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Abstract: This study delves into the drag-reducing properties of nickel plating coatings applied
to hydraulic pipelines. To investigate the drag reduction characteristics of pipeline coatings, we
designed a specialized experimental apparatus to conduct deceleration experiments. The primary
objective was to systematically assess the drag reduction effect of varying coating thicknesses on
liquid flow within the pipeline. Chemical nickel plating was employed for preparing drag reduction
coatings with diverse thicknesses, achieved through precise adjustments in the composition and
operating conditions of the plating solution. In the design of the experimental apparatus, careful
consideration was given to crucial parameters such as the inner diameter of the pipeline, the inlet
flow rate, and the control of experimental variables. It quantitatively assesses how varying coating
thicknesses, flow velocities, and pipeline diameters impact the pipelines’ resistance to flow. By
meticulously measuring the pressure differential across the pipeline, the research evaluates the extent
of drag reduction afforded by the coatings and simultaneously elucidates the underlying mechanisms.
Findings indicate a peak drag reduction rate of 5% under conditions of a 20 µm-thick nickel coating,
5 m/s flow velocity, and a 10 mm pipeline diameter. This study aims to comprehend how coatings
affect linear losses along the pipeline, thereby establishing the groundwork for optimizing drag
reduction technology. These outcomes highlight the coatings’ potential to mitigate linear losses due to
shear stress during fluid transport, offering a viable solution to enhance hydraulic pipeline efficiency
with significant industrial implications.

Keywords: hydraulic pipeline efficiency; nickel coating drag reduction; linear loss mitigation; shear
stress reduction mechanism

1. Introduction

In contemporary engineering applications, hydraulic systems are widely employed
in various mechanical equipment. In their endeavor to optimize the performance of
hydraulic systems [1], researchers have focused on the drag reduction capabilities of
hydraulic pipelines. This choice arises from the fact that the resistance within pipelines
directly impacts fluid movement, and reducing this resistance is crucial for enhancing the
efficiency of hydraulic systems [2]. Drag reduction technologies [3,4], notably coatings,
are integral to fluid mechanics, targeting energy conservation and enhanced flow within
pipeline systems. These coatings function by modulating the fluid’s interaction with the
pipeline walls, diminishing shear forces and fluid resistance across flow layers [5]. Their
adoption is widespread across the aerospace, automotive, maritime, and wind energy
industries [6,7], proving crucial for system efficiency and performance [8,9]. The efficacy of
drag reduction coatings is contingent on the synthesis process, material substrates [10,11],
and coating thickness, which influence adhesion and longevity. Operational factors like
temperature, pressure, and flow velocity also critically impact the coating’s stability and
performance. Overall, drag reduction coating [12], as a significant technical approach,
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necessitates a comprehensive consideration of the production process, substrate selection,
coating thickness, and real-world application conditions to achieve and sustain peak
performance across diverse implementation scenarios.

