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ABSTRACT

This study presents the results of the theoretical model 10 predict the centrifugal pomp performance when its
impeller is equipped with splitters. The proposed methodolegy accounts for the constructional differences of the
pusip equipped with splitter blades as compared with the conventional pump. For flow through axial blade rings,
thege is a distinct influence of the solidily on the cutflow angle from the blades. This analogy is used for the
derivation of a slip factor for impellers with splilters. A loss analysis procedure has been presented 1o predict the
performance of centrifugal pumps. The result is compared with available experimental results. The predicted
vaiés of head over the operating range of flow rate of the pump have been found to be in reasonable agreement
with the measurements.

I{é;,:\;éfords: Centrifugal Pumps, Performance, Slip Factor, Losses
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NOMENCLATURE C, ideal whirl velocity

S : : .

5 impeller width C, actual whirl velocity
¢ | absolute velocity D, mean inlet diameter of volute throat
C, . velocity approaching volute throat D, hydraulic diameter for flow passage
C, dissipation coefficient f fricti.on _faclor .

g (ficient g gravitational acceleration

€, friction coelficien h  head loss due to flow phenomena
C,, disk friction coefficient H  head
C,y velocity at the throat H, manometric head
C ' radial VC]OC]'E)’ k_\. disk surface roughness

b
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L length

M . frictional torque of disk
N pump speed

P input power

Py disk friction power

¢  pump flow rate
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1. INTRODUCTION

Centrifugat pumps are used in water
distribution systems to overcome gravity
and friction losses in pipes to move water.
Low-specific-speed high-speed centrifugal
pumps are widely used in petrochemical,
aerospace and chemical industries to

deliver low flow rate and high-head
liquids, but there exist many problems to
be solved, such as low efficiency due to
disc friction loss and low flow rate
instability due to positive slope of head-
capacity characteristic curve, Cui et al. [1].
Through the experimental study on the
low-specific-speed high-speed centrifugal
pumps, it is found that the jmpeller with
splitler blades can effectively solve these
problems, Zuchao et al. [2].

Splitter blades are blades positioned
between main blades for additional flow
conirol and for reducing main blade
loading. The impellers with splitter blades
between two long blades can be used to
alleviate the serious clogging at the inlet of
the impeller caused by more blades.

The studies concerned with the
performance  of  centrifugal  pumps
equipped with splitter blades can be
classified into three categories:
(a) Experimental  studies, (b} Numerical
studies, and (c) Theoretical studies.

(a} Expcrimental studies: the
measurements of inlet and outlet pressures
and input power, and the calculation of
pump efficiency were included.

Nakase and Senoo [3], in their
numerical and experimental study, pointed
out that the circumferential position of the
splitter blades has some influence on the
delivery head of the pump.

Khlopenkov [4] stated that to optimize
the flow regimes, it is convenient to instail
in the zone of the increased vane
inclination 1-5 additional short blades with
a length amounting to 0.6-1.2 of the Jeagth
of the swept-forward tips of the main
biades.

Gui et al. [5] studied experimentally
the effects of splitter blades on a forward-
curved centrifugal fan performance. Their
results  show that the circumferential
position and the stagger angle of the
splitter blades have an obvious influence
on the performance while properly
lengthened splitter blades can raise the total
pressure coefficient.

Miyamoto et al. [6] examined the
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influence of the splitter blades on flow and
performance by measuring velocity and
pressure in the un-shrouded and shrouded
impeller passages. The length of splitter
blades was approximately 60% of the
length of main blades. They pointed out
that in impellers with splitter blades the
blade loading terids to become smaller, and
the absolute ciccumferential velocities and
total pressures become considerably larger
than those in impellers without splitter
blades.

Yuan [7] revealed that the splitter
blade technique is one of the techniques to
solve three hydraulic problems of low-
specific-speed centrifugal pumps
(relatively lower efficiency, drooping head-
flow curve, and easily overload brake
horsepower characteristics). The radial
length of the splitter blade was fixed to
70% of the main blade length or 50-75%
of the impeller outlet diameter. He pointed
out that the effects of splitter blades on
pump performance depend on the primary
circumferential position and then blade
discharge angle. Other parameters include
the inltet diameter and fixing situation. The
splitter blade offset will prevent the flow
from separating on the suction surface and
improve the velocity distribution within an
impeller. Hence, the hydraulic losses
within an impeller and mixed losses from
the impeller cutlet to the casing inlet can be
reduced, thus improving the pump
performance.

Golett et al.  [8-10] examined
experimentally the effects of different
fengths of splitter blades on the
performance of the deep well pump. They
concluded that increasing the number of
blades increases the head of the pump;
however, it causes a decrease in efficiency
due to the blockage effect of the blade
thickness and friction,

(b) Numerical studies: Computational
Fluid Dynamics {(CFD) in simulation of the
flow field in centrifugal impeller was
applied.

