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AUTHORS' ABSTRACT

Ravitatsionnyve Razrusheniya v Dizeljakh [ Cavitation Damage in

Diesel Engines], N. N. Ivanchenko, A. A. Skurdin, and M, D, Nikitin,
Leningrad, Mashinostroyeniye Press,1970, 152 pages; 21 cables, 83

illustracions, and 54 bibliographic references.

The book examines svetemarically orocassgss o

"

diesal engine payts, wathods of controlling this damage, and techniques
‘ot celentsclon and accelerated testiﬁg of parts for cavitation resistance.
The watie faccors leading to cavitation erosion in diesel engines are
-anglyzed; thre cffect on the damage rate of water temperature, design

and operating factors, and the like on the damaga rate is described,

The theoretical fundamentals of cavitation in the pressnce of
vibrational fields are presented. Methods of calculating vibrational
rharactevistice of systems are set forth; estimates are given of the
possibla mnplitudes and critical accelerations of vibrations of surfacas
swept by waler,

The book is iatended for engineering-technical personnsl concafned
with dies¢l engine designing énd construction. It can also prove useful

to students at higher educational centers in the appropriate specialties.
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FOREWORD

Directives under the Five-Year Plan for the developrent of the
national economy adopted at the Twenty=-third Congreas of the CPSU
provide for increasing the capacity, opergpting economy, reliabilicy,
and leongevity of machines, instruments, apd aquipment, and increasing
the potential of moters by ~ne and one-héif to three- rimee.
Advances in modern diesel enging-building are relaced to thue steady
growth in the level of uprating engines by increasging the dagree cf
supercharging and the engine rpm.

Increases in high speeds and the mean effective pressuras, along
with the trend toward reduction in weight and overall dimensions, lead
to cavitation damage in diesel engine parts, Cavitation damage is
sncountered not only at surfaces of cylinder liners and the block swept
by coolant fluid, buc also at  the surfaces of the main and connecting
rod bearings, zxnd at the parts of the fuel feed system and water pumps.
Cavitation damage can be detected at the surfacas of parts oparating in
various conditions, and also in liquids with different properties. There-
fors eliminating cavitation damage in diesels is a moet important and

urgent problem.
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Various points of view have been expresscd in the technical

literature concerning the causes leading to the intonsive failure of

cylinder liners. Some imvestigators state that this is the rcsult of
electrochenical corrosfon, while othera attribute the failure to
cevitation erosfon. The complexity of the physicochemical processes {

leadiny to cavitation failure of cylindnf linars hampers the direct

atudy of individual stages of these processe.. ai

Numarous sxperimental studies uavse dealt with the pronlsms of
cavitation and the damage it causes in machine building and shipbuilding.
However, the problem of cavitation damage in d{es¢ils has not been
sufficiently discussed in these works.

The presant study examines problems involved in finding the

causes responsible for cavitation and cawitation damage to the surfaces '}
of the partsof diesel engines swepe by water, as well as methods of

investigating materials used in dies2l engines and diesel engina parts

-t

for their cavitation resistance. A relationship is shown betweer diesel
engine characteristics and cavitation damage. A method is outlined for
calculating diesel engine cylinder liners with respect to cavitation
resistance and measures to suppress cavitation damage to diesel sngine i}
parts which thus far have not been generalized,

The material for the book was provided by experimental studies

conducted by the authors at differsnt rimes in Central Scientific Research

Diesal Engine Institute. :

We request that all comments and suggestions concerning thias book

AP

be sent to the publisher.
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CHAPTER ONE
CAVITATION DAMAGE TO DIESEL ENGINE PARTS

l. Cavitation Damage to Water-Swept Surfaces of Cylinder Liners and

Riscke of Diessel Enginsa.

Diesel engines with high specific weight and builc with chick-walled
cylinder liners and blocks did not suffer intensive damage to water-
swepc surfaces of these parts. Later, as lighter-designed diesels were
built and as they were uprated in their mean effective pressurs and
rpm, demaga to cylinder liner walls and cylinder blocks began to be
acounterad in many encine models. This damage also shows up in the
formation of local accumlations of deep pits, in most caseas with a
clean surface, without the presence of deposits of corrosion preducts. i
They develop independently of the general corrosion pitting cf the
cylinder liner walls and blocks which is obsarved in enginec that are i
cooled with ssavater,

Ii most cases, before clusters of pits appear on a cylinder liner

wall, the wall is coated with an oxide film at the site of future damags.
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With further operation of the engine, pits begin to appear, very
rapidly enlarging, and {u several cases continuous flaws are formed
in the cylinder liner walls.

The first clusters of pits appear in thes rocking plane of the. .
connacting rod on the side in the direction of which the piston side
pressure is applied in the power stroke. If one faces an engine so that
the crankshaft rotates clockwise, the first local cluasters of pits will
appear on the left side of the cylinder {(on the water jacket side). Wich
further operation of the engine, the area of the damaged section enlarges,
and sowmetimes even new zones of pit cluscers appear.

The first investigators stw'ying the causes for this aeiect
(1935~1939) concluded that it was slectrochemical in nature. Theyr
suggeasted that the eifect is caused by unawen cooling, stagnant zones
in the cooling system, metal contamﬁnation; the presence of dissimilar
metals in the cooling ayvstem, and other gimilar factors, Therefore,
they recommended controliing the pi:ting of liners by installing zinc
protactors and by modifying the water flow dirvection ia the cooling
aystens., The ineffectiveness of these measures compelled designers
and i"esearchers to study uor; closely the causes and conditions lesading
to pi: clusters appearing on cylinder liners and blocks in diesel engines.

In 1948-1952 it became possible to establish [17, 22] thac the
cause nmust be sought for in cavitation processes brought ebout in dissel
engines by high-fraquency vibracions of the walls of cylinder liners.

When the¢ walls of cylicder liners and blocks in diesel engines are

.- -

damaged by cavitation, failure and slectrochemical sresion are observed

(3] .
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. .
The mutual role of these radically distinct processas depends on

nunerous factors and has not yet bezn adequately studied.

In several cases (damage to dielectrics, cavitation in chemically
neutral 1iquids), cavitation erosion is manifested as mechanical damage
without the presence of electrochemical processes. The progtesaion.of
the damage 18 associated with surface fatigue of the metal. This (s
based on the fact that in the initial period the surface undergoes
work hardening and orly theraupon do pits appear {10]. In contrast fo
this point of view, other authors noted that fatigue phenomena do not play
an appreciible role in the progression of cavitation damage. In their
view, the chipping of material is caused by each of the individual
conditions developing in the collap=e of cavitation bubbles [cavities]
[30].

Some theories gstate that _the initiation of high
temperatures in the latter stages of the compressiocn of cavitation
bubbles promctes the spread of damage.

At the presceat time it now has been reliably ascertained th:ic
damage to cylinder linex walls and cylindar.blockl is caused by cav..-
tation processes initiated in the cooling system of the engine by the
action of high-frequency vibraticns of cylinder liners excited by piston
blous resuliing from piston slap from cne cylinder wall to the other
on passing through the top dead center [}7].

The presence of a heat gap between the pistc.a and the cylinder liner
leais to the piston striking the liner wall and causing it to undergo
high-frequeancy vibrations in slap (change in directisn of application

of piston side pressure against the cylinder wall)., When the liner walls

-
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are in vibration, alternating elongations and compressions occur in
the water jacket, leading to the formation and implosion of cavitation
bubbles, which then causes cavitation erosion.

Depending on the model of the engine, the design of the cylinde;
liner, the ratio of the cylinder wall thickress to the cylinder diaveter,
the gap between the piston and the liner, and saveral other factors, the
number and arrangement of cthe gones of pit clusters can vary. However,
all cases have the common factor that the first clusters of pitg appear
in the rocking plane of the connecting rod. Thin-walled cylinder liners
vibrate, forming several antinodes in the cross section, and in each of
these u demage zone appears. Significant damage ‘@ also encountered at
the sealing and support shculders and in the blocks. Here the damage is

accompanied by the formaticn not only of deep pitss but also of longitudinal

depressions,

Thus, cavitation damage of two types appears at cylinder l{uers and
blocks:

1) clusters of dezp pits with clean surfacce in the rocking plane
of connecting rods (when there is cavication srosion caused by vibrations '
in the &coustic and ultrasoni;‘rangcl);

2) clusters of pits at the locatfous of water outflow and inflow
(wvhen there {s corrosion damage caused by the coubined action of hydro-
dynamic and vibrational cavitation); and

3) pitiing of support and sealing shrulders (the result oi the
intensifying of cavication proceases in narrow water jackets with the

probable participation of crevice corresion).
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Tyrical of, cavitation damage in cylinder blocka 1s the fact that
preventiow: of limer damage by applying & solid coating (chrome plating
or nitriding) leads to intensifiad damage of blocks at locationa that.
are oppogite the zones of cylinder liners wiuere their pitting had baan
earlier detected (bafore the coating).

Tha vibratioo of liners causes alternating elongation arxl compreseion
of the water in the cooliny Jacket, This leade tc the formatisn and
closure of cavitaticr bubbles (cevities).

Pigure 1 shows the ¢ylinder linave of a diesel eugfus afrer 542
houre of opersation. Cluscters of deep piua ara clearly discervable oo
their surfscea in the rocking planes of the coaniecting rods.

Figure Z shuws ihe ladage i The Zone U
An the result uf pita formiong et the upper sesting shoulders of linevs,
cracks appaar often in the liners ba;onth thive sealing scoulder, which
completely fmnairs the linevs.

An example of deunpe to a ilner that hod besan in gervice for a
totel of 106 howrs, i vLle wvter ilofiow Incatiou, 1s shuwn iu figaire 3.
The arrow roiats *to the locaffon of wvater inflow, This kind of cylimdex

iner damage difrers appreciably from general liner pitting ceused by
erosion when coolad by seawater. Tha corrosion process accompanias
Javere electrochemical plttiog of c¢he sncire liner surface, on which
& pitlar of corrosion products and truces of graphite from the liper
matarial (cast iron) ramainu. However, even here lindr vibration leads
to simultaneous cavitation demige, whlch sggravates the gonecal danage

te the extexrual liner suryscus.
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Pioure 1: Cylinder Liners »f the

ldx 8.3/1)1 Diesal Engane After 4
Baure of Operacion.
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Plaura 2: Reantgo to Cydindar lLiners
of 4¢h 17.5/24 Diaval Engine in the
Ares nf the Upporw Leating Shouldur
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Pigure 4 shows the cylinder iiner of s marine diesel engins afues
2500 houre of operation. Tracss of cavitation demage cver largs azeas

can be notad on its surfacee, along with tracez of corrosion and salt

"
.

deposits.
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Figure 3: Limar Damags in tha Area i a
of Cocling Wacar Inflow ) : ;
Figure % savus the initial stege of Camugs to a2 diesel vugins block, ; %
Blocks wmade oY cast {ron undergo damege wmost intensively. Alumioum
blocks preve to be mora resistant tc cuvization eroaion than cast iron k
biocks.
o Damaga Lo the walls of cylinder linars and diesel sngine blocks :
csused by cavitation erosion significawtly rsduces the service life and 1
i
rveliabilizy of dtesal enylnes, slucs suth dwmage causes cracks and A
14
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sometimzs continuous flawe to appaar., This leads tc water entering

the oil and the diesel engine malfunctioning.
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Figure 4: Damage to Cylindar Liner of
a Marine Low-Spsad Diesal Eugine
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Figure 5: Damage to Cylinder Block of
Diesal Engine
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2. Cavitztion Damage to Bearing Sheils amd Puel Feed Equipment Parts
Increasingly, damage to the surfaces of crankshatt bearimgs 1S show-
ing up in uprated diesel engines; this damage 13 caused by cavitaction é
. procasses in tha oil layer. Usually these consiet of poin: chippiné’of
the bearing material (most oftan lead bronze) iituvated in the zone of
meximua preasures in its oil layer. ByILCs naturs, thig chipping differs

appraciably from vhe damage in bearings caused by other factors, for

example corrosion, fatigue, and wear,

The location of the damage in the zone of maximum pressures ir the
oil wedge ghows that cavitation phenomens ékuaed by the abrupt rise in
pressure in the oil layer of the bearing after the cavitatiom cavity
leaves the minimum pressure zone represents the cause of this damage.

Most often chis damage begins at a slip rate of 9-10 w/sec &nd a specific

. T )
At e b A o et Mt e i s

pressure, p = 200-250 kg/cmé, _Bouov;r, vhereas cavitarion damage

”»

depends on the design of the bearing shell and the material), for a given

combination of all factors imfluencing cavitation, the demago can begin

even for other combinations of velocitiasas arnd pressures. 3

Cavitation damige to fuel system parts is relatively infrequent

.4

and is generally observed at ths piungers of fuel pumps and nozzle

s e an e A P,

ngedles,

Damage consiats of pits and gouging of metal. The cause of this

damage wmust bo regardsd as cavitation phenomena caused by abrept fluc-

tuations in pressurs im the fuel. It must pc noted that this damage

quite rapidly cauces the fuel equipment to walfunction and msthods of S

R N

controlling it ere thus far inadequate.
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This kind of damage {s observed in fuel lines and refrigersator
coila. 1n this cage the cause evidently lics in the pressura changes

’

in the liquid flow.

Quite often, the impellers of centrifugal Water pumps of dielélo
engines and cooling unit covers undergo cavitation damage. The main
reason for tha damage i3 the {mproper designing of the part, causing

separations in the liquid flow and the formation of zones with reduced

pressurs.

CHAPTER TWO
THEORETICAL ESSENTIALS OF CAVITATION AND CAVITATION DAMAGE
IN DIESEL ENGINES
3. Cavitation and Zasvutials of Plivsicochemical Procssses Qcsurring
During Cavitacion
This book examines the theory ;f cavitation eroaion as applied
to danage in liners of working cylindars in diesel engines.
Cavitation {n a liquid medium refers to the hydromechanical proceaa
of the formation of voids in the continuity of a iiquid at the flow
locations where the prenlur.'&topn to the saturated vapor prassure of
this liquid ~t a given temparature, or else to a certain cricical
pressure at which gases or air dissolved in the liquid begin to be

evolved in the form of bubbles (cavities).

_ » The formation of continuity vcide (cavication cavities), just as

their annihilacfon, depends te a significant extent on various factors,

the fundamemtal of which are those that leed tov locsl, sltermating

fncressas and decreases in pressure in the liquid,

17
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In diesel engines, varioble pressure in a liquid is caused
principally by-vibrations in surfaces surrounding tha liquid, and in

a number of cases -» as the result of abrupt changes in flow vslocity

R vt O
]
¢

- and directiom,
: B Damage in surfaces surrcuwnded by & liquidsccurs in zones where

cavitation bubbles collapse (are annihilated) undsr the effect of increased

pressure. When this takes plice, local prassure peaks develop, and

[ LI

surface damage occur: upon exposure to these presaurs peaks.

Many studies [1, 12, 3Q] have dealt with problems of the theory
{ i of cavitation cavities as weil as changes occurring in the physicochemical
structure of a materizl subjected to cavitation faftlure, The aim of these

studies was to sstablish & relationship between hydrodynamic coaracteristics

I Y L T T T
;

of & flow and parameters describing the failure process,

In view of the complexity of physicochemical processezs occurring
during cavitation and cavitation erosicn, it had not yet been poseible
X 3
E to fuily clarify the physical nature of ths successive progression of i

3 ) these pheromena, Thus far there are varicus ‘points of viev a8 to the

physical naturs of cavitation damage.
Host investigatorsz agree that the primary causs of failure is the
impactive action of liquid against the surface of a mstal oceurring in

the collapse of cavitation cavities., Views of workers differ widely on

tha role of electrical factors £in cavitation damage, and also ¢n problexs

AT

assoclated with the kind of progression of successive scages of cavitation

dapage in the surfaces under attack.

Opinions differ concerning the causes lesading to electrochemical

YRR M

processcs during cavitation. PFor sxample, it 1is suggusted that owing

18
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to high temperatures in the implosion of cavitation cavities, thermo-
electric effects are observed. The electric currents induced in a
material are explained as cue to the action of highly localized com-
pressive stresses caused by the small srea which the dynamic £orceq .
act against at the instant of cavity collapse. The hypothesis of the
strong effect of puraly oxidative processes on the trend of cavitaticn
damage has many adherents. There are sxpurimental data confirming this
hypothesis, but directly contradictory fac:s, as well, Cavitation
erosion develops in chemically neutral medisa and also on specimena made
of glass, gold, and various plastics, that is, nonoxidizable materials.

In view of the extrsordinary complexity of the phenomena in cavie
tation damage tha; are caused, on the one hand, by the rapidity of the
processes of the last stages of failure, and on the other -~ by the
diversicy of processes developing in different materials subjected to
multiple exposure to a field od colf;pning bubbles, cavitation erosion
has not yet been fully studied. Moreover, there is not even a hydro-
dynamic theory of cavitation erosion that would permit estimating the
order of magnitude of the developing coenditions and the effect on then
of such parameters of the medium as velocity, pressure, and so on.

During cevitation damige, depending on the inten.ity of the cavitation
process (including the formation and collapse of cavitation cavitias),
the medium, the material of the internal ccoling surfaces, and other
factors, electrochemical bprocessss can participate to a greater or lesser
extent. However, we can state that locsal pressure peaks at microsurfaces

arg induced in cavitation erosion.

19
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The main cause of cavitation and cavitation damage in diesal-
cooling arcas * is the variable pressure in the medium caused by vibr :tions
of cylindér'linetl.
- Variable acoustic, and at zimes ultrasonic pressure in a liquid.
can cause, at a certair. intensity, ths formation and implosion of
cavitation cavities, accompanied by hydraulic impacts, increased tem-
perature in the zone of imploding cavities, and so on, Ws refer to all
of this as the primary effect of cavitation, manifested directly in the
coolant liquid. The action of these primary cavitation effects on

enclosing surfaces causes their material te undergo stress peaks, heating,

electrochemical processes, and so on, that lead tc faflure of cthe vibra-

ting and fixed walls. We call these processes sacondary effects.

In our further examination of primary and sacondary cavitation
offects cauised by alternating acoustic pres;urc in a liquid, we made use
of data obtained by the authors in studies conducted on cavitation damage
in material specimens in MSV[magnet.strictive vibrators] ir diesel engines,
as well as the data of Spengler [‘q] . :

The interrelationship of‘phenomonn cccurring during cavitation is
shown in Figura 6. Here all the primary effects that can be a causa of
cavitation damage in cooled diesel engine surfaces arz notad with chin
f *  hatching. The influence of other primary effects on surface damsge has
thus far not been studied.

Figure 6 shows that the phenomsnon of cavitation damage te surfaces
cannot be classified as due to only one of many factors. Evidently, in
: any cise the cause of cavitation damage is not only tha high pressures in-

duced in the implosion of cavities snd the increasad temperatures, but
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also the electrochemical and diffusion processes occurring at the
liquid-vibrating surface interface.

The nature of the primary effect is extremely diverse. Let us
first consider those that directly cause secondary effects leading te
the failure of diesel engine cooling surfaces.

A rise in pressure in microvolumes of a medium is associated with
the collapse of vapor and gas-vapor cavities induced during the ejiongatio:
phase. We know that the pressures developing during the collapse of
cavities many times exceed pressures requirad to form the cavities and
again attain thousands and tens of thouwsanda of atmospheres. The pressure
rise in the microvolumes of the medium is accompanied by a tempera :ure

rise of the medium @8 a whole and, in particular, of its individuzl micro=-

volumes,
Hesting caused by surface friction is local, that is.
jt  appears at the surface bounda;y.‘ By the

surface boundary we msan any surface at which external friction can arisa.
The absolute temperature rise of th: medium gs a whole is not detectable im
the overall level. However, the local rise can be appreciable owing

to its affect on other phenomena, for example, on chemical reactions
ocﬁurring at medium boundaries.

Hesting due to surface friction is very distinctly manifested. If,
for exnmpla, wva immersa a thermomater in a cavization fountain, it will
show +30° C (that ia, the temperuture of the liquid) however one ciunot
hold it wich the hand owing to intense heating &t the glass-ckin inturfacc.

Heating of the medium caused by gound sbsovption is anothar forz of

the effact. Here some of tha acoustic energy iz ucovertad imko thermal
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enexrgy, which then causas a rise in the temperaturs of the madium,
Heating depends on the absorption coefficient and the intensity of the
R acoustic vibrations giving rise to cavitation.
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Figure 61 Systematization of Various Cav. aticu Effects
[Kay en following pagu]
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Key: A. Acoustic and ultrasonic fields in a liquid
B. Cavitation
C. Primary effects
DP. Secondary effects
E. Pressure rige
F. Mcchanical damage
3o Temperature rise
H. Tenperzture damage
I. Condengsation
J. Oxidation, reduction
K. Degassing
L. Diffusion
M. Luminescence
N. Dispersion
0. Depolymerization
P. Variable and conetant flows
Q. Electric potential
R. Change in heat transfer coefficient
S$. Cavitation damage to cooling surface
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If some voluia of the mecium is subjected to acoustic and ultrasonic

cavitation and within it total sbsorption of the energy thus developed

occurs, the intensity of heat trensfer K, im equal to the total acoustic

et B ms, e A . artt

intensity received by the vibrating surface N . jac = acoustié) « Let
the {vradiated volume of the medfum 2ave the thickness s. lec the sound
incensity on entering the laysr be represznted by Ij, on exiting Irom
the layer =~ I,, the cross section of the acoustic fieid -- F, then the

intensity of the nound developed in this leyer is

1\.4-1-': (Il'—' l_',! (l)

ic expenied in heating the mediwm, ’

Using aquatisa (1) and Fesr's law of varietion in sound abeorption

T S S

fu & wedium, va gxt

P

w

AT (/1 -- I.') = 11['.” =0 -2’”')' (‘)) 1

whare & 1s the absorptivity of the medium,

s
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The rise in the water tempersture, if wa neglect thermal conduc-

tivity, 1is
ey
where T 1s the heating tiwe;
G {3 the weight of heated volume;
ct is the specific heat capacity.

The temperature rige caused by the friction of layers of the iiquid
and by the absorption of acoustic energy can be apprecisble,

During cavitation, high temperatures in microvolumes of collapsing
cavities also develop due to the high pressures arising, vhich 1is some-
times accompanied by the glowing of indistinct areezs in cavitation zonss
of the liquid, The temperature rise in the microvolumes of the collapsing
cavities, significant as it is, does nmot lewd to an appreciable rise in
the mean temperature of the medium. Heweves, local points with high
temperatures are very dangsrous -1n££ they cause the ogcqndary affeact
of electrochemical erosion of metal_.ic surfaces located in the cavitacion
gone, The nature of secondary effects is an;remeLyrdtvcrae. but they are
cimilar in thst they all lead to damage of curfaces owept Ly the cavitatipg
liquid.

As & result of the 3sbrupt pressure rise in the microvolumes of the
1iquid adjoining a solid surface caused by collapsing cavities, gradual
spalling of solid parti:les of the wall material occurs, which then leads
to surface damage. This damage is usuaily local and occurs in areas
wvhere the cavitatiov cavities have collspsed. Damage can deévelop at a
high rate, which depends encirely on the intensity of the cavitation

process. In addition, temperature damags to the surface -- its melting
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space -- may also occur since a sharp rise in the temperaturs of the
microvolume corresponds to high pressurws in the collapsing micro-
volumes of the ;iquid. In those cases when the collapsing of the
cavities occurs at a liquid-surfice interface and if the temperature of
tha microvolume exceeds the melting point of the wall (or a specimen)
material, the surface melts. If the temperatures in the microvolumes
of the liquid are below the melting points of the material of the wall,
then changes in the surface color (opalescence color) ure observed in
the area of the cavitating volume of liquid,

Simultaneovsly, at the liquid-surface intcrface oxidation-vreduction
processes occur, ulrimately also leading to damage.

The constant and varizble flows ‘n the ligquid and the d{ffusion
processes aggrnvato-secondaty effectas -- effacts of dan. pe owing to
acceleration in the entraimment of particles. of the damzged surface. Thus
far the specific role in surface dama§§ of frequency of vibration und the
material remains unexplained. Study of these relntionoh&pé will make
posoibl.. a precige selection of nothods of contrel for xiven cavitation

processer .

-

4, Causes of Cavitation in a Liquid and Cavitation Danage of Vibrating
Surfaces Swept by This Liquid
The hydrodynamic theory of cavitation shows that for & gas-vapor
cavity to sppear and grow, an inicial focua of a2 void in the continuity
of a liquid is necessary.
In other words, an initial bubbie is required, which under favorable
conditions begins to grow i size, and then collapses in the higher-

pressure zone. However, when the liquid is under dynamic scress, & void

25
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can cccur in the ligquid durxing the elongation pheue, aciompunied by tin

formation of cavitien, which collapse durinyg ine compreasion phiasc

evin without éhc presence of cha inftdlal vold, To cause discontinaicy

i3 the liquid, the colwesive force of molecules nug: b overcome, 1v a
deglesad liquid not contzaining fareipgn iapurities, stresses aqual ﬁo
Beveral atmospheres are required to preduce v void. But 1f these cavities
collupse, then high yreasures build up, which cen /g aw high as several
thousande of atwnepneree., Thess pressures lead to che inception of
numarous centera of weccadary cavicatrion. The detrimental consegucnuces
of gavitation in equipment are well kniown, for example, damage
to highi-specu turbine blades, and vibrating cylinder liners and blocks
of diceal englines aven when misie 0of the best wmateriunie,

Cavitation deve.cpr during the elongation phuse of a4 Ligu d
cceurring with variable Rcourtic pregoure 1o the acocustic and - ltrasonlc
1{01d of th: liquid cxuged by & wvibrating surface, Cavitacion 18 Accowm-
paciec by the noise it produces io the liquid. .

cevitation canaot arise in weak acoustic flelds [?Q] . eince for
cavitation to aprser the mintmum fntensity must be exceedsd, which is
refarred to an the critical threshold of cavitatiou,

This threshold valuve depends on the frequency of the sound, the
smplitude of the vibratiorn of the 1iquid, mnd the forces of cohesicn 1in
the liquid, and incresses with vige im ¢he oxnterasl vressure yid wi .
dacresse in tauperdaturi:. Savitstion proves to be edpecililly sevars at
the interface of two modha, sloce jere ouly forces of cohesion ars

operative. ‘The eppearzuce of cevitaiion 1s particularly favoered by the
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presence ‘m gsonnd-irradiated liquid of cevitation nuclei, which may be

)
£
g«
S
3.
.
W

gubstsnces dissolved in tha liquid, swmall perticles, and gas buubles

AN R
L 3

undeteccadble wnth the unaided ege, Kear these nuclel ths forces of

¢

cohiesion are peverely weaakened. In puritied, degassed liquide, due fo
thea absenve of (molecular) gas lnclumione, the number of cavitation

racled & al a miniawi, hharefore cavitation can appear in this fnatsnce

LI o e R
LT L

st even hipher vibretion inteusicies, Buc 1f cavitarion I8 induced in a

e

e G

liquid in which dissolved gas 13 presant, under tie effact of elongation

this gas will be ¢volved in wminute bSibbles,

Thess bubbles, dur to hydro-

dynamic forces, rerge futo larger bubbies and rise to the surface cf tha

aguid. Xf the frequencies of the free vibrations cf the gaw bubbles of

3 glven aizs vidratling in the liquid arrive af resonance with the fre-

quentcy of Che hydrb—acouatic field of the liquid, cavirtation forcer can

he sipniticantly increadsed. Toe resonavce fraquarcy or gas bubhles,

o AR e %, 2 R et

avcoerding to the datr of M. Mataushak, i& detecmine approxinately by tha
following relacior

!

fm

VAT 3
i’

1
(8]

- s ” ‘ i

4
whery p is the intencity of the ligquid;

po is tha hydrostatic pres.ure ir rhe liguid;

X' 1s the ratfc of the specific heat cupacities fur the gss in the ﬁ-i
bubbles (aciabat index);

PN

d1 is the bubble diamezer.

In the rangs of ultrasunic frejuencies, the fregquency daperdenrz of

cavitaticn evideutly le decerwined by dla smali {nert’s of the effect, siace

s e

oome time {s required to form the cavictiea. lzarefore et vibration fre-

yuencies up to 20 Kiz, sovicstion in dieiwni engines appiars at loser
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intensities than 1n the high-frequency range of vibrarious.

4t very Righ uiLrasonic.ftequencies (above 5 MHz), cavitacion has
thus far hoé been produced by enperimental mesna.

The erirical threshold of cavitatior rises with inccesse in vil;oeitv
of the liquid. When the actusl vaiuve &f this threshold was measured,
extramely diss‘umilar are obtainea. |

Bagaed on new studies [463, to excice cavitation in tup warer at
20 KRz, an irtensity of about 1 w/cnz is required, and at ar intensity
of Q0 kHz == 10 w/cnz. Acousgtic and uvitrasoniz ravitaticn induced in
cooling jackets of diesel eugines leads toe the failure »f vibrating aud
fixed surfaces of the diegal angines that are weter-swept. Thus, when a
high-intensity vibratory field 1e axcited in a liquid, the inicial cavities
can appear in the abseuce of ifmpuritias im the form of suspended forsizn
parcicles and gaaes in the 1iquid due to the datachment of the vibrating
surface from the liguid and dus to voids within the liquid as the
acceleration znd veloe{ty of the vibrations are increassd te some eritical

threshold W' . [_cr - critica]] and v'cr'
The level of vibrati:zn in diescl engine cylinderu, as we know, is

evalurted by dynamic factors such as smplitude, velocity, acczieration,

and frequency of the vibratotry proceas, which are specific for each par-

ticular alecel engine. On exposurs to vibrations of the ¢ylinder wall,

& hydro-acoustic fleld i produced i{m the coolant liquid, Whea this

happans, gas-vapor savitles apjear, wore precisely, the cavitation of the

1iquid Dbegins. The inteasity of cavitation depends om ssversl varlables,

vwhich include -- besides vibrations -- first of all the temperature of the
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medium, the pressure at tha given point, the viscopity of the medium,

its flow rate, the presence of impurities in it un@ ites gas composition.

Tha cavitation process will begin also vhen chera 1s a pressure drop
at a given point in che medium down to the cri:ical prassure or the °*
saturated vapor pressure, Pg°

In a medium chat has no displacements of the liquid flow (standiang
liquid) under the effect of the vibratory fiel!d, cavitation will begin at
the instant vhen the velocity of the vibrationil motion reaches a ccitical
value Vcr at which the liquid sutffers discontinuities and gig~-vaper
cavicies forw.

The critical velocity of vibrations depends to a iarge extent on the
physicocchemical propertice of tae liquid,

Foi a pi
range of vibration frequencies can te determined by the formula
{'_:_I ool L mwe L L ucY*:=~3%1, 3)

B I v e

vhery ¢ is the speed of sound fn ths mediun;

V ie¢ the saplitude of velocity of particic vibra::lh.n;

p 18 the ampiitude of ths variable preiyuzey;

A is the smplitude of ;;a vibratione;

¥ 1s the smplitude of the acceleration.

Vibrational wotion of the mediun particles, as the precsure wave
propuogates, lead to the fnceptiom in the medium of veriable pressure Py
wiich varies pericdically 2¢ the frequancy of the vibratious

7y = psin vl
Heve

—_ RE
= OC, .
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If the plan: pressure wave with intensity I impinges against am

obstacle that f°“P1°c¢1Y raflects the prussire waves, it will exert the

following.overall pressure on the obstacle:

) .

M
i ¢

If the obstacle Partiully damps the vibrations, the overall presrure
will be smaller.

The oscilliations cauged by the vibration of a surface lead to the
particles cf the surrounding iiquid ad Joining the surface to undergo
ibrational motions relative to the equilibrium position and simultaneously

cause their displacement, that {a, a constant 1iquid flow. This phenomenon

shows up in the form of intense currencs lo3ding to vigorous agitation of

the medium and is brought about by the viscosity of the liquid. The nature

af tha flaua ahaomus s A ety s . me - :
TS OTHE SAYTe Luofiveuw HUring cests at the MSV is shown in Figure 7, !

According to exparimental datu obiajned by the authors, and also from the

B e W

work [?SJ » the flow intengity increases with increase in vadiation iuten-

sity. The direction of the flo, remains unchanged .

The variasble pressure {n the acoustic range of vibrations and the

constant flow play & major role {n fovming gas-vapor cavities, in the : i

reduced-pressure zone, and in the collapse of these cavities in the

increased-pressure zonet. Thege phenomena are tuaen responsible for cavi-

taticn damage to surfaces,

As a rule, a vibratirg surface and a fixed

surface located in the 2ona of the varisble pressure wave and the spouting

liquicd are damaged.

Toe vibrational intensity necessary to cause cavitation to begin is

s critical value and depends on the frequency and asplitude of the

30
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vibrations, as well as several other parameters characterizing the con-
dition of the medium in which the vibrational processes take place.

Based on the equation determining the acoustic pressure, lst us

write an squation for the plane pressure wave in the liquid: -

S Ee )

&oda p,ypy
__widvi___

Figure 7. Ychems of Liquid Motion in the
Region of a Vibrating Surface of
& Specimen:

P
?

Direction of motion of cavitation cavities

(0]
]

Vibrator

L
s

Specimen

&
U

Direction of motion slong spscimen

Key: A: Watar
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and the saturated vapor pressure at the given temporature:

A void develops in the liquid when there is a decreass ir the

pressure p_ . down to a specific limit at which it will be equal tc the

difference between the static pressure p, at a given point in the liquid

Pu—pa=Ap = 0
Here

- - - " c
Ap=p, andp -p =p =V P .

8
The velocity of tha vibrationzi motion of the particles of the

1iquid will be assumed to be the critical value

/e )
Ver AL

The critical acceleration of tha vibrational morion of water particles

is

213 (pg — 02 f

Wee T

vl.are pd is the saturated vapor pressure at the apecified temperature.

