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The performance of a reversible pump turbine with S-shaped characteristics is of great harmful to the transient processes such as start-up and load rejection. When working point transition is required, then process in turbine mode must be fast, efficient and reliable. Especially during start-up, the machine must operate at a stable speed close to the no-load condition (i.e. close to the runaway characteristic) in a large operating head range while not involving a special stabilizing technique and all synchronized guide vanes are open slightly. When pump turbine operates in "S" zone, two direction flow phenomena such as turbine direction and pump direction coexist in the flow passage together and the interaction effect between turbine and pump flow is responsible for "S" zone. Many vortexes are formed because the interaction, furthermore, the vortex cause energy loss and discharge fluctuation. In order to improve the "S" characteristics of model pump-turbine and improve the safety margin of prototype pump-turbine, a criterion which can be used to justify whether pump turbine may operate in the "S" zone on model design is proposed. The criterion is the guide vane outflow angle is larger than impeller installed angle at no-load working point at different guide vane opening. When the guide vane outflow angle is larger than runner blade geometry installed angle at leading edge (high pressure side), the "S" zone will be removed from operation zone. How to explain this phenomenon? In fact, when the guide vane outflow angle increases, the flow discharge increase, so the main flow at turbine direction covers the main passage and the instability source such as pumping effect (the partial flow is from runner to guide vane which is like the pump mode, but at the same time the main flow is turbine mode) is suppressed, finally the S-shaped is improved.

INTRODUCTION

All over the world, the production of energy from renewable variable sources such as wind and solar is increasing massively. In order to integrate more and more wind and solar power in a given network, complementary power sources with high flexibility are necessary. Among them, Hydro Pumped Storage Plants (PSP) using reversible Pump-Turbine machines is an ideal complement, due to their fast response capability and their ability to store large amounts of potential energy when base load production exceeds the consumption on the grid and to release this stored energy when the power demand is higher.

Flexibility of Pumped Storage in operations is a requirement. Frequent starts and stops and fast mode changes are increasingly required, particularly from pumping mode to the generating mode. Reversible Pump-Turbine machines need to be designed for high availability, reliability and stability, especially during the start-up process in turbine mode when peak power production is required [1].

High head pump-turbine machines are more subject to the S-shaped characteristic because they are directly impacted by their own hydraulic design characteristics. Indeed, due to their low specific speed factor leading to a centrifugal design, the S-shaped phenomena in the Turbine quadrant becomes even more important and then more difficult to be mastered than for other lower head machines. Moreover, this issue will be even more difficult to master if a large head operating range is needed because the lowest head level will be shifted toward the most critical S-shaped region.

During start-up, there is no-load on the turbine shaft and the machine must be operated at stable speed close to the runaway characteristic. One necessary coupling condition is to have a rotation frequency level of the turbine in line with the grid frequency level. Just before the coupling sequence, the turbine rotation frequency must be stable without speed oscillations. If those conditions are not fulfilled, the start-up process can be slowed down or even impossible if no special stabilizing technique is used. So the S shaped curve of pumpturbine on n 11 -Q 11 must be out range of the operation zone. And the safety margin must be enough to ensure unite start-up.

Reversible machines must operate efficiently in both modes-Pump and Turbine modes. This is the reason why a design compromise must be found between the Pump and the Turbine modes, including not only the continuous normal operating area but also the offdesign operating range such as the start-up areas. Balancing of such hydraulic behavior is important for any kind of reversible Pump-Turbine. Because the Sshaped zone has so great damage to unite stability operation, many researchers and engineers pay more attention to S-shaped zone optimization.

Houdeline [2] gives the optimal result of significant improvement of the S-shaped characteristic of high head pump-turbine using all synchronized guide vanes based on CFD tools as well as model tests; however the optimization criterion is not given.

Yan [3] has compared with S-curve between the CFD calculation based on the commercial code ANSYS-CFX13 with the standard k-ε model and experiment result. Yan has proposed a numerical method which is effective to simulate S shaped curve and pressure fluctuation; however the criterion of S shaped curve is still not given.

