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

Double-flow “‘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 axial 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 produces 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 required 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 reheated
steam, such a need arose 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 practical applications the advancement of this conception for the inlet turbine
stage — as in every new design of a 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, diaphragms, rotor etc.),

3) adaptability to different load conditions,

4) reliability.

Thus, not only the flow problems but first of all the construct10na1 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, £.6dz.
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Fig. 1. Industrial “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 the efficiency of the first radial-axial
stages and consequently of the whole turbine, thus reducing the operating costs of the turbo-
sets.

These problems were already mentioned during the Conference in Dresden (1966)
[1] and during the IT Conference on Steam Turbines of Great Output in Gdarnisk [2].

The basic problems of flow and efficiency when developing the double-flow centripetal
stages, 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)

The common feature of modern highly efficient steam turbines, both the chamber and
drum type, is the sealing of rotating blade rows against the stator and of guide blade rows
against the turbine shaft or drum. Only with large volume flows where clearance losses are
tolerable (e.g. the last stages of low pressure 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.

Important differences in the kinematics of the flow through the stages of chamber
and drum turbines occur only in short blade stages (!//D<0.15). In this range of values of
/D, in the both types of turbines, blades of constant profile (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
usualy in centripetal turbines to u,,,,=u,, are for practical reasons used in what follows
for calculations of the blade system as well as for characterizing the turbine stages. These
are: :

II Prace IMP z 70 -T2

— meridional velocity factor p= o €8]
X Uy
— specific power factor A=2efuZ, 2)
— enthalpy drop factor w=2A4iJul, €))
d f d . t. Ai;l (4)
— degree of dynamic reaction R=-—° _ .
£ ¢ Ai+ 4]
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One-dimension flow theory can also be applied (because of low values of /,/D, ratio)
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 case 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).

a) b)
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e : Fig. 3. Explanation of symbols and of
Cim o N W, Com considered cross-sections in the turbine
W, 4 : stages: a) axial stage, b) radial stage,
Y C i ¢) corrected velocity diagrams for an
L Cou

arbitrary 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 u,, e.g. C; =¢;/u, . The outlet velocity
‘diagram is determined, in such a presentation, by two angles: trailing jet angle f, in a ro-
tating reference frame and by «; in the absolute system. It makes possible to present the
meridional velocity factor ¢ by the relationship

1

Sad T (5)
ctg f, +ctgo,

¢=C2m

The non dimensional velocities #, and c, in the outlet velocity diagram can be presented
also as functions of these two angles. The same thing can be done with the velocities in the
control inlet velocity diagram taking additionally into account that :

C1m=K1C2m' A (6)

The factor K, depends first of all on the ratio of outlet areas and density in considered
control sections 1 and 2.
For an arbitrary type of turbine stage the specific power factor A (2) takes the form of

A'=2C2m(K1 Ul Ctg a1 —Ctg 0(2) (7)
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or, after introducing the relation (8) between the angles «; and B,

ctgoy =ctg By + ®

1
2
K1C2m
it takes the form

A=2[Ul+C,, (UK, ctg B, —ctga,)]. (7a)

The relation (7a) and (8) is shown in diagram (Fig. 4) accepting the angle §; as the inde-
pendent variable; the other values are considered as parameters. A case of the pure — axial
stage (U,;=1.0) with degree of the rotor dynamic reaction of R=0.5 being presented by
dashed line corresponding to a condition f;=180—«,.

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

i
Y= CZm[KZ 5 (1+ctg /31)+n~(1+ctg B,)—

9
2 2 m il
— K (1+ctgay) |+ Ulctgﬁl+T Uui—1,
1
R= T B i) s (10)
1 n" Ki[l+(ctgB;+U(K;Cyop)®—n'Ko(1+ctg?a,)
e 4 i1
1+ctg® B,—n" | K3 (1+ctg® By)— ez
2m
7 Seslil, es for f3,716% K,=K,1 and:| 1g° — T S
4 N 8| ig:vrad/a{ b(;dlng Cz,,, Q320; | o g::efsor :?7:1/‘(1}13! r:['a dl:/;gKo’
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Fig. 4. Head coefficient A and angle o; of the outflow from the stator against the angle f, of the inflow
to the rotor and the corrected speed U,

The factor K,=C,/C,,, 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 which Cy # C,.

