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ABSTRACT

Many attempts have been made in studying the structural behaviour of cooling tower
shells, focusing more on the effect of wind on the structure and shape imperfections.
However, little has been investigated on the most basic loading condition, i.e. self-weight

foad.

This thesis focuses on a cooling tower with uniform thickness where several geometric
parameters like the hyperbolic axis ratio (b/a), top opening angle (¢p), offset parameters
(A), and scale of the structure are varied one at a time, to investigate the effect these

parameters have on the meridional and hoop stresses.

A general-purpose finite element programme, ABAQUS, was used to create models of
the cooling tower structure. The model results were verified using closed-form analytical
membrane solutions as reported by Zingoni*'. The model considers constraining the base

against rotation in all directions while the top is made to be free.

The predicted numeric meridional and hoop stresses compare favourably well with the
closed-form analytical results, except at the critically stressed zone near the base that

exhibits some bending disturbances.

Parametric investigation shows that an increase in the hyperbolic axis ratio, the top

opening angle, and offset parameters also increases meridional and hoop stresses.
It is concluded that lower b/a, ¢y, and zero offset parameters be adopted for preliminary

design purposes. Finally, recommendations are made on the need for further

investigations.
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CHAPTER ONE

INTRODUCTION

1.1  HISTORICAL BACKGROUND

Shells, as the name implies, occur in nature in different forms. Egg shells, shells of nuts,
plants and leaves of various types, snails, many insect forms — all represent nature’s attempt at
efficient use of materials, possibly because of the relatively few factors affecting the growth of
a given plant or species. The natural forms of shells have been known to man from time

immemorial and must have influenced his design choices, even if not consciously.

Man has built shell-like structures since antiquity, when the curved form of Roman
architecture was extended into three dimensions. The materials used were masonry and
concrete, probably developed from the “pise” system of construction through the addition of
the “wonderful dusky-red pozolana” natural cement’. The shell form used by the Romans was
the hemispherical dome, as in the roof of the Pantheon completed in the middle of the second
century, or the semi-circular barrel vault, as used in the roofs of the Termea'. While the
Roman examples of domes and vaults do not constitute thin shells in the modern sense, they
certainly represent a tremendous engineering achievement when considered in the context of
the day. Notable examples of the domed roof are the church of St. Sophia built in Istanbul in
the first half of the sixth century and later converted into a mosque, the Church of San Vitale
in Ravenna, noted for its use of pottery as the material for the shell, the Baroque dome of St.
Peter’s designed by Michaelangelo and built in 1590, St. Paul’s Cathedral in London designed
by Sir Christopher Wren in 1710, and the Taj Mahal built in the seventeenth century."

Broadly speaking, shells built until the 1900’s share a common trend: the methods of
construction remained essentially static through the ages. Further progress could not be
achieved without basic improvement in the technology of construction, in the quality of

construction materials, and in the understanding of the laws of mechanics.

Following the discovery of cement and its application in obtaining concrete, a new material

was created by the addition of steel, namely reinforced concrete. Unlike the Roman masonry



of the past, reinforced concrete was capable of transferring tensions and was mouldable into
any desired shape. The development of pfestrcssing in the twentieth century brought
additional relief to the designers. The volume of reinforced-concrete construction grew rapidly
following the discovery of an effective process for the manufacture of iron and steel. In the
second half of the nineteenth century, structural mechanics reached maturity. The theory of
arches was worked out by Bresce in 1859. Kirchhoff’s re-examination of the Lagrangian plate
theory dates back to 1849, while the first theory of shells was proposed by Aron in 1874. The
oldest form of shells is probably a cylindrical barrel vault which was developed from Roman
architecture. In modern days, the shape of the cylindrical vaults remains the same, but some
new variations have been added, i.e. the profiles are not only circular, but parabolic and
elliptic. The first modern shell, designed and built with the knowledge of structural
mechanics, was the roof of an experimental planetarium (in Iena) completed in 1923. This was

hemispherical, corresponding to the functional shape of the project.

A great number of aircraft hangars, covered markets, factories, stadia, exhibition buildings

and railroad terminals have been erected with roofs of shell construction.

1.2  DEFINITIONS
A thin shell is a body that is bounded by two closely spaced curved surfaces. It can thus be
considered as the “materialisation” of a curved surface, just as the beam and flat plate can be

considered as the “materialisation” of a line and a flat surface®.

A shell has three fundamental identifying features: its reference surface, its thickness, and its
edges. Of these, the reference surface is the most significant, because it defines the shape of
the shell. Generally, if the shell is composed of a single homogeneous material, the middle
surface (that is, the locus of points that are equidistant from the bounding surfaces) is selected
as the reference surface. If the shell is of layered or other non-homogeneous construction, it is
usually more convenient to use as the reference surface, one of the bounding surfaces or a so-

called neutral surface that is analogous to the neutral axis of a beam.

The thickness 7 of the shell at a given point, defined as the distance between its bounding
surfaces as measured along and normal to the reference surface that passes through the point,

may vary over the shell. Furthermore, the edges of the shell are designated by appropriate

-9-



values of co-ordinates that are established on the reference surface. Shell edges are formed by
curved surfaces whose normal are perpendicular to the normal of the reference surface along
the intersections of the edge surfaces with the reference surface. There are cases where the
shell might have no edges at all. In such cases, the shell is referred to as a closed shell; an
example is an egg-shape sludge digester. Shells can be composed of any type of material.
However, considerations in this thesis are restricted to linear elastic shells which obey Hook’s

law, and whose displacements at a point are small in comparison with the thickness.

Assuming a permissible error of 5% for ordinary engineering computations, Novozhilov® cites
the cut-off point between thin and thick shells as corresponding to the ratio L < 51-6 (where
Tmin. iS the minimum radius of curvature of the middle surface). He notes that a large number

of shells encountered in practice are classified as thin if they lie in the range

L < £ < i Vlasov® adopts a more stringent criterion (L~ < L ).
1000 r 30

s min

1.3 DEVELOPMENT OF THEORIES OF SHELLS

1.3.1 Historical Developments in Linear Shell Theory

An investigation of the general theory of shells, based on Kirchhoff’s re-examination of the
Lagrangian plate theory, dates back to 1849, while the first theory of shells founded on the
hypothesis of Kirchhoff was proposed by Aron in 1874. In 1888, Love derived the basic
equations which describe the behaviour of thin elastic shells®. These equations, together with
the assumption upon which they are based, form the theory of thin elastic shells referred to as

Love’s first approximation.

1.3.2 The Love-Kirchhoff Assumptions and Love’s Approximation

The simplifying assumptions first adopted by Kirchhoff for plates, and later extended to shells

by Love, are sometimes referred to as the Love-Kirchhoff assumptions. These assumptions

may be stated as follows:

(a) The shell thickness is negligibly small in comparison with the least radius of curvature
of the shell middle surface.

(b) Strains and displacements that arise within the shell are small.

(©) Straight lines that are normal to the middle surface before deformation remain straight

and normal to the middle surface during deformation, and undergo no change in

length.



(d)  The direct stress acting in the direction normal to the shell middle surface is negligible.

1.3.3 Shells of Revolution and Solution Approaches

Shells of revolution are generated by rotating a plane curve though 360° about a straight line
in the plane of the curve. These include cylindrical, spherical and hyperbolic shells. In 1912,
H. Reissner® reduced the differential equations for symmetrical deformations of such shells to
a convenient form, and then applied the asymptotic method for the integration. He also
discovered the possibility of reducing the order of the differential equations of this problem by
means of complex transformation. The problem of spherical shells under symmetrical loading
was found to reduce to the integration of a single second-order differential equation’.
Meissner was later able to generalise H. Reissner’s results to the problem of the symmetrical
deformation of shells of revolution of arbitrary shape. In this way, the difficulty arising in the
analysis of shells of revolution under symmetrical loading was largely overcome, since the
asymptotic method was shown to be a simple and sufficiently accurate process for the
integration of the relevant differential equations. However, these results were not suitable for
practical application since one has to retain a lot of terms in the analysis of spherical shells

using hypergeometric series.?

Shtaerman® in 1924 gave a very clear deduction of the equations of the problems by
establishing the analogy between the problems of the symmetrical deformation of shells of

revolution and of the bending of arches on elastic foundations.

In 1926, Geckeler* obtained a more simplified approximation for the integration of the
equations for the symmetrical deformation of shells of revolution. He achieved this by
omitting terms in the two dependent variables Qq and V (Qq is the transverse shear per unit
length of shell element, V is the rotation of the meridian), and terms in the first derivatives of
these variables, from the Reissner-Meissner pair of equations for arbitrary shells of revolution
subjected to symmetric loading. From the point of view of simplicity, and the rapidity with
which a stress analysis can be performed, the Geckeler approximation is undoubtedly the most
convenient analytical tool for obtaining edge-zone stresses in axisymmetrically loaded
spherical shells. It is most suited to such shells if they are sufficiently thin and of constant

thickness.



Novozhilov® argues that, in the derivation of the Reissner-Meissner pair of reduced equations
for the spherical shell, errors of order #a (spherical shell’s thickness to radius ratio) in
comparison with unity are involved, so that there is no point in retaining in the solution to the
equations terms of order smaller than #a. He concluded that the simplifying asymptotic series
method must, therefore, be employed irrespective of the difference between the solutions
obtained by this method and the hypergeometric series, especially as the convergence
problems associated with the mathematically-exact hypergeometric solution hamper the use of

that solution for practical engineering calculations.

Timoshenko and Woinosky—Krieger5 point out that, for an a/t =30, as many as ten terms are
required in order to obtain sufficient accuracy for the hypergeometric-series solution. Flugge*

also reports problems with the convergence of the hypergeometric series.

In 1944, Vlasov* independently developed a bending theory applicable to shallow shells.
According to Vlasov, a shell is considered to be shallow if the ratio of the shorter side (for
shells of rectangular plan) or to the diameter (for shells of circular plan) is less than 1/5. Such
a criterion for shallowness corresponds to a ¢ value at the shell edge of approximately 44° in

the case of spherical shells whose plan shape is circular.

1.4 COOLING TOWERS

1.4.1 General Considerations and Historical Developments

The advent of the natural draught cooling tower dates back to the beginning of the twentieth
century. The first paper published in Britain on the theory of natural draught cooling towers
was that of Robins® in 1907, which during its time was a remarkable work. In 1910, Prof. Van
Iterson of the Dutch State mine first started exploring the use of reinforced concrete shells for
natural draught cooling towers’. In 1916, he designed the first hyperbolic natural draught
concrete cooling tower. It then became common practice to build cooling towers next to

power stations.

It was during the Second World War (1939-45) that extensive and serious efforts were made
to develop industrial cooling towers. Numerous towers were vbuilt in Europe during this

period, and only in the late 1950s did the Americans start exploring their use. Cooling towers



only emerged in Africa in the 1960s with South Africa being the first country to adopt their

use.

Fig. I Layout of Cooling Tower

As described by Rish and Steel’, natural draught cooling towers are structures used to reduce
the temperature of water in the cooling circuit of thermal power plants. Most of the structure
is an empty shell. The lower portion contains the cooling stack over which the warm water is
distributed by a pipe and nozzle system. The lower portion of the structure is open to allow air

-6-



access to the cooling stack. Beneath the tower is a pond that is constructed to catch the falling
water and return it to the circulating water system. A typical layout of a hyperbolic cooling
tower is shown in Figure 1. The function of the cooling stack is to increase the surface area
between the water and the cooling air, either by breaking the water up into droplets or by
spreading it over a large area in the form of films. As the warm water falls through the stack,
it gives up its heat to the air. The air leaving the stack inside the shell is lighter than the
ambient air and a draught is created by the chimney effect. Above the distribution pipes, a
spray eliminator screen is constructed to catch the fine droplets of water that would otherwise
be picked up by the rising air-stream. As the plume of vapour is discharged at a great height,
there is no risk of the performance of the tower being affected by the re-circulation of air
leaving the top of the tower. The draﬁght through the tower results from a number of inter-
related effects: the atmospheric air-pressure difference due to chimney height; induced
draught due to wind velocity differentials; temperature difference of the air heated by the

water; an increase in volatility due to vaporization.®

The earliest towers were built of wood, which comprises staked fagots over which water is
dropped. Refinements were made by housing, which prevents the water from being polluted
by the atmosphere, and extending it into a chimney shape to increase the draught. Metal
towers were also explored, but unfortunately these were not so popular and most are now
extinct®. Attempts were also made using other materials like aluminium and asbestos cement

sheathing on a structural steel frame.

The final choice for constructing natural draught shells came from reinforced concrete which
withv its strength, flexibility in design and low maintenance expenditure has advantages over
other materials. Furthermore, the possibility of utilising a single or double-curved surface
enabled lightweight structures to be erected. The cooling tower is a huge double-curved thin
shell structure with a negative Gaussian curvature. The shell of a cooling tower is a
hyperboloid of revolution with a throat-radius-to-shell-thickness ratio in the range 125-400%,
The slender shell is supported above the ground on a lattice of inclined columns forming a V,
X or A pattern around the bottom opening of the shell. This type of support is a continuation
of the membrane shell into the foundation, i.e. the columns meet the shell along the tangent
plane of the mid-surface, and are cast into a ring-beam foundation. The shell is the most

important part of the cooling tower, both in technical and financial terms. It is also the most
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sensitive since its collapse would put all or part of the power station out of action for a
considerable period of time. For this reason, the shell is the most fundamental factor

influencing the life of the cooling tower.

According to Harte’, natural draught cooling towers play a significant role as power plant
components: they balance the technical requirements of an efficient energy supply with
appropriate means for protecting the environment. Even in the most efficient nuclear power
units, only 45% of the generating heat is converted into electric energy. The remaining 55% is
discharged into the environment, mainly through the smokestack and the cooling water. To
avoid thermal pollution of the rivers, lakes and seashores by using the water for cooling,
natural draught cooling towers are the most effective measure for minimising the need for
water. Thus they are able to balance the environmental factors, investment and operating costs

with the demands of a reliable energy supply.

In the first quarter of the twentieth century, the size of towers was moderate, and did not
exceed 80m in height. In this range, the structural safety and stability were not of primary
concern because the minimum wall thickness and reinforcement were sufficient to provide the
required safety. Nevertheless, several techniques developed during that period, pertaining to

the computation of forces and stresses in the shell.

During the mid-fifties when cooling towers were becoming more and more common, the
increase in size of these structures made it mandatory to carry out a thorough and accurate
analysis to cater for both safety and economy. Analysis was then carried out using only the
membrane theory,7 which assumes:

i. The thickness of the shell is very small compared with its diameter.

ii. Bending moments are negligible vthroughout the shell, and this approach is adopted in
cooling-tower theory even though the ring beam is likely to introduce moments in its vicinity.
iii. Applied loads (including wind forces) are resisted only by direct tension, compression, and

shearing forces in the plane of the shell itself.

During this period, the analysis of cooling towers was done considering a “cone-cylinder-
cone” model since the equations of membrane equilibrium for the constituent parts are well

known and simple in form. However, Rish and Steel’ developed equations describing the
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effect of wind on a shell structure utilising the membrane theory. A major set-back with this
model is the change of form of the equations at the junctions of the cylinder with the cones.
Another disadvantage is that the resulting stresses depend explicitly upon derivatives of an
empirically determined function, which represents the distribution of the wind pressure around
the tower. These derivatives have to be calculated by approximate methods, and the use| of
such quantities is not desirable in general since inaccuracies in measured values of a function

lead to larger errors in estimates of derivatives. '’

The distribution of wind pressure on a cooling tower exposed to a steady wind of constant
direction has been the subject of many investigations. There is general agreement on the
overall shape of the wind-pressure distribution curve, but some differences of opinion remain

concerning the peak values, and whether allowance should be made for internal suction. '°

In recent times, probably due to the higher cooling demand of power sfations and an increased
understanding of the dynamics and mechanics of cooling towers, the heights have increased
from 75m-200m. Such an increase of about 100% in dimensions needs a high degree|of
accuracy in both design and construction. The optimization of the wall-thickness distribution
(from the bottom up to the top) becomes more important'!. Locally in South Africa, there are
six cooling towers at Kendal power station, each having a height of 166m, a base diameter| of
163m and a capacity of 672MW?. The largest tower built to date (1999) is in Nicderaussjm,
Germany, which measures 200m in height and 154.5m in base diameter, with wall thickness

varying from 220 to 240mm in a wide region of the shell’.

1.4.2 Developments in Theory, Analysis and Design

Most of the earlier work on hyperboloids of revolution dealt with various aspects of the
application of the membrane theory of thin shells of revolution to this particular type of shell.
Vlasov'’ showed that for hyperboloids of revolution with certain combinations of geomei'ic
parameters and edge loading, the membrane theory may lead to an indeterminate solution
resulting in infinite values for the stresses. He concluded that the membrane theory must be
applied only to shells of zero Gaussian curvature for which the solution of the governing
equations leads to completely defined finite values for the internal forces. Novozhillvz'
elaborated on these observations by reference to arbitrary shells with negative Gaussian

curvature, and showed that certain boundary conditions lead to the presence of modes of pure
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bending under edge loads. He concluded that fixing the shell against displacement in both the
meridional and tangential directions at either end might eliminate these pure bending modes.
If these boundary conditions are enforced, then the membrane theory leads to a realistic
solution. Flugge' discussed a membrane-theory solution for a hyperboloid subjected to
arbitrary loading at one end. He later observed that the edge loading may be resolved along the
characteristic lines of the shell, and thus propagates to the other edge that must be restrained

against movement in the meridional and circumferential directions, to resist these forces.

As mentioned earlier, Rish and Steel’ discussed the treatment of the hyperboloid as a
combination of frusta of cones and a cylinder. Martin and Scriven'’, and Martin, Muddock
and Scriven'® presented numerical solutions for dead-load and wind-load stresses and
displacements in a particular shell, and Billington'* gave a solution for dead-load stresses. The
membrane solution for the stress resultants and displacements in hyperbolic cooling towers

subjected to dead load, earthquake load and wind load were presented by Gould and Lee.!®

Although most of the early writers wrote extensively about the use of the membrane theory,
they acknowledged the fact that at points of discontinuity due to a change in geometry, the
membrane theory will fail, and the bending theory must be used instead. These early
researchers maintained that the membrane theory was nevertheless sufficient to analyse the
hyperboloid of revolution. Only in 1967 did Gould and Lee'” publish expressions for the
stress resultants for a hyperboloid of revolution based on Novozhilov’s treatment of the
bending theory of shells of revolution, which utilises an approximate analytical solution rather

than a numerical solution to the governing equation.

In 1969, Gould' suggested some specifications, grouping various geometric combinations
and some governing ranges of shell parameters for determining the minimum-weight design
of cooling towers with respect to a “duty performance coefficient”. He concluded that the
weight factor was inversely proportional to the parameter k (k being a measure of the slope of
the asymptote of the generating hyperbola), i.e. for a constant duty performance coefficient, it
appears that towers with higher values of k are lighter than those with other configurations.

The collapse of three large towers (117m high) at Ferribridge, England, on 1 November 1965,

prompted authorities to recognise that an extensive investigation, both experimentally and
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analytically, was necessary to prevent similar collapse from occurring in the future. The
investigation of this catastrophe revealed the following flaws: that inappropriately low wind
forces had been assumed in the design, that minimum constant wall thickness and levels of
reinforcement had been employed, that top stiffening rings had been omitted, and that wind
turbulence had inadvertently been created as a result of the layout of the towers'”. A few years
later, in 1973, another collapse occurred at Ardeer, Scotland. This was attributed to the
occurrence of vertical cracks and the meridional curvature imperfections in the tower, which

had induced high circumferential tensile stresses?.

After these two mishaps, attention in subsequent years was focused on the effects of wind
(since it is one of the most important loading), and of meridional imperfections on cooling
towers. For example, Al-Dabbagh and Gupta® investigated the effects of meridional
imperfections on cooling towers. They concluded that the primary effect of an imperfection is
to cause a significant increase in the hoop forces and meridional moments. Approximate
expressions were developed to calculate the effect of the imperfection hoop force, and the

effect of the imperfection meridional moment.

In 1979, Mungan? investigated buckling stresses in stiffened hyperboloidal shells. He
modelled a series of cooling towers and compared the experimental results with theoretical
values, and concluded that by suitably arranging the stiffening rings, the buckling behaviour
of these shells could be improved, and that the buckling stresses in the circumferential
direction cbuld be increased. He proposed having at least four equidistant stiffening rings
below the throat, which would have a beneficial effect by reducing both the wall thickness and

the meridional stresses due to self-weight at the lower part of the tower shell.

When the tower height increased beyond 120m, it was felt that the dynamic action of the wind
had to be considered in more detail. A number of researchers have conducted investigations

relating the effect of wind on this type of structure.
Davenport® developed a comprehensive statistical approach to predict structural response and

applied it to several structures whose behaviour is governed by height and span. A gust load

factor was also proposed by Davenptm25 to account for the dynamic effect of wind.
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Cooling tower response is governed by both vertical and circumferential wind distribution.
Experimental results on cooling tower models have shown that dynamic stresses are of the
same order as static stresses™. The vertical reinforcement in cooling towers is usually
governed by the difference in tensile wind stresses and compressive dead load stresses. This

difference is very sensitive to small changes in wind stresses.

A convenient way of dealing with wind stresses is to divide them into static stresses, which
are based on the reference value of hourly mean wind speed, and dynamic stresses, which take
into account ﬂuctuatihg wind components and the tower’s structural properties and
configuration. The static wind pressure distribution depends largely on the Reynolds number
and the surface roughness, both of which have been studied experimentally by Davenport &

Isyum0v23.

Niemann®® measured the pressure distribution for a particular full-scale tower and for various
wind tunnel models with different surface roughness. He found that full-scale results indicate
significantly smaller suction than wind tunnel models due to the difference in Reynolds
number, Panduart’ conducted extensive wind-tunnel experiments on smooth and rough

surfaces using plexiglass models.

Isyumov, Abu-Shitta and Davenport26 reported a wind tunnel study of dynamic behaviour in
which an aero-elastic model was sﬁbject to a wind with about 11% turbulence intensity. They
found that the “static (mean) wind stresses conformed closely to those calculated from
membrane theory and that the maximum root-mean-square dynamics stresses were about one-
third the mean stresses in the meridional direction near the base of the tower on the windward
side”. Further work by Abu-Shitta and Hashish® distinguishes between two types of dynamic
responses to wind: quasi-steady and resonant. The resonant response is significant only when
the lower natural frequencies of the structure are close to the dominant frequencies of the
turbulence, while both the quasi-static analysis and the resonant effect must employ gust
factors. They further presented a non-deterministic analysis approach to predict dynamic
stresses, firstly where the resonant contribution is negligible” and, secondly, where it is
significant®®. Their method of analysis produces predictions that agree significantly with the

actual measured responses of the aero-elastic wind-tunnel model.
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Steinmetz and Billington® adopted two principal approaches namely: a deterministic analysis
using specific wind records from an existing tower, and a stochastic analysis employing
spectra of wind pressure. These two approaches were used to gain insight into the possible
influence of resonance effects on the dynamic responses of towers subjected to very high wind
pressure. They observed a large difference between the natural frequencies of the tower and
the frequency of turbulence, and concluded that resonance does not play a major role in the

response of cooling towers under a particular measured load.

Armitt>® developed a wind tunnel technique by using an aero-elastic tower model to determine
the stresses directly in cooling towers under realistic simulated conditions. He compared the
results obtained from his model with full-scale wind pressure distribution, and concluded that

the technique adopted was accurate.

Niemann®' developed a design for wind effect for a reinforced concrete cooling tower which
was based on the distribution of the mean pressures. He considered the influence of wind
shear and surface roughness on the mean pressures, based on experimental results from full-

scale investigations and test models using wind tunnel testing.

In January 1984, almost two decades after the collapse of the towers in Ferrybridge, a single
tower at Fiddler Ferry power station collapsed. This failure was a full-scale demonstration of
the effect which small dimensional errors in the shape of the shell can have on the stresses and
ultimately on the stability of the structure®?. The committee of inquiry into the incident found
that “the most contributory factor in the failure of the tower was the presence of the outward
circumferential bulge above the ring beam which would have caused a major vertical cracking
of the concrete”. This in turn caused the collapse. As a result, the Central Electricity
Generating Board (CEGB) decided that it needed urgently to assess the likelihood of further
collapses of the 139 cooling towers that it operated.

During 1985-1987°2, a programme of dimensional and material condition surveys was
undertaken to collect the data required for stress analysis. The survey methods employed were
able to detect dimensional inaccuracies of the surface of the shells of the cooling towers as

small as 25mm, i.e. 20% of the shell thickness of the largest towers. These surveying methods
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were not only sufficiently accurate to detect small shape errors but were also cost effective.

Two surveying methods were used:

a. The method of triangulation using theodolites to make a large number of observations of
the external surface of the tower shell, and

b. “Structural condition survey” where a comprehensive physical investigation of the
structural damages is conducted, i.e. concrete samples are taken to test for strength and

carbonation, and a covertometer used to determine the depth of cover to the reinforcement.

Calculation methods were also developed to determine the structural effects of dimensional
errors detected, and these were used in estimating the possibility of structural damage leading
to failure. The investigation concluded that dimensional errors as a result of constructional
errors were dominant on the cooling towers. This, in effect, causes meridional cracks which

produces high circumferential bending stresses.

In recent times, Gould, Hare and Koto® investigated the load-deflection behaviour of
reinforced concrete cooling-tower shells under various conditions. They suggested that when
geometric imperfection is considered, a minimum percentage of reinforcement (0.3-0.4%)

must be used to allow for redistribution of stresses and a global deformation.

1.5 STATEMENT OF RESEARCH AND SUMMARY OF THESIS

While many investigations have been carried out on the behaviour, analysis and design of
hyperbolic cooling-tower shells, there appears to be a gap in the literature regarding the
availability of parametric data on the structural response of cooling towers, when design
parameters (such as overall height of tower, throat radius, angle of opening, shell-thickness
variation) are altered. Even for the most basic loading condition of self-weight, such data
appears to be missing, or is taken for granted. This study seeks to investigate how the stresses
in thin hyperbolic cooling-tower shells vary with respect to a number of geometric design
parameters, and to make appropriate design recommendations on the basis of the observations
made. The study is confined to the axisymmetric loading conditions of self-weight only, and
makes use of both analytical and numerical methods to determine the stress distributions in

the shell.
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With a literature review having been presented in the opening chapter, Chapter Two presents
the membrane theory for thin shells of revolution, after a discussion of its validity and
limitations. This is followed in Chapter Three by a presentation of the general bending theory
of shells of revolution, and a discussion on how the membrane analysis and the bending
analysis, when performed separately, may be brought together through a flexibility-type
approach. Much of this presentation is based on the work of Zingoni®, and forms the basis of
_the analytical results that will be given in this thesis.

Chapter Four introduces the governing geometric parameters of the cooling-tower problem,
and develops the membrane solution for the general self-weight loading situation. Explicit
results are presented for the case of uniform shell thickness, and one other case of gradual

variation in shell thickness.

A general description of the finite-element modelling of axisymmetric shells of revolution,
with specific reference to cooling-tower shells, is presented in Chapter Five. The
implementation of ABAQUS, the finite-element programme used in the numerical work, is
also explained. The treatment covers the theoretical basis of the programme, types of elements
used in cooling-tower analysis, choice of appropriate elements for the various regions of the
structure, discretization strategies, modelling of geometry and support conditions, output

results, and extraction of relevant stress components.

Chapter Six adopts a cooling tower of typical proportions as a “standard”, and presents
comparative analytical and finite-element stress results for the case of self-weight loading.
This work serves to validate the finite-element modelling, and the results form a “benchmark”
for the intended parametric investigations. The chapter also presents the stress distributions
that are obtained when the parameters b/a (hyperbolic axes ratio), A (rotation axis offset
parameter), ¢, (top angle of opening), ¢ (bottom angle of opening), H (overall height of
tower) and ¢ (shell thickness) are varied in a controlled manner, one at a time. These results
are mostly obtained on the basis of the finite-element method, with the analytical expressions
used to check the finite-element results. The presentations take the form of both tables and

illustrative plots.
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Chapter Seven discusses these results in detail, one parameter at a time, and makes

conclusions as appropriate.
In Chapter Eight, an overview of the results of Chapter Six is made, and the parameters that
have the most influence on design stresses are identified. Overall conclusions and design

recommendations are summarized, and directions for future research are pointed out.

A listing of references at the end, and an appendix, conclude the thesis.
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CHAPTER TWO

THE MEMBRANE THEORY OF SHELLS OF REVOLUTION

2.1 THE MEMBRANE HYPOTHESIS

The origin of the membrane theory of shells goes back to the work of Lame and Clapeyron
who, in 1828, had considered shells of revolution loaded symmetrically with respect to their
axes’. Beltrami and Lecornu are generally credited with having first established the general
form of the equations of the membrane theory in the second half of the nineteeth century’.

The theory is applicable to either completely flexible membranes (inflated tyre tube, toy
balloon), which have negligible bending stiffness, or shells with finite bending rigidity but in
which the moments developed are so small that they can be neglected, owing to the geometry
of the shell, the nature of the boundary conditions at the shell edges, and the manner in which
the applied loading is distributed.

The membrane theory, otherwise called the “momentless” theory, requires that bending
actions be neglected, so that the external load acting on the structure is assumed to be
equilibrated by in-plane forces only. As is well known, such an approach results in a
spectacular simplification of the equations of thin shell theory, enabling many interesting and
important problems to be tackled by relatively simple computations.

The often-used term “membrane theory” is quite misleading. As Calladine® points out, the
approach is essentially a “hypothesis”, in the sense that one can assume that bending actions
can be neglected, and then carry out an eventual check on the validity of the hypothesis. This
will either confirm the validity of the membrane calculations, or will show these to be
inadequate, necessitating a better and more realistic analysis. Few authors spell out explicitly
the necessity for such a check. Instead, most attempt to provide broad guidelines for the
validity of the membrane hypothesis. According to Calladine, one could argue that such
guidelines are helpful in developing an intuitive feeling for identifying shell structures for
which the membrane calculations may be valid. On the other hand, there is a definite tendency
to take these guidelines as rules of general validity, thus ignoring the fact that exceptions can

always be found to each and every such ‘rule’. However, the only reliable way in which
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membrane solutions can be checked with certainty is to compute the displacements due to the
membrane stress resultants; the membrane hypothesis will be valid if the deformation pattern
thus obtained is compatible with a negligible curvature-change field throughout the whole
shell®®. Zingoni %637 has suggested a procedure for checking the validity of the membrane
hypothesis in interior regions of shells of revolution loaded symmetrically with respect to their
axes of rotation. Unlike previous standard procedures, Zingoni adopts a more direct method
that does not involve the explicit determination of displacements, which would require a
knowledge of the kinematic boundary conditions of the shell in order to evaluate the constant

of integration associated with the general solution for one of the displacement components.

The existence of the momentless state of stress in shells is subject to the provision of suitable
boundary conditions, as well as the fulfilment of certain smoothness conditions regarding
shell geometry and loading distribution. These locations include external supports,
discontinuities in loading and/or shell geometry, and concentrated line loadings. All these
locations at which there is a breakdown in the membrane solution (manifested by its failure to
satisfy the boundary conditions) may be conceptualised as ‘edges’. At such edges, Zingoni*
points out that transverse shearing forces, bending moments and twisting moments are, in
general, required in order to satisfy the boundary conditions, so that, quite clearly, a

momentless state of stress cannot exist in their vicinity.

