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Isaac Newton,

“The mathematical Principles of Natural Philosophy (1846)/ Book
IIT — Rules”

1. We are to admit no more causes of natural things than such as are
both true and sufficient to excplain their appearances.

2. Therefore, to the same natural effects we must, as far as possible,

assign the same causes.

3. The qualities of bodies, which admit neither intensification nor
remission of degrees, and which are found to belong to all bodies within
the reach of onr experiments, are to be esteemed the universal qualities
of all bodies whatsoever.

4. In excperimental philosophy we are to look upon propositions inferred
by general induction from phenomena as accurately or very nearly true,
notwithstanding any contrary hypothesis that may be imagined, till such
time as other phenomena occur, by which they may either be made more

accurate, or liable to exceptions.
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Abstract

In this thesis, film cooling effectiveness measurement results representative of gas turbine
endwall cooling are discussed with emphasis on describing the effects that features in the
complex turbine passage flow have on them. Film cooling is when cool air from elsewhere
in the turbine is supplied through walls of the turbine passage that require cooling
providing a protective layer of cool air over the surface to partially isolate it from the hot
mainstream. Complexity comes from secondary flows naturally occurring in the passage.
Important is their influence on film cooling effectiveness. Holes for film cooling injection
are typically distributed over the upstream portion of the passage walls in an attempt to
cover and protect the full passage. The present study documents separate and combined
effects present in the passage by studying a single hole of various shapes, hole orientation
angles with respect to the main flow, injection-to-main-flow velocity ratios, and passage

flow with and without vortices generated upstream.

Representative endwall surface wall shear fields are documented in the literature as are
hole pattern designs. They establish the angle between the near-wall flow approaching a
selected hole and the centerline direction of the corresponding hole. Often, shear field
data are not available within the passage and approach flow directions to some holes
cannot accurately be applied. Then, the flow approaching only holes that are upstream in
the passage (particularly, upstream of any coolant injection) can be accurately described.
Nevertheless, measurements showing migration of coolant on the endwall downstream of
selected holes have been valuable to document how coolant is affected by features in the
surrounding flow, features such as the momentum of injection, the passage main flow
direction, and the effects of vortices in the vicinity of the hole. One example is the discrete
hole located under a vortex created at the airfoil leading edge and residing near the passage
entrance where ejected coolant is swept by the vortex away from the endwall, resulting in
low local values of surface effectiveness. This leaves the upstream endwall regions near
the pressure and suction surfaces having difficulty in providing coolant coverage by
discrete hole injection. The measurements documented in the present study provide

guidance for interpreting such downstream distributions of coolant.

Cases discussed herein have low injection rates upstream of the passage. Studies with high

injection rates upstream of the inlet (high ratios of passage inlet momentum flow near the
\4



endwall to passage average momentum flow) are fundamentally different and are not
discussed herein. Such cases have strong injection along the endwall immediately upstream
of the passage inlet (strong combustor wall cooling) and, thus, would have a different
passage secondary flow pattern. Such a pattern is discussed in Nawathe, et al. (2023) as

the “impingement vortex.”

The measurements of the present study document the endwall coolant coverage and
coolant distributions in the flow at several planes downstream of injection. Such data not
only show the cooling effectiveness but track the coolant in the passage flow. Flow
measurements describe profiles of mean velocity, describing the boundary layer growth
and momentum deficit of streamwise momentum upstream and downstream of injection.
Understanding the interaction of secondary flows with film cooling in the turbine is
significant to gas turbine designers. Dominant flow features of secondary flow are
convected vortices in the mainstream, endwall crossflow, and suction and pressure legs of

the vortex formed at the passage leading edge.
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Chapter 1. Introduction

1.1 Motivation

Gas turbine usage is widespread for propulsion and power generation. The
fundamentals of gas turbines are explained briefly. Ambient air passes through a
compressor to increase its pressure. Then, heat is added to the high-pressure air in a
combustion chamber. The hot, high-pressure air is then expanded through a turbine,
powering the compressor. Excess power from the turbine produces shaft work for power
generation. Alternatively, a nozzle is positioned downstream of the turbine, or
downstream of a fan of the power shaft, to generate thrust for propulsion. The schematic

of the gas turbine engine is shown in Figure 1.1.

Because energy demands are increasing faster than non-renewable energy sources
can supply, the need for pushing highly efficient and reliable gas turbine engines is rising.
Classical thermodynamics reveals that higher turbine inlet temperatures are needed to
enhance the turbine power output and to increase the energy efficiency for the turbine.
Thermodynamics considerations are not the only governing factors; material
requirements and other design constraints should be considered. Though new concepts
such as ceramic materials have been proposed for achieving higher temperatures before
failure, in practice, many of these concepts are not currently mechanically robust enough

for turbomachinery.

Turbine blades are cast from superalloys, which have brilliant mechanical properties.
Nevertheless, modern turbine inlet temperatures have risen to levels at or even above the
failure temperatures of such advanced superalloys. Thus, the only possible design is one
with careful consideration of the turbine cooling: typically, and an addition of internal and
external cooling applied on the surfaces that require protection. High-pressure cooling air
is readily available in the engine for use as cooling fluid by taking compressor exit air and
bypassing the combustion chamber. The coolant air is routed to key cooling locations, as

shown in Figure 1.2.
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Figure 1.1: Gas Turbine Engine (Rolls-Royce, 19806)

A primary external cooling method that is widely applied is film cooling. Coolant air is
¢jected through the surface and provides a protective film of coolant between the hot
working fluid and the turbine passage surface. Film cooling techniques are applied on the
nozzle guide vanes, rotor blades, and on the vane and blade endwall surfaces, as pictured
in Figure 1.2. These are particularly significant in the first few turbine stages where the
working gas is at its highest temperature. The radial temperature profile of the gas exiting
the combustor (upstream of the turbine) is approximately parabolic, and a high thermal
load is found on the stator vane and rotor blade surfaces. Thus, many works had focused
on these surfaces. Recently, the temperature profile has been further flattened, with
combustor redesign aiming at reducing emissions and enhancing combustor mean exit
temperatures (Simon, et al., 2008). Because of these recent advances, an increased heat
load is seen on the turbine endwall and more research must be invested to endwall film

cooling.
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Figure 1.2: Passage Film Cooling (Rolls-Royce, 19806)

Endwall region cooling remains a challenging issue due to the complex secondary flow
features in the passage. A description of secondary flow patterns in the turbine is shown
in Figure. 1.3. The difficulty is to cool near the leading-edge stagnation point of the endwall
and throughout the passage on the endwall surface near the pressure side. This is because
of secondary flows, particularly the pressure leg of a horseshoe vortex (to be discussed
later) generated at the airfoil leading edge and passing around the pressure side of the
airfoil. This pressure leg sweeps the coolant away from the wall and causes mixing between
the working fluid from the combustor toward the endwall surface. In addition, there is a
challenge because of mixing by secondary flows, particularly in the endwall crossflow and
downwash regions of the pressure leg of the horseshoe vortex. This further strengthens
the endwall crossflow. The crossflow sweeps coolant from the pressure side toward the
suction side along the endwall, resulting in a more difficult cooling situation on the

downstream part of the passage near the pressure side.
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Coolant injection upstream of the passage

The primary means to reach endwall full coverage film cooling is injection of coolant

upstream of the passage on both the stator and rotor turbine stages.

In the stator, recently, upstream coolant injection, from the passage inlet (Ornano & Povey,
2017) or the combustor-turbine interface (Nawathe, et.al, 2023), has been proven to
thicken the inner layer of the near-wall turbulent boundary layer flow, if the injection
momentum ratio (coolant momentum to passage flow momentum) is sufficiently high.
With the energized turbulent boundary layer flow, upstream coolant injection can
penetrate the passage flow, reach the rear part of the pressure side surface, and impinge
on the pressure side surface, an area that has been considered particularly challenging on

effective film cooling.

In the rotor, purge flows of coolant injected upstream of rotor platform are used as cooling
sources for the endwall. The purge flow is applied to purge the wheel space of hot gas or
to prevent ingestion of hot gas into the stator-rotor gap that could damage turbine disk
components. Ideally, purge flow, if applied properly, possesses the potential to cool the

endwall surface. The coolant path is shown in the Figure 1.4.



LP. AIR
PRE-SWIRL OVERBOARD

NOZZLE GUIDE VANES T
NOZZLES . URBINE BLADES

H.P. COOLING
=4 ‘ AIR DISPELLED

— | (@ | WTO GAS STREAM
‘ ‘\’ /
= |
= ( y
S0 ﬁ\ \
N~ INTERSTAGE
| \ LABYRINTH
SEAL

RING / TURBINE \ TURBINE Tuaéme
SEAL | DISC DISC ISC
TURBINE \
SHAFT
INTERSTAGE
HONEYCOMB
SEAL

D LP air
. HP ar

Figure 1.4: Wheelspace Coolant Flow Paths (Rolls-Royce, 19806)

In reality, relative motion between the stator and rotor should be considered. This motion
leads to a swirling flow effect (rotational effect) that directs coolant from the pressure side
of the endwall surface toward the suction side of the surface. As a result, the pressure side
of the endwall is more challenging to cool by injection of purge flow coolant. When
designing the endwall cooling scheme in a turbine blade passage, it is crucial to consider
the relative swirl when designing endwall film cooling schemes, as purge flow between the
rotor and stator might be insufficient for adequate film cooling coverage on the endwall

surface.

Discrete hole coolant injection on the turbine endwall

Due to the difficulty in cooling the endwall with purge flow alone on the rotor platform,
discrete holes are added, positioned throughout the passage, particularly on the pressure
side to achieve adequate film cooling. Typically, the axes of the discrete holes are aligned
with the local endwall flow velocity, to reduce mixing (enhancing heat (mass) transfer

coefficients and reducing film cooling effectiveness). This may not always be practical, due
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to manufacturing constraints, so the discrete holes may lead to injecting coolant with

misalignment of the local endwall flow velocity.

Because of manufacturing constraints, the effects of discrete hole injection direction were
recently investigated by Stinson (2019). A schematic of the two tested discrete hole
geometries is shown in Figure 1.5. The discrete hole plates feature 15 discrete holes
distributed uniformly throughout the endwall surface of the turbine, and arranged in two

ways:

(1) Parallel scheme. The 0° plate layout angles the holes in the same direction as the local

near-wall flow.

(2) Perpendicular scheme. The 90° plate layout angles the holes with 90° offset relative to

the 0° plate.
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Figure 1.5: Discrete hole Locations. (a) Parallel scheme. Holes were oriented in
directions for which injection flow is aligned with the boundary layer flow.
(b) Perpendicular scheme. Hole was rotated 90°relative to the first geometry. (Stinson,

2019). The arrow shows coolant discharge direction for one of the holes.
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Results show that significant cooling penalties occur with this injection regarding both the
mass transfer (enhanced) and the film cooling effectiveness (diminished), indicating that
the discrete hole injection misalignment penalty should be avoided if possible. In addition,
the angle misalignment effect leads to enhanced mixing and coolant blowing through the

boundary layer, which explains the mass transfer and film cooling results.

However, as shown in Figure 1.6, while misaligned discrete hole injection led to
substantially decreased peak film cooling effectiveness values, only a moderate reduction
in averaged film cooling effectiveness was found overall within the passage downstream
(x/Cax>0.5). Furthermore, an even more interesting pattern is upstream in the passage
(x/Cax<0.5), where film cooling effectiveness values of the perpendicular (90°) scheme

exceed those of the parallel (0°) scheme.

1 I I | I I I
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0.8 - 0° Plate, M, = 2.5 []
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Figure 1.6: Pitchwise-averaged film cooling effectiveness for discrete hole film cooling
on the turbine endwall. (Stinson, 2019). Mh is the coolant blowing ratio. 7;, is the area-
averaged wall film cooling effectiveness
Due to enhanced mixing, one will expect coolant flow to blow off the boundary layer
when leaving the hole exit at the injection into the passage flow point. The coolant flows
disperse more widely on the surface, leading to a larger downstream film cooling area and
only a moderate reduction in film cooling effectiveness value. Overall, the mechanism of
“mixing” within the coolant injection flow and external (passage) flow on the endwall
surface in the turbine is insufficient to explain the dispersal, spreading, and migration of
coolant injection flow from the discrete holes. The spreading of coolant flow with external
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(passage) flow is inconsistent at various locations of the endwall surface, indicating that
the process of mixing is strongly dependent on the location of discrete hole injection holes

on the turbine endwall and the locations of local features of the external (passage) flow.

Studies like the discrete hole placement study of Stinson (2019), revealed the value of
distributed discrete holes uniformly placed throughout the endwall surface of the turbine.
Unfortunately, such studies are scarce in the current literature. The locations for optimum
placement of discrete injection holes on the endwall surface are highly dependent on
specific needs to cool the endwall as judged by the gas turbine industry. Typically, due to
cost, these discrete hole studies do not cover the entire surface. Thus, mixing between the
coolant flow injected from discrete holes and the external (passage) flow on the endwall

surface must be explained by extraction of more information than from a single study.

1.2 Objectives

The goal of this thesis is to 1) explain the spreading of coolant flow downstream of the
film cooling injection points with various choices of locations of injection on the endwall
surface and 2) describe the physics behind the “mixing” within the coolant injection flow
and passage flow on the turbine endwall. Such topics require careful consideration of
passage flow on the endwall of the passage of the turbine and of the coolant injection flow

from the discrete holes.

A single study of endwall discrete hole film cooling is insufficient to describe the physics
behind mixing of coolant flow and passage flow. One will expect different spreading
processes at various locations on the endwall in the turbine. Thus, more than one study is
covered herein, including Stinson (2019), Yang, et al. (2018), Barigozzi, et al. (2005), and
Colban, et al. (2008). These studies are extracted from the literature and expected to
provide a comprehensive viewpoint for discrete hole film cooling at various locations on
the turbine endwall. Such surveys will first include concise literature review of the passage
flow in the turbine, coolant injection flow from discrete holes, discrete hole film cooling
on the turbine endwall, and the recent works by Stinson (2019) taken at the University of
Minnesota. Overall, this discussion covers the spreading of coolant injection flow by
passage flow in the turbine passage at various locations of the endwall surface. Also, this
study is the first to gather these materials from the literature in an organized way. It is
expected that the survey of literature in this thesis can serve as a baseline for follow-on

research in the topic of discrete hole endwall film cooling. Review of literature is covered
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in Chapter 2, and is presented as a conference paper (see Chen et al. 2024)

Furthermore, within previous reviews of the literature, this thesis points out several
avenues of flow on the turbine endwall, observing previously unidentified phenomena that
require further study for the entire gas turbine community. To resolve this, this thesis
further models unknown phenomena and physical processes that had not been previously
thoroughly discussed. A theory about vortical interactions is proposed to describe the
spreading, dispersing, and migration of coolant injection flow on the turbine endwall. Such

theory is first proposed in Chapter 2.4, and further detailed in Chapter 7.

To prove the credibility of the proposed theory about vortical interaction, and to promote
it to the gas turbine community, this thesis applies the theory to explain the evidence about
unknown phenomena that had been addressed in the literature, and support its credibility.
This theory was presented in the gas turbine conference and was recognized by the
audience in that presentation. Details about the validation of this theory by reference to
the literature can be found in Chapter 7. The referenced conference paper (Chen et al.,

2024) can be found in Appendix A.

To validate the proposed theory by measurement, this thesis experimentally characterizes
the spreading process behind the coolant injection flow and external flow in the turbine
passage. Such measurements model the corresponding flow physics in the turbine cascade,
designs an experiment to reproduce these flow physics in the available test facility (the flat
plate in a wind tunnel), and characterizes the spreading of coolant by detailed thermal
measurements. The design of the experiment may be the first to frame the research
question in the present way. In general, the measurements will further validate the
credibility of the theory about the spreading of coolant, as proposed in this thesis. In
addition, the measurements documented in this thesis had not been previously done and
are valuable in their own. It can validate the quality of physics simulation and may provide
some hints of unsteadiness within the mixing process of coolant spreading. Details about

the measurement can be found in Chapter 8.



Chapter 2. Literature review

The purpose of this section is to discuss the flow in real turbines where passage
secondary flow features and coolant injection flow features must both be considered.
Focus is on the effects on coolant coverage. This is a tall order, but some aspects and
portions of the endwall film cooling situation can be discussed using support from
focused experiments and computation that relate to the various features discussed above.

This serves as the beginning of a model for describing endwall coolant coverage.

2.1 Secondary Flow

Geometric features that have a major effect on passage secondary flows are the following

six:
1) streamline curvature due to airfoil camber,

2) concave (pressure) wall to convex (suction) wall pressure differences due to streamline

curvature within the passage,

3) streamwise acceleration of the flow in the upstream portion of the passage due to the
decreasing passage flow area in the streamwise direction and endwall contouring and
streamwise deceleration of the flow downstream in the passage due to a streamwise

increasing passage flow area,

4) Stagnation of the flow on the airfoil leading edge region and the effects it has on the
flow near the endwall-leading edge junction. Here, lower stagnation pressure near the
endwall than present above the endwall boundary layer drives flow down the leading-
edge region to create a vortex in the endwall-leading edge corner (see Figure 2.1 leading

edge region).

5) This vortex at the leading edge is carried around the leading edge on both the pressure

and suction sides (Figure 2.1, vsh1 and vphl).

6) The pressure-to-suction side pressure gradient and the low momentum of the endwall
boundary layer led to migration of the endwall boundary layer fluid from pressure side

to suction side of the passage (Figure 2.1, vp1). The higher streamwise momentum within
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the passage flow (away from the endwall) prevents this pressure side-to-suction-side

migration within the passage.
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Figure. 2.1: Secondary Flows in Turbine Cascade (Wang, et al., 1997)
2.2 Jet in Crossflow

This section discusses the vortices generated at the film cooling hole as documented
in flat plate models for studies of various parameters and the effects of the holes being
at different passage locations (see Figure 2.2). Some important parameters are hole
geometry, compound angle hole orientation, vortices due to flow interactions, boundary
layer thickness, flow turbulence of the approach flow to the hole, streamwise pressure
gradient, and local passage flow to hole axis crossflow. The objective for studying these
parameters is to achieve clearer understanding to support designs for better film cooling
performance. One important item to highlight when using such experimental results is
the relationship between a cascade flow representation and a flat plate model. In the flat
plate experimental model, it is relatively easy to access the measurement region to
document the influences of different parameters on film cooling performance. An
experiment on a flat plate, however, cannot simulate important cascade flow features,
like the vortices in the passage discussed above. Thus, results from a flat plate model are

inherently more difficult to relate to engine behavior. To address this mismatch,
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parameters are modeled by attempting to replicate actual secondary flow field features
found at the separate locations in the cascade, or turbine passage. An example is an

embedded vortex in the approach flow to a single hole under study.

In the following, individual discussions of the different parameters are presented.
Then, a realistic flow environment in the turbine cascade (a realistic engine situation)
having more than one effect is discussed. Thus, single effects are first introduced, then
discussions of multiple effects are offered. Modeling the simultaneous interactions of
two or more parameters requires thoughtful modeling of the system while considering

engine passage flow physics.

