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Abstract

:

In order to achieve uniform and effective impingement cooling, a swirling jet with a swirling angle of 45° (SIJ 45°) is put forward in this paper. Namely, there are four 45° spiral grooves equipped on the inner wall of the circular hole. The difference in the flow field and heat transfer characteristics between the conventional impinging jet (CIJ) and SIJ   45 °   is compared and analyzed. The spiral channels can increase the heat transfer rate and cooling uniformity because of the action of superimposed airflow. In addition, the thread nozzle brings lower pressure loss, which can reduce the airflow friction while effectively ensuring high heat transfer in the center area of the jet. An experimental system is built to investigate the heat transfer and flow characteristics of the impingement surface. Smoke flow visualization technology is used to explore the complex flow field of the CIJ and SIJ   45 °  , and the heat transfer rate of the target surface is analyzed based on thermocouple data. When   6000 ≤ R e ≤ 30,000 ,   and   1 ≤ h /  d j  ≤ 8  , the averaged Nusselt number (Nu) correlation for SIJ 45° is established, which is in good agreement with the experimental results. SIJ 45° is an effective measure to replace the CIJ, and the research herein provides some reference for designing the structure of new jets.
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Highlights:




	(a)

	
The 45° threaded nozzle is found to increase radial cooling effectiveness and uniformity by the superposition of the vertical jet and swirl.




	(b)

	
The 45° threaded nozzle is studied and compared with the CIJ by both numerical and experimental methods.




	(c)

	
The heat transfer correlation of the swirling impinging jet is built and compared with the CIJ.




	(d)

	
The pressure loss coefficient of SIJ 45° and the CIJ are studied.









1. Introduction


In the existing heat transfer enhancement technology, the impingement jet is applied as an efficient method for the cooling of the hot end parts of aero engines, the cooling of electronic components, the drying of textiles and wood, the cooling and heating of steel, and the heat transfer process in machining. The impingement cooling or heating of conventional circular holes has been extensively studied, and related research results have been systematically reported [1,2,3,4].



Compared with the CIJ, the swirl impinging jet (SIJ) has both tangential velocity and axial velocity [5]. The flow ejected from the nozzle has large diffusivity, fast energy and momentum dissipation, and a large impingement cooling area, which are helpful to improve the uniformity of cooling. Meanwhile, the swirling jet has the high turbulence of a large-scale vortex, and the combination of tangential and axial velocities enhances the heat transfer rate of the target surface. Because of the complexity of the flow phenomenon and the wide range of applications, the swirling jet has become one of the hot issues among heat transfer researchers [6,7]. At present, there is no consensus on the flow mechanism and features of the SIJ, and additional research is required.



Owing to the introduction of swirling flow to affect the flow characteristics on an impingement surface and jet space, the flow field characteristics of the SIJ are different from the CIJ, and a number of studies have been reported. Fenot et al. [8] studied the flow field of the SIJ with eight channels for Re = 23,000–33,000, h/dj = 1–6, and S = 0 and 0.26. They believed that the internal shear layer caused the main stream to accelerate, and vortices formed under the main stream increased Nu by 50%. Ahmed et al. [9,10] explored the influence of inflow profile and swirl intensity on the development of the SIJ. Compared with the non-swirling jet, the turbulence kinetic energy and shear stress of the wall are significantly reduced when the weak swirling flow enters the impinging jet. Wu et al. [11] considered that the pressure distribution of four composite cooling structures was quite different from that of swirl cooling and impingement cooling. In addition, the distribution of the nozzle–nozzle mass flow ratio fluctuated greatly with the change in the nozzle position, which affected the flow and heat transfer characteristics. In this case, similar results have been obtained. Debnath et al. [12] investigated the mean flow and pressure characteristics of both swirling and non-swirling jet arrays. The results demonstrated that the backflow intensity of the swirling jet was greater than that of the non-swirling jet, and the maximum pressure coefficient appeared at the stagnation point of each jet. Chouaieb et al. [13] investigated the effect of a swirl generator on the mixing process by numerical simulation. It was found that the position of the swirl generator had an evident influence on the mixing process. Liu et al. [14] predicted the swirl length of various swirling flow patterns by studying swirling gas–liquid flow induced by a vane-type swirler in a vertical pipe. In addition to the single swirling impinging jet, the researchers also studied the interactions between multiple swirls. Yan et al. [15] described a numerical method to investigate the coherent structure and the turbulence features associated with vortex–vortex interactions. Under the conditions of medium and strong swirl intensities, the turbulence intensity was, respectively, enhanced and weakened from the single swirling jet level and, respectively, augmented and depressed by enlarging the jet-to-jet spacing. Wannassi et al. [16] studied the flow details and complex flow structure of a staggered combination of straight and swirling jets. They believed that the swirls dissipated swiftly in the circumferential direction downstream of the nozzle outlet, resulting in insufficient axial momentum. According to the analysis of the above literature, [8,9,10] studied the difference between the SIJ flow field and the CIJ flow field and their causes, and they believed it was attributed to the internal shear layer and a reduction in the magnitude of turbulent kinetic energy near the impingement surface, respectively. Additionally, many characteristics have been studied, including mean flow and pressure characteristics [11,12], mixing process [13], and swirling flow pipes [14]. Yan et al. [15] and Wannassi et al. [16] applied swirling flow to a jet array and studied its flow characteristics.



