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“Abstract

Experimental invesugations were made 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 § to
45m/s. A detailed dimensional analysis of the several parameters governing liquid impingement
erosion is preseated. The growth of the jet size with stand-off distance for plain jets and the ero-
sion chiracteristics 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 madmum value in peak crosion 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 and accumalation 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 : Impingzmeat, cavitation, erosion, erosion resistance characteristics.

Introduction

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

very soft materials. The process of damage or breakage by water jetting is a
complex phenomenon involving the propagation of stress waves, compression, craterng
large scale cracking, shear fracture and erosioni~4,
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Liquid impingement effects are observed in case of steam turbine blades Opetay
under ‘wet’ steam conditions. As steam expands, a decrease in pressure takes pl:zg
and the condensed steam forms droplets which impinge on the blades and cay, cre
sion. H:avy damage on Pclton wheel buckets due to the impingement of high s .
water jets was reported in many instances®®, * Though the buckets are designed ¢4 avoiq
cavitation, roughening of the surface due to the erosion caused by impact MAY [egg
to serious problem resulting in drop in efficiency and increased wear, The utilizati,,
of improved metals and coatings has not helped muchin overcoming erosion hazargay
Erosion has been a serious problem in equipment other than rotating machinery, Sueh
as in wet steam extraction pipes and in the cross-over pipes where entrained droplet;
do not follow the streamlines and impinge on the material surface®10,

2. Experimental equipment

The experimental test rig (fig. 1) consists of two liquid jets which issue from 2 pait
of identical nozzles (fig. 2) impinging on to four test specimens mounted at equa|
spacings on the periphery of a rotating disc (figs. 3a,b.). The test specimens of s
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Fig. 1. Liquid impingement test 1ig.
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Covijet nozzle Plain nozzle

FiG. 2. Nozze. {(dim asions in mm).

50 mm ~ 3N mm are cut out of a I mm dhick, Teomnercally pare aluminium sheet
The stand-off distance bewween the nozzle and ihe iargei can be varied from 20 to
400 mm and the jet velocity from § o 100 m'sec. The average velocity of ihe jet is
calculaied from the discharge which 1s measured using a volumerric tank.

3. Analvsic and discassion
3.0. Dimensionz] anilysis

The several parameers ihat influence crosion due o liquid jet impingement may be
grouped as :

¥ S zimen.
FiG. 3Ja. A vicw of the test rig. Fic. 3b. Nozzles and spe’
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(1) The hydrodynamic parameters—the stand-off dista:nce of tl}e target from the nozzle
L. the test duration T, the jet velocity Up, the tangc-nual velocity of the target, Uy the
diameter of jet D, the diameter of inducer d, Il’lt’f jet pressure P; and the minimyp
pressure attained in the jel P for jets with cavitation inducers

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

(3) The physical properties of the liquid-density e;,, acoustic velocity ¢, or bulk
modulus, and viscosity x; and

(4) The mechanical property of the target material responsible for resistance to ero.
sion M,, the density of the material e, and the acoustic velocity of the target materia]
C.

By wsing U,, D and e, as the basic parameters the following dimensionless relatiop.
ship is obtained :

e= [ (i) (54)]

- F[(L!ID)! (U'IIHD)! (D/d)? (P!/t'l U:)i S! '{)r

U
(&), (2, & Mievd), Wye] )
i
where R, =& UyD;u 1s thke Reynold’s number and § =1tD[U, is the Strouhal

number.

