ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/356639589

Prediction and analysis of the cavitating performance of a Francis turbine
under different loads

Article in Energy Sources, Part A: Recovery, Utilization and Environmental Effects - November 2021

DOI: 10.1080/15567036.2021.2009941

CITATIONS READS

0 59
4 authors, including:
Ali Abbas Md. Mustafa Kamal
&, . Flovel Energy pvt ltd Indian Institute of Technology Roorkee
9 PUBLICATIONS 19 CITATIONS 3 PUBLICATIONS 1 CITATION

SEE PROFILE SEE PROFILE

Gaurav Saini
Indian Institute of Engineering Science and Technology, Shibpur

16 PUBLICATIONS 87 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

rmet  Development of an efficient hydro kinetic turbines View project

All content following this page was uploaded by Md. Mustafa Kamal on 01 December 2021.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/356639589_Prediction_and_analysis_of_the_cavitating_performance_of_a_Francis_turbine_under_different_loads?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/356639589_Prediction_and_analysis_of_the_cavitating_performance_of_a_Francis_turbine_under_different_loads?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Development-of-an-efficient-hydro-kinetic-turbines?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ali-Abbas-60?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ali-Abbas-60?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ali-Abbas-60?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Md-Kamal-26?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Md-Kamal-26?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian-Institute-of-Technology-Roorkee?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Md-Kamal-26?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gaurav-Saini-11?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gaurav-Saini-11?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian_Institute_of_Engineering_Science_and_Technology_Shibpur?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gaurav-Saini-11?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Md-Kamal-26?enrichId=rgreq-c28a27c8906c0ac1a87c824e65625bf3-XXX&enrichSource=Y292ZXJQYWdlOzM1NjYzOTU4OTtBUzoxMDk2MDU0MzA0OTY0NjA4QDE2MzgzMzExMTgzMDE%3D&el=1_x_10&_esc=publicationCoverPdf

Taylor & Francis

ENERGY o
YoV {J W Energy Sources, Part A: Recovery, Utilization, and

Environmental Effects

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ueso20

Prediction and analysis of the cavitating
performance of a Francis turbine under different

loads

Md. Mustafa Kamal, Gaurav Saini, Ali Abbas & Vishnu Prasad

To cite this article: Md. Mustafa Kamal, Gaurav Saini, Ali Abbas & Vishnu Prasad (2021):
Prediction and analysis of the cavitating performance of a Francis turbine under different
loads, Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, DOI:
10.1080/15567036.2021.2009941

To link to this article: https://doi.org/10.1080/15567036.2021.2009941

ﬂ Published online: 30 Nov 2021.

N
@ Submit your article to this journal '

A
& View related articles (£

@ View Crossmark data &'

Toareahdn

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ueso20


https://www.tandfonline.com/action/journalInformation?journalCode=ueso20
https://www.tandfonline.com/loi/ueso20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15567036.2021.2009941
https://doi.org/10.1080/15567036.2021.2009941
https://www.tandfonline.com/action/authorSubmission?journalCode=ueso20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ueso20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15567036.2021.2009941
https://www.tandfonline.com/doi/mlt/10.1080/15567036.2021.2009941
http://crossmark.crossref.org/dialog/?doi=10.1080/15567036.2021.2009941&domain=pdf&date_stamp=2021-11-30
http://crossmark.crossref.org/dialog/?doi=10.1080/15567036.2021.2009941&domain=pdf&date_stamp=2021-11-30

ENERGY SOURCES, PART A: RECOVERY, UTILIZATION, AND ENVIRONMENTAL EFFECTS Taylor &Francis

https:/doi.org/10.1080/15567036.2021.2009941 Taylor &Francis Group

‘ W) Check for updates

Prediction and analysis of the cavitating performance of a Francis
turbine under different loads

Md. Mustafa Kamal?, Gaurav Saini(®®, Ali Abbas¢, and Vishnu Prasad

aDepartment of Hydro and Renewable Energy, Indian Institute of Technology Roorkee, Roorkee, India; ®School of
Advanced Materials, Green Energy and Sensor Systems, Indian Institute of Engineering Science and Technology,
Shibpur, India; Department of Mechanical Engineering, Madanapalle Institute of Technology & Science, Madanapalle,
India; “Department of Civil Engineering, Maulana Azad National Institute of Technology, Bhopal, India

ABSTRACT ARTICLE HISTORY

The variations in the operating conditions of Francis turbines may lead to Received 24 February 2021
cavitation due to pressure pulsations in vanless space. In order to combat the Revised 12 November 2021
fluctuations in power demand and input flow conditions such as net head Accepted 15 November 2021
and discharge, the turbine needs to be operated at off-design conditions. KEYWORDS

