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This certificate is presented to

Yan Wang

Lanzhou University of Technology

Effects of tip speed ratios on the wake meandering
and structures of wind turbine

2023 International Conference on Aerodynamics of Offshore
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2025 SGADC

SINGAPORE ART DESIGN COMPETITION

Dear
FLEE(F RS FHAR
EMEBTAY

After thorough assessment and deliberation, we are
extremely honored to announce that your proactive
efforts and exceptional performance in the 2025 SGADC
competition have earned our highest recognition.
Therefore, it is with unanimous decision of the
organizing committee that we confer upon you...

Bronze Award

With
MEBHS - EMOUFEBE

Instructor of the work H5EE

August 15, 2025

Certified true signature

WA A7

MARLIES

Singapore Fine Art Research Association|SGFARA) SGFARA - International Art Development Center
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ABSTRACT

The siting of onshore wind farms has shifted from populated areas to desert and Gobi regions, where land costs
are lower and noise pollution is minimal. As a result, turbines operate in wind-sand environments for extended
periods. This study uses the Actuator Line Method (ALM) and Large Eddy Simulations (LES) to model wind
turbine operations and flow fields, while the Multiphase Particle-in-Cell model simulates sand particle behavior.
We investigate the effects of sand particles on turbine wake structure, energy distribution, and particle dispersion
in a uniform incoming flow with mixed particle sizes. Snapshot Proper Orthogonal Decomposition (SPOD)
analysis reveals that sand particles diminish the scale of the wind turbine wake structures. The lower-order
modes exhibit a reduced contribution of energy to the flow field under sand-laden conditions compared to
clean incoming flow. The particles reduce the wake flow velocity, the magnitude of the Reynolds principal stress,
and the fluctuation amplitude of the Reynolds shear stress within the wake region. Particles passing near the
blade tip travel along the wake periphery, exhibiting an initial expansion followed by a contraction in the near-
wake region. Within the wind turbine wake, sand particles exhibit intricate winding motions, with smaller
particles displaying more complex trajectories. A triangular region of reduced sedimentation forms on the ground

approximately 10D downstream of the turbine, compared to the case without a turbine.

1. Introduction

With an increasing demand for renewable energy sources, wind
power has gained considerable attention due to its environmentally
friendly nature and sustainability. The International Energy Agency
(IEA) highlights that onshore wind energy possesses immense potential
for expansion worldwide and will significantly contribute towards
augmenting global installed capacity of renewable energies [1]. It is
noteworthy that there has been a gradual shift in locating onshore wind
farms from densely populated regions towards less inhabited areas such
as deserts or the Gobi region, which are susceptible to dust storms. This
transition reduces land costs and minimizes concerns related to noise
pollution. As illustrated in Fig. 1, which shows the global distribution of
wind resources and deserts, many high-wind-potential regions coincide
with arid and desert areas (e.g., the Gobi Desert, Sahara Desert).
Consequently, turbines in these locations consistently endure chal-
lenging weather conditions characterized by strong winds and sand
exposure.

When a wind turbine is subjected to a two-phase wind-sand flow, the

* Corresponding author.
E-mail address: lideshun 8510@

ina.com (D. Li).

https://d

/10.1016/j.renene.2025.124531

wake of the turbine, as complex turbulent structures, can exert signifi-
cant influence on the distribution and movement of sand particles within
it. In the study of particle-turbulence interaction, as early as the late
20th century, Maxey [2] theoretically derived and numerically
demonstrated that particles tend to accumulate in regions characterized
by high strain rates and low vorticity. He was the first to demonstrate
that particle inertia can significantly enhance sedimentation velocity.
Subsequently, Elghobashi et al. [3] employed high-resolution direct
numerical simulations (DNS) to quantify the competitive interplay be-
tween gravity and inertia in turbulent particle dispersion. Squires [4]
and Eaton etal. [5] proposed that turbulence can selectively concentrate
heavy particles, challenging the prevailing notion that "turbulence en-
hances mixing". Eaton and Fessler further identified a universal mech-
anism underlying preferential particle concentration in turbulent flows
and established the Stokes number (St) as a critical parameter governing
this behavior. Subsequent research in combustion revealed that high
compressibility can entirely suppress selective diffusion [6], high-
lighting the significant influence of particle residence time [7]. Lazaro
et al. [8] experimentally observed for the first time that the droplet

Received 8 May 2025; Received in revised form 25 September 2025; Accepted 25 September 2025
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To alleviate the effects of dynamic stall on wind turbines, this study uses the Kriging model coupled with
computational fluid dynamics to optimize the geometrie profile of a wind turbine airfoil under dynamic stall
conditions based on the classic $809 airfoil. The implicit LU-SGS method is coupled with the dual time-stepping
method to caleulate the unsteady flowfield. The SST k-w turbulence and y-Rey transition models are employed
to solve the N-§ equations. With the $809 airfoil as the baseline, the optimization yields an airfoil with a weaker

LEV. Simulation results reveal that the maximum drag coefficient of the optimized airfoil decreases by
approximately 82.3 % at the design point, and the lift coefficient hysteresis loop decreases significantly. Addi-
tionally, applying the optimized airfoil to a wind turbine improves the aerodynamic characteristics under yaw

conditions, indicating that the optimization technique is suitable for designing airfoil profiles under dynamic

stall conditions.

1. Introduction

Due to the influence of atmospheric turbulence, wind shear, yaw
misalignment, and other factors, the incoming wind of a horizontal-axis
wind turbine (HAWT) airfoil, particularly one in complex terrain, is not
under an ideal inflow. Therefore, the angle of attack (AoA) of an airfoil
varies with the azimuth of the wind rotor, inevitably causing a dynamic
stall phenomenon [1,2] (Fig. 1). To increase the power production of
wind farms, some researchers [3,4] have explored cooperative yaw
control. However, the freestream velocity (V.) induces a velocity
component within the rotor plane under yawed conditions. This
component combines with the rotational velocity of the rotor, resulting
in periodic variations of the inflow angle at different blade azimuth
angles. Consequently, the airfoil's AoA undergoes periodic variations,
which inevitably induce dynamic stall. A wind turbine operating under
dynamic stall conditions can cause many problems, such as power
fluctuations, blade fatigue damage, and stall flutter, because the actual
operating conditions of a blade differ from the design conditions [5,6].
With the large-scale application of HAWTs [7], the effects of dynamic
stall have become increasingly severe. Therefore, research into dynamic
stall is important for engineering applications as controlling it would
benefit wind turbine design and wind farm maintenance, particularly for
wind farms on complex terrains.

* Corresponding author.
E-mail address: wangqing lut@foxmail.com (Q. Wang).

https://doi.org/10.1016/].energy. 2025.137588

Early research on the dynamic stall phenomenon focused on heli-
copter aerodynamics [8,9]. The mechanisms of dynamic stall have been
investigated using experiments and computational fluid dynamics
(CFD), such as the compressibility effects [10], boundary layer transi-
tion [11], and the effect of reduced frequency on the dynamic stall delay
[12]. Recently, dynamic stall of wind turbines has been of interest to
researchers, particularly for vertical-axis wind turbines. Studies reveal
that the dynamic stall of a VAWT typically occurs at a lower tip speed
ratio [13], while increased tip speed ratios will delay the formation of
the leading-edge vortex due to diminished AoA variations at a higher tip
speed ratio. This reduction attenuates total circulation feeding into the
leading-edge vortex [14]. Consequently, the dynamic stall control can
be effectively achieved through AoA variation or velocity circulation
adjustment at different azimuth angles [15,16]. In contrast to
vertical-axis wind turbines, the dynamic stall of a HAWT is mainly
attributed to factors such as wind shear, yaw misalignment, and blade
vibration [17], resulting different load characteristics. For instance, the
drag coefficient (Cy) during pure-heaving motions exceeds this in
pure-pitching motions [18]. Studies further demonstrates that a high
reduced frequency can delay the boundary layer reattachment [19], and
the generation of dynamic stall vortices occurs earlier as the AoA in-
creases [20]. In addition, the turbulence also has a significant impact on
the dynamic stall characteristics of an airfoil [21], i.e.,, a higher

Received 12 January 2025; Received in revised form 11 July 2025; Accepted 15 July 2025
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Although the rraditional dynamic stall has been well studied, the effect of sand particle on dynamic stall char-
acteristics is seldom considered in the previous studies. Therefore, a research about dynamic stall of the 5809
airfoil is accomplished under a sand-wind environment. The unsteady CFD method and the discrete phase model
(DPM) are adopted in this research to simulate the dynamie stall characteristic of the S809 airfail. The influence
of different sand particle diameters and different particle concentrations on airfoil dynamie stall characteristics is
studied respectively. The simulated results indicate that the maximum lift coefficient and drag coefficient with
particle diameter of 10 pm decrease about 2 18% and 2.52% respectively compared with that of the clear air.

Meanwhile, the maximum lift eoefficient decreases about 6.93% for the case of particle coneentration with 62.6
g/m®. The simulated results also indicate that the lift coefficient and drag coefficient decreasing are enlarged
wiith particle concentration increasing. This tendency indicated that the efficiency of a wind turbine would be

reduced in sand storm weather.

1. Introduction

The wind power has become one of the important clean energy
sources. However, many wind turbines are located in desert or arid re-
gion, where sandstorm weather is often happened. As a result, the power
characteristic and service life of wind turbines would be decreased due
to the effect of shape erosion (Mohammed and Abo zied, 2007). Few
studies indicated that the blade erosion could reduce the annual power
generation about 25% (Sarcen et al., 2014). Due to the influence of at-
mospheric turbulence, boundary layer effect, tower shadow effect and
yaw condition, wind turbines usually work under unsteady flow con-
dition, which could cause dynamic stall phenomenon (Zhang et al,
). By the effect of dynamic stall, the unsteady acrodynamic loads
are much larger than the steady aerodynamic loads (Lynette, 1989),
Although the dynamic stall characteristics have been well studied in the
past years, the effect of sand particle on dynamic stall is seldom
considered in the previous studies, However, the aerodynamic charac-
teristics of wind turbine are easily changed by particle, because the

boundary layer transition is sensitive for external disturbance. There-
fore, the study of the dynamic stall characteristics under sand-wind
environment is important for engineering application, especially for
the wind turbine in an arid or desert region.

The dynamic stall research was concentrated in the field of a heli-
copter at the earliest time, while the research on dynamic stall of a wind
turhine is relatively lagging behind. At the end of 19805, Brierficld, 1985
conducted guantitative research on the dynamic stall phenomenon of
wind turbine blades through experiments. In the early 19905, the Na-
tional Renewable Energy Laboratory of the United States began to
conduct a series of experimental studies on full-scale wind turbines
(Snel, 1998), and these experimental data could help researchers to
understand the dynamic stall phenomenon deeply. Some dynamic stall

1., 2010 Liu et al., 2020; Mamour
} about wind turbine airfoils were accomplished to explo
the physical mechanism of dynamic stall. To explain the difference of
dynamic stall between the two-dimension and three-dimension condi-
tion, Zhu et al. (2021) compared the dynamic stall characteristics of
airfoil and non-rotating blade under pitching oscillation. Samara and
Juohnson, 2020 studied the dynamic stall of a pitch arc airfoil with phase
offset trailing edge flaps. Since the dynamic stall is an inevitable phe-
nomenon for vertical axis wind turbine (VAWT), Rezaciha et al. (2009)
performed CFD analysis of a dynamic stall process of vertical axis wind
turbine based on Scale-Adaptive simulation. 1 and Saha, 2020 stud-
ied the influence of blade thickness aspect ratio on the dynamic stall
phenomenon of a H-Darrieus wind rotor. Tirandaz and Rezaetha, 2021
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ARTICLE INFO ABSTRACT

In contrast to the classical dynamic stall with steady velocity, the dynamic stall phenomenon observed in vertical
axis wind turbines encompasszes not only periodic variations in the angle of attack but also periodic fluctuation in
velocity. Therefore, this study performs a research to deepen understanding of the dynamic stall characteristics of
an airfoil used in a vertical axis wind turbine when subjected to fluctuating velocities. The formation of the
leading-edge vortex is brought forward for a larger resultant velocity and postponed for a smaller one, according
to the comparing the dynamic stall characteristics under different fluctuating velocities and phase angles.
Meanwhile, the convection and dissipation of the leading-edge vortex is also diminished as a result of the smaller
resultant velocity. As a result, the aerodynamic loads, particularly the drag coefficient, present a nonsymmetrical
form. Finally, the tangential force coefficient of an airfoil under fluctwating velocity is shown oo have a larger
peak in the wpwind region and smaller peak in the downwind region, indicating that the blade of a vertical axis
wind turbine would suffer more obviously sercdynamic imbalance under a lower tip speed ratio condition.

Keywards:

Vertical axis wind terbine
Dynamic stall

Airfoil

Fluctuating velocity

Momenclature (oomrinzed §
C whord length of an L resultant velocity
e chard length of an Vi resultant velocity airfuil
airfodl
'8 relative velocity v} the volume of the computational
[ lift coefficient Vi flectuating welocity meesh
(] drag coefficient Vs average velacity ¥ grid velocity
[ tangential force Vi far-fiekd Freestream velocity
wvoefficient
Cy thrust coefficient W conserved variables
Cp pressure coefficient [ instantanecas angle of attack 1. Introduction
F, convective luxes [ mean angle of attack
:' EE:::::;“MM :j" r:::]hl::i:?:n:lzmuuk Compared with horizontal axis wind turbines, vertical axis wind
R turbines (VAWTs) can operate in any wind direction, and there is no
M "'“f'ﬂumli"" mawie g "i'_"""' decuity need to yaw operation when the wind direction changes [1], which
‘: :ifﬁ?:ﬂdi“ ; :zhiﬁ;‘nﬁ:ye could reduce manufacturing costs and enhance system reliability.
Re ple Reynolds F blade tip speed ratio Furthermore, the gearboxes and generators can be located on the
" ground, which significantly reduces installation and maintenance costs
- :':mb'” Y T [2]. The smaller blade tip specd ratio (TSR) of a VAWT can effectively
T dimensionless ngular velputy reduce the aerodynamic noise of wind turbines [3]. In addition, VAWTs
time have a narrower range of wake influence, allowing for more wind tur-
v absolute velocity r the Wisies-Erurith _ bines to be positioned in the same spatial position. As a result of the
preconditioning matrit ongoing development of wind energy utilization technology, the VAWTs
Cowririatied] ek it i) have progressively gained widespread attention and stand out in the
* Corresponding author.
E-mail addresses: wangqing luti@foxmail.com {Q. Wang), 24416008636 qq.com (P. Ma), joephy@ 163.com (2. Zhao), lideshun 8510 sina.com (DL Li).
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Abstract: The frequent appearance of sandy and dusty weather in Northwest China impacts the wind
turbine. Meanwhile, the non-constant phenomena, dvnamic stall speed during the wind turbine
operation, will lead to large load fuctuations and unsafe operation. However, few studies have
been conducted at home and abroad on the effect of particle parameters on the dynamic stall of
airfoils. This paper investigabes the impact of particle parameters on the aicfoil dynamic stall through
numerical simulation of the coupling between the continuous phase and discrete phase by using
the 55T k- turbulence model for a bwo-dimensional NACA 0012 airfoil. The elect of particle
parameters on the airfoil dynamic stall aerodynamic performance, the impact of the flow feld aroond
the airfoil, and the particles motion were studied, respectively, The investigation shows a reduction
in the aerodynamic performance of the aidfol, due to the addition of particles. The etfect is more
prominent under a large angle of attack and less under a small angle of attack. When the angle
of attack increases, the loss rate of lift coefficient in the windy and sandy environment gradually
decreases, while irregular fluchuations emerge when the angle of attack decreases, and the overall rate
of change increases more significantly, compared to the stage of the increasing angle of attack. For
the particle diameter under 3 pm, the larger the particle diameter, the more significant the change of
lift coetficient becomes, as well as the larger the vortex velume near the airfoil’s leading edge, and
a large number of particles gather at the suction surface of the aidfoil. For the particle diasmaeter of
50 prm, the Lift coefficient decreases at any angle of attack of the aicdoil movement to the oscillation
cyele, the vortex volume decreases, and a large number of particles gather at the pressure surface of
the airfodl. However, for particle diameters above 50 pm, the lift coedficsent Feis reduced, follomwed b}'
a decrease in the vortex volume near the airfodl leading edge with the increase of particle dizmaeter,
=0 that plenty of particles gather on the pressure surtace of that airfoil. At the stage of increasing
the airfoil angle of attack, with the increase of particle concentration, there is a gradual decrease of
the peak Lift coefficient and stall angle of attack of the airfoil, 25 well as a cormesponding decrease of
the dmﬁ ::u:FF.i:i.entd'i\'L-rEmr :m;;ll: of attack and Fen.k value In contrast, when the airboil an;;h.-
of attack is decreased, the airflow reattachment process obviously lags behind that of the clean air,
As the particle concentrabion increases, the airtoil separation point occurs eadien, and the higher the
concentration, the earlier the separation point. The erosion maximum airfoil erosion rate ncreases

with the particle concentration.

Keywords: wind hurbine; airkboil; d.:.rnaml: stall; Purl'il:l.-us; a-url:ld:.rnaml: purfl:lrmance

1. Introduction

The Northwes!t of China is rich in wind resources, vel there are frequent sandslorms,
and sometimes strong ones, which makes il really easy for the wind turbines to operate
in this environment and to develop certain erosions and tears on their blades, sometimes
seriously affecting their aerodynamic performance. During the operation of the wind
turbine, there is a more dramatic non-stationarity in the fdow Geld, which leads to dynamic
stall and high load Auctuations during maost of the wind mrbine operaling lime, resulting
in inslability phenomenon. Due o the complex working environment of wind turbines,

Energies 2023, 16, 1545 hitps:/ /dol.org S0 55560/ en 1 6041549 hitps:/ S wwow mdpt com joumal ferergics
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Optimized wake-superposition
approach for multiturbine wind
farms

Deshun Li%***, Jixiang Chang', Gaosheng Ma™*" ", Chunyu Huo" & Rennian Li**

Optimizing the wind farm layout requires accurately quantifying the wind-turbine wake distribution to
minimize interference between wakes. Thus, the accuracy of wind turbine wake superposition models
is critical. The sum of squares (55) model is currently touted as the most accurate, but its application

in engineering is hampered by its overestimation of the velocity deficit of the mixed wake. Therefore,
previous work relied on approximate power calculations for performing optimization. The physical
meaning of the 55 model is unclear, which makes optimization difficult. In this study, a univariate
linear correction idea is proposed based on the linear increase phenomenon of the 55 method error.
The unknown coefficients are obtained by fitting experimental data. The results demonstrate that the
proposed method can accurately quantify the full-wake two-dimensional distribution of the mixed
wake.

Many countries are actively developing wind energy, which, as a renewable energy source, is expected to solve
the encrgy crisis. Wind turbines convert wind energy into electrical energy through the interaction between the
wind and blades. Incoming flow passing through the wind turbine creates a wake area with reduced wind velocity,
which exchanges energy with the surrounding air and gradually returns ta calm conditions as the wake develops.
When the downstream wind turbine is in the wake region of the upstream wind turbine, its production capacity
will be reduced, which can reduce annual power generation by as much as 10-20%". Therefore, studying wake
interference between wind turbines is of great significance in site selection, arranging wind turbines, and predict-
ing power from wind farms. The CFD method of solving the N-5 equation can accurately simulate the wake effect.
However, it requires numerous costly computations and is difficult to apply in complex environments. Therefore,
convenient and concise analytical wake models are popular in the wind industry. Therefore, this study proposes
an optimized superposition model for wind Turbines, which can better meet the urgent needs of the industry.
In 1986, Jensen® derived the Park one-dimensional (100 model based on the conservation of momentum.
Building upon it, Tian' and Zhang both used a cosine-shape function to redistribute the wake deficit in the lateral
direction and an extended two-dimensional {213 model. Yang™ then proposed the wake model of Gaussian
distribution and quadratic polynomial distribution (Park-Gauss moedel and Park-polynomial model), which
can accurately simulate the far wake. The above maodels utilize the Park model to solve the 11 wake and then
apply a specified equation to redistribute the wake, Ge” argued that this violated the local mass conservation and
proposed a 2D wake model that directly extends the Jensen model. Due to the complete obstruction of free flow
in the center of the rotor, the near wake has a "W" shape®. To solve this problem, Keane® " proposed a full wake
maode] based on the double Gaussian assumption of the wake distribution, but it had the worst agreement with
the LES data compared to other models''. Later, some scholars'® ! proposed a wake mode for the yaw condition.
‘The above research invalves the wake model of a single wind turbine. In practical engineering, the wake
interference between multiple wind turbines needs to be considered, and the superposition of wake models often
simulates the actual wake situation. The commonly used wake superposition methods' are the geometric sum
(35), linear superposition (LS}, energy balance (ER), and the sum of squares of velocity deficits (55). LS, proposed
by Lissaman'®, assumes that the velocity deficit of a mixed wake is equal to the sum of the velocity deficits of cach
upstream unit. Crespo’” found that the LS method overestimated the velocity deficit of the mixed wake and even
had a negative velocity value. ES is an energy conservation model based on a simplified energy equation, which
assumes that the sum of the kinetic energy losses of the incoming flow after passing through each upstream unit
is equal to the kinetic energy loss in the mixed-wake region. In contrast, 55, which is currently the most widely

‘Callege of Energy and Power Engineering, Lanzhou University of Technology, 287 LanGongPing Road, Qilike
District, Lanzhou 730050, China. “Gansu Provincial Technology Centre for Wind Turbines, Lanzhow 730050,
China. *Gansu Provincial Key Laboratory of Fluid Machinery and Systems, Lanzhou 730050, China. ““email:
magsh@lzu.edu.cn
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Numerical and experimental study of the effects of wind turbine
operation on sand-dust transport characteristics
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Given factors such as reduced land availability for onshore wind farms, wind resource enrichment levels, and costs, there is a
growing trend of establishing wind farms in deserts, the Gobi, and other arid regions. Therefore, the relationship between sand-
dust weather environments and wind turbine operations has gamered significant attention. To investigate the impact of wind
turbine wakes on sand-dust transportation, this study employs large eddy simulation to model flow fields, coupled with an
actuator line model for simulating rotabng blades and a multiphase particle m cell model for simmlating sand particles. The
research focuses on a horizontal axis wind turbine model and examines the motion and spatiotemporal distribution charactenistics
of four typical sizes of sand particles in the turbime wake. The findings reveal that sand particles of varying sizes exhibit a spiral
settling pattern after traversing the rotating plane of wind turbine blades, influenced by blade shedding vortex and gravity. Sand
particles tend to cluster in the peripheries of the vortex cores of low vorticity in the wind furbine wake. The rotation of wind
turbines generates a wake vortex structure that causes a significant clustering of sand particles at the tip vortex. As the wake
distance increases, the particles that cluster at the turbine’s tip gradually spread outward te approximately twice the rotor
diameter and then begmn to mix with the meoming flow environment. Wind turbines have a noticeable mmpact on sand-dust
transportation, hindening their movement to a significant extent. The average sand-blocking rate exhibits a trend of imitially
increasing and then decreasing as the wake distance increases. At its peak. the sand-blocking rate reaches an impressive §7.35%.
The presence of wind turbines induces the advanced settling of sand particles, resulting in a “tmangular™ distribution of the
deposition within the ground projection area of the wake.

wind turbine, particle transportation, actuator line model, drv deposition, particle clustering

PACS number(s): 4733 Kf 47.27.wh, 89.30.Ee. 92.40.Gc. 4785.G

Citation: G Ma H Han Y Li D Li ¥ Wang, M. Fu Q. Zhens, and B Li, Mimerical and experimental stady of the effects of wind tarbine operation oo sand-
dust mansport charactenstics, 501, Chins-Phys. Mech, Astoon. 67, 244711 (2024), hrips:dod.org/10.1007/511433-023-2284-1

1 Introduction tributed resources, wind power has gamered the attenfion
and investment of numerous counfries committed to devel-
oping low-carbon economies, leading to rapid growth in the
wind power industry. However, after years of development,

*Comesponding suthors (Ye L1i, enwil: yeli@sjmeducn Deshim Ii email - - .
lideshnmn, 351075t com) the site selection for onshore wind power has expanded from

As a renewable energy source with clean and widely dis-
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Keywords:

Cavitation bubble

Jet

Rigid wall

Kinetic energy
Impact Charcteristios

This study addresses utilizing the jet impact effects of cavitation. Mear three types of rigid walls, 4 (bubble
position) and y (wall geometry), were used to define jet characteristics. Results show that jet velocity (v de-
creases with 4 near flat walls, increases near convex walls, and peaks at 4 = 1. Near concave walls, for hand y = 1,
an acceleration effect s observed. For 0 < 4 < 1, convex walls with 4 < 0.3 and concave walls with » = 1.2 lead to
larger jet head angles (o), with a more rounded morphology and lower velocity. Concave walls with p = 1.2
reduce jet intensity and cavitation damage, while convex walle with 4 < 0.3 and 7 < 3 lower cavitation risk and

increase jet kineric energy [E)u,]n, provide a theoretical foundation for the protection and urilization of jet impact
effects in the field of chemical engineering.

