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ABSTRACT

Impulse turbines are significant because of their straightforward design and the lack of special-
ized expertise to create the runners. The hooped Pelton turbine runner with a 256 mm pitch 
circle diameter and a 40 mm hoop gap with a 4 mm hoop thickness was developed to reduce the 
bucket stress caused by water jets. The current paper investigates developed hooped and iden-
tical conventional Pelton turbine runners with a single downcomer nozzle of different sizes and 
materials to predict and compare performance parameters at variable flow conditions with un-
certainty in measurements. In the present experimentation, two stainless steel nozzles of 17 mm 
and 23 mm and four polymeric material nozzles of 17mm, 18 mm,19 mm, and 23 mm were used 
for both runners. The nozzles have a range of convergence angles (24-32 degrees) and beta ratio 
(0.38 -0.49). The jet and velocity ratios of 11 to 15 and 0.362 to 0.492 were studied, respectively. 
The 17 mm stainless steel nozzle with conventional Pelton turbine runner combination has an 
18.18% higher hydraulic performance than the hooped Pelton turbine runner under the full gate 
open condition. It was found that the runners experimented with 23 mm stainless steel noz-
zles gave maximum efficiency in the case of a hooped Pelton turbine compared to conventional 
runners at 20% gate opening. However, the polymeric nozzle was best for low runner speed, 
especially with the Hooped Pelton Turbine runner. The Hooped Pelton Turbine runner has ex-
hibited excellent characteristics with less flow area (part gate opening) for the limited runner 
speed range than the Conventional Pelton Turbine runner and similar hydraulic characteristics 
to the conventional runner. Thus, the present study provides a maximum performance aspect of 
a hooped Pelton turbine runner for nozzle selection.
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Highlights:
The following are the salient points for the present work

1.	 The newly developed Hooped Pelton Turbine Runner 
(HPT) was investigated for performance with different 
nozzles with the angle of convergence (Өn), jet ratio(m), 
and variable flow area. 

2.	 The nozzle assembly’s spearhead mechanism manually 
carries the flow variation.

3.	 The two stainless steel nozzles (SSN) and four poly-
meric material nozzles (PYN), identically sized, except 
for exit diameter and convergence angle (Өn), were used 
for the experimental investigations.

4.	 The comparative study also used the identically sized 
conventional Pelton turbine (CPT) runner.

5.	 The Hooped Pelton Turbine Runner (HPT) has shown 
excellent performance characteristics and stability 
under dynamic runner operation. The uncertainty anal-
ysis was conducted for 100 % gate opening (GO) and 
maximum hydraulic efficiency(ηh) max.

INTRODUCTION 

Hydropower is considered the most valuable and sus-
tainable source of energy generation among all avail-
able renewable sources. Off-grid and isolated places are 
the main uses for small and medium hydropower. The 
most significant value in impulse turbines can be found 
in their versatility and ease of use, especially in part-load 
situations. Numerous research-based elements and perfor-
mance assessments in real and software-based evaluation 

techniques, such as experimental and numerical ones, have 
been examined to quantify the hydropower spectrum and 
demonstrate its adaptability.

Nozzle and Jet
The quality of the jet is an essential operating parame-

ter for determining the hydraulic performance of an impulse 
turbine. The spray or jet characteristics are determined by 
the flow stability emerging from the orifice of a nozzle [1]. 
The discharge coefficient, velocity coefficient, and contrac-
tion coefficient of the nozzles are primarily independent of 
nozzle geometry [2]. The nozzle geometry has a pronounced 
effect on the sonic lines and discharge coefficients [3]. The 
strong secondary flows produced by bends or bifurcations in 
the Pelton turbine system’s distributor alter the jet diameter’s 
surface deformation, deviation, and dispersion, causing the 
jet core to shift away from the nozzle’s axis [4]. The radial 
velocity gradient at the impingement stagnation points cor-
relates with the free jet centreline velocity and half-radius at 
the exact axial location [5]. The shape of the water jet sig-
nificantly influences the turbine losses, and the stator signifi-
cantly influences the efficiency of the hydraulic machine [6]. 
The hydraulic loss in the pipe and nozzle parts is less than 
in the rotating buckets of available water energy [7]. The 
increased jet velocity reduces the force coefficient, showing 
that more energy is lost. Also, pressure distribution on the 
surface of the bucket is more evenly spread for circular jets 
than rectangular ones [8]. The jet shape significantly affects 
the flow and torque characteristics of the Pelton turbine run-
ner [9]. Increasing the nozzle diameter leads to an increase in 
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water discharge and a decrease in water head, which leads to 
decreased Pelton turbine performance (torque, brake power, 
efficiency, and the range of rotational speed) [10].

Increasing the nozzle’s length-to-diameter ratio elimi-
nates the occurrence of hydraulic flips correlated to the jet’s 
trajectory with the liquid/air momentum flux ratio at the 
nozzle’s exit diameter [11]. The initial jet velocity profile and 
subsequent jet surface form are considerably influenced by 
the nozzle aspect ratio (L/d); nozzles operate best at conver-
gence angles between 15° and 100° [12]. With increased noz-
zle throat angles, the flow power decreases, and the Pelton 
turbine efficiency is affected by increasing power loss [13]. 
Also, the increased jet exit angle has improved efficiency 
with part load and whole needle opening [14]. The free jet 
of Pelton nozzles decreases the exit angle for higher values of 
unit discharge; the leading cause of the losses is friction [15]. 
For 90° and 45° sharp-edged nozzles, the model can study the 
Reynolds number’s effect on losses, and the flow separation 
causes[16]. The high-speed imaging found that the wind-in-
duced jet breakup mode occurs at Reynolds numbers below 
8,700, using Ohnesorge’s theory[17]. An improved efficiency 
system can be designed by optimal annular nozzles with 
multiphase flows, appropriate flow models, computational 
fluid dynamics (CFD) simulations, and optimization algo-
rithms [18]. A new nozzle design method for high-efficiency 
crossflow turbines increased the maximum efficiency [19]. 
The suspended sediment is crucial to Pelton turbine design, 
operation, and maintenance [20].

