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INT RODUCTION

There is an ever increésing use of Centrifugal pumpg in applications
which require the pumping of liquids containiﬁg solids in suspension, and
liguids other than water. A dredge pump is an example of the first.applicatioﬁ
and an oil pump of t_,he'second° With the increasing use of cehtrifugal pumps
for applications of this type;, it becomes impértant to be able to predict
pump charactéristics and create efficient designs,

It is the bbjéct of this report to review one phase of the available
regearch work carried out on the subject of pumping solids suspended in
liquids. Design changes will be suggested in an attempt to improve the
performénce of the impeller used in the pump on the United States Corps of
Engineers' hopper dredge;-the'“Essayons". The dhanges in impeller design
will hold only for this particular pump when handling a mudlike material,
predominately'silt, suspended in water. A research project, sponsored by
the:Cdrps of Engineers, is currently under way in Fritz Engineering Labofatory
at Lehigh University. This project consists of the detailed study of a
one=éighth scale model of the centrifugal dredge pump referred tp above..

Some iﬁformation gained from this research will bélpresented in this report.
Thié pfoject will undoubtedly furnish much valuable information which will
contribute to the knowledge about the design and characteristics of centrifugal

dredge pumps.



GENERAL CONSIDERATIONS

in the design of a centrifugal dredge pump it is necéssary to consider
more factors than those customarily considered in the design of a centrifugal
ﬁuﬁp for water. The nature of the dredging operation is such that sufficient
clear@hces must be provided through the pump so that océasional gravel,
.rocksy and debris may be passed through the pump without jamming (1)*.
This requireﬁent means that thereisapractical limit to the number of vanes
which the impellef may contain and also that clearances in barts of thé pump
‘ mist be made in excéss of thdsa which highest performénce would dictate.
An example of the above is the clearance at the cute-water between the impeller
énd the volute. ' The increased wear and abrasion due to particles in suspension
require the use of special materials. Provision must be made for easy access
to parts of the pump for maintenance and renewal of components.

The type of material pumped- has been shown to have a great effect on
the perfofmance éf a centrifugal pump. The impeller of the centrifugal
dredge pump under study handles a mudlike fluid common to dredging operations
on the East c;ast of the United States. This mud, composed largely of silt
with some organic matter, possesses some very interesting properties’(g).
‘Beside its specific gravity which is greater than that of water depeﬁding
on the weight of solids in suspension, the mixture has a highly variable
viscogity. The viscosity of the material is dependent on the concentration,
- temperature, past history and the rate of shearing stress after an initial
yield value has been reached. -Figure 1 shows the variation of viscosity
with rate of shearing stress for a certain concentration. This behavior

is characteristic of a so-called Bingham body (3). The material exhibits

*  Numbers in parenthesis refer 1o References: on page '19.
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both plastic and viscous properties. It is like an ideal plastic in that
T fiows.when a given yield shearing StTGSSQQ#&g is reached. Tt is unlike
a plastic in that once flow starts; it is retarded by an increased resistance
to shear, If fhe.shgaring stress; T ; is such that it is iess than‘?%_g |
the material will deform elastically but will not move. Once ?f=73f the
material will move but it will not flow until 7z~ is greater than 7y . The
diagram in Figure 1 holds for one concentration only, a similar diagram with
different values being required for each concentration. |

ThHe effects:of viscosity are impoftant"qonsiderations in any pump analysis
~or design (L). The'distribﬁtion of velecity of flow ﬁhrough any pasgggg, |
is dependent on viscosity; ang increase in vi§99§%py will produce a cérresponding
reduction in £hg effectivenesé of the area available. Loss of head:through
the éassage also increases with increased Qiscoéity. The power absorbed
bj thé puﬁp.is increased with increase in viscosity, because of the greatesr

resistance of the fluid to rotation of the impeiler.
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There is considerably more difficulty in working' with a material which
has a viscésity dependent on a number of variables than there is in working
ﬁithla fiqid such as water whi¢h possesses a viscosity which is dependent
on fempérature only., Thus the type of application and the material to be
hanéléd imﬁose difficulties on design'and analysis which must be kept in

mind.

