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ABSTRACT

Centrifugal pumps are widely used in water supply systems and account for more than 90% of the electricity consumption of water
pumping stations. Studies that seck to generalize the characterization of performance curves of centrifugal pumps are extremely
useful. A study was carried out on the dimensionless characteristics of the operating conditions of centrifugal pumps for preliminary
design estimations of water supply systems aiming at energy efficiency. The research consisted of the analysis of performance curves
of centrifugal pumps from which data was collected regarding the point of maximum yield (PMY). The curves and the equations
obtained were made dimensionless so that the information could be extrapolated to other situations. A case study was conducted in
the Water Supply System of Vale Campus of the Federal University of Rio Grande do Sul (UFRGS) to demonstrate the application of
those equations and curves developed. The dimensionless equations were useful to determine which discharge should be adopted so
that the system would be more efficient hydro and energetically and, also, to determine how much more energy would be consumed
in the case of alteration of the point of operation of the pump by a throttling valve.

Keywords: Centrifugal pumps; Energy efficiency; Maximum yield; Dimensionless curves.

RESUMO

As bombas centrifugas sao amplamente utilizadas em sistemas de abastecimento de agua e o seu funcionamento ¢ responsavel por mais
de 90% do consumo de energia elétrica das estagdes de bombeamento de agua. Estudos que busquem generalizar a caracterizacio das
curvas de desempenho de bombas centrifugas sao extremamente tteis. Realizou-se um estudo sobre as caracteristicas adimensionais
das condi¢bes de operacdo de bombas centrifugas para estimativas prévias de projetos de sistemas de abastecimento de agua visando
a eficiéncia energética. O trabalho consistiu na analise de curvas de desempenho de bombas centrifugas das quais foram extraidas
informagées sobre o ponto de maximo rendimento (PMR). As curvas e as equagGes obtidas foram adimensionalizados de modo que
as informacoes pudessem ser extrapoladas para outras situacoes. Foi realizado um estudo de caso no Sistema de Abastecimento de
Agua do Campus do Vale da Universidade Federal do Rio Grande do Sul (UFRGS) para demonstrar a aplicacio das equagdes e curvas
desenvolvidas. As equacées adimensionais foram uteis para determinar qual vazio nominal deveria ser adotada para que o sistema
fosse mais eficiente hidroenergeticamente e, também, para determinar quanto de energia seria consumida a mais caso o ponto de
funcionamento da bomba fosse alterado por valvula de estrangulamento.
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INTRODUCTION

Water and energy are two of the most important resources
used in various productive sectors and in the daily lives of
populations. Energy consumption in the world is expected to
increase by 30% between 2016 and 2030 (EIA, 2016). Electric
motors are responsible for the consumption of 46% of all energy
consumed and, within this percentage, pumping systems account
for 20% of consumption (EUROPEAN COMISSION, 2001).

The total financial expenditure per year in electricity in
sanitation in Brazil is in the order of 5 billion reais, corresponding
to the consumption of electric energy of 11 TWh. This amount is
equivalent to the annual domestic consumption of about 19 million
inhabitants (BRASIL, 2017). The magnitude of this consumption
is quite significant, so that studies on the use of centrifugal pumps
in water supply systems (WSS) are important in the economic-
energy scenario, since approximately 90% of the electric energy
in sanitation is consumed by motor-pump sets (GOMES, 2009).

The choice of pump type is usually done from the knowledge
of the pumping discharge (Q) and the head (H) of the system,
however, the field of application of the different types of pumps
is wide and subject to overlapping regions which may cause a
greater difficulty in this choice. Macintyre (2013) explains that
the choice of pump can be made using graphs presented by the
manufacturers in which, knowing the values of Q and H, the type
of pump suitable can be indicated. Other information presented
in the manufacturer’s curves are the yield, the ratio between the
energy supplied to the duty fluid (net power) and the energy
supplied to the axis of its rotor (motor power) (GOMES, 2009).

The yield of the motor-pump set is directly related to the
energy consumption of the pumping system, therefore, during
design, machines with high yield must be chosen and, during
operation, the point of operation (intersection between the curve
of the pump and the curve of the system) coincides with the
point of maximum yield (PMY) indicated by the manufacturer
or is close to it.

It is common to find water supply systems with oversized
motor-pump sets. At the same time, the pumps can also become
undersized with the growth in demand. In these cases, the vibrations
and losses inside the pump increase and the working life of the
equipment decreases (KOOR et al., 2016).

