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Abstract: This article presents a study on the performance characteristics of a Francis turbine op-
erating with various guide vane openings to determine the best operating point based on unit
quantities. The guide vane openings were specified based on the width between the vanes at their
exit, i.e., 10 mm, 13 mm, 16 mm, and 19 mm. The performance characteristic curves of the Francis
turbine—head versus speed, torque versus speed, discharge versus speed, and efficiency versus
speed—were obtained at various input power and guide vane openings. From these data, unit curves
were plotted and the corresponding best efficiency points were obtained. The highest efficiency of
50.25% was obtained at a guide vane opening of 19 mm. The values of head, discharge, speed, and
output power at BEP were 7.84 m, 13.55 lps, 1250 rpm, and 524 W, respectively.

Keywords: renewable energy; Francis turbine; guide vane opening; performances & unit quantities

1. Introduction

The motive energy found in water is known as hydropower. By using hydroelectric
power plants, it can be transformed into electrical energy. All that is needed is a constant
inflow of water and a height difference between the location where the water is found and
the location where it can be released. The potential for hydropower is impressive. It is a free
resource that is perpetually renewable and nonpolluting. Hydropower plays a significant
role in the multipurpose use of water resources in many situations. The destructive forces
of flood flows and the energy of normal flows are harnessed by hydropower projects
to provide useful electrical energy. The economy of different power sources is reflected
in the cost of electricity. Countries that have a large proportion of hydropower in their
systems have the lowest tariffs. Upgrading existing hydropower plants is frequently more
economical than building new ones. High initial investment-prone hydropower plants hold
the substantial potential of uprating at the time of renovation, thereby making upgrading
proposals cost-effective [1]. Due to the rising demand for electricity, hydropower plants are
now more necessary than ever. Therefore, modernizing hydroelectric facilities is crucial to
meeting public demand.
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1.1. Selection of Turbines

The head under which a turbine is going to be operated gives guidance for the selection
of the type of turbine. The range of operation of each type is shown concerning the head
(H) and specific speed (ns) [2]. The total power to be installed must be known and the
number of machines then are chosen by economic consideration of load factor, the extent of
water storage, if any, cost of powerhouse, the convenience of operation, and maintenance.
Once the output per machine has been decided, information must be obtained concerning
the suitable speeds for which the generator can be constructed economically. From these
data, the coupling power, effective head, and speed of the turbine are known. Hence,
the specific speed is calculated. From the previous table, the suitable turbine is selected.
Since the speed of the generator can generally be selected from several suitable numbers
of pairs of poles, the appropriate specific speed is not limited to one value. In many cases,
the overlap is considerably extended and the problem arises of selecting from two types
of turbines, either of which could be used [3]. Here, knowledge of the advantages and
disadvantages of each type will assist, especially concerning efficiency when running at
part load. If the machine is required to operate for long periods of part loads, the Pelton
turbine would be preferred to the Francis turbine. Similarly, if the choice lay between two
Francis turbines, that with the lower specific speed would be more suitable, whereas if
the choice lay between a Kaplan turbine or a propeller turbine or a Francis turbine with a
high specific speed, the Kaplan turbine would be preferred. This is because of the flattest
efficiency curve being obtained from the Kaplan turbine, followed by the Pelton turbine,
the low-specific-speed Francis turbine, the high-specific-speed Francis turbine, and finally
the propeller turbine, which has the most peaked form of the efficiency curve. It must not
be assumed that the highest possible specific speed is always desirable [4,5].

