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On the pump mode shutdown sequence for a
model contra-rotating pump-turbine

J Fahlbeck , H Nilsson and S Salehi
Department of Mechanics and Maritime Sciences, Chalmers University of Technology,
SE-412 96 Gothenburg, Sweden

E-mail: fahlbeck@chalmers.se

Abstract. Contra-rotating pump-turbines are currently being studied in the ALPHEUS EU
H2020 project as an alternative for low-head pumped hydro storage (PHS). To have an efficient
PHS facility, it is important to know how to operate the pump-turbine unit under transient
conditions to be able to adapt to demand variations rapidly. Therefore, this study focuses on
the transient pump mode shutdown sequence of a contra-rotating pump-turbine. Two different
sequences are evaluated using computational fluid dynamics simulations. The sequences are
denoted as ‘preliminary’ and ‘new’ since the preliminary sequence is similar to a sequence in
one of our earlier studies. It is shown that the preliminary sequence produces reverse flow
and large load gradients on the runners. The new sequence manages to avoid reverse flow and
reduces the load gradients. The main reason the new sequence is advantageous is because a
valve is closed before speeding down the runners. However, the new sequence produces larger
load fluctuations, and a wider frequency spectrum of pressure fluctuations, compared to the
preliminary sequence.

1. Introduction
Low-head pumped hydro storage (PHS) is one solution to aid the growing need for energy
storage because of the increasing share of intermittent renewable energy sources [1]. Low-
head PHS is generally relevant in countries that lack high mountain regions where it is not
possible to construct typical high-head PHS. New runner designs with contra-rotating pump-
turbines (CRPT) have been suggested as an alternative configuration for low-head PHS [2]. The
ALPHEUS (Augmenting Grid Stability Through Low Head Pumped Hydro Energy Utilization
and Storage) EU H2020 [3] project has the aim to study CRPTs for low-head PHS.

Preliminary studies of the CPRT pump mode startup and shutdown sequences [4] have shown
that the runners may be subjected to large and rapid load variations. Large load variations
can potentially damage the machine after enough cycles. It is for that reason important to
study transient sequences to understand how the potentially detrimental load variations can be
limited. The pump mode startup sequence of the CRPT has recently been comprehensively
analysed and optimised by Fahlbeck et al. [5, 6]. However, the CRPT pump mode shutdown
sequence has until the present day not gained much attention. The current study is for that
reason investigating two alternative shutdown sequences with the help of computational fluid
dynamics (CFD) simulations. One of the evaluated sequences is based on our earlier work [4]
and is denoted ‘preliminary’, and the other sequence is denoted ‘new’ since it has not been
examined previously.

https://orcid.org/0000-0003-0970-7574
https://orcid.org/0000-0002-8070-8783
https://orcid.org/0000-0002-2037-8284
https://creativecommons.org/licenses/by/4.0/


IAHRWG-2023
IOP Conf. Series: Earth and Environmental Science 1483 (2025) 012016

IOP Publishing
doi:10.1088/1755-1315/1483/1/012016

2

The studied model scale CRPT and its mounting arrangement, together with a schematic of
the shaft alignment, is depicted in Fig. 1a. A model scale geometry is used in this study because
the machine is later to be experimentally tested as a part of the ALPHEUS project to validate
the CFD simulations. The illustrated mounting arrangement is only for the model scale. In the
prototype scale another type of mounting is to be expected, as discussed by Truijen et al. [7].
For the current CRPT, Runner 1 is located upstream and Runner 2 is placed downstream in
pump mode. Each runner is connected to an individual motor/generator unit via the shafts that
go inside the hub and one of the support struts, through a bevel gear. The runner rotational
speeds can thus be controlled individually.

Shafts
Runner 1

Bevel gear
Runner 1

Bevel gear
Runner 2

Runner 1 Runner 2
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Figure 1. Pump-turbine geometry and mounting arrangement (a), and normalised shutdown
sequences (b). The preliminary sequence in (b) is equivalent to that of Fahlbeck et al. [4].

