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Abstract: The effective utilization of micro hydropower sources is often realized through the use of
pumps as turbines (PAT). The efficiency of PAT is about the same as that of the original pump. A
further increase in efficiency and power output can be achieved by modifying the parts interacting
with the flow, especially the impeller and the adjacent volute casing and draft tube. This paper
presents a user-friendly calculation model of Francis turbine design and its application for PAT
geometry modification. Two different modifications of a single-stage radial centrifugal pump were
designed according to this model. The first modification (Turbine) consisted of a complete revision of
the impeller geometry, volute casing and draft tube, which corresponded to a conventional Francis
turbine. The second modification (Hybrid) was based on altered calculation model and consisted of a
modification of only the impeller, which can be used in the original volute casing. Both modifications
were tested on hydraulic test circuit at different heads. A comparison of the results of the Hybrid
and the Turbine modification with the unmodified machine (Original) proved an increase in overall
efficiency by 10%. Both modifications provided a higher flow rate and torque. This resulted in an
overall power output increase—an increase of approximately 25% and 40% due to the Turbine and
Hybrid modifications, respectively.

Keywords: pump as turbine (PAT); Francis turbine; calculation model; efficiency; hydropower

1. Introduction

The ability of pumps to operate efficiently in reverse mode as turbines was first
established by Thoma [1] in 1931, while mapping the full operating characteristic of a
centrifugal pump. In recent decades, there has been renewed interest in the use of pumps
as turbines (PATs). It has been significantly used in power supply installations in remote
areas, both on- and off-grid. A comprehensive overview of the current state of knowledge
and experience in this area was provided by Carravetta et al. [2]. In addition to small
hydropower plants, PAT is also used for energy recovery to cover the need for pressure
reduction in water distribution networks (WDN) [3]. Besides power generation, PAT also
acts as a throttle valve for flow control in this case. Experience with these applications was
described by Venturini [4]. A case study of a specific installation (including an economic
evaluation) was presented by Stefanizzi [5].

A pump design for turbine mode is a separate issue, which has been addressed many
times. A chronological overview of the individual methods used for a solution was given
by Ballaco [6]. An analysis of the models used for designing PAT and its experimental
verification can be found in Stefanizzi [7], Derakhshan [8], and Barabareli [9]. It should be
added that experimental investigations are still indispensable when an exact knowledge
of turbine characteristics is required [10]. An example of a method used for determining
such characteristics and their subsequent use for parameter conversion in the case of the
hydrotechnical potential changing was given by Polak [11].

Various authors have provided several relatively simple modifications with positive
results (such as modifications consisting of the impeller tip and hub/shroud rounding) in
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order to increase overall PAT efficiency. Specific example can be found in Singh [12,13],
Doshi [14], and others. Capurso [15] dealt with the issue of the impact of blade geometry
modification. More technically demanding modification of the pump (consisting of the
installation of guide vanes in front of the impeller) was described by Giosio [16]. Some
authors dealing with PAT design and modifications (such as Frosina [17]) followed the
path of numerical flow modelling. However, such procedures already require specialized
software, which is not available to a wide range of users. The aim of this study is to create
a user-friendly design of a Francis turbine impeller and to experimentally verify its results
as applied in the PAT modification.

2. Calculation Model

This section presents a calculation model, which was originally used to design the
impellers of low specific speed Francis turbines; it is based on a method detailed in [18].
However, a modified model can also be used to great effect for the design of the geometry
modification of an impeller for PAT. For experimental verification of the model results, the
test impeller was manufactured according to the calculation model used for a particular
PAT. The impeller was then tested on a hydraulic circuit. The test results are presented
in the second part of the article. The model is designed as a mathematical algorithm, for
which any software that has mathematical functions can be used. In this case, MS Excel
software was used to ensure maximum clarity of the results and simple operation. The user
then worked with the MS Excel calculation protocol. The input variables of the calculation
model are the hydrotechnic potential of the turbine installation site and the size (diameter)
of the impeller. The potential is given by the net head H (m) and the flow rate Q (m3-s71).
Based on these values, the specific speed of the turbine (with regard to the power Ns
(min~1)) is estimated from the following equation:

Ns=N Qﬂ 1
s=Ng 5 )

where N (min~!) is the assumed turbine shaft speed and ¢ (m-s~2) is the gravitational
acceleration [19]. The value of Ns is entered into the green-coloured cell on the 1st line
in the calculation protocol on page 6. The net head of the site H (m) is entered in line
8. Another necessary input value is the outer diameter of the impeller D; (m), which is
entered in line 9. All key input variables are thus given.

