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ABSTRACT

Piezoelectric hydraulic pumps play a pivotal role in more electric aircraft and all-electric aircraft utilizing power-by-wire technology, owing
to their high power density and reliability. The cantilever reed valve (CRV) serves as a crucial component within these pumps, and its
dynamic behavior within the fluid directly impacts the pumps’ output power. A precise mathematical model of the CRV is essential for
understanding its motion mechanisms. However, existing models for the CRV inadequately capture its dynamics and fail to explain the
observed motion phenomena. Further exploration into dynamic modeling of the CRV is warranted. This paper employs finite element analy-
sis to investigate CRV’s dynamics, revealing the significant impact of squeeze flow on CRV’s dynamics and identifying the cause of slow clo-
sure. Based on this, a novel lumped parameter model incorporating squeeze force is proposed to accurately depict CRV’s dynamics,
particularly focusing on the phenomenon of slow closure. To validate the proposed model’s accuracy, an experimental system capable of
independently driving the CRV is constructed to eliminate interference resulting from integrating the CRV into the pumps. The results show
that the dynamic response during closure, as predicted by the proposed model, is in good agreement with the outcomes from finite element
analysis. Notably, the proposed model exhibits an 11.11% higher prediction accuracy for experimental closing times compared to the tradi-
tional model that neglects squeeze forces. This study offers guidance for optimizing CRV’s dynamics and improving the performance of pie-
zoelectric hydraulic pumps in future applications.
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I. INTRODUCTION

Piezoelectric hydraulic pumps are utilized as actuators in power-
by-wire technology for advanced more electric and all-electric air-
craft'”” due to their high power density,” precision, and reliability.*
Increasing the driving frequency” is an effective method to enhance
the output power of these pumps, although it poses challenges to the
dynamic behavior of rectification components.” Among these compo-
nents, the cantilever reed valve (CRV), known for its simple design
and efficient shut-off capability,7 is a common rectification element in
piezoelectric hydraulic pumps.” However, the CRV exhibits poor
dynamic characteristics, which can lead to backflow at high frequency,
thereby reducing the flow rate of pumps.”'’ Consequently, there has
been a recent research focus on investigating the key factors influenc-
ing the dynamic characteristics of the CRV.

Operating as a passive valve, the motion of the CRV is controlled by
the differential pressure acting across its surfaces.' Many studies employ
a single-degree-of-freedom spring-mass-damping model to analyze the

dynamic characteristics of the CRV."”"'” However, the three parameters
used in the model, namely, spring, mass, and damping, are approxi-
mately equivalent. It is usually only applicable to a specific working con-
dition and lacks universality. Some research has delved into the impact
of fluid on the dynamic attributes of cantilever beams.'® Naik et al. ana-
lyzed how liquid properties and gap height affect the resonant response
of cantilever beams by considering additional mass and damping coeffi-
cients."” Lajimi and Heppler used a power series expansion to calculate
the natural frequencies of cantilever beams under various parameters.'®
Huang et al. performed finite element analysis on the characteristic
section of a cantilever beam coated with a piezoelectric macrofiber
composite, deriving expressions for the real and imaginary parts of the
hydrodynamic function through fitting."’ Ling et al. performed the wet
modal analysis of CRVs using ANSYS, revealing that the first-order res-
onance frequency decreases with increasing fluid pressure.”’

The dynamic characteristics of cantilever beams immersed in a
fluid have been extensively investigated. However, beyond the
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influence of fluid, the motion of the cantilever reed valve (CRV) is also
impacted by the valve cover, which functions to secure the CRV in
place. Moimas et al. conducted experiments to evaluate the influence
of the valve-seat gap on the dynamic behavior of reed-type valves.”'
When the CRV moves closer to the valve cover, it squeezes the fluid
between the CRV and the valve cover. The fluid is squeezed to flow
radially from the center to the periphery of the CRV, as shown in
Fig. 1. Accordingly, the fluid exerts a reactive force on the CRV, known
as the squeeze force, hindering the closing motion. However, this
squeeze flow phenomenon is presently disregarded in the dynamic
modeling of the CRV, making it difficult to accurately describe the
motion of the CRV in the fluid. This modeling limitation hinders the
identification of critical factors that impede the enhancement of the
CRV’s dynamic characteristics.

In addition, current experimental systems have limitations when
investigating the dynamic characteristics of the CRV. Current experi-
mental techniques involve integrating the CRV into a piezoelectric
hydraulic pump for high-frequency excitation and dynamic response
observation.”””” Wu et al. used a laser displacement sensor and a pie-
zoelectric hydraulic pump integrated with a check valve to monitor the
dynamic response for the check valve.”* Dong et al. compared wheeled
check valves and umbrella valves by analyzing the output flow of the
piezoelectric hydraulic pump.”” He et al. investigated the impact of
wheel check valve parameters on output pressure using the pump.”®
Nonetheless, these approaches have limitations. The coupling of the
CRYV and the piezoelectric hydraulic pump introduces potential effects
from piezoelectric materials, pump chambers, and pipelines, making
the isolated study of the CRV’s dynamic characteristics impractical.
Given these constraints, it is necessary to develop an experimental sys-
tem specifically designed to excite the CRVs.

