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Abstract Amongthe manyforcesto which hydraulic structures are exposed to, the forces
induced by cavitation incident are of typical hydrodynamic unknown for ces. The aim of this
study is to define these forces as coupled fluid-structure interaction under two dynamic effects.
The first dynamic effect which incorporates facilities for dealing with cavitation fluid is based on
the appear ance and bursting of vapor bubbles. T he second hydrodynamic effect isdynamic
excitation mechanism of the structure. In fluid-structure interaction, both the structure behavior
and fluid are considered linear. Fluids can take some tension the extent of which depends on
concentration and size of micro bubbles present; nevertheless, if the absolute pressure dropsto
a vaue close to the vapor pressure of the fluid, bubbles are formed and cavitation phenomena
occurs. In this paper a fixed-wheel gate under the head pressure of a reservoir is considered to
be affected by under flow cavitation. Normally, partially opened gates induce energy dissipation
resulting in high turbulence, causing negeative pressure and cavitation & the back and this excites
the gate vibration. Moreover, there are severa mechanisms which may cause heavy, self-excited
vibration. A ccording to the proposed method, atimefunction presenting the oscillation and
pressure fluctuation in the vicinity of gate lip isestimated. T his estimation is based on the
parameters obtained from atwo dimensional solution of flow under the gate lip. Accordingly,
periodic time variable nodal forces are calculated and applied to gate lip element nodes. A
transient dynamic solution of the gate, while its lip is sustaining nodal forces is estimated as time
function. Theresultsfor the most sever modal deformation of the structure time history of
some critical elements and variation of equivalent force versus time are presented.
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INTRODUCTION

In the normal case, when the absolute pressure
at any point in the space occupied by flow
reachesthe vapor pressure pertaining tothe
prevailingtemperature, vapor bubblesdevel op
and voids filled with the vapor are formed in the
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fluid. Bubbles formed on the back surfaces of
the gate edges and adhering to them due to the
high speed whirl, may eventudly reach points of
relatively very high pressure. This effect will
cause an exploson-like collapse ensues exerting
aviolent impact upon the surface adjacent to
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the void. Of course, with conditionsimpairing,
i.e. with increasing gate lip angle from zero
upward, the space occupied by bubbles extends
to downstream of the gate. Thelow pressure
inside the bubblesleadsto evaporation and
explosion of the bubbles. As a result of
continued bubble explosions, shock wavesare
created and move everywhere around. M etal
surfacesexposed to cavitation, first loosetheir
shininess and later on have spongy appearance.
In addition to these corrosve effects, there will
be gate vibration as well.

The conditions upon which bubbles are
created were investigated by Kennard [1] and
Hammitt [2]. Some research projects have been
conducted on the damage to the surface of the
structures by cavitation by Driels [3]. Bleich and
Sandler [4] concluded that the effect of
cavitation is amilar to the one dimensond wave
movement. The effect of cavitation such as
shock effects on solid surfaces was
mathematicaly shown by Newton [5]. Jones [6]
assumed that the movement of created waves
depends on the capacity of absorbed energy. A
better assumption about the mechanism of
bubble creation waspresented by Johnson &
Daily [7]. The time distance between two
bubble explosionswasinvestigated by Knapp
[8]. The hereafter discussion isbased on the last
two references.

PARAMETERSCONTROLLING
CAVITATIONUNDER THE GATELIP

Whileagate issemi-closed, and particularly, if
no proper aeration is employed, the under flow
may be ungtable and turbulent after passing the
gate lip. Under these circumstances, some
hydrodynamic forces at the back of the gate
make the vibration of gate body. The parameter
showing the reduction of pressure isknown as
A [1], and can be caculated asfollows:
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where
h = the gate downstream pressure equal
to(C.y+P).

V = Vdocity.

g = Gravity acceleration.

C, = Coefficient of depth dability.

y = Coordinate in vertical direction.
Increasing parameter (A), increases the
probability of cavitation. Usually, a general
parameter is aso introduced as K, which can be
obtained as:

Fope  APLP L

@

Ve e
Where
P = Absolute pressure downstream of gate.
P.m = Atmosphere pressure.
P, = Vapor pressure.

