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SYNOPSIS

To investigate erosion phenomena, two different equipments 

have been developed. Equipment (i) p ro jec ts  high speed sm all d ia ineter 

liquid je ts  at 450 to 800 m /se c  and equipment (ii) p ro jec ts  50 mm 

d iam eter low velocity je ts  at a speed of up to 46 m /se c .

The form ation and development of erosion c ra te rs  a re  examined, 

c r i te r ia  a re  obtained fo r threshold velocities fo r single and multiple 

im pacts and the relationships of je t velocity to the induction period and 

ra te  of m ass lo ss  a re  derived. The effects of im pact against surfaces 

of vary ing  roughness and a lso  chrom ium  plated, anodised and shot 

peened su rfaces a re  studied and the influence on erosion  ch arac te ris tic s  

a re  considered.

Experim ents on ta rg e ts  subjected to  uniaxial and biaxial tensile  

and com pressive s tre s s e s  a re  described and some analysis is  given.

Damage resu lting  from  je t im pact on convex, concave and flat 

inclined surfaces is  reported on and the essen tial fea tu res a re  analysed 

in  te rm s of s tre s s  wave phenomena. Penetration of la rge  blocks of m ate ria l 

and the perforation  of thin p lates by w ater je ts  have been investigated.

The large d iam eter je t was used in conjunction with a p re ssu re  cell 

to determ ine the s tre s s e s  engendered during im pact on perpendicular and 

inclined surfaces and novel and unexpected resu lts  a re  found and a re  

reported .
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CHAPTER ONE 

INTRODUCTION

On impact with a solid surface a liquid drop produces a very  high

com pressive s tre ss  in the vicinity of the a rea  of contact, lasting  for a few

m icroseconds, which is followed by rapid outward rad ia l flow causing

erosive shearing  of the surface . An insight into the in tricacy and complexity
136of w ater drop im pact, with w ater, is given adm irably by Worthington.

1.1 OCCURRENCE OF EROSION

Erosion m anifests itse lf in th ree  spheres of technology which a re  of

im portance at the p resen t tim e. One is the erosion of a irc ra f t, helicopter and
52 44 119m issile  surfaces when flying through ra in . ’ * Damage may resu lt on the

forward facing surfaces such as wing edges or radom es at speeds of a few

hundred m iles p e r hour and at Mach 1 to 2 a single im pact causes serious

deform ation. The lim iting altitude for ra in  as usually accepted, is 10,000

m etres  although d isc re te  cells of Cumulo-Nimbus clouds can occur as high as

17,000 m etres  p articu la rly  in the tro p ics . Thus many a irc ra f t fly relatively

slowly up through the ra in  and achieve the ir highest speeds above the rain

level. However, with a ll-w eather operational requirem ents of, fo r example,

fighter a irc ra ft a t low altitudes, erosion is  a very  re a l problem .
51The broad requirem ent stated by Fyall is  that erosion m ust not hazard

the vehicle during a single encounter and that as a long-term  aim erosion should

not make s tru c tu ra l replacem ent necessary  before the end of the serv ice  life of

the component. A ir-w orth iness requirem ents for supersonic a irc ra ft a re  also 
33given by Edwards

The size of ra in  drops encountered by a irc ra ft is given by Blanchard 

from  wind tunnel experim ents, as 10 mm d iam eter maximum with the m ost

likely size ranging from  a few m illim etres  down to the sm all s izes formed
81 24 95when drops d isin tegrate  . Frequency of im pact is assessed  ' as one
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every two seconds with 1 inch p er hour rainfall and an a irc ra ft speed of 500 mph,

The second sphere of im portance is the damage of turbine blades rotating in

wet steam . In large modern turbines the blade tips may reach  600 m /se c  and

at the low -pressu re  end the wetness of the steam  may be about ten per cent.
20 23 57Recent studies ’ * have shown that m ost of the w ater is p resen t in very

fine droplets which move with the steam  over the surface of the blades causing 

no damage. Some large  drops of up to 1.4 mm diam eter condense on the 

stationary  blades and a re  pulled into the path of the moving blades by the action 

of the steam . The resu lting  erosion occurs just behind the leading edges of the 

moving blades.
4 5 43 98 116To alleviate the damage protective shields * ’ ' ’ of cobalt-chrom ium

alloy o r high speed tool stee l a re  placed on the last few rows of running b lad es .

Also, increased  separation between fixed and moving blades is partia lly

successful as is a reduction of the w ater content of the steam  or insertion of

drainage slo ts in the tra ilin g  edges of the b la d e s ^ .

The third feature is the damage resu lting  from  cavitation, on many m echanism s

functioning in a liquid environm ent - fo r example ships p ro p e llo rs , v a lv es ,

pumps e tc .. The p rocess  is one of bubble form ation and collapse in a liquid as
7 64 90a resu lt of the surrounding p re ssu re  changes. It has been shown * ’ that

a high speed liquid je t form s by involution of the far side of the cavity - ‘the

je t passes  through the bubble and s trik es  the solid su rface . In this respect

cavitation, a m ore widely researched  topic, has s im ila rity  with w ater drop
92erosion . An extensive survey of cavitation is given by Knapp et al and also  in 

references 9, 74, 75, 76, 123, 124, 126, and 135. A favourable com parison

between w ater drop erosion and cavitation has been made by a number of people
21 65 including Ganavelis and Hammitt et al .

The high s tre s s e s  generated in liquid im pact is used to advantage in

cutting rock and coal. This is achieved by a w ater cannon which fires  severa l
28je ts  p e r second with typical velocities of 1 ,2 0 0  m /se c  and stagnation p re ssu re s
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of 50,000 to 5 million lb f ./ in “\  The je ts thus produced rapidly crush  and erode

even granite rock and may be used for ocean floor excavation. Data on

cutting granite by pulsed w ater je ts  in a ir  and underw ater is included in a
103review by O strovskii

1.2 SIMULATION TECHNIQUES

Laboratory testing  of m ate ria ls  fo r resistance  to liquid drop im pact has

produced num erous differing approaches. Essentially  the m ultiplicity  of these

is due to attem pts to avoid the break-up of the sm all single w ater droplets into
93a fine m ist when accelerated  to 17 m /sec  in a ir; overcom ing the problem  of 

securing  the appropriate  re la tive  speed has had to be attem pted by other m eans. 

Some typical approaches a re  given below.

1.2.1 Wheel and je t

79This is an early  method developed by Honegger and la te r modified by
56 31G ardner and de H aller which is s till in cu rren t use. It consists of a

disc or arm  which is rotated at high speed with a specim en mounted at the

periphery . A je t of liquid ejected p ara lle l to the axis of the wheel impinges on

the specimen once p er revolution. The speed of im pact may reach  700 m /se c

and with a number of je ts  placed equally around the circum ference o r a number

of ta rge ts  inserted  round the d isc , many thousands of im pacts a re  made per

m inute. Impingement speed and the ra te  of impact is lim ited by the tim e of

recovery  of the liquid je t between im pacts.

A rectangular contact a rea  is generated by the impact of the flat ta rget on the

cylindrical je t. However, the method has been extended by d irecting  the liquid
36je t through a nozzle block to produce many sm all d rop le ts . The damage

produced, m ore closely resem bles the random nature of ra in -d rop  erosion.
94 49A lternatively, Lapp et al and Fyall et al allow a fine w ater sp ray  to fall

on to specim ens mounted on arm s with th e ir axis of rotation v e rtica l.
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1.2.2 Liquid je ts

Bowden and Brunt on ^  f irs t used liquid je ts  to examine erosion . The method 

consists of ejecting liquid from a stee l die by means of a pro jectile  acting as a 

fast-m oving piston. The liquid is initially held in position by a disc which 

spreads during extrusion to prevent leakage. Turbulent b reak-up  of the je t is 

m inim ised by a die entrance angle of 120° and other c ritic a l orifice geom etry.

A m ushroom ed-shaped je t is produced at velocities of up to 1,200 m /sec  

which is suitable for examining erosion . The upper lim it of je t velocity is 

determ ined by the bursting  strength of the die. The je t profile is completely 

altered  if a concave m enicus is used; m ic ro -je ts  form  in advance of the main 

je t as shown in re ferences 13 and 87.

This type of gun and also a modified repetitive lower velocity gun a re  used 

in the work and a re  described in Chapter 2,

1 .2 .3  Projectile apparatus
80A method developed by Jenkins uses a  p ro jectile  carry in g  a specimen 

which is fired  at a stationary drop suspended on a thin web fabricated from 

filam ents of polym ethylm ethacrylate. The size of drop may be up to 2 mm 

and impact speeds of 1000 m /se c  a re  attainable.

It is not a repetitive method and therefo re  re s tr ic ts  the num ber and p rec ise  

positioning of im pacts. Also recovery of the p ro jectile  a fte r im pact without 

causing fu rther damage to the specim en is difficult. However, as im pact is 

against a spherical drop at high speeds, it is a useful technique.

1.2.4 M agnetostriction oscilla to rs
54 88 107Gaines and la te r K err and Rheingans were among the f ir s t  to use

m agnetostriction o sc illa to rs . It consists of a v ibrating nickel rod to which a

specim en is attached and im m ersed in liquid. Cavities form  on the rarefrac tion

side of the rod and collapse in com pression as the rod re tu rn s . Specifications

w ere set in 1956 by a sub-com m ittee of ASME which included a resonant frequency

of 6,500 c /se c  and an,amplitude of vibration of 0 .003,42 inches. These

\
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oscillato rs had the disadvantage of working on audible frequencies and

severely  lim iting the tube life. Improved w ater cooled equipment is now in 
35 75use ’ with a resonant frequency of 2 0 ,0 0 0  c /s e c .

With s im ila rity  between cavitation and erosion this type of equipment is

used to advantage to rapidly ra te  the erosion res istance  of m a te ria ls .

1.3 FACTOR INFLUENCING EROSION

The im portant p a ram ete rs  of erosion have been considered by many

investigato rs. As the types of damage a re  m arkedly d iss im ila r  m ateria ls
77are  classified  into four groups ; g lasses, p lastics , ceram ics and m etals;

any com parisons a re  norm ally confined within these groupings. A nomogram
122is given by Thirvnengadam which outlines the erosion res is tan ce  of a 

wide range of m a te ria ls .
45 48 77 89Impact velocity is of prim e im portance * ’ ’ as m etal damage

increases as the second, third or even higher power of velocity, while in
113 133ceram ics and g lasses the dependence may be as large as six  to ten *

Prediction of ra in  erosion destruction might be expected to vary  linearly  with 

velocity and hence im pact p re ssu re , o r even with velocity squared from  energy 

considerations, but it is apparent, p articu la rly  with g lasses and ceram ics, that 

above certain  c ritic a l velocities failure occurs suddenly and any increase in 

these velocities gives corresponding catastrophic fa ilu re .

Considerable work has been undertaken to re la te  m a te ria l p roperties  to 

erosion *9 ,30 ,66 ,79 ,105  indicates that hardness, notch impact strength

73 76and e lastic  moduli have a definite influence although exceptions do ex ist. Hobbs ’ 

deduced erosion indices from  studies of the induction period and erosion ra te  

for many fe rrous and non-ferrous m etals and found hardness to be the main 

fac to r. He was also  able to co rre la te  damage volume with s tra in  energy at the 

u ltim ate strength in sim ple tension.

Although the approach of re la ting  erosion to quasi-sta tic  m ate ria l p roperties  

indicates general tendencies its  inherent lim itation is  the applicability of such



properties  to the dynamic liquid im pact situation. The average m ateria l 

strength p roperties  a re  c ircum scribed  by the strength of the m ost vulnerable 

points of the im pact surface, - the p resen t tendency is to move towards 

specialised erosion te s ts  s im ila r to a fatigue approach.
50Impact p re ssu re  is reduced according to the cosine of the angle of im pact ' 

77and Hoff e t al has shown that only the norm al component of the velocity of

impacting rain  drops is  responsible fo r erosion. The size  of ra in  drops

determ ines the a rea  of damage and thus d irectly  affects m ass loss.
36Elliott e t al found that la rg e r droplet size prolongs the induction period but 

with longer im pact duration the growth ra te  of cracks is increased  and thus 

m ass loss is intensified.
7 6T em perature of w ater, at leas t fo r cavitation experim ents with copper,

show a maximum erosion ra te  at 50°C. Experim ents with wheel and je t

apparatus in a  reduced p re ssu re  environm ent indicate that a i r  p re ssu re  has

little  effect although with sm all w ater droplets the induction period is  m ost

greatly  reduced at a p re ssu re  of 300 mm of m ercury  because deceleration of
78liquid droplets in front of the moving specimen does not occur

Im purities in rain  drops do not significantly influence erosion - even an

aqueous sa lt solution has no m echanical effect. Carbon te trach lo ride  gives

r is e  to the sam e form  of damage as w ater but inflicts twice the ra te  of m ass 
66loss whilst m ercu ry  intensifies the ra te  of erosion by th ree  to twenty tim es

depending on ta rg e t m a te ria l.

One of the recent m ajor objectives has been to estab lish  a m athem atical
69 70 72model with fluid and m ate ria l p a ram ete rs  as input da ta. Heymann ’ '

p resen ts  an approach for pred icting  m a te ria l loss based on em pirica l data 

and dim ensionless values such as ’norm alised erosion re s is ta n c e ’ (Ne) and 

’rationalised erosion r a te ’ (Re). He re la tes  these quantities by
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here the constants K and oc are  given for droplet and je t im pact.

Thiruvengadam " * bases his model on probability of fatigue failure
78of partic les  afte r a given tim e while Hof re la tes  the ra te  of erosion (mean 

depth of penetration) to the kinetic energy impinging on the ta rg e t, a m ateria l 

p a ram eter and the efficiency of energy tra n s fe r . Hammitt ^  working within 

this fram ew ork re la tes  impingement and cavitation data. These m odels have

only had a lim ited success and it seem s to be agreed that th e re  is much
f 34, 41, 106fu rth er to go

1.4 PRESENT INVESTIGATIONS

In this work a num ber of facets of erosion investigation have been covered 

including how and why m a te ria ls , surface condition, o r ex ternal s tre sse s  

influence erosion and also  examining s tre ss  wave and flow ch a rac te ris tic s  

of the je t to find answ ers. The topics where deemed n ecessa ry  a re  dealt 

with in separate  chapters together with details of relevant lite ra tu re .

The equipment used included a repetitive low velocity w ater je t gun, a 

single shot high velocity liquid gun and a large d iam eter low velocity single 

je t gun term ed a 'jumbo jet gun' and dealt with in Chapter 2. As a general 

introduction Chapter 3 covers typical erosion c ra te rs  in ductile and b rittle  

m a te ria ls , c r ite r ia  for the onset of erosion o r threshold level, and the 

correla tion  of erosion with im pact velocity. Surface condition and protective 

film s, p re s tre ss in g  of ta rg e ts , and the impact on inclined and curved surfaces 

a re  discussed respectively  in Chapters 4, 5, and 6 . C hapter 7 deals with 

the penetration of thin plates and a sem i-infinite medium while im pact p re ssu re s  

and the ir variation witli tim e is treated  in Chapter 8 .
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CHAPTER TWO 

LIQUID JET AND ANCILLARY APPARATUS

2.1 REPETITIVE WATER-JET EQUIPMENT

This equipment was developed by D r. H. F . Kenyon of A .E . I . ,

T rafford Park and is described in detail in A .E .I . re se a rc h  rep o rts , see 

re f , 87. A s im ila r apparatus based on this design has been built and 

described by Hammitt

Essentially  it consists of a spring  loaded m ass , 9, which impinges 

every two seconds on a diaphram , 4, housed under a  conical die, 3, as shown 

in F ig . 2.1, The die cham ber is filled autom atically with w ater through a 

needle valve, 7, and excess w ater is sucked off from  the die face, 1. With 

the die nozzle com pletely filled with w ater an approxim ately flat topped 

m ushroom  shaped je t is  formed at speeds of up to 220  m /se c , as given in 

F ig . 2 .2 , The je t speed may be reduced by adjusting the driv ing spring, 10, 

com pression on the im pacting m ass , Calibration of w ater je t velocity with 

driving spring  deflection is given in F ig . 2 .3 .

In tegral with the apparatus is a spark  photography unit which enables 

je t p ro files and velocities to be obtained at in tervals down to l^u-sec.

Specimens a re  mounted in a holder 16 m m  above the die. orifice so that 

they can be re-located  in the sam e position a fte r rem oval fo r exam ination.

Between je ts  a short b last of com pressed nitrogen is played on the ta rge t to 

rem ove any trapped w a te r.

The consistency of je t speed a t 16 mm stand-off d istance was taken by 

m easuring  the speeds of a sam ple of 100 consecutive je ts  using the two photocell 

method described la te r . The je t of 60 m /sec  has a standard deviation of l i  m /se c  

w hilst the fa s tes t je t of 220  m /se c  has a standard deviation of 4^ m /se c .
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2 ,2  HIGH SPEED JET GUN

To increase the scope of investigations beyond those obtainable with 

the repetitive je t gun, a single shot high velocity gun was constructed. It 

was designed to fire  a smooth topped je t of w ater with a velocity g rea te r than 

supersonic a irc ra ft speeds (1,400 mph).

