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Abstract

The Blade Rotor Volumetric Pump (BRVP) integrates the operational advantages of vane
pumps and positive displacement pumps, enabling a single unit to efficiently achieve
both a high flow rate and a high head. This represents a significant expansion of the
existing pump design spectrum. However, performance testing of the initial Blade-Driven
BRVP (BD-BRVP) prototype revealed critical challenges requiring resolution, including the
absence of established design theory and unsatisfactory operational smoothness. This study
presents a comprehensive analysis of the BD-BRVP’s design principles, mechanical system,
and flow characteristics, grounded in the kinematics of a rotationally symmetric crank-
guide rod mechanism. Building on this analysis, we propose an innovative Rotor-Driven
BRVP (RD-BRVP) configuration. Our results demonstrate that the RD-BRVP significantly
outperforms the BD-BRVP in force transmission efficiency and operational smoothness.
Specifically, the RD-BRVP exhibits a 42.5% reduction in rotational speed fluctuation and
a 20.75% decrease in flow pulsation rate compared to the BD-BRVP. These performance
enhancements are conclusively validated through experimental testing. This research
advances the technological maturity of the BRVP concept and establishes a foundation for
its future practical deployment.

Keywords: Blade Rotor Volumetric Pump (BRVP); crank-guide rod; flow pulsation; opera-
tional smoothness; pump design

1. Introduction
Pumps constitute indispensable industrial equipment, extensively employed across

critical sectors of the national economy and human activities, including aerospace, nuclear
power generation, municipal water supply, and petrochemical processing [1,2]. Statistical
analyses reveal a significant energy footprint: pump systems account for approximately 20%
of global electricity usage, contributing to roughly 5% of total national energy consumption.
This substantial energy demand underscores the critical imperative for advancements
in pump technology to enhance energy efficiency [3,4]. Beyond energy consumption,
reliability and stability under high-pressure conditions are critical performance metrics
for industrial pumps, particularly in applications where failure can lead to significant
operational downtime or safety hazards.

Pumps are fundamentally categorized by their operating principle into two primary
types: vane pumps and positive displacement pumps. Vane pumps (e.g., centrifugal
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pumps) transfer energy through dynamic interactions between fluid and rotating blades,
enabling high flow rates but typically limited to low- to medium-pressure applications
due to inherent leakage paths and reduced volumetric efficiency at elevated pressures [5].
Conversely, positive displacement pumps (e.g., plunger pumps) operate via cyclic varia-
tions in enclosed chamber volumes, capable of generating very high pressures but often
at the expense of lower flow rates and higher flow pulsation, which can induce vibration
and noise [6,7]. Current research efforts focus on overcoming these inherent limitations
through several primary optimization strategies: (1) structural enhancements, such as novel
impeller geometries or optimized volute designs, aiming to improve hydraulic efficiency
and reduce erosion [8,9]; (2) advanced materials, including ceramics and composites, to
enhance wear resistance and durability under abrasive conditions [10]; (3) multi-stage con-
figurations, which stack multiple pumping elements to achieve higher heads, albeit with
increased complexity, cost, and axial length [11,12]; and (4) intelligent control systems [13],
designed to optimize pump operation in real-time based on demand, improving system-
level efficiency. International research efforts increasingly leverage computational fluid
dynamics (CFD) simulations coupled with experimental validation to improve hydraulic
efficiency and operational durability [8]. Despite these advancements, a significant techno-
logical challenge remains: the development of a single-stage pump architecture capable
of simultaneously delivering both high flow rates and high heads without compromising
operational stability or efficiency [14,15].

Recent attempts to create hybrid or novel pump designs that bridge this performance
gap have been explored. For instance, Hsieh et al. proposed a novel variable clearance de-
sign for cycloidal pumps, which reduces collisions between components. An appropriately
designed variable clearance maintains robust flow characteristics, effectively minimizes
impact and collision among pump parts, thereby lowering stress levels, improving stability,
and extending the service life of cycloidal pumps [16]. Li et al. proposed a novel alternating
flow (AF) variable displacement hydraulic pump designed to eliminate metering losses
by acting as a high-bandwidth pump for displacement control, achieve high efficiency
under various operating conditions and displacements, and enable the compact integration
of multiple units on a single prime mover shaft for multi-actuator displacement control
systems [17]. These approaches highlight the persistent difficulty in achieving a compact,
efficient, and reliable design that truly bridges the performance gap.

Addressing this challenge, the Blade-Driven Blade Rotor Volumetric Pump (BD-BRVP),
developed by Tianjin University’s Key Laboratory of Advanced Ceramics and Process-
ing Technology [18,19], integrates the advantageous principles of both vane and positive
displacement pumps. This novel configuration fundamentally differs from the aforemen-
tioned hybrid approaches by utilizing a single working chamber with coordinated blade
and rotor kinematics, thereby avoiding the complications of multi-stage integration. The
main parameters governing our design include the eccentricity and the blade-rotor phase
relationship, which collectively enable a single stage to achieve high flow and high head si-
multaneously. This innovative design enables a single pump unit to achieve high flow rates,
elevated heads, high power density, and peak efficiency through the coordinated action
of structural volume variations and blade rotations. However, performance evaluations
of first-generation Blade-Driven BRVP (BD-BRVP) prototypes exposed critical limitations,
notably running instability (manifesting as Grade D vibration severity of 28 mm/s) and a
lack of comprehensive theoretical design models, which constrained overall performance
and increased operational risks. This instability was primarily attributed to its complex
force-flow transmission path and significant flow pulsation.