Novozhilov® and Nielsen® in their considerations of the axisymmetric deformation of shells of
revolution, discussed the conditions for the validity of the membrane hypothesis from a more
practical point of view. Novozhilov indicates that at certain locations in the interior of the
shell, the continuity of the middle surface appears to be violated when one uses the membrane
hypothesis alone. However, since the middle surface is in reality continuous, there must exist
at these locations transverse shearing forces and moments to satisfy the conditions of
continuity. For axisymmetric shells of revolution, locations at which such phenomena occur
are those where the following quantities are discontinuous along a rperidian:3’4

e meridional loading component, radial loading component, and the first derivative of

the radial loading component with respect to distance along the meridian;
e shell thickness, and the first derivative of the shell thickness with respect to distance

along the meridian;
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e meridional radius of curvature, and its first derivative with respect to distance along

the meridian.

2.2 GENERAL SHELL OF REVOLUTION UNDER AXISYMMETRIC LOADING
2.2.1 Introduction

A surface of revolution is generated by rotating a plane curve through 360° about an axis in its
own plane. The generating curve is called the meridian. It is convenient to regard the axis of
revolution of the shell mid-surface as vertical, so that the parallel ‘circles of latitude’ of the
shell, which are the intersections of the shell mid-surface with planes perpendicular to the axis
of revolution, lie in horizontal planes. Meridians lie in vertical planes all containing the axis
of revolution, and such planes will be referred to as meridional planes. The tangent to the
meridian at a given point defines the meridional direction. The cifcles of latitude will be
referred to as hoop circles, while the direction of the tangent to a hoop circle is referred to as

the hoop direction.

Shells of revolution find application in the design of roof domes, cooling towers, egg-shaped
sludge digesters, pressure vessels and liquid-filled tanks. The principal loading conditions for
these structures are usually axisymmetric, meaning that the meridians will deform in the same
manner, with no relative transverse shearing between adjacent portions of the shell. The

theoretical treatment in the rest of this chapter follows that given by Zingoni®.

Consider a shell element cut out by two meridians and two circles of latitude, each pair being
infinitesimally close together. Since our geometry is curvilinear, we shall adopt the angular
co-ordinate system with ¢ (called the meridional angle) measured between a normal to the
shell mid-surface and the axis of revolution of the shell, and 8 (called the hoop angle)

measured in the horizontal plane from a datum meridian.

As shown in Fig. 2.1, r; is the principal radius of curvature of the shell mid-surface at a given
point as seen in the meridional plane, r; is the second principal radius of curvature of the shell
midsurface, given by the distance between the point (of the shell midsurface) in question and
the intercept of the normal to the shell midsurface at the point and the axis of revolution of the
shell, while 7 is the radius of the horizontal circle of latitude through a given point. The two

radii r and r» are related as follows:
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r=r,sing
It follows that the sides of the curvilinear elements are of lengths

L,c =rd8=r,singdf

Lep =nrd¢
It is assumed in the above description that the principal radii of curvature of the shell r; and r,
are known. In the case of radii of curvature that vary from point to point, the radii are

| computed from the equation that defines the shell shape, along with various relationships of

differential geometry.

When considering shells of revolution subjected to axisymmetric loéding and boundary
conditions, in-plane shearing-force stress resultants cannot exist. There are only two unknown
internal membrane stress resultants acting on the shell element, which are the meridional
stress resultant Ny (force per unit length in the meridional direction), and the hoop stress
resultant Ng (force per unit length in the hoop direction). The external loading components are
Py (load per unit area of shell surface in the meridional direction) and P, (load per unit area of

shell surface in the normal direction); Pg (load per unit area of shell surface in the hoop

direction) is zero under axisymmetric loading conditions.

Ny+dNy

Fig. 2.1: Element of axisymmetrically loaded shell of revolution
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2.2.2 Equilibrium of Shell Element

The shell element is in equilibriom under the external applied loading (P4 and P,) and the
internal stress resultants (Ny and Ng). Force equilibrium requires that the sum of the forces
acting on the shell element, resolved in the direction of the tangent to a meridian and in the

direction of the normal to the shell mid-surface, must be zero.

Following Zingoni®, consider the components of all the forces acting on the shell element, in
the positive direction (i.e. the direction of increasing ¢) of the tangent to a meridian. Each of
the stress resultant Ny and Ny and the external loading component Py, contributes a force in

this direction.

Figure 2.2(a) shows the section of an element in the horizontal plane of a circle of latitude, the
forces acting at the ends of the element equal Ng.r;d¢ The resultant of these two forces is a

horizontal force F; directed towards the axis of revolution, and given by
Fi=N, .r,d¢(sin-%gj+ N, .r,d¢(sind76J 2.1

= Nardgd@

since for very small angle o, sin o= oL
Figure 2.2(b) shows a section of the element in the vertical plane of a meridian. Resolving F;
along OT, the positive meridional direction, one obtains the contribution of Ny to the force
resuitant along OT as

~F cos¢
which, on substitution of the equation (2.1), becomes

—N,.r,cos ¢dgd8 2.2)
Figure 2.2(c) depicts a section of the element in the vertical plane of a meridian, but this time
the meridional end forces are shown. The total meridional force acting at the upper edge is
N4 rd@. The total meridional force acting at the lower edge is

(v, +aN, Xr+dr)de 23)
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Fig. 2.2 Derivation of the governing equations of equilibrium for an element of
an axisymmetrically loaded shell of revolution.

Resolving these two forces along OT, the resultant F; is obtained as .
F,= (N, +dN, Xr-f-dr)dB.cos%g— i’\’,.rdﬁ.cosi‘c;—’L
= N,.drd@ + rdN ,d6 24

=d(rN, )d6
As indicated earlier, for very small value of angle o, cos o = 1
Finally, the contribution of the external loading to the force rf;sultant along OT is given by Py
x surface area i.e.

F,.ryrd¢d6 (2.5)
Summation of (2.2)—(2.5) yields

d(rN,).d6 — N,.r,cos¢.d¢d6 + P,.r,rd¢d6 =0
which, upon dividing throughout by d6, yields

d(rN,)— 1N, cos gd¢ = —r,rP,d¢ (2.6)
The next step is to find the component of all the forces in the direction ON, which is the
positive direction of the normal to the she;ll‘ mid-surface. With reference to Fig. 2.2(b), F; has

the component
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- F,sin¢g
Which, on substitution of the expression for F;, becomes

—~nN, sin ¢ded6 N))]
From Fig. 2.2(c), the resultant of the ’N¢ forces along ON, denoted by F3, is given by

F, =—N,.rd9.sin.‘12;¢—(N, +dN, )(r+dr)d9.sm-‘-’i‘-’i 2.8)

=—rN,.d6d¢
., de¢ d¢ . . . y
Note that 51n(-2—) = (7 ), and ignoring the relatively small quantities
N, .dr.de.g?Z ; rdN, .deﬂ; dN,.dr.dBig
2 2 2
The resultant of the external loading along the direction ON is

P .nrd¢d@ 2.9)
Summation of equations (2.7)-(2.9) yields
— 1, singN,d¢d6 — rN ,d¢d€ + r,rP,d¢d0 = 0
Dividing throughout by déd¢, replacing r with rsing, dividing throughout by sin ¢ and
rearranging yields
nNy+nN, =nnPF, (2.10)
Dividing throughout by r,;r,, one of the basic relations for the axisymmetrically loaded shell is

found as follows

Lyl -p 2.11)

This equation is valid not only for a shell in the form of a surface of revolution, but may be
applied to all shells when the co-ordinate lines ¢ and @ = constant are the lines of principal

curvature of the surface.

2.2.3 General Solution
From equation 2.11

N, = r,P, - XN, 2.12)

1

which when substituted into equation (2.6), yields
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,
d(rN,)- r,(rzP, -TZN' )cos¢d¢ =-nrP,d¢

i
dividing throughout by d¢ leads to

d\rN
——(—J¢—'—)+ r,N,cos¢ =nn,P, cos¢—nrP,

which, on multiplication throughout by sin ¢, becomes

[d(;%)-:l sin g + (r, sin ¢)N 4 COSQ

=nnP, cosgsing—nrF, sing (2.13)

Replacing (r;sing) in the second term of the left-hand side of equation (2.13) by r, we may
then write the left-hand side as

[M

7 ]sin¢+rN, cos¢

On application of the product rule of differential calculus in reverse, this reduces to
d
—\riN sin
) (' pSiNQ )
Hence, equation (2.13) may be written as

ga(rN, sin ¢) =nnF, cospsing —rrF, sing (2.14)

Integrating both sides of equation (2.14) with respect to ¢ yields
N, sing =|[(rr,P, cos psin g — r,rP, sin pldg +c|
Replacing r with r;sing, we obtain
(r, sin® ¢)N, = U (7, (P, cos¢ - P, sin ¢)sin gdg + cJ
The general solution for Ny can be written as

N, =———|[ (. (P, cos g~ P, sin p)sin g+ c] (2.15)

r,sin® ¢
The constant of integration ¢ is obtained from an appropriate boundary condition. Equation
(2.12) is sufficient to determine the hoop force Ny from which the stresses are readily

determined. Negative algebraic results indicate compressive stresses.
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Flugge” noted that because of the freedom of motion in the z-direction, for the
AXiSynunetrically loadqd shells of revolution considered, strains are produced which assure
consistency with the field of stress and compatibility with one another. This action
demonstrates the basic difference between the problem of a shell membrane and one of plane
stress. In the later case, a compatibility equation is required. However, it is clear that when a
shell is subjected to the action of concentrated surface loadings or is constrained at its
boundaries, membrane theory cannot everywhere fulfil the conditions of deformation. The

complete solution is obtained by application of the bending theory™.

2.24 Deformations

No stress problem is complete until the corresponding deformations have been determined.
The basic displacements in axisymmetrically loaded shells of revolution are v (tangential to
the meridian, and considered positive when pointing in the direction of increasing @) and w (in
the direction normal to the shell mid-surface, considered positive when pointing away from

the meridional centre of curvature).

(a)
B
b

(a)

1 (e)

(e)

4

Fig. 2.3 Deformations of a line element of an axisymmetrically-loaded shell of revolution
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The deformation of a shell element consists of the elongation of line element EF in Fig. 2.3(a),
consists of a component e; due to the purely radial moveitient w, equal to wd¢ in Fig. 2.3(b),
and a component e; due to the difference in the purely tangential movements of ends E and F,
equal to dv in Fig. 2.3(c). Therefore, the total elongation of the line element EF, is given by

e, = dv+wdg (2.16)

The original length of the element was r;d¢, the meridional strain &, of the element is given

by

nd¢ n\de
By reference to Fig. 2.3(d), the radius of the circle of latitude at point E increases from r to

, =—‘1l—-(dv+wd¢)=l(ﬂ+w} 217

r+dr as a result of the movement of the point to E’. Thus hoop strain &g is defined as,
e = 27e(r +dr)-2nr _dr

2.18
¢ 2nr r (2.18)
By reference to Fig. 2.3(d),
dr =vcos¢+ wsin ¢ 2.19)
Therefore,
£ = l(vcos;zb +wsing) (2.20)
r
1
= —(vcot +w)
r
since r=r,sing.
From equations (2.17) and (2.20)
dv
E{;+w=qe¢ 2.21)
veotg+w=r,g, (2.22)
Subtraction of equation (2.22) from equation (2.21) yields,
dv
-;i-g—-vcow =hE, — N, (2.23)

Between this strain and stress resultants exists an empirical relation, the elastic law, which
depends on the material of the shell. In the mathematical treatment of structural problems,
Hooke’s law is of importance. Some structural materials, such as steel, follow this law

perfectly within the limits of the usual stresses; for others like concrete, a linear
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approximation generally leads to satisfactory results. Solving for the stresses using Hooke’s

law
o, = I-Ev2 [e, - ve,,] (2.24)
O, = _— [89 - vs,] (2.25)

Introducing the normal forces instead of the stresses, we then obtain,

, =%(o~, -vo-a)=Elt-(N, ~WN,) (2.26)
£, =—é—(0'0 —va,):-—El-t-(N, ~WN,) 227)

Using these results in equation (2.23), yields

d 1
:i—-;-—-vcotqb =—§[r,(N, ~WN, -1, (N, -, )]

=~ét-[(rl +vr, N, —(r, +w)N, | (2.28)

Integrating equation (2.28) by standard procedures yields
. 1 )1
v =gin ¢[I(WJE[(Q +vr, )N 6~ (r, +vr)N, ]d¢ + c] (2.29)
Where c is a constant of integration to be determined from a boundary condition.

Once this has been determined, w follows from equation (2.22) and (2.27)
r2 '
w=rg, -vcot¢=—E-t-(N,, —WN, )-vcotd (2.30)

In practical calculations, only the horizontal displacemg:nt dr, henceforth denoted by &, and the
rotation V of the meridian, need to be known. The flexibility procedure for evaluating bending
redundants M. and H. at the edge, involves superimposing the membrane solution
deformation parameter & and V with their counterparts associated with the application of
arbitrary values of M, and H,, so that the net values of & and V at a given shell edge are
consistent with the actual boundary conditions at the edge, thereby allowing the redundant
actions M, and H, to be solved*. The edge effect can then be quantified once M, and H, have
been evaluated. The addition of their stresses to those steaming from the membrane solution

yields the net stresses in the shell.

Since &, = ﬂ = é , it follows that
ror
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8 =re, =(r,sing)e, (2.31)
Eliminating € with equation (2.27), finally yields

5— r2 (r, sin )N, —wN,) (2.32)

To obtain the meridional rotation V, consider Fig. 2.3 (e) and (f). As a result of the movement
by v of E to E” (Fig. 2.3(e)), the tangent at E rotates anticlockwise by V;=dg=v/r,. As a result
of the difference dw in the radial movement of the two ends of the line element (Fig. 2.3(f)),
the line element rotates clockwise by Vo,=dg=dw/r;d¢). Thus the net anticlockwise rotation V

is obtained as
V= i(,, _EEJ (2.33)
n{ d¢
Differentiation of equation (2.22) yields
dv v dw d dir
—=COt @ =~ b —— = —{r, ~=\N, =wN 2.34
36 smig g )" d¢[Et( ‘ ’)] @39

Mutltiplying equation (2.28) by cot ¢, yields

%cow—vcotzq)— ¢[ (r, +vr, N, ~(r, +w N, ] (2.35)

Subtracting equation (2.34) from equation (2.35) yields

dw Egtg’[(1+w2)N¢_(r2+Vﬁ)Ne]”i{ﬁ‘(N8 _VN¢)] (2.36)

dp  E d¢| Et

Substituting this result into equation (2.33) yields

1] cot d
14 =7}[c<;.t¢ {("1 +W2)N¢ —(r2 +VG)N9}_'E{%(N9 —WV,)}} .37

Thus dand V at any point on the shell can be computed, once the stress resultants Ny and Ngof
a problem have been obtained.

2.3 CONCLUDING REMARKS

Having examined the membrane solution for axisymmetrically loaded shells of revolution,
and acknowledging that the membrane theory will fail at the edge-zones and point of
discontinuity, the bending theory becomes of primary importance in such locations. This will
be discussed in Chapter Three.
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CHAPTER THREE
BENDING THEORY OF SHELLS OF REVOLUTION

3.1 INTRODUCTION

Many shells may achieve equilibrium through membrane action alone, provided the actual
shells closely approach the conditions for membrane behaviour. For such shells, the bending
is a secondary phenomenon often confined to narrow regions near boundaries, geometric
discontinuities and concentrated loads. On the other hand, there are shells for which the
membrane theory solution is grossly violated by the physical situation. The bending behaviour
may alter the stress pattern from that computed by membrane theory in two ways. First and the
most obvious, significant transverse shearing forces, and also bending and twisting moments
can develop. Also, the pattern of the in-plane stress resultants may be altered markedly by the
bending deformations. It is this latter possibility, whereby the transverse loading is resisted by
a combination of in-plane forces and transverse shearing forces, which distinguishes the
bending theory of plates. Although a shell may seriously violate the membrane theory
requirements, there still remains the mechanism of resisting transverse loading primarily with

in-plane forces, which is the basic initial attraction of this structural form™.

According to Zingoni®, the approach will be to consider the membrane solution as the
particular integral of the general bending-theory equations, so solutions need only be found for
the homogeneous bending-theory equations. These equations, with an adequate number of
constants of integration, make the total solution adaptable to arbitrary axisymmetric boundary
conditions prevailing at the shell edges, and account for the general localised edge effects. For
the homogeneous solution, the surface-loading components Py and P, are assumed to be zero
(Ps already being zero owing to axisymmetry), and the solution is found for the edge-loaded
shell. '
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32 EQUILIBRIUM CONSIDERATIONS

Fig. 3.1 Bending element of axisymmetrically-loaded shell of revolution

Figure 3.1 shows a shell element, which is cut out by two adjacent co-ordinates lines.
Condition of symmetry dictates that only the resultants Qg My, Qs Mg, Ng, Ny exist, and that
the normal forces Ny and the bending moments My cannot vary with 6. The notation for the
radii of curvature and the angular orientation are identical with those of the membrane theory.

The derivations that follow in the rest of this chapter are due to Zingoni*,

Fig. 3.2 Contrzbunons of Qg to net forces in the directions OT & ON. Section of the element in
the vertical plane of a meridian, showmg transverse shears at upper & lower ends.
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From Fig. 3.2, the resultant of the transverse shears in the direction OT is
. d . d
-0, -rdB'sm?‘b-(Q, +dQ,)(r-Hzr)qusv.sm7¢ ~-rQ, -d6dp

Summation of the contributions of the Ny, Ngand Q, actions in the direction of the tangent to
a meridian (see section 2.2.2 for the contributions of Ngand Ng) yields
d(rN,)-d6~N, -1, cos¢-dgd6 ~rQ, - dgd6 = 0
Dividing throughout by d¢d 6 yields
d (rN ’ )
d¢

Consider equilibrium of the shell element in the direction of the normal to the shell mid-

-nN,cosgp-rQ, =0 (3.1

surface. From Fig. 3.2, the resultant of the transverse shear in the direction ON is

Q,-rd0- cosd?¢— (Q, +dQ, Xr +dr)d@- cos-q-;—92

=-(Q, -dr+r-dQ,)d6 =~d(rQ, Ji6
Summation of the contributions of the Ng, Ny and O, actions in the direction of the normal to
the shell mid-surface (in Chapter Two) yields

~rN,-d¢d@—rsing- N, -d¢d6 -d(rQ,)d6 =0
which, on dividing throughout by d¢dé, becomes

N, +1rN, sin¢+f%§!-—)- =0 (3.2)

Finally consider moment equilibrium of the shell element in the vertical meridional plane.
Taking clockwise moments as positive (see Fig. 3.1 and 3.2), the net moment of the M, and

0y actions is approximately

(M, +aM,)-(r+dr)d6-M, -rd6 - Q, -rd8 rd¢
~(M,-dr+r-aM,)d6 - rrQ,d¢do
=d(rM , )46 - r,rQ,d¢do

The contribution of the resultant moment My vectors in the direction of the (My+dMy) vector

is clearly
-2M, "'xd¢‘3in";"="r1Ma ¢

The length of the edges over which My acts is r;d¢, and since these sides are not parallel, the
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angle v is equal to cos¢@ - d8 . Therefore, the contribution of Mg becomes
-nM, -cos¢-dGd¢
Summation of the contribution of the My, Qg and My actions in the meridional plane yields
d(rM ,)d6 ~ r,rQ,d¢d8 — M, cos pdgd6 = 0
dividing throughout by d¢d@ yields,
d (rM ¢ )
d¢
Thus the equilibrium considerations yield three equations (3.1)-(3.3) in five unknowns N, Ng,

~nhM,cos¢p—-nrQ, =0 (3.3)

Mgy, Mg, Oy In order to determine a solution, one will need to utilize the strain-displacement

relations and Hooke’s law.

3.3 STRAIN-DISPLACEMENT RELATIONS AND HOOK’S LAW
The parameters v and w are the displacements as defined in section 2.2.4, with the strain-

displacement relations defined as

1{dv
£, _;[d_¢§.+w} (3.4a)
£, =-;1-(vcot¢+w) (3.4b)
2

The relationship between direct stress and strain is given by

£, = %(a, - vaa) (3.5a)

£, = é(o;, ~vo,) (3.5b)
On rearranging

T =17 (5¢ ~ve,) (3.6a)

o, =- fvz (e, —ve,) (3.6b)

from which the stress resultants follow as

N" = O'¢t = —gt—{—l-( dv + W)+1(Vcot¢ +W)} . (373)

1-v? || d¢ r,
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Et |1 v( dv |
e 1 viav 3.7b
N, =0,t l—vz{ (cht¢+w)+ (d¢+w]} (3.70)

T h
The bending moments My and My can be expressed in terms of the basic displacements v and

w. Chapter Two defines the meridional rotation V at a point as

1 dw
S eneeecort, el 3:8
V—rl(v ”J (3.8)

Now the change in the meridional curvature 7 is given approximately by the rate of change of

meridional rotation with distance along the meridian, i.e. | ;(,I =%‘-}-{. To deduce the correct
¢

sign of ), relative to dV/ds,, consider Fig. 3.3, which shows a positive V (i.e. an anticlockwise
rotation on the left side of the axis of revolution, in the meridional section of the shell of
revolution) prescribed at the edges of shell caps closed over the top (¢=0) and over the bottom
(¢=180°). For the upper cap and in accordance with Saint Venant’s principle, V tends to
diminish in magnitude with increasing distance from the shell edge, i.e. with decreasing ¢.
Therefore dV/d¢ is positive. However, the associated change of curvature ¥4, which, by
definition has the same sign as My, is clearly negative at the upper diagram. For the lower cap,
V also tends to diminish with increasing distance from the shell edge, i.e. with increasing ¢, so

that dV/d¢is negative.

D)

\
NV e
:/
v S

\\ ,’ ‘
| |
v 1

.,

Fig. 3.3 Effect of V on the meridional curvature };@
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The associated change of curvature g that is of the same sign as would be pfoduced by a
positive moment My applied at the edge, is positive in the lower diagram. In both cases, it has
been established that the sign of dV/d¢ in the vicinity of the shell edge is opposite to that of
the associated Xe- Thus, the relationship between %4 and V, taking proper account of the
positive sign conventions, must read

dv
K=o (3.9)
L4

But ds, = r,d¢ . Therefore

dv  1dv 14 [1( aw '
[ SR - e SRR —— g — oo e 3-10
Zs rd¢ rd¢ r d¢{r; (V )} G19

Fig. 3.4 Line element of shell in the meridional section, showing change of the second
principal radius of curvature r; due to meridional rotation V.

As a result of the rotation V, the second principal radius of curvature r, changes, from an

initial value of ryg to rz; Fig. 3.4. Therefore,
1, sing = ry, sin(p +V)
Now sin(p +V) =singcosV +cosdsinV = sing +V cos¢
The last approximation Being valid for small rotations V, cosV =] and sinV =V . Therefore
Iy Sing =1, (sing +V cosg)

from which

%

-34 -



Iy SiNQ
By m—————
>~ sing+V cos¢
Hence
1 sing+Vcos 1 1
—=-¢—,—l=——-+—Vcot¢
Tan Tog sin ¢ g Ta

The change in second principal curvature g is given by

o Ty
S I L (3.11)
r2g ng r2g
= Y cot ¢
Tae

Eliminating V from the above expression (using equation (3.8)), and dropping the subscript g

of r, in order to return to the original notation, one may now write

1 dw ‘
= | Y e {COL 3.12
o hn [ de ) ’ 12
For direct strains caused by bending, the following relations, similar to that for cylindrical
shell, are,
£, =2¥, (3.13a)
£y =2}y (3.13b)
Insert equation (3.13) into equation (3.6) yields
E
Oy = 1_i2 (/Y; +Vle) (3.14a)
E.
o, =-1-—_-%§-(;(a +vz,) (3.14b)

The bending moments My and M are given by the following expressions

9
M,= [0, z-dz (3.152)
E

M,= |0, z-dz (3.15b)
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where ¢t is the shell thickness. Substituting gy and 0p as given by equation (3.14), and
performing the integration, these expressions become
M, =Dly, +vz,) (3.16a)
M, =Dy, +vz,) (3.16b)
where D is the flexural rigidity defined as
EY

b= 12l-v?)

Substitution of the results for y4 and y4, as given in equations (3.10) and (3.12) respectively,

My=-2| L 1L, Wl v, D te (3.182)
nlde\n\ d¢ ) n| d¢

u,=_2 L(v.ﬂ]cowi{i(v-éz)}} 3.18b)
AR d¢ d¢ | n d¢

34 REDUCTION OF THE THREE EQUILIBRIUM EQUATIONS TO TWO
DIFFERENTIAL EQUATIONS IN THE VARIABLE V AND Q,

Substitution of the expressions for the stress resultants Ny and Ny (equation (3.7)) and those

3.17)

yields

for My and My (equation (3.18)) into the equilibrium equations (3.1)+3.3) yields three
equations in three unknowns, v, w and Qg which, in principle, may then be solved in terms of
these three variables. A simpler approach involves reducing equations (3.1)-(3.3) to two
ordinary differential equations of second order, in the variables V and Q4 as follows.

Expressions (3.18) are written as

1dv v
M, =-D{—22 4+ Lvcot 3.19a
¢ {rx d¢ r, “ ¢} ( )
M, =-D{-—1-Vcot¢+1ﬂ’-} (3.19b)
Ty n dg

V is as defined in expression (3.8). Substitution of these expressions for My and M, into

equation (3.3) yields, with r replaced by r,sing

nde n T 1

j%{(rz sin ¢)D{li‘.’_ +-l’-V C0t¢}:| - rlD{-l—V cot g +7v.%}cos¢ = —nr, (sin ¢)Q¢
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which, on simplification, becomes
2 2
D L sin ¢ d V+ Dz cos¢+sm¢ ﬂf--&— v cos¢-42—l)sin¢ - D 4 CO_S s \4
7 ap* |\ n ap\ " || as dg r, | sing

=—rr,(sin¢)0, (3:20)

This second-order differential equation in V, with Q4 appearing on the right-hand side only as

a non-derivative term, is the first of the required governing equations. To obtain the second,
we begin by establishing a relationship between Ny and Oy A comparison of equation (3.1)
and (3.2) shows that Ny may be eliminated between the two expressions by multiplying the
first equation by sin ¢ and the second equation by cos ¢ and then adding the expressions. The

result becomes,

) ( oo

(sin ¢) ( +(cos¢)rN —(sing)rQ,

This may be written as

d (rN sm¢) d¢ (rQ‘ cos¢)=

d¢
implying that
rNgsing = —rQ, cos¢
ie. N, =-Q,cot¢ (3.21)

Substituting this result into equation (3.2) and rearranging, yields

1 _dlrg,)]_ (r,d0, dg, 14,
No=rsm ¢[rQ'“¢ d¢ ]”{rx g T dp G:22)

The above expressions for Ny and Ny (equation (3.21) and (3.22) are substituted into the

expression for V in terms of Ny and Np in equation (2.37) to obtain an expression for V in
terms of Qg

Thus the resuit is as follows

iz.dzg’ + rzz t¢+r2£rl+.._d_ _rgi d&+

In d¢2 1 , d¢ de| m d¢

nd'n |d(n\dn |(rtv)dy cotg _ d(n)_ ()1

]:trl d¢2 +{d¢[”'1 ]} 7 +{( . }‘ﬁ (r, +vr2)cot¢} v{(cot¢)d¢( " ) ( ” sin2¢}]Q'
=nEV : (3.23)
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where E and v are the material properties which are assumed to be constant throughout the
shell.

Equations (3.20) and (3.23) are the required governing differential equations for axisymmetric
bending of shells of revolution. Due to the complexity of the coefficients of the differential
terms, it would be extremely difficult to find a general solution for these equations. Only for
special geometries like sphere, circular torus, circular cylinder and circular cone can a solution
be obtained.

3.5 CONCLUDING REMARKS

After considering the membrane theory in Chapter Two and the governing equations for
axisymmetric bending of shells of revolution in Chapter Three, it is imperative to use the
membrane theory to derive closed-form analytical results for cooling towers subjected to

axisymmetric loading. This will be done in the next chapter.
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CHAPTER FOUR

SELF-WEIGHT STRESSES IN COOLING TOWERS

41 INTRODUCTION

Generally in evaluating the ultimate strength of cooling tower shells, the dead weight and
wind load are considered as the primary load. Numerous researchers have worked tirelessly
aiming at gathering accurate data as well as quantifying the effects of wind load on the
structure™2*+%, Regardless of whether it is self-weight, wind load or a combination of the two
which is being considered, the choice of cooling tower thickness is governed by buckling
rather than material strength considerations. In this regard, it may be noted that the local
buckling occurs when the combination of membrane hoop and meridional stresses at a given

point, regardless of the actual loading on the cooling tower, becomes critical. %4

However, self-weight remains the most basic loading for cooling towers, effective from the
moment of construction. Being axisymmetric in distribution, and invariant with time, self-
weight is clearly more amenable to closed-form analytical study than the generally non-
axisymmetric and time-dependant wind loading. In this respect, stresses associated with self-
weight can be quickly computed to form the basis of initial proportioning of the cooling tower
and other preliminary design considerations.*’ Self-weight has also been shown to be the

predominant cause of shape distortion observed in old cooling towers.

The present chapter focuses on self-weight, and presents explicit closed-form results for
membrane stresses in hyperbolic cooling towers as developed by Zingoni,*! for arbitrary
geometry incorporating an offset parameter A, for a number of different patterns of shell-
thickness variation along the meridian of the cooling tower. The derivational details and
closed-form analytical results, which will form the basis of the parametric studies of this
thesis and are thus of crucial importance, are reproduced here (for convenience) from the

paper by Zingoni,*' with the kind permission of the author and the publisher.
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4.2 GEOMETRIC PARAMETERS

]

|-}
rd

@ - ® -

Fig. 4.1 Generating meridian of general hyperbolic cooling tower, showing:
(a) Offset parameters a, b, A in the (x,y) and (X,Y) Cartesian coordinate systems;
(b} The coordinate distances x, y, X and Y, and angular parameter (7-¢),
corresponding to a given point P on the meridian.

Figure 4.1 shows a portion of the meridian of a hyperboloid of revolution of any vertical plane
containing the axis of revolution of the cooling tower, with the Y axis being the (vertical) axis
of revolution of the cooling tower, and the y axis being the vertical axis of the hyperbola
comprising the shell meridian; the distance between the Y and y axes is the offset parameter A.
The horizontal axes x and X are coincident, and located at the level corresponding to the
“waist” (that is, the horizontal cross-section of smallest diameter) of the cooling tower; their
intercept with the Y and y axes are the origins O and o of the (X,¥) and (x,y) Cartesian
coordinate systems respectively. If the horizontal and vertical semi-axes of the generating
hyperbola of the cooling tower are a and b respectively, as depicted in the figure, then the

equation of this hyperbola in terms of the coordinate x and yis

2

°~[ ]

2
-~ =1 (4.1)

S
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From Fig 4.1(b)

x=X-A (4.2a)
y=Y (4.2b)
Therefore we may rewrite equation (4.1) as
(x-AF Y? |
ol o e 25 | 4.3
a’ b? “3)
giving
1
v=+2|(x - 4F -2} 4.4)
a

Differentiating equation (4.3) with respect to X, we obtain,
dY b X—-A
=+ - e
A “alx-pp-a

Where ¢ is the meridional angle at any given point P defined by the Cartesian coordinates

~tan ¢ (4.5)

{x.Y}, ¢ is measured clockwise around point ¢ from the upward branch of the axis of

revolution to the normal of the shell midsurface through point P (Fig. 4.2). It may be noted
that ¢ decreases in magnitude from the top to bottom of the meridian of the cooling tower.

