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ABSTRACT:

Cavitation is known to have great effects on pump hydraulic
and mechanical characteristics. These effects are mainly de-
scribed by deviation in pump performance, increasing vibration
and noise level as well as erosion of blade and casing materials.

In the present work, only the hydrodynamic aspect of cavi-
tation was considered. The efforts were directed toward the study
of cavitation inception, cavity mechanics and material erosion in
order to clarify the macro- hydrodynamic aspects of cavitation

erosive wear in real machines.
As a result of this study, a rational analytical model based

on energy analysis is proposed to predict the material weight
loss due to cavitation erosion. An energy concept for microjet
and pressure wave of bubble collapse is used in developing this
model. The obtained theoretical results show good agreement
with the experimental results obtained in this investigation and
with results of some other investigations.

1. INTRODUCTION

In fact no other phase of hydraulic machinery design and
operation has been given so much attention in technical litera-
tures as cavitation. The reason for this was the use of higher spe-
cific speeds for both hydraulic turbines and centrifugal pumps,
with the increased danger of cavitation damage. The experi-
mental erosion results from a hydraulic machinery prototype are
rare {1,2]. The problem of prototype cavitation damage pre-
diction from deviated performance and bubble dynamics is still
unsolved [3].

A survey of cavitation in hydraulic turbine by ARNDT [4]
shows that the size scale exponents have not appeared to be a
reliable predicator of increases in erosion rate with increases in
size. The time scale effect is strongly connected to the erosion
mechanism. A correlation between the parameters involved in
the study of the time scale effect is presented by SELIM [5].
The results show that the wear loss rate may be predicted from
the incubation period and more precisely the nominal incubation
period as defined in HAMMITT [6].

RAABE [7] studied the erosion rate by pressure wave of
bubble collapsing on a sheet-like, quasi-static cylindrical cavity,
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The results show that the wear loss rate may be predicted from
the incubation period and more precisely the nominal incubation
period as defined in HAMMITT [6].

RAABE (7] studied the erosion rate by pressure wave of
bubble collapsing on a sheet-like, quasi-static cylindrical cavity,
round-nosed body. It is assumed that the erosion rate is propor-
tional to the number Z of nuclei impinging on the solid wall. The
effects of liquid “microjet” impact and bubble growth problem
has also not been taken into consideration.

SELIM (8] presented a model for prediction of weight loss
rate, based on a hypothesised bubble energy spectrum suggested
by HAMMITT [6]. He assumed the distribution of the nuclei size
in the water and pressure inside the bubble. He also assumed
that the damage is caused by liquid microjet that was produced
by a collapsing cavity and neglected the pressure wave in liquid
due to bubble collapse.

CHIVERS [9] Proposed a theoretical model to explain the
development of cavitation in a centrifugal pump assuming that
cavitation is a bubble growth problem. He obtained a relation
between breakdown of pump performance and cavitation incep-
tion.

The objective of this work, is to study the hydrodynamic
aspect of cavitation. The efforts were directed toward the study
of incipient stage of cavitation, cavity mechanics and material
erosion in order to clarify the macro- hydrodynamic aspects of
cavitation erosive wear in real machine. A rational analytical
model based on energy analysis is proposed to predict the mate-
rial weight loss due to cavitation erosion. An energy concept for
microjet and pressure wave of bubble collapse is used in devel-
oping this model.

2. THEORETICAL APPROACH
Cavity Classifications; Cavitaion is classified according
to its shape and origen. In centrifugal pumps there are more
than one type of cavitation. Two main types of cavitaion are
often presented.
a- Fixed cavity, attached to the blade (sheet cavitaion) started
at the leading edge of impeller’s blades.
b- Vortex cavitaion started on the suction surface of the blades



and moves down stream. The collapses processes take place
on the pressure surface of the impeller blades. This cavi-
taion is periodic [10,11] and unstable. The produced dam-
age is higher than in fixed cavitaion. It occurs usually in
pumps operating at lower capacity than prescribed. Most
cavitaion damage is usually caused by the vortex cavitaion.
Pump Performance; A centrifugal pump is essentially a
device capable of generating a specific head of fluid for a
particular volumetric flow rate.
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Fig. (1) shows spherical co-ordinate at the center of bubbles
with radial co-ordinate rb. Fig. (1) also represents the expected
bubble view in growth and collapse.

The vapour to liquid volume ratio (r,) for cavitating flow
is obtained experimentally using the following equation: r, =

(Qn - Qc)/Qc (1)

There is single phase flow between the inlet of the pump
and the impeller eye. Two phase flow is generated between the
impeller eye and blade inlet. Although the flow in the impeller
passage is two phase, the flow can be reasonably considered as
one phase flow along each side of blade since no new cavities
(bubbles) are generated in the high pressure region.

