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Abstract: Developing ways to increase centrifugal pumps’ pressure and power characteristics is a
critical problem in up-to-date engineering. There are many ways to resolve it, but each has advantages
and flaws. The presented article aimed to ensure higher energy efficiency indicators by using a
counter-rotating pumping stage with trimming. During the research, the comprehensive approach
was based on CFD modeling and the Moore–Penrose pseudoinverse approach for overestimated
systems. According to the obtained data, pumps with a counter-rotating stage allowed the pressure
head to be significantly increased compared with the standard design of the flow part. Notably, for
pumping units CPS 180/1900 with a basic stage, the pressure head of 127 m was reached. However,
when using a counter-rotating stage, the pressure head could be increased up to 270 m, which was
2.1 times higher. Therefore, to ensure unchanged characteristics when using centrifugal pumps with
the counter-rotating stage, the weight and size indicators can be significantly reduced compared to
the traditional design scheme. The proposed numerical and analytical approaches allow estimating
the highest pressure and energy characteristics values.

Keywords: energy efficiency; centrifugal pump; power consumption; process innovation

1. Introduction

Impeller trimming is widely used when adjusting centrifugal pumps and expanding
their application area [1]. Trimming the impeller along the outer diameter by 10–15% is
permitted so as to change parameters and sequential operation of a couple of pumps.

One of the most affordable ways is to trim the impeller along the outer diameter [2].
Many studies have been devoted to this issue, the essence of which is to obtain experimen-
tal coefficients for calculating the pressure head, hydraulic losses, and energy efficiency
depending on the trimming value. However, each type of pump requires different experi-
ments to be carried out.

When using a counter-rotating stage, the main pressure head is created due to the
negative swirl of the flow, which is itself created when the liquid leaves the impeller and
enters the vane disk [3]. In this case, the primary characteristic is not the speed of the liquid
flow, but the angle of its inflow to the entrance to the vane disk.
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Impeller trimming changes the impeller’s overall dimensions and the liquid outlet’s
angle. This fact affects the pressure head, power consumption, and energy characteristics
of the counter-rotating stage.

Impeller trimming has been thoroughly investigated for standard impellers. However,
the effect of impeller trimming on the counter-rotating stage is unknown. This is because
transferring energy to the liquid in a counter-rotating stage is highly complicated.

Various researchers worldwide have highlighted the significance of the stated problem
in ensuring the energy efficiency of centrifugal pumps. Li [4] studied the impeller trimming
of an industrial centrifugal viscous oil pump, and the effect of increasing efficiency was
revealed when a trimmed impeller delivered highly viscous oils. Detert Oude Weme
et al. [5] proposed an algorithm for the prediction of the effect of impeller trimming on the
hydraulic performance of low specific-speed centrifugal pumps. The proposed approach
overestimated the reduction in the pressure head after trimming.

Khoeini and Tavakoli [6] evaluated the flow characteristics of a centrifugal pump with
different impeller trimming methods. They showed that the efficiency of a polygon-shaped
trimmed impeller was less than the best efficiency point. Deng et al. [7] studied the effect of
impeller trimming on performance in a double-suction centrifugal pump. The losses in the
volute diffuser channel were substantiated by the vortices generated within flow separation
and backflow. Radial force variation caused by impeller trimming in the double-suction
centrifugal pump was also investigated in [8].

Moreover, many research tasks concerning impeller trimming are also essential for
compressors, turbines, and fans. Swain and Engeda [9] studied the performance impact
of impeller blade trimming on centrifugal compressors. They proved that blade trim-
ming could be applied to reduce the pressure ratio while maintaining flow range. Jawad
et al. [10] also investigated the effect of impeller trimming on the performance of a modified
compressor using a numerical simulation approach.

Yang et al. [11] conducted experimental research on a single stage regarding the effects
of impeller trimming for a turbine. The influence of parallel impeller inlet trimming on a
mixed flow pump as a turbine was studied in [12]. Wang et al. [13] experimentally and
numerically investigated the effect of blade trimming on squirrel cage fan aerodynamic
performance. Li et al. [14] numerically studied the impeller trimming effect on the perfor-
mance of an axial flow fan, and Ye et al. [15] analyzed the performance of the axial fan after
blade trimming.