The ratio V;/tU,D* miy be slightly modified to Vi/[nidD*Ugqt make it a ratio
of the volum2 loss to the volume of liquid impinging

where Ug = (Ug + U3)/2,

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 § 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 plaio
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!t, 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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.FIG' 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 are made
at an impingement frequency of 50 Hz. It may be seen fron} fig. 6 that the increase
inarea of erosion with stand-off aistance is approximately _l‘mc:ar for al_l the plain jets.
For each jet the area of erosion increases with the decrease in jet velocity.
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In case of cavitating jets, the normalized area of erosion increases rapidly with stand-
off distance up to about 120 mm and then remains approximately constant for lafg!
values of stand-off distance. For cavitating jets of diameter ratio 10/5:5 and 10/65:
with increase in jet velocity the normalized area of crosion increases. The area 9
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 b
using the profile gauge. The increase in ratio of jet diameter to the nozzle diamete{
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, (i1) the transition region
and (iii) the main region. The initial region is a potentia] core region where the jet
size does not increase. The transition region is more clearly observed in the case of
smail jet diamecters than in the case of large jet diameters.

[n the main region the spreading rate is essentially 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

r

D " .
p =K VLD + C, for 4/L/D" > 2-5 2)

where D’ is the jet width at any section distance D from the nozzle, and K, and C; are
coefficients. The coeffirtents K, and C, are found to bec 0-149 and 0-64 respectively.

Up to 4/L'D’" = 2-5 the jet does not sprcad 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 velozity of impact,a large increase in erosion occurred with increase
in velocity. Some of the empirical relationships given® are

Vi/t = V* and &)
Vift = W(V - V*?) (4)

where W/t is the erosion rate, W is mass of water impinging on the specimen, and ¥,
is the threshold velocity below which no erosion was observed. To understand the
dependence of erosion on velocity, damage data werc obtained with the six plain jets
over the range of velocities from 5 to 45 m/s and the frcquency of impingement varying
from 33-3 to 100 Hz. The volume loss V; is normalized as shown in eqn. 1 by

V, = Vi )
' (n/4) tU,D?

" Figure 9 presents the plots of normalized erosion ratc ¥, with jet velocity Up/C, for
the frequencies of impingement of }3-3, 66-6, and 100 Hz. Tht? inset in tl_1e same
figure shows the average variations of ¥; with Up/C; at the five different impingement

frequencies for the jet size D = 8 mm.
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Fia, 8, Growth diameter of Jet with stand-off distance
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Figure 10 presents the variation of rationalized volume loss V,-= (V:/f)/y,/fp) ?’lt]:
Jet velocity U,/C;, where ¥, indicates the volume loss at peak erosion rate. The quan
tity ¥ is the ratio of the the volume loss rate at the end of 5 !-u' fo the peak volume
loss rate. The peak in volume loss rate occurred .aftf.zr a fieﬁnlte mte:rval ofstesthc::era;
~ tion in the case of plain jets, unlike that for cawta_tm g !ets shown m'ﬁg. th’e:veragc
- Continuously decreasing rate is observed. The small 1qset in the ﬁgurc. gwes- wree—d
. Variations of ¥, with U,/C, which shows again that this type of non~dimensio

also does not fully take care of the impingement frequency effects,
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The quantity ¥}, may be considered as the ratio of volume loss to the volume of

liquid impinging. Fl"o@ 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. 10,

Similar attempts using the data for cavitating jets, however, did not result
ful plots. H2nce, a cavitation parameter K] was defined as

Ky = (po — p.)/(1/2 UD) (6)

In the present study the pressure p.,, at a point on the disturbance (cavitation source)
in the nozzle where the velocity is maximum is used in place of p;¢ Hence the cavi-

tation number in eqn. 9 is redefined for the present analysis as
Ko = (Paw = P)/(1/2 6,U3) )

Figure 11 shows the variation of normalized crosion rate with cavitation number for
three different impingement frequencics. The inset in the figure gives a plot of the
averags variations of ¥V, with Ky for six impingement frequencies. In the plots two
zones could be identificd ; onc shows a rapid fall in erosion with increase in K, and
the second, where a gradual decrease in volume loss rate is conspicuous, is perhaps duc
to the cavitation effects becoming less significant.