Domestic and international scholars have investigated drag-reducing coatings in re-
cent years. Hansen et al. [13] described investigating the dynamics of turbulent shear flows
over non-smooth surfaces. The interaction of a turbulent boundary layer with a compliant
surface is studied experimentally in a rotating disk geometry. A hydroelastic instability, in
the form of a wave structure in the compliant surface-liquid interface, develops when the
quotient (free stream fluid velocity) × (square root of the liquid density)/(square root of
the shear modulus of the compliant material) exceeds a critical value. Li et al. [14] studied
the analysis of the drag reduction performance of the bionic flexible coating. Inspired by
dolphins, five bionic loose layers with drag reduction performance were designed and
manufactured, focusing on the flexible coating of the mechanical properties that affect
the station of flow. Selecting the aluminum disk without any coating as a reference, nu-
merical simulation methods were introduced to explore the drag reduction mechanism of
the bionic flexible coating. The results indicate that the drag reduction ratio is 21.6% at a
rotation velocity of 50 rpm. Under the action of frictional resistance, the coating of elastic
deformation caused by the viscoelasticity of the coating, like the dolphin skin, results in
a decrease in the frictional resistance of the wall. Saadatbakhsh et al. [8] aimed to study
the drag reduction in a superhydrophobic nanocomposite coating for engineering appli-
cations. The superhydrophobic properties of fabricated surfaces are investigated through
different Polydimethylsiloxane/hydroph-obic silica nanoparticle ratios. Drag reduction
tests showed that the air layer placed at the water-superhydrophobic interface was stable
in front of wall shear stress up to 11 Pa. The maximum drag reduction and slip length were
measured at about 25% and 70 µm, respectively. Lv et al. [15] proposed a facile method
of constructing a composite layer consisting of a zinc coating and a superhydrophobic
surface on a steel surface. A geopolymer-based zinc coating was precoated on the steel
surface, and sand particles were used to form a rough microstructure. The results show
that the designed steel coating displayed a 45% drag reduction rate, 98% superhydrophobic
repairability, and excellent corrosion protection. Rowin et al. [16] developed a novel coating
that bonds drag-reducing polymers to metallic surfaces. A large DR of 19% occurred in the
first 10 min of the tests and was then gradually reduced to zero within an hour. Increasing
Re resulted in a greater initial DR that spanned over a shorter duration, potentially due
to the faster dissolving rate of the polymer coating. By conducting model tests with a hy-
drofoil boat and a speedboat, Vakarelski et al. [4] demonstrated that applying nanoparticle
deposition-based superhydrophobic coatings to marine vessels can also lead to hydrody-
namic effects that significantly increase drag. Ott et al. [17] used a blend of computational
fluid dynamics simulations and optimization techniques to refine the size and structure
of shark skin, aiming to minimize drag. Results show that by changing the size, shape,
and orientation of the denticles, the boundary layer can be altered, thereby reducing drag.
This research demonstrates that denticles play a similar role as vortex generators in ener-
gizing the boundary layer to decrease drag. Gu et al. [18] systematically categorized the
mechanisms governing drag-reducing agents and the variables influencing drag-reduction
characteristics. Their primary focus was on a drag-reducing agent combined with a poly-
mer and a surfactant, encompassing mechanism modeling, drag-reduction attributes, and
anti-degradation properties. Wang et al. [19] proposed a straightforward bionics-inspired
methodology to create a bionic superhydrophobic surface with drag-reduction capabilities,
offering valuable insights for the development of underwater drag-reducing characters.
Zhu et al. [20] introduced various representative flora and fauna exhibiting low drag sur-
faces found in nature, emphasizing their patterns for drag reduction. The ongoing research
into drag-reducing surfaces has notably advanced the efficacy of diverse surface designs
in mitigating drag in recent years. Surface modification through nickel plating [21,22] has
emerged as a promising technique for mitigating linear loss in hydraulic pipelines [23,24].
Applying nickel-plated coatings to pipeline surfaces, especially in hydraulic and various
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fluid transfer systems, is a crucial optimization strategy. Its ability to generate a nickel
layer significantly enhances fluid behavior on these surfaces. Within hydraulic systems,
integrating nickel-plated coatings on pipeline surfaces augments fluid transportation effi-
ciency, thereby reducing energy consumption, improving operational effectiveness, and
amplifying system performance. This coating fosters smoother, more durable pipeline
surfaces, minimizing energy dissipation during fluid conveyance and ensuring sustained
system functionality. Incorporating nickel-plated layers in hydraulic lines and other fluid
transfer systems aims to optimize fluid dynamics while mitigating energy usage. Embrac-
ing this technology contributes to more sustainable and efficient fluid conveyance and
system operation. This study aims to systematically evaluate how variations in nickel
coating thickness affect pipeline drag reduction. It is hypothesized that coating thickness is
a determinant of performance; thus, its impact on linear loss will be quantitatively assessed.
The study will investigate how flow velocity and pipeline diameter changes influence linear
loss, aiming to understand the interplay of these variables on drag reduction outcomes.
While metal coatings have been widely used in drag reduction research, a notable gap exists
in investigating mitigating energy losses in hydraulic pipelines. The processed pipeline
involves a slight inner wall coating, focusing on drag reduction in the internal flow field,
especially given the high hydraulic system pressures. Previous studies have yielded highly
reliable research conclusions in this domain. The significance of the research presented in
this paper lies in its crucial implications for enhancing the efficiency of hydraulic pipelines,
thereby addressing an essential aspect of hydraulic system optimization. The empirical
research conducted here seeks to offer a holistic understanding of the factors affecting
drag reduction in hydraulic systems. The findings are expected to refine the application of
nickel coatings, yielding actionable insights for enhanced engineering practices. Applying
chemical nickel-plated coatings to steel pipes in hydraulic systems is essential in practical
applications. These coatings reduce friction resistance in the hydraulic pipeline, improving
system efficiency. This is crucial for reducing energy consumption and enhancing hydraulic
system performance, especially in high-pressure environments. The smooth surface created
by the coating enhances liquid flow within the pipeline, positively impacting the response
speed of the hydraulic system and reducing overall fluid resistance. This research validates
the feasibility and effectiveness of these findings in real-world engineering applications.
Integrating nickel-plated coatings on steel tubes in hydraulic systems represents a promis-
ing technological innovation expected to actively contribute to increased system reliability,
reduced maintenance costs, and improved energy efficiency.