In principle the gun is s im ila r to one described by Bowden and Brunton ^  

where a p ro jec tile  is fired  a t a die filled with fluid thus extruding a je t from 

the sm all orifice at one end of the cham ber.

2 .2 .1  D escription of gun

A photograph of the apparatus is given in F ig . 2 .4  with the die section 

shown schem atically . It consists essen tially  of a s ta in less  s tee l gun b a rre l,

9-̂  mm I/D x  25 m m O /D x 1 m long, held rigidly to a base plate by two quick 

re lease  clam ps, A s ilen cer located at one end of the b a r re l  butts up to a stee l 

block which is fastened to the base plate and houses the die cen trally  with the 

gun b a rre l axis - a location screw  enables die and b a rre l to be aligned.

The die is form ed from  a rectangular piece of s ta in less  stee l m easuring  

70 x 40 x 20 mm with a handle attached to facilitate  rem oval a fte r firing.

A sm all cham ber of 12 mm diam eter in the die block has a 120° conical end 

and a short nozzle through which the liquid je t is expelled. Surfaces of the 

die a re  smooth and the profile of the nozzle is blended with that of the cone. 

Liquid is  held in the die cham ber by a disc of reinforced rubber gasket 

m a te ria l. Two dies were made with 1.64 and 2 .0  mm d iam eter nozzles - the 

fo rm er corresponds to the nozzle d iam eter used in the repetitive  w ater gun.

A mm d iam eter x 12 mm long lead pro jectile  is fired  a t the die 

cham ber using an industria l Rapid Ham m er Major 0.38 in calib re  stud gun 

which fits on to the gun b a rre l with a screwed adaptor co lla r. To prevent 

accidental firing  of the gun it is n ecessary  to apply an axial th ru s t of 20 lb to 

the handle. A num ber 'two' yellow cartrid g e  was norm ally used and it was 

found that to obtain consistent firing  conditions the lead p ro jec tile  had to be a
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close push fit in the b a rre l. The velocity of the pro jectile  and thus the 

velocity of the liquid je t was reduced by positioning the p ro jec tile  fu rther 

down the b a rre l - hence a range of impingement velocities were obtainable.

To determ ine the je t shape and motion the spark  photography unit, 

developed by Kenyon 87, was adapted to fit this apparatus. It consists of a 

light source and photocell situated d iam etrically  acro ss  the die nozzle. As 

the je t in terrup ts the light beam a spark  between tungsten electrodes is 

triggered  off giving an ’instantaneous1 exposure of the je t profile  on a 

photographic p late. At a convenient and variable tim e in terval a fu rther 

exposure of the je t profile is taken which enables a  d istance v e rsu s  tim e 

plot to be made of the water je t.

A m ore rapid and convenient method was also developed to m easure 

je t velocity u tilising  two photocells a known distance ap art. This is described 

la te r but the light sources a re  shown in position in F ig . 2 .4 .

2 -2 ,2  Calibration

A shadowgraph of the resu lting  liquid je t is given in F ig . 2. 5 which 

shows the je t to be smooth topped without m icro jets or break-up  over some 

distance of trav e l and thus suitable fo r erosion experim ents,, An in teresting  

feature is the shock wave travelling  in advance of the w ater je t. F rom  F ig . 2.7 

which shows the d istance travelled  by the je t versus tim e, the je t velocity at 

a distance of 16 mm from  the die face was found to be 780 m /se c . This may 

be reduced to 450 m /se c  by a ltering  the gap between the p ro jec tile  and the 

cartridge  although below this speed the necessary  a ir  gap produces unreliable 

firing’s .

Some prelim inary  te s ts  on Perspex were m ade. At stand-off 

d istances of up to 20 mm ta rg e ts  showed typical damage with a cen tral 

undamaged a rea  and an annulus of ring  c rack s . With la rg e r stand-off 

d istances the damage becam e random and m ore extensive as the je t started  

to break  up p rio r  to im pact.
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A m icrograph of a section of 6 mm thick Perspex plate which has 

been impacted by a w ater je t travelling  at 780 m /sec  is shown in F ig . 2 .6 . 

T hree d istinct sections a re  apparent which include surface damage from  

d irec t impact,.spallation as the incident com pression wave is reflected from  

the re a r  surface in tension and crazing  under the surface caused by shear 

s tre s s  frac tu re .

A num ber of fluids were used in the die including, tap w ater, 

d istilled  w ater, deaerated w ater, hot w ater, oil and m ercu ry . They made 

little  difference to the resu lting  damage on Perspex with the exception of 

m ercury  which had much deeper sh ear damage.

2 .3  JUMBO JET APPARATUS

In an attem pt to quantify the s tre s s e s  engendered during  liquid im pact, 

it was decided to p ro jec t a large d iam eter liquid je t on to a calibrated 

p re ssu re  cell. The scale effect was not considered im portant as surface 

tension is  very  sm all in com parison to likely im pact s tre s s e s . The following 

equipment was developed to give a smooth topped liquid je t of high enough 

velocity, and a p re ssu re  cell of sufficient sensitiv ity  to produce full scale 

oscilloscope deflection (see Chapter 8).

2 .3 .1  D escription of equipment

A detailed drawing and photograph of the apparatus a re  given in F ig s . 

2 .8  and 2 .9 . They show a 100 mm d iam eter piston with an in teg ra l push rod 

sliding in a sta in less  s tee l cylinder. The end of the cylinder is re s tric ted  

to form  a 120° tapered , highly polished die with 50 mm d iam eter nozzle through 

which liquid may be ejected. A phosphor bronze sp lit bush guides the push-rod 

and piston, and the complete assem bly is secured to a  concrete base by a 

175 mm d iam eter by 2/3 m long stee l tube.

The piston is activated by the tup of a spring loaded drop ham m er - 

the force being transm itted  through an I - section beam pivoted on a 75 mm 

d iam eter s tee l shaft to give a velocity ra tio  of driven (piston) to d riv e r of 2 .
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Slides on e ither end of the beam secure a constant a rea  of contact for even 

transm ission  of load. A quick re lease  splash guard is fitted around the 

p re ssu re  cell before each te s t and the w ater caught in a tank surrounding the 

base of the die.

The drop ham m er, com prises a tup of 70 lb m ass with a term inal 

velocity of approxim ately 10.5 m /se c . F o r ease of experim entation it was 

modified to autom atically rewind a fte r each drop. The m odifications shown 

in F ig . 2 .8  com prise a 3 phase, \  h .p . m otor with 60 to 1 worm and 

worm wheel reduction box, brake and a knock-off switch positioned at the top 

of the stroke .

2 .3 .2  Calibration

A num ber of high speed film s were taken of unimpeded w ater je ts  as they 

em erged from  the die o rifice . The Hycam cam era was triggered  by the 'event1 

with a m icrosw itch, actuated by the falling tup, positioned at a height 

corresponding to the film  delay tim e. F ig . 2 .1 0  shows a typical je t at instances 

of travel s im ila r in profile to the sm aller je ts  discussed previously.

D istance of je t trav e l against tim e, taken from  the high speed film s, 

indicate a constant speed w ater je t ~ at least over a d istance of 2/3 m etre .

The velocity is taken as 46 m /se c  with an estim ated e r r o r  of 1 or 2 m /sec  

in the five je ts  analysed. This velocity is in good agreem ent with the design 

calculations where kinetic energy of the descending tup was equated to the 

work done extruding w ater and also accelerating  a large in e rtia  beam with 

end m asse s .

2 .4  SPLIT-PLATEN PRESSURE CELL

The p re ssu re  cell is used in conjunction with the jumbo je t equipment 

to m easure  the tran sien t liquid im pact s tre ss  distribution as shown in F ig . 2 .8 .

It was designed in collaboration with D r. J. B. Hawkyard and D r. G. H. Daneshi 

and is a modified version  of the p re ssu re  cell described by them  in reference 29.
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The main differences a re  that this p re ssu re  cell m easures shear as well as 

d irec t s tre s s e s , is six tim es m ore sensitive but re s tric ted  to a lower working 

load ,

2 .4 .1  Design of p re ssu re  cell

The cell consists of two blocks of aluminium butting squarely on e ither 

side of a 3 mm thick aluminium plate, as shown in F ig . 2 , 1 1 . A se r ie s  of 

s tra in  gauge ro se ttes  - com prising th ree 1^ mm long 350 n . gauges with an 

inclination of 45° between gauges - were attached with RTC epoxy res in  on 

both sides of the plate, d irec tly  opposite and l j  mm from  the top working 

su rface . The m ating platens have sm all c learance grooves at the top to 

elim inate in terference with the s tra in  gauges and leads. W ater is prevented 

from  penetrating  into the clearance slo t and destroying the s tra in  gauges by 

the gap being filled with s tra in  gauge cement on assem bly.

The blocks a re  held firm ly  together by a m etal fram e and also screwed 

to a  base p la te . An extension of the base plate allows the cell to fit into a 

slideway for p rec ise  positioning above the die o rifice .

It is worth noting that a .p re ssu re  cell with s tra in  gauges cast into a block 

of polym er was contem plated. However, with the uncertainty of dynamic 

calibration this was not pursued but might be worth while fo r low s tra in , s tatic  

work,

2 .4 .2 . Calibration and analysis of response

Calibration is conducted quasi-sta tica lly  and as the e las tic  modulus of 

aluminium is not influenced by ra te  of loading the re su lts  a re  relevant to the 

dynamic case .

An analysis of the p re ssu re  cell may be obtained by assum ing the cen tral 

platen, to which the s tra in  gauges a re  attached, is in a state  of plane or 

biaxial s tre ss ; th is is justified as the plate is rela tively  thin and the e lastic  

modulus of ara ld ite  is much sm alle r than that of alum inium , Thus it may be 

shown that the d irec t p re ssu re  (7^, on the p re ssu re  cell is given by
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~ B. + C. (Q  ̂ + Qg) (2.1)

where B and C a re  p re ssu re  cell constants and Q the 

s tra in  gauge readings. Subscripts re fe r  to  s tra in  

gauge directions as given in F ig . 2.11. The surface 

sh ear s tre s s ,  7" , is given by

"T  = G(Q1 - Q3) (2.2)

where G is the modulus of rigidity.

Also the p rincipal s tre s s e s , (7u, (TV, a re  given by

<ru ,  V, = A (Qj + Q3) + B I (Qj -  Q2)2 + (Q2 - Q3)2 (2 .3)
f l

where A = C +(B /  2 )

In the absence of Qj and s tra in  readings the d irec t p re ssu re ,

(/" , may be adquately represented  by
Jr

(Tp= D Q2 (2.4)

The f ir s t  uniform p re ssu re  calibration was achieved by applying a load
29to the platen face via a block of constrained plasticine . The load may be

assum ed to be evenly d istributed , i . e .  negligible surface fric tion , as the sh ear

streng th  of p lasticine is sm all in relation to calibration p re s su re s . Strain
2

gauge readings were taken at s tre s s  increm ents of 0 .2  T f/in  and1 a re  shown 

in F ig . 2 . 12 . The overall variation in slope between v e rtica l gauges was 

five p e r cent and for inclined gauges it was th ree  p e r  cent. Values of the 

constants in equation (2.1), (2.2), (2.3) and (2.4) may be obtained from  the 

calibration curve as

A = 7 x 106 lb f /in 2

B ~ 17 x 106 

C = -1 .5  x 106 

D = 15.3 x 106
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F u rth e r calibration to include surface shear s tre ss e s  was provided by

com pressing 3-2* in d iam eter x 0 .3  in high lead b illets on the platen and

recording the friction hill. The s tra in s  resu lting  from  an axial load of 15

ton f. a re  shown in F ig . 2.13 and both ve rtica l and inclined gauges indicate

a constant frictional s tre s s .

From  equation (2.1) the p re ssu re  gradient may be shown to be 
2

3,780 lbf/in  /in . (The com parable figure from  equation (2.4) gives zero  

e r ro r  when Q2 ~ Qj ~ Q3 and &% e r ro r  when Q2 = 3 (Q^ - Q3>. Simple 

analysis of'friction ' hills with constant shear s tre s s ,  provides the 

expression

dcr 2 T
—  = -   (2.5)
d r  , h

where h is the cu rren t height and dC7> /d r  is the rad ia l

gradient of axial p re ssu re  given above. Thus the surface sh ear s tre s s  is
2

= 557 lb f/in  which upon substitution into equation

(2 . 2 ) with

Ql - Q3 = 175 x 10 6 from  F ig . 2.13 gives

G = 3 .2  x 106 lb f/in2

This is s im ila r to the accepted modulus of rigidity fo r aluminium.

Equations (2.1), (2.2), (2,3) and (2.4) may therefo re  be used, with the

given constants, to determ ine d irec t, surface sh ear and p rincipal s tre sse s  from

the s tra in  readings resu lting  from  any applied load.

As adjacent p a irs  of s tra in  gauges a re  connected to opposite sides of a
32Wheatstone bridge it may be shown that change of bridge voltage, E ^ ,  is 

given by

Ebd -  1 . F . lac . Rg . Q ' (2.6)

T

where F is gauge facto r (1.995 for gauge 2 and 1.925 fo r gauges 1 and 3)
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lac is bridge cu rren t (determined from recommended

power dissipation of gauges as 25 m A)

Rg is s tra in  gauge res istan ce  (350sl)

Q is stra in  gauge reading

Thus from  equations (2.4) and (2.6) the d irec t s tre s s ,  (T , may be
P

w ritten as

Crp = 1760 lbf/in2 (2.7)

where is the oscilloscope deflection in m illi vo lts .

S im ilarly from  equations (2.2) and (2.6) the surface sh ear s t r e s s ,  T~t 

may be w ritten as

7" = 381(E bdl - EM 3) lb f/in2 (2.8) ■

and again and E ^ ^  a re  m easured in m illi vo lts.

2 .5  MEASUREMENT OF JET VELOCITY USING PHOTOCELLS

To m easure  quickly and conveniently w ater je t velocity and also check 

repeatability  a  method u tilis ing  two photocells was u sed . The photocells 

were secured on perspex  tubes and mounted in an aluminium holder as shown 

in F ig . 2.14, They a re  spaced 10 mm apart and 11 mm from  the die face so 

that th e ir in term ediate position corresponds to the ta rge t im pact height.

The light source consisted of a 12 v, 6 watt bulb with a focusing lens 

positioned to give minimum thickness to a converging beam of light on the axis 

of the w ater je t. Alignment of the photocell with the light source was made 

to m inim ise the res istance  of the illuminated photocell.

The sequence of operation is that the w ater je t in te rrup ts  the f ir s t  light 

beam causing a high res istan ce  a t the photocell thus changing the output 

potential of the photocell c ircu it, shown in F ig . 2.15, from  5 to 6 volts to 

10 to 12 vo lts . This increase  in voltage trig g ers-o ff the Decim icrosecond 

C hronom eter and as the water je t in te rrup ts  the second light beam the output 

voltage of the duplicate photocell c ircu it is s im ila rly  increased  which stops 

the tim e r. F rom  the tim e in terval fo r the je t to trav e l a  known distance
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average speed of travel may be calculated.

As the photocells and light beam s a re  only 10 mm ap art, p rec ise  

m easurem ent of this d istance needs to be made. To this end a 

s tee l ball of 25 mm d iam eter was dropped down the w ater je t axis on to a 

thin lead block on to the die face: interrupting both light beam s as it fe ll. 

The tim e interval thus recorded with the ball falling from  a known height 

gives, using equations of motion, an accurate m easurem ent of light beam 

spacing.

An estim ate  of the e r ro r s  incurred  in m easuring je t velocity by this 

method is given in Appendix I and for a je t travelling  a t 220 m /se c  the 

e r r o r  is ^  1.2 per cent.
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CHAPTER THREE 

FORMATION OF EROSION CRATERS

3a 1 INTRODUCTION

The form ation and development of erosion c ra te rs  in a ductile and a 

b rittle  m ateria l resu lting  from  repetitive liquid im pact a re  examined as 

a re  the threshold velocities for single and multiple im pacts and the 

relationship of je t velocity to the induction period and the ra te  of m ass lo ss .

Two ta rge t m a te ria ls , Polym ethylm ethacrylate o r Perspex and ot- b ra s s , 

w ere selected to give re su lts  pertaining to com pletely d ifferent p ro p ertie s .

Perspex erodes readily , is transparen t so that propagating cracks can 

be easily  seen, is  e lastic  alm ost up to the point at which frac tu re  occurs and 

its  uses a re  fa irly  wide-ranging.

Fully annealed oc-b ra s s , on the other hand, is  a  very  ductile , single 

phase alloy which is well suited to m etallographic examination and is 

likely to deform  p lastica lly  under im pact p re s su re . Also, the m ate ria l is  not 

highly s tra in  ra te  sensitive a t room tem peratu re . F rom  the viewpoint of an 

experim ental m ate ria l it is  extrem ely useful.

The surface of the specim ens were prepared by p rogressively  applying 

a num ber of grades of fine em ery paper and then polishing on 6 and 1 /*m 

polishing wheels.