2.2.1 Counter-rotating vortices at the coolant hole

The discrete-hole geometry and the jet-to-approach-flow fluid dynamics lead to
three-dimensional flow and temperature fields around and downstream of injection slots
or holes. Jet lift-off, high turbulence intensity in the shear layer, and counter rotating
vortex pairs are important features to consider. Furthermore, counter rotating vortices
are inherently inclined to leave the surface due to the upwash secondary flow vector on
the center of the vortex pair. Goldstein et al. (1968) was among the first to discuss
counter rotating vortices in film cooling (as depicted by Figure 2.2). They studied coolant
flow entering through a circular hole at an angle of 35 deg to the surface. Their results
show that, as the jet of fluid leaves the hole, it retards the main flow along the upstream
side of the jet causing increased pressure there, and reduces pressure downstream of the
jet. This pressure difference provides the force that deflects and deforms the jet.
Circulatory motions shown in Figure 2.2 are caused by intensive mixing of the two flows.
The deformation of the jet is strongly affected by the blowing rate parameter (the ratio
of blowing mass flux to approach flow mass flux). In general, the injected fluid penetrates

farther into the passage stream when the blowing parameter is larger.
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Figure 2.2: Vortical features of a jet in crossflow, as depicted by Fric and Roshko (1964)
2.2.2 Shaped holes

A shaped diffuser hole oriented in the streamwise direction decreases jet
penetration into the mainstream, increases lateral spread of coolant on the endwall, and
increases film cooling performance. Such a diffusion hole was first proposed by
Goldstein, et al. (1974) to increase surface film cooling performance by reducing jet
penetration to the mainstream. Various means have been sought to reduce penetration
of the coolant jet while increasing lateral spreading to improve cooling over a wider
region between holes. A means for doing so is to widen the departure area of the hole
from that of the metering section (minimum flow area section that controls the cooling
fluid flow rate). Prior film cooling studies used cylindrical and uniform cross section
holes. When the geometry near the film cooling flow channel exit is altered by increasing
the exit area (shown in Figure 2.3), improved film cooling effectiveness is attained. It is
expected that by altering the passage at the hole exit, a Coanda effect is created, which
induces the emerging fluid to follow the surface rather than depart from the surface and
penetrate the passage flow. Various other geometric and fluid dynamics parameters can
affect the performance of discrete hole film cooling, such as hole spacing to diameter
ratio, length of hole to hole diameter ratio, other shape features of the hole, inclination
angle with the surface to be cooled, skewing of the hole relative to the flow giving
compound angle injection, surface curvature, and surface smoothness. Fluid dynamics
parameters that were varied in such studies include blowing rate (ratio of coolant mass
flux to passage mass flux), momentum flux ratio (coolant momentum flux to passage
flow momentum flux), density ratio (coolant to passage density), velocity ratio (coolant

velocity to passage average velocity at the hole exit), free-stream turbulence intensity and
13



turbulence length scales of the coolant flow and passage flow, and streamwise pressure

gradient.

NN

Figure 2.3: A cylindrical hole with a shaped diffuser. Projected area is shown above the
hole (Goldstein, et al., 1974)

2.2.3 Compound angle hole

This section aims to understand film coverage with discrete hole injection within
the passage in an actual setting. It is known that the approach flow direction upstream
of a film cooling hole can be skewed from the hole centerline direction due to various
effects in the passage, such as pressure-to-suction-surface crossflow and the horseshoe
vortex system. When the film cooling hole is misaligned with the approach flow (a
compound angled hole orientation), one of the vortices in the counter rotating vortex
pair behind the hole gains strength at the expense of the other vortex. This continues
downstream until there is a single streamwise vortex that dominates the flow field. This
is observed for even small crossflow angles. The streamwise leeward vorticity becomes
the dominant vorticity downstream of the hole, and by increasing the crossflow angle, it
becomes larger and more asymmetric. These features were reported by Schmidt, et al.

(1996), Goldstein and Jin (2000), and Age, et al. (2008).

2.2.4 Compound angle injection with shaped hole

More description about the nature of the shaped hole, particularly the effect of a
crossflow angle, were reported by Haydt and Lynch (2019) who documented the flow
field and presented surface cooling measurements. Measurements with particle image
velocimetry at several downstream planes normal to the streamwise direction were
reported. Their data (Figure 2.4) show that circulation increases as the crossflow angle
increases and the flow field transitions from a vortex pair to a single streamwise vortex.

For large compound angles (i.e., 60 deg), the streamwise vortex lifts the core of the jet
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off the surface, isolating the coolant from the endwall and decreasing surface film cooling
performance downstream of injection. For even the smallest cross flow angle (i.e., 15
deg), the flow field is significantly asymmetric, not only in terms of the vorticity, but also
as indicated by the velocity vector field. As the crossflow angle increases from 15 to 45
deg, the streamwise vortex increases. Overall, as the compound angle increases, the
magnitude of streamwise vorticity increases, becoming more asymmetric. This pattern

was reported by Zamiri and Chung (2021).

Figure 2.4: Normalized x-vorticity contours for a range of compound angles (indicated
in insets, e.g. CA45) at a mass flux ratio of 3.0. Taken at 5 diameters downstream of the
hole centerline. The vorticity is overlaid with vectors of in-plane velocity Haydt and
Lynch (2019).

2.2.5 Effect of upstream vortex

Embedded vortices (produced by a vortex generator) interacting with a counter
rotating vortex pair created by a jet in crossflow have been described in the literature.
These cases replicate the complex secondary flows in an endwall passage, including

horseshoe vortices, passage vortices, and the corner vortices, as described previously,
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interacting with film cooling jets. Near the wall are vortices embedded in the endwall
boundary layer flow. Studies of isolated effects contribute to understanding the interaction
of the horseshoe vortex system and the counter-rotating vortex pair generated by film
cooling injection. This simulation is relevant to the section upstream of the passage throat
where the boundary layer flow (with embedded vortices) has not separated from the
endwall. The effect of an embedded vortex and its interaction with the counter-rotating
vortex pair was reported by Ligrani, et al. (1989). They measured temperature, velocity,
and dimensionless heat transfer coefficient (Stanton number) distributions to show the
effects of embedded vortices on film cooling with either in-line or compound angle
injection of cooling fluid. Their results show how coolant is disrupted by the vortices.
Chung, et al. (2009) studied the effects of embedded vortices produced by a vortex
generator on film cooling with various compound angles (inclination and orientation). The
study documented the vorticity field over compound angles of zero to 60 deg with two
coolant mass flux to passage mass flux ratios of 1.0 and 3.0. The heat transfer coefficient
was shown to vary remarkably according to relative positions of the vortex to passage
secondary flow features and vortex rotation direction. The data are presented in Figure
2.5. Figure 2.5(b) shows time-average velocity fields of the vortex and the secondary flow
when the attack angle of the vortex is 20 deg (as shown by Figure 2.5(a)). The vortex

consists of upwash and downwash regions.

In the downwash region, the momentum boundary layer becomes thin since the
secondary flow induced by the vortex moves to the wall. In the upwash region, coolant is
separated from the wall and is swept away and dissipated by the vortex. Recently, Cui, et
al. (2022) reported the destructive mechanism on film cooling performance of a near-wall
vortex on the endwall for cases with coolant to passage mass flow ratios ranging from 0.5
to 2.5. The near-wall streamwise vortex intensifies mixing of the hot gas and coolant flows.
Film coverage areas vary remarkably with changes in position of the streamwise vortices.
As shown in Figure 2.6, for the no-vortex case, two vortical structures with opposite
rotation directions are generated when the mainstream interacts with the coolant jet. A

pair of kidney-shaped vortices appears separately over the hole’s lateral plane.

Figures 2.6(b)—2.6(d) correspond to streamlines and coolant distributions for the
MVG case (middle vortex generator), LVG (lower) case, and RVG (right) case,
respectively. The development of the kidney vortex is hindered and the kidney vortex in

the downstream direction almost disappears. The kidney vortex causes an upwash to
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separate the coolant jet from the film that resides in the upwash region where the coolant
is drawn into the mainstream by the streamwise vortex. In the downwash region, the
mainstream fluid is drawn into and mixed with the coolant and the cooling effect is greatly
weakened. For the LVG case, the endwall coolant flow is in the upwash region as the
vortex passes, so the vortex sweeps the coolant jet into the upwash region more effectively
than in the MVG and RVG cases. Consequently, the coolant film is extruded to a slender
shape in the upwash region of the vortex. With the vortices of the MVG and RVG cases,
some distortion of the coolant distribution results from the vortex upwash, but most of it
remains intact. Overall, the above studies regarding embedded vortices and counter-
rotating vortices provide insight into discussions about the interaction of the horseshoe
vortex system and the emerging coolant upstream of the throat (passage minimum area)
where the endwall boundary layer flow has not separated. This can be said for cases

spanning from the pressure wall to the suction wall.
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Figure 2.5: Reported by Cui, et al. (2022) (a) Relative positions between the cooling hole
and the center of the vortex under rotational directions. (b) Nondimensionalized

velocity and secondary flow vectors at x/D=0
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Figure 2.6: Film cooling effectiveness contours and streamlines of four cases of different
cross sections. The left column is documented at Z/D=3 and the right column is
documented at Z/D = 10 (Z is the downstream distance), M=1.0 studied by Cui et al.
(2022)(a) case without vortex generator (b) MVG: vortex generator in the middle (c)
LVG: vortex generator on the left, and (d) RVG: vortex generator on the right (e) vortex
generator locations.

2.2.6 Effect of crossflow

An additional effect is the pressure-to-suction-surface crossflow. This crossflow is
produced by the pressure gradient from the pressure side to suction side of a passage near
the endwall. It is especially important downstream of the passage throat (downstream of
the three-dimensional separation line), where a new, thin, and accelerating endwall
boundary layer flow resides. More details about the three-dimensional turbulent boundary
layer are available in Eaton (1995). One research path is to study the crossflow effect on
a flat plate model and relate the results back to turbine flow conditions, since

measurements near the endwall in a cascade are three-dimensional and unsteady.
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Li, et al. (2018) studied the influence of endwall crossflow on shaped hole film
cooling performance, both experimentally and numerically. The experimental study was
conducted in a curved channel simulating the real turbine environment with blowing ratios
over 0.5-2.5. Results show that the crossflow changes the relative positions of the kidney
vortices generated at the outlet of the shaped hole. The negative kidney vortices remain
on the endwall and decay rapidly downstream. Coolant is driven by the crossflow to

migrate in the radial direction.

2.3 Full coverage film cooling with discrete hole injection through
endwall film cooling holes

To assist in the discussion of passage secondary flow effects on endwall film cooling,
the full coverage endwall data of (Stinson, 2019) are studied. This case presents data that
describe the combined effects discussed separately above. Such data apply more accurately
to cases with thin approach flow boundary layers (low upstream endwall boundary layer
momentum) as seen when the ratio of endwall approach flow momentum to the passage
flow momentum is weak (the endwall to passage flow momentum flux ratio is <1.0). As
previously noted, a high approach flow momentum flux ratio would lead to a different
pattern of secondary flows in the passage, identified as the “impingement vortex,” (Algefl,
et al., 2021) and (Nawathe, et al., 2023). Interested readers can refer to studies conducted

by Ornano and Povey (2017), Alqgefl, et al. (2021), and Nawathe, et al. (2023).

. Barigozzi2018 H3c o Gao2009 H3c
Barigozzi2019 H2s v Wright2008 H2c
Chen2017 H3c ° Suryanarayanan2010 H2c

® Liu2014 H3c&s

O 1 X/Cax

Figure 2.7: A recent review paper the historical placement of discrete hole film cooling
across past decades by research groups worldwide, as documented by Barigozzi, et al.
(2022)
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As reported by Barigozzi, et al. (2022) and shown in Figure 2.7, there has been very little
in the literature on discrete hole film cooling of the upstream portion of the passage near
the pressure and suction surfaces. This reduced coverage of discrete hole film cooling may
be traced to seminal work by Friedrichs, et al. (1999) in which their data suggest that
discrete hole film cooling is ineffective in countering the horseshoe vortex near the leading
edge of the pressure surface (upstream of the endwall separation line). The leading edge
of the pressure surface, therefore, would remain inadequately cooled. Instead, cooling in
this region, near the leading edge at the suction surface has been predominantly via
upstream slot injection, as pioneered by Blair (1974) and others. This decision led to
minimal exploration of discrete hole film cooling in this upstream region. Consequently,
little evidence of the effect of lifting of coolant by the suction leg of the horseshoe vortex

and the influence of the corner vortex is available in the literature.

2.3.1 Interaction of secondary flow and discrete hole injection
at various locations on the endwall

The endwall surface can be divided into different regions, each showing particular

endwall film-cooling features:

1) The downstream region beyond the endwall separation line is very close to the pressure
side where the jets follow the crossflow driven by the pressure-to-suction side pressure

difference.

i) An upstream region that demonstrates effective film cooling performance on the
suction side of the passage as a result of coolant injection through rows of holes or slots

upstream of the passage.

iif) The upstream region on the pressure side of the passage, which remains difficult to
cool. It is surmised that the horseshoe vortex is one of the dominant features in the

upstream region on the pressure side of the passage.

Overall, the literature has a rather complete description concerning discrete
cylindrical and shaped holes oriented inline with near-wall velocity vectors within the
passage. The leading edge on the pressure side still remains difficult to cool due to the
horseshoe vortex at this region. One thing to highlight is that the leading edge near the
pressure wall is one of the regions that remains difficult to cool using discrete, round holes.

Cylindrical holes near the airfoil leading edge near the vortex lift-off line were introduced
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by Friedrichs, et al. (1999). Their findings show that coolant coverage around the blade
leading edge is difficult to attain, especially in the vicinity of the leading edge stagnation
point. Itis expected that the coolant in this region is likely to lift off the surface. In addition,
discrete shaped holes on the endwall were studied by Barigozzi, et al. (2005) in a nozzle
vane cascade. Their data show that at high injection rates, passage vortex effects tend to
become weaker, leading to strong reduction of the endwall crossflow and more uniform
flow along the spanwise direction. They showed that the shaped hole is more effective
than the cylindrical hole, especially at low injection rates, which increases the cooling
performance in the front part of the vane passage. Discrete, shaped holes were further
studied by Colban, et al. (2008). Discrete hole axes on the endwall were skewed with the

approach flow and the holes were oriented away from the pressure surface (wall).

The case with the highest blowing ratio and several holes near the pressure side in
the upstream portion of the passage is shown in Figure 2.8. Ejected coolant from discrete
holes located at P2 and P4 lift off the surface as a result of strong secondary flows. Other
ejected coolant from discrete holes located at P1, P3, and P5 follow the hole axes due to
increased coolant momentum, instead of lifting off by the secondary flows. Though the
compound angle discrete cylindrical holes have been thoroughly studied, the compound
angle discrete shaped holes on the pressure side and suction side remain pootly

understood.

Figure 2.8: Closeup view of region near the pressure side leading edge (baseline 100%
case). P1-P5 located holes in this region. Blue represents highest coverage and red
represents lowest coverage. Reported by Colban, et al. (2008)
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2.3.2 Strategies for cooling the leading-edge region approaching
the passage throat

1) Hole location: The coolant should be injected at the downwash location of the secondary
flow vortex to constrain coolant to near the endwall region to enable better surface coolant
coverage. This relies on proper selection of the discrete hole locations and their

orientations with their near endwall approach flows.

ii) Hole geometry: At the downwash part of the horseshoe vortex, asymmetric vortices
from discharged coolant should have different coolant rotation than the rotation of the
local horseshoe vortex, avoiding merger of these vortices. This requires proper selection
of hole geometries, particularly shaped holes, near the surface close to the leading edge

near the pressure surface.

iif) Hole orientation: Although ejected coolant is constrained on the surface under the
downwash part of the horseshoe vortex, strong coolant vorticity is necessary to resist
dissipation of the vortices by viscosity and provide better surface coverage. This requires
introduction of compound-angle, shaped holes to produce a more intense asymmetric

vortex pair near the surface close to the leading edge of the pressure surface.

2.3.3 Evidence from recent studies

A full-coverage experimental and computational study was conducted by Stinson (2019)
using a diffusion shaped hole and full-surface coverage. The compound angle, shaped hole
pattern (oriented away from the pressure surface and, in the upstream portion of the
passage, the suction surface) these are important additional data to supporting the present
study. They show migration of coolant downstream of individual film cooling holes.
Surface effectiveness distributions were measured by the naphthalene sublimation
technique for three blowing ratios. Single pixel uncertainties for the film cooling
effectiveness data are around 5%-10%. Variations across multiple pixels can be described

with lower uncertainty, allowing tracking of the coolant discharge plumes.
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Figure 2.9: Film cooling effectiveness values for the “perpendicular’ holes. The coolant
average velocity to passage average velocity ratios, Mh, are shown for the three cases,
from Stinson (2019). An arrow (upstream hole, center plot) is added to show the coolant
exit direction.
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Figure 2.10: Oil dot visualization for endwall surface shear stress direction fields. There
was no coolant injection. However, discrete hole injection exit planes from the Stinson
(2019) study were sketched by the present author to visualize the hole positions in the
study. Turbulence intensity = 4%. Reported by Papa, et al. (2011). The arrow shows the
direction of coolant exit flow.

Papa, et al. (2011) performed the oil-dot visualization technique to visualize endwall
surface shear stress directions giving guidance concerning near-endwall flow directions in
a passage of the Stinson geometry, but without film coolant injection. Figure 2.10 shows
results with a 5% approach flow turbulence intensity. In one case of the Stinson dataset,
holes were oriented in-line with the apparent near-endwall flow directions in the passage,
as given by this technique. In a second case, the holes were rotated so that they were
approximately 90 deg to the apparent near-endwall flow direction of each hole (called
“perpendicular”). This data set is presented in Figure 2.9. The perpendicular hole case
provides more uniform coverage of coolant along the endwall-suction surface junction
when the blowing ratio, Mh, is 1.5. A possible explanation is that the coolant energizes the

pressure leg of the horseshoe vortex on the suction side of the passage. It is surmised that
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this is due to a delay in lift-up of the passage vortex, leading to a weakening of the corner
vortex along the suction side. Endwall surface wall shear fields, documented here, and the
hole pattern, indicate the angles between the near-wall flows approaching selected coolant
holes and the corresponding coolant hole axes (Figure 2.10). As the measured or
computed shear fields used for this observation were without holes or coolant injection,
these approach flow directions can accurately be applied, typically, to only the most

upstream row of holes (upstream of coolant injection).

Pressure surface.