2. Drag Reduction Experiment with Nickel Plating Coating
2.1. Preparation of Nickel Plating Coating

This study explores the process of preparing nickel-plated coatings [25,26] on the inner
walls of pipelines using a chemical plating technique [27,28]. The processing method of
chemical nickel plating is used because the inner coating of the pipe wall in this paper is not
easy to process. The method of chemical nickel plating can ensure the quality of the coating
so that it can achieve the effect of drag reduction. The investigation focused on utilizing
45# hydraulic steel tubing as the primary metal substrate, renowned for its exceptional
mechanical properties and corrosion resistance within hydraulic systems. Chemical plating
entails depositing metal ions from a plating-coating solution onto the substrate’s surface,
creating a uniform and dense coating. This method, conducted at room temperature,
offers superior control and uniformity compared to alternative plating methods. The study
leveraged the benefits of chemical plating to apply nickel to the inner wall surface of the 45#
hydraulic steel tubing to enhance fluid flow efficiency within the pipeline. I was achieving
precise control over the thickness and uniformity of the plating layer, which involved
strategically selecting plating and coating process parameters and tailoring the composition
of plating and coating solutions to meet diverse engineering demands. Adopting chemical
plating for developing nickel coatings on inner pipeline walls offers an effective solution
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to augment pipeline performance and reliability. This technological approach serves as a
gateway to advancing hydraulic systems and improving piping systems.

The process, depicted in Figure 1, encompasses several meticulous steps: (a) thorough
pretreatment, including mechanical buffing, acid washing, and water rinsing, to achieve a
contaminant-free surface; (b) preparation of a plating solution rich in nickel salts and other
additives, to modulate the final coating’s attributes; (c) submerging the pretreated pipeline
in the nickel solution at room temperature; (d) chemical reduction in nickel ions, leading to
their accumulation on the steel’s surface, resulting in a progressive formation of the coating;
(e) post-deposition washing to strip away any lingering solution and impurities, thereby
enhancing the coating’s purity; (f) drying the coat to bolster its density and adherence.
Therefore, it is possible to measure the pressure value of the pipeline to assess the linear
loss. To explore the effect of coating thickness on the drag reduction effect, the research
applies layers of 10 µm, 20 µm, and 30 µm, ensuring the generation of consistent nickel
plating within the pipeline. Nickel plating advances in 10 µm increments, necessitating an
extra procedure for every additional 10 µm thickness. To achieve a 20 µm thick coating,
a secondary chemical nickel plating process is required following the initial preparation
of the 10 µm pipeline. Likewise, to reach a 30 µm-thick coating, an additional chemical
nickel plating process is needed after the initial 20 µm. This technologically sophisticated
procedure aims to elevate the pipeline’s resistance to corrosion and overall performance
and serves as a significant methodological contribution to engineering practices.
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Figure 1. Preparation process of nickel plating coating.

2.2. Drag Reduction Experiment with Nickel Plating Coating

An experimental setup is established to investigate the drag reduction effects of nickel
coatings in hydraulic pipelines. The design measures the pressure difference across a hori-
zontal circular pipeline to quantify drag reduction based on the principle that mechanical
energy consists of kinetic and potential energy, with the latter encompassing both pressure
and gravitational components. Since flow velocity and gravity are constants, only the
pressure component is varied. Consequently, assessing pressure loss directly measures
linear loss within the pipeline. Therefore, the linear loss can be evaluated by measuring the
value of the pipeline pressure difference.

Figure 2 presents the design of an experimental setup for assessing drag reduction in
hydraulic pipelines, featuring schematic 2a and physical 2b diagrams. The comprehensive
system incorporates a power subsystem with a motor and pump, a control subsystem
with valves to regulate force and flow, and an auxiliary subsystem consisting of an accu-
mulator, filter, oil tank, temperature sensor, and stirrer for energy storage, fluid filtration,
temperature control, and heat dissipation. Instruments such as pressure gauges, differen-
tial pressure sensors, and flow meters are deployed to quantify the pipeline’s operational
parameters. A data acquisition unit is installed for real-time data collection, enabling contin-
uous monitoring of pressure variations, oil tank temperature, and flow velocity throughout
the experiment. The collective framework of power, control, and auxiliary subsystems is
centralized around the fuel tank, linked by hoses to the test pipeline. This allows for direct
pressure measurement and loss detection at both pipeline ends. The critical parameters
that govern the experimental system are detailed in Table 1.



