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Abstract 

Gas turbine designers continue to strive for higher engine efficiencies. The 

introduction of cooled turbine blades has increased the turbine entry temperature and thus 

the gas turbine efficiency. The cooling techniques employed can introduce aerodynamic 

losses in the turbine stage. The removal of mass flow from the compressor to supply 

cooling flow to the turbine stage results in a lower overall efficiency of the gas turbine 

cycle. Therefore, a designer endeavours to obtain the minimum required cooling flow to 

prevent thermal stresses from damaging the components. Endwall Contouring (EWC) can 

reduce the required cooling flow but also improve the efficiency of turbines by reducing 

the losses generated through secondary flow features, such as horseshoe vortex 

formation around turbine blades. These gains can be negated by the presence of cooling 

flow exiting the wheel-space between the stator and rotor. Computational Fluid Dynamic 

(CFD) simulations have been used to interrogate EWC designs but require experimental 

validation. This thesis describes the development of InfraRed Planar Laser-Induced 

Fluorescence (IR-PLIF) as an experimental technique applicable to the study of EWC and 

flow interactions in turbomachinery. To enable the study of EWC in the presence of purge 

flow a single-stage turbine facility was built and commissioned. IR-PLIF was developed 

through a series of test scenarios that incrementally built-up complexity.   

The IR-PLIF system was successfully implemented into the Film Cooling Wind 

Tunnel (FCWT), a static environment ideal for optimisation. Two vibrational transitions 

were investigated for the IR-PLIF system, the (0000) → (1001) transition (2700 nm) and 

the (0000) → (2001) transition (2000 nm), with the former producing a high Signal-to-

Noise-Ratio (SNR) for the low energy laser system at the University of Bath. The IR 

camera settings, used for fluorescence imaging, were optimised with a longer integration 

time increasing SNR. A delay between the laser emission and camera capture period was 

utilised to reduce the influence of reflections. Above a coolant-mainstream density ratio of 

1.2, fluorescence self-absorption (quenching) becomes dominant, restricting the 

calibration scope. The laser energy, jet Reynolds number and hole geometry had no effect 

on the normalised calibration curve. It was concluded that a calibration curve should be 

generated before each experimental campaign. 

Measurements were made with an IR gas analyser to validate the IR-PLIF 

measurements. The comparison between the two gas concentration measurement 

techniques indicated that the IR-PLIF captured the same qualitative trends as the gas 

analyser measurements. Importantly the comparison showed how the lack of resolution in 

gas analyser results can create an incomplete understanding of the fluid physics. The IR-

PLIF technique benefits from a substantially reduced data acquisition time with an 

associated reduction in experimental cost.  
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IR-PLIF clearly showed the formation of kidney vortices and jet lift off for film 

cooling jets at high momentum flux ratios along with the following findings:  

• Beyond a jet trajectory (s) to hole diameter ratio (D) of 1 the centreline 

concentration will decay at a rate of s-1.3 in the near field regardless of 

momentum flux ratio or boundary layer thickness.  

• IR-PLIF clearly captures the detachment of the jet from the film cooling 

surface at an IR = 1.60 with the detachment point moving upstream as 

momentum flux ratio increases. 

• A fixed jet detachment location of around x/D = 2.5 above a unity velocity 

ratio was discovered.  

• A novel comparison of the locus of film cooling effectiveness compared to 

the kidney vortex location showed a cross-over point exists where the locus 

of effectiveness exceeds kidney vortex location in z/D regardless of 

momentum flux ratio at about x/D = 4. 

This PhD thesis has demonstrated the first use of IR-PLIF of CO2 for investigation 

of turbomachinery flows and enabled the investigation of EWC and turbomachinery flows 

in future research. The non-invasive, high-resolution data generated by IR-PLIF provides 

powerful insights not available with traditional low resolution, experimentally time-

consuming techniques for measuring gas concentration. The best practice for IR-PLIF 

developed in this thesis mean that researchers who have access to an IR camera and a 

CO2 laser targeted at either 2000nm or 2700nm can use this work to efficiently implement 

and optimise their own system to study gas concentration in a large variety of contexts. 

Experience garnered from applying IR-PLIF to film cooling jets has already been 

used for future application to a more complex rotating environment for investigating EWC. 

The generality of the IR-PLIF technique has been demonstrated through multiple 

applications documented in this thesis. It is hoped that IR-PLIF will be employed by other 

researchers, both to augment existing fields (such as film cooling) or to permit new 

research avenues. 
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Chapter 1 

1. Introduction 

1.1 Motivation 

The gas turbine is one of the key inventions in the last century it is prevalent in the 

following industries: air travel, electricity generation, marine propulsion and oil and gas. 

Two typical applications of gas turbine technology are in the aviation industry, where the 

technology is used to produce jet thrust and shaft work and electricity generation, with the 

aim of producing solely shaft work (see Figure 1.1). 

 

 

Figure 1.1: Left: Generic diagram of a jet engine (Dahl, J., 2019). Right: The Siemens SGT5-9000HL heavy-
duty gas turbine (Siemens, 2019) 

 

Currently gas turbines supply on average 30% (Stolworthy, 2020) of the UK’s 

electricity demand. 14.2% of European Union transport emissions are the result of 

domestic and international flights and is the largest increase (129%) in transport 

emissions since 1990 (European Environment Agency, 2019). The vast majority of which 

are employing gas turbine technology. For countries to meet the climate change target set 

at the Paris climate conference in 2015 to keep the global average temperature below 2˚C 

above pre-industrial levels, improvements in efficiency must not only be made to new 

clean, technologies but also to existing current technology (European Commission, 2020). 

The large contribution of gas turbine technology to electricity generation and the transport 

industry means that improvements to gas turbine efficiencies can therefore contribute to 

the decline in global emissions and therefore reduce global average temperature rise. 
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1.2 The Gas Turbine 

The basic principle of a gas turbine has not changed since its invention, but the 

complexity of individual components has amplified. The earliest recorded patent entitled 

“Obtaining and Applying Motive Power & a Method of Rising Inflammable Air for the 

Purposes of Procuring Motion, and Facilitating Metallurgical Operations.,” involved a 

design which incorporated all the basics of a modern gas turbine: a compressor, a 

combustion chamber and a turbine, however the design was impossible to manufacture 

with existing technology (Day, 1980). 

A key point in the history of gas turbine design came just before the beginning of 

World War 2, when Frank Whittle filed a patent entitled ‘Propulsion of aircraft’ (Feilden and 

Hawthorne, 1998). Hans von Ohain in Germany filed a similar patent entitled ‘Process and 

Apparatus for Producing Airstreams for Propelling Airplanes’ (Connor, 2001) 

independently of Whittle and without prior knowledge of Whittle’s work. Both 

encompassed designs for a turbojet engine capable of producing thrust (see Figure 1.2). 

Although Whittle published his patent in 1930, five years before Ohain, the latter 

completed the first test run in 1939, two years before Whittle (Sears, 2002). 

 

 

Figure 1.2: Whittle-type turbojet engine (Rolls-Royce, 2015) 

 

The development of gas turbines was significantly aided by investment and 

research throughout World War 2, during which the first gas turbine was used for 

electricity generation, the Neuchâtel Gas Turbine developed by the Brown Boveri 

Company. This gas turbine powered Neuchâtel power station from 1939 to 2002 and it 

produced 4 MW of power at a gross efficiency of 17.4 % (Hunt, 2011). Since the 

development of the Neuchâtel gas turbine, companies such as Siemens, General Electric, 

Rolls Royce, Pratt and Whitney etc. have continued to improve the efficiencies of such 

gas turbines by striving for higher turbine entry temperatures, higher compressor pressure 

ratios, improved aerodynamics and cooling. Comparing the current technology with the 
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original Neuchâtel gas turbine, the Siemens SGT5-9000HL (see Figure 1.2) produces 593 

MW and achieves a gross efficiency of 42.8 % (Siemens, 2019). 

1.3 Gas Turbine Theory 

To understand the basic working principle of a gas turbine it is important to 

understand the Brayton cycle, which is applicable to all gas turbines regardless of 

application. The ideal Brayton cycle (see Figure 1.3) encompasses three key processes 

related to the three fundamental components of a gas turbine: 

• 2 – 3is compression: As air flows into the compressor the pressure is 

gradually increased to a designed pressure ratio (π) between atmosphere 

and the compressor exit. 

• 3is – 4 combustion: The high-pressure air is mixed with fuel and ignited, 

increasing the enthalpy and temperature. 

• 4 – 5is expansion: The high temperature/pressure air is expanded through 

a turbine generating shaft work which is used to drive the compressor. 

•  

 

Figure 1.3: Non-Ideal Brayton cycle (Left) and a gas turbine cycle key (Right) (adapted from Cumpsty, 2003) 

 

However, the ideal cycle assumes the compression and expansion are isentropic 

while in the actual cycle the processes are non-isentropic (2 - 3 & 4 - 5). The Brayton 

cycle does highlight that the gas turbine works on the basis that the turbine produces 

more work than is required to drive the compressor. The thermal efficiency is defined as 

the ratio of the net-work output and the calorific power released in the combustion 

process. Saravanamutto et al., (2017) showed that when the ideal cycle is considered the 

specific work output is only governed by the compressor pressure ratio; however when the 

actual cycle is considered the specific work output is governed by both the compressor 

pressure ratio and the Turbine Entry Temperature (TET), this is highlighted in Equation 

1.1 where: 
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𝑊

𝑐𝑝𝑇2
= 𝑡 (1 −

1

𝜋
(𝛾−1)

𝛾⁄
) − (𝜋

(𝛾−1)
𝛾⁄ − 1) (1.1) 

Where: 

𝑡 =
𝑇4

𝑇2

(1.2) 

𝜋 =
𝑝3

𝑝2

(1.3) 

 

 

Figure 1.4: Specific work output for the actual Brayton cycle (adapted from Saravanmutto et. al., 2017)  

 

Figure 1.4 highlights why gas turbine designers have strived for ever increasing 

pressure ratios and TETs. As TET increases the work output increases. The increases 

TET will also increase the work output at higher pressure ratios. However, the TET is 

limited by the thermal creep performance of materials used in the manufacture of the 

turbine stage. Researchers and designers have worked on producing inexpensive, 

manufacturable materials with ever improving creep performance and enhancing ceramic 

coatings that can act as a thermal barrier. Emphasis has also been placed on improving 

cooling technology and systems, Figure 1.5 shows that cooled turbine blades have 

allowed the TET to far exceed the material limits. 
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1.4 Turbine & Turbine Cooling 

A turbine is designed to generate useful work to drive the compressor as well as 

producing shaft work which can be used to drive a generator or an intake fan in the case 

of an aeroengine. This useful work is generated by expanding and converting the kinetic 

energy of the mainstream flow to shaft work, this occurs through a series of turbine 

stages. A single stage consists of one row of stationary nozzle guide vanes (the stator) 

and one row of rotating blades (the rotor). The stator introduces a pressure reduction, 

accelerating the flow and increasing the tangential velocity component of the flow in the 

direction of the rotor rotation. The rotor reduces this tangential velocity and the blade 

profile creating a pressure difference resulting in a torque on the shaft converting the 

kinetic energy in the flow to shaft work. Figure 1.6 illustrates a simplified single stage 

turbine. 

 

 

Figure 1.5: The progress of TET. (Pedraza-Valle, 2020) 
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Figure 1.6: Axial flow turbine stage (adapted from Saravanmutto et. al., 2017) 

 

As described in Section 1.3; the mainstream flow temperature (TET) exceeds 

material limits and therefore requires internal and external cooling such as film cooling 

(this will be taken up further in Section 5.2), internal cooling channels and thermal 

coatings respectively. One of the aims of cooling is to reduce the thermal stresses on the 

components and as a result prevent failure of individual components. 

The cooling flow is extracted from the High Pressure (HP) flow in the compressor 

and navigated through a series of complex internal channels and seals to the turbine 

vanes, blades and end-wall for internal cooling and film cooling (see Figure 1.7). Film 

cooling is the ejection of coolant flow through holes or slots to form a layer (or film) of 

coolant flow over the surface to shield the component from the high temperature 

mainstream flow (discussed further in Section 5.2). This technology is most extensively 

used in the first stage of the turbine where temperatures are at their most extreme in the 

turbine.  
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Figure 1.7: Typical blade cooling design. 

 

The coolant flow is also directed to the wheel-space, the cavity between the stator 

and the rotor. Coolant flow is used to seal the wheel-space to prevent ingestion of hot 

mainstream flow (termed ingress). This sealing flow (purge flow) is essential to prevent 

damage to the weaker components found in the wheel-space and will leak from the cavity 

into the annulus (termed egress flow). Ingress and egress flows are extremely complex 

and dependent on several design factors such as wheel-space rim seal geometry, rotor 

rotational velocity and annulus pressure distribution (discussed further in 6). Typically, at 

the extremity of the wheel-space cavity rim seals are employed to prevent ingress and 

reduce the required purge flow. 

However, these cooling techniques can introduce aerodynamic losses in the 

turbine while removal of mass flow from the compressor results in a lower overall 

efficiency of the gas turbine cycle. Therefore, a designer endeavours to obtain the 

minimum required cooling flow to prevent thermal stresses from damaging the 

components. Technologies for reducing the required cooling flow include: complex wheel-

space rim seal designs (of which extensive research has been undertaken at the 

University of Bath); improved film cooling hole geometries; Leading Edge Fillets (LEF); 

and End-Wall Contouring (EWC). EWC is the perturbation of the end-wall to manipulate 

the static pressure field (Figure 1.8). Alteration of the static pressure can reduce boundary 

layer loss, reduce the minimal purge flow requirement, negate the formation of vortices 



8 
 

and confine the egress flow to the end-wall or blade surface to improve the cooling 

effectiveness. EWC has been shown to incur these benefits but is also highly dependent 

on wheel-space rim seal design, egress flow and turbine design conditions.  

 

 

Figure 1.8: Example of EWC 

 

1.5 Egress Project 

With the advent of new manufacturing technologies, complex and innovative 

wheel-space rim seal designs, film cooling geometries and EWC designs can be quickly 

manufactured and investigated. This PhD contributes to the egress project at the 

Turbomachinery Research Centre (TRC), University of Bath. The egress project aims to 

investigate the relationship between egress flow and mainstream flow, the effect of 

different EWC designs and the interaction between EWC, wheel-space rim seal design 

and egress. These interactions will be investigated using a newly designed experimental 

rig called the Large Annulus Rig (LAR), (Section 6.2), using pressure, temperature and 

gas concentration measurements complemented by Computational Fluid Dynamics 

(CFD).  

The LAR is a cold flow single-stage turbine with a modular design allowing quick 

interchange of rotor and therefore EWC and rim seal design. This allows a combined 

investigation of EWC, rim seal design and egress flow. The LAR has been specifically 

designed to incorporate two novel experimental techniques which are part of the Versatile 

Fluid Measurement System (VFMS) at the University of Bath, acquired through the 

EPSRC Strategic Equipment Panel (EP/K040391/1) in February 2014. A full description of 

the VFMS equipment can be found in Hyde (2015). The project was funded by Siemens 
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Industrial Turbomachinery Ltd. and the Engineering and Physical Sciences Research 

Council (EPSRC) via grant number EP/M026345/1 (Sangan et al., 2014). The first 

technique is Volumetric Velocimetry (VV), which is used to collect 3D velocity 

measurements (see: Carvalho Figueiredo et al., 2020). The second technique is Infra-Red 

Planar Laser-Induced Fluorescence (IR-PLIF) of CO2 and is used to make concentration 

measurements. The latter is the focus of this thesis. Due to the complexity of both 

techniques testing, development and debugging took place in static conditions before 

application to a rotating environment. A Film Cooling Wind Tunnel (FCWT) was designed 

and commissioned in 2017 and provided a more appropriate environment for the first 

application of VV and IR-PLIF in a turbomachinery environment. The FCWT also allows 

for further investigation of different film cooling geometries and different aerodynamic 

parameters (Section 3.2). IR-PLIF has been developed and applied to the FCWT the 

technique could then be applied to the LAR with insight from the development work. The 

data collected in the FCWT was also valuable for flow analysis and CFD validation. 

The fundamental question this thesis and research asks it can IR-PLIF be used to 

study EWC and flow interactions in turbomachinery while providing further insight into the 

flow physics. The research in this thesis focuses on two aspects of the egress project: the 

implementation and development of IR-PLIF in the FCWT; and the build and 

commissioning of the LAR. 

1.6 Aims and Objectives 

The aim of this PhD thesis is to develop IR-PLIF as an experimental technique 

applicable for use in the study of EWC and flow interactions in turbomachinery. Four 

objectives were identified to meet this aim. The first objective would enable the study of 

EWC: 

1. To build and commission the LAR with respect to the application of optical 

measurement techniques; the design must allow for the performance of EWCs to 

be investigated. 

The following objectives relate to the development of IR-PLIF: 

2. To implement, optimise and validate the IR-PLIF technique in a series of test 

scenarios that incrementally build up complexity. This will be applied in the 

stationary Film Cooling Wind Tunnel (FCWT). 

3. To undertake gas concentration measurements using an IR gas analyser to 

validate the IR-PLIF measurements in the FCWT. 

4. To investigate film cooling jets using IR-PLIF through the variation of the 

momentum flux ratio in the range of 0.65 to 6.50 to demonstrate the flow behaviour 

(this is the first application of IR-PLIF in turbomachinery). 
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1.7 Thesis Outline 

Chapter 1 of this thesis introduces the gas turbine and turbine cooling. The egress 

project is introduced alongside the aim and objectives of the thesis, followed by a list of 

publications resulting from the work. 

Chapter 2 provides an overview of ingress/egress flow in turbines, followed by a 

description of the secondary flow features found in a turbine stage. A review of the 

research conducted to date on EWC is included. Finally, a detailed review of previous 

applications of IR-PLIF and IR-PLIF of CO2 is presented. 

Chapter 3 discusses the FCWT design and commissioning. 

Chapter 4 covers the implementation of IR-PLIF. The chapter begins with an 

overview of the IR-PLIF system, before discussing the data acquisition, optimisation of 

different system settings, post-processing, calibration and finishing with an uncertainty 

analysis. 

Chapter 5 begins with an overview of film cooling and includes a review of 

previous PLIF research in turbomachinery. The results from the measurements of film 

cooling jets using IR-PLIF in the FCWT are then presented. The gas concentration 

measurements taken using an IR gas analyser are presented and used for comparison 

with the IR-PLIF results. The techniques are also compared to Volumetric Velocimetry. 

Note: this chapter was impacted by the Covid-19 pandemic and because of government 

restrictions the experimental campaign was shortened. 

Chapter 6 discusses the LAR design, commissioning work and optical design and 

identifies the lessons learned from the application of IR-PLIF to the FCWT and the 

implications for the LAR. 

Chapter 7 presents the conclusions of this thesis and recommendations for future 

work towards the development of IR-PLIF in the FCWT and LAR. 
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Chapter 2 

2. Literature Review 

2.1 Introduction 

The aim of this PhD thesis is to develop IR-PLIF as an experimental technique 

applicable for use in the study of EWC and flow interactions in turbomachinery. Although 

EWC has been shown to incur benefits to purge flow requirements and cooling 

effectiveness further research is required to understand the relationship between EWC 

designs and egress and mainstream flow, and wheel-space rim seal designs.  

Industrial and academic approaches to EWC are moving towards a combined 

study of EWC, egress flow and rim seal design. It is therefore important to understand the 

basics of ingress and egress, flow along with the typical flow structures or loss 

mechanisms found in a turbine stage to understand the basis and requirements for EWC 

design. 

Finally, this chapter will review previous EWC research to identify the niche that 

the LAR will fill in this field, and the fundamentals of the IR-PLIF technique will be 

explained to understand how IR-PLIF would enhance EWC research and what information 

can be learned from previous applications. This chapter aims to give the reader a 

comprehensive understanding of the background which informed the research in this 

thesis. 

2.2 Rotor-Stator Systems 

The turbine wheel-space is the gap between the rotating (rotor) disc and the 

stationary (stator) disc and extends from the shaft of the discs to the hub of the 

rotor/stator. The wheel-space will usually be shrouded, and a rim seal installed near the 

rotor/stator hub. The rim seal is used to reduce ingestion of hot gas (ingress flow) from the 

turbine annulus Cooler gas (purge), bled from the compressor, is injected into the wheel-

space through the centre of the stator disk. A simplified model of this system is shown in 

Figure 2.1 (from Childs, 2011). 

The rotor disk can be modelled as a free disk with a constant angular velocity Ω in free air, 

(Figure 2.2, from Childs, 2011). A boundary layer will form on each side of the rotor disk 

and a no-slip boundary condition means that at the rotor disk surface the fluid will rotate 

with a tangential velocity, 𝑢𝜙 =  Ω𝑏; the tangential velocity will be zero in the freestream. 

The shear between the rotating disc and the free air will generate a centrifugal force that 

will result in a radial flow of the fluid in the boundary layer. Since the radial velocity 𝑢𝑟 is 

zero at the disc surface and in the freestream the radial outflow must be entrained axially 

into the boundary layer to maintain conversation of mass. This radial outflow is sometimes 
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denoted as pumped flow and in the case of a free disk this is referred to as the free-disc 

pumping effect. The disc boundary layer may be laminar or turbulent and is governed by 

the local rotational Reynolds number, (equation 2.1). The flow near the axis of rotation will 

tend to be laminar but as the angular velocity increases the transition will transfer closer to 

the axis. 

𝑅𝑒𝜙,𝑙𝑜𝑐𝑎𝑙 =
𝜌Ω𝑏2

𝜇
(2.1) 

 

 

Figure 2.1: A rotor-stator disk cavity (Childs, 2011). 

 

  

 

Figure 2.2: The radial and tangential boundary layers and associated inflow and outflow induced by a rotating 
disc (Childs, 2011). 
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The stator disc can be modelled as a stationary disc (Figure 2.3) with a fluid 

rotating above it at a constant angular velocity Ω.  Due to the no slip boundary condition 

the tangential velocity will decrease as the distance from the disc (z) decreases. The 

radial velocity will be negative in the boundary layer therefore the fluid flows radially 

inwards. Due to the radial velocity being zero at the disc surface and in the freestream the 

axial velocity will act away from the stator disk surface to maintain conservation of mass. 

 

 

Figure 2.3: The radial and tangential boundary layers and associated inflow and outflow induced by a rotating 
fluid adjacent to a stationary disc (Childs, 2011). 

 

The wheel-space fluid structure is complicated further by engine geometry and 

fluid dynamic conditions in a real rotor-stator system. Before experimental and 

computational data was widely available in the 1950s, two theories were proposed to 

describe the fluid structure. Batchelor (1951) proposed that two boundary layers formed 

on the stator and the rotor respectively with a core rotating at constant angular velocity 

separating them. Fluid is pumped radially outward in the rotor boundary layer with fluid 

entrained from the core. The core is supplied with fluid from the radial inflow in the stator 

boundary layer. Stewartson (1953) however proposed that the fluid structure was like that 

of a rotating free disk as described above with no core rotation, a tangential velocity 

trending towards zero outside of the rotor boundary layer. The characteristic velocity 

profiles from each theory are shown in Figure 2.4. Research has shown that both are valid 

depending on the fluid dynamic conditions present; an important factor in characterising 

the fluid structure is the amount of purge mass flow supplied at the axis of the cavity 

(Childs, 2011). As the purge mass flow is increased the core rotation will decrease, 

therefore flow that would be characterised as Batchelor flow would move closer to 

Stewartson flow as the purge mass flow increases (Childs, 2011). 
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Figure 2.4: Characteristic velocity profiles in a rotor-stator wheel-space: (a) to (c) Batchelor flow; 

(d) to (f) Stewartson flow (Childs, 2011). 

 

2.3 Ingress 

 Ingress flow occurs when mainstream flow from the annulus is ingested into the 

turbine wheel-space. A full review of ingress research can be found in Scobie, Sangan et 

al. (2016). Ingress is principally driven by a non-axisymmetric pressure distribution caused 

by the presence of vanes or blades. This is termed Externally-Induced (EI) ingress. 

Ingress results where the local pressure in the annulus is greater than the local pressure 

in the wheel-space; egress would occur where the local pressure in the annulus is lower 

than the local pressure in the wheel-space (Scobie, Sangan et al., 2016). This non-

axisymmetric pressure distribution and the EI ingress mechanism is shown in Figure 2.5. 

