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Abstract: Compressed-air energy storage and other energy storage technologies play crucial roles
in the use of renewable energy sources. As a key component in energy storage technology, the
throttle valve plays an important role in throttling and reducing the pressure. The proposed method
incorporates a throttle valve without relative motion based on the auxetic tubular structure. The
fundamental principle of the method is to exploit the elastic deformation characteristics of the auxetic
tubular structure to achieve flow control. When the structure is subjected to tension or compression,
its diameter changes, thereby altering the dimensions of the valve, and regulating the flow rate. To
assess the efficacy of the proposed method, a geometrical analysis is conducted. A prototype of
the flow control device, incorporating an auxetic tubular structure, is fabricated using 3D printing
technology. Experimental tests substantiate the performance of the proposed flow control method,
demonstrating excellent linearity and repeatability. The results of this study indicate the potential
applications of this method in throttling, further highlighting the importance and feasibility of the

check for utilization of elastic deformation in auxetic structures as a method to achieve predictable motion.
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The extensive use of traditional energy sources is one of the causes of current energy
Academic Editor: Jaroslaw and environmental issues, leading to increased attention being given to renewable energy
Krzywanski sources. The intermittency and instability of some renewable energy sources, such as solar,

wind, and wave energy, have driven the development of energy storage technologies [1].
Compressed-air energy storage and wave energy converters are common energy storage
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Published: 28 December 2023 the pressure of the energy storage medium [2,3]. Throttle valves generally consist of a valve

body that houses the opening or passage and a movable element, such as a disc or cone,

which can be adjusted to vary the size of the orifice area [4]. Adjusting the position of the
:)4

movable element allows for an effective increase or decrease in size, enabling precise control

Copyright: © 2023 by the authors.  of the flow rate. The primary function of the throttle valve is to regulate the flow rate by

Licensee MDPL, Basel, Switzerland. - 5djusting its orifice area, typically measured in square units, such as square millimeters

(mm?) or square inches (in?). The orifice area acts as a variable resistor, resulting in a
decrease in pressure and an increase in velocity.

In addition to playing a significant role in energy storage technology, throttle valves

also have important applications in other areas. Throttle valves are crucial in internal

combustion engines, where they regulate the amount of air—fuel mixture entering the
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combustion chamber, thus controlling the engine’s power output [5,6]. They are also
employed in various industrial applications, such as fluid pipelines and hydraulic systems,
to regulate and control the flow of fluids [7-9].

Throttle valves also have some drawbacks and issues in practical engineering ap-
plications. Considerable energy loss can occur when the compressed air flows through
the throttle valve used in the turbines in a large-scale compressed-air energy storage sys-
tem [10]. In particular, cavitation caused by the transient reduction of the local pressure
field [11], which leads to the generation of steam bubbles, can result in further noise and
vibration and shorten the lifespan of the throttle valve [12]. Therefore, designing and opti-
mizing throttle valves with longer service lifetimes has attracted the most attention [13-16].
Additionally, as mentioned above, throttle valves are typically assembled with multiple
parts and components, and the variation in the orifice area is achieved through the relative
movements of these parts and components. Those movements not only produce the neces-
sary results for function but also bring about problems such as friction and wear [17,18].
These problems can significantly diminish the accuracy and efficiency of the throttle valve,
thereby affecting the entire system.

Like throttle valves, many traditional mechanical systems consist of multiple compo-
nents that rely on kinematic and other relationships to determine their relative motion and
achieve specific functions or objectives. The design and operation of mechanical systems
heavily rely on the determination of relative motion. Precise control and adjustment of the
relative motion between components are crucial for achieving the desired functionality
and performance. The mode and extent of relative motion vary depending on the specific
mechanical system and application requirements. However, incorrect or unstable relative
motion can lead to issues such as friction, wear, energy loss, and reduced efficiency. Despite
careful consideration of the design and control of relative motion during the design and
manufacturing process of mechanical systems in order to ensure system reliability and
performance, friction and wear can still occur due to the inherent nature of relative motion.

This paper aims to investigate the utilization of elastic deformation in auxetic struc-
tures as a method to achieve predictable motion, starting with throttle valves. The objective
is to simplify mechanical structures and address concerns related to wear and other associ-
ated issues.

The concept of auxetic materials and structures was first introduced in the 1980s by
a British scientist, R. Lakes [19]. He observed that certain materials, when stretched or
deformed, exhibited the counterintuitive behavior of expanding in the transverse direction
rather than contracting, contraction being the typical response of most materials. This
unique behavior led to the discovery of materials with a negative Poisson’s ratio, which are
now commonly known as auxetic materials. The deformation is shown in Figure 1.
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Figure 1. Deformation of an auxetic material under tension and compression.
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Compared to conventional materials, auxetic materials exhibit a counterintuitive
behavior that imparts to them a range of advantageous effects. These include increased
shear stiffness, enhanced plane-strain fracture toughness [20], improved resistance to
indentation [21], and enhanced energy absorption performance [22,23].

