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ABSTRACT

An experimental investigation was conducted using vibratory device in order to obtain the effects of the vibration
amplitude, pressure, temperature of water and depth of water on the cavitation erosion damage in wet diesel cylinder
liners composed of 99 percent pure aluminum. Data indicated that as the depth of water decreases and the
temperature increased, the weight loss rate increased, reached a maximum, and then decreased again. In addition,
the weight loss rate increased linearly with increasing suppression pressure. Results suggest that the designer should
design the engine with large gap between the cylinder liner and the jacket, the value of the cooling liquid
temperature should be outside the peak erosion range and high cooling water pressure must be prevented to avoid
serious erosion. Light optical photomicrographs of the damaged areas on the test specimen surfaces documents the
nature of erosion damage corresponding to various test conditions.
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1.INTRODUCTION

Cavitation erosion phenomenon of diesel engine wet
cylinder liners is a major problem for designers and
users of high speed, high output diesel engines. This
phenomenon has been recognized for about 65 years.
Cavitation erosion damage of cylinder liner is caused by
the collapse of cavitation bubbles produced in the
cooling water as a result of cylinder liners vibration.
The pressure produced by the collapse of cavitation
bubbles is often strong to produce erosion damage in
cylinder liners.

The vibration of the cylinder is mainly due to the
impact of piston against a cylinder wall as a result of
sidewise motion of the piston across the cylinder
clearance space. This is due to the reversal of the
direction of the cross force component of connecting-
rod force, i.e., piston slap.

Early papers of Joyner [1] , Clegg [2] and Brun [3]
reported the pitting erosion of cylinder liners due to the
collapse of cavitation bubbles on the surface of the
cylinder liners.

Speller and La Que [4] was the first to realize that the
damage of cylinder liner is entirely caused by the
collapse of cavitation bubbles. Leith [5] stated that “the
worst pitted area is located on the water side of the liner

exactly where the ‘side slap’ of the piston takes place
during the power stroke”. Tests conducted by Leith [5]
and Hobbs and Rachman [6] illustrated that cavitation
damage may be reduced using commercial additives to
the coolant liquid.

Mahle Gmb [7] reported that two main factors control
the cause of the cavitation in cylinder liners. These
factors are the flow conditions for the coolant and the
vibrations of the cylinder wall. Yu-Kang et al. [8]
reviewed published researches on the cavitation erosion
problem of diesel engine wet cylinder liners. They
discussed the contradictory findings in these researches.
When a severe cavitation erosion of the cylinder liner
occurs, a complete penetration of the surface of the
cylinder liner takes place and the engine oil will flow
into the cooling water when the engine is running and
the opposite will occur when the engine is shut-down.
This will reduce the engine life and reliability. Kessler
et al. [9] conducted a numerical study to analyse the
water flow inside MWM INTERNATIONAL’s high-
speed diesel engine, in order to determine possible
cavitation regions, which can reduce the heat transfer
efficiency. Based on their results, a modification on the
geometry leads to an avoidance of the occurrence of
cavitation at water jacket regions. Saleh et al. [10] have
studied experimentally the effect of temperature on the
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wear particles produced by vibratory cavitation erosion
tests on Al99.92 in distilled water. Their results showed
that the test liquid temperature affects both the rate of
erosion and the average particle size. Hattori and
Tanaka [11] have experimentally studied the influence
of temperature and air content on cavitation erosion
using a vibratory apparatus. Their results indicated that
erosion increases with increased temperature up to 50
°C followed by a decrease with rising the temperature.
Hattori et al. [12] and [13] have studied the influence of
liquid temperature on erosion and liquid properties on
cavitation erosion in liquid metal.

Chen and Leng [14] carried out ultrasonic vibratory
cavitation erosion tests to study the cavitation erosion
protection performance of heavy-duty engine coolants.
It was concluded that “with the extension of ultrasonic
vibration test time, the anti-cavitation erosion protection
performance for cast iron was reduced”. Obviously
there is little published information on various factors
affects cavitation erosion in cylinder liners. This is
because much research effort has been concentrated
upon the resistance of materials to cavitation erosion
and its relation to various physical and metallurgical
properties.

In addition, it seems that most of measurements were
carried out in vibratory facilities with conditions far
from real engine operation conditions.

