

  processes-09-02179




processes-09-02179







Processes 2021, 9(12), 2179; doi:10.3390/pr9122179




Article



Large Eddy Simulation of Leakage Flow in a Stepped Labyrinth Seal



Ji-Hwan Kim 1 and Joon Ahn 2,*[image: Orcid]





1



Department of Mechanical Engineering, Graduate School, Kookmin University, 77 Jeongneung-ro, Seongbuk-gu, Seoul 02707, Korea






2



School of Mechanical Engineering, Kookmin University, 77 Jeongneung-ro, Seongbuk-gu, Seoul 02707, Korea









*



Correspondence: jahn@kookmin.ac.kr







Academic Editor: Ambra Giovannelli



Received: 8 November 2021 / Accepted: 30 November 2021 / Published: 2 December 2021



Abstract

:

Large eddy simulation (LES) and Reynolds averaged Navier-Stokes simulation (RANS) of leakage flow in straight-through and stepped labyrinth seals were performed in order to compare their performances in sealing the secondary flow passage of the gas turbine based on the respective discharge coefficients. The results indicate a 17.8% higher leakage prevention performance for the stepped seal relative to that of the straight seal. Further, while the LES predicts an ~7% reduction in the discharge coefficient due to shaft rotation, this effect is underestimated by the RANS. Moreover, the LES correctly predicts a laminarized flow pattern in the clearance, whereas the RANS overestimates the turbulence kinetic energy. In addition, a turbulence kinetic energy spectrum analysis was performed based on the vorticity at selected points in order to identify the flow structure that has a dominant influence on the oscillation of the discharge coefficient. This analysis also enabled identification of the changes in the flow structure due to shaft rotation.
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1. Introduction


The gas turbine is a rotating machine based on the Brayton cycle. A number of studies aimed at increasing the efficiency of the gas turbine have demonstrated that the overall efficiency increases with the increasing of the inlet temperature [1]. However, it is necessary to cool the turbine blade by the application of a film of cold air in order to avoid damage under excess inlet temperatures [2,3]. The cooling air is bled from a compressor and supplied to the blade via a secondary air system comprised of a rotating part and a stationary part [1]. This system needs to be suitably sealed in order to prevent leakage of the cooling air. For this purpose, non-contact labyrinth seals are widely used [4]. These consist of a stator and rotor, along with a series of teeth and cavities to create desirable flow resistance, and may be shaped in a stepped, staggered, or straight-through configuration [5]. Due to the large pressure difference upstream and downstream of the labyrinth seal, air flows into the tooth structure at high speed, and a vortex is generated in the cavity. Strong viscous resistance continues to occur inside the vortex, which rotates at high speed, thus greatly affecting the dissipation of kinetic energy and flow resistance of the fluid passing through the labyrinth seal structure. The fluid loses kinetic energy as it passes through the multiple teeth, thus reducing the amount of fluid leakage through the labyrinth seal. Several efforts have been made to identify the leakage flow rate of the labyrinth seal according to the shaft rotation velocity [5] or honeycomb structure [6]. Numerous studies were conducted using experimental [7,8,9] and numerical [5,10,11,12] methods such as Reynolds averaged Navier-Stokes simulation (RANS) [13,14,15,16] or large eddy simulation (LES) [17], and optimization of the system was suggested [13,17].



