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Figure 9. Dynamic characteristic of turbocharger with aluminium compressor disc presented in the form of a colourmap
(speed range: from 10,000 rpm to 105,000 rpm).

3.3. Destructive Tests

Paper [40] discusses a strength analysis performed on a polymer disc and dynamic
tests in which an unused rotor was ruptured. A decision was made to repeat this research
using the rotor on which the above-mentioned tests were carried out. In order to carry
out destructive tests, the same numerical model and the same measuring apparatus were
used as in the case of the first series of destructive tests described in paper. As dynamic
testing was not the purpose of the studies described in this section, a decision was made
to only present the rupture result and the data regarding the rotational speed at which
the polymer disc was destroyed. In order to conduct a thorough verification, seven rotors
were printed using a polymeric material and subjected to tests. As the results were very
similar, it was decided to present only one case study. Figure 10 shows the frames recorded
by an ultra-high-speed camera (Phantom v2511). The recording speed was 150,000 frames
per second.

Figure 10. Images obtained at a speed of 118,000 rpm—original images recorded by a camera
(top images: (a) 1st frame, (b) 2 frames later, (c) 6 frames later) and images obtained after using the
edge Laplacian filter (bottom images: (A) 1 st frame, (B) 2 frames later, (C) 6 frames later).
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The value of the rotational speed at which the centrifugal force caused the permissible
stresses to be exceeded (and the rupture of the disc) was also registered; under experimental
conditions, this speed was between 115,000 and 120,000 rpm. The use of the edge Laplacian
5 × 5 image filter made it possible to highlight the first and other crack spots. As can be
seen in Figure 10A, looking at the first bursting point, the disc broke in its central part,
indicating that the maximum stresses stemming from the centrifugal force were exceeded
at this point. The propagation of the crack is illustrated in Figure 10B,C. Compared to the
results obtained previously, there was a slight change in the value of the speed at which
the polymer disc broke. Subjecting the disc to other tests before subjecting it to destructive
tests affected its strength.

4. Discussion

After analysing the obtained results, the polymer disc was found to function properly,
as opposed to the aluminium disc. The polymer disc performed best in the speed range
of 60,000 to 80,000 rpm. At a speed of 90,000 rpm, it had a lower performance and its
operating characteristics were closest to those of the aluminium disc. It can therefore be
concluded that the MJP AM technology with a selected polymer can be used to verify
designed geometries in high-speed machines. The mechanical properties and design of the
disc require some modifications, as seen in the estimated results. To improve performance,
it would be necessary to optimise the disc in terms of its strength, particularly the strength
of the compressor blades. In this study, the disc was tested for the possibility of using
MJP technology to verify new and optimised geometries in high-speed turbomachines.
The results of the experimental studies confirmed the aims of the paper.

The operating properties of elements manufactured using the AM technology make
it possible to extend the experimental verification. Destruction tests performed on the
discs helped to determine the maximum speed at which the compressor disc, made of
light-cured polymer resin, can operate safely (100,000 rpm). This value was determined
based on the stress values that occur under these operating conditions and the speed at
which the rotor is destroyed (118,000 rpm).

Nowadays, machines and their components are being optimised in a way that makes
it possible to create modelled parts using available conventional manufacturing methods
such as machining, CNC milling or casting. The authors of this paper, after analysing the
measurement data, propose to use MJP technology as the most accurate AM technology for
optimising precision parts as an experimental verification. First of all, it is worth pointing
out that this manufacturing method can be somewhat universal in this field, having very
many advantages, but also limitations. One of the disadvantages of this method is the
limitation of the operation of the manufactured part in the above-mentioned range, while
in rotating machines of similar dimensions, it is possible to successfully test the printed
model in the range of 0–100,000 rpm. Despite this limitation, it is a very wide range.
Another disadvantage is the operating temperature of the polymer used in this technology.
According to the manufacturer’s specifications, the VisiJet M3-X material is not capable of
operating at a temperature of 88 ◦C and stresses of around 0.45 MPa. Based on experimental
studies, its maximum operating temperature is estimated to be equal to 70 ◦C when the
stresses are around 40 MPa. Apart from these limitations, when it comes to producing
prototypical parts for verification tests, it is a method that is much cheaper and faster in
terms of creating very complex geometries compared to conventional methods.

