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Abstract

Pneumatic drives remain widely used in industrial automation due to their simplicity
and reliability, yet their overall energy efficiency is typically low. This study introduces
an energy-efficient pneumatic drive concept that enhances braking control and enables
compressed air recovery without modifying the actuator’s mechanical design. A transient
one-dimensional mathematical model is developed to describe system dynamics and
is combined with a particle swarm optimization (PSO) algorithm to determine optimal
switching coordinates for the braking phase under constraints on piston motion and
positioning accuracy. To assess the validity and limitations of simplified models, the
optimized process is additionally investigated using a three-dimensional CFD model
with moving mesh and valve control. The CFD model is validated experimentally using
pressure measurements in the cylinder chambers. The results reveal that conventional
isothermal 1D models underestimate transient pressure and energy parameters by up to
30-35% in systems with air recovery, highlighting the necessity of 3D analysis for accurate
energy assessment. Optimization increases the duration of the recovery phase by a factor
of 2.8 while maintaining cycle time and improving positioning accuracy. The resulting
cycle energy efficiency reaches 53.4%, significantly exceeding typical industrial values.
The proposed methodology provides a practical framework for designing energy-efficient
pneumatic drives.

Keywords: pneumatic drive; energy efficiency; compressed air recovery; transient CFD;
particle swarm optimization; industrial automation

1. Introduction

Pneumatic drives are an essential component of modern automated production sys-
tems due to their high reliability, simple design, and the widespread availability of the
working medium—compressed air. However, the efficiency of such systems is limited by a
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low overall efficiency coefficient, which results from significant energy losses during the
stages of compression, transportation, and utilization of air in actuators [1,2].

Moreover, energy consumption for the production of compressed air in the industrial
sector of the European Union is estimated to account for 7-10% of total industrial energy
use [1,3]. The main causes of excessive energy consumption in pneumatic systems are the
improper sizing of actuators, the lack of adaptive control over drive parameters, and the
presence of leaks in the pipelines [2,4,5].

Studies indicate that the energy-saving potential in pneumatic systems is substantial:
up to 40% under typical operating conditions and up to 80% in the case of comprehensive
optimization of operational processes [4,6-8].

The key strategies for improving the energy efficiency of pneumatic drives during
operation are: local pressure reduction and division of the power supply into two (or more)
levels [9] using pressure-reducing valves (allowing energy savings of 20-50%), limiting the
supply of compressed air according to pressure levels [10] (enabling actuator downsizing
and energy savings of up to 71% without performance loss), and modifying switching
modes during operation, which can reduce energy losses by up to 80% without altering the
overall architecture of the pneumatic drive [8,11].

The study in [12] analyzes the effect of retaining and reusing exhaust air on drive
dynamics; however, the authors focus solely on modifying fast-dynamic parameters and do
not calculate the system’s energy balance, preventing an accurate assessment of recovery
efficiency. An experimental study [13] demonstrated significant energy savings through the
collection and reuse of exhaust air, but it was conducted on low-speed actuators, leaving the
efficiency under highly dynamic conditions uncertain and limiting the general applicability
of the approach. Study [14] showed that using a booster regulator with a recovery circuit can
increase the energy efficiency of a pneumatic system by returning part of the compressed
air. However, the authors consider only a local system component (the booster) and do not
analyze the complete energy cycle of the drive, which prevents evaluation of the overall
recovery effect. Work [15] presents an original scheme of double expansion and exhaust
air collection, demonstrating a noticeable reduction in working medium consumption;
however, the system has increased design complexity and high sensitivity to pressure
fluctuations, limiting its applicability in fast-dynamic drives. Study [16], focused on hybrid
braking systems, combines hydraulic and pneumatic recovery mechanisms, but primarily
targets heavy-duty transport platforms, so the findings cannot be directly extrapolated
to industrial pneumatic drives. Extending this topic, the authors in [17] performed a
sensitivity analysis of the parameters of a combined hydro-pneumatic system, but focused
on design dependencies and paid little attention to the dynamics of losses in compression
and expansion processes, which are critical for assessing recovery efficiency.

The combination of these limitations in existing studies highlights the relevance of
conducting a comprehensive analysis of energy processes in pneumatic drives with recovery.
Works [5,18-21] emphasize that the implementation of energy-saving strategies should
begin at the design stage, when possible operating modes are evaluated, and intelligent
control algorithms are implemented.

Load-adaptive switching algorithms have demonstrated the potential to increase
efficiency and reduce consumption by minimizing excess pressure in the system [22]. Im-
plementation of such strategies relies on pressure/velocity feedback for dynamic valve
switching [12]; however, these methods are difficult to implement due to the need for addi-
tional complex distribution and control equipment, significantly increasing system cost.

Based on the above, two promising directions for improving the energy efficiency of
pneumatic drives emerge, which are both technically and economically feasible: modifying
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switching events during a single operation with subsequent recovery of part of the exhaust
air, and locally reducing the supply pressure at the final stage of piston movement.

Despite extensive research on pneumatic drives and energy-saving strategies [16,17,23],
most existing studies rely on simplified one-dimensional models, typically assuming
isothermal or quasi-steady processes [24,25]. While such models are computationally
efficient, they inherently neglect transient thermodynamic effects, spatial pressure non-
uniformities, and temperature variations that become critical during braking and com-
pressed air recovery phases [16,17,26].

In particular, the applicability of 1D models to systems with energy recuperation re-
mains insufficiently validated, despite their widespread use for estimating air consumption
and energy efficiency [16,17,23]. This creates a fundamental gap between model-based
optimization results and the actual energy performance of pneumatic systems operating
under highly transient conditions [24,26].

To address this limitation, the present study employs a fully transient three-
dimensional CFD approach with moving boundaries and UDF-controlled valve logic,
enabling direct resolution of unsteady compressible flow, heat transfer, and energy conver-
sion mechanisms in pneumatic drives. This approach allows not only accurate quantifica-
tion of recovered energy but also a rigorous assessment of the validity limits of traditional
1D isothermal models, which is essential for energy engineering applications focused on
efficiency improvement and reduction in primary energy consumption.