Direction
of oil flow
-

— Non-working region ——
Valve hole -
"_ Working region-
— Movement of the valve
Valve cover
Fixed end

(a)

Squeeze force
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«--- Direction of fluid’s movement

<— Direction of CRV’s movement

FIG. 1. The diagram of the squeeze flow
hindering cantilever reed valve’s move-
ment during the closing process.

This paper focuses on the dynamic modeling of the CRV during
closure. Initially, through finite element analysis, it is characterized
that the CRV is subjected to the force of the squeeze flow during the
closing process, which can significantly hinder its movement.
Subsequently, a novel single-degree-of-freedom lumped parameter
model that includes the squeeze force is proposed to accurately model
the dynamics of CRV in the closing process. By comparing the out-
comes with those of finite element analysis, it is validated that the pro-
posed model can effectively substitute finite element analysis in
characterizing the CRV’s dynamic traits, addressing issues related to
extensive computation and non-convergence in finite element analysis.
Furthermore, a dynamic experimental system based on a piezoelectric
high-speed on-off valve is constructed to assess the predictive ability of
the proposed model under actual working conditions. The experimen-
tal system uses a piezoelectric high-speed on-off valve to independently
excite the CRV without integrating the CRV into piezoelectric hydrau-
lic pump, minimizing potential external interference.

The novelty of this work is to propose a mathematical model con-
sidering squeeze force to describe the impact of squeeze flow on the
dynamic behavior of the CRV during closure. The accuracy of the pro-
posed model is verified by finite element analysis and experiments.

Il. STRUCTURE OF CANTILEVER REED VALVE

The CRYV is fabricated using a wire-cutting process from an elas-
tic metallic material. The non-working region of the CRV is fixed by
the valve cover, as illustrated in Fig. 2(a), where the CRV is positioned
atop the valve hole represented by the red dotted line. An increase in
the differential pressure across the CRV leads to its opening, causing
the working region to move away from the valve hole. The working
region is opened by the action of oil. The oil exits through this working

Cantilever reed valve ; , ! !

S

B

(b)

FIG. 2. (a) Assembly of the cantilever reed valve and valve cover and (b) working region of the cantilever reed valve.
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FIG. 3. The finite element model: (a) simplified three-dimensional model and (b) meshed model.

region. Conversely, when the differential pressure decreases, the CRV
undergoes a closing motion, resulting in the working region
completely attaching the valve hole. The dimensions of the working
region are detailed in Fig. 2(b). The CRV’s design integrates a combi-
nation of semicircular and rectangular elements rather than a simple
rectangle to ensure weight minimization. The diameter of the valve
hole D corresponds to the area exposed to fluid forces. The dimension
a is the distance between the valve hole and the fixed end. The overall
width and thickness of the CRV are denoted by “B” and “h,”
respectively.

I1l. FINITE ELEMENT ANALYSIS
A. Establishment of finite element model

To study the dynamics of CRV during the closing process, finite
element analysis is executed employing the COMSOL software. A
finite element model of the CRV is constructed. As illustrated in
Fig. 3(a), a simplified three-dimensional model of the CRV and its cor-
responding fluid domain is developed. The top of the model is desig-
nated as the pressure inlet for the fluid, while the bottom serves as the
pressure outlet. The CRV forms the solid domain, while all other
regions are considered as the fluid domain. To reduce computational
workload, symmetry planes are applied to both the solid and fluid
domains.

Ideally, the CRV completely separates the fluid domain.
However, in the finite element analysis, it is necessary to initialize a
continuous fluid domain to ensure smooth simulation. Hence, an ini-
tial gap of 0.05 mm is introduced in the finite element model. For dis-
placement measurement, a point probe is placed at the end point of
the CRV. The finite element model is meshed using a top-down swept
hexahedron structured mesh. The mesh near the CRV is refined using
multi-layer mesh refinement to enhance the mesh quality and accom-
modate dynamic mesh requirements, as depicted in Fig. 3(b). The inlet
pressure is set to be a square wave with an amplitude of 20 kPa and a
transition time of 1ms, as shown in Fig. 4. The outlet pressure is set

20kPaft

0.5ms 19.5ms 20.5ms 39.5ms

FIG. 4. The curve of inlet pressure.

to 0. The CRV is comprised of beryllium bronze (density: 8950 kg/m’,
Young’s modulus: 110 GPa), and the fluid used is No. 46 anti-wear
hydraulic oil (density: 875 kg/m®, dynamic viscosity: 0.0484 Pa s).

B. Dynamic response in finite element analysis

Mesh independence verification is conducted to ensure both high
precision and optimal utilization of computational resources. The
dynamic response of the CRV for different mesh numbers is presented
in Fig. 5. It can be observed that the curves are nearly coincident. Key
performance parameters adopted for evaluation purposes are enlisted
in Table I. The steady-state displacement signifies the displacement of
the CRV when it reaches stability. The fall time denotes the time
required for the CRV to decrease from 90% to 10% of the steady-state
displacement. The closing time represents the time needed for the dis-
placement to reach 2% of the steady-state displacement. Compared
with simulations using higher mesh numbers, a mesh number of
42 564 maintains the steady-state displacement error within 0.21%, the
falling time error within 2.11%, and the closing time error within
2.32%. Therefore, select the mesh number of 42 564.

It is evident that the dynamic response during the opening and
closing processes is asymmetric, with the closing speed notably slower
than the opening speed. The closing speed initially increases and then
gradually decreases, resulting in an extended closing time. Consequently,
a detailed investigation of the closing process is conducted.