From equation (4.5), we have

b* (X-A)
tan’ ¢ = — - (4.6)
-4y -]
which upon solving gives
4 2
tan” ¢
X-AP=—""1F 4.7
( ) a’tan’® ¢ - b* @7
that is, for the meridian in the positive x domain
2 2
X— A= a“tang e a“sing — 4.8)
(e?tan> g -b*)"*  (a?sin? ¢ —b? cos’ )
This solution is real and finite if
a’sin’ ¢ >b*cos® ¢ 4.9
That is, if
bZ
tan’ ¢ > = | (4.10)

which, from equation (4.6), is alWays so for a hyperbolic meridian.
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From equation (4.8), we can write
: 2 . !
. a’ sin
X=At— 2500
(a2 sin? ¢ b? cos? ¢)

(4.11)

Substitute equation (4.8) into equation (4.4), and we obtain

4. 2 12
y=g2 __asnd (4.12)
a (a sin“ ¢ —b* cos ¢)

This then simplifies to

2
Y=% b” cosg 4.13)

(a2 sin? ¢ — b? cos? ¢)”2

The first principal radius of curvature r; at a given point P of the shell of revolution is the
radius of curvature of the meridian at point P, that is, the distance between P and the centre of
curvature C of the infinitesimal portion of meridian adjoining point P (Fig 4.2), and can be

derived from a well-known result from plane-curve geometry. For example

27132
dX
= S———— (4.14)

O - b §

Fig. 4.2. Angular coordinate ¢ and principal radii of curvature r; and r; at point P on the
meridian of the cooling tower.

From equation (4.5),
d*y ab
=+ (4.15)
X fx -4y -a2f"
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Substituting equations (4.5) and (4.15) into equation (4.14), we obtain

2, 302Yy AV 4 P2
r,=:t[£g b XX4A) o] (4.16)
a'b
Replacing (X—A) in the above expression with the result in equation (4.8), we obtain, after
further simplifications
23,2
r=t ab @.17)

(a?sin? ¢ —b? cos? ¢
Now, r;, must be taken as negative being on the side of the shell mid-surface opposite to that,
on which the axis of revolution lies, must be taken as negative, that is
a’b?
W= 2. 2 P2 (4.18)
(a sin” ¢~ b” cos ¢)3

The second principal radius of curvature r; at a given point P of a shell of revolution is given
by the distance between P and the intercept Q of the normal to the shell mid-surface at P on
the axis of revolution of the shell (Figure 4.2). Thus, and making use of result (4.11)

2
=—m = A, 2 4.19)

“sing  sing (a*sin? g —b? cos? ¢)"*

4.3 LOADING COMPONENTS

Let g be the downward vertical loading per unit area of the shell mid-surface. If #(¢) is the
shell thickness at any given point P defined by the coordinate ¢, and yis the weight per unit
volume of the shell material, then g is the self-weight loading, given by

q=yHe) (4.20)

Resolving this loading into two components: Py (tangential to the meridian, and always
pointing downward the base of the cooling tower) and P, (perpendicular to the shell mid-
surface, and always pointing away from the axis of revolution of the cooling tower). These

components are depicted in Fig. 4.3, from which we can see that
P, =gsin ¢ = {#(¢p)}sin ¢ (4.21a)
P, =—gcos¢ =—{p(p)}sin ¢ (4.21b)
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Fig. 4.3 Self-weight loading components Py and P, at the point P
on the meridian of the cooling tower.

44  GENERALISED SELF-WEIGHT STRESSES

For axisymmetrically loaded shells of revolution, the membrane-solution expressions for Ny
(meridional stress resultant) and Ng (hoop stress resultant) have been dealt with in chapter
Two (equation 2.11 and 2.15). For a cooling tower with a free top edge, for instance, the stress
resultant Ny, while generally being non-zero over the interior regions of the shell material,
must vanish at the top edge of the cooling tower. The value of ¢ at the top opening of the
cooling tower is denoted as ¢y, Ny is set equal to zero when ¢=¢p, and the constant c is
evaluated which may then be eliminated from equation (2.15) to yield an explicit analytical

result for the stress resultant Ny The hoop stress resultants then follow from equation (2.11).

For a cooling tower with a ring beam around the top edge, we may impose the condition, as a
way of evaluating the constant C, that the lateral/ horizontal displacement of the edge of the
shell under membrane action stemming from the self-weight of the shell must match the
lateral/horizontal displacement of the prescribed ring beam under the shell action Ny and Ny

existing at the shell edges.

Once the membrane stress resultant Ng and N have been evaluated, they may be converted
into actual stresses Oy (meridional) and oy (hoop) within the shell material (and constant
across the shell thickness at a given location on the cooling tower), by simply dividing by the

shell thickness #(¢) at the Tlocation in question:

(4.222)



o =No
* 7 Hp)

Since all stresses in the shell can be considered fully determined once the stress resultant Ny at

(4.22b)

any given point has been fully evaluated, there is need to recall the general solution for Ny
(equation 2.15), develop a general expression for Ny due to self-weight in a general hyperbolic
cooling tower, and then explore several different cases of shell-thickness variation along a

meridian of the cooling tower. From equation (4.19)

1
. 2o B?onel bz 4 a? qin?
Asing(a’ sin” ¢ b’ cos’ ¢z +a’ sin’ ¢ (4.23)

r,sin’ ¢ = -
(a? sin® 6 - b* cos? ¢ )2

Letting

Fo_ 1 (a? sin? g — b2 cosz)%

prap p = - 4.24)
"2 Asin ¢(a? sin? ¢ — b* cos? ¢ )2 +a’sin? ¢

and making use of expression (4.18), (4.19) and (4.21) to eliminate r;, r; and (P, Py) from

equation (2.15), we can reduce the expression for Ny to

L) (sin g¥(o)
e 4.2
¢ le(az sin? ¢——b20052¢)-:- d¢+cz](azsin2¢-b2cosz¢)2 do+c (4.25)
Where
Ci:YAasz | (4.26a)
sz%z (4.26b)

4.5 VARIOUS CASES OF SHELL-THICKNESS VARIATION

This section shall consider various shell thickness variations as developed by Zingoni*'.

4.5.1 Generalised Stress Resultants
Case I: ¢t constant
Expression (4.25) becomes
N, = Fletl, +c,tl, + ] | 4.27)
Where ¢; and ¢; are as defined in equation (4.26), while I; and I are the integrals

1= ! —dp (4.28)

(a*sin® ¢ — b cos® 9)?
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sin ¢
I, = _d (4.29)
’ J'(azsinz;i)—-bzcoszqtb)2 i’

Case II: t proportional to the horizontal distance X
Let
2 .
ka” sing (4.30)

(a? sin? ¢ —b? cos’ ¢)%

Hg)=kX =kA+

where k is a constant and X is given by equation (4.11). Expression (4.25) becomes

\
N, =F|c,| kA ! rdp+ka® | sing —d¢
2 .2 223 (a2 sin2¢-—bzcos2¢)
(a”sin“ ¢ —b* cos” @) )
B ton 2
+c, kAj — Sm¢2 - 2d¢v+ka2_[ sin_¢ ~d¢ |+c
(a sin” ¢ —b” cos ¢) (a2 sin? ¢ —b? cos® ¢)5

= Fle, (kAL + ka1, )+ c, (kAL + ka1, )+ ]

= Fle kAL +(c,a® + c,AWd, + c,ka’I, +c| @.31)
where F, k, a, A, ¢, c;, 2, I, I; are as previously defined, and I is given by

.2
sin
IL=| ¢ ~dp (4.32)
(a? sin? p—b? cos? g)2

Case III: t proportional to X* (square of the horizontal radius X)
Let

o(p)= KX*

2. 4 - 2
= K| A*+ 244 shé T (a? sinfqbsinbfi:oszq;)
(a*sin? ¢ —b*cos? 9 |
. S
= KA® +2KAd® sing : +Ka4( — :; . )(4.33)
(a?sin? ¢ — b cos’ 92 a’sin”p—b"cos'¢

Using the function of the shell thickness in expression (4.25), we obtain
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sin ¢ dg

: -d¢+2KAa’ |

N, = F| | KA®
¢ 4 '[(az Sin2¢"'b2 cos? ¢)‘£ (aZ sin2¢—b2 cos? ¢)l

' Ka* sin’¢ d KA sin @ d
o J‘(azsinz(&’"l’?zcosz¢);s Pl J(a25i32¢“bzcosz¢)2 ’

+2KAS? sin’ ¢ dé+ Ka* sin’ ¢ p
¢ j(azsin2¢-—bzcosz¢)§ P+ ka j(azsin2¢-—bzcosz¢)3 pIre

= Flc, (KA, + 2KAG*L, + Ka*l,)+ c,(KAI, + 2KAQ’L, + Ka*I, )+ c]
= Fle, kA%, +(2c,a* + c,A)KAL +(c,a® + 2c,A)Ka’], + c,Ka*I, +c] (4.34)

where F, k, a, A, c, ¢, c2, I and I; have previously been defined, and the integral Iy is given by

14___‘]'( sin® ¢

dg (4.35)
a*sin’ ¢ —b* cos® ¢)

Case IV: t varying linearly with arc length s along the meridian
Let us define the arc length s as the distance from the top of the cooling tower (corresponding
to ¢ = ¢y) along a meridian to the point in question (corresponding to the coordinate @) as

depicted in Fig. 4.4(a).

Y

#
1h‘0
\\\

o oo s . o 6w

J' (a) g K
i ' {b) _
Fig. 4.4.Arc-length parameters along a meridian (a) measurement of arc lengths (b) arc-

length element ds at coordinate ¢

By reference to Figure 4.4(b), the relationship between an increment dX in the positive X

direction is given by

A
3 N
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dX

ds = (4.36)
cos @
From equation (4.11), and after some simplifications, we obtain
dX = —a’h? cos¢ —d¢ (4.37)

(a*sin® ¢ —b*cos? g2

Integrating both sides of equation (4.36), and making use of result (4.37), we obtain

s= C‘:‘; - —a2b2]‘ ! Fdp=ab?[1}! (4.38)
*(a*sin ¢ —b* cos? g2

where [I,} is the magnitude of the integral I; evaluated as a definite integral between the
limits ¢ and ¢. Note that {1 1]:, is a function of ¢.
Since the shell thickness ¢ varies linearly with arc length s measured along a meridian from the
top of the cooling tower, we may write

tp)=1t, +Cs =1, + Ca’p*[1, [} (4.39)
where ¢, is the shell thickness at the top (s=0) and C is the constant.
Substituting the above expression for #(¢) into equation (4.25), we obtain

1 —dp+Ca®b? | A1 '
(a" sin® ¢ — b* cos? ¢)’3 , (a28in2¢‘b2 cos’ ¢)5

sing L) 1
dp +Ca’b d
| Sty g e

d¢

N,=F|c|t]

= Fle,(t,1, + Ca®b?L, )+ ¢, (t, I, + Ca®b*1 )+ c]
= Fle,t 0, +ct,1, +¢,Ca*b?I, +c,Ca’h*I, +c] (4.40)

where

I = g, ~d¢ (4.41)
(a? sin? p— b* cos? g2

d¢ (4.42)

I, zJ'( (Sin¢)[11n,

. 2
a*sin® ¢ —b* cos” ¢
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For all the four cases of shell-thickness variation, the self-weight meridional stress resultant
Ny and the hoop stress resultant Ng as well as the actual stress ¢ and 0p can be evaluated
analytically provided the integrals I}, I, I3, Iy, Is, Is can be evaluated analytically.

4.5.2 Integrals I}, I, I3, 14, I's and I
The evaluation of I, and I, yields the following explicit results:

! 1 (a* +b?)cos ¢ Ja? +b? ]a+\/a2 +b* cos¢l
= + In (4.43)
20*(a* +b°}| a* - (a® +b° Jcos* ¢ 2a {a—-\/az+b2 cos¢l
fe 1 ba®+bJcosp _(4a”+3b" )
g (a b2} | 4la? - (a® +b*)eos? o 8a’

(a® +b?)cos ¢ +\/a2+b2 pla+va’ +b’ cos¢l (4.44)
a’ - (a* +b*)cos ¢ 2a a—+a® +b* cos¢l -
The expressions for I; and I, are valid provided
2
a 2
e 2> COS 4.45
a’+b? ¢ ( )

which is always satisfied for a hyperbolic cooling tower.
The integrals I; and I3 may readily be shown to be elliptic integrals. Evaluating these, we
obtain the results

s B 5

B> ) singcos¢
+ l_ﬂZ i
J\(Bsin? ¢ -1)2

[ 7 2
[l =2 Y B [ g |, B
" Hsﬂ(l—ﬁZ)z}Hf’ B ]+{3ﬁ(1-ﬂ2)2}6(¢’ B J

_ ﬁz(ﬂ2 +I)Sin2¢—23 Siﬂ¢COS¢ (447)
3(1- B (B> sin> ¢ -1)2

(4.46)

where

_“a2+l’3v2

ﬁz"’ bz

(&) (4.48a)

-49 -



@ =sin"' (MJ (4.48b)

VB -1
with the functions H(6,4) and G(6,1) being elliptic integrals of the first and second kind

respectively, defined as follows:

H(g.2)=| 94 (4.49a)

01— A*sin’ ¢
8

G(e,2)=] J1- 2 sin® gdg (4.49b)
0

For any given combination of parameters 8 and A, elliptic integrals H(6 A) and G(6,4) may be
read from standard tables*.

4.5.3 Special Case: A=0

When the offset parameter A is equal to zero, the axis of revolution (Y) of the cooling tower
coincides with the axis y of the generating hyperbola. Consider the value of F when A=0 to be
Fy. Equation (4.24) then becomes,

1
= lasin 2:: s_l:: ;082 o (4.50)
From equation (4.26a), the parameter c; also vanishes, i.e. ¢;=0 when A=0.
Case I: t = constant
Inserting ¢; = 0 in expression (27), with F=Fj,, we obtain
N, = Fe,tl, +c] (4.51)

Upon eliminating c,, I>, Fp, on the basis of expressions (4.26b), (4.43) and (4.50) respectively,

we obtain

N _(azsin2¢—bzcos2¢)%{ { 1’b*t }x{ (a2+bikos¢
- 2

a’sin’ ¢ (@ +b*)] " | a® —(a* +b?Jcos® ¢

atva +h °°S¢'i}+c} 4.52)

a—+a® +b? cos¢!

+\/a2+b2

2a

In

Assuming the top of the cooling tower is free, the boundary condition Ng=0 at ¢=¢ yields the

result

-50-



In| (4.53)

=

bt { (a® +b?)cos ¢, ‘+w/a2+b2

2(a® +b*})| a* - (a® +b* )cos¢ 2a

a++a*+b? cos¢d}

a-+a®+b* cos¢ol

so that expression (4.52) finally becomes

N. = }b”"t(a2 sin? ¢ —b* cos® ¢)% y (a2 +? cos @, cos ¢
- 2{a® +b*)sin® ¢ a® —(a® +b*)cos’ @, a®—{a®+b?)cos’ ¢

_l_\/a2+4!:v2

2a

In

(a-t-\/a2+b2 cos @, Ia--\/azﬂy2 cos¢ﬂ 4.54)

a—+a* +b* cosg, | a+va® +b* cosg

When A=0, the expression for r; (equation 4.19) reduces to

a2

r= 7 (4.55)
(a?sin? ¢ — b* cos® g2

Eliminating the geometric parameter r; and r; on the basis of equations (4.17) and (4.55)
respectively, and the loading parameter P, on the basis of equations (4.21b), we may write
expression (2.11) for hoop stress resultant Ny, for the special case of A=0, in the following
general form:

r

Ny =nF, ""lNo

§!

2 aim? b a2 2 2
_ [a sin ¢b2b cos ¢]N¢_ 1’1(p)cos ¢ , (4.56)
(a2 sin® ¢ - b* cos? ¢)5

For the present case where ¢ is a constant, Ny is therefore

N, =(a2 sin2¢+2b2 cosng}N' _ w’tcos ¢ 1 @457)
b (a? sin? ¢ —b* cos® g2
Case II: t proportional to the horizontal distance X
With ¢;=0, A=0 and F=F, expression (4.34) reduces to
N, = F ka1, +c] (4.58)
where ¢, I; and Fpare as defined by equation (4.26b), (4.47) and (4.50), while c is determined
from the boundary condition for N at the top of the cooling tower.

-51-



Case III: t is proportional to X*
With ¢;=0, A=0 and F=F), expression (4.34) reduces to.

N, = Fle,Ka*I, +c] (4.59)
Upon eliminating c;, Iy and Fp on the basis of expression (4.26b), (4.44) and (4.50)

respectively, we obtain

(azsin2¢-bzcos2¢)% [ ;a"sz{ bz(a2+b2)cos¢
No = * 4[a

a’sin® ¢ (@ +bY)? 2 _(a? +b?)Jcos? ¢]2

4a’ +3b* (@>+b*)cosg  Va?+b>  |a+a® +b* cosg
+ > X| = 5 —+ In +c| (4.60)
 8a a —(a +b )cos ¢ 2a a._\/a2 +b% cos¢

Assuming the top of the cooling tower is a free edge, the boundary condition Ng=0 at ¢g=¢h
yields the result

_ w°b’K 172(az+b°")cc>s¢0 4a* +3b*
T2 2V 2 _ (.2, 12 2 + 8a?
(a +b ) 4[a (a +b )cos ¢o}z

(a® +b*)cosg, N va® +b?

a® —(a® +b*)cos’ ¢, 2 "

a+va? +b? COS¢ol}} 4.61)

2 2
a-va®+b cos¢ol

so that expression (4.60) finally becomes

N = 1*b*K(a? sin® ¢ — b cos® ¢);-
’ (6 +b*) sin? ¢

><{bz(a2 +b2){ cos @, _ cos ¢ }

4 a2 ~(a? +5*)cos?g, [ [a2 ~(a?* +b?)cos? ¢]2

4a* +3b* \( 2 ,» cos @, _ cos ¢
+( 8a’ }{(a +h )-*-[laz——(az+b")cos2 9] la? —la® +b*)cos® ¢J]

N Va? +b? ln[]a—r«/az +b? cos ¢, » a-+a® +b’ COS¢|]H (4.62)

2a la—\/a2 +b?cosg, a++a®+b cos¢|

For the present case, and by reference to expression (4.33) with A=0,

Ka*sin® ¢ |
tp)=KX* = 4.63
@) a’sin® ¢ ~b*cos® ¢ (4.63)

Using the function of #(¢) in equation (4.56), we obtain for the hoop stress resultant
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2inl g b2 2 6proinl
N, =(a sin® @ —b* cos ¢}N,—( Ja"Ksin” gcos¢ (4.64)
a

7 3
b %sin® ¢ — b’ cos® ¢)5

Case IV: ¢ vary linearly with arc length s along the meridian
With ¢;=0 (since A=0) and F=F,, expression (4.40) reduces to

N, = Fle,(t1, + Ca®*I, Jt c] (4.65)
Where I;, I, Is are as defined previously. As before, ¢ is determined from the boundary

condition for Ny at the top of the cooling tower.

4.5.4 Final Stresses For Two of the Case Studies

Assuming that the top of the cooling-tower shell is free, the explicit results for stress
resultants (N4, Ng) for case I and III are given by equations (4.54, 4.57) and (4.62, 4.64)
respectively. The actual direct stresses 0y and 0y in the cooling-tower shell follow by simply
dividing the applicable values of N and Ny by the shell thickness #(¢) at the point in question,
as indicated by equations (4.22). The results of interest are as follows:

Case I: t constant

}bz(a2 sin? ¢ — b® cos? ¢)§ 9
2{a? +b?)sin® ¢

(a2 +b? cos @, _ cos ¢
a® —{a? +b*)cos’ 9, a®—(a® +b*)cos® ¢
R

s a++va®+b’ cosg, | a—va® +b* cosg (4.66a)
2a a—+a®+b? cosg, | a+va®+b*cosg
(1]
2 . :n2 g 2.2 2 2
G, =[a sin ¢b2b cos ¢},’_ ja_cos¢ x (4.66b)
(azsin2¢-b2cosz¢)5

Case III: ¢ proportional to x? (Square of the Horizontal Radius X)

o = ybz(a2 sin’ ¢ — b* cos? ¢)§ 9 b*(a* +b?) cos @, . cos¢ }
’ (a? +5*J'sin* g 4 la? - (a? + b )cos? o la*~(a? +b*)cos? of
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4a* +3b* s 2 cos @, cos¢
et + b -
+( 8a’ Jx{(a a* —(a* +b*)cos’ ¢, a’—{a® +b*)cos? ¢

+\/a2+b2 a++va®+b* cosg, | a—Ja® +b* cosp 4.672)
2a a—va*+b*cosg, | a+va®+b* cos¢

2 qin? oo B2 aeel 2
G, = [a sin“ ¢ —b* cos ¢}]¢_( )" cos¢ (4.67b)
a

b? 2 =
sin’—b? cos? g2

in

4.6 CONCLUDING REMARKS
Closed-form analytical results for membrane stresses in cooling towers have been presented.
These will be used in the subsequent chapters as a benchmark to check the validity of the

finite-element model results,
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CHAPTER FIVE
FINITE ELEMENT MODELLING

51 INTRODUCTION

This chapter outlines the finite element method, and describes the finite element modelling of
a hyperbolic cooling tower. It also discusses the various options considered in the solution of
the problem. The results presented in Chapter Four are used in the verification of the finite

element model.

5.2 THE FINITE ELEMENT METHOD (FEM) '

The finite element method (FEM) can be described as follows: “The FEM is a computer-aided
mathematical technique for obtaining approximate numerical solutions to the abstract
equations of calculus that predict the response of physical systems subjected to external
influence”. Problems that can be solved using FEM encompass solid mechanics (e.g.
elasticity, plasticity, statics and dynamics), heat transfer (e.g. conduction, convection and
radiation) and fluid mechanics. A finite element is derived by assuming a form of the equation
for the internal strain*. There will be one equation for each degree of freedom of each node of
element. These equations are most conveniently written in a matrix form for use in computer
algorithms. The matrix of the coefficients becomes a “stiffness matrix” that relates forces to
displacements as stated in the equation below.

[F]=[k]x[4] 5.1)

where F, K and d are the force vector, stiffness matrix and displacement vector respectively.

5.2.1 Isoparametric Element Formulation

Finite element methods are implemented in the computer code, not algebraically, but by
procedures of numerical integration. To implement computer code-solving FEM problems,
isoparametric elements are used for computational advantages*’. The isoparametric
formulation makes it possible to generate elements that are non-rectangular and have curved
sides. The isoparametric formulation includes elements for solid, plates and shell problems.
Features peculiar to isoparametric elements are:

e Isoparametric elements are defined on the &, 1} and £ axes.
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e Isoparametric elements are defined on the domain: -1<€, 1, { <+1.

e There exists a mapping from the isoparametric domain to the problem domain.
The isoparametric mapping of the isoparametric element in the (€, 1 and §)
domain to the (x, y, z) domain (3D), is achieved by the mapping:

x:ZN,.x,, y=2N,.y,., z=2N,.z,. (5.2)
Where i ranges over the number of nodes in the element. The shape functions
N; (or trial ﬁ}nction) are functions of the isoparametric co-ordinates &, 1} and L.
o The derivati/ve of the mapping, the Jacobian, provides a numerical value to the

local amount of expansion or contraction of the co-ordinates due to the

isoparametric mapping’“.

(x ¥y &
o of I
3 P
J=(n.¢)= -5;1‘7- % 5% (5.3)
& Y & |
| dg dg  dg |

5.3  FINITE ELEMENT ANALYSIS OF SHELLS

The ease or difficulty in obtaining a solution for a shell problem is dependent on the geometry,
loading and boundary conditions. Continuous geometry, smooth loading and idealised
boundary conditions are generally required to obtain analytical solutions. Derivations from
any of these proceedings result in complications that may prevent, or greatly complicate the
attainment of an analytical solution, thereby directing the analyst to numerical techniques, the
most prominent of which is the finite element method (FEM)*®. One first critical decision that
has to be decided upon early in the process is to evaluate how detailed and accurate the

analysis needs to be.

When a numerical approach is pursued, it is productive to re-examine the assumptions of the
corresponding analytical problem, with the thought that it may be possible to relax certain of
the assumptions and possibly increase the generality of the numerical approach. In this case,
there are two assumptions made; these are: the use of a “reference or middle surface” to
achieve a two-dimensional shell theory; the enforcement of Kirchhoff’s hypothesis to

eliminate transverse shearing strain®.
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If the idealised structure is analysed by the FE methods, some differences from the real
structure will arise from the assumptions embedded in the technique. Assumptions must be
made so as to ensure that reasonable results are obtained at an acceptable cost. FEM analysis
will generally always contain asSumptions that will lead to errors in the predictions and

stresses of a structure .

The purpose of FE modelling is to make a model that behaves mathematically like the
structure that is modelled. Although the results may not be predicted accurately, it may be
possible to assess within a few percentages the difference in the results between the real and
the idealised structure. Boundary conditions are required to ensure that the behaviour of the
model approximates the behaviour of the real structure. When it is not possible to establish an
accurate representation of boundary conditions, it is advisable to use different sets of
conditions that can be examined to investigate the sensitivity of the solution*®. After the
boundary conditions have been determined, the loading conditions are applied. Most FE codes
have a large variety of loads applied; examples are: point, distributed, gravity, pressure and
centrifugal loads. The next step is to define the material data for the shell elements in the
model. This is normally straightforward.

5.3.1 Steps in FE Analysis

Finite element modelling consists of three steps *’. These are:
1. Pre-processing
2. Simulation

3. Post-processing

Pre-processing:

This includes the entire process of constructing the geometry of the FE model, applying
physical and material properties and describing the boundary and loading conditions. The first
step involves deciding of the number of elements in the model 41 The efficiency of the
computational run time is related to the number of elements. The greater the number of
elements, the longer the computational run time and this does not nécessarily mean a more

accurate result,
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Simulation:

This is the stage in which the FEM solves the numerical problem defined in the model. For
example, it involves determining all the local governing stiffness matrices for the elements
and assembles all these into a global stiffness matrix, from where all the unknown degrees of
freedom can be solved.

Post-processing:

The results are evaluated once the simulation has been completed and the displacements and
stresses have been calculated. The evaluation is done interactively using a postprocessor
which reads the binary files, thereafter, there are various options for displaying the results,
including colour contour plots, animations, deformed shape plots, and x-y plots. The post-
processing also includes checking for errors that might not have been detected while building |

the model.

5.3.2 Choice of Shell Element in Finite Element Analysis

The FE modelling used in this thesis is done exclusively using the general purpose finite
element code ABAQUS/Standard version 6.2. An element’s formulation refers to the
mathematical theory used to define the element’s behaviour. All the stress/displacement
elements in ABAQUS are based on the theory that the elements deform with the material
(Lagrangian behaviour). To accommodate different types of behaviour, there is a range of
different element families. Each element family is suited for a certain application. Examples
of element families in ABAQUS are shell elements, continuum elements, membrane
elements, rigid elements and beam elements. For shells of revolution, the entire structure is
modelled by exploiting axisymmetry. In the present investigation, the structure is idealised by
an assembly of a 2-noded linear axisymmetric shell element (SAX1), with integration points
averaged at the nodes.

5.3.3 Components of an ABAQUS Model

An ABAQUS model is composed of several different components that together describe the
physical problem to be analysed and the results to be obtained. The analysis model consist the
following: Discretized geometry, element section properties, material data, loads and
boundary conditions, analysis type and output requests.
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i. Discretized Geometry:

Finite elements and nodes define the basic geometry of the physical structure being modelled
in ABAQUS. Each element in the model represents a discrete portion of the physical
structure, which is, in turn, represented by many interconnected elements. Elements are
connected together by shared nodes. The coordinates of the nodes and the connectivity of the
elements—that is, which node belongs to which elements — comprise the model geometry. The
collection of all the elements and nodes in a model is called the mesh. Generally the mesh is

only an approximation of the actual geometry of the structure.

The element type, shape, and the location, as well as the overall number of elements used in
the mesh, affect the results obtained from a simulation. As the mesh density increases, the
analysis results converge to a unique solution, and the computer time required for the analysis
increases. The solution obtained from numerical modelling is generally an approximation to
the solution of the physical problem being simulated. The extent of the approximations made
in the model’s geometry, material behaviour, boundary conditions and loading determines

how well the numerical simulation matches the physical problem.

ii. Element Section Properties

ABAQUS has a wide range of elements, many of which have geometry not defined
completely by the coordinates of their nodes; for example, the layers of a shell or the
dimensions of an I-beam section are not defined by the nodes of the element. Such additional
geometric data are defined as physical properties of the element and are necessary to define

the model geometry completely.

iii. Material Data
The material properties of all elements must be specified. The validity of the ABAQUS resuits
is limited by the accuracy and extent of the material data.

iv. Loads and Boundary conditions

Loads distort the physical structure and thus create stress in it. Examples of the basic loading
conditions are: point loads, pressure loads on surfaces, gravity loads and thermal loads.
Boundary conditions are used to constrain portions of the model to remain fixed (zero

displacements) or to move by a prescribed amount (non-zero displacements). In either
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situation the constraints are applied directly to the nodes of the model. The directions in which
the nodes are able to move are called the degrees of freedom (dof). For a stress/displacement
simulation the degrees of freedom are the translations and, for shell elements, the rotation at

each node.

In a static analysis enough boundary conditions must be used to prevent the model from
moving as a rigid body in any direction: otherwise a solver problem will occur during the

solution stage and may cause the simulation to stop prematurely.

v. Analysis Type
The most common type of simulation is a static analysis, where the long-term response of the
structure to the applied loads is obtained. In other cases, the dynamic response of a structure to

the loads may be of interest: for example; the effects of wind load on a structure.

vi. Output Request

Finite element analyses have the ability to create very large amounts of output. Therefore, it is
essential that the user manages this output so that only data required to interpret the results of
 the simulation are produced. Three types of output are available in ABAQUS:

e Restart data, used as a database to continue the analysis;

e Printed tables of results;

e Results stored in binary files for subsequent post-processing.

5.3.4 Modelling the Cooling Tower

The ABAQUS input file is the means of communication between the pre-processor, and the
solver. It contains a complete description of the numerical model. A complete ABAQUS input
file is split into two distinct parts. The first section contains model data and includes all the
information required to define the structure being analyzed. The second section contains
history data that define what happens to the model: the sequence of loading or events for
which the response of the structure is required. This history is divided into a sequence of
steps, each defining a separate part of the simulation. For example, the first step may define a
static loading while the second step may define a dynamic loading. The input file is composed
of option blocks that contain data describing a part of the model.
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Since the configuration of the cooling tower as well as the external conditions is symmetric,
an axisymmetric 2-dimensional (2D) modelling of the cooling tower is adopted by discritizing
the meridional line alone. This is preferable because it requires the least number of elements
and will result in the smallest computational run time (i.e. the computational time is about

oneftenth of a three-dimensional (3D) analysis).