Results from Stinson (2019) show film cooling effectiveness values along the leading edge
of the pressure side of the passage. The discrete shaped holes shown and identified with
numbers are oriented perpendicular to the approach flow, Figure 2.11. Low surface
cooling effectiveness is observed for cases where blowing ratios are 0.75 and 1.5. Here, it
is expected that the approach flow is perpendicular to the axis of Hole#1, generating an
asymmetric vortex that has similar rotation to that of the pressure leg of the horseshoe
vortex, promoting the merging of these two vortices. As previously discussed, this would
result in low surface film cooling effectiveness. For the higher blowing ratio case (Mh =
2.5), higher surface effectiveness values are observed surrounding the hole. A potential
explanation is that the coolant has larger vorticity and stronger jet penetration with the
larger blowing ratio. These are beneficial to retaining more coolant on the surface under
the pressure leg of the horseshoe vortex. Apparently, discrete shaped holes here cannot
provide enough coolant surface coverage at a low blowing ratio. One other finding is that
for the case with the largest blowing ratio (Mh = 2.5), the endwall-pressure surface corner
junction has greater film cooling coverage. A possible reason for this is that the ejected
coolant is swept under the corner vortex and accumulates there. A complementary study
by Yang et al. (2018) for cases where the compound angle holes are oriented toward the
pressure surface is documented in Figure 2.12. Their data show higher coolant coverage
at the upstream portion of the passage near the pressure surface. It is expected that the
vortex generated with coolant ejection is asymmetric and has a different rotational sense
than that of the pressure leg of the horseshoe vortex in this region. Overall, the Yang, et
al. (2018) and Stinson (2019) studies document both positive and negative compound
angles and provide a suggestion that shaped holes introduced upstream in the passage

should be strategically located under the passage vortex for better surface coverage.
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Figure 2.11: Film cooling effectiveness values for the “perpendicular’ holes. Pressure
side of passage. The coolant average velocity to passage velocity ratios, Mh, are shown
for three cases, Stinson (2019). The arrow shows the direction of coolant exit-flow.
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Figure 2.12: Film cooling effectiveness distribution on the endwall (Case for M=0.7). Z,
Zp pitchwise, (Yang, et al., 2018)

Suction surface

Data for discrete expansion-shaped hole case of the Stinson (2019) study are shown in
Figure 2.13. Of particular interest to this study is the film cooling effectiveness distribution
near the suction side of the passage. The approach flow upstream of the holes is
documented in Figure 2.14 as computational results overlaid on ghosts of virtual holes. It
is expected that the asymmetric vortices from the ejected coolant rotate similarly with the
suction leg of the horseshoe vortex. This coolant, as a result, energizes the suction leg of
the horseshoe vortex. For the cases with the smaller blowing ratio (Mh = 0.75), ejected
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coolant from Hole#11 remains on the endwall surface. A possible explanation for this is
that the coolant from the shaped hole has small penetration due to the suction leg of the
horseshoe vortex. In the vicinity of Holes #12 and 13, is the location where the suction
leg of the horseshoe vortex begins to lift up and off of the endwall. High coolant coverage
is found due to a different rotational sense with the pressure leg of the horseshoe vortex
migrating from the pressure side to the suction side. Ejected coolant around these two
holes located beneath the pressure leg of the horseshoe vortex is washed by the pressure-
to-suction wall crossflow, and, possibly, these vortices, and accumulates at the junction
between the endwall and suction surface. To explain this, a fluid visualization experiment
(Figure 2.15) was conducted by Wang, et al. (2022) in the same wind tunnel and with the
same secondary flow system as in Stinson (2019), although the flow visualization
measurements were conducted at a very low level of turbulence intensity and low chord
Reynolds number. It shows the discrete hole locations and their possible interactions with
the suction leg and pressure leg horseshoe vortices. Around Hole#14 (Figure 2.13) is
lower surface effectiveness. This could possibly be explained by an intense corner vortex
located along the rear part of the suction surface-endwall junction. For a case of Mh=1.5,
coolant from Hole#11 and Hole#12 energizes the suction leg of the horseshoe vortex.
There, upwash is resisted by the pressure leg of the horseshoe vortex and lifting of the
suction leg of horseshoe vortex is delayed. As a result, higher film cooling effectiveness
values are observed at Hole#13. Also interesting is that better coolant coverage is
observed over x/Cax from 0.5 to 1.0. Also, it seems that the corner vortex is possibly
weakened or eliminated. For the case of Mh = 2.5, the higher coolant rate seems to lead
to an energized suction leg of the horseshoe vortex. One possible explanation is that this
leg leaves the sutface at a further downstream location, apparently at x/Cax = 0.75, where

improved surface coolant coverage is observed.
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Figure 2.13: Film cooling effectiveness values for the “perpendicular” holes near the
suction side of passage. The coolant average velocity to passage average velocity ratios,
blowing ratios, Mh, are shown for three cases of Stinson (2019). The hole numbers are

identified and the airfoil is the central airfoil #3. The arrow shows the direction of
coolant discharge flow.

Figure 2.14: Endwall surface streamlines at the suction side, reported by Stinson (2019).
The figure shows the outline of the locations of the holes. The airfoil is the central
airfoil, #3. The arrow shows the direction of coolant departure flow.
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Figure 2.15: Flow visualization (right figure) at the location of plane O (left figure).
Reported by Wang, et al., (1997).

2.3.4 Physics of vortex rotational direction

The intent of this section is for further clarify the interaction of secondary flows and
discrete hole injection cooling at various locations on the endwall. An area deserving
attention is upstream and within the passage throat, particularly near the pressure and
suction sides. Discrete hole film cooling data in the literature, and recent new evidence,
are used to provide insights into the interacting mechanisms of transport by vortices

created by coolant ejection. The predominant other vortex is the horseshoe vortex.

One major finding from the literature is that the relative rotations between the
horseshoe vortex and vortices associated with coolant ejection are significant. Studies
show merging of vortices with similar relative rotations between the ejected coolant and a
nearby horseshoe vortex. Coolant for such cases is swept into the horseshoe vortex,
leading to decreased film cooling effectiveness. Such cases are particularly interesting in
the upstream portion of the passage on the suction side where the suction leg of the
horseshoe vortex resides and merges with the pressure leg of the horseshoe vortex. Here,
the passage vortex lifts off the endwall at the suction wall-endwall junction. Recent
evidence shows that shaped holes oriented away from the suction surface may delay liftoff
of the suction leg of horseshoe vortex and possibly weaken the corner vortex, as
documented in Figure 2.13. A possible explanation for this is that the coolant ejected here

energizes the suction leg of the horseshoe vortex.

Conversely, vortices with different rotational directional senses between the ejected

coolant and the horseshoe vortex, would not merge. Cases like these would restrain the
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ejected coolant to the endwall surface, resulting in increased film cooling coverage. Such
cases are particularly significant near the leading edge of the pressure side of the passage,
an area that is challenging for making coolant coverage due to the presence of the pressure
leg of the horseshoe vortex. Recent evidence shows that the distributed, shaped holes
oriented toward the leading edge of the pressure surface may retain coolant under the
pressure leg of the horseshoe vortex resulting in enhanced film cooling effectiveness

performance, as documented by Figure 2.12.

Opverall, the literature shows that the discrete hole patterns (geometry, orientation,
and the location within the passage), and the vortical interaction within coolant injection
vortex and horseshoe vortices should be considered when understanding the effects of a
film cooling hole pattern design. Documenting the flow field (including near-hole flows)
on the endwall and using that information to determine coolant coverage in a general way
is challenging. Presently, coolant coverage is found with experimental or computational
documentation of particular settings. Models for generalizing this information require
inclusion of all the effects discussed herein which, as noted, is a tall order. However, the
material covered here helps our understanding of the processes involved and may lead to

a broader perspective on cooling the endwalls of turbine passages.

2.4 Relation to present work

2.4.1 Summary of previous work

In the previous literature review, much attention was devoted to film cooling on the
turbine endwall using discrete hole film cooling injection. Typically, in these studies, the
discrete holes were placed downstream in the passage near the pressure side of the endwall.
Flow is driven by a strong pressure gradient and endwall crossflow results. Thus, upstream
of the passage throat (near the pressure side and the suction sides of the passage) discrete
shaped-hole film cooling coverage has not been frequently applied and, thus, there is little
opportunity for investigating what advantage secondary flows in this region may have.
Due to the strong secondary flow residing in the pressure side of the passage, discrete hole
cooling injection provides inadequate film cooling coverage, as documented in the current
literature. Alternatively, the suction side of the passage is cooled mostly by upstream
injection with coolant sweeping toward the suction wall. Thus, because the previous

studies considered that injection near the upstream suction side of the passage had little
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value, there was a sparsity of discrete hole injection data within the present literature.

Upstream of the passage throat, the major flow features are the horseshoe vortex and the
coolant injection vortices (also called jet in crossflow vortices). The difficulty is that there
is little opportunity to gain understanding of the interactions of the horseshoe vortex and
the jet in crossflow vortices because of lack of data. The nature of the flow physics, three-
dimensional and unsteady, is far too complicated for detailed and accurate descriptions
with current measurement and computer simulation capabilities. Also, experiments fail
because of insufficient spatial and temporal resolution. Spatial resolution is constrained by
the characteristic length of the measurements themselves, as the measurements are done
in the cascade wind tunnel while wishing to describe flow with coolant injection within
the turbine passage. Also, the dimensions of the discrete holes for injection might prevent
sufficient documentation due to insufficient spatial resolution. Temporal resolution is
constrained by the unsteadiness of the secondary flows in the turbine cascade. This is even
more prominent in the mixing layers between the secondary flows and coolant injection
flows (jets in crossflow). Finally, RANs modeling fails due to its poor performance in
capturing turbulence decay in the passage secondary flows (Nawathe and Simon, 2022)
and lateral spreading and jet penetration of the jet in crossflow requires modeling of
pressure fluctuations (Mahesh, 2013). LES and DNS models are not practical for such
engineering designs due to their high computational cost in simulating the multiple holes

involved.

While it seems difficult to understand the detailed flow features for the hotrseshoe
vortex and the jet in crossflow within the cascade wind tunnel, extracting the driving flow
features for describing the interactions of the horseshoe vortex and discrete hole injection
flows is possible. The key to this is to identify the most important flow physics that drive
the mixing processes. From the literature, the vortical effect, particularly the vortex
rotational direction, had been identified as important toward describing spreading of
coolant in the turbine cascade. Thus, a theory about the vortex rotational direction is
proposed, as shown in Figure 2.16. More details about the proposed theory, and further

validation of it, can be found in Chapter 7.
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Figure 2.16: Interaction between horseshoe vortex and coolant vortex generated from
discrete hole injection.

2.4.2 Present measurements concerning this thesis

Due to the difficulty of taking measurements in the turbine cascade, an alternative is
sought to study the vortical effects between the coolant injection vortex and horseshoe
vortex on the flat plate wind tunnel. Though many secondary flow features in the turbine
cascade are ignored by the modeling, experiments on a flat plate allow taking some
information with acceptable spatial resolution about the nature of vortical effects on
coolant migration. This simplification provides a chance to assess the nature of vortical

interactions in detail and validate the theory of vortical interactions by measurements.

In recent literature, few studies have been devoted to the effects of vortical interactions
on coolant migration on a flat plate wind tunnel. Results from Ligrani and Mitchell (1994),
Chung, et al. (2009), and Cui, et al. (2022), on flat plate experiments, show relative
rotations of horseshoe vortices and coolant injection vortices are critical features to
consider. These studies can serve as evidence of vortical interaction of coolant injection
vortices and horseshoe vortices in the turbine cascade. Nevertheless, these studies are
immature since they are missing in-passage coolant migration with various hole geometries

and orientations.
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For this reason, this thesis is to experimentally describe the effects of the vortices’ relative
rotational directions on coolant migration on the flat plate in the wind tunnel as influenced
by various hole geometries, orientations, and blowing ratios. The horseshoe vortex is
simulated by a longitudinal vortex produced by a vortex generator on the flat plate
experiment. It is embedded in a fully developed, thickened, and stabilized turbulent
boundary layer. The coolant vortex is simulated by a series of various individual hole
orientations producing major asymmetric coolant vortex cores in which the hole axis

orients askew to the approach flow direction.

In-passage and near wall coolant concentration measurements are taken by traversing a
thermocouple across downstream planes. Also, surface measurements are taken with
thermochromic liquid crystal sheets. Time-averaged coolant concentration fields taken by
a traversing thermocouple can describe the coolant vortex core characteristics,
downstream jet entrainment, and coolant boundary layer growth. The rapid response of
coolant migration from the thermochromic liquid crystal sheets provides hints about the

unsteadiness of the shear layers and turbulent mixing near the surface.

In general, the present experiment aims to provide coolant concentration data in the
passage and on the surface for incoming vortices with misaligned, shaped holes that have
not been thoroughly documented in the literature. This measurement will support the
descriptions of interactions of horseshoe vortices and coolant injection vortices,
particularly with the same and with different senses of rotational direction. In addition, by
describing the interaction of vortices with coolant injection, one should be able to describe
the coolant trace in the passage and arrange proper discrete hole geometries and
orientations on the passage endwall surface, matching with design needs and

supplementing upstream coolant injection, where needed.

2.5 Organization of the thesis

Opverall, the major contribution of this thesis includes: i) survey of literature of endwall
discrete hole film cooling in an organized way. ii) identify avenues for mixing observed
and suggested for more study by the community. iii) explain these unknown phenomena
with new theory about vortical interactions (explained in the next chapter). iiii) validate

the proposed by literature review, presentation in the conference, and measurements.
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The work of this thesis is split into different distinct sections:

1. A literature survey about passage secondary flow and endwall discrete hole film cooling

in the turbine cascade

2. A theory about the vortex rotational direction between the horseshoe vortex (a crucial
feature of passage flow) and coolant injection vortices (a crucial feature of coolant

injection flow) generated from discrete hole injections in the turbine cascade

3. A presentation, supported by the literature, of the proposed vortical interaction theory

regarding endwall discrete hole film cooling

Results to this point have been documented in an ASME paper (see Chen, et al. (2024))
and presented in a conference (Turbo Expo 2024).

4. Measurements characterizing the effects of vortex rotational direction on coolant

migration on a flat plate wind tunnel

5. A wvalidation of vortical interaction in the turbine cascade by detailed coolant

concentration measurements on the flat plate

This thesis is organized to explain experimental methods and significant results related to
the stated objectives. Chapter 2 introduces a literature review of the work in the field of
passage secondary flow features and discrete hole film cooling in the turbine cascade. In
addition, discrete hole injection flow patterns, hole orientation effect, incoming vortex
effect and crossflow effects are discussed on the flat plate wind tunnel. Chapter 3 outlines
the experimental facilities applied in this study. Chapter 4 details the instruments applied
to complete the presented experiment. Chapter 5 presents the design of the present
experiment and details of coolant concentration measurement. Chapter 6 details the
necessary details of the measurement, including the characteristics of the flow,
experimental parameter space, qualifications of the experiments, and timescales of on-
surface measurements. Chapter 7 discusses the theory of vortical effects in the turbine
cascade and further validates the literature. Chapter 8 characterizes the effects of vortical
interaction of coolant migration, serving as supporting evidence for vortex interactions in
the turbine cascade. Chapter 9 summarizes the key findings of this work and points out a

future step to reach full coverage film cooling coverage on the turbine endwall.
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Chapter 3. Experimental facility

The experiments for this work were performed in a wind tunnel facility in the
Convection Heat Transfer Laboratory at the University of Minnesota. This section details

the testing facility, developing approach flow fluid mechanics, and testing piece.

3.1 Wind tunnel

The present experiment was performed in a single discrete hole facility. Passage flow
is introduced through a blower, a nozzle, a channel, and a testing section that is open to

the atmosphere. The schematic of the wind tunnel is shown in Figure 3.1.

First, air is drawn by a blower in the lab through an inlet filter. The filter is attached at the
inlet of a blower to ensure that the air inside the tunnel does not contain damaging debris.
This is significant because debris can easily damage the measurement instruments. The
blower is a centrifugal fan. The type of this centrifugal fan is LouisAllis, 92245, with a
rated power 10HP (7.4W). The blower exit air passes through a diffuser, settling chamber,
heat exchanger, a honeycomb section and a screen pack. This heat exchanger was made
for previous studies and is not used in the present study. The screens are to break down
the flow turbulence and swirl levels. The honeycomb eliminates swirl. Then, air passes
through contraction nozzle with an exit cross-section of 71 cm X 11.45 cm. Since
turbulence generating grids were not used in the present study, the flow exited the

contraction with a low turbulence intensity level and a high degree of flow uniformity.

The mainstream velocity was maintained at a constant value by the rotational speed of a
wind tunnel fan. The rotational speed is controlled by a frequency controller, keeping
mainstream velocity as a constant value. The frequency range is 0-60 Hz, with 0.1 Hz
resolution. The frequency is controlled by a speed controller, connected to a power supply
(BK Precision, 1697 DC Power supply), ranging from -5V to +5V. The present
experiment was run at 23 Hz, providing a medium level of mainstream velocity of 11.8

m/s.
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Figure 3.1: Flat plate wind tunnel in the University of Minnesota Convection Heat
Transfer Laboratory. Data are taken at the TLC plate, downstream of the supply
plenum and film cooling hole.

3.2 Upstream test section

After upstream preparation, the air passes through a wind tunnel contraction section
and into a flow prep section that was manufactured for this study. The schematic of this
inserted section at the exit of a nozzle is shown in Figure 3.2. An inserted part of the wind
tunnel allows approach flow to further develop from one with a laminar boundary layer
on the test wall to a mature turbulent boundary layer flow. At the appropriate location,
transition is tripped with a step strip. Additionally, a vortex generator was installed in the
inserted region, as shown in Figure 3.3. The aim of the tunnel design is to study the
interaction of a near wall vortex and a film cooling jet. Details about the vortex generator

and transition trip are introduced in the following section.
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Figure 3.2: Inserted section of wind tunnel to allow flow development

The coordinate system of the testing section is shown in Figure 3.3. Important to
consider are the relative locations of the vortex generator and the trip wire. The major
flow features produced by the vortex generator are those needed to simulate a leg of
horseshoe vortex, and, by boundary layer growth, a wake flow. Important features are the

developing length for the stabilized embedded vortex and the thickness of the turbulent

boundary layer.
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Figure 3.3: Coordinate system and schematic of wind tunnel test section for experiment.
(TLC) is Thermochromic Liquid Crystal.

Another factor to consider in the experiment design is the hole testing piece scale
and resultant spatial resolution of data, Reducing the testing hole piece scale is simply
done without major modification to the wind tunnel, however data accessed are limited
by the characteristic length of the measurement techniques. Vital information cannot be
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accessed if the spatial resolution is low. An example is the near-wall region where the

velocity gradient in the turbulent boundary layer is large.

One could introduce a larger hole testing piece, but this requires more developing
length upstream of the testing piece, at the exit of the nozzle of the wind tunnel. This
allows more detailed flow and thermal data with increased spatial resolution. The test

section scale is restricted, however, by the tunnel delivery section.

Development of approach flow near-wall vortex and turbulent boundary laver

Few studies had been dedicated to this topic, as reported by Ligrani, et al. (1989),
Chung, et al. (2009), and Cui, et al. (2022). The uniqueness of these studies is that they
introduce a large-scale vortex generator, since they have larger dimensions, especially the
height of the vortex generator. Details of these studies are summarized in Table 3.1.
Ligrani, et al. (1989) was the first to examine the near wall vortex upstream of the film
cooling jet. They introduce a trip with 1 mm, 91.9-hole diameters upstream and a
triangular geometry of vortex generator -41.9-hole diameters upstream of discrete hole
injection. Then, Chung, et al. (2009) reported a reduce developing length between the trip
and the vortex generator. Still, their data show a clean embedded vortex within the thick,
turbulent boundary layer. Recently, this was reported by Cui, et al. (2022). They
introduced the vortex generator 15 hole diameters upstream of the discrete hole testing

piece.

The decision of the distance between the vortex generator and the injection point,
15 hole diameters, was based on studies by Velta, et al. (20106), see Figure 3.4 and 3.5.
They examined the vortical flow structure behind a vortex generator (VG) embedded in
a turbulent boundary layer and found a pair of vortices behind the rectangular VG. The
primary vortex fluid flows over the top of the VG in the primary flow direction. The

secondary vortex is a horseshoe vortex that appears at the lower part of the VG.

At the early stage of generation, vortices are a complex developing region that
stabilizes into a steady vortical structure in the far region. Thus, in practical applications,
if the vortex generator is placed a certain distance upstream of the film cooling hole, it

can be used to investigate the interaction between a near-wall vortex and film injection.
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Figure 3.4 Topology of the basic vortex structure found from dye visualization (Velte, et
al., 2010)

(s
P
Figure 3.5 Vortex structure topology behind the vortex generator, by direct combination
of the basic vortex system and the secondary vortex structure (Velte, et al., 2010)

Table 3.1: Parameters for Trip and Vortex Generator (VG). N/A notes “cannot be
found in the literature.”

