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

Symbols
¢p — steam velocity, s — flow path,
¢, — tangential velocity, Sy — surface,
cw — water velocity, t — time,
¢, — axial velocity - u — peripheral velocity,
D,, — mean diameter, Vi = volume loss per unit time,
Dy — hub diameter, - X, — specific steam content at stage outlet,
e — erosion rate, B. — flow angle,
f — frequency, n — efficiency,
h — blade height, ¢ — standardized erosion rate,
p — pressure, o — surface tension.
P2 output,

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 limiting |
components is the last stage rotor blade of the low pressure turbine. The demand for a blade |
which offers operating reliability and maximum efficiency presupposes the solution of
highly complex mechanical 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 were evolved to calculate behaviour on the basis of the theory,

— the results arrived at by calculation were verified 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, all 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 build turbines with the maximum possible unit output.
The output limit is, however, largely determined 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
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Fig. 2. Output for wet steam turbines of 3000 r.p.m.

are, however, limits to both of these methods. For example, 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 made of any height, for aerodynamic and mechanical

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

at a lower rotational speed, e.g. 1500 r.p.m. 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 with 7).

It is therefore a matter of general interest, both for conventional units and especially
for atomic power station turbines, to make the exhaust cross-section per flow as large as pos-
sible on the 50 Hz unit. Fig. 1 shows the output limits for plants using fossil fuels. For examp-
le, at vacuum of 0.10 bar, which corresponds approximately to the exhaust pressure 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 number of other reasons 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 achievable in the not so distant future. This is intended merely to illustrate that
last stages are already available capable of meeting the requirements of the next 10-20 years.
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2.2. Effect on the efficiency of the turbine
The enthalpy drop in the last stages has been steadily increased in recent years, so-that
this stage may attain an output of over 109 of the turbine total output. Studies have
shown that over 19 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 whole complex be found.

The following problems have to be solved:

3.1 Déﬁnition of the basic data

This involves the definition of the characteristic 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 stress to which a component is subjected, the smaller the reserve 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 corrosion,

— 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 manufacturing cost should
be 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, for example, in high pressure turbines. Methods of calculation have
to be developed for determining, with the required degree of accuracy, the flow patterns
at each radius. Profiles must then be designed, ranging from 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 efficiency and an accurate outlet angle.

3.8. Erosion resistance

This is essentially a question of defining the erosion hazard quantitatively, and then
finding suitable methods of reducing it. It is preferable to take measures which strike at the
causes of erosion, rather than those which offer only 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 first studies were concerned with the problem of whether the last stage should
be manufactured as an individual item or for each special case or select them from a
discrete range of standard types, which is largely a matter of economics.

Individual fabrication has the great advantage thac the blade can be adjusted to an
optimum degree to the specific operating conditions, i.e. maximum efficiency is attained
for every turbine.



60 E. Somm

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 disadvantages must
be weighed carefully. The decision is in favour of standardization. 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. It is easy to demonstrate
that families of blades with exactly similar mechanical and aerodynamic characteristic
can thus be obtained.

~ The result of these cost/efficiency calculations provide a matrix of basic data for blade
height / and mean diameter 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 shall
only concern ourselves here with the rotating blades. We shall turn first to the mechanics.

5. Mechanical problems

For aerodynamic reasons, different profile shapes must of course be used for each
radius. This requirement results in a very complex blade shape, as the example in Fig. 3
shows. G 2

The following principal mechanical problems have to be solved in designing such a blade:

— stress distribution in the blade body,

— vibrational behaviour.

S.1. Stress distribution in the blade 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 [1]. These are:

Centrifugal tensile stress—caused by the mass of the rotating blade over the cross
section under observation;

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 centrifu gal 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 taken
into account:

Untwisting normal stress and

Untwisting shear stress—both of them resulting from the blade’s untwisting 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.



Type of stress

Cause

Constant tension due
to centrifugal force
%

Flexural stress due
to centrifugal force

Centrifugal force produced by
the blade mass situated above
the given cross section

The departure of the line joi-
ning the centre of gravity of

o G the section from the radial
= 3 Untwisting normal The twisting of the blade due
+.  stress Gf to centrifugal force
w2
Untwisting sheer The twisting of the blade due
stress Tp to centrifugal force
Flexural stress due Steam force acting on the blade
to stean force G
Alternating flexural Steam flow deviations from the
©  stresses Gy preceding stationary blading,
= detachment, asymmetry (distur-
« bances) in the design (at the
s horizontal joint), disturbing
2 internals such as probes, cri-

tical speeds, short circuit at
the generator

Fig. 4. Stresses in the twisted last-stage blades of
turbines in service

4

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 curvature of the line connecting all the shear mid-points is very large
in relation 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. s, /k<].

