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is a vertical Pico hydro turbine, one of the three hydraulic
turbine varieties. The hydro impulse turbine is a popu-
lar, dependable, and sustainable option in hydroelectric
plants, especially well-suited for moderate and high head
applications. Technologies exploiting low and ultra-low
head water potential sites have become popular due to
their minimal environmental impact. Furthermore, put-
ting small, creative water-related projects into action
offers underdeveloped nations a cost-effective way to pro-
duce renewable energy.

A high-pressure water jet with kinetic energy is key in
producing impulses. The performance of the impulse tur-
bine suffers due to alterations in jet characteristics. The jet
size and shape affect the performance of the impulse tur-
bine. The turbine’s efficiency was mainly influenced by the
nozzle opening diameter or the jet diameter, speed ratio,
blade count, and jet angle or the nozzle tilt angle [1]. The
variability in the length-to-diameter ratio of the jet provides
a method for controlling jet surface roughness over a sub-
stantial range [2]. The exact calculation of a Turgo turbine’s
wheel-to-nozzle diameter ratio, or D/d, is necessary since it
influences wheel velocity, which influences efficiency and
performance [3]. Smaller jet diameters and higher flow
rates can be used to obtain the ideal operating state since the
maximum brake power increases with increased discharge
due to an increase in torque [4]. Higher water heads lead to
increased power generation, while electric power increases
linearly with nozzle diameter enlargement [5]. In descend-
ing order, the circular water jet exhibits the highest peak
pressure at identical inlet pressures, followed by the com-
mon fractal shapes like square, triangular, cross-shaped,
and elliptical water jets[6]. At the minimum standoff dis-
tance of the nozzle, axial flow predominates in the water
jet; otherwise, radial flow is more dominant [7]. The main
jet diffusion factors influencing jet quality are eccentrici-
ty-induced pressure fluctuations and jet velocity imbalance.
[8]. Apart from the primary flow in the bucket, the weak
secondary flows from bends or bifurcations in the Pelton
turbine distributor cause minor disturbances, affecting the
type of jet shape, alignment of the jet with the bucket, and
shifting of the water jet core from the nozzle centerline [9].
The efficiency of Turgo and Pelton turbine runners, used
in Pico hydro applications, suffers from variations in speed
ratio and jet misalignment [10]. The hydrodynamically
designed buckets of the Turgo impulse turbine with an opti-
mum jet angle are required for maximum power with the
best efficiency [11]. According to numerical modeling, the
needle tip’s position changed the velocity distribution of a
Pelton turbine’s free jet [12].

The variation in available head and water discharge
through the turbine affects the hydraulic performance of
turbine runners. In a novel way, the Turgo impulse tur-
bine boosts a hydraulic impulse turbine’s capacity while
regulating flow with the nozzle and spear injector mecha-
nism of the Pelton turbine [13]. The single-jet Turgo tur-
bine was found to have improved performance over the

baseline design, with optimized parameters by multi-cri-
teria analysis [14,15]. Also, for a Turgo impulse turbine,
the discharge plays a vital role; as the discharge increases,
the specific speed rises, while with a higher net head, the
specific speed decreases. Additionally, increasing the net
head boosts power output [16], and reducing the water
head decreases water discharge, decreasing rotational
speed, torque, brake power, and efficiency [17]. The water
flow rate is the only factor affecting pressure, the power
produced at the alternator, and the sufficient torque
applied to the shaft [18]. The Pico hydro Turgo turbine
has hill charts similar to the regular turbine for low-head
applications at the constant head for varying flow condi-
tions and optimized jet angle for remote area applications
[19,20]. Nowadays, researchers are attracted to the low-
head operation of the Pelton runner. With a flow rate of 33
liters per minute and a static pressure head (very low) of
2.5 meters, a model of micro Pelton turbine was designed
to operate at maximum efficiency using a revolutionary
hydraulic system [21], and a modified Pico-sized Pelton
wheel model was adapted to utilize the velocity of rainwa-
ter harvested from rooftops to supplement energy gener-
ation [22]. Micro-hydro Pelton turbines can be designed,
modeled, and analyzed for remote site-specific conditions
[23]. A Pelton micro hydropower turbine with a maxi-
mum head of 15 meters in rural Ethiopia could produce 32
kilowatts of electricity utilizing available water [24]. The
novel design of the Turgo turbine was tested and operated
with competitive geothermal efficiency to get maximum
yield from steam [25]. Optimized conditions are required
to operate low-head Turgo and Pelton wheel turbines for
maximum hydraulic efficiency, as they are site-specific
and geometry-specific [26-28].

Three-dimensional unstable flow is used to analyze flow
through buckets, which is essential to the runners’ perfor-
mance. The fluid flow through the Turgo turbine bucket
is simpler than that of the Pelton turbine. Computational
Fluid Dynamics (CFD) analysis on a Pelton turbine using
the RANS (Reynolds-averaged Navier-Stokes) -based
Eulerian scheme predicted the complex flow patterns,
jet interactions, and post-impact water interference with
the buckets [29]. The instability of free surface fluid
flow(sheets) in rotating buckets in three dimensions was
reproduced by the study methods of the two-phase homo-
geneous model. [30], and with a non-orthogonal curvi-
linear coordinate-based boundary-fitted grid (BFG) [31],
can predict the dynamic flow patterns and torque fluctu-
ations. However, roughness on the bucket surface hinders
free surface flow within the bucket, significantly impact-
ing Pelton turbine performance and hydraulic losses, and
the level of roughness magnitude influences it [32]. The
bucket cutout design with the “u” type cutout and simple,
improved design provides the best performance for a Pico
hydro Pelton turbine [33,34]. A runner of a Pelton turbine
should have the optimum number of moving buckets to
operate efficiently and prevent jet interference [35]. The
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enhanced hydraulic efficiency of the runner of the Turgo
model can be achieved by parameterizing and numerically
tuning stochastic optimization [36]. Flaws and unsuccess-
ful designs can be detected early in the process using a
3D-printed Pelton turbine runner [37]. Coconut shell is
suggested as a viable material for Turgo turbine buck-
ets due to its robust strength and ability to endure water
pressure effectively [38]. Also, buckets of the aluminum
alloy, austenitic and martensitic stainless steel, and grey
cast iron material have shown enough structural integrity
with different bucket angles upon evaluation by numeri-
cal simulation for equivalent stress distribution and total
deformation [39].

Response Surface Methodology (RSM) is a valuable
tool for optimizing the turbine parameters. The Turgo
turbine is effective for low-head applications (3.5 m) and
can efficiently operate across various flow conditions with
varying jet-to-diameter ratios. Studies have shown that
RSM helps maximize energy extraction in Turgo impulse
turbines, as studied by Gallego et al.[40] and for optimiz-
ing the housing basin and fluid-laden inlet channel of the
gravitational water vortex hydraulic turbines by Velasquez
et al. [41]. Betancour et al. [42] successfully applied RSM
with the Central Composite Design technique to design
a 3D-printed Gravitational Vortex Turbine (GVT) run-
ner, with satisfactory results across a range of parameters.
Guerra et al. [43] also utilized RSM to optimize the number
of vanes (blades) and turbine hub-to-rotor outer diameter
ratio, parameters that significantly impact the hydraulic
performance of a siphon turbine. Apart from radial flow,
RSM is also useful for optimizing the design of an AST
(Archimedes screw turbine, an axial flow turbine) for
hydrokinetic power generation applications [44]. Beyond
turbine design, RSM applies to all mechanical systems to
effectively optimize performance parameters. RSM has also
been applied to improve heat pipes’ thermal performance,
as Singh et al. studied [45], and it is employed to optimize
the blowdown operation of double-effect vapor absorption
refrigeration systems studied by Gambhir et al.[46], and
to evaluate single-effect vapor absorption systems for the
dairy industry, carried out by Solanki et al.[47]. Ali[48] also
demonstrated the utility of optimization for performance
analysis in internal combustion spark ignition engines by
adjusting low-octane gasoline with Methyl tert-butyl ether
additives.

The literature review shows fewer studies on low-head
vertical-axis Turgo turbines than Pelton turbine runners.
Various bucket materials, such as coconut shells, alumi-
num, and SS 304, have been explored for their perfor-
mance. However, sustainable materials like Polylactic
Acid (PLA) as bucket material, combined with an alu-
minum runner disc, have not been reported in hybrid
material runners so far. While other Response Surface
Methodology (RSM) methods have been explored, the
Central Composite Design (CCD) method is introduced
to compare optimal operating conditions for achieving

maximum hydraulic performance. Although non-di-
mensional numbers and ratios have been studied in past
studies, the nozzle standoff distance, which considers the
jet expansion effect, has not been included. This study
thus bridges the gap between design and performance
by optimizing most operating parameters that affect
the establishment of Pico hydro off-grid power produc-
tion facilities. This study is dedicated to enhancing the
hydraulic efficiency of the designed runners by applying
response surface methodology. It emphasizes key oper-
ational factors that play a crucial role in turbine perfor-
mance, aiming to refine and improve overall functionality.
The flow chart depicts the optimization methodology for
the present work, as described in Figure 1.