The aim of this study is to develop a methodology for improving the energy efficiency
of the working process of a pneumatic drive with braking by modifying the switching
events between cylinder chambers and recovering energy at the design stage, as well as to
enhance the accuracy of assessing pneumatic system efficiency using a combined approach
based on one-dimensional and three-dimensional modelling.

To achieve this goal, the optimal coordinates for the start and end of the braking
phase (switching events) were determined, maximizing the duration of compressed air
recovery from the exhaust cavity to the network (Section 3.2); a simulation model of the
pneumatic cylinder was developed in the Ansys Fluent environment and validated against
experimental data; and the energy efficiency of the system with an optimized working
process was calculated (Section 3.3).

2. Materials and Methods

The study was carried out in three stages: modelling the characteristics of the pneu-
matic drive and evaluating transient processes using rapid one-dimensional simulations;
optimizing the working process with the particle swarm optimization method; and investi-
gating the optimized system through three-dimensional numerical modelling.

2.1. Mathematical Model of the Pneumatic System
2.1.1. Structure of the Pneumatic System

The analysis of the energy parameters of the pneumatic system (PS) was carried
out using the diagram shown in Figure 1. According to the results of transient process
evaluations [27], this configuration is considered the most promising in terms of meeting
the requirements for pressure and speed stability, as well as positioning accuracy. This PS
structure also enables the recovery of compressed air from the exhaust chamber back to the
network [27,28].
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Figure 1. Diagram of the pneumatic system and the control map of the valves, illustrating the
implementation of the energy recovery mode.

The pneumatic drive (Figure 1) comprises a double-acting pneumatic cylinder con-
trolled by a monostable 4/2 valve T and a biostable 5/3 valve R, a reduction valve that
maintains a stable reduced supply pressure, and a check valve in the exhaust line. Figure 1
also presents a control map for the valves, where the electrical signals governing the
valves are Boolean variables, taking the values 1 (control signal present) and 0 (control
signal absent).

2.1.2. Synthesis of a Mathematical Model of the Pneumatic System

To investigate the working process of the pneumatic system, a mathematical model
was developed based on the following assumptions:

—  In the 1D model, the thermodynamic process is approximated as isothermal by pre-
scribing a constant air temperature inside the cylinder equal to 300 K. This value
corresponds to the initial operating conditions and is maintained throughout the en-
tire cycle to obtain a computationally efficient engineering representation of pressure
dynamics. Temperature variations during compression and expansion are therefore
not explicitly resolved. Such an approach is commonly applied to short-term pneu-
matic cycles (up to 1 s) with transient processes. According to [29,30], at pressures up
to 0.6 MPa and temperatures around 300 K, the deviation in simulation results does
not exceed 5%.

—  Inthe 1D formulation, heat exchange between the gas and the surrounding environ-
ment is not modeled. Considering the short operating cycle of the pneumatic drive
(~1s), significant heat transfer between the air in the cavities and the cylinder walls is
limited. As reported in [31], under rapid pressure variations, this assumption reduces
calculation accuracy by approximately 1-5%, while [32] demonstrates that for short
cycles, the influence of heat exchange on overall accuracy is negligible (error < 1%).

—  The working medium is considered an ideal gas. This assumption is justified in [33],
which shows that the deviation of the actual transient process from the ideal model
under standard operating conditions (pressures up to 1 MPa and temperatures up to
400 K) does not exceed 1%.

The transition from subcritical to supercritical (choked) compressible flow regimes
is governed by the flow function ¢(I), which depends on the pressure ratio I = pout/ Pin,
where p;, and p,y¢ are the upstream and downstream pressures across a throttling element.
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The critical pressure ratio separating subcritical and choked flow is defined by classical
compressible flow theory [34,35] as

o\ a1
I =
cr <a+1) 7

which for air (2 = 1.4) equals approximately 0.528.

Equation (1) implements this transition in a compact analytical form using a con-
tinuous switching function. The sign(I — 0.528) operator ensures numerically stable and
automatic switching between flow regimes, while also accounting for possible changes in
flow direction at throttling elements:

(/o Ja+1/a) 40579 17 SIg“(ZI —0528) gy

1+ siegn(I — 0.528 2
(1) = IR0 [ 2

Taking the above assumptions into account, the equations of thermal (energy) balance
for the gas in the open (working and exhaust) cavities are expressed as relations for the
rate of pressure change in these cavities dp1/dt and dp,/dt, along with the equation of
dynamic equilibrium of the piston [29,36,37]:

dpi _ apmfivVaRTy (ﬂ)_ﬁ apr  dx.

dat Fl-(x01+x) Pm Xp1+X datr’
3a—1
dpy __ afsp,* VaRTy Pa aps dx.
ar _’Y—@ ' q) E +5L+XQ2*X tdrr (2)
By(L+xg,—x)p, >
dx _
dat — v

@=L . (pyF—pF-P).

2.1.3. Calculation Algorithm Based on the Mathematical Model

The initial conditions for each phase of motion (acceleration, deceleration, and posi-
tioning), as well as the conditions for transitions between phases, are presented in the form
of an algorithm in Figure 2.

When the piston reaches the coordinate x; > 0.85L, the control signal to R, disappears
and the distributor returns to its neutral position. At the same time, a reduced pressure,
determined by the reduction valve settings, is supplied to the piston chamber, while the
rod chamber is connected to the atmosphere.

2.2. Optimization of the Working Process of the Pneumatic System

To increase the energy efficiency of the pneumatic system while simultaneously achiev-
ing the prescribed motion trajectory, optimization of its working process is required.

Within the framework of the adopted one-dimensional model, the amount of com-
pressed air returned to the supply line is primarily determined by the duration of the
recovery phase. Since, under the model assumptions, the pressure in the rod-side chamber
during recovery is constrained by the supply line pressure, the recovered energy becomes
directly proportional to the mass of air displaced during this interval.