Due to the higher demand of medium-specific speed Francis turbine at most Renewable energy;

of the hydropower plants, it is necessary to predict the low-pressure zone hydropower; Francis Turbine;
and vapor bubbles formation on the surface of turbine runner blades. Under cavitation; hydraulic

the present study, it is proposed to investigate the cavitation and perfor- efficiency

mance characteristics of a medium-specific speed Francis turbine. In order to

resemble the fluctuations in load, three different operating regimes, i.e. part-

load, rated load and over-load, were considered to especially highlight the

performance under cavitation and without cavitation conditions of the tur-

bine. Based on investigations, it has been revealed that turbine experiences a

minimum drop in hydraulic efficiency corresponding to rated-load operation

and the maximum drop in efficiency was observed during the over-load

operation. The pressure variations across the runner blades were observed

at mid-span of the blade in stream-wise direction. The cavitation character-

istics of the turbine were derived by using the sigma curve and the vapor

volume fraction. The critical values of sigma for part-load, rated-load, and

over-load regimes were obtained as 0.18, 0.12, and 0.16, respectively. The

results obtained under the present investigation were verified by the experi-

mental model testing results of the turbine.

Introduction

Hydropower played a crucial role in the economic development of many countries (Saini and Saini
2019). This promising technology ensures the least environmental impact among other renewable
resources (Kamal 2017). In order to tap the hydropower energy with conventional manner, mainly two
types of turbine have been employed like impulse (Pelton, Turgo-impulse) and Reaction (Francis and
Kaplan turbine) (Jain 2002). Francis turbine gained more popularity among other conventional
turbines due to its maximum efficiency among available conventional hydro turbines (IHA 2020).
Therefore, this turbine is always designed to operate at best efficiency point (BEP) condition
(Celebioglu et al. 2017),(Celebioglu et al., 2018). In reality, it is quite impossible to run a turbine at
rated condition due to load variations caused by variations in input parameters (head and discharge)
and output parameters (power and RPM). It leads to various unsteady phenomenon such as pressure
pulsation in draft tube, vortex rope formation at the outlet of runner, and cavitation occurrence on the
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surface of runner blade. (Trivedi, Gandhi, and Michel 2013). The hydraulic efficiency of turbine is
greatly affected by these unsteady phenomena. The hydraulic efficiency of a hydraulic turbine can
mathematically be expressed as;

P, Tw
Pi (Pinlet - Poutlet)Q

Where P, is the output power and P; is the input power. T and ® are the torque and angular speed
of the turbine shaft. Q is the discharge and pjnjer and pouder are the total inlet and outlet pressure.

Cavitation is a phenomenon in which growth of bubbles take place when local pressure of liquid
reduces to its vapor pressure at constant temperature and collapse at high pressure zone when
compressive force act on these bubbles (Huang, Wu, and Wang 2014). It is also known as cold boiling
process. Cold boiling is different from conventional boiling because phase change takes place due to
reduction in local pressure while local temperature increases in boiling (Jean et al. 2004a).

Cavitation may occur in every reaction turbine. Zhang et al. (2018) analyzed the effects of cavitation
on blade design. In Francis turbine, cavitation are more prone under high and medium specific speed
turbine than low specific speed turbine due to high velocity of flowing fluid. Major cavitation
occurrences are leading edge cavitation, trailing edge cavitation, inter-blade vortex cavitation, vortex
rope cavitation, and Von-Karman vortex cavitation (Jean et al., 2004a).

Cavitation in hydro turbine is usually assessed by ‘Cavitation number’, which is suggested by Prof.
Dietrich Thomas (Jean et al., 2004b). Cavitation number (0,,,,) is used to determine the specific zone
where turbine can work without being affected from cavitation (Lal 2011). Cavitation number is
directly related to the turbine characteristics and its installation setting at the site. Cavitation cannot
always be nullified but it can be minimized by adjusting the setting of turbine above or below the tail
race level, proper design of runner blades, and limit the off-design operating points. To achieve the
cavitation-free operation, plant sigma should be greater than turbine sigma at all the operating points.
Plant sigma and turbine sigma can be evaluated by the following expression;

() -»

Hydraulic efficiency () = (1)

Ps
Oplant. = H, (2)
(Paﬂjgpi) .
Oturh. = T H, 3)

Where, P,andP, is ambient and vapor pressure of fluid, respectively. P; is absolute static pressure of
flowing fluid at any point in flow domain. H; is suction head or turbine setting level above tail race. H,
is the working head or net head of turbine.

To visualize the bubbles formation on blade surface and draft tube, various authors have carried out
experimental studies and derived the cavitation characteristics of hydro turbine. However, experi-
mentation work has different limitations, i.e. applicable for limited operating points, requires highly
accurate and precise instrumentation. To subdue this, a Computational Fluid Dynamics (CFD) tool
became a ‘virtual laboratory’ to many researchers for conducting the unsteady flow analysis of hydro
turbine (Liu et al. 2015).

