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ABSTRACT

The present study is concerned with the improvement of structural design of
: pei}stock bifurcation. The Penstock bifurcation i's most complicated structural part of a
~water conductor system in a hydroelectric electric project. Due to its complex
‘geometry, it is very difficult for carrying out structural analysis by analytical method.
Also analytical method does not give exact solution because of complex geometry
formation by combination of cylindrical shell / cbnical shell and internally reinforced
}sic'kle plate: In this study the structural design of symmetric penstock bifurcation has
been carried out by conventional design approach. The design has been validated by
conducting structural model studies by fabricating geometrically similar physical model
and by applying strain gauge technology. The design 6f penstock bifurcation has also
been compared by mathematical model studies using Finite Element Method. Finally
hydrostatic tes;c has been conducted on full scale prototype. After comparing results of
various sfudie;s it was found that design of penstock bifurcation by conventional .
methods is very approximate because of oversimplification of behaviour of various :
Stfﬁcﬁual components. The conventional design does not consider the limitation of
weld efficiency. Also physical model studies gives better idea of design deficiency by
conventional approach but it also does not take into account weld defects and is also
time consuming. Further stress analysis has been carried out by conducting
mathematical model studies by applying Finite Element Technique. Upon comparing
various studies it was found that mathematical model studies give better pattern of
stress results but it also results some apﬁroxir‘nations as compared to actual behaviour
of penstock bifurcation. The design can be improved very fast by mathematical studies
by making changes in the size various stiffeners. After conducting the hydrostatic test it
was found that Mathematical model studies gives best results as compared to other
studies. The nature or patterns of stresses at various locations fairly match in various
studies. In the present study it was found that during hydrostatic test the prototype can
withstand only 50 kg / cm? internal pressure as compared to actual design pressure of
the order of 70 kg / em?. Finally it was concluded that further refinement is necessary in -
the design of penstock bifurcations. The mathematical model studies should be carried
out for design improvement. The hydrostatic test on prototype should be carried out to

assess weld efficiency and actual pressure resisting capacity.
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CHAPTER-1 |
INTRODUCTION

" 1.1 GENERAL

India is a very vast country and its population is about 125 crore. The energy
required for the country is in huge amount. Though the initial cost of hydro electric
plant is more but the running and maintenance cost is very less in comparison to

‘ thermal plant Also the production of hydro electric power is environmerital friendly.
That is why not only central and state government and organizations like NHPC,
NTPC, THDC, SJVN etc but also other private and.semi private companies are takiﬁg
interest in production of hydro electric power. |

In a hydroeléctric project, a water conductor system is the main part, which
consists of a headrace tunnel, surge shaft, pressure shaft / penstocks, tailrace tunnel
etc. Penstock is a very important componént and pivotal structures especially in
medium head, high head and pumped storage scheme plants for water diversion and
ﬂbw régulation to generate power. It is a pressure conduit, which controls water flow
and delivers water from reservoir / surge tank / forebay on a canal or river pond to the
power generating unit i.e. turbine of the hydroelectric plant[l"z]. It constitutes major
expense in total hydro project budget. Penstocks should be as hydraulically efficient as
practical to conserve available head and structurally safe to prevent failure, which
would results in loss of life and property [¢ 1€, _

The hydrostatlc test of Varahi penstock bifurcation was conducted at Varahi H

E projebt site inside the tunnel during the last week of March 2007. Stress analysis is

carried out to ti'lG same i)enstock bifurcation By finite ele’mehtmethod for dissertation |
and .also by analytical method. The results are compared with hydrostatic t§st results

and physical model studies.

Scope of study

1.2 OBJECTIVES
The objectives of this study are as follows:
(i) Determination of stresses in an internally reinforced penstock

bifurcation using finite element -method and analytical method.



(i) Comparison of stresses evaluated by FEM with hydrostatic test,

physical model study.

1.3 - DISSERTATION ORGANIZATION .

This dissertation is organized into 6 chapters. The brief description of each

chapter is as follows:

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Introduction

This chapter briefly gives the overview of application and importance of
water conducting system in hydroelectric plant and objectives of the

study. -

~ Penstocks

In this chapter fblloWing topics have been covered briefly:

) Definitions and basic concepts of penstocks and its branching |
(i1) Needs and consideration for branching

(ii1) Typeis of branching |

(iv)  Structural components-of penstock branching

) Number of penstocks

(vi)  Economic diameter of penstock
Design of Penstock Bifurcation

For computing the stresses at the sickle plate by analytical method has

been covered in this chapter.

Verification of Design of Penstock Bifurcation by Different Methods for -

Computation of Stress in

Different methods for computation of stress in penstock bifurcation are
discussed in this chapter. These methods are Finite Element Method,
Physical Model Study, Ultrasonic Examination, Radiographic Test,
Magnetic Particle Method and Hydrostatic Test. This chapter also covers'

plotting of counters of different stresses like maximum principal stress, .



Chapter 5

Chapter 6

References

minimum principal stress and shear stress at different locations on

- penstock bifurcation by finite element analysis. Besides this the éh_apter

- covers the procedures of physical model study and hydrostatic test and -'

their results

7 Analysis of Results and Discussion

This chapter includes analysis of result of analytical method, physical

model study, hydrostatic test on prototype and FEM studies followed by

“discussion of the results

Conclusions and Recommendations

This chapter includes conclusions, based on analysis of the results

obtained and recommendations based on the study.

This section lists various publications refereed in the study



CHAPTER -2

PENSTOCKS

2.1 GENERAL

The development of the Hydro Electric Engineering during the present century
has stimulated intensive and continuous study of the problems evolved in the design
and construction of penstock for sul:;plying water to t11rbi11¢ for power generation. As,
the requiremf;nt of electric pQWer is increasing day by day }due to fast increasing in
population of >the country, the installation of hydroelectric power stations are required
- in large number and of greater capacity. But the_ availability of water throughout the
year is not same. In rainy season availability of water is sufficient and can run
continuously a’ big capacity turbine where as in winter and summer seasons it not
possible to fulfill the need of water for large capacity turbine. So, for running the
hydroelectric power station efficiently througheut the year, it bgtter to ins(tall a number
of turbihes/units of smaller capacity than é'i"ilarge. one. To feed each Aturbine/upit
h separétely is uneconomical than the branching a large single pénStock near tfle power
generating unit 11, .
| A penstock branch connection is a complicated structure, usually having
external reinforcement such as several stiffening beams to resist the loads applied by
internal pressure water, and other having internal tension members called tie rods or
internal reinforcement like sickle plate or both as per consideration and requirenient of
d‘ésign. The purpose of the tie rods is to assist the stiffening beams in carrying the
applied loads B1, _

"In oi'dg:r to analyze the branch connection, many simplifications and
- ap‘proxi’matbns are considered such as the localized effect of structural discontinuities,
restraints of the stiffening beams methods of support and dead load of the filled pipe
have been neglected f641] |

Structural analysis of the pipe branch connection consists in general of four parts:

a. Determination of the part of the structure which resists the unbalanced load.
b. Detefmination of the load imposed on the resisting members.

Analysis of the loaded structure.

p,

A

Interpretation of the findings of the analysis.

4



The parts of the branch connection resisting the unbalanced pressure load are
assumed to consist of the external stiffening beams, the internal tie rods, and fhe portion
of the pipe shell adjacent to the stiffener acting integrally as an effective flange. \

- The stiffener beams are assumed to carry the vertical component of the
mémbrane girth.. This load varies linearly from zero at the top centerline of the pipe to
a maximum at the horizontal centerline of the pipe.

The intersecting beams and tie rods are analyzed as a statically indeterminate
structure by the virtual work method ﬁtilizing_ the conditions of continuity at the
junctions of the beams and rods to determine the moments and shear at the ends of the
individual beams and rods.

o 'Intérpretatioﬁ of the stresses obtained in any structure is done by appraisal of
the general acceptability of the assumptions made in the methods of structural action,
the applied loading and the accuracy of the analysis. For the conditions given, the
methods presented here in are considered to represent the best currently avaiiable

solution for determination of stresses in wye branches.

2.2  NEEDS AND CONSIDERATIONS FOR BRANCHING OF PENSTOCKS

Branching of penstock is necessitated when more than one turbine machine in a
multiunit powerhouse of hydroelectric power:plant is to be fed by a single header
penstock. It is better to carry the water through a main header penstock and branch it
into a nurhber of pipes using bifurcation / trifurcation near the power unit to feed each -
unit as per its requirement. By doing so, maximum economy can be achieved. On
account of inherent écdnbmy, adopting ‘minimum no of header penstock for power
dévelopfnent and then, branching the same near the power house is obvious. The
economy of both such alternatives shall depend as on individual installation, but
generally speaking with long headers alternatives with branching shall be better. It is
better than isolated penstock to conduct water through a main header penstock and
branch it into a number of small penstock using bifurcation / trifurcation near to the
power house to feed each unit as per generation requirement.

A final decision can only be taken on the matter after comparing the results of
design. However the requisite of good branching are [* 18_]:

i.  Hydraulic loss under all operating conditions is the minimum.



ii.  The boundary geometry of the transition should be streamlined so that
there are no local pockets o‘f low pressure, and should ensure favorable
flow conditions ‘

ili.  The reinforcement provided (splitter, girders, tie rods etc.) should ensure
‘that the étress concentration is within reasonable limits and bending
stresses is eliminated, leaving only tensile stresses.

iv.  Variation under all operation conditions should be within limits.

v. It should be economical and convenient to fabricate locally and
transport.

Especially in'case of the medium and low head plants, a saving of even a small
head which is otherwise lost at fhe branching due to its poor hydraulic design, may
éff:ec;t the econdniy in the annual power production. This may be important in
estimating the econofnics of the project as a whole. In view of the high Reynolds
number usually encountered in prototype penstocks, the energy loss at the penstock
_ B_rcjmchin'g is essentially due to form drag. Hence streamlining the boundary geometry at
the junction and keeping the deflection angle to a minimum will contribute signiﬁcantly
to reduction of energy loss at the pipe junction. From structural point of view, an ideal
design should tend to subject the reinforcement to the tensile stresses only with |
practically no bending stresses. The tensile stresses should further be distributed as
uniformly as possible and be nearly equal to the tensile stresses in the adjeicent shell

section.

2.3 TYPES OF BRANCHING
| Geometrically, there are several types of branching possible, such as
‘bifurcation, trlfurcatlon manifolds, double wyes arrangement etc. However in practical

apphcatlon generally a bifurcation is employed "%,

2.3.1 Penstock Bifurcation / Wye branching
' The wye branching is the one in which the main pipe diverges intd two branch
pipes In the wye branching the following categories are available:
a) Wyes with sharp transition
B) Wyes with conical transition
c) Wyes with tie rods
d) Wyes with sickle



A) Symmetrical bifurcation/ Wyes
In a symmetrical branch, angles of bifurcation are equal’i.e. angle a = angle b.

When branches have similar diameter, the branch is known as equibranch is shown in |
Fig. 2.1

Branch Pipe

Maim Pipe : \ '
\
Angle a= Angle b

Fig. 2.1: Symmetrical Bifurcation

B) Unsymmetrical bifurcation
In unsymmetrical bifurcation the angle of bifurcation are not equal i.e. angle a #

angle b. Unsymmetrical bifurcation is shown in Fig.2.2

S=Flejl e Pal

Branch
pipe

Angl Angle b
Majnpipe/ glea Angle

Elgdeir T

~4040

Fig. 2.2: Unsymmetrical Bifurcation



2.3.2 Trifurcation
A trifurcation is one of such branching components which trifurcates the header
penstock so as to feed three power units, i.e. in this branching the main pipe directly

trifurcated is shown in Fig. 2.3.

'Fig. 2.3: Trifurcation

2:3.3 Manifold and Double wyes arrangement
This is such type of branching in which pipes are branches in the same direction

in succession from a straight pipe




2.4 Structural Components of Branching '*"

» Header pipe (Cylindrical shell)

» Branch pipe (Cylindrical shell)

» Transition pipe (Conical shell)

» Splitter / sickle plate

» Tierod

» Horse shoe ring girder ( Ring beam )

Photo 2.1 shows structural components of branching of a penstock.

Header pipe

Branch pipe Horse shoe ring girder

litter / sickle pnlate
(Ring beam)

Section of maim

/\/ pipe at branching

< Tie Rod

Stiffeners

Photo.2.1: Structural Components of Branching




2.5 NUMBER OF PENSTOCKS
" One penstock may be provided for each machine or one penstock may feed to
more than one machine or all the machines in a power station. In case one penstock
serves more than one unit at the tail end a suitable branching arrangement will have to
be adopted. The choice of number of penstock in a hydro-power development will
depend upon overall economy, manufacture and branching feasibilities. Various factors
- affecting the choice are size, transport limitation and economy etc. |
o ‘7 Large size will need greater thi,cknesé'_,'f:since total on the conduit section varies
difeétly as the diameter. In case of light ben&"'development excessive thick plates or .
, spépial types of steel may be needed for very large size penstocks, which may entail
L'diiftﬁculties ’in procurement and aiso_in fabrication. Maximum wall thickness for steel
pénstdcks is kept 60 mm for welded construction and 40 mm for riveted construction.
Trénsport limitations: Available transpOrt facilities may limit the size of penstock.
" However for sizeable¢ works such difficulties mayl be overcome by transport of the
."pipes in segment and then joining at site.
* " One penstock” for each unit affords a more convenient arrangement and better
operational convenience. Damage in one penstock will affect only one unit.
| In case of multi units serving penstock, branching arrangement creates complication
in design and also in operation. Stress | pattern in Y-pieces and other branching
arrangements is quite complex and uncertain and not amenable to structural analysis.
When one of the machines fed by a penstock 1s ?losed resulting differential in loads and
operating conditions further compliéate’the stress pattern. |
| From pure economical conéideratioh,—bigger the size, less the overall cost. If the
' same 'diécharge is passed through a number of penstocks (n), cost will be greater as
compared to single penstoék whether it may be in terms of cost of steel or increased
friction hé;ad loss. If the head loss is kept same, velocity will have to be reduced in ratio

1/5

of ll:nljs' 'and>weight ‘of steel required for pipe alone will be n'> times. In case of

2 The weight of steel required for

vélo’cit‘y' is kept same, head loss will increase to n
joints, couplings and fittings will add to difference in weight of steel indicated above.
| ‘In case of isolated pens‘;()cks, cost of civil works involved as in supporté and anchors
etcl will more. ‘

Recent trend is in favour 'o‘f_ single penstock with branching with limitations.
However in such an arrangement, there will be significant losses at manifolds which ‘

should be taken in to account.