. @/'
'\ % \?
L A
Gl o '

Fig. 5. Geometrical parameters

Ao

With respect to deformations

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

— When a blade is deformed, originally 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 assumed to be small in relation to the dimensions
of the 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.

— It is assumed that the centrifugal forces occurring during the rotation of the blade
| cause a constant normal stress across a blade section. This assumption simplifies the rela-
| tionships, especially at the transition point between the blade body and the blade root.
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The next step was to programme the extremely complex calculating process for the com-
swter. Fig. 6 shows the result of such a calculation. From such calculation it is then im-
mediately apparent which section of the blade is subjected to the heaviest loading and what

UIBESS =

In accordance with the basic principles of our approach we then had to verify the ac-
curacy of these calculations before proceeding to determine the dimensions of an actual
blade.

The more accurately the calculation predicts the actual stress, the more effectively can
the material be used.
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Fig. 6. Distribution of the combined stress across blade, showing the relationship between the sum
o, of all stress components according to Fig. 4
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Fig. 7. Instrumentation on a 600 MW LP Rotor

We decided to take measurements on the rotating blade in order to gain as much
information as possible from the data. These measurements can be made in a separate
testing unit or during the overspeed test, or in the turbine itself. We used all three methods.

— For example, as set up in a 600 MW unit.

— Blade for measurement of the same unit.

It seemed almost impossible to find a satisfactory method for attaching the strain
gauge to the blade in the moist atmosphere.

2)

Fig. 8. Test blade on an LSB for a 600 MW turbine
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f

We simply chose an example (Fig. 9) to illustrate the comparison between calculation
and measurement. The result was very satisfactory, demonstrating that we are able to
predict the stress with sufficient accuracy.

G
{hbar} 1 P16| |R20 Pag| P55

VO)
o

; e}
: 50 i 100 WP
&
Fig. 9. Calculated and measured static stress V‘ L~

in a section of a moving blade
I —calculation, 2 — measurement of normal stress, 3— measu-
rement of torsional stress, MP — measuring point

0 9 A3

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 forces in operation.
But these are still largely unknown, and the dynamic deflections of the 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 forms of vibration. For
this purpose the natural frequencies of the blade are first calculated.

The vibrating blade can be described by a system of ten homogenecus 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 the deflection due to the dynamic steam forces is unknown, a standard de-
flection at the tip is assumed.

The local deformations of the 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\
become dangerous. Fig. 10 shows the result of such a calculation. \

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
so that the natural frequencies of the blade should under no circumstances coincide with |
the potential frequencies of the oscillating exciting forces. Once again a suitable method
of calculation to predict the natural frequencies of these 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
of this theory are:

Concerning blade geometry

The same assumptions as for calculating the static stress.

5 Prace IMP z. 70-72
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r.p.m., plotted against relative blade height
h,—relative blade height

Concerning deformations

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

— The natural vibration frequencies of the blade are taken to be those 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 sections must be selected so that the characteristic vibration
forms of the blade have sufficient points to define them.

— The boundary conditions for the integration are: rigid or elastic blade roots; free
blade tips; no mutual binding of the blades.
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N

— The integration of the system of equations (with the eigen values of the system)
Swrmishes the characteristic forms and the alternating stresses of the blade.

The method was programmed and repeatedly verified experimentally for a variety of
sonditions. As in the case of the stress tests, the various testing possibilities were fully utili-
2ed: we concentrated our efforts on the testing of large units (300 and 600 MW). All con-
s=vable operating conditions of the final blade were examined, e.g.

The blades were measured during start up at exhaust pressures of 0.030—0.250
sar to check damping characteristics.

— Vibrational behaviour was examined under completely different flow conditions |
with various loadings and exhaust pressures (0.030-0.250 bar).

— Investigations similar to those made during start up. were made at shut-off with
partial and full vacuum failure.

— Measurements were made with a load rejection of 20-1009, of the rated output
in order to observe the effect of a sudden decrease in load.