Prom this equation it fcollows that the critical velocity of vibra-
tions of the liquid molecules depends only on the physicochemical pro-
pertias and ita temperaturs. Data charzcterizing the critical velocity
of thoe vibrations {n techaically pura water will ba as follows for
various temperatures:t
t in °C 3 1C 20 30 40 50 60 70 80 9 100

v in cm/oec 7.1% 7.13 7.1 6.99 5.7 6.34 5,7 4,77 3J.46 1.98 O
cr

As follows frow these data, the critical velocitias are not large and

decrease with in:rease in temperature. At 100°C cavities can bagin to
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form spontanecusly in the water, that {s, the water begins to boil.

Spacific critical accelerations of the vibrations of the liquid, which
{ncrease with the vibration frequency, will cotrrespond to these critical

. velocities. Valuas of w'cr at 159C when V! r- 7.1 are listed in Table 1.
C .

N .
\ . Va Yty
\ 4\ \ b o
. _‘ "yl\‘<]\/l\<l)//
\ S ST
\\f’,//

Figure 8., Diagram of Molacular Forces
Within and at the Surface of
a Liquid .

KEY: 1 - Gas-vapor medium -

? - Liquid

By examining Figure 8 we see that the interaction of the molaculaes

A and AI in the surface layer of the liquid and situated within its

volume (n.oleculas Az, A and A“) differs.

3 In the surfaca layer

the attractive force Fz in the direction of the pair is many times
smaller than the attractive force Pl toward the bulk of the liquid. The
diffarence of these forces, psr unit surface, is the internal pressure

and apounts to 11,000 atm, That is why yater is

so resistant to

compreesion.

Damage to a fixed obstacle in the hydro-acoustic field of a liquid

will occur the more rapidly. the higher the veloeity of vibrations, given

33
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the condition that it is higher than some critical velocity threshold

Vst at which ?amage begins., The proportionality of the intensity of
darige at a fixed barrier f{n the liquid to the valocity of vibrations is
observed because the pressure drop leading to discontinuity of the liquid
i{s directly proportional to the velocity of the vibrational motion of

particles of the liquid.

Taxble 1. VALUSS OF CRITICAL ACCELERATION

} I [ 1 !
s I .
| R AN I Hy Yol 10690
y B ll <i \
A cneon? o [ E Y7 EE TR l 223 w0 ) 4o G
c ' |
) 113 ' 0 ’ 0,002 ol
! ! I '
i I ! ! | l
KEY{: A - £ in H= 7
- ! :
b ~-W or in cm/sec -

C-Ainmm

The rate of damage at the vibrating suéface which is the source of
the hvdro-acoustic field 1s proportional for a given liquid, to the
acceleration of the vibrations of the surface, assuring the condition that
the acceleration of the vibrational motion is higher than a aspecific
cricical acceleration threshold Hcr at vhich damage bdegins. This correla-
tion in the damage at the a vitrating surface is accounted for by the
fact that the void in tha continuity and the collapse of & cavity results
from the action of the imartial forcea of the watar.. As showm in Pigure

9, during tha first period of the vibration of the surface, (positiou 1),

34
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the inartial forcea induced in the liquid Pvi g} = +~ibrating, 1 - inerciuﬂ s
do not exceed the forces of cohesion Pooh? therefore there 1is no void in
the liquid and thus no cavitation. When during the first period (position

. I1) of vibratiouns the forces Pcoh sre exceedsd by the forcer Fvi , a4 void
will occur in the liquid at point A and cavitation will begin, When
during the second half-period of vibrations ths forcas required te coliapsa

the cavity Pcol are exceeded by the forces Pvi (position III), closure of

the cavities will begin at point B, and cavitation damaga will sec in.

Since the amplitudes, frequencies, and their darivatives (volocities
and acceleration of vibrational motion) differ in magnitude for different

dieral engines, depending on their design and opersting conditlons,

cavitation processes in the liquid cooling the diesel engine and péocesoeo
of cavitation damage can have different intensities for each type of diecel
angine,
The vibrational acceleration ichcharncterized by the. followlng
expression:
W aa)t,

that s, acceleration is a function of :umplitude A and frequency f.

o -

Therefore for the sewe acceleration of the vibrational motion, wahere 1t

is somewhat larger than w'ct cavitation damage will always occur. Howevsr,
hers the amplitude of the vibrations muasc be somsshat larger than the
threshold.

Ic can be assumed that in cavitation damage occurring in the range of

relatively low frequencies to 2000 Hz, generally pressure forces will act

destructively since dus to the removal of heat to the ambient enviromment,
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the temperaturs foctor will not play a kay role owing to the relativaly

tow cyelicity of the temperatur: faskor with & 1ow exposure tims, When
cavitation dccurs in the higher frequuncy 1irge, tu tha mecheunical
N factore 1a adéed the temperature factor, and as a result of which elactio-

chamical processes arc thus intensified.
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Figure 9. - ‘Plot of Cavity Pormation amd :
Collapse: :

I -voemax, ww 0 i s

I1 - v =0, w=max '

3l = v =0, w=max (A {8 the instant of
discontiruity; B 18 the inmstant of |
collapse} i
KBY: 1 - Pcoh }
2 - P -
i
L9
3 - Pt % 1
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We kuow that for a vibratory i{mtensity of high-frequency devices

§ of 1 iw at s<fraysency of 1600 Hz surface cleaning procecases occur., When 3
che 1nten;tfy of the device {2 increused, at thce same frequeprcy, metals
. placed on the vibrator underge heating and melting. At intensitiee of
20 - 30 kw, high alloy steal and rafractory matals will malt on tha .
vibracors, -

In ths geners:l case, the intensity of cavitation damaga (weight loss,

AG) 18 8 function of pressurs p aud temperaturs T in the microvolumas,

potential V', and current strength I betwean the heated microvolume of

e .

the aubient medium and the surface being damaged;

Lt e e GeT
e

VS T,
Howaver, the intensity of surface damage is also a functiou of ;
geysval other factoers., dMvast of all they wmust be ragurded as including

the foliowing: the material of the surfaces, tne {inieh of the asurfaces,

the temperature and moisture centen: of the medium, the dcoustic characteris-

tizs of the vibrations, and the flov rate of the mediup,

For a preliminary estimate of the acceleration motinn ct whick a liquid

TP

begine to exparicuce a vofd in the layer diructly next to tihe vibrating

surface, let us exawine lLa forces applied at the microvolume.

let us delimit the aicrovolume Av frou the adjoining layer of liquid

near the vibrating surface and executing motion according to the vibrational

lawvs of this surface. It is axsumed that discontiruity 4n a liquid with

. m b o

the formacion and collapse of cavities directly at the vibrating surface,

-~ aliaikin.

thet is, at the interface surface-adjoining liquid layer, fs tha most

o

dangexons from the standpoint of arosioci:. Here, the ixertial fovce of

the water é“i = m dw/dt, the cohesive force of tha liquid Pcor’ tiie drag

37

Tm Y THIMOmae A e

el




&
tl_ d
k
3
&
§

e

\

of the layers, and the force of friction against the other layars will
act at the delimited microvolume.

Neglecting the forces of drag and friction in view of their small-
ness [24], let us set up the aquation of forces; .

w = -
) 4 { m dw/dt PC

ac oh °*

where mm_ is the attached masg of uquid., assumed constant; and

dw 1x ths sccoelaration of the hydrovfﬂum ol the liquid,

It 15 assumed that discontinuity of the liquid at the bdovndary
of the microvolume will occur *£ the sum of forcas applied st the micro-

volune exceed the cohesive fcrces of the liquid:

= d .
ma1 dw rcoh ¢

Integiating the equation we gec

yd - } . = .
-ati) v Pcohodt opm. W Pcoht

The velocity of vibrational motion at which a digscontinufity will

occur will be

ol P | 4 -
v coh --"mat

Since the frequency of the vibrations is {nversely proporcional to
the time @ = l/t, then v = Pcoh/ mat’.l) « Accaleration of the vibrational
motionx is

Wevw =P /o, .

Acceleration of vibrational motion at which the 1iquid suffars a

disconcinuity at the boundary of the vibrating surface iy & constant,
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P

independent of the vibration fregquency.

The vibragional acceleration will depend only on the cohesive forcas
at tho houndsry of the vibrating curfsce with the liquid of thc mass of
adjoining wster., Schematically, this can be ehown by the diagram in ~
FPigure 1V, No damage will occur {n the subcritical region. Whea the
aceelaracdlon of vibrations {8 increased bheyond wcr’ cavitation Jdamage will
begin., This is valid for the formation of cavilation and eresion in
diecel engines, since thsg vibrating surfaces exaecute vibrations in the
high~frequency region where the adjoining mass of Lliquid i» virtuxlly
independent of vidbration frequency, Based on the data giveu in [62} .
the stross {or digcontinuity to occur is 3.6 kg/m2 for water,

Therefore, the cohesive forces of wster per cmz «f surface amousit
teo 0.36 g. Tc determine the critical accelovrarion; we meat know tha
adjeining mass of liquid. It can be determ’ned by rhe differeace n the
frequencies of the free vibrationas o:f the giver surface in eir and {in
wuter. The mass of watar per cm2 of surface avec is8 0.00002 g - ec/cmz.
unged on the mass of the adjoining water, wo-can also determine che
thicknsso of the adjeining layer, which proves to be 0.CG2 ax,

Therefore, sccelera2tian ;f vivrational wotion at which the liquid
begivrs to experfence discontinuities at the surface-~watar reglon is
approximately 18,000 cw/sec* or 18 g.

The collapde of cavities and alvo the process of cavitstiun damage
begin at somewhat higher acceleracione, Experience in building dicsel

engines shows that at cyl.ndev liner iibracions with ar acceleration of

26 g, trace. of the initis! stage of cavitation damaze are already

detectable.
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5, Cavitation aué Conditions for Its Inceptivn in a Mediua Fiowug Ei
o {n
Payt a Bouy, in the absence of Vibastious. locations of ‘Ibesc £
. ‘ !
‘ Effcies gn Lleael Engines §

Tie critical pressure P.p &t whiich cavigatlon Lbegine dopende to 4
large ext.n¢ on physluowiimicel properties of the liquid: viscoaity,
coatent of divsolved guses and of air, s«liniry, tempacature, and oo on.
The saturated veoor pressucs Py usaually 1a lower chan the eritickl

pressure auu Jepeids meinly on the tempervaturs of the water. Valuas of

Py are giver i Table 2 fur vavicus tempnrstures. Hese the fraction

which pressure Pg 18 ot thy atwocoheric pressure p, , i par ¢ont, is

i .
[ Y S S S

shovn, based cu the dats given im [{) .
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favitatfou p.-ocesceu in the coo.ibg Bysicms & diegel engines ace
cuused ralnly “by high-frequency vibrations of cylinder limers. The
changes iﬁ ﬁhe flow velocicies of the voolavt fluld ard the crnicespond’ng
pceisure decrcases and increnses that 27ze¢ induced can promote cawita;ion
damage. This can be moct graghically made zridenmt a2t the locations close
to the inflew of watexr inte the water 'aeketv Cavitation procicees
induced when flow ccowns paut asyrwetric-profile soliu bodies (Lypical
of propuilcre, tutbines, puwpy, and 80 on) are encow-tered in diesel cuginas
in the water pump, aspecially at high 1atake heights.

Table 2. ¢aturat~d Vapor Preswure of Water a¢ Vaiious
Teuperatures

{ 1:.:;g’ I 1 E ) .Ef? a1 ; 3,

! |
[ .- RBi ! ~ o i - pov o ..‘.U o&-l % HED
T R PP o | (AT DA B TR ) Los RYEEIVREY
T4 ’ l l
- Sy, 0.9 1.2 i.5 13 4,2 72
1 iy, I i l ] .

__,
o
[
z
~: :
-
x.
z
ISR S

¥EY: A -~ t in Oc A
B~ p, 1 kg/n

The pressuxe chauge Op at some point on the sur face of the body eweptl
by a liquid sad temersed Ln L2 1o a depth by from che free muiflace is

wsiimatad by the dlmenstionless coefficient of local rarefaction:

Hore q » Pvlli -~ the velocity prensure of tie in.ident flovw (relocity Lead};
Pg is the hydvestatic pressure at the particulal pount cob the pwejc
body;
pl and vl are tha pressure and flow velncity at thie same polnt.
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e maximme sarefaction will occur at the point where the coefficient

bacomes a waxinum, and the pressure at tiie point will be:

. .

The cavitation process will begia when Plemin bacomug equal to the
critical preasure Py s and then attains the saturated vapor pressure of
water p, at the given temperature.

The pcueibility of a cavitation precess developing when a solid body

$s svept by a fluid 1s evalusted by the cavitation number 7% by comparing

it with the coefficient % _—

Benm: ehia
<10 TS

cuvitatioa ouwber ) there will be no covitaiion. 1t Jdovelops given the

L3

sondition thut L =5 ¢ .
< Bav.
The viiue ot 7{ corresponding te tne initiation of tue cavivition
pooceas ¢ be taken 48 the critical cavicaiion number.
The vritical velocitdes v; at which the prersure in tla tiosw of the

fluid past the solid boudy i» reduced tw Per O g will be equal to ths

following, vespectively, it g :

max
Ciny 1 \ Po— er
\‘.. Lo ,"_..i_.'_’!f.; == ——-——-'-——;
& T 7
s er
2(:,”.._,,{) ,”,_ 1{
e L e
Ued ferd

Lepoadive o S pressure toduovion I the siream at the surface of

the swept bouy, In hydroijuarices & wiptinction is mude between gacwons and
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gasevapor cavitation, and the latter can have two stages.

Gaseous Cavitation (% = %cr) bcgins when due to the diffusion of
gases and‘ a‘ir at the situs vhere the pressure reac u:s Pepr cavitation
bubbles develop, which on moving along the swept body coliapse under the
effect of increased prassure.

The firet stage of vaporous cavitac.ion (%'é,d) beginsg if the local
poegsure drops Lo pg (cold boiling of water), When this nappens, tha
gazrous bubbles eariier formed will grow by being filled with vapor from
the liquid, This stage in the development of cavitation rspregents a
danger friz the standpoint of possible rapid appesrance of cavitation
erosion.

The second ataege cf vaporous cavitation (2(% 4) is charac:eri-n.:lc
cf & pubstantisl expansion of the cavitation zore,

in experimental study of tlow past ;:arioua profiles in cavitation
couditions ehows thet the imstant of cavitation onset can be détemined
by the vegirming of its firsr stage when py .4 = pg. Therefers the
criticul cavitation nuwber can be c:xpressed-as: P L _,"27:;%—

The rarefaction peak at the surface of a segmented profile can be found

irom the plots (Fig, 11) of Shenkhetr from Gutsche's materials. Fig. 11

showe the dependence of the maximum rarefaction cosfficient %max -
(Ap/a),,,, at the suction side of the profile (as 2pplied, for example,
to the blade 2f a water wheel), relative profile thickaeas § = o/b, and
the lift coefficient calculated for a pirofile of infinita size.

At the :resent time proklems of the coubined role in cavitution
arosion of higk-frequency vibrations and Loth pressurs drop and

rise resulting fvom changes in flow veloceity 15 they are not large and
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cannot by themselves produce cavitation have not yet been adequately
studied. This is because {n vibratiors the formation and collapse of
cavitation cavity occurs at the same gite. In a varfable-velocity flow
the formation of tubbles occurs in  the section where the maximun -flow
velocity and the minimum pressure sre found, while collapse occurs over
the section where the flow velocity drops and the pressure rises. In
eatimating the combined effect of these factors responsible for cavitation
erosion, in each individual case, depending on the intensicy of vibratious,
the hydrodynamic propertics of the flow, and the general level of pressures
and temperatures, one must make appropriate calculstions to determine the
conditions for the formation and collapse of cavitation bubbles. The most

objective data here can be c¢btained by experimental means.

Figure 11; Effect of Cavitation on the
Local Rarefaction Coefficient
8t the Suction Wall of a Frofile:

- g at the first stage of cavitation

-g in the absence of cavitation

- g in the second stege of cavitation

= propagatioun of eddy in the second stage of cavitation

3 = propagation of cevitation eddy in the gecond stage of cavitation

1
2
3
4

Studiss made to determine the flow rate of coolzsut wacer showed that
as a rule the fluw rate is less than ) w/sec and orly at the lecations of

inflov in individual caces is the value a8 much as 2 ~ 8 w/sec, that is,
44
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the critical values required for cavitation and cavitation damagse to

develup ara not attained,

Thus, high-frequency vibrations are the main cause cof cavitation
erosion in diessl engines. o

The hydrocdynamic process of the formation of cavitation plays the
main role in damage to crankshaft bearings of diesel engines, since the
flow rate of the oil in the wedge of the main and butterfly bearings of
diesel engines affects damage, As a result of a sharp pressure drop in
the oil layer, gas-vapor cavities are formed in the oil wedge, which then
collapse in the increased-pressure zone and damage the bearing surface.
Cavitation phenomena in bearings (especially couna2cting rod bearings) are
alec affected by vibrations along the column of oil in the drilled
lubricating passages in connecting rods.

Damage to bearings ia still not wideupfead. However, with increase
in the operating speed of diesel eugines, cavitation damage to bearings

can take on a wore serious nature. Tierefore bearings must be designed

with ailowance for the attaimment of minimum flow rates of the oil wedgs

with winimum pregsure drop.

The hydrodynamic process of cavitaticn is intrinsic also to the

fuel equipment of diesel engines. There have been cases in which plunger

pairs of uprated diesel engines have jammed due to cavitation dumage.
Damage caused by cavitation at fuel pump plungers is thus far quite an

infrequent phenomenon. However, there is every resson to assuse that

continued uprating of diesel angines in terms of power (inereasing the

cycle feed) and in rpm (reducing the time required to feed & given portion
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of fuel), that is, an increase in the dynamics of the cycle, would lead

to intensified hydrodynamic proc.sses of the formation of voide in the

mass of fuel and to more frequent Jlamage and jammning of plunger pairs.

6. Vibration of Cylinder Liners as a .'ource of Cavitation in Diesel

Engines

Intensive vibrations of cylinder linets leading to cavitation in
water jackets of diesel engines are caused by piston blows. When a piston
passes the top dead center, the direction along which the side pressure
force (sign) is applied changes and the piston shifts from one wall of
the cylinver to the other opposite wall. Piston Slup taves place.
Sincs there is a gap between the piston and the cylimdevr liner, the
slap occuc e with impaci. It is ovbvious ithat when the. e is a laxge gap
between the piston and the liner and when the side forcc is largs, the
velocity at which the pisten ltrike;'the cylinder wall will be higher. The
impact energy will increase,

Qacillography of liner vibrations and gas pressures in an engine
cylinder and their comparison with the plot of : ide pressure forces for
a plston reveal the followiné;tlz].

1., Bursts of intensive ylinder limer vidbraticns develop with each
change in the sign of the side pressurs forces P, [s = aidé] , causing
piston #lap. The greatest dispexsion is# found for liner vibrations caused
by the piston impacting naar the TDC E:op dead centcg when the forces Fg
ars large. Two additional bursts of intengified vibrations, but at sn

amplitude gmaller than in the firet case, davalop when there are repeatei
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changes in the sign of side preassure forces.

%: 2. The frequency of~11qet vibrations is practically independent of 1
g . tae load ;t‘which the engine is operated and its rpm. This has an effect | ;
: . only on the amplitude of the vibrations due to changes in the fotces.P.

- ‘ and in the size of the gap between the piston and the linmer.

£ |

' 3. Undexr the effect of the first piston impact {(near the TDC) and 4
: the gas pressure forces in the cylinder, the liner wall undergoes signifi- ]
; cant bending. Flexural vibrations occur.

4, When liner vibrations characterized Oy appropriate amplitudes and

frequencies occur, accelerations can reach values high erough so that

-

the 1} ,uid {8 detached from the liner surface and also internal liquid

voida occur, leading to cavitation.

iy it teut a

5. These vibrations in most cases are vibrations cof the liner wall
with the piston pressed against it, or nre'natural vibrations of the liner
distorted by the effect of the attached mass of the piston which impingss
againgt the liner wall at an angle or with part of its lateral su ‘face.

In approximate terms, a calculated determination of the vibration

frequency ca.a be made by the method of calculating the fregquencies of

transverse natural vibrations of a weightless beam with a single concen=

s o o ki

trated mags. In this case the number of vibrations per minute o =
300i4fst [}lt i3 static deflection at the point at which the concentrated
mass (piston) is applied under the force of its weight, in cia.

6. Slap of the piston and the beginning of intensive liner wall

vibrations occur not at the moment of change in the sign of forces F; , but

with some delay, determined by the time required for the piston to pass

SR e A R R ALS U ST
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from one wall to the other. The time t; of the transition of piston

from one wall,to the other is found from the expression:

where d 18 the thermal gap between the pisten and the liner; and
k'o is a coefficient.

Thus, to determine the piston slap time we must know the thermal
gap for a given diesel engine operating regime and for a given mass of
the parts in translational motion.

The studies [16, 34, 35] proposed a formnula for estimating the
intensity of vibrations of cyiinder liners in diesel engines. Dluring
the slap of the piston in the power stroke of a diesel engine, the
intensity of cylinder limer vibrations I induced by the impact of a piston
against the eylinder wall, is evalugtod by.tho ratic of the impact
momentum S' to the area of piston c¢antact with the cyiinder liner Fv

/:-_[}s é—-

r
v
The solution of several equations set up to determine the piston

siap time, the velocity and acceleration at the instant of impact, and

algo several other quantities, made it possible to find an expression for
the intensity of cylinder liner vibrations in a diesel engine at the

instant of piston slap in the region of the working IDC

wes f

R AT . . -
(= 0T8 S e =Py 2 ko) )

Here k 418 the coefficient of restoration equal to the ratio of the

velocitice after the impact v, and before the impuct v;
(k= Vzlvl);
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n 1is the diese) angine rpum;

G 1is thd weight of the parts in translational mo<ion;

A 1$ éhe raifo of the .rank redius teo the connecting rod length;
bp fs the accalerstieox sf the piston in sideward motion; ]
Pz {rx the force ¢y gen preasure at the piaston;

Pi is the dneriie forLe; arc |

?g 15 the weight fococ.

From aqustion (é] it foliows that the intensity of cylinder liner
vibrations in varicus d’eses. ongires dspends on a nunber of design and
operating paraneters which must be regurded as primarily including the
rpm, cylinder size, combustion pressura, piston weight, material of the
eylinder and the housing parte. thermal gap, area of piston contact with
the lincr at the ipstant of impact, and saveral others.

The extent of the area of pieton cont;ct with the liner is varisble
and depends on the overall moment 23M acting at the piston and rotating
it within the limits of the thermal gap.

In the absence of piston skewing relative to the wrigtpin axis, the

maxiwmuin area of contact is determined by the expression
?c - lckldrncy ’

where 1t is the length of the trunk section of the piston; and

k ™D, 1is the segment of the circumference along which the

1 4

platon 1is in contact with the cylinder liner,
The coefficient k, lies within the 1limits 0.2 - 0.3 and depends on piston

design,
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The minimum area of contact is observed when a piston undergoes
glap in an inclined condition, when the overall moment :E;M acts on

it, and {s Jetermined in practice by a lite whose length ia qurDcy.
At this instiant the specific stressea fiu the liner rise sharply, whieh
then 18 the cause of more intense vibratfons.

The magnitude and direction of action at the piston :E}k& are deter-
mined by the ratio of four momsnts of the force couples acking at the
piston. They include the moments arising from the forces of gas pressure
at the piston Mg and the piston rings M'g » the momeute arising frowm ths
forces of inertia of the head Mhi and the piston trunk M‘1 induced as
the piston changes its sideward diraection,

The force Pz and che quantities dependent on it can be assumed
constant for the small crank angle during which piston elap cccur
(5 ~ 10°c). Accordingly, the components of the overall moment acting
t¢ the pigron when tle piston beging contacting the lynep axre represented

by the following egquaticns:

h .- .
M " (un/S)ﬂd‘ll H
uE, «(c /g)ac 14 ;

1 T, N A
#, = P[0’ /9d;
4 to£ 1 !

2 2
) \ - (1 1
M g - Ptot 3 (D ey o p)/‘!‘“ Ly
wvhere G, and G are the weight or the pision head and trunk;
11,12,J undz ! are th: arme of the force couples:

Ptot ia the total force acting at the piston;

Dcy and Dp ere the dliameters of the cylinder and the piston.
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The total moment rotatiop the pisthn depends on saveral factovs.

The magnitude of the mowmeat will be graatar the greater the weight of

b

; the piston hedd aud the shorter the truni. section.
L .
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Figure 12. Oscillogram of Liner Vibrotions of a
6 Ch £,5/11 biesel Engine (1500 rpm,
100% Load}

[N

~ Pregsure of guases in cylinder

- Liner vibrations

Dead center markers

-~ Current with a frequancy of 50 cycles per 3econd

Hr N~
¢

In confirmation of the fact that the vibratione of cylinder liners
avrising at the instauts of piéton slap can lead to detachment of tha b

liquid from the vibracing surface and, as a consdequence, can be the cause

of cavitatior im the cooling water and cavitation damage at surfices swept
by the water, measurements were made of liner vibratiorns in a number of

diecnl engines ‘_-17:] .

In the 6 Ch 8.8/11 diesel engine, the vibrations of the cylinder

liners were recorded with the diesel engine operating according te the
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axcernal ¢nd penerator characteristics. The vibration meter was mounted
on the side al which the piston impacts in passing throeugh the TDC at
the beginning ;f the pover intalka. As we can see from the oscillogram
shown in Figure 12, intensa vibratiorns arise durinp aach cy:le of diesel
engine operation. Interpretation of the oscillogram (Figure 13) shows
us that the inception of intense vibratiors coincides with the instants
of piston impacting against the liner. Vibrations of cylinder linexe
occur at frequencles of liner free vibrations, whose first forms have
values of 800-3000 Hz for various diesel engines,

The mnst intensae fast-damping vibrations occur during the combustior
period of the fuel when the normal pressure Ps causing piston slap
from one wall to the other is considcrable. Two additicnal bursts of
vibiations wich an initial amplitude that is smaller than in the first
cage coincide with the repeated changes in the sign of the gide pressure
forcea and the repeated pistor sl#p Zhey caused,

«t & constant rpm, the frequency of low-frequency vibrations is
virtuelly independeun. of the load at which the diesel engine is operated.
The disgpersion of the vibrations increases somewhat with decre<se in the
dicsel engine load ( Figure 1¥), This is Jdue to thce fact thet as the
load is reduced the piston temperature drops aud, as a consequence, the
gap between the piston and the liver wall increases and the impact energy
rises.

Liner vibrations even in a low-~power diesal engine occur at
accelerations that ave many timus greater than the acceleration due to

gravity.
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At gome instant thoe liner vibraetions are characterized by an
amnv11tude thas in some cages reaches 0,008 mm, and by a fra2guency amounting
to 750U perlods per second ot 12€0 rpn. In tlds case, for the 6 Ch 8,5/11
diesel enging, the accelcration of the liner vibrations is 45 g, anl’
cavitation damage to the livers occurs after 500~600 hcurs of operaticn
to a derth of 1,5 nm,

When studiss were trade on the 4 Ch 10.5/13 di<sel engine, 4N lip,
at 1500 rpuw, clusters of pits up to 1 ma in siamerer and up to 0.5 mm
in depth were tound aftar 30 hours c¢f opcration, and 400 huourg of ovaeration
proved to be sufficliant for wmest of tho wurface of the iliner to be damaged
(the pits had diameters orf 6~7 mm and were 5-6 wn deep).

Experimencs conducted on 4 Ch 10,5/13 diesel eagines establisird thar
the eylinder liners are svhjected to pitting erosion aa a rule whan the
4 Ch 10.5/13 diesel enygines operate with pistons mads of &K 4 aluminum
alloy., T1f the engine openrcies witn c;st iron pisteus, no liner damage is
obscrved., This i3 accowted for by the different gajps vetween the pistons
ard the lipers., Wheu: an aiuminu.e piston 13 wred, the dismetrsl gap in the

cold 851y '8 0.52 for the test Jies:! engine, and 0,15 nmm ~- for a cast

iron piston.

The acceleratlon of liuer vibrations during the operating time of
the diasel provided witlk aluminum pistons wus 58 g, and whep provided with
cast ivon pistons =- 23 g (Fi_ure 15).

Further tests made on 1iesel engines with different cylinder lirer
vibracions showed that damage is the more intense, the more intense the

vibratioius. PFor vibrations with acceleracions below 18-20 g, no damage

(2]
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withir the limits of diesel engiuc se.vice periuds was dotecteu, The

greazest vAtratlous ecccur at che frequencies ol free vilretloay,
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Flgove 13. Usclllograr of Liner Vibrariona in 4« € Ch B.5/1,
Mesal Lugine (1402 rpm, 0% Losd) and guu
Thevieilonl Plot of v 51de Prewwace Forcu) at
the Pfpton): '
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Xz wis found that tihe main factor 4n cavitation n dicac) engir.s
i the vivrutlons ¢f surfaces swept by water. The intensity of vebraiions
zan be esgiwaged by equation {5). The magnitude of the vibratfons {; a
function of numevens desizn and dynamic parameters. Eliminatiog cavitaglo.

is directly related to reduuing the vibrations of surfacus swept by water.
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Tigure 5. Osctllogram of Liner Vibrations in the 4 Ch 10.5/13
Dievsel Engine (1200 rpm, 50% Loed):

1 - Tine murker 2 ~ Cyjlinder pressurc 3 - Vibrations & - TDC marker

KEY: A » Caushaft gide
B~ Exhhuat eilde
C ~ can
D - INC

7. 7Thsoretical Lecermination of Fraquencies of Free Vibrarious of Dissal
Engina Cylinder Liners
A ca)cviation of the {requencier of frea viorations as vell «s a
sheoretscal detarmination of the possihle ampjituden of free vibratisus of
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i: dirsel eungine cyliuders is necessary for a thecreticsi evalaatiou of

%1 all vib"atinn_parameCers of cylinder limers. This tn turn in the future

?' will permit-a partfealur tissel engine design to be calsulated fromw the

% stianidnoint ol the engine’s cavatatien rasistancae. L

z ’ .videntiy, tha nsximum vibratlonal accelerations leading to the

?; . collapse of cavitizs and to intense damage of surfacec swept Lv witer
in the range 300-2000 hours can be observed i the region of high-frequency
free vibratione. since procesges oi cav.tation damage in the regicn of
lowcr freguencies wil! cake thousandg and tens of thousande of hours to

& deveiop ond gherefore ayve nut dangerous from the standpoinc of diesel

4, en,ine longevity,

To determine the acceleraticna ¢f cylinder linex vibraticus in
diesel enpines, we must firat of all caleculate thelr frse~-vibration frae
quencles wictn adequate precision. We can select several svstems of
calevlarion, The sinplest system mu;t be regarded &3 considering the
cylinder liner as & prismwatic rod. The frequencies of free vibracions
deternined in this fashioa differ by an order of magnitude from those
actually measured by resonance and other methods And therefore cannot
Rerve as a basis for calculatlhg liner accelerations. 7o determine the
frequencies of free vibratious c¢f liners, & more vomplicated but algo
most exact method of calculatioun is used, which smocuuts to considaring the
linars as thin-walled cylindacs with different counditions of clawping
{(fixing) along their mergine [&i]. Calculations based on chis wmethod
make 1t possible to aate mine the free-vibratiom freyuencies of liners

having the firet form with an accuracy of 8«10%, which 38 quite adequate

for practical calculations,
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From the theory of-vibrntiona of thin cylinders we know that when

& cylinder wall of thia kind is atruck, flexursal deformations and elonga~

. tion of walls sre observed [14]. In the gections perpendicular to the
ecylinder axis the vibratione are characterized by scome number of waves

. distributed along the circumference. If the amount or if the nwsber of

waves in the plane of the circle i3 devioted by Nl s the firest three

% shapes of the vibraticns are of the form ghown in Figure 16, The case
when ny is less than two cannot occur for a cylimder liner, therefore
we will consider the simplest case when n, = 2, Here there are four

1
1fines on the liner at which the radfal motions are equel to zero. These

R LY Al SIS

lines are called the nodes of cylindrical vibrations.

Yowaver, owing to the tangential displacement, the nodes are not
positions of abaolute rest.

Actually, there can be the molthdiverse forms of vibratious, depending
on the combinations of cylindrical waves n; snd axial waves M,

) The frequencles of free vibraticns cf diesel enginae cylinders evidentiy

1ie within the range of free-vibration freguencies of identical cylinderas

with freely supported and rigi&ly fixed ends. Therefore ft is useful to
determine the boundary values of the free-vibrarion frequencies for these
caguy. The sequenca of cualculations in both cases 1e approximately the

same.