Therefore, the optimization criterion is formulated as the maximization of the duration
of the compressed air recovery process to the supply line #,.:

trec =ty —ts — max. 3)
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Figure 2. Calculation algorithm of the mathematical model for the pneumatic system.

An increase in the recovery duration leads to an increase in the amount of
recovered energy:
t
f.
t) - pa(t
Ere [ mree(D) pat) (4)
p(t)
ts
Equation (4) is derived under the following assumptions:
—  No heat exchange with the environment [33];

—  The working medium is an ideal gas.

The constraints imposed on the process are defined by the piston reaching the final
point of its trajectory (x; — 0.385 m) and by ensuring a minimum velocity of the moving
element at the end point of the stroke (vy — min).

Thus, the optimization problem can be formulated as follows:

trec = tf —ts = max

x(0) =0; v(0) =0; ®)
x(t) =0.385; v(t) =0.
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To solve the optimization problem (5), the following objective function is constructed:

for = (ts — t) + Ter — min;
0,if [x(5)] < Ax A [0(£)] < Do; ©)
W/ (x(t) — 0.385) + 0()%, if [x(t) — 0.385] > Ac V [o(t)] > Ao,

In addition, a sensitivity study with respect to the weighting coefficient w in the
objective function (6) was performed. It was observed that for w < 10° [38-40], the
minimization process led to competition between the terminal energy term and the duration
term, and in several runs, the condition Ter < A, was not fully satisfied before the reduction
of (ts —t f) began. For intermediate values w = 108, the enforcement of the terminal
conditions improved, but occasional deviations from the prescribed final state were still
observed. Increasing w beyond 10'° did not change the location of the global minimum,
the obtained optimal switching times, or the convergence behavior of the optimization
algorithms. Therefore, the value w = 1010 was selected as the minimal coefficient that
guarantees strict satisfaction of the terminal conditions while preserving numerical stability
and robustness of the search process.

To obtain a numerical value at the output of the objective function, its graphical
representation is used (Figure 3).

i
= | Substitution of the Numerical Calculation f
values of #; and #; integration of numerical Calculation Calculation oF
into the mathematical of a mathematical values Ter Jor
L model of the system model of a system x(T) and v(T)
—

Figure 3. Graphical representation of calculations in the objective function for.

Thus, problem (5) is reduced to minimizing the objective function (6), and the task
becomes the determination of its global minimum.

Since the objective function may exhibit a complex, multimodal topology, an opti-
mization algorithm with strong global search capabilities is required to reliably locate
the global minimum of for. For this purpose, the metaheuristic multi-agent algorithm
VCT-PSO [38—-40], a zero-order method and a modified version of the particle swarm op-
timization (PSO) algorithm, is employed. The parameters of the VCT-PSO algorithm are
listed in Table 1.

Table 1. Parameters of the VCT-PSO algorithm.

VCT-PSO Algorithm Parameter Numerical Value
Number of iterations 50
Number of agents (swarm size) 25
RC parameter 5
Inertia coefficient w 0.72
Cognitive coefficient ¢; 1.19
Social coefficient ¢, 1.19

To make sure that VCT-PSO finds the objective function (6) minimum, we run it
50 times, each time with a random initial position of the particles. All the executed algo-
rithm’s runs brought the same result.

https://doi.org/10.3390/act15030135
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2.3. CFD Model

To reliably reproduce non-stationary thermodynamic processes in the pneumatic cylin-
der, a three-dimensional flow model was solved using ANSYS Fluent 2024 R1. The model
describes compressible air flow, heat and mass transfer, the dynamics of air supply to the
cylinder chambers, and changes in the volumes of the working chambers caused by piston
motion. Since piston movement results in significant deformation of the computational
domain, a dynamic mesh approach was employed, ensuring accurate mesh updating at
each time step.

The computational domain (Figure 4) includes the piston working chamber, the rod-
side exhaust chamber, dead volumes, and the regions where the supply and exhaust
lines are connected. The geometry was constructed in accordance with the actual design
parameters of the investigated pneumatic cylinder: piston diameter of 63 mm, rod diameter
of 20 mm, and supply and exhaust port diameters of 3.74 mm.

eeee—ee——
SIS SRS

VL . . o o e e

Figure 4. Computational model: (a) three-dimensional geometry; (b) computational mesh.

2.3.1. Mesh Model and Dynamic Meshing

A hybrid mesh was generated, consisting of hexahedral elements in the cylindrical
regions and tetrahedral elements in the inlet and outlet channels, which also represent
dead-volume zones. To ensure accurate near-wall flow resolution y* & 1 and to enable
the use of the SST turbulence model, 15 prismatic boundary layers were applied. Given
adverse pressure gradients, intermittent separation/reattachment in the intake port, and
compressibility-driven transients during braking/recovery, we adopted SST, ensuring
near-wall resolution in the viscous sublayer.

Dynamic mesh updating was performed using the Layering scheme [41], which
corresponds to the addition and removal of layers of hexahedral elements in the cylinder
mesh during piston motion (Figure 5).

New Layers  Deleted Layers

Figure 5. Dynamic mesh updating during piston motion.

The piston motion in 3D was prescribed from the validated 1D model as a time-
tabulated profile with 101 position samples per half-stroke. The CFD time step was selected
so that the dynamic-mesh layering increment remained <0.2 of the local near-wall cell
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height at every update, ensuring smooth wall kinematics and stable mesh quality dur-
ing peak deceleration. A trajectory-sampling sensitivity study (10/30/51/101 samples)
demonstrated numerical convergence: the chamber-pressure histories and cycle-integrated
performance metrics differed by <0.1% between 51 and 101 samples (Figure S1). For
completeness, an ODE-driven piston motion solved inside the CFD loop produced ~1%
trajectory differences, with short-lived pressure deviations at the onset of braking, corrobo-
rating that the tabulated-motion setup does not distort the pressure—force feedback while
being more robust for the present highly transient runs.