Apparently, deep knowledge of the factors, cause and
effect of cavitation erosion of cylinder liners are
required to avoid serious damage of wet liners.

Because of this situation, the work, reported here in
brief, is intended to study the effects of depth between
the liner and the water jacket, and static pressure and
temperature of cooling water on the cavitation erosion.
In addition, the present study is carried out in simple
vibratory device at test conditions nearly simulate the
real operating conditions for diesel engines wet cylinder
liners.

2. EXPERIMENTAL DETAILS

2.1. Experimental Equipment

The equipment used in the present investigation is a
simple vibratory device in which vibration frequency
and amplitude can be varied independently. This
vibratory device simulates the vibrations of the
cylinder-liner.

Figure 1 shows the experimental arrangement. The
vibrator was driven by a 1000 Watt variable speed
universal motor. The face diameter of the vibrator end is
25 mm. The amplitude of vibration could be varied from
zero to 4mm. The maximum vibration frequency is of
the order of 1000 Hz. The pressure wave generated
resulted in the formation of cavitation cloud in the gap
between the vibratory end and the face of the specimen.
Specimens exposed to cavitation attack were flush-
mounted in a specimen holder. The specimen holder
was fixed to the apparatus frame and positioned coaxial
with the vibratory end.

The specimen holder was used to ensure that the
specimen can be taken out for measurements and placed
back precisely at the same position to continue testing.
The vibratory end was mounted by an O - ring
arrangement into a sealing flange that the air space
between water surface and flange can be pressurized as
desired. An electric heater was mounted into the water
container to maintain the water at the required
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) A
52 |
|

—

l
1. Electric motor 10. Electric Heater lz\ 1
A

]

p 3
2. Bearing 11. O-Ring \( 11 a
ah r"']“ a

<«
compressed air

3. Vibrator 12. Compressed air & h
4. Spring 13. Pressure gauge ,, P/G
3. Cam 14. Thermocouple I 1]
6. Vibrator End 15 Pulley (25:1) ailis ‘:/l,./
: - H FH-H=mr = H Q
7. Specimen _::‘ij;j = 0

8. Specimen Holder
9. Transparent vessel

s
/ |

£
|
3
|
l

Figurel. Diagrammatic arrangement of
experimental vibratory apparatus.

2.2. Tests Performed and Procedures

The cavitation erosion tests were divided into constant
temperature sets for varying static suppression pressure
and constant pressures sets for varying water
temperature with constant water depth, vibration
frequency and amplitude. Six temperatures, ranging
from 40 to 115 °C, four pressures, ranging from 1 to 4
atm. and four water depth values ranging from 2 to 8 cm
were used. The expected errors in measuring frequency,
amplitude, depth of water and temperature of water are
+2%, £3%, £1.5% and £2% respectively.

The experimental tests were performed to study the
effects of various parameters on the weight loss rate
produced by the collapse of cavitation bubbles. Tap
water from the laboratory of Faculty of Engineering,
Menoufia University was used.

All test specimens for cavitation erosion were prepared
from fabricated (no heat treatment) commercially pure
aluminum rods free from scratches and other surface
imperfections. This aluminum is 99% pure (SIC,
B.S.1470) with the remaining percentage composed of
iron, silicon, and copper with trace amount of zinc and
manganese. The Vickers hardness value obtained for
99% pure aluminum was 40 (400MPa). In the present
tests, the temperature range employed (30-115 °C) is not
enough to cause significant variation in its corrosion
resistance. Specimens were polished to obtain a smooth
specimen surface.
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An electronic balance of capacity 200 mg and
sensitivity 0.1 mg was used to obtain the loss in the
weight of test specimen.

The specimen was initially weighed and mounted in the
specimen holder, then exposed to cavitation for the
desired length of time, after which it was removed from
the test stand and reweighed. Before each weighing, the
specimen was cleaned and dried. For weight loss/time
studies, the specimen was repeatedly subjected to
cavitation attack for definite intervals of time until
measurements for the desired total test time had been
obtained.

The tests were divided into constant temperature sets for
varying suppression pressure and constant suppression
pressure sets for varying temperature. The suppression
pressure is defined as the pressure above vapour
pressure. Common parameter conditions were used in
evaluating the effect of these two primary variables.
Five temperatures ranging from 30 to 115 °C and four
pressure values ranging from 1 to 4 atm were used. No
tests were made for pressures greater than 4 atm
because of equipment limitations. For all the present
erosion tests, the vibrator was operated at 0.15 mm
amplitude, 1000 Hz and 1.1 cm separation distance
between the vibratory end and the surface of the
specimen.