The maximum yield duting the design of a pumping system
needs to done carefully, since Macintyre (2013) points out that,
for small centrifugal pumps, the yield can be less than 40% and,
in large pumps, it can exceed 85%, so that is to say that the energy
consumption can vary significantly according to the chosen pump.

Santos (2007) further adds that the yield is affected by the
geometry of the pump, which, in turn, is determined to meet the
uset’s vatied demands of Q and H. That s, in some cases, the best
possible yield can have low values, which does not mean that the
pump is of poor quality, but only that the imposed work situation
means greater losses of energy. Supporting this explanation, Gomes
(2009) argues that the selection of a pump involves, besides the
knowledge of the discharge and the head, the selection of the
best size and shape (centrifugal, mixed or axial) of the pump.

In this sense, there are numerous pumps that can be chosen
to meet the daily demand conditions of a water supply system,
depending on the combination of the pumping discharge and the
head. The efficient and effective choice, however, will be the one

that uses the least amount of energy and financial resources and
that effectively meets the demand. Arun Shankar et al. (20106) state
that, considering the large energy consumption associated with
pumping systems, all the actions directed to the investigations in
this sense are valid.

Thus, the methodology described in this paper brings a
dimensionless analysis of the characteristics of centrifugal pumps
through information obtained in the curves available in the catalogs
of several manufacturers that operate in the Brazilian market.
Correlations are presented for estimating yields according to the
nominal head (H, ) and the nominal pumping discharge (Q, ),
aiming at a better understanding of the application, performance
and preliminary estimates of the characteristics of the centrifugal
pump to be adopted. The dimensionless analysis carried out had
the objective of obtaining information that could be extrapolated
to situations different from those studied in the research.

PUMP SIMILARITY AND DIMENSIONLESS
QUANTITIES

The fluid machinery is similar in three spheres in three
spheres: geometric, kinematic and dynamic. The geometrical
similarity implies in the proportionality of the linear dimensions,
the kinematic similarity implies that the vectors of velocity and
acceleration, for corresponding points, are parallel and have
a constant relation of their modules and, finally, the dynamic
similarity is obtained when the identical types of forces acting
on the system, for corresponding points, are parallel vectors and
have a constant relation between their modules (HENN, 2012).
To ensure that similarity criteria are met, a dimensional analysis
must be performed. For the flow in hydraulic machines, the
following functional relations can be considered, expressed by
Equations 1 and 2:

gH =[1(0.D.N.p. u.¢) )

P=/,(Q.D,N,p, 11,¢) @

where: g is the gravitational acceleration, H is the head, Q is the
discharge, D is the rotor diameter, N is rotor rotation, @ is the
specific mass of the fluid, p is the dynamic viscosity of the fluid,
and e is the absolute surface roughness.

Applying the principles of dimensional analysis, for
Equations 1 and 2, four dimensionless pi groups can be formed:
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The dimensionless quantities found in this analysis are
important parameters for the flow in pumps. Table 1 presents
the names of these dimensionless groupings.

Based on the dimensional analysis, it is said that two
machines will be dynamically similar when there is equality
between Reynolds, Mach, Froude, Weber and Euler numbers of
each (HENN, 2012).
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Table 1. Dimensionless relations in pumps.

Table 2. Classification of pumps by specific rotation velocity.

.n.D?
Reynolds number Re =21 r;l
H
Manometric Coefficient v = % 5
n°.D
Discharge Coefficient p= 9
n.D?
. P
Power Coefficient =3
pn.D
. £
Relative Roughness &= )

Source: Santos (2007).

From the dimensionless parameters presented, Santos
obtained Equation 5, which shows the yield of the pump (), a
dimensionless quantity, determined by a relation involving other
dimensionless parameters.

v
== ®

From these dimensionless parameters, it is possible to
obtain the pump characteristic curves (HxQ, PxQ and nxQ) as
demonstrated by Freitas, Michels and Passos (2015). Another
possibility from the study of dimensionless numbers is the similarity
laws applied to hydraulic machines, which can be used to evaluate
the performance of the same machine when the rotor diameters
or rotations are modified.

