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Abstract

:

Daily and Nece distinguished four flow regimes in an enclosed rotor-stator cavity, which are dependent on the circumferential Reynolds number and dimensionless axial gap width. A diagram of the different flow regimes including the respective mean profiles for both tangential and radial velocity was developed. The coefficients for the different flow regimes have also been correlated. In centrifugal pumps and turbines, the centripetal through-flow is quite common from the outer radius of the impeller to the impeller eye, which has a strong influence on the radial pressure distribution, axial thrust and frictional torque. The influence of the centripetal through-flow on the cavity flow with different circumferential Reynolds numbers and dimensionless axial gap width is not sufficiently investigated. It is also quite important to convert the 2D Daily and Nece diagram into 3D by introducing the through-flow coefficient. In order to investigate the impact of the centripetal through-flow, a test rig is designed and built up at the University of Duisburg-Essen. The design of the test rig is described. The impact of the above mentioned parameters on the velocity profile, pressure distribution, axial thrust and frictional torque are presented and analyzed in this paper. The 3D Daily and Nece diagram introducing the through-flow coefficient is also organized in this paper.
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1. Introduction


In radial pumps and turbines, the leakage flow (centripetal through-flow) is quite common from the outer radius of the impeller to the impeller eye, which has a major impact on the pressure distribution, axial thrust (    F a    ) and frictional torque. Von Kármán [1] and Cochran [2] gave a solution of the ordinary differential equation for the steady, axisymmetric, incompressible flow. Daily and Nece [3] examined the flow of an enclosed rotating disk both analytically and experimentally. They distinguished the four flow regimes, shown in Figure 1, by correlating different empirical equations of the moment coefficients. Kurokawa et al. [4,5,6] studied the cavity flow with both centrifugal and centripetal through-flow. Schlichting and Gersten [7] organized an implicit relation based on the results of Goldstein [8] for the moment coefficient under turbulent flow conditions. Poncet et al. [9] studied the centripetal through-flow in a rotor-stator cavity and obtained an equation of the core swirl ratio K based on the local flow rate coefficient (    C  q r     ) for Batchelor type flow [10]. For Batchelor type flow, the centrifugal disk boundary layer and the centripetal wall boundary layer are separated by a central core. Debuchy et al. [11] derived an explicit equation for K which is valid over a wide range of     C  q r     . Launder et al. [12] provided a review of the current understanding of instability pattern that are created in rotor-stator cavities leading to transition and eventually turbulence. Recent experimental investigations up to circumferential Reynolds numbers Re = 5 × 108 with and without through-flow have been conducted by Coren et al. [13], Long et al. [14] and Barabas et al. [15]. The scope of the present study is shown in Figure 1.



The main dimensions of the rotor-stator cavity are illustrated in Figure 2. This study focuses on the influence of non-pre-swirl centripetal through-flow on the cavity flow. Based on the results from previous studies,      C D  ′     (through-flow coefficient) may have a large influence on the moment coefficient, noted as     C M    . Uncertainties still exist in the effect of      C D  ′     on     C M     with different values of Re and G (dimensionless axial gap). This study is aimed to provide more results to increase the dataset and to better understand the influence of above parameters on     C p     (pressure coefficient),     C F     (axial thrust coefficient) and     C M    . The definitions of the significant dimensionless parameters in this study are given in Equations (1a)–(1k).





   R e =   Ω ⋅  b 2   v    



(1a)






   R  e φ  =   Ω ⋅  r 2   v    



(1b)






   G =  s b    



(1c)






     C D  ′  =   m ˙   μ ⋅ b     



(1d)






    C F  =  ∫ a b    2 ⋅ π ⋅  (   p b  − p  )  ⋅ r d r   ρ ⋅  ω 2  ⋅  b 4      



(1e)






    C  q r   =   Q ⋅ R   e φ   0 . 2     2 ⋅ π ⋅ Ω ⋅  r 3      



(1f)






   ζ =  z s    



(1g)






   x =  r b    



(1h)






