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- flow path,

- surface,

- time,

- peripheral velocity,

- volume loss per unit time,

- specific §team contęnt at stage outlet,

- flow angle,

- efficiency,

- standardized erosion rate,

- surface tension.

"":::.:::''

Problems in the Development of Last Stage Blades
for Large Steam Turbines

SymboIs

cD - steam velocity,
c, - tangential velocity,

(n/ - water velocity,
c, - axial velocity -

Dy - mear' diameter,
Dly - hub diameter,

Ż - erosion rate,

/ - frequency,
ł - }:lade height,
p - pressure,
P - output,
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1. Introduction

The continual rapid increase in the unit output of steam turbines for power stations

makes great demands upon the turbine manufacturer in his efforts to develop those com,

ponents which determine the output limit of the unit. One of the most important limitinS\
componęnts is the last stage rotor blade of the low pressure turbine. The demand for a blade ,

which offęrs operating reliability and maximum emciency pfe§upposes thę solution of
highly complex męchanical and aerodynamic problems, The approach we adopted in
attempting to solve the various types of problems was essentially as follows:

_ a comprehensive theory was developed in order to understand the physical inter-

relationships,

- programmes werę evolved to calculate behaviour on the basis of the theorY,
_ the results arrived at by calculation werę verifi.ed by means of small scale models

and actual size tests.

* Brown Boveri and Co., Baden.
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56 E. Somm

With the assistance of the most up-to-date methods of calculation and testing it is now
Possible to fulfil all requirements, so that, as far as the last stage is concerned, a1l required
unit outputs in the next few years can be met.

2. The importance of the last stage for large steam turbines

2.1. Maximum attainable output

It is generallY known that the specific costs of the installation decline as the unit output
increases, and so the aim is to buitd turbines with the maximum possible unit ouĘut.
The outPut limit is, however, largely dętermined by the size of the last stage blades. it is
easy to deduce from this that at a given vacuum there is a correlation between maximum
Possible outPut and the total exhaust area. This can be increased either by the number of
Parallel flows or bY means of larger diameters and blade lengths in the last stage. There

Typ
D 660

0.06 o.o8 o.1o 01?
vacuun (lar)

conv. reheat turbines of 3000 r.p.m.Fig. l. Output for
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o.02 o.06 o.o8 o1o aP
vacuun (uar)

Fig. 2. Output for wet steam turbines of 3000 r:p.m,

ale, however, limits to both of these methods. For exampie, a unit with 6 or 8 double

flow low pressure casings would be unusual. On the other hand, at a-given rotational

speed, blades cannot simply be madę of any height. for aerodynamic and mechanical

reasons. T possible alternative would be to build two units for a given output or operate

at a lower rotational §peed, e.g. l500 r.p.nr. However, both of these are special Solutions,

as both twin-unit installations and 25 Hz units, in comparison to 50 Hz units, are becoming

increasingly more expensive (evaluated already lvith ry).

It is therefore a rnatter of general interesl, both for conventional units and esPeciallY

for atomic power station turbines, to make the exhaust cross-section per flow as large aS PoS-

sible onthe 50 Hz unit. Fig. 1 shows the output limits for plants using fossil fuels. For examP-

le, at vacuum oi0. l 0 bar, which corresponds approxirnately to thę exhaust pfessurę prevailing

in cooling tower operation, outputs of 2800 MW are possible with a blade 1200 mm long

in the last stage. It is obvious that for a nunrber of other ręasons this output figure is

still utopian. In the case of turbines using steam from a light water reactor (Fig. 2) the same

blade would give an output of 2300 MW, although only in 4 LP-cylinder design. This outPut

is probably achievab,le in the not so distant future. This is intended merely to illustrate that

last stages arc already available capable of meeting the requirements of the next l0-20 years.
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58 E. Somm

2.2.,Fltrect on the efficiency of the turbine 
i

The enthalpy drop in the last stages has been steadily increased in recęnt years, so-that
this stage may attain an output of over l0/" ot the turbine total output. Studies have
shown that over I\ of the turbine efficiency can be lost as a result of poor blade design.
It is easy to calculate the commercial effect of this.

After these comments on the importance of the last stage for the turbine as a whole,
we should now review the problems to be solved.

3. Review. of the problems to be solved

Although the problems are treated separately hereafter, it must be realized that it is
impossible to solve them separately. The development of a modern last stage is a prime
example of an extremely demanding engineering task. The overlapping problems must be
solved in their entirety, having due regard for the relationships between them. Only in
this way can a well-balanced solution to the wholę complex be found.

The following problems have to be solved: .

3.1. Definition of the basic data

This involves the definition of the characteristi c data, such as blade height and diameter,
with regard for efficiency, and especially the maximum possible shaft diameter from the
point of view of mechanics.

3.2. Mechanics, static

Here it is vital to have effective and reliable calculating methods, in order to predict
static stress as accurately as possible so that maximum operating safety can be attained.

