Applied Water Science (2022) 12:51
https://doi.org/10.1007/513201-022-01577-8

ORIGINAL ARTICLE q

Check for
updates

Evaluation of variable speed pumps in pressurized water distribution
systems

Farzin Salmasi'® - John Abraham? - Arian Salmasi®

Received: 7 September 2021 / Accepted: 21 January 2022 / Published online: 18 February 2022
© The Author(s) 2022

Abstract

In pressurized water distribution systems, a constant speed pump is often used because of its simplicity. However, constant speed
pumps are not easily able to deal with changing demands in water flows. When the demand for the discharge differs from the
design discharge, the required demand (discharge and head) could be met by changing the pump speed without making any spe-
cial changes in the system. Using an electronic drive circuit, the electrical frequency can be changed, and the rotation speed of
the pump motor can thus be modified. In this study, the application of variable speed pumps in pressurized irrigation systems is
investigated. Two pumping station scenarios including a fixed speed pump and a variable speed pump are considered. The selected
pump station includes a real sprinkler irrigation system near Tabriz city, Iran, with 3 lateral pipes and 600 m length of main pipe.
The diameter of the main pipes is 8 and 6 inches. The results show that using a variable speed pump increases the average pump
efficiency by 18.7%. In addition, the variable speed pump system reduces the electrical consumption 57.6% compared to a fixed
speed pump. Therefore, the use of variable speed pumps in pressurized systems is recommended. Step-by-step calculations for a
sprinkler irrigation system design are the contribution of this study. This information helps engineers who are not familiar with
commutation process.

Keywords Pumping station - Variable speed pump - Pressurized pipe - Efficiency - Pump power

Introduction

In recent years, the cost of energy has increased faster than
other agricultural costs. While agricultural pumping stations,
their energy consumption and efficiencies have been improved
(Abadia et al. 2008), there are still opportunities for further
improvements. Water pumping stations usually use fixed speed
pumps that have a good efficiency over a small range of pres-
sure and flows. If different flows and pressures are required,
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unsuitable pump speeds will yield excessive energy losses. This
imposes additional costs, especially on pressurized irrigation
systems, which are constantly changing their irrigation needs,
sometimes monthly.

Today, more than 60% of electricity consumption in the
industry is from electric motors. Therefore, increasing their effi-
ciency leads to significant savings in energy consumption (Li
etal. 2019) and a reduction in pollution and emission of green-
house gases that cause climate change (Li et al 2020; Cheng
et al. 2020; Cheng et al. 2019). Constant speed pumps have a
fixed rotational speed of the impellers which limit the ability
to modify the flow. Consequently, use of a constant speed of
impeller reduces the flexibility of the pumping system. In con-
trast, there are variable speed pumps (VSP) that have the ability
to adjust the impeller rotation and can be used to make desired
changes in the pumping system.

In the information provided by the pump manufacturers,
discharge-head curves are usually provided for several impel-
ler diameters and for two or more limited impeller speeds.
With VSP, the pump is theoretically capable of operating on
an unlimited number of pump curves that range between a
minimum and a maximum. When the discharge demand differs
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from the design, the required demand (discharge and head) can
be met by making a change in the pump without making any
special changes in the system and without imposing additional
costs (Lamaddalene and Khila 2012). In this regard, the follow-
ing considerations may be important:

(i) As the head loss increases in the pressurized pipe sys-
tem, the required head increases.

(i) Over time and with the development of the irrigation
and drainage project area, the need for discharge and
head will increase.

(iii) In the months when the water requirement of the irri-
gation plan is less than the maximum, the need for dis-
charge and head is reduced. With proper use of VSP in
the pumping station, the required discharge and head
can be adjusted every month, or with other frequencies.

Due to the dependence of pressurized irrigation systems on
the pumping stations, various methods for improving energy
consumption have been studied. Fernandez-Pacheco et al.
(2015) investigated variable speed drives used in centrifugal
pumps. They found that conventional discharge control meth-
ods use a control valve that reduces the efficiency of the pump
and increases the operating head of the pump. By examining the
characteristic curves of the pump and the system, they showed
that the use of speed adjustment drives to reduce the flow rate
increases the efficiency and reduces the losses significantly.

Hanson et al. (1996) divided an irrigation area into five sec-
tions and considered different irrigation conditions in each sec-
tion. They used a variable frequency drive to change the rota-
tional speed in the pump and to provide the required discharge
in individual sections. They found that the energy consumption
of the studied sections when using a variable frequency drive
led to an energy reduction of 32-56%.

