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Abstract: Heat engines based on reciprocating machines remain in demand as energy converters in a variety of industries around the world. The aim of the study was to evaluate the gas-dynamic, consumable and heat exchange characteristics of non-stationary air flows in a supply system with transverse profiling of valve channels based on experimental studies. Valve channels with cross sections in the form of a circle, square and triangle were used to control the consumable and heat exchange characteristics of the flows in the supply system of the reciprocating-engine model. The article presents data on changes in local velocity, volumetric airflow and instantaneous heat transfer coefficient of non-stationary airflow in supply systems with different valve channel designs. A spectral analysis of the pulsations of the local heat transfer coefficient was also performed. The Nusselt number was calculated for the studied supply systems. The figured valve channels lead to an increase in the volumetric airflow through the supply system up to 32% compared with the basic configuration. The use of a square valve channel leads to suppression of heat transfer (drop is about 15 %) compared to the basic supply system, and the use of a triangular valve channel causes an intensification of heat transfer (growth is about 17.5%). The obtained data can be useful for refining mathematical models, adjusting machine learning algorithms, and improving design methods for supply systems of reciprocating machines to improve their technical, economic, and environmental characteristics.
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1  Introduction

Heat engines based on reciprocating-machines remain in demand as energy converters in a variety of industries around the world [1]. It is known that the quality of gas exchange processes (filling and emptying of the cylinder through poppet valves) significantly determines the environmental, technical and economic indicators of the reciprocating internal combustion engine (ICE) [2,3]. Moreover, these processes are periodic (a reciprocating-engine is a cyclic machine), fast-flowing (the period is up to 100 Hz) and complex (spatial flow with the influence of heat exchange and taking into account moving parts). Therefore, it is necessary to further study and improve the physical phenomena in the supply (inlet) and discharge (outlet) systems to improve the operational and environmental performance of ICEs. This study is aimed at studying the influence of the cross–sectional shape (CSS) of the valve channel on the gas dynamics and heat transfer of pulsating flows in the supply system of a reciprocating-engine model.

The geometry (construction) of the parts of the supply system significantly affect the technical and economic indicators of the ICE, therefore scientists and engineers pay a lot of attention to optimizing the design of the inlet manifold and valve channel [4–7]. So, Silva et al. [4] proposed and studied the design of an inlet manifold with variable length depending on the engine operating mode. The length of the manifold affects the filling of the cylinder, as well as torque, power and specific fuel consumption. Jiang et al. [5] developed an optimizer to determine the best ratio of the length and diameter of the inlet manifold for a gasoline reciprocating-ICE. They formulated specific recommendations for choosing the geometric dimensions of the collector. The simulation results were successfully confirmed through engine bench tests. Song et al. [6] presented results on optimizing the configuration (geometric dimensions) of the valve channel of the cylinder head based on numerical modeling and machine learning algorithms. The calculation results were verified through laboratory studies in stationary modes of purging the ICE supply system. The developed methods can be used for upgrading existing thermal engines and for creating advanced models of power machines for various purposes.

Another popular and effective area of research is to develop methods for creating large vortices in an engine cylinder through the use of shaped valve channels in the form of spirals and/or screws [8–12]. For example, Wang et al. [8] studied the creation of a controlled vortex during the inlet process and its effect on cylinder filling and reciprocating-ICE power. An increase in the vortex number by three times causes an increase in power up to 5.79%. Ichiyanagi et al. [9] studied the effect of a spiral valve channel on the stream pattern in a cylinder using experimental methods (particle image velocimetry (PIV) system). The vortex size from the spiral channel has a significant impact on the flow structure, the processes of mixture formation and combustion, as well as the operational performance of the ICE. Zhao et al. [10] described detailed results on the effect of inlet flow swirl on the processes of mixture formation and combustion in a gasoline engine. Controlled vortex formation can cause an increase in the efficiency of the reciprocating-ICE within 3.5%. Also, Ichiyanagi et al. [11] studied the inlet tangential and helical valve channels in the cylinder head for the combustion process in engines operating on complex (hard-to-burn) fuels. Turbulization of the flow and the creation of large vortices improve the mixing of fuel and air, increase the combustion rate and intensify mass transfer. Controlled intake and cylinder flows are an effective way to improve the performance of reciprocating-engines.