EI ingress is not the only mechanism that causes ingestion. The rotation of the 

rotor results in the disk-pumping effect (see, Section 2.2) which causes ingestion into the 

stator boundary layer, and egress of fluid into the annulus from the rotor boundary layer. 

This is termed as Rotationally-Induced (RI) ingress (Scobie, Sangan et al., 2016). Finally, 

when both EI and RI ingress are significant this is usually termed Combined Ingress (CI) 

and is important at off-design conditions (Scobie, Sangan et al., 2016). 

Research studies on ingress have focussed on improving the understanding of 

these mechanisms that cause ingress as well as focussing on determining the minimum 

required purge flow to prevent hot gas ingestion. Research has also been conducted on 

generating rim-seals that minimise the required purge flow to prevent ingress (see Scobie, 
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Teuber et al. 2016). Owen (2011a) and Owen (2011b) demonstrated a theoretical model 

that could predict RI and EI ingress respectively. A five-part paper was published by the 

University of Bath which extensively investigated ingress mechanisms. The first (Sangan 

et al., 2013a) and second part (Sangan et al., 2013b) investigated the effects of EI and RI 

ingress respectively. Sangan et al. (2013a) demonstrated that for dimensionally similar 

turbine stages a single non-dimensional sealing parameter Φ0 could be used to predict 

sealing effectiveness. Sangan et al. (2013b) conducted experiments with no mainstream 

flow and therefore only RI ingress was present. The research showed that RI ingress 

required significantly less sealing flow than EI ingress and that a radial-clearance seal was 

superior to an axial clearance-seal for both EI and RI ingress. Part three (Sangan et al., 

2013c) investigated the effectiveness of double seals compared to single seals, again RI 

ingress was showed to require significantly less sealing flow and the double seals were 

shown to confine the ingress to between the two seals increasing sealing effectiveness. 

Part four (Scobie et al., 2013) looked at ingress at off-design conditions, referring to the 

mechanism CI. The results showed good agreement with the theoretical model except 

where blade deviation angles were high and a large increase in required sealing flow was 

observed. Research on ingress has recently focused on isolating the effects of vanes and 

blades on ingress (Hualca et al., 2019) and investigating the existence of large-scale 

pressure structures using unsteady pressure measurements (Horwood et al., 2019). 

 

 

Figure 2.5: Variation of static pressure in a turbine annulus. Red arrows indicate hot-gas ingress and blue 
arrows indicate cooler egress, corresponding to regions of high and low pressure with respect to the wheel-

space, respectively (Sangan et al., 2013). 
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2.4 Secondary Flows 

Before going into further detail on egress flow (see Section 2.5), it is important to 

understand the loss mechanisms and flow structures typically found in a turbine annulus 

without the presence of purge flow.  

The mainstream flow is susceptible to diverse loss mechanisms. Denton (1993) 

described three widely used categories of loss mechanisms in turbine stages: profile loss, 

end-wall loss and leakage loss. However, it is clearly understood that these three 

mechanisms are rarely independent. End-wall loss is also commonly referred to as 

secondary loss. This loss mechanism includes any loss generated due to boundary layer 

generation from the end-wall where the end-wall is the surface of the stator/rotor that the 

vane/blades are seated on. Due to the difficulty in isolating secondary loss from the other 

two mechanisms, losses that cannot be accounted for are include in secondary loss. 

Profile loss is the loss generation due to the formation of boundary layers of the 

vane/blade surface independent of the end-wall and any losses generated at the 

blade/vane trailing edge is usually included in this term. Leakage loss refers to the loss 

generated from flow leakage over the tip of rotor blades. This is highly dependent on the 

presence and design of shrouding.  

Although each loss mechanism is highly dependent on turbine design, Denton 

(1993) states that in most machines each mechanism will contribute to a third of the total 

loss. However, Sharma & Butler (1986) state that the end-wall loss would contribute 

approximately 30-50% of the total pressure loss in a blade row. There are two main 

mechanisms that generate loss: entropy generation or transfer of the streamwise kinetic 

energy to crosswise kinetic energy i.e. through the formation of vortices. The egress 

project specifically focusses on secondary loss and the formation of secondary flow 

features and how they interact with egress flow. 

Secondary flows have been subject to extensive research (e.g. Sieverding, 1985; 

Sharma & Butler, 1986; and Langston, 2001) and an in-depth discussion of secondary 

flows is presented by Takeishi et al. (1990) and more recently Ligrani et al. (2017); key 

flow features are shown in Figure 2.6. The inlet boundary layer rolls up to form the 

horseshoe vortex at the leading edge of the aerofoil; the pressure-side leg will coalesce 

with the suction side leg to form the passage vortex. This passage vortex is a dominant 

secondary flow feature. Beneath the passage vortex, a new boundary layer is formed on 

the end-wall, beginning in the corner formed between the pressure side surface and the 

end-wall. The suction-side leg of the horseshoe vortex (often termed counter vortex) 

remains above the passage vortex and is forced away from the end-wall as the passage 

vortex grows. An additional corner vortex may occur at the corner between the suction-

side surface and the end-wall, which rotates in the opposite direction to the passage 
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vortex. This opposes the over-turning at the end-wall, although at the cost of additional 

aerodynamic loss.  

In addition to the losses caused directly by the secondary flows, their spanwise 

motion causes the exit angles of the flow to differ from the conventional 2D design values. 

The passage vortex will typically cause an increase in the exit angle at the end-wall 

(overturning) with a compensatory reduction in angle away from the wall (under-turning). 

These deviations cause positive or negative incidence locally at the inlet to the next blade 

row and thus reduce efficiency. Use of geometric contouring (EWC) on gas turbine end-

walls (see, Section 2.6) is an established method for reducing secondary flow losses. 

Although secondary flows have been studied extensively this topic is still under intensive 

scrutiny as the influence of EWC and egress flow on secondary flows is still to be 

understood. Importantly engine designers must understand the effect turbine geometry 

design has on egress flow and EWC and subsequent effect this has on secondary flows 

so as not to increase turbine stage loss or reduce turbine stage efficiency. 

 

Figure 2.6: Secondary flow features in a turbine annulus. 

 

2.5 Egress Flow 

Egress flow is low temperature fluid expelled from the turbine wheel-space, this 

fluid is used to purge the wheel-space to prevent ingress and damage to turbine 

components. Egress flow, when expelled from the wheel-space, causes highly complex 
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and unsteady interactions with the mainstream flow, therefore superfluous, uncontrolled 

purge flow can increase stage losses and reduce efficiency.  Hunter & Manwaring 

(2000) conducted both a numerical and experimental investigation of the effect of egress 

flow on mainstream flow in a two-stage turbine. A decrease in efficiency was reported as 

egress flow rate increased; the primary source of loss was the mixing associated with the 

cavity exit. However, Simon & Piggush (2006) reviewed literature published that 

investigated turbine passage fluid dynamics and the effect on end-wall heat transfer. The 

authors concluded that some studies (Burd et al., 2000 & Oke et al., 2001) showed at 

sufficiently high egress flow rates the strength of secondary flow features are reduced by 

suppling high momentum flow to the inlet boundary layer and therefore achieving efficient 

cooling of the blade/vane pressure surface. 

More recently, Schrewe et al. (2013) used the 2-stage turbine at the TU Darmstadt 

to investigate the interaction between egress and mainstream flow. The large-scale 

turbine rig can implement a difference of 15-20°C between the egress flow and 

mainstream follow allowing the egress to be tracked through temperature measurements 

where it was shown that the egress flow becomes entrained in the passage vortex. The 

authors reported a decrease in turbine efficiency as egress mass flowrate increased and 

reported four sources of loss: egress flow results in a blockage as it enters the annulus; 

secondary flow structures are strengthened by egress; the flowfield at the second stator 

stage is altered resulting in additional losses; and the inlet flow field and incident flow 

angles are altered for the second rotor stage. 

Recent work using the LISA rig at ETH Zurich in association with MTU Aero 

Engines has worked to investigate the effects of purge flow on mainstream flow. The LISA 

rig is a 1.5-stage unshrouded turbine. Schuepbach et al. (2010b) investigated two purge 

flow rates, one that simulated suction (-0.14% of mainstream mass flow rate) and an 

injection flow rate of 0.90%. The larger mass flow rate was found to decrease total-total 

efficiency by 0.6%. The purge flow was found to increase the radial extent of the 

secondary flows however the peak vorticity values decreased. The authors concluded that 

vortex rotation had decreased however integrated circulation and viscous dissipation had 

increased which explained the decrease in efficiency. Finally, Regina et al. (2015) 

investigated three purge flow rates: -0.1%, 0.8% and 1.2%. The same result was found 

that an increase in purge flow rate resulted in a reduction in stage efficiency concluding a 

reduction in total-total efficiency of -0.8% per percentage of purge flow. 

 Some studies have sought to quantify the effect of swirl or a tangential velocity 

component on egress flow along with the effect of cavity or injection hole geometry and 

injection location. Girgis et al. (2002) investigated the effect of egress flow injection angle 

in a single stage, transonic turbine complimented with a numerical study. Flow was given 
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a tangential component (20 degrees) in the direction of blade rotation. The stage 

efficiency was found to improve by 0.3% per 1% of disc egress flow as a percentage of 

inlet mass flow rate compared to radial injection of egress flow. The authors concluded 

that if the egress flow is injected tangentially with a longer flow path, improved cooling can 

be achieved. This results in a reduction in the required egress flow rate and therefore an 

improvement to the engine cycle efficiency. 

 McLean et al. (2001) investigated three types of injection of egress into cavity and 

their effects on the exit plane of a single stage turbine. The three types of injection were:  

• Root injection - injection of egress at a 45° angle radially and aligned with the 

nozzle exit angle at the wheel-space exit; 

• Radial cooling - injection radially into the stator boundary layer;  

• Impingement cooling - injection axially towards the rotor disk. 

Root injection was found to the have the most benefit, reducing the angle deviations and 

improving the total-total efficiency by 1.5% and this was attributed to the egress flow 

energizing the nozzle wake region. Radial cooling showed improvement for some cooling 

flow rates but yielded negative impacts on efficiency for others. Finally, impingement 

cooling was shown to decrease efficiency. 

A linear cascade with a slot was used to investigate the effects of egress flow on 

the mainstream flow by de la Rosa Blanco (2009). Two slot geometries were also 

investigated: a forward-facing and backward-facing step. The presence of the cavity alone 

was found to increase mixed out endwall losses but did not alter the endwall flow structure 

at 50% axial chord downstream of the blade trailing edge. The leakage flow was found to 

increase the strength of the secondary flow features. Increased flow rate or tangential 

velocity also strengthened the secondary flow features. The authors concluded that the 

tangential velocity of egress is important for controlling the secondary flow features. 

Ong et al. (2012) investigated two types of leakage flow numerically: hub leakage 

and a series of angled holes near the stator hub. When hub leakage was investigated the 

egress was entrained in the secondary flows of the rotor. This increased the penetration 

depth by 9.5% of span but a small amount of coolant was found near the end-wall which 

was very sensitive to the distribution of leakage flow at the rotor inlet. This was in turn 

influenced by leakage mass flow rate. Injection of leakage flow through the angled holes 

near the stator hub resulted in an improved distribution of egress circumferentially; 

increase of the swirl angle increased the stage efficiency by 0.75% with 0.35% being 

attributed to a reduction in secondary flow strength, however even though the induced 

swirl angle improved cooling the majority of coolant was still entrained in the rotor 

secondary flows and not used for cooling of the hub endwall or blade surfaces. 
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Importantly egress flow can enhance secondary flow features (see, Section 2.4) as 

the egress core becomes entrained in the suction side leg of the horseshoe vortex and 

inevitably the passage vortex (Carvalho Figuierdo, 2020); however this enhancement of 

secondary flow features and effect on efficiency is still subject to debate (Simon & 

Puggish, 2006). EWC has been used to reduce the strength of secondary flow features 

therefore the importance of the effect of egress flow on secondary flows features and 

overall turbine efficiency highlights why EWC and egress flow need to be studied 

simultaneously. The literature also highlights the importance of rim seal geometry on 

egress flow and highlight the requirement of rim seal studies in complementing EWC and 

egress flow investigations. 

2.6 End-Wall Contouring 

End-wall contouring (EWC) is the perturbation of the end-wall surface to alter the 

static pressure field and influence incoming flow formation. First pioneered by Deich & 

Zaryankin (1960), a design now known as a ‘Russian kink’ was employed (Figure 2.7). 

This design is an axisymmetric passage contraction and demonstrated efficiency 

improvements of 3.5% based on extensive cascade testing. Subsequent researchers 

stated however that the study was conducted at unrealistic aspect ratios with no 

consideration of inlet boundary layer conditions. The benefits of the designs were likely 

due to increased channel convergence, a decrease in pitchwise pressure gradient and a 

positive influence on spanwise static pressure distribution. The design profiles reduced 

velocity at the region of highest turning and increased acceleration downstream of the 

trailing edge. Deich & Zaryankin (1960) presented EWC design rules which were 

implemented by subsequent researchers such as Morris & Hoare (1975), Kopper et al. 

(1981), Haas & Boyle (1984), Boletis (1985) and Arts (1985). 

 

 

Figure 2.7: Example of “Russian Kink” EWC design. 
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Axisymmetric End-Wall Contouring 

 Early EWC research focussed on axisymmetric designs similar to Deich & 

Zaryankin (1960) with some exceptions such as Ewen et al. (1973) who investigated both 

transonic and subsonic turbine conditions on a small axial test rig and looked at the 

variation in blade height, vane contouring, blade reaction, blade tip clearance, stage work 

and vane blade row solidity and blade/vane and disc cooling. The ‘Russian Kink’ was 

applied resulting in a reaction increase of 7% and a subsequent 2% increase in efficiency. 

A quarter of the efficiency gain was attributed to the increase in reaction, with vane 

cascade tests only showing a 6% reduction in secondary losses and therefore most of the 

efficiency gain was attributed to improved blade inlet conditions. Boletis (1985) studied the 

three-dimensional flow field in a low-speed annular turbine cascade with a similar 

‘Russian Kink’. Boletis (1985) reported a large reduction in the wake region across most of 

the span and a pitchwise pressure gradient reduction. Based on Deich & Zaryankin 

(1960), a 1% efficiency gain was predicted but Boletis (1985) measured 0.6 - 0.8% and a 

15% reduction in overall losses. 

 Kopper & Milano (1981) also investigated a similar design and reported a 17% 

reduction in full passage losses with reduced loading at the fore of the blade and an 

estimated 30% reduction in secondary loss. Haas and Boyle (1984) tested a ‘Russian 

kink’ and a conical design, where both designs did not affect the reaction. The conical 

design showed a 0.8% improvement in efficiency caused by reduced end-wall and profile 

loss; a Russian kink design showed a 0.6% improvement. The designs had little effect on 

loading due to high solidity and only a small effect on rotor tip clearance loss. The authors 

suggested further research into the effect of EWC on a low solidity profile. 

Moustapha & Williamson (1985) investigated a staggered ‘Russian kink’ design 

which maintained the throat area and as a result the reaction. This study is also one of the 

few papers to investigate EWC in the presence of compressible flow. High Mach numbers 

resulted in the formation of structures increasing losses. One design led to increased hub 

pressure loss which led to greater strength of the secondary flow and increased deviation 

of the flow exit angle. 

Recently the research into axisymmetric designs has taken place at Aachen 

University of Technology (Bohn et al., 2000, Bohn, Surken & Kreitmeier, 2001, Bohn, 

Funke et al., 2001, Bohn et al., 2002, Eymann et al., 2002 & Gier et al., 2002) and more 

recently St. Petersburg Polytechnic University (Smirnov et al., 2017 & Sebelev et al., 

2019). Teuber (2014) investigated four axisymmetric profiles. Three convex features and 

one concave feature with the greatest radial extent (or smallest in the concave case) of 

each feature at the blade leading edge. The axial extent of all four features was equal. 

Only the concave feature was found to decrease leading edge loading without negatively 
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affecting the upstream wheel-space. Overall, the field of research has moved to more 

complex non-axisymmetric EWC designs (an example is shown in Figure 1.8) which allow 

the designer more fidelity in controlling secondary flow formation and the static pressure 

field. 

Non-Axisymmetric End-Wall Contouring 

The two earliest studies of non-axisymmetric EWC also simultaneously studied 

several axisymmetric designs, however both studies showed non-axisymmetric EWC to 

have a negative effect. Morris & Hoare (1975) investigated three profiles in a cascade rig 

compared to a baseline. Upstream axisymmetric contouring (like the ‘Russian kink’) was 

found to have no effect while mid-passage axisymmetric contouring reduced secondary 

losses by 25% and reduced inlet wall boundary layer thickness by 1% of chord. Non-

Axisymmetric EWC in the mid-passage (with a contraction occurring later near the 

suction-side) resulted in reduced losses at the mid-span of the suction-side due to change 

in the blade pressure distribution, but increased losses at the pressure side and increased 

blade wake twisting.  

Atkins (1987) investigated a wide variety of axisymmetric designs in addition to two 

non-axisymmetric profiles, which involved a bump near the trailing edge of the pressure-

surface and another design where the bump was located near the suction-surface. A 

bump on the pressure surface caused separation and a bump on the suction surface 

decreased fore-blade loading but increased aft loading damaging the blade wake, 

reducing efficiency. 

The first study to show that non-axisymmetric EWC could have a positive effect on 

turbine performance was Rose (1994). The study aimed to control the exit static pressure 

at the trailing edge of the end-wall platform of a high-pressure Nozzle Guide Vane (NGV). 

A sinusoidal profile was applied circumferentially to reduce the peak circumferential 

pressure at the rim seal gap between the vane and the rotor, by reducing the peak 

circumferential pressure, the turbine rim seal ingestion could be reduced. The basic 

principles of controlling the local static pressures by means of streamline curvature were 

established (Figure 2.8): the convex wall curvature locally accelerated the flow relative to 

the datum and thus reduced the static pressure, while concave curvature caused a 

(relative) diffusion, raising the static pressure.  CFD was used to demonstrate a 70% 

reduction in pressure non-uniformities. The best profile was redesigned for experimental 

testing by Hartland et al. (1998) in a low speed linear cascade rig (The Durham Linear 

Cascade) operating at an exit Mach number of 0.1, a Reynolds number of 4×105 and 

geometry representative of a HP rotor. The results showed good agreement with the CFD 

predictions, where the profiling was shown to accurately control the static pressure in the 

circumferential direction, but also demonstrated a small increase in secondary loss. It was 



25 
 

noted however, that to have a larger effect on the secondary flow features, the contouring 

would have to be moved further upstream, near to where the secondary flow features are 

generated. 

 

Figure 2.8: Basic principle of convex/concave curvature in EWC design. 

 

Rose (1994) aimed to reduce the pressure non-uniformity, however other 

researchers have had alternative objective functions and with the advancement in 

optimisation software coupled with CFD this choice has increasing importance. Bergh et 

al. (2019) presents a study of eight different objective functions for use in a fully 

autonomous non-axisymmetric turbine endwall design procedure. Figure 2.9 presents 

contours of endwall span where each geometry has been optimised for a specific 

objective function and highlights effectively how important objective function choice is in 

endwall design as endwall geometry can differ drastically for the same turbine geometry. 

The eight objective functions defined by Bergh et al. (2019) are: 

Total-to-total efficiency 

𝜂𝑡𝑡 =
𝑊

(𝑝0,𝑟𝑖𝑛 − 𝑝𝑟𝑒𝑥,𝑖𝑠) 𝜌 −
1
2 𝑈𝑟𝑒𝑥,𝑖𝑠

2⁄
(2.2) 

Secondary Kinetic Energy 

𝑆𝐾𝐸 =
𝑈𝑟𝑒𝑥,𝑠𝑒𝑐

2 + 𝑈𝑟𝑒𝑥,𝑟
2

𝑈𝑟𝑖𝑛
2

(2.3) 

Pressure Loss 

𝐶𝑝0,𝑟𝑒𝑙 =
𝑝0,𝑟𝑖𝑛 − 𝑝0,𝑟𝑒𝑥

𝑝0,𝑟𝑒𝑥,𝑚𝑒𝑎𝑛 − 𝑝𝑟𝑒𝑥,𝑚𝑒𝑎𝑛

(2.4) 

Flow Angle Deviation 

𝛽𝑑𝑒𝑣(𝑆) = |𝛽𝑟𝑒𝑥(𝑆) − 𝛽𝑟𝑒𝑥,𝑑𝑒(𝑆)| (2.5) 
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Secondary Kinetic Energy Helicity 

𝑆𝐾𝐸𝐻 = 𝑆𝐾𝐸 ∙ 𝐻 (2.6) 

Design Efficiency 

𝜂𝑑𝑒 =
𝑣𝑟𝑒𝑥⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗ ∙ 𝜃𝑟𝑒𝑥,𝑑𝑒

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗

𝑈𝑟𝑒𝑥,𝑑𝑒,𝑚𝑎𝑥

(2.7) 

 

 

Figure 2.9: Different EWC geometries optimised using different objective functions: (a) 𝜂𝑡𝑡 (b) SKE (c) 𝐶𝑝0,𝑟𝑒𝑙 

(d) 𝛽𝑑𝑒𝑣(𝑆) (e) SKEH (f) 𝜂𝑑𝑒 (Bergh et al., 2019) 

These objective functions have been used extensively and, in most cases, 

independent of one another for designing endwalls by previous researchers. Snedden et 
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al. (2010) summarised effectively how each of these objective functions can bias design 

choice and optimisation. The paper compared an annular endwall to a contoured endwall 

using a 1.5-stage, low speed test rig and CFD. Flow angle deviation, as an objective 

function, is sensitive to both tip leakage and secondary flows however it is important for 

evaluating the impact of flow on downstream rows and stages. Rotor and stage efficiency 

were deemed far too sensitive to temperature predictions and did not capture qualitative 

or quantitative trends of experimental results. Total pressure loss coefficient was found to 

be sensitive to tip clearance flows but not secondary flows; this can result in a negative 

result in terms of the impact of EWC when the efficiency has increased e.g., an expansion 

of the vortical structure would increase pressure loss but the reduction in SKE in the same 

flows would be ignored by this definition. Finally, SKE and SKEH are exaggerated by 

secondary flow effects and appear to not work in free tip cases, however the addition of 

helicity appears to better isolate loss cores (Snedden et al., 2010).  

Snedden et al. (2010) surmises that a compound objective function should be 

used that contains a term to improve exit angle deviation along with an improved 

formulation of SKE or SKEH. The authors state that if a desired loss measurement is also 

required then total pressure loss is appropriate as it was well-predicted and robust when 

used with different turbulence models. Finally, it was concluded that a tangential pressure 

gradient could be used in a compound objective function to limit ingress. 

Very few researchers have used a compound function. Bergh et al. (2020) used an 

objective function that utilised a weighted SKE and weighted exit flow angle. The 

optimised design was experimentally validated in a 1.5-stage turbine and compared to a 

generic cross-passage pressure gradient reduction design. The design was predicted to 

decrease exit angle deviations and SKE dramatically compared to the generic design, 

however experiments did not corroborate this result with the difference attributed to the 

turbulence model used in simulations. Overall, the design was consistent with the results 

of previous studies: reducing under turning near the blade midspan; increasing 

overturning near the endwall and a suppression of the secondary flow structures. The 

authors concluded that EWC optimisation is sensitive to the degree of irreversibility 

associated with the EWC design objective function A sensitive design objective produced 

higher-performing designs than those produced by objectives sensitive only to the 

magnitude of the secondary flow strength (such as SKE or flow angle deviations), since it 

is simple to reduce the overall secondary flow magnitudes by mixing-out their vorticity. 

Germain et al. (2010) and Schupbach et al. (2010a) used an objective function that 

was a combination of total pressure loss and SKE with a limit on the averaged exit flow 

angle for each row. The design was tested using the LISA research turbine at ETH Zurich, 

a 1.5 stage shrouded turbine. Germain et al. (2010) presented the results of 5-hole probe 
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measurements at four planes. The EWC design was responsible for a 1.0±0.4% efficiency 

gain and a 30% reduction in SKE. Schupbach et al. (2010a) used a fast response 

aerodynamic probe to measure the unsteady flow field. The efficiency gains were 

attributed to suppressed streamwise vorticity of secondary flow features in the first stator 

row and the rotor hub however most of the reductions were in the nozzle wake. Since few 

authors have used compound design functions, to understand the research field fully, 

studies where design objectives have been used independently must be examined. 

