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Abstract: As the manufacturing industry evolves, the significance of control valve positioners in
chemical production escalates. The flapper-nozzle system, the heart of control valve positioners,
directly influences the linearity of system control. Presently, studies on the flapper—nozzle system
primarily focus on dynamic system modeling and computational fluid dynamics simulations. How-
ever, traditional flapper-nozzle mechanisms often fail to achieve linear control objectives. This paper
proposes a novel negative-pressure nozzle structure to tackle this issue, combining computational
fluid dynamics and experimental methods, and considering gas compressibility during high-speed
flow. Both simulation and experimental results suggest that the new structure improves the supply air
pressure and broadens the linear pressure output range of the system, showing significant potential
for practical applications.
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1. Introduction

Valve positioners are essential control instruments in pneumatic control valve systems,
comprising an electro-pneumatic converter, a displacement amplifier, a pressure amplifica-
tion device, and other components. They receive and process the pressure signal from the
air source input and feedback signals from the feedback mechanism, thus modifying the
output pressure signal to drive the actuator’s motion, which alters the opening between
the valve core and the valve. Based on the principles of the electro-pneumatic converter,
valve positioners can be categorized into flapper-nozzle-type valve positioners and piezo-
electric ceramic-type valve positioners. Currently, flapper-nozzle-type valve positioners
are more prevalent in industrial applications due to their lower requirements for air source
cleanliness, as well as their durability, compact size, quick response times, sensitivity to
adjustments, and wide bandwidth [1].

The flapper—nozzle, the core component of this type of valve positioner, directly
impacts the control precision of the valve positioner. Flapper—nozzle valves are extensively
used in hydraulic and pneumatic systems, particularly for control and measurement
purposes [2]. However, in valve position control systems, flapper—nozzle structures suffer
from a limited linear operating range. Owing to cost limitations, the flapper-nozzle
mechanism is typically driven by electromagnetic solenoids and traditional pneumatic
flapper—nozzle systems have a limited linear range, making it challenging to ensure accurate
operation throughout the entire range [3,4]. The limited linear range of pneumatic flapper—
nozzle systems restricts their positioning accuracy and makes them unsuitable for certain
high-precision control valve positioning applications. To enhance the performance of
flapper—nozzle mechanisms, new solutions, and technical means need to be proposed.
Numerous scholars have undertaken mathematical and nonlinear dynamic modeling
and research, ranging from linearized algebraic equations to nonlinear dynamic model
control systems [5-9]. Key structural parameters of nozzles significantly influence the flow
characteristics of the internal energy transfer medium and are a focal point of fundamental
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theoretical research and design development. Several scholars have employed numerical
simulation methods to study the flow characteristics of flapper—nozzle valves, including
single flapper-nozzle, double flapper-nozzle, and jet pipe electro-hydraulic servo valves.
They have investigated the internal flow field distribution [10,11], hydrodynamic forces
on the valve core [12], temperature [13], vibration, and cavitation [14-16], among others.
While there is a substantial body of research on the structure and internal flow fields of the
flapper—nozzle mechanisms in hydraulic systems, research into improving their linearity
through structural optimization when dealing with gas transmission media is lacking.

As pneumatic control systems develop, the air supply pressure continues to rise, and
the compressibility of the gas inside nozzles during high-speed flow must be considered.
However, flow field analysis for pneumatic servo control systems rarely considers this
factor. Additionally, gas compressibility can introduce issues such as heat exchange, noise,
vibration, and more [17,18]. These issues significantly affect the accuracy of pneumatic
flapper—nozzle system simulations and limit their practical applications.

To address the issue of the short linear operating range of flapper-nozzle mechanisms,
this paper attempts to introduce a negative-pressure flapper-nozzle structure. It utilizes
the negative pressure generated inside the nozzle’s backpressure chamber to improve the
linearity of the mechanism’s displacement-pressure relationship and enhance the pressure
from the air source. Additionally, a convergent-divergent-type nozzle is applied inside
the nozzle, and the internal flow field distribution and the relationship between pressure
and flapper clearance are analyzed using simulations. Simulation selection employed
the orthogonal experimental design method. Orthogonal experimental design is a re-
search methodology for studying multiple factors and levels. It allows for the selection of
representative combinations of levels from a comprehensive experiment for testing and
analysis, ultimately identifying the optimal combination of levels [19]. The internal geomet-
ric parameters are optimized, a prototype is manufactured, and experimental validation
is conducted.

The remainder of this paper is organized as follows: Section 2 introduces the working
principle and mathematical modeling of the negative-pressure flapper-nozzle mechanism,
explaining the design concept of the internal negative-pressure device and providing a pre-
liminary selection of the mechanism through mathematical modeling. Section 3 discusses
the preparation process for simulation and experiments, including the control equations
and turbulence models used in the grid numerical simulation. To ensure that the results
are independent of the mesh partition, grid independence verification is conducted for
both the convergent-divergent-type throttle nozzle and the entire mechanism. The setup
and preparation of the experimental platform are also described. Section 4 discusses the
results of the simulation and experiments. By combining orthogonal experimental methods
with numerical simulation, the selection of the throttle nozzle and the internal flow state
analysis are determined and the simulation results are compared with the experimental
results and discussed. Section 5 provides a summary of the research work in this paper.

