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ABSTRACT 
Energy  recovery  in  water  supply  systems  has  been  pointed  as  an  interesting  opportunity.  The
available powers for recovery are usually small and, therefore, there is the need to develop cost-
effective  solutions.  Pumps  running  as  turbines  are  pointed  as  a  prospective  solution  for  this
purpose. However, there are still  some challenges to address, namely the prediction of turbine
mode performance.  For  this  purpose,  a  new test-rig  was assembled  to  test  different  pumps  in
turbine  mode  and  operational  constraints.  This  paper  shows  the  details  of  the  developed
experimental facility, data acquisition and control system. Preliminary experimental results are
presented  for  the efficiency  hillchart,  as  well  as  the influence of  backpressure in  the  pressure
fluctuations downstream the pump. The development of this test-rig aims at collecting reliable data
for developing formulations to accurately predict the pump as turbine performance. 
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1 INTRODUCTION

Pressurised water supply systems (WSS) are infrastructures with significant potential for recovering
energy  [1],  as they supply water many times with excessive pressure.  This excessive energy is
usually dissipated in [2]: (i) pressure reducing valves; (ii) control valves at the inlet of storage tanks;
(iii)  break  pressure tanks.  Powers  available  for  recovery  are  usually  below  250  kW  [2].
Additionally, the operation of the energy recovery units needs to comply with the safe water supply
to  the  population  [3].  To sum up,  there  is  an  interesting  engineering  challenge  for  developing
technical solutions for efficiently recovering energy, while controlling pressure in WSS. 

Pumps running as turbines (PATs) are pointed out as a cost-effective solution for this purpose, as
they  have  a  low initial  cost,  are  available  for  a  wide  range  of  head/discharge  and  have  easy
maintenance  and installation  [4].  However,  some challenges  still  need to  be addressed.  Firstly,
PATs have a low efficiency under fluctuating discharge, which is a characteristic of WSS due to the
population variable water consumption  [5]. Secondly, the difficulty of accurately predict the full
characteristics in turbine mode [6], which are of the utmost importance for the design and economic
analysis of PAT hydropower recovery schemes.

The strong efficiency decrease in off-design operation is caused by the fixed geometry and absence
of inlet flow control [7]. Among several solutions [8], [9], variable speed operation [10] is proposed
to  reduce  the  limited  efficiency under  variable  discharge.  The PAT turbine  mode performance
characteristics  are  not  provided  by  pump  suppliers.  Singh  and  Nestmann  [11] proposed  a
consolidated  model  based  on the  “specific  speed-specific  diameter”  plots  [12] with  very  good
results to estimate the best efficiency point (BEP) in turbine mode.  Derakhshan and Nourbakhsh



CCWI 2017 – Computing and Control for the Water Industry Sheffield 5th - 7th September 2017
[13] presented empirical equations to describe the entire domain of operation of PATs based on a
regression analysis  of an extensive set of data experimentally collected. Despite this formulation
seems to be accepted by other authors  [14], it must be used with care, as the formulation outputs
strongly depend on the conditions of the experimental tests performed and centrifugal pumps used. 

A new experimental facility for testing pumps running as turbines was developed at the Laboratory
of Hydraulics and Environment from Instituto Superior Técnico, Universidade de Lisboa. This new
facility aims at the collection of reliable experimental data to develop formulations to describe the
variable speed performance of PATs. Additionally,  the experimental set-up allows  investigating
other subjects, such as the operating conditions outside normal operation range (e.g., sudden load
rejection) and influence of cavitation in the PAT performance.

This  paper  aims,  firstly,  at  the  description  of  the  test-rig  design,  measurement  and  control
equipment,  as  well  as  the  description  of  the  working  philosophy  of  the  experimental  tests
performed. Secondly, it  presents preliminary experimental results, showing the test-rig scope of
application. Finally, results are discussed and perspectives for future work are outlined.