C. Analysis of squeeze force

To examine the pressure of the fluid exerted on the CRV during
the closing process, a specific surface near the inlet of the CRV is

0.10 I T .
_ J Opened stage \ 28106
g " 42564 -
= 0.06 T 00 I 81684
E 1 i | Crosing =~ "~ 119988
g Opening ] Closing
g 0.04 ! process \ process ]
= | |
7
2 0.02 f \ ]

0.00 N Closed stage

. ™ ' ) :
0 10 20 30
Time ¢ (ms)

FIG. 5. The dynamic response of CRV under pressure excitation.
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TABLE 1. The specific evaluation parameters under different mesh numbers.
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Mesh number Steady-state displacement Fall time Closing time
28106 0.0952 mm (0.11%) 1.46 ms (2.82%) 3.74 ms (3.61%)
42 564 0.0951 mm 1.42 ms 3.88ms

81684 0.0950 mm (0.11%) 1.40 ms (1.41%) 3.80 ms (2.06%)
119988 0.0949 mm (0.21%) 1.39 ms (2.11%) 3.79 ms (2.32%)

chosen. This selected surface is illustrated in Fig. 6(a). To observe the
squeeze force on different regions of the CRV, the selected surface is
divided into three parts, as displayed in Fig. 6(b). Among them, part C
faces the inlet. Parts A and B are facing the valve cover. The pressure
contours of the surface at various time points are illustrated in Figs.
6(c)-6(h). As observed in Fig. 4, the reduction in inlet pressure com-
mences at 19.5ms. At this point, the primary resistance faced by the
CRV stems from the pressure exerted on part C. At 20 ms, as depicted
in Fig. 4, the inlet pressure has decreased to 10kPa, aligning closely
with the pressure on part C. However, unlike at 19.5 ms, the pressure
on part A surpasses that on part C and becomes the primary resistance
to the CRV’s closure. At 20.5 ms, the inlet pressure descends to 0 kPa,
with the pressure on part C concurrently dropping to 0kPa, while the
pressure on part A remains the highest among the three parts. As the
CRYV progresses in closure, the pressures on parts A and B decrease
progressively. By 21 ms, the pressure on part B equals that of part A.

Inlet Selected surface
R —

(b) The top view of the selected surface

(c) 19.5 ms

N

() 21 ms

Subsequently, beyond 21 ms, the pressure on part B surpasses that on
part A.

In order to mitigate fluid resistance to the CRYV, the distance
between the CRV and the valve cover is increased. Figure 7 illustrates
the pressure contours when the initial distance between the CRV and
the valve cover is 0.20 mm. At 19.5 ms, the pressure contour resembles
that of the initial 0.05 mm distance, with the predominance of pressure
at part C. As the CRV continues to close, the pressure at part C
remains the primary source of resistance. At 20.5 ms, the inlet pressure
decreases to 0 kPa, concurrently reducing the pressure on the CRV to
0 kPa. Throughout the closure process, the pressures on parts A and B
consistently remain lower than that on part C.

It is evident that the distance between the CRV and the valve
cover (0.05mm) results in fluid resistance during CRV closure, while
this resistance is absent with a larger distance (0.20 mm). In practice,
this distance should be very small due to the cutoff of CRV. As the

%10 Pa

(e) 20.5 ms

=10" Pa ®10" Pa *10" Pa
15 .
<
5
% 2
il 25
1
{2
1|l.5 Hus
1 \
R 0.s
0s |
0

(g) 21.5 ms (h) 22 ms

FIG. 6. (a) The schematic diagram of the selected surface; (b) the top view of the selected surface; and (c)-(h) the pressure contours when the initial distance between the

CRV and the valve cover is 0.05 mm.
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FIG. 7. The pressure contours when the initial distance between the CRV and the valve cover is 0.20 mm.

CRYV closes, it gradually approaches the valve cover, exerting a squeez-
ing effect on the fluid in the gap. In response, the fluid generates a reac-
tion force on the CRV, hindering its closing motion. The fluid
resistance encountered by the CRV during closure is referred to as the
squeeze force.

The squeeze force arises from the relative motion between the
CRYV and the valve cover. Modifying this distance results in a change
in the squeeze force. Therefore, an initial distance ranging from 0.05 to
0.30 mm between the CRV and the valve cover is selected to investigate
the influence of the squeeze force on the CRV’s dynamic response dur-
ing closure. The displacement of the end point marked in Fig. 3 is
extracted and regarded as the displacement of the CRV, which is repre-
sented by a red line in Fig. 8. It is noted that as the initial distance
increases, the dynamic response of the CRV during closure accelerates.
At an initial distance of 0.15 mm, displacement overshoot is observed.
This phenomenon occurs because the widening initial distance reduces
the CRV’s squeezing effect on the fluid, resulting in a decrease in
CRV’s resistance.

When the initial distance is 0.05 mm, there is a peak on the force
curve of part A, which is caused by the strong squeezing effect. As the
initial distance increases, the squeezing effect gradually weakens,
resulting in a gradual decrease in the force on part A.