Due to the swirl flow induced by the swirl generator, the impingement heat transfer characteristics are altered accordingly. For the heat transfer performance of the SIJ, Huang et al. [17] investigated and compared the behavior of swirling and multi-channel impinging jets with that of a CIJ by inserting a solid swirl generator. They concluded that the swirling jets not only increased the uniformity of the radial heat transfer rate but also had a higher average Nu than the conventional jet. Markal et al. [18] conducted an experimental study on a nozzle composed of a circular tube and spiral channels and noticed that with the increase in the total flow rate, the heat transfer rate and uniformity could be increased. However, as h/dj increases, Nu will be adversely influenced. Additionally, swirling jets can be used as an effective tool compared with the CIJ. Hindasageri et al. [19] conducted experimental research on four swirling flame jets with different twist ratios. The results showed that at low Re, the swirl increased the heat flux distribution by 40–140%. When the Re was large, the swirling effect was adverse, and the average heat flow distribution decreased by 10–40%. Duangthongsuk et al. [20] found that the local   N u   of the tube with turbine-type swirl generator inserts was higher than that of the common plain tube. Kumar et al. [21] revealed that the jet with swirl flow had a higher Nu than that without swirl flow, and its magnitude was affected by the swirl flow ratio (or swirl number) and the distance between the jet and the plate (z/d). All of the above experiments used air as a coolant; however, different coolants were used to further enhance the heat transfer effect. Wongcharee et al. [22,23] used different nanofluids as coolants on the SIJ, and the CIJ was also tested for comparison. They found that the SIJ offered a superior heat transfer rate to the CIJ under similar conditions. Chang et al. [24] analyzed the cooling effectiveness of the SIJ for jet arrays and established a set of heat transfer relations to calculate the average Nu of the central jet region. In addition to the study of experimental methods, numerical methods have also been applied. Casanova et al. [25,26] found that the deviation between Nu predicted by the numerical simulation formula and the experimental value was within 15%. The SST, k-epsilon, and RNG k-epsilon models have been used to study the effect of the curvature of surface heat exchange. Amini et al. [27] concluded that a single jet with the same mass flow rate will bring a better heat transfer rate and uniformity compared with two jets. Chattopadhaya et al. [28] numerically studied the heat transfer characteristics of an annular impinging jet in laminar and turbulent regimes. The results revealed that the average Nu decreased by 20% compared with the circular jets under the same operating conditions. There are also different studies on the factors influencing the heat transfer effect. Salman et al. [29] studied the influence of swirl intensity on the heat transfer characteristics of the SIJ. It is reported that the swirl intensity and the Re have a great influence on the radial uniformity of Nu. Hayat et al. [30] found that increasing the slant angle can increase the   N u   and friction factor by designing a new twisted tape with trapezoidal ribs. In their experiment, Nozaki et al. [31] measured the velocity and temperature fields when increasing  S . They noted that   N u   increased as  S  increased, and this is in line with the result of Salman et al. [29]. The above studies have studied the heat transfer effect of the SIJ and shown it can improve the   N u  , but there are few detailed comparisons of the heat transfer characteristics between the SIJ and CIJ on the impingement surface.



The associated studies noted indicate that the nozzle structure is the crucial aspect to determine the flow field and cooling effectiveness on the impingement plate. Therefore, choosing a new nozzle to achieve perfect cooling effectiveness is a talking point. Our research group designed a new type of nozzle with the superposition of the vertical jet and swirl [32,33]. Earlier research results revealed that the cooling effectiveness and uniformity can be increased by equipping spiral grooves. However, the superposition of the vertical jet and swirl has seldom been studied. The fundamental purpose of this work is to study the complex flow field of the target plate fitted with a 45° threaded nozzle by both numerical and experimental methods. An experimental test system for heat transfer characteristic analysis is built. The numerical analysis includes swirl number, sectional velocity, tangential velocity attenuation, vorticity, and temperature, and streamline analysis and jet velocity vector analysis are carried out. The experimental analysis includes Nu under different Re and jet spacing, as well as pressure loss under different Re. In addition, in terms of the flow and cooling mechanism, SIJ 45° is compared with the CIJ in detail. SIJ 45° is an effective tool to replace the CIJ and provides researchers with a reference for designing the structure of new jets.




2. Experimental System and Data Reduction


2.1. Experimental Facility


Diagrams of the experimental system are presented in Figure 1a,b, including an air filter, plenum, air compressor, thermal insulation system, drying and dehumidifying system, the heating system, and a data acquisition system.



The threaded nozzle is expected to replace the conventional smooth round nozzle in turbine blades. Conduction and convection effects generally exist in the impingement cooling configuration of turbine blades. Therefore, the impinged plate is a 320 mm × 320 mm steel plate with a thickness of 1 mm, and it is hoped that the cooling environment is similar to the outer wall of the impingement cooling method in turbine blades. In other words, the experimental data are the result of the combination of convection and heat conduction effects. Of course, the local Nu is also the combined heat transfer coefficient. It is different from the common heat transfer coefficient on the thin heated film, with only a convective effect.



A flowmeter was used to assess the air flow rate of the jet. In order to meet the experimental requirements at different Re, two glass rotameters, LZB-15 and LZB-25, were used, with corresponding measurement ranges of 0.4–4 m3/h and 2.5–25 m3/h, respectively, as shown in Figure 1b. Four pressure probes (ROSEMOUNT 3051 CD1A52A1AM5B4DF pressure transmitters) were used to measure the relative pressure at the inlet of the nozzle, with a measurement range of 0–6.22 KPa. The measuring point was arranged at the outlet of the air-collecting chamber below, that is, the inlet of the experimental nozzle, and the reference pressure was connected with the atmospheric pressure. Forty-one cross-arranged E-type thermocouples, with a measurement range of −200–900 °C, welded to the lower surface of the plate were applied to measure the plate temperature, which was held by a bracket (Figure 1c,d). The heating system comprises a short-circuit heater, which outputs high current and low voltage, with a maximum output current of 4000 A and a maximum output voltage of 10 V.