SPECIFIC ROTATION VELOCITY AND
CENTRIFUGAL PUMP PERFORMANCE

The specific rotation velocity (Ns) is a number obtained by
the similarity laws that remain constant for similar pumps. Henn
(2012) describes it as the shape coefficient of the rotor and defines
it as the rotation velocity of a pump geometrically similar to that
considered, sized for H=1m and Q = 1m’/s. Equation 6 is used
to obtain Ns and their relation to the specific rotation velocity of

Addison (ngA) is nqA = 3Ns.

N-JOi,;
374
Hy;

Ns = (6)
where Ns is the specific rotation velocity, N is the axis rotation
(rpm), Q, , represents the nominal discharge in m’/s and H,  is
the nominal head of the pump (m).

Henn (2012) indicates that the specific rotation velocity is
associated with the shape and proportions of fluid machinery rotors
and their value, as well as serving as the basis for characterizing
series of geometrically similar machines in manufacturer catalogs,
is a fundamental element to select the type of machine most
suitable for each situation. Santos (2007) reiterates that, although
it belongs to a fictitious pump, the specific rotation velocity can be
considered as a kind of property of real pumps and can be used
to verify the importance of each quantity involved.

The different pump geometries were classified using the
specific rotation velocity as shown in Table 2.
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Ns (rpm) Type of Pump
<10 Positive displacement - gears, vane, pistons, etc.
10 to 40 Radial Centrifugal
35 to 85 Helical Centrifugal
80 to 150  Diagonal Centrifugal
125 to 500  Axial

Source: Santos (2007).

Figure 1 shows the different types and yields of pumps
depending on the discharge and the specific rotation velocity, and
similarly, Figure 2 presents an estimate of the type and yield of
the pump as a function of the specific rotation velocity. It should
be noted, however, that the adjustment equations of these
curves are not presented, which may complicate the estimation
of the yield in preliminary stages of the design. Both graphs of
Figures 1 and 2 show a tendency to increase yield by increasing the
specific rotation velocity of centrifugal pumps up to a given value
of ngA or Ns. The yield information, depending on the specific
rotation velocity, can aid in the choice of the design discharge of
the supply systems, since the energy consumed in pumping is a
function of the pumping discharge, head and yield of the pump.

Several researchers have been studying the yield of
centrifugal pumps. Alé (2010) proposes an estimation of the
order of magnitude of the overall yield of pumps as a function
of the discharge and the head and presents Equation 7, valid for
pumping discharges between 20 and 250 m?/h and heads between
15 and 100 m.

n=a—-bH +cOH —dQ’H + el — fOH’ + g0**’ ©)
where:
a=80;b=0.9367;c=546x107;d = 1.514x107 ;e =5.802x1073;

S =-3.028x107; g = 8.346x10°%; 1 is the overall yield of the centrifugal
pump; Q, the discharge (m*/h) and H, the head (m).

Coclho and Andrade-Campos (2016) developed a
methodology to estimate the yield behavior of a pump operated
with a frequency converter. The authors stated that, although
frequency converters are widely used, there are few studies on the
effect of the rotation variation on pump yield and have proposed
an equation to obtain the yield when the rotation is modified.

Koor, Vassiljev and Koppel (2016) studied the yield of lift
stations with non-identical pumps working in parallel and with
rotational variation. The authors reinforced the importance of the
research because, in many practical cases, initially the pumps are
identical, however, with the excessive use of one to the detriment
of another, the resulting wear and tear modifies the yield of the
pump and, therefore, the overall lift yield.

In addition to the yield of the pump, it is necessaty to
evaluate the yield of the motor. Electric motors are used to drive
the pump shaft, converting electric energy into electromagnetic
energy and this, in turn, into mechanical energy on its axis. In each
energy transformation, losses occur, determining its yield.

Electric motors are manufactured to operate at maximum
constant yield ranging between 75% and 100% of their nominal
load. Operation with load higher than nominal should be avoided
(WEG, 2010).
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Thus, motors with higher power than the one supplied
to the pump are selected to operate in the maximum yield range,
avoiding overload.

METHODOLOGY

From the centrifugal pump curves found in catalogs of
four different manufacturers, widely used in Brazil, the discharge
and head data were collected at the point of maximum yield.

The centrifugal pumps of manufacturer A, B and D are
of horizontal axis, single stage, single suction horizontal with
closed radial rotor. The pumps of line 1 and 2, of manufacturer C,
have an open and semi-open rotor, respectively. All are suitable
for pumping water and clean, turbid liquids. The analyzed pump
quantities of each manufacturer and line are shown in Table 3,
and their characteristics are presented in Table 4.

