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Highlights  Abstract  

▪ The proposed composite impeller enables the 

pump to operate continuously, reliably and at 

maximum load for 48 hours. 

▪ Optimum printing parameters enable the desired 

geometry of surface structure to be achieved. 

▪ The flow, power and efficiency characteristics of 

the pump are consistent with the reference 

model.  

▪ Carbon fibres, reinforcing the filament randomly 

distributed in the extrusion stage are arranged in 

parallel.  

 The time-consuming technological process of manufacturing impellers 

and the high production costs are the reason for the search for alternative 

materials and manufacturing methods. In this paper, based on a literature 

analysis, the performance of a pump with an impeller that was 

manufactured by an incremental method from polyethylene 

terephthalate with an admixture of glycol and carbon fibre (PETG CF) 

was selected and studied. Operation tests were conducted on the ship’s 

rotodynamic pump test bench. The composite impeller pump was shown 

to have an efficiency at the selected printing parameters of 26,23%, 

comparable to a tin bronze impeller, which has an efficiency of 27,7%. 

The maximum pump useful power with the impellers tested was 337 W 

at a flow rate of 4.42 m3/h. The results confirm that, with a filament layer 

height of 0.12 mm and 100% fill in the four print contours, the pump 

characteristics obtained are consistent with those of the reference 

impeller. This fact ensures continuous operation of the ship’s pump for 

48 hours which makes the chosen manufacturing method a reliable 

emergency method of impeller repair in offshore operations. 
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1. Introduction 

Maintaining the operational reliability of a ship is one of the 

fundamental aspects that ensure the safety of the crew and the 

vessel. Failure of a part of a ship’s mechanism at sea is a 

hazardous condition that requires repairs to be carried out more 

quickly, enabling, inter alia, a safe return to a port.  

One of the most failure prone ship parts is the water pump 

impeller [16, 18]. It is one of the key elements on a ship, being 

not only an essential part of the ship’s installation system, but 

also an indispensable component to enable vessels to carry out 

their assignments [9]. Due to the high failure rate of water pump 

impellers not only on ships, but also in other equipment 

requiring this part, operators and designers are considering 

possible technological improvements and changes in 

manufacturing methods to increase its reliability. In 

nanotechnology, the use of 3D printing has been proposed [7, 

15, 22]which also solves the problem of the very small size of 

parts used. However, this technology does not need to be limited 

to nano-elements, and indeed it would be a waste not to research 

its effectiveness in terms of shipboard equipment.  

However, this is associated with a number of challenges and 

constraints that the proposed solution must address. The main 

factor is the volume of space required for the process of making 

parts on the vessel. This space is limited and allows the printing 

of parts with dimensions of 170 × 170 × 170 mm. Another 
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attribute is the harsh environmental conditions. Ambient 

temperature is variable and depends on time of day, year, 

latitude. The technology must therefore be dimensionally stable 

under large temperature fluctuations [26]. Moreover, it shall be 

stressed that the occurring vibration, rolling and pitching along 

with accompanying phenomena, which force the application of 

another boundary condition, i.e. stabilisation during the 

manufacture of the part [24]. An important point is the ease of 

use of the printer in question, which should be at such a level 

that the vessel’s crew can use it for printing without undergoing 

specialised training. The last condition is that there is no 

finishing treatment after the print stage of the component, so that 

the geometric structures of the surface are obtained. 

Traditional impeller manufacturing technology is complex 

and expensive. This process includes rough machining (casting, 

forging, rolling, etc.) and a finishing stage (milling, drilling, 

grinding, turning, cutting, etc.). To ensure that these processes 

are carried out, support systems such as water, electricity, 

compressed air must also be provided [13]. Traditional impeller 

manufacturing technology is uneconomical and needs to be 

adapted to a sustainable development strategy. Its main pillars 

are innovation, care for the environment, management of 

materials, waste or the reduction of production costs.  

The answer to these challenges is the use of 3D printing 

technology on board of the vessel, i.e. the printing of a 

composite replacement, which will enable the equipment to be 

temporarily repaired while maintaining similar operating 

parameters, which shall enable safe return of a ship to the port 

without any support. Sea hydrometeorological conditions were 

assumed to be up to sea state 3 on Beaufort wind force scale. Tilt 

stabilisers will be used during part printing. 

