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A computational study has been performed to evaluate the use of jet impingement for cooling applications in the automotive industry. The current study uses an entire internal combustion engine cylinder with its components as a computational domain. An unsteady numerical solution for the Navier-Stokes equations was carried out using Improved Delayed Detached Eddy Simulation (IDDES). The volume of fluid approach is proposed to track and locate the liquid jet surface that is in contact with the air. The conjugate heat transfer approach is used to link the heat transfer solution between the fluid and the solid. The boundary conditions that are employed in the study are provided from lab experiments and one-dimensional simulations. The cooling jet in this study targets the hottest region in the piston, i.e., the region underneath the exhaust valve. Three nozzle sizes with flows at different Reynolds numbers are chosen to examine the thermal characteristics of the cooling jet. The computational study reveals that for a specific Reynolds number, the smaller diameter nozzle provides the highest heat transfer coefficient around the impingement point. The maximum relative velocity location at the impingement point slightly leads the location of the maximum Nusselt number. The maximum temperature in the piston decreases by 7% to 11% as the nozzle diameter changes from 1.0 to 3.0 mm for a jet Reynolds number of 4,500. If a correct selection is made for the nozzle size, the cooling jet can be efficiently used to reduce the temperature and alleviate the thermal stresses in the piston in the region underneath the exhaust valve where the maximum temperature occurs.
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1 INTRODUCTION
Impinging cooling jets are well recognized to provide large heat transfer coefficients and are hence widely employed in numerous engineering and industrial applications. Impinging jets have been used to transfer heat for various purposes, including but not limited to the drying of paper and the cooling of electronic boards. In the automotive industry, the pistons convey the power produced by the burning mixture to the crankshaft via the connecting rod, and together with their rings, they confine the combustion space from the other parts of the engine (crankcase). For obvious reasons, the temperature of the combustion chamber is expected to be the highest in the engine. Since the piston occupies the bottom portion of the combustion space, it is the only part that is not cooled by the engine cooling system. A large amount of the heat is dissipated from the piston via the sealing rings to the combustion chamber’s inner walls. The heat transfer also occurs through the wrist pins of the piston and the connecting rods. There is a need for improving engine performance while decreasing the available space in the engine compartment. At high engine speeds and loads, the consequence of raising the engine power is that it affects the structural endurance of the piston alloy making it vulnerable to fatigue failure. In the last decade, manufacturers have considered the use of impinging jets in their vehicles to eliminate the overheating that may occur in the piston and to meet lower exhaust gas concentrations (Nasif, 2014).
When a free jet impinges a surface, the velocity field can be split into an exterior inviscid zone and an interior viscous zone which represents the boundary layer. A very thin stagnation region develops normally to the jet axis. This layer has small resistance to heat transfer, where the convective heat transfer coefficient is very high. After the impingement, the flow extends thinner in the radial direction, i.e., the thickness of the liquid layer near the wall reduces with radius. This decrease brings the developing boundary layer into contact with the surface of the fluid layer. At this point, the fluid layer thickness starts to increase at farther radii due to the viscosity effect, the drag due to the viscosity decelerates the flow and widens the liquid layer (Liu et al., 1991).
Both experimental (Cao et al., 2022; Wei and Zu, 2022; Barewar et al., 2023; Plant et al., 2023; Shaikh et al., 2023) and numerical (Nasif et al., 2016; Nasif et al., 2018a; Nasif et al., 2022a; Ewe et al., 2022; Cui et al., 2023) analyses have been performed to study the heat transfer attributes of impinging jets. However, there are many essential issues to be addressed, especially in cases where impingement heat transfer is accompanied by a moving boundary in a confined space. These features are crucial in providing better insight into engine performance and improving other industrial applications. J. John et al., (Mili et al., 2020), investigated the thermal and flow characteristics of a two-dimensional isothermal jet that impinges an inclined surface. The Reynolds-averaged Navier–Stokes (RANS) equations based on the standard k–ε turbulence model has been used to predict the flow fields. The angle of the surface inclination with respect to the impinging jet is varied between 0° and 10°, the jet Reynolds number in this investigation is fixed (Re = 11,500), and constant heat flux is employed as a boundary condition. The study revealed that the flow field remains symmetric about the jet centerline at 0°; however, with the increase of angle of inclination, the flow field becomes asymmetric. The location at which the jet impinges on the bottom wall gradually moves more toward the right side of the jet centerline with increasing the angle of inclination. The flow field significantly affects the heat transfer field, the Nusselt number decreases drastically as the angle of inclination is increased from 0° to 10°. Ashish et al., (Mishra et al., 2021), studied and analyzed the cooling process of electronic components using a sinusoidal synthetic jet. The study revealed that the synthetic jet is an effective method of removing hot spots in many engineering and industrial applications, i.e., processors and electronic chips. Other engineering applications of hybrid jet (combinations of synthetic and continuous jet) is also discussed in Singh et al. (2021).
