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ANALYSIS OF GEOMETRIC ERRORS OF THROAT SIZES OF LAST STAGE
BLADES IN A MID-SIZE STEAM TURBINE

Steam turbine technology with enhanced flexibility will continue to participate in electric power supply mixes.
Last stage blades secure the reliability of a steam turbine and require high precision manufacturing and assembly.
This case study presents a statistical analysis of geometric errors of the throat sizes of the last stage blades in
a mid-size steam turbine. A 3D optical scanner is employed to capture detailed geometries of rotor blades and
a half of assembled nozzle diaphragm. Unrolled cylinder cross-sections are used to evaluate 2D geometrical
features such as blade throats and areas at three different diameters, and the results are compared to intended
designs. In addition, linear correlations between the throat size and blade pitch, area and trailing edge thickness
are established, and blade throat position shifts are quantified. Such a comprehensive study is presented for
the first time, and some useful conclusions can be retrieved from this case study.

1. INTRODUCTION

There will be a need for more electricity across various geographies, and global
electricity consumption more than doubles over the next 40 years [1]. Despite the increasing
importance of renewable energy [2], steam turbine technology with improved flexibility will
contribute to electric power supply mixes [3, 4]. Baseload thermal power plants must operate
under variable loads due to wind and solar energy share. Steam turbines are subject to severe
operating conditions [5, 6], and rotor last stage blades can operate in a compressor mode
delivering energy to the working fluid in low volume flow conditions [7]. Concepts of a dyna-
mic power plant and solutions for an operational flexibility enhancement appear more often
in the literature [8-12].

Many components of steam turbines require high precision manufacturing processes to
ensure a long and safe operating life, also in off-design conditions [13]. In particular, last
stage blades are the essential component securing the reliability of a steam turbine for thermal
and nuclear power plants. Recently machining processes of the long blades have become fully
automated by using five-axis milling machines [14]. However, due to complicated tool path
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planning, limited machining precision or unexpected machining errors, deviation of blades
from the nominal design is unavoidable [15-17]. Turbine blade profiles often become thinner
or thicker than the nominal profiles because of the manufacturing tolerances, which directly
determine the costs of the manufacturing of turbine blades. The reduction of tolerances
requiring greater engineering complexity and accuracy leads to increased production costs,
and the investigation of manufacturing errors in turbomachinery already started several
decades ago [18]. For instance, Bammert and Sandstede [19] have reported that variation
of aerodynamic performance was almost linearly dependent on the manufacturing tolerance.
In addition to manufacturing errors, turbine blade disk assembly must be of good quality to
guarantee trouble-free operation and required performance [20]. Geometric deviations
of blades caused by manufacturing or assembly errors are typically minor compared to blade
sizes. However, they have identifiable performance impacts, as shown by many authors
[21-27]. Salehi et al. [28] pointed out that it is generally difficult to characterise geometrical
uncertainties in terms of probabilistic distribution functions, and in many engineering
calculations, the geometrical uncertainty inputs are usually modelled using a normal
distribution.

In steam turbine blade design, there are several geometric parameters with effects on
aerodynamic performance. For example, Zhang et al. [29] have emphasised the importance
of leading edge geometry on a 5-stage low-pressure turbine and Wang et al. [30] have studied
the effect of the blade geometry near the trailing edge in a high-subsonic-turbine cascade.
Sieverding and Manna [31] have reviewed thoroughly the turbine trailing edge flow and its
impact on the blade performance. Ding et al. [32] investigated the entropy generation and
exergy destruction of condensing steam flow in a turbine blade with roughness. The most
critical geometric parameter of bladed disks is the throat area, which defines the turbine
capacity (mass flow rate passing through the turbine stage). Chen et al. [20] have analysed
assembly errors with the effect on throat and incidence for turbine blades. Two types of error
(Circumferential Indexing Error and Axial Positioning Error) have been defined, and their
influence on the power output and the efficiency of a turbine was explained. However,
the authors showed only the distribution and variation of both errors for rotor blades and no
direct quantification of the throat size had been demonstrated. It was reported that such
assembly errors could also result in the non-uniform distribution of shape, mass and stiffness
of bladed disks, and this may cause dynamic unbalance, mistuning and vibration in the opera-
tional process of turbomachinery.

