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Abstract

:

Impingement heat transfer is considered one of the most effective cooling technologies that yield high localized convective heat transfer coefficients. This paper studies different configurable parameters involved in jet impingement cooling such as, exit orifice shape, crossflow regulation, target surface modification, spent air reuse, impingement channel modification, jet pulsation, and other techniques to understand which of them are critical and how these heat-transfer-enhancement concepts work. The aim of this paper is to excite the thermal sciences community of this efficient cooling technique and instill some thoughts for future innovations. New orifice shapes are becoming feasible due to innovative 3D printing technologies. However, the orifice shape variations show that it is hard to beat a sharp-edged round orifice in heat transfer coefficient, but it comes with a higher pressure drop across the orifice. Any attempt to streamline the hole shape indicated a drop in the Nusselt number, thus giving the designer some control over thermal budgeting of a component. Reduction in crossflow has been attempted with channel modifications. The use of high-porosity conductive foam in the impingement space has shown marked improvement in heat transfer performance. A list of possible research topics based on this discussion is provided in the conclusion.
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1. Introduction


The topic of jet impingement heat transfer has been widely researched, and details of such investigations can be found in [1,2,3]. Common parameters such as jet Reynolds numbers, jet-to-jet, and jet-to-target spacings have been discussed in numerous publications and are not repeated here. The interested reader can get the details from Han et al. [1] and from Figure 1 on the classic and new parameters on impingement cooling. In a recent investigative work, Dutta and Singh [4] discussed the effects of geometrical features on impingement and indicated opportunities in the research and exploration on impingement heat transfer. There are many configurational variables that have been explored in detail in the past, e.g., single jet [5] or array of jets [6], as shown in Figure 1 [7,8]. Fundamental studies include a free jet directed to target surface (Figure 1), a confined jet [9], a slot jet [10], a single jet subjected to initial crossflow [11], a crossflow scheme [6] (Figure 1), an angled jet [12], jet-to-jet spacing (x/d) [13], jet-to-target spacing (z/d) [13], relative arrangement of jets (inline or staggered) [13], impingement channel modification [14], crossflow regulation through variable diameter jets [15], nozzle shape [16], nozzle aspect ratio [17], target surface modification [18], and many more. Some common examples of orifice shape modification are triangular, racetrack, and notched or lobed, in contrast to the conventional circular orifice, which is a preferred choice from a fabrication perspective. Impingement channel modification includes converging or diverging channels, anti-crossflow configurations, whereas target surface modifications include dimples, pins, ribs, and special shapes. Representative examples on the above aspects of jet impingement heat transfer are pictorially presented in Table 1.



Figure 1 shows a schematic of single and multiple jet configurations used in impingement heat transfer. The spent jet creates a channel flow known as crossflow that deflects downstream jets, causing a reduction in impingement effectiveness. Usually, impingement heat transfer studies involve a small orifice or narrow slot jet. Slot jets can also be used in an array with uniform or non-uniform spacings. The impingement channel passage can have different shapes such as convergent, divergent, or channel-like formations to disengage the crossflow from jet deflection. Jets can be at an angle to the target surface and can be oriented to counter the crossflow deflection.



In this paper, we present the above efforts with our views on the areas of further improvement, and we highlight areas that have not received much attention; we also identify a few topics that can be further explored. With the advancements in metal additive manufacturing, this article may serve as a reference tool for advancements in jet impingement systems to obtain significantly higher performance. First, we present some benchmark studies in the introduction to provide the foundation of any future investigations, and then we present different configurational parameters’ effects on impingement performance and discuss the scope for innovation.



Hollworth and Wilson [31] experimentally studied the flow and thermal field to characterize the entrainment effects for a single jet (working fluid: air) without backplate, which is also known as an orifice plate or insert in a turbine component. The difference between jet and ambient temperatures was varied between 30 °C and 60 °C. The flow and pressure were also measured when the jet was discharged at ambient temperature to calculate the discharge coefficients. In a follow-up work, Hollworth and Gero [32] presented the heat transfer characteristics. The entrainment effects were identified on a free jet, and it was observed that local jet recovery temperature provided a better nondimensional profile of heat transfer. However, the use of local jet recovery temperature is not practical, and therefore current design procedures and correlations use jet exit temperature as the basis of correlations. However, their work indicated that the Nusselt number (Nu) depended on jet exit temperature only if the entrainment temperature was significantly different. Therefore, there is room for research to identify the contribution of entrainment temperature on the spent jet region. The results presented in the current literature use crossflow developed by spent jet and that crossflow also has higher temperature assuming the target surface is hotter. Experimental work with unheated crossflow can identify the effects of jet deflection and temperature entrainment separately.



Baughn et al. [33] experimentally studied the effects of entrainment on a heated circular jet. The jet was issued from a pipe with a different nozzle length-to-diameter ratio (L/D) and not from an orifice; it was a free jet without a backplate. This work showed the effect of L/D on the jet performance, where a smaller L/D had higher heat transfer. An abrupt pipe exit showed higher heat transfer at the stagnation region than a streamlined nozzle. This work also used adiabatic wall temperature with heated jets. These entrainment studies indicated that the heat transfer was affected by the surrounding air temperature and should be considered in the analysis and thermal correlations.



Impingement cooling in stationary turbine components is usually coupled with film cooling. Spent jets exit the component through well-placed film holes to protect the component from the hot gas path’s hostile environment. Immarigeon and Hassan [34] numerically studied the coupling of impingement and film cooling in gas turbines. They developed a new impingement structure with a film exit. Three round jets impinged and then dispersed through the film hole. The film effectiveness was predicted to be lower than a regular film hole, but the impingement on the film lip helped to cool the boundary layer and therefore argued to help with keeping the film itself cooler than the normal injection. Another work on impingement and film cooling was experimentally analyzed by Mensch and Thole [35]. They systematically evaluated the cooling effectiveness of film and impingement separately and then used both internal and external cooling schemes to illustrate that the best performance was obtained when both cooling schemes were used. Only film cooling was more effective near the hole exit, and only impingement provided a better-distributed effectiveness but with lower magnitude. The combination of film and impingement as used in the industry provided the best cooling arrangement in the airfoil platform area. Optimization of impingement along with film cooling is an active research area. Mousavi and Rahnama [36] carried out detailed CFD analysis to optimize jet and film holes with artificial neural networks and genetic algorithms. They showed improvement but also illustrated that the computation demand is significant before any optimized results can be obtained. A correlation-based model with reduced computational requirements has been used by Dutta and Smith [37,38,39].



Impingement heat transfer simulation is an active area of thermal research, and researchers are exploring performance and quality improvements by different mathematical models even on simple round jets with smooth target surfaces. Issac et al. [40] compared different numerical models to predict heat transfer with a single free round jet on a smooth surface. As discussed in this paper, the study of free jets is perhaps not the most useful as the recirculation caused in the presence of a backplate is very important and can alter the heat transfer pattern significantly. Katti et al. [41] provided experimental measurement of single free jet heat transfer, and Jeffers et al. [42] studied the stagnation zone with a single confined and submerged jet. They used a long tube to develop flow at the jet exit. They observed that stagnation pressure can migrate towards the jet exit and alter the velocity profile coming out of the jet in the proximity of the jet with the target surface.



