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Abstract

:

Many annular seals suffer eccentricity because of rotor–stator misalignment or the deflection of a flexible rotor, which has a strong influence on the vibration characteristics and stability of rotating machines. In this article, a transient CFD method based on three whirl models is employed to research the dynamic characteristics of annular seals at various static eccentricities. The influence of the whirl amplitude on the dynamic characteristics of eccentric annular seals are also explored. The results of the transient CFD method are compared with the bulk flow model results and the experimental results. It is shown that the transient CFD method possesses high prediction precision for direct damping, with a maximum error of 25%. Negative kyx increases by 166% when the static eccentricity ratio is increased from 0 to 0.5. The dynamic characteristics of the annular seal operating at high static eccentric ratio are sensitive to whirl amplitude, and the model with an amplitude of 1% Cr has great advantages for the prediction of direct virtual-mass, while the model with an amplitude of 10% Cr has great advantages for the prediction of cross-coupled damping.
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1. Introduction


Centrifugal pumps are commonly employed in the marine field to transport fluids, and annular seals are the key components of centrifugal pumps to reduce the amount of working medium leaking from the high-pressure area to the low-pressure area through the rotor–stator gap [1,2]. With the development of marine exploration and deep-sea engineering, the research on the performances of annular seals in marine centrifugal pumps has become a hot spot. Although the main role of an annular seal is to restrict leakage flow, the fluid response forces produced by an annular seal have an obvious impact on the stable performance of rotor systems, especially in multistage marine pumps.



Since annular seals have a strong influence on the vibration performance of pump systems, many studies have been carried out on the sealing characteristics and hydraulic forces of annular seals. Childs [3] applied finite-length solutions for the dynamic characteristics of an annular seal on the basis of the bulk flow model put forward by Black. This method has been widely used in engineering [4,5,6] due to its low computational cost and highly efficient computation time. Dietzen and Nordmann [7] first proposed the CFD-perturbation method for smooth-rotor seals to improve the problem of the reliability of the bulk flow model. Then, the method was further developed by Feng [8], Arghir [9] and Kim [10] to make it more appropriate for complicated seal types. With the development of computer techniques and calculation techniques, the three-dimensional CFD method has become an effective method for predicting the static and dynamic characteristics of annular seals. Tam et al. [11] first proposed a quasi-steady CFD method to research the fluid response forces of bearings and seals. The method transforms the transient problem in a stationary frame to a steady one by introducing a multiple reference frame attached to a whirling rotor. Many researchers have carried out numerical analysis into the dynamic characteristics of annular seals using the quasi-steady CFD method [12,13,14,15]. However, the introduction of quasi-steady simplification causes additional errors in the analysis of the dynamic characteristics of annular seals. In addition, the quasi-steady method is not suitable for dealing with the problems of elliptical rotor disturbance and unidirectional simple harmonic vibration. Therefore, a transient CFD method that directly solves the flow field in a stationary frame was first adopted by Williams et al. [16] to determine the changes over time of the fluid response forces acting on the moving wall. Later, Li et al. [17] used the transient CFD method with a unidirectional harmonic (1D) whirl model, a circular whirl model, and an elliptical whirl model to predict the dynamic characteristics of an annular gas seal. It was revealed that the magnitudes of dynamic coefficients of the seal obtained by the three whirl models match very well with the experimental results, and the values of the corresponding dynamic coefficients are almost the same for all rotor whirl models. The transient CFD method with the whirl models was also employed by Voigt [18], Yan et al. [19,20] and Jiang [21] to calculate the dynamic characteristics of annular seals.



The above research on annular seals was focused on seals with a centered position, meaning that the rotor and stator are concentric. However, only under ideal research circumstances is the seal able to operate in a centered state. Actually, the tolerance accumulation of various components, rotor–stator misalignment, and the side load of the impeller cause the actual working state of the seal to be eccentric, which has a strong influence on the vibration characteristics and stable performance of the rotating system [22]. Yang et al. [23] used a finite difference scheme to predict the static and dynamic performance of annular seals under eccentric conditions. The results showed that leakage flowrate was not sensitive to rotor static eccentricity, while cross-coupled stiffness and direct damping increased with increasing static eccentricity. Zhang et al. [24] used a trigonometric series expansion method to perform theoretical research on the tangential airflow force of eccentric seals. It was shown that the tangential airflow force perpendicular to the eccentric direction of the rotor decreased the stability of the rotor system. Li et al. [25,26] adopted the quasi-steady CFD method to research the leakage flowrate and the dynamic characteristics of the annular seal at high rotor eccentricity ratios. It was revealed that the leakage flowrate and static cross-coupled stiffness increased with increasing static eccentricity. Sun et al. [27] applied an elliptical whirl model with the transient CFD method to study the effects of eccentricity on dynamic characteristics and rotor stability of the labyrinth seal. The results showed that equivalent stiffness and equivalent damping decreased with increasing eccentricity, while the aerodynamic work increased with increasing eccentricity, impairing the stable performance of the annular seal.