To design the impeller, the calculation model uses the theory of hydraulic similarity,
based on the geometric similarity of velocity triangles. Velocity triangles are related to
performance parameters by means of Euler’s equation [20]:

YT = Up-Cy1 — Up-Cy2 )

or.
nr-e-gQ-H = p-Q(ur-cyy — u2-cy2) (3)

where Y1 (]~kg’1) is the turbine specific energy, u1, c,1 and uy, 2 (m-s~1) are the velocity
triangles vectors at the impeller inlet and outlet, respectively (see Figure 1), 1 (-) is the
turbine efficiency, and p (kg:m ) is the fluid density.

The assumed total efficiency #7 is based on the size of the turbine here (i.e., on the
outer diameter of the impeller D; according to Moody’s relation [21]):

mzl—(l—nmf/%f )

where 7)1 (1) is the efficiency of the corresponding turbine with the impeller diameter
The described calculation model allows for the designing of turbine impellers” geome-
try with specific speed values Ns = 80 min~! and higher [18]. Figure 2 shows a diagram
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of the simplified overview of its algorithm. The background colours in the diagram corre-
spond to the colours of the cells in the calculation protocol.

Impeller blade

Figure 1. Velocity triangles at the inlet and outlet of the Francis impeller blade.
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Figure 2. Algorithm of the impeller design in the calculation model.

The procedure stemming from the original design of the model required the entry
of some dimensional characteristics directly from the drawing of the impeller meridional
cross-section (see Figure 3). It had to be drawn at a certain stage of the impeller design. For
greater user comfort, this phase was converted by the author into a calculation algorithm
by means of mathematical functions, which is then used by the model for further designs.
However, this “service” can be used only for limited range of specific speed Ns = 80 to
100 min~!. The model can be also used for designing an impeller with a higher specific
speed, but the required geometric characteristics need to be entered manually (lines 28,
29 and 31, 32) based on a self-made drawing. The procedure of this drawing is to divide
the flow area of the impeller meridional cross-section into partial streams (two streams
are sufficient in the case of a low specific speed narrow impeller, as shown in Figure 3).
The border streamline is drawn at the inlet in the middle of the channel height. Inside the
channel, the course of the streamlines is determined on the orthogonal trajectory using
circles inscribed between the border streamline and the impeller contour (see Figure 3). At
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the same time, the multiplication of the diameters of these circles and the distances of their
centres from the turbine axis must be approximately the same for all of them [18].

dap-rap = dpc-tpc = const. (5)

Based on this requirement, the impeller flow area is divided and the values dsp, rap
and dpc, rpc gained from the drawing are entered into the above-mentioned lines.

oD,

Figure 3. Meridional cross-section of the turbine impeller.

The values in the yellow-coloured cells in the calculation protocol are determined on
the basis of mathematical functions, which the author created from the curves of the nomo-
grams of the original Francis turbine design. To illustrate this, Figure 4 shows an example of
the transformation of the curve B/D;, = f(Ns) from a nomogram to a mathematical function.
The default original nomogram is at the bottom left, and a graphical representation of the
transformation result can be seen at the top right. The black dashed line here corresponds
to the original curve and the red line is calculated from the polynomial function shown
below the graph. This equation is then used in the calculation model, namely in line 10.
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Figure 4. An example of transformation of curve from nomogram to mathematical function. Repro-
duced and modified from [18], SNTL Prague: 1962.

Some curves in the nomograms may differ according to different authors. The calcula-
tion model also takes this fact into account and allows a more experienced user to intervene
in the calculation and change the values in the yellow cells as needed.

