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ABSTRACT

This thesis presents a Reynolds-averaged Navier Stokes (RANS) equations-based
computational validation of the Axial Flow Turbine Research Facility (AFTRF). The
research turbine design was based on NASA’s E3 "Energy Efficient Engine" concept with
23 stationary nozzle guide vanes and a 29 blade high pressure (HP) turbine rotor. This
large-scale and low-speed turbomachinery research facility provides high-resolution
aerodynamic measurements from the turbine stage for the assessment of computational
simulations. The finite volume-based general purpose fluid dynamics solver, Star CCM+,
coupled with the k- SST turbulence model and the "Gamma transition” flow model were
used. Various performance parameters were measured, including velocity profiles,
nozzle/blade airfoil static pressure coefficients, and total pressure. The previously
measured experimental data sets and boundary conditions from the AFTRF were used in a
computational validation. NGV (Nozzle Guide Vanes) and rotor validations were
performed and total-to-total efficiency was discussed.

The present computational effort uses a "mixing plane™ based stationary to rotating
interface for stage calculations. A grid dependency assessment has been performed both
on NGV and rotor flows. The computational results obtained at NGV-intraspace and rotor
exit are compared to five-hole-probe based experimental data. The stage exit data from a
Kiel probe are also compared to the current simulations. The current study concludes that
the present computational model effectively predicts AFTRF aerodynamic flow features
with good spatial resolution. An attempt is also made to compare the total-to-total
efficiency distribution in the spanwise direction. The study concludes that this
computational approach can be effectively used in turbine secondary flow reduction, tip
leakage flow mitigation, unsteady flow computations and finally energy efficiency

improvements.
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viii
Nomenclature
¢ = midspan axial chord length of nozzle guide vane, m
Cp = pressure coefficient ;( P, — P,)/ (0.5pU3)
C,,'= static pressure coefficient; (P, — P3qy4)/ (O.SpZWxZZ‘a,,g)
C,: (Rotor) = total pressure coefficient; (Pyz — Py1)/ (0.5pV7)

Cp, = total pressure coefficient; (Py, — Pyy)/ (0.5pUZ)

2

k = turbulent kinetic energy; r:—z

P = Static Pressure, Pa

P,= total pressure, Pa

T, = total temperature, K

U,, = blade speed at mean radius, m/s
V = velocity magnitude, m/s

I, = axial velocity component, m/s

V. = radial velocity component, m/s

I, = tangential velocity component, m/s
W = total relative velocity, m/s

x = axial distance from nozzle guide vane leading edge, m
y*=non-dimensional wall coordinate
o = vorticity

¢ = dissipation rate



Subscript
1-Nozzle guide vane Inlet, One chord upstream of nozzle guide vane leading edge
2- Nozzle guide vane exit plane, x/c=1.025 from midspan trailing edge

3- Rotor Exit, x/c=1.5 downstream of the rotor trailing edge near casing)

Abbreviation

AFTRF- Axial Flow Turbine Research Facility
CFD- Computational Fluid Dynamics

NGV- Nozzle Guide Vanes

RANS- Reynolds Averaged Navier Stokes
SST- Shear Stress transport

TKE- Turbulent Kinetic Energy

HP- High Pressure

LP- Low Pressure
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Chapter 1 Introduction

1.1 Thesis Scope

Objective of this thesis is to computationally validate the Axial Flow Turbine
Research Facility (AFTRF) available at Penn state University Heat Transfer and
Turbomachinery lab. NGV (Nozzle Guide Vane) validation has been performed in the past
for the same experimental facility however, there has not been detailed study of rotor
validation. This thesis focuses on validating both the NGV and the rotor by comparing
computational exit velocities profile, static pressure coefficient distribution, static pressure
etc. against experimental data.

After performing the turbine stage (NGV and Rotor) validation, stage efficiency is
also computed against the experimental data. A case study has been performed to show the
effect of temperature on the stage efficiency plot.

Before starting the validation, it is a good practice to know what is a turbine and
the possible losses which occur in a turbine. Section 1.2 and 1.3 deal with Background and

typical losses in the turbine.



1.2 Background

A gas turbine is an important tool of turbomachinery which can be used for power
generation, aviation or any other industry related purpose. Typical schematic of a gas
turbine engine is shown in Figure 1-1. A gas turbine engine has the following components,
Compressor, Combustor, Turbine, and Exhaust. Usually air comes from the intake and gets
compressed in a compressor followed by the fuel injection in the combustion chamber and
expansion in the turbine before leaving from exhaust. In this thesis, the focus is the axial

flow turbine.

INTAKE COMPRESSION COMBUSTION EXHAUST

B K

0

y

\ :

—
EErr T 1

A\

Air Inlet/ Combustion Chambers Turbine

Figure 1-1 Axial flow gas turbine engine components [1]

Figure 1-2 shows the schematic of a multi-stage turbine. There are different
components in a turbine. The stator or NGV is a stationary component in a turbine which
is used to give the direction to the incoming flow. A rotor is a rotating part of the turbine
which rotates at a certain RPM by extracting energy from the incoming flow. A single stage
turbine has one stator and one rotor while multi-stage turbine as shown in Figure 1-3 has
series of stator and rotors one after the other. Figure 1-2 and Figure 1-3 show a gap between
the tip of the rotor and the casing; this gap is known as tip clearance, which is given by

equation 1.1,



t
Tip clearance %= n (1.2)

More details about the tip clearance calculations are shown in the Figure A-5

/

Casing \ //

Hub

N .

