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A B S T R A C T

The European Union’s Nature Restoration Regulation (NRR) aims to restore ecosystems, including reconnecting 
25,000 km of rivers by 2030 through barrier removal/modification. However, it also poses a significant chal
lenge to micro-hydropower (MHP) development as barriers are crucial for run-of-river MHP systems and 
modifying them involves high costs. A promising synergistic solution is the use of centrifugal screw pumps (CSP) 
as fish-friendly turbines, allowing energy generation while maintaining river connectivity. However, their per
formance in turbine mode remains unknown. This study investigated CSP-as-turbines (CSPAT) performance 
using theoretical and numerical approaches including Computational Fluid Dynamics (CFD) analysis, and new 
one-dimensional (1D) prediction equations. Two small CSPs, CSP-1 and CSP-2, were first analysed, showing peak 
efficiencies of 22.8% and 28.7% at 800 RPM, respectively. To enhance performance, a larger model, CSP-3, was 
assessed, achieved 33.1% efficiency and 12.5 kW output at 32.2 m head and 120 l/s flow. Based on the CFD 
results, new 1D pump-to-turbine prediction equations were developed, demonstrating low prediction errors 
(≤1.18%) and high accuracy (R2 = 0.979 for relative head and R2 = 0.973 for relative power). These findings 
enable the design of CSPAT for sustainable hydropower, pumping applications, and barriers modifications as part 
of nature restoration initiatives.

1. Introduction

Research has increasingly highlighted the importance of nature 
restoration to address recent declines in biodiversity worldwide, and as 
an effective means of both climate adaptation and mitigation [1]. Nature 
restoration is a wide-ranging activity covering land and water ecosys
tems. This activity includes restoring biodiverse habitats, increasing 
populations of beneficial insects, aiding wildlife recovery by expanding 
their ranges, expanding urban green spaces and tree cover, raising the 
share of farmland with diverse natural features, rehabilitating degraded 
peatlands, controlling invasive species, restoring coastal and marine 
ecosystems with iconic species, and improving and restoring freshwater 
ecosystems [2–4]. In response to this challenge, the European Union 
implemented the Nature Restoration Regulation (NRR) in 2024 [5]. This 
regulation includes provisions that require the preservation of aquatic 
ecosystems, both marine and freshwater. Additionally, it mandates the 

maintenance of river connectivity in Europe for up to 25,000 km by 
2030 through the removal or modification of existing barriers [6].

However, it should be noted that the process of barrier removal or 
modification is complex and costly. Taking the small EU country of 
Ireland for example, >74,000 potential barriers have been identified, 
and the removal or modification of 257 of these has been targeted by 
2027 [7]. Barrier removal or modification requires the execution of, and 
favourable outcomes from, up to eleven regulatory surveys. These 
include land, hydraulic, hydro-morphological, NIS, architectural, 
archaeological, underwater archaeological, pearl mussel and contami
nated sediment surveys [8].

In addition to these, the issue of adjacent land and barrier owner
ship/access, and public opposition to change, add additional substantial 
challenges to policy implementation. Taken together the cost of indi
vidual barrier removal and the time required are both significant, with 
cost estimates of €250–500k per barrier [9]. Achieving the highlighted 
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NRR targets amounts to a very significant total cost as a result. There
fore, solutions are required which could ease the financial burden of 
barrier modification, and time requirements for achieving nature 
restoration.

While the NRR is essential for the sustainability of aquatic ecosys
tems, it could also significantly challenge current and future run-of-river 
(RoR) micro-hydropower (MHP) systems, as existing barriers are critical 
elements of these systems, especially for increasing water surface levels 
that feed the intake. Many previous hydropower installations on a 
micro-scale have been incorporated into pre-existing river barriers, such 
as weirs or small dams to lower costs and avoid the environmental im
pacts of new barrier construction [10,11]. Therefore, removing or 
modifying barriers as part of the NRR could impact future RoR MHP 
resources and development.

Meanwhile, the utilisation of MHP plays a vital role in enhancing 
renewable energy penetration to meet the European Union's target of 
42.5% renewable energy by 2030 [12]. MHP offers a low-emission so
lution that can address the intermittency issues associated with other 
renewable sources like wind and solar [13]. However, conventional 
hydropower technologies, especially turbines, can have negative envi
ronmental impacts, particularly harming aquatic life such as fish [14,
15]. Conventional turbines such as Francis and cross-flow turbines are 
associated with particularly high fish mortality, which in some cases can 
exceed 90%. This conflict underscores the need for innovative solutions 
that align with the NRR’s objectives while supporting sustainable energy 
development for climate adaptation and mitigation. Policies supporting 
nature restoration and the energy transition both aim to address the 
climate crisis, but this requires synergistic solutions to mitigate the 
aforementioned conflicts.

In response to these conflicts, especially ecological concerns, several 
hydropower technologies have been developed to improve fish survival 
rate, reduce injury, facilitate migration, and maintaining high passage 
efficiency, known as fish-friendly turbine technology [14,16–18]. 
Modification to conventional turbines, such as redesigning Kaplan tur
bine impellers, have seen some success but often result in increased cost 
and reduced hydraulic performance [19]. Alternative fish-friendly tur
bines, including Archimedes Screw Turbine (AST) and Very Low Head 
(VLH) turbines, have demonstrated low fish mortality rates of up to 8% 
[20,21]. However, both technologies face notable limitations: ASTs are 
constrained by maximum flow capacity, while VLH turbines are sus
ceptible to cavitation and present logistical challenges related to trans
portation and installation [22].

To reconcile the dual objectives of nature restoration and renewable 
energy expansion, there is a clear need for a performant, cost-effective, 
environmentally compatible, and fish-friendly hydropower solution. 
One promising approach is the development of fish-friendly Pump-as- 
turbine (PAT) at MHP scale. PAT technology has been widely investi
gated in recent years as a low-cost and economically viable solution for 
MHP application [23]. Comparing with conventional turbines, PATs are 
less expensive and their components are market ready [23]. PAT 
research has focused heavily on developing methods for accurate pre
diction of PAT performance from known pump performance data [24]. 
These methods have relied on experimentation, developing analytical 
prediction methods, and using computational fluid dynamics [25,26]. 
However PAT research has also mostly focused on the reserve operation 
of single-stage centrifugal pumps given their wide range of applicability 
to different head and flow ranges. Developments focusing on other forms 
of pump working as turbines are less widespread, and the operation of 
fish-friendly PATs have been neglected to date.