Wa adopt the following notation for the calculations:

& {a the wean radius of the cylinder

8; is the external radius of rhe cylinder
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az 13 Lhe radius of the flange

b is t@e length of the axial half-wave

c' {s-'the constant of the axlal fredquency coefficient

d 1is the thickness of the cylinder end LT
d1 iz the thickness of the flange

1,1

< by 1z are the normal strains

lxy’ lyz’ lxz are the shear strainsg
£er =@/2m is the frequency of cylinder free vibratious
g 13 the acceleration due Lo gravity
h {s the thickness of the cylinder wall
k is the ratio of the hyperbolic component of vibrativa to sinusocidal
compenent (fixed ends)

1 18 the cylinder length

m {8 the number of axial half-vaves (m + 1) == the number of nodes

LS

cf axial half-vaves
nl 18 the number of cylindrical waves (an) ==~ the number o nodes
of cylindrical waves -

®

? P
xy' xz’

P, Py, Pz are the components of nermal streases
Pyz are the cﬁﬁponents of the supcrimposed stresses
t {8 tima
U; v', A* are the courotients of the displacement of the central point of
& cyiinder
Y, Y, & are the coordinates in the axial, vadial and periphersl directions
A", B, C aro the maxioun amplitudes of the vibrations

E is Young's meduluy




K., Kl‘ K are the cocfficients ia the frequency equation (freely
supported ends)
R, Rl, Rz ‘are the coefficients in the frequency equation (rigidly fixed
eads) )
S fia the strain work (potential energy)
Tk is the kinetic energy
¢l = h/a; (2- 112/1.2:12 == goefficients
A= S Bl REN is the frequency coefficient
il’ 52 are the normal strains in the central section of the c¢ylindex
91,92 ure the functiunspl/a (fixed ends)
Z = nfra/l 48 the coafficiuat of the length of the axial wave
(freely supported enda)
AN <& the equivalent coefficient of the length of the
axial wave ‘
/l iz the coefficlent of the length of the axial wave (fixed ends)
P iz the density
< 18 Polsson's ratio
43 ie the angular coor.d‘inat:e, and
@~ 2t 18 the circular frequency.
For & cylinder with freely guppcrted ends, the displacements fu the

direction of the X, Y, and Z axes {Figure 17) based on ths data in [433 »

ara adopted in the form of the following equations:

- max
U= A" cos l;2-cosn,(l)caswt; |

V' = Bsin [——1{3— sinngthcoswf;

{Us
"= Csin —"—1'7‘5- cusny,Ocoswl . l
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: Pigure 16, Forms of Vibrations of Cylindrical Shells

’ and Liners of Diese) Engine Cylinders:

‘ 2 - Cylindrical vibrations in the plzne of
the circle; b - axial vibrations (1 -~ liner
arxis; 2 =~ node of vibrations)

e n et it~ et R

It 1s shewm that sguatic

3} @atisiy the condirions at the ende
snd sre coopatible with the relative strain, ‘

The vibrations take omn @& more complicated form for cylinders with

fixed ends. Thz followlug conditic s wuet be gatiafied a2t sach cylinder i

end : .

This shows that the radiel displacement occurs sccording to & slwusoidal
lew, just us do the sxial displacements ceused by these radial displace-
neate.

To eimplify the unalysis of cylinders with fined ends, let s
agsume & point in Che czntral plane of c&u cylinder and let w3 consider

individaslly two conditions for the evea and odd smumber of nodes of axial

vibrations. Profzsszor R. N. Arnold proposas that the displacement in the

40
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axiel and radial divections be conyidered in the following form for

the svaea number of nodes:

sy LWy By
. . Lo L ( < Llsinft ) Cus
% -

“ v
%
*

= (R . \
I Uws q

Ty (. [ o
D T N W I RN TR Y
\ ¥ 3

[

Rerae the guantities ‘il", V, and XO are functions cnly ¢f ¢ine, end

&ns the value of ’A ie given as .0 - o T

, X ! S 7 'y 1s
The rocte of the cquation will be "— T = oy T

in accordance with the numbe:. series 2, 4, 6, 8..., corregpouding to

the nodes of vibrations.

Lat us consider an element of a cylindrical 8hell having laagrh 1,

NN

1
e ‘f I te . R . LN . ( -
Vi Viicon Wk e, IR ESRTANH i . (7)
{
!
J

h
S - -

thickness b and with wean radiue a. This elemenr I8 bounisd by two planes

by two radial planes at the angle d(f) to the axiz. The zitreuses I
and P8 are applied act the cylinder element parailel to the X, ¥, and Z

axas,., The sheer stresses Px

- Fyz' and ny, vhich arve deterwined on

. shown in Pigure 18, perpendicular 'to"'the X axis and at a distance ‘-‘['x s and

xr Py

apalogy with the first-named stresses, ave applied ~long & plyne pecpendi-

cular to the }{ axis in the direction of Y. The utraius in the direction

of the axes can ba estimated by lx’ ly ard 1,. Heglectiiig the trapezeidal

forw of the surfacs in the direction perpendicular to the X axis, the

work of cylinder strain can be written as

1
9x T B

S=[| | s@d+rPl+
[

(1 L

-y

+ Pl addded:.
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wjgure 17, Nodes of Cylindrical 1 and Axial 2
Vibrations of a Cylinder

Figuve 18, Element of Cylindrical Shell

Profcsior A. Love [48] showed that to the first approximation

siresses U, and shearing strains lyz and 1“2 are equal to zero., DBased

on tigoke's law, we have

ilter rubstituting these vaiues into equation (8), we get the expression

e

[
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S=yuimi) | ) (-l +

+5(1—0a l:f-,] adddxda. 9)

Let us additionally designate £, as the strain in the X-axis
for tha central surface of the cylinder, and gz as the strain in the ¥
axis for the central surface of the cylinder, and let k, stand for the
curvature of the surface along the X axis, and k2 == atong the Y axis,

We will dencte the strain in shearing by 4 , and the strain in

torsion by 7. The strains then at the distance Z from the central surface

are deterrined from the following expression

o=y =2y 1 ==zt M, =y-="Y2T.

Let ur assume that U, V' and A' are the instancaneocus displacemcnts
of a point in the central surface in the directions X, Y, and 2, while
the s.rain and curvature can be given in terms of displacement, and

theix derivatives can be given as follows:

= U 03

g =g k= —55i
= AV AT
- a  dip @

,l“,, -z —-!_._‘S_"l_ . __i .._f"vl . | (l())
e 17 2 ' wl I\,'I,—‘ N
=DV b C1av
ST T TE e ww e

In expressicn (10) & determines the angular positions of the point

of interest, By expressing the strain ia these esquations in terms of U,

V', and A', inserting the data obtained into equation (9) and integrating

63
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it, wa ger tha following equatcion for the s.rain work
akil e TARK)
S =~z .._._.._‘..‘.,_..~ '!R‘\‘)U‘ +- ML‘C) /]\ }‘
. wr(t=a% | R
. N I L e
2o, | VU - Bt A = VA - .
-+ —‘];- - a)Q, lr.-flj" LV dun UV
- L
L iy LYY P :l
SV -1—.-l..l»‘.-1\,—-—- 2 /lﬂ.’.u.,)..) . ()
Herxe A
) . . 2, 2 '
Po=-gims O 08 0, 1 — 2 —“7'~ sin 4~ ;
- i

The expregsion for the kinetic energy in any case of clamgping E:‘i.xing]

can be represented as follows

1
. T
o ;o5 - SN ( PYRN YRR
iy o [ E—— —— RN Al I ! D Iy =
~ 4 {.,' .‘ } L\ ! ,} . O ) . { O ) J"'ﬂ\l}“"'dl =
Yo M
- v"""'lll- T2 ,- el
I [ Ll VT s g

ve get PR S R )
Y Y /I o h

and two aznalogous equations for V and AO'
Inserting U=2A"cosut; V=_Bcoswl; _,'i" = Ccos ol

and writing

A= LL ) e

Ly ’

we get the following equations:
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[,."(-)1 —i,— (1 —c)ni9, — L\H,J A —
—_ %.(l — o), 0,8 4 opd,C == 0; .
{nf(—)l H -4 (1 0) 20y — AB, -
4B {8 +2(i - 0) !""9-’” 3 (12)
— g (1 — 0) i, Pu A" —

— 0, E’-ﬁllh()l +(2 -0 I.'l() ]l =
a}l(—),zl'.__ {mey < fi il.;v)- (2 —ara f“('}..” 8 +
+ 0, — A®y 4- p('e, - 0, - 20010,)| € == 0.

For an odd number of nodes of axial vibrations, the displacement

is representad by the following equations:

A - ny .

U=4 ’\\ 35 == —fecosh T) cos 2D cos w.‘;]
n ( iin “\ foeiae s, WX \ e . e
: \ N v sdiii 7 } SR M COS ;! “J’-

A =C ( sin '_L-— ksinh '—"‘)LOb nld) Cos (.,“ l

In equations (13), the quantit-es l)\ are expressed in terws of

ul nl .
{14 —,",”- =teh *——l- .

The rowts of equation (13), %l- : _;’.._1; —_ T A3 X

then correspond to the number serias 3, 5, 7, ...

The coneiderarions concerning the odd number of nodes of vibration
along the cylinder axis are anaiogous to equation (12) for the maximum
amplizude A", B and C and are applicable for any number of nodes of axiel

vibrationa given the coudition that 0, =1 +(‘—1)”'J"k’
;=1 J"("-1)” H ( <-sin i’--—k’»).
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If we cancel out the quantities A'y B and C from equation (12) we

get the cubic equacion . _
. AT RAY L RN - R, =0,

M

» ’

for which the frequency of free vibrations is

» f = R VAN ,
fr TR SRR, {14

Here the coefficients RO, R; and Rz.will be as follows:
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The equation for the determination of the frequency of free
vibrations of cylinders with freely nuﬁported ends can be derived as a
particular case from the theory of the frequencies of free vibrations

of cylinders with rigidly fixed ends when 61 = O3 = 1. Here the

» axial form of the wave becomes sinusoidsl, in turn agreeing with the freely-
supported end case. Then equation {15) becomes simplified:
9
AT KN KN - R, 0, (16)
where

R VAN A
fee = 50 Vout
The coefficients Ko, K, and Kz will be a8 follows:
Ko= o (1 — e} (1—a) 2} = 3 (1 -=o)p (3 + i)' =

— 24— )Wl — b 2t - 4 () =) R -

3 il
S B L R R N < T . S o
R Y I~I Al i i . 3\
l A B .2 23
e L) D (F R E B (UMY D (17)

=21 = 2 = (2 i ---.‘;j, (3 -—oyn +
21 —0) 2 l',-; .

Ry= 14+ 3-0) (07 ri) =

CpLOZ A ) e 20— 0) 3 =

ce

Since [ka and K2132 are small in comparison with other terms in =he
cubic equation, the following linear equation can serve as suitable

approximation: . )
A N Ry A

Ky ot A K:j ’
in which the coefficient Ky, K, and K; are determined by the following

equations:
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Kyaog (V-0 (2 ~m) . S (A0 =2 R

. 2 (18)
| N s 4.0 ’
A I R I R R .
4
- L . :
Rime boiooge (000 0) (00 4+ 1),
s A #ulution to the syriem o1 wquatlens (13) prevides A wvar fuoxn .t

result, vince very awkward exproaiiyie Yew /% for coelf¢fence in the
souation of tha fraguen:y of fre: vibratfone of s ¢y inder with flw¢’
ends, wnile In actusl cperating condfctone do » dlesal ouginx Cos suppores
¢f & liger execnty vibyatieong vogecher with tlie viotk and ‘herafored are
not sbaolately rigld. Sfnce the thelsy of fixed tndm does ot fully
correrpond t¢ (ha ecrddu conliliuis, exast culeul vy, sre difft oul. to
pivform. More exsct e~lenlatsiing are oboxin 4 y) cyeanicns
{18} 1¢ solwed for virlne wich ftna};'quppgttcd eads. Proiecsos R, N,
hxugld {&é} vanyidevs iY quite orvicour Chel 0 glven cylindar with lewyth

ry Fiwed ot fes (rds any wxxlted with o peziod/r force can he rop)reed by
seothet eguivalent cyiinder with treuly auppurnad ends of tha saps Cvese
secilim 530 hiiag the sew Lrequuicy of vivearfons 1f Jtrs length 15 1 -

1’ Im thiz ceve

ol

; . nory
1.0 arwl L

F15¢

This in turn, wekes It poreible to pet up tle reiatior

oy,

Lo i s B (19)

Bere ¢ = . ' is a furctdin of u and n, and aimo of eylinder axzas.
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Based on ¢ data ia [Zé] s the opclwal value of ) is 0.3 for

varfiovn coeer. Thu cnlculation 18 performwd with the same procedures

for =« cylihdc; with flanges, tut only the aquivalent dismeter d Lo

calcusuted ccovding to tho formula

whave .- .0

oy

‘ -
ot e i S al e W et S A aran S s NN

Thr. equivddent axiae’ L{requency cuefflcievnt Le cet+tmive by tha o

eruc.2adu

Lawed un these thenrevical prerequisitens, the nrocedure for derer-

Y R

wendng tne frequencies of yreu vibrutions of cylinder liners in (lesel

vt.ginus car. ba ¢35 followe:

1} tha gueutitize E, P and/» sust be se'ccred for tha liuner
macoriis; &l

) then “he coafticte /8 the lenglh ¢f the axial wave §\ , the
coeviiziente K, h, uad X, , ths frequency coefficient A, the frequancy
of th, free vaibraticns of cua.cyllndur liner ftr' the confficienis of the
attachnd sece of wanef, and the cocfficivnt . -:: wuatl bto detaermined.

Yor Lhe cuse 1\:71.1, the calculation was mads for the frequency of
lrae vibrations of a liner with allowan.e for tha flangs, and the fre-
quency of free vibrations of a cylinder liner wan calcyluted with allow-

ance for the coafficient of the attachsed wmase of water,

In the secid otep the calculatlons were sade for cases of freely

0Y
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supported and rigidly fixed ends of a liner for diffarent combinationt of
axfal and cylindrical forms of vibrations.
7 As sn example, we present the calrulation of the fraquencles of free
. vibrations of & cylinder liner in g 6 Ch 15/18 (Figuve 19)., Por this
engine we have

a = 70,25 nm, hw 6,5 ma,

1 = 276 om, 4, = 87,5 om,

.1 = 81.5 mm,

G T U
}' 2 e = 1
A
1 f! !

{ i -
N
o . Vo
b e PR

W Lo
3t .
| ool B 1 DL NS B |

Figire 19. Linear Direvaionn
of » Liver {p a
¢ Ch 15/18 Dieael Engune

The lines was wmady of 28 Kb HYu A 1i9y scerl, for' wnich Ve sssctn
£ » ozl ka/»anzz
P Ebe10"" kgfm’;
T (0,70,
2 2 ) ¢ ‘ ~ L%
p - nf/12e? « 42,3712 0120 = 0.000577,
lonsertinug the P and ef foem above into vhe eystow «f »29aatfons (17,

we gat the . refficients:
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. ~e . N .o, -2 . 2 2.8 < 4
Ky = 033820 = 0000214 17 = 03) — 837n) — 2] 4 !

YR st a]) e 1327 < 0,378} - 000079 (A7 -+ )
Koz V= 1,37(07 -+ ni).

’

Per a given c¢ 'linder liner, we have fge s 1N e JUTE0T A

For &« cylinder liner with freely supported ends when m = 1, Dy = 2

3w AT R0 At s 0,702; 1821 0,677,

i

Here Ko 1

The frequency coefficient ie

= 0.282, K, = 0,028, «nd K, = 7.56.

2

R L0 IREXANE “
Ao ( = 0,0213.
[ R TEE R Y (]_l.y{)

Thus, tha fraquency of fres vibrations of a liner w/th raegpect to
the firet form will be

4 w O b&G ) Gzby = 1500 He,

fr-1

?or u - 3 and w o~ ), the wwiues of the quantitics are as follova:

PO 1E 0702 B 060,
Ko BLT3G K, 005 K. 14410
L3 IVRTRY 11.31 13,41
\ N A

e /

4,0 IR TR Y Bt

S0,

sud the fveguaiacy of the free vibratfons in the second form iw

L L P R AL I .

ftr—Z

Wen niv 2 svd o = 2, the valuas of tha qusntit.ss are es follows:
’. AT O 1 SR X W05
hy 3,9 K, 4.9, K, - 10,85

1.9 1.n5 AU .
A o a (?LU) - 0,167,
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and the Lreguancy of the DHree vibrations of the third form is

ffr " -~ H)!‘)SUI‘ \\_'[1;7_ e 1.)0(, Hz.
et
L]

When we consider a liner ar 2 cyiinder with f£iXed ends, we must

. again deternine the valueg of these Juurtities. For the first form of

vibrations, when n, o= 2 and m = 1, we have

IR N

YRS T VT STRRU DY RS S B

FE TR TS AN EUP N NS e SR W VR KB &

oy

aud the frequency of the free vibrations of the first form will be
3 = 2490 Hz.
fr-1
For the second form of vibrations when n = Jand m = 1, we have
S N R AOURN. s /T N M S 15,2 5 5,058,
and tha frequency of free vibrations of the second form 1is
fir-z = 2570 Hz.

For the chird form of vibrations when n1 w« 2 and m ~ 1, we have

R S BRI LR
.57 A 075,
wnd the frequency of free vibrations 1is
ftr-3 - 44§Q Hz.
The meat exact rrsults in determining the frequency of free vibrations
is given by calculating & linar with fraely supported ends.

Since n - 87.5/81.5 = 1,075, wvhich 18 less than L.l, we do not have

to determine the frequeincies of fiee vibrations of a liner as a cylinder

with flenges at irs snds,

In a si{milar fasiiion, the {requencies of free vibratione of cylinder

l1inere in other diesel engines are carried our, These calculations wavre
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made when the medium enrrounding the liner was water, Actually, the

¢ylinder liners swept with water, some of which paiticipates in the

vibratory,p;o;eaa. And the nass of the liner must eccually be increased,

and the frequency of the free vibrations somewhat reduced. .
The ratio ofithe frequency of free vibratfonr of a boly in air with

respect to the frequency of free vibrations of the this same body in arother

medium, or when ite mass is increased, is called the coefficienc of

sttached masge.

According to the data of P. B, Lefonove, a formuia for determining

the coefficient of the attached mass of water tg as follows:

vie= | o+ e ",)"'_(,’:.lrr:?' s )
ph ‘-/ ny -

where V {8 the coefficient of the actached mass of water
& {a the external radiue of the cylirder
.00 is the deusity of the liqui'a {water)
f 1e the density of the cyliuder maierial
© is the thickness of the cylinder well

nl ia the number of nodes of cylindrical half-waves;

. Ay
[TA=C

{

Herel Lo the length of the iiner in comtact with the water,

The calculated vilues of the coefficients of the attachud maus of water
are iisted in Table 3 for several diesel engines.

Therafore, with consideration of the theffeticslly chleculated values
characterizing the attachsd mase of water, the frequency of free vibrutions

of cylinder liners tr,at [}t_- nttacheé} will be souewhat lower, since

73
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Table 4 presents the frequencies of free vibratfons of cylinder

liners of'diesal engines deeigned for the case of freely supportezd ends,

: and frequencles of free vibrationa with consideration of the u:tacheé
wass of water,
¢ When a liner is rigidly fixed in the block, the frequeacies of free

vibrations will increase, however, according to the data in [}8} we must
aleso take acccunt of the attached mass of the pigton, which in turn again

reduces the frequencies of the free vibratinns,

Table 3. Coefficiencs of Attached Maes of Water
for Several Diesel Englnes

!é __2:;‘ - f'.-u:.-...;,.’-..._ s o ’_3—:,_' 1 [ O R
. T T
i 1 i i ;: 1 l { I.—:-" ; :
oot A I ‘ L \'! E | ! l |+ i I
| X P AT - N AL
| 55 = 03] l& T 2= :
l“ ; & | -~ < 2 W [ i '
T T L T SR N
= B o . ST - !
: ‘ Ve U N [ i3 -._,: o (;3'0‘],,;!143-_»
‘ M TR R R I CH T s sy e [ 1570 1 1,255
R R R EE T s L T
p Hale HERERERRI ! 6.5 l 8,4 !l,.’.'.) LRSS BT i] Yo Lee
o b 1 T ST O R i:.h? R T TS B E
l | e sy ; Y] [ 175 i !3,‘...'); 7 T i 1346 lg(,j] i it l.ub
s 3y i s I e s Pive 2275 1w 12
g e o : ' ! ) [
12, o - -
1. (I O K] ,'L.:ll;l et g [ETEIRCIN [ HENMNTi4 « 1) o
LICTRI R S o, Yo Rt
KEY: 1 ~ IMesel engine model H - Ch 15/18
2 = imgu:d numerical valuey Y9 « Ch 18/28
3> in um 6 10 = Ck 23730
G - 4n kg/om? -10 11 - D 25/30
e wvh 5.,5/11 12 +~ Rote. The following values were
¢ - Ch 10.5/13 agrumed for divgel engiloes shiown in
7 ~ Ch 12,14 the vabls: oy = 2, pg = 1070 kg/umd
13 « Calcwlated values
74
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Table 4, Frequencies of Free Vibrations

: ,i s 1 P 1__‘ L I, __-“_E ,u ny o
1 SR . :,_ " n |
tf N lllI‘: l',“'l .';: ‘x- 1 ’I:‘)‘, ;1 ':I:.. H ',11" u R
k] - e e e e _ P, I | [ S — -
’ : A tiu 5 i : - ! T ] - . A . T ' V.
. ) 5 i | i 1757 S K PYPRE  i¢ e T 1.3:: 139 SUHe s
H SURIRRY RN TITR IVl B W I LT BRSPS R i
! © Givia fo3n s o l RICT IR LN T PR RS :
1 .
* | 7 L3 e ]I Yol ouT e ! LG A REY AN BT 1
E € v | SRR A 1 KRNI S AN Fireo n RAH %
9y A VI B P TSR e VA KON R B
O Lo : 51 "ranct ool oo 13T P
’ , [ | 1
=
KEY: 1 -Diesel engine mosel 9 -~ Ch 23/30 f
2 “fer _ i0 - D 23/30 i
3-f, ‘
ir,at .
4 - Cn 8,5/11 ;
$ « Ch 10.5/13 i
6 « Ch 12/14 :
7 -~ Ch 15/18 .
g « Ch 18/20

ic 48 difficult to determine the attached piston wass, gince
sueording to the data in [}4, 35}, ¢ iring the operating time the piston
¢2n be 4n @ canted position and not rest fully agaimsr. the lipner.

Therefore, we adopt as an asgumption in our calculetions that the
increase in the frequency of free vivrations resulting fram the more rigid
fixing of cylinder liner ends is compensated by a drop in frequency
due to the attached piston mass,

An shown by experience, the actual frequencies of free vibrat.oms of
cylindexr liners in diesel 2ngives, determined by the rssonsuce method as

well as by the impact nethod 18 civsest ( with & small error) to cilculations
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made assuming freely gupporting ends.

Tahle 5, Calculated and Experimental Frequencies of

Free Vibrations of Cylinder Linere in Diesel
Engines
:
; H
H 'zi, T MacTotit s f | DRl i Tenn e LE e
. / SOLOTHL HACTOT W f np ! 3 2an Ira Iy Golan
Trnomaas - -- ——— e e R 9
o A, =3 =28 .
i ’I’: i { 1' =1 ! ’:u A 1 ‘ z ' s ;: %
T T T e 1
4‘25.;'» vl : B b 2qm i 4350 11 ! uG I vy 5 i
RUTERE P MBS VRN B R oo - i
61115y R Eopos |30 ; 120 ,' U l‘ T
t ! !

KEY: 1 - Diesel engine model
2 - Calculated frequencies for f
fr,at
3 ~ Experimental values for ffr for the {ndicated forms j
4 - Ch 8.5/11 ]
5 « ¢h 10.5/13
6 - Ch 15/18

-~

IR PRI

A comparison of calculated and experirmencal data for the frequencies
of free vibrationas of cylinder liners for a number of diesel engiaes

Ch 8.5/11, ch 10.5/13, and Ch 15/13 is shown in Table 5. These data indi-

cate that when the coefficient of the attached mass of water ¥ is taken into

TP TR A SRR TP

account, the first vibrational form agrees theroughly well., Therefore,
this method of calculation is entirely suitable when egtimating the fre-
quencies of the first vibrational form. Calculated data for frequencies
of free vibrations in air without allowing for the attached mase of water
ave closer to the frequencies of free vibrations of higher
orders, since the attached mass of water depends on the frequeacy of

vibrations of cylinder liners and evidently ¥ is closz to unity for
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vihration frequencies above 3000 Hz.

»

8., Theoretical Estimate of Accelerations of Cylinder Liners at Free-

Vibration Frequencies

For a theoretical estimation of the vibrational azcelerations, we

iy

wmust determine, in addition to the free-vibration frequency, also the

[ S VLR VA

maximum amplitude of vibrations at this frequency.

To determine the amplitude of free vibrations of cylinder liners

and thus accelerations of vibrations, we must consider the displecement
of a liner acted on by side force P upplied by the piston against the
liner according to an increasing linear law P = kt (Figure 20),

Let us asgume that a load increasing during the time T from zere to

its mwaximum P___ acccrding to & linear law, th=t 1o,
ol CRAH .

Foemplty Rl = P e

is applied at a liner is in equilidrium when the piston is at the TDC
(T = 0; by = 0; v = 0) under the action of a.force.
The displacement of the liner for the time interval t< I can be

found frsm the expression

A o bl — il s

. t
N .y ! I Tl .
oo b e (-3 d 2h

e - ‘ I
According te the data in brackets [?i], we assume, inetead of P
(g), the expression Pmnx g /T. Integrating equation [?i} by parts, we _ j

get !
« ; oy g I .
[ Estner{f - 3 g = o (( -— _:,— st} u)l) |

TN { ] . . i
a* Tmoem s = e == - S R A
o= -5} ( S S “f)
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Pizure 20, Variation of Side ¥Force
’ Acting at Biston in the
Region ot the Working TUC
.
Noce that -~ " .7 07 Ast:’ that 15, the static displacement
of a liner curresponding to the wmaxiwum normal force Pmax'
Therefore,
/o o r
A (o - LT u TN
AO- et ! ‘_'u'_t)‘
where ; .21 b the vibratio:.al peviod.
"y
T.¢ displacement veloclew of the liner -is
B , .. “' -
-~-_,','d |
Froxw tals equation 1t follews thoac when t < T, cthe velecliy of liner
vidrations will rem#in positive. The g.réateni displacement will occur in
the subsequert displacement of ¢hyg iiner, that is, wher £ > T,
The displacemant of the liner when TS
I. t
: ’_-,,:.; ' Favstiio (- 3)ds - "':,'.,' l Doy sne(t —ghd; =
G Uy
1 3 7
R N L oty sine (-]
. T N 7 >« 205 ({ = §) v grsino (=5,
i
1
Poos T 1 . 1 P s (f —T) 4 -
_-—”}iu; IL-(/J cos w {f = é)_l ;T Muwd [L o )+ el *
- 78
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. « = A, ‘l] - l‘ [rina(r = T) -- Sll\(')ll‘_‘ =0l g
- o 1 sl l
. X UL e Tsin-s wTCus »-_l, W (21 — l)j ==
{ Uy - -
. g [ eos 1)
In its i .nal form, we have
= IR S ar R O =Y ) ()
AO Aﬂt Ll -, v T sl (2 7')j' (==}
Whern T decrcases to zero, equation (22) bacoies simplified and
is transformed into the e«pression for the liner displacewent when it
18 acted ou by an ingtsantaneously applied load ;
A dga gl Y 2
Equacion (22) shows that the displacement of a liner when t <& T is
& harmonic vibration occurring in the vicinity of its static equilitrium '
peeition A“ with a period equal to 'he pexiod of free vibretions 4 and :
; '\
an amplituie equal to the difference between the dcflections of the liner : K
when a force variable according to the assumed law 8 applied and its '
defleccious whun the waxdiuum furce P is applied statically. . 3
Taerefure, we have - RN
A=Ay v hge .
According t« the data of ergineer L. S. Anishchenku, the greatcst K ‘_
liner displacement will occur when cos E '(‘._;( — T)-- 41, wheru the sign § E
next to numeral 1 wust be taken aw the oppoiite of the slgw of afn T/ . '
Thus, the waximum applitude is .
2 _: R A A o . ‘
"-u..x\' :45" I- -+ (.'IT bll.—;’:—*)J . , ()() .
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The quentity appearing in the parentheses in expression (23), is

the ratio of the maximum displacement of the limer body Amax to its
? greatesr szatic cisplacement Ast and characterizes the &ynsmicity of d

the load. It can bLe called the coefficient »f load dynsmicity.
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Since an exact determination of the ratio T/T is vircually impossible,

§
then by assuming an error within a safe margin, 1t is quite natural to

ARV N

agaune the coeff{icient of load dynamicity Kd to he us follows, for practical

NESY R

purposes:

1

."\’A — ; (Rt '_:T .
The formula 4
A e P Mal=p /K,
oL TR MmAaAA u

facludes liner mass X, vhie mass musl be dpplied at rhe point whose
deflection is under considerstion. L&t us determine the reduced stiff-

ness of the cylinder liner

Cred-wzlir&{ E‘&i = teduced) .

TPV S

The point on the cylinder liner corresponding to the ceuter of the
pixton wristpin when the diesel engine crankshaft rotates by 30° 1s used

ag the point ef reduction, that is; at the instant the maximum zide force

P 1s applied.

e e e m it

1t can be shown that Mred' i,uﬁ' thet is, the reauced wass of the

body {5 equal to the sum of the products of the masses of all pointa by

. o AT s St w

the sqrarce of their displacements 1, which they acquire when the reductinn

point ¢qual to unity ic deflected,

. 80
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Por tha asgumed displacement alongzthe 2 axis, we can expuess the

function L az follows
L) n..x

. 1
b e as g
P

where <y is the distance from the upper edge of the cylinder liner to
the point corresponding to the position cf the axis of the
o .

piston wristpin for a.30 crank angle (°1 = <, + x); .3

< iga the discvance between the upper edge of the cylinder liner and

the wristpin axis when the piston 18 at the TDC;

Lo a’;-ﬁ is the distance that the piston traverses when the
crankshaft rotates by the angle d = 30° wirhout allowing for

Briks correction (H is the pistoan travel). |

Earlier it wag assumed that the maximum side force P will occur when

W & TR P R R P T

the crankshaft has rotated by 30°, that is;
i

i
X == = (b= cos3U ) = 0,06741,

Then !
Cpe e G067 H.

Ingerting the value 1 into the equation for Hre’ we get the following

[ P S VU SUVEP RIS

expression:
t i
A Ly Ty
. R PR i . ) .
led L LU U0 A SYRT LT U P,
sl —[ - Si”-'.il.
[ ] !
{ it 4
A maix 3 o .
X | sin® =55 dx | cos?a by,
1] 0
- £l
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where wy 12 tne undt maas (:-z,, f’}
Thexefore,
.y : "_-_.'l.a.‘/‘p
e Ty (24)
KIS

1o detcrunine the nadimun deflectinn of &8 1Hiwer whan «cted on by force
?, in addizion Lo iy, ana M:z‘ W uu;i calrulate the digplacemant velocity
of the piston se fy wlapu within th liains of che thermal gap. Using the
daga ir {1’] , owe gind ther eaer the sections from O 1o 30° of Ca G:tank
aaglé], the Lorce P riser o6 2nla to Lhe mexieun approximately iinearcly,
that d&, P = kot (v 18 %The 1 iamu corvespuuiing to the crsnk angle of 309).

The aceowleratinn of ithe pleteu digpiscement from one cylinder well

o she ocher ik

The platn: velocity ducicg slap ia

: - T N E
by b 7 -, ,‘ tdt= T Ch.

D
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The pistun travel ie equal to the diametral gap
. o Y ST o

The values of the integration counstants 4re obtained from the initial
conditions {~r viich ¢t = 0, f=0, and V 0 ac the beginning of the
notion, here C‘1 -C, =G,

Thus, the piston travel velocity at the ingtont of impact is

where t 4s the tiwe required for the piston to pess from one wail to

the other, decermined by the expression

Tha maximuw normal force correspondiug to a 3C° CA ta found Lo ba

an follows ’”’ 20

Hare % * = R/L (R 1¢ the crauk radiuc end L is the langth ot the connecting

rod)
p 1o the moan eiffective pressure;
L
'P ia the piston area.

The diametral gap f batwaen the piiten and the Liner, which is
usually given for the cold diesal engine. appeacs in tha formula for the
determinstion of £, We susi know the thermsl gap wiimn ths diesal englos
is tu oporazion. Tadng ad an axemple, the fact thet the Ifoer wall

tesperature riaes Ly an average of 1007 ¢ for « 100% load, and the

k3
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taxwperature cf the piston trunk rises to 17¢° C, we find the gup iu

the heated state,

The diameter of the liner during heating incresscs by

where “11 1s the coefficlent of “he temperature expansion of the liner.

Tho dianmetral gap between the plston and the linar will be as

follows when the dicsel engine is in the heated states
§a.tdy - 4,
where d; 1a the diametre]l gap 1o the cold atats.

Table 0 gives gap values for working diesel engines,

The reduze¢d liner masscu are determirad baped on tovmuie (755, o
velocr of the reduced magses arc givean in Tabiea / Lor ssvaral dfanel
engines, We next find Poax® b and v, whose values are given fim 7.lhg &.

The masinum deflections when u;tad on by x atatically appli~¢ larw
Ple are detatruined ¢n the basis »f conclusions mady: by Yu. A. St imersrLy

37,

N - +
“nt Pm m'kra !

vhore kre -lere i® the reduced st iffnees of the linar,
Ca)zulations of Ait are showa {(n Table 9.
To obtain the amplitude of accelerations of cylinder linsr vibrations,

let v4 use the axpression

Ahau = A'txd ' {? = dyﬁamiciti].

