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Abstract: The energy efficiency of water supply systems in high-rise residential buildings has become
a significant concern for sustainable development in recent times. This work presents a numerical
investigation on the influence of diffuser vane height on flow variation and hydraulic loss in the
volute for a water supply centrifugal pump. Experiments and numerical simulations were conducted
with four different vane height ratios. The numerical results were validated against experimental
data. The hydraulic losses of different flow components were numerically evaluated at varying guide
vane blade heights. The changes in flow patterns within the volute and the resulting discrepancies
in hydraulic losses due to variations in the inlet flow conditions at different blade heights were
studied. The findings indicate that the total pressure drop within the volute is affected significantly.
Compared to traditional guide vanes, the reduced height vanes can reduce the hydraulic loss in
the volute by nearly 75%. Once the vane height is reduced, the high-pressure gradient is improved,
and the small-scale vortex vanishes. The influence area of the large-scale vortex in the volute outlet
pipe decreases, leading to a weakening of the deflection of the main flow and ultimately resulting in
reduced hydraulic loss.

Keywords: water supply pump; numerical simulations; hydraulic loss; vane height

1. Introduction

Building energy consumption is a significant contributor to overall energy usage, and
enhancing the energy efficiency of building water supply systems presents an opportu-
nity to optimize building energy utilization and decrease building carbon emissions [1,2].
Research suggests that the water supply system accounts for 1–4% of a building’s electri-
cal consumption and stands as the largest individual consumer of electricity within an
entire city. The specific energy consumption of water supply systems ranges from 1.1 to
1.4 kWh/m3 in certain Asian cities [3,4]. Approximately half of the energy loss in water sup-
ply systems is attributed to the pumping system [5]. Fluctuating water demand throughout
the day often causes pumps to operate beyond their intended design parameters. This can
trigger turbulent behavior within the pump, ultimately reducing system efficiency. Guide
vanes can help enhance the intricate turbulent flow within the pump when it operates
under off-design conditions [6].

The flow through a centrifugal pump with a vaned diffuser introduces complex flow
distortion within the diffuser and volute, which is a focal point of pertinent research
studies [7–10]. Within centrifugal pumps with vaned diffusers, rotating stall in partial
load conditions is induced along with pressure fluctuations due to incorrect incidences of
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the flow discharged by the impeller into the diffuser [8]. The backflow of fluid into the
impeller channel predominantly occurs within the core flow zone and is more pronounced
toward the suction side of the impeller blade in partial load conditions. This phenomenon
is considered a potential source for the onset of diffuser stalling [9,11–14]. When rotating
stall occurs in partial load conditions, the pressure fluctuation at the clearance between the
impeller and diffuser displays a distinctive “starfish” shape. The radial force acting on the
impeller’s external wall at the liner ring section is comparable to that acting on the impeller
blade and outer wall [12,15].

The presence of leading edge separations, high-frequency pressure fluctuations, radial
forces, backflow, and rotating stall occurrences are common within centrifugal pumps
equipped with vaned diffusers [15–17]. Hydraulic optimization of vaned diffusers is con-
ducted to mitigate turbulence within pumps using methods such as response surface,
multi-objective, and inverse design [18–20]. However, the presence of vanes isolating
diffuser passages and factors like thick boundary layers at the diffuser inlet or non-uniform
velocity distributions, such as those caused by an upstream bend, can lead to deteriorated
pressure recovery and an increased risk of separation, potentially resulting in rotating stall
occurrences. The presence of rotating stall, backflow, and pressure fluctuations is consis-
tently observed [21,22]. The reduced vane height diffuser first utilized in turbomachinery
can balance flow non-uniformity among different guide vane passages, creating a more
uniform circumferential flow and enhancing pressure recovery performance for centrifugal
pumps. This, in turn, reduces alternating stress on the impeller, thereby improving its
overall performance [23]. This highlights the potential benefits of utilizing reduced vane
height diffusers in turbomachinery applications. Building upon the findings regarding
reduced vane height diffusers in turbomachinery, the authors of the previous work applied
reduced vane height diffusers to centrifugal pumps [24,25]. This application likely aimed
to leverage the benefits observed in turbomachinery systems and adapt them to enhance
the performance of centrifugal pumps.

