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Abstract. The feasibility study of Particle Image Velocimetry (PIV)
measurements inside a test turbine at the University of West Bohemia. The
current VT-400 turbine is not prepared for optical measurement with seeding
particles, thus several technical issues had to be addressed until low-quality
data were obtained only at low speed of 2000 RPM (rounds per minute).
Even the low quality data are able to show the fluctuation anisotropy or the
size of fluctuation structures, which are quantities not measurable by
classical pressure methods.

1 Introduction
This year, 2022, we “celebrate” two centuries since phenomenological definition of turbines
in 1822 [1] by Claude Burdin. The phenomenological definition is mentioned, because such
type of machines is much elder, however, it has been constructed in a form of windmill (6th
century, Persia), windpump or waterwheel (for powering watermill (3rd century BC,
Byzantinum [2]) or waterpump (5th century BC, China [3])). Probably, it has to be much
elder: although there is no any direct archeologic or written evidence, it seems, that
Sumerians had to have this technology [4] as well.
Since 18th century, there was added the steam as the working medium and the turbines
working in closed channel were constructed. The phenomenological definition as a machine,
which rotates similarly as the vortices – from the Greek word τυρβη = vortex [1], opens the
way to exact scientific exploration, engineering optimization and to systematic education.
There is a lot of insight obtained by experiments and numerical simulations about what
happens inside the turbine. Let us mention, among others, the Ilieva’s review [5], Langston’s
review [6], Sieverding’s review [7], analysis of Denton and Pullan [8] or our own previous
measurements [9], [10].
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2 Experimental setup
2.1 VT-400 test turbine
The experimental test rig VT-400 [11] is a 1:2 scale model of a high-pressure steam turbine
part. The working medium is air sucked form the atmosphere by a compressor. It is a high
reaction axial single turbine stage [12]. The VT-400 test rig consists of the basic parts
(see Fig. 1).

Fig. 1. Experimental VT-400 test rig (upper left) with corresponding 3D sketch of the measured PIV
plane (upper right). Scheme of the entire test stand (bottom)

Some basic measuring tasks can be performed on this experimental device. The first task
is the determination of the basic turbine stage characteristics, i.e. dependence of the stage
efficiency on the velocity ratio 𝑢𝑢𝑚𝑚 ⁄𝑐𝑐02,is from torque measurement and static pressure taps.
Parameter 𝑢𝑢𝑚𝑚 is circumferential velocity at mid radius, and 𝑐𝑐02,is is the isentropic velocity
(see eq. 1).
𝑐𝑐02,is = �2𝐻𝐻is𝑆𝑆𝑆𝑆

(1)

where 𝐻𝐻is𝑆𝑆𝑆𝑆 is the isentropic turbine stage enthalpy drop.
The second measurement method is a detailed wake traverse measurement behind the
nozzle and bucket using two 5-hole pneumatic probes. The basic parameters of the tested
turbine stage are summarized in Tab. 1. [13]
More detailed information about the experimental device and evaluation methodology
can be found in the publications [12], [11] and [13].
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Tab. 1 Basic geometric parameters of tested turbine stages

Nozzle

Bucket
400

Root diameter [mm]

DPBCK

400

LNZL

45.5

Blade length [mm]

LBCK

47

cNZL

22.5

Output rel. velocity angle [°]

β2

14.5°

α1

14.5°

Root diameter [mm]

DP

Blade length [mm]
Chord [mm]
Output absolute angle [°]

NZL

2.2 PIV measurement system
Particle Image Velocimetry (PIV) [14] system at the University of West Bohemia (UWB) is
a standard one supplied by the Dantec company. It consists of pair of FlowSense MkII
cameras with resolution of 4 MPix, solid-state double pulse laser New Wave Solo with
emitting energy of 0.5 J during 5 ns pulse (i.e. power during pulse is around 100 MW). The
optical access for both (laser and camera) is realised through a gap for pressure probes
covered by 4 mm thick desk of transparent polystyrene. The observed plane in axial × radial
direction is crossed by the flow at sharp angle, thus the Stereo [14] configuration has to be
used to capture the out-of-plane velocity component (see right top panel of Fig. 1). However,
the Stereo configuration is much more sensitive to the calibration quality and to the
homogeneity of fog as well as to the vibrations, which at the end stopped our attempts to
measure even faster rotations than the mentioned 2000 RPM.

3 Results
3.1 Mean quantities
Figure 2 shows the mean vector field in the observable area. The air flows from top in the
image and from behind the paper-plane. First column shows the mean vector field, where the
tangential component perpendicular to the measurement plane is displayed by color. It is
needed to mention, that the data are very noisy especially close to the boundary of Field of
View (FoV) and at the largest probed pressure drop (bottom line in Fig. 2). It is even more
apparent in the plot of turbulence intensity calculated as
𝐼𝐼𝑇𝑇 = �

〈𝑢𝑢2 〉 + 〈𝑣𝑣 2 〉 + 〈𝑤𝑤 2 〉 − 〈𝑢𝑢〉2 − 〈𝑣𝑣〉2 − 〈𝑤𝑤〉2
〈𝑢𝑢〉2 + 〈𝑣𝑣〉2 + 〈𝑤𝑤〉2

(2)

Where 〈⋅〉 means ensemble averaging. The large values close to the FoV boundaries are
probably caused by the spurious vectors in those areas. In the central region we can observe
a pair of horizontal (radial) strips of slightly higher turbulence intensity, which can be
identified with the wakes past stator blades. The data at highest pressure drop are not
significant.
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65

Turbulence intensity [%]

Magnitude of mean velocity [m/s]

Fig. 2. Ensemble averaged field in the radial × axial plane. First column shows the mean velocity
vectors only every third vector is displayed for sake of clearance; color represents velocity component
(w) perpendicular to the measurement plane. Second column is the turbulence intensity showing the
large amount of noise at the area borders and at the largest pressure drop. Third column shows the
anisotropy of fluctuations.