Figure 1e shows a schematic diagram of the nozzles during the experiments. Three-dimensional (3D) printing technology was used to fabricate the nozzle, with an accuracy of ±0.2 mm. A guiding tube with a height of 10 mm was added to the upper part of the nozzle in the hope that the airflow enters the nozzle in a stable state, and in actual use, the large pressure-stabilizing chamber will ensure the stability of the inlet airflow. A smooth tube with an inside diameter measuring 7 mm was also fabricated (CIJ) to analyze the effect of the threaded nozzle, as shown in Figure 1f. More information on the experimental device can be found in our previous work [34].




2.2. Data Reduction


The convective heat transfer coefficient (  h ′  ) of the target surface is estimated as


   h ′  = q /    T w  −  T  a d      



(1)







The local Nu number of the target surface is evaluated by


  N u =  h ′   d j  / λ  



(2)







The Reynolds number (Re) is given as


  R e =    d j  ν ρ  / μ   



(3)




where    d j    is the equivalent diameter, which is the characteristic length simultaneously (   d j  = 0.5   d + D    ). D, d are the maximum and minimum inner diameters of the threaded nozzle, respectively, as shown as Figure 1e.    T w    is the average test temperature of the target,    T  a d     is the inlet temperature of the jet,  λ  is the thermal conductivity of air,  ν  is the mean coolant velocity,   ρ   is the coolant density, and   μ   is the aerodynamic viscosity.



The equations to obtain the uncertainty of the Re and local Nu are shown as


   ω  N u   =           ∂ N u   ∂  q  t a r      ω q        t a r        2  +       ∂ N u   ∂  d j     ω   d j       2  +       ∂ N u   ∂ k    ω k     2  +       ∂ N u   ∂ Δ T    ω  Δ T      2       1 / 2     



(4)






   ω  R e   =           ∂ R e   ∂ Q    ω Q     2  +       ∂ R e   ∂ ρ    ω ρ     2  +       ∂ R e   ∂  d j     ω   d j       2  +       ∂ R e   ∂ μ    ω μ     2       1 / 2     



(5)







The Re uncertainty is 2.56%, and the Nu uncertainty is 2.1% using the tolerances of the measuring instruments, as shown in Table 1.


     ω  R e     R e   = 2.56 %  



(6)






     ω  N u     N u   = 2.10 %  



(7)









3. Numerical Method


3.1. Model Setup


The structured grids are generated using the software ANSYA ICEM 17.0. Figure 2 shows the overall view of the mesh. O-type grids are especially used on all cylindrical parts to improve the grid quality, with a maximum mesh of no more than 0.5 mm. The spiral groove adopts a structured grid, the near-wall surface is encrypted to 0.1 mm, the grid gradient is 1.2, and the maximum grid is no more than 0.2 mm. In the jet space, the local grid applied in the near-wall regions is 0.2 mm with y+ = 30 to ensure that the first layer of the grid near the wall falls in the turbulent development zone, which is suitable for the selected turbulence model of the RNG k-ε model. The final mesh number is 2.20 million. In addition, 15 grid points in the boundary layer and standard wall functions are applied.



The total temperature at the inlet is 300 K, the turbulence intensity is 5%, and the specific mass-flow inlet in the –y-direction is defined as Re (  m = R e π  d j  μ / 4  , where m is the mass flow rate of the jet). The pressure outlet is defined as the atmosphere, and the target surface is defined as constant heat flux (q = 3    kW  /  m 2   ).



The commercial software ANSYS FLUENT 17.0 is used to solve the three-dimensional steady state Reynolds-averaged Navier–Stokes (RANS) equations, as well as the    RNG    k − ε   turbulence model. The finite volume method is utilized to solve the equations in each control volume. A second-order format with high accuracy is applied to discretize the convective term. When all root-mean-square residuals of the mass, momentum, and energy equations are less than 10−5, the results are regarded to be sufficiently accurate.



The governing equations to solve the above three-dimensional problem are the continuity equation, momentum equation and energy equation. A detailed introduction is presented in [5].



According to our previous work [32,33], the    RNG    k − ε   model is more suitable for simulating swirling impinging jets, and it provides better stability and higher computational efficiency. Therefore, it is applied in this work.



The    RNG    k − ε   turbulence model is as follows [35],


   ∂  ∂ t     ρ k   +  ∂  ∂  x i      ρ k  u i    =  ∂  ∂  x j       α k   μ  e f f     ∂ k   ∂  x j      +  G k  − ρ ε  



(8)






   ∂  ∂ t     ρ ε   +  ∂  ∂  x i      ρ ε  u i    =  ∂  ∂  x j       α ε   μ  e f f     ∂ ε   ∂  x j      +  C  1 ε    ε k     G k  +  C  3 ε    G b    −  C  2 ε   ρ    ε 2   k  −  R ε   



(9)




where    α k    and    α ε    are the inverse effective Prandtl numbers for  k  and  ε , respectively,    G k    represents the generation of turbulence kinetic energy due to the mean velocity gradients, and    μ  e f f     represents the effective viscosity coefficient.




3.2. Verification of the Numerical Method


In order to ensure the accuracy of the selected turbulence model, experimental samples in [17] are selected for verification calculation. Considering the different requirements of the turbulence model used in this paper on the near-wall grid, two types of jet impingent spatial grids with different near-wall grid nodes are prepared. One is suitable for turbulence models (   SST    k − ω  ,   k − ω  ) that require high near-wall encryption. The first-layer grid near the wall is encrypted to 0.001 mm, and its y+ value is guaranteed to be less than 1. The other is applicable to the turbulence model (   RNG    k − ε  ), which requires the first-layer grid near the wall to fall in the turbulent flow development zone. The flow near the wall is fitted by the wall function, and the first-layer grid near the wall is encrypted to 0.2 mm to ensure that it is in the turbulent flow development zone.