Five je t im pact speeds were used ranging from  218 m /se c  down to

36 m /se c . The w ater-ham m er p re s su re , estim ated using equation (8.3)
2and using c = 1500 m /se c  varied from  308 to 51 M new tons/m  . These impact 

s tre s s e s  a re  shown in relation to the tensile  s tre s s -s tra in  d iagram  of oC-brass 

and Perspex in F ig . 3.1. The lowest velocity is approxim ately equivalent to 

the yield s tre s s  of ^  -b ra s s  and the highest impact p re ssu re  is g rea te r than 

its  ultim ate tensile  strength . The two lower impact p re s su re s  a re  below the 

tensile  frac tu re  s tre s s  of Perspex, the lowest being approxim ately half the
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frac tu re  s tre s s .

3 .2  DEVELOPMENT OF IMPACT CRATERS

Specimens were mounted in a holder 16 mm above the die orifice, 

so that they could be re-located  in the sam e position a fte r rem oval for 

exam ination. At in tervals during the erosion p rocess the specim ens were 

thoroughly cleaned and carefully  weighed on a m icro-balance . Initially, 

the depth of the c ra te r  was m easured from  the graph p rin t-ou t of a 

T alysurf m achine. A num ber of recordings were taken ac ro ss  the im pression 

and showed good consistency, but a fte r the surface had become roughened 

and pitted an optical m icroscope was used.

3 .2 .1  Fully annealed oc-bra s s

(i) Plastic indentation phase

With the fa s tes t je t at 218 m /se c  an im pression was m ade during the f ir s t  

im pact. It consisted of a flat c ircu la r region, approxim ately tw o-thirds the 

projected d iam eter of the je t, tapering  at the outside up to the original 

su rface of the specim en, as indicated in F ig . 3 .2 .  The depth of this 

com pressed region gradually developed and grew as the num ber of im pacts 

increased in an alm ost linear m anner up to a maximum of 40//w at 150 im pacts 

as is evident from  F ig . 3.3; th e reafte r it rem ained constant throughout the 

erosion  p ro c e s s . The grains in the c ra te r  were c learly  m arked with many 

slip  lines o r ex tru sions, and during its  deepening the inner d iam eter of the 

depression  did not change and the outer d iam eter a lte red  only m arginally .

A cen tra l conical hole form ed which was approxim ately tw ice the depth of the 

depression  and th is deepened with the num ber of im pacts. However, the 

conical hole continued a fte r the outer com pressed region had reached its 

maximum depth; in fact, it deepened rapidly to about twenty tim es the final 

depth of the com pressed region. The cen tra l hole developed as the deepest 

p a r t of the erosion  c ra te r  as described below.

The proportions of the im pression  rem ained rem arkably  constant
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throughout the c ra te r  development process; the cycle of events was

repeatable. In the la te r stages of the plastic indentation phase there was

a build-up of m etal at the rim  of the hole to about 2 0 - 3 0 m in the case of

the 218 m /sec  je t and 5/nm for the 110 m /sec  je t. During th is stage there

was no m easurable m ate ria l loss but once the com pressed region had reached

a maximum depth, p its  developed and m ate ria l was lo s t. The final depth of

the com pressed a rea  was less  than the penetration achieved by p ressin g  a

rigid cylindrical indenter of 3 mm d iam eter into a flat specim en at the

equivalent impact s tre s s  level. F o r com parison, a w ater je t of 218 m /sec

produced a cen tra l com pressed region of 4 0 while the depth of p lastic

penetration by a rigid indenter at the equivalent sta tic  s tre s s  was 70/un

and s im ila rly  for the 161 m /se c  w ater je t was 6/tm whilst the quasi-sta tic

penetration was 22jhm . Part of this d isparity  may be explained by reference

to the low ra te s  of s tra in  in the static  te s t as against the high ra te  with
✓

liquid je t im pact.

Jets at the two lower impingement velocities (and to a le s s e r  extent 

the third) resulted  in negligible in itia l com pression and a ll th ree  generated 

im pact s tre sse s  sm a lle r than that required  by a rigid indenter in penetrating 

the flat su rface of a  sem i-infin ite  m edium , (This is given by Tabor '^®as 

th ree tim es the yield s tre s s  of the m edium ).

(ii) C entral hole

The establishm ent of the well defined and repeatable cen tra l hole and the

reason for its  form ation is  the m ost perplexing feature of the p ro cess . One

might be tempted to ascribe  th is phenomenon to a Munroe m icro je t travelling
13in advance of the main je t, as described by Bowden . However, shadowgraphs 

of the je t profile  over the complete length of trav e l of the je t show quite c learly  

that it had a smooth, alm ost fla t, top. E lectron scanning m icrographs, shown 

in F ig . 3 .4 ,  of an im pression  formed in a lead target a fte r one impact give 

some insight into the developm ent. Small c ra te rs  can be seen to ex ist within
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the otherw ise smooth d ish-like  c ra te r  which presum ably develop to form 

the conical cen tra l hole. The sm all c ra te rs  might form  through some high 

p re ssu re  pulse within the je t.

(iii) Erosion phase

The second phase of the erosion p rocess in oc -b ra s s  involved the 

development of surface irreg u la ritie s , which com prised many slip bands or 

ex trusions, being progressively  sheared and torn out of the surface as water 

from  the outer p a rt of the je t flowed radially  outwards, see F ig .^3 .5 . A

schem atic diagram  of the s tre sse s  that ex ist in surface p ro trusions is given
i 38, 39 by Engel

It was noticeable that th is a re a  of pick-up or shearing  occurred only on 

an annulus corresponding to the tapered outer ring connecting the flat cen tra l 

im pression  with the original su rface . F ig . 3 .6  shows a section through the 

im pression  a fte r 300 im pacts. The cen tra l hole and com pressed region, 

although consisting of many slip  lines and pro tuberances, showed no signs 

of shearing, w hereas the outer ring  consisted mainly of sheared m a te ria l.

(iv) Confirm atory te s ts  for 'dead zone'

It appears that the outer ring  is the only region where rapid outward 

movement of the je t occurs. In effect the cen tral im pacting liquid of the je t 

is  in itially  held in position as a 'dead zone’ exerting only a com pressive s tre s s  

at impact whilst the outward flow is produced from  liquid behind the leading 

edge of the je t. This hypothesis was substantiated by two sim ple te s ts .

In the f ir s t ,  the je t impinged on a lightly silvered su rface . N aturally 

the silvering  was not removed by a com pressive s tre s s  but was readily removed 

by any shearing  action. The resu lts  of such a te st showed that a cen tral a rea  

of s ilv e r was untouched and hence subject only to a com pressive s tre s s , while 

an outer ring  of s ilv e r had been completely rem oved. With a je t velocity of 

( 218 m /se c  the d iam eter of the c irc le  of untouched s ilv e r was 2.05 mm which
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corresponded exactly to the inner d iam eter at this velocity of the ring  crack  

in Perspex and the ring of sheared m ateria l inoc -b ra s s . The c irc le  

d iam eters for je ts  at both velocities w ere approxim ately tw o-th irds the 

estim ated je t d iam eter at im pact, although this la tte r  magnitude was not 

accurately  m easurable because of the fine m ist at the leading edge of the je t.

F o r the second te s t a m ulticoloured low strength p ro jec tile  was fired 

at a solid surface, with the aim  of freezing  the je t action at an interm ediate 

stage. A section through the deformed pro jectile  consisting of concentric 

coloured rings of p lasticine , is  given in F ig . 3.7.  It also confirm s that the 

cen tral im pact a rea  is held in its initial position and the sideways flow of 

m ate ria l is supplied from  the outer part of the pro jectile  o r je t behind the 

leading edge.

These two te s ts  confirm  the hypothesis and may explain why a ring  

crack  form s but does not p rogressively  develop to form  a complete c irc le  

of concentric ring  cracks as would be expected if flow occurred  progressively  

from  the outside of the je t as suggested by Bowden and Brunton ^  for je t 

im pact.
14A s im ila r phenomenon was reported by Brookes, Tobias and Ali 

who subjected m etal specim ens to many im pacts between a p a ir  of forging 

dies and noticed that die w ear was confined mainly to an outer annulus where 

rad ia l m a te ria l movement took p lace.

(v) Development of c ra te r

In the development of the erosion c ra te r , the a rea  of sheared surface 

m a te ria l increased until a complete ring  was visible which appeared as a very  • 

bright a re a  under the m icroscope. Inside this ring  a few minute depressions 

o r p its w ere fo rm ed , where the shearing action of the w a te r had removed ra th e r 

deeper p a rtic les  of m a te ria l. Num bers of these p its form ed and becam e 

elongated rad ially , gradually joining up to form  rad ia l channels. Pitting



m arked the onset of m easurable m ass loss. G ross p lastic  deform ation 

continued and some of the m ate ria l was forced outwards and upwards form ing 

a d istinct outer lip to the c ra te r . Concerning this stage in our experim ents 

many rep licas w ere taken and examined under an e lec tro n  m icroscope, but 

little  meaningful inform ation was gleaned.

The a rea  affected by shearing  spread outwards and slightly  inwards with 

num ber of im pacts. F ig . 3 .9  shows the variation of outer and inner d iam eter 

with number of im pacts for a ll the five je t velocities. It can be seen that the 

outer d iam eter of the sheared region rem ained constant fo r some tim e and 

then increased to a maximum affected a rea . This increase  always coincided 

with the onset of steady state  erosion  o r m ass lo ss . The maximum area  of 

influence was sm alle r with slow er velocity je t s .

The inner d iam eter of the annulus subjected to shearing  decreased  slightly 

with num ber of im pacts and as the cen tra l hole widened quite rapidly, the 

two eventually m et and the whole impacted a rea  form ed many rugged in te r­

connecting fissu res  and p its , as shown in F ig . 3.8.

Erosion depth in the cen tra l hole and outer ring  for the th ree  fastest 

w ater je ts  is plotted in F ig , 3 .10 , The cen tral hole is deeper than the outer 

ring  but both increased in depth with num ber of im pacts, tending towards a 

maximum which is a function of velocity . However, the depth of the many 

pits at the final stages of erosion was variab le and could not accurately  be 

determ ined.

3 . 2 . 2  Perspex

With a m ate ria l which is e las tic  alm ost to frac tu re  th e re  was no initial 

p lastic  deform ation as occurred in «<■-b ra s s . With the th ree  fa s tes t je ts  

a se r ie s  of short d isc re te  cracks developed in the surface during the f ir s t  

impact in the form  of a rin g  between 1,8 mm and 3 mm d iam eter as indicated 

in F ig . 3 .11 . Of the o ther two je ts  which induce im pact s tre s s e s  below the



frac tu re  s tre s s , no cracks appeared initially but they did develop after 

250 and 1,700 im pacts respectively . The crack  initiation in these two 

cases, is thought to be due to a fatigue m echanism  particu la rly  as the 

s tre ss  level is well below the e lastic  lim it and frac tu re  s tr e s s ,  and as the 

complete ring was formed at alm ost the sam e tim e. The c rack s , once 

form ed, propagated in a b rittle  m anner as the scanning e lec tron  m icrograph 

of an opened crack  shown iii F ig . 3.12.

The ring  cracks spread outwards and downwards, underm ining the 

surface, . As the w ater effected its  shearing action, a s trong  influence was 

exercised on the p a rtic les  causing cracks to join up with the surface and 

s liv e rs  of m ate ria l were re le a se d . Sometimes these s liv e rs  w ere 2 - 6  mm 

long. The sm all inward p rogression  of the ring crack  appeared to be associated 

with a gradual chipping off of the protruding c irc le  of undamaged m ate ria l.

The p ro g ress  of the widening of the ring  crack  with num ber of im pacts is 

shown in F ig . 3 .13 . It is in teresting  to note that, although the development 

of the outer d iam eter and its  maximum value is affected by the je t velocity the 

inner d iam eter, a fte r the f ir s t  few im pacts, is not. This is s im ila r to the 

behaviour of ot '-brass*

The depth of im pression also increased during the erosion process as 

dem onstrated by F ig . 3.14. The fine penetrating cracks did not lend them selves 

to p rec ise  m easurem ent and as a consequence there  was some spread in the 

re su lts . The depth did tend towards a maximum but th e re  was no sharp cut­

off as is observed with some m a te r ia ls .

3 .3  THRESHOLD VELOCITY

Recent in te re st has centred on the existence of an im pact velocity, term ed

the threshold velocity, below which the phenomenon of erosion  does not occur.
123Thiruvengadam gave as the c rite rio n  for this the dynamic yield strength 

for single im pacts and the endurance or fatigue strength for m ultiple im pacts.
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The p resen t work confirm s Thiruvengadam ’s crite rion  for b rittle  

m ateria ls  but not fo r ductile m a te r ia ls . In Perspex the conditions producing 

impact s tre sse s  in excess of the frac tu re  s tre ss  led to a ring  c rack  a fte r 

the f ir s t  im pact, whilst the two je ts  developing less  than the frac tu re  s tre ss  

required many im pacts to develop what were probably fatigue c racks.

In ex. -b ra s s , however, the im pact s tre ss  for four of the five conditions 

was in excess of the yield strength and one other was just slightly le ss .

The two fastest je ts , which generated impact s tre sse s  above that required 

by a rigid indenter to p lastically  deform  the surface, produced com pressed 

regions im m ediately, whilst the third and fourth did so a fte r  approxim ately 

40 and 500 im pacts respectively . All these four je ts  then produced erosion, 

at a ra te  depending on velocity . With the fourth je t, a fte r 20,000 im pacts, 

a lightly com pressed region of approxim ately 3/um deep was form ed but no 

m easurable m ass loss occurred . However, a d istinct rin g  was form ed and 

sm all p its had s tarted  to develop. The slowest je t, which generated an impact 

s tre s s  ju s t below the yield s tre s s , made only a slight im pression  in the surface 

a fte r 2,000 im pacts but did not develop even a fte r a fu rth er 20,000 im pacts. 

C ertainly no ring  m arkings and no p its developed so that it may be assum ed 

that the threshold velocity had just been reached. Thus the threshold velocity 

in -b ra s s , and possibly other ductile m a te ria ls , is determ ined for single 

im pacts by the s tre ss  required by a rigid indenter to p lastically  penetrate  the 

flat surface of a  sem i-infin ite  medium ( i .e . th ree  tim es the dynamic yield s tre ss) 

and fo r m ultiple im pacts by the dynamic yield s tre s s .

Hancox and Brunton ^  have reported  resu lts  in which copper is eroded by

a je t of speed 24 m /se c , and which causes an im pact s tre s s  15% below the average
127yield strength . Thom as fu rth e r analysed this problem  and shows that it 

is  due to  the form ation of sm all depressions at soft spots within the m ate ria l.

He points out that in m ost methods of loading, the load is taken by the strongest 

points in the indented a rea  whilst under liquid im pact the load is applied over
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the whole a rea  and therefore  weak points a re  vulnerable.

Thus it appears that the dynamic yield strength c rite rio n  suggested 

for multiple im pacts is circum scribed by the strength of the weakest points 

of the im pact su rface , because once a weak spot has caused surface undulation 

the fierce  shearing action acro ss  the outer ring  of the im pact a rea  will soon 

c rea te  pitting. However, using yield strength  as a c rite rio n , even with this 

lim itation, would appear to be m ore appropriate than using the fatigue or 

endurance lim it.

3 .4  EFFECT OF JET VELOCITY ON EROSION

If in the erosion p rocess the m ass o r volume of m ate ria l lost is recorded

against num ber of im pacts (or tim e if the number of im pacts p e r minute rem ains

constant), then a ch arac te ris tic  curve is obtained shown in F ig . 3.15 for oC-b ra s s . 
69Heymann d iscusses this type of curve in detail. T here  is  an initial period

when no m ass is lost, during which tim e p lastic  deform ation takes place (or

in the case of Perspex, ring  cracks fo rm ). As pits s ta r t  to form  in the outer

ring  some m ass is lost and th is reaches a steady ra te  of m ass loss  as pits

develop, elongate and join together. This steady state  period may be l in e a r ’,

as with oc-b ra s s , o r may gradually reduce as in the case of Perspex, shown

in F ig , 3.16. A fter heavy surface damage which tends to b reak  up the impinging
104 62je t and, according to  Pies se t and Devine and Hammitt trap  a protective 

layer in the depression , the ra te  of m ass loss tends to level off.

Two im portant featu res a re

(i) the incubation o r induction period; this is given by the intercept
/

on to the absc issa  of the steady state  portion of the m ass loss 

curve, i . e .  AB produced to Nj in F ig . 3.15; this defines the 

num ber of im pacts required fo r erosion to be initiated under a 

given set of conditions;

(ii) the erosion ra te , o r the volume loss p e r im pact, is  related to 

the slope of the steady state  portion on the graph of F ig . 3.15
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and gives a m easure of ra te  of volume loss once erosion 

has s ta rted .

