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Abstract

A new type of cavitation (damage) has been recently discovered from the
Three Gorges turbines, that suggests a complicated inception mechanism involving
the boundary-layer K-mode instability triggering cavitation nucleation. As one of
the elements, the level of free-stream turbulence increased by wrongly designed
guide-plate on the Three Gorges turbines could be a primary concern in the sense
of receptivity and the transient growth of K-mode instability.

The investigation focuses on the flow analysis of the on-coming flow influ-
enced by the guide plate in terms of flow structure(s) and turbulence level variation.
Firstly, CFD has been performed to obtain the main flow features in the whole
turbine passage with more detailed analysis on the free-stream pressure-fluctuations
near the lower surface of the guide vanes. The unsteady flow characteristics, espe-
cially the pressure fluctuations of low-frequency spectrum have been studied that
significantly alternate the turbulence intensities and spectrum in the free-stream
flow. The results verify that the addition of the guide-plate increases the free-stream
turbulence, particularly contributing to the occurrence of a strongest component of
extremely low-frequency pressure-fluctuation (i.e. the 0.336 Hz for the case 2 with
opening of 16°). These low-frequency fluctuations readily transmit throughout the
entire flow passage of the turbine.

An extremely large-scale and united unsteady vortex structure that occupies
the whole flow passage of a Francis turbine, has been identified for the first time.
That is, a vortex-ring structure triggered by the guide-plate, through the connection
of the vortices in the stay-vane and guide-vane channels plus those in the runner
channels, further interacts with the helical vortex-rope in the draft tube at part-
load conditions (e.g. 16° and 30°), forming such an united giant vortex structure.
This extremely large-scale vortex structure is thus responsible for the components
of extremely low-frequencies (i.e., 0.336 Hz for 16°, 0.15 Hz for 30°) which have
been identified from two part-load conditions. These convincing results have proved
how this wrongly designed guide-plate increases the free-stream turbulence by in-
ducing extra unsteadiness with gust-like low-frequency and explained that the flow
upstream the cone of draft-tube could affect the cone flow significantly, especially
under part-load operation conditions.
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Chapter 1

Introduction

Hydropower is the most widely used technology for producing renewable, non-
polluting and industrial-scale energy with relatively low operation-cost. Ac-
cording to the new research published online by the Worldwatch Institute!,
the worldwide production of hydropower energy of 3,427 TW h meets around
16 % of the world’s entire electricity demand in 2010, which continues the
rapid rate of increase experienced between 2003 and 2009. Increasing demand
for clean energy is the key driver for the growth of giant hydropower schemes,

such as the Three Gorges Project?, see Figure 1.1.

1.1 Strange Cavitation (Damage) Newly Spot-

ted on Three Gorges Turbines?

thttp://www.worldwatch.org/use-and-capacity-global-hydropower-increases-0

Zhttp://www.ctg.com.cn/en/introduction/introduction_a.php

3Section 1.1 is basically following the frame work by Li on the phenomenon and hypoth-
esis in [1,2].



Figure 1.1: Full view of Three Gorges Project?



The significance of the Three Gorges Project itself is obvious in terms
of technology development and economic-social-environmental effects. The
Three Gorges turbines are the world largest Francis turbines in terms of their
capacity (710 MW) and geometric dimensions (9800 mm of runner diame-
ter), representing the cutting edge of modern technologies of turbines. The

powerhouse is shown by the model in Figure 1.2.

Figure 1.2: Cross-section of Three Gorges Plant model (Courtesy of Harbin
Electric Works) [1]

Apart from producing electricity, the comprehensive Three Gorges scheme
is also functional for other purposes, such as flood control and river trans-
portation etc. The head variations at the initial stage and the final stage of
the project construction are respectively 33 m and 42 m, which are among the
largest variations in the world. In order to reduce the potential of flooding

downstream by providing flood storage space in the reservoir, the turbines will,



for 10 months in one year, operate at low head (i.e., below 80 m) over the flood
period. While for non-flood period, the turbines should be operating at the
head as high as possible for economic reasons. Owing to these demands, the
Three Gorges turbines will inevitably operate for most of the time in off-design
conditions.

Soon after the commissioning of the units in the left-bank plant, an
unusual pattern of damage spotted on the guide-vanes of the 11F turbine
and also on other units (e.g., 10F, 9F, 5F and 6F), during the repair to the
torn guide-plate in the spiral casing in 2005. Prof Shengcai Li was invited by
the Three Gorges authority to inspect the incident on the 11F* turbine, in
particular the damage on the representative No 4 guide vane on 19th March
2006. Having done a multidisciplinary analysis, Li described it as a cavita-
tion damage though its appearance is entirely different from the conventional
sponge-like cavitation damage. He pointed out that this is presumably a new
type of cavitation (damage) triggered by boundary-layer instability. This con-
vincing hypothesis has drawn attention of the researchers all over the world,
owing to the fact that the turbines in the left plant developed by the world
leading manufacturers have all developed more or less the same pattern of
damage though no cavitation was detected during their model tests and CFD
simulations. Therefore, it is not an isolated technical problem but a
fundamental scientific challenge. A thorough investigation will ben-
efit not only the power industry but also our scientific knowledge in
general [1,14].

The resulting pioneering hypothesis about this new type of cavitation

damage has been proposed [1,3,14-16] that serves well as the basis for this PhD

411F is following the abbreviation employed by the Three Gorges Power Station.



research and is thus named after Li. His description, analysis and hypothesis

are briefly reviewed in the following subsections.

1.1.1 Damage Features

The in-situ investigation [1] has focused on the representative damages ob-
served on the No. 4 guide vane surface of 11F turbine. The turbine has total
24 guide vanes and 24 stay vanes; and the guide vane is a positively curved

hydrofoil, as shown in Figure 1.3. The damaged areas show the following

features:
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Figure 1.3: (a) Plan view of 11F turbine; (b) Damage zone on No. 4 guide
vane [1]

I: long and equal-width stream-wise damage-strips with span-wise reg-
ularity occur only on the foil’s lower surface, starting from the favourable
pressure gradient (FPG) zone extending into adverse pressure gradient (APG)
zone, as shown in Figure 1.4. Based on the original data recorded by Li during
the site inspection, 2-D and 3-D schematic diagrams of damages pattern on

the surface of guide vane was redrawn by the author as shown in Figure 1.5;



No damage on upper surface

(b)
Figure 1.4: (a) Damages on the lower surfaces of all guide vanes showing nearly
the same pattern; (b) No damage appeared on the upper surface [1]

II: wedged head always presents, see Figure 1.6 (a);

I1I: the depth of damage area is much less than 1 mm fully covered by
corroded rough surface, see Figure 1.6 (b);

IV: heated sign on the top surface between guide vanes, see Figure 1.6

(c); and heated tail on the damaged surface, see Figure 1.6 (d).

1.1.2 Metallurgical analysis

The main types of cavitation in Francis turbines have been well described in
[7,13]. Compared with the well-known sponge like cavitation erosion observed
in Francis turbines (particularly those made of low-alloy steels before 1980’s)
as shown in Figure 1.7 [6], this damage appearance is distinguishly different.

Li [1,14] pointed out that corrosion is not the underlying cause respon-

sible for this damage but a consequence of cavitation damage. The observed



sealing surface

<

Figure 1.5: Schematic diagram of damages pattern on guide vane (Redraw by
the author according to the private file from [5]

heated (blue and other) color zone at the tails of damaged areas indicates a
temperature of 250°C — 600°C (termed as ’bluing’ in heat-treatment®). The
only possible hydrodynamic mechanism involved in a Francis turbine capable
of generating temperatures at or above this range is cavitation. Metallurgi-
cal analysis [1, 14] explains that the heated zone itself indicates a relatively
weak cavitation attacking on a relatively high cavitation-resistant material
(martensitic stainless steel). Because the erosion rate (much less than 1 mm
over 10,000 hours) is very low; and the narrow and shallow attributions of
damage strips also suggest that the damage is not caused by large cavitating
structures in the main flow directly striking on the guide vane surface, but

possibly caused by a delicate-flow structures in the boundary-layer (for details

5Bluing: coating steels with a thin, even film of coloured oxide from bluish-black to
purple brown shade, obtained by exposure to an atmosphere of dry steam or air, at certain
temperature subject to the material as well as the color.



() (d)

Figure 1.6: Damages features: (a) wedged head; (b) corroded rough surface;
(c) heated sign on the top surface between guide vanes; (d) heated tail [1]
see the next subsection).

Inter-granular corrosion is also a potential problem to martensitic stain-
less steels which is the material used in this case. Experiments (e.g. [17]) show
a trend that the maximum susceptibility to inter-granular corrosion was ob-
served in the condition tempered at 500°C to 550°C. Accordingly, the blue
color on the heated tail of damage area represents a similar heat treatment,
creating an ideal environment for sensitization, leading to inter-granular cor-
rosion. This explains the reason for the corrosion appearance of the damage

area after cavitation attack.



Figure 1.7: Typical sponge-like erosion pattern caused by a leading-edge cav-
itation attack after 4000 hour operation [6]

1.1.3 Fluid dynamics analysis

The wedged head of damage strips indicates that this cavitation damage is
most likely related to the turbulent spots generated during boundary layer
transition to turbulence. Li [1] further emphasized that the cavitation incep-
tion is most likely related to boundary layer’s streaks and presumably induced
by turbulent production during the transition process. Two aspects have been
further analyzed: (1) to examine the conditions required to enable nuclei in
boundary layers to cavitate; and (2) to determine how the boundary-layer
providing such conditions through its transition process.

Daily and Johnson [18] first demonstrated that the lowest mean pres-
sure across the boundary layer is the location where the turbulence level is
the highest. Owing to the minimum value of mean pressure and the maxi-
mum value of instant pressure drop, bubbles at this particular location have

the highest probability to cavitate. Besides, the magnitude and time scale



of turbulence also play important roles for cavitation inception [19]. If the
frequency of nuclear bubble (corresponding to the characteristic time scale of
the bubble) is higher than the highest frequency of turbulence, the entire spec-
trum of turbulence may contribute to bubble growth. Therefore, long enough
negative pressure drop generated in the boundary-layer is essential; The pro-
cess of laminar streak breakdown into turbulent spots may provide an ideal
flow structure for creating such conditions for nuclei to cavitate if the free-
stream pressure there is also low enough (but not necessarily lower than the
vapor pressure). However, transition from laminar to turbulent flow remains
an unsolved challenge for fluid mechanics despite it has attracted numerous
investigations for more than 100 years. Even for flows over a flat plate, the
transition process is still not fully understood yet because of a variety of influ-
ences limiting the precise prediction of the transition Reynolds number, such
as free-stream turbulence, surface roughness. Particularly, very limited un-
derstanding on the details of the later stages of transition and the knowledge
of breakdown mechanism being initial condition dependent [20]. Recently,
the soliton-like coherent structure (SCS) has been proposed by Lee [21,22],
presenting a much clearer picture of the low-speed streak formation and its
breakdown. For details, see Ref. [23].

The damage pattern on the guide vane suggests that it is virtually a 2D
flow. The resulting perturbed flows are span-wise-dependent but essentially
unidirectional, i.e. the transverse velocity components are much smaller than
the stream-wise component. The instability of such transversely sheared flows
appears to be related to various aspects of the transition process, such as
secondary instabilities and by-pass transition. Many factors [24] can cause

three-dimensional steady and unsteady distortions in the form of stream-wise
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or longitudinal vortices. These include small steady or unsteady perturbations®
superimposed on the oncoming flow, imperfections at the leading edge’, cross-
flow instability, and vortices induced by surface curvature, as well as certain

excitation devices®.

Free-stream turbulence initiates three distinct motions within the bound
ary layer, as summarised by Saric et al [20]. The first motion is a sustained,
streaky and high amplitude motion, which is probably due to stretching of
the ingested free-stream vorticity and the growth of transient modes (i.e. the
Klebanoff mode). Klebanoff (K) modes are flow structures in the form of
streamwise streaks that appear to be caused by freestream turbulence. They
were first observed by Klebanoff [25]. His basic findings have been confirmed
by many subsequent authors. Currently we only have limited understanding
about the instability of Klabenoff mode and its role in the transition owing
to the random nature of both the free-stream disturbances and the Klebanoff
motion. Most studies so far investigate steady distortions, induced in a con-
trolled manner through the receptivity at leading edge only [21]. The maxi-
mum growth of this K-mode distortion is a function of Reynolds number and
wave number, e.g. as demonstrated by Anderson et al [26].

The turbulence in free-stream is one of the key factors for triggering
cavitation inception in boundary layer since it alters boundary-layer instabil-
ities (e.g. the growth of Klebanoff-streaks) through receptivity mechanism
(see [24,27,28] for details). Span-wise distortions (modulations) is induced by

various free-stream disturbances, e.g., small low-frequency three-dimensional

6Such as the perturbation caused by the guide plate prior to the entrance of stay-vanes,
which will be discussed later.

"The sealing surface on the guide vane is such an imperfection in our case.

8The guide plate may serve well as an excitation device.
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perturbations in the free stream can produce significant distortion within the
boundary layer, leading to alternating span-wise thickening and thinning [27].
Steady disturbances (e.g. artificial roughness, vortices) can also cause a sim-
ilar type of span-wise modulation. These distortions are all in the form of
elongated streaks named as Klebanoff-mode or K-mode [25,29,30]. Li has pre-
dicted that this cavitation inception is triggered by boundary-layer turbulence-
production. Thus the damaged (roughened) spot in turn triggers subsequent
cavitation (damage) immediately downstream [1,14]. The dynamic behaviour
progresses stream-wise, resulting in such a horizontal damage strip with a
wedged head and heated tail.

The wedged head of damage strips highly resembles the turbulent spots
caused by K-mode streak transient growth and breakdown in a Blasius boundary-
layer, it also creates a turbulent wedge. Watmuff [31] demonstrated the evolu-
tion of a turbulent wedge from stream-wise streak. Experiments by Matsubara
et al. [32] show that the growth of near-wall streaks is a key factor trigger-
ing the bypass transition that leads to breakdown and turbulent production.
According to Lee [21,22], the generation of the high frequency vortices, i.e.,
the chain of ring vortices is caused by the interaction of the secondly closed
vortex with the A-vortex. This kind of vortices has high possibilities of creat-
ing a favorite environment for nuclei to grow. Earlier, other investigators also
observed the existence of turbulence spots during the transition process [33].

Li pointed out that for extremely large turbines, the scale effect makes
the free-stream turbulence level of prototype turbine much higher than model
turbine (i.e. Reynolds number is usually higher by the order of 10?). The large
turbines are thus more susceptible to this type of cavitation inception devel-

oped in the boundary-layer through the receptivity mechanism. For detailed
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similarity analysis, see [1]. Also, there is absolutely no boundary-layer similar-
ity for model and prototype. Li’s analysis explains well that even no cavitation
observed during model tests does not guarantee the Three Gorges turbines free
from cavitation inception in boundary-layer and subsequent erosion damage.
Li has predicted that for turbines in the left-power plant, the flow in
the guide-vane passages was subject to a high level of free-stream turbulence,
owing to a structure named as guide-plate? in the spiral casing prior to the en-
trance of the stay-vane passage. This device was mainly for reducing the unit
size'. As an evidence of high free-stream turbulence generated by this device,
the premature damage of the guide plate (a piece torn off) accompanying by
severe pressure-fluctuation and machine-vibration was reported after commis-
sioning. Besides, the 3-D damage on the fillet of stay-vane immediately down
stream of the guide-plate could also indicate the disturbances introduced by
the guide plate. In addition, the units was operating at low head conditions
(61 — 72 m) in the initial stage of operation [4]. Under such condition, the
circumferential velocity at the runner inlet reduced as the result of the re-
duced inlet circulation, the incidence angle of the incoming flow changed the
direction which consequently made the pressure surface (the lower surface),
instead of the suction surface, of the guide vane (hydrofoil) more vulnerable

to cavitation.

9The sketch drawing of guide-plate can be seen in Figure 1.2 and also in Chapter 3.

10For high and medium specific speed turbine-generator units, spiral casing is often the
crucial component that determines the overall size of plant. Therefore, reduction of spiral
casing has a significant impact on the hydro scheme’s economic feasibility. This is why
manufacturers often take high risks to reduce the size of spiral casing in order to win the
bidding. No doubt, the idea of using guide plate, which has already caused a break-down
event, has to be justified technically and economically. In the March of 2006, Prof Li has
made a suggestion to the M & E department of CTGPC about the feasibilities of employing
oval cross-section spiral casing for the size reduction [1], which is now implemented in the
turbine designed for Xi Luo Du power station by Hydro Power Generation of Voith-Siemens
in late 2008.
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To conclude his hypothesis, Li [1,14] examined whether the span-wise
spacing of the damage strips(/ 0.1 m) complies with the span-wise distribution
of K-mode streak breakdown and turbulence production. As the results, all

the evidences are supportive to the hypothesis he proposed.

1.1.4 Li’s Hypothesis

In order to understand Li’s explanation about this phenomenon, a logical chart
has been drawn as shown by Figure 1.9. The hypothesis proposed by Li can
be stated as follows.

This is a non-conventional turbine cavitation. Its inception is likely
triggered by the breakdown of the boundary layer K-mode streaks during
their transition process. The resultant damage patterns reflect well the fea-
tures of the turbulent production from the breakdown of these streaks. The
metallurgical and fluid dynamic analysis support this hypothesis well. The
covering corrosion is not the cause but a consequence of the cavitation attack
on the martensitic stainless steel undergoing a sensitization process. Once
the first damage spot created, a dynamics process follows: The first damage
spot will serves well as a roughness spot creating a subsequent cavitation (dam-
age) immediate downstream. This dynamic and sustainable process progresses
stream-wise, resulting in such a horizontal and equal width damage-strip with
a wedged head. Their span-wise distribution is thus a reflection of the span-
wise stochastic characteristics of the K-mode streak breakdowns.

In order to understand this phenomenon, it is essential to see what
conditions are required to enable the nuclei in the boundary-layer to cavitate

and how the boundary-layer provides such conditions through its transition
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process. There must be a flow structure in the boundary-layer capable of
creating such negative pressure drops lasting long enough time for nuclei to
cavitate. More attentions should be paid to the K-mode involvement that
responds to the free-stream turbulence [1].

In particular, the increased level of free-stream turbulence by the wrongly
designed guide-plate for the Three Gorges turbines could be a primary concern
in the sense of possessing a higher receptivity and promoting the boundary-
layer K-mode instability. Therefore, it is the first element of Li’s Hypothesis
that should be verified as indicated in Figure 1.8. This has thus constituted
the main objective of this PhD project. The phenomenon is extracted from a
technology development that opens up a new scientific topic in the multidis-

ciplinary domain for the cross fertilization of sciences.

First element of Li's Hypothesis to be verified by this PhD programme

‘ Guide-plate device How affecting? Elevated free-stream turbulence level ‘

Inducing high amplitude and low-frequency 3D perturbations ?

Figure 1.8: The first element of Li’s Hypothesis to be verified by this PhD
programme
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Figure 1.9: Logical chart of Li’s Hypothesis



1.2 The Objectives of PhD Programme and
Research Route

This PhD programme is the first step to prove Li’s Hypothesis as explained
before. The turbulence in particular the gust-like low-frequency pressure fluc-
tuation component has the highest possibility of entering the boundary-layer
and triggering the streak breakdown and consequently the cavitation inception.
Verifying this hypothesis requires the recreation of this phenomenon under con-
trollable conditions for thorough investigations. Such a follow-up programme
is being carefully devised and conducted. The envisaged cavitation inception
triggering process involves complicated multidisciplinary theories which needs
to be verified step by step. The first step of verification of this hypothesis is
to examine the low-frequency fluctuation components in the flow-passages of
the turbine system, in particular the possibilities of the guide-plate induced
ones as predicted in the hypothesis. Therefore, this thesis focuses on flow
analysis of the oncoming flow affected unfavorably by the guide plate in terms
of flow structure(s) and turbulence-level variation. This guide-plate could in-
duce various modes of pressure fluctuations including extremely low-frequency
ones. These low-frequency modes in the free-stream as mentioned before, have
high possibilities to enter into the boundary-layer and thus make the K-mode
instability much more prone to grow and breakdown. The investigations are
conducted as follows.

Firstly, a 3-D flow investigation of the prototype is essential for pro-
viding whole-flow-field information in the turbine passage with more details
on the free-stream pressure-fluctuations near the surface of the guide vanes.

The unsteady flow characteristics, especially the pressure fluctuations in the
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prototype have been studied in details.

After analyzing the whole-flow-field characteristics, pressure-fluctuation
characteristics for three different models have been compared, which clearly
shows how the free-stream turbulence level has been unfavorably affected by
the addition of guide-plate. Furthermore, unsteady vortex structures in the
whole turbine passage have been numerically captured, giving a fuller expla-
nation about the negative influence of the guide-plate. Convincing results
obtained from this PhD programme thus successfully verified one of the ele-
ments in Li’s Hypothesis [1].

All those calculations were performed in parallel on the high-performance

computers at the Cavitation Research Group of Warwick University.

1.3 Thesis Structure

This thesis is organized in six chapters, of which Chapters 3, 4 and 5 present
the novel and original contributions from this PhD research programme, as
structured as follows.

Chapter 2 gives a brief introduction to the techniques of fluid transients
modelling which is the theoretical basis of later numerical investigations. Of
abundant modern Computational Fluid Dynamics (CFD) techniques, the tur-
bulent models chosen for simulations have been given careful considerations.

Chapter 3 introduces the specifications of prototype turbine and the
computation strategy. Then the details of building geometric models, meshing
the models, as well as the validation of the numerical methods and simulation
parameters are presented.

Chapter 4 presents the numerical studies on the main flow features in
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the whole turbine passage with detailed analysis on the free-stream pressure-
fluctuations near the surface of the guide vanes. The influences of the ad-
dition of guide-plate on the free-stream turbulence level (in particular the
low-frequency gust type) as proposed in previous studies [1,14] has been ver-
ified. These results presenting in this chapter have been published [10] and
cited in [11].

Chapter 5 provides further information on the flow pattern around the
guide-plate, showing influences on the whole flow field of the turbine. Unsteady
sources caused by a large complex vortex structure in the turbine flow field
has been for the first time identified. The results presenting in this chapter
have also been published [10] and cited in [11].

Chapter 6 concludes the main results and contributions of this PhD

research programme and outlines some ideas for possible future work.
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Chapter 2

Background Knowledge

2.1 Fundamentals of Hydraulic Turbine

2.1.1 Principle of Energy Conversion

The hydraulic turbine is a machine that converts the energy of an elevated
water supply into the mechanical energy of a rotating shaft. The amount of
energy stored in water depends on the volume and the difference in height
between the source and the water’s outflow. This height difference is called
the head. The amount of potential energy in water is proportional to the head.
Francis type units cover a wide head range, from 20 meters to 700 meters and
their output varies from a few kilowatts to 1,000 megawatts [11]. Except for
electrical production, they can also be utilized for pumped water storage. The
Francis turbine is identified as reaction-type turbine, located between the high
pressure water source and the low pressure water exit, usually at the base of a
dam. The water enters a spiral casing forming a certain inlet circulation that

will be further tuned by the stay vanes and guide vanes creating an ideal flow
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condition® for the water energy? to be firstly exploited through the rotating
runner at highest efficiency and lowest risks of cavitation and other unfavorable
phenomena®. Then the water runs through a diffusive draft tube consisting
of three segments: a cone, an elbow and nearly horizontal outlets for further
exploitation of the remaining kinetic and potential energy at lowest risks of
inducing pressure surges and other unwanted flow structures such as vortex
rope, cavitating flow and etc. The guide vanes are adjustable to allow turbine
operating efficiently under different flow conditions. Large Francis turbines
are individually designed for each site to optimize its operational efficiency,

typically over 90%. More details can be found in [11].

2.1.2 General Hydraulic Excitations

Flows in hydraulic turbines are always unsteady due to the system rotation,
flow instabilities and mutual interactions between rotating and stationary
parts. Flow instabilities are mostly viscous phenomena such as boundary
layer transition and vortex shedding that produce small amplitude pressure
fluctuations at relatively low frequencies. The flow induced unsteadiness is a
key issue because it leads to power fluctuation and affects efficiency. Inter-
action between runner blades and guide vanes produces pressure fluctuations
of relatively high frequency and large amplitude. This phenomenon is more
closely related to compressibility than viscosity. It is important because it may
cause structural vibration and noise. The most common types of hydraulic ex-
citations in hydraulic turbines are concluded from [11] and briefly described

below.

1Subject to head and flow rate to be utilized.
2That is the kinetic and potential energies.
3Such as vibration, etc.
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(1) Owing to the unevenly distributed structure of the spiral casing or

the changes of the guide vane opening, the asymmetrical flow in front of the

runner will induce pressure pulsations in the runner with different frequencies?

There are a) runner blade rotating frequency (Hz): f, = %2, (b) guide vane
passing frequency (Hz): f, = % and (c) stay vane passing frequency (Hz):

fs = ”6%5, here n is the rotating speed of runner (rpm), Z,, Z, and Z, is the
blade number, guide vane number and stay vane number, respectively.

(2) Pressure pulsations induced by vortices, e.g., the Karman vortex
street from the trailing edge of runner blades or guide vanes; and/or the vor-
tices shedding from blades and vanes, as well as channel vortices.

(3) Under part-load operation, the circulation flow at the runner exit
rotates in the same direction as that of the runner rotation, which forms a
low pressure region at the runner’s exit section, producing a back-flow in the
axial direction. Any asymmetrical distribution of this back-flow would cause
instability in the vortex rope to develop into a helical vortex in the draft tube.

(4) Hydraulic vibration caused by transient flows in the penstock.

(5) Self-excitation vibration: the periodic motion of water and other
fluids as well as other mechanical components may lead to the resonances of

turbine structure. More details can be found in [11].

2.1.3 Off-Design Operation

Escaler, et al. (2006) [7] produced a simple sketch for explaining the adjustable
process that a Francis turbine operates under a range of water flow conditions

as shown in Figure 2.1.

4These frequencies may be also detected in other parts of the flow field, e.g., spiral casing,
guide vanes, or even draft tube.
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Figure 2.1: Velocity triangles for Francis turbine runner [7].