PREVIOUS RESEARCH

-Research in the field of pumping solids in suspension is meagef. For
the reasons stated previously, it isjmore difficult to design a centrifugal
dredge pump than it is to design a centrifugal water pump. Even this latter
field relies heavily on empirical formulae and plots of various parameters
derived from experimeﬁt and successful past performance. The tendency now
seems to pursue the theory (fully realizing the assumptioné made) as far
as possible and then to introduce corrections from research or past experience
to come up with the final design. Strictly mathematical formulae have beén
developed (59697) and are good: stepping stones to design, but these theories
are as yet limited té ideal fluids (i.e. nonviscous) and a pump or compressor
with stfaight radial vanes.

Previous investigations have established some basic concepts about the
pumping of SOIid-liquid‘mixtur’es° It has been definitely established that'
there is aAdifféreﬂce in pump characteristics for clear water alone as
opposed to the pumping of a sand-water mixture. (8)

Gregory (9) in a paper on the pumping of a clay slurry through a
Li=inch pipeline drew the fcllowing conclusions in.reference to the pump
chafacteristicss

(a) the head developed at a given capacity decreased as the
concentration of the solid material in suspension increased.
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(b) the required power input at a given capacity increased as
the concentration of the solid material in suspension
increased.

(¢) the efficiency at a given-capacity decreased as the
concentration of solid material in suspension increased.

The work of Fairbank (10) on the pumping of sand in water resulted in
prediction methods for sand-water mixtures which gave results within about
5 per cent of -experimental values in the normal operating range. A more
involved'refinement-gave results within about 3 per cent for the same range.
Fairbank's conclusions concerning the pumping of sandewater,mixtures are -
as fcllowéz | ‘

(a) at a given capacity the head developed by a centrifugal
.pump handling material in suspension, is in general less
than that developed for water alone.

(b) the drop in the constant speed head capacity characteristics

* varies not only as the concentration but also as the particle

size of the material in suspension. _

(¢) the fall velocity'of the suspended material is the most

. important property in predicting the effect of the material
on the pump performance. '

(dj the effect on the pump characteristics of very fine particles
in suspension, such as colloids, is of a different nature

than that of a true suspension,

(e) the power input to a centrifugal pump varies directly with
the apparent specific gravity of the suspen91on being pumped.

-

(£) the capacity for maximum efficiency of a centrifugal pump
" remains constant for all concentrations and sizes of sus-
- pended materials, -’
(g) the ordinary affinity relationships of centrifugal pumps -
are valid within small ranges of speed when pumping
material in suspension. ; -
Preliminary examination of data fromﬁthe‘éredge pump tests carried out
at Lehigh University confirm a number of the conclusions found aboves namely

these ares

(a) the required power input at a given capacity and speed
increase almost linearly as the concentration of solid



material in suspension increased. This held well for
capacities from 20% to 120% of normal capacity (the
capacity at maximum efficiency).

(b) the head developed in feet of fluid being pumped at a
given capacity and speed decreased as the concentration
of the solid material in suspension increased.

(¢c) the efficiency at ‘a given capacity and speed generally
: decreased as the concentration of solid material in
suspension increased. The efficiency did not decrease
from that obtained with water until'aceftdin concentration
was reached and then the efficiency dropped off,

The above conclusions are valid only for the particular pump and fluid
used in the test. ' ' .

CONSIDERATIONS LEADING TO CHANGES IN IMPELLER ‘DESIGN

General
With the use qf the above experimental work on the pumping of water-solid

mixtures and known centrifugal water pump information,;: a qualitative analysis
will be made on the dredge pump imp?}ler with the idea of increasing tﬁe
efficiency of the pump when handling the mud mentioned earlier. Theoretical
considerations are based largely on the work of Sﬁepanoff (11) and Shepherd (12).

. The impeller of a centrifugal pump is only one part of the machine and'a*fﬁi:kﬁ
complete study entails an investigation of the impeller's relationship to all”
.of the other parts of the pump. Therefore, an investigation is in‘ofder into
the manner in which the flow apprbéches the pump, how it enters the impeller,
how 1t moveé through the impellér, how it leaves the impeller, and finaliy

how it travels out of the pump.

