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A Novel Design of Turbine Blading of Extreme Length

The limiting power output of a steam turbine. per 1 exhaust to the condenser depends
on the exhaust area of the final stage (Fig. 1):

A=Dnrlr, 1

where D — the mean diameter, / — the length of a rotor blade, t — the edge thickness
factor at the blade exit.
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Fig. 1

Both the above used dimensions D and [ determine also the value of the tensile stress
at the blade root:
6= ko'cy1=%klpDcu2 5 2

where k — the ratio of tensile stress values for identical cross-sections at the roots of two
blades: the actual blade, twisted and tapered, with variable cross-sections, diminishing
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138 R. Szewalski

from the root to the tip, and another blade, basically a virtual one, cylindrical in shape,
that means of constant cross-sections, equal to that at the root, p — density of the blade
material, @ — angular velocity of rotation.

By comparing the both formulae one obtains [1]:

A=3"—i=f<i,w,k> 3)
kpw p
indicating that the value of the final stage exhaust area attainable depends on 3 parameters:
the ratio of the permissible tensile stress to density, understood as a material constant,
the square of the angular velocity of rotation and finally the said coefficient (k) expressing
the effective reduction of mass of the rotating blade at larger radii, as compared to the
cylindrical blade. Thus exist also but 3 possibilities of increasing the final stage exhaust
area which are: iy

— reduction of the rotational speed of the turbine, in principle by a half,

— selection of an adequate blade material with higher value of Gl P

— selection of an adequate constructional model of a blade characterized by a lower
value of the coefficient k.

The well known method of decreasing the rotational speed of a turbine leads compulso-
rily to the increase of its overall dimensions, which in turn results in more difficult and ex-
pensive manufacturing processes and transportation. For this reason the method, however
very effective, comes into consideration only when other methods of increasing the final
stage exhaust area — with the rotational speed left unaltered — fail.

The next method, acting by way of increasing the value of Operm/ P @s @ material constant,
is related actually to the use of titanium as material for the blading. However, a possibility
that new kinds of steel of increased tensile strength will be obtained in the future is also
to be taken into consideration. Titanium, whose permissible tensile stress is identical
as that for steel, has a lower density (specific mass), resulting in the permissible value of
Operm/p — Tatio higher 7.8/4.5=1.73 times than that for steel. Thus titanium blading would
allow in principle to increase the final stage exhaust area, and thereby the power output
per 1 exhaust to the condenser, by approximately 73 % as compared to steel. Obviously,
titanium did not find up to now general application for constructing blades of extreme
length. This seems to hint at other difficulties arising, so to say, inevitably when new,
extreme overall dimensions and corresponding peripheral velocities of final stages are to
be taken into account. For blading made of steel the limiting attainable outlet area of the
last stage is about A=8.5 m? or under the assumption //D=1/2.7, the corresponding di-
mensions become D=2.85 m and /=1.055 m while the peripheral velocity at the blade
tip attains the very high value #,=614 m/s, and requires undoubtedly the application of
effective measures to protect blades against disastrous vibrations as well as against destructive
influence of erosion. Corresponding values for titanium blades are: 4A=8.5% 1.73=14.7 m?,
D=3.75 m, /=1.38 m, while the peripheral velocity at the blade tip approaches the extreme
high value u,=806 m/s! Obviously, under these circumstances, conventional means of
blade protection against erosion may become insufficient.

A third method remains, consisting in selecting a new constructional model of a blade
with lower value of the coefficient k. No doubt, this requires better approximation of the
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blade model to the shape of uniform strength, no matter what sequence of cross-sectional
profiles is used, the profiles being selected mainly in view of flow requirements, particularly
in view of spatial flow structure through a blade passage. While in case of a conventional
blade the reduction of the cross-sectional areas [2] — root to tip section — may reach va-
lues as high as F,/F,=10, the corresponding coefficient k decreases — as calculations show
— down to the value 0.37 — this resulting from a shift of the centre of gravity in the direc-
tion of smaller radii, i.e. closer to the root cross-section.

\

Fig. 2

The object under consideration can be achieved by utilizing a new concept of the blade
design consisting in constructing it from two separate profiled sheets (leafs), one of them
representing the concave side of the blade and another the convex one, the leaves joined
together adequately along the whole length by means of a permanent joint, e.g. by electron
welding. Leaf thickness of about 1 to 1.5 mm is sufficient at the blade tip where the ten-
sile stress diminishes in fact to zero. Going down along the blade, in the direction of the
root, this thickness may remain constant as far as to the cross-section at which the tensile
stress attains the permissible value assumed. Below this cross-section the thickness of the
profiled sheets increases according to uniform strength conditions. As a result a hollow
space of characteristic shape arises inside the blade, widening at first gradually from the
tip down to the root, and then narrowing to a little slit at the root itself (Fig. 2).

