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Abstract— For cost-effective design of hydro turbines it is
essential to design a system according to fluid babior in the
flow passage. Due to complexity of the flow manyrties it may
not be practically feasible to carry out experimenal
investigations. Instead, flow can be simulated numieally
comparatively easily and at low cost using Computéinal Fluid
Dynamics (CFD) approach. Many researchers have use@FD
technique for flow simulation in hydraulic turbomachinery. This
paper reviews the research being carried out by diérent
investigators in the hydraulic Reaction turbines by CFD
approach. Starting with Q3D-Euler and 3D-Euler, today usually
Reynolds averaged Navier-Stokes equations togethetith robust
models of turbulence like standard ke is used. The current
industry standard for CFD simulation in hydraulic
turbomachinery is also presented.

Index Terms— Computational Fluid Dynamics, Hydraulic
turbine, Reaction turbine, Review.

. INTRODUCTION

HE world is facing twin energy-related threatsattbf not

having adequate and secure supplies of energy
affordable prices and that of environmental harmased by
consuming too much of it. Rising energy prices aacent
geopolitical events have reminded us of the esdentie,

Turbines are designed according to specific sitarpaters
like head and discharge. Hence, for cost-effectiesign of
hydro components it is essential to design a systerording
to fluid behavior in the flow passage. The flowhgdraulic
components is highly complex due to three dimeraion
nature, turbulence and viscous effects. It is wbffjcult, time
consuming and costly to perform experiments eitber
models or on prototypes. Instead, flow can be sibedl
numerically relatively easily and at low cost using
commercially available CFD packages like FluentXC&tar-
CD etc.

Computational Fluid Dynamics (CFD) is the tool five
numerical simulation of flow in any fluid systemtsla
powerful technique that provides an approximateutsmh
numerically to the coupled governing fluid flow edions for
mass, momentum and energy transport. The flexibilftthe
technique makes it possible to solve these equaiiorvery
complex spaces, unlike simpler modeling method¢ #ia
sqgmetimes used for simpler designs. In CFD, the flomain
is descretized into number of cells or elementmfiog a grid.
Then fundamental equations governing the flow afeesl at
different nodes till desired convergence is achieve

energy plays in economic growth and human developme

activities.

According to International Energy Agency (IEA), aibo
1000 GW of existing thermal electricity plants etworld
will be decommissioned by 2030 [1]. Also, realizitlge
Kyoto protocol and Brazil summits held to reduce green
house gas emissions, hydropower has became ohe thp
power development option to meet the increasinggne
demand.

The harnessing of energy of the falling water tovpe
mechanical power
achievements. Water wheels providing mechanicalepdar
grinding and water pumping are still in common u$ke
industrial revolution created new requirements, ofhi

The study of flow field in the hydropower plantancbe
broadly divided into two categories. The first-oaheals with
water conductor system which includes intake chinne
penstock, surge tank, spillway, tailrace channel ahd the
second deals with hydro turbine which is obvioushpst
critical component. Many researchers have appliED @s a
tool for flow simulation in different components of
hydropower plants. Starting with simplified methdassed on
two dimensional potential theory, which did not dakito
account frictional effects, nowadays CFD methodsluite
three-dimensional, viscous and turbulence effectsyr-stator

has been one of man's greatéateraction, multiphase flow, transient effectstie flow etc

[2].

It is the purpose of this review to examine th&fedent

demanded large hydro power plants which led to drapjnyestigations being carried out by different irtigators in
improvement in the design of hydro turbines and ewatthe Reaction turbines, which is generally suitdblemedium

conductor systems in hydropower sector.

to low head hydropower plants, by CFD approach. RDC
approach for specific problems related to differeséction
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turbines is discussed. The current industry stahfiar CFD
simulation in hydraulic turbomachinery is also emed.