The thermal characteristics of linear moving plates using water impinging jets are investigated experimentally Sharma and Kumar Sahu (2019). During tests, the initial temperature of the plate was maintained at approximately 500°C. Various jet Reynolds numbers, in the range of 2,500 and 10,000, were employed in the investigation. The speed of the plate altered between 0 and 40 mm/s during the experiment. The space between the nozzle and the plate was kept constant at [image: image] = 6.0, where [image: image] is the nozzle-to-plate distance and [image: image] is the nozzle diameter. This study concluded that during liquid jet impingement on a moving hot surface, the extension of the liquid layer happens in the direction of plate movement. The liquid film is noticed to extend more in the lateral direction at a plate velocity of 20 mm/s compared to 40 mm/s.
Alotaibi et al. (2020) summarized the most essential outcomes for jet impingement on a stationary and rotating disc. Several important investigations dealing with numerical and experimental studies are reviewed and presented in Alotaibi et al. (2020). Many parameters are identified to influence the flow and enhance mass and energy transfer such as; Reynolds number, nozzle configuration, nozzle-to-target spacing, angle of incidence of the impinging jet, and the flow regime and profile at the nozzle exit. In the case of a rotating disc, Alotaibi et al. (2020) explained that the centrifugal force has a significant impact on the vortex dynamics in different regions of the impinging jet. Several other studies on a rotating disc neglected the effect of the rotational motion on the velocity field. The disc rotation can improve the heat transfer coefficient as stated in Nasif (2014). This combination of jet velocity and disc angular velocity can be investigated using simultaneous velocity and heat transfer measurements. The heat transfer characteristics of a free impinging jet on a rotating disc subjected to heat flux were also investigated by Jiang et al. (2021) using the CFD approach. Numerical simulations were performed over a wide range of jet Reynolds numbers, issuing temperatures, nozzle sizes, and various nozzle-to-disc spacings. The results showed that the local Nusselt number increases first and then decreases along the radial direction from the disc center. The Nusselt number attains its peak in the core heat transfer zone close to the rotation center. The study also showed that as nozzle size increases, the Nusselt number increases, and the temperature distribution on the disc surface becomes more uniform.
Nasif et al. (2015) conducted a computational study to evaluate the thermal properties of a circular jet striking a finite-thickness circular moving disc. The piston motion equation is used to impart the reciprocating motion to the disk. Different values of uniform heat flux are used as boundary conditions in this investigation. A volume of fluid (VoF) technique is employed to track and locate the interface between liquid and air. In the study, a procedure was introduced to expedite the simulation and cut down the CPU time by taking advantage of the recurring transient Nusselt number profile. This occurs when the temperature profile in the disc reaches the final steady distribution. The study also revealed that the heat transfer mechanism is more efficient in a moving disc compared to a fixed one. The highest coefficient of heat transfer (HTC) due to impinging jet occurs in a small region around the impingement point where the velocity gradient in the radial direction is greater than zero. Nasif et al. (2015) explained that this stagnation region exists in the accelerating flow adjacent to the stagnation point and develops up to the location where the positive velocity gradient switches to a negative one in the near-wall liquid film. The stagnation point refers to a location on the disc where the jet velocity is brought to zero, i.e., the location where the jet kinetic energy converts to potential energy.
The effect of conjugate heat transfer (CHT) was numerically investigated by Nasif et al. (2018b) using air and water as working fluids. The study reveals that for the air jet, the Nusselt number value at the stagnation region always decreases as the boundary heat flux increases for the process that involves conjugate heat transfer. The disc thickness and disc metal influence the stagnation Nusselt number profile. Nasif et al. (2018b) also stated that the effect of the conjugate heat transfer and thermal heat flux on the Nusselt number at the stagnation point is very minor for the water jet. The material and thickness of the disc did not affect the profile with the water jet. The computational results illustrate that the heat flux at the stagnation region due to convection for the water jet is less than that for the air jet for a specific operating condition, i.e., the same nozzle size and jet Reynolds number. The study also revealed that the conductive heat transfer within the solid acts to rearrange the heat flux at the interface. Consequently, a uniform temperature boundary is generated at the interface of the fluid and the solid for both working fluids (air or water) with high thermal conductivity metals.
The final goal of the current study is to use the computational fluid dynamics approach (CFD) to examine the use of the jet cooling technique on piston cooling. The effect of the nozzle size is examined using three nozzle sizes. The issuing bulk velocity from each nozzle is adjusted to provide a constant jet Reynolds number of Red = 4,500. The effect of the jet Reynolds number on the thermal characteristics is also investigated. Engine oil is employed as a working fluid and used as a cooling jet. A piston motion formula is employed to convey a reciprocating motion of the piston as a function of crankangle in the range of its movement. An angular velocity of 210 rad/s (2000 rpm) was chosen in the study, which represents the normal engine speed on highways. The boundary conditions that are employed in the study are provided from lab experiments and one-dimensional simulations. The CHT technique is employed to link the heat conduction in the solid region with the convective process at the solid-fluid interface. The radiation heat transfer is neglected in this study.