Lubricants 2024, 12, 37 5 of 14

Lubricants 2024, 12, x FOR PEER REVIEW 5 of 14 
 

 

 

system incorporates a power subsystem with a motor and pump, a control subsystem with 
valves to regulate force and flow, and an auxiliary subsystem consisting of an accumula-
tor, filter, oil tank, temperature sensor, and stirrer for energy storage, fluid filtration, tem-
perature control, and heat dissipation. Instruments such as pressure gauges, differential 
pressure sensors, and flow meters are deployed to quantify the pipeline’s operational pa-
rameters. A data acquisition unit is installed for real-time data collection, enabling contin-
uous monitoring of pressure variations, oil tank temperature, and flow velocity through-
out the experiment. The collective framework of power, control, and auxiliary subsystems 
is centralized around the fuel tank, linked by hoses to the test pipeline. This allows for 
direct pressure measurement and loss detection at both pipeline ends. The critical param-
eters that govern the experimental system are detailed in Table 1. 

 
(a) 

  
(b) 

Figure 2. Linear loss of a liquid pipeline. (a) Schematic diagram. (b) Physical diagram. 

Table 1. Test platform parameters. 

Control and Data Acquisition System Motor Hydraulic Pump 

Figure 2. Linear loss of a liquid pipeline. (a) Schematic diagram. (b) Physical diagram.

Table 1. Test platform parameters.

Control and Data Acquisition System Motor Hydraulic Pump

Pressure Sensor Differential Pressure Sensor Flowmeter Power Pressure Pump
Volume

pmax/MPa Measurement
accuracy pmax/MPa Measurement

accuracy Qmax/(m3/h) PN/kW pmax/MPa Vpmax/(mL/r)

6 0.4% FS 250 0.075% FS 40 3 16 16.3

This study investigates how various parameters affect the drag reduction in circular
pipelines with laminar flow (Reynolds numbers Re < 2300). It utilizes seamless steel
pipelines of uniform length but varying internal diameters for experimentation. The
research evaluates the impact of different nickel coating thicknesses, pipeline diameters,
and flow velocities on the linear losses within a hydraulic pipeline. By analyzing data
across these variables, the study aims to discern their relative effects on drag reduction,
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thus contributing empirical data and theoretical insights to the field of fluid dynamics as it
pertains to coating technologies for drag reduction.

The experimental setup includes pipelines of 1 m in length (l) with diameters (d) of
8 mm, 9 mm, and 10 mm, coatings of 10 µm, 20 µm, and 30 µm thicknesses (δ), and flow
velocities (v) set at 5 m/s, 4 m/s, and 3 m/s, with an inlet pressure maintained at 5 MPa.
Considering various factors, the selected inner diameter of the hydraulic steel pipeline is
intended to sustain a laminar flow state. The pressures and flow rates employed in the
experiments mirrored the standard operational parameters of the hydraulic system. A
piping length of 1 m is sufficient for the oil to reach a fully developed flow upon entering
and exiting the pipeline. When fluid is transported through pipelines, achieving a stable,
predictable flow relies on sufficient pipeline length. This allows the fluid to reach a fully
developed flow state by traveling within the pipeline, gradually conforming to its shape
and dimensions, and stabilizing velocity, pressure, and distribution. Inadequate pipeline
length can impede the fluid from fully adapting to the pipeline’s characteristics, leading to
irregular flow patterns. This irregularity can heighten resistance during oil transportation,
compromising flow efficiency and causing pressure fluctuations or uneven velocity distri-
bution within the pipeline. Therefore, considering sufficient pipeline length in pipeline
design is critical to ensuring consistent fluid flow. Optimal pipeline length contributes to
improved fluid uniformity, reduced energy dissipation during fluid movement, and the
maintenance of a stable flow regime throughout conveyance, ultimately enhancing the
efficiency and reliability of the entire system. Choosing the correct pipe diameter and flow
rate is crucial for enhancing hydraulic system performance and should align with the type
of nickel selected in the electroplating process. Adjusting the pipeline diameter and flow
rate effectively reduces losses. Coating addition aims to reduce drag by modifying surface
smoothness and friction coefficient. The selected nickel coatings in the electroplating pro-
cess complement each other for optimal performance. Coordination between the chosen
coating, pipe diameter, and flow rate-matching liquid properties is essential for the most
effective resistance reduction.

