
Citation: Cui, B.; Shi, M. Analysis of

Unsteady Flow Characteristics Near

the Cutwater by Cutting Impeller

Hub in a High-Speed Centrifugal

Pump. J. Mar. Sci. Eng. 2024, 12, 587.

https://doi.org/10.3390/

jmse12040587

Academic Editor: Marcello Di Risio

Received: 6 March 2024

Revised: 25 March 2024

Accepted: 28 March 2024

Published: 29 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Analysis of Unsteady Flow Characteristics Near the Cutwater by
Cutting Impeller Hub in a High-Speed Centrifugal Pump
Baoling Cui * and Mingyu Shi

Key Laboratory of Fluid Transmission Technology of Zhejiang Province, Zhejiang Sci-Tech University,
Hangzhou 310018, China; smyzstu@126.com
* Correspondence: blcui@zstu.edu.cn

Abstract: Centrifugal pumps are essential fluid transfer devices in marine engineering. As the
two most critical components of a centrifugal pump, the dynamic–static interference between the
volute and the impeller makes the flow near the cutwater highly unstable, with significant and
erratic pressure pulsation, which seriously affects the stability of the operation. The impeller can be
improved by cutting the hub, which helps stabilize the flow and reduce pressure pulsation near the
cutwater, thus minimizing hydraulic loss. In this study, four different cutting angles were applied
to the impeller hub. Computations are conducted using large eddy simulation to analyze the flow
and pressure pulsation near the cutwater. Compared to the prototype pump, the modified impeller
exhibits a significant reduction in pressure gradient near the blade outlet close to the cutwater. The
modified impeller also shows a more uniform flow and lower amplitude of pressure pulsation.
Furthermore, under various flow conditions, the centrifugal pump with the modified impeller
exhibits lower hydraulic loss compared to the prototype pump, indicating that this method effectively
suppresses hydraulic loss.

Keywords: high-speed centrifugal pump; internal flow; pressure pulsation; hydraulic loss

1. Introduction

Centrifugal pumps are essential fluid transfer equipment in marine engineering,
widely utilized in fields such as deep-sea mining and seawater desalination. With the
increase in extreme application environments, the performance indicators, design require-
ments, and operational stability of pumps are becoming increasingly stringent [1–4]. The
dynamic–static interference between the impeller blades and the cutwater can easily lead
to complex unsteady flow structures such as secondary flows and vortices [5]. Therefore,
optimizing the design of the impeller and studying the relationships between internal flow,
pressure pulsation, and hydraulic loss in high-speed centrifugal pumps are of significant
importance for ensuring the safe and stable operation of these systems [6–11].

Many researchers have optimized the performance of centrifugal pumps by altering
the geometric parameters of the impeller and conducting simulations through numerical
modeling. Byskov et al. [12]. conducted experimental research on the full-flow conditions
of centrifugal pumps and performed numerical calculations using large eddy simulation
and multiple turbulence models. They found that the large eddy simulation captured the
internal flow details and complex flow phenomena of the pump accurately. Li et al. [13]
analyzed the flow characteristics between the blade outlet and the diffuser inlet for impellers
with different blade trailing edge shapes. Wang et al. [14] conducted an analysis on
the influence of T-shaped blades on the performance of centrifugal pumps. The results
showed that using T-shaped blades can reduce hydraulic loss, increase Euler head, and
improve external characteristics. Qu et al. [15] proposed an unconventional parabolic
impeller trimming method. The results showed that this method can improve the flow
at the impeller outlet. Ding et al. [16] studied the influence of five different blade outlet
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angles on the pump head and efficiency. The results showed that an increase in the blade
outlet angle led to increased hydraulic losses, particularly affecting the efficiency at high
flow rates. Liu et al. [17] found that reducing the blade outlet angle while increasing
the wrap angle improved the flow conditions and pressure distribution in the impeller
and volute, resulting in a significant improvement in the efficiency of the centrifugal
pump. Gu et al. [18] performed modifications on the shroud of the impeller in a multi-stage
centrifugal pump and observed that the modified design resulted in a reduction in axial
forces and a decrease in energy loss.