Fish-friendly PATs could be crucial to future MHP developments in 
existing barriers as part of a barrier modification. Conventional PATs are 
unsuitable as these pose risks to fish survival. Fish passing through 
conventional pumps can face injury and mortality rates as high as 74% 
[27]. However, using a fish-friendly PAT could allow existing barriers to 
be modified allowing upstream transport of fish using a fish-friendly 
pump, and downstream fish-friendly generation of energy in reserve 

mode.
One fish-friendly pump that could be utilised as a turbine is the 

centrifugal screw pump (CSP). The CSP combines centrifugal pump 
principles with a screw-shaped impeller. This design allows it to trans
port live fish with low mortality [28,29]. The CSP has been shown to 
result in a minimal ratio of injuries lower than 3%, while pumping 2300 
eels [30]. It has also been shown to result in no latent mortality on fish. 
Additionally, another experiment was carried out to assess the level of 
fish friendliness of CSPs by passing juvenile fish, larvae, and fish eggs 
through it. The results found that >99% of the test subjects managed to 
successfully pass through the CSP and were retrieved with no injuries, 
which was also confirmed after 48 h [31]. In reverse as a PAT the CSP 
could also offer fish-friendly MHP production as part of barrier modi
fication. However, research investigating the performance of centrifugal 
screw PATs is lacking, and their performance in this role remains un
explored. This study provides the first comprehensive analysis of cen
trifugal screw PAT (CSPAT) performance using two approaches: 
Computational Fluid Dynamics (CFD) analysis and one-dimensional 
(1D) equations. The results from experimentally validated CFD anal
ysis and 1D analysis were compared to develop predictive equations that 
simplify performance estimation for CSPATs without requiring further 
simulations or experiments, thereby reducing both cost and time in
vestment. This research is the first to investigate the performance of 
centrifugal screw PATs using CFD, filling a critical gap in the existing 
literature.

2. One-dimensional analysis

The performance of the CSPAT, which remains unknown, could be 
predicted using existing 1D equations as a theoretical approach. The 1D 
analysis offers a cost-effective alternative to experimental testing or 
computationally intensive CFD simulations [32]. These existing 1D 
equations were developed based on the pump's Best Efficiency Point 
(BEP) in reverse mode [32–35]. However, pump manufacturers often do 
not provide the BEP in turbine mode due to cost constraints [32]. 
Therefore, an alternative approach is needed to estimate the BEP in 
turbine mode using data from pump mode. Yang et al. [36] developed 
the following theoretical equations to predict the PAT’s BEP based on its 
BEP in pumping mode, as shown in Eqs. (1–4). 

Ht = hHp (1) 

h =
1.2
η1.1

p
(2) 

Qt = qQp (3) 

q =
1.2
η0.55

p
(4) 

In this context, Ht refers to the head when operating as a turbine (m), 
while Hp is the head when operating as a pump (m). The variable h 
represents the ratio between the head in turbine and pump modes. ηp 

denotes the efficiency when the unit operates as a pump. Qp is the flow 
rate when functioning as a pump (m3/s), and Qt is when operating as a 
turbine (m3/s). The variable q represents the ratio between the flow rate 
in the turbine and pump modes.

Meanwhile, to estimate the rotational speed in turbine mode, based 
on the measured pump mode performance, Eqs. (5) and (6), developed 
by Fontanella et al. [37] can be used. 

Nt =
Np

1.3595
Qtb

Qpb
(5) 

Ptb = Ppb

(
Nt

Np

)3

1.0403 (6) 
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Where Nt represents the rotational speed when operating as a turbine 
(rad/s), and Np is the rotational speed when operating as a pump (rad/s). 
Qtb refers to the flow rate at the Best Efficiency Point (BEP) in turbine 
mode (m³/s), while Qpb is the flow rate at the BEP in pump mode (m³/s). 
Ptb is the power generated at the BEP when operating as a turbine (W), 
and Ppb is the power required by the pump at the BEP (W).

Additionally, to calculate the specific speed (Ns), one of necessary 
parameters for estimating the performance of a PAT, Eq. (7) can be used. 

Ns = N

( ̅̅̅̅̅̅̅̅̅̅
QBEP

√

H3/4
BEP

)

(7) 

The characteristics of the PAT can be predicted using a theoretical 
approach developed by Novara et al. [33], which was based on data 
from 113 pumps of various sizes and manufacturers, including radial 
end-suction, semi-axial, and axial PATs. Novara’s method [33] outlined 
in Eqs. (8) and (9), is capable of predicting conventional PAT charac
teristics with an R² of up to 0.9701 and a Root Mean Square Error of up 
to 0.0751. 

Ht

Htb
= a
(

Qt

Qtb

)2

+ b
(

Qt

Qtb

)

+ c (8) 

Pt

Ptb
= d

(
Qt

Qtb

)2

+ e
(

Qt

Qtb

)

+ f (9) 

Where Htb refers to PAT’s head at the BEP (m), Pt refers to power of 
the PAT (W). Meanwhile, the values of coefficients a through f are 
provided in Table 1.

The efficiency of the PATs (ηt) can be predicted by using Eq. (10), 
where Pt refers to PAT power in kW, and g refers to gravity (9.81 m/s2) 
[33]. 

ηt =

(
Pt

HtQtg

)

(10) 

In addition to [33], several other methods have been developed by 
researchers. Fecarotta et al. [38] proposed a method to predict the 
performance of PATs, as presented in Eqs. (11) and (12). This method 
demonstrated good accuracy, with mean errors of up to 0.0393 for head, 
0.0793 for power, and 0.0252 for efficiency [38]. However, the Fecar
otta method is only applicable within a specific speed range of around 
120 to 162 [38]. Moreover, it was originally developed for semi-axial 
pumps in the first stage, which means the results may vary when 
applied to other types of pumps or different specific speed ranges [38]. 

Ht

Htb
= 1.61

(
Qt

Qtb

)2

− 1.41
(

Qt

Qtb

)

+ 0.805 (11) 

Pt

Ptb
= 1.85

(
Qt

Qtb

)2

− 0.858
(

Qt

Qtb

)

− 0.00567 (12) 

Another method was developed by Barbarelli et al. [35], who based 
their research on centrifugal pumps. The pumps used had specific speeds 
ranging from 5 to 65. The authors conducted laboratory experiments to 
develop predictive equations (Eqs. (13) and (14)) for PAT performance. 
The method showed an error of around 20% and an R² of 0.86 for the 
head coefficient characteristic, and about 15% error with an R² of 0.6 for 
the flow rate coefficient characteristic. Additionally, the error between 
theoretical and experimental efficiency was approximately 5%, with an 
R² of 0.9 [35]. 

Ht

Htb
= 0.922

(
Qt

Qtb

)2

− 0.406
(

Qt

Qtb

)

+ 0.483 (13) 

Pt

Ptb
= 0.040

(
Qt

Qtb

)3

+ 1.185
(

Qt

Qtb

)2

− 0.043
(

Qt

Qtb

)

− 0.183 (14) 

Barbarelli et al. [35] also developed an equation to predict efficiency, 
as shown in Eq. (15), where ηtb refers to PAT efficiency at BEP. Since 
efficiency is calculated from the predicted head and power, this equation 
enables the evaluation of overall PAT performance. Although the head 
and flow coefficient errors are relatively higher, the small efficiency 
error indicates that the mofel remain suffucuently reliable for 
system-level performance prediction. 