1.2. Francis Turbine

Francis turbines can be built to handle a wide range of head and flow rates. This,
combined with their high efficiency, has resulted in them being the most widely used turbine
in the world. The Francis-type units have a head range of 20 m to 700 m, a specific speed of
60 to 400 rpm, and an output power ranging from a few kilowatts to one gigaton. Large
Francis turbines are custom-built for each location to achieve the highest possible efficiency,
typically exceeding 90% [6]. The water initially needs to enter the scroll (volute), which
is an annular channel that surrounds the runner, and then flows between the stationary
vanes and adjustable guide vanes, which provide the water with the best flow direction. It
then enters the completely submerged runner, altering the momentum of the water and
causing a reaction in the turbine. Water flows in a radial direction towards the center. The
water is impinged upon by curved vanes on the runner. The guide vanes are configured
in such a way that the energy of the water is largely converted into rotary motion, rather
than being consumed by eddies and other undesirable flow phenomena that cause energy
losses. The guide vanes are typically adjustable to provide some adaptability to variations
in the water flow rate and turbine load. The Francis turbine’s guide vanes are the elements
that direct the flow of water [7]. The authors investigated flow parameters, such as flow
angles at the runner’s inlet and outlet, flow velocities, and guide vane angles, to derive
flow characteristics. The goal was to analyze the pressure distribution and flow behavior to
achieve the level of accuracy required for the concept design of a revitalized turbine. The
obtained results are in good agreement with the on-site experiments, particularly for the
characteristic curve [8].

For three different specific speed turbines, the authors predicted the accuracy and
compared it to the model test results. It was demonstrated that the numerical model
test presented in this investigation could predict important characteristics of the Francis
turbine with high accuracy not only quantitatively but also qualitatively by comparing
simulation results with model test results for pressure-fluctuation characteristics, efficiency
characteristics, and cavitation characteristics. As a result, it was determined that numerical
model testing would be a more realistic estimation tool for Francis turbine hydraulic
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performance, contributing to cost reduction in the development of the Francis turbine [9].
The authors investigated Francis turbine guide vanes with pivoted support and an external
control mechanism for converting pressure to kinetic energy and directing it to runner
vanes. It has been discovered that increasing the clearance gap of the guide vane opening
increases leakage, lowering energy conversion and turbine efficiency and resulting in a
larger secondary vortex [10].

Many simulated results on hydroturbines have been conducted using various tur-
bulence models to identify their performance parameters [11]. Three distinct turbulence
models were explored in this work to measure the sensitivity of the model for the derivation
of Francis hydroturbine performance characteristics. To evaluate the performance of the
turbine, three different operating circumstances were chosen: part load, overload, and best
efficiency point. The highest velocity fluctuation inside the Francis runner was anticipated
by the model. The turbulence model can be used to capture the vortex rope that appears at
the runner’s output [12]. The influence of blade thickness on hydraulic performance was
investigated numerically using six types of impellers with varied blade thicknesses that
were integrated into the same pump to compare head and efficiency under design point [13].
The effect of clearance on the performance of a Francis turbine was investigated, and it was
discovered that as transverse flow and loss increased, efficiency decreased significantly.
When considering a specific degree of erosion, the pressure on both sides of the blade and
at the outflow of the blade was precisely proportional to the erosion state [14–16]. The
flow conditions in the runner inlet of a low-speed-number Francis turbine are found to be
identical when a cascade with one guide vane between two flow channels is optimized [17].

Guide vane (GV) clearance gaps grow larger due to abrasive wear, which worsens
the flow and reduces efficiency. In order to reduce potential consequences of an eroded
guide vane on the performance of the turbine, this research evaluates several guide vane
profiles. It is discovered that the pressure differential between the neighboring sides causes
the clearance gap to create a leakage flow. A vortex filament is created when the leaky
flow combines with the main flow and is forced within the runner [18]. The authors offer a
methodology for the design, optimization, and additive manufacture of turbine blade rows
and other components of highly stressed turbomachinery. The technique subsequently
produces final geometries that have been suitably represented for additive manufacturing.
A few aluminum prototypes of the newly improved turbine blade have been produced
in order to undergo mechanical and fatigue testing [19]. The mechanical power turbine’s
torque varies with its size. With a peak value of 3249.7 Nm at pitch angle 17◦, significant
torque was obtained in the pitch angle range of 15–20◦. As turbines grow in size and
their pitch angle range increases, they will produce more power, reaching a maximum
of 124,987.1 W or 125 kW [20]. The findings demonstrated that in operating conditions
involving substantial flow rates, severe sand abrasion might be seen close to the blade head
and outlet. In working conditions with low flow rates, there may be very minor abrasion
found close to the blade flange. The runner is severely abraded and its effectiveness is
lowered in proportion to the sediment concentration and sand diameter [21]. While the
flow separation on the suction side close to the blade tip merges, the flow characteristics
on the blade pressure side are often stable. The flow-separation phenomenon manifests
itself more visibly with larger tip clearance. The tip leakage vortex, which is also a spatial
three-dimensional spiral structure created by the entrainment effect of the tip leakage flow
and main flow, becomes more pronounced as the tip clearance rises [22].

