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Experimental analyses were conducted under identical experimental conditions on the heat transfer between a constant heat flux flat plate and a round air jet for both conventional and swirled jets. Vane-type swirl generators inserted at the nozzle exit were used to produce a swirl. The experimental measurements were performed at a fixed Reynolds number value (Re = 23,000) calculated on the jet tube’s inside diameter. A comparison between conventional air jets and swirl jets with swirl numbers of S = 0, 0.19, 0.42, and 0.72 was presented for the different nozzle-to-plate spacings Z/D = 2, 6, and 10. The results show that heat transfer to the plate decreases when the nozzle-to-plate distance increases. In addition, increasing the swirl number S increases heat transfer uniformity but decreases global heat transfer. At the low plate-to-jet distance Z/D = 2, the point of maximum heat transfer is shifted to a radial position depending on the swirl number. Also, for both Z/D = 6 and 10, the stagnation point and stagnation region heat-transfer enhances only for swirl numbers 0 and 0.19.
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1 INTRODUCTION
Jet impingement heating and cooling are used as techniques for achieving a high local and average heat transfer coefficient resulting in higher heat transfer rates (Martin, 1977). It has therefore been employed in many engineering applications, such as cooling tempering glass, turbine blades, hot steel plates, and turbine electronic components, and drying film and paper (Oztekin et al., 2012). Jet impingement is not limited to cooling applications but is also applied to the heating and mass transfer processes (Ahmed et al., 2016; Ahmed et al., 2017).
The common feature in impingement heat transfer is to enhance heat transfer in the stagnation region in addition to the wall rapid decay of heat transfer to the jet region. This is due to the boundary layer buildup on the target plate surface. The characteristics of jet flow are highly complex and, consequently, heat transfer from a surface to jet flow is highly variable (Nuntadusit et al., 2012). Much experimental work has been conducted to discover the parameters that influence fluid flow and heat transfer. Jet impingement is affected by the flow condition at the nozzle exit, flow Reynolds number (Re), type of jet (conventional/swirled), jet-to-plate spacing (Z/d), (normal/inclined) jet, round or rectangular, degree of swirl, shape of swirl, the nozzle shape (circular, slit, triangle, etc.), degree of jet inclination, and surface type (flat/curved) (Hattori and Nagano, 2004; Alekseenko et al., 2007; Tesar, 2009; Nuntadusit et al., 2012).
Baydar (1999) studied impinging air-jet fluid flow characteristics using single and double jets for both laminar and turbulent conditions. He concluded that the sub-atmospheric region took place up to a nozzle-to-plate distance of two nozzle diameters for Reynolds numbers higher than 2,700. Duda et al. (2008) investigated the behavior of a round jet with a straight tube, in addition to measuring the turbulence intensity and velocity at the jet outlet by using a smoke wire visualization technique.
Yang et al. (1999) studied cooling heat-transfer jet impingement characteristics on a semi-circular concave surface for the effects of both the curvature of the plate and the nozzle geometry on the average value of the heat transfer coefficient. They found that the average heat transfer rates for impingement are higher for the concave surface than for the flat plate. Garimella and Nenaydykh (1996) and Colucci and Viskanta (1996) investigated jet impingement cooling for a flat plate to determine the effect of different geometries of the impingement nozzle on the local convective heat transfer rate. They found that the local heat transfer coefficients are affected by the Reynolds number and the nozzle-to-plate spacing more for confined than unconfined jets. The flow characteristics for the turbulent jet impinging on a flat plate review report are presented by Gauntner et al. (1970).
Öztekin et al. (2013) mathematically and experimentally investigated the characteristics of heat transfer on concave plates for a turbulent-impinged air slot jet. They found that, by increasing both Reynolds number and nozzle-to-plate distance, the average Nusselt numbers decreased. They stated the effect of the curvature radius on the characteristics of heat transfer.
Swirl flow can be generated by directing the axial flow through vanes inserted at the nozzle exit. Investigations have used many different designs for swirl generators for jets. The degree of swirl affects the entrainment of ambient air, the degree of jet expansion, and jet decay. Many researchers have studied swirl effects on flow and heat transfer characteristics. Ward and Mahmood (1982) designed the first swirling impinging jet by using naphthalene sublimation to investigate the effect of heat and mass transfer characteristics on a flat target surface.
