FILM COOLING JET LIFT-OFF
UNDER A STREAMWISE
PRESSURE GRADIENT AT
DIFFERENT BLOWING RATIOS

Marc Gomez-Olive Fernandez

Supervised by Dr Michael Atkins, Prof Tongbeum Kim, and Dr Sjouke Schekman

Master of Science in Engineering by research only:

A dissertation submitted to the Faculty of Engineering and the Built Environment, University
of the Witwatersrand, Johannesburg, in fulfilment of the requirements for the degree of Master

of Science in Engineering.

Johannesburg, 2025



CANDIDATE’S DECLARATION
I declare that this dissertation is my own unaided work. It is being submitted to the Degree of Master
of Science in Engineering to the University of the Witwatersrand, Johannesburg. It has not been

submitted before for any degree or examination to any other University.

30™ day of March year 2025



ABSTRACT

This study introduces the concept of a critical blowing ratio, defining the point at which a film cooling
jet detaches from an endwall under a streamwise pressure gradient. Four pressure gradients, extracted
over a turbine blade were tested: favourable (FPG), mild favourable (MFPG), zero (ZPG), and mild
adverse (MAPG) with acceleration parameters of K= 2.61x10°, K=1.53x10%, K=0.00x10°, and

K =(-)0.31x10°. Engine representative conditions were employed with a Rep~14000, hole diameter of
20.0 mm at an injection angle of 30°. The blowing ratio (M) ranged from 0.5 to 2.0 in increments of
0.1. Velocity measurements and visualisation techniques extracted using Particle Image Velocimetry
(PIV), Planar Laser Visualisation (PLV), and end-wall oil-dye mixture techniques showed that the
coolant jet, at a particular blowing ratio, was either attached, semi-detached or fully detached regardless
of the pressure gradient imposed. The critical blowing ratio, in a FPG, was ~1.8 times greater than in a

MAPG, indicating better attachment of the coolant jets in FPGs.
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1. Background

1.1. Introduction

Contemporary gas turbine engines are designed to operate at high turbine inlet temperatures (TITs)
(~1700°C [1]) that typically exceed the melting point (~1200°C [1]) of turbine blade materials. As a
result, turbine blades are exposed to temperatures above permissible material temperatures, which is
detrimental to the lifespan of the blades. Increasing TITs, however, improves the work output of the gas
turbines and hence their overall efficiency [2]. Therefore, to reduce blade temperatures within the
allowable limits whilst operating at high TITs, cooler air (~700°C [1], [3]) is bled off from preceding
compressors to the turbine blades. Firstly, the cooler air as coolant is bled to the internal cooling
channels designed in the blade, thus, lowering the blade temperature. Secondly, a designed portion of
the coolant is released through discrete holes to the external surfaces creating a thin layer (or “film”) of
the coolant around the blade. This technique is known as film cooling and aims to act as a barrier

between the hot combustion gas stream and the blade surfaces to reduce heat transfer to the blade.

Film cooling holes are purposely distributed on gas turbine blade surfaces since the extent of heat
transfer greatly varies with local positions on the blade surfaces e.g., azimuthally in a mid-span plane
at the leading-edge due to stagnation, mid-chord over the suction surface due to transitioning flow and
at the trailing edge due to turbulent flow [4], [5], [6]. The coolant ejection through these film cooling
holes acts as a jet in crossflow. The cool air flows over the blade surface exposing the blade surface to

cooler temperatures, thus, decreases the heat transfer to the blade [1].
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Figure 1.1: Film cooling jet in crossflow, adapted from [4], [7], [8], [9], [10], [11]. (a) Detached coolant
jet from the blade surface and (b) Attached coolant jet from the blade surface

Figure 1.1 illustrates a typical complex three-dimensional development of a jet interaction with
mainstream as crossflow. As a result of the interaction between the two streams, a distinct secondary
flow structure around the juncture of the film cooling jet and endwall surface, the so-called “horseshoe
vortex” forms. Another distinct flow structure that forms within the jet, is a “Kidney vortex,” a pair of
counter-rotating vortices that constitutes the jet core whose axis is bent and eventually becomes aligned

parallel to the hot gas stream while convecting downstream[1], [4], [12].

The horseshoe vortex forms upstream of the leading edge of the jet (stagnation point) where the
boundary layer of the mainstream flow encounters the jet as shown in Figure 1.1(a and b). The
obstruction (that is the coolant jet) in the direction of the mainstream flow induces an adverse pressure
gradient that results in reverse flow and separation of the boundary layer flow from the endwall [13].
This consequently induces a complex three-dimensional vortex system, known as a horseshoe vortex,

that propagates around the jet periphery in the direction of the mainstream flow [7], [9].

The Kidney vortex is formed at the interface between the mainstream and coolant jet where a thin shear
layer, with thickness €, forms due to the rapid increase in the tangential velocity (that of the jet to the
mainstream flow shown in Figure 1.1(a)) across the thickness of the shear layer, where € — 0 [11]. This
creates a high velocity gradient or discontinuity in the tangential velocity that induces vorticity within
the shear layer resulting in the formation of a cylindrical vortex sheet as illustrated in Figure 1.1(a) [8],
[9], [11]. The flow within this cylindrical vortex sheet is unstable according to the Kelvin-Helmholtz
shear instability theory [11]. With temporal evolution, this instability in the shear layer amplifies due to
the vorticity present in the fluid resulting in the swirling or roll-up of the cylindrical vortex sheet into

loops shown in Figure 1.1(b) [8], [14]. Three distinct folding processes result from this phenomenon,
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namely: (i) leading-edge, (ii) lee-side and (iii) Kidney vortices. Leading-edge and lee-side vortices
occur due to the free roll-up of the cylindrical vortex sheet (Figure 1.1(a and b)) [8]. On the
circumference at y ~ 0, where the periphery of the jet interacts with the mainstream flow, the cylindrical
vortex sheet folds up on its edges in the direction of the mainstream flow to initiate the formation of a
counter-rotating vortex pair, denoted as “(i)” in Figure 1.1(b) [8]. The presence of the counter-rotating
vortices in the jet induces an inward rotation within the jet core that drives the outer boundary jet flow
towards the centre, resulting in a net upwards force on the jet [10]. The consequent detachment of the
jet is shown in Figure 1.1(a) by “y,”, creating a region of low-velocity flow downstream of the film

cooling hole, which is coupled with the circulation of the vortices and causes entrainment of the

mainstream flow towards the centre of the jet [7], [15].

These Kidney vortices are established as the dominant vortices that reduce the film cooling
effectiveness (FCE) [7], [12], [16], [17] (n = T,,-Ty/T,,-T.) [3]. This parameter (FCE) measures how
well the driving temperature of the coolant core, known as the film temperature (7)), retains the initial
coolant temperature (7¢) along the blade surfaces. A decrease in the film cooling effectiveness occurs
as the counter-rotation of the Kidney vortices entrain hot mainstream air (7,,) resulting in the dilution
of the film temperature with the hot gas stream, thereby detrimentally increasing blade surface
temperatures [7], [18]. Further, the counter-rotation notably induces lift-off (detachment) of the coolant
jet from the blade surface (Figure 1.1(a)), which increases the temperature near the blade surface and
adversely influences the film cooling effectiveness [7], [18], [19]. On the other hand, attached coolant
jets (Figure 1.1(b)) expose the blade surface to lower temperatures which reduces the heat transfer to

the blade, thereby improving film cooling effectiveness [1].

The Kidney vortices are characterized by (i) the strength (rotation of vortices causing entrainment of
mainstream air), (ii) lateral separation (a core-to-core distance between two counter-rotating vortices,
z; [20]), and (iii) lift-off (detachment from the blade surface, y1). These characteristics are affected by
numerous factors such as a streamwise pressure gradient, blowing ratios, and hole geometries including
hole angle, shape, and size. Among these, the streamwise pressure gradient is known as a primary cause
affecting the film cooling effectiveness due to varying boundary layer flow over a turbine blade at the

film cooling ejection points.

Various pressure gradient scenarios co-exist over a turbine blade: (i) a favourable pressure gradient (PG)
(near the leading edge as the flow is accelerating and the pressure decreases away from the stagnation
point), (ii) a zero PG (by the mid-chord as the flow transitions from a laminar accelerating flow to a
turbulent decelerating flow as the pressure increases towards the trailing edge), and (iii) an adverse PG
(near the trailing edge as the flow decelerates rapidly due to the increase in pressure) as illustrated in

Figure 1.2 [4], [5], [6], [21].



Turbine blade
Stagnation point

Mainstream
air flow, u,,

Figure 1.2: Pressure gradients (PGs) existing along the blade passage of a gas turbine [4], [5], [6], [21]

In favourable pressure gradients, the boundary layer thins upstream of the ejection point due to the
increased convective acceleration of boundary layer flow [4], [21]. The increased streamwise velocity
of the boundary layer flow creates a higher-pressure region on the ejected coolant jet column due to
stagnation. The difference in pressure upstream and downstream of the ejection point generates a net
downward force (towards the blade surfaces) on the coolant jet column. Therefore, the jet core moves
closer to the blade surface with y; being decreased (Figure 1.1(b)), and thus the cooling effectiveness
increases [4], [22]. On the other hand, in an adverse pressure gradient, the jet core trajectory moves
farther away from the blade surfaces (i.e., lift-off) due to the relative decrease in the acceleration of the
boundary layer flow and the thickening of the boundary layer. As a result, the film cooling effectiveness

decreases near and downstream of the ejection point [16].

The detachment of the coolant jet from the blade surface has not been explicitly analysed in previous
studies. Rather, the film cooling effectiveness is compared at various blowing ratios for a given pressure
gradient condition. The blowing ratio (M) that is the mass flux of coolant relative to that of the
mainstream, commonly varies between M = 0.5 to 2.0 for differing blade designs and applications.
Here, the blowing ratio is defined as M = p v, /p, v,, Where p is the density and v is the velocity with
the subscripts ¢ and m referring to the coolant and mainstream flow, respectively [23]. Although the
film cooling effectiveness values provide insight into the flow interaction, the film cooling effectiveness

data is limited to a symmetry plane with respect to the film cooling jet and not rather the complex three-



dimensional nature of such a jet in crossflow. Schmidt et al. [24] recorded the adiabatic wall temperature
across a flat surface in a zero-pressure gradient (constant area test section) channel and favourable
pressure gradient channel flow. They noted that the FCE decreased in the zero-pressure gradient channel
when the blowing ratio was greater than M = 1.0. However, above M = 1.5 the FCE was the same for
the zero and favourable pressure gradients. Extracted from this finding was that the coolant jet detached
from the lower surface at higher blowing ratios. However, no insight into the flow interaction causing
the observed detachment was provided. Jessen et al. [16] used particle image velocimetry (PIV), to test
the jet lift-off of staggered film cooling holes under zero and adverse pressure gradients implemented
by contouring an upper test section wall. Their work showed that the coolant jet penetrated deeper into
the boundary layer in adverse pressure gradients compared to zero pressure gradients, thus, reducing
the FCE as the coolant jet did not influence the endwall FCE data collected. However, the focus of the
study was to observe the effects of both density and rows of holes on the FCE and not particularly
(although stated) on the effect of the pressure gradient on the detachment of the jet from the lower

endwall surface.

A study by Qin et al. [17] used pressure sensitive paint (PSP) on a flat and curved surface to compare
the effects of curvature and streamwise pressure gradient on the FCE. This study, however, counter-
intuitively determined that in an adverse pressure gradient, the FCE increased at low blowing ratios
(M <0.75), compared to when ejecting into a favourable pressure gradient. Qin et al. [17] additionally
found that further increasing the blowing ratio to M > 0.75 in an adverse pressure gradient showed a
decrease in the FCE. Particularly near the ejection point up to x/D < 3.0 where x is the streamwise
distance downstream of the ejection point measured from the centre of the ejection hole and D is the
diameter of the hole. Hay et al. [25] tested the heat transfer coefficient over a flat plate under favourable,
zero and adverse pressure gradients created using a contoured upper wall at various blowing ratios.
Similarly to Schmidt et al.(Schmidt and Bogard 1995), the results obtained by Hay [25] also found that
the effect of high blowing ratios dominated the effect of the imposed pressure gradient on the flow.
However, the detachment of the coolant jet was not mentioned or analysed as a factor effecting the FCE.
Teekeram et al.[26] tested the heat transfer coefficient in a similar setup to Hay et al. [25] but with a
slot hole configuration. This study found that decreasing the pressure gradient (i.e., stronger favourable)
resulted in a large decrease in the heat transfer coefficient than mild favourable, zero and mild adverse
pressure gradients at the same blowing ratios. Teekeram et al. [26] attributed this increased cooling to

the attachment of the coolant jet but without visual data to reaffirm their conclusion.

To clarify the apparent contradictions relating to the effect of a streamwise pressure gradient and
blowing ratio on the attachment and detachment of the coolant jet, the effect of each parameter must be
considered separately. Both detachment and attachment of the film cooling jet is simultaneously a

function of the streamwise pressure gradient and blowing ratios. Firstly, under a constant pressure
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gradient, increasing the blowing ratio has been noted to result in an increase in the detachment of the
jet. Secondly, under a constant blowing ratio, an imposed favourable pressure gradient will more likely
cause the coolant jet to remain attached compared to an adverse or zero pressure gradient. To group the
point of coolant jet detachment from the endwall under the effect of both the pressure gradient and
blowing ratio, this study investigated the “critical blowing ratio”. The critical blowing ratio is classified
as the blowing ratio at which the coolant jet detaches from the endwall surface under the influence of a
given streamwise pressure gradient. The aforementioned studies [16], [17], [24], [25], [26], albeit with
the common focus on the film cooling effectiveness, indicate that detachment of the coolant jet exists
under a streamwise pressure gradient and varying blowing ratio. However, the experimental methods
used in literature limited the acquisition of experimental data that would enable the capture of both the
“critical blowing ratio” and the interaction between the film cooling jet and mainstream flow under the
influence of a given streamwise pressure gradient. A series of experimental measurements were carried
out to visualise and quantify the specific issue that is the relationship between pressure gradient and
blowing ratio for the attachment and detachment of film cooling jet. The imposed pressure gradients
(favourable, mild favourable, zero, and mild adverse) were accomplished by endwall contouring, i.e.
the adjustment of one of the endwalls in the channel. Pneumatic pressure measurements were used to
quantify the pressure across the channel depending on the endwall contouring to achieve the required
pressure gradient. The inlet mainstream flow prior to the endwall contouring was constant to maintain
a Rep of 14 000. The blowing ratio varied in increments of 0.1 from M = 0.5 to 2.0 by adjusting the
coolant flow rate. Planar laser visualisation was used to visualise the coolant jet structure, plume height
and detachment lengths. Particle image velocimetry was used to map the velocity vector field to

quantify the velocity of the jet and mainstream flow and to capture the structure of the kidney vortices.