Lamaddalene and Sagardoy (2000) studied pressurized irri-
gation systems. They proposed a way to increase pump effi-
ciency, which would reduce the conflict between farmers and
the problems caused by improper use of irrigation water. Due
to the change in the curve of variable speed pumps at different
speeds, Lamaddalene and Sagardoy (2000) were able to calcu-
late energy consumption according to changes in system needs.
They found that power consumption was reduced by 5-21% if
a variable speed pump was used.

Moreno (2008) proposed a new method for determining the
characteristic curve of pumps and the efficiency of the pumping
stations that can be used to calculate the necessary parameters
for the selection of the pump. Using this method, pump selec-
tion can occur more accurately and energy can be saved.

Diaz et al. (2009) investigated energy storage in irrigation
networks that are adjusted based on the required head. They
selected an area in southern Spain and surveyed that area
under four management scenarios with different levels of water
demand. The results showed that the use of methods such as
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VSP and zoning significantly reduced the water demand of
pumping stations by more than 27%. Lamaddalene and Khila
(2012) investigated energy savings by using a variable speed
pump in two irrigation areas in southern Italy. They used
COPAM software to determine the pipe system characteristic
curve and showed that the energy consumption is reduced by
27-35%.

These results are consistent with the results of studies such
as Lamaddalene and Sagardoy (2000); and Diaz et al. (2011).
However, depending on the conditions of each design, whether
agricultural or industrial, the amount of savings in water and
energy consumption and increase in efficiency will be different.

Khayatzadeh and Ghafouri (2015) developed a centrifugal
pump system that incorporated multiple stages, each coupled to
an induction motor. Two different flow control strategies were
used that involved both constant and variable speed pumping
methods. The authors found a very large (83%) energy savings
when the variable pumping system was employed.

Khadra et al. (2016) used a multi-step approach to incor-
porate pressure and pumping requirements for pumping sta-
tions with fixed and variable head control. They focused on an
on-demand irrigation system in Italy and found that under an
optimal scenarios, a 49% improvement in performance could
be achieved.

Application of a variable frequency drive
(VFD)

Variable frequency drive (VFD) refers to a type of motor con-
troller that can rotate the electric motor by changing the fre-
quency and voltage in the electric motor. Other names used for
electric drives include: variable speed driver, adjustable speed
drive, adjustable frequency drive, AC drive, micro drive and
inverter.

Frequency (or Hz) is directly related to motor speed (rpm).
In other words, the higher the frequency, the faster the motor
speed. If the user does not need an electric motor that rotates at
full speed, an electric drive can be used to lower the frequency
and voltage to meet the requirements of the electric motor. As
the required motor speed in the intended application changes,
the electric drive can easily meet modified requirements by rais-
ing and lowering the motor speed. A VFD circuit consists of
three parts: (i) the rectifier section, (ii) the filter section and (iii)
the switching or inverter section.

Most variable frequency drives first convert the input power
to direct current (DC) and then return it to alternating current
(AC) at the desired frequency. The particular method the drive
uses to convert direct current to alternating current depends
largely on the size and power of the motor. With less expensive
systems, the output voltage is usually square, which is not a
problem for AC motors, but sometimes an extra unit is used
to bring the waveform closer to a sine waveform (Zell 1989).
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Fig. 1 Location of the test site in the Tazeh Kand village near Tabriz, Iran
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The converter consists of six diodes, which are similar to the
one-way valves used in piping systems. These diodes provide
current in only one direction. For example, if the voltage of
phase A is more positive than the voltages of phase B or C,
then the desired diode opens and current flows. If phase B is
more positive than phase A, then the phase B diode opens and
the phase A diode closes. The same situation occurs for the 3
diodes on the negative side. Therefore, six pulses of current are
generated when each diode is opened and closed. This is called
a six-pulse electric drive, which is the standard configuration
for variable frequency drive drives.

However, despite the VFD advantages, there are a few dis-
advantages also associated with the VFD system. The primary
drawback of the VFD system is the initial setup investment.
For a factory or a plant where multiple high horsepower motors
need to be controlled using VFDs, requires high investments.
In addition, VFD causes motor heating and needs special
motors construction. The construction needs special types of
Motor insulations, as well as the motors need to be specified
for inverter rated applications (Ruminski 2016). More details
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about VFD are beyond of this paper and more information can
be found in Lee et al. (2020) and Ramesh et al. (2020).

The present study is carried out to evaluate the efficiency
of variable speed pumps in water distribution systems. Two
types of pumping stations (constant speed and variable speed)
are considered. The area of agricultural lands is 70 hectares
with wheat, corn and alfalfa crops around the city of Tabriz,
Iran. The purpose of the study is to reduce the electricity
consumption.