Huang and El-Genk (1997) generated a swirling flow with four narrow channels of a cylindrical plug to provide swirling flow to single and multiple air-impinging jets. They concluded that radial heat transfer distribution is uniform at a high swirl degree and large distance between the plate surface and the jet for single jet impingement with a swirl.
Lee et al. (2002) investigated the effect of eight narrow channels of a swirling jet on local and average heat transfer distribution. For a small distance between the jet and the plate surface (Z/D = 2), the average swirling jet flow Nusselt number is larger for all swirl degrees used than those without swirl, but, for Z/D > 10, the effect of swirling jet flows was less significant.
Wen and Jang (2003) designed swirling strips for insertion in the jet nozzle and showed that crossed swirling strips have better heat transfer performance than standard jets. Owsenek et al. (1997) conducted a numerical investigation of impinging radial and axial laminar jets with superimposed swirls on a flat plate using the solution of Navier–Stokes and energy equations. They concluded that heat transfer from the superposition of swirl on axial jets is substantially reduced but observed a significant enhancement in heat transfer with a radial jet. Ianiro and Carlomagno (Cardone and Carlomagno, 2010) conducted an experimental investigation using helical inserts, based on the design of crossed swirling strips developed through quick prototyping. They concluded that mean heat transfer decreases with increased nozzle-to-plate distance. Increased distance leads to an increase in the uniformity of heat transfer. The increased swirl number produces increased uniformity but decreased total heat transfer.
Burak Markal (2018) conducted an experimental study of swirling coaxial confined impinging turbulent air jet-flow characteristics using different nozzle-to-plate distances and dimensionless flow rates. He analyzed the pressure distribution and heat transfer characteristics on the impingement plate. The results showed that, with an increase in the flow rate ratio, the average Nusselt number increases and enhances the uniformity of the heat transfer through the impingement surface.
Debnath et al. (2020) conducted a numerical examination of circular multiple jets using two different array types and of the swirl effect on impingement jets using a flat surface with a jet-to-plate distance equal to H = 2D, where D is the nozzle diameter. They found that staggered arrangements improved heat transfer characteristics. They also concluded that the recirculation strength of a swirling jet is larger than that of a non-swirling jet.
Ikhlaq et al. (2019) compared both swirling and non-swirling transient flow development. Liang Xu et al. (2021) proposed a new swirling impingement cooling jet with four inner spiral grooves in internal threads. They experimentally investigated the heat at different swirl angles from 0° to 45° and different Re and jet-to-plate distances. They concluded that the scattering region of the jet airflow from the nozzle is large at a large swirl angle. Ahmed-Zahir et al. (2016) studied the effect of tangential impinging swirl jet on heat transfer characteristics. They found that using low and medium swirl angles at a certain Reynolds number improved the value of Nu compared with a conventional jet.
Tao Yang et al. (2023) studied the characteristics of the heat transfer of four different nozzle types with different swirl numbers. They compared experimental with numerical work at different Re from 6,000 to 12,000 and studied the effect of changing swirl angle θ and Re on the Nu of all nozzles. They found that increasing the swirl angle enhances heat transfer characteristics.
Prashant Singh et al. (2023) and Gerardo Paolillo et al. (2022) studied the effect of the jet-to-plate distance effect on heat transfer characteristics.
The objective of this research is to investigate the characteristics of the impingement cooling of a flat plate with constant heat flux with and without an air-jet swirl generator and different jet-to-plate distances in order to enhance heat transfer characteristics. The nozzles are fed from a long straight tube. Such a feeding system could be used for cooling electronic devices, plate glass tempering, and for drying paper. The flow entrainment, jet spreading rate, and turbulence characteristics at the exit swirl nozzle would increase before impinging on the target plate. This study used a new vane-type swirl generator with six external spiral narrow channels. Two-dimensional measurements of the convective heat transfer between a target flat plate and impinging swirling air jet were made for different distances (nozzle to plate) and different swirl angles. In order to study the swirl number effect on the heat transfer distributions near the stagnation point region, the results obtained were used to compare the swirled jets and conventional jets at the same experimental conditions. The results can be used to provide additional reference for developing a new swirling impingement nozzle for cooling for high-performance heat transfer.