2 COMPUTATIONAL METHODOLOGY
The process of the cooling enhancement in the current study is modelled using Simcenter Star-CCM+ code with a polyhedral mesh. The advantage of using polyhedral mesh is that they usually have several neighbours, so that properties gradients can be better evaluated using linear functions. The time-dependent governing equation comprises the conservation of energy, mass, and momentum equations. First-order implicit time marching is used to discretize the time, while second-order spatial differencing is used to discretize the space in these equations. Each of these equations can be stated in a common form by the transport of a particular scalar quantity [image: image], and presented by a continuous integral form as (Versteeg and Malalasekera, 2007):
[image: image]
Here [image: image] is a property per unit mass, the [image: image] on the integral sign represents the control volume, i.e., 3D cell and [image: image] is the control surface. Starting from the left, the terms in the above equation are the rate of change of the property [image: image] in the CV; the acceleration term, which represents the rate of change of property due to convection over the control surface; the viscous term, which represents the rate of change of [image: image] due to the diffusion over the control surface, and the source term in the control volume. The source term comprises the effects of all other body and surface forces, i.e., the pressure gradient, CV weight, etc. The unit vector [image: image] represents the outward normal vector to the surface element [image: image], [image: image] is the velocity vector, [image: image] is the density, [image: image] is the diffusion coefficient and [image: image] is the gradient operator.
The flow domain in the current study comprises two fluids, i.e., air and oil. Therefore, a model to manage two-phase flow is required for the simulation. The volume of fluid (VoF) introduced by Hirt and Nichols (Hirt and Nichols, 1981) is a simple and efficient technique that provides a method to locate and track the movement of the interface between the different phases. The transport equation for the volume fraction [image: image] of the ith fluid phase in the CV can be acquired from Eq. 1 after neglecting the source term and setting the property [image: image] and diffusion term [image: image] as:
[image: image]
One aspect of importance in the VoF approach is to discretize the convective term in Eq. 2 to prevent false diffusion due to numerical smearing. High-resolution schemes (Muzaferija, 1999; Ubbink and Issa, 1999; Wacławczyk and Koronowicz, 2008) are effective in resolving this problem. A High-Resolution Interface-Capturing scheme (Muzaferija, 1999) is employed for capturing the interface in this study. The scheme depends on the use of a normalized variable diagram (Leonard, 1991), which gives the procedure for constructing high-resolution schemes. In this scheme, the local Courant-Friedrichs-Lewy (CFL) requirement (Courant number ≤ 1.0) should be met to guarantee numerical stability (Spalart, 2001). Meeting the CFL criterion requires observing and adjusting the time step to perform a balance of spatial with temporal discretization. In the present study domain, many crankangles (time steps) were checked to meet the CFL condition. The final time step based on a crank angle of 0.5° for an engine rotational speed of 2000 rpm is chosen for the simulation. This facilitates the Courant number to be smaller than 0.5 in the whole domain. For each time step, twenty internal iterations were chosen in the current computational study.
Although large-eddy simulation (LES) is not as computationally expensive as direct numerical simulation (DNS), it is still too costly for most engineering and industrial applications. This cost is very large in attached turbulent boundary layers as the turbulence scales approach Kolmogorov length scales. To bridge the gap between Reynolds-averaged Navier-Stokes models (RANS) and LES, combined RANS-LES methods are frequently employed. One such method, which possibly exhibits the greatest potential for extensive practical and engineering applications, is detached eddy simulation (DES). In this approach, the RANS method trigger at places where the turbulent length scales are smaller than grid dimensions and required to be modelled, i.e., near the solid surfaces. The LES mode is triggered at places where the grid dimensions become less than the turbulent scales. Therefore, the grid size will be less strict than in a pure LES method.
In the current study, the [image: image] two-equation turbulence model is employed as the RANS model with the Detached Eddy Simulation. The [image: image] in [image: image] model represents the turbulent kinetic energy and [image: image] is the specific dissipation rate, which concludes the turbulence scales. The shear stress transport (SST) model integrates the desirable of turbulent models, i.e., [image: image] or [image: image] model. The use of a [image: image] model near the wall makes this formulation applicable from a specific location down to the wall without any additional damping function that is required at low Reynolds numbers, which are normally employed with the [image: image] model. The [image: image] model also turns to a [image: image] model at a specific distance away from the wall, where the effect of the wall is insignificant, thereby preventing a common problem that is associated with the [image: image] model. The symbol [image: image] in [image: image] model is the dissipation of the kinetic energy (m3/s2). To convert between the two RANS models, Menter (2002) suggested using a blending function that would involve a cross-diffusion term far from the walls.