In the present work, a transient CFD method based on a 1D whirl model, a circular whirl model, and an elliptical whirl model is applied to study the effects of static eccentricities on the dynamic characteristics of an annular seal, and the method is verified on the basis of a comparison between the results obtained using the bulk flow model and the experimental results. Comparisons with different rotor whirl models are also carried out. Then, the effects of the whirl amplitudes on the dynamic characteristics of the annular seal at various static eccentricities are investigated.




2. Numerical Model and Calculation Method


2.1. Geometric Structure and Mesh


The annular seal studied in this paper is based on Marquette’s experimental model [28], which is a liquid annular seal having the characteristic of smooth walls. The main geometrical dimensions and working conditions of the annular seal are listed in Table 1. The whole fluid domain of the annular seal is divided into hexahedral grids, as shown in Figure 1. The grid independence is analyzed by comparing the fluid response forces under different grid densities. As illustrated in Figure 2, when the number of grids is increased to 3.1104 million, the fluid response forces Fx and Fy nearly remain constant. Thus, the present grid number of 3.1104 million is selected for further numerical calculations.




2.2. Identification Method of Seal Dynamic Coefficients


With regard to small perturbations of the rotor around eccentric positions, fluid response forces (Fx, Fy) are defined as the linearized dynamic form [29], which is presented in Equation (1). In this paper, a two-degrees-of-freedom spring mass model is selected to describe the whirling trajectory of the rotor, and the whirling displacement signal is applied in two mutually perpendicular directions (X direction and Y direction). When the rotor whirling displacement signal contains only one whirling frequency, there are three types of whirling displacement trajectory of the rotor, i.e., a one-dimensional linear trajectory, a circular trajectory, and an elliptical trajectory [30]. To obtain the dynamic characteristics of the eccentric annular seal, three different rotor whirl models (1D whirl model, circular whirl model and elliptical whirl model) are used as excitation signals to simulate the transient flow field of the annular seal. The mathematical models and schematic diagrams of the whirl models are presented in Equations (2)–(4) and Figure 3, respectively. The rotor is eccentric in the positive X direction and the rotor whirls along the red orbits.
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1D whirl model


   {     x d  = ε + δ   sin ( Ω t ) ,   y  d   = 0   ( X - direction   whirl )       x d    = 0 ,   y  d  = ε + δ  sin ( Ω t )   ( Y - direction   whirl )       



(2)







Circular whirl model


   {     x d  = ε + e cos ( Ω t ) ,     y  d   =  e sin ( Ω t )    ( Forward   whirl )       x d  = ε + e cos ( Ω t ) ,     y  d  = − e sin ( Ω t )    ( Backward   whirl )       



(3)







Elliptical whirl model


   {     x d  = ε + a cos ( Ω t ) ,  y d   =  b sin ( Ω t )    ( Forward   whirl )       x d  = ε + a cos ( Ω t ) ,  y d  = − b sin ( Ω t )    ( Backward   whirl )       



(4)







Substituting whirl Equations (2)–(4) into Equation (1), the fluid response forces (Fx, Fy) are redefined as simple harmonic functions with respect to time, as shown in Equation (5).