2 EXPERIMENTAL APPARATUS AND PROCEDURES
The experimental test rig is shown in Figure 1. The test rig was used to study the heat transfer characteristics of the impingement jets of a single nozzle without swirl or with different swirl angles in addition to different jet-to-plate spacings by adjusting the height of the plate.
[image: Figure 1]FIGURE 1 | Experiment’s schematic diagram.
The rig consisted of a stainless-steel plate, (304) 220 mm wide, 300 mm long, and 0.4 mm thick. Two copper bus bars were connected to the plate’s far opposite ends. A DC current was supplied to the copper bus bars through a variable voltage transformer. Voltage and current were kept constant during all experiments to fix the input energy to the plate. The other two ends—thin compared to the plate surface area—were insulated. Distributed in both X and Y directions were 61 calibrated K-type thermocouples planted in the rear of the test plate to measure plate temperature distribution. The thermocouples form a two-dimensional mesh with a uniform mesh spacing of 5 mm. A data acquisition system recorded the measured temperature type NI9214, compensating for atmospheric temperature. To reduce the heat transfer losses from the plate, the back side of the test plate was thermally insulated with low thermal conductivity material using a 10-mm-thick fiber plastic plate made from carbon, placed in a box made of wood and padded with fiberglass.
The bottom plate surface was exposed to the impinging jet through an air-jet nozzle located below the plate (Figure 1). The plate holder was equipped with a mechanism to change the plate level so that the jet-to-plate distance z could be changed. The air jet was perpendicular to the plate and its centerline lay on the geometric center of the plate.
The test rig consisted of an air compressor equipped with an air filter. A dehumidification system was used.
The insulation of the plate ends and its top surface uniformly heated it by constant volumetric heat generation by an electric current flowing through the plate. This arrangement simulated the heating of the flat plate by a uniform heat flux. The perpendicular and central arrangement of the jet impinging on the plate caused the airflow pattern along the plate surface, as well as the plate temperature, to be symmetrical to the intersection of the nozzle axis and the plate surface.
Thermocouple terminals were attached to two selector switches. A digital temperature display with ±1% accuracy displayed the output of the thermocouples in degrees Celsius, in addition to the data acquisition system. Atmospheric air supplied by a compressor went through a pressure regulating valve to a heat exchanger that kept the jet temperature Ti within ±0.2°C of ambient room temperature. This air passed through a control valve to adjust the required airflow rate, then entered the calibrated orifice flowmeter, and, finally, the nozzle pipe.
Figure 2 shows the vane-type swirl generators used in the experiments. The swirl generators were made of copper; the length of each was L = 40 mm with an outer radius of R = 7.5 mm. Six vanes were used, each with a thickness of t = 2 mm.
[image: Figure 2]FIGURE 2 | Swirl generators used in the experiment.
The swirl number S was evaluated using Eq. 1 given by Lee et al. (2002):
[image: image]
where θ is the angle between the vane axis and swirl vane and r and R are the inner and outer radii of the swirl generators, respectively.
For these swirl generators with angles of (0°, 15°, 30° and 45°), the corresponding swirl numbers according to Eq. 1 will be (0, 0.19, 0.42, and 0.72).
The orifice plate flowmeter, voltmeter, and current ammeter tolerances were 2.5%, 0.2%, and 0.2%, respectively. Accordingly, the maximum uncertainty in both Re and Nu was evaluated as 2.8% and 2.2%, respectively. The uncertainty formulas used to estimate the percentage error for Re and Nu are found in Xu et al. (2021).
3 DATA ANALYSIS
3.1 Flow parameters
The jet’s Reynolds number was calculated from the following equation:
[image: image]
where m° is the measured mass flow rate by the orifice flowmeter, D is the diameter of the jet tube, [image: image] is the cross-sectional area of the jet tube, and [image: image] is the viscosity of air at the jet exit temperature.