Bucket and Runner Design
The bucket design optimization simulates unsteady 

water film flow using a boundary-fitted grid (BFG) [21]. 
The regions of the bucket surface contribute the most to the 
torque, and the backside of the bucket, with Coanda interac-
tion between the bucket cut-out area and the water jet [22]. 
The dynamic flow pattern of the free-surface sheet flow in 
the rotating bucket conforms to the dynamic energy effi-
ciency (ηEB) and power efficiency (ηPB)[23]. Also, in the 
numerical turbine runner design optimization for maximum 
efficiency, NURBS polynomials and a relatively small num-
ber of control points are required with various design vari-
able combinations [24]. A reference Pelton turbine bucket 
design using Non-Uniform Rational B-Splines Modeling 
(NURBS) was developed [25], and an unsteady CFD simu-
lation approach for different bucket design optimization of 
the Pelton turbine runner was found effective [26]. Once 
designed, the optimized fabrication of Pelton turbine run-
ners reduced the manufacturing time by 30% over the casted 
runner [27]. Pelton turbine runners have maximum pres-
sure distribution at the bucket tip and runner Pitch Circle 
Diameter (PCD) [28]. The advantage of the hooped runner 
over the traditional one is that the stress is minimized and dis-
tributed more efficiently. Buckets for a newly designed run-
ner with added backplates to support the buckets, subjected 
to bending moment on the back of both the hemispherical 
cups, have been reduced [29], and the bucket geometry 

influences Pelton’s performance [30]. The flow visualization 
study of jet and bucket interaction in traditional and hooped 
Pelton turbine runners and reduced stresses as evaluated by 
finite element (FE) analysis [31,32]. Fatigue analysis of sim-
ple and advanced hoop Pelton turbine buckets; better design 
and operating performance of the Pelton turbine bucket with 
minimum corrosion and failures [33]. 

Performance Estimation
The operating head influences the rotating bucket, free 

surface sheet flow, and hydrodynamic performance of a 
Pelton turbine [23]. The hydraulic performance for the con-
ventional and hooped Pelton turbine runners for variable 
flow conditions is in close agreement [34], and the opti-
mized hoop thickness is required for maximum hydrau-
lic performance [35]. The Pelton turbine’s performance 
depends upon the jet’s shape, size, and quality, as well as 
the shape of the bucket [36]. Combining the impeller of the 
Pelton turbine on the shaft of a high-pressure multistage 
pump used in seawater, the Reverse Osmosis (RO) desali-
nation package yielded a decrease in input power [37]. The 
roughness of the bucket and the Reynolds number on the 
model are applied for global efficiency scale-up in actual 
plants [38]. The hybrid Eulerian-Lagrangian method to 
investigate bucket geometry’s influence on Pelton turbine 
efficiency is proper [39,40]. A numerical flow analysis in 
a 2-jet Pelton turbine with a k-ω SST turbulent model has 
shown increased efficiency [41]. The gravity and surface 
tension affect the efficiency of accurate scale-up mod-
els [42], and the Euler particle tracking model has shown 
that erosion influences hydraulic characteristics [43]. 
Developing and evaluating numerical modeling tools of the 
complex unsteady free surface flow developed in the tur-
bine is helpful for performance estimation [44]. The labora-
tory-scale tests on two impulse (Pelton and Turgo) turbines 
showed that the Turgo turbine is more efficient with a speed 
ratio of 0.46. The jet misalignment leads to a drop in effi-
ciency [45]. The failure analysis of a Pelton turbine runner’s 
CFD approach identified the critical points on the bucket 
zone neck, coinciding with the crack caused by tensile stress 
(Centrifugal force) and compression [46]. The Pelton tur-
bine at full load and part load, along with numerical analy-
sis and visualized flow pattern in the passages, showed good 
agreement [47]. The bamboo material is designed with a 
square nozzle to rotate the Pelton turbine runner, which can 
produce a higher speed than the round copper nozzle [48].

The Pelton-type impulse turbine can be applied to the 
seawater reverse osmosis (RO) energy recovery system 
[49]. The multiple parameters can yield the best results for 
energy systems by optimizing these operating parameters. 
Optimization algorithms like hybrid genetic algorithm and 
particle swarm optimization (GA-PSO) can be applied for 
the performance of stand-alone hybrid energy systems [50]. 
Artificial intelligence and digitization contribute to achieving 
clean and affordable energy [51]. Even exergetic performance 
analysis can compare oxy-combustion and conventional gas 
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turbine power cycles [52]. Model Predictive Control (MPC) 
in microturbine generation systems leads to higher adapt-
ability, outputs precise adjustment, and suitable power flow 
for stand-alone operation [53]. The properties of synthetic 
polymers can be used in medicine apart from engineering 
applications [54]. The mechanical behavior of wind turbine 
blades improves with nanofluid-graphene and glass fiber in 
epoxy resin [55]. Blade materials like stainless steel, e-glass, 
epoxy, and gray cast iron are the best for domestic windmill 
applications[56]. Also, for marine-based applications, an opti-
mized K-type propeller with lightweight aluminum material 
was found to be appropriate [57]. A mini venturi wind turbine 
can be used for domestic applications without affecting avi-
ans and reducing noise [58]. The huge whistling noise from 
the windmill gearbox may cause severe damage to the living 
organisms in the sea [59], and the spatial analysis determines 
the installation sites of wind power plants using models to 
reduce such damage [60]. Implementing the latest technology 
sensors saves maintenance costs caused by a drop in the wind 
turbine generator gearbox’s thermal performance [61].

Research Gap
Few researchers have conducted the numerical study 

of the hooped Pelton turbine, but none have designed, 
manufactured, or experimented. The researchers tried to 
develop a newer bucket design to evaluate the performance 
of the Pelton turbine runner numerically and experimen-
tally, but not the bucket-supporting mechanism. The low 

and medium head responses were restricted to small-scale 
or laboratory-scale setups. The experimental performance 
evaluation for the hooped Pelton turbine runner with dif-
ferent convergence ratios and metallic and nonmetallic 
material nozzles is uncovered in the present study. In the 
current experimentation, identically sized Hooped Pelton 
Turbine (HPT) runners and Conventional Pelton Turbine 
(CPT) runners were designed and tested for performance 
estimation and subsequent comparison.

Research Objective 
The research objective for the current study is 

Ø	 To find the hydraulic performance of CPT and HPT 
runners with variable flow conditions at constant head.

Ø	 To find hydraulic performance with the same material 
nozzles but different convergence angles.

Ø	 To compare the hydraulic efficiency of HPT and CPT 
runners for nozzles with different convergence angles.

EXPERIMENTAL SETUP

Setup Details
Hydro turbo machines are vital in fluid power engi-

neering and sustainable power production through water 
energy. In the case of impulse-type hydro turbo machines, 
the amount of torque depends on jet exit conditions, the 
shape of the aperture, opening velocity, viscosity of the 
fluid, and surrounding air at the application where the jet is 

Figure 1. A line diagram -Experimental setup for testing impulse turbine runners.
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employed. Since a jet is issued from the convergent nozzle 
of different sizes, research papers about such work are also 
cited. For conventional and hooped Pelton runners, rele-
vant investigations are cited to clarify the work. The run-
ners’ design was carried out for maximum efficiency [62]. 