3.3. Mechanics, dynamic

If blade failure still occurs today, this is generally a result of dynamic stress. The
greater the static stres§ to which a component is subjected, thę smaller the resęrvę for dyna-
mic stress. It is therefore a question of finding a method of designing blades whose shape
will not cause failure due to vibration.

3.4. Mechanics, blade root

The blade root has to transmit the forces of several hundred tons to the shaft. The
shaft and the blade root must be co-ordinated carefully with each other. The requirements
of reasonable manufacturing cost must also be considered.
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3.5. Metallurgy

The principal demands concerning the material are:

- high yield strength.

- high fatigue strength,

- good damping characteristics,

- not susceptible to stress corrośion,

- good erosion resistance or possibility of its protection,

- easy to forge and machine.

3,6. Fabrication

The maximum degree of precision_ is required in manufacture, otherwise additional,
uncontrollable stresses can arise immediately. The efficiency is equally sensitive to poor
design and to very rough surfaces. And, last but not least, the rnanufacturing cost should
te reasonable.

3.7. Aerodynamics

On account of the large blade height to diameter ratio, the flow can no longer be treated

as one-dimensional. as, forexample. in high pressure turbines. Methods of calculation have

to be developed for determining, with the *equired degree of accuracy, the flow patterns

at each radius. Profiles must then be designed, ranging fr,,,,n a simple subsonic profile with
a high degree of deflection to a transonic profile with a small degree of deflection. The aim
is to achieve high effflciency and an accurate outlet angle.

3.8. Erosion resistance

This is essentially a question of defining the erosion hazard quantitatively, and then

finding suitable metkrods of reducing it. It is preferable to take measufes which strike at the

causes of erosion, rather than those which offer oniy passive protection.

We shall now discuss in more detail some of the problems mentioned above.

4. Definition of basic data

The development of a modern last stage involves considerable expenditure of time and
money. The flrst studies weie concerned with the problem of whether the last stage should
be manufactured as an individual item or for eaclr special casę or selęct them from a

discrete range of standard types, which is largely a lnatter of economics,
Individual fabrication has the great advantage tha" the bladę can be adjusted to an

optimum degree to the specifi.c operating conditions, i.e. maximum efficiency is attained
for every turbine.
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Against this advantage one must weigh the following disadvantages: Development
costs increase immensely, manufacture becomes more expensive, keeping stock impossible,
there is no assurance of interchangeability, etc. These advantages and disądvantages must
be weighed carefully. The decision is in favour of standardi zat.ion, This standardization
was, by the way, extended to the entire low pressure turbine.

At the same time, the laws of similarity were used in order to derive blades for various
rotation speeds from one blade type for a certain rotation speed. lt is easy to demonstrate
that families of blades with exactly similar męchanical ancl aerodynairric characteristic
can thus be obtained.

. The ręsult of these cost/efficiency calculations provide a matrix ol basic ciata for biade
height h and męan diamęter D* and, derived from this the important exhaust cross_section,
which, as we have seen, is decisive in limiting the output of any type.

The next step is to design the stationary and the rotating blades for each type. We sha1l
only concern ourselves here with the rotating blades. We shall turn first to the rnechanics.

5. Mechanical problems

For aerodynamic reasons, diffetent profile shapes must o| course be used for each
radius. This requirement results in a very complex blade shape, as the example in Fig. 3
shows.

The following principal mechanical problems have io bę solved in designing such a blade:

- stress distribution in the blade body,

- vibrational behaviour.

5.1. Stress distribution in the b|ade body

A modern last stage is subjected to considerable stress. The resulting 3-dimensional
State of stress is caused in operation by a variety of stress components [i]. These are:

Centrifugal tensile stress-caused by the mass of the rotating blade over the cross
section under obs'ervation;

Centrifugal bending stress-attributable to the fact that the centres of mass of the
Profiles are not radially located, so that bending stresses are caused by the centrifugal forces.

In the case of cylindrical blades or those which are only very slightly twisted, a know_
ledge of these two stress components is sufficient. This is not so, however, for those which are
twisted to a greater degree, where the following additional stress factors have to be takęn
into account:

Untwisting normal stress and
Untwisting shear stress-both of them resulting from the blade's untwistillg as a

consequence of centrifugal force.
For the sake of completeness we should also mention the
Steam force bending stress-which is due to the flow forces. In last stages it is

very small in relation to the total stress.
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Fig. 4. Stresses in the twisted last-stage blades of
lurbines in service
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Type of stress

constant tension due

to centrifugal force
q.

Flexural stress due

to centri{ugal force
6B

Untłisiing normal
stress 6-6

Untrristinq sheer

stress 7g

Flexural stress due

to stean force c-6

llternating ilexural
stresses Ę

Cause

Centrifugal {orce produced by

the blade nass situated above

the qiven crgss section

lhe departure of the line joi-
ning the centre of gravity of
the sectjon irom the radial

The tłisting of the blade due

to centriiugal force

The twisting of the blade due

to centrilugal force

§team force acting on the blade

steam flow deviatjons from the
preceding stationary blading,
detachment, asymnetry (d,istur-
bances) jn the design (ai the

horizontai joint), disturbing
internals such as probes, cri-
tical speeds, shori circuit at
the generator

6
o

Ę
o
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Fig. 3. Modern LSB
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Firstly. a method of calculation based on theoretical considerations is to be developed
in order to determine the above stresses at any given point. The basic theory applied is
described in [2]. We shall simply repeat here the principal physical assumptions:

Blade geometry

- The blade is considered as a straight beam.

