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A B S T R A C T

The present work explores the impact of tip clearance on the mean blade height ratio, inlet tip blade angle, and 
surface roughness of the inducer. The objective is to find an optimized inducer to limit the secondary flow over 
the blades, which in turn improves the pump efficiency and reduces the life cycle costs. A numerical framework is 
developed to investigate efficient operational and geometrical parameters on an inducer’s cavitation and non- 
cavitation presentations. The catalyser functioning is simulated by applying a 3D CFD model, and the results 
are assessed against empirical data. The results show a reliable agreement with empirical data and suggest that 
the increment of tip clearance in the mean blade height ratio causes the hydraulic performance and the analytical 
cavitation number to decline in cavitation and non-cavitation conditions. Moreover, the optimum value of 85o is 
found for the inlet tip blade angle, which improves the non-cavitation performance.

Nomenclature

uʹ
iuʹ

j
Reynolds stress tensor

uʹ Fluctuating velocity (m/s)
Uj Mean velocity (m/s)
P Pressure (Pa)
ΔP Pressure drop (Pa)
ΔPt Total pressure drop (Pa)
Re Reynolds number Re = 2ΩrT

2/ν
k Turbulent kinetic energy (m2/s2)
ks Surface roughness (μm)
Ω Inducer rotational speed (rev/min)
μ Dynamic viscosity (Pa s)
ρ Density (kg/m3)
η Hydraulic efficiency
τ Torque (N-m)
δij Kronecker delta
μt Turbulent viscosity (Pa s)
γ Inlet tip blade angle (deg)
Q Volumetric flow rate (m3/s)

(continued on next column)

(continued )

rh Inducer hub radius (m)
rT Inducer blade tip radius (m)
rg Volume fraction
Cμ RNG k-ε turbulence model constant (=0.09)
Cε1 RNG k-ε turbulence model constant (=1.42)
Cε2 RNG k-ε turbulence model constant (=1.68)
c Tip clearance to mean blade height ratio
Gk Turbulent kinetic energy generation (kg/m s3)
σk Effective Prandtl number for k
σε Effective Prandtl number for ε
σt Surface tension coefficient
ϕ Flow coefficient
ψ Head coefficient
ηo Constant (=4.38)
ε Rate of dissipation of turbulent kinetic energy (m2/s3)
γ Inlet tip blade angle (deg)
μeff Effective viscosity (Pa s)
β constant (=0.012)
R Radius (m)

(continued on next page)
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(continued )

Rb Bubble radius (m)
F Empirical parameter
rg Volume fraction
Rnuc The volume fraction of the nucleation sites
P1 Inlet pressure
Pν Vapour pressure
σ Cavitation number
ϕd Design flow coefficient
ϕψ t Non-dimensional hydraulic power
γ Inlet tip blade angle (deg)

1. Introduction

Cavitation is commonly an undesirable phenomenon in turbo- 
machinery. Cavitation occurs when there is a rapid change in the flow 
pressure, which causes the liquid pressure to become lower than the 
vapour pressure, resulting in bubbly flows. This phenomenon is 
accompanied by detrimental consequences such as erosion and vibration 
in mechanical components and a significant decline in performance and 
efficiency. Various endeavors have been undertaken to enhance the 
impeller designs of centrifugal pumps in order to get superior efficiency 
and less vibration via the use of computational techniques and experi-
mental verification (Wang et al., 2020).

Inducers are an effective method of preventing cavitation in pumps. 
A catalyser is a component placed upstream of the significant impeller 
inlet on a centrifugal pump; thus, raising the pump’s interior pressure 
improves cavitation efficiency. The main differences between an inducer 
and a pump impeller are the smaller inlet angle, lower flow coefficient, 
fewer blades, sharper leading edges, and greater blade solidity. Aside 
from rocket pump feed systems, water jet propulsion, high-speed ships, 
and auxiliary power units for aircraft, inducers have also been applied 
for other applications.

One of the most common ways of suppressing cavitation is inducer. 
An inducer is a device used to improve a centrifugal pump’s stability and 
durability. The inducer has thus been extensively studied to reduce 
pressure drop and increase centrifugal pump efficiency. Consequently, 
computational fluid dynamics (CFD) has also proven to be important for 
anticipating pump cavitation. Under different operating conditions, 
Jakobsen and Keller (1971) studied the optimal design of inducers to 
obtain high evacuation efficiency and maintain structural integrity. Guo 
et al. (2016) studied the catalyzer fin number’s effects on a radial 
pump’s anti-cavitation characteristics. The inducers with two, three, 
and four blades were studied, and it was revealed that a pump with a 
3-fins catalyser has less vapour volume fraction and consequently an 
improved exterior and anti-cavitation efficiency.

Furthermore, Fu et al. (2017) reported that a higher pressure at the 
outlet of an inducer is related to tip clearance. They evaluated two 
different blade tip clearances experimentally. They revealed that a 
minor tip approval leads to a higher-pressure increase, improving hy-
draulic performance and increasing the head coefficient of the inducers. 
Excess tip vortex cavitation appears from the pressure part to the fin’s 
evacuation section, as Okita et al. (2009) demonstrated. In consequence, 
the adjacent blade’s leading edge experiences cavitation. As a result, the 
casing is blocked more frequently. D′ Agostino et al. (2008) conducted a 
condensed-order style for pre-design and efficiency analysis of turbo-
pump inducers. An analysis of turbopump catalyzers’ earliest design and 
functioning was performed by utilizing a reduced-order model. Their 
study was a proof of concept of the proposed model as a robust engi-
neering solution (Bramanti, Cervone, & d’Agostino, 2007). Suppressing 
cavitation effects through novel designs, two studies have been per-
formed to explore cavitation effects on the inducer’s performance 
(Brennen, 2011, 2014). Brennen critically reviewed the phenomenon of 
cavitation and its effects on the pump performance and the role of the 
inducer as an anti-cavitation solution. More specifically, the behaviour 
of flow and cavitation in a helical inducer pump are investigated by 
Lakshminarayana (1982) and Stripling and Acosta (1962). In another 

effort by Okita et al. (2003), the impacts of cavitation behaviour in a 
cascade and an axial pump were examined numerically. 
Three-dimensional results showed that the pressure drop generated at 
the cavity closing redirects the surface flow near the sheet cavitation 
toward the casing. The industrial inducer consisting of three blades was 
simulated using computational fluid dynamics (CFD) by Flores et al. 
(2008), considering hydrodynamic head drop, and the results emphas-
ised a dramatic influence of cavitation on the backflow structure. To 
explore the influence of the dynamic behaviour of a four-bladed inducer, 
a study was carried out numerically and experimentally by Lettieri et al. 
(2016). The study exhibited the formation and distribution of the vapour 
structure across the inducer. Furthermore, the paper also suggests that 
the relations between the leading edge and the tip vortex cavity can lead 
to the collapse of the sheet cavity. Also, Hydrofoils with different leading 
edges have been modelled by Coutier-Delgosha et al. (2002) and 
experimental results have been compared. In another study, Cou-
tier-Delgosha et al. (2004) performed experimental and numerical in-
vestigations of a test pump in cavitating and non-cavitating situations. A 
work available by Xu et al. (2017) the transient characteristics of cavi-
tation phenomena in a mixed-flow pump utilizing a renormalization 
group (RNG) turbulence technique and a Zwart-Gerber-Belamri cavita-
tion technique. They reported that increasing the blade tip clearance 
from 0 to 1 mm decreases the head by 1.88 m, and the efficiency drops 
by 3.75%. Also, the critical net positive suction head (NPSHC) raised by 
0.65 m, which was 4.8% of the NPSHC under no-tip clearance condi-
tions. In addition to explained works, other researchers have studied 
rotating cavitation (Hadavandi, Pace, Valentini, Pasini, & d’Agostino, 
2019; X. Li et al., 2013; Pace et al., 2017; Rakibuzzaman et al., 2018; 
Wang and Chang, 2010), flow structure (Fu et al., 2018; Mousmoulis 
et al., 2019; Choi et al., 2022), and turbulence in pumps with an inducer 
(Guo et al., 2015; Guo et al., 2015; Guo et al., 2015; Mejri et al., 2006).