Li et al. [43] experimentally measured perpendicular and inclined jets and found that inclined holes do not significantly alter heat transfer patterns. It is possible that the short orifices used were not long enough to provide a direction for the exiting jets. Ekkad and Han [44] illustrated the transient liquid crystal thermography technique on impingement and other gas-turbine cooling technologies. Their work revealed important details on two-dimensional (2D) heat transfer distribution that were not available before without a messy Naphthalene sublimation technique. The benefits of obtaining a 2D heat transfer distribution on the design of impingement configurations are discussed in a later section of this paper.



Routine numerical simulation of impingement heat transfer has been done by Kacar et al. [45] to show that the parameter variation effects can be successfully captured with numerical models. More detailed work was performed by Zuckerman and Lior [46] to illustrate the physics of the flow. The stagnation region was modelled in detail by Zu et al. [47] with seven different turbulence models. These were essentially numerical model calibration works and did not add much to the thermal domain knowledge. In some turbine components, impingement and film cooling are tied together. In that scenario, a better impingement may be detrimental to film cooling as film coolant is nothing but the spent jets. A better impingement scheme increases spent jet temperature and that increases the film temperature. Relative interactions are discussed in detail by Williams et al. [48]. They found an overall cooling effectiveness and it was biased towards better impingement cooling.




2. Benchmark Studies on Impingement Heat Transfer


This section highlights a collection of publications that a beginner researcher may browse to understand established parameters affecting impingement cooling. The Heat Transfer Laboratories led by Prof. R.J. Goldstein of the University of Minnesota, and the late Prof. D. E. Metzger of Arizona State University published many detailed works on impingement heat transfer in the late 1970s and early 1980s. Behbahani and Goldstein [49] developed local heat transfer from a flat target plate with a staggered array of circular impingement jets. They varied the jet-to-jet and jet-to-target plate distances and jet Reynolds numbers. They realized the importance of L/D (L is orifice length) and used a short orifice of L/D = 1, where two orifices—5 mm and 10 mm were used. One end of the chamber was closed, and the other end was open. The results set the benchmark in impingement heat transfer; however, the effect of exit length (distance between the last jet row (closest to exit plane) and the exit) effect was not studied. Exit lengths can have a significant effect on the heat transfer pattern since it affects the pressure distribution in the impingement channel, which in turn can modify the jet mass flux; and hence the interaction between emanating jets and distribution of accumulated crossflow discharge can be dependent on the exit length. A short exit length can arguably strengthen the jets nearer to the exit and can create stronger heat transfer near the exit than the closed end.



There is a room for optimization of the hole spacings based on exit length restriction. The real engine impingement hole sizes are smaller than those investigated experimentally and the scaling of Nusselt number with Reynolds number from laboratory testing to engine condition is a topic to be considered for further investigation. Florschuetz et al. [50] provided another benchmark experimental paper on jet arrays with crossflow from the late Prof. Metzger’s laboratory. Array jet impingement was studied for inline and staggered configurations under maximum crossflow condition, where correlations were provided for jet mass flux distribution, crossflow mass flux distribution in impingement channel, and row-wise averaged Nusselt number in reference to the row closest to the blocked end. These empirical correlations are now widely accepted in industries and used as validation data for many numerical investigations on impingement heat transfer as well as benchmarking jet impingement experimental facilities. Another notable work was carried out by Kercher’s group as in Kercher and Tabakoff [51], who in the 1970s identified the effect of spent jets on impingement heat transfer.




3. Key Aspects of Impingement Heat Transfer Related to Gas-Turbine Technologies


In this section, we have covered different factors involved in jet impingement system that influence the resultant convective heat transfer coefficients on the target wall, and we reviewed some cooling strategies that designers can consider for advancing this efficient cooling technology. Many of the traditional impingement aspects are discussed in the introduction section and are not repeated here. To maintain a balance between these two sections of this paper (1 and 3), we have divided references and understand that some publications could have been discussed in both. However, due to space limitations, we have tried to keep the discussion short and concise.



Figure 2 shows the turbine schematic and the components that use impingement cooling. These sketches are taken from different sources and more details on cooling configurations of these turbine components can be found in these references [52,53,54,55,56]. The combustor liner and shroud use arrays of jet holes that are usually customized for those individual components. The rotor blade has cast or in-built impingement structures and the stationary vane customarily has sheet metal inserts with different impingement hole patterns.



Several configurational aspects have been considered here like entrainment caused by the presence of a backplate. Following discussions are about the use of modified backplates, jet nozzle shapes, and target surface modifictions to alter impingement heat transfer. The modifications in the nozzle geometry may not necessarily improve the convective heat transfer coefficient (h) when compared with simple round orifices, which are easily manufacturable, but may provide better pressure drop performance. Target surface modifications, on the other hand, can be efficient when roughened by micro-scale features in terms of fin effectiveness and net heat dissipation (hA: where A is the wetted surface area) with respect to required pumping power in reference to relatively smooth targets. The following sub-sections are aimed towards not simply presenting some selected articles addressing the above areas, but are intended to stimulate thoughts on how one can further enhance jet impingement performance, given that we now have significantly more freedom in the design space due to the advancement in the materials and additive manufacturing.



3.1. Jet Entrainment


Jet entrainment studies by Hollworth and Wilson [31], Hollworth and Gero [32], and Baughn et al. [33] have been discussed above. These entrainment studies indicated that the heat transfer was affected by the surrounding air temperature and should be considered in the analysis. Such studies have become popular lately. Typically, we see the supply plenum temperature used as the reference fluid temperature for jet impingement heat transfer in both single and array jet impingement. The entrainment effects are even stronger in array jet impingement, which has a confined impingement channel. The closely spaced jets result in a counter-rotating vortex pair, and it is possible that the usage of plenum temperature as the reference may be suitable for the stagnation region and the jet footprint, but regions between adjacent jets may have a different reference temperature. This entrainment effect will also depend on the jet-to-target spacing and jet-to-jet spacing, as well as whether the jets were arranged inline or staggered and the subsequent crossflow exit schemes. To address this problem, we believe that computational studies can play an important role in predicting the local fluid temperature in the impingement channel where these predictions can complement the experimental measurements. Note that the adiabatic wall temperature usage as the fluid reference temperature may still be the best choice, which can be easily obtained in a typical steady-state experiment. Transient experiments, on the other hand, with time-varying plenum temperature have limitations in this regard, and hence the plenum temperature continues to be used as the reference fluid temperature.




3.2. Impingement-Effusion Cooling


The cooling design of gas-turbine blades involves both internal and external cooling, where internally routed coolant is bled off through strategically placed effusion holes (or film holes). The coolant extraction can happen in the serpentine passages featuring rib turbulators [57] and through adjacent holes placed between impinging jets’ footprints in leading-edge and mid-chord sections of gas-turbine blades. Impingement-effusion cooling scheme can also be found in the combustor liner wall cooling [58]. Ekkad et al. [57] presented detailed heat transfer coefficient for impingement-effusion system. Kim et al. [59] carried out an optimization study for cooling while also considering the important issue of thermal stress. Zhou et al. [60] published a numerical study for blade leading edges, where a single row of impinging jets was studied for different effusion schemes. Crossflow effects were found to be an important factor influencing the resultant heat transfer on the internal side of the curved leading edge. Singh and Ekkad [61] experimentally studied target wall heat transfer characteristics of an impingement-effusion system at low jet-to-target spacing (z/d = 1) using liquid crystal thermography. The authors concluded that impingement with effusion had higher thermal-hydraulic performance compared to three other crossflow exit schemes, indicating that effusion holes efficiently remove the spent air from the impingement channel when effusion holes were arranged in a staggered form relative to the jet footprint.