The next section of the impeller design (lines 35 to 39) is a combination of the previous
results and the graphic construction of the velocity triangles. Again, in the original calcula-
tion design, making the drawing of triangles manual and measuring the values from the
drawn construction for further calculation were required at this stage. Regarding maxi-
mum user comfort, these “manual” operations (presented in the diagram in Figure 2 by
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the dashed line) were transformed into mathematical functions and used by the calculation
model in further operations.

The final outcomes of the model are the basic geometry characteristics for impeller
construction, summarized in the form of the calculation protocol (see Figure 5). Besides
the main impeller dimensions, the values of the angles (1, B1) for the geometry of velocity
triangles (or the blade at the inlet) are presented here. The shape of the blade at the outlet is
determined by angles at three points—on the outer (8,%), mean (8,%), and inner streamline
(B2°). The number of impeller blades z is presented at the very end of the protocol in line
48. In addition, the model also indicates the shaft speed N (line 12) and the flow rate Qy
(line 14) corresponding to the optimum operation (BEP) at a given net head H.

Francis impeller design

1 Specific speed (regard to power): N.= 8 mn"
2 Unit speed: ;=62 mn'
3 Unit flow rate at BEP: Q"= 0.133 ms"
4 Unit flow rate max: Q;= 0178 ms'
5 Turbine efficiency: n= 076

6 Checkup of Specific speed (reg. to power): N,= 83 min”!
7 Specific speed (reg. to flow rate): N,=23 min”!
8 Net head: H=10 m

9 Inlet diameter of impeller D;=0432 m
10 Relative width of impeller oninlet: ~ B/D ;= 0.076 -

" Width of impeller on inlet: B=0.010 m
12 Shaft speed at BEP: N= 1479 min’
13 Angular speed of impeller w= 1549 s
14 Flow rate at BEP Q= 0.007 ms"
15 Meridional velocity on inlet at BEP: Cng 18 m@ g
16 Inlet diameter of draft tube: D.= 0073 m
17 Circumferential velocity on outlet, internal: wq; = 0327 ms’
18 Circumferential velocity on outlet, external: o, = 0451 ms'
19 Impeller diameter on outlet, internal: D.;= 0059 m
20 Impeller diameter on outlet, external: D,.= 0082 m
21 Circumferential velocity on inlet: wi= 073 ms’
22 Circumferential velocity on outlet (C.): u.%= 0.327 ms’
23 Circumferential velocity on outlet (B,): u."= 0.389 ms’
24 Circumferential velocity on outlet {Az): u.?= 0451 ms’
25 Unit meridional velocity oninlet: ¢, 1, = 0.126 ™ s
26 Blade thickness: t=[1.5  mm
27 Blade blockage factor: o= 087

28 Radial distance of stream in section AB: .= 0038 m
29 Diameter of stream in section AB: d.,=0010 m
30 Meridional velocity in AB: C,, 1 ** = 0,133 ms’
3 Radial distance of stream in section BC: roe= 0030 m
32 Diameter of stream in section BC: 0012 m
33 Meridional velocity in BC: = 0.137 ms’
34 Mean meridional velocity on outlet: = 0135 ms’
35 Circumferential component of ¢ in point Cs: 0029 ms'
36 Circumferential component of c; in point Bo: 0024 ms'
37 Circumferential component of ¢ in point Az 0021 ms"
38 Angle of absolute velocity in point B: 80 deo
39 Absolute velocity in point B.: 2% =0137 ms’
40 Hydraulic efficiency: Muy = 094

41 Indicated velocity: c;= 098 ms'
42 Blade angle in point Cs: g.7= 24 deg
43 Blade angle in point Ba: .= 20  deg
44 Blade angle in point Ay g.t=17 deg
45 U 1-C = 0.073 ms"
46 Inlet blade angle: .= 60 deg
47 Angle of absolute velocity on inlet: a;=11  deg
48 Number of blades: z2=15  pes

Figure 5. Calculation protocol of the Francis impeller design based on [18].
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3. Experimental Verification of Proposed Modifications

For practical verification, the test impeller for this particular PAT was manufactured
according to the design proposed by the calculation model. It was necessary to adapt
the related flow parts at the same time (i.e., the volute casing and the draft tube). The
fundamental change was to reduce the width of the impeller at the inlet from the original
value of B = 16 mm to the width of B = 10 mm proposed by the model. The next change
concerned the outlet cross section of the impeller. This was, on the contrary, necessary to
increase the diameter (D, = 65 mm) for the original pump to the newly calculated value
(D7 = 84 mm). The impeller blades were also changed. A machine with completely new
geometry was created, referred to as “Turbine” in the following text—see Figure 6 on the
right. The original unmodified pump (META Plus 5 Czech Trade mark) is hereafter referred
to as “Original” and is shown in Figure 6 on the left.

