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JANUSZ GINAL§KI
]riiad Materiałozmwstwa In§tytutu Energetyki, Wanzwa (M€talluĘiB| Depańment of th€ In§titute ol Power Enginćrin& warsawe,

stresses in penstock concave Bucklings During operation
of Reversible Turbine sets

The paper pre§ent§ the mechanism of accumulation of stre§ses at the bottom of a concave buckling: : :i'lindrical penstock shell. Also the results of tensometric measurements of these stresse§ in different
:,:--;es of turbinó set operation are presented.

l. Introduction

The Problem of determining the actual value of stress acting in the shell of a large' ;:eter Penstock is of imPortance for strength diagnostics 
"nd 

for".u.ts of opeń_::: _;Je.

l-:e total instantanęous working stress occurring in a given area of the shell:----g turbine set oPeration is a tensor sum of .ońpon.nl§tres§e§ generated by:c--nical and thermal loads. The most important or tn. mechanical loads are
::- - i irom internal hYdrostatic and hydrodynamic pressure, and of the thermal
l; -i - those resulting from solar radiation under variable weather conditions.

Ś--:le of these comPonents can be relatively easily and accurately determined
-:i'::callY, Providing the shell is cylindrical and in case of bucklinis - axiall|

:_ -::ical.
]-5;ulties in formulating and solving corresponding equation§ may appear ina< :: sbells without axial symmetry. Then it is easierio determine alt the above:c: -- ---ed comPonent stresses by experimental methods, e.g. by mean§ of resistance:i:-L- !l,uges,
l-: :ramPle of such a situation is a buckling formed during welding together of-L: :;€5 n'ith edge areas excessively bent during rolling which-has beei cńed out: :f3: ;,l give them b constant curvature radiuJequal ńalf of the pipeline diameter.i"c: :ucklings, in the form of so-called "concavó roofs" have been found in some:: :i sbells of large-diameter penstocks at the żamowiec water power plant,a=J: j u thelr. uPPer soctions of 7100 mm diameter, made of 18G2A steel sheets' _. - -m tfuckness.
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2. §tress Distribution in the Buckling Bottóm Area

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

Its mechanism is bęst explained by a simplilied modęl in the form of a flat
rectangular sheet. The main stresse§ ow operate on its edges parallel to the buckling
axis, and the Y 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-wal1,1arge-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.

6.e

x

, Fie. 1. Concave buckling in a rectangular sheet and diagram of buckling bottom
loading

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

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

owgh-Mo: g.

The sum of projections on the x and y axes yields

N : cn7i T:0. (Ż')

The largest normal stresses due to the bending moment appear in the discussed

section in the extreme fibres óf the surface layers and will be defined by a relationship
taking into account the sheet stifTness

(1)

oe : łW: ł6(1_v2yŁ6_ (3)

where

Mg: o,gh and Wr: u{ą
The normal stress o,y which is caused by force N and distributed uniformly on the
whole cros§-section, has the value of:

ON: On. (4)
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The resultant stres§ o, in the §urface fibres of the buckling concave side is an
ilgebraic sum of component stresses o" and o" and is defined by the equation:

o,: 0G*o;v : 
|uu -"rrŁ*t]",, (5)

Assuming roughlY that the o* stre§s corresporrds to the stręsse§ appearing under
-,-.ading of internal pres§ure p in a light-wall cylindrioai shell of radius R anó thick_
:.ess 9. that is

O", :4,
(ł

il: can determine the stress in the buckling bottom area of such a shell from
i;l:orimate relationship:

o,: (r.osŁ-')rf : do*

,ł*e:e Poisson ratio v : 0.3 has been assumed and c denotes the stress concentration
-i --,:

i: results from equation (7) that the increase of stress in the buckling bottom area
:,ręnds mainly on the ratio of the bend depth & to the shell thickn"ri 9.

Taking for instance the rnodel shown in Fig, 2, the stress concentration ratio ą
:r::ed by relationship (1):

a:6(|-,',(ł*, ,*#u-#)-(.".r-*) (8)

'*: !ć calculated from the equation of the §um moments relative to point 0, For;:;- j and R large relative to h and Ł

cosf L2 h2 h- l; zsR:0: ń:', u 
: o

iin: *qual values of g in relationships (7) and (8) may be assumed. Symbols used
Itr --jĘ§ć relationships are defined in Fig. 2.

(ó)

the

{7)

Fig. 2, concave buckling in a cylindrical shell and diagram of buckting loading by
a §ystem of,forces equivalent to pressure operation
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In this model, the moment acting in the plane of the cross-sectiory due to the con-

nection of the buckling with the cylindńcal shell, is neglected and the connection

is considered an articul'ated joint.
, Incidentally, it should be mentioned that a §ever6 plastic strain occurred at the

tensometrically tested buckling during the first ćycle of loading in the Pre§§ure te§t,

in efrect of which it changed iis profrle and decreased its depth. During the second

cyclą when it was loaded to a ńaximurn pressure that was lower than in the lrrst

cicte, ttre both tested bucklings dgformed elastically and stresses in corresPonding

ń."r*r*"nt points were of same value. An important for diagnostig tests conclusion

results froq 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 p€nnanent set appears is sullicient. After the lirst loading cycle (duńng

a pressure te§t with maximum pre§§ure higher than the work pressurQ, deep bucklin_ss

witt get permanently deformeł (rounded) proportionally to their depth, and in thę

irext cycles §tre§ses in these bucklings will iavi similar values.

ln straltow bucklings not set permanently, the stresses wilt be equal to or lower

than stresses in deformed bucklings.