1.2. Literature Review

1.2.1.Workings of gas turbine engines

Gas turbine engines are used in several fields (such as aviation, nautical science, and in power stations)
to generate electrical energy or thrust. Figure 1.3 shows a cut-out sideview schematic of a gas turbine
engine used in aviation, in this case, a turbofan jet engine. Gas turbine engines consist of a common
layout comprised of three sections: a compressor, a combustion chamber, and a turbine. Air intake flows
through the compressor (axial or centrifugal) where ambient air is compressed, thus increasing the
ambient pressure at an approximate ratio of ~1.25:1 and ~8:1 per stage for an axial and centrifugal
respectively (depending on the application) [4]. The compressed air is subsequently drawn into the
combustion chamber where the air mixes with fuel and is ignited to create combustion. Hot air (~1700°C
[1], [4]) at high velocities (~700m/s [1], [4]) is ejected from the combustion chamber directed to the
turbine. The turbine, of interest in this study, is made up of several stages consisting of series of stator
and rotor blades as shown in Figure 1.3(b). Stator blades are attached along the circumference of a static
ring. Their purpose is to guide the flow to the rotor blades which converts the kinetic energy of the air

into mechanical energy through rotation of a shaft that powers the compressor.

Air flow direction
| | | | | | | | | | »

Fan Compressor  Combustion Turbine Nozzle

Rotor blade

Rotor ring
Stator blade

Shaft
Stator ring

(@) (b)
Figure 1.3: Schematic of (a) a turbofan gas turbine engine adapted from [27] and (b) a turbine stage

adapted from [28]

The high-pressure section of the turbine as shown in Figure 1.3(a) has turbine blades that are exposed
to temperatures exiting the combustion chamber that exceed the melting point (~1200°C [1], [4]) of the
turbine blade material (nickel-based super-alloy, e.g., Inconel 939 [1]). This extreme thermal loading
on the blade causes damage, thus, reducing the lifespan of the blade. However, increasing the turbine
inlet temperature (TIT) increases the work output [29] of the turbine and the overall efficiency of the

gas turbine engine. To increase the lifespan of the blades whilst operating at high TITs, combinations



of internal and external cooling techniques are introduced along different sections of the blade to cool
the turbine blades. Depending on the application of the gas turbine engine and whether it is a rotor or a

static blade, the blade design will vary to accommodate necessary cooling techniques.

1.2.2.Cooling of turbine blades

To reduce the temperature of the blades, internal and external cooling methods are implemented.
Internal cooling consists of passages incorporated within the blade to extract heat from the blade. Cool
air at ~700°C [1], [4] is bled from the compressor stage of the gas turbine engine and supplied to internal
passages of the turbine blade. Pin-fins, passage blockages, dimples and angled ribs are some methods
designed into the passages to increase the heat transfer away from the blade. This is accomplished by
increasing the surface area of the passage exposed to the cool air as well as augmenting the turbulence
within the channels [4]. The cool air flows through the internal configuration of the turbine blade and

is ejected from the trailing edge as shown in Figure 1.4.
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Figure 1.4: Annotated diagram of turbine rotor blade internal and external cooling adapted from [30]

External cooling as the name suggests targets the external surfaces of the turbine blade. The common
use of external cooling is known as film cooling. This technique redirects the cool air supplied to the
turbine blade to the external surface through strategically placed holes along the blade surface as shown
in Figure 1.4. The technique is intended to act as a barrier between the hot mainstream gas and the blade

surface by creating a thin “film” of cool air [31]. The positioning of the film cooling holes in the



streamwise and spanwise direction of the blade depends on the mainstream air flow characteristics

around the turbine blade. This is due to the complex nature of the flow around a turbine blade.

1.2.3. Air flow over a turbine blade

The airflow around a turbine blade can be analysed by observing two cases. Firstly, the two-dimensional
flow around the airfoil profile representing a slice taken across the midspan of the turbine blade and
secondly, the three-dimensional flow over a turbine blade considering the full span of a blade and
adjacent blades. Considering the first case, the mainstream air encounters the turbine blade at the leading
edge where the mainstream flow stagnates (known as the stagnation point as shown in Figure 1.5 where
the velocity of the flow is zero) and diverges over the suction (convex) and pressure (concave) surfaces
as seen in Figure 1.5. The static pressure difference between the suction surface (SS) and pressure
surface (PS), summarized in Figure 1.5, applies a force on the blade known as the lift force. This
resultant force creates a moment about the shaft axis that the rotor rings (and corresponding blades) are
connected to thus resulting in the rotation of the turbine. As air flows over the SS and PS, a boundary
layer, shown in Figure 1.5 develops over the surfaces due to viscous effects near the wall. Within the
boundary layer, changes in the velocity, temperature and pressure affect the heat transfer rates across

the blade surfaces.
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Figure 1.5: Summarised boundary layer and static pressure distribution around the mid span of a rotor

blade for Reynolds numbers between 0.5 — 1.5 x 10° and turbulence levels of 2 — 10% [13]- [22]

Suction surface
On the SS, the velocity of the air increases rapidly in section A from the stagnation point until 30% to

40% surface distance (SD) due to the decrease in static pressure across the leading edge as seen in



Figure 1.5. In this region the flow is laminar. High local heat transfer rates occur near the stagnation

point due to the large velocity gradient (g—;) shown in Figure 1.5 but decrease towards 40% SD as the

velocity gradient near the wall decreases. In section B, the pressure distribution is mostly constant with
gradually increasing velocity as the flow begins to transition. The local heat transfer rate reaches a peak
near the laminar to turbulent transition at 70% SD. The velocity of the air beyond 70% SD in section C
begins to decrease due to the adverse pressure gradient (increasing static pressure) and the flow
transitions to fully turbulent. The local heat transfer rate decreases in the turbulent region as the velocity
gradient decreases relative to the transition region. The boundary layer thickness on the SS increases
from 0.1 mm in the laminar region to 0.7 mm in the turbulent region as calculated by Ubaldi (1990) for

a rotor blade with an axial chord length of 300 mm tested at a Reynolds number of 1.6 X 10° [40].

A laminar bubble, shown in Figure 1.5, is the detachment and reattachment of the boundary layer on
the SS. The laminar bubble forms when the inlet Reynolds number is below a critical value depending
on certain blade profiles [6], [21]. Near the trailing edge, boundary layer separation shown in Figure
1.5 occurs when the pressure increases to a point where the kinetic energy of the air particles cannot
overcome the pressure gradient [41]. For separated flow, either in the laminar or turbulent boundary
layer, the heat transfer rates are reduced below those in the attached boundary layer due to low
momentum of the recirculating flow and heat exchange. However, as the separated region thickens, the
turbulence levels increase which contribute to elevated heat transfer rates via turbulent mixing. At the
point of reattachment, if any, the flow concentrates on a singular point and high heat transfer rates occur

[41]. Separated flow negatively affects the aerodynamic efficiency of the turbine blade.

Pressure surface

Over the PS, the flow is accelerating slowly in section D to about 10% surface distance (SD) due to the
increase in static pressure in this region as seen in Figure 1.5. The local heat transfer rate decreases to
a minimum at 10% SD in this laminar region as the velocity gradient decreases rapidly at the wall. In
section E, the velocity of the flow is gradually increasing due to the favourable pressure gradient
(decreasing pressure). This region is characterised as a laminar-transitional region with an almost
constant boundary layer thickness [40]. The local heat transfer rate remains near the minimum value in
Section E. After 80% SD, in section F, the pressure decreases rapidly to a minimum at the trailing edge
and the velocity increases rapidly. The local heat transfer rate increases towards the trailing edge as the
flow in section F transitions and becomes turbulent. The boundary layer thickness does not increase in
section F according to Ubaldi [40]. However, the constant boundary layer thickness with increased

turbulent mixing causes increased blade temperatures near the trailing edge [5], [41].
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Figure 1.6: Heat transfer rate around a turbine blade based on data adapted from Han et al. [4] with a

superimposed boundary layer flow

Secondary Flows

Apart from the two-dimensional boundary layer flow analysed, three-dimensional flows or otherwise
known as “secondary flows” between turbine blades also affect the heat transfer rates and flow around
the blades [42]. At the leading edge, shown in Figure 1.7, a horseshoe vortex forms as the endwall
boundary layer rolls up into a vortical motion [43]. The horseshoe vortex diverges to the PS and SS as
seen in Figure 1.7. The horseshoe vortex formation increases the turbulence intensity of the hot gas near
the leading edge which contributes to the increase in temperatures in this region. The horseshoe vortex
on the pressure side detaches from the leading edge of the PS due to strong pressure gradients between
the PS and SS of opposite blades [44], [45]. This vortex becomes the passage vortex as it propagates
between blades. The passage vortex detaches from the endwall surface as it approaches the SS of the
adjacent blade. The suction side horseshoe vortex stays attached to the endwall and SS until it
encounters and wraps around the passage vortex causing it to detach from the endwall. These secondary
vortices coupled with strong pressure gradients between turbine blades causes flow on the PS to flow

downwards towards the endwall and upwards on the SS towards the tip as seen in Figure 1.7.
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Figure 1.7: Secondary flows around a turbine rotor blade adapted from [4], [46]

At the tip of the rotor blade, a gap (~1% [31] of the spanwise length) exists between the blade and the
casing. As the turbine rotates rapidly, the large pressure gradient between the PS and SS forces the flow
over the blade creating a vortex on the SS known as the tip leakage vortex. This vortex drives the flow
on the PS up near the tip and down on the SS as shown in Figure 1.7. The mainstream flow on the SS
concentrates at the mid span, whereas flow on the PS is driven towards the tip and the hub away from
the centre of the surface. These vortices increase the mixing of the mainstream air near the blade
surfaces which has a significant influence on the heat transfer around turbine blades [46]. Specifically,
over the passage endwall between blades, at the endwall corner of the blade, the leading edge and the

trailing edge.

1.2.4.Location of film cooling holes

High heat transfer rates around the turbine blade are primary targeting points for the positioning of film
cooling holes whilst considering the effects that the mainstream flow in those regions would have on
the film coolant jets as the streamwise pressure gradient over the blade changes which affects the
attachment of the coolant jet to the blade surface. As such, multiple arrays of film cooling holes are
positioned along the blade surface, in the spanwise and streamwise directions for maximum possible

coverage which varies between applications.

At present, several rows of film cooling holes are placed on the SS and PS as shown in Figure 1.8 to
increase the coolant coverage whilst trying to reduce the dilution of the coolant to the mainstream flow.
Showerhead cooling holes, shown in Figure 1.8, are closely spaced rows of film cooling holes (in the
streamwise direction) placed by the stagnation point due to the high thermal loading experienced on the

leading edge of turbine blades. Up to 5 holes are usually placed equidistant (in the streamwise direction)
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near the stagnation point. On the SS, 2 or 3 film cooling holes are placed at around 20%, 30% and 60%
surface distance (SD). In earlier studies, Camci and Arts (1990) [37], Abuaf et al. (1997) [34], and Drost
et al. (1997) [32] tested turbine blades with cooling holes placed only in the laminar region before 40%
SD. However, more recent studies by Gao et al. (2008) [31], Liu et al. (2010) [38] and Narzary et al.
(2012) [33] started testing with film cooling holes placed in the transitional region at around 60% SD.
On the PS, 4 film cooling holes are used and positioned at around 15%, 30% and/or 50%, 65% and only
at 75% SD in Gao et al. (2008) [31] and Narzary et al. (2012) [33]. These holes vary between cylindrical
and shaped holes angled at around 30° to 45° from the blade surface.

30% to 40%
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60% 70%
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. ~
Shower head film 5% Jﬂ@-l‘ \%

. ,l’ 0 '\\
cooling holes ;5%
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Figure 1.8: Summarised film cooling hole positions around the mid span of a rotor blade for several

different studies on improving film cooling parameters (percentages reflect the distance over the blade

surface) [14]-[16], [19], [20]

From the summarised studies in Figure 1.8, film cooling holes are seen to be placed in common sections
of the blade where the flow is rapidly accelerating in laminar or transitional boundary layers and in
regions of high heat transfer rates. Specifically, rows of film cooling holes are placed near the leading
edge, transition region on the SS and near the trailing edge on the PS. The ratio between the hole
diameter of the film cooling holes to boundary layer thickness (D/d) varies across the turbine blade due
to the influence of the pressure gradient on the boundary layer as shown in Figure 1.5 and Figure 1.6.
Previous papers have used a range of D/0 in their studies. Jessen et al. [16] D/6 = 0.5, Sinha et al [47]
D/6 = 0.5 to 3.0, Schmidt et al [24] D/J ~ 2.5, Eberly et al. [48] D/6 ~ 0.8, Johnson et al. [49] D/ =
1.0, Colban et al. [50] D/6 ~ 0.8. A broad range can be found where lower values of D/J represent a
larger boundary layer (considering an adverse pressure gradient near the trailing edge), and higher
values of D/J represent thinner boundary layer (considering a favourable pressure gradient near the

leading edge).
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1.2.5. Structure of film cooling jet

The coolant jet ejection through film cooling holes immediately interacts with the mainstream flow
around the turbine blade. This subsequent interaction behaves the same way as a jet in crossflow. It is
important to note that, although a jet in crossflow under a streamwise pressure gradient have not been
looked at in detail, the understanding of the flow structure of a jet in crossflow aids in the interpretation

of the results.

The ejection of the secondary flow through a film cooling hole immediately impedes the path of the
mainstream flow, leading to the formation of a stagnation region at the leading edge of the coolant jet.
This stagnation occurs as the momentum of the coolant jet locally opposes that of the mainstream flow,
causing a region of high pressure at the upstream interface between the two streams [51]. The
mainstream flow, unable to pass directly through this stagnation zone, is forced to diverge in multiple
directions: part of the flow is deflected laterally around the jet column, part is directed downward
towards the endwall surface, and a portion moves in the upstream direction, creating a reverse flow

region [22], [52], [53].

