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SYNOPSIS

The generator supporting structure has the important function of carrying and
transmitting large generator loads to the substructure and then to foundation. As the size
of units is increasing, so the size of supporting structure is almost in direct proportion.
Therefore it was considered necessary to design the generator suppo;ting structure -
rationally and economically for which accurate and reliable analysis is required.

As the recent trend is to have two basic type of generator foundations termed as
‘barrel’ a_nd Arbor’ type foundation, the scope of this dissertation is limited to analysis of
barrel foundatién only. The barrel type foundation is an indeterminate structurc due to
number of blockouts, recess and discontinuity duc to access to turbine pit, the
conventional method of analysis is not very rational. It was therefore considered

‘necessary to analyse the barrel foundation by Finite Element Method. The pattern of
 stress distribution in the barrel foundation is of great concern for safety and economy of a
power house, which can be effectively achieved by analysing it by finite element method.

In this dissertation, the stresses haYg been studied by using three dimensional
finite element method. The study is divided into two parts :

Part : I - Analysis of 3-D model without openings.

Part : 1I- Analysis of 3-D model with openings.

Both model have been analysed for three types of load i.e. tangential load, radial
load and vertical load acting individually and all combined. Results of this study which

deal with distribution of stresses have been analysed and discussed in this dissertation.



These have been compared with the results of conventional method in case of Chilla
Power house.

The study shows that distribution of stress due to tangential load does not follow
conventional pattern though they are comparable in magnitude. In conventional analysis
maximum and minimum shear stresses occur at outer and inner surfaces of the barrel
 respectively. But analysis‘ by FEM shows that maximum shear stress occurs in a central
annular ring in which stator pedestals are located.

In radial loading, there is considerable value of longitudinal stress (tensile or
compressive), though it is concentrated at the base plate edge indi'cating edge effect only.
The stresses due to vertical load have not been distributed uniforml}; at the base. It is
therefore concluded that in case of very small L/D ratio, barrel does not behave like a

cylinder and it should be designed as pedestals with adequate edge effect.



CHAPTER 1

INTRODUCTION

1.1  GENERAL

Hydropower generation is the conversion of the potential energy of the usable
water resources and about one quarter of the world's power requirement is at present
produced in this way. A hydropower scheme may form part to any water resources
program as it is non-consumptive use of water and therefore is economical. It is eco-
friendly, non polluting and has inherent advantage of meeting peak demands.

A hydropower plant mainly consists of a prime mover working on potential
energy of water, to which a generator is coupled to generate electricity. Water power
stations generally use three phase A.C. generators, delivering their output to an electric
power transmission system. Due to remarkable progress over the last 40 years in the
generator cooling system, availability of higher tensile steel for rotor. rim punching and
improvement in mechanical design, it has been possible to considérably increase the
individual generator capacity.

As the size of units is increasing, the size of supporting structure increases almost
in direct proportion. In India units of 165 MW ére in operation and 250 MW generators
are being installed at Nathpa Jhakari and Tehri Power Plants. In other developed
countries units as big as 800 MW are in operation.

The generator foundation has to perform important function of carrying and
transmitting large generator loads (vertical, tangential and radial forces) to the foundation

through the sub-structure. Therefore, it is necessary to design the generator supporting



structure rationally and economically for which accurate and reliable analysis is required.
The recent trend is to have either of the two basic type generator foundatio.ns termed as
'Barrel' and 'Arbor' type foundation.
12  NECESSITY OF FINITE ELEMENT METHOD

| The Barrel type lfoundati'on i_s’ an indeterminate structure due to number of block
outs, recess and discontinuity due to access to turbine pit, thé conventional method of
analysis is not very rational. It has therefore been considered appropriate to ana}yse the
barrel foundation by finite element method which has become a powerful tool for
numerical solution of a wide range of indeterminate structural problems. Although finite
element method has been in pracfice for a long time, but its use was limited due to
complexity involved in solving complex equations. Now with advances in computer
technology, complex problems can be modeled and analysed with relative ease. In this
method of analysis, complex region defining a continuum is discretized into simple
g‘éometric shapes called finite elements. The material properties and the goverﬂing
relationships are c;)nsidered over these elements and expressed in terms of unknown
values at element corners called nodes. An assembly process, duly considering the
loading and constraints; results' in a set of equations. Solution of these equations gives us
.approximate but réal'istic behavior of the céntinuum. It is possible to analyse the barrel
foundation by using finite element method which is ‘.very versatile and some of the
advantages of thié methoci are:
e Good accuracy and reliability of the stress and displacement results when used

) moclol
idealized mathemetical|properly.



e The ability to modify loading and / or boundary conditions and material properties
and quickly determining the effect of the changed conditions.
o The ability to analyse quickly the effects of change in shape.
For the above reasons, FEM analysis has been adopted in this study to find the stress
distribution in generator barrel foundation
13 OBJECTIVE AND SCOPE OF STUDY
Since barrel foundation is the most common type of generator supporting
structure, it is aimed in this dissertation to'analyse a generator barrel foundation by finite
element method and to compare the resuits with the conventional method.
The generator barrel has been analysed for the following three major loads only:
(@  Torsional load due to short circuit in stator winding
~(b) Vertical loads
(c)  Radial Loads due to one sided magnetic attraction.

Change in stress pattern due to opening is also aimed to be analysed in this

dissertation.
1.4 ORGANIZATION OF DISSERTATION
_The study is presented in this dissertation in 6 Chapters. The contents of each
chapter are briefly indicated below: |
~ Inchapter -2 generator and generator barrel has been described.
In chapte;' ~3 loads and load combinations have been discussed.
In chapter — 4 methodology of FINITE ELEMENT has been described.

In chapter — 5 conventional analysis in case of Chilla power house has been

done and parameters for 3-D FEM analysis are also given..



.In Chapter — 6 Results of FEM analysis have been presented and discussed.
Conclusions of the study along with éuggestions for further study have also been

given,



CHAPTER -2

GENERATOR AND GENERATOR FOUNDATION

21  GENERATOR

The mechanical power output of the turbine is transformed into electric power by
the generator. The two main parts of the generator are the field windings and the
armature. If one of therh is displaced relatively td the other by meaﬁs of introducing
mechanical power, an electromotive force (e.m.f.) will be induced in the armature
windings as a consequence of the intersection of conductors and magnetic flux lines. The
mechanical energy, to be expended for the rotation of the armature or of the exciting
field windings, is transformed into electric energy to be utilized in consumer circuits
connected to the generator. Generators employed in hydro electric power stations have a
rotating exciting field, the exciting field windings performing a rotating movement, with
the armature remaining stationary. The former, carrying field windings, is also called

the rotor while the lattef is the stator.

22 GENERATOR ARRANGEMENT

A hydro generator consists mainly an armature known as stator and a field coil
. known as the rotor. While the stator rests directly on the foundation, the weight of rotor is
transmitted through the thrust bearing. In order to keep the common shaft of turbine and
rotor vertical, which is the most common arrangement for hydro generators, guide

bearings are introduced.



'2.2.1 Stator lHousing

The stator housing is manufactured generally of welded construction. The vertical
type stator frames of large size ﬁllils- have aﬁ exceedingly large outside diameter.
Limitation on the dimension and weight imposed by transport considerations make it
necessary to sometime build thé stator housing in sectors. The sectors’ are usually 2 to 8
in numbers. With vertical machines the housing is generally mounted on .feet'which must
transfer the weight to the foundations and which are grouted iﬁtq the foundations. Some
times, a foundation ring is also used to support the stator

The stator housing must have a margin of expansion in the radial direction as its
diameter will expand with increase of temperature during operation.

22,2 Stator Mantle

To protect the windings as well as the rotating parts, the stator is providéd with a
sheet steel mantle, which is stiffened by ribs, in order to damp the vibrations and to
reduce noise. The mantle is made in sections and can be dismaﬁtléd easily. Covered ports
are provided for inspection facilities.

- 223 R(;tor

The design of the rotor is determined by the power of the generator,'the normal
and runway speed, and the ﬂywheel effect. Thé rotof consists of a shaft, spider rim and
the poles as well as the vcnﬁilulors and slip rings. With high speed machines the spider is
sometimes omitted by mounting the rotor rim directly on the shaft. The two basic

methods of rotor construction are punched segmental rim type or solid disc type. The

g"_"
‘il



stator and rotor and its components are shown in Fig.2.1. In this case the thrust bearing is

placed below rotor.
2.24 Shafts

Shafts are made of forged steel of good quality. They are built in one body and a
forged flange to couple the rotor with the water wheel. They are designed to have a
diameter not only big enough to transmit the driven torque but also to be in proper size to
permit rotor to have a higher critical speed than the run away speed of water wheel.
Hollow shafts and welded shafts are now a days being used for large size machines to
eliminate forging of shafts. In case of long shafts, shaft is divided into the parts and
coupled by a flange. The shaft lengths are provided as bare necessity for accommodating
the thrust and guide bearings and a working space.
23 BEARING ARRANGEMENT FOR VERTICAL UNITS

Vertical units are normally used with medium and high head plants. They have
two or three guide bearings and a thrust bearing which is combined, where possible, with
éguide bearing. The main types of bearing arrangements are shown in fig.2.2

The arrangement in Fig.2.2a shéws the conventional design with three guide
bearings and a thrpst bearing in the ubber bracket. At one time it was exclusively
employed arrangement because the thrust bearing was considered to be the most
vulnerable part of the unit and, therefore, had to be placed such that it could be easily
dismantled. It is still suitable for high-speed sets where space between the generator and
turbine is so restricted that it is impossible to place the thrust bearing under the generator.