Erosion is usually subsumed under one indefinite index when dealing
77with velocity. F o r instance, Hoff e t al, when subjecting m etals and 

polym ers to  im pact by je ts  at velocities from  150 to 380 m /se c , specified

an ’overall increase  in destruction ' proceeding according to the 5th to 7th
66power of velocity. Hancox and Brunton show that su rface dam age, expressed 

as a reflectiv ity  index, was proportional to the 2 .7th power of velocity in 

Perspex.

The magnitude of the induction period, N^.aud the erosion  ra te , have 

been taken from  F ig s . 3.15 and 3,16 for o c-b rass  and Perspex respectively  and 

plotted against velocity, but in spite of the few resu lts  available particu larly  

fo r cx-brass, they do d isclose , to som e degree, a quantifiable relationship .

F ig . 3.17 shows je t velocity plotted against the induction num ber of impacts 

fo r Perspex and o c -b rass . Both curves suggest a hyperbolic relationship 

and when plotted in logarithm ic co-ord inates, it is found that

(i) for Perspex,  ̂ and

(ii) fo r o<-brass, N, =1 yJ-s

k and k. * a re  undetermined constan ts.

Evidently onset of erosion in Perspex is m ore sensitive to im pact velocity 

than ©C-brass by two to th ree  o rd ers  of magnitude.

Relating erosion ra te  and velocity as above it was found that

(i) for Perspex, the erosion ra te , _ A. V
Un

and
c{ AA A  ̂ \/ ^  ^(ii) for « -b ra s s , " " " -  n - V
An



28.

h and h' a re  undetermined constants, M denotes volume and N number of 

im pacts .

It appears that once erosion has s tarted  the ra te  of m ass loss is influenced 

by im pact velocity m ore in Perspex than in o c -b rass , but not to as great a 

degree as is the induction p erio d .

3 .5  CONCLUSIONS

C ra ters  formed in a ductile and a b rittle  m ateria l due to w ater je t im pact 

have been shown to have different modes of development, as described .

Considering the ductile m ate ria l, the c ra te rs  in oc -b ra s s  initially  consist 

of flat c irc u la r  depressions whose d iam eter is  tw o-thirds of the impinging je t. 

There is no m easurable m ass loss as the im pression deepens to  a maximum 

with num ber of im pacts. This maximum value is  about the sam e as that 

penetration achieved by the specim en by a rigid indenter quasi-sta tic  ally loaded 

to the equivalent im pact s t r e s s .  A cen tra l conical hole form s in the c ra te r  to 

a depth approxim ately twice that of the surrounding com pressed region and as 

the num ber of im pacts in c reases , this depth ra tio  is m aintained. Plastic 

com pression eventually ceases, whereupon an annulus fo rm s which is subject 

to shearing  as w ater flows rapidly acro ss  the su rface . A s e r ie s  of p its  form 

which deepen and extend radially  to cause gross p lastic  deform ation.

The behaviour of the b rittle  m a te ria l is quite different; no initial indentation 

is  evident in the Perspex and a band of short d isc re te  cracks form , affecting 

an a rea  s im ila r to that subjected to shearing  in c* -b rass .

Some ch arac te ris tic s  of the w ater je t have been discussed  in relation to 

the c ra te r  development, and in p a rticu la r it is proposed that the cen tral region 

of the im pacting liquid is  initially  held re la tively  stationary  exerting  mainly 

com pressive s tre s s  on the surface, while outward flow occurs from  the region 

behind the leading edge. Some corroborative evidence has been given to 

substantiate th is view.
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The existence of a threshold velocity, below which the phenomenon of 

erosion does not occur, has been confirmed for these two m a te ria ls . C rite ria  

for predicting such values a re ,

(i) fo r Perspex

(a) fo r single im pacts, the dynamic yield strength ,

(b) fo r m ultiple im pacts, the fatigue o r endurance strength,

(ii) ’ fo r -b ra ss

(a) for single im pacts, th ree  tim es the dynamic yield strength

(or the s tre s s  required by rigid indenter to 

p lastically  penetrate  a flat su rface ),

(b) fo r m ultiple im pacts, the dynamic yield streng th .

The impinging je t velocity has been shown to affect the induction period, 

or the num ber of im pacts to  in itiate erosion; it v a ries  with the rec ip rocal of 

je t velocity ra ised  to the 5 .7 th  power for Perspex and to the 3 .2 th  power for 

©£ -b ra s s . Once erosion  has commenced, the ra te  of m ass  lo ss  is also  affected 

by je t velocity. F o r  Perspex, m ass loss v a rie s  with je t velocity  raised  to the 

4 . 5th pow er, while for oc -b ra s s  it v a rie s  with je t velocity ra ised  to the 3 . 5th 

power.
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CHAPTER FOUR 

SURFACE CONDITION

30.

4.1 INTRODUCTION

Some aspects of surface condition and its influence on erosion  a re

examined below. Partly th is  was planned as consolidating background work

and it has served to confirm  previous resu lts  and extended them .

Surface finish has been previously shown to affect the commencement

of erosion in certain  m ate ria ls  and also affect the ra te  of m ass loss during
79erosion because the surface becom es very  irreg u la r . Honnegger was 

one of the f ir s t  to notice the diminution of erosion ra te  with tim e, and 

surface roughness, and attributed it to a protective liquid held in surface

dep ressions. Since then many w orkers, including P lessett and Divine, ^
64 69Hamitt and Heymann, have examined this effect.

1 1
In itial surface roughness has been examined by Smith e t al who

found with artific ia lly  roughened turbine blade shield m a te ria l that m ass loss

is significantly lower due to break-up of droplets strik ing  the peaks and also
40cushioning by w ater in the c ra te r s . In Engle’s explanation of this

phenomenon it is attributed to the reduced angle of attack afforded by the
16slanting walls of the roughened su rface . It has also been shown that liquid

is deflected by surface pro trusions tending to intensify damage in depressions. 
66Hancox and Brunton determ ined, with 60 m /se c  w ater je ts  impinging on

Perspex ta rg e ts , that su rfaces prepared  with 1/tm p a rtic le s  needed 3 .3  tim es

as many im pacts to produce pitting as surfaces abraded with 14 and 30/<m

partic les; a s im ila r conclusion was reached fo r s ta in le s s -s te e l ta rgets..
46F u rth e r experim ental evidence was supplied by Field who found that changes

in surface profile of 1000 A0 could be significant in acting as s ite s  for erosion
74dam age. An apparently contradictory resu lt was given by Hobbs, fo r high
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tensile  b ra ss  who found surface roughness to make little  difference to 

erosion,although in the case of manganese bronze the induction period 

was extended with very  smooth specim en.
42The topic of protective m ate ria ls  has been fa irly  well researched

particu larly  with regard  to the protection of vulnerable a irc ra f t components
97and also turbine b lades. F o r  instance Lichtman found that some

polyurethane coatings give b e tte r erosion protection than even highly res is tan t

m ate ria ls  such as Stellite 6B. Schmitt subjected polyurethane

coatings to 2 inches p e r  hour of sim ulated rainfall at speeds of 500 m .p .h .

and found they lasted twenty tim es as long as some neoprene coatings.

Nickel plating on non-conducting substra tes  such as epoxy o r polyester can
134also  be a very  effective b a r r ie r  . With thin e lastom eric  coatings a p rim ary

24cause of fa ilu re  is adhesion due to tensile  reflection from  the coating 

adhesive in terface.

In this work the effect that suface finish has on induction period and 

ra te  of m ass loss, with b ra s s , s ta in less-s tee l and Perspex is investigated in 

the absence of entrapped surface liquid. The protective nature  of chromium 

plating on mild stee l is examined, particuarly  at low speed from  the viewpoint 

of c a r bum pers or high-speed tra in  components. Also anodic film s on 

aluminium and the effects of shot penning a re  briefly  exam ined.

4 .2  SURFACE FINISH

4 .2 .1  Experim ental procedure

Six b ra ss  specim ens w ere produced with targe t su rfaces finished by rough 

flycutting, smooth shaping, surface grinding, fine em erying, rough and smooth 

polishing. Surface finishes ranged from  0.005 to 7.5^/im  cla m easured using 

a  T alysurf 4, on K setting, with 0.03 m eter cut-off. Eight ta rg e ts  of s ta in less- 

s tee l and Perspex w ere sim ila rly  produced with surface finishes ranging from  

0.0005 to 0,41yum c la .
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Erosion was caused by w ater je ts  of 220 m /se c  and during the course 

of the te s ts  the specim ens were carefully cleaned, weighed on a m icro ­

balance to record  the m ass loss and examined under a m icroscope. F u rth er 

te s ts  w ere conducted on b ra ss  ta rg e ts  with w ater je t speeds of 110 m /sec  

and with Perspex ta rg e ts  at 56 m /sec ; the examination in these cases was 

purely visual.

4 .2 .2  Results  and discussion

(i) Brass ta rg e ts

It can be seen from  F ig .4 .1 (i) which shows volume loss  with number 

of im pacts that surface finish has little  bearing on the onset o r ra te  of 

erosion . This is probably due to the surfaces being quickly damaged by 

viscous shearing  and thus erad icating  possible d ifferences. T ests  with lower 

speed w ater je ts  exhibited s im ila r tendencies with p its form ing and 

developing at correspondingtim .es. However, these com parisons were 

lim ited by the difficulty of v isually  examining damage on different reflective 

su rfa ce s .

One distinct difference in the form ation of erosion damage with surface 

finish is the distribution of p its . With rough su rfaces, p its form  on the inward 

faces and c re s ts  of su rface p ro trusions (relative to the outward rad ia l flow) 

while the rev e rse  faces of these p ro trusions are  protected from  fie rce  

liquid flow. Also with d irectional su rfaces, such as shaping o r flycutting 

a p re fe rred  erosion  takes place ac ro ss  the lay of the su rface . With smooth 

ta rg e ts  p its form  random ly.

(ii) S ta in less-stee l ta rg e ts

Many s im ila ritie s  were evident as between s ta in le ss -s tee l and b ra ss  

specim ens i . e .  m a te ria l was removed acro ss  the surface lay and all p its 

developed on the inward face of surface fu rrow s. However, polished s tain less 

s tee l su rfaces needed th ree  to  four tim es the num ber of im pacts that rougher
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surfaces (shaped o r em ery finishes) needed to cause pitting . Very rough 

surfaces did not extend fu rth er the induction period . Also it was noticeable 

that any minute scra tches intoduced initially on polished surfaces w ere sites 

for pitting and had induction periods s im ila r to those of rough su rfaces.

If surface scra tches a re  assum ed triangu lar and scra tch  depth is taken 

as four tim es the cla.value then these resu lts  confirm  the work described 

in re fe rence  1 1 .

(iii) Perspex ta rg e ts

Volumes of eroded m ateria l v ersus num ber of im pacts is given in 

F ig . 4 .1  (ii) and shows the induction period to be much the sam e fo r all 

four specim ens. Mass loss can be seen to be e ra tic  and has no significant 

relationship with surface fin ish . F rom  experim ental observations m ass loss 

depends on flakes of m ate ria l being levered off the ta rg e t a t infrequent 

in tervals and making sudden differences in weight. This variab ility  is 

independent of surface finish as the c rack s , which form  during the f ir s t  

im pact, propagate under the surface possibly be p ressu rized  leverage within 

the c rack . The ra te  of crack  propagation and hence m ass loss is not a function 

of surface finish.

The te s ts  on Perspex with w ater je t speeds of 56 m /se c  where damage 

does not occur during the f ir s t  im pact did not follow the above trend . Here 

the form ation of ring  cracks w ere subjectively assessed  as necessita ting  

two or th ree  tim es the num ber of im pacts than required on the sm oothest and 

roughest su rfaces com pared with the two interm ediate roughness specim ens. 

Again, assessm en t is not p rec ise  when com paring fine hairline  cracks on 

finely polished and coarse  surfaces but the trend was distinctly  p resen t,

4 .2 .3  Conclusions

On rela tively  low strength ductile m a te ria ls , such as b ra s s , surface 

finish has little  effect on induction period o r ra te  of m ass loss as the
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original surface is quickly eradicated . With polished sta in less stee l the 

induction period is extended. Surface finish distinctly  changes the 

form ation of erosion p its .

Brittle m ateria ls  a re  only affected by surface finish with low 

velocity im pact where damage does not commence im m ediately.

In a ll cases the ra te  of m ass loss once erosion has commenced is 

not influenced by surface roughness. This casts doubts on attributing  the 

diminution of erosion with surface roughness to b reak  up of droplets and 

reduced angle of attack and strengthens the belief that protective liquid 

held in depressions is the tru e  cause.

4 .3  CHROMIUM PLATED MILD STEEL

Norm ally when mild stee l (En la) ta rg e ts , a re  subjected to  w ater je t 

im pacts of 220 m /se c , a cen tral hole form s after 30 im pacts which increases 

linearly  in depth with num ber of im pacts to a maximum of 1.3 mm at approxim ately 

17,000 im pacts. Pits develop at about 800 im pacts: an example of rad ia l 

pit growth is given in F ig . 4 .2  showing a pit a fte r 4 ,000, 5,000, 9, 500 and 

12, 500 im pacts.

With good quality chromium plating (flashes of copper, nickel and 

0.0015 in thickness of chromium) the form ation of the cen tra l hole is re tarded  

and req u ires  1000  im pacts m ore until penetration of the plating has occurred; 

th e reafte r the depth in c reases with num ber of im pacts up to a maximum at 

18,000. Pitting is elim inated even a fte r 40,000 im pacts and as p itting causes 

m ass loss the plating gives a significant protection.

At lower im pact velocities m inute local depressions form  around the 

stagnation point as shown in F ig . 4 .3  but do not develop to form  a cen tral 

hole. Protection is thus afforded to the mild stee l substra te  although the 

m inute depressions could form  site s  for subsequent corrosion  particu larly  

with very  thin flashes of chrom ium . Evidence of damage is c learly  visible
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at velocities as low as 56 m /sec  (120 mph).

4 .4  ANODISED ALUMINIUM

The possible protective effect of an anodic ceram ic film  on aluminium 

was investigated and it was found that with repetitive w ater impact that 

even a hand anodic film  1 5 0 / m thick quickly cracked and la rge  p a rtic les  

w ere chipped from  the su rface . A m icrograph of the su rface , see F ig . 4 .4 , 

a fte r 60 im pacts shows bad pitting of the anodic film . F o r  com parison 

a norm al aluminium specim en at th is stage had negligible damage with 

a cen tra l hole 2 0 / m deep and only a slight suggestion of pitting. A fter 

200  im pacts much of the anodised film  was chipped away to a depth of 

150/4111 revealing the substrate; the cen tral hole developed to a depth of 

27 0 /m .

A decorative anodic film  2 5 /m  thick, behaved sim ila rly  affording 

no protection to the surface and indeed rendering  the surface susceptible 

to dam age. A fter 60 im pacts an annulus on the ta rg e t subject to shearing 

was com pletely devoid of any anodised film and the cen tra l hole was nearly  

four tim es as deep as an untreated ta rge t.

At 800 m /se c  im pact speed a single je t penetrated le ss  into a thickly 

anodised ta rg e t, than a polished ta rg e t, although the ta rg e t becam e crazed 

with fine h a ir  line cracks and was of little  fu rther pro tective value .

4 .5  SHOT PEENING

T argets of mild s tee l (En la) and aluminium alloy (Al, Zn, Mg) 

w ere shot peened using a medium sand shot which induced com pressive 

s tre s s e s  in the su rfaces, although visually  they rem ained re la tive ly  undamaged.

The form ation and growth of p its during erosion in both m a te ria ls , 

was m arkedly assis ted  by shot peening. The shot peened specim ens needed 

only half the num ber of im pacts that polished specim ens did to produce sm all 

pits* Also the growth of p its p rogressed  at. approxim ately twice the ra te  on



36.

shot peened su rfaces. This resu lt is consistent with work by Mathieson 
99and Hobbs and may be explained as in Chapter five where p re-com pressive  

s tre s s  is shown to lead to an increase  in the erosion of ductile m a te ria ls . 

However, as shot peening is  known to im prove fatigue life th is  re su lt seem s 

contrary  to the cu rren t popular belief that erosion is a  fatigue initiated 

m echanism .



(») 6 0 - 4 0  BRASS - 2 2 0  m / s e c  vel.

0*9

Surface Finish 
CLA

O -  0 0 0 0 5
•  -  0 0 0 2 5  

■ ^ -  O 0 4 5  -
*  -  0  *62

LU

3 0 - 3

target  Chp.3

O IO O O 2000 3 0 0 0 4 0 0 0 5 0 0 0
NUMBER OF IMPACTS

(ii) PERSPEX - 2 2 0  m / s e c  vel.

E
E

12

V)
</>
O 8

LU
5
3  4o
>

I
0

m

I3

>
X

-

•
0

A  /

A

Surface  yufn Cl
Finish

-A
-

- •
o -  0 0 0 0 5  

•  -  0  0 4
A  -  0 1 6

-

m
«

_____<

0

>

□ -  0 - 41  

x —  target Chp.« 
i... I............... , , i  ......... ......

