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Abstract 

Experimental inviihtiptitIns were mide on the characteristics of erosion resulting from the impinge- 
ment of liquid jets ; six plain jets and four jets with cavitation inducers in a velocity range of 5 to 
45 Infs. A detailed dimensional analysis of the several parameters governing liquid impingement 
erosion is presented. The growth of the jet size with stand-off distance for plain jets and the ero- 
sion characteristics due to variation in stand-off distance are also discussed. The normalized erosion 
rate increased with jet velocity and approached a constant value at higher jet velocities. The erosion 
rate decreased rapidly and then remained approximately constant with an increase in cavitation 
number. The erosion rate increased faster with frequency of impingement than with increase in jet 
velocity. A maximum value in peak erosion rate occurred around angles of impingement of 25 to 
40 deg. The erosion rate-time curves for impingement of jets with cavitation inducers did not show 
the incubation an.' accumulation  zones significantly. The cavity patterns obtained in the case of jets 
with cavitation inducers are similar to those reported in cavitation studies. The length and width of 
cavity increase with decrease in cavitation number. 

Key words : Unpin:meat, cavitation, erosion, erosion resistance characteristics. 

Introduction 

In recent years, there has been considerable interest in the utilization of liquid jets for 
!drilling, cutting, tunnelling, mining and for mixing process applications. Jet cutting 
processes in industry are of importance only in special cases, like cutting of very hard 

Of very soft materials. The process of damage or breakage by water jetting is a 
complex phenomenon involving the propagation of stress waves, compression, cratering 
IDarge scale cracking, shear fracture and erosion. 

Present address : Technology Utilisation Division, Department of Science and Technology, 

New Delhi 110016, India. 	 183 
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Liquid impingement effects are observed in case of steam turbine blacks Operating 
under `wet' steam conditions. As steam expands, a decrease in pressure takes Place 
and the condensed steam forms droplets which impinge on the blades and cause ero: 
sion. Heavy damage on PeIton wheel buckets due to the impingement of high speed  
water jets was reported in many instancesste. Though the buckets are designed to avoid 
cavitation, roughening of the surface due to the erosion caused by impact ma y  lead  
to serious problem resulting in drop in efficiency and increased wear. The utili zatior  
of improved metals and coatings has not helped much in overcoming erosion hazarthu. 
Erosion has been a serious problem in equipment other than rotating machinery, such  
as in wet steam extraction pipes and in the cross-over pipes where entrained droplet s  
do not follow the streamlines and impinge on the material surfacega. 

2. Experimental equipment 

The experimental test rig (fig. 1) consists of two liquid jets which issue from a pair 
of identical nozzles (fig. 2) impinging on to four test specimens mounted at equal 
spacings on the periphery of a rotating diFc (figs. 3a, b.). The test specimens of size 
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Fie. 1. Liquid impingement test lig. 
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3. Antl ■ sis and discussion 

3. is . Dimension, aqilysis 

The several parameters that influence erosion due to liquid jet impingement may be 
grouped as : 

FIG. 3tt. A view of the test rig. 	 Ito. 3b. isiozztes and spe:invm. 

• 
. 	• • 
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(1) The hydrodynamic parameters—the stand-off distance of the target from the n ozzl e  

L, the test duration T, the jet velocity U0, the tangential velocity of the target, (4 the  
diameter of jet D, the diameter of inducer d, the jet pressure Pi  and the mi n i mum  

pressure attained in the jet A th, for jets with cavitation inducers 

(2) The frequency of impacts f and the angle of impingment 0; 

or (3) The physical properties of the liquid-density el , acoustic velocity ci 	bulk  

modulus, and viscosity p; and 

(4) The mechanical property of the target material responsible for resistance to ero- 

sion A1 1 , the density of the material e„ and the acoustic velocity of the target material 

By wing Uo. D and et as the basic parameters the following dimensionless relation- 
ship is obtained : 

tU Di c  = c R i 	' ( AD] 

= FBLT),(Uo t1D),(D/d),(p,le i 	S, 0, 

(tett) 
(--(4),R (M ilei U), (Use] 

where R. = e 1  11,49/11 is the R.3,ynold's nu mber and S = tDIU0  is the Strouhal 

number. 

Tne ratio ViltU,D 2  my be slightly modified to Il1 fiti4D 2 UR t make it a ratio 
of the volume loss to the volume of liquid impinging 

where U,, = 	+ LID". 