— The blade frequencies were measured at various exhaust pressures during operatlon
above and below normal frequencies.

— Finally, frequency measurements were made during bypass operation and while
checking the valves.

f
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Fig. 11. Normalized natural frequencies as function of the rotating speed
1—smoothed curve of measured values (normalized to 20°C), 2— smoothed curve of calculated values (20°C), 3—mea-
sured values (normalized to 20°C)
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The results obtained can be summarized as follows:

— The theoretical calculations of the lower natural frequencies are in good agreement
with the measured results.

— It is now possible to decide on the basis of a static vibration test alone whether or
not a blade can be used. A 1009, check is to be recommended.
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Fig. 12. Measurement of blade vibration and
alternating stresses at various operating con-
oo ditions

I—alternating stresses

0 1000 2000 3000

— Only under very bad conditions do the alternating stresses attain a level which can no
longer be ignored.

— In order to attain maximum safety against vibrational failure, the lower natural
frequencies of the blades must not coincide with multiples of the rotation speed.

6. Aerodynamic problems

The problems encountered in the field of aerodynamics 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

In contrast to a high pressure stage, the flow through the last stage is markedly 3-dimen-
sional, i.e. all flow measurements vary very widely from the hub to the tips. This variation
is all the more pronounced, the larger the ratio of blade height to mean diameter (A/Dyy).
It is well known that no major faults occur to a ratio of h/Dy;<0.15, if the flow conditions
are calculated at the mean section. The ratio is, however, already 0.33 at the last stage. °
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The variation of the flow across the radius results in the various blade sections having
sompletely different aerodynamic duties. One thus has, for example, an impulse stage with
2 low degree of reaction at the hub, and a reaction stage with a very high degree of reaction
2t the tip. A knowledge of these different duties was therefore a supposition for the
subsequent development of the profile.

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
and a brief description of the method here.

The flow—is assumed to be axially symmetrical,
— is calculated at the space between the blades only.
— All flow condition points are on a single polytropic line.

The method

The equations of motion, energy, continuity and state 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
radius at all spaces between blade rows:

— pressure distribution,

— velocity triangles—aerodynamic duty,

— rotor work,

— and a figure of special interest, the exhaust kinetic energy. 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.

Verification consisted in numerous tests on full-scale and laboratory units. The results
were finally positive, and the following are intended to summarize the comprehensive
comparisons made:

Fig. 13 —Tangential speed variation as calculated and measured in a laboratory unit
for a blade height of 950 mm in the corresponding full-scale unit.
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Fig. 14— 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 well known .
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Fig. 14. Calculated and measured axial velocity

~as a function of the relative blade height
1 —measured, 2—calculated, #,—relative blade height

6.2. Calculation of the cascade characteristics

The corresponding profiles had now to be designed on the basis of the results of the 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, either as a result of divergences in vacuum conditions from
the ideal 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 solved 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 cascades 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.



Fig. 15. Test rig “ROSA” for transonic cascade tests

Fig. 16. Calculated and measured downstream
flow angle in function of the relative Mach
number
I —calculated, 2— measured
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It became apparent that very good results could be obtained even with quite simple
impulse methods [4]. We have succeeded in improving the cascade efficiency in the order
of 109;. 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 measure-
ment for the flow angle. Although agreement is very good, we believe that effective methods
of characteristics must still be developed.

7. Criterion of erosion hazard

Some years ago it seemed that low pressure long rotating blades could not be produced
because of the erosion hazard. 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:

éN(l_X2)un-

Thus, for a maximum permissible erosion rate e, the permissible final pressure can be cal-
culated 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).

It is obvious that the efficiency of large units would thus have become very questionable.
This situation forced the turbine manufacturers to re-examine the problem of erosion.
The damage caused by the impact of drops had been investigated at a very early stage in
steam turbine manufactures, but systematic studies, taking better account of the aspects
of physics involved, have 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 momentum
equation. The material 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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Fig. 17. Limit of maximum permissible output or minimum permissible outlet pressure calculated according to the old erosion crite-
rion for conventional machines with reheat and n=250 Hz. The curves show the necessary number of exhausts and the blade length of

the last moving row
P— output, p, — pressure after last moving row, h, —blade height of last moving row (in mm), I —six exhausts, 2— four exhausts, 3—two exhausts, ® —an actual example
of each type of machine, The numbers refer to the number of exhausts, N—no permitted
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With respect to the influencing factors

From what has already been said, the following influencing factors are present for a
given material: :

— total volume of water,

— impingement velocity,

— impingement frequency,

— drop radius.

