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ABSTRACT
The actual flow field in a turbine stage is extremely complex, three-dimensional, and
unsteady, mainly due to interactions between the nozzle guide vanes (NGV) and the rotor vanes.
A detailed understanding of turbine flow field characteristics, which is crucial for improving
turbine performance, can be obtained using a computational fluid dynamics approach.
In this current study, the flow field in the Pennsylvania State University Axial Flow
Turbine Research Facility (AFTRF) was simulated. This study examined four sets of simulations.
The first two sets are for an individual NGV and for an individual rotor. The last two sets use a
multiple reference frames approach for a complete turbine stage with two different interface
models: a steady circumferential average approach called a mixing plane model, and a time
accurate flow simulation approach called a sliding mesh model. All the current simulations have
been performed by using the commercial finite-volume solver FLUENT.
The NGV passage flow field was simulated using a three-dimensional Reynolds
Averaged Navier-Stokes finite volume solver (RANS) with a standard 𝑘 − 𝜖 turbulence model.
The mean flow distributions on the NGV surfaces and endwall surfaces were computed. The
numerical solutions indicate that two passage vortices begin to be observed approximately at the
mid axial chord of the NGV suction surface. The first vortex is a casing passage vortex which
occurs at the corner formed by the NGV suction surface and the casing. This vortex is created by
the interaction of the passage flow and the radially inward flow, while the second vortex, the hub
passage vortex, is observed near the hub. These two vortices become stronger towards the NGV
trailing edge. Examination of simulation results for the flow field at two NGV exit planes, at
X/Cx= 1.025 and X/Cx= 1.09, where X/Cx is the ratio of axial distance to vane chord length,
shows a strong velocity deficit in a wake region aligned with the NGV trailing edge. The largest
wake width is observed at the tip and decreases gradually to its lowest value at the hub surface.
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By comparing the results from the X/Cx= 1.025 plane and the X/Cx= 1.09 plane, it can be
concluded that the NGV wake decays rapidly within a short axial distance downstream of the
NGV.
For the rotor, a set of simulations was carried out to examine the flow fields associated
with different pressure side tip extension configurations, which are designed to reduce the tip
leakage flow. RANS based viscous flow simulations were used to compare a number of potential
aerodynamic de-sensitization designs for blade tips. The current study benefits from the past
aerodynamic experiments performed in the rotating turbine facility at The Pennsylvania State
University by Dey and Camci[1]. A grid independency study was performed for choosing an
optimal grid system, which provides adequate flow field resolution while remaining
computationally feasible. The simulation results show that significant reductions in tip leakage
mass flow rate and aerodynamic loss reduction are possible by using suitable tip platform
extensions located near the pressure side corner of the blade tip. The computations used realistic
turbine rotor inlet flow conditions in a linear cascade arrangement in the relative frame of
reference; the boundary conditions for the computations were obtained from inlet flow
measurements performed in the AFTRF
A complete turbine stage, including an NGV and a rotor row was simulated using the
RANS solver with the SST 𝑘 − 𝜔 turbulence model, with two different computational models for
the interface between the rotating component and the stationary component. The first interface
model, the circumferentially averaged mixing plane model, was solved for a fixed position of the
rotor blades relative to the NGV in the stationary frame of reference. The information transferred
between the NGV and rotor domains is obtained by averaging across the entire interface. The
quasi-steady state flow characteristics of the AFTRF can be obtained from this interface model.
After the model was validated with the existing experimental data, this model was not only used
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to investigate the flow characteristics in the turbine stage but also the effects of using pressure
side rotor tip extensions. The tip leakage flow fields simulated from this model and from the
linear cascade model show similar trends.
More detailed understanding of unsteady characteristics of a turbine flow field can be
obtained using the second type of interface model, the time accurate sliding mesh model. The
potential flow interactions, wake characteristics, their effects on secondary flow formation, and
the wake mixing process in a rotor passage were examined using this model. Furthermore, turbine
stage efficiency and effects of tip clearance height on the turbine stage efficiency were also
investigated.
A comparison between the results from the circumferential average model and the time
accurate flow model results is presented. It was found that the circumferential average model
cannot accurately simulate flow interaction characteristics on the interface plane between the
NGV trailing edge and the rotor leading edge. However, the circumferential average model does
give accurate flow characteristics in the NGV domain and the rotor domain with less
computational time and computer memory requirements. In contrast, the time accurate flow
simulation can predict all unsteady flow characteristics occurring in the turbine stage, but with
high computational resource requirements.
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Chapter 1
INTRODUCTION
The main research objective in thermal power engineering for aviation and industrial gas
turbines is to improve performance of gas turbine engines. There are thousands of sophisticated
parts which have to be designed and assembled perfectly to create a high efficiency gas turbine
engine. The turbine is a critical source of several kinds of aerodynamic losses. Over the years,
enormous efforts have been made to achieve superior turbine efficiency but researchers still face
many problems, and there are many approaches for further investigation. First of all, we need to
understand the behavior of flow in a turbine. The flow characteristics of a turbine stage are
extremely complex due to secondary flow, annulus wall boundary layer, blade boundary layer,
and interaction of nozzle exit flow with rotor flow. Accurate modeling and prediction of the
turbine flow field is essential for improving design, increasing efficiency, and minimizing various
losses. Further turbine efficiency improvements nowadays become more and more difficult and
require a deeper understanding of the complex flow field. The methods widely used to achieve a
better understanding of the flow field include experimental approaches and numerical
simulations. Aerodynamic data from experiments contribute to the understanding of flow field
patterns, while numerical simulations help to predict trends and particular parameters which are
difficult to obtain from experiments.
In this study, the computational investigations have been carried out in a low speed single
stage axial turbine research facility installed at the Turbomachinery Aero-Heat Transfer Research
Laboratory, the Pennsylvania State University. The details of the axial flow turbine research
facility (AFTRF) are described by Lakshminarayana et al.[2]. This facility, which incorporates
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the features of a current high pressure turbine stage, is designed to study unsteady viscous flow
characteristics of three-dimensional turbine flows. Several carefully performed experiments were
conducted to obtain comprehensive understanding of the flow field. Zaccaria et al. [3] conducted
detailed measurements in the nozzle guide vane ( NGV) with an Laser Doppler Velocimetry
(LDV) to obtain the three-dimensional flow field in a turbine nozzle passage. The experimental
three-dimensional flow field and a NGV- rotor interaction flow field are described by Zaccaria[4]
and Ristic [5]. The flow field inside a turbine rotor including the effect of tip clearance flow was
experimentally investigated by Xiao [6] and McCarter [7].
Numerical investigations are required to obtain more complete knowledge where the
measurements cannot be conveniently obtained. Tallman [8] and Luo [9] used a threedimensional Reynolds averaged Navier-Stokes computational fluid dynamic code to simulate the
effects of turbine parameters on the tip leakage flow vortex. There has been no numerical
investigation of unsteady phenomena using the AFTRF which adequately addresses the complex
flow of the axial turbine. Therefore, this current study complements earlier work by performing a
time accurate simulation of a full single turbine stage including NGV-rotor interactions. The
numerical models are validated by comparing with measurements obtained on the AFTRF.

1.1 Turbine Flow Field Characteristics
To obtain an understanding of turbine aerodynamics, the complex flow characteristics of
a turbine need to be described. The flow starts at a nozzle inlet and passes through a nozzle
passage. The nozzle passage flow field includes an inviscid region at the center of the blade
passage and a viscid region near the blade surface and endwall. While the flow passes over the
blade surface, three-dimensional boundary layers are developed. Interaction of the boundary
layers on the blade and endwall creates a complex secondary flow region in the blade passage
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near the endwall. Inevitably, the nozzle secondary flow is transformed to three-dimensional wake
downstream of the nozzle which affects the rotor flow field. The NGV-rotor interactions occur in
the axial space between adjacent rows. Then the flow reaches a rotor region which has a rotating
flow field. Finally, the rotor flow usually propagates to another turbine stage. Turbine stage flow
details are provided as follows.

1.2 Three-Dimensional Flow in a Turbine Nozzle Guide Vane Passage
The flow field of a single stage turbine nozzle is mostly considered as a two-dimensional
inviscid flow except the near endwall regions where a boundary layer is developed. This twodimensional flow is termed the primary flow. Along the endwall surfaces, the boundary layer
flow at the inlet contains spanwise velocity gradients. When this boundary layer flow is turned
into a blade passage, a three-dimensional transverse flow which is called the secondary flow is
developed.
The cause of the transverse flow which occurs during the turning of a shear flow can be
explained with reference to figure1.1. The expression of pressure gradient between suction and
pressure surfaces given by Gregory-Smith [10] is
𝜕𝑃 𝜌𝑉 2 𝜌𝑣 2
=
=
𝜕𝑅
𝑅
𝑟
where 𝑃 is the mainstream pressure,
𝑝 is the pressure in the boundary layer,
𝑉 is the mainstream velocity,
𝑣 is the velocity in the boundary layer,
𝑅 is the radius of curvature in the mainstream,
𝑟 is the boundary flow radius of curvature.

1.1.
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The boundary flow which has lower velocity and the primary flow are subjected by the
same pressure gradient. As 𝑉 is greater than 𝑣, the primary flow radius of curvature 𝑅 is also
greater than the boundary flow radius of curvature 𝑟. Thus, it can be inferred that slower moving
fluid has a tighter radius of curvature and the transverse velocity occurs near the endwall.

Figure1.1 Turning of endwall boundary layer [10]
The transverse flow on the endwall tends to cross the nozzle passage to the suction blade
surface. In order to preserve continuity, a back flow further away from the endwall occurs and
causes the flow to generate a vortical flow at the exit, as shown in figure 1.2.
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Figure 1.2 Vortical flow in a cascade [10]

1.3 Secondary Flow in a Turbine Nozzle Passage
The flow field inside a turbine nozzle passage consists of a number of vortical flow
features referred as a secondary flow. The secondary flow contributes to increasing aerodynamic
losses and reduction in efficiency. An inlet endwall boundary layer and an airfoil leading edge
interaction along the stagnation-line plane creates a horseshoe vortex, which was introduced by
Klein [11]. Figure 1.3 shows the horseshoe vortex originates at the leading edge of the blade and
rolls into the passage vortex. One leg of the vortex is swept from the blade pressure surface to the
suction surface of the adjacent blade to form the main passage vortex while the other leg is swept
along the suction surface.
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Figure 1.3 Secondary flow model by Klein [11]
This secondary flow model was modified by Langston [12]. Figure 1.4 depicts
Langston’s horseshoe vortex model. This model includes the merging of the pressure side
horseshoe vortex into the passage vortex. Sieverding [13] described the synchronous evolution of
horseshoe and passage vortices. It is found that the suction side horseshoe vortex near the blade
leading edge is convected around the passage vortex core while the pressure side branch of the
horseshoe vortex is found in the center of the passage vortex.
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Figure 1.4 Endwall model by Langston [12]

A corner vortex is a vortex that rotates in the opposite direction of the passage vortex and
is located invariably right in the endwall/suction side corner. The corner vortex is caused by the
overturning of the flow near the endwall. Figure 1.5 shows limiting streamlines in a very high
turning at the endwall from surface oil flow visualization. The bright line S3 represents an
interference region almost at a right angle with the blade suction surface near the position of
maximum surface curvature. It leads to the boundary layer ahead of the leading edge being rolled
to create the vortical motion.
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Figure 1.5 Endwall limiting streamlines indicating generation of corner vortex Sieverding
[13]

Wang et al. [14] introduces a more detailed description of the secondary flow pattern
based on their smoke patterns around turbine blades and previous flow investigations of
Goldstein and Spores [15] and Jabbari et al. [16], presented in figure 1.6. A periodically
fluctuating horseshoe vortex is observed ahead of the cascade near the leading edge, shown in
section A-A of figure 1.6. When the vortex flow enters to the nozzle passage, several vortex
flows occurs. Due to a strong pressure gradient between pressure surface and suction surface, a
pressure side leg of the horseshoe vortex moves toward the suction side and then merges with a
suction side horseshoe vortex from the adjacent blade. These two vortices are gradually blended
into a single vortex. At the region where two vortices merge, several flow components such as the
pressure leg of the horseshoe vortex, the suction leg of the horseshoe vortex, the incoming
boundary layer, the endwall crossflow, and the primary flow form a strong vortex named the
passage vortex. Moreover, Wang observed corner vortices such as 𝑉𝑠𝐿𝑐 , 𝑉𝑝𝐿𝑐 , 𝑉𝑠𝑐 , and 𝑉𝑝𝑐 . These
are indicated in figure 1.6.
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Figure 1.6 Vortex model described by Wang et al. [14]

1.4 NGV-Rotor Interaction
The proximity and the relative motion of the turbine rotor blade row and the extremely
complex nozzle flow introduce periodic unsteadiness into the flow. There are three primary forms
of the periodic unsteadiness, a viscous wake interaction from the nozzle vane upstream, a
potential interaction of blade rows, and a shock wave interaction. The unsteadiness considerably
affects the overall efficiency of the turbine stage. The experimental results obtained by Payne
[17] showed an unsteady change in stage efficiency of 1.2% as the rotor moves relative to the
upstream nozzle. As the axial gap between two blade rows tends to be reduced for compact
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design, the NGV-rotor interaction effects become increasingly significant. Detailed experimental
information about the potential interaction can be found by Dring et al. [18] and Korakianitis
[19]. The wake interaction has been studied by Zaccaria [4], Binder [20], and Hodson [21]. The
shock wave interaction has been examined by Payne [22], Paniagua et al. [23], and Miller[24].

1.4.1 Potential Interaction
The total pressure in the nozzle flow passage is almost constant, except in the viscous
boundary layer dominant region. The flow in the nozzle passage has different velocities
depending on the location. Thus, the static pressure distribution in the nozzle passage must be
varied from one location to another because of the convergent shape of the passage. When a blade
row rotates near a nozzle vane, the two potential fields interact with each other. As a
consequence, the instantaneous static pressure distribution varies as a function of time and
becomes a source of unsteadiness. If the axial gap between nozzle and rotor blade row is less than
the airfoil chord, the potential interactions can cause unsteadiness in both directions upstream and
downstream [18]. The magnitude of potential interaction depends on the axial length between
nozzle vane and rotor blade row. It decays exponentially with a length scale of the order of the
chord. Therefore, the pressure gradient fluctuation caused by potential interactions is always
smaller than those caused by the wakes. However, the potential interaction effects cannot be
entirely dismissed even if it is relatively small. The small disturbance in static pressure may cause
significant changes in boundary layers that are close to separation or have separated on the rear of
the suction surface.
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1.4.2 Wake Interaction
Besides potential interaction, wake migration is an apparent source for unsteadiness. The
wake migration is a phenomenon caused by a separated flow downstream of a solid blade moving
relatively to the primary flow. Flow velocity magnitude decreases significantly in the wake
region.
Even though, the flow angle across the wake region has small variation, after the wake
occurs at a trailing edge of the nozzle vane, the wake propagates to the succeeding blade row
affecting flow characteristics downstream. These unsteady flows considerably influence pressure
distribution, heat transfer, and forced response as well as noise generation in the turbine. Dietz
and Ainsworth [25] described the cause of unsteady pressure fluctuation as due to wake
migration. Figure 1.7 shows velocity deficits in the wake region. In the rotor relative reference
frame, the wake has a slip velocity component arising from the vector addition of the relative
speed between free stream relative velocity and wake relative velocity. This wake slip velocity
causes changes relative flow angle within the wake. As a consequence of this change, the
unsteady pressure fluctuations occur downstream of the blade row.
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Figure 1.7 Wake migration and velocity diagram [25]

The static pressure does not fluctuate much in the wake region. But the wake in the flow
passage affects significantly the static pressure at the blade surface. When the passing wake
reaches the blade leading edge, the flow velocity and the incidence of the flow on the airfoil
decrease locally. This results in a local decrease in static pressure on the suction side and an
increase on the pressure side. This perturbation is maximal when the wake hits the leading edge
and decreases after the wake leaves the leading edge.
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1.4.3 Shock Interaction
For a high pressure turbine with an expansion ratio of more than four, a transonic turbine
is commonly used to obtain a high stage pressure ratio and high resistance to separation. The
inevitable consequence of using this type of turbine is a high blade row exit Mach number which
often reaches the transonic range. Payne [22] conducted experiments to study loss in a high
pressure turbine stage. The oblique shocks in the flow passage near the trailing edge were
observed as shown in figure 1.8. The shock creates static pressure discontinuities as well as a
source of unsteadiness. The low pressure region which is formed immediately behind the shock
wave expands around the trailing edge.

Figure 1.8 Shock wave interaction at mid span [22]
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1.5 Tip Leakage Flow
Leakage flow over the rotor blade tip is responsible for a significant amount of
aerodynamic loss in a turbine stage. This section provides a literature review on the nature of tip
leakage flow in axial flow turbines. Most shroudless turbine rotor designs require a gap between
blade tips and the casing. A comprehensive summary of the over tip leakage aerodynamics is
provided by Denton [26]. The pressure difference between the pressure side and the suction side
induces the leakage flow across the tip. The over tip gap flow mixes with the main stream passage
flow. The interaction of these flows results in the generation of a secondary leakage vortex near
the blade suction side corner that contains a significant vortex core. Denton and Cumpsty [27]
describe the effects of tip leakage flow. The leakage flow passes over the blade tip essentially
without being turned. Consequently, the blade force and the work done are reduced. Tip leakage
flow does not go through the usual expansion process occurring at the midspan region of the
turbine passage. The leakage fluid mixing with the core flow is relatively hotter than the core
fluid because of this inherent “lack of work extraction” in the tip clearance region. Bindon [28]
explains how this mixing generates the aerodynamic loss. The mixing loss is typically intense
within the region of the last 40% chord length where the fluid does not have sufficient momentum
to compensate the diffusion. The flow starts to separate from the suction side corner and form a
large vortical structure. The leakage flow that has a significant vortical content interacts with the
near casing flow, passage vortex and blade wake flow.

1.6 Interaction between an Over Tip Leakage Flow and Secondary Flows
Figure 1.9 presents three-dimensional flow features that are found in the turbine.
Considering the flow near a casing, the region of maximum pressure marked as the dividing
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stream surface occurs slightly away from the pressure surface. On the side of the dividing stream
towards the pressure surface, the flow induced into a gap between the blade tip and the stationary
casing forms the tip leakage flow. The flow on the other side of the dividing stream surface is
accelerated towards the suction surface and creates a passage vortex. The passage vortex moves
from the pressure surface to the suction surface of the adjacent blade.

Figure 1.9 Three-dimensional flow features in an axial turbine rotor passage [29]
Yamamoto [30] investigated the interactions of endwall flow mechanisms with blade tip
clearance. He found that the leakage flows through the clearance interact with the passage vortex
near the suction surface and then roll down away from the endwall along an interaction line and
form a tip leakage vortex, which rotates in the opposite direction to the passage vortex. These two
vortices, tip leakage vortex, and passage vortex, strongly reinforce each other. Figure 1.10
illustrates typical measurements of the secondary velocity vector and the total pressure contours
at the exit plane. The counter-rotating vortex pair, the tip leakage vortex and the passage vortex
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are observed in the middle of the passage. The high loss region can be found along the suction
surface where the leakage flow interacts with the passage vortex.

Figure 1.10 Rotor passage secondary and over tip leakage flows measured in linear cascade
[30]

1.7 Tip Leakage Losses
A tip loss model developed by Denton [26] is given in equation 1.2 . There are several
possible means of reducing the over tip leakage flow related loss  , at a given relative tip
clearance level t/h.
2𝐶𝑑 𝑔
𝜁=
𝑐𝑜𝑠𝛽2 

𝑐
𝑠

1
0

𝑉𝑠
𝑉2

3

𝑉𝑝
1−
𝑉𝑠

𝑉𝑝
1−
𝑉𝑠

1
2 𝑑𝑧

𝑐

1.2.
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1. Reducing the discharge coefficient Cd
2. Modifying the rotor exit conditions
3. Changing the aerodynamic characteristics of the blade tip for raising the
pressure side velocity Vp or reducing the suction side velocity Vs
4. Increasing the pitch to chord ratio
These promising means in reducing the over tip leakage flow are described in the
following sections. Tip leakage flow reduction by using special tip platform geometries is also
possible [1].

1.7.1 Reducing the Discharge Coefficient Cd
A number of studies have explored this option. Booth [31] conducted an experiment by
using a water flow discharge rig to study the effects of tip geometry on the discharge coefficient
Cd. According to this experiment, the knife edge geometry had the lowest Cd of 28% that is below
the flat tip value. Bindon and Morphis [32] presented experimental results that were obtained in a
linear cascade facility at a fixed relative gap height. When the blade tip corner radius was
increased a Cd value that is 12 % higher than the blade with a plain tip was obtained. This
contoured tip can reduce the flow contraction at the blade tip and the mixing loss at the suction
surface. The methods, which concentrate only on reducing Cd, may not be appropriate for lower
over tip leakage loss. Heyes et al. [33] studied the over tip leakage flow in two different sets of a
linear cascade of turbine blades. The effects of using plain tip, suction side squealer and pressure
side squealer were investigated. They found that the suction side squealer gave the best reduction
in Cd. The use of squealer tips for reducing tip leakage mass flow rate and loss have been reported
by a number of researchers in various aspects. Camci, Dey, and Kavurmacioglu [34] reported the
experimental investigation of aerodynamic characteristics of full and partial squealer rims in the
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Axial Flow Turbine Research Facility (AFTRF) at the Pennsylvania State University. Various
positions of a few squealer rims along the chordwise direction were investigated to determine the
position for the minimum aerodynamic loss. Their experimental observations from the rotating
turbine configuration of the AFTRF indicated that implementation of partial squealer rims
positively affected the local aerodynamic performance by weakening the tip vortex. The term
“weakening the tip vortex” was equivalent to a reduction in the momentum deficit contained in
the tip vortex area. Prakash et al. [35] provided a numerical investigation of a conventional
squealer tip with a straight shelf and inclined shelf near the pressure side in an effort to control
the leakage flow. The computations showed that the specific shelf designs applied to the pressure
side of the tip region were highly effective in weakening the tip vortex. More recent experiments
performed in the rotating rig AFTRF also confirmed the beneficial influence of similar inclined
shelf designs.

1.7.2 Modifying the Rotor Exit Conditions
The aerodynamic characteristics of turbine blades are modified either increasing the
relative exit velocity V2 or reducing the relative angle. Yamamoto et al. [36] and Dececco et al.
[37] reported that off-loading the tip, which can change the rotor exit conditions, is able to reduce
the over tip leakage flow.

1.7.3 Changing the Aerodynamic Characteristics of the Blade Tip for Raising the Pressure
Side Velocity Vp or Reducing the Suction Side Velocity Vs
Partial shroud (winglet) geometry has the potential for increasing the pressure side
velocity Vp. Patel [38] performed an experimental investigation of partial shroud tips and showed
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that the partial shroud tip can improve the stage efficiency by 1.2% . Booth et al.[31] studied
several partial shroud geometries in a water cascade rig. The double winglet design is the most
proficient design which can improve the stage efficiency by +0.6 %. Yaras and Sjolander[39]
investigated three different winglet geometries, pressure side winglet, suction side winglet and the
double-sided winglet. The specific winglet geometries reduced the over tip leakage loss by 10%.
Harvey and Ramsden [40] presented a novel design of partial shroud geometry derived from a
review of past research. The winglet is predicted to significantly improve the turbine stage
efficiency, by 1.2% to 1.8% at 2% relative gap height t/h. Dey and Camci [41] performed an
experiment for investigating the effects of the winglet geometries upon the over tip leakage flow
structure. The experimental results from the rotating rig AFTRF showed that the pressure side
extension (bump) geometry was highly effective to obtain effective over tip leakage control.

1.7.4 Increasing the Pitch-Chord Ratio s/c
Denton [26] investigated the effect of changing the pitch-chord ratio, from s/c of 0.9 to
0.45, on the over tip leakage loss. For a given exit angle and inlet angle, the over tip leakage
decreases by 50%. Harvey and Ramsden [40] compared the over tip loss at s/c values of 1.14 and
0.57. For exit angle and inlet angle of 0 degree and less, the over tip leakage loss is significantly
reduced by more than 44%. However, it is unacceptable to achieve lower tip leakage loss by
increasing the number of rotor blades. Other sources of loss increase as well as the cost, weight
and complexity of the cooling system.
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1.8 The Axial Flow Turbine Research Facility (AFTRF)
In this study, the Axial Flow Turbine Research Facility (AFTRF) at the Pennsylvania
State University is modeled to predict the single turbine stage flow. The facility descriptions
,which represent a low speed, open circuit facility, with a single cold turbine stage with many
characteristics of modern high-pressure turbines, are given by Lakshminarayana et al.[2].