Parameters. Present (Cui, et al., 2022) (Chung, et (Ligrani, et al.,

Study al., 2009) 1989))
Trip location -30D -30D N/A -91.9D
Trip thickness 3mm 3mm 2mm N/A
VG location -15D -15D -25.7D -41.9D
VG type rectangular rectangular triangular triangular
VG height 1.1D 1.3D 2D 3.38D
VG length 3D 3.33D 4D 8.04D
VG Attack angle 10° 10° 20° 18°
Hole diameter 12mm 6mm 15mm 9.45mm
Hole Reynold 9000 8000 9000 11000
number
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Vortex generator

A rectangular wing was applied as a vortex generator in this study, as shown in
Figure 3.6. The height of the vortex generator is 13mm. This value is identical to the hole
diameter. The length and the width of the vortex generator are 35mm and the thickness
of the baseplate is 0.5mm. It is expected that the baseplate doesn’t significantly influence
the development of the turbulent boundary layer. The attack angle of the vortex generator

is 10 degrees. This vortex generator produces clockwise vortices as seen looking

downstream.
35mm
10 deg

‘Top View
(Top ) 35mm Rectangular Wing
Baseplate

4 t

13mm 13mm
¥ v
+—— 35mm 35mm ——
(Front View) (Side View)

L)

Flow Direction

@)

(b)

Figure 3.6: (a) Vortex generator geometry and orientations to produce clockwise
vortices (as viewed in pitch/span planes). The dimension of the rectangular wing is
shown (b) Vortex generator in three-dimensional view.
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Trip

The trip aims at tripping the boundary layer to turbulence and thickening and
stabilizing the turbulent boundary layer flow while making it spanwise uniform. The
height of the trip is 3mm, with a 0.5mm baseplate. The trip is introduced at the exit of
the nozzle, 60-hole diameters upstream of the injection hole centerline. The thickness of
the trip is selected by measuring the boundary layer thickness 7-hole diameters upstream
of the hole injection. This aims to produce a turbulent boundary layer flow that allows
embedding a near-wall vortex produced by the vortex generator. The schematic of the

trip is reported in Figure 3.7.

[ 3 mm
1 0.5 mm

710 mm

@)

(b)

Figure 3.7: (a) Trip strip with 0.5mm baseplate, and 3mm height. (front view — flow is
front to back) (b) Trip strip in three-dimensional view.

3.3 Testing section

Next, the flow enters the testing regime of the wind tunnel at the exit of the inserted
development section discussed previously. The testing section is connected to the inserted
section and consists of rectangular duct channel with an outer wall that is open to the
atmosphere downstream. The wind tunnel channels are made of polycarbonate, a material
that provides good thermal insulation. The heat conduction is confirmed negligible in the
present experiment. The opened outer wall provides access to thermal and velocity
distribution measurements on a testing wall, and cross-sectional planes in the tunnel. Data

here were taken by a 3-axis translation device (Velmex Inc, MB4024KIJ-S6), moving a
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temperature or a velocity probe, as shown in Figure 3.8.

Though profiles can be taken by using the open wind tunnel facility, velocity
variations between the mainstream and the atmosphere require attentive consideration. A
resultant shear layer due to velocity gradient is observed between the mainstream flow
and the ambient air. To reduce the influence of this shear layer on testing, a mild taper of
the outer wall is applied to accommodate the growing boundary layers on the wind tunnel
walls. This mild taper can slightly reduce the thickness of the shear layer. Additionally, the
velocity profile was measured along the wall-normal direction at three downstream
regions. Results show that the scale of the approach flow is far larger than the shear layer
and coolant mixing layer thickness, indicating that shear in the open layer is negligible.
Opverall, the mainstream provides proper insulation between the coolant mixing layer and
layer of shear with the ambient air. Thus, it is confirmed that the shear layer doesn’t

influence the present measurement in the testing region.

Thermal and velocity plane distributions downstream of the film cooling hole
injection region were taken by inserted probes. Additionally, temperature distributions on
the surface downstream of the film cooling hole were documented by the Thermochromic
Liquid Crystal (TLC) technique. The testing section area for the TLC technique is 30cm
X 30cm. In general, time-averaged three-dimensional scalar transport between the
mainstream and the ejected coolant can be documented in the present experiment. More

information about the measurement techniques and data processing is discussed in

Chapter 4.
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Figure 3.8: Translation device for moving the thermocouples and pitot tube probes

3.4 Injection system

The purpose of this study is to understand the interaction between coolant injection
and the mainstream. The mainstream was discussed in the previous section. This section
focuses on the coolant injection and discrete hole geometries. Air first exits from the
building compressed air system. The mass flow rate of coolant is controlled by a valve
and is measured by a laminar flow meter. The air passes through the supply pipe, followed
by a laminar flow meter, and then enters a heating plenum. The plenum is heated by an
electrical resistance heater, with maximum power of 1.7 kW. The resistance heater is
controlled via a variable AC transformer to supply an appropriate level of heating. It is
expected to have uniformly, heated flow in the plenum. The heater is to raise the air 10
degree Celsius higher than the mainstream. This heated air is named “coolant” in the
present study. This coolant then passes into a discrete hole channel in a discrete hole
testing piece, and mixes with the approach (passage) flow. The discrete hole testing pieces

are replaceable.

3.4.1 Injection parameters

For discrete hole injection, the coolant’s relative flow rate is captured with the

blowing ratio, M, defined as:
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pcU.

M = (3.1
PmUnm
and the density ratio:
pr =% (3.2)
Pm

Note that the velocity in the numerator in Eq. (3.1) is measured by the laminar flow meter.
In this work, the density ratio for the discrete hole flows is near unity, about 0.97, since
the discrete hole flow is air that is heated ten degrees Celsius higher than the room

temperature.

3.4.2 Discrete hole injection

The intention of this experiment is to examine the effect of cylindrical holes and
shaped holes at various compound angles (angle between the hole axis direction and the
approach flow direction). The discrete hole is located at the exit of the inserted section of
the wind tunnel. The discrete hole pieces are inserted into the test wall of the wind tunnel.
Replaceable pieces for discrete hole geometries are introduced in the present experiment,
as shown in Figure 3.9. This design permits varying the hole geometry and hole
orientation. The discrete hole pieces were 3D printed from polylactic acid (PLA) in the
Aderson Student Innovation Labs at the University of Minnesota. The resolution of
polylactic acid fabricated pieces is 0.1 mm, a dimension which correlates to the scale of

the PLA filament, and the hole surface roughness.

(a) Piece of wind tunnel test wall that receives the inner piece of the film cooling hole test

section
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(b) Inner piece: shaped hole (c) Inner piece: round hole

Figure 3.9: Discrete hole testing pieces. (a) Wall section to receive insert
(b) Inner piece: shaped hole (c) Inner piece: round hole
In this study, two different discrete film cooling hole geometries were used. In the
first geometry, the classical round hole testing piece is chosen. The schematic of the round
hole is shown in Figure 3.10. This choice was intended to explore the mixing between the
incoming vortex and film cooling injection in a classical film cooling hole geometry. It is
widely known that the round hole produces a well-known counter rotating vortex pair
(CRVP), jet lift-off, and jet entrainment. This case serves as a baseline for flow
qualification and comparison with the shaped hole geometry. The hole diameter is 12mm,

and the injection length-to-diameter L/D was 6.64.

3.83 1.68

Figure 3.10: Cylindrical Hole Geometry (dimensions in cm)

In the second hole geometry, the laidback fan-shaped hole testing piece is chosen.
The shaped hole diameter is 12mm, hole injection length-to-diameter, L/D, is 6.65. These
values are identical to the round hole case. The geometry of the shaped hole is shown in
Figure 3.11. It is worth noting that the shaped hole dimensional parameters are identical
with those of Stinson (2019). Thus, results here can be compared with full coverage film
cooling cases with discrete shaped hole injection in Stinson’s datasets. In addition, the
present hole geometry has similar design parameters with the so-called 7-7-7 baseline

shaped hole by (Schroeder & Thole, 2014), as reported in Table 3.2 and Figure 3.11. Thus,
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similar fluid and coolant concentration patterns are expected with the 7-7-7 shaped hole

in literature in literature and the present shaped hole.

“measured from within 35° plane

Figure 3.11 Laidback Fan-shaped Hole Geometry of the 7-7-7 design (dimensions in
cm), (Schroeder & Thole, 2014)

Table: 3.2 Geometric Parameters for present study and 7-7-7 shaped hole

Parameter Present 7-7-7
Shaped Hole Shaped Hole
Injection angle 35° 30°
L/D 6.5 6
Laidback angel 10° 7°
Lateral angle 10° 7°
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Chapter 4. Instruments for measurement

In this work, various air flow measurements were made. Primary measurements, including
pressure and temperature, were required to process the main results of interest. In the
following sections, the measurement equipment, the measurement techniques, and any

required calibrations for the measurements are described.

4.1 Pressure and velocity measurement

This section documents the instruments for pressure and velocity measurements in the
passage. The pressure measurement, taken at the static pressure tap, is done by an inclined
manometer. Measurements within the wind tunnel were made with a pitot-static probe
for calculating the mean tunnel velocity and measuring the turbulent boundary layer
profile. One thing to highlight is that this study does not require absolute pressure, since
information documented in this experiment is pressure difference, other than pressure

data for property evaluation. Static pressure is used for air property data.

4.1.1 Inclined manometer

The pressure difference in this experiment is documented by displacement of fluid in the
inclined manometer. Such cases require an incompressible fluid in the inclined manometer,
water and oil are used. A U-tube manometer here has two vertical tubes that are connected
at the bottom and contain the same fluid. Different pressures can be applied to the top
ends of these two tubes. An unequal pressure applied on the top ends, can be related to
the displacement, as defined in Eq. (4.1), where AP is pressure difference in the two tubes
of the manometer, p is the density of the fluid used in the manometer, and Ay is the

difference between the heights of the fluid columns in the two tubes.
AP = pgAy (4.1)

The inclined manometer used in this study is made by Dwyer Co. (Mode number 246).
The scale for the manometer is “inches of water,” indicating the displacement. The
specific gravity of Dwyer red gage oil is 0.86. The measurement ranges are from 0 to 6
inches of water column, as 0-1494 Pa. The measurement resolution is 0.01 inches (0.25

mm). Beyond the near wall region, this resolution is sufficient for the present study.
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Figure 4.1: Inclined manometer used in this study (Nawathe, 2022)
4.1.2 Pitot tube

The pitot-static probe (Figure 4.2) makes indirect velocity measurements by measuring
the pressure difference between the total pressure and the static pressure. The probe is
designed to be minimally sensitive to pitch and yaw within several degrees from 0°. The
velocity indicated by the probe can be derived using the Bernoulli equation, which
arranges to relate the pressure differential measured to the flow velocity, as shown in Eq.

(4.2). This requires steady and incompressible flow conditions.

U= 2AP “2)
p :
In this experiment, the turbulence level was moderate, and time average steady flow was

assumed. However, since the level of the turbulence intensity was low and constant at the

measurement location, the velocity is corrected when using the following approach:

U2

Ucorrect = 1+ Tu? (4.3)

Here, Tu is the turbulence intensity level. The correction can be derived by rearranging
Eq. (4.3) for AP and time-averaging the velocity term. Additionally, as this is a gas flow,
there are small differences in gas density between the static and pitot pressure locations.

A first-order correction for this effect was applied by averaging the static density and the
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pitot density. This correction was considered appropriate here, rather than using a
compressible formulation, because of the low Mach numbers (below 0.04) in this

experiment.

Figure 4.2: TSI Alnor Telescoping Pitot Probe. The red part is the total pressure port,
and the blue part is the static pressure port. (Stinson, 2019)

4.2 Temperature measurement

Instruments for temperature measurement are introduced in this section. The
present study intends to document the coolant transport from film cooling injection, and
how it mixes with the mainstream. One way to track the coolant concentration is to mark
coolant by slightly higher temperature relative to that of the mainstream. In these tests,
the coolant temperature is 10 degrees Celsius higher than the mainstream temperature.
Thus, the coolant concentration in a mixture of coolant and mainstream flow was found

from the local temperature distribution in the flow.

The unique open outer wall in this wind tunnel, and the testing surface being the
closed wall, provide access to inflow and surface data. The in-field temperature is taken
by an inserted thermocouple, with the surface temperature by the thermochromic liquid

crystal technique.

4.2.1 Flow physics to characterize

A common flow feature in film cooling is the Counter Rotating Vortex Pair (CRVP),
as a well-known time averaged flow pattern found at the film cooling injection location.
This pattern is generated by the shear layer vortices produced at the windward side of the

film cooling jet. Researchers in film cooling usually relate CRVP patterns to film cooling
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effectiveness, as the counter rotating vortex pair will entrain the mainstream flow into the
coolant flow downstream of the coolant injection point. One of the major research topics
in film cooling is to reduce CRVP intensity, since doing so will weaken the jet entrainment
into the coolant flow downstream of film cooling jet (Coletti, et al., 2013). Nevertheless,
there are other instantaneous patterns in film cooling jet that cannot be ignored, such as
shear layer vortices, eddies transported in the turbulent boundary layer, and hairpin vortex
bursting and breaking and resultant turbulent mixing (Sakai, et al., 2014). These
instantaneous features, coupled with the time averaged CRVP feature, must be considered

to provide a complete perspective to the physics of film cooling.

One constraint for this study is the time scale measured by the instruments. Data
taken here are time-averaged measurements instead of instantaneous measurements. Thus,
many important instantaneous features about the jet in crossflow, such as shear layer
vortices, hairpin vortices bursting and breaking up, and jet pulsation, cannot be
characterized. This is caused by difficulty of accessing instantaneous temperature
measurements with thermocouples in the flow and the thermochromic liquid crystal data
on the surface. Though the measurements present in this thesis are not instantaneous,

they are still useful for evaluating film cooling effectiveness in a general way.

4.2.2 Thermocouple

In-field temperature in this study is documented by thermocouple probes. The
thermocouple reading takes time to average data at one point first, then transverse the
probe along the entire plane to get a temperature field. The translation device here is a
Velmex Inc, MB4024KIJ-S6 that enables three degrees of freedom (x, y, z). Thus, it can
document flow temperature at a particular point instead of over an entire cross-section

plane at one time.

Details about thermocouples are discussed here. One thing to consider is its low
sampling and respond frequency, limiting its capturing of high frequency flow features.
Such high frequency flow features, for example shear layer vortices, hairpin vortex, and
small-scale eddies, are important to understand the physics behind film cooling injection

flow.

The theory of a thermocouple is based on the Seebeck effect. The Seeback effect
states that if two dissimilar metals are joined, and the junction is heated relative to the
other ends, an electromagnetic field is generated, resulting in a potential difference. This
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potential difference is related to the temperature difference between the junction and
other end. The value of this potential difference, in Volts, is usually very small. This can
be used to accurately measure the temperature of a heated end, or the junction, by way of

calibration.

The thermocouple used here is type E, chromel-constant. Its useful temperature
ranges from 3-1150K. The range of this study is from ambient, 23°C to 35 °C. The two
ends of each thermocouple are known as the hot and cold junctions. The hot junction is
applied to temperature measurement and the cold junction is maintained in the ice bath.
In this study, the data acquisition (DAQ) unit replaces an ice bath, Agilent 34970A
electronic equipment. Agilent 34970A can convert the potential difference from the
thermocouple to temperature, directly. This correlation is based on NIST data

documented by Burns, et al. (1993).

The calibration for thermocouple in this study was conducted by ice bath and liquid-
in-glass thermometer setup. Results show that calibration is aligned with cold junction
compensation from the DAQ unit. The uncertainty between calibration and DAQ unit is

0.024 °C.

4.2.3 Thermochromic Liquid Crystal

To evaluate the temperature distribution on a surface, several techniques: thermocouple,
infrared thermometer, and so on are widely used. Surface temperature distribution in this
study is documented by the Thermochromic Liquid Crystal (TLC). TLC is a measurement
technique that can provide rapid (limited by the thermal responsiveness of the TLC)
information about the temperature field, and, by extension, film cooling effectiveness
distribution on the surface. A thermochromic liquid crystal (TLC) test region is mounted
on the test wall downstream of the test piece in which the injection hole resides. The TLC
sheet used in this study is from HallCrest Inc. The sheet has a reliable range of 22 °C- 34
°C and came in a sheet with a size of 30.48 cm X 30.48 cm. The picture of TLC on a
human’s hand is shown in Figure 4.3(a), and the TLC temperature spectrum is shown in
Figure 4.3(b). In general, this section details the theory, measurement technique, and

calibration of the thermochromic liquid crystal sheet.
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Figure 4.3: Thermochromic liquid crystal sheet. (a) TLCs response on a human’s hand
(b) TLCs spectrum. Red is the colder temperature, and violet is the hotter temperature.

Theoty of TL.C

The measurement layer is formed by TLC particles responding to temperature differences
in the area of interest. Thermochromic liquid crystals (TLCs) are a type of cholesteric
liquid crystal that changes color in response to temperature changes. When exposed to
white light, TLCs reflect different wavelengths of light, causing them to change color. As
the temperature increases, the reflected light changes from red to violet, passing through
the visible spectrum, as shown in Figure 4.3 (b). TLCs can also be formulated to react to
temperatute changes as small as 0.1°C and are accurate up to +/- 1°C. The optical
response of the TLC layer documents the surface temperature distribution of tunnel wall

downstream of coolant injection.
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Calibration techniques

The steady state Thermochromic Liquid Crystal (TLC) technique is applied to measure
the surface temperature distribution used to obtain the film cooling effectiveness. The
digital camera records 450 X 900 pixels images for calibration. The voltmeter (DAQ
Agilent 34970A) measures the temperature at a point on the surface at which the
thermocouple is positioned on the TLC sheet, located downstream of the coolant
injection. Calibration points for this comparison can be found in Figure 4.4. Calibration
is done by comparing the temperature, as recorded by the thermocouple with the color at

the same location on the plane, over various coolant temperatutre ranges from 22°- 34°,

— (]

Coolant Injection \

Thermocouple

Figure 4.4: The layout of the thermocouple for calibration

Then, the recorded pictures here are converted from the RGB (red, green, blue) format
into HSI (hue, saturation, intensity) format. This provides a correlation between the hue
values and temperature, by recorded temperature and hue values at the calibration points.
These data are then fitted with a second-degree polynomial, deriving a calibration curve

for the present study, shown in Figure 4.5.
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TLC Calibration Curve
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Figure 4.5: The Temperature vs. Hue calibration curve for the Thermochromic Liquid

Crystal, is obtained by reference to a thermocouple. Taken on the test plate.

Uncertainty propagation

The calibration uncertainty for temperature is £0.06°C, with a 95% confidence
interval (we are 95% confident that the true value lies within a band of this size). From
Hay and Hollingsworth (1996), the uncertainty of TLC measurement is derived from the
calibration curve of hue value. The root sum square propagation formula is applied to
maintain a similar level of confidence between the measured quantities and the resultant

quantities.

2

aT
AT = (m) + (AT¢qi)? (4.4)

The uncertainty of temperature measured by the TLC ranges from 0.06°C to 0.25°C over
the hue value range. The uncertainty of temperature measured by the thermocouple is
0.024°C. The uncertainty of film cooling effectiveness is 0.0256, that is 25.6% at 7 =0.1
and 5.12% at 7 =0.6. The largest uncertainty for dimensionless (recovery) temperature,

0, is 0.006, which is 3% at 0 = 0.2 and 0.75% at 0 = 0.8, as reported by Zhu, et al. (2021).

More detail about the propagation of uncertainty can be found from Moffat (1998).

4.3 Mass flow measurement

Mass flow measurements for film cooling injection were taken using a laminar flow meter.

In the experimental facility, one laminar flow meter is installed for measuring the injected
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mass flow rate to the discrete hole injection site. The volumetric flow rate here is measured
by the laminar flowmeter (Meriam Z50MC2-2), as shown in Figure. 4.6. The correlation

between the pressure difference and volumetric flow rate (Q) is,

Usta

Q = p (13.7727 X AP — 0.046AP?) ”
f

(4.5)

where lgtq is the dynamic viscosity for 21.1°C, and py is the dynamic viscosity for the
testing environment, as a function of air humidity and temperature. The pressure

difference is documented by the inclined manometer with 0.28% uncertainty.