Units

Before a model is built, a decision on the system of units must be agreed because ABAQUS
will only process the output based on the consistency of the units used. The SI system of units
is used throughout this thesis, which are: length in metre (m), force in Newton (N), mass in

kilograms (kg), stress in Pascal (N/m?) and density in (Kg/m®).

Nodal Coordinates

The global coordinate system in ABAQUS is a right-handed, rectangular Cartesian system. As
a result of the type of model, (i.e.axisymmetric 2-dimensional model), the coordinates of the
nodes are given in the radial and axial positions. For example, the r- and z-directions coincide
with global X- and Y-directions (see Fig. 5.1). The *NODE option is used to define the
coordinates of the nodes. For example

*NODE

100, 40, 50

The first column in the data line indicates the node number and the second and third columns

define the nodal coordinate in the r and z-directions.

Node numbering

The nodes are numbered in an ascending order from the bottom of the tower to the top (see
Fig. 5.1). These nodes are grouped into a node set called “tower”, which is used as a cross-
reference when defining loads, constraints and the material properties (see Appendix A2).
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95

Fig. 5.1 Schematic drawing of an SAX1 element, showing coordinate system, node and
element numbers.

Element Numbering
The *ELEMENT option defines individual elements in the model. However, individual
elements are grouped into element sets for convenience. The format of each data line for a
shell element is

<element number>, <node 1>, <node 2>
where nodel and node 2 are at the ends of the element (see Fig. 5.1); for example, element 1
connects nodes 95 and 96, so that the data line defining this element is

1, 95,96
The TYPE parameter on the *ELEMENT option is used to specify the kind of element being
defined. For the present analysis, the meridional line is discretized by means of a two nodded

elements SAX1 (i.e.2-node thin linear shell element).

In finite element method the solution approaches the exact solution of the governing equations
as the number of elements approaches infinity (i.e. the smaller the elements, the more accurate
are the solution). It is therefore necessary for sufficient elements to be used in the model so
that a satisfactory representation of the exact solution is found. In order to optimize the
number of elements to capture the results in the least possible time, a total of 119 elements
and 120 nodes along the meridional direction is adopted. Each element having an arch length
of 1000mm. Fig. 5.2 shows a half symmetry finite element mesh.
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Section/ Material Properties

As the structure is made of a single material with constant thickness, the section properties
will be the same for all the elements. Therefore, the element set “tower” can be used to assign
the physical and material properties to the elements. Since it is assumed that the shell is linear
elastic, the *SHELL SECTION option is adopted, which uses numerical integration to
calculate the behaviour at each section point through the thickness of the shell.

The shell is made of an Isotropic, homogeneous, linear‘ elastic material having a concrete
grade of 40Mpa, Young’s Modulus of 28x10° Pascal and a Poisson’é ratio of 0.15. The linear
elastic material model has been considered because this simulation is undertaken within the
material’s linear elastic zone. Beyond this zone, failure mechanisms such as concrete cracking
and steel reinforcement yielding occur. Modelling of this failure mechanism is beyond the

scope of this work. However it is suggested that such mechanism may be modelled by the use
of appropriate failure criteria.
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Boundary Conditions

Constraints on nodes are defined using the *BOUNDARY option and specifying the
constrained degree of freedom. Each data line is of the form:

<node ﬁumber>, <constrained degree of freedom>, <magnitude of displacement>

For the purpose of the finite-element modelling, it is assumed that at the soffit of the structure,
the boundary is fully constrained (i.e. Encastre) while at the top the shell is freely supported.
The supporting column is not included in this analysis. In order to simulate this action, the
shell is assumed to rotate freely in the radial direction, but constrained in the vertical and
tangential directions. This latter form of boundary condition would not significantly change

the magnitude of the bending stresses at the soffit of the structure (See Fig. 5.3).

97

Fig. 5.3 Schematic drawing illustrating a node constrained in all direction.

Loading
For the purpose of this modelling, a distributed gravity load is applied to the shell structure.
The *DLOAD option is used to define distributed loads on element faces and bodies. The data
line for this option has the form:

<element set or element numbers>, <distributed load type label>, <magnitude>
Gravity load is specified by using the distributed load type GRAV and giving the gravity
constant as the magnitude of the load. The direction of the gravity field is specified by giving
the component of the gravity vector on the data line (see Appendix A2). Fig.5.4 shows the
direction of gravity loading.
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!
Fig. 5.4 Schematic drawing showing the direction of loading.
QOutput Request |
ABAQUS generates a large output request file which allows the user to specify the parameter
to be processed when running the analysis. In this case, the meridional stresses (522) and the

hoop stresses (S;;) are requested to be averaged at nodes for the purpose of this analysis.

Contour plots of meridional and hoop stresses are shown in Appendix A3.

Once the output file is saved, the analysis is run interactively. The table of stresses can be

obtained from the dat. File after running the simulation successfully.

54 CONCLUDING REMARKS

After proper modelling of the cooling tower is complete, using the FE tool ABAQUS, it
becomes apparent that the results obtained are to be compared to closed-form analytical
results to Vcrify the validity of the numeric modelling, before adopting this as the basis of the

parametric studies undertaken in this thesis.
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CHAPTER SIX
PARAMETRIC STUDIES

61 STANDARD/BENCHMARK COOLING TOWER
6.1.1 Introduction

Cooling towers come in different sizes and dimensions, varying from 80m to 200m in
height. For the purposes of this study, a standard-size cooling tower is assumed to have
the dimensions furnished below. The author’s choice of this standard size is based on a
series of investigations and assessments of existing cooling towers built to date. The
reason why this size has been chosen is to give an appropriate idea of the static behavior

of cooling towers with regard to the self-weight stresses.

The cooling tower has an overall height of 120m, with a base diameter of 89.80m. The
throat of the tower is 60m, in diameter; and is, located 30m from the top of the shell. The
material used is concrete with a constant thickness of 150mm from the top to the bottom.
The physical and material properties of the cooling tower are summarised in Table 6.1,

and a detailed geometry is shown in Fig 6.1.

Parameter Symbol (unit) Value
Height H (m) 120.0
Throat radius a (m) 60.00
Thickness t (im) 0.150
Poisson’s ratio v 0.150
Young’s Modulus E. (GPa) 28 x 10°
Density v (KN/m?) 24.00
Angle of opening at top o 97.36"
Angle of opening at bottom & 74.56°

Table 6.1, Physical and material properties of standard size cooling tower.



Figure 6.1 Geometry of Cooling tower

6.1.2 Verification of Present Analysis

To check the validity of the analytical results, the finite element method is used to model
the behavior of meridional and hoop stresses over the entire height of the shell with the
application of a gravity load. A multi-purpose FE program ABAQUS/Standard version
6.2 is used and a 2-noded axisymmetric shell element is adopted throughout the entire
meridian having a ¢p=97.36° at the top and a ¢, =74.56" at the base of the shell.

' 8
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The profiles predicted by the analytical result illustrated in Figure 6.2, corresponds well
with the FE model profiles. Tﬁese profiles predict the correctly shaped profile for all
cases of stresses. With regards to the meridional stress, for instance, it is observed that the
profile that uses the FE model, under-predicts the analytical profile from the throat to
approximately 12-15m above the base of the tower, while beyond the throat the profile is
more or less the same. However, the profiles for the analytical and FEM model for the
hoop stresses arrive at the same result from the top to approximately 20m above the soffit

of the structure.

Tables 6.2 compares the results obtained using the analytical membrane solution with the
results obtained with the FEM for meridional and hoop stresses at the inner and outer
surfaces. From Table 6.2, it is evident that the results obtained using the analytical
solution in the case of the standard cooling tower is in line with those obtained using the
FE method, with discrepancies not exceeding 3%. The difference between the numeric
and analytical results is attributed to the fact that the analytical closed-form results
consider only the membrane solution while the numerical result takes into account both
the membrane and bending effect. This suggests that the FEM solutions are indeed valid
for this present study. Further parametric studies in this thesis will thus be based on the
FE method.

Table 6.2 Comparison Between Analytical Membrane vs FEM for Self-Weilght
Loading, Uniform Thickness, b/a=2.694

Meridional stress o, (N/mm?) hoop stress oy (N/fmm?)
FEM FEM

Y Inner Cuter Inner Quter
(m) ¢ ANALYTIC | sect, sect. Variance | ANALYTIC | sect, sect. Variance
80 | 74.56 -2.310 -2.133 -2.384 0.004 -0.430 -0.322 -0.360 0.008
-70 | 76.34 -2.049 -2.011 -2.001 0.003 -.384 -0.378 -0.378 -(,002
-50 | 78.95 -1.751 -1.712 -1.723 0.002 -0,333 -.325 -0,326 -0.002
-30 | 82.64 -1.396 -1.368 ~-1.371 0.001 -0.266 -0.261 -0.261 -0.002
-10 1 87.39 -0.973 -0.956 -.952 0.000 -0.165 -0.162 -0.161 -0.003
0 | 90.00 -0.738 -{.725 -0.724 -0.001 -0.102 -0.101 -0,101 -0.003
10 | 82.61 -0.494 -(,486 -(,485 -0.002 -0.034 -0,033 -0.033 -0.003
15 | 93.88 -0.371 ~{.367 -{,361 -0,002 0,001 -0.001 0.000 -0.003
30 | 97.36 0.000 -0.012 -0.012 -0.004 0.009 0.085 0.085 0.009
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6.2 DESCRIPTION OF PARAMETRIC STUDY AND PRESENTATION OF
RESULTS

6.2.1 Introduction

The parametric study carried out investigates the behaviour of the meridional and hoop

stresses of a standard size concrete cooling tower, where several geometric parameters

like the hyperbolic axis ratio (b/a), top edge angle (¢y), offset parameter (A) and scale of

the structure are varied one at a time. The cases considered are briefly described below.

6.2.1.1 Case I

Most hyperbolic cooling towers built to date have a hyperbolic axis ratio (b/a) of between
2.2-2.8, with 2.5 being a typical value. For the purpose of the parametric study, we shall
change the hyperbolic axis ratio from 2.2 to 2.5 and 2.8 (i.e. the lower end, middle range,
and the higher end) to study the effect of the variation on stress. The results obtained are
presented in Tables 6.4-6.6 (Appendix Al) and plotted in Figures 6.3-6.5 respectively.
An ABAQUS input deck for the model can be found in Appendix A2.

6.2.1.2 Case Il

The top edge angle () of most cooling towers ranges from 95%100° with @=97"being a
typical value. To illustrate the range of ¢y, two extreme cases are chosen, i.e. ¢o‘—‘950 and
d0=100°, while the bottom edge angle () is kept constant at #=75". The results are
shown in Tables 6.7-6.14 (Appendix A1) and plotted in Figures 6.6-6.13.

6.2.1.3 Case Il

In order to obtain a feel for the effect of the offset parameter “A” over the stress
variations, A is varied at every 10m ihterval (i.e. 10, 20, 40m). The results are shown in
Tables 6.15-6.17 (Appendix Al) and plotted in Figures 6.14-6.16.

6.2.1.4 Case IV

In the fourth and final scenario, the scale of the standard size cooling tower is first
reduced and then increased by a scale factor of 0.5 and 1.666 respectively to see the
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effect of this scales on the stresses experienced by the tower. The results obtained are
presented in Tables 6.18-6.19 (Appendix Al) and plotted in Figures 6.17--6.18.

6.3 CONCLUDING REMARKS

Having defined the standard/benchmark cooling tower, a number of different models

were created and results presented. Chapter Seven will discuss and analyze these results.
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CHAPTER SEVEN

DISCUSSION OF RESULTS

7.1 INTRODUCTION

Consider a hyperbolic cooling tower with a zero offset parameter. Self-weight is always
associated with meridional stress (oy), which is continually compressive throughout the
entire shell. The hoop stress (0p) is compressive over aimost the entire tower but changes
to tensile stress a short distance above the throat of the tower. These tensile stresses are
small in magnitude when compared to the stresses at the base of the tower. The tensile
-stress over this region can be ‘arrested’ by introducing a ring beam of considerable size at

the top edge or by thickening the section approaching the top edge.

Each set of plots comprises the total stress values for the inner and outer surfaces of the
shell.

7.2 EFFECT OF HYPERBOLIC AXIS RATIO ON STRESS

7.2.1 Hyperbolic Axis Ratio b/a=2.2

Figure 6.3 (see previous Chapter, page 72) illustrated the FEM (Finite-element) results
for inner and outer-surface meridional and hoop stresses over the height of a cooling
tower. As expected, it can be seen that the meridional stress increases rapidly from a
minimum of 0.012N/mm? (compression) at the top (¢o=100.65°) to a net maximum of
2.49N/mm’ (compression) at the bottom (¢=69.87"). The magnitude of the compressive
meridional stress at the bottom is a result of the bending effect around this vicinity. The
effect of the bending disturbance becomes insignificant beyond an angular distance of
¢=71.70°%

Figure 6.3 also shows the hoop stress, which is compressive over the main part of the

structure and changes to tension at an angular distance of $=95.75° (i.e. 15m above the

throat), reaching a maximum of 0.143N/mm’ (tension) at the top. As a result of the
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bending action at the base, a large hoop stress (0.571N/mm?) is observed at an angular
distance of 70.32° (i.e. 6m from the base).

7.2.2 Hyperbolic Axis Ratio b/a=2.5

Figure 6.4 (see previous Chapter, page 73) shows a plot for the meridional and hoop
stresses for b/a=2.5. However, an increase above this amount shows a reduction in hoop
stress towards the soffit of the structure. It will be noticed that at an angular distance of
¢=73.39° (6ém from the bottom), the stress at the inner surface attains a maximum
compressive hoop stress value of 0.469N/mm’ when compared to 0.569N/mm’
(compression) for a b/a=2.2. Beyond 7m from the base, the bending disturbance becomes

insignificant.

The meridional stress also follows a similar trend from the top to an angular distance of
¢=74.21° (15m from the base of the cooling tower). Below this elevation, a significant
increase in the meridional stress is observed. However, it can be seen that the net
meridional stress reaches a maximum of 2.41N/mm?’ (compression) at the soffit

(¢b=72.92°) of the structure.

7.2.3 Hyperbolic Axis Ratio b/a=2.8

Figure 6.5 (see previous Chapter, page 74) clearly shows a significant reduction in the
magnitude 6f the net compressive meridional stress from 2.49N/mm’ (b/a=2.2) to
2.37N/mm’ at the base of the structure (¢=75.37°). It is interesting to note that the
influence of the bending disturbance becomes insignificant at an angular distance of
¢=75.83° (6m above the base), while for other cases (i.e. b/a=2.2, 2.5), the bending
disturbance become insignificant at 9m from the base of the tower. Beyond the bending

region (i.e. ¢=75.83°) the profile follows a similar trend as in previous studies.
The hoop stresses also follow similar profiles as in earlier cases, except at the bottom of

the tower (#=75.37") where a significant reduction (i.e. a 75% reduction when compared
to b/a=2.2) in hoop stress is observed (0.328N/mm2).
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It can be observed that b/a below the standard size (b/a=2.694) shows an increase in both
the meridional and hoop stresses at the base of the tower. However, considering the upper
limit above the standard size cooling tower, a reduction in the meridional and hoop
stresses is observed which imply that the higher b/a, the lower is the meridional and hoop

stresses at the bottom,

7.3 EFFECT OF TOP OPENING ANGLE ON STRESS

7.3.1 b/a=2.694, Top Opening Angle $o=100"

Figure 6.6 (see previous Chapter, page 75) plots the inner and outer meridional and hoop
stresses at an angle of opening of 100°. The meridional and hoop stress profiles are
similar to those of the standard case cooling tower (b/a=2.694) except in a particular part
of the tower, where a slight deviation occurs. Consider the lower portion of the shell
towards the base, where the net meridional stress reaches a maximum of 2.610N/mm?®
(compression). The effect of the bending disturbance becomes insignificant at an angular
distance of ¢=75.64° (8m above the base). However, 28m above the throat of the tower is
the start point at which the meridional stress exhibits some significant bending effect,
which is reduced to normal at an angular distance of $=98.39° (35m above the throat).
Near the top (i.e. 3m below the top), a slight bending effect is observed. This action over
this i)articular portion of the tower could be reduced by introducing ring beams around
the top edge of the tower.

The hoop stress profile exhibits a similar trend to the standard plot (b/a=2.694) as it

changes from compression to tension just some distance above the throat.

7.3.2 bla=2.694, Top Opening Angle $¢=95’

Figure 6.7 (see previous Chapter, page 76) depicts the meridional and hoop stress plots
with ¢¢=95°. The meridional stress profile from the top to the bottom is similar to the first
case (¢0=100°). It can be seen that there is a 15% reduction in the maximum net
meridional compressive stress at the base from 2.61N/mm? (¢=100°%) to 2.21N/mm?,
Similarly, it is observed that at an angular distance of ¢=75 45°, there is a 7% reduction in

the hoop stress.
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When these cases are compared to the standard size opening angle ($0=97.36°), it is
observed that ¢¢ towards the lower range exhibit an average 7% reduction in both the

hoop and meridional stresses over the region of bending disturbances.

7.3.3 b/a=2.2, Top Opening Angle ¢¢=100°

Figure 6.8 (see previous Chapter, page 77) illustrates the inner and outer surface
meridional and hoop stresses. As expected, the meridional and hoop stress profiles still
follow the same trend as in the standard case. At the base, the net maximum meridional
stress observed is 1.95N/mm? (compression). However, moving away from the base, the

meridional stress is reduced to a minimum and the effect due to bending becomes

insignificant at an angular distance of ¢=76.29° (6m above the base).

It is interesting to note that at ¢=76.07° (6m above base), the hoop stress reaches a
maximum of 0.434N/mm’ (compression) which is at the region were the bending
meridional stress is at its minimum. At the base, the net hoop stress reduces to a
minimum of 0.292N/mm? (compression). At an angular distance of $=95.39° (14m above
the throat), the hoop stress changes to tension and reaches a maximum of 0.133N/mm?

{tension).

7.3.4 b/a=2.2, Top Opening Angle ¢¢=95"

Figure 6.9 (see previous Chapter, page 78) considers what happens when $0=95°. At the
base, the net maximum meridional stress is 1.64N/mm? (compression) which is clearly
smaller than %:1000 at the same location. 8m above the base, the bending disturbance

becomes insignificant and the stress profile remains the same as expected.
At an angular distance of ¢=76.07° (6m above the base), the hoop stress reaches a

maximum of 0.39N/mm? (compression) and a minimum of 0.143N/mm? (compression) at

the base.
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It can be seen that reducing ¢o from 100° to 95° also reduces the meridional and hoop

stresses at the region where the bending action is pre-eminent.

7.3.5 b/a=2.5, Top Opening Angle $¢=100°

Figure 6.10 (see previous Chapter, page 79) shows the meridional and hoop stress for a
b/a=2.5 and ¢y=100". With regards to the meridional stress at the base, it is clear that due
to bending action in this region the net meridional stress reaches a maximum compressive
value of 2.25N/mm?, which diminishes with an increase in height. At an angular distance

of ¢=75.70° (6m above the base), the resulting bending action becomes insignificant.

The hoop stress reaches a maximum of 0.146N/mm’ (compression) at a distance 6m
above the soffit of the structure, and continues in compression with an increase in height
to about 18m above the throat of the tower. However, at an angular distance of cl)=95.610
(19m from the throat), the hoop stress changes to temsion and increases with height,
attaining a maximum hoop stress of 0.137N/mm? (tension) at the top. When compared to
the standard-size cooling tower, it can be seen that there is an average reduction of 15%
in meridional stresses and a 23% for hoop stresses. Also the standard-size tower indicates
that at a location 7-8m from the base, the meridional bending stress becomes

insignificant.

7.3.6 b/a=2.5, Top Opening Angle $,=95"

Fig. 6.11 (see previous Chapter, page 80) illustrates the stress variation when do=95°.
Considering the location at the base, the net maximum meridional stress observed is
1.89N/mm? (compression). At an angular distance of 75.97° (8m above the base of
tower), the bending effect is reduced appreciably. Above this point, the meridional stress

continues to reduce with an increase in height to a minimum of 0.004N/mm’

(compression) at the top edge.

The hoop stress attains a maximum compression of 0.384N/mm?’ at an angular distance of
$=75.57" (5m above the base), and follows similar characteristics as shown in previous

cases studied, by changing from compression to tension just a short distance above the
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throat.(i.e. at an angular distance of 92.73° which is 9m above the throat). This tensile

stress increases to a maximum of 0.061N/mm? at the top edge.

7.3.7 b/a=2.8, Top Opening Angle $o=100°

As can be seen in Figure 6.12 (see previous Chapter, page 81), the region at which the
bending disturbance is significant is a mere 4m from above the base of the tower.
Meanwhile, the net meridional stress reaches a maximum of 2.73N/mm? (compression) at
the base and reduces with an increase in height. When compared to the standard case, it

implies a 13% increase in the meridional stress.

The hoop stress, on the other hand, increases gradually from a minimum of 0.004N/mm?
(compression), 24m above the throat of the cooling tower to a maximum of 0.426N/mm?
(compression), 7m above the base (¢=75.44°) indicating a 2% increase in the hoop stress

when compared to the standard case.

7.3.8 b/a=2.8, Top Opening Angle $,=95°

Figure 6.13 (see previous Chapter, page 82) summarises the inner and the outer surface
meridional and hoop stresses for ¢¢=95". The plot profile is similar to the earlier cases
discussed above. As can be expected, a reduction in the stresses is observed. For
example, the net meridional stress reaches a maximum of 2.33N/mm?’ at the base. It can
also be seen that a slight bending action occurs in a region very close to the top edge. The

magnitude of this stress is however insignificant when compared to the stress at the base.

As for the hoop stress, it attains a maximum compression of 0.40N/mm’ at about 7m
above the base of the tower (¢=75.44°). When compared to the standard case, a reduction
of 4% is observed.

For all the cases studied, it is observed that there is a reduction in the meridional and
hoop stresses when ¢y (the opening at the top of the cooling tower) is reduced from 100-
95°.
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7.4 EFFECT OF OFFSET PARAMETER (4)

7.4.1 Offset Parameter A=10m

Figure 6.14 (see previous Chapter, page 83) presents a plot which shows the effect of the
meridional and hoop stresses when the offset parameter A is varied beyond zero (i.e. A=0,
standard case). The meridional profiles follow the same trend as in the previous cases
(i.e. increasing rapidly from top to bottom), while the hoop stress is tensile toward the top

and compressive over the major part of the tower.

With regards to the meridional stress—, the net compressive meridional stress at the base
is 2.610N/mm* which, when compared to the standard case, is 10% higher in magnitude.
The effect of the bending disturbances reduces with an increase in the height and reaches
a minimum value — 12m above the base of the tower (¢=75.55%). Beyond this region
towards the top, the inner and outer surface meridional stress becomes more or less the

same.

7.4.2 Offset Parameter A=20m

The increase in the offset parameter by 20m will obviously increase both the hoop and
meridional stresses. Figure 6.15 (see page 84) shows the meridional and hoop stresses
when the offset parameter A=20m. The plot shows an increase in hoop stress due to
bending disturbance towards the base. At this stage, some buckling mode starts
developing towards the base of the cooling tower. Appendix A3 shows the contour stress
plots for this scenario. At an angular distance of ¢=75.11°, the hoop stress reaches a
maximum of 0.633N/mm? (compression), which indicates a 40% increase in stress at this
point when compared to the standard case (A=0). The magnitude reduces to a minimum
of 0.334N/mm? at the base.

As a result of the offset parameter being increased to 20m, the net meridional stress
increases to a maximum of 2.81N/mm? (compression). It is interesting to note that the
position where the bending disturbances becomes insignificant, is at an angular distance
of ¢=75.45° (12m from the base), which happens to be the same as in the case of A=10m.

Beyond this point towards the top, the meridional stress is compressive.
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7.4.3 Offset Parameter A=40m

Figure 6.16 (see page 85) shows the meridional and hoop stress variation for A=40m. As
a result of an increase to 40m, the structure is not capable of carrying its self-weight and
thus a buckling mode is developed at this region towards the base. The hoop stress
reaches a maximum of 0.849N/mm? (compression) at an angular distance of ¢=75.11°
This indicates a 50% increase in hoop stress when compared to the standard/benchmark

cooling tower.

Figure 6.16 shows a maximum net meridional stress of 3.16N/mm> (compression) at the
base. This is large in comparison to the other cases studied. It is believed at this stage that
the self-weight, which is always related to the meridional stress, is not able to support the
structure. As a result, the vulnerability of the entire structure is increased.

After a close look at the effect, which the offset parameter A has over the hoop and
meridional stresses, it can be concluded that an increase in the offset parameter will also
increase these stresses. Offset parameters greater than 10m should be avoided in the
design consideration. An offset parameter of zero (A=0) should preferably be used during
the preliminary design stage.

7.5 EFFECT OF SCALE ON STRESSES

7.5.1 Scale Factor=0.5

Figure 6.17 (see page 86) illustrates what happens when the standard-size cooling tower
is scaled down by half its size (reduced to 60m in height). The maximum net meridional
stress at the base is 1.184N/mm’ (compression) which highlights a 50% reduction from
the standard case. The hoop stress also reaches a peak magnitude of 0.206N/mm’, 4m
above the soffit (¢=75.19%, also indicating a 50% reduction in stresses.

7.5.2 Scale Factor=1.66

Figure 6.18 (see page 87) shows what happens when the cooling tower is increased to
200m in height, namely 1.667 times the original size. The net meridional stress is

-95.



3.95N/mm?, which represents a 45% increase. Similarly, a maximum hoop stress of

0.707N/mm?® is recorded, which represents 40% increase in stress.

In conclusion, it appears from the above that an increase or decrease in the geomefric
dimensions of the structure will also increase or decrease the corresponding stresses. It is
clearly shown from the above mentioned results that an increase in stress does not

necessarily increase by the same scale factor.

7.6 CONCLUDING REMARKS

Having investigated the effect of the various parameters (b/a, ¢o, A, scale factor) on the
distribution of stresses, the next chapter will represent and highlight general/overall
conclusion with regards to the parameters that have the greatest influence on design

stress, and lastly various recommendations as to how this problems can be overcome.



CHAPTER EIGHT

SUMMARY OF RESULTS, CONCLUSIONS AND
RECOMMENDATIONS

8.1 SUMMARY OF RESULTS

8.1.1 Hyperbolic Axis Ratio (b/a)

After a close look at the effect of the hyperbolic axis ratio (b/a) on the meridional and
hoop stresses, it is clear that b/a=2.8 shows the least value in the magnitude of the stress
variations when compared to b/a=2.2 and 2.5. A maximum meridional stress of
2.37N/mm’ (compression), a maximum hoop stress of 0.392N/mm? (compression) at the
base and a tensile hoop stress of 0.088N/mm” at the top edge of the cooling tower are

recorded.

8.1.2 Top-Opening Angle (¢o)

The effect of the top-edge angle ¢ on the stress variations shows that an increase in ¢o
from 95-100° will result in an increase in both the meridional and the hoop stresses for all
the cases investigated (i.e. b/a= 2.2, 2.5, 2.694, 2.8). These increases recorded lie between
14-24% for meridional stress and between 6-10% for hoop stress.

8.1.3 Offset Parameter (4)

It is observed that with an increase of the offset parameter A from 0 to 40m, the
meridional and hoop stresses also increases; at the tower base, however, a critical
bending disturbance will also occur. It is worthwhile to note that at A=10, 20 and 40m,
the maximum meridional stress increases by 8, 15 and 24% respectively when compared
to the standard benchmark cooling tower with A=0. The hoop stresses also show
increases by 20, 33 and 50%, highlighting that the offset parameter must be kept at a

minimurm distance to achieve a reduction in the stress variations at the base of the tower.
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8.1.4 Scale Factor

The effect of scale on stress levels in the shell structure indicates that, a reduction in the
actual geometric scale of the structure will result in a reduction in the meridional and
hoop stresses by the same scale-factor. But increasing the geometric scale of the structure

will not necessarily increase the corresponding stresses by the same scale factor.

8.2 CONLUSIONS AND RECOMMENDATIONS

A parametric study on the use of the numerical analysis to determine the static effect of
b/a, ¢y, A, and scale factor on the meridional and hoop stresses of a hyperbolic cooling
tower with uniform thickness is presented herein. The numeric analysis was checked by
comparing the results obtained with closed-form analytical membrane solution and this

method was shown to be accurate.