10 -



Numbers of p,é:nstocks to be adopted for any installation should be decided on
the Basis of through analysis of merits and demerits and economics of different feasible
élfem’eit_ives. ,Total head losses and water hammer which also depends upon the size of
conduit, have >a bearing on turbine governing and that should also be taken into
cénsi‘deration. If the length of pressure conduit is not long and spacing of units is wide
adoption of individual penstock for each unit may be more economical.

For high capacity units in case of lovif_head development, discharge itself for
each machjne may be so large as may need quifé a big penstock and mere consideration
of 31ze may rule out multiunit serving penstocks

In case of high head development adoption of multi units serving penstock in

'upper stretches and branchmg lower down where increase in head so warrants may also
, be cons1dered

- Mathematical comparatlve study for one or ‘n’ number of penstock for
[11,20]

discharge (Q) and head (H) remainirig same

(a) If velocity is kept same i.e. v=v,

=—— | Velocity for one single penstock
D |
4
v, 0 = Q > Velocity for ‘n’ number of penstocks
nd, nnd
4
As,
V=v,
o 2_ 0
A nAd,
o _ 0
or, =
T D2 _n wd
4 4
nd?* 7mD?
or, =
4 4
' D
or = d=——F7

11



If t and t, are the respective thick ness in the two cases, then

- 0.1HD 0.1Hd
f=—"— and t, =———
20 . 20

. _O1HD _ ¢t
"~ Zon n

Volume of steel per unit length in ‘n’ number of conduits (penstocks)

=ndt,xn

D ¢
= X——xn =Dt

Jn

' 'Whiéh is the same as for a single penstock.

(b) Head loss is kept same in two cases:

. 4 flv*
Head loss for one single penstock = —————
B : 2gD
: 4 flv =~ 4 Iv? 4f1v*
Head loss for ‘n’ number of penstock = J Z / —«/ f
: 2gd 5 2gD
g—F— .
JZ
. V2 Q3 : Q?.
If head loss is kept the same, head loss is proportional to or — or —
' D A° D D
2 2
hy=a, _Qs =a 2Q 5
D n°D
D
d =—
N

Wall thickness is proportional to the diameter under a given head with the same

permissible stress . _
12



5
then, £, =
n2/5

Volume of steel per unit length in ‘n’ number of penstock

ﬂ'dt XN = X Xn
= =
n 2/5 2/5.

zDtxn'’?

o 0 v

Velocity of flow v, = =

d? nx D? n'’?

nw

Where,

. 2.6

discharge Q. Although the weight and thus the first cost of the penstock increases with
increasing diameter the output in electrical energy is also increased owing to the
teduction in frictional head loss. The economic diameter for a penstock required to

carry a discharge Q is the one at which annual costs due to greater investment do not

v = velocity of flow in one single penstock

vn = velocity of flow in ‘n’ number of penstock

- Q =discharge thréugh'one; single penstock

Qn= tofal_discharge through ‘n’ number of penstock

"D = diameter of one single penstock

d = diameter of each ‘n’ number of penstock
A = Area of one single penstock

A, = Area of each ‘n’ number of penstock

- n= number of penstock

t = thickness of one single penstock

l ty= thicknéss of ‘n’ number of penstock

hs = head loss

f=head lbss cocfﬁcient

. 1=1length of penstock

ECONOMIC DIAMETER OF PENSTOCK

" Different diameters may be considered for a penstock required to carry a given

13



exceed the annual value of resulting increment energy. Mathematically this criterion

may be expressed by the relation

- dCy _dC,
dD ~ dD

Where, C, is the annual cost due to investment for a pipe of diameter D and C, is the

value of energy that can be produced at the same diameter.

o . _0.1HD
Shell thickness, f=———
: 20
Where, H = design head at any section
Weight of the penstock section of unit length say 1 meter, adding 20 % additional
- allowance n'eglecting joint efficiency
=12x7850xDb
- 1.2x78507 x0.1H x D?
- 20 1
1480 HD?
o

Wéight of L meters will be
1480 HD* L
o

If annual operating charges including depreciation and maintenance is taken

proportional to first cost

C, =K, 1480 H D* L

, O
£'=2x14801<1 HLpe
dD o |

14



Considering the influence of the change in diameter on the annual energy output and its

value,

F féctiorial head loss

_fLv 2
2gD
__SLO®
2)2
D
2 D)
4
_fLQ?
12.1xD’
With a head H and discharge Q, power potential is 9.81 x Q x H kW
~ Taking the overall efficiency as 80 % power potential corresponding to frictional loss

“will be

fLQ?

- 9.81x 80 percent o
d f[lZ.lxDS

J O kw
If t is the annual duration of operation in hours, the energy generated will be

A 3 ‘
9.81x 0.80 5 fLOt wh
12.1 D’

" 3
—0.65 L L2° Ij’)? -

If K3 is the value of energy at generator terminals

t kWh

3
¢, =0.65xL L2 1k,

D5
' ‘ 3
9 _ _6x0.65x L2 Lk,
dD B D
3
s 2x1480 FIDL (595, JLOTL, k)
~ o D
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foK, 3
e 325 2 0%

or, < X
2x1480 K, H
fo'K 3 1/7
or, D< _111)0 X X 2 X% t in meters.
1
Where

Q= discharge in cumecs

H design head in meters

o = allowable stress in steel kg/cm®

Ki = annual cost of penstock per kg

K, = value of one kWh at generator terminals in the same units

t = annual duration of operation in hours

f = friction coefﬁc‘:ient, value of which may be taken as 0.02 for preliminary

estimates.

27 HYDRAULIC HEAD LOSSES IN PENSTOCK
- Hydraulics losses in penstock reduce the effective head in proportional to the
length of ‘the ‘penstock' and approximately as the square of the water velocity. The

various head losses. which occur between the reservoir and the turbine are as

follows!1:626343 6l

2.7.1 Head loss at Trash rack _
- The losses through trash rack at the intake vary according to the velocity of flow

are expressed as.

B =k ;’—g ,
where,
h, —trash rack head loss, Velocity of flow Losses.
k,=loss coefficient, 1.0 feet / second 0.1.
{r=actual velocity through trash rack, 1.5 feet/ second 0.3
' 2.0 feet / second 0.5

g= acceleration due to gravity

16



2.7.2 MHead loss at Intake Entrance

| The magnitude of entrance losses depends upon the shape of the intake opening.
A properly proportioned circular bell mouth entrance is most efficient. The most
d?_:sirable entrél’ﬁce curve is determined experimenfally from the shape formed by the
_contraction of a jet (vena contracta) flowing through a sharp edge orifice. For bell

mouth shape losses are given by

Where,
h, =head loss at entrance,

e

e

k, =loss coefficient at entrance,

v =velocity at entrance, and g = acceleration due to gravity

Shape - Head losses

Circular bell mouth entrance 0.05 to 0.10 of the velocity head
~ Square bell mouth entrance 0.02 of the velocity head

_ 2.}7.3 Friction losses
» Head losses in pipe because of friction vary considerably, depending upon
velocity of flows, viscosity of fluid and condition of the inside surface of the pipe. It is

estimated by following formulae:

2.7.3.1 Darcy-Waisbach formula

IV
hp-=
2gD
" Where,

h, = friction head loss in m
f=loss coefﬁciérifdepending upon type, condition of pipe and Reynolds
numbser. |
- L=length of pipe inm,
"V = velocity through pipe in m/sec, and
D = diameter of pipe

17



2.7.3.2 Scobey formula

(Derived from experiments on numerous steel pipe installation)

Vl.9
H; =K ot

Where,
H =head loss due to friction in feet per 1000 feet of pipe

= loss coefficient, determined experimentally,
V = velocity of flow in feet/second

D = diameter pf pijae in feet.

2.7.4 Bend losses

~ Bend losses vary acbording to the shape of the bend, deflection angle, ratio of
radius of bend to diameter of pipe and the condition of inside surface. It may be

calculated as;

| h, = head loss due to bend,
k,, = bend loss coefficient
v = velocity in pipe

g = acceleration due to gravity

275 Loss due to Expansion and Contraction:

Head loss due to gradual expansion %, may be estimated from formula:

h = kex(K _I/;).z
ex : 2g

- Where,
h,. = head loss due to gradual expansion
k,. = loss coefficient depending upon the cone of angle
Vv, = \.'eloéity at upstream end in m / sec

V, = velocity at downstream end in m / sec

18



2.7.6 Losses in Penstock Branches and wyes pieces:

The hydraulic losses at wyes depends the following factors:

1) Angle of _bifuréation (i-e. angle of deflection of the branch)

2) Ratio of cross sectional area (Ratio of discharge in branch pipe to the discharge
in main pipe)

3) Types and shape of bifurcation ( cyIindrical or conical )

Various types of wyes and branches generally adopted are as follows and head loss
coefficient for branches with sharp rounded and conical transitions (or at pipe junction
w1th d1v1dmg flow) is glven the graph of Fig. 2.5.

1) Wyes / branches with sharp transition

2) Wyes/ branches with conical transition

- 3) Wyes / branches with round corners

Flg 2.5: Head Loss Coefficient for Branches with Sharp Rounded and Comcal
Transmons (or At Pipe Junction w1th DlVldlng Flow)

Wyes losses for the first Wye Piece at 0.3 v*/2g
“and for the second Wye Piéce at 0.4 v*/2g
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2.7.7 Effect of Water Hammer

Water hammer is a phenomenon of pressure change in a closed pipe when
flowing water in a pipe is decelerated or accelerated by closing or opening a valve or
changing the velocity of water rapidly in some other manner. The phenomenon is
accompanied by series of positive or negative pressure wave which travel back and
forth in the pipe system until they are damped out by friction.

Rapid opening and closing of turbine gates produces a pressure wave in the
penstocks called water hammer. The intensity of this pressure wave is proportional to
the speed of propagation of the pressure wave produced velocity of flow destroyed. The
maximum increase in head for closers in time less than 21./a second,

e

g
AH = maximum in crease in head

a = velocity of pressure wave

v = velocity of flow destroyed

g = acceleration due to gravity

L=length of penstock from forebay to turbine gates

It is necessary to consider the reflection of wave from the branch pipe and dead
ends in order to determine the pressure rise due to velocity changes. Penstock must be
safeguard against surge, accidental or otherwise. Surge of instantaneous type may
develop through resonance caused by rhythmic gate movements or when the governor

relief or stop valve is improperly adjusted.
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CHAPTER - 3

DESIGN OF PENSTOCK BIFURCATION BY ANALYTICAL
APPROACH

31 GENERAL |
The branching of penstock conmderably alters hydraulic and structural behavior
of penstock in the vicinity of the wye. In fact the penstock wyes are highly complicated
structures and- are not amenable to exact theoretical analysis. Detailed model tests
rega:ding their hydraulic performance and structural behaviour are often desirable.
Basib critéria for‘ desighing. penstock wye are the hydfaulic efficiency and structural
safefy commensufate with job requirements. Hydraulic efficiency requires least head
loss or streamed lined flow where as structural safety calls for provision of
reinforcement. |
" The study of design of penstock bifurcation is mainly divided into two parts
first hydraulic study which governs head losses and‘ second one is structural study in
which stresses developed in structure is brought down within the permissible limit.
Determination of stresses and losses of head in view of the choice of a penstock branch
c‘Ohnec_:t’ion is very ‘complicafed‘ structure, The penstockAbifuréation usually having
:’Vseverél stiffening beams to resist the loads due to internal pressure of water. Internal
tension members called tie rods or external horse shoe ring girder /yoke or internal
| remforcement like sickle plate forms a very comphcated structure. The purpose of the
tie rods is to assist the stiffening beams in carrymg the applied loadsb B,
' The structural and hydraulié behaviour of penstock wyes are quit complex. A good -
design of penstock wyes warrants (¢ 2025331,
' 1) - -Mlnlmum hydraulic losses
i1) Streamhmng of the boundary geometry of the transition
iii) ‘ Limit'atibn of stress concentration in the reinforcement provided at the
junction of the wyes

iv) - Limitation of stress variation under all the operating conditions

v)  Economy in fabrication testing and easy transport
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‘These aspects ‘are discussed in subsequent paragraphs under the heading of |

. hydr?uliq design and structural design.

32 HYDRAULIC DESIGN

Requlrement of minimum hydraulic loss and streamlining calls for a good .
hydrauhc demgn to achleve minimum losses of energy in carrying out water from
' reservon' to power house. The velocity of flow should remain in economical velocity
ra’nge of 3.0 to 6.0 m/sec. The bifurcation of large penstock since, generally involves

addltlonal loss’ of head, changc in flow pattern and pressure dlstnbutlon at the splitter

- causmg the deviation / d1v1510n of flow and pressure fluctuation leadmg to the vibration

of the structure. '
A preliminary hydraulic design involves the fixation of d1men51on and . .
geometrlc shape of the wyes-branches which include the followmg
1) - Diameter of branch penstock
ii) Angle of brqﬁching

11) Transitions
The principal on which the hydraulic design is based, are briefed as below

. 321 'Diameter of Branch Penstock |
| ' Whenever a header pénstock is to be branched into two or more penstock the
equation of determining the diameter of branch penstock arises. This can be achieved
'_through fundamental cond1t1on of equivalent discharge by selectmg diameter either for
[20,35] -

1) Identical flow velocities

i)  Identical head losses

3.2.1.1 Identical Flow Velocities
- In this- case, if the total discharge is to be divided into a number of branch
penstocks, the éondition is that the identical flow -velocity exists to determine the
o diareter of each penstock.
If 'Q“ = Discharge in header pipe
Q= Number of branch penstocks
Q/n = Discharge through branch penstock

22



- -, n = Number of branéhes

" For identical velocity, Velbcity in header pipe is equated to velocity in branch pipe, i.e.