The arrangement in Fig. 2.2b is a variation of the arrangement shown in Fig. 2.2a.

In this arrangement there are two guide bearings. The guide bearing is placed below the
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rotor and in consequence the lower bearing bracket is dispensed with. The arrangement is
employed for restricted station heights, but has the disadvantage that the generator cannot
be run with the turbine uncoupled as, for example, for test purposes.

Since thrust bearings of present design are just as any other component of hydro-
electri(;, set, they can now also be placed under the generator.

Fig.2.2c. shows an arrangement with three guide bearings in which the thrust
bearing is in the lower bearing bracket. This arrangement is frequently preferred for
compératively slow-speed sets with large diameters; i.e. in cases where space conditions
permit easy access to the thrust bearing. The upper bearing bracket, in which bnly the
upper guide bearing is fitted, can be made much lighter while only the lower bracket,
which is in any case designeci to carry the weight of the rotating parts of the gencrator
and turbine when dismantling, has to be slightly reinforced to withstand the thrust of the
turbine. As a rule, the span of the lower bearing bracket is smaller than that of the upper
bracket, \;vhich ié also an advantage. Since, moreover, the stator frame can be made
somewhat lighter the entiré weight of the generator is reduced, if only slightly.

The umbrella type of construction shown in Fig. 2.2d, has two guide bearings
with the thrust bearing in the lower bearing bracket. The' name "umbrella type." results
from the fact that, in order to lower the centre of gravity, the rotor arms are inclined
downwards thereby giving the rotor the appearance of an umbrella. With the latest
Kaplan turbines the oil supply head is no longer used; the control oil is led to the servo-
motor located in the rotor hub over the generator guide bearing. In such cases it is
desirable not to mount the exciter directly on the shaft since commutation may suffer and

running may possible become noisy. Separate exciter units are preferred which make an



umbrella type generator without any superstructure. Since the upper bearing bracket is
entirely dispensed with and since morcover, the genecrator only nceds a light weight
housing, the weight reduction here is considerable.

The arrangement in Fig.ﬁ.Ze shows three guide bearings with the thrust bearing
mounted on the turbine cover. This arrangement is being increasingly used for slow-
speed units since it offers advantages from the point of vievs-' of the entire unit. The
turbine cover is, in any case, very strong and need only be slightly reinforced to take the
load of the thrust bearing. In the case of the generator, the two bearing brackets and the
stator frame can be of lighter construction so that the weight of the unit is considerably
reduced. A substantial saving can be achieved where the foundations of the unit afe
concerned since a major part of the load is supported where it is produced, i.e. in the
turbine.

For the arrangement in Fig.2.2f, which again represents the umbrella type of
construction with the thrust bearing on the turbine cover, the same remarks apply as for
the arrangement in Fig.2.2d. The advantages with respect to the weight of the set and the
foundations are naturally the sa;ne as for the arrangement in Fig.2.2c.

When the thrust bearing is fitted in the upper or lower brackets it is combined
with the corresponding gﬁide bearing to form one single unit. The advantages of self-
lubricating bearings, now also employed for the largest units at the highest speeds, are
particularly pronounced here. With this construction, it is of course, absolutely necessary
tﬂat the thrust bearing be supplied with the generator since only in this way can the most

favourable design be achieved.

1



24 EFFECT OF THE GENERATOR CONSTRUCTION ON THE
SUPPORTING STRUCTURE

Th¢ generator supporting structure has the function of transmitting the large
vertical downward loads and tangential and radial forces along with seismic forces to the
foundation concrete without exceeding the strength of concrete.

In the vertical shaft generating units, with the thrust bearings in the upper brackel,
the weight of the stationary part and the weight of the rotating parts are carried by stator
frame and its supports. But in case of units with thrust bearing in the lower bracket, the
weight of rotating parts including the turbine runner is carried by a separate bearing
support and onlya small load viz, the weight of stationary paris of generator are carried
by the stator support. The peripheral short circuit torque on the stator is transmitted, in .
either case from stator frame to its supports . In case the thrust bearing is located on the
turbine cover the upper bracket will carry only the weight of the stationary parts of the
generator. The weight of rotor, runner and hydraulic thrust will be taken by the turbine
cover.

The height of the generatbr support will be considerably reduced in the case of the
umbrella type as the shaft length is smaller.

The generator diameter and height also affects the overall dimensions of the
generator supporting structure.

25 TYPES OF GENERATOR SUPPORTING STRUCTURES
Generally two basic types of generator foundations are currently used. They are

termed as “barrel” and “arbor” foundations. Both types of foundations have advantages

and disadvantages.



2.5.1 The Barrel Foundation

The barrel foundation is the more common type in use and has the arrangement

shown in Fig.2.3. It has the advantages of permitting a lower generator setting and more

space outside the turbine pit. It is structurally indeterminate because of equipment

openings and recesses required as well as because of discontinuity caused by passage

ways in the turbine pit.
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The maximum barrel thickness is usually determined by the difference between

the radii of the generator housing and turbine pit. The minimum thickness is the

difference between the radii of ‘£ fetor 2efe plafe and the turbine pit.



2.5.2 The Arbor Foundation

The arbor foundation is a more comprehensive structure of structural elements.
Since the two longitudingl wall girders can span across the spiral case and thereby permit
a determinate analysis. The horizontal girders spanning between the wall girders
complete the foundation. As some generator foundation plates must be located on these
hdriéontal girders, the generator setting is necessarily higher than that with a barrel
foundation. ‘However, when the plant is subjected to a higher water surface above the
generator floor or if it is desired to provide for the removal of the turbine runner in a
longitudinal gallery above the spiral casing, the arbor foundation affords a means of
structural planning which is supeﬁor to barrel foundation with no increase in cbst. The
typical arbor type arrangemen;[ is shown in Fig 2.4.
The wall thickness for the arbor foundation is found in a manner similar to the barrel
foundation. The horizontal girder must be designed to minimize any _deﬂectidn at the

generator sole plates.

2.5.3 Floor System

The generator support system-may be divided into the single floor system, the
double floor system and the multi-floor system; of these the two former systems are ones
which are more commonly used.

Tﬁe double floor system, in which the generator floor is separated from the
turbine floor may be sub-divided in the beam and arch types. In the beam type, two pairs
of columns are constructed, horizontal beams are fixed to the columns to support the

generator as shown in Fig.2.4. In arch type, two pairs of large columns are erected in the



direction of the power house at right angles to the penstock, on which two arches are built

to support the generator.
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Fig. 2.4 A generator support of rigid frame type
As the turbine capacity increases it becomes progressively difficult for the generator
floor to support the weight of stationary parts of the generator as well as the downward

thrust on the thrust bearing caused by the weight of the turbine, the generator rotating

15



parts and the hydraulic thrust on the runner. It then becomes more suitable to use the
single floor system and to support the load directly on the power house substructure
through the side of the turbine casing and the stay vanes of the speed ring.

The single floor system is of the barrel type and may be of concrete or steel. A
steel barrel is fixed on the speed ring as shown in fig. 2.5 and supports the weights of
stator and the guide bearings, while the weight of the thrust bearing is transmitted to the
turbine cover. Sometimes, the steel barrel is supplemented by reinforced concrete
encasing it. Here the thrust bearing rests on the turbine cover, the diameter of which is

less than that of upper generator bracket and of the stator frame. It, thus, reduces both the
| ,

cost and weight of the generator as well as the height of the power house by reducing the

length of main shaft.
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In another arrangement steel barrel is reinforced with concrete to make it rigid

against torsion. The concrete is supported by vertical ribs distributed round the periphery

16



of scroll case. The vertical ribs not only support the main floor but also help in
connecting ﬁié barrel to the mass conctete. By this arrangement a considerably large
quantity of concrete can be saved.

In case of concrete barrel type of floor the weigﬁt of the guide and thrust bearings
and of stator is taken by the concrete barrel directly which is acted upon by torques from
the short circuit and braking also. )

In the single floor type of support it was at one time considered difficult to
assemble and dismantle the turbine separately from the generator. However, recent
advances have made it possible to dismantle the runner from the turbine without
dismantling the generator.

