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Abstract. Reverse engineering (RE) using 3D scanning is already a relatively technologically simple
and cost-effective method. For water turbines, this is particularly true for RE of larger machines. With
microturbines, there is a lot of pressure to minimise costs, even at the cost of reduced accuracy. Using
an existing micro-PAT (Pump as Turbine) as an example, we showed the approach to assessing these
microturbines, starting with scanning the entire internal flow profile of the turbine, reconstructing the
surface into a 3D model, and numerically assessing it using CFD (Computational Fluid Dynamics).
A different approach is necessary compared to standard large machines, whose dimensions allow trouble-
free scanning of the flow parts of the turbine. Using CFD, we assessed the reconstructed geometry of
the PAT. Two significant findings were made: the importance of high-quality 3D scanning by combining
several cheaper 3D scanners and the necessity for reliable in-situ measurements for a successful CFD
validation. Our future focus involves optimising PAT runner geometry in turbine mode to enhance
energy production at the site and, at the same time, eliminating existing cavitation.
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1. Introduction
In Central and Western Europe, there are many small
hydropower plants (up to 10 MW) and especially many
micro hydropower plants with outputs of up to 100 kW.
Most of these power plants contain older and less ef-
ficient turbines. Owners often do not have enough
funding for the overall reconstruction of the power
plant, sometimes not even the whole turbine tech-
nology. The solution is to change and modify the
internal parts of the equipment to adapt to changing
hydrological parameters and increase the efficiency
of the equipment. This solution results in a substan-
tial increase in energy production while also being
financially feasible.

Pumps operating in PAT (Pump as Turbine) mode
are often installed at these sites. The purchase price
of a standard manufactured pump is often much lower
than that of a classic turbine [1]. Using a pump as
a turbine has several disadvantages. The hydraulic
efficiency is usually up to 70 %, which is low [2]. Pre-
dicting the turbine mode behaviour based on the pump
mode behaviour is also a challenge. Additionally, flow
control is impossible without installing other elements
such as a frequency converter for runner speed regula-
tion [3].

Unfortunately, the smaller and older the machine,
the more likely it is that the drawings will not be avail-
able. For this reason, it is necessary to reconstruct the
given turbine geometry using 3D scanning. So-called
reverse engineering (RE) is mainly used for larger
machines (more than 1 MW of installed power) [4]
and is quite costly. Therefore, our effort was directed
towards using low-cost 3D scanners to make our effort

financially viable but as precise as possible.
For a high-quality and relatively inexpensive assess-

ment of the machine, it is advisable to use numerical
flow modelling (CFD – Computational fluid dynam-
ics). The entire CFD assessment is a fundamental
element for further decision-making, whether a total
replacement of the technology is necessary, or it is
economically advantageous to replace only specific
parts of the machine unit [5].

In this article, we focus on the parameters assess-
ment of the existing pump in turbine mode at a se-
lected location of the existing small hydropower plant
(SHPP). The goal is to quantify the current operating
values of the selected unit (PAT) by reconstructing
the unit set using RE and a subsequent CFD analysis.
This result will serve as a basis for a future optimi-
sation of a new runner with a much higher efficiency
and eliminating cavitation.

2. Methodology
For a centrifugal pump used in turbine mode with
an outlet diameter of 450 mm, the internal flow parts
were scanned – the volute, the runner, and the very
short draft tube. Parts of the intake pipe and the
elbow part of the pipe after the draft tube were partly
scanned from the outside due to inaccessibility, and
partly, the geometry was subsequently taken from the
drawings of the piping system.

This was followed by adjustments and cleaning of
the measured cloud point and the subsequent recon-
struction of the surfaces. After reconstructing the
surfaces and supplementing the inlet and outlet parts
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Figure 1. Original runner of the PAT (left) and the volute of the turbine (right).

Figure 2. Cloud point of the runner (left) and the volute of the turbine (right).

Figure 3. The reconstructed geometry of the runner (left) and the volute (right).

from the drawings, the entire 3D model of the equip-
ment was available. This 3D model is further used for
CFD modelling of the flow and subsequent evaluation
of the hydraulic parameters of the turbine – especially
the hydraulic efficiency ηh, head, velocities of the flow
and Thoma’s cavitation coefficient σ. There was a
great effort to achieve a high-quality in-situ measure-
ment. Unfortunately, due to the conditions on the site,
only a very rough measurement could be performed,
which certainly cannot be used to validate the CFD
model.