Qo _ 0,
D D2

. Where D andvDn are the diameter of header and branch pipe respectively

p-p @ _D

0 Jn

For wyes branch, D, = D

N5

3:2;1.2 Identical Head Losses
In this case head loss in header penstock is equated to the head loss of all branch

‘pipe per unit length. Let hy be the total head loss in metres of water, is equal to

2

2 2.h,. gD
SLY a2 8
D 2g _ S L

- he =
Diécharge, Q=Av

Q2=A2V2

_7’D* 2h gD
T 16 fL

_ w* 2g h, D’
16 fL

ie. =conan. @

QI

2
h, = =— constant
f DS"A .
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Now, equating head losses in header penstock to that of branch penstock,

F;canstantz 5 .constanft

215 5

ps_ QD' _D
so, b, = anz _nz
or = D = D
, = -
§ n 5}12 'n0.4

For a penstock bifurcation,

D
D,n :—27)—4-:

D
132
, 3_.2.2 Angle of Branching

The branch outlet and wyes are usually designed in such a way that the header
and the branches are in the same plane. The use of frustum of cone with convergence of
6° to 8°, reducés the branch loss to approximz-ltely one-third that of a cylindrical branch.
The hydraulic effiqiency increases as the deflection angle of branching decreases.
Generally the deflection an‘glé varies between 30° to 75°. Smaller angle of deflection
(less than 45°) causes difficulty in reinforcing branch outlet and wyes and greater

~ deflection angle effect more losses.

3‘,2‘-.3‘ Transitions

' * ) Transition is section of conduit which connect one prismatic portion to another
by.a reducing the cross section. Transition ishprovid'ed to avoid high energy loss in
reduction of area by an abrupt junction of branch and header and so this gives gradual

reduction in cross sections to make the flow path steamed-lined.

The transitions can be achieved on the following principles:
| i) Tfansitions and bends are made about the centre line of the mass flow.
iij) _Conical pieces with flare angle 6° to 8° introduced to connect the main
~ with the branch.

iii) By providing elliptical shaped entranced.
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As per U.S.B.R, conical pieces of favourable flare angle i.e. angle of reducer 6°
to 8°to connect main with branches fixes up the transition length without much
difficulties. If the transition length is increased, velocity gradient will decrease resulting
: '.less energy loss. But the greater length of transition will mean greater friction loss
".cogether'wi'th increased cost of the structures. Hence an optimum length of transition
" should be fixed to give minimum loss of energy in the transition and this is only
‘possible by model studies. Before final design, detail invéstigation are carried out on
hydraulic scale model to obsefve the head loss, change in flow pattern, pressure
distribution at'the ‘splitter causing division of flow, pressure fluctuation leading to
vibration of structure, cavitations effect etc. ‘ '

~ Last but not the least, aspect of hydraulic design is the geometric shape of the
branching transitions. Transitions are the section of penstock w&es which connect one
prismatic portion to another by gradual change in cross section. A gradual change in
cross section or in other words streamlining the flow path reduces the hydraulic loss.
Cylindrical branch connections should therefore be avoided where hydraulic efficiency
is important. Generally conical connection with side wall angle of six to eight degfee is
used to reduce the hydraulic losses to about one third of those resulting from cylindrical
céﬁnections. Provision of perforated curve plate at critical locations inside the wyes
where eddied are expected to be formed also helps in streamlining the flow, so that the

" hydraulically losses are minimized.

3.3 STRUCTURAL DESIGN

| The .j_un_ctvion'of a branch with head is inherently is a point of weakness. The
‘absence of the metal in the opening cut in the header penstock for connecting it to the
branch penstock results in to inadequate constraint against the internal pressure. Since
'opénings reduce the strength of the penstock pipe at the opening it becomes necessary
to reinforce the area around the opening. The provision of reinforcement should be
thought of not as a mere addition of certain area of metal out as being in form of ring
clamp, or sickle to prevent radial movement of the hole cut in the penstock.

Structural design of penstock pipe lines requires that members be so designed as
to ensure smooth flow and minimum losses. Stress distribution in all the members
should be uniform as possible without any excessive concentration at some points. The
stress developed in all the members should only be tensile in nature without any

bending stresses. Model test may indicate overall behavior of the structure. The
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structural design of wyes branch requires uniform stress distribution in all the members.
The preliminary structural design consists of thickness of shell and dimensions of
. rei'nforcement;l which are required to be provided for preventing radial movement of the
unreinforced area of the branch and to make stress distribution uniform and within

, allowable limits. The preliminary structural design consists of

i) Thickness of shell
ii)) Dimensions of reinforcement
a)y ' _Extefnal reinforcement:

b) Internal reinforcement

3.3 Shell Thickness

' Thickness of 'shell for majority of pipelines is usually small as compared to the
didmeter. According to thin walled vessel theory, circumferential hoop stresses is
L ép‘p‘lic_a"tﬂe for calculating the thickness of the shell. Determination of shell thickness is
sunple and_besed' on hoop stress consideration as in thin wall cylinder theory. This

formula holds. good for up to the diameter thickness ratio of 20 %),

pD _0.1HD
2¢0 290

Shell thickness, ¢ p =

D = Diameter in mm

H 'Design pressure head in m

| 0= Perrms31ble hoop stress in shell in Kg/cm

g = J oint efficiency of longitudinal joints (0.85 t00.95 for welded joints dependmg on
: percentage radlographlc test []

The nominal corrosion allowance 1.5 mm ‘

.'Ail‘s“o, by 'consjderaticn of likely vacuum pressure which may be due to water hammer,

wave oscillation, the shell thickness should not be less than 1/100 of the diameter.

3.3.2 Dimensions of Reinforcement

Depending on the type of reinforcement, there are broadly two types of wyes,
namely: ’ '

a) -Externally reinforced bifurcation

b) Internally reinforced bifurcation
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3.3.2.1 External Reinforcement

In this type reinforcement is provided completely externally and consists of ribs
and girders. The basic design for the external reinforcement was stablished by J.S.Blair,
U.K. for one and two plate.

When externally reinforced is used in condition with tie rods and ring girder,
analysis become statically indeterminate. In such cases the deflections of reinforcing
girders at the junctions with the tie rods or ring girder are computed and equated to the
elongations or deflections of the tie rods or ring girder. In externally reinforced wye
branch the unbalanced force is resisted by providing a curved ring girder /horse shoe
ring girder/ring beam (Yoke girder) along the junction of two branches and a circular
girder at the junction of main header and branches.

The reinforcement is provided in the form of curved plate girder or ribs,
mounted externally along the intersection of the branch and main penstock depending
upon the number of curved plates used for reinforcing as shown in photo 3.1. The

external reinforcement falls in to three categories |7 1.

a) Single plate reinforcement

b) Two plate reinforcement

¢) Three plate reinforcement

Horse shoe ring girder

(Ring beam)/ Yoke girder

Photo 3.1: View of Externally Reinforced Bifurcati



3.3.2.2 Internal Reinforcement

In an internally reinforced wye branch, an internal splitter plate is provided to
resist the unbalanced force by tension. This type of wye is developed by Escher Wyes
and generally consists of crescent shaped rib inside the branch pipe and is designed in
such way that the rib is directly subjected to tension and has the same the magnitude as
the stress in shell section of pipes adjacent to it. The photo 3.2 and Fig. 3.1 show the
clear cut visualization of penstock bifurcation. The stress analysis of internal
reinforcement for wyes is shown in Fig. 3.2 and Fig.3.3 is statically determinate, and
the bending and direct stresses can be computed without much difficulty for any
section. Increase in the bending stress due to the small radius of the curvature at the
throat of reinforcement may be evaluated by applying a correction factor to the bending
formula for straight beams and stress analysis is done. Alternative stress analysis of
internal reinforcement provided in the plane of intersection of the wye junction is based
on the assumption that the reinforcement is subjected to only normal stresses. This
assumption is reasonable. In fact, radial width of internal reinforcement is provided to
cater for the requirement of its symmetry about the resultant. Thus, the stress analysis
of internal reinforcement involves determination of magnitude, direction and position
of the resultant at various points along the intersection of wye so that adequate radial

width of reinforcement is provided symmetrically about the resultant at every point.

Splitter / sickle

Photo 3.2: View of Internally Reinforced Bifurcation
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Fig. 3.1: Internal Reinforcement as Sickle Plate

Stress analysis is illustrated in subsequent sub-paragraph for the case of
symmetrical wyes and to fulfili the requirement of thesis. In view of the fact that the
penstock wye chosen for the study is internally reinforced the structural design has
been presented for the.internal reinforcement orﬂ-y. However, considering the size,
structural efficiency, hydraulic efficiency, and embedment in concrete intema-lly
reinforced bifurcation generally favoured (142033 |

- Stress anaiysis of internal reinforcement for wyes calls for considering the
geometry of the wye and the relevant forces, which are shown in Fig.3.2 and Fig.3.3
Where, 2f3 = ahgle of intersection of wye / deflection angle of wye

| Ry = Radius of the main pipe or r = Variable radius of the splitter section of

- pipe

. Splitter 's’ectioﬁ of elliptical form is found by the intersection of a cylinder or a

cone by a plane. » and a= r/, sin B are the semi minor and semi major axis of the ellipse

i’r‘espéc'tively:.' Let F be any point on the intersection of the curve and the lining joining it
to the éentre rha_kes an angleu.With Ccnfre ‘O’, the cQOrdinaté of the points are

sin & | '

sin 3

xX=r y=rcosc
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~z=rcci)tﬂ sin

so that,

dz=r éotﬁ,cdsa da

E 'The pipe walls transmit forces at the point of intersection from both sides on to

| the teiriforcemént or strengthening collar, which lies in the plane of -inters'ection«_of"
. ‘AB’, ‘arid -o,n account of symmetry the resultant of these forces must always fall in the
-' plane of -interséCtiOH. If the. walls of pipe are assumed to be thin,'membranes‘ liaving no
| resisfance against bending so that they inflict only tractive and shearing 'fo;’tce on the
si;x;éhgthening collar, when subjected to internal pressure ‘p’ then the forces per unit _
' léngt}i in cylindrical membrane are: |
— i) In circumferential direction, p. r
ii) In axial direction, (1/2) p. r

Where, p = Internal pressﬁre

Fig. 3.2: Plan of a Cylindrical Symmetrical Pipe Branch (To Assist the Calculation
of the Forces Transmitted From Pipe Wall to the Strengthening Ribs)
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Fig. 3.3:'Half of the Sickle-Shaped Strengthening Rib of Fig. 3.2 with Resulting

-Forces

.- Considering an 'e'lement of length dl of the line of intersection, the forces
inflicted on the strengthening rib from one side are: ‘

‘(‘a’) as a result of circumferential stress

" p.1.dz=p. 1> cot B cos o do
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(b) as a result of axial stress
(1/2) (p.r.) dr = (1/2) p. 1* da.

'_ '_Wheré; dr and da , are shown in the figure

V 'Thése”‘forces resolved in horizontally and vertically directions, produce for both parts of

'_ . ’the pib_e together, the force differential, we get

" =(pr” cotP cosa do. ) ('sinf cosa, )
| :ﬁ p rz‘pbsB cos2a da - (due to circumfefential stress)
dH2= (pr? 2 )':da qoéB | 4 (due to axial stress)
- TdH =(pr’/2) cos ( cos’a - 1/2) da
| =(pr’/2 )‘ cosP (2co§2d - 1) da
Total dH from both side, in horizontal direction=2 x Y'dH
e, dH =pricosp (2cos’a-1)do | — 4ve
'To.t-é;'lfd'lv from both sides = 2 x (dv due to circumferential stress)
e dv =2 p 1’ cotB cosa sina da | T +ve
. : In,iegrétﬁlg Av_viith limit of O to o, yields
L Vér‘éical:for_ce, ,  V=p £2 cot B si1-1‘2- o and
':I{Qrizqﬁfal force, ~ H=pr’cosPsina Cb$ a |
| ‘ ';Fhéfefore resultant R of all the forces which act in the 'elliptlical ar-c' EF on the

strengthening collar, Then:
R=4 V? + H?

R=pr? cotf} sinaysin® & +cos ? aesin?® 3

and the angle of resultant ‘R’ to the X-axis at any place is given by

'V tana x
: tang/:— =— i
’ sinf y
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"Ifhe resﬁltanf'is at right angle to the line of connecting point ‘F’ with the origin of
: coordinates ‘Q° -
Whe‘n a ~ /2 (ie. at cro&n )
(R w2 - pricot = (V) » and
(H)m =0 and 'y =90°
' In order to determiﬁe the position of the resultants at 'various points, it is

required to find out all the moments with reference to point ‘O’.

Moment due to vertical force is

2p° cotf y \

M, = xdV = in® a,
Y -[Ox 3sin B

Moment due to horizontal force is
Lo o 3 . 2 . 2
M, =-.L y.dH = pr’ cos f8 sma(l—gsm @)

Therefd_re, total moment = M =My + My =pr° cos B sina ( 1 +2/3 sin’a cot” B)
Normal distance 1 at which the resultant is acting from O is

1+(2/3)cot’ f sin® &

\/sinz o+cos® o sin® 3

[=—=r.sin
"R _ B

_ Thus, all the elements are known Whicﬁ are required for determining the
-magnitude, direction and position of the resultant for any cross section characterized by
'aﬁgle o ‘

“When o. = 0, (I} = r ; and at the crown i.e.
" When'o =12, (1) wp =T .sin B { 1+ (2/3 ) cot ’B}
If the strengthening rib is of equal (uniform) thickness made from steel sheet, then half

the width of the sickle at crown i.e. at o, =n/2 is obtained by

B
—=ag—(l " where, a=
2 R ()7:12 sm

= the major axis of ellipse

Substituting the value of ‘a’ and 1, the full width of sickle plate at crown works out to
b , .