. CFDFORWATERTURBINES

Water turbines are divided principally in two greup
impulse turbines and reaction turbines. The presisgpe of
water turbine blades is a function of the supplgsgure of
water, and the type of impeller selected. In Imeuisrbines,
the pressure energy of water is converted intotkirenergy
in nozzle and then water jet strikes the turbiregelwith high
velocity. They are suitable for high head applimasi
Examples of Impulse turbine are: Pelton turbinergou
Impulse turbine, Cross flow turbine etc. Reactiorbines are
acted on by water, which changes pressure as iesnwough
the turbine and gives up its energy. They mustrmmsed to
contain the water pressure, or they must be fulynserged in

Ill. CFDAPPROACHFORMIXED FLOW TURBINES

In Francis turbine, water flows in radially inwagdirection
and comes out in axial direction i.e. mixed flowiff€ent
researchers have carried out analysis for the effsttive
design of Francis turbine, using numerical analysid CFD.

A team from Sulzer Hydro and Sulzer Innotfd modelled a
complete Francis turbinieem the inlet of the spiral casing to
the draft tube outlet- using a 3D Navier Stokes code which can
be used to design new runners that match existngponents
more accurately, at a lower cost than by using rnedés.

Huang [6] analyzed important aspects of turbinewflo
characteristics such as anti-gravitational flowjrapflow,
helical flow, energy conversion in the turbine rann
meridional flow, inflow velocity moment distributio and
variation of velocity moment in the turbine runnBased on
above analysis, he proposed a new design of tunvimeh

the water flow. They are used in low and mediumdhedmproves turbine mechanical performance, minimifish

applications. Examples of Reaction turbine are: néig
turbine, Kaplan turbine, Bulb turbiretc.

Flow analysis in hydro power generation is alwbhgig an
exhaustive subject of exploration. In practice, ynémes it

injury and mortality in the turbine flow passagedaat the
same time, reduces the costs and time of hydropower
development.

One of the most distinguishing features of today's

investigations. CFD approach can be used as a ftmol
numerical simulation of flow in turbomachinery. Man
researchers have used CFD technique for flow stionlan
hydraulic turbomachinery. Starting with Q3D-Eulerda3D-
Euler,
equations together with robust models of turbuletike

today usually Reynolds averaged Navier-Stoke

is very challenging task for turbine designer asplofitability
often depends on part load performance of the tietbi his
problem is more severe in Francis turbine comptrd¢hplan
turbine as the runner blades of Francis turbindizeel unlike

in Kaplan turbine. Many researchers have applied CF
approach to study the part load behavior of Fratuetsne.

standard ks is used [3]. The current industry trend for flow Ciocan et al. [7] presented a CFD methodology tidsthe

simulation in hydraulic turbomachinery is givenTiable | [2].

TABLE |
TODAY'S INDUSTRY STANDARD FORCFD SIMULATION

Equation 3D Navier Stokes
Model Viscous, turbulent
Application Feasibility, optimization

Computational domain  Spiral casing with stay vanes
Spiral casing — stator

Computational grid Structured multiblock

unsteady rotating vortex in the draft tube of anErs turbine
at part load conditions and associated experimesttaly of
the flow phenomena. They performed unsteady Regrold
Averaged Navier-Stokes (URANS) simulation for tHewf

and validated the same with experimental results.
Computation flow domain and mesh for different
configurations is shown in Fig. 1. They carried out

experimental investigations for a range of Thomesitation
numbers varying frons =1.18,cavitation free conditions, to ¢

Or = 0.38,maximum rope volume.

unstructured, 500k-1000k elements

(including stay vanes)
First to second order acgurac
Two equation models:, ke
Steady

Discretization scheme
Turbulence model
Time dependence

Michel et al. [4] mentioned from their experience that, in

case of Reaction turbines, in most of the casesemuand
guide vanes can be easily replaced, but modifinatadfecting
the mechanical structure of the machine such as\staes
reshaping or the concreted parts such as spiral casiraft
tubes modifications were rare and only happeneexineme
cases. They felt that, to achieve the better pexdioice, deep
study in the form of CFD calculations and then aatiing by
model test is generally necessary.