Cui et al. [1] simulated numerically the
three-dimensional turbulent flow in four

low-specific-speed centrifugal impellers
based con the Navier-Stokes equations and
the Spalart-Alimaras turbulence model.
The simulated results show that the
complex impeller with long, mid and short
blades can improve the velocity
distribution and reduce the back flow in the
impeller channel. The experimental results
show that the back flow in the impeller has
an important influence on the performance
of pump and a wmore-blade complex
impeller with long, mid and short blades
can effectively solve low flow rate
instability of the low-specific-speed
centrifugal pump.

Kergourlay et. al. [11] studied
numerically the influence of adding splitter
blades on the performance of a hydraulic
centrifugal pump. Adding splifters has
negative and positive cffects on the pump
behavior. It increases the head rise
compared to the criginal impeller. But the
efficiency is not improved since the
hydrodynamic losses are greater. It
decreases the pressure fluctuations and
reorganizes more conveniently the flow at
the volute cutlet.

(¢) Theoretical studies: the theoretical
head of pump, the slip factor, and the
losses in impelier, diffuser and volute were
calculated to predict the pump performance
characteristics.

Ukhin [12] estimated the theoretical
characteristic /-0 for dredge pumps with
splitter blades by calculating the constraint
coefficient based on the final number of
blades and the flow separation from the
blades. The proposed method lacks the
effect of splitter blade Jength.

Analytical calculations of pump
characteristics depend on geometrical
dimensions of pumps and loss models. The
pump characteristic relationship H = f(Q)
is not well-estimated because of the failure
of calculation to include accurale loss
factors in pumps. Although a secries of
formulae for caiculating losses exist but
they lack accuracy when applied to
centrifugal pumps.

The determination of the pump
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characteristics using quasi-empirical basis
faces the difficulties of predicting accurate
Joss coefficients.

Tuzson [13] proposed a calculation
procedure to estimate the theoretical
performance of centrifugal pumps. He
presented a simple and fast calculation
procedure with minimal input
requirements.  Flow  conditions  are
calculated on an average streamline
through the pump.

Zaher [14] suggested an approximate
method for calculating radial flow pump
characteristics by treating the losses at
different elements of the pump at a sefected
peint of operation, as having a constant
coefficient of loss. Values of losses were
calculated from the actual pressure heads.
The comparison between the predicted
characteristics and measured data for
several pump investigations presented good
agreement in s0me cases.

The prediction models developed for
conventional pumps are not applicable
directly to pumps equipped with splitter
blades. For example, the slip factor should
be modified to estimate reasonable
theoretical pump heads.

The phenomenon of slip is well known
to strongly influence the performance of
centrifugal pumps. The slip factor does not
represent a hydraulic loss. It just stands for
a reduction in the capability of the pump to
transfer energy. The most representative
attempts to estimate slip factors are
mentioned. Busemann [15] obtained values
of the slip factor by means of potential
fiow analysis. However, the flow within a
centrifugal pump impeller near the walls is
far from potential, and this analysis could
result in faulty approximations. Pfleiderer
[16] developed a method to calculate the
slip assuming a uniform distribution of the
pressure around the blade. Stodola [17]
assumed a rotating cylinder of fluid at the
end of the interblade channel as the canse
of the slippage. Stanitz [18] proposed a slip
factor correlation derived from the results
of two-dimensional fluid flow solutiens.
Wiesner [19] carried out a comprehensive

review and concluded that the method of
Busemann was still the most accurate.
Furthermore, Wiesner [19] proposed a
correlation fitting the Busemann data
extremely well up to a limiting iniet-to-
outlet impeller radius ratio beyond which
an empirical correction factor was
presented.

Von Backstrom [20] proposed a
simple analytical method to derive the slip
velocity in terms of a Single Relative Eddy
(SRE). He tried to unify the other
prediction methods. However, none of the
proposed methods are general and they
produce different results even when
applied to the same impeller.

Memardezfouli and Nourbakhsh [21]
observed that in the design-point condition
of the pumps, the experimental values of
the siip factor are in good agreement with
the theoretical values. However, there are
significant disagreements between the
theoretical and experimental values at off-
design regiments. The difference is more
apparent at low flow rates. The slip factor
is by no means a constant for a given
impeller. In fact, it is constant around the
design point but it decreases with
decreasing flow rate.

In the present study, an attempt is
made to develop an improved methodology
to predict the performance of centrifugal
pumps eguipped with splitter blades by
analyzing various losses in the pump. The
procedure proposed by Tuzson {13] is
followed to estimate the losses. A
computer program is written to facilitate
the estimation of the pump characteristics
as a function of the pump dimensions. The
predicted  values  show  reasonable
agreement with the measured values.