Reducing SKEH & Flow Exit Angle Deviation 

Early research by Rose (1994) at Rolls Royce was continued in association with 

Durham University. These groups focussed on reducing the cross-passage pressure 

gradient before efforts were redirected to minimising SKE, SKEH or exit angle deviations 

with success, likely for the reasons stated above along with CFD at the time struggling to 

predict efficiency accurately.  

The conclusions of Hartland et al. (1998) resulted in a move towards implementing 

EWC in the blade passage and using profiling to reduce secondary flow losses. Harvey et 

al. (2000) compared EWC design methods to existing turbine design methods for ‘lean’ 

and ‘skew’ of turbine blades and created a new linear design system with the aim of 

reducing exit angle variations. The EWC design system produced a design which featured 

a circumferential sinusoidal perturbation, which peaked at the pressure surface near the 

leading edge of the aerofoil. Another sinusoid of lower amplitude was located further down 

the passage, with its peak towards the trailing edge of the suction surface. The design 

reduced the cross-passage pressure gradient by creating streamline curvature in the 

radial direction. The cross-passage pressure gradient was assumed the driving 

mechanism of secondary flows. The authors reported that their CFD simulations, 

performed with a mixing length turbulence model, did not reliably predict the reduction in 

loss associated with endwall contouring. They subsequently used predictions of cross-

passage pressure gradient and SKE reduction to inform the design of endwalls. The 

design of Harvey et al. (2000) was then considered experimentally using the Durham 

cascade rig (Hartland et al., 2000). A net reduction in mixed out secondary loss of 34% 

was achieved, alongside a reduction in the exit angle deviation from the cascade. A 

counter vortex was found beneath the passage vortex which rotated in the opposite 

direction and reduced the overturning near the endwall. This was caused by the low 

pressure near the suction surface which was created by the convex curvature of the local 

profiling.  

Hartland et al. (2002) presented a simple method for the design of endwalls using 

the principle that the cross-passage pressure gradient can be cancelled out by mirroring 

the blade curvature on the endwall. Three endwall profiles were designed based on the 
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camber line of the blade, with CFD used to predict a reduction in secondary flows for each 

case. The most successful design extended either side of the blades to mitigate the 

issues associated with sharp curvature at inlet and exit of the blade row. 

Brennan et al. (2003) used the Forward And Inverse THree-dimensional (FAITH) 

design system, based on the linear design system of Harvey et al. (2000), to redesign the 

HP turbine of the Rolls-Royce Trent 500, using EWC on both the vane and blade 

platforms. The design was predicted to reduce secondary losses by 0.4 % in total. 

Experimental validation was then conducted by Rose et al. (2001) using a cold flow model 

test rig scaled to 76% of the Trent 500 HP turbine. The aerodynamic efficiency gain at 

engine representative conditions was 0.59% (±0.25%), exceeding the original prediction 

for the design. The benefits of endwall profiling were also observed to be increased at 

turbine work and stage loading conditions above nominal design values. The authors 

noted that although the exit flow was more uniform, the secondary losses were kept closer 

to the endwalls; the change in the exit pressure field would have to be accounted for in the 

design of the downstream row. The same approach was taken by Harvey et al. (2002) for 

the Trent 500 intermediate pressure turbine. This time the predicted reduction in 

secondary loss of 0.96 % was found to be 0.9 % (±0.4 %) in the experiment. 

The work at the Durham linear cascade continued and in total eight designs were 

investigated which combined three design ideas: EWC; Reverse Compound Lean (RCL), 

where the suction surface makes an acute angle with the endwall at both ends of the 

blade; and LEFs, this summarised in Table 2.1. 

P1 aimed to reduce the cross-passage pressure gradient, P2 and P3 aimed to 

reduce the flow exit angle deviations, and C2 and C3 aimed to reduce SKEH. A summary 

of all the designs and conclusions of the research can be found in Gregory-Smith et al. 

(2008). The loss reduction and SKEH reduction for each design is shown in Figure 2.10. 

Improvement in both loss reduction and SKEH reduction was seen between the 1st 

generation design (P1) and 2nd generation (P2) however P3 had a very aggressive design 

which resulted in large flow separation. The presence of RCL (C1) reduced loss and 

SKEH however the addition of LEF (C3 planar) increased loss but did reduce SKEH 

further. It was suggested the increased wetted area near the endwall had increased loss. 

The C2 aggressive design did not reduce loss as effectively as the mild design due to flow 

separation like P3. Finally, C3 pew did not improve the loss reduction significantly from 

the planar design but did improve the SKEH reduction. 
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Table 2.1: Summary of Durham linear cascade EWC research. 

Label Reference Description 

P0, C0, C0a - Flat endwalls and prismatic blade 

P1 Hartland et al. (2000) 1st generation EWC 

P2 Ingram et al. (2002) 2nd generation EWC 

P3 Ingram et al. (2005) Aggressive EWC with large separation 

C1 Bagshaw et al. (2005) Planar endwall with RCL blades 

C2 mild Bagshaw, Harvey et al. (2008) 

& Bagshaw et al. (2008) 

RCL blades, LEF and conservative EWC 

C2 aggr RCL blades, LEF and large amplitude EWC 

C3 pew 

Gregory-Smith et al. (2008) 

RCL blades, LEF and conservative EWC 

C3 planar RCL blades, LEF and flat endwalls 

 

 

 

Figure 2.10: SKEH and loss reductions of Durham linear cascade research (Gregory-Smith et al., 2008) 

 

 The following conclusions were made by Gregory-Smith et al. (2008) about EWC. 

EWC can reduce secondary flow effectively by reducing the cross-passage pressure 

gradient. This can be done by a bump on pressure side and a dip on the suction side. 

However, care must be taken as this reduction in fore-loading can increase aft-loading 

and as a result increased flow exit angle deviation. LEF can reduce secondary flow by 
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unloading the leading edge of the blade. It was recommended that research be expanded 

to multi-row environments to support evidence of reduced downstream losses. 

Another study of interest which used SKEH as the objective function was Vazquez 

& Fidalgo (2010). The study looked at the effect of Reynolds number and Mach number 

on EWC performance - one of the few to do so. The effect of Reynolds number proved to 

be very small however Mach number had a large impact. Some considerations of Mach 

number have been considered in Brennan et al. (2003), Rose et al. (2001) & Harvey et al. 

(2002) although further research needs to be undertaken to fully understand the effects of 

Mach number on EWC performance. 

Pressure Loss Reduction 

Much of the work that has been done with pressure loss as the objective function 

for design has been done by Pratt & Whitney and Penn State University. Praisner et al. 

(2013) used CFD optimisation to produce contours for three different high-lift turbine 

aerofoils. The front half of the passage of these designs are like the P2 design by Ingram 

et al. (2002). The aft region of the passage has a ridge running from the pressure side to 

the suction side. The designs were very similar but varied in amplitude. The best design 

reduced the loss by 12%, the designs showed similar results as previous researchers with 

a weaker cross-passage pressure gradient and as a result a weaker passage vortex. 

Knezevici et al. (2010) used a linear cascade to investigate a design like Praisner et al. 

(2013) and showed a 13% reduction in SKE and a 9.6% reduction in mixed-out losses 

using seven-hole probe measurements and oil visualisation. Lynch et al. (2011) 

investigated the same design from a heat transfer perspective in a cascade rig using an 

infrared camera and heat flux endwall plates. The authors reported an area-averaged heat 

transfer reduction of 3.1% which was unaffected by varying exit Reynolds number. The 

design was further examined by Lynch & Thole (2015) using laser doppler velocimetry to 

examine the boundary layers and flow field, with and without EWC. They reported that 

EWC had displaced the passage vortex and reduced its unsteadiness. This displacement 

had increased local heat transfer but the accompanied reduction in size would lower the 

overall impact. 

Turgut & Camci (2011) presented eight designs which were variations on extent 

and amplitude of a pressure side bump and a suction side dip. The design with the 

highest-pressure loss reduction using CFD was then selected for experimental testing by 

Turgut & Camci (2012). The authors reported a 3.2% reduction in mass averaged total 

pressure loss for the best design which consisted of high amplitude contours that 

extended far upstream of the leading edge. Turgut & Camci (2012) evaluated the design 

in a rotating rig reporting a reduction in the secondary flow strength, however the mass-
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averaged loss reduction was reported to be only 0.31%. The discrepancy was attributed to 

the lack of egress flow and rotor blades in the CFD model. 

Stage Efficiency Optimisation 

Very few researchers have used stage efficiency as their objective function, and 

most of these studies have been undertaken at RWTH Aachen. Poehler et al. (2015) 

investigated different aerofoil designs combined with EWC using CFD optimisation. Three 

designs were evaluated for a 1.5-stage turbine rig. The hub and shroud of the NGVs and 

the rotor hub were contoured. The rotor hub design resembled that of Praisner et al. 

(2013) while the NGV shroud was a typical cross-passage gradient reduction profile. The 

NGV hub was more complicated with a variable amplitude mid-passage trough, and 

regions of elevated amplitude on the pressure and suction surface. All designs showed an 

increased total pressure loss and secondary flow strength in the stator but reduced exit 

flow angle deviation. It was theorised that the EWC lead to increased entropy production 

rates in the endwall boundary layer through increased aft-loading. The authors state that 

EWC can be more beneficial for frontloaded profiles rather than aft-loaded profiles. The 

conclusions were validated by experimental testing conducted by Niewoehner et al. 

(2015). The stage efficiency gain was higher than predicted by Poehler et al. (2015) and 

showed increased performance compared to planar endwalls at off-design conditions. The 

negative effect on the stator stage was confirmed by five-hole probe measurements 

however the improved rotor conditions resulted in a positive stage efficiency gain. 

2.6.1 End-Wall Contouring with Egress Flow 

Schuepbach et al. (2011) used the same design system as Germain et al. (2010) 

but first optimised the hub and shroud endwalls independently before applying a global 

optimisation. The two designs were then tested at two conditions, an injection ratio of -

0.1% and 0.9% which were termed sucking and blowing respectively. The second endwall 

design showed a lower efficiency gain than the first however the second design was less 

sensitive to leakage flow. Importantly both EWC were more sensitive to purge flow than 

when no contouring was present. This highlights the importance of the presence of egress 

flow when evaluating EWC designs. 

A similar study was undertaken by Jenny et al. (2012) using the same design 

optimisation. The optimisation was conducted at an injection ratio of 0.8% however the 

design was also studied at off design conditions of 0.4% and 1.2%. The same decrease in 

efficiency was observed at increasing purge flow rate but in this case the design was less 

sensitive to purge flow than the baseline case. 

Regina et al. (2014) used both steady and unsteady aerodynamic measurements 

to evaluate the aerodynamic performance of a turbine stage with EWC, with and without 

purge flow from the rim seal. The design was revaluated with efficiency as the objective 
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function in this case. A 0.2% increase in efficiency was measured with EWC, however this 

was eliminated in the presence of significant purge flow. The authors noted that investing 

effort in a combined design of the EWC and the exit geometry of the rim seal is 

considered the best means of improving aerodynamic performance. 

Hanni et al. (2019) used aerodynamic efficiency to optimise the endwall design 

and reported a 0.3% efficiency gain at the design condition injection ratio of 0.8%. An 

infrared camera was used to make surface temperature measurements on the LISA rig. 

The design was shown to improve cooling performance at stress critical regions. The 

authors note the sensitivity of heat transfer performance to purge flow rate, therefore the 

effect of purge flow rate at off design conditions should be considered in any design 

process. 

2.7 Planar Laser-Induced Fluorescence (PLIF) 

As more emphasis is being put on using CFD to design and provide insight into 

turbine cooling and more specifically film cooling and EWC, accurate modelling is 

required. This is limited by the accuracy of turbulence models requiring CFD models to be 

experimentally validated, thus more advanced experimental techniques for flow 

visualisation are necessary in the field of film cooling and EWC. 

PLIF is a non-intrusive technique used to measure scalar concentrations in fluid 

flow. A fluorescence source, usually a laser source, is used to excite a fluorescent species 

within the fluid. The fluorescent species absorbs a portion of the excitation energy and 

spontaneously emits some of the absorbed energy as fluorescence. This fluorescence 

can be measured and used to quantify the local concentration of the fluorescent species. 

A schematic of the technique is shown in Figure 2.11. The concentration can also be used 

to quantify other parameters in flow for example the high temperature dependence of the 

fluorescence signal from toluene allows it to be used in thermometry (Seitz, 2018). 

Typically, the fluorescence source is made into a thin two-dimensional plane for 

measurements. PLIF has been used extensively in combustion research (Grisch & Orain, 

2009) and fluid dynamic research in aqueous flows (Crimaldi, 2008).  

About three quarters of aqueous PLIF experiments in fluid mechanics have 

employed either a 488 and/or a 514.5nm wavelength source but 532nm is becoming more 

common due to the high power of Nd:YAG frequency doubled lasers. These fluorescence 

sources are typically used with Rhodamine, and Fluorescein (Uranine, disodium salt) as 

the fluorescent tracer. More recently acetone and toluene have been used with an 

UltraViolet (UV) source. This is commonly referred to as electronic PLIF where the high 

energy excitation, when absorbed, elevates the molecules to a higher electron energy 

state, this allows high Signal to Noise Ratio (SNR). Electronic PLIF is well established but 
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only certain fluorescent species are available for excitation in this range of wavelengths, 

and these can be impractical or inappropriate for certain applications and potentially toxic. 

 

Figure 2.11: Schematic of typical PLIF setup 

 

2.7.1 Infra-Red Planar Laser-Induced Fluorescence (IR-PLIF) 

IRPLIF involves excitation of molecular vibrational modes via infrared laser 

radiation, with subsequent imaging of the vibrational fluorescence. Improving infrared 

imaging technology and infrared laser sources has made IR-PLIF an alternative to 

traditional UV/visible tracer PLIF. The advantage of IR-PLIF over traditional techniques is 

that molecules with an IR-active vibrational mode, such as CO, CO2 and H2O, can be 

investigated and negate the need for a tracer if found abundantly in the experiment. This 

reduces experimental cost and complexity and in the case of air-based systems some of 

the applicable molecules are gaseous at room temperature so do not require equipment to 

vaporise the tracer. Finally, due to the small molecule size of the tracer species in IR-PLIF 

the impact on fluid dynamics is minimal due to similar molecular weights and specific 

heats to oxygen, nitrogen and water. However, IR transitions have a long radiative lifetime 

(10 - 100μs) as opposed to traditional UV/visible PLIF where the radiative lifetime is of the 

order of nanoseconds, making measurements of transient events more difficult due to a 

potentially lower SNR (Rothamer & Hanson, 2006). IR excitation sources and imaging 

technology is also far less mature than its UV and visible light alternatives, this also 

contributes to reduced SNR. 

Previous studies have used CO & CO2 as the fluorescence species however only 

CO2 was used during this thesis. CO2 has several vibrational modes that can be targeted 

for IR-PLIF with notation analogous of the HIgh resolution TRANmission molecular 

absorption database (HITRAN) database (Gordon et al., 2017). The HITRAN data base, 

created by the US Air Force in the late 1960s to compile spectroscopic parameters, 

includes extensive experimental data regarding the absorption properties of several 

molecules including CO2, CO and H2O. Triatomic molecules such as CO2 have three 

vibrational modes: symmetric stretching vibration (ν1), bending vibration (ν2) and 

asymmetric stretching vibration (ν3) as shown in Figure 2.12. These vibrational modes 
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may have an angular momentum (l). Vibrational states are referred to using the following 

notation: (v1v2
lv3). For example, the vibrational transition at ~2.0μm is defined as (0000 → 

2001). Within the vibrational transition there are ro-vibrational lines (data for which can be 

found in the HITRAN database); these are split into two bands the ‘Pauvre’ (P) band and 

the ‘Riche’ (R) band. The P branch is when the rotational quantum number in the ground 

state is one more than the rotational quantum number in the excited state. The individual 

ro-vibrational lines are targeted for IR-PLIF with different vibrational transitions and 

individual ro-vibrational lines changing the SNR. For every vibrational transition available 

for IR-PLIF of CO2 the fluorescence will be collected via the fundamental v3 mode 

(~4.3μm, (0001) → (0000)), therefore some energy will be lost due to non-radiative 

transitions to this vibrational mode as highlighted in Figure 2.14. 

 

 

Figure 2.12: Vibrational modes of triatomic molecules. 

 

IR-PLIF was first demonstrated at Stanford University by Kirby & Hanson (2000) 

who presented high SNR, single shot images of CO in a laminar flame and CO2 in a 

forced laminar jet.  The CO2 tests were conducted by targeting the (0000 → 2001) 

transition (~2.0μm) which produced a linear excitation. This work was continued Kirby & 

Hanson (2001) by targeting the (1000 → 0001) transition (~10.6μm) and using a high pulse 

energy CO2 laser to produce a strong excitation which increases signal levels and makes 

image interpretation easier. Two tests were conducted, imaging of a 425K unsteady 

transverse CO2 jet and a laminar co-flowing CO/H2 diffusion flame with temperatures near 

1500K - the results show strong single shot, easily interpretable images, shown in Figure 

2.13.  

The work at Stanford continued to investigate IR-PLIF research at the (0000 → 

2001) transition (~2.0μm). Rothamer & Hanson (2006 & 2010) applied IR-PLIF to 

supersonic flows and demonstrated how pressure and temperature measurements could 
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be made. The tests were conducted on an under expanded jet of CO2 with a fully 

expanded Mach number of 2.0. Pressure measurements were made by taking a ratio of 

two measurements: the first was using an excitation source on the ro-vibrational line 

centre and the second was offset (by 0.04cm-1) of the ro-vibrational line centre. 

Temperature measurements were again made using a ratiometric approach but using a 

ratio of two different ro-vibrational line centres. 

 

Figure 2.13: IR-PLIF imaging of an unsteady CO2 jet in crossflow (Kirby, 2001). 

Goldenstein et al. (2015) presents the only continuous wave laser results of CO2 

IR-PLIF. The fundamental vibration band (~4.3μm, (0000) → (0001)) was targeted directly 

for 200 to 105 more absorption. High signal to noise ratios (~250) at low CO2 

concentrations with considerably less laser power was achieved. LIF measurements of 

gas pressure were conducted and IR-PLIF was used to image a steady and unsteady CO2 

jet. A detection limit of 200ppm was achieved and the pressure was detected within 3% of 

the known value by scanning across the rotational line. 

IR-PLIF research has been done at Lund University to investigate CO2 production 

during CO oxidation above a catalyst. The (0000) → (1001) transition (~2.7μm) was 

targeted (shown in Figure 2.14) and a detailed description of the IR-PLIF setup is 

presented in Zetterberg et al. (2012), it was estimated that this transition produced a 45 

times stronger signal than the (0000 → 2001) transition (~2.0μm) (Li et al., 2005). 

Numerous papers have been published using this technique applied to catalyst research 

(Blomberg, Zetterberg, Zhou et al., 2016, Blomberg, Zetterberg, Gustafson et al., 2016, 

Pfaff et al., 2018). An investigation (Zhou et al., 2017) was also conducted on the 
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difference between a narrowband excitation approach and a broadband excitation 

approach. The authors found both approaches gave the same detection limit. 

 

Figure 2.14: Excitation Scheme used at Lund University (Pfaff, 2016). 

 

 Overall IR-PLIF of CO2 represents an exciting optical technique to investigate gas 

turbine aerodynamics. CO2 is found abundantly, inexpensively and is non-toxic in small 

quantities. It is naturally gaseous allowing for use in wind tunnels and turbine 

representative rigs without the need for bubblers or seeding apparatus. The small 

molecular size also results in little impact in flow physics when used as a tracer. To the 

author’s knowledge, there are no applications of IR-PLIF to turbine aerodynamics in the 

published literature, thus this would be the first application of the technique to film cooling 

or the turbomachinery research field. A review of PLIF research in a film cooling context 

can be found in Section 5.2. 

2.8 Conclusions 

The goal of this chapter was to contextualize the present research within the 

literature, highlighting the niche and the originality of the objectives in this PhD thesis. The 

chapter highlights the importance of the effect of egress flow on secondary flows features 

and overall turbine efficiency and why EWC and egress flow needs to be studied 

simultaneously. Previous research also highlights the importance of rim seal geometry on 

egress flow and the requirement of rim seal studies in complementing EWC and egress 

flow investigations. 
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While many studies of EWC have been conducted, few have been conducted in 

the presence of egress flow. The benefit of EWC has been demonstrated however some 

studies at ETH Zurich showed that this can be negated in the presence of egress flow. 

Finally, work at Pretoria in South Africa concluded that future research should aim to use 

compound objective design functions to optimise EWC geometry, of which there has been 

little research; the LAR aims to fill this gap.  

 The fundamentals of the IR-PLIF technique have been discussed along with all the 

previous applications. The technique clearly reduces experimental complexity over 

traditional PLIF at the cost of a reduced SNR. The fundamental question this thesis and 

research asks is can IR-PLIF be used to investigate EWC and turbomachinery flow? Will 

IR-PLIF provide further insight into the flow physics? To the author’s knowledge, there are 

no applications of IR-PLIF to turbine aerodynamics in the published literature and 

therefore the application of IR-PLIF in a turbomachinery context is a world first. 

However, before a new experimental technique can be applied to a complex, 

rotating environment such as the LAR the technique must be first implemented, studied, 

and optimised in a simpler static environment. As highlighted, there are minimal 

applications of IR-PLIF let alone a rotating environment. Film cooling is a much-explored 

area of turbomachinery (a review and background of film cooling can be found in Section 

5.2) that would benefit from the enhanced insights of IR-PLIF and can be simplified to a 

steady-state, flat plate facility ideal for the study and optimisation of the IR-PLIF 

technique.  



39 
 

Chapter 3 

3. Film Cooling Wind Tunnel (FCWT) 

3.1 Introduction 

To develop IR-PLIF as an experimental technique applicable for use in the study of 

EWC and flow interactions in turbomachinery, one of the key objectives was to implement, 

optimise and validate the IR-PLIF technique. Completing the initial implementation and 

optimisation in a rotating environment to study EWC would be difficult. The FCWT is a 

static, steady state experimental facility with a modular design to accommodate advanced 

optical techniques. It provides the ideal first step to implement and optimise the IR-PLIF 

technique through a series of test scenarios that incrementally build up complexity. This 

chapter introduces the FCWT and details the commissioning work that was completed 

prior to implementation of the IR-PLIF technique. This work was conducted to ensure 

measurements between three different techniques, volumetric velocimetry, gas 

concentration measurements and IR-PLIF, were completed in identical fluid environments 

to allow comparison and validation of IR-PLIF as well as highlight the benefits of IR-PLIF 

over traditional fluid flow interrogation methods. 

3.2 Film Cooling Wind Tunnel (FCWT) 

The Film Cooling Wind Tunnel is a steady state experimental facility designed to 

that was initially designed for use with VV, but also supports pressure, concentration, hot-

wire and temperature measurements. Full details of the conceptual design and design 

methodology can be found in Carvalho Figueiredo (2020). 

A schematic view of the facility is shown in  

Figure 3.1 which shows the IR Camera in place for conducting IR-PLIF or temperature 

measurements. Two plates attached to the test section are displayed in an exploded view 

to highlight the modular design of the facility, which allows different test sections to be put 

in place to make a variety of measurements such as hot wire, concentration, pressure and 

temperature. The modular design of the FCWT also enables the test rig to be simplified to 

just an open jet of CO2. This allows optical measurement techniques to be optimised 

through scenarios of increasing complexity for example, an open jet case or an open jet 

case with transmissible windows in place etc. The test scenarios used to optimise IR-PLIF 

are discussed in Section 4.3. 

A vacuum pump (WADE SRO44-3013) connected to the outlet duct, draws air 

from inside the laboratory into the rig through the bell mouth inlet, which was designed to 

ensure uniform inlet flow. The flow will pass through a honeycomb straightener and then a 

turbulence screen to reduce turbulence levels. The flow enters a contraction nozzle 
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followed by a boundary layer removal section, which has variable-controlled suction to 

dictate the boundary layer thickness. 

The test section is 54 mm x 40 mm with two film cooling hole geometries: three 

holes of 4 mm diameter or one large hole of 8 mm diameter, both supplied with CO2 from 

a plenum chamber. The film cooling geometries are detailed in Figure 3.2 and Table 3.1.  

The CO2 was provided from an array of cylinders capable of supplying up to 100 kg/hr. 