    C M  =   2 ⋅  | M |    ρ ⋅  Ω 2  ⋅  b 5      



(1i)






    p *  =  p  ρ ⋅  Ω 2  ⋅  b 2      



(1j)






    C p  =  p *   (  x = 1  )  −  p *   ( x )    



(1k)








2. Theoretical Analysis


In this study, the values of Q (volumetric through-flow rate),      C D  ′     and     C  q r      are negative for centripetal through-flow. Using a two-component Laser Doppler Anemometer (LDA) system, Poncet et al. [9] correlated Equation (2a) to evaluate the core swirl ratio K (the ratio of the angular velocity of the fluid to that of the disk at    ζ = 0 . 5   ) with centripetal through-flow when     C  q r   ≥ − 0 . 2   . Debuchy et al. [11] determined Equation (2b) to calculate the values of K for a wider range     C  q r   ≥ − 0 . 5    with a two-component LDA system. The results from Equation (2b) are smaller than those from Equation (2a) at large values of     |   C  q r    |    , compared in Figure 3.


   K = 2 ⋅    (  − 5 . 9 ⋅  C  q r   + 0 . 63  )     5 7    − 1   



(2a)






   K =    [    − 8 . 85 ⋅  C  q r   + 0 . 5    e   (  − 1 . 45  C  q r    )       ]     5 4      



(2b)







A number of studies, such as those by Kurokawa et al. [6], Poncet et al. [9], Coren et al. [13], and Barabas et al. [15], show that the pressure distribution along the radius of the disk can be estimated with the core swirl ratio K both with and without through-flow. Will et al. [16,17,18] determined Equation (3) to evaluate the pressure distribution along the radius of the disk for the incompressible, steady flow. It is obtained directly from the radial momentum equation when the turbulent shear stress is neglected. In a rotor-stator cavity, the cross sectional area changes in radial direction. Consequently, the pressure must also change since the mean velocity changes in radial direction according to the continuity equation.


     ∂ p   ∂ r   = ρ  (      v φ  2   r  −  v r    ∂  v r    ∂ r    )  = ρ ⋅  K 2  ⋅  Ω 2  ⋅ r +   ρ ⋅  Q 2    4 ⋅  π 2  ⋅  s 2  ⋅  r 3      



(3)







The difference of the force on both sides of the disk is the main source for axial thrust, noted as     F a    , calculated with Equation (4a).      F  a f      (force on the front surface of the disk; calculated with Equation (4b)) and     C  F f       (    C F     on the front surface) respectively represent the force and the thrust coefficient on the front surface of the disk (in the front chamber, shown in Figure 2), while     F  a b      (force on the back surface of the disk; calculated with Equation (4c)) and     C  F b      are those on the back surface of the disk (in the back chamber). a and     p b     represent the radius of the hub (see Figure 2) and the pressure at x = 1, respectively. The back chamber (G = 0.072), shown in Figure 2, is supposed to be an enclosed cavity. The values of     C  F b      (    C F     on the back surface) are obtained when      C D  ′     = 0 and the axial gaps of both cavities have the same size for different Re (under that condition     C  F f      =     C  F b     ). After obtaining those values, the values of     C  F f      with different values of      C D  ′     can be calculated with Equation (5).


    F a  =  F  a b   −  F  a f     



(4a)






    F  a f   = π ⋅  p b  ⋅  b 2  −  C  F f   ⋅ ρ ⋅  Ω 2  ⋅  b 4    



(4b)






    F  a b   = π ⋅  p b  ⋅  (   b 2  −  a 2   )  −  C  F b   ⋅ ρ ⋅  Ω 2  ⋅  (   b 4  −  a 4   )    



(4c)






    C  F f   =    F a  +  C  F b   ⋅ ρ ⋅  Ω 2   (   b 4  −  a 4   )  + π  p b   a 2    ρ ⋅  Ω 2  ⋅  b 4      



(5)