Here Anax 1s the waxinum deflection of the liner acted on by force

Puweb t/1;
1A
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Am hA  «= QA {1 the amplicude of rhe vidbrations; &nd
rax et

Kd w14+ T/FT (T Ls the tima during which the normal force riaes

. fram 0 to P ).
MiXx
. Table 6. Table of Values for Caleulating the Yhermal
lap Between Pigton und Liner

AR 4 W KT W T TR 6 MR T I L AN T TN RS
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| 1 - Disgul enginae uodel "8 - Ca 10.5/13

2 - puy to 2@ 9 - Sh 12/14

10 - Ch 15/18
3 - _‘h'lm 11 - C» 18/20
‘ '2 - Gk 23/30
4 -d. fnoum 13 = D 25730
. 14 = Koxsa. Tha numecator corresponds
S ed tnogu to & csst irun piston, end the
A a denominstar = o an aluwminum
A 6 ~J Inm praton fur Ch 10,3/13 diescl
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Table 7. Deterwination df the Eicduced Manses of
Linere in Several Diesel Engines

i , ! 1 |
- i H - ' o '7 ,
RS R T B S TR A R
' (7] ~ . { < oo - . -«
;Z ) ‘ .. ) ’ ) .
re ! ' Bl ) ) ) [FRarERY
(1.. 3 ) i "y L [ TRY Ve vuE o
” ] ! . '
o 11 U IR i, e 95 0 flhobs Ut
e ] ' i _ !
. A ! S ' AT T T 1o ! ! ‘l > L1 O} '
'“‘n...» 3 [ v _"1,',| L L4
”‘i boiss PN R R 183 2 R TH UV R
ey SR RN TRV PR
| ' ;
KEY: ! ~ Diesel englae modal 8 -~ Ch 8.5/11
2 ~ in wmnm 9 - ¢h 10.5/13
. 10 - Ch 12/14
3 - Lyl 1k - Ch 15/18
. P 12« th 18/20
4 = in hp/om” o~ L0 13 - h 23/30
5 - in mn 14 - L 23/30
6 ~ Co in mm
y ¢
7 . Mredin kgesec” o

The final calculsted value of the vibratioual sccoleration of a
cylinder lincr in diceal engines 18 determined hy the expression

W w A(2N f )2 He [;al - calculared]
C?ll fr ' ” v

Calculated and experimental values of the accelerations for cylincer
linetv vibrations in meveral diesel engines zre listed in Table 0,

The caleculsted maximus anplitudes and acceleraticus of free vibwations
of c¢ylindar linera acted on by rormal force P agrees quite ciosely for

gevera) digsel englices with the actually measured quantities, Scue
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imprecision in the caleiiated aud experimental data is dee to cectein

N R

assumptions that we-e nade 1r the caleulations. They include the

-
following:
* 1} in determining the watiamum Cyvamic deflectisn {t was assumed
that the force P acting ~{a the picten against the liner varies from zero
- to ity nmaxinmum whan vhe pistou 1« pressed againat oue uf the sildes of
the cylinder liner, thougu whi: satuzlly s not slvavs so; and
2} the greatest daflect fons of the cylimier Lliner fraa the dyuawi:
and static actlon -f the normal Zorce F will ceccur at the lonation corre-
sponding to the pesstion of the platon wristpin axie for a crank angle of
300, that {s, when the [vrce reaches tha maxirum Pm « However, in vsrious
diesel wngpines *he gide fixn. reacies irke meximum for crank anzles suvae-
what different ¥rom 30, and the angle devends ou ueaign fictors,
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I gpite of thesn assunptiong; this mechod of caleulatlon makes
it possible ¢o cohtafr a thecretizal estimate of the vibrational fleid

of a ¢ylinusy Liner, Tris esdimates, n turp, when coubined with data on

th2 exteay vl damags 4z @ foncrlon of vabreilcnal flelid intensity,
enables ve to forwmalaie » wethod for naleulating cavitation damage L.

¢ylinder liners {n dlesel englnes,

Y. Volues ol accelecations Bevoad Whicl Ince€nsive Covitaticen dovroafon

Bpping

Analyslp of damage cavred by cavitation in diesal wnpines of varioue

nodela opezating v, var fous ¢limatic zones and differept Situations

showad chat dlesel eupines with increased vibraticnal levels are mwost

subjecl to dawdge avd brealdouwn., Diesel engines with low wibratioaxl

tavels are lea¢ subjulk to ercelon drmage., The vibratiocnal level depemia

not waly on she cesiyn evecution of the diescl engloe, but alas on the

opericing teglwe, The peoerest cendftions inve've operating in idle,
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~ Calculated and experimental data
~ Diesel encine model
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with low cooling temperatures; and with frequent load changes. Therefore, g

under oftherwise cqual conditions diesel engines operating in these

As 2n example, f.gure 21 a, b, and ¢ present photographs of
cylinder liners cf a diesel engine after 1000 hours of operation with
various vibrational characteristics,..

Frgure 21a shows tha cylinder liner with initial stages of demage
at a surface in the connecting rod vocking plane. The depth of the
cavitation pits over a small area ie 0.2 = 0:3 umm, Specific damage areas
amount to 0.05 g/cmt. The thickness of the liner wall is 7 mm. The
thermal gap between the piston and the liner is 0.32 mm,

The cylinder liner in Figure 21b also served in a diesel engine for

1000 hours with 30 g vibra: ' .s. The pit depth is 1.6 ma. The area of

damage i3 wuch greater than in the liner that had operated with 25 £

vibration, Specific damage emounts to 0.45 g/cmz and the liner wall

PR AR ITIF SN A

SN

thickness is 6.5 mm. %The thermal gap is 0.45 mm,
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Much gre:zter damase ie obtained for a cylinder liner of a diesel
operat.!uy for 1000 hours with 4G y vibration, (Figure Zlc). Tts

denage extendld vo @ greater area alomy che height of the linmer. The

L s e s SN O

pit depth was 2.5 = 3 wm, The speciilc damage was 0.93 g/cmz.

Carelh

. These results graphicully show the {ictensified dawage forx the same ;
opcrating time when there ars ditferent levels of cylindew liner vibration é
- in 2 diesel englse.

it was wuperimentally estzolished that up to 18 - 20 g accelerations
o vibrativral motion of cylinder liners prucesees of erosion dameg:
occur islowly and do not cause dangers with respect to dawzge, since the
erocion damage vime 1§ lovger thawr the cylinder wear time, Undayr these
condltiovus a cylinder liner can gevve for H000 - 6000 hours. If the
accelerations of the liner vibrations exaeed 2U g, the processes ocnuur
more intensively. At accelevations of 35 -‘ao g, marved damage beyins
already after 300 - 410 hours of opavation, ard in 2500 - 2300 howrs
of operation the liuer must be replrced because of eroaioﬁ damage tc
the maximum allowable values,

Thus, experimental data on the acceleraéions of vibrationa beyond
which corrosion damage processes begin to be intensified agree with
theoretical data.

It must be considered that under otherwise equal conditions, a 20 g
acceleration 1s the critical acceleration of vibrations.

Pigure 22 presents generalized data on the damage to the surfaces cf
liners awept by water, as a function of the operating time and the vibra-
tional level, enabling us tc make an estimate of how much time for a

given vibrational regime will elapse before damage of the extent we are
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intevested in will appear., Several factors affecting the cavitation

damige to surfaces were constant for the experimental points of the

curves. The flow rate of thc water was 0.5 m/sec. The water temperature

T T AR T S ETTO  IEREE  7 'mﬁ‘f‘wwﬂ(‘f‘?'ﬁ

R

e o]

WWNH?F$HW”¥Mﬂ¥?ﬁEmmiﬁﬂwﬂﬂ??f!ﬂ”W*mﬂﬁﬂﬁmwmﬁﬂﬁ?"Wﬁﬂ‘“vw‘"‘"“?"'

v

52 P T U T

)
wag 40 G, The surface tinigh was V3, .
p SNl |
T P :
i LS i
i A :
: S S ;
"1' /./‘/j/'l//// - '
- S AN !
/",f'/;. A ‘ g
Y A A .
: './, - )
/! 4 4
[EA s i .
S ’ 1
Tl , ‘
- \
PR A B

KEY: 2 « g/cmz
B~t, hrurs

Figure 22. Weight Losses {\g of Samples
of HMaterials (1) When Tested On
Magnetostricrive Vibrators, anu
Samples of Liners (2) in Spent
Diegel Erngines as & Function
of the Acceisvation of Vibration
W gnd the Opersting Time

CHAPTER THWEER

1ZTHODS CP INVESTIGATING CAVLIIATION DAMAUE

10. Modsrn Yiethods of Investigating the Resistance of Specimens of

Various Materials When They thiwsrgoe Caviteation Damage

Toa complexicy of processes occurring in actual condit!ons vhen

propellers, varlous kinds of livdirrulic machines and devices, as well as

ag
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parts of diesels undergo cavitation damﬁgu hamﬁera studles to find the
effect particular factors have on the intensity of cervitation erosion

and to find effcctive ways of controlling cavitaticen damage, In several
casges pit; én parts subjected to cavitation erosion appeaxr afier a
relatively lonz operating time for the machine or mechaniam., In the;e
conditions studies on the phenomera occurring in cavitation ernsion become
very lengthy. Therefore several methods of accelerated investigation
using various kinds of simulating 2tands were developed.

Methods of evalusting the cavitation resistance of macerials include
the following: the impact of a jet against cotating and fixed specimens;
tegts of the erosion resistance of materials in conditions of hydrodynmamic
cavitation at the specimen surface; study of the erosion resistance of
materials for fixed gpecimens with circular vibratory exciiurs; and study
of cavitacion ercsion with wasgnetostrictive wvibrators,

Irpact of jets apainst a rotating specimen. The rample 18 secured

on the periphery of a votating disec and ir each ruevolution intersects a
jet of water or wet s+eam perpendicular to the plane of the disk,
(Figure 23).

A device of this kind iz called an iwpact stand., Tests are conducted
on it for difierent tip speeds of specimen revolution and for water jet
diameters of 5 - 10 mm. In the papecs [10, 38] the tests were conduacted
at a tip velo;ity of 78 m/sec. Increasing the tip velocity to 225 m/sec
Jod to a significant acceleration of the d~c:age process. It has been
reported taat at the present time tests arec conductes ant tip valocities
up to 600 m/sec, These devices are most advantageous in stvdying erosion

in steam and gaw turbines iince the conditious for spe:imen damage in
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them are analogous  to damaye to turbine blades. Tnese
devizes are unsuitable for {nvestigations dealing with diesel engine parts
since the process of covitatfion damage in this case is8 not simulated with

these devices.

I'mact of jrt acainut e fixed specimen. This method 16 analogous

te the precedin; technique in terms of the conditions of ¢pecimen damage
and i{a most suiteble for simulating damage to turbine blades. 7Yhe atudy
[36] presants results of tests mude at jet velocities up to €00 m/sec,

and the paper [?i] presents the results of tests made at velocities up

to 1050 m/sec, which led to intensifying the damage process. The device
18 shown schematically in Pigure 24. This stand cannot be used to
gimulate doamage proccsses in diesel engines since the kinetics of the
procass do not take account of the specific details of damage caused by

cavitation 1n diescl epgines,

y
<
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./... ! .

Flgure 25, Stand with Rotating Specirens:

1 -« Speecimen 2 - Nozzlae 3 - Water jet

Tests of the erosion resfstance of materials in conditions of hydro-

dynamic cavitation at the surface of a specimen, Cavitation tubing aad

Oy
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nozzlea arc used for this purpose. Figure 25 shows one of the posasible

designs desceribed in the studics [}0, 3@].

I

Pigure 24. Srtand With Fixed Zpoccimen

1 - Speciumen 2 - Hozzle 3 - Water inflow

The sharp decrease In the flow-through cross section
causes @ rise in the flow rate and & drop in the pressure
down 'o a value leading to cavitation. The test specimen

in the diverging sesction of the nozzle where the pressure

in the nozzle
in the ftlow
2 1o nouried

in che flow lLe

increased and cavitation bubbles collapse, When thie w~thod 18 used, the

process of cavitation erosion caused by hydrodynamic cavitation phenomena

18 simulated. A disadvantage of this wethod 1s that sthe time required to

test euach of the gpecimens proves to be relatively long.

Investigation of erosion resists ce of materials with fixed specimens

uging @ circular vibratory excitor, The stand (Figure 26) couniists of a

cylindrical beaker filled with water, with « barium titenide ring. When

an alternating elactrical fleld fs applied to the surface of the ring,

the volume of the ring changes in proporticn to the frequeacy of the
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field vibrations., Standing waves ore formed iﬁ the 1liquid, which
yield a greater amplitude of vibrations and greater pressures close to
the plate at which the specimers arc sccured., Cavitation develops in

the liquia,.nnd the specim:n i8 subl.cted to covication erosion. This

18 a relasively newly developed wethod [50, Sf]; ite uae nakes it'p;asible
to reproduce the erogion of a apeciten that rceprescents 8 fixed barvier in

a hydro-scou<tic field. The conditions for epccimen failure with this

test method epproach the acturl conditions in the cavita'ion erosion of
cylinder liners if they cre regarded as « fixed barvier. By this

method rapid tests can be made 4in fro~ several minutes .o 2-3 hours.

However, the device is cumbersome and inconvenient for tes:ing e large

number of specimens.

. Fipure 25, Scheme of Cavitatlon Nozzlas
1 ~ Set screw 2 - Cavitation zone 3 ~ Throttle & -« Specimen

XEY: A -~ Flow direction

Investiration of cavitation erosivn on mapnetostrictive vibrators.

Essventially, this methuod consiste in securing the test specimen on the
end of a nickel tube (or concentrator), jiumersed in the working liquid,
vhere the nickel tube executes longitudinal vibratious at fie uencise

from 5000-25,000 Hz and ligher with different amplitudes (Iigure 27).
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The vibrations of the rod or concentrator occur under the action of a
variable magnetic field produced by the excitation winding. The tests of
the cavictation eros{on of materiale with magnectostrictive vibrators (MSV)

are of interc-t Jdue to their ideutity of the processes with those

occurring for cylinder liners of diesel engir.es, and s lso owing to the

rapldicy and possibility of conducting tests with variaticns made in parae-

peters such as temperature, viscosity, and fiow rate of the medium. Use
of these instruments makes it possible also tu conduct invesgtigations at
varioue accelerations, wiplitudes, velocities, and frequencies of
vibrations, that 18, for different values of the numher Sc = vf/g, and

variations In several other parameters.

Pigure 26, Scheme of Device With
Circular Excitor:

1 - Beaker 2 =~ BaT103 ring - 3 - Plate & = Specimen
The specimen test time is limited to minutes or hours, aud the
erosion damage to material is estimated from the difference in the weight
before the experiment and the weight after the experiment, and alsoc based

on the depth of cavitation pits. A small amount of water and low power

levels not exceeding 2.3-4 kw are required for the teats; Thie wethod
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ie described in a number of sources [?0, 3%]. Tuis apparatus with
various ranges of excitation frequencies was used b, the authors for
rapid investigations of the cavitation erosions suffered by materials of

eylirder liners =nd blocks in diesel engines.

Figure 27, Scheme of Magnetostrictive
Vibrator (MSV):

1 - Vibrating specimen 2 - MSV 3 - Water & -~ Fixed specimen

From a briet description of the various methods of rapid laboratory
tests it follows that in the first two cavigation erosion occurs directly
due to the fmpact of a jet or droplcts fnto which the jet breaks up. This
quite precisely simulates the damage to blades of stear: and gas turbines
and does not correspond to damage conditions in diesel engines. Thus,
these two methods are unsuitable iﬁ investigating cavitation erosion 1in
diegel engines.

The next three methods each simulates the individual processes
occurring in the cavitation damage in diesel engines in their owm
individual ways. However, the lagt method (the method of investigation
based on MSV) makes it possiblé to study the process with the greatest
approximation to the damage conditions in diesel engines a8 various para-

meters are vafied, with the minimum outloy of time, Therefore in addition
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to full~size tests, it ras found the greatest application in resesrch.

The question arises as to whether it ia possible to compare the
results of testing the resistance of wmaterials obtained on the various
stands, Several investigators have made comparisons of this kind. . For
example, De Haller, aud later Mousson [§9], after comparing damage to
a sizeable number of various metals on the impact stand and in the cavi-
tation tubing, concluded that when tested by both methods materials are
ranked in the same order in terms of erosion resistance. S. A. Keller
reached simiiar conclusione based on resuits of tests made with the jet
technique #nd with the magnetostrictive vibrator.

L. A. Glikman [10]has reported on the analogy of the comparison of
test results with the }MSV and with the impact stand for specimens of
variocus steels, cast irvns, brasses, and bronzes, However, it must be
noted that when cavitation eroeion occurs, ;n several cases, mechanical
{playfiag the fundamental role) as well ae electrochemical factors parti-
cipate in metal damage; the electrochemical factors evidently do not ocecur
when specimens are tested for erosion resistince on the jet impact stands.
Therefore it must be noted that when comparative tists are conducted
carefully (in various condivions and medis} ueing devices that differ,
such as those described earlier, a difference can be detected im the
naturc and intensity of damage to the test specimens.

Mechanical factors are paramount in specimen damage. Therefore in
waking a comparison o. the resulte of tests made with the various methods,
the suthors obtained the identical sequence of the ranking of test

materials by corrosion resigtance, in all cases.
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In estirmating resictance to cavitation erosfon for a particular
material, one st also take account of the intensity of cavitation
proccsses. _M;tcribl thit I8 re.lstant to erosion at a certain level
of covitatien intensity can prove not to be resistant when the intensity
is increas-c, |

In the study [35] it was shown that the degree of damsge to a
specimen secured to a concentrator rises with increase in the vibrational
accelerations produced with different amplitudes and frequencies. However,
there are ccrtain threshnld acceleraztione and amplitudes up to which
specinen damaye is not observed,

The presence of threshold amplitudes 18 accounted for by the fact
that even for high levels of accelerations of the vibrational process in

the liguid

A
A\’iu* u

at very luw smplitudes, the rensiie atresses required to
form cavitation bubbles are not induced, This becomes especially sensitive
when the damage to a fixnd specimen placed In a liquid at scme distance
from a vibrating specimen secured ¢ & MSV is investigated. This specimen,
acting as a shield, simulates the wall of a cylinder block. Here it was
concluded that the intensity of damage to the fixed specimer increases with
the velocity of the vibrationmal process. In studies made of the resistance
of materials and different coatings using the MSV, cowparable (qualitatively

and quantitatively) results can be most clearly cbtained.

11. MSV for Cavitation Damage Teats
The vibrational spectrd of diesel engine parts subjected to cavitation

damage lie in the broad range of frequencies from 5 to 10,000 Hz. The
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most intemse tonal cowponentsa of the vibration exceeding the cricical
accelerations as & rule lie in a narrower frequency range from 800 to
8000 Kz, and Eor certa in diesel engines they are situ:ted In various
spectral repions, related to the deslgn and dynamic parameters of each
speccific dicecel engine. Therefere, in rapid tests made of samplea'oi
materiale or coatings, it becomes necessarvy to conduct the tests in
different frequoncy spectrum ranges, including the higher region of
vibrations than is emitted by the iiesel engine, that i{s, with different
MSV,

Vibrations of a test material specimen on the MSV are produced due
to the magnetostriction effect. This effect consiste of elongation and
compression straing being induced in 2 rod of a ferromagnetic
material placed in u variable magnetic field oriented along the rod.

The strains as functions of the magnetic field have been studied and
discusged in close detail in the literature. The magnetostriction effect
depends on temperature. It decrear's with increase inAtémperature, so
the MSV3TAaCKs are water-cooled.

The amplitudes of MSV vibrations when it is excited at the funda-
mental frequency are of the order of 10-4 1, (13 i8 the length of the
stack). The highest frequency at which relatively intense vibrations
can still be excited is 60 kiz.

In building the MSV, only those materfals that in additiom to a
well-pronounced magnetostrictive effect, slso have high mechanical atrength

can be used. Pure nickel has proven itself particularly excellent as well

a9 the alloy Permendur, consisting of 2% vanadium, 497 lroi anl 49% cobeult.
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A sheet made of Perwendur alloy is the mo§t suitable in fabricating
MSV for practical use Iin the laboratory. The MSV consiste of a stack (rod)
fabricated of ,Permendur, an electrical winding of a conductor in & moisture-
resistant'bfaidtng, and a concentrator, The concentrator is needed to
incrense the arplitude of the vibrations of the MSV face, since the )
amplitude cof the stack vibrationes is negligible and does not exceed
5-20,;.

Wuen testing specimens of materials used for diesel engine parts, i
MSV of any frequency range can be built. MSV for 5, 10 and 20 kHz and
several vibrators at intermediate frequencies have found the greatest use,

The overall dimensions of a MSV depend on the frequency cf its

vibrations. Thus, a 5 kHz M5V has a 38) mm long stack and & 570 mm long

concentrator. A 10 kHz MSV has a 150 mn long stack and a 200 mm long

b s s A A

concentrator, while a 20 k¥» MSV has a 120 mm long stack and a 130 mm

long concentrator. R
Thue specimen of material to be subjected to failure at the threading
can be mounted in the concentrator and immersed in water, In this case

the conaitfons of damage to the vibrating surface are simulated, '

e 8 e . i e 10 Rt

A gpecimen clamped under the concentrator simulates the conditions

of damage at a fixed a' “face,

MSV designed for 5-Z0 kHz encompass the entire range of vibtrational

spectra of diesel engine parts subjected to damage andi with them corditions

of damage observed Iin diesel engines car be reproduced.

et S te 1 APt M e st i ( a
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Each MSV has its own amplitude characteristics, which is determined ; {
with optical instruments for MSV designed for up to 8 kHz. The frequancy S

of vibrations 18 recorded with an audio generator, and the amplitude ~--
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with a microscope, from the size of the blur of a calibration mark made
with a dlamoud'cutter on the lateral surface of the concentrator end.

The anplitude~frequency characteristic of MSV desigred for above
8 kilz i{s me«sured with a vibro-meaguring device. To record characteristics

of MLV up to 10 iulz, A=3 vibrotransducers are suitable. Transducers built

by the Bruel aud Kjer Danish company are used in the higher frequency

range.
. ot
e
[" /
]
)N
| \\..;“
L ~_,-/i
ll, I‘l .
Figure 28, Arplitude-frazquency Cheracteristic
of a 'y kHz MSV
KEY: A - kHz .

Pigure 28 shows the amplitude-frequency characteristic of a 19 kHz
MSV, The maximum amplitude of the vibrations for this MSV is at tbe
frequency 19 kHz. However, tests with this vibrator, as with -ny other,
can be conducted over a broader frequency range.

When conducting tests at a frequency differinrg from the resonance
value, the test time i8 increased since the amplitude of the vibrations and
the vibratory acceleration drop off.

Specimens of the test materials are placed in gpecial baths in which

the tcuperature of the medium and the pressure are measured in MSV tests,

1056
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A study oF dcmage can be carried out either on the vibrating

specinen or elre on a fixed specimen placed under the concentrstor of

MSV,

12, Caleculaticn of MSV Crenponents Necessary for Exporiments

A NSV, by trausmitting elast.c wechanical vibrations of acoustic
or ultrasonic frequency (frem the location of their generator) to the

point cf application (specimen underpgoing dsmage) 18 the main curpone 1t

of the device, The calculation of oscillatory systeam compenents is unide

baged on the methods outlinecd in the study [b]. As a result of cal-
culation for a MSV with a specified vibration frequency, the amplitude
of the stack vibrations is decermined, along with atack cross sectior,
number of turns and the cross section of the turns of the excitation

windinz. However, wa know that to obtain an amplitude of stack vibrations

greate - than ZOt,m is not possible for appropriate stack dimensione.

Increasing the amplitude of the vibrations at a given frequency ccn be

achieved by using transformers of the longitudinal elastic vibretions.

Sometimes they are ralled vibration concentrators. Their function is to

increase the acplitude of the vibrations to the required value, exceeding

the cmplitude of the vibrations of the erd of the MSV stack by seveval

times. Increasing the amplitude of vibrations at « given frequency leads

to an increase in the vibration accelerations and to higher intensity of

the damage of the test specimens.

The fncrease in the amplitude at the end of the concentrator is

characterized by the transformation factor N, This factor is determined by

PPN
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the ratfo of thc Jlameters (for the care of a cylindrical concentrator)
of the input foce d'o , waich {e large {p cross section, connected to

the LV asraek, to the cutput face d'k' which bears directly the material

specimen undergoiry damage, -

.

The gain factor increassas linearly, for an expencutial concentrator,
with fucrease in the ratfo of the fnput tn the outjut dimensions. The
exponcntial concentrator is calculated fn the folloving sequence. The
tranclation factor is determined from the assignrod diametexs d'o and

d'l. Thus, for ths concentrated use in a 0 hKz M3V bcaring a stack

2
with an 80 x 80 wn croes section end for a 30 o ‘.ameter damage apecimen,

N {s £0/30 = 2,06,

ised on N, oue determines the iength ot the cencentrater using the

following formula

where ¢ 15 the gpeced of sound in the mecal, vhich is 5.1'105 cm/vec; and
f 1s cthe resonance freguency of the MFV stack,
The length of a concentrator in a 20 kHz MSV, for a 30 mm diameter
specineu, is 13.3 em.
The following foroula is used to calculate the exponent of the
concentrator:

'V oomd 'ﬂx
d x d Olcon ’

where d'x is the diameter of the concentrator in the cross section

PR



- o e T = e ——————r——T ) TR g T
. - e T TR T—
| N T - r

ecalculated by length; A = In N/1
¢

on

In the calcvlation we tust divide the leugth of the concentrator

into n nections (Lce Fipurc 30) and fiud for each section along the con-

centrator len~th the value of d'x. The cencentrater of & 20 kKiz MSV.is

divided into 13 rections in the calculations, Thus, x varies in the

calculacions {roa 1 to 13,
When a concentrator {8 in operatioun, heat is released due to

wechanical strains and the concentrator temperature vises, With increase

!
i in terperature, the vibratisn coplitude becomes smaller and the concen- %,
i trator efficiency suffers. To eliminate thie phencaenon, some of the i‘
f concentrator together with the MLV stack {8 water-cooled., ;
% Tne lower face of the: cooling jecket 1s connected tou the conceu- ;i
% traror with soldering and wellding and muet necemsarily lie in the node of E 1
5 the concentrator vibrations. PFigure 29 shows the lower sleeve A of the ii
E cooling jacket made ar one plece with the coacentrator. The node of the f ‘
%_ vibratisns for this coucentrator llecs (4.5 m ["9} from the face of ‘:
% the astack. . %
¥ {
! |
£ - D -y
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: Figure 29, Concentrator for the Stack of
a 20 kHz MSV
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Usiog concentrators for any M3V atacks makes it possible to
increare by two = five times the vibratfen amplitude, and to equally
increase the vibration acceleration and afgnificantly intensify the

damape done to 8pecinens of nuterials and coatings in nccelerated tests

asing the LSV,

13, Derermination by Calculation and Experircental Mesns of the
Free-Vibration Frequencies of Test Specimens and Vibration
Amplitudes with SV
To conduct tests with the M5V, the waight and overall dimencions

of specincns muet Le pelected sa that tae edjustment frequency of the

MSV stack and its concentrator do not change abruptly.

In pructice 1t jproves suffliclent £f che specimen diamerer docs not
exceed 30-35 mm for a plate thickness of up to 4 mm, Usuully round
specireus 30 wm in divincter and 3 mm" thick are used., Other specimen
dimen. fons can also be used, but tu estimate the intensity of speciien
failure one must record the amplitude-frequency characteristic of the
MSV together with the test speciuwen. It i3 degivable that the MSV-
specimen system be sclected so that the amplitude ot the vibrations at
the concentrstor face with the specimen mounted on it is not reduced.
Thin nacessitates determining the {ree-vibration frequency of the rest
specinen and comparing it with the adiustuent frequency of the MSV, which
ig achlevad by the appropriate selection of specimen dimensions. Th-
test specimen 18 a round plate bearing a threaded stew tor mounting on

the concentrator. From the paper [L{] we have an expression for
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calculating the frcc-vibration frequency of a plate with this kind of

emplacumert,

A round plate of radius K with meys per unit areaf;l has the following

free-vibr:iion frequency:

o o/
wpl 2 .'/ v

where a' iz the cocfficlent that allows for the method of securing

the plate;

T« .. ' . s the flexural stiffness of the plate (E = Z.1° .

10° kg/cm2 18 the Young's modulus for steel, B = 1.2-108
kg/cmz is the Youry's modulus for caat iron, and for
aluminum, E = 0.7-10° kg/cmz);

Fuissou's ratin for steel, o = 0.2 for cast iron, _ ]

and for eluminum, o = 0.34; h is the plate thickness)}; and

Pl =+{h/g (here ¥ is the specific weipht of the material, g 1is

the acceleration due to gravity),. 1

o
The cocfficient A' has variouz values, depending on the methods of

mounting anc the types of vibrations, When mounted in the center with the’

eadges frec and when the form of the vibrations is umbrella-ghaped, a' =

3.75. When mounted in the center with three edges and with the vibrations

in the form »f two perpendicular nedal diameters, a' = 5.25. When a

specimen ig mounted in the center with 1its edges free and when the vibrations

are in the form of a unimodal circle, a' = 9,07,

The free-vibration frequencies of specimens 30 mm in diameter and 2 mm

s s Fodo it ey R thd o

in thickness, made of varicus materiale, when &' = 3,75, are as follows:

10
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+Prequoricy of Vibrations

Specimen Material of the Firast Form in IHa

Stecl | ' 12,700 i

Aluainum 12,500 %

. Cast Iron 9,550 LT é

i

: i

. In practice, the value of a' 18 selacted in each specific zas. in %
b

relaction to the kind of mounting. The effect of specimen mounting is ]

checked o calibration or magnetostriction stands.

To estiwmate the error of calculatinz the free-vibration frequencies
of specimens of different sfzes, experiments 2an be conducted to determine
them experimeatally cn vibratory audlo+frequency range calibration stands,

A VK-ID model stand, which has a working firequency range of 50-15,000 Hz,

can De recormanded,
Fine  guartz sapd is used for the visual deteranination of the instant

of resonance-onget, ard the resonance frequency is reccrded with an audio-

et WD e ket et T

genera or.,
The cxperimental verification of the free-vibration frequencies of

tpecimens shows that the error in their celculated determination dces not

exceed 5%.

e e A S i tar Bt o
s i s A2, WA . .

Since stuilies on cavitatSfon damage of specimens can be conducted

with various MSV, with resonance frequencies of 50079, 10,000, 12,000,
19,000, and 20,000 Hz, and therefore, with various vibration amplitudes,
one wust find the amplitudes of specimen vibrations for each MSV, They

are determined in the frequency range to 10,000 Hz by an acoustic method

o A bt e

using instrurents of the type IVPSh, PIU, and so on, and in the higher !
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freoquency range == by an optical technique using special microscopes.
The amplitude characteristics of stacks are recorded as a function of

the output indicators of the amplifiers to deteruine the vibration

anplitudes by the optical metheod.

14. Results of Teating Specimens of Various Materials for Cavitation

Damage

Y5V zee wicely used by various authors to determine the effect of

nunierous focuors on cavitation dawage in vibrating and fixed specimens.
Propertles of the material, eifect of the mediuw, vibration characteristics,
and other parameters on cavitatlos danijec are studied. Since the MSV

used for these purposex produse signifiz.nzly more intense vibrational
fields than the vibrational fleids of diera| engiues, the damage processes

of the test Bpepcimens Cake

laoge weny viapidly, Dolectable danwpge suificicent

r
to estimate their extent begins even $n Q.13 howrc, A3 an example, 1in
Figures 30-32 are shown photographa ;f speclmeny cf som wmaterials used in
diesel engine conatruction after sairral hours of tentig. Damage pits

can be clearly secn on the specimens, as deep as L,7 mm, The area of

the surface of a specimen subjecled to dsmage depunds on the experimental .
conditions and the methud of ggunting the spacimen, For wil materials
without exception, the ertent of damage increases in pisortion to the

test time and vibration acceiersiion, The axtent of damapge is affected by
the harduness and nlcroviructure of the material, sarfave finish, temperature
of the medium, viscoaity, givs coutent of the liquid, snad fts Impurivy
content, electroconductiviiy of the liquid, and otlier factrres., A hyper=-

bolic function 15 observed bntweew thu extenv of demaj e Lo & vpecimen
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(weight loss) and tha test time (FPigure 33). The weight loss of a

materia  specimen is characterized by the following function
. o Py k .
. As, = a' A GoS & (t/tg) (27)
where a' 15 a coefficient that depends on the speclmen material;

. A G\}

1s the weight loss taken as the zero threshold (0.1 mg);

Sc = Wp/g is a dimensionless coefficient characterizing vibration

acceleration (wp is the acceleration of vibrations of the

concentrator face);

t, is the specimen test time;

to 15 the time taken as the zero threshold (1 min); and

n and k are exponants.

-
o ——

Figure 30, Specimen of AK & Material After

9 Hours ¢f Testing on a MSV (Weight
Loss 50 mg, Initial Weight 7.79 g,
Final Weight 7.74 g)

Teuts made on virious censtruction materials uged in diesel engine
building for cylinder liners and cylinder blocks, using M5V, showed that

the greatest weight losses in the same test time for the same vibratiou

113
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acceleration and for other equal conditions are recorded for aluminum

alloys, Then come caat iron and steel material, The least damage is

found for spedimens of material coated with opal and hard chromium.

Figure 31, Speciuen of SCh Cast Iron
After 14 Hours of Teeting
on s 12 kHz MSV

Figure 32. Specimen of 38KhMYuA Steel
. After 3 Hours Testing on a
. 10 kHz MSV

An analysis of experimental data showed that the ratios recorded for

material damage agree with those of other experimentors investigating
the damuge of specimens at different times,

Adopting as unit damage the damage suffered by a specimen of

: 38 KhMYuA steel, given otherwise equal conditfons the damage to a specimen
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of gray cast iron SCh 24-48 will occur 6,8«7 times faster, and

10 timea faster for an aluminum specimen, that is, an aluminum zlloy

ig the leagt cavitatfon-resistant a8 we can gee from the curves in

Figure 33.
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Figure 33, Damage to Specimens of
Various Materials Dater-
nined a MSV:

e

s

1 = Steel coated with opal chismium 2 = 38 KMYuA steel 3 = SCh 24-44 {
{Text in paragraph gives 24=4;)cast iron 4 ~ AK 4

KEY: A ~ t, hours :
B - A\G, g

From Figure 34 we see tha;laftér 3 hours' testing of steel specimens
with different excitation frequencies and vibration smplitudes, the :
greatest damage resulted when maximum accelerations were applied.

In conducting tests of specimens on vibrators, it was noted that
sometimes the progression of cavitation damage to specimens dies out afcer
some time following the beginning of tests. This i{s assocfated with the

change in the amplitude characteristic of the MSV, which is pencil-shaped. j

The maximum amplitudes are obrcerved at the resonant frequencies, Thirty mm

Jrreepes
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specimens were selected for the test and they exhibited free-vibration
frequencies in the ranpge 7500-12,700 Hz, depending oun the.-spacimen thick-
ness and its rgterial, The free-vibration frequencies of the specimens

depend on ‘their thickness and mase.