ηt =

(
Pt/Ptb

(Ht/Htb)(Qtb)

)

ηtb (15) 

In this study, the correlations proposed by Yang et al. [36]] and 
Fontanella et al. [37] were used to estimate the turbine-mode BEP based 
on the pump-mode BEP data. The predicted turbine BEP values were 
then used as input to evaluate turbine performance using the methods 
developed by Novara et al. [33], Fecarotta et al. [38], and Barbarelli 
et al. [35]. The pump data employed in this work correspond to 
manufacturer test result at the BEP in pump mode for centrifugal screw 
pumps. These data were directly obtained from the manufacturer and 
were not derived from any averaged experimental database.

2.1. CSPAT characteristics in pumping mode

Two types of pumps, referred to as CSP-1 and CSP-2, were analysed 
in reverse mode. These pumps’ feature V-type closed impeller pumps, 
designed specifically to operate under abrasive conditions and to 
accommodate flow streams containing materials such as sand sediment, 
and biological particles, including fish [39]. Additionally, this design 
characteristic makes the pumps particularly suitable for low-head 
riverine micro hydropower applications, where environmental consid
erations and debris-laden flow are commonly encountered. The selec
tion of these two pump models was also based on the availability of 
manufacturer performance data. The BEP values for both types in 
pumping mode have been provided by the manufacturer, as shown in 
Table 2. Furthermore, a view of V-type closed impeller can be seen in 
Fig. 1. Both of CSP-1 and CSP-2 featured the same shape impeller.

2.2. Best efficiency point of CSPAT

Eqs. (1) through Eq. (7) were used to predict the CSPAT’s BEP based 
on its BEP in pumping mode. Subsequently, the head in turbine mode at 
BEP condition, along with the head and efficiency in pumping mode at 
the BEP, as demonstrated in Table 2, were entered into Eqs. (2) and (1). 
Additionally, the flow rate and efficiency in the pumping mode were 
substituted for the turbine mode flow rate in Eqs. (4) and (3). In order to 

Table 1 
Coefficients values for predicting conventional PAT characteristics using Eqs. (8) 
and (9).

Non-dimensional head curve Non-dimensional power curve

Coefficients Values Coefficients Values

a 1.160 d 1.248
b (0.0099 Ns + 1.2573) −

2a
e (0.0108 Ns + 2.2243) −

2d
c 1 − a − b f 1 − d − e

Table 2 
CSPAT BEP in pumping mode.

Pump Type

CSP-1 CSP-2

Flow Rate (m3/s) 0.0125 0.0158
Head (m) 4.6 4.8
Power (W) 1020 1310
Pump Efficiency 0.542 0.580
Rotational Speed (RPM) 1445 1455
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calculate the rotational speed, Eq. (5) was utilised, with the flow rate 
and rotational speed in pumping mode as well as the turbine mode flow 
rate from the previous calculation being substituted. To calculate the 
power in turbine mode at the BEP, Eq. (6) was employed. This calcu
lation involved substituting the power and rotational speed in pumping 
mode at the BEP, as well as the rotational speed in turbine mode, which 
was subsequently calculated. The specific speeds in turbine mode at the 
BEP were derived by substituting the result of the head, power, and 
rotational speed at BEP calculation into Eq. (7). Finally, the efficiency in 
turbine mode at the BEP was determined through a comparative analysis 
of power at the BEP, as determined by calculation, and multiplication of 
flow rate at BEP, head at BEP water density and gravity. The results are 
presented in Table 3.

Based on the existing methodology, the flow rate and head at the BEP 
of the CSP-1 and CSP-2 theoretically increase when operated as a tur
bine. This finding is consistent with research conducted by Yang et al. 

[40], Raman et al. [41], and Yang et al. [36] which compared the BEP 
performance of centrifugal pumps in both pump and turbine modes. 
These increases indicate that to reach the peak performance in turbine 
mode, the flow rate and head must be increased compared to their peak 
values in pump mode. The increase in flow rate and head theoretically 
also lead to higher output power and efficiency of the CSPAT, which 
aligns with the findings of Yang et al. [40] for their centrifugal PAT. 
However, other studies conducted by Raman et al. [41] and Yang et al. 
[36], show that both power and efficiency of the centrifugal PAT 
decrease compared to pump mode. This decline is attributed to addi
tional losses resulting from a change in function and flow direction 
within the pump. For this reason, a CFD simulation is needed to confirm 
the performance of CSPAT.

2.3. CSPAT characteristic using 1-D analysis

The characteristic of the CSPAT for CSP-1 and CSP-2 can be predicted 
using equations from Eqs. (8–14). The results can be observed as shown 
in Figs. 2 and 3 for the head, power and efficiency curves, respectively.

Based on Fig. 2, CSP-1 is predicted to produce a higher head at lower 
flow rates compared to CSP-2. This indicates that CSP-1 more effectively 
converts kinetic energy into potential energy, particularly at flow rates 
exceeding 20 l/s. Consequently, CSP-1 is predicted to be better suited for 
applications requiring higher heads than CSP-2. However, at flow rates 
below 20 l/s, CSP-2 is predicted to hold greater stability compared to 
CSP-1.

Among the three methods analysed, Fecarotta et al. [38] predicts a 

Fig. 1. CSPAT model for V-type closed impeller.

Table 3 
BEP of CSPAT.

Type Flow 
Rate 
(m3/s)

Head 
(m)

Power 
(W)

Efficiency 
(ηp)

Rotational 
Speed 
(RPM)

Specific 
Speed 
(Ns)

CSP- 
1

0.02101 10.83 2005 0.9002 1786 43.38

CSP- 
2

0.02558 10.49 2302 0.8766 1733 47.56

Fig. 2. Head curve of CSPAT based on existing 1-D analysis: (a) CSP-1; (b) CPS-2.
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progressively increasing head as the flow rate rises, especially beyond 
the BEP. In contrast, Barbarelli et al. [35] predicts higher head values at 
mid-range flow rates (below BEP) but yields the lowest values when the 
flow rate exceeds the BEP. Meanwhile, Novara et al. [33] head pre
dictions are lower than both Fecarotta et al. [38] and Barbarelli et al. 
[35] at flow rates below the BEP. Overall, the head increments predicted 
by Barbarelli and Novara are more stable than those of Fecarotta.

Fig. 3 presents the power curves of the CSPATs and shows how CSP-1 
is predicted to generate higher power output than CSP-2, which aligns 
with the previous head results. Since CSP-1 produces a higher head, it 
also delivers greater power compared to CSP-2. This suggests that CSP-2 
is better suited for applications with lower head and higher flow rates, 
while CSP-1 performs optimally under higher-head, low-flow 
conditions.

Regarding the three methods, Barbarelli et al. [35] predicts higher 
power than the other two methods at flow rates below the BEP, but its 
predictions become the largest after the BEP. In contrast, the Fecarotta 
et al. [38] method predicts the lowest power below the BEP and the 
highest beyond it, particularly for CSP-1. Meanwhile, the Novara et al. 
[33] method shows relatively stable power increments for both pump 
types across all flow rates.