There are many 3D printing technologies available: directed 

energy deposition (DED) [3, 20], stereolithography (SLA) [17, 

21], selective laser sintering (SLS) [11, 17], fused deposition 

modelling (FDM) [8, 12, 17, 25], electron beam melting (EBM) 

[23]. 

Analysing the constraints and assumptions associated with 

the choice of printing technology, i.e. no finishing, printer size, 

ability to maintain dimensional stability with large temperature 

fluctuations, low costs, stability during printing, ease of 

handling or availability of materials, it was decided to choose 

fused deposition modelling (FDM). The technique is an additive 

process. Printed models are created by applying successive 

layers of thermoplastic material extruded from a nozzle, 

following a G-code path generated by the printer’s control 

software. This software maps the desired geometry of the part. 

The extrusion nozzle is heated to the melting point of the 

material. It can move horizontally and vertically. The material is 

supplied in the form of filament (fixed-diameter strands of 1,75 

mm or 2,85 mm) wound on a reel or pellets which are fed from 

a hopper. The filament can be located in different places in the 

printer. It is essential for the filament to be supplied continuously 

to the extruder and the printer head.  

The chosen 3D printing technology has many advantages, 

such as the ability to print complex geometries, the use of 

innovative materials, [2]reduction of machining waste, 

reduction of manufacturing and [5] and storage costs, [14] 

reduced production and prototyping times.  

 

2. Materials and methods 

During the tests, the operating parameters of the SKA.5.01 

circulating rotodynamic pump were determined, in which a 

impeller replacement manufactured in a short time on a 3D 

printer was used. The tests, which lasted for several months, 

allowed for the selection of such printing parameters and the 

selection of such filaments for the adopted manufacturing 

method so that printing would be possible under shipboard 

conditions, in the shortest possible time. The mentioned pump is 

used on ships as a hydrophore pump of fresh or sea water (fig. 

1) and performs the following functions: pumping liquids 

through the ship’s installations, emptying ballast tanks, draining 

bilges of ship’s holds and engine rooms, supplying water to 

boilers, pumping sea water, fresh water, oils and chemically non-

aggressive liquids [4, 19]. The main working element of this 

pump is the blade impeller (fig. 2) mounted on a rotating shaft. 

During operation, the impeller blades exert pressure on the fluid 

and force it to flow in the ducts between the blades from the 

impeller’s operating axis towards its outer diameter [6]. Due to 

the occurrence of cavitation and high loads to which the impeller 

is subjected during operation, it is often subject to damage. The 

reference pump impeller is made by casting in tin bronze. 

 
Fig. 1. SKA 5.01 hydrophore pump used in shipboard 

installations (part of test rig) [own materials]. 

 
Fig. 2. Appearance of a shipboard pump impeller made using 

tin bronze casting technology [own materials]. 
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The impeller replacement was printed on a 3D printer from 

polyethylene terephthalate with an admixture of glycol and 

carbon fibre (PETG CF). The selection of the filament was based 

on a multi-criteria analysis and testing of the mechanical 

properties and moisture absorption of the filament. Higher 

tensile and bending strength, high impact strength, low water 

absorption are characteristic of this material. It is designed to 

operate in extreme conditions. The filament contains 

reinforcement material in the form of short carbon 

fibres ,(approximately 15%), which are randomly distributed in 

the frame. The fibres contain over 90% of elemental carbon and 

have diameters in the range of five to ten micrometres. The 

microstructure of this reinforced filament is shown in fig. 3.  

 
Fig. 3. Microstructures of carbon fibres located in a bond of 

polyethylene terephthalate with an admixture of glycol and 

carbon fibre (PETG CF) of the tested impeller number 3 after 

48 h of operation at maximum load. Microstructure (×2000) 

[own materials]. 

 
Fig. 4. Final stage of FDM impeller fabrication [own 

materials]. 

 

The parameters that were used to manufacture the tested 

impellers from the PETG CF material are summarised in table 

1, and figure 4 illustrates the final stage of 3D printing one of 

several impellers tested. 

Table 1. 3D printing parameters used when printing pump 

impellers 

Impeller 

number 

Filling 

percentage 

% 

Layer height 

 

mm 

Number of 

outlines 

- 

Table temp 

 . 