The design of identical runners with fixed parameters
is followed by manufacturing. The analysis of variance
for subsequent optimization and validation tests follows
the Response Surface Methodology (RSM)with a Central
Composite Design(CCD).

Design and
manufacturing of
Turgo and Pelton
turbine runmers

RsM
Central Composite Design

Determination of

Operating parameters
for maximum hydraulic
performance

Determination of
Eesponse (Hydraunlic
efficiency)

v

ESM design and planning for
experiments

v

il ™y
Data collection for
EResponse
experimentally
\ v

v

' ™
Statiscal analysis
ANOVA and derived

Quadratic Model
L. S

Optimum solution

Figure 1. Flow chart for the work carried out.
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The primary objective of the current experimental
investigation includes

1) To study the effect of different nozzle diameters (dj), the
nozzle standoff distance (N, 4), number of nozzles (n),
and nozzle angle (a) on the Pelton and Turgo impulse
turbine runner.

2) Optimize the operating parameters for the current
study using Response Surface Methodology (RSM) and
Central Composite Design (CCD) to improve maxi-
mum hydraulic performance for the proposed runners.

3) To compare the optimized performance of runners with
similar previous work.

METHOD AND MATERIALS

Test Configuration

The delivery line comprises 4-inch galvanized iron
pipes, and a flexible hose connects to the nozzle spear
mechanism assembly and header tapping. The sucked
water through the collecting water sump at the water by the
pump is discharged to the delivery line with a high head in
an upward direction. The valve position is regulated, allow-
ing water to flow further in the test rig. The head of 10 m is
kept constant with the help of pressure gauges mounted on
the header pipe. The pressure gauge measures the pressure
before delivery to the flexible hose. The flow line is facili-
tated with overflow protection and controlled water flow.

The test rig setup is depicted in Figure 2, with all the
instruments for measuring quantities using different run-
ners and with the same pitch circle diameter (PCD), i.e.,
100 mm. The turbine runners are struck with a tangentially
arranged set of nozzles placed at PCD. The nozzles of 10,12,

and 14 mm of aluminum have been attached to the noz-
zle hub. The variable flow condition is achieved with the
help of the spear mechanism. The spear mechanism and
the body were made from SS 304. The square acrylic frame
of 1000 mm in length and width houses the vertical shaft
and bearings. The runner is kept with a vertical turbine
axis configuration. Also, the steel shaft has a pulley of 50
mm effective diameter fixed midway above the transparent
acrylic casing to measure shaft power with absorption-type
dynamometer elements connected to it. The rope, pulley,
and dead weight constitute the absorption type diameter
for torque measurement. The non-contact type tachometer
was attached to the frame to measure runner speed. Flow
measurement was achieved with the Electromagnetic type
flow meter (Flowtech Digital Water Flow Meter, Model:
MAG EMFM-0634, maximum process pressure 25 kg/cm?)

Table 1. Characteristic parameters of the centrifugal pump
used in the experimental setup

Flowmeter
>< . Pressure A
A Delivery
Valve
b
Bypass k
Valve
_.CF Pump v

Tank

Description of parameter Value
Model Kirloskar KS-516+, Monoblock
Power rating 3.5kW
Phase, Voltage Three-phase, 300-400 V
Flowrate 23.7-13.2 LPS
Head 12-18 m
Suction lift 7.5m
Impeller Cast iron

Tachometer % _Pressure

gauge

Figure 2. Line diagram for the experimental setup for testing runners with instruments measuring the process parameters.
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with a measuring capacity of +0.00069. The nozzle angle
variation was set up with a protractor for each run.

The centrifugal pump attached to the bottom of the
experimental setup has the following characteristic param-
eters depicted in Table 1. The pump has a cast iron motor
body and an IP44 rating for protection. The pump has a
minimum variation in efficiency over the entire operating
range.

The Turgo and Pelton turbine runners were designed
for experimentation. The material and specifications for
the buckets and runner are depicted in Table 2 below. The
runners are designed and identically sized for PCD, as men-
tioned in Appendix Al, and the bucket material used is the
same.

The aluminum runner disc, which is 66 mm in diameter
and 4 mm in thickness, has radially drilled holes for bolting
buckets with 2 nos. M4 size bolts firmly, as shown in Figure
3. The runner material, aluminum, was selected for its
lightweight and manufacturing ease for the present study.

The close conduit of the test setup consists of a flow mea-
suring device, a pressure sensor, and a spear nozzle assem-
bly at the end. An electric motor-driven impeller pump
circulates the water in the entire test rig. The buckets of PTR
and TTR were designed for micro Pelton turbines and suit-
able for Pico hydro application for a 10 m head. The buck-
ets were designed and 3D printed using PLA material on a
Prusa i3 FDM 3D Printer (Bed dimensions 200 x 200 x 200
mm, material layer thickness 0.05 to 0.4mm, article print-
ing speed 20 to 200 mm/s, 3D Printer Standard Extruder

Table 2. Pelton and Turgo turbine runner with the 3D printed Polylactic Acid (PLA) bucket

Sr.No.  Bucket element Dimensions
Pelton Turbine Runner (PTR) Turgo Turbine Runner (TTR)
1 Bucket width (B,) x Length (L;) 36 mm x 34 mm 18 mm x 34 mm
2 Splitter angle (0,) 30° 15°
3 Hemispherical vane thickness(t;) 2 mm 2 mm
4 Overhang length from pitch circle (L,,) 36 mm 36 mm
5 Notch radius (R,) 10 mm 10 mm
6 Spherical vane outer radius (R,) 0omm e
7 Overall length (L,) 52 mm 52 mm
8 Connection bolt-hole diameter (d;,) 3.2 mm 3.2 mm
9 Aluminum runner plate diameter (D,) 66 mm 66 mm
10 PCD of the runner (DP) 100 mm 100 mm
11 Cutout Edge (B,) 4mm e
12 Bucket Exit Angle (3,) 3

Figure 3. Designed and manufactured Turgo and Pelton turbine runners with 3D-printed buckets.
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Diameter: 0.4mm, 3D Printing Software: CURA, Repetier-
Host simplify3D, 3D Printing Filament Material: Polylactic
Acid (PLA), Acrylonitrile Butadiene Styrene (ABS), High-
Impact Polystyrene (HIPS), WOOD, Polycarbonate (PC),
Poly Vinyl Chloride (PVC) and more, 3D Printing Material
Diameter: 1.75mm, 3D Printing Accuracy: + 0.1lmm) man-
ufactured by Make3d at the AFMFP laboratory, SV NIT
Surat.

The steel vertical shaft of 15 mm diameter is stepped
to 8 mm diameter for 50 mm length at one end to accom-
modate the runners, as shown in Figure 4. The hub of the
runner accommodates the M4 grub screw to prevent rela-
tive motion between the runner and shaft. The aluminum
pulley with a rope wound measured the shaft torque. The
deadweight and spring balance arrangement was used to
measure the rope’s differential tensions and shaft power.
The optimum buckets for any given PCD are about 19 to
21 because no significant flow separation at the cutout edge
occurs. For the experiment, 21 buckets were selected for the
Pelton and 24 buckets for the Turgo turbines. The runners’

: Ball valve
L

Vertical turbine shaft

design and buckets were carried as per the micro hydro
Pelton wheel turbine manual [49].

Study of Nozzle Standoff Distance and Jet Incidence
Angle

The linear distance between the bucket’s splitter edge
and the nozzle tip is known as the “nozzle standoff distance”
in PTR. On the other hand, the surface inside the bucket
has a point where the jet hits in the TTR. The arrangement
shown in Figure 5 depicts the jet deviation for three steps
(Normal, +2.5° and +5°. So, from normal jet incidence
(perpendicular to the bucket radial axis) at 90°, it varies
between 92.5 and 95 degrees in the present study.

Study of Nozzle Diameter

The aluminum nozzle hub is machined to make the
dimensions shown in Figure 6(a) to reduce the spear rod
assembly weight and ease machining. An orifice plate of
thickness 4.77 mm acts as a nozzle with 80 degrees of diver-
gence provided to the different concentrically drilled jet
sizes.

Header with multiple
nozzle outlets

Electromagnetic
flow meter

e
KT
I & '.ﬁi

Flexible hose for
connecting nozzles

Nozzle diameter 1.10mm 2.12mm 3. 14 mm

(d)

Figure 4. Experimental setup and tangential nozzle arrangement (a) the torque measuring arrangement, (b) the flow line
and flow meter, (c) the test section-runner arrangement concerning nozzles, (d) the tested nozzles of diameters 10, 12,

and 14 mm.
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Nozzle Standoff Distance (SOD)

TOP VIEW

Figure 5. Concept of jet deviation (#;,) and Nozzle standoff distance (N 4).

—~{ 30,49 =
: —={l=—2.00
’./ % | - —4.77
/N 500
80°()48.00 ¢70.00 7 !
\ / $14.00
| -
\ - f
\'/ ‘ SECTION A-A
() (b)

Figure 6. The specifications of (a) Nozzle hub and (b) Adjustable nozzle plate.