Figure 3a shows the calculated values of   N u   under different turbulence models. The distribution trend of the calculated values of the three turbulence models is basically consistent with the experimental results. In the central stagnation point region, the calculated values of the three turbulence models are relatively consistent, with a large deviation from the experimental values. It is speculated that the reason is that the air flow in the stagnation point region is slow, and the laminar flow is near the target plane. The use of the turbulence model to simulate laminar flow will inevitably lead to large prediction errors. In terms of peak point prediction, the calculated results of the    RNG    k − ε   model are in good agreement with the experimental values, while the values of the   k − ω   and    SST    k − ω   models are larger than the experimental values at the two peak points, and the peak positions are migrated radially outward. The results show that the    RNG    k − ε   model has good precision and high efficiency in the impact cooling of the rotating jet.



It is necessary to determine the appropriate grid dimension for the numerical simulation. The node numbers of the five sets of grids are 1.6 million, 1.9 million, 2.2 million, 2.5 million, and 3.5 million, respectively. Figure 3b presents the   N u   distribution along the x-direction at Re = 6000 and h/dj = 2. It is obvious that the grid with 2.2 million nodes is accurate enough. As a result, this grid is used in the study.



Figure 4 shows a comparison of some of the experimental data and numerical results in this work. It can be seen that the temperature of the jet impingement surface under three different working conditions (as shown in Table 2) is in good agreement with the numerical calculation results. The comparison results further indicate that the turbulence model, the gas–thermal coupling calculation method, and the corresponding mesh number used herein can accurately predict the heat transfer rate between the swirling impinging jet and the CIJ under the experimental conditions.





4. Flow Field Characteristic Analysis


4.1. Analysis of the Swirl Number


Swirl degree, also known as swirl number, is a dimensionless quantity characterizing the rotation strength of a swirling jet. Concerning the definition of the swirl number, Drake and Hubbard [36] first gave two definitions of swirl number: one is the ratio of tangential momentum flux to axial momentum flux, and the other is the tangent of the central cone angle. As in the first definition, the two momenta are not easy to be accurately measured in experiments. Most studies [37,38] adopted the second method in the analysis of the swirl number (S) and defined it as the function of the tangent value of the helix angle θ, namely


  S =  2 3      1 −      d / D     3    1 −      d / D     2      tan θ  



(10)







In this definition of the swirl number, the number is only related to the spiral nozzle geometric structure, ignoring the effect of the Reynolds number (Re), and this relationship follows from assumptions of plug flow axial velocity in the annular region and very thin vanes at a constant angle θ to the main direction, imparting a constant swirl velocity to the flow. When the inlet Re is changed, the strength of the vortex will also change, and the numerical simulation can obtain any velocity component in the computational domain; therefore, the first definition is used herein. According to the dimensional analysis, the following dimensionless number is used to define S [39], namely,


  S =    G Φ     G x  R    



(11)




where    G x    and    G Φ    are the axial flux of the linear momentum and swirl momentum, respectively, and R is the nozzle radius. Assume that the ratio of the maximum rotational velocity and axial velocity at the nozzle is G [39], that is,


  G =    ω  m 0      ν  m 0      



(12)




where    ω  m 0     and    ν  m 0     are the maximum tangential velocity and axial velocity at the nozzle, respectively. Assume that the nozzle outlet has a uniform distribution of solid rotation [39]


  ω =  ω  m 0      r R     



(13)






   G ϕ  = 2 π ρ    ∫ 0 R    r 2  u ω    d r =  1 2  π ρ  u  m 0    ω  m 0    R 3   



(14)






   G x  = 2 π ρ    ∫ 0 R   r    u 2  −  1 2   ω 2       d r = π ρ  u  m 0  2   R 2    1 −    G 2   4     



(15)







By introducing Equations (12), (14) and (15) into Equation (11), S can be expressed as [39]:


  S =    G / 2    1 −      G / 2     2     



(16)







The formula is applied to   G ≤ 0.4  , i.e.,   S ≤ 0.21  . For a higher swirl number, the axial velocity distribution at the outlet deviates from the uniform distribution, and most of the fluid leaves the nozzle near the outer edge. When   G > 0.4  , i.e.,   S > 0.21  , S can be determined by the following formula [39],


  S =    G / 2    1 −  G / 2     



(17)







Figure 5 shows the S value with a 45° swirl angle of the nozzle. It shows that S is less than 0.21, and the spiral nozzle weakly rotates. To facilitate analysis under the given Re, the angle of the spiral hole with the maximum S is denoted as the transition angle    S z   . When the inlet Re is improved, S increases, and when Re = 7000,    S z  = 60 °  , Re = 4000–6000,    S z  = 45 °  , and S of the 45° swirl angle is shown to have a weak correlation with Re.




4.2. Analysis of Velocity Distribution of Different Sections


The jet is emitted with initial velocity    υ 0   , the core potential flow produces frictions with the surrounding static fluid, and the static fluid is sucked and rolled into the jet. Due to the constant mixing with the surrounding static fluid, it is difficult for the edge part to maintain    υ 0   , and the velocity gradually decreases. As the jet moves forward, the mixing with the surrounding fluid develops gradually from the edge to the center, and after a certain distance, all the sections of the jet develop into turbulence.



To verify whether the numerical simulation method adopted is effective for the conventional impingement jet, a numerical simulation was carried out on the conventional circular hole with an equivalent diameter    d j     = 7 mm. The calculation results are shown in Figure 6a for when Re = 4000. The axial velocity of the cross-section obtained by the numerical calculation has the same Gaussian normal distribution as that obtained by the experiment. Additionally, the dimensionless data obtained basically fall on the same normal distribution curve, as shown in Figure 6b. These are consistent with the analytical results of Forthmann’s experiment [40], indicating that the numerical calculation method used herein can better predict the flow pattern of the conventional jet.



