Chapter1 Introduction

1.1 General

In the world of the beginning 21st century life has become more energy
demanding than ever before. New technology achievements that make our life easier
are continuously being introduced and become available to more and more people.
This development is reflected in an increased demand of electrical energy. A key
invention that allowed and drives this development is the gas turbine power plane.
This machine converts chemical energy of fuel into kinetic energy. The operating
principle of gas turbines is described by the Brayton cycle thermodynamic model. The
machine consists of three main components, compressor, combustor and turbine. Air
is first compressed from a low to a high pressure, at which it is used to burn fuel in a
combustor, to add energy into the cycle. In the turbine section the combusted fuel/air
mixture is expanded from high pressure and temperature back to the low pressure
level. The turbine expansion process partly converts the energy of the mixture in
kinetic energy, which is used to drive the compressor and additional pay loads.
Nowadays, gas turbines are mostly used in power plants to generate electrical power,
or for creating thrust in jet engines of airplanes. In all fields of applications gas
turbines work in highly competitive markets. Therefore, they are judged by their

efficiency, power density, manufacturing and operating costs and emissions [4].

The turbine section is composed of stationary and rotating blade rows, called
turbine stages. A stator row deflects and accelerates the working medium in
circumferential direction. A rotor row positioned directly downstream of the stator
converts the kinetic energy of the fluid into angular momentum by turning the fluid
back in to the axial direction. The expansion process in the turbine blade a number of
loss creating mechanisms. In order to increase the efficiency, and reduces fuel
consumption and increases the economic operation of these machine. Therefore study

the detailed and fundamental comprehension of loss mechanisms is necessary.



In general application of turbomachinery, the aerodynamic losses are generated
from a number of sources. [1] States that, losses are typically broken down into profile
loss, end wall loss, and tip leakage loss. Profile loss is loss generated in the blade
boundary layers and blade wakes. End wall loss refers to loss that is a result of the end
wall boundary layer passing through the tip clearance. Tip leakage loss pertains to
losses incurred by the flow that passes through the blade tip clearance from pressure
side to suction side. The leakage flow through the clearance causes both end wall loss

and leakage loss. [2] Stated that the most important loss generation mechanisms are.
1.The blade-tip-end wall clearance flow.

2.The interaction of blade and end wall boundary layers with the flow in the Blade tip

region, and.
3.The diffusion and mixing of flows.

The loss of flow through the tip clearance from the main passage and the subsequent
irreversible mixing and diffusion that are the sources of inefficiency. From the list of
loss generation mechanisms, the first two items create three distinct vortices: the tip
leakage vortex, the horseshoe vortex, and the passage (or cross flow) vortex. Figure
1.1 and figure 1.2 shows these near-tip flow phenomena that are traditionally found to
occur in a turbomachine. In some cases, the tip leakage flow may roll-up and form a
discrete vortex. In a typical turbine figurel.1 show, the tip leakage flow could be
found in turbine, compressor and fan flow fields. Figure 1.2(a) shows a qualitative

drawing of the tip leakage vortex that is created by the flow that leaks through the tip

clearance. Figure 1.2(b) illustrates the stagnation point, or horseshoe vortex, as well as
the passage vortex on one side of the blade. In Figure 1.2(¢c), a different view of the

passage vortex is given[2].

Understanding and analyzing of the effects of tip clearance on axial turbine

performance is very important to increase the turbomachinary performance (high



efficiency, reduce losses, low noise, ect) and to make any improvement of
turbomachinary design so as to reduce the losses of flow through the tip clearance in
turbomachines.The present study focus to study effect one of the losses occur in
turbine on the rotor preformance. Losses are created by the fluid that passes through
the radial gap between the tips of the rotor blades and the stationary casing. A rotor
row in turbine has a small distance between the tip of the rotor blade and casing is
called a tip clearance. It is necessary for the rotor to be able to move, this gap allow
the working fluid to leak through the gap from pressure side to suction side, the tip
leakage flow is driven by the pressure difference between the pressure side and

suction side of the blade.
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Figurel.l. Schematic of a typical turbine tip leakage vortex[32]
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Fig.1.2. Near-tip Coherent Vortex Structures

(a) Tip Leakage Vortex; taken from Bindon, [31], (b) Horseshoe and Passage Vortices;
taken from Lakshminarayana, ,(c) Passage Vortex; taken from Lakshminarayana,[2]



1.2-Objective

The objective of the present research aims to use numerical simulation to Study
the behavior of flow inside axial flow rotor for the purpose to analyze and understand
the phenomena of tip leakage flow which occur inside it, and to study the effect of
this phenomena, on the performance of the axial flow rotor, and determine their
directions, their dominant regions, and their resulting vortex, at different tip clearance,

and different rotating speeds.
1.3-Scope of the thesis

The present research presented in the following ways. First, general
introduction in Chapter 1.Second literature review of the earlier studies, selected from
the relevant field, will be presented in Chapter2. Following these, numerical approach
along with the details CFD software will be given in chapter3. Result and discussion
In Chapter4, Finally, conclusions, and future directions that are required for further

study of the effect of tip clearance on rotor Performance.



Chapter2 Literature review

2.1 Introduction.

In order to improve the performance of turbomachinery systems, a detailed
understanding of the complex and highly three-dimensional flow phenomena inside
axial flow turbine is required. Tip leakage flows one of this phenomena are very
complicated by their interaction with the passage flow and the boundary layer
developed from the end wall. With the rapid progress of computer and CFD
technologies in recent years, many researchers have a tendency to use numerical
investigation to solve this problem. But currently, the turbulence structure generated
by this phenomenon is not well understood and remains difficult to predict.
Experimental study still plays an important role in the study of tip leakage flows. It
can give us detailed views of the fundamentals of such flow phenomena, and can also
provides valuable data to establish and modify the models used in numerical
investigation. Accordingly the focus of this chapter is to frame the present work by

reviewing different numerical simulations.
1.3. Losses in Turbomachines

Losses in turbomachines are historically classified by their origin and thus

termed as, profile loss, end wall loss, tip clearance loss.
1.3.1 Profile Loss

This loss is associated with the growth of the boundary layer which is directly
related to blade profile. When the adverse pressure gradient on the surfaces so this
increase profile losses by the separation of boundary layer. The pattern of the
boundary layer growth and its separation depend on the geometries of the blade and
flow. The suction side of a blade is more prone to boundary layer separation than
pressure side of blade. So the suction side aerodynamic losses higher than pressure

side of blade surfaces U.J.Patdiwala et al [4].



1.3.2 End wall Losses

This loss occurs in the regions of flow near the end walls owing to the
presence of unwanted circulatory or cross flows. The flow near the end wall give rise
to circulatory flows which are mixes with main flow through the blade passage. As a
result of this, secondary vortices in the stream wise direction are generated in the
blade passages. These vortices try to transport low energy fluid from the pressure side
to suction side of the blade passage, thus increasing the possibility of separation of the
boundary layer on the suction side. Figure.2.1 show end wall losses Flow structure in

a turbine cascade [1].
1.2.3Tip Clearance Flow Losses

These losses arise due to the clearance between a moving blade and the
cas. On account of the static pressure difference, the flow leaks from the pressure side

towards to suction side. Figure2.2 show CFD tip leakage flow.

Endwall

Figure 2.2 Tip-gap flows

Figure2.1.Behavior of from a numerical model by Tallman
secondary flows as proposed by and Lakshminara-Yana [6]
Langston[5]



3-Tip leakage flow studies

The tip leakage flows are one of the most common and influential features of
flow through turbomachines. In fact tip leakage flows are important source of
unsteadiness and three dimensionality of flow in turbomachines, while contributing

significantly to loss of efficiency and useful work in turtbomachines.
3.1 Formation of tip leakage flow

Fundamentally, a leakage flow can be decomposed into two driving
components: one which results from the static pressure gradient between the pressure
side and suction side of the blade, and a second which is driven by the relative motion
of the adjacent rotating casing. The first driving component, pressure gradient, occurs
as a result of the airfoil shape of the blade, thereby creating a high-pressure PS and a
low-pressure SS. The clearance between the blade tip and the casing, allows space for
pressure-driven flow to escape around the blade tip Figure.2.3 show that. The second
driving component, the moving wall, forms as a derivation of the Couette flow
problem. In this case, viscous stresses create a shear flow which is additive to the

pressure-driven flow, Adams, N.G., and Hepworth, H.K, [7].
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Fig.2.3 representation of pressure-driven flow from blade PS to blade SS [5 ].



The effects of turbine tip clearance on gas turbine performance studied by
Cleverson Bringhenti and Joao Roberto Barbosa [8]. They observed that the tip
clearance have very well affect on its performance and occurs losses. They also found
that the turbine tip clearance effect also seen by the compressor characteristics and the
engine performance. And this information used during early design phase to take into
account of turbine tip clearance losses. Anderson Jr [9] evaluation of tip-leakage flows
based on tip-clearance variations using a computational fluid dynamics (CFD) to
predict the variations in pressure ratio, efficiency and mass flow for different gap
clearances. Krishnababu et al.[10] published a numerical study to evaluate influence
of different tip geometrics on the tip leakage flow and heat transfer, based on flat tip
geometry and squealer type geometries, comparing two different tip clearance gaps. It
was observed that, in comparison with the simple geometries, the squealer type
geometrics are advantageous aerodynamically and for heat transfer, because they

decrease leakage flow, and hence losses and average heat transfer at the tip.

Muthanna [11] builted an 8 blades, 7 passage linear compressor cascade with
tip leakage. He measured the flow field downstream of the cascade using four sensor
hot-wire anemometers, from which he obtained the mean velocity field, the turbulence
stress field and velocity spectra. He used oil flow visualizations on the end wall
underneath the blade row. He studied the effects of tip gap height, and blade boundary
layer trip variations. He observed an existence of two distinct vertical structures in the
flow. The tip leakage vortex which formed due to the roll up of the tip flow as it exits
the tip gap region. A second vortex, counter-rotating when compared to the tip
leakage vortex, is formed due to the separation of the flow leaving the tip gap from the
end wall. He found that an increase in the tip gap height increases the strength of the
tip leakage vortex, and vice versa. He also found that changing the boundary layer trip
had no effect on the flow field. RajeshYadav et al [12] Investigations of Gas Turbine
Characteristics by Varying Tip Clearance and Axial Gap for different values of
axial gap varying from 2.5 mm to 4.5 mm with the interval of 0.5 mm and a tip
clearance out of values 3%, 5% and 7%.thy found that the effect of axial and tip
clearance that the efficiency is maximum for the combination of 3.5 mm axial gap

9



and tip clearance 3%. But for the actual case, the tip clearance of 3% is not sufficient
because of thermal expansion of rotor blade working under high temperature and
rotating with high speed. J.S. Liu and R. Bozzola[13]used Three-Dimensional Navier-
Stokes Analysis of the Tip Clearance Flow in Linear Turbine Cascades. Huanxin [14]
used Simple-type method based on three-dimensional non-stagger grids in body-fitted
coordinate, Navier-Stokes equations closed by k—¢turbulence model and Euler
equations to simulate and analyze three dimensional flow and tip clearance leakage of
an isolated axial compressor rotor. His comparison between the numerical and
available experimental results showed that leakage flow is invalid and can be
controlled by the difference of reduced pressure between pressure side and the suction
side of blade at tip region. Sell et al. [15] presented computational tip aerodynamics
results from a linear turbine cascade with an exit Mach number of 0.5.They reported

that the computational simulations agree well with their measurements.