Figure 1.11 The schematic of the AFTRF
Figure 1.11 shows a schematic layout of the facility. The AFTRF consists of a large bellmouth inlet section followed by a test section with a 23-nozzle vane row and a 29-rotor row and
outlet guide vane. A four-stage axial fan located downstream of the turbine produce a pressure
rise of 74.4 mm Hg. The power generated by the stage is absorbed by an eddy current brake. The
speed of the rotor can be varied between 175 and 1695 RPM. The performance parameters are
summarized into table 1.1.
Table 1.1 The AFTRF performance parameters
Corrected rotating speed (N)

1300 rpm

Power

60.6 kW

Mass flow rate 𝑚

11.05 kg/s

21
Total temperature at nozzle inlet 𝑇01

289 K

Total pressure at nozzle inlet 𝑃01

101.36 kPa

Speed function (𝑁/ 𝑇01 )

77.69 𝑟𝑝𝑚/ 𝐾

Total temperature ratio 𝑇01 /𝑇03

0.981

Total pressure ratio 𝑃01 /𝑃03

1.0778

Total pressure drop 𝑃03 − 𝑃02

56.04 mm Hg

Hub reaction

0.18

Pitchline reaction

0.3820

Hub loading coefficient

1.3172

Pitchline loading coefficient

0.9407

NGV efficiency

0.9421

Rotor efficiency

0.8815

Stage total-to-total isentropic efficiency

0.8930

The nozzle and rotor blades (figure 1.12) are based on an advanced GE design for high
energy efficiency engines. The summary of nozzle and turbine rotor blade parameters has been
given in table 1.2.
Table 1.2 Nozzle and rotor blade parameters
Blade hub to tip ratio

0.7269

Blade tip radius

0.4582 m

Blade height

0.1229 m

Rotor blade
Turning angle

95.42o (tip), 125.69o (hub)
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Number of blades

29

Chord at mid span

0.1287 m

Axial chord at tip

0.0840 m

Spacing at mid span

0.1028 m

Maximum thickness at tip

22 mm

Tip clearance

1.27 mm (actual 0.97 mm average, 1.0414 mm
max and 0.77 mm min)

Nozzle guide vane
Turning angle

70o

Number of nozzles

23

Chord at mid span

0.1768 m

Maximum thickness at tip

0.1308 m
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Figure 1.12 NGV and rotor blade geometries

1.9 Objectives
An accurate prediction capability of the turbine flow field is of substantial value in
improving design, increasing efficiency and minimizing various losses. Further turbine efficiency
improvements nowadays become more and more difficult and moreover require a deeper
understanding of the complex flow field. The methods widely used to obtain a better
understanding of the flow field are experimental researches and numerical simulations.
Aerodynamic data from experiments contribute the understanding of flow field patterns;
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numerical simulations help to predict trends and particular parameters which are difficult to
obtain from experiments. The major objective of this research is to predict the turbine flow field
which is inherently unsteady and three-dimensional flow due to interactions between adjacent
blade rows, the presence of secondary flows, viscous effects and tip leakage effects by using
computational fluid dynamics methods. The objective includes the following aspects.
1. To model the steady-state flow field within a typical passage of turbine blade row by
using the mixing plane approach between blade rows. With this approach the flow
fields are solved in steady state. The circumferentially average profiles of dependent
variables are applied to update the interface boundaries.
2. To obtain the time-accurate prediction of the turbine flow field by using the slidingmesh approach for simulations involving relative motion of rotor and NGV. This
prediction is to contribute to the physical understanding of the unsteady flow
phenomena.
The steady state and the time accurate flow field predictions are validated by comparing
with measurements obtained from the AFTRF. After validation, the time accurate flow models
are analyzed in an attempt to understand the turbine stage flow structure. This task includes the
following;


To investigate nozzle vane passage flow characteristics and vane boundary
layers.



To understand nozzle wake characteristics and nozzle wake decay due to an
adjacent rotor.



To understand the effects of axial NGV-rotor interaction on the turbine stage
flow field.
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To study the secondary flow effects in a turbine rotor including the tip vortexpassage vortex interaction. Moreover, effects of tip clearance flow on the rotor
efficiency are also investigated.



To understand the rotor wake characteristics by focusing on a rotor decay and
flow profile.

This current study also proposes a concept of controlling the tip leakage by using the
pressure side extension tip geometries. Numerical investigations of Dey’s pressure side extension
geometry [1] and other new designs of pressure side extension tip geometries are conducted in an
attempt to improve the over tip leakage characteristics.

1.10 Organization of the Thesis
This thesis is divided into eight chapters. A review of selected literatures is given in
chapter 1. It focuses on the general overview of turbine flow field characteristics including tip
leakage flow, and potential approaches to reduce tip leakage flow. It also includes a detailed
literature review on unsteady effects such as potential interactions between a nozzle and a rotor
blade row, wake migration, and shock interaction. These unsteady effects significantly impact on
the turbine performances.
Chapter 2 presents the governing equations of the present work. The Reynolds-Averaged
Navier Stoke equations, wall boundary conditions and widely used two-equation turbulence
model, namely the standard 𝑘 − 𝜖 , the RNG 𝑘 − 𝜖 model, the Realizable 𝑘 − 𝜖 model, the 𝑘 − 𝜔
model and the Shear Stress Transport SST 𝑘 − 𝜔 model are presented in this chapter.
Furthermore, this chapter gives details of the flow in multiple rotating reference frames models.
The two widely used types of these models are the mixing plane approach and sliding mesh
approach.
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Chapter 3 provides the computational results of the three-dimensional viscous flow in an
annular turbine nozzle. The computation does not include the interaction of the rotor blade. The
flow characteristics and flow visualizations are presented.
The linear cascade of the rotor blade row computation results are given in Chapter 4. This
chapter focuses on the potential rotor blade tip configurations to reduce the tip leakage flow. The
flow computation results for five modified blade tips are presented. In particular, the leakage flow
characteristics over these modified tips and aerodynamic losses are discussed.
In this work, two models of the interaction between the rotating and stationary
components are applied to a single stage turbine. The model which approximates the NGV-rotor
interaction as a steady process is presented in Chapter 5. A time average computation of a single
stage turbine passage using the mixing plane approach is used to predict the flow in a turbine
stage. In this chapter, the steady flow predictions are described in detail.
Another interaction model between the NGV and rotor row applied to single stage turbine
is the sliding mesh approach. This approach provides the interaction as an unsteady process by
sliding the rotor mesh past the NGV mesh at every time step. The predictions of flows in a
turbine stage using the sliding mesh model are shown and analyzed in Chapter 6. It focuses on the
unsteady flow interactions which exist between the NGV and rotor blade row. Moreover, the
computations of variation of the total-to-total efficiency with the tip gap height for AFTRF are
provided in this chapter.
The steady and unsteady turbine stage flow computations with appropriate interface
models can yield useful information. Therefore, Chapter 7 discusses some of comments about the
advantages and disadvantages of using the two different types of NGV and rotor interface
models, the mixing plane model and the sliding mesh model.
Chapter 8 draws conclusions from this work and describes possible extensions of this
work.

Chapter 2
GOVERNING EQUATIONS AND NUMERICAL PROCEDURE

2.1 Governing Equations
The time dependent Navier Stokes equations are believed to provide a complete
mathematical description of the fluid flow. There are four equations and four unknowns (p, u, v,
and w).
𝜕𝜌
+ div 𝜌𝒖 = 0
𝜕𝑡

2.1.

x-momentum

𝜕 𝜌𝑢
𝜕𝑝
+ div 𝜌𝑢𝒖 = −
+ div 𝜇 grad 𝑢 + 𝑆𝑀𝑥
𝜕𝑡
𝜕𝑡

2.2.

y-momentum

𝜕 𝜌𝑣
𝜕𝑝
+ div 𝜌𝑣𝒖 = −
+ div 𝜇 grad 𝑣 + 𝑆𝑀𝑦
𝜕𝑡
𝜕𝑡

2.3.

z-momentum

𝜕 𝜌𝑤
𝜕𝑝
+ div 𝜌𝑤𝒖 = −
+ div 𝜇 grad 𝑤 + 𝑆𝑀𝑧
𝜕𝑡
𝜕𝑡

2.4.

Continuity

Therefore, the problem is well posed in mathematical terms. Before introducing a turbulence
model description, the Navier Stokes equations are solved numerically to describe the fluid
motion without the random, irregular details of turbulent flows.
In this study, the flow governing equations are discretized by using the finite volume
method scheme [42]. The computational domain is divided into a large number of small finite
control volumes or cells surrounding the nodal point 𝑊, 𝑃, and 𝐸. Figure 2.1 shows a control
volume surrounding the nodal point 𝑃. The west side face of the control volume is referred as 𝑤
and the east side control surface as 𝑒.
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Figure 2.1 A control volume around a node 𝑷 in a one-dimensional domain
The integral form of governing equations, shown in equation 2.5 is integrated over a
control volume to yield discretised equations. This converts the integral equations into a system
of algebraic equations.
𝜕
𝜕𝑡

𝑼𝑑𝑉 +
𝐶𝑉

𝑭 ∙ 𝑛𝑑𝐴 =
𝐴

𝑮 𝑑𝑉

2.5.

𝐶𝑉

𝑼 is known as the state vector of the conserved variables
𝜌
𝜌𝑢
𝑼=
𝜌𝑣
𝜌𝑤

2.6.

𝑭 is the flux vector which consists of the convective part 𝑭𝑐 and the viscous part 𝑭𝑣
The convective flux 𝑭𝑐 is

𝑭𝑐 =

𝜌𝒖
𝜌𝑢𝒖 + 𝑛𝑥 𝑝
𝜌𝑣𝒖 + 𝑛𝑦 𝑝
𝜌𝑤𝒖 + 𝑛𝑧 𝑝

2.7.

where 𝒖(𝑥, 𝑦, 𝑧, 𝑡) is the velocity vector, 𝑝 is the pressure, and 𝑛 is a normal vector.
The viscous part 𝑭𝑣 is

𝑭𝑣 =

0
𝑛𝑥 𝜏𝑥𝑥 + 𝑛𝑦 𝜏𝑥𝑦 + 𝑛𝑧 𝜏𝑥𝑧
𝑛𝑥 𝜏𝑦𝑥 + 𝑛𝑦 𝜏𝑦𝑦 + 𝑛𝑧 𝜏𝑦𝑧
𝑛𝑥 𝜏𝑧𝑥 + 𝑛𝑦 𝜏𝑧𝑦 + 𝑛𝑧 𝜏𝑧𝑧

where the components of the viscous stress are

2.8.
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2
𝜕𝑢 𝜕𝑣 𝜕𝑤
𝜏𝑥𝑥 = 𝜇 2
−
−
3
𝜕𝑥 𝜕𝑦 𝜕𝑧
2
𝜕𝑣 𝜕𝑤 𝜕𝑢
𝜏𝑦𝑦 = 𝜇 2
−
−
3
𝜕𝑦 𝜕𝑧 𝜕𝑥
2
𝜕𝑤 𝜕𝑢 𝜕𝑣
𝜏𝑧𝑧 = 𝜇 2
−
−
3
𝜕𝑧 𝜕𝑥 𝜕𝑦
2.9.
𝜏𝑥𝑦 = 𝜏𝑦𝑥

𝜕𝑢 𝜕𝑣
= 𝜇
+
𝜕𝑦 𝜕𝑥

𝜏𝑦𝑧 = 𝜏𝑧𝑦 = 𝜇

𝜕𝑣 𝜕𝑤
+
𝜕𝑧 𝜕𝑦

𝜏𝑧𝑥 = 𝜏𝑥𝑧 = 𝜇

𝜕𝑤 𝜕𝑢
+
𝜕𝑥 𝜕𝑧

𝐺 is the source term which is defined as

𝑮=

0
𝑆𝑥
𝑆𝑦
𝑆𝑧

2.10.

The finite volume integration of equation 2.5 over a control volume is integrated over a finite
time step ∆𝑡.
𝑡+∆𝑡
𝐶𝑉

𝑡

𝜕𝑼
𝑑𝑡 𝑑𝑉 +
𝜕𝑡

𝑡+∆𝑡

𝑡+∆𝑡

𝑭 ∙ 𝑛𝑑𝐴 𝑑𝑡 =
𝑡

𝐴

𝑮 𝑑𝑉 𝑑𝑡
𝑡

2.11.

𝐶𝑉

The first term on the left hand side of equation 2.11 can be written as
𝑡+∆𝑡
𝐶𝑉

𝑡

𝜕𝑼
𝑑𝑡 𝑑𝑉 = 𝑼𝑃 − 𝑼0𝑃 ∆𝑉
𝜕𝑡

2.12.

𝑼𝑝 is a conservative variable at nodal 𝑃 at time 𝑡 + ∆𝑡, 𝑼0𝑃 is a conservative variable at time 𝑡,
and ∆𝑉 is its control volume, which is equal 𝐴∆𝑥 where ∆𝑥 is the width of the control volume
and 𝐴 is the cross section area of the control volume. The flux term of the equation 2.11 can be
written as
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𝑡+∆𝑡

𝑡+∆𝑡

𝑭 ∙ 𝑛𝑑𝐴 𝑑𝑡 =
𝑡

𝐴

𝑭𝐴
𝑡

𝑒

− 𝑭𝐴

𝑤

𝑑𝑡

2.13.

Equation 2.11 may be written as
𝑼𝑃 − 𝑼0𝑃 ∆𝑉 =

𝑡+∆𝑡

𝑡+∆𝑡

𝑭𝐴
𝑡

𝑒

− 𝑭𝐴

𝑤

𝑑𝑡 +

𝑮 ∆𝑉 𝑑𝑡

2.14.

𝑡

To evaluate the time integral terms on the right hand side of equation 2.14 with implicit scheme,
the 𝐹𝑒 and 𝐹𝑤 at the new time step are used to calculate𝑈𝑝 . This can convert the integral equations
into a system of algebraic equations. Then, this set of algebraic equations is solved numerically.
The flow in a turbine stage always involves with a turbulent flow. In a turbulent flow the
local flow quantities vary randomly with time. Reynolds introduced a statistical approach in
which all quantities can be presented as the sum of a mean part and fluctuation part. Using this
approach, the instantaneous velocity 𝑢𝑖 𝑥, 𝑡 is the sum of the mean velocity 𝑈𝑖 𝑥, 𝑡 and the
fluctuating velocity 𝑢𝑡′ (𝑥, 𝑡) so that 𝑢𝑖 𝑥, 𝑡 = 𝑈𝑖 𝑥, 𝑡 + 𝑢𝑡′ (𝑥, 𝑡). Similarly, for pressure and
other scalar variables 𝜑 = ∅ + 𝜑′ where 𝜑 is a scalar quantity such as pressure, energy or species
concentration. Inserting these instantaneous formulations into the Navier-Stokes equations and
performing Reynolds Averaging yields the Reynolds Averaged Navier-Stokes equations (RANS),
which represent transport equations for the mean flow quantities with all the turbulence being
modeled. The RANS may be represented by equation 2.15 and 2.16.
𝜕𝜌
𝜕
+
𝜌𝑈𝑖 = 0
𝜕𝑡 𝜕𝑥𝑖

𝜌

𝐷𝑈𝑖
𝜕𝑃
𝜕
𝜕𝑈𝑖 𝜕𝑈𝑗 2 𝜕𝑈𝑙
=−
+
𝜇
+
− 𝛿
𝐷𝑡
𝜕𝑥𝑖 𝜕𝑥𝑗
𝜕𝑥𝑗 𝜕𝑥𝑖 3 𝑖𝑗 𝜕𝑥𝑙

2.15.

+

𝜕
−𝜌𝑢𝑖′ 𝑢𝑗′
𝜕𝑥𝑗

2.16.

The Reynolds averaged Navier-Stokes equations (RANS) are similar to the time
dependent Navier Stokes equations with all variables representing ensemble-averaged values.
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However, there is an additional term −𝜌𝑢𝑖′ 𝑢𝑗′ called Reynolds stress that represents the turbulent
effect. In order to obtain the closed form solution, it is necessary to model the Reynolds stress.
In this study, the three-dimensional, steady/unsteady, turbulent form of the Reynoldsaveraged Navier-Stokes equations (RANS) are solved by a finite volume formulation using a
general purpose viscous flow solver. Constant fluid density conditions in time are assumed. In
practical flows, if the root mean square (r.m.s) velocity fluctuations are of the order of 5% of the
mean flow, the mean density would vary slightly. The small density fluctuations do not affect the
flow significantly.

2.2 A Two-Equation Turbulence Model for Reynolds Averaged Navier-Stokes Equations
The turbulence models which are applied to RANS are divided into two broad
approaches. First is the Boussinesq hypothesis approach, which is proposed in 1877 by French
mathematician, Joseph Valentin Boussinesq. He suggested that Reynolds stress is similar to
molecular viscous stress. Therefore, Reynolds stress might be proportional to the mean rate of
deformation. According to the Boussinesq hypothesis the Reynolds Stress tensor can be
calculated as the product of the eddy viscosity and the mean strain rate tensor, shown in equation
2.17.
𝜏𝑖𝑗 = −𝜌𝑢𝑖′ 𝑢𝑗′ = 𝜇𝑡
Here 𝜇𝑡 is the turbulent viscosity and 𝑘 =

1
2

𝜕𝑈𝑖 𝜕𝑈𝑗
2
+
− 𝜌𝑘𝛿𝑖𝑗
𝜕𝑥𝑗 𝜕𝑥𝑖
3

2.17.

𝑢′ 2 + 𝑣 ′ 2 + 𝑤 ′ 2 is the turbulent kinetic energy per

unit mass.
The difference between the viscous stress equation and Reynolds stress equation is the
appearance of turbulent viscosity 𝜇𝑡 and a last term on the right hand side of equation 2.17,
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which is added to ensure that the formula gives the correct result for the diagonal tensor elements
of normal Reynolds Stress.
The second approach to solving RANS is the Reynolds Stress Model, in which the
unknown Reynolds stress components are obtained by solving the differential Reynolds Stress
transport equations as shown in equation 2.18. This approach introduces six more equations
which must be satisfied by the Reynolds stress tensor. An additional equation for the length scale
or equivalent is also required to solve the RANS.
𝜕𝑢𝑗
𝜕
𝜕
𝜕𝑢𝑖
𝜌𝑢𝑖′ 𝑢𝑗′ +
𝜌𝑢𝑘 𝑢𝑖′ 𝑢𝑗′ = − 𝑢𝑖′ 𝑢𝑘′
+ 𝑢𝑗′ 𝑢𝑘′
𝜕𝑡
𝜕𝑥𝑘
𝜕𝑥𝑘
𝜕𝑥𝑘
−

𝜕𝑢𝑖′ 𝑢𝑗′
𝜕
1
𝑢𝑖′ 𝑢𝑗′ 𝑢𝑘′ + 𝑝′ 𝑢𝑖′ 𝛿𝑗𝑘 + 𝑝′ 𝑢𝑗′ 𝛿𝑖𝑘 − 𝜈
𝜕𝑥𝑘
𝜌
𝜕𝑥𝑘
+

2.18.

𝑝′ 𝜕𝑢𝑖 𝜕𝑢𝑗
𝜕 𝑢𝑖 𝜕𝑢𝑗
+
− 2𝜈
𝜌 𝜕𝑥𝑗 𝜕𝑥𝑖
𝜕 𝑥𝑘 𝜕𝑥𝑘

Two-equation turbulence models based on the Boussinesq hypothesis are the most widely
used turbulence models in turbomachinery applications since the computing resources required
for reasonably accurate flow results are the modest. Moreover, they can predict turbulent flow
properties with no prior knowledge of the turbulence structure or flow geometries. However, the
turbulence model based on the Boussinesq hypothesis which assumes that the turbulent viscosity
is isotropic leads to equal normal stresses. It cannot accurately compute in secondary flows which
occur due to unequal normal Reynolds stress. However, there are two-equation turbulence model
variations which reduce anisotropic computing inaccuracy. Applying the Reynolds stress model
with 7 more equations requires much more extensive computational resources to handle the
additional equations involved. Therefore, the two-equation turbulence models are more suitable
for design and research studies.
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2.2.1 The 𝒌 − 𝝐 Model
The 𝑘 − 𝜖 model is one of the best-known two-equation turbulence models because it is a
simple complete model of turbulence which provides independently the turbulent velocity and
length scales and is easy to implement. The modeled 𝑘 equation is derived directly from the
ensemble-averaging process Harlow and Nakayama [43] proposed a turbulence energy
3

dissipation rate 𝜖 which is proportional to 𝑘 2 /𝑙. Due to this relation, the eddy viscosity used with
the Boussinesq hypothesis can be calculated using equation 2.19
𝜇𝑡 ≡ 𝑐𝜇 𝜌𝑘 2 /𝜖

2.19.

where 𝑐𝜇 is a model coefficient.
The standard 𝑘 − 𝜖 model was presented by Jones and Launder [44]. This turbulence
model was applied to predict a convective heat transfer in a strongly accelerated boundary layer.
The results of this prediction agree well with experiments. This turbulence model was obtained
by solving simultaneously the transport equations for the turbulence kinetic energy, its dissipation
rate, and the conservation equations of the RANS system. The turbulence kinetic energy and
dissipation rate transport equations are presented in equation 2.20 and 2.21, respectively.
𝜌

𝜌

𝜕𝑘
𝜕𝑘
𝜕𝑈𝑖
𝜕
+ 𝜌𝑈𝑗
= 𝜏𝑖𝑗
− 𝜌𝜖 +
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗
𝜕𝑥𝑗

𝜇 + 𝜇𝑡 𝜕𝑘
𝜍𝑘
𝜕𝑥𝑗

𝜕𝜖
𝜕𝜖
𝜖
𝜕𝑈𝑖
𝜖2
𝜕
+ 𝜌𝑈𝑗
= 𝐶𝜖1 𝜏𝑖𝑗
− 𝐶𝜖2 𝜌 +
𝜕𝑡
𝜕𝑥𝑗
𝑘
𝜕𝑥𝑗
𝑘 𝜕𝑥𝑗

𝜇 + 𝜇𝑡 𝜕𝜖
𝜍𝜖
𝜕𝑥𝑗

2.20.

2.21.

The closure coefficients are 𝐶𝜖1 = 1.44, 𝐶𝜖2 = 1.92, 𝐶𝜇 = 0.09, 𝜍𝑘 = 1.0, and 𝜍𝜖 =1.3.
The standard 𝑘 − 𝜖 turbulence model cannot predict accurately in regions approaching a
solid wall. A cause of this inaccurate prediction is the integration in viscous sublayers, which
requires complicated viscous damping functions to make the equations generally applicable [45].
Rodi and Scheuerer [46] called attention to the deficiency of the standard 𝑘 − 𝜖 turbulence model
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in adverse pressure gradient situations. This model deficiency is associated with the partly results
from set of empirical coefficients in the 𝜖 equation which were determined by reference to zero
pressure gradient boundary layers. The standard 𝑘 − 𝜖 model does not agree with the
experimental observations in decelerated flows [46]. Therefore, it has been modified to improve
its performance. Two of these 𝑘 − 𝜖 turbulence variations are available in the solver, the RNG
𝑘 − 𝜖 model and the realizable 𝑘 − 𝜖 model.

2.2.2 The RNG 𝒌 − 𝝐 Model
The RNG 𝑘 − 𝜖 turbulence model, introduced by Yakhot and Orszag [47], has been
deduced from the fluid governing equations using the statistical technique called Renormalization
Group (RNG). The RNG 𝑘 − 𝜖 turbulence model improves significantly the accuracy of near wall
flows, separated flows, and flows in curved geometries.
The fundamental approach of this turbulence model is to use dynamic scaling and
invariance together to remove the small scale eddies and high wave number viscous cutoff, which
affect the eddy viscosity coefficient and transport equations. Due to the scale elimination in RNG
theory, an equation of effective viscosity (𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 ) is given by the following equation
𝜌2 𝑘
𝜈
𝑑
= 1.72
𝑑𝜈
𝜖𝜇
𝜈 3 − 1 + 𝐶𝜈

2.22.

where 𝜈 = 𝜇𝑒𝑓𝑓 /𝜇 and 𝐶𝜈 = 100.
Equation 2.22 can be integrated to obtain an accurate effective viscosity which varies
with the effective Reynolds number and allows the model to perform better in low-Reynolds
number and near wall flows. Considering eddy viscosity within the high-Reynolds number limit
region, equation 2.22 becomes

35
𝑘2
𝜇𝑡 = 𝜌𝐶𝜇
𝜖

2.23.

where 𝐶𝜇 = 0.0845.
The transport equations of the RNG 𝑘 − 𝜖 turbulence model have a similar form to the
standard 𝑘 − 𝜖 model with an additional term 𝑅 in the 𝜖 equation as shown in equation 2.25.
𝜌

𝜕𝑘
𝜕𝑘
𝜕
𝜕𝑘
+ 𝜌𝑈𝑗
=
𝛼𝑘 𝜇𝑒𝑓𝑓
+ 𝜇𝑡 𝑆 2 − 𝜌𝜖
𝜕𝑡
𝜕𝑥𝑗 𝜕𝑥𝑖
𝜕𝑥𝑖

𝜕𝜖
𝜕𝜖
𝜕
𝜕𝜖
𝜖
𝜖2
2
𝜌 + 𝜌𝑈𝑗
=
𝛼 𝜇
+ 𝐶𝜖1 𝜇𝑡 𝑆 − 𝐶𝜖2 − 𝑅
𝜕𝑡
𝜕𝑥𝑗 𝜕𝑥𝑖 𝜖 𝑒𝑓𝑓 𝜕𝑥𝑖
𝑘
𝑘

2.24.

2.25.

The inverse effective Prandtl numbers 𝛼𝑘 and 𝛼𝜖 can be obtained from analytical
formulae, which are derived from RNG theory.
𝛼 − 1.3929
𝛼0 − 1.3929

0.6321

𝛼 + 2.3929
𝛼0 + 2.3929

0.3679

=

𝜇
𝜇𝑒𝑓𝑓

2.26.

where 𝛼0 = 1.0. For high-Reynolds number limit, 𝛼𝑘 = 𝛼𝜖 ≈ 1.3929
The additional term 𝑅 in the RNG 𝑘 − 𝜖 turbulence model is given by
𝑅=

𝐶𝜇 𝜂 3 1 − 𝜂/𝜂0 𝜖 2
1 + 𝛽𝜂 3
𝑘

2.27.

where 𝜂 = 𝑆𝑘/𝜖, 𝜂0 = 4.38, 𝛽 = 0.012, 𝐶𝜖1 = 1.42, 𝐶𝜖2 = 1.68 and 𝛼𝑘 = 1.39. This R term can
improve significantly the accuracy for rapidly changing shear flows which can be shown by
rearranging the form of the 𝜖 equation [48].
𝜌

𝜕𝜖
𝜕𝜖
𝜕
𝜕𝜖
𝜖
𝜖2
∗
+ 𝜌𝑈𝑗
=
𝛼𝜖 𝜇𝑒𝑓𝑓
+ 𝐶𝜖1 𝜇𝑡 𝑆 2 − 𝐶𝜖2
𝜌
𝜕𝑡
𝜕𝑥𝑗 𝜕𝑥𝑖
𝜕𝑥𝑖
𝑘
𝑘

∗
∗
where 𝐶𝜖2
is given by 𝐶𝜖2
≡ 𝐶𝜖2 +

2.28.