The unsteady interaction between the impeller and the cutwater, along with the
disturbances caused by vortex shedding, can result in periodic pressure fluctuations within
the centrifugal pump over time [19–21]. Yan et al. [22] revealed that the implement of
splitter blades was effective in mitigating unstable pressure fluctuations at the cutwater and
reducing the formation of trailing vortex structures at the impeller outlet. Luo et al. [23,24]
studied the vortex characteristics and unsteady flow behavior near the impeller tongue of
a centrifugal pump. Peng et al. [25] optimized the blade parameters using the response
surface methodology and found that after the modification, there was a significant reduction
in large-scale vortices within the impeller flow passage. Zhang et al. [26] used large eddy
simulation (LES) to analyze the interaction between the static and rotating components
and the flow structure in a low specific speed centrifugal pump. The results showed
that due to the interaction between static and rotating components, the unsteady vortex
structures near the cutwater exhibited more significant pressure fluctuations compared
to other regions. Jiang et al. [27] investigated the influence of the position between the
impeller blades and the cutwater on the unsteady pressure fluctuations in a centrifugal
pump. When the blade was close to the cutwater, the fluctuation intensity of the pressure
was relatively lower, and the radial forces on the impeller were higher. Lu et al. [28] studied
the characteristics of pressure fluctuations at the cutwater, where pressure fluctuations were
mainly influenced by the separation vortex and dynamic–static interference. Ding et al. [29]
found that blade trimming significantly reduced pressure pulsation and improved internal
flow in centrifugal pumps.

Despite extensive research on the impact of impeller optimization on internal flow
in centrifugal pumps, there is relatively limited research on different cutting angles of the
impeller hub. Considering the significant effect of blade shape on centrifugal pumps, the
approach of cutting the impeller hub attempts to reduce unstable flow and hydraulic loss.
Although we have analyzed the pressure fluctuations of impellers with hub-cutting angles
of 0◦, 15◦, 30◦, and 45◦ using the SST k-ε model [30], the flow and pressure pulsation near
the cutwater at different flow rates have not been thoroughly investigated. In this study,
the flow and hydraulic loss near the cutwater are investigated using large eddy simulation.
This research provides references for impeller design and is an important approach to
improve internal flow and reduce hydraulic loss.

2. Geometric and Mesh Generation
2.1. Geometric Model

The model used in this paper is a high-speed pump with an inducer. The internal flow
medium is water. The fluid domain was modeled by using SolidWorks2018, and the flow
passage model is shown in Figure 1. The main components include the inlet extension,
diffuser section, inducer, impeller, volute, diffuser section, and outlet extension. The main
design parameters are Qd = 12 m3/h, Hd = 2153 m, and n = 23,350 rpm. The other design
parameters of the centrifugal pump are shown in Table 1. The model of the impeller and
the cutting scheme of the impeller hub are shown in Figure 2. The cutting method is to cut
at the interface position of the blade and the hub, and the maximum angle is 45◦ to prevent
the impeller strength from being affected by the cutting angle. The prototype impeller
in this model is named PB and is a semi-open impeller with 12 main blades as well as
12 splitter blades. The cutting schemes involve cutting the impeller hub at angles of 15◦,
30◦, and 45◦, named BHC15, BHC30, and BHC45, respectively.
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Table 1. Design and main geometrical parameters of the high-speed centrifugal pump.

Parameter Value

Design flow rate (m3/h) 12
Head (m) 2153

Rotating speed (r/min) 23,350
Specific speed 82.3

Main blade 12
Pump inlet diameter(mm) 82

Pump outlet diameter (mm) 50
Impeller inlet diameter (mm) 54

Impeller outlet diameter (mm) 140
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2.2. Mesh Generation and Numerical Simulation Method

This paper uses ICEM18.0 to mesh the fluid domain. The number of mesh elements
has a significant impact on computational speed and accuracy. In this article, eight sets
of meshes are selected for grid independence verification at the design flow rate. The
head coefficient is used as the evaluation criterion, and it is considered satisfactory when
its variation is less than 0.5%. The relationship between the quantity of grids and the
computed head coefficient curve is shown in Figure 3. Finally, ensuring that the mesh
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quantity meets the requirements of simulation accuracy and computational demands, a
total of 9.6 × 1026 mesh elements is chosen. The impeller is meshed using hexahedral
structured grids, while complex computational domains such as the volute casing use
unstructured grids. The entire fluid computational domain and the impeller mesh are
shown in Figure 4.
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The head coefficient refers to the relationship between the head provided by the pump
and parameters such as speed, impeller diameter, and suction diameter as the flow rate
changes during the operation of the pump. The calculation formula for the head coefficient
is as follows [31]:

