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Abstract Occasionally, annular seals of ball valves in hydro power plants may not perform their

sealing function adequately but develop periodic vibration with periodic leakage rates causing high

amplitude pressure fluctuations in the penstocks. The aim of the present study is to develop a sim-

plified model that can explain the excitation mechanism and estimate the behavior of the hydro-

mechanical system depending on the geometrical and physical parameters. The stability of the sys-

tem has been studied in order to yield recommendations for best operating conditions. The govern-

ing equations are nonlinear and the perturbation technique has been adopted to solve the system

variables. Following, a dimensionless analysis was developed to gain more knowledge on the

parameters affecting this phenomenon. A MATLAB code was designed and implemented to study

the system stability for different input reservoir energy levels and different system configurations.

The results show that the system stability depends on the relation between the main line inertia

and the leakage kinetic energy, the leakage reduced velocity, the seal surface area ratio, the pilot

line geometry and the hydraulic losses. Also, solving the hydro-mechanical model nonlinearly

brings about oscillation amplitudes that exceed the gap clearance as it is very small and the seal will

hit the ball surface going backward and forward.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Fluid-dynamic systems with flow control valves can develop

flow-excited vibrations if the head loss– flow rate curve of
the valve under transient conditions has a negative slope, i.e.
if the flow rate reduces for increasing head [1,2]. That is not

uncommon for plug valves operating at small openings or
for leaking valves whose clearance increases for head diminish-
ing. Examples of the latter can be found in the large size spher-

ical valves installed in some high pressure pipelines, including
the penstocks of many hydro power plants like the Salime
plant in Asturias (Spain) [3]. This is an impoundment plant

of 105 m in nominal net head, four units with independent pen-
stock and Francis turbine and a rated power output of
40 MW/unit after a refurbishment of the plant one decade
ago. Just upstream of each turbine, a spherical valve is to be

closed when the unit is not in operation to stop water flowing
from the reservoir (Fig. 1a).
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Nomenclature

/ seal diameter [m]

Ai cross section area at section i [m2]
ASS seal surface area facing gap flow [m2]
AOS annular seal external area facing pilot pipe line

[m2]

Csg annular seal damping coefficient corresponding to
gap angle [N s m�1]

di diameter at section i [m]

E modulus of elasticity [Pa]
fi friction factor at section i
g gravitational acceleration [m s�2]

Hi total energy head at section i [m]

I area moment of inertia [m4]
Ii water inertia coefficient through a specific pipeline

i [s2 m�2]
KS annular seal stiffness [N m�1]

Ki total friction loss coefficient at section i
KLi minor friction loss coefficient at section i
MS annular seal mass [kg]

Pi total pressure at section i [Pa]
Qi total flow rate at section i [l s�1]
t time [s]
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In order to prevent leakage between sphere and casing
when the valve is closed, that annular passage can be blocked

by sliding a retractable ring seal onto the ball surface (Fig. 1b).
In the case of the Salime plant, the driving force to shift the
seal to closure position is obtained by applying high pressure

water on its external surface, by means of a duct coming from
the penstock (Fig. 1c). In practice, however, it was noticed on
different occasions that, with a unit in standby mode and the

spherical valve closed, the seal did not really stay fixed on
the ball but developed periodic vibrations, which were per-
ceived as a succession of violent internal impacts at a rate of
1–3 Hz accompanied by high pressure fluctuations in the

hydraulic system. The phenomenon ended when an alarm sen-
sor at the valve inlet detected pressure values above a security
limit established in 13.5 MPa, which triggered the closure of a

double butterfly valve at the penstock intake thus preventing
any leakage. The instruments available in the plant were not
Fig. 1 (a) Salime Hydroelectric Power Plant schematic diagram. (b) S

seal area and in the pressure (or pilot) application duct on the. (c) De
intended to register signals at a sufficiently low time step,
and so no adequate pressure or acceleration signals could be

obtained during those episodes. Even so, the rate of fluctua-
tions was estimated to lie in the range 1–3 Hz, with different
values depending on the unit and on the available gross head.