3. Test Rig Design and Experimental Set-Up


The design of the test rig is shown in Figure 4. The cross section of the test rig is depicted in Figure 4a. The centripetal through-flow (volumetric through-flow rate   Q  ), shown by the black arrows in Figure 4a, is supplied with water by a pump system. The view along the “A” direction is sketched in Figure 4b. The shaft sealing at the back cavity is depicted in Figure 4c (    r  s e a l   = 10   mm   ). A picture of the test rig is shown in Figure 4d. The shaft is driven by an electric motor. A frequency converter is used to adjust the speed of rotation (0~2500/min) with the absolute uncertainty of 7.5/min. In this study, only the axial gap of the front chamber is changed by installing six sleeves with different length. There are 24 channels in the guide vane (instead of entirely open at the periphery) to get more uniform centripetal through-flow, shown in Figure 4b. The area of each channel is 4 × 10−6 m2. In this study, the channels in the guide vane are radial directed (see Figure 4b). Other parameters of the experiments in this study are given in Table 1. The transducers in the test rig include two pressure transducers (36 pressure tubes), a torque transducer and three tension compression transducers. A thrust plate is fixed by a ball bearing and a nut from both sides to convey the axial thrust to the tension compression transducers. A linear bearing is used to minimize the frictional resistance during the axial thrust measurements. During the measurements of axial thrust, the calibrations of the axial thrust transducers are performed when changing the axial gap width of the front chamber. When measuring the torque, the values of the shaft without the disk rotating at different speeds of rotation are subtracted. The measured     R z     of the disk is 1 μm. The values of     R z     on all the other surfaces of the test rig are below 1.6 μm.



The measurements of the axial thrust include two steps. The cavities for each step are depicted in Figure 5. The first step is to measure the axial force imposed by the drive end of the motor when the shaft without the disk is rotating at different speed of rotation in the air. For the second step, all the results are modified by subtracting above values obtained at the first step according to the speed of rotation. The shaft head in Figure 5b is considered as a part of front surface (with the area of    Ω ⋅  b 2    ). The geometry of the nut is ignored. Then, the values of thrust coefficient on a single surface can be calculated with Equation (5).



The relative error, noted as     e T    , of the pressure transducers is 1% (full scale (FS)). The value of     e T     for the torque transducer is 0.1% (FS). The value of     e T     for the axial thrust transducers is 0.5% (FS). All the experimental results are the ensemble average of 1000 samples. The uncertainties of the measured results, noted as    ∆ N   , are the differences between the real values and the measured values. They are estimated with the root sum squared method. The uncertainties are calculated with Equation (6).     N T     is the uncertainty due to the transducers.     N D     is the uncertainty due to the data acquisition system. The measuring range (    M r    ) of the torque meter is 0~10    Nm .    The measured range of the pressure transducer is 0~2.5 bar (absolute pressure). The measured range of the thrust transducers is −100~100 N. The input voltage signals are the following ranges: 0~10 V for the pressure transducers and the torque transducer, −10 V~10 V for the axial thrust transducers. The absolute accuracy of the data acquisition system (with NI USB-6008) is 4.28 mV in this study. The random noise and zero order uncertainty are neglected because they are very small. The distributions of the results are considered as normal distributions and the normal distribution coefficient is selected as 1.96 (95% confidence level).     n T     represents the number of the transducers used to obtain one result together. To evaluate     F a     and M on the front surface, the total results, the results on the back surface (obtained when      C D  ′  = 0    and    s =  s b    ) and the results when the shaft is rotating without disk are measured with the transducers. Hence, the measuring times to obtain one result, noted as     n M    , is 3 for the axial thrust, the frictional torque (M) and Re (by measuring n). The uncertainties of the measurements are summarized in Table 2.