In single floor system, concrete barrel type foundation is most common and most

frequently used for supporting the vertical shaft generators, while in double floor system

frame structure made of columns or walls and horizontal beams is more commonly used.
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CHAPTER -3

GENERATOR LOADS AND FORCES

3.0 GENERAL
The loads and forces Which are considered for designing a generator foundation
are discussed in this chapter. All these loads may not be applicable in the design of
every generator foundation. Any other load due to any particular foundation arrangement
and recommended by the generator manufactures shall also be considered. The design is
generally finalized through close coordination with the manufactures and clectrical and
méchanical engineers.
3.1 VERTICAL LOAD
Vertical loads may comprise the following
a) Dead load from civil works
b) Live loads on floors transmitted to the generator foundations
| c) Vertical load on stator sole plate (shown as P1 in fig.3.1 and 3.2) which
may comprise the following,
i) weight of permanent magnet generator
ii) weight of pilot and main excitor
iif)  weight of thrust bearing, rotor, shaft, turbine, rotating parts and
hydraulic thrust( if thrust bearing is above stator).
iv)  Weight of top guide bearings

V) Weight of top bracket, stator flooring and stator

18



lvi) Any othe_r load due to equipment on the generator foundation
recesses in the pit, linear housing gate opereiting servo-motor etc.
d) Vertical loads on lower bracket (shown as P4 in fig. 3.1 and 3.2) which
may comprise the following:
i) weight of lower bracket, brakes and jets.
ii)  Load while lifting the rotor on jacks
iii)  Weight of thrust bearing, rotor, shaft, turbine rotating parts and
hydraulic thrust (il thrust bearing is below rotor).
Weight of high powered vertical shaft hydro-generator may be calculated by the the

following empirical approximate formula:

W= G\[E - 85 (tonnes)
n

where n = speed in rpm
k = apparent generator power in KVA.
G = coefficient having a value between 25 and 32 according to design and
construction of the generator. For high capacity low speed machines the
coefficicnt G may be smaller, not more than about 20.
The weight of the revolving part in a vertical-shaft generator: (including
appropriate section of main shaft) will amount to 50-55 percent of total generator

weight ‘“W’.
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P, = vertical force on stator sole plate

Py = tangential force on stator sole plate . ...
Py = radial force on stator sole plate ( direction assumed; may act .in any direction in
, horizontal planc)

P, = vertical force on lower bracket sole plate
Py = tangential force on lower bracket sole plate

Py =='radial force on lower bracket sole plate i . .
Py = radial force on R. C. C. generator housing ( present only if bracing provided

. between housing and top bracket )

Fig.3.1 R.C..C. Octagonal generator foundation with combined thrust ang
guide bearing located below the stator
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SECTIONAL ELEVATION

Py == vertical force on stator sole plate ' : e
Py = tangential force on stator sole plate '

P, = radial force on stator sole plate ( dlrectlon assumed may act in any direction in
horizontal plane ) :

P, = vertical force on lower bracket sole plate -
'+ P§ s tangential force on lower bracket sole plate
Py = radial force on lower brackct sole plate

. Py == radial force on R. C.'C. generator. housmg (prcscnt only if. bracmg provided
between housing and top bracket) .

.-

1 Flg.g,z ’ R,C.Q circular generator foundation with thrust bearing on top of
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3.2 TORSIONAL LOAD
It may comprise the following: -
a) Maximum tangential force at the sole plate due to short circuit in the stator
winding ( shown as P2 in fig.3.1 and 3.2 ), and
b) Tangential force at lower bracket sole plate due to braking ( shown as P5
in fig.3.1and 3.2).
The torque developed under normal operating conditions may be expressed with
sufficient accuracy by
Tn =Khmn
where
Tn = the torque under normal operating conditions in tonne.metres (t.m).
K = the output of machine in kilowatts
n = the speed of the machine in rpm.
The short circuit torque of low speed hydro generators may be expressed under
average conditions by

Ts  =5Tn =5K/n
where,
Ts = the short circuit torque in t.m.

The braking torque Tb in t.m can be expressed by
Tb =[GD?¥ 374] x n/t
where,

G = the weight of the rotating masses reduced to the rotor circumference in tonnes

D = the diameter of the fly wheel or rotor in metres
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t = total deceleration time in seconds.

It can be stated, in general »Ts is much greater than Tb. This means that design
twisting moment is equal to short circuit torque Ts. This value therefore should be asked
from manufactures accurately for final design.

3.3 RADIAL FORCE

It may comprise the following

a) Radial force on stator sole plate/ R.C.C generator housing due to one sided

magnetic attraction ( shown as P3 in’ﬁg.3.1 and 3.2 ) and

b) Radial force on lower guide bearing due to one sided magnetic attraction

(shown as P6 in fig.3.1 and 3.2).

The value of this force shall also be obtained from manufactprers.

34 FORCE DUE TO ECCENTRICITY IN ROTATING PARTS
Although each generator should be well_ balanced, yet certain upbalanced forces -

causcd' by'the fact -t_il'at tﬁé"céntrc of gravity éf _fotafing pérts ‘;ay not_éxﬁﬁtly coincide |

" “with the axi:’sA(_)f rotation rﬁay induce 'vi'brations,. should be éc‘cb.i;nteél for in fhe' desién of

.

foundation in consultation with the manufactures.

t
i

The geﬁerét(;f fduﬁdzitién should i)e designed for a s'uitable'seis‘mi.c coefﬁcicnt
(IS 1893-1984) depending on the zone in which the power plant is located. This seismic
coefficient should be applied in any of the horizontal direction taken one at a time and in
combination with loads established under 3.1 to 3.4

A vertical seismic coefficient of half the values of the horizontal seismic

coefficient may be used simultaneously with the horizontal one.
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In case of underground power house, reduction in the seismic coefficient by 50%
is allowed till definite information about reduction is established.

In case generator foundation is in seismic zones, thg sole plate for stator and
bottom bracket shall be anchored not only vertically and transversally but also radially.
3.6 FORCES DUE TO TEMPERATURE AND SHRINKAGE

Forces due to temperature variation and shrinkage in generator foundation shall
be taken as the difference of temperature developed during the machine in action from
that of average surrounding temperature. Since clear reference points of temperature
grades cannot be given, a temperature rise of 20°C is to be assumed for reinforced
concrete from which the stresses due to shrinkage can be deducted.

The stresses due to shrinkage is determined on the assumption that it undergoes a

temperature fall of 10°C.
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CIIAPTER -4

FINITE ELEMENT METHOD

41  BASIC CONCEPT

The basic idea in the finite element method is to find the solution of a complicated
probiem by replacing it by a simpler one. Since the actual problem is replaced by a
simple one, we generally find by FEM only an approximate solution rather than the exact
solution. The existing analytical methods of analysis are generally not adequate to give
exact so}ution (and sometimes, not even an approximate solution) to most of the practical
problems. Thus, in the absence of any other convenient method to find even the
approximate solution of a given problem, we have to go for the finite element method.
Moreover, in the finite element method, it is often possible to improve or refine the
aplproximate'solution by putting in more computational effort. |

In finite element method, the solution region is considered as built ﬁp of many
small interconnected sub-regions called finite elements. In each element, a convenient
approximate solution is assumed and the conditions of overall equilibrium of the structure
are derived. The satisfaction of these conditions yields an approximate solution for the
displacements and stresses.

42  GENERAL APPLICABILITY

Although the method has been extensively used in the field of structural

mechanics, it has been successfully applied to solve several other types of engineering

problem like heat conduction, fluid dynamics, seepage flow, electric and magnetic fields.
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The general applicability of the method prompted mathematicians to use this technique
for the solution of complicated boundary value and other problems also.
43 GENERAL DESCRIPTION OF THE FINITE ELEMENT METHOD

In the finite element method, the actual continuum or body of matter is
represented as an assemblage of sub-divisions called finite elements. These elements are
considered to be interconnected at specified joints which are called nodes or nodal points.
The nodes usuai]y lie on the element boundaries where adjacent elements are considered
to be connected. Since the actual variation of the field variable like .displacement, stress,
temperature, inside the continﬁum is not known, we assume that the variation of the field
variable inside a finite element can be approximated by a simple function. These
interpolation functions are defined in terms of the values of the field variables at the
nodes. When field equation for the whole continuum is written, the new unknowns will
be the nodal values of the- field variable. By solving the field equations, which are
generally in the form of matrix equations, thé nodal values of the field variable are |
" known. Once these are known, thé interpolation functions define the field variable
throughout the assemblage of elements.

The solution of a general continuum problem by the finite clement method always
follows an orderly step-by-step process. With reference to static structural problems, the
step-by-step procedure can be stated as follows

Step — I : Discretization of the Structure :

The first step in the finite element method is to divide the structure or solution

region into sub-divisions or elements. Hence the structure that is being analysed
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has to be modelled with suitable finite elements. The number, type, size and

arrangements of elements have to be decided.

Step — 2: Selection of a proper interpolation or displacement model :

Step 3 :

Since the displacement solution of a complex structure under any specified load
conditions cannot be obtained exactly, we assume some suitable solution within
an element to approximate the unknown solution. The assumed solution must be
of a simple form from computational point of view but it should satisfy certain
completeness and compatibility requirements. In general, the solution or the
interpolation médel is taken in the form of a polynomial.

Derivatoin of Element stiffness matrices and load vectors.

From the assumed displacement model, the stiffness matrix [K] and the load

vector p© of element “c” are derived by using either an equilibrium condition or

a suitable variational principle.

Step 4 : Assemblage of element equations to obtain the overall equilibrium equation.

Since the structure is composed of several finite elements, the individual element,
stiffness matrices and load vectors are to be assembled in a suitable manner and
the overall equilibrium equations have to be formulated as:

-
L

K] 9

ol

where [K] is called the assembled stiffness matrix, ¢ is the vector of nodal

displacements and P is the vector of nodal forces for the complete structure.