After detailed review of the literature, it was apparent that lots of research has been
carried out on hydroturbines, but few studies have made an attempt at different guide
vane openings and no literature was found on best operating point based on unit quantities.
As such, the present work focuses the best operating point based on unit quantities by
studying the performance characteristics of the Francis turbine at various input powers
and guide vane openings.
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2. Experimental Setup
2.1. Experimental Setup of Francis Turbine

The model Francis turbine available at Hydro Turbo Machines Lab was designed and
built by Nilavalagan (1973) and was used for these experiments, as shown in Figures 1 and 2.

Energies 2022, 15, x FOR PEER REVIEW 4 of 25 
 

 

vane openings and no literature was found on best operating point based on unit 
quantities. As such, the present work focuses the best operating point based on unit 
quantities by studying the performance characteristics of the Francis turbine at various 
input powers and guide vane openings. 

2. Experimental Setup 
2.1. Experimental Setup of Francis Turbine 

The model Francis turbine available at Hydro Turbo Machines Lab was designed 
and built by Nilavalagan (1973) and was used for these experiments, as shown in Figures 
1 and 2. 

The Francis turbine is a machine that uses the energy of water and converts it into 
mechanical energy. Thus, it becomes the prime mover to run the electrical generators to 
produce electricity. The head is generated using a pump that draws water from the 
storage tank and supplies it to the inlet of the turbine. The torque generated by the 
turbine is measured using a brake drum. The water outlet flow of the turbine is sent to 
the measuring tank through the draft tube. The excess water from the measuring tank 
flows to the storage tank. 

Four pressure tapings made near the inlet of the turbine were made to form a 
piezo-ring and were connected to a pressure gauge (range 0–2.5 kg/cm2). The tachometer 
was used to measure the speed (N) of the turbine. The turbine was loaded with the help 
of a brake drum connected to a loading belt. The tension in the belt on both sides of the 
brake drum was measured with spring balances. The load on the turbines was altered 
with the help of hand wheels connected to balances. The diameter of the brake drum was 
225 mm and the thickness of the belt 5 mm. At the back of the turbine casing, there is a 
guiding vane mechanism. The distance between the two successive guide vanes can be 
altered by rotating a hand wheel. The maximum distance between one guide vane’s tip to 
another was measured using a vernier caliper. It was found to be 19 mm maximum. 

 
Figure 1. The Francis turbine test setup. Figure 1. The Francis turbine test setup.

Energies 2022, 15, x FOR PEER REVIEW 5 of 25 
 

 

 
Figure 2. Schematic of Francis turbine test setup. 

2.2. Specification of the Instruments Required for Measuring 
(a) Discharge 

The discharge measurement in this experiment was done using a rectangular notch, 
shown in Figure 3, fitted in the measuring tank. The discharge formula found by the 
Indian Standard (IS: 9108-1979) was used and is discussed below. 

The Kindsvater–Carter rectangular weir formula is 

3/2
ee3

2
e hb2gCQ =  (1)

where, 
Q = discharge, m3/sec 

eC = coefficient of discharge, 

eb = effective width, in mm, and 

eh = effective head in mm 
The coefficient of discharge was determined by experiment as a function of two 

variables from the formula: 

)
p
h,

B
bf(Ce =  (2)

The effective width and head are defined by the equations: 

be kbb +=  = b + 3.6 (3)

he khh +=  = h + 0.0012  (4)

Which and are experimentally determined quantities, in meters, which compensates 
for the combined effects of viscosity and surface tension. 