~.B=2/3r.cosBcotP (putting the value of a /. in the above equation)
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' Th_é width of sickle at any section is obtained on applying in the above principle,

b [b]
R R 7l?2

(R)n:/?,

Substituting values of B, R and Ry

b="§'r.cot,8.cos,6.sin a[Jsm2a+cos2 a.sinz,b’]

In order to determine the thickness of the sicklé, it is assumed that the stresses
in the sickle plate. should be the same as those in the pipe walls. The comparable
stresses are based on the hiypothesis of Misses-Huber which are taken as the means for
. det.e;rr’niniﬁg'the danger of rupture and are calculated with the aid of following formula

v_flc'i'"rl a cylinde’r ﬁipe of wall thickness ‘s’ which is closed at both ends and therefore

stressed bi-axially are given by

o, =P-r 075
Ky .

The sickle plate of thickness ‘S’ is subjected only “to tensile stresses along one axis.

The tensile stress at the crown section is

‘. __:- = l’ '» .:» R.”
(?'?nfz';. ~B'S/2

. _pr2 cotf3.
~ 2/3 r.cos Bcot B.s

' _g"p.r o
‘3.cos 3.5

By equating the two sfresses, the wall thickness of the sickle plate ‘S’ in term of

wall thickness of the pipe ‘s’ is given by following simple relation
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43
Ccos B
e J3
- . ~cos25° ,
=1911Ls=2.5 -

S=5

" 2x50 mm=100 mm, where s= 50 mm (thickness of pipe)
| Thus the wye is completely analysed by determining the forces, dlrectlon and
. ‘position flxmg up the dimension of reinforcement. However s1mp11fymg assumptlons
‘are involved in the stress analysis. The assumption that the pipe is closed’ at both ends
;lrrd is subjected 'to_Biaxial stresses is not an exact proposition. Likewise, the assumption
that the stresses in splitter and shell are same is also not 'correct for high thickness of
splitte_r;When_rigidity conditions prevail near the junction and more stresses are induced
in the shell of -the pipe near éplitter. Nevertheless, tl1is type of stress analysis with
internal reinforcement is simple accurate and' more reliable than the one with external
. reinforcement wherée tlle material is badly utilized.
| Verification of atnalytical solution of the structural design is performed by
mathematical model study using Finite Element Method, physical model study and
hydrostatic test on prototype by determining the distribution of stresses in the splitter )
plate and shell The stresses guide the designer to find the dependency of the stresses on
: shell thlckness or splitter th1ckness etc.

| ‘k3 4 SALIENT FEATURE OF PENSTOCK BIFURCATION
34 1' Dimension | |
'Dla'mete_riof header pipe, D; = 4000 mm
Diélmeter of branch pipe, D; =3000 mm
| . Thickness of shell pipe, t, =50 mm
Thickness of sickle plate, ts = 100 mm

Angle of bifureation, B =25° and symmetrical with central line
Reducer angle @ =6° for sub branches
Joint efficiency ¢ =0.95 (Joint efficiency of longitudinal joints)

3.4.2 Properties of Steel Used
Type of steel ‘ ASTM A-537 Class IT

35



‘Minimum UTS

Yield Stress of Steel
Modulus of elast1c1ty (E)

P01sson ratlo (u)
HOOP STRESS LIMIT

Rock participation

34. 3 Hydraullc Propertles

Statlc head

Total des1gn pressure

Note Static head for calculation is taken 50 kg/cm® to compare the

'5625-7031 kg/cm®

6525 kg/cm®

4219 kg/cm®

2.1 x 10°kg/cm? -

0.3. . :
50% of mihimum UTS =2812.5 kg/cm?

50% of yield stress = 2110 kgfor® *
60% of yield stress = 25-3.1..£1f'fkg/c':m2
75% of yield stress = 3164.3'kg'/cm2
50% (assumﬁtion" as per of designer & authority)

47.3 kg/em’®
55.73 kg/cm®

result with



35 CALCULATIONS
351 Calculation for Shell Thickness

pD  0.1HD
200 2¢0

- Shell thickness, 7, =

_ 0.1x3500x 4000

= =47.62 mm +1.5 mm (Corrosion allowance)

t —
b 2x1.0%x2100

=49.12 (say 50 mm)

When takiné oy = 50% of minimum yield stress

'

+ 3.5.2 Calculation for Sickle Plate

. The pipes- are’ slight’iy conical type with variable radius ‘r’ which has been

N -

expressed in term of Ry, the radius of main pipe at the point of bifurcation as below

—1 - R CAY
l+csinex ' . :

«

Where, ¢ = tan @.cot B

And coordinate of intersection,



sin &

= . 5.2
‘x,. rSin‘ﬂ (>-2)
y=rcosa - ‘ : (5.3)
IR 1+—§—cot2,6’sin2a
‘w=sin | — : (-4)
. Jsin? B +cos® Bsin® o
9‘:’%008,6. cot B.sin @ X+fsin? @+ cos® B.sin*ar (5.5)
A=y . - (5.6)
Cb=EED o (5.7
.Hér'e,
x,i_,zjs_?na' (5.2a)
sin 3
Yy, =rcose . ' (5.3a)

Here, Ry =2000 mm
L B=25°
Q=6°
| o = 0° to 90° (variable angle)
r ‘=variable radius
'R; = the radius of main pipe at the point of bifurcation

b = width of sickle plate at any section corresponding to coordinates x; , y;

. Calculation of geometric parameter of sickle plate r, y, & A are shown in table 5.1

38



Table 3.1: Calculation of Geometric Parameter of Sickle Plate r, v, &, A

z=rcotfsin

dz=r cotf cosax da

:(azg) r |y A »E.. b X; Yi 0 (deg)
0 .| 2000 { 1.0000 | 2000.00 | 0.0000 0.0000 0.00 2000.00 o°
45 .1 1961 | 1.0059 | 1972.98 | 0.0243 95.2344 404.51 1954.00 | 11°41'45"
C10. | 1925°| 1.0238 |. 1970.41 | 0.0507 195.2928 790.82 1895.43 | 22°38'50"
oLl 15 118901 1.0539 | 1991.66 | 0.0810 | 3063216 | 1157.32 | 1825.37 | 32°22'32"
’ "; °20 |-1857-| 1.0956 | 2034.28 | 0.1161 .| 431.2844 1502.73 | 1744.87 | 40°44'09"
725 | 1826 | 1.1467 | 2093.97 | 0.1562 | 570.3276 1826.06 | 1654.97 | 47°48'49"
130 | 1797 1.2048 | 2165.56 | 0.2007 | 721.5633 2126.54 | 1556.62 | 53°47'45"
35 | 1771 | 1.2671 | 2244.08 | 0.2490 881.8095 2403.65 | 1450.75 | 58°53'11"
.40 1747 |- 1.3311 | 2325.23 | 0.2997 | 1047.1472 | 2656.98 | 1338.21 | 63°16'03"
45 | 1725 | 11.3945 | 2405.54 | 0.3517 | 1213.3068 | 2886.30 | 1219.80 | 67°0525"
50 1706, | 1.4555 | 2482.32 | 0.4034 | 1375.9356 | 3091.45 | 1096.29 | 70°28"28"
55 1688 | 1.5125 | 2553.50 | 0.4534 | 1530.7881 | 3272.37 | 968.36 | 73°33'55"
60 | 1673 | 1.5642 | 2617.53 | 0.5002 | 1673.8655 | 3429.04 | 836.68 | 76°17'16"
© 65 1661 | 1.6097 | 2673.25 | 0.5424 | 1801.5234 | 3561.48 | 701.86 | 78°51'05"
70 | 1650 | 1.6479 | 2719.81 | 0.5788 | 1910.5539 | 3669.74 | 564.48 | 81°15'19"
75 | 1642 | 1.6784 | 2756.59 | 0.6083 | 1998.2513 | 3753.87 | 425.09 | 83°32'22"
‘80 1637 | 1.7005 | 2783.14 | 0.6301 | 2062.4617 | 3813.92 | 284.21 85°44'18"
-85 |1.1633 | 1.7139 | 2799.18 | 0.6434 | 2101.6209 | 3849.93 142.35 | 87°52'57"
- 90 1632 | 1.7183 [ 2804.55 | 0.6479 | 2114.7799 | 3861.94 0.00 90°
- Also,
. _sino
X=F—
~ _ sinf
Y=rcoso

The forces per unit length in cylindrical membrane in circumferential direction

= p.r and in axial direction = %2 p.r, then considering an elemental length ‘dl’ of the line

‘of intersection, the forces inflicted on the strengthening rib from one side are

_'(:5.1) Result of circumferential stress = p.r.dz = p.r’.cotf.coso.da.

"(b) 'Result of axial stresé = (1/2). P.r.dr = (1/2). P.r*.do

" Vertical forces, V= p.r*.cotp. sin’a

_Ho'rizontal forces, H = p.r*.cotp. sina. . cosa.

‘Res:lhl)’lt'a'nt forces, R = Y(V*+H?) = p.rz.cotB' sina \/(sinZB +cos”.sin’e)
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-~ when a =7/2, i.e. at crown, Ra» 2= V2 = p.r*.cotP and Hyn2 =0

. . 3
Moment due to vertical force, M, = Joax.dV = g;)_;(j;ﬁ sin® o (5.13)
ot sin :

V o 2 :
- . "Moment due to horizontal force, M, = J:). y.dH = pr® cos f sin 0{(1—§sin2 ) (5.14)

- Total %noment,, M=My+My=pr>cospsina(l+2/3 sin’o cot’ B) - (5.15)

o 2 A a2

l=£ '='r.sin,81+(2/3)00t B sin” o (5.16)
R \/sin? ar+cos? & sin? B

I = Normal distance at which the resultant is acting from O.

islgiven by tan j(=1 = tanax _ x (5.17)

H sinf vy

. v =angle of resultant ‘R’ to the X-axis at any place

o ch = resultant of circumferential stress along the junction of shell and sickle piate vary

- from 4289.01kg/cim* at 0" to 378.81 or up to 0 kg/cm? at 90°

04 = resultant of circdmferenfial stress along the junction of shell and sickle plate vary

from 1570.80 kg/_cmz_at'90° to 87.28 or up to 0 kg/cm® at O’

Vertical forces, V= vary from 4289.01kg/cm? at 90° to 378.81 or up to 0 kg/cm” at 0"

o ‘Hotizontal forces, H = vary from 906.31 kg/cm’ at 45" to 157.38 or up to 0 kg/cm® at 0

_ or90°
Respltént forces, R = vary from 0.0 kg/cm?® at 0" to 4298. 01 kg/cm?® at 90"
Total moment, M = vary from 0.0 kg-cm at 0" to 147399.72 kg-cm at 90°

'No_'fmal distance at which the resultant is acting from‘,po_int‘ ‘O’, 1 and angle of resultant
‘R’ to the X-axis at any place, .

The above calculations are shown in the Table 3.2.

40



L4

TLG6ELYT

89'9€E 0I'¥80TT [ Z9'STESET 06 |[10'682F [000 [T0'68TF [08°0LST [000 | Z€9T | 000T | 06
ILLTYE | L'L66SYT | 10TTCCl | YL'OLLEET | .LSTSoL8 | vE'6STY | 8E'LST | €¥'9STh | £5€8¥T | IS'ELE .| €€91 | 000T | <8
T6:00v€ | 08°'6S81Y1 | 1T'819¢1 | 6 THT6TT | J8TWhoS8 | CCILIY | 86'60E | 89°6STF | 9T96ET | SL¥YL | LE9T | 000T | 08
VL'OGEE | EY'S8ISET | ST'OETET | 6T'6V61CI | LTTLIE.E8 | 8TLTOV | ST'€SH | OL'TOOF | 00'60ET | 80'OTTT | ZvOT | 000T | SL
88'C6TE | 9L°T6TITL | 66'TTOPT | LL'0STTIT | J6L.SToI8 | ¥8'T€8E | 9S78S | 6C'L8LE | €L1TCL | £6'99%1 | 0SS | 000T | OL
YE'6ITE | ¥8'L6CSTT | 80'Y98YT | 9L°CELOOT | .SOTSo8L | EL06SE | LTH69 | L6'TTSE {9V PETT | ¢9CI8T | 1991 | 000C | S9 -
Ly'8TIE | 8L'L8SEOT | TL'L69ST | LO'068L8 | .9T.LT.OL | ET'TIEE | 68°¥8L |9L°91Z€ | 0T LYOL | IS ¥PIT | €L9T | 000T -] 09
96'VT0t | 9€°'68L06 | 88'TIYIT | 8Y'LLEVL | uSS.EE.EL | PETO0E | SOISS | L6'LLST | €6'6S6 | S009%C | 8891 | 00OT | SS
€6°0167 | SE'SELLL | LY'90691 | 8887809 | u8T.8T.0L [ LY'OL9T | ¥ST68 | 06'91ST | 99°TL8 | 6°9SLT | 90LT | 000T | OS
¥6'88L0 |.08°0€6Y9 | 0S'680LT | OETP8LY | .ST.S0.LY | ST'8TET | 1€906 | ISHRIT | OV'SSL | 6LCEOE | STLT | 000T | Sb
T1'C99T | SS1T8TS | ¥8'€889T | IL'LE6SE | WE09T.€9 | 614861 | $ST68 | CITLLL | £1'869 | 85'S8ZE | L¥LT | 000T | OF
0T'YEST | 80'LILTY | T6°TETIL | LI'VESST | JITES.8S | FI'8Y9T [SOTIS8 |40 TIPT | L8019 | SEEISE | ILLT | 000 | S¢
19'60vC | 8S'610C€ | €1°SOIST | SY¥169T | uShiLo€S | T8'STET | 68°48L | STTLOL | 09°€CS | 6EVILE | L6LT | 000T | OF
EV'E6TC | ¥SOTLET | TO'96VET | €6°€TTOI- | w6h8hoLy [S8'EEOT | LTY69 [$0°99L | EE9Ey | LIL8SE | 9281 | 000C | ST
OI'T61T | 68'SV89] | 80°CEVIT | IS'EI¥S | .604¥o0v | €8'89L [9ST8S [TLIOS | LO6VE | SCOEOY | LSST | 000T | 0
P8'LOIT | T8'60ETT | LL'E968 | SO'OVET = | WTETTCE [9S'9€S [ ST'ESH | 1€'L8C | 0819C | L§ThTv | 0681 | 000T | ST
YS'LYOT | ET'LL89 [ 09'8919 . | €S'80L 40S.8€.TT | L8'SEE | 86'60€ | EE'6TT | €SPLT | S8'€TTy | SC61 [000T | OT
VLTI0C |'8T°EETE | 09°EVIE | 65768 WSPIvoll {TL091 | 8E'LST [8ST€  [LTL8 | 69°CLTy | 1961 | 000T | &
0-.._ [0 0 0 0 000 000 [000 [000 [ 10°68TF [000Z | 000Z |0
W= | BN | HR AN Lo H A *0 °0 1y awE.