3. Reverse engineering
3.1. 3D scanning and data processing
Small machines require a different approach than large
machines, that one can literally “crawl” through with
a handheld scanner. Especially narrow blade channels,
in our case with a width of around 100 mm (Figure 1
– left), are a big problem for high-quality scanning.
Scanning the volute (Figure 1 – right) from the in-
side is also quite problematic. A scan of the internal
and external surfaces was used, and the internal flow

surfaces were modelled when determining the wall
thicknesses.

Several devices were combined to scan the turbine
– Intel RealSense Lidar L515 [6, 7], Depth Camera
D455 [7], and Depth Camera D405 were used for all
parts, and an older professional Shining 3D EinScan
Pro 2x scanner was used for additional scanning of the
disassembled runner. After obtaining a point cloud
from two scans (Figure 2), it was necessary to adjust
these clouds. The merging and editing of the point
clouds took place in the open-source program Cloud-
Compare [8]. In this program, incorrect, deviating
parts, or unnecessary scanned surrounding parts of the
volute or runner surfaces were cleaned (or removed),
and at the same time, the number of points in point
clouds was reduced for more efficient work in surface
reconstruction.

3.2. 3D model reconstruction
Final adjustments and reconstruction to NURBS sur-
faces (Figure 3) were performed in the Rhinoceros
program [9]. The exported and processed point clouds
were stitched together and set to a characteristic posi-
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tion in 3D (the z−axis passes through the shaft). As
expected, the biggest challenge was correctly recon-
structing the runner, specifically the runner passages,
the leading and trailing edge blade geometries, and
the gap between the front shroud and the wall. In
addition to the obtained 3D scans, parts of the model,
such as the inlet section and the parts after the draft
tube outlet, had to be reconstructed from the draw-
ings.

The differences between the scanned and recon-
structed surfaces were verified for characteristic di-
mensions, such as the height of the entrance to the
runner, inlet and outlet diameter of the runner and
volute, chosen points on the leading edge and trailing
edge of the runner, and several selected points on the
pressure and suction sides of the blades. The average
deviation of these verified points was up to 3 mm –
with the fact that the main dimensions, such as input
and output diameters, were within one millimetre of
error compared to the scanned shape.

4. In-situ measurement
In general, there is a problem with older small hy-
dropower plants in ensuring a sufficiently high quality
in-situ measurement. Dismantling, removal, and mea-
surement of existing older PAT devices in laboratory
conditions is extremely costly and, therefore, unreach-
able. Due to the layout and state of the pipe elements,
it was impossible to achieve a reliable measurement
at our testing site. A very indicative measurement
was therefore carried out, which could not be used for
a comparison, let alone validation of the numerical
model. The main problems were as follows:

• Old steel pipes with thick incrustations.
• Pipes with many bifurcations, inlet flap valve, confu-

sors, and other elements generating hydraulic losses,
especially considering high velocities over 3 m s−1.

• There is no sufficiently straight section available for
measuring pressure and flow that would meet the
requirements of the standard IEC 62 006 [10].

• The impossibility of installing a torque meter.

Discharge measurement was tested using a clamp-on
ultrasonic flowmeter. Unfortunately, the value could
not be measured due to rust incrustations on the
DN 500 supply pipe. It was, therefore, necessary to
take the discharge value from the KROHNE 800 W ul-
trasonic flowmeter, which is installed on the DN 1 400
bottom outlet, from which a pipe branch leads to this
turbine. The read discharge value is 0.65 m3 s−1. How-
ever due to the low average cross-sectional velocity
of less than 0.4 m s−1, there are, again, doubts about
the magnitude of the error.

Existing pressure taps for pressure measurement are
located in measuring sections. However, these sections
are not always reliable for high-quality measurements
according to IEC 62006 [10] (Figure 4). The inlet mea-
suring section No. 1 before the volute is located 2 · D

behind the elbow pipe segment and almost directly
behind the flap valve. Pressure tap No. 2 is in the
output measuring section of the very short draft tube,
which is immediately followed by another elbow pipe
segment. The pressure measurement was carried out
by BD-Sensors DMP 331 electronic pressure transduc-
ers with a 4–20 mA current loop with an accuracy class
of 0.25 %. The pressure values were logged within a
period of 1 s. The measuring sections have the same
cross-section. Therefore, the velocity head is also the
same, so it is not necessary to include the velocity
height. After subtracting the resulting pressure values,
subtracting the height difference (exactly 1 m), and
smoothing the measured pressure pulsations, the net
head is equal to 13.80 m of the water column.

Figure 4. Locations of pressure taps.