The head, flow conditions, and jet incidence variation 
significantly contribute to efficiency, torque characteris-
tics, and turbine functioning points. A detailed evaluation 
of torque and thrust has shown that the cut-out and edge 
losses are the sources of loss in efficiency [63]. Numerical 
simulation showed that fiberglass-reinforced plastic for 
the bucket is better than cast iron under static conditions 

[64]. The parametric model of the bucket geometry, mas-
sive particle-based numerical simulations, and advanced 
optimization strategy can be used for the design optimi-
zation. Hence, the performance of a Pelton turbine runner 
increased [65]. The torque evolution and water sheet posi-
tion for a revolving Pelton bucket simulation and the flow 
simulation of a stationary Pelton bucket using the finite vol-
ume particle approach for various impinging angles formed 
a new approach [66].

Figure 1 depicts the line diagram of the experimental setup 
used to examine two distinct runners for differing flow condi-
tions, each with a different nozzle size and material. The setup, 

Figure 2. Experimental setup for Pelton wheel runners.
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flow conditions, and experimentation approach are the same 
for both runners. The arrangement mentioned above com-
prises multiple parts, as indicated in Figure 2. A 5 HP elec-
tric pump motor (Kirloskar make) drives a strong flow rate 
through a line at the setup’s sideways bottom, as seen in Figure 
2. A 2.5-inch flow pipe transports the large water flow upward. 
It has a sizable centrifugal impeller to provide a straight flow 
through a flexible conduit. It comes with every fitting and 
valve required for the equipment to operate smoothly. 

The discharge through the pump is measured using a 
line-mounted electromagnetic digital flow meter with a 
minimum flow measurement capacity of 0.00069 m3/hr. 
The flow meter is lined up with polytetrafluoroethylene to 
provide a smooth passage for water flowing through it.

A flexible heavy hose is linked to the flow meter outlet 
and the main nozzle assembly to lessen the loss of piping 
length. The downcomer nozzle assembly’s outer thread 
mounts and unmounts nozzles of different diameters and 
materials. A present study used two stainless steel (SSN) 
and four Polyacetal or Polyoxymethylene polymer (PYN) 

nozzles to evaluate the rotors’ performance. The large rect-
angular sump at the bottom holds the water stream after 
striking the bucket and provides the opening for the Pump 
inlet to close the circuit of the test rig. The pressure sensor, 
model ADZ Nagano (Model SML-10,-1 - 25 bar,25 kg/cm2), 
is kept after the flow meter to measure the pressure of fluid 
flowing through the pipe. The downcomer nozzle is fitted to 
a distance of less than 4Di to eliminate the possibility of jet 
spreading. A chamber comprises transparent acrylic sheets 
and digital still photography or movie shooting to enable 
flow visibility. The control panel has controls for starting 
and stopping the motor and a display for power input.

Investigated Variable Parameters

(a) Nozzle diameters
Figures 3, 4, and 5 depict the various nozzles used in the 

present study to investigate the main and operating char-
acteristics of the Pelton turbine runners and then compare 
them [67]. The nozzle materials are selected as metallic and 

Figure 3. Cross-sectional view of the nozzle.

Figure 4. Stainless steel (SSN) nozzle top view left to right: a) Di=17 mm, b) Di=23 mm .
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nonmetallic and have similar diameters. The length of the 
conical part is kept identical in all sets of nozzles at 40 mm, 
so the internal threading M 46 accommodates it on the 
nozzle-spear assembly.

As shown in Table 1 below, different materials and 
diameter nozzles are used for experimentation. For conve-
nience, the code for each is depicted along with the specifi-
cation. The cross-section of each of the mentioned nozzles 
is the same. Beta ratio (β) refers to the nozzle throat’s diam-
eter to the main pipe’s diameter (Di/Do) range of 0.2 to 0.8 
per ASME. Polyacetal is a lightweight material that pro-
vides less friction to fluid and is cheaper than stainless steel 
upon replacement. It is excellent in resisting many organic 
solvents, fuels, and weak acids, so it is suitable for varying 
water quality, including sediments. 

In the present study, the dimensions and size of noz-
zles and runners employed are tabulated in Tables 1 and 
2, respectively. The pipe with a 45 mm diameter and the 
nozzle inlet diameter of 40 mm are considered for beta ratio 
and convergence angle calculation, respectively. The noz-
zles have identical size and shape but differ in exit diameter 

and the resulting jet ratio. The angle of convergence and the 
beta ratio also differ. The material used for the above set of 
nozzles is different. The convergence angle for the nozzle 
depends on the inlet and exit diameters of the nozzles used. 
The maximum convergence angle in the present study is 32 
degrees, with a beta ratio of 0.38 for 17 mm nozzles.

(b) Runner parameters
The Conventional and hooped Pelton turbine runners 

used for experimental investigation are shown in Figure 
6. The geometric specifications for both runners are men-
tioned in Table 2. The runners are identical in construc-
tion and manufacturing except for the hooped plates. The 
buckets are bolted, and the internal surface of the bucket is 
polished to minimize friction losses. The runner disc and 
hub are integral parts and strong enough to cater to the 
load of all the buckets and hoop plates. The keyway in the 
hub matches the machine drum shaft keyway to accommo-
date the feather key. The hooped Pelton turbine runner is 
heavier than the Conventional Pelton turbine (CPT) run-
ner. The hoop plates are bolted to the runner disc.

Figure 5. Polymer nozzle (PYN) top view a) Di=17 mm b) Di=18 mm c) Di=19 mm d) Di=23 mm.

Table 1. Geometrical parameters of the tested nozzles and material

Sr No. Nozzle and its 
Specification

Size (Di), 
mm

Angle of convergence 
(Өn), Degrees

Beta ratio(β) 
(Di/Do)

Material of the nozzle

1 SSN1 17 32 0.38 Stainless steel (SS)
2 SSN2 23 24 0.49 Stainless steel (SS)
3 PYN1 17 32 0.38 Polyacetal or 

Polyoxymethylene
4 PYN2 18 30.5 0.40 Polyacetal or 

Polyoxymethylene
5 PYN3 19 29.5 0.42 Polyacetal or 

Polyoxymethylene
6 PYN4 23 24 0.49 Polyacetal or 

Polyoxymethylene
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A conventional Pelton turbine runner used for experi-
mental investigation is depicted in Figure 6. It constitutes 
18 double hemispherical buckets mounted on steel discs 
with the help of two stainless steel M12 bolts to complete 
the assembly. It has a central hole with a keyway to insert 
a feather key. A rubber padding is inserted on the front 
side and fastened with the help of bolts to prevent the axial 
movement of the runner. The inner surface of the bucket is 
made highly polished to reduce fluid friction losses upon 
gliding through the surface.

