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ABSTRACT .
The objective of the present study is to present new experimental results of the effect of solids on
the cavitation inception of centrifugal pump under varying suction conditions. The experiments
were conducted using sand slurry with different solids size at different concentration and different
pump speed. Measurements of power consumption, flow rate, total head developed by the pump
were made in order to obtain the effect of solids on the cavitation characteristics of centrifugal
pumps handling slurries. The results show that the cavitation inception has been accelerated with
increasing solid concentration, and pump speed while the particle size has little effect on cavitation
inception.
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1. INTRGDUCTION

Centnfugal slurry pumps are being used extens:vely
in pipeline transportation systems because of short
and medium distance transportation of homogenous
and hetrogenous mixtures of solid materials by
pipelines, The pump characteristics play a role in the
reliability of the transportation system. These pumps
have been developed by suitably modifying the
design of conventional centrifugal pumps to ensure
proper flow of solid liquid mixtures and to minimize
erosive wear. To aveid cavitation in the pumping
liquids the pressure at any point in the suction line
must never be reduced to the saturated vapor pressure
(P,) of the liguid. Pressure drops occur due to losses
in suction pipe and local flow acceleration at the
impeller inlet. The available energy that can be
utilized to get the liquid through the suction piping
and suction water way of the pump into impeller is
thus the local suction head reduced to the vapor
pressure of the liquid at the pumping temperature.
The resulting available head measured at the suction
opening of the pump represents, net positive suction
head available, commonly indicated by NPSH
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The NPSHR, is the net positive suction head required

by the pump and depends on pump design. It is

obtained by the centrifugal pump test on water and
represents the minimum margin between the suction
head and vapor pressure required for proper pump
operation. In accordance with current practice, the
NPSHR data on pump performance Curves represent
values at which the total head of a single stage pump
will be reduced by 3% of its full published value.
Both NPSHA and NPSHR values change with
variation in the pump flow rate at a given speed.

Roundnev [1] studied the slury pump suction
performance considerations. He showed that, the net
positive suction head required by the slurry pump can
not be assumed to be the same as that on water and
additional corrections are needed. Mashin [2]
conducted laboratory experiments on a 5 inch end
suction slurry pump with 330 mm impeller, handling
sand shory of 1.15 specific gravity and mean particle
diameter of 1 mm. He concluded that the NPSH
required by centrifugal pump on this type of slurries
has the same value as that for water, with no
additional correction required for solids. It means
that cavitation in the pump handling slurry starts at
higher suction pressure than on water. Herbich and
Cooper [3] came to the same conclusion by testing
dredge pumps of settling slurries. Kirillov and
Smoilovskaya {4] studied the suction performance of
a 5 inch end suction slurry pump tested in laboratory
conditions handling sand and gravel slurries with
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various sizes of solids. They concluded that the net
positive suction head required by centrifugal pump
has the same value as that for water, with no
additional correction required. Mogilevsky and
Smoilovskaya [5] conducted test work on a 4 inch
side inlet shmry pump with several impellers,
including closed type impellers with 4 and 6 vanes
and channel-type two-vane impeller. They concluded
that slurry pump suction performance pumping heavy
media of magnetite should also be different from that
on water. Roundnev [6] studied the effect of solids
on NPSH when pumping shury. He concluded that
the net positive suction ‘head required by the pump
can not be a summed the same as that on water. Thus,
different correction methods need to be employed.
Addie et al. [7] studied the cavitation characteristics
of centrifugal pumps handling slurrdes. They
concluded that the net positive suction head required
by 20 inch slurry pumnp increased 1.5 times compared
to water when pumping phosphate slurry.
Investigations reported in the literature about the
cenfrifugal pump characteristics under cavitation
cenditions pumping shuries are limited. There is also
a conflict information about the effect of cavitation
on cenirifugal purmp performance when handling
slurries. So the obiective of this study is to
investipate the effects of solids concentration,
particle size, and pump speed on the centrifigal
pump characteristics when the pump is wurkmg
under cavitation condition.

