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Abstract. This article describes a measuring methods and evaluating
measured data on a single-stage axial turbine with reaction (~ 50 %).
One turbine operating mode was selected, in which the traversing behind the
nozzle and bucket with two 5-hole pneumatic probes took place. The results
are distributions of flow angles, reactions, or losses distribution/efficiencies
along the blades.

1 Introduction
The experimental device (VT-400) is a 1:2 scale model of the high-pressure steam turbine
part (Figure 1). The working medium is air sucked from the atmosphere by a compressor.
The turbine stage is located at the compressor suction. The maximum pressure drop that the
compressor can achieve is 12.5 kPa. The dynamometer measures RPM and torque. The mass
flow of the working medium is determined by a standardized nozzle. Static pressure taps are
located in individual sections of the turbine, and two 5-hole pneumatic probes are used for
detailed flow field measurement.
More information about experimental device can be found in the papers [2, 3].

Fig. 1. Schematic representation of the test rig.
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At present, the department has three turbine stages with different reactions, which were
designed by our industrial partner Doosan Skoda Power. Their basic geometric parameters
are listed in the following table (Table 1 - the currently measured stage is marked in red).
Table 1. Geometrical parameters of tested stages.

Nozzle
Root diameter [mm]

Bucket
DPNZL

400

Root diameter [mm]

NZL

L

45.5

Blade length [mm]

Chord [mm]

cNZL

22.5

Output relative velocity angles [°]

Output absolute velocity
angle [°]

α1

14.5°

Low reaction - LR
(~25 %)
Mid reaction - MR
(~35 %)
Full reaction - FR
(~50 %)

Blade length [mm]

DPBCK

400

L

47

BCK

β2LR

19.9°

β2MR

19°

β2FR

14.5°

2 Measurement and data evaluation
We perform two types of measurements on the turbine. The aim of the first type is to
determine the basic turbine stage characteristic, i.e. the dependence of the circumferential
efficiency on the speed ratio u/cf (ratio of circumferential velocity and fictive (isentropic)
velocity. In our case, the modes (u/cf) are set by regulating the compressor (RPM), while the
pressure drop on the turbine changes. From the measurement point of view only static
pressures in individual sections of the flow path (see Figure 2), input/output static pressures
of the mass nozzle, data from the dynamometer (RPM and torque), stage output temperature
and the mass nozzle output temperature are measured.

Fig. 2. Turbine stage measured planes (left) and velocity/angle orientation (right).
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The second type of measurement is used for detailed flow fields measurement in the wake
behind the nozzle and bucket. From these data it is possible to evaluate the radial distribution
of losses, reaction, flow angles, Mach and Reynolds numbers. In this case, a constant mode
is set at the beginning of the measurement (u/cf = const.). In this article we will deal with the
second type of measurement.
Both probes must be calibrated before operation. The calibration was realized by setting
a certain angle Θ, at which the pressures are measured for different values of the angle φ
in the range φ = (- 20°; 20°). Subsequently, the turning device is shifted by an angle Θ and the
pressures are measured again for the entire range of angles φ. The range of angles Θ was also
Θ = (- 20°; 20°). Calibration coefficients (two pressure, two angular) were calculated from
the obtained data.

𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑝𝑝1 − 𝑝𝑝𝑠𝑠
𝑝𝑝1 − 𝑝𝑝𝑡𝑡
𝑝𝑝2 − 𝑝𝑝3
; 𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇 =
; 𝐶𝐶𝜑𝜑 =
; 𝐶𝐶𝜃𝜃
𝑝𝑝1 − 𝑝𝑝𝑚𝑚
𝑝𝑝1 − 𝑝𝑝𝑚𝑚
𝑝𝑝1 − 𝑝𝑝𝑚𝑚
𝑝𝑝4 − 𝑝𝑝5
=
𝑝𝑝1 − 𝑝𝑝𝑚𝑚

(1)

The calibration coefficients with the probe rotation angles together create data for 3D
graphs (Figure 3). Mathematical interpretation of these 3D surfaces in the form of regression
equations roots matrix is one of the main inputs in the evaluation process from wake
traversing behind the nozzle and bucket.

Fig. 3. 3D Graphs for fist 5-hole probe.

3 Data evaluation procedure
SW developed at the Department of Power System Engineering is used to evaluate data from
the turbine. The SW was programmed in the "Matlab®– App Designer" interface.
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The program enables area averaging or averaging weighted by mass flow (in the case of
incompressible flow by axial velocity only).
In the evaluation process, only the axial velocity is averaged over the area.
Other parameters are averaged by mass flow over a multiple of the blade pitch. The area
averaging method has a great weakness in the wake areas, where, for example, losses increase
disproportionately. In mass averaging, the flow through these areas will be taken into account
and the obtained values are therefore much closer to reality.