2. SLIP FACTOR

Basically, there are two definitions of
slip factor {20]. Both are equal to one
minus the normalized slip velocity. In the
first definition, the slip velocity s
normalized by the impeller tangential
velocity o, =1~C, /U, and in the second
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by the idea! whirl velocity
o, =1-C,/C,,. The first definition is
used in this study because of the
difficulties of the dependency of C,, on

the flow through the impeller.

In spite of its highly empirical origin,
Wiesner’s correlation, {19], has maintained
great acceptance amoeng researchers aiming
to predict the performance of centrifugal
pumps, Gillich [22}. It is given as, Wiesner
[19]:

Jsin f, ¢ R,

O-s = l - Zoy or R_z < 6‘hm:l (])
and
P
g = 1"‘ S]nﬁz 1- Rl/Rl‘ghm!l ’ I
U 0.7 _
Z y } glim{l
fOf _Rl > glimit (2)

2

where &, i3 the limiting radius ratio,
8.16sin
__’QJ (3)

Elima = E){p[— 7

3. LOSS MODELS

The calculation of the performance of
centrifugal pumps is based on the loss
correlations. There are many empirical
models for prediction of the losses. In the
present study, the loss correlations for the
following internal losses are taken into
consideration: (a) Inlet incidence loss, (b)
Impeller frictional head loss, (c) Diffusion
foss, and (d) Volute head loss. Also, the
following parasitic losses are considered:
(a) Disc friction loss, (b) Iniet recirculation
fosses, and (¢) Leakage loss.

The study is based upon the blockage
created by putting the spoilers in the
impeller. The blade thickness decreases the
space available for passing the flow.
Consequently, an increase in local
velocities is the result which yields creation

of disturbances caused by th.2 blade edges
at leading and tail.

3.1 Theoretical Head

The Euler’s head equation for an infinite
number of blades is:

H, = (Uz C,-U, Cul)/g (4)

where g is the acceleration of gravity, U,
and U/, are the tangential velocities at inlet
and outlet, and C,, and C, are the ideal

whirl velocities at inlet and outlet,
respectively, Fig. |, given as:

U, = 2D, N/60 (5)
U,=rnD,N/60 (6}
Cul = UI _C!I cot :B]

_ Qcot G, )

'\ xD, b~ Zth /sinf,
C,p=U,—C,yc0tf)
Qcol 5, @)

YA Dy b, —Ztbyising,

Fig. 1 Inlet and outlet velocity triangles
without (C,, ¥,; (5, ¥,) and with
slip effect (C/', W5 G, WA')
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3.2 Net Theoreticai Head

The net theoretical head is the head
obtained using a finite number of blades. [t
is obtained using the actual whirl
velocities:

H, = (Uz C.;z -U, C;‘I )/g 9)

3.3 Circulation Head

The circulatory flow that results from
the flow of a fluid inside a completely
closed impeller channel when the impeller
is rotating causes an increase in the relative
velocity W at the suction surface of the
blade and a decrease in W at the pressure
surface of the blade by a slip velocity,
Fig. 2. At the inlet and exit of impeller, the
contribution of the slip velocity, C,, is

given by the slip factor, o, .
The circulation head due to channel

circulation is given as:
Hc :H.‘h _'H.t}m
= [Uz (Cu2 - C;z)“‘ U, (C;n - Cul)] /8’
=(U,C,+U,C,)/ g
(10)

The slip velocity at inlet, C,,, is in the
direction of the peripheral velocity, U,
while the slip velocity at exit, C,, is in the

opposite  direction of the peripheral
velocity, U,. The slip velocities are given

by:
Cy =(1—0’“)U| =C:‘4| -C, (11)

Ca =(l *O'.wz)Uz =C, _C;z (12)

From Eq. (11) and (12), the actual whirl
velocities can be written as:

C,=UQ2~0,)-C, cot 5 (13)
C;fz =U,0,-C,,cot B, (14)

where o, and o, are the slip factors at

infet and outlet of impeller.
Finally, the circulation head is given
as:

H =[uX (-0, )+U(1-0,)] /¢
(15)

A simplification to the previous equation is
suggested assuming no pre-rotation (i.e.
C,, =0 and o =1) at the pump-flow rate
at the design point, then the circulation
head is given as:

H =(l-0,)U}/¢g (16)

The major difficulty in the calculation of
the theoretical head in case of using
splitters is the correct slip factor to be used.

wl

Circulatory
Now

(a) without splitter

B-passage

A-passage

.............. A
1 1-5,5-2

(b) with splitter

Fig. 2 Flow pattern inside the impeller
without and with spliiter
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3.4 Inlet Incidence Loss

The inlet incidence loss in impeller is
calculated from, Conrad et al. [23]:

(UJ. ‘Cun)z
2g
where f, . =0.5-0.7.

Hf :j;nr (1?)