Research studies [24-26] have demonstrated that when a tubular structure is con-
structed using auxetic materials (also known as auxetic tubular structure), it exhibits a
similar radial expansion deformation when subjected to axial tension. This deformation is
visualized in Figure 2, in which the auxetic tubular structure experiences radial tension,
leading to an increase in diameter in the transverse direction, and a negative Poisson’s
ratio would occur. This unique behavior of auxetic tubular structures has led to their
application in many areas [27]. For example, in the field of energy absorption, square
auxetic tubular structure [28] and combined auxetic tubular structure [29] have been devel-
oped and researched. Furthermore, researchers are also highly interested in the flexural
performance and torsional deformation [30-32] of the auxetic tubular structure. These
characteristics make the auxetic tubular structure potentially valuable in areas such as soft
robotics technology, medical engineering, and future mechanical actuators.
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Figure 2. Deformation of an auxetic tubular structure under tension.

This paper proposes a throttling valve that operates through elastic deformation,
utilizing the characteristics of an auxetic tubular structure. Unlike traditional throttling
valves that achieve throttling through relative motion, this valve can change the size of the
orifice area by its own elastic deformation. To evaluate the valve’s performance in flow
control, a prototype is designed and fabricated using 3D printing, and experimental tests
are conducted to validate the approach.

2. Analytical and Numerical Models

In many cases, auxetic structures, such as those with internal honeycomb structures,
lack air tightness and are unsuitable for throttle valves that require high sealing capabilities.
Therefore, ensuring the sealing and leak-free performance of components that exhibit
negative-Poisson’s-ratio effects has become a crucial concern for this study.

To address the issue of air tightness in honeycomb structures, a common approach
is to encase the structure with an outer shell. However, this outer shell must be capable
of exhibiting negative-Poisson’s-ratio deformation. Liu and Hu introduced a structure
with a negative-Poisson’s-ratio effect [33], as depicted in Figure 3. The geometric con-
figuration employed in this paper involves a three-dimensional structure composed of
parallelogrammatic planes of uniform shapes and dimensions which induces the desired
negative-Poisson’s-ratio effect.
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Figure 3. Diagram of the geometrical structure of the auxetic structure.

To simplify the explanation, referring to Figure 3, we assume that Z/BAD = ZBCD = A,
ZBAF = &, and ZDAF = B. Furthermore, we establish that two letters represent the length
of the line segment starting from these two letters in Figure 3. For example, AB represents
the length of line segment AB. In subsequent calculations and experiments, the values or
ranges of each parameter of the cell structure will be based on the parameters provided in
Table 1.

Table 1. Parameters of the cell structure.

Items Value
Length of AB and CD 1.8 mm
Length of AD and BC 4 mm
Degree of A 60°
Degree of « 40.89°
Degree of By 48.59°
Degree of 30-50°

According to [33], the Poisson’s ratios of the three-dimensional structure in the x- and
y-directions can be determined using the following equations:

cos B
cosﬁ0 -1
sinf 1

sin Bo

Uy =

sinf

__ sinfy
by = cosBy 1 (2)
cos B

where B € [0, A], and B represents the initial state of the 8. Equations (1) and (2) demon-
strate that the Poisson’s ratios vy and vy are determined exclusively by the values of
and By.

According to Figure 3, it can be determined that the width of the cell, which is the
length of line segment DG, can be obtained by

DG =2AD x sinf3 (3)
AH AE AH cos A
AF =2ABcosa = ZABE = ZABEE =2AB cos B 4)

Figure 4 illustrates the relationship between the width and height of the cell structure
(represented by line segments DG and AF, respectively) and the angle B. It is observed
that as the angle § increases, the width of the cell structure also increases. Conversely, a
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decrease in angle B results in a decrease of DG. Similarly, AF also increases with the increase
of B. The decrease in angle j is due to the compression applied to the structure. Therefore,
according to Figure 4, it can be inferred that, as the structure undergoes compression, the
width and height of the structure decrease simultaneously with the decrease in angle .
This clearly demonstrates that the structure possesses a negative Poisson’s ratio.

7 -

—=— AF (Heigth of the structure)
64 —*— DG (Width of the structure)
5 -

Value (mm)
W
1

30 32 34 36 38 40 42 44 46 48 50
B (degree)

Figure 4. Variations of cell structure width and height with B.