2. System Design and Modeling
2.1. Flapper—Nozzle Mechanism Operating Principle

As illustrated in Figure 1, the flapper-nozzle mechanism is one of the most prevalent
displacement-flow or displacement-pressure converters in pneumatic measurement and
control [9]. Its role is to convert the minute displacement of the flapper into pressure
changes within the pressure control chamber. The operational principle of the mechanism
is as follows: compressed air from the air source enters the pressure control chamber
through the main orifice on the left and flows from the gap between the nozzle and flapper
to the atmosphere. The airflow path formed by the nozzle and flapper can be viewed as a
variable throttle, and alterations in the gap (denoted as “x’) result in variations in the airflow
passing through it. Under operational conditions, the gas pressure (air source pressure ‘Py’)
entering the main orifice remains constant. Within a certain range of gap settings, when
the flapper moves closer to the nozzle, the gas flow through the gap decreases, leading
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to an increase in pressure (P.) within the pressure control chamber. Conversely, when
the flapper moves away from the nozzle, the pressure (P.) within the chamber decreases.
Consequently, there is a one-to-one correspondence between the backpressure (P.) and
the gap between the nozzle and the flapper. Therefore, precise control of the gap between
the nozzle and the flapper allows for the modulation of pressure changes in the form of
air pressure.

Pressure control chamber

Flapper

Orifice Nozzle

Figure 1. Flapper-nozzle mechanism. The flapper—nozzle mechanism consists of an orifice, a pressure
control chamber, a nozzle, and a flapper connected in series. The pressure of the input compressed
air from the air source is denoted as ‘Ps’, and the pressure within the pressure control chamber is
denoted as ‘P;’. The output air pressure is the same as the pressure within the pressure control
chamber. The distance between the nozzle and the flapper is represented as “x’, the diameter of the
orifice is represented as ‘d’, and the nozzle diameter is represented as ‘D’.

2.2. Working Principle of the Negative-Pressure Flapper—Nozzle Mechanism

The negative-pressure flapper—nozzle structure, as shown in Figure 2, modifies the
constant orifice into a nozzle structure while simultaneously altering the structure of the
pressure control chamber. The orifice is now referred to as a throttle nozzle, and the jet
flows into the receiving orifice in front after being discharged from the throttle nozzle.

Nozzle

Flapper

Receiving orifice

Throttle nozzle

Pressure control chamber

Figure 2. Negative-pressure flapper—nozzle system. The negative-pressure flapper-nozzle mechanism
replaces the orifice with a nozzle structure of the same diameter. The pressure control chamber is
connected to the throttle nozzle, allowing the system to generate a gas jet within the pressure control
chamber during operation. The jet flows into the orifice and eventually exits from the gap between
the nozzle and the flapper.

As shown in Figure 3, ignoring the impact of other structures on the jet’s state, the
fluid ejected from the nozzle forms a velocity-discontinuity interface with the surround-
ing motionless gas due to its initial velocity. The fluid velocities on different interfaces
vary and are discontinuous. According to turbulent fluid dynamics, the fluid on the
velocity-discontinuity interfaces fluctuates and inevitably develops into vortices, lead-
ing to turbulence. Turbulence will entrain initially stationary gas into the jet, causing jet
entrainment phenomena [20,21].

After the jet is discharged from the orifice, there exists a discontinuity interface between
the main jet and the surrounding stagnant environmental fluid. Under the influence of
viscous forces, the main jet continuously entrains the stagnant environmental fluid, leading
to an increase in mass flow rate along the flow cross-section. By utilizing the entrainment
effect generated by the orifice, and with appropriate structural adjustments, negative
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pressure (lower than 1 atm) can be generated within the pressure control chamber, forming
the basis for the design of a negative-pressure nozzle.

Pressure control chamber

Nozzle
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Figure 3. Velocity distribution in the pressure control chamber. The velocity distribution character-
istics of the jet within the mixing region are as follows: the central portion constitutes the velocity
core zone, where velocities are uniform; outside the velocity core zone, the flow velocity gradually
decreases until it reaches zero at the boundary.

The operational state of this mechanism is consistent with that of the flapper—nozzle
mechanism. As the gap ‘x” between the flapper and the nozzle increases, the backpressure
in the pressure control chamber decreases. When the flapper approaches the nozzle, the
backpressure in the pressure control chamber increases.

Because of the replacement of the orifice with a nozzle structure, a jet can be generated
within the pressure control chamber. When the airflow exits the nozzle and enters the
pressure control chamber, small air masses along the jet’s boundary start moving, causing
the gas within the control chamber to be entrained into the jet. When the gap ‘x’ is
sufficiently large, the internal jet results in the formation of negative pressure within the
pressure chamber. When the gap between the nozzle and the flapper is within the operating
range, the jet velocity generated by the throttle nozzle is relatively low, and its characteristic
curve is similar to that of the traditional flapper-nozzle structure. As the flapper continues
to move, the jet velocity increases, ultimately resulting in a chamber pressure lower than
atmospheric pressure.

As shown in Figure 4, a system with acceptable performance should exhibit a nearly
linear characteristic curve within the operating range, rather than displaying an “S” shape.
In the case of traditional flapper-nozzle systems, the characteristic curve exhibits significant
bending, and the only way to mitigate the impact of this curve is by reducing the workspace.
However, the negative-pressure flapper-nozzle mechanism reduces the pressure output
of the system after the critical point, resulting in a reduced degree of curvature in the
characteristic curve. After further improvement of this structure, the system’s characteristic
curve extends into the negative-pressure region, while still maintaining a higher-pressure
output for smaller flapper displacements. This indicates that the new system possesses a
wider operating range.

While changing the throttle orifice to a nozzle structure can increase the length of the
linear range, the overall linearity improvement of the system may be limited. To enhance
the system’s linearity, adjustments to the structure of the throttle nozzle are required. By
examining the characteristic curve in Figure 4, it becomes evident that even for the negative-
pressure nozzle, maintaining linearity becomes challenging when the gap ‘x” is large. To
mitigate its impact, it is advisable to keep the pressure drop minimal at small gap ‘x” values,
while in the latter part, the throttle nozzle can generate a strong jet, causing a rapid decrease
in pressure within the control chamber. This shift in the nonlinear range to beyond the
operating range helps improve system linearity.