This suggested that the vibrations would be associated to the
existence of a gap between seal and ball when the static fixing
forces on the seal were not high enough. Hence, an auxiliary

compressed air system was installed to increase the forces on
the seal of each valve during valve closure. The method has
proved to be very effective to avoid the excitation, though
the phenomenon has still been observed to appear if eventually

the compressed air system was not operational.
All this behavior suggests that the vibrations are self-

excited and related to unsteady leaking flow through a fluctu-

ating gap between sphere and seal. In fact, this type of prob-
lems has been observed in hydro power plants since long
implified diagram of the closed valve with relevant positions in the

tailed section of the sliding annular seal, applied on its seat.



Fig. 2 (a) Annular seal section view. (b) Un-deformed annular

seal side view with dimensions in mm. (c) Deformed annular seal

side view with maximum clearance position.
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time ago, though the cases reported in the literature are very
scarce. An early and exceptionally well-documented case was
reported by Abbot et al. [4] and further analyzed by Wylie

and Streeter [5] on the auto-oscillations in the penstock of
the Bersimis No. 2 plant (Canada). The origin was attributed
to intermittent leakage because of inadequate sealing in a

spherical valve, though the service seal was not retractable
but flexible and inflatable. Gummer [6] reported on the severe
penstock resonances registered in the Maraetai No. 1 hydro

station (New Zealand), which were produced after load rejec-
tion or during priming. In that case, the origin was located not
at a spherical valve but at the head gate seal, which is also
inflatable, due to poor oil pressure application. More recently,

Kube et al. [7] mentioned a case of penstock pressure pulsa-
tions in the Gordon hydro plant (Australia) that were origi-
nated by a leaking spherical valve with retractable seal,

similar to the case of the study now presented.
The problem of self-excited oscillations in hydro systems

with leaking valves can be compared to similar processes in

other types of valves and gates that operate at small openings,
for which there is a more abundant literature [8,9]. A common
feature for the instability to develop is that the fluid system and

the obstructing element of the valve, when set into oscillatory
motion, couple in such a way that the resulting dynamic forces
on the element reinforce its motion, thus allowing for a sus-
tained supply of fluid energy to the structure. Main situations

leading to destabilizing forces can be broadly classified in two
groups: flow inertia and fluid-acoustic couplings. In the first
group of cases, the flow inertia is responsible for a lag in the

velocity and pressure fields while adapting to the clearance
change as imposed by the motion of the valve element. This cat-
egory includes cases of self-excitation in spring loaded valves

such as swing check valves [10], plug valves [11,12] and poppet
valves [13], as well as hydraulic gates [9]. In the mathematical
modeling of these systems, the plug or vibrating element is usu-

ally represented by 1DOF mass, the inertia effects are mostly
contributed by the flow fluctuations in the conduits and the
valve passage is modeled as an orifice with variable cross-
section and a discharge coefficient that can incorporate hystere-

sis features [11,12]. Calculation of fluid forces on the vibrating
element leads to the analysis of the post-stable behavior of the
system and to establishing stability conditions. This can reveal

systems being stable or unstable depending on the amplitude
(low or high) of an initial perturbation [13], and can lead to
the design of specific stability techniques [14].

