Chapter 2

Low-Frequency Phenomena in Swirling
Flow

The presence of swirl is often the cause of separations and pressure fluctuations in
the draft tube of hydraulic reaction turbines, in particular Francis turbines. At the
design point, water turbines generally operate with little swirl entering the draft
tube and no flow separations, but at off-design, at both high and low load, the flow
leaving the turbine has a large swirling component. The present chapter describes a
number of physical mechanisms that work to produce the pulsation. Their occur-
rence and impact depend mainly on the actual flow rate of the turbine, but also on
the local pressure level, on the exit velocity field of the particular runner, the shape
of the draft tube, and the dynamic response of the whole hydraulic circuit. In
medium- and large-sized turbines, the frequency of these ‘draft tube surges,” which
are often approximately periodic, is of the order of 1 Hz, and therefore they may
also produce significant electrical power swings.

Given a sufficiently strong vortex flow, comparable phenomena may also occur
in other locations, for example in the runner channels, or in penstock manifolds.

2.1 Swirling Flows in Pipes, Vortex Breakdown Phenomena
2.1.1 Basic Observations

Laboratory experiments have shown that swirling flow through a cylindrical pipe
tends to separate into two concentric flow regions [1]. Fluid transport basically
occurs in the outer region while the inner region may contain a stagnation zone or
dead water core. The relative swirl or swirl ratio is the non-dimensional ratio
between the swirl momentum and the axial momentum of flow
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where R; is the pipe radius, and c,,, and c, are the axial and tangential components
of velocity.

Early measurements supporting the concept of two flow regions were made on a
time-averaged basis [1]. The diameter of the dead water core was found to increase
with the swirl rate. More detailed observations, which also consider unsteady
features of flow, reveal that the boundary between the two regions, is not stable but
that its vorticity tends to concentrate in a corkscrew-like vortex filament along the
border between the two flow regions [2]. Under some circumstance, in particular in
conditions of decelerating flow, the recirculation zone may break down from one
flow structure to another, a phenomenon known as vortex breakdown or vortex
bursting. The phenomenon of vortex breakdown is associated with an abrupt and
drastic change of flow structure. The helical corkscrew vortex at the boundary of
the core is one such structure but an alternative structure is an axisymmetric
separation bubble on the axis of the vortex.

2.1.2 Early Research

In a Francis turbine, the fixed relative exit angle of the runner blades is designed
for a certain water discharge. At this particular discharge, close to the point of best
efficiency, the component of the absolute circumferential flow velocity in the
outlet is small, leading to a residual swirl close to zero, as shown in part (b) of
Fig. 2.1. At lower flows the relative flow angle remains nearly the same, but the
absolute flow angle leads to a residual swirl in the direction of the runner rotation,
indicated by the tangential velocity component ¢, in part (a) of Fig. 2.1. At higher
discharge the runner produces a counter swirl against the direction of runner
rotation in its exit flow.

The US Bureau of Reclamation (USBR) conducted basic experimental research
[2] on the behavior of swirling flow in a reduced-scale draft tube. Instead of a
runner, a stationary swirl generating apparatus was used to produce a certain swirl
ratio. At very low swirl, the USBR found that the dead water core does not
develop, the smooth flow filling the entire cross section of the draft tube. If the
swirl ratio exceeds a rather low threshold value, a stagnation point forms in the
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Fig. 2.2 Dead water core (left, [3]) and corkscrew vortex in a model

flow at the draft tube exit and downstream of this there is a core of separated flow
in the draft tube. This stagnation point then moves upstream as the swirl ratio
increases. The stagnation point is also the starting point of the corkscrew-like
vortex filament. With sufficient swirl, the stagnation point merges with the
upstream center of the pipe, and the vortex filament then starts at the ‘runner’ hub.
It is not stationary but rotates about the axis of the draft tube (Fig. 2.2).

The shape and precession frequency of the corkscrew vortex depend on the
swirl ratio. This early research was done using air as a working fluid. Cavitation
effects were not considered. Starting from the same concept, Nishi et al. [3] studied
various aspects of swirling draft tube flow, including the effect of vortex cavitation
and the role of the draft tube elbow in the excitation mechanism of pressure
pulsations [4].

2.2 Draft Tube Vortex Phenomena

Today, researchers still use reduced-scale models to examine draft tube vortex
phenomena, but these days complete turbine models with runner are preferred to
stationary swirl generators. While the swirl apparatus can produce the proper
amount of swirl, the radial distribution of velocities differs from that in an actual
turbine. Several different dynamic flow phenomena due to draft tube swirl may
be distinguished by their symptoms and mechanism of origin. The flow rate of the
turbine controls the swirl, and has the single most important influence on the
occurrence of pulsation. Therefore, it is convenient to use a non-dimensional
number for the discharge to quantify this, usually Q.p/Qnp opt- The discharge Q is
a good scaling parameter only in the usual case of a turbine operating at constant,
synchronous speed. But in other cases such as a model test, the discharge coeffi-
cient Q,p should be used because the swirl-free discharge varies with the flow and
the runner speed.
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Apart from the swirl ratio and the radial velocity distribution, the cavitation
number ¢ also plays an important role. In most cases the high velocities in the core
of the draft tube vortex can decrease the static pressure to the vapor pressure,
leading to cavitation with a vapor-filled cavity. Some pulsation phenomena are
linked to the size and shape of the cavity. The following descriptions are given for
modern Francis turbines where the condition of zero swirl normally occurs at, or
slightly above, the best efficiency discharge; many of the phenomena are also
observed in other reaction turbines with the corresponding draft tube swirl.

2.2.1 Partial-Load Vortex: Forced Oscillation (Half-Load Surge)

In modern Francis turbines, the corkscrew-like flow structure (vortex rope or
torch) typically prevails over a range of the relative turbine discharge between
approximately 0.5 and 0.85 of the flow at best efficiency. The lower limit of this
range is often better developed than the upper limit as it has the character of a
boundary between two quite different flow regimes. The common way to measure
the effects of the phenomenon is by pressure sensors at the wall of the draft tube
cone (draft tube pressure pulsation, DTPP). This pulsation is approximately
periodic, the period of the pressure pulsation is the same as that for the rotation
(precession) of the corkscrew, which may be observed visually in a laboratory
model with a transparent draft tube cone. The relative frequency of precession f/n
is between 0.2 and 0.4, whereby values above 0.3 are less likely. First results on
this phenomenon, which are still worth reading, can be found in Rheingans [5]
who already pointed to problems of generator resonance and proposed a generic
estimate f/n = 0.278 for the ratio of the precession frequency to the runner speed.
For detailed quantitative information on surge parameters, see the Sects. 7.2.1 and
7.3.1.