Axis of rotation

Figure 1-2 Component of a multi-stage turbine [2]

Also called
nozzle guide vanes

Figure 1-3 Component of a multi-stage turbine [2]



1.3 Losses in Turbine

Since the flow field in a turbine is complex and highly three dimensional, many
studies have attempted to understand these flows [3], [4], [5], [6]. Computational Fluid
Dynamics (CFD) has been a good tool to visualize the flow characteristics [5]. Even though
turbines are usually able to achieve the efficiency of 92%, efforts have been made to
increase the efficiency above 92%. Major sources of loss in a turbine efficiency are endwall
flows and tip leakage flows. Sieverding [3] explains the details about the secondary vortex
flow and experimental capabilities until 1985 whereas Langston [4] summarizes the recent
capabilities about predicting the secondary flows until 2001 and states that still there has
not been an accurate turbulence model to predict the endwall loss.

1.3.1 Secondary Flows

Secondary flows in a turbine includes Hub and casing endwall vortices, Horseshoe
vortex, Counter Vortex, and Passage vortex. Viscous losses(endwall boundary layers of
hub and casing surfaces, airfoil profile losses, wake losses) are responsible for 25% of the
turbine stage loss. The remaining 75% of the turbine stage losses are associated with the
blade (rotor). Most significant contributor to this major rotor loss is due to tip clearances,
which accounts for one-third of the total stage loss [5]. Typical vortical structures around

the turbine blade are shown in Figure 1-4



Inlet boundary

Endwall

Passage vortex

Counter vortex

crossflow

Figure 1-4 Three dimensional vortex structure around the blade surface [4]

Inlet boundary layer as shown in Figure 1-4, separates at a saddle point (location
on the endwall where the zero degree incidence line meets the separation line) and forms
horseshoe vortex. That vortex is further divided into two parts, pressure-side leg horseshoe
vortex, and suction-side leg horseshoe vortex. The main driving force of the horseshoe
vortex is pressure gradient along the blade surface, due to this pressure-side leg horseshoe
vortex tries to move away from the surface and goes to the suction side of the next blade
merging with the suction-side leg horseshoe vortex of the new blade (as shown in Figure

1-5). This leads to the generation of Passage vortex as shown in Figure 1-4
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Figure 1-5 Streamlines representing the horseshoe vortex structure

Furthermore, at the leading edge, there is leading edge corner vortex (Pressure side
and Suction side). Secondary flow model given by Goldstein and Spores [6] explains the
formation of leading edge corner vortex, suction side, and pressure side corner vortices. As
shown in Figure 1-6 is the model of secondary flow with corner vortices. Horseshoe vortex
leads to the generation of leading edge corner vortex (Vortex 6-7), these corner vortices
have the opposite direction of rotation as compared to the pressure and suction side leg
horseshoe vortices. Note that the suction-side leg horseshoe vortex moves along the blade

surface, away from the endwall due to lower pressure across the blade surface.



Attachment Line

1. Leading edge pressure side vortex 5. Pressure side corner vortex

2. Leading edge suction side vortex 6. Pressure side leading edge corner vortex
3. Passage vortex 7. Suction side leading edge corner vortex
4. Suction side corner vortices 8. Downward velocity component on pressure side

Figure 1-6 Secondary flow model of Goldstein and Spores [6]

Some secondary models like Sharma and Butler [7] have also shown that the
suction-side leg horseshoe vortex wraps itself around the passage vortex. Vortex 4 is the
pair of vortices which was observed by Sonada [8], according to Sonada this vortex pair is
generated due to the interaction of suction side horseshoe vortex with the suction surface.
Understanding these different vortex structures is critical because these vortex structures
are responsible for the loss of lift and aerodynamic loss. Figure 1-7 shows the static
pressure distribution on the pressure side and suction side surface at different span

locations. Effect of passage vortex formed on the hub wall can be seen on the span location
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(2.3%, 12.5% and 25.0% of span). Midspan (50% span) of the suction surface is not much

affected by the three dimensional secondary flows. Overall, secondary flows try to decrease
the area between the suction and pressure side which can be clearly seen for the lower span
locations (2.3% span and 12.5% span). This decrease in the lift is the direct measure of loss

in the work output.
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Figure 1-7 Static pressure distribution on the airfoil surface at different span locations [4]

Secondary flow structures in the blade are much stronger than the one in NGV,

because of the high turning of the flow along the blade surface and the rotational effect.



1.3.2 Tip leakage vortex

Due to the pressure differences between the suction side and pressure side, flow
exits the suction side with a high velocity at an oblique angle relative to the passage flow
and interacts with the incoming passage flow which causes the leakage vortex to roll up

into a vortical structure.

@ (@ﬁﬁ“ﬁ\ pr—
/

Leakage
Vartex

Eolgr
Blade

5.5] 5.