Gentner [4] has proposed the criterion near no load at constant wicket gate opening in dimensional and dimensionless presentation for instability is dQ 11 /dn 11 >0. After many times numerical simulation or test, the curve n 11 -Q 11 is obtained and criterion can be estimated based on dQ 11 /dn 11 >0. Furthermore, Gentner [4] has published two vortices structure in runner channel such as fully developed vortices and vortex structure partially developed. With fully developed vortices, fluid enters the runner only at the shroud side, while vortices block the rest of the cross section. The inflow at the hub side enters the secondary vortex and these vortices are the main contribution to the S shaped curve. The main driver of the primary vortex is a strong cross flow on the pressure side from hub to shroud at the leading edge. If this cross flow can be reduced or avoided, the characteristic of the S-shape curve can be avoided or reduced along with the associated system fluctuations. Gentner's research achievement has given hydraulic engineer a direction of optimization to improve the Scurve.

Hasmatuchi [5,6] has compared the flow angle on runner inlet between best efficiency point and runaway point. When the pumped-turbine operates on S-curve zone, the flow angle is smaller. So Vlad's achievement has also given a direction to optimize the runner to improve the S-curve.

Hasmatuchi [7,8] has shown the experiment result of pump-turbine operating under off-design conditions in generating mode. The main flow under off-design conditions is dominated by one stall cell rotating with the impeller at sub-synchronous speed in the vane-less space between the impeller and guide vanes. It is likely the result of flow separations developed in several consecutive impeller channels, which lead to their blockage. Obviously, this rotating hydrodynamic instability is responsible for hydraulic unbalance and strong structural vibrations.

To sum up, many researchers pay attention to the S-shaped curve phenomena and principle, unfortunately, a reasonable criterion whether the designing turbine may run in S-shaped zone is still not obtained by present. Guide vane flow angle at no-load working points is an effective parameter to estimate whether the S-shaped zone could exist in the range of operation zone.

Consequently, this paper focuses on the flow analysis and criterion application in the S-shaped zone. The structure of the paper is arranged as follows: Detailed specifications of the pump-turbine are introduced in section 1. Section 2 describes the CFD model, mesh distribution, disposal of boundary condition and numerical procedures. Section 3 presents the results and discussions, such as the predicted results of discharge-speed characteristics curve, flow angle formulate and comparison. At last, conclusions are made.

Pump turbine specifications

The whole pump-turbine configuration including spiral casing, stay vanes, guide vanes, runner and draft tube is considered in the physical model, as shown in Fig. 1. The computing domain enables to overcome the influence of boundary conditions, periodic interfaces, and pitch ratio of rotor-stator interface, and it especially considers the non-axisymmetric inflow from the spiral casing. 

Mathematical model and computational details 2.1 Mathematical model

The continuity equation and momentum equation are adopted in simulation.

Continuity equation
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The turbulence stress is taken into account with turbulence viscosity coefficient in a standard SST model proposed by Menter [9] .

Grid generation

Rotating and stationary domains are matched using rotor stator interfaces. The global mesh encompassed 9 million nodes with smallest skewness angles of 20 degrees. As displayed in Fig. 2, special refinement is applied in the runner and in the guide vane domain. The mesh independent is validated before the scheme comparison. When the mesh number is 9,000,000, the comparison between simulation efficiency 0.930 and experimental value 0.928 has shown good agreement in 

Boundary condition 1) Inlet condition.

The mass flow inlet at the spiral casing (Turbine mode) is used, whose profile is assumed to be uniform.

2) Outlet conditions. Pressure outlet is used at the draft tube (Turbine mode), static pressure (p=0 Pa) is specified for all cases.

3) Other conditions. No-slip condition is assumed on all the solid walls, and standard wall function is used to calculate the turbulence kinetic energy and turbulence dissipation frequency near the wall. The interaction between rotation of runner and stagnant zones are dealt with by means of rotator and stator method.

Solution strategy

The software CFX13 is used to carry out the numerical simulation. In the calculation, the second order upwind scheme is used for discretization of convective term and the second order central scheme for discretization of diffusion term. The coupled solver is used and numerical convergence is set to a maximum of 10 -4 .