From the calculation of the specific rotation velocity,
curves were constructed to relate this information to the yield at
that point. The objective of this analysis was to try to provide an
estimate of the expected maximum yield for different operating
conditions and to verify if there was a good fit between this
information, making it possible to establish equations that can be
used to estimate the yield in different design situations.

For the pumps of the manufacturers A (line 1) and B,
more curve data were collected, namely: head at the shuzoff point,
head, discharge and yield at four other points of the curve, two
to the left and two to the right of the curve’s PMY, so that it
was possible to represent the entire region of pump operation

Table 3. Centrifugal pumps analyzed in the research.

. . . Fabricant ntit Rotor
The specific rotation velocity (Ns) was calculated by : m 2 i Qu1a07 Y Clo 0 3
. . . . — lune 0OSse
Equation 6 in the PMY and was correlated to the maximum yield A line2 139 Closed
for each of the pumps analyzed. A _line3 131 Closed
B —linel 56 Closed
100 T J T I E | ! C —linel 24 Open
- = i__ = ._‘__'_ > 600 /s C — line2 27 Semi-open
7 (%) = 2 T ) 2 gl o I D —linel 54 Closed
(]
t pt B N~ TOTAL 538
2 =N g
L~ =11V 1 1Y200t0600 /s
Ly \ | '60t0200 U/s Table 4. Characteristics of the centrifugal pumps analyzed in
60 \__30t060 Vs | the research.
= ] N\ | 121030 Vs : Qmin Qmax Hmin Hmax
- ~otol2 /s Manufact
50 | anufacturer iy iy
==t T (i/h)  (@/h)  (m)  (m)
TT] A linel 5.9 1090 34 115
30 60 120 180 300 600 900 A~ line2 275 1660 31 130
n A —line3 2.74 1120 3.1 210
9A B —linel 10.3 1035 5.5 210
Figure 1. Yield according to the specific rotation velocity by C — linel 87.0 2450 12.1 92
ranges of discharge (Bureau of Reclamation, 1976 apud HENN, C - line2 135 195 8.51 162
a5
90 e e e
85 e RS
< 80 £
£75 | f
70 ¢
65
60
10 20 40 80 160 320
Ns
----- Centrifugal pumps Mixed flow pumps - - - Axial pumps

Figure 2. Yield of centrifugal, mixed and axial pumps according to the specific rotation velocity (Adapted from: WHITE, 2002).
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Therefore, for each pump, the PMY (H, , Q, , en ) and other
four points (H, Q and 7) along the curve were obtained.

For each pump, the values collected (H, Q and 7) were
divided (made dimensionless) by the values of the respective
PMY. Thus, it was possible to adjust a single dimensionless curve
to represent the analyzed pumps and verify the variation of the
parameters of the centrifugal pump in relation to the point of
maximum yield.

The dimensionless yield (n/7__) has a maximum value of
1in the PMY (where H=H,  and QIQ1/1), and lower values for
other combinations of H/H,  and Q/ Q, , analyzed.

For the estimation of motor yield, a procedure analogous
to that used to determine the yield of the pumps was carried out.
Yield data were collected from three-phase electric motors from
three manufacturers recognized in the Brazilian market available
in INMETRO (2002) tables and, from these data, an equation
was adjusted that allowed obtaining the yield of the motor from
the electric power. The motors analyzed were three-phase, 2-pole,
with power between 0.75 kW and 185 kW with yields between
77% and 94.3%.

RESULTS

Figure 3 presents the yield data as a function of the specific
rotation velocity for all analyzed pumps. It can be observed that
there is a tendency to increase the maximum yield (v _ ) with the
increase of the specific rotation velocity of centrifugal pumps.
For low specific velocitys (less than 30), pump yields range from
20% to 80%. For Ns between 40 and 120, yields remained more
stable with values close to 80%.

From the data presented in Figure 3, a curve fitting equation
(Equation 8) was determined, with coefficient of determination
of 0.8782, according to the adjustment line shown in the figure.

9.121
5.092-="22-0.1241n(Ns) (8)

Mméx (%) =e

wheren_is the maximum yield of the centrifugal pump (%) and
N, the speciﬁc rotation velocity.