Despite the number of works that have been accomplished to 
investigate the axial inducer performance numerically and experimen-
tally, the role of geometrical and operational parameters of the axial 
inducers has not been scrutinized. Therefore, this work evaluated the 
mass transfer and cavitation actions of the inducer of motor pumps in 
various circumstances and customized a numerical simulation to ach-
ieve the ideal grouping of inducer tip clearance to mean blade height 
ratio, inlet tip blade angle, and surface roughness. It was anticipated that 
this research would contribute to the conceptual optimization study of 
inducer centrifugal pumps with high cavitation resistance. Considering 
the literature review, few studies have been achieved on the effects of 
these parameters on inducer non-cavitation and cavitation perfor-
mances. For that purpose, a numerical framework is set by considering 
the governing equations for the mass and momentum and the additional 
transport formula for the turbulence model. Furthermore, the reliability 
of the framework is examined through a critical comparison against 
experimental data. As a result of the many contributing elements and 
causes of cavitation, our study aimed to optimize the cavitation effi-
ciency and physical functioning of inducers.

2. Mathematical model

2.1. The physical model

The inducer includes a three-fined, tapered-hub, adjustable-pitch 
catalyser with model speed and flow coefficient of 2500 revelations/ 
min and 0.059, respectively. The dimensions and operating factors of the 
model and the 3D inducer model are used in the simulations given in 
Table 1 and Fig. (1) (Pace et al., 2015).

2.2. Governing equations

Solving the conversation formulas for mass and momentum is 
required to resolve the stream inside the inducer. A turbulence model is 
also employed to account for the flow turbulent effect. Previous studies 
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have shown the importance of the choice of the turbulence models on 
the accuracy of the results in Reynolds-Averaged Navier-Stokes (RANS) 
simulations (Keshmiri et al., 2012, 2016; Lopez-Santana et al., 2022). A 
steady incompressible turbulent flow can be modelled using the 
following equations: 

∂
∂xj

(
ρUj
)
=0 (1) 

∂
∂xj

(
ρUiUj

)
+

∂
∂xj

(
ρuʹ

iuʹ
j

)
= −

∂P
∂xi

+
∂

∂xj

(

μ ∂Ui

∂xj

)

+ ρfi (2) 

where ρ is density, U denotes velocity vector, and μ is the fluid viscosity. 
The stress tensor ( − ρuíuj́) is modelled using the Boussinesq (1877) idea, 
which links the Reynolds stresses to the average velocities variations 
with the vortex viscosity (μt) as a ratio component. 

− ρuʹ
iuʹ

j =

[

μt

(
∂Ui

∂xj
+

∂Uj

∂xi

)]

−
2
3

ρkδij (3) 

in which k is the turbulence dynamic energy. Finally, given the flow 
complexity and suggested model in the literature (Jafarzadeh et al., 
2011; Li and Wang, 2007; Zhao et al., 2017), k-ε scheme was chosen as 
the best approach for the present study. Furthermore, it is important to 
emphasize that our prior research (Shojaeefard et al., 2019) extensively 
deliberated on the significance of selecting appropriate turbulence 

models. The dynamic energy of turbulence (k) and its dissipation rate (ε) 
are attained through the next conservation formulas: 

∂
∂xj

(
ρUjk

)
=

∂
∂xj

(μeff

σk

∂k
∂xi

)

+ Gk − ρε (4) 

∂
∂xj

(
ρUjε

)
=

∂
∂xi

(μeff

σk

∂ε
∂xi

)

+ Cε1Gk
ε
k
− ρCε3

ε2

k
(5) 

where μeff=μt+μ is the efficient viscosity and μt

(

= ρCμ
k2

ε

)

is the tur-

bulent viscosity. The proportion consideration for the turbulent viscosity 

is Cμ, which is 0.085. Gk

(

= − ρuíuj́
∂Uj
∂xi

)

is the generation of turbulent 

kinetic energy due to the mean velocity gradients, and σk and σε are the 
adequate Prandtl numbers for the turbulence kinetic energy and dissi-
pation rate, respectively. Moreover, Cε3 is a grouping of Cε2 and R, which 
is defined as follows: 

Cε3 =Cε2 +
Cμη3(1 − η/η0)

1 + βη3
⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟

R

(6) 

The typical generation part factor, Cε1(=1.4), and the dissipation 
part factor, Cε2(=1.7), are calculated theoretically using the RNG 
concept. The proportion of the turbulent period (k/ε) to the average 
strain rate (S) is known as η(Sk/ε).

S is the measure of the deformation tensor given by S=(2wij wij)1/2, 

where wij = 1
2

(
∂Uj
∂xi

− ∂Ui
∂xj

)

. The constant η0(=4.38) is the constant part for 

the identical shear stream of the RNG k-ε technique formulas exclusive 
of R (attained in the limit of small wij). В which is equal to 0.012 is a 
fixed, which is calculated built on a connection with the von Karman 
constant (Hosseini et al., 2024; Zare et al., 2024). The scalable wall 
functions (Grotjans, Menter, & European Community on Computational 
Methods in Applied, 1998) are utilized to connect the solution factors at 
the near-wall cells and the subsequent numbers on the wall.

It is necessary to apply a cavitation model to calculate the rate of 
vapour production. A model based on the Rayleigh-Plesset (Plesset, 
2021; Rayleigh, 1917) equation is applied in the present study. The 
Rayleigh-Plesset formula describes the increase of a gas bubble in a 
liquid, and is specified by: 

Rb
d2Rb

dt2 +
3
2

(
dRb

dt

)2

+
2σt

ρRb
=

Pv − P
ρf

(7) 

where Rb is the bubble radius, and σt is the surface tension constant 
between the liquid and vapour. pv is the pressure in the bubble (the 
vapour pressure at the liquid temperature), p is the pressure in the liquid 
surrounding the bubble, and ρf is the liquid density. Neglecting the 
surface tension, this equation reduces to: 

RbR̈b +
3
2
Ṙb

2
=

Pv − P
ρf

(8) 

The above nonlinear ordinary differential formula is difficult to 
implement within an Eulerian-Eulerian context for multi-phase flows, so 
the first-order calculation of the equation is applied where: 

Ṙ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
2

Pv − P
ρf

√

(9) 

The rate of changes in the bubble volume and the bubble mass are 
defined as follows: 

dVb

dt
=

d
dt

(
4
3

πR3
b

)

=4πR2
b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

Pv − P
ρf

√

(10) 

Table 1 
Structural and functioning features of the catalyser.