Figure 6c is the axial velocity distribution diagram of the sections at different positions along the x-direction of SIJ 45°. The velocity distribution of each section shows a certain similarity, with the maximum velocity on the axis line, and the farther out from the axis, the smaller the velocity is. When   h > 3  d j   , the axial velocity    υ m    at the section starts to be smaller than the velocity of core potential flow    υ 0   ; that is, the initial section ends, and the swirling jet enters the fully developed section of turbulence.



Figure 6d is the dimensionless velocity distribution on different sections along the x-direction of SIJ 45°. The velocity of the section of the swirling jet is the same as that of the conventional impingement jet, and the axial velocity of the section has a certain self-similarity. The difference is that the dimensionless value of the half-width of the swirling jet velocity does not strictly fall on the same normal distribution curve but grows with the distance from the exit. When   h > 4  d j   , self-similarity begins to emerge, which is because the longer the distance from the outlet, the faster the tangential velocity dissipation is, and the weaker the influence on the sectional velocity is. Meanwhile, the axial velocity of the section of the swirling jet tends to be the same as that of the conventional jet.



Figure 6e,f shows the axial velocity and dimensionless distribution diagram of the sections at different positions along the x = z direction of SIJ 45°. As the jet spacing increases, smaller peaks appear in the peripheral at about   x = 11   mm  , which indicates that peripheral heat transfer rate increases along the x = z direction. The self-similarity of the core region of the jet in the   x = 8    mm    region also shows the characteristics of a weakly swirling jet in the x = z direction, which is the same as that in the x = 0 direction. At   x = 8    mm   , the wall escaping airflow meets the entrainment backflow, and the radial velocity of the airflow is almost zero. Then, the airflow passes over the encounter area and accelerates under the entrainment of the escaping airflow. When it accelerates to about   x = 11    mm   , the radial velocity decreases gradually.




4.3. Analysis of the Attenuation of Tangential Velocity


The rotating jet flows out of the nozzle at an initial velocity, and the core potential flow is drawn into the jet by friction with the stationary fluid around it. Due to the existence of tangential velocity, it will increase the mixing effect with the surrounding stationary fluid, thus increasing the spread area and mass flow rate of the cooling jet. So, the area of the heat transfer region and its heat transfer rate will increase accordingly. Figure 7 shows the attenuation curve of tangential velocity (ω) of SIJ 45°. It can be observed that the airflow rotates outside the center at the exit of the nozzle, and the tangential velocity gradually decreases with the further development of the jet. When   h ≥ 4  d j   , the tangential velocity almost decays to 0, and when   h = 1  d j    and   h = 2  d j   , the tangential velocity has multiple peaks.



The tangential velocity vectors at different jet distances are intercepted for further analysis, as shown in Figure 8. When   h = 1  d j   , the airflow ejected from the nozzle rotates and diffuses around, is sucked and coiled by the core potential flow of the central hole, flows to the central hole, and then is carried and outflows by the rotating airflow in the center, resulting in four strong vortices with the symmetrical distribution. This also explains why the tangential velocity has multiple peaks of positive and negative alternations in the x-direction of the cross-section. As the jet continues to develop, the core potential flow gradually weakens. When   h ≥ 4  d j   , the core of the potential flow is interrupted, and then the entrapment capacity of the central flow is further weakened. Only a small amount of the tangential airflow scattered along the center is sucked back to the center and continues to diffuse around in a weak rotational condition.



Figure 7c is the tangential velocity contour in the x = 0 section. The peak position shows an oscillating behavior, increases from   h = 0   to   h = 1  d j   , decreases up to   h = 3  d j   , finally increases again between   h = 3  d j    and   h = 4  d j   , and eventually gradually goes down along the radial position.




4.4. Analysis of the Vortex


To further analyze the flow characteristics of the swirling jet flow field, the “Q-Criterion” describing the vortex intensity of the flow field is introduced, and the three-dimensional Vortex Core in the flow field can be displayed by the Vortex Core Region function, which can be described as [41,42]:


  Q = 0.5 (  Ω  i j    Ω  i j   −  Ψ  i j    Ψ  i j   )  



(18)






   Ω  i j   = 0.5     ∂  u i    ∂  x j    −   ∂  u j    ∂  x i       



(19)






   Ψ  i j   = 0.5     ∂  u i    ∂  x j    +   ∂  u j    ∂  x i       



(20)




where    Ψ  i j        and   Ω    i j     represent symmetric and antisymmetric components of the velocity gradient.



Figure 9 shows the three-dimensional vortex distribution of SIJ 45° and the CIJ. The intensity of the vortex in the CIJ is very low, the cool air flows gently from the nozzle to the target surface, and no large vortex flow is formed in the jet space. By contrast, the flow of SIJ 45° forms a vortex flow with very high intensity in the spiral channel, and then the flow is ejected to the target surface in the same state along the direction of the spiral channel, forming a vortex flow with high intensity in the jet space. Compared with the CIJ, the vortex flow of SIJ 45° effectively enhances the gas flow in the jet space, thus improving the heat transfer rate and heat transfer uniformity of the target surface.



For the CIJ, the ability of airflow to escape in all directions is the same, with obvious symmetry, as shown in Figure 9b. For SIJ 45°, under the action of tangential velocity airflow, the entrainment effect on the surrounding airflow is stronger so that more cold airflow acts on the target surface and the tangential airflow forms large-scale vortices in the four escape directions at the same time.