This reverse flow upstream of the jet column, combined with the lateral deflection of the mainstream
fluid, induces boundary layer separation near the endwall. As the boundary layer lifts off or detaches
from the endwall, it generates a recirculating flow structure that wraps around the jet column, forming
a distinct vortex system known as the “Horseshoe vortex (HSV)” [44] [8], [9]. The formation of the
horseshoe vortex is primarily influenced by the interaction between the high-momentum mainstream
flow and the lower-momentum in the streamwise direction of the coolant jet, thus, creating strong shear

forces that drive the vortex development [20] [8], [9].

Once formed, the horseshoe vortex does not remain stationary but propagates downstream along the
surface of the endwall, carried by the surrounding flow. As it moves, it undergoes further development
and stretching, which can lead to its eventual breakdown far downstream of the ejection point. The HSV
remains a dominant feature in the near-field wake of the film cooling hole, significantly affecting both
heat transfer characteristics and mixing efficiency between the coolant and mainstream flow [4], [5],
[8]. The presence of the HSV and the associated flow recirculation can also create regions of increased
local heat transfer due to vortex-induced mixing, which may lead to localized hot spots and reduce the

cooling film’s effectiveness [4], [5].

Another vortical structure apart from the horseshoe vortex system is present in a jet in crossflow. A
closer look the structure of a jet in crossflow reveals that the jet core consists of a pair of counter-

rotating vortices, commonly referred to as the “Kidney vortex” [4], [8], [9]. This vortex forms at the
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interface between the mainstream flow and the coolant jet, where a thin shear layer of thickness €
develops due to the sharp increase in tangential velocity between the jet and the mainstream flow (as
illustrated in Figure 1.1(a)), with e—0 [11]. This abrupt velocity gradient results in a discontinuity in
tangential velocity, inducing vorticity within the shear layer and leading to the formation of a cylindrical

vortex sheet [8], [9], [11], [14].

The flow in this cylindrical vortex sheet is inherently unstable due to the Kelvin-Helmholtz instability,
which occurs when two parallel fluid streams of different velocities interact, leading to the growth of
shear-layer perturbations and the eventual roll-up of the vortex sheet [11]. This instability is driven by
velocity differences across the shear layer, where small disturbances in the interface between the
mainstream and jet amplify over time, forming coherent vortex structures [8], [9], [11]. As this
instability evolves, the cylindrical vortex sheet rolls up into distinct vortex loops, as shown in Figure
1.1(b), leading to the formation of three dominant vortex structures: (i) leading-edge vortices, (ii) lee-
side vortices, and (iii) Kidney vortices [8]. The leading-edge and lee-side vortices arise from the natural
roll-up of the shear layer, whereas the Kidney vortices develop at the periphery of the jet where it
interacts with the mainstream flow (around y =~ 0) [8]. Here, the vortex sheet folds along its edges in the
direction of the mainstream flow, initiating the formation of a counter-rotating vortex pair, labelled as

“(1)” in Figure 1.1(b).

The counter-rotating vortices in the jet core induce an inward rotational motion, pulling the outer
boundary of the jet toward the centre. This inward motion generates a net upward force on the jet,
influencing its trajectory and contributing to its detachment from the surface [10]. The detachment
occurs at a location denoted as y; (as indicated in Figure 1.1(a)), where the jet is lifted off due to the
interaction of the induced vortex motion with the mainstream flow [10]. This detachment creates a

region of low-velocity recirculating flow immediately downstream of the film cooling hole [9].

Additionally, the detached jet forms a wake region downstream, where the interaction of the counter-
rotating vortex pair with the surrounding flow results in complex turbulence and mixing effects [11].
The wake consists of recirculating flow zones and vortex shedding, which enhance entrainment of
mainstream air into the jet [7], [15]. This entrainment can cause cooling air to be drawn away from the

surface, reducing film cooling efficiency.

Overall, the combined effects of Kelvin-Helmholtz instabilities that lead to the development of the
kidney vortex in the jet core induce the jet to detach or move away from the wall creating wake
formations that play a crucial role in affecting both the cooling performance and aerodynamic behaviour

of the jet.
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1.2.6. Effect of blowing ratio on film cooling effectiveness

There are several parameters that can affect the structure of a film cooling jet and consequently the film
cooling effectiveness. For example, blowing ratio, streamwise pressure gradient, and hole geometries
including hole angle, shape, and size are some examples of these parameters. The hole geometry was
analysed from previous studies and real-world gas turbine blade applications to select the necessary
hole geometry for this study. The blowing ratio and streamwise pressure gradient are two important
characteristics that will be looked at in this study as these parameters have previously been shown to

have a direct influence on the film cooling effectiveness.

As mentioned in the introduction, the blowing ratio is the mass flux of the coolant relative to that of the
mainstream, defined as M = p v, /p, v,, where p is the density and v is the velocity with the subscripts
c and m referring to the coolant and mainstream flow, respectively [4], [23], [26] The blowing ratio
varies between 0.5 and 2.0 depending on application and previous studies have, in majority, investigated
between this range to optimise the film cooling effectiveness. The effects of blowing ratio, in isolation,
i.e. no induced pressure gradient, have been studied directly and indirectly between studies with a

common outcome.

At lower blowing ratios (M << 1.0) the coolant is released with low momentum relative to that of the
mainstream leading to rapid diffusion, low lateral surface coverage, but with near field increased film
cooling effectiveness [4], [12]. At higher blowing ratios (M >> 1.0) the coolant jet penetrates the
mainstream flow due to excessive momentum, lifting off from the surface and reducing its ability to
provide effective cooling [4], [12]. This phenomenon, known as jet detachment, results in increased
heat transfer to the surface due to reduced coolant coverage. Additionally, higher blowing ratios
intensify vortex structures, such as the kidney vortex and horseshoe vortex, further promoting coolant
entrainment into the jet and diminishing film cooling efficiency [8], [12]. Therefore, selecting an
appropriate blowing ratio is essential to balance coolant coverage, aerodynamic losses, and thermal
protection in gas turbine cooling applications. However, although simply stated, in gas turbine blades,
the complex nature of flow around the turbine blade increases the difficulty in simply improving a single

parameter such as optimising the blowing ratio.

1.2.7. Effect of hole geometry on film cooling effectiveness

The shape and size of holes play another significant role in the improvement of film cooling
effectiveness. A hole at 90° to the surface is less effective than a hole placed at any acute angle to the
surface. Goldstein et al. [10] and Jubran et al. [54] found that regardless of blowing ratio, decreasing
the hole angle, 8 < 90° improved the film cooling effectiveness as the tangential component of the

coolant jet increased relative to the normal velocity component driving the coolant jet closer to the
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endwall surface thus increasing the coolant coverage. Haven et al. [20] conducted water tunnel
experiments to investigate the impact of hole exit geometry on the “near-field characteristics” of
crossflow jets. The studied hole shapes (round, elliptical, square, and rectangular) had identical cross-
sectional areas. Laser-induced fluorescence (LIF) and particle image velocimetry (PIV) were used in
this experiment for flow measurement and visualisation. The results showed that a wider hole increased
the lateral separation of the counter-rotating vortices, shown as z; in Figure 1.1, thus reducing the
detachment of the coolant jet. A study by Lange et al. [12] observed the interaction between the
mainstream and coolant jet with different hole geometries, cylindrical, rectangular and triangular in a
constant area channel. This study used laser induced fluorescence, particle image velocimetry and
thermo-chromic liquid crystal to uncover the structure of the flow. The results showed that a circular
cross section performed better than the other geometries used over the range of blowing ratios
implemented 0.5 < M < 1.5. Additionally, the results from the laser induced fluorescence showed how

the attachment of the coolant jet improved with a decrease in blowing ratio.

An inclined cylindrical hole is commonly used in gas turbine applications due to its simplicity in
manufacturing. In gas turbine applications, these cylindrical holes are commonly inclined between 30°-

45° to the blade surface for improved adhesion of the coolant jet to the surface [1], [4].

1.2.8. Effect of streamwise pressure gradient on film cooling effectiveness

The streamwise pressure gradient significantly influences the interaction between the coolant jet and
the mainstream flow, thereby affecting film cooling effectiveness. In a favourable pressure gradient
(where the pressure decreases in the streamwise direction), the boundary layer undergoes convective
acceleration, resulting in a thinner boundary layer upstream of the coolant ejection point [22], [24]. This
acceleration increases the stagnation pressure on the impinging coolant jet, generating a higher-pressure
region at the jet’s leading edge. The pressure difference between the upstream and downstream regions
of the ejection point induces a net downward force on the coolant jet column, pushing it closer to the
blade surface [22]. As a result, the jet remains attached to the surface for a longer distance, ensuring
better surface coverage and enhancing film cooling effectiveness [24], [47]. Additionally, the thinner
boundary layer allows for better coolant penetration, reducing mainstream entrainment and further

improving cooling performance [12], [20].

Conversely, in an adverse pressure gradient (where the pressure increases in the streamwise direction),
the boundary layer flow undergoes deceleration, leading to boundary layer thickening [16]. A thicker
boundary layer reduces the mainstream velocity near the wall, diminishing the stagnation pressure on
the coolant jet. This weakens the downward force on the jet, causing it to penetrate further into the
mainstream flow rather than adhering to the blade surface. As a result, jet lift-off occurs, reducing the

coolant’s ability to provide effective thermal protection[16], [17].
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2 Critical Research Question
How do streamwise pressure gradients (favourable, mild favourable, zero, and adverse) affect the
attachment, kidney vortex development and endwall topology of a film cooling jet at various blowing

ratios?

3 Objectives

e To determine the effect of blowing ratio (M = 0.5, 1.0, and 1.5) on the attachment of a film
cooling jet under zero pressure gradient.

o To determine the effect of streamwise pressure gradient (favourable, mild favourable, zero, and
mild adverse) on the attachment of a film cooling jet at blowing ratios between M = 0.5 and 2.0
in increments of M = 0.1.

e To map the structure of a film cooling jet (attachment, detachment, kidney vortex spacing, and
endwall structure) at different blowing ratios and streamwise pressure gradients (favourable,
mild favourable, zero, and mild adverse) using particle image velocimetry, planar laser

visualisation, and endwall oil-dye visualisation.
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4 Experimental Methods

An experimental study was performed to determine the effect that pressure gradients and blowing ratios
have on the attachment and detachment of a coolant jet of a turbine blade under gas turbine engine
representative conditions. The experimental analysis was conducted by considering the effects the
blowing ratio and pressure gradient have on the coolant jet. The flow over a turbine blade as mentioned
in previous sections is complex and three-dimensional with several secondary vortical structures
influencing the boundary layer flow over the blade surface specifically near the hub and tip of the
turbine blade. A two-dimensional slice of the midspan of the turbine blade is considered for this
investigation to isolate the boundary layer flow without the influence of secondary vortical structures

as shown in Figure 4.1.
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Figure 4.1: Experimental breakdown from (a) midspan slice of turbine blade to (b) cross section of
midspan slide of turbine blade with holes to (c) a flat surface experiment setup isolating a section of the

turbine blade (pressure gradient and blowing ratio)

Four pressure gradients taken over a turbine blade surface were replicated in this study as shown in
Figure 4.1. These include a favourable pressure gradient (near the leading edge on the suction surface
where the boundary layer flow velocity is increasing), a mild favourable pressure gradient (near the
trailing edge over the pressure surface of a turbine blade), a zero pressure gradient (where the boundary
layer flow over the suction surface transitions from laminar to turbulent flow) and a mild adverse
pressure gradient (taken near the leading edge of the pressure surface of a turbine blade where the
boundary layer flow velocity is decreasing) as shown in Figure 4.1. The favourable (FPG), mild
favourable (MFPQG), zero (ZPG), and mild adverse (MAPG) pressure gradients are replicated in a
continuous suction-type wind tunnel through variation of the upper endwall surface in the test section.
Pressure measurements were taken across the test section to quantify the pressure gradient imposed.

Planar laser visualisation was used to visualise the coolant jet structure, plume height and detachment
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lengths. Particle image velocimetry was used to map the velocity vector field to quantify the velocity
of the jet and mainstream flow and to capture the structure of the kidney vortices. Endwall visualisation

was accomplished with a fluorescent oil-dye mixture.

4.2  Testrig

Figure 4.2(a and b) show schematics for the experimental setup and test section that was conducted in
a closed-circuit suction-type wind tunnel. Four configurations of the test section, with varied contoured
upper walls, were implemented to vary the pressure gradient across the channel. The inlet area had
dimensions, height (H) x width (W) of 250.0 mm x 100.0 mm respectively. The length (L) of the channel
was 1200.0 mm with a test section length (Lr) of 820.0 mm as shown in Figure 4.2. The exit heights of
the channel were 100.0 mm, 150.0 mm, 250.0 mm and 320.0 mm as shown by #4;, k>, k3, and A4 in Figure
4.2(b) corresponding to favourable (FPG), mild favourable (MFPG), zero (ZPG) and mild adverse
(MAPG) pressure gradients respectively. A constant area single cylindrical hole with a diameter of D =
20.0 mm and a length of 124.0 mm was positioned in the centre of the test section (x, y and z = 0, with
a relative position to the inlet of L. = 410.0 mm) at an angle of = 30° to the lower endwall as shown
in Figure 4.2. This hole configuration was selected as it is commonly implemented across turbine blades
due to its simple geometry and improved film cooling effectiveness [4]. This is the case as the normal
velocity vector component of the coolant jet is reduced relative to the tangential component, thus,
reducing detachment of the coolant along the blade surface [10], [53]. Additionally, the hole diameter
of 20 mm was selected as it was necessary for velocity field measurement and flow visualisation
purposes, where a larger jet diameter enables more velocity vectors to be resolved, thus, increasing the
spatial resolution. Moreover, to adhere to engine representative testing conditions used in literature, the
mean mainstream and secondary flow velocities were calibrated based on the Reynolds number,
blowing ratio, and the hole to boundary layer flow ratio. A 20 mm hole diameter was selected as this
hole diameter provided the necessary flow conditions based on the ranges of Reynolds number (10 000
to 27 000), blowing ratios (0.5 to 2.0), and hole to boundary layer flow ratio (0.5 to 3.0) used in literature
to represent engine representative testing conditions [4], [16], [31], [32], [50], [55].