The mass flow was regulated using the Alicat MCR-1500 mass flow controller, details can 

be found in Section 6.2. The flow is diffused immediately when it leaves the test section 

through an outlet duct. The FCWT is fixed on two guide rails allowing the rig to be moved 

in respect to a fixed laser sheet position. 

 

 

 

 

Figure 3.1: Schematic of FCWT for IRPLIF 
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Table 3.1: Film Cooling Geometries 

Parameter 

Small 

Holes 

Large 

Hole 

M 0.3 0.3 

D (mm) 4 8 

g/D 4 4 

l/D 2.8 2.8 

α (deg) 30 30 

δ*/D 0.12 0.06 

θ/D 0.09 0.045 

H 1.29 1.29 

# of holes 3 1 

 

The operating point of the facility was designed to simulate the conditions of Bernsdorf 

(2005) and is capable of a wide range of momentum flux ratios (0.1<IR<7), density ratios 

(1<DR<1.52) and Mach numbers (0.1<M<0.3). 

 

 

Figure 3.2: Film cooling test plate geometry (Carvalho Figueiredo, 2020) 
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3.3 Commissioning 

The conversion of the facility from VV to IR-PLIF experiments required the removal 

of some experimental apparatus used to implement seeding in both the mainstream and 

cooling flows that was not required for IR-PLIF. To ensure there was no effect on the fluid 

structure after the removal of the seeding apparatus, commissioning tests were re-

conducted to ensure consistent conditions between VV and IR-PLIF experiments to allow 

for comparisons. 

Two tests were conducted; initially, the velocity distribution across the test section 

was determined using static pressure taps and a pitot-static probe (Kimo DBM 610 type L) 

connected to an ESI-PR3202 differential transducer with a range of 0-100 mbar and an 

accuracy of ±0.3% of the full scale. The second test measured the boundary layer profile 

using a hot-wire connected to a constant-temperature anemometer (model TSI 1750), 

traversing the flow from the middle of the test section to 0.23 mm from the film cooling 

plate. The hotwire was calibrated using the same pitot-static probe used for the first test. 

The turbulence in the test section was also measured using a DISA 56C16 General 

Purpose Wheatstone Bridge. The results are shown in Figure 3.3 and Figure 3.4 

respectively. 

The results from the crosswise velocity distributions show a constant value with no 

skew. The streamwise velocity distribution shows a monotonic increase. Carvalho 

Figueiredo (2020) hypothesised this was due to the boundary layers not fully developing 

and the freestream area decreasing through the tunnel. The results are comparable to 

commissioning results from Carvalho Figueiredo (2020) showing the seeding apparatus 

had no effect on the velocity distributions and therefore comparisons can be made 

between both techniques. 

The results of the second commissioning test in Figure 3.3 showed that the 

velocity profile accurately followed the 1/7th power law for turbulent boundary layers, and 

had a boundary layer thickness of 3.88 mm, consistent with Carvalho Figueiredo (2020). 

The boundary layer thickness was calculated by applying a least squares fit to the hot-

wire measurements (consistent with Carvalho Figueiredo, 2020), varying the boundary 

layer thickness and calculating which boundary layer thickness resulted in the most 

accurate fit with the 1/7th power law for turbulent boundary layers. The hot-wire 

measurements showed the free stream turbulence to be approximately 2%. 
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Figure 3.3: FCWT commissioning results 

 

 

Figure 3.4: FCWT turbulence measurements 
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3.4 Conclusions 

The modular design of the FCWT enables the test rig to be simplified to just an 

open jet of CO2 followed by test scenarios of increasing complexity. This type of test 

environment is ideal for studying and optimising the IR-PLIF technique. This modular 

design also allows measurements of the gas concentration using an IR gas analyser 

which can be used to validate the IR-PLIF technique along with comparing the efficacy 

and benefits of IR-PLIF. Finally, the lessons learned from application and optimisation of 

IR-PLIF in the FCWT will inform the application of the technique into the more complex 

rotating LAR environment. 

 The commissioning results for the FCWT agreed with previous measurements 

made while commissioning for the initial VV study allowing comparisons to be made with 

both the IR gas analyser and IR-PLIF measurements. This will also highlight the efficacy 

and benefits of IR-PLIF in interrogating the flow field. 
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Chapter 4 

4. Implementation of IR-PLIF 

4.1 Introduction 

Chapter 4 introduces the IR-PLIF system developed at the University of Bath. The 

aim of the work documented in this chapter is to ensure the IR-PLIF system is optimised 

through a series of test scenarios that increased in complexity. The optimisation studies 

will answer the following research questions: 

• How does laser output wavelength affect IR-PLIF fluorescence output? 

• How does laser output energy affect fluorescence output and calibration? 

• How should laser sheets be constructed with respect to maximising fluorescence 

output and the effects on practicality with laser sheet alignment? 

• How does camera integration time and the delay time between laser emission and 

camera integration time affect the fluorescence output? 

• What post-processing should be conducted to improve measurement 

interpretability? 

• How do typical fluid flow parameters in film cooling such as jet Reynolds number 

and film cooling hole diameter affect calibration? 

With all these questions answered the technique will be optimised to enable 

measurements of film cooling flow fields, allowing technique comparisons between VV 

and IR gas analyser measurements. Secondly, the answers to the research questions 

addressed above will inform LAR design decisions regarding IR-PLIF implementation as 

well as the optimal IR-PLIF system settings for investigating EWC. 

4.2 IR-PLIF System 

A description of IR-PLIF along with a literature review can be found in Section 2.7.1. The 

basic premise is that a fluorescence source, i.e. a laser source, is used to excite a 

fluorescent species. In the case of IR-PLIF, infrared laser radiation is used to excite the 

molecular vibrational modes causing vibrational fluorescence which will be emitted in a 

relatively long radiative lifetime of 10-100μs (Rothamer & Hanson, 2006). IR imaging 

hardware is utilised to capture the fluorescence allowing non-intrusive concentration 

measurements. This section describes the laser and imaging system for IR-PLIF. The IR-

PLIF system consists of three main sub-systems: a laser source; an IR camera; and data 

acquisition and control. The system was sourced by TSI as part of the VFMS at the 

University of Bath which was acquired through the EPSRC Strategic Equipment Panel 

(Cleaver et al., EP/K040391/1) in February 2014. A full description of the VFMS 

equipment can be found in Hyde (2015). 
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4.2.1 Laser System 

A schematic of the laser system is shown in Figure 4.1. The excitation source was a 

Nd:YAG laser (Quantel Q-Smart 850) operating at a pulse repetition rate of 10 Hz with a 

pulse length of 6ns. The second harmonic at 532 nm (λ1/2) was used to pump a tuneable 

dye laser (Quantel TDL+) operating with the fluorescent dye LDS 765. The residual of the 

fundamental beam at 1064 nm (λ1) after the frequency doubling was difference frequency 

mixed with the output of the dye laser (~763 nm, λ2) in a KTP crystal. This resulted in a 

tuneable infrared laser beam (λout) at ~2700 nm, with a pulse energy of 1-2 mJ and a 6 ns 

pulse length. The bandwidth of the infrared laser beam was estimated to be 0.70 cm-1.  

The dye laser was set to output a tunable infrared laser beam at ~2000 nm with a 

pulse energy of 6-8 mJ and a 6 ns pulse length. The bandwidth of the infrared laser beam 

(Δσ) was estimated to be 0.70 cm-1. This was achieved by operating the system with the 

fluorescent dye LDS 698 to difference frequency mix the residual of the fundamental 

beam with a dye laser output of ~696 nm. 

The laser system once configured for a set dye was capable of a wavelength 

range of ±10 nm around the chosen centre wavelength, in this case either 2000 nm or 

2700 nm. This was tuned using a diffraction grating that filtered the dye fluorescence 

output (λ2), a mirror as well as the positioning of the KTP crystals in relation to each other 

(termed SCC3). The mirror was found to have a limited effect in relation to the other 

measures. It was essential that these are optimised so as to achieve the highest energy 

output; each time a new dye was used or the wavelength changed, an extensive process 

was undertaken to find these optimal positions. The diffraction grating fitted was a 1800 

l/mm grating which allowed a wavelength resolution of ~0.02±0.01 nm. The laser could 

reduce the output energy by adjusting the Q-switch delay (time between input trigger 

pulse and beginning of laser output pulse) for alignment purposes and required 30mins for 

dyes to mix and the laser head to cool before use. 

 

Figure 4.1: Schematic of laser system 

Table 4.1 presents a comparison of the laser systems used in the literature. 

Previous systems achieved a detection limit of between 100 – 1000 ppm, however these 

were achieved with higher energy or smaller bandwidth laser sources and therefore lower 
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SNR and higher detection limits can be expected with the current VFMS system. 

Optimisation of the laser settings is discussed in Section 4.3.1. 

Table 4.1: Literature laser system comparisons. 

Authors λout (nm) E (mJ) tpulse (μs) Δσ (cm-1) 

Kirby & Hanson (2000) 2000 12 6 0.013 

Li et al. (2005) 2700 1 8 0.025 

Rothamer & Hanson (2000) 2000 20 4 0.017 

Zetterberg et al. (2012) 2700 5 5 0.025 

Zhou et al. (2017) 2700 7 5 10 

Wood (2021) 

2000 6-8 6 0.70 

2700 1-2 6 0.70 

 

4.2.2 IR Camera 

Two infrared cameras were available for use in the IR-PLIF system as part of the VFMS: 

an IRC 812 and a FLIR SC7210. Both cameras were superior in resolution to imaging 

hardware reported in the literature. A comparison of the specifications can be found in 

Table 4.2. 

Table 4.2: Comparison of IR cameras 

Specifications IRC 812 FLIR SC7210 

Resolution 1280 x 1024 320 x 256 

Pixel Pitch 12 µm 30 µm 

NEDT <30mK <25mK 

Spectral Response 1.0 µm - 5.3 µm 1.0 µm - 5.3 µm 

Detector Type InSb InSb 

Cryogenically Cooled Yes No 

 

The IRC 812 camera features a pre-fitted 4260 nm narrow bandpass filter which 

could easily be removed through a rotating filter wheel within the camera. A similar 

specification filter was bought and fitted in the FLIR SC7210 camera. The IRC 812 and 

FLIR SC7210 are similar in specification however the IRC 812 has a much higher 

resolution and small pixel pitch but does require cryogenic cooling. A delivery and storage 

facility for liquid nitrogen was sourced and implemented as part of this project in order to 

allow use of the IRC 812 camera. The FLIR SC7210 camera was internally cooled, 
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however both cameras needed approximately 20-30 mins to cool the Focal Plane Array 

(FPA) to a usable temperature. 

Originally, only the IRC 812 was intended for use due to its superior resolution 

however the camera suffered a hardware malfunction and had to be sent back to the 

manufacture in Santa Barbara, California, USA for repair. This resulted in the FLIR being 

used intially; this work was then repated to a smaller extent with the IRC 812 to ensure the 

effects were not camera dependent (this is covered in more detail in Section 4.3.3). 

The IRC 812 consists of a FPA which has photovoltaic indium antimonide (InSb) 

detectors, shown in Figure 4.2. When a photon is absorbed the detector undergoes a 

voltage change. This photon count or voltage change is, via the analog-to-digital converter 

and associated hardware, converted to IR images. The silicon cold filter will only absorb 3-

5 μm and the vacuum window will only absorb 2-14 μm. The camera is therefore effective 

at reducing spurious IR radiation. Spacers and fine adjustment of an external germanium 

lens (focal length of 100 mm) allowed the camera focus and imaged window size to be 

adjusted. The FLIR SC7210 camera had a similar operation, however it did not come with 

spacers rendering changing the imaged window size less practical. Manufactuer-specific 

software packages were used to control the two cameras. These were mainly used to 

start timing pulse synchronisation and change integration time (more commonly termed 

exposure time). 

 

Figure 4.2: Schematic of IRC 812 camera 

Both cameras could achieve a framerate far exceeding the laser repetition rate of 10 Hz. 

Both cameras were operated have at a framerate of 20 Hz in order to subtract the thermal 

background from images; the trigger scheme described in Zetterberg et al. (2012) was 

used. The laser was triggered to pulse near the start of the first exposure of the camera. 

The fluorescence appears instantaneously and is collected. The second exposure then 
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occurs without a pulse by the laser, therefore only collecting the thermal background 

without the influence of the laser and any stimulated fluorescence. The general timing 

scheme is shown in Figure 4.3. The SNR was improved by subtracting the thermal 

background, which was comparable to the background during the fluorescence period. 

Higher framerates were investigated however these provided little improvement at the 

cost of much larger data storage requirements. 

 

Figure 4.3: Camera timing scheme. 

4.2.3 Data Acquisition 

Data acquisition and control was achieved by a computer workstation and TSI 

610036 synchroniser with 10 channels and a ±0.25 ns resolution. This controlled the 

timing between the laser pulses, cameras and any external input triggers. The settings 

were controlled by the TSI Insight 4G software used for VV and IR-PLIF measurements, a 

diagram of the DAQ system is shown in Figure 4.4. 

 

Figure 4.4: DAQ system 

The Insight 4G software did not communicate with either IR camera or the laser 

system. The software was instead used to solely control the synchroniser and output three 

continuous pulse signals: a 10 Hz pulse to trigger the flashlamps in the Q-smart 850; a 10 

Hz pulse to trigger the Q-switch; and a 20 Hz pulse to trigger the beginning of the camera 

capture period. The full timing diagram is shown in Figure 4.5. Within this timing scheme 

there were three main control variables: Q-switch timing, i.e. the time between the first 
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laser pulse and the second laser pulse; the camera delay, i.e. the time between the laser 

pulse and the camera capture period; and the integration time. These settings and their 

optimisation are discussed in further detail in Section 4.3. To achieve the 20 Hz camera 

pulse the Insight 4G software was put in VV mode to allow two camera pulses which were 

input into the camera through one BNC cable. To begin the laser firing, a continuous 

series of pulses was output from the synchroniser into the laser. The synchronisation of 

the laser to this pulse series was triggered via the Q-smart console which controls the Q-

smart 850 locally. A similar process was required but using the camera software to trigger 

the first capture and the camera being switched to an external sync mode. Overall, three 

software packages were required for the entire DAQ system. 

The IRC 812 camera software (WinIRC) output an .img file with the user-specified 

number of captures stored within it. These could then be converted to individual .tif files 

using the Insight 4G software for post-processing and analysis. The FLIR SC7210 output 

.tif files. 

4.3 IRPLIF for Film Cooling 

The following section details the work that was done to optimise the current IR-PLIF 

system for film cooling in the FCWT. Three main components of the IR-PLIF system had 

to be optimised:  

• the laser settings, 

• the laser sheet optics & delivery,  

• the camera settings. 

An extensive study was undertaken to examine the calibration procedure and the post-

processing techniques. An uncertainty analysis of the calibration procedure was also 

conducted. 

Due to the complexity and difficulty in applying IR-PLIF and the low SNR, the 

technique was not immediately implemented into the FCWT. The test rig was stripped 

back to a simple free jet of CO2 with a laser beam (as opposed to a sheet) for initial tests, 

followed by an inclined jet using the film cooling hole plate. These first two schematics 

ensured the effect of each IR-PLIF system setting was isolated. The simplified setup with 

just CO2 and the laser beam ensured high SNR during the optimisation of each individual 

setting. The free jet case was a simple plate with a 4 mm diameter hole, through which 

was supplied 100% CO2 at a constant pressure from a gas canister. The inclined jet case 

involved the FCWT with only the test section plate i.e. inlet, outlet and viewing window not 

in place. This allowed the gas concentration and mass flow rate to be varied. 

The windows and laser sheet delivery system were then added before finally 

finishing with the full FCWT. A full description of the FCWT can be found in Section 3.2.  
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The reason for sequentially introducing the laser sheet delivery and windows was due to 

laser and fluorescence attenuation resulting in lower SNR. Secondly, the reason for 

adding the optics later was that the effect of each system setting could be fully understood 

with and without the optics in place to ensure system optimisation.  

 

Figure 4.5: Laser & camera timing scheme 

 

 A schematic for each setup is shown in Figure 4.6. In the following sections a 

schematic is included (inset) on all subsequent figures to identify the configuration used. 

As mentioned in Section 4.2.2 both the FLIR SC7210 and IRC 812 were used during 

these tests and the schematic is labelled indicating which camera was used. 

 

Figure 4.6: Schematics showing test setups L-R: free jet, inclined jet, inclined jet with enclosure, inclined jet in 
crossflow. Blue indicates CO2 flow, red indicates the laser path and black indicates mainstream flow. 
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4.3.1 Laser Settings 

The laser system is capable of a wavelength range 1700 – 2800 nm. Within this 

wavelength spectrum are two main vibrational transitions that can be targeted for IR-PLIF 

(0000) → (1001) transition (2700 nm) and the (0000 → 2001) transition (2000 nm). These 

two transitions are highlighted in Figure 4.7. The data is taken from the HITRAN database 

which is a high-resolution transmission molecular absorption database, used to predict 

and simulate the transmission and emission of light in the atmosphere. Li et al. (2005) 

stated that the 2700 nm transition would provide 45x stronger signal when compared to 

the 2000 nm transition. However, Kirby (2001) stated that the 2000 nm transition would 

provide a linear excitation and therefore a linear calibration. The system was tendered 

with this goal in mind. Initially the laser system was configured for 2000 nm transition as 

stated in Section 4.2.1. However, after extensive testing, fluorescence was not detected at 

this laser system setting and the laser was adjusted to target the 2700 nm transition 

(details in Section 4.2.1). A downside of the 2700 nm is that this transition is close to H2O 

absorption peaks. This means that the laser sheet is more susceptible to attenuation by 

atmospheric H2O and CO2 before reaching the imaged region. 

 

Figure 4.7: CO2 and H2O spectrum for the (0000) → (1001) transition (2700nm) and the (0000 → 2001) 

transition (2000nm). Data taken from the HITRAN database (Gordon et al., 2017). 

 

Within the vibrational transition there are ro-vibrational lines to be targeted to 

optimise the SNR; these are split into two bands the ‘Pauvre’ (P) band and the ‘Riche’ (R) 

band. The P branch is when the rotational quantum number in the ground state is one 

more than the rotational quantum number in the excited state. The P band was chosen as 
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it is closer to centre wavelength with the selected dye used to achieve the 2700 nm laser 

wavelength output and therefore produces a larger energy output and therefore higher 

SNR. This band is shown in Figure 4.8. To help with ro-vibrational line selection the 

average energy of the laser output was measured. This was done using an Ophir optics 

PE25-C pyroelectric energy meter and averaged over 1000 measurements; data is shown 

in Figure 4.8. It is clear from these results that only P(12) – P(26), excluding P(18), should 

be investigated due to low laser energy output for other ro-vibrational lines. 

Each of the ro-vibrational lines from P(12) – P(26), excluding P(18), were 

examined for nine laser wavelengths examined around the line centre. For each laser 

wavelength 2000 captures were taken: 1000 images with fluorescence and 1000 

background images. The SNR was determined by taking an average of a fixed area where 

fluorescence was exhibited across all the cases. The result of this investigation is seen in 

Figure 4.9. 

 

Figure 4.8: Laser output energy compared to CO2 and H2O absorption spectrum. Absorption data acquired 
from the HITRAN database (Gordon et al., 2017). 

 

 P(16) showed inconsistent fluorescence behaviour and lower SNR when 

compared to its neighbouring ro-vibrational lines and therefore it was not used in future 

studies. A possible reason for this behaviour is the proximity to a strong H2O ro-vibrational 

line resulting in laser attenuation before the imagined region due to atmospheric H2O. The 

rest of the ro-vibrational lines were examined in a series of further tests to determine the 

most consistent and suitable ro-vibrational line for IRPLIF. 
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These further tests showed that P(14) produced the most consistent and strongest 

fluorescence signal, however P(12), P(20) and P(22) were also found to be useable. Due 

to the limitations of the laser system the closest wavelength to the line centre that could 

be achieved was 2700.29nm. The results from these further tests are shown in Figure 

4.10. All future IRPLIF was completed with an output wavelength of 2700.29nm and an 

average energy output of ~1.5mJ depending on the quality of dye concentration when 

changed during maintenance periods. 

 The other parameter to be optimised in the laser settings was the Q-switch timing, 

shown in Figure 4.5. This setting was varied, and the energy output was recorded over 

1000 measurements. The results showed that the optimal timing was a 270μs delay as 

shown in Figure 4.11. 

 

 

 

Figure 4.9: Fluorescence signal compared to CO2 and H2O absorption spectrum – initial results. Absorption 
data taken from the HITRAN database (Gordon et al., 2017). 
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Figure 4.10: Fluorescence signal compared to CO2 and H2O absorption spectrum. Absorption data taken from 
the HITRAN database (Gordon et al., 2017). 

 

 

Figure 4.11: Effect of q-switch delay on laser energy output 
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4.3.2 Laser Sheet Delivery 

The initial laser sheet delivery system incorporated a LaserPulse Lightarm (TSI PIv01474) 

which consisted of 7 gold plated mirrors. This was found to cause attenuation of 

approximately 40% of the input laser energy and was therefore deemed unsuitable. 

Instead, two one-inch gold mirrors (Thorlabs PF10-03-M03) were used to direct the laser 

to the imaged region as shown in Figure 4.12. The laser sheet was aligned with the 

imaged region using two irises (manufactured in-house) to ensure that the laser sheet was 

parallel and horizontal in respect to the test section. This was conducted before each 

testing campaign and was achieved by adjusting the kinematic mirror mounts (Thorlabs 

KMSS/M). The two mirrors were found to attenuate the laser reducing the energy before 

the optics by approximately 20%. 

 

 

Figure 4.12: Schematic of the laser sheet delivery system. 

 

 Once the alignment was complete the laser sheet optics were put in place to 

transform the original 2.7 mm diameter beam into a laser sheet. The original beam 

diameter was calculated using the method described in Yoshida & Asakura (1976). The 

laser sheet optics were sized based on the beam diameter calculated. Two cylindrical 

lenses (Thorlabs LJ5654RM, f = 100 mm & Thorlabs LJ5027RM, f = 200 mm) and two 

spherical lenses (Thorlabs LA5835, f = 1000 mm & Thorlabs LA5956, f = 750 mm) were 

sourced, providing multiple configurations. The optics setup is shown in Figure 4.12. The 

cylindrical lenses were used to increase the sheet width and the spherical lenses were 

used to reduce sheet thickness All combinations of these lenses were explored for their 

effect on reflections and fluorescence SNR as well as ease of alignment. The optics 

configurations offered a range of 2.7 mm to 20 mm height and 0.40 mm to 2.7 mm sheet 

thickness. The largest sheet with sufficient SNR was found to be the f = 200 mm 
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cylindrical lens and f = 750 mm spherical lens, which provided a sheet height of 8 mm and 

a sheet thickness of 0.70 mm. Thinner sheets were found to be impractical to align with 

the equipment available and wider sheets were found to reduce SNR to inappropriate 

levels; thicker sheets produced too many reflections. 

After the laser sheet delivery system, the laser sheet entered the test section 

through a sapphire window (Figure 4.12), the attenuation through this window was found 

to be negligible. 

4.3.3 Camera Settings 

As stated in Section 4.2.2, both cameras were operated at 20Hz to collect background 

images which were used to subtract the thermal background in order to increase the SNR. 

The two most important camera settings are the integration time (commonly called 

exposure time) and the time between the laser pulse and the camera starting its capture 

(termed camera delay in this work). The effect of integration time is shown in Figure 4.13. 

As integration time increases the collected fluorescence increases, resulting in a higher 

SNR.  

 

Figure 4.13: Effect of integration time on fluorescence signal 

 

The effect of the camera delay is shown in Figure 4.14. The results show that a 

camera delay creates a dramatic reduction in SNR. The steep trajectory of this reduction 
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is due to the fluorescence emission occurring rapidly after the laser pulse. Previous 

studies in the literature have opted for a camera delay time of 15 – 30 μs in order to 

reduce reflections, however it is clear that for the system at Bath, which has a low SNR in 

comparison, this is not appropriate. The most appropriate camera delay time for this 

system was 2 μs±0.25 ns since this significantly reduced reflections without strongly 

impacting on the fluorescence captured. It is of note that although reflections were 

minimised, they were not negated altogether. 

 

 

Figure 4.14: Effect of camera delay on fluorescence signal. 

 

Both cameras were fitted with narrow bandpass filters in order to reduce spurious 

IR radiation such as laser reflections. In both cases the filters reduced the fluorescence 

signal by approximately 50%. A decision was taken therefore not to implement the filter, at 

the cost of increased thermal background and reflections capture. 