Accordingly, A and I§¢ depend on each other.
Basically, whenever, Kgis lessthan a certain
value named as K¢, cavitation occurs. Ke
depends on the minimum value of C,, at the
vicinity of the gate which isintroduced as
cavitationparameter. Meanwhile,thegeometry
of gate lip can severely control the distribution
of C,,, so wherever the value of C; isnegative,
cavitation will take place. However, parameters
A and i, can show cavitation occurrence for a
certain gate lip geometry with aeration, as
follows.

; e
Pr —lif-‘.-] _A- v (3)
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h; and h are piezometric heads at points i and |,
respectively. The variation of C;, isshown in
Figure 1-a. (Cy)) min isobtained for 21 types of
gate lip geometries by Naudaschar et. al [9].
Figure 1-b showsthegeometrical specifications
of 21 types of gate lips. Variation of (Ch)min
with relative gate opening shown in Figure 2-ab
[10,11].
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Figure 1. (8) Variation of Cp, along gate thickness; (b) 21
types of gate lip geometries [8].
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Figure 2. Variation of (Cp)min-

EQUILIBRIUMOF A SINGLE BUBBLE

Based on minimum energy level rule, the shape
of abubble must be sphere. This shape can
guarantee the most stable condition of the
bubble [2]. Therefore, the equilibrium of a hdf
sphere bubble is sufficient to be considered.
Thefollowing equation showsthe equilibrium
of tension forces at the cut edge of sphere and
pressure forces ingde the bubble.

e pd —2mre -2 ip, (4)
or

B Pa—2py ®
where

r = Sphere radius.
e stands for tenson at the cut edge.
P, =External pressure.

Val. 14, No. 3, August 2001 - 185




P, + P, = Pressure indde bubble.
Assumingthat gasin the bubblesobeysthe
ideal gas law:

™ BT ©)
d e b
L . )
I, ]_3 F
where A—mR T ®)

m = mass of gas.
Ry = Universal gas constant.
T, = Absolute temperature.

The stability of the bubble can be
investigated by solving the full differential
equation [8] as follows:

L
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b
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Positive values of the right hand side of
Equation 9 showsthat the diameter of bubble is
increasing. Conversely, ifthisvalue isnegative,
it shows that the bubble is decreasing in
diameter. However, the right hand side
represents a force which can change the bubble
size. The stable bubbles exist while the right
hand sde is zero. This case leads to the vdidity
of the following equation:

“ i Ef
PPy Fom 43(E) (10)

where,
r. = The critical vdue of r upon which the right
hand sde of Equation 9 is zero.

This equation can lead to obtaining a critical
radius for sable bubbles.

mA P TA | (ll)

iy

Fe—l 3020

Therefore, at the time of severe condition of
cavitation under the gate lip, the size of all
bubbles are the same and are defined by r..

CAVITATIONUNDER GATELIP

Several transient conditionstake placewhile a
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gate starts moving up or down to control the
flow in conduit. However, each time a pressure
distribution can be provided by solving
Navier-Stokesequationsin threedimensional
condition. Theoretically, any pressure
distribution obtained can be led to the
distribution of coefficient of cavitation. This
coefficient can simply present if and where,
there may be local or even a large zone of
cavitation taking place.

To simplify the problem, only stable flow
conditionsare considered here. Therefore, to
have stable sze of bubbles, the right hand sde
of equation 9 must be equal to zero. The
following equation can be employed to calculate
the radius of stable bubbles.

PP ) + 20 - A0 (12)

Also, Equation 10, can give the vaue of Py.
Thelocalization of cavitation throughout the
flow, specially in the vicinity of the gatelip,is
the most important data. Accordingly, the effect
of cavitation hydrodynamic forces must be
applied to structural elements in the vicinity of
cavitation region. Consequently, the most sever
case is when the width of cavitation zone is
equal to but againgt the gate lip. However, this
condition may be known asthe upper bound
case of cavitation effect on the gate lip.
Further more, followingthe upper bound case,
the rows of the same size bubbles(radiusr) in
the most condensed possible form may be
supposed to explode against the gate lip edge.
The possible organized form of bubble rows
upon assuming simultaneous and uniform
bubbling is shown in Figure 3.