2.3.2. Implementation of Switching Events Using UDFs (*.c)

To accurately model the three operating phases of the pneumatic drive, two user-
defined functions (UDPFs, *.c) were developed to control the boundary conditions based on
chamber pressure, time, and the drive operating algorithm. The first UDF controlled the
pressure at the inlet of the piston chamber, while the second UDF controlled the pressure at
the outlet of the rod-side chamber [42,43].

The switching logic was implemented in four consecutive stages.

At Stage 1 (pre-braking phase), the inlet boundary condition was defined as a pressure
inlet with a pressure of 0.6 MPa, while the outlet boundary condition of the rod-side cham-
ber (UDF2) was set as a pressure outlet of 0.1 MPa (atmospheric pressure). These boundary
conditions were maintained until time t = t;, where t;—the braking onset time was calcu-
lated by solving the system of equations of the pneumatic system mathematical model.

At Stage 2 (braking phase), the inlet boundary condition was changed to a pressure
inlet of 0.2 MPa (downstream of the pressure-reducing valve). At the outlet boundary, a
wall condition was imposed, preventing air from escaping from the rod-side chamber and
enabling air compression during piston deceleration.

At Stage 3 (recovery phase), when the pressure in the outlet channel exceeded 0.6 MPa,
the UDF2 program switched the outlet boundary condition to a pressure outlet of 0.6 MPa.
This condition simulated the release of compressed air from the rod-side chamber into the
compressed air supply line, allowing its reuse during the subsequent operating cycle of the
pneumatic cylinder.

At Stage 4 (end of recovery), when the pressure in the rod-side chamber dropped
below 0.6 MPa, the recovery process ended, and the outlet boundary condition was reset to
a pressure outlet of 0.1 MPa (atmospheric pressure).

Thus, the developed UDFs implement the complete logic of switching events, accu-
rately reproducing the experimentally observed operation of the real pneumatic drive.

2.3.3. Governing Equations

1.  Mass conservation equation for a compressible fluid [44,45]:

dp _
§+v-(pu)_o. 7)

2. Momentum conservation equation (Reynolds-averaged Navier—Stokes, RANS):

ou; | IU d(pu'iu';)
(S )| o

oemy) | o) _ ap o [ (om
ox;
j j

ot or, om o

where summation over repeated indices is performed according to Einstein’s summation
convention.
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3.  Energy conservation equation
o(pE
%#—V-[(ph"—i—p)u]:V-(T-u)—v-q+pf-u+55. )
4.  Ideal gas equation of state
p = pRT. (10)
5. Viscous stress tensor for a Newtonian fluid
. ou; aLl] 2
Tl]_y<8xj+8xi —gyél]V-u, (11)
where §;; = 1fori = jand §;; = 0 otherwise.
6. Heat transfer due to thermal conductivity
q=—-AVT. (12)
7. Shear Stress Transport (SST) turbulence model [46,47]:
d(pk) , b _
YRR V - (pku) = P, — B*pkw + V - [(u + ot ) VK], (13)
)
(S;‘}) + V- (pwu) = a§ P — Bpw?+ (14)

+V - [( A+ dwpt) Vw] +2(1 — Fm)P(Twz%Vk Vw,
where «, B, B*, 0w, 0.2 are model constants [48].

8.  Moving boundary conditions (piston kinematics). The piston motion is prescribed
using a tabulated profile x(t). The limiting velocity of the normal component at the
boundary is defined as [49,50]:

Uyan = X(£) n. (15)

2.3.4. Numerical Calculation Parameters

The numerical simulation was performed in a non-stationary formulation. The
Density-Based Coupled Solver was employed to integrate the governing equations of
motion, providing stable convergence and accurate reproduction of compressibility waves
under highly dynamic operating conditions. Time discretization was carried out using
a Second-Order Implicit scheme, which minimizes numerical diffusion and ensures the
required accuracy for small time steps. Convective terms in the governing equations
were discretized using the Second-Order Upwind scheme, which provides a balanced
combination of accuracy and stability in regions with steep velocity and pressure gradients.

The simulation was conducted with a time step of 5-10~* s, allowing adequate
resolution of instantaneous changes in piston motion parameters. The total integration
time corresponded to the duration of a single working half-cycle, 0.75 s. The maximum
number of iterations per time step was set to 20, and the residual convergence criterion was
specified as 10> for all equations.

During the simulation, the following parameters were monitored: piston and rod-
side chamber pressures, gas temperature, mass flow rates at the inlet and outlet, and the
instantaneous force acting on the piston.

The flow exhibits strong adverse pressure gradients and local separation at the in-
take/outlet, for which SST is known to perform robustly in near-wall regions. A laminar
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option under-predicts mixing for local Reynolds numbers observed during most of the cy-
cle, while a full LES (Large Eddy Simulation) under a moving, compressible mesh would be
prohibitively expensive for the multi-run program (optimization/sensitivity/parametric).
2.3.5. Model Validation

The transient pressure characteristics in the cylinder chambers obtained from the CFD
model were compared with experimental data (Figure 6) recorded on the Festo D:P-GS-210-
KPL test bench (Festo SE & Co. KG, Esslingen am Neckar, Germany).

P (MPa)

0.4

P g

0.3
0.2

0.1
o

{

B Y R e T T o S

0 0.05 0.1 0.15 0.2 0.25
1(s)

Figure 6. Comparison of experimental and CFD-derived pressure variations in the piston (p; exp) and
rod (p2exp) chambers. CFD results are denoted as picrp and pacrp-

The experimental validation focused primarily on pressure measurements in the
cylinder chambers, as pressure was adopted as the principal validation variable. These
measurements provide direct, high-accuracy information on transient pressure dynamics
during acceleration, braking, and recovery phases, which is essential for verifying the CFD
model’s capability to resolve unsteady compressible flow, valve-controlled switching, and
associated energy conversion processes.