Model stream coefficient 0.06

Fins (blade) Num. 3
Tip diameter 16.2 cm
Interior tip fin angle 83.1o

Interior hub diameter (fully developed fin) 8.9 cm
Outlet hub diameter 11.7 cm
Axial length (fully developed blade) 6.35 cm
Mean fin elevation 2.95 cm
Rotational speed 2500 rev/min
Inlet hub diameter 7 cm
Axial dimension 9 cm
Diffusion element 0.39
The ratio between the rate and fin angles 0.3
Tip solidity 2.03
Hub solidity 2.07
Tip angle at the structure 2.07o

Exterior tip fin angle 74.58o

Fig. 1. A 3D view of the present inducer.
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dmb

dt
= ρg

dVb

dt
= 4πρgR2

b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

Pv − P
ρf

√

(11) 

If there are Nb bubbles per unit volume, the volume fraction, rg, can 
be expressed by rg = VbNb = 4

3 πR3
bNb. When the vapour volume fraction 

grows, the nucleation site density must reduce because there is a 
reduction of liquid. Consequently, the whole interphase mass transfer 
rate per volume is (Plesset, 2021; Rayleigh, 1917): 

ṁfg = F
3rnuc

(
1 − rg

)
ρg

Rnuc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3
|Pv − P|

ρf

√

sgn(Pv − P) (12) 

where Rb is replaced by Rnuc (=1 μm), F is an empirical parameter, 
which is assumed to be 50 for vaporisation, and rnuc is the volume 
fraction of the nucleation places, which is considered 5 × 10− 4.

2.3. Boundary conditions

Appropriate boundary conditions are chosen for the computational 
domain such that at the entrance of the duct, an overall pressure is 
prescribed, as a velocity is imposed at the exit section. Furthermore, the 
counter-rotating wall state is directed to the casing. The considered field 
of the examined inducer is represented in Fig. 2. The employed 
boundary conditions for the numerical simulation are stated in the 
figure for various areas. It is shown that the assumed entire pressure is 
applied as the boundary condition at the inner section of the channel and 
a specified mass flow rate is employed at the outer section.

2.4. Mesh sensitivity analysis

The computational domain was meshed using unstructured tetra-
hedral elements. The mesh was generated by ANSYS ICEM (Version 
16.1). The grid network is shown in Fig. 3(a) and (b). Applicable inner 
and outer lengths are accounted for to ensure a stable solution. The grid 
network at regions near the blades was refined to capture the complex 
flow with high-velocity gradients fully.

Six different grid densities were generated to test flow parameters 
and obtain a grid-independent result. Then, the head coefficients at the 
design point (ϕ = 0.059) are explored for different mesh densities as 
compared in Table 2. Based on the results, the head coefficient increases 
for the higher mesh densities up to 612,530 computational cells, while 
beyond that number, slender changes are observed, which witnesses a 
grid-independent computational domain.

2.5. Solver settings

A numerical model is established using ANSYS-CFX (version 16.1). 
Finite volume methods are applied to the governing equations in CFX 
using an element-based approach. The velocity pressure was coupled 
using the SIMPLE scheme, and a high-determination second-order sys-
tem was applied to compute the advection term. A turbulence intensity 
of 5% is considered appropriate for the flow at the duct inlet. To obtain a 
fully converged solution, a root mean square of 10-6 was used as the 
threshold for residuals.

3. Validation

An attempt is made to determine the validity of the numerical so-
lution by comparing it to experimental data by Torre et al. (2009). 
Comparative analysis is conducted for non-cavitation and cavitation 
performances of the inducer, which can be characterized by the stream 
coefficient (ϕ), the direct coefficient (ψ), and the cavitation number (σ) 
as follows: 

ψ =
ΔP

ρΩ2r2
T

ϕ =
Q

ρΩr3
T

σ =
P1 − Pv

0.5ρΩ2r2
T

(13) 

where ΔP is the pressure difference between the inner and outer, P1 is the 
inlet pressure, Pν is the vapour pressure, ρ is the fluid density, Ω denotes 
the inducer rotational speed, and rT defines the inducer tip radius. The 
following will show the comparison of the non-cavitation and cavitation 
performances.

The stream coefficient, direct coefficient, and cavitation number are 
calculated based on the pressure difference between the inducer’s inlet 
and outlet computed from CFD. The results are specific to a particular 
flow rate, which means they are point-specific. Because the mass flow 
rate is considered as the outlet boundary condition, the pressure dif-
ference will change as the mass flow rate changes.

As shown in Table 2, stream, direct coefficient, and cavitation 
number highly rely on the solution domain, mesh density, turbulence 
model, and other numerical simulation parameters. Depending on the 
mesh density and the turbulence model selected, the stream coefficients 
are extremely sensitive (Keshmiri et al., 2016). The accuracy of the 
direct coefficient depends on the accuracy with which flow rates are 

Fig. 2. Computational domain of the studied inducer.
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calculated. In contrast, the cavitation number is strongly influenced by 
the region in which cavitation occurs. These factors ensure that the 
numerical calculations and the obtained coefficients are accurate and 
reliable. This improves the interpretability of inducer performance 
optimization results.

Fig. 4 illustrates the trend of the head and flow coefficients in non- 
cavitation conditions. It is worth mentioning that the results are ach-
ieved when the inlet pressure is constant and the velocity is variable. 
Two values for the tip clearance to mean blade height ratio, c% = 2.7 
and 6.8, are considered for an inducer revolving velocity of 2500 rev/ 
min and the water temperature of 19.2 ◦C. As a result of comparisons 
with experimental data, the maximum and average relative errors are 
13.45% and 1.95% for c% = 2.7, and 10.73% and 3.19% for c% = 6.8, 
respectively. Hence, the numerical simulation can appropriately expect 
the flow conditions.

The computational and experimental outcomes show a slight dif-
ference in the head coefficient at high flow coefficients, approximately 
0.044, whereas the disparity becomes greater at lower flow coefficients, 
where the numerical method slightly underestimates the head coeffi-
cient. The numerical solution is unstable in this region, making it 

unpredictable (Bakir et al., 2004; Li and Wang, 2007). Additionally, the 
head coefficient locally increases between ϕ = 0.035 and 0.045, which 
can be linked to the RANS limitation, which cannot capture the backflow 
region (Coutier-Delgosha et al., 2005; Keshmiri et al., 2008, 2016, 
2015). Upon reaching half of the nominal amount, the head coefficient 
drop is around 2%, while it is less than 8% in the remaining portion of 
the curve.

Furthermore, the numerical head coefficient at some points is higher 
than that of the experimental one due to the omission of the impacts of 
gap flow over the channel side and some losses during the experimental 
assessment.

The numerical method’s instability at lower flow coefficients pre-
sents obstacles to accurately estimating crucial performance metrics, 
such as the head coefficient. CFD simulations reveal this instability 
through oscillations or variations in the numerical solution, particularly 
in areas where the flow becomes highly unstable or exhibits complex 
behavior. The instability has a direct impact on the precision of fore-
casting the head coefficient since it introduces uncertainty and differ-
ences between computational forecasts and experimental data. More 
precisely, the numerical solution exhibits oscillatory behavior, causing 
variations from the expected patterns in the head coefficient. This effect 
is particularly noticeable at lower flow coefficients, where the flow 
conditions are more prone to instability. The consequences of this 
instability for engineering design and optimization are substantial. 
Erroneous forecasts of the head coefficient can lead to suboptimal de-
signs, inefficient operational circumstances, and potentially expensive 
design errors. Engineers depend on computational models to direct the 
design and optimization processes. However, the existence of numerical 
instability weakens the dependability of these models, resulting in 
possible hazards and inefficiencies in real-world applications.

