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Abstract: In the current landscape of natural gas hydrate extraction, the lifting pump assumes a
pivotal role as the essential equipment for conveying subsea fluidized hydrate slurry to the wellhead.
The inherent shear-thinning characteristics of natural gas hydrate slurry, compounded by the complex
multiphase flow conditions of the “gas-liquid-solid” system, present significant challenges to the
operational efficiency and stability of the lifting pump. Consequently, this study adopts a hybrid
approach, combining experimental and numerical simulations, to comparatively investigate the
impact of non-Newtonian and viscous Newtonian fluids on the hydraulic performance, vortex
structure evolution, and induced pressure fluctuations in a multiphase pump. Concurrently, a
comparative analysis is conducted on the influence of these two fluid types on the distribution
patterns of the “gas-solid” two-phase system. The research findings indicate that the apparent
viscosity variations are more pronounced in the diffuser region compared to the impeller region.
Under non-Newtonian fluid conditions, two separation vortices emerge at the trailing edge of the
diffuser, as opposed to a single separation vortex in the viscous Newtonian fluid, with the latter
exhibiting a smaller vortex structure scale. Moreover, the shear-thinning characteristics intensify
the interaction between the separated vortex and the mainstream, resulting in an exacerbation
of pressure fluctuations. In contrast to the viscous Newtonian fluid, the rotor–stator interaction
and shear-thinning characteristics play a predominant role in pressure fluctuations, with shear-
thinning attributes giving rise to low-frequency pressure fluctuations. Additionally, shear-thinning
characteristics significantly influence the distribution behavior of the gas-solid two-phase flow.

Keywords: shear-thinning property; multiphase pump; vortex evolution; pressure fluctuation;
non-Newtonian fluid

1. Introduction

At present, global economic development cannot be separated from the supply of
energy, in the development of conventional energy such as coal, oil, etc., due to its lim-
ited reserves and more serious harm to the environment. Nowadays, there is a growing
demand for non-conventional clean energy in countries all over the world. Among the
non-conventional clean energy sources, natural gas hydrate is becoming an important
clean energy source in the future because of its high energy density, cleanliness, abundant
resources, and wide distribution [1,2]. According to cutting-edge lookup and exploration
of proper deposits, natural gas hydrates are usually discovered in conjunction with free
water/free gas in nature. Based on the storage conditions of hydrates, free water (sea), and
free natural gas under different coexistence scenarios, natural gas hydrate resources can
be greatly labeled into three types. The first category pertains to hydrate sediment layers
situated above two-phase flow zones, involving a combination of seawater and natural
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gas. In such reservoirs, the saturation of hydrate distribution significantly impacts the pore
space, leading to a diminished effective permeability of hydrate sediments. Consequently,
these reservoirs are deemed the most conducive for hydrate development. The second
category encompasses hydrates overlaying areas with flowing water, while the third cate-
gory involves hydrate reservoirs that extend throughout the entire geological formation [3].
In contrast to the first type of reservoir, the second and third categories face significant
challenges, including potential safety concerns such as reservoir collapse, seabed landslides,
and geological fractures. Moreover, economic viability poses an additional hurdle. As
a result, these latter reservoir types have not yet been considered for development and
extraction targets [4].

To facilitate the development of shallow, weakly cemented seabed gas hydrates,
a development method termed solid-state fluidization mining was proposed by Zhou
Shouwei and his colleagues [5]. This methodology capitalizes on the inherent stability
of natural gas hydrates under seabed temperature and pressure conditions. It employs
a solid-state mining method wherein the sediment from natural gas hydrate reservoirs
undergoes primary and secondary crushing to reduce it to fine particles. Subsequently,
a scientifically devised process is applied to fluidize these crushed hydrate particles by
integrating them with seawater. Following pre-separation to eliminate sediment, a closed
pipeline is utilized for the transportation of the hydrate slurry to an offshore platform for
further processing and treatment. In order to solve the problem of pumping multiphase
fluids containing seabed hydrate slurry to the drilling platform, we developed a lifting
multiphase pump that can effectively adapt to the mixing of “gas-liquid-solid” three-phase
transportation, and its structure is shown in Figure 1. The pump utilizes high-pressure
seawater to drive the rotation of the turbine section to provide power for the lifting pump,
so as to pump multiphase fluids to the sea level. Numerous experimental studies have
pointed out that hydrate slurries extracted by introducing seawater and clays from seabed
sediments exhibit non-Newtonian fluid properties. Unlike the pure viscosity of Newtonian
fluids, hydrate slurries exhibit special properties of non-Newtonian fluid flow such as
shear thinning, yield stress, and viscoelasticity. Given the cost and safety factors, many
researchers usually choose water as the test medium when evaluating the performance of
multiphase pumps, and thus the studies on using non-Newtonian fluids as the test medium
are relatively limited.
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Figure 1. Schematic diagram of the structure of the lifting multiphase pump system.