At the same time, the conclusions regarding energy efficiency and recovery perfor-
mance are not derived from pressure data alone. They are based on a comprehensive
thermodynamic evaluation combined with detailed CFD-based analysis of mass, energy,
and flow processes within the system. Thus, pressure measurements serve specifically as a
validation tool, whereas the assessment of recovered energy, extended recovery duration,
and improved cycle efficiency results from the integrated thermodynamic and numerical
analysis framework.

Pressure measurements were taken upstream of the cylinder chambers using a Festo
0-10 bar piezoresistive relative pressure sensor. The network supply pressure was 0.4 MPa.

To facilitate comparison between measured and simulated pressures, a three-
dimensional CFD model of the Festo DSNU-20-100-PPV-A cylinder, Festo SE & Co. KG,
Esslingen am Neckar, Germany (20 mm diameter, 100 mm stroke) was developed, in which
the internal chamber geometry and inlet channels were fully reproduced.

The adequacy of the 3D model was evaluated through a comprehensive comparison
of the simulated and experimental pressure profiles using statistical criteria [51,52]. The ex-
perimental curves represent the average pressure values obtained from a series of repeated
measurements (N = 20), with confidence intervals quantifying the statistical uncertainty of
the data.

https:/ /doi.org/10.3390/act15030135
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Model adequacy is confirmed by the fact that the simulated pressure curves remain
within the experimental confidence intervals for 95% of the time interval, covering both the
initial transient phase—where deviations between model and experiment are largest—and
the subsequent steady state [53,54].

Additionally, model performance was quantitatively assessed using the coefficient of
determination R?, which was found to be 0.8416.

These results indicate that the 3D model accurately reproduces the main variation in
the experimental data without exhibiting any pronounced systematic bias. The combination
of calculated pressure profiles lying predominantly within the experimental confidence
intervals and the high value of the coefficient of determination R? confirms the validity of
the physical problem formulation and the assumptions applied in the model [55].

3. Results
3.1. Calculation of the Pneumatic System’s Operating Process

To obtain the characteristics of the pneumatic system’s working process, the tran-
sient response was calculated using the mathematical model (2) and the fourth-order
Runge-Kutta numerical integration method with a fixed integration step 0.5 - 10~3, with
respect to the relevant state variables: p1, p, x, v [56,57].

The transition point from the acceleration phase to the deceleration phase was selected
based on the criterion of minimizing the final piston velocity, which also satisfies the energy
balance condition of the system (Figure 2):

Hi + Ti = Hli + Ai' (16)

Calculated and design parameters of the PS:a = 1.4; ff = 14-107° m?; f§ = 14-107% m?;
R = 288 J/kg-deg; T, = 300 °K; F; = 3.115-10° m?> (d, = 63-107% m);
F, =2801-103m? (d, = 20-1072 m); pm = 0.6 MPa; xg; = 0.01 m; xpp = 0.015 m;
L=04m;m=300kg;, P =650N; p, = 0.1 MPa; py = 0.2 MPa.

Initial conditions. At the moment of piston displacement from rest: x = xp; = 0.01 m;
v = 0; pp = 02 MPa; p = 0.1 MPa. Final operating conditions (at piston stop):
x= L—xp=04-0015=0.38m;v = 0.

The transient characteristics calculated using the mathematical model (2) are presented
in Figures 7 and 8. Figure 7 shows that the piston undergoes uniform acceleration and
deceleration, without sudden changes in speed or pneumatic rebound. The maximum
velocity during the acceleration phase reaches approximately 0.9 m/s.

X (m), v (m/s)

0.9 ‘ P ‘
08} \
07}

0.6
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02r

0.1

o T |

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
1 (s)

Figure 7. Graph of piston velocity and displacement during a single stroke (movement from left to
right): red line—transition from the acceleration phase to the braking phase; blue line—transition
from the braking phase to the positioning phase.
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Figure 8. Pressure variations in the cavities of the pneumatic cylinder during a single stroke (move-
ment from left to right): red line—transition from the acceleration phase to the braking phase; blue
line—transition from the braking phase to the positioning phase.

The transient pressure characteristics in the cylinder chambers (Figure 8) indicate that
the working process is energy-efficient, as the potential energy of the compressed air in
the piston chamber Aeyp is utilized during braking (Equation (17)). The pressure p; in the
working chamber decreases smoothly, without sudden changes in piston velocity.

: Vie —p1s- Vi
Aop = [ prav =TT (17)
Vls

where p1; and Vj; are the pressure and volume of compressed air in the working chamber
at the start of braking; p; and Vi are the pressure and volume at the end of braking, or
when the pressure p; reaches the setpoint of the reduction valve (p; = py).

The graphs in Figure 8 indicate that the potential energy of the compressed air in the
piston chamber is not fully utilized, as after approximately 70% of the braking duration, the
pressure pj reaches the main line pressure py. Recovery of compressed air into the supply
line occurs during the horizontal section of the curve, where the pressure p; in the rod-side
chamber remains at approximately 0.6 MPa.

This phenomenon arises when the chamber pressure exceeds the supply line pres-
sure (p2 > 0.6 MPa). At this point, the check valve in the exhaust line opens, allowing
compressed air to flow into the main line (receiver). Once the chamber pressure falls
below the supply line pressure (p2 < 0.6 MPa), the check valve closes. At this moment,
the piston chamber is connected to the atmosphere, and the pressure p, rapidly drops to
atmospheric level.

The duration of the air recovery process is very short (t,.. = 0.5945 — 0.5455 = 0.049 s),
corresponding to approximately 6.5% of the total working cycle (blue curve in Figure 8).

It can be concluded that the pneumatic drive configuration (Figure 1) ensures a stable
and safe operation and demonstrates energy efficiency. However, its limitations include
positioning inaccuracies, incomplete utilization of the potential energy of the air in the
piston chamber, and the short duration of the recovery process (Figures 7 and 8).