The yield curve as a function of the specific rotation velocity
matches the curves found in the literature (HENN, 2012; WHITE,
2002; ALE, 2010), and the maximum yield occurs near 40 Ns (120
Ngqa). In order to include the equation presented by Alé (2010),
the yield is presented as a function of the specific rotation velocity
for three values of head. Figure 4 compares the adjusted curve in
this paper with data from the literature. It should be noted that
the curves presented by USBR (1976 apud HENN, 2012, p. 120),
are for different discharge ranges, as shown in Figure 1.

In small water supply systems, it may be interesting to
analyze the choice of pumps with a specific rotation velocity
around 40 N, since their yield will be higher. To increase N, it is
necessary to increase the pumping discharge or decrease the head.
In case of increase in discharge, the pump power will also be higher,
which leads to greater energy and financial expenditure. On the
other hand, increasing the pumping discharge can mean reducing
the operating time of the pumping system, that is, reducing the
energy and financial consumption. In view of this, hydropower
efficiency evaluations of pumping systems are complex and need
to be performed more broadly than mere considerations of the
motor-pump set yield. In this sense, studies are necessary that take
into account several criteria to verify if the change of Ns (H or Q)
represents an advantage when it comes to energy.

Figure 5 and Figure 6 graphically present the Hx(Q) and
1xQ curves made dimensionless by means of the methodology
proposed in this research.

These results are derived from the analysis of the pumps
of manufacturer A, line 1 and of manufacturer B. It was possible
to observe that the centrifugal pumps have a mean maximum
head around 1.25 times the corresponding nominal head, which
corroborates the above in Macintyre (2013).

The equation of adjustment (9) was obtained from the
data of Figure 5 and is a quadratic function whose coefficient of
determination is of 0.9402, with an accuracy of £ 2%.

100

90

A Manufacturer Aline 1 X Manufacturer A line 2

Manufacturer Cline 1 + Manufacturer Cline 2
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w x L 2 F
PGy N " 3 ) aX
80 " PR o o A R u?ﬁk & s 'y
o A T
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oo R L.
60 ode I
+

= i N
= 4 vl
2 50 4
K S
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40 *

‘0
30 Fe
-

20
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0 20 a0 60
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80 100 120 140

Manufacturer A line 3 Manufacturer B

¢ Manufacturer D —Adjustment line

Figure 3. Yields of the centrifugal pumps analyzed in the research as a function of Ni.
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where H is the head (m); H,,;, nominal head; Q, the pumping
discharge (m?/s) and Q,;;, the nominal discharge (m?/s).

The analysis of the dimensionless yield (Figure 6) showed
that this quantity also has a quadratic behavior with the discharge

100

90

80

TNmax 1)

70

60

50

10 30 50 70 90 110
Ns
--------- USBR, apud Henn 2012 —===-White 2002
Centrigal pumps analyzed — —Alé 2010, H 20
— - Alé 2010, H50 — - =Alé 2010, H70

Figure 4. Comparison between the curve obtained in this research
and others in the literature.

variation. The yield decreases as the discharge is changed, for
example, for discharge values between 60% and 140% of that
of the PMY, the yield decreases up to 85% of the nominal yield,
which can aid in estimating the yield when the pump’s point of
operation is altered.

The drop in yield will be even more significant when the
discharge is altered to less than 60% or to more than 140% of
the nominal discharge, decreasing to 40% of the nominal yield.
Equation 10 represents the adjustment of the data of Figure 6, its
coefficient of determination is 0.991, with an accuracy of + 1%.

N 0.995| 2| 119772 10,025 (10)
Mmax 1 1

1 1
where 7 is the yield; 7,,,,, the maximum yield; Q, the pumping
discharge (m’/s) and Q,;;, the nominal discharge (m’/s).

With the information in Figures 5 and 6 it was possible
to draw up the dimensionless curve presented in Figure 7, which
shows the head as a function of the discharge (H = f (Q)) with
the estimation of the yields along the pump’s operating curve.

The yield of the 2-pole three-phase electric motors was
correlated with their nominal power, generating the adjustment
Equation 11 whose coefficient of determination is 0.9950. Figure 8
shows the dispersion of the obtained data and the line of the
adjustment equation.

04
—_— 21.97 +97.64Pm (1 1)
0.53+ Pm"*

where nm is the yield of the 2-pole three-phase motor (%); Pm,
the power of the motor (kW).