Ameri et al. [16] computationally investigated the effect of tip recess on tip heat
transfer and efficiency. They found that the numerical prediction of the effect of the

casing recess on blade and tip heat transfer and efficiency was reliable.

Wu, k.,and, Elhadi, E.[17]Simulation of tip leakage flows and their effects in
axial flow fan using computational fluid dynamics at deferent tip clearance (0,2,4) size
at three different loading conditions; small flow rate, design flow rate and large flow
rate. The CFD code was based on solving Reynolds averaged Navier-Stokes equations
coupled with Spalart-Allaras turbulence model. They investigation the Effects of tip
clearance size on fan performance at different loading conditions and The structure of
flow inside the flow inside tip clearance. He found the increase of tip clearance high
influence of performance . Adamczyk [19]stated that the stable operation range of a
turbomachine is affected by tip clearance. He wrote “Smith found that increasing the
clearance between the tips of rotors and the case of low-speed compressor caused the

point of stall inception to move to a higher flow rate”.

10



4. Computational Fluid dynamic (CFD) studies

Computational fluid dynamics (CFD) 1is predicting what will happen,
quantitatively, when fluids flow, often with the complications of simultaneous
flow of heat, mass transfer (eg perspiration, dissolution),phase change (eg melting,
freezing, boiling), chemical reaction (eg combustion, rusting),mechanical
movement (eg of pistons, turbine , fans, rudders), stresses in displacement of
immersed or surrounding solids. Computational fluid dynamics (CFD) is one of the
branches of fluid mechanics that uses numerical methods and algorithms to solve
and analyze problems that involve fluid flows. Computers are used to perform the
millions of calculations required to simulate the interaction of fluids and gases with
the complex surfaces used in engineering. Today Computational Fluid Dynamics tools
are becoming standard in many fields of engineering involving flow of gases and
liquids. Numerical simulations are used in the design phase to select between different
concepts and it used in the production phase to analyze performance. Accurate and
robust turbomachinery flow prediction and study different phenomena that occurs
inside machine remains an objective of most researches in turbomachinery field.
Representation of flow in turbomachinery is difficult due to existence of viscous
wake, secondary flow, turbulence, leakage flow and interaction of different flows
from these phenomena. Certainly turbomachinery internal flow analysis and design
have benefited greatly from advancements in computational power and efficiency.As
stated by Keith [18], “today, 3-D Euler, quasi-3-D viscous, and 3-D full Navier-Stokes
analyses are integral parts of turbomachinery design procedures for all engine
manufacturers. As noted by Adamcczyk [19], today fan rotors are designed using
viscous 3D CFD model,..., etc, using these models the blade geometry is tailored to
control shock location, boundary layer growth and end-wall blockage”. Denton [2]
stated: "computational fluid dynamics (CFD) probably plays a greater part in the
aerodynamic design of turbomachinery than it does in any other engineering

application". Tallman [20] stated “CFD offers a tool for looking at the flow inside
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areas too small for measurements. Real engine parameters i.e. physical geometry,
boundary conditions, operating conditions and additional forces could be modified
much easier in computational study". Accordingly there are many computational fluid
dynamics works available in Turbomachinery literature. F.R. Menter et el [20]they
using CFD to Simulation OF Turbo Machinery Flows —Verification, Validation and
Modeling-( ANSYS — CFX) they found The challenge to the CFD modeler lies in
the proper formulation of models, which offer an optimal compromise between
robustness, numerical costs and physical accuracy. The challenge to the design
engineer lies in the selection of the best model for the application at hand and
to provide an adequate space and time resolution of the flow. Basson and Ro
[8]Showed that the flow in the casing region of axial rotor is very complex due to
existence of blade and end wall boundary layers. He also stated that losses generated
as a results of flow leakage and its interaction with other flow are about 30-50% of
total loss of rotor. Khalid et el[21] pointed out that the end wall blockage is
approximately proportional to clearance height. Tomita, J.T. and Barbosa, J.R. [22]
discuss the influence of the flow turbulence intensity in an axial turbine inlet in its
design-point operation. The flow calculations were performed by an in house 3D CFD
code based on RANS (Reynolds Average Navier-Stokes). The turbulence effect was
performed using the one-equation turbulence model developed by Sparlat and
Allmaras. The flow was considered completely turbulent. He also discuss the
influence of the tip clearance of rotor blades in internal losses, which affect the
operation of an axial turbomachine when the pressure ratio and efficiency are
analyzed. Elhadi [23] studied and analyzed the behavior of flow in axial flow fan. He
used numerical simulations based on Navier-Stoke equations coupled with k-—¢
Turbulence model with standard wall function. This simulation applied to axial flow
fan which consists of nine rotor blades and fifteen stator blades .Moore et al [24]
predicted the tip clearance flow in a linear turbine cascade with the three-
dimensional incompressible Navier-Stokes code. However the flow in
turbomachinery components is usually compressible. They comparisons between the

computed results and experimental data included important design features such
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as exit total pressure and flow angle, plus the flow properties inside the tip clearance
region, such as velocity, angle, and pressure .Suneesh [25]analyzed the flow inside
axial compressor with the change in axial spacing between blade rows. He used
FLUENT code which based on finite volume method for solving Navier-Stopkes
equations coupled with k-¢ turbulence model and standard wall function. He found
that the unsteadiness in the blade passages increases with a decrease in axial space
between blade rows. Tallman [20] wrote in his Master thesis that, in past the
application of 3D Navier-Stokes CFD codes to Compressors and turbines has been
aimed at validation using direct comparison with measured data. Only recently have
researchers begun to use CFD as a tool for prediction. CFD is logistically better suited
to the study of the fine details of the tip leakage flow and vortex than experimental
measurement. Martin [26] used experimental work and FLUENT software package to
study the influence of three dimensional boundary layer flows on the stall behavior
and flow loss generation inside turbomachinery. He described different kinds of

separated flows which can be treated using computational fluid dynamics.
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Chapter3 Numerical Simulation Techniques

3.1Introduction.

Fluid flow is commonly studied using one of three Technique theoretical,
experimental and numerically using CFD software. The CFD tools to obtain
information about the fluid flow problem and the flow parameter like pressure
velocity, temperature, heat transfer, mass transfer, chemical reaction and related
phenomena by solving mathematical equations which govern these processes using
numerical algorithms. The starting point of any numerical method is the mathematical
model which represent partial differential equation and boundary conditions and
conservation of matter. momentum and energy must be satisfied throughout the
region of interest, the solution of conservation equation is post-processed to extract
quantities of interest e.g lift , drag ,torque, heat transfer ,pressure losses , leakage
flow ...... ect. Now a today modern CFD manages to solve laminar flows with ease
and good reliability provided that the discriptization of space or the grid. As well
resolved and the boundary condition are properly specified turbulent flow or the hand
i1s more difficult to simulate since the finer features of the flow always are unsteady
and three dimensional render. Turbulent eddies in all possible orientations will appear
in turbulent flow .Depending on the choice of method used to model the flow more or

less computation power and time will be needed.
3.2 Solution strategy in fluent software solver.

Fluent solvers are best on finite volume discretization process .the domain
(fluid region) is discretizated into finite set of control volume or cell (mesh) general
conservation (transport) equation of mass flow ,momentum and energy are descried

into algebra equation that can be solved to extract flow field.
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3.2.1 pre—processing in gambit software

In per processing step the problem has to be clearly. Used gambit software to

create Geometry and Mesh is the first pre-processes the basic steps involve:-
1. Defining the geometry of the region of interest.
2. Creating regions of fluid flow, solid regions and surface boundary names.
3. Setting properties for the mesh.

After the appropriate mesh will be created in pre-processes, the next step
choosing the best numerical model in fluent software is allowed to define Physics
Definition This interactive process is the second pre- processing stage and is used to
create input required by the Solver. The mesh files are loaded into the physics pre-
processor. The physical models that are to be included in the simulation are selected.
Fluid properties and boundary conditions are specified. the solver and execution once
the problem has been pre-processed a numerical model suitable to set up of
mathematical nature of problem include the governing equation and turbulent model

then the model will be executed and the solution monitored until convergence reaches

3.2.2post—processing in fluent software

As in the pre-processing huge amount of development work has recently
take place in the post processing field. Owing to increased popularity of
engineering work stations, many of which has outstanding graphics capabilities, the
leading CFD are now equipped with versatile data visualization tools. such as plots,
pressure contour ,velocity contours , velocity vector or stream line...ect. the result
have to be examined and analyzed the modifications of the model to be considered. In
the present study CFD code fluent software will be used for solving executing and

post processing.
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3.3 Governing equation of fluid Dynamic

All fluid flows, whether laminar or turbulent in nature .can be described by a set
of partial differential equation comprise a set of equation that are conservation low of
mass equation momentum and energy equation. The software use in the present work
is the commercial software (CFD) code containing the preprocessor, solver and a post-
processing tool. CFD codes use the finite volume method (FVM) to discretize the
geometry of the flow. This discretization is created upon an integral form of the partial
differential equations (conservation of mass, momentum and energy) to be solved.
The geometry is divided into cells as small control volumes and the governing
equations are solved for each control volume. The numerical simulations in present
study steady-state 3D flow field inside the turbine rotor passage with tip clearance
are obtained by solving the three dimensional and Navier -Stokes equations coupled
with ( k-¢) turbulent model to algebraic equations that can be solved numerically. A

3D rotor blade passage is used as shown in Figure 3.1.
continuity equation is:
V. (DU) = Sppecevvveeeeereesssveeeessessssseeesssssssnsens 3.1

Conservation of Momentum:

V.(pBB) = —VP + V. (D) F PG 4 Frererrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeesseesns 3.2

3.3 TURBULENCE MODELS

Many turbulence models have been developed in order to solve the RANS governing
equations. At the beginning were one equation models (Spalart-Allmaras) and
subsequently more effective two-equation models. No one of them, unfortunately, is
widely accepted as being superior to others for all cases. The choice of turbulence
model depends on considerations such as the geometry of the field, physics in the
flow, the level of accuracy required, the available computational resources and the

amount of time available for the simulation. Two equation models are considered
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nowadays the best way to calculate the unknown variables emerging from the RANS
approach. In these models the solution of two separate transport equations allows the
turbulent velocity and length scales to be independently determined. Two of the most

important of them are the k-€ model and the k-® model.
3.3.2 k-¢ turbulence model

The K-epsilon model is one of the most common turbulence models. It is a tow
equation model, that means, it includes two extra transport equations to represent the
turbulent properties of the flow. This allows a two equation model to account for
history effects like convection and diffusion of turbulent energy. The first transported
variable is turbulent kinetic energy, k. The second transported variable in this case is
the turbulent dissipation, €. It is the variable that determines the scale of the
turbulence, whereas the first variable, k , determines the energy in the turbulence.
There are two major formulations of K- € models [28]. That of Launder and Sharma
[29] is typically called the standard k-€ Model. The original impetus for the k-& model
was to improve the mixing-length model, as well as to find an alternative to
algebraically prescribing turbulent length scales in moderate to high complexity flows.
According to [29], there are three usual k-¢ models:

e Standard k-¢ model.
e RNG k-¢ model.
e Realizable k-¢ model.

The computations in the present study have mainly been carried out using

standard k-e¢ model, (under the two -equation model category).transport

equation is employed in the following form:

turbulent kinetic energy k

0 0 ok
(6_)(i(pkui)> = (&[(HJF:—;)G—X], + Pk +Po —pe—YM+Sk> .......... 3.3
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dissipation €

a a a 2
<a_x,- (paui)> = (a—X] |G+ 2 |+ Clep (Pt CocP) — Caep 5 + S,)......3.4

3.4 Model Description

The rotor considered is shown schematically in Figure 3.1.This rotor consists
of 60 blade and 400mm diameter for a single stage rotor blade. A steady-state solution
for this configuration using only one blade. Computational unstructured mesh is used
to mesh the one blade by gambit software. The mesh is hexahedral element grid type.
Fig.3.2 shows sample of the mesh at two blades suction side and at region near the
hub. The total number of grid is about 600x10"4 grid. Static pressure and constant
modified turbulence viscosity are set for both inlet and outlet of the rotor. The solver
is defined first. Solver is taken as pressure based and formulation as implicit, space as
3D and time as steady. Velocity formulation as absolute and gradient options are
taken. The viscous medium is also taken. The analysis is carried using turbulence flow
and then the k-¢ model is considered. The working material is done is air Present axial
flow rotor design conditions shown in table.3.1. The solutions Calculations are carried
out for seven different rotation speeds. The solution is said to be convergence for each

case when the mass flow rate at the outlet becomes constant.
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Figure3.1Rotor blade rows

Table 3.1 Present axial flow rotor design conditions.

Viscosity

Fluid Gamma (y)

Casing diameter 400 mm
Rotation speed 3000 RPM
Rotor blade number 60

operating conditions of 101325 Pa
Boundary Conditions

Inlet Pressure 4.6bar

Outlet Pressure 1.46bar

Inlet Total Temperature 444K
Properties of air

Cp (specific heat capacity) 1006.43J/kg K
Density 1.125 kg/m3
Thermal conductivity 0.0242 W/m K

1.7894e-05 kg/m —s

1.4
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3.5 Computational Grid

The computational unstructured mesh used in the present studies are generated
for different values of tip clearance gap. The geometry and the computational grid are
constructed with fluent software used for preparing input data for CFD programs. The

computational grids have about 596863 grid points.

Fig.3.2(a) Computational domain, the view blade wall and hub

it was tilted for purpose to see it clearly.
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Fig3.3(b) Sample of view for the computational grid
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3.6 Boundary condition

The common setup for the boundary conditions leading to a stable convergence
of the solution is to set the total pressure at the inlet of the model and the static
pressure at the outlet. Periodic— Rotational periodic conditions are taken on the two
faces of turbo volume .Casing- Casing is considered as stationary wall. Hub—Hub is
considered as wall with 0 RPM Relative to Adjacent cell zone. FLUID-Fluid
considered here is air and motion type considered is Moving Reference Frame
(MRF).The rotational speed is in RPM. PRESSURE SIDE- Pressure side is
considered as wall with 0 RPM Relative to Adjacent cell zone. SUCTION SIDE—-

Suction Side is considered as wall with 0 RPM Relative to Adjacent cell zone.

Fig.3.4 Computational domain boundaries
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3.7Computational method

The present simulation used numerical simulation based on a control volume
technique to convert the governing equations to algebraic equations that can be solved
numerically. The diffusion terms in the govern equations were discritized using power
low scheme accurate central difference while the convection terms were discritized
using power low scheme. These equations were solved using implicit segerated solver
algorithm. This algorithm is based on solving these equations sequentially (i.e.,
segregated from one another). SIMPLE algorithm method [32] is used for the purpose
of coupling between pressure and velocity and satisfying the mass and momentum
conservation laws. In order to check the convergence, the mass flow rate at rotor

outlet is monitored in each calculation.
3.8 Solution control

The results are obtained with the solution of the continuity, N-S equations along
with the equations for the selected turbulence model. In this present study, k- € model
is selected as the turbulence model. After the boundary conditions are specified and
the solution models are selected, the iterations are performed in FLUENT Software
solver. The required number of iterations is determined by setting convergence criteria
for the residuals for the three components of velocities(X,Y,Z), the continuity

equation and the variable for the (k - €) model.
3.8.1Convergence criterion

In most cases, the convergence criterion is set such that the difference between
two successive iterations [residuals] is five orders of magnitude lower than the initial

value. It is satisfied.
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3.8.2 Solver Residual

The residual is criteria to measure of the local imbalance of each conservative
control volume equation. It is the most important measure of convergence as it relates
directly to whether the equations have been solved. The residual is calculated using
only the spatial flux terms and essentially represents a discrete conservations balance.
The following figure3.2 show a typical convergence history graph of the solutions. It
is seen from the figure that the residuals for the variables are decreased to at least five

orders of magnitude and a stable trend is reached at the end.
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Fig.3.5 a typical convergence residuals.
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3.5.1.2 Mass flow rate.

Avery important information about convergence of the numerical
solution is the mass flow rate reaches a constant value between inlet and outlet of the
domain The solution is said to be converged. Mass flow rate of the stationary
solutions in the present work 1s representatively illustrated below in figure (3.6) and is

of the order of E-5.Figure. 3.6 show Mass Flow rate.
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Fig.3.6 show Mass Flow rate of convergence history of mass flow rate on

outlet.
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Chapter4 Results and Discussion

4.1 Introduction

In order to compare the effect tip clearance size, and rotation speeds on the tip leakage
flows structure affected on rotor Performance , calculations were carried out for three
cases of tip clearance (0, 4 and 6 mm), and seven different speeds of 1000 rpm , 1500
rpm ,2000rpm ,2500rpm,3000rpm,3500rpm, and 4000rpm were studied.

4.2 Effects of Tip clearance size on rotor performance

Table 4.1 and figure4.1 show how the efficiency of rotor (7) and total pressure (TP)

are affected by the tip clearance size at different rotation speeds. The table, and figure
show that both efficiency, and total pressure decrease as tip clearance increases. This
indicates that tip clearance has a large influence on the performance of rotor. Also
figure 4.1 indicates effect of both rotation speed and tip size on turbine performance
.1.e., an increase in tip clearance from 4mm to 6 mm at 3000rpm results in a 1.6% drop
in efficiency, and 2 % reduction in total pressure rise. Also from this figure we can see
that maximum efficiency occurs at the tip zero. And increasing of tip clearance, leads

to decrease efficiency.
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Fig4-1 Effect of Tip Clerance Size on Rotor Preformance,
(a) Efficiency (%) Versus Rotation Speed
(b) Total Pressure (Pa) Versus Rotation Speed.
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T C(0) TC 4) TC (6) TC(0) TC4) TC(6)
1000 72.064 69.94/2.90 67.77/5.96 614795.56 60314831/1.9 | 589867.94/4.05
1500 78.75 75.95/3.56 74.14/5.85 752876.13 737668.2/2.0 725347.88/3.66
2000 81.75 80.70/1.28 78.06/4.52 922058.63 906535/1.68 884617.69/4.06
2500 83.20 80.84/2.84 79.54 /4.49 1121404 1091411.3/27 | 1070019.3 /4.6
3000 83.25 81.14/2.53 79.83/4.10 1355664 1311394.6/33 | 1283913.8 /5.3
3500 83.42 81.13/2.75 80.57/3.42 1614723 1565140/3.1 1448017/ 10.32
4000 81.88 80.65/0.36 79.42/3.00 1873687 1840014/1.8 1790341.8/4.45
AZOOOOOO ‘
& 1800000
&
/1600000
=$=T(=0
¥ 10000
31200000 :
—=TC=0 81000000
Tt D;: 800000 14
T 000000
o]
S 400000
Q' 200000
= 0:6
0
0 1000 000 3000 40nn 5000
1000 2000 3000 4000 5000 )
. Rotation Speed (rpm)
Rotation Speed (rpm)
1 N
(a) (b)




4.3 Flow separation.

Flow separation is Very important flow phenomena associated with the leakage
flow. This phenomenon occurs due to difference in pressure at tip and it obstructs the
leakage flow attachment on the tip surface. As shown in Figure. 4.2, the region of the
recirculation flow increases with the increase of the tip clearance. This figure indicates
that the flow separation starts at 43% of chord from L.E for tip clearance 6mm and
about 46.5% of chord from L.E for tip clearance 4mm. It is clearly appear from
figure. 4.2 that, the flow separation causes leakage flow from pressure side to suction
side through tip clearance. This leakage flow interacts with the overturned end wall
flow near the suction surface and rolls down from the end wall to form a leakage

vortex.

27



- 1.08e+03

1.35e+03
1.30e+03
1.24e+03
1.19e+03
1.14e+03

1.80e+03 o LE
1736403 A\,
1 686+03 AN
1626403
1 576403 *
{516+03 v}
§ 466+03
i 416403 14
i
/ A
/
!