The channel was manufactured using transparent acrylic sheets with a thickness of 10.0 mm. The design
with technical drawings and assembly of the test section is outlined in Appendix A and Appendix F. The
use of transparent acrylic walls for the test section was necessary to allow for optical access to capture
the behaviour of the secondary flow jet in crossflow. A honeycomb mesh was placed at the inlet of the
constricted test section where a bell-mouth entry was placed to direct the flow from the large cross-
sectional area of the main wind tunnel (width x height of 320.0 x 320.0 mm) to the cross-sectional area

of the test section. Table 4.1 shows the summary of the tested parameter values.
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Figure 4.2: Schematics for the (a) experimental setup and (b) favourable, mild favourable, zero and

mild adverse pressure gradients generated in the test section by endwall contouring

The primary air flow was drawn into the test section by an axial fan downstream of the test section
controlled by a frequency inverter. A honeycomb mesh was placed upstream of the test section to
straighten the flow prior to entering the test section. The primary airflow velocity over the ejection hole
was set to maintain a Reynolds number of Rep~ 1.4x10%, relative to the cylindrical hole diameter as
follow [6], [21], [56]:
Rep—Lmtim? (1
Hm

Where: p,, is the density of the air in the mainstream flow, u,, is the mainstream flow velocity at the
hole location, u,, is the kinematic viscosity of the mainstream flow and D is the diameter of the
cylindrical hole of the coolant supply. The mainstream velocity of the test section was measured using
a pitot tube connected to a 16-channel digital manometer DSA 3217. The differential pressure obtained

by the digital manometer was averaged across 240 readings obtained over 10 seconds for every 5.0 mm
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intervals across the channel height. The pressure readings were converted into local velocities to obtain

the inlet velocity profiles and the corresponding integral mean velocity, u,, ~ 11 m/s.

The coolant or secondary airflow was supplied via a centrifugal DC fan, placed 2000.0 mm upstream
of the ejection point, controlled by a frequency inverter. A 21.0 mm inner diameter pipe was connected
between the centrifugal fan and a plenum. The plenum had a width x length x height of 80.0 mm x
400.0 mmx 80.0 mm and was placed 100.0 mm below the bottom surface and connected via a 20.0 mm
inner diameter pipe with a length of 124.0 mm to the hole on the bottom surface of the test section. The
plenum dimension range were conducive to plenum dimensions used in literature [57], [58], [59], [60],
[61]. Various fan speeds were calibrated using both a pitot tube and orifice flow meter to determine the
flow rate of the secondary flow. More information on the construction of the experimental setup and

calibration can be found in Appendix A and Appendix B respectively.

Table 4.1: Channel measurements and testing parameters

Parameters Values

Rep 14 000

Mean velocity of mainstream, u,, (m/s) ~11

Mean velocity of film cooling jet, v; (m/s) ~5.5t022.0

T./T 1

Blowing ratio, M 0.1 increments from 0.5 to 2.0
Film cooling hole diameter, D (mm) 20

Test section inlet height, H (mm) 250

Test section width, # (mm) 100

Test section exit height 4;, A2, hs, hy (mm) 100.0, 150.0, 250.0, 320.0
L (mm) 820.0

thl@ (mm) 410.0

0 (degrees) 30.0

4.3  Calibration of Test rig

4.3.1 Pressure in mainstream vessel

The pressure gradient across the channel was varied by introducing a contoured upper endwall in the
test section that varied the cross-sectional area through the channel as shown in Figure 4.2(b). Pressure
taps were placed along the bottom endwall surface of the channel to record the pressure variation for
each upper endwall configuration namely, favourable, mild favourable, zero and adverse as represented
by channel exit heights 4, 42, hs and A4 respectively in Figure 4.2(b). The exit heights were varied to
recreate the pressure gradient over a turbine blade surface. The turbine blade pressure distribution was

obtained from a paper by Behr et al. [55] that implemented engine representative conditions.

The pressure distribution across the test section was evaluated experimentally by placing 16 pressure

taps flush along the endwall surface of the test channel connected to a 16-channel digital manometer
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DSA 3217. The differential pressure obtained by the digital manometer was averaged across 240
readings obtained over 10 seconds for every pressure tap simultaneously. The pressure taps were made
using 21-gauge needles attached to silicon tubing that were connected to the digital manometer to record
the differential pressure at the specified locations. The static pressure variation across the bottom
endwall was recorded and compared to engine representative pressure variation over sections of a

turbine blade compiled by Behr et al. [55] as shown in Figure 4.3.
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Figure 4.3: Static pressure distributions along the lower surface for favourable (FPG), mild favourable

(MFPQ), zero (ZPG), and mild adverse (MAPG) pressure gradients

4.3.2 Acceleration parameter
The pressure gradients were further quantified using the acceleration parameter, K, defined in following
the study [62] as:

Vydu,,

K= 3)

u’, dx

Where vy, is the kinematic viscosity of the primary flow, u,, is the streamwise velocity of the primary
flow and du,,/dx is the derivative of the streamwise velocity with respect to x, the streamwise distance.
The acceleration parameter was measured based on the local static pressure measurements in Figure 4.3
and the freestream flow velocity at the hole location for each channel. For the favourable, mild
favourable, zero and mild adverse pressure gradients the acceleration parameters were, K = 2.61% 10,
K=1.53x10"°, K=0.00x10" and K =-0.31x10"° respectively. These values are comparable to those
obtained by Qin et al. [17] (K = -0.23x10,0,and 0.72x10°), Ammari et al. [63]
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(K=5x10°,1.9x10% and 0), Teekeram et al. [26] (K=2.62x10°, 1.54x10°, 0.76x10°¢, and
-0.22x10°), Pai and Whitelaw (K=1x10°,1.82x10°, and 3.30x10°), Maiteh et al. [64]
(K=-1.11x10", and 1.11x 10'6), and Jessen et al. [16] (K =-0.5% 10, and 0). The range of acceleration
parameters varies between papers due to the experimental inlet conditions selected. However, the
pressure gradient (dP/dx) through the channel as shown in Figure 4.3. is the same compared to previous

papers and turbine blade data which the contour surface calculations were based on.

The local velocity in the x-direction is calculated based on the change in area through the test section

by substituting the continuity equation into Bernoulli’s equation as follows [56], [65]:

v, = (Pl B PZ) + 05p‘l712 (4)
z 0.5p

Where P is the local static pressure in Pa, and v is the local velocity through the channel in m/s at the
local positions denoted by subscripts / and 2, where / represents an upstream position relative to 2. The
variation in the local velocity was mapped out accordingly against the local x-direction position in the

channel. The derivate of the mainstream velocity was subsequently calculated.

4.3.3 Blowing ratio (M)
The flow rates implemented were based on blowing ratios (M), which is the mass flux of the coolant
relative to that of the mainstream flow [66], [67]:

_ PcVc

PmUm

M &)
Where: p is the density of air (calculated based on the ambient temperature and pressure using the ideal
gas law) with subscripts ¢ and m denoting the secondary jet and mainstream flow respectively, U, is the

mean velocity of the secondary jet flow and i, is the mean mainstream velocity. As the temperature of

the air for the secondary and mainstream airflow was the same, the density ratio becomes, 5—C =1.As
m

such, the blowing ratio becomes only a function of the mean velocity ratio between the coolant jet and

. 7
the mainstream flow, a—c
m

The blowing ratio was set, for the initial tests, to M = 0.5 (for the MAPG and MFPG), 1.0 (for the ZPG),
and 1.5 (for the FPG) as per blowing ratios observed from preliminary numerical simulations and past
papers. The blowing ratio was increased or decreased in increments of 0.1 between these primary
blowing ratios to analyse the specific blowing ratio at which the secondary flow transitioned from

attached to detached away from the endwall surface.
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4.3.4 Mainstream and secondary velocity profiles

Transverse velocity profiles of both the mainstream and secondary flow were taken in isolation of one
another to reduce interferences that each may cause on the other. The local velocity of the mainstream
flow (relative to a change in the y-direction across the centre of the channel) was calculated using a
pitot tube directly at the centre of where the hole would be placed (410.0 mm from the test section inlet).
Figure 4.4 shows the velocity distribution of the channel for the favourable, mild favourable, zero and
mild adverse pressure gradients. Initially, the mainstream axial velocity u()’) along the test section height
H (i.e., the y-axis in A-A’) was measured at the centre of the film cooling jet’s exit as shown by the inset
of Figure 4.4(a). The mean velocity of the mainstream (u,,) was set for the Reynolds number of Rep =
14,000, based on the film cooling jet diameter (D). It should be noted that the present Reynolds number
lies within the range comparable to Gao et al. (Rep ~ 10,000) [31], Drost et al. (Rep ~27,000)[32], Day
et al. (Rep ~ 21,000)[68], Sakar et al. (Rep ~ 8,000) [69], Colban et al. (Rep ~ 24,000) [50], and Camci
et al. (Rep ~ 13,000) [37], that are claimed to be representative of typical film cooling conditions in a

gas turbine, and further allowing for the comparison to the flat plate experimental setup.

The boundary layer height (§) varied between test section configurations as seen in Figure 4.4 due to
the imposed pressure gradient through the test section. The data from both Pitot tube and PIV (to be
described in detail in the following section) consistently shows that the mainstream has a uniform profile
outside of the boundary layer, and the corresponding boundary layer thickness is J ~ 25 mm (or ¢ /H ~
0.10) for the ZPG. As a finite yet set pressure gradient was imposed, the thickness of a boundary layer
varies as being J ~ 15 mm (or ¢ /H ~ 0.09) for the FPG, 6 ~ 20 mm (or ¢ /H ~ 0.10) for the MFPG, and
0 ~ 30 mm (or 6 /H ~ 0.11) for the MAPG as shown in Figure 4.4. The thinning of the boundary layer
is caused by both favourable pressure gradients (FPG and MFPG) whereas thickening occurs with the
adverse pressure gradient (MAPG). Moreover, the relation of the hole to boundary layer thickness (D/0)
varies depending on the streamwise pressure gradient imposed. For a FPG, D/6 = 1.3 (6 = 15 mm), for
a MFPG, D/6 = 1.0 (6 = 20 mm), for a ZPG, D/ = 0.8 (6 = 25 mm), and for a MAPG, D/6 =0.7 (0 =
30 mm). These values fall within the range of D/d found in literature covered in §1.2.4.

From PIV and the Pitot tube both show that the jet exit velocity profile is independent of the blowing
ratio since the reduced velocity data collapse well onto a single curve under the zero-pressure gradient
(ZPQ). Similarly, this relationship was also seen for the favourable (FPG), mild adverse (MFPG), and
adverse pressure gradient (MAPG).
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The mean velocity was calculated based on the area weighted average of the local velocities as a

function of their positions through the channel height as follows [56], [70], [71]:

1 (A
Uy = Z,L u(y)dA (6)
Where: u(y) is the local velocity as a function of the y-position across the channel height, and A is the
cross-sectional area of the channel at the hole location. The mean velocity for the FPG, MFPG, ZPG,
and MAPG was 11.13 m/s, 11.05 m/s, 11.01 m/s, and 11.01 m/s respectively. The velocity profile for
the secondary flow was extrapolated along B-B’ (normal to the oncoming flow which corresponds to
an obtuse angle of 120°) as shown in Figure 4.5 at the exit of the hole. Local velocities were collected
in intervals of 1 mm up to the extent of the jet width (past the diameter (D) of the hole due to the
expansion of the jet upon exiting the hole). From Figure 4.5, the normalised velocity profile collapses
onto one trend for the three blowing ratios tested. This indicates consistent flow behaviour exiting the
hole that is not affected by any external factors regardless of the fan speed. Therefore, the streamwise

pressure effects on the attachment and detachment of the jet can be tested in isolation.

The calibration of the mean velocity for varying fan speed was accomplished using an orifice flow
meter placed 300 mm downstream of the centrifugal fan supplying the secondary air flow as sown in
Figure 4.2(a). The ratio between the actual flow rate (pitot tube) and the ideal flow rate (orifice flow
meter) is known as the discharge coefficient. The discharge coefficient is used to calibrate the readings
obtained by the orifice flow meter to be able to get the actual flow rate obtained at the exit of the hole.

This is of particular interest when determining the blowing ratio when the mainstream flow influences
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the secondary flow velocity. Appendix B provides further explanation on the experimental setup used
to calibrate and evaluate the mean velocity of the secondary flow with and without mainstream flow.

The discharge coefficient (C,) was calculated based on the following equation [72]:

C,4, AP
=00 (= 7
JI-(4,/4,)? g< y ) @

Where: C, is the discharge coefficient, g is the gravitational constant taken as 9.8 1m/s, AP is the change
in pressure across the orifice, P; — P,, such that the subscript 1 and 2 are upstream and downstream of
the orifice respectively, 4, is the area of the orifice and 4; is the area upstream of the orifice. The actual
flow rate @, is the mean velocity determined from the data collected from the pitot tube velocity profile
multiplied by the cross-sectional area of the pipe. The mean velocity (¥,) is calculated using the area
wetted average from equation 6 which was simplified for a pipe in respect to the radial position (), the

elemental radial change (dr) and the radius (R) of the channel as follows:

v, = %Z v(r)rdr 8)
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Figure 4.5: Comparisons of film cooling jet (without crossflow for 3 different fan speeds with each
corresponding to the blowing ratio of M = 0.5, 1.0 and 1.5)) profiles along B-B’, obtained by both Pitot
tube and particle image velocimetry (PIV)

4.4 Flow field mapping and visualisation

4.4.1 Velocity field mapping using Particle Image Velocimetry (PIV)

28



Flow field measurements were conducted using planar particle image velocimetry (PIV) to capture the
jet trajectory, the change in mainstream flow velocity under the influence of streamwise pressure
gradients, the critical blowing ratio, the kidney vortex structure, and the lateral spread of the coolant jet
downstream of the ejection point. The jet lift-off (attachment and detachment) was analysed using three
planes henceforth known as case 1, 2 and 3. Case 1 captured data on the x-y plane at z = 0D from x = -
2D to x = 8D in the streamwise direction. Case 2 is set in the horizontal x-z plane between x = -2D to x
=4Daty=2,5,10, 15, 20, 25, 30, 35, 40, and 45 mm. Case 3 relates to PIV data that was transformed
to vertical slices from planes at a 45° angle to the y-z plane at x =-2D, -1D, 0D, 1D, 2D, 3D, 4D. Code
used to transform the plane by 45° is found in Appendix C.