2.3. Convergent—Divergent Throttle Nozzle

When high-pressure gas flows through the internal throttle nozzle, factors such as
changes in the cross-sectional area and heat exchange with the pipe wall affect the flow.
However, not all factors have the same impact on the internal flow. For the flow within the
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nozzle, changes in the cross-sectional area have the most significant influence, while the
friction between the gas and the pipe wall is relatively minimal for the overall flow. For
subsonic flows, the velocity change is inversely correlated with the cross-sectional area,
while for supersonic flows, the gas accelerates in the converging section and reaches sonic
velocity at the throat before further acceleration in the diverging section. In the operation of
the flapper—nozzle mechanism, the flow state changes with the displacement between the
flapper and the nozzle. By utilizing the relationship between velocity and cross-sectional
area in subsonic and supersonic flows, a well-designed nozzle shape can result in a pressure
gradient with low sensitivity in the initial stages of flapper movement, followed by an
increased pressure gradient in the later stages. As shown in Figure 5, designing the nozzle
as a convergent—divergent structure can accelerate the subsonic gas flow to supersonic in
the contraction section, increase velocity at the throat to sonic velocity, and then continue to
accelerate in the expansion section to achieve supersonic flow. This results in an increased
negative pressure in the pressure chamber. The area ratio of the nozzle is determined by
the diameter of the throat, as indicated in Section 2.4, and the nozzle structure needs to be
designed based on the pressure ratio between the nozzle’s entrance and exit.

P./Pg
1

= = Ordinary structure
—— Negative pressure
= Modified structure

Critical Point

Workspace

Pa/Ps Expanded W orkspace

0 X/Xmax

Figure 4. Comparison of characteristic curves. The curves in the figure represent the displacement-
pressure characteristic curves of the mechanism. The black curve represents the flapper—nozzle
mechanism, the blue curve represents the negative-pressure flapper-nozzle mechanism, and the red
curve represents the modified negative-pressure flapper-nozzle mechanism with modifications to the
throttle nozzle. The critical point indicates the state where the airflow reaches full expansion exactly
at the exit of the convergent—divergent nozzle and P, represents atmospheric pressure.

Py

Figure 5. Convergent-divergent nozzle structure. The pressure when the airflow enters the
convergent-divergent nozzle is Py, the pressure at the throat is Py, the pressure at the nozzle exit
is P3, and the backpressure in the pressure control chamber is Py,.

2.4. Mechanism Modeling and Selection

When the negative-pressure flapper—nozzle mechanism operates, the gap between
the flapper and the nozzle is very small, and the internal flow speed of the nozzle is not
sufficient to generate negative pressure in the pressure control chamber. By neglecting
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the impact of replacing the throttle orifice with a nozzle, which increases the gas flow
velocity inside the control chamber, we can correlate the design of the negative-pressure
nozzle to the traditional flapper—nozzle mechanism [22]. It is necessary to consider the
compressibility of the fluid when the flow velocity exceeds 0.3 Mach. Due to the high gas
pressure and the short length of the pipes, the flow is compressible adiabatic flow. The
simplified mechanism is shown in Figure 6. First, it is assumed that the velocity is uniformly
distributed in cross-sections O and C. In addition, it is assumed that the flow is steady
and composed of an ideal gas. Under these conditions, D represents the volume between
cross-sections O, 1, 2, 3, and C; p represents the density of the fluid; while V denotes the
speed of the flow.

2
’ \
— 1 — NS 5 -
-In-——————---—6 > — 1 Out
L 1 —~, /f 5

3 c/
2

Figure 6. Upstream flow through the orifice and into the chamber of the flapper—nozzle system.

Among them, 1, 2, 3, 4, 5, O, In, Out are the marks for each cross-section.

The continuity equation can be written as:
ff div(pV)dD =0 1)
D

Neglecting the volume forces acting on the ideal gas, the momentum conservation
equation can be written as:

H div(pV ® V + PI — %,)D = 0 )
D

where I represents the unit tensor, P represents the pressure, and all pressures mentioned
in this section are absolute pressures. X, represents the viscous stress tensor. Neglecting
the impact of radiative heat, the total enthalpy equation can be represented as:

ﬂj div(pVh; — %y - V — A gard T)dD = 0 3)
D

where T represents the temperature distribution in the system and #; represents stagnation
enthalpy. The Reynolds number (Re) is used to determine whether the flow is laminar or
turbulent. Under conditions of stable pressure, no external disturbances, smooth internal
walls, and Re is less than 2300, the flow is laminar [23]. As Re increases, the flow gradually
transitions to a turbulent state. When flow is turbulent within section O, the velocity profile
can be represented as:

v-u(2) o

Turbulent flow typically occurs at a Reynolds number (Re) of around 2300, for simpli-
fication, we use the average flow velocity V, to replace V,,,

V, = 0.82V, 5)

For turbulent flow, the velocity distribution smoothens as Re increases, with n being
approximately 7. The application of the divergence theorem can replace the original
equation with a balance of fluxes on the surface. Considering that the control volume is
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relatively short in the i-direction, the flow in section C is within the mixing zone of the
jet that flows out of section O, and assuming that section C’s length is greater than the
thickness of the jet mixing zone, it can be written in the form of a normal distribution. The
velocity distribution in section C can be defined as:

Ve y— be 2

Je — 6

v = e [ ( b ©)
where b, is the semi-thickness of the core region and by, is the thickness of the mixing zone.
The average velocity in section C can be written as:

Ve = bey/ b2, 7)

On walls 1, 2, and 3, where no fluid enters or exits, the continuity equation can be
written as:

_JI Povosodxodyo + ff pCVCSCdxCdyC =0 (8)

where x represents the length of the inlet section O along the i-axis, and y denotes the
distance measured from the centreline in the vertical direction. We introduce Mach numbers
M, and M, stagnation pressures Pi, and Pi., and temperatures Ti, and Ti. in sections
O and C. Where Pi; represents stagnation pressure in section j, Pi; represents stagnation
temperature in section j According to the ideal gas equation and the speed of sound
equation, leading to:

P = pRT )

a® = yRT (10)

where R is the gas constant. For ideal gases, the ratio of P/Pi and T/Ti can be expressed in
terms of Mach number and ratio of specific heats v as follows:

P -1 -1/ (v—1)
C—wM)=(1+ %Mz) (11)
T -1 57"
= =0(M) = (1+ %MZ) (12)
The continuity equation can be expressed as follows:
~w(Mo) M Pi, 5 4 w(M,) Pi,
VM) VT /B(M:) VT

—(poVe + Pa)So — [[ (Zo-m)-idS + [[ Pu-ids+(p Ve +P)Sc =0 (14)
U2 3

Se=0 (13)

where S; represents the area of section j and # represents the unit normal vector to the flow
field D, pointing outward from the flow field. Since there are no vorticities on surfaces
1, 2, and 3, and assuming that the flow in sections O and C is uniform, the entire flow
field is symmetric about the i-axis, and asymmetrical flow in the flow field is ignored. The
momentum conservation equation along the i-axis is as follows:

The integral terms for surfaces 1 and 2 represent the frictional forces generated by
these surfaces. Neglecting the wall frictional forces and introducing the Mach numbers, it
can be written as:

The function defined in terms of the Mach number is:
o(M) =1+ yM? (16)

For compressible adiabatic flow, the total enthalpy equation can be simplified to:
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Tiy = Ti (17)

For viscous fluids, the sudden expansion or contraction of a cross-section leads to a
local decrease or increase in pressure, and this phenomenon is exacerbated by the presence
of friction. When the flow’s Reynolds number (Re) is sufficiently high, the pressure drop due
to friction is much lower compared to the local pressure drop. For the sake of convenience
in calculations, the fluid is treated as an ideal gas and the fluid exiting the jet nozzle is
considered to be uniform, leading to:

_ w(M,) ) w(M,) .
N M,PiyS, + 7\/WMCP1CSC =0 (18)
—(My)w(M,)PiyS, — w(M,)Pig(Se — So) + (M) w(M,)PicS. = 0 (19)

For sections C and F, the continuity equation can be written as:

M)y Se L(Mf ) M (20)
6(Mc) “Sf o(My)

Substituting P, = Pi.w (M f) into Equation (18), we obtain:

o(My) _ VO(M) Sr Py (21)

My w(My)M, So Piy

Combining Equations (1) and (2), we can obtain the equation describing the pressure
drop as follows:

0(Me)y/0(Mc) _ 0(Mo)/6(M,) lHE‘zl\;)] (22)

MC MO
When solving the system for Equations (20)—-(22), there are three unknowns: the gas
flow Mach numbers M,, M., and My. In the case of subsonic flow (M, = My=1 and M, < 1),
the pressure distribution inside the control chamber P, can be expressed as:

P. = Piyw(M,) VOMe) MoSo (23)
\/ Mo M.S.

According to Equation (23), the pressure change curve of P, as a function of flapper
displacement 0-Xmax is shown in Figure 7. It can be observed that with the increase
in flapper displacement x, the pressure in the control chamber P. gradually decreases.
The sensitivity of the flapper-nozzle system increases with the increase in S¢/S,. On
the right side of the solid line in the graph, the curve is relatively flat, indicating that
when D is a constant value, further increasing x has little impact on backpressure. From
the characteristic curve, it is evident that as the ratio (Sf/ Sy) increases, the influence of
x displacement on backpressure becomes more significant. This leads to reduced control
stability and a higher likelihood of oscillations, but it offers high sensitivity and lower
air consumption, with lower demands on driving power. Conversely, when the ratio is
smaller, the influence of x displacement on backpressure decreases, resulting in better
control stability but slower control speed and higher energy consumption. This requires
higher driving power. Based on the flapper—nozzle characteristic curve and engineering
requirements, the diameter of the orifice is determined to be 0.3 mm, and the nozzle
diameter is determined to be 0.5 mm.
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Figure 7. Flapper—nozzle characteristic curves. Sf represents the flow area of the nozzle, and so
represents the flow area of the throttle. The black curve represents the system’s characteristic curve
for Sf/ So = 1.25, the red curve represents Sf/ So = 2.5, the green curve represents Sf/ S, =1.67, and the
blue curve represents S¢/S5, = 4.

3. Simulation Methods and Experimental Preparation
3.1. Governing Equations

The flow within the flapper—nozzle mechanism exhibits turbulent behavior. While
a direct numerical solution to the Navier-Stokes (N-S) equations can provide detailed
insights into turbulent flow, it is computationally demanding in terms of memory and time
requirements. When the objective is to predict the average scalar field, velocity field, and
turbulence-induced forces, the N-S equations can be subjected to an averaging process.
This leads to the formulation of the Reynolds-Averaged Navier-Stokes (RANS) equations,
which can be represented as follows [23]:

dp , 9 _
0 9 _9p 905 9 ,
E(Puz) + E)ch(pu]ul) = _aTCi + ax; + BTC] (_Puluj) (25)

where u; represents the Reynolds mean velocity component with the mean symbol omit-
ted, p is the density, p is the pressure, u is the pulsation velocity, and ¢ is the stress
tensor component.

The RANS equations introduce additional terms associated with Reynolds stress,
which account for the effects of turbulence. However, these additional terms render the
RANS equations non-closed. To maintain the same number of equations as unknowns
and satisfy the theoretical solution conditions, a turbulence model must be incorporated.
Turbulence models estimate the impact of small-scale turbulence on large-scale flow without
explicitly solving the N-S equations.