Step 5 : Solution for unknown nodal displacements
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The overall equilibrium equations have to be modified to account for the

boundary conditions of the problem. After the incorporation of the boundary
conditions, the equilibrium equations can be expressed as [K] ¢ = P

' -
For linear problem, the vector ¢ can be solved very easily. But for non-
linear problems, the solution has to be obtained in a sequence of steps, each step
-~
involving the modification of the stiffness matrix [K] and or the load vector P.

Step 6 : Computation of element strains and stresses.

—’ . .
From the known nodal displacements ¢, if required, the element strains and
stresses can be computed by using the necessary equation of solid or structural

mechanics.
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CHAPTER -5

ANALYSIS OF GENERATOR BARREL

51 GENERAL

Rational and economic design of a structure requires an accurate and reliable
analysis. In conventional analysis of complex structure, like generator barrel, which is an
indeterminate siructure due to number of blockouts, recesses and discontinuities, a
number of assumptions are made to carry out the stress analysis in a simple way . Due to
simplifying assumptions, con;/entional analysis is generally too approximate . An attempt
is made to analyse the generator barrel by Finitt_a Element method so that an insight to the
behavior of the structure under various loads may be obtained.

Here, analysis of generator bgrrel has been done by both conventional as well as
Finite Element Method for comparison purpose. For this study, data of Chilla power
house has been considered.
5.2 INPUT DATA FROM CHILLA POWER HOUSE
5.2.1 General

Chilla Power House consists of ljmbrella type generators with all the rotating
parts including runner and rotor supported on the top of the stator frame as shown in
Fig.S.l. The stator frame in turn is supported over six pedestals 1200 x 1050 mm
projecting above the mass concrete around spiral case. The lower bracket assembly,
which supports the rotor while jacking it up for lubrication etc. before starting the

machine also house the lower guide bearing which is also supported on six pedestals
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. 1200 x 600 mm in size. The top bracket assembly is provided with six radial jacks
between the generator housing barrel and the top spiders to take the horizontal loads
through the top guide bearings. In addition, there are six more pedestals in between the

stator pedestal to accommodate the air coolers.

The generator housing barrel of Chilla Power House comprises 800 mm thick
R.C.C. cylindrical sheil With its external diameter as 11,100 mm. The barrel is rigidly
fixed at the base to the spiral case encasing concrete at EL 295.05 m. To support the
generator floor, 600 X 600 mm wide bracket around the barrel below EL 298.75 mm has
been provided. There are three major openings in the barrel, two 1600 x 600 mm high
for generator terminals and one 1250x2000 mm high for access to generator housing.
Other openings in the barrel are comparatively minor comprising pipe 'embedr_nents etc.

.5.2.2 Design Loads
The folldwing design loads have been adopted :-
) The self wei.ght of the barrel and live load on generator floor equal to 1.0 t/rr.l2
(i)  Machine loads provided by manufacturer, are enumerated below :
(@  Load/force on each stator foundation plate :
1. Load of generator, turbine rotatiﬁé parts, water reaction and generator
' stationery parts except the lower bracket, equal to 135 tonnes acting at
3820 mm from C.L. of the machine.
2. Circumferential shear force due to maximum moment at two phase short
circuit of stator windings equal to 92 tonnes acting at EL 296.050 m (i.e.

top of the pedestal).
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5.2.3

()

Radial force due to unilateral magnetic attraction at double short circuit of

3.
rotor windings, equal to 60.6 tonnes acting at EL 296.050 m.
| (b) Load/forc; on each lower bracket foundation plate :
' 1', " Load of rotating parts of turbine and generator lower bracket aﬁd water
leakage while lifting thevrotor, equal to 48 tonnes acting at 2750 mm from
C.L. of machine
2. Load of lower bracket as assembly during normal operation of machine
equal to 6.67 tonnes at 2750 mm from C.L. of machine
3. Pretension in the foundation bolts equal to 30 tonnes.
4. Circumferential shearing force during braking equal to 1 tonne at EL
295.555 m i.e. top of pedestgl.
5. Radial force due to unilateral magnetic attraction at double short circuit of
rotor windings equal to 80 tonnes at EL 295.555 m.
~ Additional vertical load due to eccentricity of unilateral magnetic
attraction equal to 5 Tonnes at 2750 mm from C.L. of the machine.
Material properties

For generator barrel generally M-20 or higher strength concrete is used. For

~ analysis purpose M-20 concrete has been considered.

Properties considered are

Elastic Modulus of concrete (Ec) as per BIS code (IS: 456-1978)

E, = 5700 Vfck

Where, fck is the characteristic strength of concrete in N/mm?
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o Ec = 5700 V20 = 25491.175 N/mm’
| =2.55 x 10" N/m’
(i)  Density, v =2500 kg/m’
(iii)  Poisson's ratio, v = 0.20
53 ANALYSIS BY CONVENTIONAL METHOD &’

In case of a continuous, cylindrical supporting well with a few small openings,
forces due to the torque are resisted by an annular cross-section without developing
excessive stresses. Various torques are the main forces which will determine the
requirement of reinforcement. The torque will cause the shear stress. It is proposed to
consider the barrel as open section subjected to uniform torsion as there will be no

warping effect because the height of the barrel is very small when compared to the

diameter.

. For an open section the maximum shear stress 's' can be calculated in terms of 0
the'angle of twist., G modulus of rigidity and L the length by Roark (11 ) formula due to

uniform torque T, as

§=G—-.C

or S=ZC
K
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where,

D 2D D
C=——=—[140.15 -
7r2D4[ (16A2 2r)]
1+ 5
164

D = It is the maximum thickness of barrel -
r =radius of curvature of boundary at boint

A = area of section

and K=

where F = It3du

du= elementary length along median line
t = thieknessA normal to median line
Total twisting moment due to tangential load i.e. short circuit torque, -
T=3.82x6x92=2108.64tm
D = total thickness = 5.55-2.45=3.1 m
Ip=5.55m
Yi=245m
- A=m(5.55%-2.45% x 20/21* = 74.20m’
U=2n{(5.55 + 2.45)/2 1x(021)*=239m -

* coefficient to adjust for the area of opening,
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C at outer surface,

1 2 2
. 23l
GRS PRV T Y. RA T | R D
147 x3.1 16x74.2°  2x5.55

16x74.2%
=2.944
C at inner surface,
' 2 2
C, =L ipon 2231 3L o ap
14 7°x3.1 16x74.2° 2x2.45)
16x74.2*

U
F= jz3du =3.1°x23.9=712.0
0

ng | %x712
K=—3—=—3 =232.135
Hox—s l+-x—————
354U 377425239

So shear stress at outer surface,

2108.64

So = (T/K) Co= x2.944 = 26.74 t/m?
232.135

=2.62 x 10° N/m’
and shear stress at inner surface,

2108.64
232.135

S; = (T/K) Ci = x2.782 =25.27 t/m®

= 2.48x10° N/m?
The vertical loads are assumed to cause uniform compressive stress at the fixed
base of the barrel. The stress due to radial loads are assumed nominal. These are

considered for designs of pedestals and anchors.

35



5;4_ ANALYSIS BY FINITE ELEMENT METHOD
5.4.1 Loads

Ana.]ysis,by FEM haé been done on two models, (i) 3-D Model with(;ut openings
and (ii) 3-D Model with openings in order to see the change in stress pattems. Both
models have been analysed for three loads, acting individually and all combined. These
three loads are:
(1) Tangential loads
(i)  Radial loads
(iii)  Vertical loads

The combination of the three loads is considered as an emerging loading
condition. For FEM analysis ANSYS- package has been used. ANSYS has powerful

inbuilt tools for mesh generation, applying loads and boundary conditions, solution and

presentation of results.
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Figure 5-2 Stress Vector Definition

36



5.4.2 Sign Convention

The stress vectors are shown in Fig. 5.2. The sign convention for direct stress and
strains used throughout the ANSYS program'is that tension is positive and compression
is negative, shears is positive when the two applicable positive axes rotate towards each
other.

543 Preparation of 3-D Model

| While modelling, EL 295;05 m which is the base of generator barrel has been
assumed as y=0. |
A direct 3-D model has not been prepared due to difficulty in making provision
for openings. Therefore a 2-D model is initially made and it is rotated about the axis of
barrel to convert it into 3-D model. The procedure is explained in following steps.
) A 2-D model was prepared in X-Y plane ( Fig. 5.3 ) as combination of a number
| of elements so .that different openings can be provided by deleting some elements
while converting it in 3-D model.

(i)  2-D model was meshed with 4-noded plane elements,

(iii)  2-D meshed model is swept about centre axis of generator barrel generating 8-
noded brick elements for 3-D model. During sweeping total volume were divided
in21 parts and each part was divided in 4 elements along circumference. Logic of
dividing solid model in 21 parts is that if ;1ny cutout is to be provided, only part
segments representing the opening can be deleted. During meshing and sweeping
care was taken to ensure that the aspect ratio of any 3-D element is not greater

than 2.5.
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(iv):
v)

(vi)

5.4.4

(a)

(b)

After generating 3-D model initial 2-D model was deleted .
Total number of nodes and elements are 15288 and 11928 respectively in the 3-D

model without opening .