Calculation result and analysis 3.1 Flow in pump-turbine

In this paper, the total 4 guide vane openings and 28 working points are calculated in Tab.3. The calculated points include optimal working points, runaway points and turbine braking working points. The vortex effect which is named pumping effect (the partial flow is from runner to guide vane which is like the pump mode, but at the same time the main flow is turbine mode) could block the flow passage and result in energy loss. According to V.hasmatuchi [8] results, the Sshape is likely the result of rotating flow separation developed in several consecutive runner channels such as guide vane opening 10 o in Fig. 4. In other words, when the slope becomes positive close to the runaway point leading to the first inflection of the S-shaped characteristic in the turbine quadrant(i.e. the net head increases while the discharge decreases), then a separation flow leading to a pumping effect occurs at the runner channels entrance while the flow globally remains oriented in the turbine direction. This pumping effect is reverse direction of main flow coming from the guide vane. The interaction between turbine flow and pumping effects is the root cause of the unsteady and complex flow. The S-shaped characteristic is responsible for the speed oscillations of the machine close to the no-load point. According to the CFD calculation results, the velocity flow angle the included angle between inflow direction and tangential direction can be obtained in Fig. 5. From Fig. 5, the variety of the flow angle is periodic with guide vane numbers Z 0 , so 20 peak-topeak values appear in a period. The variety of flow angle is regular at guide vane inlet section in Fig. 5 (a) because of the flow is smooth, however the variety of flow angle is irregular at guide vane out section in Fig. 5 (b) which is caused by the interaction between guide vane wake, pumping effect (the partial flow is from runner to guide vane which is like the pump mode, but at the same time the main flow is turbine mode) and runner interaction appearing at the guide vane out [10] in Fig. 5(c). 

Figure. 1

 1 Figure. 1 Computation domain of the pump-turbine model. Specifications of the machine are listed in Tab.1:Table 1. Main specifications of the tested pump turbine runner diameter at inlet(mm) 560 runner diameter at outlet(mm) 300 runner blade number Z 1 9 guide vane number Z 0 20 Maximum guide vane opening( o ) a 32 rotational speed(rpm) 1200 specific speed (m. kW) 135.7

Fig. 2

 2 Fig.2 (a) and the efficiency value has shown the independence to mesh number. The mesh detail is shown in the Tab.2. The mesh number can satisfy the calculation requirement and confirm the ability of the model to simulate flow characteristic of model pumpturbine. The y+ on guide vane and runner blade is shown in Fig. 2(b) and (c).

  (a) Mesh independent (b) y+ on guide vane (c) y+ on runner blade Figure.2 Mesh independent and y + distribution of the reduced pump-turbine.

Fig. 3

 3 Fig.3 shows the n 11 -Q 11 curve distribution on hill chart. The four group curves represent four guide vane openings such as 7 o , 8 o , 9 o and 10 o . At guide vane 7 o , 8 o and 9 o , the curves are still negative slope (The interaction point between equal guide vane opening line and runaway line slope is dQ 11 /dn 11 <0) and S-shaped (The interaction point between equal guide vane opening line and runaway line slope is dQ 11 /dn 11 >0) characteristic appears at guide vane 10 o . The positive slope always exists at guide vane 10 o near the runaway point j, which shows the pumped-turbine operates in the S-zone starting from runaway working point to the braking working points.

Figure. 3

 3 Figure.3 n 11 -Q 11 at different guide vane opening Fig.4 presents the flow structure in flow passage at no-load working points (on runaway line) and different guide vane opening 7 o , 8 o , 9 o and 10 o . One can notice that no vortex takes place in the flow passage at guide vane 7 o and 8 o , however, vortexes is developed in two flow passages and several flow passages at guide vane opening 9 o and 10 o , respectively. From different guide vane opening curve in Fig.3, more vortexes take place

  Flow structure in flow passage at different guide vane opening at no-load points

  Velocity flow angle and pumping effect3.2 S-shaped criterionOn guide vane opening 9 o , the working points a, b, c, d, e, f and g in Fig.3are chosen to compare the guide vane out flow angle distribution. To some extent, there is a correlation between vortex in runner channel and S-shaped curve, which is proved by Gentner's research achievement. Nevertheless, the quantity relation is more important to improve the Sshaped curve. Compared the guide vane out flow angle and S shaped curve, the guide vane out flow angle has some effect on S shaped curve.The guide vane outflow angle β from the CFD result is usually negative value and flow angle α is the complementary angle of guide vane outflow angle β . In order to comparisons at different working points and obtain the correlation between flow angle and S shaped taking place. The flow angleα is written in Eq. (3). α is different at different working points as shown in Tab.4 and Fig.6, and even if guide vane opening is same. From the Tab.4, the guide vane outflow angle α is 22.0 o on working point e; vortex is developed in two passages in Fig.6 (c), while the 11 -Q 11 curve is negative slope in Fig.3. No vortex takes place in the flow passage in Fig.6 (a) and (b). The guide vane outflow angle α is 5.6 o on working point f and vortexes appear in four passages in Fig.6 (d), nevertheless the n 11 -Q 11 curve is positive slope in Fig.3. And guide vane outflow angle α is -12.4 o on working point g, the positive-slope becomes obvious on n 11 -Q 11 curve in Fig.3, many runner channels are filled with vortexes in Fig.6 (e).