𝐶𝜇 𝜌𝜂 3 1−𝜂/𝜂 0
1+𝛽 𝜂 3

∗
For mildly strained flows where 𝜂 < 𝜂0 , 𝐶𝜖2
is larger than 𝐶𝜖2 and the R term is a

positive contribution term, the RNG 𝑘 − 𝜖 turbulence model tends to mostly give results
comparable to the standard 𝑘 − 𝜖 turbulence model results. However, for large strain rate flows
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∗
(𝜂 > 𝜂0 ), the R term is a negative contribution term and 𝐶𝜖2
is less than𝐶𝜖2 . A reduction of the

destructive term of the 𝜖 equation results in reducing 𝑘 and effective viscosity. The RNG 𝑘 − 𝜖
turbulence model is more responsive to the effects of rapid strain rate flow and streamlines
curvature than the standard 𝑘 − 𝜖 turbulence model.
Moreover, the RNG 𝑘 - 𝜖 equations can be applied to low-Reynolds number regions
close to walls since the turbulent viscosity depends on the local Reynolds number through the
relationship given in equation 2.27.

2.2.3 The Realizable 𝒌 − 𝝐 Model
The Realizable 𝑘 − 𝜖 model, proposed by Shih et al.[49], has a new realizable eddy
viscosity formulation and a new transport equation for the dissipation rate 𝜖 which is based on the
dynamic equation of the mean square vorticity fluctuation at high turbulence Reynolds number.
This model is realizable within the Reynolds stress mathematical constraints and the turbulent
flow physics. The non-realizable condition can be presented from Boussinesq’s hypothesis
equation for normal Reynolds stress,
u′ 2 = −2𝜈𝑡

𝜕𝑈
2
𝑘2
+ 𝑘, 𝜈𝑡 = 𝐶𝜇
𝜕x
3
𝜖

2.29.

where u′ 2 is always a positive quantity. Due to equation 2.29 the normal stress, however, can be a
negative quantity when the strain is large enough to satisfy the following condition:
𝑘 𝜕𝑈
1
>
≈ 3.7
𝜖 𝜕𝑥 3𝐶𝜇

2.30.

To avoid the non-realizable conditions, the 𝐶𝜇 variable has to be sensitive to the mean
flow (mean deformation) and the turbulent 𝑘, 𝜖 variables. This idea is supported by experimental
data which show 𝐶𝜇 varies depending on flow condition. For example, 𝐶𝜇 is approximately 0.09
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in the inertial sublayer of equilibrium boundary layers and 0.05 in a strong homogeneous shear
flow.
According to the realizable 𝑘 − 𝜖 model, 𝐶𝜇 can be computed from equation 2.31.
𝐶𝜇 =

where 𝑈 ∗ =

1
𝑘𝑈 ∗
𝐴0 + 𝐴𝑠 𝜖

2.31.

𝑆𝑖𝑗 𝑆𝑖𝑗 + 𝛺𝑖𝑗 𝛺𝑖𝑗 , 𝛺𝑖𝑗 = 𝛺𝑖𝑗 − 2𝜀𝑖𝑗𝑘 𝜔𝑘 , 𝛺𝑖𝑗 = 𝛺𝑖𝑗 − 𝜖𝑖𝑗𝑘 𝜔𝑘 , and 𝛺𝑖𝑗 is the mean

rotation rate viewed in a rotating reference frame with the angular velocity 𝜔𝑘 . The variables Ao
and As are defined as
A0 = 4.04 , 𝐴𝑠 =
where ∅ =

1
𝑎𝑟𝑐 cos
3

6𝑊 , 𝑊 =

𝑆𝑖𝑗 𝑆𝑗𝑘 𝑆𝑘𝑖
𝑆3

, 𝑆3 =

6𝑐𝑜𝑠∅
𝑆𝑖𝑗 𝑆𝑖𝑗 ,

𝑆𝑖𝑗 =

1 𝜕𝑢𝑖 𝜕𝑢𝑗
+
2 𝜕𝑥𝑗 𝜕𝑥𝑖

2.2.4 The 𝒌 − 𝝎 Model
Kolmogorov [50] was the first to introduce a version of the two-equation turbulence
model which has the turbulent kinetic energy 𝑘 and the dissipation per unit turbulence kinetic
energy 𝜔 as the independent variables. Based on dimensional analysis, the eddy viscosity,
turbulence length scale, and dissipation rate can be represented in the following form :
𝜇𝑇 ~

𝜌𝑘
,
𝜔

𝑙~

𝑘 1/2
,
𝜔

𝜖~𝜔𝑘

Wilcox investigated the optimum independent variables for the two-equation turbulence
model [51]. Based on this investigation, the optimum choice is the turbulent kinetic energy 𝑘 and
a specific dissipation rate 𝜔. The 𝑘 − 𝜔 turbulence model postulated by Wilcox is presented in
equation 2.32 and 2.33.
The turbulence kinetic energy equation is
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𝜌

𝜕𝑘
𝜕𝑘
𝜕𝑈𝑖
𝜕
+ 𝜌𝑈𝑗
= 𝜏𝑖𝑗
− 𝛽 ∗ 𝜌𝑘𝜔 +
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗
𝜕𝑥𝑗

𝜇 + 𝜍 ∗ 𝜇𝑇

𝜕𝑘
𝜕𝑥𝑗

2.32.

and the specific dissipation rate equation is
𝜌

𝜕𝜔
𝜕𝜔
𝜔 𝜕𝑈𝑖
𝜕
+ 𝜌𝑈𝑗
= 𝛼 𝜏𝑖𝑗
− 𝛽𝜌𝜔2 +
𝜕𝑡
𝜕𝑥𝑗
𝑘
𝜕𝑥𝑗
𝜕𝑥𝑗

𝜇 + 𝜍𝜇𝑇

𝜕𝜔
𝜕𝑥𝑗

2.33.

and the eddy viscosity is given by
𝜇𝑇 = 𝛾 ∗

𝜌𝑘
𝜔

2.34.

and the closure coefficients have the values
𝛼 = 5/9, 𝛾 ∗ = 1, 𝛽 = 3/40, 𝛽 ∗ = 9/100, 𝜍 = 1/2, and 𝜍 ∗ = 1/2.
Wilcox showed that the 𝑘 − 𝜔 turbulence model is superior to the standard 𝑘 − 𝜖
turbulence model in two ways [52]:
1) The defect-layer structure predicted from the 𝑘 − 𝜔 model agrees with measurements
of turbulence boundary layers for all pressure gradient conditions.
2) The 𝑘 − 𝜔 model can be integrated through the viscous sublayer without applying
complicated damping functions.
However, the 𝑘 − 𝜔 model which is similar to other two-equation models does not
predict correctly the asymptotic behavior of the flow as it approaches the wall.

2.2.5 The Shear Stress Transport (SST) 𝒌 − 𝝎 Model
This SST 𝑘 − 𝜔 model originates from Bradshaw’s observation [53] that the principal
turbulent shear stress in the boundary layer is proportional to the turbulent kinetic energy
(𝜏 = 𝜌𝑎1 𝑘 , with 𝑎1 a constant = 0.3). With Bradshaw’s observation, Menter [54] revised the
definition of eddy viscosity to account for the transport of the principal turbulent shear stress. On
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the other hand, in other two-equation turbulence models, the shear stress calculated from
turbulent shear stress is proportional to shear strain,
𝑘 2 𝜕𝑢 𝑘 𝜕𝑢
=
𝜖 𝜕𝑦 𝜔 𝜕𝑦

2.35.

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑘
𝑎 𝑘
𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛𝑘 1

2.36.

𝜏 = 𝑐𝜇
which can be rewritten as
𝜏=𝜌

The ratio of the production term and the dissipation term of the turbulent kinetic energy is
close to one in an equilibrium boundary layer which is consistent with Bradshaw’s assumption.
For an adverse pressure gradient flow condition, this ratio is significantly larger than one.
Therefore, the turbulent shear stress from equation 2.36 tends to predict a value of the turbulent
shear stress which is too high, even though the turbulent kinetic energy and the dissipation rate
are computed correctly. To obtain an eddy viscosity which satisfies Bradshaw’s assumption, the
eddy viscosity is redefined as.
𝜈𝑡 =

𝑎1 𝑘
𝛺

2.37.

It is obvious that equation 2.37 is not reasonable when 𝛺 approaches to zero, the value of
eddy viscosity approaches infinity. Equation 2.37 can be rewritten as
𝜈𝑡 =

𝑎1 𝑘
𝑚𝑎𝑥 𝑎1 𝜔; 𝛺𝐹2

2.38.

where 𝐹2 is a blending function which equals either one for boundary-layer flows or zero for free
shear layers. Using equation 2.38, under adverse pressure gradient flow conditions, the
production of 𝑘 is larger than the dissipation of 𝑘 when 𝛺 > 𝑎1 𝜔, and an acceptable value of
eddy velocity is obtained from equation 2.38. For other flow conditions, an acceptable value of
the eddy viscosity is obtained from the original 𝜈𝑡 = 𝑘/𝜔.
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2.3 Wall Boundary Conditions and Near-Wall Modifications
The presence of solid walls significantly affects flow characteristic near the walls. In
wall-bounded turbulent flows, experimental observations [55-57] show strong effects on the
transport of the turbulence through the wall boundary layer. Across the turbulent boundary layer,
the flow experiences a large transformation from fully turbulent to completely laminar flow
within a thin viscous dominant sublayer. In this laminar and transition region, a molecular viscous
damping decreases the turbulent effect by reducing the tangential velocity fluctuations, while
kinematic blocking significantly reduces the normal velocity fluctuations. It is also observed that
the momentum and other scalar transports change with large gradients in the near wall region.
According to these phenomena, the near wall modeling substantially impacts the accuracy of
numerical solutions.
Except for the 𝑘 − 𝜔 turbulence model, all the two-equation turbulent models described
herein satisfactorily account only for turbulent core flow. Therefore, the near wall regions of the
wall-bounded flow need to be specified properly in order to obtain actual near wall physical
behavior.
Based on a number of turbulent boundary layer measurements, the near wall region has
three distinct layers which are identified from the measurement data in different ranges of the
distance normal to the wall. In the innermost layer, called viscous sublayer, the flow is almost
laminar-like and the viscous stress due to molecular viscosity is much larger than the Reynolds
stress due to turbulence. In the outer layer, called the fully turbulent region or log law region, the
inertial effects due to the proximity of the wall as well as the viscous stress can be considered
negligible in comparison to the much larger Reynolds shear stress. The turbulence plays a
dominant role in this region. The third layer is a buffer layer between the viscous sublayer and the
log law region, where the effects of molecular viscosity and turbulence are equally significant.
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Figure 2.2 Velocity profile for a turbulent boundary layer [58]
Figure 2.2 presents a typical velocity profile for a turbulent boundary layer. The velocity
and normal distance in non-dimensional wall coordinates are defined by

where 𝑢𝜏 is a friction velocity 𝑢𝜏 =

𝑈 + = 𝑈/𝑢𝜏

2.39.

𝑦 + = 𝑢𝜏 𝑦/𝜈

2.40.

𝜏𝑤/𝜌 .

Close to the surface in the viscous sublayer (typically 0< 𝑦 +<5), the velocity varies linearly with
the dimensionless normal distance as
𝑈+ = 𝑦+

2.41.

Equation 2.41 can be obtained by assuming the Reynolds Shear Stress −𝑢𝑖′ 𝑢𝑗′ is
negligible in the viscous sublayer and then integrating shear stress at the wall ( 𝜏𝑤 = 𝜇𝜕𝑈/𝜕𝑦).
As one moves toward the outer part of the near-wall region, the flow gradually
transforms to the fully turbulent region for the larger values of 𝑦 +. In the fully turbulent region,
the fluid velocity follows the law of the wall,
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𝑈+ ≈

1
𝑙𝑛 𝑦 + + 𝐵
𝐾

2.42.

where the coefficient K is the von Kármán constant and B is a dimensionless constant obtained
from experimental data. A summary of experimental data for the K and B constants are given in
figures 2.3a and 2.3b respectively [59].

Figure 2.3 The von Kármán constant and additive constant B of the log law of wall
There are three approaches to model the near-wall region in the framework of the twoequation turbulence model.


Wall Function approach



Low Reynolds number version of 𝑘 − 𝜖 modeling using damping functions



Two-layer approach

2.3.1 Wall Function Approach
In this approach, the viscosity-affected regions (viscous sublayer and buffer layer) are not
resolved. The semi-empirical wall functions are applied instead to prescribe velocity and
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turbulent quantities between the viscosity-affected region and the fully-turbulent region. By using
this approach, the turbulence models do not need to modify accounting for the presence of the
wall. In most high Reynolds number flow cases, the wall function approach is adequate to obtain
reasonably accurate solutions. However, the wall function approach is not appropriate for flows
with strong pressure gradients, shear layers with strong secondary flows (spinning surface, curved
duct), and the transitional boundary layer flows [60]. The wall function proposed by Launder and
Spalding [61] has been widely used.

Figure 2.4 The near wall nodes description
Consider figure 2.4. The near wall node P is a distance 𝑦𝑃 away from point W which lies
on the wall. The magnitude of 𝑦𝑃 needs to satisfy the condition that (𝑘 1/2 𝑙/𝜈)𝑝 is much greater
than unity. It implies that the point P is located outside the viscosity-affected region. The flux of
momentum to the wall is given by
𝑈+ =

𝑦+

for 𝑦 + < 𝑦𝑣+

1
𝐾

for 𝑦 + ≥ 𝑦𝑣+

𝑙𝑛 𝐸𝑦 +

2.43.

1/4 1/2

where

+

𝑈 ≡

𝑈𝑝 𝐶𝜇 𝑘𝑝
𝜏𝑤 /𝜌

2.44.

1/4 1/2

+

𝑦 ≡
and

K = von Kármán constant = 0.42,

𝜌𝐶𝜇 𝑘𝑝 𝑦𝑝
𝜇

2.45.
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E = an empirical constant which is approximately to 9.81,
𝑈𝑝 = the time-average velocity of the fluid at point P,
𝑘𝑝 = the turbulent kinetic energy at point P,
𝑦𝑝 = the distance of point P from the wall,
𝑦𝑣+ = 11.225 for the above selected constant,
The heat transferred to the wall can be expressed as
𝑇+ =

for 𝑦 + < 𝑦𝑇+

𝑃𝑟 𝑦 +
𝑃𝑟

1
𝐾

𝑙𝑛 𝐸𝑦 + + 𝑃

2.46.

for 𝑦 + ≥ 𝑦𝑇+

1/4 1/2

𝑇+ ≡

where

𝑃=

and

𝜋
sin 𝜋/4

𝑇𝑤 − 𝑇𝑃 𝜌𝑐𝑝 𝐶𝜇 𝑘𝑝

2.47.

𝑞𝑤′′
𝐴
𝐾

1/2

𝑃𝑟
−1
𝑃𝑟𝑡

𝑃𝑟𝑡
𝑃𝑟

1/4

2.48.

𝑐𝑝 = specific heat of fluid,
𝑞𝑤′′ = the heat flux to the wall,
𝑇𝑝 , 𝑇𝑤 = the time-average temperatures of the fluid at points P and W respectively,
𝑃𝑟 = molecular Prandtl number,
𝑃𝑟𝑡 = turbulent Prandtl number which equals to 0.85 at the wall,
A = Van Driest’s constant which equals to 26.0 for a smooth wall,
𝑦𝑇+= the non-dimensional thermal sublayer thickness. The value of the 𝑦𝑇+ should be

obtained by calculating the value of 𝑦 +at the intersection of the linear relationship of momentum
flux in the viscous sublayer and the log law in the fully turbulent region.
In the 𝑘 − 𝜖 model, the 𝑘 equation is specified by assuming a zero normal gradient of 𝑘
at the wall,
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𝜕𝑘
=0
𝜕𝑛

2.49.

The kinetic energy production 𝐺𝑘 and its dissipation rate 𝜖 at the cells adjacent to the wall
need to be specified. Based on the local equilibrium consideration, the wall-cell production and
dissipation can be described as follows:
𝐺𝑘 =

𝜏𝑤2
1/4 1/2

𝐾𝜌𝐶𝜇 𝑘𝑃 𝑦𝑝

2.50.

3/4 3/2

𝜖𝑃 =

𝐶𝜇 𝑘𝑃
𝐾𝑦𝑝

2.51.

2.3.2 Low Reynolds Number Version of 𝒌 − 𝝐 Models Using Damping Functions
In this approach, the turbulence model is modified to account for viscosity effects within
the viscous sublayer, buffer layer, and fully-turbulent region which allow it to be applied very
close to the wall. Damping functions are inserted into the source terms of the 𝜖 transportation
equation in order to ensure that the turbulence model equation is valid through the turbulent
boundary layer. Several researchers have introduced modified turbulence models which are valid
throughout turbulence boundary layers such as low-Reynolds-number 𝑘 − 𝜖 models using
damping functions by Jones and Launder [44, 62], Chien [63], Lam and Bremhorst [64], and
Nagano and Hishida [65].
The low Reynolds number governing equations for the 𝑘 − 𝜖 turbulence model may be
written as
𝐷𝑘
𝜕
=
𝐷𝑡 𝜕𝑥𝑗
𝐷𝜖
𝜕
=
𝐷𝑡 𝜕𝑥𝑗

𝜈+

𝜈𝑡 𝜕𝑘
𝜕𝑈𝑖
− 𝑢𝑖′ 𝑢𝑗′
−𝜀+𝐷
𝜍𝑘 𝜕𝑥𝑗
𝜕𝑥𝑗

2.52.

𝜈𝑡 𝜕𝜖
𝜖
𝜕𝑈𝑖
𝜖2
− 𝐶𝜖1 𝑓1 𝑢𝑖′ 𝑢𝑗′
− 𝐶𝜖2 𝑓2 + 𝐸
𝜍𝜖 𝜕𝑥𝑗
𝑘
𝜕𝑥𝑗
𝑘

2.53.

𝜈+
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In addition, the eddy viscosity equation, the Kolmogorov-Prandtl relation, also contains a
damping function 𝑓𝜇 , giving
𝜈𝑡 = 𝐶𝜇 𝑓𝜇

𝑘2
ϵ

2.54.

The damping functions, the values of the constants in the 𝑘 − 𝜖 model, and additional
terns D and E introduced by various authors are summarized here.


The 𝑘 − 𝜖 for high Reynolds number
𝐶𝜇 = 0.09, 𝐶𝜖1 = 1.44, 𝐶𝜖2 = 1.92, 𝜍𝑘 = 1.0, 𝜍𝜖 = 1.3
𝑓𝜇 = 1.0, 𝑓1 = 1.0, 𝑓2 = 1.0 , 𝐷 = 0 𝑎𝑛𝑑 𝐸 = 0



The Jones-Launder model [44]
𝐶𝜇 = 0.09, 𝐶𝜖1 = 1.45, 𝐶𝜖2 = 2.0, 𝜍𝑘 = 1.0, 𝜍𝜖 = 1.3
𝑓𝜇 = 𝑒𝑥𝑝

−2.5
𝜌𝑘 2
𝑤𝑒𝑟𝑒 𝑅𝑡 =
1 + 𝑅𝑡 /50
𝜖

𝑓1 = 1.0
𝑓2 = 1 − 0.3𝑒𝑥𝑝 −𝑅𝑡2
𝐷 = −2𝜈



𝜕 𝑘
𝜕𝑦

2

and 𝐸 = 2𝜈𝜈𝑡

𝜕2𝑈
𝜕𝑦2

2

The Lam Bremhorst [64]
𝐶𝜇 = 0.09, 𝐶𝜖1 = 1.44, 𝐶𝜖2 = 1.92, 𝜍𝑘 = 1.0, 𝜍𝜖 = 1.3
𝑓𝜇 = 1 − exp(−0.0165𝑅𝑘 )
𝑓1 = 1 + 0.05/𝑓𝜇
𝑓2 = 1 − 𝑒𝑥𝑝 −𝑅𝑡2
𝐷 = 0 and 𝐸 = 0

2

2

20.5
𝜌𝑘 1/2 𝑦
1+
𝑤𝑒𝑟𝑒 𝑅𝑘 =
𝑅𝑡
𝜇
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2.3.3 Two-Layer Approach
This approach was introduced as an efficiency compromise between the less
computationally intensive but moderate accuracy wall function and the computationally more
expensive but more accurate Low Reynolds number version of the two-equation model. In the
multi-layer approach, the whole computational domain is separated into a viscosity-affected
region and a fully-turbulent region with different kinds of models in each different region for
calculating eddy viscosity.
A line of separation between the viscosity-affected and fully-turbulent region is
determined from a wall-distance-based turbulent Reynolds number,𝑅𝑒𝑦 , defined as
𝑅𝑒𝑦 ≡

𝜌 𝑘𝑦
𝜇

2.55.

where 𝑦 is the normal distance from the wall at the cell centers
The one-equation model introduced by Wolfstein [66] is employed in the viscosityaffected near wall region (𝑅𝑒𝑦 < 𝑅𝑒𝑦∗ ; 𝑅𝑒𝑦∗ = 200) for determining 𝜇𝑡 and 𝜖, while the transport
𝑘 and momentum equations are retained as described in standard 𝑘 − 𝜖 model:
𝜇𝑡 = 𝜌𝐶𝜇 𝑘𝑙𝜇
𝜖=

2.56.

𝑘 3/2
𝑙𝜖

2.57.

where 𝑙𝜇 and 𝑙𝜖 are length scales which can be computed from the following equations [67]:

−3/4

where 𝑐𝑙 = 𝑘𝐶𝜇

𝑙𝜇 = 𝑐𝑙 𝑦 1 − 𝑒𝑥𝑝 −

𝑅𝑒𝑦
𝐴𝜇

2.58.

𝑙𝜖 = 𝑐𝑙 𝑦 1 − 𝑒𝑥𝑝 −

𝑅𝑒𝑦
𝐴𝜖

2.59.

, 𝐴𝜇 = 70, and 𝐴𝜖 = 2𝑐𝑙

In the fully-turbulent region (𝑅𝑒𝑦 > 𝑅𝑒𝑦∗ ), the standard two-equation model is used.
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2.4 Multiple Turbine Blade Rows Component Flow Modeling
The turbine is a system which typically involves a stationary NGV part and a rotating
rotor part. Therefore, it is beneficial to solve the flow governing equations in a moving reference
frame instead of a stationary reference frame. The flow in the vicinity of the rotating part with
constant rotating speed can be modeled as a steady-state condition with respect to the moving
frame. However, the governing equations need to be modified to account for the additional
acceleration terms which occur during transformation from the stationary frame to the moving
frame.

2.4.1 Equations for a Rotating Reference Frame
Figure 2.5 shows the rotating reference frame 𝑥 ′ , 𝑦 ′ , 𝑧 ′ which has a constant angular
velocity 𝜔 about an axis passing through the origin of the rotating reference frame 𝑂′ . The
position in the computational domain is defined as a position vector 𝑟 with respect to the rotating
reference frame.

Figure 2.5 The rotating reference frame
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Suppose that the computational domain moves in the rotating reference frame with
relative velocity 𝑣𝑟 . Then the absolute velocity vector as it appears to an observer in the
stationary reference frame 𝑣 may be written as
𝑣 = 𝑣𝑟 + 𝑢𝑟

2.60.

where the velocity due to the moving frame 𝑢𝑟 is equal to 𝜔 × 𝑟.
The acceleration in the stationary reference frame relative to its acceleration in the
rotating reference frame is obtained by taking the second time derivative of the position vector 𝑟,
𝑎=
where

𝑑
𝑑𝑡

𝑑
𝑑𝑡

𝑣𝑟 + 𝜔 × 𝑟

2.61.

is the time derivative in rotating reference frame, giving
𝑎 = 𝑎𝑟 + 𝜔 × 𝜔 × 𝑟 + 2𝜔 × 𝑣𝑟

2.62.

Using the expressions in equations 2.60 and 2.62, the governing flow equations in the
rotating reference frame can be written as [58].
Conservation of mass:
𝜕𝜌
+ ∇ ∙ 𝜌𝑣𝑟 = 0
𝜕𝑡

2.63.

𝜕
𝜌𝑣𝑟 + ∇ ∙ 𝜌𝑣𝑟 𝑣𝑟 + 𝜌 2𝜔 × 𝑣𝑟 + 𝜔 × 𝜔 × 𝑟 = −∇𝑝 + ∇𝜏𝑟 + 𝐹
𝜕𝑡

2.64.

Conservation of momentum:

where the additional acceleration terms appearing on the left side of the momentum equation
viewed from the rotating reference frame represent the Coriolis acceleration 2𝜔 × 𝑣𝑟 and the
Centrifugal acceleration 𝜔 × 𝜔 × 𝑟.
Conservation of energy:
𝜕
𝜌𝐸𝑟 + ∇ ∙ 𝜌𝑣𝑟 𝐻𝑟 = ∇ ∙ 𝑘∇𝑇 + 𝜏𝑟 ∙ 𝑣𝑟 + 𝑆
𝜕𝑡
where 𝑆 is the heat of chemical reaction and any other volumetric heat sources,

2.65.