ψ =
2gH
u2

2
(1)

The LES turbulence model filters the Navier–Stokes equations to obtain the large
eddies containing the main scalar quantities and the small eddies smaller than the filter
width. The governing equation for the large eddies can be expressed as follows [31]:

ϕ(xi) =
∫

ϕ(ξi)H(xi − ξi, ∆)dξi (2)

In the equation, H is the filtering function.
The filtered governing equation after the filtering operation is the following:

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p
∂∂xi

+ ν
∂2ui

∂xj∂xj
+

∂τij

∂xj
(3)
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∂ui
∂xi

= 0 (4)

In this equation, τij represents the momentum exchange between the large and small-
scale fluctuations, and its expression is the following:

τij = uiuj − uiuj (5)

This paper adopts the Smagorinsky–Lilly model, and its expression is as follows:

τij −
1
3

τkkδij = −2(Cs∆)
2∣∣S∣∣Sij (6)

µsgs = ρ(Cs · ∆)2∣∣S∣∣ (7)

In the equation, Cs takes values between 0.1 and 0.2. The eddy viscosity µeff is given
by the following:

µeff = µmol + µsgs (8)

The inlet boundary condition selects the pressure inlet, and the outlet boundary
condition selects the mass flow outlet. The turbulence intensity is 5%, and the hydraulic
diameter is 82 mm. The impeller and the inducer have rotating wall surfaces, while the
remaining walls are stationary. All wall surfaces are assumed to be smooth with no-slip
conditions.

2.3. Eternal Characteristic Analysis

The experimental system diagram is shown in Figure 5, and the uncertainty analysis
is shown in Table 2. The characteristic curves obtained from numerical simulation and
experimental data are shown in Figure 6. Comparing the results, it can be observed that
with an increase in flow rate, there is a corresponding decrease in the head as well as an
increase in efficiency. The numerical simulation and experimental trends are consistent.
The numerically simulated head coefficient is 1.283 with an efficiency of 27.15%, while the
experimentally obtained head coefficient is 1.275 with an efficiency of 26.11%. The errors in
both cases are within 5%, demonstrating the accuracy of the numerical simulation.
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The characteristic curves of the four modified centrifugal pumps are shown in Figure 5.
The modified high-speed centrifugal pumps exhibit an increase in head compared to the
prototype design. At the design flow rate, the head coefficients for the PB, BHC15, BHC30,
and BHC45 pumps are 1.283, 1.288, 1.293, and 1.297, respectively. The efficiencies for the
PB, BHC15, BHC30, and BHC45 pumps are 26.4%, 26.9%, 27.0%, and 27.1%, respectively.
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Table 2. Experimental head coefficient.

Experimental Number Experimental Head Coefficient

1 1.275
2 1.289
3 1.265
4 1.296
5 1.25
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Due to the presence of uncontrollable external factors that can introduce errors into
experimental results, this study conducted five sets of experiments under standard operat-
ing conditions and performed uncertainty analysis. The head coefficients obtained in five
groups of experiments are shown in Table 2. The uncertainty σ is not higher than 0.5, which
shows that the experiment is of high quality. The standard uncertainty σ is calculated by
Bessel’s formula [31]:

σ =

√√√√√ n
∑

i = 1
(ψi − ψ)

2

n − 1
= 0.018 < 0.5 (9)

where n is experimental number, ψ is the experimental head coefficient, and ψ is the average
experimental head coefficient.

3. Internal Flow Analysis
3.1. Static Pressure Analysis

The high-speed pump studied in this paper has a high speed and can produce a
higher head, and its outlet pressure reaches 107 Pa. In a period, the average outlet pressure
obtained in the experiment is 11.478 MPa, and the average outlet pressure obtained in the
simulation is 11.542 MPa. In order to study the effect of different cutting angles of the
impeller hub on the internal flow characteristics of the centrifugal pump, the static pressure
coefficient Cp is introduced for analysis. The static pressure coefficient is used to describe
the pressure characteristics and is defined as follows [32]:

Cp =
P − Pin

1
2 ρu2

2
(10)