As a dependent factor

We define the erosion rate as material loss per unit of time and surface, i.e. erosion
rate
AV
- S, .

In order to calculate this, something must be known about the orlgm 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 off by the current of steam
and dispersed into smaller drops, as illustrated in Fig. 18. 7

The 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 criterion,
which states that the ratio between aerodynamic stress and surface tension cannot exceed
a certain level. This enables the representative drop size to be defined.

The differential equation of motion of the drops can easily be established using Newton’s
law. Integration provides the relationship between the displacement s, pressure p, steam
velocity ¢, and the ratio of water velocity. to steam velocity cp/cp, i.€.

s=f(p, cp, cwlcp).

In order to keep erosion to a minimum, the water should flow against the rotor blades in
the same direction as the steam, i.e. c¢y/cp should be around 1. This is the more likely to be
achieved, the larger p, ¢, 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 velo-
cities. On the basis of our destruction model we would state that the 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 e,,,,. This is dependent, for
a required operating life, on very many operating conditions and design data. Instead of
conducting very expensive tests to determine the influence of all these detailed factors, 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.



Fig. 18. Detachment and break up of drops from the fixed blade trailing edges in a cascade test with
air and water. Air velocity 70 m/s
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5—n=30 Hz (at design stage), u,s— peripheral velocity at outlet of moving blade tip, ¢~ standard erosion rate
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Wz define the non-dimensional erosion rate as the ratio between the erosion rate of a
ume being assessed and that of a reference unit.

The non-dimensional erosion rates calculated in this manner for a number of units
whoch have already been in operation for some time are shown in Fig. 20. A figure of >1
mccates that the unit in question is more endangered than the reference unit, i.e. values

<1 should be aimed for. (

Many subsequent systematic comparisons have confirmed the accuracy of the tendency
gisplayed. For example. :

Fiz. 21 —shows a blade with =600 mm, u=424, 1=20,000 h, 1 —x,=10.7,

Fig. 21. Eroded tip of a moving blade. Service life=20 000 hours (approx.). Moisture content after
moving blade=10.7%. Peripheral velocity at tip =424 m/s

Fig. 22—shows a blade with 2=1000 mm, u=596, r=7,000 h, 1—x,=9.0.

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 come 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
low 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 matter of keeping the number and size of the drops which are whipped
off as small as possible.

Although we are well aware that our method still does not cover all processes satis-
factorily, we do have very reliable means of assessing the erosion hazard in advance and
planning appropriate countermeasures, in order to build the last stage which is reliable
also from this point of view.



Fig. 22. Eroded tip of a moving blade. Service life = 7000 hours (approx.). Moisture content after moving
blade 99;. Peripheral velocity at tip=596 m/s
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8. Concluding comments

There are a great many interesting problems to be solved in present-day turbine manu-
Sacrure. Of these the most fascinating is the development of the last stage, because it in-
2lves 2 wide variety of engineering fields, and because in certain areas, one is already
somfronted with the limits of what is attainable. The state of the art is now at a very high
=l as a result of the use of the most modern means available, such as computers, complex
nstallations, precision manufacturing methods, etc. This development must, however,
sinue, and is now very clearly focused on the search for lighter and yet stronger ma-
s. If we were not to succeed in this, the stresses imposed on the rotor would attain
impermissible level. Parallel with this search, existing materials and methods will and
must be constantly refined, in order to achieve steady improvements in operating safety,

sficiency and price.
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Problemy rozwoju konstrukeji topatek wirnikewych ostatnich stopni duzych turbin parowych
Streszczenie

Poczatek artykulu poswiecono przedstawieniu znaczenia ostatnich stopni dla uzyskania maksymal-
nej mocy wyjsciowej duzych turbin parowych.

Przeglad problemoéw jakie nalezy rozwiaza¢ w dziedzinie mechaniki, aerodynamiki, metalurgii
i technologii wskazuje wyraznie, Ze opracowanie duzej fopatki wirujacej wymaga spetnienia niezwykle
wysokich wymagan.