The nozzle(jet) sizes used in the current study are 10,
12, and 14 mm, as depicted in Figure 6(b). The sitting posi-
tion of the orifice plate on the nozzle hub with the help of
an M4 screw is shown with the red dotted arrow. The inside
threaded side of the nozzle hub can be fitted to the spear
rod mechanism. The interchangeable plates of different
diameters produce jets of different sizes. The standoff dis-
tance, which is typically 4 to 5 d; between the jet exit (nozzle
tip) from the spear assembly and the jet striking point on
the bucket, is used.

Investigation of Hydraulic Efficiency (1)

The various essential variables from the study’s point of
view are listed below in Table 3 with operating ranges. The
dimensionless quantities compare the runner’s operation
range under investigation. In the case of the Turgo turbine
runner (TTR), a point on the bucket is considered a normal

jet incidence point, and variation in angle is carried with
respect to that point located from the bucket’s outer edge.

The parameters shown in the above table are available
for evaluation. The potential Energy provided to the tur-
bine, or the hydraulic power to the turbine, is the product
of the mass flow rate of fluid flowing through itm, = pxQ
and the test-specific Energy E =gxH. The values for
range calculations are based on the direct effect on the
evaluated parameter of the incurred parameter in the equa-
tions above. The data collected upon experimentation in
the present study is reduced using equations mentioned in
Table 4 below.

An uncertainty analysis is essential to envisage the cor-
rectness of measurements. The instruments measuring
various physical quantities always suffer from inherent
characteristics leading to false readings. According to the
study, uncertainty was found for the head of water, angular
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Table 3. Recorded input key global parameters with a range of work

Parameters Notation Range
PTR TTR
Speed ratio (1)) et 0.011-0.66 0.013-0.68
T u
Flow ratio (gbf) 0 6x10%-18.13x10* 54x10*-10.14x10*
= 3
NxD,
Jet ratio (y;) Dp 6-10 6-10
) d;
Nozzle angle (o) (a,) 90-95° 90°- 95°
Energy coefficient (E) gxH 0.0034-0.035 0.0032-0.027
SN2 n?
N*xD,
Power coefficient (Pf) P, 1.16 x10%-7.6x10° 1.16x10%-7.6x10°
= 3 5
PxN"xD,
Specific Speed (Q,) wx.JO 0.002 - 0.166 0.022 - 0.16
3
(gxH)*
Power Specific Speed (€,,) P, 0.051 - 0.69 0.025 - 1.24
NP .
(gxH)'
Bucket size ratio(§,) L 0.92 1.85
Bb
Table 4. Data Reduction Since the experiments were carried out with a constant
head, but considering frictional head loss and pipe fitting
Parameters Notation loss incurred to calculate the value of dH, the difference in
Torque developed at the runner shaft, N-m. (W -S)xD,xg measured and actual value of torque due to spring balance,
ST, - which is taken care of by considering the most minor count.
- The measured value from the speed sensor and flow rate
Angular velocity(w) of the runner, rad/s 2xmx N .
= are also affected by the accuracy and subsequent error in
measurement.
Power developed, Watt. P =T xw
Hydraulic power, Watt P =pxgxOxH dn dHN (dT.N (dw) do :
= == | =L ] = (2)
Hydraulic efficiency (%) P, n, H T, w 0]
7, =0 x100

h

speed, torque developed at the runner shaft, and flow
rate for all the tested combinations with full gate opening
(100%). Assuming volumetric 7, and mechanical efficiency
1,, are approximately unity, the hydraulic efficiency is given
by equation (1) as

I, xw

=pxng><H )

U

According to the study, a sample calculation for uncer-
tainty with whole gate opening (100%) and nozzle diame-
ter, nozzle angle (Jet deviation) in the case of both a Turgo
Turbine Runner (TTR) and regular Pelton turbine runner
(PTR) carried out for the available head, torque, angular
speed, and the flow rate was £0.48%, £1.03%, £1.09%, and
+0.01% respectively as per equation (2).

Experimental Methodology
The hydraulic performance of runners is significantly
influenced by the flow, speed, and energy coefficients [50],
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[51]. The jet incidence angle, number of jets, and noz-
zle standoff distance are considered in the current study.
Continuous experiments were conducted to minimize
observational error and reproducibility. The experiments
were conducted in a closed-circuit test facility at Advanced
Fluid Mechanics and Fluid Power Laboratory, SV NIT,
Surat. The maximum head available at the discharge line is
43 m, which is reduced to 10 m in a header for supplying the
runner. The electromagnetic flowmeter (Flowtech MAG) is
attached to the discharge line for accurate flow measure-
ment. The spear rod mechanism at the nozzle distributes

the water flow with a variable flow area by driving the spear
rod in and out. As depicted in Figure 3, the water jet to the
runner is supplied with either a single or two nozzles. The
different jet diameters 10,12, and 14 mm were used in the
present study with a 10 m head and 100 mm PCD impulse
turbine runners, i.e., Turgo and Pelton turbines, in the pres-
ent work. The observation was noted for the runner’s speed,
spring balance reading, slotted dead weight, and discharge,
and processed further for analysis during each planned
experimental run.

0.8 T T T T T T T
® TTR 90 degree 1n
TTR_90 degree 2n
0.7 = = ; TE% u ® TTR 92.5degrec In| ]
= =Ey TTR 92.5 degree 2n| -
e\e 0.6 = L ?Iﬁ =z _ B TTR 95degree In
’_; . - IE‘ = "= qu g: %I ® TTR 95 degree 2n
e | = IS F1
E 0.5+ =I = = = 1 -
4
2 L ¥ Esg
2 04 . -
& = = ¥
= II i
<L - —_ =
-5 0.3 %
1
T 02} £ Ii 4
= ]
0.1 - g -
0-0 1 " 1 " 1 " 1 L 1 1 1 " 1
600 800 1000 1200 1400 1600 1800 2000
Speed of runner(N), rpm
(a)
0.7 — 7T T T T T T T T T T I T
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¢ %a A PTR 90 degree 2n |1
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2 :
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0 200 400 600 800 1000 1200 1400 1600 1800
Speed of runner(N), rpm
(b)

Figure 7. The performance of (a) Turgo and (b) Pelton turbine runners under variable parameters with Nozzle standoff

distance (N, 4) = 40 mm, Nozzle diameter (dj) =10 mm.
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The experiments were carried out with all the possi-
ble combinations of parameters considered in the present
study with both runners. The graph in Figure 7 depicts the
PTR and TTR hydraulic performance for the 40 mm Nozzle
standoff distance and 10 mm nozzle diameter. The graph
has been plotted with errors evaluated by the uncertainty
in the measurements of the parameters. Upon experiments
and subsequent analysis, the TTR was more efficient than
the PTR. It was found that the jet angle, jet diameter, and
standoff distance had detrimental effects on the turbine
performance. These independent parameters were taken
for optimization and validation in the present work.

Response Surface Methodology (RSM)

The Response Surface Methodology (RSM) employs
statistical and mathematical techniques to fit empirical data
from experimental models, optimizing factors by minimiz-
ing experimental runs and analyzing factor interactions
[52,53]. In the optimization process, the significance of
the Response Surface lies in its function as a metamodel
that encapsulates the Design of Experiments (DoE) data,
enabling the formation of a rapidly executable surrogate
model.

The standard RSM analyzed the performance of TTR
and PTR, which were designed for Pico hydro applications.
The optimization study in RSM can be performed in differ-
ent stages, as described in Figure 8.

In the current study, three independent variables for the
statistical experimental design: Two categorical elements,
turbine runner type (PTR, TTR), and the number of nozzles
(n,1 or 2) are shown in Table 5, together with three numer-
ical factors: nozzle angle (a, degrees), nozzle diameter (d,,
mm), and nozzle standoff distance (N 4, mm). These fac-
tors” levels and ranges were modified in accordance with
the experimental design.