1036+03 Start tends of flow
9756402
9216+02
8676402
8136402
759402
7.056+02
§.526+02
5086+(02
5 4de+2
£90e+02
4366+07
3826402
3280402
2746402
220e+02
1.86e+02
113e+02

5 86e+01 Y’b\
4716400

1.76e+03
1.69e+03
1.64e+03
1.59e+03
1.53e+03
1.48e+03
1.43e+03
- 1.38e+03
1.32e+03
1.27e+03
1.22e+03
1.17e+03
1.12e+03
1.06e+03
1.01e+03
9.60e+02
9.08e+02
8.56e+02
8.03e+02
7.516+02
6.99e+02
6.47e+02
9.95¢+02
5.436+02
4.91e+02
4.38e+02
3.86e+02
3.346+02
2.82e+02
2.30e+02
1.76e+02

1.26e+02
7.34e+01 Y/Z\
2.13e+01

Start tends of flow

(b)
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4.4 Flow feature inside tip clearance

In order to visualize the typical tip leakage flow structure, a 3-D view of
velocity vector and path lines are adopted in Figure.4.3 and figure.4.4 for both tip

clearance (4 mm) and tip clearance (6mm) cases at rotation speed.
4.4.1 Velocity Vector.

The velocity vectors on the blade-to-blade surface near the tip are presented in
Figure. 4.3. This figure shows how the flow leaking through the tip clearance
gap moves away from the blade suction surface. This leakage flow interacts with
the overturned end wall flow near the suction surface and rolls down from the end
wall to form a leakage vortex. This figure indicates, there is little change in the flow
direction from the pressure side to suction side, except near the blade Leading edge.
The flow splits when approaching the leading edge. It flows either to the suction side
of the blade as the common overturning of the end wall flow or across the gap from
the pressure side to the suction side of the next blade as it merges with the end wall

flow from the next passage forming the leakage vortex.
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4.4.2 Flow particles Traces inside the Tip Clearance Region.

Figure.4.4 shows particle traces released from points inside the blade-to-blade
passage for both T.C (4mm), and T.C (6mm) cases. This figure shows fluid path lines
at 3500rpm. The size of the leakage vortex is clearly larger for the tip clearance (6
mm) case, due to the greater mass flow rate leak through the tip clearance .this figure
explains the effect of tip clearance size. Leakage flow jet starts from the leading edge
of rotor blade for both tip clearance cases and it ends to about 65 percent of blade tip
chord from T.E or the tip clearance (4mm) case and to 74.9 percent of blade tip chord
for the tip clearance (6mm) case. Figure.4.4 also show the existence of path lines from
the nearby blade for the T.C=6 mm case. This is due to strong tip leakage vortex and
larger mass flow rate. The flow from nearby blade may interact with passage flow

further downstream and may contribute to disturb the flow.

Particle traces released from different radius on passage are shown in
Figure.4.5. Figure.4.5 (a) shows that the leakage flow exists for both two tip clearance
cases when the particles are released from 76 percent inside passage on pressure side
while there is no existence of leakage flow for particles that released from radius
smaller than 76 percent inside passage. Figure.4.5 (b) also shows that the leakage
flow through the tip clearance generates tip leakage vortex for T.C 6mm case while
this leakage flow for T.C 4mm case does not generate tip leakage vortex. Figures 4.5
(c, d and e) explains being of tip leakage flow and tip leakage vortex for both
T.C=4mm and T.C 6mm cases. The tip leakage vortex size becomes larger and its size
becomes wider for the particles that are released from radius inside passage on
pressure side near the tip clearance region. These figures also show that the fluid
particles were strongly rolled up for T.C 6mm case than that for T.C 4 mm case. This

can be clearly seen in Figure.4.5 (e).
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Fig.4.5 Particle Traces Through tip clearance Released From Different radius inside

passage on the Pressure Side (a) 76% (b) 78% (c) 82% (d) 86 % (e) 88% .
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4.5 Determination of tip leakage vortex core locations at different

speed

The pressure distribution on the surface inside tip clearance region at different
tip clearance sizes and for different rotation speed are shows in Figure.4.6.and
figure.4.7. As shown in these figure, a deep pressure depression exists near the suction
side denoted by point (N). This deepest pressure indicates an existence of strong
leakage flow or tip leakage vortex generated in that region. Point (P) show that the
highest static pressure on pressure side. due to this high difference in pressure the flow
leak through tip clearance from pressure side to suction side and causes an existence
of strong rolling up effects and large losses in that region. These figures indicate that,
as tip clearance increases the location of tip leakage vortex core moves at higher
rotation speeds to the leading edge (L.E). These figures also indicate that the region of
existence of vortex for tip clearance =6mm case is larger than that for tip clearance

=4mm case at some speed .it seen in figure .4.7.

34



(b)

Fig.4.6 contour of static Pressure distribution on surface inside tip region at 1000rpm
(a) 4mm (b) 6mm.
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(b)

Fig.4.7.contour of static pressure on surface in side tip regain at
3500rpm.(a) 4mm (b) 6mm
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4.6 Determination of tip clearance effects on vortex and wake flow.

Figure.4.8.(a)and figure.4.9.(b) show the axial velocity at different radial
locations. On passage the region of axial velocity at tow tip sizes (4mm,6mm) sudden
decrease occurs at wake range. That drop in axial velocity occurs in wide region near
the tip clearance. This to shows that the axial velocity decreases and it may arrived at
its minimum value as traveling from mid-span towards the tip clearance region due to
effects of tip leakage flow, for both tip clearance. The decrease in axial velocity in the
leakage vortex region is due to existence of low energy fluid particles that
accumulated near the tip region. These low energy fluid particles move through the tip
clearance and form the tip leakage vortex. And also in figure 4.8. (c) show the
reduction in axial velocity at different tip clearance size. That show the reduction of
axial velocity at tip 6mm large than other .and also in figure.4.8 (d) to show the
velocity component for tip 6mm an existence of the wake which can be predicted by a
sudden reduction in axial velocity and an increase in tangential velocity. In figure.4.9
show the strength of vortex flows vorticity increase at the cases near tip larger than

the vorticity at near hub and at mid span.
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Chapter 5. CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Present research used numerical simulation techniques to study and analyze the
phenomena of tip leakage flow inside axial flow rotor. Three-dimensional flow
through axial flow rotor turbine is investigated taking the effect of tip leakage flow on
axial flow rotor Performance. Different tip clearance sizes at different rotation speeds
are studied using computational fluid dynamics(CFD), the analysis is done using
Commercial software fluent based on solving Reynolds Navier -Stokes equations
coupled with ( k-¢) turbulent model. The results from CFD calculations show clearly
the influence of the tip clearance and its tip clearance to increase from 4mm to 6mm
on the efficiency and total pressure on axial flow rotor. Also It is found through this
study the structure of flow inside in side tip clearance for T.C=4 and 6 mm generates a
vortex which has an opposite direction to the passage vortex. The size of the vortex
increases as the tip clearance gap increases. Also rotation speed has great influence on
the tip vortex. It has been found that as rotation speed increases the strength of the tip
vortex increases. The wake and core locations it is also are highly influenced by tip
clearance and rotation speeds that as tip clearance size increases and rotation speeds

the wake becomes weaker.
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5.2 RECOMMENDATIONS

*The present study deal with steady simulations to study the effect of tip
leakage flow on the performance of the axial flow rotor, the suggestion is to study the
effects of tip leakage flow on rotor performance deal with unsteady simulations.

*In the present study the analysis is carried out using CFD software
FLUENT.In the future the analysis can also be carried out by using other CFD
software like STAR-CD, ANSYS —CFX, ANSY- ICEM, and COMSOL Multiphysics.

*Use experimental technique to predict the phenomena of tip leakage flow on
the rotor to validate this study.

*Investigate the heat transfer distributions and the leakage flow structures in the

tip region for a plain tip surface at different tip clearance.

* The flow field downstream of a rotor is strongly influenced by tip leakage
vortices and the interaction between these vortices and the surrounding flows can be a
significant source of noise. The suggestion to study the effect of the tip leakage flow

on downstream flow.
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Appendix- A
A .1 Introduction
The purpose of this research is to demonstrate the effect of tip leakage flow on axial
flow rotor ,model for analyzing the aerodynamic in 3D axial flow rotor .the tip
leakage flow phenomenon in turbomachinery has attracted the attention of
researchers in turbomachinery field.
This appendix demonstrates how to do the following:

e Use the axial flow rotor turbine with tip clearance to aerodynamic analyses
the effect of tip leakage flow through the tip clearance on the turbine
performance.

e Pre-process used Gambit software.

e Problem case Set up and solve the case with appropriates.

e Post process the resulting data.

A.2 Require :

Calculation of mass flow rate concentration total pressure and losses of flow through
the tip clearance ,plot of velocity vector and path line in the tip region to show the
leakage flow through the gap.

A.3 problem description and boundary condition

The problem to be considered as show in the schematically of axial flow turbine in
figureY.) .the rotor consist of 60 blade .a steady state solution for this configuration
using the rotor blade Pressure at inlet is used at the upstream boundary and the static
pressure used at outlet downstream boundary. The periodic boundary rotational and
fluid moving reference frame ,turbulent, and steady state flow condition will be

considered to solve the flow field.

A.4 set up problem in fluent solver
Step1Grid.

Step2Units.

Step 3 models.

Step 4 material selection.
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Step Soperation condition.

Step 6boundary condition.
Step7solution.

Step 8post processing.

A.5 preparation

Start the 3D version 6.3.2.6 of fluent
1 .Reading and Checking the Grid.

*Step1 Grid
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Merge... al wall faces, zone 8, binary.
S » lal wall faces, zone 9, binary.
= al wall faces, zone 18, binary.
- al wall faces, zone 11, binary.
Zone » tal wall faces, zone 12, binary.
al pressure-outlet faces, zome 13, binary.
A al pressure-inlet faces, zone 14, binary.
L ren , lal interior faces, zone 16, binary.
al shadou faces, zone 3, binary.
SChlE pairs, binary.
3 ry .
3 Transiate binary.
Rotate...
Bui
Smooth/Swap...
interface,
domains,
nixture
zones,
default-interior
inlet
outlet
hub
casing
pressure
suction
wall.1
interior.z
interior.u
ua
periodic
Fluid.5
shell conduction zenes,
Done .
Reading “E:\71\tip1\tip6mmneu\tip6nm3000neurpm.dat™. ..
| -
I
EN

el © O @ S B

Qe o/ =]
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[E3 FLUENT (34, pbns, ske] =15 x
File Grid Define Solve Adapt Surface Display Plot Report Parallel Turbo Help
Done -

Grid Check

Domain Extents:
x-coordinate:
y-coordinate:
z-coordinate:

Uolume statistics:
minimum unTume (ma):
maximum volume (m3): 1.321655e-006

tal volume (m3): 2.399745e-002

Face area statistics:
minimum face area (m2): 1.029723e-006
maximum face area (m2): 3.410997e-004

Checking number of nodes per cell.