Moreover, Shi et al. [16] provided an experimental and numerical analysis of combined
hydrogen as a combustion enhancer applied to the Wankel engine. The design of this pump
is based on a dynamic type of energy transfer. Simultaneously, the Wankel engine is
based on the rotary–piston principle of energy transfer, or positive displacement engines.
They also clarified the role of turbulence-induced blade configuration in improving rotary
engines [17]. The implementation of various bowl designs in an HPDI natural gas engine,
focused on performance and pollutant emissions, was presented in [18].

After considering all the above, the following problems can be formulated. The effect
of impeller trimming on the counter-rotating stage should be investigated. There are still no
analytical formulae for calculations. However, such an energy transfer requires thorough
study. This is because it can clarify the pump’s operation principle for counter-rotating
stages.

This study aimed to analyze the energy efficiency of a counter-rotating stage of cen-
trifugal pumps by impeller trimming. To achieve this goal, the following objectives were
formulated. Firstly, hydrodynamic processes in the counter-rotating stage of a centrifugal
pump were studied. Secondly, various types of impellers for the counter-rotating stage
under impeller trimming were designed. A numerical study of the flow parts using the
proposed changes was carried out by means of numerical simulation. Finally, an approxi-
mation of the obtained pressure and energy characteristics for the trimming range up to
25 mm were realized.



Appl. Sci. 2023, 13, 761 3 of 16

In this regard, a couple of case studies were considered. The first impeller type had
a blade disk that lengthened when the trimming increased. The overall size of this blade
disk remained unchanged. However, the second type had a constant height. In this case,
the overall size decreased as the trimming increased.

2. Materials and Methods
2.1. Fundamental Criteria

Trimming the outer diameter of the impeller increases the gap between the impeller
and the spiral guide vane. As a result, equalization of the flow behind the centrifugal wheel
decreases the force interaction of the flow with the working parts of the impeller. This effect
is widely used to reduce pressure pulsations, vortices, and noise of the pumping unit [19].

When reducing the output diameter D2 of an impeller, peripheral speed decreases.
Therefore, the pressure head of the centrifugal stage is decreased. Experiments show that
moderate impeller trimming slightly changes the pump’s energy efficiency.

When impeller trimming for centrifugal pumps, the impeller correction and the
change in pump characteristics can be roughly determined by the following similarity
equations [20]:

Q′ = Q
D′2
D2

; H′ = H

(
D′2
D2

)2

; N′ = N

(
D′2
D2

)3

, (1)

where Q, H, N, D2 represents the nominal flow rate [m3/h], pressure head [m], power
consumption [kW], and external diameter of the impeller [m] before trimming; Q’, H’, N’,
and D′2 represents the nominal flow rate [m3/h], pressure head [m], power consumption
[kW], and external diameter of the impeller [m] after trimming.

These dependencies allow the building of the characteristics of a pump with a turned
wheel. Remarkably, the impeller turning along the outer diameter changes not only the
pump’s characteristics but also its speed ratio:

ns = 3.65n
√

Q
4√H3

, (2)

where n—operating speed, rpm.
Simultaneously, the pressure head decreased more significantly than that according

to the standard calculation technique. The energy efficiency of the pump decreased too.
Consequently, the rational impeller trimming should be consistent with the speed ratio.

2.2. The Counter-Rotating Stage

In regard to the counter-rotating effect, for ease of perception, the gratings were spaced
at a certain distance a (Figure 1).

Velocity vectors and their components are presented for an axisymmetric flow mode.
The following condition is also met: grids rotate in opposite directions with the same
angular velocity:

ωI = −ωI I , (3)

where ωI , ωI I—rotation speed of the first and second grids, respectively, rad/s.
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Moreover, non-circulating inflow conditions were chosen at the inlet to each grid.
Simultaneously, if this condition was easy to satisfy for the first lattice (υu1 = 0) due to
the feeder design, the condition of υu3 = 0 was more difficult to ensure at the inlet to the
second grid. This could be achieved only due to the appropriate geometric and kinematic
parameters of both the first and second grids.

At the inlet to the second grid, the liquid has a significant momentum υu2·r2, created
by the first lattice. Simultaneously, its direction is opposite to the rotating direction of the
second grid. Although the vector υ3 does not create whirl (υu3 = 0), the whirl υu2·r2 is the
negative circulation at the entrance to the second grid [21].