For a typical Francis turbine, the adjustable guide vanes are the only
device available to control the flow rate and thus the power output of turbine by
changing the opening angle, 5. C, W, U respectively designate the absolute
velocity (fixed reference), the relative velocity (rotating reference) and the
tangential velocity®. The incidence angle of the incoming flow is the angle
between W and the tangent to the blade at the leading edge. For a fixed
guide vane angle, when increasing the head the absolute fluid velocity C will
grow and the incidence angle that for the optimum condition is almost close to
zero, will become positive. At the same time, these velocity components at the
outlet are also modified if the inlet conditions change, e.g., the absolute velocity
Cy will change the direction® and leave a residual circumferential component
affecting the draft tube flow. The adverse pressure gradient imparts to the
swirling flow at the runner outlet which further expanded in the cone segment

of draft tube”, inducing a vortex precession in the draft tube. As a consequence

5Subscripts 1 and 2 designate values at runner inlet and outlet.
6Under the optimum condition, the absolute velocity Cy has a radial direction.
Tt is briefly named cone, located just downstream of the turbine runner, upstream of
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the entire power plant can show large pressure pulsations and severe vibrations,
leading to restrictions of the safe operation range of a Francis turbine. For

more details, readers are referred to [7,11].

2.1.4 Operation range and pressure pulsation in draft

tube

Figure 2.2 shows the operation ranges of Francis turbines with respect to the
pressure pulsation in draft tube by Jacob and Prenat (1996) [8]. The stability
of Francis turbine is highly related to the eigen frequency of the water in
the draft tube. When any frequencies of pressure pulsations are close to this
frequency, serious resonance would be prone to occur.

The graph on the left of Figure 2.2 is the operation curve of a model
turbine in which the abscissa is the flow rate coefficient, and the ordinate
indicates energy coefficient. For a given rotating speed, the required efficiency
contour and guide vane opening contour curves can be deduced from the model
characteristics chart in this figure. Turbine characteristics are specified by the
unit energy a and the unit flow rate b at BOP (Best Operation Point). But
the rated turbine characteristics of a hydro power project is specified by unit
energy c and unit flow rate h at the rated point of the station, which are usually
different from those at BOP. The continuous operation range of the turbine is
restricted by the following factors: the minimum of guide vane opening d, the
maximum of guide vane opening e, the maximum and minimum unit energy
coefficients f and ¢ of the hydro-project and the maximum power h of the

generator used in the station.

the elbow segment.
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Figure 2.2: Francis turbines operation range with a pressure pulsation water
fall graph in draft tube [8].

The graph on the right of Figure 2.2 shows variation of pressure pulsa-
tion amplitudes in the draft tube from minimum to maximum of guide vane
openings under the rated energy unit ¢ condition. In this figure, the dimen-
sionless amplitude is the function of dimensionless flow rate and frequency.
The turbine operation cases are (1) very low flow rate, (2) part load, (3) high
part load, (@ high efficiency (optimized operation zone), and () full load.

1. Helical vortex rope precession at part load: (2) indicates the pressure
pulsation zone with the precession of a helical vortex rope in draft tube. The
vortex rope rotates around its center with angular speed 2. The precession is a
rotation movement of a rotating center of the vortex rope around another fixed
axis (central axis of the conical part) with another angular speed w. In the case
of a part load, the combined effect of the conical diffuser and the elbow causes
the flow at the runner exit with a positive circulation to have a precession
movement around the axis of the conical part of draft-tube. Consequently, the
Tomas cavitation number may be down to critical level and cavitation occur

at the low pressure center of the vortex rope, referred as the cavity vortex
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precession.

The precession will produce an asymmetric rotating velocity field in
the draft tube and pressure pulsation in the conical part. The pressure pulsa-
tion with the precession frequency will mainly occur in the elbow. Although
precession frequency varies greatly from turbine to turbine, the dimensionless
precession frequency in most Francis turbines can be deduced through simi-
larly laws: Z; = J’Z—Z ~ 0.26+20%), where Z; equals to the ratio of the precession
frequency (f,) to the rated frequency of turbine (f,,). Some hydraulic turbines
has been improved by designing to achieve that Z; = 0.4.

The amplitude of pressure pulsation caused by the precession in part
load is affected by either the dynamic response of the prototype flow system
or the testing conduit of the model turbine. Precession synchronic frequencies
also appear in the spectrum, but their contribution to the pulsation amplitude
is small enough to be ignored. The multiple precession sometimes emerges in
case () with very low flow rate and induces weak amplitude pulsations.

I1. The natural vibration of water flow in draft tube: owing to the unde-
veloped vortices and low pressure, cavitation bubbles accumulate in the middle
of the runner’s exit section, entering the draft tube with the fluid flow from
runner which invoke vibration of the water body. In the draft tube system
there exists the characteristic elements that are the water inertia / and the
‘cavitation compliance /stiffness (flexible capacitance)’ ®. The dashed line in

Figure 2.2 indicates the natural vibration frequency of the draft-tube system.

8 Apart from the passive model of ‘compliance’, the cavitation cloud itself can also behave
as a (pressure fluctuation) exciter with its own characteristic frequency and stimulate a
particular low-frequency component in the whole turbine system through a double-oscillator
mechanism. This is often referred as cavitation resonance which was firstly identified in
the Ventari flow by Li et al. (1983, 1986) [34,35]. For a systematic description of this
phenomenon, see Li et al. (2009) [36].
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When the cavity bubble approaches its maximum volume, the natural vibra-
tion frequency is close to the precession frequency of the vortex rope under
part load conditions, causing a resonance in the draft tube and thus a strong
pressure pulsation.

II1. Instability in ‘higher part load’ case: (3) indicates the pressure pul-
sation zone caused by higher part load instability in Francis turbine. This zone
is located at a flow rate between 70% ~ 90% of the optimum. This instability
will lead to strong pressure pulsation in the draft tube and spiral casing.

IV. Self excitation: (5) indicates the pressure pulsation zone at full
load. The damping of natural vibration in the draft tube will be small and

consequently it may transmit to the turbine conduit and cause resonance.

2.2 Transient Modeling for Hydraulic Turbines

2.2.1 Unsteady Turbine Flow Simulation

Computational Fluid Dynamics (CFD) is widely used in the field of hydraulic
machinery for research and product development (e.g. see [37-39]). Gener-
ally the Reynolds Averaged Navier-Stokes (RANS) equations together with
turbulence model (usually the k — e model) is often employed. It is a com-
mon practice to apply steady state simulations, and the unsteadiness is simply
treated as the consequence of the rotor-stator interactions by using averaging
procedures. However, due to the geometrical complexities of Francis turbine
together with the rotation of the turbine runner provide an extremely com-
plicated flow environment characterized by various unsteadiness, large-scale

vortices, intense turbulence breakdown, pockets of highly shear/reversal flow,
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collapsing cavitation bubbles, etc. Even under optimum design condition, or-
ganized unsteadiness is still prevailing throughout the whole flow field, the
situation becomes especially pronounced in off-design operation. Investiga-
tion of these phenomena requires transient simulations and special numerical
treatments to the interface between the components. The flow modeling of the
machine is complicated because of the fact that the stator and runner have
different numbers of blades. This difference restricts the use of geometrical
periodicity within simulations so the entire region of stator and runner has to
be simulated. It requires such an enormous computational effort in terms of
memory and CPU time that only modern high performance computers can do
the job.

The unsteady problems in the turbine flow systems can divided as two
major types [40]. The first one is imposed by an externally forced unsteadi-
ness, such as the unsteady boundary conditions or the temporary geometry
variations. A typical example is the rotor-stator interactions?. The other is
the self-excited unsteadiness, e.g. turbulent motion, vortex shedding (Karman

vortex street) or unsteady vortex!®.

Here the unsteadiness is not caused by
temporary variations of boundary conditions or geometries. Some problems
might be a combination of both types, such as flow induced vibrations and ge-
ometry changes caused by vortex shedding. These are all common phenomena

encountered and should be treated by using unsteady procedures other than

steady-state simulations.

90ther examples such as the closure of a valve and the change of the flow domain.
10A common example is vortex-rope precession in draft tube at partial load.
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2.2.2 Basic Equations

The Reynolds Averaged Navier-Stokes equations for incompressible flows are

most common applied. Compared to the steady state the momentum equations

oU;

5 brescribing the unsteady change:

contain an additional term

ot " Yior, ~ “pom | o

(2.1)

v

aU; ou; 18P 8((8& an> )
v -+ .

8xj @l’z R

Here, Ti,j are the Reynolds stresses, which are calculated from the turbulence
model. The continuity equation for incompressible flow does not possess a

time depending term, can be described as [40]:

ou;
al’i N

0. (2.2)

Equations above show elliptic behavior in space, requiring boundary
conditions on all surfaces. Generally, the discretization method is solved out
in different way in time and space. For spatial discretization, Finite Vol-
ume (FV) or Finite Element (FE) approximation is applied for different cases
according to the requirements. While for time discretization, the Finite Differ-
ence method (FDM) has the most applications. The explicit methods require
a restriction of the time step according to stability criteria, which depend on
the local velocities and the local grid size. However, the implicit methods,
are always stable, there is no strict restriction on the choice of the time step,
proper time step can be chosen according to the physical requirements. 2m¢
order is the least requirement for both the time discretization and the spa-

tial discretization to get accurate results. Otherwise the restrictions on time

step could become much more strict (i.e., extremely small time step required).
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More details refer to [41].

Eulerian method can be used for unsteady boundary condition prob-
lems such as the first type of problems as discussed above. However, if the
problem involves moving geometries in Eulerian coordinates this will be a bit
more difficult. Thus, Lagrangian method is by nature having more advan-
tageous for moving boundary problems owing to the fluid particles can be
traced by this method. Consequently, combining these advantageous of two
methods, Arbitrary Lagrangian Eulerian (ALE) method is developed for solv-
ing the problems with moving boundaries. In the ALE method the reference
coordinates can be chosen arbitrary, as described as

of (sh,t) _ of (ah1) of («F.1)
T Tl e P

(2.3)

with the coordinates xX: Lagrangian coordinates; zf: referential coordinates;
zP: Eulerian coordinates; U;: reference velocity.

The momentum equations in the ALE formulation can be written as
follows

oU; ou; 10P 0 ou;  oU; .
W) = = - -7 ) = 2.4
ot (U = W) Ox; + pOx; Ox; (V (81’]- * 81’2-) T”) 0 24

The moving of the reference system W; can be chosen according to practical
needs. If W; is equal to zero the Eulerian description works, on the other hand,
if W; is equal to the velocity of the fluid particle the Lagrangian formulation
is used. The convective term in the transport equations for scalar quantities
changes in the same way as in the momentum equations [40].

The governing equations are discretized into algebraic equations with
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the finite volume method in spatial domain at each time step. They are also
discretized in temporal domain following a second-order implicit formula and
integrated within one time step. The discretized equations reflect flow field
parameters at each time step. The algebra equations obtained through dis-
cretization in spatial domain are solved with a sub-relaxation method. Fre-
quency analyses of time-dependent results of unsteady flow are carried out with
the Fast Fourier Transform (FFT) method. Figure 2.3 shows the calculated

algorithm in the work which is based on the Fluent software 6.3.

| Tnitial flow field |

o . .
7 Grid reconstruction ‘
\

ﬂ Solve governing Egs. F—
|

Solve pressure correction Eq.

And correct velocity
‘ Solve turbulence ‘
No No
. s L. Yes
Finish
time step ! Converge

.

Yes Yes
Finished |~

Figure 2.3: Simulation algorithm

2.2.3 Turbulence Model

The prediction of turbulent flows in complex flow passages such as turbo-

machinery is a great challenge due to the influence of the complex geometry
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of the passage. To achieve the objective of prediction, the accuracy of the
turbulence model employed is a key issue in the numerical simulation of the
flow field [42,43]. This section is not aiming to cover all turbulence models,
more attentions is given on the turbulence model that has been utilized in
our numerical studies. The materials cited here are mainly from Launder &
Spalding (1972) [44] and Wilcox (1998) [45].

Turbulent flows is strictly governed by the Navier-Stokes equations. In
practice, it is usually solved by the Reynolds-averaged Navier-Stokes equations
together with a proper turbulence models. A turbulence model is defined as
a series of equations (algebraic or differential) which determine the turbu-
lent transport terms in the mean flow equations and thus close the system
of equations. Complexity of different turbulence models strongly depends on
the information what one wants to achieve and also on the nature of Navier-
Stokes equation (i.e. the N — .S equation) which is inherently nonlinear, time-
dependent, three-dimensional PDE. Turbulence models are all based on hy-
potheses about the turbulent processes and to some extent rely on empirical
formula; they do not resolve the details of the turbulent motion, but only
the effect of turbulence on the mean flow behavior. Therefore, the concept of
Reynolds averaging is the basis of turbulence modeling. For modeling very
complex phenomena, one of the most important issue is how to ob-
tain the useful information by using a model as simple as possible.
Generally, the simulation methods can be classified by Figure 2.4

Most extensive work has been done by Daly and Harlow (1970) [46] and
Launder and Spalding (1972) [44] on two-equation turbulence model. k — €

model is the most common used two-equation turbulence model, although it

" Summary of current approaches by the author
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Figure 2.4: Classification of simulation methods of turbulent flow

does not perform very well in the flow with large adverse pressure gradients.
It has two extra transport equations to represent the turbulent properties of
the flow, allowing a two equation model to account for history effects like
convection and diffusion of turbulent energy.

The first transported variable is turbulent kinetic energy, k. The sec-
ond transported variable in this case is the turbulent dissipation, €, which
determines the scale of the turbulence.

The basis for all two equation models is the Boussinesq eddy viscosity
assumption, which postulates that the Reynolds stress tensor, 7;;, is propor-
tional to the mean strain rate tensor, 5;;, and can be written in the following
way:

2

Where p; is a scalar property called the eddy viscosity which is normally

computed from the two transported variables. The last term is included for

modeling incompressible flow to ensure that the definition of turbulence kinetic
1

energy is obeyed: k = ju u,. And
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ou;  Ouj
Sij = (8xj + 81:1-) (2.6)

Where 0;; is the symbol of ‘Kronecker delta’ (when i = j, §;; = 1; when ¢ # j,
0ij = 0.

There are varieties of two-equation turbulence models, such as Standard
k — e model, Realisable k — ¢ model, RNG k — ¢ model, £ — w model, Wilcox’s
k — w model, Wilcox’s modified £k — w model, and SST k£ — w model. For
unsteady turbulent flow calculations, RNG k — ¢ model and SST k — w model

are widely used [11].

RING k£ — € model

The RNG model was developed using a rigorous statistical technique (called
Renormalization Group (RNG) theory) by Yakhot et al. [47] to renormalise the
Navier-Stokes equations to account for low-Reynolds-number effects. In the
standard k£ — e model the eddy viscosity is determined from a single turbulence
length scale, so that the calculated turbulent diffusion is only for the specified
scale, whereas in reality all scales of motion will contribute to the turbulent
diffusion. The RNG model has an additional term in its € equation, accounting
for the different scales of motion, which significantly improves the accuracy for
rapidly strained flows. Besides, the effect of swirl on turbulence is included in
the RNG model, enhancing accuracy for swirling flows. An analytical formula
for turbulent Prandtl numbers was applied, while only user-specified, constant
values was used in Standard k£ — € model [48]. These features make the RNG

k—e model more accurate and reliable for a wider class of flows!? than Standard

12For example, high streamline curvature and strain rate; transitional flows; wall heat and
mass transfer.
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k — e model. But it still lacks the accuracy for predicting the spreading of a
round jet.

The momentum equation is

ou, 0w op 0*u; 0 (W)

il LAy AR 2.
P ot TP, TP T an M on00,  oa, (2.7)

Here, — pu;u; is the Reynolds stress of turbulent flow as shown in Eqn. (??); p
is the averaged pressure; p is the fluid density; and F' is the body force acting
on the unit volume fluid.

The transport equations for turbulent kinetic energy k are

Dk 0 ok —0u;
Zr - 2 2.
Pt 0 (akﬂeffaxj> + :U’tSl]a— Pe (2.8)
and for dissipation rate € are
De 0 Oe e —Oou; g2
— = — | Qefherr=— 2C1 e — 1y Sij— — Coep— — R. 2.9

Here, the strain tensor components: S_ZJ = (8“’ + 8u7> ; the effective viscosity

feff = it + o, where the eddy viscosity is p; = pC E and 4 is the molecular

Cun®(1—n/n
—“Hﬂgo"f with n = S%.

The coefficients above are evaluated as 1y = 4.38, C}, = 0.0845, 8 = 0.012,

viscosity of fluid; and the additional term R =

Cie =142, Cy. = 1.68, a = 1.0 and a. = 0.769 [47,49].

SST k£ — w model

The k — w model is one of the most common turbulence models, which is a
two-equation eddy-viscosity model. The first transported variable is turbulent

kinetic energy, k. The second transported variable in this case is the specific
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dissipation frequency, w. It is the variable that determines the scale of the tur-
bulence, whereas the first variable, k£, determines the energy in the turbulence.
This allows a two equation model to account for history effects like convection
and diffusion of turbulent energy. The k — w based Shear-Stress-Transport
(SST) model was originally used for aeronautic applications, providing highly
accurate predictions of the onset and the amount of flow separation under
adverse pressure gradients by the inclusion of transport effects into the formu-
lation of the eddy-viscosity. This results in a major improvement in terms of
flow separation predictions [50]. It becomes an industrial, commercial and re-
search codes which has been widely applied to accurate computations of flows
with pressure induced separation far beyond aerodynamics.

The use of a k — w formulation in the inner parts of the boundary
layer makes the model directly usable all the way down to the wall through
the viscous sub-layer, hence the SST k — w model can be used as a Low-Re
turbulence model without any extra damping functions. The SST formulation
also switches to a kK — w behaviour in the free-stream and thereby avoids the
common k —w problem that the model is too sensitive to the inlet free-stream
turbulence properties. The SST k& — w model does produce a bit too large
turbulence levels in regions with large normal strain, like stagnation regions
and regions with strong acceleration. This tendency is much less pronounced

than with a normal k£ — w model though.

2.2.4 Comparison of DNS, LES with RANS methods

The concept of turbulence scale should be firstly introduced before better

understanding these three modeling frameworks (i.e. DNS, LES and RANS).
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Turbulent flows are characterized by a wide range of length scales. It’s a better
way to treat turbulence as vortex dynamics [51]. Flow can be considered as a
collection of eddies of different sizes. The largest ‘energy containing’ eddies are
of the order of the length scale of the object that generated turbulence in the
first place'. The smallest eddies are the ones where the energy is dissipated.
Generally speaking, there exists a ‘cascade’ of energy from the large scale
to the smallest scales, owing to the random stretching of large eddies which
interact with each other and eventually breakdown into smaller eddies. Three

typical turbulence scales, as shown in Figure 2.5, are summarized as follows.

{
Energyi

Taylor scale

Kolmogorov
scale

Inertial range

I Dissipation

-

Wavenumber

Figure 2.5: Scales of turbulence

Taylor scale: energy-containing vortices, which contain the highest part
of the turbulent kinetic energy;

Inertial scale: where vortex stretching can be described by inertial ef-
fects of vortex breakup. Viscous effects are negligible;

Kolmogorov scale: the smallest scales, where the Reynolds number is

small enough that viscous effects become dominant and the energy is dissi-

IBFor example, vortex shedding from a cylinder
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pated.

Strictly speaking, DNS is not a turbulence model which solves the com-
plete N-S and continuity equation on a computational grid without any ap-
proximations or averaging except the inherent approximations made in nu-
merical discretization of the governing equations. All length and time scales
of interest can be simulated in a well-resolved transient mode with sufficient
spatial and temporal resolution [52]. For a successful simulation one basically
needs to obtain the flow information of the smallest length, time and velocity
scales of interest in advance. This is crucial for setting up space grid and time
steps of adequate scales [53]. These data can be acquired by applying Kol-
mogorov turbulence theory, and thus the necessary number of grid point and
time steps can be also extracted. All flow parameters are calculated at each
grid point and then plot the flow parameter using those grid points. As shown
in Figure 2.6, more details captured by more number of measurements. The
biggest advantage regarding DNS is capable to ‘capture’ all the details of the
flow, which however consequently requires your grid resolution should be fine
enough to capture the ‘smallest’ flow structure. This demands the immense
computer resource required in a sense of both processor’s speed and memory
size for storing intermediate results. For now DNS is unrealistically expensive
for flows of engineering applications, however it still serves as very power-
ful research tool for gathering wealth of detailed information, particularly for
model evaluation and fundamental understanding of all kinds of transition (e.g.
natural, bypass, separated flow). As an alternative research method of exper-
iments, the superiority of DNS is the reliable and complete data which can be
correlated and visualized according to the needs. Gilbert (1988) [54], Gilbert

& Kleiser (1990) [55] firstly modelled the flow from laminar to fully turbulent
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state by using DNS. The first DNS investigation of bypass transition was per-
formed by Jacobs & Durbin [56] who found good overall agreement with the
experiments by Roach & Brierley [57]. For more references see the book by

Schmid & Henningson [58] and the recent review by Durbin & Wu [59].
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Figure 2.6: Detailed flow structure captured vs Number of grid points

Large-eddy simulation (LES) provides an alternative approach between
DNS and RANS, in which large eddies are explicitly computed (resolved) in
a time-dependent simulation using the ‘filtered’” Navier-Stokes equations. The
first simulation has successfully performed by Deardorff (1970) [60], based on
the eddy-viscosity model proposed earlier by Smagorinsky (1963) [61]. For
new progress on this technique, see reviews [62]. In this method, the eddies
(turbulent vortices) above a certain size are computed directly while the effect
of smaller scales are modeled. This feature compared with DNS and RANS is
pictorially shown by Figure 2.7. Its space grid and time steps is much longer
than in DNS, and thus the required computational power of LES is much more
economical than that of DNS.

The idea underlying LES is so called convergent evolution. Behavior
of the large-scale eddies are strongly flow-dependent, owing to its dependence

on the forces acting on the flow and on initial boundary conditions (geome-
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Figure 2.7: Modeling extend for different turbulent models

try, inflow, etc.). While for the small-scale eddies, they are coming from the
dynamic activities of the larger scales and more homogeneous and isotropic
than the large ones. They are flow-independent. Thus in LES, small eddies
are generally supposed to be easier modelled owing to its self-similarity [63].
Another principal operation regarding LES is low-pass filtering, aiming to
eliminate sub-grid fluctuations from resolving and reduce the computational
cost of the simulation. Subgrid-scale models are those such as the Smagorinsky
model [61], the Algebraic Dynamic model [64], the Dynamic Global-Coefficient
model [65], the Localized Dynamic model [66], the Wall-Adapting Local Eddy

viscosity model [67] and etc.

2.2.5 Why choose RANS model

No single turbulence model is universally accepted as being superior for all

kinds of problems. In practice, the selection of turbulence model depends on
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many factors, such as the physical model of a specific flow, the level of accuracy
required for a practical problem, the available computational capacity and
the amount of time available for the simulation. In order to make the most
appropriate choice, one needs to know what the most desired flow information
are in the simulation. Besides, understanding the capabilities and limitations
of the various optional models is also essential. For reference, see [41,45,48].

Why do we choose RANS model for our case?” RANS equations gov-
ern the transport of the averaged flow quantities, which are mostly employed
for turbine-flow modeling. They do not allow differentiation of the complete
turbulent spectrum, unlike DNS and LES, which in turn require enormous
computational resources. However this is not the main reason for choosing it.
We should pay more attentions to the nature of time averaging since this is in-
herent in RANS formulations. The rationale for Reynolds averaging is that we
are not interested in the entire spectrum of turbulence scales, thus some part
of flow solution of small-scale turbulent fluctuations is to be ignored. We are
tackling the high Reynolds numbers and determining the resolution based on
required engineering accuracy. In other words, averaging intrinsically results
in a loss of some detailed information. However the lost details by averaging
is not essential information for achieving the main objective in this case.

The effect can be further seen from Figure 2.7. Compared to the models
solving RANS equations, the models based on DNS and LES method comput-
ing fluctuation quantities resolve smaller length scales. Hence, if the small-
scale flow field fluctuations are desired objectives of the predictions (e.g. mod-
eling wall-bounded flows), then the negative effects of RNAS method cannot
be ignored. In other words, without proper empirical correlations (which are

generally not sufficiently reliable), the averaging-effect of RANS is absolutely
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not suitable for studying short-scale fluctuation quantities of some flows (e.g.
flow transition). However for our case, we are looking for the possible low-
frequency pressure fluctuations in the free-stream, for which large-scale vortex
structures'® at the scale of main turbine passage are responsible. Thus, tran-
sient RANS method is particular suitable and thus chosen for our targeted

problem!®, while enjoying robust, economical advantages.

2.3 Literature Review on CFD Simulation of

Francis Turbine

The undesirable effects of draft-tube pressure surge associated with a precess-
ing helical vortex are well known. Rheingans [68] was the first person who
proposed an empirical equation to estimate the characteristic frequency f, of
the vortex rope in the draft tube. First attempts to investigate the physical
nature of the draft tube vortex at part load by means of Computational Fluid
Dynamics (CFD) have been published since 1999. For early examples, see
Ruprecht et al. [69] and Sick et al. [70].

