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A qaalitative analysis, based on a IttlBiber of assuniptions, has been made of 

the emsion eaased by small  solid particles impinging upon a bend in a circular 

conduit, !!%e resliltiag equation is 

f 1 

Fhe analysis has been siglrpZiPfed by a number of' assurapt;lons which are nod; 

strictly valid, However, it is considered thaL a more rigorous analysis is not 

Erosion ean o c m  when a sBlall solid particle impinges upon a solid surface. 

Under sme condifdorxs the erosion aonld perhaps depend primarily upon .&he harthem 

of the eroded laetalo However, $he ixqport;ascJe of &her factors, such as elasticity 

and fatigue resi&ance, is indica%& by the erosion resistwee of materials such 8s 

rubberg 

Qu&ntita&ive, basic information concerning erosion by particle Impingentent upon 

a solid surface is ppaCtically nonexistente Therefore, any &pis of the problm 

mst take %he form of a  tress uutil mre is lcgawn concerning the physical pfsemmem 

taking place during the aisfntegmtion of the lPaterial at the point 04 erosion. 
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Wlter (4) obtained quantitative data of rather ~inti.%ed soope on emeisn due 

%o dust particles in  a gas stream. The esqperinenta?. methodfi. corz9istet3 of s&- 

blasting targeb st differerrt j e t  velocities and angles of impingement w i t h  d i f 2 c - t  

U, = velocity of air stream -issuing 
f rom the jet. 

The effeeb of the angle of ingPingenent could be expressed appmximxtely b3 the 

- E = 0.118 

From 20° to goo 

- E = 0.0171. 8 + 2.54 

Where 8 = angle of hp-irqeaent, degrees 

Fisher 8nd Davis (1) studied t h e  erosive action of fly-ash on T i i t d X u n  

distance f'ram We nozzle t o  the target was fncressed froln 1/8 in. t o  L in. the 

erosion ancreased sharply- This was attributed t o  a greater time elz-se fo r  

acceleration of the particles. 
I 
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Rosenhrg (3) studied the resistance of steels t o  abrasion by sand.. Vmiouls 

steel  targets were blersted w i t h  s a d  f r o m  an air nozzle. 

30 psi the erosion resisttmee of a variety of steels was essentially the same. 

Howe"pes, at  a nQzzPe pressure of 60 psi the difference in  erosion resistance beeme 

more apparent. 

was approximately four times that for a nozzle pressure of 30 psi. 

intererjt t o  note that small sha;rp sand was about four times as emsive as Parges, 

more d e d  sand. 

For a nozzle pressure ef 

B e  erosion per uni t  w e i g h t  of sana at a nozzle pressure of" 60 psi 

I% is of' 

This cotald be due t o  the fslloasing: 

1, The susPace condition of the sad.  

2. !€%e greater muface area of the target scoured by the szrsller sand 
per unit weiat of sand impinging on the taxget. 

3. The greater acceleration of: the smaller particles. 

The erosion of solid surfaces by impinging particles appears t o  be a process 

whereby a portion 0% the kenefic energy ~f the pa3etricles is utilized to pm~uizle %a%e 

necessary energy requiredto dlisplace and detach loosely bound particles fmn the 

solid surface. 

in terms of weight loss of the solid surf'me, would be directly proporticanal to $he 

If this  is trueJ then it would seem likely that the erosiong expresseb 

e 

m v Z  
2g . kinetie energy of the impinging; Part;icle, 

where ra= mass of the particle. 

V = velocity 0% the particle. 

g = acceleration of grmif;g. 



- 7 -  

men a particle strikes a solid surface, a portion of the ktnetic energy'af" 

the particle may be u%iLized for  the follarlng: 

1. Sheaxing particles from the solid surface. 

2, Shewing portions OW %he minging pasticle. 

3. Conpressing and heating .the solid surface. 

4, Coqpressing and heating the winging particle. 

If one -8 unit of pssticles is  selected the basis fos the  analysis, %hen 

E =  f (-$) 
*ere E = erosion, w t .  loss of solid surface per pound of 

inpinging partioles. 

f = fraction of the kinetic energy of the impinging 
particles vhich is utilized for shearing particles 
froln the solid w a l l .  