°C 

Nozzle 

temp . 

°C 

1 100 0.2 3 70 260 

2 100 0.2 4 70 260 

3 100 0.12 4 70 260 

The tests were carried out at the ship’s rotodynamic pump 

test bench located at the Ship Engine Room Operation 

Laboratory of the Naval Academy (LESO) showed on fig. 5. The 

test and measurement bench comprised: a pumping unit, a main 

circulating water tank with a volume of 9 m3, a water measuring 

tank with a volume of 0,2 m3, a system of pipelines, valves, 

measuring instruments: e.g. a flow meter with a Hall sensor, 

pressure sensors, temperature sensor, an optical sensor of 

rotational speed of an electric motor. 

 
Fig. 5. Pump test bench (LESO) and diagram of the location of 

the sensors for the main operating parameters of the centrifugal 

pump. (1) discharge pressure sensor, (2) suction pressure 

sensor, (3) temperature measurement, (4) optical engine speed 

sensor, (5) flow meter with Hall sensor, (6) setpoint valve, (7) 

SKA 5.01 pump [own materials].  

The tests on the test bench presented above, the pump head 

(H) and fluid flow rate (Q) were determined at a constant 1450 

rpm of the drive motor. The change of pump capacity was 

realised by a throttling valve with manual setpoint. The 

operation parameters were recorded using a Metronics 

Instruments multi-channel recorder. Table 2 summarises the 
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parameters that were registered during the experimental tests. 

Table 2. Summary of the registered operating parameters of the 

LESO pump test bench.  

Channel number Function 

01 Discharge pressure measurement, bar 

02 Suction pressure measurement, bar 

09 Discharge water temperature, °C 

17 Motor speed, rpm 

18 Flow rate, m3/h 

The determined performance characteristics of the pumps 

with the original and modified impellers covered the entire 

operating range of the pump (from minimum to maximum load) 

and included ten measurement points determined by the position 

of the control valve, over a range of water discharge pressures 

from 0.1 MPa to 0.4 MPa, in 0.05 MPa increments. Readings of 

individual measured parameters were taken every 15 minutes 

after the new balanced state was defined. The set parameters 

were adjusted by varying the position of the angle setpoint in the 

discharge pipeline. 

3. Findings 

The pump performance values determined during the 

experimental tests: 

• Pump useful power,  

defined as useful power determined experimentally by 

measuring the effective pump head Hu and the flow rate Q. For 

formula (1) defining the pump useful power, the density of water 

was taken as a function of temperature according to the MST 

1990 international temperature scale.  

𝑃𝑢 = 𝑄𝜌𝑔 𝐻𝑢    (1) 

where:  

𝑄 − flow rate, m3/s, 

ρ – density of the fluid flowing through the pump, kg/m3, 

g – acceleration due to gravity, m/s2, 

Hu – pump discharge useful height, m.  

 

The characteristic curve relates to one rotational speed equal 

to 1450 rpm. The test was carried out in triplicate for each load, 

each measuring point being the average of 10 measurements. 

The load time for a given discharge pressure was 15 minutes. 

Table 3 shows the results of the tests determining the useful 

power of the pump, using the original reference metallic 

impeller b-c and 1, 2, 3 – the non-metallic impeller. 

Fig. 6 illustrates the power parameters of the pump under test 

from its capacity P = f(Q). The non-metallic impellers labelled 

1, 2, 3 differed in their fabrication parameters (see table 1) which 

showed that the greatest discrepancy in results with respect to 

the tin bronze reference impeller occurred in impellers 1 and 2. 

The power characteristics of the described impeller number 3 

corresponded to those of reference impeller. The highest useful 

power was gained by the impeller number 3. This was due to the 

fact that when printing the impeller, the 0,12 mm height of the 

filament layer and four outlines were applied. Reducing the 

height of the filament layer allowed for an increase in the 

mapping accuracy of the printed component, resulting in power 

characteristics that correlated with those of the tin bronze 

impeller. 

 

Table 3. Useful power of the tested pump when using impellers 

of different materials: Tin bronze impeller b-c, impeller 1 ÷ 3 

carbon-fibre reinforced polyethylene terephthalate glycol. 

