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ABSTRACT

The erosion prone areas on the blade surfaces
of a centrifugal impeller handllng granular solids have

been investigated both theoretically and experlmentally.

7 The objective of the theoretical study is to
develop: software to predict the erosion prone areas on the
blade surfaces of a slurry handling impeller. The basic
concept in the theoretical study has been to find the
particle trajectories inside the impeller. The governing
equations of the motion of particles within the impeller
are solved in a stepwise manner with time for a given flow
field. The flow field is calculated by solving the
conservation equations for the flow, using a finite
difference method. |

The number density of the particles in the
cross-section of the pipe through which the particles
enter the impeller is calculated by applying a
discretization procedure to the insitu concentration

profile of the particles.

The damage to the surface caused by impacting
particles is estimated by calculating the velocity and
the angle at which the particles impact on a surface. The
materiai property of the particle or the surface does not
explicitly enter into calculations. It is shown that for
a given combination of particles and surface material, the
material property of the particles and the surface can be
isolated. In this way a relative measure of the depth of
volume loss at different positions of the surface can be
calculated. The surface can then be divided into a number

of erosion prone areas.

The model is tested by undertaking a number of
experiments using a commercially available slurry pump -

which handled a mixture of fine pea gravels in water.
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The predicted erosion pattern suggested the
area near the leading edge to be the most erosion prone
zone. The agreement with the experimental results in this
respect was satisfactory. The extent of the erosion zone
on the blade surface as suggested by the analytical model
was in close agreement with the experimental values. The
analytical model also suggested that the major part of the
erosion areas would lie near the back shroud of the
impeller. This was in close agreement with the experimental

results.
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NOTATIONS

projected aree of a particle (m2)

area of 'tth and jthrelement on a

surface | o (mzl

acceleretion number

exponent as defined‘in eqn. 4.7

acceleration Vector

area of a cracked surface"in brittle

erosion-

area of annulus rings - (m2)
. areé-of anrelement'in'aipipe section (mz)

. coefficients of polynomial, eqn. 5.4

integration factor

exponent as‘defined in egqn. 4.7
coefficients of polynomial, eqn. 5.6b
coefficient defined in eqn. 2;1.11
coefficients defined in eqn. 2.1.10a

drag coefficient

lift coefficient

 total resistance coefficient

insitu discharge concentration,

volume fraction

insitu transport concentration,

volume fraction

mean discharge concentration,

volume fraction

mean transport concentration,

volume fraction

insitu concentration at level Zgr

volume fraction
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T C,1C171Cy coefficients of polynomial, eqn.- 5.12b

’ .Df ‘time‘derivative in an inertial frame. (s—l)
Dy impeller outside diameter ‘ (m)
A D, time derivatiwve in a rotating frame ° (s™1)
» d - diameter of a particle/solid sphere = (m)
. d weighted particle size R .- (m)
v vdn diameter of particles in size .
" ' fraction n . (m)
d50 ' opening pf'mesh'passing 50% of ;
solids' by mass (mm)
Ep’Ee' : modulus of elast1c1ty of partlcle Ly
. ‘uand surface, respectively T o (Nm 7)
E, energy of turbulence o ' “ 1 (Nm)”
Ev energy in viscous.damping N "~ (Nm)
e restitution coefficient |
e unit vector
ég unit vector in the direction of gravity
F body force on a fluid particle (N)
Fpo submerged weight of a parficle (N)
Fo - function of particle.size and
slurry- concentration
FD vdfag~force | | (N)
Fe friction force (N)
. FL lift force ’ , (N)
Fn vertical force on a particle
during cutting (N)
Ft tangential force on a particle
during cutting (N)
FS instantaneous force on a sphere | (N)
£ coefficient of dynamic friction
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factor defined in egn. 2.6.2b
function defined in eqn.‘2.l.10a
function defined in egn. 2.1.11b
function defined in eqn. 2;1212b
function defined in eqn. 2.1.l3a
function‘definedfihweqh.'2.3;15a o
functién defined in eqn;'2;3.15b‘
function defined in eqn. 2.3.15¢
functidn defined in eqn. 4.la
acceleration due to gravity

tbtalfﬁﬁi@@py

,pumpAheéd.

head coefficient, ng/szi2
Vickers hardness
angular momentum

depth of water-

friction head loss in slurry

manometer

indentation depth;

friction head losses in counterflow

meter

heights in air-over water‘manometer
rothalpy G%ifumuef

element numbers on a blade surface
curl of fluid velocity

Karman's universal constant

constant defined in eqn. 4.1b

constant defined in eqn. 4.3a

constant defined in eqn. 4.3b

(ms 7)

(m?s-g)

(m)

(kgm“s™ )

(m)

(m)
(m)

(m)

(m)

(mzs =2 ) .
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constant defined in egn. 4.7

constants defined in éqn.'s

" 6.7a and 6.7b, resp.

distance between piezometric rings

in counterflow meter.

diétance:between“pressure tappings
in'slurry manometer J
depth of‘crater»inran'eleﬁent

depth 6f crater in ith and jth element
depth of contact

mass of a particle flux

mass of‘particlera and‘bi,respw

mass of fluid displaced by a -

'_~solid particle

mass of water displaced by a
) .

'solid particle

mass of a particle

‘force vector on a fluid particle

coordinates in local- orthogonal
system n=N=S:defined on a stream

surface

contactfforce,between:two*colliding

bodies during deformation

contact force between two colliding,
bodies

contact force between two cblliding

bodies during restoration

coordinate in local orhtogonal system

n-N-S defined on a stream surface

unit vector in n-direction

_number of blades of impeller

(m)

(m)
(m)
(m)
(m)
(kg)
(kg)

(kg)

(kg)

(kg)

(N)
(N)

(N)
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number of coats of paint

number of particles passing through

an element in a pipe section
number of elements in annulus rings
number of particles in the sample

total number of size fractions of

~ particles

field property

weight function of solid particles

of size fraction n

field property at the:nodes of an element

thermodynamic' pressure

plastic flow 'stress L | (Nm~2)

~ volume flow rate g : (mjs’l)

flow coefficient
function defined in eqn. 2.4.8
function defined in-eqn. 2.4.13

function defined in egn. 2.4.17

function defined in eqn. 2.7.4

function defined in eqgn. 5.3c
function definedlin eqn. 5.6a
fuﬁction defined in eqn. 5.12
Reynolds number

load cell readins for water and

mixture, resp.
coordinate in a system of axes r-6-z
position vector

radial position of a particle at entry

to a blade channel s (m)

radial distance of centroid of an

element ' ' (m)
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inner radius of (i+l)th element
outer radius of (i+l)th element
radial distance in a pipe section

coordinate in local orthogonal system

n-N-S defined on a stream surface
Shapéxfactor:
solids'specifié'gravityb
distance:on a blade surface

unit vector in s-direction

distance on.a blade surface from
l.e. to t.e. ‘

componenté,of § in coordinate
directions

time

total time of contact between two
colliding bodies

total time required for deformation

time of free fall

mean time of free fall

time as defined in egqn.*s 2.6.6

and -2.6.7, resp.

free stream velocity

flow veloéity

quantity defined in egn. 2.7.25
gquantity defined in eqn. 2.7.23

component of fluctuating velocity in

axial direction

friction velocity

units of volume removed in brittle

erosion

(m)
(m)
(m)

(m)

(m)

(s)

(s)
(s)
(s)
(s)
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units of volume removed by cutting

C
wear
_VC units of volume removed by cutting
. max at angle of maximum erosion ’
VD units of volume  removed by deformation
wear ‘
Vf . units of~volumg'ioss, defined in eqn.
' 4.5 ' ’
VL ' limit deposit velocity - A ‘(ms_l
VT units of volume removed by combined
cutting and deformation wear
Vo' common velocity during a collision (ms-l)
. . ‘ . -1
v velocity of a particle/solid- sphere (ms )
‘Ve velocity of collision at which elastic
- limit of the surface is exceeded . o (ms—l)
v mixture velocity (ms—l)
v, mean mixture velocity , (ms™ 1)
V. component of particle velocity
"normal to a surface ' (ms-l)g
vp' particle velocity at point of
contact with a solid wall : (ms_l)
Vg component of particle Velocity_
parallel to a surface SRR (ms_;)
Veo solids velocity in the mixture: (ms_l)
v~ particle velocity with respect to
a rotating system , (ms-l)
v normalised particle velocity
w settling velocity (ms_l)
X distance of centroid of an element
from pipe centre in x-direction (m)
X coordinate in a system of axes x-y-2
X, length of crater (m)
1

fluid velocity ‘in a-rotating frame ms-1)
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xfyfz’ cartesian orthogonal rotating system

Y - diatance from pipe bottom normalised
by pipe diameter ‘

Y quantity.defined in egn. 3.3a

Yy coordinate in a system of axes x-y-z

Y depth of cut - .

Z distance from bottom’ of a- channel

Z coordinate in a syStem of axes x-y-z

Greek Symbols

oy O

p

angle of{impact-
o angular.separation'betweenfblades
approach angle»of:maSs a and b, resp.

rebounce' angle of mass a and b, resp.:

limiting angle of incidence

angle of impact at maximum erosion

(m)
(m)

(deg.)
(deg.)
(deg.)
(deg.)
(deg.)

(deg.)

ratio of turbulent diffusion coefficients

relative angular position of a particle

at entry to a blade channel

angle of an elementary distance on
a blade p.s. with the tangential
direction

random number

angle subtended by an element at-.the

centre of the pipe
total thickness of a painted layer

intrinsic coordinate

intrinsic coordinate

pump efficiency

coordinate in a system of axes r-6-z

(deg.)

(deg.)

(deg.)
(m)
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angular position of rotating reference

axis. in an inertial system

angularity factor

geometry anglé

dynamic viscosity of fluid
foisson's ratio of pérticlés
Poisson's ratio of a surface
geometry angle

kinématié viscosity 6f fluid
turbulent diffusion coefficients
for solids

turbulent diffusion coefficient

for momentum

density of fluid

_density of water

density .of solids
density of mixture

aerodynamic response time

energy needed to remove unit volume

of material bY'cutting wear

energy needed. to remove unit volume

of material by deformation wear
stream function
angular speed of a sphere

angular speed of pump

maximum tensile stress in a radial

direction

(kgs—

(kgm ~)
(Kgm °)

)
)
)

(rad s~

(rad s~

(Nﬁ )
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(unless defined otherwise)

a,b pertaining to particles a and b, résp.

f pertaining to fluid

m pertaining to a mixture of solids in water _

p pertaining to a pérticle'_

r,0,z pertaining to components-in cylindrical polar
coordinate directions o -

s pertaining to a surface

w pertaining to water

X,Ys2 pertaining to components in cartesian orthogonal
coordinate directioﬁs

p/£f pertaining to particle condition in an inertial
frame of axes

" p/x ' pertaining'to.particlé condition in a‘ rotating

frame of axes

r/f pertaining to condition of a rotating frame with
respect to an inertial frame

o referring to an initial condition

1,2 referring to conditions before and after an impact,
resp. ' '

Subsubscripts

‘(unless stated otherwise)

pertaining to ith element
pertaining to jth element

pertaining to components in cartesian orthogonal

coordinate directions
referring to an initial condition

referring to conditions before and after an

impact, resp.



Abbreviations

°c | degree centigrade

deg. degrees |

egn. - equation

HB Brinell‘Hardneserumbef
l.e. - leading edge |
max - maximum |

no. number

pP.S. ‘pressure surface

resp. respectively

r.p.m. rotations per minute
S.S. suction surface.

sec. _secondseu')

t.e. trailihg edge
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CHAPTER 1

INTRODUCTION

1.1 . General

Since time immemqrial,‘hature.has been
transporting slurries with bothtair'énd wafer as the . -
carrier medium. The formation of the continental shelfs
off our coastline is an example; the rivers empty abraded
land surface and'deéosit it into bays and gulfs. As the
erosion process takes place, the fines are suspended in
water which flows in streams and eventually are deposited
where the velocity of the flow reduces sufficiently to
allow the fines to settle-out. This‘example'illﬁstrates
rather simply how the formation of slurriesiallpws;the

transport of solids by a liquid medium.

The simplest‘and’most'economical»means for
transporting- large volume of liquiduis the pipeline. For
this reason at least, the idea of transporting solids in
liquid suspension merits some consideration. The movement
of liquids in pipelines necessarily requirés the use of |
pumps. As early as 1893 Andrews presented a sméll—size
equipment at the Chicago World Fair in which a coal dust-

water mixture was pumped through a pipeline, (Ref. 1).

Since the days of Andrews, the pumping of solids
through pipelines has proliferated both in' size and
character.'These‘range.from relatively simple in-plant
loops to long distance transport of minerals and
concentrates. Much publicity has been given in studies
involving transportation of coal from mines directly to
furnaces by means of pipelines, see Ref. 2. Needless to
say, several installations around the world,Would testify
to the practicality of this mode of transport. A good
account of these installations already in operation as

well as those in the pipelines may be found in Ref. 3.



The main criteria in the selection of slurry
pumps, either cehtrifugal or positive displacement type,
are the discharge preSsure of the system and the size of
the particles. For low pressure applications, Colleyi(Ref.
4) suggests the upper limit of the discharge pressure for
use of centrifugal pumps as 6000 kPa. For high pressure
applications positive displacement pumps are used although
they afe reetficted.to pumping: slurries which cerry‘
~'.suspehded solidS'of.size~not'iargervthan‘3 to G.mm'(Ref. 5).

" The suction and delivery Velveetofithis“type'bf pump cannot
operate setisfactorily,'if‘the‘size of suspended hard |
" particles in the slurry is large enough to’interfere with
the proper closing of the valves on. their seats and more
than normal valve lift»is-required for the passage of the’

solids;

Because of the limited -head, the use of
centrifugal pumps is restricted to short haul services,
for example, in-plant transportation of slurries in mining,
cement and power generation. In long-distance pipeline
systems, centrifugal pumps are usually used as charge
pumps, providing the required suction pressure for the
mainline reciprocating pumps, as well. as pumping slurry
through bypass loops for online monitoring of slurry

quality.

1.2 Centrifugal Pumps in Slurry Service

The presence of solids in liquid suspensioh
effects the performance of centrifugal pumps. When handling
such mixtures, the hydraulic performance of the pump changes
from its clear water characteristics. In the long term also
if the suspended solids are abrasive in nature, they may
cause excessive surface damage in the wetted parts of the
pump; this in turn impairs the hydraulic performance of
the pump. The economic life of the machine is thereby

reduced.



Conventional centrifugal pumps opefate with
high efficiency when handling clear liquids. If suspended
‘solids are present in the-liqﬁid a drop in efficiency is
expected. The magnitude of thlS drop in efficiency depends

on the- follow1ng factors :—.

(i) concentration of solids in the mixture
(1) .  .relative density of the solids

‘ -(iii) | llshape,ﬁsizevand distribution of solid particles
(iv) . visCoSity,of'theAmixtUre,,

A comprehen51ve review- of the subject has been

"prepared by the author for the British Hydromechanlcs

Research Association and published as a Technical Note
‘(Ref~-6) Hence, - this subject will not be dealt in here
' any further One important. conclu51on of the review worthy
of a mention here is that the best eff1c1ency point occurs

at the same flowrate both for water and slurries.

1.3 .Abrasive Wear in Solids Handling Centrifugal

PumEs

Wilson (Ref. 7) defined ‘abrasive wear' as the
surface damage ceused by the dynamic action of particulate
matter impinging or‘grazing7on the wearing surfaces. This
. mechanism of'wear, therefore,tshould be distinguished from
other modes of wear, e.g.,: corros1on 1nvolv1ng electro-
chemical action, and .cavitation resulting from collapse of
vapour bubbles. Wilson made the following classification

of abrasive wear :-

(i) erosion abrasion
(ii) grazing abrasion
(iii) grinding abrasion

‘Because of the importance of this mode of wear in relation
to the surface damage caused by the particulate solids in

centrifugal pumps, they are briefly discussed here.

. 1.3.1 Erosion Abrasion

This type of wear is mostly due to small



particles. Depending upon the angle of impact of the

particles onto the target material, this wear may occur

~in any of the following. three modes :-

(1)

(ii)

(iidi)

Deformation Wear :

. This occurs when the hard suspénded solids of

the slurry impinge perpendicularly on a surface,
Fig. la. The .surface layers will be plastically -
deformed if the impact stress generated on the
surfaceiexceedsfthe elastic:limit of the
maﬁerial- After initial work hardening, a crack
initiates within the deformed surface layer
parallel to the contact area. Eventually, part
of the surface flakes off.

Cuttlng Wear :.

- This occurs if the partlcles strlke ‘a -surface-

at very shallow angles, almost parallel to the
surface, as shown in fig. 1lb. The surface will
be torn off if the resulting stress -exceeds the
ultimate shear strength of the surface.

Oblique Wear :

'.This occurs as the solid particles strike a

surface at an oblique angle as shown in fig. 1lc.

This is a case when a surface fails due to

. combined action of surface cracking and tearing.

Hence, it is a case where deformation and cutting

occur simultaneously..

Gauging Abrasion

This occurs when coarse particles impinge on the

target material with sufficient force to produce high impact

stresses, resulting in the tearing of sizeable pieces from

the wear surfaces. For dredging and gravel handling systems,

this type of damage may be significant.

1.3.3

Grinding Abrasion

Here the fine abrasive particles are subjected



to crushing between two rubbing surfaces. High stresses
are involved and wear occurs by scratching, local plastic

flow and micro-cracking:

1.3.4 -Previous Work

Although there is quite extensive literature on
the fundamentals of wear, the number of publications
concerned with abrasive wear in- centrifugal pumps are qulte
limited..  Most of the literature orlglnateg from service
experience. Laboratory tests on pump wear are reported

" from only a few places. Theoretical studies of the problem
are very rare. In the following paragraphs, these work will

be briefly discussed.

1.3.4.1 Service Experience and Laboratory Tests

Worster and Denny  (Ref. 8) in 1955 reported
their service experience with solids handling centrifugal
pumps. Significant improvement,in wear life of the pumps
made of abrasion resistant steel were obtained by rubber

“Iining the impeller. The types of solids used were gravel

and coal of sizes upto % inch and 2 inches, respectively.

Anon . (Ref. 9) considered the relative advantage
between rubber-lined and all metal pumps. He noted that
all-metal pumps, in general,-do better  with large size
particles than rubber lined ones. Based on the,manufaeturer's
data, the maximum particle size was reported to be 2 inches
for rubber lined pumps. For all metal pumps the maximum
particle size was stated to be % inch less than the discharge

bore.

Franz (Ref. 10) highlighted the interdependence
of the pump material and speed upon the wear qualities of
a pump. He suggested that a standard cast iron bronze fitted
pump of open impeller type will result in acceptable wear
qualities if the pump is run at relatively low speeds. For

more severe applications, he suggested an alloy of cast



iron with varying amounts of Chromium which would increase
the Brinell hardness to 350 - 450. However, as this kind
of cast iron could only be used in specially constructed
pumps, as it is not machineable and has to be ground, he
suggested as an alternative impeller material an alloy of
cast iron with Nickel.

The'intérdependence ofgthé material property
and the speed-of,the pump on the wear life of the pump was
also'pointed‘out by Antunes et al (Ref. 11). They noted
that wear of ductile material varies roughly. as the cube
- of velocity below 30 m/s, and as the square of the velocity
above this. The velocity exponent might be higher for
brittle materials. Hence, where the application involves
high heads, a judicious selection of materialé is needed.
Use of materiéls like rubber and ceramics, under those
circumstances might prove prohibitive.They also stressed
the importance of.maihtaining good hydraulic design to
avoid.separation.and:formation-of‘vortices as these cause

localised wear.

Welte (Ref. 12) studied the problem of wear in
centrifugal dredge pumps . and identified three areas of the

impeller prone to high wear. These were :-

(i) - vane inlet edges
(ii) vane exit
(iii) impeller sides at suction end

Welte noted that the energy transfer from the impeller to

the particle ladden mixture starts at the vane inlet edges.
Because the solids mostly do not follow the fluid streamlines..
the vane inlet edges were damaged by the impacting solids,
larger solids causing more damage. The vane tips showed high
wear where the vanes joined the impeller sides. Welte

argued that it was due to the solids on the pressure. side

of the vane which accumulated in the transition zone

between the vanes and the impeller sides thereby increasing
the local wear rate. The wear at the impeller sides at

suction end was considered to be primarily due to leakage



of mixture between the volute and the suction through the

end clearance space.

Warring (Ref. 13) studied ﬁhe effect of hydraulic
design on the wear pattern of the impeller. By referring
to the Simon group of pumps, Warring showed that the
formation«ofviocalised leakagé-paths because of wear of
the tongﬁe of the volute can be considerably improved by
careful redesigning of the impeller ‘and the volute. Similar
discussion on the subject was élso given by Arnstein (Ref.
14).

, Want (Ref. 15) in a recent article maintained
that the wear,paﬁtern can be significantly affected by the
size of the particle. For: coarse particles (dSO = 0.25 mm,

characteristic particle size d.. is defined in section

3.3.1), the worn surfaces weresgbserved-to be very smooth.
Presence of shallow scallops were found with intermediate
particle-size(d50 = 0,10 mm). For fine particles, the

worn surfaces of impellers consisted of small deep sharp
scallops. Wiedenroth's (Ref. 16,17) wear tests on a small
dredge pump impeller also showed dependence of wear pattern

on grain size.

The difficult task of selecting pump materials
for differnt service conditions was discussed by Wilson
(Ref. 7). He classified service conditions as gauging
abrasion,‘g:inding'abrasion, cutting abrasion or erosion

‘abrasion. Service conditions where gauging abrasion may

occur (e.g., in dredge and heavy duty gravel pumps), Wilson
noted that the toughness of the material was important; an
austenitic Manganese steei was suggested. Where Qrinding
abrasion might occur (e.g., in sand pumps) materials with
high shear and compressive strengths were required.

Toughness of the material might be sacrificed to gain
hardness. Use of Tungsten carbide composites and martensitic
white irons such as 15/3 alloy (15% Chrome, 3% Molybdinum)
and Ni-hard (4% Nickel, 2% Chrome with reduced carbon content

for toughness) was reported. In case of erosion abrasion



occuring at low impact, the hardness of the material was
cited as the most significant property. Both martensite
white irons such as 15/3 alloy and Ni-hard which provide
high hardness (in the range of 550 to 700) were recommended.
On the use of rubber lined impeller, Wilson noted that

Mthe ability of -rubber when vulcanised to deform elastlcally
under 1mpact makes it ideally suitable to resist erosion
abrasion", provided the head is not high, the particles

are. small not sharp; There ‘is a critical velocity (the
exact magnitude dependS’updn the type of the rubber) at
which, if éxceeded, the particle will cut rubber. Wilson .
also noted that natural gum rubber excells over all others
in resistance to‘erosion abrasion if it is not subjected

to attack. from oils and if the operating temperature is
below the vulcanisation temperature (138 °c to 177 °c).

In addition to the work cited above originating
mostly from.ser&ice~experience, laboratory pump wear tests
were reported from a number of sources (Ref.'s 16, 17, 18,
19). The work of Wong et al (Ref. 18) is the most important.
Results of experiments on a number of promising pump
materials were reported. The materials included structural
alloys, hard metal, hard facing, and coatings. The
experiments were done in two stages. First, the candidate
pump materials were eroded by coal slurry under well
éontrolled laboratory conditions; later these results were
compared with field exposure tests in a coal slurry pump.

It was noted that sintered tungsten carbide inserted in
highly localised wear areas increased the pump overall

wear life. These areas were volute cutwater, impeller blade
leading edge, etc. Wong et al noted that local wear patterns
might vary for any given pump design, particularly for the
impeller blades, depending‘on the size and specific gravity

of the solids passing through the passage.

Truscott (Ref. 19) reported. the abrasive wear
study with centrifugal pumps of same geometry, but different

blade materials. The blade materials comprised, amongst



others, two grades of Ni-hard, and coats of rubber and
polyurethane on a cast iron substrate. By comparing the
material. loss data with that from a reference blade, a
relative wear life index of the materials was provided.
This quantitative form of material loss data is a very
useful contribution to the field of erosion study since

it is very rare. (Some recent contribution was madehby |
Faddick et al,. Ref.<20), Truscott (Ref. 19) reported
increase in wear rate with concentration between 1500

and 1800 r.p.m., but no significant changé was noticed
between 1800 to 2000 r.p.m.. It was suggested that this
pattern was due to. the flow regime entering the pump which
- changed significantly over the whole range of test speeds.
Wear'patterns of all the blades lay: in areas near the
leading edge and pressure surface of the blade. No change
in wear pattern. with increasing speed was observed, unlike
Wiedenroth (Ref 17).

Systematic approaches'to the problem of pump
wear as affected by hydraulic design were reported by
Bak (Ref. 21), Zarzycki (Ref. 22) and Herbich (Ref. 23).
- Bak's (Ref. 21) work on pumps of different design using
‘"a wide variety of materials showed that conventioanl
'bladed' design is susceptible to higher wear rates than
the 'unchokable' channel type. (The unchokable channel
type is a design in some solid ‘handling centrifugal pumps
where the impeller vane paséages do not contain contractions
between .suction . and delivery in order to prevent thé
trapping of solids in the passage and the accompanying.
detrimental effects.) Similar findings were reported by
Zarzycki (Ref. 22). Both reported maximum wear near the
- leading and trailing edge of the blades. While the wear at
the trailing edge of the blade surface -does not seem to be
well focussed’in literature, at least the work of Herbich
(Ref. 23) suggested that by making some.adjustmentiin the
blade outlet angle an improvement in the wear life of the:

pump was possible.
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1.3.4.2 Theoretical Studies

The only theoretical work available on wear in
pumps was by Bergeron (Ref. 24). It was assumed in Bergeron's
work that :-

(i) a particle having arrived at a solid wall of the
pump would slide on it ‘
(ii) r the damage doné:td a surface is. a combination

Qf impact and rubbing action .0of the particles

onto the surface ’
(iii) acceleration and velocity of the particles at

the wall were proportional to the acceleration
, and velocity of water '
Under the above assumptions, Bérgeron suggested that wear
would be directly proportional to :-
k(i) , the difference in density between~the solids
and the liquid |

(ii) -acceleration:  of the main flow
(iii) ‘mean'velocity of the flow
(iv) coefficient of sliding friction between the

solids and the liquid
(v) thickness of the particle layer sliding on the
surface

The limitation of Bergeron's (Ref. 24) work is
that it provided means only to compare wear in two pumps;
~given test-results from a pump handling a certain mixture,
the probabie amount of wear in a similar pump operating at

a hydraulically similar condition but with a different

mixture can be calculated.

1.4 Summary of the Previous Work, Plan of the

Present Work

Summarising the discussion on the previous work,
the following points can be made :-
(i) In granular solids handling centrifugal pumps,

the general tendency on the part of the
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manufacturers has been to increase the hardness
Aof‘the surface of the blades and the areas in
 the wetted surface of the impeller which require
particular‘attention for protection agaihst
abrasive erosion. .
(ii) . The effect of the mixture condition on the
- erosion of the impeller surfaces has not been
_ :;investigated so far.
(iii)  There is no analytical model which can identify
the areas of erosion in a blade surface as a

function of the mixture condition.

As the erosion of. a surface is due to the dynamic
action of the particles, the analysis of the problem of
erosion: is, therefore, related to the analysis of the
motion. of particles effecting this kind of erosion. It is
in this context that the pfesent plén of work was initiated. 
The motion.of the particles are traced indi&idually in the
flow fiéld of the impeller. The effect of intergranular
collisions én the motion of the particles is ignored. The
objective was to explore if the calculation of individual
particle trajectories inside an impeller can adequately
represent the general direction of motion of a collection
of particles. In other words, the trajectory history of a
‘collection of particles would.be'consideredvrepresentativer'
of the motion of all the sblid:particles in the mixture.

The concentration of solids in the mixture does not
explicitly appear in the calculation process, but in an
implicit form-the concentration at the inlet is used in
determining the number of particles for which the trajectory
calculations are to be performed. The ability of the |
particles to erode a surface is known by calculating the
velocity and the angle at which the particles impact on a
surface. These, together with the knowledge of the density
of impacts of particles at different places in a surface
form a basis. for classifying a blade surface of ‘an impeller

into a number of erosion prone areas. -
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On the experimental side, a commercially available
slurry impeller was put to handle a mixture of fine gravels
in water, in a test rig. A light coat of paint of different
colour was applied onto the wetted surface of the impeller.
By observing the colour contrast of the eroded painted
surface, the areas of the painted surface which were more
‘prone to erosion were identified. In this way a comparison

between theory and experiment was made.

1.5 Layout of the Thesis

The thesis has been organised into the following

chapters :-

Chapter 1 gives an introduction to the objective
of the work, reviews the previous work on centrifugal slurry

- pumps ' and presents the methodology of the present work.

Chapter 2. contains analysis of forces on solid
particles, the governing equations of motion for the particle

and the flow, and the method of solution of the equations.

Chapter 3 gives the background information and
the method adopted to determine particle distribution at

an upstream position of the impeller.

Chapter 4 presehts the erosion model developed

in this study.

Chapter 5 presents the results obtained by using
the software developed in this study, the trajectory
calculations of the particles and the predicted erosion

patterns on the blade surfaces of an impeller.

Chapter 6 describes the experimental apparatus
and the techniques used to find the erosion on the blade
surfaces of a centrifugal slurry impeller, makes comparison

between the observed patterns and'the predicted ones.

Chapter 7 summarises the present study and makes

recommendations for future work.
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CHAPTER 2

ANALYSIS OF PARTICLE MOTION

2.1 Introduction

The motion of a solid particle is governed by
various forces all of which,'but_gravity, are variant in
both space and time. In this chapter these forces are
discussed and the governing equations of the motion of
particles are formulated. These equations are solved for
a given flow field inside the impeller. The flow field is
calculated by solving the governihg equations of the flow
which is discussed in detail. The method to calculate the
rebound characteristics of arparticlé as the particle hits
and bounces off a wetted surface of an impeller are given.
The steps involved in developing a computer code for
calculating the motion of particles in the computed flow

field of an impeller are presented.

2.2 Forces on a Solid Particle

These forces are :-
(i) Gravitational pull
(ii) A Drag due to flow around the particle
| (a) form drag
o (b) skin drag
(iidi) - Lift due to fluid-particle interaction
(a) 1ift due to particle rotation
J— spin drift
(b) 1ift due to fluid shearing
—-—- shear drift
(iv) Forces arising due to particle collision upon
a.wall
(a) . solid friction and wall reaction
(b) elastic rebound

Items (ii) and (iii) have been covered in this section and
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item (iv) in section 2.7. A compresensive discussion of
the subject has been made by the author in the form of a

technical report and may be found in Ref. 25.

2.2.1 Drag due to Fluid

This force acts on a particle in the direction
of fluid flow as a result Qf”the exchange of momentum be-
'tween'the fluid and the particle. It is conventiénally
- considered to be the summation of two compbnents-—jskin—
drag and form-drag. The former is a result of the fluid
friction on the surface of the particle, the latter
(which depends on the shape or form of the boundary) is
due ﬁo the pressure gradient around the solid body and
hence is very much related to the flow regimes around and
behind the body (the drag being considered here is the
profile drag in contrast to the induced drag which may
occur on a body producing a 1ift force). Investigations
concerning this drag force are complicated due to a variety

of reasons. These are mainly:-

(i) unsteady motiqn of the particle and/or the fluid
(ii) ‘ shear in the flow ‘

(iii) spin of the particle

(iv) fluid turbulence

(v) surface roughness of the particle, etc.

First the flow field around the solid body, which is consi-
dered spherical for the sake of simplicity is examined. The
effects due to items (i) to (v) are then presented indivi-
dually.

2.2.1.1 Flow around a Solid Sphere

The various flow regimes which develop around
a spherical particle depend on the Reynolds number of the
particle,
pvd

Rep = 9 A (2.1.1)



- 15 -

In the case of uniform laminar flow around a
sphere, for Rep< 0.1, the viscous effects dominate over
the inertia effects. The slow viscous fluid moves around
the sphere and closes the flow on the rear surface of the
body. The flow is symmetrical upstream and downstream, and
the boundary layer on the sphere surface is laminar. Such
a flow regime is widelY‘known as the 'creeping flow'

regime.

As the Rep is increased beyond 0.1, the o
upstream—downstream symmetry tends to disappear and an
adverse pressure gradient is developed along the boundary.
layer at the back of the sphere. With increasing Rep, flow
separation takes place on the surface of the sphere and
‘the fluid moves away from.the sphere before reaching the
rear point of‘symmetry and a stationary vortex ring
composed of a pair:of attached eddies with an axial
symmetry is developed (Ref. 26). This separation of
boundary 1ayer;begins at the downstream stagnation point
(Ref. 27) and moves forward as Rep increases and the ring
grows in ;ize. The exact value.of Rep at which the first
vortex ring appears thereby ushering in- a wake behind the
sphere is a matter of strong controversy. Although it is
more likely to be formed at Rep=lO, investigations by
Williams (Ref. 28), Nissi et al (Ref. 29) suggested that
this value could be from as low as 8.14 to as high as 720.
Because of the force between the fluid/and the sphere,
momentum is extracted from the fluid. The rate of momentum
transport downstream of the sphere is, therefore, smaller
than that in front of it.

With further increase of Rep, the separation
point moves upstream while the vortex ring continues to
grow in size and at Re_=~1000, a stable separation point at
about 80° from front sgagnation point is achieved (Ref.
27) . Because of the shift of the separation point from
rear to the forward part of the sphere, the pressure drag

takes predence to skin friction.
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At Rep=130, the vortex ring becomes unsteady
and begins to oscillate although all imposed conditions
are being held steady. For a turbulence free unbounded flow
at Rep=500_(Ref. 30), the attached ring breaks and moves
away from the sphere to form a trail of vortices behind
the body surrounded by the separated boundary layer. The
value of Rep associated‘withVthis_éhange of flow regime is
referred to as the lower critical Reynolds number. Nemenyi
(Ref. 31) obsérved-this phehomenon at Repzzoo, Lunnon.(Ref.
32) at Repﬁlooo;'while Massey (Ref. 27) suggested a.range
of Rep between 200 to 2000. Massey (Ref. 27) also noted
that this vortex shedding phenomenon did not follow a
definite frequency, although Schmiedel (Ref. 33) observed
such a periodicity for a limited range of ReP (500-1000,-as
reported in Ref. 30) and Winny.(Ref. 34) fo: a different
Rep range (2000—8000). On the effect of this periodicity
on drag, Lunnon (Ref. 35) remarked that there would
also be periodic increase and decrease of drag. This
observation wouldAprobably explain the fluctuétion of the
fall velocities of a sphere as observed by Liebster (Ref.
36) and reported in Ref. 30.

As Rep increases the boundary layer of the
sphere undergoes a process of transition from laminar to
turbulent. This begins at Reﬁzuxo and is normally assumed
to extend upto Rep 20,000 (Ref. 37).

The separation considered at the beginning of
this discussion refers to the case of a laminar separation.
However, following this and with increasing Rep, the
transition point in the separated boundary layer gradually
approaches the separation point. At Rep—":BXlO5 (Ref. 27),
the boundary layer becomes fully turbulent before separation
and as a result the separation is delayed and moves down-

. stream to some rear point on the sphere surface. This
condition is referred to as the higher critical Reynolds
number (this value is reduced if there is turbulence in
the free stream). The consequence of a delaYed separation

is a narrower wake; Streeter (Ref. 38) remarked that the
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high‘momentum transfer in the turbulent boundary layer
delayed separation so that the wake was substantially
reduced resulting in a total drag on the sphere less than
half that occuring in the case of the laminar boundary

layer separation..

At higher Rep, the boundary layer becomes fully
~turbulent, the wake narrower and statistically stable (Ref.
37). In such a situation, the pressure draghis small and
it is the skin friction which mainly contributes to the

total drag.

- The various flow regimes around and behind the
sphere discussed above correspond to a free stream which
is unbounded, laminar and uniform. Although in a turbulent"
free stream,'the geheral pattern of the flow regimes is
likely to be similar, the corresponding Reynolds number
relating to different flow regimes around the sphere will
be different. '

2.2.1.2 Calculation of Drag : Theoretical Investigations

Because of the complexicity of the problem
associated with the flhid‘resistance, theoretical~in§esti—
gations cannot generate any simple formula that would
relate this resistance with different flow regimes occuring

around the sphere.

For many years, considerable attention has been
given to the theory of viscous flow around a sphere under
different boundary conditions. Because of the non-linearity
in the general Navier-Stokes equation due to the accelera-
tion term, most of the theoretical approaches assumed a
very low Reynolds number flow. In this regime the Navier-
Stokes equation may be simplified to a linear, fourth-order

partial differential equation by dropping the inertia term.
Stokes (Ref. 39) first used this simplified form of the

equation of motion to solve for a slow moving sphere in

an unbounded stagnant f£luid (creeping motion). The original
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Navier-Stokes equation reduced to :-

: 2
grad p = VW u (2.1.2)

yielded the following expression for drag :-

FD = 3mduu ’ : (2.1.3)

Skin-friction constituted two-thirds of this force and
"pressure gradient, one third. Dimensional considerations
(Ref. 40) can show that the co-efficient of drag, Cp is
related to the particle Reynolds number, Rep. Stokes'

solution gave ::-

24

Re ' : : 2.1.4
ep , . ( )

¢y =

The drdp of the inertial term, however, severely restricted
the use of the Stokes' solution for drag to a very low
value of Rep{ Experimental evidence suggested that this
expression predicted the drag accurately only for Rep<0.l.
Later Oseen (Ref. 41) attempted to incorporate the inertia
term in the solution of the Navier-Stokes equation by
considering the motion of a sphere in an unbounded
uniformly moving fluid. In this case the simplified Navier

-Stokes equation became ;-

.

~

U.grad u = -%p +vV2u (2.1.5)

Clearly, Oseen considered the inertia term only in that
region of the flow around the sphere where the velocity
was approaching the free stream value. The solution of this
equation produced the following expression for the drag

co-efficient .-~

_ 24 L3 L '
C_ = Re (1 + 16Re ) (2.1.6)

. Oseen's value of Cp agreed well with the experimental

values for Rep<l. For higher Rep, however, investigations
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by Pearcy et al (Ref. 42) suggested that Oseen's solution

did not predict any wake formation.

2.2.1.3 calculation of Drag : Experimental Investigations

The drag oftavsh@ﬁe.gﬂidfsphere.moving steadily
relative tora fluid is represented as a plot of CD vs'Rep,
first suggested by Rayleigh (Ref. 43). Several investigations
in the past produced results which deviated considerably
from the standard drag curve of today. Principal causes of
these deviations were due to :-

(i) unsteadiness in the motion of either the solid
or the fluid or both

(ii) - incursions of the wall effect
 “(iii) “uj_osupportingiprobiems of the spheres in the fluid
' .stream o } '
(iv) presence of turbulence in the flow

According to Ref. 37, it was Wieselsberger (Ref.
44) who first published values of the drag coefficients
’ 2 _ 7.7x10°)
which form part of the present day standard drag curve.