To determine the pressure at the blade inlet point, Bernoulli’s
equation is applied between impeller eye and the blade inlet
point, neglecting potential difference and head losses. The energy
equation is in the form:

CZ - Ck, v
RS L wvp{ry +1) + ;‘f'fu(hy — hy) (2)

Pu’Uf -
2 g

Bubble Dynamics; In the present model bubble radius
(Rp), rate (R;) and acceleration (R}) of growth are studied. For
simplicity, the following assumption are considered:

a) The cavity starts with one nucleius between two adjacent
blades at the lowest pressure point. This assumption has
been discussed and proved by LUSH [12].

b) During the cavity generation the bubble radius grows with
its maximum speed (R} = 0).

The extended Raligh’s equation of motion for a spherical
cavity in an infinite medium with substituting the equivalent
value of P, is given by:

. 3. 1 26 R
RbRb+§R,? =5 <Pg +Po— gt 4(pr + ug):é; - Poo)(3)

During the collapsing process the following assumptions are
considered:
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Fig.(2) Bubble stream line intersecting
point (c).

a) The process of collapsing cavities is simplified by the consid-
eration of static, wall-attached bubble. RAABE (7] proved
that the speed of the bubble wall at the moment of col-

lapse of attached cavity is [Rb]. The final impact pres-
sure P; of the collapsing bubble acting on the solid wall in
point (c) follows from the annihilation of (Rp) according to
JUKOVSK’s formula of water hammer,P; = prar Ry (4)
b) In the bubble collapse, the bubble splits isentropically into
two spherical divisions with equal volumes as demonstrated
in HAMMITT [6]. All bubbles have the same trajectory
(see Fig. 2).
Under the above assumptions the final bubble radius Rp,

follows from the radius at point (f}, taking into account, an isen-
tropic pressure and bubble division.

1/35
Ry = ﬁL ﬂL (5)
© g3\ P,

where , £ = number of bubble divisions.
Substituting Rp, for R, in Rayleigh’s equation, then the
new values of Rb, R, and the impact pressure wave can be de-

termined.
Number of bubbles generated at the blade inlet which were

taken away by the flow can be estimated as follows:

Zo = %&QJ nuclei/s (6)
The time of bubble collapse is also calculated by the fol-
lowing formula which was suggested by RAYLEIGH [6].

3. CAVITATION EROSION:

According to some investigation the major cause of cavita~
tion induced erosion may be one of the following:

a) Shock waves in the liquid due to bubble collapse [7].
b) Liquid “microjet” impact upon the eroded surface (8].

The number of bubbles impact per second is not the pre-
sumed cause of cavitation erosion, a combination of shock waves
in the liquid and liquid “microjet” impact upon the eroded sur-
face due to bubble collapse is considered to represent, in this
model, the most likely detailed mechanism for cavitation erosion.
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Fig. ( 3 ) Energy flow process.

Various groups of parameters have different effects upon
cavitation erosion. There are mainly two groups (a) Fluid param-
eters which are velocity, pressure, gas content and temperature.
(b) Material properties as ultimate resilience, strain energy,....
etc. Material properties effects are represented in a predominate
mechanical property factor which is discussed by HAMMITT [6].

An Energy Concept for The Scaling of Cavitation
Erosion; The energy concept has been proposed by several in-
vestigators [3,8]. Hammitt postulated that there is a statistical
distribution of bubble energies that varies with the degree of cav-
itation. The total energy scheme is shown in Fig.(3). It is given
by the following form:-

Er=Ep+Ep (7

where
Ep the energy remaining in the bubble after the ini-
tial collapse, including the energy of rebounding

bubbles = 7 (P, — P) R}
Ep Pressure wave energy

The energy remaining in the bubble can be further divided
as follows:

Ep=Ess+En;+ Eg (8)
where
Ep Energy of rebounding bubble.
Es.s Sound energy reflectd and absorbed (generated from
energy stored in the bubble).
Eng Microjet total energy (includes energy lost in the
fluid and reaching the damage surface).

Then, the energy of rebounding is also divided as follows:

Er=Er+Esp (9)

where
E; Impingement energy (includes energy reaching the
damage surface and lost in fluid).
Es.p Total sound energy (includes energy reflected and
absorbed from pressure wave energy).