   {     F x  =  F   x 0    +  a  11   cos ( Ω t ) +  a  12   sin ( Ω t )      F y  =  F   y 0    +  a  21   cos ( Ω t ) +  a  22   sin ( Ω t )      



(5)







Fx0 and Fy0 denote the fluid force of the rotor in a static eccentric position.    a  11   = −  b 1   k  x x   −  b 2   c  x y   Ω +  b 1   m  x x    Ω 2   ,    a  12   = −  b 2   k  x y   +  b 1   c  x x   Ω +  b 2   m  x y    Ω 2  ,      a  21   = −  b 1   k  y x   −  b 2   c  y y   Ω +  b 1   m  y x    Ω 2  ,      a  22   = −  b 2   k  y y   +  b 1   c  y x   Ω +  b 2   m  y y    Ω 2   . b1 and b2 in the 1D whirl model, the circular whirl model and the elliptical whirl model are different, i.e., in the x-direction whirl, b1-1D = δ, b2-1D = 0, and in the y-direction whirl, b1-1D = 0, b2-1D = δ; b1-circle = b2-circle = e and b1-ellipse = a, b2-ellipse = b = 0.5a. The time-varying Fx and Fy acting on the rotor surface can be determined by integrating pressure and shear stress on the rotor surface at each time step. Then, based on curve fitting, the fluid response forces (Fx, Fy) are employed to evaluate values of Fx0, Fy0 and coefficients (a11, a12, a21 and a22) of trigonometric functions. There exists one known whirl speed and three unknown dynamic coefficients in a11, a12, a21 and a22. Therefore, at least 3 transient CFD runs should be carried out to solve all the unknown dynamic coefficients. Generally, mxy and myx are very small, and are treated as zero.
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Figure 3. The schematic diagram of the whirl models: (a) 1D whirl model; (b) circular whirl model; (c) elliptical whirl model. 






Figure 3. The schematic diagram of the whirl models: (a) 1D whirl model; (b) circular whirl model; (c) elliptical whirl model.
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2.3. The Motion of Mesh


The whirling movement of the rotor leads to the fluid field of the annular seal changing over time, which requires a mesh morphing technique to handle. In the present paper, the mesh morphing technique is realized through user-defined subroutines connected with a solver to calculate and control the movement of all nodes in fluid domain. For the sake of brevity, only the circular whirl model is used to act as an instance to illustrate the movement of grid nodes [21]. The specific implementation details are as follows.



Figure 4 illustrates the movement of grid nodes on any axial section of the annular seal. As shown in the figure, Pr (xr, yr) and Ps (xs, ys) are nodes on the moving wall and stationary wall when the rotor is at a homocentric position, marked C. The node Pi (xi, yi) is any point in the clearance along the mesh line of PsPr, and θ represents the initial angular displacement of Pi. C’ stands for the present eccentric position of the rotor after moving from the position of C, and the movement displacement is denoted by d (xd, yd). Subsequently, the node coordinates (xr′, yr′) of P′r on the rotor surface are obtained with Equation (6).


   x  r ′   =  x r  +  x d  ,  y  r ′   =  y r  +  y d   



(6)







When the rotor moves, the nodes on the stator surface remain stationary and the movement displacements of the nodes in the clearance are determined by interpolation algorithm [21]. Subsequently, the coordinates (xi′, yi′) of P′i in the clearance are achieved as shown in Equation (7).


   x  i ′   =  x i  +  S c  ×  x d  ,  y  i ′   =  y i  +  S c  ×  y d   



(7)




where Sc represents the ratio of the distance between the nodes in the clearance and the outer wall to the clearance. The rotor and the stator are in a concentric state, so Sc can be expressed by the coordinates (xi, yi) of Pi. When there is eccentricity between the stator and the rotor, Sc can be expressed by the known coordinates (xi′, yi′) of the P′i, the movement displacement d of the rotor, and the initial angular displacement θ of Pi. Then Sc is substituted into Equation (7) to obtain the next position of the node P′i in the clearance after the rotor moves.



The grid displacements of the annular seal are calculated through the mesh morphing procedure to guarantee the harmony of the movement of adjacent grid nodes. To test the feasibility of the algorithm, the rotor is whirled from the concentric state (Figure 5a) to a state with an eccentricity of 0.8 (Figure 5b), and it is found that the grid distortion becomes larger, but there exist no highly distorted grid cells and negative volumes. For the mesh morphing technique, the amount of change in the coordinate of the node in the gap is inversely proportional to the distance from the rotor to control the minimum distortion of the mesh during the whirl [31]. The connections between the nodes are similar to springs, and the number of nodes and the connection properties between the nodes remain unchanged at each time step. Due to rotor whirling, the grid cells on one side are compressed, and the cells on the other side are stretched, resulting in an increase in the maximum length–width ratio q on the basis of concentric position, which decreases the grid quality. When the annular seal possesses an eccentricity of 0.8, the maximum of length–width ratio is no more than 200 based on q = q0/(1 − εe) [21]. Therefore, the mesh morphing technique is appropriate for transient numerical calculations of eccentric annular seals.