- for a wide spectrum of Reynolds number (7x10

_ Wieselsberger's results were reproduced by
Lunnon (Ref. 35) through a series of experiments with
spheres of various densities and  diameters. Lunnon (Ref.
35) furthermore, proved that the drag coefficient would
depend on the relative velocity of the fluid with respect
to the particle and not the absolute velocity of the

fluid stream.

Lapple and Shepherd (Ref. 45) in 1940 collected
the available data and produced a graph of the drag
coefficient as a function of Rep which forms the standard
drag curve of today. Various empirical expressions were
suggested'to find CD analytically from known values of
Rep by fitting in different parts of the drag curve (see
Ref. 25). Recently, Morsi and Alexander (Ref. 46)

produced a series of expressions for CD as a function of
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Rep in the range of O.l<Rep<5xlO4.

2.2.1.4 Calculation of Drag in Unsteady Motions

This. section is devoted to the dynamic force
exerted by a viscous fluid on a sphere when the relative

velocity between the two changes with time.

Most of the=information:in this field was
obtained thrdugh‘experiments.'Théoretical investigations
are limited*in’number and cover only the low Reynolds
number regime where the magnitude- of the inertia term
in the general Navier-Stokes equation is sufficiently

low as compared to the viscous term.énd“may be "dropped.

When’a'particle'is>accelerating in the fluid,
it experiences drag forces which are additional to that

given by Stokes' ‘law. (equation 2.1.3).

' In 1888 Basset (Ref. 47) presented his

- theoretical studies on the rectilinear motion of a slowly
moving accelerating sphere in-an infinite stagnant viscous
 fluid (for a discussion of Basset's work see Ref. 69). By
ignoring the convective terms of the Navier-Stokes .
equation, Basset showed that the sphere would expefience

a time dependent force F_, given as follows:: -

S

s~ 6 Ppadt |
S
av
= 3mpdv + %mf g% + % az /mpy |—39t ge- (2.1.8)
Vewrd
0
I IT III

Term I represents the force required to accelerate the

sphere as given by Stokes' law (equation 2.1.3). Term II is
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an account of the resistance of the f£luid to acceleration

of the sphere; m_ is the mass of the fluid displaced by

the sphere and ig equal to md¥p/6. Term II does not
contain viscosity and hence is the force given by an
inviscid-irrotational flow theory. Term III is the most
significant part in Basset's equation. It shows that the
resistance force on the sphere depends not only on its
instantaneous values of velocity and acceleration, but
also on the entire history of the sphere acceleration.
The integral term, thereforé; represents the effect of
the previous acceleration upon the force at the present

time, t.

For the case when the fluid motion was-also
unsteady, Tchen (Ref. 48) showed that theertion*of the

sphere could- be-analysed from the following  expression :-—

» av A w3 du. .3 [du  Qav
md? = _ . wd? - "= wd [_: 5=
& Ppgg = 3md@-Y) v gty Plae T oaE) t
. I 1T III
£ . : .
du dv
+'%~~d2ﬁr5'ﬂ dt’  dt’ .- (2.1.8)
_ J/t -t
0
IV

Acceleration of the fluid leads to a pressure gradient in
the vicinity of the particle and hence an additional force;
term II.

Subsequently, Hjelmfelt and Mockros (Ref. 49)
showed that the above equation could be solved in the case
of a turbulent free stream under the following assumptions :-
(1) the turbulence was homogeneous
(ii) the particles were much smallef than the
microscale of turbulence |
(iidi) Stokes' drag law would-apply
(iv) there was no particle-particle interaction

(v) each particle was always surrounded by the
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same fluid molecules
Item (iv) requires that solutions which produce large
relative motion between the particle and the fluid are

not acceptable.

. The theoretical work outlined above is valid
only for low values of Rep‘(creepinguflow). Hence,
experimentalvwork (discussed below) remains the only

possible way to the understanding of the problem.

Most of the experimental observations were
carried out to investigate if the Basset's equation (Ref.
47) for'creeping.motion (Rep<0.l) also applied for the
higher values of Re_ and if not, to determine the
co-efficients of the terms in the'acceleration equation
given earlier. The main problem encountered by different
investigators.was to devise a sophisticated system which
would continuously monitor the particle position with
time precisely, so that the second derivatives of the
distance traversed by the.particle could be obtained with

sufficient accuracy.

Most of the researchers up to now have confined

themselves to the determination of the 'added mass' co-
efficient for spheres oscillating in liquids (see Ref. 25).
Most of them either did::not consider the history term of
the Basset équation (2.1.8)‘andvthose who did assumed that
the theoretical value of this term given by Basset (Ref.
47) also applied to their case. Odar and Hamilton (Ref. 50)
tried to overcome this problem by introducing empirical
co-efficients into the three terms of equation 2.1.8.
The co-efficients were obtained from a series of experi-
ments with a sphere oscillating with finite amplitude in
a viscous fluid. If Cpr Ca' Ch respectively indicate the
co-efficient of the steady-state drag, added-mass and

history integral terms, then from equation 2.1.8 :-
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t
av
md®  av _ a2 _, av d at” .
& Ppac - CpPrg Vv *C, x Mear * G T —— dt
O N
——-= (2.1.10a)
where :-

- CD = fl(Rep, as given by the standard drag curve) (2.1.10b)

¢, =1.05 - —2:000 (2.1.10¢)
A2 +0.12
n
c, = 2.88 + —2:12 o | (2.1.10d)
A, + 1)3

and An is the acceleration number defined as the ratio of
the convective acceleration to the local acceleration term

of the Navier-Stokes equation..

As equation 2.1.8 was derived by ignoring the
convective terms, An = 0, hence C _=’O 5, Ch = 6, which
were also the theoretical values of the coefficients
given by Basset (Ref. 47). In Odar and Hamilton's (Ref.
50) work, the value of Rep did not excced 62.

It was concluded that the resistance data could
be best correlated by using a single term with an -empirical

coefficient, C. The fluid resistance, FS then became :-



- 24 -

Fg = C =0 |vlv ma? (2.1.11a)
where :-
C = f2(Rep, An) (2.1.11Db)

Vegy recently Karanfilian and Kotas (Ref. 51)
reported their éxperiments with a sphere subjected to a
simple harmoénic motion in an otherwise undisturbed liquid
at high Reynolds number. It was observed that a Basset type
equation (2.1.8) could not be used to correlate their

~ test results.

A different approach was taken by Bugliarello
(Ref. 52) whose work is reported in Ref. 51. The concept
of a total resistance coefficient, CT was introduced. The

force was given by :-

F,o=2C

s - % o |v|v.ma® . (2.1.12a)

where :-

o 1
c,, = f {vd/v, vd/v?, v/(gd)?, geometry of the body}(2.1.12b)
T 3 :

This resulted in a better correlation between the

‘theoretical and experimental values than the added mass
coefficient. Bugliarello's data also suggested that the
effect of acceleration on drag was considerably reduced

with increasing Rep.
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These various independent approaches have
complicated the problem rather than ease it and very
little has emerged conclusively. However, the following
‘points can be made:-

(i) It appears that the 'added mass' concept is
unable to predict the unsteady-state drag at
high Rep. The co-efficients of the added mass
and the history integral terms change with the
acceleration number and this wvariation has not

: been clearly established for a wide range of

Rep.

(ii) Use of the total drag co-efficient appears to
be very practical although there is insufficient

data to establish its wvalidity.

2.2.1.5 Calculation of Drag in Rotating Spheres

 There is limited information regarding the
effect of the circulation induced by the rotation of the
sphere on the steady state drag co-efficients.
Garstang (Ref. 53) showed analytically that
for low Reynolds number, an identical expression to Stokes'
drag force could be used although the sphere has both
translational and rotational motion. A similar conclusion
"could be derived from the work of Drazin (Ref. 54). Rubinow
and Keller (Ref. 55) investigated the low Reynolds number
- flow about a spinning sphere moVing in a viscous fluid and

they too reached the same conclusion.

Maccoll (Ref. 56) first measured the drag force
on a 15.24 cm diameter sphere rotating at speeds upto about
1800 r.p.m. in an air stream having velocities upto 10.36

m/s. Plots of drag coefficient , C_. against the ratio of the

equitorial speed of the sphere tthhe air speed were
provided. At Reple4, CD was a function of speed ratio. At
higher values of Rep, the effect due to sphere rotation

on the observed CD was found to be small. Wind tunnel

experiments by Davies (Ref. 57) produced a general pattern



of the drag co-efficients similar to Maccoll's (Ref. 56).

Experiments by. Barkla and Auchterlonie (Ref.
58) with rotating spheres at Reynolds number between l.5xKﬁ
to 3xlO3vshowed that the drag co-efficient differed
considerably from those given by Maccoll (Ref. 56) dropping
slightly with increasing spin and did not rise to a near

- steady state value as observed by Maccoll.

In conélusion it can be said that if the
Reynolds number is small, the effect due to particle
rotation on the drag co-efficient is negligible. With
increasing Reynolds number there appears to be some effect
although it is very small. Finally, there is no study on
the effect of rotation on drag for rectilinearly

accelerating sphere.

2.2.1.6 Calculation of'Drag in Spheres with a Rough

Surface

, In 1916 Pannell (Ref. 59) reported wind tunnel
results on a sphere roughned with sand. The results were
compared with those obtained from a. smooth varnished -
sphere of the same dimension.. The tests were carried out
for O.32x105<Rep<l.5x105,-andvindicated that the resistance
of the rough sphere over the whole range was less than
that for the smooth sphere at the corresponding Reynolds

number. For Repzl.leOS, the resistance of the roughned

sphere sharply increased and at Rep=l.5x105, a value close
to that for the smooth sphere was reached. For Rep>l.58x105,

no comparison was possible due to lack of data.

Bacon and Reid (Ref. 60) also showed that
‘evenvery fine protuberances (as well as the supporting
wires) on certain parts of a sphere had a very large

effect on drag characteristics.
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2.2.1.7 Calculation of Drag in a Turbulent Flow

Both theoretical and experimental work in this
field are limited. The basis of the theoretical analysis
is that if the particle is large compared with the scale
of turbulence, then the main effect of the turbulence on
the particle will be to increase its flow resistance, and
the particle will, at‘most; tend:to follow the sldw large
scale turbulent motion of the fluid. Cpnvefsely,iif the
particles are very small compared with thé micro—séale of
turbulence, then its motion will be governed by the
fluctuating components of the fluid and the resistance

will be entirely viscous in nature (Ref. 61).

The first extensive study on  the motion of a
small spherical particle in. a turbulent- fluid was made by
Tchen (Ref. 48). Tchen's equation of motion for the
particle in a turbulent fluid, that was both homogeneous
and stable, was based on the assumption that the same fluid
molecules surrounded the péfticle throughout its motion. In
~a real situation this was highly unlikely since the real
fluid undergoes considerable stretching and distortion
and in this process the same fluid elements would not
contain the same particle. The above assumption also
. imposed the restriction that the particle should be
almost neutrally buoyant in the fluid to avoid overshooting.
All these confined the analysis to the case when Rep < 1.
Extension of Tchen's work came from Hjelmfelt and
Mockros (Ref. 49), but this was limited to Rep < 1. The
essence of their work was that the turbulent characteristics

of one phase could be derived from those of the other.

A semi~-theoretical treatment of the problem
emerged from the work of Torobin and Gauvin (Ref. 62).
They showed that the critical Reynolds number of the
particle at which the transition of the sphere surface
boundary layer took place could be related to the relative

turbulence intensity of the solid-gas system. Torobin
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and Gauvin argued that the energy of turbulence, Et that
each elementary volume of fluid carried with it into the
boundary layer of a sphere (that was still laminar) was
subjected to a decaying action due to the viscous damping
energy, E originating at the surface of the sphere. At the
transition point, the ratio of these two energy terms.,
which tended to cancel each other, was related to the
Reynolds number of the particle and the relative turbulence

intensity, Vu’?‘as:followsfé

(Eg/E ) = £40(Rey) o (VyT2/v) %} (2.1.13a)
or ::-—
(Re), (/o72/v)? = constant (2.1.13b)

for a given system of solids-gas'flow; subscript c refers

to the condition at which the steeply sloped section of the
constant intensity curve on a'CD Vs Rep plot intersects‘the
value of CD = 0.3. u” is the velocity fluctuation of the’
fluid in the axial direction. Torobin and-:Gauvin: thus

relatea the transition phenomenon with the relative intensity
of turbulence. However, the value of the constant, as it

was a function of the system, could only be found from a

plot of (Rep)C and (/ﬁ;§7v)2, based on the experimental

data. Although the constant was given as 45, its value is

not universal.

Further conclusions that can be drawn from their
work are :-
(1) , At low relative turbulence intensities (<10%),
the standard drag curve values could be used
to prescribe the fluid resistance even though

there was turbulence in the free'stream.
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(iidi)

(iv)

(V)

(1)

(ii)

(iii)
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As the relative intensity increased, there was
some increase though small, of the Cp values
with‘Rep. This increase was due to vorticity
diffusion from the free stream into the wake.
At higher relative intensities (>35%), the drag
first gradually dropped from the standard CD

values and then sharply upswung (as Rep~increased)

“and attained a value very closely given by the

standardvdrag curve at the corresponding Rep.
The sharp drop corresponded to the boundary -
layer transition augmented by the free stream
turbulence.

There was a systematic regression of the
critical Reynolds number as the intensity of
turbulence increased. ' 4 '

The above observations were true irrespective

of the position of the particle in the wind

tunnel, where the particle was méving/freely,
either accelerating or decelerating, thereby
suggesting that the acceleration effect as
discussed in section 2.2.1.4 for laminar flows
would not hold if there was turbulence.in the

free stream.

Lift Due to Fluid-Particle.Interaction

These forces are :-

spin induced circulation around the body

flow induced circulation (i.e., 1lift due to the
presence of a velocity gradient in the flow)

fluid turbulence

When a spinning body is travelling through a

fluid so that its axis of rotation forms an angle with the

trajectory, the body will experience a lift force acting in

a direction perpendicular to the plane containing the flight

path and the axis of rotation.

Maccoll (Ref. 56) first provided evidence of the
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1lift force acting on a sphere which was spinning on an
axis normal to the direction of the air stream flowing in

a channel. Introducing a co-efficient of 1lift, CL as:-

L B
cC. = — L (2.1.14)
L™ &2 2 | |

Maccoll noted that the plot of CL_versus the speed ratio
(equitorial speed to the air speed) showed negative values
of the 1ift co-efficient for small values of the speed
ratio (up to about 0.5). Thereon the value of CL increased to
about 0.18 at the speed ratio of 2 and remained constant
thereafter. In the Critical.Reynolds number region, the
sphere rotation enhanced the_boundary»layer transitioﬁ on
one side of the sphere while on the other side transition
was delayed. An asymmetric wake structure resulting therein

~caused the negative 1lift.

Davies (Ref. 57) also noted the existence of a
negative 1lift force in a later work with, among others, the

smooth golf balls dropped in a horizontal wind stream.

In contrast to a spinning body in a uniform flow,
Tollert (Ref. 63) pointed out that circulationcxhldckwekp
with a translating s?here either by the rotation of the
sphere itself or due to the asymmetric streaming around

the non-rotating sphere.

The first explanation on the phenomena of
particle migration in pipe flows was given by Young
(Ref. 64). He noted that in the vertical glass tubes,
containing spheres which were heavier than the fluid, the
particles tended to migrate towards the axis during the
upward flow of the mixture. An annulus of the clear fluid

near the wall and surrounding the core of particles was
clearly identified. Conversely, in a downward flow, the

particles showed the tendency to collect near the wall



- 31 -

of the tube. Also, in turbulent flows the particles showed
little radial migration, apparently because the turbulent

eddies offset the motion due to 1lift force.

Radial migration of particles in pipe flows also
was reported in Ref.'s 65 and 66. In Ref. 68, it was shown
that particles' spinning was responsible for their migration

in pipe flows.

Rubinow and Keller (Ref. 55) studied‘the motion
of a splnnlng sphere and provided the following expression

for the spin induced 1lift :-

F —-% nd? 0 2 x vl o+ O(Re, )| (2.1.15)

which‘wés derived from the inertia considerations near the
sphere surface, seemingly neglected in all previous work.

Their expression was valid for small values of Rep only.

Saffman (Ref. 67) made an analytical study of
the Lift. on a spherical particle due to fluid shear.
Considering the motion of a sphere relative to an unbounded
simple shear flow, Saffman suggested an expression for a

lift force, which in vector form: became::

%

F, = 20.3 p d® (VK)?Kx (v - U (2.1.16)

where, K was the curl of the fluid velocity (in simple shear
flow the velocity gradient normal to the flow direction).
The sphere was assumed to rotate at a rate equal to the
local velocity of the fluid particles and spin induced
circulation was zero, Saffman tried unsuccessfully to

extend his work to the case of Poiseuille flows. For further

discussion on flow induCed lift, see Ref. 25.



- 32 -

Although the discussion so far concerned the
lift force arising only due to circulation, the possibility
of the production of some kind of 1lift.due to fluid
turbulence‘also‘was recognised by some investigators. It
was suggested that in a turbulent flow, the mechanical
effect of the lift force due to circulation would be
superimposed on the particle response to free stream
turbulence. A useful discussion on the subject is given in
Ref. 68.

2.2.3. Summary of Discussion of Forces on a Spherical

- Particle

The mechanism of momentum transfer between the
fluid and a spherical solid particle has been discussed in
the previous paragraphs; It is shown' that the obserVed
| drag on a solid sphere can be different from the steady -
state value calculated using the standard drag curﬁe for
a number of reasons. These are the unsteady motion of the
fluid relative to the particle; the presence of turbulence

in the free stream, etc.

It is recognised that because of the unsteadiness
in the motion of the particle relative to the fluid, the
particle experiences dragffdrcés‘whichﬁare additional to
that given by the steady state drag laws. Analytical models
are available to indicate that. the additional forces are
due to the resistance of the fluid to acceleration of the
sphere, the acceleration of the flow itself. These analytical
models were developed by dropping the convective acceleration
terms while solving the Navier-Stokes equation of the flow.
Hence, these models are "obviously not valid when the
-convective'écceleration terms become important" (Ref. 69).
Thus, for high Rep (>62) , unsteady drag cannot be calculated
analytically. Also, the concept of total resistance
coefficient in calculating unsteady drag although looks

very practical, needs to be fully explored.

On the effect of turbulence, it is seen that
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the presence of free stream turbulence may cause an early
transition of the boundary layer on the surface, thereby
ushering in a reduction in the drag coefficient. The
physical insight into the effect of turbulence seem to be
reasonably understood, although the task of quantifying

the effect is still a formidable one.

' _Analytical;models:fer 1ift due to spin of the particle
or the fluid-shear can give an estimate of the lift only at very low
 Reynolds munber. An estimate of the-lift force calculated fram equation
'2.1.16 was found to be less than other . force terms (see 'section 2.3.2)

by an order of magnltude,-10~l or less. Hence this force was neglected.

Summarising, it can be stated that while it is
possiblebto conjecture as to the influence of turbulence
or unsteady effects, accounts for these effects must await
further work. In view of these conclusions, only the steady
state drag and the‘gpéVitational forces are considered in the
formulation of the go?erning equations of motion of

particles in the present work.

2.3 Equations of Motion of Particles

In this section the equations of motlon of
‘1nd1v1dual particles passing through a centrlfugal impeller
are given. The equatlons are ertten assuming that the
particles are spherical.'The geometry of thejimpeller used
in the present work (see figure 6.2a) is such that a
particle, after it has entered the impeller does not
immediately see a blade channel, but has to treverse some
distance before it enters the channel. In view of the
above, the equations of motion of the particles are

written in two frame of axes. In the first case, the
equations are written in an inertial coordinate system and
applied to particle motion between the inlet of the impeller
and just before the leading edge. The solution of this

set of equations gives the absolute trajectory of the
particles.
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In the second case, the equations aré written
in a rotating coordinate system and applied to the motion
of the particles in the blade. channel between the leading
edge and the exit of. the impeller. The solution of this
set of equations gives the trajectory of the particles

relative to a blade surface.

2.3.1 Equations in  an Inertial Coordinate System.

_ The equation of motion of a spherical solid
particle of mass m, moving in water with a velocity v
can be given in an inertial frame of axes from Newton's

second law of motion as follows :-

m —— =F + Fp | (2.3.1)

FD= drag force vector due to the relative motion between

the particle and water

B

F_= body force vector due to the difference in density

between the solid particle and water.

The drag force is calculated as the product of
the drag coefficient and the dynamic pressure of the relative
flow times the projected area of the particle (Ref. 41). In

vectorial form this can be written as follows :-—

u-v| (u-v) A ‘ (2.3.2)
lu - v| (u-v

CD is given as a function of the Reynolds number of the

particle which is defined in terms of the relative velocity

between the particle and water as follows:-
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R = .3.3)-
ep : (2.3.3)

The body force term can be written as follows :-

B

o=

a? - g & .3.
™ (pp prr)‘g g L (2.3.4)

The components of equation’'2.3.1 in cylindrical coordinate

system can be written as follows (see Appendix A) :-

r - direction :

v -1 =Lc o A (u - Ju-v
m, (r - 6% =5 Cpoe, A(u - v) |u-v

- (mé - mw) g sinb : . , (2.3.5a)

. 0 - direction

m_ (ro + 2r8)
p

|
N

c pr(ue-Ve) lE‘!

- (m, - m,) g cosé (2.3.5b)

z - direction :

) |lu-v (2.3.5¢)

=

N

Il
=

CD pqu (uz - Vz

where, overdot indicates time derivatives. See fig. 2.1 for
definition of the coordinate frame. Rearranging terms of

equation 2.3.5a :-

v_o=3
v 4

r

Sp A
d
pp
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o] v
- |1 - | g sing + -2 (2.3.6a)
P . Y .
p
-3 Dw - - - v ;
r=73 7 (u, - v) lu - v 1 5| 9 sinb +
P o
Yo ~
+ T : ST o (2.3.6b)

C, P o1
g =3 DW - - - - W -
p pj
v,V
- rr 6 (2.3.7a)
o ‘ C.p
_ 31D _ _ _
S=Tta 5. W~V |-
p .
: V.V
- % 1 - Y g cosp -2 £ 9 (2.3.7b)
Dp : r2
Rearranging terms of equation 2.3.5c -
-~ C.p
y =3 D w - - ,
vV, =13 (w, = v,)) |u v| : | (2.3.8a)
p - .
. C.p ‘ ‘
=3 D w - P - A
z=73 o (u, 'vz) lu - v| (2.3.8b)

Integration of equations 2.3.6a, 2.3.7a and
2.3.8a will give the velocity of the particle in the
coordinate directions. Integréting equations 2.3.6b,
2.3.7b and 2.3.8b, the position of the particle can be
calculated. The equations are ﬁonlinear. Hence these

are solved numerically. This is discussed in section 2.3.3.
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2.3.2 Equations in a Rotating Coordinate System

The coordinate system has its origin coinciding
with the origin of the inertial system defined in section
2.3.1, but rotates about z-axis (fig. 2.1) with a constant
angular speed equal to the rotational'speed of the pump.
The equation of motion of a particle written in this

coordinate system can be written.aS'follows -

Dv : ) e

I II IITI Iv

IIT and IV are inertia terms which appear in the above
equation due to the raotation of the coordinate system.
2w x v is the coriolis and w x (w x r) is the centripetal

acceleration. See Appendix A for. further details.

The*components-of:equation=2;3.9»ih cylindrical

polar coordinate system can be written as follows :-

r direction

- . 2 _ ivk%; o i
mp {r r(6 + w)?} 5 €y 0, A (u vr) lu - v

- m - > T .
( mw) g Slnep (2.3.10a)

0 - direction

. .. 1
mp {re + 2r(6 + w)} =3 C

- (mp - mw) g cosep (2.3.10Db)
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z - direction :

-1 u, - -
m, =5 Cp by A (U, v,) la-v|l (2.3.10c)
where :-
6, =10+ ut ’ (2.3.11)

The 6 = O axis of the rotating system of coordinates

coincides with the trailing edge of a blade, see fig. 2.2.
If Vé is the tangential component of particle velocity in
- the rotating coordinate system, then rearranging terms of

equation 2.3.10a :-

' C, P P
.—E_El - . - S UL A .
Vr T 73d D (u, - v) lu - v| 1 5| 9 51nep +
P p
vé 2
Trgy te (2.3.12a)
N C P o
_ 3 D w _ _ _ Py
ST P e vr) 2 - v [l p ] g sin6_ +
Vo ’ |
Loyt g | (2.3.12b)
‘Rearrangihg terms of equation 2.3.10b :-
C. p 0
7 3 D W W .
vo=2 L ¥ -y |u-y| -1~
) 4 4 6 0 - —_ cosbt -
°p oo| 9 5
V. Vg
- 4+ 2 v W (2.3.13a)
. Y ‘ r |
. C o}
_31% % o
8 =3T3 5 (Mg~ Vg lu-v
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) ) .V v
-1 - v - _r | 8
< (1 pp)Ag COSGp 2 ol e + w (2.3.13b)

"Rearranging terms of equation 2.3.10¢c :-

C. p :
v =3 _Dw -y vl
Vv, 5713 (w, = v,) |u- vl | (2.3.14a)
P
- C.p : _ AERE
o _ 3 7D 'w _ _ _
TTT 5, (w, = v,) lu-v (2.3.14b)

The last term in equations 2.3.12ajand*2.3;l3a
is the centrifugal and coriolis acceleration, respectively
(Ref. 70). The components of the particle velocity with
respect to the rptatinglsystem*can'be‘calculated by'
integrating"eqﬁatioﬁs 2.3.12a, 2.3.13a and 2.3.14a. The
position. of the particle in the blade channel of the
impeller relative to a surface is calculated by integrating
equations 2.3.12b, 2.3.13b and 2.3.14b. The equations are
nonlinear. Hence they are .solved numerically. This will

be discussed in the following section.

2.3.3" Solution of Equation of Motion of Particles

In sections 2.3.1 and 2.3.2, the equations of
the motion of a solid particle suspended in water are given.
Two sets of equations are.provided. One keqﬁations 2.3.6 to
2.3.8) is in an inertial system for particle motion before
the particle has entered a blade channel of the impeller.
The other (equations 2.3.12 to 2.3.14) is in a rotating
system when the particle is .inside the blade channel. Both
sets of equations are time dependent. Hence their solution
will provide time distance history of the movement of the

particle.

In general the equations can be written in the

following form :-
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e ]
i) . o L]

r = fs(r, e, z, ¥, 0, 2) (2.3.15a)
6 = £.(x, 8, z, r, 8, 2) (2.3.15b)
z = £.(r, 0, z, r, 8, z) - (2.3.15c)

They‘arefsoived numerically by using a Taylor series

expansion for particle position and.velocity.

Let the coordinates of the particle at time t

be given as r ) z, . After an increment of time At, the

t’ "t Tt
position of the particle along the coordinate directions
are T- '
r =r, + At r, + LAEL%‘; + higher ordér terms
t+At t t 2 t
) . (At)z e
et+At = Bt + A? et + - et + higher order terms ,
' ' --- (2.3.16Db)
L . an?
Zoieat © Z¢ + At Zy + - zt,+ higher order terms

i (2.3.16c)

To be able to evaluate the right hand side of equations
2.3.16a to 2.3.16c, it is necessary that the acceleration
and thé position of the particles at time t should be
known. The information on particle acceleration at time
t can be obtained from equations 2.3.15a to 2.3.154
provided the particle velocity at time t is also known.
Hence, the following initial conditions for particle

velocity must be specifiéd“:—

() =1,  (2.3.17a)
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De

bt,) = (2.3.17b)

é(to) =z , (2.3.17¢c)

Equations 2.3.17 may be substituted‘in>equations 2.3.15 to

get the initial-accelerationé, Y 0 4 z at time t = to.

O

Also, by wfitting the Taylor series expansion
for the velocity of the particle, the velocities along the

coordinate directions are obtained as follows :-

Yy

Tioar = Tt + At ry + higher order terms ' (2.3.18a)
° L4 o ] ' ‘ .

et+At = Gt + At et + higher order terms : : (2.3.18b)
Zegat = Z¢ + At‘zt + higher order terms (2.3.18c)

where, the information for accelération and velocity
at instant t are obtained from equations 2.3.15a to 2.3.15c

and 2.3.17a to 2.3.17c, respectively.

Hence, by using equétions.243;16aut07233;16c,-
2.3.17ato 2.3.17c and 2.3.18a to 2.3.18c, it:is possible
to integrate équations 2.3.15a to 2.3.15c in a stepwise
manner with time and obtain the history of the movement
of particles inside an impeller. The integration continues
until the particle collides with a solid wall of the
impeller. The velocity with which the particle bounces off
a solid wall depends on a number of factors which are
discussed in section 2.7. Once this velocity is known, the
solution of the equations of motion is continued till
another collision occurs or the particle leaves the

impeller.
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2.3.4 Estimation of Errors

It may be noted that the error in calculating
the position of the particle along the coordinate
directions from 2.3.16a to 2.3.1l6c is of the order of
(At)3. An error of order (At)2 is associated with the
calculation of the velocities from equations 2.3.18a to
2.3.18c.

2.3.5 Calculation of Drag“Coefficiént

The drag coefficient defined in equation 2.3.2
is calculated as a function of the Reynolds number of the
partiéle which is defined by equation 2.3.3. Morsi and
Alexander's (Ref. 46) analytical fit of the standard drag
curve for spherical particle is used in the present work.

The following expressions are used :-

Cb = 24/Rep for Rep<0.l‘ . o (2.3.19a)
Cp = 22.73/Re  + o.o9o3/Rep2 +3.69 for 0.1<Re <1.0
—<--(2.3.19b)
C, = 29.1667/Re, - 3.8889/Rep2 + 1.222 for 1.0<Re <10
o ——= {2.3.18C)
Cp = 46.5/Re - 116.67/Rep2 +0.6167 for 10<Re <100
----- (2.3.19d)
C, = 98.33/Re_ - 2778/Rep2 +0.3644 ° for 100<Re <1000
. 4
C, = 148.62/Re ) * 4.75xlO/Rep2 +0.357 for 1000<Re <5000
e (2.3.19f)
4
C, = -490.546/Re  + 57.87%10 /Rep2 +0.46 for 5000<Re_<10000

-—— (2.3.19q)
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2.4 Computation of Flow Field in the Impeller :

Theory and Method of Solution

In section 2.3 the equations of the motion of
particles are given. One of the forces acting on the
particles is the fluid dynamic drag which occurs because
of the difference in velocity between the particle and
the fluid. To obtain the velocity of . the fluid phase, the
governing equations ‘of the flow through an impeller
should be solved. The method to obtain such a solution is

discussed in ‘the following paragraphs.

2.4.1 Governing Equations for the Motion of the Fluid

Phase

It is assumed that the flow is steady, inviscid
and incompressible. The basic equations governing the flow
within an impeller are derived frgm"the pfinciples of ”
conservation of mass and momentum. The mathematical form
of the equations in a system of cylindrical coordinates
rotating with the impeller‘at a constant angular velocity

are as follows :-

continuity :

3 . 3 g 9 -

3T (DwrWr) + 38 (pr-e) + 7 (pwrWZ) =0 (2.4.1)
momentum :

yg la (ru.) - oW, Cw oW, _ oW, _ a1 (2.4.1a)
r or 9 30 Z 3z r or e

r \3r 3] 96 r ] 9z 6 . r 9

o W) Wy ) e
r 9z or r |9 3z ‘IYg T 2z * e
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Equations 2.4.1 and 2.4.2a to 2.4.2c form a set of four
differential equations with four unknowns — the three
velocity components, wr,,we, W, and the rothalpy of the
fluid. A method of solving the above system of equations
will be discussed below.

2.4.2 The'Method of Solution

Full three dimensional solution of equations
2.4.1 and 2.4.2a to 2.4.2c are rarely attempted since it
requires very fast computers with a Very large storage.
To overcome this problem, - Wu (Ref. 71) proposed a methad
of solution in which an appropriate combination of
vmathematically two dimensional. flows on two different kinds
of relative stream surfaces proVides a three dimensional
solution of the flow. This is well known as the general
through flow theory for turbomachine flows. By definition,
a stream surface is a surface such that the velocity
vector at each point in the surface is . tangent to the
surface. Inspired by Wu's work, Marsh (Ref; 72) presented
a Matrix through flow analysis to salve the flow of an
inviscid fluid in one of the stream surfaces. The Marsh
Matrix method was modified to calculate viscous flows in
a centrifugal compressor by Goulas (Ref. 73). For the
calculation of the flow pattern in the present work, the

author has lent heavily on the work of Ref. 73.

2.4.3 Flow on a Stream Surface

By definition, the following relation must be

satisfied on a stream surface :-
W . i =0 (2.4.3)

where, i is normal to the stream surface. Let n-N-S be a
local orthogonal system defined on the stream surface.

The S-axis is in the direction of the local velocity and
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N-axis is normal to it, but is tangent to the surface. The

third axis, n, is normal to the surface. Hence, the body

force whi¢h must exist for the flow to follow the stream

surface must be parallel to n. Hence, the equations .of the

motion of fluid particles written in the local orthogonal

system n-N-S will have the following characteristics :-

(i) that the equations of motion for S and N
directions do not contain a component of the
body force F and may be used to calculate the
flow pattern

(ii) that the equation '‘of motion in the n-direction
can be replaced by the geometric condition
(equation 2.4.3)

Hence, the governing equations for the fluid particles on

a stream surface become :=-

continuityv:

V. (oW =0 | (2.4.4)
N-direction equation of motion :
N.W=x(Vxu =N.VI ' (2.4.5)

S—-direction equation of motion :

W.Wx (Vxu =W. VL (2.4.6)

W.F=0 (2.4.7)
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The analytical steps involved in the solution are :-

(i) to express the equations of motion (equations
2.4.2a to 2.4.2c) in terms of special
derivatives taken on the stream surface. As
the equations are to be solved on a prescribed

- stream surface, the ordinary partial derivatives
are replaced by the special derivatives taken
on the stream surféce (Ref. 71).
(ii) to form the N-direction equation.ofvmotion by
| taking the dot product of the equations derived
in item (i) with the vector F x W which lies in
; the N-direction

(iii) to introduce a stream function which satisfies
continuity and express the N-direction equation
of motion as derived in item (ii) in terms of
this stream function |

The final form of the equation in the N-direction is of

the following form :-

vy = q (x, 8, 2) | (2.4.8)

which may be solved by adopting an iterative scheme. The
above procedure was used to obtain the equation of motion
on a stream surface extending from hub to shroud. Details

of the stream surface are given in the following section.

2.4.3.1 Description of the Stream Surface

The stream éurface chosen in the present study
for the computation of the fluid flow has the following
properties :-

(1) the surface extends from hub to shroud in the
blade channel of the impeller

(ii) outside the channel, the surface is extended
to an upstreém position. This allowed the
computation of flow to be made in the passage

outside the blade channel, between impeller
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inlet and the position upto the-leadiﬁg edge.
The projection on a meridional plane of this stream surface
is shown in fig. 2.3. It may be seen in the figure that
some adjustment of the bouhdary of the stream surface has
been made near the eye and the nose of the impeller. The
boundary of the stream surface in these areas slightly .
deviates from the physical boundary of the system. This
is done  to avoid stagnation points at the eye and .the nose
of the impeller. If the boundary of the stream surface |
coincides with the phyéical boundary, then an isentropic
solution will result in excessive velocity gradient in the
areas near the eye and the nose of the impeller which is
not realistic. Hence some adjustment in the boundary of

the stream surface in these areas was necessary.

2.4.3.2 Selection of CoordinatéS’to’Express Partial

Derivatives on the Stream Surface

The body force which must exist for the flow
to follow the stream surface bears the following

relationship with the normal to the stream surface :-

nxF =0 | (2.4.9)

The largest component of the body force will be parallelA
to the largest component of N. For mathematical reasons
detailed in Ref. 73, the two coordinates chosen to
express a stream function should be such that the largest
component of n must be in the direction of the third

coordinate.

The stream surface described in section 2.4.3.1
- lies on a meridional plane from impeller inlet upto the
entry to a blade channel. The largest component of n is
ng and r-z will be the coordinates chosen. In the blade
channel of the impeller the stream surface extends from

hub to shroud, the largest component of n is n. and hence
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z-6 will be the coordinate - system chosen.

2.4.3.3 Stream Surface Expressed in r-z Coordinates

This case has been discussed in Ref. 73. Only

the basic equations are given here.

, The stream surface is defined by two geometry
angles A” and u” which are related to the normal to the

surface as follows :-

n
tani” = % (2.4.10a)
n
)
n 2 : )
tanp”® = — (2.4.10b)
g - ,

A-stream function which satisfies continuity may be defined

for flow on this surface as follows :-

= prruz (2.4.11a)

3y
or
3V —-p Bru_ (2.4.11b)

where the overbar indicates special derivatives. The term
B is an integration factor and its value is an indication
of the finite thickness of a thin stream sheet whose mean

surface is the stream surface considered here.

The equation of motion for the N-direction

expressed as an equation for the stream function ¢ is :-

hs

ar
(p Br) + (pBr)? ap *

.Kj
N
+
)
N
=
t
=

Q
a}
[\
o
N
N
N
|

F)
or (prr) T Y 3z
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+ pr{tanu"%; (rue) - tani” %E (rue)} (2.4.12)

This i5 a non-linear equation of the form :-

- |
+ ¥ - q,(r, z) o (2.4.13)

which is solved by successive iterations. From an initial
distribution of stream function, qz(r, z) 1s calculated
which is then used to solve for V. q2(r, z) is recalculated
and the process continues till the difference in y between
two successive iterations converges to a preset Valué (Ref.
73) .

2.4.3.4 ' Stream Surface Expressed in z-6 Coordinate

This case has been discussed in Ref. 73. Only

the basic equations are given here.

The geometry angles A~ and u” are related to

the normal to the stream surface as followsk°—

*

tan)”® = HE (2.4.14a)
r
Ng

tanp” = — (2.4.14Db)
r

The stream function which satisfies continuity is
introduced as follows :-

= e ' (2.4.15a)
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3% = Bo W, (2.4.15b)

The equation of motion for the N-direction expressed as an
equation for the stream function Y is :-

1__ 'a—Z‘p +' 52‘1’

2 392  ygz?2 z

|

z

Il
=

Rt
et

- n Too &l
g (p.B) - Wy (p,B) + (p Bf? ap *

3]
QL

w W -
P4 r : - d e R o
+ pr (; ae.vtan)\ 3o tanu”) ~pr (E— + 2w) tani”.