    ∆ N =     N T  2  +   N D  2    ;      N T  =      n T  ⋅  n M  ⋅    (   e T  ⋅  M r   )   2      1 . 96 ⋅   1000      ;     N D  =      n T  ⋅  n M  ⋅    (   e D  ⋅  M r   )   2      1 . 96 ⋅   1000        



(6)








4. Numerical Simulation


To predict the cavity flow, numerical simulations are carried out using the ANSYS CFX 14.0 code [15]. There are 24 channels in the guide vane. Considering the axial symmetry of the problem, a segment (15 degree) of the whole domain is modeled and a rotational periodic boundary condition is applied. Structured meshes are generated with ICEM 14.0. The domain for the numerical simulation when G = 0.072 is depicted with yellow color in Figure 6. The simulation type is set as steady state. Barabas et al. [15] found that the simulation results from the shear stress transport (SST)    k - ω    turbulence model in combination with the scalable wall functions are in good agreement with the measured pressure in a rotor-stator cavity with air. The deviations of the pressure measurement are less than 1%. Hence, in this study, the same turbulence model and wall functions are used. The boundary conditions at the inlet and at the outlet are pressure inlet and mass flow outlet, respectively. The values of the pressure at the inlet are set according to the pressure sensor at the pump outlet. The convergence criteria for all the numerical simulations are set as      10   − 5      in maximum type. The turbulent numeric is set as second order upwind. The maximum value of     y +     in all the simulation models is 13.4.




5. Results and Discussion


5.1. Simulation Results of Velocity Distributions


The velocity profiles are sensitive to the boundary condition at the inlet. The profiles in the front chamber are discussed in this part because there is a small jet flow through each channel in the guide vane. All the velocities are made dimensionless by dividing them by    Ω ⋅ b   . The values of     V z     are positive when they have a direction from the disk to the wall. The velocity profiles at three radial positions for Re = 1.9 × 106 and G = 0.072 (wide gap) are shown in Figure 7. The dimensionless radial velocities are not exactly zero in the central cores, shown in Figure 7a–c. From the distribution of tangential velocity, there are central cores at all the investigated radial positions where the values of     V φ     are almost constant, shown in Figure 7d–f. At x = 0.955 and x = 0.79, the values of the tangential velocity are smaller at    ζ = 0 . 5    when     |    C D  ′   |     increase from 1262 to 3787 and 5050, depicted in Figure 7d,e. The profiles are special, because according to the former results (such as from Poncet et al. [9] and Debuchy et al. [11]), the increase of     |    C D  ′   |     will result in an increase of the core swirl ratio K for centripetal through-flow. Then, the tangential velocity should increase instead of decrease. Probably this can be attributed to the jet flow through the channel at the inlet, which is stronger at large     |    C D  ′   |    . At x = 0.955, the values of     |   V z   |     become smaller for larger     |    C D  ′   |     in general, shown in Figure 7g. The direction of     V z     is from the disk towards the wall for     |    C D  ′   |  = 0    and     |    C D  ′   |  =    1262 at x = 0.955, while it is from the wall towards the disk at     |    C D  ′   |  = 3787    and     |    C D  ′   |  = 5050   . There are axial circulations of the fluid in the front chamber. The directions of the axial circulations, however, are strongly influenced by the values of     |    C D  ′   |    , depicted in Figure 7g–i.



The velocity profiles at the three radial coordinates for Re = 1.9 × 106 and G = 0.018 (small gap) are shown in Figure 8. The dimensionless radial velocities     V r     vary along   ζ  , shown in Figure 8a–c. The values of     V r     decrease with the increase of     |    C D  ′   |     in general. The tangential velocity     V φ     decreases constantly with the increase of   ζ  , which is the characteristic of the regime III, shown in Figure 8d–f. At x = 0.955 and x = 0.79, the values of tangential velocity are much smaller at large     |    C D  ′   |    , shown in Figure 8d. The reason is that the impact of the jet flow at the inlet becomes greater for smaller G. The profiles of     V z     are quite different at x = 0.955 in Figure 8g, compared with those in Figure 7g. The values of     V z     are less than those from Figure 7h,i. The results of     V z     indicate that the axial circulations of fluid are sensitive to the values of G.