The study was meticulously designed to examine the drag-reducing potential of nickel
coatings applied to hydraulic pipelines, specifically investigating the effects of varying
coating thickness as the primary variable. Simultaneously, the research encompassed the
assessment of pipeline diameters and flow velocities, recognized as crucial quantitative
parameters under examination. The experimental framework was devised to deeply
investigate how alterations in nickel coating thickness influence drag reduction within
hydraulic pipelines. The study aimed to untangle the complex interrelationships among
these variables by systematically manipulating coating thickness while considering diverse
pipeline diameters and flow velocities. The overarching goal was to identify optimal
conditions that minimize drag and enhance the overall efficiency of fluid flow in pipelines.
This research aimed to provide comprehensive insights into the effectiveness of nickel
coatings in reducing drag within hydraulic systems, with meticulous analysis and precise
control of variables contributing to this fundamental understanding.

3. Experiment Results and Drag Reduction Mechanism
3.1. Experiment Results

The study rigorously examines how coating thickness, pipeline diameter, and flow
velocity variations influence drag reduction. A robust experimental protocol is enacted
to ensure result precision and consistency. The pipeline for this experiment selected three
samples. Each sample underwent ten tests under various parameters, and each sample’s
10 sets of data were averaged. Subsequently, the average data of the three samples was
calculated. Each set of experimental data falls within a reasonable error range. Upon
reaching a steady temperature of 40 ◦C, pressure differentials are measured 10 times to
average out fluctuations and secure stable outcomes. This repeated measurement approach
negates anomalies, resulting in dependable and reproducible data. The aggregate findings
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in Table 2 reflect these methodically averaged results, underscoring the study’s commitment
to experiment results.

Table 2. Pressure difference.

d 8 mm 9 mm 10 mm

v ∆p (kPa)

δ
Coating

Free
10 µm 20 µm 30 µm Coating

Free
10 µm 20 µm 30 µm Coating

Free
10 µm 20 µm 30 µm

5 m/s 113.31 110.76 108.51 109.13 91.24 88.91 86.88 87.62 73.47 70.79 69.78 70.33
4 m/s 90.40 88.58 87.21 88.12 71.45 69.77 68.21 68.83 59.98 58.23 57.06 57.54
3 m/s 68.24 66.89 65.86 66.70 54.18 53.01 51.87 52.32 43.74 42.66 41.74 42.07

This study used data from Table 2 to compare differential pressure values observed
with and without coatings. Subsequently, it computed the drag reduction performance of
nickel-plated coatings across varying coating thicknesses, pipeline diameters, and fluid
flow rates, culminating in the presentation of findings in Table 3. This study achieved an
unbiased evaluation of the nickel coating’s impact on fluid flow through a comprehensive
comparison and analysis of differential pressure in coated versus uncoated scenarios.
The calculation of drag reduction rates, indicative of the coating’s efficacy in mitigating
pipeline resistance, was meticulously executed, considering diverse coating thicknesses,
pipeline diameters, and fluid flow conditions. These systematically calculated values are
meticulously arranged in Table 3, illustrating the influence of nickel-plated coatings on
pipeline fluid flow across diverse scenarios.

Table 3. Drag reduction rate.

d 8 mm 9 mm 10mm

v η

δ
Coating

Free
10 µm 20 µm 30 µm Coating

Free
10 µm 20 µm 30 µm Coating

Free
10 µm 20 µm 30 µm

5 m/s 2.25% 4.24% 3.69% 2.55% 4.78% 3.97% 3.65% 5.02% 4.27% 2.25% 4.24% 3.69%
4 m/s 2.01% 3.53% 2.52% 2.35% 4.53% 3.67% 2.92% 4.87% 4.07% 2.01% 3.53% 2.52%
3 m/s 1.98% 3.49% 2.26% 2.16% 4.26% 3.43% 2.47% 4.57% 3.82% 1.98% 3.49% 2.26%

Drag reduction rate η(η =
∆pcoating free−∆pcoating

∆pcoating free
) is shown in Table 3 as follows:

This research evaluates how different factors like coating thickness, pipeline diam-
eter, and flow velocity impact drag reduction in hydraulic systems. The study indicates
that nickel coating leads to lower pressure differences and less linear loss than uncoated
pipelines (∆pcoating < ∆pcoating free). However, increasing the coating thickness does not
always enhance drag reduction; it first lowers the pressure difference and then raises it
(∆p20 > ∆p30 > ∆p10 > ∆pcoating free), with the drag reduction rate peaking and then declin-
ing (η20 > η30 > η10). An optimal coating thickness (δ) of 20 µm achieves a maximum 5%
drag reduction (η) at a 10 mm pipeline diameter (d) and 5 m/s flow velocity (v).