The mathematical relation for the flow rate of fluid leaking through the labyrinth seal structure was first presented by Martin [18] based on the assumption that each tooth structure is an orifice and that all the kinetic energy of the fluid is dissipated after passing one such orifice. Vermes [19] suggested a correlation between the leakage flow rate and various labyrinth seal structures based on their geometrical parameters. Based on the expression proposed by Martin, Egli [20] established an expression for the change in the discharge coefficient according to the number of teeth, which is the basic geometrical parameter of the labyrinth seal. Hodkinson [21] used both an experimental method and a simulation to establish the concept of the carry over coefficient, which is related to the ratio of the kinetic energy of the fluid before and after clearance and transfer from one cavity to the next. Wittig et al. [7] experimentally obtained the discharge coefficient of the fluid passing through the structure by changing the pressure ratios of the straight-through and stepped labyrinth seals, and used the experimental results to validate those of a computational fluid dynamics (CFD) analysis. Vakili [22] obtained the discharge coefficient according to the pressure ratio of the stepped seal in the stationary state via experimentation, 2D axisymmetric modelling, and CFD analysis, and interpreted the results based on vortex generation and viscous loss. Szymanski et al. [23] conducted a comparative study of the basic straight-through and honeycomb structured labyrinth seals. Beak et al. [13] quantified the influence of various discharge coefficients of the straight-through labyrinth seal having a constant axial space according to various geometrical parameters, and suggested an optimal design. In particular, the clearance and the cavity width were shown to have a dominant effect upon the discharge coefficient [13]. However, there is limited freedom to vary these parameters since they are greatly influenced by the axial space and eccentricity control of the labyrinth seal. Hence, further research is needed into methods for lowering the discharge coefficient by actively utilizing other parameters and designs. In addition, there is a lack of research on the effect of high-speed rotation of the shaft upon the discharge coefficient under the operating conditions of the gas turbine, and a CFD analysis is needed in order to quantify the rotation of the fluid passing through the labyrinth seal cavity and the resulting kinetic energy dissipation.



In the present study, the leakage flow generated in the straight-through and stepped labyrinth seals, applied to the secondary air system inside the gas turbine, is analyzed via 3D CFD simulation using RANS and LES. Discharge coefficient reduction performance of straight-through and stepped labyrinth seal was compared. The weakness of the RANS-based turbulence model on the prediction of turbulence kinetic energy at the clearance was identified. Flow structure, which has a dominant influence on the discharge coefficient at the stepped labyrinth seal, was identified through turbulence kinetic energy spectrum analysis.




2. Numerical Method and Verification


Computational Domain and Boundary Conditions


The straight labyrinth seal has six teeth, the stepped labyrinth seal has five teeth, and the difference between the upstream and downstream pressures is 1 atm in each case. The sealing performance is evaluated according to the discharge coefficient, which is the ratio of the actual mass flow rate to the theoretical flow rate obtained by the isentropic process for a flow path having the same cross-sectional area, as stated in Equations (1) and (2):



Isentropic mass flow rate (    m ˙   i d    ):


    m ˙   i d   =    P  i n    A c       T  i n           2 γ   R  (  γ − 1  )     [     (     P  o u t      P  i n      )     2 γ    −    (     P  o u t      P  i n      )      γ + 1  γ     ]     



(1)







Discharge coefficient (   C d   ):


   C d  =   m ˙     m ˙   i d      



(2)







First, the results of each simulation are compared with the experimental results in order to validate the prediction of the discharge coefficient in the straight-through seal. Next, the predictions of each model are compared regarding the change in the sealing performance when the straight-through seal is replaced by a stepped seal. As previous studies have indicated that the turbulence kinetic energy in the clearance is overestimated by RANS [24], the present study investigates whether or not the LES can provide an accurate prediction. In addition, the performances of the LES and RANS are compared for predicting the change in sealing performance according to shaft rotation velocity.



Finally, since the flow structure plays an important role in the pressure loss, a power spectrum analysis of the LES data was performed using MatLAB R2021a [25] in order to identify the average flow field. An LES analysis was also performed for the rotating shaft in order to determine the energy change of each flow structure due to rotation.



The computational domain is the entire 3D area of the straight-through or stepped labyrinth seal with a minimum radius of 200 mm. One-dimensional (1D) schematic representations of the stepped labyrinth seal and its boundary conditions are presented in Figure 1, while 3D and 2D schematic representations are presented in Figure 2. The detailed geometrical parameters are presented in Table 1. To confirm the effect of recirculation flow and tangential movement near the inlet and outlet, the computational domain was extended to ~32 mm along the axial direction from both the upstream and downstream points of the teeth. For the purpose of comparison, the straight-through labyrinth seal was designed according to the experimental parameters used by Wittig [7]. For the stepped labyrinth seal, the step height (SH) was set to 0.7 mm, which is 1.4 times the clearance (i.e., 1.4 C), and the cavity width (CW) was set to 11.5 mm (23 C). To compare the leakage flow rate under the same axial space as the straight-through seal, the number of teeth in the stepped labyrinth seal was reduced to five. The selected boundary conditions were the same for both types of seal, and are presented in Table 2. The inlet conditions were a total gauge pressure of 101.325 kPa, an intensity of 1%, and a length of 0.1 times the height. For the outlet, the total gauge pressure was 0 kPa, and non-slip conditions were applied for the wall. The grid was composed of about 7.57 million hexahedrons, and at least 20 grids were located in y+ = 30, so that the velocity gradient of the boundary layer could be sufficiently resolved.