In the relations (9) and (10) appear the efficiencies #’ and 5’ of stator and rotor respecti-
vely. These efficiencies are mainly functions of jet angles at inlet and outlet of the blade
rows (i.e. o and a, or B, and B,), geometrical parameters of blade rows as t/s, l/s and I/D,
and Mach and Reynolds numbers. To determine these efficiencies the following functions

11¢
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(11) and (12) were assumed based upon different experiences, namely of Filippow [3],
Traupel [4], Cordes [5] and our own results

11’=1_6,21_(6(,)ka1kRelkM1+A£l+£;)’ (11)
11”=1 B é”= 1 "(661 kﬁszeszzkAs”/S” +A£H o 5},) 2] (12)
Ea b
== el 12a
¢ 3<D> (122)

In relations (11) and (12):

— the values of basic factors &; and &; were defined for trailing jet angles o, or §, =20°,
optimum inflow jet angle, optimum pitch-to-chord ratio #/s at M=0.8 and Re>6.5-10°;
these values depend on the jet deviation angle within the blade row and on the blade
aspect ratio /s,

— the correction factors k,,, kg,,, ky, and kg, , kg,,, ky, take into account the effect
of the trailing jet angle, and the Reynolds and Mach numbers,

— the correction factor k- refers only to rotating blade rows 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 U; =D,/D,,

— A" and A& account for the rise of tip losses within the stator or rotor due to axial
conicity of outer walls of the blade rows,

— &, 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 £,=0).

The character of the variation of losses &, and ¢; and of correction factors is shown
on diagrams (Fig. 5). A

The relations (9) and (10) can be used to develop a whole family of standard turbine
stages which can be applied to different conditions, e.g. in the high or the middle pressure part
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Fig. 5. Loss coefficients for arbitrary turbine blading which were used during analysis: a) base value

of losses against the angle of jet deviation A« (48) and against the ratio s’/I’ (s”//I”’), s — being the length

of blade chord, / — the length of blade span, b) correction coefficient with regard to Mach number, c)

correction coefficient with regard to trailing jet angle, d) additional loss due to axial conicity of the blade
tip, ) correction parameter taking in account the aspect ratio of the blade leading edges
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as well 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
with 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 #, defined by the relation:

)

A

e (13)
W= e c
according to the above takes, by introducing the equation (8), the form:
A
My (133)

Cy+CLL[KE—(L+ctg?ay)]

Detailed comparison of radial centripetal stages with axial reaction stage (R=0.5)
with regard to efficiency has been carried out on an the example of double-flow low pressure
blading, as shown schematically in Fig. 6a. The characteristic geometrical values of all
three stages of blading have been presented in Table 1.

Knowing the values of characteristic factors ¢, v, A or 5, of separate stages of blading
such solutions can be chosen for which the same values of the factor ¢ are also valid for
axial 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:

YR=Vax1>
= & 7 2
U n¥WRu=Yax 421+ Waxu2 115 . (14)

i s 2 2 2
Uy ¥R = Vax 142 1+ Vax i 1 + Yax 42 m

Table 1
First stage Second stage Third stage

\ stator rotor stator rotor stator rotor
Pitch to chord ratio #/s 0.93 0.86 0.98 0.861 1.13 0.826
Chord to span ratio -s// 0.4227 0.4030 0.3019 0.3538 0.1823 0.3069
Span to pitch diameter ratio