From the value of b/B, formula for eC  can be written as  

(b/B = 0.6): =0.593 + 0.018  (5)

Figure 2. Schematic of Francis turbine test setup.

The Francis turbine is a machine that uses the energy of water and converts it into
mechanical energy. Thus, it becomes the prime mover to run the electrical generators to
produce electricity. The head is generated using a pump that draws water from the storage
tank and supplies it to the inlet of the turbine. The torque generated by the turbine is
measured using a brake drum. The water outlet flow of the turbine is sent to the measuring
tank through the draft tube. The excess water from the measuring tank flows to the
storage tank.

Four pressure tapings made near the inlet of the turbine were made to form a piezo-
ring and were connected to a pressure gauge (range 0–2.5 kg/cm2). The tachometer was
used to measure the speed (N) of the turbine. The turbine was loaded with the help of a
brake drum connected to a loading belt. The tension in the belt on both sides of the brake
drum was measured with spring balances. The load on the turbines was altered with the
help of hand wheels connected to balances. The diameter of the brake drum was 225 mm
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and the thickness of the belt 5 mm. At the back of the turbine casing, there is a guiding
vane mechanism. The distance between the two successive guide vanes can be altered by
rotating a hand wheel. The maximum distance between one guide vane’s tip to another
was measured using a vernier caliper. It was found to be 19 mm maximum.

2.2. Specification of the Instruments Required for Measuring

(a) Discharge

The discharge measurement in this experiment was done using a rectangular notch,
shown in Figure 3, fitted in the measuring tank. The discharge formula found by the Indian
Standard (IS: 9108-1979) was used and is discussed below.
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The Kindsvater–Carter rectangular weir formula is

Q = Ce
2
3

√
2gbeh3/2

e (1)

where,
Q = discharge, m3/sec
Ce = coefficient of discharge,
be = effective width, in mm, and
he = effective head in mm.
The coefficient of discharge was determined by experiment as a function of two

variables from the formula:
Ce = f(

b
B

,
h
p
) (2)

The effective width and head are defined by the equations:

be = b + kb = b + 3.6 (3)

he = h + kh = h + 0.0012 (4)

Which and are experimentally determined quantities, in meters, which compensates
for the combined effects of viscosity and surface tension.

From the value of b/B, formula for Ce can be written as

(b/B = 0.6): = 0.593 + 0.018 (5)

The water-level gauge was used to measure the height of the water level in a rectangu-
lar notch. This water-level gauge was fixed with the scale. This gauge mechanism has a
rotating device for making adjustments.

(b) Speed

The digital tachometer was used to measure the speed of the turbine. Its range is
0–5000 rpm. This tachometer is kept at the back of the brake drum to find the speed of
the turbine.
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(c) Pressure

A Bourdon tube pressure gauge was used to find the pressure at the inlet of the turbine.
The pressure gauge range was 0 to 2.5 kg/cm2.

(d) Load

The spring balance was used to find the loads applied on the brake drum. The
spring-balance range was 10 kg × 50 gm and 20 kg × 100 gm.

2.3. Experimental Methodology

â Connect the supply-pump motor unit to 3 ph, 440 V, 30 A, electrical supply, with
neutral and earth connection and ensure the correct direction of pump motor unit.
Keep the gate closed before the pump is on. Later, press the green button of the
supply-pump starter and then release. The guide vane distance is maintained at
19 mm initially for fully open guide vane position and altered to 16 mm, 13 mm, and
10 mm distance with the help of a hand wheel. For each of the above guide vane
openings, the speed of the turbine is maintained initially at 1000, 1500, 2000, and
2500 rpm by adjusting the pump outlet valve. Later, the load is applied in steps of
250 g till the lowest possible speed at which the turbine can run continuously. For
each corresponding set of readings, the pressure at the inlet of the turbine, speed, load
on the brake drum, and head over notch are noted. Then, the gate valve is closed and
the supply-water pump switched off.