A statistical analysis of geometric errors of the throat sizes of the last stage blades in
a mid-size steam turbine is performed in this work. A 3D optical scanner is employed to obtain
detailed measurement information of half of the assembled nozzle diaphragm and all rotor
blades. Unrolled cylinder cross-sections are constructed to evaluate geometric features such
as blade throat and area at three diameters. Histograms are created based on the obtained
values, and discrepancies between nominal and mean values are found. In addition, linear
correlations between the throat size and blade pitch, area and trailing edge thickness are
established. The work is completed by an investigation of the blade throat position shift. Such
a comprehensive study is presented for the first time, and while the results are mainly
conditioned by the given manufacturing processes, some useful conclusions can be retrieved
from this case study.
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2. INVESTIGATED GEOMETRIES AND ANALYSIS TOOLS

Fig. 1. Actual geometry: (a) upper half of nozzle diaphragm, (b) rotor last stage blades,
(c) surface deviation map of rotor blades - upstream view

The examined objects are the last stage blades of a synchronous steam turbine with
a rated rotational speed of 3000 RPM and a mid-size power output before it is put into use.
Figure 1a shows the actual geometry of the upper half of the diaphragm. The diaphragm
consists of 25 nozzle blades inserted into the outer and inner rings, which are mechanically
secured by pins to minimise deformation and improve manufacturing accuracy. It should be
emphasised that the diaphragm is assembled and not welded as typical for diaphragm
fabrication. The hub radius is about 790 mm, and the total length of the stator blade is 420 mm
at the trailing edge. The lower part of the diaphragm is not detailed, as similar conclusions
were drawn for both parts. Figure 1b also depicts the actual geometry of the rotor with 60 last
stage blades. Each blade of a total length of 460 mm has a fir-tree root and an integral tip
shroud. Unfortunately, more details on the basic geometrical characteristics of the turbine
blades are not available to the public.
Modern optical scanners can construct exact 3D digital models [33, 34]. A GOM ATOS Il
Triple Scan + TRITOP digitising system, which is an industry-standard system used by many
leading manufacturing companies, is employed in the current study. The system uses
advanced projection technology of structured blue light and features two 8 megapixel cameras
that can provide a typical point spacing of 0.01 mm. The device is characterised by high
performance, fine detail resolution and highly accurate datasets. All measurements are
automatically transformed into a common object coordinate system. The system oversees
both calibration and influence of environmental conditions, and efficient measurements can
be made under laboratory or industrial conditions. The complete 3D dataset is exported using
standard file formats for post-processing. GOM Inspect software performed actual
mesh/model global best-fit alignments and constructions of unrolled cylinder cross-sections.
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Figure 1c shows the example of a surface deviation map between the actual and model
geometry of the rotor. The map is displayed in the RGB colour model, where red is the maxi-
mum discrepancy, green represents the zero deviation, and blue is the minimum discrepancy;
however, the colour range is confidential. Unrolled cylinder cross-sections are constructed at
three diameters — near blade root, mid-span and blade tip, as shown in Fig. 2. An example
of unrolled cylinder cross-section of rotor blades with areas and throats at the blade tip
diameter is depicted in Fig. 3. A blade throat is determined using a minimal distance search
algorithm between two curves. Datasets were further processed in Matlab to evaluate
the geometric variability of blade throat and area, and histograms were used to display
the estimates. Data are normalised to nominal values, and relative deviations are given as
a percentage with nominal values set to zero. The optimal numbers of bins in histograms have
been calculated using a technique proposed by Shimazaki and Shinomoto [35].
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Fig. 2. A schematic of turbine blade stage with three diameters for unrolled
cylinder cross-sections

Blade area

Blade throat

1

Fig. 3. Unrolled cylinder cross-section of rotor blades with areas and throats
at the blade tip diameter

The relation between the blade throat size and blade area, pitch and trailing edge
thickness for the rotor blades is also investigated. Blade pitches are estimated by the differen-
ces in the centre of gravity of adjacent blades rather than using a trailing edge spacing, as
the geometry of the thin trailing edge is susceptible to huge manufacturing and assembly
errors. The issue is demonstrated by estimating the diaphragm blade mid-span pitch in Fig. 4,
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which compares histograms between the two mentioned approaches. While the mean values
are nearly identical, the error range of blade pitch estimation based on the trailing edge
spacing is over two times larger than in the blade centre of gravity approach. The nominal
trailing edge thickness is around 1.2 mm in this particular case. Considering a typical positive
manufacturing tolerance of 0.1 mm, the error between the nominal and tolerated trailing edge
thickness is implicitly large, nearly 17%. Since trailing edges are finished by hand manufac-
turing, a trailing edge thickness is estimated in a blade throat plane instead of a circle fitting
of the trailing edge, which proved inaccurate and unsuitable for further analysis. The estima-
tion is illustrated in Fig. 5, where the blade throat line intersects the lower and the upper curve
of the blade profile and the distance between the intersection points represents the trailing
edge thickness.
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Fig. 4. A comparison between two histograms for diaphragm blade pitch based
on blade centre of gravity (COG) and trailing edge (TE)