The commercial CFD code ANSYS Fluent is widely used in the field of turbomachinery and is known to provide reliable results in a wide range of numerical simulations [26]. Hence, v.20.2 of this code was used for the present numerical simulations. Meanwhile, the ICEM CFD v20 is a commercial software package that enables the generation of high-accuracy cyclic mesh structures via a blocking method [27]; hence, v 20 of this code was used to generate the grid in the present study (Figure 3). The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) was used to couple pressure with velocity, and least squares cell-based gradient evaluation was used to calculate the gradient between cells. The scalar face values were calculated using a second-order upwind scheme in order to render the scalar transport equations discrete and to calculate the convection between cells.



For the RANS analysis, the governing equations are those of the time-average conservation of mass, momentum, and energy [28], along with the cartesian coordinate states, as stated in Equations (3)–(5):



Conservation of mass:


   ∂  ∂  x i     (  ρ    u i   ¯   )  = 0  



(3)







Conservation of momentum:


   ∂  ∂  x i     (  ρ    u i   u i   ¯   )  = −   d  p ¯    d  x i    +  ∂  ∂  x i     (  μ  ∂  ∂  x i     u i   )  +  {  −   ∂  (  ρ    u i ′   u i ′   ¯   )    ∂  x i    −   ∂  (  ρ    u i ′   u j ′   ¯   )    ∂  x j    −   ∂  (  ρ    u i ′   u k ′   ¯   )    ∂  x k     }   



(4)







Conservation of energy:


   ∂  ∂  x i    ·  (   ∂  ∂  x i    k T  )  − ρ  c p    ∂    T ′   u i ′   ¯    ∂  x i    − ρ  c p    ∂    T ′   u j ′   ¯    ∂  x i    − ρ  c p    ∂    T ′   u k ′   ¯    ∂  x i    = 0  



(5)







For closure of Equation (5), the nonlinear terms   ρ    u i ′   u i ′   ¯  ,   ρ    u i ′   u j ′   ¯  ,   ρ    u i ′   u k ′   ¯  ,   ρ    u j ′   u i ′   ¯  ,   ρ    u j ′   u k ′   ¯      and   ρ    u k ′   u k ′   ¯    from Equation (4), and      T ′   u i ′   ¯  ,      T ′   u j ′   ¯    and      T ′   u k ′   ¯    from Equation (5) must be modeled. According to Boussinesq’s hypothesis [29], the transfer of momentum due to turbulence can be modeled via the turbulence viscosity.



The six Reynolds stress components can be expressed by Equation (6):


  − ρ    u i ′   u j ′   ¯  =  μ t   (    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    −  2 3    ∂  u k    ∂  x k     δ  i j    )  −  2 3  ρ k  δ  i j    



(6)







In addition, the turbulence viscosity,    μ t    must be modeled according to Equation (7) [30]:


    ρ  C μ   k 2   ε  =  μ t   



(7)







The calculation was performed for 20 h using a 3.2 GHz Intel Xeon Gold 32-core processor, and all residuals converged to a level of 10−5.



For the LES analysis, the governing equations that maintain the nonlinearity are given as Equations (8) and (9) [30].



Conservation of mass:


    ∂ ρ   ∂ t   +  ∂  ∂  x i     (  ρ    u i   ¯   )  = 0  



(8)







Conservation of momentum:


    ∂  (  ρ    u i   ¯   )    ∂ t   +  ∂  ∂  x j     (  ρ    u i   ¯     u j   ¯   )  = −   d  p ¯    d  x i    +  ∂  ∂  x j     [  μ  (    ∂    u i   ¯    ∂  x j    +   ∂    u j   ¯    ∂  x i     )  −  2 3  μ   ∂    u k   ¯    ∂  x k     δ  i j    ]  +   ∂  τ  i j     ∂  x j     



(9)







