

  aerospace-11-00187




aerospace-11-00187







Aerospace 2024, 11(3), 187; doi:10.3390/aerospace11030187




Article



Effect of Impellers on the Cooling Performance of a Radial Pre-Swirl System in Gas Turbine Engines



Wenjie Shen, Suofang Wang * and Xiaodi Liang





College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China









*



Correspondence: sfwang@nuaa.edu.cn







Citation: Shen, W.; Wang, S.; Liang, X. Effect of Impellers on the Cooling Performance of a Radial Pre-Swirl System in Gas Turbine Engines. Aerospace 2024, 11, 187. https://doi.org/10.3390/aerospace11030187



Academic Editor: Yang Zhang



Received: 17 January 2024 / Revised: 19 February 2024 / Accepted: 23 February 2024 / Published: 26 February 2024



Abstract

:

Impellers are utilized to increase pressure to ensure that a radial pre-swirl system can provide sufficient cooling airflow to the turbine blades. In the open literature, the pressurization mechanism of the impellers was investigated. However, the effect of impellers on the cooling performance of the radial pre-swirl system was not clear. To solve the aforementioned problem, tests were carried out to assess the temperature drop in a radial pre-swirl system with various impeller configurations (impeller lengths l/b ranging from 0 to 0.333). Furthermore, numerical simulations were used to investigate the flow and heat transfer characteristics of the radial pre-swirl system at high rotating Reynolds numbers. Theoretical and experimental investigations revealed that the pre-swirl jet and output power generate a significant temperature drop, but the impellers have no obvious effect on the system temperature drop. By increasing the swirl ratio, the impellers reduce the field synergy angle and thus improve convective heat transfer on the turbine disk. In addition, increasing the impeller length can reduce the volume-averaged field synergy angle and improve heat transfer, but the improvement effectiveness decreases as the impeller length increases. Thus, the study concluded that impellers could improve the cooling performance of the radial pre-swirl system by enhancing disk cooling.






Keywords:


gas turbine engine; radial pre-swirl system; cooling performance; temperature drop; convective heat transfer












1. Introduction


The high temperature of the turbine inlet directly threatens the high-pressure turbine blades and disks. To extend the life of the turbine blades and disks, a radial pre-swirl system is employed [1,2]. The airflow enters the radial pre-swirl system through the pre-swirl nozzles, then accelerates through the receiver holes into the rotor, and ultimately enters the turbine blades via a co-rotating cavity and supply holes, as illustrated in Figure 1. The radial pre-swirl system is responsible for supplying cooling airflow to the turbine blades and cooling the high-temperature turbine disks. Furthermore, because of the increased turbine inlet temperature, high-pressure and low-temperature airflow is beneficial for cooling the turbine blades.



Gas turbine engines feature three types of pre-swirl systems: radial pre-swirl systems, axial pre-swirl systems, and cover-plate pre-swirl systems [1,3,4]. The pre-swirl nozzle, receiver hole, rotating cavity, and supply hole are geometrical characteristics common to pre-swirl systems. Commonly, the pre-swirl nozzles generate significant temperature and pressure drops. Although flow and heat transfer have been extensively studied in the axial and cover-plate pre-swirl systems [5,6,7,8], the radial pre-swirl system has received less attention. Because of the compact layout and the requirement for high pressures, the airflow in the radial pre-swirl system is structured to flow from a low radius to a high radius. In previous studies, the effect of the geometrical parameters of the pre-swirl nozzle was investigated to improve its adiabatic effectiveness and discharge coefficient [9,10,11]. To optimize the flow structure further, Lee et al. [7] proposed vane-shaped pre-swirl nozzles and performed a parameter sensitivity analysis. For the receiver hole, Lee et al. [12] investigated the effect of tilt angle and number. Furthermore, Liu et al. [13] developed vane-shaped receiver holes to enable a high-radius system with low leakage and high temperature drop.



The rotating cavity is an essential component of the radial pre-swirl system which is responsible for increasing the airflow pressure. Owen and Firouzian et al. [14,15,16] were the first to conduct theoretical and experimental studies on the flow inside rotating cavities, and they classified the flow field into four regions: the source region, the Ekman layer, the core region, and the sink region. Under engineering conditions, the rotating cavity does not have Ekman layers and a core region because of the high flow rate required for the turbine blades [17,18]. Thus, the impellers were used to improve the pressurization efficiency of the rotating cavity by significantly increasing the swirl ratio. Previous research [19] investigated the impact of disk shape factors and operating conditions on flow and heat transfer in rotating cavities. The pressurization mechanism of the impeller was investigated in depth, and the results showed that enhanced centrifugal flow could improve centrifugal pressure rise [17]. However, the effect of the impeller on the temperature drop in the radial pre-swirl system is unclear.



