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Abstract

The current growth in the global civil air traffic has led to new and more

severe limitations on aero-engines pollutant emissions, especially regarding

NOx. To overcome these limits, the control of the combustion tempera-

ture through the introduction of lean combustion has been widely recognized

as the most promising solution. In addition to enforcing challenges related

to flame stabilization and fuel/air mixing, the introduction of lean combus-

tion led to a completely different flow field evolution inside the combustion

chamber. Up to 70% of the total air flow is generally headed to the injec-

tion system, for fuel/air mixture preparation; consequently, new and more

efficient liners cooling concepts, such as effusion cooling, must be adopted

and dilution holes, that are typical of traditional RQL combustors, are not

present. Therefore the highly swirling structures created by the injectors,

in order to improve fuel/air mixing and combustion process stability in the

primary zone, as well as the hot spots, due to discrete fuel injection, hardly

interact with cooling flows and live up to the chamber exit. As a result,

the typical outflow of these modern combustors is characterized by enhanced

temperature distortions, called hot streaks, an aggressive degree of swirl and,

consequently, a highly unsteady behaviour. Despite the effect of pressure and

temperature non-uniformity on the high pressure turbine behaviour has been

widely documented in the last fourty years, very little literature and indus-

trial experience exist when it comes to evaluate the effect of these enhanced

distortions and swirling flows. Moreover, these kind of highly unsteady flow

fields significantly challenge the reliability of numerical codes and modelling

strategies, mainly based on Reynolds-Averaged Navier-Stokes (RANS) mod-

els, that are generally adopted for the prediction of the turbine module per-
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formance. Therefore, new experimental studies have been promoted, in order

to deepen the knowledge of the combustor-turbine interaction behaviour, val-

idate CFD codes dedicated to its design and promote an integrated design

philosophy for turbine and combustor modules.

From an experimental point of view, a few studies have been carried out

in recent years to evaluate the effects of either swirling flows or enhanced

temperature distortions separately on the turbine performance. No rele-

vant literature is nowadays available regarding the study of both phenomena

together, since severe challenges arise in the design of non-reactive lean com-

bustor simulators aimed at reproducing both aspects. In non reactive, highly

swirling flows, in fact, different phenomena that are damped in reactive con-

ditions by the heat release effect, can significantly affect the overall flow field,

making the achieved results far from the target.

Within this research framework, a three-sector rig made by a combus-

tor simulator and a nozzle guide vane cascade, was installed at THT Lab

(Laboratory of Technologies for High Temperature) of University of Florence.

In the combustor simulator, representative temperature distortions and swirl

field are generated through the mixing of a heated swirling mainflow, passing

through three axial swirlers, and liner cooling flows at ambient temperature.

The nozzle guide vane geometry and film-cooling system were designed in

order to adapt to the expected inlet flow field, according to preliminary mea-

surements at the combustor exit; tangentially averaged radial profiles were

used as inlet conditions, as it is common for this kind of procedures. In

the present study the the combustor simulator flow field has been charac-

terized, without the NGV cascade, thanks to PIV measurements carried out

inside the chamber. Afterwards the test rig has been upgraded by adding

the film-cooled NGV module at its exit. A thorough experimental campaign

has been then carried out with the goal of evaluating both the effect of

the distorted combustor outflow on the NGV module and the flow field and

temperature pattern migration through the cascade. In particular, five hole

probe and temperature measurements have been carried out upstream and

downstream of the NGV in order to characterize the hot streaks migration

and the aerodynamic behaviour of the cascade; hot wire measurements have
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also been carried out in the same positions to evaluate the turbulence in-

tensity pattern at combustor exit and its modification through the cascade.

Furthermore adiabatic effectiveness measurements have been performed on

the cooled airfoils, in order to assess the impact of the highly swirling com-

bustor outflow on the film cooling capabilities.

The characterization of the combustor simulator, through both PIV mea-

surements inside the chamber and aerothermal and turbulence measurements

at combustor exit, demonstrated that the test rig was a useful test case for

the study of combustor-turbine interaction problems for modern aero-engines.

An aggressive swirl field was, in fact, detected at the combustor simulator

exit, together with significant turbulence intensities in its core. Marked tem-

perature distortions were found as well. The second part of the campaign

has highlighted several phenomena induced in the NGV behaviour by the

combustor outflow. The focus was placed first on the evaluation of the aero-

dynamic field and of the turbulence pattern in isothermal conditions. This

information was also used as boundary conditions for the investigation of

the film-cooling performance, through the adiabatic effectiveness measure-

ments. Finally the hot streaks migration within the highly swirling flow was

evaluated through measurements in design point conditions, heating up the

swirling flow. This investigation constitutes one of the first of its kind and

complements the large amount of data regarding hot streaks migration within

uniform flow fields. The residual swirl convected in the cascade was found to

be the driving force that influenced all the investigated aspects: significantly

different outcomes, with respect with the ones that are normally expected

for uniform inflows were evidenced. This research provides a deep overview

of the effects induced by a representative lean-burn combustor outflow on a

high-pressure nozzle guide vane. Results have been used to highlight where

and how such a complex flow field can challenge the reliability of a traditional

design procedure; they also constitute a large experimental dataset that can

be exploited to tune CFD codes and, in turn, validate modelling strategies

and influence design practices.

The activities of this Ph.D. course has been carried out within the Euro-

pean FACTOR (Full Aerothemal Combustor-Turbine interactiOn Research)
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collaborative project (Grant Agreement FP7-265985) and the National In-

terest Project, promoted by the Italian Ministry of Education, Universities

and Research (MIUR), called INSIDE (aerothermal INvestigation of cooled

Stage turbIne: Design optimization and Experimental analysis).
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1.1 Development of Modern Aero-engine

One of the greatest impacts of gas turbines development is related to air-

craft propulsion. Turbine jet propulsion was introduced during the 1930s,

thanks to two separated studies carried out by Hans von Ohain, who was

granted a patent for his turbojet engine in 1936, and English Royal Air

Force engineer Frank Whittle, who was the first to register a patent for a

turbojet engine in 1930 (Fig. 1.1). Hans von Ohain’s turbojet engine was

the first to fly in 1939, followed by Frank Whittle’s one in 1941.

Since then, gas turbine engines have rapidly became the standard for air-

craft propulsion, allowing higher flight speeds and increased efficiency and

power/weight ratios. Even if the operating principles have been kept sub-

stantially unchanged from the prototype of Whittle and von Ohain, gas tur-

bine aero-engine have experienced a rapid growth in the last decades, mainly
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Figure 1.1: Whittle’s first experimental jet engine (painting by Rod Lovesey - Midland

Air Museum)

aimed at increasing reliability and performance, in the form of specific fuel

consumption (SFC) and thrust/weight ratios: almost seven times superior

thrust/weight ratios have been achieved [1] (Fig. 1.2)

The standard for modern civil aero-engines has been set to turbofan en-

Figure 1.2: Thrust/Weight ratio advancements for aero-engines [1]
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Figure 1.3: Sketch of Rolls Royce Trent XWB (www.rolls-royce.com)

gines, which make use of a large fan at the intake to obtain a high by-pass

ratio and a reduced SFC. In order to increase efficiency and specific power

of this configuration, the advances in blade cooling technologies and high-

temperature materials have allowed to increase the turbine inlet temperature

(TIT) beyond 2000K; at the same time, overall pressure ratios (OPR) have

been increased, thanks to the improved performance of modern fan and com-

pressors. Moreover multi-shaft configurations have been adopted to take

advantage of various rotational speeds of the shaft for different parts of the

engine. Figure 1.3 depicts a sketch of the Rolls Royce Trent XWB , a large

turbofan engine, powering aircraft Airbus A350, featuring a three-shaft con-

figuration and OPR and bypass ratio of 50 and 9.6 respectively.

Despite aero-engines have nowadays reached a highly advanced level, a lot

of research fields still exist. In the next twenty years the global air traffic is

forecast to grow at an expected annual rate of about 4.1% [2]. This forecast

makes the environmental impact of civil aviation one of the most relevant

challenge related to its further development, with the aim of matching the

goals set by ACARE (Advisory Council for Aeronautical Research in Europe
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[3]) by 2020. In details, the following targets have been set:

• reduction of fuel consumption and CO2 emissions by 50% per pkm

• reduction of fuel consumption and NOx emissions by 80%

• reduction of perceived noise by 80%

• reduction of the environmental impact of the manufacture, maintenance

and disposal of aircraft and related products

In order to strict these requirements, aero-engine manufacturers have been

forced to either try to increase the engine SFC or explore improved technolo-

gies to damp pollutant emissions.

In recent years the European Community has prmoted several research

projects, such as NEWAC 1 and LEMCOTEC 2, aimed at developing and val-

idating novel core engine configurations. Most of these configurations make

use of intercooled compression and regeneration, in order to significantly in-

crease the thermodynamic cycle efficiency, as sketched in Fig. 1.4. Among

the first ones, the Variable Flow-Path Intercooler [4], which uses a set of

valves that allows to either use the intercooler or bypass it to adapt to the

operating condition, and the Reverse-flow Core Intercooler Turbofan [5] have

been investigated.

Another configuration worth of note is the Composite Cycle Engine [7],

aimed at combining the benefits of piston engine and turbofan architecture,

by replacing the high pressure section with a piston system. The turbo

components deliver thrust and pressurize the piston system, so to use the

superior power-to-weight ratio and reliability of turbo engines; at the same

time, during the combustion in the piston engine, pressure rises and very high

temperature peaks are reached due to short exposure times [8]. A schematics

is shown in Fig. 1.5.

Nevertheless, all the mentioned solutions, having to cope with drawbacks

and limitations, such as the increase in size and weight and reliability issues,

are not fully mature and necessitate further research and development; none

1NEW Aero-Engine Core concepts
2Low EMissions COre-engine TEChnologies
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Figure 1.4: Schematics of intercooled and recuperative core-engine concepts [6]

Figure 1.5: Schematics of composite cycle engine concept (www.bauhaus-luftfahrt.net)

of them is foreseen to entry into service before 2030-2035. Therefore, in

order to increase the engine thermal efficiency in the short terms, the same

research goals that have allowed the aero-engine development in the last

decades are still pursued, even if nowadays they allow reduced improvements.

The increase in OPR, up to 70 for large turbofan, and the development and
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Figure 1.6: Effect of OPR on thermal efficiency for conventional and innovative core-

engine [6]

optimization of cooling systems, in order to either increase the TIT or reduce

the coolant mass flow rate, are still among the main development trends. In

a second phase, around 2030 and later, when novel technologies like inter-

cooling will be ready, it could be possible to integrate them in high OPR

thermodynamic cycles, in order to achieve a significant improvement in fuel

consumption, as reported in Fig. 1.6.

On the other hand, new combustion technologies for pollutant emissions

reduction have been widely explored in recent years; in the next sections a

brief account of both the most important aero-engine sources of emission and

of their combustion systems characteristics can be found.

1.2 Pollutant emissions for aero-engines

In general, the exhaust gases of a turbine aero-engine are composed of

particulate material and different gaseous species, depending on the fuel com-

position and on the portion of air that doesn’t take part in the combustion

process. In order to quantify the weight of the different species to the global

emissions, the following composition can be considered as a typical one, in

abstract terms and without referring to specific engines or technologies:
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Figure 1.7: Dependence of NOx, UHC and CO emissions with the air/fuel ratio

• CO: below 50 ppm

• UHC: below 10 ppm

• NOx: 200-300 ppm (for combustors without NOx reduction technolo-

gies)

NOx emission is considered the main threat to civil air traffic growth;

ICAO-CAEP standards impose a nitric oxides emissions reduction of 80% by

2020. Apart from the fuel composition, CO and NOx emissions mainly de-

pend on the fuel/air ratio and on the combustion temperature. As sketched

in Fig. 1.7, they have an opposite trend: CO emissions, as well as UHC

ones, reach their maximum for either very lean or very rich mixtures, due to

incomplete combustion; on the other hand NOx emissions have their maxi-

mum impact for air/fuel ratios slightly higher than the stoichiometric value,

due to their generation mechanism.

In general different “typologies” of NOx can be produced depending on

their generation mechanism; they are commonly divided in the following
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cathegories:

• Prompt NOx: generated in the very first part of the combustion process

by the reaction of atmospheric nitrogen, N2, with radicals such as C,

CH, and CH2 fragments derived from fuel

• NO2 pathway : starting from nitrous oxide (N2O), or Fuel NOx, due to

the fuel nitrogen content [9]

• Zeldovich Thermal NOx mechanism: an endothermic process that brings

to the formation of NOx in quantities that exponentially depend on the

combustion temperature

The predominant generation mechanism, as demonstrated by Zeldovich

et al. [10], is the last one; as a consequence, the maximum of NOx emissions

is achieved for slightly leaner than stoichiometric fuel/air mixtures, where

combustion temperatures are high and residual oxygen is available for nitro-

gen oxidation. Due to the opposite behaviour of NOx and CO emissions, in

terms of combustion temperature that maximizes their production (Fig. 1.7),

the design of NOx abatement technologies has to take care not to increase

CO emissions. The most followed way to pursue this necessity is to realize

combustion systems able to operate at a trade-off temperature, where both

species emissions are limited, as sketched in Fig. 1.8.

In the next section the most used technologies adopted to contain NOx

emissions will be discussed. It must be also reminded that the evolution

trends described in the previous section, in order to increase the cycle thermal

efficiency and indirectly reduce pollutant emissions, are somehow in contrast

with the necessity to keep the combustion process within certain temperature

limits: both an increase in OPR, due to the enhanced compressor delivery

temperature, and in TIT would led to higher combustion temperatures, and

so to an increase in thermalNOx, without proper adjustments. These aspects

place significant challenges in the pollutant emission abatement criteria and

led to the necessity of developing innovative concepts to strict the goal.
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1.3 Combustors for aero-engines

Combustion chambers are located in the very core of the Brayton-Joule

thermodynamic cycle and are subjected to the harshest conditions both in

terms of pressure and temperatures. Therefore, their design is a crucial part

of the engine design process and a lot of engineering field, such as chem-

istry, fluid dynamics, heat transfer and structural mechanics, are involved.

Furthermore, when considering the global engine performance, additional re-

quirements such as minimizing weight, front area and pressure losses, as well

as the amount of cooling air, must be considered.

Despite that, the development of aero-engine combustors, has reached

very high standards, with combustion efficiencies close to 100% and life ex-

pectancy up to many tens of thousands of hours [11]. By around 1950, the

most important features of conventional aero-engine combustors, as they are

known today, were already established. Due to the similar pressing needs

that characterize their design, most of the combustors that are currently in

Figure 1.8: Temperature range to reduce both NOx and CO emissions [11]
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service tend to resemble each other in several characteristics. In particu-

lar, the standard has rapidly set to annular combustors, since they allow

to minimize pressure losses, front area and weight, with respect to can and

can-annular combustors. As sketched in Fig. 1.9, the main components that

characterize this common architecture can be summarized in: the diffuser,

Figure 1.9: Example of an annular combustor chamber [12] and detailed view on a gen-

eral layout [13]
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with the goal of decreasing the inlet air flow velocity in order to minimize

the pressure losses; the cowl, a shaped structure that split the inlet flow into

the main flow and the cooling flow; the dome, which is the front end of the

combustor and acts as a shield, protecting the injectors from the burning

gases; the inner/outer liners, made of a thin metal sheet and cooled through

different techniques, they delimit the flame tube and protect the surround-

ings from the burning gases; the casing, which bonds the inner and outer

annuli (i.e. the passages for the liner cooling air) and is the structural shell

of the combustor. Other components, arguably the most important ones,

that characterize the combustion chamber architecture are the fuel injectors,

that have the goals of delivering the fuel and promoting the dominant flow

field structures, useful for air/fuel mixing and flame stabilization. Since they

can strongly differ from combustor to combustor, some details of their be-

haviour will be deepened in the next sections.

Despite the overall standardisation of these components, the need for al-

ways new requirements have pushed the manufacturer to recurrently adapt

combustors characteristics and design procedures. Regarding the need for

NOx emissions reduction, that has been the main guideline in the last 30

years, two main possibilities have been explored. Referring to Fig. 1.8, in

order to avoid the condition of peak temperature (i.e. maximum NOx for-

mation) designers can either choose to move towards high equivalence ratios,

as in the RQL (Rich-Quench-Lean) concept, which has been the standard

for a long time, or to opt for values of ϕ significantly below the unity (lean

combustion), as it has been explored in recent years. A brief account of both

configurations will be given in the following.

1.3.1 RQL combustors

The state of the art for Low − NOx aero-engine combustors has been

constituted for a long time by the so called RQL (Rich-Quench-Lean) com-

bustors; a sketch of a RQL combustor is reported in Fig. 1.10. They make

use of a rich primary zone (equivalence ratio ϕ = 1.2−1.6 at high load) where

fuel is directly injected and it mixes via turbulent and molecular diffusion

with part of the air flow from the compressor. The NOx formation is con-
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Figure 1.10: Sketch of a Rolls Royce Trent XWB combustor

trolled thanks to both the limited flame temperature and to the low oxygen

concentration, without compromising the flame stability in a wide operation

range. This primary zone has also the goal of generating a recirculating flow

that anchors the flame and provides sufficient resident time for fuel-air mix-

ture to carry on the combustion process. After the primary zone the burning

gases, rich in partially oxidized hydrocarbon species, hydrogen, and carbon

monoxide, encounter a dilution zone, where a big quantity of air is injected

through wall jets (“dilution holes”) in order to achieve a quick shift in the

air/fuel composition and to let the combustion process to be completed in

lean conditions (ϕ = 0.5− 0.7).

The critical passage in the process stays in the switch between rich and

lean conditions, since, due to the not ideal mixing between the burning gases

from the primary zone and the dilution air, some local zone with close to sto-

ichiometric conditions are generally created. As a result an enhancement of

the thermal NOx production rate occurs. Another drawback of this solution

stays in the fact that the secondary air used for liners cooling must be reduced

as more as possible, in order to prevent the formation of stoichiometric spots

in the rich primary zone. Fig. 1.11 shows the differences between the ideal

RQL combustors behaviour and the real one, characterized by a more intense

production of NOx. Even if RQL combustors behaviour allows to contain
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Figure 1.11: Comparison between (a) ideal and (b) real behaviour of a RQL combustor

pollutant emissions, their intrinsic characteristics represent a severe limita-

tion and prevent them to reach NOx concentrations below 30-50 ppm [11].

Therefore, in order to strict the goals set by ACARE, manufacturers have

been pushed to explore lean combustion as a mean to reach lower emissions,

despite increasing issues in terms of flame stability and reliability.

1.3.2 Lean Burn combustors

The idea of a lean burn combustor is to operate with a premixed lean

mixture in order to keep the combustion temperature at a lower level and



14 Chapter 1. Technical Background

therefore to inhibit the formation of NOx. In parallel with this benefit, there

are several issues that designers have to deal with: first of all, the lower

combustion temperature leads to increased conversion times, that become

similar to residence times for CO and UHC, and so to higher emissions for

these species [14]. Furthermore, lean combustors work closer to the flame

extinction limit, so relevant issues in terms of flame stability arise. These

issues become even more pressing when considering that aero-engine combus-

tors are subjected to different operating regimes, from the idle to the take

off conditions, and that efficiency, stability and polluting emissions limita-

tion must be always guaranteed through the whole Landing-Take Off (LTO)

cycle. Therefore, a big effort has been put, in recent years, in trying to in-

troduce lean combustion in the aero-engine combustors market.

The most used way to overcome the problem related to flame stability

is the so called fuel staging : it consists in turning off individual or groups

of burners, and thus increasing the equivalence ratio in the remaining ones.

While this technique is widely used also on Dry-Low-Nox industrial gas tur-

bine combustors, the more pressing needs in terms of stability for aero-engine

applications, led to modifications and refinements. In a staged combustor

two separated zones are designed to improve the combustion performance:

the first zone operates at fairly high equivalence ratio, even if lower than

stoichiometric, to achieve a good combustion efficiency and to minimize the

production of CO and UHC. This “primary” zone guarantees the stability

of combustion during idle and low power conditions. At higher power level, it

acts as a pilot source of heat for the second “main” combustion zone, which

is supplied with premixed fuel-air mixture. In this way, the engine globally

works in lean conditions and still the combustion process results efficient and

stable for a wide range of operative conditions. Examples of axially and

radially staged combustors are reported in Fig. 1.12.

The drawback of these configuration stays in the large surface to be cooled

and, for radially staged combustors, the relevant front area; moreover, CO

and UHC emissions are slightly higher than in single annular chambers.

Therefore the research was aimed at developing single annular technologies

with internally staged injectors; the idea is to combine the two domes into one
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(a) General Electric dual-annular com-

bustor

(b) Pratt and Whitney axially staged

combustor

Figure 1.12: Axially and radially staged combustors [11]

with fuel staging, using two fuel manifolds. Emission performance character-

istics have shown this approach to be highly promising, making it possible

to reduce all types of emissions compared with a double annular combus-

tor. Despite some drawbacks, mainly related to CO and UHC emissions

and complexity, this architecture is nowadays considered as the most viable

technology to be exploited [15], as current research heads towards the de-

velopment of Ultra Low NOx (ULN) combustors with single digit emissions

of NOx. Fig. 1.13 shows a scheme of the GE Taps (Twin Annular Premix

System) combustor, a single annular combustor currently mounted on GEnx

engines which power Boeing 787 aircraft.

Particular attention must be paid to the injector design, not to erode the

benefits achieved with the implementation of lean combustion and prevent

from the formation of nearly stoichiometric zones within the lean mixture.

Such a component plays a key role since it is responsible for both liquid at-

omization into small droplets, in order to favour liquid fuel evaporation, and

for air/fuel mixing. Furthermore the injection system must be designed in

order to create the dominant flow structures in the primary air flow, that

are responsible for flame stabilization and for the completion of the com-

bustion processes. For a given injector geometry, the combustor working

pressure strongly affects the fuel atomization performance and, therefore,

the efficiency of the whole combustion process. As a consequence, a single

injector technology is very difficult to scale to various engine sizes and work-

ing conditions. To overcome this issue, several injector technologies have
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Figure 1.13: Scheme of GE Taps combustor (Patent US20070028618 )

been developed; three different typologies have been developed within the

NEWAC project, showing promising capabilities within their own range of

application [6]:

• Lean Premixed Prevaporized (LPP ): the working principles is based on

Figure 1.14: Lean burn injector technologies [6]
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the action of two distinct air flow: the first is used primarily to get a

good liquid fuel atomization, while the second is devoted to mix the fuel

with air stream promoting the fuel evaporation and creating a mixture

as uniform as possible. The main drawbacks are related to combustion

instabilities and flashback issues, especially at high pressures; for these

reasons its use is limited to engines that work at low OPR conditions.

• Partially Evaporated and Rapid Mixing (PERM): with a design aimed

at overcoming the risk of autoignition, the concept is based on swirler

technology development and it is addressed to achieve partial evapo-

ration inside the inner duct and a rapid mixing within the combustor,

optimising the location of the flame and the stability of the lean system

[16, 17].

• Lean Direct Injection (LDI): the fuel is directly introduced in the

combustion test section where it is subjected to rapid mixing with the

combustor air. Internally staged injector are generally used, with no

premixing ducts, and the mixing is promoted by means of concentric

axial swirlers. In addition to its ability to limit flashback, studies have

shown low level of NOx emission and higher combustion efficiency com-

pared to the LPP injector, making this technology attractive for high

OPR aircraft applications.

These configurations, as well as their typical application range in terms

of OPR are reported in Fig. 1.14.

Once traditional (RQL) low-NOx combustors and modern lean burn ones

have been briefly introduced, it is useful to summarize their differences, in

order to understand how they can affect the flow field evolution inside the

chamber and the performance of the whole engine.

The main difference stays in the air flow split distribution; while for RQL

combustors, most of the airflow (65-70%) is headed to dilution and cooling

flows, as a limited amount of air is needed in the rich burning primary zone,

in order to create the desired conditions, in lean burn combustors, almost

70% of the air mass flow is injected in the primary zone, for air/fuel prepara-

tion. As a consequence, a reduced amount of air is available for liner cooling,
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Figure 1.15: Air flow split and main flow field structures for RQL (a) and lean combus-

tors (b) [18]

so the research has to be headed to different and more efficient cooling con-

cepts. Another distinction stays in the flow field promoted by the injection

system. Even if in both configurations the swirling structures generated by

the injection system play an important role in the primary zone combustion

performance, for RQL combustors, where diffusive flames are adopted, the

crucial part of the process stays in the rich-lean switch promoted by the di-

lution flows. Therefore these flow structures are the dominant ones within

the combustion chamber flow field evolution and where most of the design

efforts are focused. On the other hand, for lean combustors, the cooling flows

interaction with mainflow is much more limited, due to the reduced cooling

mass flow; the flow structures created by the injection systems, thus, play the

main role in the swirl-stabilized combustion process and propagate through

the chamber without being significantly altered. Fig. 1.15 summarizes the

differences in air split and flow field evolution between the two low-NOx

technologies.

Once lean burn combustion has been identified as the most effective tech-

nology to damp NOx emissions, and proper injection systems have been

designed, a review of the entire combustor arrangement becomes necessary

in order to both meet the new specific requirements and to obtain an efficient

integration with the following parts of the engine. In particular it must be

assessed how the different flow field evolution and the generated flow features

affect the behaviour of the high pressure turbine, in order to promote an in-
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tegrated design philosophy of the two modules. An extensive account of this

innovative trend of development is provided in the next chapter.



20 Chapter 1. Technical Background



Chapter 2

Combustor-Turbine Interaction

Contents

2.1 Flow Field in Lean Combustors . . . . . . . . . . 22

2.2 Combustor Exit Non-Uniformities . . . . . . . . 24

2.2.1 Temperature Distortion Characterization . . . . . 25

2.3 Flow Field Characteristics in Turbine Nozzle Guide

Vanes . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3.1 Pressure Losses in Turbine NGV . . . . . . . . . . 27

2.3.2 Film Cooling in Turbine Nozzle Guide Vanes . . . 31

2.4 Review of Combustor-Turbine Interaction Re-

searches . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.1 First generation hot-streaks simulators . . . . . . . 38

2.4.2 Recent studies of combustor-turbine interface . . . 40

2.4.3 Tests on lean burn combustor simulators . . . . . . 44

2.4.4 Turbulence measurements . . . . . . . . . . . . . . 52

2.5 INSIDE and FACTOR projects overview . . . . 54

2.5.1 Thesis outline and motivation . . . . . . . . . . . . 56

As anticipated in the previous chapter, in comparing traditional RQL

combustors to modern lean burn ones, relevant differences can be found, not

only in their intrinsic behaviour, but also in the chamber flow field evolution

and in how it affects the turbine module. In order to treat this problem,

which is the final goal of this work, brief insights on lean combustors and high

pressure turbine vanes flow field characteristics will be separately provided
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first.

2.1 Flow Field in Lean Combustors

The investigation of the flow field structures that are generated and evolve

inside the combustion chamber is a crucial part of the core-engine design pro-

cess for at least three main reasons: first of all it is important to investigate

the flow field structures generated by the injection systems in order to un-

derstand if they fulfil the design goals in terms of fuel/air mixing and flame

stabilization and to improve the injection system design itself; secondly, the

flow field characterization is important in order to understand the interac-

tion between mainflow structures and cooling flows, so that a well-performing

cooling scheme for the liners can be reached, with the goal of minimizing

losses and maximizing the durability of the components; furthermore, if the

focus is extended to the whole engine, it is necessary to understand how these

structures affect the flow field at combustor outlet, in the view of optimizing

the high pressure turbine module design.

Several works focused on the characterization of the flow structures gen-

erated by swirling flows coming from combustor injectors, have been carried

out. A first extensive review dealing with swirling flows in combustion cham-

bers was given by Lilley [19]. The main outcome of this work stays in the fact

that it put the basis for the characterization of the degree of swirl of an injec-

tor, through the swirl number (SN): it was defined by Beer and N.A.Chigier

[20] as the ratio between the axial flux of angular momentum and the axial

thrust of the flow. It was found that, when SN > 0.6, strong radial and

axial pressure gradients are set up near the nozzle exit, resulting in a cen-

tral toroidal recirculation zone (RCZ) and a vortex breakdown [21]. These

phenomena play an important role in both fuel/air mixing and combustion

process completion, by increasing turbulence and residence time. Another

structure, that is often related to vortex breakdown is the PV C (Precessing

Vortex Core). As stated by Hall et al. [22], the specific conditions that bring

to the formation of a PVC are not fully understood yet, but it is usually

identified as an asymmetric, large scale, coherent flow feature, generally as-
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Figure 2.1: URANS calculation results: highlight of RCZ (blue) and PVC (grey) [22]

suming a corkscrew shape, with the potential to cause large-scale flow field

instability within a swirling flow. Fig. 2.1 shows RCZ and PVC, highlighted

by Hall et al. [22], through URANS calculation in preliminary steps of a lean

burn combustor simulator design.

In the last years, with the growing interest in developing and optimizing

lean injectors, several authors have carried out flow field measurements on

the novel injector technologies (Section 1.3.2), in order to detail problems

related to combustion instabilities [23] and interaction between swirling flows

and liner cooling schemes [24, 25, 26]. Berrino et al. [27, 28] carried out

experimental investigations of the flow field downstream of an ultra low NOx

injection system in order to highlight both the overall field and unsteady

phenomena. It was also highlighted that, in these kind of higly swirling

flows, the chemical combustion process, in the form of heat release, play an

important role in flow field stabilization. Unsteady phenomena like PVC

were found to be damped or erased when experiments shifted from non-

reactive flows to combustion tests, on same injector geometries [29, 30, 31];

a reduction in the extent of the RCZ was also found[16, 17]. Therefore,

from a purely experimental point of view, differences between the reacting

and non-reacting cases exist and, if no adjustment are made in the design

phase, they can affect the combustor exit profiles obtained in experiments

with non-reactive simulators [22].
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(a) (b)

Figure 2.2: Evolution of the flow field in the combustor chamber: comparison between

(a) RQL [32] and (b) Lean-Burn [33] arrangements

2.2 Combustor Exit Non-Uniformities

Starting from what have been described in the previous sections, it is

possible to add some details about the flow field that should be expected at

the exits of modern lean combustors. Generally speaking, the flow field at the

exit of a swirl-stabilized annular combustor is by nature highly unsteady, due

to the turbulent combustion, the mixing processes and the aggressive swirl

angles; it is also non-uniform in temperature, both on the circumferential

direction, because of the discrete position of fuel injectors and dilution holes,

and on the radial one, due to liner cooling and core flow mixing. All these

aspects, as it will be explained in the following, have a relevant impact on

the turbine behaviour. This issue, as already mentioned, is emphasised in

lean combustors, since a reduced amount of air is used for liner cooling and

it hardly interacts with the mainflow coming from the primary combustion

zone. Fig. 2.2 summarizes the differences in flow field evolution between RQL

and lean combustors.

As a result, modern combustors outlets are generally characterized by

enhanced non-uniformity in terms of both total temperature, with marked

hot spots called hot streaks, and flow angles, with an aggressive swirling flow

that is also responsible for significant turbulence intensities [22] and for a

highly unsteady behaviour.

As an example, the measured combustor exit temperature field of a mod-
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ern Rolls-Royce engine is shown in Fig. 2.3a [34]; it was used by Povey and

Qureshi [35] as the target profile for the design of an enhanced temperature

distortions simulator: both circumferential and radial temperature gradient

can be observed, due the hot streak issuing from the burner, visible in the

central region and apparently centred on the NGV passage, and to the mix-

ing with liner coolant. Fig. 2.3b shows the combustor exit flow field chosen

as a target by Qureshi and Povey [36], for the design of a modern lean burn

combustor simulator, with peak swirl angles exceeding ±40◦.

2.2.1 Temperature Distortion Characterization

In order to quantify and characterize the degree of non-uniformity of the

temperature field at combustor exit, lots of different parameters have been de-

fined. In particular, two coefficients, called Overall Temperature Distribution

(or Distortion) Factor (OTDF ) and Radial Temperature Distortion Factor

(RTDF) have been proposed by Povey and Qureshi [34] ; the first one consid-

ers the difference between maximum and mean temperature, over the whole

combustor exit section, while the latter considers the difference between the

maximum circumferentially averaged temperature and mean temperature:

(a) Combustor exit temperature field

measured across one burner pitch (Rolls

Royce engine) [34]

(b) Exit swirl conditions for a modern

low-NOx combustor. [36]

Figure 2.3: Examples of temperature non-uniformities and swirl field at combustor exit
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OTDF = PatternFactor =
T4,max − T4,mean

∆Tcomb

(2.1a)

RTDF = ProfileFactor =
T circ
4,max − T4,mean

∆Tcomb

(2.1b)

where subscript 4 refers to the combustor exit plane and ∆Tcomb is the

difference between mean temperatures at combustor exit and inlet.

At the same time it is possible to define the correspondent local parameters

(Local Overall Temperature Distortion Factor and Local Radial Temperature

Distortion Factor), if a full description of the profile shape is necessary, sub-

stituting the maximum temperature with the local one, in a certain position

of the exit plane.

LOTDF =
T4 − T4,mean

∆Tcomb

(2.2a)

LRTDF =
T circ
4 − T4,mean

∆Tcomb

(2.2b)

It’s not uncommon, however, to refer also to the local parameters as

OTDF and RTDF. In the context of non-reactive test rigs, these definitions

are not easy to use. Therefore, alternate definitions of Eq. 2.1 and Eq. 2.2

are preferentially used to describe the flow at the combustor exit plane [34]:

LOTDF ′ =
T4

T4,mean

(2.3a)

LRTDF ′ =
T circ
4

T4,mean

(2.3b)

or, to directly take into account for cooling flows temperature:
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LOTDF ′′ =
T4 − T4,mean

T4,mean − Tcool

(2.4a)

LRTDF ′′ =
T circ
4 − T4,mean

T4,mean − Tcool

(2.4b)

2.3 Flow Field Characteristics in Turbine

Nozzle Guide Vanes

In an axial flow turbine, nozzle guide vanes (NGV ) are the first stage

stator blades and have the goal of directing the airflow onto the turbine

blades while, at the same time, converting pressure energy into kinetic en-

ergy. Gases coming from the combustion chamber pass through the nozzle

guide vanes, where they are forced to accelerate. In general, the design of

nozzle guide vane should follow a lot of necessities and many aspects, mainly

related to aerodynamics, structural mechanics and heat transfer, must be

taken into account. Even if a detailed description of nozzle guide vanes de-

sign procedures and criteria goes beyond the aim of this work, it is possible

to state that one of the main goal that a design procedure should be headed

to is minimizing the pressure losses across the vanes; moreover, since NGVs

are invested by the hot gases coming from the combustion chamber, another

important design goal is the definition of an efficient cooling system. It must

be also considered that both requirements interact with each other, since

cooling flows are responsible for aerodynamic losses, in the form of turbulent

mixing and momentum balance, but, also, a detailed knowledge of the flow

field is necessary for an accurate design of the cooling scheme.

2.3.1 Pressure Losses in Turbine NGV

Aerodynamic losses in turbine NGV are generally described in terms of

total pressure drop across the cascade; even so, a lot of parameters have been

used for the goal, mainly differing from each other by the quantities used to
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make the values non-dimensional. Ligrani [37] provided a full review of many

used parameters; among them the most used ones are expressed as:

YA =
P0,i,mean − P0,e

P0,i,mean − Ps,e

(2.5)

or:

YP =
P0,i,mean − P0,e

qe
(2.6)

where subscripts i and e indicate cascade inlet and exit positions respec-

tively, q is the dynamic pressure contribution and the subscript mean stands

for either mass or area averaging within a certain axial position. For each

parameter a correspondent integral one can be achieved simply by averaging

P0,e, Ps,e and qe.

In general it is not easy to classify and summarize all the sources of pres-

sure losses in axial turbine vanes, since the different phenomena interact with

each other and sometimes a fine line exists between one and another. Nev-

ertheless it is common to simplify the treatment by diving them into three

main sources [38]:

• Profile losses : due to skin friction or separation which take place on

the airfoil with a uniform two-dimensional flow across a cascade

• Annulus losses or Endwall losses : due to skin friction on the endwalls

• Secondary losses : due non-uniformity of the three-dimensional flow

through a row of blades (or due to secondary flows)

Profile losses are generally expressed in terms of momentum thickness at

blade trailing edge and, since they increase with blade load, they strongly

depend on the parameters that influence blade load such as pitch/chord ratio

and flow deflection. Different methods [40, 41] exist to evaluate this source
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of losses and to find optimum values for these parameters. Other sources of

profile losses are due to the finite thickness of the blade TE, which creates a

low-pressure wake region behind it and mixing between PS ans SS boundary

layers.

Secondary losses are the more complex, since they depend on particular flow

structures as the secondary flows, which may be defined as the difference

between the actual and an idealized axisymmetric flow [42]. The fundamen-

tal features of secondary flow patterns in nozzle guide vane passages were

proposed by Langston [43], through the characterization of a linear cascade;

even if it is acknowledged that several differences between annular and lin-

ear cascade flow fields exist, its work is recognized as highly significant in

establishing the basic mechanisms that apply in all cascades [44]. The main

secondary flow is the so called passage vortex : the reduced velocity in the

boundary layers causes an overturning of the flow towards the suction side,

which creates two counter-rotating vortexes close to the inner and outer end-

walls. An outline of the passage vortex structures can be found in Fig. 2.4,

that also shows the endwall streamlines measured by Langston et al. [39].

A second contribution is due to the horseshoe vortex, generated by the

pressure gradient caused by the endwall boundary layer in correspondence

Figure 2.4: Schematics of passage vortex structures and measured endwall streamlines

[39]
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Figure 2.5: Three-dimensional separation of a boundary layer entering a turbine vane

[45]

of the stagnation point at the blade LE. Such a vortex is then split in a

pressure and a suction leg and convected inside the passage. The pressure

leg is “fed” by the passage pressure-to-suction endwall flow and enforces the

passage vortex; the suction leg, on the other hand, has an opposite sense

of rotation and is sometimes labelled as counter vortex [43]. The resulting

three-dimensional flow configuration is depicted in Fig. 2.5 [45].

All the parameters that affect the blade load and, in general, the flow field

evolution have an impact on the pressure losses. Among others, Ligrani [37]

investigated the influence of exit Mach number and inlet turbulence intensity:

enhanced pressure losses were found with increases of both parameters. Same

conclusions were found when investigating the effect of film cooling: Fig. 2.6

summarizes how higher coolant mass flow rates bring to higher pressure loss

coefficients; the definition of the used pressure loss parameter can be found in

the referenced work. An increase in pressure losses due to film-cooling flows

was also detailed by Day et al. [46], that also evidenced the importance of

matching the main-coolant momentum flux ratio, for the evaluation of this

aspect and the correct scaling of the results.

A typical pressure loss coefficient contour, for uniform axial inflow, is

reported in Fig. 2.7, as measured by Giller and Schiffer [47]. Important
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Figure 2.6: Effect of film cooling mass flow rate on pressure losses [37]

contributions of profile losses (red circles) and, in particular, of endwall sec-

ondary losses (white circles) can be appreciated. Similar patterns were found

in several studies related to the evaluation of pressure losses and secondary

flows in both linear and annular NGV cascades [48, 49, 50]. Due to this

typical behaviour several studies have been carried out, in recent years, to

find contoured endwall shapes able to reduce these source of losses [51, 52].

2.3.2 Film Cooling in Turbine Nozzle Guide Vanes

Typically, cooling is provided by extracting some of the compressed air

and bypassing the combustor directly into the turbine. The extraction of

the working fluid imposes a penalty to system efficiency, as work has been

done on the fluid to compress it. Also, the addition of the coolant back into

the hot mainstream imposes further thermodynamic penalties. The turbine

components cooling is, in general, achieved both from inside and outside.

Internal cooling typically involves impingement, turbulated serpentine pas-

sages and flow through pin-fin arrays. External cooling consists in allowing

the coolant from inside the blade to eject out onto the hot gas path side of
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Figure 2.7: Pressure loss coefficient measured on a linear cascade with axial inflow [47]

the surface through discrete holes. This method is called film cooling [53].

