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WŁADYSŁAW GUNDLACH, JERZY POROCHNICKI, JERZY PRYWER

Poland*

Aerodynamical and Constructional Problems in the Design of CentĘetal
Double-Flow rnlet- Stages for Large Condensing Turbines

Double-flow o'butterfly" casings are the most characteristic units used in practically
all steam turbines of large output not only as the low-pressure part but more frequently
now. as the middle- and even the high-pressure part. Such casings are used also in turbines
for driving feed pumps, compressors (e.g. for NLG), blast-furnace blowers as well as in
top load steam turbines of great compactness.

The 90' direction change of flow from centripetal to axia] is the common feature of these
constructional solutions. This direction change takes place in the inlet chests before the
first stage of multi-stage axial blading. This p_roduces non-uniform inflow along the radius
and also in the first axial blade row which causes a serious decrease in efficiency. In addition
the present constructions of the steam inlet chests in a double-flow axial steam path are not
favourable for introducing the steam governing systems.

Governing and shut-off systems are tequired before the double-flow part'both in wet-
steam turbosets and in most of the industrial turbines (Fig. 1 , 2). With the increasing output
of conventional ,sets and the use of a double-flow middle-pressure part taking the r_eheated

steam, such a need arosę also in these turbines.
The possibility of obtaining the direction change from radial to axial using radial

inflow stages and the requirements of governing and shut-off systems were the reasons
for beginning the inVestigations on centripetal inlet stages with adjustable guide vanes.
However, for irractical applications the advancement of this conception for the inlet turbine
stagę - as in every new design ofa flow path - is dictated by following factors:

1) efficiency,
2) cost of production of blade system as well as of auxiliary elements (e.g. the inlet

part of the casing, diaphragrns, rotor etc.),
3) adaptability to different load conditions,
4) reliability.
Thus, not only the flow problems but fi.rst of all the constructional problems play the

decisive role here.
The use of centripetal inlet stage before the double-flow axial blading promises obvious

advantages both in the efficiency and construction:

+ Institute of Fluid-Flow Machinery of the Technical University, Łódź.
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Fig. 1. Induśtrial "butterfly" type turbine with choking governor (Siemens)

- Firstly it makes possible a more compact shaping of the inlet part, reducing the
number of turbine stages. This results in shortening of the rotor length, reduction in
the mass and in the dimensions of this turbine part, thus lowering the initial cost of the
turboset.

- Secondly it'makes possible an increase in thę efficiency of the first radial-axial
stages and consequently ofthe whole turbine, thus ręducing the operating costs ofthę turbo-
sets.

These problems were already mentioned during thę Conference in Dresden (1966)

[1] and during the II Confęrencę on Steam Turbines of Great output in Gdańsk [2].
The basic problems of flow and efficiency when developing the double_flow centripetal

§tages, resulting in practical application, will be discussed in turn,
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Fig. 2, Variant of "butterfly" type turbine designed to drive the compressor for NLG (Brown Boveri,
150 Mw)

Thecommonfeatureof modernhighlyefficient steam turbines, both the chamber and
drum type, is the sealing of rotating bladę rows against the stator and of guide blade rows
against the turbine shaft or drum. Only with large volume flows wherę clearance losses are
tolerable (e.g. the last stages of low pres§ure parts of condensing turbines), are labyrinth
sealings not used but free-standing blades with sharpened tips are applied. These stages are
generallY designed in the same way in the chamber as well as drum turbines namely
with a strongly increasing degree of reaction from root to tip of the blade.

rmPortant differences in the kinematics of the flow through the stages of chamber
and drum turbines occur only in short blade stages (UD<O.lr.In this range of values of
llD, in, the both types of turbines, blades of constant profi.le (cylindrical blades) are
used usually

One-dimension flow theory is generally applied in calculations for stages with cylindrical
blades. Non-dimensional parameters, related to circumferencial velocity u, and not as
usualyincentripetal tuibinęs to l,1^u*:lł1, are for practical reasons used in what follows
forcalculationsofthę blade system as well as for characterizingthe turbine stages. These
are:

- meridional velocity factole:ff,

).:2e,lu3,

tll:2/i"lu3,

161

(1)

- specific power factor

- enthalpy drop factor

(2)

(3)

- degree of dynamic reaction R: ,!'!', ,./i:+Ai:'

ii Prace IMP z 70 -?2

(4)
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One_dimension flow theory can also be applied (because of low values of I2|D2 rutio)
in calculations of centripetal inlet stages. Based on this theory simple relations will be derived

from which the most favourable geometrical and flow parameters, may be selected.