Figure 4.6 Laminar flow meter.

Chapter 5. Experimental design

The following section introduces the design of the experiments from turbines in the
actual engine to linear cascade representations and from linear cascades to flat plate
simplifications. Parameters of interest to the investigations and measurements are

presented. The intent of such experiments is to document and explain coolant migration.

5.1 Philosophy for experimental work

The advantage of this experimental study is that it provides a chance to document
the physics of interest, more realistic (close to mother nature -- also named as “truth”)
representation than analysis. Experiments may approach problems of interest with
reduced bias since they more closely model nature. They also offer greater flexibility and
originality when investigating unknown phenomena. An example of this is the experiment
work of Jabbari, et al. (1996). These authors investigated, in a general setting, discrete hole
injection of coolant distributed uniformly along an entire surface.
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The challenge for such an experimental design is that it is too realistic (including too
many types of physical processes) to understand all the details. For example, passage
secondary flow in the turbine cascade is too complex to understand in detail. This,
coupled with jets in crossflow produced by discrete hole injection, is a problem that has
more than three parameters to be considered. Another example is the interaction between
the approach flow near-wall vortex with the jet in crossflow created by discrete hole
injection on the flat plate (endwall). Such problems have more than three parameters,
such as hole skew angle away from the approach flow, incoming vortex intensity and
rotational direction, parameters of the jet in crossflow. In general, space parameters of
interest, when modeling directly from realistic settings, is far beyond the state of the art
of our understanding. Thus, the key is to identify a particular and significant perspective
that propetly simplifies the degree of complexity for the selected problem without being

lost in the complexity.

5.2 From engine to turbine cascade to flat plate

Understanding the secondary flow in the hot section of gas turbine is significant for
gas turbine designers. To address these types of studies requires applying an experiment
design to simulate the important flow features at the engine conditions. A common way
to model these flow features in the engine is a stationary cascade wind tunnel modeled
stator, or rotor, test rig. This physical model, in a cascade, enables us to understand engine

flow from a unique perspective, as shown in Figure 5.1.

Stream surface

Inlet boundary

Endwall

Passage vortex
Counter vortex
(4
29
=
Q2

Endwall
crossflow

N
Figure 5.1 Model the turbine in the hot section of engine (left) to capture in a stationary
cascade experimental facility (right)

Most measurements in the passage, or cascade were of coolant transport taken on

the passage endwall. Difficulties in doing so were due to the tiny discrete hole sizes for
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coolant injection, to three-dimensionality and unsteady secondary flows in the passage.
These flow features cannot be documented by sufficient spatial and temporal resolution
with current measurement techniques. Additionally, interpreting such data requires
thoughtful consideration about multiple flow features at various locations of the passage.
These flow features are unclear in real engines and even in stationary cascade test rigs.
Parameters include inlet Reynolds number, inlet flow turbulence intensity, local
acceleration and deceleration due to the converging/diverging of the passage, Mach
number, upstream coolant injection, rotation of the rotor, the pressure leg of the
horseshoe vortex, the suction leg of the horseshoe vortex, and the crosstlow effect from

pressure to suction surfaces of the passage on the endwall.

COMBUSTOR TURBINE INTERFACE

Thermochromic liquid
crystal testing section
(rectangular region)

Mainstrcam
flow dircction

Rapid
response of

Plane1 Plane2 Plane3 Planed
surface

temperature

(b)

Figure 5.2: From turbine cascade to flat plate experiment. (a) Turbine cascade wind
tunnel (b) Flat plate wind tunnel. Data are taken, in this example, with a TLC
Thermochromic Liquid Crystal (TLC) surface mounted on the test wall downstream of
a film cooling hole.
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Due to the insufficient data resolutions in the turbine cascade, an alternative way is
to conduct a film cooling experiment on a simplified flat plate in a wind tunnel, then relate
the results back to the turbine cascade, as shown in Figure 5.2. In the flat plate experiment,
typically, an enlarged discrete hole test piece is applied. This allows measurement with
good spatial and, possibly, temporal resolution. One can extract secondary flow patterns
and characterize them in detail. In contrast, a flat plate experiment provides the flexibility
to extract the most significant secondary flow features in the turbine cascade and
characterize them in detail. Common parameters for such film cooling studies on the flat
plate are associated with the discrete hole geometry, discrete hole orientation, coolant
density ratio, blowing ratio, approach flow boundary layer thickness,
favorable/unfavorable streamwise pressure gradient, turbulence intensity, Reynolds
number of coolant injection, crossflow as secondary flow, and embedded near-wall

vortices.

5.3 Design of the present experiment

In this thesis, an area that deserved more effort for the endwall discrete hole film
cooling is the upstream of the passage where the dominant flow features are horseshoe
vortex legs and the coolant-injection-generated vortices. The present experiment aims to
characterize the coolant concentration by vorticity in detail from discrete hole injection
on a flat plate wind tunnel, then apply this result to validate the model for vortex
interaction in the turbine cascade. In an experiment design on a flat plate, a horseshoe
vortex is simulated by a streamwise vortex produced by a vortex generator placed
upstream of the discrete injection hole. The coolant vortices (vortices generated by
coolant injection) are simulated by varying the hole orientation (angle of hole axis skewed
away from the approach flow), and hole geometry. However, it is worth noting that
variations in many secondary flow features are disregarded, including inflow turbulence
intensity, crossflow, coolant density ratio, and approach flow boundary layer thickness.

The modeling process is presented in Figure 5.3.
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Figure 5.3: Model the secondary flow in the turbine cascade by experiment on the flat
plate. (a) Cascade test section (Stinson, 2019) (b) Endwall discrete hole film cooling in
the turbine cascade (Stinson, 2019) (c) Flat plate wind tunnel. The horseshoe vortex is
simulated by a vortex generator placed upstream of the discrete hole testing piece.

5.4 Experiment parameter space

The parameter space of the present experiment is shown in Table 5.1. The primary
factors to vary are embedded vortex locations, discrete hole geometry, discrete hole
orientation (angle of skew away from the approach flow) and blowing ratio. The
schematic of vortex generator testing location is shown in Figure 5.4. The schematic of

hole orientation angles is pictured in Figure 5.5.

The testing blowing ratio ranges from 0.5 to 3.5. Discrete hole orientation angles
range from -60° to 60°. The incoming vortex rotates in the clockwise direction when
looking downstream. For case “R”, the vortex generator is located at y/D =-1.5, looking
downstream. For case “L”, the vortex generator locates at y/D =+1.5. For case “C”, the

vortex generator is located at y/D =0. The testing holes are cylindrical and of shaped

geometry.
Table 5.1: Selected parameters to study
Embedded Vortex Location L(y=-1.5D), C(y=0), and R (y=1.5D)
Discrete Hole Geometry Round Hole and Shaped Hole
Discrete Hole Orientation 60 degrees (+y) to -60 degrees (-y)
Blowing Ratio, M 0.5-35
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Figure 5.4: Vortex Generator Location. The incoming vortex rotates in the clockwise
direction when looking downstream. Left, y/D=+1.5. Right, y/D=-1.5.
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Figure 5.5: Discrete hole orientation angles 8 (angle skew away from the approach flow)

5.5 Coolant concentration measurement

5.5.1 Coolant concentration measurement

In film cooling studies, coolant is generally ejected from discrete holes and is then
mixed with the external flow (passage secondary flow in the cascade, or approach flow
upstream on the flat plate). To reduce the mixing between the external flow and coolant,
it is important to track the migration of coolant downstream of the injection hole. A
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common way to track the coolant migration is to measure on-surface and in-passage scalar
transport (temperature distribution or mass concentration) and then relate the results back
to film cooling effectiveness. The mass concentration technique includes naphthalene
sublimation (Goldstein & Cho, 1995), pressure sensitive paint, PSP, (Han, et al., 2010),
planar laser-induced fluorescence (PLIF) (Chyu, 1996) and magnetic resonance
concentration (MRC) (Elkins, et al., 2011). The naphthalene and PSP techniques can track
the on-surface coolant concentration and the PLIF and MRC can measure in-passage
coolant concentration. Alternatively, temperature measurement techniques include on-
surface infrared-thermometer (IR) (Ekkad, et al., 2004), thermochromic liquid crystals
(TLC) (Ireland & Jones, 2000), and in-passage thermocouples (Nawathe, 2022). In general,
due to the heat and mass transfer analogy, all these techniques can track coolant migration

from the discrete hole injection point.

5.5.2 Temperature measurement

The present experiment uses temperature distribution to track coolant migration.
The in-passage coolant migration is tracked by a thermocouple, and on-surface coolant
concentration is taken by thermochromic liquid crystal. It is worth noting that this
technique can offer unique in-passage coolant migration in a complicated geometry by a
three-axis translation device (Velmex Inc, MB4024KIJ-S6). Though in-passage data can
also be taken by more advanced techniques like MRC, or LIF, they cannot be applied in
a more complex geometry (like a linear cascade). In addition, on-surface coolant
concentration, such as IR, TLC, and PSP, by themselves, are insufficient for us to

understand the physics behind coolant migration.

To track the coolant migration by temperature distribution, the coolant is heated 10°C
above that of the approach flow temperature. This can mark the coolant as it migrates in
the passage downstream of hole injection. In-passage temperature distributions are taken
by transversing a thermocouple across a plane that is perpendicular to the flow, and on-
surface temperature distribution is taken by Thermochromic Liquid Crystal, as discussed
in Chapter 4. Both measurements are presented as a dimensionless temperature; that is, a
film cooling effectiveness (coolant centration). These two types of techniques are
generally discussed in the following sections, respectively. More details about the present

temperature measurement procedure can be found at Nawathe (2022) and Algefl (2016).
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5.5.3 On surface temperature measurement procedures

Temperature distribution data on the surface show the cooling efficiency
accomplished by migration of coolant downstream of the injection hole. The data are
documented by the thermochroic liquid crystal technique (TLC), providing rapid response
of temperature distributions on the surface. Details of the TLC technique are discussed
in Chapter 4. The testing surface covers most of the coolant migration region downstream
of the injection hole. The testing region ranges from 2-hole diameters to 20-hole
diameters (2<x/D<20) downstream of the injection hole. It is confirmed that most
coolant leaves the surface further downstream. The lateral measured area ranges from -4
hole diameters to 4 hole diameters (-4<y/D<4). This choice of width of test section is to
document a wider coolant area of spreading since the discrete hole axis is not always
parallel to the approach flow. Instead, the discrete hole axis may be skewed to the

mainstream direction. Details of the testing region geometry are shown in Figure 5.6

Surface temperatures were taken from measurements in the near-wall region. The
temperature distribution is arranged in a non-dimensional form as the adiabatic film

cooling effectiveness, 1. The equation for 7 is:

_ Ty = Tm

- (5.1)

U]

Where, T(x,y) is the surface temperature measured by the thermochromic liquid crystal
technique, Th, is the temperature of the mainstream, and T. is the coolant temperature at
the injection hole. Additionally, the lateral-averaged film cooling effectiveness is
calculated by averaging the film cooling effectiveness values over an area. The general area

for this is -2<y/D<2, as:

1
nzzfndA (5.2)
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Figure 5.6: Thermochromic liquid crystal data taken in the present study. TLC
measurements ranges over -2<y/D<2 and 2<x/D<20. Axial location of the

measurement planes, x/D, values are shown for each plane.

5.5.4 In-passage temperature field measurement procedures

Temperature fields on multiples planes perpendicular to the flow and throughout
the passage show the migration of coolant as it moves through the passage. As expected,
coolant will lose its effectiveness due to jet entrainment with the mainstream by the
counter rotating vortex pair (CRVP), and many other flow features such as turbulent

mixing, the hairpin vortex, and shear layer vortices.

The time-averaged temperature planes were taken by a thermocouple traversed by
the translation device, as discussed in Chapter. 4. This required thoughtful consideration
about the measurement grid of the cross-stream planes. The present measurement grid is
like that of Zhu, et al. (2021). These two experiments were performed on the same test
rig and hole diameter, expecting a similar scale of coolant and mainstream mixing layer.

Thus, a similar measurement grid scale is chosen.

One thing to highlight for such measurements is the spatial resolution on the test
plane, particularly in the near-wall region. The present experiment possesses a large
velocity gradient near the wall due to mature turbulent boundary layer development
downstream, jet penetration into the approach flow, shear layer vortices, and jet
entrainment downstream of the hole injection point (downwash secondary flow vector).

Thus, a fine grid spacing is applied in the present experiment. Another item to highlight
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is the wall-normal coverage of such measurements. The present measurement was taken
up to 32% of the channel height starting from the endwall. This is where the
thermocouple temperature equals the mainstream temperature, representing the edge of

boundary layer.

Details of thermal plane data are documented in Table 5.2. Overall, 2-5 planes,
corresponding to station 2, 6, 10, 14, and 18, were measured. The axial locations of various

planes are shown in Figure 5.6. The actual measurement locations are shown in Figure

5.7.

The data measured here give temperature distributions. To further document
concentration distributions of coolant migration, and further compare with the surface
effectiveness values introduced in the previous section, the non-dimensional temperature
(recovery) coefficient, 8, is introduced. It is arranged in a similar format to that of the

surface film cooling effectiveness, as defined in Eq. (5.3).

Ty, —T,
0=——" (5.3)
c m

One thing to highlight is its distinct physical relationship to film cooling effectiveness on
the surface. The film cooling effectiveness shows the cooling efficiency on the surface by
migration of coolant downstream of the injection hole. Instead, the recovery coefficient

shows concentration distribution while coolant migrates downstream of the hole (x/D=0).

Table 5.2: In-passage Temperature Measurements.

Plane 1 2 3 4
Location (x/D) 2 6 10 14
Measurement Points 136 136 136 136
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Figure 5.7: Measurement grid for thermal measurements. Note that all planes are taken
with the same grid resolution.
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Chapter 6. Experiment qualification

This chapter details the experimental work performed to qualify the wind tunnel used in
this study. First, the approach flow profile is characterized. Then, the results of surface

film cooling effectiveness are compared with the literature.

6.1 Characteristics of flow

This section introduces flow physics related to measurement, including approach flow
velocity, turbulence intensity, boundary layer thickness, flow, and coolant density, etc.

These parameters are reported in Table 6.1.

Table 6.1. Approach Flow Characteristics

Approach Flow Hole Reynolds Number, Rep 9500
Turbulence Intensity, T1 0.8%
Mainstream Velocity, Un 11.78 m/s2
Density Ratio, DR 0.97
Approach Flow Temperature, T, 23°C
Coolant Temperature, Tc 33°C
Boundary Layer Thickness, & 15mm

Approach flows discrete hole Reynolds number and velocity

The discrete hole inlet Reynolds number, Rep, based on the mainstream velocity and film
cooling hole diameter, is 9.5 x 10°. The viscous effect is negligible at this Reynolds number.
The Reynolds number is calculated as Eq. (6.1), as:

pU,,.D
U

(6.1)

ReD =

Where, Uy, is the mainstream velocity, D is the hole diameter, p is density and p is the

dynamic viscosity.

The main flow velocity, Um, as measured by a pitot tube connected to an inclined
manometer, was kept at 11.78 m/s for the entire set of experiments. The pitot tube is
applied to measure the velocity profiles at several downstream positions, confirming the

streamwise boundary layer development with uniform approach flow.
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Approach flow boundary layer thickness

The boundary layer thickness is 15 mm at -7D upstream of the hole, as documented by a
pitot tube. The measurement results fit the 1/7 power law profile of a turbulent boundary
layer. The profile of the boundary layer is presented in Figures 6.1 and 6.2. In addition,
the boundary layer thickness and integral thickness were confirmed to match the standard
zero-pressure-gradient, turbulent boundary layer development documented in the

literature. The approach flow boundary layer profile is reported in Table 6.2.
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Figure 6.1: Velocity profile at x/D= -7, z/D=0. Trip is introduced at x/D=-30. No
vortex generator is placed upstream for this measurement. Velocity measurement cannot
be taken near the wall (origin) due to the diameter of the pitot tube. Um=11.78 m/s
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Figure 6.2: Velocity profile at x/D= -7, z/D=0. Trip is introduced at x/D=-30. No
vortex generator is placed upstream. Measurement cannot be taken near the wall due to
the diameter of the pitot tube. Um=11.78 m/s
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Table 6.2 Approach flow boundary layer profile

| x/D=3 x/D=8 x/D=18
Re3; 2167.64 4356 7124
Red; 210 422 691

Turbulence intensity

The turbulence intensity in this experiment is 0.8%, documented by a hotwire anemometer
(TSI Inc, Model 1210). This was previously measured by Zhu, et al. (2021) on the same
wind tunnel. In the engine, higher turbulence intensity induces increased mixing due to
larger eddies in the boundary layer flow. Nevertheless, it is not a primary focus of this
experiment when understanding the vortical interaction between various vortices. Such a
condition of low turbulence intensity level is a proper simplification to extract the flow

(vortical) physics of interest.

Coolant density ratio

To study mixing between the coolant with the approach flow, the coolant was heated to
33 °C, while the approach flow temperature was at 23 °C. This marking can distinguish
the coolant from the mainstream, highlighting the concentration mixture of coolant with
the mainstream. The aim of heating “coolant” here is to track the coolant migration. In
reality, the coolant temperature should be smaller in the approach flow coming out of

combustor.

The coolant was heated in the plenum chamber, providing a temperature greater than
ambient temperature. Thus, the coolant density ratio is 0.97, a value beneath the realistic
engine conditions. The effect of coolant density ratio has been fully studied in the literature.
In general, increased density ratio provides better film cooling coverage, as documented
by Stratton and Shih (2018). The present study, however, focuses on unsteady patterns on
film cooling effectiveness. Examples are leakage flow (Chowdhury, et al., 2017), and swirl
flow (Werschnik, et al., 2017). Among these studies, the density ratio is about unity, around
1.0-1.04, as the focus is on the unsteady fluid mechanics on film cooling. It is confirmed
that the density ratio is not the primary parameter here, influencing the mixing mechanism

of film cooling by the embedded vortex upstream.
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0.2 Thermal measurement qualifications

To ensure the credibility of the present experiment, the result of the lateral-averaged
adiabatic effectiveness on the surface is qualified by Anderson, et al. (2017). These two
cases were performed under similar boundary layer thicknesses, turbulence intensities,
hole geometries, blowing ratios (M=1.0), and Reynolds numbers. Details of these two
cases are summarized in Table 6.3.