Additive manufacturing techniques are currently used to optimise production pro-
cesses that are based on conventional methods [44], i.e., casting, etc. The method proposed
by the authors could be used to produce prototypical parts that would be ready for test-
ing. A result of such an optimisation can be a simple geometry like in [45,46], where the
geometry was optimised to improve the flow performance and thus the efficiency of the
machine (a, b). In such cases, optimisations can be carried out simultaneously in several
variants, taking into account economic aspects such as a cheaper and faster manufacturing
process. An example of a very complex geometry is the rotor disc optimisation described
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in [37,47]. Geometry optimisation based on conventional methods can be very difficult,
time-consuming and expensive (c) or even impossible (d). As for the last type of optimi-
sation, this method makes it possible to verify geometries that have been the subject of
theoretical considerations until now. Examples of application of the proposed method,
collected based on the current state of knowledge, are shown in Figure 11.

Figure 11. Examples of geometry optimisations carried out on fluid-flow machines: (a) optimisation of the geometry of the
blades of a gas microturbine [45]; (b) optimisation of the rotor of an air-breathing radial outflow turbine [46]; (c) optimisation
of the guide vanes of an ORC microturbine [47]; (d) optimisation of the disc of a radial-axial turbine [37].

The future optimisation of the geometry associated with the current paper will be
performed using three variants to carry out an experimental verification. The geometry
of the polymer disc of the compressor rotor will be optimised in terms of its strength
according to the first variant, and in terms of the flow performance according to the second
variant, in order to improve the operating characteristics of the machine. In the last variant,
the two previous assumptions will be taken into account for the optimisation, with the
emphasis put on improving the operating characteristics obtained and their stability over
the entire range of rotational speeds mentioned in the paper.

205



Polymers 2021, 13, 137

5. Conclusions

The paper presents the results of some preliminary studies conducted to validate the
use of the parts of high-speed machines, manufactured using the selected AM method
(MJP). For this purpose, a car turbocharger was used in the research. The original compres-
sor disc (made of aluminium), which is the object of research, was scanned and then, using
a 3D printer, a disc made of light-cured polymer resin was printed. The polymer disc was
tested to verify if its nature of operation reflects that of the aluminium disc. Before initiating
the experimental research, numerical analyses were conducted regarding the strength of
the printed element and the flow characteristics of the turbocharger compressor used.

The results of experimental research were used to determine the extent of the use-
fulness of the polymer disc in experimental work associated with the design of rotor
discs for fluid-flow machines. The range of proper operation of the car turbocharger was
60,000–80,000 rpm. At a speed of 90,000 rpm, small losses due to the poor performance of
the blades were observed. Due to the nature of operation of the compressor of this machine,
it was not possible to obtain the operating characteristics for speeds below 50,000 rpm
(only after reaching 50,000 rpm could the variations in flow rate and pressure on the
compression side be measured). For machines whose rotors have similar dimensions, for
example, gas turbines (in the case of a polymer disc, these machines can be supplied, for
example, with air), the operating range is very wide and ranges from 0 to 80,000 rpm.

Some discrepancies were observed between the results of the experiment and simulation.
The different nature of the curves resulted from not taking into account the value of the blade
clearance in the numerical model. The numerical model needs to be improved in future
studies. Nevertheless, the inclination angles of the curves decreased with increasing speed
during the dynamically stable operation of the turbocharger (at speeds between 60,000 and
80,000 rpm), and the results of the experiment and simulation were similar to some extent.

The destructive tests carried out on the polymer disc made it possible to determine
both its maximum and permissible rotational speed. The maximum and permissible speed
is 118,000 rpm and 100,000 rpm respectively, taking into account the permissible stresses.
An additional advantage of the polymer disc is the fact that after the disc was torn into
pieces, the remaining components of the turbocharger remained intact and it was possible
to continue operating the machine.

This paper has made it possible to examine whether MJP technology can be used
for the experimental verification of numerically optimised models. The results confirmed
that this technology is well suited for research in this field. The proposed method can be
used to carry out multi-variant optimisations of the geometry of the blades of existing
high-speed machines.

Future papers will focus on the optimisation of the geometry of the polymer disc used
in terms of strength and performance (flow optimisation), as well as on the verification of
the theoretical hypotheses based on the experimental results. The results obtained in this
paper will also be used to prepare a physical model of a disc made of VisiJet M3-X material
in order to perform necessary analyses.
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