Owing to such a type of blade characterized by wall thicknesses chosen according to
uniform strength conditions, the centrifugal force of the blade acting on the rotor perimeter
as well as the trensile stress in the root of the blade itself decrease as related to the con-
ventional blade design of equal length, while for the load acting on the rotor perimeter
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and the tensile stress in the blade root being unchanged, the permissible radial dimension,
i.e. the blade length considerably increases, to the advantage of the attainable last stage
exhaust area. /

To illustrate the new concept there have been made calculations for an assumed last
stage blading having as dimensions follows: D;=1600 mm, D,=3440 mm, D, =2520
mm, /=920 mm and, correspondingly, u, =538 m/s and //D=1/2.74. With the ratio of
extreme cross-sectional areas of the blade F;/F,=8.32 the maximum tensile stress caused
only by the centrifugal force of the blade reaches its maximum value at the root: o, =
=3574 kp/cm?, i.e: 3515 bar or 351,5 MN/m?. This value results from the values of the
blade centrifugal force 376.5x 103 kp, i.e. 3.695 MN (SI system) and the cross-sectional
area at the root 105.43 cm?. For a cylindrical blade with identical cross-sectional area
at the root the centrifugal force would amount to 955 x 103 kp, i.e. 9.365 MIN. The ratio
of the two centrifugal forces equals to k=376.5/955=0.394.

Thereafter the blade under consideration was redesigned as a two-leaf blade, with the
external profiles at all the radii being unchanged and the tensile stress at the root section
. reduced to the value of 2800 kp/cm?, i.e. 2755 bar. The centrifugal force due to the blade
would be reduced at this case to the value of 250 x 103 kp, i.e. 2.455 MN, and the characte-
ristic design parameter would amount to k=250/955=0.262 only. At the same time the
cross-sectional area at the tip of the blade would be decreased from the value 12.69 cm?
for the reference, full-profile blade to 7.94 ¢cm? for the two-leaf one, the reduction
amounting to 37.5%.
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Fig. 3

The variation of the cross-sectional areas and tensile stresses along the blade length
for both the full-profile and two-leaf blade structures is shown on the diagram (Fig. 3).

Applying the value k=0.262 to the formula for the final stage exhaust area one obtains
a 0.394/0.262=1.502 times increase of the exhaust area as compared to the area attainable
for the reference, full-profile blade with k=0.394; so the increase amounts to 50.2 %.
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For the blades under consideration:
: (D), —,=1.502:(ID).,..=1.502x0.92 X 2.5 —3.495 me

The assumption of an identical value //D=1/2.74 for both blades gives the permissible
length of the two-leaf blade equal to:

! \/(ZD) l e 1.129
o — e =i m
o =i h 274

or in other words the blade is 22.8 percent longer than the reference one. The remaining
characteristic quantities are specified in Table 1.

Table 1
Blade Conventional l Two-leaf Rise [¥%]

D; [mm] 1600 1966 22.8
D [mm] 2520 3095 22.8
D, [mm] 3440 4224 22.8
[ [mm] 920 1129 22.8
D/l 2.74 . 2.74 =

u [m/s] 538 664 22.8
ID [m?] 2.325 3.495 50.2

The last mentioned rise of /D refers also to the attainable power output per 1 exhaust
of the turbine to the condenser. These results deserve attention.

The two-leaf blade of the novel type is also distinguished — as compared with a con-
ventional blade — by a favourable rise, from the point of view of operation, of the free vibra-
tion frequency, which is mainly due to a considerable reduction of the rotating mass. Simi-
larly, bending stresses due to the eccentric action of the centrifugal force can also be re-
duced considerably to the advantage of the blade strength and general stress conditions.

The novel type of the blade makes it possible to select the profile chord-to-pitch ratio
more freely, allowing thereby for higher energy conversion efficiency in the blade passage.
This is not the case with the conventional blading where, due to attempts to reduce rotating
masses at larger radii as much as possible, blade profile chords are being rather shortened,
whereas the pitch increases in proportion to the radius.

The above fact renders the use of larger //D-ratios, up to the value of about 1/2.5.
Consequently, increase of the exhaust cross-sectional area of the last stage, indispensable
for increasing the unit output of a turbine, can be accomplished without the need to increase
the peripheral velocity at the blade root and the rotor perimeter as well as the flow Mach
number.

Noteworthy seems also more liberty in selection of blade profiles, particularly in the
application of “thick” profiles and those with rounded inlet edges. As for a conventional
design this would be accompanied necessarily by an increase of the rotating mass, with
simultaneous reduction of permissible blade length and exhaust area of the last stage.