Approach conditions
Ideal conditions for approach exist when a sufficient 1ehgth of straight
pipe without valves or other disturbances precadeégrthe entrance to the pump.

Well upstream a normai velocity distribution can be expected, but as the distance



to the pump qecreéges.a phenomenon known as prerotation may dévelop.
Pferotaﬁion is the condition that exists in the approach pipe to a

centrifugai ﬁump when the flow is moving both axially toward the pump and.

rotating'about'the longitudinal axis of the pipé. Peck (13) has carried

out‘inQ;stigations on the subject of prerotatibn and has obfained'the following

ithrméti;ﬁTfrOm'Pitot tube traverses at'thé suction flange of a pump

p;pdliﬁé water, At-shut-off head conditions, a forced Qbrtex was created

in theisuétion pipe. The total head and pressure head curves were obtained and

the differences gave'tﬁe velocity head from which the cufves of axial flow

and circumferential flow components wefe plofted. Curves of this tyﬁé are

shown in Fig. II.

CONDITIONS IN SUCTION PIPE (FROM REFERENCE 13)

T . _
NO DISCHARGE TOWARD jPUMP
‘( SMALL DI$CHARGE
~— TOTAL ‘ ! o
i_ AXTAL . -
_ - NO DISCHARGE
VELOCITY !
| STA*IC
¢ ‘ ' - i
|
¢ | ¢
| PIPE'DIAM. | ' | PIPE DIAM. . .. .}
[ g | =1

FIGURE II
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This showed an axiéi.fiow awéy ffom the pﬁmp through a ﬁarrow annuiar ring
éiténding from tHe ﬁipé”ﬁéli; Fof shali dischargeé"the foréed vortex was
confined to a somewhat larger annular ring than previously, and while there
was still a small component of flow éway from the pump, axiél flow towéfd .
fhe pﬁmp,occﬁrred“ih thé céﬁtef pértion'of the bipe.. The éxtent of the
prerotation, with respect to distance from the ppmp,_wésvfound to decreése
ag the flow.increaééd:‘.Thé.éﬁirl gradually diéaﬁﬁéared owing to fricti@n
between the pipe wall and the water.

| Stepanoff (11) explains prerotation as follows. Referring to Fig.III,
at~section'l sufficiently distant from the pump,‘preséuré p1 is uniform
across the section and a normal pipe velocitj*diéﬁribution prevails. ‘At‘

section 2, near the pump the preésurefpa, as measured at the pipe wall is

PRESSURE DISTRIBUTIONS ALQNG APPROACH TO PUMP

ENERGY LINEJ ' ‘

_ FLOW — | g
| 1 I 2
PRESSURE DISTRIBUTIONS B

FIGURE TIiI



-9

higher than at section 1. This ‘has been found to be true experimentally when
prerotation is present (13) .Sinee the energy gradient mnst decrease from
section»l to section 2 if therehie”to beefloug;the higher preeaure at éguat
themeipe wall,ncan come ahout only at the expense of the energy level of the
center portion of fluid. A"parabeh%ié of pressure distribution ie"developed
at section 2 with the pressufe at the periphery higher and the eressure at -
the center lower'than the pressure existing at section 1. Pipe wall pressure |
taps at a location such as section 2, will indicate too high a mean pressure
and thus often intfoduce error into experiments. The absolute velocities at
the periphery of section 2 are higher than those in the middle as a result
of‘the*addition of aatangentialsccmponent due to the.rotation'of the stream.
Pferctatlon ie'caneed by the tendency of the fluid to follew ahpath of
1eaet reslstance:cnlits ﬁay to enter the impeller'channels. Pfefetatien:is
mostievident:et floWS‘lese'than the design capacity and practically disapnear
at that point,' The angle"at whlch the fluld enters the impeller channel is
influenced by‘prerotation. Since the geometry of a given impeller is'fixed,
the entrance angle for the 1mpeller vanes is calculated for the design capacity
3w1th no. prerotatlon considered.4 It is customary to increase the design flow o
1 by a small percentage when calculating the entrance angle as thls allows
for the unavoldable 1eakage losses. It is evident that at flows other than
design, prerotaticn w111 come into being and the. effect w1ll be detrlmental
to pump perfermance,ZVWhen a pump must be operated at some flow other than,___