CFD is basically a prediction tool which predicts the behavior of flow in specified flow domain
(Versteeg and Malalasekera 2007). That is why it requires a validation with experimental data. It plays
a significant role to investigators/researchers to understand the flow behavior at each operating point,
which is not feasible with experimental one. Based on the requirement, steady and unsteady analysis
are generally carried out by using the Reynolds-averaged Navier-Stoke equations (RANS) and
Unsteady Reynolds-averaged Navier-Stoke equations (URANS), respectively. Lot of investigations
have been carried out to understand the scope of CFD for the prediction of cavitation in hydro turbine
and are summarized in Table 1.
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Lot of investigations have been carried out to predict the cavitation characteristics for low and high
specific speed Francis turbine. Based on the investigations, it has been observed that the medium
specific speed-based Francis runner has not been extensively studied to predict the cavitation char-
acteristics. Simultaneously, the flow visualizations across the runner blades have also not been covered
in earlier investigations. By keeping in view the aforementioned issues and to understand the wide
applicability of medium speed Francis turbine runner, the present study is aimed to investigate the
cavitation, progression characteristics of water vapors on blade surface, and the vortex formation
around runner blades of Francis turbine. A cavitating flow analysis was carried out on scaled down
model of actual medium specific speed mixed-flow Francis turbine having rated power of 281 MW,
operating under 86 m of rated head and 253 specific speed. Simulations were carried out under the
three different loading regimes i.e., part-load (51% of rated-load), rated-load, and over-load (127% of
rated-load) conditions. Variations in loading conditions were made by adjusting the guide vanes
opening (GVO). The details of considered design and flow parameters for mixed flow medium specific
speed Francis turbine are given in Table 2.

Table 2. Design and flow parameters for Francis
turbine model.

Parameters Value/Range
Runner diameter (m) 0.4

No. of runner blades (-) 13

No. of guide vanes (-) 24

No. of stay vanes (-) 24

Head (m) 20
Range of GVO (°) 14.01°-34°
Blade inlet angle (°) 35.74°
Blade outlet angle (°) 24.36°
Discharge (Ips) 343.46-840.76

Simulation methodology

In this section, CAD software has been used to develop the 3D model of Francis turbine and mesh
properties have been discussed. Selection of turbulence model and cavitation model have also been
elaborated. The details of operating points and boundary conditions for CFD simulation have been
summarized.

3D modeling and grid generation

3D modeling of all the components have been done in ‘Solid works’ and ‘ANSYS Design modeler’
based on drawing. The profile of runner blade is created by using the ‘BladeGen’ module. Surfacing is
done in solid works as per design parameter and further is converted into solid body by using design
modeler. The complete CFD domain consists of spiral casing, stay vanes (SV), guide vanes (GV),
runner, and draft tube. The complete domain was divided into two sub-domains, i.e., stationary
domain (spiral casing, SV, GV, and draft tube) and rotating domain (runner). The complete 3D scaled
model of Francis turbine is presented in Figure 1.

Domain discretization can be done mainly by two ways, i.e., spatial discretization and temporal
discretization. In spatial discretization, the physical space where flow is taking place is divided into
different small cells, termed as grid cell, and the process is known as grid generation. Then these
numerical approximations are employed on these discrete points, the so-called grid points. Accuracy
of the results depends on density of elements within the flow domain, but over dense elements may
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Stationary sub-domain

Complete assembly of
mixed-flow Francis turbine

Figure 1. 3D scaled model of Francis turbine.

result in enhanced computational cost. In order to effectively capture the flow field, the complex and
critical regions (edges and curvatures) were given fine mesh, and the coarse mesh elements were
adopted for simple and less critical regions.

In the present study, TCEM and ANSYS Mesh’ module have been used for grid generation. A
hybrid-mesh type was adopted for grid generation. Casing, stay vanes, guide vanes, and draft tube were
discretized with structured mesh and un-structured type mesh is adopted for the Francis runner. The
‘Hexahedral and tetrahedral’ element type grid elements have been selected for grid generation. For
structured mesh generation, TCEM’ module has been adopted, while for unstructured mesh genera-
tion, ‘ANSYS Mesh’ module was used. The blocking and meshing of different components of Francis
turbine is shown in Figures 2 and 3, respectively.

The convergence of a numerical solution significantly depends on the quality of mesh (Saini
and Saini 2020a). Various critical mesh parameters such as maximum skewness, minimum
element quality, minimum orthogonal angle, and maximum aspect ratio have been monitored
(Wei et al. 2014), which are significant to define the quality of mesh; the mesh quality of
different components is described in Table 3. In order to capture the boundary layer phenom-
enon around the runner blade region, a total of 15 layer of inflation with a first layer thickness
value of 0.1 mm has been specified on the surface of blade (Saini and Saini 2020b). The average
calculated value of y+ was obtained as 8.783. The details of mesh generation parameters are
summarized in Table 4.