In the equation, u2 represents the velocity at the impeller outlet, in m/s. P represents
the average static pressure at a certain section, in Pa. Pin represents the average static
pressure at the impeller inlet section, in Pa. ρ represents the density of the fluid, in kg/m3.
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Figure 7 shows the distribution of static pressure coefficients near the cutwater for
different cutting angles of the impeller hub at three flow conditions in the centrifugal
pump. The fluid flow process inside the high-speed centrifugal pump gradually increases
the pressure from the impeller inlet to the outlet. As shown in Figure 6, the small flow
area near the cutwater prevents some fluid from entering the volute, resulting in flow
separation, vortices, secondary flows, and other flow structures. These are reflected in the
static pressure contour plot as localized high- and low-pressure regions near the cutwater,
causing large pressure gradients. Compared to the design flow condition, the static pressure
coefficients in the inlet region of the volute 1 are higher for low-flow conditions and lower
for high-flow conditions, which is consistent with the head characteristics observed in
the performance curves. The middle section static pressure coefficients after cutting the
impeller hub are slightly higher than those of the original pump for all flow conditions,
which is also in line with the corresponding head characteristics of the modified centrifugal
pump. This indicates that cutting the impeller hub can improve the internal static pressure
distribution and enhance the performance of the centrifugal pump.
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3.2. Vortex Distribution Analysis

The internal vortex morphology and structural evolution within the impeller domain
have a certain influence on its pressure and velocity distribution, leading to disturbances in
the internal flow field characteristics such as pressure and streamline. During the operation
of a high-speed centrifugal pump, vortices will inevitably be generated within the impeller
flow passage. The formation of these vortices increases the instability and complexity of
the fluid during the flow process. This study captures the location of vortices through the
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analysis of vorticity. Currently, the main methods for characterizing vortex structures are
vorticity, Q-criterion, and Ω-criterion. In this study, the Ω-criterion is used to investigate
the spatial evolution of vortices inside the impeller. The definition of the Ω-criterion is as
follows [32]:

Ω =
(∇× V·R)2

∥∇× V∥2
2∥R∥2

2

(11)

In the formula, Omega vortices are characterized by velocity coloring.
From Figure 8, it can be observed that there are numerous vortex structures at the

cutwater of the impeller flow passage for each flow condition. This is due to the complex
structural design of the pump impeller and the strong turbulence caused by the interaction
between the rotating and stationary components. Under low-flow conditions, the modified
impeller exhibits a certain reduction in high-speed vortex structures near the cutwater
compared to the original pump. For the remaining flow conditions, there is little difference
in the pump with four cutting angles of the impeller hub, indicating that the modified
impeller has some improvement in the distribution of Omega vortices compared to the
original pump under low-flow conditions. As the flow rate increases, there is a decrease in
the vortex structures in the impeller flow passage near the cutwater.
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3.3. Velocity Streamline Analysis

The distribution of relative velocity flow lines and vorticity in the flow passage near
the cutwater of pump impellers with four cutting angles under the design flow rate is
shown in Figure 9. The upper part of the CH channel for impellers with different cutting
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angles is filled with backflow due to cutwater interference. In the upper part of the CH
channel, the fluid flows in the opposite direction to the backflow, resulting in a low-speed
reverse vortex. In the lower part of the CH channel, vortices are formed due to friction
between the fluid and the wall. The BHC45 pump exhibits a significant reduction in vortices
compared to the prototype pump, indicating that the BHC45 high-speed pump can improve
wake flow and achieve a more uniform outlet flow at the impeller under the design flow
condition.
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Under low flow conditions, the vorticity in the CH channel is larger compared to the
design flow condition. The vortex core is closer to the impeller outlet and occupies the
lower half of the entire CH channel, resulting in a more complex and unstable internal flow.
The modified centrifugal pump shows a reduction in vorticity compared to the prototype
pump. This is because the flow field in the lower part of the CH channel is more uniform,
allowing the smoother re-entry of backflow from the upper part into the volute through
the lower part.

Under high flow conditions, the vorticity in the CH channel is smaller compared to
the design flow condition. The flow lines under high flow rates differ significantly from
those under low flow rates and the design flow rate. Most of the vortices are concentrated
in the upper part of the CH channel. This is because there is more backflow in the upper
part of the CH channel, generating vortices with the fluid developed from the inlet itself,
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while there is less backflow that can reach the lower part of the CH channel, resulting in
almost no formed backflow vortices in the lower part.