5.2. Pressure Distributions


Due to the construction of the geometry, there is no pressure tube at x = 1. The closest tube is at x = 0.955. The pressure values at x = 1 (reference pressure) are taken from numerical simulation. Since the values of p from numerical simulation at x = 0.955 are close to those from experiments, the small errors are neglected.



The pressure coefficient     C p     are positive values because the pressure drops towards the shaft. In Figure 9, the values of     C p     are plotted versus the dimensionless radial coordinates for three values of Re and G. The experimental results show that the values of     C p     increase with increasing     |    C D  ′   |    . The values of     C p     decrease with the increase of Re and G in general. When Re = 1.9    ×   10  6     and Re = 2.79 × 106, the uncertainties of the     C p     are respectively 2.7 × 10−4 and 1.3 × 10−4, which are very small compared with the measured results. Hence, they are neglected in Figure 9d–i.




5.3. Axial Thrust Coefficient


Based on the axial thrust measurements (direction of the axial thrust see Figure 4a), a correlation for     C  F f      is determined, given in Equation (7). The results from Equation (7) are consistent with the experimental results, plotted in Figure 10. With the increase of     |    C D  ′   |    , the values of     C  F f      increase, which can be attributed to the drop of p. The values of     C  F f      are smaller for higher values of G and Re.


    C  F f   =  [  6 . 6 ⋅   10   − 3   ⋅ ln  (  R e  )  − 0 . 113  ]  ⋅  e   (  1 . 2 ·   10   − 4   ·  |    C D  ′   |   )    ⋅  [  0 . 122 ⋅ ln  ( G )  − 0 . 67  ]    



(7)








5.4. The 3D Daily and Nece Diagram


The typical tangential velocity profiles for regime III (merged disk boundary layer and wall boundary layer) and regime IV (separated disk boundary layer and wall boundary layer) are given in Figure 11.



Based on the simulation results of the tangential velocity, part of the Daily and Nece diagram (see Figure 1) is extended into 3D by distinguishing the tangential velocity profiles (see Figure 11) at x = 0.955, x = 0.79 and x = 0.57. The scope of this study is the following parameter ranges:     |    C D  ′   |  ≤ 5050   , 0.38 × 106 ≤ Re ≤ 3.17 × 107 and 0.018 ≤ G ≤ 0.072. They are categorized into two regimes, namely regime III (below the distinguishing lines) and regime IV (above the distinguishing lines). Currently, five distinguishing lines are found for different     |    C D  ′   |     shown in Figure 12b. The distinguishing line at      C D  ′  = 0    is almost equal to that from Daily and Nece [3]. The distinguishing lines become steeper for higher values of     |    C D  ′   |    . The approximate distinguishing surface is drawn through the lines, shown in Figure 12a. Below and above the surface are regime III and regime IV, respectively. Near the distinguishing surface, there is a mixing zone where regime III and regime IV coexist in the front chamber. In this study, it is not plotted in Figure 12.




5.5. Moment Coefficient


According to the experimental results from Han et al. [19], the moment coefficient on the cylinder surface of the disk (    C  M c y l     ) can be estimated with Equation (8) for smooth disks.


    C  M c y l   =   2 ⋅  |   M  c y l    |    ρ ⋅  Ω 2  ⋅  b 5    =   0 . 084 ⋅ π ⋅ t   b ⋅    (  l g   Ω ⋅  b 2   υ   )    1 . 5152       



(8)







When      C D  ′  = 0   , the values of     C M     for G = 0.018 (regime III) and G = 0.072 (regime IV) are compared in Figure 13a,b, respectively. The differences between the experimental results and those from the correlations by Daily and Nece [3] for both regime III and regime IV, are colossal.     k s     is the equivalent surface roughness, defined in Equation (11). According to Schlichting et al. [7],     k  s l      (the limitation for hydraulic smooth) wall can be estimated with Equation (12). The disk therefore can be considered hydraulic smooth when     R z  ≤ 38 . 2   μ m   . To explain the wide gap, the results for a rougher disk (    R z  = 22   μ m   ) are also plotted for comparison. The results are much closer to those from the equation by Daily and Nece [3]. Hence, the differences can be attributed to the difference of surface roughness. Equations (9) and (10) are therefore determined to satisfy the experimental results (    R z     = 1 μm for the disk).