- The radius of curvatule of the line connecting all the shear mid-points is very large
in ręlation to the length of the blade.

- Continuous variation of the shape and dimensions of the blade sections along the
blade height is assumed, also a slow change in shape and dimensions.

- The blade is a slender rod, i.e. J*u*/ł<<l.

Fig. 5, Geometrical parameters

With respect to deforrnations

The usual assumptions are made within the scope of the transverse beam theory.

- When a blade is deformed, original|y flat blade sections remain flat.

- If torsion occurs, the individual blade sections rotate in their sectional planes
around the given torsional centres.

- The deformations of the blade are assumęd to be small in relation to the dimensions
ofthe blade.

With respect to the method

- The blade is defined by discrete blade sections.

- Geometrical characteristic quantities such as surface, moments of inertia, etc., can
be calculated for any section, using known methods.

- The equations for elastic forces and moments take into account the coupling of
bending and torsion.

- ]t is assumed that the centrifugal forces occurring during the rotation of the blade
cause a constant normal stress acfoss a blade section. This assumption simplifies the ręla-
tionships. especially at the transitiorl point between the blade body and tlre blade root.
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la; nert step was to programme the extremely complex calculating process for the com-

:,_:*:, Fig. 6 shows the result of such a calculation. From such calculation it is then im-
n|.;:n,tel}, apparent which section of the blade is subjected to the heaviest loading and what
::jlence the additional stresses have.

i:r accordance with the basic principles of our approach w,e then had to verify the ac-

J _i;r-} of these calculations before proceeding to determine the dimensions of an actual

:_-;e.
The morę accurately the calculation predicts the actual stress, the more effectively can

::_t material be used.

ssc l
17

16,

Fig. 6. Distribtttion of the combinęd stress across blade, showing the relationship between the sunr

a, of all stless components according to Fig. 4
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Fig. 7. Instrunrentation on a 60J MW L-Ę Rotor

We decided to take Flcasurements on the rotating blade in order to gain as lnuch
information as Possible from the data. Tlrese męa§Ltremełts can be made in a separate
testing unit or during [he oveispeed tesl. or in (he turbine ilsclf. We irsed eli three methods.

- For example, as set up in a 600 MW urrit.

- Blade for measurernęnt of the same unit.
It sęemed almost ippossiirle to find a satisfactory method for attaching the strain

_sauge t0 the blade in thę moist atmosphere.

Fig. 8. Test blade on an LSB for a 600 MW turbine
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We simply chose an example (Fig. 9)

and measurement. The result was very
predict the stręss with sufficient accuracy.

6
(h bori

Fig. 9. Calculated and measured static stress
in a section of a moving blade

1- @lculation, 2- measuement of normal stress, 3- mąsu-
rement of torsioną1 §tress, MP- measuring point

5.2. Vibrational behaviour

The determination of dynamic loading is actually to be expected as the next point.
The prediction of dynamic stress presupposes a knowledge of the exciting iorces in operation.
But thęsę arę still largely unknown, and the dynamic deflections of tire blade can thus
not be calculated in advance. It is, however, possible at any time to calculate the distribution
of dynamic stress at a given standard deflection for the various forns of vibration. For
this purpose the natural frequencies of the blade are first calculąted.

The vibrating blade can be described by a system of ten homogenec,,J$ differential equa-
tions. The natural frequencies are the eigen values of this system of equations.

After this first step, the system of equations can be integrated from the root to the tip
of the blade, so that the characteristic form of the blade for each natural frequency is
obtained. As thę dęflęction due to the dynamic stęam forces is unknown, a standard de-
flection at the tip is assumed.

The local deformations ofthe blade, and thus also the local dynamic stresses, are derived
from the characteristic form.

These calculations provide valuable information as to where dynamic stresses can I

become dangerous. Fig. 10 shows the result of such a calculation. I
This does not, however, offer a satisfactory solution to the problem of dynamic stress. ]

In order to obtain a blade which is safe in operation in spite of this, we choose its dimensions
Śo that the natural frequencies of the blade should under no circumstances coincide with
ćhe potential frequencies of the oscillating exciting forces. Once again a suitable method
ofcalculation to predict the natural frequencies ofthese complex blades had to be found.
Of the many possible theories available that one which could describe the physical behaviour
most accurately was selected. The most important assumptions and the boundary conditions
ofthis theory are:

Concerning blade geometry

The same assumptions as for calculating the static stress,

5 Prace I]|/tP z.70-72

to illustrate the comparison
satisfactory, demonstrating

I

bętweęn calculation
that we are able to

T
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Fig. 10. Calculated maximum relative dynamic stless o," at natural frequency lst-Sth order, at 3000
r,p.m., plotted against relative blade height

h, - ręlatiye blade hęińt

Concerning deformations

- Flat blade sections remain flat even during deformation of the bladę by mass and
flow forces.