2 EXPERIMENTAL SET-UP

2.1 Overview

Experimental methods allow the accurate determination of hydraulic turbomachines performance.
Standardised documents  such  as  the  IEC60193  [15] outline  recommendations  regarding
measurement processes and test-rig characteristics to measure hydraulic (e.g., discharge, pressure,
water level) and mechanical (torque, speed) parameters. Several experimental can be carried out to
determine the turbomachines performance, such as the: (i) Efficiency hillchart characterization; (ii)
pressure fluctuations; (iii) extended operation range (i.e., four-quadrant operation).

2.2 Test-rig

A  new  experimental  facility  (Figure  1)  was  developed  at the  Laboratory  of  Hydraulics  and
Environment at Instituto Superior Técnico, Universidade de Lisboa. The test-rig is composed of a
closed-loop  pressurised steel pipe system, with diameters ranging from 50 mm to 200 mm. The
facility allows the flow circulation in two directions, for testing both pump and turbine modes. The
test-rig was developed following the recommendations of the international standard IEC60193 [15].
The facility is supplied with water from a 40 m3 storage tank.
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(a) (b)

Figure 1. Experimental facility layout: (a) plan view; (b) side-view. Legend: 1. Supply pumps; 2.
Upstream pressure vessel; 3. Test platform; 4. Downstream pressure vessel

The facility has two recirculating multistage centrifugal pumps (denominated onwards as supply
pumps) connected in parallel to supply the circuit with hydraulic power. The pumps, with a rated
power of 2x15 kW, deliver a maximum discharge and pressure of 2x85m3/h and 8 bar, respectively.
The supply pumps are equipped with variable speed drives to control the supplied hydraulic power. 

Downstream the pressurised pumps there is a 1 m3 pressure vessel, with the objective of stabilising
the flow and to provide a uniform velocity profile at  the inlet  of the tested turbomachine.  The
pressure vessel is equipped with two valves for supplying and releasing  pressurised air. The test
platform, installed downstream this pressure vessel, allows the integration of different types and
sizes of turbomachines. It is equipped with a 15 kW regenerative variable speed drive, which allows
the turbomachine speed control between 300 min-1 and 3000 min-1. The energy produced is directly
injected into the power grid of the laboratory and used to partially supply the recirculating pumps. 

Downstream the test  platform there is a pressure vessel,  which allows  creating different setting
levels using compressed air. Additionally, this vessel allows collecting air bubbles generated by the
backpressure valve or turbomachine cavitation. The vessel discharges to three pipelines which are
connected to the supply pumps. The pipelines can be used together or separately, depending on the
head loss required in the experimental facility for a given experimental test.
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2.3 Measurement equipment, data acquisition and control

The test-rig is equipped with state-of-the-art instrumentation for measuring hydraulic, mechanic and
electrical parameters. The measurement equipment allows the measurement of the turbomachine
efficiency with a  systematic  relative uncertainty  [15] of 0.6%. The temperature    is  measured
using  a  Novus  PT100  temperature  sensor.  The discharge  Q  is  acquired  with  an  ABB
electromagnetic  flowmeter.  Two differential  pressures  are  measured  using  Emerson differential

pressure transducers.  One between the  high-pressure section and  low-pressure section  1p  (for

characterising the  head)  and  another  between  the  low-pressure section  and  the  turbomachine

reference  section  2p  (for  characterising the  setting  level).  Additionally,  there  are  two WIKA

gauge pressure sensors to measure upstream and downstream wall-pressure fluctuations, 1p  and 2p

respectively. Torque T  is retrieved using a HBM torque transducer assembled on the turbomachine
shaft and the rotating speed  n  is acquired using and IFM inductive sensor. Active and reactive

supplied  electric  power,  supP  and  supQ  respectively,  are  acquired  using  a  Lovato  digital  power

analyser. Static manometers and process indicators are installed for visual indication to the test
platform user. Table 1 presents the main characteristics of the measurement equipment. 