When the coating thickness and inlet flow velocity are constant but the pipeline diame-
ter increases, there is a corresponding decrease in the pressure difference (∆p8 < ∆p9 < ∆p10)
and an increase in the drag reduction rate (η8 < η9 < η10), underscoring the significant
impact of pipeline diameter on pressure drop and drag reduction in hydraulic systems.
Larger diameters appear to yield better drag reduction outcomes.

Similarly, with a constant coating thickness and pipeline diameter, an increase in inlet
flow velocity results in a higher pressure difference (∆p3 < ∆p4 < ∆p5) and an ascending
drag reduction rate (η3 < η4 < η5), showing that flow velocity also plays a critical role in the
system’s pressure drop and can enhance drag reduction within certain limits.

These observations confirm that coating thickness, pipeline diameter, and inlet flow
velocity significantly influence the pressure difference and drag reduction rate. They
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should be carefully balanced in the design and optimization of hydraulic systems. A
disproportionate increase in coating thickness might introduce unnecessary costs and
complexities without commensurate benefits in drag reduction, pointing to the importance
of optimizing these parameters for practical applications.

3.2. Analysis of the Drag Reduction Mechanism

Frictional drag results from internal friction and is evaluated through simulations of
internal fluid flow. The focus revolves around examining the characteristics of linear loss,
necessitating the study of an incompressible, uniformly flowing fluid within a horizontally
arranged, constant-diameter, straight pipeline. This pipeline maintains a consistent circular
cross-sectional shape with an unchanging length and diameter. “Incompressible” signifies
a constant fluid density, while “equidistant straight pipeline” indicates the pipeline’s
sustained diameter. The term “constant flow” refers to the continual state of fluid flow
within the channel. In Figure 3, sections 1 and 2 represent the inlet and outlet at z. The
average flow velocity within the pipeline section progresses along the x-axis direction.
Given the constant pipeline diameter, it is known from the continuity equation that v1 = v2.
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The total energy of the fluid (kinetic, pressure, and potential) will decrease as the fluid
flows from Section 1 to Section 2, which is expressed according to Bernoulli’s equation
listed as Equation (1) [29]:

z1 +
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ρg
+

v1
2

2g
= z2 +

p2

ρg
+

v2
2

2g
+ h f (1)

where p1 and p2 are the pressures at the ends of the pipeline (Pa), ρ is the fluid density
(kg/m3), v1 and v2 are the flow velocities at two points (m/s), g is the acceleration of gravity
(m/s2), z1 and z2 are the positions of the two cross sections (m), and hf is the linear loss.
If a circular pipeline placed horizontally has z1 = z2, ν1 = ν2, then the above formula is
expressed as Equation (2):

h f = z1 +
p1

ρg
+

ν1
2

2g
−

(
z2 +

p2

ρg
+

ν2
2

2g

)
=

∆p
ρg

(2)

where ∆p is the linear loss, ρ is the fluid density, g is the acceleration of gravity, and hf is the
linear loss.

The equation for linear loss for laminar flow in a circular tube is used to calculate the
energy loss due to resistance during the along-travel flow of a fluid in a circular pipeline.
Firstly, it is necessary to calculate the Reynolds number (Re), which is the ratio of the
inertial and viscous forces of the fluid and represents the flow state of the fluid, calculated
as Equation (3) [29]:

Re =
ρvd
µ

(3)

where ρ is the fluid density, v is the fluid velocity, d is the diameter of the circular tube, and
µ is the fluid viscosity. The flow state of the fluid can be determined from the magnitude of
Re < 2300, and the liquid is in a laminar flow state.
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The linear loss can be calculated using the Darcy–Weisbach equation, which, when
brought into Equation (2), can be derived as Equation (4):

h f = λ
l
d

ν2

2g
=

∆p
ρg

(4)

∆p = λ
lρv2

2d
(5)

where λ is the coefficient of head loss along the course; l is the length of the pipeline
between the two pressure measurement points; d is the diameter of the pipeline; v is the
average flow velocity of the section; g is the acceleration of gravity, taken as 9.81 m/s2.