From a design point of view it is necessary to understand the impact of dif-

ferent flow parameters and phenomena on film-cooling behaviour itself. Four

of the most important ones, that are commonly considered in the evaluation

of a film-cooling system performance, are the following:

BlowingRatio(BR) =
(ρV )cool
(ρV )main

(2.7a)

V elocityRatio(V R) =
Vcool

Vmain

(2.7b)

DensityRatio(DR) =
ρcool
ρmain

(2.7c)

MomentumRatio(I) =
(ρV 2)cool
(ρV 2)main

(2.7d)

For a single row of holes, the film-cooling behaviour can be described by

the correlation developed by L’Ecuyer and Soechting [54]. They defined three

regimes for characterizing the film effectiveness distribution on any surface:

• Mass addition regime: Effectiveness increases with BR due to increased

thermal capacity of the coolant, but the effectiveness is independent of

DR and V R.



2.3. Flow Field Characteristics in Turbine Nozzle Guide Vanes 33

• Mixing regime: Effectiveness distribution depends on BR, DR due to

opposing influence of increased thermal capacity and increased coolant/free-

stream mixing and penetration.

• Penetration regime: Effectiveness distribution is completely dominated

by a complex interaction of excessive coolant penetration and aug-

mented turbulent diffusivity of the coolant.

The basic phenomenology can be described through the behaviour of a

flat plate (i.e. no curvature and mainstream flow acceleration effects). In this

case, for an angle of injection of α = 35◦, a pitch-diameter ratio p/D = 3

and for a single row of cylindrical holes, the above mentioned regimes occur

within the following range of V R:

• Mass addition regime: V R < 0.25

• Mixing regime: 0.25 < V R < 0.8

• Penetration regime: V R > 0.8

The equation that relates the velocity ratio threshold value, at which the

shift to penetration regime occurs, to the injection angle is the following:

V Rpen =
0.45887

sin(α)
(2.8)

According to these findings, the peak effectiveness level (ηp) is a function

of geometric parameters and of V R and DR in the form reported in Fig. 2.8a;

L’Ecuyer and Soechting [54] also developed a correlation capable of repre-

senting the effectiveness distribution for all the above regimes. A typical

shape of this curve, for fixed values of all the above mentioned parameters

except for injection angle, is reported in Fig. 2.8b.

In turbine nozzles and blades applications the treatment becomes more

complex. Typically, coolant from within the airfoil is injected through several

rows of discrete holes to protect the surface and reduce heat-transfer rates.
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The interaction between the mainstream gases and coolant jets varies from

zone to zone, as local mainstream velocity and pressure increase and decrease

depending on the curvature of the airfoil. Therefore coolant-mainstream in-

teraction varies with several geometric and aerodynamic factors also affecting

the heat-transfer [53] and, often, ad hoc analyses for specific configurations

must be carried out. Still, some conclusions from the above cited work can be

utilized, in terms of both influencing parameters and qualitative behaviour.

Mick and Mayle [55] studied the stagnation region as a semicircular lead-

ing edge with a flat afterbody. They presented heat-transfer coefficient and

film effectiveness results for two rows of holes. They varied the coolant

blowing rate from BR=0.38 to 0.97. Results showed (Fig. 2.9a) that effec-

tiveness values decreased with increasing blowing ratio, as coolant protection

at higher injection rates suffers from excessive mainstream boundary layer

penetration, jet interference, and mixing. Mehendale and Han [56] studied

the effect of high free-stream turbulence on a film-cooled leading-edge model,

similar to the one used by Mick and Mayle [55]. Higher free-stream turbu-

lence was generated using passive grids (Tu=9.67%) and air jets injections

(Tu=12.9%). Results (Fig. 2.9b) showed that, at BR=0.4, free-stream tur-

bulence caused reduced film effectiveness over the entire surface, as coolant

jets tend to dissipate faster into the mainstream; with an increase in blowing

ratio, the jet momentum is stronger and the diffusion of the jets in the main-

stream is reduced, resulting in a lower impact of the free-stream turbulence.

In other studies [57] at higher blowing ratios, spanwise averaged effective-

(a) (b)

Figure 2.8: Peak effectiveness level (a) and spanwise averaged effectiveness (b) trends [54]
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(a) (b)

Figure 2.9: Adiabatic effectiveness results on a leading-edge model for different blowing

ratio (a) and free-stream turbulence (b) [55, 56]

ness has been also found to increase due to higher free-stream turbulence,

due to the promoted lateral diffusion of the coolant. Similar results were

found by Ekkad et al. [58]. The effect of free-stream turbulence was studied

for blowing ratios of 0.4, 0.8, and 1.2: an increase in free-stream turbulence

reduced film effectiveness significantly at low blowing ratios while a reduced

effect was appreciated at higher values of BR. The effect of the density ratio

was also evaluated in the same study: it was found that an increase in DR

generally brings the maximum effectiveness to be reached for higher blowing

ratios. A strong influence of coolant-to-mainstream density ratio was found

also by Narzary et al. [59], who studied these effect on a prismatic blade

geometry, and found that effectiveness was enhanced with higher DRs. They

also found an important influence of secondary flows on their results, since

coolant wakes on the suction side are driven away from the endwalls due to

the effect of the passage vortex, as depicted in Fig. 2.10.

Concerning the study of adiabatic effectiveness on nozzle guide vane pro-

files, two additional parameters have been recognized as important ones; as,

in part, already anticipated, both the mainstream pressure gradient and the

surface curvature play an important role in defining the film-cooling perfor-

mance. A lot of studies have been carried out to assess how film-cooling

behaves in case it is applied to either concave (i.e. pressure side) or con-

vex (suction side) surfaces [60, 61, 62]. According to Han et al. [53], results
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Figure 2.10: Adiabatic effectiveness results on a 2D blade geometry [59]

demonstrated that it is fairly reasonable to state that a convex surface en-

hances cooling effectiveness at low momentum flux ratios as does a concave

surface at higher momentum flux ratios. In particular, a concave surface is

generally characterized by lower adiabatic effectiveness, than a flat plate, due

to the static pressure force acting on the jets that moves them away from the

surface. Increasing the momentum ratio leads to a reduced coverage in the

very proximity of the holes, but the area downstream of it is generally char-

acterized by an improved effectiveness, as a stronger reattachment occurs,

since the curvature is along the direction of the liftoff. For convex surfaces,

on the other hand, effectivenss is generally higher than for flat plates, but

an important drop-off in performance occurs as the momentum ratio over-

comes threshold values: these values were found to be slightly higher than

for flat plates, due to the greater turning of the jet, by the favorable pressure

gradient, that shifts the detachment to higher momentum ratios [63]. The

adiabatic effectiveness is always higher in the proximity of the holes, as the

surface curvature works against the reattachment.

Barigozzi et al. [64] also showed that an increase in Mach number (i.e. flow

acceleration), from 0.2 to 0.6, could be beneficial to the film coverage, as the

positive stream-wise pressure gradient creates higher velocities in the bound-
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ary layer and keeps the jets closer to the surface. On the other hand, when

an acceleration does not lead to a further boundary layer thickness reduc-

tion, it was found to increase the rate at which the jets are mixed out by

the freestream, resulting in faster stream-wise decay of the laterally averaged

effectiveness [63].

2.4 Review of Combustor-Turbine Interaction

Researches

Once brief accounts of the behaviours of both modern combustors and

nozzle guide vanes have been provided, it is necessary to understand how

they influence each other. As explained in the last section, the flow field at

the exit of annular aero-engine combustors is intrinsically non-uniform, due

to the complex flow field evolution occurring in the chamber; on the other

hand, the design of the high pressure turbine NGV has to take into account

several phenomena and parameters, most of them depending on the inlet

flow conditions, to fulfil the requirements in terms of both aerodynamics and

heat transfer. Therefore, several research activities have been carried out

since 1980s, in order to deepen the knowledge of the impact of hot-streaks

and flow field distortions on the high pressure turbine. Still, despite the tight

link between the combustor and the turbine due to these non-uniformities,

the design of the two modules historically relied on separated approaches:

experts in combustor and turbine aerothermal have always been two sepa-

rate teams in both industrial and academic fields. This has influenced the

definition of design criteria for the high pressure module: combustor and

turbine are studied separately, leading to the establishment of a standard

interface between the two components, commonly referred to as “Plane 40”,

through which information is passed forward between the design teams. The

gap of knowledge on the mutual interaction was bridged by the industrial

experience and by the application of safety margins that are detrimental to

the engine efficiency. With the introduction of lean combustors, significant

issues can arise in the traditional design procedures. Industrial applications,
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in fact, usually relies on 1D, circumferentially-averaged profiles of pressure,

velocity and temperature at the combustor-turbine interface, in conjunction

with Reynolds-Averaged Navier-Stokes (RANS) models, for the character-

ization of the turbine behaviour. In the presence of highly unsteady and

non-uniform combustor outflows, the complexities related to the knowledge

of their behaviour and to their modelling can lead to significant inaccura-

cies in the prediction of both aerothermal performance and heat loads. The

investigation of combustor-turbine interactions has assumed mandatory im-

portance, due to the lack of literature data and industrial experience in pre-

dicting the impact of these enhanced distortions on the turbine behaviour.

Therefore, innovative test rigs have been developed, in recent years, in order

to provide additional data, evidence the limits of current design procedures

and promote an integrated design approach of the two modules together. In

the following, a quick overview of the test rigs developed throughout the last

fourty years will be given, before shifting the focus to the recent test rigs

aimed at simulating lean burn combustors behaviour. An important goal

of experimental data, in addition to describe the physics of a certain phe-

nomenon, is to validate numerical tools, especially when the focus is placed

on improving design practices; despite that, in the following, the focus will be

almost exclusively limited to experimental characterizations of the relevant

phenomena, without any reference to how common numerical tools are able

to characterize them. CFD results will be only used, in the next sections, to

deepen the description of the knowledge of some aspects when reduced or no

experimental surveys are available yet.

2.4.1 First generation hot-streaks simulators

Povey and Qureshi [34] provided an exhaustive review of the hot streak

simulators for turbine testing. The first one, in chronological order is the

Combustor Exit Radial Temperature Simulator (CERTS ), set up in 1983 in

the Warm Core Turbine Test Facility at NASA Lewis Research Center [65].

This rig, used to test a scaled model of a constant speed engine, is able to

reproduce only radial temperature non-uniformities, achieved by injecting

colder air from four slots. Figure 2.11 shows the rig layout. Results showed
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Figure 2.11: CERTS rig layout [66]

that the only radial distortion, despite it alters the secondary flows inside

the cascade, doesn’t have effect on the engine efficiency, with respect to the

uniform profile.

The Large Scale Rotating Rig, consisting in a low speed turbine, was

assembled at the United Technologies Research Center (East Hartford, Con-

necticut) [67]. Thanks to a nozzle that injected air together with a tracer gas

(CO2), a single hot streak was reproduced. The flow containing CO2 could

be heated up to a temperature twice as high as the ambient air that passes

through the rig. Fig. 2.12a shows its layout: it’s possible to note that the

nozzle position made the CO2 flow pass through a vane instead of impinging

on the leading edge. The same rig, in the following years, was upgraded

with five concentric rings, each one with 144 injectors, in order to simulate

a full annular profile with hot streaks, as shown in Fig. 2.12. Since in this

new configuration the CO2 flow could not be heated, the new rig allowed to

evaluate the effect of the generated secondary flows but not the heat transfer

aspects.

The Rotating Blow-Down Facility (BDF ) was set up at MIT (Massachusetts

Institute of Technology) in 1989 [69]. This rig allowed to reproduce both ra-

dial and circumferential non-uniformities. As shown by Fig. 2.13, the first

ones were achieved thanks to a stainless steel honeycomb heater, crossed by

the mainflow that passed through the rig; for the latter ones some air was

bypassed in a duct provided with another heather and then re-injected from

four injectors distributed on one third of the annulus.
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(a) (b)

Figure 2.12: United Technologies Research Center test rigs: layout of LSRR [67] (a) and

upgraded temperature profile simulator [68] (b)

Figure 2.13: BDF rig layout [69]

These three, first generation rigs, were designed for proof-of-concept in-

vestigations, aiming only at the simulation of temperature distortion, without

specifically referring to particular engine conditions. In the following years,

more complex test rigs were developed; most of them were able to control

both the temperature distribution and the pressure profiles, in order to ex-

plore the impact of both phenomena.

2.4.2 Recent studies of combustor-turbine interface

An important investigation has been carried out at the Turbine Research

Facility (TRF ) of the Wright Patterson Air Force Base (Dayton, Ohio). TRF

is a facility realized in order to perform short duration tests on turbines,

allowing to set some parameters of interest like Mach and Reynolds num-

bers, turbulence intensity, corrected speed and gas-blades temperature ratio
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Figure 2.14: TRF combustor simulator section [70]

[70]. To study combustor-turbine interaction phenomena, the test facility

was equipped with a combustor simulator. The sketch reported in Fig. 2.14

shows that the simulator is made by five annular concentric paths. The outer

path hosts heat exchangers used to cool down the flow passing through them:

this flow is, then, injected through primary dilution holes, useful to increase

the turbulence intensity, and secondary ones, used to reproduce radial tem-

perature non-uniformity. Moreover the simulator is provided with grids that

allow to control the total pressure of the different flows.

With this instrumentation Barringer et al. [70] studied temperature and

pressure profiles interactions with the turbine first stage. The investigated

effects were mainly the modification of such profiles due to the high pressure

vanes [71] and the vane heat transfer and aerodynamic behaviour [72].

For the first aspect, it was noted that the radial profiles distortion, down-

stream of the vanes, was damped by turbulence and secondary flows that

promote the mixing. For the second aspect surface pressure and heath trans-

fer measurements were performed on vanes and endwalls, using respectively

miniaturized pressure transducers and thin film heath transfer gauges. Re-

sults showed the thermal field mainly affected the heath transfer only by
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altering gases-blades temperature difference; the pressure field, on the other

hand, influenced both the aerodynamic load and the heath transfer, altering

the Nusselt numbers due to its influence on the secondary flows.

Several studies aimed at the characterization of a hot spot migration

throuh a turbine cascade were also carried out. Most of them were conducted

at Texas University, where several guidelines for the hot streaks migration

analysis and scaling criteria were set [74, 73]. A linear cascade with a hot

streak generator at its inlet (Fig. 2.15) was employed for the analysis; a metal

duct and electrical resistance heating elements was adopted to create a well-

bounded hot spot in the mainflow. The mainstream temperature was kept

at 300K, while the NGV coolant and the hot streak flow were regulated at

187.5 and 330K respectively. It was found that a coherent hot spot was still

recognizable on the exit plane, even if its entity was much reduced by the

passage through the cascade. The mainstream turbulence, that determined

a spreading of the hot spot and a consequent weakening in its strength, and

film cooling injection were found to play a very important role in the quantifi-

cation of such a reduction. The clocking with the hot streak aligned with the

vane leading edge was not found to further diminish its strength, compared

Figure 2.15: Scheme of the linear cascade used by Jenkins and Bogard [73]
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Figure 2.16: Normalized temperature ratio downstream of NGV cascade: hot streak

through the mid-passage with (a) high turbulence, (b) low turbulence; high

inlet turbulence with hot streak (c) impacting the stagnation point and (d)

through the mid-passage [74]

to the passage clocking, due to the suppression of the mainstream turbulence

near the surface of the vane. A similar conclusion was drawn by Barigozzi

et al. [75]. Fig. 2.16 shows results from the work of Jenkins et al. [74], where

the effect of turbulence and clocking is reported; as stated above, once a high

level of turbulence is set at the cascade inlet, no predominant effect of the

clocking can be appreciated. It was also found that the evaluation of the

temperature field at NGV exit, by using a simple superposition principle,

created an overestimation of the migrated hot streak of about 20% [73].

Similar phenomena were investigated by Mathison et al. [76], at the Gas

Turbine Laboratory of the Ohio State University, on a test rig made by a com-

bustor simulator and a full-scale model of a turbine first stage with cooled

NGVs and not cooled rotor blades; the combustor simulator was made by a

set of heat exchangers that could be independently powered in order to create

a uniform temperature field or hot streaks. Tests with and without coolant

injection were carried out in order to highlight their differences. The results

showed that coolant tends to move towards the rotor suction side, bringing

to a heath transfer reduction on such side. Moreover the goal of the test was
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to evaluate the effect of the clocking position between hot streaks and NGV

leading edges. The conclusions were not completely in line with what was

found in the above described studies: if the hot streaks were aligned with

NGV leading edges, the temperature profile was severely altered, due to the

mixing that occurred after the impingement of the flow on the leading edge;

on the other hand, if the hot streaks were aligned with the passages, the tem-

perature profile was slightly altered and markedly non-uniform approaching

the rotor. Moreover it’s necessary to consider that, in the first case, the heath

transfer between gases and nozzles was enhanced, resulting in a lower mean

temperature at rotor inlet. No details of the inlet turbulence intensity were

provided in this work.

Despite all these works offered detailed insights of temperature and pres-

sure distortions effects on the high pressure turbine, none of them was aimed

at simulating typical modern combustor flow fields; as described above, no

realistic swirling flows were created and turbulence and pressure profiles were

mainly achieved by means of grids or dilution holes. The necessities driven by

the introduction of lean combustors (Section 2.4), have pushed to the devel-

opment of specific experimental facilities for this goal. The most important

ones will be described in the next section.

2.4.3 Tests on lean burn combustor simulators

As described earlier, the main features of lean burn combustors outflow

are a high degree of swirl, and consequently highly unsteady behaviour, and

hot streaks. A number of works dealt with the first aspect; results, mainly

aimed at evidencing the influence of residual swirl on secondary flows and

pressure losses, are not always in agreement with each other, as they strongly

depend on the specific configuration. In the following a brief review of the

main findings is provided. The problem was extensively studied at the Large

Scale Turbine Rig (LSTR) of Darmstadt University, a scaled-up 1.5-stage

low Mach number turbine, together with a lean combustor simulator [77]. A

sketch of the test rig is shown in Fig. 2.17. Angles of ±15◦ can be achieved at

the turbine inlet. CFD calculations carried out on this test case [78] showed

that, for a certain NGV geometry, shifting from either 0D (i.e. average
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Figure 2.17: Darmstadt University annular test rig [78]

quantities) or 1D (i.e. tangentially averaged radial profiles) inlet conditions

to actual 2D conditions, where both swirl and turbulence are considered, can

lead to a stage efficiency reduction up to 2%. In particular, a significant

effect of the swirling flow on the secondary flows and pressure loss pattern

was evidenced. Residual swirl was found to create spots with high pressure

losses close to either the hub or the casing, due to the interaction with end-

wall secondary flows. The outcome depends on the clocking configuration

(swirling structure aligned wih either the vane LE or passage) and on the

sense of rotation of the swirling structure.

Results, reported in Fig. 2.18, showed that for a positive (i.e. counter-

clockwise) orientation, higher pressure losses are registered close to the cas-

ing, while the opposite appears for negative (i.e. clockwise) orientation (black

circles). Moreover, for a passage (PA) clocking configuration, relevant differ-

ences arise in the pressure losses in the central part of the two passages, with

the one where the residual swirl is convected showing higher values (red cir-

cle). A more similar outcome is achieved in the leading edge (LE) clocking. A

following experimental campaign confirmed these findings in the case of pos-

itive swirl [79]. The focus was also placed on the evaluation of the trajectory
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Figure 2.18: Pressure loss distribution for different clocking configurations and swirl ori-

entation [78]

of coolant flows and pressure losses either in the presence of axial or swirled

inflow. Results showed that, while for axial inflow, the cooling system layout

is mainly responsible for the resulting pressure loss pattern, the presence of

swirl determines a global smoothing due to a promoted mixing; therefore,

the swirling flow characteristics, instead of the coolant injection, becomes

the driving force for the measured pressure losses. Finally, the impact of

the swirling flow on endwall effectiveness and heat transfer was detailed, for

different swirler-vane clocking positions. Results showed relevant differences

between swirling and axial inflows, mainly leading to heat transfer enhance-

ment and adiabatic effectiveness reduction for the combustor representative

case [80].

A linear cascade rig was also exploited for the investigation of the influ-

ence of residual swirl on leading edge film-cooling effectiveness [47]. The test

section of the facility, operated at ambient conditions, sketched in Fig. 2.19a,

consisted of six swirl generators and five linear cascade vanes.

The three middle vanes were equipped with film cooling holes at the

leading edges. The swirler nozzles were aligned with the center of the cascade

passages. Swirl angles above 30◦ were measured by means of a five hole

probe at the cascade inlet. A strong influence was found on the leading
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(a) (b)

Figure 2.19: (a) Sketch of the linear cascade rig layout (www.glr.tu-darmstadt.de) and

(b) film cooling behaviour under swirling inflow [47]

edge film cooling behaviour, mainly due to the alteration of the stagnation

line position; their investigation of swirling flow effects on the film-cooling

performance was, anyway, limited to the leading edge region (Fig. 2.19b).

A large amount of work has been also carried out at the Oxford Turbine

Research Facility (OTRF), in order to investigate both swirl and hot streaks.

The OTRF is a short-duration wind tunnel capable of testing an engine-scale

high-pressure turbine stage at non-dimensionally representative conditions.

Compressed air is heated and forced into the test section by the action of a

piston; steady conditions are reached for about 500ms, as test run ends when

the piston reaches the end of the piston tube, allowing for short duration

transient measurements. A sketch of the facility is reported in Fig. 2.20a.

Over the years, the OTRF has been provided with different combustor

simulator sections, depending on the flow field phenomena that had to be

investigated. In 2011, the facility was provided with a lean-burn combustor

representative swirl generator. The design process, summarized by Qureshi

and Povey [36], led to swirler able to generate maximum pitch and yaw angles

of about ±50◦ at the combustor simulator exit, with approximately constant

temperature field. Fig. 2.20b, shows a picture of the inlet swirl simulator

module. Qureshi et al. [44] carried out an experimental and numerical inves-

tigation on this test case aimed at evaluating NGV aerodynamics and heat

transfer in the presence of this aggressive swirl. CFD calculations showed
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that the swirling structure is divided, by the vane LE, in two vortexes that

are convected into the passages and are responsible for the measured non-

uniformities in heat transfer and aerodynamic load. Fig. 2.21a, reports sec-

ondary flows, calculated by CFD, both 0.25 axial chords downstream the

NGV inlet and at the NGV exit plane; it is evident how the vortex has been

divided by the LE of vane C1 into a main part, that fills the right passage

(pressure side end of C1) and a smaller vortex in the left one. At the exit of

the cascade, the main contribution is still recognizable, while only a residual

ascending motion is present in the left passage.

The resulting pressure losses (reported in Fig. 2.21b in terms of differ-

ences with respect to a uniform inflow case) were enhanced on the suction

side hub region of the vane invested by the swirling flow (C1); the downwash

of flow on the surface, causing the boundary layer fluid to collect in this

area, was found as the cause of this phenomenon. A similar behaviour, with

much reduced intensities was detected in the pressure side casing area. The

adjacent vane (C2) presented a similar picture, but with reduced magnitude

of most of the features. Similar results in terms of pressure losses were found

by Jacobi et al. [81], on a can combustor simulator rig, with a correspondent

configuration; they attributed the loss core in the suction side region to un-

steady structures, generated by the interaction between the pressure pattern

of the swirling flow and the potential field of the vane, as they affected the

passage and horseshoe vortexes development. An opposite behaviour was

Figure 2.20: OTRF wind tunnel [36] (a) and picture of swirler simulator module (b) [44]
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Figure 2.21: Secondary flow evolution (a) and pressure losses (b) measured by [44]

found, on the other hand, by Turrell et al. [82] on a different test case. They

validated CFD calculations, with experimental streamline visualization: the

swirling structure, colliding with a vane LE, was found to be convected in

the passage to the suction side end and migrated towards the low pressure

zone close to the hub. The analysis was, anyway, conducted on a can lean-

premixed combustor and included features, like the transition duct, that are

not present in aero-engine combustors.

To detail the hot streaks effect on the NGV heat transfer, an inlet tem-

perature distortion generator was designed in 2002 by Chana et al. [83]; in

2008 it was upgraded to produce an enhanced and more realistic tempera-

ture distortion pattern (EOTDF generator) [35]. Both circumferential and

radial temperature non-uniformities were created by introducing cold gas
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Figure 2.22: Sketch of the EOTDF generator [35]

into the heated mainstream through 32 baffled radial rods and annular slots

respectively, as depicted in Fig. 2.22.

The results showed negligible differences in the NGV aerodynamic be-

haviour due to the introduction of the temperature distortions [84]. On the

other hand, the heat transfer, in the form of the measured Nusselt numbers,

was much more non-uniform than in the case without EOTDF, mainly due

to the changes induced in the gas driving temperature.

In addition to the evaluation of the effect of swirl and hot streaks sepa-

rately, an attempt of developing a combustor simulator capable of producing

a range of engine-realistic swirl and temperature distortion profiles together,

with corresponding engine realistic total pressure and turbulence profiles, was

carried out. Hall et al. [22] reported the design challenges that were encoun-

tered, mainly related to the evaluation of the PVC unsteady behaviour on the

resulting flow field (as mentioned in Section 2.1). As stated by the authors,

particular attention must be paid to the design of combustor simulators with

strong swirl and temperature distortion, since unsteady phenomena that are

stabilized by the combustion process in the real application, can heavily alter

the achieved overall flow field; therefore it is not possible to adopt systems

which are geometrically similar to those for reacting combustor flows. The
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Figure 2.23: Sectional view of the combustor simulator [85]

developed combustor simulator geometry was made by axial swirlers with

diffuser ducts, fed by heated mainstream, and annular slots for the coolant

at nearly ambient temperature, in order to create radial temperature distor-

tion. An axial jet on the swirler axis was adopted to damp the PVC. Fig. 2.23

shows a section of the combustor simulator.

CFD calculation on the actual combustor simulator geometry [85] showed

that PVC was not properly damped, but still the overall flow field was char-

acterized by the presence of a well-defined vortex and a predominantly ra-

dial temperature profile, with coolant concentrated close to the endwalls.

The first experimental validations confirmed this conclusions. This investi-

gation is among the firsts of its kind and constitutes a necessary step in the

combustor-turbine interaction research, in the view of modern aero-engine be-

haviour. The developed combustor simulator was later installed in a facility

for aerothermal testing [86]. In the authors’ knowledge no additional litera-

ture is nowadays available regarding the experimental characterization of hot

streaks migration in highly swirling flows. From a CFD standpoint, Khanal

et al. [87] carried out a study to consider both the above mentioned aspects;

they found that residual swirl impresses an important radial migration to the

hot spot as it passes through the cascade; the direction of this displacement
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strongly depended on the clocking configuration and on the sense of rotation

of the swirling flow. In terms of pressure losses, qualitatively similar results

to the ones obtained by Schmid et al. [78] (see Fig. 2.18) were achieved. It

was also found that they are not affected by the introduction of hot streaks,

as the same patterns were revealed by isothermal calculations.

2.4.4 Turbulence measurements

The evaluation of the combustor outflow turbulence intensity is another

important aspect, in the view of characterizing the high pressure turbine

behaviour. Its impact on the film cooling behaviour and on the hot streaks

migration has been referenced in Sections 2.3.2 and 2.4.1 respectively. Sev-

eral studies have been carried out in the past to highlight other effects related

to the turbulence intensity at turbine inlet; in most of them high turbulence

levels were generated by means of grids [88]. Among others, Nasir et al. [89]

showed that the large scale free-stream turbulence promotes a slightly earlier

boundary layer transition on the suction surface; an enhancement in heat

transfer, on both suction and pressure sides, was found as well [89, 90].

Therefore, the knowledge of the turbulence intensity and of the unsteady

characteristics at combustor-turbine interface is crucial to an adequate noz-

zle guide vanes design and, at the same time, achieving relevant turbulence

levels is necessary in the development of non-reactive combustor simulators.

The estimation of the turbulence decay across the NGV is also useful in the

view of extending the analysis to the rotor cascade.

Some studies have been carried out on real combustor hardware operated

in isothermal conditions [91] or with turbulence generators that resembled

combustor liners [92, 93]. These studies showed turbulence intensities at com-

bustor exit between 7 and 30 % [89]. Cha et al. [94] measured the turbulence

intensity at the exit of a RQL combustor, operated in isothermal conditions:

results showed values up to 35 %, generated by unstable collisions of the

opposed, highly penetrating dilution jet flows, as it is possible to note from

Fig. 2.24, that reports the measured turbulence intensity contour plot.

Concerning lean combustors the treatment becomes more complicated,

due to the issues related to the simulation of swirling flows, that have been
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Figure 2.24: Turbulunce intensity measured at the exit of a RQL combustor [94]

detailed in the previous sections. In this kind of combustors, due to the ab-

sence of dilution holes, the peak turbulence level is promoted by the highly

swirling structure generated by the injector and its maximum should be ex-

pected in the core [22]. Due to the highly three-dimensional nature of the

flow field, the turbulence intensity measurement in this kind of configurations

is very challenging and results can be affected by the adopted measurement

technique. Moreover, particular attention must be paid in the view of extend-

ing results gathered in non-reactive conditions, to real engine applications.

In particular, the combustion process determines a flow acceleration towards

the chamber exit and the consequent swirl degree is reduced, with respect

to a case without combustion [78]. Therefore, a non-reactive combustor sim-

ulator design process must pay attention to account for this effect, not to

incur in a relevant overestimation of the swirl degree and, therefore, of the

turbulence intensity. Lubbock and Oldfield [95] presented a summary of

experimental activities aimed at evaluating the turbulence intensity, in reac-

tive conditions; the review, mainly focus on lean premixed can or can-annular

combustors for land based gas turbines, showed that values between 10 and
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20% were mostly measured. Concerning aero-engine lean burn combustors,

higher degree of swirl are normally expected, due to shorter axial dimension

of the combustion chamber. The available literature data is very poor, both

for experiments in reactive and non-reactive environments. Hall et al. [22]

expected turbulence intensities up to about 25%, from URANS calculation,

at the exit of the combustor simulator described at the end of the previous

section, similarly to the values measured by Fossen and Bunker [91], for a

industrial lean combustor, using a X-wire anemometry probe. Higher levels,

up to 45%, were measured by Werschnik et al. [80] (Section 2.4.3), that,

though, made use of a single wire probe.

2.5 INSIDE and FACTOR project

overview

As stated above, there is currently very little experimental data regard-

ing a turbine operated with realistic lean burn combustor outflow conditions.

Therefore, in order to bridge for the lack of data and industrial experience,

different research projects have been promoted. Within two of these projects,

that are described in the following, the present research was developed.

INSIDE project (aerothermal INvestigation of cooled Stage turbIne: De-

sign optimization and Experimental analysis) is a National Interest Project,

promoted by the Italian Ministry of Education, Universities and Research

(MIUR); it is mainly aimed at the investigation of the effects of non uni-

form outflow conditions from the combustor on the aerodynamic and cool-

ing performance of the turbine high pressure stages. The aerodynamic and

thermal characterization of the outflow from the combustor, by means of

a detailed analysis of the interactions between the main and coolant flows,

is among the most important investigated phenomena. The characteriza-

tion of the air flow within a high pressure turbine stage for the study of

stator-rotor interactions relatively to the propagation of hot and cold spots

generated inside the combustor plays a big role as well. The research is part

of the wider international, European in particular, research and development
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project framework in which the various units are already collaborating or

being proposed to participate in the next future. The opportunities offered

by INSIDE project cover a strategic part guaranteeing the development of

essential infrastructures and knowledge to play a constructive role at a Eu-

ropean and international level.

Within this same project framework, the European project FACTOR 1

(Full Aerothermal Combustor-Turbine interactiOn Research) has been pro-

moted. A new experimental facility has been developed, within the project,

at DLR (Deutsches Zentrum fur Luft- und Raumfahrt - Gottingen, Ger-

many). The research center hosts a modern aero-engine combustor simulator

and a 1.5 high pressure turbine stage (one stage plus a strut module), oper-

ating at realistic Reynolds and Mach numbers. A sketch of it is reported in

Fig. 2.25.

The main objective of the project is to carry out measurements, by means

of the most advanced techniques, on this infrastructure, in order to create

a wide database to set up boundary conditions and make comparisons with

Figure 2.25: Sectional view of the FACTOR full annular rig

1http://www.factor-fp7.eu/
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conventional and advanced CFD techniques dedicated to the modeling of this

interface area, similarly to what is pursued by INSIDE project. A large test

campaign has been scheduled in order to provide for a deep improvement

in the knowledge of this complex system, through a massive investigation.

Probe traversing will be carried out to measure velocity, pressure and tem-

perature at several axial positions, as well as Raman spectrography, for the

measurement of gas temperature, and IR thermography, to evaluate surface

temperatures, adiabatic effectiveness and heat transfer coefficient on vanes,

blades and on the strut. An initial planning of the experimental campaign

can be found in the summary of Battisti et al. [96], even if it has been sub-

jected to some change over the course of the project due to challenges related

to instrumentation integration and time constraints. The experimental cam-

paign is scheduled to be completed by the end of 2017.

2.5.1 Thesis outline and motivation

Within the described framework, the research carried out within this

Ph.D. course was aimed at providing experimental data to deepen the knowl-

edge of the combustor-turbine interface behaviour in modern aero-enignes.

A three-sector combustor simulator was installed at the THT Lab of the

University of Florence; it was designed in order to be able to replicate the

most important flow structures and mixing phenomena that occur inside a

modern lean burn combustor and, therefore, achieve an engine representa-

tive combustor outflow. In particular, the capability to simulate both the

presence of enhanced temperature distortions and an aggressive swirl field

was pursued, in the view of investigating their combined effects on the high

pressure turbine and covering an aspect where a lack of literature data exists.

In a previous Ph.D. course [97], the overall aerothermal field at combus-

tor exit had been measured, by means of a five hole probe campaign, for

different geometries of the injectors module, in order to validate the test rig

design and make some preliminary choices about its configuration. In the

first part of the present activity, then, PIV measurements were exploited

to characterize the flow field inside the chamber, which was made possible

by the rig three-sector configuration, and to assess its effective capabilities
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of meeting the mentioned requirements and flow features. In the second

part of the work, the test rig was upgraded, in order to make it capable

to host a film-cooled NGV module. The aerothermal field characterization

was repeated at combustor exit, to double check the previous results; the

same measurements were also taken at NGV exit in order to evaluate the

hot streaks migration and the pressure losses through the cascade. Turbu-

lence measurements at NGV inlet and exit planes were also carried out to

characterize the turbulence decay across the vanes. Furthermore, adiabatic

effectiveness measurements were performed on the vanes surface, in order

to assess the impact of an aggressive inlet degree of swirl on the film cool-

ing behaviour. Due to constraints related to the experimental techniques,

adiabatic effectiveness and turbulence measurements had to be carried out

in isothermal cold conditions, so the effect of temperature distortion could

not be taken into account. Details of the test matrix and of the operating

conditions will be provided in the following.

Summarizing, this work of thesis has been divided into three main tasks:

• Characterization of the flow field inside the combustor simulator

• Design of the upgraded test rig with the NGV module

• Characterization of the NGV module: this last task can be additionally

divided in the repetition of measurements at combustor exit and the

measurements at NGV exit and on the cascade airfoils

The first task and the first part of the last one provide the present research

with an accurate characterization of all the boundary conditions required for

the pursued investigation. All the results coming from the investigation of

the combustor simulator and of its exit plane will be described in Chapter 6,

either they were collected in the presence of the NGV cascade (i.e. five hole

probe and hot wire measurements) or before the test rig upgrade (i.e. PIV

measurements). Chapter 7 will be dedicated to the description of the results

collected on the NGV exit plane and on the airfoils.

The present research is aimed at contributing to the field of combustor-

turbine interaction investigation for modern aero-engines, as it tries to help
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filling some voids that are currently present in the literature and in the in-

dustrial knowledge. Firstly, it provides some insights of the effects of a highly

swirling combustor outflow on the high-pressure nozzle guide vane aerody-

namics, integrating some existing researches with particular attention to the

film-cooling behaviour. Moreover it reports a characterization of the tur-

bulence intensity, promoted by this kind of flow fields, at the high-pressure

turbine inlet and its decay through the nozzle guide vane to the rotor inlet

plane; a very reduced number of works with this goal have been carried out

in recent years and an important uncertainty still exists. Finally, this work

constitutes one of the first attempts to characterize the combustor-turbine

interface in the presence of both enhanced temperature distortions and high

degree of swirl, as typical features of modern lean burn aero-engine combus-

tors. In this way, indications to be used for the design of the first stage nozzle

guide vane are provided. Information regarding the flow features approach-

ing the rotor can be also found.

A substantial difference from the present treatment and most of the pre-

vious works, reported in literature, must be also highlighted here: most of

them were focused on the evaluation of the differences induced by a partic-

ular aspect, such as enhanced swirl or temperature distortions, with respect

to a traditional case with uniform turbine inflow; an investigation of both

configurations and a direct comparison are generally exploited to improve the

design criteria. On the other hand, the intention here is to consider most of

these aspects together and describe the outcoming behaviour of a NGV cas-

cade designed for this specific inflow: since traditional design criteria make

use of tangential-wise averaged quantities, as inlet boundary conditions, local

inaccuracies can be expected where highly non-uniform flow fields are consid-

ered. Flow features and phenomena will be described, in order to highlight

where relevant issues can arise and where further effort must be paid in the

design process. Nevertheless some comparison with the common behaviour

expected for a traditional uniform-inflow case will be sometimes provided, in

order to highlight where the outcome is particularly different.

Thanks to a wide experimental campaign, addressing all these mentioned

aspects, this work tries to provide useful data to help in the process of an
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integrated design of the combustor and of the high pressure turbine module.

The campaign also provides experimental data in a CFD-friendly domain

that numerical codes can be compared against, in order to understand the

characteristics that these kinds of unsteady flow fields necessitate in terms

of numerical modelling.
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3.1 Test rig overview

According to what was described in the lat section of the previous chap-

ter and to the goals of this Ph.D. work, two test rig configurations were

exploited. In the first part of the work, a test rig representing a three-sector

combustor simulator was experimentally characterized; a big effort was later

put in upgrading the test rig, in order to add a NGV module at its exit,

in order to investigate the effects of the measured combustor outflow on the

NGV performance and its modification through the cascade. Fig. 3.1 reports
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Figure 3.1: Sectional view of the first (a) and second (b) condifurations of the test ap-

paratus

sectional views of the two test rig configurations.

Focusing on the first configuration, a heated mainstream flow reaches a

plenum chamber, that has the goal to slow down the flow and damp possi-

ble non-uniformities, before getting in the combustion chamber though three

axial swirlers. Two separate coolant flows, at ambient temperature, on the

other hand, reach two annular (inner and outer) coolant cavities, through

three pipes each; from these cavities, that plays the part of plenum chambers,

the cooling flows feed the inner and the outer laser-drilled multi-perforated

liners, reaching the combustion chamber. The combination between the hot

swirling mainstream and the cold liner coolant allows to achieve the desired

aerothermal field at combustor exit, after an important annulus contraction,

with a consequent flow acceleration towards the virtual NGV position is

encountered. Red arrows, in the figure, shows the path of the heated main-

stream, while blue ones represent the liner cooling flows. After the combustor

exit plane, the test rig is provided with an axial exit duct that leads the ex-

haust flow to the stack.
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Figure 3.2: Picture of the test rigs installed in the test cell: first (left) and second (right)

configurations

In the second configuration (Fig. 3.1b), the combustor simulator geom-

etry was left unaltered, despite the inner and the outer casing components

(yellow and red components in both pictures) were substituted to create

space for the NGV module: the grey component in the figure is used to

host the NGV airfoils; it is also provided with a plenum chamber, to feed

the film-cooling flow to the cooled NGVs, as indicated by the blue arrow.

The yellow component, on the other hand, constitutes the outer casing and

hosts the instrumentation accesses for probes traversing, on the NGV exit

plane. The outlet component, an annular, right-turning duct, was designed

in order to follow the NGV exit flow direction and comes out of the sec-

tional plane reported in the figure; its shape can be appreciated in Fig. 3.2,

where pictures of both test rig configurations, installed in the test cell, are

reported. As it is clear from the pictures, the main difference in their layout

stays in the geometry of the exit ducts. Figs. 3.1 also show the positions of

the measurement planes at combustor exit and at NGV exit, Plane 40 and

41 respectively. Their exact position in terms of distance from NGV leading

edge and trailing edge will be provided in Section 3.3.