During the operation of a multiphase pump, pressure increment, flow rate, vortex
structure, and pressure fluctuations are crucial factors influencing the safe and efficient
operation of the pump [6,7]. With the advancement of technology, some advanced mea-
surement devices such as high-speed cameras [8], laser Doppler velocimeters [9], and
particle image velocimetry systems [10] have been employed to study the flow phenomena
inside pumps. However, owing to factors like the complexity of pump blade geometry,
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experimental costs, and the intricate nature of fluid flow, obtaining precise information
about the flow behavior within the pump remains challenging. Currently, computational
fluid dynamics (CFD) techniques are increasingly applied in the research of fluid machinery.
Liu and Tan et al. [11] conducted a study on the pressure pulsation intensity and vortex
characteristics of mixed-flow pumps with blade tip clearances. The results indicated that
flow rate significantly affects the structure and trajectory of tip-leakage vortices, and there
is an important relationship between the pressure fluctuations near the blade tip clearance
and the evolution of vortex structures. Zhang et al. [12], through investigating the relation-
ship between blade tip clearance size and pressure fluctuations, found that within a certain
range, the size of the tip clearance has a relatively small impact on pressure fluctuations,
but when the clearance value reaches 1 mm, there is a noticeable increase in pressure fluc-
tuations in the impeller inlet section. Kan et al. [13] explored water flow in a rotating axial
pump via large-eddy simulation, employing a sharp-interface level-set immersed boundary
method. Turbulence statistics reveal distinct flow characteristics under varied flow-rate
conditions, emphasizing the impact of tip leakage flow and flow separation. Kan et al. [14]
investigated axial-flow pump safety, focusing on tip leakage flow (TLF), via numerical
simulations. The study examined TLV characteristics, energy loss, and spatial evolution
under varying tip clearances and operating conditions. Sonawat et al. [15] and Tan et al. [16]
proposed optimizing the blade tip clearance size of axial-flow pumps to suppress pressure
fluctuations, thereby enhancing the hydraulic performance of pumps during operational
conditions. These studies were conducted under the assumption of Newtonian fluid behav-
ior. However, in certain special conditions, such as when handling high-viscosity slurries
or oil-water mixtures, the conveying medium can exhibit non-Newtonian characteristics
due to shear-thinning effects. Liu et al. [17] investigated the differences in multiphase
pump flow fields at different viscosities and found that as viscosity increases, the pump
head and efficiency gradually decrease. They used partial differential equations to reveal
the impact of viscosity and established a model to predict the effect on flow rate. Valdés
et al. [18] studied the performance of centrifugal pumps under two conditions: shear-
thinning non-Newtonian fluid and Newtonian fluid. They found that the performance
deterioration can be explained by significant changes in viscosity. Zhu et al. [19] through a
combination of experiments and numerical simulations, studied the influence of viscosity
on pump performance and found that in high-viscosity fluid media, increased wall shear
stress leads to a sudden drop in pressure within the pump channel. Ebrahimi et al. [20]
explored the impact of viscosity variations on vortex structures and noted that viscosity
changes directly affect shear stress and flow boundary layers, subsequently affecting flow
structures like vortices and secondary flows. Li et al. [21] in their research on centrifugal
pumps transporting high-viscosity fluids, observed a sudden rise in head and attributed
this phenomenon to the shear-thinning effect. They introduced standard k-ε turbulence
models and non-equilibrium wall functions into Reynolds-averaged Navier–Stokes (RANS)
equations to explain the sudden head change effect caused by shear thinning. Numerous
studies suggest that compared to Newtonian fluids, the shear-thinning characteristics
of non-Newtonian fluids lead to significant changes in pump performance and internal
flow fields (such as gap leakage, flow separation vortices, turbulence energy) and the
distribution of different phases during multiphase transport [22].

In summary, the internal flow characteristics of multiphase pumps in non-Newtonian
fluids have been extensively studied by scholars, with a primary focus on axial-flow pumps
and centrifugal pumps. The principal objective of this paper is to investigate the vortex
evolution, pressure fluctuation, and other internal flow characteristics of multiphase pumps
in transporting non-Newtonian fluids, which are closer to the actual working conditions,
by adopting the simulation method of non-stationary transient, in order to better explain
the differences between multiphase pumps in transporting non-Newtonian and viscous
Newtonian fluids and to better guide the optimal design of multiphase pumps to improve
its performance. The fundamental structure of this paper unfolds in the following sequence:
firstly, the reliability of numerical methods is substantiated through experimental validation;
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secondly, the presentation covers the characteristics of apparent viscosity and shear rate
variation; following that, a systematic evaluation delves into the evolutionary process of the
expansion chamber trailing edge separation vortex; and finally, the intricate relationship
between vortex evolution and pressure fluctuations is unveiled.

2. Problem Set
2.1. Physical Model

In order to cope with the special performance requirements of “gas-liquid-solid” three-
phase mixing required for natural gas hydrate extraction, this study adopts a self-designed
multiphase pump. The essential design parameters of this multiphase pump are as follows:
design flow rate of 120 m3/h, head of 20 m, and design speed of 3500 rpm. The detailed
configurations of the impeller and diffuser are visually elucidated in Figure 2.
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Figure 2. Multiphase pump: (a) impeller; (b) diffuser.

The 3D model of the impeller and diffuser is shown in Figure 3. The single-stage
multiphase pump model is primarily composed of an impeller, diffuser, and inlet and outlet
sections. To ensure the stability of fluid flow in the inlet and outlet sections before entering
the impeller region and eliminate errors introduced by flow instability, the lengths of the
inlet and outlet sections are set to five times the diameter of the pipe segment.
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2.2. Parameterization of Operating Conditions

Drawing upon the fundamental parameters established for a field trial encompassing
the solid-state fluidization and jet fragmentation of marine natural gas hydrates in China,
this paper defines the operational parameters for the designed multiphase pump as a water
depth of 1310 m and a pressure of 13.7 MPa, within a marine environment characterized by
silty sand.

In this study, natural gas is selected as the gaseous medium. It is well established
that under STP (standard temperature and pressure) conditions, natural gas primarily
comprises methane, exhibiting a density of 0.7174 kg/m3. Considering the specified
operating conditions for the multiphase pump outlined in this paper, the density of nat-
ural gas at the seabed is determined as 95.94 kg/m3 employing the ideal-gas equation,
PV = nRT. The gas phase is assumed to consist of bubbles with a diameter of 0.1 mm,
and the coalescence and fragmentation of bubbles between each other are not taken
into account.