In a model test, DTPP measurements can be done at different levels of draft
tube pressure, or cavitation number ¢ as described in Sect. 1.1 (other parameters of
operation remaining the same). Figure 2.3 shows results from a Francis turbine
model with a specific speed of ngg = 0.113, and these demonstrate some typical
features of the cavitation effect' on the part-load pulsation. If the pressure level in
the model draft tube is very high, Yo > 0.3, the vortex rope becomes invisible
because the local pressure drop in its core is not sufficient to produce cavitation.
Nevertheless the unsteadiness from the corkscrew vortex still exists in the flow and
if the DTPP is measured its frequency remains approximately the same as the draft
tube pressure is lowered. It is common to measure the pulsation at several loca-
tions around the circumference of the cone simultaneously. The rms values of the
fundamental frequency band of the vortex precession in the draft tube cone are

' In the cavitation number Yo, different from standard o, the reference pressure is the runner
velocity head instead of the net head.
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Fig. 2.3 Cavitation effect on half-load surge

shown in the upper graph of Fig. 2.3 for three locations in the draft tube cone.
A maximum of the pressure amplitudes is often observed when the natural fre-
quency of the draft tube fluid associated with the cavitation compliance of the
vortex rope coincides with the precession frequency of the rope. In this condi-
tion—in our case near g = 0.16—the pressure pulsation observed at different
circumferential locations becomes approximately synchronous [6]. The reason for
the resonance-like behavior, already recognized by Moody [7], is the compressible
nature of the flow downstream of the runner, following Brennen’s [8] ‘cavitation
compliance’ defined in Eq. (2.2). The correct mechanism of excitation was dis-
closed in two steps by Dériaz [9] who assumed a periodic variation of flow
resistance, and Dorfler [10, 11]. The computation example in Sect. 1.4 and the
system response study in Sect. 7.2.3 provide a more detailed description.

The physical properties of half-load surge—that is the amplitude and phase
response to changes in cavitation level due to variation in sigma—can only be
understood if the compound nature of this phenomenon is accounted for. Nishi [4]
showed that the pulsation consists of a synchronous part—a plane wave—and an
asynchronous part—the precession movement of the rope, and showed how these
components are to be distinguished in an elbow draft tube. He also conducted
experiments which demonstrated that the synchronous pulsation does not exist in a
straight draft tube—another proof that the excitation source resides in the elbow.
The middle graph in Fig. 2.3 presents the synchronous and asynchronous pulsa-
tion, which were extracted from the individual pressure signals. It is the
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synchronous component, which is involved in a basically one-dimensional system
oscillation, that responds to the change of cavitation level. In contrast the asyn-
chronous pulsation as well as the precession frequency (lower graph) do not
depend on cavitation except at extremely low draft tube pressure. The maximum
possible level of pulsation in any draft tube section may be expressed as the scalar
sum of the amplitudes of the two components, therefore this sum forms an
envelope for the individual pressure amplitudes versus cavitation number, in the
upper graph.

To analyze measurements of draft tube pulsation for its parameters, based on a
set of assumptions listed in Sect. 7.2.3, one may use procedures in the frequency
domain. The goal is to know in detail the properties of the two main components,
asynchronous and synchronous, as well as the forcing term Apgx > If the test rig
has short upstream and downstream pipes as shown in Fig. 1.10, it is particularly
easy to identify the pressure source Apgx by measuring the interesting load points
in a reference test at partial load with high cavitation number ¢ in order to ensure
cavitation-free flow in the runner and draft tube. This should normally be the case
for Yo > 0.5 but can be checked during the test.

The evaluation should start with a multi-channel FFT analysis of the pressure
signals upstream and downstream of the runner; if available, pulsation signals of
shaft torque and discharge can also be included. The analysis should concentrate
on the frequency band of vortex precession. The magnitude of all spectral lines of
the frequency band should be included. The phase angles are required for the
analysis; it is recommended to evaluate the coherence as a measure for signal-
to-noise ratio. The synchronous pulsation pgyy is obtained as the (complex-valued)
average of the pressure signals at equally spaced locations in one cross section of
the draft tube cone. Four sensors displaced by 90° are recommended, two are
minimum. The asynchronous pulsation in every pressure signal p; results from

Pasyn,i = p; — psync (22)

always using the complex variables. Note that this procedure can also be used at
conditions with cavitating vortex, or at high load. At partial load, it will reveal any
cavitation-dependency of the asynchronous component, as shown in Fig. 2.3. At
high load, there is often no coherent pulsation, or otherwise there is no significant
asynchronous component.

If the system is simple, the pressure source Apgx is obtained from the measured
pressure pulsation psc in the spiral casing entry and the pressure transfer function
Gsc(jo) between the two pressure variables. Ggc(jw) differs from G¢ in Egs. (1.36)
and (1.38) only in the numerator N which represents the impedance downstream of
the runner, and has to be replaced by the impedance at the location of pressure
sensor psc. The compliance Cc is zero in the cavitation-free reference test; there-
fore there are no more unknowns in the equation

2 We are omitting the tilde; all pressure variables are fluctuations.
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Fig. 2.4 Turbulent kinetic energy of swirling flow in a conical diffuser

Apex = psc/ Gsc (2.3)

Within the accuracy of the one-dimensional system model, the same should
result if the synchronous pulsation pgyn in the draft tube cone is evaluated first and
the equations in Sect. 1.4 are directly used assuming pc = psync- In theory, the
torque signal could also be used but the pertinent transfer function is less accurate.

First attempts to investigate the physical nature of the draft tube vortex at part
load by means of Computational Fluid Dynamics (CFD) have steadily been
published since 1999. For early examples, see Ruprecht et al. [12] and Sick et al.
[13]. Due to the fact that this flow is dominated by vortex structures, the turbulence
model has been found to be of high importance for an accurate prediction.
A comparison of CFD results obtained with the standard k-¢ model and the
physically better justified (but more computationally expensive) Reynolds stress
model is given in Sick et al. [13] for the swirling flow in a conical diffuser.
Differences between the two methods may be seen in the Fig. 2.4.

At the diffuser inlet a circumferentially uniform velocity profile is prescribed
which is typical for draft tube inlet flow at part load, including radial variations of
the velocity components. As a result of the swirl a strong backflow builds up in the
core region of the diffuser, left-hand side of Fig. 2.4. In the shear layer between the
inner backflow and the outer swirling flow, small vortices develop into the typical
corkscrew-like flow instability. These flow patterns are well predicted both by a
laminar flow simulation and a flow simulation with the Reynolds stress turbulence
model. In case of the standard k-¢ model far too much turbulent dissipation is
modeled in the shear layer with the result that the vortices cannot develop. This
well-known weakness of the standard k-¢ turbulence model can be overcome by a
modification which takes into account the stabilizing effect of stream line
curvature.

Furthermore, the computational grid is of major importance for a realistic
prediction of the vortex and the related pressure drop toward the vortex core, as
reported by Stein [14]. A good general rule says that the vortex core should be
resolved by at least 20 grid cells. If this condition is not fulfilled both the velocity
gradients and the pressure drop are under-predicted.

Validation of predicted DTPP versus experimental data obtained in a model test
shows that single-phase flow simulations give very good results of the frequency
as well as the amplitude of the pressure pulsations. The CFD simulation reported
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Fig. 2.5 Measured (left) and computed (right) DT wall pressure pulsation

in [14], shown in Fig. 2.5, gives a frequency prediction within 2 % accuracy
compared to the measurements because very high grid resolution was used (overall
35 million nodes). For coarser computational grids, which are more common in
industrial applications, the error in frequency prediction may be up to 20 %.