Table 6.3 Experimental Qualification

Present Experiment Anderson, et al. (2017)
Coolant Density Ratio, DR 0.97 1.2
(6 /D) 1.2 1.4
Turbulence Intensity, Tu 0.8% 0.5%
Free Stream Velocity, Un, 11.78 m/s 22 m/s
Hole Reynold Number, Rep 9500 7300
Hole Geometry 10-10-10 Shaped Hole 7-7-7 Shaped Hole
Trip 3 mm 1.0 mm

The present experiment has a relatively small coolant density ratio compared to that of
Anderson, et al. (2017). Thus, a relatively lower surface adiabatic effectiveness is expected
in the present experiment. This is because the lighter coolant tends to lift off the surface
at a smaller coolant density ratio. Nevertheless, the lateral-averaged adiabatic effectiveness
from the present study shows similar trends with those of Anderson, et al. (2017). The
laterally-averaged film cooling effectiveness is reported in Figure 6.3. This confirms the

credibility of the present experimental results.
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Figure 6.3: Lateral-averaged adiabatic effectiveness. Blowing ratio, M, = 1.0. A particular
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focus is case Tu=0.5%, 8/D = 1.4 reported by Anderson, et al. (2017)
6.3 Time scale of on-surface coolant concentration

The on-surface measurements presented in this thesis are mostly single-shot data (based
on one photograph), instead of the time-average surface effectiveness. To ensure the
credibility of data, the single shot value is compared with time-averaged surface
effectiveness values of various averaging time scales, as reported in Figure 6.4. It is
confirmed that the surface effectiveness has nearly the same value and range whether
single-shot or averaged over different and small time scales. Thus, using single shot data
in the results section of this thesis doesn’t influence our conclusion when interpreting the
flow physics. Single shot TLC data have higher measurement variability and show some
characteristics of unsteadiness of the jet in crossflow physics, such as hints of the
unsteadiness of the hairpin vortex and shear layer vortices. These cannot be observed

when taking time-average data over a larger time scale.
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Figure 6.4: Time-average surface film cooling effectiveness over various time scales.
Sampling times are 3 seconds, 6 seconds, 10 seconds, and 15 seconds. The vortex
generator is located at y/D=-1.5. The hole is skewed at -300, away from the approach

flow.
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Chapter 7. A literature study on endwall discrete

hole film cooling in the turbine cascade

7.1 Motivation

Beyond combustor coolant carried from upstream and injected ahead of the passage,
endwall discrete hole film cooling is another important technique to reach full coverage
film cooling. Its importance is to apply endwall discrete hole film cooling supplementing
the upstream injection. This relies on careful consideration of the passage secondary flows
at various locations of the turbine passage, and its interaction as a jet in crossflow
produced by the discrete holes’ coolant injections. As discussed in Chapter 2, an area that
deserves more attention is the upstream portion of the passage, upstream of the throat,
where the horseshoe vortex is the major secondary flow feature. Such regions are too
complicated to study in detail both experimentally or computationally, thus a theory about
the vortical effect between the passage secondary flow and discrete hole injection is
proposed, to justified flat plate results in a turbine cascade. Then, the proposed theory is
further verified with evidence in the turbine cascade. Overall, the aim of this section is to
identify the prominent flow pattern between the secondary flow and discrete hole
injection. This serves as a crucial step to develop strategies for discrete hole film cooling

to apply in the realistic turbine cascade environment.

In the following section, the significant secondary flow patterns are first discussed in the
context of endwall discrete hole film cooling. A particular focus is upstream of the passage
throat, where the pressure leg of the horseshoe vortices is lifting off the surface. Then, the
interaction between the passage secondary flow by discrete hole film cooling is stated. The
difficulty is to understand such complex features in detail. Alternatively, accessible
information by present experimental techniques in the literature are introduced.
Accordingly, a theory about vortical interaction with the passage flow is presented. Then,

related data in the turbine cascade are discussed, focusing on the validation of these data.

7.2 Secondary flow features in the turbine cascade

The key secondary flow feature on the passage endwall is the migration of the

pressure leg of the horseshoe vortex from the pressure side to the suction side surfaces
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due to the crossflow driven by the pressure gradient. As the pressure leg of horseshoe
vortex migrates, it sweeps into the endwall crossflow and is further energized. The path
of its migration is named the endwall separation line. Endwall crossflow is the primary
feature downstream of the endwall separation line. Alternatively, the horseshoe vortex is
the major feature upstream of the endwall separation line. Once it reaches the suction side
surface, it stagnates at the wall and further lifts off the surface. The pressure leg of
horseshoe vortex sweeps the mainstream to the suction wall, resulting in increased heat

transfer and reduced film cooling on the endwall and suction surface.

Energized by the endwall crossflow, the pressure leg of the horseshoe vortex grows
stronger as it goes further downstream in the passage. The pressure leg of the horseshoe
vortex, also called the passage vortex, governs migration of secondary flow features near
the suction side surface. An example is the suction leg of the horseshoe vortex, driven by
the pressure leg of the horseshoe vortex. This is because the suction leg possesses a
different sense of rotational direction from that of the pressure leg. Another important
flow feature here is the suction side corner vortex. As the pressure leg of the horseshoe
vortex lifts off the suction surface after its traverse, the crosstflow stagnates at the suction
endwall corner, forming an intense suction corner vortex which is responsible for

increased heat transfer on the suction wall.

Alternatively, film cooling is a technique to provide cooling by injection through discrete
holes, separating the mainstream hot gas from the surface in the vicinity of the hole. A
prominent feature is the counter rotating vortex pair (CRVP) generated by discrete hole
injection (described as a jet in crossflow, as pictured in Figure 2.2). When the hole is not
oriented in the direction of the approach flow, one of the two vortices will strengthen and
dominate the coolant injection pattern, while the other will weaken. This hole-orientation
effect on discrete hole injection forms an asymmetric vortex pair, as an important part in
developing a descriptive theory for this section of the thesis. The rotational direction of
this asymmetric vortex is similar to those of both the round hole and shaped hole injection
geometries, though the shaped hole shows distinctively higher film cooling effectiveness

due to its reduced jet penetration and enhanced lateral spreading.

7.3 The effect of vortex rotational direction

The flow for endwall discrete hole film cooling is an addition to the passage
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secondary flow in the turbine cascade and the jet in crossflow is created from the discrete
hole injection. The nature of this problem is three-dimensional and unsteady and is far
more complicated than our current capacity to measure or analyze in detail. Nowadays
both experimental and numerical techniques are insufficient to understand such flow

features in detail.

One way to address this is to extract the most representative flow features and
estimate (model) the flow interactions. A particular focus here is the vortical interaction
of various vortices. Details of this theory are shown in Figure 7.1. It is suspected that
vortices with similar senses of rotational direction will merge. The smaller vortex (coolant
injection vortex) will be swept into the larger vortex (i.e. a horseshoe vortex leg), and will
further energize the horseshoe vortex. Accordingly, reduced film cooling is expected.
Instead, vortices that possess different senses of rotational direction will not merge. Then
the coolant injection vortex is suppressed, or held on the surface by the horseshoe vortex
and, thus, retains coolant on the surface. Such cases show increased film cooling
effectiveness values. More information about this vortical interaction can be found in

Section 2.2.5.
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* Vortex generated by the coolant
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Horseshoe vortex Different rotation:

* Vortex produced by the coolant will not
merge with the horseshoe vortex
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Coolant Vortex

Figure 7.1: Interaction between horseshoe vortex and coolant vortex generated from
discrete hole injection.

Another item to highlight is to apply the nature of vortical interaction from the case
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of a flat plate, where it can be easily studied, into the turbine cascade, which is more
representative of the engine. The oil dot visualization technique shows the approach flow
direction near the endwall upstream of a discrete hole. The hole axis direction, combined
with the flow direction given by the oil dot visualization, can determine the hole
orientation angle with respect to the approach flow, to consider along with the coolant
vortex rotational direction and its intensity information. One thing to point out is that oil
dot visualization can only show approximately the approach flow direction around the
discrete hole, as the crossflow is not uniform due to the geometric complexity of turbine
passage. Thus, there is a major difference between cases on the flat plate and the turbine,
since the flat plate wind tunnel cannot model geometric effects and the resultant
crossflows in the turbine cascade. Details of angle between the approach flow direction

and hole axis direction are pictured in Figure 7.2.

Figure 7.2: Hole orientation angle on the endwall of turbine cascade. The red angle is
approach flow direction, documented by oil dot visualization (Papa, et al., 2011). The
hole axis (blue angle) is the direction of coolant injection (Stinson, 2019).

7.4 Vortical rotational effect in the turbine cascade

The theory of vortical effects on vortex rotational direction was proposed in the
previous section. This section intends to apply this theory into various turbine cascade
cases in the literature. Representative cases are Friedrichs, et al. (1999), Colban, et al.
(2008), Stinson (2018), and Yang, et al. (2018). One thing to note is that studies in discrete
hole film cooling rely heavily on particular needs from industry, such as cooling on the

endwall. These studies normally only cover specific regions on the endwall surface. Thus,
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more than one study is cited here. It is expected that these discussions can serve as

baselines for the full coverage of endwall discrete hole film cooling.

Discrete round hole by Friedrich et al. (1999)

One of the earliest and representative works for discussing discrete hole film cooling is
reported by Friedrichs, et al. (1999). They examined cooling performance with discrete
holes uniformly distributed within the turbine passage at x/Cax = 0.1, 0.3, 0.5, and 0.7.
In Figure 7.3, the pressure leg of the horseshoe vortex, the suction leg of the horseshoe
vortex, the passage vortex, and the endwall separation line are clearly seen. Their results
show that discrete round hole injection shows poor film cooling effectiveness on the
surface upstream of the endwall separation line, as reported in Figure 7.4. One of the

major features from their data is the streamwise delay that moves downstream of the
endwall separation line identified at x/C,x = 0.3 and 0.5, where the path of the pressure

leg of the horseshoe vortex overlaps with a discrete round hole. It appears that these
“delays” of the endwall separation line had not been previously recognized, and, thus, the
design communities generally believed that the discrete round hole was ineffective in
retaining the coolant under the strong secondary flow and horseshoe vortex in this region.
In general, as a result, discrete, round holes were rarely introduced upstream of the endwall
separation line due to the reduced film cooling effectiveness observed by Friedrichs, et al.

(1999).

The major reason for reduced film cooling effectiveness and the delay of the endwall
separation line can be explained by the effect of vortical interaction proposed in the
previous section. The relative rotational direction of the coolant injection vortex can be
decided by the angle between the approach flow, as documented by oil dot visualization
and the hole axis direction. Here, it is suspected that the coolant vortex possesses a similar
sense of rotational direction with that of the pressure leg of horseshoe vortex. Thus, the
coolant vortex is swept into the horseshoe vortex, further energizing it and causing
reduced film cooling effectiveness immediately downstream of the hole. Here, as the
horseshoe vortex is energized by the coolant vortex, it is expected to grow in scale and
size. Thus, the horseshoe vortex core is expanded, causing the “delay” or “shift” of the
endwall separation line, as reported in Figure 7.3. This case is one of the pieces of evidence
used for discussing the vortical rotational direction effect on the interaction in the turbine

cascades of the horseshoe vortex and vortices generated by coolant injection.
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Figure 7.3: Oil and dye surface flow visualization for the film-cooled cascade endwall,

reported by Friedrichs, et al. (1999). Red arrow, added to the original picture, is a
rotational direction of the pressure leg of the horseshoe vortex. Blue arrow, added to the
original picture, is a rotational direction of coolant injection vortex.
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Axial Variation of Pitchwise Averaged
Film-Cooling Effectiveness

Figure 7.4: Endwall film cooling effectiveness measured using the ammonia and diazo
technique (Friedrichs, et al., 1999). Reduced film cooling effectiveness can be identified
at x/Cax = 0.3 and 0.5, at the path of the pressure leg of horseshoe vortex.

Discrete shaped hole from Colban, et al. (2008), Stinson (2018), Barigozzi, et al. (2005),
and Yang, et al. (2018)

As shaped holes are known to provide better film cooling effectiveness than round
holes due to their reduced jet penetration and increased lateral spreading (Goldstein, et al.,
1974), various representative works about endwall discrete shaped hole are discussed here.
The foci are on the upstream of the passage pressure and suction side surfaces, and are
taken from results of Colban, et al. (2008), Stinson (2018), and Yang, et al. (2018). Details

about these works were described in Chapter 2.
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Important areas for use of discrete, shaped holes are upstream in the passage on the
pressure side. Here, the shaped hole is oriented to inject flow away from the pressure wall
in cases documented by Colban, et al. (2008), and Stinson (2018). Their results show
reduced film cooling effectiveness. This is partially because the vortex generated by the
coolant injection possesses a similar sense of rotational direction to that of the horseshoe
vortex. Thus, the coolant vortex is swept into the horseshoe vortex, and horseshoe vortex
is energized, as shown in Figure 7.5 and Figure 7.6. In contrast, an opposite case is
reported by Yang, et al. (2018) and Barigozzi, et al. (2005), in which the hole is oriented
so that coolant is injected toward the pressure surface. It is suspected that the coolant
vortex core possesses, in this case, a different sense of rotational direction compared to
that of the horseshoe vortex. Thus, suppressed coolant on the endwall surface and
resulting increased film cooling effectiveness are found in their data, as shown in Figure
7.7 and Figure 7.8. Here, the nature of vortical rotational direction can describe an
interaction between the horseshoe vortex and vortex generated by coolant injection in the

turbine cascade.
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Figure 7.5: Film cooling effectiveness on the pressure side of passage reported by
Stinson (2018). Holes were oriented away from the pressure wall (as shown by coolant
path). The black arrow, added to the figure, shows the direction of the coolant flow

along hole axis.
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Figure 7.6: Effectiveness contours at high freestream turbulence for the cylindrical hole
(b) and fan shaped hole (e). Reported by Colban, et al. (2008). Blue represents higher
coverage. Holes are oriented away from the pressure wall. Coolant mass flow rate is the
same as the mainstream mass flow rate.
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Figure 7.7: Film cooling effectiveness distribution on the endwall (Case for M=0.7),
(Yang, et al., 2018). Holes are oriented toward the pressure wall. Red represents higher
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coverage.
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Figure 7.8: Adiabatic effectiveness distributions for the different injection conditions and
the two geometries. Reported by Barigozzi, et al. (2005). CONT1 is for discrete, round
holes, and CON2 is for discrete, shaped holes. Shaped holes near the upstream pressure
side of the surface are oriented toward the pressure wall. MR is coolant mass flow to

mainstream mass flow ratio.
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Another area to highlight is the upstream region of the passage on the suction surface.
Evidence for performance of discrete shaped holes in this area has recently been reported
by Stinson (2018), as, apparently, the only source of information of such in the literature.
The theory presented herein is that the results of Stinson’s doctoral work are directly
beneficial in viewing this region. Herein, the author uses Stinson’s data as the foundation
for the present discussion regarding vortex effects on cooling. Stinson examined discrete
shaped hole injection with holes oriented away from the suction surface. The approach
flow direction is clearly shown in Figure 7.9. The shaped hole locations and hole axes are
shown in Figure 7.10. The approach flow direction, and the shaped hole axes, show the
hole orientation angle with the angle of approach flow, and the rotational direction of the
coolant wake from the shaped hole. It is suspected that the coolant vortex possesses a
similar sense of rotational direction to that of the suction leg of horseshoe vortex. Thus,
the coolant vortex is swept into the suction leg of the horseshoe vortex. Near the suction
side surface, it is expected that the pressure leg dominates the suction leg as these two
vortices possess different senses of rotational direction. More details about this can be
found in Chapter 2.1. In general, competing effects are expected between the pressure and
suction legs of the horseshoe vortex, as shown in Figure 7.11. As coolant blowing ratio is
increased from 0.75 to 2.5, the suction leg of horseshoe vortex is further energized by
coolant and the suction leg resists lift-off of the pressure leg and remains on the endwall.
Accordingly, the pressure leg of the horseshoe vortex might remain on the surface, instead
of lifting off. Additionally, the corner vortex possibly weakens or disappears when M
reaches 1.5. The delay of suction leg lift-off is shown in Figure 7.10. Overall, the
importance of Stinson’s dataset is that it demonstrates the potential to cool the triangular
region that possess high heat transfer (mass transfer) coefficients on the suction wall, as
documented by Goldstein and Chen (1987), without intentionally placing cooling holes
there. The streamline track of the pressure leg of the horseshoe vortex (also called passage
vortex) and resultant high mass (heat) transfer region are pictured in Figure 7.12. This is
because the pressure leg of the horseshoe vortex didn’t reach the suction wall and, thus,

had the potential to inadvertently improving cooling of the suction surface.
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Figure 7.9: Oil dot visualization shows the approach flow directions on the endwall of
the turbine cascade (Papa, et al., 2011).
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Figure 7.10: Film cooling effectiveness values for the “perpendicular” holes near the
suction side of the passage. The coolant average velocity to passage average velocity
ratios, blowing ratios, Mh, are shown for three cases of Stinson (2018). The hole
numbers of Stinson (2018) are identified, and the airfoil is the central airfoil #3. The
angle is the coolant injection direction.
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Figure 7.11: (a) Smoke visualization (right figure) at location of plane O (left figure).
Reported by Wang, et al. (1997). The red arrow, added to this picture, is the rotational
direction of the pressure leg of the horseshoe vortex. (b) Competition between the
pressure and suction legs of the horseshoe vortex.
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Figure 7.12: (a) Streamline tracks on the convex (suction) surface of a gas turbine blade

(b) Suction surface Sherwood Number (mass transfer equivalent to Nusselt number).
Reported by Goldstein and Chen (1987).

Similar physics on modifying the suction leg of horseshoe vortex can be found at
Han and Goldstein (2006). They investigated the leading-edge fillet (modification) effect
near the suction side. Their results show that the suction leg of the horseshoe vortex is
weakened by adding a fillet to the leading edge, resulting in enhanced heat transfer on the
suction wall. A possible explanation is that, as the suction leg of horseshoe vortex is
weakened, the competition between pressure and suction legs is no longer prominent.
Thus, the pressure leg is further strengthened as it reaches the suction wall, causing

increased heat transfer on the suction wall.
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7.4 Conclusion

The objective of this chapter is to show how to improve endwall film cooling by discrete
hole injection, striving to reach full coverage endwall film cooling. An area that deserves
more attention is upstream and near the passage throat, especially on the pressure side and
suction side. Accordingly, the interaction of passage secondary flow vortices and endwall
discrete hole film cooling injection vortices is investigated through a literature survey.
Here, the predominant secondary flow feature is the horseshoe vortex. The discrete hole
generates a major asymmetric vortex that dominates the coolant vortex rotational
direction when the holes are oriented away from the wall and skewed to the approach

flow direction on the endwall.

Describing such complicated physics between passage secondary flow and jet in crosstlow
relies on proper simplification of the problem. The key is to identify the representative
flow pattern that drives such interaction. The importance of vortex relative rotational
direction between the horseshoe vortex and coolant injection vortex is highlighted by the
results from flat plate wind tunnel experiments. Then, such vortical interaction is justified
with the evidence of film cooling effectiveness on the endwall from the turbine cascade.
Oil dot flow visualization, coupled with discrete hole orientation patterns, offers a unique

perspective to describe the coolant vortex at the exit of discrete hole on a turbine endwall.

The competing effect was found when the horseshoe vortex has a different sense of
rotational direction to that of the vortex generated at coolant injection. Such a case shows
enhanced film cooling effectiveness, as the coolant injection vortex is restrained to the
endwall due to different vortex rotational direction. Such cases are particularly significant
near the leading edge at the pressure side, an area that is challenging for coolant coverage
due to the presence of the pressure leg of the horseshoe vortex. This application is
especially important on the first stage of the rotor because of the rotational effect and the
resultant skewed inlet boundary layer flow. Examples for distinct vortex rotational
directions and increased film cooling effectiveness values near the pressure side of the

surface can be found at Barigozzi, et al. (2005) and Yang, et al. (2018).

Alternatively, the merging effect was found when the horseshoe vortex had a similar sense
of rotational direction relative to that of the vortex generated at coolant injection (the
“coolant vortex”). In such a case, the coolant vortex is swept into the horseshoe vortex,

energizing the horseshoe vortex. Though intuitive, such cases were considered to not be
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important for cooling the turbine endwall as the coolant lifts off the surface. However,
they seem to provide a unique way to modify the passage secondary flow in the turbine.
This is, possibly, the most important finding of this thesis. The only pieces of evidence in
the literature to describe this can be found in Stinson (2018), when discrete shaped holes
distributed near the suction surface were oriented to emit flow away from the suction wall.