n meaning-

3.5. Influence of freguency of impingement on erosion

A number of investiagtors™™ 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 specimzns or by having intermittent or pulsed jets.
Hancox and Brunton? reported that therc 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. Th= frequency of impingement fis normalized considering the threshold
frequency I, which is defined as the number of impacts necessary to initiate damage on
the material at a given jet velocity't. The threshold valucs 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 respcctively. These
indicate a unified variation of normalized erosion rate with normalized frequency of
impingement. In the case of 4 mm diameter plain jet, the increase in normalized erosion
rate with increasing frequency is faster than the same for jets of 6, 8, 10 and. i2 mm
~ diam:ters. This shows that small diameter jets are more efficient than Jarge dramc:ter
jets considering the quantity of liquid impinging.. Fi‘gurc 13 _Shows that for (iama-
ting jets the erosion rate has a uniform increase with 1ncrea_se n ffequency for .]ﬁ‘.tS of
7:59 and 8-35mm equivalent diameter. However, for jets with D, = 8:96 "and
11-16 mm the erosion increases faster for f/l > 8, than the same at lower values of

A
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Figure 14 shows the logarithmic variation of normaliz:d erosion rate with the nof-
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 :

i = K(f/R) (8)
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where ¥ is the normalized erosion rate considering the volume of liquid impinging, Ke
is a coefficient and 7 is an exponent. The exponent n is found to vary from 0-16 to
175 for plain jets as the diameter incrcased 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 volums: loss ¥; is plotted against the frequency‘of
impingem:nt f, it is found that ¥, varied with 4th and 9th power of f as the dia-

meter of jet increased.

3.6. Influence of the angle of impingement on erosion

: “The angle of impingement plays a significant role in the case of erosion of turbine blac?es
and aircraft, In the present cxperiments the angle subtended Py the r?sultant velocity
With the target specimen varied from 15 to 65°. The tangential velocx_ty of the target
Specimen was varied from 15 to 60 m/s. The erosion data were obt:amed fm-r a total
of Shr for each of the specimen, Figure 15 shows a plot of normalized erosion rate



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

Url Ur
Uo t
16 x 10"
R
D=12mm ¢
-10 %
10 x14 l’_‘ ; 112
&
13 ﬁ e g

3 g

V1

1 '—] : -
‘ O = 10mm e .
Q
2 g 14
- Jet velocity
c # 15m/s 4
S o 25 - 0 = &mm S 13
o 8 35 ~ ' &
o & 45 . o
© g 12
®

N [ :
-
£ 8 a J11

A o
‘6 © o
= g S °

y | :
1 | —l h - L
5 15 25 35 4$5 55 65

Angle of impingement, e, deg.

Fia. 15. Variation of normslized erosion rate with angle of impingement for plainjets.



»

EROSION STUDIES Jo1

FiG. 16.

~with the angle of imping:ment. The erosion rate increases with ircrease in the arigle

ofimping:mert. A plot of the pcak volums= loss rate vs angle of impir.gecmert, presertcd
as an insetin fig. 16, indicates that the peak erosion rate attains 2 maximum value

between 25 to 40° for various jet diameters,

3.7. Influence of test time onm erosion

The importance of test tim=, which has received much attention, is in the evaluation of
the resistance of materials to erosion. Several investigators®*!® have reportcd that
the charactznistic erosion rate-tim~ curves of damage resulting form cavitation or impin-
gzm:nt could be d: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 alumiriem target specimen exposed to
the imyingemsnt of four different cavitating jets was studicd (fig. 17). The weight loss
measurem:nts were taken at intervals of 20 min over a total period of 5hhr. The trerd
of variation in fig. 17 is similar to that observed in the case of plain jet impingement® !
and the scatter of exnerim:ntal points is slightly less. Also the incubation anrd the
ac ym (lation zones are not significantly shown and the erosion rate is higher than with
plain jsts. In the attenuation zone, a rapidly decreasing rate of erosion is observed with
increase in t4st tim: and, f:rther, the erosion rate becomss approximately constant.