Two phase flow simulations reported in [14] reveal a lack of accuracy of the
CFD approach with maximum 35 million grid nodes in the draft tube due to
relatively low grid resolution with respect to the cavity: the volume of the cavity
was under-predicted leading to a significant error of vortex dynamics prediction
[14]. This suggests that numerical flow simulation can be reliably used for pre-
dicting frequency and strength of the draft tube vortex with high sigma values but
not yet for predicting the effect of varying tail water level or sigma values
respectively.

2.2.2 Random pulsation at Very Low Load

If the relative turbine discharge Q,p/Qup.op: i lower than a certain threshold,
usually between 40 and 50 %, the swirl ratio is so high that the vortex rope
disintegrates. A large number of unorganized smaller vortices replace the single
corkscrew vortex. The DTPP loses its near-periodic behavior and has the character
of a wide-band noise. The two pressure samples in Fig. 1.4 demonstrate the dif-
ferent flow regimes very well. While the time-domain pressure amplitude may
become larger at lower load, there are often no significant narrow-band fluctua-
tions that may result in an intense resonance.

In the operating range directly below the single-helix vortex rope, there are
sometimes vortex flow structures which occur which are not as periodic as the helix
but still retain, in a statistical sense, some phase relationships. This may be seen in
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Fig. 7.13 in Sect. 7.2.1 where the asynchronous pulsation does not immediately
disappear together with the single-helix structure (at Qup/Qnp opt < 0.6) but only
gradually. The less regular vortices prevailing in this flow regime correspond to a
wider range of frequencies and phase angles in the spectrum.

In addition, Fig. 7.13 shows that the relative amount of hydraulic losses of the
turbine, expressed by the ratio (Qgp — Pep)/Qgp,opt» Starts to increase significantly
together with the random part of the DTPP, at the limit of the single-vortex zone.

At very low load, the entire pulsation consists of random movements only.

2.2.3 Partial-Load Vortex: Two Threads (Twin Vortex)

In some Francis turbines and pump turbines there is an additional draft tube flow
regime occurring adjacent to the lower boundary of the single-helix region. If this
regime exists, then its range is usually quite small, approximately 5 % of Qup/Qnp,opt-
The single helix is replaced by a double helix [15], the two threads being displaced by
180 degrees. In the DTPP, this condition is easily detected due to the discontinuous
increase of frequency and change of the phase relationships; the phase relationships
resemble the behavior of the 2f component existing in the single-helix flow.

The presence of a central column, or shaft, in the draft tube axis occasionally
promotes the formation of the double helix pattern, see [16] for an example.
Another example is shown in Fig. 2.6. Pressure signals are shown for three sensors
which are equally spaced around the draft tube cone of a model with ngg = 0.23.
The right-hand side shows the regular behavior with the precession of the low-
pressure zone of the single vortex marked with gray arrows. At a slightly lower
flow rate, the single-helix pattern is replaced by a flow regime with two vortex
threads, the additional thread being indicated by the arrows drawn with broken
lines. The central column in this draft tube has 0.30 times the runner exit diameter.
The doubling of the vortex does not occur in the model version without a central
column.

No practical problems due to the double helix phenomenon have been reported
so far.

2.2.4 Low Partial-Load: Self-Excited Oscillation

Other phenomena may also lead to pulsations at partial load. A serious pulsation
phenomenon occurred in a large power plant [17] with a rated head of approxi-
mately 100 m. Each one of the turbines rated 200 MW has a separate penstock.
Intense pressure pulsation was observed around 30 % of the rated output, at a
relative discharge Q,p/Qunp,opt between 25 and 40 %. The upper limit approxi-
mately coincided with the lower limit of the single-helix range. The relative
frequency f/n was between 0.7 and 1.0, and increased with increasing flow.
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Fig. 2.7 Slow transient showing self-excited low-load pulsation

The frequency was always somewhat above the lowest natural frequency of the
penstock for each one of the three units. The oscillation frequency was found to be
dependent on the natural frequency determined by the penstock length (different
between the units) and headwater level. The frequency range overlapped with that
of the natural frequency of the generator, as a consequence there were large power
swings in some situations. Figure 2.7 shows a moderate version of the phenom-
enon. The magnitude of pressure pulsation is roughly the same upstream and
downstream of the turbine, as well as between the wicket gate and runner (Apgy).
In this example, the frequency happens to coincide with the natural frequency of
the generator.

No indication for the phenomenon was found in the model test, and, because of
this, the oscillation is classified as self-excited. At maximum head the DTPP
attained dramatic peak-to-peak values up to 63 mwc, the amplitude in the penstock
being slightly smaller than in the draft tube. A variety of theories have been
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proposed to explain the problem. Tentative explanations comprised a hysteresis in
the turbine characteristics [18], a dead time in the vaneless space between the
guide vanes and runner [18], and some system resonance responding to draft tube
pressure fluctuation [17].

In a practical sense, the solution was simple. Injection of a very small air flow
(85 /s, or 0.04 % of nominal turbine discharge) through the runner hub proved to
be sufficient to completely suppress the instability.

Gummer [19] described an oscillation with virtually identical properties—
specific speed, load range, relative frequency, phase relationships and mode shape.
In this paper, a turbine impedance with locally negative real part is supposed to be
the cause. Unlike the previous example, this oscillation reportedly does not occur
when the unit is ramped up. An explanation could be that the dynamic response of
the two-phase flow depends on the partial pressure of the dissolved gas, which
requires some time to build up.

2.2.5 Upper Partial-Load Vortex: The “80 % Pulsation”

In the upper partial-load range, usually between 70 and 80 % of Qup opi, the half-
load corkscrew vortex is often accompanied by an additional phenomenon with
much higher frequency. Most observations of this phenomenon are from models
with high specific speed [20-22]. The frequency spectrum typically consists of
several narrow bands whose center frequencies differ by multiples of the vortex
precession frequency [23]. Some examples from a Francis turbine model test are
presented in Figs. 7.1, 7.2, and 7.6.

The peculiar arrangement of frequencies has been explained by a modulation
process. In terms of a mathematical formula, this corresponds to multiplying two
periodic functions, each one having a few harmonics:

X(t) = (Ao + Z (A;cos(iowyt) + .. ... + B; sin(iwvt)))
i=12,.. (2.4)

X <C0+ Z (Cicos(imct) + D; sin(iwd)))

i=1.2,...

The lower frequency vy represents the vortex precession, while the origin of
the higher frequency wc is not adequately explained. Arpe et al. [23] found a
natural mode of the test rig to be involved; however in some tests [20] the phe-
nomenon could be reproduced at quite different test head and speed. Other authors
[24] attribute wc = 2nfc to a precession movement of an elliptical wave shape on
the vortex cavity surface. An oscillation mode with elliptical surface of the vortex
has been postulated based on theoretical studies [24], and several researchers
observed the revolving elliptical deformation by means of high-speed video taken
in model turbines [25], and also in a model pump-turbine [26].
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Relative frequencies fc/n between 1 and 5 have been reported [20], with values
close to 2.5 being most common [23]. The frequency f¢ increases strongly with the
draft tube pressure. Other than the pulsation at precession frequency, this com-
ponent only exists when there is cavitation on the helix. The pressure pulsation
may attain amplitudes in excess of the half-load vortex itself; amplitudes in the
turbine intake are sometimes higher than at the draft tube cone wall.