The drag coefficient equation describes the relationship between the drag coefficient
and the roughness of the inner pipeline wall in laminar flow. This coefficient, associated
with fluid properties and the inner wall of the pipeline, measures the resistance created
by the liquid’s motion within the channel. In scenarios with smooth wall conditions,
where there’s minimal friction between the fluid and the wall, determining the resistance
coefficient along the path during laminar flow is commonly feasible using the Darcy–
Weisbach formula, as in Equation (6) [29]:

λ =
64
Re

(6)

Bringing Equation (6) into Equation (5), the pressure loss for laminar flow in a circular
pipeline can be obtained as Equation (7):

∆p =
64
Re

lρv2

2d
=

32lρvµ

ρνd2 =
32µlv

d2 (7)

Based on the law of conservation of mass and the continuity equation, the equation
for the average flow in a circular section can be derived as Equation (8) [29]:

Q = A · v =
πd2v

4
(8)

where Q denotes flow rate, A denotes cross-sectional area, and v denotes flow velocity. For
circular interfaces, d is the cross-sectional diameter.

Bringing Equation (8) into Poise Tuille’s law also gives the pressure loss for laminar
flow in a circular tube as:

∆p =
128µlQ
πd4 =

128µl
πd4

πd2v
4

=
32µlv

d2 (9)

As per Equation (7), the differential pressure’s magnitude correlates with the flow
velocity and the pipeline diameter. Specifically, the differential pressure shows a direct pro-
portionality to the square of the flow velocity. When the pipeline diameter remains constant,
higher flow rates amplify losses, resulting in increased pressure discrepancies. Conversely,
the pressure demonstrates an inverse relationship with the pipeline diameter. Therefore,
losses diminish with a consistent fluid flow rate as the pipeline diameter increases. The
trends observed in Table 2 consistently validate and support Equation (7). Additionally,
when maintaining a constant coating thickness and inlet flow rate, the differential pressure
decreases as the pipeline diameter increases. Similarly, with a continuous coating thickness
and pipeline diameter, the differential pressure rises as the flow rate increases.

Accessing the information, the absolute roughness of the inner surface of the new
seamless steel pipeline is approximately between 0.01 and 0.02 mm, where the surface
particles, averaging about 20 µm high, are modeled as uniform arc-shaped protrusions
(Figure 4). This model enables a more precise evaluation of how the coating fills and covers
the pipeline’s roughness, determining the ideal thickness for practical and durable coverage.
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The findings suggest that the roughness level is critical to determining the necessary coating
thickness, which must be ample to envelop the pipeline’s uneven texture, ensuring the
coating’s performance and longevity. The roughness of the coated pipeline changes. With
coating thicknesses of 10 µm and 20 µm, the roughness decreases. However, at a coating
thickness of 30 µm, the coating covers the surface roughness, resulting in a smooth pipeline.
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Figure 4. Cross-sectional view of the pipeline interior. (a) True texture of the internal wall.
(b) Simplified representation of the internal wall.

Figure 5 depicts the axial cross-section of a pipeline, where the flow within is charac-
terized as laminar. Given the no-slip condition at the wall, the adjacent oil layer remains
still, with the flow velocity of subsequent layers increasing progressively away from the
wall in the standard (y) direction. This creates a boundary layer extending across the entire
pipeline, which can induce turbulence near the border.
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Figure 5. The internal flow of the pipeline.

Figure 6 illustrates a fluid section of length ∆x inside a pipeline with radius R, where
the flow is steady and laminar. The inlet pressure is p1, and the friction coefficient between
the pipeline and the pipeline wall is µ. The pressure gradient is consistent along the flow’s
direction, leading to an outlet pressure represented by Equation (10). This gives rise to
a pressure difference across the pipeline length, as shown in Equation (11). The shear
force F at the wall arises due to the friction between the fluid and the pipeline, which is
Equation (12).

p2 = p +
∂p
∂x

∆x (10)

∆p =
∂p
∂x

∆x (11)

F = µ · 2πR∆x (12)
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Figure 6. Shear stress.