Unfortunately, the torque on the shaft was not mea-
sured. Instead, the electric output power on the elec-
trometer was read. At the same time, the efficiency of
the generator and the losses between the turbine shaft
and the wattmeter were determined (losses of 8 %).
In this way, the turbine power, or turbine efficiency,
was calculated (Table 1).

Measured/read values
Net head H [m H2O] 13.80
Discharge Q [m3 s−1] 0.65
Power output P [kW] 59.0
Overall efficiency η 67.1 %
Calculated hydraulic efficiency ηh 72.9 %
n11 92.1
Q11 0.86

Table 1. Measured/read values.
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5. CFD model
Since it is not possible to measure the turbine param-
eters reliably enough, it is necessary to use numerical
modelling methods. The goal is to simplify the model
to the extent that it is possible to create a high-quality
mesh, set boundary conditions, and replicate the ac-
tual hydraulic parameters of the turbine.

5.1. Mesh
The entire 3D geometry was divided into a total of
three parts (Figure 5), and a mesh was created for
each of these parts:

• Part of the intake pipe and a volute – unstructured
mesh,

• one blade passage of a runner – structured mesh,
• short draft tube and elbow pipe section – structured

mesh.

Figure 5. All three mesh parts.

The mesh was created in the ICEM CFD 2021 R1
program for the first and third parts of the model.
The runner blade passage mesh was created in the
Turbogrid® program. In general, the effort is to create
the highest quality structured mesh. Due to the high
geometry complexity in the area of the volute, we
were forced to create a high-quality tetrahedral un-
structured mesh with prismatic elements at the walls.
In all three domains, including the rotation domain
of the runner, the height of the first element near
the wall was set so that the average value of y+ was
around 100. In the case of the SST turbulence model,
the first cell should be in the logarithmic boundary
layer (recommended values of y+ are between 30 and
200) [11].

The GCI (Grid convergence index) was per-
formed [12] for the estimated best efficiency point
and with the numerical setup mentioned in the next
chapter 5.2. Mesh dependency test for three meshes
with a total of 0.7, 2, and 4 million cells was per-
formed with output hydraulic efficiencies of 70.9 %,
72.5 %, and 73.0 %, respectively. The GCI for two

finer grids equals 0.9 %, which is sufficient according
to Roache [13]. However, due to the many significant
influences, such as the scanned surfaces and numerical
setup, the medium mesh with two million elements
was used.

5.2. Numerical setup
The commercial Ansys CFX 2021 R1 software, which
uses the finite volume method to solve RANS equa-
tions, was used for the calculation. A steady-state
analysis of only one runner blade passage was per-
formed with the use of rotational periodicity. The
use of the whole runner was tested, but the output
efficiency ηh and cavitation coefficient σs differed in-
significantly. Transient calculation was not tested in
this stage. An advection scheme, “High-resolution”,
was used, which allows automatic switching between
the second- and first-order numerical schemes. Be-
tween the static (volute and draft tube) domains and
rotating (runner) domain, the Stage (“Mixing-plane”)
of the general grid interface type [14] was used. This
type of interface radially averages pressure, velocity,
and turbulence values on one interface surface and
transfers them to the other side of the interface. The
walls are considered hydraulically smooth. A two-
equation Shear Stress Transport turbulence model,
originally introduced by Menter [15] as k − ω SST,
was used. This turbulence model is ordinarily used
with variations in numerical simulations of rotating
machines [16]. The upper boundary condition at the
inlet to the model was set as the energy value (Total
Pressure). The turbulence intensity I on the inlet is
unknown, so it has been set to a default value of 5 %.
The lower boundary condition is set as the average
static pressure. The rotational speed of a runner is set
according to the eight-pole asynchronous generator to
760 rpm. The physical time step of the calculation is
determined based on the angular velocity of a runner
as 0.5 ω−1. During the calculation, we observe residu-
als and imbalances, but the most helpful is to monitor
the behaviour of the hydraulic efficiency value. The
behaviour of this value is the most indicative of the
successful convergence of the calculation. We consider
the calculation converged when the standard devia-
tion of the efficiency for the last 50 iterations is below
0.1 % (example in Figure 6).

6. Evaluation of CFD results
The resulting simulation values were evaluated in the
Ansys CFD-Post environment. In addition to graphic
outputs such as streamlines, two final values are fun-
damental for the evaluation – hydraulic efficiency ηh

(not considering volumetric losses) and Thoma’s cav-
itation coefficient σ (more precisely, the σs, where
the efficiency curve starts to drop below the level of
efficiency in the cavitation free operation).