While relative amplitudes in the model test have quite often been alarming, the
phenomenon usually did not show up at the prototype turbine. Comparable phe-
nomena in prototype units are very rare; pulsation of axial thrust felt at the thrust
bearing structure has been tentatively attributed to this category in a few cases.
A singular case encountered in the authors’ company occurred in a turbine with a
straight horizontal draft tube. In this case, the phenomenon was almost perfectly
similar between model and prototype. This, and the absence of similarity in other
projects, could be a hint that lack of Froude similarity (see Sects. 7.2.1 and 9.2.1)
normally prevents the phenomenon from occurring in large prototypes.

In model tests, the pulsation may be suppressed by small quantities of air
injected to the draft tube center. In some cases, attempts were made to minimize
the 80 % pulsation in the model turbine by design modifications. These can be
either changes in the contour of the runner cone (semi-tapered hub, [21]) or
adjustment of the runner blade profile [22].

2.2.6 Instability of the Helix Flow Pattern

The corkscrew vortex is a fairly robust flow pattern occurring at partial load in
virtually every Francis turbine. At the center of its range at about 2/3 of Qp opt, it
rotates very uniformly and regularly. However, at the limits of its range of
occurrence, it may become intermittent with temporary prevalence of other
(neighboring) flow patterns. During a transition between different flow regimes the
vortex or parts of it may collapse. A sharp pressure shock is produced when the
cavitating vortex filament suddenly implodes. Such disturbances have been
observed in several model tests [27, 28], in particular near the upper limit of the
range of the partial-load vortex, at 80-90 % of Qup op. The authors of [28] even
called this range the ‘shock zone,” when reporting about turbines with rather high
specific speed.

This phenomenon has also been observed in prototype turbines where the
shocks may become quite unacceptable. Different remedies have proved effective.
One possibility is injection or admission of air through the runner hub. In some
cases, the problem has been mitigated by adding a cylindrical extension to the
runner hub, using a shape similar to the one reported as a remedy against the ‘80 %
pulsation’ [21]. For this approach, Strohmer [27], has provided a detailed
description from which the content of Fig. 2.8 has been taken. In the upper graph
of this figure, the draft tube pulsation in the critical range of load (Q/Qqp; = 0.88)
is compared with the normal behavior at Q/Qp = 0.62.
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Fig. 2.8 Vortex stability enhanced by extension of hub

At Q/Qqp: = 0.88, the normal rotation of the vortex rope, with a period of about
4 runner revolutions, is no longer recognizable. Instead, there are less regular
fluctuations at higher frequency and occasional pressure spikes that correspond to
partial collapse of the rope. This phenomenon causes the high pressure amplitude
for the original design in the lower right graph. A series of modifications of the
runner hub was examined, showing that a moderate extension of the hub can
rectify the problem.

2.2.7 Self-Excited Oscillation at High Load (Full-Load Surge)

In case of negative swirl at high load, the helical vortex shape occurs rather
seldom. Here the vortex is usually rotationally symmetric, at least inside the upper
cone region of the draft tube. Vortex precession and the accompanying asyn-
chronous pulsation are therefore absent, as well as the forcing term of pulsation.
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Nevertheless, some turbines exhibit regular and intense pulsation of pressure and
power during high-load operation. This kind of surge has been explained as a self-
excited oscillation. While all conventional elements used in one-dimensional fluid
transient models have a damping or at least neutral effect on oscillations, the mass
flow gain factor (MFGF) y = —0V/0Q, as explained in Sect. 1.5, has been
identified as a potentially destabilizing feature connected with cavitating flows.

In the context of hydraulic turbines, the mass flow gain effect was suspected to
play a role in stability for some time. Ideas to apply it to draft tube cavitation were
published in the 1980s, either based on upstream flow q; [10], or downstream flow
gz [29]. The latter concept has long been favored because it predicts instability in
many cases. Attempts to simulate the full-load vortex were made later with steady-
state CFD, in order to get more insight into the fluid dynamics and to obtain
quantitative data for the mass flow gain factor (MFGF) and cavitation compliance.
Flemming et al. [30] published cavity volumes estimated from single phase as well
as two-phase flow simulations. The single-phase simulation estimated the cavity
volume from the predicted pressure levels without cavitation (the cavity being
assumed to be located in the volume where the pressure was predicted to be less
than the vapor pressure), whereas the two-phase simulation calculates the cavity
volume based on a certain value of the void fraction. They showed that a two-
phase representation is necessary for realistic values of the cavitation parameters.
The study reported, for a Francis turbine project, a gross reduction of MFGF due to
replacement of single phase by two-phase parameters. It nevertheless predicted
instability of the prototype turbine. Unlike many other predictions, this one was
made before the turbine was installed. The prototype was commissioned later, and
it was stable up to maximum load [31].

As explained in Sect. 1.5 and in [32], the concept of using the downstream flow
q» as a reference for mass flow gain y in draft tube flow usually requires much
lower magnitude of y for instability compared to the use of q;; therefore it
overestimates in a systematic manner the destabilizing effect. To close further
speculation about the correct approach, a study was conducted in 2009 to directly
compute the unsteady behavior of a cavitating, rotationally symmetric vortex [33].
It was confirmed that two-phase computation is indispensable.

As shown in Fig. 2.9, taken from the study [33], the vortex shape resulting from
the two-phase model has features known from physical model tests that cannot be
reproduced by a single-phase computation. In case of large cavities, it shows a
characteristic annular hydraulic jump and an undular structure reminiscent of
standing waves.

The transient two-phase computations required a very high spatial resolution.
Oscillation of the vortex flow was forced by means of a prescribed time-dependent
variation of the draft tube intake velocity field. The response of the draft tube
intake pressure, cavity volume, and draft tube exit discharge were simulated for
transients with different forcing frequency. The structure and parameter values of a
frequency-domain model for the dynamic transmission behavior of the full-load
vortex were then identified. A large fraction x of the mass flow gain effect depends
on the runner exit flow q; (red curve in Fig. 2.10). The dead time ty mentioned in
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Fig. 2.9 Cavity contour obtained from single-phase and two-phase CFD model
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Sect. 1.5 is essential. A small portion 1 — x of the mass flow gain effect (between
0 and 4 %) was found to apply to the downstream side; it has only a minor
influence on stability (green curve). The resulting lumped parameter model [33]
for the cavity volume is

Ve=—Cc-p. —x-(k-qu(t—ts) + (1 =x)-q,) (25)

Self-excited pulsation at full load has in a number of cases been successfully
reduced by air admission to the draft tube center, preferably through the shaft
[34, 35], see also Sect. 8.2]. Draft tube fins, which are described below, are not
effective because, other than in partial load, at high load the main flow is not
concentrated at higher radius.
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2.2.8 Full-Load Vortex: Forced Oscillation

In some turbines the helical vortex shape also prevails at full load. It is probably
associated with low axial flow velocity in the hub region and can therefore usually
be avoided by appropriate runner design. The corkscrew vortex at full load has
therefore become quite seldom in modern turbines. There is also an influence of
the cavitation number. The corkscrew shape may exist at rather high cavitation
number but disappear when the size of the cavitating core increases due to lower
pressure. A similar behavior is also known with respect to the partial-load vortex,
but due to stronger diffuser effect in the draft tube it is much more important at
high load.

