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[bookmark: _GoBack]Abstract. Contemporary methodologies for assessing the characteristics of pneumatic system processes are examined through simulation modeling in Ansys Fluent. The primary focus is on combining mathematical modeling with computational fluid dynamics (CFD) analysis to improve the accuracy of evaluating the dynamic parameters of a pneumatic actuator. One-dimensional mathematical modeling of the processes was carried out based on energy balance equations, which enable the determination of transient pressure, velocity, and piston displacement characteristics. Comparison of these data with experimental results confirmed the adequacy of the model but revealed limitations associated with neglecting temperature effects. Further research was performed using three-dimensional CFD modeling with dynamic meshes, which made it possible to reproduce the time-dependent change in the working chamber volume, account for real boundary conditions, and provide a detailed analysis of pressure, temperature, and flow velocity distribution. It was shown that disregarding temperature effects in calculations leads to significant errors in determining the pneumatic power of the flow and may cause inefficient cylinder sizing, thereby reducing actuator energy efficiency. Using the CFD model reduced the error in estimating energy parameters by at least 10% and provided a tool for further optimization of intake and exhaust valve geometry. The results confirm the feasibility of applying computational fluid dynamics methods in the study of pneumatic actuators and form the basis for developing energy-efficient designs with the potential for compressed air energy recovery.
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INTRODUCTION
Modern pneumatic actuators are widely used in industrial systems due to their simple design, reliability, and operational safety [1]. However, their drawback lies in significant energy losses [2], which reduce efficiency and increase operating costs [3]. One of the promising directions for improvement is the implementation of energy recovery technologies, which make it possible to partially return the energy of compressed air during the working cycle [4, 5]. This opens up opportunities to increase energy efficiency [6], reduce the load on compressor equipment, and decrease compressed air consumption costs [7]. Nevertheless, studying energy recovery requires advanced experimental or mathematical research methods that allow more accurate evaluation of design solutions [8]. Classical mathematical models can adequately assess the overall performance of such systems [9], but further improvement requires modern three-dimensional models, such as numerical simulations based on the Reynolds equations.
literature review


 One of the most common pneumatic systems in industrial applications, particularly in automotive lifting devices [10], is the double-acting cylinder system 1, controlled by a monostable 4/2 directional valve 2 (Fig. 1) via an industrial microcontroller. When the controller receives an input signal from the sensor indicating that the piston has reached the specified position, it generates an output electrical control signal . As a result, the directional valve switches, connecting the cylinder chamber either to the power supply 3 or to the atmosphere 4. Cylinder braking is achieved by briefly connecting the exhaust chamber to the supply line upon receiving the corresponding control signal .
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FIGURE 1. Schematic diagram of the investigated pneumatic system



The study of the influence of pneumatic actuator structures on their transient characteristics [11, 12] has traditionally been carried out using a "white-box" system modeling approach, where the structure of the model and all equations are known, but reasonable assumptions represent specific processes. At the same time, in practical applications, some system parameters may be unknown or difficult to measure dynamically [13]. In particular, this includes the temperature of compressed air in the pneumatic cylinder's working and exhaust chambers, the working medium's velocity field distribution inside the chambers, etc. [14]. In such cases, the "grey-box" method [15] is applied: by combining an analytical model of the system with data obtained from experiments or numerical simulations, it becomes possible to determine unknown parameters, refine assumptions, and increase the accuracy of calculations. As a result, complex effects that are difficult to describe analytically can be considered, thereby improving the precision of modeling.
In [16], the results of three-dimensional flow calculations in a cylinder are presented, but thermodynamic parameters are not reported. In [17], calculations of a pneumatic throttle check valve with dynamic meshes are described, but similar studies for pneumatic cylinders have not been carried out. Advanced three-dimensional modeling also makes it possible to evaluate the characteristics of a pneumatic actuator under conditions of wear of the working surfaces [18, 19].
Thus, this work aims to optimize the working processes of a pneumatic actuator by improving the determination of thermodynamic characteristics through three-dimensional flow modeling. This approach makes it possible to determine the range of air temperature variations in the chambers of the pneumatic cylinder and subsequently analyze the reliability and durability of the cylinder.
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The study consisted of several stages. At the first stage, mathematical modeling of the pneumatic system was carried out based on the energy balance equations of compressed air in the working and exhaust chambers, expressed as dependencies for the rate of pressure change in these chambers  and , the piston velocity equation, and the piston dynamic equilibrium equation [20]. Considering that the working medium is treated as an ideal gas [21], the mathematical model of piston displacement (2). 
The transition from subcritical to supercritical flow regimes was accounted for using the flow function (1) [22]. As an assumption, since the outflow process occurs along a short section of pipeline, it was considered adiabatic. Reference [23] indicates that under rapid pressure variation this simplification does not reduce the accuracy of the mathematical model by more than 5…9%. 


		(1)


where  is the pressure ratio between the exhaust and supply chambers.


