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Abstract.
Hydraulic turbines are typically designed to operate continuously at their optimal efficiency.

However, the growing reliance on intermittent energy sources has resulted in more frequent
operation under transient and off-design conditions, which increases stress on the turbines
and shortens their lifespan. Swirling flow deceleration in the draft tube of hydraulic
turbines operating at part load often triggers a self-excited instability known as the vortex
rope. This phenomenon generates significant pressure fluctuations that may compromise
the structural durability of the turbine. Therefore, it is crucially important to study and
mitigate such instabilities. The current work presents a detailed study of the impact of
axial flow jets on the vortex rope instability in hydraulic turbines, particularly under Part
Load (PL) conditions. Utilizing the Timisoara Swirl Generator (TSG) model, we conducted
a comprehensive parametric study to analyze the effects of axial water injection through the
runner hub on mitigating vortex rope instabilities. The numerical simulations are performed
using the open-source CFD code OpenFOAM. The results indicate that increasing the jet flow
rate moves the vortex rope and stagnant region downstream, significantly reducing pressure
pulsations and hydrodynamic instabilities. The study identifies a critical jet flow rate at which
the vortex rope diminishes, enhancing turbine performance and operational flexibility. The
current parametric study can be considered a first step toward achieving the optimal strategy
for active flow control of self-induced instabilities within hydraulic turbines.

1. Introduction
The rapid growth of renewable energy sources, like solar and wind, addresses global
energy demand, but their intermittent nature requires integration with controllable sources.
Hydropower systems play a key role in ensuring grid flexibility and energy storage, owing to
their high reliability and rapid response across a range of time scales [1].

While hydraulic turbines were initially developed for steady operation at the Best Efficiency
Point (BEP), their role has expanded to include frequent off-design and transient operation to
assist in grid stabilization. These off-design operations result in residual angular momentum at
the runner exit, leading to decelerating swirling flows in the draft tube that can cause vortex
breakdown and hydrodynamic instabilities. One notable instability is the vortex rope, which
occurs at Part Load (PL) conditions in hydraulic turbines.

https://creativecommons.org/licenses/by/4.0/
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The vortex rope phenomenon is a self-induced instability in hydropower systems, resulting in
significant pressure pulsations. If these pulsations coincide with the system’s natural frequencies,
they can cause severe structural vibrations, leading to fatigue damage and a shortened turbine
lifespan, with substantial economic repercussions [2]. Therefore, it is essential to develop flow
control strategies to mitigate these instabilities, thereby improving the operational flexibility
and lifetime of turbines.

Axial water injection through the runner crown has been proposed as an effective way for
active flow control and mitigation of the vortex rope [3]. In this article, an in-depth parametric
study is performed to further study and explain different physical aspects of the axial jet impact
on the vortex rope.

2. Case study
The Timisoara Swirl Generator (TSG) is considered for the investigation in the present work.
The machine was designed to investigate self-induced instabilities under adverse pressure
gradients [4, 5], which commonly occur under part load conditions in hydraulic turbines. The
full TSG model is composed of four components, leaned struts, guide vanes, a runner, and a
convergent-divergent pipe. The guide vanes direct the flow toward the runner at a proper angle
of attack. The axial runner features 10 blades with a primary function of redistributing the
total pressure by increasing the axial velocity near the shroud while simultaneously reducing it
near the hub [5]. The runner rotates with the rotational speed of 920 rpm. More information
about the test case and its full 3D representation is presented by Ref. [6].

In the current work, a reduced model of TSG including only the convergent-divergent pipe
downstream the runner is considered, as sketched in Fig. 1. The setup features a conical test
section with a cone angle of 2 × 8.6◦ = 17.2◦. The test section is similar to the discharge cone
found in Francis turbines and serves as the primary focus for the experimental measurements
of the TSG model. MG0 – MG3 denote the positions where the experimental pressure sensors
are installed. Here, we used probes on the opposite sides of each position, close to the wall, to
perform the plunging and rotating analysis. The active flow control studied in the present work
is imposed as a jet below the runner hub.