The blades of the second grid move towards the flow coming out from the first one,
changing its momentum rapidly. According to the momentum theorem [22], this causes a
sharp increase in the force of interaction between the blade and the fluid flow. This leads to
a significant increase in the intensity of the energy transfer process.

Therefore, the flow at the inlet to the second grid with a significant negative circulation
provides an intense counterflow for the blades of the second part of the counter-rotating
stage [23]. Consequently, the kinetic energy of this flow changes into the potential energy
of the pressure head, like jet turbines.

2.3. Mathematical Modeling

Analytical studies were carried out under the same conditions for trimming t in a
range from t0 [mm] to t1 [mm] with a certain step ∆t = (t1 − t0)/nt [mm], where nt—the
total number of trimming modes. These values allowed obtaining the pressure and energy
characteristics of the counter-rotating stage with an arbitrary value of the impeller trimming.
For this purpose, the quadratic approximation was applied:

H(t)
N(t)
η(t)

 =

K11 K12 K13
K21 K22 K23
K31 K32 K33


1
t
t2

, (4)

where t—trimming, mm; H—pressure head, m; N—power consumption, kW; η—energy
efficiency, %; [K]—compliance matrix.
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The physical meaning of the coefficients of the matrix [K] follow:. coefficients K11 = H(0),
K21 = N(0), and K31 = η(0) are pressure head, power consumption, and energy efficiency for
an impeller without trimming. They equal the initial values of the curves H(t), N(t), and
η(t), respectively.

Parameters K12 = dH(0)/dt, K22 = dN(0)/dt, and K32 = dη(0)/dt are the 1st time deriva-
tives of these values for an impeller without trimming. They reflect the initial slope angle
of the curves H(t), N(t), and η(t). If these parameters are positive, the curve initially ascends
and if they are negative it descends.

Finally, parameters K13 = 0.5 d2H(0)/dt2, K23 = 0.5 d2N(0)/dt2, and K33 = 0.5 d2η(0)/dt2

equal half of the 2nd time derivatives of the pressure head, power consumption, and
energy efficiency, respectively. They reflect the curvature of the curves H(t), N(t), and η(t).
Moreover, if these parameters are positive, the curvature is concave and if negative it is
convex.

The unknown elements of the matrix [K] can be evaluated based on the following
matrix equation:

[T]


K11
K12
K13

 =


H0
. . .
H1

; [T]


K21
K22
K23

 =


N0
. . .
N1

; [T]


K31
K32
K33

 =


η0
. . .
η1

 (5)

where H0, . . . , H1—a range of pressure heads for various trimmings t; [T]—3 × 3 matrix of
trimming coefficients:

[T] =

 1 t0 t2
0

. . . . . . . . .
1 t1 t2

1

. (6)

Since the total number of experimental points can be more than the total number of
evaluated parameters, the regression analysis for an overdetermined system (5) should be
applied. As a result, the following linear regression dependencies allow for estimating of
the unknown elements of the matrix [K]:

K11
K12
K13

 = [Θ]


H0
. . .
H1

;


K21
K22
K23

 = [Θ]


N0
. . .
N1

;


K31
K32
K33

 = [Θ]


η0
. . .
η1

, (7)

where [Θ], the Moore–Penrose pseudoinverse matrix [24] is:

[Θ] =
(
[T]T [T]

)−1
[T]T . (8)

Formula (4) allows determining of the extremum values of pressure head, power
consumption, and energy efficiency according to the following expressions:

d
dt


H(t)
N(t)
η(t)

 =


K12 + 2K13t∗

K12 + 2K13t∗∗

K12 + 2K13t∗∗∗

 = {0}, (9)

where {0}—3 × 1 zero column-vector; t*, t**, and t***—trimming values, leading to the
extremum of pressure head, power consumption, and energy efficiency, respectively:

t∗ = − K12

2K13
; t∗∗ = − K22

2K23
; t∗∗∗ = − K32

2K33
. (10)

After the substitution of expression (10) to Formula (4) and consequent equal algebraic
transformations, the corresponding extremum values are as follows:

H(t∗) = K11 −
K2

12
4K13

; N(t∗∗) = K21 −
K2

22
4K23

; η(t∗∗∗) = K31 −
K2

32
4K33

. (11)
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Remarkably, the consequence of dependencies (4)–(11) is the same for the elongated
and replaced counter-rotating stages.