- The natural vibration frequencies of thę blade are taken to be thosę of small amplitude
around a Point of equilibrium of the blade. Untwisting is taken into consideration during
rotation.

With respect to the method

- The number of flat seations mrrst be selected so that
forms of the blade have sufficient points to define them.

- The boundary conditions for the integration are: rigid
blade tips; no mutual binding of the blades.

the characteristic vibration

or elastic blade roots; free
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- The integration of the systern of equations (with the eigen values of the system)

:i,:::.:es the characteristic forms and the alternating Stresse§ of the blade.
ile method was programmed and repeatedly verified experimentally for a variety of

:,::::ions. As in the case of the stress tests, the various testing possibilities were fully utili-
::,-: -,-ie concentrated our efforts on the testing of large units (300 and 600 MW). Al1 con-
:,:".;lle operating conditions of the final blade were examined, ę.g.

The blades were measured during start up at exhausi pressures of 0.030-0.250
::: :La check damping characteristics.

- \'ibrational behaviour was examined under completely different flow conditions1
o :.: l-arious loadings and exhaust pressures (0.030-0.250 bar).

- Investigations similar to those made during Śtart up. were made at shut-off with
:.-ial and full vacuum failure.

- Measurements were made with a \oad rejection of 20-100/, of the rated output
,: order to observe the effect of a sudden decrease in load.

- The blade frequencies were measured at various exhaust pressures during operation
.'rove and below normal frequencies.

- Finally, frequency measurements were made during bypass operation and whilę
;hecking the valves.

f
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Fis. 11, Normalized natural frequencies as function of the rotating speed
1 - smoothed cune ofmeasured values (normalized to 20'C), ź- §moothed curve ofcalculated values (20'C), 3- mea-

sured values (normalized to 20'C)
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wit;

not a

The results obtained can be summarized as follows:
The theoretical calculations ofthe lower natural frequencies are in good

the measured results,
It is now possible to decide on the basis of a static vibration test alone
blade can be used. A 100% check is to be recommended.

agreement

whether or

7

t4
6

ą

f^

3

f1
Ł

l Fic. 12. Measurement of blade vibration and
alternating stresses at various operating con-

200o
ditions

1-alternating stresses

- OnlY under very bad conditions do the alternating stressęs attain alevęl which can no
longer be ignored.

- In order'to attain
frequencies of the blades

maximum safety against vibrational failure, the iower natural
must not coincide with multiples of the rotation speed.

6. Aeroilynamic problenns

The Problems encountered in the fleld of aerodynamic§ were just as complex as those
in the field of mechanics, and their solution is made more difficult by the fact that the blades
can onlY be designed within the limits imposed by the mechanics. The principal aerodynamic
Problems to be solved were the calculation of 3-dimensional flow and profile design.

6.1. Calculation of 3-dimensional flow

rn contrast to a high pre§sure stage, the flow through the last stage is markedly 3-dimen_
sional, i.ę. all flow measurements vary very widely from the hub to the tips. This variation
is all thę mole pronounced, the larger the ratio of blade height to męan diameter (hlDń.
It is well known that no major faults occur to aratio of hlD*<O.I5, if the flow conditions
are calculated at the mean section. The ratio is, however, already 0.33 at the last stage.

fiHz)
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The variation of the flow across the radius results in the various blade sections having
:t,npletely different aerodynamic duties. One thus has, for example, an impulse stage with
a ]",lt de_gree of ręaction at the hub, and a reaction stage with a very high degree of reaction
ł,: rhe tip. A knowledge of these different duties was therefore a supposition for the

rb.equent development of the proflle.
Here, too, we followed the familiar sequence of theory-calculation-experiment.
The basic theory applied is described in [3]. We shall give only the principal assumptions

",,,d a brief description of the method here.

The flow-is assumed to be axially symmetrical,

- is calculated at the space between the blades only.

- A1l flow condition points ale on a single polytropic line.

Tbe method

The equations of motion, energy, continuity and statę are used to calculate the flow.
The process commences with the estimated values of flow conditions (boundary conditions)
at the hub and is integrated by means of the Runge-Kutta method. An elastic line is used

for the first time as a function of time instead of a function of space, in calculating the radial
acceleration.

The results

The results of the 3-dimensional flow calculation are the following quantities as functions
of radius at all spaces between blade rows:

- plessure distribution,

- velocity triangles+aerodynamic duty,

- rotor work,

- and a figure of special interest, the exhaust kinetic enelgy. A skilful choice of angles
can, under certain circumstances, gain up to 1 \ for a turbine here.

The angles must be selected so that the exhaust energy is at a minimum at the point
where its application is concentrated, and the increase in exhaust energy is minimal under
operating conditions diverging from this design specifications.