3.2 Heat generation and transfer
The thickness of the test plate was small (δ = 0.4 mm), and the volume rate of heat transfer generation was uniform and constant as before. Thus, the rate of heat generation per unit volume of the plate q’’’ is given by
[image: image]
where Volt and Amp are the value of the voltage and the amperage of the power input across the bus bars, respectively, and V is the volume of the used plate.
For the steady-state rate, the energy equation for the circular element shown in Figure 3 takes the form:
[image: image]
where the net rate or radial conduction rate [image: image], represents the value of the terms ([image: image]) in Eq. 4, is given by Greco et al. (2018):
[image: image]
[image: image]
where [image: image] is the local rate of convective heat transfer from the plate to the air flowing radially over the plate surface, [image: image] is the rate of heat generation in the element equal to ([image: image], and [image: image] is conduction heat loss through thermal insulation. The radial heat conduction term [image: image] is induced by the temperature gradient in the radial direction r along the jet-impinged plate surface; it can be neglected for the thin plate as it is small compared to the heat generation term. [image: image] is the radiation heat loss from the plate surface. [image: image] is the thermal conductivity of the test plate. The local rate of convective heat transfer [image: image] can be expressed as
[image: image]
[image: Figure 3]FIGURE 3 | Differential control volume for heat balance analysis in the stainless-steel test plate.
The radial conduction term [image: image] can be neglected (calculated from the measured values of the local plate temperatures) for the thin plate. Losses [image: image] through the insulation by conduction from the plate insulated surface by conduction through the insulation, and there from the insulation surface by natural convention, can be neglected due to the thermal insulation’s low thermal conductivity.
[image: image]
The local convective heat transfer coefficient for convective heat exchange between the impinging jet and the plate is calculated using the following equation as expressed by Yang et al. (2023):
[image: image]
The corresponding local Nusselt number is obtained as
[image: image]
In Eq. 9, Tw(r) is the local surface temperature, Tj is the jet exit temperature, D is the jet tube diameter, and [image: image] is the thermal conductivity of air evaluated at the jet exit temperature of air. Note that the heat transfer coefficient and the local Nusselt number obtained by this procedure are valid for impingement cooling as well as for impingement heating because their values are dependent on the airflow mode along the plate, with the Prandtl number varying with the air temperature.
3.3 Heat loss test
The input power (Pi) to the target plate used a DC current supply to the copper bus bars through a variable voltage transformer. This power was used to heat the plate. The system heat loss includes both the heat loss by radiation from the plate to the environment (Hrad) and by conduction through the insulation surface layer on the plate (Hcon). By using these definitions, the heat flux (q”) on the target plate surface can be defined thus:
[image: image]
Both the heat loss by radiation and the heat loss by conduction were experimentally calculated as less than 6% of the total power. The range of the heat loss for both conduction and radiation was 2.1–5.96 W and 1.95–5.8 W, respectively.
4 RESULTS AND DISCUSSION
Figure 4 shows the variation stagnation point Nusselt number with different Z/D equal to 2, 6, and 10 at different swirl numbers and a jet Reynolds number equal to Re = 23,000. It is observed that the stagnation points’ Nusselt number ([image: image]) has a strong dependence on the swirl number and jet-to-plate spacing (Z/D). Also, from this figure, it is evident that ([image: image]) at the same Reynolds number Re = 23,000 with S = 0 is higher than the jet with no swirl generator or S equal to 0.19, 0.42, and 0.72 at all Z/D spacing. At Z/D equal to both 6 and 10, the lower value of ([image: image]) at S = 0.72 while at Z/D = 2 is the lower value at no swirl jet. This means that the local heat transfer ([image: image]) is affected by the spacing between the jet and the plate as well as the jet swirling angle. This indicates that the increased swirl angle with increased plate-to-jet distance can significantly reduce the stagnation points’ Nusselt number ([image: image] and, consequently, the heat transfer rate. In addition to that at the small plate-to-jet distance, increasing the swirl angle increased the stagnation points’ Nusselt number ([image: image]).
[image: Figure 4]FIGURE 4 | Stagnation point Nusselt number with Z/D at different swirl numbers.