Fig. 4 suggests that CSP-1 tends to achieve higher efficiency at the 
BEP compared to CSP-2. Additionally, CSP-1 is predicted to maintain 
relatively higher efficiency at flow rates below the BEP. However, 
beyond the BEP, CSP-1′s efficiency is predicted to decrease more sharply 
than CSP-2′s. CSP-2 is predicted to demonstrate greater stability at 
higher flow rates, as its post-BEP efficiency decline seems to be more 
gradual. These observations suggest that CSP-1 may perform more 
efficiently under low-flow, high-head conditions, while CSP-2 could be 
more suitable for high-flow applications.

Among the three evaluation methods, Barbarelli et al. [35] appears 
to predict the highest efficiency values, which may indicate a tendency 
towards more optimistic estimates relative to the other methods. The 
Fecarotta et al. [38] method tends to yield lower efficiency predictions 
at low flow rates, particularly for CSP-1, but shows a notable increase at 
higher flow rates. In contrast, the Novara et al. [33] method appears to 
produce more consistent results, with less pronounced efficiency vari
ations across different flow rates.

The sensitivity of each method can be evaluated using Figs. 5 and 6. 
The method by Novara et al. [33] shows a less steep and more gradual 
gradient compared to the others. Meanwhile, the Fecarotta et al. [38] 
method displays the steepest gradient, which may indicate potential 
overfitting. The Barbarelli et al. [35] method shows smoother transitions 
than the other two, but because it has the smoothest surface of all three, 
it may tend to underestimate values. When there are changes in the Ns, 
the Novara method demonstrates the most gradual and relatively linear 
response. In contrast, the Fecarotta et al. [38] method shows the steepest 
transition with Ns variations, while Barbarelli et al. [35] produces the 
flattest and most linear changes.

Therefore, the Fecarotta et al. [38] method is most sensitive to Ns 
variations, Novara remains relatively stable, and Barbarelli et al. [35] is 
the least sensitive. As a result, Novara et al. [33] appears most suitable 
for preliminary CSPAT design estimation. However, it's important to 
note that all these existing methods were developed for performance 
prediction of conventional PATs, not specifically for CSPATs. To prop
erly assess the accuracy of these 1-D analysis predictions for CSPAT 
characteristics, validation through laboratory experiments or numerical 
CFD analysis is required. This study focuses on an experimentally vali
dated CFD-based comparison.

Fig. 3. Predicted power curve of CSPAT based on existing 1-D analysis methods: (a) CSP-1; (b) CSP-2.

Fig. 4. Predicted efficiency curve of CSPAT based on existing 1-D analysis methods: (a) CSP-1; (b) CSP-2.
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Fig. 5. Curves of relative flow and head to Ns: (a) Novara; (b) Fecarotta; (c) Barbarelli.

Fig. 6. CSPAT Curves of relative flow and power to Ns: (a) Novara; (b) Fecarotta; (c) Barabrelli.
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3. Numerical methods

In this study, CFD analysis was performed to examine the operation 
of CSPs in both pumping and reverse (turbine) modes. The simulation in 
pumping mode is essential, as it provides a benchmark for validation 
using existing experimental performance data—thereby ensuring the 
model's capability to accurately replicate real-world behaviour [42,43]. 
If the model validation yields an error margin of <10%, the CFD model is 
deemed sufficiently reliable to be employed in predicting reverse-mode 
performance [43]. In this context, the CFD results are used to evaluate 
the performance of CSPs operating in reverse mode and are further 
compared with predictions derived from established one-dimensional 
theoretical models.

3.1. Modelling

A 3D model of the fluid domain of the CSPAT was created, including 
components such as the volute, impeller, and inlet and outlet pipes. The 
volute and piping were modelled in Autodesk Inventor Professional 
2023, while the screw impeller was designed in Autodesk Fusion 360 for 
greater flexibility in screw design. CFD model geometry was based on 
the measurement of dimensions of commercially available CSPs, while 
some simplifications were made to the modelled design to save on 
computational resources. These simplifications involve the cone 

surfaces of the impeller and volute, where the indented screw pattern 
was removed. This adjustment was made because there is no water flow 
in those areas, as shown in Fig. 7, allowing for easier meshing and 
simulation by reducing complexity.

Regarding size, the study uses small-sized machine of the CSP units 
as specified in Table 4. This selection was based on the pump's opera
tional characteristics, which enable effective performance at low heads 
(4.5–5 m range) with flow rates between 12–16 l/s as specified also in 
Table 2.

The small-sized machine at full-scale configuration was chosen for 
three practical reasons: laboratory installation feasibility, initial testing 
convenience, and cost efficiency. Smaller units simplify initial exami
nation and allow for easier performance evaluation. If initial results 
prove unsatisfactory, the small-sized data provides a reliable foundation 
for determining optimal larger-sized dimensions while minimising 
development costs.

3.2. Numerical analysis

In CFD, the Navier-Stokes equations are the foundation for solving 
fluid flow problems [44–46]. The Navier-Stokes equations used are the 
continuity equation (Eq. (16)) and the momentum conservation equa
tion (Eq. (17)) [46]. 

∂ρ
∂t

+
∂(ρu)

∂x
+

∂(ρv)
∂y

+
∂(ρw)

∂z
= 0 (16) 

∂(ρu)
∂t

+∇.(ρuu) = − ∇p +
1
Re

.τ (17) 

Where ρ represents density (kg/m3), t denotes time (s), u is the velocity 
vector (m/s) consisting of three directional components: u (x-direction), 
v (y-direction), and w (z-direction), all expressed in m/s. The coordinates 

Fig. 7. Geometry simplification: (a) Surface screw on the impeller cone; (b) Surface screw on the volute cone.

Table 4 
CSPAT dimension.

Parameters CSP-1 CSP-2

ØOut (cm) 7.5 7
ØIn (cm) 15 17.5
L (cm) 15 15.5
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x, y, and z correspond to the vector’s spatial directions. Additionally, p 
represents pressure (N/m2), Re is Reynold number, and τ refers to 
viscous stress tensor (N/m2).

The Navier-Stokes equations can be solved using the unsteady 
Reynolds-Averaged Navier-Stokes (uRANS) approach, as this method 
can predict the global performance of the turbomachinery [47]. It Is 
evident that uRANS still commonly use in the numerical studies [48]. In 
comparison with alternative methodologies, Large Eddy Simulation 
(LES) has been demonstrated to predict more minutiae particularly with 
regard small vortices, than the uRANS [47]. However, it should be noted 
that LES approach necessitates a larger investment of both time and 
computational cost [47]. For that reason, the uRANS model was selected 
for this study. Furthermore, the mean performance of the turboma
chinery must be considered. The mean performance prediction from the 
LES method does not enhance the quality of the uRANS method [49].