The pressure on parts A, B, and C is integrated to determine the
resistance of each part, as illustrated in Fig. 8. The resistance of part C
is represented by the blue line, while the resistances of parts A and B
are represented by a black line and green line, respectively. It becomes
clear that the resistance of part C is independent of the initial distance,
relying solely on the inlet pressure. At an initial distance of 0.05 mm,
part A surpasses part C in resistance after 19.7 ms, becoming the domi-
nant resistance in the CRV. Subsequently, after 20.15 ms, the resistance

of part B also exceeds that of part C. Thus, at an initial distance of
0.05mm, the fluid’s squeeze force significantly impacts the closing
motion of the CRV. As the initial distance increases, the squeeze force
exerted by the fluid on the CRV gradually diminishes, weakening its
influence on the closing motion. At an initial distance of 0.2 mm, the
resistance of part C consistently exceeds that of parts A and B due to
the reduced squeeze force. Consequently, the CRV’s resistance during
closure decreases, leading to displacement overshoot, as indicated in
Fig. 8(d). Moreover, the figure illustrates that part A exhibits higher
resistance, acting as the primary hindrance to the closing motion.
Therefore, reducing the size of part A in the structural design can
enhance the dynamic response.

IV. MATHEMATICAL MODEL OF CANTILEVER REED
VALVE

The squeeze force is considered in the mathematical modeling to
accurately describe the dynamics of the CRV during the closing
process.

A. Deflection curve equation

The CRV functions as a cantilever beam with one end fixed and
the other free. When subjected to fluid pressure, the CRV bends,
resulting in an output displacement, as depicted in Fig. 9(a). Assuming
a uniformly distributed fluid pressure p acting on the CRV and
approximating its shape to that of a rectangular structure, the sche-
matic is presented in Fig. 9(b).

During the bending of the cantilever beam, the deflection and
rotational angle of each point on the beam vary according to their
positions. The beam is segmented into three regions: regions I, II,
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FIG. 9. (a) The working schematic of the cantilever reed valve, (b) the structure of the cantilever reed valve, and (c) the force analysis diagram of the cross section on regions |

and II.

and IIL Select the cross section A-A on the region I, as shown in
Fig. 9(c). The force analysis of its left part is carried out, and the shear
force Fy(x) and bending moment M(x) are

Fy(x) = pBD,

D 0<x<a, 1)
M(x) = pBD E-I—a—x ,

where pB is the surface-uniform loading of the cantilever beam. For
CRYV, the surface-uniform loading per unit area is the product of pres-
sure p and width B.

Select the cross section C-C on the region II, as shown in
Fig. 9(c). The force analysis of its left part is carried out, and the shear
force and bending moment are

Fs(x) :PB(D"‘ a-—x),

M(x) = pB

(D+a—x)*

a<x<S$. 2)
2 b

Because the left part of any section in region III is not subjected
to force, the shear force and bending moment of any section in region

III are

Fy(x) =0,
{M(x) =0,

S<x<L. (3)

In the case of pure bending, the relationship between the bending

€0:2€'80 ¥20Z dunr 92
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FIG. 10. The bending diagram of the cantilever beam.

1 M
;:Ev (4)

where M and p are functions of x, E is the elastic modulus of the valve
material, and I is the cantilever beam’s sectional moment of inertia.
For the rectangular section, I = Bh*/12.

From Fig. 10, when the beam is bent, the deflection u of the cross
section at the position x and its rotation angle 0 relative to the axis x
can be expressed as

du
tan0 = —. 5
an i (5)

The curvature p can be expressed as
ds = pdo, (6)

where ds is the arc length of the differential segment. The combined
formulas (5) and (6) can be obtained:

d*u

IETTEY P
pds deds e [T\ ax) ] ds (du)st'
15

1 do dodx

In addition, it is noted from Fig. 9(c) that

dx 1
— =cosf = (1 + tan?6) 2. (8)
ds
Substituting formulas (7) and (8) into formula (4), we obtain
d’u
M 1 dx2
g —%— ©)
0

(@)

Since the value of du/dx is very small, (du/dx)* in formula (9) can
be omitted compared with 1. Therefore, the approximate differential
equation of the deflection curve can be obtained as

pubs.aip.org/aip/pof
M d’u
=12 (10)

The substitution of formulas (1) and (2) into formula (10) yields
the deflection curves of the I and II sections, which are obtained by the
boundary condition of u=0,1t =0atx=0,

BD(3ax? + 35x> — 2x°
pBD(3ax* + 3Sx x)7 0<x<a

12EI ’
u(x) = (11)
B(x! — 4Sx° + 68°x* — 4a’x + a*
PB(x X X a’x + a*) f<x<sS.

24EI '

The rotation angle formula of the II section is
0(x) = pB(x* — 38x* + 38*x — a®) 7
6EI

a<x<S§. (12)

The deflection curve of the III section is

48%x —4a’x +a* — §*)
24EI '

u(x) = (x— 8)0(S) + u(s) =& S<x<L.

(13)

The displacement of the cantilever beam’s end Q is expressed as u
(L). Consequently, the displacements of the remaining points along
the beam can be expressed as

2(S — a)(3ax* + 38x* — 2x%)
38 + 4bS? — 4a3S — 4a3b + a*
x* —48x® + 68%x? — 4a’x + a*
387 1 4bS° — 4a°S — dab + at "

4% — 4a’x + a* — §*
381+ 4bS7 — 4a3S — 4adb + at "

u(Ll), 0<x<a,

u(x) = (L), a<x<S, (14

(L), S<x<L.