Discharge pressure 

MPa 

Average useful power Pu 

W 

 Impeller b-c Impeller 1 Impeller 2 Impeller 3 

0.009 114 102 103 115 

0.1 246 212 211 241 

0.125  231 227 269 

0.15  244 238 290 

0.175  250 243 306 

0.20 327 251 242 317 

0.25  243 229 337 

0.30 335 206 194 336 

0.35  155 138 319 

0.4 286 72 111 291 

 

 
Fig. 6. Power characteristics of the centrifugal pump P = f(Q) 

using reference impeller 1 - made of tin bronze and 

replacements 1, 2, 3 - made of PETG CF 

• Total pump efficiency 

The total pump efficiency is defined as the ratio of the pump 

useful power (Pu) to the power delivered to the shaft (P). The 4.8 

kW PRDZc 160MC DC electric motor from Kolmec was used 

for the tests. The shaft power was calculated from relation (2), 

the motor efficiency was assumed to be 0,95. 

𝜂0 =
𝑃𝑢

𝑃𝑤
=

𝑃𝑢

𝑃𝑒𝑙𝜂𝑠𝑖𝑙
,   (2) 

where: 

Pu – pump useful power, W, 

Pw – power supplied to the shaft, W, 

Pel – electrical power drawn from the grid, W, 

sil – efficiency of the electric motor, 1. 

Table 4 summarises the results of the performance tests for 

the overall efficiency of the DC motor-driven pump. 
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Table 4. Total efficiency of the tested pump when using 

impellers made of the following materials: 

Tin bronze impeller b-c, impeller 1 ÷ 3 – carbon-fibre reinforced 

polyethylene terephthalate glycol. 

Discharge pressure 

MPa 

Average total pump efficiency 𝜼𝟎 

% 

 Impeller b-c   Impeller 1   Impeller 2   Impeller 3 

0.009 14.1 12.6 14.1 12.6 

0.1 24.9 24.2 24.1 21.1 

0.125  25.2 24.7 24.3 

0.15  25.0 24.2 25.3 

0.175  24.1 23.2 26.3 

0.20 28.0 22.8 21.8 26.9 

0.25  19.9 18.5 26.0 

0.30 23.4 15.1 14.1 23.6 

0.35   9.0 20.4 

0.4 16.5 4.3 6.5 17.1 

The results of the performance tests for the determined 

overall efficiency of the tested pump with different impellers are 

shown in fig. 7. Pump efficiency characteristic = f(Q) is a 

parabola with vertex (Qopt, opt). For the reference tin bronze 

impeller, the efficiency was 27,7% at the capacity of 5,29 m3/h, 

for the non-metallic impeller number three the efficiency was 

26,23% at the capacity of 5,1 m3/h, while impellers 1 and 2 had 

similar values: efficiency 24,26% at the flow rate of 4,91 m3/h. 

Higher efficiency of the impeller 3 by approximately 2% 

compared to the impellers 1 and 2 results , inter alia, from the 

smaller surface roughness of the composite impeller elements 

that pump the water. This surface condition is the result of the 

use of a lower filament layer height during printing – impeller 

no. 3. 

 

 
Fig. 7. Characteristics of the centrifugal pump  = f(Q) with the 

use of: reference impeller – tin bronze impeller and 

replacements 1, 2, 3 made of PETG CF 

• Pump flow characteristics 

The flow characteristic H = f(Q) in the centrifugal pump 

shown in fig. 8 was determined for a nominal impeller (shaft) 

speed of 1450 rpm and a fixed impeller outer diameter of 148 

mm. By throttling the control valve of the pump head H, the flow 

rate changed – was increasing. The throttling curve is stable. 

 

 

 

 
Fig. 8. Characteristics of the centrifugal pump flow H = f(Q) 

with the use of: reference impeller – tin bronze impeller and 

replacements 1, 2, 3 made of PETG CF 

4. Testing the material structures of impellers made of 

PETG CF  

After a phase of long-term research, the right printing 

parameters were selected for the PETG CF filament and a 

material with the best properties was obtained. Further analyses 

of the microstructures were carried out for a single material, and 

the structures developed relate only to the degree of degradation 

of the impeller structural surface dependent on the time of the 

test cycle.  