To overcome these limitations, the present study undertakes a systematic investiga-
tion of the BD-BRVP, encompassing: (1) kinematic analysis of the BD-BRVP based on a



Machines 2025, 13, 843 3 of 22

rotationally symmetric crank-guide rod mechanism; (2) mechanical system optimization
focusing on force transmission paths, and (3) proposal and experimental validation of a
redesigned Rotor-Driven BRVP (RD-BRVP) configuration. Building upon this foundational
analysis, the RD-BRVP is proposed and evaluated. Experimental results confirm the efficacy
of this redesign, demonstrating a 42.5% reduction in rotational speed fluctuation and a
20.75% decrease in flow pulsation compared to the BD-BRVP. These advancements provide
both essential theoretical foundations and robust technical support for the development of
next-generation volumetric pumps.

2. Structure and Working Principle of BRVP
As illustrated in Figure 1, the Blade Rotor Volumetric Pump (BRVP) incorporates

the following key components: a drive blade, two driven blades, a rotor, three sliders,
and a splined drive shaft. The rotor and blades are eccentrically arranged relative to
their respective rotational centers. The drive blade is operatively connected to the power
input shaft via the splined drive shaft. Sliders are housed within dedicated grooves on
the rotor. During operation, the drive blade simultaneously actuates the sliders and the
rotor. The rotor, in turn, drives the two driven blades, thereby enabling the complete
mechanism’s motion.

Figure 1. 3D model of the BD-BRVP: (a) explosive model; (b) semi-sectional model.

Energy conversion within the BRVP occurs through the interaction between the rotat-
ing blades and the working fluid, transforming mechanical input energy into hydraulic
energy (increased fluid pressure and kinetic energy). During blade rotation, the work-
ing chamber volume at the inlet progressively expands, creating a partial vacuum that
continuously draws fluid into the pump. Concurrently, the working chamber volume at
the outlet progressively contracts, generating a high-pressure zone that discharges the
fluid. Reversing the input power direction causes all components to operate in reverse
sequence, effectively swapping the inlet and outlet functions to provide bidirectional
pumping capability.

Kinematically, the BRVP mechanism can be represented as a rotationally symmetric
crank-guide rod mechanism (See Figure 2). In this analogy,

• The rotor functions as three rigid cranks fixed at 120◦ intervals;
• The three blades function as the guide rods;
• One blade serves as the driving element;
• Three sliders are integrated into the rotor’s grooves;
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• The rotational centers of the blades (rods) and the rotor (cranks) maintain a fixed
eccentric arrangement.

Figure 2. Structural and motion diagram of the BRVP.

Within the BRVP, the three blades share a common, fixed rotational center. This con-
figuration ensures a constant distance between each blade tip and its rotational center,
equivalent to the blade length, throughout the entire operational cycle. This relative motion
among components enables the equivalent of “reciprocating motion” in vane pumps (typi-
cally achieved through centrifugal forces and hydraulic pressure). This kinematic design
significantly enhances mechanism stability and operational reliability while eliminating
the requirement for dynamic sealing elements.

The blade structural design demands sufficient strength and stiffness solely to prevent
fluid leakage caused by blade deformation under high working pressure differentials. A
clearance sealing mechanism between the blades and the housing is achieved through
precision tolerance matching. This approach effectively resolves the persistent vane wear
issues common in conventional vane pumps.

Consequently, BRVP retains the performance advantages of vane pumps while resolv-
ing their inherent limitations through optimized mechanical configuration. Specifically, it
mitigates vane and stator wear, thermal losses, and excessive power consumption, thereby
achieving the design objectives of enhanced operational efficiency and extended service life.

3. BD-BRVP Mechanical System Analysis and Flow Characteristics
3.1. BD-BRVP Mechanical System Analysis

(1) Kinematic analysis

(i) Angular velocities and relative velocities of BD-BRVP components

The kinematic schematic of the BD-BRVP mechanism is illustrated in Figure 3. Com-
ponent 1 represents the drive blade, while components 1′ and 1′′ represent driven blades of
radius R rotating about center O. Component 3 denotes the rotor of radius (R-e) rotating
about center O1. Components 2, 2′, and 2′′ correspond to sliders of radius r, interfacing
with blades 1, 1′, and 1′′ , respectively. The eccentricity e is defined as the distance between
the rotational centers O (blades) and O1 (rotor). Component 4 represents the stationary
frame. A Cartesian coordinate system is established with origin at blade rotational center O,
where the eccentricity vector aligns with the positive Y-axis. The solid lines, dashed lines,
and dot-dashed lines represent the initial position, the position after the rotation of the
drive blade, and the trajectories, respectively. Accordingly, Points A, B, and C correspond
to the tip positions of the three blades after rotation. The vector orientations and angular
relationships are annotated in Figure 3.
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Figure 3. Schematic diagram of the motion of the BD-BRVP (clockwise).

