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The trends for low-head propellers. less than 20 meters of water column
(mwc), are shown 1n Fig. 1.
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The rends for low-head Francis (less than 40 mwc) are shown in Fig. 2 and 3.
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The trends for low-head Kaplan (less than 40 mwc) are shown below in Fig. 4.
and for low-head saxos (less than 25 mwc) are shown below in Fig. 5.
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The trends for medium-head Francis (40 to 50 mwe) are shown below in Fig. 6.
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The wends for high-head Francis (80 to 140 mwc) are shown in Fig. 7.

Fig. 7. %dP function of %WG "7 -
for high-head Francis, power (e 4
plants V to Z (2013-2019). v o

100 3

13 &

) e - |
- o]

e *
Y mone' 0008’ +0 Tae 300

/. X = 0-0% - 0.008a" =0 63n = 101
ume

V/ W = 5008 - 0 000" = 0800 + 10
/ T3 2E0%’ - 008" 0 O i » 400 =W
weo

o 0 & L L=} e

3.2 Analysis of the influence of various factors on overpressure

An analysis based on the different shutdown time rates of the wicket gates was
carried out in order to separate the contribution of each factor to the spiral case
overpressure. The wicket gates opening (%WGQ) stays on the x-axis. In all cases,
the specific pattern of general behaviour identified previously was maintained.

3.2.1 Influence of rapid closure on overpressure

There 1s an observable correlation between overpressure values and the variauon
in the rate of wicket gates rapid closure IBAF. The evolution of the %P for differ-
ent IBAF for a propeller operated in power plant A is shown in Fig. 8.

Fig. 8. %dP for

different  (BAF 1es ;A-l I
for a propeller in
power plamt A
120181
o " e
n-wh — ‘_
———Af% e
My = == -._- i_‘.-'- . - _'.- 1
L]
. " ..t
o VIAS [wmc/ 100 ®WGY L
u‘"‘ - ® = - = = * = - B4




WCEAM2021, 048. v5 (final): "\Vater hamnmer interaction between Hydraulic Power Gen. ..

7

The evolution of the %dP for different tBAF for o Francis operated in power
plant E is shown in Fig. 9 and for a Kaplan in power plant P is shown in Fig. 10.
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3.2.2 Influence of rapid closure on the behaviour of other factors
It was found that when the rate of wicket gates closure is increased. some values
worsen, some improve:
o the unit overspeed goes down;
o the overpressures and vacuum in the draft tube increase;
o the oscillation and the fluctuation along the hydraulic passage increase in
amplitude and emerge more often.

It should be noted that overpressure is significantly influenced by the exist-
ence of a second closing slope for wicket gates, adjusted at a slower rate.

95



R

WCEAM2021, (M8, v5 (final): "Water hammer interaction between Hydraulic Power Gen. ..

&
3.3 Temporal analysis of factor interaction

Depending on the type of HPG., there is an interaction in time among the measured
values: overpressure, wicket gates opening, wicket gates closing rate, overspeed
and variation of pressures/vacuum in the drafl tube, unit speed. acceleration of the
unit. In the example in Figure 11, for a load rejection of a Francis in power plant
Y. the evolution in time of these parameters is presented.
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It can be observed that the maximum pressure peaks in the spiral case do not
occur at the beginning when the guide vanes start to close from 100%, but later at
70% for the first time and at 50% for the second time. The pressure variation in
the draft tube happens at the same time as the runner overspeed. The maximum
vacuum in the draft tube occurs just before the second overpressure peak in the
spiral case. Also, it is presumed that the first overpressure peak is due mostly to
the sharp reduction in water flow by the wicket gates. On the other hand, the se-
cond one comes from the instability phenomenon induced by runner overspeed in
the water flow, concomitant with the fluctuating pressure inside the draft wbe.
This conduct is related to the hypothesis made by Ramos and Almeida [10;11] that
the runner in overspeed is acting as a dynamic orifice.
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3.4 Exception analysis

Special cases encountered were analyzed separately to identify the origin of the
unusual behaviour in emergency shutdown.

3.4.1 Deactivation of the second slope

In the case of a Kaplan turbinc operated in power plant P, accidental failure of the
valve ensuring the second closing slope caused a significant rise in the spiral case
overpressure and the Fig. 12 shows overpressure values for three different tBAF.
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It is observed that the second slope has a significant effect on rising pressure.
Moreover, the faster the first rate IBAF. the greater the influence of the second
slope on higher overpressures. These results allow us to list the second slope clo-
sure of the wicket gates among the key influencing factors for overpressure.