A Dantec Dynamics Dual Power 65-15 laser with a wavelength of 532 nm and a maximum energy
output of 80 mJ was used to illuminate the seeding particles introduced into the flow field. The seeding
particles were atomized mineral oil (Shell Ondina 901L0996) with a mean diameter of ~1pm. The
particles were introduced into the primary flow 2.0 m upstream of the test section and at the inlet of the
centrifugal fan supplying the secondary flow. The seeding particles were recirculated through the closed
loop wind tunnel configuration to spread the particles evenly across the test section. A single CCD
(charge-coupled device) camera (12.125 Hz maximum sampling rate) was used to capture the particle
displacement within the 2D illuminated plane. Figure 4.6 shows the positioning of the camera and laser
to capture images perpendicular to the laser light sheet. The particles in the observed object plane were
mapped onto an image plane captured by the CCD camera. The image resolution was 1296 x 966 pixels
with a pixel pitch of 3.75um. The field of view of the PIV measurement area for case 1 was 210 x 155
mm, and the image magnification factor was M, ~0.023. Case 2 and 3 had the same field of view of
100 x 77 mm with an image magnification factor of M;~0.049. The measurement period encompasses
two sequential pulses of the laser light sheet separated by a finite time interval between 10us and 65us
(calculation shown in Appendix D), defined by the maximum centreline velocity of the secondary

airflow at a specific blowing ratio.

For case 1 the laser was fitted with an adapter to direct the emitted laser pulses to a conical mirror placed
inside a glass tube casing connected to the laser adapter. Details on the conical mirror and the isotropic
illumination for PIV experiments can be found in this paper by Atkins et al. [73]. This method solves
the refraction and shadow issue encountered by previous papers in illuminating the test section through
a contoured surface placed to induce streamwise pressure gradients. The conical mirror reflected the
laser light 90 degrees allowing for illumination across the centre of the test section. The energy output
of the laser was set to 30mJ to maximise the number of runs undertaken using a single conical mirror.
The camera was positioned perpendicular to the light sheet at 1.5 meters. For case 2 and 3 a Dantec lens
was attached to the laser to emit the laser pulses directly into the test section horizontally, for case 2,

and at a 45° angle for case 3. The cameras were positioned perpendicular to the light sheet at 0.9 meters.
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Each run captured 200 images (with an elapsed time of ~20 seconds) that were post processed to obtain
the flow field vector map using PIV software (Dantec Dynamic Studio V8). The vector field between
two successive image frames produced an instantaneous vector map that were sub-dived into regions
known as interrogation areas of 16 x 16 pixels in size with an overlap of 50%. The interrogation size is
selected with roughly 6-7 pairs of particles present within the interrogation area to reduce the
uncertainty of the PIV vector maps. For a specific location in the flow field, the time-averaged velocity
field is evaluated over a group of 200 instantaneous vector maps sampled at a frequency of 12 Hz. A
minimum pixel image was obtained from the retrieved images and subtracted from the raw images to
reduce any potential background noise. An image mask was applied to the arithmetic images to subtract
regions without flow, the bottom wall and contour of the upper wall specifically for the favourable
pressure gradient. An average correlation image was obtained from the arithmetic images. Peak
validation, range validation, moving average validation, and an average filter were applied to the
average correlation image (time-averaged velocity field) to reduce spurious vectors. For each set of
images obtained the spatial resolution of the velocity vector map containing 161 x 112 vectors was a

vector spacing of ~ 0.6 mm.

Countered
upper surface

PIV measurement
area

— Glass rod
Cylindrical hole

Conical mirror

CCD Camera Adapter
Plenum Laser
(a)
CCDC :
ameta CCD Camera:

-z plane sli 4
X-z plane slices 45° plane slices

Contour surface

Seeding particles

PIV measurement area:

PIV measurement 45° to y-z plane slices

area: X-Z plane slices

Cylindrical hole

Plenum

30



(b)
Figure 4.6: Schematic of the camera and laser positioning to obtain a PIV measurement area. (a) On the
x-y plane at z= 0 mm (Case 1) and (b) On the x-z plane at y =2 mm, 5 mm, 10 mm, 15 mm, 20 mm, 25
mm, 30 mm, 35 mm and 40 mm, and at a 45° angle to the y-z plane at x = -2D, -1D, 0D, 1D, 2D, 3D,
4D with the film cooling jet diameter of D = 20 mm (Cases 2 & 3)

4.4.2 Flow field visualisation using Planar Laser Visualisation (PLV)

Planar laser visualisation is a flow visualisation technique that incorporates the use of a laser to
illuminate seeding particles across a thin plane. This technique uses the same system as that used for
the particle image velocimetry technique (a Dantec Dynamics Dual Power 65-15 laser and a CCD
camera with 12.125 Hz maximum sampling rate). However, only seeding particles (Shell Ondina
901L0996 with a mean diameter of ~1pm) are introduced into the “targeted” flow for visualisation.
Incorporating seeding particles only into the “targeted” allows for a clear contrast between the flow
structures (illuminated particles) and the mainstream flow (black background due to lack of particles
reflecting light). To this end, the atomised mineral oil particles were introduced only into the film
cooling jet. The laser light sheet illuminated the particles carried by the jet in the vertical x-y plane, and
the high contrast between the mainstream and the film cooling provides insight of the extent of
attachment or detachment of the jet flow to the endwall surface, and the details of how the jet interacts

with the endwall.

The distinction between the PLV and PIV images gathered is in the concentration of particles. Where
for PLV only the particles are shown in the coolant jet (analysed flow structure) compared to the
homogenously seeded image used for PIV that requires more particles to resolve the velocity

components of the full tested area.

4.4.3 Endwall visualisation using a florescent oil-dye mixture technique

Endwall surface flow pattern was visualized using an oil-dye mixture technique. Florescent powder was
mixed with a light diesel fuel, and the mixture was then applied to the endwall surface using a brush to
achieve targeted even distribution upstream, downstream, and around the ejection hole. The
aerodynamic shear stresses, at the endwall, redistributed the mixture and visualization of the surface
flow patterns was realized. This pattern represented a time-averaged visualization of the endwall flow
topologies. Validation and interpretation of such topologies has been independently validated against

near endwall PIV measurements in a previous study by Schekman et al. [74].

Before the application of the mixture, the surface was painted in black to enhance the reflectivity and

contrast between the endwall and dye patterns. An ultraviolet (UV) light illuminated the surface flow
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pattern while it was being photographed. Further the experiment was run for a sufficient length of time
to allow for at least a partial evaporation of the diesel. This allowed for the patterns to be imaged with
the wind tunnel turned off without the disturbed diesel mixture flowing back over the patterns,
disrupting the image. If, however, large pooling of oil-dye occurred then disruption could only be at
best minimised. More details associated with this flow visualization technique can be found in Kim et

al. [75].

4.5 Uncertainty analysis

This study considers a steady state system which over time has variations in the repetition of tests
conducted. These errors or uncertainties are random errors as they vary between tests. Although the
total error is defined as the sum of the systematic and random errors, the bias from the true value, the
systematic error, was reduced based on calibration of the experimental apparatus by comparison
between data sets such as the pitot tube, and the orifice flow meter. The uncertainty associated with the
random errors or random uncertainty as defined in Colman and Steele [70], is calculated based on the
standard sample deviation of the individual values of the tests from the mean sample value. To obtain a
random uncertainty with a confidence interval of 95% (indicating the probability that a particular test
value falls within this range 95% of the time) is defined based on a t critical value from a t-distribution

graph as follows [70]:

_ Sy

PXmean - \/N €))

Where: N is the sample population (i.e. the number of individual readings), Sy is the sample standard
deviation, and the critical t value is obtained from Appendix E and is based on the degrees of freedom

(v = N — 1) and the sample population (N).

For this study, the blowing ratio is a function of the mean mainstream and coolant velocities which are
both a function of the local velocity which in turn is a function of the pressure difference through the
pitot tube and orifice flow meter. The uncertainty associated with the local velocity, flow rate through
the flow meter and blowing ratio was 1% 1.8%, and 1% respectively determined based on 20:1 odds
(95% confidence) method outlined by Coleman and Steele [70]. This considers the uncertainty based

on random errors and not the systematic (bias) errors which were minimised through calibration.

The uncertainty associated with the PIV vector maps is based on the displacement between individual
pairs of particles tracked within an interrogation window between exposure frames 1 and 2 according
to a parent vector map that has not been modified, i.e. the cross-correlation map [76], [77]. In this
method the systematic uncertainty regarding alignment of laser plane and camera, timing and

synchronisation of laser and camera capture, particle tracing capabilities (particle slip velocity, i.e.
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particle velocity relative to flow velocity), image peak-locking (particle size relative to pixel size) and
illumination of laser (dual laser sheet pulse alignment and intensity) are accounted for during calibration
and experimental setup and as such are not considered as significant sources of error. Therefore, only
the random errors in the particle disparity method developed by Sciacchitano et al. [77], [78] and
conducted using the PIV software (Dantec Dynamic Studio V8) are accounted for [78]. This includes
the effects of particle image displacement, out-of-illuminated-plane motion, seeding density and
particle image diameter [77]. Although the ‘exact’ velocity measurement is not known, this method
applies an algorithm that performs image-matching estimations to produce an instantaneous distribution
of the uncertainty measurement of the velocity vector field [77]. The particle disparity uncertainty
accounting for a particle size of 2-3 pixels with an interrogation window of 16 x 16 pixels is ~0.2 pixel
units and ~0.4 pixel units in the freestream and jet respectively. Therefore, the full-scale relative

measurement error is ~1.6% and ~3.3% in the freestream and jet respectively.

4.6 Validation of the blowing ratio

The blowing ratio was validated through comparison of the pitot tube and PIV data obtained through
various tests. The difference between pitot tube and PIV data points shown in Figure 4.4 and Figure 4.5
obtained for the mainstream velocity profile and secondary flow velocity profiles was < 8.2%, and
< 6.8% respectively. The calculated mean velocity for both the pitot tube and extracted PIV data for the
mainstream and secondary velocity profile was <1% for both cases. The process to determine the
blowing ratio, knowing that the pitot tube and PIV data were closely matched followed the detailed

calibration setup procedure that can be found in Appendix B.

4.7 Channel wall effects

The wall effects on the jet flow associated with the development of the boundary layer through the
channel consisting of a 100.0 mm width was tested to determine whether there was any significant
influence on the jet profile. Cross-width channel velocity profiles were extracted for a width of (1) 100.0
mm, and (2) 320.0 mm (the maximum channel width). Both tests were conducted with a constant
channel height of 250.0 mm. The variation in channel height to obtain the required pressure gradient
through the channel posed an issue on the limits of the experimental facilities available. This is the case
as an increase in fan speed would be required to maintain the required flow rate through the channel for
the most favourable pressure gradient setup. A channel width of 100.0 mm and a hole diameter of 20.0
mm were selected to best utilise the experimental apparatus without exceeding the rated fan speed limits
of operation. A comparison of the velocity profiles through the channel width are shown in Figure 4.7

for varying blowing ratios of M =0.5, M =1.0, and M = 1.5.
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Figure 4.7: Comparison of the transverse PIV velocity profiles through a zero-pressure gradient channel

on the x-z plane at y/D = 0.5 and x/D = 3 for (a) M= 0.5, (b) M= 1.0, and (c) M= 1.5

The x-direction (u-velocity component) of the resultant mainstream and secondary flow velocity is
observed in Figure 4.7. At the centre of the jet the velocity profiles between the wide channel and narrow

channel are closely matched and follow a similar trend. The width of the jet is also similar in size.
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Beyond the jet, the mainstream velocity profile varies as the boundary layer of the wall causes the
mainstream flow to decrease towards the wall as expected. However, the boundary layer flow does not
influence the jet flow as the velocity of the jet is closely matched in magnitude over the hole width for

the narrow 100.0 mm width and wider 320.0 mm channel widths.
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S Results and Discussion

In this study, an experimental investigation was performed to evaluate mainstream-jet-endwall
interaction when the streamwise pressure gradient and the blowing ratio was varied. In particular, using
the PIV technique the structure of the jet kidney vortex was revealed, and it was shown how the pressure
gradient and blowing ratio affects the attachment of the jet to the endwall. In addition, endwall oil dye
flow visualization demonstrated in detail how the kidney vortex jet structure interacts with the endwall

surface. These results are described further in the following sections.

5.1 Film cooling jet in differing blowing ratios under a zero-pressure gradient (ZPG)

The film cooling jet interacting with crossflow (mainstream) is shown in Figure 5.1, whereby PIV
measurements were obtained in a symmetric plane under the zero-pressure gradient (ZPG) at three
selected blowing ratios: M = 1.5, 1.0 and 0.5. Figure 5.1(a) shows the high blowing ratio (e.g., M =
1.5) and that the film cooling jet is detached from the endwall after being ejected into the mainstream,
which is clearly seen from the flow visualization (i) and the velocity contours in the x-y plane (ii).
Specifically, the detached region is revealed from the flow visualization (i) by the dark region between
the jet flow and endwall surface caused by the low concentration of seeding particles. The jet remains
detached up to x/D = 3.0 which is the downstream extent of the measured flow field using PIV. In
addition, both upper and lower peripheries of the film cooling jet in the symmetry x-y plane run almost
parallel to the jet axis, which indicates limited radial diffusion of the jet and there is almost no apparent
arching of the jet core as the jet is convected downstream. The absolute velocity |V]| contour of the jet
in the symmetry plane by Figure 5.1 (a, ii) shows that the incoming boundary layer mainstream flow
retards approaching the inclined column of the film cooling jet and follows the jet’s leading-edge as if
the jet’s column is a solid backward inclined circular object [79]. Along the jet axis, the core velocity

appears to remain unchanged roughly until s/D ~ 2.0 from the jet exit indicated.

The velocity field mapped by PIV in the x-y and y-z planes (iii & iv) shows the structure of the kidney
vortex as of a pair of counter-rotating vortices that develop in the streamwise direction. Here, two
localised regions of increased flow velocity at the core of each kidney vortex can also be discerned in
the x-y plane at y/D = 0.5 in (iii). From Figure 5.1(a, iv) the location of the kidney vortex cores relative
to the endwall and lateral spreading (in the z-axis direction) are determined with the PIV measurements
that are decomposed as y-z plane vertical slices made at three x/D positions. As the jet is convected
downstream the distance between the core of each vortex in the z-axis (z1) remains largely constant. On
the other hand, the height of the vortex cores above the endwall (y1) increases as seen in Figure 5.1(a,
iv). The distance y, is largely similar to the height of the jet core in the x-y plane. As the x/D distance
increases, a region of low-velocity flow downstream of the film cooling hole is created as seen in Figure
5.1(a, ii & iii). This is coupled with the circulation of the vortices and causes entrainment of the

mainstream flow towards the centre of the jet [7], [15]. This drives the outer boundary jet flow towards
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the centre and results in a net upwards force on the jet [10]. As the jet convects downstream, the jet lift-

off distance y; monotonically increases since the jet is detached as shown in Figure 5.2.