3.5 Impeller Frictional Head Loss

3.5.1 Impeller Frictional Head
Loss in Conventional Case
“without Splitter Blades”

The friction head loss in impeller is
estimated by the theory of flow between
parallel plates and is given by, Glich [22]:

L, w2

H,=4C
! dDh 2g

(18)
where C, is the dissipation coefficient,
D, the hydraulic diameter and W, the

average relative velocity.

The average hydraulic diameter and
the average relative velocity are given
respectively as, Giilich [22}:

_ 2(‘92 b, +a, ‘bl)

‘D"'F.a,Jm’J,H,;!za-Z:u2 %)

Wer = Z(azbzz%a,b,) (20)
where,

a, =7 Dsin /2 -t 20

a, =xD,sin 5,/Z -« (22)

The average impeller Reynolds number is
calculated as:

- Wa\' Lb

Vv

Re

(23)

The friction coefficient C ; which

corresponds to a flat plate in parallel flow
and is function of the Reynolds number

and the roughness ¢, Gilich [22}:

0.136
Cpamm—— e o 4)

;=
~log (].2—8—+]~2—'E
L, Re

The dissipation coefficient is given as,

Giitich [22]:
C, =(C, +0.0015)(1.1+45,/D,) (25)

3.5.2 Impeller Frictional Head
Loss in Case of “with
Splitter Blades”

The total friction head loss in impeller
is estimated as the sum of friction head
losses in the sections 1-s and s-2:

Hﬂ:H’(\'_s +Hﬁ_2

2
- 4C,_”_s Lb L.\' Wavl—:
‘Dhl-: 2g
2
4Gy = o (26)
Dy, 22

where subscripts 1-s refers to the channel
from 1 (inlet) to s (leading edge of splitter)
and s-2 to the splitter blade leading edge to
the impeller exit. The head losses in each
of the two split passages of the splitter
blade, i.e. A-passage and B-passage, Fig.
2(b), are equal because the splitter is at the
middie of the two blades. Also, the
hydraulic diameters of these two parallel
channels are equal. The hydraulic
diameters and the average relative
velocities are given respeciively as:

D, = 27
b a,+b +a_, +b, @7)
2la, b, +a._, b,
Dm_z = ( 22 ¥=2 ,1)_ (28)
a,,+b +a,+b,
20
W = — 29
i Zl (al-s b.\ + al bl) ( )
W = 29 (30

e z, (az b, +a,, b:)
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where,
a,=xD,sinp[/Z, ~t (31
a_,=aD;sing [Z ~t (32)
a,_,=rD,sinpB |2, ~t (33)
a,=nD,sinB,/Z,~t (34)

in which Z, and Z, are the number of
blades at the first and second sections,
respectively (Z, =2Z,). At the leading
edge of splitter blade, the diameter is D,
and the assumptions of linear decrease of

the blade width and the blade angle with
the radius are used for the calculations of

biade width b, and blade angie 5, at the

splitter blade leading edge radius.

The dissipation coefficients are
calculated similar to the previous
procedure taking into consideration the two
sections:

Coroe =(C i, +0.0015)(1.1+48,/D,)

(35)
Cur =(C oy +0.0015)(11+ 46, /D,)
' (36)
where,
0.136
Cﬂ-s = 12 1.1%
-log} 0.2 £ + &
L.’I - L,\' Rel—s
(37)
0.136
Cﬁ—2 = P 125 715
{- logLO.Z—g—+ : J}
L.v Re.t-z
(38)
with,
Re‘“: = Wavl-s (’Lb - Lf) (39)
v
Re, , = M (40)
%
3.6 Diffusion Loss

The separation may appear in the

impeller at any point. According to Tuzon
[13], if the ratio of the relative velocity at

the inlet ¥, and the outlet W, exceeds a

value of 1.4, a portion of the velocity head
difference is lost:

2
VZ
H, = o.zs[(ﬁ) -2}’5—2— (41)
W, 2g
it W, /W, >14.

3.7 Volute Head Loss

The volute head loss results from a
mismatch of the wvelocity leaving the
impeller and the velocity in the volute
throat. 1f the velocity approaching the
volute throat C, is larger than the velocity
at the throat Cp;, the velocity head
difference is lost. It is given as, Tuzson
(13}

Cl-C]
H, =08 2 2 (42)
2g
The velocity approaching the volute throat
is calculated from C, =C,, D,/ D, where
D, is the volute throat mean inlet diameter.
Cpy is calculated from the flow rate and

the volute throat cross-sectional area.