Bow, if ft can be conolude& that, above a given energy level of the particle, 

the fraction of the kinetic e n e r a  of the impinging p e i c l e  which is  used for  

erosion is directly proporkional t o  the area of co&ae% between the particle and the 

solid w a l l ,  then 

E =  f' A ( g )  

Tlmoshenko (5) has shown that for an elastic collision of a spherical particle 
0 

w i t h  a plane surface at an angle of' 90 t o  the plane of the surf'ace 
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a =  c (m) 1/3 (3) 

. = C212 es 3/5 Qw5 (4) 
5 &  3/5 

nnl) 
where s = radius of surface of Cantact 

O,C1,C2 = constant dependent upon the elastic properties 
of the particle and, the &acee 

3: = radius of the spherical particle 

P = compressive force exerted by the p e i c l e  
a% any tilIW2 of contact 

P1 = maximum compressive foree exerted by the impinging 
particle. 

EI = 02 the partisle 

e, = density oi %he solid 

V = velocity of the paxtiele a t  the start Qf the 
conspress ion 

Substituting equa%ion (4) i n k  eqgaeion (3) to obtain the radius of the surface 

of contact at the instant of r a a x m  eoqression 

where a1 = radius of the surface of cont& at  the instant 
O f  IU3XbWB COBQX@SSiQIl 

The area of the plane surface, 4, contacted by the perpendicular ianpingeaent 

of the sphere is given by 

For one pound of particles the mtlnber of" particles, E, is given by 

m =  3 
41rp3es 



perpendiculaz3J upon a plane surface becomee 
2 4/5 

A = =  ,y$&- 
S 

Substitutiw equation (8) into equation (2) yielEts 

where E% = erosion for 90' impact 

C4 = constant for a given particle and solid wall.. 

AB att- to analyze the effect of angle of impingesent ntet with failure. 

H~wever, a t  least as an 

obtained experimentally 

approximation, the effect of angle of iarpingemexrt 3s 

by Stoker (4) may be incorporated in  equation (9) to p e l &  

where ~ ( 0 )  = O.U GI for Q fr~gl o to 20' 
y(Q) = - 0.017l 8 + 2.54 for 8 From 20' to 90' 

(e) = angle between the path of the impinging particle 
and the mrf'ace of the solid. 

On the basis of eqtwtion (10) an analysis can now be made of the erosioz.. in Q 

bend of a circular cordnit. 

%e general equation for  &ion of a particle in a fluid streasn undesgoi~; 



where Vr = radial velocity of the particle 

Vt = tangential velocity of the pascticle 

t = t a ; i n a e  

R = radius of curvaUre for rotational notion of the fluid 

4, = aensi.t;y of the fluid 

e ,  = tiensity C I ~  the paxticle 

U t  = tangential velocity of the fluid 

2 V' = .J vr + (ut - vt.2 = velocity of the p&icle relative 

t o  the fluid 

f D  = friction factor 

% = projected area o f t h e  particle 

m = ma~s of the particle 

!fhe following simplifying sssumgtions are made: 

1, The tangential veloeity of the particle is about equal to  the tangential 
velocity of the fluid, 

2. 

3. The particle is spherical 

!Phe radial velocity of' the particle is relatively small. 

For 8 spherical particle i n  laminsr f1Qw relative tQ the fluid 

where/f= viscosity of the fluid 

Dp = diameter of the particle 



. 

. 

From the above s i q l i f g f n g  assumptions and equations (12) and (1313 

equation (U) may be redrrced to 

2 Vr = u % ~  ( es - ee) ~p 
18 AR 

If the problem is further simplif'ied by assuming that the d i m e r  of the 

pipe is small  coarpased to the radius of curvature of %he bend and that the velocity 

at any point in  the bend is equal to the bulb: man velocity, V,,, then equation (14) 

may be written 

where Uav = ?niLk mean velocfty 

If it is now assmed that the angle of inpact which controls the erosion process 

is  the angle between the path of the particle and a plane perpendicular t o  the radius 

of curvature, then 

U n d e r  t&e condi%ions of the SimpZifJrlng 8ssruKpt;ion that the radial velocity 

of the particle is relatively small  compared t o  the tangential velocity, 8 w i l l  be 

less than 20'. 

For values of' 8 less than 20' 

tan 8 
Q s  ~w 

then \y ( e )  i n  equation (10) becomes 



. 

I / 
%erefore, the erosion of a bend in  a circular conduit is 

where C5 = constant for a given particle and solid gn;zrf&ee 

However, 

(20) 

Substituting equations (20) and (15) into equation (19), the final equation 

for the erosion in  a bend of a ~frGUlar  co-it becomes 
I- 1 

< C**" 1 
where c6 = e0nst;an-t for a given peurcticle and sol id  surface. 