Zhang et al. [20] pointed out that the flow and heat transfer in the cavity directly affects the safety of the gas turbine. Thus, different configurations have been proposed to enhance the cooling of the turbine disk. Xia et al. [21] proposed a double-row pre-swirl nozzle to improve heat transfer at a high radius. Ma et al. [22,23] optimized the pre-swirl nozzles and receiver holes in a twin-web turbine disk to decrease the disk temperature and temperature non-uniformity. Furthermore, Taamneh [24] attempted to employ heat pipes to transfer heat from the hot end to the cold end to make the temperature on the turbine disk more uniform. However, this configuration is not yet applicable. In addition, Tang and Cao et al. [25,26] used Bayesian modeling to tackle the inverse heat transfer problem on the disk. It should be noted that the radial pre-swirl system operates in a high-temperature environment, and thermal conditions significantly impact cooling performance. Thus, Lin et al. [27] analyzed the effect of non-uniform wall temperature on the aerodynamic characteristics in a turbine disk cavity. However, the effect of the impellers on heat transfer in the radial pre-swirl system is still unknown.



In general, the open literature revealed the impeller pressurization process, and plenty of analysis has been carried out on pre-swirl nozzles and receiver holes. However, the effect mechanism of impellers on the cooling performance of a radial pre-swirl system has not been investigated. In this study, the theory and tests are utilized to investigate the conversion of power and heat in a radial pre-swirl system. Furthermore, numerical simulations are performed to study the effect of the impellers on the field synergy angle and heat transfer.




2. Test Configuration


2.1. Test System


As illustrated in Figure 2, a test system for investigating the radial precession system is developed. A screw compressor provides the airflow supply for the test system, and the flow rate is controlled by five solenoid valves. The airflow enters the test rig through four static holes and is discharged into the atmosphere after passing through the test rig, as indicated by the blue arrows. A 15kW motor rotates the test rig directly via a coupling, with the rotating speed controlled by a frequency converter. Furthermore, a data recorder is attached to the shaft end.




2.2. Test Rig and Measuring Instruments


Figure 3a illustrates the geometrical parameters of the test rig. The outer radius b of the rotating cavity is 142 mm. The inlet radius rni/b and outlet radius rno/b of the pre-swirl nozzle are 0.929 and 0.586, respectively. The inlet radius rri/b and outlet radius rro/b of the receiver hole are 0.558 and 0.532, respectively. The radius rs/b of the centerline of the supply hole is 0.909. The thickness h/b of the pre-swirl nozzle and the diameter ds/b of the receiver hole are 0.034 and 0.037, respectively. It should be noted that the concave cavity is a co-rotating cavity with an equal inlet and outlet radius.



In the configuration, the tangential angle of the pre-swirl nozzle is 15° and the receiver hole does not have any inclined component. In this study, four impeller disks are investigated, as shown in Figure 2b. Due to the small axial width of the rotating cavity, the impellers and the upstream disk are machined in one piece. When the upstream and downstream disks are assembled, the impellers will fit closely to the downstream disk. The low radius rii/b of the impellers is fixed at 0.542 and their length l/b ranges from 0 to 0.333, where l = rio − rii. Especially, when l = 0, the radial pre-swirl system does not have impellers. The number of pre-swirl nozzles, receiver holes, impellers, and supply holes are 21, 51, 48, and 48, respectively. Table 1 demonstrates the test conditions.



Four vortex-shedding flowmeters are used to record the flow rate, their test range and accuracy are 20~1000 m3/h and ±1 m3/h, respectively. A photoelectric tachometer is used to measure the rotating speed, its test range and accuracy are 2.5~99999 rev/min and ±1 rev/min, respectively. Several K-type thermocouples are used to measure the temperature; their test range and accuracy are 150~700 K and ±0.5 K, respectively. The pressure is measured by a pressure scanner, measuring from 0 kPa to 500 kPa with an accuracy of 0.01% reading value.




2.3. Dimensional Parameters


To evaluate the effect of impellers on the cooling performance of the radial pre-swirl system, some dimensionless parameters need to be determined. The rotating Reynolds number     R e   ϕ     and dimensionless flow rate     C   w     are critical parameters to control flow and heat transfer, and they determine the operating conditions of the radial pre-swirl system [4].


    R e   ϕ   = ρ ω   b   2   / μ  



(1)






    C   w   = m / μ b  



(2)




where ρ, ω, and μ denote density, rotating angular velocity, and dynamic viscosity, respectively. In the rotor, the relative total pressure and relative total temperature of the airflow are the cooling parameters for the turbine disks and turbine blades. The pressure coefficient and temperature coefficient are defined as follows.


    C   p   = (   p   i n   *   −   p   o u t   *   ) /   p   i n   *    



(3)






    C   T   = (   T   i n   *   −   T   o u t   *   ) /   T   i n   *    



(4)




where     p   i n   *     and     T   i n   *     are the total pressure and total temperature at the system inlet, respectively.     p   o u t   *     and     T   o u t   *     denote the relative total pressure and relative total temperature at the system outlet, respectively.



For pre-swirl nozzles, the swirl ratio can characterize the pre-swirl velocity and be used to evaluate temperature drop [9]. Furthermore, Shen et al. [28] demonstrated that the swirl ratio in a rotating cavity is proportional to temperature rise.