In the process of natural gas hydrate extraction, it is noteworthy that hydrate mineral
particles may encompass varying proportions of seafloor sedimentary rock fragments. The
density of the hydrate mineral particles can be calculated according to Equation (1) [22]:

ρs = (1 − ST)ρρ + STρH (1)

where ρs denotes the density of natural gas hydrate mineral particles; ρρ represents the
density of seafloor sedimentary debris; ρH signifies the density of natural gas hydrates; and
ST denotes the saturation of natural gas hydrates. Specifically, the density of natural gas
hydrates is 920 kg/m3, while the density of seafloor sedimentary debris is approximately
in the range of 1600 to 2200 kg/m3, with this study adopting a value of 2000 kg/m3.
Employing a saturation range of 30% to 70% for natural gas hydrates, the density of hydrate
particles is approximately between 1242 and 1676 kg/m3. However, for the purposes of
simulation calculations in this research, a value of 1400 kg/m3 is employed for the density
of hydrate particles. The solid-phase particle diameter in this study was set at 0.8 mm
based on the study of natural gas hydrates by Huang Ting et al. [23].

In the actual operation of the pump, localized low pressure or even negative pressure
can form near the inlet of the impeller and the suction side of the blades. The critical
pressure for the phase transition of natural gas hydrates ranges between 18.4 and 130 MPa
(specific values depend on the type of reservoir and the depth of the mineral layer) [24,25].
Under the agitation of the impeller, a certain amount of gas is inevitably generated. It is
noteworthy, however, that the abundance of the gas phase does not exert any discernible
impact on the rheological properties of the liquid phase. The central focus of this study
revolves around the comparative analysis of the multiphase pump’s performance under
the influence of two distinct fluid types: non-Newtonian and viscous Newtonian fluids. In
this study, the composition of each phase is as follows: the concentration of hydrate mineral
particles is set at 25%, the gas phase occupies 5%, and the remaining constitutes the liquid
phase (all in volumetric concentrations). To encapsulate these parameters, the medium
conditions governing the operation of the multiphase pump designed for the extraction of
marine natural gas hydrates in this study are presented in Table 1.

Table 1. Medium parameters for the operating conditions of the multiphase pump.

Medium Density (kg/m3) Dynamic Viscosity (Pa·s) Particle Sizes (mm)

Natural gas 95.94 7.207 × 10−6 0.1
Hydrate particles 1400 0.00163 0.8

Sea water 1025 0.0017 /

Following the application of solid-state fluidization for marine natural gas hydrate
extraction, a considerable quantity of seabed sediment clay becomes prevalent. Liu et al. [26]
prepared hydrate muds with varying mass fractions using marine sediments from the
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South China Sea as the substrate. Their primary focus was the in-depth exploration of
the rheological characteristics exhibited by hydrate slurries across diverse seabed soil
mass fraction conditions. Researchers such as SI [27] and Guo [28], among others, have
similarly delved into examining the rheological properties of both seabed mud flow and
hydrate-mixed slurries. The outcomes of these investigations reveal a notable non-linear
relationship between the logarithmic coordinates of shear rate (γ) and apparent viscosity
(µe) of the slurry. This intricate relationship is effectively captured by the Herschel–Bulkley
rheological model, as illustrated by Equation (2) [29]. Wang [30] conducted experiments
on non-Newtonian fluids, employing varied ratios of carboxymethyl cellulose (CMC) and
bentonite. Through these experiments, Wang provided fitting parameters for the Herschel–
Bulkley rheological model under normal temperature and pressure conditions. This model
aptly approximates the complex rheological behavior observed in mud–water mixtures in
close proximity to the seabed.

µe =
τ0

γ
+ Ka · γn−1 (2)

where τ0 represents the yield stress of the hydrate slurries (Pa); Ka is the consistency
coefficient (Pa·sn); and n is the flow behavior index. As the shear rate exceeds a certain
range, the alteration in the apparent viscosity of the fluid becomes trivial. Here, the shear
rate range is set at 0.001 s−1 to 5000 s−1. Detailed information concerning the rheological
and physical attributes of the non-Newtonian working fluids utilized in this investigation is
presented in Table 2. In this study, the fluid system involving seawater as its liquid phase is
regarded as a viscous Newtonian fluid. Conversely, a fluid medium constituted by seabed
hydrate minerals and clay is identified and categorized as a non-Newtonian fluid.

Table 2. Rheological and physical properties of operating solution.

Operating Solution Density (kg/m3) Yield Stress (Pa) Consistency (Pa·sn) Flow Index

0.1%CMC and
8%Bentonite 1312 7.5 1.37 0.387

3. Numerical Methods
3.1. Governing Equations and Boundary Conditions

In this study, the Euler–Euler non-homogeneous phase model in ANSYS CFX is used
to solve the “gas-liquid-solid” three-phase flow [31,32], and the following assumptions are
made before numerical simulation:

(1) Discrete and continuous phases are both regarded as continuous media, coexisting
within the same spatial domain and sharing a common pressure field.

(2) The “gas-liquid-solid” three-phase follows their respective mass and momentum
control equations.

(3) No mass transfer or chemical reactions occur between the phases, and there is no tempera-
ture variation during the flow process. Solid particles undergo no phase changes.

In this study, isothermal conditions are applied to the fluid domain, so the energy
equation can be omitted. The mass conservation equation is as follows:

∂

∂t
(αkρk) +∇•(αkρkwk) = 0 (3)

Momentum equation

∂

∂t
(αkρkwk) +∇•(αkrkwkwk − akτ) = −αk∇p + Mk + akrk fk (4)

where subscript k = l, g, or s denotes the liquid, gas, or solid phase; ρk is the density; αk
is the volume fraction, and αl + αg + αs = 1; p is the pressure; and wk, fk, and Mk are the
relative velocity, mass force, and interphase force per unit volume, respectively. τ denotes
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the viscous stress tensor, which is related to the turbulent viscosity and molecular viscosity,
and is expressed as Equation (5). Furthermore, based on the analysis by Yu et al. [33], in the
operational phase of the pump, the Bassett and Magnus forces, the Saffman lifting force,
and the turbulent dissipation force are not considered in order to simplify the calculations.
Consequently, in the examination of inter-phase forces, this study solely contemplates
the resistance induced by inter-phase velocity slip, pressure gradient forces, and virtual
mass forces.