Figure 1-8 Schematic of leakage flow field in a linear cascade [9]

Figure 1-8 indicates the flow moving from the pressure side (P.S) to the suction
side (S.S) through the tip gap with the stationary casing. While the flow goes from P.S to
S.S the separation bubble bl forms at the corner and it creates the vena contracta region
which accelerates the flow. At times there is another circulation region b2 which is created
as the tip leakage vortex moves further in the suction side. In actual turbine tip leakage
flow may be more complicated than as shown in Figure 1-8 due to the rotational effect of
the blade and shearing effect of the outer casing. Tip passage vortex is generated due to the
blockage created from the tip leakage vortex. Interaction of tip passage vortex with tip
leakage vortex has been a good topic of discussion in turbomachinery field.

B.Lakshminarayana [10] mentioned that more research is still needed in the area of tip
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leakage and secondary flow interactions for further improvements in axial turbine aero-

thermal performance.

dividing stream surface

1 v; ; "“I oo T ' .
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suction side leg of hubwall passage
horse-shoe vortex vortex

Figure 1-9 Tip leakage and other secondary flows [11]

Langston [4] did not consider the effect of tip clearance on secondary flows, as seen
in Figure 1-9. Due to the clearance gap between the blade and the casing wall (tip wall),
tip leakage flow forms. Because of the gap, there is no saddle point, hence, the horseshoe
vortex also does not form. Formation of tip leakage creates blockage for the crossflow, and
thus, the flow separates from the end wall and a passage vortex is created. The rotation of
the tip leakage vortex and the passage vortex are opposite.

Capturing these losses (secondary flows and the tip leakage vortex) is critical in
order to understand the flow physics inside a turbine stage. For this reason, and due to
experimental limitations, developing a computational model that can predict these flows is

essential.
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1.4 Thesis organization

The current experimental facility (AFTRF) and the data collected therein are
described in Chapter 2. An overview of the facility, including the number of NGVs and
rotor blades, dimensions, and flow conditions are discussed. Measuring plane locations for
the NGV and the rotor, along with the static pressure port locations for the rotor blade are
also detailed. Sensors, data uncertainty, and boundary conditions are mentioned in this
chapter.

The computational model, including the mesh and solid geometry are shown in
Chapter 3. Different turbulence models, such as k(111 k-1 and Spalart-Allmaras are
discussed in this chapter. Mesh/grid dependency studies were conducted on the rotor and
the NGV to compute the final required grid cell size.

Chapter 4 describes the NGV and rotor validation. The NGV validation compared
the simulation’s total pressure coefficients, velocity components (axial, radial, and
tangential), and static pressure distribution against the experimental data. For the rotor
validation, total pressure coefficient and the velocity components were used.

Chapter 5 computes the total-to-total efficiency for a turbine stage. Turbine stage
total pressure ratio and total temperature ratio are discussed. For the AFTRF (low pressure),
the stage total temperature ratio has a significant effect on the total-to-total efficiency plot.
A case study of a low pressure (LP) turbine and a high pressure (HP) turbine are presented.
The stage total temperature ratio only had a significant contribution to the total-to-total
efficiency of the LP turbine, and not the HP turbine.

Conclusions from the current research, as well as suggestions for future research,

are summarized in Chapter 6.



12

Chapter 2 Experimental Facility and Data Measurement

Introduction to AFTRF is given in this chapter. It gives an overview about the
facility and current data measurement techniques which were used to gather the
experimental data. Experimental boundary conditions are also discussed which will be used
for the computational model. Experimental data uncertainty is discussed at the end of the
chapter associated with the sensors/probe.

The AFTRF is located in the Pennsylvania State University Heat Transfer and
Turbomachinery Lab. It is a high pressure (HP), open loop, low speed, single stage, cold
flow turbine facility, which was built to study three dimensional passage flows. The
apparatus is 91.66 cm in diameter with a hub-to-tip ratio of 0.73. There are 23 NGVs and
29 rotor blades followed by outlet guide vanes (OGV). A schematic of the AFTRF facility

is shown in Figure 2-1.

NGV inlet station
1xNGV axial chord
upstream ;/

o 3

L e=—= <=

Rotating
M instrumentation
® drum

Figure 2-1 AFTRF facility in heat transfer and turbomachinery lab

The apparatus was fabricated in the turbomachinery lab. VVanes and the blades were

manufactured using the state of the art blade design techniques. As mentioned earlier,
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researchers have not yet completely understood the complexities of the three dimensional

flows in a turbine, Sieverding [3]. Using such a test facility can provide a better
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Figure 2-2 AFTRF instrumentation

=

understanding of these flow characteristics. Various instrumentations have been introduced

inside the vanes and blades, some of the typical instruments are shown in Figure 2-2.

The inlet is a large bell-mouth inlet to have maximum air intake with the air filter.

As discussed earlier AFTRF has 23 nozzle vanes and 29 rotor blades. The axial spacing

between NGV and rotor can be adjusted between 20 to 50% of chord. Flow in the turbine

is provided by two auxiliary, adjustable pitch axial fans which are placed in series. These

two fans create a pressure rise of 74.7 mm Hg at the volumetric flow of 10.4 m3/second.
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Power generated by the turbine is absorbed by an eddy current brake, as shown in Figure
2-2. Capacity of eddy current brake is up to 60.6 KW. Rotor RPM can also be adjusted
within 175 to 1695 RPM and it can be held constant by eddy current break with the
tolerance of + 1 RPM. Rotating probe is used to collect the data in the rotating frame of
reference and it is mounted right after the rotor disk. Collected data was transferred to the
rotating to stationary transmission system attached to the rotor shaft ahead of the nose cone.