1.8

o [y o b Iy
o0 o [ = @

H/Hin (dimensionless)

=
o™

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8

1.0 1.2 1.4 1.6 1.8 2.0

Q/Qqy, (dimensionless)

= Manufacturer A line 1 & Manufacturer B ——Adjustament line

Figure 5. Dimensionless pump cutve for various centrifugal pumps.
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Figure 6. Yield as a function of the dimensionless discharge.
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Figure 7. Dimensionless pump operating curve.
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Figure 8. Yields for the 2-pole three-phase electric motors as a function of nominal power.
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APPLICATION

In order to demonstrate the application of the dimensionless
curve of the pump (Figure 7), a case study was made for the
optimal determination of the pumping capacity to be adopted.
This case study is based on data from the Water Supply System of
the Beltway of the Vale Campus of the Federal University of Rio
Grande do Sul (UFRGS), measured in loco during the execution
of the REDECOPE project - Development of Technologies
and Efficient Procedures for The Hydroenergetic Management
in Water Supply Systems, by the team of LENHS - Laboratory
of Energy Efficiency and Hydraulics in Sanitation of UFRGS.

The application of curves, equations or models developed
by researchers in case studies can be very useful to validate or
exemplify the usage. Zocoler etal. (2011) adjusted a mathematical
model to quantify the effect of the variation of hydraulic pump
yield on the variation of the costs of a pumping system. In order
to demonstrate the application and to validate the model, the
authors proposed a case study in which they evaluated three
centrifugal pumps with different costs of acquisition and yields
and concluded that, although more expensive, pumps with higher
yields were preferable to the detriment of the others, since the
period to recover the investment was less than the working life
of the equipment.

System features

The characteristics of the system are presented below:

e Mean daily consumption is 270 m*/day, from Monday to
Friday and 219 m?*/day from Monday to Sunday (Figute 9);

*  Maximum houtly consumption is 27 m?/h on average;
*  Geometric height is 67.8 m;

e Consumption peaks are close to noon and at 3 pm;

*  Mean houtly consumption is 11.5 m’/h;
¢ Demand factor is 0.42;

e Total length of the settlement’s cast iron pipe is 1062 m,
with more than 15 years of use;

e Internal diameter is 0.1458 m;
e Absolute roughness is 2.5 mm;

* Total k coefficient of singular head losses, estimated by
Tonial (2014), equal to 597.99;

*  Uppet teservoir volume is 700 m’.

The water is delivered by the Municipal Department of
Water and Sewage of Porto Alegre (DMAE), and is pumped by
a single motor-pump set to the upper reservoir.

In the lift station, there are 4 motor-pump sets arranged
in parallel, however, currently only 2 motor-pump sets are active,
one of them being a backup set. The motors are of the WEG
brand, JP-Plus model, with 75 HP of power and the pumps
are centrifugal, monostage, monoblock, series DN 65-25 Mark
Grundfus of 3500 rpm, with nominal discharge of 112.5 m’/h,
nominal head of 115 m and yield 69.3%.

System head

The pump’s yield and head estimates can be calculated using
Equations 9 and 10. In order to use them it is necessary to calculate
the head of the system and choose the pumping discharges for the
operation of the system, always striving to meet the consumption
requirements and for the good use of the reservoir.

The head corresponds to the sum of the geometric height
with the system head losses. Continuous head loss can be calculated
using the Darcy-Weishach Formula 12 and the singular head loss
with the Borda-Carnot Formula 14.

30

25

Discharge (m¥h})
[ [
(9] o

[y
o

0
0 4 8 12 16 20 24
Time (h})
——Monday Tuesday ——Wednesday ——Thursday Friday Saturday ——Sunday

Figure 9. Hourly consumption of the Water Supply System of the Beltway of the Vale Campus of UFRGS.
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LV
Hl=f D2 (12)
where Hlis the continuous head loss (m); F, the friction coefficient;
L, the length of the pipe (m); V, the mean flow velocity in the
pipe (m/s); D, the internal diameter of the pipeline (m) and g,
the acceleration of gravity (m/s?).

The friction coefficient of Equation 12 can be calculated
with the Colebrook-W hite equation:

eld 251 J 13

1
ﬁ——Zlog[”+W

where e is the absolute roughness (mm); D, the pipe inner diameter
(mm) and Re, the Reynolds number.

VZ
Hs = k—
s ng (14)

where Hs is the singular head loss (m) and k, the head loss
coefficient of each singularity.