The theoretical findings were also verified by experiments in this case, and a number
of man-years had to be invested to obtain a satisfactory agreement between calculations
and measurements.

Verifi.cation consisted in numerous tests on full-scale and laboratory units. The results

were finally positive, and the following are intended to summarize the compręhensive
comparisons made:

Fig, l3-Tangential speed variation as calculated and measured in a laboratory unit
for a,blade height of 950 mm in the corresponding full-scale unit.

69
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Fig. l4-Axial speed variation measured in a full-scale unit with a blade height of
867 mm.

In all cases agreement is so good that the duty to be assigned to the various profiles
is sufficiently wellknown.

o
-,lOo

Ą
hr

o.1

O aOO c1 (mzs) 2m-)
Fig. 13. Calculated and measured tangential
velocity in function of the relative blade height

1 - measured, 2 - calculated, ł, - relative blade height

Fig. 14. Calculated and measured axial velocity
as a function of the relative blade height

1 - measured, 2 - calculated, ł.- relativ€ blade height

14 .1.6 ,1,3

Cz

Ęz

6.2. Calculation of the cascade characteristics

The correspondingprofiles had now to be designed on the basis ofthe results ofthe 3-di-
mensional flow calculations, and their characteristics, namely efficiency and deflection,
calculated. A complicating factor in designing the profiles, is the fact that the loading in the
last stage varies very widely, eithel as a result of divergencęs in vacuum conditions from
the idęal design point, or of changes in load. Profiles which are indifferent to the angle of
attack must therefore be designed to prevent efficiency loss by the above variations.

The degree of difficulty involved in the problems to be solvęd increases from the hub
to the tip. Conventional methods of calculating the velocity distributions, angle of attack
and profile losses could be used for conventional cascadęs with virtually incompressible flow.
The transonic cascades at the outer sections were more difficult to deal with. characteristic
for these cascades is a rapid acceleration of the flow from the purely subsonic range Ma:0.6
into the supersonic range at a Mach number of 1.6, the flow being deflected only slightly,
if at all. Suitable methods of calculation (impulse or characteristics methods) had to be
developed in this case.
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Fig. 15, Test rig "ROSA" lor transonic cascade tests
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Fig. 16. Calculatęd and measured downstream
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rt became apparent that very good results could be obtained ęven With quite simple
imPulse methods [a]. We have succeeded in improving the cascade efficiency in the order
of 1,0l. These incredible results had, of course, to be verified by experiments. These were
carried out using air and steam on stationary cascades and using air on rotating cascades.
Fig. 15 shows such a unit.

The rotating cascade has the great advantage that the angle of attack is very easy to
alter, i.e. by changing the speed of rotation.

The most important quantities to be obtained from calculation are the downstream
flow angle and the efficiency. Fig. 16 shows a comparison between calculation and męasure_
ment for the flow angle. Although agreement is very good, we believe that effective methods
of characteristics must still be developed.

7. criterion oferosion hazard

Some years ago it seemed that low pressure long rotating blades could not be produced
because of the erosionhazard. This conclusion had been reached on the basis of erosion
criteria which considered exhaust moisture and peripheral speed u as solely responsible
for material erosion. This was taken to be proportional to the exhaust moisture and some
power (usually over 3) of tip speed:

b-(I-x)u'.
Thus, for a maximum permissible erosion rate ć,the permissible final pressure can be cal-
culatęd as a function of tiP sPeed. With a given exhaust steam pressure 

^and 
a given exhaust

cross-section the maximum outPut of a turbine is, however, fixed. Thus the output limit
defined by the above criterion can be calculated (see Fig. 17),

rt is obvious that the efficiency of large units would thus have become very questionable.
This situation forced the turbine manufacturers to re-examinę the problem of erosion.
The damage caused bY the impact of drops had been investigated at a vety early stage in
steam turbinę manufactures, but systematic studies, taking better account of the aspects
of PhYsics involved, hąve been undertaken more recently, especially in connection with
rocket and aircraft construction. The theory we used incorporated the destruction model
evolved by these people.

The principal facts are repeated below.

With respect to the destruction model

When a droP strikes a solid surface, a very high impact pressure occurs momentarily.
This Pressure can be a multiPle of that which would be derived from the energy or momenturn
equation. The matęrial suffers Plastic deformation as a result of this impact pressure, and
the repeated plastic deformation lead to an increase in internal stresses. After a certain
time the stress concentrations exceed the tensile strength of the material at certain points,
and cracks occur. The spreading and combination of these cracks then lead to failure
in the material.
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With respect to the influencing factors

From what has already been
given materiaL

- total volume of water,

- impingement velocity,

- impingement frequency,

- drop radius.

As a dependent lactor

we define the erosion rate as
rate

said, the following influencing factors are present for a

material loss per unit of time and surface, i.e. erosion

a:/!* .

AS,
In order to calculate this, something must be known about the origin, motion and effect
of the drops which cause the erosion.

The drops responsible for erosion are the large ones formed from water which has been
deposited on the stationary blades and is brought by sweeping forces into the wake area of
the trailing edges.