Pierwsza cze$¢ artykutu dotyczy gtownie zagadniern mechaniki. Nakre§lono w skrocie metode
zastosowana do obliczania ztozonego stanu naprezen. Praktyczna przydatno$¢ przyjetej teorii potwier-
dzono poréwnujac wyniki obliczen z wynikami pomiar6w. Ten sam sposob zastosowano w odniesieniu
do charakterystyk dynamicznych. Szczeg6lna uwage zwrocono tu na wyczerpujace badania doswiadczal-
ne; badania takie pozwalaja na przewidywanie zachowania sie lopatki w roznorodnych warunkach
roboczych.

W drugiej czeSci wymieniono wymagania okreslone z punktu widzenia aerodynamiki. Przedstawiono
sposob obliczania réznych stanow przeplywu. Rowniez tu, jak poprzednio, ukazano znaczenie prob
dla potwierdzenia teorii.

Na zakorniczenie podano proste kryterium oceny zagrozenia erozja w stopniu niskopreznym. Po-
kazano przede wszystkim, Ze mozna bezpiecznie konstruowa¢ bardzo duze stopnie koncowe, byle tylko
przedsiewzicte zostaly odpowiednie Srodki ostroznosci.
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ITpod.empl cBsi3aHnbIe ¢ NPOEKTHPOBAHHEM PAGOUNX JIONATOK
A HOC/TeTHUX CTYyHeHeil 00JIbIINX NapoBbiX TYPOMH

Pesrome

Havajo CTaThU MOCBSIIEHO TPENCTABICHUIO 3HAYCHMSI OCIIEIHUX CTYIICHEH Uil PEANH3aliy MAKCH-~
MAaJBHOY MOIIHOCTH B OONBIIMX MAPOBBIX TypOHHAX.

TTpocMoTp mpobiteM, KaKue HEOOGXOANMO PElUTh B 0BIACTSX MCXaHUKH, a3POJUHAMUAKH, METAIILYD-
THH ¥ TCXHOJIOTHY MOKA3BIBAET OTYETIHMEO, YTO IS Pa3paboTkm GOIbIION paboueit TONaTKA HEO6X0qUMO
YICIIOJIHMTh 4YPE3BLIMARHO BBICOKME TPEOOB2HIS, :

TlepBast 9acTh CTATEY B OCHOBHOM KaCa€TCs TIPOBIEM MEXaHUKH. JIaH 3CKH3 METOa, IPAMEHSIEMOT0
A7 pacdeTa CTOXHOTO COCTOSHMS HANpspKeHMi. IIpakTmdeckass NPATONHOCTH TIPWHATON TEOPHH HOZ-
TBEPHK/ACTCS CP2BHCHHEM DACYETHBIX PE3YJILTATOB C SKCHEPHMEHTAJIBHBIMU. TaKol ke CIOCo6 MPUHST
OTHOCHTETIBHO AUHAMUYECKUX XapakTepucTuk. Ocoboe BHMMAHWE OGPAIIECHO 3/ECh HA HMCUEPIBIBAIOLIAE
SKCICPUMEHTAIILHBIC UCCIEN0BANMS. Takie HCCIe/oBanus NO3BOIIIOT B HACTOSIEE BPEMSI IPEIBUIETD
OCIHMJIIANAIO OIS Pa3HOOGPasHbIX paboydx yCioewif,

Bo BTOpOIf YacTw CTATEH HepeurciIeHbl TPE6OBAHMS, ONIPENEICHHBIE C TOYKH 3PEHUS adPOOUHAMUKH,
TIpencrapieH cnocob pacyera pasImYHBIX COCTOSHWMN Teuerus, Taxxe 3[IECH, K&K U PAHBINE, YKA3bIBAECTCS
Ha 3HAYCHU® DKCIICPUMEHTA AJIS MONTBEPIKICHNS TEOPHH.