Measurements  are  acquired  using  a  data  acquisition  hardware  (NI  cDAQ9178)  from  National
Instruments™, which is connected to a personal computer.  Ten simultaneous measurements are
carried out at a rate of 5 kHz. The data acquisition hardware is equipped for reading  analogue
signals in voltage (NI 9205) and current (NI 9203), and to produce voltage  analogue outputs (NI
9269) for controlling the three variable speed drives. The data acquisition and control software of
the test-rig was developed based on the LabVIEW™ 2014 Queued Message Handler architecture
[16].  This  architecture  allowed  to  develop  applications  where  multiple  tasks  occur  in  parallel.
Therefore, it allows to simultaneously control the three variable speed drives, acquire, log, process
and visualise data in real-time, without heavy computational resources.
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Table 1. Measurement equipment characteristics

Variabl
e

Output signal Range Precision

Q 4 mA – 20 
mA

0 m3∙h-1 – 160 m3∙h-1 ± 0.4%

1p
4 mA – 20 
mA

0.0 – 7.5 bar ± 0.035%

2p
4 mA – 20 
mA

-2.1 – 0.2 bar ± 0.035%

T
2 mA – 18 
mA

-100 N∙m – 100 N∙m ± 0.3%

n 4 mA – 20 
mA

0 Hz – 50 Hz ± 0.2%

 0 V – 10 V 0 ºC – 100 ºC ± 0.3%

supP 4 mA – 20 
mA

-15 kW – 15 kW ± 0.5%

supQ 4 mA – 20 
mA

-15 kVAr – 15 
kVAr

± 2.0%

1p 4 mA – 20 
mA

0.0 bar – 6.0 bar ± 1.0%

2p 4 mA – 20 
mA

0.0 bar – 2.5 bar ± 1.0%

3 PRELIMINARY EXPERIMENTAL TESTS

The preliminary experimental tests were performed in a single-stage centrifugal pump with a unit

specific speed, given by Eq.  ,  qn = 67.4. The pump has the following characteristics in pumping

mode: rated discharge RQ = 30.0 l∙s-1; rated head RH = 14.7 m; rated speed = 2920 min-1; and a rated

shaft power RP = 5.5 kW. The pump has a high-pressure section diameter 1D = 127 mm and a low-

pressure section diameter 1D  = 80 mm.
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Where RN = rated speed [min-1]; RQ = rated discharge [m3∙s-1]; RH = rated head [m].

The preliminary experimental tests consisted of the determination of the characteristic curves for
pump and turbine mode and the measurement of downstream pressure fluctuations in turbine mode

for different backpressure conditions. The efficiency in pump mode and turbine mode, P and T

respectively, are obtained based on Eq. 
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where    =  water  density  [kg∙m-3];  g  =  gravity  acceleration  [m∙s-2];  Q  =  discharge  [m3∙s-1];
H = turbomachine head [m], given by Eq.  [15]; n = rotating speed [s-1]; T = shaft torque [N∙m].
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Where  1C and  2C =  flow  velocity  [m∙s-1],  respectively  at  the  high-pressure and  low-pressure

measurement section.

The characteristic curves in pump mode were obtained for constant speeds. At pump  mode, the
speeds were 2920 min-1, 2400 min-1 and 1500 min-1. At turbine mode, the speeds were 3000 min-1,
2400  min-1 and  1500  min-1.  The  constant  speed  of  the  pump was  achieved  by  controlling  the
variable  speed drive frequency. The head loss required for determining the entire characteristic
curve  in  pump  mode  is  produced  by  a  control  valve  installed  in  the  pipeline  between  the
downstream pressure vessel and the by-pass of the supply pumps. The head at the inlet of the PAT
was obtained by varying the frequency of the supply pumps. The downstream pressure fluctuation
was measured for the maximum efficiency point of the PAT at 3000 min -1. The fluctuations were
measured  for  two  backpressure  values,  which  were  controlled  by  setting  the  pressure  of  the
downstream vessel with compressed air. 