3.3. Jet Orifice


Haneda et al. [62] observed that two parallel confining plates around a rectangular nozzle exit increased heat transfer. It was a single-jet study. The jet nozzle was streamlined, which made it hard to implement in a gas-turbine component. Interestingly, fluidic oscillation was observed in the confinement and more than 50% improvement in Nu was observed at certain conditions. Fluidic oscillation was dependent on the post-impingement feedback flow. Therefore, a cylindrical jacket around a circular hole would not work, as that prevents the feedback loop to the orifice.



Orifice shape itself influences the heat transfer pattern, and this topic is getting more attention due to the feasibility of printing complex shapes with additive manufacturing. Singh et al. [63] experimentally investigated racetrack and V-shaped holes and compared the results with a baseline of conventional round holes. A square array of 7-by-7 holes was tested with one end open channel to have the crossflow effects. V-shaped holes showed the best performance among the group. The Cd (discharge coefficient, ratio of actual to ideal mass flux) of V-shaped holes was lower, and therefore a designer can use larger V-shaped holes with the same coolant throughput with a given pressure difference. A larger hole with the same z-gap increases heat transfer performance because the z/D ratio gets smaller. In another instance, Etemoglu et al. [64] studied the effect of nozzle shape on Cd and heat transfer characteristics. As we know now that a sharp-edged orifice performs better than a streamlined nozzle in the z/D range of 3–5, this configuration is commonly used in gas turbines. We could not deduce from their paper if a backplate was present or not; a backplate can have a significant effect on target wall heat transfer. In addition, Etemoglu and Can [65] carried out an analytical study to optimize the thermal performance of single and multiple slot nozzles. The application was targeted for the drying industry, and as a result, the impingement chambers were open on all sides. The analysis included instances with and without exhaust ports and calculated the operating drying cost with different systems. The target surface area coverage for multi-slot nozzles varied from 0.5% to 6.7% and the best average heat transfer coefficient was achieved at 3% coverage with 315 W/m2K at jet Reynolds number of 10,000.



Goodro et al. [66] studied the effect of Mach number (Ma) on impingement while keeping the Reynolds number the same. The Mach number was varied from 0.1 to 0.45 with a Reynolds number range of 17,300 to 60,000. The concept was interesting; however, there were limitations on the orifice sizes as hole diameters were varied from 3.5–15 mm. Industrial turbine applications typically use smaller 2–4 mm holes, and therefore boundary layer development for holes of such varying diameters is questionable. It was observed that an increase in the exit Mach number while keeping the Reynolds number the same improved the heat transfer coefficient. The dependence on Ma was negligible for Ma < 0.2. The spacings were maintained at a ratio of the hole size; that is, smaller holes with higher Ma had denser holes. One can argue about the compaction factor influencing heat transfer enhancement—was it Ma or denser holes with jet expansion? The authors mentioned compressibility effects in high Ma but could not perform detailed analysis on that with the instrumentation used. This topic of high-Ma compressible flow impingement can be further explored, along with the recovery factor, as discussed later.



In another hole shape study, McInturff et al. [67] compared three hole shapes: round, racetrack, and triangular. The racetrack performed best, and the triangle and round holes were comparable with each other. The benefits of racetrack shape have been observed by others as well. Unfortunately, the discharge coefficient was not given, but others have noted a lower discharge coefficient (Cd) with racetrack holes [16,63]. It can be argued that lower Cd is good for heat transfer performance. Singh et al.’s [63] V-shaped hole is similar to a bent racetrack but provided more distinct chambers to oscillate on the left side or right side of the V. We will continue to analyze this point this and hopefully have a more detailed explanation later.



The hypothesis of flow oscillation with sharp-edged orifice is supported by pulsed jet impingement heat transfer. Hsu et al. [68] experimentally observed pulsed jet heat transfer with a single streamlined jet. The Re was small, but the heat transfer could be enhanced with excitation characteristics. Note that this oscillation was aligned with the axis of the jet and not perpendicular to it. The heat transfer enhancing oscillations in the sharp-edged round jets are perhaps perpendicular to the jet axis and are different in nature from this axial pulsating jet. Figure 3 illustrates the oscillation mechanism in a sharp-edged orifice. To explain jet oscillation, a fluidic circuit is used here. This fluidic circuit has two secondary paths that can divert the jet from one direction to the other. In a freely issued jet with a backplate, this fluid circuit can be from any direction and randomly change from one direction to the other. In a sharp-edged orifice, the large vena-contracta provides a natural spring-like fluid structure magnifying the jet deflection as compared to the better-streamlined orifice hugging configurations. It can be argued that this jet oscillation in the presence of vena-contracta can be further enhanced by designing orifices that provide lower Cd (coefficient of discharge). So far, fluid sciences have tried to increase the Cd by streamlining the flow. Unfortunately, this caused a detrimental effect in impingement heat transfer, and perhaps the argument provided here provides a scientific justification on why the heat transfer gets worse with better Cd.



Among other things, researchers have tested inserts in jets as well. Ikhlaq et al. [71] numerically investigated a swirl insert inside the impingement orifice. This paper had an exhaustive list of papers related to swirl jets. The swirl jet performed worse with higher h/D = 6 as compared to a non-swirl jet with similar parameters, but the Nu increased with swirl at h/D = 2 and 4. The pressure and flow characteristics in a swirl jet were experimentally measured by Ahmed et al. [72], but no heat transfer measurements were reported. Markal [73] tried to create a swirling free jet with a spiral path around a round jet. It is doubtful that a swirl would persist after it was discharged from the spiral path. Most likely, the discharged jet had a dominant tangential velocity component rather than a rotating vortex. The swirl jet showed a wider radially affected region but did not improve the overall heat transfer coefficient. Markal et al. [74] studied a free concentric cone jet with a round jet in the middle. The performance dropped at 30° cone angle but showed better results with 20° when the jet was almost touching the target surface. It is not clear if the cone jet combination worked better as no direct comparison with the same mass flow and pressure drop were presented. A better swirl jet design was used by Ahmed et al. [72] by letting the flow enter the orifice from a side hole. They provided flow measurements, but no heat or mass transfer studies were conducted.



Limaye et al. [75] compared the impingement heat transfer from an orifice and convergent nozzle. The orifice showed better heat transfer and showed the lack of flow separation at the wall jet formation, as seen in a nozzle. This supports the hypothesis that the jet from an orifice is not steady due to the freedom provided by the vena contracta and that is better for the heat transfer enhancement. Muvvala et al. [76] experimentally studied a single square jet and cluster of square jets replacing the single-jet exit. The cluster of jets had higher exit velocity for the same mass flow rate and showed better heat transfer at the expense of a significant pressure drop. Notched orifice results with both flow visualization and heat transfer were presented by Shakouchi and Kito [77]. They observed higher turbulence on jet edges, more instability with small notches and lower pressure drop, most likely due to reduction in vena-contracta, and an increase in flow area as the notches were cut on top of the base circular orifice. The heat transfer improved by 2–3% for the same mass flow, and as a result, it would be very difficult to verify with experiments that have an uncertainty of 7% or higher. Since impingement has a high heat transfer coefficient, a small percentage improvement results in a large gain in the heat transfer coefficient. We had a similar experience with a star-notched orifice.