B. Dynamic model

Since the operational frequency is much smaller than the reso-
nant frequency, the dynamic model of the CRV can be simplified to a
lumped parameter model.””** Consequently, the cantilever beam is
simplified as a single-degree-of-freedom mass-spring-damping system,
with mass concentrated at its end,”” denoted as point Q in Fig. 11.
Owing to the asymmetry in dynamic responses during the opening
and closing processes, separate dynamic models are developed for each

process:

F,—Fy—F, @<0,

F, — Fy, >0,

meil + cit + ku = { (15)

Outlet Outlet

u>0 <0

FIG. 11. The force analysis diagram of the cantilever reed valve: (a) opening pro-
cess and (b) closing process.
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where m,, ¢, and k are the equivalent mass, damping, and equivalent
stiffness of the CRV respectively. F, is the driving force, which is deter-
mined by the differential pressure across the CRV, and F, represents
the combined effect of inertia and viscous forces exerted by the fluid
on the CRV during its motion, commonly known as hydrodynamic
loading. F; is the reaction force applied to CRV when the fluid between
the CRV and valve cover is squeezed.

1. Equivalent mass m,

The CRV is simplified as a single-degree-of-freedom mass-
. . . . 30
spring-damping system with mass concentrated at its end.
Throughout this simplification, the kinetic energy T remains constant.
Therefore, from the law of conservation of kinetic energy,

L

T=Y Eo- jgpsh[u(xnzdx = mlu@P,  9)

where p is the density of the valve material. The deflection at each
point on the CRV is determined using formula (14). Subsequently, the
velocity at each point is derived and substituted into formula (16). The
equivalent mass is then calculated accordingly,

I 2(S — a)(3ax? + 35x* — 2x%)

38% + 4bS? — 4a3S — 4a3b + a*
0

me = pBh + 17)

38 + 4bS® — 4a3S — 4a3b + a*

48°x — 4aPx 4+ a* — $*

+ 38 + 4bS® — 4a3S — 4a3b + a*

S
Jx4 — 48x + 68?5 — 4a’x + a*
a
i
3

2. Damping c

The damping of the CRV in the air is smaller than that in the
fluid, so the damping c¢ in the air is ignored in this modeling. The
damping in the fluid is shown in Subsection IV B 5.

3. Equivalent stiffness k

By utilizing formula (13), the deflection of the endpoint Q under
pressure p can be obtained, and the equivalent stiffness k can be calcu-
lated as follows:

pBD 24EID

N ey G
k=k u(L) k 384 + 4bS? — 4a3S — 4a’b + a* (18)

The coefficient k, is considered to account for the fact that the CRV
has an arc shape. The sectional moment of inertia is lower than that of
the rectangular CRV.

4. Driving force F

The driving force F, is determined by the inlet pressure p;, and
back pressure po, of the CRV, which can be expressed as

FP = (me(t) 7Pout)A7 (19)

pubs.aip.org/aip/pof

where A is the action area of fluid on the CRV, and R(f) represents the
rate at which the inlet pressure changes, taking into account the time
necessary for the pressure to stabilize and dissipate, as shown in Fig. 4,

1/24t/tq, 0<t<ty/2,

1, tg/2 <t <T/2—14/2,
R(t)=< 1—(t—=T/2+ta/2)/ta, T/2—ta/2<t<T/2+14/2,

0, T/2+1t/2<t<T—1t4/2,

(t =T+ ta/2)/t4, T—t/2<t<T,

(20)

where t4 is the transient time when the inlet pressure is a square wave.

5. Hydrodynamic loading F, (Additional mass and
additional damping)

As the CRV moves within the fluid, the surrounding fluid also
follows its motion. Previous researchers regarded this hydrodynamic
loading as a contribution to the additional mass and additional damp-
ing of the cantilever beam.”" Also, Sader gave a concise hydrodynamic
loading formula for a cantilever beam per unit length:*”

Fy = gpfszzru(t), 1)

where py is the fluid density, and  is the circular frequency of the
CRV. T is a dimensionless hydrodynamic function, I'=T", + jI';.
Then, formula (21) can be expressed as

F, = gpfszzl",u(t) +j§pfszZF,»u(t)

2
= prle"r%u(t) +§pfszl",-%u(t). (22)
It can be obtained from the formula that the additional mass
m, = npB°T,/4, and the additional damping ¢, = npaB°Ty/4. Maali
proposed a simplified calculation formula for the hydrodynamic func-
tion I of a rectangular cantilever beam within the Reynolds number
R. of 0.1-1000:*

a,
rr =a + =
! vRe
b b (23)
l—" 1 2

1:\/§+£7

where a; = 1.0553, a, = 3.7997, b, = 3.8018, and b, = 2.7364.