Y=f(X,X,, Xy X))

3)

In this study, equation (3), the Y represents the exper-
imental response, specifically hydraulic efficiency, while
X, denotes the independent variables as action factors.
The regressor variables are presumed to be continuous and
independent controllable within the experimental frame-
work, with negligible errors. The aim is to replicate the true
functional relationship between the response surface and
the independent variables [54]. The experimental design
aimed to optimize the hydraulic efficiency (as a response
variable), Y. Therefore, it is crucial to establish a dependable
estimation of the relationship between the independent
variables and the resulting response to ensure accuracy and
reliability. To reduce mistakes and the impact of uncontrol-
lable factors, the trials were randomized and presented by
equation (4).

e Identification of
Process Parameters
| ) - | Testing the coefficient
| Finding the Limits of ¥ Becording Responses ‘ MODEL IS FIT |—) fnl:-gS' s
process variables | | ¥
— ' ' A
Development of Development of final
Design Matrix Mathematical Model Model
Devlopment

Evaluation of

I I e e

coefficient of
Experimentation as — Mathematical Model
per Design —ﬁ_
- Checking the Model's
MODEL IS NOT FIT ¢— T EEE

Figure 8. The flowchart for Response Surface Methodology (RSM) with Central Composite Design (CCD).
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Table 5. Design of experiments (DoE), Central Composite Design (CCD) input parameters, and response

Independent variables Notations Factor type Range Coded value  Unit
Nozzle angle (degrees) a Numerical factor 90-95° X degrees
Nozzle diameter (mm) dj Numerical factor 10-14 X, mm
Nozzle standoff distance (mm) Ngod Numerical factor 40-60 X3 mm
Runner type PTR, TTR Categorical factor ---- Xy -
No. of nozzles (n) n Categorical factor 1-2 X5 -

Number of test runs required, M = m,(2" +2m+m_) (4)

In the above equation, M is the number of required
runs, and m, is the number of categorical elements. The
number of replications is denoted with m_, while the num-
ber of numerical factors is m. So, for the present study,
factorial design is 2" composed of 3 numerical factors 2°
= 8; the axial section included 2m(2 x 3 = 6) points, and 3
test replications as center points are considered. Hence, it
yields 80 test runs as per the above calculations. A face-cen-
tered Central Composite Design (CCD) can be achieved by
selecting Alpha = 1.0; each of the five levels at which each
element in the research study operates can be altered. This
method reduces the complexity of implementation to three
tiers for each element. With this arrangement, a quadratic
model may be estimated, with the linear (first-order) terms
being addressed by the 2™ factorial points and the quadratic
terms being accommodated by the 2m axial points. A com-
plete factorial design provides a simple, organized approach
that thoroughly assesses the primary effects and interac-
tions of variables.

Model And Data Analysis (ANOVA)

Equation (5) shows a second-order (quadratic) model
for n parameters. In this equation, 3, denotes the constant
term, f; signifies the linear coefficient, f; represents the
quadratic coefficient, §; indicates the interaction coeffi-
cient, and € accounts for the experimental error.

Y= /)70 + E;/tht + E;/J)”Xiz + E;lE:ﬂHﬂijin te (5)

The Design Expert 13.0 software is used in this study
to estimate model coefficients and conduct a statistical
analysis of the experimental data. The coefficients of the
developed model were determined by this program using
independent data and constant variance to distributions,
one-way Analysis of Variance (ANOVA). The ANOVA
method was employed to evaluate the appropriateness and
adequacy of the responses concerning the model’s func-
tions and variables. The models that achieved statistical
significance have a P-value below 0.05. The model’s sta-
tistical importance was assessed using the signal-to-noise
(F value), and its validity was confirmed using the coefti-
cient of determination (R?). The residuals and pure errors
at duplicate locations were evaluated using a lack of fit test.

The formulas and processes used in the research were used
to confirm the model’s fit using the anticipated residual
sum of squares, or PRESS.

The experiments were performed with the nozzle diam-
eters of 10 mm, 12 mm, and 14 mm at 90° jet incidence
(normal incidence), 92.5°, and 95° for both PTR and TTR.
The RSM simulation-optimization method optimized the
input parameters to maximize hydraulic efficiency. The
CCD of RSM techniques developed a model with a stan-
dard deviation of 0.053. Regression analysis validated the
model, confirming its reliability in determining input
parameters for maximum hydraulic efficiency. The value of
ANOVA is depicted in Table 7, corresponding to the test in
Table 6, with different combinations of parameters studied
under the present investigation, representing the quadratic
model. The parameters considered for the present study,
like nozzle angle (), nozzle diameter (dj), nozzle standoff
distance (N,4), PTR, TTR, and the number of nozzles (n),
are found to affect the hydraulic efficiency (1) of turbine
runners significantly, as experimentally.

The factor coding and the sum of squares are coded as
type III - partial, respectively. The sum of squares provides
the total for each variable entered last in the model. In other
words, each variable’s impact is assessed by considering all
other variables. The significance of the model is indicated by
its F-value of 90.49. An enormous F-value could only result
from noise in 0.01% of cases. Significant model terms are
indicated by P-values below 0.0500. Important model terms
include A, B, C, D, E, AB, AC, BC, BD, CD, A% and C*. If a
model term’s value is more than 0.1000, it is not meaning-
ful. If the model has many superfluous terms (aside from
those required to preserve hierarchy), model reduction may
improve the model. The lack of fit, F-value of 0.97, indicates
that the lack of fit is minimal compared to the pure error.
The likelihood that noise is the cause of a significant lack
of fit F-value is 54.54%. A non-significant lack of fit is pre-
ferred because the model must fit. According to Appendix
A2, the proposed model in the present study is quadratic.
Fitting a multivariate linear regression model with all inde-
pendent variables included is the first step in the backward
elimination process. The model is then refitted after the
variable with the greatest p-value is eliminated. This iter-
ative process is repeated until all of the model’s remaining
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Table 6. Design of Experiments (DoE) Central Composite Designs (CCD) matrix and results

Test  Nozzleangle Nozzle Nozzle CE1 C.E.2 Results for hydraulic efficiency (nh)
Run (a), degrees  diameter  standoff Runner Number of Regression model
(M) (1)) v ?;?:23; € ?II’I"JFeR, TTR) ?I(l))zzles Exp. Pred. Residual
mm
1 95 12 50 PTR 2n 0.6415 0.6383 0.0032
2 90 14 40 TTR 1n 0.6855 0.6903 -0.0048
3 90 14 60 PTR 2n 0.6755 0.6772 -0.0017
4 92.5 12 40 PTR 2n 0.6589 0.6612 -0.0023
5 92.5 12 50 TTR 2n 0.6735 0.6682 0.0053
6 90 12 50 PTR 2n 0.6795 0.6822 -0.0027
7 95 14 40 TTR 1n 0.6495 0.6458 0.0037
8 95 10 40 TTR 1n 0.6595 0.6624 -0.0029
9 92.5 10 50 TTR In 0.6535 0.6504 0.0031
10 90 10 60 TTR 1n 0.6695 0.6735 -0.004
11 90 10 40 TTR 2n 0.7165 0.7187 -0.0022
12 90 14 40 PTR In 0.6285 0.6283 0.0002
13 90 14 40 PTR 1n 0.6765 0.6711 0.0054
14 95 10 60 TTR 1n 0.6385 0.6362 0.0023
15 92.5 12 40 TTR In 0.6425 0.6378 0.0047
16 92.5 12 50 TTR 1n 0.6515 0.6466 0.0049
17 90 10 60 TTR 2n 0.7015 0.7006 0.0009
18 92.5 12 50 TTR 2n 0.6645 0.6682 -0.0037
19 92.5 12 50 PTR 2n 0.6525 0.649 0.0035
20 92.5 14 50 TTR 1n 0.6345 0.6372 -0.0027
21 92.5 10 50 PTR In 0.6315 0.6232 0.0083
22 92.5 10 50 PTR 2n 0.6435 0.6486 -0.0051
23 92.5 12 50 PTR 1n 0.6245 0.6264 -0.0019
24 90 10 40 PTR 2n 0.6815 0.6865 -0.005
25 90 14 60 TTR 2n 0.6905 0.6853 0.0052
26 95 12 50 TTR 2n 0.6545 0.6567 -0.0022
27 90 12 50 TTR 2n 0.7055 0.7024 0.0031
28 92.5 12 60 PTR 2n 0.6375 0.6455 -0.008
29 90 10 60 PTR In 0.6455 0.6505 -0.005
30 92.5 12 50 PTR 2n 0.6445 0.649 -0.0045
31 90 12 50 PTR 1n 0.6565 0.6572 -0.0007
32 92.5 12 50 PTR 1n 0.6215 0.6264 -0.0049
33 95 14 60 TTR In 0.6125 0.6117 0.0008
34 92.5 12 50 TTR 1n 0.6375 0.6466 -0.0091
35 92.5 12 50 PTR 2n 0.6585 0.649 0.0095
36 90 10 40 TTR In 0.6915 0.6921 -0.0006
37 95 12 50 TTR 1n 0.6365 0.6375 -0.001
38 95 14 40 PTR 2n 0.6415 0.6454 -0.0039
39 95 10 40 PTR 2n 0.6555 0.6539 0.0016

'S
o

92.5 12 60 TTR 2n 0.6545 0.6597 -0.0052
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Table 6. Design of Experiments (DoE) Central Composite Designs (CCD) matrix and results (continued)