Heat transfer and fluid flow measurements on an unconfined jet were carried out by Ozmen and Baydar [78]. Ozmen and Ipek [79] studied an array of four slot jets with both numerical and experimental techniques with and without crossflow effects. Sodjavi et al. [80] experimentally observed that a hemispherical cross-shaped nozzle performed much better than a regular orifice jet. They had a single free jet configuration. The average improvement was more than 20% compared to a converging nozzle jet. Miller et al. [81] numerically studied the jet exit shapes: round, oval, square, rectangular, and triangular. Their work was aimed at combustion, and the jet flow had a co-flow from the surroundings. The jet diameter was also large at 2 cm. This detailed study on unsteady jet structures showed that jet spread was maximum with triangular exit, whereas the circular exit showed maximum core fluctuation, which is beneficial to heat transfer enhancement. Figure 4 shows the centerline velocity and jet velocity fluctuations with different orifice shapes. The round jet provided the best combination of jet velocity preservation with higher fluctuation levels. These characteristics are observed in heat transfer experiments, where round orifice usually outperforms other shapes due to better core velocity and higher core turbulence levels. A wide triangle shape shows the highest core velocity fluctuations, but it caused a faster decay in jet core velocity magnitude.



Impingement is used in electronics cooling, and a review of microjet applications for smaller devices are available in Wei et al. [82]. They discussed micrometer hole sizes and complex structures with a spent jet collection system in the insert. A 4-by-4 nozzle array with 0.5 mm diameter holes with a jet-to-wall spacing of 0.4 mm created a heat transfer coefficient of 62.5 kW/m2K with a pumping power of 0.3 W. If clogging is not an issue or can be mitigated with occasional reverse flows, microjets can be an effective way to achieve very high heat transfer coefficients in an integrated structure without conventional impingement inserts. Dutta and Maldonado [83,84] created a scheme to clean the small cooling passages with occasional reverse flows through the passages. The reverse flow scheme is shown in Figure 5, where three-way valves were used to pressurize and de-pressurize the cooling channels with reverse flow. The clogged holes can be re-opened with the reverse flow, and some engines use water to clean the channels as well. Clogging of impingement holes can be a problem for large power generation turbines, and there is a system-level research opportunity on these heavy-duty turbines.



There have been several other investigations on jet impingement holes shapes. Figure 6 shows Nusselt number contours/flow visualization for different jet hole shapes. Unfortunately, these hole-shaped jets lose their shape and become round as the target distance is increased from the orifice plate. Published hole-shape based results are usually for orifices that are very close to the target plate and are not usable in a real engine situation. However, the racetrack shape provided beneficial improvement at a usable distance. Thin holes tend to clog easily and are avoided in real engine design.



3.3.1. Thermal-Hydraulic Performance of Shaped Jets


Heat exchanger designers strive for enhancement in thermal-hydraulic performance, i.e., enhancement in heat transfer is always viewed against the pumping power required to sustain such cooling levels. Thermal hydraulic performance (THP) is commonly used to rank cooling configurations for duct-type flows and is given by   T H P =   N u / N  u 0    /     f /  f 0      1 / 3    , where    Nu 0    and    f 0    are baseline Nusselt numbers and friction factors usually taken as the ones for smooth channels without any heat transfer enhancement features. However, in the case of impingement systems, such an analysis is usually rarely seen. To this end, in this paper, we suggest presenting the heat transfer coefficient with respect to the pumping power to rank the thermal-hydraulic performance for jet impingement concepts. Through this analysis, different jet hole shapes can be compared with respect to each other for their thermal-hydraulic performance. In most papers, the discharge coefficient (   C d   ) is provided, and with the additional knowledge of perimeter of jet (   P j   ) and physical area of jet (   A j   ), the pumping power (  P  P j   ) can be calculated with Equation (1). As most of the past heat transfer data were focused on   N  u j    vs .   R  e j   , this crucial pumping power information may not be available in some studies.


  P  P j  =       0.25 μ  P j  R  e j     3         2  ρ  A j   C d     2     



(1)







Heat transfer coefficient determination is rather simple,    h j  =  Nu j   k f  /  d j   . The above analysis was carried out on the work of Singh et al. [63], and it was found that the heat transfer coefficient for V-shaped jets was 1.81 times that of round shaped jets; however, this gain in heat transfer was achieved at 2.58 times the pumping power cost compared to the round jets. This information was missing from their paper, which presented heat transfer and pumping power in normalized forms, which often masks the critical information required for the cost–benefit analysis. From the above analysis, one can argue that possibly the round shape impingement jets are better when all factors are accounted for—a conclusion that could not have been arrived at, through the discrete presentation of Cd and Nuj variation with Rej. Similarly, Jordan et al. [16] carried out an experimental investigation on heat transfer characteristics of racetrack and cylindrical jets where nozzle contouring effects were also explored. From the above analysis, the racetrack-shaped hole had ~48% higher convective heat transfer coefficient at ~37% increment in the pumping power requirement for the square orifice shape. Note that Jordan et al.’s test was carried out on a single jet and that Singh et al. used multiple jets for maximum crossflow condition with plenum chamber effect. There have been many other investigations on some exotic jet impingement hole shapes, e.g., chevron [23] and lobe [87], where the above analysis could not be carried out due to the absence of pressure drop or discharge coefficient data.



A summary of discharge coefficient and average Nusselt number from [16] is presented in Table 2.



A similar analysis could be carried out on a series of sweeping jet impingement work, where the cooling performance is compared with a geometrically similar circular jet. Hossain et al. [88] investigated sweeping jets under different configurations using Infrared thermography and computational fluid dynamics to understand the heat transfer and fluid flow characteristics. The authors employed the sweeping jet under both flat and concave [89] targets applicable to the context of a turbine vane [90]. In general, it was found that the sweeping jets underperform compared to the circular jet.




3.3.2. Design Equivalency of Shaped Jets


Several investigations on orifice shapes have presented the heat transfer coefficient (or Nusselt number) versus Reynolds number. Unfortunately, Reynolds number is not a design parameter for a gas-turbine cooling engineer, whereas pressure drop (or pumping power) is the parameter of interest. For example, if we re-analyze the circular orifice jet’s heat transfer from a full fillet configuration to sharp-edged (data from Table 2), the final design outcome comes out to be more than the tabulated Nusselt number of 77. The actual design value is more like 82 and is explained in Figure 7.



Figure 7 shows the step-by-step accounting such as changes in heat transfer due to different configuration effects with given pressure drop. The first consideration is given to the Reynolds number. To keep the same flow rate with the same pressure drop, the jet diameter for a sharp-edged orifice will be larger, thus decreasing the average exit flow velocity and decreasing the Reynolds number for the sharp-edged orifice. The accounting plot is shown with the beginning as the full fillet Nusselt number from Table 2 and the drop accommodating in Nu from the Re effect. Since the throughput is the same and the hole configurations are maintained to be the same, with larger-diameter holes, the nondimensional spacings become smaller and that increases the average Nu as shown by the spacing adjustment step. For the same Reynolds number, the sharpness of the orifice influences the Nu, and that is applied on the third accounting step. This type of debit–credit analysis shows the effect of different components on the overall heat transfer, and the net result is that if the designer replaces full fillet circular orifices with flow-adjusted circular orifices with larger diameters, the new Nusselt number is 82 and not 77, as shown in the table. The results in the table are correct for the experimental conditions (which matched hydraulic diameters instead of pressure drop) and need to be adjusted for the actual design as explained here. The Nusselt number does not give the correct picture in this scenario. To a less attentive designer, a higher Nu implies higher heat flux removed for a given temperature boundary condition, but one should remember that it is the heat transfer coefficient and not the Nusselt number that determines the heat flux. Since the sharp-edged orifice is bigger with a larger hydraulic diameter, the heat transfer coefficient is lower, even if the Nu is higher as indicated in Figure 7. For this given configuration, the heat transfer coefficient with fillet is actually 11% higher than the sharp-edged hole, even if the Nu is higher for the sharp-edged holes. Additionally, this is caused by the diameter adjustments to maintain the same coolant flow with the same pressure differences.



