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Am ong the ma ny force s to which hydraulic str ucture s are exposed to, the forcesAbstract
indu ce d by ca vita tion incident a re of typical hydrodyna mic unknown for ces . The a im of t his
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
t he appear ance and bursting of vapor bu bbles. T he se cond hyd rodyna mic effect is dynam ic
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 drops to
a value 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 negative pressure and cavitation at the back and this excites
the gate vibration. Moreover, there are several mechanisms which may cause heavy, self-excited
vibra tion. According to the proposed metho d, a tim e funct ion p resenting the oscillation and
pre ssure fluct ua tion in t he vicinit y of gate lip is e stima te d. T his e stima tion is ba sed on t he
parameters obtained from a two dimensional solution of flow under the gate lip. Accordingly,
periodic t ime varia ble noda l force s are calcula ted a nd applied to gat e lip ele men t nodes. A
transient dynamic solution of the gate, while its lip is sustaining nodal forces is estimated as time
funct ion. T he resu lt s for t he most sever m odal deforma tion of t he struct ure 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 th e space occupied by flow
reaches the vapor pressure pert aining to the
prevailing temperatur e, vapor bubbles develop
and voids filled with the vapor are formed in the

fluid. Bubbles formed on the back surfaces of
the gate edges and adhering to them due to the
high speed whirl, may eventually reach points of
relat ively ver y high pressur e. This effect will
cause an explosion-like collapse ensues exerting
a violent impact upon the sur face adjacent to
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the void. O f course, with condit ions impairing,
i.e . with incre asing gate lip angle fr om zero
upward, the space occupied by bubbles extends
to downst ream of the gate. The low pressur e
inside the bubbles leads to e vaporat ion and
explo sion of the bu bble s. As a re sult of
continued bubble explosions, shock waves ar e
created and move everywhere ar ound. Metal
surfaces exposed to cavitation, first loose their
shininess and later on have spongy appearance.
In addition to these corrosive effects, there will
be gate vibration as well.

The condit ions upon which bu bbles ar e
creat ed were invest igated 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
Sandle r [4] co nclude d th at the e ffe ct of
cavitation is similar to the one dimensional wave
movement . The e ffect of cavit ation such as
sh o ck e f fe ct s o n so l id su r f a ce s w as
mathematically shown by Newton [5]. Jones [6]
assumed that the movement of creat ed waves
depends on the capacity of absorbed energy. A
bet t er assu mpt ion about the mechanism of
bubble creat ion was presented by J ohnson &
D aily [7]. The t ime dist ance betwe en two
bubble explosions was invest igated by Knapp
[8]. The hereafter discussion is based on the last
two references.

PARAMETERSCONTROLLING
CAVITATIONUNDER THE GATE LIP

While a gate is semi-closed, and part icularly, if
no proper aeration is employed, the under flow
may be unstable and turbulent after passing the
gat e lip . Unde r these circumstances, some
hydrodynamic forces at the back of the gat e
make the vibration of gate body. The parameter
showing the reduction of pressure is known as
A [1], and can be calculated as follows:

(1)

where
h = th e gat e do wnst re am pr e ssur e e qual
to(C cy+P).
V = Velocity.
g = Gravity acceleration.
Cc = Coefficient of depth stability.
y = Coordinate in vertical direction.
In cr e asing par ame te r ( A ) , in cre ase s th e
probability of cavitat ion. U sually, a general
parameter is also introduced as K, which can be
obtained as:

(2)

Where
P = Absolute pressure downstream of gate.
Patm = Atmosphere pressure.
Pv = Vapor pressure.

Accordingly, A and K¢ depend on each other.
Basically, whe neve r, K¢ is less than a cer t ain
value na me d as K¢¢ c, cavit at io n occur s. K¢¢ c
de pe nds on the minimum value of Ch at the
vicinity of t he gat e which is in tr oduce d as
cavitation parameter. Meanwhile, the geometry
of gate lip can severely control the distribution
of Ch, so wherever the value of Ch is negat ive,
cavitation will take place. However, parameters
A and K¢ , can show cavitation occurrence for a
cer t ain gat e lip ge ome tr y with aer ation, as
follows:

(3)

where,

hi and h are piezometric heads at points i and j,
respect ively. The variation of Ch is shown in
Figure 1-a. (Ch) min is obt ained for 21 types of
gat e lip geomet ries by Naudaschar et. al [9].
Figure 1-b shows the geometrical specificat ions
of 21 types of gat e lips. Variation of ( Ch )m in
with relative gate opening shown in Figure 2-a,b
[10,11].
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(a)

(b)
Figure 1. (a) Variation of Ch along gate thickness; (b) 21
types of gate lip geometries [8].

Figure 2. Variation of (Ch)min.

