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Abstract - This paper presents the performance of a radial discharge centrifugal pump operated in turbine mode. Increasing 
environmental concerns and depleting fossil fuel reserves has shifted the focus of the world to explore various possible 
renewable energy alternatives for energy generation. There are many villages in developing countries which are still 
deprived of electricity. The quality of life in these villages definitely suffers. Hydro power is the cheapest and clean 
renewable energy source. The electricity generated at large hydro power projects is transmitted through the grid system. The 
high terrain remote villages where grid supply is not feasible due to economical reasons remain deprived of electricity. Many 
of these high terrain remote village populations cannot afford expensive technology for standalone power generation. 
Amongst these villages, those which are blessed with natural streams of water and rivers, standalone hydro power generation 
is the best option. The cost of conventional hydro turbine for micro and Pico hydro scale can be high as 35-40% of the total 
project cost. Centrifugal pumps are similar in construction to Francis turbine accept that pumps do not have guide vanes. 
Reverse operation of centrifugal pump as hydro turbine is a worth option to lower the cost of turbine machinery for micro 
and Pico hydro scale power generation. Induction motors which are most widely used as prime movers for pumps can be 
used as induction generators and allow for further cost savings in small scale hydro power projects. This paper presents 
numerical and experimental analysis of centrifugal pump performance in turbine mode. The paper also presents use of 
induction motors as generators in Pico hydro power generation. 
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I. INTRODUCTION 
 
Electricity availability improves the quality of life in 
many ways. Hydro power is the cheapest amongst 
other renewable energy sources of power generation. 
Fig.1. presents the comparison of low cost of 
electricity for various power and energy efficiency 
options, ¢/kWh. [1] 

 

 
Figure 1: Comparison of low cost of electricity for various 

power and energy options, ¢/kWh. [1] 
 
As per World Bank data around 13% of the world did 
not have access to electricity in 2016. As seen in 
Fig.2. [2]. There is considerable population still living 
without electricity. 

 
 
 
 
 

 
 

 
Figure2: Number of people without access to Electricity, 2016 

[2] 
 
In the past decade there has been a world over 
concern towards environmental degradation. The 
fossil fuel reserve depletion has accelerated 
researches in renewable energy. There are many 
renewable energy options but to make available 
energy at low cost and higher efficiency is a 
challenge.Fig.3. Presents electricity cost and carbon 
dioxide emission comparison of various energy 
options, hydro power is seen to be the best amongst 
others. 
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Figure3: Electricity cost and carbon dioxide emission 

comparison. [3] 
 
The cost of electricity generation by large hydro 
plants is although least but it may not be economical 
to distribute or transmit the energy produced to all 
energy deprived areas. Many high terrain areas hence 
still remain deprived of electricity. The other 
renewable energy technologies such as wind, solar, 
energy from waste etc. are costlier in comparison to 
hydro power. Amongst the high terrain villages which 
do not have electricity access, those which have 
rivers or streams of water flowing close by can be 
provided electricity by establishing standalone Pico, 
micro or small hydro power plants. The costs 
involved in establishing a hydro power project can be 
broadly distributed as cost towards planning and 
design, costs involved in electro-mechanical 
equipment and the costs towards civil work. Fig.4. 
Presents the comparison of cost usually incurred in 
large and micro hydro power plants. In micro and 
Pico hydro (<5kw) plants the cost of electro-
mechanical equipment (Turbine) can be high as 35-
40% of the total project cost. 