On the basis of macro- and micro-structure studies 

performed on a Zeiss Supra 35 scanning microscope, the 

fractures of impeller material samples produced by 3D printing 

with PETG CF before and after certain stages of operation were 

described. 

 
Fig. 9. Output microstructure of carbon fibre-reinforced PETG 

CF filament of the produced impeller no. 3 by FDM before 

experimental testing. Microstructure (×500).  Experimental 

tests on the pump test bench included a test of the parameters 

of the SKA 5.01 centrifugal pump for the various stages of the 

test cycle differing in load parameters [own materials]. 

Figure 9 (impeller no. 3) indicates successive layers of 

filament, which are arranged in parallel against each other, but 

also intermingle in places. The carbon fibres are adhesively 

bonded to the frame and lay parallel to the print path, creating 

one way reinforcement. The diameter of the fibres is 10 

micrometres, the length of a single fibre is approximately 144 
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micrometres.  

 
Fig. 10. Microstructure of carbon fibre-reinforced PETG CF 

filament of the produced impeller no. 1 by FDM after 8 hours 

of testing cycle. Microstructure (×1200) [own materials]. 

Figure 10 shows the microstructure of test impeller no.1 after 

an 8-hour test cycle at a magnification of 1200. Micro voids in 

the matrix are visible, indicating degradation of the impeller 

surface. 

 
Fig. 11. Microstructure of carbon fibre-reinforced PETG CF 

filament of the produced impeller no. 1 by FDM after 8 hours 

of testing cycle. Microstructure (×2750) [own materials].  

Figure 11, which was obtained using a magnification of 

2750, shows carbon fibres that have been coated with a polymer 

build-up. Numerous pores were also observed, which are areas 

where fibres have been pulled out of the matrix during impeller 

operation. This is due to the low interfacial forces between the 

polymer matrix and the carbon fibres. Tested microstructure of 

fabricated impeller no. 1 by FDM after an 8-hour test cycle. 

Figure 12 shows the microstructure of impeller no. 3 after 

the 48 h operating stage. It is noted that some of the fibres are 

above the surface of the matrix, and numerous fibre pores are 

also visible. Polymer build-up on the fibre surface is invisible, 

making it possible to conclude that, as the number of hours 

operated on a given sample increases, the fibre surface becomes 

smoother. On the other hand, the adhesive bond between the 

frame and fibres decreases with increasing operation time. 

 

 
Fig. 12. Microstructure of carbon fibre-reinforced PETG CF 

filament of the produced impeller no. 3 by FDM after 48 hours 

of testing cycle. Microstructure (×500) [own materials]. 

 
Fig. 13. Microstructure of carbon fibre-reinforced PETG CF 

filament of the produced impeller no. 3 by FDM after 48 hours 

of testing cycle. Microstructure (×1820) [own materials]. 

Figure 13 illustrates the microstructure of impeller no. 3 after 

a time of 48 h using a magnification of 1820. Exposed carbon 

fibres, numerous voids are visible. The carbon fibre breaks are 

irregular, indicating cavities and degraded surface condition. 

5. Analysis of research results  

A number of factors affects the correct operation of the 

pump. It is crucial to choose the right operating parameters for 

its optimum performance, depending on the medium to be 

transferred, such as temperature, pH, water hardness, fluid 

conductivity, but also on the operating power, head, nominal 

shaft speed, efficiency.  

Table 5 summarises the operation time – testing cycle of the 

composite impellers and the operating parameters during which 

they failed.  

Degradation of the surface of impeller no. 1 made of PETG 

CF occurred after 8 h 23 min. Operation parameters of the pump: 

discharge pressure 0,35 MPa, flow rate 1.52 m3/h, pump head 

37.45 m The printing used a layer height of 0.2 mm, a sample 

volume fill density of 100% and 3 outer layers of the printed 

impeller.  

Impeller no. 2 failed while the pressure in the discharge line 
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was 0,25 MPa, a flow rate of 3.08 m3/h, pump head of 27.54 m, 

and a water temperature of 19,48oC. When printing this 

impeller, the parameter for the number of outer layers was 

changed, increasing it by one, while keeping the previous 

printing parameters unchanged. The operation cycle of impeller 

2 was 7 h 51 min.  