3.2. Turbulence Models (Two-Equation Model)

The k- turbulence model relies on empirical coefficients determined through simple
shear flow experiments. However, when treating Reynolds stress, it assumes isotropic
turbulence, which can result in significant discrepancies between numerical simulations and
experimental results, especially in regions with high strain rates. The internal jet generated
by the flapper—nozzle system exhibits specific characteristics such as curved streamlines
and recirculation near the backpressure chamber and the receiving orifice. The standard
k-e turbulence model may lead to substantial errors in predicting the flow field. To address
these limitations, the RNG k-¢ turbulence model, which shares a similar structure with the
standard k-e model, is employed. It utilizes the Boussinesq eddy viscosity hypothesis to



Micromachines 2024, 15, 55

10 of 20

close the Reynolds stress term. Additionally, it incorporates terms associated with rotation
in the dissipation rate equation and applies the Reynolds analogy for turbulent diffusion
in scalar fields. This model is particularly well-suited for handling flow near the wall in
impinging jet flows. The transport equations for turbulent kinetic energy (k) and dissipation
rate (¢) in the RNG k-¢ turbulence model can be expressed as follows [24]:

d(pk) = 9d(oku;) 0 ok B
5 v, ax; | "kHeff oy + Gy — pe (26)
d(pz) , Alpeui) _ 9 L e P,
of T ox o |Tertesf gy | T O Or TGPy @7)
In these equations, p.rr = p + p; represents the effective viscosity coefficient;

ur = pCyuuk?/e¢ is the turbulence viscosity coefficient; y stands for dynamic viscosity;
Cyu is the turbulence model constant; Gy = pt(du;/x; + 0u;/x;) * du;/x; corresponds to
turbulent energy due to the mean velocity gradient; . = a; = 1.39 are the reciprocals of
the effective Prandtl numbers for ¢ (turbulence dissipation rate) and k (turbulence kinetic
energy), respectively; Cj, = Cie —n(1—17)/(1+ 1), C;, = Cix —n(1—1)/(1 + By?),
1 = /25iiSijk/€; Sij = (0u;/x; + ou;/x;) /2, represent the Reynolds stress components; the
other constants used in the RNG k-¢ model equations are given by C;, = 0.0845, Cy, = 1.42,
Cix = 1.68, 1 = 4.38, p = 0.012.

3.3. Grid Generation and Grid Independence Verification for Orifice Flow

In Section 2.2, it was discussed that the flow state inside the nozzle orifice undergoes
continuous changes as the gap between the flapper and the nozzle increases. To determine
the optimal shape of the throttle nozzle passage, Computational Fluid Dynamics (CFD)
simulations are employed for the contraction—expansion-type throttle nozzle. The flow
state inside the orifice is primarily influenced by the inlet pressure (P1) and the outlet
pressure (P3). Considering the symmetry of the fluid computational domain and focusing
on local flow conditions, a 2D model of the throttle orifice is developed by simulating the
effect of flapper motion on the gas flow state through variations of the outlet pressure.
ANSYS ICEM 2022 R1 is used to partition the computational fluid domain into a rectangular
grid, with grid sizes adjusted based on the flow characteristics inside the orifice. Local
refinements are applied to the flow boundaries, the throat of the convergent-divergent
passage, and the orifice outlet. In regions where flow variations are less significant, the grid
is set to be sparser and more uniform.

To ensure accuracy and eliminate the influence of the grid on the numerical calculation
results, grid independence validation is conducted using six different grid schemes for a
nozzle with a throat diameter of 0.3 mm, a contraction angle of 30°, and an expansion angle
of 5°. The grid details are presented in Table 1 and Figure 8.

Table 1. Grid division schemes for orifice flow.

Schemes Number of Number of Grid Growth Total Grid
Orifice Nodes External Nodes Rate Number

1 300 x 100 200 x 200 1.5 66,381

2 350 x 150 250 x 250 1.5 106,840

3 450 x 200 300 x 300 1.2 215,465

4 550 x 300 400 x 400 1.1 395,079

5 650 x 350 450 x 450 1.05 524,789

6 750 x 400 500 x 500 1.05 811,908

Six different grid models were simulated individually, and for high Reynolds number
flows, the RNG k-¢ turbulence model was found to yield higher computational accuracy.
The evaluation criterion for this study, focusing on the flow, is the velocity. The influence
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of the six grid schemes on the computed results at the same location in the flow field is
analyzed. The maximum values of velocity and turbulent kinetic energy along the jet axis
are extracted from the nozzle exit. From Figure 9, it can be observed that, except for scheme
1 and scheme 2, the velocity distribution along the jet axis under different grid schemes
exhibits good consistency, indicating that grid density has a relatively small impact on the
flow field distribution. Therefore, to save computational resources while ensuring compu-
tational accuracy, Scheme 4 is selected for grid partitioning in all computational models.

Throat

Figure 8. Grid division result of the convergent-divergent-type throttle nozzle. To facilitate the
observation of the grid structure, the area within the upper red-brown box has been proportionally
enlarged. The magnified image is located within the lower red box.