Observations of the eroded test specimen at several test du ratiors irdicatcd that i_ni-
tially the muterial was removed uniformly from the surface. D iring the attenuation

zone a gradual d:velopm:nt of large craters with increase in the arca of erosion was
observed, The trapping of liguid and cavitation bubbles on the eroded surface caused

cushioning and screening effects that resulted in the attervation of erosion. I?uring
this test time, the work hardening effects on the eroded area mayalso have contributed

to the decrcase in erosjon rate,

ks
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H:ymunn® presented a statistical model taking material response as a criterion in the

prediction of erosion rate with rest time for varying hydrodynamic conditions, Hoff
and Langbein® presented an equation for the crosion rate as

[ =1 —cxp(—tault) )

waete [ is the ratio of erosion rate with crosion at peak (relative erosion rate), f o iS the
intercepted portion on the tim2 axis from the lincar portion of the erosion time curve,
and ¢ is the total test tim:. Thiruvengadam®!® proposed a theory of erosion based on the
‘accumlation’ 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
miaterial. Figurc 19 presents the variation of 7 against the non-dimensional test
tim: for the erosion resulting from the cavijet of diamster ratio 10/5-5 at four different

jet velocities. Theoretical variation of / with twas obtained by using the following
equation of the theory of erosion :

= lelte=1] (n)
- Sa x e "12/3
[1 +(¢-—_l) s (7) dt-l

where 7 = f(t) = l—exp ( — t*) (Weibull distribution), e = 2:72, and « is dependent
on U, as defined below.

(10)

The variation of J with a (for values of a=0-14, 0-18, 0:26 and 0-3) is also presented
in fig. 18. In the present investigations, the cxponent o in the distribution function is
dependent on the jet velocity U, for a particular jct pressure and target matcrial. The
dependence of a on U, may be cxpressed as

a=plog Us + Q. an

The values of P and Q for the three different frequencies of impingement studied are
given in table 1. The derivation of eqn. (14) was bascd on the assumption that the

Table I

Values of P and Q for three different frequencies of impingement

————_ﬂ-

fi Hz P Qo

33-3 — 2-80 0-38
666 —11-92 0-13
100 —11-92 0-11

_'-—-l—l———-—-_-_-—————-l———__—_-
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material removal takes place because of fatigue. However, the cntire material removal
cannot b¢ attributed to a fatigue process alone. Scveral other phenomena, like the
stress concentration, shear, plastic deformatior, ard flow, as well as the roughness
c.use¢ on the target, contribute to the total crosion.

De = 896 mm. D/d =10/45

Do = 1.16mm, D/d=127/45

¢

Ko =195 (0.86 0-50 030 0.20 0.15
SIS S S |
AN S S e e

| 10/5.5

Do = 835 mm. D/d =

Ko=185 0.75 0.57 049 0-10 0-04

<—~/
- T
= _-— e ————
ll Tl — T~ -

\ Lt //_
v PTITEE

De = 7-59mm, pD/d = 10/6-9

Fa1. 19, Cavity shapes from visual obgervation?.
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3.8. Shape and characteristic features of the cavitdting jets

Visual observation of the cavity are made kceping the flow velocity constant. The
formation of a steady cavity was noticed in the velocity range of S. to *30 m/sec for differ.
ent nozzles. The cavities are of the type shr:)wn in fig. 19, ar}d with increase in jet ve),.
city the longitudinal oscillations of the cavity are found to increasc. Th.c cavity had z
blunt end with a tail of bubbles which were carried away b).r the jet.  With further iy,
crease in velocity beyond 15 to 20 m/sec, transverse oscull‘atmns ?f the cavity ang NOise
are noticed. Also, the cavity length fluctuated between its maximum and minimyp,
values at higher velocities. Beyond a velocity of 30 to 35 m/sec, the jet was in a fu))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 ang
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 b'/d 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 experim2ntal 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 ¥, = (V,/r/4 D? U,t) with
normalized length of cavity L’/d. 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 L'/d equal to 9 (approxi-
mately) and then increases rzpidly with further increase in length of cavity.

