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JANUSZ GINALSKI

Zakiad Materialoznawstwa Instytutu Energetyki, Warszawa (Metallurgical Department of the Institute of Power Engineering, Warszawa)

Stresses in Penstock Concave Bucklings During Operation
of Reversible Turbine Sets

The paper presents the mechanism of accumulation of stresses at the bottom of a concave buckling
= 2 cylindrical penstock shell. Also the results of tensometric measurements of these stresses in different
siases of turbine set operation are presented.

1. Introduction

The problem of determining the actual value of stress acting in the shell of a large
Sameter penstock is of importance for strength diagnostics and forecasts of opera-
amg life. :

The total instantaneous working stress occurring in a given area of the shell
“urng turbine set operation is a tensor sum of component stresses generated by
mechanical and thermal loads. The most important of the mechanical loads are
wads from internal hydrostatic and hydrodynamic pressure, and of the thermal
Wads — those resulting from solar radiation under variable weather conditions.

Some of these components can be relatively easily and accurately determined
smayuically, providing the shell is cylindrical and in case of bucklings — axially

Difficulties in formulating and solving corresponding equations may appear in
case of shells without axial symmetry. Then it is easier to determine all the above
memtoned component stresses by experimental methods, e.g. by means of resistance
SrmEm gauges. : :

A= example of such a situation is a buckling formed during welding together of
"W sheets with edge areas excessively bent during rolling which has been carried out
% seder to give them a constant curvature radius equal half of the pipeline diameter.

Sach bucklings, in the form of so-called “concave roofs” have been found in some
smms of shells of large-diameter penstocks at the Zarnowiec Water Power Plant,
#pecaly m their upper sections of 7100 mm diameter, made of 18G2A steel sheets

-

- 7-1% mm tHickness.
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2. Stress Distribution in the Buckling Bottom Area

In the buckling area of a cylindrical shell under internal pressure p there occurs
an accumulation of stress caused by bending moments.

Its mechanism is best explained by a simplified model in the form of a flat
rectangular sheet. The main stresses o, operate on its edges parallel to the buckling
axis, and the V type concave buckling is passing throughout the sheet width, as
shown in Fig. 1. Such a model is quite close to the case of a light-wall large-diameter
pipe of a small curvature 1/R, the concave buckling running along the generatix
throughout the pipe length ‘and the pipe being equipped with a telescopic compen-
sator which eliminates longitudinal stress.
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Fig. 1. Concave buckling in a rectangular sheet and diagram of buckling bottom
loading

By leading an imaginary cross-sectioﬁ along the buckling axis and reducing the

loads to the centre of this section, the equation of the sum of moments relative to
point 0 is obtained for a sheet section of unit width ‘

. o, gh—Mgy = 0. ’ )
The sum of projections on the x and y axes yields
N=o,9. T=0. @)

The largest normal stresses due to the bending moment appear in the discussed
section in the extreme fibres of the surface layers and will be defined by a relationship
taking into account the sheet stiffness ;

.
ekt s g o)
w, g
where

g2

: 6(1—v?)’
The normal stress oy which is caused by force N and distributed uniformly on the

whole cross-section, has the value of: A
Oy =0,. ‘ 4)

My,=o0,gh and W, =
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The resultant stress ¢, in the surface fibres of the buckling concave side is an
zlgebraic sum of component stresses o, and oy and is defined by the equation:

6, =0+0y = [6(1 —'v2)§+ l]aw. _ )

Assuming roughly that the o,, stress corresponds to the stresses appearing under
loading of internal pressure p in a light-wall cylindrical shell of radius R and thick-
ness g, that is : ‘

- :
o, = 2, (6)
g
we can determine the stress in the buckling bottom area of such a shell from the
spproximate relationship: ;

0‘z=<5.46ﬁ+1>p5=aaw )
, g g

where Poisson ratio v = 0.3 has been assumed and « denotes the stress concentration
SEDO. _
It results from equation (7) that the increase of stress in the buckling bottom area :
Sepends mainly on the ratio of the bend depth h to the shell thickness i
Taking for instance the model shown in Fig. 2, the stress concentration ratio «
Sefined by relationship (1): ' :
h - h\ :
“=6(1—V2)<§cosﬁ+2£]—R—§ﬁ—)+(cosﬂ~E> (8)
“em be calculated from the equation of the sum moments relative to point 0. For
small 8 and R large relative to h and L
L? h? h
% 1‘ — = ) — S —— 0
’ cosf : 0; 2R 0; R
#nt =qual values of o in relationships (7) and (8) may be assumed. Symbols used
= these relationships are defined in Fig, 2. '

Fig 2. Concave buckling in a cylindrical shell and diagram of buckling loading by
: a system of forces equivalent to pressure operation
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In this model, the moment acting in the plane of the cross-section; due to the con-
nection of the buckling with the cylindrical shell, is neglected and the connection
is considered an articulated joint.