τij = 2µksij − ρkw′
kiw

′
kj (5)

where i, j = 1, 2, 3 indicates the position of the three coordinate directions in the relative
coordinate system; µk indicates the kinetic viscosity of each phase; Sij denotes the strain
tensor; and −ρkw′

kiw
′
kj represents the turbulent Reynolds stresses caused by turbulent

motion, and it can be derived by

−rkw′
kiw

′
kj = 2µk,tsij −

2
3

ρkdij (6)

where µk,t indicates the turbulent viscosity. The shear-stress transport (SST) k-ω turbulence
model exhibits robust adaptability in addressing flow separation phenomena induced by
the shear-thinning characteristics in high-Reynolds-number flows [34]. Simultaneously,
it demonstrates elevated precision in accurately solving near-wall flows in separated
flow scenarios [35]. The turbulence viscosity calculation formula for this model is given
as follows:

µt =
ρa1k

max(a1ω, SF2)
(7)

and
F2 = tanh

(
arg2

2
)

(8)

arg2 = max

(
2
√

k
β′ωy

,
500v
y2ω

)
(9)

where S denotes the invariant measure of the strain rate; k is the turbulence kinetic energy;
ω is the turbulence frequency; α1 = 5/9; and β′ =0.09.

The inlet of the pump is governed by the inlet total pressure boundary condition,
while the outlet is governed by the mass flow rate outlet boundary condition. A steady-
state simulation was conducted by coupling the rotating domain (impeller) and stationary
domain (inlet and outlet pipes and diffuser) using the Frozen Rotor model [36]. A rotor–
stator transient model was used in the unsteady-state simulation. The interface between
the diffuser and the outlet section was treated with the Frozen Rotor model for both
steady and unsteady simulations. Unsteady calculations were initiated with the numerical
results obtained from steady simulations as initial conditions to expedite convergence. The
impeller shroud uses counter-rotating wall boundary conditions, while other walls are set
as no-slip walls. A high-resolution scheme is applied for advection and turbulence terms.

3.2. Independence Test of Mesh and Time Step

A hexahedral structural mesh in Turbo-Grid and ICEM was used to mesh the multi-
phase pump. The meshing diagram is presented in Figure 4, and the corresponding grid
quality measurements are detailed in Table 3.
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Table 3. Grid quality measurement.

Mesh Measure Value %Bad

Minimum Face Angle 17.3103◦ 0.00
Maximum Face Angle 163.005◦ 0.00

Maximum Element Volume Ratio 14.2534 0.00
Minimum Volume 2.634 × 10−14 m3 0.00

Maximum Edge Length Ratio 713.513 0.00
Maximum Connectivity Number 10 0.00

The grid independence of the single-stage booster device consisting of impeller, dif-
fuser, and inlet and outlet pipe sections is verified using water as the flow medium. The
ratio of the number of grids in each part of the single-stage booster unit and the indepen-
dence test are shown in Figure 5. As depicted in Figure 5, the fluctuation rates of pressure
increment and efficiency remain below 1.5% when the grid number exceeds G4, thereby
aligning with the stipulated requirements for grid independence validation. In order to
mitigate computational costs, subsequent numerical analyses are conducted utilizing the
grid quantity corresponding to G4. Additionally, when the value of y+ falls within the
range of 10~66, it meets the calculation requirements for wall functions [37].
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Prior to undertaking a transient analysis of the multiphase pump, it is imperative to
conduct a temporal independence analysis of the time steps employed in the transient
analysis. In this paper, three time steps ∆t1 = 7.14 × 10−5 s, ∆t2 = 9.52 × 10−5 s, and
∆t3 = 2.86 × 10−4 s are chosen for the time-step independence testing. It is obvious from
Figure 6 that the fluctuations of the pressure coefficient (Cp, defined as Equation (10)) at
monitoring point P3 (marked in Figure 7) remain relatively consistent across the three
temporal independence tests conducted at different time-step lengths. However, ∆t3 may
cause data distortion due to fewer sampling points. ∆t1 and ∆t2 have enough sampling
points with better data fluctuation coincidence, and ∆t2 is finally adopted by considering
the computational cost and sampling accuracy.

Cp =
p

0.5ρu2 (10)
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In the unsteady-state simulation, five monitoring points were set up on the flow path
from the diffuser inlet to the outlet, denoted as Pi (i = 1~5). Among them, P1~P4 are
located within the diffuser flow passage, and P5 is positioned at the separation vortex on
the trailing edge of the diffuser blades, as shown in Figure 7.

4. Results and Discussion
4.1. Validation of the Numerical Method

As illustrated in Figure 8, to validate the feasibility of the numerical approach de-
scribed earlier, an experimental platform for the multiphase pump was constructed. This
platform was designed to assess the performance disparities of the model pump in shear-
thinning fluids and viscous Newtonian fluids. The acquisition of head data was executed
by strategically situating pressure sensors at both the inlet and outlet of the experimental
setup, thereby facilitating the measurement of pressure increments. The assessment of
efficiency was predicated on the determination of the ratio between the effective power
output and the motor’s input power. Consequently, a multitude of parameters necessitated
measurement, encompassing phase-specific flow rates, the motor’s output torque, and
rotational speed. Flow rates were measured using flow meters installed in the gas and
liquid pipelines. Concurrently, torque and rotational speed were gauged via torque–speed
sensors affixed to the motor coupler. The solid phase was prepared in a constant-volume
mixing tank. Additionally, the adjustment of different flow rates is achieved through the
coordinated operation of switch valves installed in the gas and liquid conduits, along
with an electric control valve installed at the pump outlet. The primary instrumental
and equipment parameters in the experimental setup are presented in Table 4. For non-
Newtonian fluid testing, the chosen test medium involves a mixed solution prepared from
carboxymethyl cellulose (CMC) and bentonite, as specified in Table 2. The density of
the solution is confirmed using a density meter to ensure compliance with the required
standards. The gaseous phase medium is supplied by a compressor, providing compressed
air, while for the particulate phase, sand particles passing through a 20-mesh screen are
utilized as a substitute for hydrate mineral particles.