In the second group of cases, the acoustic response of the
system determines the fluid force on the vibrating element, usu-
ally a spring-loaded poppet or plate in a pressure relief valve,
so that vibrations can take place at an acoustic resonance

mode of the piping. The development of instability due to
acoustic coupling in valves that would otherwise be stable
has been observed in several recent experimental studies with

different set-up configurations and working fluids, including
both liquids [15,16] and gases [17,18]. Modeling of these sys-
tems to obtain the forces on the vibrating element may be done

by including fluid compressibility in the equations for unsteady
gas flow, like Hos et al [19], or by assuming plane wave prop-
agation along the pipes, as done by Misra et al. [20] for a con-

trol valve operated by a pneumatic drive, or using a method of
characteristics

With these mentioned studies, the aim of the presented
study is to develop a simplified theoretical model that can
explain the excitation mechanism for the seal vibrations and
estimate the behavior of the hydro-mechanical system, having
more depth on understanding the parameters affecting the

vibration phenomenon taking into consideration seal charac-
teristics and dynamics, establishing conditions of stable and
unstable operation and to give recommendations for best oper-

ating conditions.

2. Seal specification

It is assumed that the seal may have an imperfection in manu-
facture or an assembly imperfection. According to that it is
expected that only one portion of the seal will have a clearance

leading to leakage as in Fig. 2. The thickness of the clearance
will vary through the defected portion of the seal. However,
for the present analysis, it is sufficient to consider an average

thickness yav as well as mean vibration amplitude for the seal.

2.1. Annular seal characteristics

So as to simulate the annular seal equation of motion, the

annular seal characteristics corresponding to the gap length
such as annular seal stiffness, mass and damping coefficients
must be estimated first.

2.1.1. Annular seal stiffness coefficient

In order to calculate the annular seal stiffness, the annular seal
deflection due to the applied load is required. Considering the

annular seal as a curved beam such as shown in Fig. 2, Casti-
gliano’s theorem could be utilized to estimate the annular seal
deflection as for a fixed support-uniform load straight beam

configuration [21]. Besides, by integrating the deflection equa-
tion and equating it with the average area, the average deflec-
tion can be calculated. Afterwards, by replacing the annular

seal length by the gap length Lsg and dividing the applied load
by the average deflection the annular seal stiffness through a
certain gap can be calculated by the following equation.
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Ksg ¼ � 720EI

Lsg
3

����
���� ð1Þ

where Lsg ¼ Ls
hgap
2p

� �
; hgap is the gap angle and Ls ¼ p/.

2.1.2. Annular seal mass coefficient

The annular seal mass equation corresponding to the gap angle
can be calculated as following.

Msg ¼ Ms

Lsg

Ls

� �
¼ Ms

hgap
2p

� �
ð2Þ
2.1.3. Annular seal damping coefficient

Once the values of the annular seal mass and stiffness corre-
sponding to the gap length are calculated, the damping coeffi-
cient can be determined from the damping factor equation as
follows,

Csg ¼ 2f
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MsgKsg

p ð3Þ
3. Theoretical model

The case of interest is related to Movement Induced Excita-
tion, (MIE) flow induced vibration [8], as the fluid dynamic

force is supported by the oscillatory motion of the vibrated
seal. In order to make the theoretical model as simple as pos-
sible and containing all the relevant data of the real plant, it is

decided to consider the main and the spherical valve scheme of
Fig. 1b.

According to Fig. 1b, in order to obtain the pressure and

flow rate at different mechanical system sections, the energy
equation for an unsteady, unidirectional, incompressible and
viscous flow is utilized across the relevant hydraulic pipes
together with the continuity equation across each junction

[23] and the seal equation of motion. The mechanical-
hydraulic system for each group of the hydroelectric power
station under consideration can be summarized in the diagram

of Fig. 3.
Fig. 3 Simplified mechanical-hydraulic system for each group of

specifications and vibration motion coordinate.
Point 1 presents the entrance to penstock from input reser-
voir, point 2 is the pilot pressure take off acting on the annular
seal, point 3 is the external face of the annular seal in which the

pilot pressure is applied, point 4 resembles the sliding annular
seal gap clearance while point 5 is the discharge tube entrance,
point 6 is the discharge chamber, La is the penstock length up

to valve inlet, Lb1 is the duct length through spherical valve to
ball entrance, Lb2 is the fixed seal length in flow direction, Lb3