2. EXPERIMENTAL WORK
2.1 Experimental Apparatus and Instrumentation

In the present study experiments were conducted to
determine the individual effects of particle size,
pump speed and concentration of solids on the

centrifugal pump performance when the pump
working under cavitation conditions.

The expcnmental data were obtained by conducting
experiments using a specially designed and
fabricated experimental facility. The schematic view
of the test rig is shown in Fig.1. A typical impeller of
centrifugal pump having -specifications d,=54 mm,
d;=175 mm, by=10.5 mm, b;=5 mm, p1=21.5, 62—28"
and z=6 (backward curved) was used in the
expetiments. For more details about the test rig and
experiments please refer to Ref. (8).

2.2 Test Method

In order to study the effect of the suspended solids on
the centrifugal pump characteristics under cavitation
conditions, testes were conducted with three sorts of
narrowly graded sands with specific gravity 2.52,
(five sand, medium sand, and coarse sand). The
physical properties of the materials are shown in
Tablel. Measurements were made with six different
concéptrations of each solid material for the
operating speed of the pump. The mixture was kept
in circulation for approximately 15 minutes to assure
a complete mixing before starting any measurements.
The delivery valve was opened while the pump in
operation at a constant rotating speeds. The power
input to the motor, the flow rate, and the suction and
delivery pressures were recorded. The density of the
mixture (pm) was determined from the value of solid
concentration. The measurements were repeated for
various settings of the delivery valve, suction valve
various concentrations of solid particles and various
types of materials. The experiments conducted under
varyipg suction lift through the suction valve,
constant speed and constant flow rate.
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Fig.1 Schematic view of the experimental set-up.
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Tablel Physical properties of the material used.

Materials Specific gravity Mass median Weighted mean
a S() diameter(mm) ds, diameter (mm) d,,
Fine to mediumsand 2.52 0.152 0152
Medium sand 2,52 0.203 0.206
Coarse to medinm sand 2.52 0.341 . 0348
3. EXPERIMENTAL RESULTS variation of NPSH with head at various values of
3.1 Fffect of Flow Rate on Cavitation solid concentrations and constant values of flow rate
Characteristics : and rotational speed for all types of shuries. The

Figures (2-4) show the variation of NPSH with the
pump head at various values of the normalized flow
rates for constant values of solids concentration and
rotational speed for all types of slurries. The flow
ratc was varied from 1 [it'sec to 9 lit/'sec. Generally
these figures show that the maximum available net
positive suction head value is dependent upon the
flow rate. The observed trend is that the value of the
maximum available net positive suction head
increases with decreasing the flow rate. This can be
attributed to the increase of the flow velocity with
flow rate and decrease of the suction pressure with
flow rate. The combination of these two parameters
should cause an increase of maximum available net
positive suction head with decreasing flow rate.
Therefore, it is evident that with increasing flow rate
the decrease in suction pressure is large than the
increase in velocity head of the flow which is
proportional to the square of the velocity. Figures (2-
4) indicate, for all operating conditions tested, that
the head rise across the pump is maintained nearly at
constant value from the maximum available net
positive suction head down to the inception condition
{(NPSHi). As the NPSH is decreased down to near the
breakdown of the pump head, the head rise remains
nearly unchanged, except for lower flow rate, there is
a tendency for the head rise across the pump to
decrease as the NPSH decreases for developed
cavitation condition. Figures (5-7) illustrate that the
efficiency drops gradually over a wide range of the
NPSH. The NPSH at which the drop start is
dependent upon the flow rate. It decreases with
decreasing the flow rate.

3.2 Effect of Solid Concentration on Cavitation

Characteristics
Cavitation characteristics tests on sluries are
difficult to conduct, especially at higher
concentrations and larger size solids, so, a certain
scatter of points can be expected. '
The experimental observations on the pump
cavitation characteristics with different solid-liquid
mixtures at operating speed of . 3000 rpm are
presented in Figures (8-10). These figures show the

solid concentration varied from 5 to 32 percent by
weight for all types of slurries.