Table 4. Parameters of the main components of the multiphase pump test system.

Apparatus Production Type Technical Specification Measurement Accuracy

Motor YVF2-225M-2 45 KW, 5~135 HZ \
Torque sensor ZH07 0~±200 N·m, 0~10,000 r/min 0.1~0.5 F·S

Electromagnetic flow meter SZLDE-L 0~150 m3/h, 4~20 mA \
Electric control valve QB 4~20 mA \

Pressure sensor QDW90A −0.1~0.1 MPa, 0~0.6 MPa ±0.03%FS/◦C

Due to the intricacies of experimental conditions, variations in environmental pa-
rameters, and potential operational errors introduced by researchers, results obtained at
different time points may exhibit disparities, thus incurring a certain degree of deviation.
This discrepancy can be elucidated through uncertainty analysis. It is imperative to note
that uncertainty analysis is not employed to ascertain the proximity of computed data
to actual values. The performance analysis of the pump, encompassing parameters such
as head and overall efficiency, adheres to the ISO 9906:2012 standard. This standard per-
mits an uncertainty of 2% in the measurement of flow rate and uncertainties of 1.5% in
the determination of head and efficiency. The present experiment was conducted under
the operating conditions specified in the design point. The methods employed for the
calculation of flow rate, head, and efficiency bear resemblance to those reported by Sun
et al. [38]. The uncertainty of the measured results was evaluated at 1.1% of the pump
head, 2.4% of the pump efficiency, 0.15% of the motor speed, and 0.2% for inlet gas volume
fraction (IGVF). These evaluations are grounded in the observed fluctuations during the
experimental testing process.



Processes 2024, 12, 284 11 of 26Processes 2024, 12, x FOR PEER REVIEW 11 of 27 
 

 

 
Figure 8. Schematic diagram of the experimental process of multiphase pump. (1) High-speed var-
iable-frequency motor; (2) torque sensor; (3) multiphase pump tooling bench; (4) diffuser; (5) impel-
ler; (6) gas flow meter; (7) air compressor; (8) pressure sensor; (9) electromagnetic flow meter; (10) 
electric control valve; (11) gate valve; (12) mixing motor; (13) liquid-solid mixing tank; (14) mixing 
blades; (15) data collection center; (16) frequency inverter cabinet. 

Due to the intricacies of experimental conditions, variations in environmental param-
eters, and potential operational errors introduced by researchers, results obtained at dif-
ferent time points may exhibit disparities, thus incurring a certain degree of deviation. 
This discrepancy can be elucidated through uncertainty analysis. It is imperative to note 
that uncertainty analysis is not employed to ascertain the proximity of computed data to 
actual values. The performance analysis of the pump, encompassing parameters such as 
head and overall efficiency, adheres to the ISO 9906:2012 standard. This standard permits 
an uncertainty of 2% in the measurement of flow rate and uncertainties of 1.5% in the 
determination of head and efficiency. The present experiment was conducted under the 
operating conditions specified in the design point. The methods employed for the calcula-
tion of flow rate, head, and efficiency bear resemblance to those reported by Sun et al. [38]. 
The uncertainty of the measured results was evaluated at 1.1% of the pump head, 2.4% of 
the pump efficiency, 0.15% of the motor speed, and 0.2% for inlet gas volume fraction 
(IGVF). These evaluations are grounded in the observed fluctuations during the experi-
mental testing process. 

Figure 9 presents the efficiency and pressure-increment curves for this multiphase 
pump for transporting non-Newtonian fluids with shear-thinning characteristics and vis-
cous Newtonian fluids. Due to the absence of considerations for volumetric losses and 
mechanical friction losses in the simulation calculations, the simulated performance 
curves are higher than the experimental results. Under design conditions, the efficiency 
and pressure-rise errors between non-Newtonian fluid simulation and experimentation 
are 8.07% and 7.52%, respectively. Furthermore, the mean absolute percentage errors 
(MAPE) for efficiency and pressure increment are 8.93% and 7.91%, respectively. There-
fore, it can be concluded that the numerical methods used in this study are reliable. 

Figure 8. Schematic diagram of the experimental process of multiphase pump. (1) High-speed
variable-frequency motor; (2) torque sensor; (3) multiphase pump tooling bench; (4) diffuser;
(5) impeller; (6) gas flow meter; (7) air compressor; (8) pressure sensor; (9) electromagnetic flow
meter; (10) electric control valve; (11) gate valve; (12) mixing motor; (13) liquid-solid mixing tank;
(14) mixing blades; (15) data collection center; (16) frequency inverter cabinet.

Figure 9 presents the efficiency and pressure-increment curves for this multiphase
pump for transporting non-Newtonian fluids with shear-thinning characteristics and vis-
cous Newtonian fluids. Due to the absence of considerations for volumetric losses and
mechanical friction losses in the simulation calculations, the simulated performance curves
are higher than the experimental results. Under design conditions, the efficiency and
pressure-rise errors between non-Newtonian fluid simulation and experimentation are
8.07% and 7.52%, respectively. Furthermore, the mean absolute percentage errors (MAPE)
for efficiency and pressure increment are 8.93% and 7.91%, respectively. Therefore, it can
be concluded that the numerical methods used in this study are reliable.
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4.2. Variation of Apparent Viscosity

In the transient simulations in this paper, using the steady-state results as the initial
conditions, a one-half revolution of the impeller was considered as one complete cycle,
and a total of 12 cycles were simulated, resulting in a total of 1080 sampling points. In the
following analysis, the dimensionless intensity (CIµa) of the apparent viscosity variation is
defined as [39]

CIµa =
Iµa

0.5ρud
(11)

Iµa =

√√√√ 1
N

N

∑
i=1

(µai − µa)
2 (12)

µa =
1
N

N

∑
i=1

µai (13)

where N represents the number of sampling points; Iµa stands for the intensity of apparent
viscosity variation; µa represents the average apparent viscosity; µa,i represents the apparent
viscosity at each time step; u is the circumferential velocity at the impeller outlet; and d is
the impeller outlet diameter.

