS of the chim-
ney, where the red line is results of calculation and the blue line comes from 3rd
order polynomial.
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The models with the reduced stresses distribution (AED) are shown in Figures
7-9. The height is 5 m.

a) b)
Figure 7. Distribution of 6, on the calculated shell model (PC.2): a) view of
the outer part, 6) view of the interior

a) b)
Figure 8 Distribution of 6.4 on the calculated shell model with the base (PC.3):
a) view of the outer part, b) view of the interior.
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a) b)
Figure 9. Distribution of o4 on the calculated shell model with the dimple
(PC.4): a) view of the outer part, b) view of the interior

Conclusion

1. The analysis of chimneys according to calculation schemes 1-3 gives close
values of maximum stresses. The difference between the calculated schemes 1 and 2
is 14%, and between 1 and 3 is only 4%.

2. Including the base in the calculation model, increases the deflection at the
top of the chimney by 1,3 - 1,8 times in comparison with land 2 calculation
schemes.

3. In the dimple zone a local stress disturbance occurs, which, is not consid-
ered in Ukrainian regulations or norms at the moment. To account such deviations a
geometrical modeling should be performed with the help of modern software pack-
ages.

4. Tt seems therefore necessary to investigate the stability of the existing
models of chimneys and different types of geometrical deviations.

Further ways of investigation

- Considering the chimney supported by braces model, as a "chimney sup-
ported by braces - foundation - base" calculation scheme. Determining the influence
of the base on SSS for this type of structures;

- Considering different options to model the wind load for this type of struc-
tures: the same for cylindrical shells with big diameter (tanks);

- Using the hydrodynamic modeling CFX package in ANSYS to determine
realistic wind load distribution on structures which permits a more precise strength
calculation.
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These researches will allow determining the most rational schemes to apply
wind pressures on such structures, both at the protecting stage (ideal construction),
and at the operation stage (design with geometric deviations). And even to get quan-
tifying factors for the simplest schemes (calculating the chimney as a fixed cantile-
ver rod).
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