The several findings can be addressed as:

1) Modifying the coolant blowing ratios can control the intensity of the suction leg of
horseshoe vortex, and, in turn, promote the competing effect between the pressure and
suction legs of the horseshoe vortex. The most prominent evidence can be found, when
increasing the coolant blowing ratio from 0.75 to 1.5 and 2.5, and the suction leg is lifted

and shifted, delaying it downstream.

ii) Energizing the suction leg of the horseshoe vortex properly can weaken the influence
of suction corner vortex. This feature is identified from Stinson’s data at a coolant blowing
ratio, Mh, of 1.5, since enhanced film cooling effectiveness is found at the endwall-suction
corner, where the literature generally agrees that the suction corner vortex should be
located. This finding is significant as it has the potential to explain to gas turbine designers
the high heat transfer near the suction corner with the present design. A possible reason
for such phenomenon is the competing effect between suction leg and pressure leg of
horseshoe vortex. Since the suction and pressure legs of the horseshoe vortex remain on
the surface, the crossflow cannot reach the suction corner. Thus, the suction-endwall

corner vortex is weakened, or possibly eliminated.

iif) Energizing the suction leg of the horseshoe vortex can introduce competition between
the suction leg and pressure leg vortices. As the suction leg of horseshoe vortex is further
energized, it can resist the upwash from the pressure leg of the horseshoe vortex, and
remain on the endwall surface. Thus, it can obstruct the pressure leg of the horseshoe
vortex as it reaches the suction wall and maintains the pressure leg of the horseshoe vortex
on the pressure side of the passage endwall. Accordingly, reduced heat transfer and
improved cooling is expected on the suction wall, a long-lasting problem reported by
Goldstein and Chen (1987). This is because the pressure leg of the horseshoe vortex can
no longer reach the suction wall, forming a passage vortex that may damage the suction
wall with enhanced heat transfer. Such modification of the suction leg of the horseshoe
vortex is found also from the leading-edge fillet modification study reported by Han and

Goldstein (2005). Though this design with fillets is aimed at weakening the suction leg of
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the horseshoe vortex, it causes increased heat transfer coefficients on the suction wall due
to a strengthened pressure leg of horseshoe vortex by weakened competition between the

suction leg of the horseshoe vortex and the pressure leg of the horseshoe vortex.

Overall, the present section discusses vortical interaction between different vortices. Such
phenomena can be found in various cases, from the pressure and suction legs of horseshoe
vortex in the turbine cascade, to the horseshoe vortex and coolant injection vortex on the
turbine cascade endwall, to the incoming near-wall vortex produced by the vortex
generator and a coolant injection vortex on the flat plate wind tunnel, and to the counter
rotating vortex pairs emerging from the jets in crossflow. From the authot’s point of view,
this is one of the most elegant and fascinating themes one can observe from nature, as
such an interaction is governed by universal laws of nature in various scales and scenarios.
As stated in the start of “The mathematical Principles of Natural Philosophy (1846) /
Book III — Rules”, Newton proposed four rules of reasoning in philosophy, as the
effective methodology for handling unknown phenomena in nature and reaching toward
explanations for them. The four rules of the 1726 edition are cited here, applied in this

thesis, as:

1. We are to admit no more causes of natural things than such as are
both true and sufficient to explain their appearances.

2. Therefore, to the same natural effects we must, as far as possible,
assign the same causes.

3. The qualities of bodies, which admit neither intensification nor
remission of degrees, and which are found to belong to all bodies
within the reach of our experiments, are to be esteemed the
universal qualities of all bodies whatsoever.

4. In experimental philosophy we are to look upon propositions
inferred by general induction from phenomena as accurately or
very nearly true, notwithstanding any contrary hypothesis that may
be imagined, till such time as other phenomena occur, by which
they may either be made more accurate, or liable to exceptions.

7.5 Future work

Evidence in the literature about endwall discrete hole film cooling in the turbine cascade

is discussed in the context of vortex rotational direction. Nevertheless, more effort is
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necessary to further our understanding about the importance of the vortical effect

between the horseshoe vortex and coolant injection vortex.

One important work that requires validation is the film cooling effectiveness on the
suction wall when discrete, shaped holes are oriented away from the suction side surface.
Such experimental data can validate the competing effects between the pressure and
suction legs of the horseshoe vortex and the resultant delayed lift-off of the suction leg of

the horseshoe vortex.

Another important item to note is the vortical effect on the impingement vortex, as
reported by Nawathe, et al. (2023). Presently, the literature includes sufficient evidence of
the effects vortices have on passage secondary flows, as proposed by Wang, et al. (1987).
Nevertheless, the effect of endwall discrete hole film cooling on an alternative passage
secondary flow system (impingement vortex) cannot be found in the literature. Such a
case requires an increased inlet injection momentum ratio as reported by Papa, et al. (2011),
or the additional upstream combustor coolant, as reported by Nawathe, et al. (2023), that

were not thoroughly covered in the literature, until recently, are not covered in this report.

A comparative study between the leading-edge fillet modification and case of the discrete
shaped hole injection oriented away from the suction wall and near the suction surface
can be justified. This is proposed as a continuation. The leading-edge fillet weakened the
suction leg of horseshoe vortex, causing increased heat (mass) transfer on the suction wall.
The discrete, shaped hole injection oriented away from the suction wall and near the
suction surface strengthens the suction leg of horseshoe vortex and, thus, leads to reduced
heat transfer on the suction wall. Both of these settings modify the suction leg of the
horseshoe vortex, either intensifying or weakening it and, thus, influencing cooling of the

suction wall.

An important application is on the upstream portion of the passage on the pressure
surface, where the coolant injection vortex has a distinct rotational direction with respect
to the pressure leg of the horseshoe vortex. Such a case is significant as the leading edge
of rotor endwall near the pressure surface remains an urgent thermal issue for the gas
turbine designer. Further investigations on use of the shaped hole near the leading edge
of the pressure surface are necessary when considering the coolant injection vortices

rotational directions and the rotation of the pressure leg of the horseshoe vortex.

An interesting perspective to supplement the present work is to describe in detail the
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interaction of the horseshoe vortex and the coolant injection vortices. These data may
include velocity measurements or coolant concentrations in a turbine cascade. In reality,
such velocity data are constrained by the spatial resolution for the unsteady features
between the interaction of various vortices. Though the in-passage coolant concentration
measurement can characterize the influence of coolant injection vortices (generated from
the discrete hole injection) on passage secondary flow development, it requires further
investment in human labor and funding an alternative design of the endwall discrete hole

film cooling scheme in the test rig of the linear cascade wind tunnel might be sought.

A step forward is to describe the interaction between the horseshoe vortex and the coolant
injection vortices on a flat plate in the wind tunnel. Such an experiment provides a chance
to investigate vortex interaction on coolant migration and, possibly, relate the
experimental results to the turbine cascade. Such experiments on the flat plate wind tunnel

are the second focus of this thesis, as discussed in Chapter 8.
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Chapter 8. Experiments on coolant concentration
as modified by vortical effects on a flat plate in a

wind tunnel

8.1 Motivation

The effects of vortical activity in the turbine cascade are discussed in the previous
chapter. It is expected that the relative rotational direction of vortices is a critical feature.
This section aims to characterize the vortical effect on coolant migration between the
horseshoe vortex and vortices generated by coolant injection (named as “coolant vortices”
in this report). Accordingly, the effects of near-wall vortex locations, hole geometries, hole
orientations, and coolant blowing ratios are investigated experimentally on the flat plate
in a wind tunnel. Experimental results taken here serve as solid evidence for vortical
interaction that can be taken to the turbine cascade environment, to further support the

theory proposed in the previous chapter.

To model the turbine cascade with the flat plate, the horseshoe vortex is simulated
with a vortex generator placed upstream of the film cooling hole. The coolant injection
vortices are produced by injection through a hole that may have its axis in-line with the
approach flow, or skewed to it. Round holes and shaped holes are applied. They have
universal patterns described by coolant vortex rotational directions, as noted by Aga, et al.
(2008) and Haydt and Lynch (2018). The advantage of the flat plate wind tunnel is that it
allows taking detailed coolant migration data with high spatial resolution and allows
further investigation of the most important secondary flow features, revealing vortical
effects on coolant migration. One thing to note is that many minor secondary flow factors
are disregarded, including variations in the inlet turbulence intensity (which for this study
is low), variations in the inlet flow Reynolds number, and variations in approach flow

boundary layer thickness.

In the following sections, the effect of an incoming vortex on round hole injection
is discussed. These cases can clearly describe the migration of coolant due to an incoming
near-wall vortex, simulating a leg of the horseshoe vortex. Then, the effects of vortex

relative rotational direction and coolant blowing ratios are introduced.
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8.2 Vortical effect on coolant migration

Parallel (aligned with the flow) round hole and shaped hole cases

The first item to introduce is the influence of vortical flow on coolant migration. This
section aims to verify the theory about vortical interaction and serves as a baseline for
discussion in the following chapter. To achieve this, the effects of an incoming vortex on
parallel (alighed with the flow) holes are performed, as the simplest cases within the

experimental parameter space.

The hole axes is parallel to the approach flow direction. The coolant blowing ratio, M, is
1.5. The rotational direction of the incoming vortex is clearly shown in Figure 8.1
(clockwise when viewed from the upstream). Round hole and shaped hole geometries are

tested. The surface film cooling effectiveness Eq. (5.1) and in-passage coolant migration
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Figure 8.1: Parallel (aligned), shaped hole and round hole. Hole is oriented at 0°. The
vortex generator is located at y/D = -0. The migration of coolant is documented at cross
planes x/D=2, 6, and 10. The coolant blowing ratio is 1.5.

A counter rotating vortex pair (CRVP) was generated by the cylindrical hole. Here, it is
shown that the coolant vortex that possesses a similar sense of rotational direction to that
of the incoming vortex will merge. A coolant vortex core that possesses a distinct sense
of rotational direction remains on the surface and is driven by the incoming vortex. The
reduced film cooling effectiveness is due to the strong jet penetration, lifting the coolant

off the surface.

Alternatively, the anti-counter rotating vortex pair is produced by the discrete shaped hole.
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Similar to the round hole case, it is observed that the coolant injection vortex has a similar
sense of rotational direction and will merge with the incoming vortex. The coolant
injection vortex core that has a different sense of rotational direction to that of the
approach flow vortex will not merge with the approach flow vortex. This coolant vortex,
however, is still governed by the local incoming vortex, as the size of this incoming vortex
is much larger than the coolant vortex. The comparison of these two cases (CRVP and

anti-CRVP) is shown in Figure 8.2.
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Figure 8.2: Comparison of vortex pair from round hole and shaped hole geometries. (a)
Round hole geometry — counter rotating vortex pair, as shown in Figure 2.2 (b) Shaped
hole geometry — anti-counter rotating vortex pair (c) Shaped hole geometry — anti-
counter rotating vortex pair, reported by Culi et al. (2022). KV, kidney vortex, is counter
rotating vortex pair. CRKV, counter rotating kidney vortex, is anti-counter rotating

vortex pai.

In general, the experimental data taken on the flat plate show an effect of the incoming
vortex on coolant migration and can support the principle about vortex interactions
discussed above. As supporting evidence for the theory proposed in the previous section
about the turbine cascade, the vortex with a similar sense of rotational direction will merge
with the approach flow vortex. This applies to either of the two legs of the horseshoe
vortex near the pressure side surface that has merged as one major pressure leg of the

horseshoe vortex. Another case is the merging between the coolant-generated vortex and
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the horseshoe vortex present in a turbine cascade. Alternatively, vortices possessing
distinct senses of rotational directions will not merge. These include the pressure and
suction legs of the horseshoe vortex, the pressure leg of horseshoe vortex, and corner
vortex, and the horseshoe vortex with coolant injection generated vortex in the turbine
cascade. It is expected that all these vortices, of various scales and either in a turbine
cascade or on a flat plate, should be governed by a universal principle, regarding vortex

rotational directions.

The key difference between the round hole and shaped hole cases is the relative rotational
direction of the counter rotating vortex pair. One item to highlight is the counter rotating
vortex pair (CRVP) from the round hole. The center of the vortex pair possesses an up-
wash flow vector, showing stronger jet penetration and resultant reduced film cooling
effectiveness. An opposite case is the anti-counter rotating vortex pair from the shaped
hole. The center of the vortex pair possesses a down-wash flow vector, driving coolant
toward the surface. The difference between the central up-wash flow vector (round hole)
and central down-wash flow vector (shaped hole) is the separation bubble generated in

the shaped hole channel (Gunady, et al., 2021). The separation bubble in the shaped hole

a

channel is pictured in Figure 8.3.

a) b)

/

Figure 8.3: (a) The 3D extent of the separation bubble in the diffuser based on mean
velocity data taken using MRV (magnetic resonance velocimetry) is highlighted in blue
viewed from slightly below y/D=0 on the -z side and slightly above y/D = 0 on the +z
side (b) Streamlines are shown starting near the wall upstream of the bubble (Gunady, et
al., 2021).

Thus, beyond increased lateral spreading due to the expanded hole exit area, more coolant

¢jected from the shaped hole remains on the surface, resulting in increased film cooling

on the surface. Overall, shaped holes show superior film cooling effectiveness by way of
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the incoming near-wall vortex due to increased coolant lateral spreading and reduced
coolant jet penetration. The experimental results for parallel (alighed with the flow) round
hole and shaped hole injection can serve as evidence of results of studies by Colban, et al.
(2008) and Barigozzi, et al. (2005), as shown in Figure 7.6 and Figure 7.8. Their data show
that the shaped holes give superior film cooling effectiveness over that of round holes,
particularly where the discrete hole is located under the pressure leg of the horseshoe

vortex.

Misaligned (skewed to the approach flow) round hole and shaped hole cases

The effects of relative rotational directions between the incoming vortex and vortex
generated by the coolant is further investigated. Round hole and shaped hole geometry
cases are presented. The incoming vortex is located at = 1.5D, for two cases, respectively.
The coolant blowing ratio, My, is 1.5. The hole is oriented with skewing of its axis of £

30°. The surface effectiveness and in-passage coolant concentrations are presented in

Figures 8.2 and 8.3.

As the hole axis orients away from the approach flow direction, one of the counter rotating
vortices will strengthen, and the other will weaken. The strengthened vortex will serve as
the primary vortex (named as “asymmetric vortex”) and dominate the weakened vortex in
the coolant injection flow. The rotational direction of the asymmetric vortex is identical
between the round hole and the shaped hole. The focus in this section is to consider the
relative rotational direction between this asymmetric coolant-generated vortex and the

incoming vortex.

First, the results for round hole cases are presented. The coolant vortex generated from
the round hole has a similar sense of rotational direction to that of the incoming vortex.
As shown in Figure. 8.4, reduced film cooling effectiveness is shown as the coolant
injection generated vortex rotates similarly with the incoming near-wall vortex. It is
suspected that the coolant is swept into the incoming vortex and energizes it. This can be
clearly seen from the migration of coolant at various in-passage planes, as the size of the
incoming vortex grows further downstream. Another item to discuss are cases with a
distinct sense of rotational direction. As the coolant vortex possesses a different sense of
rotational direction, it can resist merging with the incoming vortex. It is expected that the
coolant vortex is suppressed near the surface as a result of the presence of an incoming

near-wall vortex. Thus, such cases show enhanced film cooling effectiveness on the
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surface.

ROUND HOLE, BR=1.5

Similar rotation
(CA = 30 Degree)

v/D

Effectiveness
0.4

-4
0 05 1 15 2 0.3

- ] - 0 05 1 15 2
X/D oD

0.2

v/D

Different rotation
(CA = -30 Degree)

-4 b -4
0 05 1 15 2 Y0 05 1 15 2 0 05 1 15 2

2D zn 2D

x/D=2 x/D=6 x/D=10

Figure 8.4: Misaligned round holes. Hole oriented at £ 30°. The vortex generator is
located at y/D = % 1.5. The migration of coolant is documented at cross planes x/D=2,
0, and 10. The coolant blowing ratio is 1.5.

The experimental results for the vorticity effect on shaped holes are next reported, as
shown in Figure 8.5. Similar to those of round hole, cases with similar rotational directions
between the coolant-generated vortex and the incoming vortex will show merging of these
vortices. This results in reduced film cooling effectiveness on the surface. As the coolant-
generated vortex is swept into the horseshoe vortex leg, the incoming vortex is further
energized. One interesting feature is that the incoming vortex is more energized for the
shaped hole case compared to that of the round hole case. A possible explanation for this
is that the ejected coolant from the shaped hole has reduced jet penetration and enhanced
lateral spreading. Oppositely, cases with a distinct sense of rotational direction were also
presented. As the coolant vortex possesses a distinct sense of rotational direction, it will
not merge with the incoming vortex. Instead, the coolant-generated vortex is suppressed
and held on the surface to be further driven by the incoming vortex, as the coolant

migrates further downstream.

95



SHAPED HOLE, BR = 1.5

y/D
)
v/D

Different rotation {
(CA =-30 degree) 1
2
-3
-4
0 05 1 15 2
2D 0.3

Similar rotation I a
(CA = 30 degree) =

)

1

2

-3

-4 4 ®

x/D 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
2D 2D 2D

x/D=2 x/D=6 x/D=10

Figure 8.5: Misaligned shaped holes. Hole orients at + 30°. The vortex generator is
placed at y/D = % 1.5. The migration of coolant is documented at cross planes x/D=2,
0, and 10. The coolant blowing ratio is 1.5.

In general, throughout all the experimental parameter space, the highest film cooling
effectiveness is seen in cases with different rotational directions between the coolant-
generated vortex and incoming near-wall vortex. This feature is seen from both the round
hole and shaped hole data. Accordingly, the effect of the coolant-generated vortex and
horseshoe vortex rotational directions is a crucial feature that should be considered in
evaluating coolant coverage in a turbine cascade. In considering these features, one can
see a potential to cool the leading edge of the pressure surface on the rotor platform of a
turbine, a region that film cooling designers find mostly difficult to cool, as the coolant is
naturally driven toward the suction surface due to the curvature effect of the airfoils and
rotational effect of a rotor. Inlet injection, and the use of combustor coolant, are not
possible options on the first stage of the turbine on the rotor platform compared to the
first stage of the stator. These cases can show further value to the experimental results
from Barigozzi, et al. (2005), and Yang, et al. (2018), where increased film cooling
effectiveness can be found near the pressure side of their endwall surface. It is expected
that among the cases, the coolant vortex has different senses of rotational direction with

regard to the pressure leg of the horseshoe vortex.

Oppositely, reduced film cooling effectiveness is observed when there is a similar
rotational direction between the coolant-generated vortex and the incoming near-wall
vortex. This feature is shown in both round-hole and shaped-hole data. Though it may

seem insignificant, this outcome is the most original and unique finding of all the results
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of cases performed herein. Applying this in the turbine cascade cooling design has the
potential to manipulate hole layouts within the passage secondary flow system observed
from Wang, et al. (1997), and pictured in Figure 2.1. One practical engineering application
is to energize the suction leg of horseshoe vortex by interaction with a coolant vortex
having a similar sense of rotational direction. An example is to orient the discrete hole
away from the suction side of surface, as reported in a case by Stinson (2018). By doing
this, the energized suction leg of the horseshoe vortex can further compete with the
pressure leg of the horseshoe vortex. It is expected that the suction leg and pressure leg
may both remain on the surface as they compete with one another. Thus, various difficult
regions to cool that possess high heat transfer rates in the traditional cooling designs of
the last decades can be resolved. These include the suction corner vortex and the suction
wall due to washing of the pressure leg of horseshoe vortex and the passage vortex. That
is, one can expect a completely distinct secondary flow pattern in the turbine when
considering the energizing effect of various vortices with similar senses of rotational
direction. Overall, these cases can serve as solid evidence of the vortical effect for the
Stinson (2018) shaped holes and Han and Goldstein (2005) leading-edge fillet inlet

modification experimental data.