System power consumption

The energy consumed can be calculated using Equation
15, which corresponds to the hydraulic power, considering the
yield of the centrifugal pump and the motor, multiplied by the
pumping time.

o, (15)
1000bm

where E is the energy consumed by the centrifugal pump (kWh);
7, the unit weight of water (N/m?); Q, the pumping discharge
(m?/s); H, the head (m); nb, the yield of the pump; nm, the yield
of the motor and t, the pumping time (h).

Operating considerations

Five pumping rates were utilized, the first corresponding
to the maximum houtly consumption discharge, 30.0 m?/h, the
second corresponding to twice the maximum hourly discharge,
60.0 m*/h and the third corresponding to the mean daily discharge
demand, adopted as 12.5 m’/h. Also, intermediate discharges
of 20 m’/h and 40 m’/h were utilized. The point of operation
for the centrifugal pump for the analysis was at the point of
maximum yield.

The mode of operation of the reservoir of this WSS is with
the use of a float switch. Although the reservoir has a capacity of
700 m’, the active storage adopted was 300 m’ for the maximum
and minimum elevations for the motor’s activation with the use
of the float switch, since in order to maintain water quality, it is
recommended that the stored volume is not higher than the daily
consumption volume.

The determination of the total pumping time and of the
time on peak hours was done from a mass balance of the reservoir
volume, volume consumed and volume pumped, with intervals
of time in minutes, totaling 4 weeks of consumption of houtly
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consumption curves of the Figure 9, with operation by means of
float switch, according to Equations 16 and 17.

Ve(t)=Vr(t-1)-C(t-1) (106)
Vr(t)=Vr(t=1)-C(t=1)+B(t-1) 17)

where Vr (t) is the volume of the reservoir at time t; Vr (t-1), the
volume of the reservoir at time t-1; C (t-1), the volume consumed
at time t-1; B (t-1), the volume pumped at time t-1.

Financial cost

The energy cost, calculated by Equation 18, is relative
to the supply class A4 of CEEE (2016), with modality of green
hourly tariff, and values of November 2016 for tariff and taxes.

R$ RS R$
Pl — - —_
. [kWJrkWhptkaﬁfﬁ’]

" 1—(ICMS + PIS + COFINS)

(18)

where P (kW) is the electric power (Equation 19); %, the demand
P
RS the energy tariff at the peak; L$, the energy tariff
Whp KWhip

rate; i
outside the peak; Tp, peak pumping time; Tf.p, pumping time off
the peak and ICMS, PIS and COFINS taxes.

p=191 (19)
1000bm

RESULTS

The results of the estimation carried out for the previously
described case study are presented in Table 5. Figure 10 expresses
the relation between the energy consumed and the yield of the
motor-pump set for each of the evaluated dischargess. It is observed
that the lowest energy consumption occurred for the discharge of
20 m®/h, 2633.86kWh, but was very similar to the consumption
for the discharge of 30 m’/h, 2637.72. The minimum cost also
occurred for these discharges and presented a value of R$ 1610.89
and R$ 1689.46 for discharges of 20 m*/h and 30 m*/h, respectively.
The discharge of 30 m®/h can be indicated as the best choice in
this case, since it provides greater reliability to the demand, in
detriment of the flow of 20 m’/h, with practically the same cost.

The indicators cost per cubic meter (R$/m’), energy
consumption pet cubic meter (KWh/m?) and cost pet enetgy
(R$/kWh), presented in Table 5, wete not very sensitive to the
flow variation and can lead to an erroneous analysis of hydropower
efficiency when analyzed individually.

Among the evaluated discharges, the smallest of them
(12.5 m’/h) resulted in a lower power value, lower yield and longer
operating time, which resulted in one of the highest values of
energy consumption. The low yield and high pumping time were
responsible for the high energy consumption. The intermediate
discharges (20 m®/h and 30 m’/h) wete the ones that resulted
in lower cost and energy consumption, both with close results.

The higher discharges (40 m’/h and 60 m’/h), despite
having a higher performance of the motor-pump set, resulted in
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Table 5. Preliminary estimates of the characteristics of centrifugal pumps for substitution.