Checking number of faces per cell.

Checking thread pointers.

Checking number of cells per face.

Checking face cells

Checking bridge faces.

080808e-081, max (n) = 1.000000e-001
922175e-061, max (m) = 2.909329e-001
75503e+608, max (m) = 2.295000e+000

Checking right-handed cells.
Checking face handedness.
Zone 16: 881286 right-handed, 12 left-handed
Checking face node order.
Checking element type consistency.
Checking boundary type
Checking face pairs.
Checking periodic beundaries.
h: average rotation angle (deg) - -5.997 (-6.800 to —6.000)
stored zome rotation angle SR R P
stored axis , (1 -0
stored origin, (0 5
Warning: The mesh contains very high aspect ratio hexanedral’
or polyhedral cells
The default algerithm used te compute the wall
distance required by the turbulence models might
produce wrong results in these cells
Please inspect the wall distance by d)splaylng the
contours of the 'Cell Wall Distance® at
boundaries. If you observe any 1rregular1t1?s we
recommend the use of an alternative algorithm to

Correct the uall distance:
I
e @ O F) (S 2 2 Re o=l w20 g

FLUENT will perform various checks on the grid and will report the progress in the console

window. Pay particular attention to the minimum volume. Make sure that this is a positive number.

3. Display the grid (Figure A.2).

Display |—» Grid

a) Select Grid.
b) Select display.
c) Rotate the view to get the display shown in Figure 3.1

B3 FLUENT [3d, phns, ske] -|5| x|

Checking fFace cells. -
Checking bridge faces.
Checking right-handed cells.
Checking fFace handedness.
Zone 16: 881286 right-handed, 12 left-handed
Checking Face node order.
Checking element type consistency.
Checking boundary types:
Checking Face pairs.
Checking periodic boundaries.
2one  4: average rotation angle (deg) - -5.997 (-6.608 = 6rid Display
stored zone rotation angle (deg) = —6.000 .
stored axis , (1.ununuznnnn,gn.unununmnnn, Options Edge Type  Surfaces |
stored origin, (0.000000+000, 6.000000¢+080, [ Nodes Al spanwise-coordinate-0.996 ~
@arning: The mesh centains wery high aspect ratio hexahedr [ Edges © Feature | |SPanwise—coordinate-0.997
or polyhedral cells. I Faces & Outline | |SPanwise-coordinate-0.998
The default algorithm used to compute the wall spanwise-coordinate-0.999

distance required by the turbulence models might | Partitions spanwise-coordinate-18
produce urong results in these cells. . suction

Please inspect the wall distance by displaging th Shrink Factor ol

contours of the 'Cell Wall Distance' at the [l 28 wall.1

boundaries. If you observe any irregularities we
reconmend the use of an alternative algorithm to Surface Name Pattern Surface Types =
correct the wall distance. _l
Please select /solve/initialize/repair-wall-dista Match clip-surf
using th? text user interface to suitch to the exhaust-fan
alternative algorithm. i =
Checking node count.
Checking nosolve cell count. Outline | Interior
Checking nosolve face count.
Checking face children.
checking cell children. Display | Colors..| Close | Help |
Checking storage.
Done .

WARNING: Grid check failed.

iter continuity x-velocity y-velocity z-velocity energy k  epsilon time/iter
* 280 solution is converged

280 2.0335e-05 1.4876e-05 1.2187e-05 8.7334e-06 7.0467e-08 0.6500e-065 0.8204e-65 0:00:00 500
* 281 solution is converged

281 1.9908e-85 1.4662e-05 1.2021e-05 8.5682e-06 6.9997e-08 9.3849e-05 9.5870e-05 1:23:18 499

@ o QH B2 B G5l g ™

o] @ O @ ]

*Step 2 Units

For convenience, define new units for angular velocity. The angular velocity for this problem
is known in rpm, which is not the default unit for angular velocity. You will need to redefine

the angular velocity units as rpm.
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Define —  Units

a)
b)

Select angular-velocity under Quantities, and rpm under Units

Close the panel.

[ FLUENT [3d, pbns, ske] == x|

outlet o
hub
casing
pressure
suction
wall.1
interior.2
interior .4
wall
periodic
fluid.5
shell conduction zones,

E:\71\tip1\tip6mnneu\tip6nm3o8onewrpn._dat
Units SetAll to

rad/s
el default

british
Factor [a_1847198
£:1100690-009 contact-resistance
1.321655e-006 R offsetfg
2.399745e-002 9 ”

crank-angular-velocity =l

Grid Check

Domain Extents:
®x-coordinate: min (m) = -3.800808e-861, max (m) = 1.
y-coordinate: min (m) - -3.922175e-861, max (m) - 2.
2-coordinate: min (m) = 1.975503e+080, max (m) = 2.7

Volume statistics:
minimum uolume (m3
maximum volume (m3

total volume (m3

Face area statisties:
minimum face area (m2): 1.029723e-006
maximum Face area (m2): 3.410097e-084 New... t Close | Help

Checking number of nodes per cell.

Checking number of faces per cell.

Checking thread pointers.

Checking number of cells per face. —

Checking face cells.

Checking bridge faces.

Checking right-handed cells.

Checking face handedness.

Zone 16: 881286 right-handed, 12 left-handed

Checking face node order.

Checking element type consistency.

Ghecking boundary types:

Checking face pairs.

Checking periodic boundaries.

3

e oE | Y

*Step3 models

1\ Solver is taken as pressure based and formulation as implicit, space as 3D and time as

steady.

Define » Models — Solver

E3 FLUENT [3d, pbns, ske] — = x
File Grid S Sotve Adapt Surface Display Plot Report Parallel Turbo Help

Done . [ sober.. ] =)
. Materials.. Multiphase.
Grid che
Energy..
Domain | Operating Conditions. Viscous
%-C0C  Boundsry Conditions... Radiation 1. 000000e - 001
Y7€0C  peiodic Conditions. Species » 2-989329¢-001
—cad 1 295000c+ 008
Uolume | Grid Interfaces. HecetoBhar
minin oot 0O .| Solidification & Meting
maxin Acoustics.
Yot Muing Planes ot
Face ar  Turbo Topolog [
minin 9723e-086
maxin  Injections. 16997002
Checkir ; fell.
Checkir fer1!
Checkir  Custom Field Functions.
Checkin  profiles... ace.
Checkin
Checkir  Units
Checkir
Ehecki  UserDefined >
Zone “16: 881286 right-handed, 12 left-handed

Checking face node order.
Checking elenent type consistency.
Checking boundary type

Checking face pairs.

Checking periodic boundaries.

Warning: The mesh contains very high aspect Fatio newahedral
or polyhedral cells.
The default algorithm used to cempute the wall
distance required by the turbulence models might
produce urong results in these cells.
Pleaze inspect the uall diztance by al=playing the
contours of the 'Cell Wall Distance' at th,
foundaries . TF you ohserug ang trregularities: we
recommend the use of an alternative algorithm to
correct the wall distance.

average rotation angle (deg) - -5.997 (-6.086 to —6.080)
stored zone rotation angle (deg) —6.000
stored axis , (1. -8 .8

stored origin, (0.

=
=

]l ‘AL _Jﬂ

2 R O = B2 B o gy ™
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— = x|

FLUENT [3d, pbns, ske]

Done. |
Grid Check
Domain Extents:
xmcoorainate: min (B Soier x
y-coordinate
z-coordinate Solver Formulation
O ratisties: # Pressure Based & Implicit
a XL < Density Based =
total -
Face area Space Time
mininum - & Steady
maximum -~ ~
Checking Unsicady,
L e
Checking
Checking thread pointe | 3D
Checking number of cel " "
Checking face cells.  Yelocity Formulation
Checking bridge faces. | & apoolut
Checking right-handed . o 7"_" ©
Checking face handedne clative
Zone 16: 881286 rig = ; o
Checking face nmode wrd Gradient Option Porous Formulation
Checking element type | @ Green-Gauss Cell Based | @ Superficial Velocity
Checking boundary type |  Green-Gauss Node Based |  Physical Yelocity
Checking ‘face pairs. C Least Squares Cell Based
Checking periodic boun 4
Zone  u: average ra
stored zon OK Cancel|  Hel,
Stored ax o< | 4 # )
Stored origmm, (- vow, ]
Uarning: The meeh containa uery Nigh sepect ratio hexahedral
or polyhedral cells
The default algorithm used to compute the wall
distance required by the turbulence models might
produce wrong results in these cells. |
Please inspect the wall distance by displaying the
contours of the "Cell Wall Distance’ at
Dounaaries. If you ebserve amy irreguiarities ue
recommend the use of an alternative algorithm to
correct the wall distance.

y | TEX &= & EN[|a =
p— o) =[Nz P 2 @ o= B T 5o =
2\ Turn on the standard k-¢ turbulence model with standard wall functions.
Define » Models |—— Viscous
a) Under the Model, select k-epsilon.
b) Under k-epsilon Model, keep the default Standard option.
c) Under Near-Wall Treatment, keep the default Standard Wall
Functions option.
ES FLUENT [3d, pbns, ske] =
Done . [
Grid Check
&3 Viscous Model x
Domain Extents:
%-coordinate -3.800080e-001, max (m) - Mode! podel Constents
y-coordinate —-3.922175e-0801, max (m) < Invisci
z-coordinate = 1.975583e+08008, max (m) < Laminar
Volume statistics: - o
minimum volume (m3): 4.119962Ze- 009 & Spalart-Allmaras (1 eqn] C1-Epsil
maximum volume (m3): 1.321655e- 006 = k-epsilon [2 eqn) Pl
total volume (m3): 2.3997h45e— 862  k-omega (2 eqn) 1._nn
Face area statisties: < Reynolds Stress (7 eqn) E
minimum face area (m2): 1.829723e-006 ~ D Eddy Sil i C€2-Epsilon
maximum face area (m2): 3.410997e-004 ~ N i 1.92
Checking number of nodes per cell. LatgciEddvpimulationj{LEs) ‘
Checking number of faces per cell. s TKE Prandtl Number
Checking thread pointers. k=cnsiluModel 1
Checking number of cells per Face. ~ Standard
Checking face cells. - ANG = =
Checking bridge faces. S User-Defined Functions
Checking right-handed cells. Turbulent Viscasity
Checking face handedness. Near—Wall Treatment
Zone 16: 881286 right-handed, 12 left-handed none -
Checking face node order . =) Slﬁndzrd Wﬁ" Functions
Checking element type consistency. wall i Prandd Numbers
g::ﬁ:izg 2222“?;2[;9!)35- - Enham:ed Wall Trealmenl TKE Prandd Number
:
Checking pericdic boundaries D Detine sl Bun none ~
Zone 4: average rotation angle (deg} -5.997 (
stored zone rotation angle (deg) = —6. OpHonE TDR Prandd Number
stored axis , (1.000860e+086, ©6.880068¢ | Viscous Heating none ~
stored origin, (©.000000e+006, ©O.00000E
Warning: The mesh contains very high aspect ratio he Energy Prandtl Number
The default algorithm used to compute the u =l
distance required by the turbulence models
produce wrong results in these cells. [
Please inspect the wall distance by display Cancel Help
contours of the "Cell Wall Distance’ at
boundaries. If you observe any irregularities we
recommend the use of an alternative algorithm to
correct the wall distance.
|
< = s @i = 7 TEX & — ' w en| a P 25 PM
o] © O EE S B = &8 o J B o s s ™=

*Step 4 Materials

1-Accept the default properties for air.