Figure 10 illustrates the distribution of CIµa at different blade heights (Span = 0.1, 0.5,
0.9) for all sampling points at the design flow rate. As per Equation (2), the variation of
apparent viscosity is inversely proportional to the shear rate. Therefore, Figure 11 depicts
the distribution of shear rate γ at the same positions as Figure 11. It can be observed that
after the fluid enters the impeller region, the CIµa values significantly decrease. Upon
passing through the diffuser into the outlet pipe section, the CIµa values begin to increase
significantly due to the decrease in flow velocity. At Span = 0.1 and Span = 0.9, the apparent
viscosity CIµa values are noticeably lower than the level at Span = 0.5. This is attributed to
the increased frictional shear stress near the wall surfaces (Hub, Shroud), leading to higher
shear rates (corresponding to Figure 11) and, consequently, higher CIµa values at Span = 0.5
compared to the regions near the hub and shroud.
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Figure 11. Variation of shear strain rate in a multiphase pump flow channel.

In Figure 11, it is evident that at Span = 0.1 and Span = 0.9, the shear rate in both
the impeller and diffuser regions is comparatively higher when juxtaposed with the shear
rate in the impeller region alone. This discrepancy arises due to the elevated wall shear
stress present in the proximity of the near-wall region, particularly noted at Span = 0.1 and
Span = 0.9 spans. Under the effect of wall shear thinning, the wall friction decreases, result-
ing in a reduction in wall shear stress, an increase in fluid velocity, and a corresponding
increase in shear rate. Simultaneously, the shear rate in the diffuser region is relatively
higher compared to the impeller region. This is due to the increase in kinetic energy within
the impeller region, which is converted into pressure energy upon entering the diffuser
channel, resulting in an increase in flow instability. This phenomenon is also evident in
Figure 12, where the shear rate values within the diffuser are slightly higher than those
within the impeller region.
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In Figure 12, it is evident that upon the fluid’s ingress into the impeller channel, the
impeller’s rotational motion induces a marked escalation in fluid velocity, resulting in a
noteworthy upsurge in shear rate. Under the influence of shear thinning, the apparent
viscosity decreases significantly. In the region proximate to the blade trailing edge and in the
absence of blades, the shear rate undergoes an initial ascent due to the dynamic–stationary
interaction between the impeller and the diffuser. Subsequently, there is an abrupt descent,
succeeded by a gradual reascension. This corresponds to a decrease in apparent viscosity,
followed by a slight increase before decreasing again. As the fluid progresses into the
diffuser passage, the conversion of kinetic energy to pressure energy leads to heightened
flow instability, causing the shear rate to first increase and then decrease. Owing to the
influence of the separation vortex at the trailing edge of the diffuser blades, the shear rate
of the fluid exhibits fluctuations subsequent to its passage over the trailing edge of the
diffuser blades. Analogously, the alterations in apparent viscosity within the flow trace an
opposing trajectory, all of which can be elucidated by the impact of fluid shear thinning.

4.3. Discussion of the Evolution of Vortex Structures

In order to investigate the influence of shear-thinning characteristics on the evolution
and development of vortex structures within the flow field when multiphase pumps
are employed for transporting non-Newtonian and viscous Newtonian fluids, this study
conducted a comparative analysis of these two fluid types. Both of these fluids exhibit
comparable density and surface tension properties. Figure 13 presents the vortex structure
at the trailing edge of the diffuser at Span = 0.5 under the influence of non-Newtonian
and viscous Newtonian fluids. An interesting observation is that in Figure 14a, under the
influence of the non-Newtonian fluid, there are two vortices (Vortex A, Vortex B) at the
trailing edge of blade D1. In Figure 14b, under the influence of the viscous Newtonian
fluid, blade D1’s trailing edge vortex consists of only one vortex (Vortex C).

To better explain the phenomenon described above, Figure 14 provides pressure
distribution and velocity vector contours of the flow field under the influence of two
different fluids. It is well known that vortices are formed due to the difference in pressure
gradient between the pressure side (PS) and the suction side (SS) of the pump blades,
causing low-speed fluid to shift toward the SS. Additionally, the pressure gradient at the SS
in the downstream direction leads to flow separation, resulting in the formation of Vortex
A. The formation of Vortex B is the result of the interaction between the main flow and the
reverse flow pressure gradients. Furthermore, due to the lower friction losses when dealing
with a non-Newtonian fluid, the velocity gradient between PS and SS is larger under the
influence of the non-Newtonian fluid compared to the case with a viscous Newtonian fluid.
Consequently, the vortex scales are larger under the influence of the non-Newtonian fluid
compared to the viscous Newtonian fluid. Moreover, in Figure 13a, the shear-thinning
characteristics of the fluid are evident, leading to a significant interaction between the
trailing-edge vortex and the main flow, as depicted in Figure 10. This interaction region
exhibits a pronounced apparent viscosity variation.

In a viscous Newtonian fluid, as shown in Figure 13b, the generation and evolution
pattern of trailing edge vortices are generally similar to those in a non-Newtonian fluid,
but the scales are noticeably smaller. One reason is the shear-thinning property, which
reduces the flow resistance. On the other hand, non-Newtonian fluids have higher flow
velocities, and the kinetic energy is relatively higher compared to viscous Newtonian fluids.
In Figure 7, five monitoring points (P1–P5) are uniformly placed along the flow direction
inside the diffuser to quantitatively characterize the evolution of the vortex structure. P4 is
located at the exit of the diffuser channel, while P5 is located at the separation vortex of the
diffuser blade’s trailing edge.
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Figure 15 presents the variation of vorticity over time at monitoring points P4 and
P5 during a rotor revolution. At point P4, both fluids exhibit three peaks and valleys,
corresponding to half of the blade number, which confirms the strong influence of dynamic
and static interaction on vortex evolution. In each cycle, the change in the vorticity strength
of the non-Newtonian fluid is greater and more unstable and has higher amplitude com-
pared to the viscous Newtonian fluid. At point P5, due to the influence of trailing edge
separation vortices, the non-Newtonian fluid displays regular fluctuations between peaks
and valleys, forming a small oscillation cycle. Simultaneously, in the waveform of the
viscous Newtonian fluid, anomalous curves are observed due to the influence of trailing
edge separation vortices as well. Overall, the strength of vortex evolution is stronger for
the non-Newtonian fluid relative to the viscous Newtonian fluid at points P4 and P5, which
further suggests that the shear-thinning characteristics promote the instability of the flow.
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4.4. Discussion of Pressure Fluctuation Characteristics