4 Results
The flow field measurement was preceded by the turbine mode choice. The turbine mode
was selected, which corresponds to an output flow angle of ~90° (approximately axial
output). The turbine speed in this mode was 2000 RPM and the pressure drop per stage
corresponded to 2425 Pa. According to the design data, the turbine should operate close to
the optimal operating mode. The evaluated angles β1f and β2f compared with the design values
correspond to this (see Figure 4).

Fig. 4. Bucket input relative velocity flow angle radial distribution (left) bucket output relative velocity
flow angle radial distribution (right).



Dependence on Figure 5 (left) describe the radial distributions of the individual
efficiencies. Nozzle efficiency distribution is relatively constant along the blade.
A significant decrease in nozzle efficiency occurs in the blade tip area, where the inlet cavity
influence into the shroud sealing is very pronounced. This trend in the bucket tip area can
also be observed on bucket efficiency distribution where, on the contrary, the parasitic flow
from the shroud sealing interact with main flow, which result in a local losses increase.
Now let's take a closer look at the turbine stage efficiency. As mentioned above,
the efficiency is evaluated from the individual points of the expansion line. The theory
presents several relations, which can also be used to calculate the values of the
circumferential stage efficiency. This is for example literature [5], where the relation for the

4

MATEC Web of Conferences 328, 03013 (2020)
XXII. AEaNMiFMaE-2020

https://doi.org/10.1051/matecconf/202032803013

circumferential efficiency is directly a function of the reaction ρ, the output absolute velocity
flow angle from the nozzle α1f, the output relative velocity flow angle from the bucket β2f and
the velocity ratios u/cf, 𝜒𝜒

𝑐𝑐

𝑓𝑓

𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝜂𝜂𝑆𝑆𝑆𝑆

𝑤𝑤2

= 𝑐𝑐1 , 𝜓𝜓 = 𝑤𝑤

2,𝑖𝑖𝑖𝑖

.

= 𝑓𝑓 (𝜌𝜌, 𝛼𝛼1𝑓𝑓 , 𝛽𝛽2𝑓𝑓 ,

𝑢𝑢
, 𝜒𝜒, 𝜓𝜓)
𝑐𝑐𝑓𝑓

(2)

Subsequent modifications can be used to obtain the resulting relationship for
circumferential efficiency:
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝜂𝜂𝑆𝑆𝑆𝑆

=2

𝑢𝑢
[ψ
𝑐𝑐𝑓𝑓
∙ cos 𝛽𝛽2

2

𝑢𝑢
𝑢𝑢
∙ √𝜌𝜌 − 𝜒𝜒 2 (𝜌𝜌 − 1) + ( ) − 2𝜒𝜒 cos 𝛼𝛼1 √1 − 𝜌𝜌 −
𝑐𝑐𝑓𝑓
𝑐𝑐𝑓𝑓
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑢𝑢
− + 𝜒𝜒 ∙ cos 𝛼𝛼1 √1 − 𝜌𝜌]
𝑐𝑐𝑓𝑓

(3)

The following dependence (Figure 5 right) shows a relatively good agreement between
the evaluated radial distributions. In addition, the dependence of turbine stage efficiency from
1D simulation [4] is plotted in the graph, too. The calculation was performed for the root,
mid and tip blade profile and the boundary conditions were chosen in accordance with the
conditions during the measurement. It is obvious that in the root and tip areas it is not possible
to expect agreement with measurement, because the 1D calculation does not capture the
effects of secondary flow arising from the interaction of parasitic flow from shroud sealing
with the main flow or the endwall effects at the blade root.
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Fig. 5. Comparison of nozzle and bucket efficiency radial distribution (left), comparison of stage
efficiencies radial distribution (right).

5 Conclusion
The article deals with measurements on an air turbine of the Department of Power System
Engineering. The above results are evaluated from measurements using two pneumatic 5hole probes for one specific turbine operating mode. Further activities will focus on the study
of the different turbine operating modes. These modes can be achieved by regulating the
compressor, i.e. setting different pressure drop to the turbine stage, resulting in stage load
changes, velocity triangles redistribution, etc. After measuring current stage with ~50 %
reaction, the same measurements will follow for the other two reactions (~35 % and ~25 %).
These measurements could provide interesting comparisons in the individual stages behavior
under different operating conditions.
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Nomenclatore
c - Absolute velocity

α2 - Output absolute velocity flow angle
from bucket
β1 - Output relative velocity flow angle
from nozzle
β2 - Output relative velocity flow angle
from bucket

pc - Absolute pressure
pm - Averaged pressure 𝑝𝑝𝑚𝑚

𝑝𝑝3 + 𝑝𝑝4 + 𝑝𝑝5 )/4

ps - Static pressure
S - Area
T - Absolute temperature
u - Circumferential velocity
w - Relative velocity

= (𝑝𝑝2 +

ηST - Turbine stage efficiency
θ - Pitch probe angle
ρ - Degree of reaction
φ - Yaw probe angle
ψ - Velocity ratio 𝜓𝜓

α1 - Output absolute velocity flow angle
from nozzle

χ - Velocity ratio 𝜒𝜒
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