ENERGY SOURCES, PART A: RECOVERY, UTILIZATION, AND ENVIRONMENTAL EFFECTS . 7
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DT block

Figure 2. Blocking of different components of the Francis turbine.

Turbulence and cavitation modeling

In this study, SST turbulence model has been used (Kamal et al. 2021), which is proposed by ‘Menter.’
SST turbulence model combines the features of k-¢ and k-w models. Under the present study, SST
model is selected because this improves the accuracy of prediction of flow under strong adverse
pressure gradient and boundary layer separation (Menter 1994). SST model can be expressed by the
following equation:

aipk
# = Max. (a1, Sfr) )

Where f, is a blending function, which is used to achieve a smooth transition between two models
and s is shear stress or strain rate.

Cavitation modeling uses volume or mass fraction transport equation to model the liquid-vapor
phase change. Mass transfer rate due to phase change can be governed by liquid volume fraction
transport equation, which assumes that non-condensable gas phase is well mixed with liquid phase
(Blazek 2001), and it can be expressed as:
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Figure 3. Meshing of different components of the Francis turbine.

Table 3. The details of mesh quality for various components of Francis turbine.

Mesh quality Casing Stay vanes Guide vanes Runner Draft tube
Minimum element quality 0.2525 0.2856 0.2894 0.3017 0.2783
Maximum skewness - - - 0.8586 -
Maximum aspect ratio 73 79 81 92 89
Minimum orthogonal angle 23.12 21.76 22.09 - 20.43

Table 4. The details of mesh parameters for various components of Francis turbine.

Components Number of blocks Number of nodes Mesh type Element type
Spiral casing 216 586,966 Structured Hexahedral
Stay vanes (SV) 288 356,257 Structured Hexahedral
Guide vanes (GV) 410 689,356 Structured Hexahedral
Runner wheel - 3,526,981 Unstructured Tetrahedral
Draft tube 123 863,249 Structured Hexahedral

9 (“IPI) 4 9 ("‘IPZVJ‘)
ot 0X;

R )

Where 1] & ri1f are the mass transfer rate associated with vaporization and condensation,
respectively.

In this work, cavitation model based on Rayleigh-Plesset equation is used to estimate the rate of
vapor production, i.e. growth of gas bubbles in liquid phase. In order to derive this equation, dynamic
viscosity and density of liquid are assumed constant and the pressure within the spherical gas bubble is
taken to be uniform. It was also assumed that the bubble will keep its spherical shape in growth as well
as collapse (Ramirez et al. 2003) (Ghahramani, Arabnejad, and Bensow 2019). Therefore, the dynamic
of a bubble can be described by the following equation (Chang et al. 2017);
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Where R is radius of spherical bubble, S represents the surface tension of liquid, p; is the density of
liquid, and y; is the viscosity of liquid.
The mass transfer rate associated with condensation and vaporization during phase change can be

expressed as:
. 3“l“nucp 2Pv - Poo .
v — _FV v - 0 < ¥
m R 3 p if poo<p

3(1_“1)Pv gpoo_pv
R 3 p

7)

my = —F if poc>pv
Where p, is a vapor pressure of liquid, &, is a volume fraction at nucleation site, F is an empirical
constant to take into account for the constraint in condensation and vaporization.

Operating points and boundary conditions

In present study, simulations were carried out at three different operating points, i.e. #OP1 Part-load
(a = 14.01°), #0OP2 rated-load (a = 25.47°), and #OP3 over-load (a = 34°). The details of operating
points considered for CFD simulation are given in Table 5.

To solve the algebraic form of CFD governing equations, boundary conditions need to be specified
to the domain. Mass flow rate has been given at the inlet of casing, which mimics the water velocity
inside the penstock, and a pressure outlet has been specified at the outlet of draft tube. The mass flow
rate was computed from specific flow rate, which is expressed by Equation 8. In order to perform the
cavitation analysis using ANSYS CFX v18.1, the value of mean diameter of vapor bubbles and interface
length scale between liquid and vapor phase are considered as 0.000002 mm and 1.0 mm, respectively.
The details of boundary conditions under single phase and two-phase flow conditions are given by
Tables 6 and 7, respectively.

Q
D2/H

Qu = (8)

Grid independency test

The ‘Grid refinement’ method is used for mesh-ndependent results. Four different mesh densities were
considered to find the optimized mesh. The mesh independency test is carried out at best efficiency
point (BEP). Hydraulic efficiency, net head, and power output were found as the sensitive parameters
for mesh independency test. These parameters were selected based on their acceptance on the global
parameters for all types of hydro turbines. The number of nodes were varied as 4199715, 4965211,
5543548, 6022809, and 6439871. The minimum numerical errors were obtained as 0.01%, 0.13%, and
0.12%, respectively, corresponding to efficiency, power output, and net head in case of mesh density

Table 5. Details of the operating conditions.