500K Hex element Runner H-Grid

420K Hex element Draf tube O-Grid

Fig. 1. Computation flow domain & mesh for diffateonfigurations

Jain et al. [8] carried out the flow analysis of Francis
turbine at design as well as off-design conditioFisey used
three different turbulence models namely; stand&re
Renormalization group (RNG) &-and ke shear stress
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transport (SST) models. They found that KSST model is
better suited for simulation in hydraulic machinehey
observed low pressure zone near the inlet potiothefdraft
tube at part load operating conditions. The gridtfe whole
computational domain and the efficiency versus ldisge
curve are shown in Figs. 2 and 3 respectively.

Fig. 2. Grid for the computational domain
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Fig. 3. Efficiency versus discharge curve foreliéint operating conditions.

Wang and Zhou [9] measured pressure oscillationseth
by vortex rope in the draft tube of a prototyperi€ia turbine.
The three-dimensional, unsteady Reynolds-averagadenN
Stokes equations with the RNGekturbulence model were
solved to model the flow within the entire flow padf the
prototype hydraulic unit including the guide vanie runner,
and the draft tube and validated the same with raxeats.
They found that, the amplitudes of the pressurdlasons on
the blades at the lower load conditions (67% opgEnimere
higher than at higher load conditions (83% openiagy
fluctuations on the suction side tended to be gonhan on
the pressure side.

Kecket al. [10] developed a simulation tools with which th
three-dimensional turbulent flow in a complete wdtebine
can be simulated. Even operating points far froenktést point
can be calculated with astonishing accuracy, sbdb@aplete
turbine hill-chart can be generated by computee Jimulated
results were in excellent agreement with measurésnin
turbine model tests.

e

Few investigators have suggested some techniques to

improve the operational performance at partial ltsge. Jain

et al. [8] applied two different techniques to improvee th
turbine operational performance at part load opegat
conditions and found that non uniformities can éduced in

the draft tube by introducing vane in the bend ipaorof the
draft tube. However, they felt that the techniguegsd to be
further optimized in terms of vane geometry, itmensions,
location etc.

Resiga et al. [11] found that the flow stability
characteristics change when decreasing the dissharg
Francis turbine. They showed that the swirling flowthe
downstream of the runner, in the draft tube coeeches a
critical state in the neighborhood of the best caficy
operating point. For larger discharge, the swirliihgw is
supercritical, and thus it is not able to sustairsgmmetrical
perturbations. However, at partial discharge tbe/fbecomes
subcritical and it is able to sustain axi-symmetric
perturbations. They applied the jet from the runmefally at
the draft tube inlet and found that it effectivslyppresses the
vortex breakdown. However, if the jet velocity iotlarge the
flow detaches from the cone wall. They found thidue
required jet discharge reaches as high as 10%eahttoming
discharge. As a result, in order to efficiently Bpthe jet
control technique to hydraulic turbines, they pregub a flow-
feedback approach which uses a fraction of thehdige
taken through an annular slit at the end of thé&usér cone,
and directs it to the jet nozzle, as shown in Hig.They
simulated the conical diffuser and numerically skdwthat
this flow feedback can remove the vortex breakdcamd
significantly improve the pressure recovery in tbenical
diffuser.
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Fig. 4. Swirling flow apparatus with feedback floentrol

Due to variable operational demand according to ggow
requirement, hydrodynamic effects in turbines sashdraft
tube rope at part load and the guide vane-runnadebl
interaction become important issue in the designthese
machines. The pressure waves generated by theadtitar
between individual blades and guide vanes propagate
circumferentially in the radial spaces which resifito strong
machine vibrations. Hence, it is necessary to sttioky
interaction between the different components of ttimbine.
Many investigators have simulated the flow arourn t
stationary and rotating parts of the turbine.