    C  M 3   = 0 . 011 ⋅  G  −  1 6    ⋅ R  e  −  1 4    ⋅  [   e   (  0 . 8 ⋅   10   − 4   ⋅  |    C D  ′   |   )     ]    



(9)






    C  M 4   = 0 . 014 ⋅  G   1  10     ⋅   Re   −  1 5    ⋅  [   e   (  0 . 46 ⋅   10   − 4   ⋅  |    C D  ′   |   )     ]    



(10)






     k s  =   π ⋅ ε  8  ,  ⋅  ε = 0 . 978 ⋅  R z     



(11)






    k  s l   =   100 ⋅ ν    (  1 − K  )  ⋅ r ⋅ Ω     



(12)







To introduce the influence of      C D  ′     on the moment coefficient, the results of     C M     from both the experiments and the equations are plotted versus Re in Figure 14. With the increase of Re, the flow regime may change from regime III to regime IV (see the distinguishing lines in Figure 12). For G = 0.018 and G = 0.036, most of the flow regimes are regime III and the results are close to those from Equation (9) in general, shown in Figure 14a,b. The flow regimes change from regime III to regime IV with the increase of Re for     |    C D  ′   |  = 0    and     |    C D  ′   |  = 1262    at G = 0.036 in Figure 14b. For G = 0.054 and G = 0.072, most of the flow regimes are regime IV and the results are close to those from Equation (10) in general, depicted in Figure 14c,d. The results of     C M     from the equations are in good agreement with those from experiments. The values of     C M     increase with the increase of     |    C D  ′   |    , while decrease with the increase of Re. At large values of Re, the impact of      C D  ′     on     C M     becomes lesser. At the same values of     |    C D  ′   |    , the intersection points of the curves from Equation (9) and those from Equation (10) are close to those in Figure 12b. The difference can be attributed to the existence of the mixing zone.



The results from Equations (9) and (10) at the distinguishing lines should be equal. The results of     C  M 3   /  C  M 4      (    C M     for regime III/    C M     for regime IV) for a non-dimensioned gap width G at the distinguishing lines (see Figure 12b) are presented in Figure 15. The differences, attributed to the existence of the mixing zone, are less than 4%. The results indicate that the distinguishing lines (in Figure 12), Equations (9) and (10) are reasonable.



An example is provided on the applications of the results in this paper. Shi et al. [20] studied the axial thrust of a single stage well pump based on both numerical simulation and experiments. The pressure acting at the impeller is shown in Figure 16a. Based on Equation (7), the thrust coefficient at surface 1 and surface 2 can be calculated when the leakage flow is estimated. The volumetric leakage through-flow rate is considered as 5% of the flow rate of the pump. The force at the impeller eye (at surface 3) with numerical simulation. Then, the axial thrust of the impeller can be calculated when the axial force of the shaft is estimated. They predicted the force on all the surfaces of the impeller and the shaft to calculate the axial thrust. The axial force of the shaft is obtained at different flow rate from the simulation results by Shi et al. [20]. The maximum difference between their simulation results and measurements of the axial thrust is 5.9%. The values of     F  a b   −  F  a f      are plotted versus      C D  ′     in Figure 16b. The experimental results of     F  a b   −  F  a f      are obtained by subtracting the forces on the rest of the surfaces (from numerical simulation). The results from Equation (7) are in better agreement with the experimental results than those from the equation by Kurokawa et al. [4] when      C D  ′     ranges from 1150 to 4630.