An arbitrary casę of an axial as well as a radial or axial-radial turbine stage is determi-

ned by its flow kinematics given by velocity diagrams at the inlet and outlet of stage

(Fig. 3).

Fig. 3. Explanation of symbols and of
considered cross-sections in the turbine
stages: a) axial stage, b) radial stage,
c) corrected velocity diagrams for an

atbitraty turbine stage

The most favourable form thereof results from the correction of all velocities with respect

to the circumferential speed at the outlet of the stage u2,ę,g,Ct:ctluz, The outlet velocity

diagram is determined, in such a presentation, by two angles: trailing jet angle B, in a rc-
tating reference frame,andby ą in the absolute system. It makes possible to present the

meridional velocity factor rp by the relationship

Q:Cz* (5)
ctgfir+ctgu"

The non dimensional velocities u, and c, in the outlet velocity diagram can. be preseńted

also as functions of these two angles. The same thing can be done with the velocities in the

control inlet velociĘ diagram taking additionally into account that

C1^:KlC2^. , (6>

The factor Ę depends first of all on the ratio of outlet areas and density in considered

control sections I and 2.

For an arbitrary type ofturbine stage the specific power factot )" (2) takes the form of

A : 2C z^(K tU 1 ctg d1 - ctg a r\ (7)
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or, after introducing the relation (8) between the angles a1 and B1

ct$ar:gfgBr+JŁ,
KrCr^

it takes the form

A : 2 lU? + C r,-(U tK t ctg P 1 - ctg ar)] . (7a)

The relation Qa) and (8) is shown in diagram (Fig. a) accepting the angle /1 as the inde-
pendent variable; the other values are considered as parameters. A case of the pure - axial
stace (ą:1.0) with degree of the rotor dynamic reaction of R:0.5 being presented by
dashed line cotresponding to a condition Br:I80-a2.

Assuming B, in the following as an independent variable the enthalpy drop factor y
and the degree of dynamic reaction R can be expressed by relations:

, : ri^?r1| r, + ctg' B,1 + 
} Q, + atg2 p ) -

-r3 (r +"tg'o;))+':? u,cts§t+l+ u?_7, 
(9)

(8)

R- (10)
x|U + (ctg B 1 + U 1(K IC 2)' - ą' x3 (t + ctg2 ur)

7 + ctg2 B, - t1"|x? {t + 
"tg' 

p ) _T:f

anrues 'tor Ą,lC,KfĄ''
ond: lor radiąl blading

?fł1,;,;,*",7:F, a_-

a9 13- LL_/r p

,#

Fig. 4. Head coefficient }" and, algle a1 of the outflow from the stator against the angle fl of the inflow
to the rotor and the colrected speed Ul

The factor Kg:CgfC2^is to take into account cases in which either the direction of flow
differs essentially from the axial direction, or the stages are the first(inlet), for whichCo* C".

Intherelations(9)and(10)appeartheefficienciesr7'andq" ofstatotandrotor respecti_
vely. These efficiencies are mainly functions of jet angles at inlet and outlet of the blade
rows (i.e. a6 and a, or Bl and Br), geometrical parameters of blade rows as t|s,Ils andllD,
and Mach and Reynolds numbers. To determine these effi,ciencies the following functions

l1.

I+!
4

|9o

a1
,7o

|5o

|3o

l1o

9o

7o

'es ror j1,,|6o, K,,Ko,| g116

rddidl bloding C2^,ą320;
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(11) and (12) were assumed based upon different experience§, namely of Filippow [3],
Traupel [4], Cordes [5] and our own results

4' : I - (' : I - (Ę'ok,rkRnrkM r+ A €' + ć i),
rl" :I - Ę" : I - ((a kp,kR",k*,ko",, l",, + AĘ" + ('i) ,

(1 1)

(I2)

(lza)Ę,:+G)'
' In relations (1l) and (I2):

-- the values of basic factors {i, and ć'J węrę defined for trailing jet angles alot |J2:20a,
optimum inflow jet angle, optimum pitch-to-chord ratio tls at M:0.8 and Reż6.5,105;
these values depend on the jet deviation angle within the blade row and on the blade
aspect ratio lfs,