The physical properties of the forced full-load surge are similar to the half-load
surge. The main difference is that, due to the higher level of flow velocity at
comparable swirl number, the frequency is higher than at part load. In a well-
documented historical case (reported in Sect. 8.1) the helical shape was observed
in the model test, and the DTPP could be measured both at plant sigma and in
absence of cavitation. For the successful countermeasure, see Sect. 8.1. In this
problem, draft tube fins have also been found ineffective.

2.2.9 System Response

Pressure pulsation in the draft tube is the most common effect caused by the draft
tube swirl. Quantitative data may be found in Sect. 7.2.1, some explanations of the
hydraulic system response in Sect. 7.2.1 The so-called synchronous part of draft
tube pulsation is associated with upstream (i.e., penstock) pressure pulsation, and
this in turn can only be produced if the turbine discharge pulsates. The pulsation of
turbine discharge (and head), power swing, and in some cases axial vibration
(runner, shaft, generator support bracket), are all related to the ‘synchronous’
pulsation. On the other hand, radial vibration (runner shaft and bearing housing),
and some of the low-frequency components of draft tube wall vibration are related
to the ‘asynchronous’ part.

2.2.10 Mechanical Effects

Runner stresses caused by the partial-load vortex have been studied by on-board
measurements [36]. A result including the vortex rope effect is shown in Fig. 1.15
in Sect. 1.6.

Although the draft tube rope may not have important effects on the runner
[37, 38], long-term operation under rope condition may have more important
effects on the draft tube components (cone, door, liner, pier, concrete) as shown in
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Fig. 2.11 Crack in concrete
at draft tube door

Fig. 2.12 Crack at junction
of discharge ring to draft tube
liner

Figs. 2.11 and 2.12 for machines operated for extended period of time at low-load
conditions.

The asymmetric pressure distribution created by the helical vortex at partial
load also acts on the runner. This asymmetry results in a rotating radial force
and bending torque acting so that the runner performs a lateral vibration whose
frequency, seen from the stationary system (casing, bearings) is the precession
frequency of the vortex. This rotating radial force, which may also be observed and
measured in model tests (see [39] and Sect. 7.3.3), creates a characteristic feature
in the vibration behavior of the Francis turbines, shown in Fig. 2.13 for a pump
turbine. The shaft vibration also shows a discontinuous change at the lower limit of
vortex stability, in a similar way to the DTPP signals.

The ISO 7919 vibration standard [40] excludes pump turbines, but for Francis
turbines the limits required by the standard are sometimes difficult to fulfill. For a
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Fig. 2.13 Radial shaft vibration of a pump turbine

machine with the same synchronous speed as the one in Fig. 2.13 (166.7 rpm), the
peak-to-peak amplitude of shaft vibration would not be allowed to exceed 250 pum.
As the standard does not distinguish between turbine types that develop a part-load
vortex (Francis, pump turbines, fixed-blade propeller) and machines that do not
(Kaplan, Pelton), it is obvious that the Francis turbines are more critical with regard
to fulfillment of vibration standard. Figure 2.13 also shows that even in case of
refurbishment, where the draft tube remains the same, the quality of runner exit
flow has an important influence on shaft vibration. The black markers in the figure
show the behavior of the original runner that could not operate safely in the ‘for-
bidden range’ indicated as ‘no-go old.” The replacement runner reduced the
maximum vibration and eliminated the operational restriction.

In some cases it is likely that flow disturbances connected with the draft tube
vortex have excited penstock vibration. Klein et al. [41] reported a case where
intense vibration of the penstock shell occurred in the upper partial-load range, at
approximately f/n = 1.33. The cure to this problem, likely caused by side effects
of the part-load rope (Sect. 2.2.6), was to add stiffener rings to the penstock; the
hydraulic cause was apparently not attacked.

In another case [42] the penstock vibration was caused by high-load surge with
f/n ~ 0.30, and was mitigated by air injection.

2.2.11 Peculiarities of Francis and Other Turbine Types

The draft tube shape has an important influence of draft tube surging. In early
years, the US Bureau of Reclamation [2] even performed research using only the
draft tube and no runner but with a swirl generating apparatus. Today, it is clear
that the runner is essential for such tests, which makes it useful to compare
replacement runners from different suppliers in comparative model tests. It is
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known from many rehabilitation projects that a good runner outlet velocity profile
may bring significantly better smoothness of operation (see Fig. 2.13 for an
example).

2.2.11.1 Shallow Draft Tubes

In turbines with very shallow draft tubes there is often a small radius of curvature
radius on the inner side of the elbow. In such cases the part-load vortex comes very
close to the elbow contour in every revolution. As a consequence such draft tubes
may give rise to high local amplitudes.

2.2.11.2 Straight Conical Draft Tubes

Conical draft tubes are a special case because in the absence of an elbow there is
no forced oscillation excited by the usual mechanism. In these machines there is
only the asynchronous pulsation. In practice, such turbines can also cause prob-
lems. In a turbine with a horizontal axis the vortex precession going through zones
of different elevation can still cause periodically variable cavitation and provoke a
small synchronous pulsation, in this case of a parameter-excited type. Also, the
straight horizontal draft tube hardly responds to aeration because no air is retained
in the vortex. By contrast, aeration in turbines with vertical axis is more effective
because the air cannot escape easily.

2.2.11.3 Pump Turbines

Draft tube surge in pump turbines is of minor practical importance because pump
turbines are designed to frequently pass through transients with much higher
pulsation and vibration compared to the part-load surge. Because of this and the
higher draft tube pressure level, aeration is seldom necessary. Draft tube surge may
nevertheless cause problems if the machine is connected to a long tailrace. In such
a case, the high water inertia combined with the small draft tube cavitation
compliance may become critical for resonance. For a case example, see [43].

Draft tube inserts such as fins are seldom used, partly because there is a risk of
runner damage in pump operation if an insert should fall off. An interesting
application has been described in [44]. Model test results from pump-turbine
models are shown and discussed in Sect. 7.3.1

2.2.11.4 Kaplan Turbines

In ordinary (double-regulated) Kaplan turbines, draft tube surge is also less
important. The available range of runner blade angle adjustment, as defined by the
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servomotor, is usually selected in a way as to permit on-cam operation in the
foreseen load range. If running on-cam, the turbine produces too little runner exit
swirl for a surge. Turbines operating off cam, due to very low load, or fixed-blade
propeller turbines, have swirl properties comparable to Francis turbines. A survey
of vortex phenomena for various loads has been given by Skotak and Pulpitel [45].
For model test results, see Sect. 7.4

In transient operation however, draft tube surge occurs in every Kaplan turbine.
If the unit rejects load, then it has to pass through conditions with large residual
swirl; at the instant of maximum speed, the runner torque is zero and the whole
swirl generated in the wicket gate is passed through into the draft tube. For that
reason large pressure fluctuations at vortex frequency may occur in the draft tube.
Sometimes they may give rise to pressure shocks because also the amount of
vortex cavitation becomes quite considerable. This is partly due to the deceleration
of discharge while the guide vanes are closing. Typically, the resulting pulsation
has a frequency of the order of 1 Hz, and fortunately only a few cycles. In some
cases it may be necessary to improve the behavior by choosing a more suitable
maneuver of the runner blades and wicket gate during load rejection.