The earliest type of detached eddy simulation encountered several issues as explained by Spalart (2009). The delayed detached eddy simulation (DDES) (Travin et al., 2002; Menter and Kuntz, 2004; Spalart et al., 2006) and advanced delayed detached eddy simulation (IDDES) turbulence model (Shur et al., 2008) have consequently been proposed to moderate the shortcomings addressed by Spalart (2009). The [image: image] IDDES is employed in the current investigation. This formulation utilizes a modified version of [image: image] model to enhance near-wall prediction. The destruction term in the [image: image]-equation in the [image: image] IDDES formulation is adjusted in a way by introducing the [image: image] term. This term is a length scale that is accountable for initiating the transition from RANS mode into a scale-resolving mode using LES formulation. More details for [image: image] methodology is provided in Saini et al. (2018). The IDDES model has been proven to reproduce the experimental data with reasonable accuracy concerning our previous study for wake flows (Nasif et al., 2022b; Shinneeb et al., 2022).
The segregated method (Versteeg and Malalasekera, 2007) is employed to solve the discretized equations. In the segregated method, each of the transport equations for the solution variables is solved one after another. Every equation, while being solved, is “decoupled” or “segregated” from other equations. The segregated method is memory-resourceful since the discretized equations need to be saved in the memory one at a time. The numerical results are considered to have converged when the average temperature of the piston does not significantly change with crankangle. Simulataneously, the scaled continuity and momentum residuals should drop below 10–6.
3 PROBLEM DESCRIPTION
Figure 1 illustrates the computational domain of the current study. Three different nozzles with internal diameters of d = 1.0, 2.0, and 3.0 mm are used in the study. The nozzle exit appears at the bottom part of the domain as shown in Figure 1B. The distance between the nozzle exit and the bottom surface of the piston is 50 mm when the piston is at its Bottom Dead Center (BDC) while it is 130 mm when the piston is at its Top Dead Center (TDC). In the first set of simulations, the jet exit velocity is adjusted to provide a constant Reynolds number of Red = 4,500 for all three nozzles to evaluate the role of the nozzle diameter on the thermal attributes. In the second set of simulations, other jet exit velocities are employed to provide different jet Reynolds number ranges of 1,000–10,000 to examine the influence of the jet Reynolds numbers on the thermal attributes. The fully developed velocity profiles are acquired from separate simulations using very long pipes with different diameters ranging from 1.0 to 3.0 mm. Engine oil at 90°C is used as a working fluid in all simulations in the current study. For all cases, the fully developed velocity profiles are mapped at the nozzle exit, which represents the inlet boundary to the domain. The oil exits the nozzle as a jet and upon impingement spreads as a wall jet along the piston’s inner surface as shown in Figure 1F. The jet path is following the nozzle exit and extends up to the inner surface of the piston, this path appears as a cylindrical part (oil-air interface) in Figures 1A, B, D, E. The jet path is morphed with the piston motion within the stroke. Therefore, the length of this path is a function of the crankangle. The boundary condition at the bottom of the present computational domain is obtained from the simulation of the entire crankcase of the engine, i.e., four cylinders with their pistons, crankshaft, etc., with no cooling jet. The flow field in the full-scale engine involves significant complexity in terms of multi-physics, tight geometry, moving parts, etc. Many thermal and fluid variables interact in this complicated process. Various meshing and mesh moving techniques are required, including arbitrary sliding interface (ASI) of counterweights and mesh morphing to replicate the linear motion of the piston. The boundary condition from the full-scale engine is recorded (temperature, pressure, and turbulence statistics) as a function of the angle of rotation of the crankshaft and mapped at the bottom of the current domain in the transient simulation. The location of the mapping of the recorded boundary condition is shown in Figures 1A, B. The crankcase in the current study is substituted with a small cylindrical part below the cylinder as shown in Figures 1A, B, D, E. The crankcase isn’t required to be modeled in the current study because the recorded boundary condition is brought from the crankcase and mapped at the bottom of the small cylindrical part in Figure 1. This will significantly reduce the computational effort.
[image: Figure 1]FIGURE 1 | Computational domain of the current study with boundary conditions.