From the vector triangle ∆OO1O2 in Figure 3, the following relationship can be derived:

eeiπ/2 + (R − r − e)eiφ3 = lOO2eiφ1 (1)

where φ1 and φ3 represent the angular displacements of drive blade 1 and rotor 3, respectively.
The angular velocity of the rotor ω3 can be obtained from Equation (1):

ω3 =
lOO2 ω1

(R − r − e) cos(φ1 − φ3)
(2)

where

φ1 = φ3 + arcsin e cos φ1
R−r−e

lOO2 =
√
(R − r − e)2 + e2 + 2e(R − r − e) sin(φ1 − φ3)

Similarly, the angular velocities of driven blades ω′
1 and ω

′′
1 are calculated as:

ω′
1 =

ω3(R − r − e) cos(φ′
3 − φ′

1)

lOO′
2

(3)

ω
′′
1 =

ω3(R − r − e) cos(φ
′′
3 − φ

′′
1 )

lOO′′
2

(4)

where
φ′

3 = φ3 +
4
3 π

φ′
1 = arctan

(
e+(R−r−e) sin φ′

3
(R−r−e) cos φ′

3

)
lOO′

2
=
√
(R − r − e)2 + e2 + 2e(R − r − e) sin φ′

3

φ
′′
3 = φ3 +

2
3 π

φ
′′
1 = arctan

(
e+(R−r−e) sin φ

′′
3

(R−r−e) cos φ
′′
3

)
lOO′′

2
=
√
(R − r − e)2 + e2 + 2e(R − r − e) sin φ

′′
3
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The relative angular displacement between sliders and their grooves is β = ∠OO2O1 =

arcsin( e cos φ1
R−r−e ). By differentiating β with respect to time t, the relative angular velocity ω2

is determined:
ω2 = − e sin φ1√

(R − r − e)2 − (e cos φ1)
2

ω1 (5)

(2) Dynamic analysis

(i) Working resistance torque calculation

Assuming a constant operational pressure differential (∆p = po − pi, where pi is
the inlet pressure and po is the outlet pressure), the working resistance torque on the
blades is primarily dependent on their projection length lBE, which varies with the blade’s
angular position.

(a) Let position Y denote the initial reference position of drive blade 1. When the
drive blade rotates through an angle θ, for analytical simplification, define:

α0 = arcsin
( √

3(R−e−r)

2
√

e2+(R−e−r)2−e(R−e−r)

)
, At θ ∈ (0, π − α0) (θ = π/2+ 2kπ −

φ), driven blade 1′ enters the operational state. The working resistance torque
M′

r1 acting on driven blade 1′ is expressed as:

M′
r1 = eL(po − pi)(R − e)·



1+

cos



arcsin( e(R−r−e) sin( π
3 −θ−β)

(R−e)

√√√√√ (R − r − e)2 + e2

−2e(R − r − e) cos(π
3 − θ − β)

)

−arcsin( (R−r−e) sin( π
3 −θ−β)√√√√√ (R − r − e)2 + e2

−2e(R − r − e) cos(π
3 − θ − β)

)




(6)

(b) When drive blade 1 rotates to angle θ (θ ∈ (π − α0, π + α0)), it assumes
primary operational status. The working resistance torque Mr1 acting on the
drive blade is formulated as:

Mr1 = eL(po − pi)(R − e)
(

1 + cos
(

θ + arcsin(
e sin θ

R − e
)

))
(7)

(c) When drive blade 1 rotates to angle θ (θ ∈ (π + α0, 2π)), driven blade 1′′

enters the operational state. The working resistance torque M′′
r1 acting on the

drive blade is formulated as:

M′′
r1 = eL(po − pi)(R − e)·


1 + cos



arcsin( e(R−r−e) sin( π
3 +θ+β)

(R−e)

√√√√√ (R − r − e)2 + e2

−2e(R − r − e) cos(π
3 + θ + β)

)

−arcsin( (R−r−e) sin( π
3 +θ+β)√√√√√ (R − r − e)2 + e2

−2e(R − r − e) cos(π
3 + θ + β)

)




(8)

(ii) Driveshaft driving torque calculation (inertial effects neglected)

Under the assumption of negligible inertial forces/moments, energy transmission
losses, and frictional dissipation, the three blades operate sequentially with only one blade
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active at any instant during a full rotation cycle. The driveshaft driving torque M is
derived as:

M =


M′

r1n′
1/n1 θ ∈ (0, π − α0)

Mr1 θ ∈ (π − α0, π + α0)

M′′
r1n′′

1 /n1 θ ∈ (π + α0, 2π)

(9)

(iii) Driveshaft driving torque with inertial effects

Figure 4 illustrates the force diagram of BD-BRVP incorporating inertial forces and
moments. Assuming negligible gravitational, inertial, and moment effects from slider 2
due to its minimal mass, the driving torque M is formulated as:

MI3ω3 + (MI1 + Mr1 + M)ω1 + (M′
I1 + M′

r1)ω
′
1 + (M′′

I1 + M′′
r1)ω

′′
1 + (G1 + FI1y)vS1y

+(G′
1 + F′

I1y)v
′
S′

1y + (G′′
1 + F′′

I1y)v
′′

S′′
1 y

+ FI1xvS1x + F′
I1xv′S′

1x + F′′
I1xv′′

S′′
1 x

+ (G3 + FI3y)vS3y + FI3xvS3x = 0 (10)

where MI1 is the inertial moment of the drive blade 1; FI1y is the inertial force along the y-
direction at the center of mass of the drive blade 1; vS1y is the velocity along the y-direction
at the center of mass of the drive blade 1; G′

1 is the gravity at the center of mass of the
driven blade 1′.