is the Length between fixed seal and sliding seal, Lg is the gap

length, Ld is the length from ball exit to discharge, Lc is the
pilot pipeline length and, ygu is the unloaded clearance thick-

ness, as the seal is unstrained neither statically nor dynami-

cally, yogrefers to the average gap thickness after being

stressed statically and y is the vibration displacement of the
sliding seal from the static equilibrium position. The system
governing equations for every section will be presented as

follows,

Section 1� 2 : H1 �H2 ¼ Ia
dQa

dt
þQ2

a Ka ð4Þ

Section 2� 3 : H2 �H3 ¼ Ic
dQc

dt
þQc Kc ð5Þ

Section 2� 4 : H2 �H4 ¼ Ib
dQb

dt
þQ2

b Kb ð6Þ

where Ka ¼ faLa

2gdaA
2
a
þ KLa

2gA2
a
; Kb ¼ fb1Lb1

2gdb1A
2
b1

þ KLb

2gA2
b1

þ
1

Ab2
� 1
Ab3

� �2

2g
;

Kc ¼ 32 m Lc

gAcd
2
c

and Ii ¼ Li

gAi
:

The losses through sections 2–3 are assumed for laminar
flow as the velocity of flow in this section is expected to be

small. So, the hydraulic loss will be proportional to the flow
rate [23] as,

Qg ¼ Qb þAss

dy

dt
ð7Þ

Annular seal equation of motion:

Msg€yþ Csg _yþKsgy ¼ F tð Þ ð8Þ
the hydroelectric power station with seal clearance geometrical
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where

F tð Þ ¼ P3Aos � P4Ass ð9Þ

Section 4� 5 : H4 �H5 ¼
Q2

d
1
Ag

� 1
Ad

� �2
2 g

ð10Þ

Section 5� 6 : H5 �H6 ¼ Id
dQd

d t
þQ2

d Kd ð11Þ

where Kd ¼ fdLd

2 g ddA
2
d

þ KLd

2 g A2
d

.

Gap cross-sectional area:

Ag ¼ Lsg yog � y
� 	 ð12Þ

Energy level at section 1 is a variable while at section 6 is

maintained zero.
Pressure at sections 3 and 4:

P3 ¼ qg H3 �
dy
dt

2

2g

 !
ð13Þ

P4 ¼ qgH5 ð14Þ

Section 2� 8 ðflow rateÞ : Qc ¼ Aos

dy

dt
ð15Þ
3.1. Dynamic system modeling using the perturbation technique

The perturbation technique will be adopted to solve the system
variables, as the variables are assumed to be composed of

steady state component and time dependent small oscillations
components superimposed over them. It can thus be assumed
that Qi = Qoi + qi and Hi = Hoi + hi. Taylor series function

will be used to linearize the nonlinear equations.

3.2. Dimensionless analysis:

In order to have a deep understanding of the parameters
affecting the problem, a dimensionless analysis is carried out
with some simplifications. Firstly, neglecting main line tube

hydraulic losses presented at sections 1–2, 2–4 and 5–6 as they
have a negligible value compared to the input reservoir energy
level and gap leakage kinetic energy. Beside, as the leakage gap
cross sectional area is very small compared to the previous

cross section Ab3, then most of the energy head H2 is converted
to kinetic energy through the gap and the gap pressure head
can be assumed as equal to H5, as the gap kinetic energy will

be lost by Bordas loss in section 4–5. After, applying the men-
tioned simplifications, the analysis showed that the dimension-
less added water damping, stiffness and mass mentioned briefly

in Appendix A are function of the following pi groups:

C�
w;K

�
w;M

�
w

� 	 ¼ f P1;P2;P3; I
�
a; I

�
b; I

�
c ; I

�
d; c

� 	 ð16Þ

P1 ¼ Gapkinetic energy

Main line Inertia
¼

v2og
2g

ImwrefQog

; P2

¼ Gap reduced velocity ¼ vog
Lgwref

; P3

¼ Pilot line head loss

Main line inertia
¼ Kc

Imwref

;

I�a ¼
Ia
Im

; I�b ¼
Ib
Im

; I�c ¼
Ic
Im

; I�d ¼
Id
Im

and c ¼ Ass

Aos

where Im ¼ Ia þ Ib þ Id; wref ¼
ffiffiffiffiffiffi
Ksg

Msg

q
.