  S r =   V   ϕ   / ω b  



(5)









3. Computational Procedure


3.1. Computational Model and Boundary Conditions


The computational model is extracted from the test rig as shown in Figure 4. The airflow enters the rotor via the pre-swirl nozzles, then flows from the low radius to the high radius via the concave and rotating cavities, and ultimately exits the computational domain through the supply holes. To save computational resources, a computational domain of 1/3 of the entire model is chosen, and the computational domain sides are thus set as periodic surfaces.



For the aforementioned model, the system inlet is set as the mass flow rate boundary. The stator, receiving holes and concave cavity are defined as adiabatic walls. Furthermore, the upstream and downstream disks are identified for later investigation. With reference to Lin et al. [27], a heat flux of 20,000 W/m2 is specifically applied to the supply holes, impellers, downstream disk, and upstream disk. In practice, the radial pre-swirl system must supply high-pressure airflow to meet the turbine blade cooling requirements. As a result, the system outlet is configured to the static pressure boundary. For the steady simulation of pre-swirl systems, the frozen rotor algorithm is recommended to be applied to the rotor-stator interface [8,29,30,31]. The specific boundary conditions are shown in Table 2.




3.2. Computational Method and Grid


CFX software is used to simulate steady flow and heat transfer. Compared to the k-ε model, the RNG k-ε model is able to predict the swirl flow better due to its descriptive mechanism [32,33]. Thus, the RNG k-ε model is chosen. The airflow is defined as an ideal compressible fluid. The total energy algorithm and scalable wall function are used to simulate the heat transfer and boundary layer, respectively.



The Reynolds mean momentum equation is:


    ∂ ρ U   ∂ t   +   ∂   ρ   U   i     U   j       ∂   x   j     −   ∂   ∂   x   j       μ     ∂   U   i     ∂   x   j     +   ∂   U   j     ∂   x   i         = −   ∂   p   ″     ∂   x   i     −   ∂   ρ     u   i     u   j    ¯      ∂   x   j     +   S     M   i      



(6)




where     p   ″     is the modified pressure and     S     M   i       is the sum of body forces and the fluctuating Reynolds stress.


    p   ″   = p +   2   3   μ   ∂   U   k     ∂   x   k      



(7)







Meshing software is used to generate unstructured grids, as shown in Figure 5. The maximum grid size is 1.8 mm. The grid height of the first layer near the wall is set to 0.02 mm, and its growth rate is 1.1. In particular, the grids in the pre-swirl nozzles and the receiver holes are encrypted to 1 mm.




3.3. Validation


A grid independence test is performed, as shown in Figure 6a. The rotating Reynolds number and dimensionless flow rate are 1.36 × 106 and 6.08 × 104, respectively. The impeller length l/b is 0.333. The temperature coefficient shows a tendency to increase and then flatten out as the grid number increases. To save computational resources, 3.5 million is chosen as the reference.



Tests are used to validate the effectiveness of the computational model and methods, as shown in Figure 6b. The validation model is a radial pre-swirl system with l/b = 0.333 impellers. It should be noted that the validation model does not consider labyrinth sealing. Overall, the relative average error between the experimental and numerical results is 7.26%, indicating that the methods of this study are valid.





4. Theoretical Analysis


Before analyzing the experimental and numerical results, we attempt to investigate theoretically the temperature drop in the radial pre-swirl system based on the conservation of energy. We classified the temperature sites inside the radial pre-swirl system into six groups based on geometrical parameters, as shown in Figure 7.     T   0   *     indicates the total temperature at the system inlet in the absolute coordinate system.     T   1   *    ,     T   2   *    ,     T   3   *    ,     T   4   *    , and     T   5   *     are the respective relative total temperatures at the receiver hole inlet, receiver hole outlet, rotating cavity inlet, supply hole inlet, and system outlet. Because the heat flux on the wall is a separately analyzable heat source, theoretical analysis treats all walls of the radial pre-swirl system as adiabatic.



In the adiabatic absolute coordinate system, the total temperature between the system inlet and the receiver hole inlet remains constant, therefore,


    T   0   *   =   T   1   +         S r   1   ω   r   1       2     2   C   p      



(8)




where     S r   1     and     r   1     denote the swirl ratio and radius at the receiver hole inlet.     C   p     represents the specific heat capacity at constant pressure. The relative total temperature at the receiver hole inlet is


    T   1   *   =   T   1   +           S r   1   − 1   ω   r   1       2     2   C   p     +       V   1     2     2   C   p      



(9)




where     V   1     indicates the vector sum of the axial and radial velocities at the receiver hole inlet, as shown in Figure 7. Thus, the relative total temperature drop between the system inlet and the receiver hole inlet is expressed as:


  Δ   T   0 − 1   *   =         S r   1   ω   r   1       2     2   C   p     −           S r   1   − 1   ω   r   1       2     2   C   p     −       V   1     2     2   C   p      



(10)







In the rotating coordinate system, the static temperature drop in the receiver hole is