EQUILIBRIUMOF A SINGLE BUBBLE

Based on minimum energy level rule, the shape
of a bubble must be spher e. This shape can
guarantee the most st able condit ion of the
bubble [2]. Therefore, the equilibrium of a half
sphe re bubble is sufficient to be considered.
The following equat ion shows the equilibrium
of tension forces at the cut edge of sphere and
pressure forces inside the bubble.

(4)

or

(5)

where
r = Sphere radius.
e stands for tension at the cut edge.
Po =External pressure.
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Pp + Pv = Pressure inside bubble.
Assuming that gas in the bubbles obeys the

ideal gas law:

(6)

(7)

where (8)

m = mass of gas.
Rg = Universal gas constant.
Tk = Absolute temperature.

T h e st a bi li t y o f t h e b u bble ca n b e
investigat ed by solving the full differe ntial
equation [8] as follows:

(9)

Posit ive valu es of th e right h and side of
Equation 9 shows that the diameter of bubble is
increasing. Conversely, if t his value is negative,
it sho ws that th e bu bble is decr ea sing in
diame te r . H oweve r , t he r ight h and side
represents a force which can change the bubble
size . The st able bubbles exist while the right
hand side is zero. This case leads to the validity
of the following equation:

(10)

where,
rc = The critical value of r upon which the right
hand side of Equation 9 is zero.

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

(11)

Therefore, at t he t ime of severe condit ion of
cavit at ion under the gat e lip , t he size of all
bubbles are the same and are defined by rc.

CAVITATIONUNDER GATE LIP

Several transient conditions t ake place while a

gat e star ts moving up or down to control the
flow in conduit. However, each time a pressure
dist r ibu t io n ca n be p r ovid ed by solving
Navier-Stokes equations in thr ee dimensional
con di t i on . T h eo r e t ica ll y, an y p r e ssu r e
dist r ibu t io n o btaine d can be le d to th e
distr ibut ion of coe fficient of cavit at ion. This
coefficient can simply pr esent if and where ,
the re may be lo cal or e ve n a large zone of
cavitation taking place.

To simplify the pr oblem, only st able flow
conditions are considered here. Therefore, to
have stable size of bubbles, the right hand side
of e quat ion 9 mu st be equa l to ze ro . Th e
following equation can be employed to calculate
the radius of stable bubbles.

(12)

Also, Equation 10, can give the value of Pd.
The localization of cavit ation throughout the
flow, specially in the vicinity of the gat e lip , is
the most important data. Accordingly, the effect
of cavitat ion hydr odynamic for ce s must be
applied to structural elements in the vicinity of
cavitation region. Consequently, the most sever
case is when the width of cavitat ion zone is
equal to but against the gate lip. However, this
condit ion may be known as the upper bound
ca se of ca vit at ion effe ct on the gat e lip .
Further more, following the upper bound case,
the rows of the same size bubbles ( radius r) in
th e most con de nse d possible form may be
supposed to explode against t he gate lip edge.
The possible or ganized for m of bubble rows
upon assuming simu lt an eou s and unifor m
bubbling is shown in Figure 3.

Figure 3. Proposed periodic made bubbles with rows in the
most condensed form.

186 - Vol. 14, No. 3, August 2001 International Journal of Engineering



Normally, fluids can not sustain a shear wave.
H owe ve r, lo ngitudin al wa ves in a liquid
propagate at the speed of sound. The velocity
of so un d in a n e l ast i c flu id i s d ir e ct l y
proport ional to the square root of the ratio of
bulk modulus to the density of fluid. Th is
velocity, Vs, is calculated as follows [7].

(13)

where,
Bm = Bulk modulus of water containing some
air.
rm = Density of water containing some air.

The above mentioned two par ameter s ar e
calculat ed according to the equation presented
in reference [7]. According to reference [7], the
effe ct s of shock wave decre ases with th e
dist ance fr om bubble center. The shock wave
velocity is equal to the speed of sound in water.
Based on experiments [7], the pressure intensity
at a distance, two times the initial bubble radius
from the collapse center is about 200 times the
ambient pr essur e at the collapse site. In the
stat ed case the bubble diamete r was 0.1 mm.
and the mean bubble pr essure reported to be
equal 120.9 KPa [8].

Experimentally, it has been pr oven that the
cavitation damages due to explosion shocks are
much more than spherical pre paring shocks.
Furthermore, the int ensity of pressure due to
symmet ric shocks is much mor e tha n non-
symmetr ic ones. According to exper iments, the
wave velocity of non-symmetric producer is half
t he so und velo city in wa ter . As a r esult ,
following th e most se ve r ca se , it ma y be
suppose d that rows of the same size bubbles
explode simultaneously and regularly. Certainly,
this case can creat e more sever condit ion than
irregularityof bubbles. These assumptions lead
to the condit ion of bubbles explosions to the
variation of pressure due to the large number of
vortices made by e ach bubble explosion. The
time distance between two consequent rows in
the most seve r cavit ation is equal to the t ime

which must be spent for replacing the next row
of explosion. The length of this distance may be
assumed as the minimum distance between two
consequent r ows whose per iods are 90Ü away
from each other. Two consequent such rows are
shown in Figure 3.