■

2 0  4 0  6 0  8 0
NUMBER OF IMPACTS

IO O 120 140

FIG. 4-1 VARIATION OF MASS LOSS WITH SURFACE FINISH



(I) 4 . 0 0  0  IMPACTS

CENTRAL
HOLE

(II) 4 .0 0 0  IMPACTS

vy 1
: ' .V  .

B

B x 2 8 0 B x 2 8 0

(V) 1 2 . 5 0 0  IMPACTS(IV) 9 .5 0 0  IMPACTS

(iii) 6 .0 0 0  IMPACTS

A

FIG.4-2 PITS D E V E L O P ME N T  IN En. la S T E E L

2 2 0  m/  s e c  J E T  VEL.



(I) • CENTRAL IMPACT REGION

6 , 0 0 0  IMPACTS

•  •
.  - * • * • • .  #

i  v* ‘ *'• ••• ; ' . •
• *  .  V  :
■(. r .»,*

a  « > ■ * .  i ‘ '  • .  •IS

V
(II) VIEW OF DEPRESSIONS

1 3 . 0 0 0  IMPACTS

A
X 6 0

x 1 , 2 0 0

FIG.4-3 C H R O M I U M  PLATED MILD S T E EL

NO m / s e c  J E T  VEL.



(i) 6 0  IMPACTS

X 2 0

(ii) 2 0 0  IMPACTS

x 2 0

FIG.4-4 A N O D I S E D  ALUMINIUM (AI .Zn.Mg. )

2 2 0  m / s e c  J E T  VEL.



C H A P T E R  F IV E



37.

CHAPTER FIVE 

PRE-STRESS AND PRE-STRAIN

Erosion experim ents on ta rg e ts  subj ected to uniaxial and biaxial 

tensile and com pressive s tre sse s  a re  described . The erosion was 

produced by m eans of repetitive w ater je ts  at im pact speeds of 30 to 

220  m /se c .

5.1 EQUIPMENT

5 .1 .1  Uniaxial loading fixture

To apply uniaxial tension o r com pression to a specim en during erosion 

a sm all loading fixture was used as shown in F ig . 5.1. It com prised two 

b ra ss  blocks whose re la tive  position was changed by rotation of a square 

threaded rod with an in tegral co llar having a 0 ,0 0 1  in. movement of the 

blocks p e r division of the handwheel. Rotation of the blocks about the axis 

of the thread is prevented by two hardened stee l slide rods.

Toughened stee l studs screw ed into the top machined surfaces of the 

b ra ss  blocks a re  used to apply pre-load  to the erosion specim en.

The fixture was located on a repetitive w ater je t gun with the specimen 

16 mm above the die o rifice . W ater je t impact occurs midway between the 

two locating holes, which is  also  on a line connecting the two loading studs.

The specim en resem bles a flat tensile  te s t piece with a p a ra lle l 

portion 11 mm wide where im pact occurs, broadening out to 20 m m  at e ither 

end. A specim en thickness of 3 mm was selected as being unlikely to 

influence the erosion p rocess  yet thick enough to allow substantial s tre ss  

to be applied. It was la te r  confirmed that, the erosion of Perspex and <x-brass 

specim ens of th is design gave m ass loss ch arac te ris tic s  identical with those 

of conventional cylindical specim ens subject to no p re - s tr e s s .
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To ascerta in  the s tre s s  level applied to specim ens, longitudinal and 

la te ra l s tra in  gauges w ere attached at the impact position and in addition a 

Huggeriburger extensom eter of 12 mm gauge length was fitted to  the specimen 

in situ on the loading fix tu re. A load was applied to the specim en by rotating 

the handwheel and apparent s tra in  from  the extensom eter and from  the 

handwheel d ial w ere recorded and plotted against the s tra in  gauge read ings.

The extensom eter was found to  give close agreem ent with the longitudinal 

s tra in  gauge and was therefo re  used with all specim ens to in itially  m easure  

the applied s tra in . At in tervals during the te s ts  the specim ens were removed 

from  the loading fixture fo r examination and weighing; the co rre c t p re -s tre s s e s  

w ere re s to red  to  the specim ens by return ing  the handwheel to  its initial 

positions.
9 9The applied specim en s tre s s  was lim ited to 90 MN/m“ (6 tonf/in  ) with a

-3 2specim en c ro ss-sec tio n a l a rea  of (33 x 10 )m .

5 .1 .2  Biaxial loading

To subject a specim en to biaxial com pression, a well lubricated 

cylindrical b ille t of ta rg e t m ate ria l was p ressed  by a plunger into a one half 

degree tapered  stee l tube, as shown in F ig . 5 .2 . As the b ille t began to em erge 

from  the p a ra lle l portion of the tube the p rocess was term inated , thus 

achieving a com pressive s tre s s  on the ta rg e t m a te ria l. Before erosion te s ts  

w ere carried  out the p a ra lle l portion of the tube was parted off, faced, 

polished and a location pin fitted .

Two s tra in  gauges attached circum ferentially  to the p a ra lle l portion 

of the tube before extrusion gave an average value of hoop s tra in . Using the 

Lame equations the rad ia l com pression, 0V t within the ta rg e t m ate ria l was 

calculated. The value of com pressive s tre ss  in the ta rg e t was cross-checked 

by calculation of the in terference fit of the b ille t together with the relevant 

s tre s s  equivalent s tra in  diagram  of the ta rg e t m ate ria l.
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To allow for possible creep of the Perspex specim en a fte r extrusion, 

s tra in  gauge readings w ere taken interm ittently  over a period of days until 

no significant change occurred . It was noted that the m ost deformed 

Perspex specim en, the la rg est in itia l b ille t d iam eter, c rep t by a g rea te r 

amount and hence resu lted  in a lower p re -s tre s s  on the ta rg e t.

The w ork-hardening of the oc-brass as a consequence of p re -s tra in in g  

by both m ethods, and as m easured by V ickers Hardness Num ber, is  given 

in Table 1.

5 .2  EXPERIMENTAL PROCEDURE

P re -s tre ssed  specim ens w ere p repared  as follows:

(i) F o r te s ts  with w ater je ts  of speed 220 m /se c
2

1 &c-brass specim en subjected to 7 .5  MN/m biaxial com pression

^  I I  M  t l  I I  9 Q  I I  I I  I I

1 ” " *’ " 180 ”

1 ” ” " ” 67 ̂  " uniaxial

1 M " " " 67 " ” tension

(ii) F o r te s ts  with w ater je ts  of speeds 160, 110 and 56 m /se c  

3 <x~brass specim ens subjected to zero  s tre s s

3 ” M ” " 180 MN/m^ biaxial com pression

1 " " " " 67 " uniaxial tension

(iii) F o r te s ts  with w ater je ts  of speeds 220, 160, 110, 56 and 30 m /se c

: 5 Perspex specim ens subjected to  zero  s tre s s
2

5 " " " " 60 MN/m biaxial com pression

5 " " " " 67 " uniaxial tension

The specim ens were mounted on the repetitive w ater gun and w ater 

je t im pact velocities adjusted to  the corresponding values. At in tervals 

during the erosion p rocess the specim ens w ere thoroughly cleaned and 

weighed on a m icro-balance, and the depth and d iam eter of the developing
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im pression  recorded.

5.3 EXPERIMENTAL RESULTS AND DISCUSSION

5.3 .1  Erosion of <x.-brass specim ens

(i) Experim ental observations

Erosion, in ductile m a te ria ls , norm ally occurs with p rogressive  

p lastic  indentation of the surface, followed by gross shearing  in an 

annulus surrounding an undamaged cen tra l a rea .

The erosion ch arac te ris tic s  of e><-brass, as experim entally  determ ined , 

a re  given in F ig . 5.3 and show that the ra te  of m ass loss with num ber of 

im pacts is substantially influenced by the externally  applied s tre s s  sy stem .

Of the five specim ens impacted with w ater je ts  trave lling  at 220 m /se c , 

four showed a general sca tte r of points with little  apparent difference in 

the ra te  of m ass lo ss. However, the ta rget with the sm allest applied p re ­

s tre s s  gave m arginally  le ss  res istan ce  to  erosion than the o th ers . Thus 

within these te s ts  the introduction of externally  applied s tre s s e s  tran sv erse

to the je t axis slightly reduces the ra te  of m ass lo ss . This re su lt is not 
77unexpected as Hoff et al with beryllium  copper a lloys, and Brunt on and 

Hobbs ^  with a wide range of non-ferrous m a te ria ls , have shown that 

erosion  re s is tiv ity  increases with ta rg e t hardness and hence the work 

hardening associated with p re -s tre s s in g  may be expected to  s im ila rly  affect 

e ro sio n ,

Results shown in F ig . 5.3 for the te s ts  with 160 and 110 m /se c  im pact 

speeds a re  contrary  to those described above. They show that the pre-loaded 

specim ens have significantly higher ra te s  of m ass loss with num ber of im pacts 

than the s tre s s  free  specim ens. S im ilarly , in te s ts  with w ater je ts  of 56 m /se c  

the erosion  re s is tiv ity  is reduced with both tensile  and com pressive pre-loaded 

specim ens. M icrographs, given in F ig . 5 .4 , illu s tra te  the deeper and m ore 

extensive pitting in the biaxially com pressed specim en a fte r only 14,000 im pacts 

as compared with the s tre s s  free  specim en a fte r 2 0 ,0 0 0  im pacts.
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(ii) D iscussion of resu lts

A qualitative assessm en t of the behaviour of the p re -s tre sse d  targets  

is obtained by considering an elem ent of surface m a te ria l within the 

annulus 'subjected to shearing, as shown in F ig . 5 .5(a). S tresses  acting on 

the elem ent, shown in F ig , 5.5(b), com prise the externally  applied biaxial 

s tre s s  system , £7 ,̂ and cr& , a v e rtica l p re ssu re  <Tp , together with 

rad ially  outward surface viscous shear s tre s s  7" and com plem entary sh ear 

s tre s s  T \  resu lting  from  the w ater je t im pact. It is probable that Oy,,

T and 7"/w ill vary  with radius r ,  depth d and tim e t, but identically 

positioned elem ents, in te rm s  of ’r 1 and 'd ' in com parable specim ens will 

be subject to  s im ila r erosion s tre s s e s .  The only variab le  with these

elem ents is that due to the externally  applied p re - s t r e s s .
82A M ohr's c irc le  d iagram  represen ting  the s tre s s e s  acting on an 

elem ent is given in F ig . 5 .5(b). F rom  experim ental observation of ductile 

m ate ria l erosion ch arac te ris tic s  a maximum sh ear s tre s s  c r i te r ia  was 

believed to be m ost likely fo r ’p itting1 and m ateria l lo ss . The maximum shear 

s tre s s  T  max, is  given by

ra tio  of 9~r /  (Tp » given in F ig . 5 .6  shows a m arginal reduction of erosion 

when

■#* f ^  -  (7> )
tj-

e

(5.1)

As T  may be considered constant for sim ila rly  positioned elem ents 

a graphical represen tation  of equations. l(i) i.e.T^max / (Jp v e rsu s  the

0  < C£(compressive)/Cy> < 2

but increase  in erosion when

Cv (com pressive)/crp> > 2
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Sim ilarly , with biaxial tension applied to an erosion ta rg e t, the 

s tre ss e s  acting on an element a re  given in F ig . 5 .5(c). Maximum 

shear s tre ss  is given by

» /  r *  + (5.2)

Equation (5.2) is also plotted in graphical form  in F ig . 5.6 and

p red ic ts  an increase  in erosion when

(7 V  ( teftston )  /  0 y  O

The true  values of Cy, on any elem ent during the. shearing  stage of erosion
25is  as yet unknown. However, initial impact p re ssu re  is shown by Cook 

to be represented  by the w ater ham m er equation

P s= ^.c .v- (5*3)

where c is the speed of com pression waves in the liquid. This p re ssu re  

decays very  rapidly with tim e to approxim ately five p e r cent (for w ater 

im pact on b ra ss  at these je t speeds) of its in itia l value. If a typical value 

of Vp is  taken as half the in itial im pact p re ssu re  then the experim ental re su lts  

can be re la ted  to  those in F ig , 5 ,6 .
c

In experim ents with w ater je ts  of 220 m /se c  Ufi is  assum ed to be 150 MN/nF
2

and the value of 07 ranges from  60 to 225 MN/m . Thus a ll erosion te s ts  

under these conditions occur within the region in F ig . 5 .6  of 

O < <Tr (comp.) /  CTp <  £  

which indicates that erosion is m arginally  allev iated ,

With w ater je t speeds of 160, 110, 60 m /se c  Vp is  taken as 110, 75,
2 2 41 MN/m and with <77 of 225 MN/m all the C7> (camp) /Oj> ra tios a re  above

2, Thus erosion in these te s ts  is  likely to be intensified, which is in fact

borne out by experim ent.
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(iii) Initial indentation phase

In the erosion of ductile m ate ria ls  there  is an in itial p rog ressive

plastic  indentation phase before loss of m ate ria l o ccu rs . The development

of the depth of this com pressed region is given in F ig . 5.7 fo r a w ater jet

impinging on ta rg e ts  with various levels of applied biaxial com pression.

An increase  of tran sv e rse  com pressive p re -s tre s s  can be seen to  cause a

reduction in the degree of surface indentation. This is  due to the increase

in hydrostatic component of s tre s s  ( i .e . [ 2(7/- + (rp]f3 and hence a

reduction in the deviatoric  s tre s s  ( 2 -<fr]/3).

The indentation depth may be compared with the depth of p lastic

penetration achieved by a rigid indenter at a s tre s s  level ( ^ c v - ( r< .) ,

Table II shows that the final depth of the com pressed a re a  is  le ss  with w ater

im pact than with a rigid indenter,

S»3.2 Erosion of Perspex specim ens

Perspex, as with o ther b rittle  m a te ria ls , erodes by the form ation of

a se r ie s  of d isc re te  cracks form ing an annulus of damaged m ate ria l

surrounding a cen tra l a re a  of undamaged m ateria l of approxim ately tw o-thirds
21the impinging je t d iam eter

F ig . 5 .8  shows the m ass loss ch arac te ris tic s  of Perspex when impacted 

by w ater je ts  travelling  at 220, 160 and 110 m /se c . The ta rg e ts  fo r all
2th ree  speeds of w ater je t a re  e ith e r s tre s s  free  o r subjected to  60 MN/m 

biaxial com pression.

In a ll cases the ta rg e ts  subjected to com pression eroded significantly 

le ss  than the s tre s s  free  specim ens .. The com pressive s tre s s  has little  

effect on the occurrence of cracks and the mode of fa ilu re  but inhibits crack  

growth into the m a te ria l. As m ass loss is  accom plished by the cracks 

propagating into and underm ining the surface of the m a te ria l, ra te  of m ass 

loss is n ecessa rily  reduced. Also the outer d iam eter of the a rea  subject to
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cracking is substantially reduced; the inner d iam eter, however, rem ains 

unchanged.

Other te s ts  with slow er w ater je ts  of 60 and 30 m /se c  impinging on 

s im ila r specim ens also  show a reduction in ra te  of erosion with com pressive 

s tre s s .  However, the induction period, (number of im pacts required for 

cracks to f i r s t  appear in the ta rg e t surface) and the threshold level 

(velocity below which erosion ceases) appears to be unaffected by the 

application of p re -s tre s s  to the ta rg e ts .
2Erosion te s ts  on Perspex specim ens subjected to  60 MN/m uniaxial 

tension with w ater impingement speeds of 220, 160, 110, 56 and 30 m /sec  

indicate an increase  of m ass loss as compared with s tre s s  free  specim ens 

at these  im pact speeds. The d isc re te  erosion cracks penetrate  deep into 

the p re -s tre sse d  ta rg e t m a te ria l. However, cracks once initiated at the 

erosion c ra te r  propagate rapidly acro ss  the width of the ta rg e t - in a 

d irection  perpendicular to the maximum principal s tre s s  - thus splitting 

it  before fu rth er m ass loss occurs. A m icrograph of such a specim en is 

given in F ig . 5 .9 .

5.4 CONCLUSIONS

The influence of p re - s tr e s s  on erosion is dependent on the damage 

m echanism  of the m a te ria l, ( i .e . ductile or b rittle  frac tu re) the type of 

applied s tre s s  and the re la tive  values of p re -s tre s s  to im pact s tre s s .

With oc -b ra s s , tensile  o r com pressive p re -s tre s s  generally  increases 

erosion  by inducing a higher level of sh ear s tre s s  in the im pact zone.

However, th e re  ex ists  a range of im pact situations with high impact speeds 

and low com pressive p re -s tre s s e s  that m arginally reduces erosion . From  

an analysis of the s tre ss e s  this has been shown to occur when 

o  < (7F (com pressive) /  <Tp < 2 .
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In Perspex, subject to com pressive s tre s s , the ra te  of erosion is 

reduced because cracks form ed during impact a re  inhibited from  spreading 

into and underm ining the m ate ria l to as g reat an extent as in s tre s s  free 

ta rg e ts . The contrary  is also tru e , that tensile  p re - s t r e s s  increases 

erosion .