2.3 Repeatability of Weight Loss Measurement

Some preliminary weight loss tests were performed on
twelve specimens to assess the repeatability of weight
loss measurement. The specimens were eroded one after
the other at the same test conditions and the weight loss
measured after 2 hours of exposure to cavitation attack.
Statistical analysis of the weight loss data illustrated that
95 percent confidence limits of the erosion data are +
0.9 mg or + 3.0 percent, for weight loss at 2 hrs.

2.4. Pattern of Vibratory Cavitation

Direct visual observations by the aid of the naked eye
using stroboscopic light through the transparent vessel
indicated that a mass of bubbles (i.e. cloud) appeared to
radiate outwards. The cavitation bubbles believed to be
produced radially are actually born with a vertically
scattered distribution within a semi-spherical space. In
the case of 2cm water depth, cluster of bubbles appears
on the center of the vessel bottom, which sometimes
disappears again, but mostly stays during the whole
period of existence of the cloud.

3. RESULTS AND DISCUSSION
In this section description and discussion of the weight
loss measurements results which were achieved
throughout the experiments are presented.

3.1 Effect of Water Depth

Figure 2 shows two hours cumulative weight loss of
aluminum specimens as a function of water depth
between the vibratory end and the specimen surface.

This Figure shows that the weight loss increases with
increasing the water depth, reaches a maximum and
then decreases with increasing the water depth .The
maximum cavitation weight loss of the aluminum
specimen occurs at approximately 1.1 cm water depth.
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Figure 2. Two hours weight loss as a function of
water depth (t).

Figure 3 illustrates the detailed photograph-based
observations of the specimens exposed to cavitation by
optical microscopy at various water depths. Figure 3
shows that the cavitation erosion damage is often
confined to a rather small area and appears as a deep
drilling of the specimen. This is because the collapse of
bubbles occurs periodically and impacts the specimen
surface at almost the same place. Figure also shows that
the maximum weight loss occurs at 1.1 cm water depth.
The same trend had been observed by Vyas and Preece,
[15] and Singer and Harvey [16].

There are two possible explanations for this maximum
erosion. In the first, the stress which creates the cavities
within a liquid is attenuated with increasing distance
from the vibratory end and therefore the number of
cavitation events would be expected to decrease in a
similar manner. However, the number of cavities
formed, assuming a uniform nuclei distribution, will
depend upon the volume of liquid between specimen
and vibratory end. Thus, for a small values of water
depth, the number of nuclei in the volume of liquid
between vibratory end and the specimen will restrict the
total number of cavitation events and hence the rate of
erosion. It will be expected, therefore, that the
maximum weight loss will occur at a critical water
depth. In the second, for cavitation to occur, the liquid
must re-enter the region between the vibratory end and
the specimen during each tension stroke of a vibration
cycle. As the distance between the vibratory end and the
specimen is reduced, the extent to which this occurs will
decrease and thus cavitation damage, as measured by
weight loss of the specimen, will be reduced. This effect,
when combined with the attenuation of the stress
cavitating the liquid with distance from the vibratory
end,
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will result in the observed maximum erosion with water
depth. This distance of 1.1 cm, at which maximum
erosion occurs, was used for all tests reported herein.
The existence of a peak in erosion is of practical
significance because it relates directly to the gap
between the cylinder liner and water jacket. Therefore,
for given conditions of amplitude, frequency,
temperature, etc., there is an optimum spacing for er-
osion damage which designers of diesel engine would
be well advised to avoid.

t=2.0 cm

Figure 3. Photographs of the damage at various
water depths.

t=1.4 cm

3.2. Effect of Water Temperature

Figure 4 shows typical variation of cumulative weight
loss with the test duration for various temperatures and
at constant pressure. This Figure is representative of the
curves found in all the present weight loss tests. The
portions of the weight loss curves considered to be of
constant slope, i.e., steady-state zones are taken to be
the weight loss rates.
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Figure 4. Variation of cumulative weight loss with
test duration at various water temperatures.