â The performances of the turbine were calculated, i.e., discharge, head, torque, input
power, output, efficiency, and unit quantities. Later, the performance characteristics
of the turbine were plotted.

3. Results and Discussion

The best efficiency point of the Francis laboratory scale was found by operating the
water pump at different guide vane openings. The performance characteristics were plotted
for these conditions. For each water supply, the reading was obtained and respective
characteristics curves plotted for four different guide vane openings. The guide vane
openings were specified based on the width between the vanes at their exit, i.e., 10 mm,
13 mm, 16 mm, and 19 mm. For each water supply and respective guide vane opening, an
experiment was conducted as per the procedure indicated in Section 2.3. Each experiment
was repeated and performance curves for discharge versus speed, head versus speed,
torque versus speed, and efficiency versus speed were plotted.

A polynomial curve fit was done for the two individual sets of readings that were re-
peated for the same experimental condition to check repeatability. Then, the two individual
experimental results were merged as one single set and fitted as a polynomial curve. The
correlation coefficient was found to be not less than 0.98. The respective polynomial equa-
tion for each of torque, discharge, and head with speed were substituted in the efficiency
formula and corresponding efficiency was calculated.

3.1. Performance Characteristics of Francis Turbine

The performance characteristics of discharge versus speed, head versus speed, torque
versus speed, and efficiency versus speed for 10 mm guide vane opening are shown in
Figures 4–11. At lower input power, few points could be obtained. The turbine came to a
halt at higher loads, but starting the turbine at higher power enables taking a large number
of readings. The discharge appears to be less at high speeds compared to low speeds; this
may be because the machine is vibrating and fluctuating while it is functioning.
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Figure 5 shows the plot of the variation of the head concerning the speed for different
power inputs. The head increases with an increase in the power inputs. The head is almost
constant at lower speeds and then increases with speed. There is a slight increase in the
head curves even during the lower speeds for the power input of 2049 (W). In this plot also,
it may be observed that the repeatability of the readings is good.

A study of Figure 6 showing the plot of torque versus speed shows that at no load
conditions, the speed of the turbine is about 2500 rpm for the power input of 2049 (W). This
is the maximum speed that was achieved for the highest possible power input. The speed
at no load came down to 2000 rpm, 1500 rpm, and 1000 rpm, respectively, as the input
power was decreased. In fact, during the experiments, the input valve that changes the
power input to the turbine was fixed based on the speed in the no-load condition. When a
load is applied, the torque rises, increasing the frictional forces acting between the brake
drum and the belt. This causes heat to be released, reducing speed. The repeatability of the
readings can also be seen in the two sets plotted in Figure 6.

Efficiency versus speed for different power inputs is shown in Figure 7. It may be seen
that higher maximum efficiency was obtained for higher inputs and efficiency increased
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to a maximum then decreased as speed increased. This is because the output power is
contributed by the torque and speed. The speed decreases with increases in torque; thereby,
the overall output power increases, reaches a maximum, and then decreases. One can argue
that the effect of input power may also contribute to the variation in efficiency. This is
true, but only at higher speeds. The discharge and the head were almost constant at lower
speeds, so the variation of input power becomes insignificant. That is the reason that the
efficiency curves show the increasing and decreasing trend.

The two sets of points in Figures 4–7 indicate clearly that the results are repeatable
and hence they were considered together and a single curve fitted for every value of
input power.

Figure 8 shows the plot of the variation of the head concerning the speed for different
power inputs. Trial 1 and trial 2 were combined and plotted as a single curve. It can be
seen that head decreases with a decrease in the power inputs.

Figure 9 shows that when the load is applied, the torque increases the frictional forces
acting between the brake drum and the belt increase and dissipate the energy in the form
of heat; therefore, the speed comes down. The torque is increased by decreasing the speed.

The efficiency versus speed for different power inputs is shown in Figure 10. The
higher maximum efficiency was obtained for higher input power. However, there is only a
slight variation of maximum efficiency at 445 W, 1031 W, and 2049 W input power.