Parameter #0OP1 (At part load) #0P2 (At BEP) #OP3 (At over load)
Nqq (rpm) 75 75 75
Qq; (I/s) 480 930 1175
H (m) 20 20 20

GVA (°) 14.01 25.47 34
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Table 6. Details of boundary condition for single-phase flow simulation.

#OP (Loading condition) Inlet condition (Mass flow rate, kg/s) Outlet condition (Average static pressure, Pa)
#OP1. Part-load (a = 14.01°) 343.46 101325

#0P2. Rated-load (a = 25.47°) 665.49

#0P3. Over-load (a = 34°) 840.76

Table 7. Details of boundary condition for two-phase flow simulation.

#OP (Loading condition) Inlet condition (Mass flow rate, kg/s) Outlet condition (Average static pressure, kPa)
#OP1. Part-load (a = 14.01°) 343.46 90,80,70,60,50,40,30,20,10
#0P2. Rated-load (a = 25.47°) 665.49 90,80,70,60,50,40,30,20,10
#0P3. Over-load (a = 34°) 840.76 90,80,70,60,50,40,30,20,10
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Figure 4. Variations in hydraulic efficiency, head, and power output corresponding to different mesh counts.

having 6022809 nodes. Hence, the mesh density of 6022809 nodes is considered for all the CFD
simulations. The variations of hydraulic efficiency, net head, and power output of turbine with respect
to the variations in mesh size refinement are shown in Figure 4.

Based on the analysis, it has been observed that turbine efficiency, net head, and power output
increase with mesh density. It is found that the minimum error in the hydraulic efficiency, net head,
and power output of turbine is achieved for the mesh density of 6022809 nodes. Further increase in
mesh density shows very little variations in output parameters.

Results and discussions

An extensive cavitating study has been carried out on a medium specific speed Francis turbine. The
work of post-processing is arranged into three sections. In the first section, mesh independency limit
has been performed and validation of numerical simulation with experimental results has been carried
out. In the second section, hydrodynamic behavior of Francis runner with and without cavitation has
been discussed. In the last section, the cavitation characteristics of considered turbine has been
derived.

An attempt has been made to decide the simulation strategy for the present study, and steady and
transient-based simulations were performed under the similar operating conditions.

In case of transient analysis, the time step was selected corresponding to 1° of turbine rotation,
and a total of five revolutions were considered for each simulation case. It states that the turbine
needs to complete 1800 time steps for each transient simulation. To compute the turbine
efficiency, average value of the last revolution (5 revolution) has been considered. The maximum
deviation in transient and steady state hydraulic efficiency was observed at part-load conditions,
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Figure 5. Transient and steady state simulations at rated-load condition.

and minimum deviation was obtained at rated-load condition. The deviation in the hydraulic
efficiency under transient and steady state conditions was found as 3.86%, 0.239%, and 0.988%,
corresponding to part-load, rated-load, and over-load conditions. A chart for transient and steady
state hydraulic efficiency along with deviation at rated-load condition is shown in Figure 5. In
addition to this, the variations in hydraulic efficiency, net head, and torque under part-load, rated-
load, and over-load conditions are presented in Figure 6. The hydraulic efficiency computed from
steady and transient simulation were found as 91.88% and 92.106%, respectively. Based on the
comparative analysis, it has been concluded that the deviation in hydraulic efficiency is merely
0.239%, which is in the acceptable level. Therefore, the ‘steady-state’ approach is adopted for the
present study.

Validation of CFD result

Validation is the most important step in order to obtain the authenticity of the results. It is an
essential step in numerical investigations to understand the uncertainty of simulations results.
In the present study, validation is carried out at best efficiency point (BEP). It has been found
that difference between the hydraulic efficiency obtained from numerical and model testing is
about +1.7%. The difference between the hydraulic efficiency lies within the maximum experi-
mental uncertainty limit and the numerical errors by considering the simplifications made
during the simulations approach. The present validation shows the good agreement of the
numerical results with experiments, and computed hydraulic efficiency is on the similar lines
with the experimental efficiency. Furthermore, it has also been found that the variations in
numerical and experimental work are considerably high at off-design conditions as shown in
Figure 7. This is caused by the transient behavior of fluid inside the turbine runner under oft-
design conditions.
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Figure 6. Variations of various output parameters at different loading conditions under steady and transient state simulations.

Hydrodynamic performance of Francis turbine

In this section, the effect of cavitation on hydraulic efficiency, net head, and power output by runner of
hydro turbine have been discussed. Also, the pressure pulsation on the runner blade surface has been
explored.