In general, at lower flow rates, the numerical model slightly over-
estimates the head coefficient. Numerical instability and the accuracy of 
the turbulence model account for the discrepancy at lower flow rates. 
The numerical results in other regions are highly accurate. As a result, 
the model performed particularly well at mid-range flow rates, where 
the numerical results matched the experimental data closely. Despite 
some deviations, the numerical model provides a reasonable approxi-
mation of pump performance under non-cavitation conditions.

Quantifying the deviations between numerical simulations and 
experimental data can be used to assess the accuracy of the model. 
However, the maximum relative errors indicate specific conditions 

Fig. 3. The free grid of the entire computational field, including (a) the blade and (b) the inducer.

Table 2 
Grid independency study.

No. of cells 186235 194260 259456 612530 787880 1354230

Head Coefficient 0.16893 0.19478 0.20006 0.20273 0.20271 0.20274
Number of Prism layers 15 15 15 15 15 15
Maximum Y+ 81 73 65 41 40 38
CPU time (s) 538 636 691 737 734 1133

Fig. 4. Evaluation of the numerical results with the empirical data by Torre 
et al. (2009) for non-cavitation presentation.
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where the model’s predictions deviate more significantly, even though 
the average relative errors are within an acceptable range, indicating 
overall reliability. Due to the complexity of flow dynamics at different 
tip clearances, it is difficult to capture these errors with accuracy. The 
reduction in tip clearance to mean blade height ratio will increase the 
backflow between the blade tip and the casing, resulting in a blockage 
that will likely negatively affect the solution’s stability. However, these 
discrepancies do not undermine the overall confidence in our simula-
tions, as most of the results are consistent with experimental data, 
particularly under critical operating conditions.

Moreover, based on different values of the tip clearance to mean 

blade height ratio, a similar trend is observed, and both the numerical 
and experimental results predict an increase in the inducer performance 
for higher ratios. Therefore, the inducer performance strongly depends 
on the tip permission to average fin height ratio as defined in Eq. (14), 
and the value should remain lower than 2% (Brennen, 2011). 

ϕl =ϕh

̅̅̅̅̅̅ψ l

ψh

√

(14) 

where the subscripts l and h refer to lower and higher values of clear-
ances, respectively.

Occasionally and given the inducer performance, cavitation may 

Fig. 5. (a) Comparison of the numerical results against the experimental data by Torre et al. (2009) for cavitation performance at different flow coefficients and (b) 
vapour distribution on the inducer blades.
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occur. Therefore, the numerical model should be able to capture the 
phenomenon. For the cavitation performance case, the variations of the 
head coefficient against the cavitation number for the design condition 
(ϕd = 0.059) and three off-design conditions (0.9ϕd, 0.95ϕd and 1.05ϕd) 
are shown in Fig. 5(a). The recreations are achieved for the inducer 
rotational speed of 3000 rev/min and the tip permission to average fin 
height ratio of 2.7%. Finally, the results are plotted for different flow 
coefficients within the range of atmospheric inlet pressure to the mini-
mum reachable pressure.

For the simulated cases, the average relative errors concerning the 
experimental data are 5.68%, 7.35%, 4.07%, and 10.13% for ϕd, 1.05ϕd, 
0.95ϕd and 0.90ϕd, respectively. The numerical results demonstrate a 
similar trend to the experimental data; nevertheless, they predict lower 
suction performance within low mass flow rates.

Moreover, each graph in Fig. 5(a) demonstrates a critical cavitation 
number, below which the head coefficient drops rapidly by a slight 
decrease in cavitation number. A nearly straight line is obtained for the 
values above the critical cavitation number. The former underscores the 
emergence of cavitation inside the inducer, while the latter shows non- 
cavitation conditions. In terms of predicting the critical cavitation point 
at a design flow rate, the experimental and computational outcomes 
indicate an acceptable consistency. However, the numerical simulations 
predict higher critical cavitation values for lower flow rates and lower 
values for higher flow rates. Thus, it can be said that the computational 
model accurately estimates the point of critical cavitation near the 
nominal flow rate.

The main cause of these variations can be attributed to the con-
straints of the cavitation model employed in the computational simu-
lations, specifically its failure to account for specific bubbles within the 
designated range of flow rates and its underestimation of mechanical 
losses. The Rayleigh-Plesset cavitation model, although commonly 
employed and acknowledged, may not sufficiently depict the behavior 
of all cavitation bubbles, particularly in situations characterized by 
lower flow rates as suggested by Wang et al. (2023). Moreover, the 
computer model’s formulation may not adequately consider mechanical 
losses, which might have a substantial impact on the projected critical 
cavitation levels. Given these factors, it is suggested that enhancing and 
adjusting the cavitation model itself would be the most effective way to 
address the identified differences. By improving the model’s represen-
tation of cavitation processes and adding ways to take into account 
bubbles and mechanical losses that were not taken into account before, 
it is possible to make the computer predictions more accurate without 
having to do more expensive research.

Although adjusting the mesh size in critical areas could improve the 
computational model’s accuracy, it is important to acknowledge that 
this method may result in substantial costs in terms of computational 
resources and time. Furthermore, it might not effectively tackle the 
fundamental constraints of the cavitation model and could be consid-
ered unfeasible or redundant. Hence, the primary goal will be to refine 
the cavitation model in order to accurately correspond with empirical 
data, thereby improving our computer model’s forecasting accuracy.

The vapour creation on the inducer blades for the flow factor of ϕ =
0.059 is compared qualitatively between the numerical results and 
experimental data (Cervone et al., 2007). Based on the results, it is clear 
that cavitation (red zone) initially appears at the leading edge on the 
suction side of each blade. The further reduction of the cavitation 
number will result in an extension of the cavitation zone, which will 
seriously impair the performance of the inducer.

4. Results and discussions

Here are the parts; the effects of four parameters, i.e., tip clearance to 
mean blade height ratio, inlet tip blade angle, temperature, and surface 
roughness, are investigated in two different working conditions, i.e., 
cavitation and non-cavitation performances.

4.1. Effect of tip clearance to average fin height ratio

Non-cavitation performance: A comparison of the non-cavitation 
performance of the inducer with a tip clearance to an average fin 
height ratio is shown in Fig. 6. Fig. 6(a) and (b) display fluid velocity 
vectors for two different values of tip permission to an average fin height 
ratio (c = 2.7% and 6.8%) at two different flow coefficients.

At a relatively high value of c, 6.8%, the backflow region near the tip 
blades is more extended compared with c = 2.7%. By increasing c, the 
maximum velocity increases; however, more flows will be separated at 
the tip blades. This phenomenon occurs due to the leakage between the 
tip blades and the shroud chamber. A backflow rotates rapidly around 
the inducer, and its development in the passages is explained by the 
differential pressure between the evacuation and pressure applied and 
the formation of vortices (Han et al., 2020).

