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The resulting pressure pulsation is amongst other 
factors dependent on the phase shift between the 
crankshafts of the individual pumps. This paper 

describes the development of a phase shift controller which 
controls the phase shift between the crankshafts of the 
individual pumps, thereby limiting and largely eliminating 
hydraulic resonance excitation. Numerical models are used 
for predicting the phase shift depended pressure pulsation 
levels and determining the optimal phase shift. The phase 
shift controller has been installed in the world largest iron 
ore pipeline, designed to transport 26,5 Mtpa of iron ore 
concentrate. The pipeline has 2 pump stations using 8 
and 10 piston diaphragm pumps respectively with each a 
2,1 MW drive. Field measurements will be shown which 
demonstrate the beneficial effect of the phase shift control 
system lowering the pressure pulsation level by a factor 3 
to 6. The field measurements are also used to validate the 
numerical models used.

Introduction
Anglo American operates 18 GEHO piston diaphragm 
pumps in the 2 pump stations of the 529 km long Minas 
Rio iron ore concentrate pipeline. The pipeline is designed 
to transport 26,5 Mtpa of concentrate from the mine to 
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Crankshaft driven positive displacement pumps generate a fluctuating volumetric flow 
rate which, depending on the hydraulic response of the connected system, generates 
pressure pulsations. This may cause unbalanced loads in the piping system, especially 
when hydraulic resonances are present. When more pumps are connected in parallel, the 
likelihood for excitation of hydraulic resonances increases. 

the export terminal at the coast. During the commissioning 
of the pipeline in the fall of 2014, high pressure pulsation 
levels were experienced with peak-to-peak levels as high as 
20 bar. Based on pressure readings it was concluded that 
hydraulic resonances were present in the system which were 
excited by the 3rd and 6th harmonic of the flow pulsation 
generated by the pumps. Based on this observation Weir 
Minerals Netherlands, manufacturer of GEHO PD slurry 
pumps, recommended installing a phase shift controller 
which controls the phase shift between the crankshafts of 
the individual pumps, thereby minimizing the effect of the 
hydraulic resonances.

Geho Piston Diaphragm Pumps And Pressure 
Pulsation Analysis
Piston diaphragm pumps are used world-wide to transport 
abrasive and/or aggressive slurries against high discharge 
pressures in the mining, mineral processing and power 
industries. The basic operating principle of a piston 
diaphragm pump is shown in Fig. 1. A crankshaft is driven 
by an external electric motor via a gearbox. The crank 
mechanism transfers the rotating motion of the crankshaft 
into a reciprocating motion of the piston. The piston displaces 
a hydraulic fluid, called the propelling liquid, which displaces 
an elastic rubber diaphragm. When the piston moves to the 
right, the pressure in the pump chamber drops below the 
suction pressure and the non-return valve on the suction 
side will open, allowing the pumped fluid to flow into the 
pump chamber. When the piston moves to the left, the 
fluid is compressed and when the pump chamber pressure 
rises above the pipeline pressure, the non-return valve 
on the discharge side will open allowing a displacement 
of fluid into the discharge line. The main objective of the 
diaphragm is to isolate the piston and the drive mechanism 
from the abrasive and/or aggressive fluid and to create a 
hermetic seal between the pumped fluid and the ambient 
environment. Piston diaphragm pumps as shown in Fig. 1 
are among the largest positive displacement pumps in the 
world and have been produced with stroke volumes of up to Fig. 1: Cross-section of GEHO piston diaphragm pump.
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100 litre per pump chamber for flow rates up to 800 m3/h, 
discharge pressures up to 250 bar and hydraulic outputs 
over 2 MW per unit [1].