There are also scientific and technical works on the creation of original and highly efficient supply systems for reciprocating-ICEs [13–16]. Ikhtiar et al. [13] installed a plate heat exchanger in the engine supply system to cool the inlet air in order to improve the environmental performance of the ICE. The use of a heat exchanger made it possible to reduce CO emissions by 43.6% and NOx by 64.5%. Siqueira Mazzaro et al. [14] used Herschel-Quincke tubes in a supply system to reduce the amplitudes of flow pressure pulsations during the filling of the cylinder. This technical solution can significantly increase the specific engine power. Xie et al. [15] proposed a systematic approach based on modern computer technologies for deep modernization of the design of the ICE supply system. The new supply system had increased productivity compared to the basic design.

The development of digital systems, computing power and mathematical apparatus has led to the active development of physical and mathematical models (PMM) for a detailed study of gas dynamics and heat transfer during the inlet process for various aspects [17–20]. Li et al. [17] developed an original PMM to study the stream pattern in the supply system. The applied function of this model was to estimate the hydraulic resistance of supply systems of various designs. For example, the authors reduced hydraulic resistance by 22% by upgrading the configuration of parts and assemblies. Yang et al. [18] proposed a PMM for assessing the level of unevenness of three-dimensional air flow in the supply pipeline. Bondar et al. [19] created a complex PMM of the supply system considering additional processes: fuel and water injection into the inlet manifold. Such PMMs are necessary for a detailed study of physical processes and accurate prediction of the technical characteristics of systems and the reciprocating-engine. The creation of digital twins of the engine’s supply and outlet systems and the engine is a major task for engineers and scientists.

Moreover, PMMs are also widely and actively used to create control systems for reciprocating-ICEs in real time [21–24]. Kumar et al. [21] created a PMM for mutual prediction of the processes of filling and emptying the cylinder. This model contributed to the creation of a more accurate, faster and more efficient ICE control system. Lujan et al. [22] developed a digital model for determining air flow through the supply system and supplemented it with neural network algorithms to control engine operation. Pulpeiro González et al. [23] proposed a similar digital model based on neural networks for the supply system and turbocharger. The application of machine learning algorithms and neural networks makes it possible to improve engine performance in transient conditions and significantly improve economic and environmental performance.

Also, scientists and specialists solve narrow applied problems through research and improvement of gas dynamics and heat exchange in the supply system: matching the characteristics of the flow in the cylinder and fuel spray by a nozzle to improve the environment [25], monitoring the technical condition of the reciprocating-ICE using data on gas flow through the supply and discharge systems [26], assessment of engine reliability and efficiency at high air pressure in the supply manifold [27], reduction of gas-dynamic noise in the inlet and outlet processes [28].

Thus, the purpose of this work was to evaluate the gas-dynamic and heat transfer characteristics of pulsating air flows in a supply system with valve channels having different CSSs based on laboratory research methods.

2  Experimental Setups, Measuring Instruments, Experimental Methods

The gas dynamics and heat exchange of pulsating flows in the supply system were studied on a model of a reciprocating-engine with a crankshaft driven by an electric motor in the absence of combustion in the cylinder (Fig. 1). Heat flows from the fuel combustion process were not taken into account in the study. One cylinder was used during the experiments. The other cylinder was missing a piston group and parts of the gas distribution mechanism. The crankshaft rotation speed n was controlled in the range from 600 to 3000 min−1 using a frequency converter. The pulsating mode of air flow was created due to the reciprocating movement of the piston (vacuum in the cylinder) and the cyclic operation of the valves. The valve opening and closing times were determined by the prototype engine and remained constant in all modes.
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Figure 1: Photo of the laboratory bench: 1–electric motor; 2–cylinder head with a square valve channel; 3–supply pipe (disconnected from the cylinder head); 4–cylinder block with a piston group and a crank mechanism; 5–frequency converter; 6–analog-to-digital converter; 7–constant temperature HWA (wx); 8–constant temperature HWA (αx); 9–sensors for constant temperature HWA (wx and αx); 10–laptop

The gas-dynamic system consisted of a supply (straight) pipe, a valve (curvilinear) channel, an inlet valve and a cavity (cylinder) of variable volume (Fig. 2a). The supply system was as similar as possible to that of the prototype engine.
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Figure 2: General view of the supply system (a) and photograph of constant temperature HWA sensors in the pipeline (b): 1–cylinder; 2–piston; 3–valve; 4–valve channel; 5–supply pipeline; 6–constant temperature HWA sensor (αx); 7–constant temperature HWA sensor (wx)

Valve channels with cross sections in the shape of a circle (basic version), square and triangle were used to regulate the gas-dynamic and heat transfer characteristics of the flows in the engine supply system (Fig. 3). The internal diameter of the round (base) channel was 32 mm, the side of the square was 32 mm, and the side of the triangular was 54 mm. The geometry of the channels was chosen based on the equality of equivalent hydraulic radii for all CSSs. This approach was applied to keep the hydraulic resistance unchanged for all figured valve channels.
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Figure 3: Three-dimensional models of cylinder heads with valve channels having different cross–sectional shapes: a–circle (●); b–square (■); c–triangle (▲)

It is known that longitudinal vortex structures arise in pipes with transverse profiling, which have a noticeable effect on gas dynamics and heat transfer of flows in various applications [29,30].