Test  Nozzleangle Nozzle Nozzle CE1 C.E.2 Results for hydraulic efficiency (nh)
Run (a), degrees  diameter  standoff Runner Number of Regression model
(M) (1)) v ?;?:23; € ?II’I"JFeR, TTR) ?I(l))zzles Exp. Pred. Residual
mm
41 95 10 40 TTR 2n 0.6835 0.6842 -0.0007
42 92.5 12 50 PTR 2n 0.6505 0.649 0.0015
43 90 14 60 PTR In 0.6515 0.6547 -0.0032
44 95 10 60 TTR 2n 0.6615 0.6585 0.003
45 92.5 12 50 TTR 2n 0.6725 0.6682 0.0043
46 92.5 12 40 PTR In 0.6315 0.6388 -0.0073
47 92.5 12 50 PTR 1n 0.6325 0.6264 0.0061
48 92.5 12 50 PTR 1n 0.6315 0.6264 0.0051
49 95 10 60 PTR In 0.6125 0.615 -0.0025
50 95 14 60 TTR 2n 0.6235 0.6283 -0.0048
51 92.5 12 50 PTR 2n 0.6545 0.649 0.0055
52 92.5 14 50 TTR 2n 0.6515 0.656 -0.0045
53 95 14 40 TTR 2n 0.6655 0.6619 0.0036
54 92.5 12 50 TTR 2n 0.6615 0.6682 -0.0067
55 92.5 10 50 TTR 2n 0.6815 0.6748 0.0067
56 92.5 12 50 PTR 1n 0.6215 0.6264 -0.0049
57 92.5 12 50 PTR 2n 0.6515 0.649 0.0025
58 92.5 14 50 PTR 2n 0.6415 0.6437 -0.0022
59 90 10 60 PTR 2n 0.6835 0.6786 0.0049
60 92.5 12 50 TTR In 0.639 0.6466 -0.0076
61 95 14 60 PTR In 0.6025 0.6044 -0.0019
62 92.5 12 50 TTR 2n 0.6655 0.6682 -0.0027
63 90 14 40 TTR 2n 0.7125 0.7112 0.0013
64 92.5 12 40 TTR In 0.6715 0.6641 0.0074
65 90 10 40 PTR 1n 0.6655 0.6589 0.0066
66 95 10 60 PTR 2n 0.6345 0.6383 -0.0038
67 90 12 50 TTR In 0.6735 0.6784 -0.0049
68 95 10 40 PTR 1n 0.6255 0.6311 -0.0056
69 90 14 40 PTR 2n 0.6925 0.6929 -0.0004
70 92.5 12 50 PTR In 0.6315 0.6264 0.0051
71 92.5 12 40 TTR 2n 0.6915 0.6855 0.006
72 92.5 12 60 PTR 1n 0.6255 0.6226 0.0029
73 95 14 60 PTR 2n 0.6295 0.622 0.0075
74 92.5 12 50 TTR 1n 0.6435 0.6466 -0.0031
75 95 12 50 PTR 1n 0.6215 0.6181 0.0034
76 92.5 12 50 TTR 2n 0.6615 0.6682 -0.0067
77 92.5 12 50 TTR 1n 0.6515 0.6466 0.0049
78 92.5 14 50 PTR In 0.6185 0.6239 -0.0054
79 90 14 60 TTR In 0.6715 0.6638 0.0077

80 92.5 12 50 TTR 1n 0.6475 0.6466 0.0009
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Table 7. Present work - ANOVA for response surface quadratic model for the hydraulic efficiency of runners

Source SOS df M.S F-value p-value Remarks
Model 0.0456 18 0.0025 90.49 < 0.0001 significant
A-Nozzle angle (o) 0.018 1 0.018 642.26 <0.0001 significant
B-Nozzle diameter (dj) 0.0008 1 0.0008 29.26 <0.0001 significant
C-Nozzle SOD (Nsod) 0.0044 1 0.0044 157.85 < 0.0001 significant
D-Runner type PTR, TTR 0.0078 1 0.0078 278.07 < 0.0001 significant
E-No. of nozzles (n) 1n,2n 0.0098 1 0.0098 349.69 <0.0001 significant
AB- (a0 x d]-) 0.0004 1 0.0004 15.81 0.0002 ---

AC- (@ x N,) 0.0001 1 0.0001 4.15 0.0459 ---

AD - (a x PTT/ TTR) 8.10E-06 1 8.10E-06 0.2894 0.5926 ---

AE- (a x 1n /2n) 0.0001 1 0.0001 2.06 0.1565 ---

BC- (d; x N,,y) 0.0001 1 0.0001 443 0.0394

BD- (d] x PTT/ TTR) 0.0005 1 0.0005 17.26 0.0001 ---

BE- (dj x 1n /2n) 0.0001 1 0.0001 2.9 0.0936 ---

CD- (N,,;x PTT/ TTR) 0.0003 1 0.0003 9.22 0.0035 ---

CE- (N,,q X 1n /2n) 7.84E-07 1 7.84E-07 0.028 0.8676 ---

DE- (PTT/TTR x 1n /2n) 4.95E-06 1 4.95E-06 0.1768 0.6756 ---

A2 (a?) 0.0014 1 0.0014 50.33 < 0.0001 ---

B (djz) 0.0001 1 0.0001 3.1 0.0834 ---

C2- (N4 0.0002 1 0.0002 7.49 0.0081 ---
Residual 0.0017 61 0 -- -- -

Lack of Fit 0.0011 41 0 0.9733 0.5454 Not significant
Pure Error 0.0006 20 0 -- -- ---

Cor Total 0.0473 79 -- -- -- ---

*1n= Single nozzle, 2n= Double nozzle, df = Degree of freedom, SoS= Sum of squares, MS= Mean square

variables show p-values below a given threshold—typically
set at 0.05.

In RSM with CCD, normal probability plots and exter-
nally studentized residuals are essential for model diagnos-
tics and validation Figure 9(a). Figure 9(b) compares the
predicted values from the model to the actual observed
values for model accuracy and validation, detecting outli-
ers and identifying patterns like non-linearity. Additionally,
the internally studentized, as shown in Figure 9(c), also
describes the outliers and pattern; moreover, it checks the
assumption of constant variance (homoscedasticity). Also,
describe the heteroscedasticity of the spread of residuals
with a change in run number. Figure 9(d) shows an incor-
rect functional form and missing variables in the systematic
pattern in the residuals.

RESULTS AND DISCUSSIONS

Measurement of Hydraulic Efficiency (1;,)

The hydraulic performance was measured by measur-
ing various parameters like runner speed (N), flow rate
through nozzles(Q), dead weight (W), and spring balance

reading (S). The experimental work is carried out with vary-
ing flow conditions through the spear nozzle mechanism.
An absorption-type rope brake dynamometer was used to
measure the torque available on the shaft. The experiments
were performed continuously for the various parameters,
and different combinations of variables were considered for
the present study. The results found with different configu-
rations are given in terms of range in Table 5.

Comparison of PTR and TTR Based on Hydraulic
Efficiency (1)

According to theoretical analysis, hydraulic efficiency
(11,) depends on parameters like flow rate, head, and fluid
density. However, density remains constant for water as a
fluid, so it merely depends on the remaining parameters.
The runners are geometrically identical except for the
bucket. The effect of independent parameters considered
for the present study on the hydraulic efficiency of both
runners is as follows.

Effect of Nozzle Angle (Jet Incidence Angle, a)

In the present study, the nozzle angle varied from 90 to
95 degrees in two steps of 2.5 degrees due to limitations.
The normal jet incidence is desirable in the case of PTR. In
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Figure 9. The graph for (a) Normal probability vs. Externally studentized residuals, (b) Predicted efficiency vs. Actual
efficiency, (c) Internally studentized residual vs. Run number, and (d) Externally studentized residual vs. Run number.

contrast, T'TR’s hydraulic performance changes with nozzle
angle variation.The larger the jet incidence angle variation
from the design location, the greater the hydraulic efficiency
(1) within a specific limit of jet incidence angle. For the
present study, equations (6) to (9) revealed that the negative
coefficient associated with nozzle angle tends to reduce the
runner efficiency in both the runners considered here with
either a single or double nozzle arrangement. The present

study describes the situations where the jet misalignment
contributes less to torque generation.

Effect of Nozzle Diameter (Jet Diameter, dj)

The jet of three different sizes, 10 mm, 12 mm, and 14
mm, equal to the nozzle diameter, strikes the runner bucket
in different inclinations and distances, yielding different
torques on the vertical shaft attached to the runner. With
an increase in jet diameter, the fluid flow rate also increases.
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Conversely, the jet is more focused with a smaller diame-
ter and more diffusion with surroundings found with a 14
mm diameter. The hydraulic efficiency (1) increases with
a decrease in nozzle diameter(dj) in the case of PTR with
a single nozzle (1n). It is found more with a double nozzle
(2n), keeping the nozzle standoff distance (N, 4) constant
but a low value of nozzle angle(a). For TTR, compared to
PTR, the hydraulic efficiency (#;,) is found to be higher
with low inlet angle (design point) and nozzle diameter
(dj). From equations (6) and (7), the nozzle diameter (dj)
is found to have a positive coefficient in the case of PTR for
both single and double nozzle operations. Still, its contribu-
tion is less due to the minor terms involved than the nozzle
angle(a). From equations (8) and (9), the nozzle diameter
(dj) is found to have a negative coefficient in the case of
TTR for both single and double nozzle operations, with
less effect on hydraulic performance than the minor terms
involved, such as nozzle angle(a).

Effect of Nozzle Standoff Distance (N,,,)

For an impulse turbine, the nozzle tip distance from the
runner is crucial for jet incidence. Typically, this distance is
maintained between 4dj and 6dj to prevent flow separation
at the jet surface. It must be optimized to avoid interfer-
ence with water from the bucket. In this study, the nozzle
standoff distance (N, 4) was varied between 40 and 60 mm
in 10 mm increments. Quadratic equations (6) to (9) indi-
cate that a 40 mm standoff distance is more effective, as
it has a negative coefficient for both runners investigated.
However, standoff distance(Nsod) is more negatively dom-
inant for TTR than for PTR. The standoff distance is kept
constant for the further evaluation of other parameters as
attributed by RSM.