Material and methods
Site location and sprinkler irrigation characteristics

One of the design goals of each pumping station is that the
pump operates close to its optimal efficiency. However, during
operation, the pumping system may experience many fluctua-
tions. As a result, setting a constant speed for a pump that oper-
ates near its optimum condition is difficult. This enhances the
need to change the design of pumping stations.

The agricultural study is located in Tazeh Kand village,
30 km southwest of Tabriz. The water pumping station includes
a fixed speed centrifugal electric motor pump for use in a sprin-
kler irrigation system. The selection of this pump is based on
the maximum consumption of the sprinkler irrigation network
in July. Figure 1 shows the location of the farm under study.

Figure 2 provides average monthly irrigation water demand
during cultivation time from May—October. The maximum irri-
gation network consumption in July is 1541.05 m*/ha. October
has the minimum irrigation demand of 692.81 m*/ha.

As shown in Fig. 3, in the sprinkler irrigation system, three
lateral pipes are connected to the main pipe. The required dis-
charge for these three lateral pipes is 0.020 m%/s. The required
head at the inlet of each lateral pipe is 35.14 m. The pipes are
made of polyvinyl chloride (PVC) and the system capacity is
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Fig.3 Sprinkler irrigation system consists of three lateral pipes branching from the main pipe
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Table 1 Friction loss (/) in the Pipe part 0 (ms) D (m) L) c iy (m) V(i) Vg
main pipe between stations 1
and 4 Part 1-2 0.06 0.2032 300 150 3.86 1.851 0.175
Part 2-3 0.04 0.1524 150 150 3.70 2.194 0245
Part 3-4 0.02 0.1524 150 150 1.02 1.097 0.061
Sum 8.59
90

Table 2 Head loss in valves, fixtures and bends between stations 1
and 4

Part 1-2 No K hf (m)
Check valve 0.2032 m 1 1.3 0.227
Elbow 45 Deg 2 0.6 0.210
Hydrant 0.2032 m 4 0.3 0.210
3 way 0.2032 m 1 0.5 0.087
Part 2-3 No K h; (m)
Hydrant 0.1524 m 4 0.3 0.294
3 way 0.1524 m 1 0.5 0.123
Part 34 No K h; (m)
Hydrant 0.1524 m 4 0.3 0.074

Table 3 Total dynamic head required by the sprinkler irrigation sys-
tem

Description Head (m)
Required head at the beginning of lateral pipe 35.14
Friction head loss at main pipe line (Table 1) 8.59
Head loss from valves, bends, etc. (Table 2) 1.22
Sum of suction head and difference in elevation between 10
stations 1 and 4 (2.5+7.5)

Head loss due to filter in the suction pipe 1
Extra head losses (20% of friction head loss) 2.16
Total dynamic head 58.11
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Fig. 5 Pump and system characteristic curves

0.06 m*/s. The suction head is 2.5 m and the friction loss due to
the joints, bends and filter in the suction pipe is equal to 1.0 m.

Head loss calculations

The useful power of the pump (P) is the amount of energy
that is transferred to the fluid per unit time by the pump and is
calculated as follows:

P =yQHy (1)

In Eq. (1), the specific gravity of the fluid (y) is in terms of
N/m?, the discharge (Q) is in m?/s, and the total dynamic head
(Hyp) of the pump has units of m. With these units, the useful
power will be in terms of watts (W). The H; is defined as sum
of the geometric head and the friction head. Geometric head
is the difference between water levels in suction and delivery
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Table 4 Calculation of efficiency, brake power and electrical consumption of sprinkler irrigation system in the current design conditions (con-

stant speed pump)

Parameter May June July August September October Sum
Water requirements (m>/ha) 984.13 1541.05 1242.44 964.54 757.35 692.81

Total water requirements (m3 for 70 ha) 68,889.1 107,873.5 86,970.8 67,517.8 53,014.5 48,496.7

Pump discharge, Q (m%/s) 0.0398 0.0460 0.0431 0.0364 0.0332 0.0331

Pump operating time (hr) 15.500 21.700 18.100 16.600 14.800 13.110 99.810
TDH (m) 65.372 60.982 63.182 67.438 69.223 69.234

Net power, P (kw) 25.540 27.536 26.687 24.111 22.523 22.513

Pump Efficiency without varied speed (%) 71.78 74.51 73.40 69.61 67.06 67.05

Brake power (kw) 35.58 36.96 36.36 34.64 33.58 33.58

Electrical consume (kwh) 551.53 801.96 658.09 574.95 497.05 440.20 3523.774

reservoirs. Friction head includes sum of the friction head and
minor head losses due to bends, valves, transitions, etc.