Finally, the fluorescence was collected through a silicon window (as opposed to 

the glass window used in the VV experiments) and a germanium lens (f = 100 mm), both 

were found to have a negligible effect on the SNR. 
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4.3.4  Calibration 

The parameters involved in the IRPLIF technique have been optimised for the system at 

the University of Bath and the following section describes the calibration procedure. 

Fluorescence signal can be described by Equation 5.1: 

𝐼𝑓 = 𝐸(𝜆)𝑉𝜌(𝑇, 𝑝)𝜎(𝑇, 𝑝, 𝜆)𝜓(𝑇, 𝑝, 𝜌)𝜂𝑐𝑜𝑙𝑙 (5.1) 

where 𝐼𝑓 is the fluorescence signal, 𝐸 is the laser energy which is predominantly in this 

case dictated by the laser wavelength, 𝑉 is the imaged volume, 𝜌 is the gas density i.e. 

the CO2 concentration and is dictated by the local pressure and temperature. The 

molecular absorption coefficient, 𝜎, is dictated by the laser wavelength, local temperature 

and local pressure, 𝜓 is the fluorescence quantum yield and it represents the fraction of 

photons that are emitted by the CO2 molecules and imaged in comparison to the energy 

absorbed, it is a function of the laser wavelength, temperature and pressure as well as the 

gas concentration. Finally, 𝜂𝑐𝑜𝑙𝑙 is the efficiency of the imaging hardware.  

A ratio-metric approach was utilised for calibration where a fluorescence signal 

from a known gas concentration is compared with the investigated fluorescence signal. 

The ratio is then used to apply a calibration curve to the captured data. The result is a 

reduction in the signal dependence on imaged volume, laser energy, molecular absorption 

coefficient and imaging hardware efficiency, as shown in Equation 5.2: 

𝑅𝑓 =
𝐼𝑓(𝜌0)

𝐼𝑓(𝜌)
=

𝜌(𝑇, 𝑝)𝜓(𝑇, 𝑝, 𝜌)

𝜌0(𝑇, 𝑝)𝜓(𝑇, 𝑝, 𝜌0)
(5.2) 

where 𝜌0 is the known gas density. This method assumes that the same experimental 

setup is used to collect both datasets. 

Although the ratio-metric method negates the impact of laser energy on calibration, the 

overall SNR is still affected by the input laser energy. The laser settings were optimised 

for the system to create the maximum energy, however the energy will be affected and 

reduced by CO2 or H2O in the laser path before the imaged region, this is termed 

attenuation. As can be seen in equation 5.2 the fluorescence quantum yield still dictates 

the fluorescence signal and a major component of this is signal quenching. The 

fluorescence from CO2 IRPLIF is emitted at a wavelength of 4260nm which is readily 

reabsorbed by CO2. When the fluorescence is reabsorbed it will either be: remitted and 

imaged; remitted but not imaged; or not remitted. Regardless of mechanism this 

quenching will reduce SNR. If there is a high concentration of CO2 present between the 

laser sheet plane and the imaging hardware, then quenching will be high and 

fluorescence signal will be reduced. Both the quenching and attenuation mechanisms 

were investigated, with their impact discussed in the following section. A schematic of the 

quenching and laser attenuation effects and are shown in Figure 4.15.  
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Figure 4.15: Diagram of (a) Attenuation (b) Quenching mechanisms 

 

A calibration curve relating fluorescence signal to gas concentration is required for the 

ratio-metric method. Initially a closed box system was used to create the fluorescence 

output of a known concentration. This involved using the test section of the FCWT and 

sealing both ends with windows; a leakage valve was inserted to prevent over-

pressurisation.  

This sealed box of known concentration however did not produce any fluorescence 

signal that was detected, it was hypothesised this was due to high levels of attenuation in 

the sealed box. A new entry window was created that protruded into the box, resulting in 

the laser first coming into contact with CO2 at the imaged region, preventing attenuation, 

however no fluorescence signal was detected therefore the mechanism reducing SNR 

was quenching and thus the sealed box method was abandoned. 

 The inclined jet configuration was used for calibration. The core of the jet (with no 

entrainment) was assumed to represent a fixed concentration of CO2. A CO2 gas analyser 

was used to measure the concentration of CO2 in the supply plenum (similar to Seitz & 

Wright, 2019).  

The core concentration was calculated by finding the maximum fluorescence signal in 

the image, filtering out any data less than 80% of the maximum fluorescence signal and 

then averaging the remainder. Numerous filtering criteria were investigated, with the 

above giving the most representative core. Another promising method was to average the 

fluorescence signal in a 40x40 pixel area at the core centre. The two methods were found 

to be confined within the area of each method therefore the filtering method was used for 

ease of post-processing and automation. The filtered method can be seen in Figure 4.16.  

(a) (b) 
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Figure 4.16: Example of the core calculation method 

 

 

Figure 4.17: Initial calibration curve 

During the investigation of the calibration curve, several parameters were explored to 

determine independence. These were: the density ratio of the jet; the jet Reynolds 

number; the laser energy; and the hole geometry. To quantify what effects these 

parameters would have on the calibration curve, a simple exponential model was defined 

(based on Pfaff, 2020): 

𝐼𝑓 = 𝐴𝑐∗𝑒−𝑐∗𝐵 (5.3) 

where 𝑐∗ is the dimensionless CO2 concentration, A is a factor which is directly related to 

the SNR and B is a factor related to the level of quenching present. In most cases the raw 

Max 

Min 
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fluorescence signal level was compared to a normalised level, 𝐼𝑁 or 𝐼𝑚, as this isolated 

the B factor or quenching effect. 

 An initial calibration curve was developed by varying the CO2 gas concentration 

between 20 and 100%, shown in Figure 4.17. Each data point involved 1000 captures: 

500 with fluorescence and 500 of the background. A thousand captures were also taken 

with no CO2 flow to capture the reflections. Both the averaged background and averaged 

reflections were subtracted from the averaged fluorescence image. The full calibration 

process is shown in Figure 4.27.  

As can be seen in Figure 4.17, quenching becomes dominant at 30% CO2, limiting 

calibration to this density. This raises a few questions, is this limit consistent with changing 

fluid structure, laser energy and hole geometry? Figure 4.18 shows the centreline 

fluorescence signal of the coolant jet. It raises two concerns that will be valid in the FCWT 

environment: Is the jet migration upstream a fluid dynamic effect or due to quenching or 

attenuation? If it is the former the calibration in the FCWT environment would increase in 

difficulty and the results of any investigation uninterpretable. 

 

Figure 4.18: Centreline fluorescence signal for initial calibration curve. 
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Figure 4.19: Lower density ratio range calibration curve. 

 

Figure 4.20: Q-switch setting effect on laser energy output for calibration investigation. 
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A lower density ratio range of 0.05 – 0.50% was investigated to explore the 

calibration limit in finer resolution, shown in Figure 4.19. The finer resolution clearly shows 

the calibration limit to be 30%. The same jet migration in Figure 4.18 was also seen for the 

lower density ratio range. 

To explore if the laser energy influences the calibration limit or the impact on 

attenuation and quenching, the q-switch timing was increased in order to reduce energy, 

as seen in Figure 4.20. Each energy output was investigated for its impact on 

fluorescence signal at a fixed CO2 concentration of 25%. However, three calibration 

curves were later created at fixed q-switch settings of 270, 340 and 370 μs which 

corresponded to 2.16±0.15 mJ, 1.38±0.08 mJ and 0.65±0.05 mJ, respectively shown in 

red in Figure 4.20. 

Figure 4.21 shows how the laser energy affected the centreline fluorescence 

signal while Figure 4.22 shows the effect of laser energy on the normalised centreline 

fluorescence signal. The data clearly show that the flow structure is identical for each 

laser output energy and that the laser energy clearly only affects the SNR. Laser 

attenuation has a small effect on qualitative imaging of the fluid flow therefore the jet 

migration and calibration limit are not affected by the laser energy output. Quenching is 

therefore found to be the dominant mechanism in determining the calibration curve and 

importantly the calibration curve can be used in a ratio-metric approach. 

As highlighted above, three calibration curves were generated using a fixed q-

switch setting and thus a fixed laser output energy. The results are shown in Figure 4.23 

which shows the effect of laser energy on the calibration curve; Figure 4.24 shows the 

effect of laser energy on a normalised calibration curve. All the calibration curves are 

created using equation 5.3. Figure 4.23 corroborates the result of Figure 4.21 and Figure 

4.22 in that the calibration limit is unaffected by laser energy and therefore the attenuation 

mechanism. Importantly, Figure 4.23 shows that laser energy has a large impact on the 

‘A’ experimental factor in equation 5.3 and as a result the SNR. However, Figure 4.24, 

which isolates the ‘B’ experimental factor in equation 5.3, shows that laser energy has 

little effect and therefore little influence on the quenching mechanism. 
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Figure 4.21: Effect of laser energy output on centreline fluorescence signal. 

 

Figure 4.22: Effect of laser energy output on normalised centreline fluorescence signal. 
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Figure 4.23: Effect of laser energy output on calibration curve. 

 

Figure 4.24: Effect of laser energy output on normalised calibration curve. 
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The fluid structure was then altered by changing the Reynolds number in order to explore 

the impact if any on the calibration curve; the Reynolds number range is representative of 

the that found in film cooling studies. Figure 4.25 shows the effect of Reynolds number on 

the calibration curve and Figure 4.26 shows the effect on normalised calibration curves. 

Reynolds number appears to have a similar effect as laser energy, with the ‘A’ 

experimental factor in equation 5.3 decreasing as Reynolds number is increased, i.e. 

lower SNR with the ‘B’ experimental factor remaining similar across all three cases. It is 

theorised that this reduction is due to quenching from increased CO2 concentration in the 

camera path, however the strength of the quenching mechanism is constant relative to the 

density ratio, i.e. the calibration limit is unchanged at different Reynolds numbers. 

Further Reynolds number values were investigated but showed the same 

conclusion as Figure 4.25 and Figure 4.26. Importantly the jet migration seen in Figure 

4.18 was observed in all cases involving a density ratio change i.e. as the gas 

concentration increases as the jet migrates upstream. This was therefore concluded to be 

a fluid dynamic effect related to the density ratio change of the jet and unrelated to the 

quenching or attenuation mechanisms. 

 

Figure 4.25: Effect of jet Reynolds number on calibration curve. 
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Figure 4.26: Effect of jet Reynolds numbers on normalised calibration curve. 

 The hole geometry was changed to the 8mm diameter hole described in Section 

3.2 and the calibration tests repeated. The conclusions drawn were consistent with the 

4mm diameter hole, including the jet migration effect. The difference between calibration 

curves generated from different Reynolds numbers was less pronounced than for the 

4mm diameter case. 

Overall, there was a small variation between results on different days and weeks taken up 

in the uncertainty analysis, this was mainly due to camera hardware calibration at the 

beginning of each testing period, laser sheet alignment and laser energy fluctuation. 

However as can be seen equation 5.1 fluorescence signal is affected by various 

parameters which are not easily controlled i.e. room temperature & humidity - the low 

SNR amplifies these effects. Therefore, for this system it was concluded that a calibration 

curve should be collected before each testing period. For the FCWT this is not very time 

intensive (about 1hr).  Secondly, due to the dominance of quenching above 30% CO2 gas 

concentration calibration can only be conducted for investigations of density ratios below 

this value. Once the calibration curve is collected the ratio-metric approach can then be 

used to calibrate the fluorescence signal. The full process in shown in Figure 4.27. 
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Figure 4.27: Full calibration process 

4.3.5 Post-Processing 

Post-processing was conducted using TSI Insight 4G and Matlab R2018b. TSI Insight 4G 

was solely used to convert .img files to tif files for importing into Matlab. 

 The raw fluorescence images were imported, the background subtracted and then 

averaged. Images capturing the reflections were also imported and averaged, this was 

then subtracted from the fluorescence image. A more robust method to remove reflections 

completely would be to use narrow bandpass filters however due to low SNR this could 

not be utilised. Finally, a 3x3 2D median filter was applied to the images to reduce noise, 

this was the smallest binning filter applicable, any larger would reduce image resolution. 

 Earlier tests involved dark image subtraction, i.e. the camera with the lens cap in 

place, to subtract electrical/hardware noise, however this subtraction was found to have a 

minimal effect balanced against increased computational and experimental runtime and 

therefore was not utilised for future assessments. An averaging study on several of the 

test cases was also conducted to calculate the number of captures required for a steady 

state result. A minimum of 500 captures was required i.e. 1000 total captures of 

background plus fluorescence. 

Finally, during the building of a 3D IR-PLIF volume in the FCWT the different planes 

collected must be stitched together and therefore an interpolation method had to be 
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applied between these planes. Matlab offers four standard interpolation options for 3D 

volumes, all of which were investigated and compared with little quantifiable difference 

observed. A linear interpolation was selected to reduce computational processing time 

and cost. 

4.3.6 Uncertainty Analysis 

The gas concentration was determined by the following steps: background correction, 

reflections subtraction and normalising. The accuracy of each step contributes to the 

precision of the gas concentration measurement. Using the theory of propagation for a 

function: 

𝑥 = 𝑓(𝑎, 𝑏, 𝑐, … ) (5.4) 

The standard deviation of x can be expressed as: 

𝜎𝑥
2 = (

𝜕𝑓

𝜕𝑎
𝜎𝑎)

2

+ (
𝜕𝑓

𝜕𝑏
𝜎𝑏)

2

+ (
𝜕𝑓

𝜕𝑐
𝜎𝑐)

2

+. . (5.5) 

The calibration curve with limit at 30% CO2 gas concentration can be accurately 

represented by a 2nd order polynomial therefore the calibration equation can be described 

as: 

𝑐∗ = 𝑥𝐼𝑁
2 + 𝑦𝐼𝑁 + 𝑧 (5.6) 

where x, y and z are coefficients of the calibration curve. If the calibration steps are added 

to equation 5.6 the concentration can be written as: 

𝑐∗ = 𝑥 (
𝐼𝑓,𝑟𝑎𝑤 − 𝐼𝑓,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 − 𝐼𝑓,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝐼𝑓,𝑟𝑎𝑤,𝑟𝑒𝑓 − 𝐼𝑓,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑,𝑟𝑒𝑓 − 𝐼𝑓,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠,𝑟𝑒𝑓
)

2

+

𝑦 (
𝐼𝑓,𝑟𝑎𝑤 − 𝐼𝑓,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 − 𝐼𝑓,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝐼𝑓,𝑟𝑎𝑤,𝑟𝑒𝑓 − 𝐼𝑓,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑,𝑟𝑒𝑓 − 𝐼𝑓,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠,𝑟𝑒𝑓
) + 𝑧 (5.7)

 

Since the fluorescence signal of all these images contributes to the accuracy of the 

concentration measurement, the standard deviation can be calculated as: 

𝜎𝑐∗
2 = (

𝐼𝑁𝐼𝑓,𝑟𝑒𝑓

𝐼𝑓
𝜎𝑓)

2

+ (
𝐼𝜎𝑓,𝑟𝑒𝑓

𝐼𝑓,𝑟𝑒𝑓𝐼𝑁
)

2

(5.8) 

where: 

𝜎𝑓
2 = (

𝐼𝑓 + 𝐼𝑓,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 𝐼𝑓,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝐼𝑓
𝜎𝑓)

2

+

(
𝐼𝑓 − 𝐼𝑓,𝑟𝑎𝑤 + 𝐼𝑓,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝐼𝑓,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

2

+ (
𝐼𝑓 − 𝐼𝑓,𝑟𝑎𝑤 + 𝐼𝑓,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐼𝑓,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠
𝜎𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠)

2

(5.9)

 

The maximum relative standard deviation of the calibration data was 22%, with the 

average standard deviation being 13.6%. There was no trend or specific relationship 
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between concentration and standard deviation. The error is typically high for PLIF 

measurements (Seitz, 2018) however it should be expected due to lower SNR for IR-PLIF 

and low SNR for the system at the University of Bath. The deviation in the fit of the 

calibration curve will also increase the uncertainty. The major sources of uncertainty could 

be related to camera noise, and camera FPA cooling/calibration effectiveness. Laser 

energy fluctuation and changes in laser absorption will also contribute to the uncertainty in 

the measurement. The background subtraction will not be wholly representative of the 

thermal background due to the time delay in capture and the reflections may also bias 

results. 

4.4 Conclusions 

The IR-PLIF system has been implemented into the FCWT and optimised. 

Specifically, the work enabled the study of the structure of film cooling jets and along with 

the commission work of the FCWT in Chapter 3, comparisons could be made with VV 

measurements previously undertaken by Carvalho Figueiredo (2020). 

The research conducted in this chapter answered a series of questions regarding 

IR-PLIF posed at the beginning of the chapter and will inform future researchers using the 

IR-PLIF system at the University of Bath or aid other researchers in implementing their 

own IR-PLIF systems. The implications of this research in regard to implementation of IR-

PLIF in the LAR are discussed in Chapter 6. 

How does laser output energy & wavelength affect IR-PLIF fluorescence 

output?  

For low energy laser systems like the one at the University of Bath targeting the 

(0000) → (1001) vibrational transition (2700 nm) produces a much greater fluorescence 

yield than the (0000 → 2001) transition (2000 nm) due to the higher absorptivity coefficient. 

This may come at a cost of increased laser attenuation and a non-linear calibration but the 

difference in fluorescence yield negates these negatives. Also, for low energy laser 

systems the relationship between fluorescence yield and laser output energy is linear i.e., 

greater output energy results in greater fluorescence yield. The laser energy output has a 

negligible effect on a normalised calibration curve. 

How should laser sheets be constructed with respect to maximising 

fluorescence output and the effects on practicality with laser sheet alignment?  

The main consideration when constructing laser sheets should be laser attenuation 

as each new optical element in a laser sheet will reduce fluorescence yield. Therefore, 

researchers should aim to have the minimal number of optical elements in laser sheet 

construction. Mounting of such optical elements also has a large effect on alignment 

capability. The better the mounting and finer the mounting adjustment the smaller the 
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laser sheet that can be practically constructed. Therefore, every researcher in IR-PLIF 

should conduct a cost-benefit analysis of laser sheet thickness with alignment practicality. 

How does camera integration time and the delay time between laser 

emission and camera integration time affect the fluorescence output?  

The longer the camera integration time the more fluorescence that will be 

captured, however after a certain length (in this case 100µs) little benefit is observed while 

more background is captured. A secondary consideration is transient flow features; longer 

integration times result in the less confidence that these features are captured. Again, 

researchers must undertake a cost benefit analysis of integration time versus capturing 

the transient nature of the flow, for steady state investigations integration time should be 

maximised while insuring not to saturate the measurement with background data. 

Previous applications utilised a camera delay of around 20µs between the laser output 

and the camera integration time to reduce the effect of laser reflections. However, for the 

low energy laser system at the University of Bath this was found to be impractical due to 

the reduction in fluorescence yield. As a rule, the shorter the camera delay time the more 

fluorescence yield but a delay time can help to mitigate laser reflections. 

What post-processing should be conducted to improve measurement 

interpretability?  

Generally, little post-processing is required for IR-PLIF measurements. A 

background correction, as described in Section 4.2.2, was usually all that would be 

required. A reflection subtraction could improve measurement interpretability at the cost of 

measurement uncertainty and a dark image subtraction was never required. A 3x3 median 

filter was usually also applied to improve measurement interpretability. 

Finally, how do typical fluid flow parameters in film cooling such as jet 

Reynolds number and film cooling hole diameter affect calibration?  

Changes in flow structure were found to have a negligible effect on a normalised 

calibration curve. A normalised calibration curve could be captured with confidence before 

each measurement campaign.  
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Chapter 5 

5. Investigation of Film Cooling Jets 

5.1 Introduction 

The IR-PLIF technique was implemented and optimised in the FCWT (as 

described in Chapter 4), allowing turbomachinery flows to be investigated. This chapter 

details the results from applying the IR-PLIF technique to examine film cooling jets with 

varying momentum flux ratios and film cooling hole geometry. The results will be 

compared to VV data from Carvalho Figueiredo (2020), demonstrating any benefit of IR-

PLIF in complementing other measurement techniques as well as providing additional 

insights into flow interactions in turbomachinery. 

However, to answer one part of the fundamental research question of this thesis 

(can IR-PLIF be used to investigate flow interactions in turbomachinery?), measurements 

were made using an IR gas analyser. This chapter presents these measurements which 

will be used to validate the IR-PLIF measurements. These results will provide a useful 

measure of efficacy and benefit of IR-PLIF over a traditional gas concentration 

measurement technique. 

A short literature review is also included highlighting the fundamentals of film 

cooling research along with how traditional PLIF techniques have been used to investigate 

film cooling. 

5.2 Film Cooling and PLIF 

As described in Section 1.4, film cooling is the ejection of coolant flow through 

holes or slots to form a layer (or film) of coolant flow over the surface to shield the 

component from the high temperature mainstream flow. 

There is an extensive resource of literature which address the structure of film 

cooling jets covering both aerodynamic and heat transfer research. Bogard & Thole 

(2006), Bunker (2005), Takeishi (2017) and Bunker (2017) provide general reviews of film 

cooling research. The increasing emphasis on CFD to design and provide insight into 

turbine cooling, and more specifically film cooling, requires accurate validation. Advanced 

flow visualisation techniques such as IR-PLIF are necessary in the field of film cooling and 

can provide unprecedented detail. There are however many aspects of film cooling to 

investigate as highlighted in Figure 5.1. Transient facilities are often used to investigate 

heat transfer properties, while steady-state facilities are utilised for studying the governing 

parameters of film cooling. Most film cooling studies are conducted using flat plate 

facilities as opposed to cascade or rotating turbine rigs.  
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Ultimately designers and researchers are pursuing the same goal as with hot gas 

ingestion i.e. to use enough flow rate to prevent thermal damage to turbine components 

without superfluous flow rates reducing turbine performance. 

 

Figure 5.1: Major aspects of film cooling test facilities (adapted from Bernsdorf, 2005) 

 

5.2.1 Flow Structure 

Film cooling flow is usually injected into the mainstream via shaped holes or slots 

designed to maximise cooling performance. The flow structure has five main features: a 

jet that penetrates the freestream; a pair of kidney vortices (counter-rotating vortices); jet 

layer vortices; horseshoe vortices and wake vortices (Figure 5.2). At low injection ratios, 

which are more engine representative, the jet remains close to the wall, providing the 

desirable film of protective cold air that protects components from the high-temperature 

mainstream. At higher injection ratios the jet penetrates the freestream and lifts off from 

the surface reducing cooling performance and resulting in the structure shown in Figure 

5.2. The downstream flow field will be dominated by the kidney vortices. 
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Figure 5.2: Cartoon depicting typical film cooling vortical structure (Fric & Roshko, 1994). 

The flow structure of film cooling has been investigated extensively - examples include 

Fric & Roshko (1994), Bogard & Thole (2006), Bernsdorf et al. (2006), and Andreopoulos 

(1985) 

5.2.2 Aerodynamic Parameters 

The principal parameters that affect the coolant/mainstream flow conditions, as 

outlined by Bogard & Thole (2006), are the density ratio between coolant and mainstream, 

mainstream mach number, mass flux ratio (commonly referred to as blowing ratio, 

equation 6.1) and momentum flux ratio (commonly referred to as injection ratio, equation 

6.2). The two latter conditions having significant effect on the predictability of film-cooling 

performance and are typically used to match real engine conditions. Engines typically 

have a density ratio approximately equal to two, however this can be difficult to replicate in 

experimental facilities but can be done with exotic gases. 

𝐵𝑅 =  
𝜌𝑐𝑈𝑐

𝜌∞𝑈∞

(6.1) 

𝐼𝑅 =  
𝜌𝑐𝑈𝑐

2

𝜌∞𝑈∞
2

(6.2) 

 Although mainstream Mach number is still used to report results in film cooling, 

blowing ratio or injection ratio are typically used to characterise the findings. Importantly it 

is key for designers to understand how these parameters affect the jet ‘lift-off’ 

characteristics as this can dramatically affect performance. Thole et al. (1992) studied the 

effect of momentum flux ratio by varying the density ratio from 1.2 to 2.0. Three distinct 

regimes were described:  

• IR < 0.4 - the coolant jet remains attached to the surface;  
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• 0.4 < IR < 0.8 - the jet will initially lift off but reattach downstream;  

• IR > 0.8 - the jet will be fully detached. 