3.2. Influence of stand-off distance on erosion 

The stand-off distance was varied from 20 to 240 mm and the frequency of impinge - 
ment was kept constant at 33-3 Hz. Figures 4 and 5 present plots of normalized 
volume loss against stand-off distance for plain and cavitating jets respectively. In both 
the cases, the normalized erosion rate increases in the beginning, attains a peak, and 
then decreases as the stand-off distance is increased. Visual observations with the plain 
jets indicated that for maximum erosion the air content in. the jet is also important. 
For a turbulent jet the velocity distribution across the jet is rectangular at the exit of 
the nozzle and becomes exponential around ten diameters of distance", Further 
ahead, the jet expands and spreads to a wider diameter. This spread decreases the 
impact pressure on the target and hence the erosion reduced. Figure 4 shows that 
the maximum erosion occurs at a stand-off distance varying from 15 to 35 diameters. 
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Fto. 4. Variation of normalized erosion rate with stand-off distance for plain jets. 

The peak in erosion is observed in the range of 15 to 20 equivalent diameters ard 
occurs at a larger stand-off distance than with the plain jets, which may be attributed 
to the effects of the inducer in the nozzle. With further increase in the stand-off 

distance the erosion decreases because the cavitation bubbles collapse before reaching 
the target. In addition, at large distances from the nozzle, the jet continues to spread 
rapidly and hence the impact pressures are lower. 

Figures 6 and 7 show the variations of the area of erosion with stand-•off distance 

for plain jets and cavitating jets respectively for four jet velocities. These tests art made 
at an impingement frequency of 50 Hz. It may be seen from fig. 6 that the increase 
I n area of erosion with stand-off uistance is approximately linear for all the plain jets. 
For each jet the area of erosion increases with the decrease in jet velocity. 

• 
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4 

In case of cavitating jets, the normalized area of erosion increases rapidly with stands 
off distance up to about 120 mm and then remains approximately constant for larger 
values of stand-off distance. 	For cavitating jets of diameter ratio 10/5.5 and 10/6.5: 
with increase in jet velocity the normalized area of erosion increases. The area 121  
erosion depends on the diameter ratio for the cavitating jets. 
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3.3. Growth of jet diameter with distance from the nozzle 

Figure 8 shows the increase in jet size with distance measured from the nozzles for diffe-• 
rent plain jets. The jet size is obtained by measurements on still photographs and 

by 
using the profile gauge. The increase in ratio of jet diameter to the nozzle diameter 
with distance is also shown in fig. 8. Based on the spread, the jet may be divided into 
three distinct regions along its length: (i) the initial region, (ii) the transition region 
and (iii) the main region. The initial region is a potential core region where the jet 
size does not increase. The transition region is more clearly observed in the case of 
small jet diameters than in the case of large jet diameters. 

In the main region the spreading rate is essen tinily constant for a considerable distance 
downstream if minor deviations due to break up of the jet are ignored. 

The increase in jet size in the main region may he expressed, as 

iY =K1  N/11D' + C1  for VLID' > 2.5 	 (2) 

where D' is the jet width at any section distance D from the nozzle, and Ki  and C1  are 
coefficients. The coeffi:ients K, and CT, are found to bc 0-149 and 0.64 respectively. 

Up to Nalif = 2.5 the jet does not spread with increase in distance. 

3.4. Effect of jet velocity on erosion 

There have been many attempts to relate the impact velocity of jets and droplets with 
erosion". Though a common unified relationship has not been given between 
erosion rate and velo:ity of impact, a large increase in erosion occurred with increase 
in velocity. Some of the empirical relationships given • are 

Vi tt = V.  and 
	

(3) 

Vdt = W(V 
	 (4) 

where Kit is the erosion rate, W is mass of water impinging on the specimen, and V. 
is the threshold velocity below which no erosion was observed. To understand the 
dependence of erosion on velocity, damage data were obtained with the six plain jets 
over the range of velocities from 5 to 45 rais and the frequency of impingement varying 

from 33-3 to 100 Hz. The volume loss V, is normalized as shown in eqn. 1 by 

V t 	 

(n/4) tU R D 2  
(5) 