Cylinder heads with shaped valve channels were made by casting from aluminum alloy. The internal surfaces of the shaped channels were slightly processed mechanically until an acceptable roughness and cross-sectional shape were achieved. Cylinder heads with figured valve channels had standard elements, mounting dimensions and basic valve timing in accordance with the basic engine configuration.

The instantaneous values of the local velocity wx and the local heat transfer coefficient (HTC) αx of the pulsating air flow in the supply pipe were measured during the experiments. The thermal anemometry method based on a constant temperature hot-wire anemometer (HWA) and two types of thermal sensors with a filament sensing element was used to determine wx and αx [31,32]. A possible design of the HWA sensors is shown in Fig. 4. A photograph of installing thermal sensors in the supply pipeline is shown in Fig. 2b. The control section with thermal sensors was located at a distance of 100 mm from the inlet port in the cylinder head.
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Figure 4: Designs of HWA sensors for determining instantaneous values of flow velocity wx (a) and local heat transfer coefficient αx (b): 1–sensitive element (5 mm long, 5 μm diameter thread); 2–holder; 3–sensor base; 4–fluoroplastic substrate; 5–wedges for fixing the substrate

The correct functioning of the HWA with sensors and the reliability of the measured values were checked according to known patterns: the dependence between the current strength i2 and the velocity w0.5 should be linear [33,34]. Accordingly, this linear dependence was successfully confirmed by experiments for the considered measuring system based on an HWA with sensors (Fig. 5). The resulting function i2 = f (w0.5) is linear with a standard deviation of less than 0.5%.
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Figure 5: Linear dependence of i2 on w0.5 for for the measuring system based on the HWA with sensors (i–electric current strength, A; w–air flow speed, m/s)

The pressure (differential pressure sensors (Russia)) and temperature (via a copper-constantan thermocouple) of the flow, as well as the shaft speed (via a tachometer) and the position of the piston (also via a tachometer) in the cylinder were also measured in this study. The air temperature in the supply system was 22–24°C. The experiments were carried out at standard atmospheric pressure of 98.2 kPa. The air flow rate V through the supply system was calculated by integrating the flow velocity vs. time over the period from the moment the valve opened to its closure.

Experimental data from analog measuring instruments were digitized using an analog-to-digital converter (ADC) for further processing in a specialized program and visualization. A proven ADC from L-Card (Russia) was used. Experimental data were processed in the LGraph2 program (Russia). The method of collecting and processing experimental data was as follows: (1) analog signals from sensors were sent to the ADC L-Card; (2) data in the form of a digital code were sent to the program LGraph2 from the ADC; (3) the program LGraph2 processed and visualized experimental data.

The relative uncertainty for wx was 5.5%; the relative uncertainty for αx was 10.8%; the relative uncertainty for n was 0.5%; the relative uncertainty for the air flow rate V was 6.1%; the relative uncertainty for determining temperature was 1.5%; the relative uncertainty for determining atmospheric pressure was 1.0%.

3  Unsteady Thermophysical Processes in the Supply System of a Reciprocating-Engine Model

The change in local speed wx and instantaneous HTC αx in time τ for a full cycle (2 shaft revolutions) of a four-stroke engine is shown in Figs. 6 and 7 for different crankshaft rotation speeds n.
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Figure 6: Changes in the local velocity wx (1) and the local HTC αx (2) of pulsating air flows in time τ at n = 600 min−1 in supply systems with valve channels having different cross–sectional shapes: a–(●); b–(■); c–(▲)
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Figure 7: Changes in the local velocity wx (1) and the local HTC αx (2) of pulsating air flows in time τ at n = 2100 min−1 in supply systems with valve channels having different cross–sectional shapes: a–(●); b–(■); c–(▲)

The CSS of the valve channel has a noticeable effect on the gas dynamics and heat exchange of flows in the supply system at low n (Fig. 6). The active growth of the wx = f(τ) begins a certain period after the valve opens, which is explained by the creation of the necessary vacuum in the cylinder to begin air movement in the supply system. There is one peak with significant velocity fluctuations around the maximum local velocity for the basic (circular) valve channel configuration (Fig. 6a). The application of a square valve channel results in an earlier onset of active growth of the wx = f(τ) (Fig. 6b). There are also two peaks in the wx = f(τ). In this case, the magnitude of the pulsation amplitudes wx becomes noticeably smaller. There is a low increase in maximum flow velocity of up to 6% when using a square valve channel compared to a base round channel. The application of a triangular valve channel, on the contrary, results in a decrease in the maximum values of wx within 7% (Fig. 6c). This can be explained by a substantial increase in the cross–sectional area of the triangular channel (by approximately 30% compared to the circle). There are also two peaks of the wx = f(τ) for a triangular valve channel.