2.2.11.5 Valves and Gates

Shutoff devices located downstream of a Francis turbine or pump turbine may also
be affected by the draft tube vortex. The precession movement of the vortex
continues even downstream of the draft tube elbow. Valves or gates in this
environment must be secured absolutely reliably. A singular case has been
reported [46] where a spherical valve at the end the draft tube of a high-head
Francis turbine started to swing due to the draft tube vortex but was secured in
time. Closure of such a valve during turbine operation would entail headwater
pressure in the draft tube, with catastrophic consequences.

2.2.12 Prediction and Assessment

Until today, the most reliable source of information about the dynamic behavior of
a turbine prior to construction is still the laboratory test with a reduced-scale
model. The most important unsteady flow and pressure patterns like the part-load
vortex or inter blade vortices may be taken as similar representation of prototype
behavior, as far as their local consequences in the draft tube are regarded.
Dynamic similarity is never perfect because many kinds of oscillation phe-
nomena have a global component that depends on system response [47], namely,
the water conduit of the installation (test rig, or power plant) and the rotating
assembly connected with the runner (brake, generator plus grid). These compo-
nents of the pulsation may be subject to important distortion, as cautioned in the
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IEC 60193 standard. The ‘synchronous’ component of the ordinary part-load
oscillation is a good example [3].

Apart from the system dependency, the representation of cavitation may also
cause deviations from similarity. Due to the large draft tube depth in vertical-axis
turbines, the gravity component of the pressure distribution has an important
influence on the vortex behavior. To correctly represent this influence, the
condition of equal Froude number should be fulfilled together with the Thoma
cavitation number ¢. Equal Froude number means that the ratio between prototype
head and model test head should be equal to the geometric scale:

Hy/Hp = Dy/Dp (2.6)

In model tests for very large prototypes, this condition results in very high
suction head which can often not be realized at the test rig; in such cases the
natural frequency of the draft tube cannot be expected to correspond to prototype.
For that reason, hydraulic resonance conditions may be shifted to a different load
condition or ¢ value.

The common sense approach to model-based prediction, also incorporated in
the standard (Sect. 4.3.7 of [25]), is to expect the frequencies to transform pro-
portional to the runner

fM/fp = HM/Ilp (27)
and the pulsation amplitudes proportional to the net head (or energy)
pm/pp = Eu/Ep (2.8)

Accordingly, it is common practice to use relative frequencies f/n and relative
amplitudes (pressure factor pg = p/pE) to characterize the pulsation test results.
Other concepts, better adapted to the physical phenomena, have been suggested by
the standard ([25], in particular par. 4.3.7.3), and by some authors [11, 48, 49], but
apparently have not been adopted in practice. For a discussion, see [32].

Putting aside the issues of transferability, another important question is the
admissible amount of pulsation. This matter has not been regulated by an inter-
national standard, and it seems that quantitative data have not been published by
anybody since the 1980 s. Unrealistic ideas are therefore quite often encountered
in technical specifications. One of the goals of this handbook is to provide
information to counter this shortcoming. A very simple, unscientific, and yet quite
practical limit for a prototype Francis DTPP would be

Ah,_, < sqrt(H;) (2.9)

wherein Ah,_, is the maximum peak-peak amplitude (97 % confidence level)
anywhere at the draft tube wall, and H; is the rated head of the turbine, both figures
in mwc at the prototype.

A more sophisticated, and ‘scientifically acceptable’ limit would be the generic
curve presented in Sect. 7.2.1, Figs. 7.7 and 7.9. The authors recommend to no
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Fig. 2.14 Draft tube fin
shape
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DT entry

longer define guarantees as constant pressure factor for different values of oper-
ating head but as absolute values for pressure pulsation for physical reasons: As
the turbine has the same speed and the same draft tube at minimum and maximum
head, and as the draft tube vortex does not significantly depend on head, it will also
have the same absolute draft tube pulsation.

2.2.13 Countermeasures

In the different types of draft tube surges (Sects. 2.2.1-2.2.8), different physical
phenomena are involved. There is no single countermeasure suitable for all types
of problems. For instance, draft tube fins are almost certainly useless if the
problem is high-load surge.

Therefore, countermeasures have been mentioned as suitable in the pertinent
chapters.

2.2.13.1 Draft Tube Fins

Draft tube fins [50, 51] are often a solution to problems caused by the part-load
vortex. Depending on the draft tube profile, fins with different proportions have
proven effective. Figure 2.14 is a shape that can be successfully used in many draft
tube contours. Four fins to be set at 45° against the draft tube symmetry plane. The
use of fins requires some caution, see Sects. 2.4.3.

The main effect of draft tube fins on the part-load pulsation is to reduce the
amplitude of the pressure source Apgx, and therefore also the synchronous pul-
sation. Accordingly, it is the method of choice for suppressing cavitation-related
draft tube resonance as well as power swings. Using the analytical procedure
described in Sects. 2.2.1, the forcing term Apgx has been evaluated for a medium-
head turbine. As shown on the left-hand side of Fig. 2.15, the excitation is almost
completely eliminated. There is less influence on the asynchronous component
(not shown). At the same time, the precession frequency is somewhat increased,
typically by 10-15 %. As already mentioned, fins are usually ineffective with
regard to problems at high load, i.e. flow rates higher than the swirl-free discharge.
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Fig. 2.15 Effect of draft tube inserts on part-load pulsation parameters. a nog = 0.18, draft tube
fins. b ngg = 0.23, central column

2.2.13.2 Draft Tube with a Central Column

Draft tube surges can also be reduced by means of other types of draft tube inserts.
Placing a central tube in the draft tube axis, between the runner hub and elbow,
may also provide smoother operation [52]. This design was probably inspired by
the much older Moody cone. As shown on the right-hand side of Fig. 2.15, it also
has some effect on the pressure source. The indicated frequency is the precession
frequency. For the three test points with Q/Qopc < 0.63, the vortex has two threads
(see Sects. 2.2.3), therefore the actually measured frequency of pressure pulsation
for these points was twice the value indicated in the plot. It is likely that this type
of insert is also useful for stabilization at high load, however, no reliable results
seem to be available.

There is a considerable lateral force of the vortex rope acting on the central
tube; therefore sufficient radial support is essential. Stress concentrations at
locations where radial struts join the draft tube wall and central tube are possible
problem areas to be considered.