HARMONICEQUIVALENTNODAL
FORCES OF CAVITATION

The dist r ibu t io n o f pe riodic var iat io n of
pre ssure o btaine d by bu bble e xplosio ns is
assumed to be a function of location and t ime.
Adopt ing that the most cavit at ion effects are
applied to the gat e-lip edge ele me nt s, t he
variation of obtained pressure must be changed
into equivalent nodal forces. However, a better
assumption is that pressure effect s are applied
along the lower edges of the nearest row of the
eleme nt adja cen t to the star t ing point s of
cavit at ion. In a thre e dimensional case, t he
comp on e nt s of e quival e nt no dal fo r ce s
representing pressure variation are the function
of t ime . Among those compone nts the one
perpendicular to gate leaf is the most effective
one to make the gate vibrate. Of course, one or
two or e ven al l t hr e e comp one nt s can be
considered to compute the gate vibrat ion. The
created periodic distribut ed pressure along the
gate-lip edge perpendicular to the gat e leaf in
the first mode may be written as follows:

(14)

where,
V = The velocity of flow under the gate lip.
t = Time.
x = Horizontal distance along the gate lip.
R = The distance axis to axis of two adjacent
rows of exploding bubbles.
The equivalent nodal forces for the first and
second modes are calculated as follows:

(15)
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(16)

Employing rect angular isoparamet ric elements
and line a r shap e fun ct ions, lea ds to th e
equivalent nodal forces for two modal forces as
follows:

where,

y1 and y2 = C oordinat e of the fir st and last
nodes on the elements edge.
le = The le ngth o f e lement e dge re ceiving
cavitation effects.

The calculat ed equivalent nodes forces ar e
applied to the nodes on the gate-lip edge where
cavitation takes place.These nodal forces also
change with respect to time. Assuming a regular
and simultaneous bubble explosions along each
ro w aga inst t he wh ole gat e -lip edge, th e
following equat ion pre sents the variat ion of
each nodal force versus time.

(19)

where,
ft = Equivalent nodal for ce as a funct ion of
time.
t = The t ime betwe en two consequent row
explosions.
fmin , fmax = Minimum and maximum values of
fy.

To apply this nodal for ce to the gat e lip

e dge , it can be divide d in to a co nst a nt
amplitude and a time function factor.

DYNAMICRESPONSE OF PLATES
SUBMERGED IN WATER

While a flat shape st ructure is to vibrat e and
submerged fully in water or even only one side
of it is in contact in water , flu id-st r uctur e
int e ract ion is known to affect as a damper ,
though, the natural frequency is less than the
free vibration in air. An alternative approach is
to evaluate the added mass te rm inst ead of
co n sid e r in g d a mp in g e ff e c t s t h r o u gh
fluid-st r ucture int er act ion. Many a uthor s
recommended different added mass factors to
adjust the vibration of a flat str ucture 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-structure int eraction in vibration
of a single plat e [14]. To provide a numerical
model of a single plat e and surrounding water ,
the behavior of both plate and water is assumed
as linear elast ic with corre sponding K' (bulk
mo du lus) an d G ( sh ea r mo du lus) . The se
pa r ame t er va lue s f or wa te r ne e d so me
investigation, although, G is not to be taken as
zero and v ( Poisson rat io) not to be gr eate r
than or equal to 0.5. Fur the rmore , natural
frequencies obtained through different G values
are severely different!

Two type s of the composition of element s
including steel shells in solid waters (type 1) ,
and steel solid waters (type 2) were investigated
[14]. For a plate vibrat ion submerged in water ,
the general dynamic equation is as follows:

(20)

where,
M, C, and K are mass, damping, and st iffne ss
matrices respectively.

A', B' , and C' are similar to M, C, and K,
respectively, but as the effects of submerging
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t h e sys t e m in wa te r . d« i , d­ i an d di ar e
accel e r at io n, velocit y an d disp lace me nt
respectively. F i( t) st ands for hydr odynamics
for ce applie d to node i which is naturally a
function of t (time).