To mimic the effect of upstream components, the inlet boundary condition was derived from
a separate simulation of the full TSG model, including the runner, guide vanes, and struts. The
time-averaged velocity components and turbulence quantities (k and ω) recorded at the inlet
surface of the convergent–divergent section were then applied in the present simulations using
the timeVaryingMappedFixedValue boundary condition in OpenFOAM. The main flow rate is
considered as Q = 30 l/s, while the jet flow rate is varied between 0% to 15% of the main flow
rate, i.e. Qjet/Q = 0–15%.

3. Computational aspects
The Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations describe the transient
incompressible turbulent flow. The equations require turbulence modeling to account for
the unknown Reynolds stress tensor. The Boussinesq (eddy-viscosity) hypothesis, along with
the Shear Stress Transport based Scale-Adaptive Simulation model (SST-SAS) [7], is used to
calculate the turbulent viscosity (νt). The SST-SAS is a URANS model frequently utilized
for addressing engineering transient flows because of its turbulence-resolving capabilities. The
turbulent viscosity is determined by solving the transport equations for turbulent kinetic energy
(k) and specific rate of dissipation (ω). Our experiences show that the SST-SAS model can be
successfully applied to transient simulations in various hydropower-related applications. [8–11].
The computations are performed using the open-source software OpenFOAM-v2306 [12,13].

The block-structured mesh used in the study is shown in Fig. 2 and consists of over 2.53 million
cells. The computational mesh was selected based on a mesh study including three different
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meshes, namely, Coarse (7.54 × 105 cells), Medium (1.37 × 106 cells), and Fine (2.53 × 106 cells)
and the finest mesh is ultimately chosen for the rest of the study. The results of this mesh study
are presented in the next section.

The temporal derivative terms are discretized using the second-order backward implicit
scheme. The simulations are marched through time with a fixed time step of ∆t = 1.0 × 10−4 s.
The mean CFL number is kept below 0.25 in all studied cases, while the maximum CFL number
does not exceed 20. The convection terms are discretized using the Linear-Upwind Stabilized
Transport (LUST) scheme [14], which utilizes a blend of 75% central differencing and 25%
second-order upwind differencing.

A spatially non-uniform velocity distribution is imposed at the inlet of the convergent-
divergent pipe. The velocity profiles are taken from Ref. [15] which are obtained with 3D
computations of the full TSG model. The axial and circumferential velocity profiles, normalized
with the test section throat bulk velocity Ut, are illustrated in Fig. 3. The Cartesian
velocity components are calculated from these two profiles and applied to the inlet boundary.
Additionally, a uniform constant velocity condition is imposed on the jet boundary.

4. Results and discussion
The main purpose of the draft tube in hydraulic turbines is to recover the static pressure. The
occurrence of the vortex rope instability generally deteriorates the performance of the draft
tubes, leading to a reduction in pressure recovery. The pressure at levels MG0–MG3 (shown in
Fig. 1) is monitored throughout the simulations to examine the effectiveness of the flow control
mechanism on the pressure recovery of the diverging section. The pressure recovery coefficient
(Cp) at different sensor locations is calculated with respect to the MG0 sensor, placed at the
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Figure 1: A schematic of the test section of the TSG model that displays geometrical details
and locations of pressure sensors MG0, MG1, MG2, and MG3. All dimensions are in mm.

Figure 2: Employed block-structured mesh
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Figure 3: Normalized axial and circumferential velocity profiles imposed at the inlet boundary
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Figure 4: Effect of mesh resolution on the pressure recovery coefficient (Cp) of different sensor
locations

throat. Accordingly, Cp reads
Cp = p − pMG0

1
2ρU2

t
, (1)

where p is the mean pressure, ρ is the density, and Ut is the average velocity at the test section
throat.

The pressure recovery is presented in Fig. 4 for the different computational mesh to investigate
the effect of mesh resolution on the results. The Medium and Fine mesh show rather similar
results, with a maximum relative error of 3.6%. Therefore, the finest mesh with 2.53 × 106 cells
is chosen for this parametric study. See Ref. [6] for more detailed verification and validation of
the case study.

Fig. 5 demonstrates how the pressure recovery coefficient varies with changes in the jet flow
rate percentage, providing insights into the efficiency of pressure recovery under different flow
conditions. The pressure recovery is at its lowest when the jet flow rate is zero (Qjet/Q = 0). As
the jet flow rate increases, the pressure recovery coefficient also increases. The most significant
increase is observed around Qjet/Q = 10%, after which the pressure recovery coefficient becomes
less affected by further increasing Qjet/Q.

