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EFFECTS OF END-WALL SHAPING ON STEAM
TURBINE EFFICIENCY
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Abstract: The end-wall shaping effects of the guide blade in the steam turbine stages are studied. The research of
the end-wall shaping effects on turbine efficiency applies CFD numerical simulations and the measurement of
straight blade cascades in the wind tunnel. The final stage of research activities includes the experimental verifica-
tion of the findings in an experimental steam turbine. As the findings are interesting in terms of efficiency, a se-
ries of 3-D numerical simulations are executed. These demonstrate the certain improvement when the shaping is
used, especially in the blade tip area. The steam turbine is used to measure the shaping effects on both sides (bi-
lateral shaping) as well as only in the blade tip area. The process indicates the efficiency improvement on the
blade tip shaping. However, this occurs only in partial admission. On the other hand. there is a drop in efficiency
compared with blades with straight end-walls.
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modifications to influence the pressure distribu-
tion on the end-wall in order to reduce the effect
of end-wall loss. Though the effect on the effi-
ciency is insufficient compared with other ap-
proaches, no other papers focusing on this
methodology are published.

During the development of the steam turbine
with the radial control stage following by axial
stages and with the fully scalable partial admis-
sion, a discussion was conducted in terms of the
reducing end-wall loss by the symmetrical rendi-
tion of shape modifications in both end-walls.
VZLU (Aeronautical Test and Research Insti-
tute, Prague, Czech Republic) carried out mea-
surements of profile loss in the blade cascade with
prismatic and shaped blades. Fig. 1 indicates the
major reduction of profile-based loss after the
shape of walls is modified. New profiles were
originally designed for the radial stage, and these
profiles were analyzed in the arrangement of the
axial blade cascade in the VZLU wind tunnel™™.
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Fig. 1 Effects of end-wall shaping on profile loss

Computations were used to estimate the loss
for radial design of the blade cascade'®. The re-
sult of this approach is shown in Fig. 2. Based on
the optimistic findings of the blade cascade mea-
surements, an axial turbine blade cascade is de-
signed with bilateral end-wall shaping of the end-
walls. The West Bohemia University in Pilsen
was commissioned to perform a computational
study of 3-D flow in the impulse turbine stage
with various arrangements of the end-walls™ ',
The aim of both the computational and the experi-

mental studies is to establish whether the findings
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Fig. 2 Losses in original and new designs of blade

cascade

of the measurements in the blade cascade can also

be applied in the axial turbine stage.

1 SELECTION OF COMPUTA-
TIONAL MODEL

Three variants of the blade channel in the
stator section of the turbine stage are selected for
the computational study. The same stage is used
in experiments as a second stage of two-stage
drum rotor in Section 3.1. The characteristic
properties of these wvariants are indicated in
Fig. 3. All of the variants operate with an identical
aspect ratio and the identical setting of boundary
conditions. The length of channel inlet and outlet
are 40 and 50 mm, respectively. The effect of
steam leakage through the seals is neglected. The

inlet and outlet parameters are taken from experi-

mental results on a steam turbine as well as geo-
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(a) Standard blade  (b) End-wall (c) End-wall
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tip and hub
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(d) Definition of boundary conditions of entire blade channel

Fig. 3 Characteristic properties of variants
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metrical parameters.

Fig. 3 indicates the setting of the boundary
conditions for the numerical simulation. The
computational model inlet includes the boundary
condition of a "pressure inlet” and the computa-
tional model outlet, then has the boundary condi-
tion of a "pressure outlet”. The limitation between
the stator and the rotor sections has the boundary
condition of a "mixing plane”. The geometry pa-
rameters are the same as the first stage of the ex-
perimental steam turbine.

The flow is considered as the stationary and
the flowing medium is considered as a compress-
ible Newtonian fluid. The computation uses a
coupled implicit solver with a third-order setting
of accuracy for the flow and turbulent viscosity.
The turbulence is modified by a Spalart-Allmaras
model. The total number of computational cells is
approximately 800 000. The value of dimension-
less wall distance y" on the blade surface is be-
tween 30 and 80 on the blade surface.

The computation is carried out for the flow
parameters presented in the experimental turbine.
The computation findings are considered as aver-
age mass quantities in four planes shown in
Fig. 4. It is necessary to find out the influence of
the end-wall shaping with no additional effects.,
for example any kind of sealing.

3 4

Stator Rotor

_________________________,_.
N D Ey Y

Fig. 4 Evaluation planes

2 EVALUATION OF COMPUTED
AERODYNAMICS PROPER-
TIES

Individual variants differ in the arrangement

of the boundary sections of the stage. Therefore,

assumptions may be drawn that in the mean ra-
dius where a 2-D nature of flow prevails, the loss
meets the expectations as to profile loss, and all
flow parameters are largely similar in all the vari-
ants. The vectors of absolute velocities at the
mean radius of Variant 1 are shown in Fig. 5.
Maximum velocities are presented behind the
leading edge of rotor blade in the profile of the
blade suction side. The inlet and outlet velocities
of the stage are approximately equal. The outlet
angle a, at a given circumferential velocity of w=
377 rad/s is just below 90°.
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Fig.5 Vectors of absolute velocities at mean radius of

Variant 1

The distributed mean values of the axial ve-
locity ¢,y along the radial are shown in Fig. 6.