 Baldauf et al. (2002) investigated laterally averaged film cooling effectiveness as 

blowing ratio is increased. For 0.2 < BR < 0.6 the overall film cooling effectiveness 

increases. When 0.6 < BR < 1.0 the peak film cooling effectiveness will decrease with 

blowing ratio but the downstream extent (x/d > 20) will continue to increase with blowing 

ratio. Above BR = 1.0 jet lift-off dominates and overall effectiveness decreases. 

 The effect of density ratio with a constant blowing ratio or injection ratio has also 

been investigated. Pederson et al. (1977) showed that at a low blowing ratio (BR = 0.2), 

density ratio has little impact on the laterally averaged film cooling effectiveness. The 

study was conducted over a density ratio range of 0.4 to 4. The same study found that at 

higher blowing ratios a higher density ratio resulted in improved cooling performance due 

to the lower momentum ratio. 

 Few studies have been conducted at high mach number conditions. Gritsch et al. 

(1998), Liess (1975) and Juhany et al. (1994) all found compressible effects to have little 

effect on film cooling effectiveness. With regards to boundary layer thickness Kadotani 

and Goldstein (1979) summarised the impact as: a larger boundary layer will reduce 

centreline film effectiveness; however, boundary layer thickness has no effect on laterally 

averaged values of film effectiveness. 

5.2.3 Geometric Parameters 

Bogard & Thole (2006) state that the geometric factors most affecting film cooling 

performance are: the shape of the hole/slot; injection angle; spacing between holes; 

length of holes/slot and spacing between rows. 

 Baldauf et al. (2002) and Schmidt et al. (1996) both showed that when film cooling 

hole spacing is small, film cooling effectiveness is improved. This allows improved 

performance at larger blowing ratios due to the lower probability of jet separation since 

closely space holes begin to resemble the characteristics of a slot. Han and Mehendale 

(1986) showed that two rows of film cooling holes closely spaced has improved 

performance over one hole due to the interaction between the two holes resulting in a 

more cohesive coolant jet that is less susceptible to entrainment by the mainstream. 

 With regards to injection angle, typically shallow angles relative to the surface and 

streamwise with the mainstream are employed. When an angle to the streamwise is also 

employed this is referred to as compound angle injection. Baldauf et al. (2002) and Kohli 

and Bogard (1997) showed that at large injection angles, film cooling was less effective at 

low blowing ratios but more effective at high blowing ratios - this improvement was 

attributed to stronger interaction with the adjacent jet. Compound injection angle holes 
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due to orientation present a broader jet profile to the mainstream flow which results in 

improved film cooling coverage and effectiveness but at the cost of an increased heat 

transfer coefficient. Schmidt et al. (1996) and Sen et al. (1996) investigated the impact of 

compound injection angle from 60-degrees compared to 0-degrees and found that film 

cooling effectiveness remains high at large momentum flux ratios, but the heat transfer 

coefficient has been increased by 15%. 

 Shaped holes have typically employed an expansion at the hole exit that diffuses 

the coolant flow. This shape reduces the momentum flux ratio and results in a more lateral 

expansion of the coolant, improving film cooling coverage and effectiveness and reducing 

the chance of jet lift off. Saumweber et al. (2003) showed that shaped holes provide 

improved film cooling effectiveness at all ranges of blowing ratios, as opposed to 

traditional cylindrical holes. Schmidt et al. (1996) and Sen et al. (1996) investigated the 

effect of shaped holes with compound injection angles and found 30-60% improvement in 

film cooling effectiveness over cylindrical holes, however at high injection ratios the net 

heat flux is significantly worse than for cylindrical holes. This improved performance does 

come with a larger manufacturing cost as complex hole design can be difficult to apply to 

turbine blades or vanes. Recent improvements in manufacturing techniques such as 

additive layer manufacturing is making complex designs more realisable.  

5.2.4 Film Cooling Studies using PLIF 

PLIF has been used in limited cases to examine the fluid flow structure of a jet in 

cross flow, representative of film cooling. One of the earliest examples is Fric et al. (1997), 

who used water tunnel experiments with a fluorescein dye as the tracer to visualise full-

coverage discrete-hole film cooling. The study found that between a blowing ratio of 1.7 to 

3.3 the film cooling effectiveness was reduced with improvement outside this range. Jet 

structure was found to be a function of blowing ratio. Haven and Kurosaka (1997) also 

used fluorescein as a tracer to investigate the effect of different film cooling hole shapes. 

The authors concluded that hole geometry has a powerful influence on the kidney vortices 

and importantly that a high aspect ratio hole will result in the jet staying attached to the 

surface.  

Wang et al. (2016) used PLIF in a water tunnel using Rhodamine B as a tracer to 

investigate the effects of surface deposition and hole-blockage on film cooling 

performance. The same setup was used by Yang et al. (2016) to investigate the effect of 

an upstream ramp and swirling coolant flow on film cooling performance and Pu et al. 

(2015) investigated the effect of converging slot holes on film cooling effectiveness in the 

endwall leading-edge region. The former investigation showed that swirling coolant flow 

could improve film cooling coverage with the swirl direction dictating which kidney vortex 

would be dominant in coolant mixing. The upstream ramp also improved cooling 
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performance. The later study found that cooling performance could be improved, and 

vortex strength reduced at lower blowing ratios with converging slot-holes as opposed to 

cylindrical holes.  

Smith & Mungal (1998) used a jet seeded with acetone vapour to explore the 

effect of a range of high momentum flux ratios. The authors showed that two regions exist 

in a jet in crossflow, the near field and the far field. The near field region involved the 

formation of a pair of kidney vortices and the centreline concentration will decay at a 

negative exponential rate (-1.3) of the jet trajectory. The far field region has a fully 

developed pair of kidney vortices and a slower exponential decay rate of 0.67. Importantly 

the transition region scales with momentum flux ratio. Takeishi et al. (2014) used an 

acetone tracer to investigate the adiabatic effectiveness of a circular film cooling hole and 

a shaped film cooling hole at different angle of attacks and blowing ratios. For the circular 

film-cooling hole, induced swirl of the coolant supressed the jet penetration into the 

mainstream and negated the formation of the kidney vortices. The shaped cooling hole 

spread the coolant jet in the spanwise direction. The University of Central Florida Centre 

for Advanced Turbomachinery and Energy Research has used acetone PLIF to 

investigate the effect of various velocity ratios and jet injection angles (Thompson et al., 

2016) and a single row of film cooling at various inclination angles and blowing ratios 

(Geikie et al., 2016). The first study showed that jet diameter multiplied by velocity ratio 

provides improved scaling of jet trajectory as opposed to jet diameter multiplied by velocity 

ratio squared. The second study showed similar results to the literature with blowing ratio 

and injection angle increasing jet detachment. Finally, Vishwanath et al. (2020) again 

used acetone PLIF to investigate the effect of boundary layer thickness by changing the 

injection location. At each location the momentum flux ratio was also altered. The study 

showed that the jet penetration was minimal for the thickest boundary layer. The results 

also showed an exponential decay of centreline concentration of -1.3 in all cases. All 

these studies require excitation of the tracer gas using a UV/visible laser source but 

showed the improved flow visualisation capable with PLIF. 

 

5.3 IR Gas Analyser Measurements 

In this section, the results of gas concentration measurements made using a 

retractable wand (0.25 mm diameter) connected to a two-channel IR multi-gas analyser 

(Signal-Group 9000MGA) are reported. The gas analyser has a repeatability and linearity 

of better than ±1% and ±0.5% of the full-scale range respectively. These measurements 

were conducted to compare with the IR-PLIF technique, as well as allowing for 

comparison between VV measurements made previously by Carvalho Figuierdo (2020). 

The in-plane vectors are calculated as shown in equation 6.3: 
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√𝑣2 + 𝑤2

𝑈∞
(6.3) 

 The FCWT was designed to investigate a wide variety of experimental conditions 

e.g. g/D, l/D, α, DR, BR and IR (see Section 3.2). Previous measurements using VV were 

made at a fixed density ratio (DR = 1.52 or 100% CO2) and film cooling hole geometry, 

exploring the effect of momentum flux ratio on jet trajectory and the location & formation of 

counter-rotating vortices. Four momentum flux ratio conditions were replicated here (IR = 

0.65, 1.60, 4.50, 6.50) using the gas analyser and wand setup. Gas concentration 

measurements were made at discrete locations as shown in Figure 5.3. The two lower 

momentum flux ratio cases are engine representative while the other two cases are 

typically higher than those found in turbines at design conditions. The higher conditions 

were conducted to enhance the secondary flow features and enable an extensive 

assessment of the IR-PLIF technique but are of interest to the engine designer for film 

cooling effects at off-design conditions or when a film cooling hole is located near a 

vane/blade stagnation point where momentum flux ratio will be high. It is worth noting that 

these measurements took a considerable amount of data acquisition time, a traverse was 

manually operated with a settling time of 30 seconds and averaging time of 5 seconds for 

each measurement. Therefore, each case took roughly 6 hours of rig operational time 

resulting in a large usage of CO2, between 200 – 500 kg depending on momentum flux 

ratio. 

For each x/D plane of measurement, a spline interpolation was used to generate a 

contour map of film cooling effectiveness, ε, defined in equation 6.4. 

휀 =
𝑐𝑐 − 𝑐𝑚

𝑐0 − 𝑐𝑚

(6.4) 

where c indicates the CO2 gas concentration and the subscripts, c, m and 0 indicate the 

sampled flow, the mainstream flow and the cooling flow supply respectively. The film 

cooling effectiveness can be considered analogous to an adiabatic cooling effectiveness 

based on the mass transfer analogy. 

Figure 5.4, Figure 5.5 and present the results of the gas concentration 

measurements. Figure 5.4 shows the four x/D measurement planes for each momentum 

flux ratio case. The VV vectors (from Carvalho Figueiredo, 2020) are overlaid to provide a 

comparison between the two techniques. Figure 5.5 presents stacked x/D measurement 

planes in relation to the film cooling hole without VV vectors. 
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Figure 5.3: Gas concentration measurement locations 

 

The gas concentration measurements quite clearly capture an asymmetry around 

the film cooling hole. This asymmetry eventually mixes out as the mainstream flow 

becomes entrainment, as seen in the x/D = 8 contour plots. The asymmetry was also seen 

in the VV measurements, with the two vortices having slightly different values of 

circulation. The asymmetry is likely due to geometric features of the FCWT. The outlet 

duct was ruled out as a possible explanation as RANS CFD in the design stages indicated 

no effect on the test section flow symmetry. The commissioning results also indicated a 

symmetrical freestream flow; therefore, the likely source of the asymmetry is an imperfect 

manufacture of the film cooling holes. Results from an 8mm hole diameter study with the 

IRPLIF showed a much smaller degree of asymmetry drawing the conclusion that the 

manufacture of the 4mm film cooling holes is the likely cause. However, since this study 

was about technique comparison and validation this was not critically important. 

The gas concentration measurements show a perceived slight asymmetry in the 

VV measurement has a large impact on the film cooling effectiveness, indicating an 

importance in manufacturing tolerance of film cooling holes. This highlights the importance 

of a concomitant measurement techniques to traditional velocity measurements to 

quantify the film cooling effectiveness. 



81 
 

The gas concentration measurements shown in Figure 5.4 & Figure 5.5 indicate 

that at IR = 0.65 and IR = 1.60 the jet remains close to, or attached to, the wall but at the 

higher momentum flux ratios the jet has clearly lifted off by x/D = 4. Due to the lack of 

resolution in the streamwise direction only a qualitative analysis of jet trajectory could only 

be conducted for the gas concentration measurements. Increasing the resolution would 

have incurred a greater demand on experimental cost and time. The gas concentration 

measurements do however show the expected qualitative trends regarding jet trajectory 

with an increasing jet penetration of the mainstream as momentum flux ratio increases. 

The VV measurements show a considerable increase in jet penetration between the IR = 

0.65 and IR = 1.60 cases, however the gas concentration measurements show that this jet 

penetration is only considerably increased at the x/D = 8 plane. The results in Figure 5.4 & 

Figure 5.5 clearly show that this increase in momentum flux ratio has an influence on the 

lateral spreading of the film cooling jet and could be the result of stronger kidney vortices 

as seen in the VV measurements. 

The higher momentum flux ratio cases show formation of the counter rotating 

vortices at x/D = 4 and indicate how the cooling flow is influenced by these kidney 

vortices. Again, due to the low resolution of measurements only a qualitative assessment 

of the kidney vortices could be conducted. The results clearly show that initially the 

cooling flow laterally migrates to the kidney vortex centre as shown in x/D = 4 before 

expanding in all directions as the cooling flow vacates from the centre of the jet. The 

region of low concentration can be seen to grow as momentum flux ratio increases at x/D 

= 8, this region extending from ~0 – 0.5 y/D at IR = 4.50 and ~0 – 1 y/D for IR = 6.50. This 

clearly shows that as the kidney vortices form the cooling flow is diffused from the jet 

centre. 
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Figure 5.4: Gas concentration measurements for varying momentum flux ratios; velocity vectors are 
superimposed. 
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Figure 5.5: Stacked streamwise planes at positions x/D = 2, 4, 6 & 8 for all cases. 

 

5.4 IR-PLIF Results 

Primarily the IR-PLIF technique was used to investigate the same experimental 

conditions as those conducted with the gas analyser. An additional investigation was 

undertaken into the effect of film cooling hole diameter. Details of the IRPLIF setup are 

given in Section 4. Importantly, due to the high-density ratio used in Section 5.4, the 

calibration technique described in Section 4 could not be implemented. However, a similar 

effectiveness equation could be applied as in Equation 6.3. The same calibration 

procedure in Section 4 was used to find the core of a free jet included as the denominator 

in the effectiveness equation. 

 Figure 5.6 shows the location of the measurement planes that were used to 

capture a volume of gas concentration data for each case when D = 4mm. These 

measurement planes were taken at 0.4mm intervals which corresponds to the estimated 

laser sheet thickness. 1000 captures were taken for each measurement plane, with 500 of 

the captures recording the thermal background for background subtraction of the IRPLIF 

captures. The full capture and image processing method can be found in Chapter 4. The 

capture time for each measurement plane was less than one minute, resulting in an 
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overall data acquisition time of approximately 30 minutes per case. For the cases where D 

= 8mm this was doubled due to the finer resolution with increased measurement planes.  

 

 

Figure 5.6: IR-PLIF measurement planes for D = 4mm 

 

 Although results were captured from x/D = 0 to x/D = 8 results upstream of x/D = 2 

were not used due to the high number and level of reflections around the hole geometry. 

Chapter 4 explains the methods used to reduce the number and influence of reflections 

but unfortunately a complete removal of reflections was not possible without the use of a 

narrow bandpass filter which could not be implemented due to the low SNR for the setup. 

The presence of these reflections increases the uncertainty in the effectiveness 

calculation and the measurements. 

5.4.1 Comparison of IRPLIF with Gas Concentration Measurements 

The IRPLIF dramatically reduced experimentation time and associated costs (i.e. 

quantity of CO2 used due to longer experimental runtime) in comparison to the 

measurements made with a gas analyser. More importantly the technique produced a far 

greater resolution of data with over 27 million data points compared to the gas analyser 

which produced 160 data points. 

Figure 5.7 compares the centreline (y/D = 0) effectiveness at x/D = 2, 4, 6, & 8 for 

all momentum flux ratio cases. The results show that both techniques indicate the same 

qualitative trends. Most data points fall within the experimental error for both techniques 

as discussed in Section 4.3.6. A few anomalies fall outside this range specifically for IR = 

0.65 at x/D = 4 & 6, relating to an unexplained increase in CO2 downstream of the hole 

discussed in further detail later in this section. The inability to complete a more 

comprehensive calibration due to the high-density ratio and as a result quenching (as 

detailed in Section 4) would also introduce further uncertainty in these measurements. 

Overall, the comparison in Figure 5.7 gives confidence in the qualitative trends indicated 

from the IR-PLIF measurements. 
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Figure 5.7: Comparison of centreline effectiveness measurements for wand measurements and IR-PLIF for 

all x/D locations 

Figure 5.8 presents effective contour plots for each momentum flux ratio at x/D = 

6. Figure 5.9 presents stacked planes at x/D = 2, 4, 6, & 8 in relation to the film cooling 

hole for the four momentum flux ratio cases when D = 4mm. The comparison highlights 

how the resolution of measurements can impact the results of film cooling studies. Both 

measurement types capture the asymmetry present (also previously shown in VV 

measurements), but the asymmetry has a far weaker influence with IR-PLIF compared 

with the gas analyser measurements, evident at x/D = 2 for IR = 4.50 & 6.50. It is clear the 

lack of data points and resolution in the wand measurements has an effect comparable 

with aliasing in digital signal processing. Another example of this is that the gas analyser 

data implies first a sharp migration of coolant to the centre of the kidney vortices before a 

more expansive migration and entrainment of the mainstream flow. However, the IR-PLIF 

results indicates a gradual migration to the kidney vortices’ centres with a continual 

mainstream entrainment throughout. Importantly the coolant appears to maintain a more 

central core throughout the jet. 
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Figure 5.8: Comparison of IRPLIF (left) and gas analyser measurements (right) for effect of momentum flux 
ratio at x/D = 6. 

The measurements also capture the lift-off of the jet much more effectively than 

the gas analyser measurements. Figure 5.10 shows y/D streamwise effectiveness planes 

at y/D = 0 for all momentum flux ratio cases. These informative plots were not possible 

with the low-resolution gas analyser measurements. 

The results show that at IR = 0.65 the cooling flow remains attached to the surface 

till about x/D = 5 providing efficient surface cooling. At IR = 1.60 the cooling flow detaches 

earlier around x/D = 3. The higher momentum flux ratio cases also exhibit early 

detachment at around x/D = 3. Importantly the case where IR = 1.60 corresponds to a 
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velocity ratio between the mainstream and coolant flow of one. Above a unity velocity 

ratio, the location where detachment of the coolant flow occurs from the surface remains 

constant in this case (between x/D = 2 and x/D = 3).  

 

 

Figure 5.9: Stacked streamwise planes at x/D = 2, 4 ,6 & 8 for all IR cases 

 

Figure 5.11 shows the maximum effectiveness value for each streamwise position. 

This was calculated by taking the effectiveness profile across z/D and finding the location 

in z/D of the maximum effectiveness. A gaussian profile was fitted to the curve before 

finding the location to reduce the effect of noise. These results show the expected 

increase in jet trajectory and jet penetration into the mainstream flow with momentum flux 

ratio. 

Finally, Figure 5.12 presents the variation in centreline (y/D = 0) effectiveness with 

jet trajectory (s) i.e. the location along the jet profile as plotted in Figure 5.11. Smith & 

Mungal (1998) and Vishwanath et al. (2020) both state that the centreline effectiveness 

will decrease at a rate of s-1.3 in the near field. Figure 5.12 is plotted on a logarithmic scale 

so this decay is presented as a straight line and shows a good correlation with all 

momentum flux cases. The onset of decay occurs at approximately s/D = 1 for all cases. 
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However, a slight delay is observed in the onset of decay as momentum flux ratio 

decreases in agreement with the literature (Vishwanath et al., 2020). 

Figure 5.12 shows an unexplained phenomena in the results which can also be seen in 

Figure 5.9 & Figure 5.10, namely an increase in CO2 concentration at around x/D = 4 for 

the two lower momentum flux ratio cases. It is likely that this is the cause of the offset 

between the four cases in Figure 5.11. Several explanations have been proposed for this 

increase in concentration: 

• Low SNR due to lower CO2 concentrations increases the influence of the thermal 

background and reflections noise. 

• Laser energy fluctuations between measurement planes would introduce an 

increased bias at lower SNR cases. 

• Measurement planes close to the wall are more influenced by reflections and the 

thermal background in low SNR cases. 

• Traversing error between measurement planes, 

• Large reflections present near the film cooling hole would bias near plane 

measurements. 
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Figure 5.10: Centreline streamwise planes for all cases (y/D = 0) 
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Figure 5.11: Effect of momentum flux ratio on jet trajectory 

 

Figure 5.12: Effect of momentum flux ratio on centreline concentration 
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5.4.2 Comparison of IRPLIF with VV 

Figure 5.13 presents IRPLIF contour plots of effectiveness for x/D = 2, 4, 6 & 8 

with VV vectors overlaid for all IR cases. These plots highlight the influence of the kidney 

vortices on the migration of the coolant flow downstream. It is quite clear from these plots 

that generally as the kidney vortices form, the coolant flow migrates from the centre of the 

jet towards the location of the centre of these kidney vortices. This is not apparent for the 

low momentum flux ratio case (IR = 0.65) where the cooling flow remains close to the jet 

core. The case where IR = 1.60 highlights how even a weak circulation vortex can 

influence the cooling flow with the disproportionate vortex strength creating an asymmetric 

effectiveness profile. This case is more engine representative and highlights how vortex 

formation can influence cooling to the detriment of the engine designer even if the vortex 

is perceived by VV measurements to be relatively weak. When Figure 5.13 is compared to 

Figure 5.4 it highlights how the lack of resolution in the gas analyser measurements can 

distort the results, emphasising the need for high resolution measurements for either 

concept experimentation or CFD validation. 

Figure 5.14 compares the jet trajectory (i.e. the locus of effectiveness) in z/D with 

the average trajectory of the vortex pair in z/D. The calculation was made by taking the 

whole 3D volume of IR-PLIF data and fitting a 3D gaussian profile to each x/D plane and 

finding the locus of effectiveness in z/D. A gaussian profile was used to reduce noise. 

Details of the vortex location calculation can be found in Carvalho Figuierdo (2020).  

Figure 5.15 presents the same calculation but the 3D volume split around the centreline 

(y/D = 0) to find the locus of effectiveness for each side of the film cooling hole. This 

isolates the effect of each individual kidney vortex on the cooling flow. 

Figure 5.14 shows that the kidney vortices remain at a consistent distance from the film 

cooling plate for the low momentum flux ratios. For the higher momentum flux ratio cases 

the vortices gradually migrate away from the surface. The cooling flow however migrates 

at a much faster rate from the surface than the kidney vortices increasing with momentum 

flux ratio. Figure 5.15 shows little difference between the two vortices maybe a slight 

increase in penetration into the mainstream for the vortex with increased circulation. 

However, for all cases there appears to be a location around x/D = 3.8 where the cooling 

flow trajectory surpasses the kidney vortex in distance from the surface regardless of 

momentum flux ratio. 

 Figure 5.16 & Figure 5.17 present the same information as Figure 5.14 & Figure 

5.15 but in plan view. This was done using the same calculation as before but instead 

using the y/D location for the locus of effectiveness. Figure 5.16 & Figure 5.17 shows a 

large fluctuation in the kidney vortex location for the low momentum flux ratios due to the 

vortices weak and indistinct nature but generally there is a trend towards the centreline 
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(y/D = 0). The opposite is true for the higher momentum flux ratio cases. The IR-PLIF 

results show the same trajectory for the cooling flow as the kidney vortices but to a far 

lesser degree in terms of distance from the centreline (y/D = 0). These results confirm 

earlier conclusions based on the contour maps shown in Figure 5.13, that the cooling flow 

maintains a central core of cooling flow with gradual migration of fluid towards the kidney 

vortex centres. 

 

 

 

Figure 5.13: IR-PLIF contours planes at x/D = 2, 4, 6, & 8 with VV vectors for all cases. 
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Figure 5.14: Comparison of CO2 jet trajectory (left) and kidney vortex z/D location (right). 

 

 

Figure 5.15: Comparison of locus of effectiveness in z/D for both ±y/D and kidney vortex z/D location for 
individual vortices for all IR cases. 
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Figure 5.16: Comparison of locus of effectiveness in y/D (left) and averaged kidney vortex location in y/D 
(right) for all IR cases. 

 

 

Figure 5.17: Comparison of locus of effectiveness in y/D for both ±y/D and kidney vortex y/D location for 
individual vortices for all cases. 
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5.4.3 Effect of Hole Diameter 

A second film cooling test plate was manufactured maintaining all geometric 

parameters as the original 4 mm hole diameter test plate except the hole diameter which 

was enlarged to 8 mm. The aim of this investigation was to provide further insight into the 

jet near-field. Importantly this plate was not black anodised like the original plate due to 

time & budget constraints and therefore reflections and the thermal background were far 

more significant. Two extra momentum flux ratio cases, IR = 1.48 & 3.60, were also 

conducted. These two cases have the same cooling jet Reynolds number as IR = 0.65 & 

1.60 for the original 4 mm hole diameter film cooling plate cases respectively. 