Figure 9 presents the plots of normalized erosion rate V, with jet velocity WC /  for 

the frequencies of impingement of ;3-3, 66.6, and 100 Hz. The inset in the same 
figure shows the average variations of V, with Uo/C, at the five different impingement 

frequencies for the jet size D = 8 mm. 
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Figure 10 presents the variation of rationalized volume loss V, = (V1/0/Vpit,) with 
jet velocity U0/C,, where V, indicates the volume loss at peak erosion rate. The quann 
tity Vr is the ratio of the the volume loss rate at the end of 5 hr to the peak volume 
loss rate. The peak in volume loss rate occurred after a definite interval of test dura- 
tion in the ease of plain jets, unlike that for cavitating jets shown in fig. 5, where a 
continuously decreasing rate is observed. The small inset in the figure gives the average 
variations of V, with U0/C which shows again that this type of nonAimensionalization 

also does not fully take care of the impingement frequency effects, 
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The quantity 171  may be considered as the ratio of volume loss to the volume of 
liquid impinging. From fig. 10, it may be seen that this ratio approaches a constant 
value as the jet velocity increases. The same trend is also seen in fig. W. 

Similar attempts using the data for cavitating jets, however, did not result in meaning- 
ful plots. Hence, a cavitation parameter ./c was defined as 

= (Po Pa/( 1 /2  ei t/f,) 	
(6) 

In the present study the pressure p 1 	a point on the disturbance (cavitation source) 
in the nozzle where the velocity is maximum is used in place of p;.6  Hence the cavi- 
tation number in eqn. 9 is redefined for the present analysis as 

Ko  = oy. t. p.)1(1/2 es ta9 	
(7) 

Figure 11 shows the variation of normalized erosion rate with cavitation number for 
three different impingement 	frequencies. 	The inset in the figure 	gives a plot of the 
avenge variations of V, with K0  for six impingement frequencies. 	In the plots two 
zones could be identified ; one shows a rapid fall in erosion with increase in K 0, and 
the second, where a gradual decrease in volume loss rate is conspicuous, is perhaps due 
to the cavitation effects becoming less significant. 

3.5. Influence of frequency of impingement on erosion 

A number of investiagtors 7-9  have reported the dependence of erosion on the impinge- 
ment frequency of droplets and jets. The number of impacts were varied either by 
injecting the liquid on moving specimens or by having intermittent or pulsed jets. 
Hancox and Brunton' reported that there was a threshold frequency below which no 
apparent change in surface structure occurred. With copper and aluminum targets an 
initial quiescent period during which no detectable damage occurred was observed. 

In the present investigations keeping all the other parameters constant, the effect of 
variation in frequency of impacts on erosion is studied for four jet velocities and nine 
different jets. Tht frequency of impingement f is normalized considering the threshold 
frequency 10  which is defined as the number of impacts necessary to initiate damage on 
the raiterial at a given jet velocityn. The threshold values are obtained by extending 
the linear portions of the volume loss plots to the x-axis. Figures 12 and 13 present 
plots of normalized quantities for plain jets and cavitating jets respectively. These 

indicate a unified variation of normalized erosion rate with normalized frequency of 

impingement. In the case of 4 min diameter plain jet, the increase in normalized erosion 

rate with increasing frequency is faster than the same for jets of 6, 8, 10 and 12 mm 
cliamters. This shows that small diameter jets are more efficient than large diameter 

jets considering the quantity of liquid impinging. Figure 13 shows that for cavita- 

ting jets the erosi on rate has a uniform increase with increase in frequency for jets of 

7.59 and 8-35 mm equivalent diameter. However, for jets with 1)•  = 8.96 and 

11-16 rum the erosion increases faster for f//0  > 8, than the same at lower values of 

114. 
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Figure 14 shows the logarithmic variation of normalized erosion rate with the nor- 
malized frequency of impingement for the five plain jets and four cavitating jets. The 

average trend of the experimental points may be described by the relationship : 

16 

74 

12 

= K2(itior 	 (8) 
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where 	is the normalized erosion rate considering the volume of liquid impinging, Ke 
is a coefficient and it is an exponent. The exponent n is found to vary from 0-16 to 
1-75 for plain jets as the diameter increased from 4 to 12 mm and from 1-02 to 1-47 
for cavitating jets as the equivalent jet diameter increased from 7-59 to 11-16 mm. 
When the dimensional quantity volume loss V /  is plotted against the frequency of 
impingemmt f, it is found that Vi  varied with 4th and 9th power off as the dia- 
meter of jet increased. 