 
Figure4: Cost distribution (a) Large hydro power plants (b) 

Micro hydro power plants [4] 
 
Reduction in costs towards electro-mechanical 
equipment hence can reduce the overall cost of the 
project. The conventional turbines such as Pelton, 
Francis, and Kaplan etc are expensive in comparison 
to using pump as turbine. The pumps stand to be 
cheaper as they are mass produced; they are more 
readily available, simpler in construction and 
maintenance. Major concerns related to use of 
centrifugal pumps as turbines as reported by 
researchers are, selection of correct pump for a 
particular site and poor part load efficiency of the 
pump in turbine mode [5]. Manufacturers of pump 
provide performance curves for pump mode, these 
curves are not available for reverse mode operation 

and so the selection of pump for turbine mode 
operation for a particular site becomes difficult. 
Selection of wrong pump not only compromises 
efficiency and cost savings but also affects the life of 
the equipment. Many researchers have studied the 
performance of a pump-turbine also popularly called 
PAT, through theoretical methods, numerical analysis 
and experimentation. CFD has proved to be tool of 
great significance in the analysis of turbo machine 
performance analysis. The results of CFD however 
are approximations and hence need validation 
through experimentation. There are methods and 
correlations presented by researchers for performance 
prediction of pump operation in reverse mode and 
have reported that the results obtained using proposed 
methods and correlations have errors of more 
than  20% [6]. Researchers have also reported that 
PAT operation in a close range to B.E.P (Best 
efficiency point) has marginally lower efficiency than 
pump mode efficiency. It is also highlighted by 
researchers that operating PAT beyond 20%  range 
from B.E.P, the performance of PAT is poor and 
there is a considerable drop in efficiency. In the 
present study performance of PAT is analyzed 
through numerical analysis and experimentation. The 
PAT performance is studied at rated load, part 
loading and at few speeds away from rated speed. 
 
II. THEORETICAL PREDICTION METHODS 
 
Researchers have proposed theoretical methods for 
performance prediction of PAT based on pump mode 
specific speed and pump mode B.E.P. Table 2.1 
presents the head and discharge correction factors 
proposed by various researchers. These head and 
discharge correction factors assist in predicting head 
and discharge near B.E.P in turbine mode, but none 
are reported to be accurate in prediction. Also these 
relations cannot be applied to all types of centrifugal 
pump with different head and flow ranges. Some of 
these proposed correction factors predict with errors 
of more than 20%  . 

 
Table2.1: Head and discharge correction factors proposed by 

various researchers [7] 



Performance of Pump As Turbine in Pico Hydro Power Generation  

Performance of Pump As Turbine in Pico Hydro Power Generation 

 
12 

III. NUMERICAL ANALYSIS 
 
In the past two decades many CFD (Computational 
fluid dynamics) software’s have come in the market. 
CFD saves cost and time both to study design 
changes [8]. Fig.5. shows the flow chart of major 
steps in CFD analysis process. 
 

 
Figure 5: Flow chart of Major steps in CFD analysis process 

 
Grid independence study was carried out for 
optimization of mesh. Four meshes were generated 
and analyzed. The simulations were first run for 
pump mode operation and results obtained were 
compared with manufacturer data and experimentally 
obtained results to validate CFD model. Fig 6. Shows 
pump and turbine mode boundary conditions. 

 
Figure 6: (a) Pump mode boundary conditions 

(b) Turbine mode boundary conditions 

The fluid domain for the turbo machinery simulation 
typically involves the combination of rotating and 
stationary surfaces. The regions near the impeller 
have same rotational velocity as that of the impeller 
and the fluid in volute and the discharge pipe regions 
does not have any rotational velocity. The interface 
effects between the rotational and stationary 
components play a critical effect in the turbo 
machinery performance. The three main methods in 
CFD simulations to model the interface effects are 

 Multiple Frame of Reference (MRF) 
 Mixing Plane Model 
 Sliding Mesh 

 
In the present study, steady-state based multiple 
reference frame model in STAR CCM+ was utilized 
to obtain the performance of pump as well as turbine. 
The governing equations for this fluid volume were 
solved in the rotating reference frame. The volute and 
the discharge pipe fluid regions were solved in the 
stationary reference frame. 3-Dimensional; steady 
state solution approach was adopted for obtaining the 
pump and turbine performance. Reynolds Averaged 
Navier Stokes (RANS) approach was applied to 
obtain the time-averaging of the governing equations. 
The two equation Realizable k-epsilon turbulence 
model was selected based on the literature survey. In 
order to prevent any numerical divergence due to the 
mesh quality, the Cell Quality Remediation in STAR 
CCM+ was activated for the simulations. The results 
of simulation were in good agreement with 
experimental results in both pump and turbine modes. 
 