The hooped Pelton is an innovative new design based 
on the separation of function between buckets and hoops, 
as shown in Figure 6. The above figure also depicts the 

conventional Pelton Turbine runner used for investigation, 
along with the downcomer nozzle fitted tangentially at the 
top. This runner comprises separate buckets mechanically 
attached to a hub of two flanges (Hoops). The hoop plates 
are separated and located at a distance of 40 mm. The jet 
of fluid comes out from the bucket by gliding through the 
double hemispherical bucket surface, and to cater to this, 
notches are provided in the hoop plates. The novel hooped 
Pelton turbine runner has an excellent maintenance advan-
tage and improved mechanical characteristics.

(c) Gate opening (variable flow area)
The gate opening in the present study for the variable 

flow area in all the nozzle runner combinations was carried 

Table 2. Geometrical parameters of the tested runners

Sr No. Description Conventional Pelton Turbine (CPT) Hooped Pelton Turbine (HPT)

Size (mm) Material Size (mm) Material
1 Bucket

Bucket width (Wb)
Bucket height (Hb)
Diameter to bucket width (Dp/Wb)
Number of buckets(Z)

96 mm
90 mm
2.1
18

Stainless steel
96 mm
90 mm
2.1
18

Stainless steel

2 Hub
Diameter of hub(dhub)
Length of the hub (lhub)
Size of keyway (Lx B)

52 mm
150 mm
10 x 5 mm

Stainless steel
52 mm
150 mm
10 x 5 mm

Stainless steel

3 Runner
The pitch circle diameter of the runner
Runner outside diameter
Runner width(rb) 

256 mm
320 mm
96 mm

Cast steel
256 mm
320 mm
96 mm

Cast steel

4 Hoop thickness(ht) NA ---- 4 mm Stainless steel
5 Hoop gap(hg) NA ---- 40 mm ----

Figure 6. Hooped and conventional Pelton turbine runner (Left to right) under investigation.
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out. The spear rod mechanism moves in and out to change 
the flow area based on the annular space between the spear 
rod and the tapered nozzle wall. In the present study, gate 
openings from 20 percent to 100 percent of the total flow 
area are taken during investigations.

MATERIALS AND METHODS

The parameters studied here include the flow interac-
tion between the jet and rotating buckets in the turbine 
with variable flow area, convergence angle, and the jet ratio. 
The electromagnetic flow meter, weight, and spring balance 
are kept to observe various parameters. The experimental 
investigations were carried out continuously by changing 
the nozzles of various diameters. The head of water, 43 m, 
was maintained constant throughout the experimentation.

The calculation here leads to the various parameters like 
jet ratio (m) and velocity ratio/speed ratio (ϕ), the essen-
tial parts to describe the design and performance of the 
Pelton wheel turbine. The assumption is generally that the 
speed ratio’s value is in the range of 0.42-0.48, and that of 
the jet ratio (m) changes from 10-18. In the present study, 
using a range of different diameter nozzles, the values are in 

the standard prescribed range. Table 3 below shows values 
obtained after the experiments.

The parameters were measured with various measur-
ing devices and sensors. The present study takes care of the 
digital instruments with a digital display of the vital mea-
sured quantities like input power, runner speed, flow rate, 
and line pressure. Table 4 below states such parameters and 
corresponding measurements.

DATA REDUCTION

The various parameters like runner speed (Nr), dead 
weight (W), Spring balance reading (S), Power input (Pi), 
and Flow rate (Q) are observed and measured during 
experiments in the present study. The various quantities, 
like Hydraulic efficiency (ηh), Overall efficiency (ηo), the 
power developed (Pd), and torque available at the shaft (T) 
for all nozzle runner combinations, were estimated using 
the following equations. 

	 	
(1)

Table 3. Jet ratio and velocity ratio at full gate opening (100 % GO)

Sr. No. Nozzle Size 
(mm)

Jet ratio 
(m=Di/Dp)

Velocity ratio ϕ (= u/Vjet)

Conventional Pelton Turbine (CPT) 
Runner

Hooped Pelton Turbine (HPT) 
Runner

1 SSN1 17 15 0.423 0.427
2 SSN2 23 11 0.492 0.436
3 PYN1 17 15 0.470 0.417
4 PYN2 18 14 0.466 0.444
5 PYN3 19 13 0.444 0.454
6 PYN4 23 11 0.425 0.362

Table 4. Measured parameters and corresponding instrumentation

Sr. No. Parameters Notation Measurement
1 Input Power, kW Pi Motor power Sensors for voltage and current 
2 Spring balance reading, kg S Subh, Accuracy class IV, 1 - 25 kg, 0.1 kg LC
3 Deadweight, kg W Cast iron counter slotted weight of known mass (set of 1 kg and 2 kg)
4 Runner speed, rpm Nr NPN-type revolution counter 2-20 mm, IP67, 10 to 30 VDC
5 Flow rate, m3/hr Q Flowtech, Electromagnetic (MAG) Flowmeter, ± 1%, SS316, ±0.5% 

FSD, 0.3 to 10 m/s, 25 kg/cm2

6 Percentage gate opening %ge GO Manually rotating the wheel in and out, the thread count
7 Pressure measurement, bar pg ADZ Nagano SML-10, Electronic, SS304, ≤0.5% FSD,-1 - 25 bar, IP65, 

ceramic,4- 20 mA,12 to 32 V
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(2)

The dimensional and non-dimensional-specific speeds 
were found using Equations (1) and (2).

The power developed Pd on the shaft is expressed in 
kilowatts; the head H is expressed in m, and the speed ω 
is expressed in rad/s for Equation (1), and the power Pd is 
expressed in watts; the head H is expressed in m; the runner 
speed ω is expressed in rad/s; the density ρ is expressed in 
Kg/m3 for Equation (2), respectively.

The unit quantities like unit power (Pu), Unit discharge 
(Qu), and Unit speed (Nu) were evaluated using the formula 
given in Equation (3).

	 	
(3)

The torque developed on the runner is given by 
Equation (4)

	 	
(4)

The angular velocity of the runner, ω in terms of rad/s, 
was evaluated using Equation (5)

	 	
(5)

Mechanical power developed on the turbine shaft (Pd) 
was evaluated using Equation (6)

	 	 (6)

Hydraulic efficiency(ηh) was evaluated using Equation 
(7)

	 	
(7)

Where,
Nr = Speed of runner, rpm, Pin = Water power supplied 

to runner, Watt, W = Dead weight, kg, S= Spring balance 
reading , kg, De = Effective diameter of drum, m.