- thę correction factors kor, kp"r, ky, and kBr, konr, kyrtake into account the effęct
of thę trailing jet angle; and the Reynolds and Mach numbers,

- the correction factof kr",,,",, refers only to rotating blade fows of the radial-axial type:
it accounts for the effect of lengthened blade chord of radial-axial blade row on flow losses
as compared to that of basic profile of axial type blading, and is a.function of Ur:PrlPr,

- /ć' and /Ę" account for the rise oftip losses within the stator or rotof due to axial
conicity of outer walls of the blade rows,

- ś1 includes the effect on losses within cylindrical blade rows of varying flow condi-
tions along the radius; the well-known relation (12a) was chosen in this case (for centripetal
inlet stages of course ćr:0).

The character of the variation of losses €L and ć'ć and of correction factors is shown
on diagrams (Fig. 5).

The relations (9) and (10) can be used to develop a whole family of standard turbine
stages whichcan be applied to different conditions, e.g. in the high or the middle pressure part

Fig. 5. Loss coefficients for arbitrary turbine blading which were used during analysis: a) base value
of losses again§t the angle of jet deviation lq (A b and against the ratio s'll' (s" ll"), s - being the length
of blade chord, / - the length of blade span, b) correction coęfficient with ręgard to Mach number, c)
correction coefficient with regard to trailing jet angle, d) additional loss due to axial conicity of the blade

tip, e) correction parameter taking in account the aspect ratio of the blade leading edges
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as §-ell as the inlet stages in the low-pressure part. To find the optimum solution for a flow
path it is possible to compare single stages as well as homogenous blading of different
kinematics with regard to efficiency, processed enthalpy drop, etc. There are many ways
of proceeding in this case.

One of them will now be briefly described, this one being useful in comparing the
efficiency of the axial drum-type blading with R:0.5, to that of the mixed-type blading
rvith one centripetal inlet stage and the remained stages of the drum-type.

Assuming some characteristic data for the axial drum-type blading with R:0.5 (e.g.

main dimensions and meridional velocity factor) the characteristic curves (9), (10) and (8)

of standard stages can be easily determined for some range of application (range of pressures
and densities).

The blade efficiency of the stage qu defined by the relation:

^'lu ^) ^a
v/ + L6- Lź

according to the above takes, by introducing the equation (8), the form:

1
(13a)4u:

v/ + CZ-[K3 - (1 * ctg2 ar)]

Detailed comparison of radial centripetal stages with axial reaction stage (R:0.5)
with regard to efficiency hós been carried out on an the example of double-flow low pressure
blading, as shown schematically in Fig. 6a. The chaiacteristic geometrical values of all
three stages of blading have been presented in Table l.

Knowing the valuęs of characteristic factors Q, V, l ot rlu of separate stages of blading
such solutions can be chosen for which thę samę values of the factor rp ate also valid for
axia1 stages. These solutions can be selected from the whole family of standard centripetal
inlet stages. The values of the factor y of these selected stages should fulfil the simple
equations:

VR:Va*l,

(14)

Table 1

First stage Third stage

stator I rotor §tator

(1 3)

, utr lV nl: V u*lu| 1l I u*luj 1,

uŻ mV 
^*: 

V u"lłŻ lł V u*lu} 1* ty u*gu}1

l
,j

Pitch to chord ratio l/s

Chord to span ratio s//

Span to pitch diameter ratio
uD

Ratio of cross-sectional
ałeas AglA1 or AllA2

0.93

0.4227

o.0562

o.9043

0.86

0.4030

0.0685

0.98

0.3019

o.o769

0.1823

o.1121,

o.826

0.3069

0.1330

o.9391
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Fig..6. Comparison of different variants of the double-flow blading of low pressure §team
turbine: a) axial btiding of reaction type (R:0.5), b) mixed type blading containing the
centripetal"inlet §tagę with męridional blades, c) variant as b) but in the.,radial stage
only the splitter blades are remained, d) mixed type blading containing the centripetal
inlet stage as a substitute for two stages in each flow path of a double-flow turbine - meri-

dional blades, e) variant as d) but with blades bent forward, §rx36"
* wiih steam extlaction for the first and scond axial stage, *t with steam extraction for the third axial §tage

Fulfilment of these conditions means changing in turn one, two and the whole axial
blading into a properly selected radial stage. Two first casęs in two variants each have
been presented schematically in Fig. 6b, 6c, 6d,6e. Thęse figures demonstrate at the same
time the possibilities of serious shortening of flow path of steam turbines of great output.