6. Squeeze force F

During the closing process, the CRV moves toward the valve
cover, squeezing the fluid between the CRV and valve cover. Due to
the relative motion between the CRV and the valve cover, the fluid
flows radially from the center of the CRV to the periphery.
Accordingly, the fluid exerts a reaction force F; on the CRV due to the
squeezing effect. The fluid flow within the gap between the CRV and
valve cover can be approximated as a flow between parallel disks. The
velocity of the CRV can be approximated as the velocity of the end
point #(L). The pressure acting on the CRV is determined by the the-
ory of squeezing flow between parallel disks:
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12p1(L)
dp = ————=ydy. (24)
p w(L)y yay
Integrate the above equation and the boundary condition is p =0
at y = B/2. The pressure distribution law along the single side of the
CRV is as follows:

_ 6ui(L)
u(L)’
The pressure distribution along the opposite side of the centerline

exhibits complete symmetry with respect to this side. The total force F
acting on the entire CRV is given by

(B*/4—y). (25)

B/2

3
F, = 2k, J pLdy — 8ksuLB*i1(L)

u(L)’

The coefficient k considers the fact that the shape of the CRV is not a
perfect rectangle and the occurrence of fluid exiting through the valve
hole without being extruded.

Formula (26) demonstrates that the squeeze force is dependent
on the displacement and velocity of the CRV. This relationship further
clarifies the outcomes of the finite element simulations in Sec. III,
where the pressure on part A exceeds that on part B due to the closer
distance of part A to the valve cover.

V. MODEL VERIFICATION

To validate the proposed model’s accuracy, the results derived
from the mathematical model are compared with those from finite ele-
ment analysis and experiments, respectively.

(26)

A. Model verification by finite element analysis

The proposed model is built in MATLAB/Simulink, employing
the same operating conditions with that of the finite element analysis.
Furthermore, the traditional lumped parameter model without consid-
ering the squeeze force F is added as a control group.”’ Referencing
formulas (15), the traditional model can be mathematically repre-
sented as follows:

meit + cit + ku = F, — Fy,. 27)

All parameters in the traditional model remain consistent with those
in the proposed model. This approach is taken to specifically scrutinize
the impact that the squeeze force F can have on the model’s precision.
The specific parameters associated with these models are listed in
Table II.

The inlet pressure is a square wave. It ranges from 5 to 40kPa in
increments of 5kPa. The outlet pressure is set to 0. The CRV is

TABLE II. Parameters involved in the models.

Name Unit Value Name Unit Value Name Unit  Value

a mm 25 A mm® 1256 p kg/m® 8950

b mm 10 k-~ 091 pf kgm® 875

D mm 4.0 k. .-~ 0008 E Pa 110 x 10°
B mm 6.0 h  mm 0.15 u Pas  0.0484

ARTICLE pubs.aip.org/aip/pof

subjected to an initial opening impulse at =0 s, followed by a closure
impulse at = 20 ms. The simulation outcomes at the inlet pressures of
10, 20, and 30kPa are depicted in Fig. 12. The simulation results
obtained from the finite element analysis (red dotted line) and the pro-
posed model (black line) closely coincide during the closing process.
Conversely, the displacement curve of the traditional model (green
line) significantly deviates from the results of finite element analysis in
the closing process.

The fall time denotes the time required for the CRV to decrease
from 90% to 10% of the steady-state displacement, with the steady-
state displacement representing the stable position when the CRV is
open. The closing time represents the time needed for the displace-
ment to reach 2% of the steady-state displacement. Figure 12 shows
the capability of the proposed model that can predict the steady-state
displacements. Tables I1I and IV present evaluation parameters for
various inlet pressures. With increasing inlet pressure, there is a consis-
tent decrease in the fall time and closing time as projected by the finite
element analysis. This trend illustrates an augmented dynamic behav-
ior of the CRV. The proposed model provides successful predictions
for fall time and closing time under various inlet pressures. The predic-
tion errors are within 18.86% and 23.85%, respectively. Conversely, the
traditional model delivers constant predictions for fall time (0.63 ms)
and closing time (1.02 ms), irrespective of the inlet pressure variability,
displaying maximum errors of 73.26% and 79.29%. Consequently,
under the same working conditions, the proposed model improves the
prediction accuracy of the fall time and the closing time by 61.45%
and 68.83% in maximum, respectively. This improvement underscores
the model’s precision after considering the squeeze force.

Upon comparison, it is evident that the dynamic response curve
of the CRYV, as projected by the proposed model, is in good agreement
with the outcomes of finite element analysis. Consequently, the pro-
posed model can serve as a substitute for finite element analysis in
describing the dynamic characteristics of the CRV. Notably, actual
operational conditions are more complex. Directly integrating actual
pressure curves into the finite element model may lead to extensive
computations or even convergence issues, particularly concerning the
CRV’s three-dimensional structure. The proposed model offers a reso-
lution to this challenge. The pressure curves from real operational set-
tings can be substituted into the proposed model to obtain the
dynamic response of the CRV quickly and accurately.

B. Model verification by experiments

To investigate the dynamic properties of the CRV under varying
operational conditions and confirm the accuracy of the proposed
model, a dedicated experimental system has been constructed.

1. The experimental system

An experimental system based on a piezoelectric high-speed on-
off valve (PHSV) is developed, as illustrated in Fig. 13. The CRV is
excited by the PHSV rather than being integrated into a piezoelectric
hydraulic pump. The experimental system consists of a hydraulic
power supply, a real-time simulator (Beijing Lingsi Chuangqi
Technology Co., Links-Box-03), a CRV fixture, a CRV to be tested, a
PHSYV, a power amplifier (AE Techron Inc, 7224), two throttle valves
(Wuxi Xinli, KC-03), and three high-frequency pressure sensors
(Kunshan Shuanggiao, CYG1401F). The high-frequency pressure
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FIG. 12. Comparison of the results from the proposed model, traditional model, and finite element analysis.