As a result of the presence of burning gasses within the combustion chamber, the top face of the piston is exposed to heat transfer due to convection. The temperature profile with corresponding average heat transfer coefficients over one cycle is acquired from a separate one-dimensional simulation. The temperature distribution of the combustion gases at the top surface of the piston is split into four concentric zones ranging from 550°C at the center to 1,100°C at the edges of the piston. The cylinder wall, which is enclosed by the coolant, is maintained at a fixed temperature over the cycle, i.e., T = 130°C. Fluid properties in the computational domain are calculated using the local temperature. The density (ρ), dynamic viscosity (µ), thermal conductivity ([image: image] oil), and specific heat (cp) of the engine oil at 90°C are 810 kg/m3, 0.0108 Pa s, 0.135 W/m°C, and 2333 J/kg°C, respectively. Meanwhile, the density, thermal conductivity, and specific heat of the piston metal are 2,790 kg/m3, 0.135 W/m°C, and 180 J/kg°C, respectively. The latter is evaluated at a constant temperature of 220°C, which is approximately the average temperature of the piston metal during the cycle. A fraction of combustion gases, i.e., 5.0 g/cycle infiltrate as blow-by gases by the gap between the piston and cylinder to the computational domain. This fraction of combustion gases enters the computational domain and thus is used as an inlet boundary condition, i.e., mass flow rate boundary condition. The heat transfer through the sealing rings is not considered in the current investigation.
The criteria for choosing the cell count in the current study are based on our previous study (Nasif, 2014). The piston motion formula, which creates a reciprocating movement of the piston, is employed in the simulation. The piston velocity is a function of connecting rod length, crank radius, and crankangle. The morphing method is needed to reproduce the piston movement within its stroke as shown in Figures 1D, E. A specific region in the computational domain will be subjected to morphing to create the reciprocating motion of the piston as shown in Figure 1. The mesh is packed at the jet path to prevent the false diffusion of the oil to the air due to the use of the VoF method. To better capture the air-oil interfaces and to accurately compute the HTC near the solid surfaces, ten prism layers are placed at a thickness of 0.4 mm from the surface using a stretching factor of 1.25, resulting in a y+ less than three. It was found from our previous study (Nasif, 2014) that HTC is very sensitive to the cell size near the wall. Therefore, the selection of the number and size of the prism layers was carefully conducted and based on a comparison of the numerical results for the HTC from the simulations with the experimental data (Nasif, 2014). The conjugate heat transfer (CHT) analysis accurately predicts heat transfer by simultaneously solving all the relevant solid and flow field heat transfer processes. The CHT analysis is used in the present study to evaluate the HTC at the solid-fluid interfaces. The convective HTC between the solid (piston) and the fluid (oil and air) is conveniently expressed as (Cengel et al., 2011):
[image: image]
The convective heat transfer coefficient in the above equation is assessed based on a reference temperature ([image: image]). In the current study, the jet bulk temperature of 90°C at the nozzle exit was chosen as a reference temperature. In Eq. 3, [image: image] and [image: image] represent the convective heat flux and wall temperature of the piston.
4 VALIDATION
Validation entails the correct representation of the physics of flow (equations, turbulence models, etc.), appropriate numerical schemes (upwinding, time march, etc.), and model predictions (mesh issues, order of approximation, etc.). As such, the simulation results should be validated by comparison with experimental results or previous empirical correlations. If experimental results are not available, one can approximately assess the numerical results for a comparable problem for which data exists with relevant fundamental physics.
Presently, there are no available experimental results to validate a numerical study involving jet impingement onto a high-speed disc with finite thickness subjected to heat flux. Consequently, the computational results (i.e., local and stagnation Nu) were compared for the impinging jet on a static disc conducted in an earlier study (Nasif et al., 2014) for which experimental data are accessible (Stevens and Webb, 1991). The validation results presented in (Nasif et al., 2014) used three nozzle diameters and a broad range of jet Reynolds numbers. Empirical expressions to anticipate thermal attributes presented in (Stevens and Webb, 1991) were employed to validate the numerical results. The validation process showed variations of 3.5, 5.0, and 8.0% in the stagnation Nu for nozzle diameters of [image: image] = 1.0, 2.0, and 4.0 mm, respectively.
5 RESULTS AND DISCUSSION
It is very important for heat transfer enhancement process to understand the flow field. Throughout this study, we have focused on the operating parameters that enhance piston cooling. The flow field of the jet impingement process, including VOF, has been extensively investigated in our previous papers (Nasif, 2014; Nasif et al., 2015; Nasif et al., 2016). In the current study, parallel computing was adopted to run the simulations and to reduce the computational time by utilizing the available resources of computing (32 cores). Four simulations were carried out with each nozzle size [image: image] = 1.0 mm and [image: image] = 2.0 mm using jet Reynolds number ranges Red = 15,000–60,000 and Red = 7,500–30,000, respectively. Furthermore, seven simulations were run with [image: image] = 3.0 mm for Red varying from 3,000 to 20,000.