the flow at which maximum efficiency occurs, there is one solution fquQVero

coming the undegirable effect of prerotation, This remedy consists of placing
guide vanes in the approach to the pump at such an angle as to make the fluid
conform to the entrance angle of the impeller. Care must be taken to see that
the guide vanes are eo congtructed as not to cause separation, cavitation,

i R
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or high losses, Thé nature of dredge pump application makes this method

impractical.

Induciqg section

The purpose of the inducing section of the puﬁp is to accept_the incoming
fluid from the suction pipe in the correct manner and to turn it so that its
relative velocity is along the axis_of the impeiiér channels'(12). This ﬁeans
that the flow must Ee turned through ninety degrees for the case qf'the radial
impeller. This turning_of the fluié causes losses and disordered flow. AThe
transition mast be made as gfadﬁally as possible with no irregulérities 80
that'the fléw is‘delivered tonfﬁe impeller channels as ideally as.possiblgf
Low sueﬁion velocities and généréusly proportioned suction séctioné.ape _ '
recommended for pumps handling high viscosity 1liquids (L). The factor of
manufactu;ipg?gqqqomy enters here to set a practical length which may be used
for this turning transition. According to N A C A investigations (1), the
.inducing section has a marked effect on performance. An inducing section of
qomparatively large axial length gave very good results since it provided a

mich gentler curve for the transition from tangential to axial flow.

Flow at impeller entrance

It isvimpprtant.to limitAthe relative velocity at the inlet of the pump,
since a high relative velocity could lead to qayitétion. Assuminé'éﬁﬂhiform
axial component of velocity at the eye; or inducing seétion, the_critical
region is located at the eye tip. This is where the impeller speed is highest

for the inducing section, and hence the relative entrance velocity_is‘also
great here. Therefore;, flow conditions‘should be checked at this'point, The
combination of variables, determining relative velocity at this point may be

arrangsd to result in a minumum value. A high relative velocity can result
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from either of the two‘following situations.

1). a large eye area, resulting in a small axial entrance
velocity, combined with a high impeller speed.

2). a small eye area, resulting in a high axial entrance
velocity, combined with a low impeller speed.

Using the followihg notation, a formula for minimum relative eﬁtréﬁCé
velocity may be developed;

= relative #elocity at entrance in feet per second

Vel
T Ndj o
U = . = tangential velocity at the eye tip in feet per
1 60 second ) -
N = impeller speed in RPM
v = 5,39 2 = radial velocity in feet per second of through flow
1 Tle at entrance assuming no prerotation
d = diameter of eye ih.feet |

Q = flow in cubic feet per second . 1/2

2
combining U and V. 5 V.4 a'W,Vi + Ua1 or Vrl s[k&%%a>'+<ndzo >J
, 1 A

‘The effect of any one variable on Vrl may be seen by holding all other

variables constant. For instance with Q and N fixed the variation in '\TI_'1

with d1 can be found, The minimum value of d can be obtained by differentiation

_ 1
or tr¥al and error. Fig. IV shows the variation for this case and it will

be noted that for a certain value of d1 there is a minimum value of Vrl

which will tend to prevent cavitation.

Flow in the_;mpeller Channel

Due to viscosity, turbulence; and separation the veloéities in an actual
éentrifuggl pump impeller are seldom uniform over a giﬁéﬁ'éection; The turns
in the impeller channel approach and the impeller profile add to the velocity
distortion..In‘radiailflow and mixed flow impellers, the fluid must make nearly

a full 90° turn before it is acted upon by the vanes.
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vs d1 WITH Q AND N FIXED

rl

rl

Minimum velocity

FIGURE IV

In an established flow, whether rotating or straight as in open channel
flow,'a body must move faster than the established velocity of flow in order
to exert any force on the fluid flowing in the same direction; Thus, an
impeller vane must move faster than the fluid in order to transmit energy.
from the impeller vane to_the fluid. This means that the pressure on the
leading face of the_véne should be higher than the pressure on the trailing
face of the vane. Due to the lower pressure on the trailing face, there will
Be a higher velocity there, and a velocity variation across the channel.