Figure 5 illustrates the internal mechanism, and the resulting auxetic effects, of the
structure that has been transformed relative to the unit cell. It can be observed from the
figure that the structure exhibits a contraction in the horizontal direction when compressed
vertically, which demonstrates its auxetic properties.

l Force

Shrink l l Shrink

Figure 5. Deformation of the 2D auxetic structure.

Plewa [26] designed an auxetic tubular structure by rolling up the planar structure of
M x N unit cells, following which the auxetic tubular structure is formed by transforming
the 2D auxetic structure shown in Figure 5 into a tubular form. A similar radial contraction
deformation could be expected when the auxetic tubular structure is subjected to axial
compression. The deformation can be seen in Figure 6, where a reduction in diameter
of the auxetic tubular structure is observed because there is a force applied along the
axial direction.



Energies 2024, 17, 160

6 of 14

If the auxetic tubular structure consists of N unit cells in the circumferential direction,
then its circumference is given by

C=2N x AD xsinf (5)
According to Equation (5) and the basic formula of a circle, its radius can be obtained as

T_Q_NXAstin,B
2 lis

(6)

If the circumference of the auxetic tubular structure is used as the orifice of the throttle
valve, the orifice area of the auxetic tubular structure can be determined when the fluid
flows along the axial direction:

2
S=nmr*= % X (sin B)? (7)

S:(NXAD)ZX(

1 — cos? /3) 8

Combining Equations (4) and (8), the circumference can be expressed by:

S:

(N x AD)? y (1_4AB2COSA> )

T AF?

The length of segment AF decreases when the structure is compressed, establishing
a relationship between the size of AF and the compression displacement of the auxetic
tubular structure. From Equation (9), when AF decreases, the orifice area also decreases.
In other words, when the structure is compressed, the orifice area will decrease accord-
ingly. For simplicity, Equation (7) is still used to describe the orifice area of the auxetic
tubular structure.

Figure 6. Deformation of the auxetic tubular structure.

Figure 7 depicts the variation of the orifice area with angle j for a given value. Ob-
serving the figure, it is clear that the orifice area exhibits a positive correlation with angle j3,
such that an increase in 8 leads to an increase in the orifice area. Conversely, when angle
decreases, the orifice area also decreases accordingly.
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Figure 7. Variations of orifice area width with B.

This positive correlation is very meaningful. When the angle B decreases, it implies that
the axial length of the auxetic tubular structure also decreases. For the sake of convenience
in explanation and analysis, we refer to the changes in length along the axial direction of the
auxetic tubular structure when compressed as axial compression displacement. As shown
in Figure 8, when the axial compression displacement is 0, there is no radial compression in
the auxetic tubular structure. However, when compression displacement occurs, it indicates
that the auxetic tubular structure is under compression, resulting in a decrease in angle
B. Since orifice area and angle f are positively correlated, the orifice area also decreases.
Consequently, the flow rate passing through the throttle valve would decrease. Therefore,
there exists a direct relationship between the flow rate passing through the throttle valve
and the compression displacement of the auxetic tubular structure.

Flow rate
- @'Force

Auxetic tubular
structure

Flow rate

Force

Figure 8. Principle of the proposed flow-control method.

The relationship between the flow rate and the compression displacement is the
basis of the proposed method. The principle of the method is to control the flow rate by
controlling the compression of throttle valve based on the auxetic tubular structure. This
method could avoid the problems caused by the relative motion between components of
traditional throttle valves.

3. Experiment
3.1. Geometry of the Flow Control Device
In order to illustrate the principle and feasibility of the flow control method proposed

in this paper, a flow control device has been designed (see Figure 9). The device consists of
a throttle valve with an auxetic tube structure, along with a bolt-and-nut pair.
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Figure 9. Structural diagram of the flow control device.

The proposed throttle valve is manufactured using 3D printing technology. The device
consists of a cylindrical outer shell made of an auxetic structure, with a cylindrical baffle
positioned inside. The cylindrical baffle and the auxetic tubular shell are precisely matched
to form a throttle port. Inlet and outlet connections are provided to link the device with
the fluid circuit. The entire device has a cylindrical shape, and a bolt is inserted through
its axis, which is then secured with a nut to enable the compression displacement control.
By rotating the bolt, the compression of the cylindrical device is achieved through the
interaction between the bolt and nut. As a result of the negative-Poisson’s-ratio structure of
the shell, it undergoes radial contraction when compressed, leading to a reduction in the
orifice area of the throttle port and enabling flow control.