A typical pump configuration uses a 3 cylinder single acting 
design in which 3 cylinders are arranged in parallel and are 
phased with a 120 degree angle to balance the flow pulsation 
generated by a single pump chamber as much as possible. 
Crankshaft driven positive displacement pumps generate a 
fluctuating volumetric flow rate which, depending on the 
hydraulic response of the connected system, can generate 
pressure pulsations. Pressure pulsations can generate 
unbalanced loads in the piping system as the amplitude 
and phase of the pressure pulsations can vary throughout 
the connected system. These pressure pulsations can 
become very high, especially when hydraulic resonances are 
present, and can then generate high vibration levels in the 
pump station piping and high structural loads on the pipe 
supports. Both can result in structural failures of the piping 
and its support structures and can severely compromise 
the safety and reliability of the installation. The relationship 
between flow pulsations, pressure pulsations and structural 
vibration is shown in Fig. 2. More background on this subject 
and its modelling can be found in [2].

In the mining and mineral processing industries multiple 
piston diaphragm pumps are often connected in parallel to 

Fig. 2: Relationship between flow pulsations, pressure pulsations 
and pipe vibrations through the hydraulic response and the 
structural response of the system, [2].

generate the large flow rates required and to increase the 
system reliability by the redundancy present in a multiple 
pump installation. When more pumps are connected 
in parallel, the likelihood for excitation of hydraulic 
resonances increases. The resulting pressure pulsations are 
amongst others dependent on the phase shift between the 
crankshafts of the individual pumps. Control of this phase 
shift is therefore of prime importance in installations with a 
multiple pump arrangement.

System Description
The Minas-Rio iron ore project, owned and operated 
by Anglo American, is an integrated system. The system 
comprises of open-pit mines, a beneficiation plant, a  
529 km slurry pipeline, a filtering plant and an export 
terminal. The mine sites are located in Conceição do 
Mato Dentro in the state of Minas Gerais in Brazil. The 
beneficiation pant is located near the mine sites and is 
designed to process an average of 56 Mtpa of ROM iron ore 
with a 39,5% Fe content giving 29,8 Mtpa of 68% Fe content 
pellet feed. The concentrate is then thickened to a 68%/w 
concentrate slurry with a mixture density of 2273 kg/m3 

Fig. 3: Discharge piping layout PS2 pump.
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for the transport through the 529 km concentrate pipeline. 
The 24/26 inch variable diameter pipeline is designed to 
transport 26,5 Mtpa of iron concentrate. The pump station 
near the mine site is located at 770 m above sea level. The 
pipeline runs through 33 municipal districts to the terminal 
facilities at the Atlantic port in Barra do Açu in the state of 
Rio de Janeiro, on the coast of Brazil. Half way along the 
pipeline a second pump station is located. At the terminal 
facilities in Barra do Açu, the concentrate slurry is thickened 
further and finally filtered to be stockpiled in dry condition 
before being exported.

The pipeline has a design flow rate of 2105 m3/h, a normal flow 
rate of 1986 m3/h and a minimum flow rate of 1826 m3/h. In 
the first pump station (PS1) 8 GEHO piston diaphragm pumps 
model TZPM2000 are installed in a parallel arrangement. 
The pumps in PS1 have a rated capacity of 301 m3/h at a 
rated pressure of 183 bar and rated speed of 63 strokes per 
minute. In the second pump station (PS2) 10 GEHO piston 
diaphragm pumps model TZPM2000 are installed in a parallel 
arrangement. The pumps in PS2 have a rated capacity of  
263 m3/h at a rated pressure of 206 bar and rated speed 
of 63 strokes per minute. Each pump is equipped with an  
2100 kW electric variable frequency drive. At the design flow 
rate of 2105 m3/h this implies 7 pumps in operation and 1 
stand-by pump for PS1 and 8 pumps in operation and 2 stand-
by pumps for PS2. At minimum flow conditions the stand-by 
capacity is 2 and 3 pumps for PS1 and PS2 respectively. The 
double and triple stand-by capacity at the minimum flow 
condition ensures a high pipeline availability, despite the 
large number of pumps installed. Normal operating practice 
is that the stand-by pumps are operated as so-called active 
stand-by pumps, which means that all pumps are operated 
whenever they are available. This minimizes the stroke rate 
of the pumps, maximizing the wear life of the self-acting 
valves and minimizing the dynamics with respect to noise and 
vibration.