For making openings, corresponding parts were selected. Selected parts were

 deleted. Total number of nodes and elements are 15105 & 11772 respectively in

- this model. 3-D isometric model is shown in Fig. 5.4. Plan of 3-D model Showing

the location of pedestals is shown in Fig. 5.5
Application of Loads and Boundary Conditions

Tangential force

vTangential force due to maximum moment at two phase short circuit of
stator windings equal to 92 tonnes per pedestal has been considered. This force

has been applied at 15 nodes per pedestal.

: 3
Therefore force per node =&x91§_xi(_)_=60106.71v

This force has been applied in circumferential direction on each node.

Radial force :

Following redial forces have been considered :

) Radial force due to unilateral magnetic attraction at double short circuit of
rotor windings equél to 60.6 tonnes acting at El 296.050 M |

(i)  Radial force due to unilateral magnetic attraction at double short circuit of
rotor windings equal to SQ tonnes at El 295.555 M.

Both forces have been considered to be distributed over 15 nodes per pedestal.

Therefore radial force at each node is as follows :
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FIG. 5.3 TWO DIMENSIONAL MESHED MODEL OF GENERATOR BARREL
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FIG. 5.4 ISOMETRIC VIEW OF THREE DIMENSIONAL MODEL

(SHOWING MESHING IN CIRCUMFERENTIAL DIRECTION )
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FIG. 5.4 PLAN OF THREE DIMENSIONAL MODEL
(SHOWING PEDESTALS LOCATION )
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60.6x9.8x10°

For stator pedestal = ——15———=39592N
3
For rotor pedestal = SOLI'?I—Q—=52266.7 N

Radial forces on stator and rotor pedestals have been considered to be applied in

positive and negative direction respectively, the direction as shown in Fig.3.1 & 3.2,

©

(d)

Vertical'loads
In vertical loads mainly three loads have been considered :
(i)  Load of machine equal to 135 tonnes acting on pedestal at 3820 mm from

C.L. of machine. This load has been considered to be distributed over 15

. 3
nodes per pedestal. So, load per node = 135#?';&&=88200N .

(i)  Self weight of barrel : Self weight has been applied by conside_ring
acceleration due to gravity, g=9.8 m/secz.v

(iii)  Live load on generator floor equal to 1 t/m”.

Total live load oﬁ generator floor has been calculated and only half of that has

been assumed to be supported on barrel . It is applied as uniformly distributed

pressure over annular cross section area of generator housing.

Boundary conditions :

As stated above barrel is rigidly fixed at the base to the spiral case encasing

concrete at EL 295.05 m. So all nodes at this level (i.e. y = o) were restrained

against displacement in x, y and z direction.
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5.4.5 Analysis

Both 3-D model (with and without opening) were analysed for four loading cases
(i) only tangential load is acting

(ii)  only radial load is acting

(iif)  only vertical load is acting

(iv)  all three loads, tangential, radial and vertical loads are acting.

All four loading cases for two 3-D models are listed in the following table .

Table 5.1 : Table of cases analysed

SLNo. | Type of model Load type | Model name
l. 3-D model without opening Tangential only Chila39E.l
2. -do- Radial only Chila39E2
3. ~-do- Vertical only Chila39E3
4. -do- All three loads acting | Chila39E4
5. 3-D Model with opening . Tangential only Chila39F1
6. -do- Radial only Chila3912
7. -do- Vertical only Chila39F3
8. . -do- All three loads acting | Chila39F4
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CHAPTER 6

DISCUSSION OF RESULTS AND CONCLUSION

6.1 RESULTS OF ANALYSIS

In each case analysed by 3-D FEM for any load we get three normal stresses ( SX,
SY & SZ), three shear stress components (SXY, SYZ & SZX) , major and minor
principal stresses (S1 & S3) and stress intensity SINT. The notations SX, SY, SZ, SXY,
SYZ & SZX corresponds to ox, oy, 0z, Oxy, Oyz and ozx respectively which are shown
in Fig. 5.2.

SINT = (S1-S3) and in three dimensional case maximum shear stress

_S1-83 _ SINT
2 2

_ For the all 8 cases analysed values of SX, SZ & SXZ have been ignored as these
are not found significant in comparison to other stresses. The vertical axis of the barrel is
taken to be in Y-direction, X-Z is a cross-sectional plane of the barrel. The stress values
for SY, SXY, SYZ, Sl, S3 & SINT oh some nodes at which they are either maximum orl
minimum have been tabulated in each case. Stresses have been considered at base only
(Y=0) . Below the table the location of all these nodes are also indicated in plan. Value of
all stresses are in SI units i.e. in N/m?.

In addition to tabular presentation, stress contours and distribution on some

discrete nodes has also been plotted for only significant stresses.

Results presentation of all 8 cases analysed are given below.
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6.1.1  3-D Model Without Opening

®)

©

3-D solid barrel model has been énalysed for 4 cases (individual loads and
combined loads and results of each case is discussed below :

Only tangential load is acting : It is model Chila39E1 analysed for tangential load
only. Maximum and minimum values of significant stresses at some points are
given in Table 6.1 and stress distribution pattern for SY , SYZ and SINT are
plotted in Fig. 6.1 to 6.3. The values of SY indicate vertical stresses both

compression and tension under each stator plate on which tangential load is

| acting. It is of the order of 1.33x10° N/m?. Maximum shear stress SYZ is 1.36x

10° N/m? at the centre of section under the sole plate. At outer and inner surface
the shear stress is less . The distribution of shear stress can be seen in the contour
plan (Fig. 6.2). It is also tabulated across the radius of maximum stress in table

6.9

Only Radial load is acting : It is model Chila39E2 analysed for radial load only.
Maximum and minimum \;alues of significant stresses at some points are given in
Table 6.2 and stress distribution pattern for SXY & SY are plotfed in Fig. 6.4 and
6.5 .The shear stresses SXY are found maximum (3.8x10° N/m? ) at the inner edge
of the barrel at base plate locations. These are concentrated in the inner hé-lf of the
barrel section . The value of SY, vertical stresses both compression and tension is
found at the inner edge of the section under the baée plate depending on direction
of load. It is of the order of 15x10°> N/m?,

Only vertical load is acting : It is model Chila39E3 analysed for vertical load

only. Maximum and minimum values of significant stresses of this model are
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(d)

6.1.2

©

given in Table 6.3 and stress distribution pattern for only SY is plbtted in Fig. 6.6.
as all other stresses are insignificant. Maximum compressive stress of 6.5x10° has
been found under éach base plate

All three loads are acting : It is model Chila39E4 analysed for all threg loads
acting simultaneously. ngimum and minimum values of signiﬁcant stresses of
this model are given in Table 6.4 and stress distribution pattern for SXY, SY &
SINT are plotted in Figs. 6.7 to 6.9. The maximum shear stress SXY of 3.9x10°
N/m? occurs at the inner surface at base plate locations and vertical stress is also
at the inner edge, same as found for radial load .

3-D Model (with Openings)

Similar to solid barrel model, this model(barrel with openings) has also been
analysed for 4 loading cases :

Only tangential load is acting : It is model Chila39F1 analysed for only tangential
load. Maximum and minimum values of significant stresses of this model are
given iil Table 6.5 and stress distribution pattern for SYZ , SY & SINT are plotted
in Figs. 6.10 to 6.12.The values of SY indicating vertical compressive and tensile
stress under each sole plate are found of the order of 1.2x10°N/m” .But at sharp
corners of the opening there is concentration of tensile and compressive stresses.
The maximum tensile stress is 4.2x10° N/m? and compressive stress is
2.28x10°N/m’. The pattern of distribution.and magnitude of shear stress is same
as in solid barrel. Th:‘gt?e(:ss has slightly increased to 1.36x10° N/m’ because of

reduction in area. The shear stress distribution across a radius are tabulated in
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table 6.10 showing maximum stress at the center and reducing both on inner and
outer surface.

Only Radial load is acting: It is model Chila39F2 analysed for radial load only.
Maximum and minimum values of signiﬁéant stresses on some points are given in
Table 6.6 and stress distribution pattern for SXY & SY are plotted in Fig. 6.13
and 6.14. The pattern of distribution of stresses and the magnitudes are the same
as for a solid barrel.

Only vertical load is acting: It is model Chila39F3 analysed for vertical load
only. Maximum and minimum values of significant stresses on some pbints are
given in Table 6.7 and stress distributioﬂ pattern for SY is plotted in Fig. 6.15.
The pattern of distribution of stresses and the magnitudes are the same as for a
solid barrel.