1. Introduction

Cavitation phenomena are prevalent in flow media, and in recent
years, the diverse physical effects accompanying cavitation have
attracted considerable attention in chemical process applications. Near
the wall, the energy released by bubble collapse is predominantly
manifested as shock waves and jets that directly impact the surface. In
comparison to shock waves, the impact intensity of jets is considerably
greater. The direct effect of jets can lead to more significant damage to
the wall surfaces of industrial equipment, thereby impacting the oper-
ational cfﬁclcmy of the systern (Krella, 2023; El Hassan et al., ! ;
, 2018; Du and Chen, 2021; Wu et al.,, 2022). To mitigate thls
issue, numerows researchers have pmpue.r.'fi methods for preventing and
controlling cavitation, including flow optimization (Gao et al

selection of wall materials (Srecdhar et al., 2017; Galis
and improvements in manufacturing processes (Kwol of al, ¥,
Zhang et al., 2023). In contrast, the impact of jets generated by cavita-
tion has been widely applied in various other fields, such as metal sur-
face cleaning (Soyama, 20
ctoal, 2014), tissue damage studies in the biomedical field (Kiva

1), surface strengthening treatments (Hsiao
a

*hi et 2017), and stone removal (Brujan, 2004;
Brennen 15). Farm.u]arly in the field of chemical cngmccrmg, the
cavitation jet impact effect has found extensive applications in the
production of nano-emulsions (Carpenter et al.. 2017), sludge treatment
(Kim et & 2019), degradation of organic compounds (Pradhan and
110; Prajapat 2016), wastewater treatment (Wang
2021}, and chip manufacturing (Talabazar et al |

d

zate,

21; Zhao et al.,

2022).

Studying jet characteristics and their impact effects is of considerable
engineering significance, as it facilitates the rational prevention, con-
tral, and enhancement of these effects in various application scenarios.
The commonly wsed research methods include ﬂtpcnrru:ntdl and nu-
1 OhL, 2021; Nauy 2024)
through experimental investigations, generated bubbles near solid sur-
faces and observed that the “needle-like jets™ formed by bubble collapse
struck the wall at high velocities, inducding water hammer pressure on
the surface. Li (Li et al, 2015) observed that the velocity of the jet
generated by cavitation is primarily determined by the initial bubble
radius and the initial distance between the bubble center and the rigid
wall. Lechner (Lechner et al.,
examined the evalution of bubble shape near a rigid wall, as well as the

en et a

merical simulations. Reuter {Reuter

2020) employing numerical simulations,

* Corresponding authorsat: School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou, Gansu 730050, China.
** Corresponding author at: School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou, Gansu 730050, China.
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Experimental study on the dynamics of single suspended particles under
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double and three cavitation bubbles placed horizontally in a free field
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Kepwards:

Cavitation bubbles
Particle dynamics

Doubde cavitation bubhbles
Three cavitation bubhbles

The coupling berween cavitation bubbles and particles is a common phenomenan acrosds various fields. However,
due to limitations in experirental techniques, most current studies focus on qualitative analyses of the inter-
action between cavitation bubbles and individual particles. At the same time, the interaction amang multipls
cavitation bublbles has emerged as a key faetor influencing the cavitation bubble-particle dynamics. In this siidy,

by improving the experimental approach and combining theoretical analysis, a quantitative deseription of the
interaction between horizontally arranged double cavitation bubbles and individual suspended particles was
achieved. Additionally, it was found that the symmetry of the three horizontally arranged cavitation bubbles is a
critical factor influencing the behavior of single suspended particles. This research not oaly expands the theo-
retical framework for the kinetics of particles under the influesce of cavitation bubbles, bur alse provides
valuable insights for the application of technologies in elds such as chemical engineering.

1. Introduction

The coupling between cavitation bubbles and particles is a pervasive
and recurrent issue in various industrial production and application
domains. In the field of biomedicine, thiz phenomenon can be applied to
the fragmentation of kidney stones {Lingen 109), the delwer].'
and absorption of biomedical agents (Cou Roy, 2008; Ch 1
Coussios, 2012; Thomas et al., 2019), as well as in ultrasonic cleamng
processes gimed at removing particulate contaminants from material
surfaces (Kuehn et al., 1996; Lamminen et al., 2004). In recent years,
hydraulic cavitation (HC) has emerged as a key technology for
enh.antmg the chemical processing industry({Carpenter et al., 2017; Wo
019, with notable a.ppllcstmns in wastewater treatment{\Wang

h - 2019, organic compound degrada-
, nanoemulsion preparation{Carp g
), biodiesel synthesis(Bargc
F. Bersani, G. C. A, Ce
by orifice-induced hy
1), among others
Furthermore, cavitation uf'ten oecurs in fluid media containing solid
particles, where a synergistic effect between cavitation and particles can

t al., m
2021}, wstm'd:smfectmn[t

ection

&0,

significantly intensify cavitation erosion, leading to fartigue or even
failure of fluid machinery components. Wang (Wang et al., 2008) et al.
demaonstraved that particles play a critical role in the cavitation erosion
process. Madadnia (Madadnia and Owen, 1993) further found that when
cavitation and sand particles coexist, the resulting wall erosion is sub-
stantially greater than the sum of their individual effects. Predicting
particle—wall impact behavior under this synergistic effect has thus
become a key focus of both fundamental research and engineering ap-
plications. To elucidate the underlying mechanisms, researchers (Shen
et al, 2024) have identified two primary contributions to this phe-
nomenon. On one hand, particle acceleration induced by microjet im-
pacts enhances erosion damage. On the other hand, cavitation bubbles
generate radiative forces that can displace particles away from the wall,
thereby mitigating erosion to some extent. Addressing the microjet
impact, Shen (Shen et al.
quantifying impact intensity thmugh experiments and numerical simu-
lations, achieving a detailed characterization of microjet-induced
erpsion. However, a quantitative understanding of particle behavior
under the influence of radiative forees remains limited and requires
further investigation.

Previous studies on this topic have predominantly focused on the
theoretical analysis of cavitation bubble dynamics(Besant, 1859;
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E-miail address: hamweiin luteducn (W, Han).

herps: s /dol org 1001016/ ces. 2025122152

Received 25 January 2025; Received in revised form 16 May 2025; Accepted 1 July 2025

Available online 4 July 2025

e 250,150 2025 Elsevier Lid. All rights are veserved, including those for texn and data mining, Al training, and similar technologies.

302



pubs.aip.org/aip/pof

Mechanism of gas blockage suppression
and parametric optimization in tandem
cascades for oil-gas multiphase pumps

Cite as: Phys. Fluids 37. 083315 [2025); dol: 100063/5.0280388

AT, 1:
Submitted: 12 May 2025 - Accepted: 24 June 2025 - . O @
Published Online: & August 2025 o Ol SxotCub o

Pan Qiang (251, (5 Wei Han (#5),"** (3 Rennian Li (%), and You Fu (8 10 3

AFFILIATIONS
"School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou, Sansu 730050, China
Jivquan sdvanced Technology Research Institute, Lanzhou University of Techmology, Lanzhou, China

ey Laboratony of Advanced Purnps, Vahes and Fluid Control Systemn of the Ministryof Education,
Lanzhou Uiniversity of Techmology, Lanzhou, China

“authors to whom correspondence should be addressed: o

ABSTRACT

Mitigating intermittent gas blockage in helical axial-flow multiphase purmps under high gas void fraction conditions i crucil for improving
pumg efficiency and ensuring pipeline safety. This study applies the jet Bow field control concept, wing a tandem cascade structure to sup-
press the gas-blocking phenomenon xnd enlance pumg performance. Employving a Latin hypercube sumpling-based experiments]l design
methodology, the research investigates the influence of tandem cascade configuration and geometric parameters on pump performance.
Special emphasis s placed on three critical Bactors the front blade camber angle, the rear blade camber angle, and the approxinte attack
angle of the rear blade. A mathensatical moded for the pump head weder tandem cascade jet flow b established, along with 2 newly defined
parameter that characterizes the gas aggregation scale at the trailing edge. Results show that pump effickency exhibits higher sensitivity to
front blade camber angle, whereas changes in rear blade angle predomimantly affect head characteristics. The tandem cascade configuration
demonstrates particularly pronounced efficiency improvements under high gas volume fraction conditions. Increasing, front blade camber
angle reduces pressure gradient in the rear impeller section, thus alleviating gas-phase aggregation; however, the enlarged front blade wake
region introduces additional flow losses downstream. The rear blade’s approxingte attack angle significantly influences Aow impingement on
bath pressure and suction surfaces of the resr blade by altering inflow conditions. When the rear blade's approximate sttack angle is negative
and its value is sosller, the loss of work performed by the front blade increases, with the optine pump efficiency occurring when the value is
Zero.
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L INTRODUCTION

Multiphase oil-gas boosting and tramsportation techodogy sig-
nificantly inproves economic efficency in deep-water subses ol and
gas resource development. Among the associsted equipment, multi-
phase pumgs, acting = key dynemic devices in wet oll-gas develop-

operation. Notdbly, this pumg retsins its boosting capabdity even
ursder conditions of extremely high gas volume fractions. However, the
eritical technical challenge Bes i managing phase separathon cuesed
by centrifugal forces acting on the significantly different densities of
gas and liquid within the impeller. At higher gas fractions, gas separa-
tion leads to aggomeration at the trailing edge of the rotor blades,

ment systens, direaly affea the sabdity and economic peformance .
resulting in intermitient fow-path blockages. This phenomenon trig-

of entire oilfield operations. With the ongoing global shift toward

extensive deepsea ol and gas extraction, the development of high-
performance and relially operated multphase pumps has become
increasingly essential

Resesrchers favor the helical axial-flose multiphase pump due to
its simple strecture, strong flow-handing capacity of the vane-type
impeller, excellent sud-resstance, and bow maintensnce costs during

gers severe periodic Aue tustions in puep flow rate s outlet pressure,
which adversely affect pump unit stbility and potentidly compromise
the safety of deep-sea dser trusportation Sysems.

The gas-liqued separstion within purmps esentially imvoles con-
tinuows growth, collisgon, and codescence of dispersed g bubbles
under flowing liguid conditions” Zhang ef ol wtilized viswl
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ABSTRACT

The synergistic effect between cavitation bubbles and particles involves various felds. Investigating this mechamism not only aids in the
IJrL-Lr.'lﬂlllrl I.(. Mn.lj] EriEny IJL“ ;.l].'\-ll r_'l)llﬂrlLL'h s ulJP]lLulfl‘Il‘l'F i Areas hLI'_]) s hur[IULL' l'_.IL'u.[ll"‘I{ Hrlli f_‘lk_'l]llLLlJ ErlslrlLlTlrl\!'. .l-llL' Current rr_'.\L'u.[l'_]l
mixinly focuses on the study of single cavitation bublbles and single particles. However, these research results have limitations when explaining
the particle issues under the influence of multiple cavitation bubbles. Therefore, this stuedy conducted experimental research on the particle
beluvior under the action of double cavitation bubbles and three cavitation bubbles and fownd that cavitation bubbles and |.ur1|x_'|L1\. exthibit
three dynamic behaviors. Based on the energy differences produced by each behavior on the wall surfsce and the transformation rules of
dynamic behavioes, the weskening mechamsm of the wall impact energy under esch particle size was proposed. For large particles, the
uL-.Jl_L'rlln!_e. mechaniam is [rls&:'rl:ﬂ only when the combined values of the paramelers between cavitation bubbles and those between
cavitation bubbles and particles exceed 1. All three cavitation bubbles exhibit mode 3 and the weakening mechanism is influenced by the
relative magnitudes of the inter-bubble parameters. For medium partides, when e parameters between cavitation bubbles and particles are
lesa than 1, the prresersie of three cavitation bubbles i a OECESEArY condition for -.'\.r_'.'_'lu:mrlg thee sl Hnpact emergy. When the prerumeters
exceed 1, a single cavitation bubble produces the weakest impact energy. For saall particles, neither the number of cavitation bubbles noe the
claracteristic parameters significantly weaken the wall impact energy.
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L INTRODUCTION

Since cavitation was first recognized as a cawse of propeller dam-
age, a series of rebted studes have been conducted by researchers.
Tedary, covitation s recognized as a hydrodymemic phenomenson
widely present in vanows Gelds, mcloeding hydraulic machinery,

chemicd engineering,” marine engineering, ™ and blomedicine.

flows. 'l'||L1' foursd that the J.l:!_ur_r of erosion under the combined
action of particles and cavitation was sgnificantly greater than that
wisder either factor alone and dentified particle sooeleration by micro-
el u:lli PressUre Wakes 1h|.' LR =] L'".Iﬂlut
ify the ueversality of this syrergistic effect, Madadnia and Cwen

observid in evosion tests of fluid valves that the et il amatiert-

it mechanism To ver-

lis
primery charactedstic s that wisen the local lud pressure doops to the
saturation vapor pressure, the Auid undergoes vaporization, and the

ill“i .‘I'."'“] [
ticles was significantly greater than the sum of the two indivdual

als caused |:|!.- the simullaneouws presemie of cavita

subsequent cavitation effed releases a substantial amount of energy.
When this energy ineracts with a solid surface, it con bead to caviation
erosion. Researdhers hawe increxdngly focsed on the mmplex cou-
pling mechanizms that arise when cavitation and sold particdles coexist
in a flud. To investigate this SYIErgIsLic enhancement effect, 'f}l;u:lg
af al. conducted erosion and wesr EXperunents i sedument laden

effects Huang et ol conduded erssion tests and proved tha the
presence of solid p'_r[nJ:_w would exscerbate the dunu__lq.‘ tir the rsabe
rial. They dso discovered that this damage could be mitigated by alier-
ing the physical properties. These studies collectively suggest that the
severity of erosion under synergistic conditions not only increases but
can also be reduced by adjusting phiysical parameters. This discovery
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ABSTRACT

In the extremely complex environment of offshore extraction, the stability and reliability of the helical-axdal pultiphase pump have beoome a
critical focus in both practical engineering and theoretical research. The tip clesrance kakage Aow induced by the tip dearance between the
impeller blades and the pump casing s one of the key factors constraining the performance of multiphase pumps. Budlding wpon existing
resezarch, this paper proposes the Reynolds-averaged transport equation for the enstrophy of the rigid vorticity based on gas-liquid two-phase
flow. This equeation is Lllup]uﬂ with the mean kisetic emergy ramsport egueshion e systermatically .Jrli.l]:\'n:l.' the crRrgy liwis mechanisns and vor-
tex dynamics charscteristics caused by the generastion and dissipation processes of the tip clesrance leakage vortex. The study found that the
tip dearance region exhibits a high terbulence kinetic energy generation rate, accounting for 34% to 4% of the total fow loss within the
impeller, due to the strong shear iteraction between the leakage flow and the main flow. Vorticity diagnostics revealed that the liquid phase
continuously dominates the fow in this region due to centrifugal gas-Tquid separation, intensifying viscous dissipation. Analysis based on
the ch:.':luhl\-url;mtu;ﬂ [rarspor eduaslion for the w.'u-.[r-.:{.lhg.‘ of the u‘_gm:. vorticity indicates that the evolution of u‘_gmi vorthcity in the mexin
flow passage 15 dominated |:l:.' the Coriolis Force Terny the aeneralion of shear vorticit Vs cimtrolled 1:-5.' the Vorticit v 5[!¢|L]llll5 Terny and
the Bareclinic Torque Term couples with the gas-Tiquid density gradient to synergistically influence the vortex structure. The application of
this equation effectively elucidates the gas-liquid two-phase regulstion laws governing Tip dearance flow within multiphase pumgs. The
research results provide an important theoretical basis for optindzieg the structural design of the tip dearance in multiphase pumps and
enhancing their hydraulic performmance and operstional stability.
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L INTRODUCTION

compressors, can boost the pressure of gas-liquid mixtures produsced

In deep-sea environments, fe danadenstics of high presure,
Tow temperature, and corrosive conditions impose extremely stringent
requirements o extradion equipment. The application of tradithonsl
di.'l.l.lprl'id’l[ m dl.'l.'l)‘.‘vl.'u EINIrONnENLS 15 ||ﬁK.'|:l uLLlT“wrllL\l .I:"I [&
of L'[TLlL'rlL:.' dL'g;uﬂimmn and h QL farlure rilles, |1u'_'|\_||15 it difficult to
meet the high standirds of modern deep-sea oll and gas extraction.
Concurrently, the devdopment of deep-sea oil and gs felds fces
technical chalenges such as wsuffident reservodr energy and bing
trarsportation distances ™ The helbcal-axial multiphase pump, com-
1:-|r|ut\|_{ the dharacteristics of both turbomsacdhinery l]lkl: |:||.||:|L|:h] and

from the reservoir and transport them to central processing facilities.
This thus effectively addresses te problems of insufficknt resesvolr
energy and excessvely kg transport pipelines. However, equipment
&Eruﬂutlun |:|:I.:|.I||:r|h consed |r!.' the YT effects of LIII:IIPII(_'L
|1u.|]1l|i|u_w Bow media in I.Ih[iliir_L‘p water and the extreme environ-
ment severely constrain the reliability of ultrsdesp-water ofl and gas
multiphese transportation systenis.

Within the Sow fiddd structure of multiphase punps, the tip
clearance leakage voriex is a primary case of inducing cavitation
-(_'|1|'|.'|.I:.‘\I fludd notse, and mechankcal vibabon. s formation
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Abstract

With increasing global energy demand and depletion of onshore oil-gas resources, deep-
sea hydrocarbon exploration and development have become strategically vital. As core
subsea transportation equipment, the performance of helico-axial multiphase pumps di-
rectly determines the efficiency and economic feasibility of deep-sea extraction. However,
non-uniform inflow patterns caused by uneven gas-liguid distribution in pipelines de-
grade pressure-boosting capability and reduce pump efficiency under actual operating
conditions. To address this, an optimization method emploving helical static mixers was
developed. A mixer with a 1807 helical angle was designed and installed upstream of
the pump inlet. Mumerical simulations demonstrate that the mixer enhances gas-phase
distribution uniformity in stratified flow, improving efficiency and head across varying
gas void fractions (GVFs). At a stratification height ratio () of 0.32, efficiency increased
by 15.41% and head rose by 15.64 m, while turbulent kinetic energy (TKE) at the impeller
outlet decreased by up to 50%. For slug flow conditions, the mixer effectively suppressed
gas volume fraction fluctuations, consistently improving efficiency under different slug
flow coefficients () with a maximum head increase of 9.82%. The optimized flow field
exhibits uniform gas-liquid velocity distribution, stable pressure boosting, and significantly
reduced TEE intensity within impeller passages.