Incidentally, it should be mentioned that a severe plastic strain occurred at the
tensometrically tested buckling during the first ¢ycle of loading in the pressure test,
in effect of which it changed its profile and decreased its depth. During the second
cycle, when it was loaded to a maximum pressure that was lower than in the first
cycle, the both tested bucklings deformed elastically and stresses in corresponding
measurement points were of same value. An important for diagnostic tests conclusion
results from this observation:

— in order to evaluate the state of strains in the buckling bottom area it is
not necessary to select the deepest buckling, because every buckling at the bottom
of which a permanent set appears is sufficient. After the first loading cycle (during
a pressure test with maximum pressure higher than the work pressure), deep bucklings
will get permanently deformed (rounded) proportionally to their depth, and in the
next cycles stresses in these bucklings will have similar values.
~In shallow bucklings not set permanently, the stresses will be equal to or lower
than stresses in deformed bucklings.

3. Quasi-Static Load Stresses in Bucklings

The stress accumulation phenomenon appeared both for hydrostatic and thermal
loading of the penstock. Circumferential stresses from hydrostatic loads (after streng-
thening the material in the first loading cycle) in the buckling bottom area were
twice as large as the stresses in the neighbouring geometrically correct shell area,
and were a linear function of pressure defined by the head measured between the
upper reservoir surface and the measurement point.

Thermal load stresses caused by sun radiation on the penstock shell occurred
in the buckling area only and reached +0.8 kN/cm? at average weather (passing
clouds, temperature about 18°C, light wind). Under these conditions no thermal
stresses in the geometrically correct shell area were observed. .

The regular and symmetrical, thermal stress distribution in the buckling bottom
area with regard to the welded joint axis allows drawing the conclusion that these
were not apparent (caused by wrong compensation) but real stresses, and that they
appeared due to the difference in heating (different angle of incidence of sun rays
on the bend surface). This indicates that sun radiation stresses should be taken
into account in the calculations.

4. Dynamic Load Stresses in Bucklings

The values of stresses in circumferential direction were determined by analyzin;
deformation spectra recorded at various phases of turbine set operation.
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The largest stress of 8.0 kN/cm? appeared in the tested area for a very short time,
with a leap, during an emergency putting the turbine set out of turbine operation.

This situation may be neglected since it occurs rarely. Slightly lower values were
secorded during starting the pump operation after opening the butterfly valve and
wter after closing the guide ring during normal stopping. These stresses were of
sitenuated, cyclic character with a defined constant frequency. In both cases the
frst cycle amplitude is about + 7.5 kN/cm? = 75 MPa, the attenuation ratio is 0.83
2ad pulse frequency is 0.15 s™ ! for valve opening and 0.18 s~ for guide ring closing.
No influence of head water level on the above values was observed. During starting
the turbine set to pump operation mode, after opening the guide ring, the first pulse
cycle amplitude did not exceed + 6.0 kN/cm?2. In transient states the amplitudes
rsached 1 3.5 kN/cm? with a stochastic character of pulse spectrum. The smallest
siress pulsations occurred during steady operation and reached up to +0.5
kN/cm2. - :

Except the emergency putting out of operation, stresses in all tested turbine
speration states were significantly smaller than during corresponding pump operation
states.

5. Working Stresses in Bucklings

The main stresses resulting from mechanical loads i.e. hydrostatic and hydrody-
samic pressure may be computed as an algebraic sum of caused by them components,
smce they are generated by the same source (static pressure or its pulsations) and
therefore will operate in the same directions. :

Thermal load main stresses may deflect from these directions, but because of
@e axial symmetry of the shell, the deflections will be small and may be disre-

In this way, the working stresses are an algebraic sum of components of main
stresses generated by all the above mentioned loads. When the compensator operates
correctly, the longitudinal (axial) stresses are small and practically have no influence
om material effort, i.e. on the reduced (equivalent) stresses.

The total value of working stress for various water levels in the upper reservoir
Wor various hydrostatic pressures) can be easily determined from the curves in Fig. 3;
# needs drawing a o-axis parallel line through the point on the abscissa corresponding
%o the actual water level in the upper reservoir. Through the point of intersection
of this line with the curve of stresses in function of hydrostatic pressure with thermal
siresses added, a second line parallel to the abscissa should be drawn. This line is the
stress pulsations spectrum which are generated by cyclic changes of hydrodynamic
pressure after opening the butterfly valve during putting the turbine set into pump
aperation. The family of curves shown in the drawing represents the envelopes of
these spectra at a given water level in the reservoir.

The point of intersection with the straight line defining the permissible stress
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“Fig. 3. Stresses at the bottom of a concave buckling in a cylindrical shell generated by hydrostatic
cyclic hydrodynamic and 24-hour thermal loads in the summer season

for a given buckling shell material enables determining the number of cycles which
exceed this boundary. This gives a basis for calculating the temporal resistance of
the buckling to fatigue, after taking into account the own technological stresses
which should be determined by means of additional tests.
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Przebiegi naprezen w zalomach wkleslych rurociggow derywacyjnych
podczas pracy turbozespoléw odwracalnych

Streszczenie

Omowiono mechanizm spigtrzenia naprezeti w obszarze osiowego zatomu wkleslego powtoki cylin-
fryezne) na przykladach plyt: plaskiej (rys. 1) i zakrzywionef (rys. 2).