4.5. Analysis of the Flow Field Structure


Figure 10a shows the numerical simulation result of the nozzle outlet. After the airflow is ejected from the spiral nozzle, the swirling airflow is separated from the circular jet flow; that is, between the peripheral rotating jet flow and the central jet flow, a cyclone separation zone appears. However, the center hole jet does not diffuse immediately after it is ejected from the jet nozzle. Instead, a small contraction appears first and then begins to diffuse.



Figure 10b shows that after the jet is ejected, the central area of the jet maintains a relatively good near-wall jet, the airflow velocity in this area is relatively high, and the streamline maintains well. With the further development of the wall jet, the flow velocity gradually decreases, and disturbance begins to appear. Such disturbance is not uniformly distributed along the circumferential direction but is sandwiched between the strong jet area on the wall. The strong jet area on the wall is generated by the superposition of the airflow of the four spiral channels and the wall jet of the central hole after impinging on the wall.



Figure 10c,d shows the smoke flow field for the CIJ and SIJ 45° at Re = 6000 and h/dj = 2. For the CIJ, after the airflow impinges on the target surface, a uniform scattered wall jet is generated. The velocity begins to fluctuate and weaken, and there is no recirculation entrainment at   r /  d j  = 7  . When the jet continues radially outward, the velocity is further decreased, the airflow disturbance is enhanced, and the wall jet starts to split, resulting in a strong backflow vortex at about   r /  d j  = 12  . For SIJ 45°, the wall jet becomes even compared with the CIJ, the wall jet scatters in the “petal” type, and the backflow is further weakened in the whole jet area.



Figure 11a intercepts the streamline and velocity field of the jet space for SIJ 45° at   h = 4  d j   . It can be seen that after the cooling air is ejected from the nozzle, it impinges on the wall and forms a secondary jet. Some of the wall jets flow out of the jet space along the radial direction, while some of them generate entrainment backflow in the radial outward flow process, forming a strong backflow entrainment vortex. Another part of the wall jet flow also produces backflow vortices in the process of radial outward flow, but the difference is that the backflow vortices of this part are affected by the dual influence of the wall jet and tangential swirl and become spiral vortices and flow out in the radial direction. Hence, the flow field can be considered a complex flow field in which the wall jet, reflux vortex, and spiral vortex co-exist and interact with each other.



The velocity vector at   h = 1  d j    is shown in Figure 11b. As can be seen, the airflow does not form a backflow vortex in four “escape” channel directions, and the temperature gradient in this direction is relatively gentle. On the contrary, between the two “escape” channels, the wall jet flow forms a strong backflow vortex at the position of about   r = 6  d j   , so the jet flow near the wall decreases outward from the separation boundary position of the vortex. The ambient airflow outside is sucked up by the negative pressure generated by the central high-speed jet, forming a backflow vortex. The flow separation occurs, the cooling effect becomes worse, and a large temperature gradient forms. Therefore, the swirling jet can strengthen the cooling of the target surface along the direction of airflow escape.




4.6. Flow Model for Swirling Impinging Jets


The flow is ejected from the inner circular tube and four spiral channels, forming a jet flow field together. The inner circular tube produces vertical impingement flow similar to the CIJ, which is mainly to cool the central area. Four spiral channels produce four rotating jet flows, which rotate and diffuse around and draw into the stationary fluid around by the friction. Due to the emergence of the swirling flow, the cooling effect of the peripheral area is greatly expanded, and the tangential velocity further takes away more heat and improves the heat transfer consistency. It can be concluded that the radial spread of the swirling flow leads to more entertainment of the surrounding air than the CIJ. A schematic map for swirling impinging jets can be seen in Figure 12.





5. Heat Transfer Characteristics of the Jets from the Threaded Nozzles


5.1. Comparison of Heat Transfer and Flow Characteristics of SIJ 45° and CIJ


In order to estimate the heat transfer performance and compare SIJ 45° and the CIJ at    R e  = 12,000   and   h /  d j  = 2  , the square zone of   x /  d j  ≤ 7   and   y /  d j  ≤ 7   is selected. Figure 13a,b presents the local temperature contours. In general, the temperature distribution of SIJ 45° is smaller than the temperature distribution of the CIJ. Figure 13c,d presents the local Nu contours. It can be found that Nu is relatively high, along with the “escape” channel directions, which is because the swirling airflow ejected from the spiral nozzle enhances the heat transfer. By comparison, the CIJ has the same heat transfer effect in all directions. Figure 13e,f presents the turbulent kinetic energy (k) contours. The turbulent kinetic energy (k) is apparently larger in SIJ 45° than in the CIJ, especially near the nozzles. The distribution trend of the turbulent kinetic energy (k) is the same as that of Nu.



Figure 13g,h shows the streamlines and velocity contours of the x = 0 section for SIJ 45° and the CIJ. After passing through the nozzles, the airflow has a high speed, but due to the friction role of the surrounding stagnation flows, the jet in the core region decays rapidly. After impinging on the target surface, the air diffuses to both circumferential sides and forms obvious vortices in the jet space. Compared with the CIJ, the center velocity of SIJ 45° is higher, which is due to the increase in the flow resistance of the spiral grooves, and more air flows out from the center through-hole, resulting in the increase in the velocity in the central region of the nozzles. At the same time, the swirling effect of the tangential airflow at the exit of the spiral groove leads to two “fin-like” flow vortex areas in the region of the free shear boundary layer. Along the flow direction of the jets, the “fin-like” area quickly decays and disappears.




5.2. Effect of Re on Heat Transfer Characteristics


Figure 14a,b gives the variation of the local Nu of the target surface along the radial direction for SIJ 45° at   h /  d j  = 2  , 4 and   R e = 6000 – 30,000  . The local Nu increases as the Re increases. The maximum Nu does not appear at the center point but at the periphery of the center point about   r /  d j  = 0.7  , and the peak value increases as Re increases. When Re is small, the swirling flow developed by the spiral grooves helps to enhance the heat transfer around the stagnation point of the target surface. It is speculated that the reason may be that the airflow ejected by the spiral grooves superimposes with the wall jet of the central hole, which intensifies the heat transfer. Additionally, Nu increases as Re increases, which is the same as the CIJ. However, from the point of view of the increased rate, the number of Re is greater than that of Nu.