Keywords: helical mixed-flow pumps; numerical simulation; helical static mixers;
performance optimization

1. Introduction

In actual operating conditions, the inlet of the helical-axial multiphase pump often
experiences non-uniform inflow due to factors such as pipeline layout, flow pattern evolu-
ton, and interphase interactions. Among these, stratified flow and slug flow, which are
most common in actual operating conditions, can lead to phase distribution imbalance in
the impeller region, aggravate the gas blockage phenomenon, induee hydraulic pulsation,
efficiency degradation, and head fluctuation, and even cause cavitation and mechanical
vibration in severe cases, thereby affecting the efficient and safe operation of the multiphase
transport system [1-4]. Studies have shown that flow pattern change and non-uniform
phase distribution of the flow medium at the inlet are among the main factors affecting
the multiphase pump. The internal flow resistance caused by turbulent dissipation in the
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ARTICLE INFO ABSTRACT

Keywords: ‘The average flow characteristics and pulsation characteristics of ferrofluid micro-pumps are important reference
N“""-""-"F'_“"P indicators for their application in the field of chemical engineering. However, there is still a lack of compre-
PLIEJT\I-'DHUI‘J hensive understanding regarding the potential mechanisms by which channel dimensions affect micro pump flow

characteristics, as well as a shortage of extensive experimental data to provide references for micro pump ap-
plications. Additionally, the phenomenon of velocity pulsation induced during ferrofluid-driven processes has
not received adequate attention, despite its relevance to the reliable application of micro pumps in fields such as
biochemistry, life sciences, and aerospace. This study conducts experimental research on the influence of channel
dimensions on flow characteristics in micro pumps, and vtilizes Doppler measurement technology for pointwise
monitoring of the velocity puleation behavior of the transported liquid, obraining a series of valuable experi-
mental data that reveals the impact mechanisms of the micro pump system parameters on average flow rates and
velocity pulsations. Relevant results indicate that when the width of the micro pump channel is less than 2 mm,
serious wall adhesion phenomena occur with the ferrofluid. When the channel height exceeds 2 mm, the mag-
netic field foree struggles to penetrate the ferrofluid, making it difficult o form a tight sealing structure. Theze
undesirable flow phenomena can affect the predictive capability of the micro pump's flow rate. Upon adjusting
the mass fraction of the ferrofluid, it was found that at a mass fraction of 5 %, the peak velocity pulsation of the
transported liquid reaches 0.06 my/s, which is 12 times greater than the average velocity of 0,005 m/s. Increasing
the mass fraction of the ferrofluid can effectively suppress high-velocity pulsation peaks; however, when the mass
fraction exceeds 10 %, the suppression effect becomes less significant, and higher mass fractions may induce
adverse flow issues due to viscous forces. Therefore, it is recommended that the channel height of the ferrofluid
micro pump be less than 2 mm, the width be greater than 2 mm, and the mass fraction be maintained between
10 % and 15 %o

Velocity pulsation

1. Introduction and micromixers [3], facilitating the periodic circulation of liquids in

polymerase chain reactions [4], and enhancing the performance limits

Ferrofluids are prone to the alignment of magnetic moments in
response to passive magnetic fields, interacting with the magnetic field
to generate a magnetic dipole interaction force woMVH. Under the
constraints of annular solid boundaries and the driving effect of peri-
odically rotating magnetic fields, directional flow can be achieved,
allowing continuous propulsion of other immiscible liquids [1]. Micro
pumps developed based on this principle have been applied in various
fields, including correcting the liquid flow direction in microfluidic
transport networks [2], controlling the flow behavior in microreactors

of microchannel heat exchangers [5], achieving desirable results. Fig. 1
illustrates the structure and driving process of the ferrofluid micro
pump.

In early experimental research on ferrofluid micro pumps, Hateh [6)
proposed a circular ferrofluid micro pump structure capable of contin-
uously driving liquids. He studied the time-averaged flow characteristics
of the micro pump using temporal averaging methods, paving the way
for research in the field of continuous pumping with ferrofluids. Sub-
sequently, numerous research results related to ferrofluid micro pumps
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ABSTRACT

In helical axial-flow pumps for gas-liquid multiphase transport, unsteady flow induced by the interaction between the trailing edge of the
guide vanes and the impeller inlet often deteriorates the hydraulic performance. In this study, pre-swirl regulation is implemented by adjusting
the outlet angle of the front guide vanes. Using the Eulerian multiphase model and the S5T k-w turbulence model, the influence of pre-swirl
on internal flow characteristics and hydraulic performance under various gas volume fractions (GVFs) is investigated. The results show that
negative pre-swirl increases the inlet incidence angle, intensifies impingement at the impeller leading edge, and leads to a decrease in both head
and efficiency. Conversely, positive pre-swirl alleviates inlet flow separation, enhances flow uniformity, and improves pump performance. At
a GVF of 0.3, a pre-swirl angle of 80" increases the head by 36.0% compared to the non-swirl case, while the efficiency improves by 1.06%
in the 307 -50" range. Furthermore, appropriate pre-swirl angles reduce recirculation rones and suppress gas accumulation near the impeller
tip, resulting in improved two-phase flow stability. These findings provide theoretical guidance for hydraulic optimization of gas-liquid
multiphase axial-flow pumps.

@ 2025 Awthor(s). All article content, except where otherwise woted, is licensed wnder a Creative Commons Attribution (CC BY) license
(hitps:/icreativecommons.org/licenses/by/4.0¢). hittps://doiorg/ 10.1063/5.0295466

L INTRODUCTION Under gas-liquid two-phase pumping conditions, helical
axial-flow pumps face numerous operational challenges, particu-

with the continuous advancement of global deep-water oil larly under high gas wolume fraction (GVF) scenarios. Common

and gas exploration, operational water depths are progressively issues include flow instability, gas-liquid separation, and dimin-
approaching the 3000 m level. The successful commissicning of the ished energy conversion efficiency. Dynamic mode decomposition
“Shenhai-1" platform marks a critical leap in marine oil and gas (MDY analysis has revealed the presence of prominent unsteady
equipment and ultra-deepwater exploration capability—from 300 to  flow structures within the pump, such as leading-edge vortices,
1500 m."” As the core power equipment in deep-sea oil and gas trailing-edge vortices, and separation vortices in the compression
extraction systems, the helical axial-flow multiphase pump offers unit.”” These vortical structures intensify with increasing GVF,
excellent self-priming performance and a wide operating range. It inducing increasingly complex internal flow phenomena.” ~ To
demonstrates superior performance under high gas content condi- investigate the underlying mechanisms, several researchers have
tizns and its operational stability and efficiency are directly tied to conducted systematic studies on gas accumulation and flow fluc-
the overall productivity and economic viability of offshore oil and tuation. Shi ef al'' observed that high GVF significantly enhances

gas fields > backflow at the impeller inlet, disturbing the mainstream flow path.
AP Advancas 15, 125103 [2025] dai: 1001063/5.0295468 15, 125103-1
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ABSTRACT

This study examines the evolution of a cavitation bubble nesr an dastoplastic wall and the resulting wall response. A tightly coupled Auid-
structure interaction framework is developed by integrating 3 volume-of-fluid multiphase flow model with a bilinear elastoplastic constitutive
formulation. This approach enables the simulation of cavitation bubble expansion, contraction, jet formstion, and wall deformation across a
range of stand-off distances 2. Experimental comparisons confirm the accuracy and reliability of the numerical model. The results show that
an increase in A causes the cavitation bubble jet to switch from a wall-oriented direction v one pointing away from the wall.
Correspondingly, the domimant wall deformation mechanism shifts from jet-impect loading t small £ to pressure difference-driven deforma-
tion at larger & Under strong near-wall confinement, the wall exhibits promounced stress concentration and plastic strain near its center,
whereas at larger 2, the applied load becomes more spatially distributed, and the peak stress appears later in time. Clear timing differences in
pressure and velocity peaks during cavitation bubble collapse are observed across the tested 2 values. Furthermore, the equivalent plastic
deformation decreases with increasing 7, highlighting the intrinsic buffering capabality of elastoplastic materials against cavitation bubshble-
induced loading. Owerall, the study provides insight into the coupled dymamics between cavitation bubbles and elastoplastic boundaries and
offers guidance for inmproving the reliability of engineering systems, as well as the precision of Bomedical applications.
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L INTRODUCTION

The interaction between a cavitation bubble and a bounding sur-
face plays a significant role in variows engineering applications and
life-science Belds, including chemical engineering, bioengineering, and
medicine. ' In chemical systems, research effsrts primarily foos on
evaluting cavitatior-induced damage to nearby structures and devel-

ablation, and 1;:1_*1-9&1 |.’l'u.3 delivery. Comgprared with r|5nl walls,
biclogical tissues generally exhibat considerable elasticity, and their
mechanical properties can significantly influence the cavitation bubble
collagre process and the associated jet fornsation, ultimately akering the
overal interaction dynamics

Geiven the whdespresd relevance of cavitation bubble—wall interac-

oping corresponding. protective :\[rubq_ul:.‘... Naotably, wall materiak
with elatoplastic properties may serve s an effective means of mitigat-
g cavitation eroskons such lners o costings can absodb pantof the jet
impact and presure-wave energy, therely reducing damage more
effectively than rigid boundaries. This underscores the importance of
elucidating the coupled mechanisims between cavitation bubble collapse
and elagoplasic wall behavior. In biomedical and dinical contexts,
attention shifis toward the dynamic behevior of cavitation bulbbles near
compliant bounderies, a5 encountered in cavitation-assisted surface
trealments, shock-wave  lithotripsy, cavitation-mduced  tumor

thon across multiple discipline, exiensive studies have been conducted
by numerous reseanchers. Zhong " emploved combined experimentl
and numencal approsche: to analyze in detall te collapse paocess and
modion daractenstics of cavitation bubbles near a rigid wall. Their
firsdings indicate that a cavitation bubble dose to a agid bownsdsry col-
Tapses symumetrically. The study also examined the dynamics of the
micro-et formed during colbspse, revealing that the jet is directed
toward the wall and simultneoudy pulls the cavitabon bubble doser
o the surface. Both stmubithons and expenments confirmed that the
et velocity during collapse can rexch up to W0 Wo'™ cnducted
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This study utilized experimental methods involving high-speed cameras 1o observe the interaction between cavitation
bubbles, generated by a low-voltage elecinic spark device. and particles near a ngid wall. The dynamic charactenstics
of the particles were analyzed under varying conditions, including differemt cavitation bubble sizes, particle sizes,
and distances between the cavitation bubble and the wall. Two characteristic parameters were introduced: ¥ for the
particle and cavitation bubble sizes, and & for the cavitation bubble-wall distance. Qualitative distinctions were made
among types of particle-bubble interactions, and foree analysis was conducted under conditions where ¥ exceeded the
threshold ¥, The findings reveal that when ¥<j,.particle motion is primarily influenced by the jet effects produced
by the cavitation bubble. Conversely, wheny=j¥,. particle motion is dominated by the radiation forces exerted by the
cavitation bubble. Under jet-dominated conditions, particle trajectories were observed o be erratic and unpredictable.
For cases where A<(), the high-speed jet directly impacts the particle. Comversely, for A=0, the jet’s velocity decays
rapidly upon reaching the particle. In scenarios dominated by radiation forees, the cavitation bubble drew particles
away from the wall, followed by their free fall back towards it. The influence of gravity. buoyancy, bubble radiation
force, fluid resistance, and virtual mass force on particles was studied when radiation forces prevailed. The acceleration
formula for particles was derived through the application of the bubble dynamics equation and was refined based on

experimental observations.
I, INTRODUCTION

The interaction between bubbles and particles finds appli-
cations across vanous technological ficlds, inclu:ling fluid me-
chanics, chemical :ngm::nn_g and medicine!=. In fluid me-
chanics, significant attention is placed on ]:Ircdlc'tm.g and mit-
igating damage to surfaces from cavitation crosion and parti-
cle impact abrasion™* _In chemical engineering and medicine,
the focus shifts o understanding the dynamic behavior of par-
ticles under bubble influence. such as i ultrasound cavita-
tion surface treatments™ ™, stone removal, targeted drug de-
livery, and other applications'"'*. These spplications require
insights into the dynamic rn:clum.l:m!; of particles under the
influence of bubbles, with researchers employing experimen-
tal studies, numerical simulations, and theoretical calculations.
Wu et al.“investigated the impact mechanism of single bubble
collapse near a rigid wall and its interaction with liguid sur-
face wension using experimental methods. It was found that
lowrer surface tension reduces the stability of gas bubbles in
the liquid medium. leading 1o faster bubble collapse further
away from the rigid wall. Li et al.™ utilizing experimental
and numerical methods, studied the interaction between buhb-
bles near a rigid wall and similardy sized movable spheres, an-
alyzing the strength of interactions under varying bubble sizes
and distances from the wall. Yan et al.'™'" utilized experimen-
tal, numerical simulation, and theoretical calculation methods
to explore the dynamic characteristics of wall-bubbles. They
categorized bubble motion modes based on distance from the

wall, analyzed forces acting on bubbles, described changes in
bubble morphology near the wall, and noted increased repul-
sive forces exerted by the wall on bubbles as the distance de-
creased. This highlights differences in bubble dynamics under
wall influence compared to free domains. Li et al * conducted
experimental research combined with boundary element meth-
ods o study bubbles near two adjacent walls-one honzontal
and the other forming an obtuse angle with it. They observed
differences in bubble jet direction under varving buoyancies
and distances from the walls, distinct from those observed
menr @ single wall.

In the study of particle-bubble interactions on wall surfaces,
¥in et al.*! considered the viscosity and compressibility of gas
and liguid phases. alongside surface tension. They unilized
coupled liguid level sets and fluid volume tracking to trace
the gas-liquid interface, inroducing characteristic parameters
related to the distance from the bubble center to the solid
wall. Their findings showed that within different ranges of
this characteristic parameter. the peak pressure on the solid
wall wus predominantly influenced by either jet formation or
shock wave generation. Zhang et al.** conducted experimen-
tal research employing a high-speed camera to explore the dy-
namic behavior of single bubbles interacting between spheri-
cal particles and a rigid wall. It was observed that the presence
of particles influenced the bubhle’s {hapc during collapse and
accelerated the collapse rate. Hu et al.** employed a compress-
ihle two-phase flow solver w0 simulate the mechanism of col-
lapsing bubble generation and the evolution of jets and shock
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ABSTRACT

Helical axial-flow multiphase pumps are core devices for developing deep-sea oil and gas, but the complex two-phase flow inside such pumps
affects their transport stability. As reported here, for enhanced flow characteristics, splitter blades were added at the noncoincidence area of
the impeller tail by using a multi-objective optimization method, and their impact on the pump performance was explored in comparison with
the original model. The results indicate that Gaussian process regression combined with particle swarm optimization accurately predicts the
pump external characteristics. Under an inlet gas volume fraction of 30%, the optimized model increases the head coefficient by 22.2% without
reducing efficiency. Although splitter blades enhance the impeller tail, they intensify gas-phase accumulation at the tail. The optimized model
promaotes more-uniform two-phase flow in the channels, with the axial velocity uniformity of the gas phase and liquid phase improving by
15.1% and 9.5% and the average velocity angle increasing by 12.3% and 8.3% under an inlet gas volume fraction of 30%.

& 2024 Awthor(s). Al article content, except where otherwise noted, is licensed under a Creative Convmons Attribution (CC BY) license
(hitps:/fereativecommons.orgTicenses/by/4.0/). hitps/doiong /]

113/ 50229098

I. INTRODUCTION

With rapid sociocconomic development, the average annuoal
consumption rate of oil and gas resources has reached 3% of the total
resource consumption. The extraction rate of onshore oil and gas
resources cannot keep up with consumption, prompting attention
to submarine reserves as vital future sources. As crucial devices for
developing decp-sea oil and gas fields, helical axial-flow multiphase
pumps can adapt to complex conditions in oil felds.” However,
the intricate interactions among different phases inside such pumps
result in complex and variable internal flows that impact the trans-
port performance. Therefore, further research is necessary to ensure
the efficient and stahle operation of multiphase pumps.

Rescarch on helical axial-flow multiphase pumps has spanned
many years. Among the earlicst initiatives, the Poseidon Project
investigated blade operation principles in transporting mixed media
and the impacts of different operational conditions on internal
flow states.” Ower years of study, scholars have summarized design

methods for multiphase pumps and developed pumps with signifi-
cantly improved efficiency, nearly doubling oil and gas production_ !
Subsequently, rescarchers proposed new designs. Zhang ef al. sug-
gested a scheme based on the velocity gradient equation and con-
ducted experimental research, developing an impeller suitable for
high-flow conditions. Can et al.” proposed a combined forward and
reverse problem approach, validating its effectiveness through com-
parative experiments. Because of the complexity of two-phase flow,
scholars have applied optimization methods such as orthogonal
experimental design, response surface methodology,” and intelli-
gent algorithms” to enhance existing pump performance and verify
reliability. Zhang et al." proposed three modification schemes to
improve gas entrapment within blade-type multiphase pumps, ie.,
adding splitter blades, blade perforation, and T-shaped blades, and
numerical calculations confirmed that each method enhances the
pressure boosting capabilities compared to the original impeller.
Xu et al'' added splitter blades to the impeller tail of multiphase

pumps, monitoring the internal pressures to reveal the transicnt

2, 0135011
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Aerodvnamic performance of small wind turbines
in sand-laden atmospheric flows
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Within the context of global energy transitions, many wind turbines have been installed in desert and Gobi regions. Never-
theless, the impact of turbulence charactenstics in actual sand-laden atmosphenic flows on the asrodynamic performance of
wind turbines has not been evaluated. The current study employs the high-guality wind velocity data measured in the Qingtu
Lake Observation Array station of Min Qun to reveal the effects of turbulence charactenstics m sand-laden atmosphenc flows
on the power and loads of a small wind turbine. The results demonstrate that turbulent coherent structures under sand-laden
conditions occur more frequently and with shorter durations than that under the unladen conditions, leading to frequent and
large fluctuations of wind turbine loads, specifically, the power, thrust, and blade root flapwise moment mereased by 238%,
167%, and 194%, respectively. The predictions by applying the extreme turbulence model suggested that the maximum
extreme thrust, blade root flapwise moment, and blade root edgewise moment of wind turbine under sand-laden conditions are
23%, 19%, and 7% higher than that under unladen conditions. This study is expected to provide a basic supply for wind turbine

design and siting decisions in sand-laden environment.

Wind turbine, Sand-laden environment, Asrodyvnamic performance, Extreme loads

Citation: Y Wang, . Thang, ¥ Chai H Husng, snd H Iim Aerodynamic performance of small wind torbines in sand-1aden stmospheric flows, Acta Mech Sin.
41, 374151 (2025), hitps:/dot orz/10.1007/510400-004- 2415 1-x
1. Introduction wind resources and relatively cheap and vast land [4]. Small

Due to the environmental problems caused by the utilization
of traditional fossil energy, the world is paying increasing
attention to renewable energy, in which wind energy plays a
crucial role as a kand of clean and sustainable source [1]. As
described by the Global Wind Report 2023 [2]. the global
mstalled wind power capacity has reached 906 GW by the
end of 2022, with an additional 1221 GW expected to be
mstalled between 2023 and 2030. Wind power installation in
China has been growing by an annual rate of 10% in recent
vears [3]. To accommodate constraints of land planning and
national policies, many wind farms are located and will be
located in the desert and Gobi regions. which have abundant

*Comesponding author. E-mail address: linhonzyowidlm edu.cn (Hongyon Liu)
Exeoutive Editor: Lihao Thao

wind turbines have advanfages in “off-grid™ applications
and can form part of distributed generation systems along
with solar photovoltaic in desert and Gobi regions, occu-
pyving a umicque niche in the distributed energy market.
However, the dusty weather also prevails in these regions,
statistics showed that the average annual dust weather ex-
ceeds 60 days [3], in some parts of region can reach 157
days [6]. Wind tarbines always encounter sand storms dur-
ing operation. therefore, the influence of sand-laden atmo-
spheric flows on wind furbines is a serious engineering
problem facing by many wind power enterprises. The sand
and dust particles will influence the turbulence character-
1sfics and momentum transport in the atmospheric boundary
laver (ABL). and finally influence the energy absorption and
load response of wind turbine. Therefore, any improvement
m the understanding of the sand-laden ABL and their in-

& The Chinese Sodety of Theoretical and Applied Mechanics and Springer-\Verag GmbH Germany, part of Springer Nature 2024
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Response of wind turbine loads to multi-scale turbulent structures:
a study based on turbulence signals observed in the field
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Accurately assessing the impact of turbulence structures on load fluctuation is crucial for the long-term stable operation of
wind furbines. Based on turbulence signals observed at the Qingtu Lake Observed Amay in China, the aerodymamic load
responses of the wind turbine to different turbulence scales are quantitatively analyzed in this study. The results indicate that
very large-scale motions (VLSMs) are associated with sigmificant load fluctuations due to its low frequency and high energy
charactenistics, increasing the nisk of extreme loads. Large-scale motions coupled with the natural frequency of wind turbines
i the medinum fraquency range, result in resonance phenomena. Small-scale motions, due to their igh-frequency rapid
vibration charactenistics, cause instantaneous oscillations in wind turbine loads. Furthermore, comrelation analysis mdicates that
the flapwise moment and thrust are most sensitive to VLSMs, while the edgewise moment 15 less affected by the scale
charactenstics. It 13 worth neting that this study is the first to explore the modulation effects of different scales of turbulent
structures on the amplitude of wind turbine load fluctuation. It was found that turbulent structures exceeding a scale of 34 have
the most sigmficant impact on modulating the load amphitudes, where & is the boundary layer thickness, which 1s 99% of the
flow velocity outside the boundary layer. These findings contribute to the enhancement of understanding regarding the load
response of wind turbines in mlti-scale turbulent environments and provide important references for the optimization of wind

turbine design and load control

Multi-scale turbulent structures, Wind turbine load response, Field observation experiment, Wavelet analyvze
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1. Introduction

Within the context of the increasing depletion of global
fossil energy sources and worsening environmental pollu-
tion, the development and utilization of renewable energy
has become a critical direction for the global energy struc-
tural transformation. Wind energy, with 1ts characteristics of
being non-pollufing and renewable, has gamered wide-
spread attention from countries around the world [1]. Ac-
cording to the Global Wind Energy Council (GWEC)
Global Wind Report 2024, the newly installed wind power
capacity worldwide reached a staggering 117 GW in 2023,

*Comesponding author. E-mail address: Wangyan? 108 it educn (Yan Wang)
Exeoutve Editor: Ninjm Wang

sefting a historical record with a 50% increase from the
previous vear [2]. The global installed wind power capacity
has now exceeded 1,000,000 MW [3], occupying a crucial
position in global energy supply.

However, with the rapid development of the global wind
power industry, issues related to the safefy and stability of
wind turbines have become increasmgly promunent [3].
Wind turbines typically operate at the bottom of the atmo-
spheric boundary layer (ABL), where the internal turbulence
consists of a series of coherent structures with vanous time
and spatial scales [4.5]. These turbulent structures range
from the microscopic Kolmogorov scale (approximately
1 mm/1 ms) to the integral scale (approximately 1 km/100 s)
[6]. The dynamic characteristics of multi-scale turbulence

& The Chinesa Society of Theorstical and Applied Mechanics and Springer-Verag GmbH Germany, pant of Springer Mature 2025
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ABSTRALCT

Wind turbine installation in the desert and Gobd regions ofters a promising approach for meeting long term energy demands. Howewver, the
eftect of multi scale characteristics in sand bden atmaosphere tows on wind turhine aerodynamic pertormance has not been evalmted. In
this study, wind velocity data collected trom the Clingtu Lake Observation Armay (QLOA) were employed to address this gap. Results show
that up to 58% at the total turbulent kinetic energy { TKE} is accounted tar by very large scale mobions (V0LSMs), which make up a consader
ahle partion of the TEKE The contributions of the krge scale maotions (LSMz) and the small scale mations (55Ms) to TKE are 36% and 6%,
respectively. The contribution of multi scale turbulent motions to the aerodynamic loads of wind turhine under sand laden comditions has
been quantified tor the frst time. The comparison demonstrates that while LSMs and 55Ms exhibit a rapid drop in their contributions to
wind turbine loads with height, VLSMs show a rapid increase. Wavelet analysis revealed a strong comrelation between V0ISMz and power,
thrust, and blade root flapwise moment at periods ranging trom 256 to 10245, This correlation weakens as the streamowise length scale of the
turbudent coberent structure decreases. This study provides essential ingights for optimizing wind turbine design and site selection in =nd
laden environments.