Table. 4 Figure. 6

 46 Figure.6 Streamline structure at different working points of same guide vane opening 9 o

Table. 5

 5 Flow angle at different working points 7

Figure. 7

 7 Figure.7 Guide vane outflow angle at guide vane opening 7 o , 8 o , 9 o and 10 o

Table 1 .

 1 Main specifications of the tested pump

	turbine	
	runner diameter at inlet(mm)	560
	runner diameter at outlet(mm)	300
	runner blade number Z 1	9
	guide vane number Z 0 Maximum guide vane opening( o ) a	20 32
	rotational speed(rpm)	1200
	specific speed (m. kW)	135.7

Table 2 .

 2 Mesh detail of the tested pump-turbine

		Mesh number(*10 6 )	y +	Minimum Skew angle( o )
	Spiral case	0.5	150	22
	Stay vane	0.6	50	32
	Guide vane	2.4	20	54
	runner	5.2	15	52
	Draft tube	0.3	60	35

Table 3 .

 3 working points on the different guide

		opening		
		7degree	8degree
		n11(r/min) Q11(L/s) n11(r/min) Q11(L/s)
	Optimal	46.99	46.27	47.56	46.83
	working	46.96	61.52	47.58	62.33
	points	46.75	91.88	47.44	93.23
	Runaway point	46.57	104.00	47.30	108.00

To validate the conclusions robust, an optimization result considering the guide vane out flow angle and runner inlet geometry installed angle is shown in Fig. 8 and the n 11 -Q 11 curve of three schemes X 1 , X 2 and X 3 at same wicket gate opening 8 o are shown. Three curves have the similar characteristic negative slope, in other words, the S-shaped is eliminated on the runaway points on three schemes.

The flow angles at three runner schemes X 1 , X 2 and X 3 are shown in Fig. 9. Compared the guide vane outflow angle value, the value is almost same. However, the difference among three schemes X 1 , X 2 and X 3 still exists on positive slope critical point labeled by red circle in Fig. 8 and Fig. 9. The guide vane outflow angle value is 21.58 o , 21.92 o and 22.02 o from scheme X 1 , X 2 and X 3 in Fig. 10. The value is biggest at scheme X 3 , so the safety margin of S curve is biggest.

For three schemes, the S-shaped curve doesn't appear on n 11 -Q 11 curve at no-load point. The stable head limit for a grid coupling operation is shifted outside the operating range (Fig. 8). In such a way, the grid coupling is possible for any head conditions and without requirement of special stabilizing technique.

Compared guide vane outflow angle and the Sshaped curve, the 20 o see above is the geometry installed angle at runner leading edge (high pressure side). So the criterion is the guide vane outflow angle at some guide vane opening is smaller than the installed angle at runner leading edge and the n 11 -Q 11 curve may appear positive-slope at no-load points. 

Conclusions

This paper mainly focuses on the guide vane outflow angle and the "S" shaped curve. By choosing SST turbulence model, mesh independent validate, "S" shaped curve are calculated by the numerical method. A criterion of justy the S shaped curve for optimization is provided. The following conclusions can be made:

(1) The flow field is shown on the runaway point. When the hydraulic-turbine operates on no-load point, the runner channels are blocked by the vortex and pumping effect could suppress flow in turbine direction in runner channel.

(2)A criterion which judges whether the S shaped appear on n 11 -Q 11 curve at no-load points is provided. When the guide vane outflow angle is smaller runner blade geometry installed angle at leading edge, the S shaped appears on n 11 -Q 11 curve at no-load points.

(3)Furthermore, if the guide vane outflow angle is bigger, the conclusion is the S shaped safety margin is better. To be honesty, the robust of conclusion is still validated by many projects.
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