The findings show that the pump with reduced height diffuser vanes obtains higher
efficiency compared to vaneless diffusers and a wider high-efficiency operating range
compared to vaned diffusers. And the radial force on the impeller is also significantly
enhanced. However, the effects of reduced vane height on flow characteristics and total
pressure loss remain uncertain. The present work aims to examine the impact of diffuser
vane height on the internal flow characteristics in a centrifugal pump. The evaluation
commences by assessing the total pressure loss in each flow component. Subsequently,
starting from the inlet conditions, the present study investigates how vane height affects the
flow characteristics of the overflow components. The dependency of total pressure loss on
the flow characteristics is investigated. This study seeks to provide insights into optimizing
water supply centrifugal pump performance through diffuser design considerations. The
flowchart of the research methodology is described in Figure 1.
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2. Numerical Setup and Validation
2.1. Parameters and Mesh Refinement

The design parameters of the centrifugal pump with specific speed (ns) of 55 are
displayed in Table 1. Figure 2 illustrates a schematic illustration of the vaned diffuser.
To analyze the effect of diffuser vane height on the internal flow characteristics of the
centrifugal pump, the relative vane height h/b is adjusted to values of 1, 0.8, 0.6, and
0.4. Here, b denotes the width of the diffuser outlet, and h signifies the vane height.
Consequently, the flow passage of the diffuser is divided into the vaned region and the
vaneless region.

Table 1. Design parameters of the centrifugal pump.

Flow Rate Qdes
(m3/s)

Head
Hdes (m)

Blade Number
Zb

Vane Number
Zv

Rotational
Speed n (rpm)

1.11 × 10−2 55 6 5 2900
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Structured grids are used to discretize the computational domain with Ansys ICEM-
CFD v 10.0, incorporating additional mesh refinement at the boundaries, as depicted in
Figure 3. The sst k-ω turbulence model is employed for turbulence prediction. The pressure
inlet and mass flow outlet are set for the boundaries. The pressure inlet and mass flow
outlet boundary conditions are specified. The time-step size is determined as the time taken
for the impeller to rotate by 1◦, which is set to 5.7471264 × 10−5 s. The grid convergence
analysis was conducted by comparing the head coefficients obtained from different mesh
configurations at different flow rates, as shown in Figure 4. The numerical calculations
were carried out at h/b = 1. The head coefficient is evaluated as

ϕ =
gH

0.5u2
2

(1)

where u2 stands for the speed of the impeller outlet; H denotes the head.
Given that the flow within a centrifugal pump is incompressible, the governing

equations for it are as follows:
∂ui
∂x

= 0 (2)

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p
∂xi

+ ν
∂2ui

∂xj∂xj
+ Si (3)

where ui stands for the velocity component; Si denotes the source term.
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Under partial load conditions, there is a noticeable difference in the head between G1
and the other three cases. This difference diminishes as the number of grids increases and
becomes negligible when the grid number exceeds G2. The maximum relative difference in
head coefficients between the G2 and G4 meshes is less than 2%. Therefore, the G2 mesh
has been selected for further numerical research. Additionally, the y plus values across the
domain at the design flow rate are depicted in Figure 4. The illustration shows that the y
plus values across the domain are below 110, indicating accuracy in predicting near-wall
flow behavior.
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2.2. Experimental Analysis and Numerical Methods Validation

In the test, two types of sensors were used, absolute pressure sensors with measuring
range of 0–0.12 MPa and gauge pressure sensors with measuring range of 0–0.5 MPa.
The output voltage signal for these sensors ranges from 0 to 5 V. The uncertainty of the
pressure measurement is assessed according to Ref. [26], which is shown in Table 2. It is
demonstrated that the uncertainty of the pressure measurement is less than 0.9%.

Table 2. Uncertainty involve with pressure measurement.

Abxolute Pressure Sensor Gague Pressure Sensor

Measurement location Pump inlet Other pressure probe
Minimum value/MPa 0.0922 0.0934

Uncertainty/% 0.3421 0.8293

The test rig and validation of the numerical heat coefficient through experimentation
with h/b = 1 are depicted in Figure 5. Pressure probes P1 and P2 are located at the tongue
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and downstream of the tongue. While the difference between the numerical and experi-
mental head coefficient curves is more pronounced in overload conditions compared to
partial load conditions, the trend of the head increasing with the flow rate in the numerical
simulations mirrors that observed in the experiments as the flow rate increases. Addition-
ally, the numerical head consistently exceeds the experimental value by less than 5% across
different operating flow rates. Based on these findings, the numerical simulations can be
considered reliable for predicting the fluid dynamics within the pump.
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Figure 6 shows the head coefficient obtained in the experiments with different vane
heights. The present study demonstrates that as the diffuser vane height decreases, the
head increases under overload conditions, as does the efficiency, while they decrease under
partial load conditions. This highlights the significant impact of vane height on the head
and efficiency, indicating that vane height plays a substantial role in influencing fluid flow
within the pump.

