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Summary: In order to reduce the price of energy obtained from renewable sources, small and micro hydro power plants have lately been increasingly using pumps that which operate in the reverse mode, i.e. pumps as turbines (PAT). Pumps in the reverse mode have lower degrees of efficiency than conventional turbines, but their price of procurement and exploitation is also lower. The efficiency of PAT can be increased through constructive corrections of pumps. When selecting a PAT, it is essential to predict the performance the pump when it operates in the reverse mode based on its characteristics. There are various methods for predicting the performance of a pump that operates as a turbine.

The paper presents the avalable methods for predicting the performance a centrifugal pumps when operating in the turbine mode. The authors analyze the applicability and reliability of particular methods, depending on the width of the work area in relation to the optimal operating point.
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1. INTRODUCTION
Centrifugal pumps can operate as turbines and vice versa, turbines can operate as pumps. A pump operating as a turbine has better performance than a turbine in the pump mode. Therefore, pumps are used to work in the turbine mode or Pump As Turbine (PAT). A pump in the turbine mode has a lower efficiency than classically designed turbines. PATs are used more and more due to the lower purchasing price, higher availability in the market for a wide range of head and flow rates, easier procurement of spare parts, and lower maintenance costs. Due to these lower investments, PATs are being increasingly installed in small hydro power plants. Until now, PATs have been used for rural areas and developing countries [1]. The main problem for the application of PAT is the unknown characteristics of the pump in the turbine mode. Pump manufacturers do not provide the full characteristics of a pump, but only the characteristics for the pump mode. Based on these characteristics, one should predict the characteristics of a pump for the turbine mode using a variety of methods. All of these methods, with more or less certainty, allow the estimation of the pump as a turbine. Which method one chooses depends on the type of pump and the conditions under which the pump works. Certainly, it is best to determine the characteristics a pump for the reversible work experimentally, but this is quite complicated and expensive. A centrifugal pump in the reverse mode is similar to the Francis turbine, however, they have no blades that are used to control the operation.
2. Pump performance
The performance of a centrifugal pump is shown by a set of characteristic curves. Pump characteristics for a given pump geometry and operating speed are usually given as the dependences of head (H), efficiency ((), power (P) and NPSH versus flow rate Q. Pump characteristics are obtained by testing pumps according to the pump testing standard [2]. The Best Efficiency Point (BEP) is the operating point on the performance curve that corresponds to the maximum efficiency of the pump. The pump is designed for this BEP which is characterized by Qp, Hp, Pp and ηp (ηmax) at a given speed n.


Based on the pump parameters in the best efficiency point (BEP), the specific speed of the pump is calculated by using equation (1), where n is in rpm, Qp in m3/s and Hp in m. The specific speed defines the pump type: type of impeller, shape of blade, spiral housing and other constructive pump parameters.
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Pump characteristics are given in the catalogues of pump manufacturers. The pump characteristics in catalogues represent the mean (not the minimal) performances of a series of pumps of the same type. Manufacturers provide guaranteed flow rates, head and efficiency in operation points. 
Acceptable deviation of the guaranteed pump values are defined by the values of tolerance factors for flow rate (tQ, head (tH and efficiency (t(. The values of tolerance deviations are defined by a standard and they depend on the grade of the pump. The values of tolerance factors according to the EN ISO 9906 pump testing standard are presented in Table 1 [2].
Table 1 Values of tolerance factors
	Quantity
	Symbol
	Grade 1
	Grade 2
	Grade 3

	Flow rate
	tQ (%)
	± 5
	± 8
	± 9

	Pump total head
	tH (%)
	± 3
	± 5
	± 7

	Pump efficiency
	t( (%)
	- 3
	- 5
	- 7


These tolerance factors, ±tQ, ±tH and ±t( of the flow rate, pump total head and pump efficiency, respectively, shall be applied to the guarantee point QG, HG, (G as illustrated in Fig. 1.  
[image: image3.emf]                     

Fig. 1 Verification of guarantee on flow rate, head and efficiency
When considering the characteristics of a pump one needs to know (bear in mind) that these tolerance deviations from the guaranteed value exist in the operation point of the pump.

3. Methods for predicting PAT characteristics


The idea for the application of pumps for work in the turbine mode dates back to 1930, with the first methods for estimating a pump for the turbine mode presented around 1960 by various researchers. In last few years, many researchers have used different theoretical, experimental and numerical techniques to predict the PAT performance from pump characteristics. The parameters in the turbine mode are different from that in the pump mode.