Figure  2 and  Figure  3 present  the  Q-H  curve  and  Q-η curves  in  pump  and  turbine  modes,
respectively. The discharge is considered positive for turbine mode and negative for pump mode
[15]. The maximum efficiency for 3000 min-1 could not be measured, as the maximum discharge of
the test-rig is 37.5 l∙s-1. These figures show that the pump operates at higher discharges and heads in
turbine  mode.  Maximum  efficiencies  in  pump  and  turbine  ()  modes  are  73.6%  and  70.8%,
respectively, both for 1500 min-1. In both operating modes, the maximum efficiency for each speed
is obtained at lower discharges. This is particularly relevant for recovering energy in WSS, as the
PAT speed can be regulated, aiming to operate at the best efficiency. Additionally, it allows the
recovery of energy for smaller discharges, where the operation in synchronous speed (3000min -1)
would not allow (e.g., for 20 l/s the η = 7.9% for 3000 min-1 and η = 70.4 % for 1500 min-1).

(a) (b)

Figure 2. Pump mode performance: (a) Q-H curve; (b) Q-η curve
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(a) (b)

Figure 3. Turbine mode performance: (a) Q-H curve; (b) Q-η curve

Table 2. BEP for each rotational speed in pump and turbine mode

Mode of operation N [min-1] Q [l∙s-1] H [m] ηmax [%]

Pump

1500 13.9 4.2 73.6

2400 21.8 10.8 73.1

2920 26.6 15.8 73.4

Turbine

1500 20.8 7.3 70.8

2400 32.1 17.1 69.1

3000 37.5 24.1 68.9

Figure 4 presents the temporal variation of downstream static pressure coefficient PC , given by Eq. ,

for different local cavitation coefficients nD = 7.5 and nD = 12.5, given by Eq. . These coefficients

correspond,  respectively,  to  an  average  backpressure  2p  =  1.24  bar  and  2p =  2.03  bar.

Measurements were performed for the BEP at 3000 min-1 (). 
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Where  2p = pressure at the low-pressure section [Pa];  2p = average pressure at the low-pressure

section [Pa]; vp = vapour pressure [Pa]; 1D = outlet diameter of the impeller [m].

Figure  4 shows  that  the  backpressure  has  a  significant  effect  in  the  pressure  fluctuations
downstream the  PAT.  Table  3 presents  the  maximum and  minimum values  of  static  pressure
coefficient and corresponding pressure variations, respectively to average pressure.
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Figure 4. Temporal variation of static pressure coefficient fluctuation

Table 3. Maximum and minimum static pressure coefficient variation and corresponding pressure

χnD [-] CP [-] 2 2p p [bar]

max min max min
7.5 4.71 2.00 0.205 0.084
12.5 -2.75 -1.74 -0.125 -0.078

4 FINAL REMARKS AND PERSPECTIVES

This paper presents the technical details of a new test-rig for micro hydropower turbomachines up
to  15  kW. The test-rig  was  designed according  to  the  IEC 60193 recommendations  [15].  The
measurement equipment allows the determination of the turbomachine efficiency with a maximum
systematic relative uncertainty of 0.6%. The data acquisition and control software allows to operate
the facility and to observe the real-time the hydraulic, mechanic and electrical properties of the
tested turbomachine, as the data processing of the ten measurements is performed in real-time. 

This  paper  shows preliminary data  collected on a  single-stage centrifugal  pump.  Data obtained
shows that the efficiencies in both operating modes are of the same order of magnitude. Also, it
showed that variable speed operation is particularly relevant for recovering energy in WSS, as one
can set the PAT to operate at maximum efficiency under fluctuating discharge. It also showed that
the backpressure conditions strongly influence the pressure fluctuations downstream the PAT. This
is relevant, as the integration of PATs in WSS must respect the safe and stable operation of WSS.

Additional research is being carried out at the moment. Several PATs with different unit specific
speeds are being tested. Apart from the experimental tests shown, research is being developed on
the  determination  of  the  extended  operating  range  (i.e.,  four-quadrants  operation),  cavitation
mapping  in  the  PAT  operating  domain,  measurement  of  pressure  and  torque  fluctuations  for
different operating points and determination of runaway conditions. 
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