Impeller no. 3 has worked as many as 48 hours and 23 

minutes with a discharge pressure 0,4 MPa and a pump head of 

42.72 m. Such favourable operating characteristics of the above 

impeller are due to the correct determination of the parameters 

of the printing. The filling used was 100%, layer height 0,12 

mm, as well as the applied 4 outlines to form the contour of the 

model. The test bench temperature was 70oC, temperature of the 

printing nozzle 260oC. The reproduction of the impeller model 

geometry during printing was correct. 

Table 5. Summary of test cycle parameters from the pump test 

bench of composite impellers fabricated by FDM with PETG CF 

 

 
Fig. 14. Pump reliability graph for operating parameters, 

during which a pump failure has occurred (impeller failure) 

The bar chart (fig. 14) illustrates the parameters during 

which the composite impellers failed. The data included: 

composite impeller lifetime, pump head, flow rate and pressure 

measurement on the discharge pipe. The longest operation life 

of 48 h 21 min was obtained by composite impeller no. 3, which 

used the lowest extruded layer height, i.e. 0.12 mm, and 4 

contours to form the model shell. The lifespan of impellers 1 and 

2 was about 73% shorter and this was due to the 0.2 mm layer 

height used and fewer contours during 3D printing.  

The highest pump head of 42.72 m at a flow rate of 4 bar was 

achieved by impeller no. 3. This result was 55% higher than 

impeller 2 and 14% higher than impeller 1.  

6. Discussion 

Equipment failure is one of the greatest challenges facing 

current manufacturing technology. Despite the use of modern 

solutions and good quality materials, manufactured components 

often cannot meet expectations in terms of reliability or 

durability, which is why it is important to search for and research 

new methods and materials [9]. However, this is a major 

challenge, given the aforementioned enormity of the 

requirements that the proposed materials must meet. 

3D printing represents a huge opportunity for designers due 

to the relatively low cost of producing prototypes, allowing for 

an expansion of research into the use of this technology. In 

addition, in 3D printing, it is very easy to make modifications to 

the designed part through changes to the 3D model. This enables 

faster and less costly testing of new components, as well as work 

on their geometry, which increases their efficiency [1, 10].  

3D printing technology is, therefore, a very interesting and 

effective method, offering a range of possible materials with 

different properties, which undoubtedly makes it worthy of 

further research not only in the field of shipbuilding, but many 

other areas of life. 

7. Conclusions 

The in-service testing of the SKA 5.01 pump with FDM 

impellers made from PETG CF concluded that: 

1. Impeller number 3 has completed over 48 hours of 

continuous operation, under full load i.e. 0,4 MPa 

discharge pressure. This period allows the vessel to 

return safely to port in the event of pump impeller 

failure.  

2. Correctly selected printing parameters, i.e. the height 

of the filament layer of 0.12 mm, four outlines, 100% 

filling, allowed to obtain operating characteristics of 

the pump similar to those using a tin bronze impeller.  

3. Scanning electron microscopy tests confirmed the 

presence of carbon fibres as declared by the filament 

manufacturer. The fibres in the filament improved the 

mechanical properties and also increased the lifespan 

of the composite impellers.  

4. Examination of the fractures of the specimens showed 

degradation of the material with increasing service life 

(numerous pores, fibres outside the contour of the 

matrix, polymer growths on the surface of the carbon 

fibres). 

5. Carbon fibres were shown to be oriented in the 

direction of flow during extrusion. 

6. The average pump useful power when using a tin 

bronze impeller was 286 W, 0,4 𝑀𝑃𝑎 discharge 

pressure. Using an impeller made of PETG CF 

material, a higher average useful power output was 

obtained which reached 291 W.  

7. The overall efficiency of the pump when using a tin 

bronze impeller was 16.5%. The use of additive 

manufactured impeller also resulted in a comparatively 

higher pump efficiency value, i.e. 17.1%.  

8. In the future, it is envisaged that the geometric surface 

structure will be improved by applying PVD and CVD 

ceramic coatings during the surface treatment of the 

composite impeller, which will enable the operation 

time of the hydrophore pump to be extended. 
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1 13:55:35 08:23:03 0.35 -0.018 18.86 1.52 37.45 

2 13:52:50 07:51:03 0.25 -0.020 19.48 3.08 27.54 

3 21:56:24 48:21:02 0.4 -0.018 17.97 2.5 42.72 
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