Compared to the prototype impeller, the modified impeller of the centrifugal pump
exhibits a more uniform flow and a smaller area of backflow vortex at the outlet. The high-
speed pump BHC45 shows a minimal formation of large backflow vortices throughout the
CH channel area, indicating that cutting the impeller back cover significantly improves the
impeller flow.

3.4. Pressure Pulsation Analysis

In order to analyze the pressure pulsation near the cutwater of the centrifugal pump, a
monitoring point was placed at the cutwater position of the centrifugal pump. The location
of this monitoring point is shown in Figure 10.
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The time domain of pressure pulsation coefficients near the cutwater of centrifugal
pumps with different cutting angles impellers are shown in Figure 11 at various flow
rates. The pressure pulsation near the cutwater exhibits poor periodicity, with erratic and
fluctuating patterns. Under the design flow condition, 12 large peaks can be observed,
with less prominent small peaks between each large peak. This indicates that the pressure
pulsation near the cutwater is primarily influenced by the main impeller blades, while the
effect of the splitter blades is less significant. Under low-flow conditions, 24 peaks can be
observed, indicating that the pressure pulsation near the cutwater is influenced by both
the main impeller blades and the splitter blades. Under high-flow conditions, the pattern
is similar to the design flow condition, with 12 large peaks present, indicating that the
pressure pulsation near the cutwater is similarly influenced by the main impeller blades.

Pressure pulsation coefficients frequency domain near the cutwater of modified cen-
trifugal pumps, obtained through the FFT Algorithm, are shown in Figure 11. Under
the design condition, the main frequency of the pressure pulsation near the cutwater is
4669.71 Hz, which is consistent with the main blade frequency. The subharmonic frequency
is 1555.90 Hz, which is four times the shaft frequency. In the frequency range above the
main frequency, some frequency domain fluctuations can also be observed at the harmonic
positions. At the main frequency position, the amplitudes of the high-speed pumps are
0.01627, 0.01322, 0.01491, and 0.01106, respectively. At the main frequency, the high-speed
pumps (BHC15, BHC30, BHC45) exhibit decreases in pressure pulsation of 18.7%, 8.3%,
and 32.0%, respectively. Under other flow conditions, the main frequency amplitude for
the centrifugal pump with a cutting hub is reduced. It shows that the modified impeller
has a certain suppressive effect on the pressure fluctuation near the cutwater.
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4. Hydraulic Loss Analysis

In practical engineering applications, empirical formulas are commonly used to pre-
dict the hydraulic loss inside centrifugal pumps. Hydraulic losses include impeller inlet
impact loss, impeller passage friction loss, impeller passage diffusion loss, and impeller
outlet dynamic and static interference loss. Based on the aforementioned flow analysis
and pressure pulsation analysis, the main causes of hydraulic losses are friction losses
from the impeller passage and loss from the impeller outlet dynamic and static interfer-
ence. Therefore, this study focuses on the calculation and analysis of these two types of
hydraulic loss.

4.1. Impeller Passage Friction Loss

In numerical calculations, wall surfaces are typically assumed to be frictionless walls.
However, in practical pump operation, wall friction is unavoidable. Especially for centrifu-
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gal pumps that have been in operation for a long time, the pump surfaces can become rough
due to cavitation and other factors, leading to significant hydraulic losses and affecting the
pump’s performance. The calculation formula for these losses is as follows [33]:

∆h2 = k2 × Z × λ × la
Da

× W2
a

2g
(12)

Da is the average diameter; ns is the specific speed, which is 82.3; W1 and W2 are the
relative velocities at the inlet and outlet of the impeller; la is the length of the passage;
k2 =

(
4.68n0.0185

s − 4.84
)−1

= 4.20 is the loss coefficient; Z is the number of impeller
blades; λ is the friction resistance coefficient; and Wa is the average relative velocity,
calculated as Wa = 0.5(W1 + W2).