2. Method
The evaluated shutdown sequences are shown in Fig. 1b. The sequences start with a fully
developed flow field at a fixed operating condition. At the initial conditions, the machine
consumes 23.8 kW, produces a net head of 7.9 m and a flow rate of 270 l/s. The resulting
hydraulic efficiency of the machine is about 87%. Furthermore, the initial rotational speed of
Runner 1 is 1129.1 rpm (nR1,max), and Runner 2 rotates at 848.9 rpm (nR2,max). During the
shutdown, the rotational speed of the runners (nRi) is reduced simultaneously, and a valve (αV)
is closed. The curves in Fig. 1b indicate the new, previously not investigated sequence, while the
markers display the preliminary sequence. In the new sequence, the valve is first closed between
0.5–3.5 s. This is followed by the speed-down of the runners between 4–4.5 s. On the other hand
in the preliminary sequence, the valve closure and runners’ speed-down are in the opposite of
the new sequence. This means that in the preliminary sequence, the runners’ speed-down occurs
within 0.5–3.5 s, followed by the closing of the valve between 4–4.5 s. After the shutdown an
addition of half a second is simulated to show stable conditions subsequent to the sequences.

2.1. Numerical set-up
The incompressible Reynolds averaged Navier-Stokes equations are discretised and solved on a
computational mesh with the OpenFOAM-v2112 open-source CFD code. For closure and to
account for turbulence, the k-ω SST-SAS [8] (shear stress transport - scale adaptive simulation)
model is used. Several recent studies have provided confidence that the turbulence model can
accurately predict the flow field for a hydro turbine [9, 10].

The second-order accurate linear upwind stabilise transport (LUST) scheme [11] is used to
discretise the convection terms of the three momentum equations. The first-order accurate
upwind scheme is applied to the convection terms of the turbulent quantities k and ω. All other
terms are discretised with the second-order accurate central difference scheme. Time derivatives
are taken care of by the second-order backward scheme [12]. A constant time step of 5 × 10−5 s
is used, equivalent to a maximum runner rotation of 0.34° per time step.
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The mesh is divided into four parts, one for each of the runners, and the two domains that
are located before and after the CRPT. The arbitrary mesh interface [13] technique is used to
transfer fluxes at the sliding interfaces that connect the mesh regions. The total cell count of
the numerical domain is around 12 × 106 cells. Each of the runner regions has about 2 × 106

cells, and the two parts up and downstream consist of around 4 × 106 cells each. The maximum
y+ is 114, and the y+ is below 37 in 99% of the computational domain. Wall functions with all
y+ treatments are thus employed.

The headLossPressure boundary condition [14] is used at the inlet and outlet of the
numerical domain to achieve flow-driving pressure differences. The boundary condition is
configured to account for the components that are not part of the numerical domain by
prescribing head losses in accordance with a future lab test facility. The valve sequence through
the pump shutdown is controlled as a time-varying head loss at the outlet boundary since the
valve is located downstream of the CRPT. The input data for the headLossPressure boundary
condition is the same as in Table 2 in reference [6] (not shown here, for brevity).

3. Results and discussion
The main interest in the present study of the CRPT machine is to understand how the flow rate
and loads change during the shutdown sequence. For that reason, Fig. 2 shows the computed flow
rate (left), and integrated axial force (middle) and torque (right) on the runner blade surfaces
through the shutdown sequences. The instantaneous average loads are displayed as solid curves
and the shaded curves are the instantaneous loads.

The computed flow rate, left in Fig. 2, reveals distinct differences between the two sequences.
In the new sequence the change of flow rate is smooth as the valve is closing, and a near
zero flow is seen by the time of 3.1 s. However, in the preliminary sequence the flow rate is
rapidly decreasing as the rotational speed of the runners is reduced. At 1.9 s, a zero-flow rate
is encountered and after that time the flow rate accelerates in the reverse direction. As the
runners are at a standstill and the valve is fully open, between 3.5–4 s, a reverse flow of around
0.15 m3/s is experienced. As the valve is closing the reverse flow is reduced to zero.