 

Figure 4. Schematic diagram of the force on the BD-BRVP.

(a) When φ ∈ (0, π
2 ) ∪ (α0 +

3π
2 , 2π), M′′

r1 = 0, Mr1 = 0, then

M = − 1
ω1

(
MI3ω3 + (M′

I1 + M′
r1)ω

′
1 + M′′

I1ω
′′
1 + (G1 + FI1y)vS1y

+(G′
1 + F′

I1y)v
′
S′

1y + (G′′
1 + F′′

I1y)v
′′

S′′
1 y

+ FI1xvS1x + F′
I1xv′S′

1x + F′′
I1xv′′

S′′
1 x

)
(11)

(b) When φ ∈ ( 3π
2 − α0, α0 +

3π
2 ), M′′

r1 = 0, M′
r1 = 0, then

M = − 1
ω1

 MI3ω3 + M′
I1ω′

1 + M′′
I1ω

′′
1 + (G1 + FI1y)vS1y + (G′

1 + F′
I1y)v

′
S′

1y

+(G′′
1 + F′′

I1y)v
′′

S′′
1 y

+ FI1xvS1x + F′
I1xv′S′

1x + F′′
I1xv′′

S′′
1 x

− Mr1 (12)

(c) When φ ∈ (π
2 , 3π

2 − α0), Mr1 = 0, M′
r1 = 0, then

M = − 1
ω1

 MI3ω3 + M′
I1ω′

1 + (M′′
I1 + M′′

r1)ω
′′
1 + (G1 + FI1y)vS1y + (G′

1 + F′
I1y)v

′
S′

1y

+(G′′
1 + F′′

I1y)v
′′

S′′
1 y

+ FI1xvS1x + F′
I1xv′S′

1x + F′′
I1xv′′

S′′
1 x

 (13)
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3.2. BRVP Flow Characteristics Analysis

(1) Mean Flow Rate

Figure 5 shows the schematic for calculating BRVP’s mean flow rate. Defining the
geometric references: O represent the main shaft center, O1 denote the rotor center, and O2

indicate the slider center. The displacement q of BRVP is defined as

q = 3SBECFL (14)

SBECF = SBOC − SE′O1F′ + 2S∆O′
2O1O − 2SO2EE′ (15)

SBECF= (α0 +
π

3
)R2 − π

3
(R − e)2 +

√
3

2
e(R − e − r)− r2α0 (16)

 
Figure 5. Diagram for calculating the average flow rate of the BRVP.

The theoretical mean flow rate Q is given by:

Q = qn = 3SBECFLn1 (17)

(2) Instantaneous Flow Characteristics

(i) BD-BRVP Instantaneous Flow Calculation (Blade Thickness Neglected)

Figure 6 presents the BD-BRVP schematic, where discharged liquid volume varies
with drive blade rotation angle θ. Instantaneous flow rate calculation over one complete
drive blade revolution comprises three discrete phases:

Figure 6. Schematic diagram of instantaneous flow calculation for BD-BRVP without considering
blade thickness.
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(a) When the drive blade rotates through an angle θ < π − α0, driven blade 1′

enters the operational state. To simplify the calculation, the influence of blade
thickness on instantaneous flow rate is neglected. As the drive blade rotates
by θ, the driven blade rotates correspondingly by θ1′ . The enclosed volume V
formed by the blades, rotor, housing walls, and end covers is expressed as:

V = L
∫ θ1′

0

1
2
(l2

OB1
− l2

OE1
)dθ1′ (18)

The instantaneous flow rate Q(t) is then derived as:

Q(t) =
dV
dt

= L
d

dθ1′
(
∫ θ1′

0
1
2
(l2

OB1
− l2

OE1
)dθ1′)

dθ1′

dt

(19)

where

lOE1 =

√√√√√√√√√√√√√√√

(R − e)2 + e2 − 2(R − e)e

· cos



arcsin( (R−e−r) sin( π
3 −θ−β)√√√√√ (R − e − r)2 + e2

−2(R − e − r)e cos(π
3 − θ − β)

)

−arcsin( e(R−e−r) sin( π
3 −θ−β)

(R−e)

√√√√√ (R − e − r)2 + e2

−2(R − e − r)e cos(π
3 − θ − β)

)


(b) When drive blade 1 reaches position OB (θ ∈ (π − α0, π + α0)), drive blade

1 enters the operational state. The instantaneous flow rate Q(t) is then de-
rived as:

Q(t) =
dV
dt

= L
d
dθ

(
∫ θ

∠O′
2OO1

1
2
(l2

OB1
− l2

OE1
)dθ)

dθ

dt
(20)

where

lOE1 =

√
(R − e)2 + e2 + 2(R − e)e cos(θ + arcsin

e sin θ

(R − e)
).