    T   1     − T   2   =       w   2     2   −     w   1     2     2   C   p     +     ω   2       r   1     2   −   ω   2       r   2     2     2   C   p      



(11)




where     w   1     and     w   2     denote the relative velocity at the inlet and outlet of the receiver hole, respectively, (vector sum of the axial, radial, and relative tangential velocities).     r   2     is the radius at the receiver hole outlet. At the same time, the relative total temperature at the receiver hole outlet is


    T   2   *   =   T   2   +           S r   2   − 1   ω   r   2       2     2   C   p     +       V   2     2     2   C   p      



(12)




where     V   2     is the vector sum of the axial and radial velocities at the receiver hole outlet, as shown in Figure 7. Thus, the temperature drop in the receiver hole is


  Δ   T   1 − 2   *   =     ω   2       r   1     2   −   ω   2       r   2     2     2   C   p      



(13)







the relative total temperature at the rotating cavity inlet is


    T   3   *   =   T   3   +           S r   3   − 1   ω   r   3       2     2   C   p     +       V   3     2     2   C   p      



(14)




where     S r   3     and     r   3     denote the swirl ratio and radius at the rotating cavity inlet, respectively. In the concave cavity, ignoring the conversion of power and heat between the airflow and the wall, the absolute total temperature is constant.


    T   2   +         S r   2   ω   r   2       2     2   C   p     +       V   2     2     2   C   p     =   T   3   +         S r   3   ω   r   3       2     2   C   p     +       V   3     2     2   C   p      



(15)




where     V   3     is the vector sum of the axial and radial velocities at the rotating cavity inlet. Thus, the temperature drop between the receiver hole outlet and the rotating cavity inlet is


  Δ   T   2 − 3   *   =         S r   3   ω   r   3       2     2   C   p     −         S r   2   ω   r   2       2     2   C   p     +           S r   2   − 1   ω   r   2       2     2   C   p     −           S r   3   − 1   ω   r   3       2     2   C   p      



(16)







when the rotating cavity is empty or the low radius of the impellers is higher than the receiver hole outlet, the swirl ratio at the receiver hole outlet is basically equal to that at the rotating cavity inlet (    S r   2   ≈   S r   3    ). Thus, the relative total temperature drop in the concave cavity is 0. In the rotating cavity, the static temperature drop is


    T   3     − T   4   =       w   4     2   −     w   3     2     2   C   p     +     ω   2       r   3     2   −   ω   2       r   4     2     2   C   p      



(17)




where     w   3     and     w   4     denote the relative velocity at the rotating cavity inlet and the supply hole inlet, respectively.     r   4     is the radius at the supply hole inlet. The relative total temperature at the supply hole inlet is


    T   4   *   =   T   4   +       w   4     2     2   C   p      



(18)







therefore, the relative total temperature drop in the rotating cavity is


  Δ   T   3 − 4   *   =     ω   2       r   3     2   −   ω   2       r   4     2     2   C   p      



(19)







in the supply hole, the absolute velocity of the airflow increases rapidly, with a static temperature drop of


    T   4     − T   5   =       w   5     2   −     w   4     2     2   C   p      



(20)




where     w   5     indicates the relative velocity at the supply hole outlet. The relative total temperature at the supply hole outlet is


    T   5   *   =   T   5   +       w   5     2     2   C   p      



(21)







as a result, the temperature drop   Δ   T   4 − 5   *     in the supply hole is 0. Overall, the system temperature drop is expressed as


  Δ   T   *   =       2   S r   1   − 1     ω   r   1       2     2   C   p     −       V   1     2     2   C   p     +     ω   2       r   1     2   −   ω   2       r   2     2     2   C   p     +     ω   2       r   3     2   −   ω   2       r   4     2     2   C   p      



(22)







In theory, the pre-swirl jet and the centrifugal force in the receiving hole are the main factors causing the temperature drop (the first and third terms of Equation (22)). Conversely, the centrifugal force in the rotating cavity will generate a temperature rise. In practice, the impellers increase the pressure in the radial pre-swirl system, reducing density and increasing velocity. Shen et al. [17] have shown that there is no significant increase in density in the rotating cavity, due to the low swirl ratio limiting the pressurization efficiency of the rotating cavity. Thus, under ideal conditions (flow rate is constant and leakage is ignored), Equation (22) indicates that the impellers have no significant effect on the system temperature drop.




5. Results and Discussion


5.1. Numercial Results


5.1.1. Flow Structure and Distribution of Pressure and Temperature


Figure 8 illustrates the swirl ratio in the rotors. Because of the accelerating effect of the pre-swirl nozzle, the receiver hole inlet has a high swirl ratio. However, the receiving hole forces the swirl ratio to be reduced to around 1. According to angular momentum conservation, the swirl ratio increases gradually with decreasing radius in the concave cavity. Furthermore, it can be found in detail that the swirl ratio at the receiver hole outlet and the rotating cavity inlet are essentially the same. In the radial pre-swirl system without impellers, the swirl ratio in the rotating cavity decreases as the radius increases. However, the impellers increase the swirl ratio in the corresponding region to 1. Overall, the impellers affect the swirl ratio in the rotating cavity and have no significant effect on the receiving hole and concave cavity.