Filgure 34, Danage to Stecl Specimens
&t Constant Water Temperature
ag a Function of Various
Accelerations (The Numerical
Values Next to the Curve Stand
for the Vibration ‘mplitude,
in um)

KEY: A = mg/cm2
B - kliz

With increasing weight loss during the damage process, specimen

thickness and mass change, which causes a change in the free~vibration

frequency and shifts the system from the resonance zone into the lower~

acceleration region. Here the damage rate is significantly slowed or

halted altogether, Damage occurs more intensively in materials 1if the
surface finish 18 reduced. Under otherwise equal conditions, a variation
in surface finish from the second to the fifth class reduces the damage
by 5-10%.

Thus, tests of specimens on the MSV permit an estimate of cavitation

damage to a material specimen, in 2 very short time interval, under given

il6
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conditions, without conducting expensive and laborious tests in diesel

engines,

15, Use of Data From MSV Tests of Specimens of Materfals and Coatings
to Datermine the Cavitatfon Resistance of Cylinder Liners of Diesal
Eoglues
We know that in diesel engines the process of cavitation damage

devcelops over hundreds and thousands of hours. This process proceeds

more intensively in diesel enginea with high vibrosactivity, Therefoxa
it appeéars advantageous in the finishing of diesel engines to study
phenomena of cavitation damage in conditions of the more intense course
of the process, that is, on MSV,

Differeui values of M3V amplirudeafraquency sheracterised rmit
obtaining failure in specimens over several minutes or hours that are
commensurable with damage in cylindrg liners obtained in diesel engines
over hundreds of hours,

Studies of the cavitation damage to material specimens on the MSV
and diesel engine cylinder liners show that in either case the extent of

the damage AG obeys the gsame law, which has the following form

where a' ia a coefficient that depends only on the specimen material; and
d and n  are exponeats,
Under this law one can calculate, approximately, what damage will

occur in diesel engines for other values of Vibrational acceleration

. i o e
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when the extent of damage to material specimens obtained on a MSV ias
known, .

The da2mage AG will occur in the time interval t if the ratio of
- the acceleration of vibrationmal motion of the surface being damaged to
the acceleration due to gravity is the quantity Sc'

. Hence

to obtain the same damage AG but for a different ratio of the accelera-
tion of the vibrational meotion of a surface to the acceleration due to

pravity, S, a different time interval {s required:
Cl ,

i - i
' .
: N

fs ‘ ;1;.;.‘:. )
From thesc expressions it follows that with increasa in 5. » the tiwe t
during which the same extent of damage occurs will be shorter,

To coupare the results cof scudiing damage in various specimens of
materisls obtained with a MSV, witt the results of cQags.made on diesel
engine cylinder liners constructed cf materiala under comparisoun, it
. .peared necessary to establish the time required to obtain the same extent
oi damage for different accelerationn. Knowing the ratio of these times-
is also necessary to estimate the results o accelerated tests of a diegel
engine for cavitation erosfion and to estimate {ts normal operating time

uvntil the onset of the same extent of damage as in accelerated tests,

Here the time scale M {3 determined, approximately, by the relation:

o ‘ “;.‘\.“.I X ST PRIV
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Studies showed that one csn use Lh; root4¥ = 2 for practical
purposes, with adequate precision,

Thet?fore} the same extent of damage A G for the values Sc and Sc1
charncterizing the acceleration of the vibrational motion of surfaces
will be obtafned in the time t and k) which are found in a relaciog—
ship as 3
Vi -

On eatablishing the mathematical dependence of the time factor for
the same extent of damage as a function of the acceleration of vibrational
motion, one must present the true values of the scale factor when working
in different frequency ranges with different accelerations of vibrational
motion,

Ca lculated and actual time scale data for the extent of damage AG =
100 mg = const are presented in Table 11,

The data in Table 11 show that the error in calculating the time
scale in the rauge of working accelerations in diesel engines and in
vibrators up to 1000 g does not exceed 10-12%, therefore formula (29)
can be used for approximate calculations. ]

Thus, the results of cavitation tests of construction material
specimens (aluminum alloys, steel, cast iron, and so on) on MSV can
be reconverted to the o.erating conditions of diesel cylinder liners by
us ing the appropriate scale.

Figure 35 presents the curve of the dependence of the extent of

damage to a specimen of SCh 24-44 cast iron on the service time for tests

made on a 12 kHz MSV at S = 5100 with & vibrational amplitude of 10 y, m, and
c

B s & sanknmm S adik hmim et et AR A abemarthmam sk am e DTS



Fipure 36 shows the calculatced service time of liners made of the same

cast ivon, for different accelcrations,

calculated and experimental data is satisfactory.

The agrcement betwecen the

In the same fashion

all kinds of coatings, for example, damping, solid, and refractory coatings

can be tested on 15V and be calculated for diesel cngine performance.

o U B~ Www

Table 11. Calculated and Actual Time Scale Data

t. 1in hours
y 1o hour
t in hours
cepx in hours [bxp = experimentai}

Hcal

an Enc - act:ual]

[;al = calculated]

Errors in per cent
Remark, The following notation was adopted: t is the actual
experimental time: Hc 1 is the calculated eXP gcale factor;

and Mac is the experimental scale factor.
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Figure 35, Fallure of a, SCh 24-44 Cast
Iron Specimen on a 12 kHz MSV

KEY: A - t, hours

B - Ag,g/en’
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Figure 26, Calculated Weight Loss Curves
0f SCh 24-44 Cast Iron Liners
When Serving in Niesel Engines
Wich Different 5 Values: o0 0 0 ==
Damage to a Cast® Iron Liner
of a Ch 10,5/13 Dicsel Fngzine
for Vibration With S: - 20

KEY: A - t, hours ; B = [&:,g/cmz
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10. Advantares apd Dicadventapes of Accelerated Speciunun Test

Methode

An edvapntage of accclerated tests of material specimens on MSV

1z the rrnidity of thi tests and the low outlays In crinducting chen.

These tects provide cor.orable results for the extent cf damage in the

g1 conttruction vioterial with recpect to snother. MEV tests make It

possible to find hew phyalcochemicsl propertics of the liquid mediva,

it gzas gatuiafion, avid snveral cther factorz aflect fatlure, Satisfactory

retalts arc alpe peovidad by such kests {n studying the rcooistunce of

hard and reoirictory cvetings and aleg all kinds of elastic damying coacings

applied on surfaccr cubject to failure. The results of thege regts can

gerve as the basfs for cetimating the efficleacy of a waterial ox a
coating in service conditions il a diesel engine.

The élzadvauniages oui the acnelerated  tedt method wusi @ regarded

as the fact that 14 does ot afford an estimate of efficleney over an

extendad time interval, 4s & resulv of M3V tests of additives for diesel

engine coolsut water, the relative coffect of varicus additives on reducin
1 » 8

damage i8 asccrralned. However, MSV tests do not enter the quescion as to

the serviceability of an additive fu tiwe, that is, its practical su.tabilicy.

In actual cxperience 1t turus owt thoc the addlcives that are mwost sgtable

in time, that do not decompose into congt’ icnts, and that do mot precipltats

in 150=-200 hours have tho preatcest cffect on reducing couling surface

damage. Therefore one cannot judge the efficlency of additives from MSV

testa since regults contradicting actual data from diesel engine tests
can be obtained,
MSV tests also do not permit a full estimation of the effect that

mechanical, electrochemical and temperature factors have on the overall
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damage of & surface, since the tests are conducked in the high=frequency
range and at very high accelerations,
) 17, Accel;r#nion Yiethods of Testing Diesel Encines for Cavitaiion Damage
vherers ic tests nade of the cavitation damage of specimens on }SV
’ it becomes poyrnihle to {ncrewase the vibratory field by tens and aundreds
of times and thus to shnrply intensify thé procesa of apacimen damage,
in an actual dlesel cugine the cavitation damage process proceeds slowly ==
takings hundreds and thoussnds of heurs,

When studies were mide on a diesel engine to select active agents
nrotecting 2sainst cavitation erosion, vo shorten the test time of each }
varfant ic often provea useful to intensify the cavitation processes, which j
is achieved by increasing the gap beotween the piston and the cylinder {

liner in order to raise the energy of piaton fu.act against the liner,

ard this «cieleration in testing is also achlever by running the diesel

o -

engins in regimes during which cavitation e¢rosion is intensified. This

tiikes 1t possible to Intensify the process of damage to parte swept by
water %1 the test dilesel engine by several times and to reduce the test

duration by an equal nurber of times.

s e i . 3

By intensilying the damage process by fourfold, damuge can be pro-
duced 4n 500 hours that is equivalent to the damage in a series-built
diecel obtained after 2000 hours of operation,

To iatensify the process cf damage to cylinder iiners in the Ch 15/18
diescl engine, one wust triple the liner vibrational level, which is
uchieved by facreaeing the tharmal gap between the piston and the liner by

0.25 mm.
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Figure 37. Dependence of Damage on Vibration and Temperatures
@ ~ Chanre in Vibration of Cylinder Liner of the
Ch 15/18 Diesel on the Thermal Gap Between the
Piston and the Lirer; b - Increase in Weight Loss
as a Punction of Liner Vibration; ¢ = Increase
jn Damage as a Function of Medium Temp:rature, for
1,05 atm Freasure in the Medium

KEY: &4 - L, db
B=-AG, g

When the vibrational level of q-lincr'ia tripled, tke rate of its
cavitotion damage increases by about twofold,

cperation of a diesel engine in the cooling temperature range
55=60° ¢ as corpared to 78-80° C with normal operating couditions also
intensifies the failure process by a factor of 2.

Thus, a threefold incredase in the liner vibrational level and
operating the diesel engine in the cooling teumperature range >5«60° C
means a fourfold increase in the cavitation damage process, which in turn
wuakes it posaible to shorten the diegel engine test time by a factor of
four., ‘

Pigure 37 presente functicns characterizing the extent of acceleration

of the cavitation dazage process in accelerated testing. Pigure 37a
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shows the increase in liner vibration w}th increase in the thermal gap

berveen the piston and the liner, and Figure 37b shows an increase in

damage wigh.a }150 in vibrations. When vibrarions are increased from

15 to 44 g, darzie c¢limbs by a factor of 2 .
Figure 37 chows the dependence of damage on cooling temperatﬁre.

A terperature rise from 20 to 55° ¢ incrcasecs damage by twofold, In tests

on Ch 15/18 diesels and other models by the method of increzsing the

vibrational level and selecting the appropriate cocling temperature, the

test time for esach of the variants of diesel engine design considered for

cavitation resistance can be appreciably shortened. These tests are

accelerated and are conducted under a 500 hour progrem, instead of

2000-2200 hours.

ale mae

- o - oo Ao d -
T inte:‘.s;f; ChAe CaVivavion dam

8¢ process by « ulgher factor, one
nust add{tionally increase the vibrational level of the surfaces being
dsmaged by selecting the appropriate“diesel engine operating reginme,
increes :ing the roughness of the surfaces undergoiog daﬁagé to the second
finish class, and cooling the diese! witl. an open conling system, which

increases the gas content in the water,

13, Visual Estimation of Gavitation Processes and the Initial Stage of
Cavitation Damage Iin Diesel Engines
Estimating the extent of damage to surfaces swept with water, cylinder
liners, and blocks of diesel engines 1s usually carried out after they

have been run for a certain npumber of hourse.
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Diesel engines, both experimental as weil as vhose cvperatad in

the national economy, run for different time intervals in different

regines, And this means changes in the vibratory fields of diesel ergines,

their cooling regfme, and other paramecers that can strongly affeet the

buildup of cavitation damage to sur faces,

The Intensity of the vibratiou of a cylinder liner (of a specific

diesel engine model) depends on {ts operating regime, As the load is

increasea, the side prescure force rises. Under otherwise equal concitions,

this increzies the rate at which the piston siaps from one cylinder wall

to the other (with a change In the sign of the side pressure forces), and,
therefore, the encrgy of its lmpact agaiast the liner, but on the other

hand, as the load goes up the temperzture of the pisgton rises and the

o

g3p between it snd the liner (aspecially for clundnum pilstuis) decreares
Therefore the Intensity of liner vibraclon ¢an increase and decrease with
rise ir load, depending on the type Jf diesel engine,

0. e of the indirect characteristics by which cne can evaluate the

intensity of cavitation erosion to surfaces is the intenaity of the vibra-

tory field,

In evaluating damage based on vibrational psramecers, naturully the

effect of other paramcters affecting surface ervsion 1s not taken ilto

account.

Transparent windows are built ir  the block for dirvect obsrervation

of the cavitation procees in diesel engine ccoling juckets (¥igure 3f).

| The windowe are made of plexiglas, The configuration of the internzl

surfaces in the cooling system, when the windows ave installed, muet be

kept unchanged.

L

4 T e h e b

kv Oty A

A

TR e

e AR ki < il NN

TR

e et A e e AR Lttt i



T e LA M 1 11w o34 - o 30 s o

e

Figure 38, Trancparent Window in a Dlesel Engine
Block for Cbscrvation of the Stsape of
Cavitution Buildup

To estimate the first (initfal) stage of cavitation damage, liners
in a test block are coated with a thin laye; of bakelite varnish with
white nitro dye. This coating very rapidly breaks dcwn when subjeccted
to cavitation erosion and in 3> hours of operation dark pits are tormed
in the coating, which can be readily observed with the unaided eye.

Observing an operating diesel! with an experimental block and transe
parent windows makes it possible to visually estimate the zone of
inception of cavitation bubbles, their approximate size, the direction
of motion, and importantly, to establish that the areas of a surface where
a small volume of bubbles are form. d, whose lifetiwe {5 very short, are
sub jected to damage.

It was found that cavities (bubbles) emerge along the vertical axia

of the external surface of a liner, at the site of the vibration antiunode.
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Bubbles entrained by the liquid flow, whose diamcier is not lese than
0.2-C.4mm, ar¢ observable, The time they spend  within the Viafts of
vi:tbi]it; iu rhout. 1 recond,  In addition to these, smaller bubbles
cotieseing 1uco lavoer bubplcs up to 3 wo in diocpetcr ave observed;'.Lthe
larpger bubbles separate due to lift action, float upwardu, and are entrained
by the liquid ilow, Also observable are the cloudy reglons consisgting of
larpe nusoers of very fine bubbles.

Vhen the 1dling rpu of Ch 15/18 diceel engines is increaged, a
gradueal rise in the size and the nuubcrs of bubbles grouping into larger
bubbles 18 wigible. Then they are entrained by the water flow. Bubbles
smaller than 0.> mm in dianmeter are not observed, just as ls thi case for
the cloudy regioas.

By increzsing the diesel engine losd from O to 100%, that is 1500 rpn,
we observed a reduction In the bubble size due to the buildup in chs
intenvity of liner vibrations,

Lven at a 757 load, the bubbles decrecase down to dimensions which
make them virtually invieible and they can b; tracked only as individual
persistent cloudy regloas. Using the high-speed SKS-1M-16 motion plcture
camara, the lifetime of the largest bubbles of the cloudy regilons was
established, 0.001-0.003 sec. The bubbles appear and disappear on the
spot.

Finer bubbles cannot be observed in the cloudy regions without special

telephoto and high-speed motion picture cameras, since their dimensions

and lifetimes are very small, The high-speed camera uged can provide fileing

at the speed of 800-1200 frames per second; this can record the buildup

——
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of a bubble with a lifetime of 0.01 sec,
The use of a special ccating and ite damage show that small cavities,

in the form of cloudy regions, are the most dangerous. Pits in light

. ceatings form wost often in their vicinity.
Vigual cirervation of bubble growth confirms that cavitation erosion
. in dicsel engines occure most intensively at the highest vibration levels

sand corresponds to the muxirum speed and load opcrating conditions of

diesel engines, and & ccoling temperature in the range 50-60° C with the

PP -t P

prescure in the cooling system at 1l-1,) atmospheres.
Observation of the buildup of visible bubblies during the diesel engine
starting and warming period shows that as a diesel engine warms up the

numbar of bubbles becomes smaller, However, the bubbles forming in these

regimes are larger in size and virtually always surface and are swept
away by the water flow without disintegrating at their inception sites, :

A block fitted with transparent-windows makes it possible to visually
observe the buildup of separate bubbles as the vibratofy field of different

cylinders is increased, which can be varied by changing the thermal gap

WL eesan dre ek

between piston and liner and also by changing the gap in the lower seating

shoulder betwecen the liner and the block.

Observation results chow that as the vibrational level is increased,

S ot s i e el

cavity size becomes smaller and failure proceede more Intensively.

19. Estimation of Cavitation Damage in Diesel Engine Cylinder Liners

AT

Cylinder liners fail in the zones of vibration and antinodes. The

wost intense damage lies on the surface of a liner perpendicular to the

rocking plane of a connecting rod frow the side force lccation. Therefore
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in investigations to find the methods by which to reduce the intensity
of cavitaticn damage in liners, the extent of damage must be estimated
for aurfagea gt which it i{s most intense, An estimation of the extent
of damage bascd on weight loss, related to the weight of the intact {iner,
is highly inaccurate owing to thc preat difference in the values of the

weight loss and the weipht of the intact liner, and also due to the

weight losses associatcd with wear,

Figure 39, Arrangement of Zones of
Maximum Cavitation Damage
in a2 Cylinder Liner:

-
1

Connecting rod rocking plane

~
L]

Direction along which side force P acts

W
§

Zone of greatest to external surface of liner

4 - Specimen

More exact is the excired specimen method. A specimen with damage
areas 18 cut out of the surface perpendicular to the connecting rod
rocking plane at the gide along which the maximum side forces acts, and

a control sample free of cavitation damage is cut out of any part of the

1350
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undamaged aurface, for cxample, from :ﬁe area of point B (Figurae 39),
Specimens taken from liners of a 6 Ch 15/18 diesel are shown in Figure
40, |

for the dinage to liners from different diesel engines to be
conparable, the ratio of the specimon area to the external area of the
liner is assumed constant and equal to 0.025. On this basis, one can
obtain the true extent of specimen area S, for a liner of any diesel

engine:

S = xy,

where x is the size of the specimen along the circumfarence (Figure 39);
y is the size of the specimen along the height of the liner,

Since SX/S1 - 0.025,\13 assumed K} = lineil, and S1 = 1 Do 1 (s, 1is

u 1

che outer suriace of the liner}

[
_____ <% gy wRiC

S = 0.0254D - 1 em?,
x ou

‘*hus, the absolute extent of damage {8 determined from tha differcuce
in weights of identical-size specimens cut from damaged and undamaged
liner surfaces.

Cases of cavitation daméée to cylinder liners are observed in which
a limited number of pits (only several) appear in the damaged gurface,
but they rapidly increase in depth and cause the liner tec malfunction, by
forming continuous flaws, In all cases the total welght loss of a specimen
can be small, therefore here an estimation of the intemsity of cavitation

damage must be made¢ by measuring the pit depth,

The extent of damage in liners depends on the operating time,
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acceleration of vibrations, the coolinp. {emperature, the liner material,
the ffaish of the damaged surface, the pressure in the cooling system and
several other tactors, The ltevel of vibr. tlons in the oferating time of
the liner aftects damage rost strongly. Pigurc 40 shows the curves of
damrye intensity in time aa a function of the dimensionless quantity 'Sc.
Sc characterize the acceleration of vibration motion of a surface. From
Figure 41 we scc¢ that depunding on the acceleration, the same weight losa
of a liner AG can be obtained in diffcrent times, and the shorter the
time, the greater the vibrstion acceleration. Ter a vibration acceleration
of 100 g, a 1 gram failure can be obtained In 110 hours of operation, and

for a 500 g acceleration, even in 60 hours,

&) b)

Figure 40, Specimens from Liners of a
€ Ch 15/18 Diesel Engines
a = After Service in the
Diesel Engine b « Before
Service

Figure 42 shows the damage to liners at different vibration accelera~
tiong. Analysis of these data shows that the damage curves constitute a

family of parabolas passing through the origin of coordinates and which

g .
(I
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can be described by the equation

NG g,

vhere t 18 the operating tiwe of the liner after which damage is deter-

. mined;
i . q 18 the pavomster characterizing the acceleration of liner vfﬁra-
g . tions; and

- 1 is the exponent of the power function, depeudent on vibration

acceleration,
In its final form, the expression for estimating the damage in
eylinder liners ag a function of vibration acceleration, under otherwise

equal conditions, is as follows:
ViAo g, (30

Here t 1isg the diescl engine operating time in hours;

fo

¢ ¢ b - s the exponent for S, in the equation, in which

the negative term corrects it for low S. valucs not exceeding 60, .

A

NI

Figure 41, Dependence of Operating Time t Required
to Produce the Same Extent of Damage
for Diifereut Sc:

1-AG=1g 2 - AG=0.1¢g
KEY: A - t, hours
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In estimatin: the extent of cavitation demage to liners one must

allow for the Lind of damage. Damage in cavitation is represented by

cone~nitaped ptts with the apex directed downward in to the bulk of the
metal, Eﬁpcrioncc has shown that {f tlL.:. pit depth 18 three-fourths of

the thickness of the liner wal., cracks form in the liner extending

throurh the damacge craters and the diesel engine malfunctions., For

exarple, for 6 Ch 15/18 dicsel with 6 nu thick liners, a 52 grem weight

loss of a liner sp:cimen is the maxiwmum, In this case the specific loss

is 1.5 g/cmz, At the szane time, & specific loss of 0,08 g/cm2 (absolute
loss 3 g) 18 not doupgerous since the pits have a negligible depth, Only

clouded arcas and gpalescence colors are observed at the surface.,

A

Pigure 42, Cavitation Dimage in Liners of

.. Diesel Engines for Different
Accelerations:

l and 2 - Material specimen 3 -5 « Diesel congine liners

KEY: & - Ac, g
B - t, hours

The maximum allowable damage depends on the liner thickness and

differs for different diesel engines, Figure 43 shows the coefficient g

L

e b

L

it Lt sl b PP R

e b Rt Pl b . R b £ S



&

fae

. e
L TR AR AR a4 s b e

s s e T e e WS vao -

cliuracterizlng the wnaximum allowable damage to cylinder liners of diegel

engines as & function of wall thickness:

- 3 (3
55 (S0 = ] cmz, the area taken as a unit of damage); -

iy (&G, s

the weight loss of a dicsel engine cylinder liner;

[SGU = 1072 ky, the weight loss taken as the zexo threshold).
Where the case when only a few pits appear in liners subjected to

cavication domage, g must be deternined with respect to the increases in

plt depth,

Fig. 43. Depondence of the coerfficient
é character zing the maximum allowable
damage to lincrs as a function of

liner thickness h
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FACTORS A TECTING THE UNTENSTTY OF CALIVATION DAMAGE iN
* DIESEL ENGINES

20: Ta%t-onsity of Liner Vibrations and the Effect of Design FPactors

The fuadanental source of cavitatlion crosion in lirners and bloc;l
of diesgl enzices L3 the hipgh-fraquency vibrations of these cylincex
liners caused by piston impact passing f{rom one cylinder wall to the
other near the top dead center as the sign of the side pressure force
chauges. &lap 18 ccusad by the presence uf a gap between 1t and
the c¢ylindar lincr. Thus, the cmaller this gap the lower the iwmpact
energy of the piston spainet tae cylinder wall, A sigrnificant reduction
in the gap 1n the cylinder -~ piston group is a difficuit task since a
piston, allowing for thermal and mechanical strains arising as the
load operating regime of a diesel engine ig varied, must have & carefully
profiled shape, that 18, an oval, 1B ¢ross sccetion, and barrel-ghaped,
heigh-wige., 2 further decrease in the gop between the liner and the
piston leads to scoring.

The size of tihis gap depends on the pi;ton wmaterial (the cocificient
of linear expanaion), the leyel of diesal engine uprating, the design
dimeusfous of tha plston, its configuration, and so c¢n,

The energy of the piston fupact against the liner wall is deterunined
by the velocity that the piston has in the transverse direction (slap)
and by it mass. The piston velocity at the instant of encountering
the liner wuall will rise with iccrease in the gup in the piston-liner
pair and with rise in the fide pressure force {(allowing fur the gas and

irercial forces acting on the piston),
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The striking of a piaton against {ts liner causes a "burst of
its vibrations with a wide spread of values. Analysis of oscillograms
shows that the beginning of these intensi{fied vibrations lags behind
the instaﬂt‘of chanre 1in the sign of these gide pressurc forces in the
piston rachianigm by the time nceded for the piston to travel within ;he
gap lizits frow one cylinder wall to the other, and the recorded 1liner
vibrations are causcd by piston iupact and not by strains produced by
gaseous forces or other factors.

From an ingpection of the ocacillograms of liner vibrations we see
that in mo3t cases & liaer vibrates together with the piston presscd
againat ft., But in {udividusl cases (but especially when the spread
of vibration values is large), accelerations of vibrational wotion
prove to be 30 large that the fnsrtial forces induced in the transverse
direction exceed the force of the piston slde pressure against the
cylinder wall, resulting in the piston rebéunding and then reimpacting
against the cylinder wuall., This cén be seen from the breaks in the
vibra.lon peaks on oacilloprams. During the period of these intensified
vibrations, which constitute natural vibratious of the elastic wall of
the liner with tha piston pressed against it, which can be regarded s
vibrations of an elastic rod with an ettached concentrated mags, the
accealoerations of vibrational metion at a frequency in the range 900-
2000 Hz. exceeds by tens of timead tha aczeleration due to gravity, G.
This vibracionel process then is ths main source of cavitation in a
diesel engine.

As shown by experiments, the 25% fincrease in the gap leads to a
2.5 to 3.5 db increase in vivrations for s numbor of diesel engineas,

apd a 507 peoa tncerewne 14y o a b to 6 wectbel fvercoce, Tests
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on s 4CHL0.5/13 diesel engine showed cgat a 50% gap incre led to
an appreciable rise in vibrations in the high-frequency range.

An 1pc;e;se in the piston mass with the gop in the piston-liner
pair and the side pressure forces kopt constant leads to a rise in the
encrpy of the ivdact and to a higher intensity of liner wall vibraﬁions.
Here ona muct take account of the fact that an increase in the piston
mass8 leads to a rige in the inertial forces directed in the opposite
direction of the pascous forces, and to a decreasc in the gide pressurc
forces, Thig decrease i{n the side pressuce forces leads to the
veloclty of piston transverse wotion from ome cvlinder wall to amother
dropping off, To a large extent, this compensates for the lucrzsee in

the piston mass in the resulting encrgy of the impact against the

liner in the vicinity cf TRC
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Ag experimanta ghoved, an incruns; in piston weight by a factor
of 1,5/2 docs not cause an appreciible rise in the vibrations of limers
#ud blocks in’ diesel engines; When experiments were conducted on
dicsel engin~s, the rernovature rejime, the gap in the moving members,
combustion pressure, cycle roughness and geveral other parame ters were
kept constant, This made it possible to avoid the effect of extraneous
factors on vibrations of diesel engine cylinder linera and block as the
piston weipght was varied, 7The pistons were made of different materials
using the sam2 drawings and identical thermal gap was maintained.

Thz nature of liner vibrationms proved to be streongly affected by
piston design ond the distiibution of 1its weight between parts situated
above the axis of the piston pin and below it. This 1s because &s the
Pilston rever
lapact against the liner is carried out by a corner of the piston. In
this case, thc vibrations intensify .compared with those that occur if
the piston scrikes the liner simultaneously with the eﬁcire generatrix
ci 1ts cuter contour.

As studies showed, when the piaton weiéht is redistributed between
its head and skirt, the nature of liner vibrations is modified. Tests
conducted on a 1Ch 8.5/11 diesel engine (Table 12) confirmed that
minimum liner vibrations occur in the absence of canting of the piston
relative to the piston pin axis, When the pieton weight is redistributed
relative to the pin axis, there is a change in the canting moment.
Similarly, minimm vibrations are observed in & Model Ch 8.5/11 when

the weight of the piston head is 525 g and the piston trunk weigha

395 g.
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? Thus, a variation in the ratio of HcighL; of pisten head to

%2 piston skirt lcads to a significant change in vibrations, while tha

g overall change in piston Qeight hig a small effect on the intenalty of

; . lincr vibfations. ]
% . Reducing the somersaulting action of a piscon can be achieved ]

* intensity of vibratfons on several wodels of engines e¢s & function of

the ratio of piston diameter to piston length,

&lso by increasing the piston length. Table 13 presents data on tho

Table 13: Effect of Picton Length on Range uf Liner Vibrations

o NPt ——— YT L )

|
1
[

i

i
i
1
P
|
I

Key:

1, Diesel engine model ;
2. D6 . g
3. Ch 10.5/713 ’]
4, Ch 8.5/11

5, D1548M '
6. Piston diameter in mh. o
7. Ratio cf piston length to pisteon dizmzter L
8. Range of intense diesel engine wibrations, Hz P
9. To

From Table 13 we see that for a long piston {D154BM diesel emgine)
the vibrations of the engine become low-frequency &s & result of the
greater area of piston contact with the liner at the instant of slap.

“ha effect of increasing the length of th¢ piston truak on tha

intensity of diesel engine vibrations was tested on & Cn 8.5/11 diesel
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enzine vailch provided an indirect estiuate of liner vibrations. Piston
length was increased from 112.a (series-produced piston) to 130mm, As

shown by studter, the minirva diesel engine vibrations were observed

when the trunk lensth was increased by 9-m and were 114db. A further

increasc in the trink length led to a rise in the intensity of vibrations.

. v

Vibrations reach«d a level of 120db when the piston length was 130cwm
[Qhould be umﬂ <5 against 116dbh for a series-produced piston. This is
becavse the incrcase above 8 certain limit (12lmm) in the trunk length
increases the woment canting the piston and causes a rise in the level
of vibrations,

The canting of a piston during impact is also indicated by the
change in the spectral composition of the vibrational level,

For a serici-produced piston (1l1l2mx), the highest levels of
vibrations are obscrved up to 2000 Hz, and when the piston length is
121tmn - only up to 13500 Hz, As thehfrequeﬁcy and amplitude of
vibrations &are reduced, the acceleration is likewise diminighed, which
leads to an abrupt reduction in cavitation damage,

The offset of a piston pin has soxme effect on reducing the vibrations
of binders and blccks in diesel engines, Changes in vibrations for
different piston pin offset values were tosied on the diesel engines
1 Ch 8.5/11 and 1 Ch 10,5/13. A special piston was built in which the
piston pin axis could be shifted relative to the piston axis by
replacing inserts with excentric openings for the pin, 1

The shifcing of the piston pin axis relative to the piston axis
(offsetting of the piston pin axis) changes the side pressure forces,
An additional inoment appears tilting the piston, For the appropriate

selection of the offser value, a reducticn in the cnerpy of {mpact of

101



e

the piston arafngt the liner and a decrease fn the intensity of liner

vibrationa can be achicved,

~Table i4: Vibration Frequency as. a Pwietion of Liner Thichness

o2 .3 .
[ i .

ST

1. Lincr thickness in ma,

2. Freguency of free vibratiouns Hz.

3. Vibrational specd in em/sec

4., (Stiffnsss ribbing)

During the period of investigations, the offset value was varied
wicthin the limits from 0.5 to 6mn, ;ﬁd the overall vibracicnal lewvel =
by 3db.

To estimate the 2ffcet of cylinder liner etiffriess on limer vibration,
tests were mude on ¢ylinders of various thickncszees and on c¢ylinders
fabricated froa different materials. Befors the beginning of the acovitic
tests of 2 diesel with different cylinder lincrs, the free-vibration
frequencies of the cylinder liners were determined im wstatic conditicns,
we know that the free-vibration frequency range changee with chang:s in
structural stiffnesg. One muat establish how the material and thickneus
of the cylinder liner affecte its free vibrations.

An increase in the thickness of a cyiinder liner made of the sany

material leads to a reduction In the intensity of {ts vibrations

[
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(Table 16) in spite of an fncr 'ase in the vibration frequency.

Tests in full-gize conditions on operating diesel engines that
were conducted on cylinder liners of various gtiffuess values confirmed
the rtuatic teat renults, Vibrations of the cylinder liners decreaged
with increase in thickness., In approximate terms that can be assumed
that a docrease in vibrations as the thickness of cylinder liners is

increased aobeys the following function:

Lo Ly W ab

Here L. and L, are the vibrational levels tor the tests aund the rated

2 1
cyli~der thicknesses. H, and Hj are the t it and rated cylinder liner

thicknesses.

From these data it follows thac doubling the cylinder liner thickness

reduces the diesel englne vibrations by an average of 3db {that 1is, by
nearly half). At the same time, when the cylinder liner thickness 1is
increased with a reduction in the total levels, the viSr;tiona it the
high-frequency spectral region beccue less.

A typical m2thod of seating a liner in & cylinder block is the
procedure in which the liner -has in its upper section a shoulder and a
guide zone, and in its lower section - a second support rone provided
with rubber sealing rings.

Under otherwise equal conditions, the liner vibrations will be
weaker, the shorter the span between the support zones and the tighter
the seating of a liner in the block at the support zome, Naturally, a

reduction in liner vibrations will be promoted by an increase in the

nunber of support zonee (if tight seating will he achieved between

4 -
1.
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them aud the block, or when the pgap 18 much snaller than the amplitude
of the liner vibratione) and, as an extreme case, fitting the liner

with screvu-type cupport projsctions cover its entire hetght,

Pigure 44: Cavitation Damape in Specfncne as & Function of the

- Gzp Al T'stucen T 5 for Different Frequencles of Exciting Forces
at Conatont Acceleration:

A , \
. ; /"\. .

° ‘ “.\ \'\

} A "
- TR T e
1 « 20 KH= 7« 10 K=z 3 -5 Kz

Key: A « G, mg

Cavitucion erosion in diesel engines is somewhat affected, with
the liner vibration intensity kept constant;by the degign of the water
jacket, and above &ll by the thickness of the water layer surroun.ing
the cylinder., Not only does the flow rate of the water depend on the
distance between the wallas of the liner and the block (the thickness of
the water layer), but also the resilience of the layer. It is noted
that the thinner (beyond some'iimtt) the water layer {n the water jacket,
the less resilient it is, Cavitation erosion occurs more intensively
in the narrow cavities for the same water flow rate not only within the
cylinder but also within the blocks. This becomes especially evident at

the locations of support zones if they have a gap sufficiently large that

weter passes through it.
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The cffect of the vesilicuce of the water layer is associated with
the fact a: the water layer is wede thinner, tensile and compressive
strescen ave produced, for em.ller strains, which then give rise to the
inceptico and collarse of cavitition bubbles, .