The oil jet hits the impingement point; a portion of it splashes and the rest spreads at the bottom face of the piston. The relative velocity of impingement is denoted by [image: image], where [image: image] is defined in Eq. 4 as:
[image: image]
Here [image: image] and [image: image] are the jet velocity and piston reciprocating velocity, respectively. The relative velocity will be at its maxima at a specific crankangle and when the piston moves from TDC to BDC, i.e., the piston velocity is negative. Meanwhile, the relative velocity will be at its minima at a specific crankangle and when the piston moves from BDC to TDC, i.e., the piston velocity is positive. The velocity of the cooling jet should be higher than the maximum velocity of the piston during the engine cycle to ensure that the relative velocity is always greater than zero. The reciprocating motion of the piston with [image: image] = 2.0 mm and [image: image] = 30 m/s is shown for one cycle in Figure 2. The relative velocity over one cycle is plotted in a blue dotted line in Figure 2. The maximum relative velocity is 39.0 m/s corresponding to crankangle of 76° while the minimum relative velocity is 21.0 m/s corresponding to crankangle of 284°. The positive value of the minimum relative velocity indicates that the jet always impinges on the inner surface of the piston. The piston has the highest negative acceleration (deceleration) at the TDC position at crankangle of 0° and 180° and a maximum positive acceleration at the BDC position at crankangle of 180° as shown in Figure 1.
[image: Figure 2]FIGURE 2 | Variation of the reciprocating motion of the piston and the relative velocity for one cycle (N = 2000 rpm).
To understand the thermal properties of the jet-impinging process, the area surrounding the stagnation point is split into three zones. The thermal characteristics are averaged over each zone (surface averaged) and compared for the three nozzles and different Reynolds numbers. The first zone extends from r = 0.0 mm–0.9 mm, the second zone extends from r = 0.9 mm–1.8 mm, and the third zone extends from r = 1.8 mm–2.7 mm, here r represents the radial distance from the impingement point. The first zone region is selected based on the criterion that the maximum HTC occurs at the stagnation region (small viscous region) around the impingement point. This region extends approximately up to a radial distance of [image: image] (Lienhard, 1995). The following zones were defined based on equal radial intervals to investigate how the HTC or Nusselt number declines after the impingement zone for a specific nozzle diameter. It is worth mentioning here that the oil will not spread entirely over the inner face of the piston due to the high speed of the engine and the oil splashing from the impingement point due to the strong impact between the jet and the piston. Strong splashing can lead to atomizing a large amount of the approaching cooling jet. Therefore, atomizing droplets will not participate in cooling the piston as the droplets separate from the piston surface resulting in reduced cooling efficiency. The splashing process for jet impingement onto a fixed target has been discussed extensively in (Lienhard et al., 1992; Bhunia and Lienhard, 1994a; Bhunia and Lienhard, 1994b). Figure 3 shows the VoF contour on the piston surface. The impingement zone, indicated in grey is a combination of the three zones defined in the previous paragraph. The contour in Figure 3 is extracted at the crank angle of 90° as the piston moves from the TDC to the BDC. It is clearly shown in this figure that the oil doesn’t cover the entire surface after the impingement process. It seems from Figure 3 that most of the oil is dripping and splashing to the crankcase before reaching the inner side surfaces of the piston.
[image: Figure 3]FIGURE 3 | Volume of fluid (VoF) contour at the inner shell of the piston; (A) looking at the shell from a bird’s eye view after removing the upper part of the piston, (B) looking at the shell from the bottom.
Due to the reciprocating motion of the piston and the variable nozzle-to-target distance during the cycle, it is expected that the HTC will be a function of the crankangle and change periodically over the cycle. Figure 4 shows the transient Nusselt number [image: image] as a function of crankangle over three cycles for [image: image] = 2.0 mm. In the figure, the transient Nu values were averaged over the three pre-defined zones and plotted against the crankangle. The recurring profiles of Nu are attained when the simulation is converged and the temperature profile in the piston reaches its steady distribution. The profile behaviors are similar for both [image: image] = 1.0 and 3.0 mm. The position of the highest relative velocity in Figure 2 leads the position of the highest Nu in Figure 4 by a few degrees of the crank angle. After jet impingement, the jet changes its direction and enters the wall jet region where the flow moves radially away from the stagnation point and parallel to the piston inner surface. This turning process takes a few degrees where the jet aligns itself and the largest radial velocity gradient takes place. The radial velocity gradient is one of the key factors that impact the heat transfer coefficient (Lienhard, 1995). It seems that the turning process has a longer duration in terms of the crankangle when the Nu at its minimum value. This is attributed to the lower relative velocity of the jet; the relative velocity decreases by 50% of its maximum value during the cycle. Therefore, the location of minimum relative velocity leads the location of minimum Nu by more degrees compared to the maximum Nu. It is shown in Figure 4 that the maximum value of Nu declines moving radially away from the impingement zone. The Nu drops by 15% from the first zone to the second zone and then 26% from the second zone to the third zone due to the drop in the radial velocity gradient of the wall jet. The peak value of Nu profiles always appears at the first zone (impingement zone). This value increases with the decrease of the nozzle size (data not shown here). Therefore, the maximum value of the HTC during the cycle (not the minimum temperature) on the piston surface occurs at the impingement zone.