Buildings 2024, 14, x FOR PEER REVIEW 6 of 17 
 

  

Figure 5. Test rig and numerical simulation validation. 

 

Figure 6. Head coefficient in experiments. 

Figure 7 illustrates the pressure coefficient in the frequency domain, as well as the 

time-history value and the amplitude of the pressure coefficient at the dominant fre-

quency at probes P1 and P2 for various vane heights across different flow rates. The data 

indicate that the guide vane height notably influences pressure fluctuations near the 

tongue. Specifically, the amplitude of pressure fluctuations at the dominant frequency is 

significantly higher when the vane height ratio (h/b) is 1 compared to other vane heights. 

This difference in amplitude with different vane heights is most pronounced at P2. The 

amplitude is reduced to approximately 70% for P1 and 80% for P2 at the design flow rate 

as the vane height ratio (h/b) decreases from 1 to 0.6. Nevertheless, it is important to note 

that the amplitude does not decrease monotonically with decreasing vane height. The am-

plitude sharply decreases when the vane height reduces from h/b = 1 to h/b = 0.6, and then 

decreases smoothly from h/b = 0.8 to h/b = 0.6, reaching its minimum value. Subsequently, 

as the blade height further decreases from h/b = 0.6, the amplitude begins to increase. The 

dominant frequency, known as the blade-passing frequency, is induced by impeller–

tongue interactions. The findings suggest that vane height has a significant influence on 

rotor–stator interactions and the flow field around the tongue. 

To assess the strength of pressure fluctuations, the standard deviation is evaluated as 

shown in Figure 8. It is demonstrated that the strength of pressure fluctuations is clearly 

influenced by vane height, particularly at P2. The strength of pressure fluctuations is re-

duced to approximately 20% for P1 and 40% for P2 at the design flow rate as the vane 

height ratio (h/b) decreases from 1 to 0.6. When considering P1, reducing the blade height 

can mitigate the intensity of pressure fluctuations, as observed with h/b = 0.8 or h/b = 0.6. 

However, excessively reducing the blade height may lead to increased pressure fluctua-

tion intensity at design and high flow rates, as evidenced by h/b = 0.4 under high-flow 

conditions. This phenomenon can be a�ributed to the pressure probe’s location on the 

shroud side, where the diffuser is vaned, as depicted in Figure 2. Decreasing the vane 

0.4 0.6 0.8 1.0 1.2 1.4

Q/Q
des

0.5

0.9

1.3
Exp
Num

Figure 6. Head coefficient in experiments.

Figure 7 illustrates the pressure coefficient in the frequency domain, as well as the time-
history value and the amplitude of the pressure coefficient at the dominant frequency at
probes P1 and P2 for various vane heights across different flow rates. The data indicate that
the guide vane height notably influences pressure fluctuations near the tongue. Specifically,
the amplitude of pressure fluctuations at the dominant frequency is significantly higher
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when the vane height ratio (h/b) is 1 compared to other vane heights. This difference in
amplitude with different vane heights is most pronounced at P2. The amplitude is reduced
to approximately 70% for P1 and 80% for P2 at the design flow rate as the vane height ratio
(h/b) decreases from 1 to 0.6. Nevertheless, it is important to note that the amplitude does
not decrease monotonically with decreasing vane height. The amplitude sharply decreases
when the vane height reduces from h/b = 1 to h/b = 0.6, and then decreases smoothly
from h/b = 0.8 to h/b = 0.6, reaching its minimum value. Subsequently, as the blade height
further decreases from h/b = 0.6, the amplitude begins to increase. The dominant frequency,
known as the blade-passing frequency, is induced by impeller–tongue interactions. The
findings suggest that vane height has a significant influence on rotor–stator interactions
and the flow field around the tongue.
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To assess the strength of pressure fluctuations, the standard deviation is evaluated
as shown in Figure 8. It is demonstrated that the strength of pressure fluctuations is
clearly influenced by vane height, particularly at P2. The strength of pressure fluctuations
is reduced to approximately 20% for P1 and 40% for P2 at the design flow rate as the
vane height ratio (h/b) decreases from 1 to 0.6. When considering P1, reducing the blade
height can mitigate the intensity of pressure fluctuations, as observed with h/b = 0.8 or
h/b = 0.6. However, excessively reducing the blade height may lead to increased pressure
fluctuation intensity at design and high flow rates, as evidenced by h/b = 0.4 under high-
flow conditions. This phenomenon can be attributed to the pressure probe’s location on
the shroud side, where the diffuser is vaned, as depicted in Figure 2. Decreasing the vane
height results in interference between flow fields in the vaned and vaneless regions, leading
to more pronounced fluctuations in the vaned region. As the probe P2 moves downstream
of the tongue, the interference effect diminishes, and reducing the vane height can notably
decrease the intensity of pressure fluctuations, as illustrated in Figure 8.
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3. Results and Discussion