RESULTS AND DISCUSSION

The runners exhibited different performance character-
istics with a nozzle combination and varying flow condi-
tions under the constant head. The dynamic performance 
of Pelton turbines focuses on energy and power efficiency, 

discharge efficiency, and factors affecting performance 
under varying unit speeds [68,69]. The Conventional 
Pelton Turbine (CPT) and Hooped Pelton Turbine (HPT) 
runners were tested with all the nozzles and all the variable 
flow area situations.

Variation with Percentage Gate Opening for Different 
Nozzle Runner Combinations

The experiments were carried out with different noz-
zles and runners by restricting the flow area in percentage. 
The 17 mm SS nozzle (SSN1) characteristics for both run-
ners are given in Figure 7. Both runners were found to have 
low torque in the range of 200 to 1200 rpm, with 80 % flow 
area restricted. The torque developed with a Conventional 
Pelton Runner shaft at 100% gate opening (GO) was about 9 
N-m with 1000 rpm of the CPT runner. The least was found 
with a decrease in flow area (20% gate opening) in the case 
of both runners. The range over which power developed 
by the Hooped Pelton Turbine (HPT) runner with the 17 
mm SS nozzle (SSN1) is found to be 700-1500 rpm, wherein 
maximum power is developed around 900 rpm. 

The presence of two hooped steel plates 4 mm thick 
made the runner bulkier, so with the Hooped Pelton 
Turbine (HPT) runner, the values are identical at the higher 
runner speed, but the curve gets separated at the lower 
runner speed. The high unit discharge was found with the 
Conventional Pelton Turbine (CPT) runner compared to 
the Hooped Pelton Turbine (HPT) runner. The range of 
unit discharge for a conventional Pelton turbine (CPT) 
is more significant with unit speed than that of a hopped 
Pelton turbine (HPT). The unit discharge remains in the 
range of 1 to 1.5 for the most flow area variation corre-
sponding to the range of unit speeds.

 Figure 7 shows the operating parameter for a 17 
mm stainless steel nozzle (SSN1) with a beta ratio of 
0.38. The 17 mm exit diameter SS nozzle (SSN1) gave 
better efficiency and variation of parameters with run-
ner speed and unit speed than any other combination 
used in the experimental study. The range of points and 
corresponding curves obtained with a 17 mm SS nozzle 
(SSN1)-Hooped Pelton turbine (HPT) runner are similar 
to standard curves for the Conventional Pelton turbine 
(CPT) runner. The power developed at the turbine shaft 
with a 17 mm SS nozzle (SSN1)- CPT runner combina-
tion is more than any other. The hydraulic efficiency 
obtained was higher with a 20% gate opening in the case 
of the CPT runner compared to the HPT runner for a 
200 to 1000 rpm runner. 

Figure 8 shows the variation of the main and operating 
parameters, including runner speed and unit speed, caused 
by using 23 mm stainless steel (SSN2). The 20 % gate open-
ing variation dominates the Hooped Pelton turbine (HPT) 
runner. The maximum value of unit discharge is found with 
100% gate opening in the case of the HPT runner. The noz-
zle with exit diameter (Di) used here is 23 mm of stain-
less steel (SSN2), with the highest beta ratio of 0.49, and 
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Figure 7. Main and operating characteristics with SSN1 17 mm nozzle.
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Figure 8. Main and operating characteristics with SSN2 23 mm nozzle.
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Figure 9. Main and operating characteristics with 17 mm Polymer nozzle (PYN1).
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the nozzle’s convergence angle is 24 degrees. The size of the 
jet was increased by 6 mm to check both runners’ behavior 
under the increased water faucet. Figure 8 depicts the vari-
ation in flow rate, the corresponding change in parameters, 
and, ultimately, the efficiency. A broader spectrum in the 
right curve is covered with a 23 mm SSN2 nozzle, unlike a 
17 mm diameter SSN1 nozzle. The flow area opened up to 
40 %, giving maximum hydraulic efficiency for both run-
ners due to fewer losses, but the curve spectrum is not fully 
covered as in the case with the ideal curve.

The points for parameters obtained with 23 mm SSN2 
are separate and distinguishable. In Figure 8, the right-half 
curve is feasible only for the few restricted flow area per-
centages due to the heavy water faucet spilling out of the 
bucket without gliding and imparting work to the runner. 
The variation with the runner speed, a 17 mm diameter 
polymer nozzle (PYN1), exhibited a range of torque, power 
developed, and hydraulic efficiency.

Figure 9 shows the variation in unit speed plotted 
against unit discharge, unit power, and overall efficiency. 
The maximum hydraulic (ηh) and overall efficiencies (ηo) 
are noted with a 40 % gate opening with a conventional 
Pelton turbine (CPT) runner. The efficiencies correspond-
ing to gate opening in each set can be represented as ηh)
CPT is greater than ηh)HPT follows: The unit discharge (Qu) 
remained equal for both runners. The hooped Pelton tur-
bine runner (HPT) behaved equally for 40%, 60%, and 
100% opening of the flow area for hydraulic efficiency.

The variation in main and operating characteristics is 
shown in Figure 10 with a polymer nozzle (PYN2) with an 
18 mm exit diameter, 29-degree convergence angle(Өn), 
and 0.40 beta ratio(β). The speed range covered 400 -1500 
rpm, and a smooth curve was obtained. The maximum 
hydraulic efficiency corresponds to 1011 rpm, which was 
found to be 53.11% in conventional Pelton turbine (CPT) 
runners, whereas it was found to be 52.34%, which cor-
responds to 963 rpm. The power developed at the runner 
shaft was measured with an absorption type dynamometer 
(rope brake type); in the case of a conventional Pelton tur-
bine (CPT) runner, it is 890 watts, whereas, in the case of 
a hooped Pelton turbine (HPT) runner, it was 823.50 watt 
corresponding to 923 rpm of the runner.

Figure 11 depicts the variation in power developed, 
torque, and hydraulic efficiency with runner speed with a 
19 mm diameter polymeric material nozzle (PYN3), a con-
vergence angle of 30 degrees, and a beta ratio (β) of 0.42. 
The polymer material nozzle yielded the highest hydraulic 
efficiency, 61.66%, corresponding to 742 rpm of a hooped 
Pelton turbine (HPT) runner with only 20% of gate open-
ing(GO). The unit quantities are also evaluated to check the 
runner’s performance if the head changes. 

