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Abstract: The proposed work focuses on the in-depth study of convective heat transfer in the unconfined air gap of a discoidal rotor-stator system. The rotary cooling mechanism is achieved by the injection of two air jets, while the cavity geometry is characterized by a dimensionless parameter G. The numerical analysis primarily concentrated on the effect of flow velocity and rotation on the heat exchange process. More precisely, the range of analysis extends from the rotational Reynolds number Reω=2.35×105 to Reω=5.04×105, while varying the Reynolds value of the jet in a range from 16×103 to 55.46×103. To carry out this analysis, a numerical simulation was conducted with Ansys-Fluent software, using the RSM turbulence model. The results of the study significantly reveal the impact of rotation on heat exchange transfer within the cavity, identifying two distinct zones of fluid recirculation. These zones exhibit remarkable heat transfer characteristics, contributing to a better understanding of the complex mechanisms governing heat transfer in this particular technological context. Additionally, the analysis of radial mean velocity distributions, as well as local and mean Nusselt numbers, provides further insight into the heat transfer performance of this unique configuration.
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Dimensionless Numbers



	G
	Dimensionless spacing between rotor and stator



	Nu
	Local Nusselt number



	Nu¯
	Mean Nusselt number



	Reω
	Rotational Reynolds number



	Rej
	The jet Reynolds number



	Nomenclature




	D
	Jet diameter (m)



	H
	Rotor-stator spacing (m)



	h
	Convective heat transfer (W.m−2.K−1)



	Rd
	Outer radius of rotor (m)



	Rj
	Jet radius (m)



	r
	Radial position on the rotor (m)



	T∞
	Atmospheric temperature (K)



	T rotor
	Temperature of the heated rotor surface (K)



	Uj
	Mean velocity of the jet (m.s−1)



	Ur
	Radial component of velocity (m.s−1)



	Uθ
	Tangential component of velocity (m.s−1)



	Z
	Axial position





1  Introduction

The cooling of wind turbine rotors represents a major challenge for a number of research projects, as well as the research carried out in [1,2] explored in depth the flow structure and heat exchange in a rotor-stator system for a better understanding. Reference [3] studied theoretically and experimentally the impact of an air inlet at the center of the stator on mass and heat transfer for different distances between the discs. The effect of the jet was to accelerate air renewal and disrupt the shear layer formed by disk rotation at this point, generating vortices at the jet exit. The work of [3,4] has also highlighted the effect of jet size and separation of the spray exit point from that of the impact surface on these heat transfer phenomena. Several studies have been carried out in similar configurations, including that of [5], who investigated the influence of gap ratio on heat transfer. In their study, they compared experimental results using k-ω SST turbulence to determine the deceleration point of the Nusselt coefficient (Nur) expression and the location of the second peak of a Nur distribution. Furthermore, reference [5] examined the location of the 2nd peak of the Nusselt profile, which describes the heat transfer distribution at the surface of the rotating disk. Their observations reveal that this second peak, corresponding to a further increase in heat transfer, is located at some distance from the jets. These results suggest that the interaction between the jets and the disc surface creates privileged zones where heat transfers are more intense. References [6,7] carried out a study of heat exchange inside a rotor equipped with a jet. They used thermographic imaging to measure the heat exchange coefficient along the rotor, varying parameters such as and flow rate. Their research indicated that, whatever the combination of flow parameters, the use of flow always improved heat exchange compared with the non-jet configuration. They also observed that the near-stop zone was highly dependent on flow rate. Similarly, at the outer radii of the rotor, the Nusselt number, which measures heat exchange, depends on both flow rate and Reynolds number. In their studies, references [6,8] have formulated relationships for the average Nusselt number, taking into account different ranges of ratio dimensions. These correlations make it possible to predict heat exchange in the rotor system as a function of flow conditions and geometric parameters this study was complemented by that of [9]. In this study, new calculations based on a Reynolds stress model were confronted with particle image velocimetry measurements and predictions from a k-ω SST model for a jet flow impacting a rotating disk in an unwrapped discoidal rotor-stator system. The results identified three distinct flow regions, characterized turbulence intensity, and found increased heat transfer in the jet-dominated region, with a notable influence of jet Reynolds number on heat transfer distribution. All these data were compared with the k-ω SST and RSM models of [9] in a similar geometry. The aim of this study is to numerically validate the experiments of [6,10], to propose a numerical model of two-jet cooling, and to analyze heat exchange and flow characteristics in a specific configuration using Ansys-Fluent [11] numerical simulation software, renowned for its accuracy in 3D modeling. To study flow and heat transfer, reference [12] numerically explored the effect of air friction heating on the rotor-stator micro-cavity at high speed, analyzing the influence of centrifugal force and spacing. Reference [13] analyzed the vortex flow and heat transfer properties of a rotor-stator cavity configuration. Reference [14] also numerically examined the heat transfer properties in the rotor-stator cavity using steady-state flow analysis. Kim et al. [15] conducted an experimental study of the central flow region of the rotor-stator disk cavity on a low-speed turbine test facility. Yang et al. [16] numerically and experimentally investigated the flow and heat transfer for a simplified rotor-stator pre-swirl system with the radial outflow.