5 .5 . PRE-STRAIN

Erosion experim ents on super-pure  aluminium showed that tensile  

and com pressive p re -s tra in  ( i .e ;  p lastic  deform ation of ta rg e ts  p rio r  

to erosion  tests) of 16.5 to 29% had only a m inim al effect: unlike the previous 

work with p re -s tre sse d  ta rg e ts . The re su lts , given in F ig . 5.10, show 

a slight reduction in c ra te r  depth and slight increase  in the ra te  of m ass 

loss with p re -s tra in . The type of p re -s tra in  ( i .e . tensile  o r  com pressive) 

made no difference to the re su lt.
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CHAPTER SIX

JET FLOW AGAINST CONVEX, CONCAVE AND FLAT INCLINED SURFACES 

The damage resu lting  from  w ater je t impact on convex, concave 

and flat inclined Perspex ta rg e ts  is reported as below. The d irection  

and distribution of surface cracks and pits within the zone of im pact are  

related  to liquid flow during im pact and the essen tia l fea tu res of such impact 

damage a re  analysed in te rm s of s tre s s  wave phenomena.

6.1 INTRODUCTION

A hard polym er, o r o ther b rittle  m ateria l, when subject to norm al 

im pact by a liquid drop or je t form s an annulus of d isc re te  cracks surrounding 

an undamaged cen tra l a rea . Liquid flowing radially  outwards rem oves 

projecting m ate ria l from  the zone of ring  frac tu re . Examination of the shear 

p its thus form ed shows the d irection  of liquid flow as m a te ria l is removed 

from  the outer p a rt of the cracks as discussed in Chapter th re e . The 

distribution of shear p its also indicates that liquid flow acro ss  the surface 

does not occur, to any marked, degree, within a cen tral a re a  bounded by the 

inner d iam eter of ring  cracks and indeed flow increases rapidly  outside this 

a rea .

The d iam eter and distribution of surface craclcs and shear pits
12gives a good insight into the im pact situation. Bowden and F ield  have 

considered the case of a spherical drop, rad ius, r ,  colliding norm ally at 

velocity, v, with a  flat rigid solid. On impact the c irc u la r  a rea  of contact 

spreads out m ore rapidly than the com pression wave in the droplet and outward 

flow is prevented. As the drop advances, the expansion of contact a rea  

becom es p rogressively  slow er and a point is reached where flow at the 

periphery  of contact becom es possib le . F rom  sim ple geom etry the rad ius, 

xQ, of this region is given by

r .v / c  (6 . 1)

where c is the speed of com pressive waves in the liquid.
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66Experim ents by Hancox and Brunton concerned with the

im pact between a flat specim en and the side of a cy lindrical je t identified 

a cen tral undamaged band. The width of this band, which they expressed 

in te rm s  of, /S , the angle subtended at the centre of the je t between the 

line of f ir s t  contact and line along which appreciable flow beg ins, was 

shown to be la rg e r  than 2 xq from  equation (6 . 1) by alm ost an o rd er of 

m agnitude. The experim ents w ere conducted with specim ens of Perspex 

and aluminium strik ing  w ater je ts  of 0.42,  1.35 and 2.54 m m  d iam eter at 

im pact velocities of 30 to 80 m /se c . Also a m ercu ry  je t of 1 m m  d iam eter 

was struck  at velocities from  152 to 183 m /se c . The e r r o r  in re su lts  was 

attributed to neglect of v iscosity  in the analysis so that a t very  sm all values 

of ft the liquid fa ils  to flow.

An extension of the above theore tical trea tm en t was given by
128Thom as in which he a sse r ts  using Bernoulli’s theorem , that flow 

would not s ta r t  until some tim e a fte r the com pression wave had f ir s t  

reached the free  surface of the liquid. The resu lting  expression  is given 

as

Using equation (6.2) agreem ent with the observed values from  

Hancox and Brunton's work is much im proved.

This chapter describes experim ents with approxim ately flat topped

w ater je ts  impinging at 220  and 110 m /se c  on convex, concave and flat 

inclined su rfaces . The d iss im ila r flow pa tte rn s, as indicated by surface 

pitting, a re  examined and a com parison made of theore tical and observed 

values of 2 xq over a wide range of ta rg e t curvature . A lso an analysis 

substantiated by experim ental work is  given fo r flat inclined su rfa ce s .

(6.2)



6 .2 THEORETICAL JET IMPACT

6.2 .1  Jet im pact on convex surfaces

As a flat topped w ater je t of d iam eter d, impinges at velocity v,

on a cylindrically convex solid su rface  of radius r , a point P a t the

junction of the curved surface of the ta rg e t and the je t moves radially  

outward with speed x ,  see F ig . 6 „l(i).  Now

x = d (r  sin ©) = r .  cos 9 . 9
dt

and
v -  d (r  cos®) -  r .  sin 9 * 0

dt

so that
x = v cot ® (6.3)

F rom  equation (6.3) it can be seen that on in itia l contact the point 

P moves m ore rapidly than the com pression waves in the liquid and flow does 

not occur. As the je t advances x fa lls below c and liquid flow s ta r ts  before 

the colliding surface a rr iv e s  and incom pressible flow is possib le . The 

lim iting case, as defined by length of contact 2xq is , from  equation (6.3)

x -  c -  v coty3 — v . r

xo
o r

2 x = 2v. r  o
d c d (6.4)

6 . 2 . 2  Jet im pact on concave surfaces

When a cylindrical colum of liquid impinges on a concave solid 

surface of large radius of curvature r ,  the concave surface fills  with liquid 

in tim e t ,  which is determ ined by the leading edge of the je t travelling  a 

d istance y, at velocity v, as shown in F ig . 6 .1  (ii). The tim e is given by

t -  y /v  = r  (1 - c.os f  ) /v  (6.5)

where $ = d /2 r

D uring this tim e the liquid trav e ls  outwards from  the in itial je t 

contact point at velocity w. Thus the entrapped liquid defined by a distance
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2 x is o

2 .x q = d + 2 .w . t  (6 . 6)

Substituting for tim e in equation (6 . 6 ) and rea rran g in g  gives

2 x = i + 2 r  w (1 - cos f  ) (6.7)
_ r  d - T

The steady state  value of w along the surface fo r a two 

dim ensional je t can be shown, from  momentum considerations, to be 

the sam e as the je t velocity. However, Bowden and Brunton ^  found the 

tangential flow along the surface im m ediately following im pact to be two 

to th ree  tim es the je t velocity and it is related  with the profile  geom etry 

of the je t head and ta rg e t by

w = v cot oc/2  (6 . 8)

where oc is  the wedge angle which the sloping face of the je t m akes 

with the ta rg e t .

As the je t used in the experim ents is not cy lindrical but has a flat

topped m ushroom ed-shaped head an estim ate of oc may be obtained from

enlarged shadowgraphs of the je t profile . With concave surfaces of

\  in, J in, and infinite rad ius, values of w become 14, 8 and 5 tim es the

je t velocity. It can be shown that as oc tends to zero  the m ass and momentum

of the liquid flowing from  under the wedge also tends to zero  and thus the

above theore tical values of w a re  probably an over-estim ate; th is is
96

p articu larly  so as Levin and Hobbs show rad ial flow of w ater drops on 

slightly  convex su rfaces as being only approxim ately six  tim es g rea te r than 

the im pact speed. This la tte r  value is selected as the m ost likely value of 

w appertaining.to a shrouded tipped je t.



If com pression waves in the je t reach  the je t axis before 

the leading edge of the je t impinges on the bottom of the convex surface 

i . e .  when

d / 2 c  > r  (1 - c o s  $  ) 
v

then a m ic ro -je t form s travelling  in advance of the m ain je t. The 

m ic ro -je t im pact will probably damage the ta rg e t apex and incom pressible 

sideways flow will take place before im pact from  the m ain je t. Thus with 

convex su rfaces, inward flow of liquid occurs when

r  s  d .v  (6 . 9)
N 2 c ( l - C O S  J $  )

The speed of inward movement of a point P a t the junction of the 

ta rg e t and je t is  given by equation (6.3). F o r the case where inward 

incom pressible liquid flow com m ences, then as given in equation (6 . 9), 

the value of x a t a radius of d / 2  is

± = v 2 (6 . 10)
c ( l - c o s / 3 )

It is  c lea r that if the speed of the com pression waves in the 

liquid, c, is  g re a te r  than x at radius d /2  there  will be a lim ited inward 

motion until the two a re  equal at a d istance from  the je t axis defined by 

equation (6.4). The radius of curvature of a convex surface at which c = x 

at d istance d / 2  from  the je t axis and hence at which th e re  is  no inward 

fluid motion is  given, from  equation (6.3) as
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6 .2 .3  Jet im pact on flat inclined surfaces

As a liquid je t impinges obliquely, at velocity v , o n a  fla t surface

a com pression wave propagates, at velocity c, from  the in itia l contact

point, A, into the body of the je t. On encountering a free  surface at the

r e a r  of the je t a tensile  re lease  is form ed which d isrup ts  the je t and enables

liquid to flow away from  the surface before im pact with the ta rg e t o ccu rs .

Thus the position of the re lease  wave at B given in F ig . 6 .1  (iii) when

contact occurs between B and D, determ ines the length of im pression  AD

o r 2 x . o
The tim e taken, t, fo r the com pression wave to  trav e l from  A to 

C and for the re lease  wave to re tu rn  back to B is given by,

t  -  d + f  = (d - § ) tan o< 
c v

or
d (1 - v cot ) ~ (1 + v cot oc ), 

c c

so that

d (1 - v cot g>c /c  ) 
(FT~T*coF^rc~_) (6 . 12)

Now
d = 2 x cos ol+ S  o

which upon substitution into equation (6 . 12) gives

2 x£

and hence 

2 x

d secoc (1 - v cotot/c ) 
(1 + v cotoC/6  y

c b sinoc/v 4- cos oc (6.13)
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If the speed of contact between the leading edge of the je t and the

ta rg e t is fa s te r  than the speed of trav e l of the com pression wave then flow

is  re s tr ic ted  to that of norm al im pact. The lim it of this condition occurs

when = o and by substitution in equation (6 . 12) we have

v cot oc - l ~ o  
c

Hence norm al im pact occurs when

o  04 cot * c /v  (6,14)

If
OC > cot  ̂ c /v  

disruption of p a rt of the je t occurs p r io r  to im pact and the lim its  of 

incom pressib le liquid flow a re  defined by equation (6.13),

6 .3  EXPERIMENTAL RESULTS AND DISCUSSION

W ater je ts , produced by the repetitive gun described  in Chapter 2, 

w ere fired  at a  se r ie s  of convex, concave and fla t incline Perspex specim ens 

at speeds of 110 and 220 m /se c , A sufficient num ber of im pacts w ere made 

to give c lea r, m easurable ta rge t damage whilst th is varied  with ta rg e t shape, 

was typically 20 to 50 im pacts , The im pression thus form ed consists of 

an oval annulus of finite cracks as shown in F ig . 6 ,3 . The extent of the 

im pression  m easured in a tran sv e rse  d irection  ac ro ss  the incline, o r the 

curved surface , is  s im ila r to the d iam eter of a  norm al im pact im pression . 

However, the length of undamaged ta rg e t, in the 2 xq d irection , becom es 

extended with concave, and reduced with convex and inclined su rfaces.

In a ll cases the 2 xq dim ension was m easured using a trave lling  m icroscope 

with v e rn ie r  attachm ent.

6 .3 ,1  Convex and concave surfaces

Results of te s ts  with w ater je ts  impinging at 110 m /se c  on Perspex 

rods of 0 .35  mm to 25.4 mm radius a re  given in F ig . 6 .2 . Also shown 

a re  the theore tical curves from  equations (6 . 1) and (6 . 2) and the experim ental
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66resu lts  of Hancox and Brunton using w ater and m ercury  je ts .

These show that the distance 2 xq acro ss  the im pression  is

represen ted  reasonably by equation (6 . 1) fo r large curvature  su rfaces.

When X/r becom es g re a te r  than one mm * equation (6.2) gives a b e tte r

approxim ation and the effect of v iscosity  may be significant at sm all rad ii
127as suggested by Thom as . A scanning e lec tron  m icrograph of a  sm all 

rad ii ta rg e t is shown in F ig . 6 ,3  (iii) .

Some d isparity  ex ists between the p resen t re su lts  and those given 

by Hancox and Brunton ^ . D ifferences in experim ental techniques may 

account fo r th is and may be sum m arised as

(i) the ta rg e t and not the liquid is convex;

(ii) the im pact is th ree  and not two-dim ensional;

(iii) the je t speeds a re  110 and 220 m /se c  and not 30 to

80 m /se c .

O ther te s ts  w ere conducted on convex and concave surfaces of

0 .4  mm to infinite radius with w ater je t speeds of 110 and 220 m /se c . ^ 

V ariation of undamaged cen tra l a rea  with rad ius, expressed  in 

d im ensionless form , is  given in F ig s . 6 .4  and 6 .5 .  Size of je t head 

d iam eter was estim ated from  enlarged shadowgraphs as 2 .6  mm and 2 .2  mm 

for 220  and 110 m /se c  je ts  respectively; these values w ere not p rec ise ly  

m easurable as w ater sp ray  obscured the leading edge. The re su lts  show 

c learly  that equation (6.4) gives a b e tte r estim ate of 2 xQ/d on large curvature 

convex surfaces than equation (6.2). With large curvature  concave surfaces 

the 2 xq dim ension becom es the m ajo r axis of the oval im pression  and is 

adequately represen ted  by equation (6.7), with w -  6 .v .

Onset of inward flow with increased ta rget concavity is  in close 

agreem ent with the rad ius indicated by equation (6.9). The different flow 

pa tte rn s a re  c learly  shown by the scanning electron m icrographs in F ig . 6 .3

9
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where (i) gives an oval pattern  formed by outward liquid flow on a large 

radius of curvature  concave ta rg e t while (ii) gives craclcs along the surface 

trough and damage due to  inward flow on sm all radius concave ta rg e ts .

With 110 m /se c  je ts  the c ritic a l radius of 8 ,5  mm (from equation 6.9) 

fa lls  between the two specim ens of 9 ,5  and 6 ,4  mm radius w here change of 

flow, from  outward to inw ards, occurs. S im ilarly , with 220 m /se c  je ts  

the theore tical radius of 5.7 mm lies between the two specim en where change 

of flow o ccu rs .

A crack  is  form ed along the trough of the concave surface and

always appears when the w ater flow is inward it becom es m ore clearly

defined at fa s te r  speeds, and is  due to two s tream s of liquid converging at
3the cen tre  of the ta rg e t in a way s im ila r to that of explosive welding ,

F ig . 6 .3(ii) also  shows a band of negligible damage enclosed between the 

inward flow c rack s . This band occurs where x>c and may be represented  

by equation (6.3). Results fo r the slow er je ts  a re  given in F ig . 6 .4  but 

with fa s te r  je ts  the band is not m easurable as extensive cen tra l crack  

dam age obscures th is region. 1

In the experim ents, no cracking was evident due to the lim ited 

inward flow between rad ii defined by equations (6.9) and (6.11). This would 

seem  to indicate that fu rth er w ater flow is necessary  before cracking occurs.

6 .3 .2  F la t inclined surfaces

W ater je ts  trave lling  at 110 and 220 m /se c  w ere allowed to impinge on 

fla t Perspex ta rge ts  at angles of incidence of 0° to 60°. Increase  in im pact 

angle shortened the undamaged cen tral a rea , defined by 2 xq . The resu lts  

which a re  shown in F ig s . 5.6 and 5,7 and show satisfac to ry  agreem ent with 

the theo re tical values defined by equation (6.13).

The validity of th is model is fu rther substantiated by a cen tral je t 

im pact on the apex of two flat inclined surfaces; half the je t flows down each



su rface . Equation (6.13) is  s till true for this case and agreem ent exists 

in F ig . 6 .12 for 10° inclined surfaces o r  160° included apex angle.

6 .4  CONCLUSIONS

Experim ents show clearly  tha t s tre s s  wave phenomena may be 

successfully  employed to p red ic t occurrences in liquid-solid impact 

situation with respec t to the direction and position of appreciable liquid 

flow within the im pact zone, A detailed discussion has been presented of 

the damage resu lting  from  w ater je t impact on concave, convex and flat 

inclined su rfaces.
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CHAPTER SEVEN 

PENETRATION AND PERFORATION

7.1  INTRODUCTION

This Chapter deals with some aspects of the penetration of 

re la tive ly  large blocks of m ate ria l - nominally sem i-infin ite  m asses - 

and the perfora tion  of thin p la tes, by w ater je ts .

An early  penetration equation assum ed that res is tan ce  to 

penetration was constant, but a m ore general form  used by Allen * assum es 

the re s is tin g  force to be a  function of pro jectile  m ass and velocity.
g 108

Taylor and la te r  Rostoker assum ed that solid m a te ria ls  may be 

considered as incom pressible fluids at sufficiently high speeds of im pact 

and derived an expression  fo r penetration in te rm s  of ta rg e t and pro jectile  

densities and pro jec tile  length. The hydrodynamic m odel considers a 

p ro jec tile  of density, £ p , travelling  at velocity, v, strik ing  a sem i-infinite 

ta rg e t of density  and penetrating at velocity u. By applying Bernoulli fs 

theorem  to the p re ssu re , p , on both sides of the stationary  interface we have

By neglecting the ta rge t re s is tan ce , which is  justified when the 

velocity of im pact is  very  high ( i .e . in the regim e indicated by 'damage

2 (v - u) (7.1)

84 2 "num ber' v /Y  of lO q it can be shown that

(7.2)

where P is  the penetration and L is the length of je t.