[image: Figure 4]FIGURE 4 | Surface average (averaged over pre-defined zones) transient Nu with cooling jet over three engine cycles at Red = 4,500 and nozzle diameter of d = 2.0 mm.
Figure 5 shows the temperature contours with and without the impinging jet, The jet Reynolds number Red = 4,500 is constant for all three nozzles. Figure 5A shows the temperature distribution for the entire piston, while Figure 5B shows the temperature distribution on the inner surface of the piston. The flow and thermal characteristics of the cooling jet averaged over one cycle for three nozzles using jet Reynolds number of Red = 4,500 are listed in Table 1. The effect of the diameter of the nozzle on the piston temperature profile is apparent in Figure 5. For a specific Re, the larger nozzle diameter provides a more uniform and consistent temperature distribution on the bottom face of the piston compared to the smaller nozzle as shown in Figure 5B. The lower temperature contour extends farther on the upper face of the piston as the nozzle diameter increases. The cooling jet lowers the maximum temperature at the inner and upper faces of the piston (beneath the exhaust valve) and shifts the location of its occurrence at the inner surface to the opposite side as shown in Figure 5B. It can be concluded from Figure 5 that the temperature averaged over the volume of the piston decreases by 9%, 12%, and 13% while the inner surface average temperature of decreases by 15%, 19%, and 21% corresponding to [image: image] = 1.0, 2.0, and 3.0 mm, respectively. The maximum temperature in the piston without the use of a cooling jet is 262°C. As indicated in Table 1, the maximum temperature in the piston decreases from 7% to 11% as [image: image] changes from 1.0 to 3.0 mm. The maximum temperature always occurs on the upper face of the piston in either case, i.e., with or without a cooling jet.
[image: Figure 5]FIGURE 5 | The effect of nozzle diameter on the temperature distribution using constant Reynolds number of Red = 4,500: (A) whole piston, (B) piston inner shell.
TABLE 1 | Flow and thermal characteristics averaged over one cycle (360°) for the cooling jet at Red = 4,500.
[image: Table 1]Table 1 shows that for a specific Re, the greatest heat transfer coefficient (surface averaged over one cycle) in the first zone is achieved with a nozzle of a smaller diameter. This is because the high velocity of the jet creates the greatest radial velocity gradient with the smaller nozzle at the stagnation point. The HTC value drops by 35% for the larger nozzle compared to the smaller one in the first zone around the stagnation point. For a given nozzle size, the HTC starts to drop, as one moves away from the impinging point due to the decline in the radial velocity gradient. At larger radii from the impinging point, the radial velocity gradient declines as fluid film thickness begins to increase, while the boundary layer develops (Liu et al., 1991). Contrary to HTC, the Nu increases with the nozzle size as shown in Table 1. The Nu (averaged over the cycle) drops by 50%, 12%, and 11% of its original value from the first zone to the third zone, corresponding to [image: image] = 1.0, 2.0, and 3.0 mm, respectively, as shown in Table 1. This indicates that the averaged HTC becomes more uniform as the nozzle size increases. It is worth mentioning here that both the maximum and minimum temperatures decrease as the size of the nozzle increases. These temperature values are not changing during the cycle when the temperature profile in the piston reaches its steady distribution due to the high speed of the piston.
Most of the jet energy issuing from the nozzle is in the form of kinetic energy. As shown in Table 1 and for a given Reynolds number, the pumping power required for a smaller nozzle is approximately three times greater than the larger one, if potential energy and friction losses are neglected. On the other hand, more heat will be removed from the piston with the larger nozzle due to the associated higher volume flow rate as shown in Table 1. Therefore, a larger and more efficient heat exchanger is required for the larger nozzle (this is not the focus of the study) to cool down the engine oil. These factors should be taken into consideration upon using the jet for cooling applications.
To get an understanding of the influence of the jet Re on thermal characteristics in the first zone, both HTC and Nu are plotted versus the Reynolds number as shown in Figure 6. In this figure, the corresponding nozzle diameter is used to define the Nusselt number for each case, therefore the Nu in this figure is a function of both HTC and length scale (d). It is clearly shown in Figures 6A, B that the heat transfer coefficient and Nu at the impingement zone are more susceptible to Reynolds number with the smaller nozzle. However, as the size of the nozzle increases, the heat transfer coefficient and Nu do not change significantly with the Reynolds number. The profiles in Figures 6A, B appear more flat over a large range of Reynolds numbers for [image: image] = 2.0 and 3.0 mm. The HTC behaviors are comparable for both [image: image] = 2.0 and 3.0 mm as shown in Figure 6A. This implies that increasing the nozzle diameter beyond [image: image] = 2.0 mm does not significantly impact the HTC at the impingement region (not the case for Nu). For low Reynolds numbers, the HTC at the impingement region for nozzles of different diameters is comparable; however, as the Reynolds number increases, the HTC of the smallest nozzle will increase dramatically compared to the larger nozzle diameters as shown in Figure 6A. This is ascribed to the higher radial velocity gradient accompanying with the nozzle of smaller diameter at the impingement point.