2  Experimental Study

The experimental setup [6,10] shown in Figs. 1 and 2 features an aluminum stator with an outer radius of 310 mm. To study various configurations, we have the flexibility to adjust the spacing between the rotor and stator within a range of 3 to 50 mm, enabling us to obtain scaled spacings varying from G = 0.02 to G = 0.1. The stator is fitted with a fluorite window, enabling temperature to be measured on the rotor using infrared thermography. During operation, the stator disk is not subjected to any mechanical stress, but it is exposed to the thermal radiation emitted by the rotor. To regulate this radiative exchange, the stator surface is coated with a gray paint, whose emissivity is estimated at ϵs = 0.65 ± 0.03 by calibration. Two T-type thermocouples are positioned at radial distances of 0.05 and 0.3 m. Because infrared thermography is used to measure surface temperature, it is necessary to observe the rotor through the stator. In order not to attenuate the infrared signal emitted by the rotor and picked up by the camera, a quasi-infrared-transparent material is integrated into the stator, enabling a radius of the rotor to be observed. Fluorite, with its high transmission coefficient, is often the material of choice for such applications. A porthole made of two fluorite lamellae 145 mm × 20 mm in size, glued together, is chosen, defining the observable area of the disk between radii 0.02 and 0.31 m. To alter flows near the rotating disk and improve heat transfer to its surface, a jet is introduced. The stator is perforated by an eccentric opening of diameter D = 26 mm to allow the passage of a long cylindrical tube connected to a centrifugal fan, thus generating an eccentric jet. Influential parameters include the jet-related Reynolds number (Rej = UD/ϑjair), the adimensioned spacing (G = H/R = 0.02), and the average jet velocity (Uj) between 10 and 32 m/s, generating jet-related Reynolds numbers ranging from Rej=16×103 to Rej=55.46×103.
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Figure 1: Experimental bench [6,9]
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Figure 2: Illustration of the experimental device in rotor-stator configuration [6,9]

3  Modelling the Problem and Numerical Simulation

3.1 Geometric Model

Fig. 3 shows a complex configuration known as a rotor-stator system, used to study aerodynamic flows and heat transfer. The air is injected into the space using two cylindrical inlet tubes. The spacing between the two discs, also known as the rotor-stator spacing, is an essential parameter that is precisely adjusted within a range of 0.02 to 0.1. The air passes through two tubes before reaching the turning disc. These tubes perform a vital role in regulating the air flow, and preparing the flow before it reaches the rotating disc. In this context, the Reynolds numbers associated with the two air jets and the rotation are fundamental parameters for characterising the stream flow. The Reynolds number of the jet is determined by taking into account parameters such as the injected air flow, the air jet diameter and the kinematic viscosity of the air. The following factors can have a considerable impact on the dynamics of fluid flow in this particular system:
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Figure 3: Rotor-stator configuration with two jets

•   Spacing between rotor and stator G=HRd

•   expression of reynolds number linked to the jet Rej=Uj×Dν

•   expression of rational Reynolds number Reω=ω×Rd2ν

3.2 Type of Meshing

Discrete transport equations refer to the mathematical equations that describe the behaviour of fluids in a system. In this context, these equations are solved on a computational domain, which is subdivided into numerous tetrahedral elements. The choice of a tetrahedral mesh (Fig. 4) has several advantages. Tetrahedral elements provide a better representation of the complex geometry of disc surfaces and offer greater flexibility for adjusting the mesh size. In the specific case of the spacing between two discs, it is crucial that the mesh is very fine. This means that the mesh size needs to be reduced around the walls in our tests in most cases in order to detect details and variations in the flow near the disc surfaces. In particular, it is important to have enough points in the boundary layer, which is the area where viscosity effects are dominant. To ensure an accurate representation of this limit layer, it is essential to ensure that the first layer of wall cells in the vertical orientation has a value of less than 5. Y+ is a dimensionless parameter used to characterise the resolution of the boundary layer, and a value of less than 5 guarantees an extremely precise reflection of the free flow regime in the vicinity of the walls. To achieve these objectives, it is necessary to adjust the mesh size according to the parameters that influence the flow, such that the air flow introduced, the spacing between the discs (G) and the rotor rotation speed. By modifying these parameters, it is important to adapt the mesh size accordingly to ensure adequate resolution of the boundary layer.