For SBlELU parkicles in  a viscous Wiumthe term, within the brackets of equation 

(21) approaches rani%y. 

For concentrated suspensions of solids in  a fluid, the problem is analogous t o  

the problem of hindered &re%tlm a d  the physicd. properties in  equation (21) should 

be evaluated for the suspension rather than for the carrier fluido 

w f t h  t h i s  nodiffcation of eqw%isn (21) 

erosim 

of each particle with the wall of the tube. Due t o  particle interference this 

indWUlua2 contact of each parbide with the tube WeLU, is no% realized for 

concentrated suspensions 

Hawever, even 

the predicted erosion would be higher tfiaa %he 

encountered since equation (21) is derived on the basis of the contact 



equation (10). 

surfwe by ingeinging particles carried in  an air stream issuing f r o m  a nozzle is 

Stoker (4)  ha^ shown experimmtally that the erosion of a solid 

directly propsrtional t o  u,, 1415, 

Uav = brtlls velocity of the air strean issuing f r o m  
the nozzle. 

If it maybe assumedthat, for a gtventwget distmce a d  a aven  particle, the 

velocity 02 a particle striking the %=get is directly pmportioFr&p t o  the velocity 

of the air stream isguing frsm %he jet, then the velocity portion 0% cqua%fon (10) 

may be s a i d t o  have 'been ewerimenta%P$ confirmed, A siqIiff& ~~~~~i~~ of the 

acceleration of the particle indicates that the above asswp%ion is a% leas% 



However, it is considered that a more rigoruus analysie is  not justified without 

* =re complete experimental data on which the analpis can be based. 

Equation (21) should, at least qualitatively, indicate the relative effect, 

of a number of variables on the erosion of bends in circular conduits by particle 

iqpingement. 

un t i l  more is lnwwn concerning the physicsl p h e m n a  taking place during the 

disintegration of a solid surf'ace at the point of erosion. More quantitative, 

basic information is needed. 

However, any analysis of the pmblea must take the fom of a guess 



a 

4 3  

A 

= radius ~f area of contad; at any time for a spherical 
particle impinging elastically and perpendicular= on 
a plane surface, Ft;. 

= maxinma radius of area of contact for a spherical particle 
iqpinging elasficUy and perpendicularly on a plane surface, 
ft. 

= lna~rimum area of C Q X L ~ C ~  for a. spherical particle impinging 
elastically and perpendicularly on a plane surfbce, sq. ft. 

= m ~ ~ i m n m  area of contm% for one pound of spherical particles 
iqinging elaalica3.l.y and perpendicularly on a plane surface, 
sq* ft. 

AP = projected area of a particle, sq, Ft;. 

C,C~,C~,C~,C~,CS,C~ = Consttarts dependent upon the materia3.s of construction for 
the particles Ehnd the plane surface. 

DP = diameter of a particle, ft. 

E, E90 = erosion wt. loss of plane surface per unit weight of 
pasticks minging on the plane surface at 80 and 900 
respectively, lb/lb 

f' = const& 

f = fraeion ofthe kinetic enerw of the impinging particles 
which is &ilSzed for sheaxing p&ieles &solaethe solid wall. 

m 

n 

= mass of the particle, lb. 

= c1(r)l/2 

= reciprocal of *e mass of tihe particle 

m = e e r  of particles per Ib. l./lb. 

9 = coqpmssive 2~rce of' particle on plane surface, lb. 



P l  

r 

R 

Uav 

ut 
V 

vr 

Qt 
v’ 

Y 
8 

-- ma~rinaun conpresaive foree exerted by a particle impinging 
on a plane surface, 1%. 

= radius of particle, ft6. 

= radius of cmmhre of a bend in a circular conduit, ft;. 

= b ~ l g  mean velocity of the nuid, Ft;/sac. 

= tangentid ve-eity af t h e  fluid, ft;/sec. 

= velocity of the part~ele, Ft/sec. 

= radial velocity of the particle, f%/see. 

= tangentid v-city of the particle, =/see. 

= 4 Vr2 + (Ut-Vt)2 = velocity of the parkicle relative to 
the fluid, Ft;/sec. 

= density of the liquid, lb/f i3  

= density of the solid, 1b/ft3 

= viscosity of the liquid, lb/f’t-sec. 

= Aulction 

= angle between the path of the particle ant3 the plane 
surface, deg, 
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