The amount of air recovered to the supply line depends directly on the duration of
the recovery process. Therefore, to increase the energy efficiency of the system, this period
should be maximized: t,,c = ¢ f—ts — max.
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At the same time, because the mathematical model imposes a constraint on the piston
chamber pressure p; (Figure 2), it is not possible to accurately estimate the compressed air
consumption during recovery. Consequently, this calculation must be performed either
using a three-dimensional CFD model or experimentally.

3.2. Optimization of the Pneumatic System’s Working Process

As a result of the optimization, the start +; = 0.372 s and end f; = 0.658 s times of the
braking phase were determined. According to the graph in Figure 9, these times can be
converted into the corresponding coordinates along the piston displacement trajectory for
practical implementation.

X (m), v (m/s)
1 . . ;

0.8

0.6 -

0.4+

_()2 L Il Il ! L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 9. Piston velocity (v) and displacement (x) during a single cycle: values x;, v}, correspond to
the baseline process, while curves marked “optimized” x,, v, correspond to the working process
with optimal parameters: red line—transition from the acceleration phase to the braking phase; blue
line—transition from the braking phase to the positioning phase.

The graph of the optimized process (Figure 10) shows that the duration of the air
recovery process is tyec opt = 0.6575 — 0.5215 = 0.136 s, which corresponds to approximately
18.1% of the total working cycle.

The results indicate that, as a consequence of the optimization, the recovery process
duration increased by a factor of 2.8, while the total cycle time remained unchanged
ty = 0.75 s. This demonstrates an improvement in the energy efficiency of the system [58].

At the same time, the positioning accuracy of the piston improved to xy — 0.385 m
(Figure 9). The working process remains stable and safe, as the final velocity of the piston
is close to zero vy = 0.00013 m/s.

To evaluate the actual energy efficiency of the selected technical solutions, it is nec-
essary to calculate the mass flow rates of consumed, exhausted, and recovered air over
a single drive cycle, and to perform an energy analysis for each of these stages [59,60].
Previous studies have shown that mass flow rate calculations in pneumatic systems based
on conventional one-dimensional mathematical models can be inaccurate [13,61-64]. There-
fore, further analysis is carried out using a three-dimensional CFD simulation model of the
cylinder in ANSYS.
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Figure 10. Pressure variations in the cavities of the pneumatic cylinder during a single stroke: values
P1p, Pap correspond to the baseline process, while curves marked “optimized” py,, p1, correspond
to the working process with optimal parameters: red line—transition from the acceleration phase to
the braking phase; blue line—transition from the braking phase to the positioning phase.

3.3. Transient Characteristics of the Pneumatic System Determined Using the ANSYS 3-D
CFD Model

Using the three-dimensional CFD simulation model developed in ANSYS, the transient
processes were calculated for a single working half-cycle (piston movement from left to
right under a static load). The resulting transient pressure characteristics are comparable to
those obtained from the one-dimensional model (Figure 11).

P (MPa)
0.8
0.7 p /\
0.6 |\ }17' 22/ \
|~ [/
0.5 /
Picn / /\p3
0.4 \ / / \
X \
02 /N —
— T \
0.1 4‘%
0 0.1 02 03 0.4 05 06 0.7 038

t (s)
Figure 11. Pressure variations in the cavities of the pneumatic cylinder during a single stroke

(movement from left to right): p1, pp—pressure values in the piston and rod chambers calculated
using the one-dimensional model (2); p1crp, pacrp—pressure values calculated using the 3D model.

In general, the shapes of the curves coincide; however, the discrepancy between p;
and picrp in the section corresponding to the end of the acceleration phase and during the
braking phase reaches approximately 30%. This discrepancy arises from the inaccuracy
introduced by the isothermal assumption in the one-dimensional mathematical model
(2). The deviations in Figure 11 correlate with the temperature fluctuations observed in
the cylinder chambers (Figure 12): at the moment of the greatest pressure discrepancy,
the temperature in the piston chamber decreases due to the rapid piston movement and
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the associated increase in chamber volume. Consequently, the internal energy of the
compressed air decreases, which is not accounted for in the one-dimensional model.

T(X)
500
450
TZ
400 >

- [\
300

I
250

200
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1(s)
Figure 12. Temperature variations in the working medium in the cavities of the pneumatic cylinder
during a single stroke (movement from left to right), calculated using the 3D model: T;, T,—Piston
and rod chambers, respectively.

A similar effect is observed in the rod-side chamber: the pressure p; is approximately
30-35% lower than the corresponding values pycrp in the 3D model. The discrepancy is
greatest just before the start of the recovery process. This phenomenon is also a consequence
of the limitations of the one-dimensional model (2), in which it is assumed that when the
chamber pressure p, reaches the main line pressure (p2 = pu), it remains constant.

However, as seen in Figure 11, the recovery process begins earlier than the theoretically
predicted 0.035 s and occurs with a significant pressure drop in both the piston chamber
and the receiver (up to 0.2 MPa), which substantially affects the volume of air recovered.

The transient characteristics of air temperature in the cylinder chambers (Figure 12)
show significant fluctuations during a single operating cycle, particularly during the piston
deceleration phase. The temperature in the piston chamber at the start of the acceleration
phase reaches 374 K, then decreases to a value close to atmospheric (T; = 290 =- 300 K)
and drops further to T7 = 240 K during deceleration, indicating effective utilization of the
internal energy of the compressed air.

Temperature fluctuations in the rod-side chamber are even more pronounced: during
acceleration, the temperature T, gradually rises from 300 K to 330 K, and during decelera-
tion, it peaks at 456 K. This temperature spike is short-lived (lasting approximately 0.2 s)
and occurs due to the overlap of the exhaust chamber outlet and compression of air within
the chamber during deceleration. These temperature excursions are consistently reflected
in the energy balance (Section 3.4), ensuring that internal-energy variations are accounted
for explicitly.