The enlargement of the inlet section causes a
reduction of inlet velocity and an increase of static
pressure due to the end-wall shaping results.
Shape modifications of the end-walls lead to ve-
locity increment in the boundary areas of the out-
let from the stator blade cascade. The distribu-
tion of axial velocity at the inlet into the rotor
blade cascade is wavy, which is nearly edged de-
velopment. The reasons for this remain unclear.
A more in-depth analysis of the numerical simula-
tion is required to deliver an explanation. The
mean value of the axial velocity has a slight drop,
and a reduction of static pressure is recorded.
This is contradicted by the preservation of equali-
ty in mass flows.

The stage outlet shows the full velocity re-
duction at the wall area. The rotor cascade ex-
hibits a much higher degree of end-wall loss than

the stator section of the stage. The stator influ-
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Fig. 6 Distribution of velocity axial components

ence affects section AL which is in relation to the

chord b,, i.e., AL,/b;=9%, whereas the rotor

delivers as much as AL,/b,=30%. Based on the
preservation of the mass flow, the steam flow in-
hibition from the boundary sections of stage also
indicates the certain improvement of flow condi-
tions in the central section of the stage. Local in-
crements of velocity lead to a local improvement
in efficiency. The manner of loss evaluation used
in computations does not allow the energy balance
along the streamline which is necessary for a good
understanding of flow behavior.

The distributions of static pressure Py, P,
P, P, in the individual stage planes are shown in
Fig. 7. The change of the pressure distribution
character at the transition from Plane 2 to Plane 3
is completely inexplicable. Plane 2 has the pres-
sure rising from the hub towards the tip, which
meets the experiment findings in full. Pressure
distribution in Plane 3 cannot be applied for com-
putation of the stage response. Pressure changes
at the stage outlet are irrelevant. The reason may
be that Plane 3 is very close to the mixing plane
surface and the flow is affected by averaging its
parameters on this surface. The pressure distri-
bution in Plane 4 is undoubtedly affected by the
computational boundary condition, where the
pressure is entered as a constant value for the
whole of the plane. Please note that this assump-
tion is in line with the findings of experiments
conducted in various stages of power plants.

The loss coefficient or the efficiency value is
important in determining the stage or the cascade
quality, respectively. The loss distribution in the
stator cascade for the individual variants is shown
in Fig. 8. The best results are indicated in Variant
2, i.e., the stage with shaping of the end-wall
tip. While the shaping of the hub and tip wall de-
livers an improvement in the boundary areas of
the cascade, it has a negative influence on the
central section of the channel. All the variants
have the greatest loss at the end-walls. This is
caused by the presence of the boundary layer and
by the flow phenomena in the given cascade area.
Variant 2 indicates zero loss in the center of the
channel. This value is fictitious. All locations of

the profile have boundary layers and wake. The
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Fig. 7 Static pressure distribution

zero loss can only be explained as an influx of en-

ergy from other cascade areas.
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Fig. 8 Stator loss

The stage efficiency for particular stages is
shown in Fig. 9. According to an identical aspect
ratio, the efficiency by using end-wall shaping at
the tip and hub has an increase of 0.7% in com-
parison with standard shaped prismatic blades
(Variant 1). When the shaping only affects the
tip, the efficiency values increase by more than
0.4%. Considering the low chord value, the
Reynolds number is also low (Re=2X10°). The
results are on the basis of numerical computation
with the boundary conditions taken from experi-
mental data.
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Fig. 9 Stage efficiency

The turbine stage efficiency of experiment
depends on Re in this area. The computation with
Re=1X10° and a prismatic blade shows an effi-
ciency of 7=90.22% due to a higher Reynolds
number. An experiment with an identical blade
design and operation parameters indicates a maxi-
mum efficiency of 7 = 89.52% when optimal
w/c=0.48. The loss values exceeding the calcu-
lation are attributed to the steam leakage through

the stator seal.
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3 EXPERIMENTAL INVESTI-
GATION OF TURBINE
STAGES

3.1 Experimental stage for drum rotor

A two-stage impulse drum turbine rotor is
designed to conducte the experiment. The first
turbine stage uses end-wall shaping elements of
the hub and tip end-walls. Fig. 10 shows a cross-
section view of a drum rotor with notable end-
wall shaping in the first stage. The basic charac-
teristics of the blade cascades in both stages are

shown in Table 1.