The main characteristics of both the components investigated in this
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Ph.D. course (i.e. the combustor simulator and the NGV airfoils) have been

developed within the European Project FACTOR. Each module of the rig

was designed following the trend of development for modern aero-engines, in

terms of liner coolant-mainstream air flow split in the combustion chamber,

aggressive swirl and distorted temperature profiles at combustor exit and

engine representative film cooling system on the vanes. As anticipated in the

final part of the previous chapter, the work carried out within this Ph.D.

course has been divided into three main parts: the first of them is com-

pletely focused on the combustor simulator, while for the final, the attention

is shifted to the NGV module. According to this division, in this chapter a

thorough description of the two modules will be provided separately. In the

next section, the main characteristics and particular features of the combus-

tor simulator module will be accurately described; some additional details of

the first configuration of the test rig will be provided as well. In the same

way, in the later section, an accurate description of the NGV profile and of

its cooling system will be reported.

The whole next chapter (Chapter 4) will be dedicated to a detailed de-

scription of the work aimed at upgrading the combustor simulator test rig,

in order to integrate the two modules together, since it was one of the main

part of this work: an exhaustive account of the design process and of the

choices made to get the desired rig layout and instrumentation accesses will

be provided. Moreover a whole view of the final test rig configuration, which

was the object of most of the measurements carried out within this Ph.D.

course, will be found.

3.1.1 Combustor simulator

Starting from the specifications of the full annular combustor simulator

of the FACTOR project DLR rig, the three sector one, installed at THT lab,

was designed; its design was carried out by Turbomeca 1 and Avio Aero 2, as

industrial pertners of the project, in order to precisely mimic a recent lean

burn engine configuration, to capture all physical scales at the combustor-

1http://www.turbomeca.com/
2http://www.avioaero.com
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Figure 3.3: CAD model of the axial swirler

turbine interface. To ease the operability and to allow the use of different

measurement techniques, no combustion is enforced in the chamber and the

temperature profile is obtained only by mixing hot and cold air streams. As

anticipated, a targeted temperature profile is pursued by mixing two different

air flows: cold air is issued at ambient temperature, to feed the effusion

cooled inner and outer liners while the mainstream, that passes thourgh the

swirlers, is previously heated up to 531K. The axial swirlers, depicted in

Fig. 3.3, contain 30 flat vanes disposed around a central hub, They were

designed by Aero Avio in order to create a representative flow field in the

chamber, without the effect of combustion and reach the target flow field and

temperature patterns at combustor exit; a swirl number of 0.7 (definition

of Beer and N.A.Chigier [20], see Section 2.1) is pursued according to design

goals. They were manufactured with a Direct Metal Laser Sintering (DMLS)

Rapid Manufacturing process.

The inner and outer liners are multiperforated with different patterns of

effusion holes, aligned with the streamwise direction (no compound angle) in
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a staggered configuration; the nominal characteristics of each patch, two for

each liner, are summarized in Table 3.1. The geometry of the chamber is not

scaled with respect to a real engine (1:1 scale).

Table 3.1: Main features of the different patches of effusion cooling

Patch d [mm] L/d [-] α [deg] Sx/d [-] Sy/d [-] Porosity [%]

MP Ext1 0.5 3.5 30 3.8 2.0 6.69

MP Ext2 0.5 2.0 60 4.0 2.0 5.74

MP Int1 0.5 3.5 30 4.8 2.0 8.31

MP Int2 0.5 2.0 60 3.2 2.0 5.20

Combustor simulator key features are representative of a lean burn tech-

nology:

• a flow split with 65% of air mass flow going through the swirlers and

35% used for liner cooling;

• liners are provided with an effusion cooling system, and no dilution

holes are inserted;

• the inner liner is strongly convergent towards the final part of the cham-

ber, with an angle of 35◦ (with respect to the horizontal axis)

The three sector configuration was chosen in order to make the central

sector flow field, target of all the measurements, less sensitive to the pres-

ence of the rig lateral walls. The same configuration has been used in several

works such as the ones carried out by Andreini et al. [98], Wurm et al. [99]

and Meier et al. [100]. The results of preliminary CFD evaluations to verify

this assumption can be found in the work of Koupper et al. [101].

Fig. 3.4 reports a scheme of one sector of the combustion chamber; the

nomenclature used for the multperforated liners patches is the same used

in Table 3.1. It also indicates the position of Plane 40, that represents the

nominal chamber exit plane and it’s the main focus of the combustor simu-

lator experimental chracterization.
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Figure 3.4: Sketch of the combustor simulator chamber

Fig. 3.5 shows a CAD model of the three-sector combustor simulator:

different colours indicate the different components that are assembled in the

rig, like the outer (red) and inner (yellow) casings, provided with the coolant

feeding pipes (light grey), the inner and outer shaped liners, provided with

Figure 3.5: CAD model of the test rig
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Figure 3.6: Picture of the combustor simulator

laser-drilled effusion holes (blue), and the inlet and outlet ducts (orange)

that connect the annular sector to the cylindrical pipes coming from the

compressors and going towards to the stack. An adaptive flange is located

on Plane 40, to install the automatic traverse system, that was used for

the probes handling. In order to perform optical measurements, such as

Particle Image Velocimetry (PIV ), the test rig includes two wide lateral

pyrex windows, located at sides of the combustor simulator, that can be

substituted with metal ones, as shown in Fig. 3.5. Fig. 3.6 shows a picture

of the combustor simulator, together with a scheme of the different flows at

its inlet and a focus on the swirlers and on the inner effusion cooled liner.

In order to match the main goal of the combustor simulator, to generate a

rapresentative flow field on Plane 40, ducts of 35, 45 or 55mm length (about

22, 29 and 35% of the total chamber axial extension) can be installed on the
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Figure 3.7: Temperature pattern and flow angles measured on Plane 40 [102]

swirlers, Doing so, the heated swirling mainflow is preserved from interaction

with the cooling flows, Moreover the swirler structure opening, that occurs

as the mainflow enters the combustion chamber, with consequent loss of

tangential momentum, is delayed, with an effect that is comparable to the

one of a shorter combustion chamber. The left pictures in Fig. 3.7 show the

difference from non-ducted (top) and ducted (bottom) configurations. At

the end of the preliminary experimental validation, carried out by means of

five hole probe measurements on Plane 40, whose results can be found in

the works of Caciolli [97] and Bacci et al. [102], the configuration with the

55mm ducts was chosen. It allowed to achieve a representative flow field at

combustor exit, as it is reported in Fig. 3.7, in terms of temperature pattern

and flow angles contours. Flow angles beyond ±50◦, where achieved in a

well-defined rotating structure. Details on the combustor exit flow, from the

measurements that have been carried out within the present work after the

upgrade of the test rig with the NGV cascade, will be provided in Chapter 6.
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3.1.2 Nozzle Guide Vane module

The aerodynamic design of the investigated nozzle guide vane and its

cooling scheme definition was carried out by Rolls Royce 3 as industrial part-

ner of FACTOR project. The results coming from the preliminary Plane 40

investigation [97, 102] were used as input. A CAD model of the NGV airfoil

is reported in Fig. 3.8: the tip is at a constant radius of 280mm, while the

first part of the inner endwall has an increasing radius, to match with the

converging shape of the inner liner, up to a 240 mm constant value in the

final part. As it will be detailed in Chapter 4, a NGV-to-swirler count ratio

of 2 was used, in order to provide a CFD-friendly domain; one NGV has its

leading edge aligned with the swirler axis, while the adjacent one is clocked

halfway between two swirlers. An aspect ratio (H/Cax) of 1.04 and a pitch-

chord ratio (S/Cax) of 1.06 are achieved, considering the constant-height part

of the NGV. According to preliminary evaluations and CFD calculations, car-

ried out for the design of the test rig (Chapter 4), an exit Mach number of

about 0.75, in the case without film cooling flow, is expected; the NGV exit

flow angle is about 74◦, even it is not completely constant through the airfoil

height.

Fig. 3.9 shows the film cooling scheme characteristics of the NGV: it is

made by 8 rows of cylindrical film cooling holes; four of them (SS1-3 and

PS1 in the figure) are shower head rows, close to the leading edge position.

The remaining four rows (PS2-5) are positioned on the pressure side, while

no holes are present on the suction side far from the leading edge. The holes

positioning and inclination was defined in order to adapt to the expected flow

field at NGV inlet and, therefore, to the expected stagnation line position,

reported in the figure. The tangentially averaged flow field at combustor exit

was used for the design process, so relevant differences can be expected in

the film cooling behaviour between the airfoils aligned with the swirlers and

the adjacent ones. Table 3.2 summarize the geometric characteristics and the

expected blowing ratios and momentum ratios of the different rows, in the

nominal case of a 7.5% coolant-to-mainstream mass flow ratio. The NGV is

3www.rolls-royce.com
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Figure 3.8: NGV 3D model

provided with a total of 171 holes. The values of BR of rows PS1 and SS1

should not be taken into account because these regions are expected to be

characterized by very low velocities and therefore very high BR; the remain-

ing rows are characterized by BR below or equal to 2. Moreover the values

of velocity ratios and the penetration regime VR threshold values, accord-

ing to L’Ecuyer and Soechting [54] (i.e. flat plate configuration), is reported

(evaluated with Eq. 2.8, depending on the angle of injection). Despite VR is

generally higher than the evaluated threshold, these values have been consid-

ered low enough to guarantee that the cooling flow would remain attached

to the NGV surface. All the film cooling rows are fed by two cavities, inside

the airfoils, large enough to act as plenum chambers (no significant cross

flow velocity); rows SS1-3 and PS1-3 are fed by the LE plenum, while rows

PS4-5 are fed by the TE plenum, as reported in Fig. 3.9. Both chambers are

fed by a common plenum chamber in order to guarantee the same inlet total

pressure.
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Figure 3.9: NGV film cooling scheme
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3.1.3 Test rig environment and instrumentation

The combustor simulator is installed in the warm test cell of the Uni-

versity of Florence THT Lab, dedicated to long-duration, steady-state warm

tests. The facility layout, adopted for the test campaign without NGV mod-

ule, is reported in Fig. 3.10a: compressed air, discharged by two screw com-

pressors, crosses an air dryer used to cool down the flow to room temperature

and to remove the humidity. The mass flow rates of the three lines, one for

the mainflow and two for the coolant cavities, can be independently set by

regulating three automatic globe valves (1,2,3); a further Vee-BallTM valve

at the test section exit (4) allows to control the combustion chamber pres-

sure (i.e. Mach number). During the tests, valves are automatically driven

through a PID control system to keep constant operating conditions, in terms

of mass flow rates and pressure drops across swirlers and effusion perfora-

tion. The screw compressors are equipped with an automatic modulating

valve to keep constant the air delivery pressure close to 7 bar. Along the

line a 2m3 vessel damps pressure fluctuations. The mainstream mass flow

passes through a 600 kW electric heater, which increases its temperature to

the target value: a dedicated switch board with control system regulates the

electric power in order to set a constant temperature at the inlet of the test

rig. Coolant is delivered to the rig through two separated lines, as mentioned

above: each line discharges air in a plenum, which is connected with the test

article annular cavities through three pipes (see Fig. 3.5).

SS1 SS2 SS3 PS1 PS2 PS3 PS4 PS5

Number of films 28.0 24.0 20.0 26.0 21.0 20.0 16.0 16.0

Diameter [mm] 0.5 0.7 0.8 0.5 0.7 0.7 0.7 0.7

Mean length [mm] 3.8 3.8 2.3 3.1 3.6 4.2 4.1 4.7

L/d [-] 7.5 5.4 2.8 6.2 5.2 5.9 5.9 6.7

Surface angle [deg] 86.0 80.0 70.0 86.0 45.0 45.0 42.0 37.0

Radial angle [deg] 50.0 50.0 5.0 50.0 10.0 10.0 15.0 15.0

Blowing ratio [-] 6.3 2.0 1.2 7.9 2.0 1.9 0.9 0.9

Momentum ratio [-] 33.7 2.8 1.0 51.9 2.8 2.4 0.5 0.5

Velocity ratio [-] 5.17 1.38 0.81 6.33 1.34 1.25 0.60 0.61

Penetration regime VR treshold [-] 0.46 0.47 0.49 0.46 0.65 0.65 0.70 0.78

Table 3.2: Film cooling parameters estimated at nominal conditions
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Figure 3.10: Scheme of the experimental facility for the two test rig configurations

For the second test campaign, on the upgraded test rig, the test facility

configuration has been slightly changed, in order to provide a coolant line

for the NGV cooling system: the new layout is reported in Fig. 3.10b. One

of the coolant lines feeds both inner and liner cooling flows: the correct flow

split is achieved by means of two manual valves (5 and 6 in the figure) and

monitoring the pressure level in the coolant cavities. The remaining line di-

rectly feeds the NGV coolant cavity.

The test rig was equipped with several static pressure taps and thermo-

couples. In the following, the monitoring instrumentation of the second test

rig configuration will be described; anyway, as no change in the combustion

chamber instrumentation were enforced, between the two configurations, it

can be also used to describe the first one, as long as the only combustor

simulator module is considered. A custom-tailored Labview R⃝-based appli-

cation, in-house developeded, provided accurate monitoring and recording of

the conventional data from measurement data scanners. A pressure scanner
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NetScannerTM System 9116 with temperature compensated piezoresistive

relative pressure sensors is employed to measure static pressure in different

locations inside the rig; the maximum uncertainty is ±52 Pa with a level of

confidence of 95%. A HP/Agilent R⃝ 34972A data acquisition/switch unit is

used to monitor the flow temperature measured by means of several T-type

thermocouples (±0.5 K uncertainty, 95%level of confidence). In addition,

two thermocouples are welded on each liner and further three of them are lo-

cated inside the metal, close to the location of Plane 40. Metal temperatures

are also used to assess when the thermal steady state conditions are reached.

Mass flow rates were measured by means of calibrated orifices; they are af-

fected by an error of 2-3% according to the standard ANSI/ASME PTC 19.1

[103] based on the Kline and McClintock method [104]. Fig. 3.11 shows the

positions of the monitoring probes inside the test rig, as also summarized in

Table 3.3. Subscripts ctr, dx and sx indicates azimuthal positions of 0◦ and

±18◦ respectively. Pressure taps Pout1, Pout2 and Pout3, placed in the outlet

duct, downstream the NGV cascade, and used to check the pressure ratio

across the cascade, are not reported in the figure.

3.2 Operative conditions

The test rig nominal operating point has been established in order to

match the most important non-dimensional parameters, that control the be-

haviour of mainstream and cooling flows, at engine representative values. For

the sake of clarity, it must be underlined that, throughout all the treatment,

the word mainstream will refer to the mass flow passing through the swirlers,

when the focus is the investigation of the combustion chamber, while it refers

to the total mass flow at combustor exit (i.e. swirler mass flow and liner cool-

ing flows), when the focus is shifted to the NGV cascade.

The parameters chosen to describe the physics of the flow in the com-

bustor simulator are mainstream and liner cooling flows Reynolds numbers

(ReM , Re1 and Re2) and mainstream Mach number at swirler exit (MM);

Mainstream values are calculated on the swirler section, using its diame-

ter as characteristic length. Moreover, the multiperforated plates can be
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Table 3.3: Test rig monitoring probes

Pressure tap ID Position

PMctr, PMdx, PMsx Mainstream, upstream swirlers

PCOPctr, PCOPdx, PCOPsx Outer coolant feeding pipes

PCIPctr, PCIPdx, PCIPsx Inner coolant feeding pipes

PCOctr, PCOdx Outer coolant cavity

PCIctr, PCIdx Inner coolant cavity

Pcool NGV coolant plenum

P40 Plane 40

Pout1, Pout2, Pout3 Outlet duct, downstream NGV

Thermocouple ID Position

TMctr, TMdx, TMsx Mainstream, upstream swirlers

TCOctr Outer coolant cavity

TO,lin Outer liner, metal temperature

TI,lin Inner liner, metal temperature

TCIctr Outer coolant cavity

Tcool,dx, Tcool,sx NGV coolant plenum

T40 Plane 40, metal temperature

characterized by the blowing ratios BRi = (ρiVi)/(ρMVM) and by momen-

tum flux ratios Ii = (ρiV
2
i )/(ρMV 2

M). Pressure drops across swirlers and

liners (defined as (P0,upstream − Ps,downstream)/P0,upstream) are equal to ≈3.5

and ≈5% respectively, in design point conditions. A main-to-coolant tem-

perature ratio of 1.77 is achieved by heating the mainflow up to 531 K and

keeping the liner coolant at ambient temperature. Concerning the NGV in-

vestigation, Reynolds and Mach number on Plane 40, Re40 M40, must be

considered among the parameters of interest and, consequently, the Mach

number at NGV exit, M41. Plane 40 quantities are averaged values, eval-

uated by through-flow calculation, knowing the annulus passage area, the

mass flow rate and static pressure and temperature. During the tests, condi-

tions are set in terms of mass flow rates and temperatures of the three flows,

and combustion chamber pressure, regulated by acting on the back-pressure
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Figure 3.11: Monitoring probes positions

valve and monitored through the Plane 40 pressure tap (Table 3.3). Plane

41 Mach number was evaluated, through preliminary CFD evaluations (see

Chapter 4), as average value. The average temperature ratio (i.e. coolant-

to-mainstream density ratio) for the NGV film cooling system is about 1.5,

since the average temperature on Plane 40 is 450 K; its local value is variable

depending on the temperature gradients achieved in the combustor outflow.

For the nominal operating point the NGV coolant mass flow rate is 7.5%
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Total chamber mass flow (per sector) 0.24 kg/s

Flow split: swirlers 65%

Flow split: liners 35%

W (film cooling mass flow / mainstream mass flow) 7.5%

Chamber pressure 148 kPa

Swirlers inlet temperature 531 K

Liner coolant temperature 300 K

NGV coolant temperature 300 K

Swirler Reynolds number 111000

Swirler Mach number 0.112

Plane 40 Mach number 0.104

Plane 41 Mach number (without NGV coolant) 0.75

Table 3.4: Design Point operating conditions

of the total mainstream mass flow rate at NGV inlet (W =
ṁfc

ṁM
= 0.075).

Depending on the measurements that have been performed, different sweeps

of film cooling mass flow rate have been carried out, in order to provide a

deeper evaluation of its effect on the measured phenomena (see Section 3.3).

The NGV film cooling conditions in terms of local blowing ratio have already

been discussed in Section 3.1.2. Table 3.4 summarizes the design point con-

ditions both in terms of dimensional variable, to be imposed during the tests,

and resulting non-dimensional parameters.

Beside the nominal operating point, an isothermal point (i.e. all the flows

at ambient temperature) had to be defined, since some of the adopted mea-

surement techniques have to be operated at ambient temperature. In the

view of the combustor simulator characterization, a thorough description of

the process to define the isothermal operating point (IOP ) can be found in

the works of Koupper et al. [101] and Caciolli [97]: with the goal of finding a

good trade-off between the necessities of matching Mach and Reynolds num-

bers, a chamber pressure of 115 kPa was selected, compared to the 148 kPa of

the design point (DP ). In order to preserve the values of liners effusion cool-

ing system blowing ratios, mass flow rates have been left unchanged, leading

to relevant differences in the momentum ratios between DP and IOP (77%);

however, an overall estimate based on early numerical calculations [101] in-
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dicates values of velocity ratio within the range V R ≈ 2.5 − 3. Therefore,

since the effusion holes work within the penetration regime (V R > 0.8) [54],

it was assumed that the modification in the behaviour of the cooling jets due

to this changes on VR does not alter significantly the mixing process in the

chamber and the resulting flow field at the outlet section.

Concerning the NGV test campaign, one consideration must be premised:

the definition of the operating points for the combustion chamber investiga-

tion had been defined without the view of the NGV investigation, since this

part of the work was promoted in a second moment. In the THT Lab open

loop facility operation, lower limits in the NGV exit pressure exist. Despite

this is not a problem for the DP conditions, since they can be easily matched

also in the presence of the NGV cascade, for the isothermal point, early eval-

uations revealed that the combustion chamber pressure had to be increased.

The first commissioning tests of the upgraded rig showed that a chamber

pressure of 127 kPa was necessary, leading to an increase of Plane 40 Mach

number of about 5% with respect to DP. Due to the expansion through the

cascade, even higher differences were expected at NGV exit. In theory, the

combustion chamber pressure could have been regulated in order to adapt

the hot operating point Mach number to the new isothermal one; neverthe-

less, since the investigation in DP conditions plays the most important role,

within this research, it was decided not to change it and keep the values of the

non-dimensional parameters to the initial desired values. The impact of this

differences on the achieved results, depending on the measured quantities,

will be explained in the next section (Section 3.3.1). Table 3.5 summarizes

the values of the main parameters for both the original isothermal point

(IOP ) and the new one (IOP2), compared to the DP conditions.

3.3 Test matrix

Four different experimental techniques were exploited for the character-

ization of the combustor simulator and the high pressure NGV module. At

the beginning, the focus was placed to the evaluation of the flow field and of

the mixing phenomena inside the combustor simulator by means of particle
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image velocimetry (PIV). Standard bi-dimensional PIV was employed to in-

vestigate three different planes: the first one (referred as 1 in Fig. 3.12) is the

combustion chamber symmetry plane (0◦ azimuthal coordinate), that cuts in

two halves the central swirler; the second and the third, called Plane CC1

(2) and Plane CC1 (3) are axial planes (i.e. defined by a normal vector with

axial direction) placed 65 and 85 mm downstream the chamber inlet (i.e. 10

and 30 mm downstream the duct exit) respectively. The initial goal was to

carry out PIV measurements both for IOP and DP conditions: during the

test conduction it was found that the wide lateral pyrex windows could not

live up to the target temperature and the mainstream temperature had to

be limited to ≈ 450K. The combustion chamber pressure was regulated in

order to maintain Mach and Reynolds numbers, together with swirler/liners

pressure drops, as close as possible to the DP case, as previously done for the

IOP definition; mass flow rates were left unchanged in order not to change

the blowing ratios of the effusion cooling systems: this new operating point

will be referred to as WOP (warm operating point).

DP IOP IOP2

Normalized total mass flow 1 1 1

Flow split: swirlers 65% 65% 65%

Flow split: liners 35% 35% 35%

W (film cooling mass flow / mainstream mass flow) 7.5% 7.5% 7.5%

Chamber pressure 148 kPa 115 kPa 127 kPa

Swirlers inlet temperature 531 K 300 K 300 K

Liner coolant temperature 300 K 300 K 300 K

NGV coolant temperature 300 K 300 K 300 K

Swirler Reynolds number 111000 168500 168500

Swirler Mach number 0.112 0.108 0.098

Plane 40 Mach number 0.104 0.109 0.099

Normalized Plane 40 Mach number 1 1.05 0.95

Combustion chamber main-coolant temperature ratio 1.77 1 1

NGV main-coolant temperature ratio 1.5 1 1

Normalized effusion blowing ratio 1 1 1

Normalized effusion momentum ratio 1 1.77 1.77

Table 3.5: Isothermal operating points conditions
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Figure 3.12: PIV measurement positions

After the test rig upgrade with the NGV module, the evaluation of the

overall aerothermal field at combustor exit, by means of five hole probe

traversing, was carried out; Plane 40 is the nominal combustor exit plane

and it is located about half an axial chord (≈ 20mm) upstream the NGV

leading edge position and about 156 mm downstream the swirlers (101 mm

downstream the duct exit). As stated before, a preliminary activity was car-

ried out, on the combustor simulator without NGV, within a previous Ph.D.

course, in order to validate the combustion chamber design and verify the

flow field at combustor exit. Five hole probe tests at combustor exit has been

repeated, after the rig was provided with the NGV module, in order to verify

the repeatability of the measurements after the NGV cascade installation.

Due to the presence of the cascade, the investigation plane at combustor exit

had to be moved upstream by ≈ 5.8mm, as reported in Fig. 3.13; this new in-

vestigation plane, located about 0.65 axial chords upstream the LE position,

was referred to as Plane 402. The comparison between the results of the two

different campaigns showed a satisfactory matching and the little differences

that were found were all coherent with the change of measurement plane.

Five hole probe measurements on Plane 402 have been conducted both in

DP and isothermal (IOP2) conditions to evaluate the differences in the aero-

dynamic field and understand if the validity of the results obtained by the

measurements techniques that require isothermal conditions can be extended

to the DP investigation.
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The combustor simulator characterization was completed with the eval-

uation of turbulence intensity and unsteady structures at combustor exit in

IOP2 conditions. Hot wire probe traversing was employed; due to the con-

figuration of the hot wire probe, with the sensor element in-axis with its

support (see Section 5.3) it was possible to carry out the measurements on

the exact Plane 40.

Afterwards, the investigation of the overall flow field at NGV exit was

conducted: it was carried out by five hole probe traversing on Plane 41, an

axial plane placed about 9 mm (≈ 0.24 axial chords) downstream of the

NGV trailing edge (≈ 67.5mm downstream Plane 40); as for Plane 402, tests

were carried out both in DP and IOP2 conditions. The same measurement

plane was also investigated by means of hot wire anemometry traversing,

in IOP2 conditions. For both the measurement techniques, on Plane 41,

three film cooling mass flow rate conditions were evaluated: the nominal one

Figure 3.13: Five hole probe measurement positions at combustor exit



3.3. Test matrix 83

PIV 5HP HWA PSP

Combustion Chamber

Sym Plane
IOP o

WARM v

Plane CC1
IOP v

WARM v

Plane CC2
IOP v

WARM v

Combustor Exit

Plane 40

IOP o

IOP2 v

DP o

Plane 402
IOP2 v

DP v

NGV Module
Plane 41

IOP2 v v

DP v

NGV Profiles IOP2 v

Table 3.6: Experimental campaign test matrix

(see Section 3.1.2), with ṁcool = 27g/s (W = 7.5%), the configuration with-

out film cooling (W = 0%) and an intermediate one, with ṁcool = 13.5g/s

(W = 3.75%).

In the final part of the work, adiabatic effectiveness measurements on the

NGV airfoils were performed, in order to understand the effect of the highly

swirling combustor outflow on the film cooling performance. As for the hot

wire test, the adopted PSP technique requires tests to be run in cold (IOP2)

conditions. The same two cooled configurations (W = 7.5% andW = 3.75%)

were investigated and a third one with ṁcool = 20g/s (W = 5.5%) was added,

in order to deepen the investigation of the effect of coolant mass flow on the

achieved adiabatic effectiveness, on the different positions of the airfoil.

The full experimental test matrix is summarized in Table 3.6: symbols

’o’ indicate tests carried out in the previous Ph.D. course [97], while symbols

’v’ indicate tests carried out within the present work.
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3.3.1 Final considerations on operating conditions com-

parison

As stated above, the nominal operating condition for the present exper-

imental campaign makes use of heated mainstream, in order to account for

the presence of temperature gradients at combustor exit. On the other hand

some experimental techniques require tests to be run with all the flows at

ambient temperature, resulting in an isothermal configuration. It is useful

to provide here a short description of the expected impact of these differ-

ences in the outcomes, in order to understand if and how the applicability

of the isothermal results can be extended to complement the nominal condi-

tion ones. In addition to the absence of temperature gradients, the expected

differences in the NGV exit Mach number, due to the differences in Plane 40

Mach number between DP and IOP2, must be considered.

Regarding the hot wire measurements, the turbulence pattern at the exit

of a lean combustor representative flow field is mostly generated by the highly

swirling flow and a strong turbulence spot should be expected in the center of

the rotating structure; once the correct swirl profiles are achieved, the gross

turbulence intensity profile should follow [22]. Therefore if a very similar

flow angles pattern at combustor exit is achieved, between isothermal and

nominal point, similar turbulence profiles should be found as well. Koupper

et al. [101] carried out preliminary CFD calculation to verify this analogy,

in terms of both flow pattern and turbulence intensity, at combustor exit.

The limited differences in Plane 40 Mach number (≈ 5%) should not affect

the results, due to its very low value, well below the compressibility thresh-

old. The similarity between the flow field at combustor exit for DP and

IOP2 condition will be discussed in Section 6.2.2. Regarding the turbulence

measurements on Plane 41, it has been demonstrated in the past that the

presence of temperature gradients should not affect the flow field evolution

within the cascade from an aerodynamic point of view [72, 84]. Even if

this assumption has never been experimentally demonstrated for the case of

highly swirling flows, as in the present study, and does not take into account

the film cooling contribution, it is fair to expect limited differences in the
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aero field on Plane 41 between DP and IOP2. The slight variation of the

exit Mach number should not significantly affect the flow development as

well, as long as the operating point stays far from transonic conditions [105].

The verification of this assumption will be presented in Section 7.2.1. The

expected differences in the exit Mach number can play a bigger role than

on Plane 40, due to the fairly high values: a lower turbulence is generally

associated to a higher acceleration (i.e. higher exit Mach number). Anyway,

since in both conditions the NGV cascade stays far from sonic conditions,

only slight quantitative differences can be expected, with very similar out-

comes in terms of turbulence pattern.

Concerning the adiabatic effectiveness, the biggest difference between

IOP2 conditions, used for PSP measurements, and DP ones stays in the

local coolant-to-mainstream density ratio. Even if carbon dioxide was cho-

sen as foreign gas (Section 5.4.4), in order to match the average density ratio

of the DP case, the effects of the temperature gradients in the mainflow can’t

be replicated and some differences must be locally expected. Moreover the

different Mach number at NGV exit between IOP2 and DP conditions (i.e.

different pressure ratio through the cascade) could lead to different coolant

mass flow rate repartition between the LE plenum chamber and the TE one,

resulting in different local blowing ratios, even if the mass flow rates are con-

served. As it will be explained in Section 4.1.1, these differences are expected

to be very small, since the gross of the coolant mass flow rate is injected close

to the LE and on the pressure side, where the differences are limited; conse-

quently, even if the values of blowing ratios and momentum ratios reported

in Section 3.1.2 can’t be exactly matched, very similar and, thus, realistic

values, are expected. In addition, concerning Mach number, it has been doc-

umented that it can affect the film cooling thermal performance, since an

increase in the mainstream Mach number can keep the cooling jets closer to

the wall, resulting in lower mixing and higher protection [64]; anyway, due

to the very limited differences in terms of Mach number, especially in the

position of the investigated row of holes, this effect should not be consid-

ered as a source of inconsistency between the operating conditions. Even

if, due to issues related to the density ratio, only a qualitative extension of
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the adiabatic effectiveness results gathered in cold conditions to the nominal

conditions should be made, they completely fulfil their goal: the description

of the behaviour of a NGV film cooling system under a highly swirling inflow

and the effect of a coolant mass flow rate variation on the resulting effective-

ness.

Different considerations must be made regarding PIV measurements, since

both IOP and WARM conditions, adopted for these measurements, are dif-

ferent from the other conditions (IOP2 and DP) adopted throughout the rest

of the campaign. The dimensional results evaluated here cannot be consid-

ered valid for the other investigations. The goal of these measurements is, on

the other hand, to highlight the typical flow structures and mixing phenom-

ena that characterize the flow field evolution in the combustion chamber and

to relate them to the flow field behaviour at combustor exit. Moreover they

have been useful to put in evidence the reasons of the differences between the

isothermal case and the nominal one. Once the results are properly scaled,

they strict this goal, despite the quantitative differences.

As a short summary of the considerations taken in this paragraph, the

following statements can be used: (1) despite limited differences between

the nominal conditions and the isothermal ones, a very similar behaviour

should be expected for all the investigated aspects; (2) the goal of the mea-

surements performed throughout this work is (a) to evaluate the effect of a

highly swirling and highly turbulent inflow on the adiabatic effectiveness of

a film cooled NGV, as well as on the resulting flow field, secondary flows and

turbulence pattern at its exit and (b) to investigate the hot streaks migra-

tion through the cascade, their interactions with film cooling cold streaks and

their effects on the secondary flows, once engine representative temperature

gradients are introduced in the mainstream. The description of the results

in Chapter 7 will follow this angle.
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One of the most important activities, that were carried out within this

work, was the development of a new test rig, made by both the combustor

simulator and the NGV module. While the design of the two separated mod-

ules was not part of this work of thesis, as it was done by industrial partners

(see Section 3.1), their integration into a single test rig had to be addressed.

Moreover, in order to carry out probe traversing on the measurement planes,

an automatic traverse system had to be developed. In this chapter both ac-

tivities will be described. Particular attention will be given to the first one,

due to its importance in the work final outcome; details of the experimental

commissioning tests, carried out to verify the design procedure, will be also

provided here.
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4.1 Details of test rig upgrade design proce-

dure

The upgraded test rig design has been divided in two main parts. In the

first one the focus was put in integrating the two modules together from a

mechanical point of view: in this stage the work was mainly made by CAD

activity, aimed at installing the cascade at the exit of the combustion cham-

ber, without modifying its geometry. Afterwards the focus shifted to the

design of the module that had to host the NGV profiles and of its outlet

section. In general, when it comes to designing sector cascade rigs, lot of

attention must be paid in trying to achieve the correct mass flow distribu-

tion among the vanes and, hence, periodic conditions in the vane passages

that have to be investigated. A CFD activity was carried out for the goal:

even if CFD calculations were not directly carried out within the work of

this Ph.D., this activity was closely followed, in terms of defining guidelines

and evaluating results. The first part has been already briefly detailed in

Section 3.1, where sectional views of the previous and of the upgraded test

rig configurations have been showed and described (see Fig. 3.1). Therefore,

in this section, the focus will be placed on the description of the second part.

The integration of the NGV module in the test rig had to face a number

of different constraints and necessities; the most important are summarized

below:

• reach the correct mass flow distribution among the vanes (i.e. re-create

periodic conditions in the two central-sector passages)

• allow the correct coolant distribution among the NGV profiles

• achieve a sufficient dynamic pressure recovery (i.e. limit the total pres-

sure losses) in the outlet section, in order to reach the design point

conditions in terms of mass flow rate and exit Mach number, in the

open loop facility



4.1. Details of test rig upgrade design procedure 89

Figure 4.1: Sketch of a linear cascade rig: focus on sidewalls and tailboards (modified

from [106]

• provide accesses for probe traversing at the NGV exit plane and an

optical access for PSP measurements

The first two aspects are unanimously considered critical points in sector

rigs design: in this kind of applications, the work must be aimed at evaluating

the correct shapes of the NGV module lateral sidewalls (i.e. the walls at the

sides of the NGV profiles) and of the tailboards, the rig walls in the outlet

section; Fig. 4.1 provides a sketch of a linear cascade rig where these surfaces

are highlighted [106].

Concerning the first geometry, it is common to adopt the shape of either

the pressure or suction side of the NGV profiles, at least in the application,

as the present one, where a whole passage stays between the lateral profiles

and the sidewalls. The calculation of the tailboard geometry, on the other

hand, is more complicated, especially in the case of annular cascades. For

linear ones, in fact, it is common use to adopt flat plated tailboard, hinged

at the outlet of the cascade: depending on the setting angle (i.e. their incli-

nation with respect to the axial direction), tailboards can induce local flow
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diffusion and thus affect the backpressure locally downstream of the cascade,

which per se can be used for controlling the velocity distribution in the flow

passages [107]. In addition it is also common to make use of movable tail-

board, whose inclination can be varied, during the rig commissioning phase,

to match the desired conditions, in order to make up for possible design in-

accuracies [106, 108].

Concerning annular cascades, the procedure become more complex, due

to two main reasons: first of all, due to the annular nature, it is not possible

to adopt movable tailboards, since a rotation of this surfaces would lead to

interference with inner and outer walls; applications with semi-flexible side-

walls, made of plastic materials, have been engineered to solve this problem

[107], but their applicability is limited to low TRL applications. In addition,

some means have to be employed to set the radial pressure distribution, that

establishes in the annular cascade, at its exit. A detailed survey of guidelines

for annular sector cascade rigs was provided by Povey et al. [109], as they

highlighted four possibilities to strict this goal; they are sketched in Fig. 4.2.

The solution reported in Fig. 4.2b consists in increasing the mean radius of

the flow path, in order to reduce the flow tangential velocity by conservation

Figure 4.2: Methods of setting annular cascade exit conditions: (a) extended constant

annulus, (b) radial diffuser, (c) perforated plate, and (d) deswirl vane [109]
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of fluid angular momentum. This reduces the pressure difference between

the hub and case so that the flow can be exhausted to a constant pressure

plenum. Particular attention, though, must be paid to the design in order to

avoid separation in the diffusive flow along the duct; therefore this solution

is scarcely adopted. The solution in Fig. 4.2c, on the other hand, consists

in using a grid with variable porosity, depending on the annulus height, so

that a radial pressure gradient can be set upstream the grid, while achieving

an approximately constant pressure distribution downstream of it. Such a

solution was adopted by El-Gabry et al. [110]. The drawback of this solu-

tion is that it introduces an additional total pressure loss in the flow. The

solution in Fig. 4.2d is the one adopted by Povey et al. [109] and consists in

making use of a deswirl vane to set the radial pressure gradient at the vanes

exit; while it is considered the most reliable solution, it increases the design

complexity, as it introduces an additional cascade to the rig. Finally the so-

lution in Fig. 4.2a is only based on allowing the exit flow to develop through

an extended annulus of constant radius, before exhausting to a plenum at

constant pressure. According to Povey et al. [109], it is usually the case

that the vane exit static pressure at midspan is close to the pressure of the

downstream plenum. For this reason, the hub endwall flow is subject to an

adverse pressure gradient towards the exit of the annulus: this can lead to

flow separation that can influence the upstream flow development. Never-

theless, this solution is often adopted [107], especially in the case where the

operating point does not reach transonic conditions (i.e. where the radial

pressure gradient is less enhanced). Regardless of the adopted solution, the

design of an annular sector cascade rig requires a detailed design process;

for this reason reduced experimental data gathered on this kind of test rigs

is available. Nevertheless they are a promising solution, that allows, once

its design is satisfactorily carried out, to re-create secondary flows, pressure

losses and swirl angles that are representative of engine applications at re-

duced costs with respect to full annular facilities.

In the present case, given the advantages and the drawbacks of the differ-

ent solutions and since the expected Mach number at NGV exit stays quite

far from transonic conditions, it was decided to pursue the last mentioned
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Figure 4.3: Parametric CAD (a) and reference case (b) geometries

solution. In fact, it would allow to limit the pressure losses in the cascade

exit duct, that constitutes an important constraint in the THT Lab open

loop facility. Concerning the shape of the tailboard walls, Povey et al. [109]

highlighted the necessity to employ 3D shaped surfaces in order to adapt to

the flow streamlines; nevertheless, since in the current application the varia-

tion on the NGV exit angle with the annulus height is quite limited, it was

chosen to make use of flat walls. This choice allowed to provide the external

wall with an optical access to be exploited for PSP measurements, as it will

be detailed in the following. Finally a divergent section was adopted instead

of a plenum chamber in order to achieve a more effective dynamic pressure

recovery, allowing to bring the NGV outlet static pressure below ambient

conditions.

An optimization procedure, similar to the one described by Shaukat [111]
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was set up in ANSYS Workbench to minimize the discrepancy between a

calculation on the rig geometry and a reference case, represented by a single

sector with periodicity conditions. A parametric CAD was coupled with a

meshing module and ANSYS CFX, giving the possibility to generate geome-

try and mesh of the investigated configurations, as well as perform a RANS

simulation and postprocessing. The design purpose was to determine the val-

ues of opening angle of the external tailboard capable of avoiding any effect

on the flow field of the central sector; a set of tailboard opening angle was

automatically investigated in order to find the configuration that led to the

minimum differences with the reference case, in terms of pressure distribu-

tion on the three central profiles (NGV1-3, according to the nomenclature

reported in the figure). Figs. 4.3a and 4.3b report sketches of the CAD para-

metric model; the latter shows two models with different tailboard angles,

in order to make the differences more understandable. Fig. 4.3c shows the

geometry of the single sector periodic run used as a reference case.

Concerning the definition of the boundary conditions, to be used for the

calculations, one issue had to be faced: while results from preliminary five

hole probe measurements, carried out on the combustor simulator rig with-

out NGVs [102, 97] were available, they only covered the central sector of

the rig; therefore they could have been used for the reference run, but not for

the three-sector rig geometry configuration. Since the lateral walls were ex-

pected to have a strong influence on the local flow field approaching the NGV

cascade, it was decided not to simply extend the preliminary measurements

results to the adjacent sectors, but to follow a different way. Results coming

from a SAS calculation, carried out on the whole three-sector combustion

chamber domain [112], were used, as they provided a very good matching

with the preliminary five hole probe results: for the rig geometry run, the

whole three-sector dataset was used, while for the reference one, only the

central sector results were employed. In order to make the design proce-

dure more reliable, an additional case, with uniform axial inlet flow and with

the same mean total pressure and temperature of the SAS results, was run,

both in the periodic case and in the rig configuration one. In the following

the calculation with SAS boundary condition will be referred to as “swirl”
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calculation, while the other will be labeled as “uniform”.