Toeets viadae on PvV showed (Figure 44) that the weight loss of
2luminv i speelwers 1s marked'y alfected by the gapAll between vibrating
and fixcd (acting us & shield) epecimens. Tests were conducted in tap
vater,

The damage intensity curves No. 1 and 2 plotted based on data of
tests at 20 and 10 :Hz have a welle-defined maxfmum, however this occurs
for different gape Lietween vibroting and fixed specimens,

S. P, Kozyrev [ 23] noted that the presence of a failure maximun
18 aspociated with the natyral freauepcy of the cavit-tioxn bubbles
which on entering into resonance with the frequeney of the exciting
force, collupse more intensively and; &8 a consequence, more strotugly
damage the cooling surface, The corresponding diameters of the c-.vi-

tation bubble can be determined from a formula derived by Sweet,

0,06

T

whexe d is the dismeter of the cavitation void in cm, and

f is the frequency of the exciting force in kHz.

The diameters of cavitation bubbles capable of resonating as a
function of excitation frequency will be as follows:

£ in kHz... 2 5 7 8 10 12 15 20 22
d in om ... 3,3 1,3 0.93 0.82 0.66 0,55 0.44 0,33 0.3
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From these data we see that for vibratioAs of liners occurring &t
frequencies up to 2 kHz, evidently one muat not expect a marked effect
of resonance phcropena, since bubbles this large (diametere pgreater
thon J.Zmi for 2 kiz and below) have great lift urd surface without
collap-fag. ‘Therefore the effect of the thickness of the water 1aye;
in tha jacket is assoclatcd muinly with changes in layer resilicnce.
Moreover, even uith the MGV it was noted that, beginning &t excitation
frequenciee of 4,5 - 5kHz and below the damage values as 8 function of
the pap between spectimens levels off (Curve 3, Figure 44), since at
this frequency the resonance cavitation bubbles are wmore than lmm in
diameter and surface,

In several cuases, in studies made on the MSV the data
on the cffect of the gap bectween vibrating and fixed specimens do
not zpree with the daca obteired in ruli-sire diesel engine tegts.

On the M5V the failure of the vibrating spccimen (a liner aralogue)
increases with decrease in the distance to the fixed specimen (binck
analogue), The simulation failure of these tests is evidently associated
with the following observations: ’

1) in MSV tests, the high@r vibration frequency was directly above
the intensity of the cavitation processes, thercfore the resilience of
the water layer played & secondary vrole; and

2) a flow of fluid from the vibrating specimen to the fixed specimen
was arranged on the MSV, which altered the nature of the pressure distri-
bution in the zone of the specimen compared with the actual cooling system
where intense vibrations of liners caused s somewhat different distribution

of acoustic pressure.
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Figure 45: Liner of Diesel Engine with Cavitation
Duwye Along the Lower Zone
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Figure 4b: Appearance of Lower Zone of Liner
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Figure 47: Damage to Block in Lower Zone

Iutenae cavitation dunage in a number of diesnel engines in
narrew locations (im the sreas of the scating choulders) at times leads to
cracks in lincexs aud blocks.

Figure 45 shovus the cyiinder limcr of a b Ch 15/18 diesel cngine
with j:utense cavitation pits along the lower seating zone, indficated
with esrows. The cavitation pits, uvp to l.5mm deep, are densely scattered
over t.ae surfoce in the arca of the lover seating zone, where after
528 houre of diciel engine operation in a trdck, a crack appeared in the
liner and the dicsel engine malfuntictioned. Figurs 46 shows a severely
cavitated lower seating shoulder of the liner of a diesel engine from
the SKL {German Democratic Republic) Dicsel Plant having run
for about 2000 hours with the gap at the shoulder of about 3mm. On
another liner of this same diegel engine, the shoulder shows no
discernable traces of cavitation damage since the gap was much smaller,
l1.2mm, In these capes, the seating zones of the blocks also were

attacked besides the attack in the liners.
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Figure &7 shows with ur arrow sipnificant dumage areas in the

vicinity of the lower scating zone of the block of a 6 Ch 15/18 diesel

enpine,

.

1t 18 shown by operating practice cavitation damage in the area of
the upper seating shoulder can prove very dangeroua. Wwhen & gap up to
Ira is present between the cylindrical sections of the liners snd the
blocls beneath the upper scating shoulder, intensive cavitation and damage

can occur in the locatien of fntense vibration, both in the liner and in

the block,

21: Lffect »f Cooling Systenm Design on the Cavitation Erosion of
Lincrs and Blocks in Diesel Lngines
Two systems of liquid cooling are used in dlesels: flow type
and ciecsad tyne
The flow systcm, fresh water or sea waier, after cooling diesel
engine parts, arrives at the overflo;. Contrasted to this system, icn
the clrced cooling system, weter beyond the engine enters a heat exchanger

where it is cooled (with water or air) and retumed again to

the engine.

In both the flow type and'the closed cooling system, devices for
temperature regulation can be provided so that the temperature of the
water exiting from the engine for different load regimes ,rjed
only 3slightly. To do this, vater is directed in two directions in
the flow system from the thixmoptat (two-channel) installed at the cutlet

from the engine to the overflow end along a diversion pipe back to the

water pump and to the engine, In the closed cooling rystem, the thermo-
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stat directs the wuter ziso in tuwo ¢firectioans: to the hcat~exchanger
and back to til:". ensine.

Wien-a -d cuel wngin: {s being operated at lew loada, as the
arovat of heso glven il inle the woter 18 reduncd, tie theraal regulation
6ysteu that oo nloys recycling most of the water passing thiough Lhe
ens fue back to tie engine st waintoin the re nired temprrature level
in the coolivy system,

Av the prooent time, ccoling systels in use either have no
teuperature regulition syston whatever, or else {15 present, they exhibit
a derree of contrel nonuniformity so0 high thal during the operating
tice at low loads engincg piuove to be fupercooldd,

A key dicidvionvage of the £flow type evystem in the fact that vhen

pitpgm(nen wegsr? {mavjre jpsesilaticus) L7 uweed te cool p diveel eagine,

1=

the temperature of the water flouwiny out of the engine wust not excead
50-559C to aveid depus’ts of xale (s;ulc) iv the cosling systes, that ia,
the temperature repime that 18 wmost disadvantagcous frow the sturcpoint
of cavitation damépe muet be malntained, Iu.the absence of a temperature
repguluting systen, the tewperature of the water at the inlat ianto o diesel
engine fluctuaies widely dcpeﬁding on the navigation conditfons of the
vessel wond the tiwe of che yecar, the dicoel engine often operates super-
coeicd and aw a result gups are increascd and the level of linor vibratious
rises,

Floving watoer containg ugually larpe numbers of cavitatiou mucled

1o chie Jlorm of Lubbles of s£ir and gas, und also In the formof solid

suspended psrticles. All this wakes tlhe flow Lype cooling system unfavourasble
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with recpect to cavitation ~rosion of éylindcr liners and Llucks. More~
ovar, vhen sea water 48 used Iin a flew type cooling sys:em, all the water
Jackete of un.erginc are gubjscted to corrosive erosion.

I cently, the ¢losed eystem of zooling is T{inding greater use i?
diercl oncines of all types bvesinning with large crocrheed, hlgh-cdpacity
engines dowm to i.all ones.

A system in vhich weter {8 pumped from the water cooler into the
cylinder jackets, and then srrives in the cylinder head and cavity of
the exlauat manitold, and then baclk again into the cooler is the mosu
widespread closed cooling systoe. The use of pure water with winimum
alkalinity, wcfdity, and gas content in the system reduces the scale
depusits and diminich:s corrceion demage,

Howeves, the closed system of cooling will be effective and justify

1toelf 4n the countrol of cavitation erosion only 1f the cooling temperature

regite 15 8% ~ 90°C for a prescure in the system clooe Lo the atmospheric,
1.1 - 1,2 atm, and when the cooling teampcrature regime is 90 - 959C for
4 pressure of about 2 atm,

This tewperature reglme must bae mnintai;ed when the diesel 18
beirg opcrated (n all cegimes. But {n ectual conditicns in many cases
when dlescli englnes ore opersted at low losds, the temperature in the
couliny mystem falls to 40 - 00°C, that 1s, down to a temperature that
1a the must unfayerable from the standpoint of build up of cavitatioan
erosion processes,

The ceooling system of the M50 marine diescl enginse was wmodernized
at the Dnepr Staanship Company for hydrofoil ships. The mwdernizsticn of

tha cooliayg vvetem consfsted ot 20 - 40% cf thoe water pumped witn a
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water pump inco the aft-jscket space and itg bypass back to the Intake

connection of the water puw, This made it possible, first of all, to

chorten the diecci cngine warnm up time and to ralse the temperatures in
the cooling systea by 3 - 5% for rated-power operation, which became

78 ~ 62°C after %CO houra of operation of a diesel cngine with mocernizcd

R ki

coolinp systewm; 1t was found that cavitation erosion to the cylinder liners

and blocks of the enpine was reduced conpared with the damage over the
sae tive interval, but with a serieg~built coolinu system. Afrer 900
houre o! operazicy in series-tullt M50 diesel enpines in the Dnepr
Steamahip Live, piis up to Z - 2,5mm derp appeared on the cylincer liners,
while vith the ncdernized gystem damage was reduced.

Personnel at lovthern River Steamship Line using 3D6 marine diesels

algo incressed the teaperaturc regime in the ccoling system by modernilzing

™o -
‘o’:l bl

wwidetndaivion i Lie- ccollng syntem consisted in bypossing

i3

30 - VU4 of the coolant water past the block into the Jacket of che
exhaust manifold, Thic meagure was c;rricd out by inctalling an ¢dditiona
3/4"-gection of piping from the water pump to the exhaust manifolu cavity.
As & result, lv was possible to rafse the temperature regime fox 3D6
dlesel =zngine cooling end, as a reeult, tc prolong the service life of
cylinder liners in the diesel éﬁgineu from 2000 - ” Q0 hours to 4500 -
5000 hours,

The mezaures adopted by the steamship coupanies made it possiple to
raflee the temperature of the cooling system (Iin all velocity and load
regimea)

ind to reduce cavitation demage to liners and blocks in diesel

angines, The same effect could have been achieved by improving the

tewperature regulstion by increawiong the proportion of water bypassed over

1
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the cooler directly iuto the intake mainline of the water pump.,

In evaluating the cffect of che cooling system design on the

cavitation damage, onn must estimate the role of the water flow rate

in the cdoling cavities,
he flow rate in differetiv dlesel engines and at different poigts

in a watcy covity of the came diescl engine varies vithin the lizits
0.2 -~ 1.00/zec and c¢nly in sone engines does it rise to Bm/sec at
scveral paintu, As chicwn by the hydrodynaric theory of cavitation, this
velecity 15 clearly inzuificlent for the ifuitial stages of cavitation to
build up., This war also confiriued by experiments in which water was
pumped throusn the cugine's forced feed  cooling aystem in the abeence
of liner vibrations,

A study of combined effect of water flow rate and tho vibratory

field of a waterial spccimen, using a MSV, showed that as the flow rate

of the water 13 increused the demage at the gume vibratiocnal leval rises, .

This can be zccounted for by an increase in the flow rate vy (w * water)
of water layecrs with respect to caclh other and by a reduction in the

rupture streogth of water, she rupture of water and the implosion of

e dmmaatrbne, |

cavitation bubbles occur, under otherwise equal conditions, with lower
vibro-activity. When vibro-activity is increased, damape becomes more
intense (Figure 4B),

In some loweoutput dlesel engines, the water pump capacity can be

i Y nam e e et

80 high that the precesure drops in the water system at the locatiuno of i

water inflow into the block will reach the level required for cavitation

processes to occur, With the water pump capacity kept unchanged, this is

+ i A

also observed in downrated diesel engine models, The presence of liner




e

vibratio:s will promote the buildup of cavitation processes, Cavitation
bubbles arvise in the zone of minimum pressures at the areas of water

supply narrowing, and on entciing the increased pressure zone partially
collapaiuﬁ in the exprnded cooling cavity, dazmaging the cooling surface
both in the block and in the liner. The damage at these locations is
eliminated by changing the cross-scction and sh2pe of the inlet and outlet
water courncctions on< by changiog the angle of inlet and outlet iuclination,
that is, by reducing the pressure drop in the nearest cross secticn of the
water-inlet and watcr-outlet channels,

Figure 48: Dependence of Cavitation Damage to Specimens on the
Plow Rate of the Fluid and the Vibratory Field,

LY

”

Key: A: AG, ¢
Bs v, w/sec

e
~3
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Effect of Diesel Engine Operaving Regime

The diesel engine operating regime affects the intenaity of vibrations
of cylinder liners by way of changes (in accordance with the diesel engine
operating regime) in the clearances in the piston~cylinder group, and by
changes in the glde precsure fories, Increasimg the rpm for a specific

dies :1 enyine i8 reflectsd in a change in the gide pressure forces owing

154
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U a rise §o the Inertia component (the over~ll side pressure force

boocomes rualler). Wirh on increase in rpm per unit diesel engine operating

Line, e on ler of picton impacts against the cylinder wall rises and

"

oo th Lo os of frt-ige eylinder linmer vibrations, leading to cavitation

A rir> {n the 8ice pressure force as a function of the extent of
¢irange in s can play either the principle or secondary role. The
autlity € rocseceture regulation of the engine affects ths intensity of
tovitation czeo3lon when thie load regime 18 increased. 1f, for a reduced
lerg the vorpera2iure of thic water in the cooling system is sharply
Lorered, whiew as the load 15 Incressed, the temperature regime proves to
Le vore optinal end the cavitation ercsion becowes less, Experiments
chaved thut din wodel G 10,5713 diesel engines (with aluminum pistons) a
virze in tho load is accempanied by a reduction in cavitation dsmage, but
in nedel Ch 15/18 diesel engines, in'contrast, by greater damage.

4n inciycase in the vpm in all cases must lead to greater dam:ge
per unit dlesel operating tiue.

Flgure 49 presents a nciicgrar for estimeting the vibro-activity
0f diegel uu;port flanges. Thae level of waln-frequency and high-frequency

caured by operntion of the pistone~cylinder group and transmitted from

the diesel engina block te the support flange 1s determined with the
nowogram at the point at which the lines of power avd diesel engine zpm
fotersect with the inclined line characterfzing the vibrationa »f the

diesel engine block. The vibraticna arc read off ugward,
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% Figure 49: losopram for Calcdlating the Vibration of
b biisel Enpiac Bedplate,
§
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Prom the ncmogram we see that the total level of diesel engine

tocal rises by 1 db per each 100 rpm for the high~speed diesel engines.

Vibrations increase by 0.4 db for this case, with a two~fold rise in

¢
§
!
{
vibration increaces with an Increase {n the rpm, and on the average this %
1
|
1

{
power., i
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Pigure 50: Vibration Spectra of the 6 Ch 15/18
Diesel snpgine Block

; ' ' Thparn

Figure 50 shows the vibration spectra of a 6 Ch 15/18 diesel
engine block, Curve 1 characterizes the vibration spectrum at 1000 rpm
with a 10% icad, and Curve Z - the spectrum at 15U0 rpm with a 1007%
load, Vibrations of liners and blocks increase as the cooling

tenperature 18 lowercd.

23: Effect of Properties of Coolant Liquid on the Intensity of

Cavitation Damage

It was experimentally obgerved that the frequency of turnover of
coolant water in a diesel or water in which tects are conducted on a
MSV affects damage intensity,

When long-term experiments were conducted for a number of hours in
the same water, damage occurred sowewhat slower, The experiments
conducted in which water wzs periodically changed show that cavitation
damage intensifies with respact to experiments conducted in the sane

water.

[SPEIP- SSN



Rt b

g T e

e

o —— e

LR F el

o

AT SPTTERE ST  T

s PERTIMER

I A IR P Ao - 737005 3 i rgmeen s ormsmren e -

The bPulldup {n cavitation dacage -in replhced water can be accounted
for by the prusunce in 1t of a larger asmount of dissolved air than fn

the water frow which disgolved gases aud air have already evolved.

. Figvere 531t Lffcct of Frequency of Water Replacement on
the Faflure of a Cast-iron Specimen Tested on
a 18,5 kHz 13V (Sc=1370, Surface Finish 3):

T

. . in__mA 4 —

! i
. | ! !
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» | 4 |
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_“_’,/’f /-0/---—- R
B o U e
R <
‘ N L2
1 -« and 3 - Water it not changed
2 « and & ~ Water is chauged "
© - and 2 - T=15°C .
" e and 4 = T=65°C
Key: A: t, hcurs
3: AG, ¢ ‘

41ir dissolved in water reduces the strength of water, which then
leads, for the same vibracio; amp:iitudes and frequencies, to the more
facile formation of vapor-gas bubbles. Converzely, a sharp rise in the
number of air bubblcs in water leads te an increcase in ita resilience and
hampers the collapse of cavitation bubbles.

Prior treatment of water when it is warmed and sound-irradiated

reduces the intensity of cavitation damage.
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Figur. 51 shows the change in the'weiaht.loasas oL specimens
as & funct ou of test duration fur different temperaturcs, in which
water wag rc . laced znd {n which woter was unchunged during the exptrimentse.
The curves in this firere show that the derro {ntensity depends on
Cenperature

For eveorfments in water whozo temperaturc was kept at 15= and
65°C, water replacemen: was shova to have an eifect, It was found
that the slope of the curve characterizing danage when water was changed,
coupared to curves obtained im experinents usiiz the pem2 wvater is 5¢
hizher and remalns unchanged for different watcr temperatures., On this
bisis the iacensification of damage can be determined for cases in
wiich water was changed.

Prem Tguere $2 wWe sce that the build up in danage AG 1z the

di{ference

where G‘1 and G' are the damage iut.naities in replaced and unreplaced
watar,

Assuming that (¥ = B + 5°, we get

NG L G G e l> '

The ratio

for a piven coolant water temperature remaina conetant and can be taken
as the coefficient kl. Then an increase in the intensity of damage to

a surface for the same duration, under otherwise equal conditions,
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expregsc. in grams, will be as follows for the case of periodic

wacer replacement:
»

NG = klcl.

Thui, the coefficient k1 is a function of the coolant liquid
teaperature since the durage at different temperatures differs (the slope
of the curves is diifferent) and, therefore, the slope data of these

curves 1s also diffcrent.

The total weight loss for dawage in replaced water {s found as

thae gsuw

6y = G' +I,G' =G (1K),

-

* . }é i v ! 7
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[T _:/ B _(/"‘1

AT T
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T
1 - Water unchanged 2 = Water changed

Key A: key, hours
B: G, ¢

The slopes of the damage curves for different temperatures were

taken from materiale of the preceding sectiona of this book. Th:
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coefficiunte calculated baged on the experiwents conducted are Listed

in Table 15,

Froa th-or dats 1t follows that in the tcomperature ragimes

corcespn i, to the voelmas ot dicrel englunn with the (lew-type cooling
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syatem (" eQPCY, procences of cavitation dwmage intensify by 20 ~ 23%.
The 14 heer fvtewitvdcation ol cavitatioa occurs at low temperatures
L]
covresnhr . .irn to steviivy regines, It is typical to mote that {n the
<
high tev-orature rvan », 65 -« 907C, the proccis slows down at atmospheric
rressure and is equai:d to the process oceuring in water that has lost
its dissolvad air,
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Key: 1. Temparaturc of water in °c
2. 4aAngle 45
The effect of the water temperature on cavitation damage is caused
mainly by changes in the saturated vapor pressure.
It bears noting that oxygen is the most corrosive component affecting
a buildup 1in damage. PFigure 53 shows the dependence of damage on
MR
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purcing of water vith various gases. The greatest damage results when
water is swept Ith oxysgen (Curve 1). 7%hie dawape 18 wuch more intense
than d.aage In tep water (Carve 2),  Sveeping water wlth gasea that do

not intensify tha oxidation of N2 and 002 leads, coaversely, to a

. weal “alne of envdtation da: 2. .
. In thore ¢ =i5 vhen the 1cerdfal dimaged by cavitation is subjectel
. to exidation (L¢- ecraunle &lluy ctecl) evon aveepinn water with oxygen

reduces the cavitotion fnteraity (Figures 54), Here the presonce of
gases in water inareases ite damping properties end compressibilicy,
Figure 55 shous Lhoe rate of camage for steel 60 as 2 function of the
frequency of apeciven vibratious. The effect of the presence of oxygen
in water begins to become evident at the frequency 2.5 « 3 kHz, that s,
precicoly in the frequency rauge at which oxidation processes begin to
become evident in cavitation damage, Generally only machanical factors
affect damage in the lower range of vibration frequencies.

If a material is weakly affected by oxidation (Figure 56), the
presence of oxygen in water is equivalent to the precence of uny c:her
g3as in water and docs not intensify the damage proce:ss even in the
high~frequency range, 10 - 20 kdz,

It is useful to examine in closer detail the effect that oxygen
dissolved in water has on the damage suffered by materials used in
diesel engine building,

Verification of the effect that the oxygen content has on
cavitation damage was conducted on aluminum and cast-iron epecimens
30mm in diameter on a MSV in tap water, distilled water and also in

high-purity water (high-purity water is distilled water purified in

P S




W trmm et g i T e srme s

a Fl-5 fon-exeh filter, ensuring

water), The spoolnona were tested {n a heroetfc.lly cealed bach wich

Steway water replhocemeut fa the buth
were o {pried cv.ory hour of eoperation,

const.at In the voupe of 18 - 2a°¢,

tutal removal of oxygen from

vvery 15 mitutes., The specimens
e water toumperature was kept

Lering the investigation, a

regalur enalysis o5 nade of vater for owyien content, (Table 16),

Pigure b5: Dansge to Steel 67 in Water Sczurated With

Vavions Gases (7
and C-r Volune T

=10z, A=(G.075 w, p=l atn,

Leev 50 ml /min)

, §oend
/o ,
,//-:,—_: ‘\:\\\i _l
s e
1-0, 2 - Without g:s sweeping 3 = Np 4 - ¢0,

Key: A: Qg, ag/hr
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Iigure 55: Lffect of 67y Content ,/
fn Water on the Lo tao Steel 69 /
at & Puncticn of the VYibration Fre- g
guaney (& - 0,075 v, p = 1 aum,
LW 5.50(‘-, aud Gas Volitne Flow
50 wl/oin:
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i
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Fipare 56: Hif-cc of Gas Contenl In Water on the Lamage to
the sreel Lo 172 Cit1188 2y a Function of Vibmatlou
Frooucney (A - 0,025zm, p o~ 1 atm, t = 559C, and
Gas Volune Flow 50 ol/iein):
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Pligure 57, a and b » .ws the futeusity Pf cavitation dumage to
aluatinum &nd cadt fron as & functlon of the orygoun content {n water,
Teats showed that the paa satdration of water hae diffcrent effacts on
thie {nteinity of cavitation cdamage of cowt fron wnd aluminum.

Parifying water of oxygen makes it posslble to signisicantly reduce
cuavitetion damages tu cast iron specimens. 1o tuap water the damage was
aprroximately 13= 17 mg/hour, wnile in distilled water 4t wes 5 = O wg/hour
and in high-purity water, 3 = 4 mg/hour. 7The nature of the vroeion

damape o a vannple osurface also varlwd, The surface of a sanple testead

{n tap witer woa coated with pits up to lam in disveter and 0.0 mu in
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¢ty and WIth 4 yptfor layer of corrosion products. The corrosion
e tiers were cooploetely avsent on the surface of the specimen tested
£ 1 Nepurits warer,  Abc crosfon pits were not move than O.2ta iu

di. o, thae fu, 5 tires coaller than in tap water, and at a depth

o: &WiY 3. Th e tesults corivspond to the data presented in the study

[, W .ever, in this goedy no conafderution was given to the corrosion

Lo o, whdeln sonhiteally becoaes ncnifoat waen cast dron Was teeted

in Ligh-purity vater, Stoel i not coested with correocion producta in

thiw ingt of water and L3 veight 1oss in gmallev than {n tap water.
FPipare 57: Dovaze to Spechiena in Waver: 1 - Cho 24 - 44
Case Llron; b~ 4L4 (4Hluminum Alloy)
LAy b,
O R I
| | / . ' [ : H
./,/ ! . //,
~ v ' e
v o] e
7 . LT
S : ol e
L7 ' die 2
, ma - B [ . 7
. /
L - Tap witer 2 = Distflled water 3 - Hijh-purity watar

Key Az G,
B: 1, haoure
Lypariments chowed that Lthe efroct of Lthe gas saiuration of liquid
on croafon dumujo caunot be consldered apart from chemiceal activity and
the coxroe’fasn 1wsistance of & wu vcinl, THis Lw courirmed by the fact
that when conslderable smounts of peas ara present in a liquid, the force

of the hydvauiic fapact avising Lrom the fmplosion vt cavitation bubblew
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decreases, that 18, the gas contained in the fiquid ard in bubbles

hus @ dampiny action on the collapsc of the bullle and does not peurmit

it to complctuly break deim. Thia is mest charaecteristic for aluminum
alloya. Tests of alurdnum etpecirmens in distilled water &nd in high~purity
w-.ter form cavitias in the motal 1% to 2 times deeper than in tap wa;er

ccaitaloing larpe gas content,

Table 10: Grg Content 1n Water
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1. WHater cuaracterictics
Ve Aly contewt {n np/l
ce o Oxvp2n contant Lnomg/l
e T\')'n.-ﬁ-l.

S Dissolved

&, Tap water

Je Dirvilled water

8. High-purity water

It must be nnted that damage to alurinum in daptilled veter and
in high-parity wvater also dilfers compared to cach other, although to
& logger exteut than this danrge differs 40 tap weter, bLedpht lossces
and dimensional changeu {n pitting davaga tn high-nurity watar provad
to he svumevhat greator and wore localized, TIhie indicates the predomi«

nance of mechanical factora of atteck in this situation, Mechanical

dumape 16 somevhat lesa in disrilled water, howaver, here the chemical

17
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pPZocesses occur mure actively, where th; oxide film in distilled water
proves tou be twlce 48 large in area than in high-purizy water.

C&ﬁt_ith i a stronger material and at the semy timc has a lower
corrosion resiztance. During tests made 4in highepuxity water, the
cavitation of cast ircn proved to be four times lezs than in tap water.
Lhen a vapor-pas bubble ccllapses, the &ir contained in it iz heated to
« high temperature. The presence of high temperature and high oxygen
content in water (the air dissolvad in the water i{s sewmevhsat richer in
oxygen than atmospheric air) promurcse energetic oxidation processes
during cavitation,

In the closure and collapse of cavities formzd in highe~purity
water, the strength of the hydraulic impacts is commensurable with the
strength of cegt 2Zron, 85 kg/mmz. The closure of vapoar-gas bubbles
formed during cavitation in tap water reduces the [crcs of the hydraulic
impact which are commensurable only'witbh the stcenpth of aluminum 15 ~ 20
kg/mmz.

A atudy of the effect that the geay saturation of liguid hag on
cavitatioo erosfon during accelerated teuts.on magnezvatrictive vibrators
supgested prelininary conclusions on the ussfulness of conducting full-size
tugtr on dicsel engines using degassing of water for eniinc cooling
syatens made of differcut construction materials,

The viscosity of the coolant strongly affects all physicochenical
processen occuring in it., First of all, tha comprasaibility of the [luid
and forces of interaction of tha molecules In thn mediun change, All

these quantitice affect cavitation and cavitatiou damage,
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Let us congider che effecr that che viscosity of the wedium has
on cavitatiop dazage only with respect to the demage to-the slip
bearings lubricated with oils of differeut viscosit:ies, Changing tha
viscosity of a #iuid in dieszl englne cooling systems by using anif~’
freezes and oither flulds more viscous than water is not justified.

Pipure 58 shows 2 curve characrerizing the damage to Babbitt
resulting frem the viscogity of oil; 0il viscoscity is regulated by
tempevature, With an increzse in viscosity, the damage becomes less,
gince it 18 difficuly to rupture the fluid at high viscosities.

4 study of the effert that the viacosity of a mediuva has on
cavitation damage to different bearing materials (A92 aluminuw alloy,
lead bronze, and Ek-2 Babbitt) showa that aluminum alloy proved to ba
the mosU roaistant walerial Lo cevitaticon damage in oil., Dansz
characterizing damage in terws of the cavitation pi¢ depth in different
materials in M12b oil at 60°C with ahviacoaity of 44.7 centiatokes in
1.5 « liour tests on a M5V were as fcllows: Bke2 Babbitt was daunaged to
& depth of O,6mm during this time, lead bronre ~ to a deptl of 0.Zum, and
aluminum aiitoy - only to a depth of 0.0%um,

The viscosity decresases Qﬁd daniage intensifies with increars in the
temperature of a mediwr, Thue, wien the tempurature is raised frow

60 - 90°C, the intensity in damage focreases roughly by twofold. The

temperature dependence of ofl vigcosity 18 ghown in Talle 17,

24: Preliminary Bvaluation of Factors PDetermining the Overall Damage in

Diezvl Engilne Cavitation

Experfmenial studies conducted in the TeNIDI, [Gentral Sclentific
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Rzseareh Dicsel Instituté}and a gcneraiizacion of regsearch studies
Lls, 21, 3§} show that cavitacion damage to the surfaces of liners and
blocks swept By coolant water in wmost cases results from the combined

action of ;:rrianical and electro-chemical factors.

Fipure 58: Cavitation Dazage of Babbitt as a FPunction
. of 011 Viscocity:

-:wA e

'\. - - ——
'.‘\\' N N '“l
_.1-i<" 5__?

e :\.‘-. ".'“‘f_ - B'
L MGV ol Cins-20 ofl O D?«11 oil

Fey: A: AG, mg
B: Centistokes

Table 17: Kinemazl: Vigcosity of Oila in Centigtokes
at Varicoae Temperatures

TR T
L L ,
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Key: 1. 0Ll grade

2. Teuwperature {n degrees C,
J. DP-11 oil

4., 1S5-20 oil

5. l‘.MV

6, MNi2B
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Figure 59 shows the overall gpecimen damage curve, plotted in
coordinates of waight lose end frequency, with the vibration ecceleration
kept constant, Also plovted {n this figure are approximate data on the
componeiits of overall damage, mechanical and electrochemicul factorss

At point A' in Curve 2, the dawmage was obteined on a magnetostrictive
vibrutor, and at point A" in Curve 3 « the weight loss wag for the same
specimen as at point A' but after the specimen had been cleaned free of
corrosion products in an oil bath with an ultrusonic device,

The damage at point B, G, and D in Curve 1 were nsbtained with a
magnetostrictive vibrator., Washing the specimens in an oil bath did not

produce decrements to the weight loss,

Figure 59; Specimen Damage
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1 - Total damage 2 =~ Due to mechanical forces 3 - Due to electrochemi-
cal processes

Key: _A: AG, g
B: f, kHz

At the peint B', C', and D' the weight values were cbtained by

welghing «cied remaing of metal particlee precipitating in the water
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during che 8pecimen damage process, and at points BY, C', and D" -

by filtering the corrosion producta from the water. Particles pre-

cipitai ing were not taken into account. In plotting the curves, no

considerction was given, either, to the fact that the electrochemical

procesces pro.ote more intense mechanical demage. Therefore these data

must be recarded as approximate.

[PV R S APASE SR AP v

Froa preliminary data (Figure 59), 1t follows that in the region
up to 2000 - 3C00 Hz, the chief factor in the overall damage is :
mechanical, that 1g, damage occurs mainly due to the mechanical separation
of metal particles under the effect of the shockwave formed during the
implosion of the cavity, In this vibration frequency range the
cavitation cavities formed Jue to the separation of the liquid are
relatively large and attain a radius of a tenth of a millimeter. Upon

coliapse of a cavicy of large initial velume, very high preassures build

saii ok

up in it capable of breaking apart metal particles, The cyclicity of

cavity tormation is directly proporéional to the vibration frequency and
i8 relatively low. Here the highk t.uwperatures building up in the cavity,

in turn, being responsible for electrochemical processes, are able tao

; be eharply reduced owing to heat removal into the ambient wmedium considering

v

the low cyclicity of the process and the relatively small number of
large cavities., Therefore, even though the electrocheuical process is i
cbserved in the vibration frequency range up to 1000 - 3000 Hz it does

not have an appreciable effect.

et eomrmm s = =

Upon inspection of the liners of several diesel engines which
vibrated within the limits 1000 - 3000 Hz, it was noted that after 300 Sy

and 500 hours of operation an even thin coating of corrosion products
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appeared on thelr surfaces and only scéttered.pointa in the damaged
surface had damage areas relatively free of corrosion products.

Thus, 2n*apparent contradiction is in effect. Initially the
stucdfies étaﬁed that in this frequency range the electrochemical factor
plays a secondary role in failure. On the other hand, inspection o£.
liners and blocke of diesel engines indicates the clear presence of
corrcsfon products.

The electrochcmical process does uot play a substantial role in
damage to cylinder liners and blocks either in a gravimetric sense, cr
by forming decp pits. Mechanical damage in this renge of vibrations

many times exceeds electrochemical damage, But the presence of an

even layer of corrocion products 18 due only to the fact that here there

18 no cleaning of the gurface free of corrosion products by means of
acoustic vibrations. The effect of acoustic vibraticns on surface
cleaning shows up in the higher fregquency ;ange.