Moreover, Formula (4) allows evaluation of the trimming values t*, t**, and t***, when
the pressure head, power consumption, and energy efficiency are the same as for the
impeller without trimming:

H(t∗)
N(t∗∗)
η(t∗∗∗)

 =


K11 + K12t∗ + K13t2

∗
K21 + K22t∗∗ + K23t2

∗∗
K31 + K32t∗∗∗ + K33t2

∗∗∗

 =


H(0)
N(0)
η(0)

. (12)

It can be substantiated, after solving the corresponding quadratic equations, that the
pressure and energy parameters of the trimmed impeller are the same at trimming values
twice those for the extremum values: t* = 2t*, t** = 2t**, and t*** = 2t***.

3. Results
3.1. Design Models

The object of the study was a counter-rotating stage for a basic pump CPS-180/1900.
The counter-rotating stage consists of an impeller I and blade disk II (Figure 2).
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counter-rotating stage equals to the diameter D2 of the impeller for the reference stage.

A counter-rotating stage without trimming was also considered as a reference stage
(Figure 2a), with which other results for four impellers, trimmed by 5, 10, 15, and 20 mm,
were compared.

The following different types of studies were realized. In the first case study, the outer
diameter D4 of the blade disk was constant (Figure 2b). In the second one, the height h of
the blade disk was constant (Figure 2c). The last case study was carried out for an impeller
with trimming of 52 mm under the condition that the largest size D4 of the counter-rotating
stage was equal to the size D2 of the reference impeller (Figure 2d).

Geometric dimensions of the reference counter-rotating stage (without trimming) were
as follows: the outer diameter of the impeller—D2 = 302 mm; the outer diameter of the
blade disk—D4 = 410 mm; the gap between the working elements of the step—2 mm; the
blade disk height—h = 52 mm.

3.2. CFD Modeling

Initially, impellers with different outer diameters D2 were designed (Figure 3a). For
each impeller, two different vane disks were created using the Solid Works software.
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Using the ANSYS CFX software [25], the 3D models were meshed by the calculation grid
(Figure 3b).
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Figure 3. 3D model (a) and CFD grid (b) of the flow part.

Grid independence allowed obtaining high-quality numerical simulation by determin-
ing the optimal cell size of the grid for further calculations. During the grid independence
test, it was determined that the global mesh size of the cells equaled 7 mm. The number of
prismatic layers should be at least 11. Moreover, the first layer should be 0.04 mm. Overall,
on average, the number of cells in the grid was 1.5 × 106.

The next stage for each model was the “inlet” and “outlet” conditions, setting of the
pumped medium and specific boundary conditions. After that, the numerical calculations
of counter-rotating stages were carried out.

Initially, counter-rotating stages with different trimming values and bladed disks were
calculated. The first study concerned impeller trimming by 5 mm (Figure 4).

Two counter-rotating systems were designed and simulated for this case study (and
subsequent case studies). The first system considered the elongated counter-rotating stage
(Figure 4a) with D4 = constant. The second system considered the replaced counter-rotating
stage (Figure 4b) with h = constant.

The characteristics of these degrees were as follows: the first option (D4 = constant)—
pressure head H = 411 m, power consumption N = 400 kW, and energy efficiency η = 50%;
the second option (h = constant)—H = 396 m, N = 391 kW, and η = 49%.

In the designed stages, vortex formation occurs due to the sizeable inter-blade channel.
Traditionally, such vortices negatively impact the pressure and energy characteristics.
However, in the considered case study, vortex formation did not have an effect because of
the similar parameters for all the stages (number of blades, their shape and thickness, and
blade angle).
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The next step was the calculation of counter-rotating stages with various impeller
trimmings of 10 mm (Figure 5). The characteristics of these degrees were as follows: the
first option (D4 = constant)—H = 431 m, N = 408 kW, and η = 52%; the second option
(h = constant)—H = 392 m, N = 382 kW, η = 50%.