To assess energy conversion in each component and further investigate the impact of
vane height on flow structure, Figure 9 illustrates the total pressure drop in each component.
The non-dimensionalized total pressure drop and work conducted by the impeller is
evaluated as follows:

ϕsuffix =
Pp − Ps

0.5ρu2
2

(4)

Ws f t =
2π∗Mn

60
u2 ∗ A2 ∗ 0.5 ∗ ρ ∗ u2

2
(5)

where ϕsuffix represents the total pressure drop, and suffix represents d (diffuser), r (rotor),
and w (volute); Pp and Ps represent the total pressure at the pressure side and the suction
side of the component, respectively; Wsft stands for the shaft power, and M, n, and A2
represent the torque, rotation speed, and area of the impeller outlet, respectively.

The shaft power demonstrates minimal variation at different vane heights across
all flow rates, with the maximum difference not exceeding 2.5%. Additionally, the total
pressure drop within the impeller also exhibits minimal variation at different vane heights
across all flow rates, with the maximum difference not exceeding 1%. This suggests that
vane height has little influence on the time-averaged flow field within the impeller. The
total pressure drop in the diffuser and volute presents significant differences at different
vane heights, especially in overload conditions. The total pressure drop within the diffuser
for an h/b less than 1 increases as the flow rate increases. However, at h/b = 1, it decreases
to its minimum at the design flow rate and then increases with further increases in flow
rate. Besides the total pressure drop decreases with vane height decreases, the difference in
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the total pressure drop at 0.6 Q/Qdes is smaller compared to other flow rates. At 1.4 Q/Qdes,
the difference in the total pressure drop between the guide vanes with h/b = 0.4 and
h/b = 1 is approximately 35%.
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Figure 9. Total pressure drop in each component.

The total pressure drop in the volute increases as the flow rate increases. At 1.4 Q/Qdes,
the difference in the total pressure drop in the volute between the guide vanes with
h/b = 0.4 and h/b = 1 is approximately 75%. The total pressure drop in the static component
presents hydraulic loss. As the vane height decreases, clearance between the vane and hub
exists, leading to varying hydraulic losses in the diffuser due to complex clearance flow.
However, it is worth noting that the hydraulic loss in the volute varies significantly due to
different diffuser vane heights, indicating that the diffuser vane height has a significant
influence on the flow field in the volute.

Figure 10 illustrates the time-averaged pressure at the volute inlet for different vane
heights at three flow rates. It is illustrated that the pressure decreases roughly in the
direction of rotation away from the tongue and reaches its minimum value at θr = 330◦. At
0.8 Q/Qdes, the pressure decreases more sharply with h/b = 1 than with an h/b less than
1, and the variance is reduced with increasing flow rate. It is important to note that with
h/b = 1, the pressure varies sharply around the tongue and changes to be more smooth
when the h/b is less than 1. This suggests that the pressure distribution is more uniform
with an h/b less than 1 than with h/b = 1.