Extensive experimental and numerical investigations of the draft tube
vortex rope have been done with predictions of the frequencies and pressure
pulse amplitudes caused by the vortex rope precession as well as system reso-
nance ( [71]). Measurements on high head Francis turbines have shown that
the pressure pulse frequency can reach up to 13f, in the vaneless space and

spread to the turbine [72]. Low-frequency pressure pulsations (fpusations < fn)

4That is, unsteady vortex structures triggered by the guide-plate device as proposed,
swirling vortex in the runner passage and vortex-rope in the draft tube.
15That is for predicting the large-scale vortex fluctuations in the entire flow field.
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can cause fatigue cracks in the runner blades, whereas high-frequency pres-
sure pulsations may limit the operating range of the turbine. High-amplitude
pressure oscillations and a RSI frequency near the runner natural frequency
can also produce resonance in the system [73]. Serial studies by Wang and
Zhou (e.g., [74,75]) relate the pressure oscillations caused by vortex ropes
with the operating conditions. Paik et al. [76] simulated the swirl flow in the
draft tube using an unsteady statistical turbulence model. Zhang, et al. [12]
well explained the physical origin and control strategy of this spontaneous un-
steady vortical flow. Two types of vortex ropes have been introduced in their
work. The first one is a spiral-type vortex rope which is generally detected

at the ‘part-load condition'®’

. Its strong unsteady motions are always asso-
ciated with severe low-frequency pressure fluctuations that often threat the
turbine’s operation and even the safety of the whole power station. The other
one is a bubble-type vortex rope which occurs typically at the so-called ‘higher
part-load condition!”’, whose spiral tails also cause pressure fluctuations with
relatively smaller amplitudes, therefore, sometimes named as vortex core.
Numerical simulations have investigated the flow field inside the tur-
bine under different operating conditions. The latest research by Trivedi et
al. [77] briefly reviewed the techniques and models that have been used to sim-
ulate hydraulic turbines to date. Owing to the limitations in computational
resources, most studies simulated each component of the turbine separately.
However, as discussed in above section, unsteady simulation on the entire tur-

bine flow passage is essential for the accurate prediction and analysis. Tang

et al. [78] predicted the pressure pulse characteristics with experiments in a

16Under 60% of the full load or so
17At 60 — 85% of the full load
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Three Gorges turbine, and investigated the relationships between prototype
and model turbines. Liu et al. [79] numerically investigated the pressure pulse
in an entire Three Gorges turbine and compared the results with model test
data. The emphasis of later paper by Liu et al. [80] was the pressure fluctu-
ation in draft tube. Stability problems on the Three Gorges prototype have
been thoroughly studied by unsteady numerical simulations and experimental
investigations, owing to its importance for the safety of operation (e.g., [81,82]).
Instead of focusing only on the vortex rope, flow separation in the runner
or unsteady rotor-stator interference, few studies included the predictions of
the unsteady performance, pressure pulses and unsteady flow behaviour in
the entire flow passage. Xiao et al. [83] predicted the characteristics of the
dominant unsteady flow frequencies in different parts of the turbine for various
guide vane openings at the highest head. This numerical study investigated the
unsteady flow patterns including the blade channel vortex in the runner and
vortex rope in the draft tube in order to partition the turbine operating regions
and identify safe operating regions. Besides, Xiao et al. [84] also analysed the
flow characteristics in the whole flow passage with emphases on the pressure
pulses at three low heads by the experimental and numerical investigations.
Owing to this flow phenomena mainly dominated by vortex structures,
an accurate CFD prediction of the draft tube vortex requires great care with
respect to the turbulence model [70,79,85,86]. The standard k — e model and
the Reynolds stress model are compared for simulating the swirling flow in a
conical diffuser. Although flow patterns are well predicted by both turbulence
models, Sick et al. [70] concluded that the Reynolds stress model is physically
better justified but more computationally expensive. Results obtained by the

standard k—e model indicated that turbulent dissipation is over modelled; as a
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result, vortices cannot fully develop in the shear layer. This well-known weak-
ness of the standard k — e turbulence model can be overcome by a modification
which takes into account the stabilizing effect of stream line curvature. For
example, RNG k — e turbulence model are broadly applied in the 3D unsteady
turbulent flow in Francis turbine model. It was reported as a reliable and
effective turbulence model for parametric studies to optimize the hydraulic
design, predicting characteristics and for stability research of hydraulic tur-
bines [75,81,87]. Owing to a better performance in adverse pressure gradients
and separating flow, SST k& —w mode shows more popularity in recent studies
on unsteady simulation of turbine flow [77,79]. However, it has a tendency
to produce too large turbulence levels in regions with large normal strain, like
stagnation regions and regions with strong acceleration. While for the k — €
models, this tendency is much less pronounced [48]. Liao [82] has studied and
compared both RNG k — ¢ and SST k — w in her PhD thesis, showing that
there is no significant difference between these two turbulence models when
predicting the pressure fluctuations in the large Francis turbine; especially the
ability to capture low-frequency-component pressure fluctuation is almost the
same.

Furthermore, the computational grid is of major importance for a real-
istic prediction of the vortex and the related pressure drop toward the vortex
core, as reported by Stein [88]. 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. Vali-
dation of predicted results 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 re-
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ported in [88] 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%.

Generally speaking, studying the draft-tube flow one can simply ignore
the upstream disturbances and work on much simpler sole draft-tube flow.
It is because the upstream disturbances to the draft-tube flow are on much
smaller time scales!® and do not resonate with the low-frequency modes of
vortex ropes [80]. However, this simplification cannot apply for the case in
this thesis. Our previous results showed that the unsteadiness caused by the
guide-plate are also dominated by low frequency motions, resonating well with
the vortex rope instabilities in the draft-tube, which will be further proved by

more results in the following chapters.

18i e., higher frequencies
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Chapter 3

Computational Strategy and

Validation

3.1 Experimental Test of Prototype Turbine

The physical model in the thesis was built according to the prototype turbine
of 11F unit in the left power house. The cross section of this Three Gorges
unit together with the guide-plate is shown in Figure 3.1. The specifications

of the 11F turbine are presented in Table 3.1.

Table 3.1: Specifications of 11F turbine [3]

Rated power 710 MW
Max efficiency guaranteed 96.26%
Rated head 80.6 m
Min head 61.0 m
Max head 113.0 m
Rated speed 75 rpm
Run away speed < 150 rpm
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Figure 3.1: Cross section of the Three-Gorges unit with the guide-plate
equipped in the spiral casing [4]

3.1.1 Monitoring System

An in-situ monitoring and analysis system has been employed to measure the
fluctuating pressures, cavitation noise and air entrainment etc, for studying the
hydraulic instability of the turbines in the left power plant that all equipped

with the guide-plate device [11].

Position of Measuring Points

The selection and arrangement of measuring points is essential in the acquisi-
tion of vibration signal. The reasonable location and the number of measuring
points in the monitoring system rest with several factors, such as the unit’s
operation performance and the hydroelectric equipment’s structural charac-
teristics, has great influence on the authenticity of the signal to be obtained
and thus the diagnosis and analysis of the whole system.

For the Francis unit, it is essential to monitor its structural vibration,
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pressure pulsation and shaft swing. Particularly, the vibration caused by the
unstable vortex-rope in the draft-tube is the most serious issue. Accordingly,
measuring points for their vibration were arranged as below:

1. Two points along X— and Y — directions at three bearings, i.e.,
upper guide bearings (UGB), lower guide bearing (LGB), and turbine guide
bearing (TGB) for shaft swings;

2. Three points along X —, Y— and Z— directions at the upper rack,
the lower rack, and the head cover of the turbine for vibration monitoring,
respectively. Owing to the upper rack subject to the weight of rotation com-
ponents in the hydraulic thrust during the unit’s run-time, two points are
arranged along X — and Y — directions perpendicular to the vertical direction
for vibration monitoring;

3. Two measuring points in the horizontal direction are arranged at
stator core shell at 90° angles to each other in order to monitor the stator
core vibration; In the vertical direction, one measuring point is arranged at
the stator tooth plate. The monitoring and analysis of pressure fluctuations
is essential at each turbine flow section.

The main measuring points for pressure fluctuations have been arranged
at the spiral casing inlet, the draft tube inlet, and on inner surface of head
cover. The pressure pulse at the draft tube inlet is monitored at the section
below its inlet of (0.4 ~ 0.5) D5 (D5 is the draft tube inlet diameter) on the
downstream side. Typical arrangement of these measuring points is shown in

Figure 3.2.
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Figure 3.2: Arrangement of measuring points and experiment apparatus [4]

Sensors

As the inherent characteristic of Francis turbine units, low-frequency vibra-
tion measurements require a special attention. Recording the vortex-induced
vibration requires a sensor with a suitable range. The velocity sensors are con-
ventionally chosen for measuring the vibrations. The technical parameters are:
Sensitivity, 8 V/mm £ 5%; Working frequency range, 0.3 ~ 150 Hz; Range,
+1000 pm; Amplitude linearity, < 5%; Operating temperature, —30 ~ +60°C.

Monitoring and analyzing the pressure fluctuations on every flow section
of the turbine aims to obtain the hydraulic characteristics of the hydro turbine
for guiding the unit operating safely and effectively. There are 5 pressure
transmitters in each unit, two are located under the turbine head cover, two
are close to the inlet of draft tube, and one at the inlet of spiral casing. The

ROSEMOUNT 3051 series transmitter is adopted and the pressure transmitter
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mode is 3051G. The technical parameters are: Accuracy, £0.075%; Dynamic
performance, delay time (Td), 45 ms; Refresh rate, 22 times/s; Zero and
range, zero with the range value can be set arbitrarily within the range limit;
Output, 4 ~ 20 mA; Damping, User settings; Measuring range, user-defined
with the threshold of 2.0 M Pa; Temperature limit, —40 ~ 121°C and Humidity

limits, 0 ~ 100% of relative value.

3.1.2 Analysis on Experimental Results

The in-situ investigations have been carried out since the Three Gorges tur-
bines were put into operation in April 2005. The experimental data about the
unsteady operating parameters, such as pressure fluctuation, shaft-torsional
oscillation and structure vibration, have been collected and translated into
both time- and frequency-spectrum results. Particularly, the characteristic
frequencies and its behind mechanism of these unstable dynamic behaviors

have been studied based on the obtained results.

Results at unstable operation zone

A single signal only tells the vibration characteristics of the unit at a sin-
gle moment, a specific speed or a specific operating condition. Instead, the
waterfall chart is able to present various frequency components with ampli-
tudes at different loads. A three-dimensional spectrum diagram composed of a
group of frequency spectra is obtained by recording continuous data in certain
time-domain. Under normal circumstances, it is used to analyze the vibration
characteristics under different operating conditions. According to the exper-

imental investigations [4, 81,82, 89], the power range of 280 — 410 MW has
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been found to be the main unstable zone, presenting all types of unsteady

flows (particularly the vortex rope in the draft tube). Turbine operating at
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Figure 3.3: The waterfall charts indicate the unstable operation zone: (a)
Shaft-torsional oscillations in the X — direction at guide bearing; (b) Pressure
fluctuation in the draft tube [4]

part load is characterized by low flow rates with small guide-vane opening-
angles, causing a high angle of attack on the fixed runner-blades. As a result,

severe abnormal signals often occur at this operation-condition zone, particu-
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larly for the large-scale Francis turbines [90]. As presented in the 3-D waterfall
charts of Figure 3.3, the shaft torsional oscillation and pressure fluctuation
have been chosen as the typical parameters for indicating the unstable op-
eration zone of the investigated turbine. In which X is designated as the
dimensionless frequency f/f.', Y as the amplitude of oscillation and Z as
the output ranging from 51.4 MW to 594.5 MW shows the measured shaft-
torsional oscillations in the X — direction at guide bearing over the ranged
operation-condition. It clearly indicates more violent oscillations within the
unstable zone of 280 MW —420 MW . The pressure in the draft tube fluctuates
strongly within a certain range of frequencies. The situation becomes severer
while operating within the unstable zone, referring to Figure 3.3(b). It can
be seen that the dominant frequency within this range is the low-frequency
component at approximate 0.3f, with the relatively large amplitude of pres-
sure fluctuation. The frequency of 1.25 Hz dominates the other operation
conditions.

To study this unsteady behavior in detail, the shaft-torsional oscilla-
tion in the X — direction at guide bearing under typical operation condition of
350 MW is shown in Figure 3.4 (a). The first strongest frequency is 0.31 Hz
with the corresponding amplitude of 148um, referring to Figure 3.4 (b). Sim-
ilar oscillation shows in the Y — direction and it has the same strongest fre-
quency (0.31 Hz), as shown in Figure 3.4 (¢) and (d).

Shaft-torsional oscillation has important effect on the stability of a large
Francis turbine operating within this load range. Experimental investigations
(e.g., [90,91]) pointed out that pressure fluctuations with the low-frequency

components of 0.2f, — 0.5f, induced by the vortex rope in the draft tube,

1 f, is the runner rotating frequency, 1.25 Hz, at the running speed of 75 r/min
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Figure 3.4: Shaft-torsional oscillations at guide bearing at load of 350 MW
(a), (c) Oscillations in time domain; (b), (d) Frequency spectrum of oscillations
[4].

usually exist under part-load conditions. It may also cause the shaft-torsional
oscillation or the structure vibration. The pressure fluctuation in the draft
tube at load of 350 MW verifies this viewpoint. As shown in Figure 3.5 (a),
the periodicity of pressure fluctuation is obvious. The first strongest frequency
of this pressure fluctuation is 0.31 Hz, as same as the characteristic frequency

of shaft oscillation, referring to Figure 3.5 (b).

o4



i 25 4

20 4
40 First strongest frequency: 0.31Hz
§ § 15
w, 20 - _,
10 4
B 5
-0 T I T ] 0 Sy T T \
0 ! : 12 16 0 4 8 12 16
He ﬂfa

Figure 3.5: Pressure fluctuations in the draft tube at load of 350 MW:(a):
Pressure fluctuations against time; (b): Pressure fluctuations against fre-
quency [4]

Results in special operating conditions

Many researchers have been puzzled by this special operating conditions in
which this special vibration or oscillation takes place. This unsteady feature
presents a significant threat to the safe operation of the units. These special
vibration or oscillation have neither found in model tests nor in any numerical
studies, therefore the in situ investigation is the only opportunity to analyze
this problem.

Table 3.2 presents the recorded vibrations at different measuring points
under the specific operating conditions (head: 68.3 m; range of load: 491 MW —
556 MW). It is noticed that the amplitude of the vertical vibration recorded
at head cover exceeds the critical value within the load range of 531 MW —
545 MW (Highlighted), although the horizontal vibrations for the measuring
points during this range are far less than the critical value.

The details of the head cover vibration at a load of approximate 540 MW

are shown in Figure 3.6. Comparing the horizontal vibration and vertical
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Table 3.2: Peak to peak amplitude of vibration (um) [4]

Load (MW) 491 510 531 540 545 550 556  Critical

Upper bracket (horizontal) 48.7 47.3 55.5 51 414 42 422 110

Upper bracket (vertical) 11.6 13.3 17.7 16 188 151 139 80

Low bracket (horizontal) 6.5 6.3 16.3 18 175 94 85 110

Low bracket (vertical) 19.6 22.3 33.8 33 393 26.7 20 80
Head cover (horizontal) 374 371 437 43 381 39 353 120
Head cover (vertical) 709 715 178.6 165 154 689 66.1 120

vibration in the same time domain, as shown in Figure 3.6 (a) and (c), it
is clear that the vertical vibration is much stronger. This vibration value
(peak-to-peak amplitudes of vibration) is as large as 165um, and exceeds the
level-2 allowed value 120um [92]. A frequency component at 5.7 Hz with the
strongest amplitude of 84um, as regarded as ‘special frequency’, is revealed as
the dominant one in the vibration spectrum as shown in Figure 3.6 (d). This
special vibration frequency was confirmed in the in situ study at the load of
530 MW — 545 MW . It has also been observed in the vibration spectra for
upper and low brackets, particular for horizontal vibration results although its
level is not high.

The pressure transducers located at the inlet of spiral case indicated
that the inlet flow is in good condition regardless the load is low or high.
Figure 3.7 presents the pressure fluctuation at the inlet of spiral case at the
load of 540.6 MW showing very low pressure fluctuations. The pressure
fluctuation under the head cover also exhibits similar features, as shown in
Figure 3.8.

The amplitude is much less than 1 kPa at this special load. No notice-

able dominant frequency with large fluctuation level was found for the pressure
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Figure 3.6: Vibration of head cover at load of 540.6 MW: (a), (c) Vibration
in time domain; (b), (d) Frequency spectrum of vibration. [4]

fluctuation. However, the pressure fluctuation in draft tube revealed a different
frequency spectrum, as shown in Figure 3.9. There is a dominant frequency
(5.70 Hz) in the frequency spectrum in this operating condition. The am-
plitude of pressure fluctuation at this frequency is 13 kPa. This frequency
corresponds to the one at which a strong vibration of head cover exists.
Therefore, the numerical simulations for this PhD programme have been
performed on typical operation points covering the full range of load for the
initial study. Then three representative cases are selected and presented in this
thesis: one with guide vane opening of 16° at 350 MW operates within the
unstable operation zone; another with guide vane opening of 35° at 540 MW

operates within the steady operation zone. The third case with the guide-vane
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Figure 3.7: Pressure fluctuation at inlet of spiral casing at load of 540.6 MW
(a) Pressure fluctuation in the time domain; (b) Frequency spectrum of pres-
sure fluctuation [4].

opening of 30° has been calculated as the comparison for the other two cases.
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Figure 3.8: Pressure fluctuation under head cover at load of 540.6 MW (a)
Pressure fluctuation in the time domain; (b) Frequency spectrum of pressure
fluctuation [4].
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Figure 3.9: Pressure fluctuation under in the draft-tube cone at load of
540.6 MW (a) Pressure fluctuation in the time domain; (b) Frequency spec-
trum of pressure fluctuation [4].

3.2 Geometric Modelling of Prototype Tur-
bine

Solving CFD problem usually consists of four main steps: building-up a physi-
cal model, generating geometry and grid, solving and post-processing. Though
theories are available for generating computational domain and grid, comput-
ing the equations and dealing with data etc, it is always a tricky task for
modelling complex phenomena with a simple chosen model. An ideal model
should introduce the minimum complexity but capable of capturing the essence
of physics. Following this principle, the numerical model has been thus care-

fully built up for this PhD programme.

3.2.1 Numerical Models

The geometrical parameters of turbine model is presented in Table 3.3. The

entire calculation domain is divided into five components: spiral casing, stay
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Table 3.3: Parameters of turbine model

Name Parameter preferences
runner diameter D =98m
runner throat diameter Dy, =9.257T m
runner blade number Zg =15
blade inlet angle b1 = 53.3°
blade outlet angle By = 20.1°
runner blade style X style blade
nose angle of spiral casing ® = 345°
entrance diameter of spiral casing D, =12.21m
stay vane number Z, =24
stay vane circle diameter D,=1.51D,
guide vane number Zy =24
guide vane height By =0.3D,
guide vane circle diameter Dy =1.19D1
draft tube depth Hy=2.64D,
draft tube length L =5.62D,
draft tube style elbow draft tube with two piers

vanes, guide vanes, runner, and draft tube (including cone, elbow and outlet
segments), referring to Figure 3.10 (a). The geometric models of runner and
X style blade are showed in Figure 3.10 (b-c).

Our numerical simulation aims to investigate the effect of guide-plate
on the free-stream turbulence for the entire flow passage of the turbine (in
particular near the damage surface of the guide vanes). Two physical models
for comparison have been employed. That is, case 1: without the guide-
plate; case 2: with the guide-plate only. The axial cross-sections of these two
geometric models are shown by Figure 3.11. In Figure 3.12, 3-D model of
the guide-plate is plotted in the spiral case. Other geometrical dimensions for

both models remain identical for comparability.
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Spiral case

(b) Runner (c) X style blade

Figure 3.10: Geometric model: (a) Entire calculation domain; (b) Runner; (c)
X style blade

3.3 Performance prediction

The overall efficiency of the Francis turbine is calculated based on the funda-
mental equation, i.e. ratio of output power from the turbine to input power
supplied to the turbine. When it comes to the hydraulic losses in power gener-
ation, the hydraulic efficiency (7)) is considered as the definition as the ratio
of power developed by the turbine runner to power supplied by the water at

entrance of the turbine. It can be calculated with the following equation,
H,
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Figure 3.11: Axial cross-sections of two comparison models

Figure 3.12: 3D model of the guide-plate in the spiral case

where H is the working head on the turbine and H. is called "Euler head’ or
"Runner head” which represents the energy transfer per unit weight of water.

The working head H on the turbine is defined as:

— o — R 2 (Q/ )out
H = Hy — Hog = H, [(pgﬂ)m @oloy (3

where p is the static pressure, p is the fluid density, 2z is the vertical
ordinate. The subscripts in and out express the inlet of spiral casing and the
outlet of draft tube, respectively.

The Euler head H, is defined as:

n-—lf [ unandA) /] wdd))  (33)
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and @ is the discharge through turbine (m3/s) given by

Q= / /A vndd = / /A A (3.4)

Here, v, is the velocity normal to the boundaries at the inlet and the
outlet, v, is the circumferential component of the absolute velocity, u is the
rotation speed, ¢ is the gravitational acceleration. The subscripts 72 and ro
denote the inlet and outlet sections of the runner respectively. The subscripts
A, and A, are the areas of the spiral casing inlet and the draft tube outlet,
respectively. The Euler head is obtained from the Euler equation for tur-
bomachinery and all hydraulic losses in the three-dimensional turbulent flow
through whole flow passage have been considered.

In Fluent, the hydraulic efficiency of the turbine is calculated by equa-

tion,

B Mw B Mw
T gQH Q(Py; — Py)

(3.5)

In above equation, M is the net hydraulic torque acting on the runner
(N/m), w is the angular speed (rad), P; is total pressure at the inlet of spiral
casing (Pa) and P,, is the total pressure at the exit of draft tube (Pa).

The net hydraulic torque M as a resultant of pressure and viscous mo-
ments is calculated by taking surface integral of cross product of stress tensor

and radius vector.

M = /(FX (Ten)dS)ea (3.6)

As the output parameters generated by Fluent, the volume flow rate ()

is calculated based on the mass fluxes entering and leaving the turbine; the
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torque M acting on the turbine is calculated based on the total moment acting
on the rotating runner. Both parameters can be read in Fluent post-processing
report directly.

The output? of Francis turbine can be calculated by

p = pgQHn; (3.7)

In unsteady flow simulation, at each time step of the computation, the
flow rate and the torque of the turbine are recorded and the hydraulic efficiency
and the output of the turbine can be calculated by Eqn. (3.5) and Eqn. (3.7),

respectively.

3.4 Validation of Numerical Approach

3.4.1 Grid Independence

Unstructured meshes have been employed for this calculation owning to the
complex shape of the computational domain. The flow is considered to be in-
compressible. For each geometric component, different computational grids
have been generated manually according to the flow patterns and details
sought, as shown by Figure 3.13. The grid independence has been firstly
investigated within the range of grid numbers adopted by previous numerical
studies.

For case 1, the physical model of the Three Gorges prototype turbine

without the guide-plate, reported in numerical studies (e.g. Refs [9,79,81])

2Here only the hydraulic loss is counted. In practice the leaking and mechanical losses
should also be counted to deduce the output for turbine runner.
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Figure 3.13: Mesh model for each component

have done unsteady turbulent simulations by using similar models to investi-
gate the hydraulic instability of the Three Gorges turbine. For simulations on
the entire turbine flow passage, 350,000-550,000 nodes have been well accepted
for obtaining reasonable results. For example, Liao [9] presented the curves
for efficiency against unit discharge, n — )11, by using steady simulations with
360,000 nodes and 540,000 nodes for the comparison with experiment results.

Both the calculated and the measured curves have similar trends except for the
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calculated value being lower. Efficiency calculated by the denser mesh model
is closer to the experiment result, i.e., improved 0.56% by RNG k — € turbulent
model and 0.58% by SST k — w turbulent model, as shown in Figure 3.14 [9].

—a— Experiment results ~—=— 540k nodes by SST
—— 540k nodes by RNG —#— 360k nodes by SST
—— 360k nodes by RNG

100 -

90 4

n /%

80 -

70 1 1 1 1
0.4 0.6 0.8 1 1.2

0, /Ls"

Figure 3.14: Efficiency-unit discharge curve (n — Q11) [9]

In searching for part-load oscillating mechanism and control strategy
of unsteady swirling flow in the draft tube, an SDTF (Sole Draft-Tube Flow)
model has been employed by Zhang et al. [12], showing that 1.0 x 10 nodes
are enough for predicting global performances of vortex rope in draft-tube
under partial load operation, although their grid spacing is too coarse for
investigating the flows in turbulent boundary layers and their separations.
However, the coarse grid does not affect capturing the fundamental features
of large-scale structures correctly. The dominant frequencies caused by large-
scale vortex structures captured by coarse grid is almost the same as those

captured by denser grid which is capable of obtaining more relatively small-
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scale URANS vortex structures in the turbulent boundary layers.

Therefore, for case 1 (without guide-plate) the final grid number of
the whole turbine passage is approximate 5.84 x 10° nodes (1.96 x 10° el-
ements) whose validity is already verified by other numerical studies of the
Three Gorges prototype turbine as discussed above. Among them there are
211,010 nodes in the spiral case, 109,155 nodes in the stay vane, 86,200-88,000
nodes in the guide vanes subject to operation conditions, 46,804 nodes in the
runner, 130,830 nodes in the draft tube. Further refining of mesh size has been
tested in this study showing no improvement in the observed vortex structure

but only increasing calculation time.

ALorig ALrefine

Figure 3.15: Refine the mesh of guide-plate; Original mesh size: AL,,;4; Re-
fined mesh size: ALyefine

After understanding the ranges of grid numbers for both the whole
turbine model and the draft tube®. A series of numerical tests have been em-
ployed to further examine the influence of grid number and its distribution on

the computed flow field according to the interests of this research. The damage

3Tt is a crucial component for studying large-scale unsteady vortex structures in Francis
turbines particularly.
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occurred on the pressure surface of guide-vane, therefore certain requirements
have been satisfied in order to capture the detailed flow information on the
objective area. For the standard wall function, each wall-adjacent cell’s cen-
troid in a RANS simulation should be located within the log-law layer with
30 < y* < 300, preferably with y™ close to its lower bound 30 [48]. Besides, in
order to capture the delicate vortex structures around the guide-plate inside
the spiral casing, a further refinement of the grid size around the guide-plate
for case 2 (with guide-plate) was implemented according to this requirement,
as shown in Figure 3.15. For case 2, the grid numbers of other components
have to be increased as well for balancing the grid distribution throughout the
entire flow passage.

For case 2 (with guide-plate), three mesh models have been adopted
for grid-independence test by both steady and unsteady calculation. First one
(mesh model_a) has the same grid numbers as for case 1 (without the guide-
plate) plus 10° nodes for the guide-plate structure, the total nodes number is
6.8 x 10°; Second one (mesh model_b) has refined the grid size on stay vane and
guide vane but employed coarser grid for draft tube, the total nodes number is
1.3 x 105; Third one (mesh model c) has refined the grid size for draft tube (as
same grid size for draft tube as the first model), retaining the same grid sizes
for stay vane and guide vane as the second model, the total nodes number is
1.4 x 106,

For all three mesh models, approximate 1000 checking points have been
selected on the guide-plate and guide-vane surface for recording the values of
average pressure in the steady simulation. The grid number sensitivity has

been validated firstly by steady calculation. Recorded the number of checking
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points (ny) comply the requirement:

L % 100%

’M < 5% (i=0,1) (3.8)

7

and the number of checking points (nz) comply the requirement:

Py — P

x 100%| < 10% (i = 0,1) (3.9)

(2

where Py, P, P, is the average pressure on certain checking point of three
mesh models (685k, 1350k, 1443k) respectively. The difference between first
two mesh models satisfied ny/1000 > 85%. For mesh models of 1350k and
1443k, the difference is slight, strictly satisfying that n;/1000 > 80% and
n2/1000 > 90%. The total grid number of 1350k is good enough for steady
calculation.