Figure 9 shows the relative total pressure in the rotors. The receiver hole has a significant local pressure loss compared to the rotating cavity and supply hole. To provide low-temperature airflow to the turbine blades, the radial pre-swirl system generates a high-velocity jet. Therefore, the high swirl ratio at the pre-swirl nozzle outlet inevitably generates a strong energy dissipation. In a rotating cavity, the static pressure rise is associated with the swirl ratio as follows [16]:


  Δ p =   ω   2     ∫    r   1       r   2      ρ r   S r   2     d r  



(23)







Regardless of axial and radial velocities, the relative total pressure rise is:


  Δ   p   *   =   ω   2     ∫    r   1       r   2      ρ r   S r   2     d r +       S r   2   − 1     2     ω   2     r   2   2   −       S r   1   − 1     2     ω   2     r   1   2    



(24)







Therefore, the impellers can improve the pressurization efficiency of the rotating cavity by increasing the swirl ratio. Furthermore, it can be found in detail that the local pressure loss at the supply hole is reduced due to the reduced relative tangential velocity. Statistically, the relative total pressure at the inlet of the rotor without and with impellers is 1.294 kPa and 1.284 kPa, respectively.



Figure 10 illustrates the distribution of relative total temperature in the two radial pre-swirl systems. Because of the input power in the rotating coordinate system, the relative total temperature in the rotating cavity tends to increase with increasing radius. Compared with the radial pre-swirl system without impellers, the relative total temperature at the outlet of the radial pre-swirl system with impellers is reduced by 0.3K. It is crucial to note that the effect of the impellers on the relative total temperature is weak due to the low swirl ratio limiting the pressurization efficiency, which is consistent with the theoretical investigation (see Equation (22)).




5.1.2. Heat Transfer on the Disks


The radial pre-swirl system not only needs to provide cooling airflow to the turbine blades but also is responsible for cooling the high-temperature turbine disk, and thus, controlling the tip clearance [34]. The velocity field and temperature field are very important for the flow and heat transfer in a radial pre-swirl system. For single-phase flow and heat transfer, Guo et al. [35,36] proposed the field synergy principle and used the field synergy angle   β   to quantify the heat transfer. The field synergy angle is defined as the angle formed by the velocity vector and the temperature gradient, and convective heat transfer improves as the field synergy angle decreases.


  c o s β =     V  →  · ∇   T  →        V  →    ·   ∇   T  →       



(25)







Figure 11 shows the distribution of the field synergy angle in the two radial pre-swirl systems and the distribution of the Nusselt number   N u =   q   w   r / k (   T   w   −   T   r   )  , where k and     T   r     = 660 K denote the thermal conductivity of air and the reference temperature, respectively. The cloud of the Nusselt number rotates clockwise. The velocity vector in the receiver hole converges with the temperature gradient due to the rapid increase in swirl ratio, causing the field synergy angle to decrease rapidly. When airflow exits the receiver hole, the high relative velocity causes the field synergy angle to develop rapidly. In the rotating cavity, the jet generates a high Nusselt number on the downstream disk, and the high radial velocity minimizes the field synergy angle. Especially, as the impellers change the flow structure, some of the airflow at the low radius flows to the upstream disk [17]. Therefore, the field synergy angle in the corresponding region decreases and the Nusselt number increases. Furthermore, at the high radius, the impellers reduce the relative tangential velocity by increasing the swirl ratio, thus improving the heat transfer on the disks. It is important to note that there is a low Nusselt number near the leeward surface at the top of the impellers, which may be due to vortices.



Figure 12 depicts the distribution of temperature on the disks. Because of the high Nusselt number, the disks have a low temperature at their low radius. It should be noted that the current impeller configuration will deteriorate local heat transfer and cause a temperature rise. In future research, the impeller profile must be optimized to remove the negative effects of local vortices.



The volume-averaged field synergy angle in the rotating cavity is used to analyze the comprehensive effect of impellers and operating conditions on heat transfer, as shown in Figure 13. The volume-averaged field synergy angle decreases as the rotating Reynolds number increases, owing to a more uniform velocity field as a result of the decreasing swirl ratio at the rotating cavity inlet. As the dimensionless flow rate increases, the volume-averaged field synergy angle shows a weak increasing trend. Furthermore, as the impeller length increases, the field synergy angle decreases, indicating that convective heat transfer on the turbine disk improves. Compared with the radial pre-swirl system without impellers, the volume-averaged field synergy angle of the radial pre-swirl system with impellers (l/b = 0.333) is reduced by 3.47%. It can be observed that the decreased rate in the volume-averaged field synergy angle decreases with increasing impeller length, which is due to the fact that the growth of the longer impeller has less effect on the velocity field.