Fig. 4.4 reports the comparison of the numerical results, in terms of Mach

number distribution on the NGV exit plane (Plane 41). The contour plots

present a very good matching between the reference case and the rig case,

both for the swirl and the uniform runs. Therefore the CFD analysis demon-

strated that the optimized test rig geometry was capable of reproducing the

flow field that would be achieved in an ideal periodic configuration (i.e. full-

annular configuration). As a further verification, Fig. 4.5 reports the pressure

distributions on the NGV profiles; only the swirl runs are reported here. Ac-

cording to Fig. 4.3, NGV2 refers to the airfoil with the leading edge aligned

with the central swirler, while NGV1 and 3 are the lateral ones that bound

the rig central sector; for the reference run, only one lateral airfoil is included

in the domain, due to the periodicity conditions. Results show a satisfac-

tory agreement, confirming the conclusion taken above. In addition, it was

Figure 4.4: Mach number distribution on Plane 41 calculated from reference (periodic)

and rig configurations
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Figure 4.5: NGV pressure distribution calculated from reference (periodic) and rig con-

figurations

found that all the profiles show a very similar pressure distribution, regard-

less of their clocking position, despite the different flow field characteristics

approaching them: this aspect will be detailed in Chapter 6, where the flow

field on Plane 40 will be described.

According to these results, the optimized rig geometry, defined with the

guidelines described above, was considered adapt to the goal of creating

the same flow field that would be generated in a full annular configuration

where each sector is characterized by the same flow field that is achieved

in the central sector of the combustion chamber exit plane of the present

test rig. The final configuration is reported in Fig. 4.6, where both a CAD

model of the rig (Fig. 4.6a) and a sectional view, that allows to correctly

visualize the paths of the different flows (Fig. 4.6b), are shown. As stated

in Section 3.1, the combustion chamber inner and outer casing had to be re-

manufactured, in order to reduce their axial extension and leave space for the

NGV module; no changes in the combustion chamber geometry, though, were

enforced. The multiperforated liners, on the other hand, were left unaltered.
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A component (1) was used to host the NGV profiles and two others (2-3) to

reproduce the sidewalls geometry; in this way the tested NGV profiles can be

changed without having to substitute the whole NGV module. In component

1, a plenum chamber for NGV coolant is achieved, where total pressure and

temperature of the cooling flow are measured. The NGV outlet duct (4), on

the other hand is specifically designed for a certain NGV geometry; at its

exit the flow enters a divergent section (not reported in the figure), where a

part of the dynamic pressure is recovered, before passing through the back-

pressure valve and going to the stack. The yellow component in Fig 4.6b (5),

constitutes the outer endwall of the NGV annulus; an instrumentation access

was achieved on such a component in order to allow probe traversing on Plane

41: different kind of adapting flanges, for traverse system installation, like

the one that is shown on Plane 40 in the figure, can be mounted on it, in order

to investigate the plane with different kind of probe geometries. The lateral

combustion chamber windows had to be modified with respect to the previous

configuration, in order to cope with the reduced length of the combustion

chamber inner and outer casing components. They are provided with a small

window, that can be exploited for optical measurements on the NGV profiles:

for these kind of tests PMMA windows are used, while for probe traversing

tests, where no optical access is required, they can be substituted with metal

dummies. An additional window was realized in the exit duct, as stated

above. The optical and the probe accesses are also reported in the figures.

The figure also shows that only the three central airfoils are cooled, while the

lateral ones (NGV 0 and 4) are dummies; this choice was made in order to

ensure that the film-cooling mass flow rate is correctly distributed among the

airfoils. In fact, since the feeding pressure is the same, as all the airfoils are

fed by the same plenum chamber, as described in Section 3.1.2, and the same

pressure distribution is expected on the central profiles, a uniform coolant

mass flow distribution should be expected as well. On the other hand, if also

the lateral profiles were cooled, relevant imbalance in the coolant mass flow

split could arise, due to the different mainstream pressure distribution on

these profiles.
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Figure 4.6: Optimized rig layout: 3D CAD model (a) and sectional view (b)
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4.1.1 Upgraded test rig commissioning

It is useful here to provide some experimental results, in order to ver-

ify that the conclusions taken from the CFD optimization also stand in the

manufactured hardware. In this kind of applications it is common to exper-

imentally verify the pressure distribution on the NGV profiles, by means of

dummy airfoils provided with pressure taps. In the current application, it

was decided to follow a slightly different path, since such a verification was

not considered enough for the pursued goals. First of all, it was also necessary

to verify the flow field distribution downstream of the cascade, where mea-

surements had to be carried out; the only verification of the NGV pressure

distribution was not sufficient for the assessment of the test rig behaviour.

Moreover, it was useful to understand how the coolant injection altered this

pressure distribution: in fact, this would not have been feasible with dummy

airfoils, as it is hard to provide them with both pressure taps and a cooling

system. It was, then, decided to exploit some of the results, coming from

the test matrix described in Section 3.3, to strict this goal. These results

are reported in this section, since they must be directly compared with CFD

findings, even if the working principle of these measurement techniques has

not been described yet; it will be done in Chapter 5, before analyzing the

actual results of this Ph.D. course.

In particular five hole probe results on Plane 41, have been exploited to

compare the Mach number level on the NGV exit plane, to the one calcu-

lated by the periodic “swirl” CFD run; the goal of this verification was (1) to

compare the Mach number level, in order to check that the foreseen pressure

ratio is achieved in the rig, and (2) to check its distribution among the central

NGV passages, as an unbalanced mass flow rate split among the vanes, due

to the rig not working correctly, would lead to a different pressure ratio (i.e.

a different Mach number) in the two central passages. It must be reminded

that CFD inlet conditions are not taken from experimental data, but from a

SAS calculation; the differences between this data and the actual flow field

approaching the NGV cascade is, anyway, expected to be very limited.

One dimensional profiles, at three different annulus heights, were ex-

tracted from both data sets, and compared in Fig. 4.7; only the two central



4.1. Details of test rig upgrade design procedure 99

Figure 4.7: Mach number profiles at NGV exit: comparison between experimental results

and CFD prediction

passages are covered from the data shown in the plots: the central sector

covers the span between t/p = −1 and t/p = 1; in particular 0 < t/p < 1

corresponds to the right passage (between NGV2 and NGV3 according to

Fig. 4.6) exit area, while −1 < t/p < 0 corresponds to the left one (be-

tween NGV1 and NGV2). A good matching was achieved, both in terms of

Mach number values and distribution, at h/H=0.5 and 0.75. At h/H=0.25, a

higher Mach number was measured in the right passage, while similar values,

between the two passages were expected from CFD results. A possible expla-

nation of this behaviour will be provided in Section 7.2. Despite this aspect,

limited issues related to the mass flow rate split should be found and the

achieved pressure ratio across the cascade is in line with what was expected.

The verification of the pressure distribution on the NGV profiles, on the

other hand, was carried out by exploiting PSP, that, as it will be detailed in
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the next chapter, can be used as pressure detectors. Two considerations must

be premised here. First of all, when PSP technique is adopted to measure

a pressure distribution, a low measurement sensitivity is generally achieved,

especially when the measured pressures are close to the ambient conditions;

therefore “noisy” results will be achieved, that, nevertheless, allow to cor-

rectly understand the pressure distribution on the airfoils. Furthermore,

PSP tests had to be run in IOP2 conditions, so, as anticipated in Section 3.2

a lower pressure ratio than in DP conditions (i.e. than in CFD results) was

achieved. Nevertheless the goal of this verification was not to check the ac-

tual pressure ratio, that was already accomplished with Mach numbers plots,

but to compare the shape of the pressure profiles; since the differences in the

pressure ratio between IOP2 and DP conditions are limited, this shape is not

expected to present important variations. Results are reported in Fig. 4.8:

CFD results, from the reference periodic run, are shown on the left, while

the profiles extracted from PSP results are reported on the right; for the

latter, NGV 2 and 3 are only reported, since a reduced portion of NGV1 can

be framed (as it will be explained in Section 5.4.4); moreover both results

from tests with and without NGV coolant are shown, so that its effect on

the pressure distribution can be assessed.

Even if PSP measurements do not cover the whole NGV profile, they

allow to verify that very similar pressure distribution to the CFD predicted

ones are measured. The only relevant difference between CFD and PSP pro-

files for the case without coolant (red and yellow plots) stays in the different

pressure ratio, that, anyway, has already been addressed above and is only a

consequence of the operating condition. In addition PSP results for the case

with coolant show that the two investigated airfoils still show a very similar

pressure distribution, with an increased pressure ratio, as an enhanced mass

flow rate expands through the passages due to the coolant injection. This

finding suggests that a correct cooling flow distribution is achieved, with no

relevant unbalance. Even if this result was expected, since the different air-

foils showed a very similar pressure distribution and they also have a very

similar effective area (as measured from preliminary tests in a dedicated test

rig with ambient discharge conditions), this evaluation works as a useful ver-
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Figure 4.8: Pressure distribution on NGV profiles: comparison between experimental

results and CFD prediction

ification.

A further verification of it was pursued by directly analyzing the perfor-

mance of the NGV cooling system. Differently form the previous results,

this can be considered as an actual commissioning test, since it was carried

out only to verify the rig behaviour and not to find any general result. The

two feeding cavities of each airfoil (see Section 3.1.2) were, in turn, blocked,

by using a dedicated sealant material, in order to run three different tests:

in the first one all the three airfoils were fed (Test NGV123 ); in the second

only the central airfoil was fed (Test NGV2 ); in the last, only the lateral ones



102 Chapter 4. Instrumentation Design and Integration

Figure 4.9: Results of selective cooling system flow checks

were fed (Test NGV13 ). For each test a sweep of coolant mass flow rates

was investigated, while the mainstream was set at the nominal conditions, in

order to built a characteristic curve of the system. A pressure ratio, calcu-

lated as (Pcool−P40)/P40 was related to a scaled coolant mass flow rate; Pcool

and P40 are measured in the coolant plenum chamber and by the Plane 40

pressure tap respectively. Since the Plane 40 pressure, which is constant for

all the investigated airfoils, was used as the discharge pressure, an eventual

unbalance in coolant mass flow among the airfoils would result in different

characteristic curves. To directly compare the results of the three runs, the

measured coolant mass flow rate was multiplied by three for Test NGV2 and

by 1.5 for Test NGV13. Results, reported in Fig. 4.9, show that the curves

of all the three tests overlap with each other in all the investigated range

of mass flow rates. The mass flow rates evaluated from the runs, differed

from each other by less than 2%. Therefore an additional verification that

the achieved coolant mass flow split follows the expected distribution was

achieved.

A final commissioning test was carried out in order to verify a different

assumption; as it was detailed in the previous chapter, the different pressure

ratio between DP and IOP2 conditions could lead to a different coolant mass

flow split among the different film-cooling rows, between the two cases. This
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Figure 4.10: Results of cooling system flow checks in DP and IOP2 conditions

would cause PSP tests, for adiabatic effectiveness calculation, not to be able

to correctly predict the behaviour in nominal conditions; nevertheless, due

to the limited differences it was stated that very reduced deviations are ex-

pected. This hypothesis was verified by comparing the characteristic curves,

built with all the three airfoils fed, calculated in DP and IOP2 mainstream

conditions. As stated above, since the pressure ratio is calculated using Plane

40 pressure, instead of the actual holes discharge pressure, a different coolant

distribution among the rows would lead to a calculation of different curves.

Results, reported in Fig. 4.10 demonstrate that a very similar behaviour was

found. In the point of nominal coolant mass flow rate, the effective areas

measured for the two conditions, differ for less than 1.5%, well within the

measurement uncertainty.

Summarizing, the test rig design process has been carried out by a thor-

ough CFD activity in order to find an optimized configuration. The pursued

configuration was such that the flow field evolving through the two central

passages, bounded by NGVs 1 and 3, showed minimal differences with re-

spect to a reference configuration; this ideal configuration is given by the

case where the flow field approaching the NGV module in the central sector

of the rig would pass through a periodic (i.e. full annular) cascade. CFD

calculations were able to find a rig geometry where the evaluated differences
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between actual and reference cases where very limited, in terms of pressure

distribution on the NGV profiles and at the cascade exit. Moreover, some

experimental results, together with additional commissioning tests, were ex-

ploited to demonstrate that the rig works as it was predicted by the calcu-

lations, regarding the above mentioned aspects. The NGV cooling system

behaviour was also evaluated, in order to check that it didn’t create unbal-

ance in the coolant mass flow distribution and consequent alterations in the

pressure profiles. All the results pointed out that the rig functioning was in

line with what expected and, therefore, that the measurements carried out

on it can be correctly exploited to pursue the goal of this work.

4.2 Development of an automatic Traverse

System for probes handling

Before moving the focus to the description of the adopted measurement

techniques and to the results of this treatment, which will be the focus of

the next three chapters, it is useful to complete this small account of the in-

strumentation design process by providing a quick description of the traverse

system. As stated previously, it was used to automatically traverse both five

hole probe and hot wire probes on Plane 40 and 41, in order to explore the

central sector domain through fine meshes. Even if its design constituted

an important part of this Ph.D. activity, the description of all the evalua-

tions related to its mechanical design go beyond the goal of this treatment.

Nevertheless, a quick description of it will be provided, as it allow to have

a better understanding of the probe traversing tests execution as well as of

the accuracy in the probes positioning.

The traverse system was designed in order to allow three kind of probe

motions, as sketched in Fig. 4.11: horizontal displacement, vertical displace-

ment and rotation along its axis.

To fulfill these requirement, the developed traverse system is made by

two main parts: the first one is a structure that allows the horizontal dis-
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Figure 4.11: Traverse system concept

Figure 4.12: Structure for horizontal displacement: CAD model (a) and focus on the

horizontal sled (b)

placement; it also has the goals of allowing to install the traverse system on

the test rig without creating any leakages. A second structure, where the

probe is fixed, can be mounted on the first one; it stricts the needs of vertical

displacement and rotation of the probe.

Concerning the first structure, whose CADmodel is reported in Fig. 4.12a,

its main component is an horizontal sled, reported in transparency in Fig. 4.12b,

that can be displaced by means of a nut screw system actuated by a step-

per motor. The layout of the second structure, responsible for the vertical

displacement, is reported in Fig. 4.13a; a flange allows to install it on the

horizontal sled. The vertical displacement is achieved through a nut screw
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system, similar to the one that moves the horizontal sled (vertical screw in

the figure). Concerning the probe rotation, it is obtained thanks to a worm

screw that acts on a gear wheel; the probe is fixed to the latter, as it is

sketched in Fig. 4.13b. Both displacements are actuated thanks to two step-

per motors, as it can be seen in the figure. Combining the gear ratios of

the three actuating systems and the stepper motors angular resolution, po-

sitioning accuracies of ≈ 0.1mm, for horizontal and vertical displacements,

and 0.2◦, for the probe rotation, are achieved. Fig. 4.14, finally reports a

CAD model of the whole traverse system, with the five hole probe installed

on it. Concerning the control system, its development was carried out by an

external company, following the provided guidelines. The control framework

is made by a fanless PC that commands the stepper motors via Modbus

connection; it is also able to acquire data from THT Lab instrumentation,

as National Instruments R⃝ boards and pressure scanners, via ethernet con-

nection. A National Instruments 9212 board is integrated in the framework,

to acquire two J-type and two K-type thermocouples. A schematics of the

Figure 4.13: Structure for vertical displacement and probe rotation: CAD model (a) and

focus on the probe fixing system (b)
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Figure 4.14: CAD model of the traverse system with five hole probe installed

control framework is reported in Fig. 4.15. A pendant can be used, to com-

mand the stepper motors, for manual probe motion, instead of the software

control. The control software has been developed in Labview R⃝; it allows to

select the instrumentation to be used and to enable or disable each stepper

motor. Measurement meshes can be selected from text files, as a list of posi-

tions where the probe has to be sequentially driven and readings have to be

recorded . Parameters like acquisition frequency and duration can be inde-

pendently set. Moreover a waiting time can be selected, so that, after the

probe has reached the desired position, a certain number of seconds is put

before the starting of the acquisition; in this way, hysteresis issues, for probes

with reduced frequency response can be avoided. For each mesh point, an

output file with the instantaneous acquisitions of all the selected instruments,

is generated; moreover an additional file, where the average quantities of all

the measurement points are summarized, is provided.
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Figure 4.15: Schematics of the traverse system control framework

In the next section, where five hole probe and hot wire anemometry tests

will be described, details of the employed acquisition parameters, instrumen-

tation and measurement mesh will be provided, separately for each measure-

ment technique.



Chapter 5

Experimental Techniques and

Data Reduction

Four different experimental techniques have been exploited to carry out

the characterization of the test rig. In this chapter all of them will be de-

scribed. For each technique, the focus will be initially placed on its basic

theory, before moving to the description of how it was applied in the present

campaign.

5.1 PIV measurements

In the very first part of the research carried out within this Ph.D. course,

flow field measurements of the combustion chamber were carried out; stan-

dard 2D Particle Image Velocimetry (PIV) was exploited for the goal.

PIV technique is based on the insertion of seeding particles inside the

flow, in order to track the mean flow field. The particles are illuminated

through a laser sheet and their positions are recorded by a CCD (Charge-

Coupled Device) camera in two different instants, setting the desired time

delay between two laser pulses. In order to evaluate the particle movements,

the images acquired by the camera are divided in small interrogation areas

and an homogeneous movement of particles within each area is assumed. A

statistic approach based on 2D cross correlation methods is exploited to com-

pute a vector associated to the particle movement. Moreover, the velocity
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vector on the laser plane is directly computed by the displacement vector,

knowing the time delay between the pair of images and the magnification

factor (ratio between CCD and “real space” distances). A generic setup for

PIV measurements is reported in Fig. 5.1 where it is possible to observe the

main components necessary to perform the tests. The laser system,able to

generate monochromatic light with high density of energy, is used to illumi-

nate the seeding particles. A set of optic lenses are used to generate a thin

light sheet while a mirror can be used to deviate it. The seeding particles

must be constituted by inert substance and must have a small diameter in

order to follow the streamlines of the flow field. A dimensionless number

able to describe the capability of particles to follow the mean flow field is the

Stokes number:

St =
τ.U

l
(5.1)

where U is the fluid velocity of the flow well away from the obstacle, l is

the characteristic dimension of the obstacle and τ is the relaxation time of

the particle (i.e. the time constant in the exponential decay of the particle

velocity due to drag). In the case of Stokes flow, which is when the particle (or

droplet) Reynolds number is less than unity, then the particle drag coefficient

is inversely proportional to the Reynolds number itself and the characteristic

time of the particle can be defined as:

τ = d2p
ρp
18µ

(5.2)

If the fluid acceleration is not constant or Stokes drag does not apply

(e.g. at higher flow velocities), the equations of the particle motion become

more difficult to solve. Nevertheless, τ remains a convenient measure for the

tendency of particles to attain velocity equilibrium with the fluid [113]. To

follow the streamlines, the particles must have a St number as low as possi-

ble. For St > 1, particles will detach from a flow especially where the flow
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Figure 5.1: PIV measurements general layout

decelerates abruptly. For St << 1, particles follow fluid streamlines closely

and if St << 0.1, tracing accuracy errors should stay below 1% [114]. In ad-

dition to the previous characteristic, the particles must have good properties

in terms of Mie scattering in order to maximize the scattered light and the

measurement sensitivity. In general either solid, liquid or gaseous seedings

can be used. For tests at low temperature, one of most reliable substance

that can be used as seeding is the mineral oil.

5.1.1 Details on endoscopic PIV

PIV is widely used in turbomachinery applications since it is a non-

intrusive technique and allows a 2D flow field measurement, instead of punc-

tual ones. On the other hand, one of the drawback is that it requires adequate

optical accesses, as wide as possible, in order to carry out accurate measure-

ments. Flow field investigations using PIV are typically performed using

transparent test samples or mirrors to acquire images and insert laser sheets

inside the test article [115, 116]; however the requirement of performing tests

higher TRLs and in complex geometries (i.e. combustor simulators), where it

is not possible to provide dedicated optical windows, demands the use of dif-
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Figure 5.2: Example of endoscopic PIV layout [117]

ferent experimental approaches. The most common approach is to carry out

measurements using endoscopic PIV, by using boroscopes for laser sheet in-

sertion and/or for acquiring images. Fig. 5.2 shows an example of endoscopic

PIV application setup [117]: both laser sheet insertion and image acquisition

are carried out by means of boroscopes; in particular a 90◦ viewing direc-

tion boroscope is used to frame the measurement plane. Using this approach

the required access can be reduced to the boroscope dimensions (typically

8-10mm holes). On the other hand several drawbacks must be ascribed to

this technique. First of all, the measurement becomes intrusive, even if the

boroscopes are not placed exactly in the measuring plane. The small aper-

ture of the camera boroscope damps the light sensitivity and, in order to

achieve relevant signal-to-noise ratios and particle image size, it is necessary

to reduce the distance from the target plane [117] and increase the power of

the light source, which can generally lead to issues of reflections. Moreover

the boroscope optics present very low focal lengths (i.e. large viewing an-

gles), creating very important distortions in the acquired image [118]. Even if

such a distortion can be corrected, together with other effects like inaccurate

optical alignment and refraction by optical windows [119], another related

issue arises when carrying out 2D PIV using only one camera in complex 3D

flow fields, which is a typical approach in test rigs for turbomachinery appli-
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cations with several constraints in terms of optical accesses. In particular,

using boroscopes with large viewing angle, the seeding particle displacements

orthogonal to the measurement plane are seen as apparent radial displace-

ments caused by the imaging in convergent light [120]. Despite the effect can

be corrected in stereo-PIV application, this is not possible in 2D PIV cases.

Fig. 5.3 shows the flow field measured through endoscopic PIV by Xiong

and Merzkirch [121] in a fully developed flow where the velocity should be

completely axial (i.e. orthogonal to the measurement plane); apparent radial

components, increasing with the distance from the image center (i.e. with

increasing viewing angles), are visible. As a consequence only the central

part of the image is reliable, leading to very small investigated areas. Xiong

and Merzkirch [121] tried to analytically correct this effect but their method

requires the knowledge of the whole velocity field orthogonal to measurement

plane.

Figure 5.3: Apparent displacement measured by Xiong and Merzkirch [121]
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Figure 5.4: PIV measurements setup for symmetry plane (a) and for Plane CC1/CC2

(b)

5.1.2 PIV measurements setup

PIV measurements have been performed using a Dantec Dynamics PIV

system, consisting of a 120mJ New Wave Solo Nd:YAG pulsed laser, operat-

ing with a wavelength of 532nm, and a SpeedSense 4Mpixel camera operated

at a frame rate of 10Hz in double frame mode. All devices are controlled via

the commercial software Dantec Dynamic Studio, that allows system syn-

cronization and images postprocessing. Different experimental setups have

been adopted to carry out PIV on the different planes (see Section 3.3 and

Fig. 3.12), as sketched in Fig. 5.4.

For the symmetry plane, a 8mm Dantec Dynamics laser boroscope, in-

serted in the rig through dedicated holes in the metal lateral window and in

the outlet section, is used to create a laser sheet on the target plane. The

laser sheet has an opening angle of about 17◦ and a thickness of about 1

mm in order to limit the measurement noise due to out-of-plane drop-out

particles [122]. A 12mm diameter air-cooled jacket is used to protect the

boroscope; the cooling air is discharged into the ambient through an aper-

ture in the jacket, in order to limit the boroscope temperature and to keep

it clean from seeding particle deposition. A thermocouple on the tip of the

air jacket is used to monitor the boroscope temperature and hence to set
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the appropriate cooling flow. Images are acquired by the camera through

the pyrex lateral window. In order to map a sufficient part of the symmetry

plane it has been necessary to repeat the measurement for different laser

position (i.e. inserting the boroscope in different holes on the metal lateral

window) and inclination (i.e. rotating the boroscope so that the laser sheet

enlightens different chamber positions without changing the insertion hole).

The camera has been positioned at a distance from the target that results

in a magnification factor close to 0.12 and in a particle image size of about

2 pixel, to minimize the measurement uncertainty [122]. Images had to be

acquired in different camera positions, to map the desired portion of the mea-

surement plane. For each camera/laser configuration 1000 image pairs have

been acquired, in order to guarantee statistical convergence of the results.

Each set of image pairs has been post processed, after subtracting the mean

pixel intensity and the velocity field has been calculated using an adaptive

cross-correlation iterative method with interrogation area shift between two

image of the same pair, in order to limit the in-plane drop-out particles and

to increase the signal strength [113]. Interrogation area refinement starts

from a 164x164 pixel initial windows size to a final size of 32x32, with 50%

overlap. Vector validation has been carried out through the universal out-

lier detection method [123] and the outliers have been substituted by linear

interpolation with neighbour vectors. The obtained vector maps, resulting

from different camera/laser configurations, have then been combined using a

in-house developed Matlab-based code, to get a single vector field covering

the whole measurement plane.

For planes CC1 and CC2, the laser sheet was placed on the target plane,

through one of the lateral pyrex wall, without using the boroscope. On the

other side of the rig the metal window was installed, in order to insert a 8mm

Olympus camera boroscope (view angle of 25◦), through one of the holes real-

ized on it. The holes positions had been chosen in terms of trade-off between

investigated area and resolution. The camera boroscope was protected by an

air jacket as described earlier for the laser one. Boroscope-to-target distances

were 60 and 80 mm resulting in magnification factors between 0.11 and 0.125.

1000 image pairs are acquired for each camera/laser positions. In order to
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get rid of the apparent radial displacement due to the boroscope viewing

angle, the obvious choice would be to cut out the areas far from the image

center, and consider only the very central part of the image. This approach

would require to acquire several image, in different boroscope position, in

order to map a sufficient part of the investigated plane. However, due to the

limited optical accesses, it is possible only to acquire images in different hor-

izontal positions of the boroscope (i.e. regulating its insertion depth) while

it is not possible to regulate the boroscope vertical position. In this way the

final image would consist in a thin strip covering a wide horizontal range

but a very low vertical (i.e. radial) one. In order to mitigate this issue, it

has been decided to evaluate the results by only considering Vtg, the velocity

component that is tangential to the boroscope center (i.e. the image center),

since it is not affected by the radial apparent displacement. By positioning

the image center as close as possible to the center of the rotating structure

generated by the central swirler, this velocity component can be exploited

for the evaluation of the tangential momentum which is important to char-

acterize the strength of the swirling flow. Obviously, this choice makes it

impossible to acquire images in different positions and then combine them

into a single vector field, since the overlapping areas of images taken in dif-

ferent boroscope position would not return the same velocities, due to the

different points which the tangential component is referred to (i.e. different

image centers). However, the mapped area is wide enough to capture a suf-

ficient portion of the central sector in single boroscope position.

For all the configurations, before running the tests, calibration images

with a dedicated dot pattern have been acquired, so that the software can

calculate a dewarping model to get rid of optical distortions. A third order

polynomial mapping function was used. Concerning the seeding, silicon oil

particles have been used, with an evaporating temperature around 300◦C,

so that the mainstrem could be heated up to the desired temperature. The

particles, with a mean diameter of about 1µm, have been generated by means

of a Laskin nozzle and introduced upstream the swirler, while coolant flows

were not seeded. In order to damp the laser reflections inside the chamber

and keep the signal-to-noise-ratio (SNR) to acceptable values, black paint
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has been applied to the chamber walls. Some areas could not be painted and

stronger reflections had to be accepted; for example it was not possible to

black paint the multiperforated liners to avoid clogging of the effusion cooling

holes. In a few of these particular zones reflections were high enough to bring

the SNRs close to 1 and to prevent from distinguishing the seeding particle

from the background, leading to erroneous calculated vectors. In presenting

the results these zones will be masked or specified in the description.

According to Westerweel [122], the uncertainty on the particle displace-

ment should be in the range of 0.1 pixels thanks to sub-pixel interpolation.

With particle displacements varying from 3 and 10 pixels (depending on the

local velocity and on the chosen time delay between to laser pulses) uncer-

tainty between 1 and 3% are expected. Beside this source of error, another

one arises from out-of-plane displacement and consequent apparent displace-

ment generated on the 2D measurement domain. Regarding PIV results on

the symmetry plane, obtained without the use of the boroscope, uncertainty

around 3% on velocity magnitude, calculated knowing the values of cam-

era optics viewing angle and out-of-plane velocity, are expected. It is worth

to notice that these uncertainty values are located in the areas where the

viewing angle and the out-of-plane velocity are both the highest; apparent

displacement is very close to zero for all the other positions where either

of the two factors decreases. Uncertainty contributions due to the seeding

particles not exactly following the flow motion have been neglected since the

reduced particles dimensions keep Stokes number values below 10−3. Ther-

mal expansion of the test rig, that could affect measurement positioning and

calibration, have been calculated to be very limited (below 0.2 mm) and,

therefore, have not been considered.

5.2 Five hole probe measurements

5.2.1 Basics on directional pressure probes

Directional pressure probes allow to evaluate static and total pressure

and, together with the knowledge of the flow density, the flow velocity in a



118 Chapter 5. Experimental Techniques and Data Reduction

point of the flow field. Their working principle is based on the fact that the

pressure measured by a static pressure tap, for fixed total pressure of the

flow, varies with the relative position between the flow direction and the tap

itself. In other words, the dynamic pressure component felt by the tap varies

with the flow direction. Simplifying the treatment, it is possible to state that

the measured pressure varies between total, if the tap axis is parallel to the

flow direction, and the static pressure, if the axis is perpendicular to the flow

direction. While it is not so complex to measure the flow total pressure, a

real static pressure measurement is more difficult and the tap require other

characteristics in addition to be perpendicular to the flow direction; for ex-

ample the tap diameter must be small with respect to the diameter of the

duct in which the pressure is measured, in order to prevent the creation of a

stagnation zone, that would lead to an overestimation of the read value.

However it is possible to use the fact that the measured pressure changes

with the skewness of the flow, in order to evaluate its direction, beyond static

and total pressure. An application of this type is based on a two-taps probe,

shown in Fig. 5.5. As long as the two taps are symmetric with respect to

the flow direction, they measure the same pressure value; as the flow direc-

tion changes the measured values start to deviate one from the other. It is

possible to understand the flow direction, simply by rotating the probe until

the values match again; hence, this is a 2D directional probe that allows to

Figure 5.5: Directional probe with two pressure taps
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Figure 5.6: 2D and 3D directional probes examples

measure the velocity direction in the plane that contains the taps (and the

velocity module if the density is known).

The probes used for turbomachinery applications are usually character-

ized by a central hole and two lateral ones, for the 2D configuration, or

four/five in the 3D one, as indicated in Fig. 5.6; in most of the situations

they are cylindrical probes of very reduced dimensions, to limit the potential

effects induced on the measured flow field by the presence of the probe itself,

like in the (c) case of the figure.

For their correct utilization it is necessary to establish a relationship be-

tween the pressure values, measured in the different holes, and static/total

pressure and the flow direction; the latter can be identified through two an-

gles on two orthogonal planes, referred to as pitch (α) and yaw(γ) angle, as

shown in Fig. 5.7.

It would be useful to obtain such relationship from an analytical pro-

cedure; due to the nature of the equations that regulate the flow motion,

though, this would be possible only for simplified geometries (like spherical

probes). Beside that, such procedure would make the found relationship in-

accurate due to the probe manufacturing imperfections and it is never used,

even when it is, in theory, possible [124]. In order to use these instruments,
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therefore, it is necessary to perform a calibration, to find the above men-

tioned relationship. To make it independent from the flow velocity, this

relationship is not related to the values of pressure read in the holes but to

non-dimensional parameters derived from them [125]. For 2D probes three

parameters are used:

• Cb =
Pr−Pl

Pc−
Pl+Pr

2

• Cpt =
Pc−Pt

Pt−Ps

• Cps =
Pc−

Pl+Pr
2

Pt−Ps

where Pr, Pl and Pc are the pressures measured respectively in the right,

left and central hole and Pt and Ps are total and static pressure of the flow.

Therefore, the calibration consists in inserting the probe in a wind tunnel

that allows to control the flow total pressure and velocity and in recording

the pressure values measured in the holes, in order to evaluate the three

coefficient values, for different probe inclinations. These coefficients are used

for a direct procedure, since, during the probe utilization, it is possible to

evaluate the first coefficient, and so the flow angle from the calibration curve,

directly from the pressure values read in the holes; from the flow angle, the

other two coefficients can be evaluated and so static and total pressure. An

iterative procedure can be used as well, based on three different parameters,

in which pressures and angle evaluation is achieved by a process that starts

Figure 5.7: Flow angles used to characterize the flow direction in space [124]
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with an hypothesis on the flow static and total pressure [125].

The same considerations can be extended to three dimensional probes

with five holes, that allow to find, beyond static and total pressure, pitch and

yaw angles. The difference stays in the fact that four coefficients are used; the

calibration process, that is much more time consuming in this case, requires

to evaluate these coefficients for each couple of flow angles, obtaining four

surfaces, instead of curves, that describe each coefficient trend for varying

angles. The four coefficients that are generally used in the direct procedure

have been defined by Treaster and Yocum [124]:

• Cα = Pu−Pd

Pc−P̄

• Cβ = Pr−Pl

Pc−P̄

• Ctotal =
Pc−Pt

Pc−P̄

• Cstatic =
P̄−Ps

Pc−P̄

where Pu and Pd are the pressure values in the upper on lower holes, while

P̄ = Pu+Pd+Pl+Pr

4
is the mean value among the measured pressures in lateral

holes. Fig. 5.8 reports a typical results of this kind of calibration process

[124].

The typical range of application to five hole probe, with this kind of

procedure stays within ± 40◦ at most. Beyond these values an important

separation generally occurs on the hole that results positioned in the down-

stream side and the read value shows very small changes for further flow

angles increases. Therefore, the calibration is no more valid beyond certain

values. A number of novel methods have been developed in the years to

extend the typical five hole probe application range [126, 127, 128]. Even

if some of them have shown promising results, the classic, above described,

calibration results to be the most used one, being more simple and more

reliable for different typologies of probes.

Even if the non-dimensional coefficients allow to scale the effect of the

velocity magnitude, making the calibration valid for different values of it, it

is not possible to scale other effects like Reynolds and Mach number ones,
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Figure 5.8: Result of a five hole probe calibration process [124]

that influence the flow behaviour around the probe and, thus, the read pres-

sure values. Concerning Reynolds number, it alters both the characteristics

of the separation, that occur on the back side hole and the deceleration of

the fluid that invests the central hole. Typically these effects are important

only at low Reynolds numbers; for very high numbers, on the other hand, the

behaviour results quite insensitive to Reynolds variations [129]. Mach num-

ber influences the flow compressibility and, for fixed flow skewness, pressure

differences among holes are altered. As a consequence, a certain calibration

is valid only within certain limits of Mach number. Therefore it is common

practice to carry out calibrations at different Mach numbers.

5.2.2 Five hole probe calibration and application

The five hole probe used in this work is a Vectoflow cobra probe, with a

3D-printed 3mm diameter head, reported in Fig. 5.9. It is provided with a J-

thermocouple installed on the top part of the probe head, which is protected

by a shroud, as for a Kiel probe, in order to make the thermocouple recov-
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ery factor more insensitive to high flow angles and reduce the measurement

uncertainty.

A thorough calibration process had to be carried out. Before going into

the details of the probe calibration and application, the flow angles nomen-

clature must be pointed out. In general it is common to refer to flow angles

as pitch and either yaw or swirl angle: the first one is the angle in the plane

that contains the probe stem axis; the latter is the angle in the perpendic-

ular plane. This was already pointed out in Fig. 5.7. Concerning the dual

possible nomenclature of the second angle, most of the works that focus on

probes calibrations refer to the “yaw” term, while, when the focus is placed

on the evaluation of turbomachinery flow angles, it is more common to refer

to “swirl”. In this treatment the same approach will be adopted: the “yaw”

term will be employed when referring to the calibration procedure; the term

“swirl”, on the other hand, will be adopted when talking about the results,

either in terms of angle “felt” by the probe (i.e. in a probe reference system),

or in terms of final results in the test rig cylindrical coordinate system. In

fact they do not generally correspond due to the probe cartesian displacement

within the rig and to probe preswirl, as it will be detailed in the following.

At combustor exit, very high flow angles, exceeding ±50◦ are expected,

at limited Mach numbers; on the other hand, at NGV exit, slightly lower

flow angles should be encountered, at significantly higher Mach number. For

these reasons, six different sets of calibration were carried out, at Mach num-

Figure 5.9: Picture of the five hole probe with the thermocouple shroud
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Figure 5.10: CAD model of the calibration apparatus

bers of 0.1, 0.3, 0.5, 0.7, 0.8 and 0.9. A calibration apparatus, reported in

Fig. 5.10 was developed, in order to explore yaw angles up to ±75◦ and pitch

angles up to +75◦/-60◦. A 150mm diameter tube (orange component in the

figure) is used as a plenum chamber; its diameter was chosen in order to

achieve close-to-zero velocity for all the investigated Mach number levels. A

second tube, the blue component, is installed on it; its smaller dimensions

were chosen in order to reach a wider pitch angle calibration range without

incurring in a collision between the probe stem and the tube. A 10mm nozzle

is used to create the calibration jet: its shape was designed in order to min-

imize the pressure losses and to achieve a jet velocity corresponding to the

isentropic one for most of the jet width. The probe is handled with the same

component used on the traverse system, which also allows to automatically

set the yaw angle; the pitch angle, on the other hand, must be manually

regulated acting on the barbell, clearly visible in Fig. 5.10.
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Pressure and temperature are measured inside the plenum chamber, and

the velocity at nozzle exit can be calculated simply by using isentropic Mach

relationships, knowing the discharge (ambient) pressure. A set of valves and

pressure regulators allow to set the desired pressure level inside the chamber

(i.e. the desired nozzle velocity). Pressure was measured in both the plenum

chambers and the measured differences stayed well below the measurement

uncertainty for all the investigated conditions, meaning that negligible pres-

sure losses and flow acceleration occurred during the passage of the flow in the

second, smaller plenum chamber. Measurements with a Pitot tube showed

that the achieved nozzle exit velocity corresponded to the value calculated

through the above mentioned procedure over a span of 9mm.

Concerning the five hole probe acquisitions post-processing, the method

proposed by Paul et al. [128] was employed in order to maximize the probe

angular range. This method consists in a calibration sectoring, modifying

the calibration coefficients defined by Treaster and Yocum [124] depending

on which port is measuring the higher pressure (i.e. on the flow skewness);

in this way the value measured by the port that is in a separated flow re-

gion can be bypassed. Several methods were tried, with this one providing

the best results. A Matlab R⃝-based code was developed for the data post-

processing; it is an iterative process which continuously switch on a different

Mach number calibration set, according to the calculated Mach value at the

previous iteration. The process stops as the calculated Mach number falls

in the range covered by the adopted calibration set at that iteration. To

evaluate the quality of the results and the limits of the probe, the calibration

data was re-postprocessed with the developed tool; additional points, not co-

inciding with calibration ones, were acquired, in order to have a more in deep

evaluation. Fig. 5.11 summarizes the results: green dots represents points

that have been recalculated with a deviation lower than 2◦ from the imposed

values, for both flow angles; red dots represents points recalculated with an

error higher than this threshold, for either of the two angles. Both plots of

the figure show only the points acquired at M=0.85. The points acquired at

the other Mach numbers showed an analogous behaviour.