The discharge piping layout of PS2 is shown in Fig. 3. The 
slurry is supplied to the pumps from storage tanks located 
near the pump station via a centrifugal booster pump. 
Furthermore, PS2 has the option to be directly fed by the 
upstream pipeline. For this closed mode operation, the 
pump station and pump are designed to handle a suction 
pressure up to 137,9 bar. The suction line, not shown in  
Fig. 3, enters the pump stations on the left in Fig. 3, splits into 
2 headers before telescoping down after each sequential 
branch to the individual pumps. The pumps are positioned 
in 2 rows of 4 and 5 pumps for PS1 and PS2 respectively. 
The discharge of the pump station is on the right side in  
Fig. 3. The 10” branches from each pump are connected to 
the discharge header which telescopes up to 12”, 16”, 18” 
and 24” in PS2 before joining into a 30” discharge line which 
reduces again to 24” in the pig launching section before 
expanding again into the 26” pipeline. The dimensions of 
the pump station buildings are 67,5 m long by 51,5 m wide 
for PS1 and 82,5 m long by 51,5 m wide for PS2. The distance 
between sequential pumps in a single row is 11,5 m while 
the distance between the centrelines of the pumps in the  
2 rows is 27,9 m.

Acoustic Model
An acoustic model describing the hydraulic response of the 
discharge piping in PS2 upon the flow fluctuation generated 

Fig. 4: Flow fluctuation generated by a crankshaft driven triplex 
single acting piston diaphragm pump, in the time (left) as well as in 
the frequency domain (right) for 35 degree valve opening and 10 
degree valve closing delay

by the individual pumps has been set-up within the Pulsation 
Analysis Toolbox [2]. In the model the linearized 1D water 
hammer equations are used to describe the transient flow 
and pressure behaviour in the piping.

𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡 +

𝜕𝜕𝑎𝑎2
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𝜕𝜕𝑄𝑄
𝜕𝜕𝑥𝑥 = 0 

Continuity equation:

𝜌𝜌
𝐴𝐴
𝜕𝜕𝑄𝑄
𝜕𝜕𝑡𝑡 = −𝜕𝜕𝑝𝑝𝜕𝜕𝑥𝑥 + 𝑅𝑅𝑄𝑄 

Momentum equation:

The dependent variables are the pressure p and flow rate 
Q which are both a function of the independent variables 
which are the time t and the axial position along the  
pipe x. Constants in the model are the fluid density p, speed 
of sound a, flow cross sectional area A and linearized flow 
resistance R. The linearized water hammer equations allow 
a solution of the fluctuations of flow and pressure around 
their steady state values in the frequency domain. Derivation 
of the water hammer equations and their representation in 
the frequency domain can be found in [3]. The boundaries 
of the acoustic model are the discharge connections of the 
individual pumps and the discharge of the pump station 
into the 26” pipeline. The pumps are modelled as ideal 
flow sources with a periodically varying flow rate and the 
discharge into the pipeline as a so-called characteristic 
impedance representing an infinitely long line without 
acoustic reflections. The fluctuating flow rate generated by 
the pump is obtained by modulating the individual piston 
velocities with the valve timing before being summed. The 
piston velocity profile is derived from the crank kinematics. 
A typical flow fluctuation generated by a crankshaft driven 
triplex single acting pump is shown in Fig. 4, both in the time 
as well as in the frequency domain. This modelling approach 
is only valid for the low frequency region up to the 9th 
harmonic of the pump speed, which 10 Hz for these pumps. 
For properly modelling the higher frequency behaviour, a 
more detailed modelling of the internal fluid passages in 
the pump chamber, discharge manifold and dampeners and 
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valve dynamics is required, [2]. The high pressure pulsations 
the system was experiencing initially after commissioning 
were in the low frequency range, allowing for this simplified 
modelling approach. The main purpose of the numerical 
model is to evaluate the effect of the phase shift between 
the individual pumps on the excitation of the hydraulic 
resonances at the lower harmonics of the pump speed, not 
to exactly predict the pressure pulsation level over a wide 
frequency range.