5.3. Effect of Jet Spacing on Heat Transfer Characteristics


Figure 15a,b gives the variation of the local Nu with   h /  d j  = 1 – 8   at Re = 6000 and 12,000. It can be seen that the experimental results under the two Re conditions show that the overall heat transfer rate of the target surface decreases with the increase in jet spacing. When Re = 6000, Nu has a peak value at about   r /  d j  = 0.7  . When Re = 12,000, the peak value of Nu is weakened. As the   h /  d j    decreases, the maximum peripheral Nu gradually weakens. When the jet spacing is small and Re is low, the distribution characteristics of Nu are similar to that of the CIJ and tend to be a “bell-shaped” distribution.




5.4. Comparison of Pressure Loss Coefficient


The non-dimensional pressure loss coefficient (K) is defined as


  K =     Δ p  /  0.5 ρ  V ¯     2   



(21)




where   Δ p   is the pressure drop between the inlet and the outlet (there are four differential pressure gages to measure the pressure in the chamber, and the difference value between it and the atmospheric pressure is the Δp),  ρ  is the density of air corresponding to supply pressure, and     V    ¯    is the average velocity at the exit of the nozzle.



The pressure loss coefficient (K) for SIJ 45° and the CIJ at   R e = 6000 – 30,000   is shown in Figure 16. It is observed that the pressure loss coefficients for SIJ 45° are higher than those for the CIJ, 159.17% on average. In addition, SIJ 45° has the least chamber pressure of the thread nozzle, lower than the other three kinds (insert, built-in torsion, and guide vane) [43]; that is, for the thread nozzle, the airflow resistance is relatively small, and the air source chamber does not need to bear too much pressure. This is because the thread nozzle is set in the periphery of the center hole, which reduces the airflow friction. In addition, the high operating pressure has an impact on the structural strength and safety of the equipment in practical applications and brings about a large loss of pump power. Under two different nozzles, as Re increases, the pressure loss coefficient gradually weakens, which shows that the nozzle has a relatively good flow capacity under high Re.




5.5. Globally Averaged   N u  


The   N u   correlation of the SIJ is meaningful to devise a new nozzle structure. The     N u  ¯    is a function of Re and   h /  d j    as analyzed earlier. An empirical correlation of     N u  ¯    is assumed as


    N u  ¯  = a R  e b       h /   d j       c   



(22)







The multiple linear regression method is applied to fit Correlation (22), and we obtained


    N u  ¯  = 0.02497 R  e  0.815        h /   d j        − 0.131    



(23)







The fitting accuracy (R2) of Correlation (23) is 0.974, and it is applicative within the range of   6000 ≤ R e ≤ 30,000  , and   1 ≤ h /  d j  ≤ 8   in the target region of   r /  d j  ≤ 7   for SIJ   45 °   (within a circular area with a radius of 50 mm, approximately 7854 mm2). Figure 17 compares the calculated values of Equation (23) and the experimental values. The average error between the correlation and experimental values is 6.57%, and most points are within ± 10%, which are calculated according to     N  u  m o d e l   − N  u  e x p e r i m e n t a l     / N  u  e x p e r i m e n t a l    . Hence, the correlation can precisely predict the     N u  ¯    of SIJ   45 °  .



To compare the heat transfer characteristics of SIJ 45° and the CIJ, the correlation formula herein is compared with that in [44]. Figure 18 shows the comparison of average   N u   in the target region of   r /  d j    ≤ 7   for SIJ   45 °   and the CIJ within the range of   h /  d j  =  3 – 6 and   R e = 10,000 – 30,000  . It can be seen that Nu increases by 69.18% on average under 20 different working conditions, which is attributed to the fact that the heat transfer rate is obviously enhanced by the effect of superimposed airflow.



Figure 19 gives a comparison of Nu values between SIJ 45° and the CIJ with experimental and numerical methods. It can be seen that Nu values of SIJ 45° are higher than those of the CIJ, which coincides with the Nu contours in Figure 11. In addition, the experimental results are in good agreement with the numerical results.





6. Conclusions


In this work, an experimental system is established to study the flow field and heat transfer characteristics of SIJ 45°, and a nozzle is fabricated. The numerical results agree well with the experimental results, which demonstrate the numerical calculation method. The smoke flow field is studied, and the effects of Re and h/dj on the Nu of SIJ 45° are investigated experimentally. The following conclusions can be drawn from this study.




	
SIJ 45° generates swirling flow and a central vertical jet. Due to the tangential velocity, flow diffusivity is enhanced compared with that of the CIJ, which takes away more heat.



	
The airflow ejected from SIJ 45° rotates and diffuses around and forms four strong vortices with a symmetrical distribution, which explains why the tangential velocity appears with multiple peaks of positive and negative alternations.



	
The flow field ejected from SIJ 45° can be considered a complex flow field, in which the vertical impingement flow and the swirling flow interact with each other.



	
As the   h /  d j    increases, the Nu for SIJ   45 °   gradually decreases, and the maximum Nu transfers to the peripheral area, which enhances the heat transfer uniformity.