The water drops increase in size there until they are dragged offby the current ofstearn
and dispersed into smaller drops, as illustratęd in Fig. 18.

Thę movement of these drops must now be traced. For this purpose, their size after
dispersion must first of all be known, and this is determined by using the Weber ctiterion.
which states that the ratio between aerodynamic stress and-surface tension cannot exceęd
a certain level. This enables the representative drop size to be defined.

The differential equation of motion of the drops can easily be ęstablished using Newton's
law. Integration provides the relationship'betweęn the digplacement §, pręs§ure p, steam
velocity c, and the ratio of water velocit;ł to §team velocity c*f cr, i.e.

s:f (p, ca, c,yf ca).

In order to keóp erosion to a minimum, the water should flow against the rotor blades in
the same direction as the steam , i.e. cnf c, should be around 1. This is the more likely to be
achieved, the iarger p, c, and s are. There is an optimum combination of the various para-
meters. The influence of flow route s is particularly interesting (Fig. 19).

The erosion effect must now be calculated on the basis of the known drop sizes and vęlo-
cities. On the basis of our destruction model we would state that thę erosion rate is propor-
tional to the pressure level maintained locally and the impact frequency of the drops on one
and the same point on the surface.

The next point is to define the maximum permissible rate ć^u*. This is dependent, for
a required operating life, on yery many operating conditions and design data. Instead of
conducting very expensiye tests to determine the influence of all these dętailed faciors, we
solved the problem by taking a typical, proven unit as a reference plant in the knowledge
that its erosion rate is within permissible limits.
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Fig, 18. Detachment and break up of drops fronr the fixed blade trailing edges in a cascade test with
air and water. AiI velocitv 70 m/s
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Problems in the Development of Last Stage Blades...

'\ j -.ine the non-dimensional erosion rate as the ratio between the erosion rate of a
[ ,:l :,..:_] aSSeSSed and that of a reference unit.

l-: n..ir-dimensional efosion rates calculated in this manner for a number of units
l _ -_ _-.3.\ ć already been in operation for some time are shown in Fig, 20. A figure of > 1

i : _::-) tirat the unit in question is more endangered than the reference unit, i.e. values
-: _ should be aimed for.
}.1:n1 subsequent systematic comparisons havę confirmed the accuracy of the tendency

- :l-;_,ed. For example.
: :. ]l -shows a blade with ł:600 mm, u:424,1=20,000 h, I_ xr:I0,7,

*.+śdi*ff
Se&}§Fili

l.,s. 21, Eroded tip of a moving blade. Service life:20000 hours (approx.). Moisture content after
moving blade:fi.1]4. Peripheral velocity at tlp:424mls

Fig. 22-slrows a blade with h:1000 mm, u:596, t:7,000 h, 1-xr:!.Q.
on the basis of the old criteria, the erosion rate of the 1000 mm blade would have

to be 3 times as great, and on the basis of the new criteria only half as much.
This is in good agreement with our observations, as the blade has in the meantime

exceeded 30,000 hrs without suffering a dangerous degree of erosion.
Thus we cciirre to the following important conclusion. The large units with very high

peripheral speeds are by no means more endangered than the small units operating at
lorv speeds.

The conclusion is plausible, in the first place due to the purely physical fact that the
impingement velocity and the volume of water engaged in erosion decline, and in the second
place because a number of deliberate measures have been taken to reduce erosion in large
units. In contrast to earlier efforts, these measures are all aimed against the cause of erosion.
In principle, it is a rnatter of keeping the number and size of the drops which are whipped
,.ff as small as possible.

Although wę are we1l aware that our method still does not cover all processes satis-
r:ctorily, we do have very reliable means of assessing the ęrosion hazard in advance and
:lanning appropriate countermeasures, in order to build the last stage which is reliable
elso from this point of view.
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Fig. 22. ErodeC tip of a moving blade. Service łile:7000 hours (appro>..).Moisttrre content after moving
bla<le 9t. Peripheral velocity at tip:§lS 673



Problems in the Development of Last Stage Blades,..

8. Concluding comment§

T:_:;e are a gteatmany interesting problems to be solved in present-day turbine manu-

'i::_:e. Of these the most fascinating is the development of the last stage, because it in-

:: ,rride variety ofengineeringfields. and because in certain areas. one is already

: :::_,lieci rvith the limits of what is attainable. The statę of thę art is now at a very high
,: :_ .s a result of the use of the most modern męans available, such as computers. complex
,.{: ::,slaliations, precision manufacturing methods, etc. This development must, however,

_ : :ue. and is now very clearly focused on the search for lighter and yet strongęr ma-

:::,.1., If r1,e were not to succeed in this, tlre stresses imposed on the rotor would attain

: :::permissible lęvel. Parallel with this search, existing materials and methods will and

-_., be constantly refined, in order to achieve steady improvernents in operating safetY"

,=_:encr and price.
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Problełny rozwoju konstrukcji łopatek wirnikowych ostatnich stopni dużych turbin parowych

streszczenie

Początek artyktrłu poświęcono plzedstawieniu znaczenia ostatnich stopni dla uzyskania maksynral-

lej mocy wyjściowej d"użych turbin parowych.
Przegląd problemów jakie należy rozwiązać w dziedzinie mechaniki, aerodynamiki, metaltrrgii

i technoiogii wskaztlje wytaźnie, ze oplacowanie dtrżej łopatki wirującej wymaga spełnienia niezwykle
ri,ysokich wymagań.