The αx = f(τ) repeats the function wx = f(τ) and is smoother (Fig. 6). The application of a triangular valve channel causes a significant increase in the maximum values of αx within the range of up to 45% compared with the basic design of the cylinder head (Fig. 6). In this case, the application of a square channel, on the contrary, leads to a slight decrease in the maximum αx in comparison with the base. The values of αx are in the range from 65 to 200 W/(m2·K) for all studied cross sections of the valve channel for n = 600 min−1.

A change in the n also leads to a substantial transformation of the gas dynamics and heat transfer of pulsating flows in the supply system with different valve channels (Fig. 7). An increase in n from 600 to 2100 min−1 results in the maximum values of wx to rise almost twice (from 70 to 140 m/s). The application of figured valve channels also causes the formation of two peaks in the wx = f(τ). Also, velocity fluctuations in the region of maximum wx values are significantly reduced for all valve channel designs.

The maximum values of αx increased from almost 105 to 248 W/(m2·K) with an increase in shaft rotation speed from 600 to 2100 min−1 for the basic design of the valve channel in the cylinder head (Fig. 7a). A similar pattern remains for figured valve channels: there is an increase in the maximum values of αx by more than 2 times.

Experimental data on instantaneous gas dynamics and heat transfer can be useful for refining PMMs of processes in the supply and outlet systems of ICEs, as well as for creating and tuning machine learning algorithms [35].

The application of a valve channel in the shape of a square and a triangle leads to a substantial improvement in flow characteristics through the supply system of the reciprocating-ICE model (Fig. 8).
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Figure 8: Histograms of volumetric air flow V from the crankshaft rotation frequency n in supply systems with valve channels having different cross–sectional shapes: 1–(●); 2–(■); 3–(▲)

The increase in volumetric flow V through a supply system with a square valve channel is about 30% for 600 > n > 1600 min−1; increase in V is about 20% for 1700 > n > 2100 min−1; and the increase in V is about 10% for n > 2200 min−1. A similar trend occurs for the triangular valve channel: the increase in V is about 32% for 600 > n > 1600 min−1; increase in V is about 21% for 1700 > n > 2100 min−1; and the increase in V is about 17% for n > 2200 min−1. It should be noted that similar positive effects were observed when using shaped inlet pipes in the engine supply system [36].

Additionally, the volumetric efficiency VE was calculated for different shaft speeds of the studied engine model (Fig. 9). The application of figured valve channels results in an increase in VE up to 30% for 600 < n < 2100 min−1 in comparison with the basic design of the supply system. The increase in VE in the case of using figured channels for n > 2500 was 8–18%. Moreover, the variation coefficient for V and VE did not exceed 5.5% during the experiments in the entire range of rotation frequencies n. There is potential for further increase in volumetric efficiency for the engine configuration under consideration through supply system modifications.
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Figure 9: Dependences of volumetric efficiency VE on crankshaft speed n in supply systems with valve channels having different cross–sectional shapes: 1–(●); 2–(■); 3–(▲)

Confirmation of the improvement of the flow characteristics of the supply systems with figured channels through tests on an operating engine is the next stage of research in the future.

A significant change in gas-dynamic conditions in the supply system of a reciprocating-ICE should have a noticeable impact on the level of heat transfer. Therefore, the dependences of the Nusselt number Nu on the Reynolds number Re of pulsating flows in the supply system for the base and figured valve channels were obtained (Fig. 10). The patterns turned out to be multidirectional.
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Figure 10: Dependences of the Nusselt number Nu on the Reynolds number Re of pulsating flows in supply systems with valve channels having different cross–sectional shapes: 1–(●); 2–(■); 3–(▲)

The application of a triangular valve channel leads to an increase in Nusselt number Nu by 10–17.5% compared to the basic supply system. Whereas, the use of a square valve channel, on the contrary, there is a decrease in Nu by 10–15%. The multidirectional influence of the CSP of the valve channel on the intensity of heat transfer is explained by several reasons: different area and volume of the valve channel; different levels of secondary currents in the angles of the profiles; different gas-dynamic conditions (level of flow pulsations, air flow). This leads to different mechanisms of formation and development of the boundary layer in the supply system of the reciprocating-ICE model. Accordingly, it can be assumed that an increase in Nu by 10–17.5% in a supply system with a triangular channel is associated with intense longitudinal secondary currents in the angles of the profiles. These secondary flows prevent the formation of a stable boundary layer on the surface and thereby increase heat transfer between the flow and the internal walls of the pipeline. The heat exchange level in the supply system is especially important for the processes of mixing and evaporation of liquid or gaseous fuel in reciprocating-engines [37,38].