The Response Surface Methodology (RSM) with the
CCD model was adopted to systematically investigate the
influence of independent variables on hydraulic efficiency
(11,). This study examined three critical numerical param-
eters: the angle of the jet (= nozzle angle) (A), the diame-
ter of the jet (= nozzle diameter) (B), and nozzle standoft
distance (C) alongside a two categorical parameter turbine
runner type (D) and number of nozzles (E), designated as
independent variables. The output hydraulic efficiency (Y)
was selected as the dependent variable (response).

The experimental design includes two categorical and
three numerical components. To ensure the readings were
repeatable, 80 experimental tests were conducted thrice,
with eight test points and three replications for each cat-
egory. Table 6 lists the experimental design elements and
related experimental responses for the constructed model.
An adequate regression model was constructed by analyzing
the experimental data. An Analysis of Variance (ANOVA)
was performed, a response surface model was constructed,
and the Central Composite Design (CCD) responses were
evaluated using “Design Expert 13.0” software. According
to the different turbine types, the software determined the

most important models, as explained below: Pelton Turbine
Runner (PTR)-Single nozzle(1n)

7, = +0.626362 - 0.019550x & + 0.000375xd,
~0.008110x N, ~0.003719x axxd,

-0.001906x ax N,,, ~0.001969xd, x N,
+0.011317x & ~0.002808x d” +0.004367x N2,

(6)

Pelton Turbine Runner (PTR)-Double nozzle(2n)

1, = +0.648982 - 0.021950x  +0.002475xd,
~0.007830x N, , ~0.003719xarxd,
~0.001906x ax N,,, —0.001969xd, x N, , )
+0.011317x & —0.002808x d? +0.004367x N2,

sod

Turgo Turbine Runner (TTR)-Single nozzle(1n)

1, = +0.646587 - 0.020450x & - 0.006575x d,
-0.013190x N, —0.003719xarxd,
~0.001906xxx N,,,, —0.001969xd, x N, (8)
+0.011317xa® —0.002808x d; +0.004367x N,

Turgo Turbine Runner (PTR)-Double nozzle(2n)

17, = +0.668212-0.022850x  — 0.009425x d ;
-0.012910x N. —0.003719xa><d].

sod

~0.001906x @xx N, —0.001969xd, x N,

sod

+0.011317x* —0.002808 x df +0.004367x N-

sod

)

A and B represent the current study’s coded values for
nozzle angle(a) and diameter(dj). AB denotes the inter-
action between these parameters, while A* and B* are the
squared terms corresponding to the studied parameters. In
the equations derived from the analysis, a positive coetfi-
cient indicates an increasing effect of the respective factor
on the hydraulic efficiency (response) (7). In contrast, a
negative coefficient signifies a decreasing impact. Table 7
represents the results of the ANOVA alongside the relevant
statistical parameters for hydraulic efficiency (7;,).

The experimental data align well with the model’s pre-
dictions, particularly when the model exhibits significant
regression and an insignificant lack of fit. A strong F-value
of 90.49 denotes that the model has a substantial statisti-
cal impact on the response variable. Its reliability is further
reinforced by the p-value, which indicates only a 0.01%
likelihood that such a high F-value could be attributed to
random noise. The low error probability confirms that
the proposed model effectively captures the experimental
data. P-values below 0.05 indicate the significance of model
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terms, while values under 0.001 indicate high importance
for certain variables. Conversely, p-values exceeding 0.1
suggest that neither the model nor its components carry
statistical significance. Furthermore, the model demon-
strates minimal lack of fit concerning pure error, as evi-
denced by the lack of fit F-value of 0.9733. It is a positive
outcome since the lack of fit is insignificant, indicating that
the model aligns well with the predicted data.

The R? value, or the coefficient of determination, mea-
sures the dataset variance corresponding to the built model.
In particular, R?is the percentage of the dependent variable’s
(response) variance that can be accounted for by the inde-
pendent variables (predictors). An intense match between
the model and the data is indicated by an R? value close to
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1. According to Appendix A3, R? values greater than 0.95
indicate the model matched the data quite well, with only
0.14% of the data being unexpected. The created models
ability to predict the runners’ hydraulic performance across
a variety of independent variables is demonstrated by its
high adjusted R? value. There is less than a 0.2 discrep-
ancy between the adjusted and the predicted R* having a
value of 0.9532 and 0.9375, respectively. With an accept-
able threshold of > 4, the correlation’s suitable precision of
44.3384 indicates that the noise ratio of the model is within
an acceptable range, confirming its usefulness for examin-
ing the design space. Additionally, the comparatively low
coefficient of variation (0.8090) and standard deviation
(0.0053) show better model validity and accuracy.
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Figure 10. The response 3D surface and contour plots of hydraulic efficiency as a function of nozzle angle (a), nozzle
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PTR-1n, (d) TTR-1n, (c) PTR-2n, and (d) TTR-2n.

-0.5 0 05
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Table 8. Optimum values for input parameters and corresponding response

Sr. Runnertype Numberof Nozzleangle Nozzlediameter Standoff distance Response: Hydraulic Goal
No. nozzles (n) (a), degrees  (dj), mm (Nsod), mm efficiency (7))

1 Turgo Turbine 2n 95° 14 40 66.19% Maximization
Runner (TTR)

As aresult, the findings of the ANOVA analysis confirm  (#;,) of PTR and TTR with a variable number of nozzles.
that the developed model fits the experimental data, validat-  The evaluation of the correlational relationship between the

ing its applicability for predicting the hydraulic efficiency design parameters, nozzle angle(a) and diameter(dj) versus
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Figure 11. Desirability solution ramp for optimization of parameters for maximum hydraulic efficiency.

Table 9. Summary for comparison of present and similar past work

Sr.No. Author/s Parameters considered Type of work  Maximum
carried out hydraulic efficiency
(nh)max
1 Alomar et al., 2022 PTR, Maximum head =110 m, Runner diameter =275  Experimental 35.5-21.6%
mm, nozzle diameter = 9.5 to 12.5 mm (4 nos. in equal
steps ), number of nozzles =1
2 Syofii et al., 2022 PTR, Head = 3 m, Runner diameter = 275 mm, nozzle ~ Experimental 9.01-25.44%
diameter= 8,9, 10 mm, Number of nozzles=1
3 Elgammi and Hamad, PTR, Head = 2.5 m, Runner pitch circle diameter =123 ~ Experimental 10%
2022 mm, nozzle diameter= 9 mm, Number of nozzles=8
4 Gallego et al., 2021 TTR, Head = 42 m, Runner diameter =100 mm, nozzle —Experimental & 93.7%
diameter= 10,15,20 mm,Number of nozzles =2 RSM with BBD
model
5 Oyebode, 2020 PTR,Head = 4 m, Runner diameter =260 mm, nozzle Experimental & -----
diameter= 51 mm, Number of nozzles=1 statistical
6 Hlabanelo et al,, 2020  PTR,Head =10 m, Runner diameter =220 mm, nozzle = Experimental 5-64%
diameter= 21 mm, Number of nozzles=2 and numerical
7 Nigussie et al.,, 2017 PTR,Head = 47.5 m, Runner pitch circle diameter = 500 Numerical 78.8%
mm, nozzle diameter= 38.50 mm, Number of nozzles=4
8 Warjito et al., 2017 TTR, Head =2.7 m, Runner diameter =120 mm, nozzle ~Numerical 85.97%
diameter= 63.9 mm, Number of nozzles=1
9 Gaiser et al., 2016 TTR, Head =35 m, Runner pitch circle diameter =130 Experimental & 43.7-63.8%
mm, nozzle diameter= 7.125, 12.85 and 18.59 mm, RSM with CCD
Number of nozzles=1 model
10 Cobb and Sharp, 2013 PTR, Runner pitch circle diameter =100 mm, TTR, Experimental PTR -73%
Runner pitch circle diameter =131 & 169 mm ,Head TTR- 81%-85%
=17-25m & 18- 28 m, nozzle diameter= 7.94 to 12.70
mm, Number of nozzles=1
11 Williamson et al., 2013 TTR, head = 0.5 - 3.5 m, runner pitch circle diameter = Experimental 87%-91%
150 mm, nozzle diameter =15- 35 mm (5 nos. in equal ~ and Design of
steps ) Experiments
(DOE)
12 Present study PTR,TTR, Head =10 m, Runner pitch circle diameter Experimental & For optimized
=100 mm, nozzle diameter= 10, 12 and 14 mm, Number RSM with CCD conditions, Table 7

of nozzles=2

model
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Table 10. Comparison of hydraulic efficiency 7, between experimental and RSM results for optimum values of parameters