Figure 7 showed the increase in Nu by changing the edge sharpness, and Figure 8 shows the reverse journey on how the roundness of edges should be accounted for. Figure 7 shows the journey from the given full fillet circular orifice to the estimate of a sharp circular orifice jet, whereas Figure 8 starts with a sharp-edged racetrack orifice to estimate the equivalent full fillet racetrack orifice. Since Nusselt number based on correlations varies proportionally to jet Re2/3 and s/D (s is jet-to-jet spacing and D is jet-orifice hydraulic diameter) independently, the inclusion of these two parameters is separated in two steps as indicated in these figures. Contributions from the sharpness effect are obtained with similar configurations as presented in Table 2. The refactoring plots show the relative effects of different parameters on the average Nu. First is the change in Re effect to keep the same mass flow rate but different jet hydraulic diameter. The second is the change in s/D by keeping a fixed spacing “s” and changing the hydraulic diameter. The last effect is from the orifice sharpness as measured with similar configurations. When the hole shape is changed from sharp to full fillet with the same pressure drop and the same mass flow by changing the hydraulic diameter, the full fillet Nu for the racetrack-shaped hole comes out to be 72 as opposed to 75 when the same Reynolds number is maintained. The difference in Nu in these two configurations is deceptive, as discussed before. When the hydraulic diameters are used to back-calculate the heat transfer coefficients, the sharp-edged racetrack is only 6% better in terms of heat transfer with the same coolant flow and the same pressure drop. When the accuracy of prediction desired is of the order of 5 °C in a thousand-degree C environment, all aspects of corrective actions should be addressed properly in the design process.





3.4. Backplate Modifications


The jet environment can be open or enclosed in a chamber. Baydar and Ozmen [91] observed flow characteristics of confined and unconfined air jets. The confinement was created with a backplate. Unfortunately, the jet setup had a streamline-tube-like exit, and therefore, the key flow observations that are argued in our paper were not produced. The streamlined jet fills the jet exit, and there is no large vena contracta. As a result, the jet does not move much with the recirculating air. Their paper did not give many new details but provided an important list of references.



The backplate creates a return jet structure like a fluidic device. Bobusch et al. [92] studied the internal flow structure of a fluidic oscillator. This oscillator structure can be formed in a confined jet. The jet impinges on the target surface and then circulates back to the jet origination point in the presence of a backplate. As a result, the jet can be pushed to oscillate, and that increases heat transfer over a wider area as compared to a stable jet. Oscillation is stronger with a sharp-edged orifice because the jet is detached from the orifice surface due to vena contracta. A larger vena contracta provides more room for jet movement, and higher flow oscillations are expected. Jeffers et al. [25] proposed a turn-down dish = type modification for the backplate, which pushed the spent coolant towards the target wall. However, they used water as the working fluid, which has much more heat capacity to absorb thermal energy without significant changes in temperature. In air impingement, heat pickup of the spent jet is significant, and reuse of a spent jet may not be as effective.



The secondary vortex created by impingement with a backplate is argued to create three-dimensional unsteady fluidic-oscillation-like behavior. This can be a topic of exploration in flow visualization for oscillations in sharp-edged orifice discharge. Cerretelli and Kirtley [70] illustrated the use of fluidic oscillation in boundary-layer separation control. Their device fixed the diffuser boundary layer separation. This fluidic device worked without any moving parts and used a feedback flow from downstream of a jet to the origin of the jet. It caused jet oscillation that significantly disturbed the boundary layer where it was implemented. The same oscillation technique is perhaps inherently present in sharp-edged orifice with low Cd, which is created by vena-contracta, and that allowed the jet to move from one side to the other with a feedback push caused by secondary flow in a backplate confined impingement chamber.



The backplate causes entrainment of freestream fluid in the jet. Striegl and Diller [93] analytically observed the entrainment effect on a single jet. They observed that when thermal entrainment is included, a single jet model can be extended to widely spaced multiple jet observations. Figure 9 illustrates the insert surface modifications as proposed by the patents developed at GE. These 3D fin structures do not disturb the jet recirculation structure, yet cool the spent jet with a finned surface, enhancing the cooling performance of the mixed flow caused by entrainment.



A review paper by Jambunathan et al. [96] illustrated the changes made to the entrainment by the backplate. They collected data published on 5000–124,000 jet Reynolds number and nozzle to plate gap of 1.2–16D. They suggested that correlations should include this jet-to-target plate spacing and not only depend on the exit Reynolds number. Figure 10 shows the tentative effect of heat transfer on the backplate, where Tf is post-impingement temperature and Ts is the target temperature which is estimated with Equations (2) and (3). The simple heat balance equations used for these temperature plots are:


   m ˙   c p     T  p o s t − i m p i n g e m e n t   −  T  i n     =  h  o v e r a l l − i m p i n g e m e n t   × A r e  a  t a r g e t   ×    T  t a r g e t   −  T  j e t      
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The backplate was in contact with the spent jet, as illustrated in Figure 10, and can facilitate heat transfer from the spent jet to the incoming fresh coolant supply. At a low flow rate, calculations can wrongly predict the spent jet to be higher than the target surface temperature. This faulty estimate has been observed in industrial calculations, and can be easily overlooked by the designer. That is because the way these correlations are developed and proposed to be implemented, errors can creep in. This is especially noticeable where the spent jet flow is already hot and then the impingement correlation assumes heat transfer is with cold jet and thus feed more energy to the already hot crossflow raising its temperature beyond feasible limits. With higher insert heat transfer, the incoming jet can be preheated while the spent jet cools down. The net result indicated to be beneficial with enhanced heat transfer, but those data are proprietary and cannot be disclosed here. Unfortunately, prior experiments did not pay much attention to the insert heat transfer, and there is a need for such efforts to understand the itemized heat transfer. The overall heat transfer coefficient available from correlations do not pay much attention to the orifice plate itself, and we recognize this as an area of improvement.