The possibility of obtaining a well-rounded inlet edge is particularly important from
the point of view of erosion fighting, as it is known that the normal component of the li-
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quid phase relative velocity which is responsible for the collision pressur€ and erosion of
the blade surface [3], decreases as the inlet edge radius increases.

The assumption of the two-leaf blade design does not impose any restrictions on the
material used, and either titanium or its alloys can be used also. From the point of view
of the tensile stress in the blade root the superposition of the two effects, the application
of titanium and the two-leaf design, would make it possible to produce a very large area
of the final stage exhaust, even as large as 4=8.5x1.73x1.37=2.37x8.5=20.16 m?,
which means 2.37 times more than actually attainable. The coresponding blade of extreme
length coming up to about 1600 mm for normal speed conditions would then permit to
increase the output of a single-shaft steam turbine, with 6 exhausts to the condenser, de-
pending on the vacuum used, to the extreme high value of 2000 to 2500 M'W.

Obviously, it is not the tensile stress in the root-section alone determining the permissib-
le extreme length of a blade. From the point of view of erosion hazard rising peripheral
velocities could be met either by restriction of steam wetness attained at the end of expan-
sion or by application of more effective protective measures against erosion in the design
of the blading itself. The first way could consist for instance in shifting the interstage reheat
towards a sufficiently lower pressure or in application of internal heating of the expanding
stream by means of guide vanes of the hollow shell type [4] fed with steam extracted from
an earlier stage. The second way, covered by a patent on the two-leaf blade design, makes
use of the internal blade cavity for sucking water droplets impinging the blade surface into
the cavity, through a system of small holes drilled in the blade wall, with following centri-
fuging them out of the blade and collecting again in a circumferential channel in the tur-
bine cylinder.:

Nevertheless many important problems in high speed flow as well as in dynamics and
strength of materials are to be solved to make this rapid increase of the blade length possible.
On the other hand however the advantages of this novel type of blading may be utilized
in the development of much shorter blades in the range of 1200 - 1300 mm, as required
actually in progressive turbine technology.
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Nowa konstrukcja lopatek turbinowych ekstremalnej dlugosci
Streszczenie

Dtugie fopatki turbin parowych konstruuje sie zasadniczo Jjako lopatki petne o przekroju malejacym
od stopy do wierzchotka. Dla danego materiatu i danej predkosci obrotowej turbiny, dopuszczalna
dlugosc¢ topatki zalezy od wspolczynnika wyrazajacego rzeczywista redukcje masy i zwiazanej z nia sity
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odsrodkowej wirujacej topatki, w poréwnaniu z fopatka cylindryczna o tym samym przekroju w stopie.
Redukcja ta jest tym skuteczniejsza im bardziej przybliza si¢ model topatki do postaci rownej wytrzy-
matosci. Cel ten mozna osiagna¢ opierajac si¢ na nowej koncepcji konstrukcji fopatki, ktéra polega na wy-
konaniu topatki jako ztozonej z dwoch pior, z ktérych jedno tworzy wypukla, a drugie wklesla powierzch-
ni¢ topatki. Poniewaz naprezenie rozciagajace przy wierzchotku lopatki maleje do zera, mozna przyjac
tam bardzo mata grubos$é¢ obu pior, idac w kierunku stopy, na przyktad 1 do 1,5 mm. Grubo$¢ ta po-
pozostaje stata az do przekroju, w ktorym naprezenie rozciagajace osigga dopuszezalng warto$é, a na-
stepnie przyrasta zgodnie z warunkiem zachowanial stalego naprezenia. W rezultacie wewnatrz fopatki
tworzy si¢ komora o charakterystycznym ksztalcie, poczatkowo rozszerzajaca sie stopniowo od wierzchot-
ka w kierunku stopy, a nastepnie malejaca do rozmiardw waskiej szczeliny przy samej stopie. W takim
modelu sita odSrodkowa topatki dzialajaca na obwodzie wirnika oraz naprezenie rozciagajace przy stopie
topatki maleja w poroéwnaniu z pelna lopatka o konwencjonalnej konstrukeji; przy takim samym za$
naprezeniu. rozciggajacym w stopie lopatki dopuszczalna dlugo$é w kierunku promieniowym ro$nie,
co w efekcie pozwala powickszy¢ powierzchnie wylotowa ostatniego stopnia. Nowa konstrukcja diugich
topatek daje réwniez inne korzysci, przede wszystkim wyzsze czestosci drgan wilasnych oraz wieksza
swobode w doborze stosunku cieciwy profilu do podziatki przy wiekszych promieniach oraz samych
profili topatki, w szczegdlnosci z zaokraglonymi krawedziami na wlocie.