The result of this is that relative to the vane the fluid leaves the vane
tangentially only at the high pressure or 1eading side of the trailing_eage.

| The fluid has a circumferential component relative to the vané,across the

channel from one leading face to the trailing face of the adjacent vane, with

'~ the result that the fluid is discharged from the impeller at a mean angle

relative to ﬁhe impeller which_is less than the vane angle. The absolute

discharge velocity is less than that assumed by using the vane angle itselfs
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this deviation being called the slip of the impeller, Figure V.illustrates
the difference between the case of slip and no slip. It is impoftant to
realize that changing the vane discharge angle fromlBé to-BQ? will only mean.
that the fluid will again lag behind the vane énd discharge at some smaller
angles B,"; less than B,'. The net result of the non-uniform velocity and
the slip is to reduce the theoretical head based on the simple ideal velocity
diagram, It.maybbe shown (11).that the head produced by a varying velocity
distribution is less than that produced by a uniform velocity, given the same
rate of flow. _
The occurrence of slip in an actual pump has been sﬁudied by Peck (13).
After information from Pitot tube " traverses was analyzed, a difference was
noted betweén the mean absolute velocity discharge angle and the calculated
angle assuming that the relative veiocity'leaves the impeller parallel to

the actual vane angle. o .
' CHANGE IN DISCHARGE VELOCITY DIAGRAM DUE TO SLIP

with slip

Direction of Rotation

FIGURE V
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Actual observations of flow in impeller channgls have been_made using
a pump constructed of a transparent material (15). The flow wgsvseen to
be far from the ideal at most capacities except thoée at the design rate
of flow where it was often suprisingly good. Fishgr's investigations iﬁto,y
flow in impeller channels revealed a large area of separation'froﬁ the tfailing
face of the vane. This dead water region fo:med a cpnsiderable-portion of
the passage area at low rates of flow. Reverse flow in these areas was alsor
present in some instances. Similar work by Binder and Khapp (16) showed
almost uniform ébsolute discharge velocity across the width of the impeller

passage at normal capacity with small gradients existing at other capécities.

The Number and Shape of the Impeller Vanes

Tﬁeoretically an infinite number of vanes is required to produce
the head indicated by the ideal velocity triangle. In an actual pump the
head and efficiency increaseAwith the number of vaﬁes (17) until the additional
losses produced by the larger number of vanes reaches some point where the
efficiency is a maximum. The available flow area is alsc reduced due to
‘the finite thickness of the vanes. This is especially critical at the inlet
whére space is limited and the probiém of cavitation may occur. Friction
losses in a duct are a minimum for the largest hydraulic radius. For a
quadrangular passage this is best suited by a square crosse-section. For
the impeller under study, the present wvane spacing to passage width ratio
is nearly 1.7 at the radius of the impeller correspénding to mid-distance
along the vane, With the addition of another vane, making a total of six,
this ratio would be l.k. Of course, it must be kept in mind that the flow
conditions in a duct are not strictly those occurring in the ihpeller channels

as some of the investigations mentioned above have shown. It is suggested
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thatvif it is practical from the standpoint of sufficient clearances (for passage
.of debris, rocks, etc.) that an additional vane be added. Only experiment will
determine whether or not the additional vane will iﬁcreasenefficiency.
An incompressible fluid with radial and rotational motion will ideally follow