Figure 3. Proposed periodic made bubbles with rowsin the
most condensed form.
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Normally, fluids can not sustain a shear wave.
However, longitudinal waves in a liquid
propagate at the speed of sound. The velocity
of sound in an elastic fluid is directly
proportional to the square root of the ratio of
bulk modulus to the density of fluid. This
velocity, Vs, is calculated as follows [7].

I»;._[%f-'z 13
where,

B, = Bulk modulusof water containing some
ar.

r,, = Dengty of water containing some air.

The above mentioned two parametersare
calculated accordingto the equation presented
in reference [7]. According to reference [7], the
effects of shock wave decreases with the
distance from bubble center. The shock wave
velocity is equal to the speed of sound in water.
Based on experiments [7], the pressure intensty
at a distance, two times the initid bubble radius
from the collapse center is about 200 times the
ambient pressure at the collapse site. In the
stated case the bubble diameter was 0.1 mm.
and the mean bubble pressure reported to be
equa 120.9 KPa [§].

Experimentally, it hasbeen proven that the
cavitation damages due to exploson shocks are
much more than spherical preparing shocks.
Furthermore, the intensity of pressure dueto
symmetric shocks is much more than non-
symmetricones. Accordingtoexperiments, the
wave velocity of non-symmetric producer is haf
the sound velocity in water. As a result,
following the most sever case, it may be
supposed that rows of the same size bubbles
explode smultaneoudy and regularly. Certainly,
thiscase can create more sever condition than
irregularity of bubbles. These assumptionslead
to the condition of bubbles explosionsto the
variation of pressure due to the large number of
vortices made by each bubble explosion. The
time distance between two consequent rowsin
the most sever cavitation isequal to thetime
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which must be spent for replacing the next row
of exploson. The length of this distance may be
assumed as the minimum distance between two
consequent rows whose periods are 900 away
from each other. Two consequent such rows are
shown in Figure 3.

HARMONICEQUIVALENTNODAL
FORCESOF CAVITATION

The distribution of periodic variation of
pressure obtained by bubble explosionsis
assumed to be a function of location and time.
Adopting that the most cavitation effectsare
applied to the gate-lip edge elements, the
variation of obtained pressure must be changed
into equivdent nodal forces. However, a better
assumptionisthat pressure effectsare applied
adong the lower edges of the nearest row of the
element adjacent to the starting points of
cavitation. In athree dimensional case, the
components of equivalent nodal forces
representing pressure variation are the function
of time. Among those components the one
perpendicular to gate leaf isthe most effective
one to make the gate vibrate. Of course, one or
two or even all three components can be
considered to compute the gate vibration. The
created periodic distributed pressurealongthe
gate-lip edge perpendicular to the gate leaf in
the first mode may be written as follows:

PH:' Ry _P

_ TN i y
Py {—If'x,#e ) ﬂ':#}

(14)

where,

V = The velocity of flow under the gate lip.

t = Time

X = Horizontal distance dong the gate lip.

R = Thedistance axisto axis of two adjacent
rows of exploding bubbles.

The equivalent nodal forcesfor the first and
second modes are calculated as follows:

P = ..
. I T i .1 ] .
fim [ T i (2L (15)

e
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Employingrectangular isoparametricelements
and linear shape functions, leads to the
equivalent nodal forces for two modal forces as
follows.
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y; and y, = Coordinate of the first and last
nodes on the elements edge.

lc = The length of element edge receiving
cavitation effects.

The calculated equivalent nodes forcesare
gpplied to the nodes on the gatelip edge where
cavitation takesplace.T hese nodal forcesal so
change with respect to time. Assuming a regular
and simultaneousbubble explosionsalong each
row against the whole gate-lip edge, the
following equation presents the variation of
each nodal force versus time.

j" _[fl'-'?iil'-l' _fy.l.'r.:n ] 511 l: @ } (19)

where,
fi = Equivalent nodal force as a function of
time.
t = The time between two consequent row
explosions.
fin » Tmax= Minimum and maximum values of
f,.

To apply thisnodal force to the gate lip
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edge, it can be divided into a constant
amplitude and atime function factor.