Continuing this approach it has been shown in re f. 26 that the 

c ro ss  sectional a rea  of the hole A^produced in the ta rg e t by the pro jec tile ,



This assum es that the momentum tran sfe rred  to the ta rge t 

re su lts  effectively only in la te ra l flow. Thus the ra tio  of the d iam eter 

of the c ra te r , D, to the d iam eter of the p ro jec tile , d, when the ta rg e t and 

p ro jec tile  a re  of the sam e m ate ria l, is  given by

Perforation of thin p la tes by conical ended indentors has also 
120been analysed by T aylor , each elem ent of the deform ed plate m ate ria l 

being assum ed to  form  into a lip, on the rev e rse  side of the p late, by 

’hoop stre tch ing ' and 'ro ta tio n '. The analysis, assum ing constancy of 

volume and s tra in s  of equal magnitude in both tran sv e rse  d irections ( i.e . 

subject only to hoop s tre ss ) , re su lts  in,

H ~ 2 R
— Ko (7.5)

where H is the height of lip Rq is the radius of the cy lindrical indenter.

7 .2  EXPERIMENTS AND DISCUSSION

W ater and m ercu ry  je ts  w ere projected at speeds of 100 to 800 

m /se c  at blocks of p lasticine , and thin plates of lead and alum inium . Jets 

of two d ifferent d iam eter w ere used and in some te s ts  the angle of im pact 

and length of je t was varied . The ensuing deform ations w ere recorded and 

a re  d iscussed  below.

7 .2 .1  Penetration of p lasticine

(i) C ra te r shape

Liquid je ts  produce well defined conical c ra te rs  which do not resem ble 

the hem ispherical c ra te rs  form ed by other low strength  p ro jec tiles, i .e .
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plasticine p ro jectiles against p lasticine ta rg e ts . The deform ation is 

closely akin to that produced by short m etal p ro jec tiles  in clay or 

plasticine w here the p ro jec tiles a re  undamaged and cause a hole of 

reducing d iam e te r, o r of conical shape, the d iam eter of the hole reducing 

as the speed of penetration d ecrea se s . With w ater je ts  the conical shape 

m ay re flec t a reduction of je t speed or a dim inishing je t d iam eter. It is 

in te resting  to  note that lead p ro jec tiles  fired  into lead ta rg e ts  produce 

conical c ra te rs  below a c ritic a l transition  pro jec tile  velocity of 700 to 

800 f t /s e c  but hem ispherical above this velocity. As the transition  occurs 

at a damage num ber of 350 and the w ater je t on p lasticine condition has 

a g rea te r damage num ber of 450, it is doubtful if the transition  occurs 

in th is case .

(ii) Depth of penetration

The depth of w ater je t penetration into sem i-infin ite  blocks of 

p lasticine in c reases  with velocity as shown in F ig . 7.1, C arre ll found 

a s im ila r relationship  with p lasticine p ro jec tiles where depth of 

penetration becam e a maximum, equal to the length of the p ro jec tile .

The damage num ber fo r maximum penetration with p lasticine p ro jectiles 

was 300 to 400 and with w ater je ts  450 - a s im ila r figure which seem s to
g

define a lower lim it to  the applicability of Taylors hydrodynamic model.

Jet length estim ated from  the volume of liquid in the die was 63 mm 

which from  equation (7.2) p red ic ts  a penetration of 44 m m  into black 

p lasticine of specific gravity of 2 .1 . This is s im ila r to  the 35 to 37 mm 

actual penetration. However, fu rth er experim ents with only half the volume 

of liquid made no difference to  penetration, indicating a fortuitous resu lt 

above. It eventually transp ired  that there  was ample liquid in the die but 

the je t length was determ ined by the length of the lead p ro jec tile  which
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extrudes the liquid je t. When th is was reduced from  -J- in to  -4- in long, 

penetration dropped to 25 mm and with |  in and 1 in long lead p ro jec tiles, 

penetration increased to between 44 and 48 mm respectively . Projectiles 

longer than 1 in made no significant difference to  penetration as all the 

liquid was extruded at maximum speed . Thus the 44 m m  maximum 

theo re tical penetration is  com parable with 48 mm actual penetration.

The fact that the sh o rtest lead pro jec tile  gave the g rea tes t e r r o r  (15 mm 

estim ated  and 25 mm actual penetration) suggests that the length of w ater 

je t is  not related  linearly  to the length of the p ro jec tile .

Experim ents with sm all d iam eter w ater je ts  of equivalent length 

(^ in long lead projectile) resulted  in slightly le ss  penetration i . e .  34 m m . 

M ercury je ts , however, produced a conical hole much slim m er (10 mm 

diam eter) and deeper (64 mm) than w ater je ts . The densities of m ercury  

and w ater indicate, from  equation (7.2) a penetration ra tio  of 3 .4  to 1.

Actually the ra tio  was much le ss  a t 1 .8  to 1 but th is may be due to  the 

reduced je t length of m ercury  as a given length of lead p ro jec tile  is unlikely 

to extrude as much m ercu ry  as w a te r.

The norm al stand-off distance fo r these experim ents was 12 mm; 

varia tion  from  6 to 56 mm made no difference to the depth of penetration.

(iii) C ra te r d iam eter

With w ater je ts  of 5 mm and 3 .5  mm diam eter a t speeds of 800 m /sec

c ra te rs  w ere form ed which m easured 15 mm and 8 mm at th e ir  widest point.

These values a re  two to th ree  tim es less  than the d iam eters  indicated by
22equation (7.4). C a rre ll , a lso  noticed considerable e r ro r  in this equation 

when firing  short p lasticine p ro jec tiles into p lasticine ta rg e ts .

The ra tio  of penetration to c ra te r  d iam eter when firing  w ater je ts  

into p lasticine is approxim ately th ree  which is typical where conical c ra te rs  

fo rm , i . e .  lead p ro jec tiles  on lead ta rg e ts  below the transition  velocity.
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83Obviously when hem ispherical c ra te rs  form  this ra tio  is only a half

(iv) Angle of impact

A se rie s  of te s ts  with different angles of im pact such that the angle 

of incidence varied from  0 to 80 resulted  in alm ost the sam e depth of 

penetration m easured along the axis of sym m etry of the j e t . A few 

exam ples a re  given in F ig . 7 .1 . Perpendicular penetration, P , is  

given by

P = P cos #
P

7 .2 .2  Perforation of lead and aluminium plates

(i) Size and shape of hole

Thin p la tes perforated  by high speed w ater je ts  show a mode of
120deform ation which conform s to the model given by T aylor and which 

a lip of m etal form s around the hole on the rev e rse  side of the p late.

F ig . 7.1 shows a perforated  lead plate with typical lip and an aluminium 

specim en with localised perforation deform ation combined with bending 

term inating  at the support.

V ariation of nominal perforation d iam eter with thickness of lead 

and aluminium plates fo r two d iam eters of w ater je t is given in F ig . 7 .2 .

It can be seen, p articu la rly  with lead plates over the m iddle ranges that the 

perforation  d iam eters  approxim ate to the projected w ater je t d iam eters of 

5 m m  and 3 m m . Stronger aluminium plates have sm alle r perforation 

d iam eters than lead p la tes. Shadowgraphs of w ater je ts  before and afte r 

perforation  of 3 mm lead plates show that the re tardation  occurred in only 

a few m icro -seconds, also , the je t head regained its  supersonic velocity 

in a ir  im m ediately a fte r perforation . The lip height, H, in lead and 

aluminium plates is com pared in F ig . 7 .2  with that predicted  height from 

equation (7.5) using the actual perforation d iam eters. The m easurem ent 

of H, is  by no m eans accurate when bending and perforation profiles are  

superim posed as with aluminium specim ens. In a ll cases  the actual lip
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height is significantly g rea te r than the theoretical height. Apparent

agreem ent in F ig . 7 .2  when the plates are  thin is m isleading as constancy

of p late m ate ria l during impact is not m aintained.
61

H aji-Ibrahim  apparently found good agreem ent between 

theore tical and experim ental values of lip height with b ra ss  plates; the 

inconsistency is difficult to explain.

(ii) Perfo ra tio n th ickness

The maximum thickness at which perforation occurs is very  much
120le ss  than indicated by T ay lo r 's  theory; this is perhaps not su rp ris in g

2 -as the regim e indicated by ^  v /Y  is only 12 fo r aluminium and 35 for

lead. C arre ll a lso  found with lead pro jectiles at slow er velocities that the

hydrodynamic theory no longer held and gave lim iting penetration ta rge t

thickness to p ro jectile  d iam eter ra tios of between 1 and 4. With w ater

je ts  th is  ra tio  is between 0 .6  and 1 .5 , A close approxim ation to the maximum

thickness of penetration is achieved by considering a punch, loaded at

equivalent p re ssu re , blanking a slug from  the p la te . The tran sien t impact

s tre s s  (many tim es the steady state  s tre ss ) does not have any influence,

probably because of its short duration.

7 .3  CONCLUSIONS

1. A conical c ra te r  is formed by w ater and m ercury  je ts

impinging on large blocks of p lastic in e . The depth of penetration is

predicted by T ay lo r's  hydrodynamic model, equation (7.2) when the
2 -

dam age num ber ( ^  v /Y  ) is equal to  or g rea te r than 450. The ra tio  of 

depth of penetration to  hole d iam eter is higher than that fo r o ther low 

strength  p ro jectiles which form  hem ispherical c ra te r s .  Penetration of 

inclined je ts  is re la ted  to norm al penetration by the cosine of the angle 

of incidence.



2. A lip of m etal form s on the rev e rse  side of thin plates 

when perforated by w ater je ts , the height of the lip being g re a te r  than 

that predicted by equation (7.5). T ay lo r’s hydrodynamic model at damage 

num bers o f l 2 - 3 5 i s  not applicable.
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CHAPTER EIGHT 

IMPACT STRESSES

During the course of this work it seemed that in o rd e r to dispense 

with uncertain ad hoc c r ite r ia  for a ssessing  liquid im pact and erosion 

damage it was n ecessary  to quantify the impact s tre sse s  with regard to 

th e ir  d istribution and variation with tim e . This chapter is concerned with 

the m easurem ent of such s tre s s e s .

8.1 INTRODUCTION

(i) Im pact p re ssu re

As we have already seen a liquid drop or je t, a t im pact, produces 

a very  high com pressive s tre s s  in the vicinity of the a re a  of contact and 

this is followed by outward rad ia l flow of liquid at very  high speed . The 

initial,m om entary high com pressive s tre ss  on impact supposedly a rise s  

because the liquid rem ains 'in p lace ' until re lease  waves from  the 

circum ference of the w ater je t reach  the centre of the je t. Once a steady 

state  flow of water ac ro ss  the impact surface has been achieved, the 

p re ssu re , P, at the stagnation point becomes

p = - i ^ v 2 (8.1)

where ^  is the density of the impinging liquid and V the impact, 

speed of the je t.

One of the f ir s t  investigations concerning initial im pact p re ssu re  
25is  due to Cook who showed (though in a slightly d ifferent form) that it 

can be represented  by the w ater ham m er equation

P = ^ c V  (8.2)

where c is the speed of com pressive waves in the liquid. L ater, 
31de H aller , taking account of the com pressibility  of the solid under
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im pact as well as the p roperties of the impinging liquid, showed that the 

equation which should apply in place of (8 . 2) is,

p = ? cV <8 *3)
'  i +g.c
. em  cm_

where ^ is the density of impacted medium and c is the speed 

of com pressive waves in the solid.
37The validity of (8 .3) has since been verified by Engel , and 

11Bowden and Brunton and indeed the la tte r determ ined, by impact 

against a barium  titanate c ry sta l, that this initial p re ssu re  could be
85reached in a tim e of l ^ s  and fell to zero  in 2 to 3 /< s. Also Jotliffe 

using a dislocation etching technique to study liquid im pacts supported these 

findings.

(ii) H em ispherical p re ssu re  d is t r ibution

The above work gives no indication of p re ssu re  distribution and its
15decay with tim e for liquid drop im pact. Brunton has suggested that a 

good approxim ation to the s tre ss e s  p resen t in the ta rge t is given by a 

hem ispherical distribution

Pr  = P(1 - ( W ) *  (8.4)

where Pr  is  p re ssu re  at rad ius, r ,  and a is the je t rad iu s.

The principal s tre s s e s  resu lting  from  such a p re ssu re  distribution 

w ere determ ined by Morton and Close using an extension of H ertz 's  ^  

theory. Inside the a rea  of contact the three principal s tre s s e s  a re  of 

com parable magnitude whilst outside this a rea  the norm al s tre ss  

d isappears and a sm all rad ia l tension equal in magnitude to the hoop 

com pression decays rapidly with rad ius.



(iii) Hertzian pressure distribution
115Work by Skalak and F e lt using known analogous solutions

of linearized supersonic a irfo il theory for rigid wedges im pacting a

sem i-infin ite  fluid indicate*maximum p re ssu re  n ear the edges of the

contact a rea  and minimum at the cen tre, i .e .  a ring  of high p re ssu re
117

contact. A s im ila r p re ssu re  d istribution is provided by Sneddon and 

la te r  Mucki when considering the H ertzian s tre s s  caused by a flat ended 

cylindrical indenter e lastica lly  penetrating  the surface of a sem i-infinite 

m ass . The d irec t p re ssu re  v a ries  with radius and becom es infinite at the 

circum ference of the flat ended indenter. By using th e ir form ulae for 

d irec t s tre s s  and punch load and assum ing that the punch load of the indenter 

is , at the instant of im pact, equal to the water ham m er p re s su re , given 

by equation 8 . 2 , multiplied by the je t c ro ss-sec tio n al a rea  it may be shown

Surface friction

Another seem ingly d iss im ila r , but relevant, solution re su lts

from  the m easurem ent of surface friction in the impact zone of axially

sym m etrical drowned je ts  ( i .e . a ir  je ts  in a ir) . Much of this work is

related  to cooling su rfaces, such as g lass, with single or m ultiple a ir  je ts

and ra te  of heat loss is m easured by hot wire probes or therm o-couples.
67

As it may be shown using Reynold’s analogy, that ra te  of heat loss is 

analogous to shear s tre s s , the ra te  of heat loss d istributions 109

being indicative of surface shearing. Gardon and Cobouque ^ ’^0 ^aye 

shown that surface friction  has a double peak distribution which is  maximum 

typically at r / a  = 0 .5  and 2 and is a function of Reynolds Num ber, nozzle

(8.5)
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to plate spacing and turbulence in the je t. They conclude that this 

partia lly  re su lts  from  a transition  from  a lam inar boundary layer 

around the stagnation point to a turbulent boundary lay er in the wall 

je t as rad ially  outward velocity in c reases .

An exact solution for the boundary layer thickness in the stagnation

region of a two dim ensional lam inar flow je t against an infinite plate is

given by Schlichting Adapting th is treatm ent to a ir  je ts  of finite 
114size , Schrader has shown that a boundary lay er of constant thickness 

covers the stagnation region having a radius of approxim ately 1 .1  nozzle 

d ia m e te rs .

The lim itations of applicability of th is work to erosion  a re  that it 

covers mainly drowned je ts  which a re  in a steady state  and not in a 

tran sien t im pact situation.

8 .2  EXPERIMENTAL PROCEDURE

Using the jumbo je t apparatus, described in Chapter 2, je ts  of 

liquid were projected at the p re ssu re  cell Adjacent p a irs  of s tra in  gauges 

in the p re ssu re  cell were connected to opposite sides of a W heatstone bridge 

and the change of bridge potential resu lting  from  liquid im pact was 

recorded on a differential am plifier storage oscilloscope. A se r ie s  of 

s tra in  tra c e s  were thus obtained at 6 mm increm ents across the impact 

zone At leas t two tra ces  w ere made from  each p a ir of ve rtica l and inclined, 

s tra in  gauges at every  position (i.e . a t least six  tra ces  p e r position) and an 

allowance was made for the spread of gauges within the ro se tte  so that all 

re su lts , at each position, were taken in exactly the sam e place. Alignment 

was facilitated using a pointer sliding centrally  in a boss that fitted into the 

die o rifice.

Before each te s t the platen face was cleaned with carbon-te trach loride 

to provide consistant conditions, although some la te r te sts  were made with
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film s of oil, g rease and P . T F E .  on the surface of the p re ssu re  cell as 

well as 5 mm thick layers  of w ater O ther te sts  were conducted with the 

platen face inclined at 12^° and 21°  to the norm al position.

The storage oscilloscope used in these te s ts  enabled the displays 

to be accurately  traced  on transparen t paper and generally they showed a 

rem arkable  degree of repeatability  and clarity  A few typical tra ces  were 

photographed and a re  shown in F ig  8 1 .