3. Quasi§tatic Load §tresses in Bucklings

The stress accumulation phenomenon appęared both for hydrostatic and thermal

loading of the penstock. Circumferential §tre§§es from hydrostatic loads (after streng-

thenini 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 areą

and were u lio"u, 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 t0.8 kN/cm2 at avetage weańer (passing

clouds, temperature about 18'C, light wind). Under these conditions no thermal

§tre§§es in the geometrically correct shell area were obseryed,

The regular and symmetrical, thermal stress distribution in the buckling bottom 
]

area withiegard to tle welded joint axis allows drawing the conclusion that these]

wbre not aptarent (caused by wrong compensation) butteal_stresses, and that ther|

appeared due to the difTerence in heating (dilferent angle of incidence of sun raYs|

on the bend surface). This indicates that sun ra<liation stresses should be taken|

into account in the calculations 
l

4. Dynamic Load §tresses in Bucklings 
l

The values of slresses in circumferential direction werę determined by uo"rY"iJ
deformation§pectrPrecordedatvariousphasesofturbinesetoperation.



§tresses in penstock concave Buck

The largest stress of 8.0 kN/cm2 appeared in the tested area for a very short time,
rith a leaP, during an emergency putting the turbine set out of turbine operation.

This situation may be neglected since it occur§ rarely. Slightty lower values were
-corded during starting the pump operation after opening the butteńy valve and
-arr after closing the guide ring during normal stopping. Theśe stres§es were of
eltsnuatą cYclic character with a defined constant frequency. In both cases the
first cycle amplitude is about + 7.5 kN/cmz = 75 MPą the attenuation ratio is 0.83
łod pulse frequency is 0.15 s,- 1 for valve opening and 0.18 s- 1 for guide ring closing.
}§o inflpęag€ of head water level on the above values was observł. Duńng §tartiń
rb tuńine set to pump operation mode, after opening the guide ring the ńrst putsó
cldc amplitude did not exceed * 6.0 kNlcm2. In transient §tates the amplitudes
r:ań€d + 3.5 kN/cm2 with a stochastic character of pulse spectrum. The imallest
stltss pulsations occurred during steady operation and reached up to +0.5
k§ cm2.

Except the emergency putting out of operation, §tre§§es in all tested turbine
oFration states were significantly smaller than during corresponding pump operation
m8[es-

5. Working §tre§§e§ in BucklĘgs

The main stresse§ resulting Trom mechanical loads i.e, hydrostatic and hydrody-
n@ic Pr6§ure may be computed as an algebraic sum of caused by them components,
§im,r't 1fogy are generated by the same source (static pre§sure or its pulsations) and
Serdore will operate in the same directions.

Thermal load main stre§ses may deflect from these directions, but because of
fuB axial symmetry of the shell, the deflections witl be small and may be disre_
mrdod

tn this waY, the working §tre§§e§ are an algebraic sum of components of main
mrEs§es generated by all the above mentioned loads. }Vhen the compensator operates
,lotTectlY, the longitudinal (axial) §tre§§e§ are small and practically have no ińuence
,nm material elfort, i.e. on the reduced (equivalent) str6§es.

The total value of working stress for vańous water levels in the upper reservoir
ffior various hydrostatic pressures) can be easily determined from the curves in Fig. 3;
n uccds drawing a o-axis parallel line through the point on the abscissa corresponding
rc the actual water leyel in the upper reservoir. Througb the point of inteisection
dl ihiś line with the curve of stresses in function of hydrostatic pre§§ur€ with thermal
tfiłE§s€s added, a second line parallel to the abscissa should be drawn. This line is the
ltrccs Pulsations spectrum which are generated by cyclic changes of hydrodynamic
Frffire after opening the butteńy valve during putting the turbine set into pump
ęetion. The family of curves shown in the drawing represent§ the envelopes oftb spectra at a given water level in the reservoir.

Tbc 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 j

cyclic hydrodynamic and 24_hour thermal loads in the summer season 
l

for a given buckling shell material enables determining the number of cycles which

exceea this boubdary. 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 naprężeń w załomach wklęstych rurociągow derywacyjnych
podczas pracy turbozespołów odwracalnych

st reszczen ie

']t-:lówiono mechanizm spiętrzenia naprężeń w obszarze osiowego załomu wklęsłego powłoki cylin_
;:_,:ilnej na przykładach płyt: płaskiej (rys. l) i zakrzywionef (rys, 2).