The iso-efficiency lines plotted on discharge versus speed curves are shown in Figure 11.
From the efficiency curves, horizontal lines corresponding to efficiencies of 20%, 25%, 30%,
35%, and best efficiency point (BEP) were drawn and the speed and the discharge corre-
sponding to the point where the efficiency curves intersect the horizontal iso-efficiency
lines were noted and plotted, as shown in the above figure. It may be noted that the value
of discharge and speed at maximum efficiency is 32%, 36%, 37%, and 38% at input power
of 77 W, 243 W, 647 W, and 1414 W for guide vane opening of 10 mm.

The head versus speed curve shown in Figure 12 was obtained at a guide vane opening
of 13 mm. The head is decreasing with decreasing the speed. When input power is more,
the head seems to be more.
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From Figure 13, it may be seen that as speed decreases, the torque starts to increase
when the load is applied to the brake drum. There is not much variation in these curves
between guide vane openings of 13 mm and 10 mm, as seen in Figures 9 and 13.
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Figure 13. Torque vs. speed at a guide vane opening of 13 mm.

The maximum efficiency was observed at a power input of 953 W for a guide vane
opening of 13 mm, as seen in Figure 14. At input power of 123 W, 456 W, and 953 W the
maximum efficiency increases gradually, but at power input 2089 W it is decreased slightly
due to the vibration, which leads to cavitations within the turbine.
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Figure 14. Efficiency vs. speed at a guide vane opening of 13 mm.

Figure 15 shows that the discharge is more or less constant at different input power.
The iso-efficiency plot seems not much different between the guide vane openings of 10 mm
and 13 mm. The values at best efficiency points are 33%, 37%, 40%, and 39%.
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Figure 15. Discharge vs. speed and iso-efficiency line at 13 GVO.

The plot of the variation between the head and speed for different power input at
16 mm GVO is shown in Figure 16. The head decreases with decreasing power input. A
notable variation may be observed at higher speeds.
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Figure 16. Head vs. speed at a guide vane opening of 16 mm.

From Figure 17, it may be concluded that at a GVO of 16 mm, when the torque
increases the speed starts decreasing when the load is applied on the brake drum. There is
not much variation from guide vane openings of 16 mm, 13 mm, and 10 mm.
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Figure 17. Torque vs. speed at a guide vane opening of 16 mm.

From Figure 18, it is observed that the maximum efficiency at 16 mm GVO was seen at
a power input of 1784 W. The maximum efficiency decreases as input power is decreased.
As there is an increase in guide vane opening, the efficiency improves compared to the low
guide vane opening due to there being no impediment or vibration.
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Figure 18. Efficiency vs. speed at a guide vane opening of 16 mm.

From Figure 19, it is seen that at 113 W power input, the discharge was constant.
At other input power, the discharge was slightly decreased as speed increased at 16 mm
GVO. The iso-efficiency lines plotted seem to be a straight line with different slopes. The
discharge versus speed at BEP is 32%, 38%, 42%, and 46%.



Energies 2022, 15, 6798 14 of 24
Energies 2022, 15, x FOR PEER REVIEW 15 of 25 
 

 

 
Figure 19. Discharge vs. speed and iso-efficiency line at 16 GVO. 

Figure 20 shows the plot of the variation of head with respect to the speed for 
different power input at a GVO of 19 mm. The head increases with increase in the power 
input. There is a variation in the head curves at higher speed for all the four power 
inputs. 

 
Figure 20. Head vs. speed at a guide vane opening of 19 mm. 

According to Figure 21, when the load is applied the torque increases the frictional 
forces acting between the brake drum and the belt increases and dissipates the energy in 
the form of heat, and thus the speed comes down. The torque is increased with increased 
input power. There is a large variation in torque at 1652 W power input compared to 
other lower input power. 

Figure 19. Discharge vs. speed and iso-efficiency line at 16 GVO.

Figure 20 shows the plot of the variation of head with respect to the speed for different
power input at a GVO of 19 mm. The head increases with increase in the power input.
There is a variation in the head curves at higher speed for all the four power inputs.
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Figure 20. Head vs. speed at a guide vane opening of 19 mm.