At a nominal flow rate, the backflow forms slightly. When the flow 
rate is less than its optimum value, and the cavitation number is low, 
low-pressure zones and significant separations have been observed in 
the vicinity of the suction surfaces of the fin (Cheng et al., 2021). 
Furthermore, in reduced flow conditions, the tip flow goes upwards, 
creating a large backflow area (G. Li et al., 2022).

A static pressure distribution of the blades can be seen in Fig. 6(c) 
and (d). The leading edge of the blades (evacuation side) and the trailing 
edge (pressure section) have low and high-pressure regions. The results 
confirm a significant static pressure reduction caused by a rise in flow 
coefficient and the tip clearance to an average fin height ratio. Addi-
tionally, static pressure increases as the blades progress from their inlet 
to their outlet.

Fig. 6(a–d) provide valuable insights for designing the most effective 
inducer to enhance non-cavitation performance. Through the exami-
nation of pressure distribution and backflow across the figures, we can 
determine the arrangement that exhibits the least amount of backflow 
and the most efficient pressure recovery. This is presumably associated 
with a particular blade shape or flow coefficient. These findings can be 
used to prioritize design characteristics that promote an optimal pres-
sure distribution in future inducers. Once the trends have been found, 
they may be used to direct specific design optimization efforts through 
simulations or experiments. This will lead to a further reduction of 
backflow and an improvement in pump efficiency. Ultimately, incor-
porating the enhanced design into a fresh prototype and verifying its 
performance enables gradual enhancement, drawing from the observa-
tions made in Fig. 6(a–d).

c has a significant impact on the inducer’s non-cavitation perfor-
mance because it influences flow patterns and velocity distribution. An 
increased clearance (greater c) leads to a higher leakage flow, resulting 
in a decrease in pressure rise and efficiency. Additionally, it stimulates 
secondary currents that disturb the primary current and result in energy 
dissipation. Moreover, a greater clearance can result in an uneven dis-
tribution of velocity around the blades, which may lead to separation 
and an additional decrease in efficiency. Thus, a reduced clearance 
(decreased c) is typically favored. Nevertheless, the production and 
upkeep of extremely narrow gaps pose difficulties due to the risk of 
friction and erosion. The ideal value of c entails achieving a harmonious 
equilibrium between efficient hydraulic performance and feasible pro-
duction constraints.

Variations of the hydraulic efficiency for different values of flow 
coefficient are plotted in Fig. 7(a), using Eq. (15). 

η=QΔPt

τΩ
(15) 

As clearly shown, for both values of c, an increase in the flow coef-
ficient will increase the hydraulic efficiency. Based on the results, it 
appears that by raising the flow factor, the increasing volumetric flow 
rate compensates for the reduced pressure difference to inducer torque 
ratio due to the increased flow factor. Furthermore, for higher values of 
c, the hydraulic efficiency slightly reduces.
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Fig. 6. (a) The distributions of the liquid water velocity for c = 2.7% and (b) 6.8%, and (c) comparison of the static pressure distributions of blades for c = 2.7% and 
(d) 6.8% at ϕ = 0.027 an ϕ = 0.059 for 2500 rec/min.
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Fig. 7(b) demonstrates the non-dimensional hydraulic power of the 
inducer as defined by Eq. (16). 

ϕψ t =ϕ
ΔPt

ρΩ2r2
T

(16) 

For both c values and within the studied range, the hydraulic power 
initially increases and reaches a plateau. Additionally, higher c value 
results in a declined hydraulic power. The maximum hydraulic power 
for c = 2.7% occurs at ϕ = 0.068, while for c = 6.8%, it occurs earlier, at 
ϕ = 0.05. The cause of the increase in hydraulic power is the increase in 
total pressure difference. This is low when partial flow coefficients are 
low and increases as flow coefficients increase.

Fig. 7(c) shows the inducer performance under three rotational 
speeds. The results are obtained at three rotational speeds of 1500, 2000, 
and 2500 rev/min for the water temperature of 19.2 ◦C and tip 
permission to an average fin height ratio of 6.8%. Based on the results, 
there is almost no difference between the characteristic curves, and the 
rotational velocity slightly influences the inducer efficiency. Because of 
the fully turbulent nature of the flow, the performance is independent of 
the Reynolds number (Re = 2ΩrT

2/ν). Moreover, the inducer head re-
duces by increasing the flow coefficient, as depicted in Fig. 3.

Cavitation performance: It is examined how tip clearance and 
mean blade height ratio affect cavitation performance under four 
different conditions (Fig. 8). The simulations are run at design condi-
tions and for a rotational velocity of 3000 revelations/min and water 
temperature of 17.3 ◦C. The outcomes suggest that the head coefficient 
behaviour is independent of the tip clearance to an average fin height 
ratio at the cavitation region. The cavitation number, however, rapidly 
decreases after reaching the critical cavitation number. Additionally, the 

head coefficient reduces at the non-cavitation region by increasing the 
tip clearance to the mean blade height ratio.

As a result of an increase in c at the cavitation field, the critical 
cavitation number decreases, and the head performance drop is delayed. 
However, there is a trade-off between the c value, cavitation occurrence, 
and head coefficient. The results of the near-curved knee demonstrate 
that the optimal amount of tip clearance is 1% of the chord, which 
generally corresponds with the cavitation radius influence of the tip 
blade.

Although a bigger tip clearance (higher c) may appear to exacerbate 
cavitation, it can actually prolong its initiation by decreasing the overall 
pressure drop in the inducer. Nevertheless, there is a price to pay for this. 
A greater clearance results in the formation of a larger low-pressure area 
around the tip, increasing its vulnerability to cavitation once it initiates. 
Determining the ideal clearance includes a delicate equilibrium: pro-
longing the initiation of cavitation for effective functioning necessitates 
a higher clearance, but this can exacerbate the subsequent effects of 
cavitation. Conversely, a lower clearance decreases the vulnerable tip 
area but may result in quicker cavitation initiation. In addition, nar-
rower clearances provide greater challenges in terms of manufacturing 
and maintenance. The ultimate goal is to develop a clearance that 
effectively balances these considerations while also preserving optimal 
head performance. This may entail employing computer modeling or 
conducting tests to evaluate the effects of various clearances on cavi-
tation behavior, head performance, and overall pump efficiency.

The present numerical findings are evaluated against the experi-
mental outcomes of Cervone et al. (2009) for the cavitation occurrence 
across the inducer at the nominal flow coefficient, water temperature of 
19.2 ◦C, and rotational velocity of 3000 rev/min. Accordingly, Fig. 8

Fig. 7. Effects of tip clearance to mean blade height ratio on inducer (a) hydraulic efficiency and (b) hydraulic power at the rotational velocity of 2500 rev/min, and 
(c) effect of rotational speed on the non-cavitation efficiency of inducer.
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illustrates three cavitation numbers for two different values of c. The 
numerical and experimental data are aligned reasonably in the com-
parison, mainly when cavitation numbers are high. The comparison 
shows that by decreasing the cavitation number, cavitation sheets form 
at each blade’s leading edge (σ = 0.338, c = 2.7% and σ = 0.226, c =
6.8%). Additionally, there is a further reduction in cavitation number in 
the cavitation zones, which appear on both the blades and the hub. 
Notably, the cavitation regions at the higher value of c are more chaotic, 
and it tends to dissipate flow upstream due to the higher backflow in-
tensity. Exploring further the results for σ = 0.09 and 0.128 reveals that 
the vapour zones become larger and occupy the space between the 
blades and the tip clearance. The highest drops, which occur at low 
values of the cavitation number, significantly influence the head 

coefficient of the inducer. This behaviour can be linked to gradually 
generating blockage at the flow upwind (Zhang et al., 2022).