3.1 analytical METODS 
The analytical methods for predicting the characteristics of a PAT are based on determining the flow rate, head and efficiency in line with the characteristics of the pump for the optimal operating point (BEP) or the specific speed of the pump ngp.
Methods for predicting the performance of a PAT that are based on the relations between the parameters in the pump and turbine BEP, been developed by the following researchers: Stepanoff [3,4], Childs [3,4], Hancock [2,3] McClaskey [2,3], Sharma [2,3], Luneburg, Schmiedl and Alatorre-Frenk [1,3], Krivichenko [6], Nepal micro hydropower - NMHP [1].

The methods for predicting the characteristics of a PAT derived from the relations based on the specific speed of the pump or turbine have been developed by Grover and Hergt (adapted from Lewinski & Keslitz) [3,4]. Grover’s method is applicable for the turbine mode specific speed in the range nqt=10-54, where nqt=(p∙nqp.

All of the above methods can be used to estimate the best efficiency point in turbine operation from the manufacturer’s pump performance data.

The prediction methods developed by different researchers calculate the head and flow rate at the BEP for PAT using the efficiency, head and flow rate value in the BEP of pump operation. The relation between these parameters is derived from different methods in terms of head and flow rate with correction factors (KQ  and KH ), which are defined as follows: 
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Table 2 provides the equations and the recommendations for the values of the correction factors KQ and KH for different research methods with the year of publication.
Table 2 Correction factors KQ and KH for PAT

	Method (year)
	Crit.
	KQ
	KH
	Note 

	Stepanoff (1957)
	BEP
	1/ηp0,5
	1/ηp
	Accurate for

nqp= 40(60 

	Childs (1962)
	BEP
	1/ηp
	1/ηp
	McClaskey (1976)

	Hancock (1963)
	BEP
	1/ηt
	1/ηt
	(t =(p ( 0.02

	Grover (1980)
	nq
	2.379-0.0264 nqt
	2.693-0.0229 nqt
	nqt=(p∙ nqp, 

nqt=10(50

	Hergt (1987)
	nq
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	nqt=(p∙ nqp nqt=10(50

	Sharma (1985)
	BEP
	1/ηp0,8
	1/ηp1,2
	Accurate for
nqp=40(60 

	Schmiedl (1988)
	BEP
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	Alatorre-Frenk (1994) 
	BEP
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	Krivichenko (1994)
	BEP
	0.9÷1
	1.56÷1.78
	(t =(0.75÷0.8)(p

	NMHP (2005)
	BEP
	1.25
	1.38
	-

	Smit (2005) 
	BEP
	1,65
	2
	experiments [1] 


3.2 Experimental methods
Derakhshan and Nourbakhsh (2008) predicted the BEP of a centrifugal pump running as turbine using a theoretical analysis-based method developed by Williams (1992) and Anderson (1993). The net power output was worked out by subtracting various losses in the turbine from the gross power. They used the experimental verification of theoretical results. At BEP, the values of flow rate, head, power and efficiency predicted by theoretical methods were found to be 1.1%, 4.7%, 5.25% and 2.1% lower than that of the corresponding experimental values [5] .
Derakhshan and Nourbakhsh derived the relations to predict the BEP of PATs based on the experimental work done on four centrifugal pumps with different specific speeds of 14.6, 23, 37.6 and 55.6 (m, m3/s). It was found that a PAT works at higher head and flow rate than the pump at the same rotational speed. However, the efficiencies were almost the same in both modes. Pumps with higher specific speeds were subjected to the lower values of KH and KQ. A new method was derived to predict the BEP of PAT based on the pump’s hydraulic specifications, especially the specific speed, which characterized the type of the runner and consequently its hydraulic behavior. A procedure was presented to choose a proper centrifugal PAT for a small hydro-site with nqt<43. [5]
Williams (1994) compared different PAT performance prediction methods based on turbine tests on 35 pumps [3].
A large number of experimental studies can be used to evaluate the PAT characteristics. These are often limited to the specific pumps tested, so that they cannot serve as a valid tool for pump selection, but are very useful for tuning and validating theoretical and modeling analyses.

3.3 Numerical methods

More recently, for the evaluation of the characteristics of a pump in the turbine operating mode, numerical flow simulation methods have been used increasingly. Centrifugal pumps are simulated in the direct and reverse modes using commercial 3D Navier-Stokes computational fluid dynamics (CFD) code available in ANSYS CFX or others (ANSYS FLUENT, COMSOL Multiphysics, STAR-CD, FLOW3D), which utilize a finite-element based finite-volume method for discretization of the transport equations [5, 6].


Numerical methods yield good estimates of the characteristics of a pump when operating in the turbine mode, with an error of less than 10%, and for a wider area of operation of the turbine from the optimum point (BEP) [2,4]. The main disadvantage of numerical methods is that one must know the complete geometry of the hydraulic part of the pump (dimensions of the impeller and the spiral, angle of blades, blade shape), which is generally only available to manufacturers of pumps and represents trade secrets. 
4. Analysis of methods for predicting PAT characteristics


All of the presented methods are based on different hypotheses. Many authors have conducted a comparison of methods for estimating PAT characteristics with experimentally and numerically obtained PAT characteristics [1,2-7].