The transient radial velocity (vr) distribution at the volute inlet (the turning surface in
Figure 10) for various time steps and diffuser vane heights is illustrated in Figure 11, with
the white line representing the vane trailing edge. The radial velocity exhibits minimal
changes over time, with the most noticeable differences observed near the tongue, as
indicated by the square marker in Figure 11a. However, it is evident that the radial velocity
shows significant differences with varying vane heights, particularly in the tongue region,
as indicated by the square marker in Figure 11b. It is demonstrated that when h/b = 1, the
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radial velocity at diffuser passages far away from the tongue shows minimal differences, as
illustrated by the dashed square marker. In contrast, the radial velocity at passages near
the tongue exhibits significant differences compared to other passages. When the h/b is
less than 1, the difference between diffuser passages decreases, but the passage upstream
of the tongue presents distinct differences compared to others.
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To facilitate a more intuitive display and analysis of the variances in the tongue area
for various guide vane heights, Figure 11d–f illustrate the distributions of circumferential
(vc) and radial velocities around the tongue. As previously stated, the variations in velocity
over time are significantly smaller compared to the changes observed with blade height.
Regardless of the flow rate, the trend in the impact of blade height on the flow at the
tongue area remains consistent. As the flow rate increases, both the radial velocity and
the circumferential velocity also increase, while the distribution of these velocities remains
similar across different flow rates.

As shown in Figure 11d, a reverse flow region marked by a dashed square and a red
arrow exists in front of the tongue for the vaned diffuser with a vane height ratio of 1
(h/b = 1), where the radial velocity alternates between positive and negative values. The
radial velocities on both the upstream and downstream sides of the reverse flow region are
significant. These observations can be attributed to a high-pressure gradient caused by a
blocking effect from the tongue, as illustrated in Figure 10. As the vane height decreases to
h/b = 0.8, the reverse flow region vanishes and the negative radial velocity region becomes
smaller. The direction of the circumferential velocity is deflected toward the hub side,
where, similar to a sink, the radial velocity is negative. It is notable that this region is vaned.
In the vaneless area, the circumferential velocity exhibits more uniformity, particularly
at high flow rates. Additionally, the circumferential and radial velocity in the vaneless
region is noticeably larger. When the vane height is further reduced, the negative radial
velocity region continuously decreases and may even disappear at lower flow rates. As
the flow rate increases, these observations become more prominent. Nevertheless, even
with a reduced vane height, the negative radial velocity region persists under overload
conditions, although it may occupy a smaller area. Reducing the vane height has been
shown to decrease the blocking effect caused by the tongue. It is readily apparent that
this reduction in vane height can help alleviate or lessen the interference or obstruction
typically caused by the tongue.

Figure 9c demonstrates that the total pressure drop in the volute is significantly
influenced by the vane height. The fluid discharged from the diffuser flows over the tongue
and then into the volute outlet pipe. The flow field in the tongue region is sensitive to the
vane height and notably differs from the region far away from the tongue, as demonstrated
in Figure 11. Considering the radial and circumferential velocity variations with vane
height, the flow field in the volute is expected to change significantly with diffuser vane
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height, leading to different hydraulic losses in the outlet pipe. Figure 12 displays the
streamlines on the midsection for different vane heights at 1.2 Qdes. It is evident that with a
vane height ratio of h/b = 1, a small clearance between the tongue and the vane trailing
edge is formed, where a very high-pressure gradient is observed, as illustrated in Figure 10,
resulting in a small vortex in front of the tongue, as shown in Figure 12c. The reverse
flow and negative radial velocity are induced, as depicted in Figure 11. Additionally, a
large-scale vortex at the outlet pipe, marked with a dashed line arrow, contributes to a
squeezing effect on the main flow, while the small-scale vortex enhances this effect, causing
deflection of the main flow away from the tongue, as indicated by the blue arrows. For
vane height ratios h/b less than 1, the pressure gradient is significantly reduced due to
the presence of the vaneless region. The small-scale vortex disappears, and the strength
and influence area of the large-scale vortex at the outlet pipe decrease. The reverse flow
and negative velocity region also decrease, leading to an improvement in the deflection of
the main flow. The variation in hydraulic loss with vane height can be attributed to these
changes in the flow field.
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To assess the variation in hydraulic loss with vane height, an entropy generation
analysis method with Computational Fluid Dynamics (CFD) is adopted. Based on research
findings [27,28], the energy loss can be categorized into viscous loss and turbulent loss. The
former is influenced by the time-averaged velocity gradient, while the latter is attributed to
fluctuating velocity. Therefore, the energy loss can be quantified using Equations (4)–(6).