A more detailed description of instrumentation is given in Camci [12]

29 Rotor Blades @ 1322 rpm

>

23 Nozzle Guide Vanes

Figure 2-3 AFTRF stage

Figure 2-3 shows the photograph of the facility with removed casing. Midspan

section measurement of NGV and rotor are also shown in Figure 2-4
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Figure 2-4 Dimension of the vane/blade at the midspan

2.1 Experimental Measurement

The facility contains two traversing mechanisms. One probe traverse unit is
mounted right after the rotor disk to give the radial and circumferential measurements in
the rotating frame of reference. The second probe is mounted outside the casing of the
turbine to measure the absolute flow field data one chord upstream of the nozzle and two
chords downstream of the rotor [13]. Static pressure measurements were taken at various
locations (h=0.1, 0.2, 0.5, 0.9, etc.) on the NGV and rotor blades by creating static pressure
holes at several axial and chord-wise locations. Figure 2-5 shows the various static pressure

holes and the instruments on a rotor blade.



16

< Colimn 1

X

o o o o 0O 0 O o0

B
o o

P

oo o0 0 o o0 o o6 o od

Figure 2-5 Static pressure port on the rotor blade surface

A hot wire probe was used to measure the turbulence intensity upstream of the
nozzle. A five-hole probe was used to measure the radial distribution of axial mean velocity
at the nozzle inlet. The stagnation pressure was uniform radially. Again, a five-hole probe
was used to measure the total and static pressure, radial, tangential, axial, and total velocity
magnitudes at a distance of 1.5 chords downstream of the rotor blade. The intra-stage
measurements were taken from an axial measurement station located at x/c=1.025 from the
leading edge of the NGV. The stage exit measurements were obtained 117.85 mm
downstream of the rotor’s trailing edge. This distance corresponds to 1.5 times the axial

chord (78.57 mm) of the blade tip airfoil.
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2.2 Experimental Data and Boundary conditions
The design Performance Parameters are shown in Table 2-1. These experimental
conditions were used for the computational validation and more detailed boundary

conditions are shown in Table 2-2

Table 2-1 Design performance parameter

Total temperature at the inlet (K) 289
Total pressure at the inlet (kPa) 101.360
Mass flow rate (kg/s) 11.05
Rotational speed (rpm) 1300
Total pressure ratio (Py;/Py3) 1.0778
Total temperature ratio (Ty3/Ty1) 0.981
Pressure drop(mmHQ) (Py3-Poy1) 56.04
Power (KW) 60.6
Stator efficiency 0.9942
Rotor efficiency 0.8815
Total-to-Total isentropic efficiency 0.8930

Table 2-2 Detailed boundary conditions used

NGV inlet boundary conditions

Total pressure (kPa) 101.360

Static pressure (kPa) 100.845

Total temperature (K) 289

Turbulent kinetic energy (TKE ) As shown in Figure 2.6
Velocity magnitude As shown in Figure 2.6
Rotor exit boundary conditions

Mass flow rate (kg/s) 11.05

Turbulence intensity (%) 2.2

Turbulence viscous ratio 4

Rotational speed (RPM) 1300




Table 2-3 AFTRF design parameters

Rotor hub tip ratio 0.7269
Tip radius (m) 0.4582
Blade height h (m) 0.1229
Tip relative Mach number 0.24 (max)
Nozzle guide vane

Number 23
Midspan axial chord (m) 0.1123
Turning angle (deg) 70
Reynolds number based on inlet velocity 3~4 x 10°
rotor-stator axial spacing at hub (mm) 36.32
Rotor Blade

Number 29
Midspan axial chord (m) 0.0929
Turning at tip angle (deg) 94.42
Turning angle at hub (deg) 125.69
Tip clearance t/h 0.8 %
Reynolds number based on inlet velocity 2.5~5.0x10°

18

The above boundary conditions (Table 2-2) closely represent the Zaccaria’s

experimental data [13]. Inlet velocity and the turbulent Kinetic energy are obtained using

the Hot Wire probe. Turgut [14] has shown this distribution at one chord upstream of the

nozzle guide vanes.



19

1.0 — -
T ‘_._..i T I_'"--.,_‘ |
Fs
i
.T
na—+ L =
[
It . .
0.6 I I =
c | | |
g. 'l | —e Velucih_r {m's)
e | | ———— TKE (m®s")
0.2~ t j —
Y
L'w—-_h._ 1 ___._,dl
0.0 F - A B i 1
0 10 20 30 40

V.k

Figure 2-6 Velocity and Turbulent kinetic energy profile at the ngv inlet [14]

2.3 Experimental Data Uncertainty

The assessment of the current computational simulations was performed against a
number of measured data sets from the AFTRF. The turbulence intensity at the inlet
measurement station, located one chord length upstream of the NGV leading edge, used a
single sensor hot wire. The calculated total uncertainty for hot wire measurements was
documented as 1.9% in measured turbulence intensity. The turbulent kinetic energy profile
was computed to the measured turbulence intensity at the inlet station, assuming an
isotropic turbulent flow structure. All three components of the velocity vector in the nozzle
guide vane exit flow were measured with a five-hole probe. The relative uncertainty for
velocities was calculated as 0.6% for V, 2.5% for Vx, 0.5% for V0, and 22% for Vr. A

detailed description of the five-hole probe approach is presented in [15]. The uncertainties
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for total pressure and static pressure measurements were +5 Pa. The relative uncertainties
on the total pressure and static pressure were 0.03% and 0.033% of the total pressure at the

NGV exit, respectively.