Temperature increase calculated with conventional Nusselt numbers can provide an unreasonable outcome as the temperature difference used is that of the target surface and jet temperature. The actual cool jet comes in contact with the target in a small area. and most of the impingement area is actually cooled by the entrained jet flow. Figure 11 shows how the spent jet temperature increases rapidly with a single jet impingement. Presented calculations use Equations (2) and (3) to find post-impingement spent jet temperature. The target surface temperature is set at 1000 °C for illustration and the coolant erroneously went above the target surface temperature for some configurations. This has been observed in real engine design and the designer needs to check the spent jet temperature before using these calculations blindly on a component. The correlations used are taken from Martin’s single jet analysis [97,98]. The equations used are given in Equations (4) and (5). The Reynolds number is based on jet diameter, and the target surface area is defined by a limited radius. Results indicate a significant heat pickup by the cooling jet, and that hot spent jet becomes crossflow for the next impinging jet. Since there is a mixing of jet and spent jet, the mixed temperature of the next jet is significantly higher. If the spent jet is cooled by the backplate, the cooling performance increases. However, the current jet temperature will increase due to that backplate heat transfer. This interplay of the current jet and next crossflow affected jet are under investigation, and results will be provided when available.
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3.5. Target Surface Modification


Experimental investigations on target surface modification have increased in the past decade. Takeishi et al. [99] used a circular rib in the wall jet region to enhance heat transfer. This location of the rib increased local heat transfer, but when averaged over the impingement surface, it provided mixed results. Rib location at R/D = 2.5 provided a 50% boost in the average heat transfer, but a location closer or further to rings decreased overall heat transfer. It is hard to position a jet with respect to features made on the target surface. Impingement inserts in stationary components are usually made out of sheet metal and then welded on the target surface, which is usually cast separately. An additive-manufacturing-based approach will potentially be able to integrate the insert with the target surface, but at the current state of technology, the precise location of ribs with respect to the jet location is hard to achieve.



Industrial designs use surface modifications on the impinged surfaces [100]. With the development of 2D heat transfer measurements, several studies were published on target surface modifications. There are too many surface modifications studies available than can be satisfactorily discussed in this paper, and hopefully, there are enough pointers provided here for further studies.



McInturff et al. [67] tested triangular surface roughness with different orifice shapes. Small triangles on the target surface increased heat transfer for round and racetrack holes. Surprisingly, the triangular holes showed better performance near stagnation but reduced heat transfer coefficient between jets with triangular surface roughness. Our experience with non-circular holes also indicated a drop in the heat transfer coefficient, and we hypothesize that the jet stability was the reason behind this observation. Triangular or deviation from sharp-edged orifice restricts the flexibility of the jet due to higher turbulence at the corners, and that made the jet stiffer to get affected by the recirculating flow and less fluidic oscillation. It is possible that the triangular orifice jet is stable but wider due to higher turbulence at the edges, which creates a thicker turbulent boundary layer on the target surface that submerged the triangular surface roughness. Flow visualization may help to answer this anomaly.



Figure 12 shows the target surface roughness used in real gas-turbine engines. These figures are extracted from a patent issued to GE and Rolls-Royce. There are micro and macro levels of surface modification, and these are usually formed while casting the component shell. The casting of surface bumps has its own issues, and some of the mitigation techniques are discussed in the GE Patent [101]. These surface modifications are applied in the real-world components, but maintenance and inspection of the quality of these castings can be difficult. Feedback from solid model designers developing the CAD models with these surface modifications indicates that it can be challenging to view and edit these solid models with thousands of bumps as these files become large, becoming unyielding and not suitable for design edits. If the design requires proper alignment of the hole with the surface modification, then it has additional uncertainty as the impingement sleeve and the cast surface are manufactured separately and alignment is not guaranteed during assembly or after several hot hours of operation.




3.6. Impingement Channel Modification


High-porosity metal foams offer an exclusive advantage of near-zero jet-to-target spacing, which results in significantly higher heat transfer due to the combined action of jet impingement and extended surfaces. Singh et al. [103,104,105] carried out a series of investigations on the above topic. Experimental work used thin foams mounted onto the substrate. Several other investigations followed on this concept, where high-porosity and high pore-density thin aluminum and copper foams were used for jet impingement heat transfer enhancement [28,106,107]. One potential extension of this work can be the fouling of metal foams and its effect on the heat transfer especially for land-based large-scale turbines, that can have a significant amount of corrosion and oxidation (presence of oxidized powders) that foul film holes and impingement holes.



Madhavan et al. [106] used metal foam between the jet and the target plate to enhance impingement heat transfer. A marked increase in heat transfer coefficient was noted with a fully packed chamber. The heat transfer enhancement was nearly three times at an Re of 4000 in the given configuration. Thin strips of foam also enhanced heat transfer, but fully packed foam performed the best. Singh et al. [108] proposed a concept for enhancing channel flow heat transfer through a combined action of an array of jets introduced flushed with a metal foam block installed on the substrate subjected to heat load.



Jia et al. [109] numerically studied the effect of a rib-roughened surface in an impingement chamber with crossflow and found the ribs to be mostly ineffective. The ribs were placed directly under the slot jets or staggered from the jet. The presence of large ribs interfered with the impingement process and reduced the heat transfer compared to impingement on a smooth surface. Rao [110] used pin fin with jets on a target surface and experimentally studied the performance of full-length and miniature pins. The full-length pins increased heat transfer uniformity and performance by more than 30% with additional pressure loss, whereas miniature pins increased heat transfer rate by nearly 75% with low impact on the pressure drop. Unfortunately, pins mounted on a conductive backplate were not tested.



Surface modification and channel modification can overlap to some extent. If the surface modification is comparable to the impingement orifice size scale, the channel flow is affected by those surface modifications. Readers can look at liquid-crystal-based papers on dimpled, pin fin, mixed dimple, and pins to get more information. Transient heat transfer techniques are useful as they provide local details at a faster rate than steady-state tests [44]. Most two-dimensional heat transfer measurements assume the surface transient behavior is one-dimensional perpendicular to the surface direction. Ahmed et al. [111] found that for accurate measurement of transient heat transfer in impingement, a three-dimensional transient conduction analysis was necessary. They post-processed previously published observations and noted an increase in the peak heat transfer with multiple jet impingement. In general, heat transfer was enhanced by target surface modifications, but there are some configurations that showed a decrease in heat transfer with surface modifications, and users should keep that in mind. For example, Kanokjaruvijit and Marinez-Botas [112] found that a dimpled surface had worse performance than a smooth target when the jet to plate gap was small (h/D = 2). For higher gaps, the dimpled surface performed better than the smooth surface. The crossflow in that work was controlled by adjusting the number of surrounding walls in the impingement chamber.




3.7. Crossflow Regulation


Crossflow developed by spent jets is detrimental to impingement heat transfer because strong crossflow perpendicular to jets can deflect the impinging jets away from the target surface, reducing their effectiveness in cooling. Kercher and Tabakoff [51] tried to separate the single jet and multiple jet effects with two factors as shown in Figure 13. It looked logical, but a clear correlation cannot be achieved as of today. There is room for improvement on these composite or superposition effects.


   φ 1  =   Nu  r e f     R  e  − m     P  r  − 1 / 3    



(6)






   φ 2  = f     C r o s s − f l o w   M a s s   F l o w   J e t   M a s s   F l o w   ,     J e t − t o − t a r g e t   D i s t a n c e   J e t   D i a m e t e r   ,   R e    



(7)






  N u   w i t h   c r o s s f l o w =    φ 1    ×    φ 2    ×   R  e m    P  r   1 3           Z D      0.091    



(8)







Katti and Prabhu [113] repeated the configuration used by Florschuetz et al. [13]. The exit of their test setup was too close to the impingement chamber, and a bias towards a higher Nusselt number near the exit was observed. The spanwise distribution of 4d performed better than 2d and 6d.



Miao et al. [114] numerically investigated multiple jet impingement with different crossflow orientation. They studied both-sides-open (named as hybrid), and one-side-open channels as parallel and counter flow orientations relative to the supply chamber and impingement chamber. Hybrid channel configuration showed better performance with an inline jet arrangement. The peak difference was in the order of 20%. Ji et al. [115] varied jet diameters to compensate for the degradation caused by crossflow. Their numerical work used a 3 × 9 array of jets with five different hole size configurations. Gradually increasing jet diameter towards the crossflow exit showed a more uniform heat transfer coefficient.