Due to the fact that only the static stresses are considered in the present analysis, the
meridional stress is of more significance. The meridional compression stress increases
steeply from the top to the bottom, reaching its maximum stress at the base of the
structure, which results in the loss in bending resistance. In order to control the increasing
meridional compression, (which may give rise to buckling problems in the shell) and the
hoop tension (which may give rise to cracking in the concrete shell) as one moves
downwards, a number of measures are recommended. First, the high stress at the base
could be reduced by gradually increasing the thickness of the shell as one approaches the
base. By so doing, the stresses are reduced appreciably. Above the lower region towards
the throat, the shell section must be kept at its minimum constant thickness. The reason
for this is that the stress level in this region is generally small. Above the throat in a
narrow region adjacent the top edge, the shell thickness may either be gradually increased
to reduce the tensile stress and/or a ring beam of modest proportion may be provided
around the top edge if only the effect of self-weight is of main concern. Secondly, the
provision of double layers of steel reinforcement to prevent wide-spread cracks in the
concrete and the introduction of concrete stiffening rings at a reasonable distance along

the entire height of the cooling tower could also help to reduce the stresses.
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Based on the observations of the study, and as a measure for controlling increasing
meridional and hoop stresses, it can be concluded that for preliminary design purposes, a
hyperbolic axis ratio of b/a=2.2, a top opening angle ¢=95" and a zero offset parameter
{A=0) should be adopted. |

Further research on numeric analysis should consider the combination of self-weight and

wind loading, incorporating the actual column support for gradually varying wall
thickness, which is also necessary.
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APPENDIX Al

TABLES FOR NUMERIC ANALYSIS OF
STRESSES
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TABLE 6.3 NUMERIC ANALYSIS OF STRESSES
Unlform Thickness, bfe=2.684

75.828
75.928 -2.060 -0.385 -2.070 -0.385
76.028 -2.050 -0.382 -2.050 -0.383
76.130 -2.040 -0.382 -2.030 -0.381
76.234 -2.030 -0.381 -2.020 -0.370
76.341 -2.010 -0.378 -2.010 -0.378
76.449 -1.980 -0.376 -2.000 -0.376
76.560 -1.980 -0.374 -1.880 -0.374
76.672 -1.880 -0.373 -1.960 -0.371
76.787 -1.960 =0.370 -1.850 -0.368
76.904 -1.940 -0.364 -1.940 -0.365
77.023 -1.830 -0.381 -1.930 -0.361
77.145 -1.810 -0.358 -1.910 -0.358
77.269 -1.800 -0.3585 -1.900 -0.356
77.305 -1.880 -0.353 -1.880 -0.354
77.524 -1.870 -0.353 -1.870 -0.353
77.655 -1.870 -0.354 -1.840 -0.380
77.788 -1.840 -0.348 -1.840 0.347
77.924 -1.820 -0.342 -1.830 -.344
78.063 -1.800 -0.338 -1.820 -0.341
36 78.204 -1.790 -0.340 -1.800 -0.340
36 78,348 -1.780 -0.342 -1.770 -0.339
37 78.494 -1.780 0.341 -1.750 0,337
38 78.643 _-1.750 -0.334 -1.750 -0.334
38 78.785 -1.720 -0.327 1,740 -0.330
40 78.8950 -1.710 -0.325 -1.720 -0.326
41 79,107 -1.710 -0.326 -1.700 0,324
42 79.267 -1.680 -0.324 -1.680 -0.322
43 79.430 -1.670 -0.320 -1.670 -0.319
44 79.586 -1.650 -0.316 -1.650 -0.315
45 79.784 -1.630 -0.311 -1.640 -0.311
46 79.935 -1.620 -0.308 -1.620 -0.308
47 80.110 -1.610 -0.306 _-1.800 -0.305
48 80.287 -1.580 -0.303 -1.580 -0.302
49 80.487 -1.560 =0,300 -1.870 -0.301
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48 80.287 -1.590 -0.303 1,590 0.302__ |
49 80.467 -1.560 -0.300 -1.570 -0.301
50 80.650 1.560 -0.299 -1.550 -0.297
51 80.836 -1.540 -0.296 -1.530 -0.094
52 81.025 1.510 -0.291 1.520 -0.291
|53 81.216 -1.500 -0.087 -1.500 -0.286
54 81.411 -1.480 0.282 -1.480 -0.282
55 81.609 -1.460 20.278 -1.460 -0.279
56 81.809 1,440 20.275 -1.450 0.276 l
57 82.012 -1.430 20.273 -1.420 0.272
58 82.219 1.410 0.270 -1.400 0.269 |
59 82.428 -1.390 -0.265 -1.390 -0.265
| 60 82.640 -1.370 -0.261 -1.370 -0.261
61 82.854 -1.350 20.257 -1.350 -0.257
62 83.072 -1.340 -0.254 -1.330 -0.253
63 83,292 -1.320 -0.249 1.310 -0.248
64 83.515 ~1.290 -0.243 1.290 -0.243
65 83.740 1.270 20.236 -1.280 -0.238
66 83.968 1,250 -0.233 -1.250 -0.933
67 84.199 -1.240 -0.230 -1.230 -0.229
68 84,432 -1.210 -0.225 1.210 -0.225
69 84.667 -1.190 -0.221 -1.190 -0.920
l 70 84.905 1.170 -0.215 1.170 -0.215
l 71 85.144 -1.140 -0.209 -1.160 20.211
72 85.387 -1.130 -0.206 -1.130 0207 |
73 85.631 -1.110 -0.204 -1.100 -0.203
74 85.877 -1.090 -0.200 ~1.080 -0.198
i = 86.125 -1.070 -0.194 -1.060 0.192
76 86.375 -1.050 20.184 -1.040 -0.183
77 86.626 -1.020 0.174 -1.030 20.175
78 86.880 -0.988 -0.165 1.010 -0.168
79 87.134 -0.970 20.162 -0.983 -0.164
80 87.390 -0.956 0.162 -0.952 -0.161
81 87.648 -0.940 20.161 -0.923 -0.158
82 87.906 -0.920 -0.156 -0.899 0.153
"83 88.165 20,887 20.146 -0.886 -0.146
84 88.426 20.859 -0.137 -0.869 -0.138
85 88.687 20.841 20.130 -0.840 -0.130
86 88.949 -0.816 -0.123 20.819 0.124
87 89.211 -0.790 0.117 -0.799 -0.118
88 89.474 -0.773 20.413 -0.769 0.112
89 89.737 -0.751 -0.108 -0.744 -0.107
90 90.000 -0.725 20.101 -0.724 -0.101
91 90.263 20.703 -0.095 -0.698 ~0.094
92 90.526 -0.679 -0.087 20.676 -0.087
I 93 90.789 -0.649 ~0.079 0.657 -0.080
94 91.051 20.628 20.072 -0.631 -0.073
95 91.313 -0.608 ~0.067 -0.604 -0.066
26 01.574 -0.582 -0.060 20.581 -0.060
97 91.835 0.557 -0.054 -0.558 -0.054
98 92.004 -0.534 -0.047 0.533 -0.047
99 92.352 0.512 20,041 -0.507 20.040 |
100 92.610 -0.486 -0.033 -0.484 -0.033 |
101 92.866 -0.459 -0.026 -0.463 -0.026
I 102 93.120 -0.436 -0.019 -0.437 -0.019
103 93.374 20.411 20,012 20.414 -0.013
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106 94.123 -0.341 0.006 -0.338 0.007
107 94.369 -0.313 0.014 _-0.317 0.014
108 94.613 -0.289 0.021 -0.291 0.021
109 94.858 -0.266 0.027 -0.266 0.027
110 95.095 -0.242 0.034 -0.242 0.034
111 95.333 -0.218 0.040 -0.217 0.040
112 95.568 -0.183 0.047 -0.193 0.047
113 95.801 -0.169 0.053 0,169 0.053 |
114 96.032 -0.144 0.060 -0.145 0.060 |
115 96.260 -0.120 0.066 -0.121 0.066
i 118 96.485 -0.066 0.073 -0.086 0.073
P 17 96.708 -0.072 0.079 -0.072 0.079
118 96.928 -0.048 0.085 -0.047 0.085
119 97.146 -0.024 0.092 -0.024 0.082
120 97.360 -0.012 0.085 -0.012 0.085
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TABLE 6.4 NUMERIC ANALYSIS OF STRESSES
Unlform Thickness, b/a=2.2

Stresses at inner Surfece suruusatomorSurheo
1% <"') °o<""“'"’) Sy (Nfmm) | o, (Nimm')

41 74.830 -1.870 -0.448 -1.870 -0.447
42 75.032 -1.660 -0.447 -1.850 -0.444
43 75.229 -1.650 -0.442 . =1.630 -0.438
44 75.431 -1.820 -0.433 -1.830 -0.433
45 75.837 -1.580 -0.425 -1.620 -0.429
48 75.848 -1.580 -0.424 -1.600 -0.426
47 76.085 -1.580 -0.428 -1.570 -0.425
48 76.286 -1.580 -0.428 -1.550 -.423

0
1
I 2 . ) )
3 70.093 -2.250 -0.503 -2.070 -0.474
I 4 70.171 -2.230 -0.548 -2.070 -0.520
5 70.251 -2.190 -0.567 -2.080 -0.549
G 70.332 -2.150 -0.571 -2.100 -0.562
7 70.416 -2.130 -0.569 -2.100 -0.564
8 70.501 -2.110 -0.563 -2.090 -0.561
9 70.589 -2.090 -0.556 -2.090 -0.555
10 70.678 -2.080 -0.549 -2.070 0547 |
IR 70.770 -2.060 -0.539 -2.070 -0.541
I 12 70.864 -2.040 -0.532 -2.060 -0.535
I 13 70.960 -2.030 -0.528 -2.050 -0.531
14 71.058 -2.020 0.528 -2.030 -0.529
15 71.159 -2.030 -0.532 -2.000 -0.527
16 71.262 -2.020 0.529 -1.990 -0.524
17 71.367 -1.990 -0.522 -1.990 -0.521
18 71.476 -1.970 -0.515 -1.990 -0.517
I 19 71.586 -1.960 -0.511 -1.970 -0.513 '
l 20 71.700 -1.950 -0.511 -1.950 -0.510
21 71.816 -1.950 -0.511 -1.930 -0.508
I 22 71.935 -1.930 -0.508 -1.930 -0.507
| 23 72.057 -1.910 -0.505 -1.920 -0.505
24 72.182 -1.910 -0.503 -1.890 -0.500
25 72.310 -1.890 -0.497 -1.890 -0.497
26 72.441 -1.870 -0.492 -1.880 -0.494
27 72.575 -1.870 -0.490 -1.860 -0.489
28 72.713 -1.860 -0.488 -1.840 -0.485 |
29 72.854 -1.840 -0.482 -1.830 0481 [
30 72.998 -1.820 -0.477 -1.830 -0.478 l
31 73.146 -1.800 -0.473 -1.820 -0.476
32 73.298 -1.800 . -0.475 -1.790 -0.474 [
33 73.453 -1.790 -0.476 -1.770 -0.472
34 73.612 -1.770 0.473 -1.760 -0.471
35 73.775 -1.760 -0.468 -1.750 -0.466
36 73.942 -1.740 -0.461 -1.740 -0.461
37 74.113 -1.720 -0.454 -1.740 -0.456
ED) 74.288 -1.710 -0.451 -1.720 -0.452
I 39 74.468 -1.700 -0.451 -1.700 -0.450
40 74.651 -1.690 -0.450 -1.680 -0.449
|
i
i
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P 49 76.512 -1.550 -0.421 ~1.540 -0.420
50 76.743 -1.520 -0.414 -1.540 -0.416
51 76.980 -1.520 -0.410 -1.510 -0.410
52 77.221 -1.500 -0.406 -1.490 -0.404
53 77.468 -1.470 -0.389 -1.480 -0.401 |
1 54 77.721 -1.460 {.3885 -1.470 0,396
i 55 77.978 ~1.450 -0.393 -1.440 -0.391
I 56 78.241 -1.430 -0.389 -1.430 -0.389
57 78.510 -1.410 -0.385 -1.420 -0.386
i 58 78.783 -1.400 -0.383 -1.380 -0.381
59 79.063 -1.380 -0.378 -1.370 -0.376
60 79.348 -1.360 -0.371 -1.370 0372 |
61 79.638 -1.340 -0.366 -1.340 0,367
62 79.934 -1.330 -0.363 -1.320 _-0.362
63 80.235 -1.310 -0.358 -1.300 -0.357
I 64 80.541 -1.280 -0.352 -1.280 -0.351
65 80.863 -1.270 -3.348 -1.260 -0.344
66 81.170 -1.250 -0.338 -1.250 -0.337
67 81.493 -1.220 -0.329 -1.240 -0.331
68 81.820 | -1.210 -0.325 -1.220 0,326
69 82.153 -1.180 -0.322 -1.180 -0.321
70 82.480 -1.180 -0.319 -1.160 -0.316
7 82.833 -1.160 -0.312 -1.150 -0.310 :
72 83.180 -1.130 <0.303 -1.130 -0.303
73 83.531 -1.110 -0.285 -1.110 -0.205
74 83.887 -1.080 -0.288 -1.080 -0.287
75 84.248 -1.070 -0.280 -1.070 -0.280
76 84.612 -1.050 -0.272 -1.050 0.273 1§
77 84.980 -1.030 -0.267 -1.020 -0.265 l
78 85.351 -1.010 -0.259 -1.000 -0.259
, 79 85.726 -0.985 -0.251 -0.984 0.251 |
80 86.105 -0.968 -0.243 -0.957 -0.242 I
i 81 86.486 -0.938 -0.233 -0.943 -0.234
82 86.869 -0.918 -0.224 -0.922 -0.225
83 87.255 -0.899 -0.217 -0.802 -0.216
84 87.643 -0.874 -0.208 -0.872 0,208
85 88.033 -0.851 -0.198 -0.850 -0.199
86 88.425 -0.830 -0.190 -0.825 -0.189
87 88.818 -0.803 -0.180 -0.808 0,180
88 89.211 -0.780 -0.171 -(.783 -0.171
89 89.605 -0.780 -0.183 -0.756 -, 162
80 80.000 -0.738 -0.153 -0.732 -0.153
91 80.398 £.713 -0.143 -0.708 -0.142
g2 80.789 -0.686 0,132 -0.689 -0.132
83 81.182 -0.662 -0.122 -0.665 -0.122
94 91.575 -0.641 0.112 -0.638 -0.112
l a5 81.967 -0.616 -0.102 -0.618 -0.102
98 82.357 -0.582 -0.082 -0.581 -0.082
1 o7 892.745 -0.569 -0.082 -0.565 -0.081
1 o8 93.131 -0.541 -0.070 -0.544 -0.071
f 99 83.514 -0.518 -0.060 -0.520 -0.061
100 93.805 -0.496 -0.051 -0.491 -0.050
101 04.274 -0.469 -0.041 -0.488 -0.041  §
102 84.848 -0.444 -0.030 -0.444 -0.030
103 85.020 -0.421 0.020 -0.418 -0.020
104 85.288 -0.394 -0.009 -0.386 -0.008
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i 105 95.752 -.369 0001 | -0.371 0.001
i 106 96.113 -0.346 0.011 -0.345 0.012
i 107 96.469 -0.321 0.021 -0.321 0.021
i 108 96.820 -0.205 0.031 -0.297 0.031
- 109 97.167 -0.272 0.041 -0.271 0041 |
110 97.510 -0.247 0.051 -0.246 0052 |
111 97.847
112 98.180
113 98.507
114 98.830
115 99.147
116 99.459
117 99.765
118 100.066
119 100.362
120

100.652
R,
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TABLE 6.5 NUMERIC ANALYSIS OF STRESSES
Uniform Thickness, b/a=2.5

0
l 1
2
l 3 . .
4 73.224 -2.230 -0.456 -2.140 0.441
i 5 73.304 -2.200 -0.466 -2.150 -0.457
6 73.386 -2.180 0468 | -2.150 -0.464
7 73.470 -2.160_ -0.468 -2.140 -0.463
8 73.555 -2.150 -0.463 -2.130 -0.460
9 73.643 -2.130 -0.455 -2.120 -0.454 ,
10 73.732 -2.110 -0.447 -2.120 -0.448 L
11 73.823 -2.090 -0.440 -2.120 -0.444 P
12 73.916 -2.080 -0.439 -2.100 -0.441
13 74.011 -2.080 -0.441 -2.080 -0.440
14 74.108 -2.080 -0.443 -2.050 -0.439
I 15 74.207 -2.070 -0.441 -2.030 -0.435
16 74.308 -2.040 -0.432 -2.040 -0.432
17 74.411 -2.020 -0.424 -2.040 -0.427
18 74.517 -2.010 -0.421 -2.020 -0.421
19 74.624 -2.000 -0.418 -2.000 -0.419
20 74.734 -1.980 -0.417 -1.980 -0.418
21 74.847 -1.970 -0.418 -1.880 -0.419
22 74.961 -1.870 -0.421 -1.950 -0.419
23 75.078 -1.960 0.422 -1.930 -0.418
24 75.198 -1.940 0.417 -1.930 -0.416
25 75.320 -1.920 -0.412 -1.920 -0.411
26 75.445 -1.910 -0.406 -1.900 -0.405
27 75.572 -1.890 —-0.399 -1.800 -0.401
28 75.702 -1.870 -0.395 -1.890 -0.398
29 75.835 -1.860 -0.396 -1.870 -0.386
30 75.970 -1.850 -0.396 -1.850 -0.395 |
31 76.109 -1.850 -0.397 -1.830 -0.394
32 76.250 -1.830 -0.393 -1.820 -0.302
33 76.394 -1.800 -0.388 -1.810 -0.380 |
34 76.541 -1.790 -0.386 -1.790 -0.386
i 35 76.692 -1.780 -0.384 -1.770 -0.382 :
36 76.845 -1.760 -0.380 -1.770 -0.380
37 77.001 -1.750 0377 | -1.750 -0.377
38 77.161 -1.740 -0.376 -1.730 -0.373
39 77.324 -1.720 -0.370 -1.720 -0.370
40 77.490 -1.690 -0.365 -1.710 -0.368
41 77.659 -1.690 -0.365 -1.690 -0.365
42 77.832 -1.680 -0.365 -1.670 -0.363
43 78.008 -1.660 -0.362 -1.650 -0.361
I 44 78.188 -1.650 -0.358 -1.640 -0.356 _
45 78.371 -1.620 -0.352 -1.630 -0.352
46 78.568 -1.600 -0.347 -1.620 -0.348
I 47 78.748 -1.580 -0.345 -1.580 -0.345
48 78.941 -1.580 0343 -1.580 -0.343
§__as 79.139 -1.570 -0.342 -1.550 -0.339
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l 50 79.340 -1.550 0,337 . -1.540 0.336 |

51 79.544 -1.520 -0.332 1.5630 -0.333 I
I 52 79.752 1.510 -0.329 1.510 -0.330

53 79.964 1,500 -0.328 1,490 0.326 |
F 54 80.180 1.480 -0.325 1.470 0.323

55 80,399 ~1.460 -0.319 1,450 -0.319 I
=6 80.622 1,440 -0.313 -1.440 0.313

57 80.849 1.420 20,307 -1.430 20.308 1

58 81.079 -1.400 -0.304 -1.410 0.305 |

59 81.313 -1.390 -0.302 1.380 -0.301

60 81.550 -1.370 -0.300 -1.360 0.297

61 81,791 -1.350 -0.293 1,350 -0.293

62 82.036 -1.330 20.087 71,330 -0.288

63 82.284 1.310 -0.283 1.310 20.283

64 82.536 -1.290 20.278 1,290 -0.278

65 82.791 1,270 -0.273 1.970 20.273 |

66 83.049 -1.250 -0.268 1.250 -0.269

67 83.311 -1.230 -0.265 1,230 -0.264
I 68 83,576 1.210 -0.261 1,210 -0.260

69 83.844 1.190 -0.256 -1.190 -0.255

70 84.116 1.170 -0.250 1.170 -0.248

71 84.390 1.150 -0.242 -1.150 -0.242

72 84.667 -1.130 -0.235 1.130 20.236

73 84.947 1.110 20.231 1.110 -0.231

74 85,229 1,090 -0.226 1,090 -0.926

75 85.515 -1.070 20.221 1,060 20221 |

76 85,802 -1.050 -0.216 1,040 0.215 |

77 86.092 -1.030 -0.209 1,020 20.207 I

78 86.384 -0.998 -0.199 -1.000 20.200 |

79 86.678 0.974 20.191 20,964 -0.192 l

80 86.974 -0.952 -0.185 20,961 20.186

81 87.271 -0.936 -0.182 20.933 -0.181

82 87.571 -0.919 20.178 -0.905 -0.176
| CE 87.871 -0.896 0.171 20.883 20.169

84 88.173 20.866 20.161 20.867 -0.161

85 88.476 20.838 -0.151 20.849 -0.153

86 88.780 20.819 20.144 20.822 0.145

87 89.084 -0.800 -0.138 -0.795 -0.138

88 89,389 0.775 -0.131 0.774 20,131

89 89,694 -0.751 20.124 20.751 -0.124

90 90.000 -0.730 20.117 20.725 0.116 |

91 90,306 20.704 -0.109 0.704 20.100 |

92 90.611 20.680 20.101 -0.680 20.101 |
l 93 90.916 -0.659 -0.004 20.654 -0.093

94 91.220 -0.632 -0.085 20,634 -0.085

95 91.524 -0.605 20.077 0.612 20.078

96 91.827 -0.584 -0.070 20.585 20.070

97 92.120 20.564 -0.064 0.557 20,063

98 92.429 20.540 -0.057 20.632 ~0.056

99 92.729 -0.513 -0.047 20.511 20.047

100 93.026 20.485 20.038 20.490 -0.038

701 93.322 20.461 -0.029 20,466 20,030

102 93.616 -0.438 20,022 20.440 -0.022

103 93.908 -0.416 -0.016 20.413 0.015

104 94.198 20.392 -0.008 -0.388 20,008

105 94.485 -0.966 0.000 20,365 0.000 I
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106 94.771 -0.341 0.008 0,341 0.008 l
107 95.053 -0.316 0.016 -0.317 0.016
108 95.333 -0.291 0.025 -0.293 0.024
109 95.610 -0.267 0.032 -0.268 0.032
110 95.884 -0.244 0.039 -0.242 0.040
111 96.156 -0.219 0.047 -0.218 0.047
112 96.424 -0.194 0.054 -0.194 0.055
113 96.689 0.170 0.082 -0.170 0.062
114 96.951 -0.145 0.070 -0.146 0.070
115 97.209 -0.121 0.077 -0.122 0.077
116 97.464 -0.097 0.084 -0.097 0.084

0.082
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TABLE 6.6 NUMERIC ANALYSIS OF STRESSES
Uniform Thickness, bfa=2.8

Slresses at lnner Surlace B
o, (N'mm*) | o, (Nmm©)
0 -2. 180 -0.328 \
1 75.440 -2.220 -0.340 -2.320 -{.353
2 75.515 -2.270 -(.359 -2.240 -{.354
3 75.591 -2.250 -0.368 -2.230 0,365
4 75.668 -2.230 0,376 -2.230 -.376
5 75.747 -2.230 0,386 -2.210 -0.382
8
7
8
9

75.827 -2.230 -0.392 -2.190 -0.385

75,800 -2.210 0,380 -2.180 -0.386

75.992 -2.180 -0.388 -2.170 -0.382

76.077 -2. 160 -0.377 -2.180 -0.379

|

|

I 10 76.163 -2.140 -0.373 2,170 -0.377
g 11 76.251 -2.150 -0.376 -2,140 -0.374
P 12 76.341 -2.150 -0.378 -2.110 -0.372
13 76.432 -2.120 -0.372 -2,110 -0.370
14 76.525 -2.080 -0.365 2,110 -0.367 I
15 76.620 -2.080 -0.362 -2.100 -0.363
16 76.717 -2.070 . -0.361 -2.080 0361 |
17 76.815 -2.060 -0.361 -2.060 0361 [
18 76.915 -2.060 -0.363 -2.040 -0.360
19 77.017 -2.040 -0.362 2,030 -0.359 |
20 77.121 -2.030 -0.357 -2.020 -0.356
21 77.227 -2.000 -0.351 -2.020 -0.353
i 22 77.335 -1.980 -0.349 -2.000 -0.349
i 23 77.445 -1.980 -0.347 -1.980 -0.346
{
| i
l i

24 77.557 -1.960 : -0.343 -1.980 -0.346
25 77.671 1,850 -0.344 -1.950 -0.344
26 77.787 -1.950 -0.347 -1.920 -0.342
27 77.905 -1.830 -0.343 -1.820 -0.341
28 78.026 ~1.800 -0.338 -1.920 -0.339
29 78.148 -1.890 -0.336 -1.890 -0.336

30 78.273 -1.880 -0.334 -1.870 -0.332
31 78.400 -1.8680 -0.329 -1.860 -0.328
32 78,529 -1.860 -0.324 -1.850 -0.325
33 78.661 -1.830 -0.321 -1.830 -0.320
34 78.794 -1.810 -£.317 -1.830 -0.318
35 78.931 -1.800 0.316 -1.810 -0.318
36 78.069 -1.800 -0.320 -1.780 0.317
37 79.210 -1.780 -0.320 -1.770 -0.318
38 79.354 -1.750 -0.317 -1.760 -0.317
39 79.499 -1.740 -0.316 =1.740 0,315
40 79.848 -1.730 -0.314 -1.720 -0.312
41 79.799 -1.720 -0.310 -1.700 -0.307
42 79.952 -1.700 -0.302 -1.680 -0.300
43 80.108 -1.660 -0.280 -1.690 -0.208
44 80.266 -1.850 -0.288 -1.670 -0.281
45 80.427 -1.640 -0.289 -1.640 -0.289
48 80.591 -1.620 -0.280 -1.830 -0.290
47 80.757 -1.620 -0.292 -1.8600 -{.289
48 80.925 -1.600 -0.289 -1.580 -0.286
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I % 81,097 1.570 -0.280 1.570 -0.082
50 81.271 1,550 20.275 -1.560 0.277
I 51 81.447 -1.530 -0.272 -1.540 -0.274

52 81.626 1,600 20.272 1,520 20.271

53 81.808 1.510 20.271 1,490 -0.268

54 81.992 -1.480 20.267 1,480 -0.266
I 55 82.179 -1.460 20.263 1.470 20,063
I 56 82.368 1,450 -0.260 -1.440 0.259 |

57 82.560 -1.430 20.257 -1.430 -0.256
I 58 82.754 -1.410 20.252 1,410 20.251

59 82.951 -1.390 -0.246 1,390 -0.246
I 60 83.150 -1.370 -0.241 1.370 -0.241

61 83,352 -1.350 -0.237 -1.360 0.237

62 83.556 -1.330 -0.234 -1.330 -0.234

63 83.763 1,320 20,232 1.310 -0.230

64 83.072 -1.300 20.228 1.290 0.226

65 84,163 1.270 20.221 ~1.280 -0.002

66 84.396 -1.250 20.216 1,260 20.218

67 84,612 1.240 20.215 1.230 -0.214
&8 84.830 -1.220 0.212 1,200 0210 |
I 69 85,049 -1.190 -0.206 1,190 20.205 |
l 70 85.271 1470 20.199 1.170 20.200

71 85,495 -1.140 -0.194 ~1.150 -0.195
R 85.720 1.130 20.192 1.130 70.191
73 85.948 1110 20.189 -1.100 20.186
I 7 86.177 ~1.090 0,182 ~1.080 20.181
s 86.408 ~1.060 0.173 1,070 20.175

76 86.640 -1.030 20.168 -1.050 20.171

77 86.874 21,020 20.167 -1.020 20.166

78 87.109 1,010 -0.165 20.987 -0.162
i 79 87.345 -0.980 -0.157 -0.971 -0.156

80 87.562 -0.950 -0.148 -0.956 -0.149

81 87.821 -0.925 20.141 20,936 20.142

82 88.061 20.004 -0.136 20.912 20.137
=3 88.301 -0.887 20.133 70,883 0.133 |
l 84 88.542 20.869 20.130 -0.856 0.128 |

85 88.784 -0.842 20.124 20.837 20.123 I

86 89,027 20.817 0.117 20.816 20.116

87 89.270 -0.792 20,109 20.794 0.110__|

88 89,513 -0.766 20.103 -0.773 20.104 |

89 89,756 20.747 -0.098 20.746 20.098 l

) 90.000 20.727 20.093 -0.719 0.092

91 90,244 20.700 -0.086 20,698 20.086 |

92 90.487 20.673 20.079 20.679 20.080 |

a3 90.730 20,651 20.073 -0.653 0.074 1

94 90.973 20.628 -0.068 -0.628 -0.068

95 91.216 -0.606 -0.063 20.603 20.063

96 91.458 20.584 20,057 20.576 -0.056

97 91.699 20.557 ~0.050 -0.555 20.050

98 91.939 -0.530 20.042 0.535 20,043 l
I 99 92.179 -0.506 -0.036 20.510 20.036

100 | 92.418 20,485 20.030 20.483 20.030 |
101 92.655 -0.461 20.025 -0.458 20.024 I
02 | 92801 20.435 20.018 ~0.435 20.018_ 1
I 903 [ e3.126 0.412 20.012 20.410 0.012 I
904 | 93.360 -0.386 -0.005 20,388 -0.006__|
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I 108 93.582 -0.361 0.001 -0.365 0.000 1
106 - 93.823 -0.340 0.006 -0.337 0.006 I
107 894.052 -0.318 0.012 -0.312 0.013
108 94.280 -0.280 0.019 -0.290 0.018 I
108 94.505 -0.264 0.025 -0.267 0.025
110 94.729 -0.240 0.032 0,242 0.031
111 94.951 -0.217 0.037 -0.217 0.037 I

I 112 95.170 -0.183 0.043 -0.192 0.043

i 113 95.388 -0.169 0.049 -0.168 0.049

114 95.604 -0.143 0.055 -0.145 0.055
115 95.817 0,119 0.081 -0.121 0.061
116 86.028 -0.096 0.087 -0.096 0.067
117 96.237 -0.072 0.073 -0.072 0.073

I 118 96.444 -0.048 0.079 -0.048 0.078 1

i 119 96.648 -0.024 0.085 -0.024 0.085

i 120 96.850 -0.012 0.088 -0.012 0.088
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TABLE 6.7 NUMERIC ANALYSIS OF STRESSES
Uniform Thickness, b/a=2.694, ¢,=100°

Stressss at Inner Surface
o, (Nmm’) | o, (Nmm®)
0 75.000 -2,300 -0.344 -2.610 -0.381
1 75.025 -2.340 -0.353 -2.560 -(.385
2 75.107 -2.420 -0.373 -2.470 -(.379
3 75,181 -2.450 -(.391 -2.420 -0.386
4 75.277 -2.430 -0.402 -2.420 -0.399
5 75.365 -2.420 -0.413 -2.400 -0.408
6 75.454 2,430 -0.420 -2.370 0,411
7 75.545 -2.400 -0.417 -2.380 -0.413
8 75.638 -2.370 0,411 -2,380 -0,413
g 75.733 -2.360 -0.400 2,370 -0.408
10 75.829 -2.360 0,408 -2.350 -0.406
11 75.928 -2.340 -0.404 -2.350 -(.405
12 76,028 -2.320 -(3.402 -2.340 -0.403
13 76.130 -2.320 -0.402 -2.320 -0.401
14 76.234 -2.310 -0,402 -2.300 -0,400
15 76.341 -2.300 -0.400 -2.290 -0.399
16 76.449 -2.280 0,397 -2.280 -0.308
17 76.560 -2.270 -(,386 -2.270 -(,386 |
18 76.672 -2.270 -0.396 -2.2580 -0.394
19 76.787 -2.250 -(,303 -2.240 -0.381
20 76.904 -2.230 -0.387 -2.240 -0.389
21 77.023 -2.220 -(,388 -2.220 -0,384
22 77.145 -2.210 -}, 382 -2.210 -{}.382
23 77.269 -2.190 0,379 -2.200 -0.380
24 77.395 -2.180 -0.378 -2.190 -0, 379
25 77.524 2470 -(,378 -2.470 -(.378
26 77.655 -2 170 0,381 -2, 140 0,375
27 77.788 -2.150 0,378 -2.140 -(.373
28 77.824 -2,120 -0.368 -2.140 ~0.371
29 78.063 -2.110 -0.366 -2.130 0,368
30 78,204 «2.100 -0.368 2410 -{3.368
31 78,348 «2.100 -0.371 -2.080 -0.368
az 78.494 -2.080 «0.371 -2, 060 -}, 366
33 78.643 2,070 -0.364 -2.080 -(),362
a4 78.795 «2.040 «{,356 -2.080 -0.360
35 78.850 -2.030 -(,355 -2.040 -0.357
36 79.107 -2.030 -0.957 -2.020 -0.355
37 79.267 -2.010 -(,358 2,000 «{3,354
a8 79.430 -2,000 -0.353 -1.980 -(3. 3581
39 79.506 -1.980 -{3.348 -1.980 -(.348
& 40 79.764 -1.860 -0.344 -1.870 «(3.344
| 41 79.935 -1.940 (), 341 -1.950 -0.342
| 42 80.110 -1.830 - -0.340 -1.930 =(),339
l 43 80.287 -1.820 -0.337 «1.820 -(.337
44 80.487 -1.890 -{}.335 -1.910 -{.336
| 45 80.650 -4,890 -{,335 -1.880 -{3.333
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I 46 80.836 -1.870 -0.333 +1.860 -0.331
47 81.025 -1.850 -0.328 -1.860 -0.329

