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ABSTRACT

The main objective of this present investigationc@mputational study of the effect of pressure,owity,
temperature, kinetic energy, turbulence eddy didgip, total temperature and total pressure ondl¢hvough a linear
cascade. The main purpose of this project is imyasdn of flow characteristics and heat transfeuad the blade. A 3D
Navier-Stokes flow solver was applied to charazteflow, to support the flow phenomenon. The prograghlights the
flow analysis results and performance evaluatioa tidrbine blade design. The method of computatifina dynamics
(CFD) is used to investigate the flow in a lineascade. CFD analysis is becoming a prerequisitet édeedesign, testing
and optimization of practical engineering systefegineers can make use of CFD tools to study abwaitflow,
modeling the phenomenon in design and predict yiséem performance. The experiments were perfornmednodels
deriving from a stator of a high-pressure turbifke flow understanding obtained by the currentgmbgan be used to
guide the design of turbine blades at differentvfmnditions. Data include blade pressure distidnsgt and velocity plots.

CFD analysis of this design is carried out withohective of assessing the blade performance.
KTYWORDS: Turbine, Linear Cascade, CFD
INTRODUCTION

Flow in turbines is complex and three dimensiomah important problems that arises in the design and
performance of axial flow turbines is the underdtag, analysis, prediction and control of flows.eTow behavior in a

turbine blade cascade is explained with pressalecity, temperature and streamline plots

Axial flow turbines were developed in the laté"k@®ntury. Today's turbines for power generationcapable of
delivering 600MW power or more. Their design igically dependent upon advanced fluid mechanics thrdcascade
mode is an essential tool in turbine blade analy&ismall but consistent improvement in blade éficy will have
corresponding economic implications for the nati&@ven efficiency improvements by a fraction of marclead to
considerable gains in the power output of turbir@nultaneously, they lead to a reduction of casftsoperation.
Turbine manufacturers are constantly competing todgce more efficient, higher thrust and lightergiemes.
Correspondingly, the research and development efttihbo machinery components is directed for higféiciency,
higher power output and less weight. Mainly by tbasons given above, a great number of studie®gperiments were

performed in order to enhance the efficiency obtumachines and to understand the loss creatiamopinenon.

To achieve these goals, the study of flows is diderrlow through turbines is highly complex aruee
dimensional due to three dimensional blading, bauwnthyer development on the blades and walls. ddgmderstanding
of flow physics help designer to improve efficienayd performance. Hence in turbines, the need dénstanding the
flow behavior is very important. The basic functiminthe blades is to turn the air to the requiredle. Unlike an isolated

airfoil for external flow application, blades oftarbo machines including compressor and turbineuaeal in a row and
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38 Suresh Pittala & Awash Tekle Tafere

referred to as a “cascade”. The method of CompmnatiFluid Dynamics (CFD) is utilized in this projdor the study of
flow effects. A model of a linear cascade bladeuat and the flow through the cascades is stinealatsing a commercial
CFD code, namely ANSYS-CFX 12. A flow analysis tgh a low pressure turbine cascade passage withumexf 5%
turbulence intensity is presented in this work. Thebulence of the flow was modeled by the standatdturbulence

model. The standard wall function was applied. it was simulated as steady, incompressible flow.

Giel, P. W.; Thurman, D. R.; Lopez, |.; Boyle, R.\Jan Fossen, G. J[1] have presented three dimealsflow
field measurements for a large scale transonidrtarblade cascade. Flow field total pressures &t pnd yaw (rotation)
flow angles were measured at an inlet Reynolds murnb1.0 x 10and at an isentropic exit Mach nundfet.3 in a low
turbulence environment. Flow field data was obtdioa five pitch wise or span wise measurement glatvéo upstream
and three downstream of the cascade, each covthieg blade pitches. The large scale allowed foy \detailed