Al-Hadhrami et al. [116,117] experimentally studied a 1.5° divergent channel to accommodate the spent jet and to reduce the crossflow effects. Both parallel and counter flow exits were considered. An impingement chamber with both ends open was also studied. The exit was too close to the impingement holes, and that affected the results—heat transfer was lower near the exits because the coolant escaped to the exit instead of impinging. Future experiment designers should pay attention to the exit length and the entry length of the impingement setup. The jet Re was varied from 9300 to 18,800, and in this range, the divergent channel did not show much improvement or mitigated the crossflow effects. The short exit lowered the heat transfer near the exit, and this is a lesson learned, because in a turbine component, at times, both the inlet and exit lengths are short or non-existent. In that scenario, it can be argued that a tube hole instead of an orifice hole will perform better to give impinging jets a direction towards the target plate near the inlet and exit.



An inclined wall seems to be an attractive option for researchers to test the reduced crossflow effects, as presented by Hebert et al. [118], but results were not conclusive and we do not recommend taking this approach. Both converging and diverging channels were tested and compared with parallel chambers. No clear winner was detected in these configurations. A recent development in the impingement is a pulsating jet. There is no guidance on how to create those pulses yet, but commercial fluidic applications such as garden blowers are developing technologies to pulsate the flow without moving parts. Tang et al. [119] and Lyu et al. [120] performed an experimental and numerical investigation of pulsating jets. They used frequencies between 5 to 40 Hz with a speaker and observed a higher heat transfer coefficient near the stagnation region. The affected zone with this pulsation was about 2 jet-diameters wide from the stagnation point. They used a single jet, but it seems that, by synchronizing the waves in different jet rows, a reduction in crossflow can be achieved. However, how difficult is that to implement is yet to be seen.





4. Forgotten Recovery Factor in Impingement


The recovery factor, r, is defined as [121]:


  r =     T  a w   −    T  j e t      1 2     V  j e t  2    .    C p     



(9)







In compressible flow, the kinetic energy lost in the boundary layer is absorbed by the fluid, and as a result, the local fluid temperature increases [122]. In the ideal situation r = 1, all the lost kinetic energy is observed in the rise in local adiabatic wall temperature. In impingement, this can be measured for high flowrates near the target stagnation point. In an impingement, a recovery factor greater than 1 can be obtained at larger L/D (larger gap) due to entrainment of the surrounding hotter fluid. Explanation of values of r < 1 is more complex and is associated with high curvature flow cooling. Cooling by highspeed vortex is successfully implemented in commercial products such as vortex tubes [123]. This aspect of jet swirl cooling cannot be observed in the low-speed low-pressure test facilities. Imagine the hot gas outside of the airfoil is at 1000 °C and the coolant is supplied at 300 °C. As a simple thermal analysis, we can assume that the temperature range will be limited between 300 °C and 1000 °C. However, a high impact of the jet can create locally hotter air, as implied by Figure 14, effectively increasing the lower bound from 300 °C. The study by Goldstein et al. [121] showed that the compressibility effect of the jet increases the near-wall coolant temperature, and the heat transfer surface effectively never sees the 300 °C coolant; instead, the coolant temperature is higher, and that higher temperature is dependent on how fast the jet is moving. Usually, a higher jet velocity implies a higher near-wall coolant temperature, but the swirl cooling like in a vortex tube mechanism can drop the temperature as well. This recovery factor is more important in the second and later stages of gas turbines, where the pressure drop available between the supply side and dump side are high, thus causing higher flow velocities. In the first stage, the pressure difference between the supply and dump is low and becomes lower as the combustor design aims for a lower pressure drop. With a lower pressure difference across the orifice, the jet velocity is also low in stage-one stator components. Since adiabatic wall temperature does not change much from the jet temperature in low-speed, low-pressure plexiglass setups, experimentalists do not present this aspect of heat transfer in their correlations. The gas-turbine designer needs to keep this recovery factor in their calculations; otherwise, there is a possibility to overestimate the cooling capacity with neglected recovery temperature rise.




5. Detailed Two-Dimensional Thermal Measurements


The above sections present various factors and concepts involved in jet impingement heat transfer with emphasis on some less explored ideas with some recommendations for novel concepts that could potentially yield an improved heat transfer performance. We also presented some views on how to analyze the obtained heat transfer results, along with the incurred concomitant pressure drop to determine the actual performance of a concept or design modification. In this section, we present another factor that plays a vital role in impingement heat transfer design, i.e., the adopted heat transfer measurement technique. Conventionally, the older impingement studies were primarily based on heated metal stripes where a known heat flux was applied and resultant wall temperature and fluid temperature were measured to obtain a regionally averaged value of convective heat transfer, e.g., [124]. This experimental method is robust in nature with a very small level of uncertainties (typically < 5%) and had a high degree of repeatability. However, this technique did not provide the information on local heat transfer characteristics of the impinging jets and the physics-based explanations were mostly limited to classical boundary layer flow analysis. Jet impingement heat transfer is typically associated with regions of very high and very low heat transfer, which also leads to high thermal stress on the target walls to be cooled, and this is an undesirable phenomenon for hot gas path component lifetime. Further, much of the research carried out on jet hole shape modification and plenum chamber modification requires the knowledge of resultant local changes in the heat transfer characteristics on the target wall, which could drive the design iterations. To this end, detailed two-dimensional measurements are imperative to enhance our understanding of local heat transfer. Two popular thermal diagnostic techniques, viz., liquid-crystal and infrared thermography are widely employed by the turbine heat transfer community. These techniques, however, may vary based on the nature of heat transfer experiments, whether they are transient or steady-state in nature. The transient experiments are typically conducted by allowing heated or cooled air on a solid surface made from low thermal conductivity and low thermal diffusivity material, which can be treated as a semi-infinite transient medium during the short duration test runs and the heat diffusion into the solid is assumed to be perpendicular and one-dimensional. These techniques yield high-resolution and sharp two-dimensional contours of convective heat transfer coefficients, which designers can use to design the placement of jets and locally vary jet sizes for different spent air exit schemes. A sample image for a moderate crossflow scheme is shown in Figure 15.



It can be observed from Figure 15 that there exists a strong gradient in convective heat transfer coefficient from the jet stagnation, and the space between two adjacent jets can have low heat transfer zones. Such a distribution can potentially lead to large variations in local temperatures, which in turn lead to high levels of thermal stresses. The authors in [61] also investigated heat transfer characteristics when effusion holes were placed in the low-heat-transfer regions, with an intention to encourage coolant flow to the low-heat-transfer regions, and moreover to provide an exit path for the spent jet air. Extraction of spent jets through effusion holes led to a reduced effect of crossflow on the jet rows placed near the channel exits. The addition of surface microchannels can reduce the thermal stresses in combination with impingement and effusion cooling.




6. Conclusions


This review article on impingement cooling technology is aimed towards identifying future growth areas in impingement heat transfer analysis. Some of the existing data are re-analyzed and presented with a different viewpoint. Based on the observations and extrapolated analyses, we have explained a few interesting phenomena that have not been reported before. The following research opportunities for future work are identified from our analysis:




	
Separation of crossflow and entrainment effects: Simulate crossflow at room temperature at the entrance of the impingement chamber with forced channel flow; this will have the jet deflection effect but will not have the entrainment of spent jet temperatures. After that, vary the starting crossflow temperature to study the entrainment effects in multiple or single rows of jets. Does it match post-impingement crossflow thermal data? If not, something more than just the flow and temperature needs to be added such as skewness in the flow field and turbulence.