Wu et al. [12] presented CFD-based design system fo
Francis turbine, which integrates three blade desig
approaches, parameterized geometry models, automath
generators, and CFD software. They conducted axgns
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turbulent flow simulations for both the existing damew

gaining importance due to low cost and ready alditg in

designs at the corresponding optimum and off desighe market. In micro hydropower, as the power gt

conditions. To analyze the interactions betweendheer and
the guide vanes, they carried out coupled cal@natibased
on the implicit coupling method. They verified thesults by
model testing and achieved thoroughly improved tesioin

characteristics and optimized runner and guide vameich

ultimately results into extremely smooth performamyer a
much wider range of operation. The optimized guwidee and
stay vane profiles are shown in Fig. 5.

{a)

Fig. 5. Optimized guide vane and stay vane pxfile

Sick et al. [13] described the application of “stagpability’
in CFD for industrial turbomachinery flow simulati® They
presented the method of coupling stationary andhtiraf
components together
calculation, for complete
applications were shown. For a Francis turbine afhh
specific speed, details of the CFD results areudised and

compared to experimental data which shows very good

agreement between the numerical prediction and
experimental data. They also discussed the advesmtad
coupled stage simulations for turbomachinery desigml
analysis.

Sebestyen et al. [14] modified the high-pressune fz.,
the distributor) of Francis turbine which led tatiopzation of
the hydraulic performance of the stay-vane profédssvell as
improved efficiency.

Design, operation and refurbishment of reactiohites are
strongly related to the cavitation phenomena, winiey occur
in rotating or stationary parts of the machine. cilshe
operating range of turbine is strongly related &vitation.
Many investigators have analyzed the cavitatiothi hydro
turbines. Bajic [15] introduced a novel techniquer f
diagnostics of turbine cavitation in a Francis tnebwhich
enables identification of different cavitation meaisms
functioning in a turbine and delivers detailed toeb
cavitation characteristics, for each of the mecérasi or for
the total cavitation. He conducted the experimeatxd
reported that how a turbine cavitation behavior dam
improved and how a turbine operation can be opgthiwith
respect to cavitation erosion.

The other kind of mixed flow turbine is Pump as Gine
(PAT) which is generally suitable for micro hydreper and

in one simultaneous steady-st
turbomachines and diffiere

capacity is less generally cost is equally impdrtariteria
besides efficiency. In PAT, the direction of waigrchanged
and hence pump will work as turbine. This technglgstill
under development stages. In micro hydropower,uthe of
standard PAT may often be an alternative with ssict@rable
economic advantage and might therefore contriboteat
broader application. The only difficulty is thatPeAT cannot
make use of the available water as efficiently &srhine due
to its lack of hydraulic controls. Efficiencies pimps used as
turbines may be the same as in pump mode but are often
3 - 5% lower. Many researchers have carried outv flo
simulation of pump in turbine mode.

Cooperet al. [16] explained the feasibility of using large
vertical pumps for small scale Hydropower. Theycdssed
the concept of pump as turbine, types of pumpstaufits of
pump, characteristics curves for pumps in reversslan
economic assessment etc.

A. Tammet al. [17] carried out CFD simulations of a spiral
casing test pump having a specific speed foN620. The
investigation in a turbine mode has been carrigdf@muthree
rotational speeds with the aim to determine thelteea flow
rate corresponding to the optimum efficiency. The
characteristic curves at different speeds in défiermodes of
E?)'peration are shown in Figs. 6 and Fig. 7.
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A. Shuklaet al. [18] used CFD for simulation of flow for
pump in turbine mode. They applied different tudmde
models at different operating positions. They opted the
selection parameters for pump in turbine mode andd that
pump can be used in turbine mode with little falkfficiency.
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IV. CFDAPPROACHFORAXIAL FLOW TURBINES

In low head applications, for the same power gditra
more discharge is required compared to Francisrerht is
very difficult to accommodate huge discharge in ediXlow
turbines and equally difficult to change the dir@ctflow of
water from radial to axial direction. In such cas@gal flow
reaction turbines such as Kaplan, Propeller andb Burbines
are used. The CFD approach for the flow simulatfonuite
similar to that of mixed flow turbine except thdtet flow
direction is purely axial and also the blade peofil different.