/D 0.0562 0.0685 0.0769 0.0933 0.1121 0.1330
Ratio of cross-sectional

areas Ao/A; or Ai/A» 0.9043 0.8088 0.8689 0.7982 0.7327 0.9391 .
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Fig. .6. Comparison_ of different variants of the double-flow blading of low pressure steam
turbine: a) axial blading of reaction type (R=0.5), b) mixed type blading containing the
centripetal inlet stage with meridional blades, ¢) 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, f;~36°
* with steam extraction for the first and second axial stage, ** with steam extraction for the third axial stage

Fulfilment of these conditions means changing in turn one, two and the whole axial
blading into a properly selected radial stage. Two first cases in two variants each have
been presented schematically in Fig. 6b, 6¢, 6d, 6e. These 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 (U;> 1) which is characterised by the same values of flow angles f,=16°
and o, =110° giving together ¢=0.32. This value of ¢ is commonly used in the first drum
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stages in the low pressure part of steam turbines. For this set it has been assumed additionally
that C;,,=C,,, and Co=C,,,, which also means K; =1, K,=1.

The reduced circumferencial speed U, =D,/D, plays the role of a parameter. The case
U,=1 and &, =f,=16° represents an axial stage of the drum-type (Fig. 7a).
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In Fig. 7a there are for axial stages one common characteristic curve for  and two
curves for 7,, namely one for the first stage (¢ =90°) and the second curve for the second
and third stage together as for these two last stages C,=C, and ay,=a,. The efficiency
of the blade rows of these stages was computed basing on the geometrical data given
in Table 1. From the diagram (Fig. 7a) it can be seen that the efficiency 7, and the
enthalpy drop factors y 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 result of strong
rise of tip losses in the IIT stage because of large axial conicity of outer walls of the blade
TOW.

The centripetal radial stages are characterized by a high efficiency #,, which can be seen
in Fig. 7a. It is especially true for the solutions with meridional blades (8;=90°) and for
the forward bent blades (f,>90°).

The rotors with the backward bent blades (8, <90°) demonstrate also high efficiency.
The valuable feature of the backward bent blades is a high value of the factor i which gives
the possibility of making the rotor wheels with much smaller diameter than for g, =90°
(see Fig. 6e).
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The differences in efficiencies #,, favourable for radial stage, result first of all from
higher efficiencies of radial guide wheels than of axial ones. It becomes more obvious with
minor: values of the parameter U.=D. D e

Summing up, centripetal inlet stages 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 uniform rotating shroud but made of fiber reinforced composits,
~ b) the open wheels but with non-rotating moving and following covers e.g. directed
againts the rotor by steam-static supports, ; .

¢) the shrouded wheels with segmental covers whose centrifugal forces are carried by
blades.

a) A A b)

Fig. 8. Centripetal rotor of two-side shrouded type —

the. shrouds being segmented: a) meridional cross-

-section, b) as seen from the outlet, c) development
of the cylindrical cross-section B—B

The studies 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 are carried by: axial, radial
or radial-axial blades and the centrifugal forces pressing one shroud-segment to the other.
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In the case under consideration the centripetal rotor wheel consists of a meridional blade row
and two axial blade rows. The segments of the cover are made together with axial blades.

The adjustable guide vanes also cause some troubles in designing and particularly their
supporting bearings. An attractive solution is perhaps supporting of these blades in steam
supports, fed by the process steam.

The use of adjustable guide vanes can bring additional profits when applied in following
cases:

a) a correction in flow distribution between multi-flow low pressure parts, first of all
with multi-pressure condensing system; such systems will be more frequently widely used
in turbosets of large output and in total energy systems,

b) power control in industry steam turbines,

¢) “interception”, first of all in connection with low pressure parts of wet-steam turbines
instead of shutting-off flap valves,

d) active braking by adjusting the guide vanes into inversed position.