Hogasi koHCTPYKIHUst paGounx TYpOMHHBIX JIONATOK
S3KCTPEeMAaJibHOM [{JIMHBI

Pe3zrome

JmHEbIe paboune TONATKH NAPOBIX TypOUH KOHCTPYUPYIOTCS, B OCHOBHOM, KaK IIOJIHBIE C yGHIBAO-
II€H MOBEPXHOCTHIO MOMEPEYHOTO CEYEHMsI OT KOPHs K BepmmHe. [lns AAHHOTO MaTepHana ¥ NaHHOMK
CKOPOCTH BpaIeHns TypOUHEL oNycKaeMasi JUIMHA, JIONATKY 32BHCAT OT KO3 (HUIMEHTa, OmpeneNsIomero
ACHCTBUTENBHYIO PEAYKLHIO Macchl M CB3AHHOM C Hell LEHTPOGEKHOM CUITBI OTHOCHTENHEHO HMATHHIPH-
YECKOM JIONATKY TAKOTO XK€ CAMOT'0 IIONEPEYHOTO CEYCHMs y KOpHS. DT PEAyKIsS MOXKET ObITh eme
CHJIbHEE B CIydae JIy4IIero npuOIImKEHNs MOJEIH JIONATKH K GOpMe JOMATKH NOCTOSHHON IIPOYHOCTH,
OTa KOHIEMIUs CBOIUTCS K BBITOIHEHNIO JIOMTKHE U3 BYX 06OJ0UEK, OJHA M3 KOTOPBIX 06pasyeT Bhl-
IYKJIy¥0, B BTOPas BOTHYTYIO CTODOHBI JIOIIATKM, COOTBETCTBEHHO CBS32HHBIX C COGOM BAOMBL KPOMOK.
VuuTpBas, YTO PACTATHBAIOIIME HANPSDKCHUs y BEPITUHBL JIONATKH HyJIEBBIE, MOXHO IPUHSTH OYEHH
MAJIy:0 TOJNMKHY 0GOJIOUKM y BEpINMHBL, mpuMepHO 1 mo 1,5 M. DTa TOMIIHHA OCTACTCH MOCTOSHHOMN
Ha pacCTOSHMM OT BEPITMHBI JO TAKOTO MOMEPEYHOTO CEYCHHs JIONATKH, B KOTOPOM DPACTATHBAIOILHC
HAIDPKCHMS TOCTUTAIOT AOIYCKAEMOE 3HAYCHHE, 4 MOTOM YBEIMYMBAIOTCS COTJIACHO YCIOBHIO IIOCTOSH-
CTBa HAIPSDKEHMI ¥ NPOYHOCTH. B pe3ynpTaTe BHYTPH JIONATKA 06pasyeTcs KaMepa XapaKkTepUCTHIeCKOM
(OpMEI, cHauama IOCTENEHHO PACIIAPSFONIASACS OT BEPIIMAEBL N0 HANPABICHHAIO K KOPHEO, a TIOTOM CyXKH-
BATOIIASCH IO Pa3sMEpOB y3KOM LIENH y CaMOro KOpHs. B Takoit Momenu LeHTpOGEXHAS CHIA JONATKH,
JCHCIBYIOMIAs HAa 060/C POTOPA, & TaKXKe PaCTATUBAIONINE HATIPSIKEHAS Y KOPHS JIOTATKH, YMEHBHIAIOTCS
IO CDABHEHHIO C COOTBETCTBYIOLIMMM BEJMYMHAME UL TOJHOM JIONATKY KOHBEHIIMOHATIBHOM KOHCTPYK-
gy, JIjisi TAKUX K€ CAMBIX 3HAYCHUI PaCTATNBAFOMUX HATIPSKEHNH ¥ KOPHS JIOMATKH, ONYCKAeMasl IJIMHA
JIOHATKH B PAAHaTBbHOM H2IIPABICHWM PACTET, YTO CIOCOOCTBYET BO3PACTAHUIO BHIXOOHOM HMOBEPXHOCTH
nocnennel crynenn. HoBasi KOHCTPYKIMS JNHHHBIX JIODATOK MPUHOCHT TAKXE M APYTHE MOIB3bI, KaK
HAaIp. B IEPBYIO 0YEPEb NOBBIICHAE COOCTBEHHBIX YaCTOT KOJI€6aHM i, MOTOM, GONBIIYIO CBOOOIY B IO~
6ope OTHOLICHHS [UTMHBEI XOP/BI IPOGMIISL K ATy TpW GONBIX Pamnycax, a TAKKe B NOAOODE CAMBIX
JIONIATOYHBIX NPOQHIEH, B OCOOEHHOCTH ¢ 3aKPYIJIEHHBIME BBIXOIHBIMHA KPOMKAMM.