4. Regression analysis

A detailed r.egression analysis was carried out for the erosion data obtained experimen-
tally for p.lam Jets with the variation of test time, jet velocity, frequency of impingement
and jet diameter. The data was non-dimensionalised and computations were carricd

_out using the DEC-1090 computer. The empirical relation used to correlate erosion
data with impact velocity is of the form
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v U - - :
[b—l‘] = A[Ti] where U, is the threshold velocity. (12)
It is scen from the analysis that the value of the exponent m varied from 0:38 ¢, 0-66
and the constant A4 varied from 0-088 to 1-19. Figure 22'(:1)' shows the Variatio
of the exnoaent m w:th the nozzle diameter. As the nozzle size increases the eXponcny
of (U,/U,) d:crcases., Sim‘lar exponents are oberved in case of cavitation erosion tests

with rotating disc and ventun®.

A miltiple regression was also carried out to study the effects of test time, frequency
and velo:ity on erosion. The relationship used for this analysis was of the form
] Vot T [/DT U]
FIRLN A b 1
In the analysis the values of B varied from 0-0028 to 0-0045, r from 0-25 to 0-38, 5
from0-53to 0-78 and 1 from 0-69 to 0-93. Figure 22 (b) shows the plots of the expo-

nents r, s and ¢ agiinst nozele d am-ters, The figure shows thzt smaller jets possess
a higher cutting capacity than larger jets,

20 |
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" FiG. 21, Variation of normilized erosion rate with length of cavity, - - e
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Fig. 22 (a). Effect of velocity on orosion Fia, 22 (h). Effoct of time frequency and
data. velocity on crosion.

8. Conclasions

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

€= ¢ Vi A']=¢ L Ut D _p
x/41U,D*" D* D, D' d’Te U3’

0 5 & U aleld M 2'_]
U’ e’ e’ un el C,

(5) As the stand-off distance between nozzle and the target is increased, the normaliz.d
erosion rate increases to a peak and then decrcases. For jots with cavitation
inducers the peak volum: loss rate ozcurs at a larger distarce thap with plain jets.

(¢) In the case of plain jets, with increase in stand-off distarce up to /L/D" =2'5,
the jet siz= remiined constant, After this the ircrease in jetsize d:e to sprcading
with increase in stand-off distance could be expressed by the relationship

D'/D = K]‘\/L/D! <+ C1
where D' is the jet diameter at any section.
(d) The variation of volume loss with jet velocity may be expressed as

Vi = K,Us,
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()
(2)

(h)
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Over the range of impingement frequencies stuc?ied? th_t‘- exponent varjes from 3
to 8 for plain jets and from4 to 9 for jets with crfw:tatmn inducers. The NOTmalizq
erosion rate increases with increase in jet velocity and approaches a constany Vaye
at higher jet velocities for plain jets, For jets with cavitation irducers with InCreae
in cavitation number the normalized crosion rate first decreaces rapidly ang the

becomes approximately constant.

The normalized erosion rate increases with increase in frequency of impingcmm
for both plain and cavitating jets, This relationship may be expressed as

Vy = K (f/L)
where K, is a coeffizient and n is an exponent. The cxponent varies from 0-1
to 1-75 for plain jets and from 1:02 to 1-47 for cavitating jets. The dimensiony,
quantity volume loss varies as the 4th to 9th power of frequency of impingmcm'
with increase in Jet diamcter.
The erosion rate increases mildly with the angle of impingement. The peak erosjg
rate attains a maximum valuc around 25 to 40° of impingement angle.

The variation of the relative intensity of crosion with normalized test time in e
case of cavitating jets agrees with the theoretical trend suggested by Thiruvengs.
dam®18, The exponent a in the distribution function varies logarithmically with Kt
velozity for a given frequency of impingement and target material.

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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