3.4.2 Overpressure in closing from speed-no-load
For the power plant Y equipped with Francis turbines. Fig. 13 shows a significant
overpressure in the spiral case at the end of an automatic shutdown sequence.
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The analysis of this event suggesis that the flow is not the only important
factor causing the increase in overpressure inside the hydraulic passage.

3.4.3 Overpressure in speed regulation

An example of a load drop for a Francis turbine at power plant Y is shown in Fig.
14. During the wicket gates movement for speed regulation in normal operation
or even while unit load vanation. oscillations and instability phenomena occurs.

Fig. 14. Pressures in time e ——
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4. Discussion

The analyse was conducted to get a better understanding of the HPG parameters
that affect water hammer and transient regimes, which results in producing sup-
plementary stress for the HYP. Ultimately, the scope of the study was to produce
recommendations to facilitate decision making for sustained operations of the as-
sets. In regard with this goal, the objectives of the experiments were met:
¢ it has been shown that for all the group configurations there is an optimal
BAF 1o ensure balance between overpressure and the other factors, includ-
ing unit overspeed;
e there are always additional solutions to improve behaviour, such as the se-
cond closing slope, air injection inside the flow, etc:
e in some cases, either defimtively or temporanly, the maximum wicket
gates opening can be restricted to a permitted value in order to comply with
the maximum allowable pressure.

A preview of the influence of the different factors on overpressure has been
provided. To meet the objective of cause-effect relationships as well as the prece-
dence status, more attention needs to be paid to the existing recorded data. A fur-
ther analysis remains to be done in order to clearly separate the contribution of
each factor.
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The 1mpact of extreme loads on the equipment should be addressed.
Depending on the type of solicitation, the consequences and the occurnng risks,
the appropriate measures shall be applied.

Mainly, the considerations for asset management should focus on adopung
solutions in order to increase equipment lifespan:

e apply less demanding operating modes for HPG;
¢ improve the existing maintenance;
¢ decrease the planned or unexpected shutdown periods.

Also, some preventive measures are needed 1n order to ensure a safe opera-
ton of the installations and to decrease the risk of accidents:
o secure critical adjustments protecting the equipment from extreme loads;
e reconsider the design crueria for projects;
o claborate strategies for upgrades of the existing equipment.

5. Conclusion

It is important to have an in-depth understanding of the water hammer phenome-
non. which makes it possible 1o identify the needs of the assets in order to recom-
mend optimal operating parameters and protocols for the lifespan. From the asset
management perspective, according to the previous inventory of considerations,
several specific recommendations will have favourable effects on benefits:

e for upgrades or new projects consider the operation mode accordingly to
the business-case of the unit and gnid requirements,

o for certain operating sequences or protections, mstead of activating the
emergency shutdown circuil. close the WG at a lower speed by the elec-
tronic speed governor, then finish the sequence using the shutdown sole-
noid valve to lock the umit:

® us¢ a proaclive maintenance strategy.

o adapt the maintenance to the real level of stresses/solicitations;

o perform monitoring and periodical inspections in order to intercept depra-
dations.

While the application of previous measures can gencrate immediate and
long-term benefits, the lack of action on following ones can have a dramatic effect
on the safe operation of the equipment:

o validate the tBAF value 1o prevent unexpected overpressure:

o ensure the hydraulic circuit of the governor to prevent accidental switch of
the IBAF:

o install a second closing slope;

o confirm the real allowable working pressure for the HYP accordingly with
the actual degradation of the equipment:

e at commissioning, adjust the critical parameters properly (IBAF, over-
speed).
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A proper assel management is essential to maximize the value of operating
acuvities, reduce unplanned costs or delays, and ensure safe operations. The
observed behaviours in overpressure will improve the advanced calculation mod-
els proposed by Nicolet et al. [8] and will help find the main factors to account for
during the design of hydraulic passages, as well as the parameters to adjust during
commussioning. Also, a more accurate hydraulic model will permit to justfy the
proposed measures in terms of asset management. 1o ensure safe service from
comaussiomng 1o the end of the eqmpment life cycle.
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