Fractionation of cavitation ciévities occurs in the range of

high vibration frequencies, 5000 - 20,000 Hz with voids produced in

the liquid. As shown by high-speed motion picture photography and visual

observation, cavitation csvities vecome very tiny and their inicial

diameter is only thousandths and millionths of a millimeter which i{s many

times smaller than the diameter of cavities in low-frequency vibrations,

This phenomenon (fragmentation of cavitation cavities) is due to the
emulsifying of liquids when exposed to ultrasonic vibrations. Here the
nuomber of vapor-gas cavitation cavitiee 1s very large and they are ob-
served in the fornm of clouded areas in the vicinity of the vibrating

surface., Individual cavities cannot be seen and photographed without
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wigh magnification. As a result of the very low initial volume of

the cavities, whan they implcde lower pressures build up in them than

the presgures.which are attained in the implosion of large cavities in

low-frequency vibrations, end therefore, thcir kinetic energy is less.
Tiie hydrodynemic theory enables us to estimate, to the first

approximoticn, the kinetic cnergy T, in the {mplosion of a cavity in

terms of its initial diameter

p 4 3
T, .-~ “y TPrGy

where ro is the initial greatest radius of the cavity.

Thus, in the collapse of a small-volume cavity the impact force is
less, Because a large number of cavities implode in a limited volume of
the liquid adjoining the surface of the vibrating part the removal of the
heat given off in cavity implosion 1s hindered. The temperature of the
mediun in this volume rises. The hxdraulié impacts induced during the
closure of each cf the cavities at the microsurfaces can form mic o=
couples with very lov internal resistance. As a result, an inten.e
electrochemical process of the erosion of the part can oeccur, which
based on the data Iin brackets @7, 5€] is aggravated by the facile damage
to the oxide film by the mech;nical action of the forces induced in the
implosion of cavities when the surface is undergoing high-frequency
vibrations.

Thus, in highefrequency vibrations, together with mechanical erosion
in the overall process of cavitation damsge, electrical erosion cén be
more strongly evident.

The absence of corrosion products on the damaged surfaces of parts

(in parcticular in diefel engines) subjected to high-frequency vibrations
174
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{s accounted for by the fuact the corros;on products are cleaned off the
surfacee into solutions upon exposure to high-frequency vibretion., The
corrosion‘proJUCtn can be scparated {rom the water by filtration.

Based on thz dats given in [30], the teuperature of gas wich%n
a cavity Tg rax can reach very high values and is determined by thé

following expression:

[e = end]

Here T, is the initial temperature;
Y is the index of the cavity compression adiabat;
P° and Pe represent the pressure at the beginning and the end of
counpression,
Since an exact measurement of tempcraﬁures in the microvolumes of
water thus far cammeot be achieved ow;ng to the high~frequency nature
of the process and 1its instability, it is very difficult to estimate the

true temperaturecs during the closure of cavitation cavities,

However, indirect observation show that the temperatures developing -

in microvolumes are 700°C and.kigher. This can be estimated by the
flashes of powder particles introduced into a cavitating volume of water
(the powder ignites) and by the opalescence colors which accompany the
initial stage of damage. The opalescence colors are clearly discernable
in diesel engine blocks made of aluminum and cast iron, ard slso for
gteel and chrome-plated steel liners. PFurther investigatfons will

doubtless represent the pattern of damage in various dfesel eugines with
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different frequency-amplitude characteristica, more exactly, which in
turn will determine wall-defincd ways of protecting diesel engines

against cavitation damage,

CHAITER FIVE

METHODS OF REDLCING CAVITATION PROCESSES IN DILESEL ENGINES

25: Desipgn Methods of Decreasing Vibrations in Diesel Engine Cylinder
Liners

In diesel engine design, speclal attention must be given to
eliminating vibrations in cylinder liners or decreasing their intensity
to allowable limits (18 - 20g).

It is always more rational to eliminate the sources leading to
cavitation processes in dlesel engines than to find ways of conmtrolling
their aiftereffects,

Let us examine what then are the main design procedures for reducing
cylinder liner vibrations.

The most effective means of re ucing the energy of piston impact
against the cylinder wall is to decrease che.gap between the piston and
the cylindar liner.

In estimating the required gap one must consider that the diesel
engine operates in various load and velocity regimes, and when they undergo
changes in piston temperature and diameter change., To insure the operation
of the cylinder-piston group with minimum gaps in all regimes, the
preference (as far as possible) must be given to materials with low
coefficiente of linear expansion, and also for pistons made of light alloy, -

aluminum alloys with increased 8 licon content (AL26). These alloys,
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exhibiting good strength properties are suitable for chill-casting of
pistons and have much lower coefficients of linesy expansion compared
wvith the ordi?arily uscd forged AK 4 aluminum alloy.

Sc¢ 1f one considers that the temperature of the piston trunk when
the enginc is being opurated at full power is 120°C, for an initial °
diamecer of 150mm (tkat is 20°C), a piston made of AK &4 alloy, depeniing
on load, will vary by 0.3%mm, while a piston wmade of Al 26 alloy will
vary only 0.27wm,

In building engines of the same rype in modifications with
different opzrating levels, cavitation erocion im cylindec liners can
be reduced by minufacturing several groups of pistons (o the same
production line) differing in diaseter to prevent installing a piston of
the smallest diameter in thé low-uprated modification.

Componite pistons with castviron LTUnRs aive used for highly upraved
diesel engines of the locomotive clags. Cast-iron and steel pistons are
algo used for low=-speed and moderaLé;speed diegel engines. Pistons made
of th:se materials change little in diameter when heated. Therefore,
the adjustrent (cold) in their use ca: be appreciably lesg than for
aluminum alloy pistons.

Thus, cases of cavitatiéﬁ damage ia cylinder liners in diesel engines
with steel and caste=iron pistons are encountered incomparably less often
than in diesels with aluminuwm pistons,

To determir : the required thermal gap between a piston and the
cylinder liner, cne must have experimental data on the piston temperature
ard the different zones along its height and alsc about the temperature

of the cylinder liner when the diesel engine is operating at maximum

e



Gl AUn thermal cotarmations of thellincr aid correcyonding piston
rorits can be calculated Lased on theeo tewoperatures anc the preliminary
vaties ¢f b miniuea allowable clesrances can bo determined, These
vilaes © 0 e sorricts . owith allesance for iz noneuniformfcy (circlewise)
of placc: O ercal dotor atdons, (arcefally fa the zone of the piston pin
benses. dufidcnally, bhere the detormation of the pleton lead/ing to its
ovalizatioa ubien actrd on by the pos pressure at rthe pleton head ang tle
piaw precoy o oagatlast vhe eyddndee wall I8 talen futy account.

The «valizacion of the pluton ltrom the sboyvarenurerated factors
occurs fa rhe rams cicection (the wajor anis of the ova. a6 dirgected
along the xiy of ihe ploton phu). The plston expan » ynevenly fn the
viriows z.e6 aloag {Le Pafphs owing te the dl fferent touperatareg and
disfereun dontrinetios ulb the wet. ) over she periphery, thercfory the
fnfeial op=lal guspe oL & coie platen e quite complicatad,

Io 1ts ¢racs wectien & pigton {o oval, cod ton requived wine of
the oval wvavica with heighi.  Bot the generstris of the pluton 19 @
curvad Ldee. The pistor wwst be bareel-shaped, with & greecer diumeter

i the luwer cud o voaalliey diamster tn Che ;pput gsactlon, fviag to the
corplexity «1 febricoting protons of this design, 1t 18 xeplaced with a
siupler dusinn., 1a part.oviar, the onternel countovr of a piston ia
nachined wccording te peveral (for vxample, four) conical aurfaces,

The tinal fiolzhiog ol the exvernal pleatun contour ¢ carriad out
expievioentally in the (oat cumpartnent or che testmequipped augloe,

Heve vhe plavon Ly dneCalled stnittally with unazceptably swall clesrances,
and then after erlef operation in the ceoapartuent or the engfua the

locarrons wiere yvub savls tegia are lowexed, Thuw graduelly aftey several
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ditwantlings . the pleton ic given the optimal ghape which i3
val iequently neasured ond replaced with au approximate but wure
Lchnolouic«l;y featib)le shepe, All thi¢ makes 1t posaible to appreciably
roduce the thegeal pap o 0 to sharply dimicish liner vibratfons (in |
v¢ o~ canes by b o~ 152h).

In piston deelgning, one wust zleo allow for the affuct of fra
canting durfug alap ou liner vibriciouw, and here {t is useful to
tugpror long pastons (vout 1.4 cylivder dianmeters in length}. Shorter
pittons will uve ro be ~ade for Wpht hiphespecd dicael evplnce, however
even here 1t 19 necegpury that the piston length not be lexs than itas

diarater.
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N iy, platon et vely le toering of the piston
durieg elap 1cducnd, but the welght is ratfonally diatytbuted between
the head and the trunk.

The offoct of the plston pin relative to the piston axia must be
mede :gall, within che limite 0.2 - 1.5om (for a 105mun diameter piston)
tovusrd the crurkehaft rotation side. For an offsct value this small,
the danger ayincs of inscalling the piston with the englne digmanticd with
a 180° revolution, (that s, with the offset at the reverse side)., This
factor as well a5 the technological cumplication of plston manufacture
led to the fact that usually ths plston pin axis 18 not offsec,

The vibration of diesel engine cylinier liners can be achieved
also by the demping acticn of an oil layer, The damping oil layer can be
produced in differenc ways, When oil-scraper ringa are preaenc in the

lower section of the pleton ard over tiv ntaron pin, the lowal ofl-scraper
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beveled ving 18 rotuted, making it an oil-thrower ring. Ir "ila cagpe,
an oill fil. is retained on the platon surface between the uppur olle-wcrapec
and th~ Jeauer dilethrewer rinpa, Oflerctaining grooves can be machined

1 the viston trunk. A tent of the effectiveviny ol thess g coven in

.

. the diescl ongine 1 Ch 8.5/11 and 1 Ch 75/34, where the grooves were
. 0.7cm deep and 2w wide dn the i gn diceo!) engine, ot fzm wide “x
. the gecond, showed thae 1a the cined tected the liner vibrution level

was veduccd by 2 - 4db,

The oit layer ¢an be forred aleao by fnstalling noczles feeding ol
onto the cylinder sucfiace. When this {8 done, the oll-neraper rioy rurt
be left on the pistun only above the pleton pin awxia., Thie wam carvied
out, in particular, on the DI54B diesel cnpzine built by the MAY Coinrpr,
A test of this meacure on the one ¢ylindoery enperdrental dicsed aglocs
Ch 12/14 and Ch 18/20 chowed that liner vibration was veduced by 3« Hadh,
However, the oil cunsuaption in deposits ro;u by 5 - 10%.

R.ducing cavitation damap: in designing cylinder lincrs and

blecke cun be achicved by {oncreasing the stiffness of thce liner through

waking 1t thicker and by recucing the belght'of ite unvupporved section,

'(é
£
¥
:
i

£ o

and also by tight scating of Fvc liner in ti. bdblock.

The cf{fect of greater lincr thickness thows up most strongly im light
high-speed diesels in which thiuewall liners are commonly used, Here,
in designing a new cngine the thickness of the liner walls 4s easily
increased, Besides adding to the stiffness of the liner, which promotes

a reduction in the vibration amplitude and in the accelerations (fn 1pice

o RIS SRS IR atbin/ S

of soma increase in frequency), when the liner wall thiickneas 1is ifncreased,

the liner will vibrate with a swaller number of antinodes in the lincr




cross section. For exawnple, increasing;the 11%9: thickness in the
experimental Ch 15/18 dicsel enginc from 6 to 12 mm led to a reduction
in the vibration acceleroticn from 40g to lbég. The vibration spectra

3TC Lhown‘iﬁ Fieure 00. 7The overall vibratien level L of a thinner linmer

was 122 db, znd for a thicler liner ~ 113db,

Pigure 60: Spectra of Lirer Vibrations Recorded Based
on Accelerations:

1 ~ 6mm thickness L = 122 db, W = 40g, 2 - 12mn thickness L = 113 db, W = l4g.

Kev: A; 1., db

B: £, liz

Thus in this case increasing the liner thickness by twofold (in
spite of an increase in the distance between supports of 60zm) led to
ncarly ; threefold reduction in vibrations and removed them from the
danger zone with respect to cavitation damage.

After 1200 hours of stand tests, no significant damage was detected
on the liners and blocks of the experimental diesel engin2. A bakelite
coating on the inner cavity of the block was well preserved, and traces
of the initial stage of cavitation damage was observed over the surface

of liners only in the zones at which the maximum side pressure forces were
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active, (¥igure 61). Incipient foci of cavitation pits

(arrow A) did not excced in size tenths of a millimeter and had practically

no dopthi.

A considerable reduction in liner vibrations can be achieved by

reduciry the heipht of fts unsupgerted section, Here the following

circuwsianges wmast ba taken into account,

1. TFor a rigid thicke-wallad liner, shortening the diesel engine
piston stroke (reducing the ratio of piston stroke to pigton dizmeter)
promotes a reduction in the length of the liner and a shortening of
the height of its unsupported section. The hcight of the water jacket
wmust be at 2 wmininmum owing to the need to insure normal ccoling of the

~
cylinder-piston parts,

2. Supplementary intermediate supportc can be introduced in
long~-strokz diesel engines., Studics on ah 15/18 engincs made it possible
to find how effective the use of three support cylinder liners is.

1able 18 shows the vibration levels of serics-buiic ﬁhree-support
liners of 12 Ch M 15/13 diesel engines.

Introducing the third support means a 10 ¢b reduction in vibrations.
Phctographs of three support linmers are shown in Pigure 62. The inter-
m2diate support of the liner is mounted on projections in the diesel

engine block, which are made in the form of teeth to admit coolant water

(Pigure 63}, The gap when the liner is instelled in the block must not

exceed 0.1 -~ 0.2mm, since with a greater gap the detainment (stop) of the
liner on the block cannot be insured as the diescl engine warms up. The
location of the support must be selected by calculation and must lie in

the location of maximum vibration amplitude., If the materials used in
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Figure 61: Magnification of Liner Section

Figure 62: Liner vith Third Intermediate Support

Pigure 63: Diesel Enginec Block with Intermediate Support, of TM3 Design
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making the block awd the liners of the diesel engine are dissimilar in

~ thermal conductivity (block made of silumin, and liner wade of steel), them

a treod - ring of aluminum in the heated state with a large interference

[

G

mast be instolled cc the third intermediate liner shoulder; the rin
rests oa the support of the silumin block. This is necessary to provide
a tight fit at the third liner support on the silumin block as the diesel
engine wvarms up.

4 congiderable reduction in vibration by using intcrmediate aupports
wake 1t pesaible to shavply reduce cavitation damage. Tests of diesel
engines with liners ucing intermediate supports showed that after two
and onc half hours of operation, the liners and block had no traces
of cavitation damage. Series-bulilt liners and blocks cavitated by

1.5 = Zpm in depth durin

~ A -~ . emn
- ““b LAY X

s tirs interval,

Some foreign companies also use @ulti-bupport cylinder liners.
Por example, the multi-support écati;g of liners in the block is empléyed
by the NOCHAT Polar Company in a four-stroke 1800 hp 'diesel engine, 750
rpme. .

Even more effective is the desizn of a liner supported on the block
ovar the entire length., 1In li‘Ch N 18/20 dicsel engines (Figure 64) this

is achieved by fitting the liner with threaded ribs which then rest on

the block. These liners installed on 12 Ch M 18/20 diesel engines are not

stbject to cavitation damage.
The proper selection of seating at the location of the liner supports
is vital in increasing the stiffriess of liner installation in a block and

reducing liner vibrations, The seating of the liner with interference
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leads to formation of an hour-glisa shape in the working surface and
can cause piston scoring. An excessive gap ( close to the spread of

the liner vibrations in magnitude) will not prevent the liner frenm

vibrating, The type of the seating in each individual case must be

determinced with allowance for the working temperatures of the liner &nd

the block and their materials.

Figure 64: Monoblock Construction

Table 18: Liner Vibration Levelz

1ar
109

ili

ba s mmmmemimt e a4 e =
-t
.

Key: 1. Nature of vibration
2, Diesel engine load in per cent
3. Liners
4, Series-built, two-support liner (1500 rpm)
5. Experimental three-~support liner (1600 rpm)
6. Vibrations in middle of liner span, in db
7. Vibrations at lower seating shoulder of liner, in db
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262 Reducing Cavitation Damage in Blocks and Liuvars of Diesel Engincs

Dy Modifyinp the Propercies of the Coolant Liquid

A change of the pgas content in water and its resilicnce strongly
affeets procosses of csvitation damapge. Accordingly, let us examine the
queation of vhether it is possible to reduce cavitation damape in dicsel
enging cooling nystems by increasing the resilience of the water and by

civing it auti-corresion propertics by means of adding special additives
to it. This muast be doac in those cases when in designing the diese
enginz not enowgh attention was given to reducinp the liner vibrations,
inceeasing thoresistance of linars and blocke apgainst cavitstion erosion,
and when the seslection of the optimal tem pgrogp*e regime in the cooling
systoem did not lead to climinmation of the cavitation damage.

Using edditives {oi Lhe coolaut water involves several operating
inconveniencas, for example, some additives ‘are toxic, Morecover, as the
dicsel engine is operated, the additi;es becomec used up, therefore, it
is required to wmonitor their concentration in the water and periodically
replenish thom, d

The use of additives providing‘a protective film on the surfaces of
linzrs and blocks by means of.éheir practically complete precipitation from
the water is not reasonable, since the protective layer rapidly breaks down
by the action of the high-frequency vibratory ficld and no appreciable
protection against cavitation damage occurs.

Problems of protecting against cavitation by using additives have been
studies relatively recently. The papers ‘3, Q] present data on laboratory
tegts of various additives using magnetostrictive vibrators as well ag full-

senle testa on maring dicsel cnnines
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In the loboratory tests of individual additives on MSV, using a

thiec~hour puepram, Lhe following data were obtained:

Specimen Weight Loss

Type of Additive in mg/hour
Tap waoter 110
Clhronates 62
2% ewelcion : 4%
ViiXI « NP=-117 35
Eulsold KS 13
INY-8 L6

l.aborztowy tests of various additives to be used in water showed
that the best result in the short~term protection of the surfaces of
epecimens of various materials against cavitation damage are shown by
the additive X& (Urals Polytechnic Instituge) and VdII - NP 117.

Hawpyer, shorteterm l1aboratory teste on masnetostrictive vibrators
did not maks it possible to take account of a factor as important as
the time during which the additi§eshacts, that is, its serviceability.
ThereZore, these tests arve weaningful only for a2 preliminary estimate

of liow effective a given additive is, DBased on laboratory tests, the

additive can be recommended only for long-term fulle-scale tests on

diesel engines. Materials from tests made from aluminum and casteiron
specimens in water containing these additives are shown in Figures 65
and 66.

Relatively good results from laboratory tests were also shown by
the Shell Dromus additive, and the Dikul 1 and Dikul 5 additives, of
British manufacture.

It must be noted that even for accelerated laboratories, the

cffectivencea of the given additive will depend on the amplitude-
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frequency characterictic of the v.bratéry ficid of the stack, that is,

on the vibrational acceleration, since the procese of cgvity growth and
collapse, an %2ll as cavity size and cavity number are agsociated with

the vihr:gional scenleration. This, in turn, affects changes in the ratio
of wecheniczl and clectrochemical factors in the overall damage proc;ss.
Thereforez even results of laboratory tests ccnducted in different wibration
frequency ranzes and at different amplitﬁdes mp2y not agree, Figure 67
ghows the specimen danage curves obtained when the vibraticn amplitude

was varied using different additives., The rate of increace in damage for
different additives is not identical, and depends on the vibration
temperature, and thercfore, neither ig the effective production in different
ranges of vibration amplitude the came. e

Figure 65: Damage of Specimens in Water Containing KS

Additive: a ~ Steel 10. b ~ Gray Cast-iron,;
¢ = copper )

o) b)
SR T AT
TP o ER
, A 2 o
e ,",,...._ =____:
Y A e o L7
S mpe
.-./-.,,...-_‘./ ’/. H .,/.'.L
- ,.,_/, -/./ / ! /7} ,.
S P e AR i /.
oY SOV
1 - Water 2 - Water and 0.01% KS 3 - Water and 0.1% KS

Key: A: /AG, mg
B: t, min

Figure 68 presents curves showing the protection of specimens when

additives arc added to the water, compared to damage incurred in tap water.
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Figure 66: Spccimen Druwage: a = AL 4 Specimen

1 - In water containing WIII - NI-~117 2 - In water containing Shell
Dronus additive
-

3 = In water containing no additives

b - Cast~ircn specimens:
2.~ In water containing no
additives

1 = In water containing VNII NP-117

Fey: A: t, hr
B: AG, ng

Pigure 67: Effect of Additive on Damage (f = 6.2 kHz,
t = 55°C, p = latm):
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1 « Distilled water containing no additives - Key: A: G, mg/hr
2 - Water + 6g/l of baratte-nitrate B: A, microns
3 ~ Water + 2.5 2/1 K, Cr, "y
. 2727
fiow Tatoe 417 ol
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Figure 6%: Trotection of Specimzns Using Various Additives:

1 = K& cuulnoid 2 - Akvla=Glar 3 = VUNII lp=-117
4 « INI ~ 8 S - RZCr? 07 )

t, nin
Preteetion, %

vt
7
-~
<
1 34

W >

e 2

Pigure 68: Protecticn of Specimens in Water Containing
Additivess

1 = VHIY HP-117 2 « KS enulgoid 3 - Shell Drorus
4 « IRV ﬂ(8 = 5= KZCrZ 07 6 - KZCr207 4*N8N02

Key: A: t, min
B: Protection, %

These tests were coaducted with a vibration amplitude of 30 = 36 microns
at a vibration frecuency of §900 Hz,

Figure 69 presents the curves on the extent of protection for
gpecirens when the amplitude vibration was 60 - 65 microns and the

vibration frequency was 8000 Hz. These curves were recorded at considerably

higher accelerations than the curves in Figure 68, Therefore the degree of
protection using various additives is not the same in both cases.
Conducting full~size tests of additives on operating diesel engines

provides the final evaluation of the efficiency of a particular additive.
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or o wple, the KS additive connot remain in aqueonus solution for
a lony thae, pracipitates, and vhen dirsel engine lincrs and blocks
wid sy hiche{vequency vibuations ig stripped off their surfaces.

Afear 500 huvr of tostinns, opening up the water jackets of a

3

h 15/12 diescl showed thot tho cast-fzen jacket of the blocks made

of 0% 15732 caztwiren and tosted with a 0.1% KS addisive conecentration,
had prtriugs cvey Chedlr entive surfaces to & depth of G.3 - 0.5:m, that
is, thz same kinds of pittivgzs as in the series-built engine opsrated
without the additlve., Damaje was observed also in the ceylinder liners.
Similur results vere obtaincd frem testing KS emulsoid in other diesel
engine models as well,

Tests were conaucted also on other kian of additivas omn diezel
engincs of domestie and foreign wmanufacture. First of all, we must
mention the additive WHII NP-117 and Shell dromus S additive. The
best result in eliminating damege effects in surfaces of cast iron,
stecl and aluminum 2lloys swept by water was shown by'thé additive
WIII 11P-117 in 1ow~$peed and moderaze=-spocd diesel engines with los
vibro-activity, of nodels DN 23730, D 30/50, D 43/61, and from SKL Plant
( GDR). Pigure 70 shows lincrs of the &4 Ch 17.5/24 di~»:1 engine from
the SXL Flant having served Z000 hours in diesel enginc. =ith 0.5%
VNII liP=-117 additive and Figure 71 shows liners after 2000 hours of
operating the diesel engine without use of an additive. The liners of
a diesel engine that had operated with an additive are completely clean
and not affected by cavitation or corrosion.

Tie WNII NP-117 additive dissolves readily in watér and forms a

stable highly disperaed emulsion of the oil-water type, increasing the
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danping proporcles of the water, At the present time, ncveral diescle~
building plants have recormended this additive for commercial use and
production znd are adding it in the amounts of about 1% of the volume
cf coolant, ’
In thoce cases when clectrochemical proecsses predominate in the
cooling systems of diesel engines, a potassium bichromate additive hac
proven itsel’s, This additive gives good results in protecting cylinder
liners and blocks of highespeed light diesel engines of models Ch 10.5/13,
Ch 15/18, and Ch 18/20, exhibiting high-frecquency intense vibrations,
against cavitation damage. 1In these types of diesel engincs, evidently
electrochemical processes algo play a significant role in the overall
damage incurrcd from cavitation. The potass;hm bichromate type of
iz a mixture of po:éssium viciivomate KZCrZO7 and technical
sodiun nitrate NeNO; in a 1:l1 ratio, The aéditive 18 introduced into the
cooling syctem in the amount of O.SZ ;f the weight of the -water ir the
gystem, The time by which a next addition of the additive is wade 1s
determined from the change in the color of the water in the system of
the inner circuit from orange-yeliow te yellowish-greenish to grecen.
¥Wnen the potassium bichromate.: nitrate additive is used, relatively
good protection of liners against damage is provided. A full-size test
of the effectiveness of this additive in Ch 15/18 diesel engines was
carried out in many steamship lines with a large number of engines.
Thus, based on the data of the Leningrad Institute of Water
Transportation, the additive was tested in the 1959 navigation season

in 44 engines in the Gor'kiy Steamship Line and 32 engines of the
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Northwest River Stecamship Line, The dismantling of ten Ch 15/18 engines,
which had cerved with the additive from 2300 to 4700 hours showed that
when this.agditivc is in regélar use, damage to liners and ﬁlocks of
dics2l enzines Jo considarably reduced. Wien there is an extended |
interruption in additive use, the damage process occurs with its uéual

intensity,

Pigure 70: Liner After 2000 Hours of Operation With
0.5% VHTT NP»117 Additive

! »»-amm.h._ “m,m.m..m[
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The mean consuaption of the potassiun bichromate = nitrate additive
per 1000 hours of operation for the 3D6 engines is about 700g. The

additive of this type has also proven itself in Ch 18/20 diesel engines

without monoblock.

Figure 72 shows a section of the block of a Ch 18/20 diesel engine

that has been run for 500 hours with the KS additive, Damage areas in




the fora of gleaming patches of internal curface are clearly visible

in the block. When the enginc was operated with the potassium bichromate
additive,.the initial stapez of cavitation damage to the block zppeared
only after 1000 hours, TFigure 73 shows the cylinder liners of the. .

12 Ch ¥ 15/20 dicsel engine after 500 hours of operaticn with the
potassiva bichremate additive. The lincrs had no tracecs of damage to

the porous chromium layer. A disadvantage of this additive is its
toxicity, and when it is prezent in very slightly higher amounts than

the cpeeified norrs for protection agaimst cavitaticon cdamage, erosicn

is intensi{ied.

Pigure 71: Lirer After 2000 Nours of Operaticn Without
Additive ~

Fipure 72: Dlock Damare



Figure 73: Cylinder Lincrs of Diesel Engine Aftexr 500
Hours of Cperation with Potassiun Bichromate
. Additive

Figure 74: Effect of Additives en Cavitation Damage to
Casgte~iron As A Function of Additive Concentration
in Water: i
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Laboratory tests on MSV nake it p&sniblc'to telect the additive
concentration Kygq. Figure 74 shows the cuves of chc%men damagc Tates
os a functioneof the additive concentration with respect to the volune
of water ﬁséd. Theoe data show that the maximum percentage of the
additive in the water that gtill affords an effective protection agninst
damage does not excecd 2.5%. The cptimal concentration i3 1 - 1.5%.
Beowever, thce use of additives is desirabie only in running diescl engines.

Using even the most efficient additives in coolant water is an
extreme measvre in controlling cavitation-crosion damage of newly de-
signed diesel engines. The most radical and advantageous methods must
be viewcd only as design-technological measures to control the cavitation-
corrosion processes.

<
Of those tested, the additive WNII NP-117 ond potassium bichromate

can be recommended.,

~

27: Reducing Corrosion Damage By Butlding Raticnal Cooling Systems

Use of closed cooling systems {3 preferential for diesel engines of
all models from the standpoint of reducing the cavitation damage to liners

. and blocké, for the following reasons:

1) In & closed cooling System the optimal temperature regime and
the required pressure, for example, 80-85°C at a pressure of 1 - 1.2 atm,
or 90-95°C at higher pressures, can be maintained;

2) The use of the same water for a long time in the system reduces
the gas content and diminishes cavitation intensity. Only with a closed
cooling system can additives for water be used to reduce cavitation damage;

3) 1t is no longer necessary in marine conditions, to use bilge

sea water in cooling an engine, which causes severe corrosion and leads
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to large selt deposits in the extra-jaékct spacces;

4) The system of temperature regulation in which rapid buildup of
the dicsel enpgin: after staréing is maintained is zchieved morc casily
with 2 clgs;d éocling system than in a flow~throuzh type. For operaticn
in all lead and velocity regimes, the water temperature is near-optimal.

Tn desipgning the cooling system, cuz must take account of the
following factors.

1) The width of the water cavity muct be not less than 10mm to
avoid intensifying cavitation. Here consideration is given to the
fact that when the distances between the vibrating liner and the block
are small, damage to the block walls is intensified.

2) To prevent abrupt changes in flow>rate and pressure, there must
be no local constriction in the water jacket, Selection of the water
jacket dimensiones with which abrupt changée in pressure and flow rate |
are sbsent can be done by th2 electrodynamic analogy meﬁhod. In this
case, the elementz of the water cavity of the engine (Bldck section and
liner) made of wox or stearin are placed in a bath containing an aqueous
solution of copper sulfate. Using a moviné rod onc determines the
electrical voltages at different points of the model. The constant-voltagé
lines correspond to the constant-flow rate lines. The flow rate of the
water in the jacket must not be greater than 2m per second,

3) The sites of water inflow into the jacket and water outflow
must not have pressure drops so abrupt that hydrodynamic cavitation can
be induced., Therefore the flow rate in the inflow pipes and ducts must

not be more than 5m/sec. Preference must be given to the tangential

inflow of water to the cylinder liners (although in most cases this does
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not play a decislve role).

&) The support zones  of cylinder limer ond block must be
desipned ;oltgat vater does not enter the gap between the linecr and
the block, ILcore it is nccessary to insure the highest possible stiffnese
of both liner znd eylinder block.

5) The capacity of the fresh water pump must be selected so that
the drep in the teaperatures of the water flowing into the engine and
the exiting water must not exceed 7 = 10%. Only in this case can the
eptimal water temperature means be maintained in the region of the
cylinder liners to reduce cavitation damage. The gystem of temperature
regulatien must include a 2-valve thermostat and oxhibit low regulatory

A
non~uniformity,

6) The heat exchanger for cooling the fresh water nust exhibit
rezistance to corrosion that may be causeé.by sca water. Flowing sea
water enters the heat exchanger in E'self-suction water pump made of
antic.rrosive materials. -

7) The cooled surfaces must be as smooth as possible.

Dissimilar materials forming pairs must be voided. The cooling system
must be provided with a filter to trap contaminants and corrosion producgs

and to insure complete drainage of the coolant fluid when the system is

emptied,
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CHAPTER SIX

METHODS OF INCREASING CAVITATION RESISTANCE OF LINERS AND BLOCK
i SURFACES

28: Requivemants of Mztals Used in Diesel Erngine Liﬁers and Blocks
Selccticn of the meterial uvsed in liners subjected to cavitation
crosion must make . allowance for the mechanism of metal damage during
cavitation, In its initial stage, cdamage 1is cxpressed in the formation
of cpalescence colors on the metal followed by formaticen of micro-rclief.
The macroscopic damape nattern consists of a cluster of individual deep
pits, grocves, gouging of metal particles aQS so on, The nature of
danage to parts in cavitation differs amd is\determined by the characteristic
of the vibratery field of the diesel engine (vibration frequency and
azplitude), the flow rate, and the.nature and structure of the alloy.
The area of damage on individvial gurfaces extends from fracticns
of a2 millimeter to hundreds of squzre centimeters. The process lasts
from several nminutes to thousande of hours.. This 18 associated with
the intensity of the diesel engirne vibratory field. Metallographic
examination shows that in steels the initial damage foci arise primarily
at the ferrite~perlite interface, and then spread into the ferrite.
With time, this leads to chipping out of metal particles., An examination
of the damage foci occurring when cavitation due to vibration at frequencies
up to 3000 Hz occurs showed a 20 - 30% local increase in micro-hardness.

The nature of the damage depends on the character of the metal, Por

example, damage to armco iron occurs locally, by forming deep pits,
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vhile dampoee to metals such as aluminum and copper oceurs initially
due to deprecsion of the metal, followed by the formation of funnel-
shaped pits, .

Cavitation causcd by high=-frequency vibrations forms demage &arcas
in wiich w2tal fusion is observed, Macroscopic analyais of these e
dunaged arcas indicate that during cavitation temperaturc aleo plays a
certain role, thereférs, the edges of pits in microvolumes are melted.
Frem the initial stages of damage with the formation opaleccence colors
and by the melting of pit cdges in 2 given material, one can indirectly
cstimate the tomperatures in the microvolumes. In all probability they
are high snd are in the hundreds of degrees. Damage foci appear
ccpaclally distinetly when tests are made o{smaterials on MSV,

Cavitation damage to surfaces occurs gradually, initially there is
first a change in the microrelief, =nd then grester damage setr in,
characterized by the formation of clusters 'of deecp pits.

Traces of plastic deformatioﬁ ﬁénifeated in slip lines are observed
in the metzl layers lying at the danaged surface areas, and manifested
in fine structure in iron, in individual grains., Plastic deformation
at the structure of cavities in copper occurs scmewhat differently.
Crystal-like structures form in copper., Deformation of the surface
beneath the dami:ged metal i{s in the form of viscous flow., Extension of
the deformation is uneven. In some grains gevere form modification occurs,
while in others there {8 a nearly complete absence of traces of deforma-
tion,

The presence of high temperatures in microvolumes in a damage area

when high-frequency cavitation is underway causes thermal and electro-
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chenical damage, which ip aggregated with the mechanical damage. Eecause
of this, the gverall dumage process in a surface 18 accelerated,

Thus, the mechanism of metal damage in cavitation is highly cozplex
and depends on numerous factors. First of all, they must be regarded as
including the intensity and frequency of surface vibrations, pressure in
the medivm, and the properties of the surface being damaged., Materials
subject to cavitation erosion nmust exhibit the following main properties:.
high surface hardness, which can be attained also by using a protective

coating, uniformity of structure, heat resistznce, and corrosion rcsistance.