[image: images]

Figure 4: Study of the mesh structure with refinements close to the wall

Problem Boundary Specification defined as follows:

•   The flow characteristics are influenced by the velocities of the two jets, noted U1j and U2j.

•   While the temperatures T∞ are fixed in a prescribed manner.

•   On the walls, Ur=Uz=0, with the exception of the rotating walls, the tangential velocity is equal to Uθ=ω.r sur les parois tournantes et Uθ=0 hat on the fixed walls.

•   The fluid considered is air entering the cavity with a temperature T∞=20∘C.

•   Right Rotor Temperature Condition: Tr=80∘C.

3.3 Turbulence and Numerical Computation: Approaches and Methods

The Reynolds approach takes a statistical approach to exploring the characteristics of physical quantities. It subdivides these quantities into two distinct components: a mean value and a fluctuation. The Reynolds decomposition procedure is then used to integrate these two aspects into the Navier-Stokes flow equations. As far as the mean quantities are concerned, here are the equations derived from them:

u¯j∂u¯i∂xj=−1ρ∂p¯∂xi+ν∂2u¯i∂xj∂xj−∂(ui′uj′¯)∂xj(1)

uj¯∂T¯∂xj=−∂∂xj(λρcp∂T¯∂xj−T′uj′¯)(2)

where Rij=ui′uj′¯ and T′uj′¯ are called the terms relating to Reynolds constraints and turbulent heat transport. The number of unknowns in the problem then exceeds the number of equations available, and it becomes imperative to modelling turbulent tensors using turbulence models, in order to solve the problem consistently and establish a link between the fluctuating field and the mean field. For more details on turbulent flows and turbulence models [17], we encourage the reader to refer to Schiestel et al.’s book [18].

3.4 Simulating Turbulent Effects in Fluid Dynamics: RSM

Our approach is centred on a model using a 2nd order closure with a low Reynolds number derived from the model described by [19] and which is sensitive to the rotational effects described by [20]. The RSM model presented here offers an in-depth explanation of the flow field. Milan Đorđević et al. [21] has stated that RSM predictions are generally more accurate in the turbulent region. The general Reynolds tensor Rij is written as:

uj¯∂ui′uj′¯∂xj=Pij+Dij−εij+Oij+Ωij+Φij(3)

where Pij, Ωij, ϕij, εij, Oij simultaneously represent the following terms: The diffusion term, the pressure-deformation correction term and the dispersion term.

4  Results and Discussion

4.1 Streamlines

Fig. 5 shows a detailed graphical representation of the lines for different values of the rotation parameter. The area of the rotor and stator, delineated by solid lines, is clearly defined. At the core of this intricate configuration, two air jets converge toward the rotor, initiating the formation of a flow that radially propagates along the inner wall of the gap. When these two air jets come into contact, they generate a radial flow that is subsequently captured within a well-defined recirculation region. An interesting observation is that the size of this recirculation zone remains constant, irrespective of variations in the rotational Reynolds number. These findings align with the conclusions drawn from references [20,22], suggesting that the size of this recirculation zone primarily varies with the spacing parameter G. This stability in the dimension of the recirculation zone has significant implications for our overall understanding of the complex flows characterizing this specific configuration. These results underscore the importance of spacing parameter G as a key factor in the dynamics of flows and the convective transfer in the area under study.
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Figure 5: Streamlines obtained for the 3 rotation rates for G = 0.02

For Reω=2.35×105 and beyond and r/Rd ratio of 0.62, the flow becomes centrifugal with streamlines parallel to the rotor. In cases of high rotation rates (Reω=4.02×105 and Reω=5.04×105) and at r/Rd values of 0.84 and 0.67, a large recirculation zone is observed near the stator, corresponding to an inflow of fluid from the outer region. Reference [22] noted the flow takes on a tangential orientation starting at r=0.186 and r=0.124 for a rotation rate of N=1.237 and N=2.47. For a Reynolds number and beyond an r/Rd ratio of 0.62, the flow takes on a centrifugal configuration with streamlines moving parallel to the rotor. In situations of high rotation rates (Reω=4.02×105 and Reω=5.04×105), at r/Rd points of 0.84 and 0.67, a large recirculation zone can be observed near the stator, corresponding to an intake of fluid from the outer region.