Figure 12 shows the distribution of impeller passage friction loss for centrifugal
pumps with different cutting angles of the hub under three flow rate conditions. It can
be observed that the friction losses in the impeller passages are significant, accounting
for approximately 10% of the pump head. This is due to the complex structural design
of high-speed centrifugal pump impellers, which leads to intense turbulence within the
impeller passages. These passages are filled with numerous vortex structures, resulting
in significant friction losses. As the flow rate increases, the friction losses in the impeller
passages also increase. The different cutting angles of the hub have varying effects on
the friction losses in the impeller passage, with a reduction in friction loss observed for
the impeller with a cutting hub compared to the prototype pump PB. Under the design
condition, the impeller passage friction losses for the PB, BHC15, BHC30, and BHC45 high-
speed pump are 217.13 m, 199.91 m, 199.90 m, and 177.47 m, respectively. The modified
centrifugal pumps exhibit a reduction in impeller passage friction losses compared to the
prototype pump by 7.93%, 7.93%, and 18.26%, respectively. Among them, the BHC45
high-speed pump has the lowest passage friction loss at all flow rates.
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4.2. Dynamic and Static Interference Loss

The dynamic and static interference between the impeller and the volute casing results
in significant dynamic and static interference loss. The calculation formula for the loss is as
follows [33]:

∆h4 = k4 ×
V2

m2 +
(
V2

θ2 − V2
s
)

2g
(13)

k4 = 0.00025 + 0.87
( ns

100

)
+ 0.5

( ns

100

)2
− 2.44

( ns

100

)3
= 0.92 (14)
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Vm2 is the axial velocity at the impeller outlet, and Vs is the average velocity near the
cutwater of the volute casing.

Figure 13 shows the distribution of dynamic and static interference loss at the outlet of
the impeller for modified centrifugal pumps under varying flow rate conditions. It can be
observed that the dynamic and static interference loss at the impeller outlet is significant,
accounting for approximately 5% of the total head. This is due to the small clearance near
the cutwater, which creates complex three-dimensional flow phenomena such as separation
vortices and secondary flows, affecting the fluid flow and causing significant dynamic
and static interference loss. As the flow rate increases, the dynamic and static interference
loss at the impeller outlet also increases. The different cutting angles of the hub have
varying effects on the dynamic and static interference losses at the exit of the impeller, with
a reduction in loss observed for the modified impeller. This reduction is attributed to a
more uniform backflow near the cutwater of the impeller passage after cutting the hub.
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5. Conclusions

This article analyzes flow and pressure pulsation near the cutwater of centrifugal
pumps with different cutting angles of the hub under different flow rates. Based on
this analysis, empirical formulas are used to analyze the various types of hydraulic loss
generated by the impeller of the centrifugal pump. This research can provide guidance for
the optimal design of centrifugal pumps at similar specific speeds. The main conclusions
are as follows:

1. Cutting the hub of the impeller can improve the static pressure distribution and vortex
distribution near the cutwater of the centrifugal pump. It also results in a more
uniform velocity streamline distribution near the cutwater. Additionally, the modified
centrifugal pump shows certain improvements in the Omega vortex distribution
compared to the prototype pump PB.

2. The modified centrifugal pump exhibits a reduced amplitude of pressure pulsation in
the frequency domain compared to the prototype pump at various flow conditions.
Cutting the hub of the impeller has a certain suppressive effect on the pressure pul-
sation at the cutwater of the centrifugal pump. In conclusion, cutting the hub of the
impeller can enhance the performance of the centrifugal pump.

3. By applying empirical formulas to calculate the hydraulic loss of the centrifugal
pump, it was found that the impeller passage friction loss and the dynamic and static
interference loss were the main sources of hydraulic loss. Cutting the hub of the
impeller had a certain inhibitory effect on the hydraulic loss.
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Nomenclature

Qd Design flow rate
Hd Head
n Rotating speed
ns Specific speed
Z1 Main blade
Ds Pump inlet diameter
DO Pump outlet diameter
D1 Impeller inlet diameter
D2 Impeller outlet diameter
b1 Impeller Inlet width
b2 Impeller Exit width
u2 The velocity at the impeller outlet
P The average static pressure at a certain section
Pin The average static pressure at the impeller inlet section
ρ The density of the fluid
Da The average diameter
W1 The relative velocities at the inlet of the impeller
W2 The relative velocities at the outlet of the impeller
la The length of the passage
Z The number of impeller blades
λ The friction resistance coefficient
Vm2 The axial velocity at the impeller outlet
ns The specific speed
Vs The average velocity near the cutwater of the volute casing
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