Published urder an excliusive licemse by ATF Puldiching. http=/idod.ong/ 10,1 063/5.02 2852

India, "and China. " The arshire wind resparces ot (China acocount ke
70 of the coumntry’s resources and 4 large scale wind hases have been
installed in desert and Gabi regions.

However, there are stil numemus scientibic and technological
challenges behind the large scale ufilization of wind rescurces in desert
and Gobi regions. Wind turbines operate at the bottom of the
Atmaospheric Boandary Layer (ABL) and the aemdynamic perfor

manoe of wind turhine is signiticantly intfuencad by characteristics of

L INTRODUCTION

Wind energy has emerged as a top driver in addressing the glohal
energy and dimate crisic due to its dean and sustximable nature
According to the Internationa Energy Agency (IEA), 2023 marks a
significant milestone for over 100GW of new onshore wind capacity
was installed workdwide in a single year. The (dobal 'Wind Enengy
Counail (GFWEC) forecasts that the gobal installed wind power capac
ity will reach 2 TW betore 20X), with onshore wind installations

accounting for over $0% of the total capacity. The global desert and ~ turbulence in the incoming flow. The ABL is composed of 2 sevies af

{aobd regions contain abundant onshare wind energy resources, which
have heen develioped by various countries o accelerate the energy tran
sition. Spedifically, the installed wind poswer in the desert regions of
Morth Amenca, South Amerca, and Awostralia account for 4.5%,
18%, and 7.1% ot the total installed capacity, respectively. Africa’s
desert regions are mainly locaed in Libva and Egypt. where Teibkm
at wind tarms were constrcted in 2002 Wind turbine installations
the desert and (Gobd regions of Asia are mainly located in Mongolia,

turbulent coherent struchures that persist in time and space, spanning
variows temporal and spatial scales, ranging from the integral scale
{1 km} to the Kolmogoroy scale (| mm). The cohernt stnactures
can be clexified into VISMs, LSMe, and 550 bazed on the stream

wise length scale Ly, & shown in Fig. 1. Lo of VISMSs & larger than 344,
cormesponding to #he kw wovenumber peak af the pre multiplied
spectra, where & & the boundary byer thickness. L; of LSMs &
(05 3} and that of 55Ms is less than (.35, Robinson — emphasized
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ABSTRACT

This stady wblires large eddy simulation (LES) with an actuator line model (ALM) to quantity, tor the frst Gme, the influence of an opera

tiamal 5 MW wind turhine wake om the striscteral characteristics and transpart dynamics of suspended dust. The results ndicate that turbine
wake induced turbalence signabicantly weakens the correlaben between dust concentration and fow velocity, with the correlation coefficient
decreasing by up to 16.6%. Botor induced thoaw alfers the structural characterstios of dust concentration, leading to decreased characterstic
length scales in both the spamwise and streammwise directions, as well as an increased strsctural indination angle. These eftects become more
pronounced with larger particle diameters and higher threshold of correlation. Additionally, the wake also aliects dust distribution and trans

part, inducing significant concentration fluctuations in the near wake region {—6.7% 0 +35.67%), with these Hiuctoations gradmlly diminish

ing downstrearmn and stabilizring beyond weven rotor diameters. (uadrant analysis turther reveals that wake turbulence enhances the vertical
turbudent diffusion of dust, with the effect being more promounced for krger particles. These findings provide novel insights into how wind
turhines aftect dust structural characteristics and redistribution, ofering valushle theoretical support for optimizing desert wind farm designs

and wind powered dust controd strategies.

Published urder an exchesive licerse by AP Publiching. https//dod.ong/ 10, 1063/5

L INTRODUCTION

Accelerating emwironmental concens and  growing  enemy
demands, renewable resoumces have become mapr contibutors o
global mergy tramsition. Wind energy, as one of the tasiest growing
sources of electricity. has fueled the expansion of wind farms in
both scale and number doe o ix unique advantages” With ideal
anshare wind sites becoming incressinghy limited, desert regions are
emergng as cribical key arms for wind power devdopment given
ther vast land and considerable wind energy potentiall However, the
suriace vegetation in desert areas is sparse, and the presence af loose
material and trequent sand and dust storms results I wind turhines
aperating under these oconditions for exiended perinds. potentially
acooumting for up to one fifth of the total operating time. The inter
action between the sand dust envirmment and wind power indra
striscture presents a critica challenge tor wind power development
Understanding the transport mechanzms of sand and dust within
the atmawpheric boundary kyer (ABL}) is essential for evaluating the
pertormance and sustained dependabdlity of wind furhines. Dust
particke miowement i the ABL primarily ooours via suspension,

saltafion, and creep. Curemtly, the tower height ot large onshore
wind turhines excesds 80'm, with the particles at this height primar
ily heing suspended. These axpended dust particles are highly sus
ceptible o turbulence, which aters ther trajectories and transport
characteristics. ~ Wind turhines capture kinetic erergy from the
ABL, genemating a wake strucwre with bw wind speeds and high
turhulence, which further disnapts and modities the ransport of sus
pended dist. Although suspended dust particles confribute to les
than 5% of tedtal =amd transport, they can remain suspended in the
upper troposphere and strabosphere for extended periods, trans
ported over distances ranging fom hundreds to thowands of kilo
meters.”  This transport pmcess not only  influences  asasal
{ormation but may also have signiticant implications for the radia
tion cycle and ginbal dimate. A comprehensve undersanding of the
influence ot wind turhines on the formation and evolution of wind
sarxd hazards provides deeper insights into the physicl mechanisms
af wind sand. This & esential for the ssstamable development of
wind energy and the prtection of the envimmmental in the Shagoe
wilderness area.
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Putlished under an exdhusive license by AIP Publishing

7, B3

315



Energy 321 (2025) 135157

:q’.’fs‘“}_" By Contents lists available at Sciencelbrect
U ENERSY
S
P Energy
. C '_r i
FI1 SEVIER lournal homepage: www.elsavier.com/locate/energy —_
m
Impact of atmospheric stability on wind farm performance: Insights from e

internal boundary layer dynamics

Yan Wang "+, Pan Lu*, Yongze Zhou*, Mingwei Ge “C', Rennian Li "

* School of Energy and Power Engineering, Lanshow University of Techmology, Lansiow, 30050, Ganswe, Ching

b Gansy Proviecial Tectinology Centre for Wind Twbines, Lonzhou, 730050, (ansu, China

f College of Civil Ergineering and Mechonics, Lanzhou University, Lonzhow, 750000, Gosw Ching

& Sate Key Laboratory of Altermate Electricol Power System with Renewabdls Energy Sources, North China Flectric Power University, Beijing, 102206, Ching

ARTICLE

ABSTRACT

Keywords:
Almuospheric sability
Wind turbine wake
Power output

Internal boundary Layer

The flow characteristics of the atmospheric boundary layer (AEL) and its interactions with wind farms are
critical to assessing the aerodynamic performance of wind turbines. In this study, large eddy simulation (LES)
was employed to investigate these interactions across different atmospheric stratifications, with a particular
focus on the evolution of the internal boundary layer ([BL) and its effects on turbine wake characteristics and
overall wind farm performance. The results indicate that the IBL evolves into distinct scenarios depending
an the flow field characteristics, which substantially influence the mixing of mrbine wakes with background
turbulence, ultimately leading to significant sensitivity of wind farm performance to scale variations across
different atmospheric stratifications. For wind farms with fewer than nine rows of turbines, power output
progressively decreases as atrmospheric stratification intensifies. However, once the number of turbine rows
reaches ten, power output under stable stratification increases unexpectedly by 1.4% compared 1o neurral
stratificarion. As the wind farm scale “expands” beyond ten rows, the difference in power output between
stable and convective stratification diminishes and may even reverse, until the IBL reaches a fully-developed
regime. Thesze findings contribute to resolving the ongoing controversy regarding the effects of atmospheric

stability on wind farm power generation.

1. Introduction

Renewable energy is anticipated to play a pivotal role in addressing
global challenges such as meeting future energy demands, mitigating
climate change, and reducing pollution. Among rencwable sources,
wind energy has become one of the fastest-growing contributors to
clectricity generation, exhibiting distinet advantages that fuel the on-
going expansion of wind farms in both the scale and number [1].
Wind farms operate within the Atmospheric Boundary Layer (ABL),
where statistical characteristics such as mean flow, turbulence in-
tensity, and wind shear significantly influence wind turbines wake
recovery, acrodynamic performance, and overall wind farms power
output [2]. Furthermore, the ABL, characterized by high Reynolds
number turbulence and influenced by thermal stability, often exhibits
non-neutral atmospheric stratification. Based on turbulence generation
mechanisms, the ABL is classified into three stratification regimes:
the convective boundary layer (CBL), neutral boundary layer (NBL),
and stable boundary layer (SBL) [2]. Research demonstrates significant
variations in ABL statistical characteristics across different atmospheric

stratifications, which in turn influence turbine wake length and mean-
dering behavior [4]. Notably, as turbine sizes increases, overlapping
wakes from adjacent turbines create more complex flow patterns and
intensified interactions with the ABL [5]. These interactions produce an
internal boundary layer (1BL) above wind farms, altering the vertical
structure and characteristics of the ABL [6]. The flow field is typically
divided into several regions, including the induction region, entrance
and development region, fully-developed region, exit region, and wind
farm wake region, depending on the degree of interaction with the
ABL [7], as illustrated in Fig. 1.

Extensive research has been conducted on the interaction between
the ABL and very large-scale wind farms, often termed infinite-size
wind farms. Under neutral stratification, Calaf et al. [8] used LES to
guantify the vertical transport of kinetic energy and momentum within
the boundary layer. Their findings indicate that, in the fully-developed
regime, turbines primarily extract kinetic energy from the fast-moving
flow above, transported into the turbine region through vertical fluses.
Meyers et al. [9] examined the influence of turbine spacing on wind
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The performance of fidium-ion batteries is affected by the operational femperature
significantly for the new energy velticles, and should be befow 338 K and 5 K,
respectivedy, fn the actual project. An efficient thermal management sysiom §s es-
sential for the battery, as if would ensure the safe operation and increase the bai-
tery fife. I this study, the Nguid cold plate with Veshaped ribs is applied to improve
the heat fransfer characteristics for guarantecing the safe operational fermperature
of the battery. Based on the battery thermal models, the accuracy of numerical
sirmulation Hrough classical experimental correlation is verified, and is adopted
fo investigate the effects of different design factors on the heat dissipation of the
battery, including the ribbed shaped, the distance between adjacent ribs and the
indet velocity of the coolant. The maximur femperature and e temperature difl-
ference of the batfery and the pressure drop of e channed are taken as the design
objectives. An orthogonal fest and an entropy weighted- TOPSES method are used
to optimize the results with multi-abjective analvsis, then the optimal case of design
parameters is obtaimed. The optimal case for the figuid cold plate i e ribbed
shape of Model 2, the distance between the adjacent ribs of 30 mm and the infe
velocity of 0.3 més. A good balance is achieved between the feat dissipation of the
batrery pack and the pressure drop of the channel. The optimal case can reduce
the maximm femperature aod the femperature diference of the battery by 741 K
and 4.84 K compared with the unoptimized cases, meanwhile the pressure drop is
also effectively controfled.

Key words: fiffinm-ion batteries, lguid cold plate, V-shaped ribs,

heat dissipation, multi-objective oplimization

Introduction

The exhaust emitted from the internal combustion engine vehicles has become a prohb-
lem that cannot be ignored with the growing severity of the global energy crisis and environ-
mental pollution [1]. In this situation, the new energy vehicles (NEV) are rapidly developing
due to their advantages, such as environmental protection and energy saving, low noise, simple
and compact structure [2]. It has received wide attention from governments around the world.
The endurance and power performance, reliability and safety of the NEV are directly affected
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Coherent structure
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Lods fuctustion

Accurate load predictions are crucial for the safe operation of wind murbines, relying on precise characterization
of turbulent wind fields. The Kaimal spectrum maodel, used in [EC 61,400-2, accurately describes the charac-
teristics of turbulence in flat terrain but struggles in Hexi Corridor. A benter understanding of the accuracy isswes
of the standard turbulence model in predicting turbine loading in corridor terrain is needed. In this study, tur-
bulence characteristics from field measurements and the Kaimal spectrum were compared, and their effects on
wind murbine loads were evaluated. Results show that the Kaimal model fails to fully capture the large-scale
turbulence structures in Hexi Corridor. The turbulence in the Hexi region is characterized by low-frequency,
large-amplitude fluctuations, with a dominant pericd of 360 &, and exhibite more coherent structural events
over a longer time scale (up to 85 5], whereas the turbulence simulated by the IEC Kaimal spectrum displays high-
frequency, small-amplitude fluctuations. These discrepancies lead to significant underestimations in load
fluctuations—7.5737 % for the fapwise moment and 23829 % for thrust. Furthermore, the energy of thrust and
flapwise moment fluctuations under Hexi wind conditions iz 1.32 and 1.816 times higher, respectively, than
under IEC Kaimal conditions. The fatigue cycle amplitude under Hexi wind conditions is larger {0-6& kN-m] with
more cycles (up to 1500), indicating a higher risk of fatigue damage compared to the [ECKAI wind condition (04
kM-m, approximately 500 cycles). This study provides insights for improving wind spectrum models in the Hexi
Corridor.

1. Introduction of its structure, posing new challenges for load prediction and perfor-

mance assessment [4°5].

With the transformation of the global energy structure, wind power,
recognized for its cleanliness and renewability, has garnered widespread
attention. According to the Global Wind Report 2024, the total global
installed capacity reached 1021 GW in 2023, reflecting a year-on-year
growth of 13 %[1]. However, in order to achieve the target of control-
ling temperature rise of 1.5 “C, the annual installed capacity of the wind
energy industry must be increased from 117 GW in 2023 to at least 320
GW in 2030[1]. With the swift advancement of the wind energy sector,
the construction of wind farms has been gradually shifted to complex
terrains, such as corridor region, mountainous arcas and alpine regions
[2]. In these areas, the non-uniformity and instability of turbulence in-
crease significantly, and as a result, wind turbines endure more complex
loads[3]. This not only impacts the efficiency of power generation in
wind turbines, but also affects the dynamic response and overall stability

Inflow wind speed significantly influences the design, load predic-
tion, and the efficacy assessment of wind turbines, To ensure the power
output and stable operation of a wind turbine, it is important to accu-
rately predict the inflow wind speed[6]. Wind spectrum models based
on simplified assumptions are usually used to predict wind speed and its
turbulence characteristies. Different wind spectrum models describe
turbulence characteristics (such as turbulence scale and intensity)
differently. The IEC 61,400-1[7] recommends using Mann's uniform
shear model [8] or Kaimal model [9] for simulating turbulence. The
spectral characteristics of the turbulent wind farms generated by the two
models at a specific height are similar, However, there are significant
differences in the spatial distribution. Taking into account different
turbulence scales and turbulence anisotropy, the Mann spectrum is more
advantageous in more complex wind farms and high turbulence
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ARTICLE INFO ABSTRACT

Keywords: The patential for wind fams installed in arid and semi-arid regions (like deserts and gobi) has gained increaszing
Wind turbine wake attention, making the study of particle tranzport in wind trbine wake particularly relevant In this wark,
Particle transport we investigate the transport and distribution of sand-grain particles with different Stokes numbers (51) in a
Pacticle cligering wind turbine wake by large-eddy simulation for the gas phase and the Eulerian-Lagrangian method for the
Large-eddy simulation

=nlid phaze. The simulatdon results reveal a strong correlation between particle ranspart and particle inertia
chamacterized by 51 As 51 increases, the particle wansport transits from a tracer-like state dominated by the
flow to ballistic motions. A nonmonatonie reladonship between local particle ehstering and 57 is diseovened
using the box-ecounting method. The loeal particle clustering is found to be strongest at 5r = 1, which is
independent of cell box size. A threshold for the clustering of particles in the turbine wake is proposed based
an flow parameters and Voronoi cell area. Furthemore, we found that gravity enhances dustering for low-
inertda particles, while weakening it for high-inertia particles, and it reduces particle clustering in straining
regions. This study is expected to provide esental insghts for the evaluation and prediction of sand-grain
particle transport in wind turbine wake.

1. Introduction

Wind energy is a crucial component of the future energy system
to achieve the climate goals outlined in the Pars Agreement and
future demands for clean energy (IEA, 2023), The International Renew-
able Energy Agency (IRENA) targets 3040 GW of cumulative onshore
wind capacity by 2030, with 130 GW added annually over the next
five years (IRENA, 2023; GWEC, 2024). Considering abundant wind
energy resources and low land costs, inner land regions have been
extensively utilized, while some of these regions are characterized by
sparse vegetation, loose soil, and frequent dust weather (Liang et al,
2023; Lancaster, 2013). Dust weather occurs more than 60 days per
year in Asia, and in some places, this number can reach 157 days or
more (Kong, 2020). As wind speeds during such events remain below
the limits of the turbine cutout (Wang, 2015; Tian et al, 2022}, wind
turhines frequently operate in sand-laden environments. Therefore,
understanding and evaluating the interaction of wind turbine wake
and sand-grain particles is necessary and can be instructive for wind
turbines operating in such regions. In the literature, several preliminary

* Comesponding author,
E-mail address: hurfidlzu. eduen (R Hu).

https//doiomg/10. 1016, fjmultiphaseflow. 2025.10541 1

studies, such as (Zheng et al, 2018; Guo et al., 2021; Ma et al, 2024)
hawve been reported. However, more detailed investigations are needed
on the characteristics of sand-grain particle transport in the wake of
wind turbines,

In particle-laden turbulent flows, the motion of particles has long
een a key research focus (Wang and Zheng, 2014). Eadier studies
used discrete vortex methods (DVMs) to investigate the dispersion of
inertial particles in free shear flow (Wen et al, 1992 Tang et al,
1992). They found that particle motion was significantly regulated by
largescale flow structures. Subsequent work by Wang et al. (2005) in
a backward-facing-step flow demonstrated that while small particles
(d, = 2 pm, where dp is particle diameter) closely followed the flow
structures, large particles (d, = 200 ym) exhibited transport dominated
by inertia, which was largely decoupled from the flow. The above
studies underscore the crucial role of particle size in particle motion.
The spatial distribution of partcles with different sizes in turbulent
flows is also widely investigated (Monchaux et al., 20012, 200100,  was
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This study utilises large-eddy simulation (LES) with the actuator line model (ALM) to
examine the effects of the tip speed ratio (TSR) on the wake-meandering characteristics
of a wind turbine in uniform and turbulent inflows. It is shown that as the TSR grows,
the onset position of the wake meandering moves closer to the rotor, and the magnitude
of wake oscillation is stronger. This aligns with previous work showing that a higher TSR
can accelerate the instability and breakdown of tip vortices. Without a nacelle, the Strouhal
number of the wake meandering is found to be independent of the TSR under both the
uniform and turbulent inflows. However, with a relatively large nacelle, the Strouhal number
first increases and then decreases with TSE. Therefore, the current discovery elucidates the
crucial role of the nacelle and clarifies the origin of the TSR dependence of the Strouhal
number in wake meandering. In addition, the characteristic frequency of the wake meandering
under the turbulent inflow is much smaller than that under the uniform inflow, because of
the significant influence of the freestream turbulence. Furthermore, the proper orthogonal
decomposition (POD) and spectral proper orthogonal decomposition (SPOD) methods are
employed to study the spatio-temporal characteristics of the meandering wake and its TSR
dependence. It is found that the tip and root vortices are the prominent wake structures
under the uniform inflow, whereas more complex multiscale structures from the interaction
between the freestream turbulence and tipfroot vortices exist under the turbulent imflow.
Moreover, an amplitude modulation phenomenon of the POD time coefficients at the optimal
TSR is observed in the uniform inflow case. Finally, a reduced-order model is constructed
for predicting the wake dynamics by combining the SPOD and the sparse identification of
nonlinear dynamics ( SINDy) algorithm with high accuracy and interpretability.

Key words: Wind turbine; wake meandering: POD: SPOD: reduced-order model
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Keywords:
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Wake effect

Large eddy simulation (LES) is adopted to investigate the turbine-array layout on flow fleld characteristies,
power output and wake effects of a finite-size wind farm. Consider 40 turbines installed in 10 rows, with
aligned (AL), lateral staggered (LS) and vertical staggered (VS) configurations. A 260 D-length computational
domain is used to evaluate the wake effects of wind farm. Results showed that both LS and VS wind farm
configurations can significantly reduce turbulence-induced instability and improve power generation compared
to the AL wind farm configuration, however, their wake effects show different scenarios. The LS configuration
can reduce turbulence intensity inside the wind farm by 14.3% and improve power generation by 40%, but
prolongs the wake effects to about 17 km downwind of the wind farm. For the VS configuration, a larger
relative hub height difference between the front and back turbines improves power generation (up to 16%) and
reduces turbulence intensity (up to 5.7%) inside the wind farm. Most importantly, it also significantly reduces
the persistence of wake effects, by up to 4 km compared to the LS configuration. Furthermore, employing
a 7-row turbine array is recommended to effectively optimize the balance between power generation and
turbulence intensity in V8 configurations.

1. Introduction important spatial design parameters: the spacing of the turbine array

and the hub height, which significantly influence the overall power gen-

Renewable energy is expected to play a crucial role in addressing
key imperatives such as meeting future global energy needs, mit-
igating climate change, and reducing environmental pollution [1].
Wind energy, one of the fastest-growing electricity sources, increas-
ingly demonstrates its advantages in the field of renewable energy,
driving the persistent expansion of both the scale and quantity of wind
farms [2]. However, wakes generated by upstream turbines can signif-
icantly influence the operation of downstream turbines, substantially
decreasing their power outputs and, consequently, affecting the power
generation performance of the entire wind farm [3,4]. In conventional
aligned wind farm configurations, for instance, downstream turbines
are fully exposed to the wake region of upstream turbines, resulting in
a substantial decrease in their power extraction efficiency [5]. Studies
indicate that, compared to the first-row turbines, wind farm power
deficits can reach up to 40% [6], while fatigue loads increase by about
20% [7]. To improve the energy conversion efficiency of turbines and
mitigate the impact of wakes, different configuration strategies, such
as laterally-staggered and vertically-staggered configurations, are com-
monly employed to optimize wind farms. These strategies derive two

eration efficiency and the characteristics of wake accumulation inside
the farms [8]. For example, inside the laterally-staggered farms, the
relatively longer separation between consecutive downstream turbines
allows the wakes to recover more fully, exposing the turbines to higher
local wind velocities (leading to higher turbine efficiency) and low
turbulence intensity levels (leading to lower fatigue loads), compared
with aligned farms [8]. Vertically-staggered farms, on the other hand,
aim to place the downstream turbines partially outside the wake of
upstream turbines, minimizing the negative impact of wakes on the
downstream turbines. Additionally, taller turbines in this arrangement
capture higher wind velocities within the atmospheric boundary layer
(ABL), further improving the overall power generation capacity of the
wind farm [9].