-
I ’ Q)I
-
H' .

—-- (2.4.16)
This is a non-linear equation of the form :-
w2, W2
1 3%, 3% _ a;(z, 8) (2.4.17)
r? 362  93z?
which is solved by successive iterations.
2.4.3.5 Finite Difference Approximations of the Partial

Derivatives : Definition of the Grid

Equations 2.4.12 and 2.4.16 are non-linear and
they do not have any analytical solutions. Hence, they
need to be solved numerically. To do so a grid is formed
on the stream surface. This grid is shown in fig. 2.3.

At each point of the grid the partial derivatives of
equations 2.4.12 and 2.4.16 are replaced by equivalent

algebraic expressions. Following the method as outlined
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in Ref. 73, the algebraic expressions are obtained from
finite difference approximations of the partial derivatives.
Details of the procedure are given in Ref. 73 .and hence

~this subject will not be dealt in here any further.

2.4.3.6 Matching of the Equations on the Stream Surface

In section 2.4.3.1 the description of the stream
surface employed for the calculation of the flow pattern
in the impeller used in the present work is given. It is
also stated that two different sets of équations are
required to be solved for this stream surface (section
2.4.3.2), equation 2.4.13 for the calculation of flow
pattern from impeller inlet upto the entry to a blade ..
channel and equation 2.4.16 for the calculation of flow
pattern within a blade channel. Hence, theré is a line
across which the change of coordinates will take place.
Along. the transition line, the following conditions have
to be. satisfied.:- ,

(1) the Velocity must be independent of the system.
of coordinates chosen

(ii) the mass flow across the transition line must
be conserved

To satisfy conditions (i) and (ii), it is necessary that

the mass flow obtained from the meridional solution

(r-z coordinates) is used to define stream function for

z-0 set of coordinates. This is done as follows.:If at any

point on the transition line Wor Wz be the velocity

components calculated from the meridional solution, then

for flows in the blade channel, a stream function can be

introduced as follows :-

5 = ~Wep, B | (2.4.15a)

W - ¥ o B o (2.4.15b)

g
|
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At the boundary of the stream surface (either along the
hub or the shroud), y is constant since there is no mass
flow across the boundary. Let § = O, along a boundary of
the stream surface. A point of the transition line lies

on this boundary. At any point on this line :-
Y = —JWepr‘dz +JszwBr de : o | '(2.4.18)

Knowing WO' WZ from the meridional solution, the above
integral can be evaluated numerically. In this way the
value of the stream function at all_points on the

transition line can be obtained, and later used as the
initial distribution for the stream surface downstream

of the transition 1line.

2.5 Location of a Particle in the Computed Flow
Field

In the previous section, the grid defined for
the calculation of the flow field inside the impeller has
been described. The equations of motion of a particle are
solved in this flow field. In order to be able to calculate
the fluid dynamic dfag on the particle, the velocity of
flow at the position of the particle should be known. As
the velocity information of the flow is given only at

each node of the grid, it is necessary that :-

(i) the element containing the particle is correctly
identified
(ii) the fluid properties (e.g., velocity) given at

the nodes of the element are appropriately
weighted at the position of the particle, as
the position of the particle in an element may
not coincide witﬁ a node

The method adopted in the present work for locating the

element containing the particle is based on the definition
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of grid shown in fig. 2.3. The following steps are involved:-

(1)

(ii)

For particles outside the blade channel

(between stations 1 to 11, fig. 2.3) : First, the
angle of inclination of every column (whose
number is the same as that of the station) with
the inlet section of the grid (represented by
station 1, fig. 2.3) is calculated upto and
including the leading edge. The angle of
inclination that the positioh of a particle
defines with the inlet section is then calculated
and compared with those calculated for each
éolumn. This allows identification of two

successive columns within which the particle

lies. The next step is to calculate the slope

‘of the rows between two columns. Calculation

then can be performed to find the radial
position of ‘a point in a row corresponding to
the axial position of the particle. By
comparing this_radial position with that of the
particle, two successive rows between which the
particle lies and hence the element containing
the particle can be identified.

Particle position inside the blade channel :

The columns of the grid here are straight liﬁes

- parallel to the axis of the impeller (see fig.

'2.3). The position of the particle between two

successive columns is identified by comparing -
the radial position of the particle with those
of the columns. The element containing'the '
particle is then identified by comparing the
axial position of the rows with that of the

particle.

The method of calculating the fluid properties

inside an element is given in the following paragraphs.
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2.5.1 Weighted Field Property inside an Element

An element in the grid with its node defined
in a physical coordinate system (cartesian orthogonal,

X, y) is shown in. fig. 2.4a. The position of the particle

inside the element is given as Xor Y- The field properties - .~

are given at the four nodes of the element. The sides of

the element are straight lines.

Let g, n define an intrinsic coordinate system.
The four nodes of the element transformed from the physical
to the intrinsic system are shown in fig. 2.4b. Let (g, n)
define the position of the particle in the intrinsic system.
It is required to find the value of ¢, n which when
transformed to the physical system X, y will give the true .
position of tne particle inside the element, i.e., X yo.‘
Let (xl, yl), (x2, y2), (x3, y3) and (x4, y4) be the
coordinates of the four nodes of the element in the
physical system. Performing an isoparametric transformation
of £ and n into x and y using bivariant Lagrangian

interpolation formula , the following relations are obtained :~-

x = (1l -12)(l-m)xy +c(l=-n)x, +inxy; + (1-g)nx,
---(2.5.1a)

y = (1 =2)(1 =n)y; + t(l -n)y, + tny, + (1 -g)ny,
---(2.5.1b)

x and y calculated from equations 2.5.la and 2.5.1b,
respectively, for assumed values of g, n of the particle
in the intrinsic system is compared with- the actual values
Xo’ yo. Values of ¢, n are then corrected and the process
is repeated until the difference between the calculated

and the actual value of x and y become negligible. Having
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correctly located the particle in the intrinsic system,
the field property, P at the position of the particle can

be calculated from the following relationship :-

P(z, M) = (1= 2)(1-mP +c(l - mP, + nPy + (1 - £)nP,

-—-(2.5.2)

2.6 Criterion for a Particle to see a Leading Edge

When a particle enters a blade channel, the

~angular position of the particle relative to the pressure
side of the channel is arbitrary. The probability of a
particle hitting a blade surface at areas near the leading
edge_dependS'upon :-

(i) the velocity at which the particle enters
' the channel

(ii) : the ability of the particle to negotiate the

' velocity field in the channel

(iii) the rotational speed of the blade

In this section a semi-theoretical argument is presented
to define the conditions in which a particle can hit

these areas.

The ability'qf a particlé to negotiate a new
flow field is manifested in the magnitude of its
aerodynamic response time. Considering, for the present »
case, that the motion of the particle is controlled by
inertia and drag only, then its equation of motion is
(Ref. 41) :-

dv _ 18u
p d?

(u - v) £, (2.6.1)
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The term fs’is introduced to account for the change in
the drag coefficient from that given in the Stokes'

Regime (see section 2.2.1.2) and hence :-

@]

- _D '
fS = Rep 52 (2.6.2a)

‘From Clift et al (Ref. 74) :-

£, =1+ 0.15 Rep'687 (2.6.2b)

The aerodynamiC‘responsertime"of'thé;partiélé, therefore,

is :-
T = | (2.6.3)

Let v, be the radial velocity of the particle
as the particle enters a blade channel. It is assumed
‘that the particle will retain this‘velocity'for a period
of time equal to its aerodynamiC‘respohse‘time. The radial
displacement of the particle within this time, therefore,
is v.T.

Also, let nb be the number of blades of the

impeller so that the angular separation between blades, o

-

is given as :-

»
S
=

(2.6.4)

As the particle enters a blade channel, its angular
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position relative. to the pressure side of the blade
channel, 8 may be given by any value between O to a”.
Angle B” in relation to angle a” is shown in fig. 2.5.
Introducing a random number € which is real and whose

value lies between O and 1, the relative angular position
of the particle at any instant as it enters a blade channel

is given as :-

2TE .
b

B(‘:

o]

k2.6.5)

Alsé, let s be a characteristic distance on the blade
pressure surface measured from the leading edge downstream,
on a z-plane (constant axial position), fig. 2.6. This

~ distance is shown as length ab. in fig. 2.6. If s is small
.and Y is the angle that the length s forms with the tangent
at the leading edge (fig. 2.6), then the projection of

this distance onto a radial plane is s.siny. The time, tl’

taken by the particle to move radially by s.siny is :-

_ s siny
1 0 v
r

(2.6.6)

- The time taken by the leading.edge'of the blade to rotate
by an angle B~ (equation 2.6.5) and be on the radial plane
in which the particle lies is :-

, - _ 2T€
t = E;ZB . (2.6.7)

.Hence; the particle will hit the pressure side of the
blade within length s, if :-
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t.7 < t,° - (2.6.8a)

Substituting equations 2.6.6 and 2.6.7 into the inequality
(2.6.8a) :-

s siny
r ST n_w (2.6.8b)

v
Therefore, a particle will be considered as hitting an area
in the immediate vicinity of the blade leading edge if :-
(i) the radialidisplacement corresponding to the

aerodynamic response time is such that, -

ViT > s.siny - (2.6.9a)
ceye s. siny .
(11) Vf 5_7555—— nbm 4 (2.6.9Db)

. Application of these criteria in calcualting particle

trajectories inside an impeller is discussed in section
5.1.1.2.2.1.

2.7 Calculation of Rebound Characteristics bf a
)

Particle

When a solid particle moves in a fluid stream,
it does not in general follow. the fluid streamline due to
its higher inertia. In passing through an impeller, the
particle tends to collide with the impeller blades or the
shrouds. As a result of a collision, the velocity of the
particle changes, its course is modified. This change in

velocity must be known in order that the solution of the

‘equations of motion of the particle may be continued till

the particle leaves the impeller.

In this section the analytical methods to
calculate the rebound characteristics of a particle
bouncing off a solid wall will be discussed. It is

assumed that the particle is spherical.

A segment of surface at the impeller wall is

shown shaded in fig. 2.7. A particle approaches this
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surface with a velocity v, and impinges at point 0. v is

1

the component of v, in a direction normal to the surfaée.

1
Ve is the component of vy in a direction which is

ta%gential to the surface at point 0. Hence :-

(2.7.1)

Let a'cartesian'orthogonal cQordinéte~systém

X~y—-z be defined at 0. Hence :-

v, =v_ +

v v (2.7.2)
1 ™1

n is a unit vector along the normal to the surface at point
0. The direction of this normal sees the fluid. The surface

is defined as follows :-
q, (X, ¥r 2) (2.7.3)

The component of n in coordinate directions, therefore,
- can be calculated from the following geometric-

relationship :-

n n n
X =Y - _2 =

8q4 3q4 3q4
9X 3y . 9z

, g
aq 2_ aq 2 aq 2
[—-‘i] + [——4] + [—4] } (2.7.4)
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It follows that :-

vn = Xi . n (2.7.5a)
l .

or,

v, =v, n_+vVv_ n_ + v, n, | : (2.7.5b)
ny 1 1 Y= % '

N . 3 ] ’ - » .
s 1s a unit vector in the direction of vs .

S bears following relationship with A and v, i 1
n s +n_s_+n s =20 (2.7.6)
X "X Yy 'y z "z
s 2+s ?2+s 2=1 (2.7.7)
X y z :
n x v,) . §=0 (2.7.8a)
s, (n_ v -n_v_ ) +s_(n_ v, -n_v_) +
X Yy 2z z 'yq y z %y X 'z,

I II
+ s (n_ v -n_v._ ) =0 (2.7.8b)

III

For the sake of brevity, the coefficients of Sy sy and
sZ in equation 2.7.8b shall be referred to as I, II and
III, respectively. Multiplying equation 2.7.6 by I/nX and

subtracting it from equation 2.7.8b, an expression for sy
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may be obtained as follows :-

nZ
111 - I H;
sy = -5, o (2.7.9a)
-7 Y
II I -
X

Substitutingysy into equation 2.7.8b, an‘expression for Sy

can be written as follows :-

nZ
< III - I -2
s, = %E II X - 111 , . (2.7.9b)
1Ir - 1 L
n
X

Substituting,sx, s.y into equation 2.7.7 and rearranging

terms, an expression for s, can be obtained as follows :-

2

III - 1'23 ITI - I Sz , ?
s, =11+ nx + |II nx - IIT |I ’
1Ir - 1 L II - I HX
X X
=== (2.7.9C)

Théq&élue_of S, and Sy can be obtained by substituting s,
into equations 2.7.9a and 2.7.9b, respectively. Thus,
knowing Sy 7 sy and S, the value of v, can be calculated

from the following relationship :- 1

v = s Vv + s Vv + s v : (2.7.10)
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If v, and v, are the normal and the tangential

component of thezreboundzvelocity v then :-

21
Vo=V, o+ Vv (2.7.11)

Procedure to calculate vn and vS are detailed in the

following paragraphs. 2 2

2.7.1 Calculation of Normal Component of Rebound

Velocity

' An expression for the normal component of
rebound velbcity can be formulated by considering the
physical phenomena involved in a collision process.

An impacting particle generates relatively large contact
forces which act in a very short interval of time. Duriﬁg
this interval the contact area grows rapidly to a peak
value as deformation increases and then reduces to zero
during the restoration period. Considering for example
two particles m_  and my which are on.a.collision course
to each other. Their velocities are.va'and Vi r respectively.
The position of the particles before, during and after a
collision is shown in fig. 2.8. Let Nf be the contact
forceién mass m, at any instant during contact and hence
on mass mg it is ~Ne, fig. 2.8d. It is assumed that any
forces other than the internal contact forces which may
act on the particles during an impact are small and
produce negligible impulse in comparison with those

associated with the impact forces.

'If e is the coefficient of restitution defined
as the ratio of the impulse during the period of
restoration to the impulse during the period of

deformation and if N_ and N; are the contact forces during

d
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these two periods, respectively, then from the impulse-

momentum equation for mass ma -

F'tc

N_ dt

r
J ’ . -
ty m, (va sina_° - Vo)
e = 4/ = : (2.7.12a)

¢d m (VQ f vy sina) o

Nd dt
J;
6]

where, VO is the common velocity of the two partiéles in
the' direction of Ng at the instant of transition from
deformation to restoration. The velocity changes are
considered positive in the direction of the contact force

on the masses. Similarly for mass m o=

_ mb (vb sinay + VO)

b Vo)

e

(v

- (2.7.12b)

sinao

b b

Eliminating vy between equations 2.7.12a and 2.7.12b, the
following relation for the coefficient of restitution can

be obtained :-

va’ sinaa' + v sina,
€= v, sinaa + v sino, - (2‘7'13)

or,

_ relative velocity of separation
relative velocity of approach




- 64 -

where, the velocity components are measured in the
direction of the impact forces. A value of e = 1 indicates
that the ability of two particles to restore equals their
tendency to deform. This is a case of an elastic impact.

On the other hand, e = O indicates that the particles cling
to each other as they collide and hence it is a case of a
plastic impact. In reality, for all impact conditions the
value of e lies between O and 1.

~ Now considering that a particle hits a solid

wall of an impeller, from analogy to the example cited

above :=-

v = -v_ sina A : - - (2.7.14a)

. n a _ ,
1 .

v = v_" sino_~ , (2.7.14Db)

n, a a _

hence :-

vn = -e vn _ (2.7.14c¢)
2 1 '

since :-

vy = 0, vb = Q (2.7.144)

as the quantities vy, and Vb’ refer to the solid wall of the

impeller.

The calculation of the tangential component of

"rebound velocity is discussed in the following section.
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2.7.2 . Calculation of Tangential Component of Rebound

Velocity

A particle approaches a wall with velocity :-

(2.7.15)

After a short period of time, the particle leaves the wall

with a velocity :-

g? = zs' + v . (2.7.16)

In the short interval which the particle resides at the
wall, its motion is governed by the wall reaction and the
friction force at the wall. Two situations are possible :-
(i) The particle hits the wall and the impulse
of the friction at the wall brings the point
of contact of the particle with the wall to
rest before the particle leaves the wall as a
result of wall reaction on it. This is referred
to as zero slip cordition.
(ii) The particle hits the wall and the impulse of
the friction at the'wall is not enough to
bring the point of contact of the particle with
the wall to rest. In this case the particle
slips on the wall before leaving as a result of
the wall reaction on it. This is referred to as
non-zero slip condition.
While in either case, the normal component of the rebound
velocity v, can be obtained from equation 2.7.1l4c, the
calculatlonzof the tangential velocity. v will depend
on the zero or non-zero slip condition of %he particle at

the wall. This is discussed in the following paragraphs.
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2.7.2.1 Zero Slip Between the Particle and the Solid

Wall

When the particle reaches the wall, it tends to
slip on the wall and if the impulse of the friction force
on it is sufficiently high, the particle will, almost
immediately following an impact, leave the wall. During
-this infinitesimal time interval the particle slipé before
its velocity at the contact»point P (fig. 2.9) ‘is brought

to zero. Hence :-

t) t)

Fe dat = | fd Nf dt | . (2.7.17)

The residence time of the particle at the wall,rAt = t2—ctl,,

is so small that the whole process may be considered

to have taken'place instantaneously. Equaﬁion 2;7.17 is
derived on the assumption that the motion of the particle
during the collision process is restrained to the plane
defined by the normal to the wall, n and the initial
velocity of the particle, vy - In figure 2.9, the motion
of the particle in this plan% is shown. Of “the
characteristics shown in the figure, those subscripted 1
refer to the condition when the particle hits the wall
and those subséripted 2 refer to the condition when the

particle is about to leave the wall.

The right hand side of equation 2.7.17 indicates
the maximum value of the impulse of the friction force

which is obtainable to cause this kind of motion.

Considering that the particle is about to leave
the wall, the conservation of angular momentum about point

P gives :-
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—2 =0 : (2.7.18)

where, Hz is the angular momentum of the particle about

point P. Hence :-

m,d. v . (2.7.19a)

The moment of inertia of the particle about its centroid

is :-
I =-=m_ 4?2 (2.7.19b)
Hence, equation 2.7.19a becomes :-

‘—_L ' _5_
v =-3 d;Ql + 7 Vg (2.7.20)

Thus by knowing the initial tangential velocity and the
angular speed of the particle, the tangential speed at
which the particle bounces off a solid wall can be
calculated. In equation 2.7.20, the term dQl is

less than other terms by an order of magnitude of 10"1.

Dropping 49 equation 2.7.20 becomes :-

ll

v, =2v | ~ (2.7.21)
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2.7.2.2 Non-Zero Slip Between the Particle and the

Solid wWall

In this case the particle slips on the wall
before leaving as a result of the wall reaction on it.
.The velocity of the particle at the point of contact
with the wall is :-

v =v 4 % aQ | | ; (2.7.22)

The friction force acts in a direction opposite to u s where

ug is defined as follows :-

u_ = - ‘ (2.7.23)

The momentum increase in the direction, tangential to the

plane of contact, is :-

m (v, -v_ ) =-lu F_ at (2.7.24)

where, Fe is the absolute value of the friction force.

Similarly, a term u,  can be defined as :-

w =2 1 (2.7.25)
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The momentum 'increase' in the direction normal to the

surface is :-

m_ (v -v._ ) = un N_ dt : (2.7.26)

Assuming that the friction factor f, is independent of

‘ ol
time, equation 2.7.26 becomes :-

m
fa o (V= Vp ) = |F dt | (2.7.27)
un - n : e

Taking into account equation 2.7.24, an expression for the

tangential component of the rebound velocity is derived

‘as -
u ,
v = v + £, — (v - v_ ) (2.7.28)
S, Sy d u, n, n,"
2.7.2.3 Condition for Slip on the Wall

In order that the zero slip condition is
satisfied, the impulse of the friction acting on the
particle should be sufficiently high for the particle
to be brought to rest at the point of contact with the

wall. Hence, the following inequality must be satisfied :-
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Fo dt < |f %dt (2.7.29)

The momentum 'increase' in the tangential direction,
equation 2.7.24 which also holds for the present situation,

gives :-
S S -
[Fe at = - m, 2 1  (2.7.30)

The momentum 'increase' in the normal direction, equation

2.7.26, also gives :-

. t
mp : 2 :
fd E— (vn - v, ) = fd N dt (2.7.31) -
n 2 1
Y

Substituting both the equations (2.7.30 and 2.7.31) into
the inequality (2.7.29) and taking into account the*
relation for Ve given by equation 2.7.20, the following

condition for n%n-slip on the wall must be satisfied :-

d Ql fd
7u s 2

) £ - — (1L +e)v (2.7.32)
s 51 Un ny
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2.7.3 Final Form of the Rebound Velocity

In section 2.7.1 the equation to find the
normal component of the rebound velocity is given. The
equation to find the tangential component of the rebound
velocity under different wall conditions is formulated in
section 2.7.2. In ordér that the solution of the equations
of the motion of particles can be continued after a particle

has collided with a solid wall, the components of v and v

S

in'coordinate~directions need to be calculated. To d% so, , 2

the following relationships are used :-

v =n_Vv. +s_V (2.7.33a)

X, X 'n, X 's,

V. =n_vVv._ +s_V ' (2.7.33b)

Y, Y np ¥ s

v, =n_v_ +s, vV, (2.7.33¢)
2 2 2

2.8 Development of a Computer Code for Calculation

of Trajectory of Particles in an Impeller

To obtain the trajectory of a pérticle in an
impeller, the flow field of the impeller is first calculated
- using the method detailed in section 2.4. Then the equations
of motion of the particle are solved in this flow field.
Equations 2.3.6a to 2.3.8b or 2.3.12a to 2.3.14b are
integrated for several time steps starting from the inlet
until the particle exits from the impeller. After every
time step the position and the velocity of the particle are
calculated and used as the initial conditions for the next
time step. The following steps are involved :-

(i) The particle is released into the flow at known

velocity and position. Information on these
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quantities is given in section 3.1.1.

(1ii) Position of the particle in the computed flow -
is calculated using methods detailed in section
2.5. The weighted field property at the position
of the particle is calculated from equation”
2.5.3.

(iii) With the initial velocity of the particle known,
the velocity of the particle relative to the
flow is calculated.

(iv) ' From the size of the particle, and dehsity and
absohﬁe viscosity of water, the Reynolds number
of the particle is calculated using equation
2.3.3. '

(v) , Corresponding to the Reyndlds number of the
particle, the drag coefficient is calculated
using the analytical fit of the standard drag
curve (section 2.3.5).

(vi) A time step is then chosen and equations 2.3.6a
to 2.3.8b are integrated over this time step
to find new velocity and position of the

particle (section 2.3.3).

Steps (ii) to (vi) are repeated until the
particle reaches a solid wall or enters a blade channel.
If the particle hits a solid wall, its rebound characte-
ristics are calculated analytically using methods detailed

in section 2.7.

Solution of the equations of motion of the
particles are continued once the pafticle rebounds from the
wall with new initial conditions. Steps (ii) to (vi) are
then repeated.

When the particle enters a blade channel,
equations 2.3.12a to 2.3.14b are integrated instead of
equations 2.3.6a to 2.3.8b.

The integration stops when the particle leaves
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the blade channel.

The whole method is programmed in FORTRAN 77 for
a DEC VAX/11-780 machine. The program makes use of a set of
library subroutines (CALCOMP) for an automatic plotting of
the trajectory of one or more particles so that a clear view

of this may be obtained following each run of the program.



- 74 -

CHAPTER 3

PARTICLE CONCENTRATION UPSTREAM OF THE IMPELLER

3.1 Introduction

In the previous chapter the equations governing

the motion of particles passing through an impeller are

‘given. These equations are solved numerically for given

initial conditions of the position and the dynamic
characteristics of the particles at the inlet to the flow
field.

The particles enter the impeller through a pipe.

" The distribution of the particles in a cross-section of the

pipe determines the initial position of the particles in
the flow field of the impeller in which the motion of the
particles is traced. This flow field is not uniform
throughout the passage of the impeller. For that reason
alone, the path taken by individual particles inside the
impeller will depend upon»the position at which the

particles enter the flow field.

Also, the velocity of the particles in the
cross-section of the pipe may not be uniform. It will be seen
later that this velocity bears some relation to the
manner in which the particlés are distributed in the

cross-section of the pipe.

It is most probable that the particles are not
distributed uniformly in the cross-section of the pipe. In
that situation the number of particles passing through
different elementary areas of the same size in the cross-
section of the pipe will be different. In calculating
the motion of the particles passing through the impeller,
it is not possible to perform these calculations for each

and every individual particle because of the large number
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of particles involved. The entire cross-section of the pipe
is divided into a number of elementary areas and the motion
of a single particle passing through each area is considered.
In this way the motion of one particle inside the'impeller'
is considered representative of all the particles passing
through the same elementary area. During the passage through
the impeiler, the representative particle may impact on a
blade surface or any other wetted part of the impeller. The
total number. of impacts on an area will be given as the
summation of the number  of impacts due to each and every such
particle multiplied by the number of particles whose motion
is represented by this particle. Information on the number

of impacts is necessary to estimate the damage caused to a

surfaée by the particles. -:-:ic

It can therefore be said that to:'calculate the
motion of particles inside an impeller, the distribution
of the particles in the pipe should be knoWn.~A measure of
this distribution can be obtained if the profile of the
of the concentration of the particles in the cross-section
of the plpe can be - found In this chapter the analytical
methods avallable to flnd the concentration of solids in a
mixture with water is brlefly discussed in the context of
the present work, the limitation of the methods are reviewed
and the concentration profiles. assumed for the present work
are given. A method to find the distribution of particles

from a known concentration profile is also discussed.

3.2 Theoretical Prediction of Concentration

The particles are in suépension when the entire
motion of the solid particles is such that they are _
surrounded by fluid. Owing to the weight of the particles,
there is a tendency for settling, which however may be
counter balanced by the irregular motion of the fluid, i.e.,
turbulent eddies. Thus the hydraulic conditions of a stream
determine when the solids will be in suspension.
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The classical model for the distribution of
solid particles in a steady uniform flow was given by
O'Brien (Ref. 75). This model is based on .the assumption
thét at any elevation from the bottom of an open channel,
there is no net transport of mass, the gravitational settling
is balanced by particle diffusion due to turbulence. Hence,
O'Brien proposed that the concentration, Cpr of solid
particles at a distance, Z, measured.vertically from the

bottom of the channel (fig. 3.1) may be given as follows :-

E —+wec, =0 (3.1)

where, w is the'séttling‘velocity of a single particle
defined as the velocity at which the particle settles
under gravity in a quiscent liquid with zero acceleration
(Ref. 76). Equation 3.1 was integrated by assuming that :-
(i) - the shear stress of the flow was linearly
distributed between the open surface and
the bottom of the channel
(ii) the flow velocity was given by a logarithmic
profile

The following expression was given :-

¢ _th -2 Zo b
hand Z ““. h — Z - (3.2)
. : ol . .

Equation 3.2 gives concentration at a level:Z provided
that the concentration at level Zo is known. The exponent
Y is related to the settling velocity of the solids w,
Kiarmdn's universal constant k, and the friction velocity
of the-flow u*, as follows :-

Y = T | (3.3a)



-77 -

B is the ratio of the turbulence diffusion coefficients of

the solids and the momentum of the flow; hence :-
B =8./8, | (3.3b)

‘ The work of O'Brien (Ref. 75) has been discussed
in some detail because it was found that both in the
laboratory and the field, his model describes the concen-
tration profile quite satisfactorily. For further details,
see Ref. 77. '

The first attempt to examine the behaviour of
suspension in closed channels was made by Ismail (Ref. 78).
He conducted a series of'expériments and showed that
equation 3.2 is applicable to flow in a rectangular channel
if h is taken to be the point of maximum velocity. As the
suspended solids tend to skew the velocity distribution
(Ref. 78), the aforementioned point does not necessarily

correspond to the channel centreline.

The assumption of a logarithmic velocity profile
in O'Brien's model (Ref. 75) means that the distribution
of Ec has a normal parabolic form. Ismail showed that in a
rectangular duct Ec follows a parabolic form only at the
outer two-thirds of the channel but has a constant value
at the middle third. For the region where gc is constant,
Ismail showed that equation 3.2 can be integrated to find
the relative concentration Ct/ct as follows :-

%o

/%, = expl - w(z - 2_)/E_} (3.4)
o |

For the region where gc has the parabolic distribution, it
was shown that equation 3.2 gives good agreement with

experimental data.
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The applicability of a one dimensional distri-
bution model to the case of a circular pipe was partially
made by Wasp et al (Ref. 79). Using Ismail's (Ref. 78)
data for the concentration of solids at points located at
8% from the top or the bottom surface, they derived the
following relationship :-

"log (ct/'ctz ) = -1.8Y . (3.3)
o _
Verification of this relationship was carried out on a
12-inch pipeline transporting coal slurries. Samples were
withdrawn at l-inch from the top and from the bottom of

the pipe and also from the centreline of the pipe.
Comparison between observed values of ct/ct and those
given by equation 3.3 showed excellent - Zo

agreement. No attempt was made to measure the concentration

at other points alohg the vertical diameter of the pipe.

3.2.1 Limitation‘of the Theoretical Studies

' A critical examination of the applicability of
a convection-diffusion model to explain the suspension of
particles in élosed'channel flows was made by Shook et al
(Ref. 80). They conducted a series of experiments with
particles of different settling velocity and arrived at
the conclusion that suspension of solid particles can be
considered as due to turbulende only when the concentration
of solid particles is low, the particle diameter is small
(<0.2 mm) and the ratio of the settling velocity of the
particles to the friction velocity of the flow is less
than 0.2. When these conditions are not satisfied, a
significant deviation was observed between the concentration
profiles obtained experimentally and those given by the
solution of equation 3.1l. It was noted that the ahility
of the particles to remain in suspension at high concentra-
tions is not fully attributable to turbulence. The

interaction between particles resulting in a dispersive
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stress on the particles, as postulated by Bagnold (Ref. 81),
had to be considered. This dispersive stress occurs normal
to the direction in which the solid particles were sheared.
Shook et al observed that the suspension of particles at
high concentration and velocity gradient was partially due
to Bagnold's (Ref. 80) dispersive stress. The suspension
increased with particle diameter and velocity. Because of
the complexity in calculating Bagnold's dispersive stress,
‘mainly because the velocity gradient of the solids enter
into the anélysis (Ref. 81), Shook et al concluded that

any prediction of concentration profiies for large particles,
where the diepersive'stress,(Ref. 8l1) is significant in the
suspenSion mechanism, is not possible. The limiting value

of the particle size was noted to be 0.2 mm. In this |
context, it may be mentioned here that Ismail (Ref. 78)
Succeeded in using the convection-diffusion model tc

explain his experimehtal results because both the particle
size and concentration were small (maximum O0.18 mm and 4.3%

by weight, respectively).

Also, the work of Hsu et al (Ref. g82) suggested
that a convection-diffusion model provides an accurate
prediction of concentration of small solid particles in
the cross-section of a circular pipe. Close agreement
between theory and experiment was reported for a mean
particle size of 0.16 mm and the maximum value of the ratio
of the settling velocity of the particles to the friction
velocity of the flow of 0.184.

3.3 Experimental Information

In the preceeding sections the importance of
defining particle position upstream of an impeller has
been discussed and the limitations in using an analytical
method to obtain this distribution has been cited. The
size of the solid particles of the present work is not
small (for detail see section 6.3.1) prohibiting any

analytical method to find their distribution in the inlet
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pipe. Hence, some experimental information on their distri-

bution was necessary. The procedures adopted to fulfill

this requirement are detailed in this section.

In hydraulic transport of solids, the settling

. tendency of solids provides a basis for cla551fy1ng slurries

into the following two broad classes :-

(1)

(ii)

Non-settling type :
These slurries are made up of solids of colloidal
dimensions (diameter less than 0.01 mm for sand).

The settling velocity of the particles is

~generally less than 0.1 mm/s. They are called

so because the solids do not settle out when the
pipeline carrying this type of slurries is . |

stopped. The particles are maintained in suspen-

-sion by Brownian movement (see Ref. 41 on

Brownian'motion). The solid and the liquid phases
do not behave separately and the mixture is '

homogeneous even in laminar flow. There is

- virtually no concentration grédient'when trans-

porting non-settling slurries, the solids are
fairly uniformly distributed over the pipe cross-

section.

'-Settling type :

These slurries are made up of solids (diameter
>0.15 mm for sand) whose settling velocity is
1.5 mm/s or more. The solids settle out quickly
unless the suspension mechanism (e.g., fluid -
turbulence, Bagnold's dispersive stress - Ref.
81) is strong. The solid and liquid phases are
separate and the liquid properties remain
unaltered by the presence of solids. In a
quiscent state the solid and liquid phases
separate readily. Flowing slurries of this type
are characterised principally by a concentration
gradient increasing towards the bottom of the

pipe.
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Lying in between these two types of slurries is
the slow settling slurries of particles having settling
velocity generally less than 1 mm/s (diameter 0.03 mm for
sand). These particles settle slowly en masse in a
quiscent state of the mixtﬁre. Further detail on slurry
;classification by settling velocity of solids may be found
in Ref. 83, | ‘ ' -

The slurry used in the present work is of the
settling type (solids settling velocity 18.56 cm/s, see
section 6.3.3). All the slurry characteristics in the
discussion which follows are referred to this type of

slurries only.

- The solids will remain in full suspenéion in the

mixture if the‘flowvvelocity-is Suffiéiently high. A
measure of the limiting value of this velocity which just
keeps all the particles fully suspended is the limit
deposit velocity. Aécording to Lazarus (Ref. 83), this
velocity corresponds to "the transition from the moving
bed flow to fully suspended flow"; a moving bed flow is
a "suspended flow with a moving bed, i.e., a bed of solids
moving at a uniform rate in the lower bart of the pipe".
Newitt et al (Ref. 68) considers Bagnold's dispersive
stress (Ref. 81) to be largely responsible for the suspen-

sion of particles in this regime. Flows of this type mean
"large gradient Qf concentration in the cross-section of-
the pipe with "regions of high concentration at the bottom
of the pipe", Ref. 68. Additionaily, because of the presence
of a gradient of concentration in the cross-section of the
pipe, a local slip velocity exists between the solid and

the liquid phase of the mixture, Ref. 84.

The distribution of concentration and slip
velocity of solids are not possible to be determined
analytically as the size of the solids in settling slurries
is higher than the limiting value (see section 3.2.1) of

0.2 mm. Hence, experimental data are required.
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Literature on simultaneous measurement of insitu
cbncentration (for definition see Appendix B) and slip
velocity of solids is very limited. Durand (Ref. 85)
reported measurements to show the difference between an
asymmetric suspension and a moving bed flow pattern exhibited
by solids of same specific gravity but different sizes.
Measurements were made on sand slurries transported
through a 150 mm diameter pipeline. Two sizes were
considered, fine sand of diameter 0.18 mm and coarse sand
of diameter 2.04 mm. For fine particles, the observed
velocity profiles of the flow were nearly symmetric while
the concentration'profiles (probably insitu discharge, for
definition see Appendix B) were asymmetric, the latter
varied in asymmetry with changes in mean flow velocity.

The generation'oann asymmetric suspensibn is due to
weaking of the suspension mechanism, either through a
reduction in the mikture velocity or the intensity of
turbulence, and the settling tendency of the particle
causing more of the particles to occupy the lower half of
the pipe than the upper one. For coarse particles, a |
moving bed pattern with asymmetry in both velocity and
concentration profiles was noticed. In contrast to fine
particles, for coarse sands the velocity profiles retained
their asymmetry with increasing velocity, an upward shift
of the maximum Velocity point from the pipe axis was
.hoticed as the flow velocity was increased. No explanation
_has so far been givén concerning this trend in the velocity

profile.

A more comprehensive set of data, including
insitu concentration and slip velocity of particles,
covering solids of different size and specific gravity, was

given by Newitt et al (Ref. 68). The following solids were

used :-

(1) zircon sand (S.G. 4.60, mean diameter 0.116 mm)
(ii) fine sand (8.G. 2.65, mean diameter 0.182 mm)
(iii) coarse sand (S.G. 2.66, mean diameter 0.699 mm)

(iv) : ‘gravel (S.G. 2.67, mean diameter 1.547 mm)
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(v) . perspex (5.G. 1.17, mean diameter 1.854)

The solids were transported through a pipe of

'25.4 mm diameter.

Fine sand, zircon sand and perspex were fully
suspended in the fluid in an asymmetric manner whereas
gravel and coarse sand formed movihg bed near the bottom
of the pipe. The velocity profiles for water carrying
cbarse Sénd~and gravel were given. An upward shift of the
maximum point from the pipe axis was noticed as the mean
discharge concentration in the pipe was increased. Mean
velocities of liquid and of mixture both decreased in
coarse sand and gravel slurries as the mean discharge
concentration was raised at a constant hydraulic gradient.
~Also, the mean slip velocity between the solids and water
progreséively incréased with mean discharge concentration.
The effect of concentration on the velocities mentioned
above was found to be negligibly small for perspex
mixtures, a small effect was noticed in fine sand and
‘zircon sand mixtures. Profiles of insitu discharge
concentrations (for definition see Appendix B) for both
coarse sand -and gravel showed that the concentration
towards the bottom of the pipe was substantially constant
where the bed existed. Above the bed, the concentration
fell rapidly with height. Profiles of insitu transport
concentration calculated from measured insitu discharge
concentration and water velocity were given for coarse
sand and gravel slurries. The difference in two concerntra-
tions was substantial where the bed existed and decreased
rapidly above the bed (the transport concentration was
always greater than the discharge concentration). Calculated
insitu slip velocity between the solids and the liquid
(calculated from measured insitu discharge concentration
and water velocity) showed that the slip was significant
in coarse sand and gravel slurries, but its variation in

the cross-section of the pipe was small.



- 84 -

The work of Newitt et al (Ref. 68) has been
discussed in some detail for two reasons :-

(1) In the experimental.part of the present work
the concentration profile of the solids in the
pipe could not be measured. The work of. Newitt
et al thus provided a basis for estimating a
concentration profile appropriate to the
present work, as will be indicated later.

(ii) Information on slip velocity appropriate to the
present work was also obtained from the same
source. ’

In the following section these points will be discussed.

3.3.1 The ConCentration.Profile‘at Impeller Inlet

In order tO’be‘able'to'derive information from
data provided by Newitt et al (Ref. 68) so that the
concentration profile, appropriate to the conditions of
the experimental part of the present work may be obtained,
a comparison is made of the characteristics of the solid
particles used in the pfesent work with those reported by
Newitt et al.