It is possible to note that, despite the adopted method, relevant error
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Figure 5.11: Results of five hole probe angular uncertainty evaluation at M=0.85: cali-

bration (a) and additional points (b)

arise when both yaw and pitch angles are high. This is due to the calibration

coefficients collapsing to very similar values for different angles. On the other

hand, if the yaw angle is limited within ±30◦, also the highest pitch angles

can be measured with good accuracy. The post-processing tools was, then,

modified in order to erase the points where the calibration coefficients fall in

a range of singularity. In order to overcome the probe angular limitation, it

was decided, for the measurements at combustor exit, to impose a preswirl

of either +28◦ or -28◦ to the probe. In this way all the measured points
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Figure 5.12: Uncertainty evaluation for total pressure and temperature

stay within the probe angular range, without incurring in singularity; results

obtained by Caciolli [97] were exploited to define the correct preswirl value

for each mesh point, without needing a more time consuming trial-error pro-

cess. Concerning Plane 41, a preswirl of 62◦ was given to the probe, so that

very limited yaw angles had to be measured, being the flow field much more

aligned with the NGV exit angle. According to this evaluation, an uncer-

tainty of 2◦ was admitted for flow angles measurements. The same method

was used to evaluate the uncertainties on total pressure and temperature;

Fig. 5.12 shows the results of the additional points re-calculation; since the

reliability of the temperature response is poorly affected by the flow angles,

results are reported for all the acquired points (about 230) and not only for

the ones that fall in the accepted angular range. Results clearly show a re-

duced dispersion with errors that stay within 3% and 2% for total pressure

and temperature respectively, for 95% of the acquired points. Values of 3%

and 2%, with a 95% confidence level, were, then, considered as nominal rela-

tive uncertainties on total pressure and temperature. It must be also stated

that, if only the points that fall in the accepted angular range (according

to the results of Fig. 5.11), the uncertainty on total pressure can be further

reduced. Additional details of five hole probe calibration and post-processing

method can be found in Appendix 1.

Five hole probe tests have been carried out using the traverse system de-

scribed in Section 4.2, in order to automatically move the probe in different

positions within the investigated plane. A 800 points mesh was adopted on

Plane 402, in order to achieve a resolution of about 2 mm in radial direction
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and about 0.85◦ in the azimuthal one; in the central part of the domain,

where severe gradients in the flow angle pattern are expected, the resolution

has been doubled, to obtain an azimuthal resolution of 0.42◦. The whole

investigated area covers t = ±10◦ against a central sector extent of 18◦. Due

to the convergent shape of the inner liner it was not possible to explore the

inner part of the annulus, about 10mm, in order to prevent the five hole

probe elbow from colliding with the inner wall, downstream of the measure-

ment plane, as it could be seen from Fig. 3.13. Similarly a 5 mm span close

to the outer wall could not be investigated due to the presence of the ther-

mocouple shroud. The post-processed results, in the discrete position of the

measurement mesh, were then interpolated into a finer grid, to produce 2D

contour plots. Regarding Plane 41, due to the three sector nature of the

rig, the measurement could not be carried out across t = 0◦; the azimuthal

position to be investigated was calculated knowing the distance between the

NGV trailing edge and the measurement plane and the expected NGV exit

angle. For the sake of a clearer view, results were then rotated to make the

Figure 5.13: Five hole probe measurement mesh on Plane 402 and 41: annular (a) and

linearized (b) representation
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Figure 5.14: Five hole probe on Plane 402 (a) and 41 (b)

wake of the central NGV coincide with t = 0◦. An 850 points mesh was used

to obtain a resolution of 1.3 mm in radial direction and 0.7◦ in the azimuthal

one. Thirteen angular positions per NGV pitch were achieved. No mesh

refinements in correspondence of the profiles trailing edges was used: due

to the highly swirling inflow, in fact, important flow angle gradients were

expected also within the NGV passage, so the same importance, in terms of

spatial resolution, was given to all the positions of the annulus. A prelimi-

nary test with a doubled angular resolution showed that no sensitive further

improvements could be achieved, at least with the present instrumentation

(i.e. probe size). An azimuthal extent of 24◦ was investigated. The inves-

tigated areas are shown in Fig. 5.13a, together with the boundaries of the

central sector and the position of the NGV profiles, according to the nomen-

clature reported in Fig. 4.6. In order to allow for a better interpretation, in

Chapters 6 and 7, results are, then, linearized and reported in terms of non-

dimensional height (h/H, y-axis) and non-dimensional tangential position

(i.e. tangential coordinate t [◦], made non-dimensional by the 9◦ NGV pitch

p). The linearized representation is reported in Fig. 5.13b. The central sector

covers the tangential span between -1 and 1, due to the 1:2 swirler-to-vane

ratio. Fig. 5.14 shows the five hole probe inserted in the test rig on Plane

402 and 41.

Concerning Plane 41 investigation, some additional considerations, re-
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garding the impact of the probe dimensions can be made. Flow investigations

in turbomachines with probes always bear the risk of measuring failures and

misinterpretations. Due to the size of the probe in many cases the spatial

resolution (i.e. pressure ports not located at the same position) cannot be ne-

glected. Furthermore, interactions between the flow and the probe itself can

occur [130]. The problem can be significant when the investigation is focused

on cascade exits, due to flow compressibility, the proximity of the vanes trail-

ing edges and the pressure gradients. In general different methods for spatial

resolution and pressure gradients corrections have been developed [131]. In

the present configuration, the probe size is not negligible with respect to the

test case dimensions. In particular the ratio between the TE-probe tip axial

distance and the probe diameter (∆x/d) is about 3; the probe diameter is

also three times bigger than the minimum trailing edge thickness. Therefore

some degree of interaction must be expected. The correction method pro-

posed by Hoenen et al. [130] was adopted, in order to account for the spatial

resolution issue. The differences between the corrected and non-corrected

results were found to be negligible, showing up for a good results reliability.

A remaining issue of local streamline alteration, in the very proximity of the

vanes trailing edges, must be, anyway expected. According to Hoenen et al.

[130], for similar values of Mach number and ∆x/d, this errors should not

overcome 2◦. Therefore, even if this value is strongly case-dependent, it is

not expected to have a large entity. More importantly, it is limited to the

trailing edge azimuthal position and does not prevent from fulfilling the main

goal of these measurements, in the evaluation of the global flow field and of

the effects of the residual swirl. During the description of the results (Chap-

ter 7), the positions where the outcomes are expected to be partly affected

by this issue will be highlighted.

Concerning the acquisition parameters, data was acquired and averaged

over two seconds; due to the low frequency response of the instrument, af-

ter the probe reached the measurement point, a stand-by interval of two

additional seconds was imposed, before starting the acquisition, in order to

prevent from hysteresis issues. Pressure signals were acquired by mean of

a NetScannerTM System 9116 pressure scanner, interfacing with the tra-
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verse system control PC; temperature data, on the other hand, was acquired

through the NI9212 board integrated in the traverse system control frame-

work (see Section 4.2).

5.3 Hot wire anemometry measurements

5.3.1 Hot wire measurements in three-dimensional flows

Hot-wire anemometry is a velocity measurement technique based on forced

convective heat transfer from a thin heated wire, immersed in a fluid flow

[132]. The wire is made of a material with temperature dependent resistiv-

ity. When an electric current is passed through the wire, it heats the element

above the fluid temperature and the heat transfer from the wire depends on

the flow rate it is exposed to. Hence if the temperature of the wire varies,

so does also its resistance and consequently the Joule heating [133]. If the

hot-wire is operated in constant temperature anemometry (CTA) mode, the

resistance of the wire, and hence the wire temperature, is kept constant by

a feedback loop. The forced convective heat transfer from the wire will then

be balanced by the Joule heating [134]:

E2

Rw

= hconvAw(Tw − Tair) (5.3)

where Rw, Aw and Tw are the resistance, the projected area and the

temperature of the wire respectively, Ta is the ambient fluid temperature,

hconv is the convective heat transfer coefficient and finally, E is the voltage

across the wire. Equation 5.3 can be expressed in terms of the Nusselt number

as:

E2

Rw

= kNu
Aw

d
(Tw − Ta) (5.4)

where k is the thermal conductivity of the fluid and d a characteristic

length (here the diameter of the wire). Due to the dependence of the Nusselt
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number on the Reynolds number and, hence, on the flow velocity, hot wire

measurements allow for accurate flow field velocity measurements. For the

simplified case of low velocity flow (negligible compressibility effects) perpen-

dicular to a sensor wire operating in CTA mode, the relation between the

output sensor voltage and the velocity (u) to be measured can be usually

expressed through the so called King’s law [135]:

E2 = A+Bun (5.5)

with A, B and n, coefficients to be found through a calibration process.

On the other hand, in general, a lot of different geometric and fluid dynamics

parameters must be considered. In particular, the contribution of velocity

components that are not perpendicular to the sensor wire constitutes an

important challenge in hot wire anemometry operation. This technique is

widely used in turbomachinery application, where it is common to face com-

plex three-dimensional flow fields, due to its capability of evaluating the flow

velocity in a certain position with a very high frequency response, therefore

allowing for turbulence intensity evaluations.

A lot of different methods have been developed in the years, to evaluate

three different velocity components by means of hot wire anemometry. The

only way to achieve an instantaneous solution of a 3D velocity field is to make

use of a three-wire probe; since each velocity component has a different effect

on each sensor wire response, depending on their relative orientation, it is

common to make use of a parameter called effective cooling velocity (Ueff ),

defined as the velocity magnitude that would determine the measured out-

put voltage on a given sensor wire, if it was directed perpendicularly to the

wire itself. The typical calibration procedures for three wire probe [136, 137]

are therefore aimed at defining sensitivity parameters to assess the impact

of each velocity component on the global Ueff , for each sensor wire. The

procedure is made complex by the fact that these coefficients can show vari-

ations with both the flow velocity and the flow angles [138]. Moreover this

kind of probes have relatively low acceptance angles (about ± 30◦), meaning
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that their response become insensitive to further flow angles variations; to

overcome this issue four wire probes [139] can be adopted, that are usually

in-house developed and present larger dimensions. Other methods make use

of two-wire probes (typically X-wire probes): carrying out two tests with dif-

ferent probe orientations, it is possible to reconstruct the three-dimensional

velocity distribution, provided that a way to correlate in time the two differ-

ent acquisitions is available [140].

Another diffused method focuses on the calculation of average and rms

magnitudes of the three velocity components, rather than on their instanta-

neous value. Carrying out different tests with a X-probe in different orienta-

tion [141] or with a rotating slanted single wire probe [142, 143, 144], allow to

build a linear system to be solved in terms of mean velocity components and

Reynolds stress tensor components. All these methods are usually adopted

for low turbulence flow fields, since higher order terms of velocity fluctuation

has to be neglected to contain the number of test points (i.e. number of

probe orientation) to be acquired and the order of the system of equation;

particular attention must also be placed to chose the probe positions in order

to produce a well-conditioned problem. It must be also reminded that proper

accesses must be available to insert and rotate the probe along a certain axis

inside the test rig, which is not always possible for high technology readiness

level measurements.

5.3.2 Hot wire measurements setup

The HWA measurement technique selected within this application is

somehow similar to the one described by Huu and Beguier [141], who used an

X-wire probe with two different orientations, to resolve the three-dimensional

flow field. In this work Dantec Dynamics split fiber probes were used due

to their wider angular acceptance (up to ±90◦ according to the vendor), re-

quired for the very high flow angles expected on Plane 40. On the other

hand, techniques like the rotating slanted single wire could not be adopted

because the expected turbulence intensities were too high to allow for higher

order terms neglecting.

Dual sensor split fibers look similar to a single wire probe, but, instead
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of a thin sensor wire, a 3 mm long quartz cylinder, with a 200 µm diameter,

is placed between the prongs; two identical nickel film sensors, with 1.25 mm

active length, are deposited on the quartz cylinder. A cross section of this

kind of probe is reported in Fig. 5.15. These probes have been developed to

investigate 2D flow fields with no velocity components parallel to the quartz

cylinder: in this case they allow to evaluate both the velocity component in

the plane perpendicular to the cylinder, which is proportional to the sum of

the output voltages from the two sensors, and the flow angle within this plane

(φ in the figure), proportional to their difference [145, 146]. Nevertheless,

relevant errors can arise in this procedure when a third velocity component

is added; moreover, the sensor is not exactly a cylindrical wire and the large

amount of literature developed to take into account for velocity components

parallel to wire sensors can’t be straightforwardly extended to split fibers.

For these reasons, in the author’s knowledge, no attempts of using split fiber

probes in highly three-dimensional flows are reported in literature; only a

few application in 2D flows can be found [147, 148]. In order to pursue this

goal two different tests had to be performed, for each test point, with two

different probes: probe 55R56 was used with the primary goal of evaluating

Figure 5.15: Split fiber probes configuration and cross-section
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Figure 5.16: Split fiber measurement concept (a) and picture of the probes (b)

the velocity field on plane x-y (see Fig. 5.4 for axis notation), while probe

55R57 was employed for plane x-z; as just stated, anyway, each probe feels

the effect of all the three velocity components. Fig. 5.16a summarizes the

probe configurations and the investigated plane, while Fig. 5.16b reports a

picture of the two probes (55R57 on the left and 55R56 on the right).

A thorough calibration process had to be carried out with the same cal-

ibration apparatus described in Section 5.2.2. The main challenges of the

calibration and data-reduction procedures were related to the necessity to

account for the flow compressibility, for measurements on Plane 41, and for

the velocity component that is parallel to each probe wire.

Concerning the calibration procedure, as stated above, it is common, for

this kind of probes, to relate the flow velocity, on the plane normal to the

probe wire, to the sum of the sensors voltages [145, 146]; a Nu−Re approach,

instead of the classical relation between output voltage and flow velocity, was

adopted, in order to account for the effects of flow density and temperature.

For the development of the calibration curve the following steps have been

followed. First of all the Nusselt number has been calculated from the ac-

quired voltages; Eq. 5.4 was used for the goal. Since the system works in CTA

mode, the sensors resistances don’t change during the calibration nor during
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the tests; together with the geometric parameters, they reduce to constants

that do not affect the results. Eq. 5.4, therefore, reduces to:

Nu =
E2

1 + E2
2

k(Tw − Tf )
(5.6)

In order to evaluate the sensors temperature (Tw), the procedure described

by Cukurel et al. [149] was followed; concerning the fluid temperature (Tf ),

it was found that the parameter that led to the better scaling of the results

was the total flow temperature, once it was scaled with the recovery factor,

leading to:

Nu =
E2

1 + E2
2

k(Tw − ηrT0)
(5.7)

The same value of fluid temperature was used for the calculation of the fluid

properties (thermal conductivity k, viscosity µ for Reynolds calculation).

The total temperature (T0) was measured inside the plenum chamber of

the calibration apparatus. The recovery factor (ηr) was evaluated through

the values of the Mach number and Knudsen number (Kn = 1.587e−8

ρdw
). The

adopted relations can be found in Appendix 2. The effective Reynolds number

(using the two velocity components that lay in the plane orthogonal to the

probe wire) was calculated as well, knowing total and static temperatures and

pressures of the calibration airflow. Calibration points were acquired, for each

probe, at different flow velocity and air temperature (T0), in order to provide

independent variations of both Mach and Reynolds numbers and assess their

influence on the results. Once the Nu − Re approach was used, the results

were found to collapse on a single curve, reported in Fig. 5.17a; the traditional

voltage-velocity approach on the other hand would lead to a spreading of the

results, mainly due to the variation of the total flow temperature (T0) and

of the Mach number (i.e. of the recovery factor) , as shown in Fig. 5.17b.

Cukurel et al. [149] proposed a correction on the Nusselt number, with a

coefficient that depends on Reynolds and Mach numbers: this scaling was

adopted to consider the effect of the flow compressibility on the heat transfer,
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Figure 5.17: Example of mass-flux calibration in the case of Nu-Re (a) and voltage-

velocity (b) scaling

rather than only on the convection temperature. Such a correction was not

found to be suitable to the present data, as it resulted in a worse fit of the

calibration points on a Nu−Re curve.

This Nu−Re curve constitutes the “mass-flux calibration”. The “angu-

lar calibration”, on the other hand, was carried out by relating the flow angle

in the plane orthogonal to the probe wire to Rei/Reeff . The parameter Rei

was calculated from Nui, adopting the same relations developed from the

mass-flux calibration and using either E1 or E2 for the evaluation of Nui,

through Eq. 5.7. Since, as expected, both calibrations suffer from the effect
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of the velocity component parallel to the cylinder (i.e. the second flow an-

gle) and are strongly modified by it, several curves have been developed for

different “out-of-plane” angles.

The test execution and data post-processing procedure, summarized in

Fig. 5.18, is based on aligning, point by point, the 55R56 probe with the

expected time-average swirl angle (i.e. flow angle on the x-z plane), so that

the second flow angle effect could be neglected in its post-process; the cali-

bration curves at yaw = 0◦ are, therefore selected. The alignment was made

possible thanks to the use of the automatic traverse system. For the calcula-

tion of the Nusselt number through Eq. 5.7, the total flow temperature (T0)

was acquired by a thermocouple placed in the plenum chamber upstream the

swirlers: since all the flows are at ambient temperature, it is not expected

to change between the different mesh points, except for a limited drift in the

ambient conditions, that is corrected through the thermocouple reading. The

Mach number and the flow pressure, for the calculation of Knudsen number

and recovery factor, were taken, for each mesh point, from five hole probe

results, on time averaged basis. For the pre-swirl definition, data was taken

from five hole probe results as well. The calculated time-average pitch an-

gle and Reynolds number are then used for the evaluation of probe 55R57

results, in order to select the correct calibration curve, as reported in the

figure, and evaluate the actual swirl angle. Additional details on the hot

wire probes calibration and data post-processing can be found in Appendix

2.

Two considerations are worth to be highlighted here: first, only a time-

average information on the flow angle is transferred from one probe to the

other, to integrate the post-process, and used for all the istantaneous ac-

quisitions. A post-process procedure where istantaneous values were passed

through the probes for each acquisition was also tried. The procedure had to

be made iterative since the measured swirl angles from the test with probe

55R57 were passed back to the first probe in order to further correct the re-

sults; significant deviations could, in fact, occur between the time-averaged

pre-swirl value and the instantaneous swirl evaluation. Results, anyway, were

found to lead to negligible variation, with respect to the original procedure.
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An evaluation of this result is reported in Appendix 2. Moreover, results

are not obtained in the rig cylindrical coordinates, but in the “probe coor-

dinates”; they differ from each other both because the probe is moved by

a cartesian traverse system and because the “probe coordinates” depend on

the imposed pre-swirl, meaning that axial, horizontal and vertical direction

can be different for all the points of the measurement mesh. As a result

of the second point, it is not possible to obtain the time-evolution of the

velocity components in the “relevant” directions; it is possible, anyway, to

collect both average and statistical results and combine them. Concerning

the turbulence intensity, for example, the following equation was used:

Tu =

√
1
3
((ρuax)2rms + (ρux)2rms + (ρuy)2rms)√

((ρuax)
2 + (ρux)

2 + (ρuy)
2)

(5.8)

where subscripts ax, x and y refer to probe coordinates, point by point

different from each other. It must be noted that this procedure, by its own,

does not allow to divide the density and velocity contributions, to get the

velocity value from the mass-flux (ρu). In general, different approaches have

been developed in order to carry out this step. Most of them are based on

the experimental evaluation of sensitivity coefficients, that describe how the

output voltage fluctuation is influenced by temperature, pressure and veloc-

ity fluctuations respectively, in order to find their values. This approach is

rarely followed due to the complexity in the experimental evaluation of the

coefficients. Cukurel et al. [149] described a procedure based on identifying

their values, by repeating tests with different over-heat ratios (i.e. different

sensor wire temperatures). An alternative approach is based on neglecting

the temperature fluctuations and utilizing simplified analytical correlations,

that are mostly valid for supersonic and transonic flows, to discern between

density and velocity effects [150]. Nevertheless it is also common to consider

a mean density [151], so that Eq. 5.8 corresponds to the classical definition of

turbulence intensity. The last approach will be, therefore, used in this treat-

ment; in Appendix 2 it will be shown that the analytical approach, anyway,
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Figure 5.19: Sensitivity to acquisition frequency on Plane 40 (a) and 41 (b)

leads to limited variations.

The same calibration and post-processing procedure was used for both

Plane 40 and 41 measurements, even in the first one no effects of com-

pressibility arise, due to the low Mach number; nevertheless this does not

introduce inaccuracies, since the procedure applies both to compressible and

incompressible cases.

In order to provide an evaluation of the measurements uncertainty, a sim-

ilar approach to the one of the five hole probe setup was adopted. Several

points, at different velocities and flow angles, were acquired on the calibration

apparatus for both the probes, and the developed post-processing procedure

was applied to re-calculate the mass-flux (ρu) values. Errors within 5% were

found, in the flow angle range that was expected during the tests. Applying

the method developed by Kline and McClintock [104] to Eq. 5.8, an uncer-

tainty up to 7% can be expected on the turbulence intensity measurements.

It must be considered that the method has been adopted in a conservative

way, as the same uncertainty has been related to both the mean velocity and

to its rms: in case of systematic errors that lead to a constant bias in the

velocity measurements, this component would not affect the rms readings.

Concerning acquisition setup, measurement meshes of the same type of

the ones reported in the previous section were adopted, with very similar

spatial resolutions; despite the smaller dimensions of the HWA probes with

respect to the five hole probe, which would allow to explore areas closer to
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Figure 5.20: Probe 55R57 on Plane 40

the rig walls, the measurement domain was not extended beyond the five

hole probe one, since results from the pressure probe are necessary for a

complete HWA data post-processing. An acquisition time of three seconds

was set, in order to get statistical convergence of the results; the assessment

of the required acquisition frequency was carried out by acquiring a reduced

number of mesh points at different frequencies, up to 50 kHz, the maximum

allowed by the acquisition chain. Results, for both Plane 40 and Plane 41 are

summarized in Fig. 5.19; since, beyond facq = 10kHz, the evaluated turbu-

lence intensity doesn’t show any further variations, this value was chosen as

acquisition frequency for the tests. For each point a stand-by interval of one

second was set before the starting of the acquisition. A National Instruments

9234 board was used for the acquisition of the probe voltages, by means of

the traverse system control PC. Together with the sensors voltages, the air

temperature at the rig inlet was acquired, point by point, to get the flow

total temperature value needed for Nusselt numbers calculation, by means

of the the NI9212 board integrated in the traverse system control framework

(see Section 4.2).

Fig. 5.20, finally shows a picture of probe 55R57 inside the test rig for

the investigation of Plane 40.
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5.4 PSP measurements

Pressure sensitive paint (PSP) is an organic substance, composed by

oxygen sensitive molecules embedded in the paint solution using a polymer

binder permeable to oxygen. Through the exploitation of the luminescence

behaviour of these molecules, PSP can be used to measure the oxygen con-

centration of the atmosphere surrounding the paints, which in turn can be

linked to the partial pressure of air. The oxygen sensitive molecules are

excited by the absorption of a photon, to higher energy levels by an inci-

dence light of a certain frequency (UV light). From the excited state the

molecule has several competing relaxation paths. The path of interest for

PSP involves a forbidden transition to an excited triplet state from which

the molecule may simply emit a photon. However, if oxygen is present, the

molecule may interact with it, transmitting its energy into a vibrational mode

of the oxygen. This radiationless deactivation at lower frequency results in

a system where the luminescent intensity from the molecule is a function of

the partial pressure of oxygen to which the molecule is exposed; the intensity

of the light increases as the oxygen concentration in the ambient around the

sensitive molecules is decreased. This well known phenomenon is called oxy-

gen quenching [152]. PSP is sprayed on the surface of the test article where

the oxygen concentration has to be measured.

5.4.1 Measurement theory

Since the PSP is a sensor of the oxygen concentration, this paint is suit-

able for gas concentration technique based on the heat and mass transfer

analogy [153], with the ultimate goal of evaluating the adiabatic effective-

ness.

Starting from a simple 2D film configuration reported in Fig. 5.21a, the

governing equation for the heat transfer into a turbulent boundary layer is:

Gx
∂T

∂x
+Gz

∂T

∂z
= ρ(ϵT + α)

∂2T

∂2x
(5.9)
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Figure 5.21: Heat and mass transfer analogy for film cooling situations: thermal (a) and

mass transfer (b) boundary conditions [59]

where G is the mass flux per unit of area, ϵT and α are respectively the

turbulent and laminar diffusivity. In the case of adiabatic wall, the boundary

conditions are the following:

T (z = 0) = Tad (5.10a)

∂T

∂z
(z = 0) = 0 (5.10b)

T (z > δf ) = T∞ (5.10c)

T (x = 0) = Tc (5.10d)

For the analogous case for mass transfer situation, where the hot main-

stream has a tracer element concentration of C∞ and the coolant has a tracer

concentration of Cc (Fig. 5.21b), the governing equation of tracer gas diffu-

sivity inside the boundary layer are:

Gx
∂C

∂x
+Gz

∂C

∂z
= ρ(ϵC +D)

∂2C

∂2x
(5.11)

with ϵC representing the turbulent mass diffusivity. An impenetrable wall
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situation yelds to the following boundary conditions:

C(z = 0) = Cw (5.12a)

∂C

∂z
(z = 0) = 0 (5.12b)

C(z > δf ) = C∞ (5.12c)

C(x = 0) = Cc (5.12d)

Hence the set of equations for heat and mass transfer situations have same

modelling expression [154]. Moreover, if the boundary conditions of the two

analogous problems are the same and if the molecular and turbulent Schmidt

number ScT are identical to molecular and turbulent Prandtl number PrT

respectively (i.e. turbulent Lewis number LeT equal to one), the solutions of

the heat and mass transfer phenomena are identical.

LeT =
PrT
ScT

=
ϵT + α

ϵC +D
≈ 1 (5.13)

In turbulent flows, experimental results suggest that the coefficients of

turbulent transport diffusivity, represented by the ScT and PrT numbers,

have similar magnitudes [155]. Concerning the applicability of the heat and

mass transfer analogy to film cooling situations with moderate Mach number,

turbulent main flow and high blowing rate, the mixing process of interested

generally occurs far from the wall, where turbulence effects are dominant, and

therefore the analogy is generally satisfied. Even if the hypothesis of turbu-

lent Lewis number is met (LeT = 1), the similarity of molecular diffusion may

not be satisfied and thus Lewis number may deviate from one: in this case,

the difference between Pr and Sc influences the heat/mass transfer rate near

the wall boundary layer in the thin viscous sub-layer [154]. However, only a

small influence of molecular parameters is expected as a consequence of the

zero temperature/concentration gradient at the adiabatic/impenetrable wall

of the test plate.
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Assuming the heat-mass transfer analogy valid, if a tracer gas without

free oxygen is used as coolant in a film cooling system, it is straightforward

to replace the temperature definition of film cooling effectiveness by mass

fractions of oxygen [153]:

ηad =
Tmain − Tad

Tmain − Tcool

=
Cmain − Cw

Cmain

(5.14)

where Cmain is the oxygen concentration of main free stream and Cw is the

oxygen concentration in proximity of the wall. In order to express Eq. 5.14

in terms of partial pressure of oxygen, as measured with PSP, the expression

of adiabatic effectiveness is elaborated using the molecular weights [156]:

ηad =
Cmain − Cw

Cmain

= 1− 1

(1 + (
PO2;air

/PO2;ref

PO2;fg
/PO2;ref

− 1)
Wfg

Wair
)

(5.15)

Subscripts fg and air stand for a case with foreign gas (without free

oxygen) and air injection trough cooling system respectively; moreover ref

is used to identify a reference case. Therefore, in order to evaluate the adia-

batic effectiveness distribution using PSP technique, four types of images are

needed for each tested flow condition; the experimental apparatus must be

equipped with the same illumination system and camera used for calibration

test:

1. The first image (Dark Image) is acquired with the UV illumination

system switched off and it is necessary to correct the background noise

of the camera CCD (Idark).

2. Using a tracer gas for the cooling line and air for the mainstream, a

second image (Tracer Image) is acquired setting the desired flow con-

ditions.
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3. The third image (Air image) is acquired imposing the same conditions

of the previous one, but using air as coolant instead of tracer gas.

4. The last type of image (Ref Image) is captured with no flow condi-

tion and it represents the reference intensity field of the measurements

(Iref ).

From the ratio of the reference (Iref ) and tests 2 intensity images, both

corrected with the dark field (test 1), the calibration curve can be used to

estimate pixel by pixel the normalized partial pressure of oxygen in case of

tracer gas injection through holes array (PO2;fg/PO2;ref ). In the same way

the intensity image acquired with the third test (air injection) is elaborated

in order to achieve the ratio PO2;air/PO2;ref . Finally both the distributions

of partial pressure of oxygen can be combined, as suggested by Eq. 5.15, to

estimate the bidimensional map of adiabatic effectiveness.

An important aspect of the PSP technique is that it allows to perform

tests which can be considered really adiabatic. In the case of a thermal tech-

nique such as IR, TLC or TSP thermography the adiabaticity is guaranteed

when there are no thermal gradients across the test plate; this requirement

can be only partially satisfied using a low-conductivity material; even in

these cases, thermal conduction corrections, that can be detrimental to the

measurement accuracy, must be employed. Caciolli et al. [157] carried out a

comparison between PSP and TLC measurements in order to highlight pros

and cons of both.

5.4.2 PSP calibration

Before their use on a test model as a oxygen partial pressure measure-

ment device, PSP must be accurately calibrated in a dedicated hardware.

The calibration apparatus, depicted in Fig. 5.22, is constituted by a vac-

uum/pressure chamber, housing an aluminium test plate with Pressure Sen-

sitive Paint, where both pressure and temperature of the test plate can be
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Figure 5.22: PSP calibration apparatus [158]

controlled. The calibration environment can be either put in vacuum or pres-

sure conditions, by means of a vacuum pump or a compressed air system;

the first configuration is reported in Fig. 5.22. Additional details on the

calibration setup can be found in the work of Picchi [158].

PSP used in the present work is supplied by Innovative Scientific Solu-

tions, Inc and is made by a blend of Fluoro Isopropyl Butyl polymer (FIB)

and Platinum tetra porphine (PtTFPP ). As shown in Fig. 5.22, an UV

400nm Led system provides the adequate light source for paint excitation. A

blue filter is employed to filter out the emission components above 470nm.

A 1600x1200 resolution 14-bit CCD camera (PCO1600) with a 610nm red

filter records the intensity emitted by PSP. These filters are necessary to

ensure that the exciting light is not captured by the scientific grade camera.

A typical emission spectra of PSP paint based on PtTFPP luminophore is

reported in Fig. 5.23.

Since the PSP emission depends on both the oxygen partial pressure and

the surface temperature, attention must be paid to scale the latter effect. It

was found by Han and Rallabandi [160] that if the if the reference (no flow)
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image is acquired at the same surface temperature of the correspondent flow

image (Air/Tracer gas) this effect can be scaled. Fig. 5.24 shows these

results: in Fig. 5.24a different calibration curve with test image acquired at

different temperatures and reference image acquired at constant temperature

are shown; it is possible to note relevant differences between the curves. In

Fig. 5.24b the case with reference image acquired at the same temperature

as the test image is depicted; curves collapse to very similar values, once they

are reported in terms of (Iref − Idark)/(I − Idark) vs P/Pref . This behaviour

was also verified with the instrumentation and PSP used within the present

work; the description of the procedure and the results can be found in the

work of Picchi [158].

Since, for PSP tests, a combustion chamber static pressure of 127kPa had

to be imposed (Section 3.2), the maximum expected pressure on the airfoils

surface is slightly higher than this value. Therefore, the PSP calibration was

pushed up to P/Pref ≈ 1.3. An in-situ calibration was also carried out, to

double-check the calibration data above ambient pressure, pressurizing the

test rig by closing inlet and outlet automatic valves (1,2,3 and 4 in Fig. 3.10).

The emission of the PSP on the painted airfoils was acquired and related to

Figure 5.23: PSP with PtTFPP luminophore: typical emission spectra [159]
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Figure 5.24: Han and Rallabandi [160] calibration results with (a) Tr = 295K and (b)

Tr maintained at test temperature

the measured pressure in the chamber, that could be considered uniform

due to no flow conditions. Different pressurization levels were explored in

order to compare to the existing calibration curve. This procedure was made

possible by the fact that, once the results are properly scaled with a reference

images, they are not sensitive to changes in viewing angle. Beside, the camera

shows a very good linearity in its response, within most of its operation

range, meaning that its intensity output increases linearly with the collected

light; therefore, if the camera is operated in the linear range, far from CCD

saturation, results don’t depend on the intensity of the UV light used for

PSP excitation, as long as it remains the same for test image and reference

image and its spectral content doesn’t change (i.e. same illumination system).

Fig. 5.25 shows the calibration results. A very good matching was achieved

between the initial and the in-situ calibrations; moreover the calibration

curve shows a good similarity with the calibration curve provided by the

PSP vendor. A third order polynomial was used to define a relation between

the camera response ((Iref − Idark)/(I − Idark)) and the measured oxygen

partial pressure (P/Pref ).
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Figure 5.25: PSP calibration curve

5.4.3 PSP uncertainty evaluation

PSP uncertainty evaluation is a complicated task due to the number of

parameters that can affect the measurement and to the complexity of the

relationships that link one to another, that makes their combination not

straightforward. The contribution to the uncertainty considered within this

treatment are the following:

• noise of the camera acquisition

• calibration pressure transducer uncertainty

• temperature differences between test image and reference one

• residual effect of surface temperature

The first contribution was evaluated through a characterization of the

camera output for constant pressure and illumination: the response stan-

dard deviation Ivar was evaluated (2σ, 95 % level of confidence). The pres-

sure transducer used for the calibration is of the same type described in

Section 3.1.3, with an uncertainty of ±52 Pa. Regarding temperature effect,

even if attention is paid during the tests, to acquire test and reference image
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at the same temperature, by checking that mainstream and coolant are at

the same temperature of the surrounding ambient and acquiring one image

right after the other, some differences can exists due to heating effects of the

surface by the illumination system and to flow/no flow conditions switch.

Moreover even if both images are acquired at the same exact temperature,

still some deviation is introduced if such test temperature is not exactly

the same as calibration, as it can be seen by Fig. 5.24b, with the different

curves not perfectly collapsing; even if this effect is very reduced it was taken

into account in the procedure. A statistical procedure, considering a mean

temperature variation of 2.5 K between tests and calibration and no tem-

perature differences between test and reference image was carried out; the

test result was simulated for 1000 runs, imposing a standard variation of 3K

on both the above mentioned temperature differences, in order to find the

deviation from the “ideal” result with no temperature differences, in terms of

measured pressure. All these four contribution were then combined through

the Kline and McClintock method [104], exploiting Equation 5.15, to find

the adiabatic effectiveness measurement uncertainty for various effectiveness

and air pressure (i.e. NGV surface pressure) levels. The results, reported

in Fig. 5.26a, show that the relative uncertainty decreases with increasing

effectiveness levels and it is slightly increased for higher air pressures, since

the PSP emission is reduced. 1D plots have been extracted in Fig. 5.26b, for

different air pressures (P/Pref ), typical of this application: while the uncer-

tainty is very low for high measured adiabatic effectiveness, it can reach 40

% for η = 0.1; nevertheless the absolute uncertainty is very limited, resulting

in reliable results.

5.4.4 PSP tests execution

In order to map a sufficient portion of the three cooled NGVs invested by

the central sector combustor outflow, three different camera positions were

necessary, as sketched in Fig. 5.27a. Frame 1 and 2 were acquired through

the lateral optical accesses realized in the combustion chamber; PMMA win-

dows were manufactured for the goal and substituted to the lateral metal

walls. In particular, frame 1 was acquired through the right window (look-
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(a) (b)

Figure 5.26: Adiabatic effectiveness measurement uncertainty map (a) and extracted 1D

profiles for fixed air pressure level (b)

ing downstream), allowing to investigate the LE zone and the early part of

the pressure side of NGV 1 and 2, according to the enumeration reported in

Fig. 5.27b. Frame 2 was acquired through the left window, focusing on the

LE and the early suction side of NGV 2 and 3. Moreover a third frame was

acquired through the optical access placed downstream, in the outer duct,

allowing to investigate the final part of the suction side of NGV 2 and 3.

This optical setup allowed to investigate the four surfaces, two PS and two

SS, placed in the rig central sector: NGV1 suction side and NGV3 pressure

side were not explored since they are outside of this region. Even within the

central sector, the final part of each pressure side could not be investigated

due to optical access issues: in particular the film cooling behaviour of rows

PS4 and PS5 (see Section 3.1.2) could not be assessed, even if some interest-

ing conclusion could be made from the analysis of the three acquired frames.

Fig. 5.27b also reports two sketches of the NGVs CAD model that allow to

visualize the portions of airfoil that have been investigated through frame 1

(red), frame 2 (blue) and frame 3 (green).

For all the camera positions, the target NGVs were illuminated through

the same optical accesses used for image acquisition. 20 images were acquired

for each test point and averaged in order to limit the camera noise, before
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Figure 5.27: Optical accesses used for PSP measurements (a) and investigated areas (b)

being postprocessed using equation reported in Section 5.4.1 pixel by pixel.

At the end of the process, the resulting images were masked in order to white-
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out the areas that were not object of the measurement and get the results

in the form reported in Section 7.1.3. Since the image acquired from the

camera are directly elaborated to estimate a 2D film cooling distribution, it

is not straightforward in the present test case to associate a space coordinate

to each camera pixel due to the curvature of the vane airfoils and perspective

effects. Nevertheless, the knowledge of a vane surface coordinate for each

camera pixel is essential to perform proper data comparisons without map

distortion and perspective effects. For this reason, each 2D effectiveness map

is elaborated using an in-house 3D mapping procedure. The first step of the

procedure is based on the reconstruction of the acquired camera frame, mod-

elling the field of view of the camera using the 3D model of the rig: knowing

the spatial position of the camera and optical parameters, this step is used

to reconstruct a first rough set of pixel coordinates. Finally in a second step,

the set of pixel spatial coordinate is improved using a de-warping procedure

based on polynomial interpolation of several marker points with well-known

space position.

CO2 was used as foreign gas in order to match the same coolant-mainstream

density ratio of 1.5 of the DP conditions, on average basis (see Section 3.2).
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The first part of the experimental work was focused on the investigation

of the combustion chamber; results coming from this part will be reported

and described in this chapter. The final goal of this stage was, initially,

to highlight the flow structures that occur and evolve inside the combustor

simulator; afterwards the focus moved to combustor exit, in order to char-

acterize the turbine inlet conditions. Both these aspects are useful to assess

the capability of the test rig to replicate the behaviour of a modern lean burn

aero-engine combustor, in terms of highly swirling and turbulent flow field

and distorted temperature patterns, in the view of the NGV investigation,

reported in the next chapter. Comparisons between design and isothermal

conditions were also pursued in order to justify the possibility to carry out

some measurements in the latter operating point (see Section 3.3.1).

Among the results that will be shown in this chapter, only PIV ones
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have been collected on the test rig without the NGV cascade. All the probe

traversing tests have been performed in the upgraded rig configuration. As

stated in Section 2.5.1, five hole probe measurements upstream of the cascade

had already been carried out in the previous rig configuration. The compar-

ison, though, will not be reported here, as the investigated planes slightly

differ between the two campaigns (see Section 3.3). The results, anyway,

showed limited differences, coherent with what should be expected by the

change of the investigated position. Therefore no relevant potential effects of

the NGV cascade should be expected on the flow field in the measurement

axial position (≈0.65 axial chords upstream of the LE).

6.1 Flow field inside the combustor simulator

The flow field measurements carried out by means of boroscopic 2D PIV

will be reported in this section. Among the three investigated positions

(Section 5.1.2), the symmetry plane allow for a global view of the whole

combustion chamber and will be described first; afterwards, planes CC1 and

CC2 will be described, in order to catch some details on the evolution of the

structure generated by the swirlers and to provide some clues about the com-

bustor simulator outflow. Fig. 6.1 shows the 2D velocity magnitude, made by

axial and radial components, measured by PIV on the symmetry plane. As

explained in Section 3.3, the maximum mainstream temperature had to be

kept to 180◦, to limit the thermal stress induced in the windows. Therefore,

the isothermal and the warm operating points have been investigated on such

a plane and for the whole PIV campaign in combustion chamber. Since, as a

result of the mainstream temperature increase, a higher flow field velocity is

achieved, in order to effectively compare the results from different operating

points, the velocity fields have been scaled using the following parameter:

Vnd =
VPIV

Uref

(6.1)

where Uref is the mean axial velocity on the swirler section, calculated
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as a macro-parameter by the knowledge of the mass flow rate, of the flow

temperature and pressure and of the swirler section area; it increases with

the mainstream temperature due to the density reduction and its values

are respectively 37.5 m/s and 47.1 m/s for isothermal (IOP ) and warm

(WOP ) conditions. Velocity vectors have been overlapped to the maps in

order to provide a better understanding of the flow field evolution; for the

same reason, the combustion chamber boundaries, as well as the central duct

shape, have been sketched in black. As anticipated (see Table 3.6), isothermal

measurements on this plane were carried out in an earlier stage of this survey

and a single camera position was used; for the warm conditions, a higher

number of camera positions were adopted in order to map a wide portion

of the measurement plane, at the expense of an increase in experimental

time and complexity. Nevertheless, the investigated portion of the combustor

camera in IOP conditions allows to evaluate the most important phenomena

and to conduct an in depth comparison between the two different conditions.