Effect of cavitation on performance characteristics of turbine
The hydraulic efficiency of turbine is computed by using Equation (1). The occurrence of cavitation in
runner part or draft tube causes reduction in hydraulic efficiency. During cavitation, bubbles forma-
tion started, which resists interaction of water with the runner blades. This resisting force reduces the
reaction force exerted by the fluid on runner blades and hence reduction in hydraulic efficiency.
The minimum drop in efficiency was observed at BEP condition, while the maximum drop was
observed at over-load condition. This is due to the fact that at over-load condition, the velocity carried
by water is very high, which results in the reduction of blade water interaction. The comparison of
hydraulic efficiency, net head, and power output corresponding to with and without cavitation
characteristics were obtained and shown in Figures 8-10. Furthermore, the effect of cavitation on
net head and power output has been assessed.

Pressure pulsation on runner blades

The pressure pulsation with and without cavitation on the surface of runner blade has been deter-
mined by blade loading curve at mid span of blade in stream-wise direction from leading edge to
trailing edge of blade. The static pressure at any point on the mid span of blade is computed in term of
pressure coefficient (Cp) by using the Equation (9), and the graphical presentation of the same is
shown in Figures 11-13. It was observed that the pressure of fluid decreases from the leading edge to
trailing edge due to harness of energy by blade from water. The maximum pressure was observed at the
leading edge of pressure side of blade while minimum at the trailing edge of suction side.
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The static pressure at any point on the blade surface with cavitation was found lower than the case

of without cavitation. This is due to the fact that the flow conditions become more adverse due the

resistance offered by the bubble cavities at developed stage, which causes the formation of small

vortices in flowing fluid and leads to high pressure pulsation. The maximum pressure variations across
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Figure 10. Power output with and without cavitation at different loading conditions.

leading edge of runner blade was observed at over-load condition, and the maximum pressure
variations across trailing edge of runner blade was observed at part-load condition. The minimum
pressure variations across runner blade was observed at rated-load condition.
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Figure 12. Pressure pulsation on runner blade surface at rated-load condition.

Cavitation characteristics of turbine

In order to derive the cavitation characteristics of considered turbine, a sigma curve has been plotted at
different loading conditions and different stages of cavitation on the surface of blade has been
discussed.

Sigma curve for turbine

The value of sigma (cavitation coefficient) for different values of draft tube outlet pressure has been
calculated by using Equation (2). A value of critical sigma has also been computed from this curve at
each loading conditions. In general, the point on sigma curve from where the value of hydraulic
efficiency drops from initial value (value of hydraulic efficiency without cavitation) is known as critical
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sigma. In order to keep the turbine cavitation free operation, the sigma plant should be greater than
the sigma critical. The sigma curve for part-load, rated-load, and over-load condition is shown in
Figure 14.

Cavitation characteristics of Francis turbine model is described by ‘Sigma curve.” This curve is
obtained by changing the pressure condition at the outlet of draft tube, and it plays a significant role to
determine the cavitation-free zone during operation of Francis turbine. As static pressure at outlet of
draft tube decreases, the value of sigma will decrease. Initially, hydraulic efficiency increases due to
reduction in ‘friction losses’ provided by collapsing bubble cavities. Further decrease in sigma value
causes reduction in hydraulic efficiency of turbine due to obstruction to incoming water.
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Figure 15. Schematics of cavitation phenomenon in hydro turbine (Avellan 2004).

The value of sigma at which hydraulic efficiency of hydro turbine will drop from its actual hydraulic
efficiency is termed as ‘Critical sigma.” The critical sigma has been calculated for all conditions in order
to understand the range of cavitation-free operation. The graphical illustration for the determination
of value of critical sigma is presented in Figure 15.

The value of critical sigma for part-load, rated-load, and over-load conditions were obtained as
0.18, 0.12, and 0.16, respectively. The minimum value of critical sigma is found corresponding to the
rated-load of the turbine. However, the off-design conditions experience the larger value of critical
sigma as compared to critical sigma value for rated-load condition. Based on this investigation, it is
reported that turbine operating closer to critical sigma value shows that turbine can accommodate
variable discharge conditions for a cavitation free operation of turbine. From Figure 16, it was
concluded that the chances of inception of cavitation are more prominent at part-load regime than
other loading regimes. Also, the critical sigma was found minimum at rated-load condition.

Progression of cavitation on blade surface

The development of cavitation on blade surface can be predicted by vapor volume fraction on the
surface of runner blades. It defines the fraction of vapor distributed on blade surface. Its value varies
from ‘0 to 1'. A ‘0" value indicates there is no water vapor around the blade surface, while ‘1’ value
indicates 100% water vapors. In this Francis turbine model, cavitation occurs mainly at the trailing
edge of suction side and suction side of runner blade.