The problems mentioned in this paper are recently theoretically and experimentally
more widely investigated at the Institute of Fluid-Flow Machinery of the Technical
University of £.6dz for and in the cooperation with the ZAMECH Turbine Works in Elblag.
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Aerodynamiczne i konstrukeyjne problemy projektowania dosrodkowych, dwustrumieniowych
stopni wlotowych duzych turbin kondensacyjnych

Streszczenie

Dalszy wzrost mocy Jjednostkowej duzych turbin parowych wiaze si¢ ze zwiekszaniem wymiarow
ostatniego stopnia oraz z poprawa przeptywu w czesci niskoprezne;j.

Mozliwos$¢ praktycznego zastosowania stopnia z doplywem promieniowym Jjako pierwszego
stopnia wlotowego przed dwustrumieniowym, niskoci$nieniowym, osiowym ukladem topatkowym
zalezy od dwoch warunkéw. Po pierwsze, rozwiazanie to powinno zapewni¢ wzrost sprawnosci pier-
wszych stopni mieszanego, promieniowo-osiowego uktadu topatkowego w poréwnaniu z ukladem wy-
facznie osiowym. Doplyw pary do czesci dwustrumieniowej odbywajacy si¢ ze zmiana kierunku prze-
plywu pod katem 90°, powoduje znaczna strate energii. Drugi warunek dotyczy konstrukeji i sprowadza
si¢ do Zadania, by cze$¢ niskociénieniowa byta jak najbardziej zwarta. W zasadzie kilka rzedéw osio-
wego ukfadu topatkowego mozna zastapi¢ do$rodkowym stopniem wlotowym, co daje zmniejszenie
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diugosci i masy czesci niskoci$nieniowych. To rozwigzanie moze byé specjalnie atrakcyjne w duzych
wielokadtubowych turbinach parowych.

W artykule rozwaza si¢ wyniki badan nad mozliwoscia zastosowania do$rodkowego stopnia
wlotowego w niskopreznych kadiubach duzych turbin parowych. Warunkiem otrzymania sprawnego
stopnia wlotowego jest zastosowanie dwustrumieniowego wirnika z pokrywa segmentowa, reagujacego
jedynie na duze przesuniecia wzgledne spowodowane réznymi szybkoSciami nagrzewania si¢ wirnika
i kadluba. Zastosowanie typowego wirnika z monolityczna pokrywa (jak w sprezarkach odsrodkowych)
napotyka bardzo duze trudnosci spowodowane duzymi predkosciami obwodowymi i duzymi wymiarami
wlotu stopni osiowych. :

Przedstawione zagadnienie wymaga rozwiniecia szerokiego programu badan do$wiadczalnych
i teoretycznych. Badania do$wiadczalne winny wyjasni¢ problemy przeplywowe i okreslic wartosci
wspolczynnikow strat dla omawianych stopn wlotowych.

Na zakornczenie podano niektére wyniki aktualnie prowadzonych badan.

AspoumaMurecKue ¥ KOHCTPYKIHOHHbIE HPo0IeMbI
HPOEKTHPOBAHNS EHTPOCTPEMUTETLHBIX IBYXHOTOYHBIX
BXO/IHBIX CTyHeHel 00JIbIINX KOHIeHCANMOHHBIX TYpOuH

Pe3ome

JanpHeldmuii poCcT €IVHNYHOM MOIHOCTA GOJBIINX MAPOBHIX TyPOUH CBS3aH C yBEIMICHUEM pa3Me-
POB TOCTeNiHEeH CTYNCHH W C yCOBEpPIICHCTBOBaHWeM Tedenus B vactw HI.