(c) After drive blade 1 passes position OC (θ ∈ (π + α0, 2π)), driven blade 1′′

activates. The instantaneous flow rate Q(t) is then derived as:

Q(t) =
dV
dt

= L
d

dθ1′′
(
∫ θ1′′

0

1
2
(l2

OB1
− l2

OE1
)dθ1′′ )

dθ1′′

dt
(21)

where

lOE1 =

√√√√√√√√√√√√√√√

(R − e)2 + e2 − 2(R − e)e

· cos



arcsin( (R−e−r) sin(5π/3−θ+β)√√√√√ (R − e − r)2 + e2

−2(R − e − r)e cos(5π/3 − θ + β)

)

−arcsin e(R−r−e) sin(5π/3−θ+β)

(R−e)

√√√√√ (R − e − r)2 + e2

−2(R − e − r)e cos(5π/3 − θ + β)


(ii) BD-BRVP Instantaneous Flow Calculation with Blade Thickness Considered
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To enhance instantaneous flow rate calculation fidelity, the computational model
explicitly integrates physical component geometry—with particular emphasis on blade
thickness effects.

(a) When θ ∈ (0, π − α0), then VTure = V − VBlade, and the accuracy of instantaneous
flow rate QTure(t) is then derived as

QTure(t) =
dVTure

dt
=

d(V − VBlade)

dθ1′

dθ1′

dt
(22)

(b) Drive blade 1 at critical position OB

QTure(t) =
d(V − lB1E1 Ls)

dθ

dθ

dt
(23)

(c) Drive blade 1 at critical position OC

QTure(t) =
d(V − lB1E1 Ls)

dθ1′′

dθ1′′

dt
(24)

4. Rotor-Driven Blade Rotor Volumetric Pump (RD-BRVP)
4.1. Structural Innovation of RD-BRVP

Performance testing of the second-generation BD-BRVP prototype confirmed persis-
tent running instability. As established in prior analyses, the flow characteristics determined
by combined effects of blade velocity variation and working chamber volume fluctuation
directly influence pump stability. However, the BD-BRVP configuration incorporates both
drive and driven blades, resulting in excessive pulsation of instantaneous flow rate and
driveshaft torque gradient, thereby compromising operational smoothness.

To resolve these limitations, we propose the rotor-driven RD-BRVP configuration,
derived from the rotationally symmetric crank-guide rod mechanism. This innovation
preserves fundamental component kinematics while establishing synchronized motion
among all three blades. A comprehensive comparative analysis examines

• Force-flow transmission path;
• Kinematic characteristics;
• Pressure angle distribution;
• Mechanical load behavior.

4.2. Force-Flow Transmission Path Analysis

Figure 7a schematically illustrates the force-flow transmission path in BD-BRVP. This
configuration features the drive blade (bar) simultaneously actuating both sliders and the
rotor (crank), with subsequent power transfer to driven blades through the rotor assembly.
Conversely, Figure 7b demonstrates RD-BRVP’s topology where the rotor acts as primary
driver, directly actuating both sliders and all blades. This topological optimization shortens
the force transmission path, significantly reducing energy losses inherent to multi-stage
power transfer systems.

4.3. Comparative Analysis of Two Structural Configurations

(1) Kinematic Analysis of RD-BRVP Key Components

Applying the Section 3.1 methodology, kinematic analysis of the RD-BRVP was con-
ducted using second-generation prototype parameters (R = 80 mm, e = 10 mm, r = 20 mm,
L = 100 mm). Figure 8 compares angular velocity profiles of key components for both
configurations. Crucially, the RD-BRVP achieves blade motion synchronization with sig-
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nificantly attenuated velocity fluctuations. At 550 r/min driveshaft speed, the velocity
variation coefficient measures 0.42 for RD-BRVP versus 0.73 for BD-BRVP—representing
a 42.5% reduction in dynamic variation. Conversely, slider velocity oscillations remain
negligible in both architectures.

Figure 7. Force-flow transmission routes of the BRVPs: (a) BD-BRVP; (b) RD-BRVP.

Figure 8. Comparison of rotational speeds of the main components of BRVPs: (a) blades and rotors;
(b) sliders.

(2) Pressure Angle Characteristics

For the BD-BRVP (Figure 9), the non-zero pressure angle α = ∠O1O2O =

arcsin(λ sin θ) exists at position O2 for the crank (rotor), while the pressure angles at
positions O′

2 and O′′
2 remain zero for the driven blades. Conversely, the RD-BRVP maintains

zero pressure angles across all blades throughout its operational cycle. This fundamen-
tal design improvement enables superior force transmission efficiency in the RD-BRVP
configuration.

 

Figure 9. Pressure angle of the BRVP mechanism.



Machines 2025, 13, 843 12 of 22

(3) Mechanical Behavior Comparison

The RD-BRVP exhibits mechanical loading characteristics similar to the BD-BRVP,
with the fundamental distinction that driveshaft torque M acts directly on the crank-rotor
assembly. Applying the Section 3.1 analytical framework, Figure 10 compares driveshaft
torque and power consumption for both configurations under identical parameters. The RD-
BRVP achieves an 18.76% reduction in torque fluctuation rate relative to the BD-BRVP. At
matched operating conditions (∆p = 1 MPa, ω = 550 r/min), RD-BRVP demonstrates an 11%
reduction in theoretical peak power consumption (9.95 kW vs. 11.05 kW, Figure 10b). This
efficiency improvement enables downsizing of power transmission components, reducing
system mass and cost.