Next, counter-rotating stages with different impeller trimmings of 15 mm were cal-
culated (Figure 6). The characteristics of these degrees were as follows: the first option
(D4 = constant)—H = 407 m, N = 344 kW, and η = 58%; the second option (h = constant)—
H = 364 m, N = 313 kW, and η = 54%.
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The last step was the calculation of counter-rotating stages with various trimmings
of 20 mm (Figure 7). The characteristics of these degrees were as follows: the first option
(D4 = constant)—H = 348 m, N = 282 kW, and η = 60%; the second option (h = constant)—
H = 276 m, N = 241 kW, and η = 65%.
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To compare the pressure and energy characteristics, the reference counter-rotating
stage was also calculated (Figure 8a). Additionally, the influence of the maximally trimmed
impeller of the counter-rotating step with overall dimensions less than for a reference
impeller of the pump CPS-180/1900 was studied (Figure 8b).
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The characteristics of these degrees were as follows: without trimming—H = 387 m,
N = 331 kW, and η = 57%; after trimming of 52 mm—H = 184 m, N = 139 kW, and η = 65%.

Thus, the impeller trimming significantly affected the pressure and energy characteris-
tics of the counter-rotating stages of the centrifugal pump.
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3.3. Overall Evaluation Results

All the obtained data after the CFD simulations are summarized in Table 1.

Table 1. Pressure and energy characteristics of counter-rotating stages for different trimming modes.

Trimming Value,
mm

D4 = Const h = Const

Pressure Head
H, m

Power Consumption N,
kW

Energy Efficiency,
kW

Pressure Head
H, m

Power Consumption N,
kW

Energy Efficiency,
kW

0 * 387 331 57 387 331 57
5 411 400 50 396 391 49

10 431 408 52 392 382 50
15 407 344 58 346 313 54
20 348 282 60 276 241 65
25 n/a n/a n/a 184 139 65

* without trimming; n/a—not allowed.

The following data were evaluated as a result of applying the mathematical model
(4)–(8). Firstly, for the elongated counter-rotating stage (D4 = const), the matrix of trimming
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coefficients [T] (6), the Moore–Penrose pseudoinverse matrix [Θ] (8), and the compliance
matrix [K] (7) were as follows:

[T] =


1 0 0
1 5 25
1 10 100
1 15 225
1 20 400

; [Θ] =

 0.886 0.257 −0.086
−0.154 0.037 0.114
0.006 −0.003 −0.006

−0.143 0.086
0.077 −0.074
−0.003 0.006

;

[K] =

 383.2 10.36 −0.6
336.086 16.006 −0.954
55.743 −0.977 0.063

.

However, for the replaced counter-rotating stage (h = const), these matrices were as
follows:

[T] =



1 0 0
1 5 25
1 10 100
1 15 225
1 20 400
1 25 625

; [Θ] =

 0.821 0.321 0
−0.118 0.001 0.066
0.004 −0.001 −0.003

−0.143 −0.107 0.107
0.077 0.035 −0.061
−0.003 −0.001 0.004

;

[K] =

385.893 5.612 −0.549
341.929 10.513 −0.759
54.857 −0.903 0.057

.

After comparing these matrices, it could be concluded that parameters K12 and K22
were much higher for the elongated counter-rotating stage (D4 = const). This fact substanti-
ated a decrease in pressure head and power consumption.

The approximating curves evaluated by Formula (4) are presented in Figure 9.
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The solid blue line 1a represents the approximating curve for the pressure head for
the elongated counter-rotating stage (D4 = const), shown by filled round dots. The dashed
blue line 1b is the approximating curve for the pressure head for the case of the replaced
counter-rotating stage (h = const), represented by unfilled round dots. Red curves 2a and
2b represent the power consumption (marked by square dots) for the abovementioned
cases. Curves 3a and 3b, marked by the swamp color, approximate the power consumption
marked by triangular dots.

Since K12 and K22 were positive for both cases, the curves of H(t) and N(t) ascended.
However, negative values of K32 led to a descending angle of energy efficiency η(t) for
low trimming values. Since K13 and K23 were negative for both cases, the curves of H(t)
and N(t) were convex. However, positive values of K33 led to a concave curve of energy
efficiency η(t).