According to Figure 21, when the load is applied the torque increases the frictional
forces acting between the brake drum and the belt increases and dissipates the energy in
the form of heat, and thus the speed comes down. The torque is increased with increased
input power. There is a large variation in torque at 1652 W power input compared to other
lower input power.
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Figure 21. Torque vs. speed at a guide vane opening of 19 mm.

From Figure 22, maximum efficiency is observed at 1652 W. Maximum efficiency
observed at 871 W was higher compared to the 96 W and 369 W power inputs. Compared
to all other guide vane openings, the 19 mm guide vane opening showed the best efficiency
due to no obstruction and vibration compared to low guide vane openings. As per the
standard of this turbine, it could not achieve more efficiency at 19 mm guide vane opening
due to some of the drawbacks, such as leakages between the blades and the casing and
vibrations of the turbine.
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Figure 22. Efficiency vs. speed at a guide vane opening of 19 mm.

Discharge was found to be constant as speed was varied at different input powers,
as shown in Figure 23 at a GVO of 19 mm. The iso-efficiency was plotted and seems not
much different between guide vane openings of 10 mm, 13 mm, 16 mm and 19 mm. The bp
values are 41%, 46%, 47% and 50%.
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Figure 23. Discharge vs. speed and iso-efficiency line at 19 GVO.

3.2. Best Efficiency Point Curves

Figure 24 shows that all the best efficiency points with different guide vane openings
are plotted in 10 mm guide vane opening. The four best efficiency points combined are
intersecting at 930 speed and 11 discharge. They all split at higher discharge and lower
discharge. All the discharge curves seem to be constant. As the guide vane opening was
varied, there was a variation in the line of best efficiency, as shown in Figure 10. This plot
indicates that all these lines merge at speed of 920 rpm.
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Figure 24. Discharge vs. speed for best efficiency point at 10 mm GVO.

3.3. Unit Curves

The unit discharge versus unit speed curve is shown in Figure 25. For all trial 1 and
trial 2 readings at various input power, the points seem to coalesce, so one universal trend
line was drawn for all the data indicating the variation of the unit discharge with respect to
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unit speed. Compared to characteristic curves of discharge versus speed, the unit discharge
decreases with increase in unit speed.
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Figure 25. Unit discharge vs. unit speed at a guide vane opening of 10 mm.

The variation of output power versus unit speed operating at different power inputs is
shown in Figure 26. These points form a second-order polynomial curve fit with correlation
coefficients near one. The maximum unit output power is found at a unit speed of 396 rpm.
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Figure 26. Unit output power vs. unit speed at a guide vane opening of 10 mm.

For the 10 mm guide vane opening, the maximum efficiency is obtained for unit speed
of 400, as shown in Figure 27. The highest efficiency is about 38%.
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Figure 27. Efficiency vs. unit speed at a guide vane opening of 10 mm.

For a guide vane opening of 13 mm, the unit discharge versus unit speed curve is
shown in Figure 28. The unit discharge decreases with increase in unit speed at this guide
vane opening also. When compared to that for 10 mm, the unit discharge increases and
decreases with increasing speed.
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Figure 28. Unit discharge vs. unit Speed at a guide vane opening of 13 mm.

The variation in unit output power versus unit speed operating at different power
inputs is shown in Figure 29. The maximum output power is found at a unit speed of
396 rpm, the same as that at a GVO of 10 mm.
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Variation in efficiency versus unit speed is shown in Figure 30. The efficiency gradually
increases and decreases. The maximum efficiency is attained at a unit speed of 400 rpm.
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Figure 30. Efficiency vs. unit speed at a guide vane opening of 13 mm.

For a guide vane opening of 16 mm, the unit discharge versus unit speed curve is
shown in Figure 31. The unit discharge decreases with an increase in unit speed.
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The variation in unit output power versus unit speed operating at different power
inputs is shown in Figure 32. The maximum output power is found at a unit speed of
396 rpm, the same as that at a GVO of 10 mm and 13 mm.
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Figure 33 shows that a higher maximum efficiency is obtained at 45% with a guide vane
opening of 16 mm. This curve at a unit speed value of 400 rpm attained maximum efficiency.
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The unit discharge versus unit speed curve is shown in Figure 34. The unit discharge
decreases with increasing unit speed. The unit discharge decreases with increasing unit
speed. The unit discharge curve looks similar to GVO of 13 mm, 16 mm, and 19 mm.