Any turbulence and heat transfer occurring on a scale below the grid size are modeled as sub-grid scale (SGS) stresses, which are assumed to follow a gradient-diffusion process similar to that of molecular motion. Consequently, the i-j plane sub-grid scale stress (   τ  i j    ) is given by Equation (10):


   τ  i j   −  1 3   τ  k k    δ  i j   = −  μ t   (    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     )   



(10)




and the SGS viscosity (   μ t   ) in the Smagorinsky-Lilly model is given by Equation (11):


   μ t  = ρ  L s 2     1 2   (    ∂    u i   ¯    ∂  x j    +   ∂    u j   ¯    ∂  x i     )   (    ∂    u i   ¯    ∂  x j    +   ∂    u j   ¯    ∂  x i     )     



(11)







The timestep size was fixed at 2e−6 s, the calculation was assumed to enter a statistically steady state at about 2e−2 s, the result was obtained at the 4000th timestep, and the time average value was used. The calculation took about seven days using the 3.2 GHz Intel Xeon Gold 32-core processor.



An analysis using k-epsilon turbulence model was then performed to confirm the dependence on grid resolution, and the results are presented in Figure 4. The grid was analyzed using a total of 1.5–9.6 million grid units, and all grids were maintained at y+ < 3. The above results indicate that the discharge coefficient is not significantly changed at a grid resolution of up to 2.0 million, but grids with a resolution of around 7.0 million cannot adequately resolve a part of the flow structure in which complex flow occurs. Hence, in view of the complex flow structures that may occur in the stepped labyrinth seal, the subsequent analysis was conducted using at least 7.0 million grid units.





3. Results


3.1. Discharge Coefficient and Flow Structure


To predict the discharge coefficients and flow structures, and to compare them with experimental values, k-epsilon (RANS) and LES simulations of (i) the straight through labyrinth seal, (ii) the stepped labyrinth seal in which the stepped structure was added to the casing to obtain an additional reduction in discharge coefficient relative to that of the straight-through labyrinth seal, and (iii) the stepped labyrinth seal under the conditions of a stationary or rotating shaft were conducted.



3.1.1. Straight-Through Seal


In the case of the straight-through labyrinth seal with the stationary shaft, a steady RANS (k-epsilon) analysis was performed, and so the LES calculation was performed for 3000 timesteps of 0.015 s each commencing from the point at which the change in the discharge coefficient disappeared. The results are presented in Figure 5a, where the discharge coefficient is seen to coincide with the experimental value to within 1% of the error range for both the RANS and LES turbulence models, with the LES predicting a slightly larger coefficient.



As shown in Figure 6, the k-epsilon and LES also predict similar flow structures. Due to the high-pressure gradient between one cavity and the next, the working fluid flowing into the clearance is rapidly accelerated and a vena-contracta is formed. In addition, due to the vortex structure generated inside the cavity, and the dissipation of kinetic energy by interaction between jets, the discharge coefficient shows a small value of about 0.5. However, most of the flow that passes through the clearance at high speed flows into the next clearance, thus allowing the fluid to stay inside the structure for a long time and, hence, resulting in an unsuitable flow structure for dissipating the kinetic energy of the fluid.




3.1.2. Stationary Stepped Seal


The velocity distribution results obtained using k-epsilon and LES at the same grid and time resolutions for the stepped labyrinth seal are presented in Figure 7, and the corresponding discharge coefficients are compared in Figure 5b. Thus, the discharge coefficient of the stepped labyrinth seal is seen to be ~ 17.5% lower than that of the straight-through labyrinth seal, with a difference of ~1% between the LES and RANS analyses. Moreover, a similar flow structure is predicted by the k-epsilon and LES analyses. The significant decrease in the discharge coefficient of the stepped labyrinth seal is due to a rapid change in the flow direction brought about by the stepped structure after passage through the clearance, which delays the inflow into the next clearance. In addition, two further changes in the direction of flow occur as a small vortex is created before the next clearance is entered. This altered flow structure is believed to exert a dominant influence on the discharge coefficient, and presence of the large vortex influences the dissipation of kinetic energy differently to that developed in the straight-through labyrinth seal.