Pierwsza część artykułu dotyczy głównie zagadnień rnęchaniki. Nakręślono w skrócie metodę

Zastosowaną do obliczania. złożonego stanu naprężeń. Praktyczną przydatnoŚĆ przyjętej teorii potwier-
dzono porównując wyniki obliczeń z wynikami pcmiarów. Ten sam sposób zastosowano w odniesieniu

do charakterystyk dynamicznych. Szczególną uwagę zwrócono tu na wyczerpujące badania doświadczal-
ne; badania takie pozwalają na przewidywanie zachowania się łopatki w różnorodnych wartłnkach
roboczych.

Vy' drugiej części wymieniono wymagania określone z punktu widzenia aerodynamiki. Przedstawiono
sposób obliczania różnych stanów przepływu. Również tu, jak poprzednio, ukazano znaczenie prób
dla potwierdzenia teorii,

N'a zakończenie podano proste kryterium oceny zagrożenia erozją w stopniu niskoprężnym. Po-
kazano przede wszystkim, że można bezpiecznie konstruowaćbatdzo duże stopnie końcowe, byle tylko
przedsięwzięte zostały odpowiednie środki ostrożności.
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flpodłerrłr,r cBfi3aunble c [poeKTupoBaHI{eM padołrx Jro[aToK
AJrfl fiocdlleAnlrx cryueuefi do.nlrrrnx [apoBblx rypdulr

pelrorlłe

Haqałro cTaTbIł nocBrlĄęHo npeAcTaBJTeHI4Io 3HaqeHI,{, nocJIeAI{IrX cTy[eueż An, peaJIIBaI[rIł MaKcIł_
rrła.nr,rłoż MoIĄHocTIł e doIlmlrx fiapoBblx rypdrłrrax.

IIPocuorP uPo6leu, xaxrłe rłeodxo.qrłvo peI[I4T6 B odłacrxx MexaHI{KIl, a3poAIłIraMIłKIl, MęTaJIJI}1]-
IIiI{ I{ TexEoJIor& IIoKa3BIBaeT oTqeTJIIłBo, rrTo AJT{ paspa6orrł 6onrmoft paooveż noIraTKE ueo6xo4rłruo
lłcIIoJIHtrTE .rpeser,rłaźrło BLIcoKI{e rpe6ona.ułx.

flePrax qacrr crarrrł B ocHoBIIoM KacąeTc, npo6nev MexaHI,rKII. Ąarr scr<rłs MeToAa, IpIłMeHreMoro
.4JUI PaCqeTa CJTOXHOrO COCTOEHIłfl HanPxxeurłft. flparrrłvecrax trplłroAnocT}, nprłrrxrofi Tebptr11 11oĄ-
TBepxAaeTc' cpaB}reHEeM pacqeTIIBIx pe3yJIbTaToB c 3KctrepIłMeHTaJILHbIMI{. Taxoż xe cloco6 nprrłrr
oTI{ocI{TeJIbHO AI{HaM[qecKIzX xaPaKTePLIcTIłK. Oco6oe BHIłMaII]łe o6parqeno 3Aecb Ha ficrtepfillBalotr{łe
3KcIIePEMeHTaJIbH}Ie I4ccJleĄosaH[x. Taxłe [ccJIe.ąoBaII[' IIo3BolUIIoT B HacToquee BpeM{ EpeIBEĄeTB
ocr1[IJlrqtrIo grrx pasrroo6pasur,rx pa6owx ycnonzź.

Bo rroPoż qacTfi cTaTbI,{ rrepeq{cJ'IeHbl rpe6onarrrłx, onpeAeJlelrnble c ToyKL 3peHI4rI a3poAI-rHai\4IłKI{.
flPeAcraarreu crroco6 PacqeTa Pa3JIIłlrrIEIx cocTorutrfi Tetlenur. Tarxe sgecr,, xar II paI{6IIIe, ).Ka3LIBaeTc,
Ha 3HaqeHI4e 3Kc[epIrMeHTa .ĄJIjI IIoATBepxAeHIfi TeopnI,I.