The study also utilised the RANS method at the commencement of 
the simulation to expedite the attainment of convergence conditions. 
This was accomplished by acquiring the initial value that would sub
sequently be employed in the transient simulation using uRANS [50]. 
RANS is a widely adopted method in numerical simulations due to its 
proven accuracy in modelling fluid behaviour within pumps and tur
bines [51]. This approach works by decomposing flow velocities into 
time-averaged and fluctuating components, allowing for efficient 
computation while maintaining reliable results in complex fluid dy
namics scenarios [46]. 

ρ(u.∇)u = − ∇p + μ∇2u − ∇.(ρuʹuʹ) (18) 

In formulation on Eq. (18), u refers to average velocity vector (m/s), 
p denotes the time-averaged pressure (N/m2), μ represents viscosity (kg/ 
m.s), and uʹ refers to time-averaged turbulent velocity fluctuations (m/ 
s).

3.2.1. Turbulence model
The turbulence model that been used for this study is Shear Stress 

Transport (SST) model. The selection of the SST model was due to the 
SST turbulence model being a combination of the k-ω and k-ε models. 
For the flow near the wall, it is solved using the k-ω model, while for the 
flow far from the wall, it is solved using the k-ε model [52–54]. The SST 
model is also very good at estimating separated flow and swirl along 
walls with complex shapes [55]. Therefore, the SST model can work well 
for analysing complex flows in fluid machinery [56].

Additionally, the SST model was coupled with an automatic near- 
wall treatment to model turbulence in the vicinity of solid boundaries. 
This approach provides a smooth transition between low-Reynolds- 

number, wall-resolved behaviour, and wall-function-based formula
tions, depending on the local y+ values and mesh resolution. The near- 
wall resolution was assessed through the non-dimensional wall distance 
y+, yielding average values of 106.53 for CSP-1 impeller and 71.35 for 
CSP-2 impeller. These values fall within the recommended range for 
wall-function-based integration of the SST model, typically 30 < y+

<300 [57–59]. This ensures that the first off-wall node lies within the 
logarithmic region of the boundary layer, maintaining consistency be
tween the mesh resolution and the selected near-wall treatment. 
Consequently, the grid is adequate to capture the overall boundary-layer 
behaviour without resorting to fully resolved viscous-sublayer 
modelling.

3.2.2. Boundary condition
In the CFD analysis, Ansys CFX 2022 R1 was used. The computa

tional domain was divided into two regions: a stationary domain and a 
rotary domain. The stationary domain consisted of the inlet and outlet 
pipes as well as the volute. The boundary conditions applied to the pipes 
included a mass flow rate at the inlet and a static pressure opening at the 
outlet. The mass flow rate values were varied from 5 to 30 kg/s, in six 5 
kg/s intervals. The values were chosen based on previous studies, which 
reported that the flow rate in turbine mode increased by approximately 
11–70% compared to pumping mode [40,41]. Furthermore, according 
to the calculations presented in Section 2.2, the BEP flow rate for the 
CSP-1 was expected to be 20.01 l/s, while the CSP-2 had a flow rate of 
25.52 l/s. Additionally, a low flow rate was selected to observe how 
effectively the CSPAT can convert low flow conditions into usable 
power. The outlet pressure was set to atmospheric pressure, 1 atm. A 
no-slip wall condition was applied to the pipe and volute walls, with a 
wall roughness of 11 µm for the pipe and 45 µm for the volute. The 
configurations and the fluid direction from inlet to outlet can be 
observed in Fig. 8.

The rotary domain included the impeller, which was also assigned a 
no-slip wall condition with a wall roughness of 45 µm. For the rotational 
speed selection, analytical calculations in Section 2.2 yielded theoretical 
BEP speeds of 1786 RPM for CSP-1 and 1733 RPM for CSP-2. However, 
since the device needs to be fish-friendly, previous research [60–62] 
recommended operating at lower RPM. Higher rotational speed are 
associated with increasing rates of fish injuries. Additionally, higher 
rotational speed also increases the rate of collision of the fish with the 
partitions of the impeller as well as enhances the effect of suction which 
potentially impacts fish [14,63]. To account for potential real-world 
operation at significantly lower RPM, speeds were varied in this study 
from 300 to 1200 RPM.

3.3. Mesh convergence

The meshing process was carried out using ANSYS ICEM for the 
stationary domain, including volute, inlet and outlet pipes, and cone 
volute, utilising a blocking system, and ANSYS Mesh for the rotary 
domain, including impeller. The rotary geometry has a spiral shape and 
is more complex, requiring a more robust tetrahedral mesh. The fluid 
domains and the mesh configurations are shown in Fig. 9. To assess the 
accuracy of the mesh, a mesh convergence test was conducted. This test 
was performed to evaluate the stability of the simulation results con
cerning variations in mesh density [64].

Seven different mesh levels, ranging from coarse to fine grids, were 
tested under a representative condition. The mesh convergence studies 
were performed at a rotational speed of 500 RPM to represent the mid- 
range operating condition within the investigated speed range 
(300–1200 RPM). For each mesh level, the studies resulting torque and 
head values.

Based on the results of the convergence test shown in Fig. 10, when 
the mesh density increased, the value of both torque and head became 
more stable and consistence. The minimum number of elements 
required for the simulation was 1666,432 for CSP-1, consisting of 

Fig. 8. Configuration of CFD domain with inlet and outlet locations.
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1386,588 elements in the stationary domain and 279,844 elements in 
the rotary domain. This mesh size was selected because the relative 
difference between successive refinements was below approximately 
5%, indicating that further refinement produced only marginal changes 
in the predicted torque and head values. At this level, the torque ranged 
from approximately 7.6 to 7.8 Nm and the head varied between10.55 

and 10.71 m under the condition of 500 RPM and 30 l/s.
For CSP-2, the total number of elements was 1028,365, with 619,286 

elements in the stationary domain and 409,079 in the rotary domain. At 
this level, the torque and head results also demonstrated stability, with 
the variation between successive refinements remaining below 5%. The 
predicted torque ranged from 1.27 to 1.37 Nm while the head varied 

Fig. 9. Fluid domain mesh: (a) Cross-section impeller; (b) Inflation layer impeller; (c) Volute; (d) Cone volute.

Fig. 10. Mesh convergence test results: (a) CSP-1 torque; (b) CSP-2 torque; (c) CSP-1 head; (d) CSP-2 head.
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between 3.4 and 3.39 m under 500 RPM and 10 l/s. This shows that 
refining the mesh more than the minimum selected size does not lead to 
significant changes in the performance prediction, while substantially 
increasing the computational cost. Additionally, for another consider
ation in checking the mesh quality, the value of y+in the impeller for 
both CSP-1 and CSP-2 were observed. For CSP-1, the value of y+ was 
106.53 and for CSP-2 was 71.35. All of the values were in the range of 
30–300.