Fig. 10 Two-stage drum type turbine

Table 1 Stage parameters
Parameter Stage 1 Stage 2
Stator blade Rotor blade Stator blade Rotor blade
Profile VS33 VO1001 VS33 VO1001
Chord 4/mm 27 20 27 20
Length //mm 12.0 14. 0 15. 4 17.4
Aspect ratio 1/b 0. 44 0.70 0.57 0. 87
Number of blades = 170 228 170 258
Pitch to chord ratio ¢/b 0.698 0. 700 0. 700 0.623
Hub diameter D;,/mm 1 008 1 007 1 008 1 007

These are impulse stages for subsonic flow.
Instead of equalizing holes used in wheel discs,
this design uses slots below the rotor blades. The
inlet pressure is ;= 0. 8 bar and the inlet tem-
perature ;2150 °C. The typical pressure drop in
the stages is P,/P,= 0.7. The search is for the
optimum velocity ratio, «/ci., where the turbine
is operated with the maximum efficiency.

The measurement is taken at an experimental
steam turbine designed for operation with the ad-
mission pressure under the barometric pressure.
The energy is marred with a water brake. Due to
the reason of measuring in lower pressure, Re is
lower than that in real-life installations. During
the low values of Re and the identical stage geom-
etry, the efficiency is lower than that in real-life

installations.
3.2 Experimental results of drum rotor

The results are focused on the first stage of

experimental steam turbine with the end-wall

shaping. Fig. 11 illustrates the dependence of effi-
ciency with the velocity ratio. The efficiency val-
ue of the first stage amounts to 0.746 when
w/ci=0.47. Reis 2. 9X10° at the maximum u/c;
ratio. Re at the numerical simulation described in
the preceding section only reaches 2X10°, so the
efficiency is even slightly lower. However, the
difference between this experiment and the nu-
merical simulation (Fig. 9, Variant 3) is caused
by the fact that the numerical simulations do not
include any modeling of the seals at all. Steam
leakages play a crucial role, especially in short
blade designs. Numerical simulations on higher
levels of Re are made. Experiments show a higher
influence of Re compared with computations.

The notable effect of Re on efficiency is
proven by Fig.12. Operational reasons prevent
the experiment from conducting major changes of
Re. However, the evidence indicates that even a

small scale of Re lead to an efficiency increase of
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more than 5%. The influence of a low Re on end-
wall shaping cannot be proven by the measured
results.

The same chart also shows changes of «/ci,
which is kept as much constant during the whole
experiment if the experimental device allows. Mi-
nor differences are caused by experimental possi-
bilities and they do not have a significant influ-
ence on the results. The Mach number is constant
during both the measurements. Therefore, its
impact on efficiency may be excluded as well. The
influence of Re on efficiency is significant. The
effect of the end-wall shaping is impossible to

segregate from other effects in this measurement.
3.3 Experimental stage for disc rotor

The structure of the experimental stage is
shown in Fig. 13. The basic technical specifica-
tions of the blade section are provided in Table 2.
The geometry of the stage is the same as that in
the numerical computations, Variant 2, there-

fore, without shroud seals.

Fig. 13 Geometry of disc rotor stage

Table 2 Stage geometry

Section Stator blade Rotor blade
Profile VS33 VO1001
Chord s 145 73.21
Aspect ratio [/b 0. 25 0.55
Hub diameter 933 930
End-wall enlargement A/l/[ 0.48 0

3.4 Experimental results of disc rotor

Compared with the reference blades without
end-wall shaping, no further reduction of loss in
end-wall shaped stage is confirmed. The observa-
tion of Fig. 14 suggests that there even is a minor
aggravation. The value of e=1 indicates the full
admission of the stage. The value of 7y means
the maximal efficiency level reached by using the
standard blades experiment. The modifications of
the original old profiles focus on reducing the pro-
file and end-wall loss. The one end-wall shaping
does not guarantee the stage efficiency improve-
ment coming from the new profiles. However,
the result includes the improvement of the stage
The higher

mass flow of steam through the stage allows in-

reaction and the flow coefficient.

creasing the output. The application of end-wall
shaping in stages with the partial admission of
steam is highly promising. A comparison of the
efficiency to the typical stage design is shown in
Fig. 15. In total admission, the efficiency hardly
has any improvement. However, in the case of
partial admission, the efficiency increases by as

much as 10%.
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4 CONCLUSIONS

(1) The numerical simulation of the impulse
stage is performed with the same geometry as the
experimental stage.

(2) Three alternatives of end-wall shaping
are tested by using CFD methods.

(3)The computational study confirms the re-
duction of boundary loss in the turbine stage after
the application of end-wall shaping in the end-
walls. Shaping the end-wall tip delivers better re-
sults than shaping both sides.

(4) The difference between the efficiency de-
termined by the experimental measurement and
the numerical computations is caused by the sig-
nificant influence of the shroud seals used in the
experiments only. Numerical simulations do not
exactly describe the influence of the Reynolds
number. The experiments show a higher effect of
Reynolds number than computations.

(5)The rotor cascade exhibits a much higher

degree of end-wall loss than the stator section of

the stage.

(6) The low value of the Reynolds number
has a negative influence on efficiency. The effect
of the Reynolds number on the end-wall shaping
cannot be proven.

(7)End-wall shaping play a role in partial ad-
mission. In full admission, this design seems un-

suitable for the future works.
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