Fig. 5. Trailing edge of stator blade in mid-span: actual (-) and nominal (- - -)

The analysis is completed by evaluating the Pearson correlation coefficient R, which
quantifies the strength of a linear relationship between two variables. It has a value between
+1 (total positive linear correlation) and —1 (total negative linear correlation) and is zero for
no linear correlation. The parameter is defined in Eq. 1,
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where n is the sample size, xi; and y; are the individual sample points indexed with i and X
represents the sample mean (analogously for y). There might be a tendency for the values
of the variables to increase or decrease in tandem. The relationship between two variables is
generally considered strong when the absolute value of |R| is larger than 0.7, moderate for
0.7 >|R| > 0.5, weak for 0.5 > |R| > 0.3 and none or very weak for |R| < 0.3.

3. RESULTS

3.1. DIAPHRAGM BLADES

& . : ; S
(@) (b)

-0.8 -06 -04 -0.2 0 0.2
[%]
(©
Fig. 6. Histograms of diaphragm blade throat: (a) root, (b) mid-span, (c) tip; mean (--) and nominal (- - -)

Figure 6 shows the distribution of diaphragm blade throat estimates at three different
diameters. The histogram pattern at the blade root is multimodal, the histogram at the blade
mid-span is slightly skewed left, and the histogram pattern at the tip diameter is symmetric
and unimodal. The vast majority of the blade throats are smaller than the nominal values.
The error between the nominal and mean values is —0.23% at the blade root, —0.34% at the
blade mid-span, and —0.27% at the blade tip.
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Figure 7 depicts the histograms of blade area at three different diameters. The histogram
at the blade root is slightly skewed left, the histogram at the blade mid-span is slightly skewed
right, and the histogram pattern at the tip diameter is skewed right. The actual blade areas are
slightly bigger than the design intents at all diameters, with mean errors of around 1%.
Positions of histograms to the nominal values suggest that the manufacturing of diaphragm
blades is precise but a bit inaccurate.
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Fig. 7. Histograms of diaphragm blade area: (a) root, (b) mid-span,
(c) tip; mean (--) and nominal (- - -)

Figure 8 shows the relations between the blade throat size and blade area, pitch and
trailing edge thickness at the blade root. For clarity, the scatter plots are supplemented by
linear regressions. The analysis revealed a strong relationship with a negative correlation
coefficient R = —0.72 between the blade throat and the trailing edge thickness at the blade
root; the blade throat decreases with the increasing trailing blade thickness. However, this
relation becomes weak at the blade tip and the mid-span, as shown in Table 1, which
summarises the blade throat correlation coefficients R for diaphragm blades. It is important
to note that the error between the actual and nominal trailing edge thickness can be huge, up
to 35% (see the bottom of Fig. 8) and differs at least by one order of magnitude from
the errors in blade throat, pitch or area. Consistency can be found in the blade throat/pitch
relation for all blade diameters. This correlation is positive with moderate strength as the blade
throat increases with the increasing blade pitch, and the relationship is more robust with
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the increasing diameter. Finally, the analysis has confirmed the opposite relation between
the blade throat and the blade area (see Figs. 6 and 7). This relationship has a negative
correlation coefficient with moderate to weak strength depending on the blade diameter, as

detailed in Table 1).
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Table 1. Blade throat correlation coefficient R, diaphragm blades
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Fig. 8. Diaphragm blade throat correlations at the root diameter: (a) pitch, (b) area,

Blade diameter Pitch Area TE thickness
root 0.46 -0.65 -0.72
mid-span 0.53 -0.53 -0.24
tip 0.60 -0.38 -0.36