Typical flow structures of modern swirl-stabilized combustors can be

found; the central swirler creates a high velocity region, visible on the mea-

surement plane as an inner and an outer jet. Due to the axial configuration

of the swirlers a limited radial inclination is impressed to the jets and no

strong impingement phenomena of the jets on the effusion cooled liners can

be recognized. Also, effusion cooling flows don’t seem to affect the coherence

of the swirler jets in a relevant way, as it is suggested by the vectors. The

high tangential momentum of the flow structure generates a central recircu-

lation zone, due to vortex break-down, and typical corner vortex structures,

while, downstream, the flow accelerates towards the chamber exit. Regarding

the corner vortex a particular behaviour can be observed in Fig. 6.2, where

a focus on the corner structures is reported for the WOP case; the same

behaviour was found for IOP conditions.

While the classical behaviour of the corner vortex is generated by a break-

down of the swirler jet [98] and would create, in this configuration, a clockwise

rotating structure, in the investigated case the effect of the coolant alters the

phenomenon. The flow coming from the first rows of effusion cooling holes

(which starts at about x = 45 mm) is bled towards the swirler jet by the
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Figure 6.1: PIV results on symmetry plane - scaled velocity

low pressure zones generated by the swirling jet itself; therefore a counter-

clockwise structure is created. A strong influence of the liner cooling flows

on the corner vortex structures had been documented also by Andreini et al.

[24]; while in their work a clockwise rotating structure, generated by the
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Figure 6.2: PIV results on symmetry plane - corner vortex

swirler jet break-down, was still recognizable, next to the counter-clockwise

one due to the effusion coolant recirculation, in the present investigation the

first one has completely disappeared; the reason is probably due to the axial

nature of the swirler, compared to the radial one in the referenced work, that

impress a higher axial momentum to the mainflow jet.

Regarding measurement quality, the warm velocity map is affected by

two issues. The first one is a non-physical deceleration near the image top

right corner generated by a bright glare on the upper edge of the outer liner:

despite the black paint that was applied on the surface, it was not possible

to reduce this effect. The boroscope insertion position is very close to the

liner edge and the local laser energy is very high. For this reason, results

in this area have been whited-out to avoid misunderstandings. A further

deceleration can be found in the bottom right part of the investigated area

(marked region at x=140mm; y=230mm); this effect is due to the presence

of the boroscope that locally slows down the flow field. As anticipated in

Section 5.1.1, this is one of the main drawbacks of boroscopic PIV; however

the blockage effect is limited to a very reduced part of a wider investigation

area. Finally, the white zone below this position is due to the impossibility

of covering the entire test section with the laser sheet.

Regarding the comparison between the two different operating conditions,
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Figure 6.3: PIV results on symmetry plane - 1D profiles

the two flow fields look very similar, in terms of flow morphology and scaled

velocity values. However, significant differences can be found in correspon-

dence of the inner swirling jet close to the converging part of the liner; even

if the investigated domain is limited for the IOP case, it is evident that,

for WOP conditions the jet presents high axial velocities, while in isother-

mal conditions it looks slowed down by the convergent inner liner. A more

in depth comparison can be carried out through the evaluation of the 1D

velocity profiles at different axial positions, as reported in Fig. 6.3. One of

the most interesting result that comes out from the velocity profiles is the
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effect of temperature ratio on the opening angle of the swirler jet. Heating

up the mainstream, an axial acceleration of the mainflow occurs, reducing

the jet/liner angle (i.e. “axialization” of the jets). On the other hand, the

isothermal jet presents a higher radial aperture and the highest velocities are

reached farther from the chamber centerline compared to the warm condition;

even if the differences are limited, this behaviour is particularly recognizable

from the profiles extracted at x=70mm. Considering the positions closer to

the swirler (x < 90mm), the isothermal condition presents lower inner jet

velocity while the outer jet is more similar. Moving downstream (i.e. ap-

proaching the combustor section contraction), these difference increases and

the inner jet is lifted towards higher radial positions: this behaviour can be

appreciated comparing the profiles at x = 90mm and x = 100mm. A similar

behaviour can be appreciated also for the outer jet, but the entity is much

lower. Consistently with this conclusions, the axialization of the mainflow

jet, observed for the warm conditions, causes a slight reduction of the recircu-

lation zone with respect to the isothermal ones, as depicted in Fig. 6.4, where

recirculation zones (negative axial velocity) are highlighted in blue. Impor-

tant differences can be observed, for WOP conditions, in the extent of the

corner recirculation zone between inner and outer jets; for IOP conditions,

the field of view is not wide enough to draw similar conclusions.

Concerning planes CC1 and CC2, as anticipated in Section 5.1.1, the ap-

parent radial displacement created by the boroscope viewing angle, has been

bypassed by considering only Vtg, the velocity component that is tangential

Figure 6.4: PIV results on symmetry plane - recirculation zones
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Figure 6.5: PIV results on axial planes - scaled velocity

to the boroscope center (i.e. the image center). In addition to not being

affected by the apparent radial displacement, this representation allows to

directly evaluate the tangential momentum of the swirling structure evolving

in the chamber. Fig. 6.5 shows the 2D maps of such a velocity component

normalized using Uref (Vtg,nd = Vtg/Uref ); a positive value of Vtg,nd stands

for a clockwise direction for the tangential velocity, looking from upstream

to downstream, as the results are reported.

In order to understand the extension and the position of the investigated

areas, the shape of the three ducts has been sketched. The investigated area

on plane CC1 is wider than on plane CC2 because the distance between

boroscope and target is slightly smaller for the latter (see Section 5.1.2).

From all the results the clockwise rotating structure promoted by the swirlers

is clearly recognizable, with a central low velocity zone and a surrounding
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Figure 6.6: PIV results on axial planes - 1D profiles

region with high tangential momentum. A lack of uniformity can be noted

in the tangential velocity pattern for both positions and operating points.

The main conclusion coming from the maps is that, moving from the first

plane to the second (i.e. moving downstream), the tangential velocity of the

rotating structure decreases, as expected due to the progressive opening of

the jets. Limited differences seem to arise between WOP and IOP , but a

more quantitative comparison can be made by analyzing the one dimensional

profiles extracted at z=0 and y=238 mm (swirler centerline) and reported in

Fig. 6.6.

Both extracted profiles confirm the reduction in tangential velocity, going

from Plane CC1 to CC2; moreover, concerning the profiles at z=0 mm, in

the outer zone of Plane CC1, WOP condition shows a higher scaled velocity

than IOP , while similar values, between the operating conditions, are mea-

sured in the inner part; moving to Plane CC2, the difference between IOP

and WOP is reduced in the outer zone, while, in the inner one, an important

reduction in the IOP velocity occurs, with respect to the other condition.

Similarly, at y=238 mm, the scaled tangential velocity is globally higher on

the left side, but, on Plane CC2, a strong reduction of the right side velocity

occurs for IOP conditions, leading to the maximum differences between the

operating conditions. Even if in both the investigated positions (x=65 mm

and x=85 mm) the chamber height is still constant (i.e. not converging lin-

ers, see Fig. 6.1), both the differences highlighted by the extracted profiles

are expected to be due to the converging shape of the inner liner: in fact,

it (a) inhibits the flow field swirling motion in the inner part of the annulus
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and (b) creates a superimposed ascending motion that enforces the rotation

on the left side and reduces it on the right one; as explained before, the flow

field looks more sensitive to these effects in the case of IOP conditions, due

to the slightly higher aperture of the swirler jets.

Finally, a further analysis was carried out in order to evaluate the dis-

placement of the center of the rotating structure through the two axial planes.

Despite the issue related to the apparent displacement, it is reasonable to con-

sider the 2D velocity measured by PIV on these axial planes, instead of Vtg,

limiting the investigated areas to the very center of the images (20x25 mm).

Considering the out-of-plane velocity (i.e. axial velocity) measured at z=0 on

the symmetry plane, errors due to apparent radial displacements up to 5%,

limited to the outer regions, can be admitted. This analysis, however, allows

to achieve a good qualitative visualization of the center of the structure and

of the flow field morphology. The velocity fields on the proposed portions of

the measurement planes are collected in Fig. 6.7: velocity vectors and the

center of the swirler (red cross) have been included for the sake of a better

flow field interpretation.

On Plane CC1, the center of the structure, is at the same height of the

swirler axis; despite the measure is performed only 10 mm downstream the

duct exit, a slight left displacement can be noted, especially in warm con-

dition. On Plane CC2, as already noted from Fig. 6.6a, no significant dis-

placements in vertical direction occur, while for IOP conditions the center

of the rotating structure appears to be stretched and moved towards right,

as it could be also noted in Fig. 6.6b.

In order to provide a brief summary of the results described in this sec-

tion, it can be said that PIV measurements have highlighted flow structures

typical of swirl stabilized combustors; the swirling structure generated by

the central swirler, even if its tangential momentum decreases moving down-

stream, is clearly recognizable in all the investigated planes and it is ex-

pected to reach the chamber exit, due to its fairly limited length and the

reduced interaction with effusion cooling flows. The convergent shape of the

inner liner seems to play an important role in the evolution of such a flow

structure. Regarding the effect of the main-coolant temperature ratio, some
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Figure 6.7: PIV results on axial planes - focus on swirling structure center

differences have been highlighted, mainly related to a slight alteration in-

duced in the swirler behaviour and, consequently, different interactions with

the inner liner; nevertheless, very similar flow fields have been measured for

both the investigated conditions. Even if, in the view of the NGV cascade

investigation, the findings coming from the measurements at combustor exit,

which will be the focus of the next section, have a much higher relevance,

PIV results are useful to fully understand and justify them.
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6.2 Aerothermal field at combustor exit

In the view of the characterization of a high pressure turbine behaviour

in the presence of a representative lean burn combustor outflow, the most

important flow features that have to be evaluated at combustor exit are

the intensity of the swirl degree, the temperature distortions and the turbu-

lence intensity. Therefore, the description of the results in this section will

follow this necessity. Moreover, as anticipated, a comparison between the

aerodynamic field obtained in design point and isothermal conditions will be

provided, in order to find boundary conditions for the measurements taken

in the latter operating point.

6.2.1 Aerothermal field in design point conditions

Five hole probe measurements, that allow to evaluate both the overall

aerodynamics and the thermal field, thanks to the thermocouple installed on

the probe, have been carried out on Plane 402, which is located about 0.65

axial chords upstream the NGV leading edges, as reported in Section 3.3.

Fig. 6.8 shows the thermal field measured on such a plane; a non-dimensional

parameter (Tnd) was used, which is defined as follows:

Tnd =
T − Tcool

Tswirler − Tcool

(6.2)

where nominal values of Tswirler and Tcool are 531 and 300 K respectively,

as explained in Table 3.4; very limited alterations of these values can arise

between test to test. A similar parameter was defined by Jenkins et al. [74];

according to them, it can be seen as a quantification of the strength of the hot

spot in the measurement plane; a value of Tnd equal to 1 would be achieved

at the very swirler exit. Results are reported in terms of non-dimensional

height (h/H, y-axis) and non-dimensional tangential position (i.e. tangential

coordinate t [◦], made non-dimensional by the 9◦ NGV pitch p). The central

sector covers the tangential span between -1 and 1, due to the 1:2 swirler-to-

vane ratio, while the investigated domain slightly exceeds this area. Results
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Figure 6.8: Non-dimensional temperature map measured on Plane 402

are reported, as for in all the rest of the treatment, as they are seen watching

from upstream to downstream.

The maps show the presence of a wavy hot strip, covering the whole tan-

gential investigated span. Even if the investigation area does not reach the

inner and outer walls, the presence of “cold” coolant layers, generated by

the liner cooling flows that have hardly mixed with the hot mainstream, is

clearly recognizable. The hot spot is not well-bounded and axisymmetric as

it is generally pursued in this kind of investigation. The wavy shape of the

hot streak is due to the flow field conditions, in that the clockwise swirling

flow draws cold coolant from the outer (right cold spot) and inner (left spot)

coolant layers. The maximum measured values of non-dimensional tempera-

ture stay around 0.8, meaning that the hot streak strength is reduced by 20%,

as it passes through the combustion chamber. The temperature distortion

is still important enough for the aim of the study: a maximum-to-minimum

temperature ratio of about 1.25 is achieved within the investigated domain.

One dimensional radial profiles have been extracted from the Tnd maps, in
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Figure 6.9: One dimensional Tnd profile on Plane 402

order to draw quantitative conclusions about the temperature gradients ap-

proaching the cascade; they are reported in fig. 6.9. Five different tangential

positions have been extracted, correspondent to the central airfoil leading

edge (t/p = 0), to the lateral ones (t/p = ±1) and to the left and right NGV

passages (t/p = ±0.5). Additionally, a tangentially averaged profile is re-

ported, in order to get an overall information of the temperature distortion,

which is also the most common parameter that is normally considered during

the NGV design phase.

Results highlight different temperature distributions at different tangen-
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tial positions. Concerning the first plot, where only “leading edge profiles”

have been collected, a clear difference in the position of the maximum tem-

perature can be noted: while for t/p = 0 the maximum is achieved at

h/H ≈ 0.6, for the lateral airfoils it is reached at h/H ≈ 0.38. The dif-

ference in the maximum temperature for the two lateral profiles is due to a

not-perfect periodicity of the central sector, as it was also possible to note

from the 2D contours, since they should nominally presents the same values.

Concerning the second plot, similar considerations can be drawn: the “pas-

sage profiles” (t/p = ±0.5) show important differences between each other,

both in terms of maximum temperature position (h/H ≈ 0.62 for the left

profile and h/H ≈ 0.2 for the right one) and maximum temperature value.

Finally the tangentially averaged profile reaches the maximum temperature

at h/H ≈ 0.45 with a maximum non-dimensional value of about 0.73, that

stays in between the values achieved in correspondence of the NGV passages

(≈ 0.78 and 0.71) and slightly lower than the one at t/p = 0 (≈ 0.76).

Concerning the aerodynamic field at combustor exit, as anticipated, the

focus is mainly placed on the characterization of the flow angle pattern;

Fig. 6.10 show the swirl and pitch angles 2D contour plots on Plane 402.

The first is defined, in the rig cylindrical coordinate system, as the angle

between the velocity vector and the axial direction in the x − t plane; the

second one, one the other hand is defined as the angle between the same

elements in the x−r plane. Both angles can be evaluated, knowing the three

velocity components, with the following relations.

swirl = atan(
Vtan

Vax

) (6.3a)

pitch = atan(
Vrad

Vax

) (6.3b)

A sketch of these angles is also reported in Fig. 6.10 for the sake of a

better understanding. From five hole probe acquisitions, the raw results,

calculated by the post-process code, must be processed to get rid of the

probe preswirl, in order to get the results in the cartesian traverse system

coordinates; afterwards a further rotation, depending on the local tangential
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Figure 6.10: Flow angles maps measured on Plane 402: swirl and pitch angles

position of the considered mesh point, is applied to calculate the velocity

components in the rig coordinates and calculate the flow angles through

Eq. 6.3. From a “turbine” point of view, a higher swirl angle (flow motion

from left to right, looking at Plane 40 from the combustor side), determines
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Figure 6.11: Flow angles 1D profiles

a lower incidence on the NGV profiles. The pitch angle, on the other hand,

can not be represented in the blade-to-blade plane.

A highly non-uniform flow field, in that a clear rotation can be recog-

nized, is achieved at combustor exit; the highly swirling structure promoted

by the swirler and identified through PIV measurements is, therefore, found

to be conserved up to Plane 402, despite its tangential momentum is progres-

sively dissipated. Maximum swirl angles above 50◦ and pitch angles up to

60◦ are measured. Beyond this global qualitative view, some more detailed

conclusion can be taken by evaluating the 1D profiles, reported in Fig. 6.11,

extracted in the same positions as for the thermal field. First of all, it is

possible to note a sensitively different behaviour between the flow field ap-

proaching the central NGV (t/p = 0), characterized by very high swirl angles

and the lateral ones (t/p = ±1), with angles that do not exceed 15◦. There-

fore, even if a qualitatively similar swirl sweep approaches all the profiles, its

intensity is much bigger for the central one. As a result, the central NGV

must be expected to present a higher front load (higher incidence) in the

hub zone, while the opposite (reduced incidence) occurs in the casing area.
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CFD-predicted pressure profiles (Fig. 4.8, left images) confirmed that the

central blade shows a slightly higher loading in the very frontal part than

the lateral one in the hub region; an opposite behaviour can be noted in the

area close to the casing, as the stagnation line moves towards the suction side

for the central NGV. Concerning the pitch angle, similar considerations can

be made: the centerline profile shows a “spike” up to 60 ◦, while the lateral

ones have reduced angles, since they are at the sides of the swirling structure.

Focusing the passage profiles (t/p = ±0.5), the swirl is qualitatively similar

to the centerline profiles, with reduced peak values, similar to the result of

the tangentially averaged profile. Pitch results, on the other hand, show very

high angles, at t/p = ±0.5; in tangentially averaged terms a qualitatively dif-

ferent profile is found, since it only presents slightly negative angles, in the

top part of the annulus, and positive ones, in the bottom part, as a result of

the converging shape of both inner and outer walls. A further analysis allows

to note that angles are higher in the top part of the annulus, with respect to

the inner (swirl angles of ≈ 52◦ and ≈ −39◦ respectively, on the centerline)

and on the left side, with respect to the right one, as it is clearly visible from

the 2D map. Both these aspects should be seen as consequences of the inner

liner shape: as explained in the previous section, it inhibits the rotation in

the inner part of the annulus and creates a superimposed ascending motion

that enforces the rotation on the left side. A further consequence of this be-

haviour is the shift of the swirling structure core towards right, with respect

to the rig centerline, as it can be seen from the swirl map; this phenomenon

also explains the spike value in the pitch angle centerline profile. This con-

clusion has also been verified by overlapping a vector map, which allows to

point-by-point visualize the flow field direction in the measurement plane, to

the Mach number contour, as reported in Fig. 6.12; a shift of the rotation

center towards right (at t/p ≈ 0.15) is clearly recognizable. The 2D contour

also shows a very reduced Mach number, especially in the vortex core, with

slightly higher values in the surrounding “high-momentum” zones, even if

they never exceed 0.16.

Summarizing, the analysis of the overall aerothermal field at combustor

exit has demonstrated that the test rig is capable of reproducing the pur-
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Figure 6.12: Mach number contour on Plane 402

sued flow features and temperature distortions, with scaled temperature and

flow angles values that are comparable with what is typically pursued in

experimental investigations of this kind. Moreover it has been shown that

tangentially averaged temperature and flow angles profiles present impor-

tant deviations from the local ones: therefore, with this kind of inflow, a

NGV design procedure that considers only average parameters, which is the

common procedure, results in relevant inaccuracies in the prediction of local

turbine inflow conditions; the effects and entities of these inaccuracies will

be detailed in Chapter 7.

6.2.2 Comparison with isothermal conditions

In this section a comparison between the five hole probe results achieved

on Plane 402 in nominal conditions DP (i.e. with heated mainstream) and

in isothermal ones IOP2 (i.e. all the flows at ambient temperature) will

be provided. The goal is to demonstrate that a very similar aero-field is

achieved despite a substantially different main-coolant temperature ratio, in
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Figure 6.13: Flow angles on Plane 402 in isothermal conditions
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Figure 6.14: Flow angles profiles - comparison between DP and IOP2

order to extend the results of the measurements taken in the second oper-

ating condition to the first, with the limitations described in Section 3.3.1.

Preliminary CFD calculations [101] showed a very good matching in terms of

flow angles; this experimental comparison was carried out as a verification.

Fig. 6.13 shows the flow angles measured on Plane 402 in IOP2 conditions,

to be compared with Fig. 6.10.

A very similar pattern stands out, with a very good qualitative and quan-

titative matching; the main difference seems to be located where the maxi-

mum swirl angle is measured, since it is a little higher in DP conditions. To

get a more detailed comparison, 1D profiles have been extracted and reported
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Figure 6.15: Evaluation of swirling structure center for DP and IOP2

in Fig. 6.14; in order not to make the treatment too heavy, only tangentially

averaged profiles and in the positions where the measured values are close to

the highest (i.e. centerline profile for the swirl and passage profiles for the

pitch) are shown. The analysis of the profiles confirms what was noted from

the 2D contours: a very similar flow field, between the operating conditions,

is achieved, with limited differences that are confined in the maximum swirl

area (52◦ for DP and 45◦ for IOP2) and in the inner part of the annulus for

the t/p = 0.5 pitch profile (12◦ for DP and 24◦ for IOP2). The tangentially

averaged profiles effectively summarize these conclusions. Moreover the ex-

act position of the swirling structure core was evaluated, since it plays an

important role in the definition on the NGV airfoils incidence and, as it will

be demonstrated in Chapter 7, in the evolution of the flow field through the

NGV. Fig. 6.15, where vectors have been overlapped to a zoom of the swirl

contour, shows that the structure core is slightly moved up and right for

the isothermal case. The differences are, anyway, very limited as they stay

within 2mm.

All these aspects are coherent with the differences between the results

in the two operating condition highlighted by PIV measurements, even if

some modifications arise moving to combustor exit. Nevertheless, a very
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good matching between the two operating conditions was found despite the

slight change in the scaled pressure (i.e. in the combustor exit average Mach

number) that had to be introduced for the isothermal point. Thanks to this

verification, it is legit to expect very similar turbulence field at combustor

exit, in IOP2 and DP conditions, making the hot wire results, which will be

described in the next section, able to also describe the nominal condition. A

very similar incidence on the NGV airfoils should also be expected, that is

crucial in the view of the PSP campaign evaluation, that will be reported in

Section 7.1.3.

6.3 Turbulence intensity at combustor exit

According to the goals of this work, in order to account for all the main

aspects that characterize combustor-turbine interface area, it is also impor-

tant to characterize the turbulence intensity, due to its relevant influence on

the turbine aerodynamics and heat transfer. While the goal of the overall

field characterization was to check if the test rig was able to reproduce high

enough distortions to simulate modern lean burn combustors behaviour, in

this case the problem can be seen from a slightly different angle. Since very

reduced experimental data is available regarding the turbulence level in these

kind of test cases, the actual value of the turbulence intensity measured at

the exit of a lean burn combustor simulator can provide good information

and comparisons with the data coming from traditional combustors. While it

is not in the author’s intention to claim that the unsteady behaviour reached

in the test case is exactly the same as in a real engine, due to aspects like

heat release that can’t be replicated, it is known that the gross of the turbu-

lence intensity, for these applications, should follow the swirl profiles [22, 95].

Hence, since the aerodynamic field at combustor exit, and the swirl degree in

particular, was found to be good for the pursued goals of this work, the hot

wire measurements provide useful data to help covering this lack of knowl-

edge. It must be reminded that turbulence measurements have been carried

out in isothermal conditions (IOP2); the impact of this aspect on the appli-

cability of the results have been discussed in Section 3.3.1.
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Figure 6.16: Turbulence intensity on Plane 40

Fig. 6.16 shows the turbulence intensity contour plot measured on Plane

40, in IOP2 conditions, evaluated through Equation 5.8. As for five hole

probe measurements, the results have been linearized, to have a better un-

derstanding of the investigated positions. The map shows a well-defined

high-turbulence spot, where values go beyond 30 which perfectly corre-

sponds to the position of the swirling core center. The turbulence intensity

progressively decreases as the distance from this center increases. It is pretty

clear, therefore, that most of the turbulence intensity contribution, as ex-

pected, is generated by the highly swirling structure promoted by the swirler

that reaches the combustor exit. Even if it was not possible to extend the in-

vestigation close to inner and outer walls, the results suggest that no relevant

contribution to the turbulence intensity is given by the interaction between

the mainflow and the coolant layers, that occurs in the top and in the bottom

parts of the annulus.

Fig. 6.17 shows the 1D radial profiles extracted from the map: the same

tangential positions as for the thermal field and the flow angle pattern were

investigated; a profile at t/p = 0.17 was also added, since it corresponds to

the spot with maximum turbulence. While the latter profiles reaches 33 %
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Figure 6.17: Turbulence intensity profiles on Plane 40

in the high-turbulence spot, which is the maximum measured value, and the

centerline profile almost reaches 30 %, the turbulence intensity stays below

20 % in correspondence of the lateral NGVs leading edges; effects attributable

to a higher turbulence level, in terms of heat transfer and mixing phenomena,

should be, therefore, expected on the central NGV rather than on the lateral

ones. Concerning the passage profiles, the measured turbulence is higher

for the right one, as the swirling structure is shifted towards that direction.

Finally, the tangentially averaged profile presents limited turbulence inten-

sities, up to 22 % at h/H = 0.45, showing, as also concluded for the overall

aerothermal field, relevant differences with the local profiles.

The evaluation of turbulence intensity gives an idea of the average de-

viation of instantaneous velocity from its mean value and, therefore, of the

mean kinetic energy per unit mass associated with the turbulent flow eddies;

beside that, it is also interesting to investigate how this energy is distributed

among different scales. To do so the Fast Fourier Transform has been ap-

plied to the three fluctuating components of velocity, finding their frequency

spectra on a discrete number of frequencies from 0 to 5000 Hz (half of the ac-
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quisition frequency according to Nyquist-Shannon sampling theorem). Then

the turbulence kinetic energy, for every frequency, has been calculated using

the following relation:

K(fi) =
1

2
(V ′

ax(fi)
2 + V ′

x(fi)
2 + V ′

y(fi)
2) (6.4)

where fi is a frequency value between 0 and 5000 Hz with a resolution

of 1/3 Hz (three seconds sampling). The frequency spectra, depicted in

Fig. 6.18, have been averaged on steps of 10Hz in order to have a clear view

of their trend. The variable on the y-axis is the spectral density E(fi) =

K(fi)/df , where df is the resolution step on the frequency axis. With such

a visualization, the area under the curve between two frequencies f1 and f2

represents the turbulent kinetic energy (K) content of the flow field within

these frequencies, that are inversely proportional to the size of the turbulent

eddies in the flow (i.e. to the turbulence scales).

The turbulent spectral density is shown for five different mesh point,

whose position in the measurements plane is reported in the top left con-

tour; they correspond to the points of maximum turbulence, maximum and

minimum swirl and maximum and minimum pitch respectively, going from

point 1 to point 5. A lot of other mesh points have been investigated showing

very similar results. From the spectra reported in the figure a typical trend

that is commonly associated to turbulent flows can be recognized, with TKE

progressively decreasing as the turbulent frequency is increased (i.e. as the

lengthscale decreases). A curve with a k−5/3 slope is also reported in or-

der to compare the measured trend with the one obtained from Kolmogorov

hypothesis [161]. The matching is quite good, at f > 500Hz, for most of

the reported points; no clear evidence of a deviation from the slope can be

noted, as the acquisition frequency is not high enough to appreciate the Kol-

mogorov scales. Only in the very last part of the curve (facq ≈ 4500Hz) a

little deviation seems to occur, suggesting that the effect of viscosity is be-

ginning to affect the slope of the spectra. The following relations, developed

for the Kolmogorov scales calculation [161], have been used to provide an
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Figure 6.18: Turbulence kinetic energy spectral density for different mesh points on

Plane 40

overall estimation of the frequency value where the effect of viscosity should

be found:

lkolm = lRe−3/4 (6.5a)

Ukolm = URe−1/4 (6.5b)

τkolm = τRe−1/2 (6.5c)
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According to Pope [161], the dissipation range should begin when the

scales decrease to a value that is about 60 times bigger than Kolmogorov’s

scales (lkolm). Re and U calculation, the average Reynolds number and flow

velocity, have been calculated through the knowledge of the mass flow rate,

the annulus area and the average static pressure (127kPa) and temperature

(300 K). The annulus equivalent diameter was adopted for l. A frequency of

≈ 4300 Hz was calculated as the value where the dissipation should begin to

occur (i.e. where the effect of viscosity begins to affect the trend), very sim-

ilar to the one calculated through the spectra. While this calculation is not

aimed at finding a precise value, since the goal of this part of the treatment is

not to provide a description of the smallest turbulent scales, this comes as a

confirm of the coherence of the measured spectra and, thus, of the reliability

of the HWA results.

Beside the common trend, a clear peak can be observed for all points, at

f = 324−334Hz: since the results are averaged on 10 Hz spans, it is possible

to state that all the test points show the TKE peak at the same frequency. A

further analysis has allowed to understand the reason of this spectral density

maximum: experimental data have been compared to the velocity compo-

nents temporal evolution extracted from LES calculations carried out both

internally at University of Florence [162] and by Cerfacs [163], as a partner

in FACTOR project; for both CFD runs, data were taken from probes po-

sitioned at the very duct exit, in order to check if the peak experimentally

detected on Plane 40 was due to an unsteady structure generated within the

swirling core. Results, shown in Fig. 6.19a show that a clear peak, at a very

similar Strouhal number compared to experimental data, is detected by both

CFD calculations; the use of Strouhal number was made necessary to scale

the results, since the calculations were run in DP conditions. In particular

it was shown that this peak frequency was associated to a PVC structure.

Fig. 6.19b depicts this structure, shown as isosurface of constant pressure

(red), together with the central recirculation zone (blue) [162].

As it was stated in Section 2.1, PVC structures are generally damped

by the heat release, in the presence of the combustion process of the engine

application, and, in non-reactive conditions they can significantly alter the
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Figure 6.19: Comparison between experimental and CFD calculated spectral density (a)

and visualization of PVC structure (b)

overall flow field expected at combustor exit. For this reason, the design

of non-reactive lean combustor simulators is generally aimed at avoiding the

generation of the PVC. Even if a residual structure is still present in the rig, it

doesn’t lead to substantial issues regarding the overall field at combustor exit,

since, as it as just been shown, a satisfactory and coherent highly swirling

flow is achieved, together with relevant temperature distortion. Concerning

the PVC contribution to the total turbulence intensity, it was evaluated

simply by substituting the spectral density amplitude, for the three velocity

components separately, measured at the PVC frequency, with an average

between the two adjacent ones, not interested by the peak (i.e. by the PVC).

A new calculation of the velocity RMSs, and therefore of the TKE, showed

that the PVC contribution stays within 7.1 % and reaches this maximum

only in the maximum turbulence spot (i.e. in the swirling structure core);

the evaluated percentages are shown in Fig. 6.18 for all the reported mesh

points. Therefore the main part of the turbulence kinetic energy measured

at combustor exit is not due to the unsteady structure of the PVC, but due

to the swirl-induced broadband unsteadiness of the flow field.

Summarizing, the investigation of the turbulence intensity and of the

unsteady aspects on Plane 40 has offered interesting insights. An impor-

tant turbulence intensity, up to 33 %, was measured in a well-bounded spot,

generated by the highly swirling structure promoted by the swirlers. This

behaviour is completely different with what is generally expected for tradi-

tional RQL combustors, where the gross of the turbulence intensity arises
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Figure 6.20: Turbulence kinetic energy measured at the exit of RQL (a) and lean (b)

combustors simulators [94, 80]

from the interaction between opposite dilution holes, as it was found by Cha

et al. [94] (Fig. 6.20a): this result was detailed in Section 2.4.4. Results

achieved by Werschnik et al. [80] on a lean burn combustor simulator (see

Section 2.4.3 and 2.4.4), on the other hand, showed a similar qualitative be-

haviour even if higher intensities were measured (Fig. 6.20b). The evaluation

of the turbulence spectral density revealed the presence of a residual PVC.

Nevertheless both its effect on the overall flow field and its contribution to

the total turbulence intensity were found to be very limited and don’t com-

promise the capability of the test rig to produce the pursued typology of

combustor outflow.

Once all the main features of the combustor outflow have been described,

in the next chapter, their combined effect on the NGV module performance

will be detailed. Insights of the nature of the flow field approaching the rotor

will be also provided.
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After the combustor outflow characteristics have been described in the

previous part, their effect on different aspects of the high pressure turbine

performance will be addressed in this chapter. The investigation of the NGV

cascade has a double purpose: first of all it is important to evaluate how the

behaviour of the NGV itself is affected by such a particular inflow. Moreover,

it is also useful to investigate how these flow characteristics are convected and

modified through the cascade, in order to draw considerations regarding the

flow field approaching the rotor. The measurements that will be described in
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the following try to address both these aspects. According to what was stated

in Section 2.5.1, the final goal of the treatment is to describe the behaviour,

and evidence possible issues, of a NGV cascade specifically designed for this

kind of inflow, through a traditional design procedure based on tangentially

averaged radial profiles as inlet boundaries. In the first part only the effect

of the swirling flow will be investigated. In the final part of this chapter

the evaluation of the NGV aerodynamics and of hot streaks transport in the

presence of both swirl and temperature distortions will be considered.

7.1 Flow field characteristics in isothermal con-

ditions

7.1.1 Overall aerodynamic field

The investigation of the overall aerodynamic field, in IOP2 conditions, is

mainly aimed at understanding the flow field evolution within the NGV, by

highlighting flow features and secondary flows. Even if it is not possible to

detail all the flow features that can be generated within the cascade, since

bigger experimental scales would be required, together with the possibility

to explore the very vicinity of the endwall zones, several details and a global

behaviour can be effectively described. Considerations about the NGV per-

formance can be drawn as well, thanks to the evaluation of the pressure

losses. Since both this aspects, as described in Section 2.3.1, are closely con-

nected, they help to better understand each other and to gather a clear view

of the physics of the whole phenomenon. While the effect of a swirling inflow

on NGV pressure losses and secondary flows has been in part detailed in past

studies, this evaluation allows to draw some useful insights about the present

configuration; it is also necessary to gain knowledge of the flow field evolution

and allow a better understanding of the results reported in the following sec-

tions. These results will be also briefly compared with other studies aimed

at analyzing similar kind of inflows. Even if three different NGV coolant

mass flow rates have been investigated (see Section 3.3), due to the limited

differences induced in the aero-field, only the two extreme conditions will be



7.1. Flow field characteristics in isothermal conditions 189

Figure 7.1: Mach number maps measured on Plane 41 in IOP2 conditions

shown, for the sake of clarity, when no particular further indications can be

obtained by the investigation of all the three configurations.

Beside the above mentioned phenomena, it is useful to begin the treat-

ment by presenting the Mach number maps, evaluated by five hole probe

traversing on Plane 41 (0.24 axial chords downstream of the NGVs trail-

ing edges). They are reported in Fig. 7.1, for both the condition without

coolant (W = 0%) and the condition with nominal coolant mass flow rate

(W = 7.5%). Even if the Mach number distribution is not directly use-
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ful to strict the just listed goals, it provides a necessary indication of the

boundary conditions of the present research. A brief account of the Mach

number achieved at NGV exit, in DP conditions, had already been provided

in Section 4.1.1, as a part of the commissioning activity. Nevertheless, IOP2

results are reported here because a lower Mach number is expected; a full

comparison of the Mach number levels for the two operating conditions, will

be, then, provided in Section 7.2. As described in Section 5.2.2, the contour

plots have been rotated in order to have the central airfoil wake, at the mean

radius, at t/p = 0 (according to the non-dimensional and linearized represen-

tation described in Section 6.2.1). The central sector, therefore, covers the

span between t/p = −1 and t/p = 1; in particular 0 < t/p < 1 corresponds to

the right passage (between NGV2 and NGV3 according to Fig. 4.6) exit area,

while −1 < t/p < 0 corresponds to the left one (between NGV1 and NGV2).

The position of the three central NGVs is reported in the figure. As in all

the other contour plots, the results are reported as looking the measurement

plane from upstream to downstream; this can be also understood from the

position of pressure and suction sides, indicated in the figure. Results show

the expected pattern, in that the Mach number is higher in the inner part of

the annulus, because of the radial equilibrium dominated flow pattern. The

positions of the trailing edges wakes of the three airfoils can be also noted

as low velocity zones. Since the inlet pressure (i.e. Plane 40 pressure) is

kept at the same value (127 kPa), for the different coolant mass flow rate

conditions, the case with W = 7.5% shows a higher global Mach number,

than the W = 0% case, since a slightly higher mass flow rate passes through

the vane passages and a higher expansion is achieved.

Fig. 7.2, that reports the average and maximum Mach numbers on the

central 18◦ span (−1 < t/p < 1), summarizes this trend, with the mean value

increasing from 0.68 to 0.703 and the maximum ranging from 0.736 to 0.763.

Hence, it is clear that the treatment is focused on subsonic flows, where no

shocks nor locally supersonic conditions, that could partially modify some of

the conclusions taken throughout this chapter, occur.

Shifting the focus to the flow field non-uniformity at NGV exit, swirl an-

gle 2D contour maps are reported in Fig. 7.3, for both W = 7.5 % and W
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= 0 % cases. On Plane 41, from a “turbine” point of view, the swirl angle

represents the NGV exit flow angle on the blade-to-blade plane. A higher

measured swirl, therefore, results in a higher incidence on the rotor blades.

Even if the flow field is clearly dominated by the deflection given by the NGV

cascade, as the measured swirl angle is pretty close to the NGV exit flow an-

gle in all the points of the annulus, a clear pattern can still be recognized

and some interesting conclusions can be taken. First of all, it is possible to

note high swirl angles in correspondence of the trailing edge wakes. Even if

a similar qualitative behaviour, with higher swirl angles in correspondence

of the vane wakes, was also evidenced by early CFD calculations, the exper-

imental reading in these spots is expected to be slightly overestimated due

due to the interaction between the airfoil trailing edges and the probe tip

(see Section 5.2.2). Nevertheless, results have not been masked out in this

area, since these inaccuracies do not alter the conclusions taken from the

measurements, nor the qualitative pattern of the secondary flows that will

be shown in the following. The measurements in correspondence of the vane

passages, on the other hand, are not affected by this problem and their ex-

pected uncertainty is in line with what was evaluated during the calibration

process. The most interesting conclusion can be taken by evaluating the dif-

ferent patterns that are measured within the two passages. The left passage

Figure 7.2: Average and maximum Mach number for different coolant mass flow rates
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Figure 7.3: Swirl maps measured on Plane 41 in IOP2 conditions

doesn’t show relevant swirl, compared to the average exit angle, while in the

right one a clear spot with swirl close to 77-78◦ can be appreciated.

Similar considerations arise from the analysis of the pitch angle contour

plots, reported in Fig. 7.4. Important non-uniformities can be observed in

the right passage, with positive pitch angles, up to 30◦, in its left part, and

negative ones, around -30◦, in the right one; the left passage, on the other

hand shows much reduced angles. Combining the observations taken from the

2D maps of both flow angles, a residual clockwise swirling structure can be

recognized in the right passage, while no particular flow structure is evidenced
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Figure 7.4: Pitch maps measured on Plane 41 in IOP2 conditions

in the left one. Concerning the effect of coolant mass flow rate, very little

differences can be noted between the two reported configurations: in the case

of no coolant flows, the flow angles in the right passage, that are attributable

to the residual swirl, look to be slighlty enhanced: the mixing induced by the

coolant injection affects the coherent rotating structure, resulting in slightly

reduced angles. The evaluation of the 1D profiles for both swirl and pitch

angles provides a confirm of all the considerations taken above. Tangential

profiles at 25% and 50% of the annulus height, where angles non-uniformities

reach their maximum, are reported in Fig. 7.5. At h/H = 50%, the swirl
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Figure 7.5: Flow angles 1D profiles on Plane 41 in IOP2 conditions

angle is higher in the right passage than in the left one and its value is slightly

higher for the case without NGV coolant; the opposite behaviour occurs at

h/H = 25%, as the swirl angle is slightly lower in the right passage. Moreover

the pitch profile clearly shows a highly non-uniform distribution in the right

passage, with positive flow angles next to negative ones: extreme values,

both positive and negative ones, are always higher for the W=0% case, as it

is particularly clear from the profile at h/H = 25%. Even if the differences

are very limited, this trend is highlighted.