1

Original | 1| | Turbine

Figure 6. Cross-section of the Original PAT (left) and the Turbine after modification (right).

Photos of the impellers tested on the hydraulic circuit are shown in Figure 7. The
unmodified original impeller on the left was made of cast iron in a sand mould. These
types of impellers are used by the manufacturer as a standard for META Plus 5 pumps. The
photo on the right is the impeller of the Turbine modification, with the geometry designed
by the calculation model. To manufacture it, the hub and the rear shroud from the original
impeller were used. The front shroud was made of copper sheet created by cold forming.
All impeller blades were made from metal alloy by casting, and they were glued between
the rear and the front shroud.

The numerical values of the geometry of both impeller variants are given in Table 1.
The Turbine impeller has twice the number of blades compared to the Original. At the
same time, the blades are almost half the length of the pump blades. This means a smaller
wetted surface and, therefore, fewer hydraulic losses.

Table 1. Overview of the impellers’ geometry.

Original Turbine
Parameter
Inlet Outlet Inlet Outlet
Diameter D (mm) 132 65 132 84
Impeller width B (mm) 16 - 10 -
Blade angle B (mm) 24 18 60 20
Number of blades z(-) 6 12

Blade length L (mm) 113 52
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Original Turbine

Figure 7. Impellers of tested variants—Original on the left, Turbine on the right.

An overview comparison of the geometry proposed by the calculation model with
other Francis turbine impellers with corresponding specific speeds is given in Table 2.
These are relative values related to the size of the impeller—outer diameter D1. The results
of the calculation model for the Turbine variant are shown in the left column of the table.
The parameters of the test impeller of the Francis turbine F99 at NTNU Trondheim, Norway,
are shown in the middle column [22]. The last column on the right presents the parameters
of the Francis turbine impeller at Stéchovice hydroelectric power plant on the Vltava River,
Czech Republic [18].

Table 2. Comparison of model results with the geometry of Francis turbines.

) F99, Stéchovice,
Parameter Turbine, Model NTNU [22] CR [18]

Impeller diameter Dy (m) 0.132 0.622 247

Blade length L/D1(-) 0.394 0.402 0.433

Impeller width B/D1 (-) 0.083 0.094 0.075

Outlet diameter D>/Dq (-) 0.636 0.561 0.623
Blade angle—Inlet B1 (deg) 60 63 60
Blade angle—Outlet B2 (deg) 20 20 25

As the table above indicates, the basic geometric characteristics proposed by the
calculation model correspond to the parameters of standard Francis turbines. Any differ-
ences may be caused by slightly different values of the specific speeds of individual types
of impellers.

Hydraulic Test Circuit

Verification tests were conducted on an open hydraulic circuit in the laboratory of
fluid mechanics at the Faculty of Engineering, Czech University of Life Sciences Prague.
The circuit diagram is shown in Figure 8.

The test circuit consisted of a feeding pump, a reservoir with pipes, and control and
measuring devices. With this setting, the feeding pump (FP) created the hydrotechnic
potential for the tested PAT and the water flowed in the direction of the blue arrows. The
generator with the momentum sensor (D) Magtrol TMB 307/41 (accuracy 0.1%) allowed
for the continuous regulation of shaft speed via the frequency converter LSLV0055s100-
4EOFNS. The water flow was measured using an electromagnetic flowmeter (Q) SITRANS
FM MAG 5100 W (accuracy 0.5%). The pressures at p, and ps were measured by the
pressure sensor HEIM 3340 (accuracy 0.5%), which was installed according to the first class
accuracy requirements [23].

The hydraulic circuit described above was used for the testing of PAT variants with
a head of 10 m, 20 m, and 30 m. The constant value of head was controlled by changing
the speed of the feed pump by means of a frequency converter. Under these conditions,
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the basic parameters were measured, from which the performance characteristics were
subsequently created.