Define ——» Materials

a) Type the name air ideal gas.

b) Click on Change/Create.
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For the present analysis, you will model air ideal gas as an compressible fluid with a

density of 1.25666k/m3 and a dynamic viscosity of 1.789410—5kg/m-s.

B R UENT (36, phins, skel
Fie oo EIGGEN Sotve Adspt  Surface Display  Plot  Report Parallel  Turbo Help
| Modeis v

(= le=fix]

Operating Conditions...
Boundary Conditions...
Penodic Conditions
Grid Interfaces...

=SPS Dynamic Mesh .

Reaning Mixing Plancs... Hpammannanew-pm_ A
ponec - Turbo Tepelogy..
G Gng  Inisctivne.

Cuisrom Field Funcrions, AARARe— ANt max (m) 1_aaaanae-—an1
122175e—-801, max (m) 2.000320e—001
fumoosvese ina on, ~jaesr00ge iaan

FETT vyt

ez9720e B06
21RG9TA-—AAL
per ce

per cell.

per face.

face handedness.
416: Be1286 rignt_nanded. 12 left-nandea
Fface node order.

4: auerage rotation angle (deg} = —b_UUs {—6_WUY CO —6.uuH)
Stored zonc rotation angle (deq) - -6.000

o] & O L S B = e R @ o E= [ o e e

E materials x

wall Name Material Type Order Materials By

foir [ =1 [ e Name.
Chemical Farmula Fluent Fluid Materials Chemical Formula

Done. -
Reading “E:\71\tipiitipemmnewstipomnae | [air - Fluent Database...
Done.

one User-Defined Database...

"
3
"
0
L
s
o
2
N

Grid Check [none |

Domain Extents: Properties

Density (kaim3) |

incompressi
1.975503e+0

minimum volume (m3): 4.119962e-009
: 1.321655e- 006 Cp (itkg-k)
total volume (m3): 2.399745e-002

mininum face area (m2): 1.029723e-0

maximum face area (m2): 3.410997e-8 c i -

R R FiEe Rk e Thermal toitm =k} [Constant =

Checking number of faces per cell.

Checking thread pointers. [0-0242

Checking number of cells per face. ) ;

Checking Face cells. Viscosity (kg/m-s) [constant |

Checking bridge faces.

Checking right-handed cells. \1_7sgue—ﬂ5 =

Checking face handedness. =
Zone 16: 881286 right-handed, EH

Checking Face node order.

Checking element type consistency. Change/Create | Delete Slose | (REATE

Checking boundary types:
Checking face pairs.
Checking periodic boundaries.
2Zone  4: average rotation angle (deg) - -5.997 {(-6.008 to -6.000)
stored zone rotation angle (deg) - -6.000

= s 2 =
o] @ O B (=

527 PM
en| a
0 ds 58 8/30/2014 -

*step 5 Boundary conditions

Define |——» Boundary Condition...

1. Set the conditions for the rotor fluid (fluid-rotor).
a) Under Rotation-Axis Direction, enter 1 to X.
b) Select Moving Reference Frame in the Motion Type drop-down list.
c) Set the Speed (under Rotational Velocity) to 3000rpm.
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B FLUENT [3d, pbns, ske]

— (=] x
casing =
prassire
suction
interior.z B wail x|
i“;i"i‘“‘-" [E= Boundary Conditions x|| Zone Name
ua .
poriodic Zone Tope [casing
Fluid.5 [intet-vent 2] jacent Cell Zone

shell conduction 7 b i\:‘. e ‘SC llic

Done . 3 i uid

Reading “E:n7ivEipiAti [ho® i W

Done . it oo Momentum | Thermal | Radiation | Species | DPM | Multiphase | UDS |

Grid Check intcriorZ autictvent Wall Motion Motion

interior.a pressure-far—field

Dumain ExLents: outlet i 2 L vealtli| e
“-coordinate: min ¢ |periodic pressure-outlet : | © Moving Wall
y-coordinate: min -
z-coorainate: min ¢ |suctiun elucity—inlet Shear Conditian

UnTume afafierine: il =]

< No Slip
© Specified Shear
=

Face area statisties: ¢ Marangoni Stress

mnimun face ares (e licallEeall| e

Checking number of - z

e e ol Ruugine Hsight (mn) [3 [constant =
Check Ly Lhrasd pointors -

Fhecking mmnar WE fe112 per Face. Roughness Constant 5.5 [constant El
Checking face cel:

Checking Face handedness- OK | Cancel| Help
Zone 167 §81286 right-nanded, 12 left-handed
Ghecking face node order
Checking element tupe ED“SlStEnE!J
Checking huunnary type
Cnecking face pairs.
Chacking periodic beundaries.
5 average rotation angle (deg) - —5.997 (~6.806 to —5.000)
ered one roration angle tdeg) o 6\o06d

o]l @ O F 6 X e @@ o = e 0 g =

2. Set the conditions for rotor casing , Accept the default conditions for the rotor-

casing .for stationary wall .

EX FLUENT [3d, pbns, ske]

_ (&) xI

casing

z 1 Fluid >
fheerior.z - =l
interior.s B Boundary Conditions x|| Zone Name

nerlnd)t Zone Twpe [Fluid.s
casin:

SHELL FondusEEH MarcHaliName [5i7 -] Edit..
I~ Porous Zone
™ Laminar Zone
™ Source Terms
I~ Fixed Values

pon:
Romding “F\7INFipIATE

Griu check

Domain Extents: Matinn | Porous Zone | Reaction | Source Terms | Fixed Values

y-coorainate: min ¢

¥ (mm) [g v[e =

maximum volume (m3) Lo} Z(mm)[a z[m

total volume (ma} P

Lotiess Motion Type [Moving Reference Frame. =
minimum face area ( [ 9 E|

maximun race area ( 9ot | copy..| close | Hew | ional Velocity Iranslational Velocity
Checking numbe
Checking mumber of faces per cell. Speed (rpm) 3600 * [mis) [o

Checking thread pointers.
Checking number of cells per face.

el1s.
Checking heifge Fames. OK | cancel| Help
Checking right-handed cells.
Checking face handedness .
Zone 162 881280 rlynl-handed, 12 lefl-namdeu
Checking Face node order.
Ghecking elenent type consistency.
Checking boundary typ

Chocking periodic boundaries.
Zone  h: average rotation angle (d = -5.997 (-6.808 to —-6.000)
Slored zone rotation angle 1ae 9) = -6.008

osed] @ o] @5 = o R O = = s @ e SO0

3. Set the following conditions for the pressure inlet of the rotor (pressure-inlet).
a) Set the Gauge Total Pressure to460000Pa.
Set the Total Temperature to444K.

b) In the Direction Specification Method drop-down list, select Direction

Vector.

c) In the Turbulence Specification Method drop-down list, select K-epsilon

and
2
d) Set the Turbulence Kinetic 1 T—ZO.S%, and the Turbulence Dissipation

2
Ratel m—3
S
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B3 rLuent (34, pons, ske)

2 wan

casing

[ e

Zone Type

Zone Name
[pun

Adjacent Cell Zone

casin -] [intet—vent

default-interior

Done.
s i | interfa

Reading “Ez\71\tipi\ti Rkl S

bene. autflone

Grid Check

pressurc—far—ficld
pressure-inlet
pressure-outlet

Domain Extents:
x—coordinate:

z-coordinate: m
Uulume statistivs:

volume (m3)
volume (m3)

S Srcs =TT | Copy..| Close | Hemp |

[Fluia.s
Momentum | Thermal | Radiation | Species | DPM Multiphase | UDS |
Wall Motion Motion

< Stationary Wall

" Relative to Adjacent Cell Zone
= Moving veall Relative to Adj t Cell Z

Speed (rpm)
“ Absolute [o
Rotation-Axis Origin
© Translational

_le x|

Rotation—Axis Direction

& Rotational X (mm) [o XA
LT © Components
32¢ ¥ imml[o Y
29 Z (mm) [0

Shear Condition
& No Slip

Z[e

< Specitied Shear
=

of faces per cell. o

tnreaa pointers.

number of cells per face.

face cells.

hridge faces.

right-handed cells.

Checking face handedness.

16: 881286 right-handed,
.

Wall Roughness

Roughness Height (mm) [g jcunstam

Bl
Roughness Constant [o.5 [constant =l

12 left-handed

Checklng face node orde

Checking element type consistency.
Checking boundary tupes: oK cancel| Help
Checking face pairs.
Checking periodic boundaries.

2on age rotation angle (deg) — —5.997 (—6.000 to —6.000)

gy — -5.
Stored zone rotation angle (deg) = —6.808

o] @ 0 @ SE X 2 © @ OB iE] -
4. Set the conditions for the pressure outlet .
a) Set the Gauge Pressureto146000pa.
b) Set the Backflow Total Temperatureto300K.

5:31 PM

* 0 Ts 8 5590010 B

c) In the Direction Specification Method drop-down list, select Direction

Vector.

d) Select Radial Equilibrium Pressure Distribution.

e) In the Turbulence Specification Method drop-down list, select K-epsilon.

f) Set the Backflow Turbulence Kinetic Energy to1%.

g) Set the Backflow Turbulent Viscosity Ratiotol.