Generally these Figures show that the maximum
available net positive suction head value is dependent
upon the solids concentration. The cause of
increasing the maximum available net positive
suction head with decreasing the solid concentration
can be attributed to the increase of the mixfure
dengity with increasing solids concentration. Figures
(8-10) illustrate that the pump head decreases with
increasing solids concentration. This is mainly due to

- the hydraulic losses due to slip between the solid

particles and the liquid. _

Figures (11-13) represent the varation of the NPSH
with efficiency of the pump at various values of the
solid concentration at constant value of flow rate and
rotational speed for all type of shury. These figures
indicate that the pump efficiency decreases with
increasing the solid concentration. H can also be seen
that at low solids concentration the pump efficiency
remajns constant for longer time than that at high
concentrations. Figure (14) shows a comparison
between measured experimental results of pump head
with the published results obtained by Roundnev [1]
taken into account the variation of pump head with
NPSH and mixture density for medium sand slurry
(dso=0.203 mm). Roundnev [1] used 5" end suction
slurry pump for water, sand (ds;=0.2 mm} at best
efficiency point. The comparison was carried out at
best efficiency point, and its show the same trend.
The discrepancy of the results may be due to the
difference of pump size and sand specific gravity.

3.3. Effect of Rotational Speed on the Cavitation
Characteristics
This section presents the effect of pump rotational
speed on pump cavitation performance at various
flow rate and different solid concentration for all
types of slurries used. The effect of pump rotational
speed on variation of NPSH with pump head is
shown in Figures (15-17). These figures show that
the pump head increases with the ‘increase of the
pump rotational speed for all values of flow rate and
solids concentration. The figures show also that at
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lower rotational speeds the pump head remaing
constant for longer time than that at higher rotational
speeds. This is mainly due to the increase in the
shock losses which increase with increasing the
rotational speed. It can be seen that the pump head
decreases steeply at high rotational speeds and this
may be due to the recirculatory flow at the inlet of
the pump, where the incidence angle becomes greater
than the blade angle.

Generally these Figures show that the maximum
available NPSH value increases with increasing of
rotational speed and the NPSH at which the drop in
head starts increases with increasing the rotational
speed. Figures (18-20), show the effect of the pump
rotational speed on the variation of pump efficiency
versus the NPSH at constant flow rate and constant
solids concentration for all types of slurries. These
Figures show that the pump efficiency increases with
increasing the pump rotational speed. This is mainly
due to increasing the flow rate and the pump head,
which are proportional to pump efficiency.
Generally, it can be seen from these Figures that the
efficiency attained nearly at constant value from the
maximum NPSH down to the point at which the
breakdown occurred, The results showed that the
breakdown cavitation at high pump rotational speed
occurred earlier than that at low pump rotational
speed, and the reason of this is the increasing of
losses at high pump rotational speed which speeds up
the cavitation occurrence.

3.4 Visunal Incipient Net Positive Suction Head

In this section the major goal is to investigate
experimentally the effect of flow rate, pump
- rotational speed, solid concentration and particle size
distribution on the visual incipient net positive
suction head (NPSH;). The visual inception cavitation
refers to the first appearance of a limited cavitation
zone at the leading edge of the blade of the pump.
The inception condition was observed by stroboscope
and by maintaining a constant flow rate while
reducing the suction pressure. If the visual NPSH;
measurements can be used to develop possible
relationships with the NPSH corresponding to 3%
drop in head which the pump designers consider as
criterion of cavitation inception. It will be very
convenient for design and practical purposes.