For unsteady calculation, further validating the influence of grid num-
bers on capturing the pressure fluctuations (especially the low-frequency com-
ponents) is also necessary. Pressure fluctuations against frequency at runner,
draft-tube and guide-vane have been recorded for these three mesh models.
Results for mesh model_a and mesh model ¢ were compared and presented in
Figure 3.16. No significant difference was found within the frequency-spectrum
range of 0 — 20 Hz. Therefore, mesh model b (total nodes number: 1350k)

was selected for studying the case 2 (with guide-plate).

3.4.2 Turbulence Model and Boundary Conditions

RNG k—e and SST k—w has been briefly introduced in the Chapter 2 and com-

pared in the validation study. There is no significant difference between these
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two turbulence models when predicting the pressure fluctuation information
in the large Francis turbine, especially the ability to capture low-frequency-
component pressure fluctuation is almost the same. However the SST k — w
model takes longer time than the RNG k — € model in the comparison test
(approximate 1.4 times), as shown in Table 3.4.

Among four available Pressure-Velocity Coupling Algorithms in ANSY'S
Fluent, SIMPLEC is the most common used algorithm in unsteady simula-
tion of complicated flow field. PISO is also recommended for transient cal-
culations. These two algorithms were compared showing that PISO captures
higher-frequency pressure fluctuations, while the periodic characteristics of the
lower-frequency pressure fluctuations captured by SIMPLEC is more visible.
Therefore, for mainly investigating the low-frequency behaviors SIMPLEC has

been chosen for this case.

Table 3.4: Calculation Steps in 10 hours by different turbulence models and
algorithms

Calculated steps in 10 hours
RNG k —¢, SIMPLEC 1000
RNG Fk —¢, PISO 780
SST k — w, SIMPLEC 560
SST k —w, PISO 485

Therefore, RNG k — € turbulence model has been employed to close
the governing equations. A second order fully implicit scheme is applied for
time discretization*, central difference for the diffusion term and second order
upwind scheme for the convective term. The SIMPLEC algorithm is used
for the discretized equations. The total pressure and the turbulence was set

at the inlet of the spiral casing with the velocity direction defined for the

4To ease the restriction in the size of time-step.
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steady flow simulations. At the draft tube outlet, the average static pressure
condition was calculated based on the water level. The sliding mesh model is
used to obtain time-accurate solutions of the strong rotor-stator interactions
at the interfaces of runner-guide vanes and runner-draft tube. The upstream
variables were passed to the downstream locations by interpolation at the
interfaces. The initial condition for the unsteady flow computation was based
on the preliminary steady flow computation. In the steady flow computations,
it took approximate 5000 iterations to allow the residual errors in the entire
flow passage becoming sufficiently small (< 107°). The flow pattern after 5000
steady flow iterations was then specified as the initial boundary conditions for
the unsteady flow computation. All simulations have been performed by using

ANSYS FLUENT 13.0.

3.4.3 Size of Time-step

Though theoretically there is no strict requirement on the size of each time
step when fully implicit scheme is applied for time discretization, it is still
important to choose appropriate size of time-step, otherwise the computation
could be vulnerable in terms of divergence and instability. Generally, the

time-step size should be in the same order as the smallest characteristic time

At

(3.10)

AL pAL?
At, = min ( P )

U’ T
Here, U is the characteristic velocity, AL is the averaged mesh size, I' is the
dissipation term. The criterion of At < 50Atf. can be used for limiting the

proper range of time-step [9)].
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Another practical guideline is the Courant number which is defined as:

RGN

Co i

(3.11)

Here, ¥, | are both the characteristic velocity and length respectively.
If it is based on mesh size, U is estimated velocity, [ is the averaged mesh size,
the Courant number should not excess 100; If it is based on geometric size of
the flow field, U is estimated averaged velocity of the whole flow field, [ is the
characteristic size of the geometric model, the Courant number should be in
the range of 100 — 500 [48].

According to Eqn. (3.11), when the Courant number has been set, time-
step size is proportional to the mesh size since the average characteristic-
velocity in given physical model is fixed®. It means that the time-step size
is supposed to be larger for coarser mesh size, and smaller for denser mesh
size. By striking a balance between the risk of divergence (and/or instability)
and computation time, a right time step must be chosen between these two
extreme cases.

The choice of time-step size is also highly dependent on the specific
physical object and the turbulence level of the phenomena. Referring to the
latest unsteady simulations of large Francis turbine [11], the range of time-
step size is between 1/60 to 1/200 of runner rotation. In each time step, the
convergence criterion is that the residuals of all the variables reach below 107°.
After the calculation of one time-step finished, the computational mesh of the
runner will turn to a new circumferential position according to the rotating

speed. Thus, the computation for another time-step will be started. Moving

5Generally, the average characteristic-velocity is chosen as the average value of the max-
imum velocity and minimum velocity
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meshes are adopted for the runner domain. The runner rotation speed is
75 r/min (w = 7.854 rad/s), the time-step sizes of 0.008 s, 0.004 s and 0.002 s
corresponding to 1/100, 1/200 and 1/400 of runner rotation (i.e. the sliding
angles of interfaces are 3.6°, 1.8° and 0.9° respectively) have been compared in
order to obtain the proper time-step size fine enough to predict the dominant

frequencies of pressure fluctuations in the prototype of Francis turbine.
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Figure 3.17: Pressure fluctuations against frequency recorded at (a) Runner;
(b) Draft-tube; (Size of time-step: 0.002 s; Guide-vane opening: 16°; Case
with the guide-plate;)

There is no significant difference in FFT results by using these three
different time-step size. The extremely low-frequency component has been
captured in all cases as the strongest frequency, only their values are slightly
different. As shown in Figure 4.19, the strongest frequency for case with time-
step size of 0.008 s is 0.336 Hz, while for case with time-step size of 0.004 s
and 0.002 s are 0.306 Hz and 0.36 H z, referring to Figure 3.19 and Figure 3.17
respectively. By comparing the results of 0.004 s and 0.008 s, it is noticeable
that smaller time-step size can capture more high-frequency fluctuations, e.g.,

the peak at 12.5 Hz is captured as a strong signal for the time-step size of
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0.004 Hz, while not showing in the case with the time-step size of 0.008 s
nor the case with the time-step size of 0.002 s. However, the finer time-step
size will exponentially increase the computational time and require finer grid
size. According to the analysis on the results, there is no necessity to choose
the finest time-step size (0.002 s) unless we aim at looking for high-frequency
fluctuations.

In this study, low-frequency pressure fluctuations are the main target.
In the case with guide vane opening of 16°, low-frequency pressure fluctuation
signal is very strong, allowing us to use the time step of 0.008 s. While for
the case with guide vane opening of 35°, the time step of 0.004 s is adopted

to obtain wider spectrum of pressure fluctuations.

3.4.4 Total Calculated Time Matters

The pressure fluctuations by nature are stationary oscillations though the nu-
merically transient trip takes quite a while to fade out, owing to the com-
plex nested loops in the code for solving the unsteady flows including the
rotor-stator interactions for whole complex flow-passages of the turbine. As
demonstrated in Figure 3.20, it takes long runner rotating time® (at least over
235 s) allowing the simulations to reach the status of stationary oscillations
completely. The effective sampling interval for different operating conditions
has to be determined upon the transient oscillation becoming a completed sta-
tionary oscillation. Otherwise in the FFT results false (numerical) frequency
spikes (or white noise like) will also present even over shed the real spikes. This
is particular true for the case of 35° that weaker oscillation signals hide in the

numerical calculation noise (virtual signals) before the calculation time reach-

6That is the calculation time of runner rotation.
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Figure 3.20: Pressure fluctuations against time recorded at (a) Runner; (b)
Draft-tube; (Time-span: 16s ~ 419s; Size of time-step: 0.004s; Guide-vane
opening: 35°; Case with the guide-plate;)

ing certain threshold values for the real spikes to emerge. It can be further
explained as follows.

For the case with guide vane opening of 35°, the numerically effective
sampling period of 258 s ~ 389 s (2! calculation steps) has been selected
and the corresponding P-T results are showed in Figure 3.21 (a) and (c). The
corresponding FFT results reveal very clear peaks as showed in Figure 3.21
(b) and (d). For the recording point in the runner, the strongest frequency
component 18.75 Hz is the blade passing frequency”. All the significant com-
ponents having harmonic frequencies of the rotation frequency (e.g. 2.5 Hz,
7.5 Hz and 10 Hz) indicate the rotor-stator interactions [93] being main insta-
bilities at this operating condition. For the recording point in the draft tube,
the strongest frequency component is 2.5 Hz and the second one is 1.25 Hz,
the amplitudes of these two components are almost the same as those in the
runner (see Figure 3.21(b)). However, the amplitude of peak at 18.75 Hz

is much smaller than that in the runner. This is because the low frequency

"i.e. The number of blades, 15 times the rotation frequency 1.25 Hz, resulting in

18.75 Hz.
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Figure 3.21: P — T result: Pressure fluctuations against time recorded at (a)
Runner; (c) Draft-tube; F'/F'T result: Pressure fluctuations against frequency
recorded at (b) Runner; (d) Draft-tube; (Time-span: 258s ~ 389s; Size of
time-step: 0.004s; Guide-vane opening: 35°; Case with the guide-plate;)
components are transmitted throughout the whole passage, owing to its low-
rate of dampness. While for the high frequency components, their amplitudes
attenuate quickly while being transmitted from runner to draft-tube.
Allowing enough total calculation time is particularly crucial for the
case with guide vane opening of 35°. As demonstrated by Figure 3.22 (a) and
(c), FFT results for the sampling period of 16 s ~ 147 s at the recording point

in the draft tube look like white noise, for the recording point in the runner,

only the signal of 18.75 Hz shows its peak. While for the sampling period of
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Figure 3.22: Pressure fluctuations against frequency recorded at (a) Runner;
(c) Draft-tube with time-span: 16s ~ 147s; (b) Runner; (d) Draft-tube with
time-span: 147s ~ 163s; (Size of time-step: 0.004s; Guide-vane opening: 35°%;
Case with the guide-plate;)

147 s ~ 163 s, as shown in Figure 3.22 (b) and (d), some peaks (e.g. 1.25 Hz,
2.5 Hz, 18.75 Hz and 10 Hz) start to appear though not distinct enough for
proper analysis. This is a phenomenon of numerical simulation particular for
large and complex geometry with moving parts like the Francis turbine in this
case. It can be explained as below. The numerical calculation noise (virtual
signals) needs long time to die out before the real and weak oscillation signals

(particular for the case of 35°) can be seen. Otherwise, they are hidden in the

virtual noise. It is a similar scenario for the case without guide plate at the
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opening of 35°.

For the case of 16°, the oscillation signals of flow field are much stronger
than the numerical noises, as shown in Figure 3.23, therefore the total calcu-
lation time can be shortened for an effective frequency-spectra analysis. The
total calculated time of 200 s is more than enough for both cases with and

without guide plate at the guide vane opening of 16°.
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Figure 3.23: Pressure fluctuations against time recorded at guide-vane. Time-
span: 0 ~ 126s; Size of time-step: 0.008s; Guide-vane opening: 16°; Case with
the guide-plate.

3.5 Concluding Remarks

The experimental results obtained from prototype in situ show strong un-
stable phenomena with low-frequency fluctuations under part-load operation
condition. However, many physical limitations in the experimental test, e.g.,
the recording points, positions, accessibilities and etc. have made numerical

simulations of the prototype turbine necessary for providing more required
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information for our investigations.

Geometric turbine model has been built based on the actual parameters
of prototype turbine with some necessary simplification. Total grid numbers
and its distribution have been discussed. Three mesh models for the case
with guide-plate have been compared to elaborate the validation of grid in-
dependence. Grid sizes around the guide-plate and the guide vane have been
refined according to the requirements of this study (in the RANS sense). The
choice of turbulence model and other numerical methods have been examined
through theoretical analysis and comparison. RNG k— ¢ turbulence model and
SIMPLEC algorithm have been thus chosen for this study. Although the size
of time-step for simulating hydraulic machinery is conventionally available, a
validation study comparing three time-step sizes has been done in order to se-
lect the most rational one for the objective in this thesis. Finally, it has been
demonstrated that the total calculation time is very important. If the selected
sampling period is before the oscillation process becoming fully stationary, the
FFT results would show false signals. Both the size of time-step and total

calculation time have to be chosen according to the specific flow problem.
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Chapter 4

Guide-Plate Induced Pressure

Fluctuations

The premature damage of the guide-plate accompanying severe pressure-fluctuations
and machine-vibration has been paid particular attention during the in-situ
inspection carried out by Li. As Li clearly stated [1], the guide-plate increased
the free-stream turbulence is a primary concern in the sense of receptivity
and the transient growth of K-mode instability. This instability may bypass
the primary OSE mode and lead to early and random breakdown /turbulent
spot although the flow in the first half of guide-vane passage is a highly ac-
celerating flow!. In particular the receptivity to the vortical gust fluctuations
(i.e. low frequency unsteadiness) is about four times that produced by an
acoustic wave (high frequency unsteadiness) [94]. Therefore, these increases of
turbulence level at the low-frequency end in the free-stream make the K-mode

instability much more prone to grow and breakdown [3].

!That is, with strong favorable pressure gradient, which would have a prolong laminar
boundary-layer until transition if the level of free-stream turbulence was low.
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In this chapter, only brief introduction of Li’s prediction and the nu-
merical proof has been presented for the sake of conciseness. For details of
Li’s prediction on the introduction of the low-frequency fluctuation into the
free-stream by the guide-plate, see the Appendix B [1]; And, for the evidence

of this see Appendix C [10].

4.1 Recording Points for Pressure Prediction

For the purpose of verification, pressure fluctuations have been calculated at
the same locations in the draft tube as those on the prototype in situ as shown
in Figure 4.1 for comparison. This type of location is termed as recording point

S1, S2, .... S7: monitoring slices
within draft tube
Data recorded in the thesis: ®

Only calculated : X

X

Slices within cone Slices within elbow
Figure 4.1: Typical monitoring points within draft tube

in this simulation. The recording points used for calculating the free-stream

pressure-fluctuations on the guide vane are located within the damage area
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on its lower surface 2, see Figure 4.2. The pressure fluctuations in the flow
passages of other turbine-components have also been calculated for an overall
understanding of the flow situation in the turbine. These recording points
employed in our simulation are shown in Figure 4.3.

Monitoring points within damage area
Data recorded in the thesis: %)

aICuIated :

X

_ v 7 7
+ 3 DESIGN FOR AEB SECTION A=A Damagg
_ B
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(el

(a) (b)

Figure 4.3: (a) Other monitoring points throughout the flow passage: pointl
(in the spiral casing), pointb (before the stay vane) point8 (before the guide
vane) and pointl0 (before the runner); (b) monitoring points on the blade
surface of runner

2To be exactly, in the free-stream just outside the edge of boundary-layer
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4.2 Cases Without Guide-Plate

This section presents the results from the simulations of the prototype-turbine
model without the guide-plate for the guide-vane opening of 16°, 30° and
35°. Previous numerical studies in the literature (e.g., Three Gorges turbine
models) have adopted similar geometric model (i.e., without the guide-plate

in the spiral casing) with various simplifications subject to their own needs.

4.2.1 Guide-vane opening: 16°

Spiral casing distributes the flow around the stay vane, water flowing into the
stay-ring smoothly. Figure 4.4 shows the static pressure distribution (contour

levels) on the radial and axial cross-sections of spiral casing. As shown in

Slice: X=0

596838

(a) radial section (Slice:Z=0) (b) axial section (Slice:X=0)

Figure 4.4: (a) Pressure distribution (contour levels) on the radial cross-section
of spiral casing (Slice:Z=0); (b) Pressure distribution (contour levels) and
Stream-traces distribution (solid lines) on the axial cross-section of spiral cas-
ing (Slice:X=0) (case without guide-plate, guide-vane opening of 16°)

Figure 4.4 (b), the stream-straces distribution (solid lines) shows the flow en-

tering into the stay-vane passages smoothly when the spiral casing is designed
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without the guide-plate.

Operation with the guide-vane opening of 16° (Head=67 m) is within
the main unstable zone (280 ~ 410 MW); and among all types of instabilities,
the pressure fluctuations caused by vortex rope in the draft tube are prominent.
Figure 4.5 (a) presents the pressure distribution at different planes of the draft-
tube and Figure 4.5 (b) reveals the instabilities in the draft tube by showing the
velocity distribution at the axial cross-section (Y=0). The vortex structures

Lavel Fressure

15 201473
= 14 13787
740915
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1440401
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961400
8.65¢+00
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5786400
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386400
2.90+00
1.94e+00
980801
2.036-02

Figure 4.5: Flow patterns in draft tube: (a) Pressure distribution at different
planes; (b) Velocity distribution at the axial cross-section: Y=0 (case without
guide-plate, guide-vane opening of 16°)

N |

(b) Velocity distribution

in the draft tube move with time periodically, as a consequence, the precession

will be responsible for the unstable operation of turbine, as well as the main
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Figure 4.6: P — T result: Pressure fluctuations against time recorded at (a)
Runner; (c¢) Draft-tube; (e) Guide-vane; FEFT result: Pressure fluctuations
against frequency recorded at (b) Runner; (d) Draft-tube; (f) Guide-vane (Size
of time-step: 0.008 s; Guide-vane opening: 16°; Case 1: without guide-plate;)
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resource of vibrations.

As discussed in the previous chapter, the oscillation signals of flow field
are much stronger than the numerical noises for the case with guide-vane open-
ing of 16°, the effective period for numerical sampling is 88 s ~ 121 s (equiv-
alent to 2'? calculation steps) has been employed and pressure fluctuations
information was recorded at runner, draft-tube and guide-vane respectively.
Their P-T and FFT results during this sampling period are showed in Fig-

ure 4.6 with clear peaks accordingly. For the recording point in the runner,

(a) t=1728s (b) t=1732s (c) t=173.6s (d) t=174.0s () t = 174.4s

(f) t =174.8s () t=175.2s  (h) t=175.6s (i) t=176.0s  (j) t = 176.4s

Figure 4.7: Calculated pressure distribution against time at fixed sections in
the draft tube for Case 1 (Guide-vane opening: 16°) [10]

the frequency component 18.75 Hz as the well-known blade passing frequency
is the strongest within the entire frequency spectrum. Other significant com-
ponents having harmonic frequencies of the rotation frequency (e.g. 7.5 Hz,
8.75 Hz and 1.25 Hz) indicate the rotor-stator interactions are main instabil-
ities in the runner. For the recording point in the draft tube, the strongest

frequency component is 0.67 Hz which is the Rheingans [68] pressure oscilla-
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tion caused by the vortex rope in the draft tube during partial-load operations.
The second one is 1.25 Hz and the third one is 18.75 which are the rotation
frequency and the blade passing frequency respectively. However, the ampli-
tude of peak at 18.75 Hz is much smaller than that appearing in the runner
since the signal attenuates when it is transmitting from runner to draft-tube.

The flow variations against time in the draft tube are presented in
Figs. 4.7, its period is 1.48 s, corresponding to the paramount frequency com-
ponent of 0.67 Hz. It agrees well with the FFT results discussed above. As
shown in Figure 4.6 (f), the strongest component on the guide-vane surface is
18.75 Hz, other than harmonic frequencies of the rotation frequency, though

the component of 0.67 Hz is also appearing but with much less amplitude.

4.2.2 Guide-vane opening: 30°

For operating at 30°, the instabilities in the draft tube is smaller compared
with the situation of operation at 16°. With the larger guide-vane opening,
adverse flow patterns are also weaker in the runner blade surface. Figure 4.8
presents the velocity distribution at the axial cross-section of draft tube. There
are still unstable vortex structures which contribute to the formation of smaller
vortex rope with less instabilities.

The employed sampling period is 105 s ~ 236 s (2! calculation steps).
The corresponding P-T results and FFT results are showed in Figure 4.9. The
dominant frequency component is also 18.75 H z for runner and guide vane. For
the draft tube, the strongest frequency component is 0.265 Hz which is a very
low frequency signal but with small amplitude®. The pressure fluctuations in

the draft tube at this operation point shows that the operation with guide-vane

3Note: different scales are used for Figure 4.6 (d) and Figure 4.9 (d)
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Figure 4.8: Flow patterns in draft tube: (a) Pressure distribution at different
planes; (b) Velocity distribution at the axial cross-section: Y=0 (case without
guide-plate, guide-vane opening of 30°)

(b) Velocity distribution

opening of 30° is relative stable, having no strong vibrations which would harm
the safe operation. This component of 0.265 H z transmitted hardly upstream
to the guide vane surface, where it almost disappears in comparison with the
blade passing frequency of 18.75 Hz. Owing to the amplitude of this vortex-
rope precession being much smaller than that for the case of a typical part load
(e.g., guide-vane opening of 16°), no major concerns have been reported against
this frequency of 0.265 Hz yet though a fully and thoroughly investigation is

still being conducted.
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Figure 4.9: P — T result: Pressure fluctuations against time recorded at (a)
Runner; (c¢) Draft-tube; (e) Guide-vane; FEFT result: Pressure fluctuations
against frequency recorded at (b) Runner; (d) Draft-tube; (f) Guide-vane (Size
of time-step: 0.008 s; Guide-vane opening: 30°; Case 1: without guide-plate;)



4.2.3 Guide-vane opening: 35°

For operating at 35° which is close to the optimum condition, the helical vortex
rope in the draft tube no longer emerges. As a result any local disturbances will
virtually not pollute the upstream flow. Figure 4.10 shows the pressure and
velocity distributions at the axial cross-section of draft tube (Y=0). Figures

Level Pressure
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(b) Velocity distribution

Figure 4.10: (a) Pressure distribution; (b) Velocity distribution at the axial
cross-section: Y=0 (case without guide-plate, guide-vane opening of 35°)

4.11 and 4.12 present the calculated pressure distribution against time at fixed
sections of S1 and S2. The flow pattern in the cone section is quasi-stable,
unsteady swirling vortex-structures obtained in the cases of part load (e.g., the
openings of 16° and 30°) do not exist at this load. The 3-D flow pattern shown

in Figure 4.13 clearly indicates a central cone flow pattern which is nearly a
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steady flow in the draft tube.

) t = 372.8s ) t =373.6s ) t =374.4s
) t =375.2s ) t =376.0s ) t =376.8s

Figure 4.11: Calculated pressure distribution against time at fixed sections
(S1) in the draft tube for Case 1 (Guide-vane opening: 35°)

The sampling period is 234 s ~ 496 s (equivalent to 2! calculation
steps, the size of time-step is 0.004 s) was selected and the corresponding P-T
results and FF'T results at the recording points in the runner and draft-tube
are presented in Figure 4.14. The pressure fluctuations in the runner are still
having all the modes of the rotation frequency (the strongest component is
18.75 Hz). While for the recording point in the draft tube, the amplitude
of all the frequency components are small which again indicates a stable flow

pattern in the draft tube.
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) t =372.8s ) t =373.6s ) t =374.4s
) t =375.2s ) t = 376.0s ) t = 376.8s

Figure 4.12: Calculated pressure distribution against time at fixed sections
(S2) in the draft tube for Case 1 (Guide-vane opening: 35°)

Figure 4.13: Vortex pattern in the draft tube with the guide-vane opening of
35° (case without guide-plate)
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Figure 4.14: P — T result: Pressure fluctuations against time recorded at (a)
Runner; (c¢) Draft-tube; F/FT result: Pressure fluctuations against frequency
recorded at (b) Runner; (d) Draft-tube; (Time-span: 230 s ~ 493 s; Size of
time-step: 0.004s; Guide-vane opening: 35°; Case 1: without guide-plate;)

4.2.4 Dominant pressure fluctuation signals on other

recording points

As introduced in the previous chapter, the pressure fluctuations informa-
tion has been specially recorded on the guide-vane surface and in the draft-
tube. Besides, the pressure fluctuations in the flow passages of other turbine-
components have also been calculated for an overall understanding of the flow

situation in the turbine. These recording points employed in our simulation are
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Table 4.1: Dominant pressure-fluctuation frequency-components on other
recording points for case without the guide-plate

recording points  16° 30° 35°
point1l 0.67 Hz (30 Hz) 1.25 Hz (30 Hz) 18.75 Hz (10 H=z)
pointH 0.67 Hz (30 Hz) 1.25 Hz (0.265 Hz) 18.75 Hz (10 H=z)
points 18.75 Hz (0.67 Hz) 18.75 Hz (2.5 Hz)  18.75 Hz (30 Hz)
point10 18.75 Hz (1.25 Hz) 1875 Hz (1.25 Hz) 18.75 Hz (2.5 Hz)

shown in Figure 4.3. Table 4.1 shows the first and second* strongest pressure-
fluctuation frequency-components on other recording points for case without

the guide-plate.

4.3 Comparative Analysis for Guide-Vane Open-
ing of 16°

By comparing the pressure-fluctuation characteristics of two corresponding
cases (i.e. with and without guide-plate) for the same operation condition
(i.e. guide vane opening of 16°), the guide-plate effects on the generation of

extremely low frequency fluctuation will be revealed clearly.

4.3.1 Basic description

Figure 4.15 shows the static pressure distribution (contour levels) and the
stream-straces distribution (solid lines) on the axial cross-sections of spiral
casing. It can be seen that the addition of guide-plate is not guiding the flow

into the turbine runner smoothly by thus inducing reversed flow and vortex

4Values in bracket () is the second strongest frequency
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instabilities around.

Figure 4.15: Pressure distribution (contour levels) and stream-traces distribu-
tion (solid lines) on the axial cross-section of spiral casing (Slice:X=0) (case
with guide-plate, guide-vane opening of 16°)

Figure 4.16: Pressure distribution at different planes (case with guide-plate,
guide-vane opening of 16°)

4.3.2 Pressure Fluctuation in the draft tube

The comparison for the draft tube under the partial-load operation (i.e. 16°),

referring to Figures 4.5(a) and 4.16. The FFT results presented in Figure 4.17
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shows an extremely low frequency (0.336 Hz) with the strongest amplitude
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Figure 4.17: FEFT results in the draft tube with the opening of 16°: (a) case 1
; (b) case 2 [10]

distinguishingly appearing for the case with guide-plate. From numerical sim-
ulations, this component is also found being transmitted throughout the whole

passage with little attenuation, owing to its low-rate of dampness.