As shown in Figure 3, the deformation of the auxetic tubular structure under compres-
sion depends on the geometric parameters of the structure. In this study, an auxetic cell
is formed, with the parameters as shown in Table 1; in addition, the cell wall thickness is
0.4 mm, and the auxetic tube structure is 22 mm in diameter and 31 mm in height.

3.2. Preparation of the Flow Control Device

The flow control device was manufactured using a fused deposition modeling (FDM)
3D printer. FDM is an additive manufacturing process that builds parts layer-by-layer by
depositing melted material in a predetermined path. The process utilizes thermoplastic
polymers that come in filaments to form the final physical object. Compared to traditional
manufacturing technologies, 3D printing offers advantages such as quicker prototyping, as well
as reduced material waste and a reduced need for expensive tooling and assembly processes.

The physical properties of the material are listed in Table 2. Additionally, the 3D
printing process achieves an accuracy of 0.01 mm per layer and takes approximately 8 h to
complete production.

Table 2. Properties of the 3D printing material.

Properties of Material Value
Elasticity modulus 1.37 GPa
Poisson’s ratio 0.4

Mass density 112¢g/ cm?

The flow control device after the completion of printing is shown in Figure 10.
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| Auxetic tlar structure a7 ; Outlet ¢

Figure 10. Flow control device manufactured using 3D printer.

3.3. Experimental Set-Up

In the experiment, a simple constant-pressure device is used to maintain a constant
pressure difference between the inlet and the outlet of the throttle valve. This device is
illustrated in Figure 11.

Upper funnel

Lower funnel

-/Throttle valve
= 4

Figure 11. Schematic diagram of the experimental set-up.

In the device, the upper funnel serves as the water source, supplying water that flows
into the throttle valve through the lower funnel. The liquid level inside the lower funnel
is determined by the outlet on its side. The upper end of the lower funnel receives water
from the upper funnel and is connected to the inlet of the throttle valve through an outlet.
When the flow rate of water from the upper funnel into the lower funnel exceeds the flow
rate of water from the lower funnel into the throttle valve, the inlet pressure of the throttle
valve, represented as p, will stabilize at a constant value:

p = pgh (10)

where p is the density of the liquid, g is the acceleration due to gravity, and / is the height
of the liquid’s level in the lower funnel.

In this way, the design of the constant pressure device ensures that the pressure
difference between the inlet and outlet of the throttle valve remains stable. With a constant
pressure at the inlet, the average flow-rate of water through the throttle valve can be
calculated by measuring the time it takes for a fixed volume of water to pass through the
throttle valve.

The test rig is constructed according to the schematic diagram shown in Figure 11
(Figure 12). The loading procedure of the experiments involves displacement-driven
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uniaxial compression, which means that the throttle valve is subjected to compression
by applying a controlled displacement. In this case, a maximum displacement of 6 mm
is set, and is divided into 12 increments to ensure accurate and controlled loading. The
compression is achieved by using the combination of the bolt and the nut to compress
the two ends of the throttle valve. This compression leads to deformation in the valve,
which is then maintained at a constant value throughout the duration of the experiment.
The flow rate and displacement under each compression state are recorded to analyze the
relationship between the two parameters.

Upper funnel

Figure 12. Auxetic tubular throttle valve mounted on the test rig.

4. Results and Discussion

In Figure 13, the relationship between the compression displacement applied to the
auxetic tubular structure and the flow rate of the throttle valve is illustrated, as obtained
through the proposed flow-control methodology. To better comprehend the nature of the
relationship, two lines of best fit (determined using the least-square method) have been
plotted as solid line in Figure 13. The slope of the line of best fit serves as an indicator of
the sensitivity of the proposed flow-control technique.

Figure 13 clearly demonstrates the linearity of the flow-rate control methodology based
on the auxetic tubular structure within the compression displacement range of 0 to 4.5 mm.
However, an interesting observation can be made at the point when the compression
displacement exceeds 4.5 mm. Contrary to our expectations, the flow rate increases as the
compression displacement increases.

Upon closer examination, we discovered that this unexpected behavior is attributed to
the excessive deformation of the auxetic tubular structure during compression, leading to
the formation of wrinkles in certain areas. This is illustrated in Figure 14, which depicts
three distinct states of the auxetic tubular structure: no compression (0 mm), compression
within the normal range (up to 4.5 mm), and excessive compression deformation with
wrinkles (greater than 4.5 mm).
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Figure 13. Relationship between the flow rate and the compression displacement.

Compression displacement &

Wrinkle

(@) (b) (©)
Figure 14. Deformation of the auxetic tubular throttle valve at different compression displacements:

(a) 0 mm, (b) 3 mm, and (c) 5 mm.