The following,properties of the particles used

- in two cases were considered for comparison :-

(i) , _ size of the particles:
(ii) specific gravity of the particles
(iii) settling velocity of the particles

The particles used in the present work are fine
pea gravel, detailed description of which is given in
section 6.3. The size of these particleé was distributed
in a range. An analysis of the particle size distribution
was carried out by vibrating a sample in B.S. 410 test
sieves, results are given in Appendix D and shown diagra-
matically in fig. 3.2 (details of sieve analysis are given
in section 6.3.1). To make a comparison with the particle

size cited in Newitt et al's work, it was necessary to
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define a characteristic size of the particles used in the

present work.

A number of methods are detailed in the literature
to define a characteristic size of the particles ( a useful
discussion is given in Ref. 76).Wiedenroth (Ref. 86),
Sellgren (Ref. 87) advocated strongly for a characteristic
particle size based on the weight function of the solid
particles. According to the method"if P is the weight
function of solid particles of diameter d ; then the
characteristic particle size may be taken to be the welghted

value, d of the particles as follows :-

—_— nt ’ . o - '
d =% p. d : ' v ’ (3.4)
n n . .
n=1 : o
where, n, is the number of size fractions.

t

Also, in the literature a very frequently used
characteristic partiCle'size, in particular in the field
of hydraulic transport of solids, is what is known as d50
size of the solids. According to the proponents (Ref. 88)
of this size, an opening of the sieve in mm passing 50%
of the solids by mass is a good representation of the size

of the particles which is distributed in a range.

In the present work the characteristic particle
size considered was the dSO size of the particles. There
was no apriori justification. for a preference to a dSO
size to characterise the size of the particles. As it
turned out later, this way of deflnlng a characteristic

size of the particles was quite frultful

In Appendix D, the results of the sieve analysis
-0of the particles used in the present work are given. The
dSO size of the particles obtained directly from the plot
of this analysis (fig. 3.2) is 1.8 mm.

The other properties of the particle found from
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measureménts are the following :-
specific gravity - 2.659
settling velocity - 18.56 cm/s
Detail of the experimental procedures for measuring specific
gravity is -given in section 6.3.2, and settling velocity
in section 6.3.3. The results are given in Appendices E

and F, respectively.

Examination of the characteristics of the
particles given in Newitt et al's (Ref. 68) work indicate
that the characteristics of the gravel used in_their work
closely resembled those of the particles used in the
present work. The comparison  of the characteristics stands

as follows :-

Present Work . Newitt et al's
Solids type Gravel Gravel
Specific gravity 2.659 2.650
Particle size 1.80 | 1.63
d50 (mm)
Settling velocity = 18.56 21.18

(cm/s)

Encouraged by this close similarity in particle
characteristics, the next step was to compare the flow
conditions which exiéted during the course of these two
sets of experiment (i.e., present work and that of Ref. 68).
Two situations were considered :- '

(i) that corresponding to the first set of
experiment in the present work in which mean
discharge concentration of the solids issuing
from the pipe was 3.362%

(ii) that corresponding to the second set of
experiment in the present work in which mean
discharge concentration of the solids was
11.653%
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The comparison is detailed below.

3.3.1.1 Case 1 ': Mean Discharge Concentration of 3.362%

Detail of the procedures and important aspects
pertaining to this set of experiment are given in section
6.7.2. Hence, only the basic information appropriate to

the discussion in this section will be given here.

The follbwing basic information pertaining to
flow conditions of the mixture have been considered :-
(1) Mean discharge concentration, Ed = 3.362%
(mean or time averaged discharge concentration)
(ii) Mean mixture velocity,.Vﬁ'=vl.426 m/s
(mean or time averaged flow, averaged over the
cross—sectidn of . the pipe) | |
(iii) Limit deposit velocity of the solids in the
mixture (Ref. 85), '
v = Fg /2gD(ss - 1) = 2.456 m/s

L
(FC is a function of particle size and

concentration for particle size up to 2.2 mm,
see fig. 7 in Ref. 85)
The values will now be compared with those given by Newitt
et al (Ref. 68).

For gravel'slurries, information on insitu
discharge concentration distribution are given in Ref. 68
for a number of mean discharge conecntrations in the range
of 2.05% to 11.55%. For comparison with the present case,
insitu discharge concentration profile corresponding to
Ed = 3.77% has been considered. Conditions of the flow
pertaining to this concentration and those of the present

work are given below :-

Present Work Newitt et al's

Mean discharge

concentration, ¢ 3.362% 3.770%

d
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Present Work Newitt et al's
Mean mixture / .
velocity, Vﬁ (m/s) 1.426 not available
Limit deposit A .
velocity, vy (m/s) 2.456 . 1.225
v_/V ; _ 0.582 - not available
n/ 'L | , -

Given the close similarity in values of mean
discharge concentration in two cases, it is argued that
the distribution of the insitu discharge concentration in
the cross-section of the pipe will also be similar in the
two cases provided that.the_yelogity ratios Gh/VL are
" close to each other, since Vm/_VL is a measure of the way
in which the particles are suspended in a pipeline.
Unfortunately, there are no information on Vﬁ/VL in
Newitt et al's work. Hence, other characteristics of the
transport of mixture in the cases considered need to be
investigated before any similarity in the distribution of
the insitu discharge concentration in the two cases can be
assumed.

In the present work, the mean mixture velocity
was less than the limit deposit velocity. Therefore, the
formation of a bed of particles along the bottom of the
pipe should belconsidered. Depending upon the magnitude of
the mean mixture velocity in relation to the limit deposit
velocity, a moving bed flow regime or a stationary bed
might occur. Motion of the particles observed through a
perspex viewing section located in a horizontal seétion
of the test rig showed that in the bottom part of the pipe
there was no sign of a stationary bed formation but only a

moving bed of particles of almost constant thickness.

Newitt et al reported that for gravel slurries,
"regions of high concentration at the bottom of the pipe,

correspdnding to a moving bed" was noticed.
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In view of the manner in which the mixture was
transported in the present work and in Ref. 68, and that
the difference in the mean discharge concentration in the
two cases was small, it was assumed that the insitu discharge
for Cg=3.77% in Ref. 68
would be used in the present work for ;cd=3.362%. The value

of the insitu discharge concentration at various positions

concentration distribution. given for c

in the cross-section of the pipe (position measured as the
distance from the bottom of the pipe normalised by the pipe
diameter, Y) was obtained from fig. 9 in Ref. 68 for use

in the present work.

This oniy resolves part of the problem since
information on insitu slip velocity is also required. In
Ref. 68, at Ed=3.77%, only insitu discharge concentrétion
was given and no information was provided on' the
distribution of insitu slip velocity. To overcome this

problem the following procedures were .used.

In Ref. 68 the insitu slip velocity profile for
Ea=10% was given. As was noted by Newitt et al, the
insitu discharge concentration "profiles (given for a
range of Ea) were similar" in shape. In view of this
similarity, it was assumed that the distribution of the
insitu slip velocity would retain the same profile at all
values of“Ea. There is, definitely, no physical reasoning
which can be put forward to justify that similarity of the
insitu discharge concentration profiles at different cy4
also implies a similarity of the insitu slip velocity
distribution profiles. This is an assumption which had
to be made. In further persuance of this assumption, the

following relation was considered to be valid :-

= SN B (3.5)
d

i.e., the insitu velocity lag of the solids with respect
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to the mean mixture velocity and normalised by the mean
mixture velocity is same at two mean discharge concentra-
tions of 10% and 3.77%. The value of the right hand side
of equation 3.5 was calculated from fig. 28B, Ref. 68

for various positions in the cross-section of the pipe
and used in the present work for which Ea was equal to
3.362%.

Equation 3.5, thus, provided a-basis for
calcﬁlating the velocity of the particles at the.entry
to the impeller. More details on this are given in section
5.1.1.2.1.2. Profiles of insitu discharge concentration and
insitu normalised velocity lag considered for the -
analytical part of the present work (corrésponding to the
experimental condition detailed above, case 1) are given

in fig.'s 3.3 and 3.4, respectively.

3.3.1.2 Case 2 : Mean Dischargé Concentration of 11.653%

Details of the procedures followed and the
important aspects pertaining to this set of experiments
are given in section 6.7.2; here only the basic informations

appropriate to the discussion in this section are given.

The following basic information pertaining to .
flow conditions of the mixture have been considered.
(i) Mean mixture velocity, Gﬁ = 1.497 m/s

(ii) Limit deposit velocity, v = 2.456 m/s

In order to be able to estimate an insitu

- discharge concentration profile appropriate to the
conditions of the present work, information provided in
Ref. 68 was examined. Profiles of insitu discharge
concentration corresponding to a number of mean discharge
concentrations are given in this reference, as has been
mentioned earlier. One of these distributions correspond
to C =11.55%. To check if this distribution can be
considered to be representative of the distribution in

the present work, a comparison of the conditions of flow
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of the mixtures in two cases was made as follows :-

Present Work Newitt et al's

Mean discharge S

concentration, E&‘ 11.653% . ~ 11.550%

Mean mixture L :

velocity, Vﬁ (m/s) 1.497 ' : not available
Limit deposit _ _

velocity, v (m/s) 2.456 1.225

v /Y, 0.609 - not available

m
As the ratio of v /V. cannot be compared in two

cases, the conditions of transport of mixture was then

examined.

In the present case, the mean mixture velocity
was less than the limit deposit velocity. Hence, the
formation of a bed in the bottom of the pipe was considered.
No stationary deposit of solid particles in the bottom of
the pipe was evident when the flow was observed through a
perspex viewing section of the test rig. A thick layer of
- moving particles near the bottom of the pipe was detectable.
Also, .in Ref. 68 the_existence,of a moving bed for transport
of gravel slurries at all values of C—d was mentioned. In view of this
" similarity in the manner in which the mixture was
transported in both cases and that the value of Ea in two
cases were very close to each other, it was assumed that
the insitu discharge concentration profile corresponding to
Ea=ll.653% in the present work was similar to that reported

in Ref., 68 for Ed=11.55%.

Also, by following the arguments made in the
preceeding section, it is assumed that the normalised
insitu velocity lag between the solids and the mixture

is given by the following relationship :-
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fv— - V? | r‘_, - V)

[m__ L_ = m_ (3.6)
V. _ o v_|Z _
m CJJJ¢550 m Cd 10% '

At various positions in the cross-section of the pipe, the ,
value of insitu discharge concentration was obtained from —
fig. 9, Ref. 68. This is shown in' fig. 3.3. The right hand

side'of equation 3.6 has already been calculated for case 1,

(seéEiSnABfolfl) and used in the present case for Ed=ll.653%.

3.3.2 ‘Discretization of the Concentration Profile

In section 3.3.1.1 and 3.3.1.2 the insitu
concentration distributions assumed for the present work
are given. In this section the methods to find the
distribution of the parficles in- the cross?section of the
pipe by knowing the insitu discharge concentration profile
are given. The need for providing this distribution for the
calculation. of the motion of the particles in an impeller
has been discﬁssed in section 3.1 and hence will not be

repeated here. The following procedures are involved.

The cross-section of the pipe is divided into a
number of elements. To achieve this the section is first
divided into a number of annulii of equal radial thickness.
"Each annulus is divided into a number of elements in such a

'~ way that the area of each element in the cross-section of

- the pipe is constant. The following relationship is used :-

a,
_ i+l
Di4l T By Ta 372
' 1
2 2
b g - r.
N -, .1+2 i+l (3.7b)
i+l 12 o p2
i+l T %
WNere, N1 is the number of elements in (i+1)th annulus

- whose outer radius is Tit9 and inner radius is r; - See fig. 3.5.
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The next step is to find the space occupied by

the particles in each elementary area. To determine this

it is necessary to know the value of the insitu transport
concentration at an elementary area. The differencé between
~insitu transport and insitu discharge concentration in most
part of the cross-section of the pipe is negligibly small
(Ref. 68) and only near the bottom of the pipe some
difference existed, In the present wdrk, this difference is
.ignored and the value of:the insitu transport concentration
is taken to be equal to that of the insitu discharge
concentration. As the area of each element is small, it is
assumed that the value of this concentration at the centroid
of .each element applies all over the element.'The centroid
of each element is determined from the following

relationship (for detail see Appendix C) :-

) _
. sins .
_ 4 2 \ o 1
=378 Tt TiaTIT, 1 (3.8)
i Tisl

where :-

-rc = distance measured from the axis of the pipe to the
centroid of an element located in (i+1l)th annulus,
fig. 3.6 }

§ = angle subtended by the element at the centre of the
pipe o

For 8§ < 10 deg., equation 3.8 reduces to the following

form :- '

r, =3 |f; *t i I, 1 | (3.9)

i Tinl

The value of the concentration at the centroid
is calculated by knowing the vertical distance of the
centroid from the bottom of the pipe (normalised by the
diameter of the pipe) and from the best fit curve of the
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insitu discharge concentration (see section 5.1.1.2.1.3).

The number of particles, ng passing through .
each element is obtained from the product of the
concentration at the centroid of the element and the area
of the element divided by the projected area of a particle.
The projected_area of a particle is calculated on the basis
of the characteristic size of the particle, The following

relationship is used to find n_ :-

n = . N (3.10)

Out of n, numbef of‘particles passingvthrough
an element, only the motion of a single particle released
from the centroid of the element is traced inside an
-impeller. The motion of this particle is considered
representative of all the particles passing through that
element. In section 5.1.1.2.1.3 the result of this
discretization process (discretizing a concentration profiie)

has been discussed.
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CHAPTER 4
A MODEL TO PREDICT POTENTIAL EROSION AREAS ON A SURFACE

DUE TO PARTICULATE IMPACT

4.1 Introduction

The problem of surface damage caused by the
impingement of solid particles entrained in a fluid stream
is widely known. According to Finnie (Ref. 89 ), an

understanding of erosion may be divided into two major

parts :-

(1) "the first part involves a determination from
the fluid flow conditions of the number,
direction and velécity‘of the particles
striking the surface. With such information
available, '

(ii) the second part of the problem is a calculation

of the amount of surface material removed".

Earlier in chapter 2 the method to obtain
information on the motion of particles inside an impeller
has been given. The dynamic characteristics of‘the
particles as they strike a wetted segment of the impeller
may be known by following the_proceduresras#laid«d0wn in
that chapter. | ' | o

In this chapter detail of a model that is
developed to predict erosion prone areas on a surface will
be given. This model uses information on the dynamic |
characteristics of the particles as the particles impact
on a surface. The manner in which a surface is eroded by
solid particles is an important part in any erosion study.
Hence, this subject will be discussed in some detail. The
discussion is made in the light of previous work.and forms

the basis of the model developed.

All the previous work have been done in strictly
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dry conditions. Although the condition inside an impeller
is wet, it is thought that the basic mechanisms in which
material is removed from a surface are similar whether or:

not material is removed in a wet or dry condition.

4.2 ~ Analysis of Erosion due to Solid Particles

In.studying.the'manneryin'which impacting solid
partidles‘erode a-surface,‘the usual procedure is to
classifY‘the behaviour.of the surface as either ideally
ductile or ideally brittle. The ductile type, typical of
most. metals, is. characterised by maximum erosion occuring
at an impingement angle between zero and 90 degrees,
usually 20-30 degrees’(Ref; 90). The brittle type, typical
’oficeramics, is»chéfacterised'byfthe-erosiOnnrate increasing
with increasing‘impihgement angle to a maximum rate at
90 degrees (Ref. 90), fig. 4.1. By classifying the
materials, models of the particle-surface interaction may
then be postulated and. theoretical predictions of erosion
resistance made. The influence of basic material properties
on erosion resistance is often evident from these .
predictions.

4.2.1 Ductile Erosion

Materials are characterised as ductile when

their erosion- is associated with large plastic strains.

The first fundamental analysis of a ductile
erosion process was given by Finnie (Ref. 89). The anélysis
considered the motion of a solid particle cutting into a
target material. The erosion of a ductile material was
predicted as a function of impact angle and velocity

of a solid particle and material constants.

The approach in Finnie's analysis was to write
the equation of motion of a single particle. It was assumed
that the target material was perfectly elastic and that

the resistance to particle motion by the surface of\the
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material was equal to the plastic flow stress times the
projected area in ‘the direction of motion. The volume of
material removed from the surface was the. amount swept out
by the particle as it moved into and out of the surface.
The whole erosion process was considered to be due to

- pure cutting of the material. It was further assumed that
the particle was sharp and rigid, only one face of it was
in touch with:theisurface,and the particle stopped cutting
»when:either.thefmotion of the particle in the direction of
the surface had ceased or the particle “had léft the
surfade, see fig.. 4.2. The following expression for the:
volume of material removed by a single abrasive particle

was given :-

L L2 | I
VC'— kl' p\f mpv fs(a) : - (4.1a)
£

whére,

L F :

t 'n v
k. = L+ .1 (4.1b)

1 Y Ft

At the angle of maximum .erosion, equation 4.la became :-
Coors T
v .= 0. 5,pf > _ , _ (4.1c)

Finnie -compared the predicted loss of volume given by
equation 4.la with data obtained from tests using a large
number of grains. It was noticed that the predicted
variation of material removal with angle for a single
grain was similar to the experimental data for erosion

by large number of grains. The agreement was poor at
high impact angles (o > 450).

Finnie's theoretical work provided the following
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information :-

(i) At low impact angles (a < 450), the ductile
erosion may be considered as due to cutting
action of the particles.

- (1) In cutting wear, material removal by plastic
flow action can describe- observed experimental
data. The plastic flow stress of the material
may be considered as a measure of its
resistivity against ductile erosion, since from

equatidn 4.1c,

Ve o= L (4.1d)
‘ max pf
(iii) At higher angles (a > 45°), the failure 'of the

ductile material cannot solely be attributed
to cutting action; some other mechanism need
to be considered.

Another useful coﬁtribution to the subject was
made by Bitter (Ref. 91). His theory was not specifically
addressed to ductile materials but covered both brittle
and ductile solids with the same equations. He considered
erosion to consist of two simultaneous processes, cutting
wear caused by the component of particle motion parallel
to the surface, and one of shock or deformation wear
caused by the normal component. Hence, for ductile metals
at low angles, cutting wear would dominate; at high
angles deformation wear would become significant. His
postulation of ductile mode of erosion at low impact angle
was similar to that of Finnie (Ref. 89). It is the
deformation wear which accounts for the erosion of ductile
materials at angle of attack normal to the surface and

which is not accounted for in Finnie's (Ref. 89) analysis.

'The fundamental difference in the two approaches
may be somewhat explained by referring to the work of
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De Haller (Ref. 92) as cited in Ref. 91 . De Haller made
microscopic examination of the surfaces damaged by solid
particle impingement at both shallow andylarge angles. In
the first case a less deformed scratched surface was
observed (result of cutting action, Ref. 89). In the
second case a flattened;’highly.defOrmed surface was
noticed, although the same materials were used on both
occasions-:Thislsﬁggested that in the same material solid
particles could cause.cuttihg,wear.or-deformatiOn wear
depending upon the. angle. of attack. '

In building his deformation wear model, Bitter
(Ref. 91) considered the motion of a spherical particle
which attacked a’ flat surface at a normal incidence. As
a result of the impact, stress concentrations were set up
in the surface. From Davies's (Ref. 93) work it was showed
that the maximum concentration of stress occured at the
centre of‘the contact area and at a depth .of about half
the radius of the projection of the .contact area on the
surface. Assuming that as a result of the collision the
elastic limit of the surface was exceeded, Bitter (Ref. 91)
argued that plastic deformation occured at the position of
maximum stress. When the stress became equal to the strength
of the material, the surface could no longer be plastically
deformed. With increasing load a crack formed within the
deformed surface layer, parallel to the contact area,
resulting in the removal of a flake from the surface.
Based on the plastic-elastic contact stress calculations
and balances between the energy needed to deform the
surface elastically and the kinetic energy of the
colliding particle, the following expression for the
material loss due to many particles of the same material
hitting the surface normally or at a small angle was
derived :- ’

Vp = 1/2 M(vsino - ve)2/¢>D | (4.2)
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The -deformation wear factorﬁ¢Dvas defined as the amount of
energy needed -to remove one unit volume of material by
deformation wear. The model, therefore, suggested that the
normal component of kinetic energy of the impacting
particles was absorbed in the target. surface and accounted
for deformation wear. Equation 4.2 was valid for vsina > Vao
At lower values of vsina no deformation wear occured as the
collision was purely elastic. The.mddel,:therefore,
provided the idea of a limiting normal component of
particle velocity below which no. erosion took place. It

was shown that this limiting value was dependent on
particle shape.

To explain cutting wear, Bitter reasoned that
the kinetic energy of. the particles parailel to the
surface was associated with cutting wear. For large angles
of attack, the particles came to rest .on the surface and
the total parallel component of kinetic energy contributed
to cutting wear.‘FQr small- angles of attack, however, the
particles swept into the surface and finally left with a
residual component of kinetic energy in a direction
parallel to the surface. In both cases the particles were
pressed out of the body by the elastic reaction forces
originating from elastically and plastically deformed

segments of the surface.

The following relations were given for material
loss due to cutting wear :-

for a < ay
- ’

2 Mk, (vsino - v )2 k, (vsina - v )2
V. — : 2 e . 2 e
cC = vcosa - ¢C
vsina vsina

--=(4.3a)
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for a > a,

]

M vzcosza - k3 /(vsino - ve)3J

2 ¢C

VC =

(4.3b)

a9 was defined as the angle of impact at which the.
horizonﬁal component of the velocity of the particle had
>just become zero when the particle left the surface.

and k., defined the hardness of the eroded

2 3.
surface and the plastic-elastic behaviour of the particle

Constants k

and the surface, respectively. The cutting wear factor, ¢C”
was defined as the amount of energy needed to remove a unit
volume of material by"cutting wear. Evidently,'at o = dg,
equations 4.3a and 4.3b both predicted the same material
loss. Total erosion was, therefore, given as the summation
of material loss due to deformation and cutting, as given

by equations 4.2 and 4.3a and 4.3b.

Neilson and Gilchrist (Ref. 94 ) agreed with
Bitter's (Ref. 91 ) idea that the kinetic energy
kcorresponding to the component of particle velocity normal
to the surface was responsible for deformation wear while
the cutting wear was due to the kinetic energy
corresponding to the component of particle velocity
parallel to the surface. Equations given were of the
following form :-

for o < agpr

M (vzcosza - vsz) M (vsino - ve)
VT = + ' (4.4a)
2 ¢C 2 ¢D
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for o > ayp,

M Vzcosza M (vsino - Ve)2
VT = : + (4.4Db)
2 4 2 4

In some ways these equations may be considered as
modifiqations of Bitter's (Ref. 91) equations (equations
4.3a and 4.3b).

Another approach to particle induced erosion
from the materials science point of view was made by
Smeltzer and his co-workers (Ref. 90). Finnie's (Ref.'89)
analytical model (equation 4.1) suggested that the erosive
strength of a material was inversely proportionél to the
plastic flow strength of the surface. Hence, appreciable
difference in yield (minimum flow) strengths between the
annealed and fully treated.conditionsﬁfdr the surface
should produce corréspondingly marked fdiffemﬁwes:h1the
measured erosion factors. Smeltzer et (Ref. 90) carried
out experiments with two steels and Aluminium alloy and
found that in the fully treated conditions these materials
had room temperature strengths approximateiy 3-4 times
higher than in the annealed condition. Under the
circumstances, Finnie's (Ref. 89) model predicted the
erosion of the weaker'annealed surface 3-5 times more
thén the heat treated surface. However, the experiment
of Smeltzer et al showed that the differences between the
annealed and fully heat treated conditions were less than
5%. When the erosion data were rélated to the melting
temperature of the target materials it was noticed that
erosion loss decreased systematically with increasing
melting temperature. Smeltzer et al suggested that local
melting during impact and attachment of surface material
to the impacting particles produced erosion. Some support

to this viewpoint was given in Ref. 95 .



- 103 -

Another model for erosion of ductile materials
at normal angle of attack was suggested by Sheldon and
Kanhere (Ref. 96). While at this angle of imapct Bitter
(Ref. 91) postulated a deformation theory based on
subsurface cracking of the deformed surface, Sheldon and .
Kanhere took. a different view of the problem. The basic
hypothesis of their work was that the material removed
by an impacting particle had flowed out around the sides
of the cavity. by the advancing particle until the displaced
material was strained sufficiently to break off. The
amount of material removed, therefore, bore some relation
to the depth of penetration of the particle. The resistance
of the material was calculated from its static hardness
value. Based on'experimental.data on relative penetration
depth of the particle (defined as the ratio of penetration
depth to the radius of the particle) they proposed the

following relationship for material removal per particle,

e 43 .3 ;7 o3 .
Ve = @ v Yl H) (4.5)

Single particles (roughly 2500u) were forced to impinge on
an Aluminium surface. The material removal action was shown
to have the same characteristics as multiple-particle
erosion of surfaces by particles larger than 100u.
Expression 4.5 based on the impact of a single spherical
particlé~gtherefore gave an éstimate of the multiparticle
erosion of a surface. Another important result was that a
velocity exponent of three was predicted rather than the
two given. by previous theories (Ref.'s 89, 91). This
velocity exponent agreed more closely with the experimental
results of the authors.

Another important contribution to the
understanding of erosion of ductile materials was made by

Hutchings (Ref. 97 ). Based on single-impact»experiments,
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Hutchings identified three possible mechanisms for removal
of material at obliqué impact angles -- plowing, cutting
and plowing, and cutting only. The result of this three
types of erosion is given in fig. 4.3. In the plowing

type erosion. was due to the action:of a spherical particle
or the rounded surface of anAir:egular particle causing
the material to be extruded above the surface, fig. 4.3a.
The lip at the exit end of the crater was pushed up in front
of the particle and folded over onto the undisturbed
surface of the metal. Erosion occured at the more
vulnerable raised end where material was removed by
subsequent particles. In the case of -impacts. by square
plate shaped particles, two quite different types of
erosion behaviour existed. When'thé surface was struck by
the particles edge-on, a rake angle was defined (see

fig. 4.3 for definition). At a given oblique angle, a
critical rake angle existed. For particles impacting at
rake angles less than the critical value, it was noticed
that the particle rebounded from the surface with
appreciable -rotational velocity in the forward direction.
The indentation formed by this type of impact showed a
triangular shape, fig. 4.3. At the exit end of the

~ indentation, the material was pushed to form a lafge lip.
This‘lip was removed by subsequent:impacts. On the other
handat rake angles greater than the critical value, the
particle on an impact showed backward rotation resulting
in a perfect machining action (cutting out and completely
removing the chip of metal). Hutchings concluded that the
critical rake angle was normally such that impacts of
randomly'oriented plates at an oblique angle mostly caused
combined cutting and plowing rather than pure cutting only,
as envisaged in the theories of Finnie (Ref. 89), Bitter
(Ref. 91) and Neilson et al (Ref. '94).

From the brief review made above it is evident
that a variety of opinions exists on the mechanism or
mechanisms of material removal in ductile erosion. Theories

‘based on cutting action of the particles impacting at low
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angles predict maximum erosion correctly (Ref. 89).
Material science approach in explaining ductile erosion
by considering the melting temperature of the sufface
(Ref. 90) has not been conclusively investigated. At
normal or high angles of impact, erosion process involving
an accumulation of plastic deformation in the surface of
the target is still the dominant theory. An important
addition. to the theory will be the number of plastic
strain cycles needed to remove a wear fragment (see e.qg.,
-Ref. 98). It was suggested in Ref. 99 . that a low cycle
fatigue phenomenon could be responsible for subsurface
cracking at high impact angles, observed in two types of

steel at a depth of approximately 20u or less.

In the following section the factors that may

affect erosion in ductile materials are briefly discussed.

4.2.1.1 Parameters of Significance in Ductile- Erosion

The following parameters are considered :-

(1) Angle of impact

(ii) Velocity of particle at impact
(iii) . Rotation of particle at impact
(iv) . Size of particle

(v) Properties of the surface

(vi) : Strength of particle '
(vii) Concentration of particles

4.2.1.1.1 Angle of Impact

Important points are :-

(i) At low impact angle erosion, metal removal
occurs by a cutting or displacing procéss.
Theories developed (Ref.'s 89, 91) on the basis
of this mechanism show that the motion of the
particle during the cutting process is
significant. This motion depends on the velocity

of the particle parallel to the surface. For a
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given system, the angle of impact, therefore,

is an important factor.

For each‘particle—surface combination, a critical-
angle exists at which the material removal is
maximum (Ref. 89) and this has been proved
experimentally (Ref.'s 89, 90).

At normal or high angle of impact, the material

~.. removal mechanism is different from that at

(iv).

4.2.1.1.2

(1)

(ii)

(iii)

shallow angles. Accumulated plastic  deformation,
work hardening and cracking of the subsurface
layer normally characterise this type of

erosion. (Ref.,'s 98, 99 ).

At oblique angles, a combination of cutting and
deformation wear has also been postulated
(Ref.'s 91, 94).

Velocity of Particle ét Tmpact

Important points are :-

Most theories are developed by considering a
balance between the kinetic energy of the
particle and the work expended in cutting or

deformation of the surface. Theories predict

. volume loss to be proportional to the square

of velocity. The agreement with experiment in

-this respect was reasonable.

It was also noted that for both spherical and
angular particles, the angle for maximum
erosion was not influenced by the velocity of
the particle (Ref. 89).

A threshold particle velocity was postulated by

some (Ref.'s 91, 94) below which the stresses
induced by an impact are elastic and no damage

takes place.
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(iv) The velocity of the particles may have an
indirect effect if the particles strike a
surface at a high velocity and break.In such a
situation Goodwin et al (Ref. 100) noted that
a two tier erosion process might take place in
which the particles would produce some erosion
and the fragments, some additional damage. On
this basis, the erosion. at normal or near normal
incidence was attributed to the radial motion

of the fragmented particles.in the surface.

(v) Both Sheldon et al (Ref. 96) and Hutchings (Ref.
98) showed analytically that at normal incidence,
volume removal varies with a cubic power of
velocity. No fragmentation of the particles was
consideréd. This value of velocity exponent
compares quite well with the observed value as
reported in Ref. 101.

(vi) At low angle of impact, the value of the
velocity exponent lies in the range of 2.3
to 2.4, Ref. 102.

4.2.1.1.3 Rotation of Particle at Impact

The effects of rotation of particles during an

impact are as follows :-

(1) If the particle is rbtating when it strikes a
surface, then the edge of the particle in
contact with the surface will have a velocity
component parallel to the surface. This means
that at normal incidence and depending on the
magnitude of rotation, the particle may induce
a cutting type erosion. It was shown in Ref.104
that as a result of the rotation of the particle
maximum erosion occured at an angle which was

greater than that produced with zero rotation.



(i1)

4.2.1.1.4

- 108 -

Hutchings (Ref. 97) noted from experimental
observations that the direction of rotation

of the particle dictated the cutting process

in ductile erosion at oblique impacts; a cutting
and plowing mechanism was dgenerally associated
with the forward rotation of the particle while

a backward rotation caused pure cutting with

.¢omplete removal of material without any plowing.

Size of Particle

Effects of particle size on erosion of a surface

are as follows :-

(1)

(ii)

The theoretical models (equations 4.l1la, 4.2, ’
4.3a and 4.3b) suggest that volume removal is
proportional to the total mass of the eroding
particles and the size of a particle does not

influence the volume removal.

However, the experimental observations suggest
that the volume removed by a given mass of
abrasive grains is independent of particle siie
for particles larger than 100y (Ref. 105). For
particles below this size, the erosion process
becomes less and less efficient as the particle
size is decreased. A‘variety of opinions exists
asvregards this size effect. Some argue that
fragmentation of larger particles lead to more
efficient cutting than with smaller particles
(Ref. 105). A more fundamental answer to this
question is given in Ref. 106. Indentation
tests made with tiny needles and examined under
scanning electron microscope revealed that a
threefold increase in hardness relative to the
conventional tests (Ref. 106) occured. in other

words, a true physical size effect was possible.

' However, size effect is still very much an
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intriguing aspect of erosion and a critical
examination of the views expressed until

recently is made in Ref. 107.

Properties of the Surface

Important points are :-

In ductile erosion, the mechanism of metal

 removal by the particle is considered analogous

to a single tool metal cutting operation
(micromilling), Ref. 89, It is shown in one
theory (Ref. 89) that resistance of a surface
to erosion is inversely proportional to the
plastic flow stress of the surface. Drawing
on metal cutting experience, it was shown in
Ref. 108 that this stress may be considered
to be equal to Vickers hardness when cutting

annealed metals.

Strength of Particles

Important points are :-

When the hardness of the abrasive is greater
than that of the surface, it is unlikely that
variation in the abrasive hardness will be

important.

'For fragile particles, it is shown in Ref. 100

that thresholds on particle size and velocity
exist. If the particles incur a substantial
degree of.fragmentation, then erosion is

enhanced which "may be physically caused by
secdndary‘erosion due to the particle fragments
tending to scour the surface by a radial wash
which removes small chips of material", Ref. 100.
Experimental evidence reported in Ref. 109 lend

support to this viewpoint.



- 110 -

4,.2.1.1.7 Concentration of Particles

Considering the weight impacting unit area as a
measure of particle concentration, it was noticed that
concentration has some effect on erosion (Ref.'s 90, 105),
increased erosion with decreased concentration was noticed.

No explanation has been reported so far.

4.2.2 - Brittle Erosion

"In this type of erosion no plastic deformation
is present. Material is removed by the propagation and
intersection of cracks ahead of and around the particle.
Materials exhibiting this type of erosion are known as
brittle materials. A brittle eroSion, therefore; takes
plaée in two stéges :-

(i) _initiation of a fracture
(ii) propagation of the fracture resulting in the

removal of the material

While some analytical model may be developed to
predict initiation of fracture in brittle erosion,
estimation of material removed by eroding particles in
this type of erosion is quite complex. An energy approach
which was proved quite fruitful in developing analytical
models for ductile erosion (e. g., Ref.'s 89 and 91), does
not hold much premise in brittle erosion. It has been
shown from crushing studies on brittle materials that
"... such an approach is not likely to prove fruitful
because the essential energy requirement to produce a
fresh surface is found to be a small and unpredictable
factor of the total energy expended. Hence some accounting
can be made for the balance of the energy expended, and
‘unless the frégment size and surface area can be predicted
in advance, it would be unrealistic to attempt to
predict volume removal on an energy basis", Ref. 110.

An alternative method is to find the depth to which an
.eroding particle penetrates a surface and then from a

knowledge of the conditions in which the surface cracks,
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an estimate of the material removed may be made. In the
following paragraphs two works will be briefly discussed.
One concerns initiation of a crack. and the other on the

estimation of metal removal rate in a brittle erosion.

To predict initiation of a crack in a brittle
material, Finnie (Ref. 89) proposed a simple model using

the following assumptions :-

(1) N the abrasive particle'was.an inelastic sphere
(ii) ‘ it hit the surface perpendicularly
(iii) the surface remained elastic until fracture

- occured

Maximum tensile stress in the surface occured in a radial
direction around the periphery of the contact area. This

was given as follows :-

1/5 1/5-

= - ‘ - w2y e - 2
o, = 0.187 p . v (1 - 2u) {a WS /B, + (1 - uZ)/ES)

-4 /s

-==(4.6)

As the maximum stress occured in the radial direction
around the periphery of. the éontact area, the surface
cracked around this periphery forming a riné‘crack. The
ring flared out below the surface in the form of a mantle
of a cone, fig. 4.4. Material.wasxremoved when these cones
began to intersect with one anotﬁer. Evidently, from
équation 4.6, erosion resistance of brittle materials
increased with decreasing elastic modulus and increasing
Poisson's ratio.

To formulate a material removal rate in brittle
erosion, Sheldon et al (Ref. 110 ) noted that for brittle
materials due to presence of volume flaws, fracture stress
- was not constant but depended on the stressed volume. As
such it was possible to describe fracture stress for a
brittle material only in a statistical sense. It was assumed .
that an abrasive particle upon impacting on a plane surface

at normal incidence caused an indentation of depth hi which
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corresponded to the point where surface had just fractured.
Then by assuming a flaw distribution, an approximation for
the surface area a, of the cracked material was derived.

It was further assumed that the volume of material removed
. per particleiwas proportional to the product achi’ The
following relation for the material removed per particle

was given :-

vy = k, (@/2)® v° - O (4.7)

where, exponents a and b depended on the shape of the
particle and the flaw distribution in the surface; quantity
k4 involved material constants. The characteristic value

of the exponent a was found to be 3, if the particle was
angular and 3.6, if the particle was spherical. The value
of. the exponent b was found. to be 2.4. Reasonable agreement
with the experimental results was reported. Unlike a
ductile erosion (item i, section 4.2.1.1.4) the dependence
of material removal on particle size was clearly evident

in equation 4.7. The velocity depehdence was almost similar
to that of a ductile erosion at low angle of impact, see

item-'vi, section 4.2.1.1.2.

Because of the complexity of the problem,
analytical models in brittle erosion are very rare. The
tendency in brittle erosion studies, therefore, is to
identify material erosion characteristics from experimenta-
tion. It should also be mentioned here that brittle
materials also exhibit certain amount of ductile behaviour
as was shown by Sheldqn et al (Ref. 104), the ductile
behaviour being inferred from both the rippled appearance
of the eroded surface and the variation of volume removal

with angle of impingement.

In the preceeding paragraphs, the mechanics of
material removal by impinging solid particles have been

discussed in detail. It is shown that the dynamic
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characteristics of the particle play a very significant
part in the material removal process. In the following
section it is shown that these characteristics may form

a basis for identifying erosionprone areas in an impeller

subject to particulate erosion.

4.3 Erosion Study with Paint as a Surface Coat

, The impeller used in the present investigation
was- an all-metal Ni-hard construction (minimum hardness on
the surface 550 HB, according to manufacturer). A fine
pea gravel slurry was used for the experiments (see
section 6.1). A running period of more than fifty hours
would be required for this type of impeller before any
noticeable wear pattern emerged on the blade surfaces
(Ref. 111). The solids in the mixture could undergo
attrition if used for such a long period of time as they
were continuously circulated in the test rig (for details
of the operation of the system, see section 6.5). Attrition
of the solid particles was not considered in the.analytical
part of the present. work. Hence, some compromise was -
required so that during the course of an experiment the
particles would undergo little attrition while at the same
time areas on a blade surface which were prone to erosion

due to impact of particles could be identified. This was
| done by applying paints of different colour onto a blade
surface. By observing areas on the blade surface where one
or more coats of the paint was removed by the solid particles,
an estimate of the -erosion prone areas in a blade surface
was made. It was assumed that.the'way in which the particles
removed paint from a surface was similar to the mechanism
in which a metalic surface was eroded by solid particles.
An analytical expression to estimate the rate of removal
of the paint from a surface was then considered in line
with those discussed in the preceeding section, for a bare

unpainted surface.