EZ FLUENT [3d, pbns, ske]

3 prescur

e Qutler

incerior.2
interior n
wa1l
perioaic
Fluia.s
ane11 Fanaucrion
Done . i
Reading "E:\ziatipiyei [Juid-S
Dbone -

B Boundary Conditions
Zone Type
nletvent

= |

Casing =

interface

hub mass—flow-inlet
inlet
il 8

outflow

6riu Check

Domain Extents:
%—ennrdinate:
y-coordinate:
z-coordinate:

Volume statistics:

ini volume (n3)
volume (na)
total volume (m3)
statiseics:

Face area

¢ _seu. |

Close |

Copy... |

number of faces per cell.
thread pointers.

cells per face.
race cells.
bridye Faces.
right-handed cells.

Zone Name
[outiet

Momentum | Thermal | Radiation | Species | DPM | Multiphase | UDS |

Gauge Pressure [pascal) [a ‘.;m.smm

Hackilow Direction Specitication Method [Direction Vectar

Cuurdinate Systew [Cartestan (X, . Z1

%-Component of Flow Dircotion [1 [constant

Y-Component of Flow Dire

on [a [canatan

Ll e Led

Z-Component of Flow Direction [g [conctant

* Radial Equilibrium Pressure Distribution
I~ Target Mass Flow Rate
Turbulence

Specification Method [k and Epsilon

Backflow Turbulent Kinetic Energy (m2/s2) [1 |constant
Backilow Turbulent Dissipation Rate [m2/s3) [1 constant ~

Lel]

ok | cancet| b

boundary tupes:
face pairs.
Checking periodic boundaries.
one  a: average rotation angle (deg) - —5.9¥/ (—6.WUY
Stured cone rulalivn angle (dey) = -6.060

to —6.uug)

frsen| 3

>

B ™ I @@ o= =

533 PM
en 2
O s s 8/30/2014 -

5. Set the conditions for the hub.
a) Select Moving Wall.
b) Select Absolute and Rotational under Motion.

c) Set the Rotation-Axis Direction by enteringlto X.
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B oen

124, pbns, ske]

B wan

Zane Name

[hub

Adjacent Cell Zune

Stored zone rota

c)

angle (deg)
tion anale (deq)

12 lert handed

Thermal | Radlation | Species | DPM

Fias
B Rersnchary Cormscitionn, 5 f
Zone Type Momcafun
[casing tet—vent = T
N hnes © Statonary wall
macs-fow-inlet Moving Wall
auttlow
interior.4 prescure-tar—tfield
utiet Preccure_iniet
periadic Preccure_outiet 0o
2c
Suction 00c
veant
Shear Condition
o | [veny| [viese | | i
aves per vell. ‘

Multiphace | UDS |

Mation
o ative tn Adjacent Gell Zone | SPEEd (rpm)
< Absolute o
= Hotation—axio Origin Hotation—Asis Direction
< (mm) [5 =l
< Gt v e 5 e
Z (mm) [o Z[e

— T El

[F5 | [constam &l

oK | Cancel| el

- 5.997 ( 6.808 to 6.000)
= o

Zou

o Q@ o =

Set the conditions for the blade pressure side .
Select Moving Wall.
Select Absolute and Rotational under Motion.

Set the Rotation-Axis Direction by enteringlto X.

[ FLUENT (24, pbns, ske]
= wan
casing
prassire Zone Name
suction [pressure
L

Adjacent Cell Zone

face area (
race area (
number of

Set

& Moving Wall

number of faces per
Lhread

nf rells per
face cells.

bridge faces.
right-handed cells.
face handedness

16: 881286 right-handed,
Checking face node ord.
Checking element
Checking boundary types:

checking ailrs.
Checking periodic boundaries.
Zone  u:

type consistency.

average rotation angle (deg)
stored zone rotation angle (deg)

Wall Roughness

Roughness Height (mm) [g

12 left-handed

1nt;rmr.h & Boundary Conditions. x| [fluia.5
wa
periodic Zone Type e .
. Thermal Species | DPM | Multiphase | UDS
B N T e o — ! I Species| Dow_| ues )
bome. wall Motion Motion
Reading “E:\71\tipi\ti " Stationary Wall =
one .

Relative 1o Adjacent Cell Zone

en|l=

51 P
@ Us <88 502010 =

Speed (rmm)
Absolut [o

Rotation-Axis Origin
Translational

Rotation-Axis Dircction

Rotational &l ‘“ x ‘1
Components ¥ (mm) g Yo
z[e

[constant

El

Noughness Constant 5.5

[constant

E

ok | cancet| Heip

a = -5.997 (-6.808 to -6.000)
~6.000

£rstart

e o Sl =

ele o =

7. Set the conditions for the blade suction side.

a) Select Moving Wall.

b) Select Absolute and Rotational under Motion.

c) Set the Rotation-Axis Direction by enteringlto X.

B FLUENT [3d, pbns, ske]

wall

casing

Zone Name

[suctien

Adjacent Cell Zone

interiorl  EXBoundsy Conditions x| [Freie-s

wall

periodic Zone Type Momentum | Thermal
- | Inlgt=yent =l | wan motion

Done .
Reading “E:\71\tipiiti
Done .

Grid check

Domain Extents
x-coordinate

periodic

Set.

| copy..]

© Stationary Wall
& Moving Wall

t
pressure-outlet
symmetry
velocity-iniet

Close |

Help |

of faces per

thread pointers.
number of cells per face.
face cells.

bridge Faces.
right-handed cells.

face handedness.

16: 881286 right-handed,

Checking face node order

Checking element type comsistency.

Checking boundary types:

Checking face pairs.

Checking periodic boundaries.
Zone  u:

ce11.

slured cune rutalion

average rotation angle (deg) =

12 left-handed

Wall Roughness

Roughness Height (mm) [g

Radiation | Species | DPM

Multiphase | UDS |

En|la

(]

Motion
© Relative to Adjacent Cell Zone | SPeed (rpm)
 Absolute [o
Rotation-Axis O Rotation-Axis Direction
C Translational
@ Rotational X (mm) [ x[q
€ Components ¢ tmim) [ P
z(mm) [ [

[constant

Roughness Constant 5.5

[canstant

E

E
s 84 8/30/2014 -

oK Cancel| Help

~5.997 (-6.808 to —-6.000)
0o

anyle (uey) R

=~

=

Dl

s

e o =
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8. Specify rotational periodicity for the periodic boundary of the rotor.

X FLUENT (34, pbns, skel

_ls x|

EX 5oundary Conditions =
periodic Zone Type

+luia.s p
shell cenduction

defauit-Interioi
fluid.5 Y pecindic x|
- Zune Name

[perioaic

Reading “E:\71\tipiiti
Dune -

Grid Check

Periodic Type
Domain Extents: =E

< Translativial
& Rotational

ok | cancel| _ticip

Close | _Help |

Checking thread pointers.
Chiecking munber uf cells per fave.
Checking Fare cells.
Checking bridge faces.
Checking right-handed cells.
Checking face handedness.
16: 881286 rignt-nanded. 1z lett-nandea
Checking face node order.
Checking element type consistency.
Checking boundary types:
Cliecking Face pairs.
Fhecking perindic hanndaries
2, 4: average rotation angle {(deg} - —5.997 (—G.080 to —G.000)
stored zone rotation angle (deg) = —6.808

el @ O ) (S B e o = EIBCEY

*step 6 solution

Solver » Control ——» Solution

1-Under Discretion.
a) Select second order upwind for pressure

b) Select power low for momentum, Turbulent Kinetic energy ,Turbulent

Dissipation Rate ,and Energy.

c) Keep default value of Relaxation Factor.

EZ FIUFNT [3d, phns, <ke]

=l=lx]

File Grid Define JEEI Adspt Surface Display Plot Report Parsllel Turbo Help
[ outiet T [ solution... =

huh Trtiatie; » Wittagrds

ZIZINE Momiters b bt

Bletic  Animate »

wall.q

interi Particle Histor »

interi - &

interd  Eecute commands..

Period (oo chee

Flui = Check

shell cof  jerme

Done .
keaaing “k s

nn3UYLNewrpn.datT . .

Gria cneck

-3.000000u-001,
~3.922175e-801. max
1.975502a+ 000,

1.000000:-001
-9089329e-001
-20c600e+000

minimun volume (n3): 4.119962e-009
i I 1la216550_ o006
tal volume (nd): 2.3997a5e-002

minimum face area (m2): 1.A2972Re—ARA
maximum face arrea (m2): 3.410997e 004

checking number of nodes per cell.

Checking number of faces per cell.

Chiecking wunber of cells per fave.

Chiecking righl-handed cells.
Checking face handedness.

Lhecking element type consistency.
Fhecking houndary fypes:

Checking race pairs.

checking periodic boundaries.

peen] © 1Ol = =k ee o= s 0w =
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E¥ FLUENT 134, pbns, skel ==l

outict =
hub

Y sulution Contiols =

Equations Under—Helaxation Factors

. Pressure [55
Keading “E I\ 1\EipI\tipenmnewtipenmiuuunew
bone - Density [1
Grid Check Dody Forces [
Domain Extents: Momentum

nocoordi -2_800000c-001, 2:2 -1

2175e 001, |

a9z .
12532200z aaa . " Pressurc Velocity Coupl

Discretization

SIMPLE

4.119962e-0

09 Pressure [Gecond Order -
1.821655e-006
2.399745e-002 Momentum [Pawer | aw ~
1_aroroae—ann Turbulent Kinetic Cneray [bower Lavw =

alu1aoo7e-Ana

m2)
nodes per celi. Torhuien Dissipation Aate Sovor Caw <]

0% Cells per Face.
Laats i ok | Detaun| cancet| e |

[

face na
hecking perinaic

cl® o= BRI

&%

2- Enable the plotting of residual during the calculation.

Solver » Monitors ——» Residual

a) Under Option select plot.
b) Click OK .

FLUENT [3d, pbns, ske] - x
File Grid Define [ISI%Y Adapt Surface Display Plot Report Paraliel Turbo Help
[ outlet Contols S

hul Initialize >

casing

pressy

Bletid  Animate Statistic

wa11.1 Force...
barticle History | surace..
Execute Commands.. Volume.
Case Check.
herate...