A unique representation of such a flow pattern can be obtained thanks

to the evaluation of the secondary flows on the investigated plane. In gen-

eral, the calculation of secondary flows at the exit of a turbine cascade is

not straightforward: several studies make use of the flow field measured at

the annulus mean radius and evaluate the secondary flow pattern as a local
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difference from the flow field in such a position [105, 164]. In the present

configuration, this solution could not be adopted, due to the highly 3D flow

field generated by the inlet swirl. The goal was achieved by locally subtract-

ing the spatially averaged flow angles over the investigated domain, in order

to define a new velocity field through the following relations:

V sf
tan = Vax · tan(swirl − swirlmean) (7.1a)

V sf
rad = Vax · tan(pitch− pitchmean) (7.1b)

where the subscript mean indicates a spatially average value over the central

sector domain (−1 < t/p < 1). The defined vector field allows to assess how

much the flow direction, in each point of the domain, deviates from the mean

one, taking into account the local value of the axial velocity. A vector map,

representing both the direction of the defined 2D velocity field and its inten-

sity has been overlapped to pressure loss coefficient contour plots, calculated

through Eq. 2.5, in Fig. 7.6. The mass-averaged total pressure, measured

through the 5-hole probe tests upstream the cascade, was used for the calcu-

lation. The contribution of the coolant injection was not directly considered

in the calculation. In this way the results of the cooled tests provide an over-

all indication of the combined effect of momentum injection and main-coolant

mixing. A clearly different behaviour between the two passages is recogniz-

able: due to the shift towards right of the swirling structure core, measured

on Plane 40, most of the structure is convected in the right passage and is

conserved up to the cascade exit. CFD studies carried out by Qureshi et al.

[44] on a similar configuration, in terms of inflow, swirler-to-vane ratio and

clocking (see Section 2.4.3), showed that the clockwise vortex was divided in

two “legs” by the leading edge: the main one filled the right passage, while a

smaller one, with the same sense of rotation, was convected through the left

one. At the NGV exit plane, the right vortex was still clearly visible, while

only a residual ascending motion, close to the airfol trailing edge position,

remained in the left passage. Since a similar secondary flow pattern is found

in the present study, the same phenomenon is expected to occur through the

cascade. The main difference stays in the fact that, in the present results,
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the swirling structure shape, identified in the right passage, has wider dimen-

sions and extends beyond the passage boundaries (t/p = 1) on the right side,

probably due to the same reasons that led to the shift registered on Plane 40.

The rotating structure identified in the right part of the investigated domain,

is more intense than the correspondent (i.e. shifted by two NGV pitches) one

that can be partially noted in the extreme left of the domain (t/p = −1),

generated by the left swirler. This result is due to the fact the flow field in

the lateral sectors is affected by the presence of the walls: therefore, the flow

structures generated by the lateral swirlers are characterized by a reduced

degree of swirl, with respect to the central one, as they approach the cascade.

Nevertheless, the behaviour is qualitatively very similar and the three-sector

nature of the test rig does not prevent from taking conclusions regarding the

differences between left and right passages of the central sector. The same

phenomenon could be noted also from the analysis of the pitch angle maps.

In terms of Cp pattern, important contributions of profile losses, in cor-

respondence of the airfoil wakes, and of endwall secondary losses can be

appreciated. The pressure loss coefficient measured in the center of the right

passage is globally higher than in the left one: beside the enhanced pressure

losses generated by the residual swirling flow, this result is due to the lower

total pressure at the passage inlet which collects the low-pressure core of the

swirling structure.

In Fig. 7.7, the same results are considered in order to highlight the flow

field behaviour in the right passage and to evaluate how it contributes to

the measured pressure losses. A zoom of the same contour plots reported

in Fig. 7.6 is shown and arrows are overlapped to evidence the main flow

structures. The colormap scale was changed in order to allow a better visu-

alization of the vectors. The black arrows show the direction of the passage

vortexes, as they are commonly known: even if the investigation can not

reach the inner and outer walls a pressure-to-suction side motion is still ex-

pected close to the endwalls. Red arrows show the main swirling structure,

that fills the center of the passage and interacts with the endwall secondary

flows. In the bottom-right part of the annulus, the descending flow interacts

with the endwall flow structure and a local zone of high pressure loss is gen-
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Figure 7.6: Pressure loss coefficient and secondary flows vectors

erated (t/p ≈ 0.85, h/H ≈ 0.1). This interaction seems to partially destroy

the classic passage vortex, as the flow is pushed towards the inner endwall;

still, a residual shape of the suction-to-pressure motion, that constitutes the

closure of the passage vortex, can be noted (smaller black arrow). In the

top part of the annulus a high degree of interaction between residual swirl

and classic secondary flows exists as well. In the top-right part, while most

of the swirling flow follows its clockwise path, a portion of it is drawn to-

wards the outer band (right blue arrow); an opposite flow structure can be

recognized in the top-left part (left blue arrow). As a result, high pressure
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Figure 7.7: Pressure loss coefficient and secondary flows vectors - focus on right passage

loss spots are created, both in correspondence of the wake of the right air-

foil (t/p ≈ −1, h/H ≈ 0.8), and of the central one (t/p ≈ 0, h/H ≈ 0.8).
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Higher pressure losses are measured for the lateral NGV; the difference is

particularly evident near the hub, since the residual swirl directly collides

with the passage vortex and pushes it towards the hub. Comparing these

findings to literature results, the measured Cp pattern looks very similar to

the one that was found for a passage clocking configuration (i.e. swirling

core aligned with vane passage) by Schmid et al. [78]. In their work a low

pressure zone, in the center of the right passage, and a high pressure loss

spot in the hub region of the lateral airfoil suction side, are found in passage

clocking configuration with clockwise swirl orientation (Fig. 2.18, top-right

image). This finding indicates that the displacement of the swirling structure

towards right, highlighted on Plane 40, plays an important role in defining

the flow field evolution through the cascade, which is, therefore, completely

different between the two investigated passages.

A very similar behaviour is achieved between the two different coolant

mass flow rate conditions. One dimensional profiles, extracted at different

radial positions from the 2D maps, allow to deepen this aspect, by quanti-

tatively comparing the pressure loss coefficient results. They are reported in

Fig. 7.8. The peaks in the Cp distribution due to the airfoils profile losses

are clearly evident: pressure losses in correspondence of the lateral airfoils

are higher than for the central one both at h/H = 12.5% and h/H = 50%.

The reasons stay in the above described phenomena of interaction between

residual swirl and both the endwall flows (limitedly to h/H = 12.5%) and the

NGV profile boundary layer. Closer to the outer endwall (h/H = 75%), the

measured pressure loss coefficient is more similar between the three airfoils:

in fact, as it has been described previously, flow field structures that lead

to pressure loss enhancement are present for both central and lateral NGVs.

Concerning the effect of coolant injection, it globally leads to higher pressure

losses especially in correspondence of the wakes and in the right passage, due

to its interaction with the swirling flow; a higher degree of swirl for the case

without coolant was noted from the evaluation of the flow angles, indicating

a more important deviation from the average field. Therefore, film cooling

tends to weaken the coherent swirling structure, convected in the passage,

and to increase shear stresses and pressure losses. Nevertheless the differ-
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ences are very limited, meaning that the swirling inflow, rather than the

film-cooling flows, constitutes the driving force for the determination of the

measured pattern. Fig. 7.9, finally, summarizes the mass-averaged pressure

loss coefficients measured within the central (−1 < t/p < 1) sector, for all

the three investigated coolant conditions: results are shown both in absolute

terms (left image) and as a percentage of increase with respect to the case

without film cooling flow (right image). According to what was stated above,

film cooling leads to an enhancement of the average pressure loss coefficient,

that reaches 21%, for W = 3.75%, and 25%, for W = 7.5%. The measured

trend, tending to an asymptotic value, is qualitatively similar to what was

found by Ligrani [37] (see Section 2.3.1). Coherent conclusions were also

taken by Werschnik et al. [79]: as reported in Section 2.4.3, they found that,

for axial inflows, the pressure loss pattern was dominated by the film cooling

flows positions in the airfoil wake; with the introduction of inlet swirl, on the

Figure 7.8: Pressure loss coefficient 1D profiles
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Figure 7.9: Influence of film cooling mass flow rate on pressure loss coefficient

other hand, the pressure loss pattern became smoother and less influenced

by the film-cooling configuration.

7.1.2 Turbulence intensity

As anticipated in Section 2.5.1, the evaluation of the turbulence intensity

across the NGV cascade is one of the main contribution that this work tries to

provide. In this view, an indication of the turbulence that should be expected

at turbine inlet in the presence of a highly swirling flow, representative of a

modern combustor, was given in Section 6.3. In this section complementary

results will be described, in order to highlight how the turbulence field is

modified through the cascade and what kind of pattern can be expected at

rotor inlet. Moreover, as it will be seen, the evaluation of the turbulence field

will allow to make some additional considerations regarding the aerodynamic

field, described in the previous section, and deepening its understanding.

Fig. 7.10 shows the turbulence intensity measured on Plane 40 and 41.

For the second position, only the results from the test without film-cooling

(W = 0%) is reported. Plane 41 results have been rotated in the same way

that was adopted for five hole probe tests. The investigated domain is slightly

smaller than for five hole probe due to the different shape of the instruments:

the extreme left part of the maps is missing here. This is due to the fact

that the HWA doesn’t have a cobra shape, which allowed, for five hole probe

tests, to overcome the limits, on the left side, of the buttonhole used for the

instrumentation insertion. Nevertheless, no information about the central
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Figure 7.10: Turbulence intensity on Plane 40 and 41 (W = 0%)

sector is lost. The comparison clearly shows that an important reduction

in the turbulence intensity occurs, as the focus moves from Plane 40 to 41.

While values above 30% were measured upstream of the cascade, they do not

exceed 5% downstream of it, due to the severe acceleration of the flow field.

Fig. 7.11 shows the turbulence intensity contour plots measured on Plane 41,

for all the three investigated coolant mass flow rates. The colormap scale has

been adapted, so that a proper analysis of the turbulence field downstream

of the cascade can be conducted.
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Figure 7.11: Turbulence intensity on Plane 41
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Concerning the measured pattern, important differences can be noted

with respect to a traditional one: a few number of works, aimed at evaluat-

ing the turbulence field at the exit of generic turbine cascades, highlighted

that, in the case of axial and uniform inflow, higher turbulence intensities

should be expected in the wakes of the airfoils and in correspondence of the

passage vortexes, both at inner and outer endwalls, due to their mixing with

the main flow [165, 166]. In the present treatment, on the other hand, a

different turbulent spot can be recognized, similar to the Plane 40 one. In

agreement with what was found from the five hole probe investigation, this

maximum is reached in the right passage, where the residual swirling struc-

ture was detected. Other spots with relevant turbulence intensity can be

found in the inner part of the annulus, in the same positions where high

pressure losses due to endwall secondary flows were revealed. Even if they

are evident for both the central and the lateral airfoils, a slightly higher tur-

bulent intensity is measured for the right spot, in agreement with five hole

probe findings. The extent of the investigated area doesn’t allow to visualize

any presence of similar structures close to the outer endwall. Beyond the

spots close to the hub, no particular evidence of high turbulence intensity

in the trailing edge wakes can be found. Even if this contribution strongly

depends on the distance between the trailing edge and the investigated posi-

tion and its value is therefore significantly case dependent, it is clear that it

is not the main source of turbulence in the present configuration. Therefore,

the results evidence that different phenomena, with respect to the traditional

case with uniform inflow, define the turbulence pattern at NGV exit; in par-

ticular, the vortex structure, responsible for a very high turbulence intensity

at combustor exit, that is mainly convected in the right passage and inter-

acts with the endwall secondary flows, is still the main source of turbulence

at the cascade exit. Steelant and Dick [167] found that, in configurations

with uniform axial inflows, the turbulence reduction at the exit of a turbine

cascade can be effectively related to the velocity ratio through the cascade
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itself, by the following equation:

Tuexit

Tuinlet

= (
Uinlet

Uexit

)3/2 (7.2)

where the 3/2 exponent was found to allow to take into account both the

effects of increase of mean velocity and reduction of TKE. According to this

finding, turbulence intensities between 1 and 2%, considering the average

and the maximum turbulence intensities on Plane 40 respectively, should be

found at the cascade exit in the investigated test case. At the same time,

an average turbulent kinetic energy of about 145 m2/s2 is measured over the

investigated domain (compared to ≈ 195 m2/s2 on Plane 40), while values

around 75 m2/s2 would be predicted by the mentioned approach. While

the developed relation (Eq. 7.2) can not be expected to precisely apply to

any test case, the fact that significantly higher values have been measured

comes as a confirm that different phenomena, with respect to a traditional

treatment, occur and contribute to contain the TKE reduction through the

cascade.

The comparison of the results obtained for different coolant mass flow

rates shows very similar characteristics. Nevertheless some differences can

be highlighted. While results coming from tests at W = 0% and W = 3.75%

look very similar to each other, the test at at W = 7.5% shows slightly

reduced turbulence intensities, in the locations where the maximum values

are reached, and a different shape of the turbulent spot in the right passage.

One dimensional profiles have been extracted, in the same radial positions

as for five hole probe results, to help in the interpretation. As a confirm

of what was seen from the analysis of the 2D contour maps, W = 0% and

W = 3.75% data shows a very good agreement; some differences can only

be observed for the profile at h/H = 12.5%, where the profile at W = 0%

reaches slightly higher values, in correspondence of the two peaks (i.e. in

the two turbulent spots close to the inner endwall). On the other hand, the

profile at W = 7.5% stays almost uniformly below the others; the maximum

value reached in the right passage, as it can be noted from the profile at
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Figure 7.12: Turbulence intensity 1D profiles on Plane 41

h/H = 50%, is actually very close to the other ones, but the shape of the

profile (i.e. the shape of the turbulent spot) differs. These considerations

suggest that coolant injection somehow alters the coherence of the residual

swirling flow, hence slightly reducing its turbulence; this contribution is more

important than the one coming from the enhancement of mixing and shear

stresses, promoted by coolant injection, that should lead to an increase in

turbulence. While this effect is not marked when the coolant mass flow stays

within a certain value (W = 3.75%), it becomes important with a further

increase (W = 7.5%). In order to summarize and quantify this phenomenon,

the average turbulence intensity within the central sector has been calculated;

results are summarized in Fig. 7.13.

A reduction in the average turbulence intensity up to 9% is found for the

case at W = 7.5%, while it hardly reaches 2% for W = 3.75%. Due to the

limited value of the measured turbulence the absolute differences are small,

especially if the measurement uncertainty is considered; nevertheless a clear

trend is highlighted.

As it was done for Plane 40, an evaluation of how the turbulence intensity

is distributed among the different scales, was achieved through the calculation
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Figure 7.13: Effect of coolant mass flow rate on average turbulence intensity

of the TKE spectral density; Fig. 7.14 reports the calculated spectra in six

different positions, sketched in the top map, that respectively correspond to:

1. wake of the central airfoil

2. center of left passage

3. wake of the right airfoil

4. center of right passage (turbulent spot)

5. inner endwall turbulent spot (right airfoil)

6. inner endwall turbulent spot (left airfoil)

A very similar trend to the one measured on Plane 40 is shown, with

the peak frequency, that was attributed to the PVC structure, still clearly

visible. This peak frequency could have been expected to increase as a result

of the flow acceleration (i.e. unsteady fluctuating structure increasing its

frequency and maintaining its Strouhal number); on the other hand, it was

found at the same exact frequency as it was measured on Plane 40. Jacobi

et al. [81] found a similar peak behaviour on both pressure and suction side of

the investigated cascade, with the same frequency regradless of the position;
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Figure 7.14: Turbulence kinetic energy spectral density for different mesh points on

Plane 41

it was not present in the case without swirl. Thanks to LES calculations,

they attributed the reason to the formation of small vortexes, due to the

interaction between the swirl pressure distribution and the vane potential

field. Even if no mentions to a PVC were made, the detachment frequency

of these vortexes was expected to be determined by the swirl behaviour and,

in turn, affect passage and horseshoe vortexes. Despite none of these details

can be found here, since more detailed and non-experimental analysis would
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be required, similar phenomena can be expected to occur, to justify the peak

of TKE found at the cascade exit. No other particular peak frequencies,

related to other flow structures, can be seen, except for, in some of the re-

ported points, a second harmonic of the previous peak, at an exactly double

frequency. The trend seems to show a slightly reduced slope with respect to

the traditional k−5/3 one, reported as a dotted line, and no deviation from

this slope, as it was found on Plane 40, occurs within the measured range.

This was actually expected due to the fact that the increased flow velocity,

going from Plane 40 to Plane 41, leads to higher frequencies associated to the

same turbulent scales. The investigation of all the measured points showed

very similar results to the ones reported in the figure and no effect of lo-

cal phenomena, as trailing edge vortex shedding, which is generally present

when measurements are carried out downstream of turbine cascade, was re-

vealed. Nevertheless, according to literature results, it generally occurs at

values of Strouhal number between 0.2 and 0.3 [168]: considering the velocity

measured on Plane 41 and the trailing edge thickness (≈ 1mm) these val-

ues translate in frequencies between 40 and 60 kHz, that are way out of the

maximum measurable values; in fact, the maximum acquisition frequency of

the measurement chain is 50kHz, so no frequencies higher than 25kHz can

be analysed.

7.1.3 Adiabatic effectiveness

Once all the boundary conditions, in terms of swirling flow behaviour

and turbulence intensity through the cascade have been set, it is possible to

shift the focus to the adiabatic effectiveness. As explained in Section 2.5.1,

the goal of the PSP measurement campaign is to deepen the knowledge of

how a combustor representative outflow, characterized by a strong degree of

swirl and significant turbulence intensity, can affect the NGV film cooling

capabilities. As anticipated in Section 5.4.4, three different setups were nec-

essary to investigate a sufficient portion of the three cooled NGVs (i.e. of the

surfaces invested by the central sector flow): according to the nomenclature

reported in Fig. 4.6a, pressure and suction side of the central airfoil (NGV2),

as well as the pressure side of NGV1 and the suction side of NGV3 have been
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Figure 7.15: PSP results: reconstructed 3D geometry

investigated; due to the correspondent inlet flow of NGV1 and 3, since they

are one swirler pitch far from each other, the investigation can be considered

aimed at describing the performance of the central airfoil, aligned with the

swirler, and of a generic lateral airfoil, clocked halfway between two swirlers.

The analysis of the differences between these two airfoils plays a big role in

evidencing issues and design challenges of the present configuration.

An unwrapping procedure (see Section 5.4.4) was used to recalculate,

from the 2D images, the 3D coordinates, for each image pixel, in order to

associate the results to precise position on the NGV profiles. Combining the

outcomes from all the three frames, a total results, in 3D real coordinates,

like the one reported in Fig. 7.15 can be produced. It is easy to recognize the

geometry of the three investigated airfoils (NGV1−3 according to the nomen-

clature of Fig. 4.6). Nevertheless, during the description of the results, it

will be always referred to the 2D images, as they allow for a more direct

visualization of the results and of the investigated positions.

In the first part of the description, the focus will be placed on the results of

the operating point at nominal coolant mass flow rate (W=7.5%); adiabatic
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effectiveness results will be shown, while pressure distributions will be used

to provide a better understanding of them. In the second part the focus

will be moved on how the coolant mass flow rate affect the results, by also

describing the outcomes from tests at W=3.75 and 5.5%.

Before moving to the film effectiveness results, an analysis of static pres-

sure distribution maps captured with PSP technique is reported. Fig. 7.16

shows the pressure distribution, scaled with the mass-averaged total pressure

on Plane 40, measured through frame 1 (a) and frame 2 (b) close to the LE of

the airfoils. The results look very similar between the two airfoils, as it was

expected from CFD predictions (see Chapter 4). Nevertheless, an accurate

evaluation of the contours allows to highlight some differences that will be

useful to the interpretation of the adiabatic effectiveness results. In particu-

lar frame 1 shows a quite uniform pressure distribution, close to the value of

the total inlet pressure, as it is expected in the early part of the pressure side;

a slightly lower pressure, anyway, is measured for NGV2, especially in the

midspan area. A similar behaviour can be also detected from frame 2 results

as long as the investigation is limited to the LE zone; this phenomenon is

harder to be appreciated, since the pressure distribution has a wider varia-

tion over the investigated domain and the pressure rapidly decreases in the

suction side. Nevertheless, looking at the midspan between rows PS1 and

SS2 (see Fig. 3.9 for the cooling rows nomenclature), the normalized static

pressure is equal to about 0.98 for NGV2 and to 1.01 for NGV3. A low pres-

sure zone is hence present in the center of the swirling structure which is

convected in the right passage towards the combustor exit due to the flow

field morphology. A similar results was detected by Qureshi et al. [44]. Pres-

sure distribution influences the quantity of coolant injected by each row of

holes and this effect is particularly intense in the high pressure region of the

vane where cooling holes work with a very low pressure drop: a slight vari-

ation of the discharge static pressure produces high variation of the coolant

injected. This aspect, together with the knowledge of the flow field evolution,

developed through the five hole probe measurements on planes 40 and 41,

allows to easily evaluate the adiabatic effectiveness distributions, reported in

Fig. 7.17.
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The classical pattern that is commonly expected in a leading edge zone is

shown: several holes are characterized by clearly visible coolant traces, while

others, closer to the stagnation point position, generate film cooling in jet

Figure 7.16: Pressure distribution close to LE: frame 1 (a) and 2(b)
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Figure 7.17: Adiabatic effectiveness distribution close to LE: frame 1 (a) and frame 2

(b)
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penetration regime due to a low mainstream local velocity. Zones with very

low effectiveness are revealed close to the inner and outer endwalls and in

the top part of both the investigated airfoils, between rows PS1 ad PS2.

In addition to the effect of external static pressure, film cooling in the leading

edge zone is affected by the stagnation line position induced by the swirling

flow, highlighted in Section 6.2.1. The images on the right, that reports

enlargements of the shower head zones in the inner (Fig. 7.17a) and outer

(Fig. 7.17b) areas, help in this evaluation. The stagnation position is reported

as a black line. In the lower part of the airfoil, close to the inner endwall,

the shape of the coolant traces shows that, for NGV2, the stagnation point

is located between rows PS1 ans SS1. As a result, a low effectiveness zone

can be noted between rows PS1 and PS2, since it is only covered by the

contribution of PS1. On the other hand, for NGV1, the stagnation point

position moves between rows SS1 ans SS2, since the mainflow has a lower

swirl angle. As a consequence both rows SS1 and PS1 contribute to cover the

above mentioned area increasing the adiabatic effectiveness. A correspondent

behaviour can be appreciated, from frame 2 results, in the upper part of the

airfoils: for NGV3, the stagnation line lays between rows PS1 and SS1, while

for the central airfoil it is more aligned with row SS1, due to the positive

swirl angle at its inlet. The lateral airfoil is, hence, characterized by well

defined coolant traces towards the suction side and a lower contribution to

the low-effectiveness area in the top part of the NGV pressure side between

rows PS1 and PS2.

In order to clarify the effect of the pressure distribution induced by the inlet

swirl, non-dimensional pressure (P/P0,40) and adiabatic effectiveness profiles

have been extracted in two positions of the pressure side (Fig. 7.18) and two

on the suction side (Fig. 7.19) exploiting the 3D mapping of the surface.

Since adiabatic effectiveness profiles have been extracted in positions that

are quite close to the cooling holes, they have been smoothed, in the radial

direction, through a moving average procedure, in order to get rid of the

fluctuations due to the alternation of the coolant traces; the goal, in fact, is

not to focus on the single hole trace behaviour, but to gather information

about the coverage performance at different NGV span.
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Figure 7.18: Adiabatic effectiveness and pressure profiles on the pressure side

Focusing on the pressure side, the first profile was extracted between

rows PS1 and PS2, while the second is located downstream of row PS3.

They confirm the lower pressure on the central NGV in both the evaluated

positions; in terms of film-cooling performance, for the first position, this

translates in a higher effectiveness for the central airfoil, only in its midspan

and upper part. Close to the inner endwall the pressure profiles collapse on

very similar values and a slightly higher effectiveness is measured for NGV1,

due to the above described effect of the stagnation point alteration. At the

position of the second profile, which is not much affected by the stagnation

point position, the effectiveness is globally higher for the central NGV, as

it was also evident from the contour plots. Only the very last portion of

the airfoil, close to the inner endwall, shows a lower adiabatic effectiveness
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Figure 7.19: Adiabatic effectiveness and pressure profiles on the suction side

respect to the lateral profile: this result is due to the radial motion of the

mainstream in this zone, caused by the swirling flow convected in the right

passage (between NGV2 and NGV3), that determines an important coolant

upwash. This constitutes a critical area of the airfoil, since all the coolant

traces are lifted towards the top part of the channel and the bottom part

of the profile remains almost uncovered. The contour plots of frame 2 allow

to visualize this phenomenon, as the last part of the pressure side is visible

between NGV2 and NGV3 (Fig. 7.17b). Even if the measurement setup was

not optimized to investigate this area, and the measurement quality is poor

due to issues related to camera focus and resolution, it was not masked-out

to allow a better understanding of the mentioned phenomenon.

Concerning the suction side, the effect of pressure variation between lat-
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Figure 7.20: Pressure distribution in the final part of the suction side: frame 3

eral and central airfoils and its direct effect on coolant distribution is evident

comparing the pressure and ηad profiles reported in Fig. 7.19. Important

differences in the pressure distribution can be noted for both positions in the

casing area (R > 260mm): as already mentioned, here the stagnation line is

moved towards the suction side, due to the effect of the positive swirl angles,

and therefore a higher pressure is measured. At this position, the coolant

traces are very short indicating an high degree of jet penetration due to the

proximity of stagnation line and, hence, low mainstream velocity; therefore

the adiabatic effectiveness profiles show lower values for the central airfoil.

On the other hand, in the midspan area (R ≈ 250mm) the lateral vane

NGV3 has a higher pressure respect to the central one, resulting in lower

film protection.

The conclusions drawn regarding the behaviour of the part of the cas-

cade close to the leading edge can also be exploited to provide a better

understanding of the performance of the downstream part of the vanes. In

particular the final part of the suction side of NGV2 and NGV3 was investi-
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Figure 7.21: Adiabatic effectiveness distribution close to TE (Frame 3)

gated through frame 3. Fig. 7.20 reports the pressure distribution measured

in these locations; the NGV suction sides are framed from downstream as

it was sketched in Fig. 5.27. The shape of the vanes is sketched in trans-

parency to allow a easier understanding of the limits of the investigated areas.

A clear low-pressure zone, with values of P/P0,40 around 0.65, can be iden-

tified, corresponding to the throat area; the minimum pressure is registered

in the lower part of the airfoils, as it follows the common radial equilibrium

distribution. Downstream of the throat, pressure recovery occurs, until a

radially-averaged value of P/P0,40 around 0.7. Very similar values are mea-

sured for both the airfoils. No coolant holes are present in this investigated

zone, so the cooling performance are mainly a consequence of the observa-

tions made on the early part of the suction side (frame 2, Fig. 7.16b) and of

the mainstream behaviour in the left and right passages. Fig. 7.21 shows the

adiabatic effectiveness distribution.

Despite the global level of effectiveness is quite low, due to the absence

of cooling holes, traces of residual coolant can be appreciated in the top part

of the NGV3 surface, as a consequence of the good performance of the upper
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holes of rows SS2 and SS3 of this airfoil. On the other hand, slightly better

results for NGV2 can be observed close to the midspan, due to similar rea-

sons.

The 1D profiles, extracted in the throat area and close to the trailing edge

(Fig. 7.22) confirm these conclusions: the pressure profiles on the first posi-

tion reveal that the central NGV still shows a higher pressure in the upper

part of the surface; much more similar profiles are shown close to the trail-

ing edge, with the lateral airfoil that presents slightly lower pressure values.

Concerning adiabatic effectiveness, both positions show a very low coverage

close to the inner endwall due to the well-known effects of secondary endwall

flows, that drive the coolant traces towards midspan; a similar phenomenon,

with reduced intensity can be also appreciated close to the outer endwall (see

NGV3 in Fig. 7.21). On the central airfoil a similar shape of the profiles can

be observed, both in the throat and in the trailing edge areas, with a maxi-

mum of adiabatic effectiveness reached around R=260mm and progressively

reduced towards the outer endwall. On the other hand, for the lateral airfoil,

a different behaviour was found: a profile with two maxima, one close to the

outer endwall and the second which moves from R = 252mm at POS1 to

R = 257mm at TE, can be detected. The movement of peak location con-

firms the trend of the coolant traces to follow the radial descending motion

of the swirling main flow on the suction side, in contrast with the upward

flow illustrated on the pressure side. This phenomenon helps to counteract

the lift off effect generated by the secondary flows of the inner endwall.

The detailed description of the performance of the film-cooling system in

the case of the nominal coolant mass flow rate, was useful to evidence the po-

sitions where low film-coverage can be found and, therefore, where particular

attention must be dedicated in the cooling system design process. Once all

the main causes of the highlighted behaviour have been understood, an eval-

uation of the effect of coolant mass flow rate can be carried out; in fact, it can

be useful to understand how the performance are sensitive to this parameter

and to deepen the understanding of the cooling holes working regime. Re-

sults are summarized in Fig. 7.23. Despite no particular differences arise in

the morphology of the adiabatic effectiveness distribution, since the results



220 Chapter 7. Effect of Combustor Outflow on the Turbine NGV

Figure 7.22: Adiabatic effectiveness and pressure profiles in the final part of the suction

side

are similar from a qualitative point of view, some quantitative differences

must be highlighted. Focusing on the results at W = 7.5% and W = 5.5%,

an opposite behaviour seems to arise between pressure and suction side. For

the first one, the analysis of frame 1 results (left pictures) suggests that a

reduction of coolant mass flow rate leads to slightly worse cooling perfor-

mance. On the other hand, on the suction side (frame 2, central pictures),

the reduction of coolant mass flow rate from W = 7.5% to W = 5.5%, seems

to determine an increase in the measured adiabatic effectiveness. When the

focus moves to the test at W = 3.75%, different conclusions must be taken,

since the mass flow rate is significantly lower: even if the effectiveness level

is not much different in several positions, as in the midspan area of the early

suction side, some of the leading edge cooling holes are no more able to

provide coolant ejection as mainstream ingestion begins to occur. In fact,

the pressure in the coolant feeding plenum gets very close to the inlet total

pressure. This phenomenon, anyway, allows to have a clearer view of how
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the stagnation line is positioned among the coolant rows and it confirms the

conclusions taken previously: on the upper part of the airfoils the stagnation

line moves towards the suction side for the central NGV, as the SS1 holes of

NGV3 are still filming towards the suction side (see frame 2 results), while

the correspondent ones of NGV2 are ingesting; on the other hand the stag-

nation line moves towards the pressure side in the inner part of the central

airfoil, as it is evidenced by the fact that the last holes of PS1 are ingesting,

while the correspondent ones on NGV1 are still creating a weak film on the

pressure side.

In order to deepen the comparison between W = 5.5% and W = 7.5%,

two additional profiles have been extracted for each of the first two frames.

For frame 1, the first profile was extracted in the very proximity of row

PS3 (≈1.5 hole diameters downstream), while the second is located further

(about 7 hole diameters) downstream. Similarly, for frame 2, the first and

the second profiles were extracted at the same distances downstream of row

SS3. The results are reported, together with the exact locations (Fig. 7.24),

for all the three coolant conditions, both in the first location (solid lines)

and in the second one (dashed lines). Concerning the pressure side (frame

1, Fig. 7.24a), a very similar behaviour can be observed, on NGV2, on the

first profile position, regardless of the coolant mass flow rate. Moving down-

stream (second position, dashed lines), the case with the nominal coolant

mass flow (W = 7.5%) shows the better performance, while the effectiveness

progressively decreases, as the coolant mass flow is reduced. This finding re-

sults in agreement with the common behaviour expected for concave surface

(see Section 2.3.2), as an increase in the coolant momentum is beneficial to

the film-cooling performance downstream of the holes, where the jets tend

to reattach due to the shape of the surface. The case at W = 3.75%, for

this reason, show the worse behaviour, especially close to the hub, where,

due to the reduced coolant momentum, jets can not even slightly oppose to

the upwash promoted by the mainstream . For the lateral NGV (NGV1),

results are qualitatively similar to the central one, but a worse coverage is

achieved in the proximity of the cooling holes for all the cases except the one

at W = 3.75%. An opposite behaviour can be recognized in the downstream
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region (bad coverage for the case at W = 3.75%), as no significant coolant

reattachment is generated due to the low amount of coolant and low momen-

tum.

Moving the focus on the suction side (frame 1, Fig. 7.24a), results are

still in line with what is commonly expected for this kind of surface shape.

A decrease of coolant mass flow rate from W = 7.5% to W = 5.5% leads

to a slightly enhanced coverage in both positions: the lower is the coolant

momentum, the more important is the pressure gradient effect that tends to

turn the jets towards the surface. Going to W = 3.75%, on the other hand, is

detrimental, especially in the downstream region, since the coolant amount

is not enough to create long traces. The drop-off for the W = 3.75% case, in

the second position, anyway, is much less marked than on the pressure side,

as no reattachment phenomena arise in this surface. No additional profiles

have been extracted from frame 3 results, as the conclusions are qualitatively

similar to what was found in the second position of frame 2.

7.1.4 Characterization of the NGV module in

isothermal conditions: concluding remarks

The investigation of the overall field and of the turbulence field on Plane

41 allowed to highlight how the main flow structures, detected on Plane 40,

evolve up to the cascade exit; the understanding of the overall flow field

evolution through the cascade was useful both to provide an evaluation of

what kind of flow field can be expected at rotor inlet and to allow a deeper

interpretation of the adiabatic effectiveness results. Despite the clocking con-

figuration, with the swirler aligned with the leading edge of the central NGV,

a strong residual swirling flow was found at the exit of the right passage. For

this reason, it constitutes the driving force for the obtained flow angles, pres-

sure losses and turbulence patterns. In particular, enhanced pressure losses

were found in the suction side hub region of the lateral NGV wake, due to

the action of the residual swirl that tends to push the inner passage vortex

towards the endwall. The detected Cp distribution is very similar to what

was found, in other literature studies, in a passage clocking configuration;
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Figure 7.24: Adiabatic effectiveness 1D profiles on (a) pressure side and (b) suction sides

(frame 2) for different coolant mass flow rates

the shift towards right of the swirling structure, that was measured on Plane

40, therefore, plays a crucial role in determining the outcoming flow field.

Moreover a reduced turbulence decay, with respect to traditional test cases

with uniform inflow, have been detected. The presence of a coherent swirling

structure determines a particular turbulence pattern at the NGV exit, with

spots where turbulence is higher than in the rest of the annulus, up to about

about 5%; this kind of values are unconventional for NGV exit and rotor inlet

positions. The results, therefore, demonstrate how the residual turbulence

is an aspect that can be critical and must be taken into account during the

rotor design process, as it can significantly increase the heat transfer rates
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and the mixing between film-cooling and mainlflow, leading to reduced per-

formance of the cooling system.

The effect of film-cooling injection on the aerodynamic behaviour is quite

limited respect to the residual swirl one. Globally an increase in film-cooling

mass flow rate leads to a slight reduction of the residual swirl degree and,

therefore, to a lower turbulence intensity; pressure losses, on the other hand,

are increased.

Once it was gained knowledge of the flow field conditions, the focus have

shifted to the adiabatic effectiveness results; they provide indications that

can be directly used to evaluate, and possibly modify, the guidelines of a

design process. Since in a real engine application the swirler-to-vane ratio is

rarely an integer value, the NGV profiles are subjected to local inflow condi-

tions that are different from each other; therefore the design procedure, both

of the NGV profile and of its cooling system is normally based on tangen-

tially averaged flow conditions, as it is the case for the investigated geometry.

The simplified clocking configuration allows to investigate two different air-

foil conditions, with one of them that has the leading edge aligned with a

swirler and the adjacent one that is clocked halfway between two swirlers;

evidencing differences in their behaviour, an evaluation of the inaccuracies

introduced by a traditional design procedure was provided.

In particular, important differences in the stagnation line position were

found, which in turn, influence the behaviour of the early parts of the pres-

sure and suction sides. The inlet swirl also determines a low pressure zone

in the midspan area of the central NGV pressure side, drawing more coolant

and improving the coverage of this zone; opposite behaviour is registered for

the holes located close to the LE outer region with the consequence of a poor

film protection on the suction side of the central foil.

Finally the swirling flow approaching the NGV module was found to have

a large effect on the cooling performance of the final part of both pressure

and suction sides, as it creates respectively strong ascending or descending

mainstream motion, that can drive coolant away from large regions of the

airfoils. This effect is more important as the coolant mass flow rate (coolant

momentum) is reduced. In the tested configuration, the pressure side of the
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central foil represents the most critical position. On the other hand, the suc-

tion side of the passage, where the core of swirling flow is convected, takes

benefits from the mainstream motion since it helps to partially compensate

the effect of secondary endwall flows, that are generally well-known to wipe

coolant away from the inner part of the suction side.

Summarizing, it is possible to draw general conclusions regarding the

behaviour of film cooling under representative swirl conditions:

- the main effects of the swirling flow, that are relevant to the film cooling

performance, are: the pressure non-uniformity, the stagnation line al-

teration and the streamline modification on both pressure and suction

sides;

- different positions of the stagnation line between central and lateral

vanes are crucial to the performance of leading edge film cooling system,

which in turns influences the film coverage moving downstream;

- relative clocking position between swirler and vane has a strong impact

on film effectiveness distribution;

- the swirling inflow can have a significantly detrimental effect on film

distribution; in this configuration the pressure side of the central NGV

shows very poor coverage (coolant upwash phenomena); a detailed

knowledge of the flow field characteristics at the cascade inlet and out-

let is necessary in the view of optimizing the cooling system design;

From a design point of view, particular effort must be paid to take these

phenomena into account in order to limit the efficiency-detrimental safety

margins that would have otherwise to be adopted to prevent from engine life

reductions.

7.2 Aerothermal field characteristics in the

presence of temperature gradients

In the past sections, the flow field characteristics and the NGV film-

cooling performance have been characterized with all the flows at the same,
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ambient, temperature; according to the goal of this treatment described in

Section 2.5.1, the analysis has to be completed in order to understand how

the temperature distortions, measured at combustor exit in DP conditions,

migrates towards the rotor inlet plane. For this sake, five hole probe mea-

surements on Plane 41, in DP conditions, will be exploited. In addition to

the thermal field results, the aerodynamic field will be described as well, in

the first of the next sections.

7.2.1 Aerodynamic behaviour

Despite, as above stated, the goal of the design condition tests is to high-

light the hot and cold streaks migration through the cascade, the aerody-

namic field achieved in DP conditions will be described first, in order to

effectively complement the temperature results and deepening their under-

standing. Moreover this part of the results will be also useful to compare the

aerodynamic fields achieved in DP and IOP2 conditions, in order to validate

the hypothesis taken in Section 3.3.1, regarding their similarity; in this way,

the possibility to carry out different measurements in cold conditions, with-

out compromising the applicability of their results to the DP case, will be

justified. As already mentioned, the only relevant difference in the combustor

outflow, between DP and IOP2, regards the Mach number, that is about 5%

lower for the second condition. On Plane 41, this difference was expected

to be slightly enhanced due to the expansion through the cascade and it is

confirmed by the Mach number profiles reported in Fig. 7.25.

The profiles show that the Mach number pattern is similar between the

two conditions, with fairly well matched trends at all the radial locations.

The only notable difference stays in the inner profile (h/H=12.5%) where,

in DP conditions, the Mach number in the right passage seems to be a little

higher that in the left one; this feature does not occur in the IOP2 case.

Even if it is not simple to assess the reason of this result, with the available

data, this could be an effect of the inlet temperature pattern, as it will be

explained in detail in the following. Beside this aspect, no other differences

in the Mach number pattern arise: on the other hand, a shift can be easily

appreciated in its absolute value, as Mach number is clearly higher for the
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Figure 7.25: Mach number 1D profiles on Plane 41: comparison between DP and IOP2

conditions

DP case. In order to effectively quantify this deviation, Fig. 7.26 reports the

average and maximum Mach numbers, within the investigated domain, for

different coolant mass flow rates and for the two conditions. A difference

between 7.5 and 11% exists, for W = 0% and W = 7.5% respectively, both

for the average and the maximum values.