, E .c>onn.,mm pauyap [ pue Y YA ‘o0 mnouww.mmﬂ PUE 3010 w:« §95S31)§ JO UOTJR[NO[R)) :7°C AL |




CHAPTER -4

| VARIFICATION OF DESIGN OF PENSTOCK BIFURCATION BY
DIFFERENT METHODS

41 GENERAL |
* There are many methods for computation of stresses in penstock bifurcation. Since the
| pensfock bifurcation is very complicated structure; its .analytieal analysis by conventional
niethod is not sufficient. For its structural stability and reliability, the design must be.checked /
verified by other available methods such as
‘ 1. Finite Element Method
2. Photoelastic Techniques : |
' 3. Physical Model Studies using-Strain Gauge Technology
4. Hydrostatic ’fest on Prototype using .Strain Gauge Technology

~ In the present study; followmg three methods have been adopted for verification of
; structural design of present penstock bifurcation.

1. Finite Element Method

2. Physical Model Studies using Strain Gauge Technology
- 3.. Hydrostatic Test on Prototype using Strain Gauge Technology

4.2 FINITE ELEMENT METHOD

 Finite element method is a numerical analysis technique for obtaining approximate
solitions to a wide variety of engineering problems like analyzing structures, which permit the
calculations of stresses and deflections. The most distinctive feature of the finite element
method that it separates from others in the division of a given domain into a set of simple sub
: do_inéiins called elements. The finite element procedure produces many simultaneous algebraic -
equ‘etidn’s,- which are generated and solved on a digital computer. Results are rarely exact.
Howeyver, processmg. more‘“equations minimizes errors and results in general are accurate
enough from engineering point of view 4%, '
Using such elements the structural idealization is obtamed merely by dividing the

original continuum into segments, all the material properties of the original system, is retained

in the individual elements. Instead of solving the problem for entire body in one operation, the
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Jsolutlons are formulated at each constltuent unit and combined to obtain the solut1on for the-
"" orlgmal structure ‘ ‘

4. 2 1’ Brlef Descrlptlon of lete Element Method

o 4.2.1.1 _I)lscrltlzatlon of Continuum

w'lj"he continuum is the physical body structure, or solid being analyzed. Discritization -

“ may'rbe described as the process in which the given body is subdivided into an equivalent

-‘system of finite elements One must decide what number size, and arrangements of finite
- elements will give an effective representation of the g1ven continuum for the partrcular
problem considered. Contmuum‘ is simply zoned into small reglons by imaginary planes in 3D
.bodles and by nnagmary lmes in 2D bodies. As general guidelines it can be sald that where
] stress or strain gradlents are expected to be comparatively flat i.e. the varlatron is not rapld the
mesh: can be coarse to reduce the computation, where as zones in wh1ch stress or strain
gradients are expected to be steep a finer mesh is considered to get more accurate results.

Theoretlcally speaklng to get an exact solution the number of nodal points is infinite. So trade

; 'off has to be made between computatlon effort and corresponding accuracy It may be noted

that‘the continuum is simply zoned into small regions of constant span.

4.2, 12 >S‘elect'i>on'of‘Prope'r Interpolation or Displacement Model
In fmlte element method we approximate a solution to a comphcated problem by

subd1v1d1ng the region of interest into finite number of elements and representing the solution

: - within each element by a relatively simple function of polynormals for ease of computation.

-‘The degree of the polynomlal chosen depends on the number of nodes aSSIgned to the
elements

For the triangular element the linear polynomial
6 =a;+aX + asy (4.1)
is appropriate
Whe're, aj, 4z, a3 are constants which can be expressed in terms -of @ at these nodes.
For the four nodded bquadrilateral the bilinear function
(#= a1+ X + a5y + axy 4
is appropriate
-Eight-f‘n—o,def quadrilateral has eight a; in its polynomial expansion and can represent a parabolic

function:
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Equation.(4.1) & (4.2) are interpolations of function @ in terms of the position (x, y) within an

element. If mesh of element is not too coarse and if ¢1'happened to be exact, and then @ would

. be a‘good approximation.

4'.2,'1;;3 ‘Convergence Requirements

.‘ -‘ In any acceptable numerical formulation, the numerical solution must coverage or tends
- to the exact solution of the problem. For this the criteria is as below.
a) Displacement model must be continuous within the element and the displacements

must be compatible within the adjacent elements.

The first part is automatically satisfied if displacement functions are polynomials. The -

second part ﬁﬁpliqs that the adjacent elements must deform without causing openings, overlaps
| or discontinuities between them. This can be satisfied if displacements along the side of an
element depend only upon displacements of the nodes occurring on that side. Since the

displacements of nodes on common boundary will be same, displacement for boundary Jine for

both elements will be identical.
- b) The displacement model must include rigid body displacement of the element.

Basically this condition states that there should exist such combinations of values of
coefficients in displacement function that cause all points in the elements to experience the

, _sameﬂisplac"er_nent.
c) The displacement model must include the constant-strain states of elements.

- This means that ther‘c-_sh‘ould exist such combinations of values of the coefficients in

the displacement function that cause all points on the element to experience the same strain.

. The necessity of this requirement can be understood if we imagine that the continuum is
“divided into ~infin‘itesimally small elements. In such a case the strains in each element approach
constant values all over the element. The terms a; and as in the following equations provide

for uriiform strain in x and y directions.
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u (-x):. ar+ ax + asy
- 4.3)
V(y) = a4+ asx+ agy

e T]:ie clements, which meet first criterion, are called compatible or conforming. The

c elements ~which meet second and third cr1ter1a are called complete. For plain strain and plain

‘ stress and’ 3 D elastlclty the three- condltlons mentloned above are easily satisfied by linear

polynomlals.

4.2:1.4 Nodal Degree of Freedom
L . The nodal displacements, rotations and / or strains necessary to specify completely the

defér@ilé_tion of finite elements are called degrees of freedom (DOF) of elements.

4.2:1.5 Element Stiffness Matrix
The equilibrium equation derlved from principle of minimum potential energy between

,-nodal loads and nodal dlsplacements is expressed as

U = [KF Y

. "Where {F}* = nodal force vector
| {8}° = nodal displacement vector
[K]° = element stiffn_ess matrix

, The stiffness matrix consists of the coefficients of equilibrium equations derived from
. material and geometric properties of the element. The elements of stiffness matrix are the
inﬂl_ife‘,n_ce' coefficient. Stiffness of a structure is an influence coefficient that gives the force at
~one pomt on a structure associated with a unit displacement at the same or a different point.

- Local material properties as stated above are one of the factions, which determine
'Stiffness matrix. For an elastic isotopic body, Modulus of Elasticity (E) and Poisson’s ratio (v)
"'de'fiﬁe the local material properties. The stiffness matrix is essentially symmetric matrix, which
follows_from the principle of stationery potential energy, that “In an elastic structure work
done by internal forces is equal in magﬁitude to the change in strain energy”. And also from

Maxwell Betti reciprocal theorem which states that : If two set of loads {F}; and {F}2 acton

-
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a structure, work done by the first set in acting through displacements caused by the second set

is eqna1 to the work done by second set in action through displacements caused by first set.

- 4. 2 1. 6 ‘Nodal Forces and Loads

_ Generally when subdividing a structure we select nodal locations that coincide with
the 10cat1ons of the concentrated external forces. In case of distributed loading over the body

., .such_as water pressure on dam or the gravity forces the loads acting over an element are
distributed to the nodes of that element by principle of minimum potential energy. If the body"

forces are due to gravity only then they are equally distributed among the three nodes of a

triangular element

' '4,2_.1.7 Assembly of Algebraic Equations for the Overall Discretised Continuum

This process includes the assembly of overall or global stiffness matrix for the entire
. body from individual stiffness matrices of the elements and the overall or globai force or load
. vectors. In general the basis for an assembly method is that the nodal interconnections require
- the displacement at a node to be the same for all elements adjacent to that node. The overall‘
equilibrium relations between global stiffness matrix [K], the total load vector {F} and the
nodal displacement vector for entire body {6 } is expressed by a set of simultaneous

elquation‘s.
[K]_ {8} ={F}

The global stiffness- matrix [K] will be banded and also symmetric of nx nwhere,n=
' total number of nodal pomts in the entire body. The steps involved in generation of global
st1ffness are:
* ‘i) - All elements of global stiffness matrix [K] are assumed to be equal to zero
1) Individual element stiffness matrices [K] are determined successively
iii) The element Kj; of element stiffness matrix are direcfred to the address of element Kj
- of global stiffness matrix which means |
Kj =X Kj
Similarly nodal load {F;}*® ‘at a ‘i’ node of anelement ‘e’ is directed to the address of {F;}
total load vector i.e. |
{Fi} = Z{F;}°
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4 2 1 8 Boundary Condltlons '

) A problem in solid mechanics is not completely specified unless boundary conditions
', “are prescribed. Boundary conditions -arise from the fact that at certain pomts or near the edges
the ?displacements are prescribed. The physical significance of this is that a loaded body or a
1 .istruCture"is'free to experience unlimited rigid body motion unless some supports or kinematics
; constr'aints are imposed that will ensure the equilibrium of the loads. These constraints are
called "boundary, conditions. There are two basic types of boundary conditions, geometric and
nat-urxal.fO’nev of the principal advantages of Finite Element Method is, we need to specify only
geometric boundary conditions, and the natural boundary conditions are irnplicitly satisfied in
‘the. solution procedure as long as we employ a suitable valid variational prm01ple In otheér
numerlcal methods solutlons are to be obtained by trial and error method to satisfy boundary
'condltlons whereas in Finite E'lernent Method boundary conditions are inserted prior to solving

algebr"aic equations and the solution is obtained directly without requiring any trral. ‘

4.2.1. 9 Solution for the Unknown Dlsplacements

© . The algebraic equations [K] {8} = {F} formed are solved for unknown dlsplacements
. { 8} Whereln [K] and {F} are already determined. The equations can be solved either by
1tera_t1ve of ehmlnatlon procedure. Once the nodal dlsplacements are found, then element stains
or stresses can be. easily found from generalized Hooke’s law for a linear isotropic material.
| The assumption in diSplacements. function, the stresses or strains-are constant at all
.points over the element, may cause discontinuities at the boundaries of adjacent elements. To
avoid this sometimes it is assumed the values of stresses and strains obtained are for the

centers of gravity of the elements and linear vanatlon is assumed to calculate them at other

' -'pomts 1in the body

4.2.2 SUNﬂ\/IARY OF PROCEDURE

The principal computatlonal steps of linear static stress analys1s by Finite Element

method are now listed. |
: i) ; Input and 'Il'litializ‘atio'n: Input the number of nodes and elements, nodal .
| " cQordinates,' structure node numbers of each element, material properties,
te'rnperature changes, mechanical loads and boundary conditions. Reserve storage
_ space for structure arrays [K]and {F}. Initialize [K] and {F} to null arrays. If array
ID is used to. manage boundary conditions, initialize ID and then convert it to a '

table equation numbers.
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ii)

i)

iv)l :

Compﬁlte Element Properties: For each element compute element property matrix

[K] and {F} element load vector.

Assemble the Structure: Add [k] into [K] and {f} into {F}. Go back to step 2,
repeat steps 2 and 3 until all elements are assembled. Add external loads {P} to {f}
Impose displacement boundary conditions ( if not imposed implicitly during

assembly by use of array ID).
Solve the equa’tioﬁs: [K] {8} = {F} for {6}
Stress Calculation: For each element extract nodal DOF of element {3}° from

nodal D O F of structure {6}. Compute mechanical strains, if any and convert

resultant strains to stresses.
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4.2.3 STRESS ANALYSIS OF PENSTOCK BIFURCATION BY FINITE ELEMENT

METHOD

A mathematical model was prepared by finite element method by taking 4000 mm
diameter of header pipe and 3000 mm diameter of branch pipes both having thickness of 50
mm and with internal sickle plate of 100 mm thickness. The angle of bifurcation is 25° and
angle of reducer is 6°. General purpose Finite Element software I-DEAS is used for the stress
analysis of penstock bifurcation *”!. The typical mathematical model is having a large number
of nodes 19738 and 58294 solid linear tetrahedron elements. The solid model and its
discretisation for finite element analysis are shown Fig. 4.1 and Fig. 4.2. The Internal
hydrostatic pressure of the order of 50 kg/cm” and suitable boundary conditions are applied on
the model i1s shown Fig. 4.3 and Fig. 4.4. The Cylindrical / conical part of penstock bifurcation
model is restricted to elongate in the direction of pipe length (i.e. in the direction of streamline)
and allowed to expand in diametrical direction, where as the sickle part is allowed to expand
/elongate in all direction. Rotational movement is totally restricted on the model. A total
internal pressure of 50 kg/cm” (i. e. 0.5 kg/mm?) is applied on the model is shown in Fig. 4.3.

Fig. 4.5 shows the boundary conditions and applied hydrostatic pressure applied on the model.

¥ ol St Frd [ bl

Fig. 4.1: General View of Penstock Bifurcation
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Fig. 4.2: Different Views of Mathematical Model of Penstock Bifurcation
using Finite Element Method




Fig. 4.3: Internal Hydrostatic Pressure acting on Penstock Bifurcation Model




Fig. 4.4: Boundary Conditions applied on Penstock Bifurcation Model




Fig. 4.5: Boundary Conditions as well as Internal Pressure applied on Penstock
Bifurcation Model




42.4 RESULT OF FINITE ELEMENT ANALYSIS

The stresses evaluated in penstock bifurcation by the finite element method using I-
DEAS software are within the permissible limits and varying from a maximum stress of order
of 3780 kg/cm? to 998 kg/cmz. The stress found in the header pipe are varying from 3250
kg/cm” to 590 kg/cm’ .whereas the stresses found in front-middle face along central line of
sickle plate facing water flow are of higher of 3840 kg/cm? to 729.4 kg/cmz.