3.2. ROTOR BLADES

1.02

Figure 9 shows the histograms of rotor blade throat estimates at three different
diameters. In comparison to the nominal values, blade throats are smaller again, but the per-
centage differences between the nominal and mean values are far larger than in the diaphragm
blades. In particular, the discrepancy at the blade root is —1.61%, which is seven times larger
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than the corresponding value of —0.23% quantified for the stator blades. A similar value
of the deviation of —1.59% has been found at the blade tip, which is nearly six times greater
than the analysis of diaphragm blades (—0.27%). Finally, the difference of —1.16% between
the nominal and mean value has emerged at the mid-span of the rotor blade, and this is almost
three and half times larger than the corresponding value of -0.34% evaluated for the stator
blades. The histogram patterns in Fig. 9 are unimodal, and only the histogram at the blade tip
is symmetric. Figure 10 depicts the data distribution for rotor blade area at three different
diameters, and the histograms are again approximately unimodal. All manufactured blades
are substantially larger than the nominal profiles. The percentage differences between
the nominal and mean values are about 4% at both blade root and mid-span diameters, and
the discrepancy at the blade tip is 8.43%. Thus, the manufacturing of rotor blades can be
considered precise but not accurate
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Fig. 9. Histograms of rotor blade throat: (a) root, (b) mid-span,

(¢) tip; mean (---) and nominal (- - -)

Figure 11 shows the scatter plots with linear regressions between the rotor blade throat
and the blade pitch at three different diameters. A very weak linear relationship has been
detected at the blade root. Positive associations between the variables have been found at
blade mid-span and tip diameters, and the relationship is stronger as the diameter increases.
A high correlation coefficient R = 0.88 can be observed at the blade tip as the datasets group
closer together in a linear shape. The finding means that the blade throat size is highly
susceptible to blade pitch alignment.
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Fig. 10. Histograms of rotor blade area: (a) root, (b) mid-span, (c) tip; mean (---) and nominal (- - -)

Table 2 summarises the blade throat correlation coefficients R for the rotor blades.
Negative relations with none or very weak strength have been identified between the rotor
blade throat and both blade area and trailing edge thickness at all diameters. The trends
observed in Table 1 and Table 2 are reasonably coherent for the correlation between the throat
size and the blade pitch. Both stator and rotor blade throat sizes are more prone to blade pitch
alignment as the diameter increases. Consistency for all blades at larger diameters can be
found in the blade throat size/area relation. The blade throat size increases with the decreasing
blade area, and this relation is weaker at a larger diameter. Excluding the result for stator
blades at the blade root, the overall findings have shown that the trailing edge thickness has
a minimum impact on the blade throat size as the correlation coefficients are small. However,
the values of the correlation coefficients are generally case-dependent. For this study case, it
can be concluded that only pitch alignment of rotor blades has a substantial impact on the
blade throat size for larger diameters and other geometrical parameters are of minor
importance.

Figure 12 shows the rotor blade throat and trailing edge thickness relation at the blade
tip. It can be emphasised that the errors between the actual and nominal trailing edge thickness
can be over 50% and are notably larger than the errors in blade throats, pitches or areas. This
outcome is correct as the trailing edge thickness represents a small geometric dimension
sensitive to manufacturing errors.
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Fig. 11. Correlation between rotor blade pitch and throat: (a) root, (b) mid-span, (c) tip

Table 2. Blade throat correlation coefficient R, rotor blades

Blade diameter Pitch Area TE thickness
root -0.01 -0.27 0.02
mid-span 0.70 -0.32 -0.17
tip 0.88 -0.07 -0.29
R =-0.29
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Fig. 12. Rotor blade throat and trailing edge thickness relation at blade tip



P. Eret and M. Hoznedl/Journal of Machine Engineering, 2022, Vol. 22, No. 3, 132-147 143

3.3. BLADE THROAT POSITION SHIFT

The actual blade throat position is equally important to the blade throat size. The in-
correct location of the throat in the blade channel can affect the distribution of Mach number
and pressure. No considerable deviations in the position of actual blade throats to the nominal
blade throat have been found for both stator and rotor geometries. Fig. 13 shows the actual
and nominal blade throat position at the rotor blade tip. The vector plot in Fig. 14 depicts the
shifts of centre position (related to the nominal blade throat size — thnom) between the actual
and nominal blade throat for all rotor blade tips. The maximum value of 1.66 mm (4.7%
of thnom) has been detected, and the vast majority of actual blade throats are located upstream
of the nominal blade throat. Given the blade dimensions, the minor blade throat dislocations
will cause no effect on the actual fluid flow.