Z zńęŻnoŚici wyprowadzonych dla przyjętych, uproszczonych modeli obciązenia wynika, ze największy
ł:Ę,"- na wartoŚĆ współczynnika spiętrzenia naprężeń wywiera stosunek glębokości załomu do grubości
:.:,ł ł:ki

fuCania ten§om€tr}czne, przeprowadzone na cienkościennym rurociągu wielkośrednicowym w obsza-
l"l: jł,a dwoch załomów o róźnych profilach i głębokościach wykazały, żr jeżnli pod wpływem obciążenia
'r::l§ągu ciŚnieniem wewnętrznym dna załomów odkształcą się plastycznie, to pomirno początkowych
-:,=lc głębokoŚci i kształtu profilu, przy na§tępnyrn cyklu obciążenia maksynoalne współczynniki spię-,i::n naprężeń w obydwóch załomach Ędą sobie równe.

"* załomach, Poza koncentracją naprężeń od ciśnienia hydrostatycznego i hydrodynamicznego,
]\r""riają równieŻ napręŻenia wywołąne zmiennym cpromieniowaniemprzez słońce. Tych naprężeń wy_
ł:łr:lchobciążeniamitermicznyminiewykrytowobszarachoprawidłowejgeometriipowłoki.

P:zedstawione graficznie na rysunku 3 przebiegi maksymalnych naprężeń roboczych w obszarach dna
*l:nu PowstającYch Podczas uruchomienia turbozespołu do pracy pompowej pozwalają określić liczbę;'r' Pulsacji naPręŻeń przekraczających wartości dopuszczatne.dla zmęczeniowych warunków prac}Ł

{,orp satrpcxceHaft Bo BorHyTrilx 3ant6ax AepnBaĘloafiblx Tpy6onpoBoAoB Bo BpeMfl
paooTbl peBepctrBllbłx ryŃoarperaToB

PesroN{e

hlx4aercr Mexarrlr3M KoHrIeIITpaqE[ nanpxxerrufi B 3orre oceBoro BorHyToro 3arnba rIIłJułHApIł-,c:rli o6o-nosK' Ha nplłMepax IIJIrłT: mocxofi (puc. l) ł łcxpur.rrćxxofi (puc. 2),
-ii: rasHcrMocTeń nuaeaćxxux Iln' npnHrTHrtx, ynpoqćHHblx MoAeJIefi uarpyrru cJIeAyeT, qTo

raułi:,=uee BnIłflHIte Ha 3naqeHfie xoaQQrłqnerłta (ouqenTpaqm xaupnxexłfi IłM€eT oTHołlIeHIłe rny-
imlu, ::rr6a x Tonullrtłe o6oro.rxż.

]:x:,rr-'.łerPuqeclue [ccJIeAoBaHlr{, npolr3BeAćgxrre Ha ToIrKo§TeHnołr rpy6onpoao,ąe 6o;rruoro
.56t|riF:ii B 3oEax Ńa aaYx sarrł6or pasaaYnr,rx npoQrłrreź n ray6rłn AoKa3{ult{, qTo @;rrł ilo,q BJIurHrłeM
6!;I-T"-],tri rP1'6onPoroga BEYTPeIłHIłM AaBJIeHI{eM AHa sarł6or flJracTrłqecxx AeQopMłpyrcrcr, To MuMo
ni]i"rin-:j,Er.\ Pa3HrrII rlY6Nrru N $oPurr npoQmr, fipu orrepeAgoM IIuxJIe lłarpy3rlr MaKcIłMźuIbHhIe 3Ha-
,łĘi]il]f r: }łÓEI]ReHToB roH{el{Tpaqll[ rranpxxeanź s o6oux sarlroax 6yayr ce6e paBgbr.j :"i:-g6ax. xPouć xonqerrTpaqurł aaupexexui oT rlłApocTaTl{qecKoro lł rIłApo.[ugaMlłgecxoro
ług;-nł:ąi. Bo3HI{xabT TaKxe HauprxeHlł' BbI3BtBaeMBIe nepeMeHIłBIM coJIHeqHlIu o6lyreurłeu, 3rn
fi&Jnlf,I:'Ęćl- BbI3BaHHbIe rePłrrłUeCrOń XarPysrOfi, He-obxapyxeHbl B 3oHax xapaxTepł3ylorqfixc, npa_
{&;:n .ń*:ć raolłerpaefi o6orroqrrł.

--,]nr-ETrr.&]eElłrre rPaÓr'łecrll Ha PIłc. 3 xogrr MarcrłVaJIbHLIx pa6ovxx nanpexerrufi B 3oga)r AHa
]lll!:-fifil- *g3FffiarcIllfix Bo BP€Mx nycra ryp6oarperaTa B ]HacoclłoM pexlłMe, no3BoJlrK)T onpeAenlłTb
{liLjWWT&1 IiExnoB nYJlbcarUrfi nanPrxeurłfi IrpeBblilIarculrrx 3HatIeFIł, AoIIycTIrMhIe AlL ycTźLltocTHBIx
,łł.anunń 3a6oThl.
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