£ zaleznosci wyprowadzonych dla przyjetych, uproszczonych modeli obcigzenia wynika, ze najwiekszy
wofyw na warto$¢ wspolczynnika spietrzenia naprezen wywiera stosunek glebokosci zalomu do grubosci
powdoki -

Sadania tensometryczne, przeprowadzone na cienkosciennym rurociggu wielkosrednicowym w obsza-
sach dna dwoch zalomow o roéznych profilach i glebokosciach wykazaly, ze jezeli pod wplywem obciazenia
mrociagu ciSnieniem wewnetrznym dna zalomow odksztalca sie plastycznie, to pomimo poczatkowych
seamic glebokosci i ksztaltu profilu, przy nastepnym cyklu obciazenia maksymalne wspolczynniki spie-
‘rmzmia naprezen w obydwoch zalomach beda sobie réwne.

W zalomach, poza koncentracja naprezen od ci$nienia hydrostatycznego i hydrodynamicznego,
powsiaja rowniez naprezenia wywolane zmiennym opromieniowaniem przez stonce. Tych naprezen wy-
wotznych obcigzeniami termicznymi nie wykryto w obszarach o prawidlowej geometrii powloki.

Przedstawione graficznie na rysunku 3 przebiegi maksymalnych naprezen roboczych w obszarach dna
Zxiomu powstajacych podezas uruchomienia turbozespotu do pracy pompowej pozwalaja okresli¢ liczbe
“WE pulsacji naprezen przekraczajacych wartosci dopuszczalne dla zmeczeniowych warunkow pracy.

v

Xoan: Hanpsokennil BO BOTHYTLIX 3arHGax [AepHBAIHOHHLIX TPYGONPOBOJOB BO BpeMsl
paloTrl peBepcHBHLIX TypGoarperaTos

PesomMme

OBcy&IaeTcs MEXaHW3M KOHIECHTPAUMH HANPSKCHHN B 30HE OCEBOTO BOTHYTOrO 3aru0a HWIMHIPH-
sesoi 000J109KH Ha MpUMepax IUIMT: Wiockow (puc. 1) u MCKPHBJIEHHOM (pHc. 2). ,

i3 33aBHCHMOCTEH BBLIBEASHHBIX IS TOPUHATHBIX, YAPOIIEHHBIX MOJE/eH Harpy3ku CleayeT, YTo
SusSomsmice BIMSHHE HA 3HAYCHHE KO(D(ULMEHTA KOHICHTPALMY HANDSKEHUI UMeeT OTHOQUIIEHHE [JIy-
S sarwba K TosmuHe 060JI0YKH. -

TESS0METpHYECKHE HCCIENOBAHNSA, NPOM3BENEHHBIE HA TOHKOCTEHHOM TpybonpoBome GoJibinoro
SiSeETDE B 30HAX [IHA ABYX 3arMO0B PasiMuHLIX MpoduIe i riay6un N0KA3aiM, YTO eC/TH T BIHSHAEM
SsEE TPYOONpPOBOIA BHYTPEHHUM NaBICHHEM [HA 3arH60B MIACTHICCKH JIebOpMHPYIOTCSH, TO MEMO
SRR pasHUIL DTyOUHBL M GOPMEI MPOGMITS, TIPY OYEPENHOM LHMKJIE HATPY3KH MAKCHMAbHEIE 3Ha-
WESE $0SOOHIMCHTOB KOHUSHTPAINK HANPsKEHNH B 060ux 3arubax GynyT cebe PaBHBI.

# sarmbax, KpOMe KOHICHTDALMM HANPSXKEHUH OT THAPOCTATHYECKOrO U THAPOAMHAMHYECKOTO
SUSDERCERE, BOSHUKAIOT TAKXKE HANPSKEHNS BRI3BIBACMBIC IEPEMEHHBIM COTHEUHBIM 061ydeHneM. DTH
WSSINERCEES, BE3BAHHBIE TEPMUYECKON HATPY3KOH, HE-0OOHAPYXKEHBI B 30HAX XapAKTEPU3YIOUIHXCS Ipa-
Mo reomeTpHel 060J10YKH.

“IpeacTasieHHBIE TPaQUUECKH Ha pHC. 3 XOMBI MAKCHMAIbHBIX pa6ounux HampskeHui B 30HaX AHA
WiTee. S03HMKAIONIMX BO BPEMS IIycka Typboarperata B HACOCHOM DEXHME, NO3BOJAOT ONIPENEIUTD
WSSECTSO MHKIIOB MyNBCAIHME HANPSOKEHUH NPEBBIIAIOMMX 3HAYCHAS JOMYCTHMEBIE LTS YCTaJIOCTHBIX
uenoswE paboTHL
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