Figure 5 shows corresponding weight loss rates as a
function of temperature at different suppression
pressures. This Figure indicates that the weight loss rate
increases with the increase of temperature, reaching a
maximum value between 50 and 70 °C, and then
decreases with the increase of temperature towards the
boiling temperature value. Similar trend was reported by
Singer and Harvey [16] , Dular [17] and Li et al. [18].
Photographs of damaged specimens at various water
temperatures are shown in Figure 6. This Figure
supports the present finding of the effects of
temperature on erosion.
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Figure 5. Weight loss rate as a function of water
temperature at various static suppression pressures.

T=50°C T=70°C

T=90 °C T=115°C

Figuger 6. Photographs of the specimen surface
damage at various temperatures at p =2 bar.

The effects of varying the temperature on the erosion
rate arise from several factors, including; (i) changes in
viscosity, vapor pressure, surface tension, and density of
the liquid; (ii) thermodynamic effects on bubble growth
and collapse; and (iii) changes in the dissolved gas
content of the liquid.
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The decrease in erosion rate at temperatures
approaching the boiling point is generally considered to
be due to the increase in vapour pressure. This increase
in vapour pressure results in a decrease in the stress
produced by bubble collapse due to smaller pressure
differences inside and outside the bubbles. At low
temperatures (less than the temperature at which
maximum erosion temperature) the increased dissolved
gas content leads to a higher rate of diffusion of gases
across cavity boundaries. This leads to a decrease in the
stress produced by bubble collapse. As the temperature
is increased, the solubility of gases in water decreases
and erosion rates increase correspondingly. In addition,
the low erosion rates at low temperatures should be
attributed to the high viscosity of the liquid and to its
high surface tension.

The values of temperature for maximum weight loss
rate, Fig. 5, depend on the pressure. This is mainly
because the variation of dissolved gas content with
pressure tends to shift the curves sideways in tem-
perature direction.

3.3. Effect of Static Suppression Pressure (SSP)

From the photographs of Figure 7, it is obvious that the
heavily damaged area was reduced in size but the depth
of damage increased as the pressure was increased. This
is because an increase of suppression pressure would
reduce the extent of the cavitating field, concentrating it
toward the centerline where the pressure oscillations
induced by the vibratory end motion are maximum.

P=1 atm P=2 atm

P=3atm P=4atm

Figure 7. Photographs of damage areaon the
specimen surface at various pressures with constant
temperature of 65 °C and t =1.1 cm.

Figure 8 shows the effect of the suppression pressure on
the weight loss rate at constant water temperature
ranged from 30 to 115 °C. This Figure indicates that for
a given temperature, the weight loss rate increases
linearly with increasing pressure for the pressure range
considered (1- 4 atm).
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Fig. 8. Variation of weight loss rate with suppression
pressure at various temperatures.

The increase of suppression pressure should affect
damage rate through at least two competing
mechanisms: (i) the number and average diameter of
bubbles would be decreased as the suppression pressure
is increased, assuming constant amplitude and
frequency of the vibratory end and temperature of
water; and (ii) the collapse velocities would be greater,
and therefore, the radiated pressures are increased for a
given diameter of bubble. In the present tests apparently
the second mechanism is overriding. However, it is
obvious that the damage rate will be decreased
eventually if the suppression pressure is raised
sufficiently, since cavitation will cease entirely for a
sufficiently high pressure.

The present result implies that in cylinder liners where
cavitation occurs in high-pressure regions, damage to
the cylinder liners may be much greater than could be
expected normally from cavitation attack at atmospheric
pressure.

4. CONCLUSIONS

The important conclusions that can be drawn are as

follows:

1. Erosion tests indicated that the weight loss
increased as the water depth increased reaching a
peak and then decreased again. Also it was
observed that the weight loss rate increased and
then decreased again with increasing water
temperature. The maximum damage temperature
ranged from 50 °C to 70 °C depending on the
suppression pressure. In addition, the weight loss
rate increased linearly with the increasing the
suppression pressure.

2. The photograph -based observations of the
cavitation damage area on the specimen’s surface
confirmed the present results at various test
conditions.

3. Cavitation erosion results suggest that the designer
should design the engine with large depth between
the liner and the jacket, the value of the engine
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cooling liquid temperature should be located
outside the peak erosion range and high engine
cooling liquid should be avoided to prevent serious
cavitation erosion.
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