The energy which produced damage is
Ep.p. = Epy reaching the damage surface

+Ep reaching the damage surface  (10)
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Energy of Bubble Collapse; Considering a single cavi-
tation bubble impinging the blade and then collapsing, according
to the energy flow process as illustrated in Fig. (3). The total
energy of bubble collapse (E7) is the sum of the energy due to
shock waves in liquid and the energy due to liquid “microjet”
impact, that is:

Er = %P,-R,?Zo + %RfZO(Pb -P) (11)

Energy Produced Damage (E, 4); The value of the
threshold energy is obviously a function of test material. The to-
tal energy flux of the collapsing bubbles required to produce dam-
age is given by integrating the energy distribution curve (n(e})
from the threshold (e:,) energy to infinity, i.e., (Hammitt 1980),
that is:

Epa. :/ n(e) - e-de

eth
Energy produced damage can be computed by substituting
the energy distribution with total energy flux of bubble collapse
into equation (12) and integrating from ey, to infinity (details of
derevation in ref [14]), one obtains:

(12)

)]

Epa =2 {eth exp [— ( 7 En

ET \/7—recho
+Z—0erfc (ﬁ) } (13)

Energy Balance of Erosion; Energy produced damage
is proportional to the energy necessary to remove unit material
volume (¢) times the volume loss rate (V). The constant of
proportionality is the efficiency of energy transfer between bub-
ble and eroded surface (n). This relation can be represented as
follows:

Ep.d n=1 - 14 (14)

The efficiency of energy transformation will be a function
of many factors such as liquid and material properties.



Predominant Mechanical Property (¢); HAMMITT
(1980) showed that the most likely form for an energy parameter
would be a combination of ultimate resilience (Ug) and strain
energy (Sg) (i.e. €Cs = ¢). It can be arranged as follows:
e=Co+Cy Ugr+C> Sg (15)

Where, Co,C; and C, are constants which can be deter-
mined from HAMMITT 6]

It can be assumed that the threshold energy (e:s) is propor-
tional to the quotient of the energy parameter which represents
the energy per unit volume necessary to produce damage and the

efficiency of energy transformation. Thus, the threshold energy
is given by the following expression:e;, = Cqe/n (16)

Where , Cy4 is the constant of proportionality.

Mass Loss Rate; Weight loss rate can be predicted by
substituting from equation (13) into equation (14), one obtains:

a )

8ny/r RS (P + Py — z)] } (7)

Then the total weight loss rate ( TWLR ) in the impeller
from each collapse and for all impeller blades, will be as follows:

(18)

€C4

s

36'C4

inpg
WLR =27
° 8ny/nR3 (P, + Py — P)

EC3

—= exp

4
«+-§7er,i(Pc + Py — P) erfc [

TWLR =n Z WLR

The parameters Cz,C4 can be determined experimentally
as function of THOMA cavitation factor and running impeller
speed.

4. EXPERIMENTAL APPARATUS AND INSTRUMEN-
TATION

To study the cavitation erosion due to bubbls collapse ex-
perimentally, a test rig has been designed and constructed. To
achive this task the loop is equipped with a centrifugal pump.
The pump is equipped with an impeller of aluminium which has
the following specifications; total weight 96.6 gm, inlet diameter
= 38mm, outer diameter = 81mm, height = 11lmm. The impeller
is designed with five blades turned backwards at an angle 30°.
The pump is driven at different speeds by two motors, through
a system of pulleys. Suction and discharge pipes are made from
glass to allow full visualization. The cavitating flow condition is
reached with decreasing NPSH by the two following methods; 1-
The partial closing of suction valve. 2- Increasing of the impeller
velocity. Fig (4) shows the shematic diagram of the system.

The weight loss in the impeller is accurately measured using
digital precision scale, self calibrated with accuracy of 0.1 mg. U-
tube manometers were used to measure pressures with accuracy
of £1 mm. The discharge is measured with calibrating tank.
The fluid (water) temperature is measured with thermocouple
located in the suction tank.
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5. RESULTS AND DISCUSSION

G, (4

Pressure Distribution Along The Circular Blade;
The pressure distribution on suction and pressure surfaces as

a function of radial distance from blade inlet to blade outlet
is shown in Fig. (5) for an impeller speed of 2860 rpm. The

pressure drop in the pressure distribution indicated between the
two peaks in the curve has been also observed by MOORE [15].
This sudden pressure drop in circular arc blade of centrifugal
impeller may be due to the effect of next blade [16], fluctuation
in the blade shape or the centrifugal force applied to the rotating
flow.

Bubble Behaviour in Centrifugal Impeller; The re-
lation between initial bubble generated radius and inlet blade
pressure is found to be linear, which depends on impeller speed.
It is clear that as the inlet pressure decreases the bubble radius
increases as physically expected. At the same inlet blade pres-
sure lower than 60.15 KN/m? abs. ,bubble radius decreases with
increasing impeller speed, as shown in Fig. (6). For the consid-
ered impeller bubble collapse starts at the second element which
is followed by a series of collapsing in the next element where
pressure is higher as shown in Fig. (7).