 

Figure 10. Mechanical characteristics of the main shaft of the RD-BRVP: (a) driving moment; (b) com-
parison of power consumption of RD-BRVP with the BD-BRVP.

(4) Instantaneous Flow Comparison

Instantaneous flow characteristics obtained from the analytical methodology in
Section 3.2 are presented in Figure 11. The RD-BRVP (red curve) exhibits a flow pul-
sation rate of 42.95%—representing a 20.75% reduction relative to the BD-BRVP’s 63.7%
(black curve) at 550 r/min—confirming superior operational smoothness.

 

Figure 11. Comparison of instantaneous flow curves of the BRVP.
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(5) Flow Pulsation Rate Quantification

Applying the Section 3.2 methodology, the RD-BRVP flow pulsation rate is formu-
lated as

(i) When the blade angle at θ0 = 1
2

(
π − arcsin

( √
3

2
√

λ2+1−λ

))
, dQ(t)

dt = 0, the instanta-
neous flow rate Q(t) attains its maximum value Qmax:

Qmax =
πnL
15

e(R − e)
cos
(

arcsin λ sin( π
3 −θ0−β1)√

λ2+1−2λ cos( π
3 −θ0−β1)

)
√

λ2 + 1 − 2λ cos(π
3 − θ0 − β1)

(25)

where

π

3
− θ0 − β1 =

π

3
− 1

2

(
π − arcsin

( √
3

2
√

λ2 + 1 − λ

))
− arcsin

(
λ cos

(
arcsin

( √
3

2
√

λ2 + 1 − λ

)))

(ii) When the blade angle at θ = π − arcsin(
√

3λ

2
√

λ2+1−λ)
), the instantaneous flow rate

Q(t) attains its minimum value Qmin:

Qmin = πnL
30 e(R − e)

1 + cos

 arcsin
( √

3
2
√

λ2+1−λ

)
−arcsin

( √
3e

2(R−e)
√

λ2+1−λ

) 


·
cos

(
arcsin

λ sin( π
3 −θ−β)√

1+λ2−2λ cos( π
3 −θ−β)

)
√

1+λ2−2λ cos( π
3 −θ−β)

(26)

where

π

3
− θ − β= arcsin

( √
3

2
√

λ2 + 1 − λ

)
− arcsin

( √
3λ

2
√

λ2 + 1 − λ

)
− 2π

3

As illustrated in Figure 12, flow pulsation rates for both BRVP configurations are
compared across varying structural parameters, with solid lines denoting BD-BRVP and
dashed lines representing RD-BRVP. The parametric trends were quantified through poly-
nomial regression (Equations (27) and (28)), establishing their functional dependencies.
Comparative equation analysis reveals a reduced first-order coefficient in the RD-BRVP
model, resulting in systematic downward shifting of its characteristic curve. Consequently,
under identical parametric conditions, the RD-BRVP configuration exhibits consistently
lower flow pulsation rates than the BD-BRVP throughout the investigated design space.

δ =


2.91 × 10−4R2 − 0.058R + 3.41 60 ≤ R ≤ 100

2.51 × 10−4r2 + 5.68 × 10−4r + 0.54 10 ≤ r ≤ 30
0.0022e2 + 0.0098r + 0.33 8 ≤ e ≤ 12

(27)

δ =


1.71 × 10−4R2 − 0.034R + 2.03 60 ≤ R ≤ 100

1.57 × 10−4r2 − 5.34 × 10−5r + 0.38 10 ≤ r ≤ 30
0.0015e2 − 0.0027r + 0.32 8 ≤ e ≤ 12

(28)
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Figure 12. Comparison of flow pulsation rates between two motion schemes of the BRVPs with
different parameters.

5. Experimental Validation of BRVP Prototype Performance
5.1. Implementation of BD-BRVP Configuration

The 3D model and physical prototype of RD-BRVP are presented in Figure 13 [18,19].

 

Figure 13. RD-BRVP: (a) explosion model; (b) section model; (c) prototype.

The fundamental structural and kinematic distinction between the two pump configu-
rations resides in the power input topology. In the BD-BRVP (Figure 14a), a spline-coupled
driveshaft directly interfaces with the drive blade, which acts as the prime mover to actuate
the sliders and rotor. In contrast, the RD-BRVP (Figure 14b) employs the rotor as the
primary driving element, transmitting torque directly to all three blades and sliders in
parallel. This kinematic inversion simplifies the power transmission path and improves
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mechanical efficiency. As further illustrated in Figure 14b, the crankshaft of the RD-BRVP
is integrated within the rotor, with eccentricity e as the center-to-center distance between
the main journal and connecting rod journal. This configuration enables precise orbital
motion of the blades, while the crankshaft is secured against rotation via a splined rear
cover, resulting in a fundamentally distinct transmission mechanism compared to the
blade-driven BD-BRVP design.