Figure 5.19 and Figure 5.20 present contour plots for x/D = 2, 3 & 4 for all 

momentum flux ratio cases for the D = 8 mm diameter hole. The increase in noise due to 

reflections and a stronger thermal background is evident and any influence by kidney 

vortex formation is difficult to interpret. This lack of kidney vortex influence could also be 

due to a small boundary layer in respect to jet size. The boundary layer thickness was 

kept constant between the two different hole diameter cases. The smaller boundary layer 

in respect to the jet volume could have resulted in increased entrainment of the 

mainstream flow. The jet lift-off is clearly noticeable as is a slight asymmetry in the kidney 

vortex strength. The same increase in concentration is also seen as before for the low 

momentum flux ratio cases indicating that this is likely due to low SNR due to reflections. 

Figure 5.18 shows the centreline profile (y/D = 0) for each case. With regards to 

detachment of the jet, the same conclusions as the D = 4 mm can be made. The IR = 0.65 

case jet remains attached to the surface till downstream of x/D = 5. The IR = 1.48 case 

begins to detach around x/D = 3.5. However as before, once a unity velocity ratio is 

reached the jet detachment remains fixed around x/D = 2.5. Consistent with Section 5.4.1 

the region downstream of the detachment location, but below the jet core, decreases in 

effectiveness as momentum flux increases and less mainstream flow entrainment occurs. 

Figure 5.21 & Figure 5.23 present the jet trajectory for both the D = 4 mm and  D = 

8 mm case comparing the effect of hole diameter and effect of Reynolds number 

respectively. Figure 5.21 indicates that the 8 mm diameter hole has increased jet 

penetration for identical momentum flux ratios. This is likely due to the smaller boundary 

layer thickness in relation to the hole diameter. Vishwanah et al. (2020) showed that as 

boundary layer thickness increased jet penetration decreased except for low momentum 

flux ratio cases (IR < 1) which lie completely inside the boundary layer and are therefore 

unaffected. The observations from Figure 5.21 indicate this to be the case, with variance 

in jet penetration between the two hole diameter cases increasing with momentum flux 

ratio but the low momentum flux ratio cases showing similarity. Figure 5.23 shows that 
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momentum flux ratio is clearly a dominant factor in jet trajectory with two jets of similar 

Reynolds number having completely different results. 

Figure 5.22 & Figure 5.24 present the variation in centreline effectiveness with jet 

trajectory again comparing the effect of hole diameter and effect of Reynolds number 

respectively. Observations of the results indicate that a more gradual initial decay occurs, 

as opposed to the D = 4mm case; this is comparable to the literature (Vishwanah et al., 

2020) when the boundary layer thickness relative to the hole diameter is decreased. 

Further downstream the decay should follow an exponential decay of s-1.3, however the 

data does not extend downstream far enough to indicate if this occurs. 

 

 

Figure 5.18: Centreline streamwise contour planes for D = 8 mm (y/D = 0). 
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Figure 5.19: IRPLIF contour planes at x/D = 2, 3 & 4 for all cases with D = 8 mm. 
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Figure 5.20: Stacked panes of x/D = 2, 3 & 4 for all cases with D = 8 mm. 
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Figure 5.21: Effect of hole diameter on jet trajectory. 

 

Figure 5.22: Effect of hole diameter on centreline concentration 
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Figure 5.23: Effect of Reynolds number on jet trajectory. 

 

Figure 5.24: Effect of Reynolds number on centreline concentration. 
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5.5 Conclusions 

Part of the aim of this thesis was to develop IR-PLIF as an experimental technique 

applicable for use in the study of flow interactions in turbomachinery. IR-PLIF was used to 

study film cooling jets at four momentum flux ratio cases (IR = 0.65, 1.60, 4.50 & 6.50) for 

a hole diameter of 4 mm and six cases (IR = 1.60 & 3.60) with a larger hole diameter of 8 

mm. The following conclusions are split into two sections: conclusions relating to the IR-

PLIF technique development; and conclusions relating to fluid dynamic insights identified 

by the IR-PLIF technique. 

IR-PLIF Development 

 To demonstrate that IR-PLIF could be used to study these flow interactions the 

technique was validated by comparing to gas concentration measurements for the smaller 

hole diameter cases made with an IR gas analyser. IR-PLIF captured the same qualitative 

trends as the gas analyser measurements and quantitative differences could be attributed 

to higher experimental uncertainty with the IR-PLIF technique. Importantly the comparison 

showed how the lack of resolution in gas analyser results can create an incomplete 

understanding of the fluid physics. Secondly, the IR-PLIF had the added benefit of a 

substantially reduced data acquisition time which had an associated reduction in 

experimental cost. This result clearly showed the benefit of IR-PLIF over traditional gas 

concentration measurement methods and proved that IR-PLIF could be used to study flow 

interactions in turbomachinery. 

Fluid Dynamics 

The IR-PLIF results also yielded valuable insights into film cooling jet flow 

structure. The technique clearly showed the formation of kidney vortices at high 

momentum flux ratios and captures the entrainment of the mainstream flow into the jet 

core as the film cooling jet migrates downstream. The technique also clearly captures any 

vortex asymmetry that is present in the kidney vortices or flow structure. Secondly, the IR-

PLIF clearly captures the detachment of the jet from the film cooling surface at an IR = 

1.60 with the detachment point moving upstream as momentum flux ratio increases. The 

results also indicate a fixed jet detachment location of around x/D = 2.5 above a unity 

velocity ratio. 

The IR-PLIF captures valuable data and insight regarding jet trajectory and 

centreline concentration decay when momentum flux ratio is altered due to the extremely 

high-resolution measurements. The measurements clearly show that, regardless of 

momentum flux ratio, after s/D = 1 the centreline concentration will decay at a rate of s-1.3 

in the near field, in agreement with literature (Smith & Mungal, 1998, and Vishwanath et 

al., 2020).  The same trend is captured with a larger hole diameter. The jet trajectory can 
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easily be measured and presented enabling clear insights into the effect of different flow 

parameters on film cooling. The IR-PLIF measurements also captures how increasing 

momentum flux ratio or decreasing boundary layer thickness both result in an increased 

jet penetration of the mainstream flow, again in agreement with the literature (Vishwanath 

et al., 2020). 

Finally, a novel comparison of the locus of film cooling effectiveness compared to 

the kidney vortex location was also conducted. This was done by comparing to previously 

captured VV measurements by Carvalho Figueiredo (2020). The results observed 

indicated that a cross-over point where the locus of effectiveness exceeds kidney vortex 

location in z/D regardless of momentum flux ratio at about x/D = 4. The locus of 

effectiveness in y/D maintains a central core in the jet with a gradual migration towards 

the kidney vortex centre at high momentum flux ratios. This trend was not captured in the 

gas analyser measurements, likely due to the lack of resolution or the invasive nature of 

the measurement technique, further highlighting the value in IR-PLIF measurements. This 

comparison also showed the value in having gas concentration measurements using IR-

PLIF with velocity measurements from VV as the film cooling effectiveness cannot be fully 

captured by velocity measurements alone. 
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Chapter 6 

6. Large Annulus Rig (LAR) 

6.1 Introduction 

The final objective of the research documented in this thesis was to answer the 

question: can IR-PLIF be used to study EWC? The previous two chapters demonstrated 

how IR-PLIF can be a powerful measurement tool in investigating turbomachinery flows. 

To study EWC a new single stage turbine rig (the LAR) was built and commissioned as 

part of this PhD. This chapter details the design of the LAR and the associated 

commissioning work. The optical design of the LAR rig to implement IR-PLIF will then be 

discussed, which draws from lessons learned from the implementation of IR-PLIF in the 

FCWT and the subsequent study of film cooling jets. Finally, the insights gained from 

implementation of IR-PLIF in the FCWT will be discussed to enable future researchers to 

study EWC in the LAR rig using IR-PLIF. 

6.2 Large Annulus Rig (LAR) 

The LAR was designed for the testing of EWC in the rotor passage with 

investigation of the fluid physics using Volumetric Velocimetry (VV) and IR-PLIF. The 

section will also detail the optical design features for implementation with the lessons 

learned from the implementation of IRPLIF in the FCWT. Further details of the design and 

commissioning can be found in Jones et al. (2019). 

 

Figure 6.1: Section view of the LAR (Jones et al., 2019). 

A section view of the LAR is presented in Figure 6.1. The mainstream flow enters 

the rig through a conical diffuser that contains a 20 mm thick honeycomb with a radius of 

5 mm to straighten the flow. The inlet section contains two baffle plates that generate a 
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pressure drop to ensure uniform flow in the turbine stage downstream. A nose cone 

creates a contraction guiding the mainstream flow into the annulus of the turbine stage. 

Finally, a turbulence grid was placed 100 mm upstream of the vane leading edge to 

increase the turbulence levels. 

 The turbine stage consists of a single stator and rotor. The stator and rotor were 

both manufactured as a single bling (a bladed ring). The rotor disk is connected to a 

dynamometer through a drive shaft. The inlet and stator are on guide rails fixed to the 

bedplate which can be decoupled from the rotor and outlet and moved away allowing 

access to the rotor-stator wheel-space. Once the stator has been disengaged from the 

rotor the stator bling, rotor bling and rim seals can be easily switched for a different 

design. Importantly the rotor bling could be easily switched out of the LAR to enable 

different EWC designs to be investigated. 

 The stator has 24 vanes and the rotor has 36 blades with no twist, sweep or tilt 

angles. The aerodynamic profiles were both designed by Siemens Industrial 

Turbomachinery Ltd and are based on a modern HP turbine stage. Each blade and vane 

have a 3.5mm fillet radius at the hub. The geometry of the wheel-space and the double 

clearance chute seal can be seen in Figure 6.2 with the geometric parameters presented 

in Table 6.1. 

 

.  

Figure 6.2: Geometry of the baseline LAR seal 
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Table 6.1: Geometric parameters of the baseline seal 

Parameter Dimensions (mm) 

ha 40 

ra,min 312 

ra,max 352 

hbuffer 16 

b 307 

S 26 

sc,chute 2.1 

sc,rad 1.5 

sov.,outer 4 

sov.,inner 3 

 

The purge flow enters the base of the wheel-space through a gas line in the nose 

cone cavity as shown in Figure 6.3. The gas line is supplied with either 100% CO2 from a 

manifold cylinder pallet or with air or a mix. This line is monitored via a pitot-static tube 

and thermocouples. The mass flow rate of the purge line is controlled by an Alicat MCR-

1500 mass flow controller and a Bronkhorst F-206AI-ABD-00-V for CO2 and air 

respectively. The mainstream mass flow is measured by the Sierra Instruments FlatTrak 

780S mass flow meter. The Bronkhorst mass flow controller has an accuracy of ±1% of 

the full-scale range in this case 174 kg/hr while the Sierra Instruments FlatTrak mass flow 

meter has an accuracy of ±1% of the reading and ±0.5% of the full scale range (1.7 kg/s). 

The Alicat MCR-1500 was calibrated for CO2 with an accuracy of ±0.08% of reading, 

±0.02% of the full-scale and a range of 0.9 to 180 kg/hr. 

 The instrumentation in the wheel-space and the annulus is shown in Figure 6.4. 

Three of the 24 stator vanes were 3D printed in plastic with surface taps at 20, 50 and 

90% of the vane span. The 3D printed NGVs were quality checked with a coordinate 

measurement machine. The deviation of the manufactured surface from the design was 

less than 50µm. The surface roughness was compared to a sample of a side milled 

aluminium surface using a Renishaw surface roughness white light interferometer probe. 

The surface roughness was found to be 4.2±0.2µm which is comparable with the 

machined aluminium surface (5µm). This slightly reduced surface roughness would result 

in a slower boundary layer growth, but the effect is likely to be negligible. Stator hub taps 
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are located 4, 5, 6 & 7 mm downstream of the vane trailing edge at four 90° space 

locations with taps covering a vane pitch. Static pressure taps and pitot-tubes aligned in 

radial arms are located in the wheel-space. These taps can also be used for gas 

concentration measurements when connected to a two-channel IR multi-gas analyser 

(Signal-Group 9000MGA). The gas analyser has a repeatability and linearity of better than 

±1% and ±0.5% of the full-scale range of 0–100%. Data acquisition and instrumentation 

control was conducted using a CADET V14 system developed by Sierra CP for the LAR. 

 

Figure 6.3: Section view of the nose cone cavity in the LAR (Jones et al., 2019). 

6.2.1 Commissioning 

Initial commissioning tests measured the: 

• Velocity inlet profile comparing with CFD simulations, 

• Turbulence intensity in the boundary layer and mainstream, 

• Pressure in the annulus i.e. on the vane surface and stator hub 

downstream of the vanes, 

• Purge flow concentration in the wheel-space, 

• Pressure in the wheel-space. 

The operating conditions for the LAR are presented in  

Table 6.2. The inlet velocity profile was investigated using a pitot-static probe and 

a hot-wire probe, one axial chord upstream of the leading edge of the vane as shown in 

Figure 6.5(a) with repeated measurements with the turbulence grid not in place. 

Accompanying CFD simulations did not include a turbulence grid and agrees with the pitot 

probe measurements. The addition of the turbulence grid reduces the momentum in the 
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hub region but increases the momentum at the shroud, indicating a non-uniform pressure 

drop across the turbulence grid. 

 

Figure 6.4: Annulus and wheel-space instrumentation (Jones et al., 2019). 

Table 6.2: LAR operating points (Jones et al., 2019) 

Parameter Operating Point 1 Operating Point 2 

Ω 900 rpm 1100 rpm 

ReΦ 5.9 x 105 7.2 x 105 

Rew 2.2 x 105 2.8 x 105 

CF 0.38 0.38 

Mvane exit 0.12 0.14 

 

 The turbulence intensity profile was measured using a hot-wire probe (TSI 1218-

20) and a DISA 56C16 Wheatstone bridge. The results presented indicate the turbulence 

intensity was uniform around 5% in the mainstream with a boundary layer size of 20% of 

the annulus span in agreement with the pitot-static measurements. 
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Figure 6.5: Inlet velocity profile (a) and (b) inlet turbulence intensity 
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Figure 6.6: Cp,n distribution on stator vanes at three spanwise locations (a, b & c); Solid lines indicate CFD 
results (Jones et al., 2019). 

 

 The vane surface and stator hub pressure measurements were made with no 

purge flow. The pressure distributions at the three stator vane span locations are shown in 

Figure 6.6 and the stator vane pressure coefficient is defined in equation 6.1. Both 

experiments and CFD show increased loading at the tip which is expected in vanes 

without twist or stack. The CFD shows modest agreement with the experiments, details of 

the grid validation can be found in Schreiner et al. (2019). The rotational Reynolds number 

with zero purge and a constant flow coefficient was found to have a negligible effect on 

the axial distribution of pressure coefficient around the nozzle guide vanes. 

𝐶𝑝,𝑛 =  
𝑝 − 𝑝𝑜,𝑎

1
2 𝜌𝑎Ω2𝑏2

(6.1)
 

𝐶𝑝,𝑎 =
𝑝𝑎 − �̅�𝑎

1
2 𝜌𝑎Ω2𝑏2

(6.2) 

Figure 6.7 presents the circumferential distribution of the annulus hub pressure coefficient, 

Cp,a defined in equation 6.2. Figure 6.7(a) shows the effect of Reynolds number for 



110 
 

consistent flow coefficient and zero purge is negligible. Figure 6.7(b) indicates that a 

decay in the magnitude of ΔCp,a as the axial distance from the vane trailing edge 

increases. This magnitude was seen to reduce with the introduction of purge flow. 

 

Figure 6.7: Distribution of Cp,a on the stator hub over one vane pitch; (a) Effect of Re (b) Distribution of Cp,a at 
four axial locations downstream of the vane trailing edge (Jones et al., 2019). 

 

The sealing flow was varied at a constant rotational Reynolds number and flow coefficient 

to investigate the effect on swirl ratio in the wheel-space. The results are presented in 

Figure 6.8. The purge flow is expressed as a nondimensional sealing flow parameter 

defined in equation 6.3 and the swirl ratio is defined in equation 6.4. Increasing the purge 

flow caused a reduction in the core rotation as the wheel-space is pressurised, this is 

consistent with a Batchelor-type flow model. 

Φ𝑜 =
𝑢

Ω𝑏
(6.3) 

𝛽 =
𝑢ϕ

Ω𝑟
(6.4) 
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Figure 6.8 : Effect of sealing flow on swirl ratio in the wheel-space. 

 

Finally, the effect of sealing flow rate on the radial distribution of effectiveness in the 

wheel-space and the variation of effectiveness with sealing flow rate are presented in 

Figure 6.9 and Figure 6.10 respectively. The concentration effectiveness is defined as: 

휀𝑐 =
𝑐𝑠

∗ − 𝑐𝑎
∗

𝑐0
∗ − 𝑐𝑎

∗ (6.5) 

𝑐𝑠
∗ =

𝜌𝐶𝑂2
𝑐𝑠

𝜌𝑎𝑖𝑟(1 − 𝑐𝑠) + 𝜌𝐶𝑂2
𝑐𝑠

(6.6) 

𝑐𝑎
∗ =

𝜌𝐶𝑂2
𝑐𝑎

𝜌𝑎𝑖𝑟(1 − 𝑐𝑎) + 𝜌𝐶𝑂2
𝑐𝑎

(6.7) 

𝑐0
∗ =

𝜌𝐶𝑂2
𝑐0

𝜌𝑎𝑖𝑟(1 − 𝑐0) + 𝜌𝐶𝑂2
𝑐0

(6.8) 

Where c* indicates mass based concentration and c denotes concentration by 

volume as measured by the gas analyser. The annulus concentration, ca, was measured 

one axial chord upstream of the vane leading edge. The concentration within the wheel-

space, cs, was measured through the static taps and pitot tubes on the stator wall and the 

purge flow concentration, c0, was measured through a tap in the purge line. In all cases 

the purge flow concentration was fixed at 10% CO2 by volume. 
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Figure 6.9: Effect of sealing flow rate on radial distribution of effectiveness in the wheel-space. 

 

 

Figure 6.10: Variation of effectiveness with sealing flow rate at r/b = 0.9 & 0.979. 

As indicated in Figure 6.9, ingress occurred in all three sealing flow rate cases and 

as the wheel-space is pressurised relative to the annulus the effectiveness increases. The 

effectiveness is largely invariant with radius in the inner wheel-space. In the outer wheel-

space the effectiveness is significantly lower, and the maximum effectiveness occurs at 

the bottom of the outer wheel-space on the stator wall. This is due to sealing flow being 

pumped up the rotor-side seal lip and recirculating. 

Figure 6.10 shows that the rotational Reynolds number has a negligible impact on 

the distribution of effectiveness. As the sealing flow rate increases and pressurises the 

wheel-space eventually ingestion through the rim seal is prevented. There is an observed 
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inflexion between 0.02 < Φ0 < 0.05, which has been reported in existing literature to be 

attributed to the rotor blades (Hualca et al., 2020). 

6.3 Implementation of IR-PLIF in the LAR 

The final section of this chapter draws on the lessons learned from implementing 

IR-PLIF into the FCWT and how IR-PLIF could be applied to the LAR. 

The LAR was designed with an optical access window which allows viewing of the 

rim seal and the rotor stage. The optical access is 190 x 97 mm and made from sapphire 

with a specified scratch/dig of 80/50. Scratch/dig is a standardised tolerance indicating the 

maximum brightness and size of imperfections respectively. Sapphire has good 

transmission efficiency (>85% for a 10 mm sample) for both 532 nm and 4260 nm, the 

required fluorescence to be collected for VV and IR-PLIF respectively. The camera 

system (described in 4.2.2) is attached to a camera table connected to the LAR for 

viewing through the sapphire window. The camera focus can be adjusted using an inbuilt 

tuning in the camera. Importantly the thicker window and lower transmission efficiency 

compared to the silicon window in the FCWT will lower the SNR for IR-PLIF. Due to 

manufacturing difficulties, cost and the resilient materials properties of sapphire, this is the 

most appropriate option. 

To accommodate laser delivery, an opto-mechanical system that guides, 

collimates and introduces a light sheet is shown in Figure 6.13. A laser sheet can be 

introduced at three positions: over the rim seal (Figure 6.13(a)); illuminating the rotor 

passage from upstream of the rotor (Figure 6.13(b)); or illuminating the rotor passage from 

downstream of the rotor (Figure 6.13(c)). 

The following optical design was informed by the implementation of the laser sheet 

delivery system in the FCWT (described in section 4.3.2). As summarised in section 4.4 

the main objective was to minimise the number of optical elements as this would increase 

SNR by reducing laser attenuation. In all three cases the laser light is initially directed to 

the traverse entrance, passing through two gold mirrors used for sheet alignment. The 

laser light is then collimated through a calcium fluoride lens to fit through a borescope with 

a sapphire prism directing the light 90 degrees to the desired location. Before entering the 

traverse, the laser will pass through a large focal length cylindrical lens to transform the 

beam into a sheet. If necessary, the sheet can be collimated prior to the traversing 

system. This optical design is shown in schematic format in Figure 6.11. 

During laser sheet alignment in the FCWT it was discovered the most cost 

effective and straightforward method was to use two irises an appropriate distance apart 

to ensure the sheet was parallel and level. To align the laser sheet in the LAR, two irises 

made in-house and placed prior to the borescope ensure a parallel alignment with the 
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borescope core. The laser sheet can then be adjusted in location with respect to the span 

of the passage via the automated traverse. The laser and camera system can be 

synchronised with the rotor phase using a visible light and optical sensor that tracks the 

rotor phase position. As discovered in the FCWT this synchronisation is relatively trivial. 

 

Figure 6.11: Schematic of LAR optical design 

The upstream rotor passage (Figure 6.13(b)) is different to the other two systems 

in that the borescope fits into a cavity in one of the stator vanes. The vane has a plano-

convex window shaped to the vane profile and is made of N-BK7, which is transmissive to 

532 nm and 2000 nm but with a lower transmission efficiency in comparison to sapphire. 

Originally the IR-PLIF technique was scoped to use 2000 nm light as the excitation 

source, however as discovered when implementing IR-PLIF in the LAR fluorescence yield 

was far greater for a low energy laser system when tuned to 2700 nm. This new excitation 

wavelength does not transmit through N-BK7 therefore a new sapphire window has been 

sourced for implementation in the LAR. This change is straightforward due to the design 

of the LAR and a sapphire window will improve performance due to greater material 

properties irrespective of transmission efficiency. 

With regards to the laser delivery system, the laser light would be guided to the 

traverse system through a series of mirrors. This was initially in the form of a laser arm, 

but insight gained in this thesis during implementation of IR-PLIF in the FCWT indicates 

this would be inappropriate due to the high level of attenuation. The laser arm has 

approximately seven gold plated mirrors and as highlighted in Section 4.4. The goal when 

designing a laser sheet delivery system for IR-PLIF should be to minimise optical 

elements to reduce laser attenuation. Ultimately the same process can be done with two 
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gold mirrors although with a greater alignment difficulty. An extensive study was 

conducted on the potential use of fibre optics.  Multiple commercially available fibre optics 

suitable for 2000 nm were investigated, however light could not be successfully 

transmitted. A collaboration was undertaken with the Department of Physics to investigate 

the potential use of bespoke hollow core fibres more suitable for transmission of the laser 

from the current system. The technology is currently too immature and was deemed 

unsuitable at this time for implementation in the LAR. Therefore, two gold mirrors will be 

used instead for implementation of IR-PLIF in the LAR, at the cost of increased alignment 

time. 

 

Figure 6.12: Effect of integration time on rotor passage movement. 

Finally, with regards to the IR-PLIF system settings, little change between the 

FCWT and the LAR is required. The settings of the IR-PLIF system were optimised in 

Chapter 4. The only parameter which requires further investigation is the camera 

integration time (i.e. the capture time). In the static environment, the FCWT, a higher 

integration time of 100±0.15μs was used but for a rotating environment a similar 

integration time would result in a smearing of the result. For example, in the LAR this 

would result in an average of 5.4% of the blade passage at design conditions and 

therefore the exposure time should be lower at 40±0.15μs to reduce this smearing effect 

at the cost of SNR. This is highlighted in Figure 6.12. Reducing the integration time from 

100µs to 40µs has a small effect on fluorescence yield but reduces the passage 

movement during the capture period by approximately 2%. Below 40µs there is a greater 

reduction in fluorescence yield.  