As a working note it might be worth recalling  that with such high 

signal am plification 50 c .p . s .  'pick-up' proved an in itial problem  even 

using a d ifferential am plifier. The problem  was overcom e by reducing 

the length of all w ires to a minimum, screening, and even earth ing  all 

nearby conduit piping which contained live w ire s .

8 .3  EXPERIMENTAL RESULTS AND DISCUSSIONS

8 .3 .1  D irect impact s tre s s

The s tra in  experienced by inclined and vertica l gauges at two positions 

in the im pact zone a re  shown in F ig s . 8.2 and 8 .3 . Surprisingly  they show 

an in itial tensile  pulse whose duration increases with rad iu s . This is thought 

to be due to  a com pression wave from  the point of f i r s t  je t contact on the je t 

axis being transm itted  througii the p re ssu re  cell and encountering the s tra in  

gauges (subjecting gauges perpendicular to the surface to tensile  s tra ins) 

before d irec t im pact of the liquid j e t .

Qualitatively the s tra in  relationships appear c o rre c t as is only 

com pressive when Q2 is com pressive and when Qj decays to  th e ir  value 

is  approxim ately half Q^. The magnitudes and durations of these and other 

s tra in  tra ces  w ere used with equations (2.7) and (2.8) to  build up the impact 

s tre s s  d istribution .
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The maximum d irec t im pact s tre ss  d istribution resu lting  from  normal 

im pact is given in F ig . 8 .4 . It shows a s tre s s  at the stagnation point two 

th irds of the w ater ham m er p re ssu re  as given by equation (8 , 2 ) ris in g  

sharply  to  1 .5  tim es this p re ssu re  at the circum ference of the je t. It 

is  rem arkably s im ila r to the H ertzian s tre s s  solution fo r a rigid flat-ended 

cylindrical indenter e lastica lly  penetrating  the surface of a sem i-infin ite  

m ass , given by equation (8.5). It appears that the liquid je t may be 

considered initially  as a  rigid punch quasi-sta tica lly  loading the surface 

with the maximum s tre s s  occurring  at the load discontinuity. The well 

documented, postulated p re ssu re  distribution which is hem ispherical, 

as given in re ference  15 and the uniform w ater .hammer p re ssu re  

distribution do not appear to be appropriate .

Im pact duration acro ss  the im pact zone is given in F ig . 8 .5 . It

should be noted that these tim es include the p re ssu re  r is e  and decay tim es
2

above a s tre s s  level of 200 Ibf/in  , The commencement of im pact can 

be seen to be delayed in proportion to radius and is accounted fo r by the 

shaped nature of the leading edge of the je t. This w ill obviously be 

affected by je t profile  and speed. However, term ination of the pulses within 

the je t d iam eter seem  to occur a fte r 80-90 sec which re su lts  in sh o rte r 

im pact tim es where the maximum s tre ss  occurs.

T ests  with the tim e scale  extended in stages from  100ju. sec to 

10 m sec showed no other large s tre sse s  and only sm all fluctuations of 

d irec t and sh ea r s tre s s  around a low m ean of little  significance to erosion 

p rob lem s.

To gain an indication of im pact load with tim e the average load 

acting on elem ental rings of width 2 . S r /d  - 0 . 2  (given in F ig . 8.4) were 

assum ed to  act fo r tim es given in F ig . 8 .5 . The load (expressed in dim ensionless 

form  as im pact lo ad /^cv A ) versu s  tim e graph thus obtained is given in 

F ig . 8 .7 . It shows a ra tio  of maximum load to w ater ham m er load of 1 .6
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which may be compared with a s im ila r ratio  of 1.3 taken from  work by
11 7.1Bowden and Brunton , due allowance being made fo r the change of, c,

with p ressu re : the com parison is lim ited by the assum ption that the

im pact a rea  is defined by the je t head d iam eter. To com pare the

duration of im pact with that given by Brunton the tim e sca le  may be

reduced proportionately with core d iam eter ra tio  ( i .e . 1 .3  mm to 50 mm)

which gives a s im ila r tim e of th ree  m icroseconds,

8 .3 .2  Surface sh ea r im pact s tre s s

Maximum surface sh ea r s tre s s  d istribution, determ ined from the

difference of the inclined s tra in  gauges, is shown in F ig . 8 . 6 . It can be

seen that a  maximum shear s tre s s ,  of alm ost half the w ater ham m er

im pact s tre s s ,  occurs ju st within the je t d iam eter. T here  is rapid

attenuation on e ith e r side of th is position which tends to zero  at the

centre of im pact and also  at 0 .8  je t d iam eters from  the je t ax is. Reduction

of sh ear at the cen tre  of the je t is  likely to be due to  the rad ia l speed of

contact being initially fa s te r  than ’c ',  the speed of com pression waves in

the liquid, and thus no sideways flow, o r viscous shear, occuring. At

la rg e r  rad ii the reduction of sh ear s tre s s  and a lso  d irec t s tre s s ,  is
17determ ined by the lim its  of influence of the je t. Brunton studied flow 

in a liquid drop u tilising  the p roperty  of birefringence shown by some liquids 

also noticed a reduction of sh ear s tre s s  at the cen tre  of im pact.
2The level of shear s tre s s  is  rem arkably  high at 1,400 lbf/in  . As a 

128com parison, Thomas has evaluated the magnitude of sh ear s tre s s  for
2turbulent boundary layer flow at a speed of 500 m /se c  to be 15 lb f/in  .

F ie rc e  je tting  as w ater is  propelled from  under the converging wedge

form ed as the curved je t front impinges on the fla t ta rg e t producing velocities
3 137many tim es the im pact velocity (as in explosive welding ’ ) probably

accounts fo r the high value of shearing. An in te resting  alternative  idea is 

that as the liquid has already been shown to behave in itially  as a solid punch
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it might be fu rther considered to generate a frictional s tre s s  in which 

case the coefficient of friction  at the circum ference would be equal to  0 .33 .

The existence of the high level of sh ear s tre s s  is fully substantiated 

by p lastic  deform ation  in 0.005 in shim steel plate a fte r a single je t 

im pact. The shim stee l s tre tch es  at an annulus of approxim ate radius 

2 r /d  = 0 .7 to  1 .1  which is the position of maximum sh ea r s tre s s  given

in F ig . 8 . 6 . F u rth e r, fhe necessary  surface sh ea r fo rce  required  to
2

deform  the shim stee l is  at le a s t 1/4 Ton f/in  even if no allowance is

made fo r the re s tra in in g  fric tional force between the shim  stee l and the

supporting p re ssu re  p la te .

Duration of the sh ear s tre ss e s  is given in F ig . 8 .5  and it is  in teresting

that the sh ea r s tre s s e s  distinctly  occur before d irec t im pact and in fact

reach  a maximum at the moment of im pact. This is again probably due to

w ater being propelled from  under the converging wedge. Shear s tre sse s

la s t longer a t la rg e r  rad ii and at the je t c ircum ference sh ea r s tre ss e s  la s t

half as long again as the d irec t s tre s s e s .

The onset of sh ea r s tre s s  ac ro ss  the surface shown in F ig . 8 ,5

gives an accurate m easurem ent of liquid flow acro ss  the surface , which is
17 53norm ally very  difficult to  distinguish from  high speed photographs ’

In fact it gives a ra tio  of wall je t velocity to im pact velocity of 16 to 1 which 

is  considerably fa s te r  than previously reco rd ed .

To determ ine the sensitiv ity  of shear s tre s s  to su rface  roughness, 

te s ts  w ere made using 2 mm thick aluminium blocks fastened with arald ite  

to the p re ssu re  cell su rface ju s t above the relevant gauges at 2 r /d  = 0 . 8 . 

This resu lted  in m ore than twice the previous maximum sh ear s tre s s  which 

approached in magnitude the w a ter ham m er im pact s t r e s s .  The s tra in  trace  

fo r  Qj at th is  position is given in F ig . 8.1 (ii) and is  identical with the 

exception of height to  in F ig . 8 .3 . A good photograph of a liquid drop
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encountering a surface step is given in reference  47.

The physical im plications of the d irec t and surface sh ear s tre ss  

p re ssu re  distributions a re  that very  high maximum sh ea r s tre ss e s  occur 

in an annulus of the im pact zone: in fact the maximum sh ea r s tre sse s  

a re  2\ tim es g re a te r  than those a t the stagnation point. This is 

consistent with the annulus of sh ea r damage and d isc re te  rin g  cracks 

which form  in oc -b ra ss  and Perspex erosion specim en discussed  in 

Chapter 3 . Also the slight but d istinct r is e  in d irec t p re ssu re  at the 

stagnation point together with a steep r ise  in rad ia l su rface shearing  s tre s s  

may account for the cen tra l hole form ation in ductile specim en.

8 .3 .3  D irect im pact s tre s s  on inclined surfaces

With w atdr je ts  impinging on the p re ssu re  cell at 12^° and 21° 

angles of inclination from  the norm al of the p late, a  s e r ie s  of d irec t 

s tra in  tra c e s  ( i .e . No. 2 s tra in  gauge) w ere obtained. T hree typical 

tra c e s  at 21° im pact a re  shown in F ig . 8 .1 (i) and illu s tra te  the purely 

com pressive pulse under the point of f ir s t  im pact, with tensile  pulses of 

longer duration at la rg e r  rad ii followed by a com pressive pulse as the je t 

im pinges.

The maximum im pact s tre s s  d istributions fo r both conditions a re  

given in Figs . 8 . 8  (ii) and 8 .8  (iii). They a re  both skew distributions 

with minimum values occuring at the likely positions of f ir s t  contact and 

ris in g  sharply  on e ith e r side of th is . D istance between the peaks is le ss  

With g re a te r  angles of inclination which is consistent with the experim ental 

work in Chapter 6 concerned with m easurem ent of an undamaged central 

a rea  given by 2xq . The magnitude of the maximum s tre s s  is about the sam e 

as the norm al im pact s t r e s s .
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8 .3 .4  Surface film s

Im pact te s t s  against film s of oil, g rease  and P .T .F .E .  on the surface 

of the p re ssu re  cell resulted  in m easurem ents of surface shearing  little  

different from  those on norm ally clean su rfa ce s .

F u rth e r te s ts  made with 5 mm thick layers of. w ater flowing across 

the platen face gave very  ’peaky’ oscilloscope tra c es  and lacked the 

consistency of previous re su lts  and an example is given in F ig . 8.1 (iii).

The maximum s tre s s  level is su rp rising ly  not attenuated with trav e l through 

the liquid film  but its  position o r d iam eter is  reduced by a fac to r of 5 , 

see  F ig . 8 . 8  (i). The duration of im pact s tre ss  also  altered  to a roughly 

constant value of 50 to 60 ju sec  across the whole im pact zone. Values 

of the maximum surface sh ear s tre s s  under these conditions w ere reduced 

to approxim ately half that of d ry  im pact.

These ch arac te ris tic s  a re  consistent with experim ental erosion 

re su lts  ^  ^  through liquid films; fo r instance

(i) rapid development of erosion  c ra te rs ; th is  is due 

to the longer duration of the p re ssu re  pulse;

(ii) supressed  shearing  and reduced m ass loss; 

in fact the sh ear s tre s s  is reduced by half;

(iii) sm a lle r d iam eter of erosion  c ra te r  in some m ateria ls; 

the radius of m aximum d irec t s tre s s  is reduced;

(iv) the depth of rock cutting with liquid je ts  is the sam e
28under w ater as in a i r  ; the magnitude of the 

maximum d irec t s tre s s  is not altered  by the w ater.

The reasons fo r  these occurrences a re  not so clear: the shape of

the s tra in  pulses and the rad ius and level of maximum d ire c t s tre s s  do
16not conform to the model of a liquid - liquid im pact generating com pression 

waves in a liquid film which a re  subsequently reflected from  liquid - solid 

and liquid-liquid in te rfaces . Although the lack of an in itia l tensile  pulse
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and the peaky nature of the tra c e s  might be suggestive of a model of 

th is type. It seem s fu rth e r work with a variety  of film  thicknesses 

might shed m ore light on the topic.

8 .3 .5  Fluid flow on im pact

To investigate fluid flow at im pact and test the hypothesis, a ris in g  

from  p lasticine p ro jec tiles  that the cen tra l a rea  of im pact is  held in its 

in itia l position, a  num ber of high speed film s from  8,000 to 15,000 fps 

w ere taken of the liquid je t. F ilm ing perpendicular to  the je t, along the 

im pact plate  surface obscured the view as the je t spread out in a ll 

d irec tions. F u rth e r film ing was therefo re  made along the ax is of the jet 

and d irec tly  above a c lea r  thick Perspex plate on to which the je t impinged 

and spread out into a wall je t. White and coloured pelle ts of various s izes 

and of s im ila r  density to  w ater w ere initially d ispersed  in the die and also  

black s treak s  of ink but none of these w ere very  successfu l in outlining 

fluid flow. More success was obtained by attaching to the Perspex im pact 

plate  a varie ty  of m ark e rs  including s trip s  of w ater soluble w et paint and 

oil, engineers blue, white pelle ts  and s ilv e r paper pe lle ts  on lay ers  of 

g rease  and finally black p lasticine pelle ts and black paper dots held on by 

a light film  of oil. Some of the exposures from  the film , taken at 15,000 

fram es p e r  sec a re  of black paper m a rk e rs  being removed from  the ta rge t 

by a  w ater je t a re  shown in F ig . 8 .9 . Although not conclusive they do show 

the th ree  m ark e rs  a t the centre (black dots) a re  held fo r half a m illi-second 

while the outer m ark e rs  a re  removed as the je t contacts the su rface .

Longer than half a  m illi-second a fte r im pact a rin g  of approxim ately 

1 in d iam eter is apparent within the liquid and rem ains until the end of 

the je t .  This ring  m ay be due to  the change from  a lam inar to turbulent 

boundary lay er in the steady state  p a rt of the je t as d iscussed  previously 

but the level of surface  shearing  was not of sufficient magnitude to  re g is te r  

on the p re s su re  ce ll. The inference is , that it takes half a  m illi-second



fo r the tran sien t im pact condition to  term inate  and the steady state  

condition to commence.

8 .4 . CONCLUSIONS

The d irec t and surface shearing  s tre ss e s  resu lting  from  norm al 

and inclined liquid je t impact a re  c learly  shown. Also the effect that 

surface p ro trusions, liquid film s and lubricants have on im pact s tre sse s  

a re  d iscussed .

The s tre s s e s  a re  shown to account fo r many ch arac te ris tic s  of 

erosion  damage and may possibly elim inate some of the m ystique 

associated  with erosion  phenomena.
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APPENDIX I

If a stee l ball fa lls freely  from  a height, s ',  travelling  through two 

light beam s during a tim e, t ’, the d istance between the light beam s, s, 

is given by,

/ 2 f s ' . t '

w here f is the acceleration  of the ball due to gravity .

If a w ater je t, o r o ther p ro jec tile , travelling  through the two 

light beam s, spaced a distance, s , apart, takes a tim e, t, then its 

average velocity, v, is  given by,

v = /  2 f s ' ' . t ’ (1)
4 t

E rro r  in w ater je t velocity, v , due to  experim ental e r ro r s  in s ',  

f  and t  is  given by,

£ v ” ^ V - <f s ’ + V . St' - V . S' t
i t  t f  y r

Thus from  equation (1) and (2) we have

JJv = _ l   x t x S's’ ■+ / 2  f s ’' x St' - / 2  f s''  X  t' xSt (3)
JT fs7' t ’ t t £

(2)

E stim ates of e r r o r  a re  given as

J  s • s  t  i mm due to  height of ball above photocells

S t ' = * 40 /^sec  due to alignment of ball in free  flight



as it b reaks the lightbeam in a slightly 

offset position.

$ t  0  f t  sec m ay be considered negligible

Typical figures of t '  3680j* sec , t  = 50 yU sec fo r nominal 220

. m /se c  je t

s ' = 456 mm 

f = 9 . 8 1  m /sec^

Substitution of these figures into equation (3) shows that,

Sv = ^ 2 . 6  m /se c

Hence fo r the w ater je t speed of 220 m /se c  the percentage e r r o r  is ,

§ v  x 100 = 1 . 2  % 
v

The e r r o r  is  acceptable in this work but could be fu r th e r improved 

by reducing S t’ which is  readily  achieved by dropping the ball m ore 

p rec ise ly  down the w ater je t a x is .



Table I

H ardness -b ra s s  specim ens

P re -s tre s s

MN/m2

V ickers Hardness N um ber 

5 kg load

0 61

7 .5  b .c . 65

90 b .c . 86

180 b .c . 96

67 u .c . 85

67 u . t . 85

1 ......................

b .c .  = b iaxial com pression 

u .c .  = uniaxial com pression 

u . t .  = uniaxial tension



TABLE II

Plastic Indentation yxm Biaxial Com pression 

2
on T arget MN/mW ater Jet * Rigid Indenter

40 70 0

15 55 7 .5

5 10 90

3 0 180

* W ater je t travelling  a t 220 m /se c  engendering an im pact
2

s tre s s  of 300 MN/m .