5.2. Experimental Results


5.2.1. Pressure Drop Characteristics


Figure 14 illustrates the effect of the rotating Reynolds number on the relative total pressure along the path in the radial pre-swirl system. The pressure rise in the rotating cavity increases with the increase in the rotating Reynolds number, and the reduced swirl ratio at the pre-swirl nozzle outlet results in a lower local pressure loss. For the supply hole, the local pressure loss increases due to the increased rotating Reynolds number increasing the relative velocity. Especially, the change in the stagnation state and the high local pressure loss at the receiver hole cause an extremely high pressure drop between the system inlet and the receiver hole outlet, which is even higher than the system pressure drop. In addition, the relative total pressure at the system inlet decreases as the rotating Reynolds number increases. However, it should be noted that the effect of the rotating Reynolds number on the system pressure drop is weak under the test range, as shown in Figure 15. However, because the mass flow rate has a significant effect on the swirl ratio at the pre-swirl nozzle outlet, the system pressure drop increases significantly with the increase in the dimensionless flow rate.




5.2.2. Temperature Drop Characteristics


Figure 16 illustrates the effect of the rotating Reynolds number on the relative total temperature in the radial pre-swirl system (l/b = 0.333). Because of the rotating coordinate system, the relative total temperature decreases significantly between the system inlet and the receiver hole outlet. Furthermore, the relative total temperature between the receiver hole outlet and the supply hole outlet increases as the input power of the impellers increases. During the test, the temperature at the system inlet is determined by the screw compressor, thus, the rotating Reynolds number has no effect. The rotating coordinate system accelerates as the rotating Reynolds number increases, and the relative total temperature at the receiver hole outlet steadily falls. However, the temperature rise in the rotating cavity is growing.



The effect of rotating Reynolds number and dimensionless flow rate on the temperature coefficient is shown in Figure 17. As the rotating Reynolds number increases, the swirl ratio at the receiver hole inlet decreases, decreasing output power and temperature. However, the temperature coefficient shows an increasing trend due to the acceleration of the rotating coordinate system. Furthermore, because the swirl ratio at the receiver hole inlet increases with increasing dimensionless flow rate, the temperature coefficient increases with increasing output power. It can be observed that the impellers have no significant effect on the temperature coefficient, which is consistent with theoretical analysis. In addition, the tests were not completed in just one day due to the need to replace the impeller disks, which resulted in changes in the ambient temperature and system inlet conditions.






6. Conclusions


In this study, the effect of the impellers on the cooling performance of a radial pre-swirl system was investigated. The theory was developed to analyze the conversion mechanism of power to heat in the radial pre-swirl system. Tests were carried out to investigate the effect of the impellers and operating conditions on the system temperature drop. Furthermore, numerical simulations were utilized to analyze the flow and heat transfer characteristics in the radial pre-swirl system in detail. The main conclusions of this study are as follows:




	
Compared with the radial pre-swirl system without impellers, the radial pre-swirl system with impellers has a higher swirl ratio in the rotating cavity. Due to the direct influence of the impellers, the relative tangential flow is restricted, which improves the pressurization efficiency of the rotating cavity and decreases local pressure loss at the supply hole. Furthermore, the system pressure drop and system temperature drop decrease and increase as the impeller grows, respectively.



	
Reducing the system pressure drop is beneficial to increasing the system temperature drop. The impellers decrease the pressure at the rotor inlet by improving the aerodynamic performance of the radial pre-swirl system. At the same time, the increasing pre-swirl velocity increases the temperature drop caused by the acceleration of the airflow.



	
The impellers enhance heat transfer on the disks. Because the impellers reduce the relative tangential velocity, the angle between the velocity vector and the temperature gradient decreases, resulting in a low field synergy angle and a high Nusselt number. However, vortices present at the top of the impellers worsen the local heat transfer.



	
As the rotating Reynolds number increases, the system pressure drop and system temperature drop decrease and increase, respectively. The increased rotating Reynolds number reduces the local pressure loss at the receiver hole and increases the pressure rise in the rotating cavity, thus reducing the system pressure drop. Because the mass flow rate directly affects the swirl ratio at the pre-swirl nozzle outlet, the system pressure drop and system temperature drop increase significantly with the increase in the dimensionless flow rate.








This study provides insight into the thermal characteristics of the radial pre-swirl system with impellers. Theoretical and experimental results show that when the mass flow rate is constant, the impellers have no significant effect on the system temperature drop. However, in engineering, the mass flow rate is influenced by the impellers. Thus, future research should focus on the effect of impellers on the flow distribution in gas turbine engines. Additionally, modifying the impeller profile is a method of improving heat transfer on the disks.
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Abbreviations