The simulation model also provides the mass flow rates of air from both cylinder
chambers (Figure 13). During the interval t € (0.38...0.48) s (corresponding to the braking
phase), no flow occurs in the system. This is due to the blocking of the exhaust chamber,
in which the flow remains zero until the pressure is sufficient to open the check valve and
initiate the recovery process. Additionally, the piston (working) chamber is connected to a
source of reduced supply pressure via a reduction valve (py = 0.2 MPa) when the chamber
pressure is approximately twice this value (p; ~ 0.4 MPa) (Figure 11). Consequently, the
piston movement during this period occurs through the utilization of the internal energy
of compressed air, which accumulates due to the conversion of the kinetic energy of the
moving masses of the drive.
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Figure 13. Mass flow rates from the pneumatic cylinder chambers during a single stroke (movement
from left to right).

The graphs also confirm the occurrence of air recovery during the braking phase. It can
be observed that the volume of air discharged from the exhaust chamber to the atmosphere
is comparable to the amount of air recovered by the receiver (lower curve in Figure 13).

3.4. Determination of the Energy Characteristics of the System from Simulation Results

Recovery of compressed air to the supply line through the check valve during brak-
ing has important practical implications for overall system performance. By redirecting
pressurized air that would otherwise be vented to the atmosphere, the demand for fresh
compressed air from the compressor is reduced, lowering compressor workload, elec-
trical energy consumption, and operating costs. This benefit is especially significant in
multi-actuator or intermittent-duty systems, where recovered air can offset concurrent
demand, reduce compressor cycling frequency, and help stabilize network pressure during
peak loads.

Although mass flow analysis confirms the quantitative balance of the working medium
and the presence of air recovery, it does not fully capture the energetic effects of this process.
Therefore, alongside the mass-based assessment, a qualitative evaluation of energy perfor-
mance was conducted by determining the energy consumed, expended, and recovered over
a single operating cycle. This enables a comprehensive comparison of operating modes
and a more accurate assessment of the overall efficiency of the pneumatic drive.

The balance of accumulated energy in the pneumatic system during a working half-
cycle (piston extension under a static load) is expressed as follows [65]:

Ein - Erec = Eout + AE + Emech (18)

where E;,—total energy supplied to the piston chamber;
E,.c—energy recovered to the air supply network;
E,u—energy of air expelled into the atmosphere from the rod chamber;
E,.ecn—mechanical energy of useful work performed by the drive;
AE—change in the internal energy of the air in the cylinder chambers and exergy
losses (dissipation).
The instantaneous power of the pneumatic system is given by [66]:

P(t) = Fes(t) - v(t), (19)
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where Fres(t) = Fiopt(t) — Frigne (£) is the resulting force acting on the piston, as determined
from the CFD model (Figure 14); v(t) = dx/dt is the piston velocity.

F(N)
2200
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Ief
700 /
200 P
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-1300 \\v"
-1800 \..\ ——
-2300 =

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
t(s)

Figure 14. Forces acting on the pneumatic cylinder piston (F, ;) and on the rod-side chamber (F;gps),
as well as the resulting force (Fy¢s) during a single stroke (movement from left to right).

The graphs of the forces acting on the piston from both sides, along with the resulting
force, are shown in Figure 14.

The useful component in formula (18) is the mechanical energy associated with the
movement of the load E,,.;, while all other terms represent losses of the supplied energy
(except for the energy returned to the air supply network through recuperation). Given
the strong transient thermofluid phenomena captured by CFD (including the temperature
excursions reported in Section 3.3), we explicitly include the internal-energy term in the
balance. The AE(t) curve in Figure 15 represents the time-resolved variation in internal
energy computed from CFD fields p(t) and T(t) and the instantaneous gas mass in each
chamber, and it is accounted for in Equation (18). While AE(¢) attains noticeable instanta-
neous values during braking and recovery, its half-cycle integral remains small relative to
E;;, due to cooling-heating compensation.
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E in |
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200
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E out E rec
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Figure 15. Energy variations in the pneumatic system during a single working half-cycle.

The energy balance of the system is illustrated in Figure 15, which shows that by the
end of the process, the energy balance is fully satisfied. In other words, the total energy
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supplied to the working (piston) chamber and recovered to the air supply network equals
the sum of the mechanical energy used to perform useful work and the energy expelled
into the atmosphere.

The efficiency of the half-cycle (piston extension under a useful load), considering
energy recovery to the air supply network, can be calculated using the following formula:

b
J Fres(t) - v(t)dt
Hsys_rec = I < F ’ (20)
o min(t) d t:fc ( )mout rec(t)d
in(t t— ut_rec(t) ————=dt
tl?f P ( )pleft(t) ts Pout_rec Pright(t)

m

The indices “left/in” correspond to the flow parameters in the piston chamber/inlet
flow, while “right/out(rec)” correspond to the flow parameters in the rod chamber/outlet
flow (recovered air).

Recovered energy is evaluated as the time integral of the pneumatic power at the
recovery port. This definition directly quantifies the useful work delivered back to the
network against its pressure and is the relevant metric for compressor-work reduction. It
is consistent with an enthalpy-flux view when kinetic/potential terms are negligible, and
the discharge state is close to the receiver conditions. The consistency of E,.. is further
confirmed by the global balance in Equation (18), where the time-resolved internal-energy
variation AE(t) (from CFD) is explicitly included (Figure 15).

The calculated efficiency of the pneumatic system during the working process with
optimized operating parameters for piston extension (Figure 16) shows that, without
accounting for energy recovery, 7sys = 31.7%, whereas with energy recovery included,
Nsys_rec = 53.4%, which is significantly higher than the typical efficiency of industrial
pneumatic drives (20-30%).
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0 0.2 0.4 0.6 0.8
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Figure 16. Efficiency of the pneumatic system during the working process: #sys—without accounting
for energy recovery to the air supply network; #sys_rec—Wwith energy recovery included.

The obtained results demonstrate the feasibility of the proposed scheme with the
reutilization of excess energy and the optimization of the working process. Therefore,
further improvement of pneumatic system designs to enhance their energy efficiency is
promising, as energy recovery has a significant impact on system efficiency. It is also crucial
to accurately determine the mass flow rate of the recovered air at the design stage.