P 48 81.216 -1.840 -0.326 -1.840 -0.325
49 81.411 -1.820 -0.323 -1.820 -0.322

50 81.609 -1.810 -0.319 -1.800 -0.317

51 81.809 -1.780 -0.311 -1.790 -0.312

1 52 82.012 -1.760 -0.306 -1.780 -0.310
I 53 82.219 -1.750 -0.307 _ -1.760 -0.307
54 82.428 -1.740 -0.308 -1.720 -0.305

55 82.640 -1.720 -0.308 -1.710 -0.304

56 82.854 -1.700 -0.301 -1.700 -0.301

57 83.072 -1.680 -0.208 -1.680 -0.296

58 83.202 -1.670 -0.293 -1.660 -0.291

59 83.518 -1.640 -0.286 -1.640 -0.286

60 83.740 -1.620 -0.279 -1.630 -0.281

61 83.968 -1.600 -0.277 -1.610 -0.277

I e2 84.199 -1.580 -0.276 -1.680 -0.274
63 84.432 -1.670 -0.271 -1.570 -0.271

64 84.667 -1.550 . -0.268 -1.540 -0.267

65 84.905 -1.630 -0.263 -1.520 -0.262

i 66 85.144 -1.510 -0.257 -1.610 -0.257
P67 85.387 -1.480 -0.251 -1.490 -0.252
68 85.631 -1.460 -0.246 -1.470 -0.248

69 85.877 -1.450 -0.246 -1,440 -0.244

70 86.125 -1.440 -0.242 -1.410 -0.239

71 86.375 -1.400 -0.233 -1.410 -0.233

P 7 86.626 -1.380 -0.225 -1.380 -0.226
i 73 86.880 -1.360 -0.219 -1.360 -0.219
I 74 87.134 -1.340 -0.214 -1.360 -0.215
75 87.390 -1.320 -0.211 -1.320 -0.211

I 76 87.648 -1.300 -0.208 -1.290 -0.206
77 87.906 -1.280 -0.201 -1.270 -0.201

78 88.165 -1.250 -0.194 -1.260 -0.195

79 88.426 -1.230 -0.188 -1.230 -0.188

80 88.687 -1.210 -0.182 -1.200 -0.181

81 88.949 -1.180 -0.174 -1.190 -0.174

82 89.211 -1.150 -0.167 -1.170 -0.169

83 89.474 -1.140 -0.164 -1.140 -0.163

84 89.737 -1.120 -0.169 -1.110 -0.158

85 80.000 -1.080 -0.1563 -1.080 -0.152

86 90.263 -1.070 -0.146 -1.060 -0.145

87 90.526 -1.050 -0.138 -1.040 -0.137

P 88 90.789 -1.010 -0.128 -1.030 -0.130
89 91.051 -0.994 -0.122 -0.998 -0.123

90 91.313 -0.975 -0.117 -0.969 -0.116

91 91.574 -0.948 -0.110 -0.947 -0.110

92 91.835 -0.923 -0.104 -0.924 -0.104

93 92.004 -0.900 -0.098 -0.898 -0.097

94 92.362 -0.879 -0.081 -0.870 -0.080

85 92.610 -0.851 -0.083 -0.848 -0.083

96 92.866 -0.822 -0.074 -0.828 -0.075
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97 93.120 -0.799 -0.067 - 1 . #0.801 -0.067
98 93.374 -0.772 -0.080 -0.778 -0.061
99 93.625 -0.760 -0.055 =0.751 -0.0565
100 93.875 -0.731 -0.050 -0.719 -0.048
101 94.123 -0.703 -0.042 -0.697 -0.041
102 94.369 -0.671 -0.033 -0.678 -0.034 §
103 94.613 -0.648 -0.026 -0.652 -0.026
104 94.856 -0.624 -0.019 -0.625 -0.019
105 95.095 -0.600 -0.013 -0.588 -0.012
106 | 95.333 -0.575 =0.006 -0.573 -0.006
107 85.568 -0.548 0.001 -0.549 0.001
108 95.801 -0.525 0.008 -0.522 10.009
109 96.032 -0.499 0.018 -0.498 0.016
110 96.260 -0.472 0.024 -0.474 0.024
111 96.485 -0.449 0.031 -0.446 0.031
112 96.708 -0.423 0.039 -0.422 0.038
113 96.928 -0.391 0.047 -0.403 0.046
114 97.146 -0.354 0.054 -0.380 0.048

B 115 97.360 -0.350 0.050 -0.344 0.051

g 116 97.572 -0.355 0.048 -0.288 0.058
117 87.781 -0.303 0.063 -0.201 0.0686
118 97.988 -0.263 0.079 -0.260 0.074
119 98.181 -0.238 0.087 -0.255 0.085
120 98.391 -0.221 0.091 -0.222 0.091
121 88.588 -0.198 0.096 -0.195 0.096
122 98.7684 -0.174 0.101 __-0.169 0.102
123 98.975 -0.149 0.107 -0.145 0.108 |
124 99.164 -0.124 0.114 -0.121 0.115 |
125 89.350 -0.097 0.122
126 89.8533 -0.067 0.130
127 89.713 -0.034 0.135
128 99.880 -0.008 0.1356

I 128.929 | 100.000 0.001 0.133
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TABLE 6.8 NUMERIC ANALYSIS OF STRESSES

Uniform Thickness, b/a=2.694, ¢,=95°

Stresses ot Inner Surface | Stresses st Ouler Surface
) 4 ‘m’ & Ty (Nimmz) Tp (N!mmz) Gy (Nimm’) Ty (Nlmmz)

0 75.000 -1.810 0,271 -2.210 -£3.331

1 75.025 -1.860 0,284 -2.150 -0.328

2 75.107 -1.860 -0.317 -2.020 -.325

3 75,181 2,000 -0.349 -1.950 -0.340

4 T5.277 -1.880 (3,370 -1.940 -0.362

5 75.365 -1.980 -0.384 -1.830 -0.376

& 75.454 -1.970 0,392 -1.810 -0.382

7 75.545 -1.840 -.388 -1.910 0,384
8 75.638 =1.800 0. 381 -4.920 -0.383

g 75.733 -1.880 -0.378 -1.900 -0.378
10 75.829 -1.890 0,375 -1.880 -0.374
11 75,928 -1.860 -0,371 -1.870 ~0.371
12 76.028 -1.850 -{,368 -1.860 -0.369
13 76.130 -1.840 0.367 -1.840 -.366
14 76.234 -1.830 ~0.366 -1.820 -{.364
15 76.341 -1.810 -(1,383 -1.810 -0.362
16 76,449 -1,790 -0.360 -1.800 -0.380
17 76.560 -1.780 -0.358 -4.780 -0.358
18 76.672 -1.770 -0, 357 -1.760 0,358
19 76.787 -1.750 -{).383 -1.750 0.352
20 76.904 -1.730 -{.348 -1.740 -03,349
21 77.023 -1, 720 ~0.345 -1.720 -0.344
22 77.145 -1.700 -0.341 -1.700 0.341
23 77.269 -1.680 -0.338 -1.690 0,339
24 77.398 -1.670 -0.336 «1.680 -0.337
25 77.524 -1.860 -0.335 -1.680 -0.335
26 77.655 «1.650 -0.335 -1.630 -0.331
27 77.788 -1.630 -0.330 -1.620 -0.329
28 77.924 -1.800 {323 -1.820 0,325
29 78.063 -1.580 -0.321 -1.800 -0.322
30 78.204 -1.580 ~0.320 -1.580 -0,321
ai 78.348 -1.570 0,322 -1.550 03,319
32 78.494 -1.560 -0.320 -1.530 0,318
33 78.643 -1.530 -(.313 -1.530 -0,313
34 78.785 -1.800 -{.306 -1.520 -0.309
35 78.950 -1.490 -{0.304 -1.500 -0.308
36 79.107 -1,480 {0,304 -1.470 -0.302
37 79.267 -1.470 0,302 -1.450 -0.300
38 79.430 -1.450 £).288 -1.440 0,297
39 79.598 -1.430 -0.293 «1.430 -0.282
40 79.764 -1.410 -{.268 -1.410 -0.288
41 79.938 -1.380 0,284 -1.360 0,285
42 80.110 -1.370 -, 282 -1.370 0,281
43 80.287 -1.350 0,278 -1.350 -0.278
44 80.467 -1.330 -0.275 -1.340 0,276
45 80.6850 -1.320 Q.27 -1.310 D278
46 80.838 -1.300 -0.270 -1.280 -(,269
47 81.025 -1.280 -0.265 -1.280 -{.266
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48 81.218 -1.260 -0.261 -1.260 -0.261
49 81.411 -1.250 -0.258 -1.240 -0.257
50 81.609 -1.230 ). 2583 - 81,220 -0.251
51 81.808 -1.200 -0.248 -1.210 -0.247
52 82.012 -1.180 0.240 -1.180 -0.243
53 82.218 -1.170 0.239 -1.160 -0.239
54 82.428 -1.160 -0.238 -1.140 -0.236
55 82.840 -1.130 -0.233 -1.120 -0.233
56 82.854 -1.110 0.229 -1.110 «0.229
57 83.072 -1.080 -0.224 -1.080 -0.223
&8 83.262 -1.070 -0.219 -1.080 0.218
59 83.815 -1.040 -0.213 -1.040 0212
80 83.740 -1.020 -0.208 -1.030 -0.207
81 83.868 -1.000 -0.202 -1.000 -0.202
62 84.198 -0.988 -0.198 -0.979 -0.198
63 84.432 -0.862 -0.194 -0.861 -{.194
64 84.687 -0.943 -0.188 -0.938 -0.168
85 84.905 -0.921 -0.184 -0.917 -0.183
66 86,144 -0.898 -0.178 -0.8897 0.178
67 85387 -0.874 0.172 -0.878 -0.172
] 85.631 -0.850 -0.166 -0.858 0,167
89 85.877 -0.836 -0.163 -0.829 -0.162 -
70 88,125 -0.817 -0.158 .803 0.167
71 88.375 -0.788 -0.151 -0.788 -0.1581
72 868.626 -0.763 -0.143 -0.768 -0.144
73 86.880 0.742 -0.137 0.744 -0.137
74 87.134 -.718 -0.131 0.723 -0.132
75 87.380 -0.699 -0.127 -0.687 £.127
76 87.648 -0.679 -0.122 -0.671 -0.121
77 87.806 -0.653 0.118 -0.652 0.116
78 88,185 -0.629 {0.108 -0.630 -0.108
79 88.428 -0.807 0,103 -0.807 0.103
80 88.687 -0.588 -0.086 £.582 -0.088
a1 88.040 -0.859 -0.088 -0.561 -0.089
82 88,211 -0.534 -0.082 -0.840 -0.083
83 89.474 -0.515 -0.077 0.512 0.077
84 89.737 -0.492 0.072 -0.488 0.071
85 80.000 -0.467 -0.065 -0.466 -0.085
88 $0.263 -0.445 -0.059 {.441 -0.058
87 90.526 -0.420 -0.052 -0.418 -0.081
88 80.789 -0.383 -0.044 -{.388 -0.045
89 g1.051 -0.371 -0.037 -0.373 -0.038
80 91.313 -0.349 -0.032 -0.347 -0.031
91 g1.874 -0.325 -0.025 -0.324 -0.025
92 91.838 -0.300 -0.018 -0.301 -0.018
93 92.084 0.277 -0.012 0.277 -0.012
84 g2.352 -0.254 -0.008 -0.252 -0.005
85 92.810 -0.229 0.001 0.229 0.001
86 892.866 -0.204 0.008 -0.208 0.008
97 93.120 -0.181 0.015 -0.182 0.015
98 83.374 -0.157 0.022 -0.158 0.021
98 93.625 -0.133 0.028 -0.134 0.028
100 83.875 -0.110 0.034 -0.108 0.034
101 84123 -0.086 0.040 -0.085 0.040
102 54380 -0.082 0.047 -0.062 0.047
103 94.613 -0.038 0.054 -0.038 0.054
104 894.856 -0.017 0.080 -0.017 0.080
104.902 | 95.000 -0.007 0.062 -0.007 0.083
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TABLE 6.9 NUMERIC ANALYSIS OF STRESSES

. Uniform Thickness, b/a=2.2, $,=100"

Strezses at Inner Surface Stresses st Outer Surface

Y (m o, (Nfmm®) | o, (N/mm®) o, (Nfmm®) | o, (N/mm®)
0 75.000 -1.260 -0.188 -1.950 -0.282
1 75.032 ~1.350 -0.212 -1.850 -0.287
2 75.229 -1.520 0,276 -1.660 -,294
3 75.431 -1.620 0.347 -1.530 -0.331
4 75.637 -1.620 -0.396 -1.500 -0.377
5 75.849 -1.580 -0.424 -1.500 -0.408

6 76.065 -1.560 -0.434 -1.480 -0,423 |

7 76.286 -1.540 0,431 -1.480 -0.424
8 76.512 -1.500 -0.420 -1.480 -0.419
9 76.743 -1.470 -0.408 -1.480 -0.412
10 76.980 -1.460 -0.403 -1.460 -0.403
11 77.221 -1.450 -0.398 -1.440 -0.386
12 77.468 -1.420 -(.380 -1.440 -(.302
| 13 77.721 -1.410 -3.387 -1.420 -{3.388
14 77.978 -1.400 -0.385 -1.380 -0.383
15 78.241 -1.380 -(.381 1,380 -{.381
16 78.510 -1.360 0.377 -1.360 0.377
17 78,783 -1.350 -0.375 -1.340 -0.372
18 78.063 -1.330 -0.369 -1.320 -0.368
19 79.348 -1.300 -0.362 -1.310 -0.363
20 79.638 -1.290 -0.357 -1.280 -0.357
21 79.934 -1.270 {.353 -1.270 -(3.352
22 80.235 -1.250 -0.347 -1.250 -(.346
23 80.541 -1.230 -0.340 -1.230 0,341
24 80.853 -1.210 -0.335 -1.220 -0.335

| 25 81.170 -1.200 -0.330 -1.190 {1,328
26 81.483 -1.180 -.325 -1.470 -0.323
27 81.820 -1.150 -0.317 -1.160 -0,317
28 82,153 -1.130 -0.311 -1.140 -0.312
29 82.490 -1.120 -0.308 -1.110 -0.308
30 82.833 -1.100 «0.300 -1.080 {.289
31 83.180 -1.070 -0.281 -1.080 -.292
32 83.531 -1.060 -0.285 -1.060 -0.284
33 83.887 -1.040 -0.277 -1.030 {0.276
34 84.248 «1.010 -0.269 -1.010 -0.269
35 84.612 -(.888 -0.261 -0.984 -0.262
36 84.980 -0.974 -0.256 3,566 -0.254
| a7 85.351 -{3.850 -0.248 -0.948 -0.247
] 38 85.726 -0.927 -0.240 -0.926 .239
I 39 86.105 -0.910 -0.232 -0.800 -0.230
40 86.486 -{.881 -0.221 -{1.885 -0.222
| 41 86.8689 -(.857 0.212 -0.8684 -05.213
| 42 87.255 -{.841 -0.205 -.838 0,204
43 87.643 -0.817 -0.196 -.814 -0.186
44 88.033 -{.793 -(.187 -0.792 -0.187
45 88.425 0.772 -0.178 0,768 0,177
46 88.818 -0.745 -{,168 -0.748 -0.168
47 89.211 -0.722 -0.158 -0.725 -.158
| 48 89.605 -0.702 -0.150 -0.688 -0.150

| 49 80.000 -0.678 -0.141 -0.674 -0.140 ]
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I 50 90.395 -0.655 -0.131 -0.651 -0.130
i 51 90.789 ;628 0.120... .. -0.631 -0.120
i 52 91.182 -0.604 -0.110 -0.607 -0.110
53 91.575 -0.583 -0.100 -0.580 -0.100
54 91.967 -0.558 -0.080 -0.557 -0.090
55 92.357 -0.534 -0.080 -0.533 -0.080
i 56 92.745 -0.511 -0.070 -0.507 -0.069
i 57 93.131 -0.483 -0.059 -0.487 0059 @
i 58 93.514 -0.459 -0.049 -0.462 -0.049 i
I 59 93.895 -0.438 -0.040 -0.434 -0.039
60 94.274 -0.412 -0.029 -0.411 -0.029
61 94.649 -0.387 -0.019 -0.387 -0.019
62 95,020 -0.364 -0.009 -0.361 -0.008
63 95.388 -0.337 0.002 -0.339 0.002
64 95,752 -0.312 0.012 -0.314 0.012
65 96.113 -0.289 0.022 -0.288 0.022
66 96.469 0.264 0.032 -0.264 0.032
67 96.820 -0.239 0.042 -0.240 0.042
68 97.167 -0.215 0.052 -0.215 0.052
69 97.510 -0.191 0.062 -0.190 0.062
70 97.847 -0.165 0.072 -0.166 0.072
71 98.180 -0.140 0.081 -0.142 0.081
72 98.507 0.117 0.091 -0.117 0.091
73 98.830 -0.092 0.100 -0.092 0.100
74 99,147 -0.068 0.110 -0.068 0.110
75 99.459 -0.044 0.119 -0.043 0.119
76 99.765 -0.021 0.128 -0.020 0.128
| 76.943 100.000 -0.010 0.132 -0.009 0.133
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TABLE 6.10 NUMERIC ANALYSIS OF STRESSES

Uniform Thickness, b/a=2.2; $;=95°

-0.944

79.638 -{. 299
79.934 -0.928 -0.294 0. 922 -0. 293
80.235 -0.807 -0.287 -0.803 -0.287
80.541 -0.884 -0.280 -0.885 -0.280
24 80.853 -0.863 -0.273 -0.866 -0.274
25 81.170 -0.845 -0.2687 -0.842 -0.267
26 81.483 -0.826 -0.261 -0.819 -0.260
27 81.820 -0.800 0,253 -0.803 -0.253
28 82.153 -0.778 -0.245 -0.783 -0.246
29 82.480 -0.763 -0.239 -0.756 -0.238
30 82.833 -0.741 -0.232 -0.735 -0.231
31 83.180 0.715 -0.223 -0.717 -0.224
32 83.531 -0.695 -0.216 -0.694 -0.215
33 83.887 -0.875 -0.208 -0.670 0.207
34 84.248 -0.850 -0.198 -0.652 -0.199
35 B84.612 -0.627 -0.191 -0.630 -0.191
36 84.980 -0.609 0,183 -0.804 -(.183
37 85.361 -0.585 0178 -0.583 -0.178
38 85.728 -0.562 -0.168 -0.561 -0.166
39 86.105 -0.542 0,158 -0.536 -0.157
40 86.486 -0.515 -0.148 -0.517 0,148
41 86.869 -0.481 -0.138 -0.485 -.138
42 87.255 -0.472 -0.130 -0.468 -.129
i 43 87.643 -0.448 -0.121 -0.446 -0.121
44 88.033 -0.424 -0.111 -0.424 -0.111
45 88.425 -0.402 -0.102 -0.400 -0.102
48 88.818 -0.377 0,092 -0.378 -0.082
47 89.211 -0.353 -0.083 -0.358 -0.083
48 89.805 -0.332 074 <0.330 -0.073
49 90.000 -0.308 -0.064 -0.306 -0.064
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90.385

50 -0.284 -0.054 -0.283 -0.054 I
59 90.789 | . -0.259 0044 . | -0.260 0.044
52 91.182 -0.236 -0.034 -0.237 0.034 |
53 91.575 -0.213 0,024 20.212 0.024 |
54 91,967 -0.189 -0.014 -0.189 -0.014
55 92.357 -0.165 -0.005 -0.165 -0.005
56 92.745 -0.142 0.005 0.141 0.005
57 93.131 0.117 0.015 -0.118 0.015
58 93.514 -0.093 0.025 -0.094 0.025
-0.069
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TABLE 6.11 NUMERIC ANALYSIS OF STRESSES

Uniform Thickness, b/a=2.5, ¢,=100°

Stressss ot inner Surface Strm at Outer Surface
Y (m) ® o, (Nfmm®) | o, (N/mm?’) g (NAnm®) o (Nfmm®)

O 75.000 -1.8920 0,280 2. 250 0. 340
1 75.078 -1.980 -3.308 -2.180 -0.339
e 75.198 -2.060 0347 -2 080 0,348
3 75.320 -2, 100 -{}.386 -2.020 {.373
- 4. 75.445 - -2.080 0410 -2.000 -0,388
5 75.572 -2.060 -(.418 -2.010 -0.408
8 75.702 ~2.030 -0.418 -2.020 0,414
7 75.835 -2.010 -0.415 -2.010 -0.413
8 75.970 -2.000 -0.413 =1.980 -0.412
9 76.108 -1.880 0.412 -1.870 -0.409
10 76.250 -1.970 -0.407 -4,860 -{.406
11 76.384 -1.850 -0.402 -1.9680 0.404
12 76.541 -1.840 {400 -1.840 -0.400
13 76.692 -1.930 -.399 -1.920 -0.387
14 76.845 -1.910 0,385 -1.8920 -{3,398
15 77.001 -1.800 -0.382 -1.900 0.392
16 77.161 -1.880 -0.391 -1.880 -0.388
17 77324 -1.870 -0.386 -1.870 -0, 386
18 77.480 -1.850 -0.381 -1.870 0,384
18 77.659 -1.840 .38 -1.840 0,381
20 77.832 -1.830 ~0.382 -1.820 0,380
21 78.008 -1.820 -0.379 -1.810 -0.378
22 78.188 -1.800 -{.376 -1.790 -0.374
23 78,371 -1, 780 -(.368 -1.780 -0.370
24 78.558 -1.760 -0.364 -1,770 {3,368
25 78.748 -4, 750 -0.383 -1.780 -0.363
26 78.841 -3.740 -(}.362 «1. 730 -0.361
27 78.139 ~1.730 -0.361 -4.710 -.368
28 79.340 -1.710 -0.356 =1.700 -0.358
29 79.544 -1.680 <{},351 -1,8600 ~0.353
30 79.752 «1.670 0,349 -1.670 -0.350
31 79.084 -1.860 -}, 348 -1.850 (. 347
a2 80.180 -1.640 -0, 346 -1.830 <{.344
33 80.300 -1.820 -0.340 -1.820 -0.340
34 80.622 -1.600 0.334 -1.810 -(.334
a8 80.849 -1.880 -0.328 -1.580 -0.330

386 81.079 -1.880 -0.3285 -1.870 0,327 ‘
37 . 81.313 -1.550 0,325 -1.580 -0.323
38 81.560 -1.540 -0, 322 -1.8530 -0, 320
39 81.781 -1.520 -.916 -1.510 {1,316
40 82.038 -1.480 -0.311 -1.500 £.311
41 82.284 -1.480 0,307 -1.480 -0.306
42 82.538 -1.460 0,302 -1.460 -{3,.302
43 82.781 ~1.440 -0.287 -1,.440 -0.297
44 83.049 -1.420 -0.283 -1.420 -0.293
45 83,311 -1.410 -0.280 -1.400 -0.280
46 83.576 -1.380 -{.286 -1.380 -{0.285
47 83.844 -1.370 -{.281 -1.380 -0,280
48 84.116 -1.350 -,278 -1.340 {274
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49 84.380 -1.320 0.268 -1.330 -0.268
50 84.667 -1.300 -0.2681 -1.310 -0.262
&1 84.847 -1.280 -0.257 -1.280 -0.287
52 85.229 -1.260 -0.2563 -1.260 -0.253
53 85.515 -1.240 -0.249 -1.240 {.248
54 85.802 -1.230 -0.244 -1.210 -0.242
55 86.092 -1.200 -0.236 -1.190 -0.235
56 86.384 -1.170 -0.228 -1.180 -0.227
57 86.678 -1.150 -0.218 -1.160 -0.220
58 86.974 -1.130 0.212 -1.140 -0.214
59 87.271 -1.110 -0.210 -1.110 -0.208
80 87.571 -1.100 -0.207 -1.080 -0.204
61 87.871 -1.070 -0.199 -1.080 -0.197
62 88.173 -1.040 -0.189 -1.050 -0.189
63 88.478 -1.020 -0.179 -1.030 -0.181
64 88.780 -0.987 0.172 =1.000 -0.173
&85 80.084 -0.979 -0.187 -0.873 -0.166
66 89.389 -0.953 -0.160 -0.952 -0.160
867 88.694 -0.830 -0.153 ~0.930 -0.153
68 80.000 -0.808 -0.146 43903 -4.145
89 90.308 -0.882 -0.138 -0.882 £.138
70 80.611 -0.859 ~0.130 -0.859 -0.130
71 20.918 -0.838 -0.122 -0.832 -0.121
72 81.220 -0.810 -0.113 -0.812 -0.113
73 91.524 -0.7682 -0.104 -0.782 -0.108
74 91.827 -0.762 -0.089 03,783 -0.088
75 92.128 -0.743 -0.083 -0.733 -0.002
76 92.429 -0.718 -0.086 -0.708 -0.084
77 892,729 -0.681 -0.078 -0.668 -0.075
78 83.026 -0.661 -0.068 -{.868 -0.066
79 93.322 -0.637 -0.056 =0.644 -0.057
80 93.616 -0.814 -0.048 0.617 -0.050
81 93.808 -0.583 -0.043 -0.589 -0.042
82 94.198 -0.569 -0.038 -0.563 -0.035
83 94.485 -0.542 -0.027 -0.541 -0.027
84 94.771 -0.518 -0.018 -0.518 -0.018
85 85.083 .481 -0.010 -0.492 -0.010
86 895.333 -0.465 -0.001 -0.468 -0.002
a7 85.610 -0.440 0.006 -0.443 0.008
88 95.884 -0.418 0.013 -0.418 0.014
89 96.188 -0.382 0.021 -0.391 0.021
90 86.424 -0.387 0.029 -0.366 0.02¢
91 96.680 -0.342 0.037 -0.341 0.037
g2 96.851 -0.318 0.048 -0.317 0.045
93 §7.208 -0.281 0.053 -0.282 0.083
94 §7.484 -0.267 0.061 {.267 0.081
95 97.716 -0.242 0.068 0.242 0.068
98 97.964 -0.218 0.076 -0.218 0.078
g7 98.200 -0.182 0.083 -0.193 0.083
o8 98.450 -0.168 0.080 -0.167 0.080
98 98.687 -0.143 0.088 -0.143 0.088
100 98.921 -0.118 0.108 -0.119 0.105
101 89.151 -0.083 0.112 -0.084 0.112
102 88.378 -0.069 0.118 0,068 0.119
103 99.601 -0.045 0.126 -0.044 0.126
104 90.820 -0.022 0.133 -0.021 0.133
104.489 100.000 -0.010 {.138 ~0.010 0.137
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TABLE 6.12 NUMERIC ANALYSIS OF STRESSES

Uniform Thickness, b/a=2.5, ¢;=95°

Stresses &t Inner Surlace
Y (m g, (Nmm®) | o, (N/'mm®)

0 75.000 -1.500 -0.230 -1.890 -0.287

1 75.078 -1.570 -0.252 -1.810 -0.287

2 75.198 -1.670 -0.301 -1.690 -0.302

I 3 75.320 -1.710 -0.347 -1.620 -0.332

4 75.445 -1.700 -0.375 -1.590 -0.358

i s 75.572 -1.660 -0.384 -1.600 -0.374

6 75.702 -1.630 -0.383 -1.610 -0.380

7 75.835 -1.610 -0.380 -1.600 -0.378

8 75.970 -1.590 -0.376 -1.590 -0.376

) 76.109 -1.580 -0.373 -1.570 -0.371

i 10 76.250 -1.560 -0.368 -1.550 <0.367

P 1 76.394 -1.530 -0.362 -1.550 -0.363

12 76.541 -1.520 -0,359 -1.520 -0.359

13 76.692 -1.510 -0.357 -1.500 -0.355

14 76.845 -1.490 -0.352 -1.480 -0.353
15 77.001 -1.470 -0.349 -1.480 0340 |

i 16 77.161 -1.470 0.347 -1.450 -0.345

i 17 77.324 -1.440 -0.341 -1.440 -0.341

i 18 77.490 -1.420 -0.336 -1.430 -0.338

19 77.659 -1.410 -0.335 -1.410 -0.335

20 77.832 -1.390 -0.334 -1.380 -0.332

21 78.008 -1.380 -0.330 -1.370 -0.329

22 78.188 -1.360 -0.326 -1.350 -0.324

I 23 78.371 -1.340 -0.319 -1.340 -0.320

24 78.558 -1.320 0.314 -1.330 -0.316

25 78.748 -1.300 -0.311 -1.300 -0.312

26 78.941 -1.280 -0.309 -1.280 -0.308

l 27 79.139 -1.270 -0.306 -1.260 -0.305

28 79.340 -1.250 -0.302 -1.250 -0.301

I 29 79.544 -1.230 -0.296 -1.240 -0.297

I 30 79.752 -1.210 -0.293 -1.210 -0.203

I a1 79.964 -1.200 -0.290 -1.190 -0.289

32 80.180 -1.180 -0.286 -1.170 -0.285

33 80.399 -1.160 -0.281 -1,150 -0.280

34 80.622 -1.140 0.274 -1.140 -0.274

35 80.849 -1.110 -0.268 -1.120 -0.269

36 81.079 -1.090 -0.264 -1,100 -0.265

a7 81.313 -1.080 -0.261 -1.080 -0.260

38 81.550 -1.060 -0.257 -1.050 -0.256

39 81.791 -1.040 -0.251 -1.040 -0.251

40 82.036 -1.020 -0.245 -1.020 -0.245

I 41 82.284 -0.999 -0.240 -0.997 -0.240

42 82.536 -0.978 -0.234 -0.977 -0.234

43 82.791 -0.956 -0.229 -0.958 -0.229

44 83.049 -0.935 -0.224 -0.937 -0.224

45 83.311 -0.917 -0.219 -0.913 -0.219

46 83.576 -0.896 -0.214 -0.892 -0.214

i 47 83.844 -0.875 -0.208 -0.871 -0.208

P 48 84.116 -0.855 -0.202 -0.849 -0.201
G 84.390 -0.829 -0.195 -0.832 -0.195 |
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I s0 84.667 -0.806 -0.188 0.811 -0.189
51 84.947 -0.787. -0.182. | . -D.787 -0.182
52 85.229 -0.766 0.177 -0.764 -0.177
53 85.515 -0.744 0.171 -0.742 0.171
54 85.802 -0.725 0.166 0.717 -0.164
S 86.092 -0.702 -0.158 -0.696 -0.157
56 86.384 -0.675 -0.149 -0.678 -0.150
57 86.678 -0.650 -0.141 -0.657 0.142 |
58 86.974 -0.628 -0.135 -0.634 -0.136 l
59 87.271 -0.610 -0.130 -0.607 -0.130
60 87.571 -0.590 -0.125 -0.581 -0.124 |
i 61 87.871 -0.567 -0.118 -0.559 -0.116
l 62 88.173 -0.539 -0.109 -0.540 -0.109
63 88.476 0.513 -0.100 -0.520 -0.101
l 64 88.780 -0.492 -0.003 -0.494 -0.093
65 89.084 -0.472 -0.086 .0.468 -0.086
I 66 £9.389 -0.447 -0.079 -0.446 -0.079
i 67 89.694 -0.423 -0.072 -0.423 -0.072
1 68 90.000 -0.401 -0.064 -0.398 -0.064
69 90.306 -0.376 -0.057 -0.376 -0.057
70 90.611 -0.352 -0.049 -0.352 -0.049
71 90.916 -0.330 -0.041 -0.328 -0.041
72 91.220 | = -0.305 -0.033 -0.305 -0.033
73 91.524 -0.279 -0.025 -0.283 -0.026
74 91.827 0.257 -0.018 -0.258 -0.018
l 75 92.129 -0.235 -0.011 -0.232 -0.011
76 92.429 -0.211 -0.004 -0.208 -0.003
v 77 92.729 -0.186 0.004 -0.186 0.004
I 78 93.026 -0.161 0.013 -0.163 0.012
I 79 93.322 -0.137 0.020 -0.139 0.020
80 93.616 -0.114 0.028 -0.115 0.028
Y 93.908 -0.091 0.035 -0.090 0.035
I 82 94.198 -0.068 0.042 -0.066 0.043
83 94.485 -0.043 0.050 -0.043 0.050
84 94.771 -0.021 0.058 -0.020 0.058
84.477 | 95.000 -0.010 0.061 -0.010 0.061 1