		(2)















where  is the control signal for the directional valve, a Boolean variable taking the values “1” or “0”;  is adiabatic exponent;  is the gas constant;  is the air temperature in the supply line;   are effective cross-sectional areas of the supply and exhaust lines, respectively;  is the piston area;  is the rod-side area;  are initial piston coordinates;  is the piston stroke;  is the equivalent mass reduced to the piston inertia axis;  is the piston load;  is the supply line pressure;  is the atmospheric pressure.
At the second stage, a comparison was made between the results of transient process calculations obtained from the mathematical model (2) and experimental data from model pneumatic systems [16, 20]. The calculation error was found not to exceed 9% at specific points, while 95% of the transient response in terms of time coincided with experimental results within a 2% error margin.
At the third stage, gas flow in a three-dimensional model of the pneumatic cylinder was simulated using the Ansys Fluent software environment. To increase the accuracy of thermodynamic parameter calculations, the results of the piston dynamics model were used as initial conditions for the 3D flow simulation, minimizing errors by eliminating inaccuracies in piston position calculations. The piston displacement was specified as a profile file (prof-file) in Ansys Fluent.

The CFD model describes the motion of the working medium based on the Reynolds equations, the continuity equation, the energy balance equation, and the state equations. The mathematical model is provided in [24, 25]. The standard  turbulence model with wall functions was applied to close the conservation equations. Although this model has known limitations in small-scale channels, it reasonably balances accuracy and computational cost in unsteady problems with dynamic meshes.
When creating the simulation model of the pneumatic cylinder, it was necessary to account for the displacement of computational domain boundaries (the piston surface relative to the cylinder walls). With a fixed mesh, the flow geometry remains constant, making it impossible to reproduce changes in the chamber volumes over time. Therefore, for an adequate CFD model, dynamic (adaptive) meshes were employed, capable of restructuring during computation in accordance with piston motion. Using a dynamic mesh in the CFD model enabled the reproduction of gas-dynamic and thermal processes in variable chamber volumes, which is key to determining air temperature, pressure, and velocity under transient conditions.



Boundary conditions corresponded to those of the transient process and piston control scheme: on solid walls, the no-slip condition  was applied; at the supply line inlet, static pressure values were set depending on the control scheme; at the exhaust channel, a static pressure condition was used. The mesh size was approximately 0.5 million elements with a parameter  [24]. These values ensured that the first grid node fell within the logarithmic layer when using standard wall functions  for the turbulence model, which was chosen to provide sufficient accuracy with limited control volumes due to the unsteady nature of the problem. Studies were carried out with three meshes: 0.1 million, 0.3 million, and 0.5 million elements to confirm that mesh size and unsteady simulation parameters did not affect results. The difference in integral indicators, such as outlet mass flow rate, between the 0.3 and 0.5 million meshes was only 1%, which can be considered negligible. Moreover, at each time step of 0.0005 s, between 5 and 100 iterations were performed to evaluate the influence of the iteration number. Starting from 7 iterations per time step, the impact on results was insignificant. The primary source of error (up to 5 %) is related to the choice of turbulence model and the simplifications of boundary conditions. These factors may cause deviations in local temperature and velocity fields.
Results





















Transient characteristics of pressures in the piston () and rod () chambers (Fig. 2 a); piston displacement the piston displacement () and its velocity () (Fig. 2 b) were calculated using the mathematical model (2) by means of the fourth-order Runge-Kutta numerical method with a fixed integration step  The initial parameters for the calculation were:   ;  ;   m;  m; 0.6 MPa;  m;  m;  kg;  N;  MPa. Piston braking (control signal of the directional valve ) occurs over a displacement segment of  mm and consists in the short-term supply of compressed air from the main line to the exhaust chamber, which results in piston deceleration at the end of the stroke. The same conditions were also implemented during the three-dimensional simulation. 
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(a)			  			         (b)
FIGURE 2. Transient characteristics of the pneumatic system: (a) pressures in the cylinder chambers; (b) piston speed and displacement.

From the charts (Fig. 2 b), it can be concluded that the system is stable, its performance is satisfactory (the transient process lasts about 1.53 s), the piston accelerates smoothly and the piston moves most of the way with a constant minimum pressure drop (Fig. 2 a). At the same time, the value of the available velocity at the end of the piston stroke is about 0.04 m/s, which is an acceptable value to ensure shock-free operation [26].




However, during braking, the system experiences an abrupt increase ( MPa) and decrease 
( MPa) in the pressure in the rod cavity (Fig. 2 a) and a change in the piston stroke rate (Fig. 2 b) from   m/s to  m/s, with the working fluid moves approximately 63 mm in the opposite direction, which significantly reduces the energy efficiency of the drive processes. In reality, intense thermodynamic processes in the working medium accompany significant pressure fluctuations in the system. When air is compressed and expanded, it is heated or cooled locally, which leads to internal energy losses and a decrease in the system's energy efficiency.
Thus, with significant pressure drops present in the system (Fig. 2 a), the lack of consideration of changes in the temperature of the working medium in the mathematical model leads to an incomplete representation of the processes: energy losses due to heat exchange are not taken into account, the amount of energy required to implement the operating cycle of the actuator is inaccurately estimated, and, as a result, the design dimensions of the selected cylinder may be excessive, and the actuator, accordingly, inefficient.
The total pneumatic power of the air flow entering the pneumatic cylinder chamber [23]:

		(3)





[bookmark: MTBlankEqn]where  is the absolute pressure of the flow;  is the atmospheric pressure;  is the temperature of the air in the flow;  is the ambient temperature;  is the volumetric flow rate.