As the value of sigma decreases, more vapor bubbles were found to be accumulated around the
surface of runner blade. As the flow leaves trailing edge of runner blade, a narrow wake zone is created,
which is a low-pressure zone. At this location, the cavitation is more prone to occur. The stages of
cavitation at different sigma values (different draft tube exit pressure) is shown in Figure 16. It is
clearly seen that the cavitation reached its developed stage at a draft tube exit pressure of 0.6 atm. for
over-load operation and 0.2 atm. for part-load and rated-load operation.

Flow variations in turbine runner

In order to obtain the transient hydrodynamic behavior of water flow across the Francis runner blades,
the cavitation distribution in terms of Thoma cavitation number and inter-blade vortices distribution
and velocity contours with streamline have been presented. To obtain the unsteadiness of flow around
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Figure 17. Distribution of Thoma’s cavitation coefficient on the Francis runner blades.

runner blades under cavitation conditions, the contour has been plotted at every 90° angular position
of turbine for a complete revolution. Hence, in total, five different angular positions of the turbine
runner were considered.

Cavitation distributions on runner blades. To capture the pressure field variations across the turbine
runner, the cavitation distributions corresponding to Francis runner on runner blades were obtained
to effectively visualize the cavitation zone. The distributions of Thoma cavitation number on runner
blades are shown in Figure 17. The magnitude of cavitation from minimum to maximum is repre-
sented on a scale. It is observed that the trailing edge of runner blades is more prone to cavitation
irrespective of runner angular position. It is due to the deacceleration of flow from leading edge to
trailing edge of blades. The cavitating zone on runner blades gets enlarged with the turbine rotation. It
revealed that the detachment of flow at suction side of runner blades also complement this behavior.
The developed stage of cavitation is obtained as the turbine completes its one cycle of revolution (at
360°).

An attempt has also been made to capture the inter-blade cavitating vortices at part-load condi-
tions. On the same lines, Liu, Liu, and Zhao (2017) reported that the reduction of flow discharge in
runner blades passage will cause high pulsating pressure around blades and leads to inter-blade vortex
phenomenon. In order to capture inter-blade vortices in this turbine model, Q-criterion method was
adopted by Lee, Lee, and Lim (2016), and Q-coeflicient value was set as 0.261. In the present
investigations, it is observed that as the runner start rotating, the vortices formed only at the trailing
edge of runner blades (inception stage), but as it progresses, the vortices dominate and accumulate at
the suction side of blade surface (developed stage) as shown in Figure 18. In the present numerical
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Figure 18. Unsteady behavior of Inter-blade vortices around runner blades.

investigation, the adopted numerical model has not reported the formation of vortex rope at the
considered part load operating condition. However, to verify the generation of vortex rope for the
considered turbine model, the experimental testing needs to be done to define the operating range for
the formation of vortex rope. Further, it will also validate the non-formation of vortex rope in the
considered part load condition adopted in the present study.

Velocity distribution on runner blades under cavitation condition. The velocity contour yield to
development of flow velocity and its variations across the turbine rotor. To numerically investigate the
velocity in stationary frame has been plotted on X-Y plane under cavitation condition to observe the
transient behavior of water around guide vane and runner blades. In order to observe the nature of
flow around runner blades, one of the runner blades has been marked with violet color point, and this
point was observed on blade over one cycle of revolution. In present study, total five number of
revolutions of Francis runner was considered to achieve the periodic steady-state behavior. Moreover,
last revolution of Francis runner is accounted for to plot contours of velocity along with streamlines.
In this view, runner starts rotating at 6 = 0°/t = 0.2862s (last time step of fourth revolution), and at
® = 360°/t = 0.0.3578s, runner will complete the last or 5™ revolution. The streamlines were
incorporated on velocity contour to visualize the vortex formation around the runner blades.
Smooth flow is found toward runner from guide vanes while recirculations are observed from suction
side of runner blades due to curvature of runner blades. The velocity distribution along the flow
domain with streamlines at various rotation angles is shown in Figure 19.

Based on flow visualization, it is found that the unsteadiness in flow domain significantly affect the
local cavitation characteristics of medium speed Francis runner. It is observed that as rotation
progresses, the sigma value starts from minimum level and vapor bubbles accumulate at the trailing
edge of runner blades (inception stage). However, the more bubbles are generated on the suction side
of runner blades and attain the developed stage of cavitation at the end of rotation (Figure 17). It
signifies that the rotational motion of Francis runner causes local pressure drop on the suction side
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Figure 19. Velocity distribution along with streamlines at various rotation angles.

along with trailing edge of runner blades. The unsteadiness also affects the generation of inter-blade
vortices in Francis runner as shown in Figure 18. Therefore, the runner rotation leads to generation of
inter-blade vortices on the blade area near to shroud.
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Figure 20. Variation of torque developed by turbine runner with and without cavitation conditions.
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Figure 21. Variation in hydraulic efficiency of turbine runner with and without cavitation conditions.