Archer et al. [10] employed Large Eddy Simulation (LES) methods
to investigate the impact of Lillgrund wind farm configuration on
wind power production. The results indicate that, compared to aligned
configurations, laterally-staggered configuration could improve wind
farm’s capacity from 0.3 to 0.34, while reducing array losses from
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Keywards: Wake interference between wind turbine arrays significantly affects wind farm performance. While staggered
Large eddy simulation configurations, both laterally and vertically, have shown potential in mitigating this interference, their perfor-

Atmospheric stratification
Aligned wind farm
Staggered wind farm
Power generation

mance under different atmospheric stratifications remains ambiguous. This study uses large eddy simulation
(LES) to evaluate the advantages of staggered configurations over the conventional aligned configuration,
focusing on their ability to reduce turbulence-induced instability and improve energy efficiency, underscoring
their potential applicability in real-world scenarios. Simulation results indicate that the laterally-staggered
conﬁgura([on, which increases the effective distance between consecutive turbines, allows turbine wakes to
experience lower velocity deficits and turbulence intensity when interacting with downstream turbines, thereby
improving aerodynamic performance. However, the performance of the laterally-staggered configuration is
highly sensitive to changes in stratification regimes due to the modulating effects of atmospherie stratification
on the internal flow within the wind farm, altering the inherent power generation patterns under different
stratification regimes. Nonetheless, the laterally-staggered configuration improved power generation by 36%
and reduced turbulence intensity inside the wind farm by 11.5%. In contrast, the vertically-staggered
configurations demonstrate minimal sensitivity to stratification changes, with a relatively larger hub height
difference (2H,) between turbines improving power generation (up to 18.4%) and reducing turbulenee
intensity (up to 5.7%).

1. Introduction leading to demonstrable reductions in power extraction efficiency [5].
Research has shown that under prevailing wind directions, downstream

Rising global energy demands and growing environmental concerns turbines can experience power deficits of up to 10%-20%, along with
underscore the urgent shift toward renewable energy solutions [1]. an approximate 5%-15% increase in fatigue loads [6,7]. More compact
Among these, wind energy has emerged as one of the fastest-growing wind farms, such as Lillgrund, may experience even more pronounced
contributors to electricity generation, with unique advantages that effects [8]. Consequently, optimizing the design and operation of wind
propel the expansion of wind farms in both scale and number [2]. How- farms is crucial for maximizing their performance. To this end, several

ever, despite the increasing number of wind turbines, the overall power
output of wind farms has not increased proportionally [3]. This dis-
crepancy is primarily attributed to wake effects generated by upstream
turbines, such as wake deficits, wake meanders, and wake-induced tur-
bulence, which significantly affect the power extraction and dynamic
loading of the downstream turbines, ultimately reducing the overall
efficiency of the wind farm [4]. For instance, in conventional aligned
wind farm configuration, downstream turbines are fully immersed in
the wake regions of upstream turbines, exposing them to unsteady urations are a conventional strategy for mitigating wake interference,
wake flows with larger velocity deficits and higher turbulence levels, as the relatively longer separation between consecutive downstream

scholars have proposed staggered turbine-array arrangements strategies
to enhance the energy conversion efficiency of turbines and mitigate
the negative effects of wake interference [9-11]. Two key spatial design
parameters have been identified: turbine-array spacing and hub height,
both of which significantly influence the cumulative wake effects inside
the wind farm [12]. Staggered arrangements are typically classified into
two configurations: laterally and vertically. Laterally-staggered config-
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Photovoltaic/thermal (PV/T) systems offer substantial potential for application in the northwest regions of
China, thanks to their abundant solar resources. While previous studies have typically aimed to enhance system
performance through increased financial investment, this manuseript adopted a different approach. It focused on
identifying and addressing the primary thermal resistance within the system, specifically the resistance between
the heat exchanger (HE) and water, without additional financial input. To explore this aspect, the impact of
varying water flow rates on the performance of a rectangular micro heat pipe (R-M—HP) PV,/T parallel system
was investigated. Given the cold and arid conditions with infrequent rain and snow in northwestern China, a 10-
day dust accumulation test was conducted in Lanzhou under dry conditions to better simulate actual weather
scenarios. Research revealed that after one day of dust accumulation, the average PCE, TCE, and total efficiency
were higher by 0.3 %, 1.1 %, and 1.4 %, respectively, compared to ten days of dust accumulation under similar
weather conditions. Additionally, at a flow rate of 0.36 L/s, the thermal conversion efficiency (TCE) and
photovoltaic conversion efficiency (PCE) reached maximum average values of 39.4 % and 16.3 %, respectively,
resulting in a total efficiency of 55.7 %. This represented an increase in total efficiency by 6.0 % and 13.6 %
compared to flow rates of (.26 L/s and 0.16 L/s, respectively.

1. Introduction

Energy is a fundamental resource for human survival and social
development. It is essential for economic growth, quality of life
improvement, and national security. However, the extensive use of
traditional fossil fuels has resulted in several issues, such as resource
depletion, environmental pollution, and climate change. Therefore,
developing and utilizing low-carbon energy is crucial for addressing the
energy crisis and achieving sustainable development, ensuring future
well-being for human society [1]. Optimizing the energy structure is
now a global consensus, primarily achieved by increasing the share of
clean energy in total consumption [2]. Solar energy, due to its clean,
environmentally friendly, accessible, and renewable characteristics, is
regarded as the most promising renewable source for optimizing the
energy structure [3]. PV/Ts fully harness solar energy to simultaneously

“ Corresponding author.
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produce thermal and electrical energy. These systems offer significant
advantages in energy conversion efficiency, resource utilization, and
environmental benefits, making them valuable for research and offering
broad application prospects [4]. In-depth research and development of
PV/T technology can offer solutions to the global energy crisis and
positively impact climate change mitigation and environmental
protection.

1.1. Relared works and research gap

Among the various design schemes of PV/Ts, HP-PV/Ts have
garnered extensive attention and research due to their unique structural
design and superior performance [5]. HPs are installed on the back of
the PV/T panels to utilize their thermal conductivity, collecting and
dissipating excess heat for efficient energy use. This design boosts
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ABSTRACGT

Keywards:

Salar collector

ASHP

SAHP

Heating performance
Dynamic payback period

Solar evacuated tube collector (ETC) and flat plate collector (FPC), as cost-effective technology for solar urili-
zation, their integration with air source heat pump (ASHP) has shown potential for reducing heating cost
However, a comprehensive comparative study of performance and economy of ETC coupled with ASHP (ETC-
ASHF) and FPC coupled with ASHP (FPC-ASHP) heating system is lacking. This study utilized experiment and
TRNSYS simulation to compare the performance of ETC-ASHP and FPC-ASHP systems in a 120 m? building. The
resulis indicate that ET'C-ASHP demonstrated better performance and stability. In contrast, FPC-ASHEP responded
more quickly to changes in solar radiation and ambient temperature enabling faster mode switch. In heating
season, ETC-ASHP performed better than FPC-ASHP, with a 15.5 % higher heat collection efficiency, a 7.0 %
higher energy efficiency ratio, saved 377 kW h of electricity, reduced dynamic payback period by 0.95 years, and
additional reduction of 407 kg in C0; emissions. ETC-ASHP and FPC-ASHP operated in ASHP, solar assisted heat
pump (SAHP), and solar direct supply (5D) three heating modes with respective proportions of heating duration
being 25.7 %, 46.5 %, 278 %, and 36.5 %, 47.7 %, 15.8 %. Based on the experiment and simulation resulis, the
ETC-ASHF was more suitable for rural winter heating application in cold regions.

Momenclature (comtinted b
my miass of the heat transfer [ annual cash Aow
Qi affective heat collection NPV met present value fluid, kg
of ETC-ASHP system, W B ot autlet temperaturs of 3 repressnts the year
£y specific heat capacity of DPEF dynamic payback perimd ETC ar FPC, "C
water, 1/{kg"C) [ inlet temperature of ETC Abbreviations
myy mass of water, kg PESR primary energy saving ar FPC, *C
rabe (%) affective heat collection ETC evacuated tube collector
m water mass in the tank of 1 indeial investment cast of FPC-ASHP system, W
ETC-ASHP system, kg cra specific heat capacity of FPC flat plate collsctar
oy specific heat capacity of r* year in which the net waster, 3, kg-"C)
the heat transber fuid, 1/ present vilse af mg mam of ethylene glyeol, ASHP air source heat pump
(kg C) ecumulative benefio kg
appears positive e average heat collection SAHP solar assister] heat pump
L1y temiperature difference M, dizeounted value for the efficiency of the ETC or
between inbet and owtlet year when the FPC
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ARTICLE INFO ABSTRACT

Keywords:

Distributed polygeneration energy system
Collaborative sustainable development
Zero energy consumption

Energy economy

By utilizing the abundant solar and biomass energy resources in the local area, the research has innovatively
designed a new type of distributed multi generation system: combined heating, power, biogas, and fertilizer
(CHPBF). This system combines sustainable energy with eircular agriculture, while solving the problem of clean
energy supply for local users, achieving harmonious coexistence between energy production and circular agri-
culture. A theoretical dynamic model of the CHPBF system was built for 26 buildings in Wuwei City, Gansu
Province. Annual techno-economic analysis and comprehensive environmental benefits were investigated using
Python programming language with accurate model. The annual biomass input for the optimal system was
14,283,100 kWh, with 32.20 % used for heating and 67.80 % for the anaerobic fermentation process at the
biogas station. Methane produced through anaerobic fermentation accounts for 5,950,000 kWh, or 41.66 % of
the total biomass input. The system’s annual solar energy input was 9,619,300 kWh. Annual analysis revealed
that the system generates ample energy for 582 households, with a surplus of 1,630,000 kWh of electricity for the
grid. It can process biomass waste, reducing annual COp emissions to 0.95 tons per person.

1. Introduction

The Chinese government has pledged to achieve carbon neutrality by
2060 and peak carbon emissions by 2030, underscoring the urgent need
to reduce fossil fuel consumption. Nonetheless, a considerable challenge
persists in the rural communities of Northwest China, where access to
and affordability of commercial energy are frequently constrained. [1].
In many rural households in Northwest China, traditional biomass en-
ergy sources such as wood, crop residues, and animal dung remain the
primary sources for heating and cooking [2]. Despite the rapid urbani-
zation occurring nationwide, these rural communities maintain a strong
connection to agricultural production, which is central to their liveli-
hoods. Therefore, ensuring that millions of rural residents in Northwest
China have access to clean and affordable energy services is crucial [3].
This is not only vital for improving their quality of life but also essential

for promoting the overall modernization of rural areas, supporting
sustainable development goals, and contributing to the national goal of
reducing carbon emissions.

Distributed Energy Systems (DES) have emerged as a key approach,
emphasizing clean energy and low emissions located close to end users
[4]. Advancements in residential net-zero energy buildings (NZEBs)
offer substantial potential to reduce energy consumption and green-
house gas emissions. Biomass energy, being weather-independent, be-
comes extremely attractive when the resource is available [5]. The
integration of solar and biomass energy not only yields clean thermal
energy but also reduces the disposal of organic wastes, producing
valuable agricultural by-products. The DES based on renewable energy
have proven effective in ensuring a sustainable energy supply [5].

Prior research by Demirci et al. [7] emphasizes optimizing
biomass-based hybrid power systems for rural areas with a focus on
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ABSTRACT

Keywards:

Solar radiation

Rectangular micro heat pipe sedes PV/T
sysiem

Flowr rate

Dust accumulation

Photovoltaic/thermal (PV/T) systems have considerable potential in China's northwest regions due to their
abundant solar resources. Previous studies have generally improved system performance through increased in-
westment. In contrast, this manuscript focuses on identifying and addressing the primary thermal resistance
within the system, which lies between the hear exchanger (HE) and water, withour additional financial input. To
explare this, we examined how different water flow rates affect the performance of micro heat pipe (M-HP) PV/T
gystems. Furthermaore, since northwestern China is cold and arid with searce precipitation, we conducted a 10-
day dust accumulation test in Lanzhou under dry conditions to mimie real-world weather conditions. Our
research revealed that at a flow rate of 0.36 L/s, the thermal conversion efficiency (TCE) and photoveltaic
conversion efficiency (PCE) achieved maximum average values of 38.0 % and 15.9 %, respectively, resulting in a
total efficiency of 53.9 %. This represents an increase in total efficiency by 7.4 % and 13.5 % compared to flow
rates of 0.26 L/s and 0.16 L/s, respectively. Additionally, the average TCE and total efficiency were 0.5 % and
0.7 % higher, respectively, for one day of dust accumulation compared to ten days.

1. Introduction

through the HPs' high thermal conductivity, leading to effective heat
utilization. Based on HF configurations, HP-PV/T systems are catego-

Energy is essential for human survival and development, and low-
carbon energy is vital for our future [1,2]. Consequently, optimizing
the energy structure is a globally recognized priority, focusing on
increasing the share of clean energy in total consumption. Among
renewable energies, solar energy is poised to significantly optimize the
energy structure, attributed to its clean, eco-friendly, accessible, and
renewable nature [3,4). PV/T systems harness solar energy for simul-
taneous heat and power generation, offering substantial research value
and promising application prospects [5].

1.1, Related works and research pap

Among PV/T design schemes, heat pipe (HF) PV/T systems have
attracted significant attention because of their distinctive design and
enhanced performance [6.7]. The system places HPs behind PV/T
panels, efficiently capturing and dispersing the excess heat they produce

rized into three types: integral, loop, and pulsating HP-PV,/Ts [£]. For
integral HP- FV/Ts, the coolant exchanges heat with the condenser
section through forced or natural convection [9]. The evaporator and
condenser sections of leop HPs are connected in series or parallel by
several heat exchange tubes, offering advantages such as flexible heat
exchange area and height difference between the evaporator and
condenser, as well as long-distance heat exchange. Pulsating HPs consist
of a long capillary tube bent into many loops with an inner diameter
small enough to allow liquid and vapor plugs to form within them. When
heated at the evaporator section of pulsating HPs, pressure and tem-
perature differences between the evaporator and condenser sections
cause oscillatory movement of liquid-vapor plugs within the pipes,
transferring  thermal energy from the evaporator section to the
condenser section [10-12]). Zhang et al. [13] compared traditional
PV/Ts with HP-PV,/Ts based on meteorological parameters in Shanghai.
They found that nighttime thermal losses were lower in HP-FV/Ts,
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ARTICLE INFO ABETRACT

Keywards: Taoilet Revolurion has been implemented and many kinds of sanitary toilets, such as three-boxed, water flushing
Zera-energy ecological toilet and anaerobic fermentation, have been spread to achieve on-site harmless treatment of feces and improve living
:::i":—:iﬁmmm of facal matter standard of farmers in Chinese rural areas. However, in northwestern of China, the ambient temperature is often
below O°C and pipes are easily broken by frozen in winter, which leads to the inability of on-site harmless feces
treatment. Furthermaore, with the improvement of living standard of farmers, the toilet has become an imporntant
place for bathing and abowve prevalent toilets are our of date. Therefore, a zero-energy ecological toilet was
designed to meet various users’ needs, integrating photovoltaic, solar heater and thermaostaric anaerobic digester
inte & unit. Subsequently, theoretical model was built to simulate the winter performances of the zero-energy
ecological toilet and an experimental prototype was developed to discover practical performances throughout
the year in Lanzhou City, Gansu Province. The nowvel zero-energy ecological toilet muns independently and
reliably with the energy yields by itself, even encountering the lowest ambient temperature of —14.5 °C, the
indoor temperature is still 6.1 “C above the frozen point. It can provide wsers with 240.8 kW-h of electricity and
1853.8 kW-h of heat throughont the year, and can generate 305.3 m® of biogas. Its annual income is 2603.3 yuan,
with an investment payhack period of 4.1 years. It can save 1266.5 kg of standard coal and reduce carbon dioxide
emissions by 33208 kg throughout the year, which can provide new ways and ideas for rural Toilet Revolution.

rescarch on the design of ecological wilets, the combined use of solar
energy and biomass energy for the treatment of manure, and how to
achieve harmless and efficient resource utilization of manure.
Marroguin A F et al [1] designed a user-friendly and sustainable
toilet based on vermicomposting, where the composting temperature in
the vermicomposting system is on average 2 °C higher than that in the
traditional aerobic composting system, and the microbial decomposition
of vermicomposting is much faster when dealing with human feces. Lin
[2] designed a new environmentally friendly and water-saving toilet,
which was able to achieve 96.20 % removal of metal jons in urine and
93.10 % removal of total nitrogen by optimizing RO membrane treat-
ment and acrobic composting technology. The study by Dileep Kumar et
al [3] demonstrated an effective method of building insulation by using
4-8 cm thick polystyrene boards, achieving a total cumulative temper-
ature increase of 207.63-272.25 % and a reduction in frost heave of

1. Introductory

Toilet Revolution is gradually promoted, but the existing traditional
sanitary latrines in cold rural areas can not be used normally due to
factors such as frozen pipes and frozen fecal ligquid and can not be
harmless treatment of fecal sludge, which leads to a reduction in the
standard of living of the people and also causes a certain degree of
environmental pollution, and the people in rural areas on the demand
for modern toilets with the same as the city at any time with hot water
and bathing, so to speed up the construction of sanitary toilets suitable
for cold rural areas is an urgent and realistic need. Therefore, the con-
struction of sanitary toilets suitable for cold rural areas is an urgent
practical need.

In recent years, scholars at home and abroad have also conducted
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ARTICLE INFO ABSTRACT
Keywards: Seasonal thermal energy storage technology has attracted widespread attention due to its ability to successfully
Salar heating system solve the intermittent and seasonal fluctuations of solar energy, as well as the seasonal mismatch between solar
Experimental study energy and heating loads. Due to the significant differences in climatic conditions and heating characteristics

Underground seasanal thermal energy storage

between China and European countries, there are also significant differences in the operational charscteristics of
Concentrated solar system

=zeasonal heat storage gystems in China, with relatively few relevant cases. This paper presents experimental
investigations on a solar heating system with seasonal thermal energy storage built in Morth China. The focuses
of the investigation are performance assessment on the system during the first year and the dynamic operating
characteristics of the main components. The experimental resulis showed thar the charging efficiency of the
seasonal thermal energy storage can reach about 720 % in heat storage season. The maximum daily average heat
eollection per aperture area of the concentrated solar thermal system can reach 2.5 kWh/m®/d in October with
the highest solar radiation and running days. The solar fraction of the system reached 41.9 % in the first year.
This experimental study serves as a reference for future research on solar heating system with STES, including
=ystem optimization design and control.

internationally recognized as one of the most competitive energy sour-
ces in the future. Solar thermal utilization refers to the conversion of
solar radiation energy into thermal energy, which is the most widely
used in solar energy utilization. Solar thermal utilization is applied in
various fields such as domestic hot water [2], heating [3], refrigeration
and air conditioning (4], drying [ 5], solar houses, greenhouses [6-11],
seawater desalination [12), industrial heating [13], and solar thermal
power [14]. However, solar energy is relatively affected by many factors
such as season, weather, day and night. Thus, the stability and reliability
of the solar heating system are poor, and the heating demand is small
when the total radiation of solar energy is maximum in summer. When
solar energy is needed for heating in winter, the amount of solar radi-
ation is smaller than that in summer, so the direct use of solar heating
system is restricted. And the conventional solar heating system can only
meet 10-20 % of the tatal heat demand (space heating and domestic hot
water) [ 151, Thus, STES is needed to solve this problem to achieve clean

1. Introduction

Depending on the 2024 Annual Development Research Report on
Building Energy Efficiency in China™[1], in 2022, 1.15 billion tons of
standard coal, accounting for 21.9 % of the total national energy con-
sumption, were consumed during the operation phase of buildings. The
main space heating method for cities and towns in northern China is
cogeneration coal-fired boiler heating currently. This approach will
bring many problems such as fossil energy consumption, air pollution
and ecological damage. Solar energy resources in China are very abun-
dant and distributed similarly to traditional centralized heating regions
are in terms of space. In addition, China has also formulated policies to
suppart the use of solar energy.

Solar energy, as a promising renewable energy source, has significant
energy-saving effects and is widely utilized in varous felds. It is now
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ARTICLE INFO ABSTRACT

Keywards: Under the tremendous pressure of carbon neutrality, solar energy is increasingly being widely used for winter
Energy poverty heating. However, the drawbacks of zolar energy, such as low intensity and instability, often result in high initial
ﬁl:i::’:: investment, high maintenance costs, and poor indoor thermal comfort, especially in uninsulated buildings.
P groups Enzuring indoor thermal comfort under limited solar energy is of significant importance. Therefore, the concept

of Flexible Space Partition Heating (FSPH) was first proposed, and numerical simulations and experimental
studies were conducted to validate the feasibility of utilizing solar energy in winter through FSPH. We installed a
solar vacuum mube collector system in & 10.8 m? uninsulated structure in cold regions. Initially, we simulated
thermal environments for Full Space Heating (FSH) and FSPH schemes, followed by real-world comparisons
using solar energy for both. Results showed FSPH, maintaining 16 °Cin —8 “C conditions, saves 34.71 % energy
over FSH. Main heating space PMV ranged from —0.9 to 0.9, with PPD from 10 % to 30 %. At 1.9 “C ourdoor
temperature, FSH supplied 27.98 M) for 12 °C indoors. With 2 6.3 °C ourdoor drop, FSPH cut supply by 50.3 %,
achieving 16 “C and superior comfort. FSPH's conceptualization and validation provide an effective, low-cost
splution for indoor thermal comfort using limited solar energy, promising for low-income populations with
minimal investment and upkecp expenses.