Figures 7a and 7b present the characteristic curves of one of the sets of standard cen-
tripetal stages (Ę>1) which is characterised by the same values of flow angle§ §z:16"
&tld d,2:110" giving together Q:0.32. This value of p is commonly used in the first drum



Aerodynamical and Constructional Problems in the Design.,.

stages in the low ptessure part ofsteam tufbines. For this set it has been assumed additionallY

that C6:C2m&lrLd, Cg:Qr-, which also means Kt:I, Ko:'l,
The reduced circumferencial speed Ut:DtlDz plays the role of a parameter, The case

{Jt:I and dt:fz:16" represents an axial stage of the drum-type (Fig. 7a).

Fig. 7. Characteristic curves for a serięs

of centripetal stages and for comparative
axial stages of ręaction type: a) enthalpy
drop coefrcient r2 and circumferential'
efficiency 4u agailst the angle fr of the
inflow and the corrected speed Ut,
b) degree of dylramic reaction R of the
rotor against the angle /r of the inflow

and thę corrected speed Ut

In Fig. 7athere are for axia1 stages one common characteristic curve for r7 and two
curves for q,, namely one for the first stage (ło:pQ,) and the second curve for the second

and third stage together as for these two last stages co:cz a;ad ao:qr, The efficiency

of the blade róws of these stages was computed basing on the geometrical data given

in Table 1. From the diagram (Fig. 7a) it can be seen .that thę efficiency rlu and the

enthalpy drop factors ł2 of the drum-type stages II and III overlap closely one another

though the blade length for these stages is obviously different. This is the ręsult of strong

rise of tip losses in the III stage because of large axial conicity of outer walls of the blade

row.
Thecentripetalradial stages afe charactęrized by a high efficiency rlu,whichcan bę seen

in Fig. 7a.Itis especially true fot the solutions with meridional blades (/r:90") and for
the forward bent blades (.6r>90").

The rotors with the backward bent blades (f.<90') demonsttate also high efficiency.

The valuablę feature of the backward bent blades is a high value of the factor ł2 which gives

the possibility of making the rotor wheels with much smaller diameter than for §t:9a"
(see Fig. 6e).

167
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The difference§ in emciencies ryu, favourable for radial
higher effciencies of radial guide wheels than of axial ones.
minor values of the parameter Ul:D]D2.

Summing up, centripetal inlet stage§ can be applied to all '.butterfly'' type of flow
Path in steam turbines, Promising not only the possibilities of considerably reducing the
mass and length of turbosets but also of real improvement of the efficiency of the blade
sYstem. The necessarY condition for improving also the internal efficiency of the mixed type
of blading is to Provide the radial wheels with an equally effective sealing system as used
now in highlY efficient drum-type stages. This condition determines from the beginning
the construction of centripetal rotor wheels which must be designed with shroud and
sealed against the stator.

The shrouded construction of centripetal wheels especially for low pressure parts of
large steam turbines creates great difficulties with regard to stress and vibration.

Principally the following solutions can be considered:
a) the solution with a uniforrn rotating shroud but made
b) the open wheels but with non-rotating moving and

againts the rotor by steam-static supports,
c) the shrouded wheels with segmental covers

bladós.
whose centrifugal forces are carried by

a) A_'A b)

L) B_B

Fig. 8. Centripetal rotor of two-side shrouded type -
the, shrorrds being segmented: a) meridional cross-
-section, b) as seen from the outlet, c) development

of the cylindrical cross-section .B-.B

The studięs of the above different constructions carried out by the authors of this
PaPer resulted in some solutions with segmental covers. Fig. 8 shows one of the possible
solutions. Their common feature is that the segments of covers arę carried by: axial, radial
or radial-axial blades and thę centrifugal forces pressing one shroud-segment to the other.