Overall, the laser settings from the FCWT are equally appropriate for the LAR as 

this optimised laser output energy which should be as high as possible to increase SNR. 
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The output wavelength of 2700nm was found to be the most appropriate vibrational 

transition of the two possible to target with this laser system. The camera delay time 

should remain the same to maximise fluorescence unless reflections increase in the LAR 

(which is deemed unlikely). Finally, a calibration curve would be collected prior to each 

measurement campaign like IR-PLIF in the FCWT. The results from implementation of IR-

PLIF in the FCWT showed changes to flow structure had no impact on a calibration curve 

therefore the same process as applied in the FCWT can be applied to the LAR. 

6.4 Conclusions 

This chapter considered the lessons learned from the implementation of IR-PLIF in 

the FCWT and has presented how IR-PLIF could be applied to the LAR for the study of 

EWC. 

A new single-stage axial turbine facility was built and commissioned. The LAR was 

designed for the testing of EWC in the rotor passage with investigation of the fluid physics 

using VV and IR-PLIF. The modular design of the rig enables expedient, inexpensive 

interchange of the rotor and stator allowing concurrent investigation of different EWC, 

blade fillet and rim seal geometries. 

The commissioning results of the LAR indicate a turbulence intensity of 5% and a 

boundary layer thickness of 20% of the span. The inlet velocity profile agreed within 10% 

with a complementary CFD model. The results were shown to be insensitive to rotational 

Reynolds number and the introduction of sealing flow had a negligible effect on pressure 

coefficient over the vanes. The pressure coefficient on the stator hub decayed as distance 

downstream of the vane trailing edge increased. The wheel-space inner cavity was shown 

to be consistent with Batchelor-type flow models for rotating cavities. 

The optical design of the LAR was improved based on the studies conducted in the 

development of IR-PLIF. The original design incorporated a N-BK7 vane window which 

would not transmit the 2700 nm wavelength utilised in the IR-PLIF system. As a result, a 

new sapphire window was sourced which would need to be implemented before IR-PLIF 

could be used in the LAR to study the upstream half of the rotor passage. Lessons from 

implementing IR-PLIF in the FCWT resulted in an altered optical delivery system with 

minimal optical elements to optimise fluorescence yield. The only investigation that would 

need to be conducted in the LAR prior to IR-PLIF measurements would be a study of 

integration time. A higher integration time was shown to be more appropriate for a steady 

state environment but for a rotating environment this would reduce the assessment of 

transient flow features and result in a ‘smearing’ of the measurement across the blade 

passage. No other changes except equipment setup are required to the IR-PLIF system to 

begin measurements in the LAR. 
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Figure 6.13: Laser delivery systems for introduction of light upstream of the rotor. (a) Laser sheet over rim 
seal. (b) Laser sheet through the blade passage from upstream of the rotor. (c) Laser sheet through the blade 

passage from downstream of the rotor. 

(a) 

(b) 

(c) 
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Chapter 7 

7. Conclusions 

This chapter aims to consolidate the overall conclusions from the entirety of the 

thesis. The conclusions are then followed by a section on possible ideas to improve the 

IR-PLIF technique or further work as an extension of this area of research. 

7.1 Implementation of IR-PLIF in the FCWT 

The conclusions from this area of research within this thesis aim to inform future 

researchers hoping to either using the IR-PLIF system at the University of Bath or aid 

other researchers in implementing their own IR-PLIF systems: 

• Low energy laser systems like the one at the University of Bath should 

target the (0000) → (1001) vibrational transition (2700 nm) since it 

produces a much greater fluorescence yield than the (0000 → 2001) 

transition (2000 nm) due to the higher absorptivity coefficient. The 

increased fluorescence negates higher laser attenuation and non-linear 

calibration.  

• For low energy laser systems, the relationship between fluorescence yield 

and laser output energy is linear and the laser energy output has a 

negligible effect on a normalised calibration curve. 

• Researchers should minimise optical elements in laser sheet construction 

in IR-PLIF due to laser attenuation and the subsequent reduction in 

fluorescence yield. Researchers using IR-PLIF should conduct a cost-

benefit analysis of laser sheet thickness with alignment practicality. 

• A longer camera integration (or exposure) time results in more 

fluorescence however after (in this case) 100µs little benefit is observed 

due to background saturation.  

• However, a longer camera integration will less confidently capture transient 

flow. Researchers must undertake a cost benefit analysis of integration 

time versus capturing the transient nature of the flow, for steady state 

investigations integration time should be maximised while insuring not to 

saturate the measurement with background data.  

• As a rule, the shorter the camera delay time the more fluorescence yield 

but a delay time can help to mitigate laser reflections. 

• Generally little post-processing is required for IR-PLIF measurements. A 

background correction is usually required. A reflection subtraction could 

improve measurement interpretability at the cost of measurement 

uncertainty and a dark image subtraction was never required. A 3x3 
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median filter was usually also applied to improve measurement 

interpretability. 

• During calibration, changes in flow structure were found to have a 

negligible effect on a normalised calibration curve. A normalised calibration 

curve could be captured with confidence before each measurement 

campaign. 

7.2 IR-PLIF Measurements of Film Cooling Jets 

IR-PLIF was validated against gas analyser measurements and captured the same 

qualitative trends. The differences quantitatively could be attributed to higher experimental 

uncertainty with the IR-PLIF technique. The two different measurement techniques 

showed how the lack of resolution in gas analyser results can create an incomplete 

understanding of the fluid physics. Secondly IR-PLIF has a substantially reduced data 

acquisition time which has an associated reduction in experimental cost. 

The IR-PLIF results yielded valuable insights into film cooling jet flow structure. IR-

PLIF clearly showed the formation of kidney vortices and jet lift off for film cooling jets at 

high momentum flux ratios along with the following findings:  

• Beyond a jet trajectory (s) to hole diameter ratio (D) of 1 the centreline 

concentration will decay at a rate of s-1.3 in the near field regardless of 

momentum flux ratio or boundary layer thickness. 

• IR-PLIF clearly captures the detachment of the jet from the film cooling 

surface at an IR = 1.60 with the detachment point moving upstream as 

momentum flux ratio increases. 

• A fixed jet detachment location of around x/D = 2.5 above a unity velocity 

ratio was discovered.  

Finally, a novel comparison of the locus of film cooling effectiveness (calculated 

from IR-PLIF measurements) compared to the kidney vortex location (using volumetric 

velocimetry data from the literature) showed a cross-over point exists where the locus of 

effectiveness exceeds kidney vortex location in z/D regardless of momentum flux ratio at 

about x/D = 4. This trend was not captured in the gas analyser measurements likely due 

to the lack of resolution or the invasive nature of the measurement technique, further 

highlighting the value in IR-PLIF measurements. 

7.3 Implementation of IR-PLIF in the Large Annulus Rig 

A new single-stage axial turbine facility, the Large Annulus Rig (LAR), was built 

and commissioned. The LAR was designed for evaluating EWC in the rotor passage with 

investigation of the fluid physics using VV and IR-PLIF. The modular design of the LAR 
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enabled expedient, inexpensive interchange of the rotor and stator allowing concurrent 

investigation of different EWC, blade fillet and rim seal geometries. 

The optical design of the LAR was improved based on the studies conducted in the 

development of IR-PLIF. The original design incorporated a N-BK7 vane window which 

does not transmit 2700 nm wavelength utilised in the IR-PLIF system. A new sapphire 

window was sourced which would need to be implemented before IR-PLIF could be used 

in the LAR to study the upstream half of the rotor passage. An altered optical delivery 

system with minimal optical elements to optimise fluorescence yield was designed. The 

only investigation that would need to be conducted in the LAR prior to IR-PLIF 

measurements would be a study of integration time. A larger integration time was shown 

to be more appropriate for a steady state environment but for a rotating environment this 

would reduce the assessment of transient flow features and result in a ‘smearing’ of the 

measurement across the blade passage. No other changes except equipment setup are 

required to the IR-PLIF system to begin measurements in the LAR. 

7.4 Impact of Research 

The work in this thesis has demonstrated IR-PLIF to be a powerful tool for 

investigating fluid flows in turbomachinery. The non-invasive, high-resolution data 

generated by IR-PLIF provides powerful insights not available with traditional low 

resolution, experimentally time-consuming techniques for measuring gas concentration. 

The best practice for IR-PLIF developed in this thesis mean that researchers who have 

access to an IR camera and a CO2 laser targeted at either 2000nm or 2700nm can use 

this work to efficiently implement and optimise their own system to study gas 

concentration in a large variety of contexts. Clear guidance is provided for to the effect of 

laser output wavelength, camera integration time, laser sheet construction in relation to 

IR-PLIF, post-processing and calibration. 

The application of IR-PLIF to investigate film cooling jets demonstrates how the 

gas concentration, fluid trajectory or fluid flow interactions can be explored in detail where 

CO2 is utilised either to mimic cooling flow, as was done in this context, or as a seeding 

flow. This has a distinct advantage over traditional PLIF techniques since CO2 is low cost, 

abundantly available, and non-toxic in low concentrations. The IR-PLIF measurements in 

this thesis also demonstrate the value of monitoring a species concentrated field, since 

velocity measurements or more traditional/invasive measurement techniques are not able 

to capture the full insight of fluid trajectory or fluid flow interactions. 

The effectiveness of the development method through a series of applications 

incrementally building complexity enabled a comprehensive understanding of the 

implementation of the IR-PLIF technique to a turbomachinery environment. Experience 

garnered from applying IR-PLIF to film cooling jets has already been used for future 
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application to a more complex rotating environment for investigating EWC. The generality 

of the IR-PLIF technique has been demonstrated through multiple applications 

documented in this thesis. The conclusions reported in Section 7.1 are applicable to a 

wide range of research scenarios. It is hoped that IR-PLIF will be employed by other 

researchers, both to augment existing fields (such as film cooling) or to permit new 

research avenues. 

7.5 Future Work 

The modular design of the LAR allows for simultaneous investigation of different 

rim-seals; EWC designs; and density ratios between the main flow and sealing flow. Three 

EWC rotor blings were manufactured during this PhD. A further student is undertaking the 

performance evaluation of these designs. 

The implementation of IR-PLIF in the FCWT paves the way for implementation of 

the technique in the LAR. However, before this can take place, the NBK-7 window in the 

transmissive vane needs to be replaced with the sourced sapphire window to allow 

transmission of a 2700 nm wavelength laser source. Finally, a study needs to be 

conducted to understand if 40 µs integration time produces a satisfactory SNR. Once 

these changes have been completed IR-PLIF can be used in the LAR to study turbine 

rotor stages and EWC. 

The implementation of IR-PLIF in the FCWT enables extensive film cooling testing 

to be conducted due to the modular design. This allows for investigation of different hole 

geometries, the effect of density ratio, the effect of momentum flux ratio or the effect of 

boundary layer thickness (etc.). A follow-on project with a new PhD student has since 

continued IR-PLIF investigations of film cooling in the FCWT along with implementing a 

matched-Biot technique to obtain the surface temperature profile. This new study is 

investigating the effect of density ratio on the current film cooling hole geometries before 

studying different hole geometries in collaboration with the industrial partner. 

The main limitation of the IR-PLIF was the output energy from the laser source and 

the output linewidth, being far smaller and far larger than previous applications, 

respectively. Future investment in the IRPLIF system should focus on improving the laser 

system itself. Lumibird (the manufacturers of the current laser) were consulted about 

potential improvements to the setup however it is currently being operated at its full 

potential. It was recommended that to improve the IR-PLIF system a CO2 laser should be 

acquired, as advised by Kirby & Hanson (2001) and Zhou et al. (2017). These laser 

systems are far simpler to maintain and use in comparison to a dye laser. They are 

smaller and more compact and can be easily moved around laboratory space. Current 

commercial options produce in some cases 16 times the current energy output of the Bath 

IR-PLIF laser system at a smaller linewidth. A laser system such as this would enable use 
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of the narrow bandpass filter in the IR camera, negating reflections. This should result in a 

lower minimum detection and improve the interpretability of results. This would also 

reduce the experimental uncertainty and reduce the need for reflections 

capture/subtraction, decreasing experimental runtime. Ideally the laser energy would also 

be monitored by diverting a small portion of the laser energy via a beam splitter to an 

energy meter. A laser energy correction could then be applied to individual captures. The 

current laser system energy output was too small to enable this methodology however a 

CO2 laser with a much larger output could accommodate this improvement, further 

reducing experimental uncertainty. 

Finally, some previous applications (Kirby & Hanson (2001)) employed a dual 

camera technique. This enabled the thermal background to be captured prior to the laser 

firing. This reduced the temporal resolution to a few microseconds between thermal 

background and PLIF captures, increasing the efficacy of the background subtraction. 

This increases experimental complexity by complicating the spatial alignment but would 

improve the SNR. This improvement along with improved SNR by the above 

recommendations to the laser system could enable a reduced capture time enabling 

single shot captures and as a result transient measurement. 
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Appendix A 

A. Uncertainty Analysis 

The uncertainty analysis was performed as per Moffat (1988). The method is a systemic 

procedure for including all possible sources of uncertainty. The method is based on 

equation A.1 where R is the calculated quantity, xi are the contributing variables and n is 

the number of contributing variables. 

𝛿𝑅 =  ± [∑ (
𝜕𝑅

𝜕𝑥𝑖
𝛿𝑥𝑖)

2𝑛

𝑖=1

]

1
2

(𝐴. 1) 

A.1 Pressure 

The pressure measurements employed a single pressure transducer. The output pressure 

p is calibrated as a function of the voltage output with an in-house pressure calibrator. 

There are three contributions to the pressure measurement uncertainty: the pressure 

calibrator uncertainty, 𝛿(𝛼𝑝); the uncertainty in the linear calibration fit, 𝛿(𝛽𝑝); and the 

accuracy of the pressure transducer, 𝛿(𝛾𝑝). 
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(𝐴. 3) 

A.2 Freestream Velocity 

The freestream velocity was calculated using the incompressible flow equation. 

𝑈∞ = √
2(𝑝0 − 𝑝)

𝜌
(𝐴. 4) 
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(𝐴. 5) 

A.3 Mach Number 

The Mach number was calculated using the freestream velocity and is defined as: 

𝑀 =
𝑈∞

√𝛾𝑅𝑇
(𝐴. 6) 
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A.4 Mass Flow 

The mass flow is defined as: 

�̇� = 𝜌𝐴𝑈 (𝐴. 8) 

𝛿(�̇�) = ±√(𝐴𝑈𝛿(𝜌))
2

+ (𝜌𝑈𝛿(𝐴))
2

+ (𝜌𝐴𝛿(𝑈))
2

(𝐴. 9) 

If the mass flow is used to calculate the velocity the uncertainty becomes: 

𝛿(𝑈) = ±√(
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A.5 Film Cooling Parameters 

Density ratio (DR), velocity ratio (VR), blowing ratio (BR) and momentum flux ratio (IR) are 

defined as: 

𝐷𝑅 =
𝜌𝑐

𝜌𝑚

(𝐴. 11) 

𝑉𝑅 =
𝑈𝑐

𝑈𝑚

(𝐴. 12) 

𝐵𝑅 = 𝐷𝑅 × 𝑉𝑅 (𝐴. 13) 

𝐼𝑅 = 𝐷𝑅 × 𝑉𝑅2 (𝐴. 14) 

The uncertainties are therefore: 

𝛿(𝐷𝑅) =  ±√(
1

𝜌𝑚
𝛿(𝜌𝑐))

2

+ (
𝜌𝑐

𝜌𝑚
2 𝛿(𝜌𝑚))

2

(𝐴. 15) 

𝛿(𝑉𝑅) =  ±√(
1

𝑈𝑚
𝛿(𝑈𝑐))

2

+ (
𝑈𝑐

𝑈𝑚
2 𝛿(𝑈𝑚))

2

(𝐴. 16) 

𝛿(𝐵𝑅) =  ±√(𝐷𝑅 × 𝛿(𝑉𝑅))2 + (𝑉𝑅 × 𝛿(𝐷𝑅))2 (𝐴. 17) 

𝛿(𝐼𝑅) =  ±√(𝐷𝑅 × 𝑉𝑅 × 𝛿(𝑉𝑅))2 + (𝑉𝑅2 × 𝛿(𝐷𝑅))2 (𝐴. 18) 
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A.6 Hot-Film 

The Hot-Film was calibrated using the response of a calibrated static-pitot probe 

compared to the Hot-Film response in the same conditions. The Hot-Film use a power law 

calibration curve. The uncertainty has three contributions: the uncertainty of the 

freestream velocity measurement with the static-pitot probe, 𝛿(𝑈∞) (equation A.5); the 

uncertainty in fitting the power law calibration curve, 𝛿(𝛽𝐻𝐹); and the accuracy of the hot-

film constant temperature anemometer card, 𝛿(𝛾𝐻𝐹). 

𝛿(𝑈)

𝑈∞
= ±√𝛿(𝑈∞)2 + 𝛿(𝛽𝐻𝐹)2 + 𝛿(𝛾𝐻𝐹)2 (𝐴. 19) 

𝛿(𝛽𝐻𝐹) = √
1

𝑛
∑ (

𝑈𝑓𝑖𝑡 − 𝑈

𝑈
)

2𝑛

𝑖=1

(𝐴. 20) 

A.7 Sealing Flow Parameter 

The sealing flow parameter is defined as: 

Φ0 =
�̇�0

2𝜋𝜌0𝑠𝑐Ω𝑏2
(𝐴. 21) 

Where 

�̇�0 = �̇�0,𝑎𝑖𝑟 + �̇�0,𝐶𝑂2 (𝐴. 22) 

We compute the density of the purge flow by: 

𝜌0 =
(𝑃0 + 𝑃𝐵)�̇�0

𝑅𝑢�̇�0𝑇0

(𝐴. 23) 

Where the total mole flow rate: 

�̇�0 = (
�̇�0,𝑎𝑖𝑟

𝑀𝑎𝑖𝑟
+

�̇�0,𝐶𝑂2

𝑀𝐶𝑂2
) (𝐴. 24) 

The uncertainty is therefore: 

(
𝛿Φ0

Φ0
)

2

= (
𝑀𝐶𝑂2

�̇�0
𝛿�̇�0,𝑎𝑖𝑟)

2

+ (
𝑀𝑎𝑖𝑟

�̇�0
𝛿�̇�0,𝐶𝑂2)

2

+ (
𝛿𝑃0

𝑃0 + 𝑃𝐵
)

2

+ (
𝛿𝑃𝐵

𝑃0 + 𝑃𝐵
)

2

+ (
𝛿𝑇0

𝑇0
)

2

+ (
𝛿Ω

Ω
)

2

(𝐴. 25) 

 

A.8 Concentration Effectiveness 

The effectiveness is defined as: 

휀𝑐 =  
𝑐𝑠

∗ − 𝑐𝑎
∗

𝑐0
∗ − 𝑐𝑎

∗ (𝐴. 26) 
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𝑐𝑠
∗ =

𝜌𝐶𝑂2

𝜌𝑎𝑖𝑟 ∙ (𝑐0 − 𝑐𝑠) + 𝜌𝐶𝑂2 ∙ 𝑐𝑠
∙ 𝑐𝑠 (𝐴. 27) 

𝑐𝑎
∗ =

𝜌𝐶𝑂2

𝜌𝑎𝑖𝑟 ∙ (𝑐0 − 𝑐𝑎) + 𝜌𝐶𝑂2 ∙ 𝑐𝑎
∙ 𝑐𝑎 (𝐴. 28) 

𝑐0
∗ =

𝜌𝐶𝑂2

𝜌𝑎𝑖𝑟 ∙ (𝑐0 − 𝑐0) + 𝜌𝐶𝑂2 ∙ 𝑐0
∙ 𝑐0 (𝐴. 29) 

Where the star denotes mass based concentration and the lack of a superscript indicates 

a volumetric based concentration. The uncertainty is therefore: 

𝛿휀𝑐 = ±√(
𝜕휀𝑐

𝜕𝑐𝑠
𝛿𝑐𝑠)

2

+ (
𝜕휀𝑐

𝜕𝑐𝑎
𝛿𝑐𝑎)

2

+ (
𝜕휀𝑐

𝜕𝑐0
𝛿𝑐0)

2

(𝐴. 30) 

A.9 Pressure Coefficient 

The pressure coefficient is defined as: 

𝐶𝑝 =
𝑃 − 𝑃𝑇,𝑎

1
2 𝜌𝑎Ω2𝑏2

(𝐴. 31) 

The density of air in the annulus is calculated with: 

𝜌𝑎 =
𝑃𝑎 + 𝑃𝐵

(
𝑅𝑢

𝑀𝑎𝑖𝑟
) 𝑇𝑎

(𝐴. 32)
 

Hence, the uncertainty in 𝐶𝑝 (annulus measurements) is: 

(
𝛿𝐶𝑝

𝐶𝑝
)

2

= (
𝛿𝑃

𝑃 − 𝑃𝑇,𝑎
)

2

+ + (
𝛿𝑃𝑇,𝑎

𝑃 − 𝑃𝑇,𝑎
)

2

+ (
𝛿𝑇𝑎

𝑇𝑎
)

2

+ (
𝛿𝑃𝑎

𝑃𝑎 + 𝑃𝐵
)

2

+ (
𝛿𝑃𝐵

𝑃𝑎 + 𝑃𝐵
)

2

+ (2
𝛿Ω

Ω
)

2

(𝐴. 33)
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A.10 Summary 

Table A.1 & Table A.2 present the estimated LAR measurement uncertainty and 

instrument specification respectively and Table A.3 &   
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Table A.4 present the FCWT measurement uncertainty and instrument specification 

respectively. 

Table A.1: Estimated LAR measurement uncertainty. 

𝛿Φ0/Φ0 𝛿𝜌0/𝜌0 𝛿휀0/휀0 𝛿𝐶𝑝/𝐶𝑝 

± 0.2% ± 0.21% ± 3% ± 3.7% 

 

Table A.2: LAR instrumentation specifications 

𝑋𝑖 𝛿𝑋𝑖 Scale Range Instrument 

𝑃𝑔 ± 2 Pa 2 kPa 0.3 PSI-D-HGRADE-MV 

𝑃𝑎, 𝑃0 ± 35 Pa 35 kPa 5 PSI-D-HGRADE-MV 

𝑃𝐵 ± 50 Pa 75 to 125 kPa Pi642P-.75-1.25BARA-0.1 

𝑇𝑎, 𝑇0 ± 0.5 K 3 to 1530 K K-type Thermocouple 

Ω ± 1 rpm 6000 rpm 34kW AC Dynamometer 

�̇�0,𝐶𝑂2 ± 0.8 % Read, ± 0.2 % Full Scale 3.0 kg/minute MCR-1500SLPM-D 

�̇�0,𝑎𝑖𝑟 ± 1 % Read, ± 0.5 % Full Scale 2.9 kg/minute F-206AI-ABD-00-V 

�̇�𝑎 ± 1 % Read, ± 0.5 % Full Scale 1.7 kg/s 780S-NAA-F9-EN2-P2-V3-DD-0 

𝑐𝑠, 𝑐𝑎 , 𝑐0 ± 0.5 % Full Scale 100 % CO2 9120MG Multi Gas Analyser 

 

Table A.3: Estimated FCWT measurement uncertainty. 

𝛿𝑃/𝑃 𝛿𝜌0/𝜌0 𝛿휀0/휀0 𝛿𝐶𝑝/𝐶𝑝 𝛿𝑈∞/𝑈∞ 

± 0.91% ± 1% ± 3% ± 3.7% ± 0.81% 

     

𝛿𝐷𝑅/𝐷𝑅 𝛿𝑉𝑅/𝑉𝑅 𝛿𝐵𝑅/𝐵𝑅 𝛿𝐼𝑅/𝐼𝑅 𝛿𝑈/𝑈 

± 1.41% ± 2.58% ± 2.94% ± 5.35% ± 1.27% 
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Table A.4: FCWT instrumentation specifications 

𝑋𝑖 𝛿𝑋𝑖 Scale Range Instrument 

𝑃 ± 0.8% 10kPa ESI PR3202 

�̇�0,𝐶𝑂2 ± 0.8 % Read, ± 0.2 % Full Scale 3.0 kg/minute MCR-1500SLPM-D 

𝑐𝑠, 𝑐𝑎 , 𝑐0 ± 0.5 % Full Scale 100 % CO2 9120MG Multi Gas Analyser 
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