The deviations between performances predicted by methods and experimental results have been found to be around ±20% or even more (Chapallaz et al., 1992; Williams, 1995) [1,4]. Therefore, these methods are confined to preliminary selection of pumps to be used as turbines, which is important for obtaining a rough estimation of the turbine mode characteristics from the pump mode characteristics. Few of these methods may not include the performance prediction at no-load, part load and overload operating conditions. Further, these methods have not been tested on different pump shapes to get more insights into their features such as reliability, accuracy and robustness.


Williams compared eight different PAT performance prediction methods based on turbine tests on 35 pumps in the specific speed range of 12.7 to 183.3. The following methods were included in the comparison: Childs, Stepanoff, Hancock, Sharma, Alatorre-Frenk, Schmiedl, Hergt and Grover. In his study, Williams took into account the deviations from the guaranteed characteristics that can occur when testing pumps, using the prediction coefficient C. None of the eight methods had given an accurate prediction for all the pumps but Sharma’s method was found to be better than the other methods; hence, it was recommended as a first estimate for the prediction of PAT performance. The largest deviations are obtained with Grover’s method [3]. 
Emma Frosina et al. (2017) conducted experimental and numerical tests on the three centrifugal pumps with different specific speeds nqp (nqp1=37.6 , nqp2=20.5 and nqp3=64) in the pump and turbine operating regime. The flow rates calculated using the methods of Sharma and Hergt and Schmiedl were very close to those of the proposed CFD methodology. Grover’s and Alatorre-Frenk’s methods overestimated this value while the other methods underestimated the value by a margin of 10%–15%. All of the methods underestimated the head value, except for Grover’s. These values diverged with errors of up to 30% [4] 


The best agreement of the PAT characteristics with the numerical and experimental tests in this paper [6,7] was obtained by the Sharma methods.

4.1 Prediction of NORM-PUMPS SCP 80-200 performance for the inverse operating mode

The Serbian company Jastrebac is the manufacturer of NORM-PUMPS SCP 80-200. The diameter of the pump impeller is D2=200 mm, with a DN125 intake flange and a DN80 discharge flange. The pump characteristics Hp(Q) are given for 2900 rpm (Fig. 2). The BEP pump parameters are: flow rate Q=43 l/s (154.8 m3/h), head H=42 m, efficiency (=0.78. The specific speed of the pump is nqp=36.5.

The values of flow rate and head of the pump SCP 80-200 when operating in the turbine mode using methods give in Table 2 are shown in Fig. 2. 
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Fig. 2 PAT performance prediction using different methods for BEP
Based on the comparison of the values of the obtained flow rate and head for the NORM SCP 80-200 pump by using certain methods for predicting the work of the pump in the turbine mode (Fig. 2), one can conclude that the deviations from the values of flow rate and head between different methods are great. The approximate values of flow rate and head were obtained by applying the Stepanoff, Childs, Hancock, Sharma and Nepal micro hydropower-NMHP methods. The results of these methods should be taken into account when predicting the PAT characteristics. The greatest deviations in the above methods occurred in the Grover, Smit and Alatorre-Frenk methods.

The examined NORM SCP 80-200 pump is of similar characteristics with the centrifugal pump that has the specific speed of nqp1=37.6 [4], where the smallest deviations were obtained by using the method developed by Sharma. The obtained PAT characteristics for the NORM SCP 80-200 pump are n=2900 min-1 at the BEP, for the efficiency around 78%, for the head of 57 m and the flow rate of 53 l/s.
5. CONCLUSION

The choice of method for predicting the performance of pumps when operating in the turbine mode depends on the pump, the conditions under which it will operate, based on the available information about the pump (pump characteristics and constructive dimensions of the hydraulic part of a pump).


PAT does not have adjustable guide vanes to control the flow, as Francis turbines do, but they should be used for the working conditions in which flow modes, flow rates and head change slightly. Such modes can be found in water supply systems with high pressures (geodetic height) of water.


When deciding whether to use a PAT or a classical turbine, one should be perform an adequate technical and economic analysis, because the application of the PAT reduces the initial capital investment but has a lower efficiency.


The prediction of the pump characteristics for the turbine mode on the basis of the characteristics of the pump should be taken as an initial rough estimate. The analysis of all the methods indicates that the method recommended for the first assessment of the PAT characteristics is the method developed by Sharma. For the evaluation of the PAT characteristics, in addition to the above methods, it is necessary to take into account the permitted tolerances of the flow rate, head, and efficiency parameters when testing a pump
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