------- Scheme 1
~~~~~~~ Scheme 2|
= = Scheme 3
—— Scheime 4
Scheme 5

d j/ \ ' .:y‘_-xl""SCheme 6 |

0% 10% 20% %L, 30% 40% 0%

Figure 9. Jet axial velocity distribution in front of the nozzle. The six curves represent six different
grid partitioning schemes, with Scheme 4 applied in subsequent calculations.

3.4. Grid Generation and Grid Independence Verification for Internal Nozzle Flow

The entire negative-pressure flapper-nozzle assembly was modeled for simulation
purposes, with the aim of investigating the relationship between the internal nozzle jet
velocity and the pressure within the backpressure chamber. This information would
guide the selection of the optimal internal nozzle structure to achieve the maximum
negative pressure within the backpressure chamber. Additionally, the effect of the distance
between the internal nozzle and the receiving orifice on the backpressure was explored.
A final model was constructed and simulated for the selected flapper-nozzle assembly to
determine the relationship curve between the flapper gap and the backpressure. To ensure
the universality of grid independence verification, a 3D model of the complete negative-
pressure flapper—nozzle assembly was selected for grid generation and independence
verification. The grid generation processes for other simulation setups have been omitted
for brevity.

To simulate the movement of the flapper, dynamic mesh techniques were employed to
handle the moving boundary problem. In the context of the flapper—nozzle assembly, the
boundary motion was predefined and implemented using User-Defined Functions (UDFs).
Due to the irregular shapes of various parts of the fluid domain and the inclusion of both
dynamic and static regions in the calculation domain, areas experiencing deformation
during internal flow simulations required the application of dynamic mesh for simulation.
The dynamic mesh necessitated the use of tetrahedral grids, and ANSYS MESHING was
utilized to generate the tetrahedral grid for the fluid domain. In the region between the
nozzle jet outlet and the receiving orifice, where primary suction occurred, a finer grid was
implemented to ensure high-precision modeling of the suction process. Furthermore, the
grid expansion rate was reduced to concentrate the majority of the grid elements in the
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core area of the internal jet and the impact area of the receiving orifice. Considering the
symmetry of the flow domain, only half of the flow domain was simulated.

To ensure accuracy and eliminate the influence of grid factors on numerical simulation
results, mesh-independent verification was conducted using six different grid schemes.
The model used for verification comprised a nozzle with a throat diameter of 0.3 mm, a
contraction angle of 30°, an expansion angle of 5°, a receiving orifice with a diameter of
0.5 mm and a length-to-diameter ratio of 2, and a flapper-nozzle assembly with a 0.5 mm
gap between the throttle nozzle and the receiving orifice, unobstructed by the flapper. All
grid schemes employed tetrahedral meshing, and the number of mesh elements increased
progressively. The grid division details are provided in Table 2 and Figure 10.

Table 2. Grid division schemes for internal nozzle flow.

Schemes Number of Number of Grid Growth Total Grid
Orifice Nodes External Nodes Rate Number
1 0.1 0.5 1.5 33,970
2 0.05 0.1 1.2 110,981
3 0.02 0.1 1.2 333,599
4 0.01 0.05 1.1 951,110
5 0.005 0.02 1.05 1,843,588
6 0.002 0.01 1.05 3,371,818

Figure 10. Computational domain grid of the flapper-nozzle system. (a) shows the grid division
of half of the internal flow field of the assembly. To facilitate observation, the grid area around the
nozzle orifice has been proportionally enlarged. (b,c) enlarge the details of the corresponding color
area displayed.

For high Reynolds number flow, the RNG k-¢ turbulence model was applied to com-
pute the geometrical models of the six grid schemes. The evaluation of interest in this study
focused on flow velocity and turbulence kinetic energy. The impact of these 6 grid schemes
on the calculation results at the same position in the flow field was analyzed. The maximum
turbulence kinetic energy coefficient in the flow field was extracted at the exit of the orifice
for comparison. As shown in Figure 11, the maximum turbulence kinetic energy coefficient
in the flow field steadily increases with the increase in grid density. Starting from scheme 3,
further grid refinement has almost no effect on the maximum turbulence kinetic energy
coefficient. It can be observed that turbulence kinetic energy is highly sensitive to grid
density, but it converges after reaching the grid density of scheme 4. Further, increasing
grid density does not change the turbulence kinetic energy calculation results; thus, to save
computational resources while ensuring accuracy, scheme 4 was chosen for grid division in
all computational models.
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Figure 11. Turbulence kinetic energy distribution. The blue solid line represents the maximum
turbulence kinetic energy coefficient within the computational domain obtained after each grid
division, gradually converging to 0.051 as the grid is refined.

3.5. Experimental Design

To validate the theoretical calculations and simulation results, an experimental setup,
namely a flapper-nozzle displacement-pressure test bench, was constructed for this study.
The prototype is depicted in Figure 12 and the experimental bench is illustrated in Figure 13.
The primary components of the experimental bench include an air pressure source, flow
meter, flapper-nozzle device, and data acquisition system. The flow meter integrates
functions such as air pressure adjustment, measurement, and flow measurement. The
initial gap between the nozzle and the flapper is determined by a spiral structure. The time
interval of the experiment is measured and collected by a laser-ranging instrument, and the
gap between the flappers is adjusted by a spiral device driven by a stepper motor. The test
bench is employed to gather real experimental data, including the gap between the flappers,
backpressure chamber pressure, and flow rate. The experimental setup comprises several
components, including a high-pressure air source, a pressure regulator, a flow meter, a
flapper-nozzle device, a pressure gauge, and a data acquisition system. The high-pressure
air source, capable of a maximum output pressure of 15 MPa, supplies clean and dry
high-pressure air to the flapper—nozzle. Following its release from the high-pressure air
source, the gas enters the pressure regulator, which adjusts the gas pressure to 0.4 MPa.
Subsequently, the gas enters the flow meter to record flow information before entering the
flapper—nozzle mechanism. The data acquisition system is connected to the backpressure
chamber of the flapper—nozzle mechanism to collect pressure data.

4. Results and Discussion
4.1. Numerical Analysis of the Orifice

In this study, the orifice plays an indispensable role, with its appropriate selection sig-
nificantly enhancing system linearity. The orifice not only throttles the flow medium from
the high-pressure gas source, generating sufficient pressure in the backpressure chamber,
but it also utilizes its jet to regulate the backpressure chamber pressure by entraining the