In the frequency domain model the relationship between 
flow and pressure at different locations in the system is 
described by complex transfer functions that describe both 
the amplitude ratio as well as the phase shift between the 

Fig. 5: Simplified control scheme of phase shift control of 1 pump using a virtual master pump.

dependent variables as a function of frequency. For analysis 
in the frequency domain the periodic flow profile generated 
by the pump is decomposed into its harmonics using a 
Fourier transformation as can be seen in the amplitude and 
phase spectra in the right graph of Figure 4. The hydraulic 
response of the system on the flow pulsation generated 
by the pump is then obtained by multiplying the complex 
transfer function with the complex flow spectrum of the 
pump. The benefit of the frequency domain modelling is 
that it only focusses on the periodic fluctuations and does 
not require the solution of the transient hydraulic response 
which can be quite long, especially for large systems 
with low internal damping. Simulation in the frequency 
domain is much faster than a time domain simulation, 

Suppliers of pumps and valves to the mining 
and industrial sectors for over 60 years.

Suppliers of the following:

Stockists of Tianjin small 

submersible, vertical 

multi-stage and close 

coupled water pumps.

Tel: 011 824 4810        Fax: 011 824 2770        Web: www.matherandplatt.com

26 Nagington Road, Wadeville, 1422, Gauteng

E.I.M. Viking Gear Pump

M+P Split Casing Pump Multi-stage Pump

mather&platt A5.indd   1 2015/07/17   11:08 AM



34 Pumps and Valves Africa - May/June 2017

PU
M

PS

thereby allowing the evaluation of a very large number of 
operating conditions by sweeping over pump stroke rates 
and discharge pressures in small steps which is required 
to capture each and every resonance mode present in the 
system. The linearized approach allows superposition of 
the individual hydraulic responses of the individual pumps, 
which then allows for evaluation of different phase shifts 
between the individual pumps. This is done by applying a 
phase shift on the individual hydraulic responses before 
applying the superposition without reevaluation of the 
individual hydraulic responses. This facilitates efficient 
parameter studies while sweeping across phase shifts.

Pump Phase Shift Control
The hydraulic response of the system depends on many 
factors such as length and diameter of the individual 
pipe sections, fluid density and speed of sound, flow 
resistance, dampening volume installed on the pump, 
operating pressure, and the forcing frequency of the 
flow pulsations of the individual pumps. The hydraulic 
response typically contains one or more hydraulic 
resonance modes which are characterized by an increased 
amplitude ratio between the flow pulsation of the pump 
and a local pressure pulsation at a specific frequency. 
When one of the harmonics of the pump flow pulsation 
coincides with a resonance frequency, increased pressure 
pulsation levels appear. These resonance modes can 
have lumped or distributed parameter behaviour. In the 
former case the fluid in the piping oscillates as a rigid 
fluid column, typically between the dampeners of the 
individual pumps while in the latter case sound or fluid 
compression waves travel up and down the piping which 
can result in so-called standing wave resonance modes. 
The number of resonances modes to consider significantly 
increases when more than one pump is connected to the 
system and when the system is becoming larger. When 
multiple pumps are in operation one does not only need 
to consider the excitation of the hydraulic resonances by 
the harmonics of the flow pulsation of a single pump, 
but also the phase shift between the crankshafts of 
the individual pumps. Depending on the phase shift, 
pressure pulsations generated by one pump can either 

Fig. 6: Typical result of pressure pulsation measurement showing 
a factor 5,6 reduction of the pressure pulsation level from 19,5 bar 
peak-to-peak to a level of 3,5 bar peak-to-peak after enabling the 
PSC at 15 s into the measurement.

be attenuated or amplified by the pressure pulsations 
generated by another pump.