50
𝑝

1

𝐸𝑟 is the relative internal energy, 𝐸𝑟 =  − 𝜌 + 2 𝑣𝑟 2 − 𝑢𝑟 2 ,
𝑝

𝐻𝑟 is the relative total enthalpy, 𝐻𝑟 = 𝐸𝑟 + 𝜌 .

2.4.2 The Mixing Plane Model
A single stage turbine flow simulation for steady state condition can be carried out with a
generalized mixing plane model. In this mixing plane approach, introduced by Denton [68], the
flow fields within the turbine stage row are solved using circumferentially averaged mixing
profile of dependent variables (equation 2.66) to update the boundary the between rows in the
same vicinity, the variations along the spanwise direction are retained.
𝑄=

𝑄𝑑𝑠
𝑑𝑠

where Q is the conservative variables of mass, momentum, and energy.

Figure 2.6 Axial turbine schematic for illustrating mixing plane concept [69]

2.66.
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The mixing plane approach can apply to non-conformal interfaces between the
unstructured blade row meshes. The axial turbine schematic shown in figure 2.6 depicts a
constant radial plane of a single stage of an axial turbine. A rotating rotor mesh is created
separately from a stationary NGV mesh by a NGV-rotor interface. Each fluid domain is solved as
a steady state problem. After a prescribed number of iterations, the radial profile of the flow field
data (𝑃0 , 𝛼𝑟 , 𝛼𝑡 , 𝛼𝑧 , 𝑘, 𝜖) at the end of each blade row is circumferentially averaged and used as
the inflow condition for the downstream blade row. Similarly, the circumferentially averaged
radial profile of the flow field at the beginning of the flow passage (𝑃𝑠 , 𝛼𝑟 , 𝛼𝑡 , 𝛼𝑧 , 𝑘, 𝜖) is used as
a boundary condition for the upstream blade row.
The mixing plane approach has been widely used in single-passage multi-blade-row
steady flow calculations. With this approach, the computational results are reasonable when
compared to experimental data [69-74]. However, in certain situations the result of this approach
may not be sufficiently accurate. At small gap between the NGV and rotor row, the
circumferentially uniform flow may be forced to exist too close to the leading edge of the
downstream rotor blade row. The uniform flow is not able to adjust circumferentially to the
presence of the blade as it would occur in a real situation. The degree of inaccuracy depends on
the distance from the leading edge to the mixing plane as well as the blade loading and thickness.
It was suggested by Denton [75], for a moderately loaded blade, the mixing plane can be located
as close as ¼ blade pitch upstream without significant inaccuracy.

2.4.3 The Sliding mesh Model
A more accurate description of the flow field in the turbine stage can be obtained by
performing a time accurate prediction with sliding mesh model since it accounts for the full
transient coupling of the rotating rotor and the stationary NGV. Several successful unsteady
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NGV-rotor interaction predictions have been developed by using the sliding mesh model [76-78].
In contrast to the mixing plane approach, the values in the cells on the sliding mesh interfaces are
calculated by interpolation from the neighboring cells without any circumferentially averaging.
However, the unsteady sliding mesh model requires more computational resources than the
steady mixing plane model.

Figure 2.7 Two-dimensional sliding mesh interface [79]
Without applying the sliding mesh model, a typical interface has a cell on one side and
multiple cells on the other side. The independent variables required at the interface have to be
interpolated from among all these neighboring cells, which require expensive computational
resources. On the other hand, the original interface may be replaced with a new set of faces
formed by their intersections. Each new face has a unique cell on either side. Therefore, all
neighboring cells interpolation can be obviated. Consider figure 2.7, which depicts neighboring
cells at the sliding mesh interface. Cells 𝒔, 𝒕 , and u slide over relatively stationary cells p, q , and
r. For example, at an arbitrary time cell s has its face D-E between two stationary cells p and r.
The new intersection faces d-b and b-e are formed. The fluxes across the interface into cell s are
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calculated by using faces d-b and b-e instead of face D-E. Using the new set of faces, the cells at
the interface become polygons instead of triangles.

Figure 2.8 Three-dimensional sliding mesh interface [79]

The same two-dimensional sliding mesh concept is applied to three-dimensional mesh.
The new polygon faces are formed by the intersection of the original triangular faces. Figure 2.8
shows the boundaries of two tetrahedral grids at the sliding mesh interface, one with bolds lines
and the other with dashed lines. The intersections of the face can be arbitrary-shaped polygons
shown as the shaded region.
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Figure 2.9 Typical block mismatch during rotation [80]
If the mesh is rotated, the rotating mesh will not coincide with a node on the stationary
mesh. Additional numerical error is introduced. Figure 2.9 illustrates a discontinuity of the
meshes in the interface region. The effect of discontinuity can be minimized by increasing the
mesh resolution in the vicinity of the interface.
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Chapter 3
COMPUTATION OF THREE-DIMENSIONAL VISCOUS FLOW IN AN
ANNULAR TURBINE NOZZLE GUIDE VANE
This chapter describes the results of computational flow predictions in an annular turbine
nozzle to determine the flow structures in the turbine nozzle guide vane (NGV) without the
influence of a rotor blade row. The AFTRF nozzle guide vane profile was used to simulate the
flow. Experiments to measure the flow characteristics have been conducted by Zaccaria [81] and
Ristic [5]. Several measurement techniques such as velocity and angle measurements with a Laser
Doppler Velocimeter (LDV) and pressure measurements using a five-hole probe were used to
obtain the nozzle flow characteristics. However, the experimental investigations do not represent
the complete flow visualizations in NGV. There are certain regions where experiments are not
appropriate or flow measurements are difficult to establish. Computational investigation is a
convenient tool to produce the flow visualization in these regions. The contour and vector plots of
important flow quantities are presented in this chapter to provide more detailed NGV flow
characteristics.

3.1 AFTRF Nozzle Passage Computational Domain and Numerical Procedures
The three-dimensional, steady, turbulent form of the Reynolds-averaged Navier Stokes
equations are solved by using a finite-volume technique with a second-order upwind
discretization scheme to present the detailed flow field in the AFTRF turbine nozzle passage. The
standard 𝑘 − 𝜖 turbulence model, proposed by Launder and Spalding [61], was employed to
model the turbulence. The standard wall function was implemented to present the turbulence flow
characteristics at the near-wall region. This NGV flow simulation was performed by using the
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commercial flow solver FLUENT [58]. This computation is used to investigate the flow field
inside the turbine nozzle passage without taking into account any effects of the existence of a
rotor downstream. The flow that leaves the nozzle passage is exhausted to a region at constant
atmospheric pressure for the numerical simulations. With this outlet flow conditions, the flow
may behave differently from the nozzle flow with a downstream rotor. Boletis et al.[82]
conducted their experiments to study the effects of the downstream rotor on nozzle flow
upstream. From Boletis’s experimental results, it can be concluded that it is possible to obtain
correct nozzle flow characteristics without a downstream rotor if the outlet diffusion duct has
sufficient length. In the AFTRF NGV flow simulation, the diffusion duct length is approximately
three axial chord length.
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Figure 3.1 Three-dimensional computational grid
Figure 3.1 represents a grid system which is equivalent to the nozzle passage of the
AFTRF. The numerical investigation used a hybrid meshing scheme with hexahedral cells in the
near nozzle blade surface regions and tetrahedral and pyramidal cells in the rest of the
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computational domain. These unstructured grids with grid-clustering in the near wall of the
nozzle vane were generated by using the general purpose grid generator software Gambit[83].
The boundary conditions implemented herein include solid wall, inlet, outlet and periodic
conditions. The boundary conditions for the nozzle blade surface, hub, and casing is the solid wall
with no slip condition. Inlet and outlet boundary conditions are pressure inlet and pressure outlet
boundary conditions, respectively. These types of boundary conditions require specifying the
values of pressure and temperature as well as turbulent parameters at the inlet and outlet which
are obtained from the measured data. The periodic boundary conditions are used for rotational
periodic boundaries in the nozzle passage.
The computational solution can be considered as converged solutions when key variables
change by less than 1 part in 105 per iteration and the drag force generated on the blade surface
has converged to constant a value. To obtain these convergence criteria, the computation requires
approximately 5,000 iterations.

3.2 Model Validation
Even though the computational fluid dynamic (CFD) is extensively used, it is likely that
the CFD simulation is not always accurate for all flow field features. Model validation with
experimental results is a very important part of the computational investigation. To provide the
model validation, the nozzle simulations were validated against experimental results which have
been done by Zaccaria [81]. The static pressure coefficient distribution on the nozzle vane
surface was computed using the formula
𝐶𝑝 =

𝑃 − 𝑃1
0.5 × 𝜌 × 𝑈12

3.1.
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where 𝑃1 is an averaged static pressure at the nozzle inlet, 𝑃 is an averaged static pressure on the
study plane, 𝑈1 is velocity at the nozzle inlet, and H is the spanwise location given by
𝐻=

𝑅 − 𝑅
𝑅𝑡 − 𝑅

3.2.

where R is an arbitrary radius location,
𝑅 is the hub radius, and
𝑅𝑡 is the tip radius.
Figure 3.2 shows comparisons of the distribution of measured values of 𝐶𝑝 at various
spanwise locations with the numerical results. Four different spanwise locations H = 0.1, H = 0.3,
H = 0.5, and H = 0.9 (equation 3.2) at the nozzle vane surface were investigated. It can be
concluded that there is good correspondence between the numerical and the experimental
pressure distribution at the NGV pressure surface. There are small discrepancies between the
measured data and the prediction at the NGV suction surface near the trailing edge region. The
discrepancies near the trailing edge on the suction side may be due to complex secondary flows
and tip vortices existing on this part of the suction side. According to these comparisons, this
computational model can predict accurately the flow characteristics inside the AFTRF nozzle
passage.
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Figure 3.2 Comparison of numerical and experimental variation of Cp
The upper curve in each figure shows results for the NGV pressure surface, the lower
curve shows the NGV suction surface with axial chord ratio X/Cx for four value of spanwise
location H.
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3.3 Grid Independence Study
A grid independence study is performed to show that the computational results are not
dependent on the computational mesh and that the resolution of the mesh is adequate to capture
the significant flow characteristics. The grid independency is evaluated by comparing the
computational solutions from 3 different grid densities, comprising 800,000 nodes, 1,300,000
nodes and 1,500,000 nodes. The static pressure coefficients 𝐶𝑝 at the nozzle blade midspan of
these different grid densities are plotted as shown in figure 3.3. The profile suggests that the
computational results are grid independent when the 1,300,000 grid node number is exceeded.
Therefore, the 1,300,000 nodes mesh is used for all predictions in this chapter.
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Figure 3.3 Grid independency study, the static pressure coefficient at NGV midspan
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3.4 Nozzle Passage Flow Field
A flow field in a nozzle passage is investigated mainly to obtain the physical details of
flow field structure and the secondary flow characteristics. Two different planes inside the nozzle
passage were chosen to demonstrate the flow field near the mid axial chord (an axial distance
from the leading edge corresponding to an axial chord ratio X/Cx = 0.56) and the flow field near
the nozzle exit (X/Cx = 0.935). The locations of these study planes are shown in figure 3.4.
Besides the flow characteristics at these study planes, the pressure distributions on the pressure
surface, suction surface, hub, and casing were investigated to achieve the complete flow field
simulation in the nozzle passage.

Figure 3.4 Study plane locations in the nozzle passage

3.4.1 NGV Surface and Endwall Static Pressure Coefficient Distribution
Figures 3.5 and 3.6 show variation of the static pressure coefficient 𝐶𝑝 derived from the
inlet dynamic head distributions on the casing and the hub wall, respectively. The transverse
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pressure gradients exist on most of both endwall surfaces and affect significantly the flow field.
The results indicate the occurrence of a very strong three-dimensional flow adjacent to the
endwall. A high pressure region can be observed near the pressure surface side at the passage
entrance, while a low pressure region occurs near the suction surface. The endwall pressure
gradient drives the cross passage flow over most of the casing and hub surfaces. The minimum
pressure coefficient on the casing surface occurs at X/Cx = 0.5. According to Graziani et al.[84],
the lowest pressure coefficient region indicates the region where the passage vortex detaches
from the endwall surface and expands into the passage.

Figure 3.5 Contour of static pressure coefficient on casing wall
On the hub surface (figure 3.6), the minimum pressure coefficient region is observed at
X/Cx = 0.7 where the hub passage vortex starts to remove from the hub endwall toward the nozzle
surface. The hub minimum pressure region is observed further downstream. It can be concluded
that the hub passage vortex remains on the hub further than the casing vortex.
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Figure 3.6 Contour of static pressure coefficient on hub wall
The contours of static pressure coefficient 𝐶𝑝 on the nozzle pressure surface and suction
surface are represented in figure 3.7 and 3.8, respectively. On the nozzle pressure surface, the
flow is almost two-dimensional as demonstrated by nearly constant values of 𝐶𝑝 in the spanwise
direction. The static pressure changes slightly from the leading edge to the axial mid chord
location and then it varies considerably toward the trailing edge. With this pressure distribution,
the flow on the nozzle pressure surface accelerates substantially from the mid chord to the trailing
edge. For a vane whose trailing edge is not perpendicular to the flow direction, the pressure
gradient is expected to deviate slightly from the perpendicular to the trailing edge.
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Figure 3.7 Nozzle pressure surface static pressure coefficient
On the nozzle suction surface, the flow is two-dimensional with a high pressure gradient
from the leading edge to approximately X/Cx = 0.40. The flow accelerates greatly in this region.
Downstream of the X/Cx = 0.40 region, a somewhat three-dimensional flow with a radial pressure
gradient is observed. At X/Cx = 0.80 close to the hub wall where the low static pressure occurs
(𝐶𝑝 = −13.4) , the passage vortex approaches the nozzle suction surface and moves toward the
trailing edge. Another low static pressure region is observed at X/Cx = 0.5 close to the casing
wall, with flow characteristics similar to the flow at X/Cx = 0.8 at hub wall region. The casing
passage vortex reaches the suction surface in this low pressure region and then moves toward the
trailing edge.
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Figure 3.8 Nozzle suction surface static pressure coefficient

3.4.2 Flow Field at X/Cx = 0.56 Plane
The flow field located axially at X/Cx = 0.56 (based on the chord length at nozzle vane
midspan) represents flow field characteristics at the mid axial chord. The measured flow field in
this passage cross section plane was also investigated by Zaccaria et al. [81]. However, there are
shadow regions near the endwall and NGV surfaces where the measurements cannot be
performed. The computational prediction is able to show the flow characteristics in the shadow
regions. The non-dimensional total velocity contour at X/Cx = 0.56, which is defined as a ratio of
the total velocity to the averaged velocity at the NGV inlet 𝑈/𝑈𝑥1 , is shown in figure 3.9. In this
plane, the total velocity variation follows the usual inviscid flow characteristics. The flow
velocity on the NGV suction surface is greater than on the NGV pressure surface. The velocity
gradient is directed mainly from the pressure side surface to the suction side surface. There is a
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slightly higher velocity gradient near the hub caused by the existence of the inward flow toward
the hub. Moreover, two higher velocity regions occur at the corner formed by the casing and the
NGV suction surface and the corner formed by the hub and the NGV suction surface. Due to the
high velocity, the static pressure is low at these corners. The lower-energy fluids accumulate and
form high loss regions at these corners.

Figure 3.9 Total velocity ratio on the X/C x= 0.56 plane

Figure 3.10 shows the flow turning angle at the X/Cx = 0.56 plane. It is obvious that the
green color covers almost the central region of the nozzle passage. The flow turning angle is
almost uniformly distributed over that region. However, a larger turning flow angle is observed in
two regions close to the NGV pressure surface and suction surface. The turning angle near the
NGV suction surface is higher than near the NGV pressure surface. A region of lower turning
flow angle occurs at the casing wall, about one-quarter the way from the NGV suction surface to
the NGV pressure surface. This is due to the passage vortex.
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Figure 3.10 Turbine nozzle flow turning angle contour on the X/Cx = 0.56 plane

3.4.3 Flow Field near Trailing Edge at X/Cx = 0.935 Plane
The axial plane which is parallel to the trailing edge at X/Cx = 0.935 was plotted to
investigate the flow characteristics near the trailing edge. This plane is located just upstream of
the trailing edge before the region where wake effects become significant.
Figure 3.11 shows the total velocity contours. The velocity distribution on this plane is
different from the X/Cx = 0.56 plane. The flow velocity increases from the casing to the hub. Due
to high turning and secondary flow effects, the direction of velocity gradient is shifted to be
mainly in the spanwise direction. In contrast to the X/Cx = 0.56 plane, the region of highest
velocity is along the hub wall. The high velocity gradient is observed near the NGV suction
surface.
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Figure 3.11 Total velocity ratio on the X/Cx = 0.935 plane
The flow turning angle in the X/Cx = 0.935 plane (figure 3.12) is larger than the flow
turning angle in the X/Cx = 0.56 plane. Most of the total flow turning occurs in this region before
leaving the nozzle passage. The highest turning angle is observed at the corner formed by the
NGV suction surface and the casing. A high turning angle gradient is also detected in this region.
It indicates the existence of a vortex. A similar phenomenon is observed near the hub at 0.7
passage pitch. Vortex flow occurs in that region as well. In the rest of the passage, the flow has
higher turning toward the suction surface.
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Figure 3.12 Turbine nozzle flow turning angle contour on the X/Cx = 0.935 plane
The prediction of total pressure loss coefficient 𝜓𝑙𝑜𝑠𝑠 at X/Cx = 0.935 plane is shown in
figure 3.13 where the pressure loss coefficient is given by
𝜓𝑙𝑜𝑠𝑠 =

𝑃01 − 𝑃0
0.5 × 𝜌 × 𝑈12

3.3.

and 𝑃01 is a total pressure at inlet,
𝑃0 is a total pressure at the study plane,
𝑈1 is a velocity at inlet .
Pressure loss coefficient is generally low for value of pitch between about 0.05 and 0.85, it
increase sharply near the NGV suction surface. Two significant high loss regions are located at
the corner formed by the casing and NGV suction surface and the hub and NGV suction surface.
These high losses are caused by the secondary flow.
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Figure 3.13 Total pressure loss coefficient

3.5 NGV Exit Flow
The flow fields just downstream of the nozzle blade row and nozzle wake effects were
investigated in two different planes, X/Cx = 1.025 and X/Cx = 1.09. These study planes are
depicted in figure 3.14. At the NGV downstream regions, the blade wake strongly affects the flow
fields. These regions are sources of aerodynamic loss and blade row unsteadiness.
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Figure 3.14 NGV exit flow study planes

3.5.1 Radial Variation of Wake Profile
The nozzle wake significantly affects the nozzle performance since the wake is a source
of efficiency loss. The wake can mix with the free stream flow and dissipates flow energy.
Moreover, the wake causes noise and vibration of the turbomachinery. Therefore, the detailed
study of NGV wake characteristics is important for efficient nozzle design.
The radial variation of nozzle static pressure drop coefficient 𝜓𝑃 profiles at five different
spanwise locations H = 0.1, 0.3, 0.5, 0.7, and 0.9 in the X/Cx = 0.1025 plane is shown in figure
13.15 where the nozzle static pressure drop coefficient 𝜓𝑃 is given by
𝜓𝑃 =
and 𝑃1 is a static pressure at inlet,
𝑃 is a static pressure on the study plane,
𝑈1 is a velocity at inlet .

𝑃1 − 𝑃
0.5 × 𝜌 × 𝑈12

3.4.
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The spanwise locations H are defined by the ratio of the radial location and the blade
height; H = 0.5 is the location at the blade mid span. The tangential location θ = 0 corresponds to
the wake center location at the midspan H = 0.5. The positive values of θ indicate tangential
locations on the NGV suction surface side, while the negative values of θ indicate the tangential
locations on the NGV pressure surface side. It can be seen in figure 13.15 that the nozzle static
pressure drop coefficient across the flow passage at every spanwise location has common
characteristics. The nozzle static pressure drop coefficient decreases significantly from the
pressure side and reaches the minimum at the center of wake region. After that the nozzle static
pressure drop coefficient starts to rise across the suction side of the wake. On the NGV suction
side wake edge on H = 0.3 to H = 0.9, there are humps which are caused by over-turning on the
NGV suction side. The averaged nozzle static pressure drop coefficient at different radial
locations decreases considerably from the casing to the hub. According to this observation, a
strong radial pressure gradient occurs in the wake region. The causes of this static pressure
gradient are possibly from the flow curvature, velocity change, and flow separation in the trailing
edge region.
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Figure 3.15 Nozzle static pressure drop coefficient at X/Cx = 1.025 plane
The spanwise total velocity variation U/Ux1 profiles, which is defined as a ratio of the
total velocity to the axial velocity at the inlet, at five different radial locations H = 0.1, 0.3, 0.5,
0.7, and 0.9 at the X/Cx = 1.025 plane and X/Cx = 1.09 plane are shown in figures 3.16 and 3.17,
respectively. The wake profiles at different spanwise locations are dissimilar in velocity deficit
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and wake width, it can be noticed that the width of the wake and the velocity deficit are larger
toward the hub. This flow characteristic is caused by the radial inward flows inside the wake.

Figure 3.16 Total velocity profiles at X/Cx = 1.025 plane
For the X/Cx = 1.09 plane, the quantity of velocity deficit and the wake width are not the
same as the ones observed at the X/Cx = 1.025 plane. The velocity deficit at the X/Cx = 1.09 plane
is much smaller than the velocity deficit on the X/Cx = 1.025 plane, while an increase of wake
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width is observed compared to the X/Cx = 1.025. These results indicate the wake decays
downstream. The nozzle wake decay characteristics can be obtained by comparing the total
velocity ratio at the two downstream locations, X/Cx = 1.025 and X/Cx = 1.09. The computational
data indicate that the nozzle wake decays rapidly close to the trailing edge region. The wake
characteristics presented in this section do not include the effects of the relative motion of the
rotor downstream.

Figure 3.17 Total velocity profiles at X/Cx = 1.09 plane
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3.5.2 Total Pressure Loss Coefficient Distribution at Nozzle Exit Planes
The contours of the total pressure loss coefficient distribution are shown for the exit
region planes X/Cx = 1.025 and X/Cx = 1.09 in figure 3.18. The total pressure loss coefficient can
use to quantify aerodynamic losses. Figure 3.18 shows the two high loss regions, one near the hub
and another one near the casing for both exit plane locations (represented in green and yellow
color). These two loss regions result from the secondary flow vortices and their dissipations.
Comparing the total pressure loss between the two axial locations, the loss decreases considerably
between X/Cx = 1.025 and X/Cx = 1.09. The downstream interaction of the passage vortex and
wake, the interaction between the passage vortex and free stream, and the passage vortex itself all
decay and thereby reduce the loss.
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Figure 3.18 Total pressure loss coefficient distributions at nozzle exit planes
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Chapter 4
COMPUTATION OF THREE-DIMENSIONAL VISCOUS FLOW IN A
LINEAR CASCADE OF A ROTOR ROW AND TURBINE TIP
TREATMENT

4.1 Description of Rotor Blade Tip Test Case
Numerical simulations of the flow for a linear cascade arrangement were performed to
obtain the general characteristics of specific tip leakage flow patterns. The flow field details in the
tip gap area are currently difficult to solve by means of conventional aerodynamic experimental
tools. Computational simulations of tip gap flow could be beneficial in understanding leakage
flow physics although the absolute accuracy of current computations may not be as good as
conventional aerodynamic measurement systems. The set of computational simulations for the
geometries defined in figure 4.1 are as follows;

Figure 4.1 Schematic of the tip geometries
1. Baseline geometry; it is a flat tip from the AFTRF without pressure side
extension.
2. Bump tip; this tip is similar to Camci et al.’s pressure side tip extension geometry
[34]. The bump is located approximately X/Cx = 0.6.
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3. Parallel pressure side extension tip; the width of the tip extension along the
periphery is kept constant.
4. Modified bump No.1; this geometry is obtained by shifting the tip extension of
the bump tip to 50% axial chord length.
5. Modified bump No.2; this geometry is obtained by expanding the tip extension of
the bump tip from 40% to 60% of axial chord length.

4.2 Discretization and Boundary Conditions
Governing equations are solved by using a finite volume technique with a second-order
upwind discretization scheme. A two-equation 𝑘 − 𝜖 turbulence model, proposed by Launder and
Spalding [61] is used for the determination of local turbulent viscosity in the computational
domain. This simulation was performed by using the commercially available general purpose
flow solver FLUENT [58].
Figure 4.2 represents the grid system which is equivalent to a linear cascade version of
the AFTRF turbine passage. Passage flow details of this cold flow turbine are presented in
Lakshminarayana et al.[85]. The calculation grids are tetrahedral unstructured grids with gridclustering in the near wall and tip gap region. At the inlet, the velocity boundary layer profile is
specified from the AFTRF experiments. The values of k and ϵ imposed at the inlet boundary are
based on measured turbulence intensity and length scale from the AFTRF. The simulations
performed in this study correspond to a Reynolds number of 291,000 based on axial chord length
at the tip diameter and mass averaged inlet velocity. The turbine outer casing in this linear
cascade computation is defined as a moving wall to simulate the blade rotation. The relative
velocity of the casing is computed from the turbine rotational speed of N = 1300 rpm with respect
to the blade.

81
All other walls in this computation are set to a stationary condition. To avoid the
interference with the flow structure inside the computational domain, the outlet boundary should
be located at three chord lengths downstream away from the trailing edge [86]. The flow is
simulated with periodic boundary conditions imposed along the boundaries in the circumferential
direction.