Flexible space partition
Thermal environment

Nomenclature
1. Introduction

F5PH Flexible Space Partition Heating
F5H Full Space Heating . . . X N e w
oD Computational Fluid Dynamics In the L'urrlr_nt global energy lanr]:.c,dpi_, energy ]:ltlJ'l."L'I't}' is a r_umm?n
PR Predicted Mean Yate phenomenon in many regions, leading to a decrease in the quality of life
FFD Predicted Percentage of Dissatisfied for users, increased health hazards [1], and a sluggish world economic
unF User Defined F“""_-'_”““' growth rate [2]. The essence of energy poverty lies in the lack of unin-
L Adr Density (kg/m-} ) terrupted and reliable affordable energy supply to users, mainly caused
I Coefficient of Thermal Expansicn b N o hizh , . dl e H .
. After heating temperature (C) Y eTErEY SLd.TEII?', igh energy ]:lrul:cs,l a.n oW user Lm:m'nr.'s.l eating
T Initial Temperatre (*C} energy consumption constitutes a significant proportion of societal en-
o Gravitational Acceleration (m /5] ergy consumption, and inefficient buildings where low-income families
Fr Viscaus dissipation term reside lead to a continuous increase in heating energy consumption
Co Specific Heat Capacity {J fikg-"C) during the heating season. This exacerbates the severity of energy
Tia [nlet Temperature (") y Faced by 1 .  mmre | ld and frisid . ; durd th
Tour Outlet Temperature (-Cp poverty faced by low-income users in cold and frigid regions during the
B Heat flux of heating surface (W) heating period, directly impacting their quality of life. In the case of
Temp Temperature Morthwestern China, there are numerous rural buildings made of adobe
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ABSTRACT

Keywords:

Passive solar house

Active salar heating system
Indear thermal environment
PMV-PPD

LFD

Passive solar house technology has been spread for many farmers and herdsmen to improve the indoor thermal
environment in Tibetan. However, due to lackage of fuels and arid cold in winter, dry cow dung and coal are
popularly fired in stove in passive solar houses, which leads to indoor air pollution and poor indoeor comfort.
For improving indoor thermal comfort of Tibetan, an active solar heating system which consists of 7 sets of
tandem solar water heaters with 30 glass evacuated solar tubes, low temperature floor heating and circulation
controller was developed and tested for a common house without insulation in Gan-nan Tibetan area. Its indoor
environment was compared and evaluated by PMV-PPD and LPD method to that of the same passive solar house
heated by coal stove. On sunny, cloudy and snow days, the active solar heating system provided 113.1, 46.4
and 26.3 k'wh of heat to room. The indoor humidity and wind speed of the experimental building were better.
The indoor temperatures were 17.2-20.7, 14.9-20.5 and 11.0-14.8°C, while the compared building were 8.9-14.8,
10.1-121 and 7.2-10.5°C. The maximum temperature difference between head and ankle were 1.7, 1.6 and 0.9°C,
and the compared building were 4, 4 and 4.7°C. The PMV-PPD on sunny day were class | and [I; on cloudy day
were class I, 11 and I11; on snow day was class 11 On sunny and cloudy days, the LPD were class [, on snow day
was clage L [ and II1. The PMV-PPD and LPD for typical days of the compared building were class [1L During the
1749 days, the mean indoor temperature exceaded 14 °C for 81 days, the solar active heating system provided
12471 EWh of heat to room. The OOy emission reduction was 12905 kg, The system's dynamic payback period

were 2.57 years.

1. Introduction

Today, over 50% of the world's energy is used for heating, resulting
in 40% of energy-related greenhouse gas emissions and substantial air
pallution that endangers the environment and human health. Heating
accounts for approximately 55% of building energy consumption [1]. In
rural areas of China's Tibetan Plateau, farmers and herders choose coal,
firewood and animal dung for heating and cooking, sacrificing thermal
comfort and health [2,3). Unreasonable ways of obtaining energy have
made environmental issues and poverty more common [4]. Maximiz-
ing the use of renewable energy is a potential way to alleviate poverty
caused by energy shortages [5,6], and is of great relevance in Chinese
carbon neutral, carbon peaking approach.

Solar heating offers the considerable advantage of improving the in-
door thermal environment while being environmentally friendly [7,8].
With low dust content in the sky and extended sunlight hours, the high-

* Corresponding author.
E-mail address: lijinping? 7@ 163.com (J. Li).
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altitude Qinghai-Tibet Plateau area is rich in solar encrgy resources. It
also has good natural conditions for using solar energy for heating, Pas-
sive solar houses use solar energy to improve indoor temperature and
thermal comfort [9-12], effectively improving the indoor thermal envi-
ronment without energy consumption [13], and have been effectively
promoted in the Qinghai-Tibet Plateau region. Liv et al. [9] wrned a
rural building in a hamlet in Hai-dong City, Qinghai Province, into a
passive solar heating building and compared the coal consumption and
indoor air gquality of the building before and after the conversion dur-
ing the heating period. The results revealed that the retrofit decreased
coal use by 97 kg/week throughout the heating season, while the aver-
age indoor temperatures in the two bedrooms increased by 4.8°C and
1.7°C, respectively. The coal stove, as an auxiliary heating device, could
alleviate the shortcomings of insufficient heating by passive solar tech-
nology and further increase the indoor temperature, but it was also a
major source of indoor air pollution. Zhang et al. [11] used the Tibetan
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ABSTRACT: To improve the rate of formation of carbon dioxide
hydrates, tetra-n-butylammonivm bromide (TBAB) was com-
pounded with different concentrations of sodium dodecyl sulfate
(SDS) and nanographite, and the effects of these mixtures on
carbon dioxide hydrate formation were studied. The addition of
TBAB alone, as well as mixtures of TBAB and 5DS or
nanographite, shortened the induced nucleation time, and the
induction times of the TBAB—2.5 g/L nanographite and TBAB—
0.24 g/L 5DS systems were the shortest and longest, respectively.
Further, on mixing TBAB and SDS, the induced nucleation time
first increased and then decreased with the increase in the SDS
concentration. When TBAB and nanographite were mixed
together, the induced nucleation time first decreased, then

Effects of composite aceclerators on the formation of carbon dioxide hy drates

The effeci is different in different tine periods mnd
has no abvious inflemece on the total formation of hydmale

increased, and again decreased with the increase in the nanographite concentration. In addition, the hydrate formation rate and
conversion were highest for the TBAB—0.48 g/L SDS system and lowest for the TBAB—0.06 g/L SDS system; in the first 35 min,
from the end of gas charging, the TBAB—10 g/L nanographite and TBAB—3 g/L nanographite systems yielded the highest and
lowest hydrate formation rates and conversions, respectively. For the composite systems, obvious effects were observed in the initial
stages of reaction, but the effects vared over the course of the reaction. Overall, the use of different accelerators resulted in little

See https:/pubs, acs.orgsharingguidelines fnu'aplimts on how to legitimately share published articles.

differences in the total production, conversion, and formation rate of carbon dioxide hydrates over the course of the reaction.

1. INTRODUCTION

MNatural gas hydrate technology has been widely used in gas
storage and transportation,” seawater desalination,” CO,
stq:u-aga_-,1 cold-storage ta:::’hn-.cn]L\xg}rJ4 and transportation; how-
ever, owing to the slow hydrate formation rate and low gas
storage capacity, its large-scale industrial utilization has been
limited. " Therefore, researchers have focused on increasing the
rate of hydrate generation.”™ Physical and chemical methods
can be used to increase this rate. Physical methods involve
expanding the gas—liquid contact area and enhancing the heat-
and mass-transfer capacity'” by I:rubbling." stirn’ng.]" or
spraying.” In contrast, in the chemical method, the formation
of hydrates is enhanced by adding accelerators, which allow the
use of milder reaction conditions and increase the amount of
dissalved gas.”_ e Concemning energy consumption and cost,
physical methods are less favorable than chemical methods, so
chemical methods have proven to be popular. Common
accelerators include thermodynamic accelerators,”’ kinetic
accelerators,”” nanofluids,”” ionic accelerators,™ biosurfactants,
and others.”"™ Among them, surfactants and kinetic accel-
erators have attracted the most attention because they show the
best enhancement of hydrate formation.™ ™

For example, Ye et al.”™ found that the addition of tetra-n-
butylammonium bromide {TBAB) in mass fractions of 0.1 and

© 2023 The Authors. Published by
mencan Chemical Society

< ACS Publications
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0,05 accelerates the rate of formation of carbon dioxide hydrates,
and the addition of 0.05 wt % TBAB was optimal. Babu et al.™
tested the effect of the addition of 0.3, 1, 1.5, 2, and 3 mol %
TBAB and found that the 1 mol % TBAB solution resulted in the
highest rate of carbon dioxide hydrate formation. Further, the
induction time when using the 0.3 mol % TBAB solution was the
longest, and the overall gas consumption was the largest because
this solution had high gas solubility before nucleation. Nguyen et
al™ found that the use of a solution containing 0.125% TBAB
reduced the carbon dioxide hydrate formation rate, thus acting
as an inhibitor. Therefore, accelerators can show different effects
on the hydrate formation rate at different concentrations.
Further, for a single accelerator, there is an optimal
concentration, but this concentration changes with temperature,
pressure, and other factors.
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ARTICLE INFO ABSTRACT

Keywords:

Methane hydrate

Paraus framework system
Gas starage

Formation kinetics

The hydrate-based method for gas stosage technology is considered to be a very promising energy storage
strategy. Methane hydrates have the advantages of high gas storage density, low safety risk and environmental
friendliness and have attracted worldwide attention as an emerging storage and transportation solution. How-
ever, there have become major challenges and obstaeles for this technology due to the prolonged induetion time
and slow formation rate. The rapid formation and enhanced storage of methane hydrate have become the key
izsues and challenges in this field. This paper systematically reviews the cross-scale enhancement effects of
porous framework systems in methane hydeate storage and transport. Porous framework materials are catego-
rized into inorganic, carbon-based, organic and metal-based frameworks, Key parameters such as pore size,
particle size, stacking arrangement and hydrophilicity/hydrophobicity are thoroughly analyzed for their influ-
ence on methane hydrate formation mechaniems. Building on this foundation, a comprehensive analysis is
conducted on the enhanced methane hydrate storage characteristics and mechanisms of porous framewaork
systems, covering thermodynamics, quantitative comparisons of storage performance and storage behavior.
Finally, the challenges of development prospects of porous framework systems for methane storage based hy-
drate technology are discussed and the future directions are pointed out.

Enhancement mechanism

1. Introduction technologies is crucial. Current mainstream technologies primarily

include pipeline natural gas (PNG) [3], compressed natural gas (CNG)

As modern society continues to progress and industrialization
deepens, the global demand for energy continues to rise. Addressing
climate change has therefore become an urgent priority. Countries are
urgently secking clean, abundant alternative energy sources. Natural gas
(MG) [1], a fossil fuel characterized by high energy density, high com-
bustion efficiency and low carbon dioxide emissions, is projected to be
the fastest-growing primary energy source in the coming decades. NG
has already become one of the world's most important energy sources
[2]. However, its extremely low volumetric energy density (VED) of
approximately 0.036 MJ/L at standard temperature and pressure (STF)
limits its large-scale application. Therefore, developing  safe,
cost-effective, and  high-density NG storage and  transportation

[4.5], and liguefied natural gas (LNG) [6]. While PNG is the most
prevalent method of transportation, it is constrained by distance and
cost limitations. CNG is suitable for short-distance transportation on a
small-to-medium scale, but the compression process incurs high costs
and significant energy consumption. It also requires bulky storage tanks
and has an energy density of only 27 % that of gasoline. LNG possesses a
high storage density (approximately 600 v/v at STP), but it requires
ultra-low temperatures of —162 °C to be maintained and faces persistent
evaporation issues, which limit its applicability for large-scale, long--
term storage and transportation. In contrast, solidified natural gas (SNG)
[E], which targets the formation of natural gas hydrates [7] -particularly
methane hydrate (MH)-is regarded as a highly promising future clean

* Corresponding author. School of Green Energy and Storage, Lanzhou University of Technology, 730050, Lanzhou, China.
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ARTICLEINFO ABSTRACT

Keywords: A @ new type of energy storage technology, the gas storage technology of hydrate-based method has being paid
Marural gas hydrate mare attention Achieving the rapid formation and efficient gas storage is the major objective of the gas storage
Gas starage technalogy technique. However, the technique of hydrate-based transportation and natural gas storage suffers from issues

Additives compounding
Inscremental synthesis
Enhancement mechandsm

related o lengthy induction time (IT), sluggish formation rate, and low storage density. The rapid formation and
incremental synthesis of hydrates have become the key issues and important challenges in this Geld, considering
@ an important direction in the futise. n this work, a comprehensive review was conducted on the formation
properties of CHy hydrate in various systems and the associated kinetic principles. The quantitative effects of
warbous factors about the formation and storage process of CHy hydrate and the kinetic mechanism are analyzed
desply. On this bazis, the influence mechanism of additives, porous media, reaction system, driving force and
other factors on the CHy hydrate formation are described comprehensively. The quantitative influences of
dilferent fsctoes on the gas uptake, IT, gas slerage capacity (SC) of hydeate and gas consumption are revealed, o
ad o systematically analyze the enhancement mechanism of the natural gas hydrates formation process. Finally,
the shorteomings and futere development divection of natural gas storage and transportation technology by the
hydrate method are pointed out. 1t is necessary 1o do further in-depth research on the promotion mechanism and
kimetic of CHa hydrate by various addivives and additional research of the compound additive is warranted.

price and so on.

The maost prevalent mode of transporting natural gas is through
pipelines. Fipeline transportation refers to the method by which natural
zas is conveyed from its point of production to distribution centers sit-
uated in diverse cities or regions via pipelines. Extremely specialization
is a major problem in pipeline transportation. The range between the
min and max transport volume of the pipeline is little different, which
makes it difficult for the trensport process. Lack of mobility and flexi-
bility has existed as a transportation problem for many years. Therefore,
it is not convenient to put it into use on a large scale. Compressed natural
gas (CNG) plays a crucial role in natural gas transportation. The natural
gas is pressurized and the gas iz stored in a container in a gaseous state.
This mode of transportation has limited its application due to its safety
and poor gas storage density. Liquefied natural gas (LNG) is a gas
transpartation method that condenses gaseous natural gas into & liquid
form. Liquid natural gas is utilized for storage and transportation.

1. Introduction

In recent years, with economic and social development and rapid
growing population, global energy demand has been increasing. At
present, cosl and oil &5 main sources of power generation in most
countries. However, they are limited and can cause irmeversible damage
to the environment. Yilanci et al. [1] perceived to be that CO; emissions
account for 70 % of total global greenhouse gas (GHG) emissions. There
iz & growing body of scholars that recognizes the importance of devel-
oping and using clean energy to alleviate environmental problems and
promote sustainable economic development [2]. Matural gas, as a very
promising clean energy source, not only has high a calorific value but
also clean. Compared with coal and oil, generating electricity by using
natural gas can reduce about 33-50 percent carbon dioxide emissions
[3] and it has the advantages of renewable, high conversion rate [4], low

“ Corresponding author. College of Energy and Power Engineering, Lanzhou University of Technology, 730050, Lanzhou, China.
E-mail address: som 201 0lurE 165 com (X Zhang).
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ARTICLE INFO ABSTRACT

Keywords: COy sequestration in sediments as hydrate form is considered to be a promising way to achieve COz emission
L0z hydrate reduction in the aimosphere. The key problem with hydrate-based technology for CO; geological storage is the
Paraus meslia

evaluation of the formation process and gas storage capability of hydrate. In this study, the fundamental issue of
different particle size and grain grading affected C0; hydrate formation and storage characteristics in porous
media was deeply analyzed. The effect of various particle sizes and grain grading on the gas consumption rate
and gas storage capacity of COy hydrate were guantitatively illustrated. The results indicated that the hydrate
formation is more difficult in porous media with tiny particle sizes. The gas storage capacity and gas consumption
rate of CO; hydrate increased as the particle size increased within a range of 10-63 pym. The maximum gas
storage capacity attaine 25.65 L/L when the particle size is 63 pm. Besides, compared with single particle size,
porous media with grain gradation is adverze to hydrate formation. The results also show that, the obstruction
effect on the gas consumption rate and gas storage capacity is more obvious with the increase of the differences
in grain gradation. The cooperative impact of particle size and gradation on hydrate formation was studied. The
closer the size of the mixed particles is, the more favorable to hydrate formation. The relevant results will aid in
comprehending the hydrate formation properties in submarine sediments and will serve as an essential theo-
retical reference and guide for CO; eapiure and sequestration hydrate-based method.

Grain gradation
Gas consumption rate
Gas starage capacity

1. Introduction sequestration and sequestration as hydrate [5]. Finding efficient means

of decarbonization is the goal of the subject known as Carbon Capture,

Global warming resulting from the excessive O0s emission has
become one of the most emergent problems facing humanity. Since the
beginning of the Industrial Revolution, there has been around a 30 %
rise in the amount of COy present in the air [1]. The reports suggest that
the amount of €Oy in the atmosphere is presently 414.7 ppm, which is
on the verge of reaching a record high for the past ten years [2]. And
economic and social progress and human activities rely on fossil fuels
continuously, which will result in significant emissions of COg inevi-
tably. Therefore, it needs to change energy consumption patterns while
developing new energy. One of modern society’s most pressing goals is
to cut down on carbon dioxide emissions [2,4]. Up to now, there are
several main methods to achieve CO; capture and storage: biotic carbon
sequestration, sequestration,  geologic  carbon

oceanic  carbon

Utilization, and Storage (CCUS). Hydrated method of COy capture and
sequestration, which is thought to be a hopeful pathway, is one of the
hatspots in CCUS [5-7). Under some circumstances, it is believed that
sediments could be used to store COy by hydrate [5,8,9]. Carbon cap-
ture, storage, and recycling utilization technology have promising future
applications and scientific significance as a means of reducing carbon
emissions [10,11].

‘When it comes to a condition of low temperature and high pressure,
water and additional gas molecules combine to form gas hydrate, which
has the appearance of ice but is a crystalline, non-stoichiometric solid
substance [12]. Gas hydrate is found in the permafrost layers in platean
areas and the submarine slop of the continental shelf edge. Future COy
sequestration sites will ideally be located in depleted CHy hydrate
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The geological storage of 002 using a hydrate-based method offers a promising solution for reducing CO2
emissions. Understanding the formation mechanism of 00 hydrate in surface oxidized porous media is erueial
for aptimizing this method. This study wiilizes Molecular Dynamics (MD) simulations to investigare the forma-
tion mechanism of OOy hydrate in the conlined space of surface oxidized graphene porous media system. The
resulis show that although graphene promotes the escape of C05 molecules from hydrate cages and evolution of
005 malecular “bubble”, which can regulate hydrate formation, surface oxidized graphene significantly hinders
this process owing to it adsorption ability on OOy, and also makes hydrace lack sufficient driving force 1o
maintain stable formation. Surface oxidized system doed not damages the hydrate stability as unoxidized system
does: less hydrogen bonds (6525, 98.2 % of the unoxidized system), poorer thermal conductivity (9.046 W/
(m-K), 74.1 % of the unoxidized system]), vet better Fy value (L0136, 164.7 % of the hydrate stability of the
unoxidized system). The study also highlights the “formation conflict™ phenomenon, where conflict in the same
hydrate cell delays hydrate growth. These findings underscore the impaet of surface oxidized porous media on
005 hydrate formation and stabilivy, also offer a deeper understanding of how surface modifications impact
hydrate in nanoporous environments, contributing knowledge for the design of C0Oz storage.

1. Introduction solutions for the realization of CCUS. This approach introduces a novel

and sustainable mindset to address the prevailing global energy crisis

In recent years, the excessive emissions of carbon dioxide (COz) have
led to global warming, which has emerged as ane of the most critical
challenges confronting humanity. Since the onset of the Industrial
Revolution, there has been & 30 % increase in atmospheric C0; levels
[1]. Currently, the concentration of COy stands is up to 417 ppm,
approaching the highest recorded in the past decades [2]. The persistent
reliance on fossil fuels for economic and social development as well as
human activities will inevitably result in substantial emizsions of CO,.
The primary objective of OO Capture, Utilization, and Storage (CCUS) is
to revolutionize energy consumption patterns while fostering the
development of alternative energy sources, thereby mitigating COy
emissions and identifying effective strategies for carbon reduction [3].
The 0z capture and storage method employed in the hydrate technigue
represents & focal point of CCUS research [4,5], offering viable technical

and greenhouse effect [6,7].

The hydrate structures are typically classified into sl sll and sH
types, as shown in Fig. |- The formation process of hydrate entails the
coupling interplay of various factors, including temperature and pres-
sure conditions, concentration of guest molecules, types of porous
media, among others. Essentially, it exhibits a complex phase transition
process involving each component. In past decades, extensive in-
vestigations have been conducted by scholars on the formation process
of hydrate. Various surface substances, including quartz sand, clay, and
metal particles, have been employved as accelerators or introduced into
porous media materials to facilitate the rapid formation of hydrate. The
incorporation of porous media can significantly enhance the heat and
mass transfer during the hydrate formation process and provide addi-
tional mucleation sites for hydrate formation [5,9]. Numerous
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Matural gas hydrate (NGH) poseesses a potential to be as an environmentally sustainable source of energy.
Howewer, it is a significant challenge to achieve the secure and effective utilization of NGH. The CO; replacement
method is a promizsing solution among the optional technologies, which allows for the extraction of CHy while
enabling the geological storage of C0;. The stability of geological structure of NGH reservoirs is ensured by using
this method. Furthermore, the replacement process of COz-CHy hydrate is significantly affected by the oceur-
rence morphology and saturation of NGH. A comprehensive analysis of the replacement characteristics and ki-
netic mechanism of C0;-CHy hydrate in porous media is presented in the review. An in-depth amalysis is
conducted regarding the impact of occurrence morphologies and samration on the decomposition of CHy hy-
drate, the formation of COz hydrate and the entire replacement process of COz-CHy hydrate. On this basis, the
influence mechanism of saturation and cccurrence morphology on the replacement process of CO2-CH4 hydrate
iz elucidated, with a particular focus on the kinetic law governing the replacement of COp-CHy hydrate in
response to various factors. Furthermare, the deficiencies and limitations of the COy replacement method in the
utilization of NGH are highlighted in light of current research and prospective developments in these domains.
The underlying mechanizm of difference in ocourrence morphology and sameration affecting the replacement
process of GOy-CH, hydrate requires further study.

1. Introduction energy density, and environmental friendliness [4). The research,

advancement, and application of CH4 resources contained within hy-

At present, energy demand is on the rise due to the accelerated
expansion of global economy and society. It is projected that primary
energy demand will increase by 40.2 % between 2016 and 2040 [1].
However, there are obstacles facing the production of traditional fossil
fuels, and the extensive combustion of these fuels exacerbates the global
“greenhouse effect”[2]. Therefore, it is a pressing need to decrease the
use of fossil fuels while advancing clean energy technologies. The offi-
cient development of clean energy plays a crucial role in avoiding future
crises and reducing emissions [3]. NGH, primarily composed of CHa, is
anticipated to provide an ideal prospective source of renewable energy
in the twenty-first century on account of its abundant resources, high

drate have emerged as a pivotal issue in the energy sector for numerous
nations [5-10].