measurements of both flow field and surface phemame

Giel, P.W., Thurman, D.R., Van Fossen, G.J., Higpezle, S.A, and Boyle, R.J. [2, 3] Turbine bladd eall
heat transfer measurements are presented for a drigeynolds and Mach numbers. Data were obtdime&eynolds
numbers based on inlet conditions. Tests were adadun a linear cascade at the NASA Lewis Trarsdnirbine Blade
Cascade Facility. The test article was a turbirterraith 136 of turning and an axial chord of 13 cm. The lasgale
allowed for very detailed measurements of both ffeadd and surface phenomena. The flow field in ¢hscade is highly
three dimensional as a result of thick boundargisyat the test section inlet. Endwall heat trandéga were obtained

using a steady-state liquid crystal technique.

Garg, V. K., and Ameri, A.A. [4] Two versions ofeliwo-equatiork—o model and a shear stress transport (SST)
model are used in a three-dimensional, multi-bloblavier—Stokes code to compare the detailed hemisfer
measurements on a transonic turbine blade. ltusddhat the SST model resolves the passage Voetéxr on the suction
side of the blade, thus yielding a better comparisdh the experimental data than either of khe models. Computation
of the production term in the turbulence equatidos aerodynamic applications, and the relation leetwv the
computational and experimental values for the tiemiee length scale, and its influence on the passagtex on the

suction side of the turbine blade were also address

Wilcox, D.C. [5] straight forward modifications the k-omega two-equation model of turbulence amppsed
and tested for both wall-bounded and free-shearsfla’he modifications eliminate the k-omega modsdissitivity to the
free stream value of omega without destroying @sueacy for boundary layers in adverse pressurdigmg arid for
transitional boundary layers. The revised modedhiswn to yield satisfactory agreement, with measergs for the far

wake, the mixing layer and the plane jet.

Menter, F.R. [6] Two new two-equation eddy-viscpditirbulence models will be presented. They combine
different elements of existing models that are @®red superior to their alternatives. The firstdelo referred to as the
baseline (BSL) model, utilizes the originall model of Wilcox in the inner region of the bound#ayer and switches to
the standard model in the outer region and in $resar flows. It has a performance similar to théc@ model, but avoids
that model's strong free stream sensitivity. Theosd model results from a modification to the diéfim of the
eddy-viscosity in the BSL model, which accounts fiee effect of the transport of the principal tudmi shear stress.
The new model is called the shear-stress transpode! and leads to major improvements in the ptiedicof adverse

pressure gradient flows.
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The NASA Glenn Research Center (GRC) linear traiesolade cascade of a largescalel-3 is a testspasgally
designed to provide a detailed high Mach numberrblade flow and heat transfer data set to CFD:abelelopers and
users [7]. A brief description of the experimerfetility and available data are as follows. Thens@nic turbine blade
linear cascade with a large turning angle consiid passages. A highly three-dimensional floudfiwas obtained in the
blade passage by allowing the endwall turbulennidauy layer to develop in a long inlet section tgmsin of the cascade.
To define the cascade inlet flow conditions, aenadgic probe measurements were madeat a sectioredooae axial
chord upstream of the blade leading edge plane. tR@rendwall heat transfer measurements under thomsli of
approximately constant wall heat flux, power sginvere ranged from 200 to 1200 Watts. The netsarheat fluxrate
used to determine the Stanton number was the heewesr corrected for conduction losses and foratad heat transfer.
The steady-state liquid crystal technique was Usedsurface temperature measurements. Local endveat transfer
measurements were performed at eight combinatibtiseanlet Reynolds number, Re, the isentropid &dch number,
Mex, and the free stream turbulence intensity. Adidal details are given by Giel et al 2.Previoushe experimental data
set obtained in the NASA GRC was used by Garg arethio examine capabilities of two-equation tugmde models
for prediction of blade heat transfer. Kalitzin &t 5 computed blade and endwall heat transfer usieg Durbin
four-equation v2-f model and the Spalart-Allmar@sX) one-equation model. Goriatchev et al 6 analyssrondary flows
and pressure losses using the S-A model. lvanal/gtised different versions of S-A, k-e and k-vbtdence models with
the same grids. All these studies were performethgudNavier-Stokes codes of second order accuracth wi
block-structured computational grids consistingabbut 350,000 t0550,000 cells (for one half ofltledle passage height,
in compliance with the assumption of the time-agethflow symmetry). Analysis of the computationaltal reported

allows a conclusion that computations with gridswéh a size produce grid.