stage, result flrst of alJ from
It becomes more obvious with

of fiber reinforced composits,
following covers e.g. directed
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In the case under considelation the centripetal rotor wheel consists ofa meridional blade rowand two axial blade rows. The segment§ of the cover are made together with axial blades.The adjustable guide vanes also cause some troubles in designing and particularly theirsuPPorting bearings, An attractive solution is perhaps supportńg of these blades in steąmsupports, fed by the process steam.
The use of adjustable guide vanes can bring additional profits when applied in followingcaSes:

a) a correction in flow distribution between multi-flow low plessure parts, f,rst of allwith multi-pressure condensing §ystem; such systems will be more frequently widely usedin turbosets of large output and in total energy systems,
b) power control in industry steam turbines,
c) "intercePtion", first ofall in connection with low pres§ure parts ofwet-steam turbinęsinstead of shutting-off flap vaives,
d) active braking by adjusting the guide vanes into inversed position.
The Problems mentioned in this paper are recently theoretically and experimentallymore widelY investigated at the Institute of Fluid-Flow Machinery of the TechnicalUniversity of ŁÓdŹforandinthecooperationwith thęZAMECH TurbineWorks in Elbląg,
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AerodYhamiczne i konŃrukcyjne problemy projektowania dośrodkowych, dwustrumieniowych
stopni wlotowych dużych turbin kondensacyjnych

streszczenie

DalszY wzrost mocY jednostkowej dużych turbin parowych wiąże się ze zwiększaniem wymiarówostatniego stopnia oIaz z poprawą przepływu w części niskoprężnej.
MoŻIiwoŚĆ PraktYcznego zastosowania stopnia z dopływern promieniowym jako pierwszegostopnia wlotowego Przed dwustrumieniowym, nistocisnieniowym, osiowym układem łopatkowymzaleŻY od' dwóch warunków, Po Pierwsze, tozwiązanie to powinno zup.*nić wzro§t sprawności pier_wszYch stoPni mieszanego, ProĘieniowo-osiowego układu iopatko*.go * porównaniu z układem wy_łącznie osiowym, Dopływ pary do częŚci dwr-rstrumieniowej oauvruji.y sii ze zmianą kierunku prze_PłYwu Pod kątem 90o, Powoduje znacznąstratę energii. o.u!i r'u.u,r.t' iotvirvkonstrukcji i sprowadzasię do Żądania, bY częŚĆ niskociŚnienio wa byłajak najtard-ziej ,*;;;".-ń' ;radzie kilka rzędów osio_wego układu łoPatkowego moŻna zastąpić dośrodkowym stopniem wlotowym, co daje zmniejszenie
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długości i masy części niskociśnieniowych. To rozvłiązalie może być specjalnie atrakcyjne w dużych
wielokadłubowych turbinach parowych.

W artykule tozważa się wyniki badań nad możliwością zastosowania dośrodkowego stopnia
wlotowego w niskoprężnych kadłubach dużych turbin parowych. Warunkiem otrzymania sprawnego
stopnia wlotowego jest zastosowanie dwustrumieniowego wirnika z pokrywą segmentową, reagującego
jedynie na duże przesunięcia względne spowodowane tóżnymi szybkościami nagrzewania się wirnika
i kadłuba. Zastosowanie typowego wirnika z monolityczną pokrywą (jak w sprężarkach odśrodkowych)
napotyka bardzo duże trudności spowodowane dużymi prędkościami obwodowymi i dużymi wymiarami
wlotu stopni osiowych.

Przedstawione zagadnienie wymaga rozwinięcia szerokiego programu badań doświadczalnych
i teoretycznych, Badania doświadczaląe winny wyjaśnić problemy przepływowe i określić wartoŚci
współczynników strat dla omawianych stopn wlotowych.

Na zakończenie podano niektóre wyniki aktualnie prowadzonych badań.

.Aspoguuaun 
recnfie n KoHcTpJłcrłuoHHbIe IIpodJIeMhI

trpoeKTIIpoBaHtrff qelrTpocTpeM[TejlbHhlx .łDyxIIoTotrHb,Ix
BxoAI|bIx cryneHeń 6o.1rurłx KoHAeHcaqtroHHbD( Ty[,6IrH

PeTroue

Ąarrrneinnzź pocT €Alrurquoź uorr$rooru 6orrrmrx trapoBblx ryp6urł cBr3au c yBeJlulrerłlleM pa3Me-
por nocrregneź cTynęEfi tr c ycoBepneucTBonautreM TeqerrIl r łacrr H[.