There is not much information available in the
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literature on the erosion characteristics of the paint.
There are no fundamental studies concerning the effect of
velocity and angle of impact of solid particles in the
erosion caused to a painted surface. Zahvi and Schmitt
(Ref. 112 ) observed that some polymeric paints exhibited
ductile béhaviour in that a variation in volume removal
with angle of impact was noticed. Erosion of the surface
increased with the angle, becoming maximum at about 30
degrees and decreased as the angle approached 90 dégrees.
This pattern of erosion was characteristic of a ductile
one (see section 4.2). It was assumed that the paint used
in the present work was eroded by solid particles in a
ductile manner (manufacturer of the paint showed
reluctance to release any technical data of the paint and
hence any comparison of the paint used in the present work
with that reported in Ref. 112 could not be made).

An analytical expression for volume removal
from a ductile surface was given by Neilson and Gilchrist
(Ref. 94) as follows :-

M (vzcosza - Vsz) M (vsino - ve)2
VT = + for o < ao (4.4a)
2 9, 2 4
I , II
M Vzcosza M (vsino - Ve)2
Vp = + for a > ao (4.4b)
2 ¢, 2 by =

ITI IT

¢C; %)and veinvolved material properties (section 4.2.1).

Unless these terms were known, estimation of volume loss

using equation 4.4a or 4.4b was not possible. ¢C’ ¢D and
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Ve could be known from experiments only (Ref. 94).

The calculation of the trajectory of solid
particles inside the impeller suggésted that the maximum
angle of impact of a particle on a blade surface was 53
degrees . (item vii, section_5.l.l.3.l). As the deformation
wear occured at normal or near normal incidence of particles
on the surface, term II in equations 4.4a and 4.4b was
dropped out.

Estimation of angle og¢ at which the particle
left the surface at zero tangential velocity required
experimental data (Ref. 94.). The value of ay, was close to
amax,,the angle at which maximum erosion occurea (Ref. 94).
It was reported in Ref. 90 that for a ductile type erosion
the angle for maximum erosion was in'thevrange of 20-30
Adegrees. For the paint being considered here, it was
assumed that the value of O ax Was in the same' range.

In the present analysis this value was taken to be 25
degrees. This assumption did not drastically affect the
volume loss estimation as given by equation 4.4a or 4.4b.
This was because the calculation of particle trajectories
showed that after a few initial impacts, particles hit a
blade surface at an angle of incidence lying in the range
of 3-15 degrees. For these‘impacts,'the-criterion a < Oy
was considered satisfied. For the initial impacts where
the angle of ipcidence was above 25 degrees, the criterion

o > ap was assumed to be satisfied.

Estimation of ¢C for the paint being considered
was not possible without any experimental data (Ref. 94). To
overcome this problem instead of an absolute estimate of

volume loss, V, a relative estimate of volume loss was

TI
considered. This was done as follows. Both sides of
equations 4.4a and 4.4b were muhﬂ$&iaiby¢c. Equations 4.4a

and 4.4b, therefore, became,

Vo ¢C = 1/2 M (vzcosza - vsz) for a < ay (4.8a)
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T ¢C =1/2 M V2c052a for o > ayp (4.8Db)

\"
¢C was a function of the particle type and the target
surface and independent of the dynamic characteristics

of the particle. Hence, in the present analysis the value
of ¢C was taken to be constant for the entire erosion
process as neither the particles nor the surface changed
'in the present Work. 'I_'he_term‘.VT ¢C ;might-be cqnsidered

as the volume removed per unit Of.¢C' In this way equations
4.8a and 4.8b gave an estimate of the relative erosion of

the surface.

The next step was to calculate VS, the residual
parallel component of particle velocity at low angle of
impact; The magnitude of vs'depended'on the veiocity and
the angle at which a particle reached a surfacg, the
resistance force acting on the particle as the pérticle
cut into the surface. Hence, apart from the-initiél
dynamic characteristics of the particle, the magnitude of
vy was also dependent on the material constants of the
surface. In section 2.7.2, a method to calculate the
tangential component of the velocity of the particle as
the particle was about to leave a surface after an impact
was given. The method did not consider any penetration of
the particle into the surface. In the present. analysis Vg
was calculated according to the method given in section
2.7.2. It is admitted that the actual vy may be less than
the calculated one.

The terms M and v in equations 4.8a and 4.8b
represented the mass and the velocity, respectively, of
a particle flux. It was assumed that all the particles
in the flux were incident on the surface with the same
velocity, v. The velocity of a particle impacting on a
surface was calculated analytically (see section 2.8).
The velocity of the particles was different from one

another, the variation in velocity depended upon the
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position on the blade surface where a particle hit the
surface. In the present analysis, M and v referred to

every individual particle.

From equations 4.8a and 4.8b, it was, therefore,
possible to obtain a relative measure of the loss of volume
from .a surface defined as VT ¢C. From knowledge of VT ¢C
at different parts of a surface, an estimate of the erosion
levels at thefsurface was made. In the following paragraphs
it is shown how this idea‘was exploited to classify

- erosionprone areas of a surface.

~43.1 Classification of a Surface into Erosion Prone

Areas

_ In the preceeding paragraphs it was shown that
a relative measure of the volume loss from a painted '
surface due to each impacting partiéle was possible using
"equation 4.8a or 4.8b.fThis was given as VT ¢C. A value of
VT ¢C wasAaSSOciated with every impact. As particles hit
different parts of a surface with different dynamic

characteristics, the value of V ¢C calculated at

T
corresponding parts were also different. This observation
‘meant that different levels of erosion in a surface could

be considered.

Let the surface be divided into a number of
elements. Let the area of an element be Ai. Corresponding
to each.impact of a particle within an element the wvalue

of VT~¢C was calculated. Let (VT ¢ be the summation

) .
of VT ¢C calculated at element.i-fgrla number of impacts
within this element. Particles caused removal of material
from this element. Let the loss of volume in the element"
be VT.' By assuming that the area of an element was small,
the f%llqwihg relation was written :-
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where, z was the depth of the crater produced in ith . elément
due to loss of volume caused by impacting particles. At

some other element, j, if the depth of crater was-%.,

J
then :-
,Q,j/g.i = VT‘/VT. .‘Ai/Aj : : (4.10)
and using equation 4.8 :-
25/%; = {(V-.I,j ¢C)/(VTi'¢>C)} Ai/Aj (4.11)

The novelty of equation 4.11 was that it
provided a basis for comparing the'depfh of the craters
formed in two different elements. If the dynamic
charaeteristics of the particles impacting in these elements
were known, then from equation 4.8 and‘4,ll,-the~ratio of
the depth of the craters in the elements could be estimated.
Additionally, if the depth of the crater in one element
was kn,own , that in the other element -could be calculated fram

equation 4.11.

It was:mentioned‘in,section 4.3 that a number
of coats of paint of different colour was applied to blade
surfaces of the impeller used in the present work; If SlT
was the total thickness of the paint layer on the surface
and n. was the number of coats of paint, then assuming that
the thickness of each coat of paint was equal to one
another :-

Ay = 52T/nc (4.12)

where, A2 was the thickness of a coat of paint. The depth
of crater of an element was in the range of 0 to 62 An
element having a crater of zero depth implied that there

was no erosion in that element.
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A linear classification of the erosion of
different elements in the painted surface was then made.
An element in which the depth.of crater, 2, did not exceed
AL, the erosion level in that element was designated as
wear class l. In an element where bare metal was exposed
at the crater, erosion level .in that element was designated
as wear class?(nc + 1). The classification therefore was

as follows :-

£ < AR wear class : 1
2 < 2 AR wear class s 2
—_—— e = = = - (4,.13)
2 < n_ AL wear class : n
: c c
L = 8L wear class : n +1
T{ c )

.In order that the proposed classification
procedure provéd~effective, the absolute value of the
crater depth at the elements had to be known. The only
way to achieve  this was to know the crater depth‘in at least
one element in the Surface. The crater depth in any other

element then was obtained from equation 4.11.

If in an element on the surface the erosion was
such that the bare metal underneath the paint was exposed,
the depth of the crater in that element was GRT. From the
dynamic:characteristics of the particles impacting within
this element, the relative volume loss from the element
was calculated using equation 4.8a or 4.8b. The depth of
crater in any other element was obtained by calculating
relative volume loss from equation 4.8a or 4.8b and
comparing this loss with that of the element where bare
metal was exposed at the crater. Equation 4.11 was used.
Once the depth of the crater was known, the expression

4.13 was used to designate a wear class to the element.
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" Since the maximum depth of a crater was the
thickness of the painted layer, this classification
procedure did not consider any impact that took place in
the surface once the bare metal had been exposed at an
element. In reality, it was highly unlikely that the bare
metal was exposed in more than one places in the blade
surface at the same instant.'Hence, maximum wear class in
this simulated wear pattern occured in only one element.
Erosion level designated as wear class n, or less could
occur in a number of elements of the surface. This was
because the variation in the depth of the craters in such
cases was anywhere within A2. In contrast, erosion level
designated as (nc+l) implied a depth of crater of 62T,
precisely. '

An important step of this classification
procedure was to divide the painted surface into a number
of elements. This was by generating a mesh oflelements
on the surface (see section 5.1.1.4 for details). To find
area of an element in the mesh, each element was divided
into a number of triangles. Area of each triangle was then

calculated from the following relationship :-

1 1 l—T
A, = abs L X X X (4.14)
t : * 2 1 2 3 ' - °
Yy ¥y Y3
L —
where, xm,,ym, m=1,2,3 was the coordinate of the vertices

of the triangle defined in a X,y coordinate frame.
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CHAPTER 5

COMPUTER SIMULATION OF PARTICLE TRAJECTORY AND EROSION -

PATTERN ON: BLADE SURFACES OF AN IMPELLER

5.1 ‘Introduction

The various forces which act on the solid
particles passing through an impeller have been disdussed
- in chapter 2 and -the governing equations of the motion of
particles are given. The particles used in the preSent
work, their characteristic size and Speéific gravity, and
means;to determine theif position and dynamic.characteristics
at the inlet section of the computed flow field of the
impeller are given in chapter 3. The task, therefore, is
set .to. observe the motion of these particles as they impact
on blade surfaces while passing through the impeller. An
indication of the erosion prone areas on the surface will
then be given on the basis of the erosion model proposed
in chapter 4.

The problem is studied for two mean discharge
concentrations of solids of 3.362% and 11.653%. The
concentrations are the same with the ones studied
expérimentally (chapter 6). The flowrate of the mixture
in two cases were as. follows :

(i) - 0 = 11.616 x 10°° m>/s at Cq = 3.362%
(ii) 0 = 12.198 x 107> m>/s at G4 = 11.653%
5.1.1 Case 1 : Trajectory and Erosion Pattern at Mean

Discharge Concentration of 3.362%

Particles are released into a flow field which
is computed by ignoring the presence of solids in the
mixture. That is to say, the single phase flowrate is
cbnsidered to be the same as that of the mixture. The

initial conditions and the description of the computed
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flow field are given below.

The initial conditions for the case considered
are as follows :-
(1) , uniform axial velocity distribution; for a

flowrate of 11.616 x 10_3 m3/s which means that :-

Wz = 1,426 m/s _ (5.1a)
O .
(ii) radial velocity equal to zero :-
W =0 (5.1b)
r ,
O .
(iii) circumferential velocity :-
We = - Wwrxr (5.10)
o

The isometric plot of the velocity profiles of
the computed flow along different grid stations of the mesh,
shown in fig. 2.3, are given in fig.'s 5.la to 5.3b. For
each velocity component, the figures are given to provide
two angles of view (the surface generated by an isometric
projection in one figure is rotated by 180 degrees in the
second figure for the same velocity component). The numbers
along the axis repreSentihg finite difference grid columns
correspond to the station numbers given in fig. 2.3. The
numbers along the axis representing grid rows correspond
to discrete points along the inlet to the computed flow
field, see fig. 2.3.

The flow enters the impeller gradually
thereby causing an increase in radial velocity. The turning
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is more near the front shroud of the impeller than at the
back shroud (from station 5 onward; for station number see
fig. 2.3), hence there is an almost linear increase of
radial velocity from back to front shroud at any given
station. The axial velocity, in contrast, shows a rapid fall
downstream of the initial section (station 1, where it is
maximum and uniform as per the boundary condition of the
solution). In areas near the front shroud there is, however,
some increase in axial velocity. This is because of the

curvature effect and associated centrifugal force.

Downstream of the leading edge (station 11)
the radial velocity gradually rises to a peak value and
then decreases continuously upto the exit. The decrease
is due to the diffusion -of flow precipitated by the
geometry of the impeller. The front and back shrouds of
the impeller near the tip are flared outwardly, see fig.
2.3.

The flow continues to turn downstream of the
leading edge and hence the axial velocity falls except in
areas near the front shroud. Further downstream, the
turning is almost complete and axial velocity reaches an
absolute minimum value at station 19 (see fig. 2.3).
Further down, the flow diffuses due to the flaring of the
shrouds resulting in some increase in axial velocity at
areas near the shrouds. Diffusion is less at the core of
the channel and hence in this area axial velocity remains

fairly uniform.

The circumferential velocity of the flow is zero
“upto the leading edge as no swirl at entry is specified
(note that upto the leading edge the relative circumferen-
tial velocity is -wr). After the leading edge, due to the
diffusion of the main flow, the circumferential velocity
decreases monotonically upto the exit point. The hub to
shroud distribution of velocity at each column is almost

uniform.
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The flow field of the impeller is discussed in
some detail as one of the contributing factors in particle
motion (i. e., fluid dynamic drag) depends on this flow
field. This point will be clarified. by the calculation':of

~trajectory of particles which is discussed below.

5.1.1.2. Trajectory Calculations in the Computed Flow :

Initial Conditions

In order to be able to pefform trajectory
calculations, certain information is required as regards
to the. characteristics of the particles and the boundary
values of the calculations. This will be discusséd'in the

following sections.

5.1.1.2.1 Characteristics of the Particles

The following information about the particles
. are. required :-

(i) "size, shape and specific gravity of the particles

(ii) initial dynamic characteristics of the particles
(Tii) initial position of the particles

5.1.1.2.1.1 Size, Shape and Specific Gravity of the Particles

The particles used in the present work are of
differént size and they are not spherical, see plate 1. It
was possible to define a characteristic particle size as
discussed in section 3.3.1. This characteristic size is
1.8 mm. The specific gravity of the solids was measured
to be 2.659 (section 6.3.2). To allow for the increased
drag-experienced by a particle of irregﬁlar shape over that
experienced by a solid sphere of the same mean projected
area, an angularity factor A is introduced (Ref. 113). The
drag force calculated on the basis of the projected diameter
of the particle will be multiplied by A to obtain the
drag force for an irregqgular particle of the same projected
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diameter. In the present analysis the characteristic size
of the particle will be substituted by the projected
diameter of the particle. Angularity factor A for a wide
variety of materials is given by Zenz (Ref. 114) in terms

of a shape factor Sh,as follows :-

A= 6. 5. . , N (5.2)

For the'present analysis the value of A is assumed to be 2.

The equations of motion of the particles are
'éolved in a stepWise manner with time for given initial
position and dynamic characteristics . of the particles (see
section 2.3.3). The interaction between the particles and
the fluid will depend on the difference in the dynamic
characteristics of the particles and the fluid. The larger
the difference, the more is the interaction and vice versa.
However, besides the fluid dynamic forces, other forces
also act on the particles (e.g., gravity). Thus if the
particle does not respond fast to the fluid flow} then the
path taken by the particle will depend on the initial
difference in the dynamic characteristics of the particle
and the fluid. As the equations of motion of the particles
are solved in a given flow field, the initial dynamic '
characteristics of the particle will influence the path
taken by the particle in the given flow field. Hence, it
is imperative that the initial conditions be prescribed
as close to reality asvggésible.

It is shown in section 3.3.1.1 that for the case
being considered here, the axial velocity 6f the particle
lags that of the flow at entry to the computed flow field
and that an estimate of this lag may be obtained from the
experimental evidence reported elsewhere (Ref.68 ). This

velocity lag is given in a nondimensional form as a function



- 126 -

of the particle position from the lowest point of the pipe.
(see section 3.3.1.1). It is assumed that this lag is
constant along a horizontal section of the pipe. The axial
vélocity of the particle will be known from this velocity
lag. The other components (radial and circumferential) of
the particle velocity at entry to the flow are assumed to

be zero. This means that :-

v =0 ‘ - - ' - (5.3a)

r
o

vy = 0 (5.3b)
o
% :

v, = 4g(Y¥) . - - (5.3¢)
o .

where,
*

vzo = normalised velocity lag, (Vm - vzo)/vm

Vo = mixture velocity at a distance Y from a horizontal

plane tangential to the lowest point of the pipe

By fitting curve to the experimental data (Ref. 68), the

following expression for function q; is obtained :-

2 3 4

dg = ag + alY + a2Y, + a3Y + a4Y A (5.4)
Awhere,

a, = 1.165999 _ (5.5a)
a, = -7.424840 (5.5b)
a, = 47.540690 | (5.5c)
aj = -142.497690 ’ (5.54)
a, = 135.831411 ’ - (5.5e)
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In fig. 3.4, the normalised velocity is shown against

normalised distance from the lowest point of the pipe.

5.1.1.2.1.3 Initial Position of the Particles

Another important aséectfin the trajectory
calculations is the pésition of the release of the particles
into the computed flow field. The importance of préscribing
correctly this position is discussed in section 3.1 and

hence will not be repeated here.

It is shown in section 3.3.1.1 that for the
case being considered here, the particles are not uniformly
distributed over the cross-section of the pipe, but tend to
accumulate near the bottom of the pipe. The concentration
of the particles in £he cross-section of the pipe shows a
gradient in the vertical direction increasing towards the
bottom of the pipe. An estimate of this concentration was
obtained from the experimental evidence reported in Ref.
68. By fitting a curve to the concentration profile given
in Ref. 68, the following equation for the concentration
distribution, cd,along the vertical diameter of the pipe

was obtained :-

cy = q6(Y) - , (5.6a)
where,
3 2 3 4 5

G = b+ by¥ + b,¥" + bo¥" + b, ¥" + b, ¥ (5.6b)
b, = 0.17062 (5.7a)
bl = -0.64846 | ' (5.7b)
b, = 3.39360 (5.7c)
by = -11.10060 . (5.74)
b, = 15.05756 , S (5.7e)
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b5 = -7.03526 (5.7f£)

In fig. 3.3, the concentration distribution is shown as a

function of Y.

It is assumed that the concentration is uniform
in any horizontal section of the pipe. Based on this, a
discretization procedure was adopted to generate the
positibn and the number of particles in a vertical cross-
section of the pipe (see section 3.3.2). This distribution

is shown in fig. 5.4.

. Having thus prescribed the characteristics of
the particles, trajectory calculations of the particles
may be accomplished once the boundary values of the

calculations are known. This is discussed below.:

5.1.1.2.2 Boundary Values of the Calculations

As a particle moves through an impeller, its
motion in the blade channel will be influenced by the
position of the particle relative to a blade surface and
the speed of the impeller. In addition, as the particle
impacts on a solid wall of the impeller, its rebound
velocity will depend on fhe restitution coefficient and
the friction coefficient between the particle and the solid
wall (see section 2.7). These conditions need to be
specified. In the following paragraphs these conditions

are discussed.

5.1.1.2.2.1 Initial position of the Reference Blade of the

Impeller

As the particle enters a blade channel, its
trajectory is bounded by four solid walls of the channel.
How early a particle will hit a blade surface will depend
on the angular position of the particle relative to a

blade surface. In the present analysis, two possibilities
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are considered :- _
(i) The angular clearance of the particle relative
| to a certain position on: the blade pressure
surface is given at the moment a particle enters
a blade channel (angle B° in fig. 2.5).
(ii) The angular position of the particle is chosen
randomly.
In item'fi), one blade of the impeller is taken as the
reference blade and given a certain aﬁgular position with
reépect td'the coordinate - frame in which‘the position of
the particle at time t=0 is prescribed (see fig. 2.2 for
definition of the coordinate frame). The reference blade
rotates at the speed of the impeller and the position of
‘the reference blade as well as all other blades, therefore,
~is known at any instant of time. The position of the
particle relative to the pressure surface of the blade
channel is determined from the knowledge of the transit
time of the particle to reach a blade channel after it has
béén released into the computed flow at station 1, fig. 2.3.
By calculating the angular displacement of the pressure
surface of the blade channel during this transit time and
the angular position of the particle defined in the
coordinate frame, the angular separation between the particle
and the blade pressure surface, g7 ‘(_fig. 2.5), may be calculated.
For a given particle the transit time is fixed and with
the blade position at t=0 being preset, the angqular position -
of the particle relative to a blade surface at entry is '
also fixed. The position of first impact by the particle
on the blade pressure surface may be affected by this
angular position of the blade pressure surface. This in turn means
that the trajectory of the particle inside the channel may
be affected. To check if the position of first impact on a
blade pressure surface by a particle will depend on the
blade position relative to the particle, a criterion has
been defined in section 2.6. The criterion for a particle

hitting a distance s from blade leading edge is :-
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w : (2.6.9)

In the present work the impeller considered has five vanes

and hence :-
n, = 5 : ‘ (5.8a)

Also, from the geometry of the blade, Yy is given as :-

Y = 63 (5.8b)
Sﬁbstituting ny and y into expression 2:6.9%7:—:

v_ < 0.709 s & - | (5.8c)
r — €

Considering, for example, the brobability of a particle
impacting on a blade pressure surface within a distance

s=5 mm to be €=0.5, and taking w=1050 r.p.m., then :-

v, £ 0.78 m/s | | (5.84)

This means that if the velocity of a particle is v .20.78
m/s, the probability of hitting the leading edge of the
impeller is 0,5.

Some initial runs 6f the computer code (section
2.8) were made to see the effect of the criterion 5.8d on
the motion of the particle. The particles were distributed
at the inlet to the computed flow field according to fig.
5.4. A random data generating function was introduced for
€. It was found that for all the particles, the value of
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V. was less than the right hand side of expression 5.8c.
This meant that the initial blade position did not affect
the calculation of particle trajectories. In addition, the
computer code was run at different preset values of the
initial blade position.. Again, no effect of the initial
position was noticed. Hence, for all the runs in the
present analysis, this initial position was set at 6=0
at t=0. '

'

Also, the front and the back shroud of the
impéller are axisymmetric in geometry. Hence, the angular
position of the particle while entering a blade channel
will not affect the possibility of the particle hitting
either of these shrouds. |

5.1.1.2.2.2 Speed of the Impeller

The significance of the speed term ¢an be
assessed by referring to expreséion}S.Sc. The probability
of a particle hitting a blade pressure surface immediateiy
after it has entered a blade channel increases as the speed
of the impeller increases. For the present analysis, this
speed is the same as. the one at which the pump was run
at a mean discharge concentration of 3.362% during the

course of}aqerﬂmmt (see section 6.7.2). Hence:-

w = 1050 r.p.m. o . (5.9)

5.1.1.2.2.3 Restitution Coefficient

The particle loses momentum on impacting a
solid wall of the impeller and an estimate of this momentum
loss may be obtained from the ratio of the normal component
of the rebound velocity to the normal component of the
incident velocity (section 2.7). The value of this coefficient

depends on :-

(i) the material properties of the particle and the
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solid wall
(ii) the texture of the particle and the solid wall

As no experimental data appropriate to the
conditions of the present work were available, an estimation
for the coefficient had to made. For a strictly dry
condition, Ottjes (Ref. 115) suggested that this coefficient
is of the order of 0.6 for spherical particles although no
mention of solids type of material properties of the solid
was made. In.the present analysis a ﬁﬁmber of initial runs
of the computer code were carried out with different values
of the restitution coefficient ranging from 0.3 to 0.6.
Particle trajectories were observed to be affected very
little by this variation of the restitution coefficient.

The following value for the coefficient was used in the

present analysis.:-—

e = 0.3 o | | (5.10)

5.1.1.2.2.4 Friction Coefficient

A particle on hitting a solid wall may continue
to slip whén it leaves a solid wall. Alternatively, its
point of contact with the solid wall may be brought to rest
as it is about to leave the wall (see section 2.7.2). The
coefficient of dynamic ffiction between the particle and
the solid wall is significant in determining the mode in
which the particle will leave the wall (see expression
2.7.32). Rosenthal (Ref. 116) noted that for a lubricating
surface, the friction coefficient may be as low as O.1.
From a few initial runs of the trajectory code in which
the friction coefficient was varied between 0.1 to 0.3,
very little variation in the trajectory of the particles
were observed. For the present analysis, the following

value was assumed for the dynamic friction factor :-
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fd = 0.2 (5.11)

5.1.1.3 'Trajectory of Particles in the Computed Flow

" Field

In the preceeding paragraphs, .the type of the
particles used in the present analysis, the initial
condition of the particles and the factors other than the
external forces which might affect the motion of the
particles in an impeller have been discussed. Calculation

of particle trajectories for particles released at upstream

- locations of the computed flow field (station 1, fig. 2.3)

may now be performed.

Of the distribution of particles given in fig.
5.4, four cases have been selected for investigation. These
are :-

(i) : particles are released into the computed flow
from the vertical diameter of the pipe
(ii) particles are released near the bottom of the
pipe
(iii) particles are released near the centreline of
" the pipe
(iv) particles are released halfway between the

Centreline and the bottom of the pipe

The above four cases are selected to investigate
the effect of the initial condition of the particles on the
path taken by the particles inside an impeller. The

distribution of the particles for the cases are shown in

fig.'s 5.5a to 5.5d. The geometry of the impeller as provided
by the manufacturer is given in fig.'s 6.2a and 6.2b.

5.1.1.3.1 Case la : Trajectory of Particles Released

Alonq the Vertical Diameter of the Pipe

Five particles are released into the computed

flow field from five different positions along the vertical



diameter of the pipe. The particles are numbered 1 to 5 in
fig. 5.5a. Their normalised distance from the bottom of
the pipe together with the velocity at which they are
‘released into the flow field is given in table 5.1. The
flow velocity at the inlet (station 1, fig. 2.3) is 1.426
m/s (section 5.1.1). Cdmputer aided plots of the trajectoryw‘
of the five particleé in the impeller as projected on a
meridional plane are given in fig. 5.6a. The abscissa of
the plot coincides with the axis of the impeller and hence
that of the pipe which feeds mixture into the impeller.
The solid line drawn parallel to the axis about halfway
bétween< the axis- and the exit of the impeller indicates
the position of the leading edge. In fig. 5.6b, the
trajectory of the same set of particles in a blade channel
relative td the blades are shown as a projection on a
z-plane. Although not all the particles enter the same
"blade channel, their trajectories are shown in a single

channel since the geometry of all the chénnels are
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identical to one another.

Initial Condition of the Particles : Case 1la

>

Table 5.1

Particle | Normalised Initial
V no. distance axial
from pipe velocity
bottom v
z
o)
(Y) (m/s)
1 0.05 0.160
2 0.15 0.420
3 0.25 0.579
4 0.35 0.967
5 ... 0.,44 - 1.352 .
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The following observations are made about the
motion of the selected particles in the impeller :-

(i) The distance from the bottom of the pipe of
particles 1 and 2 as they are released into the
computed flow lie within 25% of the pipe
diameter. These particles-enterAa blade channel
without hitting a solid wall of the impeller,
 see-fig,~5,6a. It may, therefore, be concluded
that particles which are released along or near
~the vertical diameter of the pipe and whose
distance from the bottom of the pipe does not
exceed 25% of the pipe diameter will enter a
blade channel without any collision with a

shroud.

(ii) Particles 3,4 and 5 enter the flow near the
' " centreline of the pipe. Their distance from
the centreline of the pipe is less than 25%
of the pipe diameter. These particles hit and
. bounce’ off the back shroud of the impeller
before they enter a blade channel, see fig.
5.6a. Hence, it may be inferred here that
particles which are released along or near
the vertical diameter of the pipe from these
positions - will hit the back shroud of the

impeller before they enter a blade channel.

(iii) Considering the collision free path of the
particles in the passage before the .leading
edge, it may be noticed in fig. 5.6a that this
path bends towards the blade channel, more so
as the distance of a particle from the

centreline of the pipe increases. This can be

explained as follows. The velocity lag between
a particle and the fluid at a position where the
particle is released increases as the distance of
the pbsition from the centreline of the
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pipe. This velocity lag decreases continuously
-after the particle has entered the computed

flow field and traverses through the impeller.
This is because of the fluid dynamic drag acting
on the particle. The time taken by a particle

to move a certain distance in the axial direction
depends upon the axial velocity of the particle.
During this period, under—the action of the
"gravitational force, the particle»is~pushed

in the vertical direction into the blade channel.
The flow velocity in the path of the particles
does not show any major variation as can be A
seen in fig.'s 5.la to 5.3b. Comparing the
ﬁrajectory of the particles 3 and 5 (fig. 5.6a),
the ratio 6f the axial velocity of these two
particles at entry to the computed flow is 2.32
(see table 5.1). The computed time-distance .
history of the particles suggests that after
these pafticles have traversed é distance of

35 mm from their point of release, the ratio

of their axial velocity is 1.08; the correspon-
ding ratio of the transit time of the particles
is'0.702 and the ratio of the vertical displace-
ment of the particles in the specified distance
is 0.283. Particle 5 has higher initial velocity
than particle 3 and in the given computed flowv
field the initial velocity lag between the
particle and the fluid will have considerable
iﬁfluence upon the trajectory of the particle

in the impeller before the leading edge.

(iv) Particles 3, 4 and 5 on hitting the back shroud

' lose - momentum and bounce back with a reduced
axial momentum in the opposite direction of the
main flow. Particles cannot sustain this reverse
momentum for a long time because of the drag of
the flow. Hence, they cannot penetrate much

into the main flow but are confined close to
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(vi)
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the back shroud of the impeller.

Asvthere is no swirl in the main flow, the
absolute tangential velocity at which the
particles enter a blade channel is very low.
Relative to the blade leading edge this velocity

is almost equal to —wrg,where r, is the radial

b

~position of the particle at entry to a blade

channel. At this position the ratio of the

radial to the absolute téngential velocity of
' ‘ : 1

- the particle is of the order of 10" . The ratio

of the acceleration of the particle in the
tangéntial direction to that in the radial
direction is of the order of 102. The acceleré—
tion of the particle in the tangential direction
is entirely due-to coriolis force which
dominates the particle motion at this position.
Any contribution by the centrifugal force to
the particle motion in the radial direction is
very small.due to negligible absolute tangential
velocity of the particle. Infact, the only
significant force that pushes the particle in
the radial direction is the fluid dynamic drag.
Because of the large difference between the
tangential and the radial component of particle
velocity as well as acceleration, all the
particles hit the pressure surface of the blade
as soon as they have entered a blade channel,
see fig. 5.6b. '

The particles enter a blade channel at a wide
variety of angles relative to the pressure side
of the blade. The angular separation between a
particle and the pressure surface of a blade is
maximum for particle number 4 (fig. 5.6b) and
equals six times the angular separation between
the same particle and the suction surface of

the blade channel. Inspite of this, neither
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this nor any other of the selected
particles escapes collision with the presuure
surface of the blade within a short distance
after entry to a blade channel. The initial

blade position (section 5.1.1.2.2.1), therefore,

~ has negligible effect on the trajectory of

particles in the blade channel.

As‘the,particles'reach the blade surface, they
impact and rebound in an oscillating manner with.
deéreasing'amplitude. Their angle of incidence
on first impact lies in the range of 49 to 53

degrees .and decreases as the particle continues

'to impact on' the blade pressure surface. After

a number of impacts, this angle may be as low
as 3 degrees. This decrease in the angle of
impact may be due to two reasons. First, the
centrifugal force acting on the particle
gradually increases as the absolute tangential
velocity of the.particle slowly increases due
to fluid dynamic drag. This centrifugal force
combined with the fluid dynamic drag tends to
push the particles in the radial direction.
This means that the effect of coriolis force
on the motion of the particle is gradually
taken over by the centrifugal force. Consequently,
as the particle is displaced more and more in
the radial direction, its radial component of
velocity becomes significant. Referring to the
blade geometry shown in fig. 5.6b, the above
observation means that the particle will tend
to impact on the blade surface with a lower
angle of incidence as the radial position of
an impact on the blade surface increases.
Secondly, the geometry of the blade itself is

such that with increasing radius, the angle

between the tangent drawn to the pressure’

surface at a point and the normal to the radius
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vector at that point decreases. Hence, for a
given velocity,vector of the particle on the
blade.surface, an impact near the leading edge
means a higher angle- of incidence than one away

from it.

(viii) ‘The magnitude of the displacement of the

B particles away from the surfaceé between two
consecutive impacts is quite low and in all
the cases considered here, its maximum value
is about 4 times the size of the particles.
The main reason for this low value of
displacement is the coriolis force which away
from the blade surface causes the particle to
decelerate and finally to collide with the
blade. |

(ix) During the time in which the particle makes

ballistic hops and jumps on the surface of the
'blade,'its absolute tangential wvelocity
increases. As a result, the centrifugal fdrce‘
acting on the particle gradually increéses and
soon dominates the radial component of the drag
force. At a radial position of about 85 mm

(tip diameter of the blade, 265 mm), the coriolis
and centrifugal acceleration of the particle

are almost equal,and greater than the ’
acceleration due to other forces by an order

of magnitude of lOl or more. Hence, the motion
of the particle in this area is due to
centrifugal and coriolis force only. These two
forces are almost equal to each other. The
resultant force vector on the particle directs

it away from the blade surface. As a consequence,
the particle will escape a collision with the

blade surface.

(X) From the position stated above, the coriolis
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and the centrifugal force on the particle
remain almost equal to each other. However,-
as the particle accelerates due to these
forces, its radial and relative tangential
velocity continuously increases. After a
displacement of the particle in the radial
direction by about 25 mm, the magnitude of the
drag force in the radial and tangential
direction become compérable to centrifugal and
coriolis forces, respectively. The situation
remains unchanged till the particle leaves the
impeller. Also, for this'part of the trajectory
as the magnitude of the forces in‘the radial
and the tangential direction remain unaltered,
the direction of the motion of the particle

remains unchanged as can be seen in fig. 5.6b.

(xi) Additionally, as the motion of the particle in
- the channel following an impact with the blade

sﬁrface is controlled most of the time by the
coriolis and centrifugal force (or a combination
of these forces and the components of drag in
the radial and tangential direction), the
trajectory of the particles in the blade channel
as projected on a meridional plane will be a

radial line , seeAfig. 5.6a.

(xii) All the particles leave the impeller at a radial

| velocity about 5 times that of the flow and at
an exit angle about 1.5 times the flow exit
angle. The difference in density between the
solids and the liquid causing a higher
centrifugal force on the solid particles than
on the liquid is responsible for the observed
difference. Detail of the dynamic characteristics
of the particles at exit from the impeller
together with other salient features of the

time-distance history of the particles is
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~given in Table 5.2.

5.1.1.3.2 Trajectory of Particles Released Near the Bottom

of the Pipe

In the previous section trajectory of five
'particles has been considered. Only one particle (number 1)
was released into the flow field of the impeller close to
the bottomxpartfbf:the'pipe; In order to be able to get a
clearer picture of the trajectory of particles which pass
near the bottom of the pipe, a number of particles are

considered here.

The distribution of the particles in this case
in the cross-section of .the pipe before entering the. flow
field is given. in fig. 5.5b. The particles are. distributed
about‘the'vertical diameter of the pipe. The angular
separation ‘between' two consecutive particles is approximately
>l9 degtees; The radial distance of a particle from the
centreline of the pipe normalised by the pipe radius is
0.88. The position and the velocity of the particles as
they enter the flow are given in Table 5.3. The particle
number in the table correéponds to that given in fig. 5.5b.
. Computer aided plot of the trajectory of the particles .
as projected on a meridional plane of the impellér are
given in fig. 5.7a and in a,blade channel relativé to the
blades, in fig. 5.7b. The angular position of a particle
as given in these figures is defined by the system of axes

shown in fig. 2.1.

, The following .observations are made about the
motion of the particles :-
(i) The particles enter a blade -channel without
colliding with a solid wall. Therefore, it
may be inferred that those particles which
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~ Table 5.3

Particle Normalised Initial
no. distance axial
from pipe velocity
‘bottom VZ_
“o
(Y) (m/s)
6 0.15 0.42
7 0.08 0.28
8 0.05 0.16
9. 0.06 0.23
10 0.12 0.38

are released near the wall of the pipe and
whose distance from the bottom of the pipe
do not exceed 15% of the pipe diameter will
avoid any collision before entering é blade

channel.

(ii) - The particles traverse almost through the same
flow field, hence the effect of any variation
of flow field on the trajectory of these
particles before leading edge will be small.
Of all the particles, particle number 6 travels
the maximum distance in the axial direction
before entering a blade channel, the distance
in the same direction for particle number 8 is
-the minimum, fig. 5.7a. The former enters the
computed flow at an axial velocity which is
about 2.6 times that of the latter. Because of
this variation in the initial axial momentum,

‘these two particles after entering the blade



(iii)

(iv)
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channel will impact on a blade surface at a

slightly different axial position.

Once inside the channel, the particles move

very little in the radial direction before
they collide with a blade surface, fig. 5.7b.
This is because of the coriolis acceleration
of the particie as discussed in item (v), '
section 5.1.1.3.1.

The particles impact on the blade surface a
number of times during which their absolute
tangential velocity gradually increases

resulting in an increase of the centrifugal

' force acting on the particles. At a radial .

position of about 85 mm, the magnitude of
coriolis and centrifugal force on the particles
are almost equal. From this position onward.

particles do not collide with  a blade surface,

for the reasons detailed in item (ix),section

5.1.1.3.1. It is worth observing here that the
radial position on the blade surface at which
the particles stop colliding with the blade is
almost identical to the case discussed in the
preceeding section. This is because the flow,
for r=constant, is almost uniform along a
station in the blade channel.(see fig. 5.1a to
5.3b), .except near the exit. As such, at a
given station, the effect of any variation in
the flow field on the motion of the particles
is negligibly small. Furthermore, the magnitude
of the coriolis or the centrifugal force on the
particle do not vary at different points along
a station where r=constant. Therefore, the
motion of the particles in the blade channel

at the same radial position will be almost
identical.regardless of axial position. The

trajectory of the particles relative to the
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blades as projected on a z-plane for particles
released either along the vertical diameter of
the pipe or near the bottom wall of the pipe
will be similar to one another. Figures 5.6b

and 5.7b will lend support to this observation.

Detail of the dynamlc characteristics of the
particles con51dered in the present case when -
they leave the impeller are given in Table 5.4..0ther salient
features‘of the time-distance history of the particles are
also provided in the same table. |

5.1.1.3.3 Trajectory of Particles Released

Case 1lc :

> Near”thefCentrélihe'bfvthe Pipe

. Three pérticles are considered in this case. '
Their distance from the centreline of the pipe is within
30% of the radius of the pipe. Their distance from the
bottom of the pipe,¥, is given in Table 5.5 together with
the velocity at which they are released into the computed 1
flow field of the impeller. Particle number in the table
corresponds to that given in fig. 5.5c where the distribu-
tion of these particles in the cross-section of the pipe

before being released into the computed flow field is given.