The maximum stress in the sickle plate is of order of 3840 kg/cm’® whereas the
maximum stresses at the bend of the penstock near the junction of cylindrical and conical part
(i.e. junction of main pipe and branch pipe) of wye is of order of 3250 kg/cm?.

The contours of maximum principal stresses in penstock are shown in the Fig. 4.6 and
its value varies from 3780 kg/cm’ to 99.8 kg/cm?. The contour of maximum principal stresses
in header pipe vary from 3250 kg/cm? to 590 kg/cm2 is shown in Fig. 4.7 where as in sickle
plate, the maximum principal stresses varies from 3840 kg/cm” to 72.94 kg/cm? as shown in
Fig. 4.8. The contour of minimum principal stresses in penstock part is shown in Fig. 4.9 and
from varies 505 kg/cm? to -1008 kg/cm? and also in sickle plate, it varies from 607 kg/cm? to -
1380 kg/cm® as shown in ¥ig.4.10. The shear stress found in penstock is of order of 1900
kg/cm® to 49.9 kg/em® and in sickle plate, it varies from 2090 kg/cm? to 114 kg/cm? are is
shown Fig. 4.11a, 4.11b, and Fig. 4.12 respectively.

The maximum principal stresses, the minimum principal stresses and shear stresses at
some critical parts / locations are elaborated in Fig.4.12, Fig.4.13 and Fig.4.14 respectively and
their stress values at some selected nodes having higher order are shown in tabular form in

Table 4.1, Table 4.2 and Table 4.3 respectively.
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Fig. 4.6: Contours of Maximum Principal Stresses on Penstock Bifurcation Model




Fig. 4.7: Contours of Maximum Principal Stresses on Header Pipe

Fig. 4.8: Contours of Maximum Principal Stresses on Sickle Plate




Fig. 4.9: Contours of Minimum Principal Stresses on Penstock Bifurcation




Fig. 4.10: Contours of Minimum Principal Stresses on Sickle Plate

Fig. 4.11a: Contours of Shear Stresses on Penstock Bifurcation Model




Fig. 4.11b: Contours of Shear Stresses on Penstock Bifurcation Model

Fig. 4.12: Contours of Shear Stresses on Sickle Plate




Fig. 4.13: Maximum Principal Stresses showing Higher Order Values at the
Selected Position at Bend-1

The maximum principal stresses at bend-1 showing higher order values are given in

Table 4.1 1s as below:

Table 4.1: Maximum Principal Stresses at Bend-1

—

-1 Node Stressw S. Node Stress. S. | Node Strcssj |
No. No. Kg/cm”® No. No. Kg/cm”® No. No. Kg/cm”
l 887 | 288237 | 41| 8831 | 2827.94| 81| 10071 | 2765.90 |

p. 885 2920.27 42 9975 2732.08 82 10194 | 2815.32

3] 1019 2737.10] 43| 9448 | 2721.58| 83| 8842 | 2589.59

4] 883 | 294233 44| 9446| 2806.15| 84| 8841 | 2626.15
S| 8866 271439 | 45| 8863 | 280041 | 85| 8873 | 2448.77
6 8865 2733.15 46 1023 2780.56 86 9485 | 2533.32 |
7] 881 2947.75| 47| 9963 | 273227| 87| 8872 2451.01 |
8 8864 2751.28 48 881 2947.75 88 9483 | 2568.19 |
0 879 2953.80 49 8864 2751.28 89 9952 | 2351.01 |
10 887 2882.37 50 881 2947.75 90 9947 | 2375.72
11| 889 | 284820 51| 8864 | 275128 91| 9948 2250.11 |
12| 891 | 282581 52| 1023| 2780.56| 92| 9944 | 2270.92
13 8869 2614.98 53 8865 2733.15 93 901 | 2509.96
14 8868 2634.40 54 883 2942 .33 94 1012 | 2466.74
15| 8867 | 2684.87| 55| 8865| 2733.15| 95 899 | 2594.11 |

+ -

16 885 2920.27 56 8866 2714.39 96 10728 | 2524.33

17 1020 2786.18 57 8835 2835.65 97 1013 | 2523.16 |
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18| 8869 | 261498 | 58| 9447 | 260597 | 98| 10834 | 2420.04
19| 3369 | 2678.54| 59| 9451 | 2706.53 | 99| 10726 | 2592.03
20| 1017] 265632| 60| 9468 | 272974 | 100| 8875 | 2343.47
21| 8870 | 2575.85| 61| 9466 | 2708.81 | 101 | 10831 | 2477.85 |
22| 8838 | 2773.13| 62| 10015| 2534.85| 102 | 8874 | 2376.34
23| 9932 | 245452| 63| 9467 | 2677.13| 103 | 9467 | 2677.13
24| 8839 | 274590 | 64| 10017 | 2491.56 | 104 | 9466 | 2708.81
25 893 | 2790.25| 65| 9467 | 2677.13| 105| 9464 | 2578.97
26| 1016| 264098 | 66| 10013 | 2363.95| 106 | 10015 | 2534.85
27| 8870 | 2575.85| 67| 10020 | 2236.18| 107 | 9463 | 2601.91
28 | 8832 | 284998 | 68| 9463 | 2601.91| 108 | 10013 | 2363.95
29| 8863 | 280041 69| 9955| 250591 | 109 | 9469 | 2472.95
30 875 | 2867.57| 70| 8675| 2684.16| 110| 10020 | 2236.18
31| 1025 2814.35| 71| 10193 | 2752.68| 111 | 9408 | 2556.07
32 37| 285643 | 72| 10065 | 2784.65| 112| 9427 | 2416.20
33| 10068 | 2873.32| 73| 10072 | 2738.80| 113 | 9430 | 2425.03
34| 10069 | 2812.08| 74| 10064 | 2749.46| 114 | 9965 | 2246.97
35| 10067 | 284238 | 75| 10073 | 2723.32| 115 9992 | 2235.65
36| 10195| 2817.88| 76| 10286 | 2575.60 | 116 | 9991 | 2120.03
37| 10291 | 2696.60 | 77| 20413 | 2457.51| 117 | 8941 | 2520.40
38 | 19934 | 267959 | 78| 19974 | 2589.75| 118 | 9410 | 2519.87
39| 8940 | 2691.59| 79| 20407 | 2403.89| 119| 8970 | 2386.04
40| 8971 | 2571.87| 80| 10066 | 2812.06| 120 | 8942 | 2414.99

Fig.4.14: Maximum Principal Stresses showing Higher Order Values at the Selected
Position at Bend-2
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The maximum principal stresses at bend-2 showing higher order values are given in

Table 4.2 is as below:
Table 4.2: Maximum Principal Stress at Bend-2
S. Node Stress. S. | Node Stress S. | Node | Stress
No.| No. | Kg/em®* | No. | No. | Kg/lem®* | No. | No. | Kg/cm?

1 16551 | 325432 41| 10130 | 2959.00| 8110199 | 2902.10
2| 18480 | 2677.03 42 1318 | 2758.12 82| 9175 2715.74
3| 10124 | 3033.88 43 1196 | 2800.90 83| 1166 | 2949.40
4] 18481 | 2643.18 44 51| 2920.16 84 511 2920.16
5| 16464 | 3242.21 45 1166 | 2949.40 85 940 | 2694.24
6| 10123} 3003.67 46 1349 | 2801.74 86| 1348 | 2780.73
71 17911 | 2600.82 47 . 511 2920.16 871 1347 | 2761.40
8| 17481 | 3201.76 48 57| 2723.93 88 | 1347 | 276140
9 10122 | 2951.28 49 1318 | 2758.121 89| 8921 | 2634.68

10| 18682 | 2555.22 50 1167 | 2920.18 90| 9173 | 2819.31

11| 17480 | 3131.53] 51 6279 | 2787.23 91| 9174 | 2743.17

12| 10121 | 2903.64 52 1168 [ 2895.32 92| 8923 | 2664.09

13| 18681 | 2576.24 53 6259 | 3007.05 93 | 1348 | 2780.73

14| 17205 | 3031.46 54| 7347 2694.15 94 | 1167 | -2920.18

15 10120 | 2799.51 55 1169 | 2845.63 95 940 | 2694.24

16| 10141 | 2603.28 56| 73471 2694.15 96 | 1349 | 2801.74

17| 10362 | 2710.28 57 1169 | 2845.63 97| 1166 | 2949.40

18] 18680 [ 2492.05 58| 6025 3001.54 98 | 10130 | 2959.00

191 17476 | 2905.02| 59| 1170| 2816.58| 99| 1318 ] 2758.12

20| 10119 275046 | 60| 7348 | 2643.95| 100| 1196 | 2800.90

21 18979 | 2425.59 61 6582 | 2701.49| 101 ) 10130 | 2959.00

22| 17211 | 2850.86 62 1171 | 276891 | 102 57| 2723.93

23] 10118 | 2651.99 63 1318 | 2758.12| 103 | 9175 | 2715.74

241 18464 | 267862 | 64| 10131 | 2784.83| 104 | 9172 | 2668.47

25| 10125 | 3046.84 65| 10130 | 2959.00 | 105| 9170 | 2651.27

26 | 18464 | 2678.62 66 1318 | 2758.12 | 106 | 8922 | 2654.27

27| 10135 | 2778.32 67 51| 2920.16 | 107 | 8829 | 2852.44

28 { 10126 | 3050.13| 68 57| 2723.93| 108 938 | 2748.27

291 17952 | 2678.09 69 8671 | 2833.23 | 109 | 1347 | 2761.40

30| 16847 | 2815.09 701 8672 2652.59| 110 938 | 2748.27

31| 10127 ] 3032.51 711 10230 | 282331 | 111 ] 1167 | 2920.18

32| 16964 | 2805.30 72| 19637 | 275830 112 940 | 2694.24

33| 10133 ] 2763.11 73] 10231 | 2802.32

34| 10128 3027.35 74| 10131 | 2784.83

35| 18216 2686.09 75| 19637 | 2758.30

36| 16503 | 2789.94| 76| 10231 | 2802.32 |

37| 10129 | 2971.60 77 | 10197 | 2883.82

38| 17954 | 2707.80 78 1 19637 | 2758.30

39| 16506 | 2767.22 79| 19635 | 2861.78

401 10129 | 2971.60 80 | 19639 | 2736.72
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Fig.4.15: Maximum Principal Stresses showing Higher Order Values at the Selected
Position at Sickle Plate

The maximum principal stresses at sickle plate showing higher order values are given in Table

4.3 is as below:

Table 4.3: Maximum Principal Stresses at Sickle Plate

S. Node Stress S. Node Stress S. Node Stress
No. No. Kg/cm2 | No. No. | Kg/cm2 | No. No. | Kg/cm2
1 1760 3214.08 | 41| 11969 878.84 | 81| 11969 878.84
2 119 307895 | 42| 11966 904.83 | 82| 11966 904.83
3 1760 3214.08 | 43| 12434 | 1879.19| 83 | 12434 | 1879.19
4 119 307895 | 44| 12249 | 353294 | 84 | 12249 | 3532.94
5 1760 3214.08 | 45| 14098 | 182243 | 85| 14098 | 1822.43
6 943 1861.22 | 46| 11960 707.58 | 86| 11960 707.58
7 1110 2099.02 | 47| 14098 | 182243 | 87| 14098 | 1822.43
8 943 1861.22 | 48 | 12249 | 353294 | 88 | 12249 | 3532.94
9 1493 83064 | 49| 12434 | 1879.19| 89| 12434 | 1879.19
10 1465 1037.86 | 50| 11965 751.67 | 90| 11965 751.67

11| 12441 189411 [ 51 10947 3121.06 [ 91 [ 10947 [ 3121.06

12 1755 319498 | 52| 12435 | 2064.63 | 92| 12435 | 2064.63
13 117 3201.61 | 53| 11947 551.88 | 93| 11947 551.88
14 | 12441 1894.11 | 54| 11948 916.73 | 94| 11948 916.73




11969

15| 14111 2140.10 | 55| 10947 3121.06 | 95 10947 | 3121.06
16 469 111392 | 56| 12422 | 2142.04 | 96| 12422 | 2142.04
17 467 1097.58 | 57| 12247 | 2749.58 | 97 | 12247 | 2749.58
18 463 ] 123482 | 58| 11950 810.15| 98} 11950 810.15
19 465 132232 1 59| 12494 046.65 | 99| 12494 | 2046.65
20! 14109 2226.03 1 60| 11931 835.69 { 100 | 11931 835.69
21 461 1291.78 | 61| 12503 | 2118.59 | 101 | 12503 | 2118.59
22 463 1234:82 | 62| 14184 | 1937.40 | 102 | 14184 | 1937.40
23 | 12432 213035 | 63 10943 { 3167.05 103 | 10943 | 3167.05
24 | 12442 1939.71 | 64 [ 12290 | 3284.95 | 104 | 12290 | 3284.95
25 21 3120.67 | 65| 11918 754.98 | 105 | 11918 | 754.98
26| 14108 | 202391 | 66| 14186} 1881.72 | 106 14186 | 1881.72
27 21 3120.67 | 67§ 12502 | 2212.21 | 107 | 12502 | 2212.21
28 | 11968 891.03 | 68| 11921 886.05 | 108 | 11921 886.05
291 11971 1236.97 | 69| 12509 | 2242.59 | 109 | 12509 | 2242.59
30{ 14100 225787 70 12173 | 3033.87 | 110 | 12173 | 3033.87
31| 11878 1248.17 | 71| 11884 84234 | 111 | 11884 | 842.34
32| 11963 589.80| 72| 11883 876.49 | 112 | 11883 876.49
331 14100 2257.87 | 73| 12184 | 3583.67 | 113 | 12184 [ 3583.67
341 11971 123697 | 74| 11917 810.45[114 | 11917 810.45
351 11963 589.80 | 75| 11882 | 1075.44 | 115 | 11882 | 1075.44
36 { 14100 2257.87 | 76| 12510 | 2157.23 | 116} 12510 | 2157.23
37 | 10949 3777.06 | 77| 11881 | 1458.87 | 117 | 11881 | 1458.87
381 11969 878.84 | 78| 11879 870.22 ) 118 | 11879 | .870.22
39| 11964 1235.16 ] 79| 12511 | 2094.63 | 119 | 12511 | 2094.63
40 878.84 | 80| 11878 | 1248.17
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4.3 PHYSICAL MODEL STUDIES USING STRAIN GAUGE TECHNOLOGY
To venty the structural design adequacy of penstock bifurcation physical model studies

were conducted.