The runner loads, axial force and torque are shown in the middle and right graphs of Fig. 2,
respectively. As for the flow rate, the loads show clear differences between the two sequences.
For instance, the new sequence shows an almost constant load variation up until 2 s. At that
time the Runner 2 loads indicate a smooth increase. The peak Runner 2 loads occur at 2.5 s,
and at this point the runner is exposed to an axial force of 2.5 kN and a torque of 140 N·m.
After the Runner 2 peak, the loads rapidly reduce and reach a plateau at 3.2 s. At that time
the valve is almost completely closed and the load fluctuations are enlarged. The Runner 1
axial force is starting to increase after 2 s in the new sequence. Later in the sequence the
axial force decreases between 2.5–2.8 s, and thereafter a plateau is reached. The torque is on
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Figure 2. Computed flow rate Q, runner axial force Fz, and runner torque T , during the
shutdown sequences. The solid load curves show the instantaneous average value of the signal
and the shaded curves show the instantaneous signal.
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the other hand only slowly decreasing up until 2.8 s. Also for Runner 1, the load fluctuations
increase as the plateau is reached. Later, as the runners are brought to a standstill, the loads
follow the decreasing rotational speed, ending up with a zero-load condition as the shutdown is
finished. In the preliminary sequence the loads reduce as the rotational speed of the runners
starts to decrease. Initially the loads follow the decreasing rotational speed. However, at the
time of zero flow rate at 1.9 s, the smooth change in load variation is drastically interrupted.
The Runner 1 loads make a sudden jump and the torque is increased by a factor of 4.6 during
a very short period of time, as the flow rate accelerates in the reverse direction. The Runner 2
loads do not show this drastic change. It is only gradually increasing as the runners are brought
to a standstill. During the valve closure the runner loads reduce to zero as the reverse flow is
diminished because of the closing valve.

The larger load gradients encountered in the preliminary sequence, compared to the new
sequence, are presumably not desirable. This is because large and rapid load variations can
harm the safety and lifetime of the machine because of low-frequency fatigue. In one of our
earlier studies [6] the CRPT pump mode startup sequence was optimised with the objective
function

f =
∫ (∣∣∣∣∣∂F̄z,R1

∂t

∣∣∣∣∣+
∣∣∣∣∣∂F̄z,R2

∂t

∣∣∣∣∣
)

dt,

where the force is the instantaneous average in kN. By computing the corresponding objective
function in the new and preliminary sequences it is found that the new sequence produces a
smaller value and should thus be a preferable option. The new sequence achieves a value of
9.5 kg·m/s2, while the preliminary reaches a value of 10.6 kg·m/s2, which is about 11% larger.

Figure 3 shows flow structures at three time steps during the shutdown sequences, with the
new sequence to the left and the preliminary sequence to the right. At time 1.5 s in the new
sequence (Fig. 3a) the machine is essentially at the initial operating condition since the flow
rate is still at 100%. Leading edge tip vortices are noted for both runners and some trailing
edge flow structures are demonstrated. At the same time in the preliminary sequence (Fig. 3b)
the flow rate is down at 57% of the initial flow rate. The flow structures around the runners
are less organised compared to the new sequence. Later on, at 2.5 s, the flow structures in the
new sequence (Fig. 3c) are breaking up because of the decreasing flow rate. In the preliminary
sequence (Fig. 3d), reverse flow is experienced and the flow structures are starting to develop
in the reverse direction. At the time of 3.5 s, the valve is fully closed in the new sequence
(Fig. 3e) while the runners are rotating at their initial speeds. Large flow structures are formed
between the runners, which causes the larger load fluctuations shown in Fig. 2. At this time
in the preliminary sequence (Fig. 3f) the runners are at a standstill and the flow is now clearly
developed in the reverse direction.