3.4.1 Effect of flow rate on NPSH;

A siudy of the effect of flow rate on the visual
inception net positive suction head (NPSH;) was
conducted oveér a wide range of solid concentration
and rotational speed for all type of solids. The results
are shown in Figures (21-23), which are summarizing
an extensive series of testes, These Figures indicate
that for all test conditions the NPSH; depends
strongly on the flow rate. The flow rate ratios were
ranged from 0.12 to 1.1. The general trends of the

NPSH; versus flow rate ratio curves are that the
NPSH; decreases with increasing the flow rate
reaching minimum then increases with increasing the
flow rate. At low flow rate ratio the mixture within a
vortex core is subjected to low pressure area for
longer period. Hence, this tends to entrain nuclei
within their low pressure core where gaseous
cavitation occurs. It is well known that cavitation
occurs when the Jocal pressure in the flow is less than
the critical value P.. gaseous cavitation is induced by
a local drop in pressure below the saturation level for
a given concentration of non-condensable gas in

- water. For typical size nuclei in a saturated liquid, the

critical pressure is greater than the vapor pressure.

Bubble growth by this mechanism is relatively slow

process hence, gaseous cavitation can only occurs
when a given cavitation nucleus is exposed to a
pressure below the critical value for a relativély long
period of times as case of low flow rates. In addition
there is also a possibility at low flow rate ratios that
the reverse flow associated with inlet pre-rotation
would constrict the effective inlet flow rate area, thus
accelerating the main flow and dropping the inlet
pressure, At higher flow rate ratios the local pressure
difference generated by vortices and the strength of
vortices will be varied, as the wake region is reduced.
In additien, at higher flow rate ratic the tine
available for nuclei to growth is shorter. To initiafe
cavitation a nucleus mnst growth to a critical size in
less time than the time spent by the nucleus in the
tninitmum pressure Tegion. It is obvious that, if the
pressure time for bubble growth is short the critical
pressure for growth can be expected to be less than
the vapor cavitation. Moreover, increasing the flow
rate ratic will result in an increase in the meridinal
velocity at inlet of the blade.

3.4.2 Effect of solid concentration and rotational
speed on NPSH;

In this section the effects of changing the incipient

net positive suction head with solid concentration

visually at different flow rate and various rotational

speeds are presented The testes were condncted over

a wide range of solid concentrations, flow rate and -

rotational speeds. The solid concentration was varied
from 5 to 32 percent (by weight) for three sorts of
sand and flow rate ratio varied from 0.12 1o 1.1. The
results are shown in Figures (24-26). These Figures
indicate that for all testes the NPSH; depends
strongly on the solid concentration. The general

- trends of the NPSHi versus the solid concentration

curves are presented at a given {low rate. ratio and
varied rotational speed. The results showed that the
NPSHi increases with increasing the solid
concentration for all types of slurry and rotational

speed.
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3.4.3 Effect of particle size on the NPSH,

A study of the effect of particle size on the inception
net positive suction head (NPSHi) versus solid
concentration was conducted at various flow rate and
different pump speed. The results are shown in
Figures (27-29). From these Figures it is shown that
the variation of particles size Has a little effect on
cavitation inception. This means that the large size
particles do the same rupture in flow as many small
particle of the same concentration.

3.5, Empirical Correlation for the Head
Reduction Factor, Ry of Centrifugal Pumps
when Handling Slurries

It is now well established that the performance of
centrifugal pumps with slurries is different from that
with clear water and also by the presence of solids in
the carrier liquid. The magnitude of the reduction in
the pump performance is mainly function of
weighted or volumetric concentration of solids in the
mixture, physical properties of solids like their
specific gravity, and particle size. In analyzing the
results of the pump performance the ratios between
Ry, Cy, dsy and S were -examined and the following
relationship equation can be expressed:

R,l, — 20.9589 03.88253 (S _ 1)—6.3397 d:‘0669374

To gain an insight into the applicability of present
correlation a comparison was made between the
measured and predicied values of head reduction
factor Ry, This is shown in Figure (30), It is observed
that the errors in the prediction of Ry, are random and
lie within the & 10 percent band. This spread appears
toc be recasonable congsidering the wide range of
parameters investigated.