The occurrence of blockage at low cavitation number values, which 
leads to notable decreases in the head coefficient, can be attributed to 
many underlying mechanisms that are closely connected to the creation 
and extension of vapour zones between the blades and tip clearance. 
When the cavitation numbers are low, the pressure inside the inducer 
falls, causing the cavitation to begin. When the pressure in a specific 
area drops below the fluid’s vapour pressure, vapour bubbles form. The 
coalescence of these vapour bubbles can lead to the formation of vapour 
zones, which can disturb the flow patterns and result in blocking con-
sequences. As the vapour zones expand, they cause blockages in the flow 
path, increasing obstruction and consequently decreasing the head 

Fig. 8. (a) effect of tip clearance to mean blade height ratio on inducer cavitation performance and (b) comparison of the experimental results by Cervone et al. 
(Cervone et al., 2009) and numerical results of the appearance of the cavitation on the inducer under design condition, rotational velocity of 3000 rev/min and water 
temperature of 17.3 ◦C.
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coefficient. Furthermore, the existence of vapour zones causes changes 
in the pressure distribution around the blades, leading to flow separation 
and subsequent losses. These phenomena together degrade the perfor-
mance and efficiency of the inducer when subjected to cavitation con-
ditions. The presence of vapour zones creates extra resistance and 
modifies the flow characteristics, diminishing the inducer’s efficiency in 
producing pressure and transporting fluid within the system. In addi-
tion, the existence of vapour bubbles can cause instabilities in the flow, 
which worsen the decline in performance and efficiency. This has been 
further confirmed by He et al. (2023), who specifically investigated the 
prediction of cavitation dynamics in a twisted hydrofoil. To come up 
with effective ways to lessen the negative effects of cavitation on per-
formance and improve the design of inducers for better performance in 
cavitation environments, it is important to fully understand these 
mechanisms.

4.2. Effect of inlet tip fin angle

This part examines the fin angle’s impact at a catalyzer’s inlet tip on 
cavitation and non-cavitation condition. Eight different blade angles are 
investigated, while other geometrical specifications are kept constant, as 
presented in Table 1.

Non-cavitation performance: Variations of the head performance 
against the stream coefficient for different inlet tip blade angles are 
presented in Fig. 9(a). The inducer rotational speed and water temper-
ature are 2500 rev/min and 19.2 ◦C, respectively. Following the 
experimental findings, the head coefficient decreases with increasing 
flow coefficient (Torre et al., 2009).

Results of the study indicate a similar trend for various blade angles. 
However, high-angle inlet tip blade inducers experience a higher head 
coefficient value of around 85◦. An optimal angle can be achieved by 
increasing the inlet tip blade angle (Shojaeefard et al., 2019); while 
other inducer design parameters are kept constant, the performance will 
be improved noticeably. Fig. 9(b) presents the hydraulic efficiency 
versus flow coefficient for different inlet tip blade angles. Findings 
suggest that the hydraulic efficiency reduces for higher values of inlet tip 
blade angle. The hydraulic performance is directly related to the total 
pressure variations to torque ratio, so the ratio increases at a lower inlet 
tip blade angle, resulting in improved hydraulic efficiency. Whereas, 
since the head coefficient is just correlated to the total pressure differ-
ence, it increases due to the higher angle of the inlet tip blade.

According to Fig. 9(b), the analysis of hydraulic efficiency versus 
flow coefficient for different inlet tip blade angles indicates that varia-
tions in blade angles significantly impact fluid dynamics and pump 
performance. It is believed that lower inlet tip blade angles result in 
smoother flow patterns and reduced hydraulic losses, which enhance 

efficiency. As a result of higher blade angles, turbulence, and backflows 
are increased, which reduces efficiency even when initial pressure rise 
and cavitation resistance are improved.

By reducing the incidence losses at the blade’s entrance and the 
blockage effects at the blade’s exit, the incidence losses at the entrance 
of the blades are reduced. Due to the increased pressure difference be-
tween the suction and pressure surfaces, more backflows occur at the tip 
blades, but these losses are relatively small, and the overall inducer 
performance improves as a result of the optimized head coefficient 
(Shojaeefard et al., 2019).

The profiles of the velocity streamlines at the nominal flow coeffi-
cient are depicted in Fig. 10(a) for three different inlet tip blade angles. 
A vital backflow region characterizes the first blade, whereas the pres-
sure variation between the evacuation and pressure sides causes irreg-
ular backflow foci between the blades. Furthermore, backflow regions 
are more dominant when the inlet tip blade angle increases. Fig. 10, 
similar to the previous section, illustrates the static pressure distribu-
tions on the evacuation and pressure supply for different flow co-
efficients and blade angles at the inlet tip. As well understood, Low- 
pressure zones can be observed on the evacuation sides around the 
fins’ leading edges, where cavitation is more likely to occur.

Moreover, various flow coefficient does not change the general 
pattern of different blade angles. There is a rise in static pressure as the 
blades move from the inlet to the outlet, and a decrease in the inlet tip 
blade angle results in a dramatic reduction in static pressure. Further-
more, similar pressure distribution patterns can be observed across the 
blades, and the slight difference is owing to the non-uniform flow field 
created by the suction action.

Fig. 10 illustrates low-pressure zones around the fins’ leading edges, 
which may result in surface erosion, increased vibration, and reduced 
hydraulic efficiency due to cavitation. A pressure drop occurs at the 
blade tips as a result of backflow and blockages. Cavitation occurs when 
this pressure falls below the fluid’s vapour pressure, resulting in the 
formation of bubbles. It is possible to mitigate these effects by opti-
mizing blade design, applying cavitation-resistant coatings, operating 
the pump under optimal conditions, using advanced materials that are 
resistant to erosion, and implementing flow control devices.

Cavitation functioning: As explained in Fig. 11, the inlet tip blade 
angle affects the cavitation functioning of the catalyzer. The results are 
reported for the design condition and at the spin velocity of 3000 rev/ 
min, the water temperature of 17.3 ◦C, and the tip permission to average 
fin height ratio of 2.7%.

The head coefficient curves show the same trends for all inlet tip 
blade angles. From σ = 0.1 to 0.3, the head coefficient remains almost 
constant (non-cavitation zone), and a blade angle of 85◦ at the inlet tip 
of the inducer shows appropriate performance than the other inducers in 

Fig. 9. Effect of inlet tip blade angle on (a) inducer non-cavitation performance and (b) inducer hydraulic efficiency.
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Fig. 10. (a) Comparison of (a) the distributions of liquid water velocity and (b) the static pressure distribution of blades at different inlet tip blade angles at the 
nominal flow coefficient.
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this region. After reaching the critical cavitation number, the inducer 
performance significantly reduces. At high inlet pressure (non-cavita-
tion state), the head is not affected, whereas by decreasing the pressure, 
cavitation appears and is aggravated gradually in the inducer, leading to 
the head decrease. It needs to say that σ is the ratio of pressure head to 
vapour pressure, values ranging from 0.1 to 0.3 indicate an adequate 
amount of pressure to effectively avoid cavitation formation. Thus, 
rather than cavitation, the head coefficient remains consistent, deter-
mined by the shape of the inducer and the operating circumstances. 
Even if σ remains constant, there may be performance changes. Varying 

blade angles can have an impact on the flow characteristics inside the 
inducer. A certain angle could provide a more ideal trajectory, resulting 
in modest changes in efficiency relative to other angles. This may appear 
as slight variations in pressure distribution or energy dissipation. 
Examining pressure and velocity profiles at various blade angles may 
reveal potential efficiency differences.