3.6. Influence of the angle of impingement on erosion 

F 'The angle of impingement plays a significant role in the case of erosion of turbine blades 
and aircraft. In the present experiments the angle subtended by the resultant velocity 

With the target specimen varied from 15 to 65°. The tangential velocity of the target 
sPeeimen was varied from 15 to 60 m/s. The erosion data were obtained for a total 

of 5hr for each of the specimen. Figure 15 shows a plot of normalized erosion rate 
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with the angle of imPing,:ment. The erosion rate increases with ircrease in the angle 
of imping mnimt. A plot of the peak volunr loss rate vs angle of impingement, presented 
as an inset in fig. 16, indicates that the peak erosion rate attains a m9ximum value 
between 25 to 40° for various jet diameters. 

3.7. Influence of test time on erosion 

The importance of test time, which has received much attention, is in the evaluation of 
the resistance of materials to erosion. 	Several investigators'" have reported that 
the characteristic ero;ion rate•time curves of damage resulting form cavitation or impin- 
runt could be &scribed in terms of four zones as (1) an incubation zone, (2) an 
accumulation zone, (3) an attenuation. zone, and (4)a steady-state zone. In the present 
investigation the erosion rate-time variation of aluminium target specimen exposed to 
the imingenvrnt of four different cavitating jets was stitdicd (fig. 17). The weight loss 
measurem,.nts were taken at intervals of 20 min over a total period of 5 hr. The trend 
of variation in fig. 17 is similar to that observed in the case of plain jet impingement" ,  " 
and Vie scatter of ex7erim:ntal points is slightly less. Also the incubation and the 
at tern tlation zones are not significantly shown and the erosion rate is higher than with 
plain jets. In the attenuation zone, a rapidly decreasing rate of erosion is observed with 
increase in test tint and, f trther, the erosion rate becomes approximatelyconstant. 

Olnervations of the eroded test specimen at several test durations irdicated that ini- 
tially the initerial was removed uniformly from the surface. D wing the attenu2.tion 
* zone a gradual thvelopmmt of large craters with increase in the area of erosion was 
ohierveci, The trapping of ligitid and cavitation bubbles on the eroded surface caused 
Cushioning and screening eiticts that resulted in the attenuation of erosion. During 

this test time, the work hardening effects on the eroded area may also have contributed 
to the decrease in erosion rate. 



Die. ratio : 10/6.5 

202 	 K. S. JANAKIRAM AND B. C. SYAMALA RAO 

1. 
Ar A 

Dia. ratio: 10/4-5 
• it 4 	A 
00 . A  
.0 	

A 
5, A . 

o • A A  
0 • a A . 	 0 • 

A., 	

0  
A 

q • 4 A 
00 6 4 	

0 8  ; I 1  
0 i a 	A 

3—  
o 

o ii  
 • 

c 	 o • o • A A ..... 
E 	̀ 0 	8 Is 

Dia. ratio: 10/5.5 	 8 
0)

E 	 Jet ve(ocity -41 

N 
E 2— 

0 15 m/s 
4°  1._ 	• 25 ti 
go 	 ge L 	 4 35"  

A 45 •• in 
40) 
0 

41  
0 , A 

E 
A 

it 

3  0 • ° 

2 

•A A 

0 • a 
• a  A 

8  i A  

Dia ratio: 72/4.5 ° 

o • a 
o • a A 

i ! i 

A 

0 • a A  

0 • : l 

	

1 

0 	6 

o • 

A 

0 • 

0 • 

..... 

0 

a 

cie 

4 

3 

2 Pi
E  

1 4  6 

3 

2 

1 

I t  

   

    

0 	40 	80 	720 	760 	200 240 
	

280 320 
Time. min 

FIG. 1 7 . Volume 10SS rate-time carves for cavi ties (cavitating jes). 



EROSION STUDIOS 	 203 

fivintnn°  presented a statistical model taking material response as a criterion in the 
pilediction of erosion rate with rest time for varying hydrodynamic conditions. Hoff 
and Langthein i  presented an equation for the erosion rate as 

1= 1 — cxp (—t anit) 
	

(9) 

I is the ratio of erosion rate with erosion at peak (relative erosion rate), ç '  is the 
intercepted portion on the tim.r; axis from the linear portion of the erosion time curve, 
and t is the total test tinn. Thiruvengadam%'s proposed a theory of erosion based on the 
`a:cumlation' and 'attenuation' of energies of impacts from microjets and shock waves. 
The intensity of erosion was defined as the power absorbed by a unit area of the eroded 
miterial. Figure 19 presents the variation of I against the non-dimensional test 
ti nil for t he erosion resulting from the cavijet of diamcter ratio 10/5.5 at four different 
jet velo:ities. Theoretical variation of I with t was obtained by using the following 
equation of the theory of erosion : 

1= 	
 [el& —1) (q) 	

(10) 

"a  r 
[1 + ( 

	 1) J e 	1  1 

T13 
('1) dr 

where I =1(r) = ---exp 	eg) (Weibull distribution), e = 272, and a is dependent 
on U. as defined below. 