N3 008neurpm._ dat;

-3.0000000-061, wax (m) - 1.600000e-001
-3.922175e—861, max (m) - 2.909329e—001
1.975503e+008, max (M) = 2.295000e+080

win ()
y—coordinate: min (m)
z-coordinate: min (m)
Volume statistics:
inimum volume (m3): 4.119962e-089
1.321655e-086
2.399745e-082

minimum Face area (m2): 1.029723e-086
maximum Face area (m2): 3.418997e-004

Checking thread pointers.

Checking number of cells per face. =

Checking face cells.

Checking bridge faces.

Checking right-handed cells.

Checking face handedness
Zone 16: 881286 right—handed, 12 left-handed

Checking face node order.

Checking element type consistency.

€hecking boundary types:

Checking face pairs.

Checking periodic boundaries.

2 o = e

e o 1= Ellx B s o =

FLUENT [3d, pbns, ske] =12 %]

outlet
hub
casing
pressure
suction
wall.1
interior.2
interior.% &3 Residual Menitors
wall
periodic Options Storage Plotting
Fluid.s
< = Print lterations [1008 2 Window [p =
shell conduction zones, ) =
” Plot £ &
71\tip1\tipsnnneu\ tipsmm3 00onewrpn dat . .- e anen Kterations [1000 2]
I~ Normalize ¥ Scale Axes... | Curves...
Grid Check
Convergence Criterion
Domain Extents: SboElie
x-coordinate: min (m) - —3.000000e-001, max (m} = 1.
y-coordinate: min (m) = -3.927175e-001, max (n) = 2_ Check Absolute =
z-coordinate: min (m) - 1.975503e+000, max (m) - 2.2 |pegidual Monitor Convergence Criteria
volume statisties:z -
minimun volume (M3): 4.119962e-809 continuity [~ = 0.0001
maximum volume (m3): 1.321655e-006 . o =
total velume (m3): 2.399745e-002 Emaelocltul e = 800863
Face area statistic
minimun face area (n2): 1.029723e-006 Jugsenoenty] S L 050061
maximum face area (m2): 3.418997e-084 =
checking number of nodes per cell. z-velocity = 86801
Checking number of faces per cell. =
Checking thread pointers. ENEroY K = 18586, |
Checking number of cells per face. L |
Checking face cells.
Eheciing bridue facess ok | Piot | Renorm| cCancel | Help
Checking right-handed cells.
Checking face handedness.
Zone 16: 881286 right-handed, 12 left-handed
Checking face node order.
Checking element type consistency.
Checking boundary types:
Checking face pairs.
Checking periodic boundaries.

<& @ ® é '!‘-E R ECE e
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3. Enable the plotting of mass flow rate at the outlet.

Solver »  Monitors —— Surface

a) Increase NO of plot to 1.

b) Turn on the plot and write(Note )option for monitor .

c) Click on Define to specify the surface monitor parameter in define surface

monitor.

1)select mass flow rate from the report type drop-down list.
i1) select outlet in the surface .
i11) Click on OK to define the monitor.

d) Click on OK in the surface monitor panel to enable the monitor.

E FLUENT [3d, pbns, ske]

- x| X Define Surface Monitor x|
. = Name
Plot Print Write Every  When = Report Type atic Pressure J
- T [ 2] [neration ~| Define... puss Floviiate Zlis ==
== X Axis =
= T = [fteration Plot Window
- —_ i 2l
! [ 2l [neration 5 I =
File Name
oK Cancel Help |mnnitnrf1.nut
31 au1e997e-pon oK Curves... Axes... Cancel Help
cell.
fa
right-handed cells
ce handedness
12 left-handed
= = M= A
L 8 R @ o E I

4. Initialize the flow field.

Solver Initialize — Initialize

A

a) Select pressure-inlet in the Compute From drop-down list.

b) Click Init, and Close the panel.
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I FLUENT [3d, pbns, skel

File Grid Define JEE] Adspt Surface Dicplay Plot Report Parallel Turbo Help

P Y T —
aasing Monitors. » Patch..

Mg

Particle History » T .

bxecute Commands...
Case Check...
Iterate

pm_Aar

—2_AARAAAR-ART, max (m) _aAnAAAe—an1
- -8.927175e-801, max (m) - 2.989329e-001
1.0755a%e+AAN, ‘max (m) = ?_J05AANA+AAR

1_1199A2a-ARD
1.821655e-006
22007450002

Face area (m2): 1.02072%e-006
Fave area (W2): 3.410997v-004

16: 8812686 ht handed, 12 lert handed
Checking face node order .
Checking element type consistency.
Checking boundary types:
Checking race s .
Fhecking perindic haundaries.

osed B [T &

ED FLUENT [3d. pbns, ske]

544 P
En|la
O G5 38 g30/2014 B

outlet
hub

casing

u
shell conduction zenes, 3 solution Initialization

Compute Fram Reference Frame
[intet | Retative to cell Zone
SR & Absolute

Initial Values
-3.800000e-001, max (m) - 1.80 -
e: m: -3.922175e-001, max (m) - 2.96 Gauge Pres=ure (pascal) [of

— i 1.975503¢+000, max (m) - 2.295 8

Uolume statistics: X Velocity (mis) [g

inimu 1.119962e-009

1.321655e-006 ¥ Velocity mis)[g

total velume (m3): 2.399745e-802

Face area statisties: ZVelocity (mis)[o
ini 1.029723e-086

minimum face area (m2):
maximum face area (m2): 3.410997e-084

Checking number of nodes per cell. =
Checking mumber of faces per coll’ _mnit | Reset| Apply| Close| Help |

Checking thread pointers.
Checking number of cells per face.
Checking face cells.
Checking bridge faces.
Checking right-handed cells.
Checking face handedness.
Zone 16: 881286 right-handed, 12 left-handed
Checking face node order .
Checking element type consistency.
Checking boundary types:
Checking face pairs.
Checking periodic boundaries.

5. Save the steady flow case file (name.case)

File

A

write — case

6. Start the calculation by requesting 500 iterations.

Solver —— [teration
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B} FLUENT [3d. pbns. skel ==l xi

outlet -
hub

3000mEwrpI. UaLT L

Eiicae =]

Itcration

Number of tera Soa
~3.000000e-001, max (m) = 1.000000c- 061

= “3.022175c_801) max (m) - 2.009320c_ 061 Reporting interval [i

= 1.975500e: 080, nax (M) - 2.295000e:000 E Y i KJ

i G962 e 00 UDF Profile Update Interval [1 ::j

1.821655e-006
2.3990745e-002

Iterate | Apply | Close Help

Cheeking
Checking
Clieckin
Lhecking

nt type consistency.
Kliy buuidary LOpES

Cneching thce pairs:
Checking periodic boundaries.

= = il 5 = 548 PM

suel @& O & (= B 2 R ® O ’_@ V= EHlie /3072011 B

[ FLUENT [3d, pbns, ske] == x|
Checking face cells. =

Checking bridge Faces.
Checking right-handed cells.
Checking face handedness.
Zone 16: 881286 right-handed, 12 left-handed
Checking face node order .
Checking element type consistency.
Checking boundary types:
Checking face pairs.
Checking periodic boundaries.

h: average rotation angle (deg) = -5.097 (-6.008 to —6.080)
stored zone rotation angle (deg) ~6.000
stored axis , (1. . 8. . 8.

ored origin, (0 0.
Marning: The mesh contains very high aspect ratio nexanedral
or polyhedral cells
The default algorithm used to compute the wall
distance required by the turbulence models might
produce urong results in these cells.
Please inspect the uall distance by dlsplaying the
contours of the 'Cell Wall Distance' at
boundaries. If you observe any 1rregu]ar1tles we
reconmend the use of an alternative algorithm to

erate xlla1izesrepair wal1-aistance

Ieration ce to suitch to

Number of lterations [so8 4
Reporting Interval [1 él
UDF Profile Update Interval [1 ﬂ

lterate | Apply | Close [ Help
iter continuity x-velocity y-velocity z-velocity energy K epsilen timesiter
¢ DO S ]
487

Geused D670 0 W 783ke=0b 7. BHOVe- 8 Drd500e- otk BIhe ! 60000 5T

+ bof calution is tunuerg
281 To3bhne i 1 aaszelas 1.2021e-05 8.5682¢-06 6.9997e_08 9.384Ie-05 O.5670e_ 95 1:23:10 499

I R @ o= = 2 8 e

e @ [0

Icalculation until the mass flow rate at outlet to be constant
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	Chapter1 Introduction

	1.1 General 

	1.2-Objective

	Chapter2 Literature review

	2.1 Introduction. 

	In order to improve the performance of turbomachinery systems, a detailed understanding of the complex and highly three-dimensional flow phenomena inside axial flow turbine is required. Tip leakage flows one of this phenomena are very complicated by their interaction with the passage flow and the boundary layer developed from the end wall. With the rapid progress of computer and CFD technologies in recent years, many researchers have a tendency to use numerical investigation to solve this problem. But currently, the turbulence structure generated by this phenomenon is not well understood and remains difficult to predict. Experimental study still plays an important role in the study of tip leakage flows. It can give us detailed views of the fundamentals of such flow phenomena, and can also provides valuable data to establish and modify the models used in numerical investigation. Accordingly the focus of this chapter is to frame the present work by reviewing different numerical simulations.

	1.3. Losses in Turbomachines

	Losses in turbomachines are historically classified by their origin and thus termed as, profile loss, end wall loss, tip clearance loss.

	1.3.1 Profile Loss

	This loss is associated with the growth of the boundary layer which is directly related to blade profile. When the adverse pressure gradient on the surfaces so this increase profile losses by the separation of boundary layer. The pattern of the boundary layer growth and its separation depend on the geometries of the blade and flow. The suction side of a blade is more prone to boundary layer separation than pressure side of blade. So the suction side aerodynamic losses higher than pressure side of blade surfaces U.J.Patdiwala et al [4].

	1.3.2 End wall Losses

	This  loss  occurs  in  the  regions  of  flow  near  the  end  walls  owing  to  the  presence  of  unwanted circulatory or cross flows. The flow near the end wall give rise to circulatory flows which are mixes with main flow through the blade passage. As a result of this, secondary vortices in the stream wise direction are generated in the blade passages. These vortices try to transport low energy fluid from the pressure side to suction side of the blade passage, thus increasing the possibility of separation of the boundary layer on the suction side. Figure.2.1 show end wall losses Flow structure in a turbine cascade [1]. 

	1.2.3Tip Clearance Flow Losses

	These  losses  arise  due  to  the  clearance  between  a  moving  blade  and  the  cas. On account of the static pressure difference, the flow leaks from the pressure side towards to suction side. Figure2.2 show CFD tip leakage flow.