Figure 12 shows the operating parameter for a 23 mm 
polymer nozzle (PYN4) with a beta ratio (β) of 0.29 and 
angle of convergence (Өn). In the present experimental 
study, the 23 mm polymer nozzle (PYN4) gave better effi-
ciency at a lower rotation speed of runners in both Pelton 

turbine runner cases. The range of points and curves 
obtained with a 17 mm SS nozzle is similar to standard 
curves for the Pelton turbine. In the case of the CPT runner, 
the runner’s speed of 1000 played a vital role as efficiency 
increases constantly.

Effect of the Nozzle Diameter for Various Nozzle Runner 
Combinations

The hydraulic efficiency of runners with 17 mm nozzles 
is higher than that of 23 mm because of the lower jet spread-
ing and deviation. The 23 mm nozzles incurred more loss at 
the bucket and splashing in the visualization chamber. The 
mass of water trapped between the bucket and hoop plates 
in the hooped Pelton runner makes it heavy, apart from 
the weight of the hoop plates. There is more wake in the 
trapped system and water flow hindrance in the dynamic 
runner system instead of smooth gliding along the bucket’s 
inner surface. For low speed, opt for a 17 mm stainless steel 
nozzle (SSN1), which ηh)HPT is greater than ηh)CPT, as there 
are fewer losses in the confined space of bucket and hoop 
plates, which are dominant at high speed.

Figure 13 compares 17 mm and 23 mm diameter noz-
zles of stainless steel (SSN) and polymer (PYN) investigated 
for CPT and HPT runners under variable flow conditions. 
The torque for the 17 mm nozzle with the conventional 
Pelton turbine (CPT) runner must have a lower operating 
speed range than the hooped Pelton turbine (HPT) runner. 
The torque curve up to 1050 rpm due to momentum at low 
speed achieved through a 17 mm jet is dominant. The 17 
mm and 23 mm polymer nozzles (PYN) have partiality in 
trends, but around 825 rpm with the conventional Pelton 
turbine (CPT) runner, the increase in torque occurs with a 
decrease in speed faster. In the present study, the hydraulic 
efficiencies with the same material but different jet diame-
ters have been expressed as highest to lowest in ηh)17mm,CPT, 
ηh)17mm,HPT, ηh)23mm,CPT, ηh)23mm,HPT order for polymer noz-
zles and ηh)17mm,CPT, ηh)23mm,HPT, ηh)23mm,CPT, ηh)17mm,HPT 
for stainless steel nozzles up to a runner speed of 1100 rpm.

The nozzle diameter used here is 23 mm of stainless 
steel, and the beta ratio is kept for this nozzle. The size of 
the jet was increased by 6 mm to check both runners’ behav-
ior under the increased water faucet. The chart depicts the 
variation in flow rate and the corresponding change in 
parameters and, ultimately, the efficiency.

Effect of the Different Nozzle Materials for Various 
Nozzle Runner Combinations

The outward fluid flow occurs in a hooped Pelton tur-
bine (HPT) runner bucket with two parts, as found during 
the experimental investigation. Also, it was found that the 
slots in a hoop plate with an opening govern the jet flow 
and outward stream through the bucket. The exhausting 
duration for the bucket full of water is significantly less 
due to high runner speed and confined space with a small 
slot in a hoop plate that retains most of the water in further 
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Figure 10. Main and operating characteristics with 18 mm polymer nozzle (PYN2).
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Figure 11. Main and operating characteristics with 19 mm polymer nozzle (PYN3).
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Figure 12. Main and operating characteristics with 23 mm polymer nozzle (PYN4)
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rotation and falls due to gravity or centrifugal force without 
contributing much power to the runner shaft.

The variation in all the estimated parameters concern-
ing runner speed is shown in Figure 14. The jet diffusion 
and separation of water particles from the jet surface at a 
larger jet diameter deteriorate the performance of the run-
ners. The losses marked in the present study mainly include 
the higher diameter, the inertia of the turbine runner, and 
the obstructed outgoing flow with gradually increased gate 
opening (GO). The 17 mm diameter stainless steel nozzle 
(SSN1) has ticked all the boxes with fully defined perfor-
mance characteristics, with variable area flow. The 23 mm 
nozzles suffer from jet stability and spread of jets despite 
less than 4Di distance. They further deteriorate the run-
ner’s performance with more water flow rates if used with 
a hooped Pelton turbine (HPT) runner compared to a con-
ventional Pelton turbine (CPT) runner. 

From the above graph, the hydraulic efficiencies (ηh) of 
all nozzle runner combinations in descending order can be 
written as ηh)SSN1,CPT, ηh)SSN1,HPT, ηh)PYN1,CPT, ηh)PYN2,CPT, 
ηh)PYN2,HPT, ηh)PYN1,HPT for 17 mm (SSN1 and PYN1) and 
18 mm (PYN2) nozzles. The ηh)SSN1,CPT combination has 
an 18.18% higher hydraulic performance compared to 
ηh)PYN1,CPT under the full gate open condition. The low-
speed operation of small-diameter nozzles with heavier 
runner systems makes them more stable and valuable, as 
found in the case of an 18 mm polymer nozzle (PYN2), 
and can be a substitute for 17 mm nozzles with a higher 
convergence angle(Өn). The 19 mm polymer nozzles with a 
30-degree convergence angle(Өn) and beta ratio(β) of 0.42 
have almost the same performance for 100% gate opening, 
which ηh)PYN3,CPT is equal to ηh)PYN3,HPT. A 19 mm Polymer 
nozzle (PYN3) achieves the optimum nozzle diameter here, 
similar to a 23 mm Polymer nozzle (PYN4), where hydrau-
lic efficiency points coincide and are non-distinguishable, 

which ηh)PYN4,CPT is equal to ηh)PYN4,HPT. The larger diam-
eter stainless steel nozzle (SSN2) of 23 mm was tested with 
both runners, but the hydraulic efficiency (ηh) of the run-
ners was found with the whole gate opening (100%) in the 
order of ηh)SSN2,CPT is greater than ηh)SSN2,HPT. However, jet 
size, even for a conventional Pelton runner (CPT), plays 
a vital role in the hydraulic performance of the runner. 
Even with the larger flow area and, hence, higher fluid flow 
rate, the efficiency of a conventional Pelton runner (CPT) 
yielded 35.63% at 1067 rpm of the runner, whereas it was 
found to be 75.14% at 914 rpm of the runner with less flow 
area and a whole gate opening.

The work carried out by various authors has been men-
tioned in Table 5. The essential parameters like head, PCD 
of the turbine runner, nozzle diameter, and Number of 
nozzles employed for the experimental investigation, are 
mentioned. The experimental work on HPT is limited to 
numerical simulation and single-diameter nozzle efficiency 
evaluation. The regime beyond the single diameter was 
explored here to reveal the hydraulic characteristics of HPT.