Figure 14. Structural differences between the rotor and main shaft in both configurations: (a) BD-
BRVP; (b) RD-BRVP.

5.2. BRVP Performance Test System

A dedicated performance evaluation platform was constructed in strict compliance
with the Chinese National Standard GB/T 3216-2016 (Rotodynamic pumps-Hydraulic
performance acceptance tests-Grades 1, 2, and 3) [20], as illustrated in Figure 15. Key
instrumentation included

 

Figure 15. BRVP performance experimental platform.

• Torque sensor (Range: 0–±100 N·m, Accuracy: ±0.5%);
• Speed sensor (0–3000 r/min, Accuracy: ±1 r/min);
• Pressure sensor (Range: −100 kPa–2 MPa, Accuracy: ±0.1%);
• Turbine flowmeter (Range: >1 m3/h, Accuracy: 0.5%);
• Triaxial accelerometers (Range: 0–10.2 g, Accuracy: ±2.5% (2500 < f ≤ 10,000 Hz);

±5% (10,000 < f ≤ 20,000 Hz)).
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Key operational parameters—including rotational speed, torque, inlet/outlet pres-
sures, volumetric flow rate, head, and vibration signatures—were continuously recorded
and subsequently analyzed to generate performance curves.

To ensure the reliability of the experimental data, a comprehensive uncertainty analysis
was conducted. The standard uncertainties of the primary sensors, as obtained from calibra-
tion certificates, are as follows: torque sensor, ±0.5%; speed sensor, ±1 r/min; pressure sen-
sor, ±0.1%; turbine flowmeter, ±0.5%; triaxial accelerometer, ±2.5% (2500 < f ≤ 10,000 Hz)
and ±5% (10,000 < f ≤ 20,000 Hz). Using the root-sum-square (RSS) method for uncertainty,
the uncertainties for the key performance parameters were calculated to be ±0.53% for the
flow rate, ±0.48% for the pressure head. These negligible uncertainty levels confirm that
the measured performance improvements are statistically significant and attributable to
the design changes rather than measurement errors.

5.3. Performance Parameter Testing

(1) Hydraulic Loss Calculation

To ensure accurate assessment of pump efficiency, both frictional and minor (local)
head losses were accounted for:

(i) Frictional Head Loss (hc)
Calculated using the Hazen-Williams equation [21]:

hc =
10.67Q1.852LP

C1.852
h d4.87

(29)

where
hc = frictional head loss (m)
Lp = pipe length (m)
D = inner diameter (m)
Q = flow rate (m3/s)
Ch = Hazen-Williams coefficient (120–140 for new steel/ductile iron; 100–120 for

aged systems).

(ii) Minor Head Loss (hζ)

This is expressed as

hζ = ζ
v2

2g
(30)

where
hζ = minor head loss (m)
ζ = resistance coefficient (experimentally/empirically determined)

(2) BD-BRVP Performance Testing

Performance tests were conducted using nozzles with different diameters (50, 40, 32,
25, 20, and 15 mm), with motor speed regulated by a variable-frequency drive. At a low
rotational speed of 97.7 r/min and using a large 40-mm diameter nozzle, the instantaneous
flow profile (Figure 16a) exhibited a mean flow rate of 3.97 m3/h with a fluctuation of 1.16%.
Consistent with the analysis in Section 3.2, torque signals (Figure 16b,c) were utilized to
validate flow pulsation characteristics. At 97.72 r/min, the experimental torque fluctuation
rate reached 64.34%, which closely matched the theoretical value of 63.21%, with a deviation
of only 1.13%.
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Figure 16. Spindle torque curve of BD-BRVP with time (n1 = 97.7 r/min): (a) instantaneous flow,
(b,c) spindle torque.

(3) RD-BRVP Performance Testing

For the RD-BRVP operating at 204.6 r/min with a 50-mm nozzle, the experimentally
measured torque fluctuation rate was 48.65% (see Figure 17b). This value deviates by 5.7%
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from the theoretically predicted value of 42.95%. The periodic torque profiles (Figure 17a)
exhibited three distinct peaks per cycle, validating the theoretical predictions as expected.

Figure 17. Spindle torque curve of RD-BRVP with time (n3 = 204.6 r/min): (a,b) spindle torque.

5.4. Vibration Characteristics

Vibration signals were recorded at predefined measurement points (see Figure 18).

 

Figure 18. Vibration measurement points: (a) BD-BRVP; (b) RD-BRVP.

In accordance with GB/T 29531-2013 (Pump Vibration Measurement and Evaluation
Methods) [22], was evaluated using the root mean square (RMS) velocity:

Vrms =

√
1
T

∫ T

0
v2(t)dt (31)
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where
Vrms = RMS velocity (mm/s)
T = sampling duration (s)
v(t) = time-domain velocity (mm/s)
At operating speeds of 406 r/min for the BD-BRVP and 900 r/min for the RD-BRVP,

the peak vibration velocity (Vrms) reached 19.29 mm/s (measured at Point 4-Y on the BD-
BRVP) and 1.71 mm/s (measured at Point 1-Z on the RD-BRVP), as shown in Figure 19.
According to the ISO 10816-7 classification standard [23] (applying to the frequency range
of 10 Hz–1 kHz), the BD-BRVP exhibited Grade D vibration severity (corresponding to
28 mm/s), while the RD-BRVP achieved Grade B vibration severity (1.8 mm/s). The
RD-BRVP’s measured vibration level was significantly below the 2.8 mm/s threshold
specified for Class I horizontal pumps (with Center Height H < 225 mm and rotational
speed n < 1800 r/min).