3.8 Disk Friction Loss

The disk friction coefficient is
calculated from, Poullikkas [24):

k 025
c, =| == T 1Re™? (43)
0sD, ) losh,

in which &, is the disk surface roughness,

s the axial gap, Rethe Reynolds number
defined as:

Re~ U,(0.5D,) (44)
1%

The frictional torque acting on a rotating
radial disk and the disk friction power are
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given respectively by:
M, =05C, pa’{0.5D,) (45)
Pre =0 My (46)

Therefore, the head loss due to the disk
friction is calculated from:

pa’(0.5D,)

Hp =0.5C, (47

3.9 Inlet Recirculation Loss

The appearance of inlet recirculation
results in a parasitic power demand.
impellers  with relatively large inlet
diameters; usually encountered in high
specific pumps; are the most likely to
recirculate.  The head loss due to
recicculation is given as, Tuzson {25]:

25
@’ D} g :
=0.005 ——{1- 48
rQ [ QJ )

H

fee
where (0, is the design flow rate. The

recirculation loss coefficient depends on
the piping configuration upstream of the
pump in addition to the geomeirical details
of the inlet. A default value of 0.005 for the
loss coefficient is taken.

3.10 Leakage Loss
The leakage flow rate across the front

wear ring clearance is calculated from,
Tuzson [13]:

225
o =0'8(”D1bd )[Hmn ‘%I;_] (49}

The clearance width &, s taken as
0.125 mm.

3.11 Pump Head

The actual head developed by the
pump at any discharge rate is given by,
Tuzson [13]:

H, =Hm‘Hc‘H:"H-[_HJ "HVor
(50)

3.12 Pump Input Power

The input power to the pump is
determined using, Tuzson {13]:

Pi: = rQ(Hﬁm +Hl}l’.\'k + Hﬂ’tc‘) (51)
3.13 Pump Overall Efficiency

The overall efficiency of pump is

computed by the following equation,

Tuzson [13]:

Hﬂf . Q (52)
Hy +Hpy +Hee O+0,

J?:

4. MODIFICATIONS FOR
SPLITTER ANALYSIS

4.1 Theoretical and Net
Theoretical Heads for
Centrifugal Impelilers
with Splitter Blades

The theoretical head delivered to the
fluid  in  centrifugal pumps (Euler
turbomachine equation), Eq. (4), decreases
very slightly with increasing the number of
blades, Fig.3. The figure shows its
variation for number of blades 2= 3, 4, 5
and 6. Also, the theoretical head calculated
for an impelier with 3 blades and 3 splitters
is plotted, i.e. 3 blades at inlet section and 6
at outlet or simply written Z=3,6. The
radial velocity at inlet is calculated for a
number of blades of 3, while a number of
blades of 6 is used for the calculation of the
radiat velocity at outlet.

The net theoretical head for different
numbers of blades Z=3-6 is illustrated in
Fig. 4. The Wiesner slip factor is used.in
these predictions with 7, =15°. The figure
also depicts the net theoretical head for an
impeller with splitters (Z = 3,6).
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30
25(---
20 s
) 15 I' | I
| [ - - _'v-‘__l_—__
3 S
] ] .
10| -—-t---- 3 -
| | ) 4
. \ 5
Bh---tro-an -
; | =3,6
] 1 - N —
0 25 5 7.5 40 125 15 115

Q (Lfs)

Fig. 3 Variation of Hy, with pump
discharge for different
numbers of blades

Figures 3 and 4 show the physically
unsuitable results of the theoretical and net
theoretical heads for the splitter case.
Adding splitters for an impeller with
3 blades should not decrease the theoretical
head than that for & blades. Similarly, the
net theoretical head for the case (Z=3,6)
reveals an incorrectness in application of
the number of blades in that equations. An
appropriate average number of blades
should be substituted for Z in Wiesner slip
factor and the radial velocity as discussed
in the following section.

4.2 Derivation of Slip Factor for
Centrifugal Impellers with
Splitter Blades

The slip factors given by many
researchers are for impellers with blades
only. The utilization of splitter blades
within these impellers complicates the
study and raises the question of suitability
of using the slip factors for the calculation
of theoretical head and identification of
pump performance curves. Also, most of
the slip factors given by researchers are
suitable for centrifugal impellers with

blades of logarithmic spiral type (3, = 3, }.
The slip factor formulac in general are

Hipn ()

0 25 5 75 10 125 15 175
Q (Lifs)

Fig. 4 Variation oi‘H,.,,, with pump
discharge for different
numbers of blades

function of the number of blades, blade
angle and in some forinulae on the blade
radius ratio (R, /R, ). For other types of
biades other than logarithmic spiral, these
formuiae could be unsuitable. To overcome
this problem, a simple method for the
prediction of slip factor in case of splitter
blades is praposed based on the solidity.
The solidity is the blade length, L,

divided by spacing at impefler exit:

L, L2

b 53
“TIARJZ 2rR, 3)

If splitter blades are used, the numerator of

Eq. (52) is replaced by the implied sum of

the arc lengths of all the blades in the

impeller, Karassik et al. [25]. Therefore,

the solidity in cases of blades and splitter

blades is given as: ‘
_Z{L,+ L)

=L\ T 54
o=k (54)

where L, is measured from the outlet
diameter of impeller,
L =L,(D,-D)D,-D). 1t s
important mentioning that the number of

blades Z remains as in Eq. (53).
The slip factor is defined as, Von
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Backstrom [20]:

g =1 !