4. Conditions of stability

So, after applying the simplifications and the dimensionless
analysis, the seal equation of motion will be as follows,

y�
Msg

qgImA
2
os

þM�
w

 !
� þ _y�

Csg

qgImA
2
oswref

þ C�
w

 !

þ y�
Ksg

qgImA
2
osw

2
ref

þK�
w

 !
¼ 0 ð17Þ

M�
w, C

�
w and K�

w resemble as well the dimensionless fluctu-

ating components of the instantaneous force F tð Þ in Eq. (9)
as a combination of terms proportional to the displacement,
velocity and acceleration of the seal vibration [8]. Also, Eq.

(17) presents the equation of motion for a single degree of
freedom free vibration damped system. For such a system
the inherent frequency w of the oscillation is determined
through the damped frequency equation and the stability is

known from the equivalent damping coefficient value of
Eq. (17) [22].

5. Computational procedure

To solve the steady state equations, two iteration mechanisms
are utilized to determine the flow rate and the gap cross sec-

tional area. Following, the unsteady equations are solved with
the aid of the steady state variables. To estimate the correct
value of the frequency w and the force coefficients M�

w, C
�
w

and K�
w, an iteration mechanism is adopted by inserting an ini-

tial value for the frequency, calculating the force coefficients in
Eq. (17) and the damped frequency. Solution convergence is

achieved as the relative error between the frequency values is
smaller than 10�6. A MATLAB code is designed to have the
ability for studying the effect of Pi-groups variation while
varying input reservoir energy level on the dynamic perfor-

mance of the system.

6. Results

The dynamic performance of the hydro-mechanical system

will be discussed through three parameters Gm, Gk and Gc.

Gm presents a ratio between added water mass Mw and pilot
water mass multiplied by square seal external surface area

ratio to pilot pipe line cross-section area Mc. Gk presents a

ratio between added water stiffness and seal structure stiff-

ness. While, Gc presents a ratio between added water damp-
ing and seal structure damping. Following, stability design

charts functions of G1, G2, I
�
c and c are developed and finally

the nonlinear system is solved including the neglected hydrau-
lic losses to observe its effect on reaching the limit cycle
oscillation.

Fig. 4 shows, that the added water mass is independent of

G1, G2 and system oscillation frequency f. On the other hand,
Fig. 4c, presents that the added water mass depends on the seal

surface area ratio c and I�c . As, by incrementing I�c the added



Fig. 4 (a) Relation between Gm and G1. (b) Relation between Gm and G2. (c) Relation between Mw, Mc, f and I�c for G1 = 0.3634 and

G2 = 17.315. I�a = 0.78, I�b = 0.03 and I�d = 0.19.
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water mass Mw and Mc increase while the system oscillatory
frequency tends to decrease. On the other hand, incrementing
c tends to reduce Mw and Mc while increasing system oscilla-
tion frequency f for the same value of I�c .

Basically according to Kolkman (2007) [9] there are three

types of added stiffness. This added stiffness could be due to
immersion, sudden stiffness as in the case of culvert gates
and finally, the added stiffness due to quasi-stationary flow
forces which corresponds to the present case. At low values

of G1, the main pipe line inertia is very high in comparison
to gap discharge. That will lead to a pressure build up inside

the gap, which tends to lift the seal opposite to the vibration
motion, augmenting the seal stiffness. On the other hand, aug-

menting G1 will lead to a pressure reduction inside the gap,

which results in a seal suction, increasing the negative stiffness
effect such as seen in Fig. 5a.