The simulation is defined in such a way that we are
looking for the discharge and the hydraulic efficiency
derived from the torque on the shaft for a given net
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Figure 6. Example of the progress of the efficiency during the simulation.

Figure 7. Dependency of hydraulic efficiency ηh and cavitation parameter σs on net head H.

PAT characteristics OP2 OP3 OP4 OP5 OP6 OP7
Runner speed n [rpm] 760 760 760 760 760 760
Net head H [m H2O] 9.29 10.97 13.96 14.96 18.02 24.01
Discharge Q [m3 s−1] 0.445 0.489 0.547 0.566 0.611 0.681
Shaft torque M [N·m] 312 467 681 756 971 1382
Power output P [kW] 24.8 37.2 54.2 60.2 77.3 110.0
Hydraulic efficiency ηh 61.3 % 70.7 % 72.4 % 72.5 % 71.6 % 68.6 %
Cavitation parameter σs 0.51 0.49 0.55 0.60 0.70 0.81
n11 112.2 103.3 91.5 88.4 80.6 69.8
Q11 0.72 0.73 0.72 0.72 0.71 0.69

Table 2. Simulated operational points of our PAT turbine.

head and a given turbine speed. The evaluation is
done by the following formula:

ηh = P

H ρ g Q
= M ω

H ρ g Q
= M n 2π

H ρ g Q · 60
M11 n11 π

Q11 ρ g · 30 = P11
Q11 ρ g

,

(1)

where ηh [-] is the hydraulic efficiency, H [m] is the
net head calculated according to the IEC 62006 [10],
Q [m3 s−1] is the discharge value, ρ [kg m−3] is the
density of water of 999.8 kg m−3, g [m s−2] is the grav-
itational constant of 9.807 m s−2, M [N m−1] is the
shaft torque, ω [rad s−1] is the angular velocity, and n
[rpm] is the rotational velocity. The following are the

unit characteristics, which are recalculated values for
a turbine with a diameter of 1 m and net head of 1 m.
The turbine’s unit torque is M11, unit speed is n11;
unit discharge is Q11, and unit power output is P11.

Table 2 shows the fundamental values subtracted
from the numerical simulation for the selected points.
Figure 7 shows the dependency of the efficiency ηh

and the cavitation parameter σs on the net head H.
The best efficiency point (BEP) is achieved for OP5.
The efficiency drops significantly if the net head drops
below 11 m. The value of the cavitation parameter σs

is the lowest for OP3. With a decreasing net head,
the σs value increases slightly. With increasing net
head, the σs value increases significantly.

The precise CFD evaluation of the cavitation pa-
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Figure 8. CFD results for the best efficiency point – the contour of absolute velocity (left) and pressure contours of
the runner (right).

rameter σs is quite problematic. Our procedure is
based on a static evaluation of the given pressures
on the runner blades [17, 18]. This procedure proved
successful in optimising Kaplan-type turbines [19].
We acknowledge that, in comparison to the efficiency
evaluation, the evaluation of the cavitation parameter
may exhibit a significant margin of error and requires
further validation. Especially problematic for pressure
behaviour and latter σs evaluation is the blade suction
side area near the leading edges (Figure 8 – right).
Left side of Figure 8 shows a longitudinal section with
both absolute velocity and streamlines at the same
time.

7. Conclusion
The study highlighted the potential of using an afford-
able scanning solution (Intel RealSense Lidar L515,
Depth Camera D455 and Depth Camera D405) for
a particular PAT unit. The 3D scanning, and espe-
cially the surface reconstruction, was the most time-
consuming part of the process. There were many
adjustments to the 3D scan and model settings for the
final model to be as representative as possible. The
CFD model could not be validated due to the impos-
sibility of quality turbine performance measurement.
All settings of the CFD model correspond to the best
in-house validations, best practice recommendations,
and findings from the scientific literature. For similar
microturbines, we are used to an error of hydraulic
efficiency in the CFD model of around 2–3 % in BEP.
Uncertainties are expected to be slightly higher due to
the inaccuracies in scanning for this specific turbine.
For future investigations, the most important is to
prioritise high-quality measurements (if it is possible)
to validate the CFD model adequately and to reduce
uncertainty regarding outputs of the numerical model.

In the case of the demonstrated PAT turbine, a pre-
liminary design has been proposed for a new runner
and adjustments to the design of the turbine. The
proposed design will serve as the basis for a multi-
criteria CFD optimisation, focusing on optimising the
turbine efficiency (ηh) and the cavitation parameter

(σs). With the CFD shape optimisation, designing
tailor-made turbines to achieve maximum energy pro-
duction or the highest financial profit is possible.
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