ψ = ψ + ψ′ (6)

ψ = µ[2(
∂Vi
∂xi

)2 + (
∂Vi
∂xj

+
∂Vj

∂xi
)2] (7)

ψ′ = ρ(ν
∂V′

i
∂xk

∂V′
i

∂xk
+ ν

∂2V′
iV′

j

∂xi∂xj
) (8)

where V stands for velocity.
Given that the second term on the right-hand side of Equation (7) is consistently

smaller, particularly in high-Reynolds-number regions, the turbulent energy loss is approx-
imated by the first term. Subsequently, the turbulent loss component can be determined
using the kinetic energy dissipation, as expressed in Equation (9).

ψ′ = ρε (9)

Figure 13 illustrates the hydraulic loss in the mid-cross-section of the volute for various
vane heights at 1.2 Q/Qdes. It is evident that hydraulic loss primarily occurs at the outlet
pipe of the volute. The hydraulic loss is notably higher with a vane height ratio h/b of
1.0 compared to h/b = 0.6. In the case of h/b = 1.0, the hydraulic loss arises in areas where
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the main flow and interactions with large-scale vortices occur, indicating a significant
velocity gradient. As h/b = 0.6, the influence area of large-scale vortex decreases, resulting
in improved main flow deflection and a reduced fluid flow gradient, ultimately leading to
decreased hydraulic loss.
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Figure 14 displays the hydraulic loss in three cross-sections of the outlet pipe under
varying vane heights and operating conditions. Additionally, streamlines and velocity
contour lines are depicted. The visualization indicates that hydraulic loss occurs in regions
with a high velocity and more intense contour lines. As the diffuser vane height decreases,
the deflection of the main flow becomes more uniform, leading to a reduced velocity and
gradient, thereby improving hydraulic loss. In the area marked with a circular line, locally
higher hydraulic loss is observed, likely due to being downstream of the vaneless region of
the diffuser outlet where the velocity and gradient are relatively high.
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4. Conclusions

The current study showcases the impact of vane height on energy loss in the volute
of a centrifugal pump. Experimental assessments are conducted to evaluate pressure
fluctuations at the tongue and downstream of the tongue. The total pressure loss in various
flow components for varying vane heights is analyzed. Subsequently, the flow pattern at the
volute inlet and hydraulic loss within the volute are investigated using visualized methods.

Reducing the diffuser vane height leads to a significant decrease in pressure fluctuation
intensity and amplitude at the dominant frequency at the tongue and downstream of the
tongue. While the diffuser vane height has a minimal impact on the time-averaged shaft
power of the centrifugal pump impeller, it has a notable effect on hydraulic loss in the volute.
With an increasing flow rate, the reduction in hydraulic loss becomes more pronounced
with a decreased vane height.

The reduced height vane leads to a more uniform pressure distribution at the volute in-
let along the circumferential direction, eliminating the high-pressure gradient phenomenon
at the tongue. This results in the disappearance of recirculation vortices at the tongue ob-
served with traditional guide vanes, along with the elimination of regions of negative radial
velocity and reverse flow at the tongue. Consequently, the blocking effect of the vortices at
the tongue and outlet pipe of the volute is eliminated, leading to an improvement in the
deflection of the main flow in the outlet pipe of the volute and a decrease in the hydraulic
loss caused by the relatively high velocity and its gradient induced by flow deflection. This
indicates that the reduced height guide vanes can effectively enhance pump efficiency and
reduce energy consumption over a broad range of flow rates, playing a positive role in
energy saving for building water supply systems.

Although reduced height guide vanes can enhance pump performance, particularly
by significantly reducing the energy loss in the volute, the energy loss of the guide vanes
themselves is unknown with variations in vane height, and the optimal blade height
requires additional investigation, which will be the subject of subsequent research.
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Nomenclature

A2 area of impeller outlet, m2

Cp pressure coefficient
CPSDV standard deviation of pressure
H head, m
Hdes head at design flow rate, m
M torque, N·m
P pressure, Pa
PP pressure at pressure side, Pa
PS pressure at suction side, Pa
Q volume flow rate, m3/h
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Qdes volume flow rate at design point, m3/h
ϕ head coefficient
ρ density, kg/m3

θr angular coordinate, ◦

υ dynamic viscosity, Pa·s
b vane height, mm
g gravitational acceleration, m/s2

h vane width, mm
ns specific speed
n rotation speed, rpm
u2 velocity of impeller trailing edge, m/s
vr radial velocity, m/s
vc circumferential velocity, m/s
ε energy dissipation, m2/s3

ψ energy loss, N/(m2·s)
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