The data measurement techniques and associated uncertainties can help in
identifying the possible sources of error between the experiment and the computational
simulation. The boundary conditions given above were used in the computational model,

as presented in Chapter 3.
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Chapter 3 Computational Model

The development of the computational model is discussed in this chapter. A critical
aspect was deciding on the turbulence model to be used during the computational study.
The available turbulence models are mentioned in this chapter. Grid/mesh dependence
studies were performed on the NGV and the rotor, which were essential to ensure the
computational model was correct and validated using the experimental boundary
conditions.

3.1 Different Turbulence Model:-

In this simulation, a two-equation turbulence model was used to model the fluid
flow. While selecting the turbulence model, the flow transition from laminar to turbulent
was considered. The k-omega SST turbulence model [16] was selected along with the
Gamma-transition model to effectively predict the flow physics. Details of the boundary
conditions were given in Chapter 2. Other turbulence models available in Star CCM+ [17]
are given below.

3.1.1 K-Epsilon Model

The K-Epsilon turbulence model is a two-equation model that solves transport
equations for the turbulent Kinetic energy(k) and the turbulence dissipation rate (g) in
order to determine the turbulent eddy viscosity.

3.1.2 K-Omega Turbulence Model

The K-Omega turbulence model is again a two-equation model that solves transport
equation  for the turbulent kinetic energy and the specific dissipation rate ‘®’ in order

to determine the turbulent eddy viscosity.
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3.1.3 Spalart-Allmaras Turbulence Model

The Spalart-Allmaras turbulence model is one equation model that solves a
transport equation for the modified diffusivity in order to determine the turbulent eddy

viscosity.

3.2 Mesh and Solid Geometry:-
In this study polyhedral mesh with Prism layers was used. The mesh dependency /
grid dependency studies for both NGV and Rotor used the mesh cell size of 1.2 Million,

2.50 Million and 3.2 Million for NGV and 1.6 Million, 3 Million and 5 Million for Rotor.

The result of these mesh dependence studies will be discussed later.

Figure 3-1 Mesh distribution at the midspan of the stage
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As shown in Figure 3-1 is the mesh distribution at the midspan of the stage. Around
the NGV and rotor blade surface, dark thick lines represent the prism layers. A more
detailed image is shown in Figure 3-2. The mesh of the entire stage is shown in Figure 3-3.
Using the boundary conditions in Chapter 2 and Mesh cell size of 3.2 Million NGV and 3

Million Rotor resulted in Wall y+ was below 1.

Figure 3-2 NGV prism layers (left) and rotor prism layers (right)
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Figure 3-3 Mesh in overall stage

In Star CCM+ there are two major types of meshes: polyhedral and tetrahedral.
Tetrahedral cells are easy to generate automatically and are widely used, but cannot be
substantially stretched at the boundaries of a surface. Tetrahedral meshes have only four
neighbors and computing gradients at the cell centers can be inaccurate and challenging.
For example, it is possible that all the neighboring nodes could lie on the same plane or be
unevenly distributed around edges of the boundary causing a numerical issue. Polyhedral
cells are also easy to generate, but have many neighbors (typically on the order of 10), such
that gradient computations can be much better approximated. Even though there are more
number of cells, higher computation time can be compensated by the higher accuracy.

Polyhedral cells are beneficial for the recirculating flows [18]. Prism layers are introduced
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along the walls of NGV and Rotor blades. 15 and 20 prism layers are given around the wall
of NGV and Rotor respectively. Unstructured polyhedral cells were used in the current
simulation. Using an unstructured mesh provides an advantage when dealing with meshing

complex geometries, such as the high turning angles on the NGV and the rotor.

Mixing Plane

NGV assembly

s
-
Figure 3-4 Solid geometry of stator-rotor stage

The turbine stage flow simulations were conducted by the general-purpose finite
volume flow solver Star CCM+ over a computational domain as shown in Figure 3-4.
Three-dimensional RANS flow equations in steady-state were solved for the complete
stage (NGV and rotor). The maximum Mach number in this facility was less than 0.3 and
which occurred in extremely limited flow zones. Therefore, an incompressible flow
solution is obtained. Rotor study is done in the rotating frame of reference whereas NGV
is studied in the stationary frame of reference. Interaction space between the NGV exit and
rotor inlet is termed as "intra-space” and studied using a "mixing plane" approach which

uses "circumferential averaging" to transfer the computational data from NGV to rotor flow
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domain. Figure 3-4 and Figure 4-7 show the position of the mixing plane located just
downstream of the NGV trailing edge. The mixing plane is parallel to the trailing edge line
of the NGV airfoil. The axial position of the measurement station at “intra-stage" is
indicated in Figure 2-1. Hub, casing and all flow exposed surfaces of the blade are treated
as "adiabatic wall" for the solution of the energy equation.