2.4. Calculation Method


Fluent 16.0 is adopted to solve the three-dimensional flow field of the eccentric annular seal. The working fluid is water at a temperature of 20 °C. The boundary conditions at the inlet and outlet are given as total pressure (6.89 MPa) and static pressure (0 MPa), respectively. Rotor surface (moving wall) and stator surface (stationary wall) are set as nonslip walls. The rotation speed of the moving surface is given by DEFINE_ PROFILE, and the whirl speed of the moving surface are determined through macro DEFINE_GRID_MOTION. Since the wall Y+ is less than 2.5, the turbulence of the realizable k-ε model with enhanced wall treatment is selected [32]. A first-order implicit scheme is adopted to discretize the time term, and the time increment is 1.63 × 10−5 s, i.e., the rotor rotates one degree. Second-order upwind schemes and central difference schemes are employed to discretize the convection term and diffusion term, respectively. The velocity–pressure coupling is handled by the SIMPLE algorithm.





3. Results


3.1. Theoretical and Experimental Verification


Figure 6 presents a comparison of the leakage flowrates predicted by the transient CFD method based on three whirl models with the bulk flow model results and the experimental results [28]. In the present simulations, the whirl amplitude is determined as 1% of Cr. The leakage flowrates from the 1D whirl model, circular whirl model and elliptical whirl model are almost the same. The maximum error of the transient simulation is 0.97%, which is lower than that of the bulk flow model. As shown in the figure, the leakage flowrates of the experiment increase slightly as static eccentricity increases. The variation trend of the transient CFD simulation method is more consistent with the experimental one than the trend of the bulk flow model is. Therefore, the transient CFD method is more applicable for predicting the leakage flowrates of annular seals.



Figure 7 presents a comparison of the dynamic characteristics predicted by the transient CFD method with three whirling models with the results of the bulk flow method and the experimental results [28]. For the transient CFD method, the results show that the error of the direct damping coefficients is the smallest (the maximum error is less than 25%), while the error of the direct virtual-mass coefficient (mxx) is the largest (the maximum error is up to 67%). Since the annular seal under study is a short annular seal, direct virtual-mass coefficients are small, leading to the transient CFD method having no obvious advantage in predicting direct virtual-mass coefficients. Direct stiffness coefficients and cross-coupled stiffness coefficients are underpredicted by the transient CFD method, and their prediction accuracy is slightly worse than that of the bulk flow method. This is due to the current numerical model ignoring the influence of the non-uniform of upstream flow of the annular seal, which is not consistent with the practical non-uniformity in the experiment. The direct damping coefficients predicted by the transient CFD method are larger than the experimental results, while the cross-coupled damping coefficients of the method are smaller than the experimental results. However, the accuracy of the present CFD method in predicting direct damping and cross-coupled damping is superior to that of the bulk flow model. As for direct virtual-mass coefficients, when static eccentricity is less than 0.4, the results of the transient CFD method are almost larger than the experimental results, but its prediction accuracy is higher than that of the bulk flow model. When static eccentricity is more than 0.4, the accuracy of the CFD method with the circular whirling model and the elliptical whirling model is also superior to that of the bulk flow method. In general, as the high-precision prediction of damping coefficients is more difficult than that of stiffness coefficients, and damping coefficients have an important influence on the stability of high-speed long shaft system. Therefore, the transient CFD method with three whirl models, which has better ability in damping prediction, is used in the present paper.




3.2. Effects of Static Eccentricities and Whirl Models on the Dynamic Characteristics of the Annular Seal


Figure 7 shows that, as static eccentricity increases, the dynamic characteristics gradually deviate from the results of the concentric seal (εe = 0), and the dynamic coefficients no longer have the characteristics of equal main terms and negative cross terms (for example, kxx is not equal to kyy, and kxy is not equal to −kyx). The stiffness coefficients (kyy, kxy and −kyx) and damping coefficients (cxx, cyy and −cyx) of the three whirl models increase as static eccentricity increases. When static eccentricity is increased from 0 to 0.5, the maximum growth amplitudes of kyy, kxy and −kyx among the three whirl models are 7.6%, 42% and 166%, respectively, and the maximum amplitudes of cxx, cyy and −cyx among the three whirl models are 56%, 23% and 50%, respectively. With increasing static eccentricity, the kxx of the three whirl models first increases and then decreases. As static eccentricity increases, the cxy of the circular whirl model first decreases and then increases, while the cxy of the 1D whirl model and the elliptical whirl model decreases across the whole range of static eccentricities. As for direct virtual-mass coefficients (mxx, myy), the three whirl models all increase with increasing static eccentricity, except that the circular whirl model decreases when static eccentricity is between 0.3 and 0.4.