TABLE 6.13 NUMERIC ANALYSIS OF STRESSES

Uniform Thickness, b/a=2.8, ¢,=100°

Stresses at Inner Surface | Stresses st Outer Surface
Y (m G, (Nfmm®) | o, (NMmm*) | o, (NNmm®) | o, (Mmm®)
0 75.000° -2.600 -0.388 -2.730 -0.407
1 75.021 -2.600 -0.387 -2.720 -0.405
2 75.088 -2.620 -0.392 -2.680 -0.400
3 75.156 -2.650 -0.401 -2,630 -0.398
4 75.225 -2.630 -0.406 -2.630 -0.404
5 75.295 -2.610 -0.409 -2.630 -0.412
3 75.367 -2.620 -0.418 -2.600 -0.416
| I 75.440 -2.630 -0.426 -2.570 -0.418
I s 75.515 -2.610 -0.422 -2.560 -0.414
9 75.591 -2.570 -0.409 -2.500 -0.412
10 75.668 -2.540 -0.400 -2.600 -0.408
11 75.747 -2,650 -0.403 -2.560 -0.404
RE 75.827 -2.580 -0.408 -2,530 -0.404
13 75.909 -2.540 -0.407 -2.530 -0.404
14 75.992 -2,530 -0.404 -2.520 -0.401
15 76.077 -2.500 -0.397 -2.520 -0.399
T 186 76.163 -2.480 -0.394 -2,520 -0.399
17 76.251 -2.500 -0.399 -2.490 -0.396
18 76.341 -2,500 -0.402 -2.460 -0.395
19 76.432 -2.480 -0.396 -2.460 -0.393
20 76.525 -2.450 -0.388 2,470 -0.391
21 76.620 -2.440 -0.385 -2.450 -0.387 |
22 76.717 -2.430 -0.385 -2.440 -0.386 |
I 23 76.815 -2.420 -0.386 -2.420 -0.386
I 24 76.915 -2.420 -0.389 -2.400 -0.386
IS 77.017 -2.410 -0.388 -2.390 -0,385
| 26 77.121 -2,390 -0.383 -2.380 -0.382
27 77.227 -2.370 -0.377 -2.380 -0.380
28 77.335 -2,360 -0.376 -2.370 -0.376
29 77.445 -2.360 -0.374 -2.350 0373 ¥
30 77.557 -2.330 -0.370 -2.350 0374 &
31 77.671 -2.320 -0.372 -2.330 0373 ¢
32 77.787 -2.330 -0.377 -2.300 -0.371 [
33 77.905 -2.310 -0.373 -2.300 -0.371
l 34 78.026 -2.280 -0.368 -2.300 -0.370
35 78.148 -2.280 -0.367 -2,280 -0.366
ES 78.273 -2.270 -0.366 -2.260 -0.363
37 78.400 -2.250 -0.361 -2.250 -0.360
38 78.529 -2.240 -0.356 -2.240 -0.357
39 78.661 -2.230 -0.353 -2.230 -0.352
40 78.794 -2.200 -0.349 -2.220 -0.352
41 78.931 -2.180 -0.350 -2.210 -0.352
42 79.069 -2,190 -0.355 -2.180 -0.352
43 79.210 -2.180 -0.356 -2.160 -0.353
44 79.354 -2,160 -0.354 -2.160 -0.354
45 79.499 -2,150 -0.354 -2.140 -0.353
46 79.648 -2.140 -0.353 -2.120 -0.350
47 79.799 -2.130 -0.349 -2.100 -0.345
l 48 79.952 -2,110 -0.340 -2.100 -0.338
49 80.108 -2,060 -0.327 -2.110 -0.334
S 80.266 -2.,060 -0.325 -2.080 -0.329
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l 51 80.427 2060 1 -0.329. ] 2060 -0.328
52 80.591 -2.040 -0.331 -2.040 -0.331
53 80.757 -2.040 -0.335 -2.010 -0.330
54 80.925 -2.020 -0.332 -2.000 -0.328
55 81.007 -1.990 -0.324 -2,000 -0.324
56 81.271 -1.070 -0.317 -1.990 -0.320
57 81.447 -1.960 | ~ -0.315 -1.970 -0.317
58 81.626 -1.950 -0.316 -1.950 -0.315
59 81.808 -1.940 -0.317 -1.920 -0.313
I 60 81.992 -1.920 -0.313 -1.920 -0.312
61 82.179 -1.900 -0.309 -1.900 -0.310
62 82.368 -1.890 -0.308 -1.880 -0.307
63 82.560 -1.870 -0.305 -1.860 -0.303
64 82.754 -1.850 -0.300 -1.840 -0.299
I 65 82.951 -1.830 -0.205 -1.830 -0.295
66 83.150 -1.810 -0.289 -1.810 -0.290
&7 83.352 -1.790 -0.285 -1.800 -0.287
[ &8 83.556 1.770 -0.284 -1.780 -0.284
69 83.763 -1.760 -0.283 -1.750 -0.281
70 83.672 -1.750 -0.280 -1.730 -0.277
71 84.183 -1.710 -0.272 -1.730 -0.274
72 84.396 -1.690 -0.268 -1.710 -0.271
73 84.612 -1.690 -0.269 -1.680 0267 |-
74 84.830 -1.670 -0.267 -1.650 -0.264
75 85.049 -1,650 -0.261_ -1.640 -0.259
76 85.271 -1.620 -0.253 1,630 -0.255
77 85.495 -1.600 -0.248 -1.610 -0.250
78 85.720 -1.590 -0.247 -1.580 -0.246
79 85.948 1570 -0.246 -1.550 -0.242
80 86.177 -1.550 -0.239 -1.540 -0.237
81 86.408 -1.510 -0.228 -1.530 0232 |
82 86.640 -1.480 -0.224 1510 -0.227
83 86.874 -1.480 -0.225 -1.470 -0.224
84 87.109 -1.470 -0.224 -1.440 -0.220
85 87.345 -1.440 -0.216 -1.430 0214
86 87.582 -1.410 -0.205 -1.420 -0.207
87 87.821 -1.380 -0.197 -1.400 -0.200
88 88.061 -1.360 -0.193 -1.380 -0.195
89 88.301 1.350 -0.192 -1.350 -0.191
90 88.542 -1.340 -0.190 -1.320 -0.187
91 88.784 -1.310 -0.184 -1.300 -0.183
92 89.027 -1,280 -0.176 -1.280 -0.176
93 89.270 -1.260 -0.168 -1.260 -0.169
94 89.513 -1.230 -0.161 -1.240 -0.163
95 89.756 -1.210 -0.157 1210 -0.157
g6 50.000 -1.190 -0.153 -1.180 -0.151
97 90.244 -1.170 -0.145 -1.160 -0.145
98 90.487 -1.130 -0.137 -1.150 -0.139
99 90.730 1,110 20132 -1.120 -0.133
100 90.973 -1,080 -0.128 21,080 -0.127
101 91.216 -1.070 20123 -1.070 -0.122
102 91.458 1,050 20118 -1.040 -0.116
103 91.699 -1.020 -0.109 -1.020 -0.109
104 91.039 -0.990 -0.100 -1.000 -0.101
105 92.179 -0.966 -0.093 -0.974 -0.004
106 92.418 -0.947 -0.088 -0.944 20.088___§

- 130 -




g 107 92.655 0,924 -0.083 -0.918 -0.082
i 108 92.801 -0.896 -0.078 -.888 -0.076
108 83.128 -0.873 -0.089 -0.869 -0.089
110 83.360 -0.844 -0.062 -0.848 -0.082
111 93.502 -0.817 -1.056 -0.825 -0.056
112 93.823 -0.768 -0.051 -0.782 -0.080
113 94.052 -0.776 -0.045 0,768 0.044
114 94.280 -0.746 -0.037 -0.745 0,037
115 94.505 -0.716 -0.029 -0.724 -0.030
I 116 94.729 -0.691 -0.022 -0.688 -0.023
117 94.951 -0.671 -0.017 -0.668 -0.017
118 86.170 -0.647 -0.012 -0.641 -0.011
119 85,388 -0.621 -0.004 -5.817 -D.004
120 95.604 -0.580 0.004 -0.597 0.003
B 121 95.817 -0.588 0.010 -0.871 0.008
i 122 96.028 -0.545 0.015 -0.540 0.016
123 96.237 -0.518 0.022 -0.515 0.022
124 96.444 -0.491 0.029 -0.492 0.029
125 96.648 -0.465 0.036 -0.487 0.035
126 96.850 -0.440 0.042 -0.442 0.041
127 897.049 -0.415 0.047 -0.416 0.047
128 97.248 -0.390 0.063 -0.380 0.053
129 97.440 -0.365 0.059 -0.364 0.059
130 897.632 -0.340 0.0685 -0.339 0.065
131 97.821 -0.314 0.071 -0.315 0.071
132 98.008 -0.288 0.077 -0.290 0.077
|
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TABLE 6.14 NUMERIC ANALYSIS OF STRESSES
Uniform Thickness, b/a=2.8, $,=95°

- 132-

|
i
18 78.077 2,010 -0.367 -2.030 -0.369
16 76,163 -1.960 -.363 -2.020 -0.367
17 76.251 -2.000 -0.366 -1.880 -0.365
18 76.341 -2.000 -0.368 -1.960 -0.362
19 76.432 -1.870 -0.382 1,960 ~-0.360
20 76.525 ~1.840 0,355 -1.860 0,387
21 78.820 -1.930 -{.352 -1.840 -0.363
22 76.717 -1.920 -0.350 -1.930 -0.351
23 76.815 -1.810 -0.351 -1.910 -0.351
i 24 76.815 -1.900 -0.352 -1.880 .348
IS 77.017 -1.880 -0.350 -1.870 -0.347
G 77.121 -1.870 -.348 -1.860 0344 1
L 27 77.227 -1.840 -0.340 -1.860 -0.341 |
28 77.335 1,840 -0.337 -1.840 -0.337
29 77.445 -1.830 -0.335 -1.820 -0.334
30 77.557 -1.800 -0.331 -1.820 -0.334
31 77.871 -1.780 -0.332 -1.780 -0.332
32 77.787 -1.780 -0.334 -1.760 -0.330
33 77.905 -1.770 -0.330 -1.760 0,328
34 78.026 -1.740 -0.325 =1.7560 -0.326
35 76.148 -1.730 -0.323 -1.730 -0.322
36 78.273 =1.720 -0.321 -1.710 0,318
37 78.400 -1.700 -0.316 -1.700 £0.315
38 78,529 -1.680 -0.311 -1.680 -0.311
39 _78.661 -1.670 -0.307 -1.670 -0.307
40 78.794 -1.640 -0.303 -1.660 -0.308
41 78.931 -1.630 -0.302 -1.640 0,304
P 42 79.0689 -1.620 -0.305 -1.610 -0.303
43 79.210 -1.610 -0.304 -1.800 -0.302
44 79.354 -1.580 -0.301 -1.580 0,302
45 79.499 -1.570 -0.300 -1.570 {3,299
46 79.648 ~1.560 -0.298 -1.550 -0.296
I 47 79.789 -1.840 {).284 -1.520 -0.290
f 48 78.952 -1.520 -0.285 -1.510 -0.284



I a9 80.108 -1.480 20.275 1,520 20279 |
=0 80.266 1,470 0,272 1,490 0.274 ||
[ 51 80.427 1,470 20.273 ~1.460 0272 1
I 52 80,501 1,450 0.273 1,450 20.273

53 80.757 1,440 20.274 1,420 20.271

54 80,925 1.420 20.271 1,400 20.268

55 81,007 1,390 0.263 1,380 -0.064
I 56 81.271 1.370 0.257 1.380 20.259
I 57 81.447 1,350 20.253 1,360 -0.255

58 81.626 1.340 0.253 1,340 20.252

59 81.6808 1,330 20,251 1.310 20,249
l ) 81,902 1,300 0.247 ~1.300 0.247

61 82.179 -1.280 -0.243 -1.280 20,243
R 82.368 1.260 20.240 1,260 -0.239
I 63 82.560 -1.250 20.236 1.240 20.235
I e 82.754 1,220 20,231 -1.220 20.231

65 82.051 -1.200 -0.226 71,200 -0.226

66 83.150 1,180 20.220 1.180 0.221

67 83.352 -1.160 20.216 1.170 20.216
I 68 83,556 1,140 20.212 1,140 0.213
oo 83.763 1.130 20.210 1120 20.209
o 83.972 1110 20.206 -1.100 20.204

71 84.163 1,080 0199 1,090 20,200

72 84.396 -1.050 20.194 21,070 20.196

73 84.612 1,040 -0.192 1,040 20.191

74 84.830 21,020 20.189 -1.010 20.187 l

75 85.049 1,000 -0.183 20,995 20.182

76 85.271 20.973 20.176 -0.980 20.177

77 85.495 -0.950 20471 20.960 20.172

78 85.720 20.935 -0.168 20.032 20.167

79 85,948 20.918 20.164 -0.905 20.162
I 80 86.177 20.894 0.158 20.886 20.157

81 86,408 -0.862 0.150 0.874 20.151

82 86.640 20,839 0.144 -0.852 20.146

83 86.874 -0.826 0.142 -0.821 20.142

84 87.109 -0.809 20.139 -0.793 20.137

85 87.345 20,782 20.132 0.775 0,131

86 87.582 -0.753 -0.124 -0.758 -0.125 I

87 87.821 20.729 0117 20.738 20.118

88 88.061 20.707 0.112 0714 0,413

89 88,301 -0.680 20.108 20.686 0.108 1

90 88,542 ~0.660 0.104 20,660 20.103

91 88.784 20.643 20,008 20.639 70,008

92 89.027 20.618 20,001 20.618 20.001

93 89.270 20,504 20.084 20.506 -0.085

94 89.513 20.569 20.078 0.574 20,079

95 89.756 -0.548 -0.073 20,548 0.073

9% 90.000 -0.528 -0.068 20.521 20.067 |

97 90.244 20,502 -0.061 20.500 20.061 |

98 90.487 20.475 -0.054 -0.479 20.055 |
l 99 90.730 -0.453 20,048 -0.454 -0.049

700 90.973 -0.430 20.043 20.430 20.043

101 91.216 20.407 20.038 20.405 0.037

102 91.458 20.385 20,032 20.380 -0.031

103 91,609 -0.350 20.025 20.358 20.025

104 91.939 -0.333 20.018 20.336 0.018

- 133 -



105 92.179 -0.309 0.011 -0.312 -0.012
108 92.418 -0.287 -0.006 -0.288 -0.006
107 82.655 -0.263 0.000 -0.262 0.000
108 92.891 -0.239 0.006 -0.238 0.006
109 93.126 -0.215 0.012 -0.214 0.012
110 93.360 -0.191 0.018 -0.191 0.018
111 93.502 -0.167 0.025 -0.167 0.024
112 93.823 -0.145 0.030 -0.141 0.031

|
l
[
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TABLE 6.15 EFFECT ON OFFSET PARAMETER A=10m
ON STRESSES (Numerical analysis)
Uniform Thickness, bfe=2.684

38 78.843 -1.800 -0.434 -1.800 -0.433
38 78.795 -1.770 -0.426 -1.780 -0.430
40 78.850 -1.760 -0.424 -1.770 -0.425
41 79.107 -1.750 -0.424 -1.740 -0.422
42 79.267 -1.740 -0.422 -1.720 -0.418
43 79.430 -1.710 -0.417 -1.710 -0.416
44 79.586 -1.690 -0.412 -1.680 -0.412
45 79.764 -1.670 -0.407 -1.680 -0.407
46 79.835 -1.660 0,403 -1.660 -0.404
47 80.110 -1.840 -0.400 -1.630 (3,398
45 80.287 -1.620 -0.387 -1.620 -0.386

0
1
2
3 . . ,
4 74.864 -2.400 -0.508 -2.270 -0.486 |
5 74.944 -2.370 .522 -2.280 -0.507
| & 75.025 -2.340 -(.526 -2.280 -0.516
7 75.107 -2.320 -0.524 -2.270 -0.516
8 75.191 -2.280 -0.515 -2.270 -0.513
9 75.277 -2.240 -0.503 -2.280 -0.500
g 10 75.365 -2.240 -0.500 -2.280 -0.503
11 75.454 -2.240 -0.501 -2.220 -0.498
i2 75.545 -2.220 -0.497 -2.220 -0.496
13 75.638 -2.200 0,492 -2.210 -0.494
14 75.733 -2.180 -0.491 -2.190 -0.481
15 75.829 -2.180 <0.491 -2.170 -0.488 |
16 75.928 -2.160 -0.487 -2.180 -0.488 |
I 17 76.028 -2.140 -0.485 2,150 -0.486
18 76.130 -2.130 -0.485 -2, 130 -0.484
19 78.234 -2.120 -0.484 -2.110 -0.483
20 76.341 -2.100 -0.482 -2.100 -0.481
21 . 78.449 -2.080 -0.479 -2.080 -0.479
22 76.560 -2.070 -0.478 2,070 -0.477
23 76.672 -2.080 -0.476 -2.040 -0.474
24 76.787 -2.040 -0.473 -2.030 -0.471
25 76.904 -2.010 -0.467 -2.020 -0.468
26 77.023 -2.000 -0.463 -2.000 -0.463
27 77.145 -1.580 -0.460 -1.880 -0.460
28 77.269 -1.970 -0.457 -1.970 -0.458
29 77.385 -1.950 -0.455 -1.860 -0.456
30 77.524 -1.840 -0.455 -1.940 -0.454
31 77.855 -1.830 -0.455 -1.810 -0.450
32 77.788 -1.910 -0.448 -1.800 -0.448 l
33 77.924 -1.880 0,442 -1.800 -0.445
34 78.063 -1.860 -0.440 -1.880 -0.442
35 78.204 1,850 -0.440 -1.850 -0.441
. -1.840 -0.442 -1.830 -0.439
a7 78.494 -1.830 -0.441 -1.800 -0.436
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80.467 -1.500 -0.393 -1.600 -0.384
80.650 -1.580 -0.382 -1.570 -0.380
80.838 -1.570 0388 | -1.550 -0.386
81.025 -1.540 -0.382 -1.540 -0.382
81.216 -1.520 -0.377 -1.520 -0.377
81.411 -1.500 -0.372 -1.500 -0.372
81.609 -1.480 -0.367 -1.490 -0.368
81.808 -1.460 -0.363 -1.470 -0.363
82,012 -1.450 -0.360 -1.440 -0.359
82.219 -1.430 -0.356 -1.420 -0.355
82.428 -1.400 -0.350 -1.400 -0.350
82.840 -1.380 -0.345 . -1.380 -0.345
82.854 -1.360 -0.340 -1.360 -0.340
83.072 -1.350 -0.335 -1.340 -0.334
83.292 -1.330 -0.329 -1.320 -0.328
83.518 -1.300 ~0.322 -1.300 -0.322
83.740 -1.270 -0.314 -1.280 -0.316
83.968 -1.260 -0.308 -1.260 -0.309
84.199 -1.240 -0.304 -1.230 -0.303
84.432 -1.220 -0.298 -1.220 -0.298
84.667 -1.200 -0.292 -1.190 -0.281
84.905 -1.170 -0.285 -1.170 -5.285
85.144 -1.150 -0.278 -1.160 -0.280
85.387 -1.130 -0.274 -1.130 -0.274
85.631 -1.110 -0.271 -1.100 -0.269
85.877 -1.100 -0.265 -1.080 -{.262
86.125 -1.070 -0.256 -1.060 -0.254
86.375 -1.040 -0.244 -1.040 -0.244
86.626 -1.010 -0.232 -1.030 -0.234
86.880 -0.984 -0.222 -1.010 -0.226
87.134 -0.967 0,217 -0.882 -0.219
87.390 -0.954 -0.215 -0.950 -0.214
87.648 -0.840 -0.212 -0.919 -0.209
87.906 -0.818 -0.208 -0.893 -0.202
88.165 -0.885 -0.194 -0.881 0194 |
88.426 -0.855 -0.183 -0.865 -0.184
88.687 -0.837 -0.173 -0.838 -0.174
§8.949 -0.811 -0.164 -0.817 -0.165
89.211 -0.786 -0.156 -0.796 -0.157
89.474 -0.769 -0.150 -0.765 -(.149
89.737 -0.748 0,143 -0.740 -0.141
90.000 -0.722 -0.134 -0.718 -0.134
90.263 -0.700 0.128 -0.694 -0.124
90.526 -0.675 -0.115 -0.672 -0.118
90.789 -0.645 0,108 -0.654 -0.106
91.051 -0.624 -0.096 -0.628 -0.097
81.313 -0.604 0,088 -0.600 -0.088
91.574 -0.578 -0.080 -0.578 -0.079
91.835 -0.554 -0.071 -0.554 -0.071 l
92.084 -£.531 -0.062 -0.529 0,062
92.352 -0.509 -0.054 -0.503 -0.053 |
92.610 -0.483 -0.044 -0.482 -0.044 I
92.866 0,458 -0.034 0,480 -0.034
893.120 -0.433 -0.025 -0.435 -0.025
93.374 -0.408 -0.016 -0.412 -0.017
893.625 -0.385 -0.008 0,386 -0.008
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105

93.875

-0.365

0.000

-0.358

0.001

106

94.123

-0.338 1.

.. 0.000

. -.336

0,010

107

94.369

-0.312

0.019

-0.315

0.018

108

94.613

-0.288

0.028

-0.280

0.027

109

84.856

-0.265

0.036

-0.265

0.036

110

95.085

-0.241

0.045

-0.241

0.045

111

112
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114

115
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TABLE 6.16 EFFECT ON OFFSET PARAMETER A=20m
ON STRESSES (Numerical analysis)

UnHorm Thickness, b/a=2.694
Streasss at Inner Surface
o (Nlmm') G (Nlmmz)
0 X X
| L 74.634 -2.260 -3.376 -2.670 -0.435 ]
2 74.708 -2.440 -0.462 -2.460 -0.461 |
3 74.786 -2.510 -0.538 -2.360 -0.511 i
4 74.864 -2.520 -0.591 -2.320 _ -0.560
5 74.944 -2.490 -0.621 2. 320 -0.585
] 75.025 -2.450 -0.633 -2.330 -0.615
7 75107 -2.410 -0.6833 -2 Ik -0.621
8 75.191 -2.370 0.624 -2.340 -0.620
9 75277 -2.320 0.812 -2.360 -0.817
10 75.365 -2.310 0,608 -2.340 -0.610
11 75.454 -2.310 -0.606 -2.300 -0.603
l 12 75.545 -2.290 0,600 -2.290 -0.600 i
13 75.638 -2.260 0,585 -2.280 -0.508
14 75.733 -2.250 -0.584 -2.260 -0.584
15 75.829 2. 850 -0.583 s ] -0.591
16 75.928 -2.220 {580 =2 230 -0.581
17 76.028 -2.200 -0.588 -2.210 -{1.589
18 76.130 -2.190 -(.588 -2.190 -0.587
19 76.234 -2.180 0,587 2470 -0.586
20 76.341 -2.160 -.585 -2. 150 -0.584
| 21 76.449 -2.140 -0.583 -2.140 -(.583
| 22 76.560 -2, 120 -.581 -2.120 -0.580
I 23 76.872 -2.410 -0.580 -2,100 -0.577
| 24 76.787 -2.080 -0.575 -2.080 -0.573
25 76.904 -2.080 £.569 -2.070 -3.570
26 77.023 -2.050 -0.566 -2.080 -0.566
27 77145 -2.030 -{.562 -2.040 -0.562
28 77.269 «2.010 -0.558 -2.020 -{.559
29 77.395 ~1.980 -0.556 -2.000 0.557
30 77.524 -1.880 -0.556 -1.980 -0.555
31 77.655 -1.980 -0.556 -1.950 -0.551
32 T7.788 -1.950 -0.550 -1.940 -.549
33 77.924 -1.910 -0.543 -1.940 -0.547
34 78.083 -1.900 -0.541 -1.910 -0.543
| 35 78.204 -1.880 -0.541 -1.880 £.541
36 78.348 -1.880 -0.542 -1.8680 -0.539
ar 78.404 -1.870 -{).541 -1.830 -0.536
a8 78.643 -1.830 -0.533 «1.830 -0.533
39 78.785 -1.800 {.526 -1.830 0.529
| 40 78.950 -1.790 {3,523 -1.800 -{.524
41 78.107 -1.780 -0.522 -1.770 -0.520
l 42 76.267 -1.760 -0.518 -1.750 -0.517
43 79.430 <4.740 {.514 -1.730 -£.513
{ 44 79.598 -1.720 -0.508 -1.720 -0.508
l 45 79.764 -1.880 -0.503 -1.700 -0.503
46 75.935 -1.670 -(.4588 -1.680 -.499
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a7 80.110 1.660 -0.495 | 1,660 20,494
i a8 80.287 -1.640 -0.491 71,640 -0.491
l 49 80,467 1,610 -0.486 1.620 -0.488
50 80.650 -1.610 20.485 1,590 -0.482
51 80,836 1,500 -0.480 1.570 -0.478
52 81,025 -1.560 0,473 -1.560 0.473
53 81.216 1,540 0.467 ~1.540 -0.467
54 B81.411 1,520 20.461 1.520 -0.462
55 81.609 ~1.490 20.456 1,500 -0.456
56 81.809 1,470 -0.451 -1.480 -0.451
57 82.012 1,460 20,447 1.450 20.446
58 82.219 1,440 -0.442 -1.430 -0.440
59 82.428 -1.410 20.435 1,410 -0.435
60 82.640 1,380 20.428 71,390 20.429
61 82.854 -1.370 0.422 1.370 20.422
62 83,072 1,360 20.417 1,340 20.415
63 83.202 1,330 20,409 -1.320 -0.408
64 83.515 1.310 -0.400 1,310 -0.400
65 83.740 1.280 -0.301 1,290 -0.393
66 83,968 -1.260 -0.385 -1.270 20.385
67 84.199 1,250 20.379 1,240 0.378
68 84,432 -1.090 | 20.371 1,920 -0.371
69 84.667 -1.200 20,364 -1.200 -0.363
70 84.905 ~1.180 -0.356 -1.180 -0.356
71 85.144 1.150 -0.348 1.160 20.349
72 85.387 -1.130 20.342 ~1.130 20.342
73 85.631 1120 20.337 1,100 20.334
I 7 85.877 1,100 -0.329 ~1.080 20.326
I 75 86.125 1,070 20.318 -1.060 -0.315
76 86.375 1,040 -0.305 -1.040 -0.304
Iz 86.626 1,010 0.290 -1.030 0.293
78 86.880 ~0.981 -0.278 1,010 20.283
79 87.134 20.964 20.271 -0.983 0.274
80 87.390 -0.953 20.267 20.948 20.267
81 87.648 -0.039 20.263 20.916 -0.259
82 87.906 20.019 0.255 -0.890 20.250
83 88.165 20.885 20.242 -0.878 20.241
84 88.426 20.854 20.228 20.863 0.229
e 88.687 -0.834 20.217 -0.836 0.217
86 86.949 20,808 20.205 20.815 ~0.206
87 89.211 20.783 20.194 20.794 20,196
88 89.474 0.767 0.186 0.763 20.186
89 89.737 0.746 0177 0.737 0.176
90 90,000 20.720 20.167 20.716 20.166
91 90.263 -0.698 20.156 20,691 20.155
92 90.526 -0.673 0.144 20,669 20.143
93 90,789 -0.643 0,131 -0.651 0.132
94 91,051 20,621 20,120 20.626 20,121
95 91.313 ~0.601 20.110 -0.598 20.109
96 91.574 20.576 20,009 20.576 ~0.009
97 91,835 ~0.552 -0.088 20.652 20.088
98 92.094 -0.529 20.077 20.527 20.077
99 92,352 20.507 20.066 -0.501 -0.065
100 92.610 -0.481 20,054 20.480 -0.054
101 92.866 20.454 20.042 20.459 -0.043
102 93.120 -0.431 20.031 20.434 20,031
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103 93.374 -0.407 -0.020 -0.410 -0.020
104 93.625 -0.384 -0.010 -0.385 -0.010
105 93.875 -0.364 0.000 -0.357 0.001
106 94.123 -0.338 0.012 -0.335 0.012
107 94.368 0,311 0.024 -0.314 0.023
108 94.613 -0.287 0.038 -0.280 0.034
109 94.856 -0.264 0.045 -0.265 0.045
110 95.095 -0.240 0.056 -0.240 0.056
111 95.333 -0.216 0.066 -0.216 0.087
112 85.568 -0.182 0.077 -0.183 0.077
113 95.801 -0.168 0.088 -0.168 0.088
114 0.098
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TABLE 6.17 EFFECT ON OFFSET PARAMETER A =40m
ON STRESSES (Numerical analysis)