Figure 15 shows the variation in hydraulic efficiency for 
comparison in the vertical bar chart. The comparison shows 
the variation in the efficiency range for the parameters consid-
ered in the present study. The chart was plotted with a 17 mm 
nozzle with a full gate opening. The available data are compared 
since the experimental work is limited to the HPT runner.

Figure 16 compares and supports the trend obtained 
from the present experimental observations. The trend line 
has suggested that the efficiency of the present work is behav-
ing similarly to the previous work of different authors. The 
characteristics of CPT and HPT are the same but offset by 
some distance depending upon the additional inertia offered 
by adding hoop plates. In the present study, the graph shows 
that the hydraulic efficiency trend line is apart by 15.09% at 
low runner speed, though it started at high rpm.

Figure 13. Main and operating characteristics for the different diameter nozzles for both runners.
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Figure 14. Main and operating characteristics for all the nozzle-runner combinations.
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Figure 15. A hydraulic efficiency comparison bar chart of the present work with previous similar work.

Table 5. Summary for comparison of present and similar past work

Sr. No. Author/s Parameters considered Type of work 
carried out

Hydraulic 
efficiency (ηh)

1 Rafae Alomar et al., 2022 [70] CPT, Head = 113 m, Runner diameter =275 mm, 
nozzle diameter = 9.5-12.5 mm (4 nos. in equal 
steps ), Number of nozzles=1

Experimental 35.5-21.6%

2 Syofii et al., 2022 [71] CPT, Head = 3 m, Runner diameter = 275 mm, 
nozzle diameter= 8 ,9, 10 mm, Number of 
nozzles=1

Experimental 9.01-25.44%

3 Elgammi & Hamad, 2022 [72] CPT, Head = 2.5 m, Runner pitch circle diameter 
=123 mm, nozzle diameter= 9 mm, Number of 
nozzles=8

Experimental 10%

4 Hlabanelo et al., 2020 [73] CPT,Head = 10 m, Runner diameter =220 mm, 
nozzle diameter = 21 mm, Number of nozzles=2

Experimental and 
numerical

5-64%

5 Nigussie et al., 2017 [74] CPT,Head = 47.5 m, Runner pitch circle diameter 
= 500 mm, nozzle diameter= 38.50 mm, Number 
of nozzles=4

 Numerical 78.8%

6 Cobb & Sharp, 2013 CPT, Runner pitch circle diameter =100 mm, head 
=17-25 m and 18- 28 m, nozzle diameter = 7.94 to 
12.70 mm, Number of nozzles =1

Experimental 73%

7 Chaudhari et al.,2011 CPT,HPT Head = 45 m, Runner pitch circle 
diameter = 360 mm, nozzle diameter = max 260 
mm, Number of nozzles=1

Experimental and 
numerical

52%,45%

8 Present study CPT,HPT Head = 43 m, Runner pitch circle 
diameter = 256 mm, nozzle diameter = 17,18,19 
and 23 mm, Number of nozzles=1

 Experimental For CPT and HPT 
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UNCERTAINTY ANALYSIS

According to the study, the uncertainty found for the 
head of water, angular speed, torque developed at the run-
ner shaft, and flow rate is given in Appendix 1 with the 
whole gate opening (100%) for all the tested combinations. 
Equation (8) defines the hydraulic efficiency of the turbine 
runner, and the corresponding Equation (9) for uncertainty 
is used to calculate values. 

	 	
(8)

Since the experiments were carried out with a constant 
head, but considering frictional head loss and pipe fitting 
loss incurred to calculate the value of dH, the difference in 
measured and actual value of torque due to spring balance, 
which is taken care of by considering the most minor count. 
The measured value from the speed sensor and flow rate 
is also affected by the accuracy and subsequent error in 
measurement.

	 	
(9)

According to the study, a sample calculation for uncer-
tainty with a whole gate opening (100%) corresponding to 
maximum hydraulic efficiency is calculated as per Equation 
(9) and given in Appendix 1. The arrangement in the case 
of a conventional Pelton turbine (CPT) runner found for 
the available head, torque, angular speed, and flow rate 
was ±0.48%, ±1.33%, ±1.19%, and ±0.01%, respectively, 
and uncertainty in hydraulic efficiency corresponding to 
that found to be ±1.31% with arrangement of the Hooped 
Pelton Turbine (HPT) runner and 23 mm Polymer nozzle 
(PYN) combination.

CONCLUSION

In addition to the flow rate(Q), jet size (Di), Speed 
ratio(ϕ), and jet ratio(m), the runner’s performance is also 
affected by both centrifugal and Coriolis forces. The liter-
ature review shows that varying operating conditions like 

Figure 16. Hydraulic efficiency(ηh) vs Runner speed (Nr) - comparison for runners of the present work with previous 
similar work.
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nozzle diameter (Di) and water discharge (Q) significantly 
impact Pelton turbine performance.

In the current study, the SSN1, SSN2, PYN1, PYN2, 
PYN3, and PYN4 nozzles were used to estimate the perfor-
mance of the runners. The different diameters of the nozzle 
are the same in construction and materials, except for the 
beta ratio(β) and angle of convergence (Өn). The runners 
were tested for varying flow conditions to get hydraulic 
performance and subsequent comparison. The jet ratio (m) 
and the nozzle convergence angle (Өn) were in the range of 
11 to 15 and 24 to 32 degrees, respectively.

The following are the conclusions drawn from the pres-
ent experimental investigations,
Ø	 The nozzle with a more than 17 mm diameter (Di) has 

reduced potential energy available at exit as the dis-
charge increases. The subsequent velocity also reduces. 
The water input power (Pin) to the turbine reduces with 
an increase in the nozzle diameter. Thus, the increase 
in nozzle diameter reduces the turbine’s hydraulic 
efficiency(ηh).

Ø	 The higher beta ratio yielded low hydraulic efficiency 
as the losses dominated in the larger-diameter jet. The 
effect of convergence angle (Өn) is also practical, as it 
inversely suggests hydraulic efficiency. The 17 mm 
nozzles with the highest convergence angle (Өn) of 32 
degrees have contributed more to the hydraulic perfor-
mance of either runner.CPT tested with a higher con-
vergence angle (Өn) nozzle has yielded 18.18% more 
efficiency than HPT.

Ø	 The nozzles with a jet ratio(m) of 15 were more suitable 
for the runners. The main and operating characteris-
tics curves have been entirely over the range of runner 
speeds. The decreasing jet ratio has reduced jet stability, 
affecting the turbine’s hydraulic performance.