BosMoxnocrr ipaxrrłvecr<oro rtp&MeteEtr I cTytrerl{ c paAIłaIIbHbIM TeqeH[eM B KaqecTBe uepBofi
rxo4rroń cTytreau, trepeA AByxIIoToqHbIM aKcraJIbHBIM o6łona-juBaHueM qacTr4 HĄ, easłclłr oT IFyx
ycrord. Bo uepnr,x, 3To peEIeHEe Aołxno o6ecue"rreaTb rrpupocT K.n.A. IIepBbD( cTyneneż c paAEaUIbEo-

-aKctraflBEBIM TeqeutreM IIo cpaBHeIMIo c K.II.A. IłcKJIIoqtrTeJIbHo aKctraJlbaoro o6łonaqmautrs. flnrau[e
napoM, npotrcxoArqee c oTKJIoHeEffeM troTora IIoA }arJIoM 90o, nplłeo4nr K 3HaqI{TeJIIEBIM 3aTpaTaM

9neprnrł. Bropoe ycIoBtre KacaęTc, KoHcTpyKuIrE Ił cBoA{Tc, r rpe6onarłrłro, .tto6rt uacrr H,{ 6srła
no Bo3Moxgocrr rrar6olee rovuarrgofi, B ocgosnol4 EecKoJIbKo prAoB arctraJlbnoro o6nouawsanufi
B 'łacTr H.{ uoxuo 3aMecTIlTb lleETpocTpeMtrTełrłroż BxoArroft cTytrenblo. 3ro npnwru.aeTca K corpa-
Ęenalo łacrr HĄ It K JĄvtęIlbltreHtrro ee Beca. Taxoe pemeaue ,BJIreTc.fi oco6enuo trrłTepecHlrM tro
oTHoIneEEIo r dorrrrruv Muoro(optrycnBlM trapoBblM ryp6nrrau.

B crarre o6cyxAarorcq pe3yJIBTaTBr I{ccJIeAoBaEurI Bo3MoxIłocTIt nptrMeHeEIłfl I{eETpocTpeMIrTeJIb-

uoE rxo4rrofi cT,}lnentr B Kopnycax HĄ 6ołlrnrłx [apoBhD( typ6lłH. VcrroBnełr oc)ruqecTBJIeHIIfl BxoAHoż
cTytreHI,I, xapaKTeplr3yloĘeŻc, BBIcoKuM 3HaseHueM K.u,A., sBfireTc, IIptrMeEeHtre AByxtroTolffioro poTopa
co cBfl3ElBaloqnrłrł xorrrqeo6pa3xrlMtr cerMeHTHbIME KpBIIIIKaME, peartrpyroqero e,4trIłcTBeEHo Ha 60ltB-
IIIEe oTIIocuTenbIIbIe nepeMęqeHlł.fi, BbBBaHHbIe pasJItrIIHbIMIł cKopocTrMlł ĘarpeBa poTopa E lroprryca.
flpułrenerrłe TuEtrImoro poTopa c uorrolrłrrroż xorrrqeo6pasnoź rplrutxofi (xar s qenrpodexrrrx rcou-
npeccopax) BcTpeqaeTcs c oqenb 6orrsurrłurł 3aTpyAIreHIłrI\4Ił nrrł4y 6orrrmn cropocrefi Bpaqeutr
u 6ołrmlłx BxoAHbD( pa3MepoB aKctraJIBHBIx cryrrerłeź.

flpo6rreuarura erofi sa4aw rpe6yer passuru,a g§rrrnprroż nporpaMMbl TeopeTIFiecI(D( Ił 3KctreplrMen-

TaJIbItbIx IłccfleAoBąEIłż. 3rcnepnuerrTaJlbnble uccJle,ĄoBalltrfl AoJIxEbI 6rrrr rranprisrrel{bl Ha BbIflcEeHtre

npo6rreu TeqeEEfi !I orpeAeJIeHEe 3ga.teTrlłtł xos$(lrĘlerrroB IIoTepb głx o6cyxAaeubrx paAłaJlblrbtx
poTopoB.

B garruoqem qpeAcraBJIeHbI EeroTopble pę3ynLTaTbI aKTyaJIbEo IIpoBoARMBIx IrccIeAoBaEEri,