However, kinetic energy augmentation can be explained as
a hydraulic head augmentation that tends to reduce the seal

gap area, such as in the case of an orifice or valve with a vary-
ing discharge area. At very high hydraulic head the seal gap
area reduction is higher in comparison to gap flow velocity

augmentation. This relation will lead to a lower augmentation
rate or a discharge reduction as shown in Fig. 5c, which in
both cases will result in a pressure build up and a lower nega-
Fig. 5 (a) Relation between Gk and G1. (b) Relation between Gk and G
and G3 = 0.0031.
tive stiffness effects such as mentioned in Fig. 5a. Fig. 5b
shows a similar attitude as in Fig. 5a. At very low reduced
velocity the seal tends to have a lower negative stiffness due
to pressure build up, while augmenting the reduced velocity

will lead to a pressure reduction and higher negative water
stiffness, but also as mentioned before at very high reduced
velocity the discharge flow tends to decrease leading to a lower

negative water stiffness. Also, according to the flow rate
Eq. (7) increasing the seal surface area facing the gap flow will
result in a gap discharge augmentation, gap pressure reduction

and lower negative water stiffness response, such as shown in
Fig. 5a and b.

Fig. 6a manifests that added water stiffness is independent

of G3. Also, Fig. 6c shows the independency of the steady state

gap flow rate from I�c and G3. However, the total gap flow rate

varies slightly, due to oscillation frequency variation. So, as the
total gap flow rate variation from one case to another is small,

Gk variation is a frequency dependent. As seen in Fig. 1c for

the case considering G1 and I�c equals to 0.3634 and 21.43 the

equivalent mass coefficient is 4.62x103 kg with an oscillation

frequency of 10.51 Hz. While, for the same G1 but with I�c
equals to 32.14, the equivalent mass coefficient increased to
6.929 x103 kg and the oscillation frequency reduced to

8.62 Hz. These results show a mass increment of 33.23% and
2. (c) Relation between Qg and G1. I
�
c = 0.78, I�b = 0.03, I�d = 0.19
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an oscillation frequency reduction of 17.9%, which results in a

higher equivalent stiffness coefficient and a lower negative Gk

values such as seen in Fig. 6b.
Basically the added water damped is mainly caused by the

flow velocity. As it can be seen form Fig. 7a and b, as G1
Fig. 6 (a) Relation between Gk and G1. (b) Relation between Gk and G
and c = 0.5.

Fig. 7 (a) Relation between Gc and G1. (b) Relation between Gc an

I�c = 32.14, I�d = 0.19 and G3 = 0.0031.

Fig. 8 (a) Relation between Gc and G1. (b) Relation between Gc and G
and c = 0.5.
and G2 increase the flow damping forces tend to excite the sys-
tem rather than damping it. For the case of c = 0.4 as shown

in Fig. 7c, for values of G1 lower than 0.152 the amplitude of
unsteady seal inlet velocity v1 is higher than the seal outlet
velocity v2 and according to the flow rate Eq. (7) that gives
1. (c) Relation between Qg and G1. I
�
a = 0.78, I�b = 0.03, I�d = 0.19

d G2. (c) Relation between v1, v2 and G1. I
�
a = 0.78, I�b = 0.03,

1. (c) Relation between v2 and G1. I
�
a = 0.78, I�b = 0.03, I�d = 0.19
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an indication for a flow velocity in the opposite direction of
seal vibration, which results in a positive added water damping
and seal vibration resistance augmentation. On the other hand,

for G1 values higher than 0.152, v2 is higher than v1, which
results in a flow velocity in the seal vibration direction leading
to a negative water damping that excites the system rather than

damping it. Also, as G1 and G2 increase the systems tends to be
more dynamically unstable for the same value of c as seen in
Fig. 7a and b, as the negative water damping term mentioned

in Eq. (A2) is function of G1
2 multiplied by G2. Seal surface area

ratio c has a significant effect on the water added damping. As,

by augmenting c the total gap flow rate increases as shown in
Fig. 5c, however the gap cross section area increases too due to
external seal surface area Aos reduction. That will lead to v2
reduction and in turn a lower negative added damping water

such as shown in Fig. 7a and b.