Pump efficiency (n) is the ratio of the useful power of the
pump to the power required to operate the pump (known as
brake power, BP).

P
= op 2

The efficiency of centrifugal pumps is usually between 60
and 90%.

The application of the law of similarity for pumps adapts the
pump to the water supply system. This means that the discharge
or head can be changed by changing the rotation speed of the
pump impeller; the pump flow is directly related to the impeller
rotation speed. Using this concept, the following expression
can be written.

rpm
a7 )
2 pmy

where Q is the pump discharge and rpm is the rotation speed
of the pump impeller.

On the other hand, the head or the total dynamic head pro-
duced by the pump is proportional to the square of the discharge
according to the Darcy—Weisbach relation. Therefore, we have:

2
D (e )
H, pmy,

Brake power is proportional to the third power of the dis-
charge according to Eq. (5).

%_ <rpm1>3_ <%>3 (5)
BP, rpm, 0,

The total dynamic head for a system is calculated using the
following procedure that will now be described in detail.

In Fig. 2, the lateral pipe is critical at station 4 (because it is
both at a greater distance and at a higher altitude than the rest
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of the locations). The required head or pressure at the beginning
of the lateral pipe is equal to 35.14 m. Using the slope of the
natural ground (S) and the length of the pipe (L), the elevation
difference between the stations 1 and 4 is:

3
H=) LS =300x0015+2x150x0.01 =7.5m (6)

i=1

The calculation of the friction loss (h) in the main pipe
between stations 1 to 4 using the Hazen—Williams relation is
presented in Table 1 where C is the coefficient of friction in
the Hazen—Williams relation and is assumed to equal 150 for
PVC pipe. In addition, V denotes to the mean flow velocity in
pipe (Table 1).

Head loss occurs because intermediate structures such as
valves, bends and pipe transitions result in a pressure decrease
in the flow. These loss terms are often distinguished from
frictional losses and are sometimes termed “minor losses.”
The minor loss term () is calculated according to Fig. 2 and
Table 2; in the table, K refers to the loss coefficient in valves
and fittings. The last column in Table 2 is obtained from the
following equation.

V2
hy=Kx2, ™

The summation of all the above-noted head loss terms is
1.22 m. With this value now determined, it is possible to calcu-
late the total head required to generate the necessary flow. That
calculation is shown in Table 3.

The maximum network consumption in July is 0.06 m*/s
and the total dynamic head is 58.11 m. To determine the system
curve for the variable discharge, the total dynamic head value
must be calculated according to the above method (Tables 1,
2 and 3) for a number of discharge flows. Typically, a few dis-
charge flows are selected above and below the designed value
(0.06 m¥/s) in this case. The resulting system curve from these
calculations is provided in Fig. 4.
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Fig. 6 Operating points of the system at different pump speeds

It should be noted that the intersection of the system curve
(Fig. 4) with the y-axis is 45.14 m, which is the sum of the
required head at the beginning of the lateral pipe, the sum of the
suction head and the height difference between stations 1 and 4.

Based on these calculations, a suitable centrifugal pump
type EA-125-50/2 has been selected. At a 50 Hz frequency,
the engine speed is 1450 rpm. The diameter of the pump impel-
ler is 0.319 m.

In Fig. 5a, the characteristic curves of the pump and the char-
acteristic curve of the pipe system are plotted together and their
intersection defines the operating point. Based on Fig. 5a, the
operating point of the pump is found to correspond to Q=0.052
m®/s and H=55.60 m.
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Fig.7 Variation of pump impeller rotation in different months for
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Fig.8 Variation of pump efficiency in different months for two
modes of fixed speed pump and variable speed pump

According to the pump manufacturer, the pump efficiency
versus discharge is shown in Fig. 5b. At a design flow rate of
0.06 m*/s, the pump efficiency is 74.81%.

Table 4 presents the calculation of efficiency, brake power
and electricity consumption of the sprinkler irrigation system

Table 5 Calculations of efficiency, brake power and electricity consumption of the sprinkler irrigation system using a variable speed pump

(VSP)

Parameter May June July August September October Sum
Water requirements (m*/ha) 984.13 1541.05 1242.44 964.54 757.35 692.81

Total water requirements (rn3 in 70 ha) 68,889.1 107,873.5 86,970.8 67,517.8 53,014.5 48,496.7

Reduced speed pump (rpm) 925.98 1450.00 1169.03 907.55 712.60 651.88

Pump operation (hr) 15.432 19.208 16.581 15.513 16.363 16.714 99.810
Q in operating point (m*/s) 0.04 0.052 0.047 0.039 0.03 0.026