Discharge (m®/h) 12.5 20 30 40 60
Velocity (m/s) 0.21 0.33 0.50 0.67 1.00
Cocfficient f 0.0416 0.0410 0.0407 0.0405 0.0403
Reynolds 30231.46 48370.34 72555.51 96740.68 145111.03
¢ (mm) 1.70 1.70 1.70 1.70 1.70
Diameter (mm) 145.80 145.80 145.80 145.80 145.80
Continuous head loss (m) 0.67 1.69 3.76 6.66 14.92
Single head loss (m) 1.32 3.37 7.59 13.50 30.37
Head (m) 63.99 67.06 73.36 82.16 107.29
Ns 9.12 11.13 12.75 13.52 13.55
111 (%o) 45.49 53.19 58.02 60.00 60.09
Shaft power (kW) 4.79 6.87 10.34 14.92 29.19
Motor power (kW) 5.50 9.00 15.00 18.50 37.00
nm (%) 85.93 87.66 89.23 89.82 91.51
Electric power grid (kW) 5.52 7.88 11.70 16.89 32.82
Operating time out of peak (h) 490.42 293.28 197.66 153.26 102.17
Operating time at the peak (h) 60.00 40.92 27.69 21.00 18.00
Energy consumed (kWh) 3037.21 2633.86 2637.72 2943.44 3943.59
Monthly cost (R$/month) 1730.73 1610.89 1689.46 1950.49 2973.88
1 motor-pump set (%o) 39% 47% 52% 54% 55%
R$/kWh 0.62 0.63 0.63 0.04 0.77
R$/m’ 0.27 0.25 0.24 0.26 0.41
kWh/m’ 0.45 0.39 0.39 0.42 0.53
4500 60
4000
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3500
3000 * 40 %
g 2500 z
< 30 2
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Figure 10. Energy consumption and overall yield of the motor-pump set for different service discharges for the Valley Campus of

UFRGS.

the need to increase the installed power, which led to higher energy
consumption and cost. This situation reinforces the importance of
considering several factors, not only the yield of the motor-pump
set, in energy efficiency analyses.

The characteristics of the centrifugal pumps analyzed in
Table 3 were compared with the characteristics of the UFRGS
WSS. The centrifugal pump that would meet the demands of
the system was taken from the catalog of manufacturer A, line
1. The catalog characteristics were compared with the estimates
made in this research for a discharge of 30 m?/h, as presented in

Table 6. The estimated values and the catalog values presented
a difference of 10% and 8% for the point of nominal discharge
and nominal head, respectively. For the point of operation, the
yield presented a difference of 4.5%.

Another possibility of using Equations 9 and 10 is to
evaluate the yield of the pump if the point of operation is altered
by means of a decrease in the pumping discharge (valve bottleneck).
To exemplify this situation, the operation of the current UFRGS
WSS pump was calculated for a discharge of 30 m*/h. The results
obtained are shown in Table 7 and showed that there would be a
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Table 6. Comparison between the characteristics estimated and
found in catalog;

Design Diference

Pump Estimate Catalog (%)
Q,,, (m/h) 30.0 33.0 10.0
H,, (m) 73.4 74.0 8.0
nmax (%) 58.0 57.0 1.7
Q (m*/h) 30 30 0
H (m) 73.4 73.4 0
7 (%) 58 55.5 45

Table 7. Example of the use of the equation for estimating the
yield in points other than the PMY.

Q E
H 0 P (k
PMY 11255 115 69.3 50.8 1221
Altered point 30 138 32.8% 34.4 309.8

relative reduction of 48% between the yield in the PMY and the
yield at the altered point of operation.

With the change in the discharge and the yield, the power
in the axis and the operating time of the motor pump also change,
so the energy consumed at the point altered by a bottleneck would
be 2.5 times greater than the energy in the PMY.

CONCLUSION

The study on the performance of centrifugal pumps is
of great importance for the analysis of the energy efficiency of
pumping systems. From the research developed it was possible
to conclude that:

*  The centrifugal pump curves made dimensionless facilitated
an understanding of its operation and enabled the
extrapolation of the equations obtained in the case study;

*  The mean maximum head of a centrifugal pump is 1.25
times greater than the nominal head;

* The variation of the yield as a function of the discharge
is expressive for discharges below 60% or above 140% of
the nominal discharge;

e Centrifugal pumps exhibit greater variation of the maximum
yield for small specific rotation velocities, reaching better
yields for Ns greater than or equal to 40;

* The dimensionless equations of head and yield are quadratic
functions in relation to the dimensionless discharge variation;

* The dimensionless equations allow for estimations of the
values of head, discharge and yield of centrifugal pumps
in the design of WSS and the expected variation of these
values at different points of operation.
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