There are still some limitations of this work. The results and correlations are limited to non-pre-swirl centripetal through-flow. The centripetal leakage flow in the radial pumps and turbines, however, contains a certain amount of angular momentum, which deserves further investigation. All the experimental results are obtained with the smooth disk (    R z  = 1   μ m   ). The applications of the equations are still limited because all of the results are influenced by the surface roughness of the disks. Some more results will be presented with rough disks and the equations will be modified by introducing the impact of the surface roughness of the disks in the next step. Currently, the distinguishing lines for regime III and regime IV are obtained by evaluating the tangential flow component based on numerical simulation. This will be put on an experimental level by measuring the velocity components in both tangential and radial direction with a Laser Doppler Velocimetry (LDV) system in the future.





6. Conclusions


The influence of centripetal through-flow on the velocity, radial pressure distribution, axial thrust and frictional torque in a rotor-stator cavity with different axial gaps is illustrated to be strong.



A correlation is determined, which enables to predict the influence of G, Re and      C D  ′     on the thrust coefficient     C F     for a smooth disk (    R z  = 1   μ m   ).



For the first time, part of the 3D Daily and Nece diagram is obtained by distinguishing the tangential velocity profiles. Currently, the flow regimes are catagorized into two regimes, namely regime III and regime IV. Five distinguishing lines and the approximate distinguishing surface are presented. Two correlations are determined to predict the influence of      C D  ′     on     C M     for the two regimes with good accuracy for the smooth disk (    R z  = 1   μ m   ). At the distinguishing lines, the results from the two equations are very close.



Using the equations for the axial thrust coefficient and the moment coefficient, the influence of the centripetal through-flow can be better considered when designing radial pumps and turbines with smooth impellers. Some more attention will be drawn in the future to the impact of the disk roughness. The 3D Daily and Nece diagram will be modified based on the velocity measurements with a LDV system.
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Nomenclature