29: Role of Machining Finish

The machining finish of a surface significantly affects the
intensity of surface damage in the same time interval., We know that a
rough surface is damaged more intensely dqe‘to the accumulation . in
scrat.ched depressions of vapor-gas tnuclei which intensify the cavitation
proce 3s. Discontinuity produced in a fluid is facilitated when vapor
and gaseous cavitation nucleil adhering to the surface of a solid are

present.

However, it is assumed.that the intensification of cavitation and
cavitation damage on a rougher surface is caused by the the presence of
turbulence in thé liquid owing to the presence of lands. This increases
the rupture stresses in water and promotes more favorable conditions for
the formation of cavitation cavities under otherwise equal conditions.

During the investigation tests were made of cast iron, steel, and
aluminum specimens on a a magnetostrictive vibrgtor (Pigure 75).l In all

cases the weight loss (damage intensity) for the same time interval
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13
increased if the machined surface finish was degraded. MHowever, the

intensity of damuge for differcnt materials differs and is characterized
by the hardness of the given material and the structure. For exzmple,
AL4 aluminum, when the surface roughness 1s increased from <77 tovif
over the came time interval, the intensity of damage based on weight zose
by roughly 1.5 - 1,6 times, for cast iron - by 2 « 2,3 tives, and for
steel - it incfeased by 2.3 - 2.5 times, Therefore, the greatest effect
of surface finish on damage 1g observed in steel, and the least - in
alQminum when the rating is made on a basis of weight loss.

In estimating dsmage volumetrically the opposite situation is found.
The greatest volume is lost by aluminum, and the least - by steel., This
factor must play a definite role in selection of materials for each
specific part subject to cavitation erosion, since an aluminum alloy
can have deeper damage pits than steel or qhst iron with a lower weight
loss. RS

I- nmust be noted that the b;tter a gurface ié mﬁchined, the
less intense is the damage in the initial period. This is readily seen
in a plot of the damage to a surface widn§7§ of a cast-iron specimen
(Figure 76). Conversely, a rougher surfacg is damaged more intensively
in the initial period, and then the rate of damage decreases, which can
be seen from the‘Cest data in Figure 76,

The variation in the rates of damage in the initial and subsequent
periods for a well-machined surface is accounted for by the fact that
until its surface roughness is increased by damage, it is damaged more
slovly; in contrast, a rougher specimen, on.being_intensively damaged in

the initial perfod, has 1ts surface asmoothed resulting in the damage rate

then slowing down.
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It must be noted that the time interval after wiich a change occurs
in the dagage.rate either toward a hipgher or toward a lower value
depends entirely on the intensity of the vibratory field. .

For accelerations of 50 « 60g, this interval is hundreds of hours,
and for acceleratione of hundreds and thousands of g's - it is in the
minutes, |

Thus, studies with specimens having different machined eurface
finishes show that increasing the surface machined finish in any case
leads to a reduction in cavitation damage, especizlly in the initial

period.

30: Damping Coatings

TIo eliminate cavication damage to the cooling surtaces of series-

~

_built diesel engines, basically two types of coatingg can be recommended,
The first type of coating includes #ll1 damping coatings attenuating the

vibratory field of the liner or blocx of the diesel engine and eliminating

the phenomena of cavity formation and collapse, and the second type of
coating includes all hard and refréctory coatings which cannot eliminate
the effects of cavitation and‘£ub$1e collapse, but which, due to their
hardness and refractoriness, protect the surface against the action of
pressures, temperatures, and electrochemical processes induced in the
collapge of cavities,

Any materials exhibiting relatively high coefficients of internal

friction can be used as damping coatings. One must only consider the

fact that the suitability in diesel engine building of a given coating
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depends on the thickness of the dumping layer -applied. 1If the coating
will exhibit good dampinug propertice only for thicknesses of several
willimeters it will not be useful, since in this casc the passages
for the coolant liquid will be significantly constricted,

To estadblish the type of coating exhibiting the best damping pro-
perties for minimum thicknesses, numerous tests were made on gpeciens
uvsing magnetostrictive vibrators., Varnighes, SpoXideé and polyester
resins with fillers, elestomers znd Nairit coatings were used as damping
coatings. The test recults showed that varnishes, epoxide resins and
polyester resins and GIN elastomer, even though exhibitiung damping
properties, still owing to their high brittleness do rot protect the
surface against cavitation damage. In view of their brittleness, they
do not remain on the surface for a ‘ong time, but crack and scale off.

20 - 25g protect the surfaces only for 30 < 70 hours, This brief protection
is metninglrss in practice, -
lae Nairit type of coating is stronger. Results of tests made on
MSV and in diesel engines showed that they exhibited several advantzges
in protecting cooling surfaces against damage. Figure 77 shows the
breakdown time curves for cégfings deposited on a cast-iron specimen
in relation to coating thickness b, Curve 1 characterized the breakdown
of a coating on a 12kHz MSV with a vibration amplitude of 10 microns for
Sc = 5100, and Curve 2 shows the breakdown of a coating tested on a
19kHz MSV with a vibration amplitude of 5 microns for S. = 8000. From

these curves it follows that the coating breakdown sets in more rapidly,

the higher acceleration of the surface vibrations,
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Results of testa made on MSV establiched that the service time

of th: specimen before coating breakdown depends on param2ters such
.

as tic ccating thickne

n

5, vibration accelerction, and the materizl of

the spoeimen on uvhich the coating was depesited,

Pigure 77: Dmnage of Coated Specimens Tested on
a &V
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Failure pits appeared on tﬂe c;atings of limited thickness, 50 -
60 nmicrons, in & ~ 5 hours of servira., The initial failure in thicker
coatings of 200 - 500 microns set in after 25 - 30 hours of service.

More intense damage to coatings occurs when tests were made on
MSV preducing highern acceler;tions. Thus, the damage to & 200 - micron
Hairit coating on a steel specimen tested with a 12kHz MSV with a vibration
amplitude of 10 microms and with S, = 5100 occurred in 23 hours. The
same damage, but on a 19kHz MSV with a 5 micron amplitude and Sc = 8000
occurred in 17 hours, that is, the higher the acceleration of the

vibrational motion of the specimen the more rapidly the breakdown and

damage to the coating sets in,
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Using the data of tha time scole factor characterizing the
dependence of damage on the acceleration of the vibrational motion of

a surface, ond can deteralne how much time a given coating deposit on

rea -

the cuternal suerrace of a dicsel eagine cylinder liner will elapse before
vreadown, if the diesel cnpgine liner cxlhiibits a vibratory field
characterized Ly Scx. Such reconversions were made and are plotted in
curves in Figpure 78 for o Hairit coating deposited on steel and cast-

iron cylinder liners of varicus diesel enginea, Coating a steel lirer
with Nalirvit, for the same coating thicknesses and vibration accelerations,
lenpgthened the service time longer than coating of a cast-iron liner.
This evidently is associated with several poorer adhesive properties of
the coating with respect to cast iron. A 300 micron coating, with
Sc = 10, will function beciore breakdown for 1580 hours om a steel liner,
and for 1000 hours on a cast=-iron liner, wi;h the very same acceleration,
These data show that in diegel engires of increased vibro-activity
(Sc:>20), the operating time of a coiting is sharply reﬁuéed. For example,
in a diesel engine with cast-iron liuings in which the vibrational lavel
Sc:>60,a 300 micron coating will prolong the.surfacc life of the liner by
no more than 400 hours, e

Fullescele tests of a Nairit coating were made on Ch 10,5/13 and
Ch 15/18 diesecl engines. To accelerate the breakdown count the vibrationél
fields of the diesel engines were intensified by increasing the thermal
gap between the piston and the liner by 0.2 - 0.3mm., For a2 0,6umm gap,
the vibrations of caste-iron liners in a Ch 10.5/13 diesel engine amounted

to 140 g and coating breakdown was achieved in 130 - 150 hours of operating,

that is, the service life of the coating was checked by accelerated
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tothods, TFallegize tents of Neirit coatings on diesel engines agree

well with the data of accelerated tests on MIV,

Flrure 78: Service Time of a Nairit Coating of Various
Thickness b on Steel Liners with Diffcrent
Vibrational levels .
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In the tests the effect of coa.inge on the internal surface of
the liner, the surface facing the combustion chamber (Figure 79), was
established. Prom Figure 79 we see that in the area of the combustion
chamber ( the TC area), the liner temperature rises by 8°C for a 100%
load, (Curve 1 and 1'), lcasured downward, the liner temperature incrcases
by 20°C and did not exceed 130°C, which is wholly acceptable, The
possibility of using coatings with low thermal conductivity must be
decided for each specific case in relation to the initial temperature

condition of the engine when operating at full load.
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Nairit coatings will prolong’the life of diesel engine
cyiinder liners. Calculated data cn coating service life are in agrec-
went with experiments,

The type of coating of crlinder liners or bilocks of diesel engines
rust be selected in relation to the vibratory field of the diesel enéine
determined frem tests of coatings wade on MSV using material specimens.

Thus, any ccatiags can be preliminarily tested on MSV and re-
calcuiated for the operating conditions of cylinder liners in diesel
engines,

Rubberizing compocitions of the NT Nafrit consist of 50 - 70%
solutions of rubber mixture of liquid Nairit (low-molecular chloropreae
rubbers of differant types) in a solvent, The solvent includes 76%
solveat napntha, 19% turpentine and 50% butanol., Damping anticavitation
coatings consisting of liquid Nairit exhibiting the congistency of enamal
paint, can be a2pplied on liners with'brush,‘sprayer, and immersion of
parts. When painting with a brgéh,'1-1ayer of 150 - 200 microns is
applied in each stroke, The ;-operties of liquid Nairits, methods of
preparing parts for coating, and the coating’itself are described in
this study [5] and do not require a detalled presentation. An advantage
of this method of coating is ;he fact that it can be used in service in

the repair of diesel engines and can be applied even on liners and blocks

where partial cavitation damage has already occurred.

31: Solid Coatings
Since the mechanical factor is fundamental in cavitation damage to.

cooling surfaces of liners and blocks in diesel engines, that is, damége




Figure 79: Depcndence of Temperature at Different Liner
Points in a Piescl Eagine on Load
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CHAPTER SEVEN

CALCULATION OF.CAVITATlON DAMAGE TO DIESEL ENGINE CYLINDER LINERS

3%: Deterivation of Liner Vibration Accelerations

Based on the data of thecretical and experimental studies, an
zpprovimate mothod of calceulating the acceleratiouns of liner vibrations,
and liner cavitation damage, in which the absolute weight losses and
the maximum operzting time of liners before replacement because of
cavitation deomage to surfaces gwept by water are determined.

To define the marximum time of surface linerg, it appears necessary

ALY

to determine several intermediate paramcters, which must be regarded as
including first of all ths freee-vibration frequency, the awplitude of
linexr vibrationes at a given frequency, vibration acceleration, and
abcolute weight loss, One must célcalatc the free-vibration frequency
to cal :ulate liner accelerations. In calculating free vibrations, it
is provisionally assumed that a liner vibrates without the piston pressed
against it by the side pressure forces. The calculation is made in the
following order for the Spncifiéd quantities: n; is the number of cylinder
wvaves (1, 2, 3, ...); m is the number of axial half-waves (1, 2, ...)}
a is the mean liner radius; 1 is the liner length; h is the liner thickness;
o is Poisson's ratio; L 1is the density of the liner material; E is Young's
modules; and g is the acceleration due to gravity.

The coefficient A of the axial wave length and the quantity b are

determined:
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The frequency cocfficicents Ko’ Kl and K are found from the
calculated valuezs of ”’1\ and r(:;:
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then the free-vibration frequency of the eylinder liner is

calculated:
£ = TR
fr i 0 oii—6Y) "

The frequencies of free vibrations are determined for the following
cases:

“~

\)
n,=2 n=3 n =2
me== by ome Yy == 2.

The amplitude of the liner vibratiouns is determined as the difference

between the amplitude Ajax for dynamic exposure to side forces Phax and
the amplitude of the static deflection of the cylinder liner A . in the

static opplication of n’de forcecs P of maximum wvalue:
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= [l, —

A
max.  8€

The

)]

tatie coflectien iz found from the expression

= P K
Ast lmax/ “red
vhore V“Cd = 0 Kred is the reduced stiffnecs L_red = reducedj.
- s

The reduced nags of the liner is determined by the following formula:

Here ¢y =C, + 0.007 H, the distance from the upper edge of the cylinder
liner to the point corresponding to the position of the piston pin for

a 30° crank angle (it is assumad that here the maxjmum side forces will
be narative): <, is the distance betwoen the upper edge of the cylinder
liner and the piston pin axie when the piston is in the TDC; and H is

the prsten stroka,

1 1e maximum side force is determincd with the expression:

Poax = 25 7A'RF, [P © piston]

where A'= R/L is the ratio of‘tﬁe crank radius to the connecting rod
length of the diecsel epgine;
P, 15 the mean cffective pressure;
Fp is the piston area.
The dynamic displacement of the liner Amax is found from the

expression

A A 2.
max” Btkl
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Here, k'l SR P “7 48 the period of liner vibrations determinezd

from the calculated vibration frequency ffr; T is the rige time foxr the

load of the cide preozsure force, from zero to P detevinined from the
nAax

)

1 or taken to bs the time when the crankshaft rotates by

plet of the foree

14

the aagle ¢, that iz, T = @/ 61 see.
X o
In the calculatiens it is convenient to zeczume = 15 - 307 CA
lCA = creank angléﬁ since here the maxioum side force Pmax in the dircction

of the piston against the liner will be operative.

Therefore, the amplitude we seck will be

= LIS
A Ast (k 1 1.

Inserting the values of Ast and k';, let us vrite the final

equation for tho vibration amplitude in the form:

G e It cwa
4’! e "))'I "“/.:‘ I.:":.r{’z".' Si"l‘- 'E::‘J"
erretin T | !

. -

In this exprcssion,‘}'l, Pg» Fp’ a, 1, h,Fg and m are'specified b
the design and the calculation, while the values of 7, T, and ¢, are

calculated,

-

The acceleration of the vibrational motion wcal of cylinder liners
is calculated based or calculations of the vibration frequency and

amplitude, using the following expression:

= 2 = . 2
wcal A(g) fr A ( 24rfft) .

For further calculations, it is useful to convert the liner

vibration acceleration thus obtained into a dimensionless quantity,
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using the followling expression:
S¢ ® wcnl /g

33: Eaterménation of Lbsolute Liner Woipght Losses

From expcirience we know that when Sc<<:20, cavitation damage to‘
cylinder liners proceeds slowly and is commensurabie with the service
1ifz of a lincr based on wear of the cylinder surface.

When Sc:>20, cavitation damage proceeds intensively, and the higher
Sc , the faster the damage process.

To estimatec the intensity of cavitation damage to cylinder liners
in diesel engines, let us use an empirical function characﬁerizing the
intengity of damage to cylinder liners ( basdd on their weight loss) as
a function of vibration acceleration and service time,

- 10

0,6——

S c-—‘,s')?— :

AG == A 5107108, Lo (3
L Byy .
where AG 15 a dimensionless coefficient characterizing

the weight loss of the cylinder liner;

[)Gx = 10"3 kg are the weight losses of the cylindar liner
during its service;
NG = 1073 kg is the weight loss of thc liner takea as the

zero threshold;

el

is the dimensiconless coefficient characterizing
the service period of the cylinder liner; t =
t,/ t, (here t, is the service period of the
liner in hours; t, is the service perio& of

the liner taken aﬁ the zero threshold in which

prozeynan of covitotlon demaps begind.
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Data for the cmpirical function (32) were obtained f{rom experiments

s and on specimens tested on magnetostrictive vibrators

.
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on diesel engin
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Since the intcnsification_of cavitation damage is'signifiéantly
affcared by the temperatuce of the coolant liquid, ome fust take its
effect into a;count in the calculation, sincs the cooling tewperature
can differ in cifferent diesel engines. .

Pata characterizing damage intensity, represented as the empirical

temperature, thoet is, for some moderate effect of temperature on
cavitation damage.
In general form, the dependence of cavitation damage on temperature

is shown in Figure 82,

) ~
Figure $Z: Damage to a Surface As a Function of
Cooling Temperature
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Tne actual cooling temperature of diesel engines in extended tests
in operating conditions is 75 - 80°C ( Zone A , figure 82). At this
temperature cavitation then occurs’at th~» surfaces of liners awépt by

water.-. Therefore, it 18 useful to introduce the dimensionless




.
,
»

coefficicnt I, chuvacterizing the true damage to linmexs at any cooling

temperature, but cven at 75 - 80°C,into the derived empirical formula
.

for /\G.. .Table 19 liats the values of the coefficient I.
Nunage to eylinder liners in diesel cngines, with allowance for-

the fzct of temperature, can be determincd from

. 19
- . o\ (”""’ S R o
NG == 51077 (- “Ys : (33)
]
In its final form, the absclute damage to cylinder liners is
found as follows:
{!} [P --.Lr"--....‘i
- 1 SR T TS S LT
AG, == AG,5- 10°] (7) 8, ¢ . (34)
x} [ .
Table 19: Values of the (osfficients I
P / on P ? " - ; - E -
oxaa % L2 i» ) a3 W0 i ,l ) l
2 1 0 ,,'
Kostdient / 097 : 1,07 P02 1,2 [ 12200 ‘ 1,26 | 1,29

!‘-T—'—:.::'.‘.-..—::r:—.-_-.—u-:_—:—_:_—.:..__._.._.-:.; - TR TR

2

Kowddnatenr / 1,26 4 1,14 | 1,13 1 1,04 1,0 | 0,89

Key: 1. Cooling temperature in °C.
2, Coefficient 1

Considering the experimental data, the surface finish, gaseous
composition of the coolant liguid, flow rate of the liquid and the use
of additives increasing the damping properties of the water play a

definite role in the buildup of cavitation damage, by attenuating or
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intenaifying it., However, these factors are not taken into account in
the calculation, sincas they play a lesser role than the coolant tempera-

ture. Their effect must be allowed for, additionmally, by experimental

means .

341 Dotermination of the Maxirmum Service Tiwc of the Cylinder Liner
Before Xt IS Replaced Lecause of Cavitation Damage

Considering that the maximum 21lowable dsmage to & cylinder liner
is the damage for which the liner is cavitated to three-fourths of the
wall thickness in the mest dangerous location and has to be replaced,
a2 functicn (Flgure 43} of the dimconsionless coefficient ;,, characterizing
the maxirmun permissible damage a2 functfon of liner wall thickness was -

calculated based on operating data

Here S0 = 10'“ m2 ie the area taken.;s the unit area for the maximum

.

allowable damage,

Considering that the liner surrace cavitates at specific locations,
the extenut, of the cavitation area of a liner'sx was selected as a function
of the cylinder liner dimensions:

S = 0.025wD_ 1 m?,
% ol
wvhere D is the external diameter of the cylinder limer, in m;
1 is the length of the cylinder liner, in m,

Thus, the time required for the onset of the maximum allowable

damage is determined from the expression (33) with£ﬂ§l=§§r

.-/'““ TN ch1 n . =
ax | 2 fo he. (35)

,—VV
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The main factors affecting the intensity of cavitation damage to
cylinder liners - vibration intensity and coolant tcmperature - are
allewed fqr'in.thc preposcd method, The rate of damage to cylinder
linzrs i5 also affected by the thickness of the layer of water in .
the water jacket, the pressure in the cooling systen, the flcw rate of
the water, the ccousposition of the water, and other factors vwhose allowance
in general form is difficult at the present time. Their effect must be

taken into account by experimental means, 28 the diesel engine undergoes

final adjustments.

35: LExamples cof Liner Calculation in Wnich tnc Maximum Service

Period Was Datefmined >

To calculate the cavitation damage to a liner, one must know its
lincar dimensicns, a2s well as the characteristics of its material, The
calculation 1is carried out in the MXGSS syséem. As an example, let us
calculate a liner with the dimengionn given below.

a=T7.8 - 10"2 m is the mean ra:.lus of the cylinderlliner;

.

1 =0.277 m 1is the liner length;

h=6"°10""

n 18 the th%ckncss of the cylinder liner;

o = 0.26is Poisson's ratlo g4 the steel 38KhMTuA;

= 8,67 * 102 kg *© seczlmz is the density of the steel 38KhMYuA;
E= 2° 1010 kg/m2 is Young's wmodulus of the gtee] 38KNMYuA;

g =9.8 m/sec2 is the acceleration due to gravity;

Dy = 0.162 m 1is the external diameter of the liner

§=3.3"° 10.4 m 1is the thermal gap between the piston and the liner

of an operating diesel engine with a 100% load;
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m, = 0.626 kg ’secz/m is the wass of bodies in translation;

n = 1500 rpm is the diesel engine rpm (rated);

A' = 0.22 1s the ratio of the crank radivs to the connecting rod
length )
Pe = 7.85 °lO4 kg/mz is the mean effective pressure of the diecel
engine
a1g=2 2
Fp = 1,76 *10 " m ig the piston area
e, = 7.1 ¢ 10-2 m is the distance between the pistor pin axis and.

the upper edge of the liner when the piston 4{s in the TDC;

H=18 101 n 1is the piston stroke;

n

m=1; 2 {8 the number of axial half-waves;

= 2; 3 is the number of cylindrical waves;
~

B = h?/12a2 = 36/ 1246084 = 0.000593 is a coefficient;

P = 1050 kg 1is the maximum side force.

max
The time required for a 15° crdnk angle from TDC 1is

T = P/6n = 0.2016 sec.
The distance from the upper edge to the€ piston pin.axis for a
30° crank angle is ¢ =c, = 0,067 B = 8.3 * 1072 m,
The further calculation'is presented in Table 20,
Thus, according to the caleculation, a liner can function in diesel

engines for 2090 hours, after which it wust be replaced. In practice,

liners function for 2800 ~ 3200 hours in diesel engines.
The time required for the onset of the maximum allowable damage
can even be comevhat less 1f one considers that the temperature regime

of cooling is somewhat lower than the regime assumed in the calculation.
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A cooling regime of 70°C was assumed in the calculotion, Actually,
in several sectors of the national economy diesel engines operate with

cooling temperitures 55 = 70°C, This rcduces liner surface life.

.

Table 20: Galculation of Quantities .

: / ! .
‘ ! Peaawinig l: CINEER IS fiyg— 3y ome=1 fMy=s iy mend

(o T ) -
2 ;. I 0k85 0,885 1,77
! X, 00677 1,515 3,738
&, 16,077 50,756 2:.259
' Ao 5 7,55 14, 10,775
i A& 0,6267 i GO503 1 06D
i oe v ch:l 1680 : 201G, G100
i M 606103 ’ 1471074 92,4410 4
: S LT t Lsioe 6,62+ 10%
; yint -FL IR - S
. 4
Z arw? U010 | 2370000 3,97-1077
i W aneen® 6 ; 173 5 299 { 2063
; Seru ! ‘ 13,5 1t 4 96,8
I Py 0500 1 0,508 ! 0.5
; =ity 2 a

l 9,9 | 8,03 | an
; D it 1 3000 ! 5310 ! 4790
i AG wore T 57,5-107% | 57.5-107% | 57.3.167
i H }

Reproduced from
Key: 1. Quantities - | best available copy.

o

2. fir in HZ
3. T 1in sec
4. ®? in sec™?

5. Ainm

2
6. wcal in m/sec

7. S, ing

8. tma}( in hr

9, A6 in Lp
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Let

’
»

us show by the following calculation example that introducing

additional intermediate supports dividing a liner into  several parts,

( twow-part in }his case) makes it possible to lower the vibratious and
I P

climinate the cavitation damage. .

The

initial dzata for thc calculation are as follows:

n; = 2; 3 is the number of eylindrical waves;

o0

a =

1

exX

o 3
[}

P =

oQ
n

1; 2 is the the number of axial half-waves;

7.85 + 10 "2 » is the mean radius of the cylinder liner;

G.l1lm is the distance from the upper edge of the liner to
its center supporting shoulder;

= 0,164 m 13 the external diameter of the cylinder limer;

7 « 1073 2 is the thickness of the cylinder liner;

0.26 1is the Poisson's ratio for the steel 38 KhMYuA;

8.68 + 102 kg -« secz/mé is the density of the steel;

2 » 1010 kg/m2 is Young's modulus;

9.8m/sec2 is the accéleration due to gravity;

3.3 * 100% mw 1s the thermal gap between the piston and cylinder

of the running diesel engire with a 100% load;

n, = 0.626 kg ’seczlm is.the mass of the parts in translaticnal

ns=

motion;

1500 rpm is the diesel engine rpm;

A' = R/L = 0.28 s the ratio of the crank radius to the connecting

tod length;

P, = 5.2 ° 104 kg/m2 18 the mean effect of pressure;

Pp =1.76 * 1072 n? 13 the piston area;

b = h2/122% = 49/12 * 6160 = 0,000664 1is a coefficient.
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The waxnimum

B = 2.7 AP

. max

B
»

= 692 kg.

acting at a cylinder linen

The 4imz required for a crenk angle of 15°C from the

T = qf/ﬁr = 0,001%6 sec.

5 a'ﬂ
¥

is

TDC is

znce freoa the upper cdge of the liner to the axis of
n, for a 30% crank angzle is
-2
L fet 0.067 H = 8,3 « 10 © m.
The further calculation s presented in Table Z1.
Table 21: Calculation of Quantities
PEFFA IR X / : P R I T moeal 2, m =
i {
' 1 - i -
7 ] 3,57 2,37 ! 3,74
A ! 12,745 20,8 ! 295
i K. b 40,8887 80,1433 1 239,751
K. | 14,15 21,0 37,3
A i . 0,326 §,2462 : 11515
Jes U o z ; ' 570 : THIDL . RO
T B Cek > i 1.74107% ] RIS Q271073
o 6 Lo i 13,03 108 9.85-10° 1510
PRTTE Piisiia B . ¢,49 | 0,49 1
LAna § L9,65-168 ¢ h63-10TT 287107
¥ et ; 126 § 144 ; 138
i H H
S. .. : 9.8 : 4.7 ; 13,9
! : i

Key: 1,
2,
3.
4,
5.

6.

Quantities
ffr in Hz

T in sec

A in'm

c

CDZ in sec”!

Wegy in m/sec
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The calculation shows that introducing an additional support

sharply reduced the liner wibration and shifted it into the posteritical

region.

Hera the cavitation damage occurs so clevly that the liner must

-

be replaced not becauze of cavitaticn damage but because of eylinder

! surface wear,

36: Parts And Assemblies Whose Service Pericds Can be Limited by

Cavitation When Uprating and Inereasing the Service Life of

Diescl Engines

In spite of the larpe volume of research on cavitation and cavitation
erocion cenducted in various fields of techdolosy, there are still a

good many questions and. directions associated with the physics of the

ragiratSmn damamn awancsnas ol
................ oS PYCILES s

These problems, directly bearing on cavitation damage in diesel

enginos, can include the following;

3. The mutual role of mechanical and electrochemical processes in
cavitation erosion caused by vibrations of warious intensities has mot
been clarified, MNeither have the phycical basis for the inception and

nature of clectrochemical processes accompanying cavitation been

| established with reference to the possible role of the double electrical

layer at the surface of the metal being damaged, formation of microcouples
with small internal friction when microvolumes undergo deformation at

the surfaces of the metal being damaged, andlthe effect of these on the
pressure peaks observed during the collapse of cavitation bubbles, as

well as the high temperatures that accompany this process. Clarifying
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the mutual role and conditions for mechanical and electrochomical

mors wull-defi?cd developnent of the effect of methoeds of protecting the
cylinder liners and blecks against cavitation damage.

2. Acecording to tho wmajor difficulties in measuring the high pfbasures
in microvelwmres, the pressure change (with detexrmination of its final
valuz}, in cavitation bubbles obtaincd for different vibration condicions
has not yet beev adecquately studied, The entire mechanism of the
gradual buildup of metal damage when exposed to cavitation erosion in
conditions when the initial damage focl are present or when they are
abscnt, is not clear enouvgh. No adequate explanation has besn given ag
te why, for the sawe intensity of vibrationssin liners installed in
experiments with the same clearances at the very same place, as a rule,

monec of cavity ccoumulation erise, and sometimes only one or two cavities

in this site, and in both cascs the dqcpenidg of cavities proceeds at

s

virteally the same rate,

3. Problems associated with the actual basis for the effect of
the properties of a liquid on cavitation demage for vibrations have also
not been adequately studied, 1nc1uding the efiecet of the distance between
the vibrating and fixed walls.-‘Only general correlations have been
studied in this éirection.

4, At the present time, a quantitative account of the mutual effect
of changes in flow rate and vibration on the buildup of cafitation
erosion is difficult, Clear data on this proﬁlem would promote the

- designing of more rational diesel engine cooling systems, Cavitation

erosion is a complicated process. that depends on numerous factors.
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Therefore, detailed studies of the quanéitstivé and qualicative ceffect
of thege factors on damage will assict in operating the reliability
and Lcr\:ce 1iYe of diesel engines,

in recent yorrs there has been a trend to reducing diecel cugine

ting the rpm and the meen effective pressure. This, in

=
[e]
e
o]
rye
¢

o}

or
‘23

o

3y oper L
turn, leads to highar vibro-activity of diesel engines, higher liguid
flow rate, and an overall xisc in the dynamicity of loads on diesel

engine assemblies and parts. The potentials for covitation and cavitation

demage are latent in the slip bearings and in the, {vel equipment.

Figure 83: Damage to Fuel Fump

There have been cases of premature malfunctioning of bearings in
D100 diesel engines and others for reasons of cavitation in the oil

wedge, and also in the fucl equipment, Cavitation in these diesel engine
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asserblics oceurs principally as a result of hydrodynamic factors,
which wast first of all include pressure drops. Vibrations of thege
asgenblies can p:ométc a buildup of cavitation, but are not the primary
factor., The relstive pattern of damage in material tested on M3V showe
that to lossen cavitation dawage in chege asgemblies, in all casges *
efforts must be wade to reduce the pressure drop.

In several cascs, for bearings, 1t is expedient to somevhat increase
the viscosity of the oil or to reduce its outflew through the faces,
cince vhen this is done, cavitation damage is diminished. In the event
of developed cavitation, this proves inadeguate, and it is necessary to
use a more cavitationeresistant antifrictien alloy for the bearings.

It must be noted that subsequent studies wmadd it possible to associate

the initial stages of cavitation and cavitation damage in bearings with

ved &b Ll cevn
v -~
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at the different points in the cil wgdge and also with the design
dimensicns of thé bearing and the égient of its vibration, which permitted
devising a methed for calculating t'e functioning of a bearing in a non-
cavitation regime, .

In fuel equipument, especially'in ;he plunger pairs, cavitation
leads to the malfunctioning éé the plunger and linmer after 10 - 20 hours
of operation., Figure 83 shows damage to the plunger of a fuel pump.
Work~hardening and damage cause jamming of the plunger pairs and the
diesel engine loses : its serviceability and malfunctions. Therefore

cavitation in a plunger pair is an altogether undesirable pnenomenon.

At the present time we know that cavitation in fuel equipment can be

eliminated only by increasing the duration of the cyclic feed and by




to a metal occurs under the erffcct of high pressures concentrated
over micre-areas, cxececding the strength of the given material, onc
n oot o

of the wmrthodd of surface protecticn can be to increase surface haod

ness. This is espeeially valuable for diesel engines in vhich the

cauaga to surfaces. 4An Inecrease in liner surface hardoness can be
achieved by work-hardening, nitriding, and the uvse of solid coatings.

Chremium has proven itself in solld protective cosatings. The use

of coatings of porovs clwomium 35 most rational, since it provides

nout micro~crachks that can sarve as corrvosion fooi

a uniform laver wit
~

and subseguent cavitation damage. Miero-cracks can be present when
the surface is costed with solid gleaming chramium, However, the
intensity of liner vibration is high end the coating with porous
chronium docs not provide prote;ticq;against cavitation dsmage, then
2 ceoating with hard'gleaming chromivm must be used,

Chreme=plated liners awxe used in various highQrpﬁ diegel engiaces
of the models Ch 8.5/11, Ch 10,5/13, and Ch 15/18, Ch 18/20 and so cn.
The use of cliromium coatings g%ther completely eliminates cayitation
canpage {f individuzl pressure peaks in the implosion of cavitation
bubbles do not exceed the stresses exceeding the strength of the coating,

or else considerably prolong the linexr surface life. Everything depends

on the intensity of the cavitation processes in the specific diesel engine.
Experience shows that in the locations where clusters of cavitation
cavities form on uncoated liners, a layer of porcus chromium acquires a

.

gleam due to work-hardening .uring cavitation.
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Wacn coatings of porous chromium of different thicknesscs were
tested on cylinder liners subjeected to various vibracion intencsities,
and alsto in tests of chromium coatings ov specimens placed on 15Y,
curves wore plotivd of the increase of the liner surfece life (Pigure £9).
These dats show rhat the surface life of a liner incicares with coating
thiclness and decrecses with inscease in vibration aceclerations. A
20 - 25 micron thick layer is the most suitcable (with allowance for the
time required for chreme=plating). Increasing the thickness of the
caromiuvm layer to 50 microns is inadvisable, since casea of layer
spalling and scaling due to vibration are observed for thick layers.

When liners coated with a chromium laysr are used, one must consider
that the energy doveloping in the implosion‘of a cavication bubble is
net expended In the failucre of the liner surface and in reflectod frem
it. 4ccordingly, the damage to the opposite walls of a block can increase.
.Damage to opposite surfaces will’ﬁeuche nore severe, the narrower the
passages in the water jacket. Accordingly, the passages in a water jacket

must bec wide. As we can gee from the foregoing and from inspecting

Figure 80, the use of chromium coatings incrcases the surface life of

o d

cylinder liners.
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lovering the pressure drop at the point of fuel cut~off., Increasing

the hardners of plunger and liner curfaces promotes a reduction in
cavitation dalape. There is no deuabt that cavitation in fuel equipment
merits furthor iavestigation in order to find the physical cauges for

s

its inception and to control it,
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