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Abstract
Modern gas turbine engines run at extremely high temperatures which require the high pressure

turbine blades to be extensively cooled in order to reach life requirements. This must be done using
the minimum amount of coolant in order to reduce the negative impacts on the cycle efficiency. In
the design process the cooling configuration and stress distribution must be carefully considered
before verification of the design is conducted. Improvements to all three of these blade design
areas are presented in this thesis which investigates internal cooling systems in the form of ribbed,
radial passages and leading edge impingement systems.

The effect of rotation on the heat transfer distribution in ribbed radial passages is investigated.
An engine representative triple-pass serpentine passage, typical of a gas turbine mid-chord HP
blade passage, is simulated using common industrial RANS CFD methodology with the results
compared to those from the RHTR, a rotating experimental facility. The simulations are found to
perform well under stationary conditions with the rotational cases proving more challenging.

Further study and simulations of radial passages are undertaken in order to understand the
salient flow and heat transfer features found, namely the inlet velocity profile and rib orientation
relative to the mainstream flow. A consistent rib direction gives improved heat transfer character-
istics whilst careful design of inlet conditions could give an optimised heat transfer distribution.

The effect of rotation on the heat transfer distribution in leading edge impingement systems
is investigated. As for the radial passages, RANS CFD simulations are compared and validated
against experimental data from a rotating heat transfer rig. The simulations provide accurate aver-
age heat transfer levels under stationary and rotating conditions.

The full target surface heat transfer in an engine realistic leading edge impingement system is
investigated. Experimental data is compared to RANS CFD simulations. Experimental results are
in line with previous studies and the simulations provide reasonable heat transfer predictions.

A new method of combined thermal and mechanical analysis is presented and validated for
a leading edge impingement system. Conjugate CFD simulations are used to provide a metal
temperature distribution for a mechanical analysis. The effect of changes to the geometry and
temperature profile on stress levels are studied and methods to improve blade stress levels are
presented.

The thermal FEA model is used to quantify the effect of HTC alterations on different surfaces
within a leading edge impingement system, in terms of both temperature and stress distributions.
These are then used to provide improved target HTC distributions in order to increase blade life.

A new method using Gaussian process regression for thermal matching is presented and val-
idated for a leading edge impingement case. A simplified model is matched to a full conjugate
CFD solution to test the method’s quality and reliability. It is then applied to two real engine
blades and matched to data from thermal paint tests. The matches obtained are very close, well
within experimental accuracy levels, and offer consistency and speed improvements over current
methodologies.
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Chapter 1

Introduction

Gas turbine engines are widely used in the modern aviation industry and have evolved greatly

since their inception, around 1940, in both Germany and Britain. Modern engines are consider-

ably more intricate than the initial designs as they have been developed for an increase in power

output and efficiency, which has a great bearing on running costs. More recently environmental

concerns have driven engine manufacturers to reduce emissions, and therefore improve engine

efficiency. An example of these is the ACARE vision 2020 target of reducing fuel consumption

and carbon dioxide emissions by 50 %, of which 15-20 % is expected to be achieved through

more efficient engines [1].

New airframes require bespoke engines from the manufacturers, who compete to sell their

engines to the airlines purchasing the planes. The commercial case for an engine relies heavily

on its efficiency and running costs, which therefore must be constantly improved for the engine

manufacturer to remain competitive.

Over time these factors have driven engine manufacturers to increase specific power output

and cycle efficiency, partly through an increased turbine entry temperature, as illustrated in

figure 1.1.

This increase led to the initial requirement for cooled blades, and subsequently the increased

complexity of these systems as the cooling requirement has become higher. This is due to a

combination of the increase in the turbine entry temperature and the desire for increased blade

life.

1
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Figure 1.1: Increase in turbine entry temperature with time for Rolls Royce civil gas turbine
engines [2]

1.1 Gas Turbine Theory

A key consideration for a gas turbine engine is its efficiency as a more efficient engine is more

cost-effective to run. Therefore this is a vital component in the commercial case for any new

engine. The efficiency of a gas turbine engine can be described in the form given in equation 1.1.

ηoverall = ηcycle ∗ηpropulsive (1.1)

ηcycle =
Mechanical Power Out

Power In
ηpropulsive =

Propulsive Power
Mechanical Power

The overall efficiency is a product of the cycle and propulsive efficiencies. The propulsive

efficiency results from mechanical losses in the gas turbine and aerodynamic losses in the fan.

The cycle efficiency can be illustrated by a simple analysis of the Joule cycle, which represents

the gas turbine. This is shown schematically in figure 1.2, and on a T-s plot in figure 1.3.