BO3MOKHOCTE IPAKTHYECKOTO TIPHMEHEHNS CTYIEHN C PAJVaIbHBIM TEYEHWEM B KAueCTBE NIEPBOM
BXOIHOW CTYIEHHM, IEpe] ABYXMOTOYHBIM AKCHAJLHBIM obJionaumsanmem uactu HJI, 3aBHCHT OT IBYX
ycnosurit. Bo nepBEIX, 3TO PENICHAE TOIKHO 00eceunBaTh NPAPOCT K.I. [, IEPBBIX CTYNCHEHR C PAAHAIBHO~
-AKCHAJIBHBIM TE€YECHWEM 110 CPABHEHHIO C K.IL.J[. HCKITIOYATENLHO AKCHAIBHOTO obnonaunBanns. IlnTanue
HapoM, IPOHCXOISIIEe ¢ OTKIOHEHHEM MOTOKA mox yriioM 90°, mpuBOAWMT K 3HAYMTEILHBIM 3aTpaTaM
SHEpruu. BTOpoe yclIoBHE KacaeTcs KOHCTPYKIHMH M CBOOMTICA K Tpebopammio, 4ToOBI wacTe HJI Obuia
10 BO3MOXHOCTH Haubojiee KOMIAKTHOM. B OCHOBHOM HECKOJNBKO DsNOB AKCHAIBHOTO OOIOIAYMBAHUN
B wacTy HJI MOXHO 3aMECTHTDH LEHTPOCTPEMHUTEILHOM BXOAHOM CTYIEHBIO. DTO NPUYMHSIECTICA K COXpa-
menmio yactd HJ/I ¥ X yMEHBIDEHHIO €€ Beca. Takoe pPElreHue sBJISETCS OCOOEHHO HHTEPECHBLIM IO
OTHOIICHUIO K OOJBIIMM MHOTOKOPIIYCHBIM HAPOBBIM TypOWHAM,

B craThe 00CYXNAIOTCA PE3YJILTATEI UCCISHOBAHMS BO3MOXKHOCTH IPUMEHEHNS HEHTPOCTPEMHUTEIIb-
HOI BXOIHOUM CTymeHHW B Kopmycax HJI 60oipmmx DapoBhIX TypOuH. YCIOBHEM OCYIIECTBIICHHS BXOJHOMK
CTYIICHHU, XaPAaKTEPU3YIOIIEHCs BEICOKAM 3HAYEHUEM K.II. 1., SIBIISICTCS IPUMEHEHHNE IByXIOTOIHOTO POTOpa
CO CBSABBIBAOIIMMHE KOJIBLEOOPA3HBIMEA CETMEHTHBIME KPBIITKAMIE, PEATMPYFOIIETO SOARHCTBEHHO HA 60Ib-
IIAE¢ OTHOCUTENIbHBIC IEPEMEINECHNS, BEI3BAHHBIE DA3IIMYHBIMU CKOPOCTSIMU HATDERA POTOpP2 M KODIyca.
ITprMeHeHre TAMAYHOTO POTOPA ¢ MOHOJMTHOM KOABIEOOPa3HO# KPHINIKOM (KaK B HEHTPOOEKHBIX KOM-
Ipeccopax) BCTPEYAETCs C OYCHb GONbINMME 3aTPYOHCHMSIMH BBHUAY OOJNBIIEX CKOPOCTEH BpaIICHUS
u GONbIINX BXOHHBIX PA3MEPOB AKCHAIILHBIX CTYIICHEH,

ITpobnemaTnka 3TOM 321241 TPeOyeT pa3BUTHSI OOIINPHON NPOrPAMMEL TEOPETHYECKHX M IKCICPUMEH-
TaJBHBIX HUCCIIEAOBAHMN. OKCIEePAMEHTANBHBIC HCCISIOBAHMS TOJDKHEL OBITH HAIPABJICHBI HA BBIICHCHAC
Opo0eM TEYCHHS M OMpEAescHWe 3HaueHub KodGOUIMEHTOB mMOTEPh OIS OOCYKNAEMBIX DPATUANIBHBIX
POTODOB.

B 3axroueHNN IMPEeICTaBICHbl HEKOTOPHIE PE3yIbTATEL AKTYaIbHO IPOBOJUMBIX MCCIIEHOBAHMM.