	
An empirical correlation of     N u  ¯    is built within the range of   6000 ≤ R e ≤ 30,000 ,   1 ≤ h/dj ≤ 8 for SIJ   45 °  , which agrees well with the experimental results.
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Nomenclature




	CIJ
	Conventional impinging jet



	dj
	Equivalent diameter (mm)



	G
	Ratio of the maximum rotational velocity and axial velocity



	    G x    
	Axial flux of linear momentum



	h
	Jet spacing (distance from nozzle to impingement surface) (mm)



	K
	Pressure loss coefficient



	Nu
	Nusselt number



	R2
	Fitting accuracy



	r
	Radial distance from the stagnation point (mm)



	SIJ45°
	Swirling jet with a swirling angle of 45°



	    T w    
	Average test temperature of the target (K)



	Ωij
	Antisymmetric part of the velocity gradient tensor (s-1)



	    ω  m 0     
	Maximum tangential velocity (m/s)



	θ
	Swirl angle (°)



	  ν  
	Mean coolant velocity (m/s)



	  μ  
	Aerodynamic viscosity (Pa s)



	    α ε    
	Inverse effective Prandtl numbers for  ε 



	d
	Minimum inner diameter of the threaded nozzle (mm)



	D
	Maximum inner diameter of the threaded nozzle (mm)



	    G k    
	Turbulence kinetic energy due to the mean velocity gradients



	    G Φ    
	axial flux of swirl momentum



	   h ′   
	Heat transfer coefficient (W/m2 K)



	k
	Turbulent kinetic energy



	R
	Nozzle radius (mm)



	Re
	Reynolds number



	S
	Swirl number



	    T  a d     
	Inlet temperature of the jet (K)



	     V    ¯    
	Average velocity (m/s)



	Ψij
	Positive symmetric part of the velocity gradient tensor.



	    ν  m 0     
	Maximum axial velocity (m/s)



	λ
	Thermal conductivity of air (W/m K)



	  ρ  
	Coolant density (kg/m3)



	    α k    
	Inverse effective Prandtl numbers for  k 



	    μ  e f f     
	Effective viscosity coefficient.
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Figure 1. (a) Scheme of the experimental device, (b) picture of the experimental device, (c) points of thermocouples, (d) fixation of thermocouples, (e) schematic diagram of nozzle, and (f) real picture of nozzles. 
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Figure 2. Mesh for numerical calculation. 
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Figure 3. Verification of the numerical method: (a) turbulence model and (b) grid independence. 
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Figure 4. Comparison of calculated values of target surface temperature with experimental results. 
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Figure 5. S of 45° swirl angle with different Re. 
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Figure 6. Velocity distribution of different sections: (a) CIJ, (b) dimensionless data of CIJ, (c) SIJ 45°, (d) dimensionless data of SIJ 45° along the x-direction, (e) SIJ 45°, and (f) dimensionless data of SIJ 45° along the x = z direction. 
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Figure 7. Attenuation curve of tangential velocity: (a,b) tangential velocity; (c) tangential velocity contour (Re = 4000, SIJ 45°). 
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Figure 8. Tangential velocity vector at the outlet of the nozzle (Re = 4000, SIJ 45°) for (a)   h =  d j   , and (b)   h = 2  d j   . 
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Figure 9. Vortex contour (Re = 4000, h/dj = 2): (a) SIJ 45°, (b) CIJ, (c)in the x = 0 section for SIJ 45°, (d) in the x = z section for SIJ 45°, and (e) in the x = 0 section for CIJ. 
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Figure 10. Three-dimensional (3D) streamlines of SIJ 45° in (a) nozzle outlet and (b) target surface. Smoke flow field with (c) CIJ and (d) SIJ 45° (Re = 6000, h/dj = 2). 
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Figure 11. (a) Three-dimensional (3D) streamlines of jet space and (b) velocity field of jet space. 
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Figure 12. Schematic map for swirling impinging jets. 
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Figure 13. Comparison of SIJ 45° and CIJ: (a,b) temperature distribution, (c,d) Nu distribution, (e,f) turbulent kinetic energy (k) distribution, and (g,h) streamlines and velocity contours in x = 0 section (Re = 12,000 and h/dj = 2). 
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Figure 14. Experimental values of Nu distribution with different Re: (a) h = 2dj and (b) h = 4dj. 
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Figure 15. Experimental results of Nu with different jet spacings: (a) Re = 6000 and (b) Re = 12,000. 
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Figure 16. Variation of pressure loss coefficient (K) of SIJ 45° and CIJ at various Re. 
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Figure 17. Comparison of experimental and predicted Nu values. 
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Figure 18. Comparison of average Nu values of SIJ 45° and that of CIJ in [44]. 
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Figure 19. Comparison of Nu values between CIJ and SIJ (h = 2dj). 
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Table 1. Measuring instruments and the uncertainty.
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	Measurement Parameters
	Symbols
	Measuring Instruments
	Uncertainty





	Temperature
	T
	E-Type thermocouple
	1%



	flow rate
	Q
	Flowmeter
	2.5%



	Pressure
	P
	differential pressure gauge
	0.05%



	Geometric parameters
	L
	Digital caliper
	0.01 mm



	Voltage
	U
	Voltmeter
	0.2%



	Current
	I
	Ammeter
	0.2%
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Table 2. Experimental conditions and partial data measurement values.






Table 2. Experimental conditions and partial data measurement values.





	Condition
	Swirl Angle

(°)
	   Inlet   Temperature   (  K  )   
	   Outlet   Temperature   (  K  )   
	   Environment   Temperature   (  K  )   
	Chamber Pressure

(Pa)
	Flow Rate

   (     m  3    h   )   
	Jet Spacing

   ( h /  d j  )   
	Heat Flux

   (   W     m  2    )   





	Case 1
	45
	296.27
	310.10
	298.45
	166
	1.83
	3
	2625



	Case 2
	45
	294.71
	301.22
	296.12
	590
	2.65
	3
	2746



	Case 3
	 Φ 7 (CIJ)
	297.55
	306.23
	295.42
	108
	1.52
	4
	1035
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