3.1.3. Rotating Stepped Seal


If the shaft rotates at 20,000 RPM when the shaft radius is 200 mm, the tangential speed of the wall is about 430 m/s and, when the non-slip condition is applied, the influence of the shaft rotation upon the flow structure cannot be ignored. The predicted effects of shaft rotation upon the velocity distributions are presented for the two models in Figure 8, and the specific effects of the tangential fluid velocity upon the discharge coefficient are presented in Figure 9a. Here, the k-epsilon model predicts that shaft rotation will lead to a decrease of ~3.8% in the discharge coefficient relative to that obtained with the stationary axis, while the LES analysis predicts a decrease of ~7.2%. For the flow structure in the xy plane, which exerts a dominant influence on the leakage of the working fluid, the k-epsilon model predicts a similar flow field in both the rotational and stationary states, whereas the LES predicts a somewhat large rotational speed for the vortex generated inside the cavity.



As shown in Figure 9b, the two models also give different results for the average tangential velocity, with the LES analysis giving an ~14.6% larger value. For this reason, it is impossible to accurately predict the generation and dissipation of turbulence due to shear stress in a stationary wall, which is closely related to the tangential velocity, via the k-epsilon model. Consequently, the predicted changes in the discharge coefficient and flow structure according to the operating conditions are also difficult to trust.





3.2. Turbulence Kinetic Energy Estimation


The results of turbulence kinetic energy simulation in the stepped labyrinth seal using the k-epsilon (k-ε) model are compared with those obtained via the response surface methodology (RSM) and LES models in Figure 10. Thus, the k-epsilon model predicts a significant amount of turbulence kinetic energy in the area flowing into the clearance (Figure 10a), which is clearly different from the experimentally observed phenomenon. In fact, even if a fluid flows into a large area of turbulence kinetic energy from a large-scale eddy, the flow rapidly transforms via a set of relatively small velocity changes into a laminar flow structure and has a very small amount of turbulence kinetic energy. Therefore, when the k-epsilon model is applied, the turbulence kinetic energy at the clearance is not accurately predicted, which may cause uncertainty in predicting the flow structure and discharge coefficient. Moreover, the error resulting from the isotropic analysis is confirmed by the RSM results in Figure 10b. Further, the corresponding turbulence kinetic energy profiles in Figure 11 indicate that the accuracy of the RSM model is slightly increased relative to that of the k-epsilon model, with about half as much turbulence kinetic energy being predicted at the clearance. Nevertheless, the predicted kinetic energy remains excessively large. Therefore, even if the applied turbulence model takes account of anisotropy, it is impossible to accurately predict the turbulence kinetic energy at the clearance. This can be assumed to be a fundamental problem with the RANS-based turbulence model.



By contrast, the turbulence kinetic energy is accurately predicted by application of the LES, as shown in Figure 10c. Here, the large amount of turbulence kinetic energy present before the fluid flows into the clearance is dissipated as soon as the clearance is entered. This can be explained according to the governing equation of the RANS-based turbulence kinetic energy model, given here in 2D form as Equation (12):


  U   ∂ k   ∂  x i    + V   ∂ k   ∂  x j    = −    u i ′   u i ′   ¯    ∂ U   ∂  x i    −    u j ′   u j ′   ¯    ∂ V   ∂  x j    − −    u i ′   u j ′   ¯   (    ∂ U   ∂  x j    +   ∂ V   ∂  x i     )  −  ∂  ∂  x i     [     k ′   u i ′   ¯  +  (     (     p ′   u i ′   ¯   )   ρ   )   ]  −  ∂  ∂  x j     [     k ′   u j ′   ¯  +  (     (     p ′   u j ′   ¯   )   ρ   )   ]  −  ε k   



(12)







Here, the velocity gradients are included in the terms for production by normal stresses and shear stresses. Since the fluid accelerates significantly when it flows into the clearance, the velocity gradient inevitably has a high value in this region. For this reason, turbulence modeling techniques such as k-epsilon and k-omega SST and RSM models lead to turbulence kinetic energy predictions that differ significantly from the experimentally observed values in sections with a large velocity gradient. By contrast, since the LES analysis directly resolves the turbulence kinetic energy without modeling it, this error does not occur, thus allowing accurate prediction of the generation and dissipation of turbulence kinetic energy, along with prediction of the experimentally-observed rapid inflow to the cavity prior to development of the eddy structure in the clearance.