Weir Minerals Netherlands has developed a patented phase 
shift controller which controls the phase shift between the 
crankshafts of the individual pumps installed in a pump 
station at an optimum pre-determined phase shift. The 
optimum phase shift is targeted at a minimum pressure 
pulsation level by maximizing the attenuation by the 
summation of the pressure pulsations generated by the 
individual pumps. The optimum phase shift is determined 
using numerical analysis within the pulsation analysis 
toolbox as described in the previous section. A numerical 
analysis which includes the pump station hydraulic layout is 
therefore required.

The phase shift controller determines the actual crank angle 
or phase of every pump in the pump station using a phase 
sensor mounted on the crankshafts of the individual pumps. 
The individual phases are compared to the phase of a master 
pump to determine the phase shifts of the individual pumps 
compared to the master pump. The phase shift controller 
compares the individual phase shifts with the pre-determined 
reference phase shift values resulting in a phase error based 
on which the speed reference value going to the individual 
frequency convertors is slightly corrected. The patented 
feature of Weir Minerals Netherlands’ phase shift controller 
is the use of a virtual master pump opposed to using a real 
master pump. A simplified control scheme is shown in Fig. 5.

The use of a virtual master pump significantly increases the 
reliability and simplicity of the complete pump system and 
its operation. When using a real master pump, a trip of the 
master pump could cause the trip of all pumps in the pump 
station. It furthermore requires a continuous re-assignment 
of a new master pump when taking the master pump off-
line for maintenance. In addition, unstable speed behaviour 
of the master pump, for example in case of a hanging or 
severely leaking valve, will cause unstable speed behaviour 
of all the pumps in the pump station. The reduction in 
reliability and the complex master-slave scheduling is 
completely eliminated by using a virtual master pump. The 
virtual master pump can be started and stopped and ramped 
up and down as a real master pump but does not have to be 

Fig. 7: Typical result of pressure pulsation measurement showing 
a factor 5,6 reduction of the pressure pulsation level from 19,5 bar 
peak-to-peak to a level of 3,5 bar peak-to-peak after enabling the 
PSC at 15 s into the measurement.
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taken off-line for maintenance and has an availability 
close to 100%. A complete pump station can be 
started from and stopped to zero speed with an active 
phase shift controller by ramping the virtual master 
pump up and down while all pumps are connected 
to the virtual master pump. Individual pumps can 
also be started and stopped on demand while being 
connected to an active phase shift controller. When 
starting, the pump automatically accelerates to 
catch up with the speed of the virtual master pump 
before the phase shift control becomes active and 
sets the pump to the correct predetermined phase 
shift. Also enabling and disabling of the phase shift 
control of a single pump on-the-fly is possible. 
Individual pumps are automatically disconnected 
from the phase shift controller in case of a failure 
of the phase sensor or when the phase controller 
is unable to control the phase shift of the individual 
pump within pre-set limits. The pump then keeps 
operating without phase shift control at the speed 
reference set by the supervisory control while the 
phase shift controller is giving an alarm. The phase 
shift controller is disconnected automatically in case 
of a failure of the phase shift controller itself. The 
pumps keep operating without phase shift control at 
the speed reference set by the supervisory control 
while it is giving an alarm. All these features are 
focussed at maximizing the availability of the pump 
station while using phase shift control.

Numerical And Experimental Results
In March 2015 a phase shift controller was installed 
and commissioned in PS1 and in July 2015 a phase 
shift controller was installed and commissioned 
in PS2. The optimum phase shift set in the phase 
shift controller was determined based on extensive 
parameter studies using the acoustic model. 
After the commissioning in PS2 a large number of 
pressure pulsation measurements were conducted 
to validate the beneficial effect of the phase shift 
controller. The pressure pulsation measurements 
were conducted at the nitrogen filling connection 
on the gas side of the pulsation dampeners in 
order not to interfere with the operation for 
installing additional pressure taps. It is known 
that only the low frequency pressure pulsations, 
less than 10 Hz, are present in the dampeners, but 
this was regarded as acceptable, as the resonance 
issues present in the system were expected to be 
in the low frequency range anyway. Given only low 
frequency pressure pulsations are present in the 
dampeners a relatively low sampling frequency of 
100 Hz was used.