IV. EXPERIMENTAL  INVESTIGATION 
 
Experiments were conducted for pump and turbine 
mode operation. The turbine mode test rig is shown in 
Fig.7. The service pump used in test rig was selected 
with 40% higher head and 90% higher flow than head 
and flow at B.E.P of the tested pump. 
 

 
Figure7: Schematic diagram of Turbine mode  

experimental setup 
 
The turbine is started with no load and flow is 
adjusted to achieve desired R.P.M for PAT. The load 
is then increased in steps keeping R.P.M constant by 
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adjusting flow rate. The procedure is repeated for 
different speeds. The specific speed of pump tested 
was 21.66 (m, m3/s) with rated R.P.M 2840 and 
efficiency 63%. The pump tested was a mono block, 
single stage, radial discharge centrifugal pump. The 
experimental results were used to validate CFD 
results. Dimensionless numbers such as head number, 
flow number and discharge numbers are used for 
comparison of CFD and experimental results [9]. 
Equations (1), (2) and (3) present the dimensionless 
numbers. 
 

Discharge number ɸ                        (1) 

Head number           ψ                      (2) 

 

Power number                π
ρ

                    (3) 

 
Where, for eq’s (1), (2) and (3) 
 
N = rotational speed (rps) 
D = impeller diameter (m) 
g: acceleration due to gravity (m/s2) 
H: Head (m) 
Po: output power (watts) 
ρ: density (kg/m3) 
 
The mechanical power is expressed as in eq. (4) 
 

P
π τ

watts                                         (4) 

 
Where 
ω: angular velocity 
τ: torque 
N: speed in Rev/min. 
 
The pressure difference across the PAT is denoted by 
H. 
 
The hydraulic power is expressed as in eq. (5) 
 
PAT    ρgQH watts                 (5) 
Where 
ρ: is water density 
g: gravitational acceleration 
Q is flow rate and H is the pressure head. 
 
 
The efficiency of PAT is expressed as in eq. 6 
 

η 100
π τ

ρ
                             (6) 

 
V. INDUCTION GENERATOR 
 
The most common prime mover for the pumps is an 
induction motor. The induction motor when 
connected to a prime mover such as hydro turbine, 
wind mill or engine and rotated above its rated 

synchronous speed an active current gets generated in 
stator coils and the motor now operates as a generator 
and the induction generator now feeds power back to 
grid. The induction generators are rugged in 
construction and have simple control system. The 
induction motors can work as generator in both grid 
connected and standalone systems. An induction 
generator in a standalone (not connected to grid) 
system requires capacitors to provide the required 
reactive power. The capacitors provide magnetization 
current necessary for voltage generation. [10] 
 

 
Figure 8: Capacitor start - 3 phase induction generator with  

3 phase output 
 

 
Figure 9: Capacitor start - 3 phase induction generator with 

single phase output 
 
In synchronous generator strict speed control is 
required so that frequency matches line frequency, 
whereas in case of induction generator, independent 
of the speed variations, output frequency and voltage 
are regulated by the power system. However 
induction generator prime mover must have speed 
limiting control to prevent over speed in the event of 
sudden load loss. Current limiting fuses must be 
incorporated in the system. To prevent motorizing of 
generator due to speed drop of prime mover below 
synchronous speed, a reverse power relay is 
incorporated in the system. 
 