All three loads are acting: It is model Chila39F4 analysed for all three loads
acting simultaneously. Maximum and minimum values of significant stresses on
some points ‘are gi.ven in Table 6.8 and stress distribution pattern for SXY , SY &
SINT are plotted in Figs. 6.16 to 6.18. The pattern of stress distribution and the

maximum value of stresses are particularly same as in case of solid barrel .
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TABLE 6.1 NODAL STRESS COMPONENTS FOR MODEL CHILA39E1
' ( ONLY TANGENTIAL LOAD ACTING)
SL. NO.[NODE KO-ORDINATE|  SY SXY sYZ 1 S3 SINT
1 104 [3.82,0, 0 0 0 1.37E+05 | 1.37E+05 | -1.37E+05 | 2.74E+05
2 2015 | 3.46,0, 4.33| -58718 32486 22975 | 4537.7 -75513 80051
3 2456 [1.91,0, -3.31] -3.88E-02 | 1.18E+05 | 68380 | 1.37E+05 | -1.37E+05 | 2.74E+05
4 3846 [-1.51,0,-2.45 0 10926 0 10926 -10926 21852
5 6825 [-3.72,0,-0.85| -1.33E+05 | -574.46 | -1.26E+05 | 54365 | -2.18E+05 | 2.73E+05
6 7552 |-3.82,0, 0 0 0 -1.37E+05 | 1.37E+056 | -1.37E+05 | 2.74E+05
7 8279 |-3.72,0,0.85 | 1.33E+05 | 574.46 | -1.26E+05 | 2.18E+05 | -54365 | 2.73E+05
8 12648]1.91,0,3.31 | 3.88E-02 | -1.18E+05| 68380 | 1.37E+05 | -1.37E+05 | 2.74E+05
9 12935[3.46,0, 434 | 58718 -32486 2297.5 75513 -4537.7 80051
MINIMUM VALUE
NODE] 6825 12648 7552 2015 6825 3846
VALUE -1.33E+05 [ -1.18E+05 | -1.37E+05 | 4537.7 | -2.18E+05 | 21852
MAXIMUM VALUE
NODE 8279 8279 2456 104 8279 12935 7552
VALU 31671 1.33E+05 | 1.18E+05 | 1.37E+05 | 2.18E+05 | -4537.7 [ 2.74E+05

NODE POSITION FOR TABLE &1
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LEGEND(IN N/M"2)

-118367
-887715
-99184
-29592
0

29592
59184
887115
118367

i n muwn

HaxoHBEHDOS

VALVES AT Y=o ' SY MIN = -133163
SY MAX = 133163

FIG. 6-1 CONTOUR OF SY FOR MODEL CHILA39E1l
( ONLY TANGENTIAL LOAD ACTING )
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LEGEND (IN N/M~2

-121564
-91113
-60782
-30391
0

30391
60782
91173
I = 121564

o

T omEY AN X
I

o

VALUES ATY =0
SYZ MIM = -1361759

SYZ MAX = 136759

FIG. 6-2 CONTOUR OF SYZ FOR MODEL CHILA39E1
(ONLY TANGENTIAL LOAD ACTING)
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FIG.6.3 DISTRIBUTION OF SINT FOR MODEL CHILA39E1l
( ONLY TANGENTIAL LOAD ACTING )
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TABLE 6.2 NODAL STRESS COMPONENTS FOR MODEL CHILA3SE2
( ONLY RADIA]L LOAD ACTING )

SL.\NODE|CO ORDINATE SY SXY SYZ $1 S3 SINT
1 |85 |2.45,0,0 -1.50E+06 | -2.48E+05 0 -1.73E+05 | -1.55E+06 | 1.37E+06
2 {124 14.75,0,0 -78856 82785 0 38651 -1.37E+05 | 1.76E+05
3 1203 |[2.44,0,-0.18 |-1.47E+06| -2.44E+05 | -1.01E+05 | -1.74E+05 | -1.53E+06 | 1.35E+06
4 14199 |-1.23,0,-5.41 2540.4 8006.9 -3097.6 10344 -6907 17251
5 [6760 |-2.39,0,-0.55 | 8.80E+05 | -1.81E+05| 2.61E+05 | 1.00E+06 60168 | 8.44E+05
6 7486 |-2.44,0,-0.18 1.47E+06 | -2.44E+05 | 1.01E+05 [ 1.53E+06 | 1.74E+05 | 1.35E+06
7 |7487 |-2.45,0, 0 1.50E+06 | -2.48E+05 0 1.66E+06 | 1.73E+05 | 1.37E+06
8 [8214 [-2.39,0,0.55 | 8.80E+05 | -1.81E+05 | -2.61E+05 | 1.00E+06 | 60168 | 9.44E+05
9 [10751}-1.23,0, 541 | 25404 8006.9 3097.6 10344 -6907 17251
10 [(11832]0.9, 0, 2.28 -7.12E+05| -3.81E+05} 83334 40478 | -9.14E+05 | 9.55E+05
MINIMUM VALUE
NODE] 85 11832 8214 203 85 4199
VALUE -1.50E+06 | -3.81E+05 | -2.61E+05 | -1.74E+05 | -1.55E+06 | 17251
MAXIMUM VALUE
NODE| 7487 124 6760 7487 7486 85
VALUE 1.50E+06] 8.28E+04] 2.61E+05] 1.55E+06| 1.74E+05] 1.37E+06

NODES LOCATION FOR TABLE &-2
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LEGEND (IN N/42)

A = -355516

B = -303951

C = -252386

D = -200821

E = -149257

F = ~97692

G = -16127

H = 5437

I = 57002
VALUES ATY =0 | SXY MAx= 381298

FIG. 6.4 CONTOUR OF SXY FOR MODEL CHILA39E2
( ONLY RADIAL LOAD ACTING)
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LEGEND (IN /M 2)

A = -1330000

B = -999576

C = -666384

D = -333192

E=0

F = 333192

G = 666384

H = 999576

I = 1330000
VALUES AT Y =0 . SY MIN = -1500000

SY MAX = 1500000

FIG. €< CONTOUR OF SY FOR MODEL CHILA39E2
( ONLY RADIAL LOAD ACTING )
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TABLE 6.3

NODES LOCATION FOR TABLE 6°3
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NODAL STRESS COMPONENTS FOR MODEL CHILA39E3
( ONLY VERTICAL LOAD ACTING )
S NODE [CO ORDINATE] SY SXY SYZ S1 S3 SINT
1 86 3.13,0,0 -2.31E+05 | -96435 0 -19278 -2.75E+05 | 2.55E+05
2 4552 | -1.23,0,-2.12 | -5245.3 2585.7 4478.6 3076.9 -8458.8 11536
3 116825 | -3.72,0,-0.85 | -3.30E+05| -1750 -93072 -50998 -3.61E+05 | 3.10E+05
4 7496 -3.13,0,0 -2.31E+05 96435 0 -19278 -2.75E+05 | 2.55E+05
5 {7558 -3.59,0,0 -6.50E+05 | 21541 0 -1.50E+05 | -6.51E+05 | 5.01E+05
6 - 9650 -1.45,0,2.51 -46427 28609 -49552 25548 -91913 1.17E+05
7 19651 | -1.34,0,2.32 -526.97 9016.7 -15617 16293 -19862 36154
8 12583 | 1.23,0,2.12 | -5245.3 -2585.7 | -4478.6 3076.9 -8458.8 11636
9 112654 1.79,0,3.1 | -6.50E+05] -10771 -186565 -1.50E+05 | -6.51E+05 | 5.01E+05
10 14803 | 3.72,0,0.85 | -3.30E+05 1760 93072 -50998 -3.61E+05 | 3.10E+05
MINIMUM VALUE '
NODE | 12654 86 6825 12654 7558 4552
VALUE -6.50E+05 | -96435 -93072 -1.560E+05 | -6.51E+05 11536
MAXIMUM VALUE - . VALUES
NODE | 9651 7496 14803 . 9650 12583 7558
VALUE -526.97 96435 93072 25548 -8458.8 | 5.01E+05
g L e
Vet i
------ L z_—-x " gl l )
e o
ST ANERERRES
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LEGEND

A = -613732
B = -541593
C = -469451
D = -397309
E = -3251617
F = -253025
G = -180882
H = -108740
= ~36598
VALUES AT Y=0 SY MAx= -649807

SY = -526.97

FIG. £-6 CONTOUR OF SY FOR MODEL CHILA39E3
( ONLY VERTICAL LOAD ACTING)
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( ALL THREE LOADS ARE ACTING)

TABLE 6.4 NODAL STRESS COMPONENTS FOR MODEL CHILA39E4

L. NO,

NODES LOCATION FOR TABLE 64

57

S NODE |[CO-ORDINATE SY SXY SYZ S1 S3 SINT
1 85 2.45,0,0 -1.50E+06 | -2.54E+05 14750 -1.71E+05 | -1.65E+06 | 1.38E+06
2 947 12.61,0,-1.26 -7424.6 -8895.8 1601.2 3861.4 -14796 18657
3 2368 (0.9,0,-2.28 -7.43E+05 | -3.92E+05 -67034 34056 -9.46E+05 | 9.80E+05
4 6831 |-3.49,0,-0.8 -6.54E+05 -19948 -2.89E+05 -25440 | -7.88E+05| 7.62E+05
5 7486 |-2.44,0,-0.18 1.47E+06 | -2.38E+05 86855 1.62E+06 | 1.76E+05 | 1.34E+06
6. 7487 |-2.45,0,0 1.49E+06 | -2.43E+05 -14750 1.54E+06 | 1.75E+05 | 1.36E+06
7 9728 [-1.79,0,3.1 -9.07E+05 -33285 -2828.3 -2.09E+05 | -9.08E+05 | 7.00E+05
8 14746 12.38,0,0.55 -8.89E+05 | -1.88E+05 | 2.72E+05 -54301 -1.02E+06 | 9.67E+05
9 14871 14.50,0,0.34 -3.83E+05 | 1.54E+05 1.09E+05 -1917.2 | -4.77E+05| 4.75E+05
MINIMUM VALUE
NODE] 85 2368 6831 9728 85 947
VALUE -1.50E+06 | -3.92E+05 | -2.89E+05 | -2.09E+05 | -1.55E+06| 18657
MAXIMUM VALUE , o »
NODE]| : 7487 14871 14746 7487 7486 85
VALUE 1.49E+06 | 1.54E+05 | 2.72E+05 | 1.54E+06 | 1.76E+05 | 1.38E+06
@
B o1
o8 i