TABLE Il Fall time of the proposed model, traditional model, and finite element analysis. The boldface is the condition in which the proposed model has the highest improve-
ment in prediction accuracy compared with the traditional model.

Inlet pressure (kPa) Finite element analysis (ms) Proposed model Traditional model

5 2.36 2.81 ms (18.86%) 0.63 ms (73.26%)
10 1.99 2.16 ms (8.29%) 0.63 ms (68.29%)
15 1.72 1.75ms (1.86%) 0.63 ms (63.31%)
20 1.42 1.48 ms (4.01%) 0.63 ms (55.56%)
25 1.35 1.28 ms (5.19%) 0.63 ms (53.26%)
30 1.17 1.13 ms (3.33%) 0.63 ms (46.07%)
35 1.15 1.02 ms (11.57%) 0.63 ms (45.13%)
40 1.07 0.93 ms (13.46%) 0.63 ms (41.03%)

TABLE IV. Closing time of the proposed model, traditional model, and finite element analysis. The boldface is the condition in which the proposed model has the highest
improvement in prediction accuracy compared with the traditional model.

Inlet pressure (kPa) Finite element analysis (ms) Proposed model Traditional model

€0:2€'80 ¥20Z dunr 92

5 491 6.08 ms (23.85%) 1.02 ms (79.29%)
10 4.40 5.00 ms (13.64%) 1.02 ms (76.89%)
15 413 4.58 ms (10.85%) 1.02 ms (75.38%)
20 3.88 4.15ms (6.83%) 1.02 ms (73.79%)
25 3.56 3.81 ms (6.94%) 1.02 ms (71.43%)
30 3.42 3.53 ms (3.30%) 1.02 ms (70.26%)
35 3.32 3.30 ms (0.54%) 1.02 ms (69.37%)
40 3.17 3.10 ms (2.08%) 1.02 ms (67.92%)
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FIG. 13. The hydraulic system diagram and composition of the experimental system.

sensors exhibit a test accuracy of 0.25% full scale and possess a natural
frequency of 320 kHz. The prototype of the CRV and its fixture are
designed and manufactured, as shown in Fig. 13(b). The PHSV oper-
ates as a two-position, two-way valve, generating a square wave pres-
sure excitation for the system that assures rapid pressure establishment
and release. This process is powered by the aforementioned power
amplifier. The joint employment of the hydraulic power supply and
throttle valve I provides a constant current source for the experimental
system to match the flow capacity of the PHSV. To actualize the back
pressure of the CRV, the aperture of throttle valve II is modulated. The
high-frequency pressure sensors I, II, and III are utilized to monitor
the inlet pressure of the PHSV p;, CRV’s inlet pressure p,, and back
pressure ps, respectively.

The following are the detailed steps of the experimental
operations:

(a) Initiate the hydraulic power supply and regulate its output
pressure to 1.4 MPa. Adjust throttle valve I to control the inlet
pressure of the PHSV and CRV.

(b)  Transmit a square wave signal, featuring a frequency of 1 Hz and
an amplitude of 6.25 V, to the power amplifier via a real-time
simulator. The power amplifier amplifies the signal by a factor of
16, resulting in a driving signal for the PHSV of a square wave,
with a frequency of 1 Hz and an amplitude of 100 V.

(¢)  Upon receipt of the square wave signal, the PHSV executes
cyclic opening and closing actions. Owing to hydraulic influ-
ences, the CRV similarly performs cyclic opening and closing
actions, leading to periodic changes in the pressure readings
at pressure sensors II and III. The readings from pressure sen-
sors IT and III are duly recorded.

(d) Cease the transmission of the square wave signal via the real-
time simulator and close the hydraulic power supply.

During each test, the PHSV operates through a minimum of
three cycles, facilitating the collection of multiple sets of pressure data
and thereby enhancing the reliability of the experimental results.

2. Experimental analysis

The experimental results are depicted in Fig. 14. The pressure p,
is represented by the orange curve, p; by the green curve, and the con-
trol signal is denoted by a red dotted curve. The pressure pq is the dif-
ference between p, and ps;. When the control signal is 0, the PHSV is
closed, and the oil circuit I is disconnected. At this stage, the CRV
opens, resulting in a pressure drop between p, and p;. At 500 ms, the
control signal increases from 0 to 1. The PHSV transitions into an
open state, instigating oil flow via oil circuit I. This causes the oil circuit
II to be sucked out. The pressure p, and p; on the oil circuit II begins
to decrease. Then, the CRV does the closing motion. This corresponds
to stage I in Fig. 14(b). Upon the CRV fully closing, oil circuit II
becomes obstructed, and the pressure p; stops falling. This process cor-
responds to stage II in Fig. 14(b). Accordingly, the termination of ps’s
descending trend can be employed as a determinative measure to pin-
point the exact closing time of the CRV. In Fig. 14(b), the inflection
point of pressure p; is marked by point A, which indicates the moment
of complete CRV closure. According to the figure, the closing time of
the CRV is 3.4 ms under this condition. During stage III, as depicted in
Fig. 14(b), the gradual decrease in pressure p; due to leakage eventually
falls below pressure p,, resulting in the reopening of the CRV.