The solution of the equations (3) with the assumption pre-
viously mentioned is shown in Fig. (7). The initial bubble radius
at impeller inlet was calculated with regardless of cavitaion ori-
gen and type. This is based on vapour to liquid ratio. The
bubbles collapse are in indirect relation with o - Low o (critical
o) means low NPSH -. The break-down characteristics is sharp.
When o is larger than the critical value the number Z; is de-
creased and the collapse bubbles will grow as pressure wave gen-
erates from the first collapse acting as water hammer. According
to Jukovsk’s formula depression will occure and the bubble di-
ameter will increase untill it reaches a high pressure region where
it collapses. This type of cavitaion presentes a clear periodicity,
simillar to that observed by Yamamasu and Yokomiyo [10] un-
der non cavitating condition. The performance of such a pump
is of a normal curve but when cavitaion appears the performance

curve is staggered.

Predicted Erosion Rate; Based on the pressure distri-
bution for cavitating conditions, bubble dynamic data, material
constants and energy constants, the erosion rate is estimated.
The energy - erosion constants mentioned before are obtained
from the experimental data results.
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The erosion as Weight Loss Rate is calculated using equa-
tion (17) where the energy produced damage is assumed to be
originated from the microjet impingement in addition to pres-
sure wave. The efficiency of energy transfer between bubble and
eroded surface is given by equation (14). In fact, this efficiency
as well as coefficients C3, C4 in equation (17) are determined ex-
perimentally. A further study is needed in order to predict these
coefficients, based on pump hydraulic parameters.

The model considered total bubble’s number calculated from
equation (6), which, it is independent of cavitaion type whatever

cavitaion sheet or vortex.

The mean value of the instantaneus W LR over (150 hr) was
taken in the evaluation of the Weight Loss Rate (WLR). Since
WLR is not constant with time, it is of S shape type with an
incubation period, followed by a period of increasing WLR. This
cycle may be repeatable with time [2] so that a mean value can
be obtained over large period of operation.

The results show also that erosion is dependent on running
speed, so that the formula given in [2] to correlate erosion with
velocity in a power law was not in complete agreement with the
experimental data. At low running speed, WLR tends to be
constant.
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Comparison between the predicted and experimentally ob-
tained weight loss rate is shown in Fig. (8). The figure indicates
that there is a good agreement between the predicted and exper-
imental values.

In comparison to the results obtained by other authors, it is
found that the results obtained by SELIM (8] for a model system
is not in the range of the present study. This is because the
prototype system usually operates at different conditions. It is
clear that the weight loss rate decreases with increasing Thoma
cavitation factor for a certain impeller speed. This is because
the inlet pressure increases (less chance for bubble generation) as
Thoma factor increases. Also, the figure indicates that cavitation
damage is very sensitive to running speed.



CONCLUSION

The cavitation erosion rate can be predicted as a result of
an energy liberated from the combined effect of shock wave in the
liquid and liquid microjet impact upon the eroded surface due to
the bubble collapse. The models for cavitation erosion prediction
in the impeller machine deal with the macro-hydrodynamic as-
pects of cavitation , pump performance deterioration, real fluid
parameters, bubble dynamics and pressure distribution for dif-
ferent operating conditions.

The proposed model is a good tool for prediction of blade
damage due to cavitation.

Initial bubble radius has a linear relation with inlet pressure
which depends on the impeller speed.

NOMENCLATURE
A = Area of impeller blade.
a = Sound speed
Cy: = Absolute fluid velocity at impeller inlet
Cy = Upstream fluid velocity
e = Single blow energy
hy = Specific enthalpy of liquid
hy = Equilibrium specific enthalpy of vapour
n(e) = Cumulative number of bubbles corresponding the energy
n = Blade number
P = Pressure at bubble wall i.e. at liquid-vapour interface
P, = The uniform critical pressure across the impeller inlet i.e,
or, collapse pressure
P;y = Pressure at blade inlet
P, = Upstream pressure
Poo = Pressure at rp, = oo
@, = Volumetric flow rate
@¢ = Actual volumetric flow rate in cavitating region
r = Radial distance
U; = Peripheral velocity at impeller blade outlet.
vy = Specific volume of liquid

vy = Specific volume of vapour
= Absolute or dynamic viscosity

p = Density, mass per unit volume /OR, angular angle in the
Z plane.
= Surface tension
o = THOMA cavitation factor
= Flow coefficient of pump flow rate = ;;Qﬁ;
¥ = Pressure head coefficient = (p — P;)/{pU2/2)
v = Isentropic exponent
SUBSCRIPTS
b = Bubble 1= Impeller inlet ¢ — Qas
¢ = Collapse o= initial
f/L = Liquid t=Impeller outlet
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