Once this main difference has been highlighted, it is possible to extend

the comparison to the flow angles pattern. On Plane 40 they showed a good

match between the two operating conditions: a further comparison on Plane

41 will allow to check if and how the difference in the exit Mach number

and the introduction of temperature gradients bring to significantly different

flow field evolutions through the cascade (i.e. different flow angle patterns

at NGV exit, between DP and IOP2). Fig. 7.27 shows the swirl and pitch

angles patterns on Plane 41, for DP conditions, which have to be compared
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to the ones reported in Figs. 7.3 and 7.4, for IOP2 conditions.

Both flow angles show exactly the same distribution that was found in

isothermal conditions; very limited distortions can be found in the left pas-

sage, while higher ones, with a pattern that indicates the presence of residual

clockwise swirling flow, are detected in the right one. The most important

differences, can be found in the locations where the measured angles reach

the highest values (i.e. in the location of the residual swirl). In particular,

in the location with downward flow direction (t/p ≈ 1) the differences in

the (negative) pitch angle reach about 6◦, with the maps at IOP2 conditions

showing the higher values, in absolute terms.

To have a comparison of the global behaviour in a single map, secondary

flow vectors have been plotted over pressure loss coefficient 2D maps in

Fig. 7.28. Results for W = 7.5%, in both operating conditions, are shown

next to each other in order to have a clear view of the limited difference that

can be found. The focus is placed on the only right passage zone, since it is

the most interesting in the view of a secondary flow pattern understanding

and it is where the main differences between the operating conditions have

been detected. The effect of coolant mass flow rate on the residual swirl has

been found to be poor during the evaluation of the IOP2 results (see Sec-

tion 7.1.1); it was also confirmed, for the DP case, by the above described flow

angles maps. Therefore, only the results at the nominal coolant mass flow are

reported here. The same flow field behaviour can be observed, with all the

considerations taken regarding how the swirling flow develops and interact

with endwall secondary flows that are still valid; the calculated vectors have

Figure 7.26: Average and maximum Mach numbers on Plane 41
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Figure 7.27: Flow angles contour plots on Plane 41: DP conditions

the same direction, between the two cases, in all the investigated positions.

The only difference, in agreement with the conclusions taken from the eval-

uation of the flow angles patterns, is that, for the isothermal condition, the

velocity vectors have a slightly bigger dimensions, especially in the location

of downward flow direction; this result indicates that the measured secondary

flows are stronger than in DP conditions. Accordingly, a spot with higher

pressure losses was measured, in isothermal conditions, where the residual

swirl interacts with the passage vortexes, especially in the hub region. The

one dimensional profiles of pressure loss coefficient, extracted at four differ-

ent radial positions (Fig. 7.29), confirm that very similar values of pressure

losses are achieved, with limited differences located in the above mentioned

spots (t/p ≈ 1, h/H = 25%) and in the swirling core (t/p ≈ 0.2 − 0.8,

h/H = 25− 50%).

Summarizing, the comparison between the aerodynamic field in DP and

IOP2 conditions showed that very little differences arise between the two

cases. The main source of difference stays in the fact that the degree of the

residual swirl is slightly weakened in DP conditions: anyway this effect can
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Figure 7.28: Secondary vectors at W = 7.5%: comparison between DP and IOP2

be expected to be related more to the increase in Mach number, with respect

to the isothermal point, than to the presence of temperature gradients. In

fact, in the case of higher acceleration , a more pronounced alignment of the
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flow field to the main direction should occur, with a consequent reduction

in the degree of swirl. The difference in main-coolant momentum ratio, that

exist between DP and IOP2 conditions is not expected to affect this finding,

as the same differences, between the two operating points, can be found both

in cooled and not cooled configurations.

Even if very limited, a similar effect of swirl degree reduction was found

to be produced by the increase in coolant mass flow rate (see Section 7.1.1).

Nevertheless, these two factors (i.e. injection of coolant and enhancement

of inlet/exit Mach number due to shift to DP conditions) act on the rotat-

ing structure in different ways. In the case of an increased inlet/exit Mach

number, the weakening of the swirl strength is caused by a more intense

acceleration of the flow field in the main direction of the flow, resulting in

a loss of tangential momentum. In this case, in fact, lower pressure losses

occur, with respect to the case with lower exit Mach number, since a reduced

interaction between this structure and endwall secondary flows is achieved;

less intense shear stresses within the structure itself should be found as well.

On the other hand, in the case of film-cooling injection, the reduction of the

Figure 7.29: Pressure loss coefficient: 1D profiles
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swirl degree is due to the interactions between the swirling structure and the

coolant flow, that results in a reduction of the structure coherence and an

enhancement of mixing. In fact, higher pressure losses are found, in the right

passage, for the case with higher coolant mass flow rate.

The only flow feature that actually seems to be related to the introduction

of temperature gradients within the cascade inflow, is the slight enhancement

of the Mach number in the inner part of the right passage, with respect to the

correspondent position in the left one. As it was showed in Fig. 7.25, in fact,

this aspect was not present in isothermal conditions. A possible explanation

of this phenomenon will be provided in the next section, after the description

of the thermal field on Plane 41 will be completed.

Despite all the evidenced phenomena, the differences between the two op-

erating conditions, in terms of Plane 41 flow field are very reduced. Hence,

according to goals of this comparison, the following conclusions can be taken.

The effect of temperature gradients on the achieved flow field at NGV exit

is limited, in agreement with previous findings [72, 84]. The turbulence re-

sults, gathered in isothermal conditions, can provide a reliable estimation of

the gross turbulence level, and a precise definition of the turbulence pattern,

also for the DP case; therefore, they constitute a useful data set of boundary

conditions for the investigation that will be described in the next section.

7.2.2 Hot streaks migration

Through the previous sections different results have been discussed re-

garding turbulence and flow field modifications through the nozzle guide

vanes; they have been exploited as necessary boundary conditions to provide

a better understanding of other, more specific, results, like PSP ones, that

have been described in Section 7.1.3. In this section one last aspect, accord-

ing to the goals of this work, summarized in Section 2.5.1, will be described,

exploiting the findings of the previous results to achieve a global view of the

phenomena and of the relations between each other. In particular the hot

streaks migration will be addressed here, so that an assessment can be pro-

vided of how the temperature distortions, measured on Plane 40, evolve up

to the cascade exit and how they interact with coolant cold streaks. In this



234 Chapter 7. Effect of Combustor Outflow on the Turbine NGV

Figure 7.30: Non-dimensional temperature maps on Plane 40 and 41 (W = 0%)

way a description of the temperature gradients approaching the rotor will be

provided; moreover, even if no direct measurements on the NGV airfoils were

carried out in these conditions, some considerations on how these distortions

can affect the NGV heat transfer and its design, will be discussed.

Temperature maps on Plane 40 and 41 are reported in Fig. 7.30; only
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the case at W = 0% is reported for the latter measurement plane. The

same temperature scaling as in Section 6.2 is used, in order to evaluated the

entity of the hot streak variation across the cascade. Beside the pattern of

the thermal field it is possible to note that the maximum non-dimensional

temperature is reduced from about 0.8, upstream of the cascade, to less than

0.7, downstream of it. The mass averaged temperature, evaluated by an en-

thalpy balance between swirler and liner coolant flows, would correspond to

a value of 0.65. Therefore, an important reduction in the hot streak intensity

occurs, due to the mixing promoted by the high turbulence intensity and the

secondary flows. Nevertheless, important distortions can be still appreciated

on Plane 41. With the goal of deepening their evaluation, Fig. 7.31 depicts

the non-dimensional temperature maps on Plane 41, for all the three inves-

tigated mass flow rate conditions. The same temperature scaling is used, in

order to check how the coolant mass flow influences the temperature levels

in the different parts of the annulus. The colormap scale has been modified

to adapt to the measured range. In general very different patterns can be

appreciated between left and right passages: in the first one, the temperature

level looks quite uniform, while the latter shows wider variations due to a

cold spot that can be seen near the outer endwall. This contribution comes

from the outer liner cooling flow, that is bled towards the mean radius by

the swirling flow. According to thermal field measured on Plane 40, a similar

feature could be expected in the left passage, near the inner liner; neverthe-

less it can’t be found in the results, as in this passage no relevant swirling

flow is present and the cold layer is not drawn towards the midspan. As

a result, the cold layer is maintained close to the endwall and progressively

mixes with the swirler hot flow, due to the convergence of the inner wall, that

promotes the interaction, and the high turbulence intensity. From a design

point of view, it places an important challenge, since corresponding parts of

different airfoils can be subjected to different heat transfer rates; particular

attention must be paid to the inner endwall design, since it is interested by

an important portion of the remaining hot spot. Concerning the hot streak

intensity a maximum value around 0.68 was measured, in the inner endwall

zone of the right passage; the maximum value, measured in the left one is
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Figure 7.31: Non-dimensional temperature maps on Plane 41
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Figure 7.32: Non-dimensional temperature profiles on Plane 41

slightly lower. The fact that a high-temperature zone is detected close to the

hub, in the right passage, is in line with what has been detailed in the previ-

ous section, regarding the enhanced Mach number measured in this area. In

fact, a higher local temperature determines a lower density and, therefore, a

higher flow velocity in this position.

The coolant NGV injection determines, as expected, a further reduction in

the measured temperatures. Despite this reduction looks quite uniform over

the investigated area, a deeper analysis was carried out, through the extrac-

tion of one dimensional profiles, at four different radial positions (Fig. 7.32.

Even if not constant through the different axial and tangential positions, a

clear difference between the three curves can be seen; such a difference is

always more marked between W = 0% and W = 3.75%, with the curves of

the two cooled cases, falling on the same temperature levels in different posi-
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tions. Moreover the differences between the two passages can be highlighted:

the passage that is interested by the residual swirling motion is characterized

by a very non-uniform thermal field, with non-dimensional temperatures go-

ing from ≈0.68, close to the inner endwall, to ≈0.56, close to the outer one;

on the other hand the left passage temperature always stays in the 0.65-0.67

range. While the dimensional values provides information regarding the tem-

perature levels in the different parts of the annulus, useful to gain confidence

of where particular effort must be paid in a design phase, an evaluation of the

temperature distortion factor (LOTDF) can be useful as well. The definition

reported in Eq. 2.4 was adopted:

LOTDF =
T − Tmean

Tmean − Tcool

(7.3)

where Tmean was averaged over the two central sectors (−1 < t/p < 1).

While the LOTDF representation does not allow to estimate the temperature

level and compare it to the one at combustor exit, it provides a more detailed

evaluation of the thermal pattern and of how it is affected by both hot and

cold streaks (i.e. cold spot due to film cooling streaks). In fact, since the

mean temperature, used for the LOTDF calculation, changes from test to test

(decreases moving from W = 0% to W = 7.5%), the evaluated parameter has

an average value, in the range −1 < t/p < 1, equal to zero for every coolant

condition and allows to effectively visualize the positions of the cold streaks

generated by film-cooling flows. Therefore, a local lower value of LOTDF for

the tests with coolant, respect to the reference test with W = 0%, means

that the effect of a cold streak is present at that location. On the other hand,

where the film cooling flows have already mixed with the hot main flow and

no defined cold streaks are detectable, the test with coolant will show a

similar value to the test at W = 0%, or even lower due to the reduced Tmean.

The contour plots indeed confirm that the calculated temperature distortion

factors fall on very similar values through all the investigated domain. This is

due to the fact that most of the coolant is ejected close to the leading edge and

mixes with the mainstream before reaching Plane 41. Still, from a detailed
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Figure 7.33: Temperature distortion factor maps on Plane 41

analysis of the results, carried out by analyzing the 1D profiles reported in

Fig. 7.34, some observations can be made. First of all the profiles (Fig. 7.34)
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Figure 7.34: Temperature distortion factor profiles on Plane 41

confirm the enhanced temperature distortion measured at the exit of the right

passage, as the LOTDF varies from ≈0.08 in the inner part (h/H=12.5%) to

≈-0.11 in the outer (h/H=75%); on the other hand, variations between 0.03

and 0.06 can be found at the exit of the left passage. The most important

information, from the 1D profiles analysis, comes from the evaluation the cold

streaks positions. The profiles for W = 7.5% generally show a higher value,

than the ones for W = 0%, in the center of the right passage; this is especially

detectable on the profiles at h/H=12.5% and h/H=50%. As explained before,

it means that the effect of no actual cold streak, due to film-cooling flows,

can be found in these positions. Similar considerations can be made for the

very central part of the left passage, where the plots always present similar

values, or slightly higher for W = 7.5%. The positions where the results of

the tests with coolant stay significantly below the no-coolant test ones, are
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in the proximity of the airfoil wakes; the minimum values are reached in the

pressure side end of the wake (i.e. right side looking at the profile plots). This

is due to the fact that some coolant is ejected in the final part of the pressure

side from rows PS4 and PS5 (Fig. 3.9), while no cooling holes are present in

the final part of the suction side. Hence, cold streaks due to film-cooling flows

not completely mixed with the hot mainflow can be found in these positions.

Noteworthy, while this phenomenon is clear in the wakes of the lateral airfoils,

no evidence of cold streaks can be found behind the central one. Such a result

should be ascribed to the effect of the residual swirling flow: according to the

flow pattern, highlighted by five hole probe measurements, and to the film-

cooling behaviour, detailed through the PSP campaign, it can be expected

that the swirling mainstream wipes coolant away from the pressure side of

NGV2, and brings it towards the outer endwall and the suction side of NGV3.

Regarding this aspect, one last observation can be made: all the profiles of

the test without coolant show similar LOTDF values in correspondence of

the two lateral airfoils (t/p = ±1), due to a fairly good periodicity of the

cascade inlet temperature field. On the other hand, for the test at W = 7.5%,

lower LOTDFs can be found in the right (NGV3) wake. This finding seems

to confirm that some of the cooling flow, that is wiped away by the swirling

flow from the pressure side of the central NGV, is brought towards the right

lateral airfoil and locally decreases the flow temperature; no equivalent effect

can be found on NGV1, since the airfoil at its left (i.e. NGV0) is not cooled.

To quantify the highlighted behaviour, two further analysis were carried

out: first of all, it was summarized how the coolant injection affects the hot

streak reduction and its overall distortion; moreover it was highlighted how

such a distortion is divided within the two passages, in order to highlight the

effect of the residual swirl on the global result. For the first goal, Fig. 7.35

reports three series, where different non-dimensional temperature values are

reported; in particular the maximum, mean and minimum values measured

on Plane 402 and 41 are shown. First of all, the figure confirms that an

important reduction in the degree of distortion occurs moving from Plane

402 to Plane 41: focusing, for Plane 41, on the test without coolant, a very

similar mean temperature to the one measured on Plane 402 can be found,
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Figure 7.35: Summary of temperature distortions

meaning that negligible heat conduction losses occur through the rig walls;

maximum and minimum non-dimensional temperatures goes from 0.8-0.4,

upstream the cascade to 0.68-0.5, due to the mixing between the flows at

different temperature, promoted by the free-stream turbulence and by the

secondary flows within the cascade. Varying the film-cooling flows ejection,

it can be seen that the mean temperature value keeps decreasing as the

coolant mass flow rate is increased: the entity of this reduction is very close,

in dimensional terms, to the one that would be calculated by an adiabatic

enthalpy balance between mainstream and cooling flows. On the other hand,

focusing on maximum and minimum temperatures, a particular behaviour

can be noted: while for the test at W = 3.75%, a reduction in both maxi-

mum and minimum temperatures occurs, no further reduction can be found

when the focus is moved to W = 7.5%. This means that some zones of the

annulus are not affected by a further coolant mass flow rate increase. In

more detail, this finding indicates that it is not possible to directly extend

the results when sensitively different NGV coolant mass flow rates are con-

sidered, as it can occur within the engine working cycle: considering a mean
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Figure 7.36: Maximum temperature difference within left and right passage

temperature calculated by enthalpy balance and a maximum temperature

from the Tnd,max/Tnd,mean value of the case without NGV coolant, an under-

estimation of the maximum temperature of about 3% would arise for the case

at W = 7.5%. When higher main-coolant temperature ratios are considered,

which can be the case for several kind of aero-engines, this value can increase

and represent an important issue in the rotor airfoil design procedure, when

the focus is placed on evaluating its inlet temperature. For the second goal,

Fig. 7.36 shows the maximum temperature difference, measured within the

domains of the left and the right passages, as a percentage of the mean tem-

perature on the whole domain. As anticipated, such a difference is higher at

the exit of the passage where residual swirl exists; it increases with coolant

injection and reaches almost 9% for the case with the maximum coolant mass

flow rate. Noteworthy, in the left passage, the measured difference decreases

as the coolant mass flow rate is increased, going from 7.1%, for the test at

W = 0%, to 5.9% for the test at W = 7.5%.

These two overall findings allow to draw important conclusions about

the impact of NGV cooling flow on temperature distortions. The residual

swirl plays a big role in enhancing temperature distortions at the right pas-

sage exit: it determines a particular flow pattern in that some areas are

not affected by the coolant injection, once it overcomes a certain value. A
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higher maximum-to-minimum temperature is therefore reached within the

domain. An opposite behaviour is achieved in the other passage, where

coolant injection tends to uniformly reduce the temperature level and damp

the distortions.

7.2.3 Hot streaks migration: concluding remarks

In this part of the work, the focus was placed at evaluating the hot streaks

migration through a NGV cascade invested by a combustor outflow charac-

terized by both enhanced temperature distortions, aggressive swirl field and

high turbulence intensities. Aero-field results have been exploited to deepen

the knowledge of the cascade flow and help in the understanding of the hot

streaks evolution. The highlighted behaviour influences the hot streaks mi-

gration and its interaction with NGV coolant cold streaks. Significantly

different outcomes, from the known behaviour of hot streaks within uniform

flow fields, were found: strong temperature distortions have been measured

at the exit of the passage where the residual swirl is convected segregating

the hot spot close to the inner endwall. The effect of the swirl is such that

temperature distortions are enhanced by coolant injection, despite a lower

mean temperature is achieved. On the other hand, a fairly uniform tempera-

ture pattern was found in the other passage. As a result, very different heat

transfer rates should be expected on the different airfoils; this can lead, in a

traditional design process based on averaged inlet conditions, either to the

adoption of wide safety margins, that are detrimental to the whole engine

efficiency, or to dangerous underestimations of the maximum gas tempera-

ture. From a design point of view, the measured thermal field evidences the

importance of including the rotor in the integrated design approach, as the

knowledge of the actual temperature pattern in the definition of rotor cooling

system is necessary. The applicability of these results, beside in providing

a general description that can be used to evaluate current design guidelines,

stays in the creation of a wide experimental database that can be used to tune

numerical codes. As a big effort is nowadays put in deepening the knowl-

edge of the behaviour of the combustor-tubine interface, the development of

reliable CFD codes for its modelling plays a key role in this process; for the
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assessment of the modelling strategies, that are required for these kind of

flow features, a comparison against experimental data is necessary.
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Conclusions

The present work collects a large part of the activities performed during

the Ph.D. course, dealing with the the topic of combustor-turbine interaction

for modern aero-engines. Conclusions of the present investigation are now

drawn, trying to provide a brief outline of the performed study, summarizing

the main achievements, as well as discussing what the impact of these results

can be moving forward.

This research is part of a wide European research and development project

framework focused on the study of the combustor-turbine interface area; it

was aimed at evaluating different aspects of the flow field evolution across a

NGV cascade in the presence of a combustor representative outflow. In detail,

the focus was placed in trying to analyse the effect of the flow characteris-

tics that are typical of modern lean burn combustors, where highly swirling

and unsteady flow fields, together with enhanced temperature distortions,

approach the high pressure turbine. Different works have been carried out

in recent years, with the goal of deepening the knowledge of these phenom-

ena, mostly separately one from the other, and of their impact on the turbine

module performance; a direct comparison with a reference case, with uniform

inflow conditions, was generally employed to highlights the effect of a certain

flow phenomenon. In the present study the analysis is carried out from a

slightly different angle: the adopted test case allows to simulate most of the

characteristic flow features together and a thorough experimental campaign

was employed to evidence their combined effect on a NGV cascade specifi-

cally designed for this kind of inflows.

In the first part of the work, the analysis has been focused on the experi-

mental characterization of a non-reactive, three-sector combustor simulator.
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Its design process had been carried out in order to mimic the precise be-

haviour of a modern lean burn combustor: representative temperature and

swirl profiles at combustor exit are pursued through the mixing of a heated

swirling mainstream, that passes through three axial swirlers, and liners ef-

fusion cooling flows at ambient temperature. Preliminary measurements had

been carried out, outside of this Ph.D. course, to verify the aerothermal field

at the rig exit. Within this Ph.D. course, PIV measurements have been

used to detail the flow field evolution, in order to evidence the flow struc-

ture evolution and mixing phenomena that influence the achieved combustor

outflow. The analysis revealed the presence of typical flow structures of swirl-

stabilized annular combustors: the significant tangential momentum of the

mainflow led to vortex breakdown and to the formation of a central recircu-

lation zone. Due to the limited interaction with the cooling flows and the

reduced length of the combustion chamber, the swirling structure was found

to poorly dissipate its tangential momentum as it moves towards the cham-

ber exit. The test rig was later upgraded with a NGV cascade. Its design

was carried out exploiting the preliminary measurements at combustor exit

data: tangentially averaged radial profiles were used, as it is common for this

kind of operation. A swirler-to-vane ratio of 1:2 was chosen, in that one vane

is aligned with the swirler and the adjacent one is clocked halfway between

two swirlers, for a total of five vanes and six passages. The evaluation of the

differences in the behaviour of the NGV profiles in different clocking posi-

tions play a big role in evidencing the limits of traditional design procedures,

based on averaged quantities.

After the upgrade, measurements have been initially carried out on the

combustor exit plane (Plane 40), in order to provide precise boundary con-

ditions for the cascade investigation. In particular, five hole probe mea-

surements were carried out, to detail the aerothermal field characteristics in

terms of flow angles and temperature distortions; hot wire measurements, in

isothermal conditions, were conducted as well to assess the turbulence inten-

sity. Results globally showed the presence of the typical flow structures that

were pursued. A residual swirling structure, slightly moved towards right

with respect to the centerline, with flow angles beyond 50◦ was recognized,
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together with a marked hot spot; local conditions were found to strongly

differ from the tangentially averaged ones, in several positions of the annu-

lus, leading to significant inaccuracies in the prediction of the turbine inlet

conditions by the traditional design procedure. The flow field was also found

to be highly unsteady, with turbulence intensities up to about 30% in the

very center of the swirling structure.

The attention was then moved to the evaluation of the cascade exit con-

ditions, by means of the same experimental techniques. The investigation

was, in the first part, carried out in isothermal conditions, in order to assess

the impact of the highly swirling flow on different aspects of the NGV be-

haviour. Five hole probe measurements were carried out on the NGV exit

plane (Plane 41) to detail the flow field evolution and the effect of the inlet

swirl on secondary flow development and pressure losses across the cascade;

while other past studies had already focused on this aspect, this step was

necessary to gain knowledge of the flow physics and set the basis for the

following investigations. It was found that, despite the leading edge clocking

(i.e. swirler aligned with the central vane leading edge), the residual swirl

was mainly convected in the right passage (pressure side end of the central

NGV); its interaction with endwall secondary flows determined the presence

of local spots with enhanced pressure losses, especially close to the hub of

the lateral NGV. Similar findings had already been found, in past studies, for

passage clocking configurations (i.e. swirler aligned with a vane passage); the

slight displacement of the flow structure towards right on Plane 40, there-

fore, played a crucial part in determining the flow field evolution within the

cascade. This conclusion shows up for the importance of knowing the exact

swirl-vane clocking in the view of the prediction of the turbine aerodynamic

performance. Hot wire measurements were then carried out on the same

measurement position. Spots with significant turbulence intensities, mainly

located in the position of the residual swirling core and close to the hub,

where such a structure interacts with endwall flows, were revealed. Values

up to about 5% were found in these locations. Even with the high turbulence

intensities measured at the cascade inlet, these values are significantly higher

than what would be normally expected in this position with the measured
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flow acceleration, as the partial preservation of the residual swirl through the

cascade clearly contributes in containing the TKE reduction, with respect to

a uniform configuration. Film-cooling injection was found to poorly affect

the above described aspects, mainly leading to pressure losses enhancement

and reduction of both residual swirl degree and turbulence intensity.

Once a proper knowledge of the flow field was gained, the focus moved

to the evaluation of more specific aspects, to draw conclusions that could be

directly adopted to complement or modify the current design procedures. In

particular, the effect of the highlighted flow structures on the film-cooling

behaviour was detailed. A PSP (Pressure Sensitive Paint) campaign was

exploited to evaluate the adiabatic effectiveness on the NGV cascade. Such

a measurement technique presents a useful means to measure this parame-

ter, on complex test cases like the present one. Being based on heat-mass

transfer analogy, in fact, it is not affected by thermal conduction within the

investigated surface, that can, on the other hand, strongly affect the results

coming from thermal measurement techniques with the same goal. The ex-

perimental campaign showed that the inlet swirl influenced the film-cooling

performance in different ways: the effects were highlighted by comparing the

results on the two investigated airfoils, subjected to a different inlet flow (i.e.

different swirl-vane relative position). First of all, it determined an alter-

ation of the position of the stagnation line, with different entity on the two

airfoils; this resulted in a different behaviour of the shower head rows, that,

in turn, influenced the film coverage moving downstream. Moreover, the

swirling structure pressure field slightly alters the local coolant repartition:

in particular, the midspan holes of the central NGV provided a better perfor-

mance due to the lower pressure in the swirling core. A further effect is due

to the streamline alteration, that can provide significant coolant downwash

or upwash in the final part of the pressure and suction sides that bound the

passage where the residual swirl is convected: in the tested configuration the

pressure side of the central airfoil shows a very poor coverage, that would re-

sult in metal temperatures significantly higher than the expected. Globally,

adiabatic effectiveness results demonstrated that a design procedure based

on averaged inlet conditions can lead to significant inaccuracies in the pre-
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diction of the film coverage in several positions of different airfoils. A step

forward, based on the precise knowledge of 2D inlet conditions and of the

flow field evolution, would be required, in order to limit the safety margins

that would be otherwise necessary.

In the last part, five hole probe measurements in design conditions (i.e.

with heated mainflow) have been described. This part of the work constitutes

one of the first experimental attempts to detail the hot streaks migration

through a NGV cascade within a highly swirling and highly turbulent flow,

as it must be expected at the combustor-turbine interface. The results com-

plement the existing literature data regarding hot streaks migration within

uniform inflows. In particular, some interesting insights were provided. In

the left passage, where no significant swirling motion is found, the thermal

field is quite uniform, due to the mixing promoted by the high turbulence

intensity that was measured at the cascade inlet. The residual swirl, on the

other hand, is responsible for drawing liner coolant from the outer endwall

in the passage where it is convected and for, at the same time, segregating

the hot spot towards the hub. As a result important temperature distortions

can be find at the right passage exit. Moreover, enhanced temperature dis-

tortions are achieved with coolant injection; even if the mean temperature is

clearly reduced, the swirl-dominated thermal field is such that some areas of

the annulus are not affected by coolant injection: higher maximum-to-mean

temperature, therefore, are reached. These distortions, together with the

important values of turbulence intensity, described above, must be expected

to give a significant contribution in determining the heat transfer rates both

within the nozzle guide vanes and on the first stage rotor; the necessity to

also include the rotor in an integrated design process, based on a detailed

knowledge of the actual aerothermal field, therefore, arises.

As stated, this work constitutes one of the first attempts to detail the hot

streaks migration in the presence of an engine representative flow field and

draw general conclusions regarding its behaviour and possible design issues.

Beside, it provides experimental data in a CFD-friendly domain, character-

ized by a integer vortex-to-vane ratio, that numerical codes can be compared

against. In detail the comparison of different kind of codes to the experi-
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mental data is necessary to understand the requirements that these kinds of

unsteady flow fields impose to the numerical evaluation. Early CFD com-

parisons with the present experimental database, carried out outside of this

Ph.D. work, showed that, while industrial applications normally relies on

Reynolds-Averaged Navier-Stokes (RANS) models for the characterization

of the turbine behaviour, they introduce a substantial inaccuracy in the pre-

diction of the thermal loads of the high-pressure turbine. On the other hand,

the importance to shift to scale-resolving models was highlighted, together

with the necessity of an integrated approach that considers both combustor

and turbine together, to take into account the effect of flow unsteadiness on

turbulent mixing.
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Appendix 1 - Details of five

hole probe data post-processing

In this section some additional details of the five hole probe data post-

processing will be provided. As explained in Chapter 5, the classic five hole

probe post-processing method, developed by Treaster and Yocum [124], was

not found to provide good results in the angular range to be investigated.

It was, then, decided to adopt a different approach, defined by Paul et al.

[128], in order to extend the angular validity of the probe response. This

method consists of a sectoring scheme, which selects combinations of holes

for which the flow is attached, to avoid singularities. Five different zones

are defined depending on the port where the maximum pressure is recorded.

Fig. 37 reports a sketch of the five hole probe head together with the definition

of the non-dimensional coefficients, for each zone; the figure also shows where

each zone is selecting, depending on pitch and yaw angles.

With these definitions, the results reported in Fig. 5.11. While the out-

come is good in terms of angular validity and accuracy, it was necessary to

define some procedure that allows to identify and discard the acquisitions

that fall out from the calibration range or, better, out from the range where

the experimental uncertainty stays within 2◦. As the flow angle is not known

before the measurement take place, as it was, on the other hand, for the

procedure that brought to build Fig. 5.11, it was necessary to rely on the

values of the non-dimensional coefficients. In fact, relevant errors arise when

the measured angles are such that the coefficients shows limited change for

further variation of the flow angles or singular trends.

Fig. 38 reports these trends for Zone 1. Fig. 38a depicts a 2D contour plot
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that shows the actual flow angles in terms of calculated coefficients; Fig. 38b,

on the other hand, reports the same information in terms of 1D profiles, for

some selected flow angles. It is possible to see that a smooth gradient is

achieved; the 1D profiles, in fact, do not show any singular trends and the

curves for different flow angles always stay distinct one from the other. As

a result of this, measurements that fall in Zone 1 always presents a good

reliability.

Different outcomes are achieved when the outer zones are concerned, as

they are valid when higher flow angles are encountered. Only results for

Zone 3 will be reported here, as they are qualitatively similar for all the

other ones. Fig. 39 shows the 2D contour plot: it is clear that a steep

gradient occurs, both for pitch and for yaw angle. It means that relevant

flow angle variations are achieved with very poor, or even absent, variations

of the coefficients values. These conclusions are confirmed by 1D profiles

reported in Fig. 40 for pitch and yaw angles separately; it is clear that, at

certain flow angles, the non-dimensional coefficient collapse on very similar

Figure 37: Non-dimensional coefficients definition and validity
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Figure 38: Non-dimensional coefficients trends in Zone 1: 2D contour plot (a) and 1D

profiles (b)
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Figure 39: Non-dimensional coefficients trends in Zone 3: 2D contour plot

Figure 40: Non-dimensional coefficients trends in Zone 3: 1D profiles
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values, even for different flow angles, or present singularities that preclude

from obtaining a good interpolation of the flow angles values. Once all these

positions, in terms of non-dimensional coefficient values, have been identified,

the post-processing tool is able to evaluate if the acquired point falls in one

of these areas and, eventually, discard it.

As a short summary, a quick list of the post-processing tool functioning

is reported below:

1. Load flow angles and non-dimensional coefficient from calibration for

each Zone and for each Mach number set

2. Load pressure acquisitions for each acquired mesh point of the test

3. Identify the Zone to be considered and calculate Ky and Kp from the

equations reported in Fig. 37

4. Select a starting Mach number calibration set (according to expected

Mach number to be measured)

5. Calculate Pitch and Yaw angles from interpolation of the calculated

Ky and Kp on the selected calibration set

6. Calculate Kpt, Kps and recovery factor (RF ) from interpolation of the

calculated Pitch and Yaw angles on the selected calibration set

7. Calculate Ptot, Pstat, Ttot, Tstat and Mach number from the calculated

Kpt, Kps, RF and the acquired temperature

8. Evaluate if the calculated Mach number falls in the same range of the

selected calibration set: if it doesn’t, go back to point 4 and select the

new calibration set; if it does, go on to point 9

9. Evaluate if the non-dimensional coefficients fall in areas of singularity

for the selected calibration set: if they do, discard the acquired point;

if they do not, accept the calculated results
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Appendix 2 - Details of hot

wire probes calibration and

data post-processing

In this section a detailed description used for HWA probes calibration and

data post-processing will be given, in order to complement what was already

stated in Section 5.3.2 and report all the adopted relations. The calibration

and post-processing procedures will be described one after the other.

Mass-flux calibration

The first part of the calibration procedure is aimed at finding the relation

that links the HWA response to mass-flux of the airflow. The Nu − Re ap-

proach was used in order to scale the effect of flow compressibility and of the

air temperature; to do so it was also necessary to evaluate the temperature

of the sensors.

1) Acquisition of different points on the calibration hardware at pitch = 0◦,

yaw = 0◦. Points have been acquired at different air velocity and total tem-

perature, known through the monitoring instrumentation on the calibration

hardware. For each point the average HWA output (E1, E2) have been

recorded.

2) Calculation of the calibration flow Reynolds number for each acquired



262Appendix 2 - Details of hot wire probes calibration and data post-processing

point, through the following relations:

ρ =
Pstat

R · Tstat

(4a)

µ = 4.03 · 10−7 · T 0.675
0 (4b)

Re =
ρ · V · dw

µ
(4c)

3) Calculation of the Nusselt number for each acquired point, through

the following relations; the resistance and the geometrical parameters of the

sensor wire have been omitted, as they are constant through calibration/tests:

Kn =
1.5871 · 10−8

ρ · dw
(5a)

η∗ =
Kn1.193

0.493 +M1.193
(5b)

ηfc =
0.2167 ·M2.8

0.8521 +M2.8
(5c)

ηc = 1− 0.5 ·M3.5

1.175 +M3.5
(5d)

η = η∗ · ηfc + etac (5e)

k = 0.026 · ( T0

300
)0.7 (5f)

Nu =
E2

1 + E2
2

k · (Tw − η · T0)
(5g)

As explained in Section 5.3.2, Tw was evaluated as the value that made all

the points collapse on an exponential curve (i.e. maximum R2). Results of

the mass-flux calibration at pitch = 0◦ and yaw = 0◦ are reported in

Fig. 41. Wire temperatures of 485 and 495 K were found for probes R56 and

R57 respectively.

4) Once the wire temperature was known, the mass-flux calibration was

repeated changing the flow angles. This calibration was carried out only with

an ambient temperature airflow. It was verified that the influence of the flow

angle in the plane perpendicular to the wire (i.e. pitch angle for R56 and
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Figure 41: Mass-flux calibration at pitch = 0◦ and yaw = 0◦ for probes R56 and R57

yaw angle for R57) was negligible as the sum of the voltages showed very

reduced variations. Different mass-flux calibration curves were, therefore,

built varying the second flow angle (i.e. yaw angle for R56 and pitch angle

for R57). Each curve relates the Nusselt number, calculated through Eq. 5g,

to the effective Reynolds number, calculated considering only the velocity

components that lay in the plane orthogonal to the probe wire. Results are

reported in Fig. 42.

Angular calibration

Concerning the angular calibration, it was decided to relate the flow angle, in

the plane perpendicular to the wire (i.e. pitch angle for R56 and yaw angle

for R57), to either the ratio Re1/Reeff or Re2/Reeff . Reeff was evaluated as

specified previously (Point 4); Re1 and Re2 were calculated using the same

exact Nu− Re relation adopted for Reeff (i.e. for that specific second flow

angle), using either E2
1 or E2

2 in Eq. 5g, for the calculation of the Nusselt

number (Nu1, Nu2), instead of E2
1 + E2

2 . As expected, the relation between
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Figure 42: Mass-flux calibration for probes R56 and R57

the flow angle and these parameters was affected by both the second flow

angle and the flow Reynolds number; therefore, different angular calibration

curves had to be considered for different values of these parameters. Fig. 43

reports examples of these curves, for both probes.

Test execution and Data post-processing
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Figure 43: Angular calibration for probes R56 and R57

5) First of all the test with probe R56 was carried out; a preswirl equal to the

time-average swirl angle felt by the probe, for each measurement position,

was imposed, according to five hole probe results. In this way it was possible

to post-process the acquired using only the calibration curves developed for

yaw = 0◦.

The Nusselt number was evaluated, through Equation 5g, starting from E1
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and E2 (HWA probe output), T0 (measured by the thermocouple upstream

the swirlers), T − w (known from the calibration) and η (calculated from

Eqs 5a-e, using five hole probe results for Mach number and static pressure

values). Reeff,56 was, therefore, calculated through the mass-flux calibra-

tion curve for yaw = 0◦ (Figs. 41 and 42). The angular calibration curves

(Fig. 43) were, then, used to evaluate the pitch angle, starting from Re1 or

Re2, calculated as explained at Point 4. At the end of this first step, Reeff,56

and the pitch angle were known and, therefore, ρVax,56 and ρVy, through the

following equations:

Reax,56 = Reeff,56 · cos(pitch) (6a)

Rey = Reeff,56 · sin(pitch) (6b)

ρVax,56 =
µ ·Reax,56

dw
(6c)

ρVy =
µ ·Rey
dw

(6d)

It must be reminded that directions ax, x and y change from point to point,

depending on the probe preswirl. Since these parameters were evaluated

for all the 30000 points acquired in the 3 seconds acquisition interval (Sec-

tion 5.3.2), it was also possible to evaluate their mean and rms values for

each measurement position (i.e. mesh point).

6) Afterwards the test with probe R57 was carried out; the same proce-

dure, using the calibration curves for the pitch angles found from R56 results

(Figs. 42 and 43), was adopted; the values of Reeff,57 and of the swirl angle

were, therefore, calculated. Similar relations to Eqs. 6 were used to calculate
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the mass-flux in axial and axial and x directions:

Reax,57 = Reeff,57 · cos(swirl) (7a)

Rex = Reeff,57 · sin(swirl) (7b)

ρVax,57 =
µ ·Reax,57

dw
(7c)

ρVx =
µ ·Rex
dw

(7d)

The same considerations taken at Point 5 regarding directions ax, x and y

also stand here. It was also verified that the time averaged values of Reax,57

and Reax,56 poorly differed from each other.

7) It was finally possible to use Equation 5.8 to evaluate the turbulence

intensity.

After the overall procedure has been described, it is useful to provide some

verifications that have been carried out. First of all, in the base procedure,

Figure 44: Measured turbulence intensity on Plane 40: comparison between base and

improved procedure
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only the time averaged flow angle value, is passed from R56 test results to

R57 test post-processing, to select the correct calibration curve. An improved

procedure was also tried, where the instantaneous value of the pitch angle,

different for each of the 30000 acquisitions, was passed to R57 test post-

processing. The procedure had to be made iterative, in order to re-select the

R56 calibration curves, since significant deviations could occur between the

time-averaged pre-swirl value and the instantaneous swirl evaluation. Fig. 44

shows the results of the two procedures in terms of measured turbulence in-

tensity on Plane 40. Very limited differences can be found, showing up for

the reliability of the base procedure. It must be also considered that, since

two different acquisitions were carried out for R56 and R57, the two outputs

are not synchronized together. Therefore, it is not straightforward to pass

instantaneous information from one set to the other. For a limited number

Figure 45: Measured turbulence intensity on Plane 41: comparison between adopted and

analytic [150] approaches
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of mesh points, different kind of synchronizations between the output signals

(i.e. different time lags) were tested. The differences between the results

were always negligible.

A further verification was aimed at evaluating the impact of using Equa-

tion 5.8, that corresponds to the classical definition only in the case of con-

stant density. The topic has been discussed in Section 5.3.2. A comparison

between the adopted procedure (constant density) and an analytic proce-

dure [150], used to to discern between density and velocity effects, is provided

here. It must be also added that the latter approach is developed for transonic

and supersonic flows, that is not the case of the present treatment. Fig. 45

reports the comparison for Plane 41 results (W = 0%), in terms of turbu-

lence intensity maps (Fig. 45a) and relative difference (Tuanalytic − Tu)/Tu

(Fig. 45b).

It can be noted that the analytic approach provide a lower value of tur-

bulence intensity. Nevertheless the turbulence field morphology is the same

and the quantitative differences are mostly limited to 15%. The maximum

measured Tu goes from 5% for the adopted approach, to 4.3% for the analytic

one.
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