DYNAMICRESPONSE OF PLATES
SUBMERGEDIN WATER

While aflat shape structure isto vibrate and
submerged fully in water or even only one Sde
of it isin contact in water, fluid-structure
interaction is known to affect as a damper,
though, the natural frequencyislessthan the
free vibration in air. An dternative approach is
to evaluate the added mass term instead of
considering damping effects through
fluid-structure interaction. Many authors
recommended different added massfactorsto
adjust the vibration of aflat structure in water
[10], [11], [12], and [13].

In this study, to obtain a proper added mass
for the plates submerged in water, a Lagrangian
finite element solution is employed to solve the
effect of fluid-structureinteractioninvibration
of asingle plate[14]. To provide anumerical
model of asingle plate and surroundingwater,
the behavior of both plate and water is assumed
aslinear elastic with corresponding K' (bulk
modulus) and G(shear modulus). These
parameter values for water need some
investigation, dthough, G is not to be taken as
zero and v (Poisson ratio) not to be greater
than or equal to 0.5. Furthermore, natural
frequencies obtained through different G vaues
are severely different!

Two types of the composition of elements
including steel shellsin solid waters (type 1),
and steel solid waters (type 2) were investigated
[14]. For aplate vibration submergedinwater,
the general dynamic equation is as follows:

(M 44", +(C-B W+ (K +C 1, —F.(r) (20)

where,
M, C, and K are mass, damping, and stiffness
matrices respectively.

A', B, and C' are similar to M, C, and K,
respectively, but asthe effects of submerging
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the system in water. & , @ and d, are
acceleration, velocity and displacement
respectively. F;(t) stands for hydrodynamics
force applied to node i which is naturally a
function of t (time).

Accordingly, the natural frequency of a plate
in the case of submergingin thewater (f,,) is
calculated as follows:

o ij -~ @
ol M4

Therefore, assuming f, asthe natural frequency

of plate in air, the ratio of the two frequencies

is calculated as follows.

b 11 (22
Fu LAy femn

where, A', and m, are added mass because of
submerging and massitself for unit length of
plate at nth mode, respectively.

The Struhal hydrodynamicforce affectinga
flat body while water is passing by it, is
calculated as follows:

Sk,

il

= (23)
where,

fi = Struhal hydrodynamic force.

S = Strouhal number.

V, = Approach velocity in flow path.

d = Thickness of body perpendicular to flow.
Strouhal number dependson section geometry
of plate.

Fi(t) in the right hand side of Equation 20
comprises a vertex shedding-induced
hydrodynamicsforce and a variable Struhal
force of which the frequency stated in Equation
23. The drag force can be caculated asfollows.

I (P
K, —C, _m("‘-_{“f-} g (24)
dotmE e hsin 3 2

where,

Cy,s depends on the geometry of plate.

a and b = Flow angle and plate angle
respectively.
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r and n stand for density and flow velocity.
D= Thickness of body perpendicular to flow.
| = The length of body in the flow.

In thisstudy it has been assumed that all
plates (skin plate, stiffeners, and flanges)
participating in gate structure are fully
submerged in water. Certainly, whilethe gate
body is partly submerged in water, the
investigated added mass must be considered
only for submerged elements. In the case of
some plates to be one sided submerged in
water, new investigation must be carried out to
obtain rationdlized added mass.

NUMERICALRESULTS

To show the applicability of the proposed
method, one segment of a bulkhead gate
composed of four segments, is chosen. This
segment is5.8m. wide, 2.70m. high and 0.60m.
thick. The maximum head for thisupstream
sealed gate is 45m. of water. The material used
in manufacturing the gate wasST-44-2, and the
skin plate 30mm thick. According to the general
observations conformed with the equation given
for rc, the average diameter of bubbles created
by cavitation is assumed to be 0.2mm. The
maximum pressure along each bubble row in
exploding conditionisconsidered as200 times
of minimum pressure on the same row.

These assumptionswill lead to a pressure
variation dong the gatellip edge as follows:

#— 196120850 (- ;{fm} (25)

Results of solving Navier-Stokes equation upon
two dimensional condition to find an average
pressure and velocity under gate lip elements is
shown in Figure 4-a. InthisFigurethe finite
element mesh, suction and probable cavitation
zone are shown. Figure 4-b and 4-c showthe
variation of time function f(t) which are two
smulated sinusoida and cosine based change of
pressure fluctuation under the gate lip. The
flow lines are shown in Figure 4-b.