Figure 4.2 Schematic of the grid for the flow simulation

4.3 Convergency and Grid Independency
The acceptable convergence of all cases is achieved when key variables change by less
than 1 part in 105 per iteration. The converged simulations usually needed approximately 1,000
iterations. To find the appropriate grid density, a grid independency study is performed. The grid
independency is assessed by comparing all solutions of the baseline tip from 3 different grid
density cases which are 720,000, 1,000,000 and 1,200,000 grid nodes. The rotor blade static
pressure coefficient distribution at the rotor blade mid span of all three different grid density
cases was computed using the formula
𝐶𝑝 =

𝑃 − 𝑃1
0.5 × 𝜌 × 𝑈12

4.1.
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where 𝑃 is a static pressure at the study location,
𝑃1 is an averaged static pressure at the computational inlet plane,
𝑈1 is an average velocity at the computational inlet inlet.
It can be seen in figure 4.3 that the suction surface static pressure coefficient distribution (the
lower curve) at 720,000 grid nodes case has a grid dependent solution since there is a significant
change in the static pressure coefficient distribution when the grid density is increased to
1,000,000 grid nodes. Once the 1,000,000 grid node number is exceeded the solution becomes
grid independent. No significant change in the static pressure distribution is observed in the
1,200,000 grid node case. To achieve a reasonable grid independency, all simulations in this
study are thus undertaken by using 1,000,000 grid nodes.

Figure 4.3 Grid independency study, the static pressure at blade mid span
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4.4 Results and Discussion
In this section, the linear rotor cascade flow simulations with different blade tip
treatments are presented. These results were obtained by solving the governing equations with the
boundary conditions described in previous section. The main focus of this investigation is the
effects of tip treatment to the tip leakage flow. At the end of this section, the tip treatment which
has the highest efficiency can be introduced.

4.4.1 Static Pressure Distribution on the Tip Surface
A number of over tip leakage investigations have shown that the pressure difference
between the blade suction surface and the blade pressure surface can drive the flow through the
tip gap. Thus, the static pressure distributions on the tip platform are of prime importance. In this
section, the effects of different tip geometries on the pressure distribution are examined. The
pressure distribution is quantified by using the static pressure coefficient Cp, as defined in
equation 4.1. A large negative value of the static pressure coefficient Cp corresponds to a high
pressure difference and vice versa. Thus, the areas which have the lower value of Cp have more
potential for tip leakage.
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Figure 4.4 Contours of static pressure coefficient on the blade tip surface
Figure 4.4 depicts the static pressure coefficient contours on the blade tip for the baseline
and other pressure surface extension tip designs. It shows that the first 20% of axial chord length
from the leading edge region (X/Cx = 0.2) has high Cp, meaning that the amount of over tip
leakage flow in this area is relatively low. The red and orange zone near the leading edge does not
have the strong pressure gradients that would cause significant tip leakage. High levels of over tip
leakage flow, represented by regions showing blue and green color, occur between X/Cx = 0.2
and X/Cx = 0.7, and there is a zone of very low static pressure (dark blue) near the pressure
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surface tip corner. The last 20% axial chord length region near the trailing edge experiences a
relatively low tip leakage flow.
The region of very low pressure is observed where the leakage flow turns around the
pressure surface tip corner. The turning may cause the flow to separate from the tip surface and
possibly reattach near the pressure surface tip corner. The region of separate flow and
reattachment has the very low pressures indicated by the dark blue color. In general, the extent of
this region of very low static pressure indicates the mass flow rate of the leakage flow entering
into the tip gap region.
The 𝐶𝑝 distribution on the blade tip surface, especially near the pressure surface corner, is
modified by the pressure surface extension tip designs. The region of the highest pressure loss,
shown by the dark blue zones at the leakage flow entrance areas, is almost eliminated in the
modified bump designs shown in figure 4.4 (d) and (e). Clearly, the pressure surface extension
tips have higher 𝐶𝑝 within the tip leakage dominant area. The dark blue color in the dominant
leakage region of the baseline tip changes to a light blue color (even green) for all pressure
surface extension tips, indicating reduced pressure losses. With all pressure surface extension
tips, the static pressure coefficient contour shows a weakened pressure driven flow characteristic.
Bump tip: A comparison of the baseline tip and the bump tip shown in figures 4.4a and
4.4b indicates that the dominant tip leakage region (dark blue) of the bump tip is smaller than that
of the baseline tip. As a result of the smaller tip leakage dominant area, the mass flow rate of over
tip leakage decreases. However, the pressure distributions from the baseline tip and bump tip
shown in figure 4.4 suggested that further improvements to limit the leakage mass flow rate are
still possible. Other pressure surface extension tip geometries were designed to decrease the
leakage mass flow rate in the tip gap area.
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Parallel extension tip: Figures 4.4c shows the parallel extension tip where the pressure
surface tip extension has almost constant width from the leading edge to trailing edge region. This
design was generally introduced with the expectation that the bump tip’s leakage control features
could be repeated in other chordwise positions of the tip profile. According to figure 4.4.c, the
parallel extension tip can eliminate the narrow dark blue zone observed near the pressure surface
tip corner of the bump tip. This indicates that the parallel extension tip has a weakened leakage
flow zone in the gap area. The 𝐶𝑝 distribution on the parallel extension tip shows that there is a
visible improvement in leakage control when compared to bump tip and baseline tip. However,
the high leakage region still covers a large part of the tip surface.
Modified bump tip No.1: Moving the pressure surface extension of the bump tip to the
lowest 𝐶𝑝 location of the baseline tip is also a possible option to reduce the tip leakage flow.
According to figure 4.4.d, the modified bump tip No.1 design can in fact eliminate effectively the
very low static pressure region, indicating a significant reduction of the leakage mass flow rate.
Modified bump tip No.2: This design idea is based on the fact that the individual
leakage control features of the bump tip and modified bump tip No.1 could be effectively
combined into one tip extension design. A much wider tip platform extension with a wider
chordwise coverage as shown in figure 4.4.e is incorporated from X/Cx = 0.2 to X/Cx = 0.8. There
is no dark blue color contained in the Cp contour map of the modified bump tip No.2, indicating
that the excessive leakage or high flow acceleration around the pressure side corner is under
control. The extent of the dark blue areas near the pressure side corner is an indication of the
strength of the leakage flow passing from the tip gap region.
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4.4.2 Mass Flow Rate across the Tip Gap
As a quantitative evaluation, the local over tip leakage mass flow rate across the tip
platform camberline is plotted as a function of axial chord length X/Cx, as shown in figure 4.5.
The evaluation is performed over equally divided rectangular areas aligned with the camberline
of the tip profile. The computed leakage velocity vectors are integrated over individual
rectangular areas to determine the local leakage mass flow rate passing from the tip gap region
over the camberline. The leakage mass flow rate continually increases from the leading edge to a
maximum value around X/Cx = 0.65 for the baseline tip. The highest over tip leakage location and
the amount of the maximum leakage mass flow rate are different for all extension tip
configurations. The mass flow rate at the trailing edge region falls rapidly after X/Cx = 0.85.The
specific design of the tip platform extension does not influence the local leakage mass flow rate
after X/Cx = 0.85. The bump tip and parallel tip local leakage character is the same before X/Cx =
0.70. Both treatments provide a considerable gain in reducing tip leakage mass flow rate. The
bump tip alone is the most effective treatment only between X/Cx = 0.70 and X/Cx = 0.85.
When the location of the bump is moved towards the leading edge, as for the modified
bump tip No.1, a significant leakage reduction is obtained for the mid chord area between X/Cx =
0.40 and X/Cx = 0.70. The most effective leakage reduction is obtained in a much wider area
using the combined bump tip and modified bump tip no.1 configuration. This design is named the
modified bump tip No.2 and it is the most effective treatment providing leakage reduction
between X/Cx = 0.35 and X/Cx = 0.85.
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Figure 4.5 Mass flow rate across the tip gap
When the computed local mass flow rates shown in figure 4.5 are integrated over the tip
gap boundary defined over the blade tip camberline as shown in table 4.1, the baseline tip case
has the maximum leakage mass flow rate. Reduced leakage mass flow rates can be obtained from
all the pressure side extension tip geometries presented in figure 4.1. Modified bump tip No.2
indicates a leakage mass flow rate that is significantly less than the others.
Table 4.1 Mass flow rate over the blade tip camberline planes
Mass flow rate (kg/sec)
Baseline tip

0.01757

Bump tip

0.01606

Parallel bump tip

0.01613

Mod. No.1 bump tip

0.01626

Mod. No.2 bump tip

0.01552
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Figure 4.5 shows that, the maximum tip leakage flow region of the baseline tip, the bump
tip and the parallel tip are almost at the same location at about X/Cx = 0.60. The high tip leakage
region of the modified bump tip No.1 and modified bump tip No.2 are shifted to 70 % of chord
length.

4.4.3 Re-Circulatory Tip Flow Patterns in Cross-Stream Planes
Figures 4.6, 4.7, and 4.8 depict computationally generated flow visualization patterns on
three selected planes located at X/Cx = 0.30, 0.60, and 0.90, respectively. Figure 4.6 shows the
exact alignment of the three visualization planes. The visualization plane is defined as a plane that
is approximately normal to the mean flow direction in the passage. The visualization planes are
aligned such that they contain most of the tip leakage flow patterns originating from the pressure
side corner. The leakage flow is from the right hand side of each figure to left hand side corner.
The leakage flow entrance area near the pressure side corner of the tip and the interaction of the
leakage jet emanating from the tip gap area, its interaction with the passage vortex and the casing
wall are mostly contained in selected planes. The visualizations are generated by using the
pathlines based on the velocity components in the visualization plane and colored by the level of
total pressure coefficient Cp0. The numerically generated pathlines based flow visualizations are
conceptually equivalent to smoke flow visualizations obtained on extremely thin laser sheets that
are normal to the blade tip platform. The total pressure coefficient is described as follows:
𝐶𝑝0 =

𝑃0 − 𝑃01
0.5 × 𝜌 × 𝑈12

where 𝑃0 is a total pressure at the study location,
𝑃01 is an averaged total pressure at the inlet plane,
𝑈1 is an average velocity at the computational inlet inlet.

4.2.
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Figure 4.6 Leakage flow patterns in the visualization plane at X/Cx = 0.30
Modified tip vortex structure at the X/Cx = 0.30 plane: Figure 4.6 shows that the
leakage flow patterns of all pressure side extension tip geometries obtained at the X/Cx = 0.30
plane are similar to the baseline tip results except in the gap entrance region. The specific tip
platform extension geometry near the pressure side corner determines the shape of entrance area
pathlines. The tip leakage flows from the pressure side to suction side of the blade and then mixes
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with the main passage flow generating tip vortex. The four specific treatments displayed in figure
4.6 all show a slight reduction on the strength of the tip vortex because of the tip platform
extensions. The dark blue zone in the core of the resulting tip vortex becomes a light blue region
indicating that the total pressure deficit in the core of the baseline tip is slightly reduced.

Figure 4.7 Leakage flow patterns in the visualization plane at X/Cx = 0.60
Modified tip vortex structure at the X/Cx = 0.60 plane: A large amount of tip leakage
flow normally mixes with the main passage flow and generates a strong tip vortex for the
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baseline tip as shown in figure 4.7. The tip vortex dominated area at the X/Cx = 0.60 plane
contains higher momentum deficit and energy loss over a larger area when compared to the X/Cx
= 0.30 plane. The bump tip geometry and the parallel bump tip geometry provide a visible
reduction in the area coverage of the tip vortex in comparison the baseline tip. The momentum
deficit (dark blue zone) in the core of the tip vortex is also visibly reduced. Thus, these suggested
blade tip geometries are able to reduce the overall leakage mass flow rate and the aerodynamic
losses associated with the tip vortex residing near the suction side corner of the blade. The
modified No.1 and modified No.2 bump tips produce an even greater reduction in the size of the
tip vortices and their cores move closer to the suction side surface.
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Figure 4.8 Leakage flow patterns in the visualization plane at X/Cx = 0.90
Modified tip vortex structure at the X/Cx = 0.90 plane: Figure 4.8 presents the leakage
flow patterns inside the visualization plane at X/Cx = 0.90. Even though the over tip leakage mass
flow rate in the trailing edge region is relatively small, the level of loss is extremely high. Figure
4.8 shows that the large vortex and the high negative total pressure coefficient cover almost the
whole cross section plane of the left of the blade. The tip vortices for all geometries are now
located further away from the blade tip. At the X/Cx = 0.90 plane, the leakage mass flow rate from
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the pressure side to the suction side corner is much smaller compared to the planes located at
X/Cx= 0.60 and 0.30. The tip vortex core is large at this location mainly because of the previous
leakage mass flow contributions that already formed a distinct tip vortex structure well before the
X/Cx = 0.90 plane. Comparisons of the results from the five tip platform designs indicate that the
lowest level of total pressure loss occurs when the modified No.2 bump tip geometry is used. The
total pressure contours and the computed pathlines do not coincide at this location. Because of the
significant reduction of the leakage mass flow rate in the trailing edge zone, the local leakage
mass flow rate is not significant. The local cross stream velocities in the trailing edge area are
minimal. However, the tip vortex structure already defined at earlier locations still exhibits its
total pressure character as shown by the blue loss core. The tip vortex core has already started
diffusing at X/Cx = 0.90 but it is still highly visible in the cross stream plane.

4.4.4 The Total Pressure Field and Losses at Exit Plane
Figure 4.9 presents the relative total pressure distribution at the exit plane behind the
blade row for all pressure side extension designs. The exit plane is defined as the plane that is
normal to the main flow direction at 120% chord length as shown in figure 4.9. At this axial
position, the tip leakage vortex, the wake and the passage vortex fluid show strong turbulent
mixing and diffusive character. The local level of the relative total pressure coefficient can be
related to the amount of aerodynamic losses originating from various tip treatments presented in
this study. The aerodynamic losses originating from the dissipation of the mean kinetic energy
into thermal energy can be estimated by using local relative total pressure in an isothermal
viscous flow simulation in the relative frame of reference. The red color shows the relative total
pressure at the inlet of the rotor indicating the lowest loss level. Dark blue indicates the highest
level of losses at the exit plane.
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Figure 4.9 Total pressure coefficients at the exit plane (X/Cx = 1.2)

96
The best approach to quantify the effectiveness of a tip treatment is to calculate the mass
averaged relative total pressure coefficient over the last 25% of the blade height in the exit
plane ∆𝐶𝑃 0,𝑙𝑎𝑠𝑡

25% 𝑏𝑙𝑎𝑑𝑒 𝑒𝑖𝑔 𝑡

∆𝐶𝑃 0,𝑙𝑎𝑠𝑡 25% 𝑏𝑙𝑎𝑑𝑒
Where 𝐶𝑃0,

𝑒𝑥𝑖𝑡 𝑝𝑙𝑎𝑛𝑒

𝑒𝑖𝑔 𝑡

= 𝐶𝑃0,

𝑒𝑥𝑖𝑡 𝑝𝑙𝑎𝑛𝑒

− 𝐶𝑃0,

𝑖𝑛𝑙𝑒𝑡

4.3.

is the mass averaged total pressure coefficient over the last 25% of the

blade height in the exit plane and 𝐶𝑃0,

𝑖𝑛𝑙𝑒𝑡

is the mass averaged total pressure coefficient over

the inlet plane. For convenience, the ∆𝐶𝑃 0,𝑙𝑎𝑠𝑡 25% 𝑏𝑙𝑎𝑑𝑒

𝑒𝑖𝑔 𝑡

is written as ∆𝐶𝑃 0 .

This area fully contains the leakage flow dominated zone and a significant portion of the
blade wake and core fluid between the wakes. Since the leakage vortex and passage vortex have a
significant interaction in the passage, the rest of the passage is affected by this interaction. Slight
variations in the blade wakes are closely related to the flow structure changes in the tip leakage
area. Table 4.2 presents the area averaged total pressure loss as the difference of total pressure
loss coefficients between the exit plane and inlet plane in the relative frame of reference.
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Table 4.2 Comparison of aerodynamic losses (change in non-dimensional relative stagnation
pressure)

The bump tip flow modifications provide a good improvement when compared to the
baseline case as shown in figure 4.9 and table 4.2. This computational result is consistent with
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experiments performed in the AFTRF by Dey and Camci [41]. An aerodynamic loss level of
CP0 = -3.99 is obtained from the bump tip. The baseline tip loss level is CP0 = -4.20.
For the parallel bump tip, based on the idea that a much longer tip extension in the
chordwise direction may well provide more effective tip loss reduction, the flow computations
show a slightly better loss reduction than the baseline case. However the parallel bump tip does
not perform as well as the bump tip. It yields CP0=-4.09.
The modified bump No.1 tip is designed to test the location of the maximum bump
location. When the maximum bump location is moved to a mid chord position, a significant loss
reduction is achieved compared to the baseline, bump, and parallel bump tip designs. The
modified bump No.1 gives CP0 = -3.89.
The modified bump No.2 tip is a design combining the benefits of the bump tip and the
modified bump no.1 tip design as shown in figure 4.1.e. This design provides the most
significant gain in terms of controlling the tip aerodynamic losses. The resulting CP0 of -3.77 is
a significant improvement compared to that of the baseline case, CP0 = -4.20.
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Chapter 5
TIME AVERAGED COMPUTATION OF A SINGLE STAGE TURBINE
PASSAGE USING A MIXING PLANE MODEL
Flow unsteadiness in an axial turbine due to the interaction of a stationary nozzle guide
vane NGV and a rotating rotor blade row is a complex phenomenon. The unsteadiness is
generally caused by the influence of wakes convected downstream and the potential pressure field
propagation in the both upstream and downstream direction. This unsteadiness not only affects
the turbine stage flow characteristics but also the turbine efficiency and performance. Therefore, a
better understanding of the unsteady flow phenomena is essential to improve turbine
performance.
The unsteady flow computation of relative motion between the NGV and rotor row is one
of the most sophisticated numerical models. It requires enormous computer resources, a high
resolution grid, and effective turbulence models. The turbine stage is always modeled by using
the different frames of references either attached to an individual stationary NGV or to a rotating
rotor row. The interface region where the change of reference frame takes place is of critical
importance. The information from the NGV stationary reference frame domain must be
transferred across the interface to the rotating rotor reference frame domain and vice versa. Thus,
it is necessary to have a suitable interface model between the NGV domain and the rotor row
domain.
A steady model based on a circumferential averaging procedure at the NGV-rotor
interface, called the mixing plane model, is one of the potential approaches. The upstream flow
and downstream variable profiles are averaged circumferentially before transferring the
information across the interface. With this model any unsteadiness in the circumferential
direction is removed, so steady state solutions are obtained. Although, a turbine stage flow is
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inherently unsteady, this steady state computation can yield useful flow characteristics at
moderate computational cost. This interface model is suitable when the time-averaged interaction
between the stationary NGV and the rotating rotor adequately represents the unsteady interaction
[72]. The mixing plane model was one of the approaches that was applied to perform the
numerical investigation of the flow field in the AFTRF. The computational procedure and results
are presented in this chapter.

5.1 Description of NGV and Rotor Grid System
In order to achieve a better understanding of flow field characteristics inside the AFTRF
turbine stage, a steady mixing plan approach was used to model the flow in an interaction region
between neighboring components. A turbine stage consists of two flow domains, a stationary
NGV domain followed by a rotating rotor domain. Each computational domain is represented by
a separate mesh as showed in figure 5.1. Each mesh was generated separately using tetrahedral
elements. The unstructured grids are clustered near the wall region. Since there is a significant
variation of flow characteristics across the rotor tip gap, very fine prism grids were created in the
gap between the rotor blade tip and the casing to capture the rapidly varying flow characteristics
in the tip gap region. The stationary domain mesh and the rotating domain mesh are merged and
saved into a single file. The final composite mesh contains a total of 1,500,000 cells.
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Figure 5.1 NGV-rotor computational domain and mixing plane

5.2 Solution Procedure
The flow field in the AFTRF was modeled by using the steady Reynolds averaged
Navier-Stokes equations as described in chapter 2. The governing equations were solved with a
finite-volume technique flow solver FLUENT [58], with a second-order upwind discretization
scheme. In order to select the most suitable turbulence model for these flow simulations, three
different two-equation turbulence models were implemented to simulate turbulence effects in this
flow simulation;
1. The k-ϵ turbulence model with standard wall function
2. The k-ϵ turbulence model with enhanced wall treatment
3. The SST k-ω turbulence model
The steady AFTRF flow simulation uses five different types of boundary conditions. The
first type of boundary condition is the pressure inlet condition, is imposed on the NGV inlet. The
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pressure boundary profile is specified. The turbulence variables imposed at the NGV inlet
boundary are based on measured turbulence intensity and the length scale from the AFTRF. The
second type of boundary condition is imposed on the wall of the turbine casing, hub, and blades
are defined as wall boundaries. These conditions assume there is no slip of fluid along the walls
and the adiabatic conditions apply. The third type of condition is the interface plane between the
NGV outlet and rotor inlet defined as the mixing plane as shown in figure 5.1. The solution
algorithm for the mixing plane approach is as follow [87]:
1. The solutions within the NGV and rotor domains are computed.
2. The flow properties averaging in the circumferential direction are calculated at the
interface to obtain appropriate flow property profiles.
3. The averaged flow property profiles at the mixing plane are passed to the upstream
and downstream computational domains.
4. All three steps are repeated until the computation reaches convergence.
The forth type of boundary condition is at the rotor exit, where the flow may be described by the
out flow pressure. Finally, periodic boundary conditions are imposed along the boundaries in the
circumferential direction. The simulation is conducted with the moving frame of reference
rotating at the AFTRF design speed of 1,300 RPM.
To determine convergence, the change in the values of key variables and the mass flow
rate at the outlet rotor are examined after each iteration of the simulation. The acceptable
convergence of all cases is defined as a change in all key variables less than 1 part in 105 per
iteration and mass flow rate at the rotor outlet approaches to a constant value. The converged
simulations require approximately 5,000 iterations.
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5.3 Validation of the Numerical Method
To validate the numerical model, the static pressure coefficient Cp, which is difined as
𝐶𝑝 = 1
2

𝑝−𝑝 1
×𝜌×𝑈12

, on the NGV surface and rotor blade surface at 4 spanwise locations with 3 different

turbulence models (as explained in section 5.2) are compared to the experimental data measured
by Zaccaria [81]. Figure 5.2 a–d and 5.3 a-d show the comparison between the measured static
pressure coefficient Cp distribution and the numerical results at the NGV surface and the rotor
blade surface, respectively. According to these comparisons, it can be concluded that there is
good correspondence between the numerical and the experimental static pressure distributions.
All candidate two-equation turbulence models can predict accurately the static pressure
coefficient over the NGV and rotor blade surface. However, the k-ω model tends to have better
prediction capability than the k-ϵ model in the high pressure gradient region. Therefore, only
the flow simulation using k-ω turbulence model is implemented to generate the flow
visualizations in this chapter.
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Figure 5.2a NGV static pressure coefficient distribution at H = 0.05

Figure 5.2b NGV static pressure coefficient distribution at H = 0.3
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Figure 5.2c NGV static pressure coefficient distribution at H = 0.5

Figure 5.2d NGV static pressure coefficient distribution at H = 0.9
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Figure 5.3a Rotor static pressure coefficient distribution at H = 0.13

Figure 5.3b Rotor static pressure coefficient distribution at H = 0.34
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Figure 5.3c Rotor static pressure coefficient distribution at H = 0.54

Figure 5.3d Rotor static pressure coefficient distribution at H = 0.91
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5.4 NGV Passage Flow Field
The flow field in the NGV passage is extremely complex and highly three-dimensional
due to the interaction of passage vortex, horseshoe vortex, and corner vortex. In order to describe
the NGV flow field characteristics, several static pressure coefficient Cp contours at the casing,
hub, and NGV surfaces were observed. The velocity and turning angle contours near the
midchord plane (X/Cx = 0.56) and near the nozzle exit plane (X/Cx = 0.935) were analyzed
carefully to obtain flow characteristics in the NGV passage.

5.4.1 Endwall Static Pressure Distribution
The static pressure coefficient 𝐶𝑃 distibutions at the NGV casing and the NGV hub are
shown in figures 5.4 and 5.5, respectively. The actual NGV casing and NGV hub surfaces are
maped to rectangular domains with a nozzle passage pitchwise presented in y axis and axial
distance from the nozzle leading edge to the nozzle trailing edge presented in x axis. The common
flow charateristic of the casing and the hub static pressure coefficient contours is the cross
channel transverse pressure gradient. It indicates the existence of a very strong three-dimensional
flow along these endwall surfaces.The minimun static pressure coefficient region on the NGV
casing 𝐶𝑝 = −9.4 occurs at X/Cx = 0.5 along the nozzle suction surface. This low static pressure
coefficient region is the location where the passage vortex detaches from the endwall surface and
starts to expand rapidly, while the minimum static pressure coefficient region on the NGV hub
𝐶𝑝 = −13 occurs at further downstream location X/Cx = 0.8 along the NGV suction surface. The
hub passage vortex remains close to the hub surface for a grater distance, while the casing vortex
tends to lift off earlier and is displaced further inward along the passage.
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Figure 5.4 NGV casing static pressure coefficient

Figure 5.5 NGV hub static pressure coefficient
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5.4.2 NGV Surface Static Pressure Distribution
Contour plots of static pressure coefficient Cp on the NGV pressure and suction surfaces
are shown in figures 5.6 and 5.7, respectively. The flow field on the NGV pressure surface is an
almost two-dimensional flow which is demonstrated by the relatively constant static pressure
coefficient value in the spanwise direction. The static pressure coefficient changes only slightly
from the leading edge to X/Cx = 0.5. The static pressure coefficient distribution beyond the X/Cx
= 0.5 region decreases rapidly and the pressure gradient is almost perpendicular to the trailing
edge.

Figure 5.6 Static pressure coefficient distribution on the NGV pressure surface
The flow on the NGV suction surface is more complicated than that of the pressure
surface due to the hub passage vortex and the casing passage vortex. The static pressure rapidly
decreases from the leading edge and then more gradually out to X/Cx = 0.4, behaving as a two-
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dimensional flow in this region. The casing passage vortex (CPV) begins affecting the static
pressure distribution at X/Cx = 0.5 near the casing and travels down toward the suction surface. It
gives rise to a region of three-dimensional flow and lower static pressure. Another threedimensional flow region begins near the hub at X/Cx = 0.7 due to the hub passage vortex
influence. The hub passage vortex (HPV) travels up the suction surface and toward the trailing
edge.