- 55
¢ l+c F (59)

where F is  the solidity influence
coefficient. It is dependent on Z, A, and
R, /R, , Von Backsirdm [20]. According to
the experimental data given by Buscmann
(15], Von Backstrém [20] gave it as:
F=F {sing,)" with F, =5. However,
the coefficient F may differ for each family
of impeliers.

The simple formula of slip factor
proposed by Wiesner [19] can be used to
facilitate the computation as:

S PR P 7L SO

o =1- =
: l+aF AN

(57)

For the blade angle f, =15° and different

values of Z, the following linear
relationship and goodness of fit R
parameter is deduced between £ and
solidity:

F=-100140+65818
(R =0.9985) (58)

L¢/Ly

Fig. S Variation of solidity with splitter-
blade lengths ratio for different
numbers of blades

and the slip factor is presented finally for
the blade angle /3, =15° as:
1

=]- 59
7 l+o~(—l.0014cr+6.5818)( )

where the solidity is calculated by Eq. (54).
Eq. (59) is used for the prediction of the
slip factor in case of impellers with splitter
blades. Figures 5 and 6 show the variation
of solidity, Eq. {54); and slip factor; Eq.
(59); respectively, with splitter-blade
lengths ratio L /L, for different number

of blades. For number of blades Z =13,
Fig. 7 illustrates the slip factor and virtual
number of blades corresponding to the
existence of splitters with the splitier-blade
lengths ratio calculated from:

_ 1707
z, = [—-——“’S’“'B 2 ] (60)

B l-o,

¥

The virtual number of blades, Z,, in Fig. 7

substitutes the number of blades in the
Wiesner slip factor, Eq. (1), and radial
velocities, Eqs. (7) and (8) in the case of
existence of splitter blades. In the absence
of splitter blades, all these equations reduce
to the equations for the situation with no
splitter blades.

Ly/Ly

Fig. 6 Variation of slip factor with
splitter-blade lengths ratio fur
different numbers of blades
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Table 1 Key parameters of the centrifugal
pump, Gilei et al. [8-10]
1.0 , ; . ! 6.0 | Pump speed, N (rpm) 2850
------ og| ! ! : Design flow rate, 0, (L/s) 10
osl —_—z | Design head, H,, (m) 13
: ! C ] Impetler inlet diameter, D, (m) 0.072
: O I SR N £ Trapeller outlet diameter, Dy (m) 0.132
] o L £onoee st Infet blade angle, £ (°) 18
g [ ! ! < | Outlet blade angle, 3 (°) 15
] S v o o L Blade inlet width, &) {m} 0.025
| X i : 40 Blade outlet width, &; (m} 0.014
; '. .' : Blade thickness,  {in) 0.004
08p---- o NP S S Blade length, L, (m) 0.074
' . ' . No. of impeler blades, Z 3,4,5,6,7
; .' : .' Splitier blade to blade lengths 0.25,0.35,
0% o2 o4 o5 o8 17 calio, L,/Ls ' 0.5,0.6,0.8
Axial gap between disk and 0.010
L/ly housing, s (m)
- 3
Fig. 7 Variation of slip factor and virtual number Ef.:nsny (.)f water, p (kgn) 798 5
. . inematic viscosity of water, v 1.06 X 10
of blades with splitter-blade (m?/s) |

lengths ratio, Z =3

5. CASE STUDY

Goletl et al. [8-10] used a single-stage
centrifugal pump as a deep well pump.
Impellers having a different number of
blades (Z=3, 4, 5, 6, and 7) wiih and
without splitter blades (25, 335, 50, 60, and
80% of the main blade length) were tested
in a deep well pump. The effects of the
main blade number and lengths of splitter
blades on the pump performance were

investigated. While the number of main
blades and the lengths of the splitter blades
of a principal impeller were changed, the
other paraineters such as pump casing,
blade inlet and outlet angles, blade
ihickness, impeller inlet and outlet
diameters, were kept the same.

The dmmensions of the principal
impeller are shown in Fig. 8 and Table 1.

Fig. 8 The dimensions of the principal impeller, Goleii et al. [10]
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6. RESULTS AND DISCUSSION

The proposed method is used fto
estimate the performance of centrifugal
pump without splitter blades and with
splitter blades. A comparison of the
predicted and measured values is presented
in the following sections,

The dimensions of the volute were not
mentioned in Golcll et al. [10], therefore
using the procedure of volute design, the
throat area and the diameter of throat were
assumed as 0.0038m* and 0.23m,
respectively. The disk surface roughness
kg was taken as 0.003 m. The coefficient

of inlet incidence loss f,  was proposed

0.7.

The calculations were done using a
FORTRAN program which includes the
main dimensions, empirical loss models
and performance predictions.