Observation reveals that cavitation breakdown declines with rising 
inlet tip blade angle. Also, there is a sudden drop in the head perfor-
mance curve at inlet tip blade angles of 81 and 85◦, just before the 
breakdown, where the cavitation number drops even further. It can be 
explained that by increasing the inlet tip blade angle to a specific value, 
the pressure at this area elevates, and the flow coefficient is improved at 
the blade entrance, resulting in better cavitation performance. Beyond 
this angle, the blade entrance passageway is blocked with more in-
crements of the inlet tip blade angle. Therefore, the flow coherence 
undermines, leading to a decline in cavitation performance. This 
behavior indicates an intricate interaction between the blade angle, 
cavitation formation, and fluid movement within the inducer. As the 
cavitation number drops, nearing the threshold of cavitation break-
down, the intensity of cavitation can intensify. This results in a greater 
amount of liquid undergoing vaporisation, which leads to a substantial 
decrease in the effective flow area via the inducer. This constricted 
pathway may significantly reduce the pressure increase (head coeffi-
cient) that the inducer achieves. In addition, when the blade angles are 
set at specified values, such as 81◦ and 85◦, the interaction between the 
blade and the incoming flow can enhance the occurrence of secondary 
flows within the inducer. The presence of secondary flows may result in 
additional energy losses and disturbances to the primary flow, thereby 
exacerbating the decline in head performance. Under exceptional cir-
cumstances, the interaction of cavitation and secondary flows may result 
in flow separation near the blade tip. This division can cause a sub-
stantial section of the blade to lose its effectiveness, leading to a large 
decrease in the head coefficient. The abrupt decrease in head coefficient 
is anticipated to occur immediately prior to reaching the critical cavi-
tation number for the specified blade angles. This shows a key point 
where the effects of cavitation expansion, secondary flows, and potential 
flow detachment become too strong for the inducer to keep working at 
its best.

Fig. 11 illustrates the water vapour volume fraction profiles at a 
sample blade’s suction and pressure sides for σ = 0.037. Again, the 
formation of vapour zones at the leading edge can be observed at both 
sides, but the vapour zone is lower at the pressure side and extends to-
wards a larger blade area by decreasing the inlet tip blade angle.

4.3. Effect of temperature

It is valuable to know that the temperature of the working fluid has a 
meaningful impact on the performance of inducers (Hosseini and 
Keshmiri, 2022). This section investigates the effect of temperature on 
the inducer’s non-cavitation and cavitation performances for different 
temperatures of 10, 25, 40, and 60 ◦C.

Non-cavitation performance: changes in the fluid temperature that 
is pumped affect the fluid density, vapour pressure, and dynamic vis-
cosity. By considering the representative curve of the inducer’s perfor-
mance and assuming a rotational speed of 2500 rev/min and tip 
permission to average fin height ratio of 2.7%, Fig. 12(a) illustrates the 
effect of the operating fluid temperature on its non-cavitation efficiency.

The results show that the temperature rise slightly improves the 
performance. Therefore, the available evidence suggests that fluid 
temperature has little impact on the performance of the inducer under 
non-cavitation conditions.

Fig. 12(a) demonstrates a notable pattern: the non-cavitation effi-
ciency increases slightly as the temperature of the operating fluid rises. 
This indicates that the inducer exhibits somewhat superior performance 
at elevated temperatures, even in the absence of cavitation. Two 
fundamental aspects contribute to this enhancement. Firstly, as the 

Fig. 11. (a) Effect of inlet tip blade angle on inducer cavitation performance, 
and (b) comparison of vapour volume fraction for different inlet tip blade an-
gles at suction side and pressure side of inducer blades.
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temperature rises, the viscosity of the fluid generally decreases. 
Reducing a fluid’s viscosity results in a decrease in internal friction, 
which in turn leads to a minor reduction in energy losses within the 
inducer. This leads to a marginal increase in total efficiency. Further-
more, the choice of inducer material can result in thermal expansion, 
which in turn may cause a modest reduction in the gaps between the 
spinning and stationary parts. Decreasing the gaps between components 
can reduce the amount of fluid that escapes, which has the potential to 
enhance efficiency. Nevertheless, it is crucial to bear in mind that this 
impact is probably insignificant and must be assessed according to the 
precise characteristics of the material. In general, Fig. 12(a) indicates a 
direct relationship between non-cavitation efficiency and the tempera-
ture of the operating fluid within a specified range. The decrease in fluid 
thickness and the possibility of small alterations in the gaps between 
components can explain this. Nevertheless, the extent of this enhance-
ment is expected to be minimal, and additional variables must be taken 
into account while establishing the ideal working temperature for the 
inducer.

In non-cavitation performance, empirical data indicates that the 
temperature of the fluid has a negligible effect on the inducer’s perfor-
mance. Understanding the fundamental components that influence non- 
cavitation performance is crucial to comprehending this. The inducer’s 
configuration, including its blade design and flow routes, as well as 
operational parameters such as rotational speed and flow rate, de-
termines how it interacts with the fluid. These immutable traits remain 
unchanged despite temperature fluctuations. In situations where cavi-
tation is not present, the fluid’s density and incompressibility, which 
determine how it interacts with the inducer, are not significantly 
affected by changes in temperature within the normal working range. 
Thus, temperature variations in non-cavitation zones substantially do 
not alter factors such as head coefficient, governed by geometry and 
operating circumstances, and primary flow patterns, determined by 
blade design. This investigation specifically examines conditions when 
cavitation does not occur. The influence of temperature on performance 
becomes more pronounced when cavitation occurs at elevated 
temperatures.

The hydraulic performance of the inducer is also illustrated in Fig. 12
(b). As displayed, by increasing the temperature, the hydraulic effi-
ciency increases. This can be attributed to the slight change in the total 
pressure difference with temperature rise, while the inducer torque 
decreases due to the density reduction.

Fig. 12(b) illustrates a notable pattern: hydraulic efficiency improves 
a little as the fluid temperature increases, even in the presence of cavi-
tation. The enhancement can be ascribed to a pivotal element: decreased 
fluid viscosity. As the temperature rises, the fluid’s viscosity typically 
decreases, resulting in less internal friction within the inducer. The 
decrease in energy losses caused by friction leads to a small 

enhancement in overall hydraulic efficiency. Nevertheless, it is essential 
to take into account the consequences of decreasing viscosity in 
conjunction with the repercussions of cavitation. Elevated temperatures 
can occasionally exacerbate cavitation, potentially amplifying energy 
losses associated with bubble creation and burst. Furthermore, tem-
perature variations may affect the cavitation position in the inducer, 
exacerbating energy losses. Although there are possible disadvantages, 
the decrease in viscosity may still be more important than the adverse 
effects of cavitation in certain situations, resulting in an overall 
enhancement in efficiency as temperature increases within a particular 
range. It is crucial to keep in mind that the degree of enhancement is 
expected to be minimal, and there is likely a specific temperature range 
that maximizes efficiency.”