The variation of with a (for values of a 014, 0.18, 0 .26 and 0 • 3) is also presented 

in fig. 18. In the present investigations, the exponent a in the distribution function is 

dependent on the jet velocity U. for a particular jet pressure and target material. The 

dependence of a on U. may be expressed as 

a it p log Us  + 

The values of P and Q for the three different frequencies of impingement studied are 

given in table I. The derivation of eqn. 00 was based on the assumption that the 

Table I 

Valdes of p and Q for three different frequencies of impingement 
• 

Hz 

33-3 -- 210 0.38 

66-6 —11-92 0.13 

100 	—11-92 	0-11 
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material removal takes place because of fatigue, However, the entire material removal 
cannot be attributed to a fatigue process alone. Several other phenomena, like the 
stress concentration, shear, plastic deformation, and flow, as well as the roughness 
cLusee on the target, contribute to the total erosion. 

• 

K0  7.91 0- 81  0-44 0.26 0.16 0•70 

K0=1-91 0-81 
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Fol. 19. Cavity shapes from visual observation?. 	 • 	
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3.8. Shape and characteristic features of the cavitating jets 

Visual observation of the cavity are made keeping the flow velocity constant. Th e  
formation of a steady cavity was noticed in the velocity range of 5 to 30 m/sec for diff er. 
ent nozzles. The cavities are of the type shown in fig. 19, and with increase in jet vet o, 
city the longitudinal oscillations or the cavity are found to increase. The cavity k 'lad a 
blunt end with a tail of bubbles which were carried away by the jet. With further in, 
crease in velocity beyond 15 to 20 n%/sec, transverse osciltations of the cavity and nois e  
are noticed. Also, the cavity length fluctuated between its maximum and minimum 
values at higher velocities. Beyond a velocity of 30 to 35 m/sec, the jet was in a full y  
turbulent condition and it was not possible to ascertain the length of cavity precisely. 

The length and width of cavity were determined by taking still photographs of the 
cavity at different velocities. Figure 19 shows that with increase in jet velocity (decrease 
in cavitation number) the cavity length increases. Also, the maximum width of cavity 
increases with increase in jet velocity. Further, the jet size increases to a maximum and 
then decreases as the distance from the nozzle increases. This initial increase and then 
decrease in size is due to the cavity formed immediately behind the inducer. Further 
dowastream, the jet again increases in size due to the entrainment of the surrounding 
atmospheric air. The jet diameter attains a minimum immediately downstream of the 
section where the cavity closes. 

Figure 20 presents a plot of the normalized length of cavity with cavitation number. 
The length of cavity is normalized with the diameter of the inducer. With increase in 
cavitation number the normalized length of cavity decreases repidly for all the cavitating 
jets up to a cavitation number of about 0.7. Further, the decrease in cavity length is 
gradual. Similar trends were reported by other investigators in cavitation studies using 
venturi and rotating disc equipment'. The variation of the normalized maximum 
width of cavity bid with cavitation number is presented in fig. 20. For all the cavita. 
ting jets, the maximum width of cavity decreases uniformly with increasing cavitation 
number. The scatter in the experimmtal data on cavity width may be attributed to the 
influence of transverse oscillations of the cavity on the measurements. 

Figure 21 presents a plot of the normalized erosion rate 1 71  = (Vi ltrI4 D',110 1) with 
normalized length of cavity L'Id. it may be seen that with increase in length of cavity 
the erosion rate increases and attains approximately a constant value for a jet diameter. 
The area of erosion increases mildly up to a length of cavity Lid equal to 9 (approxi- 
mately) and then increases upidly with further increase in length of cavity. 