~ Table 5.5

Initial Condition of the Particles : Case 1lc
Particle Normalised Initial
no. distance axial
from pipe velocity
bottom v,
o
............. ). ws)
11 0.387 1.142
12 ‘ 0.349 1.001
13 0.411 1.243
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In fig. 5.8a, the trajectory of the selected particles in

the meridional plane of the impeller are given. The -

trajectories of the same particles relative to the blades

in the blade channel are given in fig. 5.8b..

The following'observations can be made on the -

‘motion of these~partiéles =

(1)

(ii)

(iii)

(iv)

All the particlés impact On’thé‘back shroud
before entering a blade channel. Their radial
displacement after being released into the
computed flow field and the instant they hit
the back'shroud is small, for the reasons
detailed in item (iii), section 5.1.1.3.1. The
particles bounce off the shroud wall into the
flow, but their penetratioh into the flow in
the axial direction is small because of thé
axial drag of the flow continuously pushing

the particles towards the back shroud.

The motion of these particles in the passage
before the leading edge is mainly due to fluid
dynamic drag. The cehtrifugal acceleration is
low as the tangential component of the particle

velocity is quite low.and is less than the

- other two components of the velocity by an

order of 10” ! or less. All the particles enter -

the blade channel near the back shroud of the
impeller. ‘

The particles impact on the blade surface a
number of times before exit from the impeller.
The position on the blade surface where the
particles make last contact with the blade is
almost identical to that in the preceeding two
cases (case la and lb) for reasons detailed in
item (iv), section 5.1.1.3.2.

The path of the particles near the exit show a
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slight turning towards the axial direction.
Inside the blade channel these particles travel
close to the back shroud.which is flared near
the the exit. As a result, the axial momentum
of flow in this area is higher than that in the
the centre of the channel. The drag force on
the particle in‘the axial direction near the
exit is comparable to the forces pushing the
"parﬁiclesAin the radial direction.xHence, near
~ the exit the particle path slightly turns in

the axial direction.

The important aspects of the motion of the

particles in the impeller are given in Table_5.6.

' 5.1.1.3.4 ~ Case 1d : Trajectory of Particles Released..

"Halfway Between the Centreline’ and the Bottom

“of "the "Pipe"

The position of these particles in a cross-
section of the pipe at inlet to the computed flow field is
~given in fig. 5.5d. The initial condition of the particles
are given in Table 5.7. Particle numbers in the table
correspond to those given in fig. 5.5d4. An added importance
of this case is that as the bulk of the particles are
distributed in this region of the pipe section (see fig.
5.4), the trajectory of these particles and the position
at a wetted segment of the impeller where these particles
impact will be indicative of the maximum erosion zone of

of the impeller.

In fig. 5.9a, the trajectory of the selected
particles as projected on a meridional plane are shown.
The trajectory of the same particles relative to blades

in a blade channel are given in fig. 5.9b.
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Table 5.7

Initial Condition of the Particles : Case 1d

Particle- Normalised | Initial
no.. distance axial
from pipe - velocity
bottom: v
. - 2
o
(Y) - ’ (m/s)
14 © 0.334 7 '0.898
15 0.334 0.898
16 '0.269- : 0.647
17 | 0.155 0.420
18 0.269 = |  0.647

The following observations. are made about the

motion of these particles :-

(1)

(ii)

(iii)

All the particles traverse through the blade
channel close to the back shroud. '

Particles 14 and 15, whose trajectories coincide
(fig. 5.9a) enter the flow field at a higher
velocity than the other particles. Also, the
vertical distance that these two particles have
to traverse before they enter a blade channel

is higher than. the others. Particles 14 and 15,
therefore, impact the back shroud of the impeller
before entering a blade channel while the others

escape any such impact.

The distance from the bottom of the pipe is

‘minimum for particle 17. It is released into

the flow field with the minimum velocity (Table
5.7). Hence, this particle enters the blade
channel with minimum traverse in the axial
direction.‘Referring to figure 5.5d and
observing the location 6f‘this particle in the
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cross—-section of the pipe, it may be concluded
that the trajectory of this particle in the
blade channel will be the limiting trajectory
~away from the back shroud so much so that the
trajectory of all the particles released halfway )
‘between the : centreline and the bottom of the S
pipe will lie . between this limiting trajectory.
and the back.shroud of the impeller. a

(iv)ﬂ The particles impact on the ‘blade surface a
| number of times befOre:leaving“the impeller,
fig. 5.9b. The position of their last contact
with the blade surface is approximately the
same -as the Othér three cases.(case la, 1b and
'ic). considered. before, for the reasons detailed

in item (iv), section 5.1.1.3.2.

(v) + The important aspects of the motion of these

~particles are given in Table 5.8.

5.1.1.3.5 Summary of'dmyTrajecto;y Calculations

The result of the trajectory‘calculations_
using a computer code developed as a part of the present-
work has been discussed in the preceeding paragraphs. A
number of cases have .been considered to define the upstream
condition of the particles. An indication of ‘the motion
of a particle released at any upstream location of the
impeller may now be obtained by referring to the results of
Athe four cases considered (case la, 1lb, lc and 1d). The
general diréction which the particles follow inside the
impéller has been shown by providing a series of computer
aided plots of particle trajectory which are output direct
from the computer code. The information accumulated on the
motion. of the particle will now be used in the following
paragraphs to predict the erosiongmbne»areas on a blade
surface.
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5.1.1.4 Predicted Erosion Pattern on a Blade Surface

A-particle in passing through an impeller may
hit a blade surface or any other wetted part of the impeller.
It arrives at a solid wall with certain momentum and upon
an impact part of this momentum, which is lost, may k
contribute tO'thevdamage of the surface. For a given particlé
and the surface, thé'initial‘velocity,of the particle at
impact, the angle at which the particle strikes a surface
-are.significant in any erosioh process (see‘for example
section 4.2.1.1). '

For the concentfation and the flow field being
considered here, fig.'s 5.6a-to 5.9a show that particles
which enter the impellerbfrom different parts of
the cross-section of the pipe will hit a biade surface at
distinctly different positions on the surface. Particles
which enter the impeller near the bottom wall of the pipe,
that feeds mixture into the impeller, will impact on the
blade surface.near fhe front shroud; particles which enter
the impeller away from the bottom wall of the pipe will

impact on the blade surface near the back shroud.

- The position on the blade surface where each
particle‘impacts must be correctly located so that for an
elementary area on the blade surface, the number of impacting
particles, the velocity and the angle of incidence of each
impacting particle.maykbe known. These information togethef
with that on the area of the element will provide a basis
for dividing a blade surface into a number of erosionprone
areas as detailed in section 4.3.1.

To achieve the étated objective, the surface
of a blade (pressure side or suction side) is divided into
a number of elements. This is -done by laying out the blade
surface onto a two dimensional plane (e.g., plane of paper)
and forming a grid on it. The following steps are involved.
(i) To'determine the profile equation of the surface

from éurve fitting of data on a blade geometry.
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These data ére,obtained from the manufacturer's
drawings.

(ii) ‘ To integrate the profile equation along the
surface of the blade to obtain the distance on the

blade surface from leading edge to trailing

edge.

(iii) The geometry of the blade at the back and the
front shroud are obtained from the manufacturer's
drawings.

(iv) From information obtained in item (ii) and (iii),

the geometry of a blade surface as laid out on a
plane of paper is.obtained.

(v) A grid is then formed as follows. Lines normal
to the boundaries are  drawn and'equally spaced
'grid points are set on them. These lines formed
columns of the grid. The rows are formed by
joining'similar points on each column.

The shape of every element'in the grid is that
of a rhombus. The area of each element is
calculated bygdrawing'a diagonal across a
rhombus and calculating area of each triangle
on either side of'the diagonal using equation
(4.14). An effort is made to keep the density
of the grid points on the'blade>surface as
uniform as possible so that the variation in
the area of the elements. for most parts of the
blaae surface‘ektending from the leading edge
is small.

In fig. 5.10, the grid formed on the pressure
side of a blade is shown. Some of the elements of the grid
are fully shaded. Particles which enter the impeller near
"the bottom wall of the pipe (case 1lb, section 5.1.1.2)
impact on the blade surface within these elements before
leaving the impeller. Evidently, the impact of all the
particles on the blade surface occur in areas near the
leading edge and the front shroud. These areas comprise

about 4% of the blade surface. After a distance of 0.3s”
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from leading edge (where s';é the distance measured on the
blade surface from leading edge to trailing edge), the

surface of the blade is free from any impact.

In fig. 5.11, ‘the impact on the blade pfessure
surface due to particles considered in the case lc.(Section
5.1.1:333) is shown. These particles enter the impeller:near
the centreline of the pipe. In contrast to the’previoﬁs
case (fig. 5.10), all the particles here impact on the
blade -surface near.the“pack3shroud; The 'elements within
which some impact’occuf comprise 2.2% of the blade surface.
There is no impact on-the surface after a distance of 0.325'
from the leading edge. Also, the extent of the impact zone
across a blade surface is low compared to that in the case
1b. (fig. 5.10). This is because the trajectory of all the
particles considered in the present case lie in close
proximity to each other when entering the impeller, see fig.
5.8a. The motion of the particles across the blade channel
is negligible for the reasons detailed in item (xi), section
5.1.1.3.1. Hence - the axial thickness of the blade surface
where the_particlesvfirst collide with a>b1ade surface will
detefmine the thickness of the impact zone on the blade

surface in the cross-stream direction.

In fig. 5.12, the impact on the blade pressure
surface due to particles which enter the impeller halfway
between the centreline and the lower part of the pipe (case
- 1d, section 5.1.1.3.4) is considered. Comparing the position
of these selected particles in the cross-section of the
pipe as they enter an impeller, fig. 5.5d and the distribution
of all the particles given in fig. 5.4, it is evident that
the areas in the blade surface where the selected particles
impact will be indicative of the impact due to bulk of the
particleé entering the impeller. The selected particles
impact: on the blade: surface near the leading edge and the back
shroud. The zone of impact does not extend cross-stream
from the back shroud by more than half the channel width.

It comprises about 4% of the blade surface. There is no
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impact on the blade surface after a distance of 0.35s”from

the leading. edge.

The cases mentioned in the preceeding paragraphs
(case 1b to 1d) have been treated separately so that the
reasons for which the particles take pfeferrential position T
- inside ‘a blade channel can be understood by referring to
their tfajectory'as discussed. in section 5.1.1.3.2 to 5.1.1.3.4.
Together they- give a fair: indication of the area on the

blade surface where most particles impact.

In fig. 5.13, the zone of impact on:the._ same
blade surface due to ali the particles which are released
from the pipe section (fig. 5.4) is'given._This gives a
first indication of‘the'aréas-Of.the éntire blade surface
where erosion damage due to impacting partiéles may occur.
Almost.thefentife area along the leading edge is affected.
The zone of impact covers about 20% of the blade surface.
Downstream of the leading edge, beyond a distance of 0.43s~”

the blade surface is completely free from any impact.

In areas of the blade surface halfway between
the back and the' front shroud, there are no impacts beyond
a distance of 0.27s” from the lééding edge. Also, areas very
close to the back shroud do not experience any impact of
particles after a distance of 0.13s" from the leading edge.

What is not evident in fig. 5.13 is the fact
that the number of impact occuring within the elements vary
widely over the surface. Most of the impacts occur in areas
near the leading edge because of the coriolis acceleration
of the particles. Also, as the bulk of the particles enter
the blade channel near the back shroud (as evident from
the trajectory of particles shown in fig.'s 5,6a and 5.9a and the
initial distribution Of these particles given in fig.'s
5.5a and 5.5d), impact in areas near the back shroud are
higher than in areas near the front shroud. Also, the
number of impact in areas near the leading edge and halfway
between the back and the front shroud are small compared
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to those taking place near the shrouds.

_ In fig. 5.14, the classified erosionprone areas
~on the blade pressure surface is given. The classification
is made by counting the number of impacts in each element,
the velocity’ahd the angle of impact of each particle, and
calculating the characteristic erosion data using equation
- 4.8, and compgring the erosion data of the elements

’ accbrding'tO‘thé procedurefdetailed in: section 4.3.1.

‘The. pattern clearly identifies two major areas
on the_blade:Surface which are prone to eroSion; These are
areas near the front shroud and the back shroud where the
level of erosion range between 2 to 5. In areas, halfway
between. ~the -back and the front shroud, the erosion level
is low and equal to l. Areas in this part of the Surface
experience fewer impacts than those near the shrouds and

hence show up lbw level erosion (wear class 1).

Maximum erosion (wear class 5) occurs near the
leading edge. This area lies very close to the back shroud
and.extends from the leading edge to a distance of 0.05s”
on the blade surface. It is to be noted here that according
to the erosion model proposed in section 4.3.1, predicted
erosion level of 5 can occur in only one element. However,
as the characteristic.%ﬂbsﬂnl'data in the fully shaded
elements were within 96% of the maximum-value, they are

all shown equally erosion prone.

The next lower level erosion (wear classA4) is
predicted mostly in areas near the back shroud after a
distance of 0.024s”and 0.104s”from the leading edge. In the
latterAarea, the number of impacts is lower than that in the
maximum erosion zone near the leading édge; but particles
impact here at much higher velocity than at the leading
edge. Aléo, the angle of impact here is quite low. The
combination of the high velocity and low impact angle
contribute to a high level of erosion in this area, see

equation 4.8. Although this observation is equally true for
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particles hitting the areas far from the leading édge near
the back shroud, erosion level in this zone is low (wear

class < 3), because of small number of impacts.

Near the front shroud and close to the leading
edge, the erosion is also hlgh and calculated wear class
is 4. Erosion in this region is due to particles enterlng'
'the'impeller through the bottom section of the pipe, see
section fig.'s'5.7a and 5.7b.: These particles, after bouncing
off the blade surface, impact further down and caﬁse damage
to the surface. However,'the erosion level in this downstream
zone is lower than that at the leading edge because the
number of impact of particles is highest near the leading
edge due to coriqlis acceleration of the particles. Also,
in contrast to the areas near the back shroud, erosion of
the blade surface in this region may extend upto the edge
of the front shroud.

The predicted erosion pattern also suggests

" that beyond a disténce of '0.027s”from the leading edge,
the areas on the blade surface close to the back.shroud
is subjected to very little erosion (wear class = 1).

At the leading edge halfway ‘bétween thé . back and the
front shroud, although particles impact as can be seen in
fig. 5.13, the predicted erosion pattern does not show
any high level erosion (wear class < 2). The number of
impacts in this zone is fewer than those occuring near
the shrouds although the dynamic characteristics of a
particle impacting in this region are of the same order of
magnitude as in any other place near the leading edge.

. Particles impaéting in this zone enter the impeller near
the wall of the pipe (but not close to the pipe bottom),
fig. 5.4. Evidently, the initial distribution of the
particles in the cross-section of the pipe has an effect

on the erosion pattern of the blade surface.

The predicted erosion also suggests that the
pressure surface of the blade upto a distance of 0.36s”
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from the leading edge is erosion prone.. This limit is less
in the central part of the blade surface where it is equal
to 0.23s% |

This model does not indicate any erosion of the
suction surface as the trajectory calculations of the
perticles in. the present case do not suggest any impact of

particles on this surface.

5.1.2 Case 2 : Trajectory and Erosion Pattern:- at Mean:

- Discharge Concentration of 11.653%

5.1.2.1 The Flow Field in Case 2

The flowrate of the mixture in this case is
12.198 x 10 -3 m3/s. The dlfference between this flowrate
and that in the previous case (case l, section 5.1.1) iis
0.582 x 103

these two flowrates, the computed flow field calculated .

m /s. Because of the nominal difference in

for case 1 is used in the present case. This means that
particle trajectories in this case are calculated in the

flow field shown diagrammatically in fig.'s 5.1 to 5.3.

5.1.2.2 Trajectoryvof Particles

The distribution of partlcles at the inlet of
the impeller in the present case is obtained by curve
.:flttlng of the insitu discharge concentration profile of
the particles in the cross-section of the pipe. This
profile is shown in fig. 3.3. The equation of the curve

obtained using the least square polynomial fit is :-

cq = q7(Y) (5.12a3)

where,

g, = c_ + c,¥Y + ¢ Y2 + c Y3 + c Y4 ’ (5.12b)
7 o 1 2 3 4 :
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and,

c, = 0.35130 ' " (5.13a)
¢, = -1.27093 (5.13b)
c, = 5.80987 | (5.13c)
cy = -11.69528 (5.13d)
c, = 7.17385 o (5.13e)

In fig; 5}15} the*distribution of.pérticles for the present
case is shown. This distribution is obtained by dividing
the cross-section of the pipe in the same.way as in case 1,
section 5.1.1.3.1.

Below the centreline of the pipe; the position
of the particles in the cross—-section of the pipe through
which the particles enter the impeller are similar to the
previous case, fig. 5.4. The tfajectory'of particles
released from these positions are similar to those discussed
in section 5.1.1.3. Hence, only the trajectory of few
selective particles entering the impeller from positions
above the centreline of the pipe is discussed here. The
distribution of these particles‘in the cross-section of
the pipe is shown in fig. 5.16. The initial conditions of
these particles are given in Table 5.9. The particle numbers
in the table correspond to those shown in fig. 5.16. In
- figqg. 5Ql7a, the ﬁrajectory of these particles as projected
in the meridional plane of the impeller is given, and the

trajectory inside the blade channel is shown in fig. 5.17b.

The following observations are made on the motion
of these selected particles in the impeller :-

(i) . Particles 1 and 5 are released near the wall
| of the pipe. The difference in radial position
between these particles and the leading edge
of the blade is small. Hence, these particles
enter a blade channel without hitting the back
shroud, see fig. 5.1l7a.
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Table 5.9

- Initial Condition of the Particles : Case 2

Particle Normalised Initial
no. distance - axial
from pipe- velocity
bottom v,
_ . z
. o N
(X)) - (m/s)
1 0.523 1.426
2 0.624 = 1.426
3 0.651 1.426
4 0.624 1.426
5 0.523 | 1.426

Particles 2,3 and 4. hit the back shroud of the
impeller.before'entering-a blade channel, fig.
5.17a. Although these particles enter the flow
field with the same axial velocity as those in
item (i), the radial distance that these particles
travel before entering a blade channel is, on

the average, 5 times greater than for particles
studied under item -(i). The radial velocity of

the flow in this region is low and only 0.35

times the initial axial -velocity of the particles.

Hence, the fluid dynamic drag cannot cause

" substantial deflection of the particle path in

the radial direction. The particles, ﬁherefore,
travel in the axial direction under the action
of the initial axial momentum and hit the back
shroud of the impeller.

Because of the coriolis acceleration, all the
particles hit the pressure surface of a blade |
shortly after they have entered a blade channel,
fig. 5.17b. Particles 1 and 5 hit the blade
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surface near the centre of the blade while the
rest hit the blade surface near the ffont shroud,
fig. 5.17a. The trajectory of these particles
inside the*blade'chahnelvare dictated by the
positions where these particles'first impact

on the blade surface (see item xi, section

©5.1.1.3.1). As such, the trajectory of particles

1 and 5 ih‘the blade channel will lie halfway
between,gthe>’éhroudé. For similar reasons, the
rest of the particles’will pass through the
blade channel near the back shroud. It can,
therefore, be concluded that particles which
enter the impeller from positions above the
centreline of the pipe'will hit the pressure
surface of a‘biéde between .- the: centreline

of the blade and- the back shroud.

" Predicted Erosion Pattern &n a Blade Surface -

The particles, having the initial distribution

shown in fig. 5.15, enter the impeller and hit the pressure

surface of the blade in areas shown fully shaded in .fig.

. 5.18. These areas extend from the leading.edge upto a

distance of O.4s”measured in the surface from the leading

edge. Areaswbordering'thé;ftont'shroud.experience no impact

after a distanace oin.OSS’from the leading edge. Also, areas

on the blade surface halfway'betWeen"the shrouds do not

experience any impacts after a distance of_O.23s’from the

leading edge. The areas affected by the imapct of particles

comprise 36% of the blade surface.

In fig. 5.19, the areas on the blade pressure

surface which are prone to erosion by the mixture considered

in the present case is given. As in case 1 (section 5.1.1.4),

ythe'pattern clearly identifies two areas on the blade

surface where erosion can occur. These are areas near the

front and the back shroud. In the areas between these

two zones, the erosion level is minimum (wear class = 1).
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Also, most of the areas near the leading edge will be
subjected to erosion. Downstream of the leading edge,
higher order erosion (wear class > 2) is predicted in
areas extending upto a maximum distance of 0.23s” measured
from the leading edge. .

Maximum erosion occurs near the leading edge
bordering the back shroud and extends upto a distance of
0.048s” from the leading édge} The pattérn also suggests: ‘
that areas near the back shroud are more prone to erosion
than any other part of the blade_surface. ‘

Although particles impact.in most of the areas
lying within a distance Qf 0.235 measured from the leading
edge, the predicted‘erosionApattern suggests a concentration
of erosion prone areas” near the back shroud. This can be
explained by referring to the trajectory of particles shown
in fig.'s 5.8a,. 5.9a and 5.17a, and considefing the fact
that. these represent the trajectories of the bulk of the
particles distributed in the cross-section of the pipe as
shown in fig. 5.15.

- The erosion near the front shroud is not so
severe. This is because the number of impacts in this
zone is low compared to that near the back shroud. Particles
which impact on this area are only those which enter the
impeller near the bottom ofvthe pipe, see fig. 5.7a.
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CHAPTER 6
EXPERIMENTAL APPARATUS

6.1 Objective of the Experiment

The objective of the experimental work in the
present study is to identify the erosion prone areas on
‘the_blade surfaces of a granular-solids-handling centrifugal
pump. Due to impact by solid particles, the blade surfaces
of an impeller are eroded. It is most probable that the
loss of volume from the blade surfaces are different at
different parts of a surface. This means that different
parts of a surface are subjected to different levels of
erosion by the solid particles. Some of the areas are more

prone to erosion than the others.

One way of estimating the level of erosion on a
surface is to measure the profile of the surface before
and after an experiment and compare the two sets of
measurement. The difference in two sets of measurement at
various positions on the blade surface will indicate the
volume loss at these pqsitions and hence the areas of the

surface which are more prone to erosion by particles.

The above procedure for identifying the
erosion prone areas requires:a measurable volume loss from
the surface of the blade. Where this is not achieved,
mainly due to short duration of an experiment, the
identification of the erosion prone areas directly from

surface profile measurement is not possible.

The material surface hardness of the impeller
used in the present work was very high (minimum 550 HB),
full details of the impeller are given in section 6.2.

It was put to handle a mixture of fine pea gravels in water.
With this type of mixture, the impeller needed to be run
for a period of at least 50 hours (Ref. 111) before any
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noticeable erosion pattern emerges on the surface of the
blade. This might have caused in the mean time attrition
of the particles which required to be avoided for reasons
detailed in section 4.3. It was, therefore} decided to
apply a light:.coat of paints:of different colour onto the
wetted surface of the impeller so that by observing the
colour contrast of the eroded painted surface, the areas
of the painted surface which‘are more prone to erosion
are identified.AThe‘painted‘surface'in éhis way is
hydraulically similar to the acthal blade surface although
its resistance to erosion by particles is completely
different from that of the blade.

The erosion pattern of the painted surface depends
on the dynamic:characteristics of the'particles impacting
on the surface. In the analytical patt'of‘the’pfesent work,
these characteristics were'caldulatedJand the erosibn
pattern that could appear on a painted surface corresponding
to these characteristics was given (see chapter 5). Experiments
With a painted impeller, therefore, provide a. basis for
comparing a predicted erosion pattern with an actual one.
This is the major objective of the experimental part of the
present work. The effect of increasing solids concentration
in the mixture on the erosion pattern of the painted surface

has also been studied.

In the following paragraphs, the descriptions
of the pump used in the present work, characteristics of
the solids-and the test rig used to conduct the experiments
are given; This is followed by a discussion of the

experimental results.

6.2 - The Pump

The pump used in the present work was made by
Simon-Warman Limited in Lancashire, type 4/3 DAH Series A.
It was a centrifugal end-suction slurry pump with 102 mm

suction, 75 mm discharge, and specific speed of 0.51. The
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pump consists of a 5-bladed impeller and a volute type
casing. The impeller was of a closed design with eye
diamter of 102 mm and tip diameter of 265 mm. Both the
impeller- and the casing are made of a wear resistant
Nihard. Minimum hardness on the surface, as specified by
the manufacturer, was 550 HB. The pump was fitted with a
centrifugal seal which requlred no flushing water thereby
_ liminating any slurry dilutioh; In addition it was fitted
~ with a grease lubrlcated packed gland to stop leakage
while the pump was stationary. A general arrangement of |
the pump is shown in fig. 6.1. The impeller is shown in
plate 2 and detailed drawings of the same are given in
fig.'s 6.2a and 6.2b.

- There are certain features in the design'of_the
impeller which are briefly discussed below :- |
(1) E The shrouds of the impeller are outwardly
flared near the tip. This is in contrast to any
conventional design (e.g.,.fig. 6.3a) where the
shrouds are almost flat and parallel.
(ii) The outside of the impeller is fitted with
' expeller vanes.
The thlnklng behind these de51gn modifications over a
conventional de81gn has been duscussed in a number of
papers, see for example Ref. l4.. The reasoning briefly is
as follows. In a conventional deSign, the flow is discharged
from the impeller cehtrally into the casing, pushing the
low-energy fluid from the casing boundary layer into the
impeller along the sides of the casing. A double-spiral
flow pattern, as shown in fig. 6.3a, may result. Part of
the flow enters the side clearance, between the impeller
"and the casing, causing wear of the wetted surface. By
providing flared shrouds, fig. 6.3b, the discharge from
the impeller is directed outward against each side wall
of the casing. A double-spiral flow directed inward into
the impeller away from the sides of the casing is produced.
Wear in the side spaces between the impeller and the casing

is thereby reduced. In addition, the expeller vanes fitted
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on the outside of the impeller, produce in the side
spaces a head, opposing leakage, of the same order as the

head produced by the main blades of the impeller.

6.3 The Solids

A The solids used in the preseht work are fine

g pea gravels, supplied by JosephﬁArng}d and Sons Limited,

- Luton (supplier‘s specification -- fine pea gravel graded
8/16). A view of a sample of solids used is given in plate
1.

The following characteristics of the solids

were measured :-

(1) size distribution
(ii) specific gravity
(iii) settling velqcity.:

Details of the measurement are given below.

6.3.1 ‘Size Distribution of the Solids

Size distribution analysis of the solids was
made by_taking a sample of solids of weight about 106 kg
and dried in an oven for a period of 3 hours at 21.11 c.
The solids were sieved using ten B.S5.410 sieves which were
stacked in a vibrating machine (Endecott Test Sieve Shaker)
for a period of 2 hours. The solids retained in each sieve
were collected in a number of polythene containers. The
weight of each container with and without the solids was
measured in an electronic balance (Mettler H315, Mettler
Instrumente AG, Zurich, Switzerland). Measurement of weight
upto 4th decimal point in gm was obtained. From these

measurements the weight of the solids retained by each

~£ L1

sieve and hence cumulative weight and percentage of the

solids passing through each sieve size were determined.
The results are given in Appendix D. Plot of size analysis
may be found in fig. 3.2. From this figure the 4 size of

50
the particles was calculated to be 1.8 mm.
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A further sieve analysis of the particles was
" made after the end of all experiments in the test rig.
Results are given in Appendix D and plot of the analysis

can be found in fig.‘3 2. The d size of the solids was

50
reduced to 1.71 mm. Hence, some degradation of the particles
had taken place during the course of the experiment.

6.3.2. Spe01f1c Grav1ty of the Solids

The:specificigravity of the solids was measured
by taking a small sample of solids in a gravity bottle
(made of borosilicate, size 100 cm3, B.S.733). Three sets

of measurements were taken. -

The bottles were first carefully cleaned in
tap-water and dried in an oven at a temperature of 21.11 %c
for a period of 6 hours. These were then weighed in Mettler
RK2000 electronic balance. The digital readout of the
balance showed weiéht reading upto 2 decimal points in gm.
Samples of solids were then taken in each bottle and the
weight of the sample plus the bottle was measured in the
balance. The botties'were then filled with tap-water. To
remove air that might have been trapped in the space
between the solids, the bottles were gently vibrated in an
" ultrasonic bath (Dawe Instruments, U. S. A.) for a period
of 25 minutes. The bottles were then weighed in the balance.
The solids were removed, thevbottles'carefully cleaned in
tap-water, filled with water and weighed in the balance.
From these measurements the specific gravity of the SOlldS
was determined. Detail of the measurement is given 1n
Appendix E. The value of specific gravity of solids obtained
from three sets of measurement were 2.656, 2.675 and 2.645.
The mean value of the specific gravity of solids measured

was, therefore, 2.659.

6.3.3 Settling Velocity of the Solids

To measure the settling velocity of the solids,
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a small sample of the solids was ' taken. Each particle in
the sample was released to fall freely in water contained
in a perspex cylinder. By timing the fall of individual

- particle for a certain distance and-taking the mean of the
readings for " the sample, the settling velocity of the
particles was determined.

. The perspex Cylinder'used was 115.1 cm high.
Its inside diameter was 11.6 cm. The ratio of the inside
diameter: to the characteiistic particle size was 64.4,
thereby eliminating any wall effect (Ref. 118) Two levels
were marked on the face of the cylinder indicating a
settling height of 90.2 cm. The upper mark was located - .
about 10.0 cm below the'top,to pérmit.the particles to
acquire its terminal settling velocity before the start
of the time of measurement. The lower  level was marked
14.9 cm above the bottom to allow for accumulation of

particles.

The cylinder was filled with water upto the
edge of the opén end. Each particle from the sample was
released along the centreline of the cylinder. Each
. particle was held by a tweezer and slightly dipped into
water before being released to avoid any entrainment of
air by the particle should the particle be released above
the surface of water. The particle fell by a distance of
10.0 cm before the time of free fall was recorded. Inbthis
distance first acceleration and then deceleration of the
particle took place before the settling velocity was
- reached. A stop-watch was used to measure the time of fall

between the upper and lower marks. The temperature was

. recorded to determine the viscosity of water. Details of the

measurement are given in Appendix F.

The maximum value of time measured was 7.5 sec
and the minimum was 3.4 sec. These two values are due to
the smallest and largest size of the particles in the
sample. Mean of all the measurements (arithmetic mean of

30 measurements) was 4.86 sec. Mean settling velocity was
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18.56 cm/s. The Reynolds number of the particles in the
sample, based on the settling velocity and characteristic

particle size, d was in the range of 212-468. Hence,

50
the settling of the particles occured in the transition

regime, Ref. 76.

6.4 System Layout

The general concept and layout of the test rig
is shown in fig. 6.4 and plate 3.° R

The basic components of the test rig are :-

(i) the pump-motor assembly .
(ii) v a mixing hopper

(iidi) concentration meters
(iv) a flowmeter

A brief description of the components is given below.

6.4.1 Pump-Motor ASSembiz

The descriptioh of the pump used in the present
work is given in section 6.2. The pump was driven by a
75 HP variable-speed D.C. motor. A thyristor controller
enabled a continuous speed adjustment. The rotational
speed of the pump was measured at the pump-motor coupling
by a Radio Spares electromagnetic pick-up linked to a
digital readout sYstem. This instrument times the period
of revolution and inverts the signai to give speed. A view
of the pump-motor assembly can be found in plate 4.

6.4.2 Mixing Hopper

The hopper acted as a store for the abrasive
mixture when the rig was 'in use. It is cylindrical in the
upper part and forms a conical shape in the bottom part. -
The nominal diameter of the cylindrical part of the hopper
is 124 cm which reduces to 12.0 cm at the conical end of
the hopper where it is connected to the suction line of the

pump. The height of the cylindrical part is 123.0 cm and



- 171 -
the conical part is. 93.0 cm. The way in which water or
mixture may be drawn into the suction line of the rig is

detailed in section 6.5.

6.4.3 : Concentration Meters

The rig is fitted with a number of meters to
measure mean transport concentration and mean discharge

concéntration of the soiids in the mixture. These are :-

(i) counterflow meter -

(ii)' . slurry manometer

(iii) pipe—weighing,concentration meter
(iv)) weigh tank device ‘

~

Meters (i) to (iii) measure mean transport concentration,

and meter (iv) mean discharge concentration (for definitions»ﬁ

of concentration terms, see Appendix B). Metérs (i) and (ii)
are pressure differential type and : (iii) and (iv) are '

gravimetric type. -

A brief description of the construction and

~operation of these meters is given below.

6.4.3.1 Counterflow Meter

,This device (fig, 6.5) measures the mean
transport concentration in:anAinvérted'U—loop of pipe. The
pressure difference between two pairs of piezometer“ring
tappings are measured using an air-over-water manometer.
One pair of the rings is in the upward flowing limb of the
U-loop and another pair in the downward flowing iimb of
the loop. The rings are apart by a distance of 1.53 m in
both the limbs. The bore of the pipe is 67.44 mm. In one
limb of the loop, the friction and buoyancy heads are in
the same direction while in the other, these two heads are
in opposite directions. The mean transport concentration

can be measured from the following relationships (Ref. 119):-~
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For upward flow , the air-over water manometer reading is :-

—

h, =h + LC ct‘(SS - 1) : (6.1a)

1 fl

For downward flow, the air-over water manometer reading is :-

hy = hg - Lo S (Sg-1) R (6.1b)

" Rearranging terms,

Et;'{(hl - hfl)‘- (hz - hfz)}/{Z'LC (sS f ;)}\” - (6.2)

Equation 6.2 suggests_that'in order to be able to measure
Cpy the friction head loss due to the mixture in each limb
of the U-loop should be known in advance. It is shown by
Condolios et al (Ref. 120) that in a vertical pipe the
friction head loss is not affected by the presence of
solid particles. It is, therefore, assumed that friction
head loss with a flowing slurry is given by clear water
head loss at the same flowrate. Hence, the concentration
meter is first calibrated for friction head loss on clear
water at various flowrates. The calibration curve may
subsequently be used to find friction head loss for flowing
slurries at various flowrates. |

6.4.3.2 Slurry Manometer

This device (fig. 6.6) measures the mean transport
concentration. The basic principle of measurement is similar
to the counterflow meter. This instrument consists of a
length of 64 mm bore perspex pipe mounted on an upward
flowing part of the vertical loop of the rig. The pipe
has two large bore inclined tappings 0.61 m apart. By

measuring the head difference between the tappings using
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... an air-over water manometer, the mean transport concentra-
~ tion between the tappings can be calculated from the

following realtionship (Ref. 88) :-

¢, = (h, -h )L (s, -1} | (6.3)
) ..m . - :

It is suggested in Ref;lZQ that>to_account for the
difference in settling velocity and flow velocity, the .

following expression can be used.

S = (hy - hfm)/{(l +w/v) Lo (Sg - 1)} - (6.4)

6.4.3.3 Pipeline‘Weighiné’Device

This device (fig. 6.7) consists of two 3.0 m
lengths of 75 mm bore steel pipe coupled together and to
the rest of the pipeliné by means of flexible rubber
coupling. It is a gravimetric type concentration meter.
The lengths of pipe are supported by counterweights placed
in the middle of each length and a load cell (range 0-11 kg).
The load cells themselves are,coupled to a balancing bar
pinned to a fixed member at the centre thus equalising the
tensions in the 1oad cells. The system is calibrated by
placing dead weights at intervals along the pipes, first

with empty pipes and then with the pipes full of water.

Let Rw be the load cell reading when the pipe
is full of water. Then the load cell reading is zeroed. If
Rm is the load cell reading when there is a mixture in the
pipeline, then the density of the mixture can be obtained

from a simple linear relationship as foliows =

Pp = P

o (L + R /R) | o (6.5)
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c, = (p

. - 1)/(p = 1) | (6.5)

m

Further detail of the meter can be found in Ref. 121.

6.4.3.4 Weigh Tank Device

This device is used to determine the mean
discharge concentration of the solids in the mixture.
The flow in the test rig is taken to a weigh tank via
a diverter valve for a short period of time. The shape
of the weigh tank is similar to the mixing hopper, but
much smaller in size. The bore of the cylindrical part
of the tank is 60.1 cm and height is 45.0 cm. The . .

bore of the conical part of the tank is 11.0 mm.at the
bottom. The height of the conical part is 44.4 cm.

_ The tank is suspended freely by threeApreSsure
gauge transducers‘whichlmwé a range from 0.0 to 226.8-kg.
The tfansducer output is calibrated to give the weight
of the sample in the tank directly as a readout on the
control panel. An Endress and Hanser ultrasonic level
sensor detects the free surface of the mixture.in the
tank. The sensor is calibrated to givé the height of the
mixture in the tank. The volume of the mixture can be
calculated by knowing this height as the dimensions of
the tank are]qum,:The sample is discharged into the
mixing hopper after all the measurements have been
recorded, by opening the Linaflow pneumatically controlled
valve fitted in the bottom of the tank. The operation
of the diverter valve as well as the pneumatic valve is
remotely controlled. General view of the weigh tank

device is given in plate 5.

6.4.4 Electromagnetic Flowmeter

A 65 mm nominal bore electromagnetic flowmeter
mounted in a vertical section of the rig allowed online

measurement of the flowrate through the rig. The flowmeter
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brand name 'MAGFLO', is a point electrode type and is made

in U. K. by  Flow Metering Instruments Limited.

6.5 Operation of the Syétem

The slurry pump takes suction from the mixing
hopper using'either bottom suction (by Opening valve 2,
fig. 6.4) or top suction (by opening valvé 4 and /or valve
3). The system has the facility of easy start-up by drawing
clear water or a very weak mixture from the top of the
mixing hopper by opening suction valve 4 only, and
switching gradually to the more concentrated mixture by
opening either top suction valve 3 or bottom suction
valve 2. The pump diécharges;into a vertical loop in which
a slurry manometer, a countérflow meter and an electro-
magnetic flowmeter are mounted in succession;FOn return
from the vertical loop, the flow may be taken to a
horizontal piping system incorporating the pipeline weighing
concentration meter. The flow then goes to the diverter
Valvevand returns directly or via the weigh-tank assembly
to the hopper. When it is not required to use the '
pipeweighing meter, valve 5 is closed and flow is taken

through valve 17 to the diverter valve.