Energies 2022, 15, 6798 21 of 24
Energies 2022, 15, x FOR PEER REVIEW 22 of 25 
 

 

 
Figure 34. Unit discharge vs. unit speed at a guide vane opening of 19 mm. 

The variation in unit output power versus unit speed operating at different power 
inputs is shown in Figure 35. The maximum output power is found at a unit speed of 400 
rpm, the same as that at a GVO of 10 mm, 13 mm, and 19 mm. 

 
Figure 35. Unit output power vs. unit speed at a guide vane opening of 19 mm. 

Figure 36 shows the variation in efficiency with unit speed for GVO of 19 mm. It 
shows that the unit speed at BEP is 400 rpm. 

Figure 34. Unit discharge vs. unit speed at a guide vane opening of 19 mm.

The variation in unit output power versus unit speed operating at different power
inputs is shown in Figure 35. The maximum output power is found at a unit speed of
400 rpm, the same as that at a GVO of 10 mm, 13 mm, and 19 mm.
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Figure 36 shows the variation in efficiency with unit speed for GVO of 19 mm. It
shows that the unit speed at BEP is 400 rpm.
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Figure 36. Efficiency vs. unit speed at a guide vane opening of 19 mm.

Using results obtained for other GVOs, as mentioned in Table 1, variations of unit
quantities at the best efficiency point were plotted concerning GVO. The results presented
in Figure 37 show the values to be more or less constant for all guide vane openings.

Table 1. Best efficiency points from characteristics of Francis turbine.

S. No
Guide Vane

Opening
GVO (mm)

Speed
N (rpm)

Discharge
Q (lps)

Head Given
to Turbine

H (m)

Brake Output
Power (W)

Power Input
to the

Turbine (W)

Efficiency
(%)

1

10

600 6.02 1.31 25.08 77.44 32.39
2 700 8.77 2.82 88.15 242.86 36.30
3 1000 11.83 5.58 239.34 647.33 36.97
4 1250 14.89 9.68 537.68 1414.14 38.02

5

13

450 5.86 1.09 20.90 62.89 33.24
6 700 8.92 2.81 92.36 245.79 37.58
7 950 11.06 5.39 236.09 584.55 40.39
8 1300 15.14 9.61 558.15 1427.69 39.09

9

16

450 5.47 1.14 20.57 61.33 33.54
10 650 8.49 2.47 78.64 205.51 38.27
11 950 11.29 4.67 220.64 517.26 42.66
12 1250 13.94 8.29 522.94 1134.04 46.11

13

19

350 5.47 0.91 19.99 48.89 40.88
14 700 8.40 2.25 85.26 185.57 45.94
15 900 11.38 4.19 209.13 468.15 44.67
16 1250 13.55 7.84 524.00 1042.79 50.25
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4. Conclusions

In the current work on the best operating point based on unit quantities by studying
the performance characteristics of the Francis turbine at various input powers and guide
vane openings, the important conclusions are revealed below.

The performance characteristic curves were plotted within the available range of
variation of guide vane openings (10 mm to 19 mm) and input power (96 W to 2089 W).
From these available data, unit curves were plotted and corresponding best efficiency
points obtained. The highest efficiency of 50.25% was obtained at a guide vane opening
of 19 mm. The values of head, discharge, speed, and output power at BEP were 7.84 m,
13.55 lps, 1250 rpm, and 524 W, respectively. As per the condition of this Francis turbine,
the main reason for not obtaining more than the higher efficiency of 50.25% was leakage
flow that passed through the clearance gap between the guide vanes’ high-pressure and
low-pressure sides. To determine how much leakage flow there is, finding the velocity
vectors inside the gap can be used.
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