Based on the simulation results, the pressure fluctuation characteristics at the mon-
itoring points shown in Figure 16 were analyzed using the fast Fourier transform (FFT)
method. The design rotational speed of the multiphase pump is 3500 r/min, which yields a
rotational frequency of fi = 3500/60 = 58.33 Hz.
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In viscous Newtonian fluids, the primary frequency at each monitoring point pre-
dominantly occurs at around 307 Hz, while the secondary frequency is mainly observed
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near 615 Hz. This means that the primary and secondary frequencies are approximately 5fi
and 11fi, respectively. This indicates that in viscous Newtonian fluids, the dominant factor
influencing pressure fluctuations is the interaction between the rotor and stator.

Compared to viscous Newtonian fluids, the pressure fluctuation characteristics of non-
Newtonian fluids are more complex. In the non-Newtonian fluid, the primary frequencies
at P1 and P2 are mainly around 23 Hz, while the primary frequencies at P3–P5 are primarily
around 20 Hz. Except for P1, the secondary frequencies at all other points are mainly around
210 Hz. P1 and P2 near the diffuser inlet are significantly influenced by the dynamic and
static interaction between the rotor and stator. The influence of rotor–stator interaction
on flow instability diminishes gradually along the flow direction, while the impact of
shear-thinning characteristics proportionally intensifies. As delineated in Table 5, the
amplitude of the secondary frequency surpasses that of the primary frequency, signifying
the predominant role of shear-thinning characteristics in inducing flow instability within
the downstream channel. Furthermore, the non-Newtonian fluid exhibits an increased
prevalence of low-frequency components in pressure fluctuations. From the aforementioned
observations, it becomes evident that in the viscous Newtonian fluid, the interaction
between the rotor and stator predominantly governs pressure fluctuations. In contrast,
within the realm of non-Newtonian fluid dynamics, pressure fluctuations are subject to
the interplay between the rigidity of the rotor–stator interaction and the influence of
shear-thinning characteristics.

Table 5. Amplitude of pressure coefficient fluctuations at each monitoring point.

Dominant Frequency Secondary Frequency

Non-Newtonian
Fluid

Viscous
Newtonian Fluid

Non-Newtonian
Fluid

Viscous
Newtonian Fluid

P1 1.68fi 5.37fi 0.13fi 10.75fi
P2 1.88fi 5.74fi 3.9fi 11.48fi
P3 0.15fi 4.35fi 1.98fi 8.69fi
P4 0.22fi 5.27fi 2.83fi 10.53fi
P5 0.82fi 5.63fi 5.74fi 11.27fi

To evaluate the pressure fluctuation characteristics within a multiphase pump flow
channel, the dimensionless intensity of pressure fluctuations is used [39]:

CIPF =
IPF

0.5ρu2
2

(14)

IPF =

√√√√ 1
N

N

∑
i=1

(pi − p)2 (15)

p =
1
N

N

∑
i=1

pi (16)

where IPF represents the intensity of pressure fluctuations, and pi and p are the instanta-
neous pressures and average pressures, respectively.

From Figure 17, four high CIPF regions can be observed, namely Regions A, B, C, and
D. Among them, Region A is located at the inlet of the diffuser, and the flow state in this
region is mainly influenced by the dynamic and static interaction between the rotor and
stator. The flow state differs slightly between non-Newtonian and viscous Newtonian
fluid conditions. In non-Newtonian fluids, the CIPF intensity at the leading edge of the
diffuser blades is significantly higher than in viscous Newtonian fluids, corresponding
to more intense pressure fluctuations at point P1 in Figure 16. Regions B and C are
located near the leading and trailing edges of the diffuser blades on the PS side. Due
to the strong shear-thinning characteristics of non-Newtonian fluids, the fluid velocity
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is higher, and fluid kinetic energy is greater in these regions. As a result, the pressure
energy converted here is greater compared to viscous Newtonian fluids, corresponding
to monitoring points P2 and P4 in Figure 16. Additionally, in the middle of the blades
between Regions B and C, the pressure is relatively low, corresponding to lower pressure
fluctuation amplitudes at monitoring point P3 in Figure 16. Region D is located near the
separation vortex at the trailing edge of the diffuser blades, as depicted in the streamline
distribution in Figure 13. This region represents the interaction zone between the main flow
and the trailing edge separation vortex. In the case of non-Newtonian fluids, as described
in Section 4.3, under the interaction of the main flow and trailing edge separation vortex,
pressure fluctuations in this region are stronger compared to viscous Newtonian fluids.
Therefore, when transporting non-Newtonian fluids, pressure fluctuations are enhanced,
especially in Regions C and D, due to the shear-thinning characteristics.
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4.5. Influence of Gas-Solid Two-Phase Distribution

Figures 18 and 19 illustrate the temporal evolution of the gas volume fraction on the
pressure side of the impeller in both non-Newtonian and viscous Newtonian fluids. As
discernible from the illustration, in non-Newtonian fluids, the uniform distribution of the
gas phase occurs on the PS of the blades, whereas in viscous Newtonian fluids, the gas
phase predominantly occupies the vicinity of the trailing edge on the PS of the blades.
This phenomenon is attributed to the distinctions in shear forces and shear rates between
the two fluid types. In the region adjacent to the trailing edge of the blade, where the
pressure is relatively high and the flow velocity is rapid, substantial shear forces result
in a higher volume fraction of the gas phase being transported to this area. In contrast,
the rheological properties undergo a transformation in non-Newtonian fluids, wherein
the apparent viscosity demonstrates a more pronounced variation with shear rate. The
enhanced shear deformation capability of non-Newtonian fluids on the pressure side of the
blade facilitates the gradual filling of the entire pressure surface with gas-phase distribution,
particularly under conditions of high shear rates.
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Figure 19. Distribution of gas volume fraction at the impeller’s PS in Newtonian fluid.