The slurry concentration may be altered by
contrblling the openings of the valves in the suction
line while keeping the pump speed unchahged. The valves
used in the rig are Saunders butterfly valves and 8"
Saunders diaphragm valve - type KB. Except for adjusting
the slurry concentration by regulating the opening of
the valve in the rig, the entire operation can be remotely
controlled from a control panel (plate 6) where digital
readouts on pump-speed, motor power, mixture flowrate,
pipeweighing concentration meter and weigh-tank device
are given. |

6.6 " Calibration' Tests

Calibration tests were made on the following
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devices :-

(i) Weigh tank

(ii) Ultrasonic level sensor
(iii) Electromagnetic flowmeter
(iv) . Counterflow meter

(v) Slurry manometer

6.6.1 Weigh Tank Calibration

The weigh tank was supported by three-strain
gaugé pressure transducers. Calibration was done to find
the weight of the contents in . the tank directly from
transducer readouts. The dead weight of the empty tank
plus the valve fitted to the bottom of the weigh tank was
" used as therzero and the load cell reading was zeroed by
adjusting signal conditioning unit. Calibration weights in
kg.'s upto 200 kg were then placed in the weigh tank, the
range of the load cell was adjusted td read upto 200 kg.

 The weights were then removed and the zero readjusted,

if required..The process was repeated six times until no
zero-readjustment was necessary. Detail of the method can
be found in Ref. 122,

6.6.2 Ultrasonic Level Sensor Calibration

Calibration of the Endress and Hansor ultrasonic
level sensor was made to find the height of the liquid in
the weigh-tank and hence the volume of the liquid since
the geometry of the tank was known. The tank was filled with
water upto the top of the conical section of the tank (see
fig. 6.4, and the device adjusted to zero. A known volume
of water is then poured into the tank. The height of water
in the tank is known from the dimension of the tank and
the readout adjusted accordingly. The whole procedure was
repeated a number of times, for details see Ref. 122.

6.6.3 Electromagnetic Flowmeter Calibration

Calibration of the flowmeter for clean water
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was carried out by diverting the flow into the weigh tank
and timing the volume collected in the tank. The volume of
the water in the tank was known from the height of water

in the tank given by the ultrasonic level sensor. The sensor
wae'calibrated prior to this test. For details of the flow-

meter calibration, see Ref. 122;

6.6.4 . Counterflow Meter Calibration

Calibration tests of this meter were made to
£ hf-} in the lengths of
pipe between two pair of piezo%etric rings as a function

find eut-the friction loss (h

of the square of the flow velocity, ;ﬁ.

The rig was run on clean water and the flowrate
measured by the electromagnetic flowmeter. The sPeed of
the pump was changed to obtain a number of flowrates ranglng
from 5.56x107° m>/s to 19.32x10 3

in the length of pipes between"the piezometric rlngS’of the

m /s. The flow velocity

counterflow meter (see 6.4.3.1) was obtained from these
flowrates and the inside diameter of the pipe, which was
67.44 mm. The value of the flow velocity was in the range of
1.56 m/s to 5.41 m/s. The'ffiction head loss between a
pair of rings was measured in-an air-over water manometer.
The friction head loss was plotted against square of
velocity to obtain the head loss factors, k] and kJ, defined

1 2
as follows . :-

2

hfl = kl Vm (6.7a)
f2 2 'm -

where, subscripts 1 and 2 refer to upward and downward
flowing limbs, respectively of the counterflow meter.
Coefficients ki and k. were calculated to be 0.0211 and

2
0.0191, respectively. The calibration curves.are given
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in fig. 6.8 and the experimental results for the calibra-

tion in Appendix G.

6.6.5 - Slurry Manometer Calibration

The calibration procedure is similar to the
counterflow meter (secion 6.6;4);Iﬁyfact; calibration for
the equipment was made at the same time when thé counterflow
meter was being calibrated. The operating conditions of the
rig were,;therefore, the éameﬁwith the counterflow. The.

value of the coefficient ké, defined as :-

- - '_'2 »
he =k3 v : - (6.8)
m

was found fo be 0.0149. The calibration curve is shown in -
fig. 6.9 and experimental results for' calibration, in
Appendix H,.

6.7 Experimental Procedure

The objective of the experimental work in the |
- present study is discussed in section 6.1. In accordance
with that two sets of experiment were conducted. These
two sets differ from each othef mainly in that the mean
discharge-concentration of the solids in the mixture was
different to each other. The impeller was painted for
reasons detailed in section 6.l1. Basic steps in an

experiment were as follows :-

(i) Paint the impeller

(ii) Run the rig

(iii) " Measure concentration

(iv) Remove the impeller from the rig and observe

erosion pattern on the blade surfaces

The steps are discussed in some detail in the following sections.
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6.7.1 Painting the Impeller

The wetted surface of the impeller was first
carefully rubbed using a coarse grain silicon carbide
paper to remoVé/any rust from the surface. The surface
was then cleaned using a degreasing flﬁid (no. 197-1005,
Valentine Varnish and Lacquer.Co. Limited, West Drayton)

with cotton wool.

N . The next step was to apply a primer to the surface.
High build etch primer, GP-2 100-50 (Valentine Varnish and
Lacquer) was used.

- The material used for painting the impeller was
an automotive enamel brand name Valroc (Valentine Varnish
and Lacquer), flash point 22—32 °Cc. The technical sales of
the company was contacted for further information, but
showed reluctance to release any technical detail cbncerning
"the paint. A paint hardener Valroc 08809'(Valentine Varnish
and Lacquer) was mixed with the enamel at enamel to hardener
ratio -of approximately 4 : 1 as per instruction of the
manufacturer, The mixture Was then left for 30 minutes to
allow the enamel to cure. The paint was then applied to the
 impeller surface. Care was taken to ensure that a uniform
layer was applied on' any part of the impeller. The paint

was then allowed to dry for a period of 24 hours.

Four different colour layers were applied. The

colour of the enamels in reverse order of application was -as

follows :- _

(i) golden yellow
(ii) . green

(1iii) orange

'(iv) electric blue

On completion of a run the remaining paint was
removed using a water washable paint remover, NITROMORE
(Wilcot Co. Ltd., Bristol).
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6.7.2 " Operation of the Rig

Approximately 0.9 m3 of fine pea gravels (weight

of gravels 1200 kg, specific gravity 2.659, assumed packing
efficiency 0.5) were poured into the empty mixing hopper.
The gravels filled almost 4/5th of the conical section of
the hopper. The amount of gravelsipoured'into the hopper
had to be limited so that the suction valve 2 (see fig. 6.4)
could be ‘effectively - used to regulate the flow of solids

intb the suction line from thé mixihg hopper. It was
experienced in previous operations of the rig that the :.
bottom of the conical section of the rig was blocked when
the solids content of the rig was well above the top of

the conical section of the hopper, and very little solids
were drawn into the suction line through valve 2. To avoid
this, only the conicai'section of the hopper was filled in
with gravels. Water was then added to cover the cléar water

top suction.

The rig was started by drawing in a very‘weak
mixture into the line throuéﬁ-valve 4 while valves 2 and 3
were completely shut. The speed of the pump was gradually 
raised. It took about 1.5 minutes after the start of the
pump before‘thé mixture started circulating throughout the
rig. This time interval was necessary to push the free
surface of the mixture around the vertical loop of the rig.
(see fig. 6.4) as the pump speed was gradually increased.
Once this condition was achieved, the speed of the pump‘
was setvat 1500 r.p.m.. The slurry éuction valves éland 3
were gradually opened to increase the amount of solids
drawn into the pipe. The mean discharge concentration of
the solids in the mixture .was measured by sampling the
mixture via weigh tank diverter valvé assembly. It took
about 5 minutes before a.mean discharge concentration of
the solids in the mixture of 3.362% was acheived. The
openings of the valves had to be carefully manipulated to
reach this concentration (in fact, the rig was run previously

employing the same impeller, not painted, to find the
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appropriate valve openings that would give the desired
concentrations). The mean discharge concentration and the
mean transport concentration of the solids in the mixture
was measured every 10 and 20 minutes, respectively. The
mean transport concentration. was measured by the counter-
flow and slurry manometers. The flowrate of the mixture was
measured by an electromagnetic flowmeter. The results are
given in Appendix J. The following were the experimental

"conditions for the first set of experiment (case 1).:-

(i) Pump speed = 1050 r.p.m.
(ii) Duration of experiment = 10 hours 30 minutes
(iii) Mean discharge concentration, Eﬁcf 3.362%
(iv) Mean transport concentration, CpL = 3.034%

(measured by counterflow meter)

Mean transport concentration, Et_= 3.661%

. (measured by slurry manometer)

(v) | Mean mixture flowrate, Q = ll.616x10_3 m3/s

The values of Ea,,and Et and Q are time averaged values.
The duration of the experiment is considered to be the
time between the opening of slurry suction valves 2 and 3,
‘and opening of valve 4 when slurry suction valves 2 and 3
were closed. Usually it took about 5 minutes when most of
'the solids were collected in the hopper after the slurry
suction valves had been closed. The mean discharge .- =

concentration measured after this time was 0.17%.

The pérformance characteristics of the pump
when the pump was handling slurry could not be determined.
The performance characteristics for clear water obtained by
operating the pump in the present rig is reproduced in
fig. 6.10 from Ref. 123. This figure does not show the best
efficiency point as this was not reached because of the
system resistance. From the manufacturer's information,
the best efficiency point occured at a flow coefficient
(Q/wDi) of 13x10-3. It is reported in Ref. 88 that although
the presence of solids supressed the head produced by the
pump, the best efficiency flowrate was close to the clear

water value. At the initial stage of the present experiment,
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only clear water was pumped at a flowrate of lS.leO_3 ms/s.
It was the maximum flow that was possible at the existent
system resistance. The flow coefficient corresponding to
this flowrate was 9.703x10_3. The pump efficiency-at-this
flowrate was calculated to be 64.7% from fig. 6.10. Also
from extrapolation, the best efficiency of the pump at a
coefficient of 13){.10_3 was found to be 67.5%. Hence, when
pumping water at the initial stageﬁof.the.present'experiment,
the pump was operating at 95.85% of its best efficiency.

At cd=3.362%, the flowrate was ll.616x10-3 m3/s
and corresponding flow coefficient was 7.27xlo_3. It is
' Widely»repbrted'in literature that élthough in the presence .
.of granular solids the efficiency of the pump falls below
clear water values, the shape of the efficiency curve
remains ﬁnchanged except near the zero flowrate (Ref. 6).
Fig. 6.10 was used to find the difference between: the
maximum efficienCY.of the pump and the efficiencyb
corresponding  to a flow coefficient of 7.27x10—3. The
difference was 10.1%, This means that the pump was operating

at 85.03% of its best efficiency.

After the experiment the impeller was removed
from the rig, and the sdrfaces were cleaned using moist
cotton wool. Solid particles eroded the painted surfaces
of the blade at different magnitudes. Different zones of
‘the surfaces showed up different colour.. The boundary of
each zone was traced onto a tracing paper and later
reproduced in a 2-dimensional plane. More about this is

discussed in the following section.

The total duration of the experiment had to be
phased out into a number of sessions lasting 90 minutes
each. The operation sequence in each session was to start
the rig with a very weak mixture and gradually switch onto
a mixture of desired concentration, and finally purging the

rig with a very weak mixture before stopping the rig. The
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casing of the pump was then removed and the blade surfaces
were inspected. This phased out experiment was necessary
to ensure that bare metal was exposed only at the minimum
places on the blade surface, so that the erosion at other
parts -on the painted blade surface could be compared with
these places, and an erosion gradient could be defined on
the blade surface. |

‘ . At the end of first set of ekperiméntrthe paint
was stripped off the impeller, and the impeller was cleaned,

dried and repainted for the next experiment.

In the second set of experiment, the operating

conditions were the following e

S (1) . Pump speed = 1050 r.p.m.

(ii) - Duration of experiment = 2 hours

(iii) Mean discharge concentration, Ea = 11.653%

(iv) Mean transport concentration, c, = 10.990%
(measured by counterflow meter)
Mean transport COncentraﬁioh, Et'= 13.136%
(measured by slurry manometer)

(v) Mean mixture flowrate, Q = l2.198xlO_3 m3/s

The experimental procedure was similar to that
detailed for first set of experiment. The flow coefficient
3 .

. This
meant that the pump was operating at 87.41% of its best

of the pump when handling slurries was 7.636x10"

efficiency.

6.8 Observed Erosion Patterns

6.8.1 Observed Erosion Pattefns in case 1 (Ea = 3.362%)
The following observations were made :-

(1) Particles eroded a painted surface at different

magnitudes on different parts of the surface.
In some parts, the painted layers were completely

eroded and bare metal was exposed. In other parts
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erosion could not reach bare metal and as such
different colours were visible on differént parts
of the surface. ,

(ii) To. indicate the gradient of erosion on the surface,
‘a level was attached to the erosion of the
surface as follows. Places on the surface, where

- the top laYer'of paint was not removed by the
particles, were considered to have undergone
minimum erosion and the erosion}rating'for these
places was considered to be l.-In'placeS where
the second layer of péint was visible (implying
that the first layer of paint of. a different
colour was completely eroded), the erosion rating
was considered to be 2.-In places whérefa painted
surface was completely eroded and bare metal was
exposed, the erosion rating was considered to be
5. The erosion pattern of the blade surfaces,.
both pressure side and suction side, are traced
and reproducéd‘in é 2-dimensional plane as shown
in fig.'s 6.11la to»6.12é1(£he impeller used had
five blades and the blades were numbered;l to 5;
the surfaces were numbered accordingly). The
wear classification given in the figures
represents the erosion ratings discussed above.
A view of the erosion pattern of some of the
painted blade surface can be found in plétes 7
to 10.

(iii) - The areas near the leading edge on both pressure and
suction surfaces suffered the most severe
erosion. See plate 11 for a general view. These
areas extended from the leading edge downstream
to a maximum distance of 5 mm, the width of
these areas on the blade surface was between 13
to 26 mm.

(iv) On é blade pressure surface, the eroded areas
were not symmetric about the centreline of the

blade surface and in most cases these were
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close to the back shroud.

(v) On all pressure surfaces there was no erosion
after a distance of 0.35s“from the leading edge
of the blade.

(vi) The area on a blade pressure surface bounded by
the back shroud and the centreline of the blade =

surface suffered:more severe erosion than that

bounded by the centreline and the front shroud.

Erosion'typeS‘ratédA3‘and‘4>mostly occured in

the former zone. In contrast, areas very close

to the back or-front shroud showed minimum

erosion.

(vii) Away from the leading edge and outside the zones
' indicated in item (iii), the central ‘part of the -
- blade surface showed low level erosion (type 2

or 1). }

(viii) It was also observed that the erosion patterns on
‘either<the’ﬁféésuféfdfﬂsﬁEtiohMSdrfaceS‘forfdifferent
channels were-different to one another. It was mainly due to
the following reasons. Tﬁe impeller used in the
present work was rough .cast. The blade surfaces
were not smooth and the profiles of the sﬁrface
were not similar to one another. Hence despite
the effort takén to provide a unifoim thickness
of the painted surface on. all the blades, it
was impossible to guarantee that all the surfaces
were painted to the same thickness. As a result,
surfaces eroded to the same depth shbwed up
different patterns on different blades. In fig.
6.11f, the average erosion pattern of the blade
pressure surfaces is given. The following steps
were involved..The blade pressure surface was
drawn onto a 2-dimensional plane and a grid
formed on it similar to the manner detailed in
section 4.3. Corresponding to the erosion pattern
on five blade surfaces, the wear index for an

element was calculated for each surface, added
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and divided by five. For fine classification

of the area of an element, some elements were
divided into two triangles each.

Erosion of the suction surfaces was very low and

mostly confined to small areas near the leading

edge of a blade.
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6.8.2 Observed Erosion Patterns in Case 2 (cg = 11.653%)

The traced out erosion patterns on the blade
preséure surfaces in the present case are given in fig.'s
6.13a to 6.13e and the suction surfaces, in fig.'s 6.14a to
6.1l4e. The average:erosion pattern on a blade pressure

surface is given in fig. 6.13f.

» TheferOSion-patternfofﬁa painted blade surface -
in this case was less spread than that.in case 1 (section
6.8.1). This was due to the following reasons. That although
the solids content in the mixture in this case was higher
than in case 1, the duration of the experiment in the
present case was 2 hours only while in case 1, the duration
was 10.5 hours. The particles here eroded the painted
surface to expose bare metal at a much faster rate than in
case 1 and experiment was stopped as soon as bare metal
was seen 6n.anyvpart'of'afpainted surface. This allowed the
erosion of different parts of . the surface to be compared
with the one where erosion was maximum, and a:gradient
of erosion to be defined on the surface. The philosophy
underlying this experimental technique has been discussed

briefly in section 6.7.2.

The erosion patterns in the present case showed
strong similarity with the patterns observed in case 1
(fig.'s 6.1lla to 6.1le) in terms of the distance away from
the leading edge where erosion had taken place. In both
cases erosion was high near the leading edge (see for
example, fig.'s 6.1lla and 6.13a). Away from the leading
edge, -erosion was high in both cases on areas located about
18 mm from the leading edge and l4mm from the back shroud.
Areas on the blade surface damaged by particles were within
0.36s” in both cases.

Close similarity in erosion was also observed
on all other blade surfaces. Since the speed of the pump

was the-same and the flowrates of the mixture were nearly equal
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in both cases, an important conclusion that could be drawn
from the experimental work in the present study was that the
. concentration of the particles would not significantly alter
the erosion pattern on a blade surface provided the above

two quantities were not changed.

6.9 Comparison Between the Predicted and the

Observed Erosion Patterns

6.9.1 Comparison in Case 1

Fig. .5.14 shows the predicted classification of
erosion on a blade‘pressure‘sufface for the present case.
The area on -the blade'surﬁace.where.the‘particles impact
‘are shown as fully shaded in fig. 5.13. Regardless of the
.gradient of erosion on the surface as indicated in fig. 5.14,
fig. 5.13 suggests that the area on a blade‘pressure ‘
surface where particles impact as predicted by the
analytical model were similar to those observed experimen-
tally, fig.'6.11f.iThe extent of the damage on the blade
surface measured from the leading edge downstream, fig.
6.11f, was very close to the extent of the impact area
predicted in fig. 5.13. Hence, as a .first stép in erosion
prediction the analytical model identifies with good
accuracy the area on a blade .pressure surface which is

affected due to impact of particles.

In making a comparison of the predicted
"classified pattern (fig. 5.14) with any observed pattern,
one basic assumption made in the development of the
analytical model needs to be restated. The model assumes
that maximum erosion occurs in only one elemental area

on the surface and compares the erosion on other parts of
the surface with the maximum erosion. In conducting an
experiment in the present work it was impossible to ensure
that the experimentbwas stopped as soon as bare metal had
been exposed at any part of the surface. The fact that in
the observed erosion pattern shown in fig. 6.11f, bare
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metal was exposed at a number of places, indicates that the
erosion on other parts of the surface had taken place after
bare metal had already been exposed at some part of the
surface. Hence, any direct comparison between the observed
pattern and the predicted one is not possible. Nevertheless,
the observed patterns on all the blade pressure surfaces
(fig.'s 6.1la to 6.1lle) suggest that erosion near the leading
edge was .very high. This is also predicted analytically in
fig. 5.14 in which the values of the 'wear index' in :areas
near the:leading*edge-range-betwéen 3 to 5. Also, fig.'s
6.11a to 6.1lle suggest that thé area close to and bordering
on the back shroud had undergone very little erosion. This

is clearly shown in the predicted pattern.

It is also predicted that the erosion on the
blade surfaces would concentrate on areas near the back
and the front shroud. Comparing with fig. 6.11f, some
agreement between the observed pattern and the predicted
one in this respect is clearly evident, except that near
the front shroud this concentration of the erosion areas
is closer to the shroud in the predicted pattern than is

actually observed.

The predicted pattern indicates minimum erosion
(wear class 1) on areas halfway between the shrouds.

Agreement with the observed patterns in this respect can be

found in fig.'s 6.11lb to 6.lle.

Finally, the predicted pattern indicates that
erosion (wear class > 2) occurs on the blade surface upto
a distance of 0.355” measured from the leading. In the

observed pattern (fig. 6.11f) this distance was similar.

6.9.2 Comparison in Case 2

In fig. 5.18 the areas on the blade surface
where the particles impact 'in this case is shown as fully

shaded. The predicted classification of erosion on the
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blade pressure surface is shown in fig. 5.19.

Comparing fig. 5.18 with the observed erosion
patterns shown in fig.'s 6.13a to 6.13e, it is evident that
the areas on the blade pressure surface which were affected
due to impact of particles was identified well by the
analytical model.

In fig. 5.19 high erosion is predicted on areas
near the leading edge and the back shroud. Agreement with
the observed patterns in this respthAis,fair,.see_fig.'s
6.13b to 6.13e. Erosion near the front shroud is predicted
on areas observed experimentally. Also, the predicted
pattern indicates minimum erosion (wear class 1) on areas
halfway between the shrouds. Agreement with the observed
patterns in this respect can be seen in fig.'s 6.13a to
6.13e.

6.9.3 Reasons for Descrepancy Between the Observed

and the Predicted Erosion Patterns

The descrepancy between the observed.and the
predicted erosion patterns in cases 1 and 2 is mainly due
to the following reasons :-

(i) The erosion model (section 4.3.1) applied to the
case of a painted surface assumed that the surface
would fail in a ductile mode, due to the cutting
action of the grains. Such an idealised model
could only give-an estimate of the loss of
volume from’the surface.

(ii) The bouncing characteristics of the particles
were determined analytically in the present
work. This was a solution where no experimental
data were available.

(iii) The distributions of particles at the inlet of the
impeller was shown to have a significant effect
on the motion of the particles inside a blade

channel (chapter 5). In the present study these
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distributions were assumed to be similar to
those reported in Ref. 68. Some error in this

respect was possible.

Finally, the surfaces of the impeller were not
smooth as the impeller was rough cast. Inspite

of the best effort, it was impossible to ensure

a uniform thickness of the painted surface at all
parts on the blade surfaces. This might have had

some effect on the results.
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CHAPTER 17

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

7.1 Conclusions

An analytical method to identify erosion prone
areas on the blade surfaces of a centrifugal impeller
handling grénular solids has been presented in this work.
The validity of the prediction is checked by undertaking
a number of experiments using a commercially available
slurry pump handling a mixture of fine pea gravels in

water, in a test rig.

_ The basic concept. of the analytical model is to
determine the individual particle trajectories in a
computed flow field inside the impeller. The flow field
is calculated by solving the conservation equations for
the flow on a meridional stream surface extending from
hub to shroud of the impeller. The equations are solved
using a finite difference method. The trajectory of the
particles is calculated by solving the equations of motion
of particles in a stepwise manner using a time marching
method. '

In passing through the impeller, the particles
hit the blade surface of the impeller. Analytical models
are presented to calculate the rebound characteristics of
the particles bouncing off a surface following an impact.
The}damage to the surface caused by the individual
particle is estimated by calculating the velocity and the
angle at which a particle impacts on a surface. The
material property of the particle or the surface does not
explicitly enter into calculations. In implicit form, the
material property of the surface is considered to
determine the manner in which the particles erode a

surface. The relationship between the volume loss from
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the surface and the dynamic characteristics of the particles
should be known. It is shown that for a given combination

of the particles and the surface, the material property of
the particles and the surface can be isolated. In this way

a relative measure of the depth of volume loss at different
parts of the surface can be calculated. The surface can

then be divided into a number of erosion prone areas.

The model was applied to two different cases.
In the first case the impeller handled a mixture of fine
pea gravels in water of mean discharge concentration of
3.362% while in the second case the concentration was
11.653%. The size distribution of the solids was in a
narrow range. As such the d50 size of the particles
(1.8 mm) was considered to be the characteristic size for

all the particles and the equations of motion of particles
were solved for particles of this size only.

The initial distribution of the particles
'entering the impeller was determined by comparing the
experimental conditions of the present work with those
reported in the literature. The number density of ‘the
particles in the cross-section of the pipe through which
the particles entered the impeller was determined by
developing a discretization procedure. The method was
applied to the insitu discharge concentration profile
Oof the particles. In this way the number as well as the
position of the particles in the cross-section of the
pipe was determined. It was shown that the initial
distribution of the particles in the pipe before the
particles entered the impeller would be significant in
determining the location of individual particles inside
the impeller. To amplify the point, a number of cases was
- considered in which the particles entered the impeller
through different positions in the cross-section of the
pipe. It was shown that in the flow field considered,
particles which entered the impeller through the bottom

part of the pipe traversed near the front shroud of the
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impeller. These particles hit a blade surface near the
front shroud. In contrast, particles which entered the
impeller near the axis of the pipe were observed to pass
near the back shroud. Also, the bulk of the particles
entered the impeller halfway between the centreline and
the bottom of the pipe and these particles mostly impacted
on the blade surface near the back shroud.

An analysis of forces acting on the particles
showed that as the particles entered -a blade channel, the
coriolis acceleration of the particles was higher than the
acceleration due to centrifugal force or fluid dynamic
drag by an order of magnitude of 10'2. As such all the
particles hit the pressure surface of the blade as'soon as
they had entered a blade channel. They hit at an impact
angle which was in the range of 49-53 degrees. The impact
angle subsequently decreased as the centrifugal acceleration
gradually became equally significant as the coriolis term
and the motion of the particles in circumferential and the
radial direction became of comparable magnitude. The
position on the blade surface where the parficles last
impacted on the surface was found to be related to the
profile of the blade. In this respect, the design of the-
blade was important in effecting the extent of erosion on
the blade surface.

Predicted erosion pattern on the blade pressure
surface showed that erosion would occur in areas near the
leading edge and near the front and back shroud of the
impeller. Maximum erosion would occur in an area close
to the back shroud and extend a short distance downstream
from the leading edge. This observation was made in the
first case when the mean discharge concentration of the
solids was 3.362% as well as in the second case when the

mean discharge concentration was 11.653%.

The experimental erosion pattern was different
for different blade surfaces mainly because the

surfaces were not smooth and this contributed to the
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variation in erosion pattern between blades. Apart from
this, the extent of damage downstream of the leading edge
for the pressure side of all the blade surfaces was within
38% of the length between the leading edge and the
trailing edge of the blade. Also, areas near the leading

edge on all surfaces showed maximum erosion.

The predicted erosion pattern suggested that the area near
the leading edge to be most erosion prone. Maximum erosion was also
observed experimentally in areas near the leading edge, but slightly
away from the back shroud, unlike therprédi¢ted7patterp.~The extent of

- the erosion zone on the blade surface as suggested by the
analytical model was in close agreement with the
experimental values. The analytical model also suggested
that the major part of the erosiQn area would lie near the

back shroud of the impeller. This was in close agreement
with the experimental results.

7.2 ' Recommendations for Further Work

The flow field in the present work is assumed
to be axisymmetric and the flow is calculated on a
meridional stream surface (hub to shroud). It is
recommended that a quasi three dimensional solution based
on a combination of flow calculations on a blade to blade
and hub to shroud stream surfaces be made. Also, the flow
field should be calculated by including the viscosity of
flow in the governing equations. This may be important in
Cases where flow separation or secondary flow is expected.
The inclusion of viscosity in the governing equations
would allow investigations of the change in viscosity,
‘caused due to presence of solid particles, on the flow
field.,

Trajectory calculations are greatly effected
by the way in which the rebound characteristics of the
particles following an impact are calculated analytically.
It is suggested that wherever possible experimental values
for these characteristics should be used.



- 196 -

The analytical model has been applied to two
cases of different mean discharge concentration of solids
in the mixture. It is suggested that the model should be
applied to higher mean discharge concentrations and profile
of the insitu transport concentration determined
experimentally.

In the experimental part of the present work
the impeller was run close to the design point. Slurry
pumps do not always operate at the design point in service.
Hence, at off-design, the areas on the blade surface which
are prone to erosion, should be investigated. It is
suggested that the impeller should be run in the rig at a
number of off-design conditions and erosion prone areas
on the surface be identified. On the analytical side, the
calculation of flow field at off-design conditions would
require that the shift of the stagnation point around the
leading edge should be considered. The flow calculations
do not consider this. It is an area where further work is

necessary.

Finally, the analytical model should be applied
to a hydraulically similar impeller and the results be
compared with the present work. Similarity in erosion of
hydraulically similar machines is an area where future

work is recommended.



- 197 -

REFERENCES

1. SCHEUBEL, F. N. "The transportation of solids
especially hard coal in
‘pipelines",
Proc. 3rd. Conf. Fluid Mechanics
and Fluid Machinery,
Akade'miai Kiado', Budapest,
1969, pp. 536 - 40.

2. VOCADLO, J. J., "Slurry flows in pipes and pumps",
SAGOO, M. S. Trans. ASME, J of Engng. Ind.,
Feb. 1973, pp. 65 - 71.

3. TFADDICK, R. R. "Introduction to slurry
pipelining",
FEU Short Course on "Fundamentals
of Slurry Pipelining", Cranfield
Institute of Technology, July
1981.

4. COLLEY, A. "Pumping hydraulic slurries :
' o wear and selection considerations",
Engng. Min. J., 180, No. 6, 1979,
pp. 164 - 73.

5. UMRIGAR, D. M. "Pumps for abrasive slurries",
Indian Pumps, Ann. Spec. Numb.,
Dec. 1979, pp. 164 - 73.

6. AHMAD, K., "performance characteristics of
BAKER, R. C., granular solids handling
GOULAS, A. centrifugal pumps",

TN 1666, BHRA Fluid Engineering,
Cranfield, Bedford, March 1981.



10.

11.

12.

13.

14.

WILSON, G.

WORSTER, R. C.,
DENNY, D. F.

ANON

FRANZ, H. O.

ANTUNES, F. F.,
YOULDEN, N. R.

WELTE, A.

WARRING, R. H.

ARNSTEIN, H. R. F.

- 198 -

"The design aspects of centrifugal

pumps for abrasive slurries",

CIM Bull., 66, No. 733, May 1973,
pp- 91 - 102.

"Hydraulic transport of solid in
pipes",

Proc. I. Mech., 169, No. 32, 1955,
pp. 563 - 584.

"Slurry Pumping”,
Power and Works Engng., Eg,

1957, 5 - 10.

Jan.

PpP.

"Pumping abrasive slurries",
Allis Chalmers Rev., 30, No. 4,
1965, pp. 20 - 22. .

"Centrifugal pump wear and wear
analysis",

Factory and Plant, 54, No. 3,
March 1966, pp. 34 - 41.

"Wear phenomenon in dredging pumps",
VDI Berichte, 75, 1964, pp. 111 -
27, Translation by Lehigh Univ.,

Fritz Engng. Lab. Rep. No. 310.17,

1966.

"Solids handling pumps",

Pumps, 34, June 1969, pp. 305 - 14.

"Keeping centrifugal pumps
spinning ahead",

Engineer, 229, July 1969, pp. 32
- 35.



- 199 -

15. WANT, F. M. "Centrifugal slurry pump wear -
plant experience",
Proc. 7th Int. Conf. on Hydraulic
Transport of Solids in Pipes,
paper H7, BHRA Fluid Engineering,
Cranfield, Bedford, 1980.

16. WIEDENROTH, W. "Investigations on the transport
of sand water mixtures through
pipelines and centrifugal pumps",
Proc. World Dredging Conf. (WODCON),
Oct. 1968.

17. WIEDENROTH, W. "The influence of sand and gravel
on the characteristics of
centrifugal pumps; some aspects
of wear in hydraulic transportation
inStaliafions“,

Proc. 1lst Int. Conf. on Hydraulic
Transport of Solids in Pipes,
paper El, BHRA Fluid Engineering,
Cranfield, Bedford, 1970.

18. < WONG, G. S. "Coal slurry feed pump for coal
liquefaction",
Electric Power Res. Inst., Calif.,
U. S. A., Final Report EPRI AF -
853, Proj. 775 - 1, Sept. 1978.

19. TRUSCOTT, G. © "An investigation of abrasive
' wear in centrifugal pump impeller",
CR 1313, BHRA Fluid Engineering,
Cranfield, Bedford, 1975.

20. FADDICK, R. R., "Abrasive wear of centrifugal
STUDEBAKER, J. slhrry pumps",
Paper presented to the Slurry
Transport Assoc., 6th Ann. Meet.,
Las Vegas, March 24 - 27, 1981.



21.

22.

23.

24,

25.

BAK, E.

ZARZYCKI, M.

HERBICH, J.

"BERGERON, P.

‘AHMAD, K.,
GOULAS, A.

- 200 -

"Construction materials. and testing
results of the wear of pumps for
transporting solid media",

Biuletyn Glownego Instytutu Gornictwa,
No. 12, Dec. 1966, Translation by
BHRA Fluid Engineering, Cranfield,
Bedford.

"Influence of the pump material on
service life of the impeiiers of
rotodynamic pumps in transport of
mechanically impure fluids",

Proc. 3rd Conf. Fluid Mechanics
and Fluid Machinery, Akade'miai
Kiado', Budapest, 1969, pp. 765 -
91.

"Modifications in design improve
dredge pump efficiency",

Rept. No. 277.35, Fritz Engng.
Lab., Lehigh Univ., U. S. A.,
Sept. 1962.

"Similarity conditions for erosion
caused byvliquids carrying solids
in suspension. Application to
centrifugal pump impellers",

La Houille Blanche, E, Spec. No.
2, 1950, pp. 716 - 29, Translation
by BHRA Fluid Engineering, No.
T408, 1950.

"Review of fluid dynamic forces
on a solid sphere",

FEU Int. Rept. TR/1805/3, Fluid
Engineering Unit, Cranfield
Institute of Technology, Bedford,
1979. ‘



- 201 -

26. TOMOTIKA, S., "The steady fldw of viscous fluid
AOI, T. past a sphere and circular cylinder
at small Reynolds number",
Quart. J. Mech. Appl. Math., 3,
1950, pp. 140 - 61.

27. MASSEY, B. S. Mechanics of Fluids,
2nd edn., ch. 103 Van Nost. Rein.
Co., London, 1976.

28. WILLIAMS, D. H. "On the motion of a sphere in a
viscous fluid",
Phil. Mag., 29, 1915, pp. 526 - 52.

29. NISI, H., "On the eddies in air",
PORTER, A. W. Phil. Mag., 46, 1923, pp. 754 - 68.
30. TOROBIN, L. B., "Fundamental aspects of solid-gas
GAUVIN, W. H. flow. Part II. The sphere wake in

steady laminar fluids",
Cand. J. Chem. Engng., 1959, pp.
167 - 76.

31. NEMENYI, P. "The different approaches to the
study of propulsion of granular
materials and the value of their
coordination",

Trans. Am. Geophys. Union, 21,
1940, pp. 633 - 47.

32. LUNNON, R. G. "Fluid resistance to mbving spheres”,
Proc. Roy. Soc., London, All8,
1928, pp. 680 - 94.

33. SCHMIEDEL, V. J. Physik Z., 29, 1928, P. 593.

34, WINNY, H. F. M"Vortex system behind a sphere
moving through a viscous fluid",
Aero. Res. Comm. R & M No. 1531,
1932.



35.

36.

37.

38.

39.

40.

41.

42.

43.

LUNNON, R. G.

LIEBSTER,

TOROBIN, L. B.,
GAUVIN, W. H.

STREETER, V. L.

STOKES, G. G.

BOOTHROYD, R. G.

PEARCY, T.
McHUGH, B.

RAYLEIGH,

H.

'TRITTON, D. J.

r

E.

- 202 -

"Fluid resistance to moving spheres",
Proc. Roy. Soc., London, AllO,
1926, pp. 302 - 26.

Ann. Physik, 82, 1927, p. 541.

"Fundamental aspects of solingas
flow. Part I. Introductory
concepts and idealised sphere
motion in a viscouslregime",
Cand. J. Chem. Engng., 1959, pp.
129 - 141.

Fluid Mechanics,
4th edn., McGraw- Hill Book Co.,
New York, 1966.

"On the effect of the internal
friction of fluids on the motion
of pendulums",

Trans. Camb. Phil. Soc., 9, 1851,
pp. 8 - 106.

Physical Fluid Dynamics,
Ch. 7, Von. Nost. Rein. Co., New
York, 1977.

Flowing Gas-Solids Suspensions,

Chapman and Hall, London, 1971,
p. 10.

"Calculation of viscous flow around
spheres at low Reynolds numbers",
Phil. Mag., 46, Sr. 7, 1955, pp.
783 - 94.

"On the question of the stability
of the flow of fluids",

Phil. Mag., Sr. 5, 34, 1892, pp.
59 - 70.



44.

45.

46.

47.

48.

49 .

50.

51.

WEISELSBERGER, C.

LAPPLE, C. E.,
SHEPHERD, C. B.

MORSI, S. A.,
ALEXANDER, A. J.

BASSET, A. B.

TCHEN, C. M.

HJELMFELT, A. T.,
MOCROS, L. F.

ODAR, F.,
HAMILTON, W. S.

KARANFILIAN, S. K.
KOTAS, T. J.

- 203 -

Physik z., 23, 1922, P. 219

"Calculation of particle
trajectories",

Ind. and Engng. Chem., 32, No. 5,
1940, PP. 605 - 617.

"An investigation of particle

trajectories in two—phése flow
systems", »

J. Fluid Mechanics, gg,lpt. 2,
1972, pp. 193 - 208.

"On the motion of a sphere in a
viscous Iliquid",

Phil. Trans. Roy. Soc., Al79,
1888, pp. 43 - 63.

"Mean value and correlation problems

connected with the motion of small
particles suspended in a turbulent
fluid",

Martinus Nijhoff, The Hague,
Holland, 1947.

"Motion of discrete particles in
turbulent fluid",

- Appl. Sci. Res., 16, 1966, pp.

149 - 161.

"Forces on a sphere accelerating
in a wviscous fluid",

J. Fluid Mechanics, 18, pt. 2,
1964, pp. 302 - 14.

"Drag on a sphere in unsteady
motion in a liquid at rest",
J. Fluid Mechanics, 87, pt. 1,
1978, pp. 85 -~ 96.



52.

53.

54.

55.

56.

57.

58.

59.

60.

BUGLIARELLO, G.

GARSTANG, T. E.

DRAZIN, M. P.

RUBINOW, S. I.,
KELLER, J. B.

MACCOLL, J. W.
DAVIES, J. M.

BARKLA, H. M.,
AUCHTERLONIE, L. J.

PANNELL, J. R.

BACON, D. L.,
REID, E. G.

- 24 -

Ricerca Scientifica, Eﬁv 1956, p.
437.

"The flow of viscous liquid past
spinning bodies",

Proc. Réy. Soc., Al42, 1933, pp-.
491 - 508.

"The general motion of a sphere
in a viscous liquid",

Proc. Camb. Phil. Soc., 47, 1952,
pp. 142 - 45.

"The transverse force on a spinning
sphere moving in a viscous fluid",
J. Fluid Mechanics, 11, 1961, pp.
447 - 59,

"Aerodynamics of a spinning sphere",
J. Roy. Aero. Soc., 32, 1928, pp.
777 - 98.

"The aerodynamics of golf balls",
J. Appl. Phys. 20, No. 9, 1949,
Pp. 821 - 28.