Given the laminar flow without velocity changes, the net force equals 0, simplifying
Equations (13) and (14). The velocity of the oil near any surface irregularities is divided
into components along the flow vx and perpendicular to vy (Figure 6). The more significant
the velocity gradient in the x direction of flow (dvx0/dt > dvx10/dt > dvx20/dt) corresponds
to a higher friction coefficient, a thinner boundary layer, and more significant shear stress
between adjacent flow layers. An increase in vy, the velocity component perpendicular
to the flow, enhances momentum exchange between layers, equalizing the velocities and
reducing shear stress.

∂p
∂x

∆x · πR2 = µ · 2πR∆x (13)

µ =
R
2

∂p
∂x

(14)

The velocity of the oil near any surface irregularities is divided into components along
the flow vx and perpendicular to vy (Figure 7). The more significant the velocity gradient
in the x direction of flow (dvx0/dt > dvx10/dt > dvx20/dt) corresponds to a higher friction
coefficient, a thinner boundary layer, and more significant shear stress between adjacent
flow layers. An increase in vy, the velocity component perpendicular to the flow, enhances
momentum exchange between layers, equalizing the velocities and reducing shear stress. In
Figure 7, the red arrows depict momentum interactions, whereas the yellow dots represent
intermolecular thermal motion.
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In Figure 8, the distance Sx from the bottom to the top of any surface irregularities
diminishes, resulting in a reduced pressure difference (p1 > p2 > p3) along the flow direction.
With a thicker coating, the flow’s velocity gradient next to these protrusions decreases
in the x direction, while momentum exchange continues in the y direction. These two
effects lead to a drop in shear stress and flow resistance over the protrusions. The optimal
drag reduction is observed with a 20 µm coating, where the pipeline surface becomes
smoother, reducing turbulence. At 30 µm, despite a further smoothed surface, the velocity
vy effectively reaches 0, causing momentum exchange to diminish and rely solely on
molecular motion, which decreases the drag reduction effect. Nonetheless, this effect
remains superior to that observed with thinner coatings of 10 µm and uncoated pipelines.
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Furthermore, the internal pressure and the pressure gradient escalate when the
pipeline’s diameter expands or its flow rate quickens under unchanged conditions. This
increase results in a more significant pressure difference (d∆p/dx) around protrusions.
The pressure variation around these particles increases as the pressure gradient increases.
Under these conditions, the drag reduction becomes more marked as the coating proves
more effective in reducing fluid flow resistance at elevated pressure gradients.

4. Conclusions

This study provides an in-depth examination of nickel plating coatings’ efficacy in
minimizing linear losses within hydraulic pipelines, focusing on the effects of coating thick-
ness, pipeline diameter, and flow velocity on drag reduction. The research indicates that
employing nickel-coated pipelines can effectively lower pressure differentials compared
to uncoated ones. This decrease in pressure difference directly correlates with reduced
linear losses within the system. The primary cause of the decrease in pressure difference
is the reduction in overall loss along the pipeline. Formula (2) in Section 3 elucidates
the relationship between these two factors. Nickel plating demonstrates the capability to
diminish losses along hydraulic lines and optimize fluid flow. An optimal coating thickness
of 20 µm achieves a maximum 5% drag reduction at a 10 mm pipeline diameter and 5 m/s
flow velocity. The optimal drag reduction is observed with a 20 µm coating; at 30 µm,
this effect remains superior to that observed with thinner coatings of 10 µm and uncoated
pipelines. The diameter of the line and the inlet flow rate impact the losses incurred during
line travel. Enlarging the line diameter or augmenting the flow rate will alleviate losses
along the hydraulic line. Simultaneously, the study shows that both pipeline diameter
and flow velocity significantly affect drag reduction, with increases in either leading to
improved rates. This emphasizes the importance of careful diameter and velocity selections
to enhance hydraulic system performance.

These insights are pivotal for refining drag reduction strategies in hydraulic systems
and recommending tailored adjustments of coating parameters to suit specific operational
requirements. The conclusions drawn here serve as a resource for engineering design,
contributing to the enhanced efficiency of hydraulic pipelines. The research results of
this paper provide a reliable reference for using coatings to reduce hydraulic pipeline
losses, which is highly beneficial for drag reduction technology research. However, the
method used to minimize losses in hydraulic hoses has limitations. In this study, the
coating underwent chemical nickel plating as part of the processing methodology. The
limitations of the processing technology constrained the coating thickness, and there was
no exploration or comparison of thickness variations across other dimensions. Future
research endeavors could explore more rational processing techniques, such as composite
metal coatings, to increase coating thickness and enhance drag reduction capabilities.
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