NUMERICAL METHODS

Numerical Solution

The numerical simulation of the blade-to-blade fifigd in the current research was fulfilled byngiavailable
ANSYS software, SOLID WORKS, ANSYS CFX 12.2. Thissvdeveloped by ANSYS CFX was specifically devetbpe
for aerodynamic and/or heat transfer analysis afeno turbo machinery configurations, with the calitstof predicting
both steady state and time-dependent flow fieldssblying Euler or Navier-Stokes equations. It aboeither serial
execution or parallel execution on massively paladk workstation cluster computing platforms frarsingle source.
The code utilizes a finite-volume, four- stage Reufqtta time-marching numerical procedure in coofion with a
flexible multiple grid block geometric representati to permit detailed aerodynamic simulations famplex
configurations. The code had been verified for battho machinery and non-turbo machinery based icgifuns.
In addition to being used for analyzing the steaaty unsteady aerodynamics of high-bypass ductes ifarolving
multiple blades rows, CFX possesses many featut@shwmake it practical to compute a number of otfew

configurations, such as the cascade flow in theeotiinvestigation.
Solution Procedure Sequence

Step 1 involves selecting geometry and flow cood#i defining which specific results are desiredd a
specifying whether steady state or time-dependatd dre required, whether in viscid calculationl€E®quations) is
sufficient or whether a viscous flow solution (NewStokes equations) is needed. In Step 2 ande3g#ometry is

specified (such as the blade profile) and the fitmnain is represented by the computational griid Generation can be
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handled through commercial packages. In this warlsys work bench was used. Most of the work tallfafdesired
execution of the code is included in the next stdme standard input file controls operations spetd a particular run of
the code. Operations such as the number of iteigtitow conditions, and input/output control amvgrned by the values
specified in the input file. All the boundary cotidh information is provided by the boundary dake, fin which numerous
values need to be defined and/or chosen accordirthet code syntax. The next step is to run the .cbueing the
computation, some real-time output can providerimfgtion about the progress of the code running. ddrevergence
history is also available for review. Commerciakpprocessing software’s can be used by to readtijut files and
create the plots of the flow field.

Problem Definition

The geometry of the linear cascade is that availalsl shown below in figure 1. A fragment of theceag is
illustrated in the Figure 1, together with a slafehe computational domain. Table 1 covers blattaascade dimensions

and the basic flow parameters at the design itdet &ngle.

Figure 1: Blade Passage and Slice of the Computatial Domain
CFD Procedure of the Current Work

Numerical investigation was performed on the casdalvs for the cascade, using ANSYS CFX. Numerical
results fully characterized the flowfield, provididetailed flow information such as flow speedwflangle, pressure, axial
chord, true chord, design inlet flow angle, etceTlowfield information from CFD simulation was theised to help

elucidate the flow physics.

Table 1: Comparission between Classical and New MetiCascade Dimensions and Flow Parameters

Parameter Classical Model | New Model
Axial chord, G, cm 12.7 13
Pitch,cm 13.0 13.5
Span, cm 15.24 16.24
True chord, cm 18.42 19.42
Design inlet flow angle. Degrees 63.6 60.6
Total turning(at inlet flow angle) degreds 136 156’
Prandtl number, P 0.72 0.82
Inlet turbulence intensity,% 0.5 0.7
Inlet turbulence length scale, cm 0.127 0.135
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Figure 2: Computational Domain
Meshing