Uniform Thickness, b/a=2.694
Sresses &t Culer Suriace
Y (m o, (Nfmm°) | o, (N/mm")
0 , ]
1 74.634 -2.200 -0, 386 -2.950 -0.495 [
2 74.709 -2.500 0.518 -2.620 0530 |
I 3 74.786 -2.650 -0.642 -2.440 -0.606
4 74.864 -2.690 -0.738 -2.360 -0.685
5 74.944 -2.670 -0.801 -2.350 -0.750
6 75.025 -2.620 -0.835 -2.360 -0.795
7 75.107 -2.570 -0.849 -2.370 -0.819
8 75191 | -2.510 0.845 -2.400 -0.829
9 75.277 -2.440 -0.833 -2.430 -0.832
10 75.365 -2.410 -0.825 -2.420 -0.826
11 75.454 -2.410 -0.820 -2,380 -0.818
12 75.545 -2.380 -0.811 -2.380 -0.812
13 75.638 -2.340 -0.803 -2.380 -0.808
14 75.733 -2.330 -0.800 -2.350 -0.802
15 75.829 -2.330 -0.799 -2.320 -0.798
16 75.928 -2,300 0,795 -2.310 -0.797
17 76.028 -2.280 -0.794 -2.290 -0.795
18 76.130 -2.270 -0.794 -2.260 -0.793
19 76.234 -2.250 -0.794 -2.240 -0.792
20 76.341 -2,230 -0.792 -2.230 -0.791
21 76.449 -2.210 -0.789 -2.210 -0.789
22 76.560 -2.190 -0.787 -2.190 -0.786
23 76.672 -2.180 -0.788 -2.160 -0.782
24 76.787 -2.160 -0.781 -2.140 -0.779
25 76.904 -2.130 -0.774 -2.140 -0.776
26 77.023 -2.110 -0.770 2,410 0771 -
27 77.145 -2.090 -0.766 -2.100 -0.767 | :
28 77.269 -2.070 -0.762 -2.080 -0.763 J 3
29 77.395 -2.050 -0.759 -2.060 -0.761 :
30 77.524 -2.030 -0.758 -2.030 -0.758 L
I 31 77.655 -2.030 -0.758 -2.000 -0.753 g
32 77.788 -2.000 0.752 -1,990 -0.751
33 77.924 -1.960 -0.745 -1.980 -0.749
34 78.063 -1.940 -0.743 -1.960 -0.745 ¥
35 78.204 -1.930 -0.742 -1.830 0742 |l
36 78.348 -1.920 -0.742 -1.900 -0.739
l 37 78.494 -1.910 -0.740 -1.870 -0.735
38 78.643 -1.880 -0.732 -1.870 -0.731
39 78.795 -1.840 0.724 -1.860 -0.728 B
40 78.950 -1.820 -0.720 -1.840 -0.722
41 79.107 -1.810 -0.718 -1.800 -0.716 |
42 79.267 -1.800 0.714 -1.780 0.712 '
43 79.430 -1.770 -0.708 -1.760 -0.707
44 79.596 -1.750 -0.701 -1.750 -0.701
45 79.764 -1.720 -0.694 -1.730 -0.605
I 46 79.935 -1.700 -0.689 -1.710 -0.690
47 80.110 -1.690 -0.684 -1.680 0,684
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i 48 80.287 -1.660 =0.679 -1.660 -0.879
l 49 80.467 -1.640 -0.673 -1.640 -0.674 l
50 80.650 -1.830 -0.670 -1.810 -0.667
51 80.836 -1.610 -0.664 -1.580 -0.661
52 81.025 -1.580 -0.656 -1.580 -0.656
53 81.216 -1.5680 -0.648 -1.550 -0.648
54 81.411 -1.530 -0.641 - -1.530 -0.641
55 81.609 -1.510 -0.633 -1.510 -0.634
56 81.809 -1.480 0,626 -1.480 -0.627
57 82.012 -1.470 -0.620 -1.460 4.619
58 82.219 -1.450 -0.613 -1.440 -0.612
59 82.428 -1.430 -0.605 -1.420 -0.604
60 82.640 -1.400 -0.586 -1.400 -0.596
l 61 82.854 -1.380 -0.587 -1.380 -0.587
g2 83.072 -1.360 -0.579 -1.350 0.577
i 63 83.292 -1.340 -.569 -1.330 -0.568
I 64 83.515 -1.310 ~ -0.558 -1.310 -0.558
65 83.740 -1.280 -0.546 ~1.300 -0.548
66 83.968 -1.270 -0.537 -1.270 -0.8537
&7 84.199 -1.250 -0.528 -1.240 -0.527
68 84.432 1,220 -0.518 -1.220 -0.518
69 84.667 +1.200 -0.508 -1.200 -0.507 |
70 84.905 -1.180 -0.497 -1.180 -0.487
71 88,144 -1.150 -0.486 -1.160 -0.487
I 72 85.387 -1.130 0.477 -1.430 -0.477
73 85.631 -1.120 -0.468 -1.100 -0.465
74 85,877 -1.100 -0.457 -1.070 -0.453
75 88.125 -1.070 -0.442 -1.050 -0.439
76 86.375 -1.040 £).425 -1.040 -0.424
77 86.626 -1.010 -0.407 -1.030 -0.410
78 86.880 -0.977 -0.382 -1.010 -0.397
I 79 87.134 -0.961 -0.381 -0.983 -0.384
D 87.380 -0.951 -0.373 -0.947 -0.373
181 87.648 -0.939 -0.365 -0.912 -0.361
I 82 87.806 -0.920 -0.353 -0.885 -0.348
83 88.165 -0.885 -0.336 -0.874 -0.335
84 88.426 -0.853 -0.318 -0.859 -0.320
85 88.687 -0.832 -0.304 -0.833 -0.304
86 88.949 -0.805 -0.288 -0.813 -0.289
87 89.211 -0.780 -0.273 -0.782 -0.275
88 88.474 -0.764 -0.260 -0.760 -0.259
89 88.737 -0.744 -0.246 -0.734 -0.245
90 90.000 -0.718 -0.231 -0.712 -0.231
91 90.263 -0.696 -0.216 -0.687 -0.215
92 80.526 -0.670 -0.200 -0.666 -0.189
93 80.789 -0.640 -0.183 -0.648 -0.184
94 91.061 -0.618 -0.168 -0.623 -0.168
95 81.313 -0.598 -0.153 -0.596 -0.163
l 96 91.574 -0.574 -0.138 -0.573 (0,137
g7 91.835 -0.550 0,122 -0.549 -0.122
i 98 92.004 -0.527 -0.107 -0.528 -0.107
I 99 92.352 -0.505 -0.092 -0.499 -0.081
100 92.610 -0.479 -0.078 -0.478 -0.075
101 92.866 -0.452 -0.089 -0.457 -0.058
102 93.120 -0.429 -0.043 -0.433 -0.043
103 93.374 -0.408 -0.028 -0.409 0028 f
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I 104 93.625 -0.382 -0.013 -0.384 -0.013
105 93.875 -0.362 0.001 -0.356 0.003
106 94.123 -0.337 0.017 -0.333 0.018
107 894.369 -0.309 0.033 -0.313 0.033
108 94.613 -0.286 0.048 -0.289 0.048
1109 94.856 -0.263 0.083 -0.264 0.083
110 95.095 -0.239 0.078 -0.240 0.078
111 95.333 0.215 0.093 -0.216 0.083
112 95.568 ~0.191 0.107 -0.192 0.107 |
113 95.801 -0.167 0.122 -0.168 0.122 |
114 96.032 -0.143 0.136 -0.145 0.136 |
115
§ 116
117
118
119
120
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TABLE 6.18 EFFECT OF SCALE ON STRESSES
SCALE FACTOR=0.5 (Numerical analysis)
Uniform Thickness, b/a=2.664

0 . . ) .
| 1] 74.710 -1.094 -0.173 -1.148 -0.180 |
I 2] 74.884 -1.120 -0.191 -1.096 -0.187

3]  75.025 -1.111 -0.203 -1.081 -0.198
| 41 75.192 -1.093 -0.206 -1,073 -0.203
I 5/ 75.3685 -1.075 -0.204 -1.066 -0.202

6] 75.546 -1.054 -0.199 -1.061 -0.199
| 7] 75.733 -1.043 -0.198 -1.048 -0.196
| 8 75.928 -1.037 -0.185 -1.026 -0.193

gl 76.131 -1.018 -0.180 -1.018 -0.190

10]  76.341 -1.002 -0.186 -1.008 -0.186
11]  76.560 -0.989 -0.184 -0.993 -0.184
12|  76.787 -0.978 -0.183 -0.977 -0.183
I 13|  77.024 -0.966 -0.183 -0.961 -0.182
14] 77.269 -0).953 0,182 -0.945 0.181
151 77.524 -0.939 -0.179 -0.930 -0.177
16| 77.789 -0.917 -0.172 -0.923 -0.173
171  78.063 -0.900 -0.168 -0.911 -0.170
18] 78.348 -0.890 0,168 -0.890 -0.168
18] 78.644 -0.880 -0.169 -0.869 0.167 §
20| 78.950 -0.861 0,166 -0.856 -0.165 '
211  79.267 -0.842 -0.161 -0.844 -0.161
| 22|  79.596 -0.826 0,158 -0.827 0158 |
I 23]  79.936 -0.811 0,155 -0.809 -0.155 f
24|  80.287 0.795 -0.152 -0.791 0151 @
] 25!  80.650 0.775 -0.148 -0.776 -0.148 I
| 26| 81.025 -0.758 -0.145 -0.759 -0.145
i 27] 81.411 -0.741 -0.142 -0.740 -0.142 |
I 28] 81.809 -0.724 -0.139 -0.720 -0.138 |}
29| 82.219 -0.706 -0.135 -0.701 -0.134 |
| 30| 82.640 -0.684 -0.130 -0.685 0.130 |
i 31] 83.072 -0.664 -0,125 -0.668 -0.126
32| 83.515 -0.647 -0.122 -0.645 -0.122
I 33] 83.968 -0.629 -0.119 -0.623 -0.118
34] 84.432 -0.607 -0.114 -0.604 -0.113 l
35| 84.905 -0.586 -0.108 -0.584 -0.107
36| 85.387 -0.562 -0.101 -0.566 0402 @
37| 85.877 -0.542 -0.087 -0.544 -0.097
| 38| 86.375 -0.524 -0.093 -0.519 -0.092
] 39]  86.880 -0.501 -0.088 -0.498 -0.087
I 40| 87.390 0.477 -0.081 -0.477 -0.081
41]  87.906 -0.454 -0.075 -0.455 -0.075
| 42]  88.426 0,433 -0.069 -0.431 -0.069
I 43]  88.949 -0.410 -0.063 -0.408 -0.063
44} 89.474 -0.385 -0.056 -0.386 -0.056
| 45]  80.000 -0.362 -0.049 -0.363 -0.049
i 48] 90.526 -0.338 -0.043 -0.339 -0.043 [
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471  91.051 -0.316 -0.037 -0.314 -0.037
481 91.574 -0.282 -0.031 -0.280 -0.030
40 92.004 -0.267 -0.024 -0.267 -0.024
500 92610 -0.242 -0.017 -0.243 <0.017
51] 93.120 -0.218 -0.010 -0.218 -0.010
B2 83.625 -0.186 0,003 -0.193 -0.003
| 531  04.123 -0.169 0.004 -0.170 0.004
54i 94.613 0,144 0.011 -0.146 0.011
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TABLE 6.19 EFFECT OF SCALE ON STRESSES
SCALE FACTOR=1.8667 (Numerical analysis)
Uniform Thickness, bia=2.604

17 75.394 -3.570 -0.666 -3.560 -0.665
18 75.448 -3.650 -0.660 -3.550 -0.660
19 75.502 -3.540 , -0.666 ~3.540 -0.656
20 75.557 -3.520 -0.650 -3.530 -0.652
21 75.612 -3.510 -0.647 -3.520 -0.649 |
22 75.668 -3.480 -0.645 -3.510 -0.647
23 75.725 -3.480 -0.645 -3.490 -0.647
24 75.783 -3.480 -0.648 -3.470 -0.647
25 75.841 -3.480 -0.651 -3.440 -0.645
26 75.899 -3.460 -0.648 -3.430 -0.643
27 75.959 -3.430 -0.641 -3.440 -0.643
28 76.019 -3.400 -0.637 -3.440 -0.642
29 76.080 -3.400 -0.638 -3.420 -0.841 |
30 76.142 -3.410 -0.644 -3.380 -0.638
31 76.204 -3.420 -0.645 -3.350 -0.634
32 76.267 -3.380 -0.635 -3.360 -0.631
33 76.331 -3.330 -0.621 -3.370 -0.8627
34 76.395 -3.310 ’ -0.615 -3.370 -0.623
35 76.460 -3.310 -0.616 -3.340 -0.621
3e 76.526 -3.330 -0.624 -3.280 -0.617
37 76.583 -3.320 -0.624 -3.280 -0.616
38 76.661 -3.280 -0.615 -3.280 -0.617
39 76.729 -3.270 -0.612 -3.280 -0.613
i 40 78.768 -3, 250 -0.610 -3.260 -0.811
i 4 76.868 -3.250 -0.610 -3.240 0,808
42 76.939 -3.240 -0.610 -3.220 -0.605
43 77.010 -3.220 -0.605 -3.220 -0.604
44 77.083 -3.200 -0.601 -3.210 -0.602
45 77.156 -3.180 -0.599 -3.190 -0.588
I 46 77.230 -3.160 -0.585 -3.180 -0.588
i 47 77.308 -3.180 -0.504 -3.170 -0.587
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I 48 77.380 -3.150 -0.598 -3.140 -0.595
49 77.457 -3.150 ~ 0,508 .. 3.120 .| -0.594
50 77.534 -3.130 -0.596 -3.100 -0.591
51 77.613 3.110 -0.589 -3.090 -0.586
52 77.602 -3.080 -0.580 -3.080 -0.581
53 77.772 -3.060 0.572 -3.090 -0.579
54 77.853 -3.040 -0.571 -3.070 -0.576
55 77.935 -3.060 0.576 -3.030 0.572
56 78.018 -3.040 20.576 -3.010 -0.571
57 78.101 -3.000 -0.560 -3.020 20.572
58 78.186 -2.990 -0.568 -3.000 -0.569
I 59 78.272 -2.990 -0.569 -2.970 -0.565
60 78.358 -2.970 -0.565 -2.960 -0.564
G 78.446 -2.960 -0.563 -2.940 -0.560
62 78.534 -2.930 -0.557 -2.940 -0.558
63 78.624 -2.920 -0.553 -2.920 20.554 |
64 78.714 -2.920 -0.552 -2.890 -0.548
65 78.805 -2.880 -0.544 -2.900 -0.547
66 78.898 -2.850 -0.540 -2.800 -0.547
67 78.991 -2.870 0.547 -2.840 -0.542
68 79.085 -2.860 -0.547 -2.820 -0.540
I oo 79.181 -2.820 -0.539 -2.830 -0.540
70 79.277 -2.800 -0.535 -2.810 -0.537
71 79.374 -2.790 -0.533 -2.800 -0.534
72 79.473 -2.780 -0.532 -2.780 -0.531
73 79.572 -2.770 -0.530 -2.750 0.527
74 79.672 -2.740 0.525 -2.740 0.524
75 79.774 -2.720 -0.520 -2.730 -0.520
76 79.876 2.710 0.516 2.710 0.515
77 79.980 -2.690 -0.511 -2.700 0.513
78 80.084 -2.670 -0.509 -2.680 0.511
i 79 80.190 -2.670 20.510 -2.650 0507 |
I =0 80.296 -2.650 -0.508 -2.630 -0.504
81 80.404 -2.630 -0.503 -2.620 -0.500
82 80.513 -2.610 -0.496 -2.610 -0.496
83 80.622 -2.570 -0.488 -2.610 0.494 |
84 80.733 -2.560 -0.488 -2.590 -0.402
85 80.845 -2.570 -0.493 -2.540 -0.489
i 86 80,958 -2.560 -0.493 -2.520 -0.487
87 81.072 -2.530 -0.487 -2.520 0486 |
88 81.187 -2.500 -0.481 -2.510 0.482 |
89 81.303 -2.480 0.477 -2.490 20.478
90 81.420 -2.480 0.474 -2.460 0.471
91 81,538 -2.460 -0.468 -2.440 ~0.466
92 81.657 -2.420 -0.459 -2.440 -0.462
| 93 81.777 -2.400 -0.453 -2.430 -0.458
94 81.898 -2.380 -0.452 -2.410 -0.455
I 95 82.020 -2.380 -0.455 -2.370 0453 |
o5 82.144 -2.380 -0.456 -2.340 -0.450
I 97 82.268 -2.350 -0.449 -2.330 -0.448
98 82.393 -2.310 -0.442 -2.330 -0.444
l 09 82.520 -2.300 -0.438 -2.300 -0.438
100 82.647 -2.290 -0.435 -2.270 -0.433
101 82.775 -2.260 -0.428 -2.270 20.429 |
I 102 82.905 -2.230 -0.422 -2.260 -0.426 l
103 83.035 -2.230 -0.422 -2.220 -0.420
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"3.200

 ER 83.166 -2.210 -0.419 -0.417
I 105 83.209 -2.180 0.413 -2.190 -0.415
106 83.432 2.180 0.412 -2.1680 -0.409
107 83.566 -2.160 -0.408 -2.130 -0.403
108 83.701 2.120 -0.397 -2.130 -0.309
100 83.837 -2.090 -0.380 -2.130 -0.395
110 83.974 -2.000 -0.389 -2.090 -0.389
111 " 84.112 -2.080 -0.360 2.050 . -0.385
112 84.251 -2.050 -0.383 -2.050 -0.383
113 84.391 -2.030 -0.379 -2.020 -0.377
114 84.531 -2.010 -0.373 -2.000 -0.371
115 84.672 -1.970 -0.364 -2.000 -0.967
116 84.815 -1.950 -0.359 -1.980 -0.362
117 84.958 -1.950 -0.358 -1.940 -0.356
118 85.101 -1.930 -0.355 -1.910 -0.352
119 85.246 -1.890 0.347 -1.910 -0.349
120 85.391 -1.880 -0.344 -1.880 -0.344
121 85.538 -1.870 -0.341 -1.840 -0.337
I 122 85.684 -1.840 -0.332 -1.840 -0.332
l 123 85.832 -1.810 -0.323 -1.830 -0.327
124 85.080 -1.800 -0.320 -1.790 -0.319
I 25 86.129 -1.780 -0.315 1.770 -0.314
l 126 86.279 -1.750 -0.308 -1.760 -0.309
127 86.429 -1.730 -0.303 1.730 -0.304
I 128 86.580 -1.710 -0.300 -1.710 -0.299
129 86.731 -1.690 -0.295 -1.680 -0.294
130 86.883 -1.660 -0.289 -1.670 -0.290
131 87.035 -1.650 0.285 -1.640 -0.284
132 87.188 -1.630 -0.280 -1.610 -0.278
133 87.342 -1.600 0.273 -1.590 0.272
134 87.496 -1.580 -0.265 -1.570 -0.265
135 87.650 -1.550 0.257 -1.5680 -0.258
136 87.805 -1.530 -0.251 -1.530 -0.251
 EEY 87.960 -1.510 -0.245 -1.510 -0.246
138 88.116 -1.480 -0.240 -1.490 0.242
139 88.271 -1.470 -0.237 1,460 -0.236
140 88.428 -1.450 -0.234 -1.430 -0.231
141 88.584 -1.420 0.227 1.410 -0.225
142 88.741 -1.300 -0.218 -1.390 -0.218
143 88.808 -1.370 -0.210 -1.370 20.211
144 89.055 -1.340 0.202 -1.360 -0.204
145 89.212 -1.320 -0.197 -1.320 -0.197
146 89.360 -1.310 -0.193 -1.290 -0.191
147 89.527 -1.280 -0.185 -1.280 -0.185
148 89.685 -1.250 -0.178 -1.260 -0.179
149 80.842 -1.230 0.173 -1.230 -0.172
150 90.000 1,210 0.167 -1.200 -0.166
151 90.158 1.180 -0.160 -1.180 -0.160
I 152 90.315 -1.150 -0.152 -1.170 -0.153
I 353 90.473 -1.140 -0.146 "-1.140 -0.146
I 154 90.631 1.120 -0.141 1,110 -0.139
165 90.788 -1.090 -0.133 -1.090 0.133 |
156 90.945 -1.060 -0.125 -1.070 0.127 |
l 157 91.102 -1.040 -0.120 -1.040 -0.120
158 91.259 -1.020 0.115 -1.020 -0.114
[ 159 91.416 -0.997 0.109 -0.989 -0.108
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160 91.572 -0.977 -0.103 -0.961 -0.101
161 91.729 -0.848 -0.094 -0.842 -0.093 i
162 91.884 -0.918 -0.085 -0.924 -0.085
163 92.040 -(.895 -0.076 - -0.899 -0.077
164 92.195 -0.868 -0.068 -0.878 -0.069
165 92.350 -0.838 -0.061 -0.862 -0.064
166 92.504 -0.808 -0.057 -0.841 -0.062
167 92.658 -0.810 -0.080 -0.791 -0.058
168 92.812 -0.815 -0.062 0,737 -0.050 |
169 92.965 -0.762 -0.048 -0.742 -0.045 |
170 93.117 -0.710 -0.031 -0.745 -0.037
171 93.269 -(.695 -0.023 -0.712 -0.028
172 93.420 -0.676 -0.018 -0.682 -0.017
173 93.571 -0.652 -0.000 -0.857 -0.010
174 93.721 -0.629 -0.004 -0.631 -0.004
175 93.871 -0.608 0.002 -0.603 0.002
176 94.020 -0.583 0.008 -0.580 0.008
177 94.168 -0.554 0.015 -0.560 0.014
178 94.316 -0.532 0.021 -0.533 0.021
179 94.462 -0.513 0.026 -0.504 0.028
180 94.609 -0.484 0.034 -0.484 0.034 |
181 94,754 -0.458 0.041 ~0.462 0.040
182 94.889 -0.437 0.047 -0.434 0.047
183 95.042 -0.412 0.054 -0.410 0.054
184 95.186 -0.384 0.061 -0.388 0.061
185 95.328 -0.360 0.068 -0.365 0.087
188 95.469 -0.339 0.074 -0.337 0.074
187 95.609 -0.314 0.080 -0.313 0.080
188 85,749 -0.289 0.086 {3,280 0.086
189 95.888 -0.267 0.083 -0.264 0.083 |
180 96.026 -0.241 0.100 -0.241 0.100 i
191 96.163 -0.214 0.108 -0.219 0.106 |
182 96.299 -0.191 0.113 -0.194 0.112 |
l 193 96.434 -0.169 0.118
194 96.568 -0.145 0.125
185 96.701 -3.120 0.131
196 1. 96.834 -0.098 0.137
197 96.965 -0.072 0.143
l 198 897.095 -0.048 0.150
189 97.2258 0.024 0.158
I 200 97.353 -0.012 0.160

- 149 -



SUMMARY OF KEY STRESSES

SELF-WEIGHT LOADING CONSIDERATION

Tabls 6.3a Unlform Thickness, bia=2.684
Meridional atresses Hoop stresses
Ogin (N/MM®)| Gpoue (N/MM®) | Variance | Gom (NMm®) | Goomt (Nlmm) Variance

Table €.4a Unilorm: Thickness, bia=22
eridional stresses Hoop shressss
| yte (N/MITY)] Gpons (Wmm’) | Variance | o (N/mm') am(Nlmm’) Varlanco

Table 6.8s Uniform Thickness, bia=2.5

beridiong atressss Hoopstrnm
| Opin z) Oye (mem’) Variance oe.(NImm’) Gt (I

Table 6.8a Unlform Thickness, bie=2.8

heridional sirosses Hoop slressen
Ogin (NMIM®)| Gpoue (/M) O (/M) | Gooun (Wmm‘) Varlance
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SELF-WEIGHT LOADING CONSIDERATION

Table 6.7a, Uniform Thickness, b/a=2. 394 by=100"

hMerldional stresses Hoop stresses
Y (m Gyt (NMIM®) | 040 (NMMM®)|  Variance | Oow (NMM®) | 0g (Wmm®)]  Variance
0 75.00 -2.300 -2.610 - -0.050 0.344 -{.381 -0.008
8 75.64 -2.370 -2.380 0.010, -0.411 0,413 0.001
85 80.00 -1.080 -1.080 0.012 0. 153 -.152 0.002
113 96.93 -.381 -0.403 0.010 0.047 0.0486 0.002
120 98.39 -0.221 -0.222 0.012 0.091 0.061 0.001
128.83 -1.00'00 0.001 «0.025 0.007 0.133 0.128 0.002
Table 6.8a, Uniform Thickness, b/a=2.684, ¢,=95°
lMeridionsl siresses Hoop strosses
Y (m o (N/MM®) | Gpoue (N/MM')|  Varlance | o (NMM’) | Coou (NWMMAT)] Variance
0 75.00 -1.810 -2.210 -0.083 0,271 -0.391 -0.013
l & 75.45 -1.870 -1.910 0.032 -{.382 -0.382 0.005
85 80.00 -0.467 -0.466 0.017 -{3.065 -(.085 0.003
I 95 92.61 -.228 -0.229 0.017 0.001 0.001 0.003
. -0.007 -0.007 0.017 0.083 0.002

Table 6.9a, Uniform Thickness, b/a=2.2, ¢,=100°

ce,. (Nlmm’) oomt (Nlmm’) Varlan
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SELF-WEIGHT LOADING CONSIDERATION

.2.610

. . -0.050
L8 75.64 -2.370 -2.380 0.010 -0. 411
a5 20.00 -1.090 -1.080 0.012 -0.153
113 | 96.93 -0.381 -0.403 0.010 0.047
120 | 98.39 -0.221 -0.222 0.012 0.091
I 128.931 100.00 0.001 -0.025 0.007 0.133

-1.810

' -2 210

6 75.45 -1.970 -1.910 0. 032 -0.382 -0. 382 0. 005

85 80.00 -0.467 -0.466 0.017 -0.065 -0.085 0.003

| IS 92.61 -0.229 -0.229 0.017 0.001 0.001 0.003
104.9 | 95.00 -0.007 -0.007 0.017 0.062 0.063 0.002

Table 6.%a, Uniform Thickness, b/a=2.2, ¢,

heridionsl siresses

Hooo sirosses

Oge (Wmim'y

. (/mim®)| Varlance

Tin (N’mmz) Ty (Nlmm’) Variance

0 75.00 -1.260 -1.950 -0.119
o] 76.06 -1.560 -1.480 0.033 -0. 434 -0.423 0. 005
7 76.29 -1.540 -1.480 0.028 -0.431 -0.424
49 80.00 -0.679 -0.674 0.020 -0.141 0,140
63 95.38 -0.337 -0.339 0.018 0.002 0.002
76.943| 100.00 -0.010 -0.009 0.018 0.132 0.133

| <me'5'5

loridlonal stresses

oo (NMMmM°)| Variance

O (Nlmm’) c,...(Nim ) _Varlance
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Tabie 6.15a EFFECT ON OFFSET PARAMETER A=10m
Uniform Thickness, b/a=2.664

1y 6| Oy (NI | Gyon (M| Variance | oom (N/mm®) | Gopes (NAma)| Varlance
0 74561 -2.160 -2.610 -0.091 -0.333 -0.399 -0.013
12| 7556  2.220 -2.220 0.022 20.497 -0.496 0.004
90 |90.00]| -0.722 -0.719 0.023 -0.134 -0.134 0.003
105 | 93.88 |  -0.365 -0.358 0.024 0.000 0.001 0.003
120 | 97.36] __ -0.012 0.012 0.022 0.125 0.125 0.003

Table 6 16l OFFSET PARAMETER A=20m

. Hocpetresses |

Y(m) ! ¢ | Ou (Nmm m] Gaoue (/MY
0 [7456] -2.140 2810 | 0115 | 0334 | 0433 | -0.017
7_|75.41] -2.410 2.330 0.035 20.633 20.621 0.005
12_| 7556 -2.290 2.290 0.019 20.600 20.600 0.003
9 |00.00] -0.720 0.716 0.020 20.167 0.166 0.003
105 [ 03.88] -0.364 -0.357 0.021 0.000 0.001 0.003
120 | 97.36| _ 0.012 20.012 0.019 0.154 0.154 0.003

Table 6.17a OFFSET PARAMETER A =40m

Y (m Gt (NMM®) | 04 (NMM®) | Varlance | cow (NMM®) | Coge (Nlmm’) Variance
0 7456 -2.010 3,160 -0.241 -{.321 -{.483
7 75.11 -2.570 -2.370 0.087 -0.848 -3.818
90 | 80.00 -3.718 05,712 0.048 -0.231 -0.231
105 | 93.88 -0.382 -0.356 0.048 £.001 0.003
120 | 97.36 0,012 -5.012 0.047 0.213 0.214
o B

Table 6.18a EFFECT ON SCALE, i.e. Scale Factor=0.5

ot (WM') Gpout (N/MM') vmanco |
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APPENDIX A2

ABAQUS INPUT DECK
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*HEADING

ANALYSE SELF-WEIGHT STRESS OF COOLING TOWER
*PREPRINT, ECHO=YES, HISTORY=YES, MODEL=YES
ek
*NODE, nset=tower
95, 44.901, -90
96, 44.625, -89
97, 44.351, -88
98, 44.078, -87
99, 43.807, -86
100, 43.537, -85
101, 43.269, -84
102, 43.002, -83
103, 42.737, -82
104, 42.474, -81
105, 42.212, -80
106, 41.951, -79
107, 41.693, -78
108, 41.436, -77
109,41.181, -76
110, 40.927, -75
111, 40.676, -74
112, 40.426, -73
113, 40.178, -72
114, 39.932, -71
115, 39.688, -70
116, 39.446, -69
117, 39.206, -68
118, 38.968, -67
119, 38.732, -66
120, 38.499, -65
121, 38.267, -64
122, 38.038, -63
123, 37.811, -62
124, 37.586, -61
125, 37.364, -60
126, 37.143, -59
127, 36.926, -58
128, 36.711, -57
129, 36.498, -56
130, 36.288, -55
131, 36.080, -54
132, 35.875, -53
133, 35.673, -52
134, 35,474, -51
1358, 35.277, -50

- 155 -



136, 35.083, -49
137, 34.892, -48
138, 34.704, -47
139, 34.519, -46
140, 34.337, -45
141, 34.158, -44
142, 33.982, -43
143, 33.809, -42
144, 33.640, -41
145, 33.473, 40
146, 33.310, -39
147, 33.151, -38
148, 32.994, -37
149, 32.842, -36
150, 32.692, -35
151, 32.547, -34
152, 32.404, -33
153, 32.266, -32
154, 32.131, -31
155, 32.000, -30
1156, 31.873, -29
157, 31.749, -28
158, 31.630, -27
159, 31.514, -26
160, 31.403, -25
161, 31.295, -24
162, 31.191, -23
163, 31.092, 22
164, 30.996, -21
165, 30.905, -20
166, 30.818, -19
167, 30.735, -18
168, 30.656, -17
169, 30.582, -16
170, 30.512, -15
171, 30.447, -14
172, 30.386, -13
173, 30.330, -12
174, 30.277, -11
175, 30.229, -10
176, 30.185, -9
177, 30.146, -8
178, 30.112, -7
179, 30.083, -6
180, 30.057, -5
181, 30.037, -4
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182, 30.021, -3

183, 30.009, -2

184, 30.002, -1

185, 30.000, 0

186, 30.002, 1

187, 30.009, 2

188, 30.021,3

189, 30.037, 4

190, 30.057, 5

191, 30.083, 6
192,30.112,7

193, 30.147, 8

194, 30.185,9

195, 30.229, 10

196, 30.277, 11

197, 30.329, 12

198, 30.386, 13

199, 30.447, 14

200, 30.512, 15

201, 30.582, 16

202, 30.657, 17

203, 30.735, 18

204, 30.818, 19

208, 30.905, 20

206, 30.996, 21

207, 31.092, 22

208, 31.191, 23

209, 31.298,24

210, 31.403, 25

211, 31.514, 26
212,31.630,27
213,31.749, 28
214,31.873,29

215, 32.000, 30

**nset, nset=tester
*NODAL THICKNESS
tower, 0.150
*FLEMENT, TYPE=SAX] elset=tower
1,95, 96

*ELGEN, ELSET=tower
1,120, 1,1

**plset, elset=tester
**34.35

£ 3
*SHELL SECTION, ELSET=tower, MATERIAL=CONCRETE
0.150,
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*MATERIAL, NAME=CONCRETE
*DENSITY

2400

*ELASTIC

28E9, 0.15

ek

**Constraints
*BOUNDARY

95, encastre
**QUTER-EXL, XSYMM
**QUTER-L, XSYMM
%o

** Analysis steps
*STEP

*STATIC

1.0,1.0
*restart,write,overlay
*DLOAD
tower,grav,9.81,0,-1,0

*OUTPUT, FIELD, VARIABLE=PRESELECT, FREQ=1

*QUTPUT, HISTORY, FREQ=1
*BEL EMENT OUTPUT elset=tower
SE

*EL PRINT,FREQ=1, ELSET=tower, position=averaged at nodes

8,

**FILE OUTPUT, NUMBER INTERVAL=10, TIME MARKS=YES

**EL FILE
*END STEP

desk
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APPENDIX A3

CONTOUR STRESS PLOTS
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Fig. A3.1 Contour plot for hoop stress
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Fig. A3.2 Contour plot for meridional stresy
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