surrounding gas, thereby maintaining the entire system’s excellent linearity within the op-
erational range. This section primarily focuses on the influence of geometric parameters on
the jet state of the convergent-divergent nozzle, based on the characteristics of supersonic
gas flow.

The convergent section of the orifice has throat angles set at 15°, 30°, and 45°, with
lengths of 0.5 mm, 1 mm, and 1.5 mm. The divergent section angles are set at 0°, 5°, and 10°,
with lengths of 1.5 mm, 2.5 mm, and 3 mm. An orthogonal experimental design is em-
ployed. This is a method for studying multi-factor and multi-level designs, which selects
representative points from a comprehensive experiment based on orthogonality. These
representative points possess characteristics of “uniform dispersion and comparability”.
Orthogonal experimental design is a primary method for analyzing factorial designs and
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an efficient, rapid, and economical experimental design method [25]. The orifice selection
study is a 4-factor, 3-level experiment, which requires 43 = 64 combinations of experiments
without considering the repetition of each combination. As shown in Table 3, by utiliz-
ing the L9(34) orthogonal table for experiment arrangements, only nine experiments are
needed, significantly reducing the workload. The flapper displacement is moved from
10 pm to 100 pm, with simulations conducted every 10 pm and the backpressure cham-
ber’s internal pressure recorded. Simulations are conducted for test series 1-9, and the
results are shown in Figure 14. Figure 14 illustrates the orthogonal numerical simulation
results. Series 3, 4, and 6 are not effective at suppressing jet development at small clear-
ances. Series 2, 7, and 9, although effective at inhibiting jet expansion at small clearances,
prematurely reach a critical state inside the jet, leading to excessive pressure drop at the
throat of the characteristic curve and making it non-linear. Series 1, 5, and 8 are closer to the
ideal characteristic curve. Considering practical production difficulties and other factors,
Series 5’s structure is selected as the orifice.

Figure 12. The negative-pressure nozzle, referred to as (a) the nozzle mechanism, is composed of
three parts, namely (b) nozzle, (c) backpressure chamber, and (d) throttling nozzle, which maintain
fine air tightness and facilitate processing.

Table 3. Orthogonal simulation design plan.

Simulation Plan Contraction Angle Expansion Angle Contraction Length Expansion Length
(mm) (mm)

1 15° 0° 0.5 15
2 15° 5° 1.5 2.5
3 15° 10° 1 3

4 30° 0° 15 3

5 30° 5° 1 1.5
6 30° 10° 0.5 2.5

The flow state of the convergent—divergent nozzle primarily depends on the geometric
shape of the flow channel and the pressure difference between the inlet and outlet. To
conserve computational resources and obtain accurate simulation results, it is necessary to
simplify the flow field model. The flow region near the nozzle is extracted, with a pressure
inlet at the inlet end matching the high-pressure gas source and a pressure-adjustable outlet
at the outlet. Only the influence of flapper displacement on the backpressure at the nozzle
is considered, and the movement of the flapper is simulated by adjusting the pressure at the
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outlet, thus simulating the flow state at the nozzle. To further investigate the internal flow
state of the nozzle structure labeled as series 5, simulations were conducted under different
backpressure conditions (0 MPa, 0.1 MPa, 0.2 MPa, 0.3 MPa). The simulation results, as
shown in Figure 15, display the distribution of flow Mach numbers on the left and the
pressure distribution on the right, corresponding to the velocity distribution on the left.
The flow velocity variation observed in the simulation results of the convergent-divergent
nozzle is generally consistent with theoretical analysis.

Gap adjustment
device

Test platform

Figure 13. Experimental bench for generating the characteristic curve of the negative-pressure
flapper—nozzle mechanism.

0.4 @==

T
—e— Series |
—e— Series 2
—e— Series 3| |
—e— Series 4
—o— Series 5
Series 6
—e— Series 7| ]
Series 8
—o— Series 9

0.3

S
(S}

Pressure (MPa)

o

0.0

0 10 20 30 40 50 60 70
X (um)

Figure 14. Orthogonal numerical simulation results. Each curve represents the characteristic curve of
an orthogonal experimental setup, and each point represents a numerical simulation calculation. The
characteristic curve is an important indicator for evaluating the performance of the setup.
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Figure 15. The effect of backpressure variation at the outlet on the internal flow state of the convergent—
divergent nozzle. (a-d) show the jet velocity distribution and (e-h) present the jet pressure distribu-
tion. These simulations cover a range of backpressure conditions increasing from 0 to 0.3 MPa, from
top to bottom.

When the backpressure is 0 MPa, the airflow accelerates at the throat of the nozzle,
forming two intersecting oblique shockwaves. The airflow continuously accelerates in
the expansion section, reaching a maximum velocity of 2.4 Mach, but it does not achieve
complete expansion at the outlet. After exiting the nozzle, a series of expansion waves are
formed and the airflow continuously accelerates before the expansion waves, while the
pressure continuously decreases. After passing through the expansion waves, it suddenly
decelerates, causing a pressure increase; this process occurs repeatedly. With increasing
backpressure, the transverse shockwave at the outlet continuously moves toward the
interior of the nozzle until it reaches the throat. Correspondingly, the jet velocity generated
by the nozzle gradually decreases. When the backpressure is 0.1 MPa, the gas at the
nozzle outlet (just) reaches a fully expanded state, with the pressure nearly matching the
backpressure. Supersonic flow is observed throughout the entire range of backpressure
variation, even when the backpressure is 0.3 MPa, and expansion waves appear at the
nozzle throat.

In Figure 16, when there is no flapper, and considering compressibility, the axial
velocity distribution of the internal flow shows the following characteristics: Subsonic flow
accelerates as it enters the contraction channel, causing a continuous drop in pressure until it
reaches sonic conditions at the throat. Upon entering the expansion channel, subsonic flow
accelerates to supersonic speeds and continues to accelerate, causing a drop in pressure. At
the exit, the flow is not yet at a fully expanded state and generates a shock wave, leading to
a sudden decrease in velocity and a rapid increase in pressure. Subsequently, a series of
expansion waves form in front of the exit. Figure 17 shows the radial velocity distribution
in the flow direction after the jet is discharged from the nozzle. As the jet develops, its
volume gradually increases; however, the flow field does not exhibit a distribution similar
to that of an incompressible jet. The flow velocity is relatively consistent in the region
near the axis. There is some velocity fluctuation due to the presence of expansion waves;
however, as the jet progresses, the overall trend is that of a decrease in velocity. After a
certain distance, velocity begins to decrease with increasing distance from the axis, reaching