(i) Upper — - - 5
u, periphery
n

(a)
Detached Lower
flow periphery
(iii)
Mimsl: 0 4 8 12 16 20 24 28
(b)

3 4
Detached Re-attached
region region

v,

(iif)

[V][m/s]: 0 4 8 12 16 20 24 28



Detached Blade
flow Surface

Mmss]: 0 4 8 12 16 20 24 28
D

Figure 5.1: Film cooling jet structure including Kidney vortex in crossflow under ZPG while varying
M for Rep=1.4x10* (un ~ 11.5 m/s). (a) At M = 1.5 (detached flow), (b) At M = 1.0 (semi-detached
flow), (c¢) At M = 0.5 (attached flow).

Figure 5.1(b) reveals the jets behaviour when the blowing ratio decreased to M = 1. Here the film
cooling jet’s momentum flux matches that of the mainstream, and similar to M = 1.5, a detached region
is apparent (i.e., dark region) downstream of the jet exit Figure 5.1(b, ). However, in contrast to Figure
5.1(a), distinct arching of the jet core towards the endwall occurs (see Figure 5.1(b, i & ii)). Roughly at
x/D = 2.8 from the ejection hole axis, the lower periphery of the jet shear layer re-attaches to the endwall
surface (see Figure 5.1(b, i). The velocity contours in Figure 5.1(b, ii), show that the core of the jet
moves away from the endwall, however with increased arching compared with Figure 5.1(a, i & ii)).
Three horizontally (x-z plane) slices with varying elevation from the blade surface in Figure 5.1(b, iii)
show similar structures to the blowing ratio M = 1.5 case but with lowered jet velocity values. Here,
interaction of the mainstream with the jet is clearly shown where significant flow deceleration in the
immediate upstream region of the jet occurs, to demonstrate that the inclined jet acts to partially obstruct
the mainstream (i.e., /D = 0.1). The velocity contours in the y-z plane (see Figure 5.1(b, iv)) show
upward entrainment of the flow at the centreline by the kidney vortices. In addition, Figure 5.1(b, iv)
shows the centre-to-centre distance (z1) between the cores of the counter-rotating vortices, which for
the semi-detached flow, decreases after attachment at about x/D = 3.0. Furthermore, the detached
distance from the endwall surface, y; of the re-attached film cooling jet decreased. The jet core,
including kidney vortices, is thus convected towards the endwall while diminishing in size compared

to the case with M = 1.5 (see Figure 5.1(a)). The flow visualization in Figure 5.1(b, i) has the entire jet
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for -1 < x/D < 3 visualized and highlights that the jet attachment does not necessarily occur at an
instantaneous point downstream for the entire jet. This jet flow is termed as “semi-detached” with a
region downstream of the jet exit where no portion of the jet flow interacts with the endwall. Here the
classification of semi-detached flow is defined since the ejected cooling jet is detached at the exit and
then reattaches to the endwall surface at a close downstream location (i.e., ~3D). Previous research
defined the location of the reattachment jet in conjunction with the placement of the film cooling holes
array on a turbine blade surface. Here, the positioning of film cooling holes along a turbine blade surface
has been optimised to increase the coolant coverage to maximise the FCE. These positions vary
substantially between individual designs. The coolant ejection through upstream film cooling holes is
typically designed to re-attach within the spacing between rows of film cooling holes and the respective
spacings presented in previous papers over a turbine blade are: ~4D measured from the hole centre on
the blade pressure surface (PS) and ~12D on the suction surface (SS) by Gao et al. [31], ~3D, ~5D and
~9D on the PS and ~12D on the SS by Narzary et al. [33], ~3D and ~12D on the PS by Lee et al. [80],
~6D on the SS and ~2D to ~10D on the PS by Zhang et al. [2]), and ~5D on the PS and SS by Ames et
al. [81]. More relevant to the present study over flat endwall surfaces, the hole spacings are: ~3D by
Jessen et al. [16], ~3D by Jabbari et al. [82], 10D by Hay et al. [83], 5D and 10D by Jubran et al. [84],
~2D by Maiteh et al.[85], and 3D by Kingery et al. [86]. Consequently, the reattachment length of the

cooling jet to the endwall surface adopted in this study is 3D downstream of the coolant ejection hole.

1.4
- mM=057PG
12F  aM=10ZPG
a e M=157PG
Q i
= 1.0 C
8 B
§ 08
:-5 |
3 06F
E i
E 04l /
~ i
02 F
[ "f/'
L | 1 | 1 | ! |
0 0 /1 ) 3
Hole Endwall surface

Normalised distance x/D
Figure 5.2: Normalised distance y,/D for a zero pressure gradient (ZPG) at x/D = 1, 2, and 3 with
blowing ratios of M= 0.5, 1.0, and 1.5

When the blowing ratio is reduced further to M = 0.5 (Figure 5.1(¢c)), the film cooling jet velocity is

half of the mainstream. Figure 5.1(c, 1) shows that immediately after the jet exits, a portion of the jet is
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seen to be attached to the endwall, and a very low velocity downstream of the exit is observed in Figure
5.1(c, ii & iii). The height of the vortex cores, yi, increases slightly but remains low for all three cases
considered as seen in Figure 5.1(c, iv) and Figure 5.2. The centre-to-centre distance of the two counter-
rotating vortices, zi, decreases monotonically after exit while convecting downstream. Overall, the

lateral coverage of the film cooling jet is reduced in comparison to the case with M = 1.0.

In summary, increasing the blowing ratio of the film cooling jet (M = 0.5 = 1.0 = 1.5) sequentially
causes the jet and endwall to interact as: (i) attached, (ii) semi-detached, (iii) detached flows for the
zero-pressure gradient (ZPG) condition. Furthermore, the kidney vortex formed resulting from the
interaction between the mainstream and the film cooling jet becomes stronger, which implies the

stronger mixing between the mainstream and jet stream.

5.2 Endwall flows with differing blowing ratios under a zero-pressure gradient (ZPG)

Figure 5.1(a) shows that the jet is detached from the endwall with the higher blowing ratio M = 1.5, and
a region of low velocity downstream of the jet exit developed at z/D = 0.0 in both the x-y plane (ii) and
x-z plane for y/D = 0.1 (iii). As the blowing ratio decreased jet attachment was observed, yet the low
momentum region near the jet exit persisted [67], [86]. To further understand the coverage of the cooling
jet over the endwall surface near the jet exit region, and the specific characteristics of detached and
attached jet flow, an endwall oil-dye visualization technique was performed. This experimental method
qualitatively reveals the distribution of the endwall shear stresses around and downstream of the jet exit
to highlight details of the mainstream-jet-endwall interaction [87]. Figure 5.3 shows the resolved flow
fields for attached (a), semi-detached (b) and detached (c) jet flow cases corresponding to the test
conditions in Figure 5.1. Three distinct wake regions (i.e., I, I & III) were schematically illustrated and

described in detail in the following section.

Wake Region I is shown in Figure 5.3(a) and occurs immediately downstream of the jet exit, where oil
pooling near the exit of the jet is seen. The pooling results from high mainstream entrainment (i.e., high
oil-dye concentration) and strong recirculation near the jet exit (see Figure 5.3(f)) so that the fluid is not
able to be convected downstream. In particular, the Wake Region I appears to be fed by (i) the
mainstream flow wrapping around the jet flow at the exit and (ii) the horseshoe vortex system
originating at the separation line (see Figure 5.3(d and e)). As the mainstream endwall flow approaches
the jet flow, an adverse pressure gradient upstream of the jet develops that is associated with the reduced
mainstream velocity upstream of the jet (see Figure 5.1). Consequently, separation and roll-up of the
boundary layer into a horseshoe vortex structure takes place [87]. Flow separation is identified by the
well-known separation line that develops in the oil dye pattern around the jet that is seen in Figure 5.3(e)
for the semi-detached case. This present interpretation of the separation line and horseshoe vortex

structure development is based on previous flow visualization studies [75], [88], [89]. Here, it appears
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that the horseshoe vortices wrap around the jet structure and become entrained into Wake Region I
where oil dye pooling is seen. The entrained region has a complex flow structure featuring a pair of

irregular shaped vortices as seen in Figure 5.3(f).

For a horseshoe vortex structure around a solid inclined cylinder, the surrounding flow converges at the
centreline of the wake, i.e. z/D = 0.0, forming a single trailing wake stream [88]. In contrast, for the
current case the jet flow obstructs the mainstream and a split wake develops. The split is initiated by a
teardrop shaped region denoted as Wake Region II. This region is indicated in Figure 5.3(f) and can be
seen for all three cases in Figure 5.3(a, b, and c). After converging and forming the tail of the tear drop,
Wake Region Il persists downstream as a narrow band of dye. The flow from Wake Region I then wraps
around Wake Region II and forms a pair of distinct dark bands (denoted as Wake Region III) that extend
downstream in the streamwise direction. The distinction between Wake Region I and III occurs at the
start of Wake Region Il (i.e., at x/D = 1.5). The absence of dye particles in Wake Region III indicates a
larger endwall shear stress that disperses the dye particles quickly before they are deposited on the
endwall [75], [88].

Figure 5.3(a, b, and c) shows the variation of the wake region (i.e., I, II, III) endwall pattern with
blowing ratio under the zero pressure gradient condition. Wake Region I remains fixed with a change
in blowing ratio. The blowing ratio does not substantially affect the formation of the horse vortex system
and in turn Wake Region I since the horseshoe vortices are entrained within the wake at the exit of the
jet. Wake Region II is unchanged with the varying blowing ratio, where the tear drop shape is initiated
and terminated at approximately the same downstream position for all three blowing ratios (x/D = 1.5

and x/D = 3.0 respectively).
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Figure 5.3: Endwall oil-dye flow visualisation for ZPG while varying M for Rep= 1.4x10* (um=11.5
m/s). (a) Attached jet flow, M = 0.5 (b) Semi-detached flow, M = 1.0 (¢) Detached flow, M = 1.5 (d)
Flow topology schematic, (e) Closeup of upstream region for semi-detached case and (f) closeup of

downstream wake region for semi-detached case.

In contrast, Wake Region III varies distinctly across Figure 5.3(a, b, and c), with increasing blowing
ratio. Here the Wake Region III width is seen to decrease and form a waist at x/D = 3.0 (i.e., narrowest
section of the wake). For the detached jet case (Figure 5.3(c)) the region contracts slightly but following
the termination of Wake Region 11, Wake Region III begins to diverge. For the attached jet case, where
M=0.5 (Figure 5.3(a)) Wake Region IIl is at the narrowest. This behaviour can be correlated to the PIV
velocity contours in the y-z plane Figure 5.1. Specifically, the lateral distance between the kidney vortex
core z; decreases as the blowing ratio is reduces, that follows a similar trend to the Wake region I1I waist
width that gets progressively smaller as shown in Figure 5.4. For the detached case (Figure 5.1(a, iii)),
z) remains approximately constant while for the attached case (Figure 5.1(c, iii)) z; decreases drastically
by x/D = 3.0. This would indicate that Wake Region 111 is related to the formation of the kidney vortices
in the jet flow and that the mainstream-jet flow interaction affects the endwall flow pattern via the
kidney vortex. In addition, Figure 5.4 demonstrates that the blowing ratio has a substantial effect on the
lateral spreading of the cooling jet that ultimately influences the coverage of the jet on the endwall
surface. With increased blowing ratio under the cooling jet spreads laterally, and detaches from the

endwall surface, under the zero-pressure gradient condition.
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Figure 5.4: Comparison of the PIV velocity data for the lateral spreading distance (z:) of the kidney
vortex, and oil dye visualization endwall wake width (z3) at the x/D = 3 for the zero-pressure gradient

condition.

5.3 Film cooling jet in crossflow under differing pressure gradients

The effect of a streamwise pressure gradient on the film cooling jet’s attachment, detachment and
endwall coverage at a fixed blowing ratio (M = 1.0) is considered. The laser planar flow visualisation
and PIV velocity contours are shown in Figure 5.5 for cases: (a) with a zero-pressure gradient (ZPG, K
= 0.0), (b) mild adverse pressure gradient (MAPG, K = (-)0.3x10°), (¢) mild favourable pressure
gradient (MFPG, K = 1.5x10°) and (d) favourable pressure gradient (FPG, K = 2.6x10°). For a zero-
pressure gradient (ZPG) as a reference, the jet flow was seen in Figure 5.1(b) to initially detach and
then reattach to the endwall at approximately at x/D = 2.8. At x/D = 3.0 the jet core is at y/D = 0.7,
which is similar to the height of the kidney vortices above the endwall surface (i.e. y1 = 0.7) as shown

in Figure 5.1(b, iv).

The flow field for the mild adverse pressure gradient (MAPQG) is shown in Figure 5.5(b), where the film
cooling jet is detached from the endwall surface in contrast to the ZPG case in Figure 5.1(b, 1) or Figure
5.5(a). In addition, the jet core is higher at y/D = y; = 0.9 at the x/D = 3.0 location. Thus, the kidney
vortices for the adverse pressure gradient case moves further away from the endwall and the flow
visualization shows that the mainstream flow (black region) is directed towards the endwall. With a
mild favourable pressure gradient (MFPG) (Figure 5.5(c)) the laser planar visualization of the jet flow
reveals slight detachment of the jet from the endwall surface, which is less than the MAPG seen in

Figure 5.5(b). The velocity contours also indicate that the jet core height at x/D = 3.0 decreases between
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a zero-pressure gradient (Figure 5.5(a)) to the mild favourable pressure gradient (Figure 5.5(c)), and
thus a slightly lower kidney vortex height (y1) is expected for this case. Flow visualization and PIV
velocity measurements of the favourable pressure gradient (FPG) case is shown in Figure 5.5(d) which
indicates complete attachment of the jet flow to the endwall surface. Additionally, based on the velocity

contours the height of the jet core is substantially lower at y/D = y;= 0.45 at the x/D = 3 location.
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Figure 5.5: Film cooling jet interacting with the mainstream in a symmetry plane at M = 1.0 while
varying a pressure gradient (a) for a mild adverse pressure gradient (MAPG): detached flow, (b) for a
zero-pressure gradient (ZPG): semi-detached flow, (c) for a mild favourable pressure gradient (MFPG):
semi-detached flow, (d) for a favourable pressure gradient (FPG): attached flow.