2.2.13.3 Air Admission

Air admission or air injection is very often beneficial [53, 56] because it smoothes
out the annoying high-frequency components of noise and vibration. In addition,
aeration sometimes removes flow instability by manipulating the hydraulic trans-
mission behavior—in particular lowering the draft tube natural frequency. This
effect can also be counterproductive in certain cases because a resonance of the
synchronous draft tube pulsation may be produced by air injection in a pump-
turbine or Francis turbine with rather high submergence.
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Little has been published about the effect of flow aeration on turbine efficiency.
Losses due to aeration increase with the relative air flow rate. Information about
efficiency losses due to aeration has sometimes been collected in connection with
tests aiming at increased tail water oxygen content [54, 55].

Depending on design, it is often necessary to add inserts in the draft tube, like
tripods or pipes protruding from the draft tube wall. These structures obstruct the
flow and cause additional drop in efficiency. Such additional loss may be avoided
if air can be admitted through the shaft bore or head cover.

The turbine axis is, because of the radial pressure gradient due to swirling flow,
the most suitable location for draft tube aeration by means of atmospheric air. In
many cases air can be admitted through the hollow turbine shaft. Self-aspirating
aeration may become more difficult or impossible if such an air path is not foreseen.
Possible solutions depend on the design applied for axial thrust compensation.
Solutions for turbines with external balancing pipes are shown in [56] and in
Sect. 8.2 An example for a turbine with axial thrust compensation using a baffle
plate is described in [57].

The effect of draft tube aeration on DTPP is often tested during reduced-scale
model tests. Such a test demonstrates the possible effects in a purely qualitative
manner. Quantitative data, like relative air rate, efficiency drop, or reduction of
pulsation amplitude, must not be expected to be transferable.

2.3 Runner Inter Blade Vortex

2.3.1 Physical Mechanism

At part load the flow angle at runner inlet is no more optimally aligned with the
blade inlet angle. High incidence occurs especially near hub and shroud which leads
to a vortex which is driven through the blade channel toward the runner outlet.

2.3.2 Prediction, Features, Diagnosis

The inter blade vortex phenomenon is amenable to visual observation in the course
of a model test, this holds at least in its well-developed form, see also Fig. 5.1.

2.3.2.1 Numerical Simulation
As the flow phenomenon of the inter blade vortices requires extremely high grid

resolution (20 grid cells to resolve the vortex core), standard CFD simulations in
industry usually reveal inter blade vortices in a coarse way only. There is an
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Fig. 2.16 CFD simulation of the inter blade vortex (ANDRITZ internal research, 2008)

example of a CFD simulation published by Stein et al. [14], of inter blade vortices
occurring at part load. Another example is given in Fig. 2.16. In the cut-away view
on the left-hand side the formation of the inter blade vortex from streamlines
originating along the band-side runner entrance is visualized. The streamlines
indicating the vortex are colored by velocity magnitude (red: high velocity, green:
low velocity).The right-hand side shows the result of a CFD simulation of the inter
blade vortex in a Francis runner. The distribution of static pressure on the blade
and shroud is also shown from red (high pressure) to blue (low pressure). On the
right-hand side the secondary flow patterns in the blade channel are illustrated by
lines of the absolute velocity in a cross section showing clearly the center of the
inter blade vortex.

To the author’s knowledge no attempts have been made so far to predict time-
dependent aspects of these vortices.

2.3.3 Operation Range Alffected

Typical areas in the turbine hill chart are indicated in Fig. 5.1 (Sect. 5.2—
discharge too low/head too high). The limits d and e may combine to form a single
limit. Limits f and g in that figure are corresponding phenomena if the incident
flow to the runner blades is wrong in the opposite sense (discharge too high/head
too low). The example shown below in Fig. 2.18 belongs to the latter category.

2.3.4 Detrimental Effects

Pressure pulsation due to inter blade vortices is of an irregular wide-band nature
and may be quite intense. It is not easy to quantify due to its stochastic, wide-band
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Fig. 2.17 Cavitation erosion
caused by inter blade vortex

nature. In a Francis turbine with 2.4 m runner diameter, rated 56 MW at 300 rpm,
it was found that maximum intensity at the runner occurred at a higher frequency
(about 250 Hz) compared to the turbine intake (about 50 Hz). Both values cor-
respond to a Strouhal number—using the width of the runner blade channel at the
runner intake and exit, and the pertinent relative velocity—in the range of 0.5-1.0;
however it is not clear if these values are typical.

Inter blade vortices are known to create cavitation in runner blades flow chan-
nels, at the crown and sometimes also at the blades (see Sect. 5.3 on cavitation).
Accordingly, considerable damage by erosion may result in some cases. An
example for erosion by inter blade vortex (in this case due to excessive high
discharge at low head) is shown in Fig. 2.17, another one in Fig. 5.3.

Strong mechanical vibration may be caused by cavitation because the wide-
band excitation spectrum may excite the natural frequencies of many components
of the turbine structure. It is also possible that pressure pulsations travel upstream
into an exposed penstock and cause alarming shell vibration. In one plant, pen-
stock vibrations (Fig. 2.18) near the upstream valve downstream of the surge tank,
were clearly caused by pressure pulsation due to vortex cavitation in the runner.
This could be proven beyond doubt because the pressure signals at the valve
house, upstream (p5) and downstream (p6) of the safety butterfly valve were
sufficiently coherent for several bands of frequency. The phase shift between the
pressures was proportional to frequency, and corresponded to a plausible figure of
wave speed. The distance of sensor locations AL = 7.54 m and phase shift of
180 dg (half wavelength) at 58 Hz, together with the definition of wavelength
(4 = aff), yields a wave speed of a =2 x AL/f = 875 m/s. This is also an
example for a simple and reliable way of diagnosis, clearly indicating that the
pressure waves are arriving from a source downstream (in this case as far as 350 m
downstream) of the point of interest. It is also interesting that no coherence existed
between the pressure and vibration velocity signal, yet there could be no doubt that
the pressure pulsation excites the shell vibration.
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Fig. 2.18 Penstock shell vibration excited by runner cavitation

2.3.5 Countermeasures

To some extent, the limits of occurrence can be pushed back by adequate layout of
the runner blade profile. If the range of operating heads in a Francis turbine is
extreme, the occurrence of inter blade vortex at partial load and high head may

become unavoidable.

As an example, in a large plant the maximum head is 2.6 times higher than the
minimum head. At very high head—about 125 % of best efficiency head—the
operation becomes very rough and extremely noisy. In such a case, air injection
upstream of the runner is often highly effective in vibration and noise abatement.
In the above-mentioned example air is supplied through a circular manifold above
the head cover, connecting to a set of flush air intake holes, one downstream of
every guide vane. In this example, the reduction in noise level due to air injection

is —8 dB, a remarkable improvement.

An early description of upstream aeration for a low-head Francis turbine has
been given by Malamet [58]. In some projects, air injection upstream or inside the
runner has also been applied to reduce the erosion rate in runners of water turbines

and storage pumps.