4.2 Velocity Mapping

Fig. 6 provides a detailed analysis of the radial mean velocity fields for different rotation values within our system. These data reveal significant variations in velocity near the impact points of the air jets, indicating a change in the direction of airflow at these specific locations. These variations are not random but result from the dynamic interaction between the air jets, the rotor, and the stator. When these jets interact with the rotor and stator, their trajectories undergo noticeable adjustments, resulting in velocity fluctuations. The negative velocities observed in the contours suggest regions where the airflow is moving in the opposite direction to the main flow direction. These regions may be associated with changes of direction or downshifts in the airflow, particularly near the edges of the rotor or stator. These negative velocities are often the result of phenomena such as air recirculation or vortex formation, which can significantly affect the overall flow dynamics and influence heat transfer in the system under study.
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Figure 6: Radial mean velocity fields for G = 0.02, Rej=16×103

Fig. 7 of our study highlights the axis to axis distribution of radial and tangential velocities, considering non-zero rotation parameters, at three distinct positions for r/D (4.8, 5, 6.73, 6.92, 7.11). Examination of the characteristics of the radial and tangential velocity profiles enables us to identify different outflow structures. A stream with two clearly defined limiting levels, divided by a vigorously rotating, inviscid liquid, is categorized as a Batchelor [23] stream. Conversely, if the stream has only one boundary layer, with virtually zero tangential velocity at the distance of this boundary layer, it is referred to as a Stewartson [24] stream. These distinctions underline the variability of flow phenomena as a function of rotation parameters and positions in the configuration under consideration.
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Figure 7: Analysis of the axial distribution of radial and tangential speeds in the air gap of a stator rotor for different radial positions

For Reω=2.35×105 and G=0.04 (see Fig. 7a1), the radial elements of the velocity, noted at various radial locations (r/D = 4.8, 5, 6.73, 6.92 and 7.11), show a parabolic profile similar to that obtained in the case of two parallel plates. The maximum peak of this magnitude is reached at the midpoint of the two disks for Z/H = 0.5. However, a negative radial velocity is observed for r/D = 6.92 and 7.11, corresponding to fluid re-entry. At r/D = 6.73, in the middle of the rotor between the two jets, a symmetrical radial velocity is observed.

Tangential velocity values (Fig. 7a2), which describe the flow in the vicinity of the rotor, are notably high. However, they gradually decrease with distance from the rotating disk in the direction normal to the rotor.

At the stator surface, characterized by Z/H = 1, these values ultimately reach zero. This development highlights a significant variation in flux within the system, with initially high tangential values near the rotor gradually declining to negligible values at the stator surface. At the stator surface, characterized by Z/H = 1, these values ultimately reach zero. This development highlights a significant variation in flux within the system, with initially high tangential values near the rotor gradually declining to negligible values at the stator surface.

Velocities in the circumferential direction are characterized by a single frontier zone close to the rotor. As one moves increasingly away from this boundary zone, the circumferential velocity decreases, finally reaching zero when Z/H = 1. The flow phenomena identified in this configuration are therefore similar to Stewartson-type [24].