Figure 5.7 Static pressure coefficient distribution on the NGV suction surface

5.5 Flow Field near Mid Chord X/Cx = 0.56 Plane
Since several significant flow characteristics occur in the mid chord region, the flow field
near the mid chord, at X/Cx = 0.56, was investigated and is presented in this section. The study
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plane X/Cx = 0.56 based on the axial chord length at the NGV midspan is located at a constant
axial distance downstream of the NGV leading edge.
Contours of total velocity U/Ux1 are shown in figure 5.8. The non-dimensional total
velocity, which is defined as the ratio of velocity magnitude and axial velocity magnitude at the
NGV inlet, exhibits the characteristics of inviscid flow.

Figure 5.8 Total velocity at X/Cx = 0.56 plane

The flow turning angle contour at the X/Cx = 0.56 plane, which is calculated from
𝑡𝑎𝑛−1

𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
𝑎𝑥𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

, is shown in figure 5.9. The average flow angle is

approximately 45 degree which is represented in light green color. A region of lower turning flow
angle, which is represented in blue colors, occurs in the corner formed by the casing and NGV
suction surface. It is caused by the casing passage vortex. The higher turning flow angle regions,
represented in yellow and red colors, occur near the NGV suction surface and the NGV pressure
surface because the flow is accelerated and induced to have higher turning angle. In addition, the

113
flow turning angle near the NGV suction surface is higher than near the NGV pressure surface
flow, since the NGV suction surface has relatively more curved surface contours which can
induce the flow to turn with a higher turning angle. According to the flow turning angle contours,
the hub passage vortex does not yet occur at the X/Cx = 0.56 plane. It corresponds to the hub
endwall and NGV suction surface static pressure coefficient.

Figure 5.9 Flow turning angle at X/Cx = 0.56 plane

5.6 Flow Field near Trailing Edge, at the X/Cx = 0.935 Plane
The flow field near the NGV trailing edge was investigated at the axial plane located at
X/Cx = 0.935. The total velocity U/Ux1 contours are presented in figure 5.10. As a result of the
existence of the radial pressure gradient, the total velocity increases from the casing to the hub. A
low total velocity region is observed at the corner formed by the casing and the NGV suction
surface. It may be caused by the mixing of secondary flow from upstream and the endwall
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boundary layers. This corner contains the merged horseshoe vortex and counter vortex that
exhibit a high total pressure loss. Details of this region could be studies more effectively using a
mesh finer grid.

Figure 5.10 Total velocity at the X/Cx = 0.935 plane

The flow turning angles occurring at the X/Cx = 0.935 plane are shown in figure 5.11.
The average turning angle at the middle of the study plane is approximately 68 degrees. The
region of maximum flow turning angle is observed near the corner formed by the NGV suction
surface and casing, and is surrounded by a region of lower flow turning angle. This high flow
turning angle surrounded by the lower flow turning angle is a characteristic of a passage vortex
system at the NGV exit. Another important characteristic observed in this contour is the region of
lower flow turning angle represented in light blue color. It occurs near the NGV pressure surface
due to the flow deceleration along the NGV pressure surface.
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Figure 5.11 Flow turning angle at the X/Cx = 0.935 plane

5.7 Rotor Passage Flow Field
Static pressure coefficient 𝐶𝑝 contours on the rotor blade pressure and suction surfaces
are presented in figures 5.12 and 5.13, respectively. Consider the 𝐶𝑝 distribution on the blade
pressure surface. The flow is approximately two-dimensional from the leading edge to near the
60% axial chord location as indicated by almost constant value of 𝐶𝑝 in spanwise direction. Then,
the flow is accelerated significantly as the flow approaches the trailing edge. This accelerated
flow affects the 𝐶𝑝 distribution in the region close to the blade trailing edge. A high static
pressure gradient is observed and the static pressure coefficient is much lower than the first 60%
of the pressure surface region.
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Figure 5.12 Cp contour on the rotor blade pressure surface

It can be seen in figure 5.13 that the static pressure coefficient distribution on the rotor
blade suction surface is significantly different from the rotor blade pressure surface. The flow has
a high favorable pressure gradient near the leading edge (the static pressure decreases in the
direction of the flow), and then the flow experiences a mild adverse pressure gradient when the
flow approaches the trailing edge. Moreover, the effects of secondary flow vortices on the static
pressure coefficient distribution near the hub and casing can be identified at the 45% axial chord
and 65% axial chord, respectively.
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Figure 5.13 Cp contour on the rotor blade suction surface

The static pressure coefficient distributions on a casing wall and a hub wall over the rotor
blade region are presented in figures 5.14 and 5.15, respectively. Consider the 𝐶𝑝 distribution on
the rotor hub wall. The highest pressure occurs on the pressure surface at the X/Cx= 0.4 location
and decreases gradually to the suction surface. A region of low static pressure coefficient, which
indicates the occurrence of secondary flow, is observed on the rotor hub end wall. This region
begins at the X/Cx = 0.5 location on the suction surface and expands to cover the rest of the rotor
hub end wall surface as X/Cx increase.
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Figure 5.14 Contour of static pressure coefficient on the rotor hub wall
The simulated 𝐶𝑝 distribution on the casing wall (figure 5.15) differs from the
distribution on the hub wall. A high pressure gradient normal to the chordwise direction is
observed at the X/Cx = 0.5 location near the rotor pressure surface. This high pressure gradient is
caused by tip leakage flow. The tip leakage flow exposed to the passage can change the pressure
distribution dramatically. The secondary flow effects on the casing wall are similar to those
occurring on the hub wall.
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Figure 5.15 Contour of static pressure coefficient on the rotor casing wall

5.8 Pressure Distribution on a Turbine Midspan Plane
The total pressure coefficient distribution 𝐶𝑃0 and static pressure coefficient 𝐶𝑃
distribution on the AFTRF midspan plane (cylindrical surface) are shown in figures 5.16 and
5.17, respectively. Consider the total pressure coefficient distribution in the NGV domain (figure
5.16). Most of the NGV domain has constant total pressure coefficient distribution represented by
the orange color, except for a region of lower total pressure coefficient (yellow color) close to the
NGV suction surface. This lower total pressure coefficient region, which indicates high
aerodynamic loss, is caused by the boundary layer. It thickens from the X/Cx = 0.25 location to
the NGV trailing edge under the influence of a mildly adverse pressure gradient. In contrast, a
comparatively thin boundary layer is observed on the NGV pressure surface. This indicates that a
small fraction of the loss is generated on the NGV pressure surface. In the NGV trailing edge
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region, a region of lower total pressure coefficient is observed. This is caused by the occurrence
of vortex shedding and the separated flow in that region.

Figure 5.16 Total pressure coefficient on the turbine midspan plane

In the rotor domain, the highest total pressure coefficient is observed on the rotor suction
surface close to the leading edge; this is represented by the red color. It may be caused by the
interaction between the NGV downstream flow and the rotating rotor. Beyond the rotor leading
edge region, the CP0 distributions on the rotor pressure surface and the rotor suction surface
decrease considerably toward the rotor trailing edge. The rotor suction surface has a higher total
pressure coefficient gradient. The low CP0 region on the rotor suction surface, represented by the
dark blue color, is observed from X/Cx = 0.4 to the trailing edge, while the low CP0 region on the
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pressure surface begins at X/Cx = 0.6. This may indicate that the lower profile loss is generated
on the rotor pressure surface.
Figure 5.17 shows contours of the static pressure coefficient CP distribution. An
important unsteady flow characteristic can be observed in the region between the NGV trailing
edge and the rotor leading edge. There are closed circular contours immediately downstream from
the NGV trailing edge. This indicates the occurrence of vortex shedding, these vortices are
created at the NGV trailing edge and detach periodically. Figure 5.17 also gives the static
pressure distribution in other domain regions. In both the NGV domain and the rotor domain, the
static pressure distributions are similar to the static pressure distribution on the airfoil. The static
pressure near the pressure surface is considerably higher than near the suction surface and the
static pressure decreases gradually from the leading edge to the trailing edge on both pressure
surface and suction surface.
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Figure 5.17 Static pressure coefficient on the turbine midspan plane
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5.9 Tip Leakage Flow Characteristics with Rotor Tip Treatment
As was mentioned in the grid description section, numerical simulations of an annular
cascade arrangement with a rotating turbine rotor are performed to obtain general characteristics
of specific tip leakage flow patterns. These annular cascade simulations are significantly different
from the linear cascade simulations with the casing moving in a tangential direction (presented in
chapter 4). The linear cascade simulations do not represent an actual turbine stage since the
effects of centripetal and Coriolis forces as well as the actual relative motion between blades and
casing are not included in the linear cascade simulations. Therefore, the over tip leakage flow
characteristics with rotor tip treatments should be investigated again to assure the conclusions in
chapter 4 are still applicable.
The baseline tip and all tip treatment blade geometries in an annular cascade are shown in
figure 5.18. All tip treatment geometries are similar to the tips used in the linear cascade
simulations. The tip treatment blade flows were simulated by using identical baseline tip case
boundary conditions and the same turbulence models.
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Figure 5.18 Tip treatment configurations
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5.9.1 Mass Flow Rate across Rotor Tip Gap
All tip geometry mass flow rates across the tip camberline are plotted as a function of
axial chord length, shown in figure 5.19. These mass flow rate calculations were performed over
equal-area rectangular planes along the camberline of the tip profile. The leakage mass flow rate
continually increases from the leading edge to the maximum value approximately at the X/Cx =
0.6 location and then gradually drops toward the trailing edge. Consider the leakage flow in the
peak region. The maximum leakage flow is observed for the baseline tip. With the bump tip, the
parallel bump tip, the Mod. No.1 tip, and the Mod.No.2 tip, the leakage mass flow rates are
significantly decreased. The minimum leakage mass flow rate at the peak region is achieved for
the Mod.No.1 and Mod.No.2 tip. There is a region located between X/Cx = 0.6 and X/Cx = 0.8, in
which only the leakage mass flow rate of the bump tip is reduced significantly.
A Comparison of the tip leakage flow characteristics from the annular cascade simulation
to the linear cascade simulation show that the results from the annular cascade have the same
trend as the results from the linear cascade. However, the mass flow rates across the tip gap
region from the annular cascade simulation are greater than the rates from the linear cascade. This
is because the momentum of fluid in the linear cascade domain is lower than the annular cascade
domain. The fluid in the linear cascade receives its momentum from the effects of viscous drag
from the casing translation. On the other hand, the fluid itself in the annular cascade is rotated,
which gives it higher momentum. The higher momentum fluid has higher energy across the tip
gap region.
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Figure 5.19 Mass flow rate across the rotor tip gap
When the computed local mass flow rates are integrated over the tip gap boundary as
shown in table 5.1, the baseline tip case has the highest leakage mass flow rate. All of the tip
treatment geometries have lower leakage mass flow rates. The lowest mass flow rate across the
tip is obtained from the Mod. No.2 tip configuration. Therefore, the lowest aerodynamic loss is
expected to be produced by the Mod. No.2 tip.
Table 5.1 Leakage mass flow rate over the blade tip camberline planes
Mass flow rate (kg/sec)
Baseline tip

0.02501

Bump tip

0.02466

Parallel bump tip

0.02462

Mod. No.1 bump tip

0.02486

Mod. No.2 bump tip

0.02447
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5.9.2 Total Pressure Distribution and Losses at the Rotor Exit Plane
The total pressure coefficient distributions 𝐶𝑝0 at the rotor exit plane are an indication of
the amount of aerodynamic losses of the turbine stage. The total pressure coefficient contours of
all tip treatments are shown in figure 5.20.
The exit plane is defined as a plane normal to the flow direction at 120% chord length.
All of the tip geometries have high loss regions which are represented in dark blue color near the
corner formed by the casing and suction rotor blade surface. The cores of these low 𝐶𝑝0 regions
are located at approximately the 80% of passage span. These high loss regions may indicate the
existence of tip leakage vortex.
As shown in figure 5.20, the baseline tip geometry has the largest high loss region. All
the tip geometry treatments appear to reduce aerodynamic losses, as indicated by the smaller high
loss regions. The Mod.No.2 tip appears to provide the most significant aerodynamic loss
reduction which is indicated by the smallest high aerodynamic loss region. These conclusions
about the total pressure distribution and the aerodynamic loss at the rotor exit plane from the
annular cascade are similar to the results from the liner cascade turbine simulation.
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Figure 5.20 Total pressure coefficients at the rotor exit plane
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Chapter 6
UNSTEADY COMPUTATION OF A SINGLE STAGE TURBINE
PASSAGE USING A SLIDING MESH MODEL
Turbine performance characteristics depend upon primarily the interactions between a
rotating rotor and a stationary nozzle guide vane (NGV). The two major unsteady interactions for
an axial turbine are a potential interaction and a wake interaction. The potential interaction is due
to the variation of the velocity and pressure field in the rotating and stationary interaction region.
This unsteady interaction affects the flow field in both the NGV domain and rotor passage
domain since the interaction can propagate in both directions upstream and downstream of the
interaction region. On the other hand, the wake interaction influences just the flow field
downstream of the interaction region since the wake interaction is caused by the downstream
convection of vortices and wake shed by blades upstream.
Modern aero engines tend to have a shorter axial distance between the blade rows due to
increased market demand for compact aero engines, which are lighter and more fuel efficient. The
consequence of this shorter axial gap between the blade rows is to raise the strength of the
potential interaction and wake interaction. As a result, they become dominant sources of
unsteadiness at the axial gap between the NGV and the adjacent rotor blade row. The strong
unsteadiness can cause aerodynamic losses and affect the overall engine performance. Therefore,
detailed understanding of this unsteadiness, which can be obtained by computational
investigations, is necessary to predict engine performance. Accordingly, unsteady threedimensional computations of a single turbine stage using a sliding mesh interface model between
blade rows were performed. The results of these unsteady computational solutions are presented
in this chapter.
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6.1 Description of Rotor and NGV Grid System for Unsteady Computation
The AFTRF has 23 NGV airfoils and 29 blades in the rotor row. In order to apply spatial
periodic boundary conditions, a computational domain requires 4 NGV passages and 5 rotor
passages corresponding to a NGV/rotor blade count ratio of 4:5, which is close to the actual
number 23:29[88]. Simulation of the flow field associated with the 9-passage computational
domain (figure 6.1a) requires a considerable amount of computer memory and computational
time. The computational resource requirements would significantly decrease if a single-NGV
passage/ single-rotor blade passage computational domain could be applied.
To achieve a single-NGV passage/ single-rotor blade passage periodicity, Rai [77]
introduced the domain scaling method which can reduce computational expense. The turbine
stage which he used consists of 22 NGV and 28 rotor blades. He assumed that only 22 rotor
blades were presented in the rotor row. Therefore, the rotor blade and rotor passage pitch had to
be enlarged by a factor of 28/22 keeping the pitch-to-chord ratio the same as the actual rotor row
configuration. With this assumption the calculation can be performed with only one blade passage
on either side of the interface. However, the accuracy of the flow simulation depends highly on
the difference between the actual NGV/ rotor blade count ratio and the domain scaling NGV/rotor
blade count ratio. Rai presented the two-dimensional NGV-rotor computation results obtained
from a single-NGV passage/ single-rotor passage and a three-NGV passage/ four-rotor passage.
These computational results were also compared to experimental data. It was found that both
configurations gave reasonable results. The three-NGV passage/four-rotor passage results
correspond more closely to the experimental data. Madavan [89] and Rangwalla [90] applied the
domain scaling method for three-dimensional computational domains of multi-stage turbines. In
general, the results from this calculation agree well with experimental measurements.
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To apply this approach to the axial flow turbine research facility (AFTRF), the number of
rotor blades used in the simulation was reduced to 23 from the original count of 29. This permits
using a one-NGV passage/one-rotor passage computational domain with periodic conditions to
account for the rest of the passages. In order to take into account the change in the number of
rotor blades, the rotor blade, and rotor passage pitch were scaled by a factor 29/23 while keeping
the pitch to chord ratio the same as the actual blade as shown in figure 6.1b. This permits
performing the three-dimensional unsteady simulation with a single-NGV passage/single-rotor
passage computational domain, which leads to a significant reduction in the computer memory
requirements and computational time.

Figure 6.1a A computational domain, 4 NGV passages and 5 rotor passages
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Figure 6.1b A one-NGV passage/one-rotor passage computational domain

6.1.1 Viscous Hybrid Mesh
The computational grid of the AFTRF consists of two parts. A stationary part is fixed to
the NGV and a rotating part rotates with the rotor blade row as shown in figure 6.2. The viscous
hybrid volume meshes for the NGV and the rotor blade row are generated separately. The meshes
for the regions around the NGV and rotor blade surfaces, where the flow characteristics change
rapidly, employ a three-dimensional structure grid topology. With this topology, high quality
mesh elements are obtained in the regions close to the NGV and rotor blade surfaces. These
meshes are also highly clustered near the NGV and rotor blade surfaces in order to resolve the
viscous effects. The outer region meshes were generated by using an unstructured meshing
scheme. Belardini et.al.[91] and Adami [76] showed that accurate flow simulations can be
achieved with this viscous hybrid mesh. In this study, each of the NGV and rotor computational
domains has approximately 1,000,000 grid nodes with high grid density around the blade surface.
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Figure 6.2 Turbine stage zonal decomposition
The highly clustered mesh regions were created not only on the NGV and rotor blade
surface, but also in the rotor tip clearance region. In the rotor tip clearance region, there are a
large number of prism cells clustered near the rotor blade tip surface in order to investigate the
over tip leakage flow phenomena.
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6.2 Solution Procedure
Numerical computations were performed using the three-dimensional time accurate
viscous solver to investigate unsteady flow field characteristics of the AFTRF. The solver is the
commercial finite-volume flow solver FLUENT [58], with a second-order upwind differencing
scheme. The SST k- ω turbulence model was implemented to simulate turbulence effects in this
flow simulation. The boundary conditions imposed on this computational model were based on
experimental data from Zaccaria [81]. At the NGV inlet, a total pressure profile and a constant
total temperature with turbulence intensity and turbulence length scale were imposed. At the rotor
outlet, a constant total pressure and a back flow total temperature were imposed.
Table 6.1 Summary of boundary conditions
NGV inlet boundary conditions
Total pressure

101360 pa

Static pressure

100845 pa

Total temperature

289 K

Turbulence intensity

2.2%

Turbulence length scale

0.3387 in

Rotor exit boundary conditions
Total pressure

94044 pa

Total temperature

283.5 K

Turbulence intensity

2.2%

Turbulence viscous ratio

4

Rotational speed

1300 RPM
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According to Liu and Hill’s [92] study, only a sliding mesh interface (details of the
sliding mesh interface are presented in chapter 2) is able to simulate the flow interaction between
the NGV and the rotor blade row, even though it is more computationally expensive to use the
sliding mesh interface. This current study addresses the flow interaction from the rotating rotor
row and the stationary NGV. Therefore, the sliding mesh interface has to be applied to compute
the unsteady flow field in the turbine stage. The time accurate computations have been performed
with the second-order implicit dual time stepping approach as described by Blades[93].
The right choice of a turbulence model for a turbomachinery application cannot be
determined directly. However, there are a good number of research publications about turbulence
models which can be used as a guide to select the appropriate turbulence model. [52-54, 94] For
this computational investigation, the SST 𝑘 − 𝜔 turbulence model [54]was chosen for modeling
the turbulent characteristics in the AFTRF passage.

6.3 Numerical Computation Validation
Before using a computational model to predict the flow structure in the turbine stage, a
model validation with experimental data should be performed. The experimental data of the
AFTRF are given by Zaccaria [81] and Ristic [5]. The unsteady simulated and experimental
pressure coefficient distribution (𝐶𝑝 =

𝑃−𝑃1
0.5×𝜌×𝑈12

) at four NGV spanwise locations are presented

in figure 6.3 a-d. In general, the results from the unsteady simulation agree well with
experimental data. This agreement indicates that this computational model is able to predict
accurately the flow field of the AFTRF.
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Figure 6.3a An NGV static pressure coefficient distribution at H = 0.1

Figure 6.3b An NGV static pressure coefficient distribution at H = 0.3
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Figure 6.3c An NGV static pressure coefficient distribution at H = 0.5

Figure 6.3d An NGV static pressure coefficient distribution at H = 0.9
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6.4 Flow in NGV Passage
𝑃 −𝑃

0
01
A total pressure coefficient 𝐶𝑝0 contour, which is defined as 𝐶𝑝0 = 0.5×𝜌×𝑈
2 at two axial
1

positions, responding to values of the axial distance from NGV leading edge per axial chord
length X/Cx of 0.56 and 0.935, are presented in figure 6.4. A high loss (indicated by green and
yellow colors) is observed on a suction surface at the X/Cx = 0.56 plane and then propagates
through a downstream passage. The highest loss (indicated in green color) at the X/Cx = 0.56
plane is found at the corner formed by the suction surface and the casing. The high loss region is
larger and stronger at the X/Cx = 0.935 plane, presented in green color. The core of the high loss
region is shifted downward to approximately 90% of the NVG height.

Figure 6.4 Total pressure coefficient in NGV passage
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This loss is caused mainly by passage vortex flow which starts to exist at 50% of the
axial chord length of the NGV. The pathlines of the flow inside the nozzle passage are able to
show the behavior of this vortex flow; these are presented in figure 6.5. The colors in figure 6.5
are added to show velocity magnitudes. The pathlines, which are on the NGV suction surface
adjacent to the nozzle casing, combine with the pathlines from the NGV pressure surface next to
the NGV. They start to form vortical flow at approximately 50% of the blade axial chord length.
This vortical flow propagates and expands through the downstream passage. On the NGV
pressure surface, there are smooth pathlines through the passage. Another interesting
characteristic observed from these pathlines is that the flow is displaced inward from the casing to
the hub; the flow from the leading edge, close to the casing is induced to move inward to the hub.

Figure 6.5 Pathlines inside nozzle passage

140
6.5 Total Pressure Loss at Nozzle Exit Planes
The characteristics of aerodynamic loss at a nozzle exit were investigated in a total
pressure loss coefficient 𝐶𝑝0 contour at two different plane locations X/Cx = 1.025 and X/Cx =
1.09. The results are presented in figure 6.6 and 6.7, respectively. It can be seen in figure 6.6 that
there are two high loss regions at nozzle spanwise location H = 0.8 and H = 0.1 which indicate
the existence of passage vortices. The amount of loss in the region close to the hub is greater than
in the region near the tip wall. A low total pressure coefficient stripe between the two high loss
core regions, which is caused by the nozzle wake, is also observed. Moreover, the upper high loss
core is located further from the casing wall than the lower high loss core region near the hub wall.
This may be caused by the inward radial velocity which is one of the nozzle passage flow
characteristics.
In figure 6.7 for the total pressure coefficient contour at the X/Cx = 1.09 plane, which is a
little bit further downstream from the plane X/Cx = 1.025, several significant changes can be
observed. The upper high loss region disappears. However, a weaker nozzle wake and the lower
loss region are observed in this plane. It may be concluded that the passage vortex and the nozzle
wake are dissipated quickly after the flow leaves the nozzle trailing edge.
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Figure 6.6 Total pressure coefficient at the plane X/Cx = 1.025

Figure 6.7 Total pressure coefficient at the plane X/Cx = 1.09
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6.6 Unsteady Results
One of the objectives of the present numerical study is to obtain more detailed
understanding of unsteady characteristics of turbine flow including the wake characteristics, their
effects on the secondary flow formation, and the wake mixing process in a rotor passage. In
addition, this numerical study also investigates the potential flow interaction, which affects the
flow both up and downstream. A considerable amount of numerical and experimental activity has
been devoted to investigate the flow unsteadiness in turbomachinery. Casciaro [95] used the
numerical analysis to describe the interaction between the wake and the turbine blade. Hodson
and Dawes [21] described wake transport through the turbine stage using convective mechanisms
of fluid mechanics of a wake being repeatedly cut by the following rotor blade row. Korakianitis
[19] investigated the propagation of pressure disturbance caused by the potential flow interaction
and wake interaction.

6.6.1 Relative Positions of the NGV and the Rotor Blade
Five tangential relative positions between the nozzle and the rotor blade in the absolute
frame equally spaced over one nozzle pitch were used to investigate the unsteady effects. Figure
6.8 shows these five relative positions. The rotor trigger position t/T=0 when the trailing edge of
the NGV is aligned with the leading edge of the rotor. In the second rotor position t/T=1/5, the
rotor is rotated approximately 3° in the range of one rotor pitch. The next rotor positions are
rotated by similar amounts, giving five relative NGV-rotor positions, corresponding to
approximately 0° , 3° , 6° , 9° , 𝑎𝑛𝑑 12° .
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Figure 6.8 Relative rotor blade position definitions

6.6.2 Potential Flow Interaction
Each blade is surrounded by its potential field. When a rotor rotates near a NGV, the two
potential fields from the NGV and the rotor interact with each other. As a consequence of this
potential interaction, the static pressure fluctuation coefficient distribution 𝐶𝑝′ (equation 6.1)
varies as a function of time:
𝐶𝑝′ =

𝑃 𝑡 −𝑃
0.5 × 𝜌 × 𝑈12

6.1.

where P(t) is an instantaneous static pressure and 𝑃 is a time averaged static pressure.
The effect of potential flow interaction can be observed from the 𝐶𝑝′ distribution,
pressure-time histories for the NGV and the rotor surface, which are presented in figures 6.9a and
6.9b, respectively. The 𝐶𝑝′ on the NGV and the rotor surface is calculated from the data at mid
span position. Data is shown for a few blade passing periods. In figure 6.9a, the 𝐶𝑝′ distribution on
the NGV pressure surface is higher than on the NGV suction surface. A repeating 𝐶𝑝′ distribution
profile is observed. The highest 𝐶𝑝′ on the NGV pressure surface occurs when the lowest 𝐶𝑝′
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occurs on the NGV suction surface. For the rotor 𝐶𝑝′ distribution in figure 6.9b, the 𝐶𝑝′ is also
higher on the rotor pressure surface while lower 𝐶𝑝′ values are observed on the rotor suction
surface. The repeating 𝐶𝑝′ profile is still obtained. The significant difference from the nozzle 𝐶𝑝′
distribution is that two local maximum of 𝐶𝑝′ are observed on the pressure surface for each
repetition of the profile and the distribution is not smooth as for the NGV 𝐶𝑝′ . This may be caused
by nozzle wake migration.