4.3.1 Fabrication of Model, Installation of Strain Gauges and Data Recording
In order to conduct physical model studies of penstock bifurcation, a geometrically

.. - 7,19
similar model to a suitable scale! |

was designed and fabricated using acrylic plastic/ Perspex
sheet of suitable thickness. 3 mm thick perspex sheet was chosen for geometric similar model.
All structural features such as sickle plate, conical bifurcation, etc of the penstock bifurcation
were incorporated in the model. Perspex used for model construction has the elastic ratio with
steel as 1:70 and the same Poisson’ ratio, u =0.33. The modulus of elasticity (E) and Poisson’

ratio () of the model material and prototype material are taken into account for calculation of

prototype stresses, as the elastic ratio is constant and the elastic curve is linear in nature®">.

Experimental Set up Experiment in Progress

Photo 4.1: View of Experimental Setup and Data Recording for Physical Model
Study of Penstock Bifurcation



(In this case geometric scale 1:10, Elastic ratiol:70, for perspex E=30,000 kg/cm® and p=0.33,

for prototype E-—Z 1x10° kg/cim?). The photo 4.1 shows the expenmental set and data recording

procedures for physrcal model study of penstock bifurcation. ' '
Liquid chloroform is used. as jointing material for model. Wooden form works are

o fahricated and perspex sheets are moulded at an elevated temperature 80°C and the plastic

- ‘,rnoulds were then annealed for removal of thermal stressed locked in during moulding. The

I various’ parts of the model were joined by usmg chloroform and acrylic cement. The joints are

further sealed externally using celotapes to insure prevention of possible leakage through joints
‘ and',irrstantaneo‘us"failure of model as experiences during the initial study. The required number
of eiectrtcal resistance strain gauges are bonded/ installed on the model at selected / critical
: locations ie., at,the splitter plate, in the vicinity of intersection, on the shellvof the bifurcation
etc. to monitor the behavior of model subjected to internal pressure. Rosettes, biaxial or linear
gauges are ernp10yed at the selected loca’tions.'Lead wires are connected to the gauges which
are further connected to scanning box of multichannel data logger. The readings are taken
manually by using strain meter or data is acqulred by data logger.
‘ The model is closed at the outlets sufflclently away from zone influence of the
Intersection by flat plates making model fully airtight. The model is subjected internal pressure -
. pneumatrcally Monometer tube is used to read the pressure accurately In this model study, the
'model was loaded for internal pressures of 0.07 kg/cm?, 0.14 kg/crn 0.21 kg/cm’® considering
Y the bond strength of chloroform and acrylic at the joints. Strains ‘were recorded using strain
- }meter The model strains thus recorded were converted in to equ1va1ent prototype strains and

- stresses for the- desrgn pressure. of 55 kg/cm

" B .4 3 2 Calculatlon of Strains and Stresses to. Prototype

The recorded strains are converted into prototype values usmg following relation™!):

gp= $train in prototype

- pp = pressure ini prototype

sm— strain m model
Pm = pressure in model
E, = modulus of elasticity of prototype material

Em = modulus of elasticity of model material
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The stresses are computed using following standard equations ');

* Uniaxial or Single-element strain gauge

G1 =E. €1

L ,Biaxial strain gauges or two-element rectangular rosette

e O'— ‘E(€1+.U82)

* Three strain gziugés or three-element rosette

5_‘1—' (8A+8C)+ \/73,4 gc) "‘(253_3,4—50)2

2

Y
2
1 .

?_3_2_5(3A+gc _—\[EA_EC)Z (283 ~&4-¢c)

Aé__"‘A(gA"‘gc)jL'l e —g T e —g —g. P
1—E[ 2(1—!1) 2(1+ﬂ)\/( A c)»‘*‘(2 B —Ea—EC) }

— ‘(€A+8C)— 1 E.—€r )V +(2e, —, —£.)?
O-Z'fE{.Z(l—ﬂ)' 2(1,_+ﬂ)\/(A c) (2 B~ €4 c):l

Where,

 €a, ep .and gc are measured strains along three directions at any rosette strain gauge location.

' 61,65 = principal stresses
€1 , & = principal strains

. u = Poisson’ ratio of steel

4.3.3 RESULTS OF PHYSICAL MODEL STUDY

In case of physical model study, the maximum design pressure applied equivalent to
prototype is 55 kg/cm’ and the stresses developed are in different parts of penstock are within
the perrhissible limit. The hoop stress developed in the shell near the jﬁnction 6f the éickle
plate with the shell is shown in Fig.4.16 at section — AA varying from 2063 kg/cm® to 1169
- kglem® (37.5 Po to 21.26 p.) and at the bend area of the order of 1595 kg/cm® (29 po). The peak
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value of 37.5 p, = 2063 kg/cm® is below the design value of hoop stress 2200 kg/cm® (40 po)

The vertical stress in the sickle plate varies from 2822 kg/cm® to 1794 kg/cm? ™!

SCALE
By - (jh 4 Pg
Fig. 4.16: Hoop Stresses at Bend and Section A-A
Table 4.4: Hoop Stress at Bend as shown in Fig .4.16
S No. | Locations Hoop Stress | Hoop Stress Hoop Stress
ch/po at 50 kg/em® | at 55 kg/cm?
- internal pressure | internal pressure
1 Upper point 1 | 29.5 1475 1623
2 Upper point 2 | 23 1150 1265
13 Lower point 1 | 31 1550 1705
4 Lower point 2 | 29 1450 1595
Table 4.5: Hoop Stress at Section A-A (External) as shown in Fig. 4.16
S No. | Locations Hoop Stress Hoop Stress Hoop Stress
‘ ch/po at 50 kg/cm2 at 55 kg/cm®
B internal pressure internal pressure
1 1 38 1900 2090
2 2 20 1000 1100
3 3 2 7100 110
4 4 6.5 325 356
5 5 12 600 660
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o Fig. 4.17: Hoop Stress and Axial Stress at Section A-A _(Extérn’al) Outer Profile

" 'Table 4.6: Hoop Stress at Secﬁon A-A (External) Outer Profile as shown in Fig.4.17

S No. | Locations | Hoop Stress Hoop Stress Hoop Stress
och/po at 50 kg/cm® at 55 kg/cm®
internal pressure | internal pressure
1 P 1 36 1800 1980
2 2 18 7900 990
3 3 8 400 440
4 4 8 400 440
5 5 12 600 660
6 6 12 600 660
7 7 20 1000 1100
8 8 195 975 1073

Table 4.7: Axial Stress at Section A-A (External) Outer Profile as shown in Fig.4.17

Location

Axial Stress

Axial Stress

S No. ~ Axial Stress
ch/po at 50 kg/cm’ at 55 kg/cm®
internal pressure | internal pressure
P1 18 1250 1375
2 2 -2 -100 -110
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3 "3 6 7300 330
4 7] 2 "100 110
iE 5 0 0 0
6 6 7 350 385
7 7 7 350 385
8 8 10 500 550

) 2.9 1,9 5(? 61Po
. SCALE

Gy Ps ,GulPo

Fig. 4.18: Tangential and Radial Stresses on Section B-B & Vertical and Axial Stresses
on Section C-C in Sickle Plate

Table 4.8 Tangential Stresses on Section. B-B in Sickle Plate in Fig.4.18

S No. | Location Tangential Stress - | Tangential Stress | Tangential Stress
ch/po at 50 kg/cm® at 55 kg/cm®

internal pressure | internal pressure
1 Q1 47 2350 2585
2 2 26 1300 1430
3 3 24 1200 1320
4 4 24 1200 1320
5 5 24 1200 1320
6 | 6 28 1400 1540
7 7 32 1600 1760
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- Table 4.9: Radial Stresses on Section B-B in Sickle Plate in Fig.4.18

- S No. | Location Radial Stress. Radial Stress Radial Stress
ch/po at 50 kg/cm® at 55 kg/cm2
, internal pressure | internal pressure

1 Q1 0 0 2585
2 2 1300 1430
3 3 12 1200 1320
4 4 10 1200 1320
5 5 14 1200 1320
6 6 20 1400 1540
-7 7 26 1600 1760

Table 4.10: Vertical Stresses on Section C-C in Sickle Plate in Fig.4.18

S No. :Loc_ation Vertical Stress Vertical Stress Vertical Stress
' ch/po - at 50 kgfcm® at 55 kg/cm’
a internal pressure | internal pressure
1 R 1 | 51 2550 2805
2 2 32 1600 1760
3 ' 29 1450 1593
4 4 32 1600 1760

Table 4.11: Akial Stresses on Section C-C in Sickle Plate in Fig.4.18

S No.

Location Axial Stress Axial Stress Axial Stress
" oh/po at 50 kg/cm® at 55 kg/cm®
L . internal pressure | internal pressure
1 R 1 6 300 330
2 2 12 600 660
3 25 1250 1375
4 4 25 1250 1375
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44 HYDROSTATIC - TEST OF PROTOTYPE OF PENSTOCK
BIFURCATION

Hydrostatlc test is considered most reliable for performance assessment and
‘identification of defects, if any, in welded components in the post fabrication stage. The
above obJectlve can achieve by conducting Hydrostatlc test on prototype (at site or at

f“the fabr1cator ] workshop) prior to putting into service.

4.4. 1 Fabrlcatlon of Penstock Bifurcation-
The penstock bifiircation was. fabrlcated by welding ASTM-A 537 grade II steel sheets

as per following details as considered in the design:

. G‘rossAHead : 14754 m
Internal diameter of héader 'p ipe : 4000mm
Internal diameter of branch pipe : 3000mm
Thickness of cylindrical portion : 50mm
Thickness of sickle plate : 100 mm
Steel used for fabrication : ASTM-A-537 class 11
Minimum yield strength : 4219 kg/ cm’
Ultimate tensile strength : 5625-7031kg/cm2.

The allowable stress as per design criteria reported in agreemcnt between KPCL and
IHP is considered as 0.5 times of yield strength i.e. 2110 kg/ cm®.

The penstock bifurcation was supported using three saddle supports. Free movement of
. the penstock bifurcation {y-as ensured by applying grease lubricant to saddle supports in contact

with bifurcation. The three ends of the bifurcation were clésed by welding bulkheads.

" 4.4.2 Inspectiqn Tests on Penstock Bifurcation -

Before conducting hydrostatic test, the following inspections / tests are to be carried out

. for welds / cracks

4.4.2.1 Radiographic Examination
Radiographic examination is used for inspection of any flaws in welding such as pores,

slag ‘inclusion, lack of fusion and cracks. It is carried by X-rays or Gamma rays dependirig
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~ upon the source of radiation to indicate any flaws in welding. Its records can be maintained
permanently “*>4,
Recommendations:

A> All the longitudinal joints shall be radiographed for 100 percént length.

» The circumferential joints shall be spot radiographed for 10 percent length of eééh

joimt. '
> All the T-junctions between longitudinal and circumferential joints shall be
: radiographéd.
» Any defects shown ‘during. radiography shall be repaired and subjected to re-

- examination.

4.4.2.2 Ultrasonic Examination

Ultrasonic examination enables faults to be located more accurately and access the
necessity for repairs. It is carried out by electfom'c equipmenf and requires highly qualified
- operator. Its records can not be maintained pefmanently. The joints such as girth of linear in a
tunnel 6; shaft with backing strips, which are difficult to radiographed or in accessible to
radiographic examination may be subjected to ultrasonic examination in lieu of radiographic

examination.

4.3.2.3 Magnetic Particle Method and Dye Penetration Method
- Magnetic particle .method and Dye penetration method are non-destructive tests and
used to detect the surface cracks. These two methods may be adopted for inspection of field

--welds in case of a difficult weld and the intermediate runs of weld.

| 4.4.3 TInstallation of Electrical Resistance Strain Gauges
Structui'ally mmportant and critical locations were selected on sickle plate and surface
of the penstock bifurcation where electric resistance strain gauges were to be installed. The
selected locations were ﬁbbed by sand paper and thorbughly cleaned with the help cotton
waste and acetone liquid. The prepared surfaces are coated with mixture of araldite and
_ hardener. After drying the surfaces are to be smoothened for pasting the strain gauges. Then
electric r»esistance"s'train gauges are pasted on each location with help of ‘mixture of araldite and-
hardener and leﬁ for drying at least 24 hours. Rosettes, biaxial or linear gauges are emp’loyed at
the selected locations as per requirement of stresses and their nature or pattern. Lead wires are

connected to the strain gauges which are further connected to scanning box of data logget/
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strain meter. The locations of strain gauges on the top, at the bottom and at the sickle plate are
shown in Fig. 4.19, Fig. 4.20, and Fig. 4.21 respectively. The photo 4.2 explains the

installation of strain gauges and other procedures of hydrostatic tests.