According to Formulas (10) and (11), the minimum value of energy efficiency ηmin = 52%
corresponded to the trimming of 7.8 mm for the case of the replaced counter-rotating stage
(h = const). However, the maximum values of pressure head Hmax = 428 m and power
consumption Nmax = 403 kW were reached for the trimmings of about 8.5 mm for the case
of the elongated counter-rotating stage (D4 = const).

4. Discussion

After obtaining the pressure and energy characteristics of the counter-rotating stages
with different trimmings, the following conclusions were made. They had different pres-
sure characteristics compared to the reference impeller. They could both increase and
decrease. Particularly, the pressure head and power consumption increased and reached
their maximum for a trimming of about 8 mm. After this, these characteristics decreased.

After comparing two studies (for D4 = constant and h = constant), the difference in
the pressure and energy characteristics could be seen. For the case of D4 = constant, these
characteristics were higher than for the case of h = constant.

On the other hand, for the case of h = constant, the pressure head did not change
significantly for trimmings less than 5 mm. However, for higher trimmings, the pressure
head decreased significantly.

The energy characteristics also increased for trimmings up to 7–8 mm; however, after
this, they decreased too. Due to the high power, the energy efficiency decreased, reaching
its minimum at about 7.8 mm, then slowly increased.

After comparing the case of the replaced counter-rotating stage without trimming, the
pressure head for trimming about 15 mm was equal to the pressure head of the reference
impeller. This fact decreased energy efficiency. Under trimming of about 16 mm, the
power consumption would already be the same. In this case, the pressure head and energy
efficiency changed.

For the case of the elongated counter-rotating stage, for trimming 15.5 mm, the energy
efficiency would be the same as for the impeller without trimming. However, with trimming
of about 17 mm, the pressure head and power consumption were the same too. This was
the optimal option for trimming, as the power consumed was the same and the pressure
was higher compared to the impeller without trimming. In this regard, the main advantage
was that the efficiency of the counter-rotating stage increased, and its overall dimensions
decreased from 151 mm to 134 mm. This allowed us to reduce the material consumption of
the impeller by up to 20%.

The following facts also highlighted the significance of the obtained results. Firstly,
when trimming the impeller by 15 mm, the same characteristics as without trimming at a
smaller diameter were reached. This led to a smaller diameter of the pumping equipment
and reduced material consumption.

Secondly, in [26], an increase in the pressure head of the pump stage occurred due to
the improvement of the design of the impeller blade system. The primary disadvantage
of that method was the presence of a sinking shape of the head characteristic. This led
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to a breakdown of the pump parameters in off-design operation modes. However, the
proposed counter-rotating state avoided this problem.

In paper [4], an increase in the pressure head of the pump stage was achieved by
changing the width of the inter-vane channel at the outlet. However, this changed the flow
rate, which was not satisfactory in the designing of pumping units.

Finally, paper [20] showed that cutting only the impeller’s cover disk led to a deterio-
ration in the tangential momentum of the fluid flow at the impeller outlet. Thus, we can
conclude that trimming should be performed on both disks simultaneously.

5. Conclusions

It can be concluded that the pressure head is affected not only by trimming, but also
by the dimensions of the working part of the impeller. This is because the liquid no longer
interacts with the impeller blades and vane disks of larger size.

The counter-rotating effect essentially impacts the pumping unit’s pressure and energy
characteristics. However, the size and time of interaction of the liquid with the blades also
significantly impact the characteristics of the counter-rotating stage.

Relatively low values of impeller trimming increase pressure. However, energy
efficiency decreases rapidly. Therefore, impeller trimming is impractical for obtaining
higher values of pressure head for the case of a replaced counter-rotating stage. However,
impeller trimming is effective for the case of an elongated counter-rotating stage, for which
much better characteristics are achieved.

Overall, based on these obtained results, the impeller can be trimmed by 14.0–16.5 mm
while maintaining reasonable pressure and energy characteristics.

Further, using pumps with a counter-rotating stage reduces the weight and size
indicators of centrifugal pumps and, therefore, their cost. They also allow for reducing
radial and axial loads on bearing supports and radial dimensions of the flow parts. Since
the obtained results allowed an understanding of the principle of operation for counter-
rotating stages, they open ways for further research on variations and technical designs
and the possibilities of creating a prototype of the pumping unit so as to test it in practice.
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