	
Latin Symbols




	
a

	
Hub radius




	
b

	
Outer radius of the disk




	
     C D  ′    

	
Through-flow coefficient




	
    C F    

	
Axial thrust coefficient




	
    C  F f     

	
    C F     on the front surface




	
    C  F b     

	
    C F     on the back surface




	
    C M    

	
Moment coefficient




	
    C  M c y l     

	
Moment coefficient on the cylinder surface of the disk




	
    C  M 3     

	
    C M     for regime III




	
    C  M 4     

	
    C M     for regime IV




	
    C p    

	
Pressure coefficient




	
    C  q r     

	
Local flow rate coefficient




	
    e T    

	
Relative error of the transducer




	
    e D    

	
Relative error due to the data acquisition device




	
    F a    

	
Axial thrust




	
    F  a f     

	
Force on the front surface of the disk




	
    F  a b     

	
Force on the back surface of the disk




	
G

	
Dimensionless axial gap




	
K

	
Core swirl ratio at   ζ   = 0.5




	
    k s    

	
Equivalent surface roughness




	
    k  s l     

	
Limitation of     k s     for hydraulic smooth wall




	
  M  

	
Frictional torque




	
    M  c y l     

	
Frictional resistance on the cylinder surface of the disk




	
    M r    

	
Measured range




	
   m ˙   

	
Mass flow rate




	
    N D    

	
Uncertainty of the data acquisition system




	
    N T    

	
Uncertainty of the transducer




	
   ∆ N   

	
Uncertainty of the measured results




	
n

	
Speed of rotation




	
    n T    

	
Number of transducers




	
    n M    

	
Measuring times to obtain one result




	
p

	
Pressure




	
    p b    

	
Pressure at r = b




	
    p *    

	
Dimensionless pressure




	
Q

	
Volumetric through-flow rate




	
Re

	
Global circumferential Reynolds number




	
Reφ

	
Local circumferential Reynolds number




	
r

	
Radial coordinate




	
    r  s e a l     

	
Radius of shaft seal




	
s

	
Axial gap of the front chamber




	
    s b    

	
Axial gap of the back chamber




	
t

	
Thickness of the disk




	
    V r    

	
Dimensionless radial velocity




	
    V z    

	
Dimensionless axial velocity




	
    V φ    

	
Dimensionless tangential velocity




	
x

	
Dimensionless radial coordinate




	
  z  

	
Axial coordinate




	
Greek Symbols




	
  ε  

	
Diameter of spheres




	
  ζ  

	
Dimensionless axial coordinate




	
  μ  

	
Dynamic viscosity of water




	
  v  

	
Kinematic viscosity of water




	
  ρ  

	
Density of water




	
  Ω  

	
Angular velocity of the disk




	
Abbreviations




	
FS

	
Full scale




	
LDA

	
Laser Doppler Anemometer




	
LDV

	
Laser Doppler Velocimetry




	
SST

	
Shear Stress Transport
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Figure 1. Flow regimes according to Daily and Nece [3]. 
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Figure 2. Main dimensions of the test rig. a: Hub radius; b: outer radius of the disk; r: radial coordinate; s: axial gap of the front chamber;     s b    : axial gap of the back chamber; t: thickness of the disk; z: axial coordinate. 
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Figure 3. Comparison of results from Equations (2a) and (2b). K: core swirl ratio at    ζ = 0 . 5   ;     C  q r     : local flow rate coefficient; Eq: equation. 
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Figure 4. Test rig design.     F a    : axial thrust;     r  s e a l     : radius of shaft seal. 
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Figure 5. Cavities to measure the axial thrust. 
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Figure 6. Domain for numerical simulation when G = 0.072. 
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Figure 7. Velocity profiles for Re = 1.9 × 106 and G = 0.072 (wide gap). G: dimensionless axial gap. 
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Figure 8. Velocity profiles for Re = 1.9 × 106 and G = 0.018 (small gap). 
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Figure 9. Influence of      C D  ′     on     C p     (pressure coefficient) in dependence of Re and G. 
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Figure 10. Mean     C  F f     -     C D  ′     curves in dependence of Re and G.     C F    : axial thrust coefficient;     C  F f   :    C F     on the front surface. 
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Figure 11. Typical tangential velocity profiles for: (a) regime III and (b) regime IV. 
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Figure 12. Part of the 3D Daily and Nece diagram: (a) Distinguishing surface and (b) Distinguishing lines. 
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Figure 13. Comparison of the results of     C M     (moment coefficient) for G = 0.018 and G = 0.072 at      C D  ′  = 0   . 
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Figure 14. Curves for     C M     in dependence of      C D  ′     for different values of Re and G. 
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Figure 15. Results of     C  M 3   /  C  M 4      (    C M     for regime III/    C M     for regime IV) at the distinguishing lines. 
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Figure 16. Axial thrust in a centrifugal single stage well pump [20]: (a) Pressure distribution and (b) Comparison of     F  a b   −  F  a f      [20].     F  a b      : force on the back surface of the disk;     F  a f   :    force on the front surface of the disk. 
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Table 1. Parameters of the experiments.
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	b (mm)
	n (/min)
	Q (m3/s)
	s (mm)
	     s b      (mm)
	a (mm)
	t (mm)





	110
	0~2500
	−5.56 × 10−4~0
	2~8
	8
	23
	10







n: speed of rotation; Q: volumetric through-flow rate.
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Table 2. Uncertainty analysis for the measurements.
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	p (Bar)
	     F a      (N)
	M (Nm)
	Re
	      C D  ′     





	   ∆ N   
	   4 . 04   ×   10   − 4     
	   2 . 43 ×   10   − 2     
	   3 . 00 ×   10   − 4     
	   9 . 01 ×   10  4    
	4.1



	    n T    
	1
	3
	1
	1
	1



	    n M    
	1
	3
	3
	3
	1







   ∆ N   : uncertainty of the measured results;     n T  :    number of transducers;     n M    : measuring times to obtain one result; p: pressure; M: frictional torque; Re: global circumferential Reynolds number;      C D  ′    : through-flow coefficient.
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