Inlet boundary conditions are given 1 chord upstream of the NGV and outlet
boundary conditions are given 3 chords downstream of the rotor. Inlet is a stagnation inlet
and velocity/turbulent kinetic energy for the NGV inlet is shown in Figure 2-6, Stage outlet
is mass flow rate type which is given in Table 2-2. Computational model is replica of the
Axial Flow Turbine Research Facility, Turbomachinery lab in Hammond Building
(College of engineering) with 23 Nozzle guide vans and 29 HP Rotor blades. Using the
periodic surface approach it was possible to analyze for the whole stage using only one
stator to rotor interaction as shown in Figure 3-4. Rotor blade has tip clearance of 0.8%

Figure 3-5

Figure 3-5 Tip clearance (highlighted) between rotor blade and casing



3.3 Gird Dependency study(NGV):-

The grid dependency on NGV blade is done by anlayzing the blade loading at the midspan
of NGV (H=0.5). Three different mesh sizes have been selected 1.2Million, 2.5 Million
and 3.2 Million. As shown in Figure 3-6, all three meshes were compared against the

experimental data. Loading coefficient shows a very similar distribution for all three grid

resolution and computational results match well with the experimental results.

-10

-12

-14

@ Measured data Cp

+ Computed Cp 1.2 Million

Computed Cp 2.5 Million

o Computed Cp 3.2 Million

HESHSHERES

0 0.1 0.2 03 04

0.5 0.6 0.7 0.8 0.9 1

x/c

Figure 3-6 Static pressure coefficient at ngv midspan

Static Pressure coefficient is given by the following equation,

P1—P;

P 0.5%pxUZ,

(3-1)
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U,, is the blade speed at the mean radius based on the rpm and mean radius value it comes
around to be 54.08 m/s. The conclusion of the study was to use the mesh with 3.2 million
cells.

3.4 Grid Dependency study (Rotor):-

For the rotor grid dependency study, meshes of 1.6, 3.0, and 5.0 million cells were
used. The static pressure coefficient, Cp’, at the rotor midspan was examined similarly to
the NGV study. The grid with 1.6 million cells (as shown in Figure 3-7 ) showed good
agreement with the measured data, except for the mid-chord region on the pressure side
between x/c=0.20 and 0.80. The grids with 3.0 and 5.0 million cells both showed very good
agreement with the experimental data on both the pressure side and the suction side of the
rotor airfoil. The experimental loading data, C,', for the rotor was obtained from pressure

transducers in the rotating instrumentation drum of the AFTRF, as shown in Figure 2-2

Static pressure coefficient at the rotor midspan is given by the following formula,

I’ PZ_PSavg
P 0.54ppx W g

3-2)

For rotor it was decided that 3 Million cells grid size is optimum.
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Figure 3-7 Static pressure coefficient at rotor midspan
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To get proper validation it is essential to make sure the computer model is correct,

from this chapter mesh type and cell size, and turbulence model were selected. Using the

grid dependency study, number of cells for NGV and the rotor were decided.
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Chapter 4 Nozzle Guide Vane (NGV) and Rotor Validation

Various parameters like Total pressure coefficient, Static pressure coefficient and
exit velocity profiles for both NGV and Rotor are compared in this chapter. Experimental
data collected from the sensors/probes mentioned in Chapter 2 were used to validate the
computational result. All the computational measurements for NGV were taken at the same
location as in the experiment (x/c=1.025). For the rotor inlet, the plane was located at
x/c=1.018 and the rotor exit plane was located at x/c=1.5 downstream of the rotor. Based
on the computer model and the final grid size in Chapter 3, further validation was
performed.

4.1 NGV Validation

0.9
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Figure 4-1 Total pressure coefficient at ngv exit
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Figure 4-1 shows the total pressure coefficient (equation 4-1) distribution at the
NGV plane, which is located at x/c=1.025. The total pressure coefficient plot has also been
used to show the grid dependency. Meshes containing 1.14, 2.50, and 3.30 million cells
were all considered. The 3.30 million cell grid predicted the nature of the plot well within
acceptable limits.

Total pressure is given by the equation,

Py — Ppq
C Z027 To1

= 4-1
Pt ™ 0.5%pxV2 (-1

The total pressure coefficient was normalized using the axial mean velocity at the inlet of
the NGV. The rim seal effect or the leakage in the wheel space cavity can cause deviations
in the plot near the hub at h=0.0 (Span=0.0). From 20% to 80% span, C,, computations
were in accordance with the experimental data. The total pressure coefficient near the
casing deviated slightly, which could be because there was an open slot for the probe to
transverse. This opening creates suction near the casing, reducing the losses, thus the

computation showed greater losses. Figure 4-2 shows the location of the measuring plane.



Figure 4-2 NGV exit plan
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Figure 4-3 Provision for wheelspace/rim seal cavity exit at the intraspace between ngv and rotor

Figure 4-4 compares the computational and experimental velocities, using the axial,
radial, and tangential components. Computational axial velocity was a good match with
experimental data, such that the mass flow rate remained almost constant. The radial
component remained close to zero. However, there was deviation between the experimental
and computational tangential velocity components. There was a decrease in the tangential
velocity; the maximum decrease (6%) was noted at the 30% span location. This decrease
in velocity was supported by an incerase in the static pressure, as shown in Figure 4-5.
Note that the experimental data does not begin at 0.00, nor does it end at 1.00, because of
the probe. It was not possible in the current experimental facility to measure the parameters

directly on the hub or on the casing.
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Figure 4-4 Velocity components at ngv exit
Figure 4-5 compares the computational and experimental static pressure

coefficient, which is given by the following equation:

P1— P,

=1z 4-2
P 05xpxUZ (4-2)

Computational data was in good agreement with the experimental data. Above 30% span
and below 80% span there was an increase in static pressure coefficient, due to a decrease

in velocity. Changing the RPM from 1300 to 1330 shifted the curve closer to the



35

experimental values. From equation 4-2, it can be seen that the blade speed at the mean

radius has a higher influence on the static pressure coefficient than the static pressure

differential.
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Figure 4-5 Static Pressure coefficient at the ngv exit

4.2 Rotor Validation

Figure 4-6 , shows the total pressure coefficient at the rotor inlet. The rotor inlet
plane is perpendicular and located at x/c=1.018 from the casing trailing edge. Figure 4-7
shows the location of the rotor inlet measuring plane and the mixing plane. Total pressure

coefficient is given by the following equation:
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Py —Ppyq
C., — 22701

Pt ™ 0.5¢pxV? (4-3)

Computational data was in good agreement with experimental data for most of the span,
but it deviated below 20% span. This deviation can be attributed to the wheelspace or rim
seal cavity, as shown in Figure 4-3. Turgut [14] has also shown that the computational

curve moved closer to the experimental curve with an increase in the seal flow.
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Figure 4-6 Total pressure coefficient at rotor inlet plane
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did not agree well with the experimental results from 20% to 60% of the span. The axial
component of the velocity was directly related to the mass flow rate. According to Figure
4-8, the computation under-predicted the mass flow rate. This could be because of the
turbulence model that was selected for the computation or it could be other CFD
limitations, such as flow dissipation occurring quicker than in the experimental

environment.
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Figure 4-8 Velocity components at rotor exit
The span region from 20% to 60% was also dominated by secondary flows,
including the horseshoe vortex, the passage vortex, and the leading edge vortex. It is
possible that the turbulence model or the mesh quality could not properly capture the

secondary flows and wake regions.
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Figure 4-9 Blade loading for rotor at different H location
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Blade loading provides a basic understanding of the pressure distribution on the
suction and pressure sides of the blade. The midspan static pressure coefficient was
compared to the experimental data. As discussed in Chapter 1, secondary flow decreased
the lift/net-work output by decreasing the gap between the pressure side and the suction
side. For a span of H=0.3, there were more secondary flow losses than at H=0.5. Further
away from the hub and closer to the casing (H=0.9, 0.96), it can be seen that the flow was
more dominated by the tip leakage vortex. As discussed in Section 1.3, the tip leakage
vortex was formed because of the pressure difference between the pressure side and the
suction side. This leakage vortex results in the maximum pressure loss, as compared to any

other secondary flows.

Figure 4-10 shows the static pressure drop at span locations closer to the tip region,

specifically at H=0.9, 0.93, 0.96, and 0.97.
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Figure 4-10 Static pressure drop at different span location

Purpose of this research was to computationally validate the NGV and the rotor,
this chapter dealt with the validation in detail. Validation results look promising so now

total-to-total efficiency can be compared in the coming chapter.
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Chapter 5 Stage Efficiency

Total-to-total efficiency (n..)/isentropic efficiency/stage efficiency is a direct measure of
the losses that occur in a turbine passage. The losses contain the secondary flows and tip
leakage vortex discussed in Section 1.3. To compute this efficiency, the turbine stage/stage
total pressure ratio and the total temperature ratio were used. A simple case study is
included in this chapter to determine the effect of changing the stage total temperature ratio.
The case study compares a low pressure turbine (AFTRF) and a high pressure turbine.
Plots are now discussed based on the stage inlet and stage exit. The inlet is located one
chord upstream of the NGV and the exit is located 117.85 mm downstream of the rotor

trailing edge, near the casing.
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Figure 5-1 Turbine stage total pressure ratio
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P,; Was taken as 101360 Pa (Table 2-2 ). The computational and experimental data were
in good agreement, as shown in Figure 5-1. It is critical to note that due to the probe

limitations, data at a span of 0% and 100% have not been recorded.

1
05 [ 0 To3/Tol
0s H measured AFTRF
—0—T03/Tol
0.7 H Computed
0 =0=To03/Tol Corrected
c
S 05
n
0.4
0.3
0.2
0.1
0
0.900 0.920 0.940 0.960 0.980 1.000
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Figure 5-2 Turbine stage total temperature ratio

Figure 5-2 shows the total temperature ratio of the turbine stage. The computational
temperature ratio was lower than the experimental ratio. Because of this, the computational
efficiency was higher than the experimental efficiency. T,,; was given as 289 K (Table 2-2).
By increasing the exit total temperature by 0.6 K, the total temperature curve shifted toward
the experimental curve. The reason why the computational model was under predicting the

temperature at the rotor exit could be due to the viscous effects in the rotor, which would
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result in an increased temperature drop. The total temperature ratio was reduced near the

hub and the casing, as compared to 20% to 60% of the span. Increased total temperature,

turbulent kinetic energy and viscous dissipation in the boundary layer would also cause the

lower efficiency numbers.
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Figure 5-3 Total-to-total efficiency

Figure 5-3 shows the total-to-total efficiency both computational and experimental of the