The team of U S Army Corps of Engineers [19] evidda

potential environmental and performance gains tizat be
achieved in a Kaplan turbine
modifications to stay vane and wicket gate assersbi\fter
thorough analysis, they found that minor changebkénprofile
and configuration of the stay vane and wicket gaipear to
result in improved hydro performance in terms afugtion of
losses and increase in efficiency as well as imgdoguality
of flow for fish passage.

Eisinger and Ruprecht [20]
optimization procedure based on mathematical opétion
algorithms to optimize the shape of turbine drafbe of
Kaplan turbine. This technique has been already use¢he
field of aerodynamics since many years for the owpment
of the airfoil shapes. They presented severalnopstion
algorithms and found that the EXTREM algorithm lpasved
to be the fastest in terms of optimization runswweer, a
decisive drawback is that it can lead to detectbra local
minimum instead of the global minimum. Neverthelebss
problem can be solved with good initial guessesti@nother
hand the genetic algorithm shows a very robust Waehabut
it requires a distinctly more optimization cyclesnda
computational time.

Avellan [21] presented the cavitation phenomenaufea
by Francis and Kaplan turbines, including type aivity

through non-structural

applied automatic shape

attached to a tapered hub and a rotating shroadretl to the
outside edges of the blades. Fig. 8 shows Kaplennie with

three helical blades. They conducted a model tedt with

some modifications implemented the results to thledcale
turbine, and found that the full-scale turbine vebblave an
efficiency of about 90% and that fish survival weblde about
98%.

Fig. 8. Fish-friendly Kaplan turbine.

In very low head ranges, the submergence of turbine
increases which leads to higher excavation costutih cases,
Bulb turbines are used as in this case the shafbeakept in
inclined or horizontal positions. Many researchiease used
CFD approach to simulate the flow in pump in tugbmode.
Pan [23] developed CFD solver software to predie t
performance of the low head bulb turbine. He sitmdahe
flow through a complete hydropower flow channetliding
all flow components such as turbine runner, guidees,
draft-tube, as well as upstream / downstream flowctures.

He mentioned that the computational grid can beeggad by
a parametric grid-generator to have a fast and easy
computational model build-up. Streamline flow thgbubulb

development related to the specific speed of machiturbine passage is shown in Fig. 9.

considering the influence of the operating condsitike load,
head and submergence. He discussed the
cavitation development on machine efficiency, opermaand
integrity. He emphasized the importance of modsting for
the proper level setting of the turbine

Hydroelectric power plants and the associated dammgde
a broad range of benefits e.g., electric powerdlaontrol,
navigation, recreation, and water supply but mayehsome
potentially negative environmental impacts also, &g water
quality and fisheries. It is observed that the fshvival rate
in Francis turbines is around 60 to 908épending on the fish

size and runner speed, and that in Kaplan turbines is arouno

85 to 96%.

George E. Hecker et al. [22] developed a new design

influence

Kaplan turbine to improve fish survival during thei Fig 9. streamline flow through bulb turbine pagsa

downstream migration which includes a normal scoalse,
few but relatively long wicket gates, a streamlirdavnturn
before the runner inlet, a runner with only thretidal blades
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V. CONCLUSION

helical fish-friendly hydroturbine”, ASCE Hyd. Eng., pp. 835-844,
2005".

Developments in CFD began with the use of much mofg4] H. Pan, presentation on “Performance Predictié Bulb-turbines by

simplified methods based on two dimensional po&titiieory,
which did not take into account frictional effectBut
nowadays CFD methods include three-dimensionakovis
and turbulence effects, rotor-stator interactionyltiphase
flow, transient effects in the flow etc. The praggen CFD
simulation technique is impressive and CFD is anials
choice of designers of hydraulic turbines. Alsolidity of
CFD results is equally important. CFD can nevetaep the
other two fundamental approaches of analysis ieerttical
and experimental approach but it will supplemersthtwo
approaches and helps in reducing the experimefitateeand
cost.
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