It also shows that the whirl model has almost no influence on the stiffness coefficients (kxx, kyy, kxy, −kyx) and the damping coefficients (cxx, cyy, cxy, −cyx) if the rotor whirls around static eccentricity that is less than 0.4. However, when static eccentricity is more than 0.4, the stiffness coefficients and the damping coefficients are sensitive to whirl model. As shown in Figure 7a–c, predictions of the circular whirl model for direct stiffness coefficients, cross-coupled stiffness coefficients and direct damping coefficients are smaller than those of the 1D whirl model and the elliptical whirl model. The accuracy of the direct stiffness coefficients and cross-coupled stiffness coefficients predicted by the circular whirl model is slightly worse than those of the other two whirl models, but the prediction accuracy for the direct damping coefficients is better than those of the other two whirl models. As illustrated in Figure 7d, the predictions of the circular whirl model for the cross-coupled damping coefficients are obviously greater than those of the 1D whirl model and the elliptical whirl model, which are well matched with the experimental results. It also can be observed that the trend of the circular whirl model is similar to the experimental plot, and it is superior to the 1D whirl model and the elliptical whirl model. As shown in Figure 7e, the whirl model has almost no effect on direct virtual-mass coefficients when static eccentricity ranges from 0.1 to 0.3. When static eccentricity is less than 0.1 and more than 0.3, direct virtual-mass coefficients are affected by the whirl model. The 1D whirl model possesses the largest direct virtual-mass coefficients, followed by the elliptical whirl model and then the circular whirl model. However, the direct virtual-mass coefficients of the circular whirl model are closer to the experimental data than those obtained by the other two whirl models. In general, achieve the optimal prediction accuracy of damping and correctly capture the trends of damping changing with static eccentricity, the circular whirl model is chosen for further study.




3.3. Effects of Whirl Amplitudes on the Dynamic Characteristics of the Annular Seal at Various Static Eccentricities


The dynamic characteristics of the annular seal shown in Figure 7 are obtained when the rotor whirl amplitude is 1% of Cr. Figure 8 shows that the other two rotor whirl amplitudes (5% of Cr and 10% of Cr) of the circular whirl model are employed to calculate the dynamic characteristics of the eccentric annular seals. It can be seen that when the static eccentricity is less than 0.3, the dynamic characteristics of the three whirl amplitudes almost coincide. Then, with increasing static eccentricity, different whirl amplitudes provide different results, and these are compared with the experimental data. It is shown that the model with whirl amplitude of 1% Cr is good for predicting direct damping coefficients and direct virtual-mass coefficients, while it is bad for predicting cross-coupled stiffness coefficients. The model with amplitude of 5% Cr is helpful for the prediction of direct stiffness coefficients, but is not suitable for the prediction of cross-coupled damping coefficients. The whirl amplitude with 10% Cr has advantages for the prediction of cross-coupled damping coefficients, but it has disadvantages for the prediction of direct stiffness coefficients, direct damping coefficients and direct virtual-mass coefficients. Therefore, the analysis results reveal that whirl amplitude has a great influence on the dynamic characteristics of large eccentric annular seals.





4. Conclusions


A transient CFD method is adopted in this paper to study an annular seal with various static eccentricities, and which is suitable when using 1D whirl models, circular whirl models, and elliptical whirl models as the excitation signal to calculate the dynamic characteristics of the annular seal. The method is validated by the bulk flow model results and the experimental results. The effects of the static eccentricities and whirl amplitudes on the dynamic characteristics of the seal are discussed. The following conclusions can be drawn.




	
The mesh morphing technique implemented by user-defined subroutines can update the grids in the clearance of the annular seal with the rotation of the rotor whirl at each time step, and the grids in the gap of the annular seal are without highly deformed grid cells and negative volume.