	
b

	
Outer radius of the rotating cavity




	
Cm

	
Dimensionless flow rate




	
Cp

	
Specific heat capacity at the constant pressure




	
CT

	
Temperature coefficient




	
ds

	
Diameter of the supply hole




	
h

	
Thickness of the pre-swirl nozzle




	
l

	
Impeller length




	
m

	
Mass flow rate




	
Nu

	
Nusselt number




	
r

	
Radius




	
Reϕ

	
Rotating Reynolds number




	
Sr

	
Swirl ratio




	
T

	
Static temperature




	
T*

	
Relative total temperature




	
Vϕ

	
Tangential velocity in the stationary frame




	
w

	
Relative velocity




	
wrel

	
Shaft power




	
Greek




	
ρ

	
Density




	
ω

	
Rotating angular velocity




	
β

	
Field synergy angle




	
μ

	
Dynamic viscosity




	
Subscripts




	
no

	
Pre-swirl nozzle outlet




	
ni

	
Pre-swirl nozzle inlet




	
out

	
System outlet




	
in

	
System inlet




	
io

	
Outer radius of the impeller




	
ii

	
Inner radius of the impeller




	
ro

	
Receiver hole outlet




	
ri

	
Receiver hole inlet




	
ϕ

	
Tangential component
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Figure 1. Schematic diagram of a radial pre-swirl system. 
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Figure 2. Test configuration: (a) test system, and (b) test bench. 
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Figure 3. Test rig: (a) geometrical parameters, and (b) impeller disks. 
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Figure 4. Computational model. 






Figure 4. Computational model.
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Figure 5. Grid structure. 
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Figure 6. Grid independence test and method validation: (a) grid test, and (b) validation. 
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Figure 7. Temperature points and local velocity vectors in the radial pre-swirl system. 
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Figure 8. Distribution of swirl ratio: (a) l/b = 0, and (b) l/b = 0.333. Reϕ = 6.79 × 106 and Cw = 1.55 × 105. 
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Figure 9. Distribution of the relative total pressure: (a) l/b = 0, and (b) l/b = 0.333. Reϕ = 6.79 × 106 and Cw = 1.55 × 105. 
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Figure 10. Distribution of relative total temperature: (a) l/b = 0, and (b) l/b = 0.333. Reϕ = 6.79 × 106 and Cw = 1.55 × 105. 
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Figure 11. Distribution of field synergy angle and Nusselt number on the disks: (a) field synergy angle l/b = 0, (b) Nusselt number l/b = 0, (c) field synergy angle l/b = 0.333, and (d) Nusselt number l/b = 0.333. Reϕ = 6.79 × 106 and Cw = 1.55 × 105. 
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Figure 12. Distribution of temperature on the disks: (a) l/b = 0, (b) l/b = 0.333. Reϕ = 6.79 × 106 and Cw = 1.55 × 105. 
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Figure 13. Volume-averaged field synergy angle in the rotating cavity under different operating conditions: (a) rotating Reynolds number, and (b) dimensionless flow rate. 
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Figure 14. Relative total pressure along the path in the radial pre-swirl system. l/b = 0.333 and Cw = 4.11 × 104. 
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Figure 15. Effect of rotating Reynolds number and dimensionless flow rate on system pressure drop. l/b = 0.333. 
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Figure 16. Relative total temperature along the path in the radial pre-swirl system. l/b = 0.333 and Cw = 4.11 × 104. 
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Figure 17. Effect of rotating Reynolds number and dimensionless flow rate on system temperature drop. l/b = 0.333. 
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Table 1. Test conditions.
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	Parameters
	Values





	Rotating speed/(rev/min)
	600, 900, 1200, 1500, 1800, 2100,

2400, 2700, 3000, 3300, 3600



	Mass flow rate/(kg/s)
	0.057, 0.072, 0.085










 





Table 2. Boundary conditions.






Table 2. Boundary conditions.





	Parameters
	Values





	Outlet static pressure/kPa
	926



	Inlet total temperature/K
	723



	Rotating speed/(rev/min)
	12,000, 14,000, 16,000, 18,000, 20,000



	Mass flow rate/(kg/s)
	0.66, 0.72, 0.78, 0.84, 0.9
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Radialt
velocity

ﬁ r Axial v\clo\city

.

e 1 Axial velocity
Radial.velocityy g P
ORI 7Y





media/file4.png
Screw compressor Data recorder Testrig Coupling Motor

Solenoid valve
Air tank
s O
‘Airflow direction

S D o P
> | —

— .
Vortex flowmeter Bearing

(a) (b)






media/file30.png
0.50

0.45

0.40

0.35

0.30

—a—C, =4.11x10"
—e—(,=5.13x10"
—A—(C, =6.08x10"

A—A—A—A— A A A A A A,
®o— ®o— Y Py Py - Y -

L . 1 ]

3 6 9

12





media/file18.png
p*/ Pa

1.320 x 10¢
1.280 x 106
1.240 x 10°
1.201 x 10¢
1.161 x 10°
1.121 x 10¢
1.081 x 10¢
1.041 x 10¢
1.002 x 10°
9.617x 10°
9.219x 103
8.821x 105
8.423x 1035
8.025x 10°
7.627% 10°

(a)

p*/Pa

1.320x 10°
1.280x 106
1.240x 10°
1.200x 10¢°
1.161x 10°
1.121x 10°
1.081x 10
1.041x 10°
1.001x 10°
9.616x 10°
9.218x 10°
8.820x 10°
8.422x 105
8.025x 10°
7.627x 10°