a logarithmic spiral path in which the streamlines (imaginary lines every point
on which is tanéent to the velocity vector at that point} at any point have a
' constant inclination with the tangent to the radius at that point (12). As this
has a certain rational basis and as a logarithmié spiral is geometrically simple,'
pump vanes are often designed in this manner. Mamufacturing cost and simplicity
are also factors to be considered. Sometimes pump vanes are curves which are a
portion of a simple circular arc, although it is known that this does not give
the' best results. The circular arc does not give‘as smooth a flow path as the
logarithmic spiral. Sincé th‘e present dred'ée pump impeller has vanes defined
by a circular arc, it is suggested that the vane profile be changed to that
of a spiral. | O
The present vane tips afe blunt as shown in Fig. VI. This will tend to cause
disturbances in the volute. This effect may be partiélly.or entirely eliminated
by tapering the vanes as shown. (13) A number of different vane shapes and
profiles have been tried by researchers in order té improve pump efficiency.
One of these trials consisted of trying to utilize only the active flow part of
the impeller passage. Therefore, the areas of dead water mentioned previously
were removéd by shaping the vanes to occupy this érea. "Club-headed" vanes,
the Widﬁh of which were greatly increased at the outlet to reduce the water passage
to that expected to be occupied by useful flow, did notproduce-the improvements

which might be expected in efficiency and power at small fiows (18).
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ROUNDING OFF OF TRAILING EDGE OF ELUNT VANE TIPS

Portion to be removed

7N

Direction. of Rotation

FIGURE VI

The discharge angle is one of the most impqrtant aspects of impéller
design., It has been explained'earlier thét a fluid qOeé not leave the vane
tangent to the surface of the vane. étepanoff (11) suggests 22 1/2o as the
best vane exit angle for water. Tﬁis angle is the acute angle formed by a
linéniéngent to the vane at its end and a line tangent to the impeller'
4periphery at the point. Angles from 17 1/2 9 o 27 1/2° are the usuai
limits for centrifugal water pump vane exit angles. For pumping viscous
liquids an increase in the discharge angle up to 60° is suggested. The
discharge angle haé an effect on the head=capacity characteristic curve
of the pump. Studies were made (19) on a water pump keeping every variable
except vane discharge angle an& vane profile constant, Vane profile had
to change to result in the various discharge angles tested. Moderate values
of the angle, 20° to 30°, gave relatively flat head curves with good efficiencies.
As the angle was increased, head produced increased a little and efficiency

fell off a little. The head curve tended to be more rounded with some



- 17

maximﬁm value, This would not be desirable if pumps>of this type were to

operate in pﬁrallel. ‘The discharge angle@uof the present pump is 35°,

Tests on the model have shown the head caﬁacity curyés to be rising té a

maximum yalue and then falling'off, AAslight decrease in éngle, say to

30 , may tend to produce a flétéf‘curvé'énd still not affect the éfficiency.
Another factor related to the imﬁéller wh;ch'influehééé the efficiéncy

of a pump is the clearance between the impeller-andlthe cutawétef or volute

tongue, An-excessive: gap here leads to a reducﬁion of efficiency (11);

The gap on the present pump is quite large and if practical considerations

would allow this distance to be decreased, an increase in efficiency might

be expected. However; the clearaﬁce Should be at least twice that recommendeé

for a water pump’ since friction effects ﬁill be more pronounced with a

liquid of high éiscosity.

SUMMARY

On the basis of the fabtors‘discusseé above, the following changeé
in the désign of.thé dredge pump impeller are suggested,

1. Change the profile of the.vanes from a circular arc to a spiral.

2. Increase the number of vanes from five (5) to six (6) if practical
considerations will allow it.

3. Decrease the vane exit angle from 35° to a value of 33°'to 30°.

h.L_Rbund off the blunt trailing-edges of the vanes with a small
radius fillet.

| 5. Decrease the impéllermvolute tongue clearance to a value at least

twice that recommended for centrifugal water §umps’1f“practicalﬁcbhéiderations

3 :.‘»lwill‘ . &110W it [
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when héndling the mud-like‘fluié'méntionednﬁreviously. In this study impeller
changes were made on the basis that no other componenté‘of the pump'were to
be changed. Kdditionél factors would have to be considered if for instance,
the volute were to be changed. Even with these limitations, many of the
factors discussed should be applicéblé to other éituaﬁions where cehtrifugal

pumps are used to handle liquids containing suspended solids.
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