It is well-known that the vortex rope typically exhibits two types of oscillations: rotating and
plunging [5]. While the vortex rope rotates around the turbine axis, it simultaneously pulsates in
the axial direction, a phenomenon known as the plunging effect. The plunging mode is detected
throughout the entire machine at the same time, whereas the rotating mode, associated with
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Figure 5: Effect of jet flow rate (Qjet/Q) on the pressure recovery coefficient (Cp) of different
sensor locations

the precession of the vortex rope, is active locally within the cross-section. The plunging and
rotating effects of the vortex rope are analyzed by decomposing the pressure signals from two
opposing probes as

psync = p1 + p2
2 , Synchronous (plunging) component,

pasync = p1 − p2
2 , Asynchronous (rotating) component.

(2)

In this analysis, p1 and p2 denote the pressure signals from two probes located on opposite sides
of the same cross-section of the draft tube. psync refers to the pressure fluctuations detected
simultaneously by both probes, representing the plunging mode, whereas pasync describes the
local pressure variations captured independently by each probe, indicative of the rotating mode.

The pressure decomposition is performed for all four pressure levels (MG0–MG3), and
synchronous and asynchronous components are calculated. Subsequently, a Fast Fourier
Transform (FFT) analysis is done on the decomposed signals, and the highest amplitude of
the pressure fluctuations is extracted. Fig. 6 presents the variation of the highest amplitude of
rotating and plunging modes with jet flow rate for different pressure locations.

The amplitude of the rotating mode first decreases for Qjet/Q ≤ 2%. The main reason for
this behavior is not yet clear and requires further investigation. A plausible explanation is that
the energy is redistributed over multiple modes, while the present analysis considers only the
highest-amplitude mode. Therefore, the observed reduction does not necessarily imply that the
vortex rope is being removed. After this sudden reduction, the amplitude gradually increases
with the jet flow rate. Even though the highest amplitude of the no-jet condition is observed at
MG1, for Qjet/Q > 2%, the MG2 probe exhibits the strongest rotating mode, which indicates
that the vortex rope is moving downstream with increasing jet flow rate. The highest amplitude
of MG2 is observed at 5% jet flow rate, while the MG3 amplitude continues to grow until
Qjet/Q = 8.5%, denoting further downstream displacement of the vortex rope.

A critical jet flow rate appears to exist, beyond which the rotating mode entirely diminishes,
and the amplitude approaches zero. In this study, the critical jet flow rate is observed at
Qjet,cr/Q = 9.25%. This value is slightly lower compared to the experimental findings reported
in Ref. [5], which identified the critical jet flow rate at 11.5%.

The plunging mode (bottom plot in Fig. 6) demonstrates a different trend. The amplitude
is relatively small at the no-jet condition and increases considerably at Qjet/Q = 3%, when the
vortex rope detaches from the runner hub and moves downstream. However, the plunging mode
decreases and diminishes with a further increase in jet flow rate. Unlike the rotating mode, the
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Figure 7: Variation of the fundamental frequency of vortex rope with jet flow rate

critical jet flow rate does not seem to have a significant effect on the plunging mode, and the
amplitude shows a consistent gradual decrease.

The fundamental frequency of the vortex rope can be determined by the frequency of the
highest amplitude calculated in the FFT of the rotating mode. The variation of the fundamental
frequency of the vortex rope with jet flow rate is plotted in Fig. 7. Although the runner was
not included in the current computations, its rotational frequency was used for normalization to
maintain consistency with our previous studies [6]. The frequency consistently decreases from
f/fn = 1.07 at no-jet condition to f/fn = 0.66 at Qjet/Q = 9.25%. Then, after a slight increase,
the frequency decreases with a higher rate to f/fn = 0.19 at Qjet/Q = 12%. As explained
earlier, the vortex rope completely diminishes after the critical jet flow rate Qjet,cr/Q = 9.5%,
and thereby the frequencies observed after this critical threshold are most likely related to the
instabilities of the shear layer between the jet and bulk flow.