VI. RESULTS AND DISCUSSION 
 
The pump was operated in turbine mode at four 
different speeds viz.2440, 2640, 2840 and 2940. The 
PAT performance close to B.E.P was observed to be 
smooth with efficiency slightly lower than pump 
mode efficiency. The best efficiency in PAT mode 
was achieved at higher head and flow as compared to 
the pump mode B.E.P head and flow. There was not 
much significant loss of efficiency in PAT mode in a 
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range of 20% of B.E.P flow. However beyond this 
range the efficiency droped significantly.Fig.10 and 
Fig.11. Present the curves for head number, power 
number and efficiency vs discharge number. The 
pumps unlike conventional turbines do not have 
guide vanes for flow control hence beyond the 
designed flow shock losses at the entry to the runner 
and at blade tips increase causing a loss of efficiency.  
Fig.12 and Fig.13, Present results of CFD and 
experimental analysis of turbine mode performance. 
The experimentally determined efficiency is lower 
than that obtained from CFD analysis. In CFD 
analysis the entire flow entering the casing is 
assumed to flow through the runner, however in 
actual there are leakage losses and frictional losses 
which are not accounted in the CFD analysis. The 
CFD tool is significant in performance prediction of 
PAT to reasonable accuracy. Results of PAT 
performance analysis through CFD and 
experimentation reveal that in a flow range of 
0.8QB.E.P to 1.2QB.E.P the drop in efficiency is less than 
4% and the operation of PAT is smooth. Hence it is 
suggested to operate PAT in this range for PAT’S 
that do not have flow control guide vanes. 
 

 
Figure 10: Pump and turbine mode η and Head number vs 

Discharge number 
 

 
Figure 11: Pump and turbine mode η and Power number vs 

Discharge number 

 
Figure 12: Turbine mode CFD and Experimental (η and Head 

number vs Discharge number) 
 

 
Figure 13: Turbine mode CFD and Experimental 

(η and Power number vs Discharge number) 
 
Seasonal variation in flow and head available at the 
site of PAT location require the PAT to be operated at 
part load and lower speed. Hence it is essential to 
analyze PAT performance at part load and at speeds 
away from rated speed. The PAT operation was 
analyzed through CFD and experimentation at four 
different speeds viz. 2440, 2640, 2840 and 2940 
where the rated speed for the tested PAT was 2840 
R.P.M. Fig.14. and Fig.15. Show the results of 
experimental analysis of turbine mode performance at 
four different speeds. It was noted that efficiency in 
the range of speed between 2440 to 2940 R.P.M was 
not affected much. However with increasing R.P.M 
the efficiency was noted to drop marginally. The drop 
in efficiency at higher R.P.M is mainly attributed to 
mismatch in the flow direction and vane angle at 
higher flow and also increase in shock loss at vane 
tips. PAT connected with induction generator need to 
be rotated slightly above rated R.P.M for the 
induction generator to start generating. Hence the 
PAT performance was evaluated at speed 100 R.P.M 
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above rated R.P.M. The PAT performance in the 
speed range 2440 to 2940 was noted to be satisfactory 
without any noticeable abnormality in terms of rise in 
temperature, noise and vibrations. The induction 
motor with the pump tested was 2.2 kW induction 
motor with rated R.P.M 2840. In turbine mode 
operation the induction motor was also rotated at 
2940 R.P.M with capacitors connected to the motor 
terminals for the induction motor to start generating. 
The induction generator worked without any major 
concerns and was loaded up to 80%. The single phase 
output was connected to consumer load (Bulbs) and a 
electronic load controller was used to share load 
between consumer load and dump load (Electric 
water heating elements). 
 

 
Figure 14: Turbine mode experimental (η and Head number vs 

Discharge number) 
 

 
Figure 15: Turbine mode experimental (η and Power number 

vs Discharge number) 
 
VII. CONCLUSION 
 
Performance of a radial discharge centrifugal pump in 
pump and turbine mode was analyzed numerically 

and experimentally in this study. The results of 
analyses reveal that a radial discharge end suction 
centrifugal pump can be used as hydro turbine 
without any major concerns. The efficiency in turbine 
mode at B.E.P is found to be marginally lower than 
pump mode but owing to other advantages associated 
with pump as turbine the use of PAT is justified. The 
PAT however must be operated close to the rated 
operating conditions to achieve the maximum 
advantage and longer life of the machinery. PAT in 
standalone power generating applications must be 
operated preferably at constant load and close to rated 
operating conditions. Incase if PAT is not utilized for 
power generation but it serves other applications, the 
PAT can be operated in a range close to 20% of 
B.E.P operating parameters. 
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