"The Magnus or Robins effect on
rotating spheres",

J. Fluid Mechanics, 47, pt. 3,
1971, pp. 437 - 47.

"Experiments on the resistance of
spheres",

Adv. Comm. for Aero. R & M No.
190, 1916, p. 19.

"The resistance of spheres in
wind tunnels and in air",
NACA TR185, 1924.



61.

62.

63.

64.

65.

66.

67.

68.

HINZE, J. O.

TOROBIN, L. B.,
GAUVIN, W. H.

TOLLERT, H.

YOUNG, D. F.

OLIVER, D. R.

SEGRE , G.,
SILBEBERG, A.

SAFFMAN, P. G.

NEWITT, D. M.,
RICHARDSON, J. F.,
SHOOK, C. A.

- 205 -

Turbulence,
McGraw-Hill Book Co., New York,
1959, p. 355.

"The drag coefficients of single
spheres moving in steady and
accelerated motion in a turbulent
fluid",

'AIChE J., 7, No. 4, 1961, pp. 615

- 619.
Chem. Ing. Tech., 26, 1954, p. 141.

"The coring phenomenon in the flow
of suspensions in vertical tubes",
ASME Paper 60-HYD-12.

"Influence of particle rotation on

radial migration in the Poiseuille

flow of suspensions",

Nature, 194, 1962, pp. 1269 - 71.

"Radial particle displacements in
Poiseuille flow of suspensions",
Nature, 189, 1961, pp. 209 - 210.

"The 1lift dn a small sphere in a
slow shear flow",

J. Fluid Mechanics, 22, pt. 2,
1965, pp. 385 -400.

"Hydraulic conveying of solids in
horizontal pipes. Part II.
Distribution of particles and slip
velocities",

Proc. Symp. Interaction between
Fluids and Particles, June 1962,
London, IChE, pp. 87 - 1l00.



69.

70.

71.

72.

73.

74.

75.

ODAR, F.

HUSSEIN, M. F.

WU, C. H.

MARSH, H.

GOULAS, A.

CLIFT, R.,
GRACE, J. R.,
WEBER, M. E.

O'BRIEN, M. P.

- 206 -

"Unsteady motion of a sphere along

a circular path in a viscous fluid",

Trans. ASME, J. Appl. Mech.,
1968, pp. 652 - 54,

"The dynamic characteristics of
solid particles in particulate
flow in rotating turbomachinery",

Ph.‘D.»Diss., Univ. of Cincinnati,
1972..

"A general theory of 'three- .

dimenisional flow in subsonic and
supersonic- turbomachines of axial,
radial and mixed flow Eypes",

NACA TN2604, 1952.

"A digital computer program for
the throughflow fluid mechanics
in an arbitrary turbomachine
using a matrix method",

ARM R & M 3509, 1968.

"On the internal flow in
centrifugal compressors",
Ph.'D. Thesis, Univ. of London,
1977.

Bubbles, Drops and Particles,
Academic Press, London,
1978.

"Review of the theory of turbulent
flow and its relation to sediment
transport",

Trans. Am. Geophys. Union, 1933,
pp. 487 - 491



76.

7.

78.

79.

80.

81.

82.

FADDICK, R. R.

GRAF, W. H.

ISMAIL,

H. M.

WASP, E. J.,

REGAN,

T-Jo ¥4

WITHERS, J.,
COOK, P. A. C.,
CLANCEY, J. T.

SHOOK,
DANIEL,
SCOTT,

Cc. A.,
S. M.,
J. A.,

HOLGATE, J. P.

BAGNOLD, R. A.

BECKEN,

T.,
A. V. D.

- 207 -

"Properties of the phases",
FEU Short Course on "Fundamentals

of Slurry‘Pipelining", Cranfield
Institute of Technology, June 1980.

Hydraulics of Sediment Transport,
McGraw-Hill Book Co., New York,
1971.

"Turbulent transfer mechanism and
suspended sediment in closed
channels",

Trans. ASCE, 117, 1952, pp. 409 -
34.

"Cross country coal pipeline
hydraulics",

Pipe Line News, July 1963, pp. 20
- 28.

"Flow of suspensions in pipelines.
Part 2. Two mechanisms of particle
suspension",

Cand. J. Chem. Engng., 46, 1968,
pp. 238 - 44,

"Experiments on a gravity-free
dispersion of large solid spheres
in a Newtonian fluid under shear",
Proc. Roy. Soc., A225, 1954, pp.
49 - 63.

"The distribution of suspended
sediment in turbulent flow in
circular pipes",

Symp. Solids Transport in Slurries,
7th National Meet., AIChE, New
Jersey, Paper 154, 1971.



- 208 -

83. LAZARUS, J. "Classifiaction of flow regimes",
FEU Short Course on "Fundamentals
of Slurry Pipelining"”, Cranfield
Institute of Technology, June 1980.

84. GOVIER, G. W., The Flow of Complex Mixtures in
AZIZ, K. Pipes,
Van Nost. Rein. Co., New York,
1972. '
85. DURAND, R. "Basic relationships of the

transportation of solids in pipes
— experimental research",

Proc. Int. Hydraulic Convn.,
Minnesota, 1953, pp. 89 - 103.

86. WIEDENROTH, W. "Experimental work on the
transportation of solid-liduid
mixture through pipelines and
centrifugal pumps",

Proc. 5th Int. Conf. on Hydraulic
Transport of Solids in Pipes,
Paper A2, BHRA Fluid Engineering,
Cranfield, Bedford, 1978.

87. SELLGREN, A. "Slurry transportation of ores
and industrial minerals in a
vertical pipe by centrifugal pumps",
Rept. Sr. A:4, Deptt. of Hydraulics,
Chalmers Univ. of Technol., 1979. |

88. BURGESS, B. E., "The effect of sizing,‘specific
REIZES, J. A. gravity and concentration on the
performance of centrifugal slurry
pumps",
Proc. IMechE, 190, 36/76, 1976,
pp. 391 - 99.



89.

90.

91.

92.

93.

94.

95.

96.

97.

FINNIE, I.

SMELTZER, C. E.,

GULDEN, M.
COMPTON, W.

BITTER, J.

DE HALLER,

DAVIES, R.

NEILSON, J.
GILCHRIST,

SHEWMON, P.

SHELDON, G.

KANHERE, A.

HUTCHINGS,

Eo,

A.

G. A.

P..

M.

H.,

A.

G.

L.,

Iv. M.

- 209 -

"Erosidn of Surfaces by solid
particles",
Wear, 1960, pp. 87 - 103.

"Mechanisms .0of metal removal by
impacting dust particles",
Trans. ASME, J. Basic Engng.,
Sept. 1970, pp. 639 - 54.

"A study of erosion phenomena,
Wear, 6, 1963, pp. 5 - 21 and

"Erosion und Kavitation-erosion",
in Handbook der Werkstoffprufang,
ed. E. Siebel, Springer Verlag,
1939, pp. 471 - 88.

"The determination of static and
dynamic yield stress using a
steel ball",

Proc. Roy. Soc., London, Al97,
1949, p. 416.

"Erosion by a stream of solid
particles",
Wear, 11, 1968, pp. 111 - 22.

"Particle size threshold in the
erosion of metals",

"An investigation of impingement
erosion using single particles",
Wear, 21, 1972, pp. 195 - 209.

"Mechanisms of the erosion of
metals by solid particles",
Proc. Symp. Erosion : Prevention
and Useful Applications, ASTM,
Oct. 1977..



98.

99.

100.

101.

102.

103.

104.

105.

HUTCHINGS, I. M.

LEVY, A. V.

GOODWIN, J. E.,
SAGE, W‘ 4
TILLY, G. P.

RICKERBY, D. G.,
MACMILLAN, N. H.

FINNIE, I.,
McFADDEN, D. H.

- FINNIE, T.

SHELDON, G. L.,
FINNIE, I.

TILLY, G. P.,
SAGE, W.

- 210 -

"A model for the erosion of metals
by spherical particles at normal
incidence",

Weaxr, 70, 1981, pp. 269 - 81.

"The solid particle erosion
behaviour of steel as a function
of microstructure",

Wear, 68, pp. 269 - 87.

"Study of erosion by solid
particles",

Proc. IMechE, 184, No. 15, 1969 -
70, pp. 279 - 92.

"The erosion of aluminium by solid
particle impingement at normal
incidence", '

Wear, 60, 369 - 82.

"On the velocity dependence of the
erosion of ductile metals by solid
particles at low angles of
incidence",

Wear, 48, 1978, pp. 181 - 190.

"Some observations on the erosion
of ductile metal",
Wear, 19, 1972, pp. 81 - 90.

"On the ductile behaviour of
nominally brittle materials

during erosive cutting",

Trans. ASME, J. Engng. Ind., 1966,
pp. 387 - 92.

"The interaction of particle and
material behaviour in erosion
process",

Wear, 16, 1970, pp. 447 - 65.



106.

© 107.

108. .

109.

110.

111.

112.

113.

GANE, N.,
cox, J. M.

MISRA, A.,
FINNIE, I.

COOK, N. H.

MAJI, J.,
SHELDON, G. L.

SHELDON, G. L.,
FINNIE, TI.

MISTRY, V. R.

ZAHAVI, J.,
SCHMITT, G. G.

LORD, M. J."
SINGH, U. K.

- 211 -

"The microhardness of metals at
very low speeds",

Phil. Mag., 22, 1970, pp. 881 -
91.

"On the size effect in abrasive
and erosive wear",
Wear, 65, 1981, pp. 359 - 73.

Manufacturing Analysis, -
Addison, Wesley, Mass., 1966.

"Mechanisms of erosion of a ductile
material by solid particles",

Proc. Symp. Erosion : Prevention
and Useful Applications", ASTM,
Oct. 1977.

"The mechanism of material removal
in the erosive cutting of brittle
materials",

Trans. ASME, J. Engng. Ind., 1966,

_pp. 393 - 400.

"Wear of slurry system components
due to abrasion",

" RR 1494, BHRA Fluid Engineering,

Cranfield, Bedford, Sept. 1978.

"Solid particle erosion of
polymeric coatings",
Wear, 71, 1981, pp. 191 - 210.

"Theoretical study of potential

turbine erosion hazard by means

.of particle trajectory

calculations",

Proc. 5th Int. Conf. on Erosion
by Solid‘and Liquid Impact, Paper
54, Cambridge, Sept. 1979.



114.

(115.

11le6.

117.

118.

119.

120.

ZENZ, F. A.

OTHMER, D. F.

OTTJES, J. A.

ROSENTHAL, D.

SOLYMOS, K.

NASSER, M. M.

‘BAKER, R. C.,

HEMP, J.

CONDOLOIS, E.,
COURTIN, P.,
CHAPUS, E.

- 212 -

. Fluidisation and Fluid-Particle
Systems, '
Reinhold Publishing Corpn., New
York, 1960.

"Digital simulation of pneumatic
particle transport",

Chem. Engng. Sci., 33, 1978, pp.
783 - 86.

Introduction to Properties of
Materials, ,

D. Van Nostrand Co. Inc., Toronto,
1964, p. 190.

"Some aspects of designing and
operating the up-to-date slurry
pumps manufactured at the Tatabanya
Mining Corporation",

Proc. 3rd Conf. Fluid Mechanics

and Fluid Machinery, Akade'miai
Kiado', Budapest, 1969, pp. 598 -
610.

"Fall velocity of coarse angular
materials in watex", |

J. Engng. Sci., 4, No. 2, 1978, pp.
114 - 19.

. "Slurry concentration meters.

State of the art review and

bibliography",

'Vol. 8 in BHRA Fluid Engineering

Sr., Cranfield, Bedford, 1981.

"Pumping ore up vertical shafts",
Cand. Min. and Met. Bull., March
1963.



121.

122.

123.

HEMP, J.

READ, K,

TRUSCOTT, G. F.

WALKER,

c.

I.

- 213 -

"Calibration and testing of a
pipeline weighing device in the
abrasive wear rig",

FEU Rept. TR/1803/2, Fluid
Engineering Unit, Cranfield
Institute of Technology, Bedford,
1980.

"Comparative tests on three slurry

concentration meters",
RR 1810, BHRA Fluid Engineering,
Cranfield, Bedford, Feb. 1982.

"Pumping solid-liquid mixtures",
MSc. Thesis, Cranfield Institute
of Technology, Bedford, Sept.
1980.



=214 -

pasn syaneib ead auTy Bay3z JO MATA Yy

T 83B8Td




RS

Is8TTedwTt uewIeM UOWTS JO MBTA Y

¢ 83eTd




5

Plate 3
General arrangement

.of the test rig
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Plate 5

General view of the weigh tank device
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Plate 7

A view of the erosion pattern on the painted

blade pressure surface no. 1
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Plate 8

A view of the erosion pattern on the painted

blade pressure surface noe 3
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Plate 9

A view of the erosion pattern on the painted

blade pressure surface no. 5
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Plate 10
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A view of the erosion pattern on the pain

5

blade suction surface no.
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Fige 1 Erosion abrasion types
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Fig. 2.4a Element defined in a physical
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Fig. 3.3 . Insitu discharge concentration along the
vertical diameter of the pipe (Ref. 68)
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Fig. 3.4 Normalised velocity lag along the
vertical diameter of the pipe (Ref. 68)
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Fig. 3.5 Pipe cross-section divided into a
number of annulii.
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Fig. 3.6 Definition of centroid of an element.
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Fig. 4.1 Erosion models.

Fig. 4.2 Idealised two-dimensional model of a rigid
grain cutting into a ductile metal. |
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Rake
Impact ~angle
angle ——
(a) —\‘—/’

(b)

(C )\/

Fig. 4,3 (a) Plowing deformation,
, (b) cutting and plowing,
(c) cutting only.

|

Fig. 4.4 Ring crack in brittle erosion.



- 238 -

(AN
>J

Q0 O ©
g

(s/w)
ALIJ073A TYIQYY

Q0O 0 O 0 0
.....

NNNNNN

plot of radiai Qelocity

along grid stations




- 239 -

|

, (s/w)
ALI3013N VI

®®®®®

1 !

N o n o

avy

0

g4

%
&
0\‘0

o
o
o
i

e
e

"

®®®®®®®
N 00 N o n o

nnnnnnn

(it 4

~rotated by 180 deg.




(s/w)
ALIJ0730 TVIXY.

N&‘a .

NS =

BN
=
i

55
M
=t

9%

Isometric plot of axial velocity

Fig. 5.2a

along grid stations




- 241 -

(s/w)

ALIJ073A TVIXY .

*bap 08T Ad pe3jejox
~ ®Z*G °*DTF Uuft uoHQ OTI38wWosT
.. gmcm . .“pm

M




- 242 -

SUOT3e3sS @ﬁum buoTe A3TOOTSA

TETIUSISJUMOIFO JO F0Td OFIFOUWOST

o 97

x 2 el
;| =0 4
- _,.lam 8z
g -
m/qqﬂ 8'E-
/ - 0 1
n =M 'y
L=<z "]
— 'S

NU -

~ @9




- 243 -

*Bsp 08T A9 pPa3EjO0X

BE*G DTJ uT 3oTd OTI3awosI

(s/u) 1~ X

ALIJ013n
TYILINIYIAWNIYID
o
™
1

0°S+




- 244 -

Fig. 5.4 Particle distribution in the cross-
section of the pipe corresponding
to 6d=3.362%, case 1.
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Fig. 5.5
Selective particle distribution

for trajectory analysis

y
6\

(a)
Particles along the
vertical diameter of
the pipe

Particles near the
bottom of the pipe
+
16
o
@
16
1
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+
15
o
o
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7
(c) 1
Particles near the Particles halfway  between
centreline of the pipe the centreline and the bottom

of the pipe
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Fig. 5.15 Particle distribution in the
cross-section of the pipe

corresponding to cd=ll.653%,
case 2.




= 26@) =

[Fake) o
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Selective particle distribution for

trajectory analysis, case 2
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046
003
108
062
061
027 —
073

impeller
036 RU
032
026
028
029 RU
079
241
075
024

' 001 Adjusting Screw
003 Base
004  Bearing Housin
009  Bearing ’
013 Cover Plate
015  Cover Plate Bolt
018RU Cover Plate Liner
8%% } End quer
026  Frame Plate Liner Stud
027  End Cover Set Screw
028  Expeller
029RU Expeller Ring
032 Frame Plate
034  Frame Plate Bolt
036RU Frame Plate Liner
040 Frame Plate Liner Insert Bolt
041 Frame Plate Liner Insert
044 Gland
045 Gland Bolt
046  Grease Retainer
060  Joint Ring Intake
061  Labyrinth Locknut
Fig. 6.1 General arrangement

117E

062  Labyrinth
064  Impeller Sealing ‘O’ Ring
070  Pulley Key
073  Shaft
075  Shaft Sleeve
078  Stuffing Box
079 Gland Stud
083  Throatbush
083RU Throatbush
085  Cotter
090 Lip Seals
108  PistonRing
109  Shaft Spacer ‘O’ Ring
110 . Volute Liner
111 - PackingRing
117  Shaft Spacer
117E Shaft Spacer
118  Lantem Restrictor
122  Stuffing Box Seal
124  Volute Liner Seal Ring
132 Discharge Joint Ring
139  Locating Clip
241  Lip Seal Gland
of the Simon Warman pump

018 RU
090
109
a64

013
083 RU
085
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Fig. 6.2a Detailed drawing of the impeller used
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] i AS SHOWN
5 VANES -

EQUI-SPACED
AS SHOWN

10 FRONT VANES
‘—_EQUI—SPACED

Fig. 6.2b Detailed drawing of the impeller used
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(b)

Fig. 6.3 (a) Flow pattern in a pump of
conventional design (Ref. 14)

(b) Flow pattern in a pump of
Simon Warman design (Ref. 14)
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Fig. 6.5 Counterflow concentration meter

Fig. 6.6 Slurry manometer
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Fig.6.10 Clean water performance curves of the pump used.
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Wear Index
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~_y |
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2
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4
5

Wear Class

T ebp3 burreal '

zeapM burseazoul

Back Shroud
9 v
Front Shroud

1 (case 1).

Fig. 6.11a Erosion pattern on blade pressure surface no.
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Symbol
AN

Wear Index

Wear Class
1
2
3
4
5

N . _ abp3 GButryrezy

zeap butrseasazoul

Back Shroud
&
Front Shroud

Erosion pattern gn blade pressure surface no. 1 (case 2).

Fig. 6.13a
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TR

Wear Index

Wear Class
1
2
3
4
5

zeaMm butrseazoul

R
3
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w

X
(3]
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m

T - abp3 Burtreal '

Front Shroud

abp3y Butpea’

2 (case 2).

Fig. 6.13b Erosion pattern on blade pressure surface no.
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Symbol
DAINAN

Wear Index

Wear Class
1
2
3
4
5

zeaMm Butseaxoul

Back Shroud

B abp3 burrrexy |

Front Shroud .

3 (case 2).

Fig. 6. 13c Erosion pattern on blade pressure surface no.
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Symbol
S

Wear Indéx

1
2
3
4
5

Wear Class

» abp3 Burireal -

zeapm bBursesazoug

Back Shroud
Front Shroud

AT TR
abp3 Butpes]

.

Plg. 6.13d Erosion pattern on blade pressure surface no. 4 (case 2)
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Wear Index

Symbol
NN

Wear Class
1
2
3
4
5

zeap burseaaoul

Back Shroud.

3 abp3 Gurtreay

abp3y Butpeaq

Front Shroud .

Erosion pattern on blade pressure surface no. 5 (case 2).

Fig. 6.136
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APPENDIX A

EQUATIONS OF MOTION OF PARTICLES IN A CYLINDRICAL POLAR

COORDINATE SYSTEM

A.l Inertial System

~ The equation of motion of a particle in an
inertial coordinate system can be written from Newton's

second law of motion as follows:-

mp iP/f =Fgq ‘ (A -1)

b

where, ap/f is the acceleration of the particle in the
inertial system and FS is the resultant of all the external

forces acting on the particle.

In an inertial cartesian coordinate system
X-y-2, the acceleration of the particle in the coordianate

directions can be written as follows :-

m x =F (A - 2a)
P Sx
m y=F (A - 2b)
S
p v |
mp z = FS . (A - 2c)

In an inertial cylindrical polar coordinate system r-6-z,
the equation of motion of the particle can be formed from
transformation of the acceleration terms in equations

(A - 2a) to (A - 2c), using the following geometric
relationship :-
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X = r cosf (A - 3a)
Yy = r sinf (A - 3b)
Yy
k ul
> 2%
L (X,9,2)
plr,0)2)
< %.-@4)
o - X
(1,

Fig. Al Particle position in two coordinate
systems; ér, ée, éz are unit vectors
in positive r, 6.and z directions,

respectively.

Taking second derivative of equations (A - 3a) and (A - 3b)

with respect to time :-

; cos® - 2 r 0 sin® - r cosB 62 - r sin® 5 (A - 4a)

W
il

r sind + 2 + cos® - r sin® 62 + r cosh © (A - 4Db)

L
Il

Also, if FS and FS are the components of the force vector

FS in positge r andee directions, respectively, then :-

F. =F_ e +F eq (A - 5)
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Taking components of FS in x and y directions :-

FS = FS . coge - FS ‘51n6 (A - 6a)
X r 6

F =F gine + F coso6 : (A - 6B)
SY Sr Se \
From equations (A ~2a), (A -2b), (A -4a), (A -4b) and

(A =6a), (A =6b), it follows that :-

m_ (r cosd - 2 F 8 sin® - r cosd 02 - r sind 0)

I

= F cos6 -~ F sinb (A - 7a)

m_ (r sin + 2 r 6 cos® - r sind 6% - r cosb 6)

=F sin6 + F cosb (A - 7b)

since the above equations are valid for all values of 8,

putting § = O :-

. i, _ o

mp (r r 6%) FS (a 8a)
r

mp (r ﬁ>+ 2 r 0) = FSe (A - 8b)

A.2 - Rotating System

An inertial coordinate system x-y-z and a



- 296 -

rotating coordinate system x“-y“-z”, both having the same

origin o” are shown in fig. A2. The position vector r of
a particle is also shown in the same figure.

&~ Fig. A2

Inertial and rotating systems

.

_ The velocity of the particle in the inertial
system can be related to the rotating system as
follows =

(A -9)
where,

w” is the angular velocity vector of the rotating
system and the operators Df
meaning :

and D, have the following
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and are introduced to distinguish between time derivatives
in inertial and rotating systems (subscripts f for a’fixed
or inertial system and r for a rotating system). From
equation (A - 9), the acceleration of the particle in the

-two systems can be related as follows :-

I
o
+
1=
X
o
Ia]
+
1=

Délr + (D w’) xr+ 2w xD_r+w x (w’” x1xr) (A - 1l0a)

or -

3p/g T %/ T ‘_"‘_r/f (A - 10b)
where :-

3¢ = Dg E | | | (A - 11a)
ap/r - D% L

ay,p = (Dp 07) x £+ 20" x v + 0" x (0 x1) (a - 1lc)

where, v” is the velocity of the particle in the rotating

system. If w” is constant, then :-

X r) (A = 11)
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Comparing with equation (A - 1) and bearing in mind that
Newton's law is valid for an inertial system only, the
equation of motion of the particle in the rotating system

can be written as follows :-

- - -

m, EP/r = ES =2m (0w xV') -m 0w x (0" x r) (A - 12)

Considering equations (A - 8a), (A - 8b) and (A - 2c), the
momentum equations of the particle in the rotating
coordinate system, defined in r-6-z, can be written as

follows :-

r - momentum :

m, (; - r 62) = FSrA— {2 m, w' x v+ mp‘g’ x (w” x g)}.ér
= Fsr + 2 m, w, vé +m wzz r (A - 13a)
Similarly :-

8 - momentum :

mp (r 6 +2r é) = FSe - 2 mp w, vg (A ; 13b)

Z — momentum :-

mp z = FS (4 - 13c)

If the angular speed of the rotating system is completely
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defined by its scalar component w;, then :-

r z

w”® =t : (A - 14)
O (0] wz

Also :-

V.o =TI , (A - 15a)

v =1 8 - (A - 15b)

Writting the scalar value of the angular speed as w”
(instead of m;), the final form of the momentum equations

for the particle can be written as follows :-

mp {; -r (6 + w2} = FSr (A - 1l6a)
mp {ro+2r (8 +wh)} = FSe (A - 16b)
m ; = F , (A - 1l6c)
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APPENDIX B
DEFINITIONS ON CONCENTRATION

The transference of energy from liquid to the
particles during hydraulic conveying is effected by the
drag forces which are set up as the result of differences
in the velocities of the liguid and the particles. Because
of slip, particles move at a lower velocity than the liquid,
and consequently the concentration of particles in the
liguid discharged from the end of the pipeline is less
than the average value existing at a cross-section within
the pipe. Two definitions of concentration, both by volume.
fraction, can, therefore, be considered :-

(1) Dischargebconcentration

(ii) Transport concentration

Discharge concentration is the ratio of the
volume flow rate of solids to the volume flow rate of the
mixture and in steaay conditions is the same at all

sections along a pipeline.

Transport concentration is the ratio of the
volume occupied by solids to the volume occupied by the

mixture in some fixed section of the pipeline.

The discharge concentration is a measure of the
throughput of the pipeline while transport concentration
is a measure of the pipeline blockage. By a material
balance on the water and the solide, the discharge

concentration, Ed can be related to the transport

concentration, c, as follows :-

t

(1—Ed)$ = (1L - ¢

m £) Yy (B - 1)

c.v_=2¢c, Vv (B - 2)
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From equation (B - 1) :-

<
- f

1 - (L-c,) — (B - 3)

Q|
I
o)
<
g

Substituting Et from equation (B - 3) into equation (B - 2)
and rearranging terms, the slip velocity between the liquid

and the solid phase of the mixture is :-

Ed Gﬁ
V.. -V = v 1l - : (B - 4)

1- (1 - cy)

<]z

In heterogeneous flow, v > ;ﬁ, hence, (v, —'VSO) # O.

Because of this non-equal velocities of the components

of the mixture, c, and cy are different at a section of
the pipeline.

Quantities Et and Ea which are averaged over
a cross—-section of the pipe, can beé .considered in
macroscopic forms, at an elementary area of the pipe
section. These quantities then are referred to as insitu
transport and insitu discharge concentrations,
respectively, and equation (B - l) to (B - 4) can be used
to relate them. |
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APPENDIX C
DETERMINATION OF CENTROID OF AN ELEMENT IN A PIPE SECTION

The enlarged view of an element in an annulus of
the cross-section of the pipe is shown in fig. Cl.

&'«,"\’
: =
'9'3' //6/6/ 5
dAe
~ C.
vy il
="\ 9
L o2
X O >
X ! \Lelement

Fig. Cl1l Enlarged view of an element

C”’ is the centroid of this element, 0~

is the centre of
the pipe. Angle subtended by the element at the centre of
the pipe is 6. r,

is the inner radius of the element, r.
is the outer radius. dA

i+l
o is a differential element.

If r is the radial distance between centroid,
C” and the centre of the pipe and r” is the radial distance

between the centroid of the differential element and the
centre of the pipe, then

= _ §
X = rc 0052

(¢ - 1)

where, X is the distance of the centroid of the element

from the centre of the pipe in the x-direction. The area of
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the element is :-

Titp (S
a.” = r° dr” dse
i
r., o
_ S 2 _ 2 -
=2 By —%30) : (c - 2)
Also :-
Tip1f8
X ai’ = r°? cos6 dr’de
i 0]
=1 (r 3 —.r.3) sin§ (C - 3)
3 i+l i

Substituting for ai‘ from equation (C - 2) into equation
(C - 3) :- ’

%z S 2 _ o2y _ 1 3 _ 3y s _
X > (ri+l ry ) = 3 (ri+l r. ) siné | (C 4)
or :-
3 3
_ 5 T4, - r. .
X =2 i 12 12 s§n6 (C - 5)
Tivi ~ fi
Substituting for X from equation (C - 1) into equation

(C - 5):-
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3 3

r. -r, :
:L+l3 13 sing 5 (C - 6a)
i1~ r; 6 cosy

[a]
I
w[N
a

Rearranging terms, equation (C - 6a) becomes :

0

}-I

=
N o

H
I
(S
. O bk
R
+
al
!

i T T 1 (C - 6b)
Y

i i+l
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APPENDIX D

SIZE ANALYSIS OF FINE PEA GRAVELS : EXPERIMENTAL RESULTS

Size Analysis Before Commencement of Experiment

Sieve Weight of solids | Cumulative weight | Cumulative
size retained by of the solids % passing
the sieve passing through by mass
the sieve size
(um) (gm) (gm)
2411 50.0331 1013.9004 95.2973
2000 174.6959 839.2045 78.8775
1204 810.4306 28.7739 2.7044
853 24.3840 4.3899 0.4126
790 1.2063 3.1836 0.2992
599 1.9799 1.2037 0.1131
295 0.7961 0.4076 0.0383
152 0.1074 0.3002 0.0282
90 | 0.0411 0.2591 0.0243
76 0.0884 0.1707 0.0160
-76 0.1707
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APPENDIX D (cont.'d)

SIZE ANALYSIS OF FINE PEA GRAVELS : EXPERIMENTAL RESULTS

Size Analysis at the End of Experiment

Sieve | Weight of solids |Cumulative weight | Cumulative
size retained by of the solids % passing
| the sieve - passing through by mass
the sieve size
(pm) (gm) - (gm)
2411 43.3156 1533.5777 97.2531
2000 252.6437 1280.9341 81.2315
1204 1248.8980 32.0361 2.0316
853 . 27.1445 4,8915 0.3102
790 0.4748 4.4168 0.2801
599 2.5876 1.8292 0.1160
295 1.2142 0.6149 0.0390
152 0.2049 0.4099 0.0260
90 0.0979 0.3122 0.0198
76 | 0.0394  0.2728 0.0173
-76 0.2728
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APPENDIX E

MEASUREMENT OF SPECIFIC GRAVITY OF FINE PEA GRAVELS :

EXPERIMENTAL RESULTS

Sample | sample |Sample
no. 1 no. 2 no. 3

(1) Weight of empty density

bottle, kg. 47.48 38.54 36.83
(ii) Weight of bottle +

solids, kg. 57.07 49 .32 48.18
(iii) Weight of bottle +

solids + water, kg. 152.24 [ 147.01 |145.42
(iv) Weight of bottle +

water, kg. 146.26 |140.26 |138.36
(v) - Weight of solids (ii - i),

kg. 9.59 10.78 11.35
(vi) Weight of water in iii,

(iii - ii), kg. 95.17 97.69 97.24
(vii) Weight of water in iv,

(iv - 1), kg. 98.78 |101.72 |101.53
(viii) Weight of water displaced

by solids (vii - vi), kg. 3.61 4,03 4.29
(ix) Solids specific gravity

(v/viii) 2.656 2.675

2.645

Mean value of the measured specific gravity

- 2.659
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APPENDIX F

MEASUREMENT OF SETTLING VELOCITY OF SOLIDS :
EXPERIMENTAL RESULTS
Measurements taken to find the settling velocity

of particles whose size distribution is given in Appendix D

and shown diagrammatically in fig. 3.2 are detailed here.

O [T ]
0[ l
8 |l ,
A ! ; 1
1
i
| 8
| I a
| Il ©
[ 1P
K
1]
1 lrc

N H oo

o) ! !

o)) | :.5
5 H 5
I ' o
| : ®
! e
| e
} 1

S B ' 1

% h i

<t ! ]

TL ]

Fig. F1 Perspex cylinder

(dimensions in cm)

A‘partiCle was chosen at random from the sample

and released along the centre line of a perspex cylinder
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whose dimensions are given in fig. Fl. The free fall of

the particle was timed over 90.2 cm depth in water.

Particle | Time of | Particle | Time of | Particle | Time of
no. free no. free no. free
fall fall fall
ts ts ts
(s) (s) (s)
1 4.4 11 5.4 21 4.7
2 4.0 12 4.8 22 3.4
3 7.5 13 5.6 23 5.9
4 3.7 14 6.3 24 3.8
5 4.3 15 5.3 25 7.3
6 5.1 16 3.6 26 4.9
7 4.2 17 4.4 27 4.7
8 3.8 18 4.7 28 4.5
9 6.4 19 5.4 29 3.9
10 4.0 20 5.5 30 6.3

Mean time of free fall, Es

Mean settling velocity, w

18.56 cm/s.

~4.86 seconds.
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APPENDIX G

CALIBRATION OF COUNTERFLOW METER : EXPERIMENTAIL RESULTS

0 x 10° v v 2 hy h
m m fl f2
(m3/s) (m/s) (m®/s?) (m) (m)
5.56 1.56 2.42 o,052$ 0.0520
6.49 1.82 3.30 0.0690 | 0.0655
8.78 2. 16 6.04 | 0.1250 0.1150
10.77 3.01 9.01 | '0.1905 | 0.1750
12.64  3.54 12.52 0.2605 | 0.2405
13.41 3.75 14.09 0.2925 | 0.2690
15.53 4.35 18.90 0.3915 | 0.3611
16.92 4.73 22.43 0.4661 | 0.4285
19.32 5.41 29.25 0.6065 | 0.5612

* head in m of water
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APPENDIX H

CALIBRATION OF SLURRY MANOMETER : EXPERIMENTAL RESULTS

0 x 10° Gﬁ —m2 h;
m

(’/s) (m/s) (m?/s?) (m)
5.56 1.73 2.99 0.043
6.49 2.02 4.08 0.061
8.78 | 2.73 7.45 0.110
10.77 3.35 11.22 0.166
12.64 3.93 15. 44 0.229
13.41 4.17 17.39 o.2$9
15.53 4.83 23.32 0.347
16.92 5.26 27.66 0.410
18.49 5.75 33.06 0.485

* head in m of water



- 312 -

APPENDIX J

MEASUREMENT OF CONCENTRATION : EXPERIMENTAL RESULTS, CASE 1

For details of the operating conditions see
section 6.7.2. The mean discharge concentration of the
mixture was measured by sampling the mixture once every 10
minutes, via the weigh tank and diverter valve assembly.
The mean transport concentration was measured by a
counterflow meter as well as a slurry manometer, once
every 20 minutes. The flow rate of the mixture was

measured by an electromagnetic flowmeter.

Measurement of Mean Discharge Concentration

Sample Q x 103 Mixture conditions
no. | _ ‘
Specific Ea
gravity
3
(m~/s) (%)
1 11.70 1.0564 3.412
2 11.75 1.0562 - 3.401
3 _ 11.65 1.0561 3.390
4 11.85 1.0560 3.385
5 11.80 1.0561 3.393
6 11.85 1.0561 3.390
7 11.60 1.0567 3.430
8 11.62 1.0564 3.412
9 11.57 1.0561 3.393
10 11.70 ' 1.0641 3.872
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Measurement of Mean Discharge Concentration (cont.'d)

Sample 0 x 103 Mixture conditions
no.
Specific Ea
gravity
(m3/S) (%)
11 ~11.63 1.0564 3.412
12 ‘ 11.58 - 1.0564 3.409
13 11.70 1.0566 3.421
14 11.64 1.0531 3.212
15 11.43 1.0564 3.410
16 11.62 1.0571 3.453
17 11.49 1.0561 3.392
18 11.41 1.0565 3.417
19 11.45  1.0565 3.414
20 11.65 1.0549 3.321
21 | 11.70 1.0554 3.351
22 11.70 1.0567 3.432
23 11.78 1.0532 3.215
24 11.61 1.0548 3.315
25 . 11.71 1.0532 3.216
26 11.47 1.0564 3.412
27 11.65 1.0547 3.310
28 11.64 : ©1.0513 3.103
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Measurement of Mean Discharge Concentration (cont.'d)

Sample Qx 103 Mixture conditions
no.
Specific Ea
gravity

m>/s) | (%)

29 11.81 1.0548 3.313
30 11.62 1.0564 3.412
31 11.63 1.0565 3.415
32 11.50 1.0561 - 3.393
33 11.45 1.0557 | 3.371
34 11.53 1.0549 3.321
35 | 11.83 1.0538 3.253
36 11.80 1.0528 3.193
37 11.55 1.0532 3.217
38 11.45 | 1.0548 3.315
39 11.62 1.6558 3.373
40 11.55 | 1.0564 3.413
41 11.61 1.0565 3.417
42 11.70 1.0549 3.321
43 11.63 1.0532 3.218
44 11.65 1.0548 3.312
45 11.70 1.0548 3.312
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Measurement of Mean Discharge Concentration (cont.'q)

Sample Q0 x 103 Mixture conditions
no.
Specific Ea
gravity
(m3/s) (2)
46 : 11.62 1.0548 3.315
47 11.63 1.0549 3.323
48 11.69 1.0532 3.219
49 11.63 1.0553 3.343
50 11.64 1.0554 3.351
51 11.60 | 1.0564 | 3.413
52 11.55 1.0548 3.317
53 11.65 1.0561 13.392
54 11.60 1.0555 3.359
55 11.55 | 1.0565 3.415
56 11.45 1.0581 3.512
57 11.50 1.0548 3.314
58 11.40 1.0565 3.414
59 11.45 1.0564 3.412
60 11.46 1.0555 3.358

Time averaged c

a 3.362%

11.616 x 107> m°/s

Time averaged Q
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APPENDIX K
MEASUREMENT OF CONCENTRATION : EXPERIMENTAL RESULTS, CASE 2

For details of the operating conditions see
.section 6.7.2. The mean discharge concentration of the
mixture was measured by sampling the mixture once every 5
minutes, via the weigh tank and diverter valve assembly.
The mean transport concentration was measured by a
counterflow.meter asvwell as a slurry manometer, once
every 10 minutes. The flow rate of the mixture was

measured by an electromagnetic flowmeter.

Measurement of Mean Discharge Concentration

Sample - Qx 103 . Mixture conditions
no.
Specific Ea
gravity
3
(m™/s) (%)
1 12.15 0 1.1994 12.051
2 12.25 1.1991 12.032
3 12.31 1.1975 11.935
4 12.28 1.1975 11.951
5 12.23 1.1983 11.982
6 11.95 1.1988 12.013
7 12.31 1.1982 11.978
8 12.23 1.1978 11.953
9 12.41 1.1973 11.922
10 12.35 1.1984 11.993
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Measurement of Mean Discharge Concentration (cont.'d)

Sample 0 x 103 Mixture conditions
no.
Specific Ea
, , gravity
3

(m~/s) (%)
11 12.15 1.1998 12.075
12 11.85 1.1988 12.014
13 11.95 1.1981 11.971
14 12.21 1.1983 11.983
15 12.25 1.1984 11.990
16 12.23 1.1991 12.032
17 12.35 1.1983 ‘11.987
18 12.10 1.1982 11.976
19 12.15 1.1987 12.012
20 12.25 1.1971 11.911

Time averaged c, = 11.653%

Time averaged Q = 12.198 x 10

d

3

m3/s
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