4. Regression analysis 

A detailed regression analysis was carried out for the erosion 
tally for plain jets with the variation of test time, jet velocity, 
and jet diameter. The data was non-dimensionatised and 
out using the DEC--1090 computer. The empirical relation 
data with impact velocity is of the form 

data obtained experimeng 
frequency of impingement 

:omputations were carried 
used to correlate erosion 



BROSiON sruDitts 	
207 

20 

"Ta 

• 

ft 
• 

• te 
4, 

Symbol 	Jot die (eq. 	) 

0
0 1 

Cavitation number, Ko 

?IQ. 20. Relatioa between normalized length and width of cavity with cavitation numbor, 



4 	 8 	 12 	 76 

20 

18 

208 	 K. S. JANAK1RAM AND B. C. SYAMALA RAO 

317131 [ 	A  [film 
where tie  is the threshold velocity. (12) 

It is seen from the analysis that the value of 
and the constant A varied from 0.088 to 
of the expolent rn with the nozzle diartrter. 
of (LTag.) d creases. Sirrtlar exponents are 
with rotating disc and ventttrie. 

the exponent in varied from 0.38 to 0.6€ 
1-19. Figure 22(a) shows the variation 

As the nozzle size increases the exponent 
oberved in case of cavitation erosion test s  

A m iltiple regression was also carried out to study the effects of test time, fruitio n, 
and vclo:ity on erthion. Tne relationship used for this analysis was of the form 

03) 
1-  Vatic  FLECT nvi 	B  LTD 	ue 

In the analysis thc values of B varied from 0-0028 to 0-0045, r from 0-25 to 0•38, s 
from 0.53 to 0.78 and t from 0.69 to 0.93. Figure 22 (b) shows the plots of the expo- 
nents r, $ and t agt;nst noztte d am •ters. The figure shows th t smaller jets possess 
a higeler cutting capacity than larger jet. 

Normalized length of cavity, L i /d 
FIG. 21, Variation or normilizail erosion rat, with length of cavity, 	 I. 
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5. Conclusions 

(a) A 	detailed 	dimensional 	analysis 	of the several parameters governing liquid 
impingem:nt erosion 	resulted 	in 	the 	following relationship : 

, 	A 11 _ 	Uot D 	pi 
6 It  [ 

vv 
Kbit U.D2  Ds] = LDL D 	' -} es  U:' 

fD 	el, Uo  es UoD 	Alt 	1.41 
U.' 	e,' 	' 	p  

(b) As the stand-off distance between nozzle and the target is increased, the normalizcd 
erosion rate increases to a peak and then decreases. For jer.ts with cavitation 
inducers the peak volunn loss rate occurs at a lair distarce than with plain jets. 

(e) In the case of plain jets, with increase in stand-off distarcc up to Via' = 2.5, 
the jet size, renttined constant. After this the ircreasc in jet size d".e to spreadir2 
with increase in standoff distance could be expressed by the relationship 

D'ID = Ka' + 

where D' is the jet diameter at any section. 

(d) The variation of volume loss with jet velocity may be expressed as 

= KzUss: 
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Over the range of impingement frequencies studied, the exponent vanef rom 3  
to 8 for plain jets and from 4 to 9 for jets with cavitation inducers. The norm ali zed  
erosion rate increases with increase in jet velocity and approaches a constant val ue  
at higher jet velocities for plain jets. For jets with cavitation ir ducers with i nmate  
in cavitation number the normalized erosion rate first decreaces rapidly and the; 
becomes approximately constant. 

(e) The normiliwd erosion rate increases with increase in frequency of impingem ent  
for both plain and cavitating jets. This relationship may be expressed as 

= K3 f /10)*  

where Ks  is a coefficient and n is an exponent. The exponent varies from 0.16 
to 1.75 for plain jets and from 1.02 to 1.47 for cavitating jets. The dimension a / 
quantity volume loss varies as the 4th to 9th power of frequency of impingem en t ,  
with increase in jet diameter. 

(i) 	The erosion rate increases mildly with the angle of impingement. 	The peak erosion 
rate attains a maximum value around 25 to 40 °  of impingement angle. 

(0 The variation of the relative intensity of erosion with normalized test time in the 
case of cavitating jets agrees with the theoretical trend suggested by Thiruveng a . 
da m8,18. The exponent a in the distribution function varies logarithmically withjet 
velocity for a given frequency of impingement and target material. 

(h) The cavity patterns obta;ned for jets with cavitation inducers are similar to those 
reported in cavitation studies. The length and width of cavity increase with 
decrease in cavitation number. The increase is rapid at small cavitation numbers 
and mild at large cavitation numbers. 
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