B saxsrouenyy MpecTaBIIeH IPOCTO KPATEPHIL OLCHKH 9PO3MOHHOM yrpo3sl B crymern HII. Ipexme
BCETO MOKA32HO, YTO MOKHO 6€30TaCHO KOHCTPYUPOBATE OYEHb GOITBIIAE IOCIETHAE CTYIICHH, €CITH TOJIBKO
IIPEANPUHATE COOTBETCTBYIOMIME MEPHI TIPENOCTOPOKHOCTH.
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s ¥3Mepenus: HaNpaBICHUS IBIKEHHUS HCIOIb30BAHBl METAJTAYECKAC MAPEL, IO~
KPBITBIC KPACKOH. Vcenenopanus B Typ6uHe moKasamm, 9To KPYIHBIE KAIUIF, CPBIBAFOLIUECS
¢ pabovnX JOMATOK, 061ATAIOT TAKON KMHETHIECKON SHEPIHEH, KOTOPOIl JOCTATOUYHO ik
CMBIBA KPACKH C WapoB. B pesysbTate sT0r0 Ha Imape ocraercs DPa3MBITOE IATHO, IO KO-
TOpOMY MOXHO ONPENENUTh HATPABJICHAE NBUKEHMS KPYIHBIX Kameib, Mekie KaImim,
KOTOpBIC HECYTCS C IAPOBBIM ITIOTOKOM, He OBJIANAIOT TAKOM 9HEPTHEN, IO3TOMY OT HUX
BO3JICHCTBHUS ClIefia HA IMApe HE OCTAeTCH.

7 M3MepeHUs HAIPABICHAS NBHKCHHS KpYOHOOMCIIEPCHOM BIATH HCHOJB30BATIACE.
maposas rpeberka (puc. 15) ¢ marom 30 M. Wccnenosanus moxasanm, 4to Ha BepXHEM
mape, KOTOPEIH OBLT yaIeH OT BEPINMUHEBI JONATKH O pammycy Ha 45 MM, Kpacka IeTaKOM
coxpamsnach. CIef0BATENBHO BJara 3TOTO LIApa He JOCTUIraia. Crenyromue 4 mapa
UMEJ OTYCTIMBEIC Pa3MBIThIE NATHA. Ha msatoM mape msTHo oT kamens He pe3Kko, HO
LCHTp MATHA yIACTCs ONPENENUTh NOBOJBHO TouHO. Ha ciienyromem mape KXpacka cjerka
PasMbITa ¥ LEHTP ISTHA ONPENEeTHTh HEBO3MOXHO. Ha OCTaIIBHEIX mapax, KOTOpHIe:
PACTIOTIOXKCHBI HA HIXKHEH [OJIOBHEE JIONIATKH, KPAacka 0CTAIACh HemoBpexaeHHoM. Crienyer
OTMETHTD, YTO INAPBI C MATHAMY, KOTOPbIe GBUIN B MOTOKE IAPa, HMEFOT MaTOBYIO HOBEPX-
HOCTP, B TO BPeMs KaK BEpXHUM IIap, KOTOPHIN He GBUI B IIOTOKE, UMEET OJIECTAINYIO IO~
BEPXHOCTD. MceneioBanns Ha Pa3NHMHBIX peXUMAX HOKa3aJM, YTO ONHWCAHHAS KapTHHA
TIOBTOPACTCSA Ha BCEX PEXMMAX, HO YHCIO MIAPOB C OTYETIMBEIM IATHOM MEHSIETCS — OHO
YMEHBILIACTCA C YMCHBLIEHHEM 9HCIa 060POTOB POTOPA, CKOPOCTH 1apa U CTEICHW BIakK-
HOCTH.

Ha puc. 16 moxasans! pe3yabTaTs u3Mepenuii. BusiHo, 4TO B HUXKHEH TIOJIOBHHE IONAT-.
KH XpYIHOAMCIIEPCHOM BJATH NpPAaKTUYeCKW HeT. B BEPXHEW TIOJIOBMHE KAl ABHMKYTCS
HOZ yrioM o5, =150° u 9,,=20°, mpu 3TOM paccornacoBanme mapoBod (asel o yriy
o, mocruraer 50°, mo yriy y, mo 30°,

Crnenyetr OTMETHTS, YTO PaccoTIacoBaHE IO YLy ¥, YBEIMYABAETCA TIO MEPE YAAJICHUS
Kamesb OT BBIXOJHEBIX KPOMOK pabovero koJieca.
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Puc, 16. Pacnpenenenye razoqunaMmyeckx HapaMETPOB NOTOKA Mapa i Kamellb KPyIHOFUCIIEPCHOM BIATH

3a paﬁo'mM KOJIECOM IO BBICOTE JIONATKH
1 — maposas cpena, 2 — xanom