Figure 5 represents the swirl effect on the radial Nusselt number distribution at Z/D = 2. The [image: image] for all swirl numbers is higher than a conventional jet (without a swirl generator). This increase is due to the interactions between the multiple jets in each swirl jet, which have an exit velocity greater than that of a conventional jet. This increase in the exit velocity is due to the reduction of the nozzle exit cross-sectional area for the same airflow rate. From this figure, it is also evident that, for Z/D = 2, the point of the maximum Nusselt number ([image: image] shifted from the stagnation point to a radial position r/D = 0.66, 0.66, 1, and 1.33 for S = 0, 0.19, 0.42, and 0.72, respectively. This shift of the peak local Nusselt number may have two reasons. The first is that the swirl generator causes the nozzle to act as a multi-channel jet, which causes stagnation points to not lie at the geometric center of the target plate because of the blockage area at the center of the swirl generator. The second reason is the spreading rate that increased with increasing the swirl number S. The first reason appears in the case of the swirl generator having a swirl number equal to zero (S = 0), but the second appeared strongly with an increase in swirl number. The first and second reasons are presented as the spreading rate increases with an increasing swirl number.
[image: Figure 5]FIGURE 5 | Local Nusselt number distribution with r/d at different swirl numbers for Z/D = 2.
Figure 6 represents the swirl effect on the radial Nusselt number distribution at Z/D = 6. This figure shows that increasing the separation distance between the jet and the target plate to (Z/D = 6) reduces the local Nusselt number values compared with (Z/D = 2) values. It appears that the maximum Nusselt number for S = 0 and 0.19 is at the geometric center of the plate (conventional stagnation point), just like the one with no swirl. This is due to the spreading of the multiple jets losing their effect at a high Z/D distance, making the interaction between their sub-jet wall regions lie at the geometric center of the plate. However, for S = 0.42 and 0.72, the spreading rate is high in the lateral direction, causing the point of maximum Nusselt number (Numax) to shift far from the geometric center of the plate.
[image: Figure 6]FIGURE 6 | Local Nusselt number distribution with r/d at different swirl numbers for Z/D = 6.
Figure 7 also represents the swirl effect on the radial Nusselt number distribution at Z/D = 10. It shows that increasing the separation distance between the plate and the air jet to Z/D = 10 reduces the local Nusselt number values compared with Z/D = 6, but the points of maximum Nusselt number lie at the geometric center of the plate for S = 0 and 0.19. S = 0.42 and 0.72 shifted to the right at r/d 2 and 2.7, respectively, with increased uniformity in heat transfer distribution.
[image: Figure 7]FIGURE 7 | Local Nusselt number distribution with r/d at different swirl numbers for Z/D = 10.
The pressure drop of the nozzles was measured as 0.16, 0.19, 0.41, 0.81, and 1.83 for no swirl, S = 0.19, 0.42, and 0.72 respectively. The flow area ratios between the flow cross-sectional area to the no-swirl tube area were 1, 0.73, 0.62, 0.56, and 0.3 respectively. Thus, when using a constant inlet flow rate, decreasing the flow area ratio increased jet velocity, which increased the impingement on the plate.
5 CONCLUSION
In this study, an experimental test rig investigated the performance of the heat transfer of impingement jet cooling on a flat plate with and without swirling nozzles. The heat transfer measurements were performed with and without swirling air jets at different plate-to-jet distances to investigate the effect of swirling jets on heat transfer distributions near the stagnation point region at different Z/D distances. From this investigation, it can be concluded that swirl angle enhances heat transfer by producing multiple jets around the central hole with the high tangential velocity of the swirling jet. In addition:
1- For all cases used in this paper, the heat transfer distribution decreases with increased nozzle-to-plate distance.
2- Increasing the swirl number S increases heat transfer uniformity but decreases global heat transfer.
3- At the low plate-to-jet distance Z/D = 2, the point of maximum heat transfer is shifted to a radial position, depending on the swirl number. Stagnation-point heat transfer is enhanced by using a swirl air jet for swirl numbers 0, 0.19, 0.42, and 0.72 at Z/D = 2.
4- For both Z/D = 6 and 10, the stagnation point and stagnation region heat-transfer enhances only for swirl numbers 0 and 0.19.
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