Assessment of performance parameters under cavitation and without cavitation conditions

As discussed in the earlier sections, cavitation phenomena is more severe in part-load operation as
compared to rated and overload conditions. Therefore, unsteady assessment has also been made to
evaluate and compare the turbine performance with cavitation (sigma = 0.18) and without cavitation
conditions in terms of hydraulic efficiency and torque developed by the turbine runner at part-load
regime. The study revealed that turbine rotor torque (mean) is found to be reduced by 0.404% under
cavitation condition as compared to runner torque under without cavitation regimes. This phenom-
enon also impacted the hydraulic efficiency of turbine, and a drop of about 0.86% was observed
corresponding to cavitation regime. The reduction in the runner torque and hydraulic efficiency were
caused by insufficient interaction of water with runner blades due to presence of water bubbles, which
were generated by the density difference between water bubbles and water. The insufficient interaction
of water with runner blades significantly reduced the reactive force generated by runner blades and
hence the torque under cavitation condition. The variation of torque and hydraulic efficiency with and
without cavitation conditions are presented in Figures 20 and 21, respectively.

Conclusions

The present study deals with the performance and cavitating flow analysis of the Francis turbine
runner under different load regimes. The numerical simulations were performed with steady and
transient approach, and the results were validated with the model testing. Hydraulic efficiency, power
output, and net head were monitored under part-load, rated load, and over-load conditions. Based on
the results, it has been concluded that loss in hydraulic efficiency, net head, and power output was
minimum corresponding to rated load, and maximum difference was found during overload opera-
tion under cavitating flow conditions. The overload operation of the turbine results in the maximum
difference in the turbine efficiency, and as the operation of the turbine shift toward rated load
conditions, turbine start to regain its best efficiency point. Cavitation phenomenon was evaluated by
generating the sigma curve for the considered loading regimes, and it has been concluded that
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reduction in friction losses increases the turbine efficiency, which is caused due to formation of small
bubble cavities during the inception stage of cavitation. The values of critical sigma were computed as
0.18,0.12, and 0.16 corresponding to part-load, rated-load, and over-load conditions, respectively. The
maximum value of critical sigma was obtained corresponding to part-load condition, which signifies
that inception of cavitation occurs earlier to part-load regime than other considered loading regimes.
The quantum of vapor bubbles was found to be more in the over-load operating conditions. Under
part-load operation regime for cavitation conditions, the Thoma cavitation number is found to
increase as runner blades rotate. The inter-blade cavitating vortices also been captured at part-load
operating condition. The formation of recirculating flow has also been observed at the suction side of
runner blades at each rotor angle. Under cavitation condition, the torque and hydraulic efficiency of
turbine runner were found to be reduced by 0.404% and 0.86%, respectively. Based on the investiga-
tions, it is observed that the part-load operation of the turbine requires a careful operation to prevent
the turbine from severe damages to the turbine runner in comparison to turbine operation under other
considered loading regimes (Full load and overload). The results of the present study will be useful for
the design, operation, and maintenance of medium-specific speed turbines. Further, investigations will
be carried out for the material selection and design optimization to overcome the problem associated
with the part-load operation of the turbine, which further may reduce the chances of cavitation
phenomena.

Nomenclature
Ny Hydraulic efficiency (%) w Angular speed of runner (rad/s)
P, Power output (watt) Q Flow discharge (m3/s)
P; Power input (watt) Dinlet Total inlet pressure (Pa)
T Torque developed by runner (N-m) Doutlet Total outlet pressure (Pa)
Oplant. Plant cavitation number Oturb. Turbine cavitation number
Pa/Poo Ambient pressure (Pa) P, Vapor pressure (Pa)
P; Absolute pressure of water at any point in flow domain (Pa) P, Total pressure at the outlet of runner (Pa)
W, Relative velocity at the outlet of runner (m/s) t Time step size (second)
H Suction head (m) H Net head across turbine (m)
kW Kilo-watt mMw Mega-watt
GVA Guide vane angle (°) K Turbulent kinetic energy
Uy Turbulent viscosity (Pa.s) S Invariant measure of the strain rate (s™')
f, Blending function my Mass transfer rate of vaporization(kg/s)
mf§ Mass transfer rate of condensation (kg/s) Ds Pressure inside vapour bubbles (Pa)
R Mean radius of bubble (m) o Density of liquid (kg/m3)
a Guide vane angle (°) OP Operating points
Ni; Unit speed of turbine (rpm) Q5 Specific flow rate (litre/s)
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