Because of the same mesh topology, turbulence model, and numer
ical schemes will be employed to all operating conditions, the mesh 
convergence results at 500 RPM were considered to represent all of the 
investigated rotational speed range. This approach is commonly adopted 
in CFD studies for PAT or turbine system [65,66].

3.4. Validation

Validation was carried out by comparing the CFD simulation results 
of CSPs in pumping mode with the measured performance data provided 
by the pump manufacturer. This validation aimed to determine whether 
the modelled geometry and the mesh in the simulation can represent 
real conditions. Based on the validation tests for both types of the im
pellers, the CFD results exhibit a similar trend to the manufacturer’s 
data, as shown in Fig. 11.

For CSP-1, the comparison between the simulated pump power and 
the reference pump power from the manufacturer resulted in a nor
malised root mean square error (NRMSE) of 6.45%, with an R² value of 
0.917. When comparing the simulation results with the manufacturer’s 
data for head, the NRMSE was found to be 7.37%, with an R² value of 
0.995. For CSP-2, using the same parameters, the NRMSE for power was 
3.96% with an R² value of 0.917, while the NRMSE for head was 4.13% 
with an R² value of 0.995. These errors are primarily attributed to the 
simulation not accounting for losses in bearings and oil which are 
captured in the manufacture’s performance data. In addition, minor 
simplifications of the geometry may also have contributed. However, 
the magnitude of the errors in both models are deemed acceptably small 
to be reliable for prediction purposes.

4. Numerical results and discussion

4.1. Performance characteristics of CSPAT

Based on the simulation results, the head-flow characteristic of the 
centrifugal screw PAT in turbine mode for head could be seen in Fig. 12.

Fig. 12 demonstrates that increasing the RPM generally leads to 
higher head values, following the affinity law, which states that head is 
proportional to the square of rotational speed. This relationship explains 
the exponential head increase observed with rising RPM. The phenom
enon occurs because higher rotational speeds generate greater kinetic 
energy, producing stronger centrifugal forces that enable higher head 
generation.

It also reveals that CSP-1 achieves significantly higher heads than 
CSP-2, particularly at elevated flow rates and rotational speeds. In 
contrast, CSP-2 maintains more stable head performance progression. 
This suggests CSP-2 is better suited for more constant flow conditions 
where stable performance without extreme head variations is required, 
while CSP-1 proves more appropriate for applications with dynamic 
head or flow variations.

Based on the data processing from the simulation results, the power 
generated by the centrifugal screw impeller was obtained. For CSP-1, the 
power increase relative to rotational speed showed a flatter progression 
at 300 RPM and 500 RPM, particularly at higher flow rates, compared to 
at 700 RPM and above. This suggests CSP-1 cannot generate optimal 

Fig. 11. Validation test results: (a) CSP-1 head and power; (b) CSP-2 head 
and power.

Fig. 12. Head-Flow characteristic curve for CSPAT: (a) CSP-1; (b) CSP-2.
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power when combining high flow rates with low rotational speeds.
Fig. 13 reveals that CSP-1 generates less power than CSP-2, despite 

demonstrating higher head values in previous analyses. This perfor
mance characteristic suggests CSP-2 achieves higher efficiency in con
verting both pressure and kinetic energy into mechanical energy. 
Furthermore, CSP-2 exhibits a more pronounced power increase (steeper 
gradient) at flow rates exceeding 15 l/s compared to CSP-1. This sharper 
response indicates CSP-2 operates more optimally than CSP-1 under 
high-flow conditions.

Based on the simulations and data processing, the centrifugal screw 
PAT achieved differing peak efficiency at each rotational speed, as seen 
on Fig. 14. For CSP-1, maximum efficiency of 22.8% was attained at 800 
RPM. Beyond the optimal point, a gradual decline in performance was 

observed.
The maximum efficiency for CSP-1 at 800 RPM was achieved with a 

flow rate of 25 l/s and head of 13.9 m, producing 780 W of power. 
Compared to CSP-1, CSP-2 demonstrated higher efficiency due to its 
larger dimensions, which provided greater impeller surface area for 
capturing water flow and consequently increased power output. CSP-2 
reached its peak efficiency at 800 RPM with 25 l/s flow rate and 13.6 
m head, achieving 28.7% efficiency while generating 958 W. CSP-2 also 
maintained more consistent performance across all rotational speeds 
and flow rates, particularly between 15–30 l/s. For both CSP-1 and CSP- 
2, operating above their BEP rotational speeds resulted in decreased 
efficiency.

Therefore, it can be concluded that enlarging the geometry affects 

Fig. 13. Power-Flow characteristic curve for CSPAT: (a) CSP-1; (b) CSP-2.

Fig. 14. Efficiency curve CSPAT: (a) CSP-1; (b) CSP-2.

Fig. 15. CSPAT pressure distribution: (a) CSP-1; (b) CSP-2.
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the performance of the CSPAT. Increasing the impeller dimensions en
hances system efficiency, although the improvement remains relatively 
modest due to the minor size differences between CSP-1 and CSP-2. Both 
models maintained identical operational flow rates (25 l/s) and com
parable head values of 13.9 m for CSP-1 and 13.6 m for CSP-2 at BEP.

The obtained efficiency and power values were relatively low 
compared to conventional centrifugal pumps of a nearly similar size. 
Novara et al. [67] conducted a study by installing a conventional cen
trifugal PAT in Ireland, featuring an impeller diameter of 25 cm, 
approximately 1.7 times larger than CSP-1 and 1.4 times larger than 
CSP-2. The study showed that the conventional PAT reached BEP with 
over 60% mechanical efficiency, at a head of 37.3 m, a flow rate of 15 
l/s, a rotational speed of 1520 RPM, and producing up to 2.93 kW of 
power [67]. The efficiency gap between the CSPATs and the 

conventional centrifugal PAT at their respective BEPs is significant. The 
highest efficiency recorded for the CSPAT, which is CSP-2, is approxi
mately 31.3% lower than that of the conventional PAT.

The relatively low efficiency of the CSPAT stems from its unique fish- 
friendly design featuring a screw-shaped impeller. Unlike conventional 
centrifugal pumps with curved blades that more efficiently redirect 
water flow radially outward, the screw impeller cannot utilise and 
convert water flow into energy as effectively. This demonstrates that the 
CSPAT experiences a 43–50% efficiency loss compared to conventional 
centrifugal PATs, which are not designed for fish-friendly operation. 
This design limitation is further compounded by the CSP's original 
pumping function configuration, which features bowl-shaped side 
shrouds designed to capture large water volumes. The screw-type ge
ometry creates its highest-pressure distribution along the outer shroud 

Fig. 16. CSPAT velocity streamline: (a) CSP-1; (b) CSP-2.

Fig. 17. CSPAT characteristic curves based on existing 1-D analysis for CSP-3: (a) Head; (b) Power; (c) Efficiency.
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rather than on the impeller blades (as visualised in Fig. 15). According to 
fundamental hydraulic principles, this pressure distribution negatively 
impacts impeller rotation efficiency since maximum power output re
quires optimal pressure application directly on the blades.