[image: Figure 6]FIGURE 6 | The effect of the jet Re on HTC and Nu for varying diameters in the first zone (0.0 mm ≤ r < 0.9 mm).
Figure 7 shows the effect of the jet Re on the average and the highest temperature experienced by the piston. A closer examination of Figure 7 reveals that the maximum drop in volume averaged temperature of the piston for any Reynolds number does not exceed 6°C between any two consecutive nozzle sizes. Furthermore, the difference is less between [image: image] = 2.0 and 3.0 mm, as shown in Figure 7A. The maximum temperature in the piston reduces for any given jet Reynolds number when the size of the nozzle increases as shown in Figure 7B. From a practical point of view and in light of previous findings (see also Figure 6), the nozzle diameter of 2.0 mm and Red = 5,000 seems to be more applicable and convenient to be used in the automotive industry. Under these conditions and using an oil jet issuing temperature of T = 90°C, the piston’s average temperature drops by 13%, the inner surface temperature drops by 22%, and the maximum temperature in the piston drop by 9% compared to the case with no cooling jet.
[image: Figure 7]FIGURE 7 | The effect of the jet Re on the average and maximum temperature experienced by the piston for varying nozzle diameters.
Figure 8 shows the effect of the jet Re on the average temperature in the first zone. Contrary to the HTC and Nu profiles that were discussed earlier, Figure 8 shows that the effect of the nozzle diameter is minor on the temperature distribution of the impingement region over a range of Reynolds numbers for [image: image] = 2.0 and 3.0 mm. The conductive heat transfer within the piston acts to rearrange the heat fluxes at the piston walls. This will result in a uniform and constant temperature at the fluid-solid interface in the region surrounding the impingement point for nozzles of larger diameters. The conductive heat transfer will be improved when the metals have large thermal conductivities as for the piston metal. The heat flux distribution at the boundary is extensively discussed in Nasif et al. (2018a). For the working conditions suggested earlier, i.e., [image: image] = 2.0 mm and Re = 5,000, the temperature in the impingement region drops by approximately 40% compared to the case with no cooling jet. The cooling jet also reduces the temperature of the predefined zones 2 and 3 by 40% and 38%, respectively (data is not presented here). This indicates, that the cooling jet (if it is chosen properly) can be used efficiently to reduce the maximum temperature and thermal stresses at the region underneath the exhaust valve and creates a uniform temperature distribution at the inner surface.
[image: Figure 8]FIGURE 8 | The effect of the jet Re on the average temperature in the first zone (0.0 ≤ r < 0.9) for varying nozzle diameter.
6 CONCLUSION
A computational study of an impinging jet onto a high-speed moving piston (N = 2000 rpm) was performed to identify the thermal characteristics. Engine oil jet at 90°C is used as a working fluid. Three nozzle diameters are employed in the study varying from 1.0 to 3.0 mm to investigate the role of diameter and jet Re. A mesh morphing technique is used in the simulations to change the position of the piston without affecting the underlying geometry of the computational domain. The conclusions of the current study can be summarized as follows:
I. Both HTC and Nu do not vary notably with the Reynolds number in the impingement region when the nozzle diameter is large. The HTC and Nu are largely independent of Re. Contrarily, both HTC and Nu are sensitive to changes in the Reynolds numbers when the nozzle diameter is small.
II. For a specific value of jet Reynolds number, the larger nozzle provides a more uniform and consistent temperature distribution on the bottom face of the piston compared to the smaller nozzle. The region of the lower temperatures on the top face of the piston increases more as the nozzle size becomes larger.
III. For a specific value of jet Reynolds number, the average and maximum temperatures of the piston are slightly dependent on the nozzle diameter.
IV. Although the HTC is greatest at the impingement region for the smaller nozzle, the temperature at this region is less for the larger size nozzle at any given Reynolds number.
V. The location of maximum relative velocity leads the location of the maximum Nusselt number that occurs at the impingement region. This may be attributed to the turning process of the cooling jet which adjusts the jet to be parallel to the bottom surface of the piston (wall jet). The turning process takes a few degrees of the crankangle during which the jet adjusts itself and the maximum radial velocity gradient takes place.
VI. The present study reveals that the impinging jet can substantially reduce the temperature (if a proper nozzle is chosen) of the region underneath the exhaust valve where the location of the maximum temperature occurs in the piston with no cooling jet.
VII. Based on the analysis presented herein, a nozzle diameter of 2.0 mm and a jet Re = 5,000 is more convenient and proper for piston cooling.
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