Fig. 8a shows a slight effect of G3 variation on the added
water damping for the same values of I�c and c. Such as, for

the highest G3 the maximum and minimum Gc are 0.1577

and �40.2726, while for the minimum G3 the highest and low-

est values of Gc are 0.1255 and �40.3052. On the other hand,

augmenting I�c for a fixed c increase system instability and exit
Fig. 9 Stability design charts as a function of G1, G

Fig. 10 For and Yog relation against H1, keeping I�a
seal velocity v2 such as seen in Fig. 8 b and c. As, by varying I�c
the system oscillation frequency varies, which increases the
amplitude of unsteady seal outlet velocity v2, which results in

Gc reduction.

Fig. 9a shows the stability charts for a varying seal area
ratio c with different seal area configurations for the same
I�c . Where, for the same c by incrementing Ass the structure seal

damping tends to decrease, so a lower negative water damping,

G1 and G2 are needed to reach the critical dynamic stability

condition. Also, as mentioned in Fig. 7a and b incrementing
c leads to a higher dynamic stable system as the positive water
damping tends to increase. So, for a higher c values critical

dynamic stability conditions are achieved at higher G1 for

the same G2, as by incrementing G1 the gap kinetic energy is

increasing with respect to main line inertia leading to more
negative water damping. On the other hand, for the same value

of G1 a lower G2 is needed to reach critical dynamic stability

conditions for a higher c. As, by increasing c the seal structure
damping is lowered at a higher rate in comparison to added

water damping increment, so a lower G2 is needed to reach crit-

ical dynamic stability condition. Fig. 9b and c shows the stabil-

ity design charts for a varying I�c and c as a function of G1 and
2, c and I�c . I
�
a = 0.78, I�b = 0.03 and I�d = 0.19.

= 0.7811, I�b = 0.03, I�c = 32.14 and I�d = 0.19.



Table 1 Relation between th and system pi groups keeping

I�a = 0.7811, I�b = 0.026, I�d = 0.1929 as constants.

G1 G2 G3 c I�c th

0.3651 17.2813 0.0031 0.4 32.144 1.018

0.5483 24.4397 0.0031 0.4 32.144 0.92

1.2612 42.3265 0.0031 0.4 32.144 0.819

0.3627 17.2813 0.0031 0.5 32.144 2.533

0.5405 24.4397 0.0031 0.5 32.144 1.05

1.1928 42.3279 0.0031 0.5 32.144 0.18

0.3609 17.2813 0.0031 0.6 32.144 3.005

0.5350 24.4397 0.0031 0.6 32.144 1.02

1.1475 42.3288 0.0031 0.6 32.144 0.91

0.5405 24.4397 0.0042 0.5 42.8587 0.923

0.5405 24.4397 0.0052 0.5 53.5733 0.923

0.5405 24.4397 0.0025 0.5 32.1440 0.926

0.5405 24.4397 0.0011 0.5 32.1440 0.925

Hydrodynamic self-excited vibrations in leaking spherical valves 1523
G2. As seen, for the same c and increasing I�c a lower G1 and G2

are needed to reach critical dynamic stability conditions. By
increasing I�c the system tends to have a higher negative water

damping such as mentioned in Fig. 8b. Also, for a higher c val-
ues and varying I�c always a higher G1 and G2 are needed to

overcome the added water damping to reach the critical

dynamic stability condition.
Fig. 10 shows that increasing the input reservoir energy

level the steady state hydraulic pressure force For tends to

increase, which results in gap clearance reduction trying to
achieve static stability condition. Also, by reducing c static sta-
bility condition is achieved at a lower H1, as increasing Aos

results in For augmentation in a higher rate than structure

stiffness augmentation leading to higher gap clearance closure.
After solving the system nonlinearly and including the

neglected losses, the limit system oscillation amplitude cannot

be obtained, as the gap clearance is very small. So, after a
specific time the seal will hit the ball surface going backward
and forward. Table 1, shows the effect of the dimensionless