Figure 5-a shows the maximum deformed

Val. 14, No. 3, August 2001 - 189




[ T 1 = " T -
= 'E ———— e ——
Finaa -
el . —_ N
% - r . -
La 1] = K

[ e
L a2 l-.-.-.--.-.-.- ik M iihay: | EHE
g HISTUHY
o - 1 THATE
et 1 [Frera
. B L His | e
I | ¥ = LABost 2l
. I i AMIAIF -«
ra l hth \ li-- i B
=] | :-I i \ \ L :
20 J.l| i | \ FIRE] —o | ERVELDPES
| = 1 W
- 1T ? | Ilinaen e — . EQOGT+ iy
- F fil 1. DOAEDA
PN [ R NV IR [ JUUUR i - : Mt
- ) E L JaCARNEAL + Rk
AT - - i ) SN A SR 1. b : ar 760
i a L 2 0 40 s em o e ra wa T
Cinmira A_h Qiniienidal Tima fiinctinn £/t nrocaiira fliictiiatinn 1indar tha nata lin
TTHFEF covd
| LN il Ll Bl b IR bk i e L okt ek o T T P TIMF
LA} N _ IS TOMRY
- WHACE
~a - —
FIMCTTON 2
(T} . . SEERNNE U - Fol i
o 1R+ 1
ki 1 l ! >
il ' _ -
. (AT LA R o
: H ! i : -—
harl | ; g i i it h | A1t -1 P FHUE LA S
N RASNII AN NS e | oHi
AR T | i . LRARL 120
s 3 il L. AN
3 My
-5 E . AR +THA
b Al . A
SETETTN . SIS PIVET THTEI FTUTE TR PR SVETIRPETY IR TR PETT1 INTTE TUNEL FYRTI [RTTY [UTTETTITY (RTTCTTITE PPN I |
% 1] 0 4 L AR T L1 ] [R40]

Figure 4-c. Cosine base Time function f(t) pressure fluctuation under the gate lip.
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Figure 4-d. Stream lines.

mesh, the stress contoursof cavitation effects
during the gate vibraion. svm (combined stress)
duringthe vibration of gate under onthe gate
due to two time functions are shown in Figures
5-b and 5-c. The maximum stresses are 3990 and
3490 N/mm? respectively. These stressesare
obvioudy, more than the dlowable stress which
according to DIN 19704 [12] is 1730 N/mm?.

H owever, despite omitting the normal
pressure on the gate, the exising stressis nearly
twice as the dlowable stress.

Deformed shapes of the gate under the two
employed time functionsare shown in Figure
5-d and 5-e respectively.

Figure 6-a, b, and c present time histories of
deformation, velocityand acceleration forthe
most sever node (node No.11).

CONCLUSIONS

Asanumerical solution, the presented method
can be employed to carry out the intensity of
vibration of gate due to cavitation from the
lowest value extending up to the most sever
one.

The proposed method isaso an extenson of
the smple, approximate, traditional added-mass
solution for which any general-purpose
structural analysiscanbeutilized. Thismethod
was employed to determine the dynamic
behavior of gate including fully and partly
submerged plates upon cavitation effects.

It is shown numericdly, that under the most
sever condition of cavitation, additional stresses
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up to twice the maximum existing stress may be
created in the structure of the gate.
Furthermore, time histories for deformation,
velocity and acceleration of any critical zone
may be obtained to control fatigue effectsand
probability of cracking.

Accordingto the proceduresrepresented by
this method, one can dso, predict the effect of
any local, non-symmetric, or even close/far zone
of cavitation to the gate body.

To clarify the reliability of the method
further, the results must be compared with some
hydraulic model tests.
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Figure 5-d. Deformed mesh due to Sine time function.

Figure 5-e. Deformed mesh due to Cosine time function.
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Figure 6-a. Deformation Time history of Node 11.
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Figure 6-c. Acceleration Time history of Node 11.
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