VALUES AT Y=o

FIG. 67 CONTOUR OF SXY FOR MODEL CHILA39E4
(ALL THREE LOADS ACTING)
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LEGEND (IN H/M"2)

= -361255
-300587
-239920
-119252
~-116565
-57918
2149

634117

124084

HEZOoHHMEYaAaW
oo nnn

SXY MAX = -391588



LEGEND (IN H/M"2)

= -1340000
= -1000000
= -671629
= -338431
-5245
3279417
661139
994331
1330000

H

HoaMHMEOAWH
i

ALUES AT y=o0 .
VAL - ! SY MIH = -1500000

SY MAX = 1490000

FIG. -8 CONTOUR OF SY FOR MODEL CHILA32E4
(ALL THREE LOADS ACTING)

59



- . 80654
,,,,, coer

02813, UL yagaggs

SRR 8?55.0'8..".'.'."_.':."_.9'5047_4
Fe e
RENTIRIE 11177 FER

L e

e 1,381526+006. 299895
RRROURRREREEREY -7 : I 1 Sneelnlo

“."'..‘.._E!
T 590472 .
Lt ...' .El‘_-._'l.-:-' ...‘...'.'.'... o
- BBIBEF. TS
O g

S oa3peeg. - -
.g.-'

VALUES ATYs 0

FIG. 6.9 DISTRIBUTION OF SINT FOR MODEL CHILA39E4
( ALL THREE LOADS ACTING )
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TABLE 6.5 NODAL STRESS COMPONENTS FOR MODEL CHILA39F1
( ONLY TANGENTIAL LOAD IS ACTING)

“SINT

SL.NO. |NODE COORDINATE SY SXY SYZ S1 S3 .
1 104 3.82,0,0 10.276 -9.0435 | 1.37E+05 | 1.37E+05| -1.37E+05 | 2.74E+05
2 4631 -1.91,0,-3.31 | -9.23E-02 | 1.18E+05 | -68380 |1.37E+05|-1.37E+05| 2.74E+05
3 7552 -3.82,0,0 -32.249 | -32.998 |[-1.37E+05| 1.37E+05( -1.37E+05| 2.74E+05
4 10538 -0.9,0,3.95 4.21E+05 | -1.11E+05| -86783 |4.71E+05| 28888 | 4.42E+05
S 10751 -1.23,0,5.41 2.58E+05 | 250.6 -68538 |[2.79E+05| 30791 |2.48E+05
6 11128 0,0,2.45 -1615.4 -10216 | -687.59 | 9261.6 -11255 20516
7 11191 -0.57,0,3.78 | 1.85E+05 |-1.56E+05| -39606 |2.90E+05| -60991 {3.51E+05
18 11266 0.3,0,4.04 -2.28E+05| -98232 30748 | 4327.3 |-2.73E+05] 2.78E+05
9 11479 0.41,0,5.53 -1.82E+05 | -28556 36945 -21256 | -1.96E+05| 1.75E+05
MINIMUM VALUE
NODE 11266 11191 7552 11479 11266 11128
VALUE -2.28E+05 | -1.56E+05] -1.37E+05| _-21256 |-2.73E+05[ 20516
MAXIMUM VALUE
NODE 10538 4631 104 10538 10751 10638
VALUE 4 21E+05 | 1.18E+05 | 1.37E+05 | 4.71E+05| 30791 | 4.42E+05

NODES LLOCATION FOR TABLE 6-5
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LEGEND (N /)

R = -121625
B = -91222
C = -60830
D = -30428
E = -26.13
F = 30376
G = 60778
H = 91180

I = 121582

SYZ MAX=1-37x10%

VALUES AT Y=0

FIG. 6-1o CONTOUR OF SYZ FOR MODEL CHILA39F1
( ONLY TANGENTIAL LOAD ACTING )
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LEGEND (IN H/1*2)

A = -191566
B = -119567

- 47548 -

C

D
E

24471
96489
168508

F =

240527

G =
H=

312546
384565

I =

SY MAX = 42054

| sy v = 227595

=0

VALUES AT Y

CONTOUR OF SY FOR MODEL CHILA32F1

(ONLY TANGENTIAL LOAD ACTING)

FIG. 6-11
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FIG. 6.12 DISTRIBUTION OF SINT FOR MODEL CHILA39F1
( ONLY TANGENTIAL LOAD ACTING)
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TABLE 6.6 NODAL STRESS COMPONENTS FOR MODEL CHILA39F2
( ONLY RADIAL LOAD IS ACTING )

SL.. NO. INODE |COORDINATE sY SXY SYZ $1 S3 SINT
1 85 2.45,0, O -1.50E+06 | -2.48E+05¢ -2.7909 |[-1.73E+05( -1.66E+06 | 1.37E+06
2 205 12.39,0,-0.55 | -8.80E+05 | -1.81E+05.| -2.61E+05| -60167 | -1.00E+06 | 9.44E+05
3 4575 1-0.90,0,-2.28 | 7.12E+05 | -3.81E+05) 83334 | 9.14E+05]| -40478 | 9.55E+05
4 6760 (-2.39,0,-0.55 | 8.80E+05 | -1.81E+05( 2.61E+05 | 1.00E+06 | 60167 | 9.44E+05
5 7487 |-2.45,0,0 1.50E+06 | -2.48E+05| 8.9147 | 1.66E+06 [ 1.73E+05 | 1.37E+06
6 7488 |-2.44,0,0.18 | 1.47E+06 | -2.44E+05) -1.01E+05 | 1.53E+06 | 1.74E+05 | 1.35E+06
7 7640 14.75,0,0 78874 82803 34772 | 1.37E+05| -38659 | 1.76E+05
8 10761 |-1.64,0,5.3 .646.52 1580.6 1674 2193.6 -2800.2 | 4993.8
8 14748 12.44,0,0.18 | -1.47E+06 | -2.44E+05 | 1.01E+05 |-1.74E+05| -1.563E+06 | 1.35E+06
MINIMUM VALUE '
NODE 85 4575 205 14748 85 10761
VALUE -1.50E+06 | -3.81E+05 | -2.61E+05 | -1.74E+05] -1.55E+06 | 4993.8
MAXIMUM VALUE '
NODE 7487 7640 6760 7487 7488 85
VALUE 1.50E+06 | 82803 | 2.61E+05} 1.55E+06 | 1.74E+05 | 1.37E+06

'NODES LOCATION FOR TABLE 6- 6
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LEGEND { IN H/MAp)

-353515
-303948
-252381
-200814
-149248
-91681
-46114
5453
57020

XM EHET AN
nunw o nunno

VALUES AT y=o _
SXY Max = 381298

FIG. €-12 CONTOUR OF SXY FOR MODEL CHILA39F2
( ONLY RADIAL LOAD ACTING )
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LEGEND (1n wipy)

A = -1330000
B = -999516
C = -666364
D = -333192
E=10

= 333192
G = 666364
H = 999576
I = 1330000

SY MIN = -1400g00
SY MiX = 1Sovoca °

VALUES AT ¥ = 0

FIG.6-{4 CONTOUR OF SY FOR MODEL CHILA39F2
( ONLY RADIAL LOAD ACTING)
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TABLE 6.7 NODAL STRESS COMPONENTS FOR MODEL CHILA39F3
(ONLY VERTICAL LOAD ACTING )

G RN RGN B

L. NO. |[NODE|COORDINATE SY SXY SYZ $1 S3 SINT
86_ 13.13,0,0 -2.31E+05 | 96436 | 3.9954 -19277 | -2.75E+05 | 2.55E+05
273 13.72,0,-0.85 | -3.30E+05 | 1749.7 | -93069 -50999 | -3.61E+05 | 3.10E+05
2462 |1.79,0,-3.10 | -6.50E+05 | -10771 18655 | -1.50E+05 | -6.51E+05 | 5.01E+05
7499 |-2.9,0,0 -46425 57221 10.617 25552 -91914 | 1.17E+05
8279 |-3.72,0,0.85 | -3.30E+05 | -1700.2 | 93151 -50938 | -3.61E+05 | 3.10E+05
| 9648 [-1.23,0,2.12 -4802.7 2570.4 | -4133.9 | 2983.3 -7846.3 10830
9651 |-1.34, 0, 2.32 -400.99 9078.1 -15096 15976 -19349 35324
10471{-1.06, 0, 3.43 | -3.67E+05 | 99405 18171 -58112 | -4.00E+05 | 3.42E+05
MINIMUM VALUE
NODE] 2462 86 273 2462 2462 9648
|VALUE -6.50E+05 | -96436 | -93069 | -1.50E+05] -6.51E+05| 10830
MAXIMUM VALUE
NODE] 9651 10471 8279 7499 9648 2462
VALUE ~400.99 89405 93151 25552 -7846.3 | 5.01E+05