3.3. Flow Structure Effects on Mass Flow Rate Oscillation


The generation and dissipation of kinetic energy by shear stress has a major effect in reducing the discharge coefficient of the fluid. As discussed above, when turbulence is modeled, accurate prediction of turbulence kinetic energy cannot be guaranteed. Therefore, in this section, the flow structure having a dominant effect on the fluctuation of the discharge coefficient is analyzed based on the oscillation of the turbulence kinetic energy that can be confirmed via LES. In addition, the changes in the flow structure that operate in the stationary and rotating shaft states are discussed.



3.3.1. Stationary Condition


The vorticity magnitude [31] obtained by simulation using the k-epsilon model was used to specify the position where the oscillation of turbulence kinetic energy due to the velocity gradient is expected to appear, as shown in Figure 12. An LES analysis was then performed to obtain the turbulence kinetic energy and leakage flow rate data at the corresponding points (Figure 13). The oscillation of points in the flow structure due to turbulence kinetic energy having a dominant effect on the discharge coefficient is expected to exhibit the same frequency as that of the discharge coefficient. This is confirmed by comparing the total amount of energy at each frequency via Fast Fourier Transform (FFT) analysis. The fluctuation frequency of the discharge coefficient was found to be ~25,000 Hz, and the amplitude was ~0.003. The points having peaks at matching frequencies are shown in Figure 14, thus indicating that leakage of the working fluid when the shaft is in the stationary state is greatly affected by the flow structure formed in the major vortex inside the cavity and clearance.




3.3.2. Rotating Condition


The oscillation of the discharge coefficient obtained via LES analysis when the shaft rotates at 20,000 RPM is presented in Figure 13. Here, the fluctuation frequency is seen to have decreased by about a factor of 10 (to 2500 Hz) compared to the stationary shaft condition, while a three-fold increase the amplitude (to ~0.01) is observed. The FFT analysis of the turbulence kinetic energy signal at each point is presented in Figure 15, where the points that match the frequency of the discharge coefficient are indicated by the full red circles in part (a), and the locations of the points on the stepped labyrinth seal are indicated by the red-outlined panels in part (b). These results indicate that most of the influence of the large-scale vortex disappears when the shaft rotates, and the turbulence kinetic energy is the same in both the inlet and outlet.



The mean turbulence kinetic energy according to operating condition is indicated in Figure 16. Where shaft rotation is seen to generate a large turbulence kinetic energy in the inlet and outlet, and this exerts a dominant influence on the discharge coefficient.






4. Conclusions


In this study, Reynolds averaged Navier-Stokes simulation (RANS) and large eddy simulation (LES) were performed on straight-through and stepped labyrinth seals, and the following primary results were obtained. For the straight-through seal, the RANS prediction for the discharge coefficient was 1% smaller than that of the LES, but both values were consistent with the experimental values within 1%. The stepped seal was predicted to reduce the discharge coefficient by 17.5% compared to the straight seal with the same axial length. The discharge coefficients predicted by the RANS and the LES for the stepped seal with a stationary shaft were nearly identical. However, for the stepped seal with a rotating shaft, the RANS and LES predicted differing reductions of 3.8 and 7.2%, respectively, in the discharge coefficient, while the tangential velocity predicted by the LES was 14.6% larger than that of the RANS. By comparison with the experimental results, the LES analysis is therefore required for the accurate prediction of the change in the discharge coefficient change due to shaft rotation.



When the RANS was applied using the k-epsilon model, an excessively large turbulence kinetic energy was observed in the clearance region. When the RSM model was applied, this value was reduced by about one half, but the value remained excessive. By contrast, the LES correctly predicted a very small value. Therefore, an LES analysis is needed in order to correctly predict the change in the discharge coefficient due to the dissipation of kinetic energy.