	
The three whirl models of the transient CFD method demonstrate great improvement compared to the bulk flow model for the prediction of direct damping coefficients and cross-coupled damping coefficients, and the three whirl models have the highest prediction accuracy for direct damping coefficients, with a maximum error of 25%. Compared with the 1D whirl model and the elliptical whirl model, the circular whirl model is the best choice for obtaining high-precision damping and correctly capturing the trends of damping changing with static eccentricity.



	
As static eccentricity increases, the dynamic characteristics coefficients of the eccentric annular seal are no longer characteristics with equal main terms and negative cross terms. Negative kyx increases significantly with increasing static eccentricity, and it increases by 166% when static eccentricity is increased from 0 to 0.5.



	
Whirl amplitude has an obvious influence on the dynamic characteristics of eccentric annular seal when the static eccentricity is greater than 0.3, and 1% of Cr and 10% of Cr have great advantages when predicting direct virtual-mass and cross-coupled damping, respectively.
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Nomenclature




	a
	The major axis of elliptical whirl orbit (mm)



	b
	The minor axis of elliptical whirl orbit (mm)



	BFM
	Bulk flow model



	CFD
	Computational fluid dynamics



	C
	The center of stator



	C’
	The center of rotor



	C”
	The static eccentric position



	Cr
	Seal clearance (mm)



	cxx, cyy
	Direct damping (Ns/m)



	cxy, cyx
	Cross-coupled damping (Ns/m)



	d
	The movement displacement of the rotor when moving from the concentric position to the eccentric position (m)



	e
	Circular whirl amplitude (mm)



	EXP
	Experiment



	Fx
	Fluid response force in x direction due to x direction excitation (N)



	Fy
	Fluid response force in y direction due to y direction excitation (N)



	Fx0
	Fluid response force in x direction due to rotor static eccentricity (N)



	Fy0
	Fluid response force in y direction due to rotor static eccentricity (N)



	kxx, kyy
	Direct stiffness (N/m)



	kxy, kyx
	Cross-coupled stiffness (N/m)



	L
	Seal length (mm)



	mxx, myy
	Direct virtual-mass (kg)



	mxy, myx
	Cross virtual-mass (kg)



	PD
	Pressure difference (MPa)



	q
	The maximum length–width ratio of grids when the rotor is in eccentric position



	q0
	The maximum length–width ratio of grids when the rotor is in concentric position



	R
	Seal radius (mm)



	Sc
	The ratio of the distance between the nodes in the clearance and the outer wall to the clearance



	xd
	Relative rotor to stator displacement in x direction (m)



	yd
	Relative rotor to stator displacement in y direction (m)



	θ
	Initial angular displacement of Pi (rad)



	ε
	Eccentricity (mm)



	εe
	Eccentricity ratio (ε/Cr)



	δ
	1D whirl amplitude (mm)



	ω
	Spinning speed (rpm)



	Ω
	Whirl speed (rpm)
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Figure 1. The grid of the annular seal. 
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Figure 2. Grid independence analysis. 
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Figure 4. Moving diagram of grid nodes. 
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Figure 5. The mesh at the radial clearance of annular seal: (a) concentric state; (b) eccentric state. 
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Figure 6. Comparison of leakage flowrates of the transient CFD method based on three whirl models with the results of the bulk flow model and the experimental results. 
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Figure 7. Comparison of the dynamic characteristics of the transient CFD method based on three whirl models with the bulk flow model results and the experimental results: (a) direct stiffness; (b) cross-coupled stiffness; (c) direct damping; (d) cross-coupled damping; (e) direct virtual-mass. 
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Figure 8. Dynamic characteristics of the seal under different whirl amplitudes: (a) direct stiffness; (b) cross-coupled stiffness; (c) direct damping; (d) cross-coupled damping; (e) direct virtual-mass. 
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Table 1. Main dimensions and working conditions of the annular seal.
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	Parameters
	Symbols
	Values





	Seal radius
	R
	38.145 mm



	Seal clearance
	Cr
	0.11 mm



	Seal length
	L
	34.93 mm



	Static eccentricity ratio
	εe
	0, 0.1, 0.2, 0.3, 0.4, 0.5



	Spinning speed
	ω
	10,200 rpm



	Pressure difference
	PD
	6.89 MPa



	L/2R ratio
	-
	0.457
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