)t=172.8s  (b) t=1732s  (c) t=173.6s (d) t=174.0s (e) t = 174.4s

S

) t=1748s  (g) t=1752s (h) t=175.6s (i) t=176.0s  (j) t=176.4s

Figure 4.18: Calculated pressure distribution against time at fixed sections in
the draft tube for Case 2 [10]

The flow variations against time in the draft tube are presented in

Figure 4.18, showing an organized rotating vortex rope. The period is around
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Table 4.2: Comparison of frequencies of pressure fluctuations on the guide
vane for the opening of 16°

Case 1 Case 2

Static Pressure 449757 Pa 443283 Pa

f1 1875 Hz 0.336 Hz

2 5 Hz 18.75 Hz

3 0.67 Hz 7.5 Hz

f4 6.25 Hz 5 Hz

5 0.183 Hz 875 Hz

f6 2.5 Hz 3.75 Hz

7 8.75 Hz 10 Hz

3 s, corresponding to the frequency of 0.336 H z for case 2. It agrees well with
the FFT results, as shown in Figure 4.19.

As presented in the last section, the pressure-fluctuation frequency com-
ponent of 0.67 Hz has the largest amplitude in the draft tube for the case 1
(i.e. without the guide-plate). While for case 2 (i.e. with guide-plate), the
component of 0.67 Hz also presents but with much smaller amplitude than
that of 0.336 Hz. These two geometric models are all identical except for the
structure of guide-plate in the spiral casing. The emergence of this component
of 0.336 Hz is thus undoubtedly attributed to the addition of guide-plate in
the spiral casing®. This dominant low-frequency component from our calcu-
lation agrees well with the measured one on the prototype in situ (0.31 Hz)

which has been analyzed in Subsection 3.1.2.
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Figure 4.19: P — T result: Pressure fluctuations against time recorded at (a)
Runner; (c) Draft-tube; (e) Guide-vane; F'F'T result: Pressure fluctuations
against frequency recorded at (b) Runner; (d) Draft-tube; (f) Guide-vane (Size
of time-step: 0.008 s; Guide-vane opening: 16°; Case with the guide-plate;)
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4.3.3 Pressure Fluctuation on the Guide Vane

Our FFT results show that the guide-plate significantly increases the turbu-
lence level in the free stream over the entire spectrum in particular at the low-
frequency end and also lowers the average static pressure on the lower surface
of the guide vanes as shown in Table 4.2. Both effects have favorable contri-
bution to the promotion of cavitation inception within boundary layer though
the local average pressure in the main flow is not below the vapor pressure.
Among those increased fluctuation components the extremely low-frequency
(0.336 Hz) component is the strongest for cases 2, but disappears for case 1.
This numerical result explains well Li’s concern that the guide-plate introduces
low-frequency fluctuations in the incoming free-stream that may promote the
K-mode instability and its transition through the boundary-layer’s receptivity

mechanism.

4.3.4 Instabilities caused by the guide-plate

In order to further verify the origin of this low-frequency component (0.336 H z)
in the case 2, the flow field in the spiral case has to be carefully examined in
the first place. Figure 4.20 shows the helicity distribution around the guide-
plate on the axial cross-section of spiral casing (X=0) with the opening of 16°.
Vortex structures around the guide-plate is clearly presented, which has not
been found in the case 1. These instabilities are thus triggered by this extra
guide-plate in the spiral casing that will inevitably affect the downstream flow.

Figure 4.21 showing the turbulent kinetic energy distribution at four

perpendicular slices along the circumferential direction of the spiral case, in-

5This will be further verified by analyzing the flow pattern around the guide-plate in the
later part of the thesis.
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Figure 4.20: Helicity distribution around the guide-plate in spiral casing with
the opening of 16° (spiral casing: x=0)

dicates that the highest turbulent kinetic energy exists near the guide-plate.
That means the induced unsteadiness by the addition of guide-plate device
also causing unnecessary energy loss in the spiral case.

This again proves the prediction that the addition of guide-plate induces
high instabilities in the free-stream. The space distribution of these vortices
changes along the circumferential direction of the spiral casing, which is fur-
ther clearly demonstrated in Figure 4.22 and Figure 4.23, by visualizing the
stream-traces distribution and the velocity distribution in the different slices
of the spiral casing. The circumferentially uneven distribution in space of the
vortex around the guide-plate indicates the possible vortex precession in the

circumferential direction.
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(c) Slice-180 (d) Slice-270

Figure 4.21: Visualization of Vortex instabilities around the guide-plate: tur-
bulent kinetic energy distribution at different slices of the spiral casing
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:

(c) Slice-90 (d) Slice-135

Figure 4.22: Visualization of Vortex formation around the guide-plate: stream-
traces distribution(solid lines) and velocity distribution (dotted lines) at dif-
ferent slices of the spiral casing
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(c) Slice-270 (d) Distribution of slices in the spiral casing

Figure 4.23: (Continued) Visualization of Vortex instabilities around the
guide-plate: stream-traces distribution (solid lines) and velocity distribution
(dotted lines) at different slices of the spiral casing
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4.4 Comparative Analysis for Guide-Vane Open-
ings of 30° and 35°

As discussed in the Section 4.2, pressure fluctuations in the draft tube is rela-
tively less unstable for the guide-vane opening of 30° and 35°. The extremely
unstable helical vortex-rope does not emerge in these two operation conditions
for either case 1 and case 2, despite that for the opening of 30°, in case 1 (i.e.
without guide-plate) there is a very weak vortex-rope precession in the draft
tube inducing a negligible pressure-fluctuation component of 0.265 Hz. Fig-
ure 4.24 shows the P-T results and FFT results for the opening of 30°. Though
the strongest component in the draft tube for case 2 (i.e. with guide-plate)
has an even lower frequency of 0.15 Hz, but with a negligible amplitude. For
the opening of 35°, similar results obtained for case 2 as those shown in case
18, There are no strong pressure-fluctuations with the frequencies lower than
1.25 Hz being detected.

The strongest peak at 5.7 Hz measured from the prototype tests in
situ at load 540 MW — 542 MW is referred by all investigators as a special
frequency” because it has never been matched from their numerical studies
[11,79-82] as well as from this PhD study. This is very common situation for
FFT analysis of the pressure fluctuations on such a complex and large flow
system that any geometrical or operational condition discrepancies between the
simulation and the physical models will lead to one or two spikes not matching

among those many spikes of harmonics and super- and sub-harmonics. For our

6These results have already presented in Chapter 2, are not included here for the con-
ciseness.

"According to the experimental investigation, this special frequency only exists at the
head of 68.3 m; when the head exceeds 68.3 m, it disappears.
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case, this frequency is far above the targeted extremely low frequencies such
as 0.15 Hz, 0.26 Hz and 0.3 Hz etc. Therefore, it is a negligible discrepancy
for this study and is therefore ignored for this study. Of course the physical
mechanism behind this discrepancy needs to be further investigated in the

future studies®.

4.5 Concluding Remarks

The guide-plate causes an extremely low frequency component with high inten-
sity in the free stream identified from our numerical studies was not predicted
by the manufactures though it has been detected from the in situ measure-
ments. This 0.336 Hz component plays a significant role in promoting the
growth of K-mode instability and its early breakdown. This is exactly the
reason for examining the pressure variations particularly the low-frequency
spectrum in the free stream.

Li [1] firstly pointed out that the increased free-stream turbulence intro-
duced by the guide-plate structure should be a primary concern. The studies
have numerically verified:

(1) The addition of the guide-plate increases the free-stream turbulence
and particularly introduces a component of extremely low-frequency pressure-
fluctuation. This particular component is highly likely the one of the sources
entering the boundary-layer and promoting the growth of Klabenoff-streaks
and their transition, which in turn triggers the cavitation inception in the
boundary-layer of the guide vane;

(2) The guide-plate also significantly lowers the average static pressure

8Tt might be simply attributed to a particularly geometry discrepancy of the prototype
that has been tested in in situ
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in the free-stream near the lower surface of the guide vanes, contributing to
the promotion of the cavitation inception as well,

(3) The guide-plate is not guiding the flow into the turbine runner
smoothly but adding extremely low frequency fluctuations and preventing the

flow from entering the turbine smoothly.
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Chapter 5

New Vortex Structure Identified

In the previous chapter we have simulated the whole flow field in the proto-
type turbine, verifying that the device of guide-plate is mainly responsible for
a component of extremely low-frequency pressure-fluctuation of 0.336 Hz and
increases significantly the free-stream turbulence under partial-load operation
conditions. However, the information of the spectra about pressure fluctua-
tions only is not enough for a satisfactory understanding of the nature of this
component. Therefore, in order to find out the root of this problem, we have
investigated the details of the flow around the guide-plate and how it influ-
ences the whole-flow-field of the prototype turbine. Some interesting findings

will be presented here.

5.1 Preliminary knowledge

Some numerical techniques used for detecting and identifying the vortex struc-
ture induced by the addition of the guide-plate are briefly introduced in this

section.
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5.1.1 Vortex Detection Method

Modeling the swirling feature in flow field, commonly referred to as a vortex,
needs a generally acceptable definition of a vortex though precise definition
does not exist. Most of definitions are consistent with visual observations,
depicting a vortex in terms of closed or spiraling streamlines or path-lines,
local pressure minima, and iso-vorticity contours and surfaces. However, the
shortcoming is that spiraling streamlines or path-lines are obtained just for
an observer moving with the vortex to be identified (self-referential); And the
existence of a local pressure minimum is neither sufficient nor necessary con-
dition for guarantee the existence of a vortex, owing to unsteady irrotational
straining, which can create a pressure minimum in the absence of a vortex, and
viscous effects, which can eliminate the pressure minimum within a vortex.
Jiang et al. [95] presented an overview of nine existing detection methods
covering a widely range of relevant issues. The detection algorithm can be
classified based on how it defines a vortex, whether it is Galilean invariant,
and the local or global nature of its identification process. Vorticity tensor, as
a Galilean invariant quantity® expressing an average angular velocity of fluid
elements, is one of the most natural choices for a vortex identification criteria.
Here we just briefly introduce Ay method proposed by Jeong & Hussain (1995)
[96] which has been adopted for visualizing vortices in our research. This
method is based on the premise that a pressure minimum is not sufficient as
a detection criterion. To remove the interfering effects such as straining and
viscous effects, the velocity gradient tensor J is decomposed into its symmetric

part, the rate of deformation or strain-rate tensor S, and antisymmetric part,

i.e. independent of the translational velocity of an observer
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the spin tensor €2, and consider only the contribution from S? + Q2

I+ JT J—Jr
2 2

S (5.1)

They define a vortex as a connected region where S? + Q2 has two negative
eigenvalues. Because S2+? is real and symmetric, it has only real eigenvalues.
Let A1, Ay and A3 be the eigenvalues such that \; > Ay > A3. The A\, criterion
is: if

Ay < 0, (52)

i.e., Ay is negative at a point, then that point belongs to a vortex core. Com-
pared to other vortex detection methods [95], the effectiveness of the Ay crite-
rion is distinct. However, under conditions when several vortices exist, it can

be difficult for this method to distinguish individual vortices apart.

5.1.2 Visualization of Vortices

Methods used for visualizing vortices are closely related to the way in which
the vortices are identified. Generally, results produced by line-based algo-
rithms would be better visualized as line segments. While for those gener-
ated by region-type algorithms, visualization methods such as color-maps or
iso-surfaces are preferred. There are many techniques (manually or automat-
ically) used for verifying the accuracy of detected results. For example, one
popular technique is by seeding streamlines into the flow-field, the swirling
patterns of these streamlines that are generally associated with vortices can
be visualized directly. Another broadly used technique is by adopting the cut-

ting plane. The dataset is demonstrated on a sample slice by cutting plane
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along the commanded path, and the visualization method can be iso-contours
of a scalar quantity or line-integral convolution (LIC) of velocity vectors [97].

In our case, for visualizing vortices in 3-D flow, we adopt vortex-core
extraction technique in the post-processing applied by the software Tecplot
360 [98]. The default vortex-core extraction method is based on A, method,
extracting vortex cores which are depicted as lines. This algorithm then finds
lines that run through the center of the region of negative A\y. However, only
the extracted vortex cores cannot provide us enough information about vortex
size and thus pose difficulty in high-quality visualization. To solve these prob-
lems we can look at iso-surfaces? of )\ instead. It can be done in the software
by using specific equations to compute the symmetric and antisymmetric parts
of the velocity gradient tensor and the inclusion of an add-on to compute the
eigenvalues of a tensor [98]. The computation mainly involves the following
steps, that is:

i) Compute the velocity gradient tensor J;
ii) Compute S? 4+ Q? from the velocity gradient tensor;

(

(

(iii) Compute the eigenvalues of the new tensor of S% + Q?;

(iv) Compute the trace of S + Q% by summing three eigenvalues;
(

v) Turn on iso-surfaces, using EgnVal 2 as the iso-surface variable.

5.1.3 Characteristics of the Draft-Tube Flow in Part-

Load Francis Turbine

The geometrical complexities of Francis turbine together with the rotation of

the turbine runner provide an extremely complicated flow environment charac-

2In 3-D volume data, an iso-surface is the surface that has the same value of a variable
(the iso-surface variable).
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terized by various unsteadiness, large-scale vortices, intense turbulence break-
down, pockets of highly shear/reversal flow, collapsing cavitation bubbles, etc.
Even under optimum design condition, organized unsteadiness is still prevail-
ing throughout the whole flow field, as discussed in the former chapter, the

situation becomes especially pronounced in off-design operation.

Figure 5.1: Runner blade inlet, outlet flow velocity triangles: (a) optimum
condition (b) small guide vane angle (c) big guide vane angle [11]

Under certain off-design conditions, strongly unstable vortices may oc-
cur in the draft tube. Figure 5.1 schematically shows velocity triangles at both
the inlet and the outlet of runner for different opening angles. In part load
cases with the velocity triangles as shown in Figure 5.1 (b), there is an attack
angle® AB; = 1 — Bia > 0, here By, is the angle of blade leading edge. At the
runner exit, the absolute velocity V5 has a positive circumferential component
V5 cos ap caused by a flow with a positive attack angle passing through the
blade-blade channel to the exit. That means V,,, (= Vacosas) is in the same
direction as uy (the runner rotation direction). This positive V,, results in the
formation of a helical vortex rope in the draft tube at part load?, leading to

severe pressure pulsation that often threat the turbine’s operation and even

3That is, the attack angle AB; of the relative velocity Wi at inlet.
4Under 60% of the full load or so
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the safety of the whole power station. This spiral-type vortex rope is shown
in Figure 5.2 (a).

For the cases when the attack angle Ag; = 5, — f1, < 0, at the run-
ner exit, the absolute velocity V5 has a negative circumferential component
V3 cos ap caused by the flow of this negative attack angle flowing through the
blade-blade channel to the exit. That is, V,, (= Vacosasg) is in the reverse
direction as uy (the runner rotation direction). This negative V,,, results in an
onion-shaped vortex rope in the draft tube, as shown in Figure 5.2 (b), whose
spiral tails also cause pressure fluctuations with relatively smaller amplitudes,

therefore, sometimes named as vortex core.

Figure 5.2: Typical vortex ropes in the draft-tube cone of a Francis turbine
model, (photos taken at Harbin Electric Machinery Co. by Q. D. Cai) (a)
spiral-type vortex rope and (b) bubble-type vortex rope [11]

Generally speaking, for studying the draft-tube flow, one can simply

ignore the upstream disturbances and work on much simpler sole draft tube

flow. This is because the upstream disturbances to the draft-tube flow are on
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much smaller time scales® and do not resonate with the low-frequency modes
of vortex ropes [80]. However, this simplification cannot apply for our case.
Results in the former chapter have already shown that the unsteadiness caused
by the guide-plate are also dominated by low frequency motions, resonating
well with the vortex rope instabilities in the draft-tube, which will be further

convinced by more results in the following section.

5.2 Vortex Pattern in Turbine at Partial Load

5.2.1 Comparative analysis on vortex-rope pattern in

draft tube

In order to understand the physical mechanism of the vortex-rope formation,
firstly the flow unsteadiness of the swirling flow at partial load (i.e. Guide-vane
opening: 16°) can be demonstrated by some selected instantaneous stream-
traces distribution in the draft tube, along with the contours of pressure dis-
tribution (in color), referring to Figure 5.3. The runner blades are designed at
the optimal operating condition to rectify the rotating fluid® toward the axial
direction. But under off-design conditions, since the azimuthal velocity of the
flow at the guide vanes reduces while the runners rotational speed remains
the same. Inevitably, the flow downstream the runner acquires an azimuthal
velocity to form a swirl flow in the cone (draft tube).

From Figures 5.4 and 5.5, one can see how complicated the elbow flow
is. The reversed flow occurs in the core region of the swirling vortex, and the

forward streams go through the outer region. In the elbow space of middle and

%i.e., higher frequencies
6That is, to make it virtually swirl-free in the cone
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Figure 5.3: Vortex rope in the draft tube: stream-traces distribution (format:
volume rod, color indicate pressure contour) with guide-vane opening of 16°:
(a) case 1 ; (b) case 2
left part (from the view of readers), the low-speed, reversed flow contributes to
this chaotic flow pattern. And the forward stream is always concentrated on
the right part of the elbow (from the view of readers), rather than switching
back and forth among the three outlets as the vortex-rope spirals. Conse-
quently, almost the entire flow (mass flux) runs only through the right outlet
at high speed. In the previous experimental and numerical study by many
scholars [12,99], a similar uneven partition of the mass flux has been reported.
By comparing the swirling flow pattern in the cone for case 1 and case 2,
the swirling vorticity of vortex-rope precession for case 2 is even stronger with
a smaller radius of vortex-rope. Recall that the pressure-fluctuation frequency
component caused by vortex-rope for case 1 and case 2 is 0.67 Hz and 0.336 H z
respectively. It is supposed to see the vortex-rope precession for case 2 slower.
For further investigating this flow pattern in the draft tube, the vortex-rope

precession is thus visualized by vortex cores and EgnVal 2 iso-surfaces (\y
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(a) t = 143.68s (b) t = 145.28s (c) t =146.88s

Figure 5.4: Instantaneous streamlines at different time, pressure contours at
the inlet for case 1, Volume rods (color indicate pressure contour) indicate
forward streams and blue lines with arrowheads indicate reversed streams,
respectively. (Guide-vane opening of 16°)

(a) t = 143.68s (b) ¢ = 145.285 (c) t = 146.88s

Figure 5.5: Instantaneous streamlines at different time, pressure contours at
the inlet for case 2, Volume rods (color indicate pressure contour) indicate
forward streams and blue lines with arrowheads indicate reversed streams,
respectively. (Guide-vane opening of 16°)
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method).

Figure 5.6: Vortex rope in the draft tube for case 1 with guide-vane opening
of 16°: (a) vortex cores; (b) vortex-rope pattern

Figure 5.7: Vortex rope in the draft tube for case 2 with guide-vane opening
of 16°: (a) vortex cores; (b) vortex-rope pattern

Figure 5.6 (a) and Figure 5.7 (a) show the vortex cores in the draft
tube for case 1 and 2. Apart from the swirling flow in the core, the flow
downstream the cone is also very complicated consisting of unsteadiness, flow
separation and locally reversed flow (depends on the flow conditions) that all
have influences on the cone flow. The swirling flow pattern visualized by A,
method for both cases are clearly shown in the right-side figures. It presents
reasonably well vortex-rope formation under partial load (by comparing with
Figure 5.2 (a)) and Figure 5.9 predicted in previous numerical studies (without

guide-plate, similar to Casel) [12] while ignoring the unsteadiness in the elbow
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part (low strength vortex structures). This is also a validation of the Ay method

employed for this case.
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(a) t = 143.68s (b) t = 144.48s (c) t =145.28s
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(d) ¢ = 146.08s (e) t = 146.88s (f) t = 147.68s

Figure 5.8: Vortex-rope precession in the draft tube for case 1 changes with
time (Guide-vane opening of 16°)

In search for the periodic behavior of this swirling vortex-rope in the
draft tube, Figure 5.8 and Figure 5.10 compare the vortex-rope pattern mov-
ing with time for both cases. The same time points have been selected for
comparability. The total time slot is 4 s and with the time interval of 0.8 s
(100 computation steps) for each frame. It is noticeable that the period of the
swirling flow pattern for case 1 and case 2 is around 1.8 s and 3 s, correspond-
ing to frequency of 0.67 Hz and 0.336 Hz respectively. It agrees well with the

FFT results reported in the previous chapter.
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la) (b}

Figure 5.9: Vortex rope at part load by using the rational A-criteria: (a) t =
11.52; (b) t = 13.39 [12]

5.2.2 New vortex structure induced by guide-plate

For the case with guide-plate in spiral casing, the strong vorticity not only
occur in the draft-tube swirling flow. A new structure of vortex flow has been
identified from numerical studies. That is, an unsteady vortex ring firstly
appears around the guide-plate as shown by Figure 5.11. It again proves the
prediction that the addition of guide-plate induces unstable large vortex struc-
ture in the free-stream flow. As already discussed in the previous chapter, the
space distribution of these vortices changes along the circumferential direction
of the spiral case. Figure 5.11 (a) shows the entire guide-plate surrounded
by the ring-shape vortex structure that has thus advanced the formation of
strong vorticity well before the runner. In Figure 5.11 (b), apart from the
vortex ring around the guide-plate, commonly known vortices are also shown
such as blade-blade vortex in the stay vanes and guide vanes and the strong

swirling flow at the outlet of runner by Ay method.
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(a) t = 143.68s (b) t = 144.48s (c) t =145.28s

(d) t = 146.08s (e) t = 146.88s (f) t = 147.68s

Figure 5.10: Vortex-rope precession in the draft tube for case 2 changes with
time (Guide-vane opening of 16°)
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Figure 5.11: Vortex in spiral case for case 2 with guide-vane opening of 16°:
(a) vortex cores; (b) vortex-ring pattern

For cases under different operation conditions, the detailed structure of
this vortex ring is very different. For 35° it consists of many small vortices,
like a complete vortex-ring breaking into small pieces shown in Figure 5.12.
Whereas for 16°, it is almost a complete ring around the guide-plate. This
structure difference is attributed to the difference of main flow in the spiral-
case for 16° and 35° guide-vane openings. The fact of broken small pieces
of vortices in the ring for the opening of 35° explains well the reason why
the addition of guide-plate produces less low-frequency components whereas

promotes more high-frequency components in contrast to the opening of 16°7.

5.2.3 Vortex interaction

Figure 5.13 shows the vortex cores and other unsteady vortices in the whole

flow field for case 2 with guide-vane opening of 30°. It should be noticed

"Note: The frequency of pressure-fluctuation varies inversely with the scale of vortex.
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Figure 5.13: Vortex in the whole flow passage for case 2 with guide-vane
opening of 30°: (a) vortex cores; (b) vortex pattern

that the vortex cores of vortex-ring in the spiral casing are connected® with
the vortex cores of vortex-rope in draft tube while for case 1 there are no
vortex cores existing before the runner blade-blade passage. This reflects the
interaction mechanism between these vortex structures in different parts of
whole turbine passage. That is, they act together, forming an extremely large
and complicated structure of vortex possessing the entire flow passage of the

turbine. The two vortex-structures (i.e. both the vortex-ring at the guide-

8This connection is established through the runner blade-blade vortices. A typical case
is shown in Figure 5.11 (b).
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plate and the vortex-rope in the draft-tube) have been connected through the
vortex structure in the runner as a single giant and complex vortex-structure
throughout the whole passage as shown in Figure 5.13 (b). Such an extremely
large-scale and unsteady structure is thus for the first time identified from this

PhD programme.

1

Pressure side -
Suction side
Vortices by

separation
_~— Shroud Band
_~High cavitation
Vortex line —— intensity

Figure 5.14: (a) Runner induced vortices; (b) Vortex line at low head [13]

Along the vortex cores from the spiral casing extending to the draft
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tube, vortex patterns in different component are shown in Figure 5.15. It

Figure 5.15: Vortex pattern for case 2 with guide-vane opening of 30° in (a)
spiral case; (b) stay vanes and guide vanes; (¢) runner; (d) draft tube

makes us easier to visualize that the ring-shape vortex structure in the spi-
ral casing moves and precesses with the flow periodically, and breaking into
smaller pieces of vortices while entering the blade-blade passages of stay vane

and guide vane. More vortices produced by the moving runner? and a swirling

9Runner induced vortices is a well-known phenomenon. A typical case for Francis turbine
operating at off design is skeptically presented by Figure 5.14 [13].
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flow formed at the outlet of runner, enters into the cone region, through the
complicated self and mutual inductions, eventually leading to a highly unstable
swirling vortex-rope precession in the draft tube.

Figure 5.16 presents the dynamic behavior of this united vortex-structure
throughout the whole flow field moving with time under the operation con-
dition of 30° opening. The total time slot is 12.8 s with the time interval of
1.6 s (200 computation steps).

By comparing this vortex-rope with the case of 16°, referring to Fig-
ure 5.10, their vortex-rope formations are very different. For the case of 30°,
the orientation is much less organized than that of 16°, which is well orga-
nized with a stronger vortex-core rotating (precessing) uniformly. The nine
frames almost elapse two periods, the vortex-rope precession swirls with time
while its radius and orientation change dramatically. The vortex ring in the
spiral casing also contributes to this dynamic behavior that has a character-
istic time T of approximate 6.6 s. Consequently, this large unsteady vortex
structure occupying the whole system will thus induce an even lower frequency
pressure-fluctuation component (0.15 Hz) than the 0.265 Hz induced by the
vortex-rope in the draft-tube for case 1. However, their amplitudes are all

much smaller than that of 0.336 Hz for case 2 at 16°.

5.3 Vortex Pattern in Turbine With Guide-
Vane Opening of 35°

Figure 5.17 shows the calculated vortex pattern in the whole flow passage for

case 2 at the opening of 35°. In contrary to cases with guide-vane opening of
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(c) t =89.12s

(g) t = 95.52s (h) t = 97.12s (i) t = 98.72s

Figure 5.16: Vortex precession in the whole flow field for case 2 (Guide-vane
opening of 30°)
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16° and 30°, at the opening of 35°, owing to the operation condition close to
the optimum the flow in the draft-tube does not have a spiral vortex rope but
a weak and nearly steady vortex-core. This feature has also been predicted
by previous studies [12], referring to Figure 5.18. The flow quasi-steadiness
indicated by the vortex pattern in the draft tube for case 1 has already been
analyzed in the previous chapter. Even for the case with guide-plate, since
V., at runner outlet is very small, the formation of a helical vortex rope in
the draft tube is no longer the case. Therefore, although the ring-shape vortex
structures still exists and affects the flow pattern throughout the whole turbine
passage, without the swirling vortex-rope in the draft tube, a giant and single
vortex-structure starting from the spiral casing extending to the draft tube
is not possible to be formed, leaving virtually no difference on the pressure-
fluctuation within the low-frequency range of the spectrum for case 1 and case
2. This physical mechanism explains well why case 2 (with guide-plate) didn’t
show pressure-fluctuation frequency lower than 1.25 Hz when operating at the

opening of 35° in the previous FFT analysis.