6.1 Characteristics of the Impellers
without Splitter Blades

The effects of the number of impeller
blades on deep well pump performance,
H,=fQ), P.=s(0) and n=71(0),
investigated experimentally in Gélcil et al,
[8-10] using five different impellers with 3,
4, 5, 6, and 7 are shown in Fig. 6(A). It is
worth noting that the opiimum number of
blades determined using the empirical
equations was six, Golcii et al. [8]. A {arger
number of impeller blades tends to increase
the pump generated head (Fig. 9(A)(a)).
The head drops rapidly with flow rate for
impeliers with 3 and 4 blades. However,
when Z is 5, the head decreases gradually
without drooping. Impellers with 6 and 7
blades also show similar trends to that with
5 blades.

Figure 9{A)b) shows the variation of
the power as a function of blade number,
The power increases proportionally with Z.
The power varjation around the design
flow rate (10 L/s} becomes flatter. The
maximum power is reached using an
impeller with 7 blades.

M. 62

As shown in Fig. 9(A)(c), increasing
the number of blades increases the
efficiency. At the best efficiency point
(BEP), when Z =5 the efficiency is 58.36%
and the change of efficiency between 5, 6
and 7 blades impellers is very small.
Although the impetler with 5 blades has
slightly lower efficiency than that with 7,
the power consumption of the impeller
with 5 blades is approximately 6.15% less
than that of the impeller with 7 blades.

The predicted characteristics of the
pump are illustrated in Fig. 9(B). The
comparison  between calculated and
experimental heads, Fig. 9(B)(a), indicates
some deviations for impellers with number
of biades equal 3 and 4. This is attributed
to the difference of number of blades from
the optimum number of blades (Z2=6)
which increases the losses and decreases
the guidance of flow through the impeller.
For impellers with a number of blades of 3,
6 and 7, there is a better agreement
Figure 10 represents the deviations of
predicted values of head and those
measured. These deviations are in the
range from +10 per cent to —16 per cent,
the high negative deviations are at Z=13.

The experimental and predicted input
power comparison reveals the steep
gradient in the theoretical results tiil design
flow rate (10L/s), Fig. 9(B)(b). The
maximum and minimum deviations are
within +6 per cent and —14 per cent, the
latter is at Z = 3.

The comparison of the predicted
overall efficiency of pump, Fig, 9(B)(c),
with  the corresponding experimental
results shows good agreement for impellers
with number of blades greater than 3 with
maximum and minimum deviations of
within +8 per cent and —6 per cent. With
Z =3, the maximum deviation increases to
+18 per cent and at the best efficiency
point, the difference in efficiency reaches
about 7%. This is expected as -the
efficiency is calcufated from the pump
head and input power and the latter is not
well predicted at Z=13.
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Fig. 10 Comparison between predicted and
measured heads for different numbers
of blades

6.2 Characteristics of the Impellers
with Splitter Blades

The effects of different lengths of
splitter blades (L, / L, =25, 35, 50, 60, and
80%) were investigated in Goleil et al. [10]
for impellers with 3, 4, 5, 6 and 7 main
blades. However, in the present study the
two cases of 3 and 4 blades were taken into
consideration. For impeller with 5 blades,
inserting splitter blades causes a drop in
head and shaft power, while the efficiency
increases with flow rate up to 10 L/s then it
decreases as the splitter blade length
increases. For impellers with 6 and 7
blades, the head, power and total efficiency
decrease with flow rate as the splitter blade
length increases.

6.2.1 Characteristics of the Impellers
(Z =3) with Different Lengths of
Splitier Blades

Figure 11(A) shows the experimental
pump characteristic curves for the impeller
Z=13 with different lengths of splitter
blades. The head, input power and overall
efficiency increase generally with flow rate
as the splitter blade length increases. The
rapid drop of the head was improved with
the splitter blades L;=0.6 L, for the

impeller with 3 blades (Fig. 11{A)a)).
Also, as the length of the sphitter blade
increased, the power consumption
increased (Fig. 11{A)(b)). The effect of the
splitter blades on efficiency is significant.
The splitter blades L;=0.8 L, result in an
increase in the efficiency at the BEP from
42.04% 10 56.07% (Fig. 11(A)c)).

Figure 11(B) shows the theoretical
performance curves of the impeller Z=3
with different lengths of splitter blades,
where the head, the power, and the pump
efficiency are plotted versus the flow rate.
The theoretical performance  curves,
Figure 11(B)(a), show that the effective
head has the same trend and in general is in
good agreement with the experimental
results, except some discrepancies exist
especially for the impeller without splitter
blades. The deviations are in the range
from +13 per cent to —]2 per cent, the
negative deviations are for L_/L, = 0.8,

Fig. 12.