MNGH is an unconventional form of natural gas that is present in na-
ture, It is a non-stoichiometric inclusion compound in which water
molecules, through hydrogen bonding, enclose foreign molecules in
cages to create a cage structure [11]. Dcpr_‘nding on the cage structures
formed by water molecules, NGH can be classified into three distinct
structural types: structural type 1 (S1), structural type 1T (811, and
structural type H (8H) [12-14]. A schematic diagram, shown in Fig. 1,
provides an overview of the three main erystal structures and compo-
sitions of NGH. The temperature, pressure, and molecular size of the gas
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ARTICLE INFO ABSTRACT

Keywords:

Gas hydrates

Mixed gas separation

Hydration mass transfer chareteristics
Selective larmation

Hydrate-based mixed gas separation serves as an effective approach for achieving efficient purification and
upgrading of bioges, The purification and separation of biogas play & crucial role in enhancing its wtilization
efficiency. After purification, biogas can serve as a high-quality fuel and a supplementary energy source o
conventional natural gas. This paper reviews the formation characteristics and kinetic patterns of CHy/C0,
hydrates under multi-factor coupling effects, focusing on the hydration-mass ransfer properties and the regu-
latory mechanisms for the selective formation of hydrates. Building upon this foundation, this work elaborates on
the influence mechanisms of additives, porous media and other factors on the gas-liquid interface properties and
mass transfer pathways within hydration reaction systems. It analyzes the interactions among these factors and
their quantitative impact on the formation process of CHa/CO2 mixed hydrates. Surface tension exerts a sig-
nificant influence in promoting gas mass transfer within hydration reaction systems, thereby enhancing hydrate
formation rates and selectivity. Finally, this study identifies existing challenges and future research directions
concerning the targeted regulation and selective formation mechanisms of CHy/COy hydrate formation. Further
investigation is required into the selective regulation mechanisms of CH/C0y hydrates and the synergistic in-
teractions among various influencing factors.

Regulatory mechanism

1. Introduction environmental pollution [7,8]. The high economic value of CHy in un-

conventional natural gas underscores the necessity of separating mixed

With the rapid development of global industry, humanity’s demand
for energy continues to grow [1]. In the feld of energy utilization,
supporting clean transformation and efficient resource use are key in-
dicators of human societal progress. Clean production and clean utili-
zation have become critical challenges requiring urgent solutions, while
the rational disposal and utilization of gaseous resources occupy a
central position in socioeconomic development [2.2]. Numerous issues
arise during utilization, such as the purification of energy-type gaseous
fuels like natural gas, integrated gasification combined cyele (1GCC) gas,
and coalbed methane, as well as the disposal of resource-type gases like
COz [4-6]. Unrefined energy-bearing gases containing impurities such
as OOz and 302 reduce fuel calorific value and utilization efficiency,
while their emissions exacerbate the greenhouse effect and

gases [9]. Simultaneously, efficient capture and separation of COs from
flue gases represent a critical pathway for carbon reduction and resource
utilization [10]. Consequently, gas separation technologies hold irre-
placeable strategic value across energy, environmental, and economic
domains, making research into mixed gas separation techniques of
paramount importance.

Existing methods for separating mixed gases have various limitations
[11]. Although absorption, adsorption, cryogenic separation, and
membrane separation are relatively mature techniques, chemical ab-
sorbents used in absorption processes incur high regeneration costs.
When feedstocks possess high COo partial pressures, solvents readily
absorb  hydrocarbon  gases, hindering the achievement of high-
selectivity  purification.  Furthermore, certain - absorbents (e,
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K Besides 002 M2 mixed gases, aciual lue gases alse contain high-lemperaiire water vapor exceeding 100 “C For
Hydrate the hydrate-based 00 caprure technology from (ue gases, except for conventional lydrate formation promaoter
Oz capture sodium dodecyl sulfate {SDS), another eco-friendly and high-efficient L-methionine (L-Met) recently emerges,
ir_m::’": T botls with great application potential. By uging two liguid-injecting nodes, three liguids with both 640 and
Flini g ¥ P 160 ml volumes of pure water and solutions of two pramoters wese heated 10 110 °C and then injected inside a

reactor containing mixed gases 1o form OOz hydrates. Specific adaprabilities and aceelerating mechanisms of two
promoters were then investigated under high-temperature water vapor scenario. The resulis indicate thar both
0.1 and 1.0 wi% concentrations of promaters embody mone significant accelerating effects on hydrate formation
than pure water, and the promotes with a concenteation of 0.1 wi% has a berter effect. Considering the nozzle
blockage and promotion efficiency, $D5 s more suitable for 0.8 mm nozzles, and L-Met is more suitable for
0.1 mm noeles. In terms of final averaged water conversion ratios to hydrate, 1.0 wi% SDS appears higher
adaptability o 640 ml liguids and 0.1 wi% L-Met to 160 ml ones. The specific acting extent of D8 appears
deeper than that of L-Met and the hydrate formed using SD5 has eoarse-grained morphology and that using L-Met
the spherical one. This implies during hydrate formations by using 3DS, some liguid water might be conserved
inside the capillary pores acting as the water-source 1o foster continuous hydrate growth; for using L-Mer, ly-
drate formation can absorb some liquid water from a relatively large distance through mobilization behavior of
liguid water. This study provides some reference for future indusirial-scale application of hydrate-based
decarbonization technology from flue gases, especially under high-temperature water vapor scenario.

1. Introduction Appear &8 post-combustion removing technologies, e.g. absorption [ 78],

adsorption [9-11], membrane separation |12, 13] and cryogenic sepa-

Facing the challenge of excessive carbon dioxide (C0;) emissions in
causing greenhouse effect and then climate change (147, the CO,
capture, utilization, and storage (CCUS) technology from large poing
sources, such as power plants, is regarded &= a potential option to lower
anthropogenic CO; emissions, without significantly affecting current
energy and economic infrastructures (5], In thermal power plants, GOy
is primary byproduct of combustion and generally emitted out as main
component of flue gases, after removing mixed particulates and SOx
inside [6]. Existing methods to capture COz from flue gases mainly

* Corresponding author.
E-mafl address: shangpengiilzb.acen (P, Zhang)

hiips:/Adoiorg/ 101016,/ joou 2025, 14 1

ration |14]. Of course, each of them possesses respective shortcomings,
such as the problems in solvent regeneration efficiency, solvent degra-
dation and equipment corrosion, etc [ 15]. Recently, another COy; cap-
ture amd separation method from flue gas mixtures used clathrate
hydrate formation has attracted considerable attentions [ ], owing to its
significant advantages of the efficient applicability over a wide range of
COy concentrations but without adverse effect of the presence of fly ash
116] and small amounts of 505 [17]. Moreaver, the superiority of this
hydrate-based gas separation (HBGS) also includes high gas storage
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Editer: Dr. 5 ¥i Gas hydrate technology is widely wsed in industrial fields such as gas mixture separation and wastewater

treatment, providing an effective way to realize efficient purification and purification of bio-natural gas.
Keyworels: Enhanced and selective formation of gas hydrate formation process is the key to the efficient separation process
Gas hydrate of mixtures gas by hydrate method. The construction of highly efficient and =elective hydrate reaction systems

Additive compounding
Formation propernties
Selective formation
Separation properties

and the promotion of gas hydrate formation processes are the prerequisites and foundations for the large-scale
application of hydrate technology in the gas separation field. In this work, the selective CH,/COy gas mixture
hydrate formation characteristics and its kinetic law in the DIOX system are investigated in this paper, and the
quantitative influences of concentration, gas-liquid ratio and components on the formation process of the gas
mixture hydrate are deeply probed. There is a significant difference in the selectivity for CHy and COz gases at 1
mol¥ and 5.56 mol¥ DIOX concentrations, while the concentration interval for selectivity transitions is around
3 ol DIQX. The temperature and pressure conditions that are most favorable for the reaction varied greatly at
different concentrations. Further results show that low gas-liquid ratios are more suitable for systems with high
selectivity for OO0z, while high gas-liguid ratios are more favorable for gas consumption for systems with high
selectivity for CH,. In addition, systems with high selectivity for CO; can maintain high selectivity for different
gas component. Systemns with high selectivity for CHy are more suitable for the purification of gases with higher
CH, concentrations. On this basis, the formation process of CHyA00; gas mixture hydrate under the selectivity-
enhaneced system was further elaborated by the synergistic system of Inconel 718, activated carbon, and THF, and
the future research direction for improving the selectivity of CHy and COy was proposed.

1. Introduction years, the use of unconventional natural gas has been rising year by year

[6). And the proven unconventional natural gas resource reserves

With the development and utilization of energy resources globally,
low-carbon energy sources are highly preferred [1]. The extensive use of
fossil fuels (heavy hydrocarbons) over the last three decades has been a
major contributor to the greenhouse effect [2]. Because heavy hydro-
carbons have a high carbon content, large amounts of COq are formed
and released into the atmosphere during combustion [2]. However,
fossil fuels still dominate the current energy mix [4]. To address this
situation, we need to reduce the use of heavy hydrocarbon fuels and
increase the use of light hydrocarbon fuels as much as possible [5]. In
this way, the impact of the greenhouse effect can be mitigated. In recent

amount to 921.9 = 10" m?, and its recoverable resources are more than
five times of conventional natural gas [7,8]). And CHy gas in uncon-
ventional natural gas is a typical low-carbon fuel, which is the key o
starting the clean energy era [9]. Therefore, CHy can replace conven-
tional coal and oil, thereby mitigating air pollution.

Among the unconventional natural gas resources, coalbed methane,
shale gas, gas hydrates, biogas, and tight sandstone gas are among the
many forms of natural gas endowment [10]. CHy gas is the main
component of these resource gases, along with impurity gases such as
COz and Nz [10,11]. Although natural gas hydrates are the resources
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Keywords: €037 sequestration in seabed sediments is considered to be a promising way to reduce ©0z emissions in atmo-
C0g hydrate sphere. The formation characteristics and gas storage capacity of hydrate are the critical indicators for measuring
P"‘""'.""" mﬂd"' the effectiveness of gealogical sequestration of OO, by hydrate method. In this work, the formation processes and
Er::afi'::““g storage characteristics of COy hydrate were studied in porous media composed of two single grain sizes (10 and

63 pm), porous media with grain gradatings (10-90 pm and 63-90 pm) of different mass ratios (30%, 50% and
7F0%) were further investigated. The influence of different gradation ratios on gas consumption rate and gas
storage capacities of hydrate was discussed. The results showed that whether the difference in grain gradating
berween two mixtures was large or small, the larger the ratios of large grains in porous was, the more favorable
for the formation of hydrate. The gas storage capacity is far from the gas storage theoretical upper limit of
hydrate in the experiment. And geological transformation is necessary in order to increase the gas storage ca-
pacity. The gas storage capacity of hydrate decreased in porous media with grain gradating of 63-90 pm as the
ratios of large grains increased. The variation of gas storage capacity was non-linear in porous media with grain
gradating of 10-%0 pm to a certain degree. Compared to the porous media composed of a single grain size (10 pm
and 63 pm), the porous media system with 63-90 pm has an inhibitory effect on hydrate formation. However, the
porous media system with 10-90 pm can promote the formation process of hydrate. The relevant results will
provide essential theoretical support and guidance for GOy geological storage in seabed sediments by hydrate
method.

Gas starage capacity

1. Introduction reduction solution for the huge CO2 emissions of human society. Under

the circumstances, the Carbon Capture, Utilization and Storage (CCUS)

With the rapid development of economy and society and the burning
of fossil fuels, a large amount of CO; has been emitted into the atmo-
sphere, It is belicved that more and more extreme weather conditions
are related to gln'hal w:u‘mmb caused by excessive COy (Krotki et al,

i Kwelow et al., 2018), It is reported that the average concentration
Df CDQ_ has mcrr_'a_q:d Fmrn 277 ppm to 413 ppm (Zhang, 2021). There-
fore, people began to seck other energy sources like wind, hydro, nuclear
and others to replace fossil energy. But this is not a perfect carbon

arise at the historic moment. Among them, COy capture and storage as
an important part of reducing carbon emissions has been widely dis-
cussed by schaolars. Various COs capture and sequestration methods have
been developed, such as blﬂ[l -hdsu:d oceanic-based, geologic-based and
hydrate-based (Jiang et al., Wang et al., 2020a). Because of its
efficiency and :.L.ihll]ly the hydrdtf_' -based mr_‘lhnll of CDQ_ capture and
storage has become a hot topic in the CCUS field (Zheng et al.,
Wang et al., 2020b; Babu et al., 2018).
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HIGHLIGHTS

» Correlation and superiority of multi-scale features between channels.

» The ANMESA algorithm has a faster convergence speed and the best convergenee accuracy.
w -V and P-V curves were obtained by conducting different types of failure experiments.

= AMMSSA-MIFMet diagnostic model has the best comprehensive performance.

ARTICLE INFOQ ABSTRAGCT

Keywords: Photovoltaic (PV) arrays have output characteristics such as randomness and intermittency, and faulis can
F‘hutwl_llhil-' ASCRE seriously affect the zafe operation of the power system. In order to improve the comprehensive performance of
Fault diagnosis the PV array fault diagnosis model, a pew intelligent online fault monitoring method for PV arrays is proposed in

Multi-scale Feature fusion

Thresdimensional feature anention this paper. (1) a three-dimensional channel feature map based on |, ¥V, and P features is constructed because the I-

W oand P ocurves of the PV array have significantly different effects under different fault conditions. (2) The PV
array faulr diagnosis model based on a multi-source information fusion network (MIFNet) is proposed, and
Channel Mixing Convolution (CMC) module, three-dimensional feature antention enhancement [TDEAE) module,
and Channel normalized scaling (CNS) madule are designed to improve the comprehensive performance of the
model. (3) An adaptive nonlinear murual sparrow search algorithm (ANMSSA) is proposed to optimize the
hyperparameter configuration of the MIFNet network. The experimental results show that the average recog-
nition accuracy, prediction accuracy, and sensitivity of the ANMSSA-MIFNer network proposed in this paper are
90.64%, 99.64%, and 99.71% respectively. When facing single-component faults and multi-component faults,
the model has stronger diagnostic accuracy, robustness, anti-noise ability, and stability, and can efficiently di-
agnose different faults of PV arrays, providing the sclentific basis and theoretical support for the operation of PY
systems.

enhancement modub:
Improved sparrow optimization algorithm

widely applied in various fields. As the core component of the PV power
generation system, the PV array directly affects the system’s power

1. Introduction

The extensive use of fossil fuels has led to increasingly severe envi-
ronmental pollution problems, thus there is an urgent need for sus-
tainable and clean energy to meet the growing energy consumption and
environmental protection demands [1]. As a pollution-free and renew-
able energy utilization technology, PV power generation has been

generation efficiency [2,2]. Due to the long-term operation of the PV
array in harsh environments, faults such as short circuits, open circuits,
partial shading, and degradation are prone to oceur, which can affect the
safe operation of the system and the healthy development of the PV
industry. Therefore, an accurate and efficient method for diagnosing and
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Abstract: From the aspects of industry characteristics, student, teacher and management, thiz paper briefly analyzes the problems
existing in the graduation project of new energy major. It points out that the key factor leading to the low quality of graduation pro-
ject is that the traditional training mode cannot meet the teaching requirements of new major in the new era. Therefore, starting with
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HTF TRIZ QIFIEICE IR SR EN
——LUKEBuLIRFZE S
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CHNETASERSHHTRER  SMARRLSE RN EFE LR 2NETAPTRE TSR

[F Z]1ToREHZFRANGUIHABFNERART S RERANTURGHZRERTRAR. MEFTREHZER
B SIN TRIZ QSRS o RARE AR LI SOl RAENER . sRSFIRE RETRIRIMEENER SREHF
HREEMNEARSE B URGRR GRS REE8) TRIZ BIiEQERESHF RS 2 RRENN-FEEET
B HuEARERE BHERSENREAR FIM TRIZ 81 EE . 8 TREIHEAER ST . 5K1E8 7 M EERE
AN HEEEENAMXRERE SHEFRENRERAROENNEEY T ST RARNEFER (TD-OPER-
ATE):LUKRBISREEAS SEYEF IR HERER HREL BERY BURNRESXAERE M ARFH
EREHTEAE . WRRE TD-OPERATE REFN - HFRHWRFSERSNER LU TRIZ QIS N5 S JKE
HREARTURGENERATAHEM.

[R#diE] TRIZ 8I3EIE LHIRES fEHEFR TD-OPERATEEE #HZEWER
—. EgE R 5REEN Frellveen . HITEEIRWEARZ IRt EE
I BigEs TU=HTERiER (SIREEEh TR Fr el EER.
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BHFEFETWREZINCIFFEIMEET . #ZR H. FEFSHAEBHETUMSESSIANETE
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AL IS E BREEFE BRI tRESHFENAESEEFER S EEENE
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LR S RICE SURN LY

(1 2SR A aElE Sl R Eme, H AT =2 7300505 2. 22 OB Ol P o 258 i 5 2 e B Rl 221 730300
3EHE TR T A 2 730050)

BE. ¥ HFECER ARG 23R FEBA L EO0E JROFFEREER AW, BH TRIZ 4] 2
WA AT E LR AT AR AR SRR, M LR RFEE MRS B AL R LR AR TR SR AL
A0 EARMA R, AL A A e 88 E, AP lid e X A ARAL, LA 5-DMCOE FH-E 55
HFAA, A5 # o F R AL ST A, B e A EHE RS R S HPGE A X R,
i SR AR AT A R AR AR AR o AR R AR B s R R IR A AT ARAESE R A Al
R EE AT Bt Har AL AT 3 05804 6 A, An T A I e A A AR P AU H T R AT L R R
FeftF | AR 3] AT R A A g RS A A (iAo oL B B T A SR R AR SR R AR A e A

FEIE: TRIZ; #5400 e A3 $AHEE, 437 F F KR, 5-DMCOE $4 £ o s e
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Applying TRIZ to Analyze Effect of Comprehensive
Ability on Cultivating Students by Competitions

——Taking Innovation Method Competition in a Local University as Example

GONG Chengyong', HE Xiangru®, HAN Wei', FENG Huixia®
(1. School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou Gansu, 730050, China:
2. Finance and Trade Branch, Lanzhou Modern Vocational College, Lanzhou Gansu, 730300, China;
3. School of Petrochemical Engineering, Lanzhou University of Technology, Lanzhou Gansu, 730050, China)

Abstract: Discipline competition has become an important form of college student training. Taking innovation
method E'(il'll")l‘[ili[ll’l in a local lllli\'t‘l'.‘éil}' as E‘Mllllplt‘, this paper zlpp“t-t] the TRIZ to mm]_\'zt‘ effect of E'(II'II|'PI'('hl‘I]5iV{'
n]ni]i]_\-' on t'll]li\-'.-llhl;!, students ]I_\' l‘(ll]ll'}('[ili(ll’l:i. constructing the maodel of the ('lJIT][)I:Hi]iIJIL_ called 5-DMCOE maodel,
and target of the ability of engineering college students, defining the functional technology aystem for the cultivation of
students' zl|)'l|il3' in the ('l:mprlilinn,_ anid '.-lml|_\-'z'ln;-_r_ the main features of the rtlmp('lilil:n on the cultivation of students.
Based on the '.imll_\-':a'l:-'- of the characteristics of the innovative method 11:m]:vlilinn and the data of the imp]rml-nlalitm
of the competition, the relationship between the motivation and purpose of students' participation in the dizeipline
competition and the acquisition ability is revealed. and
RENIR B . B AR Er k30 (2020IM030400 ) ; then the evaluation model of the competition on  the
FOE A O e R g i O eE o o E &) o H cultivation of students' ability iz established. the value is
(20-2-2); B f o S0 e e g ah Ay 258 a0 oy 65.864 6. Based on the results of award-winning projects
5o BE T (NSJZW2021Y-09 ) ; i & 5 ah i ¥ and  relevant data analysis, this paper preliminarily
T AR R S S0 06 5 O fl L 4 (LTDL2020-001 ) ; 2% iz explored the basic conditions required for teaching
IHFR T e oy i R T H . Sk T innovative methods to engineering college students, and
“J rj"rj- |;|,’£)L.UJ_EIL{IJ\’HT. MM FE T )K'_“_'r{'fjn.'liﬁﬂﬂ H,J.l\: the value and significance of learning innovative methods
PO K TR R e R S A BB for students to participate in other types of competitions,

[ de 4 4F sh s 2 BEEF A B (CCLI2021R0017 ) 3 % and then revealed the mechanism of cultivating students'
MET R S T M A8 W H (GJ2022B-49 ), ahility in the process of discipline competition.
fEZ @ T 8 (1979-), Y, =g, 11, 8 Key words: TRIZ theory: Teaching effect; Ability training:
FEH I SRR 09K T ES A R oA i S Discipline  competition: Innovation method  competition:
T it Rl Ak, E-mail: mars@lut.eduen. SD-M-Competition Operating Education Model

|5 5*-‘; htt ps. //ww» cnki. net
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FEHIR: TRIZ 437018, 58T AFERR g, BauR, hEh
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Construction and Practice of the Talent Training System

for Politics—Production—-Learning—Research—Application
Based on TRIZ

——A Case Study of Water Resource and Hydropower Engineering in
Lanzhou University of Technology

GONG Chengyong', HE Xiangru®, HAN Wei', FENG Huixia®’, FAN Xinjian'
(]‘ S('h”']l l]f I‘j—l]{'l'g_\' ?1]1(] I)(I\\'f'll I“:I’lgil]t‘t‘l'iﬂg. I,}]“ZI“]U l.‘]'lll\'{'['ﬁil_\" lif 'I‘t‘t'l'll'llJllJ;{_I\" I.H”Zh(l" {;1111:-‘!1,_ ?30050‘ {:}1‘“]“:
2. Finance and Trade Branch, Lanzhou Modern Voeational College, Lanzhou Gansu, 730300, China;
3. School of Petrochemical Engineering, Lanzhou University of Technology, Lanzhou Gansu, 730050, China)

Abstract: Based on TRIZ, proposing corresponding assumptions, illustrating the process of talent training,
established a functional analysis maodel of the teaching and learning technology system. combined the basic laws

of education and teaching, elnelll\'r,c-t] the basic links
ST« BRI e B S g SRR of talent training, and obtained the corresponding
HES N B Ear il i == S RN B e
. - — talent Imining hase content {'xplumliun and glli(lin;.{
T (20-2-2 ) BHEL RGN #2910 20201M030400 ) ' '
BT AR S A BRI ) ) A S S B

conclusions; constructed a talent training ability model,

introduced the level and J‘l‘l«"llj.l]l:'l:ihip of the model

(NSIZW2021Y-09) 5 {45 & J3 B 7T 7 Iy'-: in detail, and deseribed and expressed it with visual
B FRAL AL 4 (LTDL2020-001 ) 5 25 M HE T A2 k5 graphics; combined the actual walter conservancy and

AR PR EEHE I H . ST “—!—ig A MR B hydropower  engineering  specialty  that it depends
Frs 2 BT A e H U R i ) R on, analyzed its engineering certification and ry 1o
rr kst nh SR ICAT, o A s S R use it for production, education amd  research. The
H(( CLI2021R0017) H‘H'i' r )\‘ o Il - At ;‘-‘l{.linjLJrl construction and |'H‘£1l‘[il‘l‘ of the talent II'uiniJlg_ syslem,

Fe ol I.f'l-’n’?.i,HfJiﬂ - 0 - B - - RS R0
.)\. A R A B A R e R

and expounded the preliminary resulls and relationships
of the talent [r-.iinin;_v, syslem. It pru\'idrd a reference for

the field of education and teaching.