In addition to the pressure distribution, the system's low efficiency 
and power output are further impacted by swirling flow patterns within 
the screw impeller (Fig. 16). These swirls create significant pressure 
fluctuations and can generate vortices and secondary flows. In rotating 
machinery, especially centrifugal type pumps or turbines, secondary 
flows and vortices are well known to contribute to hydraulic losses due 
to additional mixing, shear, and flow instability within passage [68].

Based on the visualization in Fig. 16, the swirl was mainly concen
trated along the blade surfaces. Flow rotation close to the blade wall can 
modify the local pressure field and potentially reduce pressure in certain 
regions of the blade [69]. The presence of swirl structures of this kind is 
often associated with a decline in machine performance [70,71]. The 
streamline plots also revealed a recirculation zone near the blade inlet 
region, particularly close to the impeller shroud. Similar internal recir
culation phenomena have been observed in experimental studies of 
centrifugal machines [72]. While streamline plots cannot quantify en
ergy loss directly, the appearance of swirl formation generally indicates 
areas where additional internal dissipation may occur, including in PAT 
systems [73].

A comparison between CSP-1 and CSP-2 shows that CSP-1 exhibited 
stronger swirl structures and a wider recirculation region near the blade 
surfaces. In CSP-2, swirl was still present, but the flow appeared more 
orderly, and the recirculation region was less extensive. This more stable 
and consistent internal flow pattern in CSP-2 corresponds well with its 
higher hydraulic efficiency and power output compared to CSP-1.

4.1.1. Enlarging the CSPAT geometry
Based on the CFD simulation results, the efficiency and power values 

of both CSP-1 and CSP-2 were relatively low, as shown in Figs. 13 and 
14. Therefore, to achieve better performance, a geometric modification 
was carried out by enlarging the dimensions. This was done to increase 
the impeller surface area, with the expectation that it would capture 
more fluid and improve flow conversion. The size enlargement was 
performed using turbomachinery laws, as shown in the following Eq. 
(19) [74]. 

P
ρN3D5 = constant (19) 

Where P is power (W), ρ is the density of water (998 kg/m³), N is the 
rotational speed (rad/s), and D is the diameter (m). To determine the 
required diameter to achieve higher power output at the same rotational 
speed, Eq. (19) can be modified by setting the value of N as constant, 
resulting in Eq. (20) as follows: 

P1

P2
=

(
D1

D2

)5

(20) 

The decision on how much to enlarge the dimensions was based on 
typical existing MHP potential in Ireland, at existing barriers which 
could be modified as part of the NRR. This was based on the Hydro Atlas 
published by the Sustainable Energy Authority of Ireland (SEAI) as well 
as Inland Fisheries Ireland (IFI). Based on the barriers data, the range of 
the head of the barriers, especially weirs ranged 0.08 m to 20 m (with 
over 90% below 10 m). Typical low-head systems in this setting could 
possess 17.5 kW of gross hydraulic power. The 17.5 kW target was 
chosen as it represents a practical mid-range output for these typical 
head conditions, and potential hydropower generated. Using Eq. (20)- 
Eq. (22), the CSP-3 turbine parameters for 17.5 kW were determined as 
31.29 cm for diameter (1.79 × scale-up from CSP-2 reference), with a 
theoretical Htb of 43.48 m, and the Qtb of 142.91 l/s. 

H1

H2
=

(
D1

D2

)2

(21) 

Q1

Q2
=

(
D1

D2

)3

(22) 

4.2. CSP-3 performance using existing 1D analysis

Based on Eq. (8) through Eq. (15), the performance of CSP-3 is shown 
in the Fig. 17. Both Novara and Barbarelli methods provide stable 
changes in values, with head and power increasing steadily in both 
cases. In contrast, Fecarotta’s curve is steeper, and for head, it initially 
decreases around 40 l/s before rising sharply.

Regarding efficiency, Barbarelli predicts higher efficiency values 
overall compared to the other two methods, with results not far from 
Novara’s. Fecarotta predicts the lowest efficiency among the three. The 
highest efficiency reached was estimated to be 28.77%. Theoretically, 
increasing the dimensions to CSP-3 while keeping the rotational speed 
constant only results in a small improvement in efficiency compared to 
the CFD results for CSP-2, despite a relatively significant increase in 
head and power between CSP-3 and CSP-2.

4.2.1. CSP-3 performance using numerical analysis
Numerical testing was also conducted to evaluate the performance of 

CSP-3 and to understand phenomena that cannot be explained using 1-D 
analysis, such as the influence of impeller shape on performance. Based 
on the numerical analysis from CFD simulations, as shown in Fig. 18, it 
was found that CSP-3 reaches its BEP condition at a head of 32.2 m, a 
flow rate of 120 l/s, and a power output of 12.5 kW. This condition 
achieves an efficiency of 33.08%. In other words, according to the CFD 
analysis, increasing the dimensions from CSP-2 to CSP-3 while 

Fig. 18. CSPAT characteristics curves based on CFD analysis for CSP-3: (a) 
Head and Power; (b) Efficiency.
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Fig. 19. Comparison of CSPAT characteristic curves for CSP-1 and CSP-2 at BEP based on existing 1-D analysis and CFD results: (a) Head; (b) Power; (c) Efficiency.

Fig. 20. Comparison of CSPAT characteristic curves for CSP3 at BEP based on existing 1-D analysis and CFD results: (a) Head; (b) Power; (c) Efficiency.
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maintaining the same rotational speed results in an efficiency 
improvement of 4.38%.

4.3. Comparing 1D analysis and numerical analysis

Obtaining accurate predictions from 1-D analysis is crucial for easy 
determination the performance of CSPATs in practice. To test this ac
curacy, prediction results can be compared with field experiments or 
CFD analysis. In this study, the theoretical predictions are compared 
with CFD analysis results, which can capture phenomena that theoret
ical approaches cannot predict. The results for characteristic curves at 
BEP are shown in Fig. 19 for the comparison between CSP-1 and CSP-2, 
and in Fig. 20 for the comparison involving CSP-3.

Fig. 19 shows that for CSP-1 and CSP-2, the existing equations differ 
significantly from the numerical CFD analysis results, especially for the 
power and efficiency curves. In contrast, for CSP-3, in Fig. 20 the dif
ferences between the three existing methods and CFD are not as sig
nificant. This indicates that the significant discrepancies mainly arise 
from the prediction of BEP values when converting from pump BEP to 
turbine BEP, particularly in power, efficiency, and rotational speed. As a 
result, the characteristic curve predictions based on BEP values are also 
affected. For CSP-3, the BEP value used is based on the similarity be
tween the CFD results of CSP-2, so the values are quite similar.

To address this gap, an adjustment is proposed specifically for con
verting from pump mode BEP to turbine mode BEP for the CSPs.