Pi-groups on the time th needed by the seal to hit the ball sur-

face. As it can be seen, for the same values of c and I�c as G1

and G2 increases the seal tends to hit the ball faster as the
added water damping tends to excite the system rather than

damping it and the seal tends to be more flexible as the nega-
tive water stiffness increases such as shown in Fig. 7 a and b
and 5 a and b. Also, for c = 0.5 with varying I�c the seal tends
to hit the ball surface at the same time as the system tends to
have a lower damping equivalent coefficient but with a higher

equivalent stiffness coefficient. Finally, for I�c , c equals to 0.5

and 32.14 and a varying G3, it can be seen that as G3 increases

the time needed by the seal to hit the ball increases too as the
equivalent damping coefficient increases.

7. Conclusions

1. The simplified presented hydro-mechanical model can pre-
dict the unstable and stable operation of each group of the

Salime hydroelectric power plant taking into consideration
varying system operation settings. Also, it is confirmed that
the phenomenon is related to movement induced excitation
flow induced vibration, as there is an unstable coupling

between flow and seal vibration movement. The system
may be initially under equilibrium but a small perturbation

can lead to flow and pressure oscillations of incrementing
or decaying amplitudes depending on stability conditions.

2. The added water mass is hardly influenced by the leakage

flow. The added water mass is a function of pilot pipe line
geometry and seal surface area ratio. Also, if the seal
moves, the water at the pilot pipeline has to move along
with the same velocity of the seal, as it is locked in sideways

whatever the pilot line resistance is.
3. Static stability condition is not necessary to be achieved at

very high input reservoir energy level as it depends on seal

geometry affecting hydraulic pressure forces and seal struc-
ture stiffness. Although, adding an auxiliary system such as
a compressor air system, which aims to augment pressure

forces acting on the seal, will enhance system stability.
4. Seal dynamic instability is less prone to occur when operat-

ing at low gap kinetic energy to main line inertia ratio (G1)

and gap reduced velocity (G2) (i.e. low input reservoir
energy level), as the seal inlet velocity is higher than seal
outlet velocity, which results in a positive water added

damping. Besides, incrementing the external surface area
of the seal to the seal surface area facing the gap flow (c)
improves system dynamic stability as the seal outlet velocity

tends to decrease. Also, augmenting pilot pipe line resis-
tance tends to improve added water damping and system
dynamic stability.

5. Design stability charts demonstrated that for the same G2 a

higher G1 is needed to reach critical stability conditions for
a higher values of c and same pilot pipeline water inertia

coefficient to main line water inertia coefficient (I�c ). How-

ever, for the same G1 a lower G2 is needed. Also, for the

same value of c and a varying I�c a higher G1 and G2 are

needed for a lower I�c to reach critical stability condition.
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Appendix A.
M�
w ¼ bI�d

Pd

1þ 4P2
1

� I�dbcþ I�p

� �
ðA:1Þ

C�
w ¼

Pd

1þ4P2
1

2bPdw 1� I�d
� 	� 4P2P

2
1
cw

A�

� �
þ wP3

wref

ðA:2Þ
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K�
w ¼

Pd

1þ4P2
1

�4bP2
1w

2 � 2P2P1cw2

A�

� �
wref

2
ðA:3Þ

where

b ¼ 1�I�
b

1�I�
d
� c; I�p ¼ I�c þ 1

1
I�a
þ 1

I�
b

; Pd ¼ 1� I�b � I�d 1� cð Þ.
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