To avoid the potential interference from the pump chamber and
piping of the piezoelectric hydraulic pump on test outcomes, the meth-
odology involving the direct excitation of the CRV by the PHSV and
the direct measurement of the CRV’s inlet and outlet pressures is
employed to assess the CRV’s dynamic performance.
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FIG. 14. The experimental results under the first operational condition: (a) curves in one cycle and (b) partial magnified view of the closing process.
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FIG. 15. The experimental results without the cantilever reed valve: (a) curves in one cycle and (b) partial magnified view of the closing process.

To confirm that the pressure variation in p; is induced by the
CRYV, an experiment is conducted in the absence of the CRV in the fix-
ture, with the experimental findings illustrated in Fig. 15. It is clear
from the results that in this condition, p; consistently remains approxi-
mately equal to p,. There is no downward mutation in the pressure
drop between p, and p; at 500 ms. This further proves the credibility
and accuracy of selecting point A as the reference point of CRV’s clos-
ing time.

3. Comparison of results between experiments and
mathematical models

The back pressure is regulated by the throttle valve II to evaluate
the closing time of the CRV under different operational conditions.

1200 75
2
— ) =
= 1125 —— Pressure drop p, 0 3
] &
2
Y £
= 1050 °
2 15 e
4 =
& H
£
975} &~
-150
500 510 520 530
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Figure 16 presents the experimental findings. It can be seen from the
figure that the CRV’s closing time is 2.7 and 3.4 ms under these two
operational conditions, respectively. Pressure readings, designated as
P2 and ps, are collected through the use of pressure sensor II to indicate
the CRV’s inlet pressure, and pressure sensor III to indicate the outlet
pressure, in succession. The pressure data p, and p; are used as input
signals and put into the proposed model and the traditional model to
simulate the dynamic response of the CRV. By analyzing the dynamic
response, the closing time is determined, representing the duration
needed for the CRV’s displacement to reach zero. The results are
shown in Table V.

Under different working conditions, the pressure excitation gen-
erated by the PHSV is different, which can affect the closing time of
the CRV. The change rate of pressure drop is used to distinguish
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FIG. 16. (a) The experimental results under the second operational condition and (b) the experimental results under the third operational condition.
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TABLE V. The comparison of results between experiments and mathematical models. The boldface is the condition in which the proposed model has the highest improvement

in prediction accuracy compared with the traditional model.

Closing time

Operational Change rate of pressure drop

condition (kPa/ms) Experiment (ms) Proposed model Traditional model
First 18 39 3.6 ms (7.69%) 3.3 ms (15.38%)
Second 38 2.7 2.7ms (0 %) 2.4ms (11.11%)
Third 22 34 3.1 ms (8.82%) 2.8 ms (17.65%)

different working conditions. The change rate of pressure drop is simi-
lar to the meaning of the transition time mentioned above. The calcu-
lation formula for the change rate r;, is

. _ pa(501.5) — pa(503)
P 503 —501.5

where p4(501.5) and p4(503) are the pressure drop py at 501.5 and
503 ms, respectively.

Table V illustrates that the dynamic response of the CRV signifi-
cantly improves under operational conditions that account for the
transition time of pressure and back pressure. Upon analysis, it is evi-
dent that for a specified CRV, an inverse relationship exists between
the closing time and the change rate of pressure drop. Under three dis-
tinct working conditions, the closing times recorded are 2.7, 3.4, and
3.9ms, in that order. Correspondingly, the proposed model predicts
closing times of 2.7, 3.1, and 3.6 ms for these conditions, while the tra-
ditional model predicts closing times of 2.4, 2.8, and 3.3 ms. Compared
to the traditional model, the proposed model shows an improved pre-
diction accuracy of 11.11%.

(28)

VI. CONCLUSION

In this paper, the influence of squeeze flow on the dynamic charac-
teristics of CRV in the closing process is studied through finite element
analysis. The squeeze force is integrated into the dynamic modeling of
the CRV during closure. To verify the model’s accuracy, an experimental
system is constructed. Conclusions can be made as follows:

(1) The region of the CRV directly opposite the valve cover (parts
A and B) experiences the squeeze force, which is related to the
distance between the CRV and valve cover. A smaller distance
can increase the squeeze force, thus impeding the CRV’s closing
motion. The region opposite the inlet (part C) is not affected by
the squeeze flow and is related to the inlet pressure.

(2) The dynamic response curves of the CRV during the closing
process, as predicted by the proposed model under various inlet
pressures, are in close alignment with the results from the finite
element analysis. In contrast, the traditional model that neglects
the squeeze force yields constant predictions across diverse inlet
pressures. This confirms the suitability of the proposed model
for characterizing the dynamic characteristics of the CRV in
place of finite element analysis.

(3) Through a comparative analysis of finite element results, the
proposed model improves the prediction accuracy of fall time
by reducing the maximum error from 73.26% to 18.86% when
contrasted with the traditional model. Similarly, for the

prediction of closing time, the proposed model decreases the
maximum error from 79.29% to 23.85%.

(4) The built experimental system can independently excite the
CRV. The closing time of the CRV is obtained by the inflection
point of its outlet pressure. This closing time shows an inverse
relationship with the change rate of pressure drop. Under actual
operating conditions, the proposed model shows an enhanced
prediction accuracy for closing time, surpassing the traditional
model by up to 11.11%. The proposed model can be utilized for
optimizing the CRV to reduce the squeeze force and enhance its
dynamic characteristics in the future.
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