subsonic speeds about 0.8 R away from the axis.
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Figure 16. Velocity and pressure distribution during the shock wave. The red curves represent the
simulation results for the internal flow velocity along the axis in the nozzle. The corresponding blue
curves represent the simulation results for the pressure distribution along the same axis.
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Figure 17. Radial velocity distribution. The curves in the figure represent the simulated radial velocity
distribution of the jet within a range of 0-1.5 mm from the nozzle outlet. Simulations were conducted
at intervals of 0.3 mm.

4.2. Negative-Pressure Flapper—Nozzle Characteristic Curve Simulations and Experimental Analysis

Based on the calculations and simulations described above, the final geometric param-
eters of the negative-pressure flapper-nozzle structure are as follows: the internal throttle
orifice has a diameter of 0.3 mm, a contraction angle of 30°, a length of 1 mm, an expansion
angle of 5°, and a length of 1.5 mm. The nozzle diameter is 0.5 mm, with an aspect ratio of 6.
The receiving orifice has the same diameter as the nozzle and is located 0.5 mm away from
the throttle orifice.

Numerical simulations and experimental calculations were performed; the results
are shown in Figure 18. The red curve represents the results obtained from the numerical
simulations. Experiments were conducted on the primitive flapper-nozzle system and its
characteristic curve was obtained (black line in the figure). The geometric modeling and
grid partitioning are the same as in Section 3.4, and due to computational accuracy consid-
erations, a simulation calculation was performed for every 10 pm of flapper movement.
The blue curve represents the experimental values of pressure inside the backpressure
chamber. The nozzle was fixed in front of the flapper, and the gap length between the
nozzle and the flapper was adjusted using a spiral device. Experiments were conducted at
5-um intervals to obtain the displacement-pressure characteristic curve for the system.

Both the numerical simulation and experimental results exhibit good linearity within
the working range. A linear fit was performed for a portion of the working range, and
the slopes of the resulting lines were roughly similar. For the fluid simulation results, the
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coefficient of determination (R-squared) for the fit is 0.9916; for the experimental results,
it is 0.9917, and for the primitive flapper-nozzle, it is 0.9945. Both the simulation and
experimental results maintained a high degree of consistency. This indicates that for
nozzles and flapper valves used in high-pressure systems, simplifying the internal flow
as adiabatic isentropic flow with the fluid treated as an ideal gas results in highly reliable
simulation outcomes.
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Figure 18. Negative-pressure flapper—nozzle mechanism characteristic curve simulation and ex-
perimental results. The red curve represents the numerical simulation results of the mechanism.
Simulations were conducted for each 10-um increase in the gap, and these results are indicated by

the red curve. The blue curve represents the numerical simulation results of the mechanism, with
simulations conducted for each 5-um increase in gap.

The experimental and simulation results of flow rate changes during the operation of
the mechanism are shown in Figure 19. The grey curve in the figure represents the flow rate
data collected using a flow meter. The blue curve represents the data obtained after filtering
and noise reduction. The red broken line represents the simulation results calculated every
10 um of flapper displacement. Compared to the simulation results, the experimental data
show minor gas flow, even when the flapper is not moving. Nevertheless, the overall
trend of flow rate change is similar in both cases, with larger variations when the flapper
displacement is small. The flow rate curve is quite steep at the initial stage, but as the flapper
displacement continues to increase, the flow rate curve gradually becomes smoother.
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Figure 19. Negative-pressure flapper-nozzle mechanism flow simulation and experimental results.
The red curve represents the numerical simulation results of the mechanism. Simulations were
conducted for each 10-um increase in the gap, and these results are indicated by the red curve. The
gray curve represents the flow data collected by the flow meter. The blue curve is the result obtained
after filtering and fitting the gray curve to eliminate noise.
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5. Conclusions

In the present study, a novel flapper-nozzle mechanism intended for pneumatic valve
positioners was developed, wherein the air source pressure was amplified to 0.4 MPa. A
convergent—divergent nozzle was incorporated within the internal throttling hole, thereby
facilitating the generation of supersonic jet flows within the nozzle. This innovative design
utilizes the flow characteristics of supersonic gas to regulate the pressure-displacement
behavior of the mechanism. Compared to traditional flapper-nozzle mechanisms, the new
negative-pressure nozzle has a wider operating range and higher linearity.

A mathematical model that takes into account gas compressibility was constructed by
integrating traditional flapper-nozzle design methodologies. This model yielded the char-
acteristic curves of the flapper-nozzle mechanism that were instrumental in determining
the relationship between the diameters of the throttling hole and the nozzle. The fluid do-
main model underwent grid generation and grid independence verification. The meshing
scheme was determined based on the distribution of flow velocity and the convergence of
turbulence kinetic energy. Simulation analyses were conducted on the internal flow field
within the nozzle and revealed the existence of shock waves. The formation of these shock
waves was attributed to the decrease in flow velocity, which subsequently resulted in an
increase in pressure, temperature, and density upon the jet’s entry into the receiving orifice,
thereby leading to the generation of compression waves.

The simulation results suggested that to prevent the formation of shock waves, the
maximum displacement of the flapper should not surpass 70 um. The selection of the
convergent-divergent nozzle was further examined using orthogonal experimental meth-
ods, culminating in the choice of a nozzle with a contraction angle of 30°, a contraction
length of 1 mm, an expansion angle of 5°, and an expansion length of 1.5 mm.

The complete negative-pressure flapper-nozzle mechanism underwent simulation,
producing the displacement-pressure characteristic curve. The simulation results demon-
strated that the mechanism exhibits robust linearity within its operational range. Experi-
mental validation was carried out, and the results for displacement-pressure and flow rate
curves were found to be in close agreement with the simulation results, thereby affirm-
ing the accuracy of the simulation model. This study lays a solid foundation for future
applications of pneumatic high-pressure flapper—nozzle mechanisms.
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