Figure 19. Vibration speed: (a) BD-BRVP; (b) RD-BRVP.

6. Conclusions
Building upon the kinematics of a rotationally symmetric crank-guide rod mechanism,

this study presents a comprehensive analysis of the structural configuration, operational
principles, mechanical systems, and flow characteristics of the Blade Rotor Volumetric
Pump (BRVP). To address the running instability identified in the blade-driven BD-BRVP
configuration, a redesigned rotor-driven RD-BRVP is proposed. Comprehensive compara-
tive analyses of force-flow transmission paths, pressure angles, mechanical behavior, and
flow dynamics yield the following principal conclusions:

(1) Structural Advantages of BRVP

The dual-centering configuration ensures the reliability of the reciprocating motion of
the blades relative to the rotor. Concurrently, the clearance sealing mechanism between
blade tips and housing walls achieves low leakage rates and minimal wear. The periodic
variation in working chamber volume, coupled with efficient fluid–blade interaction,
facilitates the conversion of mechanical energy into hydraulic energy.

(2) Performance Superiority of RD-BRVP

The optimized force transmission path in the RD-BRVP delivers significant perfor-
mance gains: a 42.5% reduction in blade velocity fluctuations and a 20.75% decrease in
instantaneous flow pulsation (under parameters R = 80 mm, e = 10 mm, r = 20 mm,
L = 100 mm). Furthermore, the theoretical peak power consumption is reduced by 11%,
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enabling the selection of more cost-effective power units. Experimental validation confirms
markedly enhanced stability, with vibration severity reduced from Grade D (28 mm/s) to
Grade B (1.8 mm/s).

This research establishes a systematic framework correlating critical structural pa-
rameters with performance characteristics in BRVP-type centering rotor pumps. Through
rigorous theoretical modeling and experimental validation, the RD-BRVP configuration
demonstrates substantial improvements in operational smoothness and energy efficiency.
These advancements significantly elevate the technological maturity of this pump architec-
ture and lay the groundwork for its practical implementation in industrial fluid systems.
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Nomenclature

R radius of driven blades (mm) MI1 inertial moment of the drive blade 1 (N·m)

O rotational centers of blades (mm) FI1y
inertial force along the y-direction at the center of
mass of the drive blade 1 (N)

e eccentricity (mm) vS1y
velocity along the y-direction at the center of mass of
the drive blade 1 (m/s)

R-e radius of rotor (mm) G′
1 gravity at the center of mass of the driven blade 1′ (N)

O1 rotational centers of rotor n1 rotational speed of drive blades (r/min)
O2, O′

2, O′′
2 rotation center of slider q the displacement (mm3/r)

r radius of sliders (rad) L axial length of pump (mm)

1 drive blade SBECF
area of the shaded area enclosed by B, E, C, and
F (mm2)

1′ driven blade Q theoretical mean flow rate (m3/h)

1′′ driven blade V
enclosed volume formed by the blades, rotor, housing
walls, and end covers (mm3)

φ1 angular displacements of drive blade 1 (rad) θ1′ angle at which the driven blade has rotated (rad)
φ3 angular displacements of rotor 3 (rad) Q(t) instantaneous flow rate (m3/h)
ω3 angular velocity of the rotor 3 (rad/s) QTure(t) accuracy of instantaneous flow rate (m3/h)
lOO2 distance between O1 and O2 (mm) s thickness of blade (mm)
ω′

1 angular velocities of driven blade 1′ (rad/s) α non-zero pressure angle (rad)
ω′′

1 angular velocities of driven blade 1′′ (rad/s) ∆p difference pressure between inlet and outlet (MPa)

φ′
3

angular displacements of rotor 3 (rad)
(corresponding to 1′)

δ flow pulsation rates

φ′
1 angular displacements of drive blade 1′ (rad) f frequency (Hz)

lOO′
2

distance between O and O′
2 (mm) hc frictional head loss (m)

φ′′
3

angular displacements of rotor 3 (rad)
(corresponding to 1′′ )

Lp pipe length (m)

φ′′
1 angular displacements of drive blade 1′′ (rad) D inner diameter (m)

lOO′′
2

distance between O and O′′
2 (mm) Ch Hazen-Williams coefficient
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β
relative angular displacement between sliders and
their grooves

hζ minor head loss (m)

t time ζ resistance coefficient

ω2
relative angular velocity between sliders and
their grooves

Vrms RMS velocity (mm/s)

θ angle at which the drive blade has rotated (rad) T sampling duration (s)
M′

r1 working resistance torque acting on driven blade H center height of the pump (mm)
M driveshaft driving torque

Abbreviations
The following abbreviations are used in this manuscript:

BD-BRVP Blade-Driven Blade Rotor Volumetric Pump
RD-BRVP Rotor-Driven Blade Rotor Volumetric Pump
CFD Computational Fluid Dynamics
RSS Root-Sum-Square
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