Fig. 13. Actual and nominal blade throat position at the rotor blade tip: actual (-) and nominal (- - -)

xith [

nom

Fig. 14. Relative shifts of blade throat centre at the blade tip: position of nominal throat — centre section (- - -)

4. DISCUSSION

Manufactured blades are often thinner or thicker than nominal profiles. Thinning
of blade profiles can lead to a mass flow increase and a decrease of the enthalpy drop of the
turbine, while the opposite effect can be observed for thicker blades. Both thinning and
thickening of blade profiles decrease the efficiency and the lifetime of turbines; however,
thicker blades can perform significantly worse [18]. In the context of the current investigation,
there is an opportunity to improve the last stage performance through advanced precision
manufacturing.
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On the other hand, steam turbine blades at low-pressure stages may be eroded by wet
steam flow, which causes thinning of blade profiles. Erosion reduces the efficiency of the last
stage rotor blades and makes the operational lifetime of the turbine shorter [36]. Even erosion-
resistant materials for steam turbine blades, such as laser-hardened steels or titanium alloys,
are prone to loss of material [37], and therefore, manufacturing thicker blade profiles can be
justifiable. However, any considerations to support the existing technology or advanced
precision manufacturing are beyond the scope of this study.

The good agreement of the investigated diaphragm with the nominal geometry is caused
by the manufacturing method applied here, i.e. assembling the individually machined parts
without any welding. Welding is the most common technique of diaphragm fabrication, and
large deformations and residual stresses are produced. It can be plausibly anticipated that
the discrepancy between welded and nominal blades will be dramatically different, and hence
similar investigations will be more than worthwhile.

5. CONCLUSION

A statistical analysis of geometric errors of the throat sizes of the last stage blades in
a mid-size steam turbine has been performed on the actual geometry and compared to the
design model. A 3D optical scanner was used to obtain the actual meshes of the upper part
of assembled nozzle diaphragm and rotor blades. Blade throats and areas at three different
diameters were evaluated in unrolled cylinder cross-sections.

It was found that the diaphragm blade throats are smaller than the intended design, and
the most significant deviation between the nominal and mean values was —0.34%. The rotor
blade throats were also smaller than initially supposed, but the percentage differences between
the nominal and mean values were far larger than in the case of diaphragm blades.
The minimal difference of —1.16% between the nominal and mean value has been evaluated
at the rotor blade mid-span, almost three and half times larger than the corresponding value
of —0.34% related to the stator blades. In terms of blade area, the diaphragm blades are slightly
bigger than the design intent, with mean errors of around 1%. On the other hand, the manufac-
tured rotor blades were substantially larger than the nominal profiles.

The percentage differences between the nominal blade area and the mean values were
about 4% at both blade root and mid-span diameters, and the discrepancy at the blade tip was
8.43%. Therefore, it was concluded that the manufacturing of both stator and rotor blades is
precise, but the accuracy of the blade machining can be improved, especially in the case
of rotor blades.

Linear correlations between the throat size and blade pitch, area and trailing edge
thickness have been established. In the case of diaphragm blades, the analysis revealed
a strong relationship with a negative correlation coefficient R =—0.72 between the blade throat
and the trailing edge thickness at the diaphragm blade root. However, this relation became
weak at the blade mid-span and the blade tip. Negative relation has also been found between
the blade throat and the blade area, with moderate strength at the blade root and the mid-span
and weak strength at the blade tip. The blade throat/pitch relation was positive with moderate
strength for all diameters and grew stronger with the increasing diameter. In the rotor blades,
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a high-value correlation coefficient R = 0.88 was observed at the blade tip for the rotor blade
throat and the blade pitch relation. This positive relationship was also strong at the blade mid-
span but none at the blade root. The finding suggests that the rotor blade throat size is
susceptible to blade pitch alignment. Finally, negative relations with none or very weak
strength have been identified between the rotor blade throat and both blade area and trailing
edge thickness at all diameters. It can be concluded that only pitch alignment of rotor blades
has a substantial impact on the blade throat size for larger diameters and other geometrical
parameters are of minor importance.

This study was completed by investigating the blade throat position shift to the nominal
geometry, and no considerable deviations of actual blade throat locations have been found for
both stator and rotor geometries. The quality of production and assembly of blades is essential
for the performance and safe operation of turbomachinery. Unfortunately, the investigation
of geometric errors in blades receives little attention in the literature, and this case study
presented a comprehensive statistical study of throat sizes in mid-size steam turbine last stage
blades for the first time. The results provided a clear understanding of the precision and
accuracy of the manufactured blades and gave direct feedback to improve the manufacturing
and assembly of last stage blades.
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