O

T

Figure 5.17: (a) Vortex cores; (b) Vortex pattern in the whole flow passage of
turbine at the opening of 35°
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(a) (b)

Figure 5.18: Vortex rope at full load by using the rational A-criteria: (a) t =
2.13; (b) t = 2.66 [12]

5.4 Solutions to the problem

The formation of a vortex-ring structure around the guide-plate has been for
the first time identified. Investigations indicate that it interacts with other vor-
tices, contributing to the formation of an extremely large-scale and very unsta-
ble vortex structure throughout the whole turbine system. It is responsible for
the extremely low-frequency of 0.336 Hz with the highest amplitude induced
in the whole passage under partial-load operation conditions (e.g. 16°), and for
the other and even lower frequency pressure fluctuations at lower amplitudes
at other partial-load conditions. This particular frequency of 0.336 H z is even
lower than the traditionally primary unsteady sources of the vortex rope in
the draft-tube. It thus imposes a significant threat to the hydraulic instabil-
ity of the system. The introduction of the so-called device of guide-plate for

reducing the unit size is therefore not justified because it indeed is harmful to
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the turbine system in particular during the partial-load operation.

This guide-plate device has now been redesigned or simply removed from
the Three Gorges turbines at the right-power plant following the advice given
by Li in 2006 [1]. However, for the high and medium specific speed turbine-
generator units, spiral casing is often the crucial component that determines
the overall size of plant. Therefore, the size reduction of spiral casing has
a significant impact on the hydro scheme’s economic feasibility. This is why
manufacturers thus take high risks to reduce the size of spiral casing in order to
win the bidding. The idea of using guide plate, which has already experienced
a torn-off accident within one year since commissioned at the left power house
of the Three Gorges project, is further scrutinized with negative results in our
study. The feasibilities of employing oval cross-section spiral casing for the
size reduction was suggested!?. This suggestion has been employed in the new
turbines designed for Xi Luo Du power station by Hydro Power Generation of
Voith-Siemens in late 2008. And, the newly designed turbines for large hydro
projects in China are all following these trends, modifying their designs as
well. Some results will be presented later.

Apart from the redesign of the spiral casing, the key problem caus-
ing this global instability is this united giant vortex structure in the whole
flow passage of the turbine. The flow upstream the cone will affect the cone
flow significantly, especially under part-load operation condition. The swirling
flow in the cone is absolutely unstable, leading to a strong and robust he-
lical vortex-rope as the source of severe low-frequency pressure fluctuations,

and the addition of this guide-plate worsens this situation extremely. Since

10Tn the March of 2006, Prof Li has made a suggestion to the M & E department of
CTGPC about the novel idea.
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Figure 5.19: Pressure fluctuations of the controlled flow by jet injection: (a)
and (b) are the pressure fluctuations on six check points, whose locations are

marked in (c) [12]
operation under part-load condition is inevitable for hydro power generation,
eliminating and/or mitigating the vortex rope is a feasible strategy for the
suppression of pressure surges. Many investigations have been conducted by
focusing on the control of the reversed axial flow through various means, e.g.,
referring to Figures 5.19 and 5.20 [12].

For a Francis turbine, if vibration occurs in the middle range of the
load, three mitigating methods can be employed in engineering practice [11].

(a) Avoid operating within the zone where excessive vibration occurs. In
this case, no corrective action is required. However, the flexibility of operation
in an integrated grid system is limited;

(b) Inject air below the runner. Air admission will suppress the upward
surges in draft tube, reducing vibration [100, 101];

(c¢) Modify the shape of the trailing edge of the runner blades. This is
often the best method, yet it is more time-consuming. Furthermore, it has to

be carried out by an expert hand otherwise it may aggravate the problem.
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Figure 5.20: Isosurfaces of A of the controlled flow by jet injection. Starting
from the onset of control, the dimensionless times in (a)-(f) are t=0, 3.60, 5.04,
7.92, 12.25, and 32.4, respectively. [12]
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Chapter 6

Conclusion and Future Work

As the first-step development of proving Li’s hypothesis, the motivation of
this PhD programme is to verify that the wrongly designed guide-plate for
the Three Gorges turbines of the left-power plant has increased the level of
free-stream turbulence, particularly components of the gust-like low-frequency

pressure-fluctuations.

6.1 Achievements

The main achievements from the PhD programme as presented in this thesis
can be concluded as follows:

(1) A 3-D flow investigation of the prototype turbine is essential for
providing a complete information in this research. Geometric turbine model
has been built based on the actual parameters of prototype turbine with some
necessary simplifications. As the first step of such a thorough investigation,
numerical simulations have been performed to obtain the main flow features

in the whole turbine passage with more detailed analysis on the free-stream
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pressure-fluctuations near the lower surface of guide vanes. The unsteady flow
characteristics, especially the pressure fluctuations of low-frequency spectrum
have been studied that significantly alternate the turbulence intensities and
spectrum in the free-stream flow.

(2) The studies have numerically verified that the addition of guide-
plate increases the free-stream turbulence level and particularly contributes to
the occurrence of a strongest component of extremely low-frequency pressure-
fluctuation (i.e. the 0.336 Hz for the case 2 with the opening of 16°); while for
the comparable case (without guide-plate) the strongest pressure-fluctuation
component is weaker with higher frequency (i.e., 0.67 Hz) owing to the com-
monly known vortex rope in the draft-tube. For another part-load operation
condition (i.e., the guide-vane opening: 30°), the strongest pressure-fluctuation
frequency in the draft tube for case 2 (with guide-plate) is 0.15 Hz while for
case 1 (without guide-plate) it is 0.265 Hz but with much smaller ampli-
tudes. The addition of guide-plate induces extra unsteadiness with gust-like
low-frequency at part-load condition that is even stronger than the most ‘pow-
erful” unsteady sources caused solely by the helical vortex-rope in the draft
tube. These low-frequency fluctuations readily transmit throughout the en-
tire flow passage of the turbine. Our calculation results agree well with the
measured data particularly at guide-vane opening of 16° for this dominant
low-frequency (i.e. 0.31 Hz) fluctuation component. It is very likely that this
particular component is one of the sources entering the boundary-layer and
promoting the growth of Klabenoff-streaks and their transition, which in turn
triggers the cavitation inception in the boundary-layer of the guide vane.

(3) The studies have for the first time identified an extremely large-scale

and single united unsteady vortex structure occupying the whole flow passage
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of a Francis turbine. Firstly a vortex-ring structure around the guide-plate
has been numerically spotted and visualized; through the connection of the
vortices in the stay-vane and guide-vane channels and the runner channels it
further interacts with the helical vortex-rope in the draft tube at part-load
conditions, forming such an united giant vortex. This extremely large-scale
vortex structure is thus responsible for the components of low-frequencies (i.e.,
0.336 Hz for 16°, 0.15 Hz for 30°) identified from this PhD programme for
two part-load operation conditions. It is not only responsible (in our opinion)
for the cavitation inception and damage on the guide vane but also imposes a
significant hydraulic instability on the hydro-electric units, even possible risks
to the stability of the whole national grid. Figure 6.1 summarizes this first
verification of Li’s Hypothesis, from which we can clearly see how this wrongly

designed guide-plate device increases the free-stream turbulence level.

Guide-plate device How affecting? Free-stream turbulence ‘
Connecting with other

Guide-plate < Vortex ring vortex structures Vgrtlces in stay vaﬁ\
device "] in spiral case | guide vane, runner and
the vortex-rope in draft

tube during partial-load

A

Forming a new
structure

Alarge, highly unstable
vortex structure

Inherent characteristics

A dominant extremely low-
frequency (0.336Hz) component

Significantly alternating &
intensifyin,

Free-stream turbulence

Figure 6.1: Conceptual sketch of the first element verification of Li’s Hypoth-
esis

137



(4) The study has successfully proven that the guide-plate device is
harmful, especially for partial-load operation. It is not guiding the flow into the
turbine runner smoothly but adding extremely low-frequency fluctuations and
preventing the flow from entering the turbine smoothly. Also, it significantly
lowers the average static pressure in the free-stream near the lower surface
of the guide vanes, contributing to the promotion of cavitation inception as
well. The results from this study have pointed out that the flow upstream
the cone could affect the cone flow significantly, especially under part-load
condition. Since the study initiated by Li in 2006 and followed by this PhD
programme, it has become one of focal issue attracting the attentions from
academic circle, manufacturing sectors and utility companies. Following the
advice and outcomes from this study, these guide-plates have been completely
removed from the units in the right-power plant of the Three Gorges project.
And for new turbine designs, modifications have been done accordingly for

huge hydro schemes such as WuDongDe and XiL.uoDu, etc.

6.2 Future Work

Having successfully verified the first element of Li’s Hypothesis, a full inves-
tigation! across multi-disciplinary subjects is to be carried out according to
the suggestions proposed by Li [1]. Long-term commitment is necessary, in
particular by experiment investigation to re-create this cavitation inception in

the boundary-layer triggered by the K-mode breakdown.

'Motivating by Li’s initial report on the discovery of this highly multi-disciplinary sub-
ject, investigations of measuring the temperature encountered by such possible hydrody-
namic cavitation is already performed in Europe.
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6.2.1 Proposed project: Cavitation inception control

Further verifying the hypothesis requires the recreation of this phenomenon
under controllable conditions for thorough investigations. Such an experiment
set-up is being carefully devised and conducted in the tunnel of the Warwicks
cavitation lab. The test section is made transparent, enabling direct observa-

tion of the behavior of cavitation bubbles, as shown in Figure 6.2.

Figure 6.2: Test section of the Cavitation Rig

The parameters governing the inception process are extremely crucial
for understanding its mechanism and reducing a correlation ship of this cavi-
tation with flow conditions. However, the governing factors and their combi-
nations are very complex and could lead to one or combination of (cavitation)
inceptions. It would become a great challenge to maintain the occurred and

required type of cavitation very stably within an allowed range under varying
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circumstance (perturbations) through controlling those governing factors.

Based on the findings in the PhD programme, the future research will
target on the control mechanism of cavitation inception and subsequent types
by building the experiment platform on the existing cavitation tunnel and con-
ducting various experiment tests combined with numerical investigations. The
frontier control theories and novel device will be adopted to realize the compli-
cated and delicate control of cavitation inception. Furthermore, by using the
modern control theories, the characteristics of the control target (i.e. the gov-
erning factors together with the flow system) can be identified quantitatively,
thus clarifying the influences of individual variables on the inception of indi-
vidual type of cavitation and their stable range. This will help to optimize the
control by a methodical exploration of the available parameter space, making
the control more accurate and stable. In turn, it will form a complementary
approach from the control viewpoint to solve the elusive (challenging) area left
by many fluid dynamic studies nowadays.

Once realizing the recreation of cavitation inception, it has to be closely
examined if the turbulent spots concise with the cavitation inception. The
initial experimental /numerical studies could be carried out on a flat-plate to
acquire the information that how the streaks grow and breakdown under the
influences from the free-stream low-frequency turbulences and the possibilities
of inducing cavitation inception. With the information obtained from flat-
plate, we may able to predict the trends about the streak formation, growth,
interaction with T-S waves and breakdown on hydrofoil. Therefore, experi-
ments on prototype turbine could be designed and conducted more effectively
and predictably. It is essential to further examine if the stream-wise position

and the span-wise variation of the breakdown (especially, the turbulent spot)
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does comply with the observed pattern of damage strips.

This future research is very challenging and highly multidisciplinary but
feasible and meaningful. It will for the first time in the history bring together
these two disciplines to solve the long lasting challenge in fluid mechanics by
applying artificial control to cavitation inception. It is anticipated that new
knowledge and technology to be obtained will be of great importance to both
the obvious academic development mentioned above and the industrial sectors
worldwide such as turbo-machinery and high-speed cavitating marine crafts

etc., and will make economical and social impact.

6.2.2 Remarks on Possible Difficulties

Initial designs and trial tests are already on the way. However, there are several
issues need careful considerations.

(1) The choice of flow visualization method

Precise near-wall measurement is a challenge for quantitatively cap-
turing two extremely elusive phenomena within the boundary layer: streaks
break-down and cavitation inception. In order to capture this dynamic pro-
cess happening in a very short time period, the use of high-speed camera with
high resolution is essential. Hydrogen-bubble technique and PIV (Particle-
Image Velocimetry) are commonly useful tools for flow visualization, however
both of them are not non-intrusive for cavitation detection because neither
the hydrogen-bubbles nor the reflective particles are real 'non-intrusion’ for
the cavitated flow. The use of each of them will confuse us with detecting
the nucleating bubbles, or inevitably change the nature of cavitation incep-

tion itself. Therefore novel experimental techniques should be sought for this
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extremely complicated problem.

(2) Limits on numerical techniques

Owing to the highly nonlinear nature of the dynamic process from the
streaks breakdown to the turbulent spot formation, no numerical techniques
(including DNS approach) can reproduce this whole process yet. However for
the first half process of transition, the recently proposed scenario by Lee [23]
provides a good opportunity to solve the near-wall transition problem, that is,
one can only focus on a single flow structure called SCS and its time evolution
to a long streak and breakdown. DNS approach is thus suggested for this
physical model.

(3) How to introduce an extremely low-frequency disturbance into wall-
bounded flow

All possible disturbances should be strictly controlled, such as pres-
sure and temperature, etc. Besides, the design should be sensitive enough
in responding to an extremely low-frequency disturbance introduced into the
leading edge flow in order to advance the transition and sequentially to facil-
itate the cavitation inception. Further site experiments on the prototype will

be necessary for verifying these numerical and experimental results.

6.2.3 Other Studies

Apart from above, other necessary studies should be done in the future work:
Laboratory study on the characteristics of this material damage is neces-
sary for understanding the heating phenomenon/mechanism associated, which

has never been studied before?. Theoretically, some unsolved theories of tran-

2Some trial tests on this have already been carried out recently by European scientist
inspired by this research programme.
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sition in wall-bounded flow (e.g., length and time scales of turbulence and
scaling laws etc.) needs to be thoroughly investigated which is especially im-
portant for the development of huge turbines. Compared with small-scale
turbines, the much higher Reynolds numbers of large turbines for free-stream
flow and boundary-layer flow make the turbine is more vulnerable to this type
of cavitation®. Therefore, for large turbines, while scaling cavitation data from
model to prototype, the scaling effect due to the boundary-layer property dif-
ference must be investigated thoroughly and considered properly. Therefore,
long-term efforts are needed to combat these problems. Furthermore, funda-
mental research as well as the development of novel design and manufacturing
concepts should be a priority. Aiming to improve/replace the old design, novel
design of elliptical spiral-casing model is being further developed for size re-
duction but better performance. A new wave of modifications to this part of
turbines is already underway though a full understanding of this phenomenon
is far from achieved yet.

In short, these findings pose new challenges but also provide new op-
portunities for the development of huge turbines as well as the advance of

fundamental knowledge.

3For details, refer to [1].
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Appendix A

Timetable of Events

Table A.1: Timetable of events on investigating this new type of cavitation.

Time \ Events
Jun 2003-Sep 2005 | 14 units in the left-powerhouse commissioned successfully.
14 Oct 2005 Darpage ﬁrst‘ly' found on 11F turbine mCld('entally
during examining & repairing damaged guide-plate.
Similar damage detected on 9F and other turbines
11 Dec 2005 (e.g. 5F and 6F).
27 Dec 2005 Similar damage detected on 10F turbine.

12-14 Mar 2006

This strange damage caught great attention from CTGPC
authority. An inconclusive meeting at the Three Gorges site
attended by research engineers, university academics and
manufacturer representatives because of unknown damage never
reported in the world literature, puzzling professionals.

19 Mar 2006

Prof Shengcai Li of Warwick University called by the

Three Gorges authority, inspecting 11F turbine,

in particular the representative No. 4 guide vane.

Having searched for possible mechanism, Li diagnosed

the problem: cavitation inception stems from boundary-layer
instabilities.
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Table A.2: (Continued) Timetable of events on investigating this new type of

cavitation.

Time \ Events
In the presentation given in-situ, against all suggestions
including those from the manufacturers [4], Li proposed
a new type of cavitation (damage) possibly triggered by

19 Mar 2006 boundary-layer transition. This conceptual idea further
developed into a hypothesis in late 2006 and presented
by Li for the first time, and here named after him.
Li’s seminar at Peking University received positive

28 Mar 2006 responses from academics working on flow-transition
in boundary-layer.

99 Mar 2006 Presentation and discussion with specialists at China

National Research Institute of Hydro Power, Beijing.

27-29 Oct 2006

Li’s plenary speech at 1st International Conference on
Hydropower Technology & Key Equipment, revealing
his findings by giving a systematic description of its
features and a convincing hypothesis. The first paper
(Ref [1]) on Li’s Hypothesis (Appendix B).

Journal paper “A new type of cavitation damage triggered

2007 by boundary-layer turbulent production” published (Ref [14]).
Under Prof Shengcai Li’s supervision, this PhD project under
Oct 2008 taken by Miss Chen started, aiming at verifying Li’s

Hypothesis step by step.

22-23 Oct 2009

Presentation “Cavitation (damage) Strips with Span-wise
Regularity Identified from Three Gorges Turbines” (Ref [3])
at IEEE "Electrical Power and Energy Conference’, Canada,

26-27 May 2011

Presentation “Cavitation (Damage) Strips with Span-wise
Regularity Caused by Cavitation: Observation and Envisaged
Mechanism”, SHF Conference on Cavitation and Hydraulic
Machines, Lausanne, Switzerland (Ref [16]).

Jun 2011

Journal paper “Numerical investigation of guide-plate induced
pressure fluctuations on guide vanes of Three Gorges turbines”
published (Appendix C). The first paper on the verification of
Li’'s Hypothesis (Ref [10]).

14-16 Aug 2012

Presentation “Cavitation (Damage) Strips with Span-wise
Regularity Caused by Cavitation (Observation and Envisaged
Mechanism)”, the 8th Int. Symposium on Cavitation,
Singapore (Ref [2]).
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Appendix B

Li’s first paper on this new type

of cavitation
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The Ist International Conference on Hydropower Technology & Key Equipment 2006
27-29 Oct 2006 Beijing
Plenary Lecture

CHALLENGE TO MODERN TURBINE TECHNOLOGIES
Analysis of Damage to Guide Vane Surface of Three Gorge Turbines

S.C. Li
Fluid Dynamics Research Centre, Warwick University
Coventry CV4 7AL, UK
S.Li@warwick.ac.uk
ABSTRACT

The Francis turbines (710 MW) of the Three Gorge Project are the world largest and even larger ones
(1000MW) are to be developed for schemes on the upstream of the Yangtze River in China. The 14 units
installed in the left-powerhouse have been all commissioned successfully during the period from June 2003 to
September 2005, functioning as expected. However, all these turbines supplied by world leading manufacturers
have developed a pattern of damage mainly on the guide-vanes, which is virtually span-wise dependent stream-
wise strips. This type of damage has never been reported before. Is it an isolated issue or a fundamental
phenomenon/challenge to huge turbines? Brief description of the damage is presented, together with analysis of
possible causes. The preliminary study suggests that this is a phenomenon not fully understood yet, and it is a
type of cavitation erosion induced by boundary layer turbulent spots. In other words, the turbulent spots serve as
the cavitation inception points causing damage and then the damaged spots subsequently induce further
cavitation and damage downstream. Thus a dynamic process forms producing these damage strips. According to
the multidisciplinary nature of the phenomenon, the discussion presented in this article is developed from a
wide view angle of metallurgical science as well as cavitation inception in boundary layer. It is emphasized that
this is a new challenge to huge turbines. Further studies on both the fundamental mechanism of the damage and
the novel turbine-design are essential for developing huge turbine.

1. INTRODUCTION

The turbines developed for the Three Gorge Project are the world largest Francis turbines in terms of their
power (710 MW) and geometric dimensions (9800 mm of runner diameter). The 14 units installed in the left-
powerhouse have been all commissioned successfully during the period from June 2003 to September 2005,
generating electricity normally.

The damage was firstly found on the Number 11 turbine (‘11F’ will be used in the article, following the
abbreviation employed at the Three Gorge Power Station) incidentally on 14™ October 2005 (operated for
10,245.78 hours) when examining/repairing the damaged guide plate'. Later on similar damages were found on
10F on 27" December 2005 (11924.55 hours), on 9F on 11™ December 2005 (2328.41 hours) and other units
(e.g. 5F and 6F etc). The 14 machines in the left-powerhouse are supplied by two consortiums (Alstom + HEC,
GE + Voith Siemens + DFEM) [31].

The significance of the Three Gorge Project itself is obvious in terms of technology development,
economic-social-environmental effects. Further 12 similar turbines, in the right-powerhouse are being installed,
and 6 additional similar machines in the underground-powerhouse will be purchased soon. Other hydro projects
employing similar scale turbines are being developed by the China Yangtze Three Gorge Project Development
Cooperation (CTGPC). For example, 18 turbines of 770 MW each for Xiluodu Project and 8 turbines of 750
MW each for Xiangjiaba are to be purchased late this year; 18 turbines of 825 MW each for Baihetan project
and 10 units of 700 MW each for Wudongde project are at the feasibility study stage, total about 90 turbines. It
is also under consideration to develop 1,000 MW turbine-generator units for hydro schemes. Under such a
strategy for hydropower development, these damages, although their impact on the machine operation is

" A device employed on turbines for the first time. It will be discussed later.
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insignificant’, does catch the great attention from the top management team of CTGPC, and needs to be
thoroughly investigated.

Questions immediately arise: (1) Is this a new phenomenon happened particularly to extremely large
turbines? (2) Should new technologies be sought & developed for combating this problem? A special meeting
was thus held at the Three Gorge site from 12 to 14 March 2006, attended by research engineers, university
academics and manufacturer representatives. A few days later (19" March 2006), the author inspected the
damages on 11F unit, in particular the damage on the representative No 4 guide vane. As an initial report of the
in situ inspection, this article is thus also presented to the 1st International Conference on Hydropower
Technology & Key Equipment 2006 for promoting further research in this direction. The outcome would benefit
not only the power industry but also the advance of scientific knowledge in general.

2. BASIC INFORMATION
The powerhouse is shown by the model in Figure 1, and the specifications of the 11F turbine are as follows:

* Rated power 710 MW ¢ Max head 113.0 m
* Max efficiency guaranteed, 96.26% * Rated speed 75 rpm
* Rated head 80.6 m * Run away speed <150 rpm

¢  Minhead 61.0 m

Figure 1 Cross-section of Three Gorge Plant model (Courtesy Figure 2 Expected prototype performance hill-chart for 11F by
of Harbin Electric Works) the supplier

The performance curve is shown by . For most times, the 11F unit has been operating under low head
conditions (around and below 70 m).

3. DAMAGE OBSERVED

3.1 NO4 GUIDE VANE (11F)

The damage observed on the Number 4 guide vane of 11F turbine is representative for this particular pattern
of damage. The guide vane is a positively curved hydrofoil as shown in Figure 3. The turbine has total 24 guide
vanes and 24 stay vanes, referring to Figure 4.

? They do not require an immediate rectification/repairing at this stage because the damage does not affect the safety and effectiveness of operation.

2
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Figure 3 No 4 guide vane

Figure 4 Plan view of 11F turbine

3.2 FEATURES

The damages occur only on the foil’s lower surface® in the form of horizontal strips, starting from the
favorable pressure gradient (FPG) zone extending into adverse pressure gradient (APG) zone as shown by
Figure 5. The depth of most damaged area is much less than 1 mm fully covered by corroded rough surface as
shown by Figure 8. Heated tail on damaged surface is observed (red-circled in Figure 8), which is another
common feature. Figure 9 shows heated area at joints. However, it puzzles that the circled one (in Figure 9) is
not similar to others that appear approximately at the main flow direction. This heated feature is also observed
on other machines, e.g. photos from 9F are shown by Figure 7 and Figure 9. These damaged strips are
approximately in the direction of flow there. Another feature is the wedged head which almost always presents*.
Typical one is shown in Figure 10.

The damaged strips are distributed in span-wise, showing regularities, referring to Figure 5, with average
span-wise spacing, )\:m.p(= 0.100m) .
4 ANALYSIS AND CONSIDERATIONS

Such damages on the guide vane have not been reported before. In order to facilitate a thorough
investigation, based on the information gathered through the in situ inspection, a preliminary analysis and
considerations are presented herewith.

Among all possible factors, cavitation damage needs to be considered firstly although the observed damage
appearance does not comply with conventional cavitation damages often observed on Francis turbines.
However, following factors based on the considerations of both metallurgical and fluid dynamic sciences
strongly suggest the possible cause of cavitation.

4.1 METALLURGICAL CONSIDERATIONS

4.1.1 HEATED TAIL

* Here, the lower surface refers to the pressure side of a foil if the angle of attack is positive as conventionally defined in aerofoil aerodynamics.
* The heads of No 1 & 18 has been sanded off by the representative of the manufacturer during the in sifu meeting 12-14 March 2006.

3
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Figure 8 Damaged surface

Figure 5 Damages on the lower surface on all guide vanes
showing nearly the same pattern

Figure 10 A representative damage-strip showing wedged
head

Figure 7 Heated tail on the guide vane (9F)
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The observed heated (blue and other) colour zone at the
tails of the damaged areas suggests that this zone has
encountered a temperature of 250°C-600°C (termed as
‘bluing’ in heat-treatment®). As far as we know, the only
hydrodynamic mechanism involved in Francis turbines that is
able to provide/generate temperature at or above this range is
cavitation. The experimentally proven temperature that a
collapsing single bubble could generate is about
6000°C - 7000°C °. One may argue: ‘why the damage
compared with those often observed in Francis turbines, in
particular those made of low-alloy steels before 1980’s, are
very different’. The following may provides the answer.