Figure 6.9a NGV static pressure fluctuation coefficient time history at midspan
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Figure 6.9b Rotor static pressure fluctuation coefficient time history at midspan

6.6.3 Wake Interaction
A wake interaction can be visualized by turbulence intensity contours, which are obtained
from dividing the root mean square of velocity fluctuation by the mean flow velocity. The wake
is clearly identified by the high turbulence intensity area. In order to understand the wake
transport characteristics in the AFTRF axial turbine, two wake related interactions are
investigated at the passage mid span:
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NGV wake and rotor interaction



NGV wake and rotor wake interaction

The numerical predictions of wake transportation in an axial turbine are also described by
Casciaro et al.[95], Park et al.[96], and Adami et al.[76]

6.6.3.1 NGV Wake and Rotor Interaction
Figure 6.10 presents turbulence intensity contours and unsteady velocity vectors at the
mid span for two different relative NGV and rotor positions. The unsteady velocity vectors are
defined as the difference of the instantaneous velocity and the time-averaged velocity. The NGV
wake, shown in light blue color on the turbulence intensity contour, is injected into the rotor
passage, and then interacts with the rotating rotor row. The wake is chopped into small segments
creating significant flow unsteadiness propagating in the passage, which can also be observed as
small segments of light blue color in the rotor passage. As a result of the NGV wake and the
relative movement of the rotor, the wake impinging on the rotor passage has the feature of
propagating counter-rotating vortex pair and negative jet. At t/T=0, the wake impinging into the
middle of the rotor passage forms the counter-rotating vortex pair and negative jet close to the
rotor leading edge. The wake is not cut by the rotor blade. On the other hand, at t/T=2/5, the wake
is chopped by the rotor blade. High velocity on the suction rotor blade surface displaces the
counter-rotating vortex pair and negative jet into the rotor passage. The negative jet strength
increases. And then this pair of unsteady fluid vortices is propagated through the rotor passage.
The next rotor blade chops the NGV wake and the new pairs of counter-rotating vortices are
generated repeatedly.
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Figure 6.10 Turbulence intensity contour and unsteady velocity vector at the mid span of
the rotor

6.6.3.2 NGV Wake and Rotor Wake Interaction
Figure 6.11 shows the turbulence intensity contours at the mid span of the rotor passage.
The black circles represent the NGV wake and the red circles present the rotor wake. As
mentioned in the previous section, the NGV wake is chopped by the rotor blade, creating wake
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segments. The NGV wake segments are convected through the rotor passage, reaching the rotor
trailing edge and completely mixing with the rotor wake. The mixing of rotor and NGV wake
affects the unsteady characteristics beyond the rotor blade row. The rotor wakes originating from
the rotor suction surface rotate counter clockwise. But the rotor wakes from the rotor pressure
surface rotate in a clockwise direction. If the clockwise NGV wake encounters the counterclockwise rotor wake at the contact point and vice versa, the wake is stronger in that region.
Conversely, the wake is weakened by the interaction of the wakes rotating in the same direction.
Therefore, at specific times during each cycle of the periodically repeating interaction between
the NGV and rotor wake, the flow beyond the rotor consists of strong and weak wake regions.

Figure 6.11 Turbulence intensity contours at the mid span for different relative positions of
NGV and rotor
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6.6.4 Entropy Change Distribution on Rotor Exit Plane
The change in entropy is significant information that can give more understanding of
unsteady aerodynamic losses in a turbine stage. Entropy is generated by an end wall boundary
layer, profile loss, tip leakage loss, as well as the wake. Entropy change is defined as
𝑠4 − 𝑠1
𝛾
𝑇04
𝑃04
=
𝑙𝑛
− 𝑙𝑛
𝑅
𝛾−1
𝑇01
𝑃01

6.2.

where 𝑅 is a gas constant, 𝑇0 is the total temperature and 𝑃0 is the total pressure. The
subscriptions 1, 2, 3, and 4 denote NGV inlet, NGV outlet, rotor inlet, and rotor outlet condition,
respectively.
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Figure 6.12 Entropy change/R contours on the rotor exit plane
Figure 6.12 shows the numerical prediction of the rotor exit plane (X/Cx = 1.025) entropy
change/R at different relative rotor positions with respect to the NGV. As it can be seen from
figure 6.12, each relative rotor position contour has different entropy change distribution
characteristics. There are five significant types of rotor aerodynamic losses which can be
observed from these contours. The first type of rotor loss which occurs at approximately 75% of
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the rotor blade height is a tip leakage vortex. At the t/T = 0 rotor relative position, the highest tip
leakage vortex entropy change represented in red color is observed. The magnitude of the entropy
change in the tip vortex region and the tip vortex region decrease gradually until the rotor reaches
the t/T = 2/5 position and then start to increase. The second source of rotor aerodynamic loss is a
rotor wake, which is aligned with the rotor trailing edge. The strength of rotor wake also highly
depends on the rotor relative position. The third source of rotor aerodynamic loss is an upper
rotor passage vortex. The position of the upper passage vortex is beneath the tip leakage vortex.
The size of the upper passage vortex varies significantly with the rotor relative position. The forth
source of the rotor aerodynamic loss is a lower passage vortex, which occurs at approximately
20% of the blade height. It also changes with the rotor relative positions. It is clear that the
unsteadiness of the entropy change is very strong in the turbine stage. Finally, the last source of
the rotor dynamic loss is a scraping vortex which is observed near the casing wall. Some parts of
the boundary layer on the casing wall are scraped away by the blades, generating vortical flow
structure.

6.7 Stage Total-to-Total Efficiency
The efficiency of a turbine stage is one of the significant performance parameters. It can
be determined by calculating the ratio of the actual work transfer and the work from an ideal flow
process (figure 6.13).
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Figure 6.13 Enthalpy-entropy diagram for a turbine stage
The efficiency defined between total states is the total to total efficiency 𝜂𝑡𝑡 , given by
equation 6.3.
𝜂𝑡𝑡 =

𝑎𝑐𝑡𝑢𝑎𝑙 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡
01 − 04
=
𝑖𝑑𝑒𝑎𝑙 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡
01 − 04𝑠

6.3.

where 0 is a total enthalpy. The subscripts 1 and 4 denote NGV inlet and rotor outlet conditions,
respectively. The subscript 𝑠 represents an isentropic condition. According to the thermodynamic
relation 𝑑 = 𝐶𝑝 𝑑𝑇, the equation of the total-to-total efficiency can be shown to be related to the
temperature at which the process occurs by
𝑛𝑡𝑡 =

𝑇01 − 𝑇04
𝑇01 − 𝑇04𝑠

6.4.

Using the isentropic relationship between temperature and pressure for the denominator yields

𝑛𝑡𝑡 =

𝑇
1 − 𝑇04

01
(𝛾−1)
𝑃04 𝛾

6.5.

1− 𝑃
01

where 𝑇0 is the total temperature and 𝑃0 is the total pressure. The radial distributions of total
temperature and total pressure in the plane located 1.25 chord lengths downstream of the rotor are
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obtained from the simulation. These simulation data were circumferentially averaged and then
used to determine the total-to-total efficiency. Figure 6.14 shows that radial distribution of the
total-to-total efficiency from measurement [97] and numerical simulation. It is obvious that the
prediction is in good agreement with the experimental result. The total-to-total efficiency initially
decreases slightly going outwards from the hub, then increases to the maximum at the mid span
position, and then decreases significantly towards the casing. The tip leakage vortex flow may be
a cause of this low efficiency near the casing.

Figure 6.14 Total-to-total efficiency

6.8 Effects of Tip Clearance Height on Tip Leakage Flow
A tip leakage flow is an inevitable flow characteristic of unshrouded turbine stages. The
cause of the tip leakage flow is a pressure difference across the rotor blades. The flow from the
pressure surface tends to flow across a rotor tip clearance to the blade suction surface. The tip
leakage flow interacts with the passage flow to form a tip leakage vortex near the blade suction
surface corner. The consequence of the existence of the tip leakage vortex is to increase the
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aerodynamic loss which accounts for one third of overall loss in a turbine stage [29]. A tip
clearance height is one of the turbine stage features that affects the tip leakage flow across the
blade tip. Wei et al.[98] conducted experiments to measure the total loss coefficient varying with
the tip clearance height. Tallman and Lakshminarayana [8] performed numerical simulation of tip
leakage flows in an axial linear turbine cascade. They presented the details of tip leakage flow
characteristics which affect from the tip clearance height. Ma and Devenport [99] investigated the
effect of the tip clearance height on the unsteady characteristic of a tip leakage vortex of an axial
compressor linear cascade. They found that significant fluctuations in the size, strength, structure,
and position of the tip leakage vortex increase with tip gap clearance.

6.8.1 Effect of Tip Clearance Height on the Total-to-Total Stage Efficiency
The total-to-total turbine stage efficiencies calculated for three different tip clearance
heights are presented in figure 6.15. The tip clearance height is defined from the ratio of tip gap
height to the rotor airfoil height. The total pressure and temperature at the NGV inlet and the rotor
outlet planes are obtained from the area average over those planes. According to data from figure
6.14, the total-to-total stage efficiency decreases gradually when the rotor tip gap is increased.

155
0.845

Total -to-total efficiency

0.84
0.835
0.83
0.825
0.82
0.815
0.81
0.805
0

0.5

1

1.5

2

2.5

% of tip gap per blade span

Figure 6.15 Variation of the total-to-total efficiency with the tip gap height

6.8.2 Flow Particle Traces in the Tip Clearance Region
One of the useful techniques to visualize the direction and velocity magnitude of the flow
is a flow particle tracing. According to this technique, massless particles are introduced to the
flow in particular regions and their movements are interpolated from the adjacent grid points.
Figure 6.16a shows particles traces which particles are released from the rotor inlet plane at 90
percent of the rotor blade height. The tip clearance 1.5 percent and 0.7 percent of the rotor blade
height are presented in the same figure for comparison purpose. The color of the pathlines
represents the velocity magnitude. These two tip clearance cases are similar in that they have the
pathlines near the pressure surface being entrained into the tip clearance. This entrainment is
caused by a spanwise pressure gradient on the pressure surface and the pressure different between
the blade suction surface and the blade pressure surface. These pathlines exit from the tip
clearance and then they are sheared by the passage flow and generate a tip leakage vortex. It can
be seen in figure 6.16a that the tip leakage vortex pushes the passage flow near the suction
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surface downward and they are closer to the blade tip at the blade leading edge than at the blade
trailing edge.

Released location
90% blade span

Tip clearance 1.5% blade span

Vel (m/s)

Leakage vortex

Tip clearance 0.7% blade span

Leakage vortex

Figure 6.16a Pathlines in the rotor passage, particles released location is at the 90% of the
rotor inlet plane height
The results from the tip clearance 1.5 percent of the rotor blade height case and the tip
clearance 0.7 percent of the rotor blade height case are different in many respects. The flow
velocity in the tip clearance 1.5 percent case is higher than in the tip clearance 0.7 percent case.
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The tip leakage flow has higher momentum to push the tip leakage vortex core away from the
suction surface. Therefore, the tip leakage vortex from the tip clearance 1.5 percent case does
not attach to the rotor blade suction surface. On the other hand, the tip leakage vortex from the tip
clearance 0.7 percent case, which has lower momentum, remains adjacent to the blade suction
surface. The size of the tip leakage vortex core from the tip clearance 1.5 percent case is also
larger than from the tip clearance 0.7 percent case.
Figure 6.16b shows fluid pathlines which are formed by the particles released from the
rotor inlet plane at 98 percent of the rotor blade height. At this location, the relative movement of
outer casing significantly affects the fluid flow across the tip clearance. Tallman and
Lakshminarayana [100] presented their investigations about the effects of moving casing to the
tip leakage flow. It can be seen in figure 6.16b that the outer casing relative movement induces
some parts of the flow near the pressure surface corner deviate to the middle of the rotor passage
rather than entrain to the tip clearance. This fluid is rotated in opposite direction of the tip leakage
vortex due to its shearing by the outer casing. The effects of outer casing shear are more severe in
the tip clearance 0.7 percent blade height case. The tip leakage from the fluid particles released
close to the casing with the tip clearance 0.7 percent blade height is much lower than the higher
tip clearance case. Moreover, the flow close to the pressure tip corner deviated toward the rotor
passage is higher in the tip clearance 0.7 percent blade height case.
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Released location
98% blade span

Tip clearance 1.5% blade span

Vel (m/s)

Outer casing effect

Tip clearance 0.7% blade span

Less tip leakage

Outer casing effect

Figure 6.16b Pathlines in the rotor passage, particles released location is at the 98% of the
rotor inlet plane height
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Chapter 7
COMPARISON BETWEEN MIXING PLANE MODEL RESULTS AND
SLIDING MESH MODEL RESULTS
A turbine flow simulation is a cost effective method to investigate the flow field in a
turbine stage. The accuracy of the turbine flow field simulation depends not only on traditional
computational conditions such as turbulence models, numerical schemes, and grid types etc. but
also on the method used to handle the interaction between the rotating part and the stationary
part. In earlier turbine flow field simulations, researchers chose to simulate the stationary and
rotating components separately without taking into account the existence of the other
components. In more recent simulations, the turbine flow field is usually modeled by
implementing a multi reference frames approach to the stationary NGV domain and the rotating
rotor domain. The stationary NGV component is modeled in a stationary reference frame, while
the rotating rotor component calculation is performed in a rotating reference frame. A suitable
interface between the NGV and the rotor component is incorporated into the computational
model.
In this current study, a circumferentially averaging mixing plane model (chapter 5) and a
time accurate sliding mesh model (chapter6) were applied to obtain a more accurate turbine flow
field simulations. Both of these models have pros and cons which need to be investigated to
obtain a better understanding of the suitability of interface plane model. In the mixing plane
model computation, the flow variables are averaged circumferentially at the NGV-rotor interface
before transferring the flow field parameters to the adjacent region. Using this method, any nonuniformity or distortion in the circumferential direction on the interface will not be transferred to
the adjacent domain. The circumferentially averaged mixing plane interface has the capability to
represent an unsteady interaction between the stationary NGV and the rotating rotor when the
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unsteadiness is not strong. The mixing plane model has been widely used to simulate the flow
field in the turbine for several decades. However, many studies have raised several concerns
about the accuracy of the mixing plane model in predicting significant flow features resulting
from the NGV and the rotor interaction [72, 73, 101].
The flow field in a turbine stage is inherently unsteady. A significant source of the
turbine flow unsteadiness is the aerodynamic interaction between the stationary NGV component
and the rotating rotor component. A sliding mesh interface has the ability to model the unsteady
characteristics from the stationary NGV and the rotating rotor interaction due to changes in their
relative positions. With this approach, the rotating rotor computational domain rotates to pass the
stationary NGV domain by a small, constant number of degrees each time step and the flow
information of these two computational domains are exchanged across the sliding mesh interface
at each step. Although the unsteady aerodynamic interaction between the NGV and the rotor
components can be modeled in greater detail by using the sliding mesh model, the sliding mesh
model is an expensive computation. It requires much more computer memory and time to achieve
convergence.
It would be worthwhile to learn more about the advantage and disadvantage of each of
these two models for simulating flow in a turbine stage. However, a comparison between these
two models for otherwise identical conditions is not available. For this reason, the current study
implemented both types of interface for the same computational domain, turbulence model, and
boundary conditions.

7.1 Total Pressure Distribution at a Turbine Midspan Plane
The total pressure distribution contours at a turbine midspan location, calculated using
two different NGV-rotor interface models, the mixing plane model and the sliding mesh model,
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are shown in figure 7.1. Consider first the mixing plane model contours in the lower half of the
figure. It can be seen that the total pressure distribution at the NGV exit becomes discontinuous at
the interface, as a consequence of the circumferential averaging used in the mixing plane model.
When the circumferential average flow information at the interface is transferred to the NGV
domain and the rotor domain and used as boundary conditions, it affects the flow field predictions
over the computational domains. The low total pressure region downstream of the NGV trailing
edge, represented in bright yellow color, should not stop expanding at the interface plane. It
should expand across the interface and affect the flow downstream in the rotor domain.
Moreover, a high total pressure region near the rotor leading edge on the suction surface,
represented in red color, cannot expand across the interface and affect to the upstream NGV
domain as it should. As a consequence of this, the low total pressure distribution in the NGV
wake region from the mixing plane model is not influenced significantly by the high total
pressure from the rotor domain. These computational flow characteristics are unphysical.
On the other hand, the sliding mesh model, shown in the upper half of the figure, can
compute values of the total pressure in the space between the NGV and the rotor row which
correspond more closely to the real turbine flow field characteristics. The total pressure
distribution is not circumferentially uniform at the interface and it also has continuous flow
characteristics across the interface. Therefore, it can be concluded that the sliding mesh model
can successfully represent the two-way transfer of the flow non-uniformity between the NGV and
the rotor blade row. With the sliding mesh model, the high total pressure region near the leading
edge on the rotor suction surface can affect the low total pressure NGV wake. The width of the
NGV wake is narrower than the NGV wake predicted from the mixing plane model.
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Figure 7.1 Total pressure distribution on a turbine mid span plane
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7.2 Total Pressure Distribution on an NGV-Rotor Interface
The total pressure distribution on an NGV-rotor interface can help explain the unphysical
characteristics of the total pressure distribution across the interface. Figure 7.2 shows the total
pressure distribution contours computed from a mixing plane model and a sliding mesh model on
the NGV-rotor interface. The total pressure distribution at the interface from the mixing plane
model does not have the flow characteristics we expected for the flow downstream from the
NGV. In contrast to the sliding mesh model, the total pressure for the mixing plane model is
constant in the circumferential direction. The lowest total pressure is observed near the hub and
increases gradually until it reaches the maximum at the midspan and then decreases toward the
casing. The total pressure deficit associated with the wake from the NGV has totally vanished
from the interface. The strong total pressure deficit which occurs right after the NGV trailing
edge is smeared out at the interface and transferred to the rotor domain. Therefore, the flow at the
rotor inlet does not experience interference from the strong total pressure deficit from the NGV
domain. The mixing plane approach has inevitably discontinuous flow characteristics across the
interface as observed in figure 7.1. On the other hand, in the sliding mesh model computations,
the total pressure deficit region aligned with the NGV trailing edge (bright yellow color) due to
the NGV wake is observed on the interface plane. This is consistent with the real flow
downstream of the NGV.
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Figure 7.2 Total pressure contours on the NGV-rotor interface
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7.3 Comparisons between Detailed Computational Results using a Sliding mesh Model and
a Mixing Plane Model
In order to understand the effects of the interface model between a stationary component
and a rotating component on a turbine stage flow simulation, two types of interface were applied
on the same computational domain with identical flow boundary conditions. The AFTRF has an
axial gap between the NGV and the rotor ranging from 30.7% of the NGV axial chord at the hub
to 14.1% of the NGV axial chord at the casing. Venable et al.[102, 103] studied the influence of
vane-blade spacing on transonic turbine stage aerodynamics. The magnitude of the unsteadiness
is changed considerably with changes in the vane-blade spacing. According to Venable’s study,
with this magnitude of the AFTRF axial gap between the NGV and the rotor, the NGV- rotor
interaction effects are significant.
Five additional aspects of the two models were compared:
-

Computational expense

-

Total pressure coefficient at different axial locations

-

Tip leakage flow characteristics

-

NGV wake

-

Velocity distributions in the circumferential direction near the rotor leading
edge

Based on these interface model comparisons, interface usage recommendations for axial turbine
flow simulation are made.

7.3.1 Computational Expense
To evaluate computational expense, both a steady flow simulation using mixing plane
approach and a time accurate flow simulation using a sliding mesh model were applied to the
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same mesh system and the same boundary conditions. Both simulations were performed on the
same computer cluster belong to the turbomachinery laboratory, the Pennsylvania State
University. This computer cluster is comprised of a Dell Poweredge 1600SC login node and 24
Dell Poweredge 1600SC compute nodes. Every node has dual 2.4 GHz Intel Xeon processors and
8 GB ECC RAM. All simulations were computed using 10 processors. The runtime and number
of the iterations for each interface model are presented in table 7.1.
Table 7.1 Computational expense for the AFTRF flow simulations
Interface

Average wall-clock time per

Approximately number of

type

iteration (sec)

iterations required to obtain
convergence

Mixing Plane

11.745

6,000

Sliding mesh

13.186

54,000

The computational expense is evaluated by an average wall-clock time per iteration and
number of iterations required to obtain convergence. The average wall-clock time per iteration is
the average real time used to calculate all processes per iteration. It is obvious that the sliding
mesh interface, which is a time accurate computation, requires approximately 11% higher average
wall-clock time per iteration. The sliding mesh interface has to rotate a rotor mesh and construct a
new mesh at the interface to transfer the information between the adjacent computational domains
at every time step. The mixing plane model, in contrast, does not require the rotating mesh and
mesh reconstruction processes.
The unsteady flow simulation using the sliding mesh interface must be marched forward
in time with a dual time stepping approach, consisting of a physical time step and an inner time
step. In this flow field simulation, a physical time step corresponds to one degree of rotor rotation
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and requires the 150 inner time step. To obtain a convergent solution approximately 360 physical
time steps are required. Therefore, the number of overall iterations needed to complete this
unsteady simulation is approximately 54,000. A convergent solution of the unsteady flow
simulation calculated with the turbomachinery laboratory computer cluster can be achieved
within 198 hours, while the steady flow simulation using the mixing plane model with the same
computational domain and the same boundary conditions requires a runtime less than 20 hours. It
can be concluded that with the same computational resources the mixing plane approach can
obtain a convergence with significantly less computational time.

7.3.2 Total Pressure Coefficient Distribution at Different Axial Locations
The turbine flow field is physically unsteady. Therefore, the unsteady sliding mesh
interface model should give more accurate computational results than the mixing plane interface
model. On the other hand, the computational expense study shows the simulation of the unsteady
flow requires extensive computational resources about 10 times as much as the time averaging
mixing plane interface model. Since the computational results from each interface model are not
identical, there are many doubts about the accuracy with which the mixing plane model can
predict the unsteady turbine flow filed. The circumferential averaging of the flow variables at the
interface affects the flow upstream and downstream of the interface. However, the effects of the
circumferential averaging at the interface should decrease gradually as the flow moves away from
the interface. In this section, the degree to which the circumferential averaging effects vary with
the axial chord locations is evaluated. For this purpose, total pressure coefficient contours
(𝐶𝑝0 =

𝑃0 −𝑃0,1

0.5×𝜌×𝑈12

) at two axial locations based on NGV axial chord length before the interface
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(X/Cx,NGV = 0.9 and 1.1) and 4 axial locations based on the rotor axial chord length after the
interface (X/Cx,rotor = - 0.1, 0.1, 0.3, and 0.5) are investigated.
Figure 7.3a shows the total pressure coefficient contour on the X/Cx, NGV = 0.9 plane. As
can be seen in figure 7.3a, the 𝐶𝑃0 distribution contours calculated from both interface models are
almost identical. At this axial location, the effect of the circumferential averaging at the interface
is not significant.

Figure 7.3a CP0 distribution on the plane X/Cx,NGV = 0.9
The total pressure coefficient 𝐶𝑃0 on the X/Cx = 1.1 plane downstream of the NGV
trailing edge is shown in figure 7.3b. The 𝐶𝑃0 distributions from two interface models are not
similar. The low 𝐶𝑃0 region of the mixing plane model in the NGV wake, which is represented in
green and yellow colors, aligned with NGV trailing edge is not significantly affected by the NGV
wake-rotor blade interaction. The NGV wake width outside the NGV passage vortex influence
region is constant. For the sliding mesh model, in contrast, the high 𝐶𝑃0 from the rotor domain
interferes with the low 𝐶𝑃0 in the NGV wake region. This interference is evident from the higher
𝐶𝑃0 occurring on the interface and the narrower NGV wake width.
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Figure 7.3b CP0 distributions on the plane X/Cx,NGV = 1.1
Figure 7.3c shows the 𝐶𝑃0 distribution on the plane X/Cx,rotor = - 0.1 which is located a
short distance downstream of the interface. Significant differences between the 𝐶𝑃0 distribution
from the mixing plane model and the sliding mesh model can be observed on this plane, the
mixing plane data circumferential averaging at the interface still affects the flow field on this
plane. The low 𝐶𝑃0 in NGV wake region is removed by the circumferential averaging process.
Therefore, a high 𝐶𝑃0 from the rotating rotor leading edge is not affected much by the NGV wake
low 𝐶𝑃0 . A high 𝐶𝑃0 region (red color) aligned with the rotor leading edge is observed. On the
other hand, the sliding mesh model results show considerable interference from the low 𝐶𝑃0 NGV
wake upstream. The stripe of low 𝐶𝑃0 aligned with the NGV trailing edge (bright yellow) caused
by the NGV wake is observed in this plane. The high 𝐶𝑃0 spreads over the region from the rotor
leading edge aligned region to the NGV wake.