&— Flowmeter —s
] — L
[ Fc | T [Fc]
f |Converter|<:| o Py " N
— (== @)
s

-/ /) /|

Generator Dynamometer PAT

/

Figure 8. The hydraulic circuit scheme for testing PAT (Turbine variant shown in the photo): Q:
flowmeter; FP: feed pump; PAT: pump as turbine; D: dynamometer; FC: frequency converter.

4. Results and Discussion

The partial results of the Original and the Turbine performance tests indicated the
possibility of creating a new construction, which would be a combination of both variants.
The aim was to maintain efficiency improvement while minimizing modifications to the
pump. In accordance with these requirements, the calculation model was modified, and
another variant of PAT was developed, which is referred to as “Hybrid” in the following
text. The key outer dimensions of the Hybrid impeller remained the same in order to
avoid volute casing modification. The purpose of this variant was to reduce the cost of
the modification and, thus, the final price of PAT. The specific geometric parameters of the
impeller are subject to the know-how of the author of the modification. It is the intellectual
property of the university (CULS Prague) and can be provided on request. To manufacture
this variant, the rear shroud of the original pump impeller was again used as a basis. Metal
alloy blades were glued to the front shroud, and the entire product was glued to the rear
shroud. The final appearance of PAT with this impeller visually corresponds to the variant
in Figure 6 on the left.

The following charts indicate the performance characteristics of selected parameters
depending on the shaft speed for all three variants of PAT—Original, Turbine, and Hybrid.
The curves are created by mean values of three measurements at constant net head of
10 m, 20 m, and 30 m. There are also standard deviations marked on the curves. Values
and curves corresponding to the unmodified Original variant are marked in blue. The
characteristics of the Turbine and Hybrid variants are marked in red and green, respectively.

Figure 9 presents the first series of characteristics, which are the efficiency courses in
dependence on the shaft speed. The increase in efficiency in both innovated variants is
obvious. The absolute values of the efficiencies for BEP are summarized in Table 3. The
relative increase regarding the Original is indicated in Table 4. The comparison at BEP also
indicates a shift in the shaft speed to lower values, especially for the Hybrid variant.
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Efficiency [1]

Torque [Nm]

Power [kW]

Total efficiency

0.8 H=10m H=20m H=30m

0.7

—— Hybrid

Turbine

0.6 Original
0'5 1 ]
0.4 o
0.3 —
0.2 b cb b o

0 500 1000 1500 2000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Shaft speed [min]

Figure 9. Efficiency in terms of dependence on shaft speed.

Figure 10 presents another series of characteristics—the dependence of torque on shaft
speed. The comparison again indicates that the Turbine and the Hybrid variants prove
higher torque, especially at lower speed.

H=10m H=20m H=30m

BEP BEP BEP

s \ ﬁ\\

6 \\\3

v

V74

. \\ —— Hybrid
.._._,__,_\“\\ Turbine
2 3 X Original
0 1 | |
0 500 1000 1500 2000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Shaft speed [min]
Figure 10. Torque in terms of dependence on shaft speed.
The mechanical power output courses (see Figure 11) basically copy the trends of the
efficiency courses. The absolute values of the achieved power outputs obviously increase
with increasing net head. The characteristics of the Turbine and the Hybrid also indicate a
noticeably greater distance between the curves at higher net heads towards higher values.
It is caused by a higher flow rate, as compared to that of the Original.
2.5
H=10m H=20m H=30m
2.0 BEP BEP
——  Hybrid
Turbine
1.5 Original
]
1.0 RN
05 /* <
0.0 1 | |
0 500 1000 1500 2000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Shaft speed [min]

Figure 11. Courses of power output in terms of dependence on shaft speed.
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H=10m

The last series of characteristics represents courses of flow rate in terms of dependence
on shaft speed (see Figure 12). The graphs of the flow rate courses indicate that the
impeller ’s flow rate decreases with increasing shaft speed. This characteristic also applies
to Francis turbines with low specific speeds [20]. This is caused by the increasing centrifugal
force, which acts against the centripetal direction of water flow.