Figure 11 Typical sponge-like erosion pattern caused by
a leading-edge cavitation attack (4000 hour operation) [18]

Typical cavitation damage is featured by sponge-like deep erosion, such as shown by Figure 11. Nowadays,
materials with better cavitation resistance are used such as the martensitic stainless steel (containing 13% Cr
and 4% Ni or 17% Cr and 7% Ni) replacing the low-Mn steel for fabricating machines. The material used for
11F is X3CrNiMo13-4 (EN-1088), which is close or equivalent to CA6MN (12.9% Cr, 4% Ni and 0.04% C), a
commonly used martensitic stainless for turbine fabrications [20]. Whereas the striking force (i.e. cavitation
attack) in this case is relatively weak owing to both the high overall pressure in the guide vane passage and the
mechanism of cavitation’. The existence of this heated zone itself may also evidence a relative weak cavitation
attack on a relatively high cavitation-resistance material. Why? We may put this argument in such a way:
heating effect always presents during cavitation attack, but if damage rate is high, the heated portion of material
is removed immediately/simultaneously by bubble strikes. Therefore, we can not see the heated zone
afterwards. The heated part of material may remain to be seen if the cavitation erosion rate is low. The very low
erosion rate (much less than 1 mm over 10,000 hours) of the damage in this case is consistence with the
hypothesis proposed here.

4.1.2 CORROSION APPEARANCE

The existence of corrosion on all damaged area combined with the fact of very shallow damage depth
(actually touch feeling only) readily tempts one to think that corrosion is the underlying cause responsible for
the damage observed as some comments made at the meetings [21]. From the author’s opinion, it might be more
appropriate to assume the corrosion is a consequence of cavitation damage. The following arguments may
provide clues for clearing the cloud over the nature of the corrosion appearance.

The material is a martensitic S S as suggested by its brand which is roughly equivalent® to CA6MN
indicated by ‘W in the Schaeffler diagram, referring to Figure 12.

It is well-known, for austenite S S, sensitisation is a phenomenon of heat effect that causes inter-granular
corrosion and is a wide spread problem. The stainless character of stainless steels occurs when the concentration
of chromium exceeds about 12 wt%. When an austenite S S is exposed to a temperature range between 620° C to
676" C, subject to exposure-time as well as its own composition, the carbon will diffuse towards the grain
boundaries where the high concentration of carbon ties up the chromium by forming chromium carbides M,,C; at
grain boundaries, which leaves a zone of chromium depletion (below 12%) in the immediate area around the

* A simple heat-treatment method that coats steels with a thin, even film of coloured oxide from bluish-black to purple brown shade, obtained by
exposure to an atmosphere of dry steam or air, at certain temperature subject to the material as well as the colour. A typical case of coating sheets
with a thin, even film of bluish-black oxide is obtained by exposure to an atmosphere of dry steam or air, at a temperature of about 1000’ F (538" C )
done during box-annealing [29].

¢ Comparison with black body’s spectra gives the temperature values, subject to bubble size, content and external pressure fields. Collapse of multi-
bubble cloud can generate even higher temperature owing to bubble-bubble interaction.

7 The mechanism will be addressed later.

¥ Accurate and detail analysis of chemical composition and metallurgical structures needs to be done.
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grain boundary making this area less corrosion resistant than the bulk material and resulting in inter-granular
corrosion. Such typical corrosion (on 304) is shown in Figure 13. The mechanism of sensitisation is
conceptually shown by Figure 14.
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Figure 12 Schaeffler diagram [25] Figure 13 Grain decohesion due to intergranular corrosion
(28]
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Figure 14 Conceptual sketch of sensitisation. (a) Chromium depleted zone susceptible to inter-granular corrosion (b) Chromium
distribution across grain boundary [30].

Most publications concerning inter-granular corrosion refer to austenitic steels. Study of inter-granular
corrosion in martensitic stainless steels is not in current technical literature. Does that mean sensitization is
irrelevant or insignificant to martensitic stainless steels? Actually, inter-granular corrosion is also a potential
problem to martensitic S S because it is a Fe-Cr-C system and always used in tempered condition’, in which
carbides are precipitated. Recent investigations [e.g. 2 ], show a trend that the maximum susceptibility to inter-
granular corrosion was observed in the condition tempered at s00'c tosso’c, and a sensitized structure was
detected. For lower tempering temperatures, it was less sensitized, or not at all, and for higher tempering
temperatures, it was also less sensitized. A typical case (UNS S41000) is shown in Figure 15 (550°C ), and the

’ Martensitic S S is often used for fabrication. Both strength and toughness are requested which is achieved through temper treatment.
It is known: (1) at 350°C, higher strength and moderate toughness (2) at 650°C, moderate strength and high toughness (3) avoid 500°C,
temper embrittlement (i.e. sensitisation) and minimum toughness.
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characteristic value variations with temperature (for two hours) is shown in Figure 16. A zone of high
sensitization-susceptibility is indicated clearly for temperature ranging from 500°C to600°C .
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Figure 16 Comparison among electrochemical tests to

Figure 15 Optical micrographs of UNS S41000 steel discriminate degrees of sensitization for different tempering

specimens after oxalic acid etch test: tempered at 550°C [2] temperatures. Characteristic values are i,./i, for the DL-EPR,
inin for the potentiostatic test, and i, /i,, and O,,, /i, for
the potentiokinetic polarization. To make different tests
comparable, the ratio was plotted between the characteristic
value for the material tempered at different temperatures and
the same for the material tempered at 300° C [2].

Based on the analysis above for the heated sign left on the tail of damaged area, the blue colour (plus other
spectra of colors) strongly suggests a similar heat treatment at the temperature range of 500’Cc toeo0’c that
creates an ideal environment for sensitization, leading to inter-granular corrosion. This explains why corrosion
appearance is discovered on the damaged area of this martensitic stainless steel after cavitation attack.

4.2 FLUID DYNAMICS CONSIDERATION

The damage pattern does not suggest a large structure of cavitating flow-structure that directly strikes and
causes the damage such as those shown by Figure 11, whereas the wedged head of damage strips gives us a
hint: are there any links with the turbulent spots generated during boundary layer transition to turbulence that is
also featured by wedge head?

Through the inspection in situ, a conjecture has been put forward by the author that this is a non-typical
turbine cavitation, its inception and corresponding damages are relating to boundary layer’s streaks and most
likely induced by turbulent spots during the boundary layer transition process [21 & 22]. In order to understand
this, it is essential to see what conditions are required to enable the nuclei in the boundary-layer to cavitate and
how the boundary-layer can provide such conditions through its transition process.

4.2.1 CAVITATION INCEPTION

Cavitation inception is closely related with and strongly influenced by boundary layer transition. The main
points can be summarized as follows [19].

For cavitation in the boundary shear layer, the statistical properties of bubbles are dominated by the pressure
fluctuation field in terms of their intensity and duration. Therefore, the distribution of the turbulence level,
which varies across the boundary layer, alters the statistical characteristics of the micro-bubbles' inception
performance across the boundary layer. This phenomenon was firstly demonstrated by Daily & Johnson [9].
This relation indicates that the lowest mean pressure across the boundary layer is the location where the

turbulence level is highest since (referring to Figure 17)
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Figure 18 Conceptual sketch of (turbulent) boundary layer

It is obvious that bubbles at this particular location have the highest probability to cavitate owing to the
minimum value of mean pressure and the maximum value of instant pressure drop.

The influences of magnitude and time scale of turbulence on cavitation inception were also demonstrated by
many other studies on inception scale effect. For example as early as 1981, Arakari & Acosta [4] already
emphasize the importance of time scale by postulating that the turbulent fluctuations may actually stall the local
flow near the wall, leading to a brief period of separation or a turbulent burst with reverse flow. Then the nuclei
within these regions may be exposed to a low pressure longer than would otherwise be the case, thereby
promoting the growth of micro-bubbles. This is supported by their experiment that the frequency of the most
unstable Tollmien-Schlichting wave in the laminar boundary layer just prior to transition is about 5 kHz equal to
a reference time period of 0.2 msec for growth, which is about the same order as the bubble life-time (0.1 msec)
observed in their experiments. The early work by Huang [12] also found that the inception is correlated with the
spatial amplification ratio 4 through the mechanism of laminar to turbulent transition or laminar separation.
For the tunnel with low level of free-stream turbulence, the inception is well correlated with the computed

amplification ratio value of 4= ¢l1; and, for higher levels of free-stream turbulence, it takes place in a region
where the value of A is less than ell , for say e() or even e7 .

As early as 1979, attempt by using the Kolmogorov theory for homogeneous and isotropic turbulence to
relate the properties of the temporal pressure field to cavitation inception for both free turbulent shear flow and
fully developed boundary layer flow has been made. For fully developed boundary layer flow, Arndt & George
[5] suggested that if

0,20
ﬁ_*ﬁ TB <1 for smooth wall;
v

0,20
ﬁuiﬁ T, <1 forroughwall,
7 B

the nuclei in the flow will have enough time to respond to the entire spectrum. Otherwise only a fraction below
the frequency of 7, is sensed by the micro-bubbles'.

Therefore, for the nuclei to cavitate, long enough negative pressure drop generated by flow structures is
essential.

4.2.2 FREE STREAM TURBULENCE & B L TRANSITION

Despite of studies over decades, the origins of turbulent flow and transition from laminar to turbulent flow
still remains an unsolved challenge for fluid mechanics. Currently, even for flows over a flat plate, no
mathematical model can precisely predict the transition Reynolds number because of variety of influences, such
as free-stream turbulence, surface roughness, which are still not fully understood yet. Currently, owing to the
availability of linear stability methods and the knowledge of breakdown mechanism being initial condition
dependent, studies are aiming at understanding the source of initial disturbances rather than the details of the

' For turbulent boundary layer flow, the highest frequency in the flow is (uf /v) for smooth wall and (uf /h) for rough wall. Thus if the bubble

frequency 7, is higher than the highest frequency, the entire spectrum may contribute to bubble growth.

8
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later stages of transition [27]. Very recently, the discovery of Soliton-like Coherent Structure (SCS) by Lee [15
and 16] gives clearer picture of the low-speed streak formation and its breakdown, which helps to clarify the
complex burst phenomena. As pointed out by Lee and Chen [17]": there are two different kinds of flow
structures which have been referred to as stream-wise vortices by other researchers. One is the real stream-wise
vortex. The other is the long streak containing several SCS, often referred as solitary quasi-stream-wise vortex.
A long streak containing several SCS appears in the very near-wall region. The middle layer has two real
stream-wise vortices which are the relatively long quasi-stream-wise vortices (often counter-rotating pairs). The
interaction between the secondary closed vortex and the A-vortex produces the chain of ring vortices (i.e. high
frequency vortices), leading to breakdown & turbulent spots. Figure 19 shows the evolutions from SCS to a
long streak and its breakdown.

Figure 19 (a) T-S wave and CSS. The hydrogen bubble wire was at x = 250mm and y = 0.75mm;
(b) The A-vortex structure. The wire was positioned at x = 300mm and y = 0.75mm; (c)
Development of the A-vortex and the long streak. The wire was at x = 350mm and y = 0.75mm; (d)
The long streak is composed of several CS-solitons and the wire was at x = 450mm and y = 0.5mm;
(e) Breakdown of a long streak. The wire was at x = 550mm and y = 0.75 mm [17].

However, for turbines, owing to its complexities in geometry and off-design
operation, much less is known [26]. For hydro turbines, the interplay of B L
transition with cavitation inception is important but little study has been done.
Despite of these difficulties, it is still possible to understand the phenomenon based
on the knowledge gained from flat plate cases.

For 3D B L flows over (hydro) foil, cross-flow instability may dominate the
breakdown while T-S waves act as generators of fundamental low-frequency
secondary modes, but are neither important for their growth nor for breakdown
[32]. For the problem on our hands, the damage pattern on guide vane gives us a
clue that it is virtually a 2D flow. The resulting perturbed flows are span-wise-
dependent but essentially unidirectional, i. e. the transverse velocity components
are much smaller than the stream-wise component. The instability of such
transversely sheared flows appears to be related to various aspects of the transition
process, such as secondary instabilities and by-pass transition. Many factors [35]
can cause three-dimensional steady/unsteady distortions in the form of stream-wise or longitudinal vortices.
These include small steady or unsteady perturbations superimposed on the oncoming flow, imperfections at the
leading edge'?, cross-flow instability, and Gértler vortices induced by surface curvature, as well as certain
excitation devices'. Distortion of this kind also arises due to the nonlinear interaction between pairs of
Tollmien-Schlichting waves.

Free-stream turbulence initiates three distinct motions within the boundary layer, as summarised by Saric et
al [27]. The first motion is a sustained, streaky ( z= 26 ), high amplitude ( lu1= 5-10%U, ) motion, which is
probably due to stretching of the ingested free-stream vorticity and the growth of transient modes, i.e. the
Klebanoff mode. The second is an outer-layer oscillation at T-S frequencies that grows weakly in the stream
direction. The third is the usual T-S mode, which exhibits higher growth rates.

Currently we have very limited understanding about the instability of Klabenoff mode and its role in the
transition owing to the random nature of both the free-stream disturbances and the Klebanoff motion. Most
studies so far investigate steady distortions, induced in a controlled manner through the receptivity at leading

'" For more details, please see the forthcoming publication by Lee & Chen [17].
'2 And the sealing surface in our case.
" The guide plate may serve well as an excitation device. This will be discussed later.
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edge only'. The maximum growth of this K-mode distortion is a function of Reynolds number and wave
number, e.g. as demonstrated by Anderson et al [3]. In Figure 20(I), § is span-wise wave number,

F=8% /U =p/JRe

with f° is the dimensional span-wise wave number; f is the non-dimensional span-wise wave number valued
as B = 0.45for maximum transient growth.

The mechanism of the downstream response to upstream disturbance is visualized by Figure 20(II). The
calculated initial disturbance at x, = 0 is outside the boundary layer, while its downstream response is inside the
boundary layer. Thus, this numerical simulation demonstrate well the receptivity at the leading edge: the

disturbances at the leading edge that cause the largest growth of stream-wise streaks inside the boundary layer
are vortices aligned in the stream-wise direction outside the boundary layer.
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Figure 20 (I) Contour plot of maximum transient growth vs. E and Reynolds number. The dashed line describes E for which the

maximum transient growth occurs given a specific Reynolds number. Here x, = 0 [3]. (II) (a) Velocity vectors in the z — y plane of

the optimal disturbance at x = x,. Here X, = 0 andf = 0.45 . The u component is zero. (b) Contours of constant stream-wise velocity

representing the downstream response at * = X, = 1 corresponding to the optimal disturbance shown in (I). The v and w components
are zero. Here, the solid lines represent positive values and the dashed lines represent negative values [3].

As early as 1979, Gates & Acosta [11] have already shown that free-stream turbulence is an important factor
for inception scaling; and that the mechanism through which this factor influences inception is the structural
alteration of the boundary layer in terms of its separation and/or transition®. This is crucial for extremely large
turbines, the difference of Reynolds number (based on main flow parameter, reflecting the status of free stream)
between model and prototype is in the order of 10°, which represents a significant difference on turbulence
level'®, consequently its influence on cavitation inception.

The K-mode involvement (responding to the free-stream turbulence) should be further considered owing to
following reasons.

Firstly, the guide plate increased free-stream turbulence is a primary concern in the sense of receptivity and
the transient growth of K-mode instability, which may bypass the primary OSE' mode and lead to early and
random breakdown/turbulent spot although the flow in the first half of guide-vane passage is a highly

accelerating flow", i.e. with strong favourable pressure gradient, which would have a prolong laminar B L until
transition if the level of free-stream turbulence was low.

' In reality, there is a continuous receptivity process along the stream-wise extent of the boundary layer, as in flow around the guide-vane.
15 See, e.g. § 2.4 “‘Cavitation Nucleation and Inception’ in Cavitation of Hydraulic Machinery, ICP, London.

1 This will be discussed later.
'7 Orr-Summerfeld Equation
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Secondly, the turbulences in the wake of stay vane is likely to possess span-wise structure (say span-wise
distributed stream-wise vortices) comparable with the span-wise variation of observed damage strips, and thus
the high receptivity occurs only associated with these structures, causing K-mode transient, bypass transition
and breakdown to turbulence in such a pattern of strips.
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Figure 20 (a) Wake profile 63.5 mm upstream of leading edge. Z-relative to wire centreline. (b) Stream-wise growth of span-wise
variation of displacement thickness,d,. Z-relative to the peak 0, values. Lines in range 15 < z < 20 are Blasius values, i.e.
s = 1m08(vx/u) ' [33]

Zero pressure gradsent | Mild pressure gradient | Strong pressure gradient

SSLC 103" 94 78

TSLC 55 4 28

Table 1 half angles of wedge spreading for zero, mild and
5% strong favourable pressure gradients for SSLC and TSLC [8]

0.55
z(mm)

Wl U,
16%

. 0 -
Figure 21 True spatial contours in plane, y=2mm (a) oz
(E + uv) /U, . (b)u; /U, . (c) Broadband unsteadiness, ;/U,

Figure 22 SSLC results for the turbulent wedge under zero,
[33].

mild and strong (favourite) pressure gradients respectively
[8].

Thirdly, the wedged head of damage strips highly resembles the turbulent spots caused by such a streak (K-
mode) transient growth and breakdown in a Blasius B L, which leads to a turbulent wedge. As an example, the
work by Watmuff [] is worth mentioning here, which demonstrates the evolution of a turbulent wedge from

'® Rough estimation shows that the average velocity increases from 12 m/s at the entrance to 25 m/s at the mid-chord, with a acceleration of
dv

18sec” |
dS | iverage
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stream-wise streak. In his study, a narrow low-speed streak (i.e. region of elevated thickness) is deliberately
introduced into the Blasius boundary layer as a result of the interaction of a laminar wake with the leading edge
of the flat plate. The wake is generated by stretching a fine wire across the full extent of the test section and it is
aligned perpendicular to the free-stream and to the leading edge. The wire has a diameter of d=50.8 mm, located
184 mm upstream of the leading edge. Stream-wise development of the span-wise variation of displacement
thickness resulting from interaction of the wake (referring to (a)) with the leading edge is shown in (b) for 16
stream-wise positions, ranging from x=0.3 to 1.8 m. The results clearly demonstrate the narrow region of
elevated thickness, i.e. the low-speed streak. The final stages of growth and the ultimate breakdown of the
streak are shown in (a-c). The breakdown on the centre-line and the formation of two regions of highly unsteady
flow on either side of the streak are most clearly evident in the contours of the broadband unsteadiness shown in
(c). It is evident that streak is responsible for introducing a new pair of streaks on either side via some instability
mechanism, causing span-wise growth of the wedge since a span-wise succession of new streaks is observed in
the early stages of its development.

Here, U+, is the total phase averaged stream-wise velocity; « is the background (broad band) unsteadiness;

and, «" is the phase averaged unsteadiness.

The wedge-shaped turbulent spot can also be visualized by using both shear sensitive liquid crystal (SSLC)
and temperature sensitive liquid crystals (TSLC). The results [8] show the dependency of wedge spreading
angle on the level of flow acceleration, referring to Table 1 and Figure 21.

Lastly, as demonstrated by Matsubara et al. (2000) [23] experimentally that the growth of near-wall streaks
is a key phenomenon triggering the bypass transition leading to breakdown & turbulent spots. The mechanism
of breakdown postulated by Lee [15 & 16] suggests that the generation of the high frequency vortices, i.e. the
chain of ring vortices is resulting from the interaction of the secondly closed vortex with the A-vortex. For our
case, these vortices surely will create an favorite environment for nuclei to grow.

5. DISCUSSION

All these considerations above make us to think: if for this case (particular large turbines) the scale effect
makes it happen'® that the furbulent spots just generated at a right area where flow has a highest susceptivity to
cavitation inception® and thus trigger the cavitation-inception there, In other words, both turbulent spots and
inception points concise for prototype.

5.1 MODEL-PROTOTYPE SIMILARITY

5.1.1 FREE STREAM TURBULENCE

The free-stream turbulence level of prototype is much higher than that of model turbine, which makes the
prototype, in particular for large turbines, more susceptible to the formation of low-speed streak and the
transitional breakdown through the receptivity mechanism. For the Three Gorge turbines, if the similarity of
free stream turbulence were required, by assuming a prototype-model scale of 28, the Reynolds number equality
would have required

0 ,p B
that is, _:ﬁn E

H
—M < 784, ie. H = 47,824 88,592 m
H m

p

In reality, this is impossible, and consequently the constraint of test rig makes us to use much smaller
Reynolds number for models. For the Three Gorge turbines, the prototype’s Reynolds number is

' On model tests, no cavitation observed within the allowable operating zone.
» At low head operating condition, the inlet circulation reduces which in turn makes the lower surface of guide vane become more
susceptible for cavitation that the upper surface.
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Re = 4.6x10" at Q =718m /s approximately , while for models, it might be 10° : 10' smaller®. This implies
that the free-stream turbulence level is much higher for prototype.

For the turbines in the left-plant, the flow in the guide-vane passages indeed is subject to a high level of
free-stream turbulence owing to the reason below. For this turbine design, a guide plate is provided in the spiral
case prior the entrance of stay-vane passage shown in Figure 23. Obviously, the designer intended to reduce the
size of spiral case without sacrifice of cross-section area. However, the premature damage (a piece torn off) of
the guide plate and subsequent severe pressure-fluctuation and machine-vibration gave us a clear clue: this
device might have caused unusual free-stream
disturbances in the oncoming flow (i.e. the wake flow of
stay-vane) to the guide vane. Will these disturbances cause
particular distortion in the boundary layer of guide vane?
Researchers have demonstrated a type of span-wise
distortion (modulation) induced by various free-stream
disturbances. For example, it has been shown that small
low-frequency three-dimensional perturbations in the free
stream can produce significant distortion within the
boundary layer, leading to alternating span-wise
thickening and thinning [10]. Steady disturbances (e.g.
artificial roughness, vortices etc) can also cause a similar
type of span-wise modulation [e.g. 6]. And these
distortions are all in the form of elongated streaks now
named as Klebanoff mode [13, 34 and 14].

Figure 23 Guide-plate (circled) shown on the model of turbine

5.1.2 BOUNDARY-LAYER SIMILARITY
Boundary-layer similarity not only requires the similar free-stream conditions but also the equality of the
boundary-layer based Reynolds number,
LU
Rel = T
Owing to the equality of Strouhal number (i.e. 7 "), this leads to
1/2

=1

Pumpi ]
1P pEE ]

3

S

P

That is, for our case (i.e. the prototype-model ratio of 28) the boundary-layer similarity also requires

H =784H
m p

In reality, as mentioned before, it is impossible to use such high head for model tests. And this constraint
condition makes the ratio of two boundary-layer based Reynolds numbers far away from unity, resulting in the
range of

L
2

Therefore, it is absolutely no boundary-layer similarity for model and prototype in respect of their boundary-
layer dynamics, making the prototype much more susceptible to turbulent transition.

! The Reynolds number for prototype is obtained from Prof Wu Yu-Lin of Tsinghua University and for models it is estimated based
on the current conditions of turbine test rigs around the world.
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These two factors above explain well the fact that no cavitation observed during model tests does not
guarantee the Three Gorge turbines free from cavitation attack.

5.2 ESTIMATION OF LAMINAR STREAKS AND TURBULENT SPOTS
The span-wise wave-length (spacing) of laminar streaks or Klebanoff wave, ) * | can be estimated? as
1 =106"
Here, 5" is the displacement thickness,
*_ 1.7208 L

]Re,l
From a typical damage strip observed, say L = 0.550m  we have Re, = 5.2x 10% (based on U, = 124m/s) , and
§% =043 1073 m. This gives a span-wise wave length

0

1 243103 m

The transition region is characterised by a random appearance of turbulent spots, referring to Figure 24.
Assuming a spot generated from 20-30 such streaks, the turbulent spot

*

spacing 1 . will be

Spo

1 2861073 ~129% 1073 m
spot

It is approximately equivalent to the observed strip spacing 35 (= 01003 .
. This again strongly supports the conjecture that the damaged strips
are caused by cavitation spots that incepts from turbulent spots.
Surprisingly, the features of turbulent-spot above are all supportive
to the hypothesis that the cavitation inception points might coincide
with the turbulent spots, or in other words, cavitation incepts from
these turbulent points. Thus, a dynamics process follows: once the first
cavitation damage spot is created at the turbulent spot, it will serves
well as a roughness spot create a subsequent damage immediately
downstream. This dynamic process progresses stream-wise, resulting
in such a horizontal damage strip with a wedged head and heated tail.
These span-wise distributed stream-wise damage strips thus become
dominant pattern on the guide vane. This may provide a reasonable
route for searching more detailed explanation and answer to the

problem at hand.
Figure 24 Streak structure observed through smoke
visualisation in a laminar boundary layer subject
to 2.2 % free-stream turbulence [1]

6. REMARKS R BRI

As this problem has just been discovered, apart from in situ inspection, no further studies have been
conducted yet. Therefore, it is only a very preliminary report servicing as guidelines for further investigation
and research proposal preparation. However, it does provide strong evidence about the cause of this type of
damage that has never reported before.

v dU
2 The results obtained from flat plate case, i.e. for pressure gradient K = 0, are used, where K is defined as X = 7U2 e For the
X

turbine guide vane, the average value at inlet (FPG) is about x = 0.148 10°.
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Floww analysts of the oncopung flow influenced by the gwde plate in terms of flow structure(s) and
turbulence level variation 15 essential. The study should employ the fluid-structure interaction approach. The
shape of the guide plate (thin and plateful gecmetry without stiffener owing to flow requirements) readily
induces various vibrating medes including extremely low-frequency cnes. These low-frequency modes are
particular concern because thewr influences on the growth of boundary laver streaks as mentioned before.
The studies may performed numerically first and then followed by experiment study on prototvpe and
model turbines.
The mformation obtaned from above flow analvsis should facilitate the boundary laver sudies™ . Tt will
lock for possible streak formation. receptivity and transition mechanism (mcluding the interaction with T-3
waves). It is particular interesting to see if the stream-wise position and the span-wise vanation of the
breakdown (in particular, the twbulent spots) under such strong influences of the free-stream (flow-
structures and turbulence level) agree with the observed pattern of strips.  The study may be catried out
firstly on ﬂat-pl,ate with added pressure gradients similar to those on the guide vane either nmumerically or
expmm:emﬂlh . As the most interesting issue we Want to know is the spatial growth of streaks, a DNS
approach in space domain iz strongly suggested for mumerical stody. With the information cbtamed from
flat-plate. we may able to predict the trends about the streak formation, growth, inferaction with T-5 waves
and breakdown cn hydrofoil. And, observation on prototype can be designed and carnied more effectively
and predictably.
The possibality that cavitation inception nught occur right at the trbulent spots should be verified through
experiments by testing oo mode] foil and monitoring on the guide vane of prototype. Vanous approaches
can be employed For example. for prototvpe. SSLC mentioned before combined with lugh-speed
photography through endoscope is a good choice.
The material nndergoing this type of cavitation atfack should be mimicked through laberatory study 1o order
to voderstand the heating phencmenon/mechanism associated with this tyvpe of damage. It may uncover
imowledge not lmown vet to us. Laberatory study using facilities such as cavitation tunmel or rotating device
should be supported by metallurgical and chemical analyvses.
Developments of novel turbine design/manufacture ideas are encouraged in order to, 1e3p0;1d to the
challenges to extremely large turbines. For example, novel spiral case that ‘has smaller size®” and better flow
conditions should be 5ought to replace the use of guide plate, which obvicusly disturbances flow
siznificantly, resulting in high turbulence level in free-stream and consequent problems™.
The B L behavior s;w:h as transition lengzth and scaling laws etc., si.l-::-uld be investigated thoroughly. This 15
particularly impertant for huge turbmes. The size of their campcuﬂ!ts' and the hlEh free-stream v E].le.‘ﬂ}"s
make the critical Reynolds number”,

Be . = L-xﬂ'ff g

crit I

to be reached in the FPG zone instead of APG zone, resulting in more susceptibility to cavitation inception
compared with smaller turbines. Therefore, for large furbines, while scaling cavitation data from model to

# The sealing surface oo the zuide vame sarves as a profle discontimusy whick could be svother source fom zenerstive boundary layer flow
dizsortion. This nesds to be considered in tha analysis too. This is partioalarly mue for dus case because the sealing surface was machived oo &
bendad staintess stesl plate very likely leaving the edzs highly wavy pattemn (not & epectad smmghs Ived edge)

O sealed dowm model.