Cavitation performance: Using an inducer rotational speed of 3000 
rev/min and tip permission to an average fin height ratio of 2.7%, we 
examined the impact of water temperature on inducer cavitation per-
formance. The alteration in the water temperature affects the vapour 
pressure, thereby influencing the cavitation number. As illustrated in 
Fig. 13(a), the critical cavitation number decreases by increasing the 
temperature. In fact, for the same volume growth rate, the mass rate of 
evaporation increases due to an increase in vapour density. Subse-
quently, a thermal boundary layer is formed on the liquid side of the 
boundary, lowering the temperature inside the bubble well below the 
temperature of the bulk liquid. This means that the vapour pressure 
inside the bubble drops significantly, reducing the driving force behind 
bubble growth (Arndt, 1981; Chivers, 1969).

According to Fig. 13(a), the critical cavitation number decreases as 
water temperature increases, increasing the occurrence of cavitation. As 
a consequence, the trend is primarily the result of higher vapour pres-
sures at high temperatures, which diminishes the pressure threshold 
triggering cavitation, and reduced viscosities, which increase turbulence 
intensity and local pressure differences. This phenomenon is also 
influenced by slight water density reductions. Inducer operation at 
higher temperatures requires careful monitoring and control to mini-
mize the risk of cavitation. In addition to optimized blade angle and 
materials resistant to cavitation erosion, operational adjustments may 
involve reducing pump rotational speed or maintaining greater inlet 
pressures. To ensure reliability and avoid unexpected failures due to 
increased cavitation susceptibility, regular maintenance, and real-time 
monitoring are essential.

Fig. 13(b) also illustrates the distributions of the vapour volume 
fraction across the evacuation side (a) and pressure side (b) of the fin for 
different mentioned conditions. The results are obtained for the cavi-
tation number of 0.037. Comparing different occurred scenarios, it can 
be shown that the minimum and the maximum vaporisation occur for 
water temperatures of 60 ◦C (suction side) and 40 ◦C (pressure side), 
respectively.

Fig. 12. Effect of water temperature on inducer (a) non-cavitation performance and (b) hydraulic efficiency for non-cavitation performance.
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Based on the findings presented in this study, inducer design and 
operation will be significantly impacted. By understanding the impact of 
inlet tip blade angle, static pressure distribution, and temperature on 
cavitation, inducer performance can be optimized and cavitation effects 
effectively mitigated. Designers need to select blade angles that mini-
mize turbulence and backflow, select materials that resist cavitation 
erosion, and apply surface treatments that reduce friction to minimize 
turbulence and backflow. It is imperative to manage thermal conditions 
effectively to maintain optimal fluid temperatures. To further stabilize 
flow patterns, flow control devices such as vortex breakers or inducer 
casings can be incorporated. Regular inspections and advanced moni-
toring technologies are required to maintain inducer performance and 
prevent extensive damage.

4.4. Effect of the surface roughness

Using sand grain roughness walls (ks) as an example, we discuss how 
surface roughness affects inducer non-cavitation performance. Accord-
ing to Fig. 14(a), single-phase flow simulations result in a head coeffi-
cient versus a flow coefficient. The results are illustrated for the 
rotational velocity of 2500 rev/min and water temperature of 19.2 ◦C. 
To explore the roughness effects, slip surface conditions and five 
different surface roughness (ks = 0, 25, 50, 100, 150 μm) are considered.

Based on the results, the head coefficient decreases as the flow co-
efficient increases. As a result of friction and volumetric losses, there is a 
similar trend in all cases. At partial loading conditions, volumetric losses 
dominate, whereas frictional losses dominate at high flow rates. Ac-
cording to the computational outcomes, the head coefficient decreases 
as the surface roughness increases. The latter implies that inducer sur-
face roughness predominantly influences the head coefficient, which 
amplifies frictional losses.

Since the dependence of friction losses on the Re, the surface 
roughness effect can be observed explicitly in high flow coefficients 
(Limbach and Skoda, 2017). Therefore, it can be concluded that the 
greatest head coefficient is determined by the slip surface (Svennberg 
et al., 2020).

Changing the surface roughness of the inducer affects the vapour 
pressure; consequently, cavitation occurs. Hence, the impacts of surface 
roughness on the inducer cavitation efficiency are illustrated in Fig. 14
(b). It shows the cavitation performance of the inducer under nominal 
flow coefficient, spin velocity of 3000 rev/min, and water temperature 
of 17.3 ◦C. Accordingly, the head coefficient reduces by increasing ks; 
however, the critical cavitation number does not change notably.

5. Conclusion

In this research, we analyzed the effect of various inducer structural 
characteristics on mass transfer and the development of cavitation under 
varying operating circumstances using the CFD numerical simulation 
approach. The accuracy of the simulations was demonstrated by the fact 
that the model predictions were in acceptable agreement with the 
experimental data. The current work numerically explored the effects of 
tip permission to average fin height ratio, inlet tip blade angle, surface 
roughness, and working fluid temperature on an axial inducer perfor-
mance and the bubble spreading within the inducer stream duct and the 
streamline in the flow duct are attained.

The following main conclusions can be drawn from the study.

• Low pressure in the tip blades spreads into the flow channel, 
increasing the bubble dispersion, while minor vortices in the stream 
duct block the flow path.

• The static pressure and hydraulic efficiency decrease as the ratio of 
tip permission to average fin height increases in non-cavitating 
conditions. Also, extended backflow domains are seen around the 
tip blades, which revolve around the inducer with a positive pro-
portion of the rotational speed velocity. Increasing the tip clearance 

Fig. 13. (a) Effect of water temperature on inducer cavitation performance, 
and (b) comparison of vapour volume fraction for the variable liquid temper-
ature at suction side and pressure side of inducer blades.
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ratio to mean blade height decreases the critical cavitation number in 
cavitation conditions, delaying the head coefficient decline.

• Because the curves are independent of the Reynolds number, the spin 
velocity only maximizes the catalysers’ efficiency performance.

• In the absence of cavitation, the catalyzer with the greater inlet tip 
blade angle experiences a higher head factor until the inner tip fin 
angle reaches 85◦, at which point the head factor decreases. Addi-
tionally, the hydraulic performance decreases, and the highest value 
of the hydraulic efficiency is associated with a lower inlet tip blade 
angle. The flow channel is smaller in blades with a higher inlet tip 
blade angle, and bubbles cannot spread smoothly throughout the 
stream duct, reducing cavitation resistance efficiency.

• As the working fluid temperature rises under non-cavitation and 
cavitation circumstances, the hydraulic efficiency increases while 
the cavitation breakdown reduces.

• Increasing surface roughness decreases the head coefficient under 
non-cavitation and cavitation circumstances; hence, a slip surface 
will produce the best results.

• While adding an inducer significantly impacts the pump’s pressure 
difference and hydraulic efficiency, it can dramatically reduce the 
pump’s cavitation, underlining the need for further inducer design 
optimization.
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