2.4 Vortex Breakdown: Other Locations

2.4.1 Penstock Manifold

Forceful vortex breakdown phenomena may take place in quite unexpected
environment. In a medium-head power plant, the inflow was distributed to the
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Fig. 2.19 Vortex breakdown in a penstock manifold. a Trifurcation with vortex. b Pressure and
power dropouts

three turbines by a manifold. The manifold was a trifurcation built with a spherical
body from which the three branches were fed (Fig. 2.19, left-hand side). The
penstock entered the sphere with considerable eccentricity, the lateral branches are
connected at an inclination of approximately 70 dg. The design successfully
passed standard steady-state performance tests in a hydraulic laboratory, whereby
no anomalous behavior was noticed.

A strange problem was detected when plant operation with all three turbines
started. Every now and then, the output of unit 3 dropped by as much as 20 % and
continued at the reduced level for a few minutes, then recovered to normal. Similar
dropout occurred at unit 1 but not at unit 2. Recordings of power and turbine intake
pressure of the units (Fig. 2.19, right-hand side) showed that the power variations
were caused by a corresponding variation of turbine intake pressure, which in turn
needed to be explained.

A closer look into the recordings reveals that the dropout periods at units 1 and
3 are mutually exclusive, as indicated by the green bars in the record. Some
phenomenon makes the trifurcation act as a kind of fluidic switch that alternately
throttles the inflow to the two lateral branches. The mechanism is comparable to
the one acting in a flow device (‘vortex throttle’) used for one-way throttling in
some surge tanks. The very eccentric inflow from the penstock to the spherical
chamber obviously produces a strong rotational flow in the sphere with horizontal
axis. Entering the side branch, this swirling flow is forced into a much smaller
radius, with corresponding increase of tangential velocity. The vortex breakdown
in the side branch creates a substantial pressure loss at the turbine intake. The flow
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in the sphere is asymmetric. The throttling effect occurs at one lateral branch at a
time, while the opposite branch recovers, and vice versa.

Later this problem has been studied by detailed laboratory tests as well as CFD
simulations [59]. It was finally cured by inserting a ‘roof’ plate into the sphere
which effectively inhibited the formation of vortices [60].

2.4.2 Kaplan Hub

As an initial step toward understanding the instability phenomena of swirling
flows, engineers in the 1930s investigated the disintegration of a concentric pipe
flow [1]; it was then that the dead water core was discovered. Later, Eichler [61]
made use of this formalism to explain a flow disturbance occurring in axial tur-
bines. A dead water core may form upstream of the runner of a Kaplan or bulb
turbine when operating with a small guide vane opening. In the shear zone
between this dead water core and the main flow, there are often strong spiraling
vortex filaments. The appearance is somewhat similar to a draft tube vortex but
there are usual several filaments at the same time. In some turbines there may be
one vortex per runner blade that may extend downstream through the runner. In
general, dead water core diameter is a function of the wicket gate opening but the
intensity is a function of discharge, the phenomena getting stronger at large runner
opening.

Pulpitel [62] found between one and four filaments traveling around the hub. He
studied critical combinations of the number and precession frequency of those
vortices both in a model and the pertinent large prototype of a four-blade Kaplan
turbine. Under certain circumstances, the vortices may produce rotor whirling with
large lateral shaft displacement. The criterion for an excitation of v cycles (node
diameters, see also Sect. 3.1) around the runner circumference is®

v =kXZ;—mxZp (2.10)
where k and m are low integers and

Z. = number of runner blades
Zp = number of disturbances (i.e., vortex filaments).

A whirling movement of the runner is excited if v = %1, and the frequency f; seen
in the stationary system (bearings, casing), in the most important case m = k = 1is

f= Z,xn — Zp xfy (2.11)

n = runner rotation frequency
fo = precession frequency of the vortex flow field.

3 Compared to [62], the definitions have been adjusted to comply with Sect. 3.1.
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There were quite frequently Zp = 3 vortices rotating at about 60 % of runner
speed, thus the four-blade runner was subject to whirling at roughly 2.2 times
runner speed.

A typical operational situation where these phenomena become important, is
the sluicing maneuver. During sluicing, the turbine is disconnected from the grid
but has to discharge as much water as possible. Accordingly, the runner blades are
wide open but the wicket gate must be partially closed in order to limit the speed.
A peculiarity of the sluicing operation is that the entire swirl produced by the
wicket gate is passing through the runner and draft tube. The draft tube flow is
therefore also potentially unstable.

2.4.2.1 Numerical Simulation

Similar to the case of the inter blade vortices, the vortices around the Kaplan hub
require extremely high grid resolution in order to resolve the vortex cores with 20
grid cells each. Such computational grids are at the limit of today’s industrial
standard. Nevertheless, an internal CFD study was carried in 2004 out by AND-
RITZ Hydro with relatively high grid resolution in order to better understand the
flow mechanisms acting near the hub at low part load (30 % of optimum load), see
figure. A structured hexahedral computational grid was used with second order
accurate spatial discretization. Several operating points were simulated in order to
be able to unambiguously identify the cause for the pressure pulsations observed at
extreme part load.

At flow rates of 60 % and higher, no vortex structure could be identified
between guide vanes and runner blades but at 30 % load strong vortex structures
were found near the runner hub. The Fig. 2.20 displays the geometrical propor-
tions of the studied turbine (a) and a simulation result of the flow pattern between
guide vanes and runner blades (b).

2.4.3 Draft Tube Fin Tip Vortex

Draft tube fins are often used in Francis turbines because they are a reliable
countermeasure against the surge at partial load. If not properly used, they may
however cause collateral damage. At reduced discharge, the draft tube flow meets
the fins at a considerable angle of attack, giving rise to a secondary vortex starting
at the leading edge of every fin, as shown in Fig. 2.21 for a medium-head Francis
turbine. In the figure, the appearance of the secondary vortex at one out of four
fins, as seen by the test engineer, is shown for various conditions of turbine load,
i.e., draft tube swirl.

Cavitation is usually present in the core of the vortices, depending on the runner
exit swirl. This measure can therefore produce unwelcome secondary pressure
fluctuation at higher frequency, counteracting the desired reduction of pressure
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(a)

1 CEw

Fig. 2.20 CFD simulation of vortex structure near the Kaplan runner hub. a Geometry of the
Kaplan runner. b Vortex structure at the hub

Fig. 2.21 Draft tube fin tip Q/Qopt =
vortex observed at plant 1306 1.165 1.084 0.987  0.802 0.620
sigma, nog = 0.146

o,

—» Sense of runner rotation —

pulsation. In addition, the cavitating tails of the vortices often hit the draft tube
wall that, as a consequence, has to be protected against cavitation. Such protection
can be made by welding erosion-resistant plates to the draft tube wall in the wake
region of the fin.

There is also a more effective means of protection. In case of substantial swirl,
the leeward side of the fin tip normally has a small area of very low pressure. By
providing a small hole at each one of the fins and connecting the holes to a
manifold, it is normally possible to introduce atmospheric air by natural suction
[44, 50]. No further protection of the wall is required and, equally important, the
parasitic pressure fluctuations are also eliminated. The two references provide
some quantitative information concerning the suction effect available at the fins.
For more detailed data from ANDRITZ model tests, see Sect. 7.2.2.
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