* As mensioned before. for kizh and medinm spacific speed turbine-zenerstor units, spiral case is offen the crucizl comporent that detenines the
overall size of plant. Therefore, reducoon of spirsl case has @ sigmificant inpact to the bydre scheme's economec feasibilicy. Thos iz why
roznifacturers often take high ks o reduce the size of spiral case in order 1o win thee bidding. Mo doube, the idea of nsing suide plae which has
already caused a break dowm event. Las to be justified rechnically and economdcally. In the March of 2006, the author kas mads a sugzeston o dee 3
& E deparmuent of CTGPC about the feasibilides of emploving oval coss-section spiral case for the size reducton

* The 3-D damiage on the Allet of stvy-vane inunedistely down sream of the guide-plase misht be well explained by the disnrbances inwroduced by
the zuide plate

¥ Such as the chord lengths of both the stay vane and ike guide vane, which are weil over one meme.

T the order of 20-30 my'sec.

¥ 3x10° ~ 3=10° for fat plate a7 zero sngle of artack, subject to Fes-sream furbulence level,
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Re = lerit

Corit = Ty
to be reached in the FPG zone instead of APG zone, resulting in more susceptibility to cavitation inception
compared with smaller turbines. Therefore, for large turbines, while scaling cavitation data from model to
prototype, the scaling effect due to the boundary-layer property difference must be investigated thoroughly
and considered properly. Currently our knowledge about the transition length in turbines is fairly poor
compared with that of flat plate B L case. For gas turbines, a correlation® is found through experiments.

5/4

That is, the Reynolds number Re, calculated with the transition length 7 is a linear function of Re;,*, where
Re,, designates the momentum thickness Reynolds number at the end of transition [e.g. 26]. But for
hydraulic turbines, little work has been done yet neither theoretically nor experimentally.

7. The damage occurred on the turbines presents no urgent need for remedy action, and turbines can be put
back into operation as usual. With the increase of reservoir water-level in the coming autumn, the operating
head will gradually move into the optimum head zone and it is anticipated that the damage will also reduce
or even disappear’’. However, a continuous and comprehensive monitoring, recording and accumulating
detail data about the machine operation is essential to the understanding of the phenomenon and the control
of machine status.

8. The study on these fundamental issues will serve as a sound base for developing next generation of huge
turbines (e.g. 1000 MW unit). An effort by multi-disciplinary team at international level is essential.
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Numerical Investigation of
Guide-Plate Induced Pressure
Fluctuations on Guide Vanes of
Three Gorges Turhines

A new type of cavitation triggered by boundary-layer turbulence-production has been
identified from the turbines of the Three Gorges Power Station. Our previous studies
point out that the addition of the ‘guide-plate’ is responsible for the increase of the turbu-
lence level (in particular the low-frequency mode) in the free-stream which in turn pro-
motes the boundary-layer transition through receptivity mechanism. A new vortex
structure identified from our numerical studies is revealed in this paper. It explains well
how the free-stream turbulence is influenced by this new vortex structure which is created
by the addition of this ‘guide-plate’. These results support one of the claims in the hy-
pothesis proposed in our previous studies. The other claims in the hypothesis about the
triggering mechanism of this type of cavitation in the boundary-layer are being verified
through our on-going (numerical and experimental) studies. The numerical studies
reported here are performed by using CFD simulations of the entire flow passage of the
prototype turbine. [DOIL: 10.1115/1.4004257]

Ting Chen
S. C. Li'

e-mail: S.Li@warwick.ac.uk

School of Engineering,
University of Warwick,
Coventry, UK, CV4 7AL

1 Introduction

Cavitation is an undesirable phenomenon in hydraulic machin-
ery. The main types of cavitation in Francis turbines have been
well described (e.g., [1,2]). The world largest Francis turbines
developed for China’s Three Gorges project represent the modern
technologies of turbines. Their capacity (710 MW) and geometric
dimensions (9800 mm of runner diameter) are all the largest.
However, after 10° — 10* hour operations, all these cutting edge
turbines have developed a pattern of strange damage mainly on
the lower surface of the guide-vanes as shown in Fig. 1 which has
never been reported and studied before. The first investigation [3]
was carried out in the March of 2006. The in situ inspection shows
following features: (a) long and equal-width stream-wise damage-
strips with span-wise regularity; (b) wedged head, (c) corroded
rough surface; (d) heated tail, referring to Fig. 2. Having done a
multidisciplinary analysis, a hypothesis about this new type of
cavitation damage has been proposed. For details, see Refs. [3,4].
The main features together with the proposed mechanism are
briefly introduced here.

The observed heated (blue and other) color zone at the tails of
damaged areas indicates a temperature of 250°C — 600°C (termed
as ‘bluing’ in heat-treatment) is encountered. The only hydrody-
namic mechanism involved in a Francis turbine capable of generat-
ing temperatures at or above this range is cavitation. Metallurgical
analysis [3,4] also explains that corrosion appearing on the dam-
aged surface (martensitic stainless steel) is only a consequence of
cavitation attack. The narrow and shallow attributions of damage
strips suggest that the damage is not caused by large cavitating
structures in the main flow directly striking on the guide vane sur-
face, whereas the wedged head of damage strips indicates that this
type of cavitation damage is likely relating to the turbulent spots
generated during boundary layer transition to turbulence that are
also featured by wedge head.

For nuclei to cavitate in boundary layer, long enough negative
pressure drop generated in the boundary-layer is essential. The
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process of laminar streak breakdown into turbulent spots may pro-
vide an ideal flow structure for creating such negative pressure
drop lasting long enough for nuclei to cavitate if the freestream
pressure there is also low enough (but not necessarily down to the
vapor pressure). Estimation on the span-wise wave-length (spac-
ing) of laminar streak (i.e., Klebanoff wave) is approximately
equivalent to the observed span-wise spacing of the damage strips
(0.1 m), which is also supportive of the hypothesis that the cavita-
tion inception is triggered by boundary-layer turbulence-produc-
tion. Thus the damaged (roughened) spots in turn trigger
subsequent cavitation (damage) immediately downstream [3,4].
This dynamic behavior progresses stream-wise, resulting in such a
horizontal damage strip with a wedged head and heated tail.

The turbulence in free-stream is one of the key factors for trig-
gering cavitation inception in boundary layer since it alters bound-
ary-layer instabilities (e.g., the growth of K-mode etc.) through
receptivity mechanism. For details of receptivity mechanism,
readers are referred to [5—7]. Span-wise distortions (modulations)
can be induced by various free-stream disturbances. For example,
small low-frequency three-dimensional perturbations in the free
stream can produce significant distortion within the boundary
layer, leading to alternating span-wise thickening and thinning
[6]. Steady disturbances (e.g., artificial roughness, vortices, etc.)
can also cause a similar type of span-wise modulation. These dis-
tortions are all in the form of elongated streaks named as Kleban-
off mode or K-mode [8-10]. For extremely large turbines, the
scale effect makes the free-stream turbulence level of prototype
turbine much higher than model turbine (i.e., Reynolds number is
usually higher by the order of 10?). The large turbines are thus
more susceptible to this type of cavitation inception developed in
the boundary-layer through the receptivity mechanism. Detailed
similarity analysis is given in Ref. [3].

For turbines in the left-power plant, the flow in the guide-vane
passages was subject to a high level of free-stream turbulence,
owing to a structure named as ‘guide-plate’ equipped in the spiral
case prior to the entrance of the stay-vane passage. This device
was mainly for reducing the unit size. As an evidence of high free-
stream turbulence generated by this device, the premature damage
of the ‘guide-plate’ (a piece torn off) accompanying by severe
pressure-fluctuation and machine-vibration was reported after
commissioning. In addition, the units were operating at low head
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Fig. 1

conditions (61 —72 m) in the initial stage of operation [11].
Under such conditions, the reduced inlet circulation made the
lower surface of guide vane more vulnerable to cavitation. This
type of cavitation damage has been identified from all the turbines
in the left plant which are developed by different leading manu-
factures. Therefore, it is not an isolated technical problem but a
fundamental challenge to fluid science. A thorough investigation
will benefit not only the power industry but also our scientific
knowledge in general.

In this paper as the first step of such a thorough investigation,
numerical studies on the influences of the addition of ‘guide-plate’
on the free-stream turbulence level (in particular the low-fre-
quency gust type) are reported. CFD has been performed to obtain
the main flow features in the whole turbine passage with more
detailed analysis on the free-stream pressure-fluctuations near the
surface of the guide vanes. These calculations have been per-
formed in parallel on the high-performance computers at the Cavi-
tation Research Group of Warwick University.

2 Physical Model and Computational Method

2.1 Prototype Turbine. The specifications of the investi-
gated turbine are: runner diameter D = 9.8 m, rated power
710 MW, max efficiency guaranteed 96.26%, rated speed 75 rpm,
and rated head 80.6 m. The average operating head (H = 67 m)
during the period that the damage occurred (i.e., Year: 2005—
2006) is used for the simulations in this paper. The turbine con-
sists of a spiral case, a runner of 15 blades and an elbow draft
tube. It has 24 stay vanes and 24 guide vanes. The cross section of
the Three Gorges plant together with the ‘guide-plate’ is shown in
Fig. 3.

According to the model tests [11], the range of 280 — 410 MW
has been found as the main unstable zone, presenting all types of

SECTICN A-A
o

Damages on the surface of guide vane: (a) position; (b) pattern

unsteady flows (particularly the vortex rope in the draft tube). Nu-
merical simulations have been performed on some typical opera-
tion points within full load range for the initial period. Two
representative cases are presented in this paper: One with guide
vane opening of 16° (315 MW) is within the “unstable operation
zone”; the other with guide vane opening of 35° (540 MW) is
within the so-called “quasi-stable operation zone.”

2.2 Geometry and Grid. Our numerical simulation investi-
gates the effect of ‘guide-plate’ (including its supporting plates)
on the free-stream turbulence in the entire flow passage of the tur-
bine (in particular near the damage surface of the guide vanes).
Three physical models are employed: case 1 without the ‘guide-
plate’ and the supporting plates; case 2 with the ‘guide-plate’ only
and case 3 with the ‘guide-plate’ and the supporting plates (total
14 pieces installed evenly for supporting the ‘guide-plate’). The
axial cross-sections of these three cases are shown in Fig. 4(b).
Other geometrical dimensions remain the same for comparability.

Unstructured meshes have been employed for this calculation
owning to the complex shape of the turbine. The flow is consid-
ered to be incompressible. The whole calculation domain is di-
vided into five components (spiral case, stay vanes, guide vanes,
runner and draft tube), referring to Fig. 4(a). For each component,
different computational grids have been generated manually
according to the flow patterns and details sought. Firstly, the grid
independence has been investigated. In order to investigate the
delicate structure of vortices inside the spiral case (around the
‘guide-plate’), a further refinement of the mesh around the ‘guide-
plate’ for case 2 and 3 has been complemented. For these two
cases, the grid numbers of other components have also been
increased to balance mesh distribution throughout the whole flow
field. For case 1, the final mesh of the whole turbine passage is
about 2600000 elements which is also verified by other numerical

(a)

(b)

Fig.2 Damages features: (a) wedged head; (b) corroded rough surface; (c) heated area
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Guide plate

Fig. 3 The cross section of investigated turbine with ‘guide-
plate’ structure equipped in the spiral case

studies (e.g., [12,13]) for the Three Gorges turbine. Among them
are 300000 elements in the stay vane, 500000-550,000 elements
in the guide vanes (subject to operation conditions), 220000 ele-
ments in the runner and 430000 elements in the draft tube. How-
ever, for case 2 and 3, we have added 500000 more elements in
the spiral case. Further fining of mesh size has been tested show-
ing no improvement in the observed vortex structure but increas-
ing calculation time.

2.3 Numerical Method. The renormalization group (RNG)
Kk — ¢ turbulence model has been employed to close the governing
equations [14]. A second order fully implicit scheme is applied for
time discretization, central difference for the diffusion term and sec-
ond order upwind scheme for the convective term. The SIMPLEC
algorithm is used for the discretized equations. The slide mesh model
is used to get time-accurate solutions of the strong rotor-stator inter-
actions (i.e., runner-guide vanes and runner-draft tube). The total

60

40

pkPa

-20 4

s
(a)

(@)

Fig. 4 (a) Calculated turbine model; (b) Axial cross-sections of
three models

pressure and the turbulence condition have been set at the inlet of

the spiral case from preliminary steady calculations. The static pres-

sure condition has been set at the outlet of draft tube. All simulations

have been performed by using a commercial CFD software Fluent.
The momentum equation is
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Here, —pm is the Reynolds stress of turbulent flow,
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p is the averaged pressure; p is the fluid density; and F is the body
force acting on the unit volume fluid.
The equations based on RNG turbulence model are:
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Fig. 5 (a) Pressure fluctuations against time; (b) Pressure fluctuations against frequency
with opening of 16°
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Fig. 6 (a) Pressure fluctuations against time; (b) Pressure fluctuations against frequency

with opening of 35°
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19 =4.38,C,=0.0845,$=0.012,C,, = 1.42,C5, = 1.68,04 = 1.0,
o, =0.769.

The governing equations are discretized as a set of algebraic
equations by the finite volume method in spatial domain at each
time step. The time steps of 0.008 s and 0.004 s corresponding
to 1/100 and 1/200 of runner rotation are adopted for simula-
tions with guide vane openings of 16° and 35°, respectively.
The frequency spectrum analysis of the resultant unsteady flow
has been performed by using fast fourier transform (FFT)
approach.

3 Investigations of Pressure Fluctuations

3.1 Measurements of Prototype Turbine. The monitoring
and analysis system has been employed to measure the fluctuating
pressures, cavitation noise and air entrainment etc, for studying
the hydraulic instability of the turbines (equipped with ‘guide-
plate’). Pressure fluctuations in the draft tube are always of great
concerns because they are almost the most significant unsteady
sources threatening the safety of turbine operation [15,16]. A pres-
sure transducer has been installed close to the entrance of draft
tube. The range of transducer measurement is user-defined with
threshold of 2.0 MPa. Its precision is =0.075% of the set mea-
surement range. The sampling rate is 22 times/s with a maximum
time delay of 45 ms.

3.2 Locations for Pressure Calculation. For calculation
verification, pressure fluctuations have been calculated at the
same location in the draft tube as the pressure transducer being in-
stalled for comparing with measured results. This location is often
called the recording point. The recording point used for calculat-
ing the free-stream pressure-fluctuations near the damage area
locates at the middle of lower surface of the guide vanes (to be
exactly, in the free-stream just outside the edge of boundary-
layer). The pressure fluctuations in the flow passages of other
turbine components have also been calculated for an overall

understanding of the flow situation in the turbine which is not
presented in this paper.

3.3 Measuring Results in Draft Tube. Figures 5 and 6 show
the pressure fluctuations at the recording point in the draft tube of
prototype turbine for two different operation conditions (i.e., open-
ings 16° and 35°). The pattern of pressure fluctuations changes sig-
nificantly as the opening of guide vane increases from 16° to 35°.
For the opening of 16°, the extremely low-frequency component is
dominated with lower (average) static pressure but higher oscillat-
ing amplitudes. Whereas, for 35°, the high frequency components
are dominated with higher (average) static pressure. The first
strongest frequency f; recorded for the opening of 16° is 0.31 Hz.
For the opening of 35°, the 5.7 Hz is the strongest one.

3.4 Calculation Results in Draft Tube. The pressure fluctu-
ations are stationary oscillations though the numerically transient
trip takes quite a while to fade out. The total calculated time is
200 s allowing the simulations to reach the status of stationary
oscillations from which the fluctuation spectra is analyzed. That
is, the numerically sampling period is chosen between 146 — 180s
for all three cases.

Figures 7 and 8 show the comparison of pressure fluctuations in
the draft tube for these three cases at two operation conditions.
Firstly, for the partial load (i.e., 16°), an extremely low frequency
(0.336 Hz) with strong amplitude is distinguishingly emerged for
cases 2 and 3 which is also numerically found to be transmitted
throughout the whole passage, owing to its low-rate of dampness.
This is highly likely owing to the addition of ‘guide-plate’ in the
spiral case (This will be further verified by analyzing the flow pat-
tern around the ‘guide-plate’ in the later part of the article). The
calculated dominant low-frequency component agrees well with
the measured one (0.31 Hz). In addition, there is a common com-
ponent of 0.67 Hz appears for all three cases. Its amplitude in the
case 1 (i.e., without the ‘guide-plate’) is the largest. This compo-
nent having a frequency of 0.39 times of the rotation frequency
(1.25 Hz) is often referred as Rheingans [17] pressure oscillation.

(f) t=174.8s

(g) t=1752s

(h) t =175.6s

(i) t =176.0s () t=176.4s

Fig. 9 Calculated pressure distribution against time at fixed sections in the draft tube (Case 1 with the opening of 16°)
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Fig. 10 Calculated pressure distribution against time at fixed sections in the draft tube (Case 2 with the opening of 16°)

It is caused by the vortex rope in the draft tube during the partial-
load operation. This component with reduced amplitudes has also
been numerically captured by our simulations from other meas-
uring points (e.g., in the spiral case or before the stay vane). How-
ever, its amplitude is far smaller compared with the component of
0.336 H:z caused by the ‘guide-plate’. For case 1 and case 2 with
the opening of 16°, the flow variations against time in the draft
tube are presented in Figs. 9 and 10, showing an organized rotat-
ing vortex rope. For case 1, its period is 1.48 s, while for case 2, it
is around 3 s, corresponding to frequencies of 0.67 Hz for case 1
and 0.33 Hz for case 2. It agrees well with the FFT results dis-
cussed above.

For operating at 35° which is close to the optimum condition,
the calculated strongest frequency is 7.5 Hz which is six times of
the rotation frequency (1.25 Hz). Most significant components
having harmonic frequencies of the rotation frequency (e.g.,
18.75 Hz, 8.75 Hz and 6.25 Hz) indicate that the rotor-stator
interactions [18] are main instabilities at this operating condition.
The frequency of 5.7 Hz has also been predicted numerically but
not the strongest one. The component of 0.336 Hz disappears for
cases 2 and 3. Hence, a question arises: why for cases 2 and 3 this
0.336 Hz component disappears if it is believed to be induced by
the ‘guide-plate’ structure. In order to answer this question, we
have further investigated the flow pattern around the ‘guide-plate’
and its influence on the whole flow field of the turbine. Some
interesting findings are presented in the following part of this
paper.

3.5 Pressure Fluctuations on Guide Vane. The FFT results
show that the ‘guide-plate’ significantly increases the turbulence
level in the free stream for the entire spectrum and lowers the av-
erage static pressure on the lower surface of the guide vanes as
shown in Table 1. Both effects have favorable contributions to the
promotion of cavitation inception within boundary layer though
the local average pressure in the main flow is not below the vapor
pressure. Among those increased fluctuation components the
extremely low-frequency (0.336 Hz) component is the 1st strong-
est one for cases 2 and 3, but disappears for case 1. The st strong-
est component for case 1 is 18.75 Hz, which is the blade passing

061101-6 / Vol. 133, JUNE 2011

frequency (i.e., the number of blades [15] times the rotation fre-
quency (1.25 Hz)). These results are shown in Fig. 11.

Figure 12 shows similar results obtained for the opening of 35°
but the component of extremely low frequency (0.336 Hz) not
appearing for cases 2 and 3. It is noticeable that the turbulence
levels at low-frequency range for cases 2 and 3 are slightly
decreased instead of increasing. Thus, another question arises too,
i.e., why the turbulence in low-frequency range reduces for cases
2 and 3 with the opening of 35°. This will also be answered in the
later part of this article.

4 Flow Pattern in Spiral Case

A new flow-structure has been identified by our numerical stud-
ies, i.e., an unsteady vortex ring around the ‘guide-plate’ as shown
by Fig. 13. It proves the addition of ‘guide-plate’ inducing unsta-
ble vortices in the spiral case. These vortices change their space
position and sign periodically. They act together with other unsta-
ble vortices in the turbine, forming a much longer and larger
structure of vortex possessing whole flow passage of the turbine.

However, for the opening of 16° and 35°, the detail structure of
this vortex ring is very different. The vortex ring for 35° consists
of many small vortices in cases of 2 and 3, like a complete ring
breaking into pieces. Whereas for 16°, it is almost a complete
ring. This structure difference is attributed to the difference of
main flow in the spiral-case for 16° and 35° openings. The more
small pieces of vortices in the ring for the opening of 35° explains

Table 1 Comparison of frequencies of pressure fluctuations
on the guide vane for the opening of 16°

Case 1 Case 2 Case 3
Static Pressure 449757 Pa 443283 Pa 436948 Pa
1 18.75 Hz 0.336 Hz 0.336 Hz
2 5 Hz 18.75 Hz 18.75 Hz
3 0.67 Hz 7.5 Hz 7.5 Hz
f4 6.25 Hz 5 Hz 5 Hz
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well the fact that the addition of ‘guide-plate’ makes the low-fre-
quency components decrease and the high-frequency components
increase in contrast to the case of 16° because the frequency of
pressure-fluctuation varies inversely with the scale of vortex.

At the opening of 35°, owing to the operation condition close
to the optimum there is no spiral vortex rope but a weak and
nearly steady vortex in the draft tube as shown in Fig. 15. While
operating at partial-load (i.e., 16°), the two vortex-structures (i.e.,
both the vortex-ring around the ‘guide-plate’ and the spiral vor-
tex-rope in the draft-tube) have been connected through the vor-
tex structures in the runner as a united and complex vortex-
structure throughout the whole passage as shown in Fig. 14. Such

an extremely large scale and unsteady structure is thus firstly
identified from our simulations. Consequently, this structure
occupying the whole system will induce this particularly low-fre-
quency fluctuation component with a frequency (0.336 Hz) even
lower than the vortex-rope (0.67 Hz) induced in the draft-tube.
These low-frequency signals also transmit throughout the entire
flow passage of the turbine. This structure of ‘guide-plate’ has
now been reconstructed or removed from the turbines at the
Three Gorges following the advice from Ref. [3]. And, the newly
designed turbines for large hydro schemes such as WuDongDe
and XiLuoDu, etc. hydro projects in China are all following these
trends as well.
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Fig. 11 (a)-(c) Pressure fluctuations against time; (d)-(f) Pressure fluctuations against frequency with

opening of 16° for three cases
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Fig. 12 (a)-(c) Pressure fluctuations against time; (d)-(f) Pressure fluctuations against fre-
quency with opening of 35° for three cases

Fig. 13 The structure of vortex ring at openings of (a) 16° and (b) 35°
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(b)

Fig. 14 (a) Vortex cores and (b) vortex pattern in the whole flow passage of turbine at open-

ings of 16°

(@)

Fig. 15 (a) Vortex cores and (b) Vortex pattern in the whole flow passage of turbine at open-

ings of 35°

5 Conclusions

(1) The studies have numerically verified the addition of the
‘guide-plate’ increasing the free-stream turbulence level
and particularly introducing a component of extremely low-
frequency pressure-fluctuation. This particular component
is likely one of the sources entering the boundary-layer and
promoting the growth of Klabenoff-streaks and their transi-
tion, which in turn triggers the cavitation inception in the
boundary-layer of the guide vane.

The ‘guide-plate’ also significantly lowers the average
static pressure in the free-stream near the lower surface of
the guide vanes, contributing to the promotion of the cavita-
tion inception as well.

The ‘guide-plate’ is not guiding the flow into the turbine run-
ner smoothly but adding extremely low frequency fluctuations
and preventing the flow from entering the turbine smoothly.
For cases 2 and 3, a vortex-ring structure around the
‘guide-plate’ has been identified. Under partial-load opera-
tion conditions (e.g., 16° opening), it is a complete vortex-
ring connected with other vortices throughout the whole
turbine system. It is thus responsible for the extremely low-
frequency (0.336 Hz) induced in the whole passage of tur-
bine. It is not only responsible for the cavitation inception
and damage on the guide vane but also impose a significant
hydraulic instability to the system.

The ‘guide-plate’ is harmful device, especially for partial-
load operation. It is now removed from the Three Gorges tur-
bines, and should be avoided for future design of turbines.
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Appendix D

Brief Information of Damages

Table D.1: Brief Information of Damages [3]

’ \ Manufacturer \ Material \ Commissioned \ Discovered \ Operation hours ‘
11F ALSTOM X3CrNiMol3 — 4 27/07/04 14/10/05 10245.78h
10F ALSTOM S41500 07/04/04 27/12/05 11924.55h
9F VGS GX5CrNi13 —4 11/09/05 11/12/05 2328.41h

Operating condition: upstream 135 — 139 m; downstream 64 — 70 m
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2. Ting Chen and S. C. Li, “Guide-Plate Induced Pressure Fluctuations on
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