Runner type Number of nozzles (n) Hydraulic efficiency #7,,%
Experimental results RSM results Error(%)
Turgo turbine runner (TTR)  2n 0.6655 0.6619 0.54

the hydraulic efficiency (#,,) for PTR and TTR is illustrated
in Figure 10, utilizing contour and 3D plots generated
through Response Surface Methodology (RSM). Figure 10
depicts these visualizations for the hydraulic efficiency (;,)
(response) as a function of nozzle diameter (mm), nozzle
angle (a), and the nozzle standoff distance (N,,4), with vari-
ations in turbine runner types and also with single or two
nozzle arrangements. From the 3D plots with the response
contour of the hydraulic performance in Figure 10 (a), it
was observed that the nozzle angle(a) significantly influ-
ences the hydraulic efficiency (1) for the PTR, with both
low and medium values of the nozzle angle(a) yielding
maximized hydraulic efficiency (7). Positioning a nozzle
angle(a) with reference to the bucket allows the generation
of adequate torque and non-interference for the bucket
flow to recover before reaching the exit. Consequently, fol-
lowing a decrease in the hydraulic efficiency (#,,) with the
high standoff distance (N,,4) and nozzle diameter(dj), an
increase is noted in the low range of standoff distance and
nozzle diameter. Figure 10 (b) presents the contour and
3D plots of the hydraulic efficiency (#,,) for the TTR sin-
gle-nozzle operation. In contrast to the previous scenario,
the nozzle angle(a) and nozzle diameter(dj) are more dom-
inant than the standoff distance (N 4). With an increase in
the nozzle angle(a), the efficiency decreases and increases
with the nozzle diameter(dj).

Figure 10 (c) illustrates the contour and 3D surface plots
of the hydraulic efficiency (#,,) for PTR with double noz-
zles tangentially arranged at the PCD of runners. The 3D
surface pattern resembles a curve for the PTR turbine type;
however, this configuration harvested and converted more
hydraulic Energy than the TTR single-nozzle operation.
The similarities between the response surfaces for the TTR
and PTR indicate a comparable effect of nozzle positioning,
nozzle size, and tip distance of a nozzle under single and
double nozzle on the hydraulic performance of the runner.
The contour plot and three-dimensional response surface
illustrating the hydraulic efficiency () for the TTR with
double nozzle (2n) are presented in Figure 10 (d). This visu-
alization demonstrates that the amount of Energy extracted
efficiently by the runner is superior to that of alternative tur-
bine runner types, with a notable finding that reducing the
nozzle standoff distance (N, 4) leads to increased hydraulic
efficiency (#,). The contour plots and 3D response surfaces
shown in Figure 10(a, b, ¢, and d) further emphasize the
significant correlation between nozzle angle(a) and nozzle
diameter (dj).

Moreover, the interaction analysis between nozzle
standoff distance (N,4) and hydraulic efficiency (7,
also indicates that variations in the number of nozzles(n)
notably influence hydraulic efficiency (1;,). These findings
suggest that alterations in the nozzle angle(a) exert a more
pronounced impact on the hydraulic efficiency (7;,) of TTR
than changes in nozzle diameter(dj) and nozzle stand-
off distance (N,,4), with lower hydraulic efficiency (7,
achieved at lower nozzle diameter(dj), nozzle standoff dis-
tance (N,,4) and single nozzle (1n). Overall, by optimizing
the nozzle angle(a), nozzle diameter(dj), nozzle standoff
distance (Ng,4), and the number of nozzles(n)for the two
runners, it is feasible to enhance the hydraulic efficiency
(1,,) of the PTR by up to 10% and TTR by up to 13%.

The study utilizing Response Surface Methodology
(RSM) yielded several key findings regarding the influence
of independent variables on the output, which is consid-
ered the hydraulic efficiency (7,) of the turbine runner
for Pico hydro application. It was determined that nozzle
angle (A), nozzle diameter (B), nozzle standoff distance
(C), and the number of nozzles (E) significantly affect the
hydraulic efficiency (Y) of both the runners (D), with spe-
cific combinations of these variables identified as optimal
for maximizing efficiency. The regression model developed
from the experimental data demonstrated a robust fit and
predictive capability. It was validated through ANOVA,
which highlighted the statistical significance of both the
types of factors and their interactions. The response sur-
face plots provided a visual representation of these inter-
actions, indicating how variations in one parameter can
influence hydraulic efficiency in conjunction with others.
Furthermore, the findings have practical implications for
turbine operation and design, suggesting that strategic
adjustments to nozzle angle(a), nozzle diameter(dj), noz-
zle standoff distance (N,4), and the number of nozzles (n),
alongside careful consideration of turbine runner type, can
enhance performance. Lastly, the study recommends ave-
nues for future research, including further exploring addi-
tional variables like debris and fluid density, as it is to be
used for Pico hydro oft-grid applications and turbine con-
figurations to refine the understanding of their impacts on
hydraulic performance.

The TTR has a half bucket compared to the PTR and a
much better tendency to accommodate a higher flow rate
with a half bucket width. The speed of TTR was found to
be higher compared to PTR. One of the objectives was to
find the optimal hydraulic efficiency as a response to the
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allied design parameters. The values found in the current
study for the range of parameters investigated are shown in
Figure 11 for the quadratic model with red and blue balls
on the graph. It has been observed that the optimal values
of the numerical parameters, nozzle angle(a), nozzle diam-
eter(dj), and nozzle standoff distance (N,,4), are within
the range and around the model’s highest expectation..
The condition of optimality for TTR is depicted in Table
8 below. The solution is found with the objective of max-
imum hydraulic efficiency under given head and variable
flow rate conditions. For validating the model, desirability
is close to 1, and in the present study;, it is found to be about
0.905, which shows good agreement between output and
the desired output.

The optimum value of hydraulic efficiency achieved
to maximize the hydraulic efficiency was found when the
double nozzle configuration had a 40 mm nozzle standoff
distance, nozzle angle, and nozzle diameter of 95° and 14,
respectively.

Optimum Conditions for Maximum Hydraulic Efficiency
(”h)max

The main objective of this investigation is to identify the
maximum hydraulic efficiency by determining the oper-
ating and geometrical parameters that facilitate the most
efficient operation of the system. The designed param-
eters and the required model responses for the optimiza-
tion process are comprehensively detailed in Table 8. This
table specifies that the response hydraulic efficiency (1;,) is
integral to the optimization efforts. The input parameters

were constrained within predetermined ranges to maxi-
mize the identified response. Under these conditions, the
TTR achieved the maximum hydraulic efficiency of 66.19%
(as illustrated in Table 8 and Figure 11). For TTR, it corre-
sponds to a 95° nozzle angle,14 mm nozzle diameter, a 40
mm standoff distance, and the PTR turbine type with dou-
ble nozzle (2n). The experiment, RSM-based input param-
eter optimization work, and the corresponding responses in
hydraulic efficiency (1) carried out by various researchers
are highlighted in Table 9 for comparison. The variation in
maximum hydraulic efficiency (7)., in the last column
is a relative term, as the variation in geometrical and oper-
ating parameters of the turbine runner is considered for
research.

The current research found that the hydraulic efficiency
(n,) for TTR was significantly higher than previously
reported findings(Sr No.6, Table 9). It is also noted that
most of the past work tabulated is done on horizontal axis
turbine runners, unlike the vertical axis considered in the
present study. This research shows that jet diameter, angle,
and nozzle standoff distance significantly improve impulse
turbine hydraulic efficiency (77,). On the other hand, for
Pico hydro applications, the RSM optimization method can
enhance the vertical axis TTR’s performance. When consid-
ering the PTR double nozzle configuration, the TTR con-
figuration yielded a higher gain in hydraulic efficiency(s;,).
However, there isn’t a recognized way to compare the abili-
ties of various hydroturbine runners. This study developed
an RSM model for impulse turbine runners to achieve these
objectives.

Comparision between present study and previous work

Present work

Gallego et al,, 2021
Willimson et al., 2013
Warjito et al., 2017
Cobb and Sharp, 2013
Hlabanelo et al., 2020

= 100
= o
£ %
A (1}
g 60
2 5
€ w0
]
= 20
E 10
: 0
ﬁ-

-

Gaiser et al., 2016
Svofii et al,
Elgammi and Hamad, 2022 .

Alomar et al.,, 2022

Authors with similar previous work

Figure 12. Comparison between similar previous work and the present study for maximum hydraulic efficiency.
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The RSM model’s output is compared with experimen-
tal data to validate the ideal conditions for the anticipated
parameters, as Table 10 illustrates. Excellent agreement
between the experimental data and the suggested RSM
model is demonstrated by the results of the confirmation
test, which show a slight discrepancy (0.54%) between the
predicted and real hydraulic efficiency (#,). The results
of the present investigations have been compared with

similar previous work on a bar chart for maximum hydrau-
lic efficiency. Figure 12 shows that the present study yielded
hydraulic efficiency under optimized conditions under
a head of 10 m compared to a lower runner PCD of 100
mm in earlier studies. The comparison revealed higher
efficiency bars in the previous work due to increased head,
number of nozzles, nozzle diameter, runner type, or runner
diameter.
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Figure 13. Turbine runner with a hydraulic performance comparison between similar previous and the present work find-

ings (a) based on runner speed (b) based on nozzle diameter
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The hydraulic performance of the PTR in the present
investigation has been compared with similar previous
work carried out by Alomar et al. in 2022, which had a 110
m head and 10.5 mm nozzle diameter. The trendline for
the present work has been shown with error bars for the
10 mm nozzle diameter, 40 mm nozzle standoff distance,
and double nozzle arrangement in Figure 13 (a). The trend
lines match, and it has been found that the 65% hydrau-
lic efficiency in the present study is higher than 33.3% of
the parameters studied compared to those reported by
authors in their previous work. The nozzle diameters are
also checked for the findings obtained in the present study,
as depicted in Figure 13 (b) in the case of TTR. The TTR
in the present study is compared with the TTR for a similar
trend reported by Gaiser et al. in 2016, with a head of 35
m, a runner pitch circle diameter of 130 mm, and a single
nozzle. The highest efficiency observed in their study was
64.7% with a 12.85 mm nozzle.