The two distinct lines of best fit shown in Figure 13 have a significant difference in
slope. The blue solid line represents the compression displacement range of 0-4.5 mm, and
the red solid one represents 0—6 mm. The slopes and nonlinear errors of two solid lines are
calculated and shown in Table 3.

Table 3. Slopes and nonlinear errors of the two lines of best fit.

Line Slope Nonlinear Error
Red line 3.5 mL/min-mm 3.2%
Blue line 4.5 mL/min-mm 0.9%

Based on the analysis of Table 3 and Figures 13 and 14, it can be concluded that the
optimal displacement control range for the throttle valve obtained from the parameters
listed in Table 1 using the proposed method is indeed 0—4.5 mm. This is because within
this range, the deformation generated by the auxetic tubular structure is normal elastic
deformation. It is important to note that exceeding this range may cause the auxetic tubular
structure to experience excessive deformation and wrinkling, which may lead to a decrease
in flow control performance and even render the structure unsuitable for continued use.
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On the other hand, this also indicates the necessity of further research on the behavior
and limitations of flow-rate control methods within different compression displacement
ranges. Improvements or adjustments may be necessary to ensure consistent and reliable
performance over a wider range of compressive displacements. However, it is recom-
mended to use the method within the optimal displacement control range to ensure the
best performance and longevity of the expansion-tube structure.

Although the linearity of the experimental results is not directly related to the sensi-
tivity of the proposed method, it remains an important factor when calibration is needed.
When the relationship between input and output of a system is nonlinear, the calibra-
tion becomes more complex and challenging. Despite the good linearity of the proposed
method, the change in flow rate is inadequate. As shown in Figure 13, as the compression
displacement increases from 0 to 4.5 mm, the flow only decreases by about 16%. This
limited range of flow change clearly constrains the practical application of this method.
Therefore, from an application perspective, further optimization of the structure used in
this method is necessary to enable a larger flow change within an appropriate range of
compression displacement. For example, the shape and size of the cylindrical baffle can be
optimized, or the dimensions of the auxetic structure can be refined.

The consistency of flow control among different throttle valves with the same structural
size is a crucial factor to consider for their application. To assess this issue, we conducted an
experiment using three throttle valves which were manufactured using the same method
and had identical structural sizes. The relationship between compression displacement and
flow rate was then tested for each valve.

The results can be found in Figure 15, based on which we can determine that the three
throttle valves exhibited good consistency in flow control. Especially when the compression
displacement is within the range of 0—4.5 mm, a high degree of consistency can be observed.
Despite their individual differences in manufacturing, the flow-rate response of each valve
closely followed the expected values. However, when the compression displacement
exceeds 4.5 mm, the flow rate of the three throttle valves become more dispersed due to
factors such as wrinkling, resulting in a decrease in consistency.

140 125
|
130 " Py 120 ]
a a
| a -
= 120 11 ! . .
£ : N
—
£ 110 T .1 21
% B % throttle valve
> 100
9 ® 2" throttle valve
=
90 7 A 3" throttle valve
80 T T T T T T T T T T T T T
0 1 2 3 4 5 6

Compression displacement (mm)

Figure 15. Relationship between the compression displacement and flow rate for the three throt-
tle valves.

The findings from this experiment provide confidence in the reliability and repeata-
bility offered by throttle valves with the same structural size. It suggests that these valves
can be used interchangeably in various applications without compromising their flow
control capabilities. Of course, further research and testing are required to investigate this
consistency under more varied conditions.
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5. Conclusions

This paper introduces a novel approach to throttling, one which has been validated
through the development of a simple test system. This approach can be widely applied
in energy storage technology. The results of the experiments have confirmed a direct
correlation between the displacement of the throttle valve and its flow rate and enabled us
to draw the following conclusions:

1.  The proposed method exhibits good linearity, which means that the variation in
flow rate can be predicted and controlled under different compression displacements.

This linear relationship makes the method easier to calibrate and adjust in practical

engineering applications.

2. The proposed method demonstrates good repeatability, indicating that it can maintain
its performance over long-term use, thereby enhancing its practicality and reliability.

3. Although the current method has a limited range of flow-rate variation, optimization
of the design of the auxetic tubular structure, such as by changing the shape and size
of the cylindrical baffle or the dimensions of structures, can expand the controllable
range of the flow rate. This enhancement would increase the method’s applicability
and flexibility.

Moreover, this study not only provides valuable insights into the behavior of flow-rate
control methods, but also investigates the utilization of elastic deformation in auxetic
structures as a method used to achieve predictable motion. This method also has broad
application value, including uses in hydraulic energy pumps and energy storage devices.
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