B gax.nroqeuurł npeAcTaBJIeH upocroź r<prłrepłż oI{eEXI{ sposrłonnoż yrpo3bl B cTyIIeHI,I H[. Ilpexge
Bcero IIoKa3aT{o, tITo MoxHo 6egona.crło KoHcTpyIłpoBarL oqerłl 6o.nsilfiłe rtocnegHr4ę cTy11eHIl| ecJIIł ToJlśKo
[peAnptrHrTLI cooTBeTcTByIoĘIle Mepbl Ilpe.EocTopoxHocTtr.
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,{ła rłsłrePeHIu HaIIPaBJIeHI{-fl ABI4XeHIł{ IłctroJIb3oBaHbI MeTaJIJII.rr[ecKIłe [IapBI, IIo-
ĘBITBIe xPacxoŻ, łlccłeAosanuxn rYPlnue IIoKa3aJIII, qro Kpynnble ltaI',Jl1I,cpblBalo.q11ecfi
c Pa6owrx JIoIIaToK, o6na4aror raxoż xrłrrerrłqecrofi erreprzefi, roropoź .4ocTaToqHo AJIffcMbIBa KPaoKI{ c maPoB. B Pe:Yłrrare 3Toro Ha I[ape ocTaeTc,fl pa3MblToe nt1THo, IIo Ko_
TopoMy MoXHo oIrpeAeJIHrb HanpaBJIeHnę ABIĄxeHtr{ KpyIIIrbIx KaIIeJIb. Męłxne KaIIJII4
KOTOPbIe IIeCYTCfi C naPOBhIM IIOTOKOM, rre O6ła4aro' 

'uuot srłeprrłeż, IIo3ToMy o, 
"*nos4eźcrnux cJIeAa Ha Iuape He ocTaeTc.f.

Ąrrx usuePeBklfl, HanPaB.]IeHlL ABIlxeHILfl KpyIIIIoAIĄcnepcrłoż BJIaD{ I{cnoJlb3oBaJlacb,
maPoBa' rPe6enra (Pnc, 15) c ularoM 30 uu. tr4ccrre4onaunfl IIoKa3aIIh" qTo Ha BepxEeM
maPe, KoToPnŻ 6rrł Y.ĄaJIeH oT BepIuIłHBI noIIaTKIł no paAlzycy ua 45 vn"l,KpacKa q"rr"*o,
coxPaE,flJlacb, CrreAoBareJlbHo BJIara 3Toro ruapa He AocTIIraIa. Crre4yrorque 4 wapa
EMeJII.I oTqeTJLIBbIe Pa3MbITbIe n-f,TIIa. Ha nxrou rrrape n{Tllo oT Ka[eJIb He pe31o, HoqeHTP mTHa YEaeTCfl OnPe,4eJIIrTb AOBOJIbHO TOqHO. Ha clę.ĄyrorueM IIIape KpacKa cJIerKa
Pa3MbITa a IIeHTP IlnTHa'OnPeAeJIIrTb H€BO3MO;xHO. Ha ocrarrbrrblx [Iapax, KoTopBIe.
PacnoJloxeHlr ga rłrłxrłefi noJIoBIłHe JIoIIaTKIł, Kpacra ocTaJlacb HenoBpex.qenuoż, Cłegyer
OTMeTIITb, IITO UaPr'I c n{THaMa, KoToPbIe 6rrrrz n noToKe llapa, IłMeIoT MaToByIo IIoBepx-
HocTb, B To BpeM-rI rar repxurłż [Iap, KoTopblż He 6rtrr B noToKe, uMeeT d'ecrquyrc ,,o-
BePxHocTL, Zcc,ire,4oBanafl Ha Pa3IIuqHbIX pexuMax [ora3anlł, qTo onl{caHHa, KapTIłHa.
IIoBTop'eTc.tr Ha Bcex pexl{Max, I{o qIlcJIo uapoB c orqćrlnBuM IIjITIIOM MeHfleTcfl _ oHo_
YMeHbIXaeTCfl C YMeHbII]ęHI4OM 'II,ICJIa O6OPOrOn poTopa, cKopocTlł napa v cTeileHl{ BIax-
fiocTI{.

Ha Pnc, 16 noxasaHrr Pe3yJIbTaTbI llsueperrrłź, Brłgno, qTo B I{IrxHeż noIosrure JI.IIaT_
I(tr KPYnI{oAIłcnePcrłofi BJIaru nPaKTI4qecKI4 rrer. B repxneż IIoJIoBIżIHe KatrJM .nBIłxyTc,noA yilIoM az.t:l5o" V |zl":20", npl. 3ToM paccoĘIacoBaHlłe [apoBoż sasn no y",Iy
a2 AocTraraer 50o, no yrn! Tz Ao 30..

C,rregYer oTMeTIITb, qTo PaccofJlacoBaltl4e no yIJIy y 2 yBęIIIIunBaeTc_a tro Mępe yAaJreHlI[
KaIIeJrb oT BhIxo.ąHbIx KpoMoK padouero I(oJIeca.

Pr,Pł
/40 /50 700 0 20 u 40 50

az [zpad| fZ kpadJ

Pnc, 16, PacnPe4errerłu€ ra3oAEtaMlłttecxr* [apaMeTpoB noTo*a llapa I{ Katrenr Kpyn}IoAucnepcHoń BIa"'
sa pa6orrłu xonecoM IIo BhIcoTe no[aTxtr

1- lapoaax cpęAa,2 - xąuE
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