(b)





media/file21.jpg
Na

N

(©

000000
5714
a9
357143
12597
w572
1426
2500000
25714
207429
froary
162557
1428571

121428
1100000

Upstream disk

Dowmstream disk

000000
5714
3571409
357143
31287
w8572
7428
2500000
25714
2070429
187143
1632857
1428571

121428

1000000
Downstream disk

(d)





media/file26.png
Volume-averaged FSA / °

87

84

81

78

75

—a— /b= 0
—o— [/b=0.064
—A—[/b=0.142
—e—//b=0.333
|
\.\.\
.\. .\.
‘\A\o
\.\

Volume-averaged FSA / °

88
—a—//b=0
—o— [/ =0.064
—A—[/h=0.142
&r —e—I/b =0.333
21 S ] I .
o—O0—o o———80 9o
79 B A\ _——A
* o ¢
76 ] ] M ]
1.2 1.4 1.6 1.8
5
Cw / 10

2.0





media/file27.jpg
p*/kPa

190

—a— Re, = 1.63x10°
—e— Re,=328x10°

170 F —A— Re,=4.92x10°
—v— Re,=6.53x10°
—4— Re,=8.16x10°

150 - —+— Re,=9.81x10°

130+

110 b— . L .

System inlet  Receiver hole outlet Supply hole inlet ~ System outlet

Locations





media/file3.jpg
Screw compresmor Data recorder Testrig  Coupling  Motor

> . =
o

><
-, [Tt
> Bl 5

Vortex flawmeier

@ (b)





media/file22.png
(c)

Nu

4000.000
3785.714
3571.429
3357.143
3142.857
2928.572

- 2714.286

2500.000
2285.714
2071.429
1857.143
1642.857
1428.571
1214.286
1000.000

4000.000
3785.714
3571.429
3357.143
3142.857
2928.572
2714.286
2500.000
2285.714
2071.429
1857.143
1642.857
1428.571
1214.286
1000.000

Upstream disk

Downstream disk

(b)

Upstream disk

Downstream disk

(d)






media/file35.png





media/file19.jpg
VK
o
el
5
et
ity
e
pored
el
e
s
P
a0

(b)






media/file7.jpg





media/file28.png
190
—8— Re, = 1.63x10°
—o— Re,=3.28x10°
170 | —&— Re ;= 4.92x10°
Re ;= 6.53x10°

w —— Re,=8.16x10°
= 150} Re,;=9.81x10°
i)

130 |

110 1 1 1 1

System inlet Receiver hole outlet Supply hole inlet ~ System outlet

Locations





media/file10.png
Stator |






media/file33.jpg
(\I

0.024

0.018

0.012

0.006

0.000
0

-,

4.11x10"' WC, = 5.13x10' HELC,

608107

(b

=0
h=0

=0

—e—1/h=0.064
- o= Ib=0.064
-e - Ib=0.064
—A—/b=0.142
- A~ Ih=0.142
A 1b=0.142
- Uh=0333
e Ih=0333






media/file32.png
T /K

300

297

294

291

288

285

w‘ NS
S
»
\\\\\\\ . _ ”,
\N \\ ~ < - -
\ \\\ ~ - - ’/ g 2 2
NN s e T,
\ NSNS - P /
\ \\‘.’ P [ //
\\ \A/ g ,/
\ 7
\ ,’
5 ‘o’ 5
- m- Re,=1.63x10 4 Re ;= 6.53x10
- o Re¢=3.28><105 - & Re¢=8.16><105
- A- Re¢=4.92><105 Re¢=9.81><105

System inlet ~ Receiver hole outlet Supply hole outlet

Locations






media/file14.png
’, - - . i
’ 1 -
Re Axial Velo\clty
' \

5, : “
| |

I .- |

T N, l
1 I
‘ VCIOClty ;
1

T | |

\\ ! Axial velocity
Radial.velocityy \ ¢
o i _ V2 p

’O
------





media/file11.jpg
pEE
: : ey 10°
(@ ®)





media/file6.png
Fs

t Tl

N
&
3
—
A\






media/file15.jpg
(a) (b)





nav.xhtml


  aerospace-11-00187


  
    		
      aerospace-11-00187
    


  




  





media/file16.png
(a) (b)





media/file2.png
Pre-swirl
nozzle

Receiver
hole

Supply
hole

Impeller

Co-rotating
cavity





media/file20.png
T* K

T*/ K 710.000
710.000 700429
706.429 702.857
702.857 699.286
699.286 695.714
695.714 692.143
692.143 688.571
688.571 685.000
685.000 681.429
681.429 677.857
677.857 36
70714

ggg.z Al‘;l 667.143
663.571 663.571
660.000

660.000

(a) (b)





media/file23.jpg
YK T/K

o o

b

15 brid

ikt Tos

] s eI Y

| e 13657 ) Vil 1
whstream dis¥

@ (b)





media/file5.jpg





media/file24.png
T* K ™K
766.000 766.000
760.786 760.786
50357 15035
s 750.357
739.929 s