Accordingly, the natural frequency of a plate
in the case of submerging in the water (fnw) is
calculated as follows:

(21)

Therefore, assuming fn as the natural frequency
of plate in air, the ratio of the two frequencies
is calculated as follows:

(22)

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

The St ruhal hydrodynamic for ce affect ing a
flat body wh ile wa ter is pa ssin g by it , is
calculated as follows:

(23)

where,
ff = Struhal hydrodynamic force.
S = Strouhal number.
Vo = Approach velocity in flow path.
d = Thickness of body perpendicular to flow.
Strouhal number depends on section geometr y
of plate.

F i( t) in the right hand side of Equat ion 20
co mp r i se s a ve r t e x sh e d din g- in d u ce d
hydr odynamics force and a var iable St ruhal
force of which the frequency stated in Equation
23. The drag force can be calculated as follows:

(24)

where,
Cd,s depends on the geometry of plate.
a a nd b = F lo w a n gle an d p la t e a ngle
respectively.

r and n stand for density and flow velocity.
D= Thickness of body perpendicular to flow.
l = The length of body in the flow.

In this study it has bee n assumed that all
plat es ( skin plat e, stiffen er s, and f lan ges)
pa rt i cipa t ing in gat e st r u ct ur e ar e ful ly
submerged in water. Cer tainly, while the gat e
bod y is p ar t l y su bme r ge d in wat e r , t h e
invest igat ed added mass must be considered
only for subme rged ele ment s. In the case of
some pla te s to be one side d submer ged in
water, new investigation must be carried out to
obtain rationalized added mass.

NUMERICALRESULTS

To show th e applicabilit y of the proposed
me thod, on e segme nt of a bulkh ead ga te
composed of four segment s, is chosen. This
segment is 5.8m. wide, 2.70m. high and 0.60m.
thick. The maximum head for this upst r eam
sealed gate is 45m. of water. The material used
in manufacturing the gate was ST-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 cavit ation is assume d to be 0.2mm. The
maximum pressure along each bubble row in
exploding condition is considered as 200 times
of minimum pressure on the same row.

These assumptions will lead to a pressure
variation along the gate-lip edge as follows:

(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. I n this Figur e the finit e
element mesh, suction and probable cavitation
zone are shown. Figure 4-b and 4-c show the
variation of time funct ion f(t ) which are two
simulated sinusoidal and cosine based change of
pressur e fluctuation under the gate lip . The
flow lines are shown in Figure 4-b.

Figure 5-a shows the maximum deformed
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Figure 4-a. Finite element mesh, suction and cavitation zones.

Figure 4-b. Sinusoidal Time function f(t) pressure fluctuation under the gate lip.

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 contours of cavitation effects
during the gate vibration. svm (combined stress)
dur ing the vibration of gat e under on the gat e
due to two time functions are shown in Figures
5-b and 5-c. The maximum stresses are 3990 and
3490 N/mm2 respective ly. These stre sses ar e
obviously, more than the allowable stress which
according to DIN 19704 [12] is 1730 N/mm2.

H oweve r , despit e omit t in g the nor mal
pressure on the gate, the existing stress is nearly
twice as the allowable stress.

Deformed shapes of the gate under the two
employed time funct ions are shown in Figur e
5-d and 5-e respectively.
Figure 6-a, b, and c prese nt time histories of
deformation, velocityand acceleration for the
most sever node (node No.11).

CONCLUSIONS

As a numerical solution, the presented method
can be employe d to carry out the inte nsit y of
vibr ation of gate due to cavit at ion fr om the
lowest value e xtending up to the most se ver
one.

The proposed method is also an extension of
the simple, approximate, traditional added-mass
so lu t ion fo r which an y ge n er a l-p ur po se
structural analysis can be utilized. This method
was e mplo ye d to de t e rmin e the dyna mic
beh avior of gat e including fully a nd par t ly
submerged plates upon cavitation effects.

It is shown numerically, that under the most
sever condition of cavitation, additional stresses

up to twice the maximum existing stress may be
cr e a t e d in t h e st r uct u r e o f th e ga t e .
Furthermor e, t ime histories for deformat ion,
velocity and accelerat ion of any critical zone
maybe obtained to cont rol fatigue effects and
probability of cracking.

According to the procedures represented by
this method, one can also, predict the effect of
any local, non-symmetric, or even close/far zone
of cavitation to the gate body.

To cla rify the r eliabilit y of the method
further, the results must be compared with some
hydraulic model tests.
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Figure 5-a. Max. of deformed mesh vm stress contours due to Sine time function.

Figure 5-b. svm stress contours due to Sine time function.

Figure 5-c. svm stress contours due to Cosine time function.
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Figure 5-d. Deformed mesh due to Sine time function.

Figure 5-e. Deformed mesh due to Cosine time function.

Figure 6-a. Deformation Time history of Node 11.
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Figure 6-b. Velocity Time history of Node 11.

Figure 6-c. Acceleration Time history of Node 11.
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