The static pressure is monitored during the simulations at several probe locations. To find how
the pressure pulsations change through the sequences, the short-time Fourier transform (STFT)
is carried out on the fluctuating component of the pressure. Figure 4 shows spectrograms of
STFT from a pressure probe located close to the shroud between the runners. The blade passing
frequency (BPF) of each runner, fR1,BPF and fR2,BPF for Runner 1 and Runner 2, respectively,
indicates a strong power. Harmonic frequencies of the BPFs are also apparent. Furthermore, the
linear BPF combination, fR1,BPF +fR2,BPF, is also visible. In the new sequence (left), the BPFs,
harmonics and the linear BPF combination, are showing a strong power up until about 2.8 s.
After this point, the whole frequency spectrum indicates a strong power, and the previously
dominating frequencies are no longer distinguishable. This wide range of excited frequencies
occurs as the load fluctuations on the runners suddenly increase and the flow rate approaches
zero as the valve is closing. An explanation for this wide range of excited frequencies is that the
runners are mainly mixing the flow as the valve is closed. This mixing generates flow structures
in a wide range of scales, as shown in Fig. 3e, which consequently produces pressure pulsations
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New

(a) Time = 1.5 s, Q/Qinitial = 100%

Preliminary

(b) Time = 1.5 s, Q/Qinitial = 57%

(c) Time = 2.5 s, Q/Qinitial = 73% (d) Time = 2.5 s, Q/Qinitial = −36%

(e) Time = 3.5 s, Q/Qinitial = 0% (f) Time = 3.5 s, Q/Qinitial = −55%

Figure 3. Iso-surfaces of λ2 = 5 × 105 s−2 at a number of time steps. The preferred flow
direction in pump mode is from left to right.
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Figure 4. Spectrogram of STFT of the fluctuating pressure component from a probe located
at the shroud between the runners. The frequency is normalised by the Runner 1 blade passing
frequency at the initial time step, fR1,BPF,t0 = 150.6 Hz.

in a broad spectrum. As the rotational speed of the runners is reduced, after 4 s, the power of
all frequencies fades away. In the preliminary sequence, a different behaviour is noted. Because
the runners are first brought to a standstill, the BPFs, harmonics, and linear BPF combination,
are following the reducing rotational speed of the runners. It is seen that the Runner 1 BPF is
increasing in power as the flow rate starts to flow in the reverse direction at 1.9 s. Finally, as the
valve is closing, some low frequencies are seen at 4.5 s, which occurs as the flow rate is rapidly
reduced in the reverse direction. Note that in the preliminary sequence, no such wide range of
frequencies is excited as in the new sequence. By only looking at the frequency spectrums in
Fig. 4, it is suggested that the preliminary sequence is, in fact, a preferable alternative since
the wide range of frequencies is avoided. If the machine is to be shut down several times a day,
perhaps it is reasonable to try avoiding the wide range of pressure oscillations that the new
sequence produces. The optimal shutdown sequence for the CRPT machine is most likely a
trade-off between the valve closing and the speed-down of the runners.
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4. Conclusions
Two pump mode shutdown sequences for a contra-rotating pump-turbine have been investigated
with computational fluid dynamics simulations in this study. The shutdown sequences are
denoted ‘preliminary’ and ‘new’ and the main difference is whether a valve closes first or
if the runners are brought to standstill first. In the preliminary sequence, the runners are
initially brought to standstill, followed by a valve closure. In the new sequence, the opposite is
occurring, i.e. a valve closure followed by the speed-down of the runners. It has been shown
that the new sequence prevents reverse flow, and compared to the preliminary sequence presents
smoother overall load variations. In the preliminary sequence, reverse flow is encountered
because the runners are brought to standstill before the valve is closed. As the flow changes
its direction, the runner facing the lower reservoir undergoes large load gradients. The torque
of that runner is for instance more than quadrupled in a short time. A frequency analysis of
pressure fluctuations revealed that the expected blade passing frequency of each runner and the
linear combination of the runners’ blade passing frequencies are significant through most of the
sequences. Furthermore, a wide range of frequencies was excited in the new sequence as the valve
was closed while the runners were still rotating. In the preliminary sequence, no such broad
spectrum of frequencies where excited. Nonetheless, the new sequence is overall a preferable
alternative since reverse flow is avoided and a smoother variation of the main runner loads
is generated. However, since the preliminary sequence proposes a more promising frequency
spectrum, the optimal shutdown sequence for the contra-rotating pump-turbine is presumably
a combination of the two sequences. A suggestion for future studies of the shutdown sequence
is to optimise the valve closure in combination with the runners’ speed-down to find a trade-off
between the new and preliminary sequences.
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