4. Discussion

The visualization of the compressed air temperature distribution in the cylinder
chambers (Figure 17) demonstrates the presence of recirculation zones and stagnant regions
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from the intake port to the working (piston) chamber. This phenomenon arises due to
abrupt changes in the flow geometry, which cause flow separation (a high-velocity region
at the edge of the intake port), accompanied by vortex formation, pressure losses, and
localized sharp energy losses of the flow, which participates in performing useful work.

Static Temperature
1K1 Rk
4.80 x 10
454 x 10°
428 x10°
4.02% 10
3.76 x 10°
3.50 x 10°
3.24 10
2.98 x 10°
2.72x10°
24610

2.20% 10
contour-4

Figure 17. Temperature field obtained from a three-dimensional CFD simulation in ANSYS Fluent.

Furthermore, there is intense turbulence and vortex structures in the cylinder’s work-
ing chamber. As a result, turbulent mixing of the flow occurs. Viscous friction leads to
the irreversible conversion of part of the compressed air’s useful energy into the internal
energy of the gas.

The identification of flow separation and the associated energy losses is based on the
CFD model and may depend on modelling assumptions, especially under highly unsteady
flow conditions.

Further reduction in losses is potentially possible through optimization of the in-
take geometry (e.g., rounding edges, using diffusers) and aligning the intake jet with the
cylinder’s motion axis, as well as by levelling the velocity field before the working chamber.

A direction for further research is the study of the influence of piston motion laws and
the internal geometry of the cylinder on the irreversible energy losses of the flow in order
to minimize them.

Beyond the baseline operating point reported in the main text, we also completed
a limited set of additional runs to gauge robustness. For supply pressures of 0.6, 0.4
and 0.2 MPa, the cycle efficiencies with recovery fell within the 35-53% range; across
several external loads, efficiency remained within a similar interval; and for different valve-
setting combinations, it ranged from 36% to 53%. These results indicate that the proposed
workflow (1D optimization combined with 3D CFD) remains applicable across operating
points, whereas the absolute efficiency naturally depends on the specific conditions. A
systematic parametric mapping of the influences of pressure, load and valve settings is
planned for future work.

A brief cost-benefit estimate is provided in the Supplementary Materials (Note S1).

5. Conclusions

This study proposed and validated an energy-efficient pneumatic drive concept based
on optimized braking control and compressed air recovery, without requiring any modifi-
cation of the actuator design.

A fully transient three-dimensional CFD model with moving mesh and UDF-controlled
valve logic was developed and experimentally validated. The results demonstrated that
commonly used one-dimensional isothermal models introduce significant inaccuracies
when applied to transient processes with energy recovery, leading to pressure estimation
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errors of up to 30-35%. These discrepancies fundamentally limit the reliability of simplified
models for assessing energy efficiency in pneumatic systems.

The proposed optimization methodology enabled a 2.8-fold increase in the duration of
the air recovery phase while maintaining cycle time and ensuring stable and safe operation.
As a result, a realistic cycle energy efficiency of 53.4% was achieved, which significantly
exceeds typical values reported for industrial pneumatic drives.

The efficiency value of 53.4% reported here refers to the maximum examined baseline
operating point and load. Additional runs indicate efficiencies between 36% and 53% across
different loads and valve settings, supply pressures, confirming the robustness of the work-
flow while highlighting the dependence on operating conditions. Accordingly, the present
conclusions should be understood as valid for the tested ranges, whereas the proposed
modelling-optimization approach is directly transferable to other pneumatic-drive configu-
rations. A comprehensive multi-parameter study will be addressed in subsequent work.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/act15030135/s1, Figure S1. Trajectory-sampling sensitivity for
the tabulated piston motion. Note S1. Illustrative Economic Estimate.
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Nomenclature

a=Cy/Cy adiabatic index

A; work required to overcome the static resistance force

e internal energy

E=e+ 0.5\u|2 total energy per unit mass

fi body forces

i fs effective cross-sectional areas of the inlet and exhaust lines, respectively
for objective function of the optimization process

F, B areas of the piston and rod chambers, respectively

Fy blending function of the SST turbulence model

I = pout/ pin the pressure ratio across the throttling element

k turbulent kinetic energy

L piston stroke

m weight of moving masses (reduced to the piston inertia axis)
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Myec

p1, p2
Pa
Pin
Pm

P out

Ter

v
X
X01, X02
u
uj

u/iu/j

a, B, v, o

Nsys
Nsys_rec

mass flow rate of air recovered to the supply network

normal vector to the moving boundary

static pressure

pressure in the piston and rod chambers, respectively

atmospheric pressure

the upstream pressure (pressure before the restriction)

supply line pressure

the downstream pressure (pressure after the restriction)

pressure setting of the pressure-reducing valve

load acting on the piston

generation of turbulent kinetic energy

heat flux vector

gas constant

source term (additional energy sources)

time

duration of the compressed air recovery process to the supply network
start and end times of the compressed air recovery process

absolute temperature

kinetic energy of the moving parts of the drive at the beginning of braking
air temperature in the supply line

terminal criterion ensuring fulfilment of the final rod motion conditions in the
optimization process

piston velocity

current piston position

reduced initial piston coordinates

velocity vector

i-th component of the velocity vector u = (11, up, u3)

Reynolds stress tensor

switching indicators taking values “1” or “0” depending on the valve
commutation state

efficiency of the pneumatic system

efficiency of the pneumatic system with compressed air energy recovery
thermal conductivity

air density

viscous stress tensor

flow function accounting for the transition from subcritical to supercritical
flow regimes

penalty coefficient reflecting the importance of satisfying boundary
motion constraints

Kronecker delta

allowable boundary deviations of mechanical state variables (rod position and
velocity) from the desired final state

dynamic viscosity

turbulent viscosity

potential energy of compressed air in the exhaust (braking) chamber of the
pneumatic cylinder during braking

potential energy of compressed air expansion in the working chamber of the
pneumatic cylinder during braking

specific dissipation rate of turbulent kinetic energy
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