170

Figure 7.3c CP0 distributions on the plane X/Cx,rotor = -0.1

Figure 7.3d shows the total pressure coefficient 𝐶𝑃0 distribution on the plane X/Cx,rotor =
0.1 which is located further downstream, in the rotor passage region. The 𝐶𝑃0 distributions from
the two interface models still have considerable differences. For the mixing plane model, the
circumferential averaging decreases the non-circumferentially uniform 𝐶𝑃0 distribution effects
from the NGV domain. The high 𝐶𝑃0 region (red color) near the rotor suction surface does not
show any interference from the NGV wake. The width of the high 𝐶𝑃0 region does not change
along the rotor blade span. For the 𝐶𝑃0 distribution from the sliding mesh model, on the other
hand, the region of high 𝐶𝑃0 near the rotor suction surface from the sliding mesh model shows
strong interference with the NGV flow field in the region close to the rotor hub and a small region
of higher 𝐶𝑃0 is observed near the casing.
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Figure 7.3d CP0 distributions on the plane X/Cx,rotor = 0.1
Figure 7.3e shows the total pressure coefficient distribution 𝐶𝑃0 on the plane X/Cx,rotor =
0.3 which is located further downstream into the rotor passage. In general, the 𝐶𝑃0 distribution
from the mixing plane model is not effected significantly by the NGV unsteady flow since the
unsteadiness is circumferentially averaged at the interface. The 𝐶𝑃0 distribution does not change
much from the casing to the hub. In contrast, for the sliding mesh model 𝐶𝑃0 distribution, the high
𝐶𝑃0 region near the rotor suction surface which is represented in green shows interaction with the
NGV flow. The high 𝐶𝑃0 distribution close to the rotor suction surface decreases from the rotor
casing to the rotor hub.
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Figure 7.3e CP0 distributions on the plane X/Cx,rotor = 0.3
Figure 7.3f shows the total pressure coefficient distribution 𝐶𝑃0 on the plane X/Cx,rotor =
0.5 which is located downstream at the mid chord of the rotor passage. The 𝐶𝑃0 distributions from
these two interface models do not show any significant differences. At this location, the data
circumferential averaging effect is dissipated. The 𝐶𝑃0 distributions on the arbitrary planes further
downstream are expected to also show no significant differences between the two interface
models.
From the 𝐶𝑃0 distribution investigations at different axial locations for the mixing plane
model and the sliding mesh model, it can be concluded that the circumferential averaging affects
significantly the 𝐶𝑃0 distribution near the interface region and that circumferential averaging
effects decrease gradually away from the interface.
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Figure 7.3f CP0 distributions on the plane X/Cx,rotor = 0.5

7.3.2 The Effect of Interface Model on Rotor Tip Leakage Flow Simulation
In this section, the effects of the interface model on the rotor tip leakage flow simulation
are investigated. First, the total pressure coefficient distribution on the constant radial distance
plane located at the mid rotor tip clearance from the mixing plane model and the sliding mesh
model were investigated. As can be seen from figure 7.4, the 𝐶𝑃0 distribution in the
circumferential direction does not vary significantly for either the sliding mesh or the mixing
plane model. Therefore, the mixing plane circumferential averaging on the interface close to the
casing does not much affect the flow field in the rotor tip clearance region. The tip leakage flow
simulations with these two interface models are expected to have insignificant differences.
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Figure 7.4 Total pressure coefficient distribution on the mid rotor tip clearance plane
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Figure 7.5 shows the pressure coefficient 𝐶𝑝 distribution on the rotor tip from the two
interface models. There is no significant pressure distribution difference between the sliding mesh
model result and the mixing plane model result.

Figure 7.5 Cp distributions on the rotor blade tip
As a quantitative evaluation, the local over tip leakage mass flow rate across the tip
platform camberline is plotted as a function of axial chord length Cx, as shown in figure 7.6. The
calculation was performed over equal area rectangular planes aligned with the camberline of the
tip profile. The computed leakage velocity vectors were integrated over individual rectangular
areas to determine the local leakage mass flow rate passing from the tip gap region over the
camberline. According to figure 7.6, the mass flow rate across the planes aligned with the camber
line of the rotor tip from the sliding mesh model and the mixing plane model differ slightly only
in the region between X/Cx = 0.1 to X/Cx = 0.3. Outside this region, the mixing plane and the
sliding mesh model mass flow rates across the rotor tip clearance are essentially the same.
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Figure 7.6 Mass flow rate across the rotor tip clearance
Figure 7.7 shows the pathlines of the flow across the rotor tip clearance from the mixing
plane model and the sliding mesh model; the velocity magnitude is represented by the color of the
pathlines. The over tip leakage flow across the tip clearance forms the tip leakage vortex on the
rotor suction surface close to the casing. From the figure 7.7, it can be observed that there are no
significant differences between the pathlines from the sliding mesh model and the mixing plane
model.
It can be concluded that the two interface models give very similar results for the
simulated over tip leakage flow. Accordingly, the computationally less expensive mixing plane
model can be used to simulate the over tip leakage flow.
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Figure 7.7 Pathlines across the rotor tip clearance
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7.3.3 Radial Variation of NGV Wake Profile
The NGV wake is one of the significant sources of losses and turbomachinery vibration.
Therefore the detailed study of NGV wake characteristics is important for efficient nozzle design.
The NGV wake profile from the mixing plane model and the sliding mesh model are evaluated to
determine whether the interface models are appropriate for the NGV wake simulation.
Figure 7.8 presents the total velocity 𝑈/𝑈𝑥1 distribution on the NGV exit plane (X/Cx,NGV
= 1.025 plane). The total velocity distribution outside the wake region from the mixing plane
model tends to be uniform in the circumferential direction and decreases gradually from the hub
to the casing. There are regions of low total velocity distribution which are represented in bright
yellow and green colors in the wake region aligned with the NGV trailing edge and the NGV
passage vortex on the right side of the NGV wake region.

Figure 7.8 Total velocity contours on the NGV exit plane
The radial variation of nozzle total velocity 𝑈/𝑈𝑥1 profiles from the sliding mesh and the
mixing plane model at five different spanwise locations H = 0.1, 0.3, 0.5, 0.7, and 0.9 on the
X/Cx,NGV = 1.025 plane is shown in figure 7.9a-e. The spanwise locations H are defined by the
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ratio of the radial location and the blade height; H = 0.5 is the location at the blade mid span. The
tangential location θ = 0 corresponds to the wake center location at the midspan H = 0.5. The
positive values of θ indicate tangential locations on the NGV suction surface side, while the
negative values of θ indicate the tangential locations on the NGV pressure surface side.
Consider the total velocity in five spanwise locations, figure 7.9a-e. The highest velocity
deficits from these two interface models are located at the same location. Except for the H = 0.9
location, the widths of the NGV wake from these two interface models are also approximately the
same. Due to the circumferential averaging of interface data, the mixing plane model has a higher
velocity deficit than the sliding mesh model. Outside of the NGV wake region, the mixing plane
model tends to give a uniform velocity distribution in the circumferential direction.

Figure 7.9a Total velocity profiles on the X/Cx,NGV = 1.025 plane, H = 0.1
It can be seen in figure 7.9a that for H = 0.1 the velocity variation in the circumferential
direction outside the wake region from the mixing plane model is slightly different from the
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sliding mesh interface. The highest velocity deficit for the mixing plane model is somewhat larger
than for the sliding mesh model. The observed differences between the two interface models at
the spanwise H = 0.1 location are small because at this location the turbine stage has the greatest
clearance between the NGV trailing edge and the rotor leading edge. The effect of circumferential
averaging at the interface of the mixing plane approach has been reduced considerably at this
distance from the interface.
From figure 7.9b-e, it is apparent that outside the wake region, for larger value of H, the
velocity distribution for the mixing plane and sliding mesh models differ markedly. The
magnitude of the difference increases gradually from the hub to casing. At the H = 0.9 location,
even the velocities in the wake region of the two interface methods are much different.

Figure 7.9b Total velocity profiles on the X/Cx,NGV = 1.025 plane, H = 0.3
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Figure 7.9c Total velocity profiles on the X/Cx,NGV = 1.025 plane, H = 0.5

Figure 7.9d Total velocity profiles on the X/Cx,NGV = 1.025 plane, H = 0.7
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Figure 7.9e Total velocity profiles on the X/Cx,NGV = 1.025 plane, H = 0.9

7.3.4 Velocity Distributions in Circumferential Direction near the Rotor Leading Edge
Figure 7.10 shows the total velocity distribution contours at the X/Cx,rotor = -0.1 plane
which is located in front of the rotor leading edge. In general, a high velocity region which is
represented in red color, is observed on the rotor suction surface side aligned with the rotor
leading edge. The rest of the X/Cx,rotor = -0.1 plane is covered by an area of almost constant lower
velocity, represented in yellow color. The main difference between the mixing plane and the
sliding mesh result is that the sliding mesh has higher interference from the NGV wake, whereas
the NGV wake interference of the mixing plane model is reduced by the circumferential
averaging at the interface.
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Figure 7.10 Total velocity contours on the rotor inlet plane
The radial variation of the rotor inlet total velocity 𝑈/𝑈𝑥1 profiles from the sliding mesh
and the mixing plane model at five different spanwise locations H = 0.1, 0.3, 0.5, 0.7, and 0.9 in
the X/Cx,rotor = -0.1 plane is shown in figure 7.11a-e. The spanwise locations H are defined by the
ratio of the radial location and the blade height. The tangential location θ = 0 corresponds to the
leading edge location at the midspan H = 0.5 location. The positive values of θ indicate tangential
locations on the rotor pressure surface side, while the negative values of θ indicate the tangential
locations on the rotor suction surface side.
In general, the total velocity distribution at spanwise locations from the mixing plane
model increases sharply as the leading edge is approached from the positive θ side. It reaches a
maximum at the leading edge and then decreases rapidly towards the negative θ side. The total
velocity distribution from the sliding mesh model is unlike that from the mixing plane model in
that it has a hump on the suction side. The difference between the mixing plane results and the
sliding mesh results increases from hub to tip. This difference is greatest, at the spanwise H = 0.9
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location, where the hump on the suction side from the sliding mesh result is completely different
from the smoothly decreasing curve from the mixing plane model result. The cause of this
dissimilarity is the circumferential averaging at the interface. The influence from the
circumferential averaging is less marked away from the interface. From figure7.11a-e, it is clear
that the total velocity distributions at spanwise locations near the rotor leading edge given by the
mixing plane model are not compatible with the results from sliding mesh model.

Figure 7.11a Total velocity profiles on the X/Cx,rotor = -0.1 plane, H = 0.1
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Figure 7.11b Total velocity profiles on the X/Cx,rotor = -0.1 plane, H = 0.3

Figure 7.11c Total velocity profiles on the X/Cx,rotor = -0.1 plane, H = 0.5
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Figure 7.11d Total velocity profiles on the X/Cx,rotor = -0.1 plane, H = 0.7

Figure 7.11e Total velocity profiles on the X/Cx,rotor = -0.1 plane, H = 0.9
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Chapter 8
CONCLUSIONS AND FUTURE WORK

8.1 Flow Simulation in a Nozzle Guide Vane
In order to understand significant flow characteristics in an annular turbine nozzle, a
three-dimensional Reynolds Averaged Navier Stokes (RANS) solver was applied to simulate the
steady state flow field of the AFTRF nozzle guide vane. The 𝑘 − 𝜖 turbulence model with a
standard wall function was employed to model the turbulence characteristics in the NGV.
Boundary conditions implemented to the solver were measured from the AFTRF by Zaccaria and
Ristic. [5, 81]
The grid system used for the annular nozzle computation is a tetrahedral unstructured
grid with grid clustered near the NGV surface. Three different grid density computational
domains, comprising 800,000 grid nodes, 1,300,000 grid nodes and 1,500,000 grid nodes, were
used to simulate the flow field in order to evaluate grid independency. The static pressure
coefficient 𝐶𝑝 distribution at the nozzle midspan profile suggests that the computational results
were grid independent and accordingly the 1,300,000 nodes mesh was used to calculate the flow
field in the annular nozzle without any grid density effects.
The static pressure coefficient 𝐶𝑃 distributions at four NGV spanwise locations (H = 0.1,
H = 0.3, H = 0.5, and H = 0.9) were investigated. A comparison of the numerical results with
experiment data indicates that the annular computational model can predict accurately the flow
characteristics of the AFTRF nozzle.
The pressure distributions on the NGV pressure surface, the NGV suction surface, and
NGV endwall represent important flow characteristics in the NGV. The pressure distribution of
the NGV pressure surface indicates that the flow is almost two-dimensional on the nozzle
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pressure surface. The flow is considerably accelerated from the axial mid chord location to the
trailing edge. It was observed from the NGV suction surface pressure distribution that the flow
begins to accelerate greatly from the leading edge to approximately the 40% axial chord length
position. Beyond the 50% axial chord length position, the pressure distribution is disturbed by
two counter rotating passage vortices. The casing passage vortex reaches the suction surface at
approximately the X/Cx= 0.5 location and the hub passage vortex contacts the suction surface
further downstream about the X/Cx = 0.8 location.
The nozzle passage flow field near the mid chord is represented by a total velocity
distribution and a flow turning angle distribution on the X/Cx= 0.56 plane. The total velocity
variation shows that the velocity increases from the NGV suction surface to the NGV pressure
surface. A high velocity gradient is observed in the circumferential direction. The turning flow
angle in the region close to the suction surface is higher than that close to the pressure surface. At
the corner formed by the casing and suction surface, there is a region of lower turning flow angle
which indicates the existence of a casing passage vortex. The lower turning flow angle region is
not observed near the hub. Therefore, there is no indication of the occurrence of a hub passage
vortex at the NGV mid chord location. This is consistent with the static pressure distribution on
the suction surface.
The flow field near the trailing edge (X/Cx= 0.935) is significantly different from the
flow field near the mid chord. The flow velocity increases from the casing to the hub. Due to
high turning and secondary flow effects, the direction of the velocity gradient is shifted to be
mainly in the spanwise direction. The turning flow angle contour indicates the existence of both a
hub passage vortex and a casing passage vortex.
NGV wake profiles were studied by investigating the circumferential total velocity
distribution on two NGV exit planes, the X/Cx = 1.025 plane and the X/Cx = 1.09 plane. The
velocity distribution on the X/Cx = 1.025 plane indicates that the wake profiles at different

189
spanwise locations are not the same. The width of the NGV wake and the velocity deficit increase
from the casing toward the hub. The NGV wake velocity deficit and wake width from the X/Cx =
1.09 are also not similar to those from the X/Cx= 1.025 plane. The velocity deficit on the X/Cx=
1.09 plane is smaller but the wake width is greater. From these characteristics, it was concluded
that the NGV wake decays rapidly in a short distance downstream.

8.2 Flow Simulation in a Rotor Linear Cascade
The current study presents computational viscous flow simulations of various tip
platform extension designed for controlling the aerodynamic losses from tip leakage flows in an
axial flow turbine.
Carefully measured rotor inlet conditions and rotor geometry were used in the linear
cascade simulations of the AFTRF rotor conditions in the relative frame of reference. The four
new tip platform designs were compared to the AFTRF baseline blade tip that does not have tip
platform extension. All four cases show measurable improvement in reducing tip leakage related
losses. Quantitative estimates of the over tip leakage flow are achieved by calculating the mass
flow rate across the mean camber line region.
All of the pressure side extension tips produce lower mass flow rates across the mean
camber line region. The most effective tip geometry to reduce the mass flow rate across the
camber line region is the modified No.2 bump tip. The flow leakage patterns at 3 axial chordwise
visualization planes were presented to show that the pressure side extension tips are able to
weaken the tip vortex structure.
The aerodynamic losses from the tip leakage flow were evaluated by the computing total
pressure coefficient over the last 25% of the blade height in the exit plane (CP0). The bump tip
which has CP0 = -3.99 provides a good level of loss reduction when compared to the baseline
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case (CP0 = -4.20). These computational results are consistent with the results of experiments
performed with the AFTRF by Dey and Camci [14].
The parallel bump tip (CP0= -4.09) also provides effective tip loss control. The flow
computations for this case show slightly better loss control than the baseline case. However, the
parallel bump tip does not perform as well as the bump tip.
The modified bump No.1 tip (CP0= -3.89) is obtained when the maximum bump location
is moved to a mid chord position. A significant improvement in loss control is achieved when
compared to the baseline, bump and parallel bump tip designs.
The modified bump No.2 tip (CP0= -3.77) is a design combining the leakage control
benefits of the bump tip and the modified bump No.1 tip design. This design provides greatest
aerodynamic loss reduction.

8.3 Turbine Stage Flow Simulation with a Mixing Plane Interface Model
After the flow field characteristics of an individual stationary component and a rotating
component were analyzed, the relative movement between the NGV and its downstream rotor
row which affects the flow field in a turbine stage was investigated to obtain more detailed
understanding of the interactions of those components. The multiple frames of reference
technique is required to simulate the flow in a turbine stage. The NGV stationary component was
assigned to a stationary frame of reference, while the turbine rotor was modeled by using a
rotating frame of reference. Suitable interface models must be applied at the junction of these two
computational domains where the change of the frame of reference occurs. Two types of interface
models were implemented. The first type, called the mixing plane model, was used for a steady
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state flow simulation. The second type, called the sliding mesh model, was used for a time
accurate flow simulation.
In this study, the mixing plane model based on a circumferential averaging procedure at
the interface was applied to obtain a steady state prediction. The numerical results using the
mixing plane model at the interface between the NGV and the rotor domain with three turbulence
models, the k-ϵ turbulence model, the k-ϵ with enhanced wall treatment, and the k-ω model,
were compared with the experimental data. According to these comparisons, all turbulence
models can generate reasonably accurate results. However, the k-ω model gives a better
prediction capability in the high pressure gradient region close to the blade trailing edge.
Therefore, the k-ω turbulence model was selected to apply to all of the multi reference frame
computations.
Using the results from this mixing plane interface model computation, the static pressure
distributions on the end wall surfaces, the NGV surfaces, and the rotor surfaces were examined. It
was concluded that the pressure distributions in the NGV computational domain are similar to the
distributions in the individual NGV domain from chapter 3. The flow characteristics in the rotor
domain from the mixing plane model which is an annular cascade domain and from the individual
linear cascade domain are dissimilar in some aspects. The rotor flow simulations with the mixing
plane model at the interface were affected by the flow velocity deficit from the NGV wake and
the existence of the NGV itself. These characteristics cannot be observed from the individual
rotor linear cascade. Moreover, the equations governing the annular cascade flow have additional
terms to account for the Coriolis and centripetal forces in the momentum equations. The linear
cascade model which simulates moving fluid in the passage by the casing translation does not
have these additional terms in the governing equation.
The tip leakage flow predictions from the flow simulation with the mixing plane model
and from the linear cascade model have the same trend. All of the pressure side extension tips can
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improve the rotor tip leakage flow characteristics. The modified No.2 tip configuration gives the
minimum tip leakage flow and yields the lowest aerodynamics losses.

8.4 Turbine Stage Flow Simulation with a Sliding mesh Interface Model
The flow field in a turbine stage is physically unsteady due to the NGV and the rotor
interaction. In order to have a better understanding of the flow in the turbine, it is necessary to
investigate the effects of the unsteady interactions between a NGV and a downstream rotor row.
A time accurate flow simulation, a sliding mesh approach, was applied to investigate the flow
unsteadiness in a turbine stage.
In order to apply spatial periodic boundary conditions, a computational domain requires 4
NGV passages and 5 rotor passages corresponding to a NGV/rotor blade count ratio of 4:5. The
unsteady flow simulations with the 9-passage computational domain require very extensive
computational resources and long computational time. To reduce computational expense, the
domain scaling method introduced by Rai[77] was used. The rotor blade and rotor passage pitch
were scaled by a factor 29/23 while keeping the pitch to chord ratio the same as the actual blade.
This domain scaling methods permits restricting the simulation to a single-NGV passage/ singlerotor blade passage.
The computational results were validated by comparing them with the measured data.
The results from the unsteady computational simulation show a good agreement with the
experimental data. Therefore, the AFTRF computational model with the sliding mesh interface is
reliable and consistent with the AFTRF turbine flow physics. This model has the capability to
predict the unsteady flow effects from the interactions between the NGV and the rotor.
Two significant unsteady characteristics of the NGV and rotor interactions are a potential
flow interaction and a wake interaction. The potential interactions of the AFTRF were studied by
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examining the variation with time of the midspan 𝐶𝑝′ distribution on the NGV surface and the
rotor surface. A common characteristic from these NGV and rotor 𝐶𝑝′ distribution contours is a
repeating 𝐶𝑝′ distribution characteristic in every rotor blade pitch. The highest 𝐶𝑝′ on the NGV
pressure surface occurs when the lowest 𝐶𝑝′ occurs on the NGV suction surface.
A significant difference between the NGV 𝐶𝑝′ distribution and the rotor 𝐶𝑝′ distribution is
that two local maxima of 𝐶𝑝′ are observed on the rotor pressure surface for each repetition due to
the NGV wake interaction effect.
An NGV wake-rotor interaction can be observed from the flow simulation using the
sliding mesh interface model. The NGV wake, which has the features of a counter rotating vortex
pair and a negative jet expands into the rotor passage. The rotor chops the NGV wake each time
the rotor blades move into alignment with a new set of NGV vanes creating a new set of vortex
pairs which follow the previous pair of vortices and moves to the rotor trailing edge. When the
NGV wakes reach the rotor trailing edge region, these NGV wakes also interact with the rotor
wakes. The wake at the rotor exit region changes its magnitude due to the wake-wake interaction.
In order to investigate the stage efficiency, the entropy change contours at the rotor exit
plane with different rotor relative positions were investigated. Five significant loss sources of the
turbine, the tip leakage vortex, the upper passage vortex, the lower passage vortex, the scraping
vortex, and the wake, can be observed in the entropy change contours at the rotor exit plane. The
relative position between the rotor blade and the NGV affects the location and the magnitude of
these losses. The numerical value of the turbine stage efficiency can be calculated from the totalto-total stage efficiency. The stage efficiency distribution in the spanwise direction initially
decreases slightly going outwards from the hub, then increases to a maximum at the mid span
position, and then decreases significantly towards the casing.
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Over tip leakage flow was also investigated for the flow simulation with the sliding mesh
interface model. The tip clearance is one of the important design features which affect the tip
leakage flow characteristics. The simulation results indicate that larger tip clearance leads to
greater amount of tip leakage. It also significantly affects the turbine stage efficiency.

8.5 Comparison between mixing plane model results and sliding mesh model results
The last issue addressed in this study was a comparison of the computational results from
the mixing plane interface model and the sliding mesh interface model. Both interface models
have their advantages and disadvantages which are worthwhile to investigate. In the mixing
plane model, the flow variables are averaged circumferentially at the NGV-rotor interface before
transferring the information to the adjacent region. This significantly affects the flow
characteristics at the interface plane. Unphysical flow phenomena were observed such as a
constant total pressure distribution in the circumferential direction on the interface and a
discontinuous NGV wake expansion across the interface. The comparison of interface models
focused on 5 significant aspects.
The first aspect is the computational expense. Using the same computational hardware to
simulate these two interface models, the sliding mesh approach requires considerably higher
running time than the mixing plane model. To obtain convergence for the sliding mesh model, the
running time is about a week, while the mixing plane model requires running time of less than a
day, with current computing hardware.
The second aspect is the total pressure coefficient distribution at different axial locations.
The difference between the results from these two interface models becomes significant when the
flow is investigated close to the interface since the circumferential average reduces unsteady
characteristics in the circumferential direction on the interface.
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The third aspect is the tip leakage flow characteristics. The pressure distributions of the
rotor tip from both interface models are similar. The difference of the tip leakage mass flow rate
across the tip camber line from the mixing plane model and the sliding mesh model is
insignificant. An examination of all flow visualizations in the rotor tip clearance region indicates
that the tip leakage flow characteristics can be adequately simulated by both interface models.
The forth aspect investigated at the NGV exit plane is the radial variation of NGV wake
profile. The total velocity distribution outside the wake region from the mixing plane model tends
to be more uniform in the circumferential direction and decreases gradually from the hub to the
casing. The magnitude of deficit velocity from the mixing plane model is higher than from the
sliding mesh model. The mixing plane model generates unsatisfactory NGV wake characteristics.
The final aspect of this comparison is the velocity distributions in the circumferential
direction near the rotor leading edge. The main difference between the mixing plane and the
sliding mesh result is that the sliding mesh yields higher interference from the NGV wake,
whereas the NGV wake interference of the mixing plane model is largely dissipated by the
circumferential averaging at the interface.

8.6 Future Work
As described in section 6.1, in the description of rotor and NGV grid system for unsteady
computation, the current rotor computational domain was enlarged by a factor of 29/23, keeping
the pitch to chord ratio the same as the actual rotor domain. This enlarged rotor computational
domain permits performing the three-dimensional unsteady simulation with a one-NGV
passage/one-rotor passage computational domain. However, this current computational domain is
significantly different from the actual turbine domain. A computational domain implementing a
nozzle/rotor blade count ratio of 4:5, which is a close approximation of the actual 23:29 ratio,
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might more accurately simulate the flow field in the turbine stage. Further computational
simulations using this 4:5 blade count ratio computational domain are strongly recommended to
obtain more accurate results.
As mentioned in chapter 3, the computational results with the pressure extension tip
configurations show a significant reduction of the tip leakage flow. However, there are no
experimental data to confirm these flow characteristics. Therefore, experiments with blades
modified to incorporate the pressure extension tip configurations should be performed to
investigate the effects of different tip treatments on the tip leakage flow characteristics in an
operational turbine. In addition, the aero-thermal and structural aspects of integrating tip platform
extensions into hot turbine environments require further study and the feasibility of these designs
needs to be demonstrated for the hot gas environment.
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