NODES LOCATION FOR TABLE &-7
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LEGEND (IN H/1"2)

A= 61378
B = 51572
C = 469416
D = 397260
B = 325104
F = -252948
G = -180W1
H = -108635
I=-2419

VALVES AT Y=o

FIG. -3 CONTOUR OF SY FOR- MODEL CHILA39F3
(ONLY VERTICAL LOAD ACTING)
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SY MIN = -6493807
SYMAX = 40°



TABLE 6.8 NODAL STRESS COMPONENTS FOR MODEL CHILA39F4
(ALL THREE LOADS ACTING)
SL. NO.|NODE [COORDINAT SY SXY . SYZ $1 S3 SINT
1 85 2.45,0,0 -1.50E+06 | -2.54E+05] 14752 | -1.71E+05 | -1.56E+06 | 1.38E+06
2 947 12.61,0,-1.26 -7424.5 -8895.8 1601.3 3861.4 -14796 18657
3 2368 10.9,0,-2.28 -7.43E+05 | -3.92E+05| -67034 34056 | -9.46E+05 | 9.80E+05
4 6831 |-3.35,0,-.8 -6.54E+05| -19948 | -2.89E+05 | -25445 | -7.88E+05 [7.62E+05
5 7486 |-2.44,0,-.18 1.47E+06 | -2.38E+05| 86861 1.52E+06 | 1.76E+05 | 1.34E+06
6 7487 }-2.45,0,0 1.49E+06 | -2.43E+05| -14742 1.54E+06 | 1.75E+05 | 1.36E+06
7 9728 }-1.79,0,3.1 -9.05E+05 | -30027 -1474.9 | -2.08E+05] -9.06E+05 | 6.98E+05
8 10455 |-0.85,0,3.72 | -3.61E+05 | 1.58E+05 16700 -14584 | -4.34E+05 [ 4.19E+05
9 14746 12.39,0,0.55 -8.80E+05 [ -1,88E+05| 2.72E+05 | -54299 | -1.02E+06 | 9.67E+05
MINIMUM VALUE '
NODE | 85 2368 6831 9728 85 847
VALUE -1.50E+06 | -3.92E+05 | -2.89E+05 | -2.08E+05.| 1.55E+06 18657
MAXIMUM VALUE
NODE | 7487 10455 14746 7487 7486 85
VALUE 1.49E+06 | 1.68E+05 | 2.72E+05 | 1.54E+06 | 1.76E+05 [ 1.38E+06

NODES LOCATION FOR TABLE 6-8
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LEGEND ( IN H/M"2)

~361083
-300074
-23%064
-178054
-117044
-56034
4976
65985
126995

HEaxHH BB o
“nnn

nw uwnn

SXY ‘MAR=-391588

VALUES AT y-o

FIG., 6-16 CONTOUR OF SXY FOR MODEL CHILA32F4
-{ ALL THREE LOADS ACTING )
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LEGEND ( TH H/*2)

-1340000
-1000000
-6'11628
-338436
-5244
327948
661140
994332
1330000

Hx oMo oW s

o

VALUES AT Y=o SY MIN = -1500000
: SY MAX = 1490000

FIG. &:'17 CONTOUR OF SY FOR MODEL CHILA39F4
{ ALL THREE LOADS ACTING}
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6.2  DISCUSSION OF RESULTS

Results obtained from the analysis in previous chapter are discussed in the
following three groups.

6.2.1 Effect of Opening in 3-D Barrel Model

A comparision of ;esults of the analysis of solid barrel and the barrel with opening
has indicated vertical stress concentration at the sharp corners of the opening with the
application of tangential load. Under other loads and all loads acting together there has
been no change in the distribution of stresses and the value of mak_imum ana minimum
stress.

6.2:2 Comparison of Results with Conventional Results

i) Tangential Loading

In conventional method generator barrel is .mainly analysed for tangential loading
. as it induces large shear stress exceeding permissible shear stress in concrete. Hence for
comparison of results conventional analysis has been done for tangential load only. In
conventional analysis (Chapier 5.3) maximum shear stress has occurred at outer surface
while minimum shear stress at inner surface. The results obtained from FEM analysis
given above have shown maximum shear stress in a central annular ring in which stator
pedestals are located. The shear stress distributi on has not been in conformify with that of
conventioﬂal_ analytical method. Variation of shear siresses in radial direction for model
chila39E1 and chila39F1 are shown in table 6.9 & table 6.10 respectively.

o,—0, _SINT
2

Maximum shear stress =

From FEM, maximum shear stress = 2.21 x 10° N/m?
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Maximum shear stress calculated by conventional method is 2.62 x 10° N/m’.
Therefore, the shear stress distribution is found different in the two methods but the
maximum shear stress value is quite close. In conventional method, it is assumed that
longitudinal stresses (SY) due to torque (tangential load) are insignificant, but from FEM
analysis in this case longitudinal stresses are- quite considerable. The concentrétion of
these stresses 4.21x10°> N/m? tensile and 2.28 x10° N/m’ coml;ressive ( Table 6.5 ) has
been observed at the sharp corners of the openings.

In conventional method it is assumed that tangential force is applied uniformly

over the section and length/diameter ratio is quite large so that pure sHear can develop.
But for the case ‘analysed, loading is not uniform over the section but the force acts
. through six pedestals, and each pedestai transfers the force on 15 nodes. Secondl}-'
- length/diameter ratio in lthis case is véry small (L/D < 1/10). Therefore pure shear
~ condition could not developed in this case and applied load did not get enough length to
‘even out. This is therefore, the reason to get different type of shear stress distribution by
thé two methods. The analysis of a solid barrel of large L/D ratio by FEM (results
tabulated in Table 6.-1 1) has shown that at greater depth the shear stress distribution
across the radius follows the same pattern as obtained by conventional method.

ii) Radial Loading

In conventional method effect of radial loading is tgken in X-Z plane only and it
is checked for average shear stress in this plane. But results from FEM analysis reveal
that in addition to shear stress there is considerable value of normal stress '(SY) in

longitudinal direction, though it is concentrated at the base plate edge on the inner surface
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(Fig. 6.14). 1t is tensile or compressive depending on direction of force and has a value

of 15x10° N/m*
Maximum normal stress in longitudinal direction =1.50 x 10% N/m?
The maximuin shear stress is 6.85x 10° N/m?
iii)  Vertical Loading
In conventional method vertical load is assumed to be dispersed at 45° and are
considered unifoﬁnly distributed at the base of the barrel. The normal stress contours due
to vertical loading are shown in Fig. 6.15 . From these stress contours it is seen that
stresses are concentrated below stator pedestals only. The reason for this difference may
be attributed to the small height of barrel due to which load distribution could not be
effective at the base of barrel.
iv)  The all three loads acting simultaneously

" In conventional analysis effect of each loading is taken individually and stresses
due to each are taken care of in design. But FEM analysis gives stresses for the combined
.loading-also. It can help in developing an economical design.

6.2.3 Whether Stresses are Within Permissible Limits

As per BIS Code (IS:456-1978) permissible stresses for M 20 concrete are :

i) In direct tension = 2.8 N/mm? = 2.8x 10° N/m* ( when all the tensile stress
will be taken by steel).
ii) Shear stress (considering nominal reinforcement in longitudinal direction)

=0.22 N/mm’ = 0.22 x 10° N/m’
iii)  In direct compression, e = 5.0 N/mm’ = 5x 10° N/m?

iv) Flexural strength f, = 0.7VF = 0.7 x V20 =3.13 N/mm? = 3.13 x10° N/m?
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Result from FEM under combined loading have shown that
() Maximum tension = 149 x10° N/m® < 2.8 x 10° N/m®* (Hence
reinforcement has to be provided for this étress.)
(i)  Maximum shear stress = (1.38x 10°) /2 = 0.69 x 10° N/m? > 0.22 x 10°
N/m? hence not safe in sheér and reinforcement has to be provided for

a

shear stress.

(i) Maximum direct compression = 1.50 x10° N/m* < 5.0 x 10° N/m?, hence
safe.

6.3 CONCLUSIONS

For the case ( Chilla P.H. Generator barrel ) analysed in this study by the two

methods i.e. conventional and FEM, the following conclusions can be derived:

(i) The openings have little effect on the stress and the stress pattern for
various loads and the load combination except the vertical stress
cpnccnlrution at the sharp corners of the opening which is inherent
drawback of FEM analysis.

(i)  Because of very small L/D rafio of the barrel , load distribution could not
be possible. Therefore the stresses and stress distribution by the two
methods are not found comparable. |

(i)  The results of analysis indicate that for small L/D ratio,the generator
support should be designed as pedestals with adequate edge effect and not

as a barrel,fixed at base and free at the top.
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SUGGESTIONS FOR FURTHER STUDY

-

(i)

(ii)

(iv)

The above conclusions can be generalised by analysing a number of
cascs with different L/D ratios and different opening sizes.

Further study'vcan also determine the limit of L/D ratio for which analysis
as a barrel will be applicable.

FEM analysis with refined mesh will be helpful in establishing

_quantitative relation between the stresses by the two methods of analysis.

The model can also be analysed for dynamic loads.
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