60
55
50
45

Δp = 1412 Pa
Δp = 2116 Pa
Δp = 2495 Pa
Δp = 2969 Pa
Δp = 3879 Pa

10

40
35
1

30
0

2

4

6
8 10 12 14
Axial coordinate y [mm]

0

2

4

6
8 10 12 14
Axial coordinate y [mm]

Fig. 3. Axial cut of mean velocity magnitude (left) and turbulence intensity (right). The color
corresponds to pressure drop: blue for smallest, red for largest.
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3.2 Anisotropy
The last column of Fig. 2 shows the anisotropy coefficient of 3D velocity fluctuations
according to Lumley [15], Choi [16] and Simonsen [17], (an overview about the
interpretation of the invariant of fluctuation matrix can be found in [18]). The analysis is
based on the Reynolds stress tensor τij
𝜏𝜏𝑖𝑖𝑖𝑖 = −𝜌𝜌〈𝑢𝑢𝑖𝑖′ ⋅ 𝑢𝑢𝑗𝑗′ 〉, where 𝑢𝑢𝑖𝑖′ = 𝑢𝑢𝑖𝑖 − 〈𝑢𝑢𝑖𝑖 〉
(3)
Whose non-dimensionalised anisotropic part 𝑏𝑏𝑖𝑖𝑖𝑖 = 𝜏𝜏𝑖𝑖𝑖𝑖 ⁄𝜏𝜏𝑘𝑘𝑘𝑘 − 𝛿𝛿𝑖𝑖𝑖𝑖 /3 is eigen-decomposed
getting three invariants, whose combination describes the level of 3D anisotropy:
9
(4)
𝐹𝐹 = 1 − 𝑏𝑏𝑖𝑖𝑖𝑖 𝑏𝑏𝑗𝑗𝑗𝑗 + 9𝑏𝑏𝑖𝑖𝑖𝑖 𝑏𝑏𝑗𝑗𝑗𝑗 𝑏𝑏𝑘𝑘𝑘𝑘
2
A pure isotropic turbulence of Kolmogorov style [19] would display 𝐹𝐹 = 0, however even
the grid-generated turbulence [20] [21] displays a significant anisotropy [22] [23]. On the
other hand, a noise might be isotropic as well (there is no reason for anisotropic behaviour).
In this case, we believe, that the isotropy signal (𝐹𝐹 ≈ 0 in Fig. 2) comes from the noise, not
being a sign of ideal isotropic turbulence. The flow past an airfoil (such as turbine blade) is
strongly anisotropic, as observed by other authors [24], [25] and by us as well [26] [27].
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Fig. 4: Left: map of autocorrelation function of tangential velocity Rww with reference point in the
middle of observed area. Right: Autocorrelation as a function of axial (top) or radial (bottom) distance
from reference point. The color represents the pressure drop as in Fig. 3 does.

The size of coherent structures is quantified in terms of autocorrelation function in Fig.
4. In the present case, it does not depend on the pressure drop (and thus velocity, see Fig. 3).
Additionally, there is an evidence of a “wave” in axial direction caused by the structure of
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Spectrum [a.u.]

Spectrum × k^5/3, [a.u.]

alternate jet and wake past the stator wheel. On the other hand, the comparable range in radial
direction suggests no two-dimensionality of the turbulence (2D turbulence would display
fully correlated fluctuations along the radial coordinate).
Alternative way [19] is in the turbulence spectrum, which quantifies, how much energy
is at which length-scale, standardly represented by the wave number of corresponding
oscillations. We use our algorithm described in more details in [28]. The data at largest
pressure drop are not valid as discussed before and again proved by the non-Kolmogorov
spectrum in Fig. 5. The other data show more-or-less Kolmogorov scaling with some
depletion at 𝑘𝑘 ≈ 0.3 mm−1 . For deeper exploration of the spectrum we would need cameras
with higher resolution and better optical access into the turbine VT-400.

0,1 Wave n. k, [1/mm]

0,1

1

Wave n. k, [1/mm]

1

Fig. 5: Left: Power spectral density of fluctuations as a function of wave number k. Right: the same
data as in left but multiplied by 𝑘𝑘 5/3 to highlight the differences from Kolmogorov scaling (ideal
turbulence would display a horizontal line in this plot). The color represents the pressure drop same as
in Fig. 3.

4 Conclusion
The possibility of PIV measurement inside the test turbine VT-400 at UWB has been proven.
However, here is so many technical issues decreasing the quality and credibility of the data,
that it is needed to improve our experimental setup and equipment significantly before the
next measurement.
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