A frequency analysis was performed on the force components acting on the test section walls
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Figure 9: Time variation of magnitude and direction of radial force for different jet flow rates

to investigate the effect of the control mechanism on the forces. Fig. 8 represents the highest
amplitude of radial (vectorial sum of the two horizontal components Fx and Fy) and axial (Fz)
forces acting on the domain walls at different jet flow rates. As expected, the evolution of
the radial force amplitude with jet flow rate is rather similar to the amplitude of the rotating
mode in Fig. 6. It increases up to Qjet/Q = 6% and then decreases. Similarly, the axial force
follows a pattern akin to the plunging effect, since the plunging mode is associated with the axial
oscillations of the vortex rope. The axial force experiences a sharp increase at Qjet/Q = 3% and
then abruptly decreases with further increasing jet flow rate.

The time variation of the magnitude and direction of the radial force for different jet flow
rates is illustrated in Fig. 9. The vortex rope precession predominantly drives the changes in
the direction of the radial force. It is observed that the magnitude of this component peaks at
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Qjet/Q = 6% and then decreases. Beyond Qjet/Q = 10%, the radial force approaches zero with
no significant oscillations.

The instantaneous flow field is visualized using the λ2 vortex identification technique [16]
to get deeper insights into the physics of the jet flow control mechanism. Fig. 10 displays the
iso-surface of λ2 criterion as a red surface, whereas, the stagnant region is also illustrated by the
zero instantaneous axial velocity (Uz = 0) as a blue surface. A strong vortex rope is observed at
the no-jet condition. As reported in previous studies [8], the vortex rope helically wraps around
the central stagnant region.

Under no-jet conditions, the stagnant region and vortex rope extend up to the runner hub.
Increasing the jet flow rate shifts both structures downstream. At Qjet/Q = 3%, the stagnant
region is clearly formed further downstream of the hub. A helical structure remains visible
with further increases in Qjet/Q up to 9%, beyond which no precession effect is observed, and
the red structure primarily illustrates the shear layer between the jet and the bulk flow. This
observation aligns with our previous identification of a critical jet flow rate at Qjet/Q = 9.25%.
However, a large stagnant region remains visible further downstream up to Qjet/Q = 11%, after
which the stagnant region disappears. Increasing the jet flow rate beyond Qjet/Q = 11% induces
instability in the jet shear layer in the form of Kelvin-Helmholtz instability, which may explain
the slight increase in the radial force observed beyond a jet flow rate of 12% in Fig. 8.

The effect of jet flow rate on the stagnant region is further analyzed by examining the time-
averaged stagnant region, as shown by the contour line of zero time-averaged axial velocity
(Uz = 0) in Fig. 11. The time-averaged stagnant region gradually moves downstream and
elongates by increasing the jet flow rate. It remains nearly symmetrical until Qjet/Q = 11%,
at which the stagnant region is entirely unstable and asymmetrical. No time-averaged stagnant
region was observed beyond this jet flow rate.

5. Summary and Conclusion
This study performed an in-depth investigation of the impact of axial flow jets on the mitigation
of vortex rope instabilities in hydraulic turbines, particularly under Part Load (PL) conditions.
Using the Timisoara Swirl Generator (TSG) model and performing numerical simulations
with OpenFOAM, a parametric analysis of axial water injection through the runner hub was
conducted.

The results indicate that increasing the jet flow rate effectively enhances pressure recovery.
The amplitude of the rotating mode gradually increases with the jet flow rate due to the
displacement of the stagnant region downstream. However, after the critical jet flow rate
identified at Qjet,cr/Q = 9.25%, the amplitude drastically reduces and approaches zero. The
plunging mode associated with axial oscillations of the vortex rope initially increases considerably
with Qjet, and then gradually decreases and diminishes with a further increase in jet flow rate.
Additionally, the fundamental frequency of the vortex rope also consistently decreases with the
jet flow rate.

The increase in axial jet injection detaches the vortex rope and stagnant region from
the runner hub and gradually moves them downstream. The stagnant region appears to be
completely removed beyond Q/jet/Q = 11%.

These findings underscore the potential of axial flow jets as an active flow control strategy
to mitigate self-induced instabilities in hydraulic turbines. The study provides insights into the
design and optimization of such strategies. Future work will focus on refining these control
strategies and exploring and optimizing time-varying controlling mechanisms.
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