An increase in the HTC from the pipeline surface to the flow can result in a low growth in the temperature of the working fluid and, accordingly, improve the process of mixing fuel and air during the cylinder filling. A decrease in the HTC should contribute to some “cooling” of the supplied air, i.e., this led to an increase in air density and, accordingly, mass flow through the supply system (potentially this results in a growth in the specific power of the reciprocating-ICE).

Spectral analysis of periodic functions αx = f(τ) was carried out for supply systems with round and shaped valve channels to identify the level of pulsations of the HTC in the gas-dynamic system under consideration (Figs. 11 and 12).
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Figure 11: Graphs of the spectrum amplitudes of the local HTC Аαx in supply systems with valve channels having different cross–sectional shapes at n = 600 min−1: a–(●); b–(■); c–(▲)
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Figure 12: Graphs of the spectrum amplitudes of the local HTC Аαx in supply systems with valve channels having different cross–sectional shapes at n = 2100 min−1: a–(●); b–(■); c–(▲)

As expected, the first significant frequency has the maximum relative pulsation amplitude αx and corresponds to the shaft rotation frequency divided in half (Fig. 11). A noticeable change in the amplitude graphs of the spectra stretches up to 60 Hz at n = 600 min−1 (further significant amplitudes become negligible). An increase in the rotation frequency n causes an expansion of the change in the spectrum amplitude graph to 120–160 Hz (XTC pulsations are amplified). The pulsation amplitudes Аαx decrease linearly with increasing pulsation frequencies f. The amplitude spectrum multiplicity αx is about 5 Hz. The spectrum decays at f > 20 Hz for n = 600 min−1. The largest number of insignificant pulsation amplitudes is characteristic of the square valve channel (Fig. 11b).

An increase in shaft rotation speed n to 2100 rpm led to an increase in the frequency of significant amplitudes of HTC pulsations to 80 Hz for round and square valve channels (Fig. 12a,b). In this case, significant pulsation amplitudes αx decay in the region of f ≈ 45 Hz when using a triangular valve channel in the supply system of the reciprocating-ICE model (Fig. 12c). It should be noted that the pulsations relative amplitude Aαx has the greatest value for the square valve channel (the difference is about 12% compared to the base channel), and Aαx has the smallest value for the triangular channel (the difference is about 30% compared to the base channel). The largest number of insignificant pulsation amplitudes is also characteristic of the square valve channel (Fig. 12b).

The obtained data indicate that further studies of instantaneous heat transfer of unsteady air flows in valve channels with different CSSs are necessary to better understand the physical phenomena occurring in them.

4  Conclusions

The main conclusions of this study are as follows:

1.    The impact of the CSSs of the valve channel on the gas dynamics and heat exchange of unsteady flows in the supply system of a reciprocating-engine model was studied.

2.    Experimental data on the change in local speed and instantaneous HTC in time for a full cycle of a four-stroke ICE model for different crankshaft rotation speeds were obtained; an analysis of patterns and trends was performed.

3.    Figured valve channels lead to an increase in volumetric air flow through the supply system by 12–32% compared to the basic configuration; the application of figured valve channels results in an increase in volumetric efficiency by an average of 17%.

4.    The change in the Nusselt number from the Reynolds number is calculated for unsteady flows in the supply system for the base and figured valve channels; a triangular valve channel leads to the intensification of heat transfer (up to 18%) compared to the basic supply system, and the use of a square valve channel suppresses heat transfer (up to 15%). The opposite effect can be explained by the different strengths of the secondary currents and the different volumes of the valve channels.

5.    Diagrams of the spectrum amplitudes of the local HTC in supply systems with figured valve channels were obtained; an analysis of the power and magnitude of heat transfer pulsations was carried out.

The obtained data are applicable for the modernization of the supply and discharge systems of reciprocating machines to improve their operational performance. The results also contribute to the advancement of knowledge in the field of non-stationary thermal physics and gas dynamics of flows. Further plans include testing real ICEs with figured valve channels. Obtaining data on the specific fuel consumption, power, and torque of a reciprocating-engine is an extremely important task.
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