Ø	 The runners were tested with a range of velocity ratios (ϕ 
= u/Vjet) of 0.423 to 0.492. The CPT was most efficient 
with a velocity ratio (ϕ) of 0.423. The HPT with a higher 
nozzle diameter and a nozzle opening between 20% and 
40 % has the least inertia due to the flow through the 
bucket without diffusion in the void between hoop plates. 

Ø	 In the case of runners, the CPT has higher hydrau-
lic efficiency(ηh), approximately 20% higher than the 
hooped Pelton turbine runner at the pick point for all 
nozzle runner combinations. Still, that offset margin 
in the curve gradually decreases with increased speed. 
The speed and nozzle diameter combination best suits 
a 17 mm stainless steel nozzle (SSN1), 900 rpm, with a 
conventional Pelton turbine (CPT) runner, 100% gate 
opening.

Ø	 It was found that the same material, the hooped Pelton 
turbine (HPT) runner and 23 mm stainless steel noz-
zle (SSN2), produce the highest torque but have less 
hydraulic efficiency due to losses in the void created 
between bucket and hoop plates. However, it cannot be 
discarded for other reasons, such as suggesting benefits 
like bucket strength under heavy jet from the faucet.

Ø	 The larger diameter in the polymeric nozzle (PYN) 
gave low performance compared to the smaller diam-
eter nozzle, i.e., 17 mm. In the case of both runners, a 
17 mm diameter nozzle was found most appropriate for 
a given runner’s dimensions. This could be because of 
the reduced jet diffusion provided by the hoop with a 
smaller diameter nozzle, which handles the outgoing 
proportion of fluid in equal amounts through the slots 
on the hoop plates.

Ø	 The efficiency difference between both runners is more 
pronounced at higher gate openings due to the signif-
icant flow passage being impeded by the hoop plates. 
At lower gate openings, the hoop plates obstruct the 
smaller flow route less, making the efficiency difference 
less noticeable.

Ø	 The hoop plates support the buckets, which are cantile-
ver parts bolted to the dynamic runner system. During 
experimentation, the bifurcated jet and outgoing water 
splashing on the runner’s hoop are visible in the flow 
contours. This water splashing, more pronounced with 
larger gate openings, is the primary cause of efficiency 
decline. The speed and flow area at the spear-nozzle 
assembly are crucial for hydraulic efficiency.
This experimental investigation has provided vital 

details regarding the effect of varying flow area, jet ratio, 
speed ratio, and convergence angle on the performance 
of a Hooped Pelton Turbine (HPT) runner compared to 
an identically sized Conventional Pelton Turbine (CPT) 
runner. This study also forms the basis for optimizing 
the hoop gap and slot opening size over the hemispheri-
cal bucket to provide the least impedance to the outgoing 
fluid stream.

NOMENCLATURE

Q	 Volumetric flow rate/Discharge m3/hr
Do	 Inlet diameter of the nozzle or inside diameter of the 

pipe, mm
Di	 Exit diameter of the nozzle, mm
D	 Diameter of the brake drum, m
Dr	 Diameter of rope, m
De	 Effective diameter of the drum, m
DP	 Pitch Circle Diameter of the runner, mm
Re	 Reynolds number
H	 Available head, m
Qu	 Unit discharge
Nu	 Unit speed
Nr	 Runner speed, rpm
Pu	 Unit power
Pd	 Power developed, Watt
Pin	 Power input, kW
Vjet	 The velocity of the fluid, m/s
u	 Peripheral velocity of runners, m/s
Td	 Torque developed, N-m
m	 Jet ratio
g	 Gravitational constant, m/s2
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Greek Symbols
ρ	 The density of the fluid, kg/m3

β	 Beta ratio- a ratio of the nozzle outlet to the inlet
β2	 The jet angle at the bucket exit, degrees 
ω	 Angular speed of the runner, rad/sec
ηo	 Overall efficiency
ηh	 Hydraulic efficiency
ϕ	 Speed ratio/ Velocity ratio
Өn	 Angle of convergence for the nozzles, degrees

Abbreviations
SSN	 Stainless Steel Nozzle
PYN	 Polymer Nozzle (Polyacetal or Polyoxymethylene)
CPT	 Conventional Pelton Turbine
HPT	 Hooped Pelton Turbine 
GO	 Gate Opening

Subscript
2	 Refers to exit
d	 Refers to the developed
e	 Refers to effective
h	 Refers to hydraulic
n	 Refers to the nozzle
o	 Refers to overall
u	 Refers to the unit

Future Scope of Work
The work can be extended for numerical simulation to 

model the effect of the hoop gap on the performance of run-
ners. The analytical and subsequent numerical simulation for 
the flow area gap in the hoop plate can be modeled. The hoop 
plate can be made of lightweight material like aluminum to 
reduce the inertia and increase hydraulic performance.
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Appendix 1. Uncertainty analysis for full (100 % GO) gate opening and maximum hydraulic efficiency 
 

Nozzles with 

Pelton runners  

Angular 

velocity(ω), 

 rad/sec 

Torque (T) 

N-m 

Head (H), 

m 

Flow rate 

(Q), m3/sec 
 

Uncertainty 

(% ge) 

SSN1 17 mm -CPT 96 8 43 0.00239 0.011551 1.16 

SSN1 17 mm -HPT 96.85 7.34 43 0.00266 0.011482 1.15 

SSN2 23 mm -CPT 111.71 7.01 43 0.00500 0.010272 1.03 

SSN2 23 mm -HPT 98.94 8.83 43 0.00536 0.01126 1.13 

PYN1 17 mm-CPT 106.58 8.66 43 0.00366 0.010617 1.06 

PYN1 17 mm-HPT 94.54 8.75 43 0.00366 0.011685 1.17 

PYN2 18 mm-CPT 105.85 8.42 43 0.00381 0.010678 1.07 

PYN2 18 mm-HPT 98.1 8.17 43 0.00344 0.011348 1.13 

PYN3 19 mm-CPT 100.72 8.25 43 0.00442 0.011109 1.11 

PYN3 19 mm-HPT 103.13 8.13 43 0.00446 0.010904 1.09 

PYN4 23 mm-CPT 96.43 9.9 43 0.00586 0.011485 1.15 

PYN4 23 mm-HPT 82.19 8.33 43 0.00585 0.013146 1.31 
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h

dh
h

https://doi.org/10.14445/22315381/IJETT-V70I2P216
https://doi.org/10.1177/0957650913506711
https://doi.org/10.1016/S1001-6058(07)60070-5
https://doi.org/10.1016/j.asej.2021.101684
https://doi.org/10.37934/arfmts.97.1.157167
https://doi.org/10.1016/j.renene.2022.05.131
https://doi.org/10.1155/2017/3030217