Figures 20 and 21 present the distribution of the gas volume fraction at a height of
Span = 0.5 in non-Newtonian and viscous Newtonian fluids. From the figure, it can be seen
that in the non-Newtonian fluid, the gas volume fraction is uniformly distributed in the
impeller channel, and the distribution of the gas volume fraction is essentially the same
on the PS and SS surfaces. In contrast, in the viscous Newtonian fluid, the distribution of
gas volume fraction within the impeller passage is inhomogeneous, with the gas volume
fraction on the SS side significantly higher than that on the PS side. Moreover, with the
passage of time, the fluid with a higher gas fraction at the SS trailing edge flows through
the PS of the subsequent blade, leading to an increase in the gas volume fraction at the
trailing edge of the PS blade. This phenomenon is also consistent with the distributions
shown in Figures 18 and 19.
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Figures 22 and 23 illustrate the temporal evolution of the solid volume fraction distri-
bution on the PS of the impeller in both non-Newtonian and viscous Newtonian fluids. In
the viscous Newtonian fluid, the concentration of the solid volume fraction at the leading
edge of the impeller’s PS is primarily attributed to the action of shear forces and shear rates.
When the fluid traverses the leading edge of the blade, the interplay of geometric shape
and rotational motion generates regions characterized by high-speed flow and significant
shear forces. These forces efficiently propel solid particles away from the PS of the blade
post-leading edge passage, consequently leading to an accumulation of solid volume frac-
tion in the vicinity of the leading edge region under the specified conditions. However,
in the non-Newtonian fluid, the apparent viscosity exhibits a more pronounced variation
with shear rate. Under the influence of shear thinning, solid particles become more mobile
with the fluid flow, and in conjunction with the effect of fluid viscosity, the coverage area of
solid particles on the impeller’s PS increases.
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Figures 24 and 25 present the distribution of the solid volume fraction at Span = 0.5
of the blade height in non-Newtonian and viscous Newtonian fluids. From the graphs,
it can be observed that in the non-Newtonian fluid, the distribution of the solid volume
fraction on the impeller’s PS is more uniform compared to the viscous Newtonian fluid.
This is primarily evident in the viscous Newtonian fluid where the solid volume fraction
decreases near the trailing edge of the blade on the PS, whereas in the non-Newtonian fluid,
the solid volume fraction is more consistently distributed across the PS. This observation
aligns with the phenomena observed in Figures 22 and 23.
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5. Conclusions

This study, built upon experimental investigations and CFD simulations, delves into
the evolution of vortex structures, pressure fluctuations, and the influence of shear-thinning
characteristics on the distribution patterns of gas-solid two-phase flow in a multiphase
pump operating within non-Newtonian and viscous Newtonian fluids. The primary
conclusions derived from this research are summarized as follows:

1. The shear rate in the impeller is significantly higher than that in the diffuser, but
the apparent viscosity changes considerably in the rear region of the diffuser. The
presence of trailing-edge separation vortices significantly contributes to pronounced
fluctuations in apparent viscosity at this location.

2. In the case of non-Newtonian fluids, flow separation near the SS, induced by pressure-
gradient-related effects along the flow direction, gives rise to Vortex A. Furthermore,
the interaction of pressure gradients in both the mainstream and backflow directions
forms Vortex B. While the mechanism for vortex structure formation in a viscous
Newtonian fluid is broadly similar to that in a non-Newtonian fluid, the shear-thinning
characteristics of the latter result in faster flow velocities and lower friction losses.
Consequently, the velocity gradient between the primary and secondary flows is



Processes 2024, 12, 284 24 of 26

greater in the non-Newtonian fluid, leading to larger-scale vortex structures under
their influence.

3. Under the conditions of a viscous Newtonian fluid, pressure fluctuations primarily
stem from the dynamic interaction between the rotor and stator. Conversely, when
conveying a non-Newtonian fluid, the inducing factors for pressure fluctuations result
from the combined effects of dynamic interaction and shear-thinning characteris-
tics. Additionally, shear-thinning characteristics contribute to certain low-frequency
components of pressure fluctuations.

4. The high-magnitude regions of pressure fluctuations in both fluids are similar. How-
ever, due to shear-thinning characteristics, non-Newtonian fluids exhibit enhanced
vortex fluctuations, leading to increased pressure fluctuation intensity, particularly at
the locations of trailing-edge separation vortices.

5. Moreover, the distribution behavior of gas-solid two-phase flow on the PS of the
impeller differs slightly under the influence of the two fluids. In a non-Newtonian
fluid, the distribution of gas-solid two-phase flow on the PS is more uniform compared
to that in a viscous Newtonian fluid. In a viscous Newtonian fluid, the gas phase is
distributed closer to the trailing edge of the blade of the PS, while the solid phase
is distributed closer to the leading edge. The shear-thinning characteristics of the
non-Newtonian fluid play a crucial role in this observed behavior.

This study delves into the characteristics of a multiphase pump employed during
the extraction phase of natural gas hydrates, focusing on the evolution of vortex struc-
tures and pressure fluctuations under the influence of non-Newtonian and viscoelastic
Newtonian fluids. However, in practical field applications, the flow patterns of incom-
ing gas bubbles and the distribution of solid phases can contribute to flow instability
and pronounced pressure fluctuations. In the subsequence of this research, a hybrid ap-
proach incorporating experimental and computational fluid dynamics will be employed
to investigate the phenomenon of unsteady flow in different bubble flow patterns within
non-Newtonian fluids.
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