T‘F%T‘ﬁﬁ' -';%}JE'!E (1979 - ), U! ? "—‘ H‘Ii’ﬂ H}k Iﬁ; I T Key words: TRIZ Ih{'ul')‘; |-’J1J(]IJ('Iil:Jl—ll‘iU‘J'l'ln;i_—
Pi' Ulfi - {IJF"J‘?_ )J'ii;-: )'}\’- ) [-_?llfl MJHE ﬁ"{[ [i]_.é JL‘.’:‘T*HT 'J””l— T*M.{k. l'{'st-am-h—:'lppli('uliml; Talent [|'-.iinin,g systeim; '|'t--.i:'hin;_',
tAELE T, E=mail: mars@lutedu.cen. effect; Ability training

mEMM  hitps//www.cnki.net
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Study of the Construction Course and the Evaluation
of Teaching Effects on Integration of Specialty and
Innovation Based on TRIZ Theory

——Take Hydropower Station Course as an example

GONG Chengyong', HE Xiangnr’, LI Rennian', HAN Wei', FENG Huixia®
(1. College of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou Gansu 730050, China;
2. Finance and Trade Branch, Lanzhou Modern Voeational College, Lanzhou Gansu, 730030, China:
3. Sehool of Petrochemical Engineering, Lanzhou University of Technology, Lanzhou Gansu, 730050, China)

Abstract: Teaching on integration of specialized and innovation iz an important part of innovation and
entrepreneurship  education, and some  explorations and researches on teaching are required, which implements

integration of specialized and innovation and is effective.

ﬁﬂ;ﬁfﬁ‘—: %[ﬁl“ﬂ)@uﬁ[ }J?A’r’”ﬁff ';fﬁ”"‘}it' 'E(IU‘ME” In order o impl'uv{' the (||m|il_\r of [{'a('hing. in[rut]u('ing
TR H20-2-2); BHZEREQUET % £ 70 20201M030400 );
FUE AR SR AL BRI B O S Y S I B H
(NSJZW2021Y-09) 5 314 b5 5l o LR 277 80 sl 5k
5558 FF MO 45 (LTDL2020-001) 5 25 ML T HF W58
R R R E AR T A S A ROC T B
Frs 22 M BT AR P R R R T
Hoerpai S5 RO, B ST s A R
H (CCLI2021R0017 ).

TR Iz [I]{'{ “I.‘I ?1]1'1 il?‘ I)l'(ll}lf'm-ﬁl’l\"i"g il{l'ilﬁ, }'l['n'lll\'r,{'!é
the teaching rules and characteristics of  hydropower
course, what is a

engineering course  for  training

engineering design  ability, focus on the training of

engineering design eapabilities, realizes the construction
of specialization and integration, defining the course
teaching process as a technical system. establishes a
technical system functional  analysis model: researches

the technical system deficiencies, vsing TRIZ theory's

R ] %1

YEEBIAr: FERLH (1970 — ), 95, b, L il
Ui, B A E ARG TE T A LS A T
fr S it Beal sk

hitps:.//www.cnki.net

cause—elfect chains analysis, resource analysis, invention
principle and Su=F model and other tools, proposes

solutions  to the technical svslem deficiencies; using
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BhEk, R, XSS, B K, Fbfb, IK8YL 2R

CRBTASEFR (L5 20037)

7 B ATEFFEMCINGEN B FRENLIE MASHRLTENHEFEXURNBERERE
EREASIFLS - B, ETeEAFEHBHTERTRERE, WH A TR W REMZEERHTT
BE -
XA WBIE QURTEED: RiITRE AR HEER
DOIL:10.16243j.cnki.32-1352/g4.2020.06.016

Exploration and Practice of Cultivating Innovation Ability of

Pharmaceutical Engineering Students
Luo Xiaoyan, Song Gonghua, Liu Hongwei, Ji Yafei, Han Wei, Zhang Min, Zhao Jianhong
( School of Pharmacy, East China University of Science and Technology , Shanghai 200237 , China)

Abstract: In order to cultivate students” innovative ability, through years of exploration and practice, this
paper proposes a multirole whole-process innovative education model, as well as a four-element eyelical
development and teamwork mechanism. At the same time, based on the needs of the national college
student pharmaceutical engineering design competition, the core curriculum and practical teaching of
pharmaceutical engineering have been reformed.

Key words: pharmaceutical engineering; innovation ability; design competition; innovative education model
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Exploration on Teaching Reform of Pharmaceutical
Equipment and Engineering Design Course

Han Wei' , Song Gongh wa' Zhang D(m_}'ingz  Hu Dawen” | Ji Y}gﬁ’i'  Lhang Min', Liu Hungu:efl

( 1. School of Pharmacy, East China University of Science and Technology , Shanghai 200237, China;

2. Shanghai Pharmaceutical Group Co. , Ltd. , Shanghai 200020, China;

3. China Pharmaceutical Group Joint Engineering Co. , Ltd. , Shanghai Company, Shanghai 200233, China)

Abstract: Pharmaceutical equipment and engineering design is an important core course of engineering literacy in phammaceutical

engineering specialty. It is an applied engineering discipline 1o study the manufacturing theory and production practice of

pharmaceutical production. In order to improve the teaching effect and students * interest in thiz course, this paper makes an

analysis and discussion on the construction of teaching content, teaching methods, teaching means and evaluation system, and

strives to find a set of teaching methods suitable for the core course Pharmaceutical Equipment and Engineering Design.

Key words: pharmaceutical engineering; pharmaceutical equipment and engineering design; teaching reform; exploration
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Teaching Treatments on the Chapter" Levofloxacin' of

Chemical Pharmaceutical Technology
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Abstract: The teaching treatments on the chapter” levolloxacin’ of Chemical Pharmaceutical Technology
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Abstract: Aiming at the common problems existing in the development of new energy science and engineering in local

universities and based on the sufficient investigation and research, taking the new energy science and engineering major of Lanzhou
University of Technology as an example, thispaper analyzes the opportunities and challenges for the development of new energy
science and engineering combined with the present situation and advantages of new energy industry development in our province. The
paper also put forward the major upgrading and reconstruction needs to solve the main problems. On the basis. it constructed the
upgrading path of new energy science and engineering major in local universities under the background of new engineering and put
forward a new idea of "one body and two wings" for the upgrading and upgrading of new energy science and engineering major in
local universities. Comprehensive reform was camied out from the aspects of professional objectives and development concepts,
professional positioning and development direction, curriculum system and training mode. practice platform and innovation and
entrepreneurship. resource expansion and collaborative education and so on. It was important for promote the major transformation
upgrading and innovative development, thus serving local economic and social development.

Keywords: new engineering: new energy science and engineering; transformation and upgrading: teaching reform: local colleges

and universities

RS ET R ARSI R RIRGRIASK AR T ™, Gl BB — SR ™ (A 4

R E M

R IRITEAT, s Bl HAR K AR FHBIHT RIS TE 1
Tl I RIS A A S0, 2021 4 4 H 19 H, )i
TR A e R B RRRE
ATHLERSAR JLB AT HAT NAERM EARAE e R . 2R
L F A U B9 AR s Sl LA B R B8 1T
FTREFR L BE 2 AT IAT FRMAR R P 25 H TR
FHG, HERLEL AT ROCHR SR 05T TR R
AHE ORI BEAA, BT R
R B BERL AR BRI A TR AR Y
il ST O R TR T 1), TR F i Bk

HEME: ma{ll*”\"‘HI.IAIﬂl WKALLL R 2L R CO~CH, KA
'Ff:'Jﬁ;tl{\lmﬁwt SR (201901191041), R BLRWN
3 AA FARHGBE T (G2022B-28) |

F—EREARFR1987-) I3 UK, HR B B R3O , B0-L- 009

BT H i TR ReE
BREIREL 5 TR e THR G A2
27(GJ2020B-4)

https://www.cnki.net

AOPRER S m i TR T R iU B I R s
L JHEARNA 2R 5 R ot sh by R
FHEREE I N8l )1
“ReiAI B TR HARC UM TR SR A g H
LT 28 W B B2y o e S R o kol | o1 e A BT Rk A
SRR A RS SRR, IS R PH EE X
FESHEl AR A T . o) E R R TR
i 35 My it 2 e i S R A A Ll A SR A SEAR T[]
AMAGE S . BRI, 768 TRRY 5t MRS SRl
R EHEALTNA B B0 CPGE R ETES PO R
megﬁﬂ’fﬁj&ﬂwﬁﬂﬁlm (51906()93) SEE T E AR

o S FH B TR r? r:LTfL}J J&
B TE ffsaTL%ﬁ W{tfmﬂﬁlﬁﬁ}ﬂf‘ﬁmi\ﬂfa 555

EA I B )k R R R RO M EeE SR
o

358



518 4555 2 1) EMRR ST E S Vol. 18 No. 2
2020 44 H Experiment Science and Technology Apr. 2020

ERERIGSEE:

PV/IT ARLWF M NFEFS
B K GRS

o &, AEmE", firg't, 2ngt, hEEY, £4"
(1 2P T R el S et TR, 22 730050 2. Hlrd M S KM m s ituE R Ed D 5, =M 730050)

. E 4R T RARGE SR, Kei, SERFEME, R THAYPVT AMARERS THRER
WiRE . AT, WAEFEREAIER AN, SRR RRMREBERE . RMSHES T RS A4 s A0, KA
e At L MR COP. TR AL T FAAn00 A0 A%, JHE RS b ST A A F @i, i
FHET AR, TR AL SRS MEETIE R e A AT T, MRS RS kR P
G M Aadndndd, SRS MR, AT EF D 20, BAF LI MRS,

% 8 | b AFE; TR P Tsud; S GRS

hEFES: TKOIY CHkARER: A DOIL: 10.12179/1672-4550.20180435

Research on PV/T Heat Pump Experimental Bench to Help Students’
Learning Interest and Innovative Cultivation

ZHANG Dong"”, LI Bingyang"*, WU Jianghao"”, L1 Yaning’, NAN Junhu"’, LI Jinping "’

(1. School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou 730050, China;
2. Key Laboratory of Complementary Energy System of Biomass and Solar Energy, Lanzhou 730050, China)

Abstract: Aiming at the problems of high energy consumption, long time and low quality of traditional drying systems, this pa-
per proposes a thermal storage photovoltaic thermal integration (PV/T) solar heat pump combined drying system. Through temperat-
ure, flow, power and other sensors and data acquisition instruments, real-time recording of parameter values of key points of the sys-
tem under different environmental temperature and humidity and solar radiation conditions, to obtain key parameters affecting the heat
collection efficiency, heat pump COP, and unit energy consumption of the drying system. At the same time, it optimizes the system
control strategy and operating parameters. This experimental platform can also be expanded through modules to carry out a series of
design, comprehensive and innovative experiments and scientific research work, service course teaching and professional construction.
The experimental platform can fully mobilize the enthusiasm of students, stimulate their potential, increase their interest in learning,
and cultivate their innovative and scientific research capabilities.

Key words: photovoltaic thermal integration; heat pump; drying: learning interest; experimental teaching: innovation ability
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Abstract: The purpose of coursework was to consolidate knowledge and train skills under a background of the social value
of science and technology and knowledge education. Modern times has now entered People—oriented period, great changes have
taken place on teachers” teaching and students learning style. The traditional coursework moede can not meet the development
needs, occurring many problems such as copying homework and delayed feedback. This paper discusses the reform of coursework.
analyzing from three respects such as coursework mode, coursework content and evaluation feedback. pay attention to  the
students” real needs and  future llevelt)pment. pay attention to tleveln})mem and l]igging their own talents and [Il)li—‘.l‘lliul._ 1]

cultivate the students” prt)l'(-*:-'.si:)na] core literacy and l:(nn})re]lenﬁi\-‘e {{uulit}', to promote peoplc-'.'s own (]t—‘.\-‘e]:)pnu—‘.nl and perfection.

Keywords: modern education; coursework: student centered; coursework design; coursework evaluation feedback
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Abstract: Curriculum ideological and political construction is the basic teaching idea and main task in current higher ed-
ucation, the aims is to “cultivating people with morality". In this paper. taking Aerodynamic and Airfoil Theory that is founda-
tion course of renewable energy major for example, the construction way and effect of the classroom thought and politics are
studied by considering the factors of the course guide. patriotic feeling in course. and evaluation system of the eclassroom
thought and politics. Meanwhile. the "Learning Platform for China" is adapted to obtain the ideological education resources.
The results show that Aerodvnamic and Wind Theory with the integration of ideological and pelitical elements can not only in-

crease the interest of leaming major course, and improves students” leaming interest, but also has a positive effect on improv-

ing their academic performance and knowledge mastery.

Keywords: classroom thought and politics; specialized courses; classroom teaching
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Abstract: The basic courses of engineering majors such as Fluid Mechanics have the characteristics of difficult contents,
strong theoretical and logical nature, thus, students are often uninterested in learning, and they don’t know which theory to use
based on the background of new

when they encounter problems. Taking the course of Fluid Mechanics as an example,

engineering, the teaching innovation stralegy for basic courses of engineering majors was proposed and practiced: 1. integrating
curriculum  ideology and  politics throughout teaching, especially integrating courses and majors with more than 60 vears of
history, to establish students” professional and learning confidence; 2. the basic knowledze module of Fluid Mechanics has been
constructed to enable students to form a comprehension of relevant content. so as to consolidate their theoretical foundation; 3.
exploring special teaching cases of fluid mechanies in the professional field and the fromtier of the subject. realizing the
integration of science and education, and building the core professional competence of students; 4. relying on online course
resources, in—depth integration of modem information technology and teaching, while innovating teaching models 1o enhance
students” classroom participation and sense of acquisition. The above measures have achieved good teaching results and can
provide references for the construction and teaching of basic courses for engineering majors.

Keywords: professional basic course: historical heritage: knowledze module: teaching sample: teaching mode
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Abstract: As the basic curriculum and backbone of the majors of energy and power, Fluid Mechanics is an essential and
fundamental course for the future development of students. Computational fluid dynamics (CFD) softwareis an important and
effective tool in conducting the correlation research of fluid mechanics. In present study, the significance, advantages and
disadvantages of project—based leamning of flow mechanics in the new engineering background were [irstly discussed. and then
the paper put forward the reform ideas and practice of the project-based learning method of fluid mechanics, finally probed

into the measures of teaching and assessment of introducing CFD simulation technology into the project—based learning of fluid

r1|et'|1u|1i:':~:.
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Abstract: Teaching content and method of hydraulics curriculum for great civil engineering specialty in western
: _ : =z g 3

China should combine the engineering background and specialty characteristics, especially in loess platean areas.

There are many problems existed in present course theory and teaching process, and reforms and innovations must he

conducted to adapt to the requirement of talent cultivation under new situations. The changes in curriculum instrue—

tion should pay more attention to teaching content, teaching means, teaching methods and teaching examination.
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Abstract: Thermal Foundation is the basic subject of thermodynamics and heat transfer. which involves the basic concepts of
thermodynamics, heat balance. thermodynamic cyecle. basic theory of heat transfer and so on. Thermal Foundation is also a core
course in thermal engineering. which is of great significance for industrial production and energy utilization. In order to understand
the research hotspots and development trends of basic thermal engineering disciplines, 177 papers published in Peking University
Chinese core journals and CSSCI journals included in China National Knowledge Infrastructure ( CNKI ) were used as samples. With
the help of bibliometric analysis software CiteSpace. the visualization analysis, hotspot analysis and frontier analysis of basic thermal
engineering disciplines were carried out. Finally. the relevant research results are summarized. and some suggestions are put forward
for the future development of this field.

Keywords: Thermal Foundation: bibliometric analysis: visual analysis: CiteSpace; knowledge graph

AT IERERE TR AGE TR, RO RE IRl 7
H5TEERH— 0, HEEHA R r
hm /r"'-1111%%"":%4&4;&11-‘»%:1&1‘@. DAR TR

T-H%d?‘émi AfLAGEMRE] 17 Al SR, O R
AT LAbERE . BT 19 40 B RS ERE

WAL AR — O e I AR SR N
20 fH40 B EFSE TR R T Gt s ARF-

i%UJ SEREGUR AR TR 19 ) — N TR

o AEPCERIBRFEIR T 19 tiH42, 0 EER B S
f"‘ FﬂXf Hifeh. BT 20 el AR BT IOEET T R 2]
TRRAME RAAPVE GRS, T8 TR IRFE I A S

1 G RCE I A R RS JF R AR 0 TR
BRAE ) . X BEHEHRIRE S 0) Tl Ak M TR
7&99 T f’ﬁﬂﬁ ﬂawfw FE TR i, A Tkl
SE R AR S BR F  HE BY
‘f-’tﬁ#m F.%*-.-;L-Ekrhﬂ‘llnl@ R TRESERGE . B
2, PUTIERRREIGE TR W i — T TR R,
X TR b A TR TR S B A A S

i R AT S S iR g A A R R N 3 5
TR EORMAZ B R . EXRERTT SR, Gk AR
5 R 2088 R T IR R R FdLH 52
W fy B TR EE T L, S ) — el A A SRR AT 4
i RELI T, TR TR AR fil PR iR eh s —

PP ARAERCEN R IR AN 4, BRIy SR RAO BRI RS, thite, O TR B T LR
FASIT A I A T LRI IR DA A5 3] S 3 A 2 T EéH‘JthFM)\ TIF 9 1N 28 BB 9 4 A R 1) 2 e

LEMPO 2 Ji 1, 30T SE R ol LA A kA v, ARGz A CiteSpace BP0 T AEREHDDCHT IS4 T
HEWB . W 5 FREREY H 2 HeA o0 S pR B O T IR RS B S R R BV G I £8F9E " (NDJZW20217-26) 5 %
& ff’ B K S B 580 ] (NSJZW 2021Y

EF BT uAi(1987-) A
- 18 -

(C)1994-2024 China Academic Journal Electronic Publishing House. All rights reserved.

)
OURE TS TN B R BRI A S BIFS O e R TR AR S O MU B T

http://www.cnki.net

373



2024 5 03 f

JoU RN \’l:i:{i:?l'kllti%ﬁ-u ‘Fﬂ?\l i‘\kll i%\:'l ﬁi\ ':J—T:: I#?\“I'I'I'l TE

Bk 256

BT W ENFRERERDR “SEE” HFEREKR

Mo £ 3¢ RERS
(1.2 JTER R, TER LT 2120132)
(30 SNBSS, HOld 2= 730050)

W OE FRREFS IS LEERRA AN R RS AT E, HHEAGWRELS LAY R
fEfM. XFEU (EHTEFAARESRA) REBRITIHAE, #pHEETHUERHFS IR S I RBE RS FH
BRa bR CMERTEE, RENESERTERENUER, REBRSFFMAANHLZ R = AR, &
MR T AR SEET H¥HE, RTUARRSERA N EL T EE, AR BRAER RS
A, TEAREEHAEEFMAAZ AN RERNAFEA, AT REERTESHEEMFS TR L LR

No. 03. 2024
Sum 256

BHFMNEAIES.

REEW: FEEEEd, RUEEH, SEESFRE, £HME

HESES, 642, GT1 WAKARIRED, A

5l

20174 12 A, #EHMG T (SR B EGE TIE
TREHRE TR TR IR AN B, I B R G T
AT R Y AR EUE EOE VI RE R AR A S B R
FROERRLAE 5 AR e b2 Ay T 16 S I 2 e 1 WA
SR SE I RE IR S DALl . IR IR AT Ll i A R
ALY AR IR S TRl A, BTREBLA DG &l
PR B EHCA DT R L i S B R
FEAT LA G S U RIS, AT TR AT B A R
B REE A TR A R ORI ) (T BB R
TG AA .

“SEE" #oa il R R D R e B
(I HEFE (Streat point) . 4 FF SEF B BOHCYE RS S
X (Education) | SEHIREECE 8 B IF A 1A Fix =B
B BB B R R ( Evaluation) (95 R, A gl
P RERE R F SRR A R s ], B
THREE A IR E R “SEE” HEE AR, RERET
FOEIRRRE 5 TR iR R B eE R R b BT

L
=

fES M, B & (1w 12— ), B
P (1083 e— oy, W
AR (1987.03— ), B
HLEWA;
20228720007 ) ;

2021 HEFCH MR S R ED DSBS AT A H AR BRI TRl A B S o

NSJEW2021Y-T1)

TEHS, 2005-9052 (2024) 03-0148-03

B | DR BB i 0 R A DR B T
UM TEE = B BU LY, fesh i L ET R SRR
Fhae 5 TR Gl i e M A BLa 2

—, (£ REFARESEA) REBHH
FHR

(—) BROEREMBBTESE

B ek moh R BARMER S, IT AR
HA R B AN I F 25 LT, AR AE R S Rk
FifffE (BECCS) #ElhA “Rawe™ Hérdh 094 H 25
b, R RE R R S Ay IR R R Y
HOE M TR AR T S [ 2050 AR T RELE S
REIEF H & Feik 50993, @ T [l 2R E i
A LA Sy 2 ) A 2R R LA A R R AR
B B T P P A B TE 3 A IR 2R R R
e ol R T A Ll AR IR S A A LR 1 )
SRIT . PO HEE VAN R R TR PR AR B G T
TEAREIRER Y . R IR RO T e e s
SrEFMEREEITE.

B [ N B N (U ) T P B8 158 & 8 A

CIDMERETA, Mb, RE, BFFE I R R L,

LCHHrE R, Mk, BIEEE, WS RIRTUR S SR

2022 ST R SRR ORI F CSERT MERAY (RSN RAE S A P R R (W H NS

[RITNEE AN

LA 2021 4E R SR S S IRE -l PR AR S TR B R RO (AT 20211620008 )

— 148 —

374