	
Evaluate high-performance orifices at a fixed pumping power: Compare data in terms of raw heat transfer coefficient for a given flow rate at a given pressure drop, and not in terms of Nusselt number as nondimensional information masks the true enhancement levels. Prior investigations in this area have not looked at the heat transfer with the concomitant pressure drop. We understand the use of Nu and Re for extrapolating the usable range of experimental data, but to compare the real impact with the same design constraints, raw heat transfer coefficient with a matched pressure drop provides a better understanding.



	
Identification of more suitable nondimensional test parameters: Include hole discharge effect along with the hole size. There is perhaps a different nondimensional parameter than the current Reynolds number because Re defined with hole diameter does not include the Cd effect, which effectively reduces the exit diameter of a jet. This new form of jet Reynolds number, when proposed, should be easy enough to be applied in commercial design. Furthermore, the definition of heat transfer coefficient involving a far-field reference temperature should be revisited. The adiabatic wall temperature is perhaps a more suitable option; however, it is not directly measured in transient heat transfer experiments.



	
Fluidic oscillation in low Cd orifice flows with backplate: Add flow oscillations (not axial pulsation) with fluidic devices. The trend in published literature shows that lower Cd is better for impingement heat transfer, but no explanation on the cause has been found yet. A possible explanation of jet oscillation with low Cd orifice is illustrated in this work and perhaps can be verified with detailed experimental unsteady measurements. Fast-changing unsteady heat transfer experiments are difficult to design, which is perhaps why this aspect has not yet been tested. Can the orifice jet heat transfer pattern be reproduced by mechanically oscillating a tube jet? If so, what is the frequency and amplitude of the oscillation?



	
Mach number, swirl, and recovery effects on impingement: Use high-velocity compressible flow tests. The high Mach flow with compressibility effects needs to be investigated to simulate real engine conditions as those data are not available in the public literature. Most of the benchmark work done in the 1970s and 1980s was performed in near-atmospheric conditions. Since the experimental facilities and numerical tools have improved significantly, it will be interesting to observe jet impingement with compressibility effects. Impingement tests in low-pressure, low-flow environments cannot simulate recovery factor effects, but real engine operating conditions are extreme. Recovery heating and swirl cooling can play significant roles in engine condition heat transfer performance.



	
Local tube jet instead of orifice jet when inlet or exit is close to the impingement chamber: Use tubes instead of orifices where the jet direction is important. The proximity of the channel exit with respect to the last row of jets affects the flow but has not been studied in detail. The proximity of the spent jet that exits near the last row of holes can facilitate additional discharge by suction from the holes near the exit and cause non-uniform jet distribution. It is also noticed that tube jets would have more directionality to penetrate the crossflow than orifice jets. Moreover, the tube length can be controlled to match the pressure losses created by non-uniform flow distribution and perhaps can be optimized. However, the region with lower crossflow should have sharp-edged orifices as they perform better than tube jets in that flow domain.



	
Surface microchannels, heat pipes, and effusion cooling: Use surface microchannels with effusion cooling to reduce temperature gradients and cracking. Impingement cooling creates high temperature gradients and can cause cracking in components. To smoothen the thermal gradients, surface microchannels can be adopted along with effusion cooling. Back in 1995 [125], there were discussions on applying heat pipe in turbine structures by a division of DOE to help with the thermal loads, but it has not received a warm welcome from the turbine community. Maybe it is time to revisit that concept as well.
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Figure 1. Different channel flow configurations used in jet-array impingement heat transfer [7,8] (courtesy: open access and ASME) [4]. 
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Figure 2. Use of impingement cooling in different components of gas turbine. Image courtesy: Overall turbine assembly from ccj-online [52], Combustor Liner [53], Shroud [54], Rotor Blade [55], Stationary Vane [56]. 
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Figure 3. Presence of backplate (orifice plate) creates asymmetric oscillating fluidic circuits [69,70] like (a) sweeping jet, (b) an array of oscillating jets, (c) jet oscillation due to re-circulation, and (d) spring-like cushion for the jet by vena-contracta [4] (courtesy: open access and ASME). 
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Figure 4. Effect of six different jet exits on velocity distribution (data from [81]) [4]. 






Figure 4. Effect of six different jet exits on velocity distribution (data from [81]) [4].



[image: Energies 14 06587 g004]







[image: Energies 14 06587 g005 550] 





Figure 5. Engine cleaning with reverse flow effect (comparable to sneezing) [83,84]. 
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Figure 6. Jet footprint with (a) chevron [85], (b) shaped jets [86], (c) racetrack, and cylindrical jet [16]. (courtesy: open access and ASME) [4]. 
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Figure 7. Estimating the average Nu change to sharp-edged circular orifice based on full fillet circular orifice data. 
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Figure 8. Estimating the average Nu change from given sharp-edged racetrack orifice to rounded-edged racetrack orifice. 
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Figure 9. 3D printing of inserts with fins [94,95] (courtesy: open access). 
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Figure 10. Jet and post-impingement temperatures as defined in the schematic [4]. 
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Figure 11. Temperature increase in spent jet with target surface at 1000 °C and jet temperature at 300 °C. 
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Figure 12. Target surface micro-bump and macro-contour [100,102] (courtesy: open access). 






Figure 12. Target surface micro-bump and macro-contour [100,102] (courtesy: open access).
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Figure 13. Schematic of the two factors used by Kercher and Tabakoff [51]. 






Figure 13. Schematic of the two factors used by Kercher and Tabakoff [51].
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Figure 14. Recovery factors as measured by Goldstein et al. [121]. 
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Figure 15. Local map of convective heat transfer coefficient for moderate crossflow scheme [61], with permission to reuse from Elsevier. 
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Table 1. Representative concepts and factors affecting overall jet impingement heat transfer.






Table 1. Representative concepts and factors affecting overall jet impingement heat transfer.





	Factors in Jet Impingement Heat Transfer
	Representative Figure





	Jet entrainment [19]
	 [image: Energies 14 06587 i001]



	Impingement–Effusion [20]
	 [image: Energies 14 06587 i002]



	Jet orifice ((a): [21], (b): [22], (c): [23], (d): [24])
	 [image: Energies 14 06587 i003]



	Backplate modifications [25]
	 [image: Energies 14 06587 i004]



	Target surface modifications ((a): [26], (b): [27], (c): [18])
	 [image: Energies 14 06587 i005]



	Impingement channel modifications ((a): [28], (b): [29], (c): [30])
	 [image: Energies 14 06587 i006]



	Crossflow regulation [15]
	 [image: Energies 14 06587 i007]
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Table 2. Effect of orifice shape with the inclusion of pressure drop [16].






Table 2. Effect of orifice shape with the inclusion of pressure drop [16].





	Cd at Duct 20,000 Re
	Cd
	Nu Avg.
	Re for Nu





	Round sq edge
	0.825
	77
	27,200



	Round part fillet
	0.975
	79
	27,200



	Round full fillet
	1
	75
	27,200



	RT sq edge
	0.745
	85
	23,000



	RT part fillet
	0.825
	83
	23,000



	RT full fillet
	0.83
	75
	23,000
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