H=20m

H=30m

10 ‘M-—-._ak,.\rwﬁ
- ¥z |
2 1.
F- i—l—*r——-\_‘\_,\:\*ﬁr\-.
s T
o —— Hybrid
= %‘\ Tutbine

6 §§ ur BEP

i T \ Original
~
4 1 N I 1
0 500 1000 1500 2000 500 1000 1500 2000 2500 3000 500

1000 1500 2000 2500 3000

Shaft speed [min]

Figure 12. Courses of flow rate in terms of dependence on shaft speed.

Table 3. (a) Overview of absolute values of performance parameters achieved at BEP at net head of 10 and 20 m. (b) Overview of
absolute values of performance parameters achieved at BEP at net head of 30 m.

(@
10m 20 m
Parameter
Turbine Hybrid Original Turbine Hybrid Original
Shaft speed N (min~1) 1353 £1 1149 £1 1358 £ 2 1910 £3 1709 £1 2029 +1
Power P (kW) 0.36 £ 0.001 0.41 £ 0.001 0.28 £ 0.001 1.1 £ 0.002 1.23+£0.002  0.90 £ 0.001
Flow rate Q(L/s) 5.6 £ 0.01 6.3 £0.03 52 £ 0.04 8.0 £0.01 8.8 £0.04 7.4 £0.06
Head H (m) 10 +£0.13 10 +£0.13 10 £+ 0.09 20 £ 0.07 20+ 0.16 20+0.22
Efficiency 1 (%) 66 + 0.8 66 +0.9 55+£0.5 70+ 0.3 72+ 0.6 62+ 0.7
Torque T (Nm) 2.7 £0.01 3.3 £ 0.003 2.0 £ 0.002 5.6 & 0.004 6.7 £0.01 4.2 +0.005
(b)
30m
Parameter
Turbine Hybrid Original
Shaft speed N (min~1) 2408 + 3 2078 + 3 2402 + 2
Power P (kW) 2.05 £ 0.005 2.38 £ 0.004 1.70 £ 0.003
Flow rate Q1/s) 9.8 +£0.02 11.0+0.11 9.0 £0.03
Head H (m) 30 £0.31 30+ 0.36 30£0.11
Efficiency 1 (%) 71+ 07 73+£0.9 64 +0.2
Torque T (Nm) 8.2+ 0.01 10.7 +0.01 6.9 £0.01

Table 4. Relative increases of the performance parameters at BEP related to the Original.

10 m 20 m 30 m
Parameter
Turbine Hybrid Turbine Hybrid  Turbine Hybrid
Shaft PN ~03 ~15.4 59 ~158 03 135
speed (min™")

Power %P (kW) 28.8 44.5 23.0 37.2 20.6 39.7
Flow rate  %Q (L/s) 7.5 20.0 8.0 17.9 8.3 222
Efficiency %11 (%) 19.8 20.5 13.8 16.3 11.3 144

Torque %T (Nm) 33.7 67.9 32.7 59.1 20.1 56.7
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The variability of the flow rate can be used in cases where PAT functions as a re-
placement for the throttle valve in water distribution networks (WDN). In this case, PAT
must be equipped with shaft speed control (e.g., by means of a frequency converter). The
disadvantage of these applications is the resulting small range of flow control. Here, in the
case of the Original variant, it is possible to regulate the flow rate by changing the shaft
speed in the range of 33% of the nominal flow rate (Q = 0.77 + 1.1-Qpgp). The Turbine
variant shows higher flow rate, but the regulation range is roughly the same (i.e., 33% again
(Q=0.8 +1.13:Qpgp)). From this point of view, the most interesting is the Hybrid variant,
where the steepest course of the flow rate was indicated—from the highest Turbine values
to the lowest Original values. In absolute value, the Hybrid variant allows regulation of
up to 44% of the nominal flow rate (Q = 0.66 < 1.1-Qpgp). This modification therefore also
opens a greater potential for the use of PAT as a replacement for a throttle valve.

The following Table 3 summarizes the absolute values of the performance parameters
achieved at BEP. The values were corrected using affine relations to a constant net head of
10 m, 20 m, and 30 m.