Ansys cfx provides unstructured meshes in orderesuce the amount of time spent generating meshes,
simplifying the geometry modeling and mesh genemapirocess, model more complex geometries tharbeamandled
with conventional, multi-block structured meshesj &t the mesh to be adapted to resolve the fleld-features. Ansys
cfx can also use body-fitted, block-structured nesshnd is capable of handling triangular and gladral elements
(or a combination of the two) in 2D, and tetrahédraxahedral, pyramid, and wedge elements (omabamation of these)
in 3D. This flexibility allows picking mesh topolas that are best suited for particular applicatitih types of meshes
can be adapted in ansys cfx in order to resolgelgradients in the flow field, but the initial rhesvhatever the element
types used) outside of the solver, using ansys \eerich, T Grid, or one of the CAD systems for whinash import
filters exist must always be generated. The gegmistrcreated by using ansys work bench Design Mwdehd the
extruded geometry is meshed by cfx mesh. Volumehniegenerated by choosing Generate Volume mesh.nidshed

domain is shown in the figure 3: with the mesh ileta

Figure 3: Meshed Domain
Table 2: Mesh Details

Default Domain | 417682 213673 203748
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Boundary Conditions, Boundary Sources and Fluid Prperties

To solve the problem, it is necessary to specifyrapriate initial and boundary Conditions. The gadmported
in to ANSYS CFX PRE and then domain is selected Bbundary conditions are specified and then theesgontrol is

set up.

Table 3: Default Domain Conditions

Name Location | Material Type Models

Heat Transfer Model = Total Energy
Turbulence Model = Shear stress transport
Default domain B208 Fluid at ideal gag urbulent Wall Functions = Scalable
Buoyancy Model = Non Buoyant
Domain Motion = Stationary

CFX Pre Process

At the present computations, the fluid (air) isatezl as a perfect gas with the specific heat matio 1.4.
The governing equations are the Reynolds-averagatieNStokes equations and the energy equatiotewrfor the total
enthalpy. A power-law is adopted to account fordependency of viscosity on temperatume; T 0.76.In order to define
proper boundary conditions at the 3D computatiatahain inlet section placed one axial chord upstred the blade
leading edge. At inlet total pressure of 130000aRd at outlet Static pressure of 90000Pa is corexidas boundary
conditions to define the total temperature, totalspure and velocity vector angle and turbulencarpeters distributions
over the inlet plane of the 3D blade cascade coatijpmial domain.

To get the isentropic Mach number required a prepére of static pressure was specified at thesbbtbundary
located one axial chord downstream of the bladénmgaedge. At the solid surfaces of the cascaderth-slip condition
was imposed. The constant temperatdig, of 350 K was specified on the end wall. Remainivegls were treated as
adiabatic Wall boundary condition was used in thehpwise direction. For computational purposes, ftow between the

two cascade blades is considered assuming the syyame
Inlet Boundary Conditions

Table 4: Inlet Boundary Conditions

Domain Name | Location | Type Settings
Flow Direction = Normal to Boundary Conditign
Flow Regime = Subsonic Heat Transfer = Static
Temperature Static Temperature = 350 [K] Mass
And Momentum = Total Pressure Relative
Pressure = 208000(p) Turbulence = Medium
Intensity and Eddy Viscosity Ratio

Default Domain Inlet Inlet Inlet

Outlet Boundary Conditions

Table 5: Outlet Boundary Conditions

Domain Name | location Type Settings
Flow Direction = Normal to Boundary Conditign
Flow Regime =Supersonic

Default Domain Outlet Outlet Ouitlet

Impact Factor (JCC): 3.2766 Index Copernicus Value (ICV): 3.0



CFD Analysis for Linear Blade Cascade of a Turbine 43

Wall Boundary Conditions

Table 6: Wall Boundary Conditions

Domain Name Location Type Settings
Default Default F209.208, F210.208, Heat Transfer = Adiabatic Wall
domain domain F211.208, F212.208, Wall | Influence On Flow = No Slip Wall
default F213.208, F2... Roughness = Smooth Wall
CFX Solver

For the simulation run, inlet flow conditions (Pflt1, al) were specified. Outlet static pressure was ahdése
achieve the desired inlet Reynolds number. Wallndewy condition was used in the pitch wise as wsllspan wise

direction. The simulation run had stable convergdmstory.
CFX Post Processor

In this the results such as contours, Vectors aneh®lines can be viewed. In the results velooitgtour, total
pressure contour, total temperature contour, vglatieam line, velocity vectors, turbulence kinetnergy contour are

shown.