During the measurements without phase shift 
control, every pump was operated with a small 
speed difference in order to enforce a continuous 
in and out of phase operation of the individual 
pumps resulting in typical beating pattern in 
the pressure pulsations. The maximum peak-
to-peak pressure pulsation during the beating is 
considered to be representative for the maximum 
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peak-to-peak pressure when operating without phase 
shift control. When operating the pumps without phase 
shift control at roughly the same speed one cannot 
evaluate how optimal or non-optimal the phase shift is 
as one cannot evaluate in which point of the beat cycle 
one is operating. During the measurement campaign 
the average stroke rate of the 10 pumps in PS2 was 44 
strokes per minute which could not be changed due to 
the narrow flow range allowed for the slurry transport in 
the pipeline. Only the discharge pressure was varying due 
to the transport of slurry batches in the line and could 
furthermore be influenced by changing the downstream 
choke station settings. In Fig. 6 the result of a typical 
pressure pulsation measurement is shown.

In the lower plot of Fig. 6 the speed of the individual 
pumps is shown. The individual pumps are given slightly 
different speeds such that the speed difference between 
each individual pump is at least 2% of the rated speed. 
This resulted in individual pumps that are continuously 
running in and out of phase with respect to each other. 
Depending on the phase shift between the individual 
pumps, hydraulic resonances can be excited which result 
in a significant increase in pressure pulsations. The 
continuous change of phase shift gives a typical beating 
behaviour in the pressure pulsations. The pressure 
pulsation level with the disabled phase shift controller is 
19,5 bar peak-to-peak or 13% of the 152 bar operating 
pressure. After 15 seconds into the measurement the 
phase shift controller was enabled and the speeds of 
the individual pumps are changed by the phase shift 
controller in order to set the pre-determined optimal 
phase shift with respect to the virtual master pump. After 
approximately 30 seconds all pumps were aligned after 
which the pressure pulsation level dropped to 3,5 bar 
peak-to-peak or 2,3 % of the 152 bar operating pressure. 
This is a reduction with a factor 5,6.

During the commissioning many measurements were 
executed. Pressure pulsations on different pumps were 
measured. The average pump speed was equal for all 
measurements, approximately 44 spm. The operating 
pressure was different in the individual measurements 
varying from 80 to 180 bar, either as result of the 
transport of the slurry batch in the line or intentionally 
increased by closing some chokes in the downstream 
choke station. The pressure pulsation levels in all the 
individual measurements have been determined and 
are shown in Fig. 7. The peak-to-peak pressure pulsation 
levels are grouped either with a disabled or an enabled 
phase shift controller and are plotted as a function of the 
discharge pressure. The experimental cases have been 
evaluated with the acoustic model as well which results 
are shown in Fig. 7 as well.

Fig. 7 clearly shows the beneficial effect of the phase shift 
controller. The measurements with the enabled phase shift 
controller show a relatively small variation in measured 
pressure pulsation levels, at least up to 140 bar operating 
pressure. The measurements with the disabled phase shift 
controller show much more variation depending on whether 
a resonance mode was excited by the pump at which the 
measurement was executed. When comparing the upper 
enveloping curves of the 2 clouds of data points, a typical 
reduction of the maximum pressure pulsation in the system 

by enabling the phase shift controller of a factor 3 can be 
derived.