The effect of coolant blowing ratio on coolant migration

The effect of vortex rotational direction was discussed previously. The next thing to
investigate is the vortical effect with various blowing ratios. The general aim of this
discussion is to identify proper coolant blowing ratios for better cooling efficiency and
secondary flow manipulation in a turbine. This enlightens the general trend of coolant
concentration by various relative vortex rotational directions and blowing ratios. For this
reason, round hole and shaped hole cases are presented. The cases are performed at
coolant blowing ratios of 1.5 and 2.5. The incoming vortex is located at y/D = -1.5, 0,

and 1.5, as shown in Figure 8.9.

The effect of blowing ratio on coolant migration is first investigated, with different
senses of vortex rotational direction. The migration of coolant is reported in Figure 8.7.
The hole oriented at -30°, generating a major asymmetric coolant injection vortex
dominating the coolant injection. The incoming vortex is located at y/D=-1.5 (see Figure
8.7). Here, the coolant-generated vortex has a different sense of rotational direction than
that of the incoming vortex. Thus, the coolant-generated vortex will compete and be

suppressed near the surface by the incoming vortex. One thing to highlight is that, as the
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coolant blowing ratio increases from 1.5 to 2.5, a prominent enhancement on film cooling
effectiveness is observed in the data. This enhancement on cooling is a similar pattern in
the data for both of the hole geometries, though the highest cooling effectiveness is
identified for the shaped hole. It is very interesting as the gas turbine community usually
believes that the horseshoe vortex (incoming vortex) is an unfavorable feature for film
cooling. Instead, the present data show that the near-wall vortex can, in fact, have some
benefits for film cooling. Consequently, to reach a higher effectiveness for film cooling
purposes, shaped holes with different rotational directions between the coolant-generated

vortex and incoming vortex should be further investigated.
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Figure 8.7: The effect of blowing ratio on coolant migration, with different senses of

vortex rotational direction.

Next, the effect of coolant migration with a similar sense of vortex rotational direction
and various coolant blowing ratios is experimentally investigated. The coolant
concentration on the surface is reported in Figure 8.8. The hole is oriented at +30°. The
incoming vortex is located at y/D=1.5. Here, the coolant vortex has a similar sense of
rotational direction to that of the incoming vortex. Thus, the coolant vortex will merge
with the incoming near-wall vortex and further energize the incoming vortex. Here,
reduced film cooling effectiveness on the endwall surface was found with increasing
coolant blowing ratios for both hole geometries. Thus, the coolants are swept into the

incoming near-wall vortex, further energizing it, instead of remaining on the surface.
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Though the coolant injection vortices are swept into the incoming near-wall vortex and
energize the incoming near-wall vortex, resulting in a reduced film cooling effect level,
energizing the near-wall vortex has the potential to manipulate and modify the horseshoe
vortex system in the turbine passage. One example is to propetly energize the suction leg
of horseshoe vortex by the coolant-generated injection vortex to compete with the
pressure leg of the horseshoe vortex and, as discussed before, cool the endwall-suction
surface corner and the suction surface. Thus, the focus here is to understand the extent
of energizing near-wall vortices by coolant injection with various coolant blowing ratios.
With this, an interesting pattern is shown with the shaped hole and a coolant blowing ratio
is 2.5. Such a case shows distinct spreading of coolant on the surface. The coolant vortex
core is swept into the near-wall vortex and disappears at x/D=10. In general, increasing
coolant blowing is beneficial for energizing the near-wall vortex. The shaped hole shows
a stronger capacity to energize the incoming near-wall vortex compared to its performance
with the round hole. Nevertheless, to identify the proper coolant blowing ratio for this
purpose, more cases with various coolant blowing ratios using shaped holes should be

investigated.
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Figure 8.8: The effect of blowing ratio on coolant migration, with the same sense of
vortex rotational direction.

Overall, the effects of the blowing ratio and vortex rotational direction with the shaped

hole and the round hole geometries have been reported by experimental data. Increasing
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the coolant blowing ratio is instrumental for cooling purposes, with various different
relative rotational directions between the coolant-generated vortex and the incoming near-
wall vortex. Nevertheless, more effort is necessary to identify improved hole orientations
for shaped holes at different vortex rotational directions. Conversely, though increasing
coolant blowing may be detrimental for cooling due to the possible blow-off from the
surface, it can energize the near-wall vortex. This, in turn, has the potential to manipulate
the suction leg and the pressure leg of the horseshoe vortex in the turbine. More work is
needed to understand and optimize the energizing effect on the near-wall vortex, when

injecting with a similar sense of coolant vortex rotation with the shaped hole.

8.3 Competing vortical effects on film cooling enhancement

Within the performed experimental parameter space, the highest film cooling
effectiveness was found with a shaped hole and a different sense of rotational direction
between the coolant injection-generated vortex and the incoming vortex, as reported in

Figure 8.9. The shaped hole is oriented with -30° skew. Additionally, as discussed in the

previous chapter, increasing the coolant blowing ratio from 1.5 to 2.5 results in enhanced
film cooling effectiveness. Hence, the present section aims to identify improved hole-
orientations and coolant blowing ratios, resulting in higher film cooling effectiveness

values.
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Figure 8.9: The effect of vortex rotational direction with shaped hole and round hole
geometries.
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Sensitivity to hole orientation

To identify the proper hole orientation for film cooling effectiveness enhancement,
the effect of hole orientation angle is performed with skewing angles of -15° -30°, -45°,
and -60°, The surface effectiveness is shown in Figure. 8.10. The results show that the
highest film cooling effectiveness is found when the hole is oriented from -30° to -45°,
The coolant vortex core is clearly seen in the -30 degree case. However, as hole orientation
angle is further increased, coolant lateral spreading increases, but cooling effectiveness
reduces. Hence, it is expected that the highest effectiveness value is from -30 to -40
degrees, when the coolant-generated vortex has a distinct sense of rotational direction

with the incoming near-wall vortex.

Increased spreading but reduced effectiveness

15 Degree ~45 Degree
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Figure 8.10: Film cooling effectiveness values for various hole orientations. The skewing

angles are -15°, -30°, -45°, and -60°. Shaped hole geometry. The blowing ratio is 1.5.

Continued search for improved cooling effectiveness with a study having various coolant

blowing ratios

Another item to examine is the coolant blowing ratio while searching for the highest
film cooling effectiveness values. Here, the effect of coolant blowing ratio was
documented with values of 1.0, 1.5, 2.5, and 3.5. As the highest effectiveness was found
from -30 degree to -45 degree, cases were run with a shaped hole oriented at -30° The
coolant injection-generated vortex has a distinct sense of rotational direction with the
incoming vortex. The surface film cooling effectiveness is shown in Figure 8.11. In general,
increasing coolant blowing ratio from 1.5 to 2.5 shows increased film cooling effectiveness.

Nevertheless, reduced film cooling is also observed when the coolant blowing ratio is
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further increased from 2.5 to 3.5. Thus, the highest effectiveness is found when coolant

blowing ratio is 2.5.
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Figure 8.11: Film cooling effectiveness for various hole orientations. BR, blowing ratios

are 1.0, 1.5, 2.5, and 3.5. Shaped hole geometry. The skew angle of the hole is -30°.

This section intends to survey the coolant blowing ratios and discrete hole orientations
for particular rotational directions between the coolant-generated vortex and the incoming
near-wall vortex. The experimental results show that the highest film cooling effectiveness
is achieved when the hole is oriented with a skew of about -30°, and the coolant flow ratio
is about 2.5. This combination of hole orientation and coolant blowing ratio should be

considered using discrete hole film cooling on the endwall in turbine design.

8.4 Conclusion

This thesis aims to understand the migration of coolant at the exit of endwall discrete
film cooling holes in the upstream of a turbine passage. The dominant secondary flow
feature here is the horseshoe vortex. Disregarding other minor secondary flow features
such as approach flow Reynolds number, crossflow, boundary layer thickness, turbulence
intensity, acceleration and deceleration due to converging and diverging passages and
coolant density. The experimental results here characterize the vortical effects on coolant
concentration distributions (film cooling effectiveness values), that can be related back to

the turbine environment from the flat plate wind tunnel measurements.

The experiments document coolant concentration distributions with various hole
orientations ranging from -60° to 30°, coolant blowing ratios from 1.5 to 3.5, shaped and

round hole geometries, and relative rotational directions between the coolant-generated
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vortex produced by discrete hole injection and the incoming near-wall vortex produced at
the passage leading edge. Thermochromic liquid crystal measurements were taken on the
surface to characterize coolant migration on the surface in a time-average sense.
Thermocouples were transversed within the flow downstream of injection recording the
in-passage coolant concentrations on various downstream planes, as time-averaged

distributions.

First, the discrete hole axis was oriented parallel to the approach flow direction. This aims
at investigating the effect of an incoming vortex on coolant migration. The results show
the migration of the coolant injection generated vortex produced from the film cooling
hole with their distinct rotational direction. It is proved that vortices with a similar sense
of rotational direction will merge, causing reduced film cooling effectiveness. Alternatively,
vortices with the opposite sense of rotational direction will not merge, resulting in
increased film cooling effectiveness on the surface. Additionally, cases of high film cooling
effectiveness were found on the surface which had shaped-hole injection. This is because
of reduced jet penetration due to a velocity vector toward the wall at the center of the
counter-rotating vortex pair, and increased coolant lateral spreading due to the expanded
hole exit. This case can serve as evidence of the approach vortex rotational effect on
coolant migration that can be applied to realistic conditions in the turbine from the
simplified flow in a flat plate wind tunnel. Comparable cases were reported by Ligrani and
Mitchell (1994), Chung, et al. (2009), and Cui, et al. (2002) in the literature on a flat plate

wind tunnel.

Then, discrete hole cases, with holes oriented at -30°, generate a coolant injection vortex

with a particular sense of rotational direction relative to that of the approach flow vortex.
Such cases investigate the effect of relative rotation direction between the coolant-
generated vortex and incoming near-wall vortex. It was found that the coolant was held
to the surface by the incoming vortex, increasing film cooling effectiveness. Shaped holes
show superior surface effectiveness values over those of round holes due to their reduced
jet penetration and improved lateral spreading. Within the performed experimental
parameter space, superior effectiveness was found for shaped holes at negative hole angle
orientations. Thus, more cases were performed to find more optimal coolant blowing rates
and hole orientations. Improved film cooling effectiveness values were found when hole
orientations were from -30° to -45° and blowing ratios from 2.5 to 3.5. Overall, these cases
help describe the cases performed by Barigozzi, et al. (2005) and Yang, et al. (2018), near
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the pressure side of the turbine endwall when the holes are oriented toward the pressure
side surface. This case is most significant for the rotor platform of the first stage of the
turbine where upstream injection, such as purge flow, cannot penetrate to the downstream
part of the passage due to rotational effects and resulting skewing of the inlet boundary

layer flow. Cooling such a region is a major challenge for the gas turbine cooling designer.

Alternatively, the discrete hole was oriented at 30°, producing a coolant injection vortex
Y, » P g ]

that possessed a similar sense of rotational direction to that of the incoming near-wall
vortex. These cases show the effects of similar rotational direction between the incoming
near-wall vortex and the coolant injection vortex. Results from in-passage coolant
distributions show that the coolant-generated vortex was swept and merged into the
incoming near-wall vortex, resulting in reduced film cooling effectiveness values on the
surface. The coolant vortex core thus energizes the incoming near-wall vortex. Though
energized, the incoming vortex was previously considered to be of no value or negative
value for surface cooling purposes, but it is shown to have cooling value by the results of
this thesis. In the turbine cascade, an increased heat transfer region was found at the
suction side of endwall-suction wall corner due to the corner vortex there and the suction
surface (vane or blade) due to the passage vortex there. Such a case has potential to resolve
a critical issue, through energizing the suction leg of the horseshoe vortex, and, thus,
modifying the passage turbine film cooling flow. By doing so, benefits are attained. As the
suction leg of horseshoe vortex is energized, it can compete with the pressure leg of
horseshoe vortex, thus delaying lifting off from the endwall. Additionally, it can obstruct
the endwall crossflow which impinges upon the endwall-suction wall corner, thus
weakening the suction corner vortex. In general, the data of these cases support evidence
that describes coolant migration in the Stinson (2018) case, where the discrete, shaped

hole oriented away from the suction wall leads to improved coverage.

Opverall, the present experimental results investigate coolant migration as affected by
several vortical effects. They are described mostly by time-averaged, in-passage and on-
surface measurements. Nevertheless, to gain more insight into physics, it is necessary to
consider the most realistic features of the flow. This requires further consideration of
unsteady vortical interaction. Thus, investigation of unsteadiness is one important step

following the experimental work reported in this thesis.
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8.5 Future work

To understand the vortical effect on coolant migration in detail, more effort is

needed on these several themes.

The first item is a case with optimal film cooling effectiveness that was found when the
incoming near-wall vortex has a different sense of rotational direction to that of the
coolant injection-generated vortex. A major focus is to identify the unsteady and three-

dimensional vortical interaction between these two vortices.

The second theme that requires further investigation is the energizing effect on the
incoming near wall vortex. As reported in this section, the coolant-generated vortex from
the shaped hole energizes the incoming near-wall vortex most effectively when both of
them have the same sense of vortex rotational direction. The optimal blowing ratio and
the hole orientation were not identified in the present experimental parameter space, but
knowing them would be important. Additionally, understanding the process when the
coolant-generated vortex is swept, merges with, and energizes the incoming near-wall
vortex is beneficial toward modifying the suction leg of horseshoe vortex under discrete
hole injection and to possibly modify the competing etfects between the pressure leg and
suction leg of the horseshoe vortex. Such a merging process is an unsteady and three-

dimensional process that is generally hard to document by time-averaging techniques.

A survey of the present capabilities of the community, as documented by a search of the
literature, reveals a near impossibility of documenting the unsteady features of the vortices,
due to measurement constraints in temporal resolution. Most of the in-flow measurement
techniques, ranging from intrusive measurements, such as the five hole probe to non-
intrusive techniques, such as PIV (Particle Image velocimetry) or MRV (Magnetic

Resonance Velocimetry), are insufficient to record detailed unsteady flow features.

Presently, increased/decreased film cooling effectiveness values are mainly explained by
time-averaged features, particularly the counter rotating vortex pair and the resultant jet
entrainment (Coletti, et al., 2013) downstream of the film cooling jet. Nevertheless, the
time-averaged measurements cannot capture many instantaneous features of jets in
crosstflow, such as eddy transport in the turbulent boundary layer, shear layer formation
at the windward side of jet, shear layer breakdown at the leeward side of jet (Zhong, et al.,
2016), and hairpin vortex bursting/breaking and resultant turbulent mixing (Sakai, et al.,

2014). Understanding instantaneous features is significant toward improved finding film
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cooling effectiveness values. An alternative way is to gain insight into the unsteadiness
process from Computational Fluid Dynamics. An example is that of Large Eddy
Simulation (LES) (Wang, et al., 2022), which provides information about the unsteady
flow features. For simplified problems such as the interaction of the incoming near-wall
vortex and the coolant (jet in crossflow), is sufficient to resolve the flow by current LES
flow solvers. In general, to gain a clearer understanding of the jet in crossflow, and how
that influences the film cooling effectiveness value, the instantaneous patterns from
unsteady flow simulations should be considered and compared with time-averaged
features from measurements. Such an approach must recognize the prevailing patterns
from instantaneous processes and relate them back to the representative time-averaged

features.

Overall, formation of the jet in crossflow remains an open question in both the heat
transfer and fluid mechanics communities. This, coupled with the incoming near-wall
vortices, represents a complicated flow with features that have not been resolved in the
communities yet (Wang, et al., 2022). Nevertheless, the jet in crossflow remains a
fundamental flow feature in various industrial and natural scenarios, ranging from the
heating section of the gas turbine to the volcano eruption to the hypersonic scramjet to
aortic heart valve flow in the cardiovascular system. To further our understanding of such

physics is an enjoyable exploration with real-world impact.
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Chapter 9. Closing remark

9.1 Summary

The general aim of this thesis is to cool the turbine endwall by discrete hole film
cooling injection, as a complementary way for cooling by upstream injection. Literature
about discrete hole film cooling in the past decades was discussed, providing a
comprehensive perspective that must be explained by more than one study. A
representative feature, “vortex rotational direction,” is identified as driving secondary flow
features upstream of the passage throat, dominating the migration of coolant from discrete
hole injection points in the turbine cascade. Migration of coolant was documented herein
by in-passage and on-surface coolant concentration measurement on the flat plate wind
tunnel. The unsteady vortical effect on coolant migration is discussed. These thoughtful
discussions, and measurements, provide sufficient perspective to describe the flow physics
between passage secondary flow and discrete hole injection flows. More information

about these findings is detailed in the conclusions of Chapters 7 and 8.

9.2 Future work

Several avenues can be investigated using results discussed in this thesis. One
perspective is to apply endwall discrete hole film cooling on the suction side of the passage
to complement the upstream injection, particularly by the “impingement vortex system
(as shown in Figure 9.1)” as found in the design of close-coupled (in which the combustor
and turbine are combined to be one unit) combustor-turbine interface (as shown in Figure
9.2). This impingement vortex, and the close-coupled combustor design have not been
addressed in the thesis. However, large amounts of effort have been dedicated to the topic
in the past few years at the Turbulent Convection Heat Transfer Laboratory at the
University of Minnesota, as reported by Martinez Pajuelo (2024), Nawathe (2022), and
Algefl (2019).
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Figure 9.1: (a) Impingement-vortex-dominated secondary flow system. The vortex along
the pressure surface is the impingement vortex. The larger vortex along the suction
surface is the suction side leg of the horseshoe vortex, Nawathe, et al. (2023). (b) This
figure shows the passage vortex at a low injection flow rate (left) and the impingement
vortex at a high injection flow rate (right).
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Figure 9.2: (a) The previous design of combustor turbine interface (left). The next
generation or closed-couple, combustor-turbine interface (right). (Nawathe, 2022). This
thesis is based on the “previous generation interface,” which presently is the most
common.

The challenge for such a scheme is the reduced cooling performance due to the lack
of coolant migration toward suction surface, as shown in Figure 9.3. A step forward is to
apply endwall discrete hole film cooling, reduce the influence of the conventional passage
vortex secondary flow system on the suction wall (particularly at its transition toward the
impingement vortex secondary flow system), and increase the upstream injection and
combustor coolant flowrates. A transition in passage secondary flow takes place in the
passage of the present study at MFR values of about 4.6%, as identified by Nawathe (2022).
The present study about endwall discrete hole film cooling, combined with upstream
coolant injection, offers a unique strategy to expand full-coverage endwall film cooling
similar to that of Stinson (2018), as shown in Figure 9.4.
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Figure 9.3: Suction surface film cooling effectiveness. Conventional passage vortex
system (left). Impingement vortex system (right). (Nawathe, 2022).
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Figure 9.4: Endwall discrete hole film cooling scheme from Stinson (2018).

Gas turbines remain unreplaceable elements for nowadays energy systems and in the
foreseeable future. A step toward net zero emission is to apply hydrogen to replace fossil
fuel, which needs a redesigned combustor chamber. This will flatten the combustor exit
temperature profile and increase the heat load on the turbine endwall. The first stage of
turbine endwall (rotor and stator) is thus a region must be cool more efficiently (Barigozzi,
et al., 2022). New understanding of secondary flow from this thesis is expected to benefit

the cooling on the turbine endwall, and, in turn, reduce the emission from the gas turbine.
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