RESULTS AND DISCUSSIONS
Pressure Contours
By Taking Inlet Pressure 250(K)

In the pressure contours shown in figure 4. Thera gradual decrease in the pressure betweendtesbfrom
leading edge to the trailing edge which shows thate is no shock formation. The inlet pressurel dse the pressure
output graph is 208000. It is possible to distispuhe region of the blade end wall starting frewm low pressure point on
the suction side. Since the boundary conditionsappied on the end wall and there being a shangecuve observe there
is sudden increase in pressure in the figure. ft @so be interpreted as the Velocity being higd #me boundary

conditions being given on the end wall there mightr sudden increase in pressure.

Pressure
(Contour 1)
2.080e+005
2.080e+005
2.080e+005
2 .080e+005
2.080e+005
2.080e+005

2.080e+005

2.080e+005
2.080e+005

2 0BDe+005
[Pa]

Figure 4: Total Pressure Counter

Temperature Contours

Two different total temperatures are taken thoge350(k)and 315(k).There isno drastic variationeobsd in
315(K),but there is variation in 350(k)temperatWwhen local temperatures were used, we found a sratifition near

theinlet.
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Figure 5: Total Temperature Counter
Velocity and Stream Lines

Here it is observed that there is a flow separatiorthe suction side at the trailing edge whichlultesn Kutta
condition near the exit. The recirculation in thigufe 6 clearly shows the variation in velocityestmline. There is a

pressure difference in the suction and pressusedfithe blade and hence we get a Lift force fertitade.

Velocity

(Contour 1)
1.722e+000
1.531e+000
1.339¢+000
1.148e+000
9.567e-001
7.654e-001
5.740e-001
3.827e-001
1.913e-001

0.000e+000

[m s2-1]

Figure 6: Velocity Streamlines 3D
Turbulence Kinetic Energy

Because of the pressure gradient from leading &dgrailing edge on the suction side near the aslthere is a
constrictive passage between the wall and the bdédks the zone is subjected to high flow velo@is/shown in the
figure 7. Analysis of the computational data repdrallows a conclusion that computations with gidseduce wall

pressure distribution, but the grid sensitivityladal heat transfer however remains questionable.

Mach Number

(Contour 1)
1.076e-003
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1.000e-015

Figure 7: Mach No Contour
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Figure 8: Temperature Contour
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CONCLUSIONS AND SUGGESTIONS

A CFD analysis methodology on a turbine cascadebkas presented in this work. By taking same intessure
and different total temperatures the variationsesfits are observed. The effects of parameterptid®ssure, temperature,
velocity and turbulence kinetic energy ,mach nundistribution are considered.Results are presetheaigh flow field

contours. The flow was examined using contoursetdaity, pressures, velocity vectors and streaeslin
Some of the Key Findings of this Work Are Listed afollows
» Because of the drastic pressure gradient fromegeliige to trailing edge on the suction

» Side near the wall as there is a constrictive gpstetween the wall and the blade side, the zosehigcted to

high flow velocity.
e Regions of high turbulence intensity are identified

 Here we observe that there is a flow separationthan suction side at the trailing edge which resuits

Kutta-condition.

In general, the developed CFD model provided userfiderstanding of flow with in turbine. The modéllvwe

used as a basis for further work on considering flaith in turbine. The study enhances our knowledgesecondary
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flows for future turbine. Further progress on seatao® flows is dependent on a deeper understandittteghysics of end

wall boundary layers.
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