From the achieved results, the relative increase in the parameters of the Turbine and
the Hybrid variant related to the Original was subsequently determined:

m_AO

a4 = 100-2 (%) ©)

0
where Ag is a parameter of the Original and A, is a parameter of the modification (Turbine
or Hybrid). An overview of the relative increases in the performance parameters in
comparison with those of the Original is presented in Table 4.

The technical implementation of such modifications is a challenge. Every PAT modifi-
cation means an increase in price. From this point of view, the Hybrid variant, considering
only a modification of the impeller, appears to be the most advantageous. The volute
casing and the draft tube do not have to be modified. At present, the problem of impeller
manufacturing could be solved with the help of so-called additive technologies, as they can
be used to manufacture virtually any geometry. An alternative way is to manufacture only
the impeller blades along with the front shroud. This unit can be then glued or welded to
the rear shroud. The resultant experience and test results with such 3D printed impellers
are presented by Polak [24].

5. Conclusions

The focus of this study is two-fold. The first focus is the presentation of a calculation
model for the design of a low specific speed Francis turbine impeller. The second focus is
an experimental verification of the results of this model for the design of PAT innovation
in order to increase its efficiency. The algorithm of the calculation model combines the
original graphic-numerical design of the geometry of the Francis impeller so that it is as
user-friendly and clear as possible. The example of the numerical solution described in this
article presents the results of the design of particular PAT with an impeller with a diameter
of D1 = 132 mm and a specific speed of Ns = 80 min~!. A comparison of the geometry
characteristics designed by the model with the realized Francis turbine impellers gives a
corresponding likeness.

Based on the theoretical results, the manufacture of the impeller proposed by the
calculation model was instigated. Thus, the Turbine variant, with a new impeller geometry
and modification of the closely adjacent parts (i.e., the volute casing and the draft tube),
was created.

Testing on a test circuit at 10 m, 20 m, and 30 m head proved that the Turbine variant
has a positive effect on improving the efficiency of PAT—in terms of absolute value, the
efficiency increased by up to 10% in optimal operation (BEP). The modification further
resulted in a flow rate increase of roughly 8%. Added together, the overall PAT power
output was increased by 25%. Due to the changed geometry of the impeller blades, the
torque was increased by 20 to 30%. These promising results led to the modification of the
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calculation model, as well as the construction and testing of another variant—the Hybrid.
Its mission was to maintain the positives achieved by the Turbine, but at the same time, to
minimize the massive interventions and modifications of the original pump. The results
obtained with the Hybrid variant in BEP are as follows: In absolute terms, the efficiency
was 10 to 11% higher than that of the unmodified Original variant. The flow rate was about
20% higher. This resulted in an even greater increase in overall power output of 37 to 45%.
There was also a significant increase in torque of up to 60%. However, the Hybrid variant
had, in BEP, significantly lower shaft speed (approximately by 15%) than the Original. On
the other hand, it provided a wider control of the flow range (Q = 0.66 + 1.1-Qpgp), which
is advantageous when using PAT as a throttle valve in WDN. In summary, it can be stated
that the modifications proposed by the calculation model have a significantly positive effect
on increasing the efficiency of PAT operation.

In addition to the modifications described above, another way to increase the efficiency
of PAT is to modify the adjacent parts. This mainly concerns a draft tube. Its significance
increases as specific speed increases. Further research specifically on high-speed machines
will be focused on solving this problem.
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Nomenclature

A measured value

B impeller width on inlet, m

BEP best efficiency point

c absolute velocity of water, m-s~}
D impeller diameter, m

FC frequency converter

FP feed pump
2

g gravitational acceleration, m-s™
H net head, m

L blade length, m

N rotational speed, min~?

Ns specific speed, min~!

P power output, W

PAT pump as turbine

Q flow rate, L-s~1

T torque, N-m

u circumferential velocity of impeller, m-s~!
w relative velocity of water, m-s~!
WDN  water distribution network

Y specific energy, J-kg !

Subscripts and Superscripts

e external
i internal
M model
T turbine
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« angle between circumferential and absolute velocity: deg
B angle between relative and circumferential velocity, deg
0 density of water, kg-m 3

n total efficiency, 1, %
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