In their work, the head, runner diameter, and flow
rate are more than those investigated in the current study.
However, the current curve with 100 mm PCD,14 mm noz-
zle diameter, and 10 m head follows the same trendline. So,
the present study has the least value of parameters, with the
increased value of the hydraulic performance for the run-
ners investigated. Thus, it suggests improved hydraulic effi-
ciency with optimized parameters.

It has been found that the vertical axis turbines inves-
tigated in the present study are more suitable for low
head conditions for the given set of design and operating
parameters considered. It indicates that the present study
is suitable for installing off-grid Pico hydro applications for
power generation in remote areas.

CONCLUSIONS

This study aimed to assess the performance of devel-
oped impulse turbines (PTR and TTR) running at opti-
mal efficiency levels using response surface methodology
(RSM)with central composite design (CCD). The experi-
mental test was conducted to optimize the range of oper-
ating parameters, viz. jet incidence angle(90°-95°), nozzle
diameter(10-14 mm), and number of nozzles(1 or 2) at
a standoff distance( 40-60 mm) under low-head opera-
tion(10 m) for the range of global parameters. The hydrau-
lic efficiency assessment of the Pelton and Turgo turbines
was compared at optimum conditions, and the following
conclusions were made.

o It has been found from the literature studied and cited
here that multiple research studies have been conducted
in the past with horizontal axis low-head Turgo and
Pelton turbines, and the vertical axis with jet devia-
tion(a) is sidelined. Also, the effect of nozzle standoff
distance (N, 4), which affects hydraulic efficiency (#;,)
due to jet expansion, has not been identified or studied.

o The Polylactic Acid (PLA) for 3D printed buckets
with aluminum runner discs was a low-cost solution

compared to metallic bucket material for power gener-
ation at low head.

With a standoff distance of more than 4d; the jet devi-
ates due to diffusion in the surrounding environment,
resulting in low kinetic Energy on the buckets. As the
jet diameter rises, the turbine’s total speed lowers. So,
the proposed model found that a minimum standoff
distance of approximately 40 mm was maintained for
each nozzle diameter to reduce the expansion of the jet.
Also, it was observed with the Pelton turbine that the
significant impact on efficiency was caused by jet mis-
alignment on the turbine and vibrational and frictional
losses, reducing the overall efficiency and power devel-
oped by the system.

Compared to the Pelton turbine runner(PTR), the abil-
ity to handle the high flow rate of the Turgo turbine
has shown increased hydraulic efficiency (7,,) with an
increase in the nozzle diameter. A significant improve-
ment in hydraulic efficiency (r,) was achieved by
increasing the overall speed ratio of the turbine under
double-nozzle (2n) operation compared to single-noz-
zle (1n) operation. The maximum power developed
from a 10 mm jet diameter, making the jet ratio 11.11 in
the Pelton turbine runner (PTR) case.

The nozzle angle (a) was crucial for testing the runners’
hydraulic performance. The normal incidence with a
90° nozzle angle was found more promising compared
to deviated other jet angles, 92.5° and 95° in the case of
PTR, and TTR is more efficient with a 95° nozzle angle
as the jet incidence becomes smoother.

RSM with central composite design (CCD) effectively
optimizes TTR and PTR performance, reducing the
need for repeated experiments and facilitating quick
design decisions.

The quadratic model developed by the RSM for the
evaluation of hydraulic efficiency (#;,) and the most
efficient runner was found to apply to a high degree of
accuracy to quantify the hydraulic performance of the
runners. The P-value for all the model parameters, such
as nozzle angle, nozzle diameter, and number of noz-
zles at a standoff distance, was below 0.0001, indicating
significant effects on the model and, ultimately, the tur-
bine performance. A thorough statistical analysis of the
model was conducted to verity its accuracy and validity.
The optimized conditions for a vertically installed TTR
included a 95° nozzle angle, 14 mm nozzle diameter, 40
mm distance from the nozzle tip to the bucket, and dou-
ble nozzle operation, achieving 66.19% efficiency. The
present study revealed that the TTR runner was more
sensitive to changes in nozzle angle than the PTR.

The optimality conditions of the developed RSM model
are compared with the results of the experimental inves-
tigation to validate the design of geometric parameters.
From the validation test, it is found that the error is
minimal, which shows that only 0.54 % of actual and
predicted values are compared and found with a degree
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of agreement. Thus, the validation process has verified
the ultimate goal of the study.

o The hydraulic efficiency (#,,) achieved under optimized
conditions in the present study is compared with past
work, showing good efficiency improvement. The curve
follows the trend line up to a 12 mm nozzle diameter,
but with a further 2 mm stepped increase in nozzle
diameter, the efficiency improves in the case of TTR
with a 40 mm nozzle standoff distance.

HIGHLIGHTS

o A Turgo and Pelton turbine Runner with 100 mm PCD
in a vertical axis configuration was designed and exper-
imented with.

o The variation in flow, Nozzle diameter (jet diameter,dj),
number of nozzles(n), nozzle angle (jet deviation,a),
and nozzle standoff distance (Ny,q4, were kept as inde-
pendent variables, keeping the head constant.

o The Response Surface Methodology (RSM) with a
Central Composite Design (CCD) model was used
for the optimization and has shown the effect of each
parameter on hydraulic performance.

ABBRIVATION
ANOVA Analysis of variance

CFD Computational Fluid Dynamics

RSM Response Surface Methodology

CCD Central Composite Design

PCD Pitch Circle Diameter, mm

PTR Pelton Turbine Runner

TTR Turgo Turbine Runner

PLA Polylactic Acid

In Single nozzle

2n Double nozzle

RANS  Reynolds Averaged Navier-Stokes

Nomenclature

Q Volumetric flow rate/Discharge, m*/sec

D, The inlet diameter of the nozzle or the inside
diameter of the pipe, mm

d] Nozzle(jet) diameter, mm

N Runner speed, rpm

H Available head, m

N, Specific speed

g Gravitational constant, m/s*

P, Unit power

P, Power developed, Watt

P, Hydraulic power, Watt

Viet Velocity of the jet, m/s

u Peripheral velocity of runners, m/s

T, Torque developed at runner shaft, N-mm.

N,oa Nozzle standoff distance, mm

w Dead weight, kg

N Spring balance reading, kg

Greek Symbols

p Density of the water, kg/m?
1, Volumetric efficiency,%

a Nozzle angle, degrees

N Mechanical efficiency,%

M Hydraulic efficiency,%

¢, Speed ratio/ Velocity ratio
w Angular speed, rad/sec

B, The jet angle at the bucket exit, degrees
Ay Speed or Velocity ratio

v Jet ratio

Subscripts

h Refers to hydraulic

s Refers to speed

m Refers to mechanical

2 Refers to exit

j Refers to jet

sod Refers to the standoff distance
v Refers to volumetric

d Refers to the developed
FUTURE SCOPE OF WORK

The work can be expanded to examine the impact of
bucket spacing on performance for runners with a variable
bucket number and a greater runner diameter. The bucket’s
structural analysis can also be studied numerically under
dynamic fluid action. The effect of different sustainable
materials (compatible with 3-D printing technology) on
hydraulic performance can also be explored for further
investigation.
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APPENDICES

Appendix A1 Pelton Turbine Runner (PTR) and Turgo Turbine Runner (TTR) Design Specification
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(b) Pelton turbine runner disc specification

.

©

Appendix A2: Model summary statistics

Turgo turbine bucket specification

(d) Turgo turbine runner disc specification

Source Std. Dev. R? Adjusted R* Predicted R? PRESS -
Linear 0.0094 0.8623 0.8530 0.8366 0.0077 -

2F1 0.0088 0.8956 0.8712 0.8234 0.0084 -
Quadratic 0.0053 0.9639 0.9532 0.9375 0.0030 Suggested
Cubic 0.0054 0.9743 0.9516 0.8710 0.0061 Aliased

Appendix A3: Fit value for experimental and predicted

fit value for experimental and predicted.

Std. Dev. 0.0053 R’

Mean 0.6540 Adjusted R?
C.V. % 0.8090 Predicted R*
PRESS 0.0030 Adeq Precision

0.9639
0.9532
0.9375
44.3384
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