4.4. 4 Experimental Procedures and Data Recording
After recording initial observations of all the strain gauges with the penstock
- bifurcation empty, the penstock bifurcation was completely filled with water using hydraulic
pump. After filling the penstock bifurcation, small internal pressure was applied and air vent
valve was operated to allow entrapped air to escape from pipe and pressure was brought down
to zero. The prés‘su‘re shall be applied tflree times successively increasing and decreasing at
- uniform rate. The pressure was gradually raised to test pressure. The test pressure shall be held
stationary for such a time as is considered sufficient for inspectién,of all plates, joints and
connections to detect leakage and signs of failure. | |
Accordmgly, the cycle was repeated 3 times to completely remove entrapped air from
pipe and then strain gauge readings were recorded at zero applied internal pressure. The
internal pressure was applied in steps of 5 kg/ cm? upto 40 kg/ cm® and thereafter in steps of 2
~ kg/ cm® B, At each step, the applied internal pressure was held constant for at least 10 mmutes-
and strain observations were recorded. At internal pressure equal to 44 kg/cm® , the hoop stress
of the order of 2814 kg/ cm’ was found to be developed (= 50% of minimum UTS of,thé steel)
at strain gauge location B2. However, after discussions with design engineers, KPCL officers
and THP 6fficials it was decided to carry on the hydrostatic test up to 75% of yiéld point of the
steel without endangering the safety of the structure. Accordmgly, internal pressure was
applied further in steps of 2 kg/ cm’ upto 50 kg/ cmPinternal pressure which resulted hoop.
stress‘of 3164 kg/ cm® (equal to 75% of yield point) at strain gauge location B2. This pressure
. was held constant for 15 minutes and the entire length of penstock bifurcation including weld
joints was monitored minutely for leakage and sweating of joints Considering the criteria viz.,
lesser of 50% minimum ultimate tensile strength and 75% of yield point of the steel used in
fabrication of penstock bifurcation, the internal pressure was not increased further in
consultation with design engineers and project officials. | 4
The pressure in the pipe was reduced gradually from 50 kg/cm® in steps of 2 kg/cm® up
to 40 kg/ cm® thereafter in steps of 5 kg/cm?. The strain gauge observations were recorded at.
each step during depressurising also. During the entire test, no leakages or sweating of joints
were noticed. The stresses calculated for the penstock bifurcation for different location of

‘strain gauges are given in Table 4.12, Table 4.13a, Table 4.13b, and Table 4.14. The variation
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.of hoop stresses with respect to applied pressure in header pipe is shown in Fig. 4.22 and the
variation of major principal stresses with respect to applied pressure in sickle plate is shown in
Fig. 423. |

| " As per test criteria (agreement between IHP and KPCL) the test pressure is the pressure

-which produces a hoop stress in penstock bifurcation at any point equal to 50% of the

mmlmum ultimate tensile strength (UTS) or 75% of yield point of the steel used in the

fabrication of penstock bifurcation whichever is less. ’
According to CWC manual, in general, test pressure is equal to 1.5 times of design
pressure or to a pressure which will develop a stress equal to 0.8 times yield point whichever is

earlier™.

445 Calculation and Plotting of Stresses

The hoop (circdmfe‘rential) and axial stresses computed from measured strains in
circular portion of the pipe were compared with theoretical hoop and longitudinal stresses
calculated using standard formulae for thin cylindrical shell as follows*:
Tensile Hoop Stress, oh=pr/t

Axial Stress, _ ca=pr/2t

Also, the principal stresses developed in header pipe, conical reducer and sickle plate

are célculated from the measured strain by installed rosette strain gauges using the following

standard formulae!''~%,

Uniaxial or Single-element strain gauge
’ &
C1 = E. €1

Biaxial strain. gauges or two-element rectangular rosette

_Els+ue) y

Bewe) |

1
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Three strain gauges or three-element rosette

€
&c

45

.8A

1 1
& =5(8A + £C)+§\/(8A —E¢ )2 +(2_5'B —E&4—EC )2

1 | 1 _
€ :5‘(3,4 T &c )‘5\/(&4]‘ SC‘)Z +(2e5 —£4 -8 )

¢1=E{(8“80')+ fea=ecV e, —ea-ecy |

20-u) 20+ u)

._ (8A+8C) 1 e Py 8-—8 PR
E[ ( /u) 2(1_'_#)\/( A C) (2 B A C) :l

* 'Where,

o] , 02 = principal stresses

€1 , &2= principal s'grains

_u: POisso;l" ratio of steel

'p =internal pressure in the circular pipe

r = internal radius of circular. pipe

t = thickness of pipe shell

E= Young’s modulus of elasticity of steel

" €a, &g and £c are measured strains along three directions at any rosette strain gauge location.
The recorded strain gauge observations for biaxial and uniaxial strain gauges were also

used to calculate hoop, -axial strains, which were in turn converted to hoop and axial stresses by

~ as follows:

6 =E
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| No leakages or sweating of weld joints should noticed during hydrostatic test at
designed internal pressure. The maximum hoop stress / longitudinal stress developed due to the
applied internal pressure gives the indication of local stress at that location, should not be more
than 75% of yield strength. All the fabricated sections, straight pipe, bends, expansion joints,
wyes etc. shall be subjected to hydrostatic test !'*.

Cleaning of surface area of size 100mm x
100mm

A rosette gauge after pasting on sickle
plate

%

for internal

Pipe bend was filled with epoxy

Cable routing through pipe bend
gauges
Photo: 4.2 View of Hydrostatic Test of Penstock bifurcation
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4.4.6 RESULTS OF HYDROSTATIC TEST ON PROTOTYPE ¥
} (A) Stresses in main pipe
The hoop stress at 50 kg/cm’ internal pressure in header pipe varies from 2086.6

kg/cm? to 2360.6 Kg/cm® along the diameter of the pipe

"~ (B) Stresses at the junction of main pipe and branch pipe
The hoop stress at 50 kgfom® internal pressure in branch pipe varies from 328.4 kg/cm® ‘

to-3 162.6 Kg/cm® along the diameter of the pipe

(C) Stresses in sickle plate
The major principal stress at 50 kg/ cm? internal pressure varies from 985.5 kg/cm’ to

1008.8 Kg/cm’ at the centerline of the sickle plate.

The maximum stress of the order of 3164 kg/cm® was found to develop at an internal
_ pressu’fe- of 50 kg/cm’ on location B2 at half diameter point near the interséction of header and

conical p_ipes which works out to be 75% of minimum yiéld strength of steel making the
bifurcation. |
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CHAPTER -5

ANALYSIS OF RESULTS AND DISCUSSION

The results obtained through four type studies are as follows:

51 ANALYSIS OF RESULTS

5.1.1 ANALYTICAL APPROACH:

Actual shell thickness = 50 mm
As per calculation, Shell thicknt_ass =49.12 mm (form article 5.3)

- Hoop stress developed in thin cylindrical section theoretically,

50% 200

Hoop stress =p.ar/t -~ = = 2000 kg/cm®

Axial stress = p.r/2t = M = 1000, kg/cm®
_ 2X5 -

In sickle plate:

If the walls of pipe are assumed to be thin membranes having-no resistance
against bending so that they inflict only tractive and shearing force on the strengthening
collar, when subjected to internal pressure °‘p’ then the forces per unit length in
cylindrical membrane are:

i) In circumferential direction, p. 7

i1) In axial direction, (1/2) p. r

In circumferential direction, o= resultant of circumferential stress along the junction of
' shell and sickle plate vares from 4289.01kg/cm? at 0°
to 378.81 or up to 0 kg/em’ at 90°

In axial diregtion, 0, = resultant of circumferential stress along the junction of shell and
sickle plate varies from 1570.80 kg/cm? at 90° to.87.28 or up to
0 kglem? at 0° .
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Vertical ’forces, V= vary from 4289.01kg/cm” at 90° to 378.81 or up to 0 kg/cm? at 0°

‘Horizontal forces, H = vary from 906.31 kg/cm at 45° to 157.38 or up to 0 kg/cm® at

0° or 90°

Resultant forces, R = varies from 0.0 kg/cm’ at 0° to 4298. 01 kg/cm® at 900

5.2

PHYSICAL MODEL STUDY !

In case of physical ‘model study the maximum design pressure applied

equivalent to prototype is 55 kg/cm?® and the stresses developed'are in different parts of

penstock are within the permissible limi
1.

- 5.3

it

The hoop stress developed in the shell near the junction of the sickle plate with
tﬁe shell is shown in Fig.4.16 at section—AA varying from 2063 kg/cm’® to 1169
kg/cm® (37.5 po to 21.26 poj and at the bend area of the order of 1595 kg/cm® (29
Po)- | ‘

The peak value of 37.5 p, = 2063 kg/cm® is below the design value of hoop
stress 2200 kg/cm® (40 po) The vertical stress in the sickle plate varies from
2822 kg/cm” to 1794 kg/em’

The vertical stress distribution on the section-CC of the sickle plate of Fig.4.18
is varying from stress value 2822 kg/cm® to 1794 kg/em® (51.3 Po t0 32.62 po )
Radial stress oﬁ parabolic section-BB of the sickle plate of Fig.4.18 is varying

~ from stress value 2530 kg/cm® to 1760 kg/cm? (46.0 p, to 32.0 po)

HYDROSTATIC TEST ON PROTOTYPE
(A) Stresses in main pipe

The hbop stress at 50 kg/cmz; internal pressure in header pipe varies from 2086.6

- kg/cm? to 2'360.6.Kg/'cn'12 along the diameter of the pipe

(B) Stresses at the junction of main pipe and branch pipe

The hoop stress at 50 kg/cm?” internal pressure in branch pipe varies from 328.4
kg/cm? to 3164.0 Kg/cm? along the diameter of the plpe

© Stresses in sickle plate

The major priricipal stress at 50 kg/ cm” internal pressure varies from 985.5

kg/cm® to 1008.8 Kg/cm? at the centerline of the sickle plate.
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The maximum stress of the order of 3164 kg/cm” was found to develop at an
internal pressure of 50 kg/cm” on location B2 at half diameter point near the
intersection of header and conical pipes which works out to be 75% of minimum yield

strength of steel making the bifurcation.

5.1.4 FINITE ELEMENT ANALYSIS
[-DEAS software is used for the analysis of stresses in penstock bifurcation.
The internal pressure of 50 kg/cm” is applied in the finite element model.
(A) Stresses Evaluated at Bend Area near the Junction of Main Pipe and
Branch Pipe
The stress found in finite element analysis is of higher order 3250 kg/cm” at the
bend region of penstock where the cylindrical pipe and conical pipe meet. Higher stress
values at some nodes of Bend-B1l and Bend-B2 near the junction of main pipe and
branch pipe are shown in the Table4.1 and Table4.2 respectively. The counter of higher

stresses is indicated in the Fig.5.1.

Fig.5.1: Higher Stresses indicated as at Bend Bland B2near the Junction of Main
Pipe and Branch Pipe in Table4.1 and Table4.2 respectively.
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(B) Stresses Evaluated at Sickle plate area
The stresses found in finite element analysis using I-DEAS software is of higher
order 3840 kg/cm” and is within the permissible limit. It is seen that the higher order of

stresses is found in the sickle plate and bends at the junction of header pipe and branch

pipes, which is expected as per design .

Fig.5.2: Higher Stresses indicated in Sickle Plate

5.2 DISCUSSION

In case of physical model study, the stresses found in the region of bends where
the main pipe and branch pipe meet, are quite less in comparison of FEM analysis and
hydrostatic test on prototype. This may be due to the different materials used for model
and prototype as well as their weld efficiencies because the model is pressurized in
taking consideration of the bond strength of liquid chloroform and acrylic cement.

In case of hydrostatic test on prototype, the stresses found the sickle plate is less in
comparison to FEM analysis and physical model study. The reason behind it may be
the un-sustainability of electric resistance strain gauges against very high pressure of
walter.

The FEM analysis results matches with the analytical analysis results by
conventional methods having many assumptions and simplification.

The stresses developed in the region bends at junction of cylindrical and conical
pipes are in permissible limit and well match with the hydrostatic test on prototype

results.
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‘The stresses evaluated by finite element method in the sickle plate are in '

permissible limit and well match with the physical model studies results.

The stresses in sickle plate are of higher order 3840 of kg/cm® at the central curve

portion of sickle facing the water flow and are within the permissible limit.

It is seen that the highér order of stresses is found in the sickle plate and bends at

the junction of header pipe and branch pipes, which is expected as per design and

‘analysis.

The results compared among the four types of studies at internal pressure 50

kg/cm® are given tabular form as below:

5.3 COMPARISON OF RESULTS

The results of all the four studies are compared in Table 5.1

Table 5.1: Comparison of Results of Four Types of Studies

Physical Model | Hydrostatic
Conventional :
‘Location : Study on Test on FEM
‘ Methods
Perspex Model | prototype
Maximum Stress ’
at Junction of | 2242.46 Kg/cm® | 1900 Kg/cm® 3164 Kg/em® | 3250 kg/cm? |
‘main and branch ' '
pipe
V‘Maximum Stress - -
in Sickle plate | 4289.01Kg/ cm® | 2565 Kgfem® | 1009 Kgfem® | 3840 kg/cn?
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CHAPTER - 6 .

CONCLUSIONS AND RECOMENDATIONS

6.1

6.2

CONCLUSIONS:

. The maximum stresses calculated by analytical analysis or conventional

. methods are approximate as. there are many assumptions and simplifications

made in the. formula due to complex geometry of penstock bifurcation. The
stresses calculated by. this method in the sickle plate are having value of higher -

order as compared to physical model studies and hydrostatic test on prototype.

. The maximum stresses evaluated near the junction of header and branch pipes

by physical model study are somewhat lower in comparison to FEM analysis

and hydrostatic test on prototype. The reason may be that the material used for

model study is of Perspex having different engineering properties and also

difference in weld efficiency.

. The stresses evaluated in the sickle plate by hydrostatic test on prototype are

much less than FEM analysis and physical model study. The reason behind it
may be the un-sustainability of electric resistance strain gauge against very high

pressure of water.

RECOMMENDATIONS:

. The results may be further improved by precise finite element analysis by

proper selection of element, type of boundaries etc.

. The stresses evaluated by analytical method must be verified by other methods

such as prototype testing, physical model studies and finite element analysis.

. Above all, the hydrostatic test on prototype penstock bifurcatibn should be .

carried out for de;sign verification, performance, assessment and identification
of defects like leakage or sweating on penstock surface and joint efficiency at

high water pressure.

. Various combinations of reinforcement should be tried better improvement of

design.

. Physical model study should be conducted carefully by fabricating elastic

models.
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