A power spectrum analysis was also performed based on the LES data, and the flow structure having a dominant influence on the fluctuations of the discharge coefficient was located mainly in the vortices and clearances inside the cavity. When the shaft rotated at 20,000 rpm, the amplitude of the discharge coefficient variation was found to increase approximately three-fold compared to the stationary case, and the frequency decreased to about 0.1. In the rotating stepped seal, the flow structure having a dominant influence on the discharge coefficient fluctuation moved from the cavity to the inlet and outlet positions.
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Nomenclature








	Ac
	Cross sectional area of labyrinth seal [m2]



	Cd
	Discharge coefficient



	Cp
	Specific heat



	k
	Turbulence kinetic energy [m2/s2]



	Ls
	Mixing length for sub-grid scales



	T
	Temperature [K]



	U
	x Velocity component [m/s]



	u
	Flow velocity [m/s]



	u’
	RMS of the turbulent velocity fluctuations [m/s]



	P
	Pressure [Pa]



	R
	Specific gas constant



	t
	Time [s]



	ṁ
	Mass flow rate [kg/s]



	V
	y velocity Component [m/s]



	x
	coordinate



	Greek Symbols
	



	ρ
	Density [kg/m3]



	  τ  
	Turbulence stress



	ε
	Turbulence kinetic energy dissipation [m2/s3]



	ν
	Kinematic viscosity [m2/s]



	γ
	Specific heat ratio



	μ
	Dynamic Viscosity [kg/m∙s]



	μt
	Turbulence viscosity



	Subscripts
	



	id
	ideal



	in
	inlet



	out
	outlet
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Figure 1. A schematic diagram of the stepped seal and its boundary conditions. 
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Figure 2. The computational domain of the stepped seal: (a) the grid system; (b) the geometric parameters. 
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Figure 3. The grid system near the clearance of the labyrinth seal. 
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Figure 4. The discharge coefficient according to the number of grid points. 
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Figure 5. Prediction of the discharge coefficient of the labyrinth seal: (a) code validation study; (b) comparison of the LES and RANS prediction results. 






Figure 5. Prediction of the discharge coefficient of the labyrinth seal: (a) code validation study; (b) comparison of the LES and RANS prediction results.



[image: Processes 09 02179 g005]







[image: Processes 09 02179 g006 550] 





Figure 6. The velocity distributions in a straight-trough seal, as predicted by (a) RANS (k-ε), and (b) LES. 
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Figure 7. The velocity distributions in a stepped seal, as predicted by (a) RANS (k-ε), and (b) LES. 
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Figure 8. The velocity distributions in a stepped seal with a rotating shaft: (a,b) the meridional velocity according to (a) the RANS and (b) the LES; (c,d) the tangential velocity according to (c) the RANS and (d) the LES. 
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Figure 9. The effects of shaft rotation in the stepped seal upon (a) the discharge coefficient, and (b) the average tangential velocity. 
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Figure 10. The turbulence kinetic energy in a stepped seal according to (a) RANS (k-ε), (b) RANS (RSM), and (c) LES. 
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Figure 11. The turbulence kinetic energy profiles at clearance according to the turbulence model. 
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Figure 12. The selection of data extraction points for power spectrum analysis: (a) the vorticity magnitude distribution obtained by RANS; (b) the selected data extraction points. 
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Figure 13. The temporal variation in the discharge coefficient. 
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Figure 14. Power spectrum analysis of the LES data for a stationary stepped seal: (a) the analyzed points and flow fluctuations; (b) the power spectrum at each point; (c) the flow structure at the points where power peaks are observed. 
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Figure 15. Power spectrum analysis of the LES data for a stepped seal with a rotating shaft: (a) the analyzed points and flow fluctuations; (b) the power spectrum at each point; (c) the flow structure at the points where power peaks are observed. 
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Figure 16. The time averaged turbulence kinetic energy inside the stepped seal with (a) a stationary shaft and (b) a rotating shaft, as obtained by LES. 
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Table 1. The geometrical parameters of the straight-through and stepped labyrinth seals.
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	Geometrical Parameter
	Straight-Through Seal
	Stepped Seal





	Clearance (C)
	0.5 mm
	0.5 mm



	Cavity width (CW)
	9 mm
	11.5 mm



	Tooth width (W)
	2.5 mm
	2.5 mm



	Tooth height (H)
	10.5 mm
	9 mm



	Minimum radius (R)
	200 mm
	200 mm



	Number of teeth (N)
	6
	5



	Step height (SH)
	-
	0.7 mm
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Table 2. The boundary conditions for the computational domain.
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	Surface
	Boundary Conditions





	Inlet
	Absolute Total Pressure = 202,650 Pa



	Outlet
	Absolute Total Pressure = 101,325 Pa



	Shaft
	0 RPM, 20,000 RPM, Adiabatic wall



	Casing
	0 RPM, Adiabatic wall
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