Figure [ 1(B)(b) illustrates the gradual
increase of the theoretical input power with
the flow rate till (10 L/s); which is the
design flow rate; and a tess increase after
that. Also, the deviations between the
predicted and the experimental results are
observed to increase as the shut-off power
is approached, which could be due to the
underestimation of additional power losses
at low discharge rates. The deviations of
the theoretical power results for different
L, /L, are within +7 per cent and —4 per

cent. The theoretical power for impeller
without splitter (Z=3) is given in
Figure 9(B)(b).

The theoretical pump efficiency,
Figure 11(B)(c), 1is higher than the
experimental ones for L;< 0.8 Ly. The
maximum and minimum deviations of the
theoretical efficiency results for different

L /L, are within +13 per cent and —15 per
cent. The minimum deviation is for
L /L= 08 These high deviations

resulted because the calculated efficiencies
are based on the head and the input power.
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6.2.2 Characteristics of the Impellers
(Z =4) with Different Lengths of
Splitier Blades

The experimental pump characieristics
curves for the impeller Z=4 with different
lengths of splitter blades are shown in
Fig. 13(A). As in the experimental results
for Z=3, the head, power and total
efficiency increase generally with flow rate
as the splitter blade length increases. The
improvement in rapid drop of the head was
achieved with the splitter  biades
Li=0.5 Ly, (Fig. [13{A)(a)}. The power
consumption increases with the increase of
the length of the splitter blade
(Fig. 13(A}(b})). For the efficiency, the
splitter blades L,=0.8L, result in an
increase in the efficiency at the best
efficiency point from 49.71% to 56.08%
(Fig. 13(A)(<)).

Figure [3(B) illustrates the theoretical
pump characteristics curves for the
impeller Z=4 with different lengths of
splitter blades. For the head versus flow
rate, Figure 13(B)(a), it may Le seen that
there is some discrepancy between the
theoretical and experimental results; the

theogretical heads at shut-off are greater
than that from experiments forall L /L, .

To gain an insight into the
applicability of the derived correlation for
the slip factor, a comparison is made
between the predicted and measured pump
heads. Figure 14 depicts the comparison of
predicted and measured heads for main
blades Z=4 with different lengths of
splitter blades. It is seen that the data points
are distributed over the perfect-fit line and
the deviations are within +17 per cent. It is
to be noted that the predicted values are
higher than the measured values and the
maximum deviations are at L /L, =0.25.

The  theoretical  input  power,
Figure 13(B)(b), increases gradually with
the flow rate till the design flow rate
(10 L/s) with less increase after that. Also,
it has low increase at low discharge rates
(2.5 — 7.5 L/s) with the increase of lengths
of splitter blades compared with the
experimental  results. This may be
attributed to the loss models. The
theoretical power for impeller without
splitter (Z=4) is given in Figure 9(B}(b).
As in the previous cases, the deviations
between the predicted and measured input
power are within -+17 per cent and ~1 per
cent.

The comparison of the predicted
overall efficiency of pump, Fig. 13(B)(c),
with the corresponding experimental
results shows similar trends at best
efficiency point (Q=10L/s) and over-
prediction at L, /L, <0.80. At different

L /L,, the maximum and minimum

deviations are +10Q per cent and -8 per
cent,  respectively. The  minimum
deviations corresponds to £, /L, =0.80.
After analyzing the results obtained
from the derived slip factor correlation, it
seems that the possible causes of deviations
could be minimized if individual effects of
derived slip factor and virtual number of
blades on the pump head are considered.
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7. CONCLUSIONS AND
RECOMMENDATIONS

A simple theoretical approach has
been identified to predict the performance
of centrifugal impeller equipped with
splitter blades. In particular, the present
study has focused on the theoretical
calculation of head. The slip factor for a
centrifugal pump impeller with splitier
blades was estimated by means of blade
solidity. A methodology is proposed in
order to achieve the prediction of
performance of centrifugal pumps. The
methodology was carried out for impellers
with and without splitters. Based on the
results, the main obtained conclusions are
summarized below:

(1) An appropriate empirical slip
relationship which depends on the
solidity is derived for impellers
with splitters, Eq. (59).

(2) The virtual number of blades, Z,,

which substitutes Z in the Wiesner
slip factor in case of existence of
splitter blades is calculated by the
suggested approach, Eq. (60).

(3) The theoretical head is determined
using the slip factor and the virtual
number of blades. Consequently, al!

the relevant flow conditions can be
determined at the impeller exit.

(4) The proposed prediction
methodofogy has  proved to
improved performance of impellers
with splitter blades.

(5) The consideration of the individual
effects of derived slip factor and
virtual number of blades on the
pump head could minimize the
deviations between the predicted
and measured pump heads.

(6) New approaches using
computational  fluid  dynamics
(CFD) simulations need to be
developed in order to estimate
correctly the slip factor and to
provide improvements fo the
performance prediction technique
for centrifugal impellers with
splitter blades.
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