AFTRF stage. The calculation of total-to-total efficiency is given by the following

equation,
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T
e = ——— (5-1)

As seen in equation 5-1 total-to-total efficiency is dependent on the overall turbine
total temperature ratio and turbine total pressure ratio. Figure 5-2 showed that minor
changes in the temperature (0.6 K) can have a lasting impact on the temperature ratio. The
effect of the temperature ratio on the total-to-total efficiency can be seen in Figure 5-3. On
average, there is a shift of 0.0982 or 9.82% when increasing the stage exit temperature by

0.6 K.

The following section provides better understanding of how a minor change in temperature

can affect the efficiency plot. Two different cases are presented: one is of the AFTRF (low

pressure (LP) turbine) (? = 1.07) and a generic high pressure (HP) ratio (? =0.5). 6Ty
01 01

(Temperature measurement error) varied from 0 to 2 K and 6 P,5 (Pressure measurement

error) varied from 0 to 100 Pa

Figure 5-4 shows the change in the temperature measurement error on the x- axis.
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Figure 5-4 Efficiency dependency against the temperature change

Considering the current case (temperature measurement error of 0.6 K), the change
in efficiency is nearly 0.1 (10%), which is close to the expected value from Figure 5-3
(0.0982 or 9.82%). The same effect was seen for the HP turbine, but for a smaller value of
0.01 (1%). Figure 5-5 shows that a change in §P,5 did not have any significant effect on
the efficiency plot for both HP and LP turbines. Two different § Py; values of 25 Pa and
100 Pa were investigated for both LP and HP turbines. Figure 5-4 shows that even if the
6 Py3 value varied from 25 Pa to 100 Pa, the same line was followed for both LP and HP

cases.
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C

Figure 5-6 Temperature v/s entropy chart

ho1—h 172
Nrr = hooll_hoojs - = (5-2)
)

Equation (5-2) shows the total-to-total efficiency in terms of enthalpy. From the
boundary conditions value of Ty;=289 K and P,;=101360 Pa and using the pressure ratio
and temperature ratio from Table 2-1 P,5 and T,3 can be computed. Using equation 5-4 and

5-5, Onrrl 0Ty3 and dnrrl dPy; can be computed. Assuming the error in temperature
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measurement 67,5 varies from 0 to 2K and error in pressure measurement &P, varies from

0 to 100 Pa.

Onrr = \/[anTT 5To3]2 + [anTT 5P03]2 (5-3)

aTog 6P03

onrr 1

-1

onrr _ %1'6_3?)7'(1_;_8?)

S > (55)

7]

This chapter discussed the total-to-total efficiency of the AFTRF stage. A minute

change (0.6 K) in the stage total temperature ratio had a significant effect on the efficiency
plot. A case study was performed numerically to determine the effect of the stage total

temperature ratio on the LP (AFTRF) and HP turbines.
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Chapter 6 Conclusions and Future Work

The experimental data were taken from the AFTRF with 23 stationary NGV and 29
HP rotor blades. Computational simulations were conducted using STAR CCM+ (RANS
with k- SST turbulence model and Gamma transition model). The blade loading at the
midspan of the NGV and rotor were shown for a grid dependency study. 3.0 million cells
were used in an unstructured mesh for each NGV and rotor blade case. Computational data
was collected at the same measuring plane location as the experimental data. For the NGV
validation, the NGV exit static pressure coefficient and the total pressure coefficient, along
with three velocity components at x/c=1.025 were compared. For the rotor validation, the
total pressure coefficient at the inlet plane and the three velocity components at the rotor
exit were compared. After validating the NGV and the rotor, the stage total pressure ratio
and the stage total temperature ratio were also compared to the experimental data. The
stage inlet location was one chord upstream of the NGV and the stage outlet location was
x/c=1.5 downstream of the rotor’s trailing edge. Computational data were in accordance
with the experimental data. The deviation in the computational data could be attributed to
the following:

1. The rim seal (the wheelspace cavity) flow near the hub was simplified as a wall

in the computation.
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2. The slot created in the experimental facility to traverse the probes to get the
measurements in the rotating frame of reference might have allowed leakage

near the casing.

After validating the NGV and the rotor, the total-to-total efficiency was computed.
Total-to-total efficiency was based on the stage total pressure ratio and the stage total
temperature ratio. A slight increase in the stage total temperature (0.6 K) changed the
efficiency by 10%. A case study was also presented to determine the effect of stage
temperature ratio on LP and HP turbines. For LP turbines changing the exit total
temperature by 0.6 K changed the efficiency by 10% whereas for HP turbine the change in

efficiency was 1%.

Future work

This computational validation has shown that the experimental nature of the
AFTRF can be accurately modeled computationally. Future work should study the model
in the frequency domain instead of in the periodic surface domain. Unsteady analysis
would also assist in understanding the time-dependent effects on the flow physics.
Different tip designs could be simulated without running expensive experiments. Tip
clearance could also be changed in the computational models, and the results could be
studied to understand tip-leakage physics in more detail with the help of streamline

animations in CFD.
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APPENDIX AFTRF model and Solid Geometry Measurements

Scanned model of NGV and Rotor.

TOP WORK

Figure A-1 NGV scanned image-1



TOP WORK

Figure A-2 NGV scanned imgae-2

Figure A-3 Rotor scanned image-1
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Figure A-4 Rotor scanned image-2
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