The analysis uses data from CSP-1 and CSP-2, with pump data pro
vided by the manufacturer, as shown in Table 2, while the turbine data 
comes from CFD results as discussed in Section 4. The data processing 
was carried out using Microsoft Excel equipped with Solver and two- 
variable linear analysis, combining both to minimise error.

From this analysis, the following equations Eqs. (23–26) were 
derived to predict the operational point of the CSPAT, as presented in 
Table 5. 

Qtb

Qpb
= − 11ηpb + 7.962 (23) 

Htb

Hpb
=

1.422
η1.248

pb
(24) 

Ntb

Npb
= 0.0096

Qtb

Qpb
+ 0.535 (25) 

Ptb

Ppb
= 4.441

(
Ntb

Npb

)3

(26) 

The errors from the new equations reached 0.4% for flow rate, 1.07% 
for head, 0.1% for rotational speed, and 1.18% for power, when 
compared against CFD results. The CFD model itself was previously 
validated using laboratory pump experimental data, as shown in Section 
3.4. Although these error values are small, there is a potential for 
overfitting since the dataset used is relatively limited, consisting of only 
two different pump units, namely CSP-1 and CSP-2.

Meanwhile, to generate equations for predicting the characteristics 
of CSP, CFD analysis data from CSP-1, CSP-2, and CSP-3 were used, 
totalling 86 data points. This approach is based on the method by 
Novara, where both head and power are represented by quadratic 
equations, with coefficients dependent on the specific speed value. The 
correlation between relative head and relative power with relative flow 
rate and specific speed is shown in Fig. 21.

To obtain these equations, IBM SPSS Statistics and Microsoft Excel 
were used to find equation combinations with high R² values and low 
NRMSE. The analysis produced Eqs. (27 and 28)

Ht

Htb
= a
(

Qt

Qtb

)2

+ b
(

Qt

Qtb

)

+ c (27) 

Pt

Ptb
= d
(

Qt

Qtb

)2

+ e
(

Qt

Qtb

)

+ f (28) 

Table 5 
Comparison between predicted operating points of CSPAT using the existing and 
new methods.

Qtb 

(l/s)
Htb 

(m)
Ptb 

(W)
ηtb Ntb 

(RPM)

CSP-1 CFD 25 13.90 779.99 0.228 800.00
CSP-1 New Method 25 14.05 771.05 0.224 800.82
CSP-2 CFD 25 13.60 957.60 0.287 800.00
CSP-2 New Method 24.9 13.47 968.91 0.294 800.52

Fig. 21. Relative Characteristic curves of CSPAT to specific speed: (a) Relative head; (b) Relative power.

Table 6 
New coefficient values for Eqs. (27 and 28).

Non-dimensional head curve Non-dimensional power curve

Coefficients Values Coefficients Values

a − 0.804b − 0.514c+
0.828

d 5.4986lnNs − 15.187

b 2× 1010N− 8.379
s e − 6.97lnNs + 20.684

c 0.0473Ns − 0.6894 f − 0.5301N2
s + 20.317Ns −

193.78

Table 7 
Comparison of accuracy between the existing and new 1-D prediction methods.

Method NRMSE Head R2 Head NRMSE Power R2 Power

Novara 0.099 0.731 0.067 0.854
Barbarelli 0.076 0.845 0.071 0.836
Fecarotta 0.159 0.315 0.104 0.647
New 0.027 0.979 0.029 0.973
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The coefficient values can be determined based on the correlations 
shown in Table 6.

When the new equations were tested using BEP values from the CFD 
results of CSP 1, 2, and 3, they yielded higher R² values and lower 
NRMSE values compared to the three previously existing methods, as 
shown in the Table 7. These new equations and their error values were 
developed for specific speeds ranging from 17.5 to 20.5.

However, it should be noted that although the number of data points 
used to develop the predictive equation is 86, they were all derived from 
only three pump units. Consequently, the investigated specific speed 
range is represented by only three discrete values, with limited data 
density between the lower and upper bounds. This sparse distribution of 
specific speeds, particularly within the intermediate range, may increase 
the risk of overfitting and limit the generalisability of the proposed 
equations.

5. Conclusions

Based on the conducted study, theoretical and numerical approaches 
have been used to predict the performance and characteristic curves of 
the CSPs. As an initial step, existing equations from other PAT studies 
(excluding CSP) were employed to determine the BEP of the CSPAT, 
based on the BEP of the CSP operating as a pump. Other characteristics 
were also analysed using available methods from previous studies. These 
analytical results were compared to the CFD simulations, where signif
icant discrepancies were found, particularly in converting the pump BEP 
to turbine BEP, especially in power, efficiency, and rotational speed. To 
validate the CFD results, pump mode simulations were conducted and 
compared with manufacturer data.

CFD simulations showed that CSP-1 reached an optimum efficiency 
of 22.8% at a head of 13.9 m and a flow rate of 25 l/s, producing 780 W 
CSP-2, slightly larger in size, achieved 28.7% efficiency at 13.6 m head 
and the same flow rate, producing 958 W. Both operated optimally at 
800 RPM. To improve CSP performance, a geometric modification was 
made by enlarging the water inlet diameter to achieve a 17.5 kW power 
target, based on a national hydropower potential map and average site- 
head selection. This scaling (CSP-3), analysed through existing 1-D 
analysis and CFD, showed only minor differences since the similarity 
basis used was CFD results from CSP-2 as the most efficient design. CFD 
results for CSP-3 revealed an efficiency increase to 33.1% at a head of 
32.2 m and 120 l/s flow rate, generating 12.5 kW at the same speed, 800 
RPM.

To obtain more accurate and specific theoretical predictions for 
CSPs, the simulation results of CSP-1, CSP-2, and CSP-3 were used to 
develop new equations for predicting BEP values of CSPAT from CSP 
pump BEP and its performance curves. The prediction error for BEP 
conversion when compared with CFD result was at most 1.07% (head), 
0.4% (flow rate), 0.1% (rotational speed), and 1.18% (power). The latest 
characteristic prediction equations yielded R² of 0.979 for relative head 
(NRMSE: 0.027), and R² of 0.973 for relative power (NRMSE: 0.029). It 
should be noted that only three pump types with three different specific 
speeds were used, which may cause overfitting.

Overall, it can be stated that it is possible to adapt and use the CSPs 
for turbine operation. These proposed equations can be considered as a 
reference for estimating the BEP and characteristics of the CSPAT system 
at an early design stage without directly referring to any CFD calcula
tions and experimental investigations.

This approach could potentially benefit developers in making more 
accurate and faster preliminary investigations during the feasibility 
analysis of MHP applications. Overall, it reduces uncertainty during the 
design process of any pump-as-turbine application and improves accu
racy in predicting pump-as-turbine performance, making it more suit
able for informed decision-making.

Additionally, future research could focus on extending these calcu
lations to a larger set of different sized CSP models. Further testing with 
more model sizes is necessary to enhance the transferability of these 

equations and validating them under actual working conditions.
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