Fluorescent oil-dye endwall flow visualisation is shown in Figure 5.6(a, b, ¢, and d) for the favourable,
mild favourable, zero, and mild adverse pressure gradients respectively at a constant blowing ratio of
M = 1.0. In all four cases, the flow diverts around the coolant jet hole where a separation point is seen
as explained in Figure 5.3(e). The location of the separation point upstream does not vary by a
significant degree between all four cases. This is explained by the calibration of the mainstream flow

taken at the centre of the hole by x/D = 0 where the velocity was calibrated to be u,, = 11.5 m/s for an

engine representative number of Rep=1.4x10*. Downstream of the ejection point the effects of the
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imposed streamwise pressure gradient are observed. Between x/D = 1.0 and x/D = 3.0, a small, blurred
region is observed in Figure 5.6. This is observed to distort the image at Wake Region I and Wake
Region II as describe in Figure 5.3(d and f). These images shown in Figure 5.6 are raw images and as
such the slight interference of the oil prior to complete evaporation is shown. Full evaporation of the
oil was not necessary as the endwall flow features are adequately visible for the comparative analysis
between all four pressure gradient cases. Wake Region I and Wake Region II is seen to increase slightly
with a decrease in the acceleration parameter (K) as the flow decelerates, i.e. from K = 2.6x10 (FPG),
to K = 1.5x10 (MFPG), to K = 0.0 (ZPG), and to K = (-)0.3x10"° (MAPG). Wake Region I is seen to
extend between x/D =~ 1.5 to x/D = 2.0 from the FPG to MAPG respectively.

QN (a)
S (b)
R ©
QN (d)
x/D

Figure 5.6: Endwall oil-dye flow visualisation for (a) FPG, (b) MFPG, (c) ZPG, and (d) MAPG while

maintaining a constant M = 1.0 for Rep= 1.4% 10* (um=11.5m/s)
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Downstream of the ejection point at x/D = 3.0, Wake Region III (as shown in Figure 5.3(d)) is observed
by the dark streamline streaks that propagate and encompass the wake region up to the end of the image
at x/D = 6.0. In all four pressure gradient cases the dark streamwise streaks are observed, however, the
MAPG case inhibits a more pronounced distinction line. This could be explained by the entrainment of
the flow towards the centreline of the jet at z/D = 0.0. This matches with the findings of Andreopoulos
et al. [7] in his experimental investigation of the wake region of jets in cross flow, as the results showed
that vortical structures are entrained upwards towards the detached jet. The spacing between the dark
streamwise streaks are labelled as z3 as shown in Figure 5.6(d) in red. At x/D = 3.0, the value of z;

increases with a decrease in acceleration parameter similar to Wake Region I and Wake Region II.

5.4 Overall Jet-Endwall Interaction with Varied Blowing Ratio and Pressure Gradient

Figure 5.7 demonstrates how the jet’s coverage and attachment to the endwall is affected simultaneously
with the variation of blowing ratio and pressure gradient. For a fixed pressure gradient, Figure 5.7(a)
shows that the kidney vortex core spacing (z1) and the endwall Wake Region III width (z3) increases
with blowing ratio. The pressure gradient appears to affect the rate of growth of the kidney vortex core
spacing and wake width. For example, the adverse pressure gradient case (MAPG) shows that the
endwall wake width and kidney vortex core spacing grow at the highest rate (i.e., steepest gradient
dzi/dM = 1.27) as the blow ratio increases. In contrast, for the zero-pressure gradient (ZPG), mild
favourable (MFPQG), and favourable pressure gradient (FPQG) cases, the gradient is approximately the
same dzi/dM = 0.25, 0.32, and 0.33 respectively. Hence the kidney vortex structure and endwall
coverage is more strongly affected by blowing ratio for the zero to adverse pressure gradient range. In
addition, Figure 5.7(a) indicates that there is a good correspondence between the jet kidney vortex
lateral spreading and the projection of the vortex cores onto the endwall, since the wake width slopes
(dz1/dM = dz3/dM) is closely matched to the kidney vortex core lateral spacing for the certain pressure
gradients tested. The systematic offset between z; and z3 is related to the kidney vortex core spacing,
typically being larger than the endwall Wake Region III. Figure 5.7(b) shows a map of the attachment
of the jet to the endwall surface based on blowing ratio and pressure gradient (i.e., acceleration
parameter). Three regimes of jet-endwall interaction are defined as (i) attached, (ii) semi-detached, and

(iii) detached that were determined according to the planar laser visualization experiments.

Initially, if the blowing ratio is fixed (e.g., M = 1) and the pressure gradient varies the jet flow is detached
from the endwall when external pressure gradient is adverse K < 0. However, as the pressure gradient
becomes favourable (i.e., K > 0) the tendency of the jet to separate from the endwall reduces. For the
strong favourable pressure gradient (i.e., K = 2.6x10°), the jet flow attaches strongly to the endwall,
and the height of the kidney vortex (i.e., y/D = y1 = 0.45) decreases (see Figure 5.5(d)). Similarly,

increasing the blowing ratio from a low value of M= 0.1 to 2.0 for a fixed streamwise pressure gradient
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(e.g., K = 0) results initially in the jet flow being attached to the endwall. However, when a critical
blowing ratio is reached (i.e., M = 0.8) the cooling jet detaches and then reattaches to the endwall (see
Figure 5.1(b)) at the x/D = 3 location. Further increasing the blowing ratio, then results in complete
detachment and limited interaction of the cooling jet with the endwall, rather the mainstream interacts
directly with the endwall which is likely to adversely affect filming cooling effectiveness (FCE). From
the results obtained, an indication to the behaviour of the film cooling effectiveness could be deduced
based previous research. It is well known that to improve the film cooling effectiveness, the film
temperature along the endwall surface should retain the coolant ejection temperature [1], [10], [23],
[63], [66]. Detachment of the film coolant jet causes entrainment of the mainstream flow and increases
dilution of the jet, thus, resulting in an increase in the temperature at the endwall surface (i.e. blade
surface). Therefore, applying a blowing ratio and pressure gradient combination that results in attached
flow should result in an increase in the film cooling effectiveness compared to detached flow or semi-

detached flow.
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Figure 5.7: (a) summary of the y; and z; values for varying blowing ratios under a ZPG (V), MAPG (),
MFPG (o), and FPG (O), and (b) summary of the critical blowing ratio, and attached (A), semi-detached

(between A and 0) and detached (O) film cooling jets at varying blowing ratios and pressure gradients

5.5 Summary of Mainstream — Jet — Endwall Interaction

The PIV velocity map and endwall oil dye visualization, provide new insight of the jet structure and
interaction of the jet with the endwall. Figure 5.8 is a schematic combining the jet’s kidney vortex
development together with the endwall wake structures for an inclined filming cooling jet submerged
in the mainstream. For a favourable pressure gradient (FPG), and moderate blowing ratio (M = 1) the
experimental results have demonstrated that the film cooling jet is attached to the endwall, and the
kidney vortex affects the endwall coverage by the jet, at predominantly the Wake Region II1. The present
results showed a strong correspondence between the jet structure (i.e., lateral kidney vortex core spacing
(z1) that was characterized using PIV and the endwall wake structure (Wake Region III, wide z3) using
oil-dye visualization. Furthermore, Wake Region III width, appears to be affected significantly by the
blowing ratio (M), and less by the pressure gradient as shown by Figure 5.7(a). On the other hand, Wake
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Region II, endwall pattern is not substantially affected by variations of blowing ratio (M), and pressure

gradient (PG), and typically extends up to the x/D =3 downstream location. The endwall flow oil dye

visualization (see Figure 5.3) reveals important details of how the mainstream interacts with the inclined

jet. Here, Wake Region I is formed by the interaction between the mainstream and jet as a horseshoe

vortex structure that wraps around the jet and develops a strong recirculation zone at the jet exit. The

horseshoe vortex forms upstream of the jet at the separation line adjacent to the endwall, where mixing

of the mainstream and jet takes place. The enhanced mixing upstream and at the jet exit is therefore

likely to decrease the film cooling effectiveness (FCE) in the localized, Wake Region I zone, due to

reduced cooling flow replenishment. Wake Region I typically extends to a distance of x/D = 1.5

downstream of the jet exit, and structure of this zone is mostly independent of pressure gradient and

blowing ratio.

Separation -

line

Figure 5.8: Schematic of the kidney vortex and endwall structure of a coolant jet in crossflow
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6  Conclusion

An experimental study was undertaken to evaluate how both blowing ratio (M) and streamwise pressure
gradient (PQG) affects the coverage of the film cooling jet over the endwall surface. Consideration was
given to demonstrate the structure of the jet’s kidney vortex, and detachment and attachment of a film
cooling jet from/to a downstream endwall surface. To this end, a series of experiments conducted for
four pressure gradients: favourable, mild favourable, zero, and mild adverse PGs, respectively
corresponding to the acceleration parameter of K = 2.6x10°, 1.5x10°, 0.0, and (-) 0.3x10¢ were
conducted. Furthermore, the blowing ratio was varied systematically from M = 0.5 to 2.0 for a fixed
Reynolds number of Rep= 14,000 based on a film cooling jet diameter of D =20.0 mm, ejecting at the

angle of 30° measured from the endwall surface.

For visualization and quantification of film cooling jet structures e.g., plume height and detachment
lengths, particle image velocimetry with planar laser illumination was employed. Our data demonstrates
that the dependence of film cooling jet’s detachment and attachment on the PG exists only in 0.5 < M
< 1.1: the film cooling jet becomes detached from the flat endwall surface as the PG becomes favourable
transitioning from being adverse i.e., the increased K. On the contrary, below M = 0.5, the PG plays no
part in determining the detachment and attachment of a film cooling jet, all being attached. Similarly,
above M = 1.6, the film cooling jet is all detached regardless of the PG. Furthermore, the oil dye
visualisation demonstrated how the film cooling jet interacts with the endwall and provided insight into

the coverage of the jet over the surface under various blowing ratios and pressure gradients.
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7  Recommendation for Future work

This study looked at the effects of blowing ratio and pressure gradients on the coolant jet attachment
and detachment from the endwall surface. This was accomplished by replicating engine representative
pressure gradients across a flat endwall test section surface and introducing a secondary flow with
varying blowing ratios. Time averaged data was collected using particle image velocimetry (PIV),
planar laser visualisation (PLV), and oil-dye endwall visualisation. The results demonstrated that the
pressure gradient influenced the film cooling jet detachment and attachment between the critical

blowing ratios of 0.5 <M < 1.1.

This study recommends further investigation into the effects of an imposed streamwise pressure
gradient has on rows of film cooling holes. Particularly looking at the endwall topology and jet
detachment for varying hole spacings (both in the z-direction, and x-direction). This would provide
insight into the effects that an upstream impingement (coolant jet) has on the downstream hole. This
would require careful consideration on the pressure gradient imposed and hole spacing as the
mainstream flow velocity continues to increase downstream of the ejection point. This would lead into

optimising hole spacing, location and critical blowing ratio across turbine blade geometries.

This study also recommends investigating the effects that secondary flows on the boundary layer have
on the attachment and detachment of the coolant jet. The cooling near the hub and tip of a gas turbine
blade has secondary flows that affect that coolant trajectory which reduce the coolant coverage in these
regions. Investigating the effects that secondary flows have on a coolant jet would improve the coverage

and understanding of how to improve the coolant deposition in this region of the blade.
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Appendix A

To evaluate the effects of how both blowing ratio (M) and streamwise pressure gradient (PG) affects
the film cooling jet over the endwall surface, a custom test section was designed and built as seen in
Figure A.1. The design of the test section was split into two major components, the mainstream flow

and the secondary flow.

The mainstream flow through the test section was required to vary along the streamwise direction to
replicate engine representative pressure gradients over a turbine blade, such as the favourable, mild
favourable, zero, and mild adverse with corresponding acceleration parameters of Kppg = 2.6x107°,
Kurre=1.5%10%, Kzp = 0.0, and Kyupc = (-) 0.3x10°. Additionally, the mean mainstream flow velocity
(with a Reynolds number of Rep = 14 000) at x = 0.0, and z = 0.0 (the centre of the hole) was to be
consistent throughout the four cases to isolate the effects of the pressure gradients downstream of the

ejection point.

The secondary flow was required to supply air at varying mean velocities to recreate the necessary
blowing ratios between M = 0.5 to M = 2.0 in increments of M = 0.1. Additionally, the secondary flow
was to merge with the mainstream channel at a 30° angle to the endwall surface with a hole diameter of

20.0 mm.

The design of the test section was to be modular to reduce the setup duration. To be able to replicate
four pressure gradients using the same test section, a contoured surface was designed to vary the area
through the channel. This design allowed for the experimental setup to remain constant whilst only one
part was varied between pressure gradient cases. The secondary flow system and the connection to the
mainstream channel was constant with only the contoured surfaces changed using bolts to allow for

modularity.

The design of the test section also required careful consideration on the limiting factors of the
centrifugal fan flow rates available in the laboratory. Taking into account the change in flow rate
depending on the contoured surface meant that the secondary flow would be required to produce
variable flow rates for all blowing ratios combinations with all four pressure gradient channels. The
final design after considering all the necessary requirements, constraints, and criteria consisted of the

parameters found in Table 0.1.
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Table 0.1: Final design of mainstream channel and secondary flow system parameters.

Parameter Value
Inlet height of test section 250 mm
Exit height of test section for:
Favourable pressure gradient 100 mm
Mild favourable pressure gradient 150 mm
Zero pressure gradient 250 mm
Mild adverse pressure gradient 320 mm
Width of test section 100 mm
Length of test section 820 mm
Hole diameter 20 mm
Hole angle 30°
Pitot tube
3D printed plug I~ , Bell mouth
Secondary flow pipe 3

Linear actuator

Test section l

Laser

Endwall surface

Power supply

Honeycomb mesh
Secondary flow system

Atomised oil particles
supply line

Figure A.1: Test section images for (a) pitot tube position to acquire secondary flow velocity profiles,

(b) a through view of the test section inlet, and (c) complete experimental setup

The final design of the test section was assembled as is shown in Figure A.1 and in Appendix F where

the technical drawings have been added to. The test section was introduced into an existing suction type

wind tunnel with a cross-sectional area of width (w) x height (%) of 320.0 mm % 320.0 mm. The test

section was made using 10.0 mm thick acrylic sheets to be able to observe the flow structures using

PIV (Particle Image Visualisation), PLV (Planar Laser Visualisation), and oil-dye mixture. Connections

between sheets were accomplished using countersunk screws and tapped holes into the acrylic sheets.