The pressure pulsation levels with the disabled phase 
shift controller predicted by the acoustic model are 
similar to the measured pressure pulsation levels. The 
pressure pulsation levels with the enabled phase shift 
controller predicted by the acoustic model are significantly 
lower than the measured pressure pulsation levels. This 
discrepancy is considered to be caused by the simplified 
acoustic model of the pump itself. The results of the 
acoustic model show only significant pressure pulsations 
at the 3rd and 6th harmonic of the pump speed which is 
not the case for the pressure pulsation measurements. 
The experimental results show also higher frequency 
pressure pulsations, despite the measurement on the gas 
side of the pulsation dampener, and furthermore include 
pressure pulsations at other than the multiple of the 3th 
harmonic of the pump speed. Both effects are caused 
by acoustic interaction between the individual pump 
chambers and the connected system which is not included 
in the simplified model. As discussed, the higher frequency 
pressure pulsations require a more detailed modelling 
of the internal fluid passages in the pump chamber, 
discharge manifold and dampeners and the modelling of 
the valve dynamics [2]. The main purpose of the numerical 
model is however to determine the optimum phase shift 
for minimizing the hydraulic resonance excitation. The 
developed acoustic model is considered suitable as the 
hydraulic resonances are all being exited by either the 3rd 
or the 6th harmonic of the pump speed. When operating 
without phase shift control, the low frequency pressure 
pulsations under resonance conditions are dominant over 
the higher frequency pressure pulsations, which allows for 
a reasonable prediction of the pressure pulsation levels by 
the acoustic model used. The low frequency pulsations are 
minimised when operating with the phase shift controller, 
making the higher frequency pressure pulsations 
dominant. These higher frequency pressure pulsations 
cannot be influenced with the phase shift control and limit 
therefore the reduction potential over the wide frequency 
range. Nevertheless, the effect of the phase shift controller 
is quite significant as shown by the experimental results, 
and its use is considered a requirement for the operation 
of large installations with multiple PD pumps arranged in 
parallel.

Conclusions
In this paper the effect of hydraulic resonance excitation 
in pump stations using multiple PD pumps arranged in 
parallel is discussed using the Minas Rio iron concentrate 
pipeline operated by Anglo American as case study. The 
use of numerical modelling using acoustic models has 
been used to evaluate the pressure pulsations levels with 
specific focus on the effect of the phase shift between the 
crankshafts of the individual pumps in the pump station. 
The implementation of Weir Minerals Netherlands’ 
patented phase shift controller in the pump stations 
of the Minas Rio pipeline allowed the minimization 
of the excitation of the hydraulic resonances, thereby 
significantly reducing the pressure pulsation levels. 
The use of the numerical acoustic models is considered 
a requirement for determining the optimum phase 
shift between the individual pumps. Based on both 
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experimental and numerical results the following 
conclusions are made:

•  Excitation of hydraulic resonances when using 
crankshaft driven PD pumps can result in pressure 
pulsation levels which can be destructive to both 
pump as well as pump station.

•  Likelihood and severity of hydraulic resonances 
excitation increases with the number of pumps 
installed in parallel and with the increase of the 
size of the pump system.

•  Excitation of hydraulic resonances in multiple 
pump installations can be minimized by using 
phase shift control using an optimum phase shift 
between the crankshaft of the individual pumps.

•  Determination of the optimum phase shift 
requires acoustic modelling which includes the 
hydraulic layout of the pump station.

•  Experiments in the pump station of the Minas Rio 
pipeline show a reduction of the maximum pressure 
pulsation level by using phase shift control around a 
factor 3 and up to a factor 5,6 in individual cases.

•  Pressure pulsation levels under resonant conditions 
without using phase shift control are predicted 
reasonably accurate with the acoustic models used 
while considering the hydraulic layout of the pump 
station.

•  Pressure pulsation levels under non-resonant 
conditions when using phase shift control are 
predicted less accurate with the acoustic models 
used, more detailed modelling of the pump internals 
is required.

•  Use of phase shift control is considered a requirement 
for reliable operation of large pump stations with 
multiple PD pumps arranged in parallel.
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