4. CONCLUSIONS

From the present experimental investigations on the

centrifugal pump characteristics with different

slurries, when working under cavitation conditions
the following conclusions can be obtained:

1. The NPSHi increases with increasing solids
concentration and pump speed.

2. The NPSHi is affected by flow rate, it decreases
with increasing flow rate and reaching a minimum
and then increased with increasing flow rate.

3. The head and efficiency of the pump with NPSH
are decreased with increasing the solid
concentration and particle size.

4, The particle size has littfle effect on cavitation
inception.

5. A new correlation has been developed in order to
predict head reductions factor, Ry, of centrifugal
pumps when handling shuries. The proposed
correlation takes into account the individual
effects of particle size, specific gravity and
concentration of solids on pump performance.

_Ril =20.9589 Cg.aszsa - 1)—6.3397 d;}669374
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NOMENCLATURE .
BEP best efficiency point
b blade height at inlet {mn1)
b, blade height at exit (mm)
Cy solid concentration by weight (percent)
d blade diameter at inlet (mm)
d; blade diameter at exit {mm)
dso mean average particle diameter (mm)
- dy weighted mean diameter (mm)

NPSH, net positive suction head available (m)
NPSHg net positive suction head requirement (m)
S solid specific gravity

Ry . head reduction factor (percent)
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z number of blades
B inlet blade angle (degrees)
B2 exit blade angle (degrees)
Pm = 100/[(Cu/ps)+H{((100-Cy)pL)]
(density of slury mixture). (kg/m’)
Ps density of the solid phase (kg/m’)
L density of the liquid phase (kg/m’)
P atmospheric pressure (Kpa)
G acceleration due to gravity (m/s?)
Zy elevation head (m)
he friction head losses (m)
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Fig.13 Variation of NPSH with pump efficiency at
different solid concentration at constant speed
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Fig.15 Variation of NPSH with punip head at
different rotational speed for fine sand
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Fig.16 Variation of NPSH with pump head at
different rotational speed for medium sand
{d5;=0.203 mm) at C,=15% and 5 lit/sec.

35.00
30.00 - b $ 1 T
L + T o
25.00 —
— 20.00 —
E J
I
16,00 —
Coarse £and {d50=0 341 am}
- 074 fifsec Cos2S%
10.00 ——fee N300 pm
J G~ H=2800 pm
—— N=2000 pm
5.00 = iy NEZTDA fpeh
- ey =500 1P
O.UD|I|||IIIIlI'JII|lJ
200 300 400 500 500 V.00 800 200 10.00 1100

NPSH {m}
Fig.17 Variation of NPSH with pump head at
different rotational speed for coarse sand (dsp=0.341
mm) at C,=25% and 4 lit/sec.
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Fig.20 Variation of NPSH with pump efficiency at
different rotational speeds at constant Q and C,,,

12.00 <
- ( Fine sand
Cw=15%
11.50 — + N=2600 tpm
R [3 N=2700 jpm
10,00 — [ ] N=2B00 rpm
FAN N=2600 mpm
E 1 N=3000 rpim
5 900 =
[N
=z -
H.00 — -
7.00 —
B.oo T I T I ¥ I ¥ i T ' T
000 0.20 .40 .60 0.80 1.00 1.20

QiQapt.
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Fig.22 Variation of NPSH with flow rate ratio for
medium sand at C,=25%.
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Fig.23 Variation of NPSH with flow rate ratio for
coarse sand at C,=10%.
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Fig.24 Variation of NPSH with solid conceniration at
varied rotational speed and Q/Q,=0.6 for fine sand.
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Fig.26 Variation of NPSH with solid concentration at

varied rotational speed and Q/Q,,=0.97 for coarse
sand.
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Fig.27 Variation of NPSHi with solid concentration
at varied particle size with constant N and Q/Qop:.
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using the proposed correlation.
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