This allowed for several tests to be conducted using the same equipment whilst reducing the amount of
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time between tests. A constant area channel with a length (/) x width (w) x height (#) of 570 x 100 x
250 mm was placed upstream of the test section to allow the flow to develop prior to entering the test
section with the contoured surfaces. Two honeycomb meshes were placed at the inlet of the constant
area channel with hexagonal sides of 10.0 mm (coarse mesh) and 2.0 mm (finer mesh). A bell mouth
made from half pipes were stuck onto a thin sheet of wood and screw into the acrylic flange connecting
the larger square channel to the narrow channel. The bell mouth allowed for smooth flow entry into the

constant channel and thus the test section.

To create the acrylic contoured surfaces, the exact sizes of the acrylic sheets were cut using a laser
cutter. The exact angle and shape of the contoured surface was achieved by heating the acrylic part at
the precise location for the radius and placing it into a wooden mould for cooling. The wooden moulds
(depending on the channel) were precisely manufactured using a CNC mill machine. The contoured
acrylic part was heated using an industrial oven pre-heated to 350°C. This made the acrylic malleable
in order to deform them into their respective wooden moulds to cool into the required angle to replicate

the necessary area constriction through the channel to impose the pressure gradients.

The secondary flow was supplied from a centrifugal fan to the test section as shown in . The centrifugal
fan was connected to a plenum made up of 100 mm diameter pipe and two acrylic flanges. A 21 mm
diameter pipe was connected between the plenum near the centrifugal fan and the plenum prior to the
connection to the lower surface of the channel. The lower surface of the channel had a hole drilled out
using a CNC mill machine at the centre of the channel. A PVC round bar with outer diameter of 30.0
mm was manufactured into a pipe with an internal diameter of 20.0 mm. Two parts clear set epoxy was

used to connect the manufactured pipe to the lower endwall surface.

The base of the PIV laser was connected to 10.0 mm thick acrylic sheets with a threaded hole placed
on top of a constructed base made of wood placed on a structure of extruded aluminium components as
shown in Figure A.2. The threaded holes on the acrylic sheets were designed to screw a sharpened bolt

through the acrylic to easily level the laser.
The camera was placed on a liner and angular manipulator as shown in Figure A.2 to allow for ease of

alignment of the camera to the test section. In particular, this design facilitated the alignment of the

camera for the PIV cases 1, 2, and 3, where the camera position was changed.
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Laser

Leveling screws

Angular actuator

Linear actuator

Leveling screws

Camera

Test section

PIV Case 2 and 3 PIV Case 1 and PLV

Figure A.2: Camera position and alignment system for PLV and PIV cases 1, 2, and 3

The calibration of the density of particles needed to seed the test area was done on a trial-and-error basis
using a valve system placed after the seeding particle chamber. The valve system split the flow of
particles from the mainstream and secondary flow. This allowed for particles to only be present during
the planar laser visualisation tests where only the jet required seeding particles. Additionally, calibrating
the density of particles released into the mainstream and secondary flow was achieved to balance the
saturation of particles both in the jet plume and the mainstream flow. An uneven distribution of seeding
particles between the jet plume and the mainstream flow resulted in dark regions within the flow
visualisation images. These dark regions indicate areas where the Particle Image Velocimetry (PIV)
software failed to detect sufficient particle density, leading to low signal intensity. As a consequence,
the software was unable to accurately compute velocity vectors in these regions, often generating
spurious vectors in the final vector field. Such errors can misrepresent the actual flow behavior and
introduce inaccuracies in velocity and vorticity calculations. As such, to mitigate this issue, optimised
seeding techniques, such as increasing particle density in low-seed regions by using dual-seeding
approaches for both the jet and mainstream flow was employed to improve data reliability. Figure A.3

shows the variation in seeding particles seen during experimentation.
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PIV Case 1 MAPG

PIV Case 3 ZPG

Camera

(b)

PIV Case 1 ZPG

Test section

RGN EN

light direction [y
/'l:w

(c)
Figure A.3: Images of PIV data acquisition for three example cases (a) PIV streamwise case 1 (MAPQG)
angled view, (b) PIV case 3 at 45° to the y-z plane, and (c) PIV streamwise case 1 (ZPG) front view

The laser and camera system was carefully calibrated to capture the required PIV measurements. As
described in §4.4.1, data collection was structured into three distinct cases:
e Case 1: Captured data on the x-y plane at z = 0D, covering a streamwise range from x =-2D to
x =8D.
e Case 2: Captured data on the x-z plane from x = -2D to x = 4D, at various heights (y =2, 5, 10,
15, 20, 25, 30, 35, 40, and 45 mm).
e Case 3: Captured data at a 45° angle relative to the y-z plane, at multiple streamwise locations

(x=-2D, -1D, 0D, 1D, 2D, 3D, and 4D).

Figure A.3 illustrates the data acquisition process for Cases 1 and 3. In Figure A.3(a, c), the laser light
reflects off a conical mirror to illuminate particles along the centreline of the test section in Case 1.
Meanwhile, Figure A.3(b) depicts a laser adapter, which was used to direct the light at a 45° angle,

ensuring uniform particle illumination throughout the test section for Case 3.
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Appendix B

To determine the blowing ratio, the mean velocity of the jet and the mainstream flow was required. The
mean velocity of the mainstream and secondary flow were primarily calibrated separately. The mean
mainstream flow velocity was calibrated based on the frequency of the motor. The frequency of the
motor was increased in increments of 100 Hz at which points the centreline velocity was captured and
plotted. This was performed for the varying pressure gradient channels as the mass flow rate through
the test section increases with a decrease in area for a given motor frequency. The required velocity
based on the Reynolds number of 14 000 was interpolated between the points for each channel
configuration (i.e. favourable, mild favourable, zero, and mild adverse). The mean velocity was
calculated as explained in §4.3.4 by taking the area weighted average of the transverse (in the y-

direction) velocity profile across the centre (i.e. z = 0, and x = 0).

The mean velocity of the secondary flow used a similar approach to that of the mean mainstream flow.
However, the mean secondary flow velocity at the exit of the ejection point was required under the
influence of a pressure gradient. This is necessary as the pressure gradient in the channel affects the
velocity of the secondary flow. There were three methods implemented to determine the mean velocity
of the secondary flow, these were: using a pitot tube and integrating the velocity profile at the exit to
get the area wetted average, using a flow meter, and extrapolating the velocity profile from PIV vector
maps. The pitot tube method could not be used in the test section when a pressure gradient was imposed
through the channel (i.e. mainstream flow through the channel) as the pitot tube would have to be
inclined by 60° so the static pores were positioned perpendicular to the secondary flow streamlines. The
mainstream flow, therefore, would approach the pitot tube at an angle and influence the velocity profile

of the secondary flow jet. To work around this issue the following plan was implemented.

Firstly (A), the discharge coefficient of the orifice flow meter was determined using the setup shown in
Figure B.1 as follows:
1. A traversed velocity profile (y-direction) was taken in increments of 1 mm across the
diameter of the pipe measured using a pitot tube connected to a digital manometer.
2. The orifice flow meter was placed as shown in Figure B.1 and the differential pressure was
measured using the digital manometer.
3. Applying the integral weighted area average equation from §4.3.4, the mean velocity was
calculated from the velocity profile determined in Point 1.

4. Using equations from §4.3.4, the discharge coefficient was calculated to be ~0.7.
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Rod mount and guide
Threaded rod Centrifugal fan
Connected to a 16-channel
digital manometer DS3217 21mm D pipe Plenum
Digital distance measurements fﬁm § / B
$ Pitot tube Flow meter n_n
| ———
|

Flow direction Pipe support \—Aluminium extrusion

1
L Aluminim extrusion

(does not interfere with flow)

Figure B.1: Secondary flow orifice flow meter calibration to determine discharge coefficient

Secondly (B), a set of data was obtained in the mainstream channel when the secondary flow setup was
connected to the test section without introducing mainstream flow (imposed pressure gradients) across

the test section as follows:

1. Atthe ejection point, using a pitot tube, the velocity profile of the jet was obtained for varying
fan speeds (measured by regulating the current in amps). Applying the integral weighted area
average equation, the mean velocity was obtained.

2. Simultaneously an orifice flow meter placed upstream of the ejection point captured pressure
measurement used to calculate the mean velocity of the jet.

3. The pitot tube was placed inside the secondary flow pipe and the centreline velocity in the
pipe was obtained and compared to the centreline velocity at the exit. The percentage
difference between the centreline velocity inside the pipe to outside the pipe was less than
1%.

4. A relationship between the mean velocity (#me.n) and the centreline velocity (ucensrerine) Was
obtained, where: ucenneline/Umean = 1.37.

5. Additionally, a PIV test was performed to verify the PIV data correlated with the pitot tube
data and vice-versa. The % difference between the velocity profile obtained by the PIV and
the pitot tube was less than 1%.

Thirdly (C), another set of data of the secondary velocity was obtained for the varying pressure gradients

across the channel and varying fan speeds as follows:
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1. The orifice flow meter placed upstream of the ejection point captured pressure measurement
used to calculate the mean velocity of the jet with the discharge coefficient used.

2. The pitot tube was placed again inside the secondary flow pipe and the centreline velocity in
the pipe was obtained.

3. A verification of the mean velocity calculated using the relationships mentioned in B and C

with now an imposed pressure gradient was performed against PIV tests.

In summary, the data obtained in (A) was used to determine the discharge coefficient of the orifice flow
meter. The data obtained in (B) was used to verify three things; the first was to determine the relationship
between the mean velocity and the current of the motor; the second was to determine the difference
between the centreline velocity inside and outside of the ejection pipe; and the third was to determine
the relationship between the centreline velocity and the mean velocity of the jet. The data obtained in
(C) was used determine both the centreline velocity and mean velocity using an orifice flow meter with
the effects of the mainstream flow for each of the pressure gradient channels. The data obtained in A
allowed for the discharge coefficient to be used in B and C. The data obtained in B allowed for the
centreline velocity relationship to the mean velocity to be used in C. The data obtained in C allowed for

the mean velocity of the flow to be used to calculate the blowing ratio.
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Appendix C

%Start of code to transform vectors from the y-z plane at 45° to the vertical 90° y-z plane
cle;

clear;

format long

%Search for file with .dat format with the necessary data to transform.
[filename directory name] = uigetfile('*.dat");

fullname = fullfile(directory _name, filename);

%Reads matrix of the file selected in search and assigns it to matrix I and B.
I = readmatrix(filename);

B = readmatrix(filename);

%Reads matrix of data of the file selected but stores it as a table with the headings provided in the
following lines.

T = readtable(filename,'Preserve VariableNames',true);

opts = detectImportOptions(filename);

T.Properties. VariableNames={""X[-]"","" Y[-]"","" X (pix)[pix]","Y (pix)[pix]"","" X (m)[m]"",""Y
(m)[m]",""U pix[pix]"™,"V pix[pix]"," U[m/s]""," V[m/s]"","" W[m/s]"," Length[m/s]"","' TA
Width[pix]"™,""IA Height[pix]"™,"Peak height 1[-]"',""Peak height 2[-]"",""Peak height ratio[-]"',""'Peak
width 1[pix]","Peak width 2[pix]™," Status[-]"",'nothing'};

%Reads the lines 1 to 3 and 19163 to 19168 from the file selected in the search and stores them in
Ylines and Ylinesend to be able to compile the transformed file and open in Tecplot 360.

Y = readlines(filename);

Ylines = Y(1:3,1);

Ylinesend = Y(19163:19168,1);

%Defines variable names either blank matrices or ones containing specific data from the file selected.
A=[]

I vi=1I(,9);

I wl=I(, 10);

[ 11 =1(,12);

0O =45%pi/180;

T2 =11

1G,21) =1
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%Transformation of the vectors from the two planes
for n = 1:1:length(I)
Av =1 wl(n).*cos(O)+I_vI(n).*sin(O);
Aw = -1 wl(n).*sin(O)+]_vl(n).*cos(O);
Al = sqrt(Av2+Aw"2);
A =[A; Av, Aw, Al];
if isnan(A(n,1))
A(n,1)=0;
end
if isnan(A(n,2))
A(n,2) =0;
end

end

for n = 1:1:length(I)

I(n,9) = B(n,11);
I(n,10) = A(n,2);
I(n,12) = A(n,3);
I(n,20) = B(n,5)- 0.005;
I(n,6) = B(n,6) + 0.014;
I(n,11) = A(n,1);

I(n,5) = 0.06;

end

% Writes a matrix and saves a ‘.dat’ file with the new data under a specified file name ready to open
on Tecplot 360.

C = {Ylines; I; Ylinesend};

writematrix(Ylines, 'Newfilename.dat');

writematrix(I, ' Newfilename.dat',"'WriteMode', 'append', 'Delimiter’, ' ');

writematrix(Ylinesend, ' Newfilename.dat',' WriteMode','append');



Appendix D

The particle image velocimetry (PIV) system requires calibration to acquire images at specific flow
rates through test sections to map the velocity flow field accurately. The system used in this study used
a Dantec Dynamics Dual Power 65-15 laser with a wavelength of 532 nm. This laser has two light
sources that pulse consecutively at a specific time interval to produce a light sheet to illuminate the flow
field. A camera positioned perpendicular to the laser sheet captures images at the same time interval as
the laser. The time required between pulses to capture the flow at a specific velocity is set converting
the distance travelled of a particle (over a set distance) in the image plane to that of the object plane

over the velocity of the of the flow in the object plane. This is defined as follows:

(pixpitch X % X I, X Sf)

Um

At =

Where the pixpicn is the distance between adjacent pixel centres (dictated by the camera

specifications), [, is the interrogation window size (16X 16pix in this study with an overlap of 50%),
Uy, is the predicted mainstream velocity through the channel, and S is the scale factor which is the

inverse of the magnification factor defined as follows:

Where M, is the magnification factor which is the size of the image plane relative to the object plane

(the plane where the laser sheet is illuminating in the test section) as follows:

_ pix X pixpitch
0 =—F7——
dop

Where pix is the pixel count in the direction of the flow, pixy;;cp is the distance between adjacent pixel
centres (dictated by the camera specifications), and d,,, is the perpendicular distance from the camera

to the object plane.
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Appendix E
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Figure E.1: The t-distribution from Table A.1 in Coleman and Steele [70]



Appendix F

In the following pages are the technical drawings used to construct the test section.
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