H in operating point (m) 51.980 55.600 53.930 51.800 49.530 48.600

Net power, P (kw) 20.40 28.36 24.87 19.82 14.58 12.40

Pump Efficiency (%) with varied speed 96.44 97.60 96.94 94.64 77.99 70.31

Brake power (kw) 21.15 29.06 25.65 20.94 18.69 17.63

Electrical consume (kwh) 326.40 558.19 425.31 324.84 305.81 294.65 2235.210
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Fig.9 Pump power consumption in different months for two modes
of pump operation

under the current design conditions (constant speed pump).
In the current design conditions, the pump efficiency varies
between 69.6 and 74.5%. The total electricity consumption is
3523.77 kWh during the irrigation seasons.

Sprinkler irrigation system in this study is a case study from
a small agricultural area; the lowest pressure in the system is not
below the vapor pressure of water. Consequently, no arrange-
ments have been made in the system for the cavitation and water
hammer phenomenon. Water hammer presents negative effects
to pipe lines that can be prevented by some facilities like a pres-
sure vessel/surge tank, bypass systems, etc. Surge tanks can
control both negative and positive waves that can destroy pipe
lines. Detail of design and implementation of surge tanks can
be found in standard fluid-mechanics books.

Fig. 10 Energy line of the .
system in schematic form

58.11 m

H.=

Q,~0.06
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1300 M,

Results and discussion

Using Eqgs. (3-5) and Fig. 6, the characteristic curves of the
pump at different pump motor speeds are shown. The operat-
ing points are obtained from the intersections of these curves
with the system curve. Calculations of pump speed change
with required discharge changes in different months, as listed
in Table 5. The table presents calculations of efficiency, brake
power and electricity consumption of the sprinkler irrigation
system using a pump with variable speed. The efficiency of the
pump with variable speed ranges from 70.3 to 97.6%. These
are improvements compared to the constant speed pump. Total
electricity consumption is equal to 2235.21 kWh during irriga-
tion seasons, which is a reduction of 1288.6 kWh compared to
the electricity consumption of the constant speed pump.

Using Eq. (4), the changes in pump speed for different
months are plotted for both fixed speed and variable speed
pumps. The pump speed varies from 1450 rpm during maxi-
mum water consumption (July) to 651.88 rpm in October. By
reducing the pump impeller rotational speed, energy is con-
served (Fig. 7).

Using Eq. (5), the changes in pump efficiency in different
months are plotted for both fixed and variuable speeds (Fig. 8).
The results show that a variable speed pump increases the aver-
age pump efficiency by 18.7%. Improving the pump efficiency
is greater with increase in discharge.

Figure 9 shows the changes in the power consumption of
the pump in different months for the two pump modes. Power
consumption in different months for the constant speed pump
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mode varies between 440.2 and 801.96 kWh. On the other
hand, for the variable speed pump mode varies between 294.65
and 558.19 kWh. The results show that the variable speed pump
system reduces energy consumption about 57.6% compared to
the fixed speed pump. Therefore, using a variable speed pump
saves electricity consumption.

In Fig. 10, the energy line of the system in schematic form
is provided. Linear decreases in head are caused by frictional
losses, while step change sin head corresponds to minor loss
terms.

Conclusions

From this study, it is apparent that using a variable speed pump
in a pressurized irrigation system increases the flexibility of
the irrigation system, improves pump efficiency and reduces
electrical energy consumption and cost. As the efficiency of
the pump increases, the depreciation of the pump decreases
and the useful life of the pump increases, thus reducing the
need for maintenance.

The primary drawback of the VFD system is the initial setup
investment. For a factory or a plant where multiple high horse-
power motors need to be controlled using VFDs, requires high
investments. In addition, VFD causes motor heating and needs
special motors construction. The construction needs special
types of Motor insulations, as well as the motors need to be
specified for inverter rated applications.

In this study, the efficiency of stations equipped with vari-
able speed pumps under all operating conditions exceeds that of
stations equipped with fixed speed pumps. The results showed
that the use of variable speed pumps not only increases effi-
ciency but also aids in meeting water needs. The results showed
that using a variable speed pump increases the average pump
efficiency by 18.7%.

The power consumption for a variable speed pumping sta-
tion during irrigation seasons is much less than that for constant
speed pump (AP=1288.6 kWh). This is 57.65% less than with
a constant speed pump. As a result, the use of variable speed
pumps in pressurized systems is recommended.

Although this study refers to the pilot area for the sprinkler
irrigation system, the presented methodology can be applied
to other water distribution networks. The calculation of pump
impeller speed, power and the operation hours of pump will be
same in other projects.
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