4.3 Local and Medium Profiles of Nusselt

The analysis of heat exchange is based on a study of the local convection coefficient. Fig. 8 presents the variation in Nur for different values of the rotation parameter Reω=2.35×105, Reω=4.02×105 and Reω=5.04×105. For a constant jet Reynolds number of Rej=16×103 the evolution of the Nusselt number shows a significant variation along the disc. However, this variation shows a relatively low dependence on the number (Reω), particularly for small values (when r/D≤6.4). The local thermal convection coefficient distribution exhibits peaks at positions corresponding to r/D = 1.6, r/D = 5 and r/D = 6.6, suggesting high rates of heat transfer. This increase in heat transfer is that it results from increased Radial displacement within the boundary layer, particularly near the rotor, creating higher levels of shear stress. This increase in shear stress promotes more efficient heat transfer. When moving further from the point of impact and exceeding values of radius r/D ≥ 7.6, an increase in thermal convection coefficients is observed in relation to the parameters r and Reω in response to the increased influence of rotation. This observation can be attributed to a decline in radial in the vicinity of the stator and the expansion of the distance in the radical direction speed variation in the vicinity of the rotor. This leads to greater levels of the tangential deformation rate proximate to the rotor, which in turn promotes improved heat exchange in this region. In our study, an in-depth comparison of our results with those presented in reference works [6,25] reveals a significant observation related to the Nusselt number. Our meticulous analysis shows a remarkable constancy of the Nusselt number over the entire rotor surface. This observation conclusively suggests that our experimental configuration achieves full rotor cooling. The work of [6,25] played a crucial role in establishing a baseline for our study. The concordance of the results obtained reinforces the validity of our numerical approach. The observation of a constant Nusselt number underlines a homogeneous heat transfer over the rotor surface, highlighting the effectiveness of our experimental methodology. This stability of the Nusselt number can be attributed to a multitude of factors, including the specific design of the experimental set-up, the rigorously controlled operating conditions, as well as the specific thermal properties of the materials employed. In sum, our study makes a substantial contribution to the understanding of heat transfer in this particular configuration, confirming and extending the findings of previous work. These results provide a solid foundation for practical applications requiring optimal thermal management.
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Figure 8: Local nusselt for Rej=16×103

In Fig. 9, keeping the rotational Reynolds number constant at Reω=5.04×105, we proceeded to vary the jet Reynolds number values, varying them from Rej=16×103 to 55.46×103. In the range of values where (r/D ≤ 4.4) is relatively low, it is essential to note that the introduction of air into the process has a significant impact on improving local heat transfer, this area is sensitive to variations in air flow, which is of crucial importance in optimising heat transfer. In the immediate vicinity of the interaction region, precisely when the value of r/D is in the range 4.4 to 6.8, the influence of the airflow becomes significant, creating a zone characterised by intensive heat transfer. This zone is characterised by fluctuations in the amplitude of heat transfer peaks, closely correlated with the jet’s relative Reynolds number, Rej. The study identified three well-defined zones, separated by characteristic radii. The first of these zones is a low-radius region (r/D ≤ 4.4) where heat transfer is relatively unaffected by rotational effects and airflow. The second zone, located near the point of impact, is mainly governed by the influence of the injected airflow, making it the main factor controlling heat transfers. Finally, the third zone, at the periphery, is characterised by the predominance of rotational effects in heat exchange.
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Figure 9: Nusselt local pour Reω=5.04×105, G = 0.04

The study, as shown in Fig. 10, focuses on the interaction between (Reω) and (Rej), and their impact on the average Nusselt number, a crucial indicator of heat transfer. The principal focus of this research is to increase our comprehension of the cooling mechanisms of the rotating disc and their repercussions on a global scale. The results reveal a clear trend: the mean Nusselt number increases proportionally with both Reω and Rej, a crucial relationship for assessing cooling efficiency. These findings at the global level confirm previous local observations, reinforcing our understanding of heat exchange. It is essential to note that increasing the flow of fresh air injected by the two jets has a direct impact on the overall cooling of the rotating disc, suggesting that airflow management can be an effective means of regulating the cooling process, with important practical implications for rotating systems.
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Figure 10: Average thermal convection coefficient in relation to Reω

5  Conclusion

In conclusion, this in-depth study investigated in detail the characteristics of the flow generated by the impact of two jets on a rotating disk, maintained at a constant temperature, using Ansys-Fluent simulation software. The results of this research clearly demonstrated the presence of two distinct recirculation zones in the flow, located close to the zone of impact of the jets on the disk. These zones are characterized by air recirculation phenomena and are of crucial importance for the heat exchange associated with this system. It is essential to note that heat transfer in this system is strongly influenced by the Reynolds number associated with the jets, covering a range from Rej=16×103 to 55.46×103. Substantial variations in Reynolds number have a direct impact on heat transfer performance, underlining its crucial role in this context. In addition, an essential parameter to take into account is the rotation number, which is linked to the rotation speed of the disc. The results indicate that heat transfer is also influenced by this variable, with rotational number values ranging from 2.35×105 to 5.04×105. In summary, this study provides valuable insights into the heat exchange mechanisms in this specific system, highlighting the significant impact of jet and rotation parameters on overall heat transfer performance. These findings offer important perspectives for the design and optimization of cooling systems in various industrial and technological applications, contributing to the advancement of sustainable energy generation technologies and thermal management practices.
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