If temperature is neglected (), formula (3) simplifies to expression (4) for an isothermal process:

		(4)

The error introduced by the assumption of an isothermal process in the calculation of the pneumatic flow rate is the difference between (3) and (4):

		(5)
Thus, the error arising from failure to take into account the actual temperature in the cylinder chamber leads to an overestimation or underestimation of the available power and, as a result, the wrong cylinder size. This, in turn, leads to an inefficient workflow: if a smaller diameter is selected, the system does not work off the load. In this case, excessive energy consumption occurs in the compressor and power supply line during operation to ensure the correct cycle [27]. If the cylinder diameter is larger than required, the system is also inefficient due to excessive power.
From the above, we can conclude that determining the temperature characteristics of compressed air in a pneumatic system is essential [28]. The temperature term in the formula for determining the air flow capacity (3) defines the difference between the theoretical and available capacity. The assumption of constant temperature at significant pressure drops in the working medium causes an error in the calculations. It leads to a decrease in the energy efficiency of the pneumatic system.
Modern approaches to studying systems with variable displacement and compressible working mediums are based on numerical modelling methods that allow the simultaneous consideration of the interaction of several physical processes [29, 30]. In particular, the Finite Volume Method (FVM) provides detailed information on the distribution of parameters in space and time, including the working medium's temperature, pressure and flow rate. Numerical modelling allows you to reproduce complex transient processes that cannot be described analytically within the simplified equations of a mathematical model. It significantly improves the accuracy of predicting the behavior of a pneumatic actuator.
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(c) 					(d)
FIGURE 3. Model of a pneumatic cylinder: (a) solid; (b) mesh; (c) mesh at the start of the movement; (d) mesh change over time

For the correct calculation of processes with variable geometry, dynamic meshes are used to simulate the movement of a piston in a pneumatic cylinder. The approach combines methods of smoothing, rebuilding, and adding/removing layers, ensuring the correct display of moving boundaries without losing the mesh quality (Fig. 3). This allows for accurate analysis of unsteady gas-dynamic processes.
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(с) 					(d)
FIGURE 4. Static temperature distribution in a pneumatic cylinder: (a) time 0.1 s; (b) 0.4 s; (c) 0.9 s; (d) 1.3 s
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FIGURE 5. Air velocity distribution in a pneumatic cylinder: (a) time 0.15 s; (b) 0.4 s; (c) 0.7 s; (d) 1.0 s

In the problem, the boundary corresponding to the piston moves according to a given law of motion, and the mesh is automatically rebuilt. The study used layering to build a structured mesh near the moving walls based on hexahedra to implement this. This construction method allowed adding or removing layers of elements while maintaining the mesh quality when moving the boundary. The law of motion of the piston is specified through the profile based on its preliminary calculation in a one-dimensional mathematical model for a better study of the thermodynamic parameters, so that errors in calculating the piston position do not overlap with errors in estimating the three-dimensional mathematical model. As a result, a correct representation of the changes in pressure, velocity, and other parameters of the gas flow in the cylinder at different phases of the working cycle can be obtained.
Fig. 4 presents the distribution of static temperature within the cavities of the pneumatic cylinder at different time instances, enabling the analysis of flow energy based on integral parameters. A comparison between the flow energy obtained from the three-dimensional model and experimental data demonstrates significantly lower deviations than those produced by one-dimensional piston motion and temperature models. Consequently, the application of the CFD approach provides at least a 10% improvement in the accuracy of lost flow energy estimation, while also allowing for the assessment of its potential recovery.
Fig. 5 shows the air velocity vectors in the piston cavity of a pneumatic cylinder during the piston movement at different times. A vortex is observed rotating in the chamber at different speeds at different times. With the help of the three-dimensional model, it is possible to optimize the geometry of the inlet/outlet valve to improve the compressed air utilization in subsequent models of the pneumatic cylinder. Such changes to the valve geometry are planned for future research. 
CONCLUSION
This study comprehensively investigates pneumatic system workflows through mathematical modeling and CFD analysis. It is demonstrated that while classical one-dimensional models enable the estimation of primary characteristics, they neglect temperature dynamics and complex gas-dynamic phenomena. The application of three-dimensional modeling with dynamic meshes allows for an accurate representation of pressure, velocity, and temperature distributions within the pneumatic cylinder chambers, thereby reducing the error in flow energy determination by at least 10%. Such accuracy facilitates the optimization of valve geometry and contributes to improving the system's energy efficiency. The findings highlight the effectiveness of the CFD approach in analyzing and enhancing pneumatic actuators. Furthermore, improved accuracy in quantifying flow energy enables a more precise assessment of methods and opportunities for compressed air energy recovery.
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