The simplest analysis of the cycle consists of approximating the three processes as follows:

1. Isentropic compression - Work in

2. Heat addition at constant pressure - Heat in

3. Isentropic expansion - Work out

2
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Figure 1.2: Schematic of Joule cycle

Figure 1.3: T-s diagram of ideal and non-ideal Joule cycle

3
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The net work produced by the cycle is given by equation 1.2. This is as a large proportion

of the turbine work produced is required to drive the compressor. In a turbofan engine most of

the net work is used to drive the fan at the front of the engine which provides the propulsion.

Wnet =Wt−Wc (1.2)

With the isentropic compression and expansion assumptions, the the cycle efficiency can be

calculated by equation 1.3.

ηcycle =
Wnet

Qin
=

cp(T3−T4s)− cp(T2s−T1)

cp(T3−T2s)
= 1− T1

T2
= 1− (

p1

p2
)

γ−1
γ ) (1.3)

In the case of the ideal cycle, the efficiency is dependent purely on the pressure ratio of the

compressor and turbine, however when non-idealities are accounted for the efficiency equation

contains other terms, seen in equation 1.4.

ηcycle =
Wnet

Qin
=

ηt
T3
T1
(1− ( p1

p2
)

γ−1
γ )− 1

ηc
(( p2

p1
)

γ−1
γ )−1)

T3
T1
− 1

ηc
(( p2

p1
)

γ−1
γ −1)−1

(1.4)

The efficiency is a key metric for a gas turbine, however in civil aircraft the net work output

is of equal importance as it governs the size (and therefore weight) of the engine. The net work

is given by equation 1.5.

Wnet = ṁcpT1(ηt
T3

T1
(1− (

p1

p2
)

γ−1
γ )− 1

ηc
((

p2

p1
)

γ−1
γ )−1)) (1.5)

This shows a dependence on the ratio of T3
T1

, the turbine entry temperature (TET) to engine

inlet temperature ratio. The engine inlet temperature, T1 is fixed at the atmospheric temperature

and therefore improvements in net engine work can be directly achieved by raising the TET, T3.

The efficiency also increases significantly with a higher TET.

The variation of the efficiency and net work with different pressure and temperature ratios

is given in figure 1.4.

An increase in T3 leads to an additional cooling requirement in the HP turbine stage, which

necessitates improvements in blade cooling methods.

4
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(a) Specific net work at different conditions (b) Cycle efficiency at different conditions

Figure 1.4: Variation of net work and efficiency with pressure and temperature ratio

1.2 Turbine Blade Cooling

With an increased TET the mainstream gas temperature at the HP turbine is also increased. This

leads to an increase in the required level of cooling needed to keep the blade metal temperature

within acceptable limits for life and fatigue. To remain competitive an engine manufacturer

must provide an efficient engine to customers and therefore coolant flow rate must be min-

imised, as increased coolant usage reduces the work that can be extracted from a given quantity

of air that passes through the compressor.

Multiple factors must be considered when designing a turbine blade internal cooling system,

which include:

• Maintain sufficient cooling of the metal

• Minimise coolant requirement

• Keep stresses within allowable limits

• Ability to manufacture and inspect blade

This leads to a complex problem in which many different cooling configurations may be

feasible and to achieve this, multiple sophisticated cooling methods are required for an HP

turbine blade [3].

5
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Figure 1.5: Internal cooling types and locations within turbine blade

1.2.1 Internal Cooling

Internal cooling covers multiple methods by which the metal is cooled from relatively cold air

bled from the compressor upstream in the engine using passages and other features contained

inside the blade. In modern shroudless blades these are fed exclusively from the blade root

with the coolant ejected through film holes, trailing edge slots and dust holes. Different internal

cooling methods are utilised depending on the location within the blade and include ribbed

radial passages and impingement cooling, figure 1.5.

Radial passages are often used in the mid-section of blades where sufficient cooling can

be applied to moderate heat loads and they provide this with a low pressure penalty. Impinge-

ment cooling is increasingly used in a leading edge configuration where exceptionally high heat

loading is found and therefore the greater pressure loss associated with such systems can be

tolerated.

1.2.2 Film Cooling

Film cooling utilises cold air from inside the blade, often having been previously used for

internal cooling and ejects it through arrays of small holes through the surface of the blade.

The design is for coolant to be expelled at such a rate as to not detach from the blade surface

and therefore create a thin film of cool air close to the surface of the blade, which acts as a

barrier to the hot mainstream flow and maintains the metal at a lower temperature, figure 1.6. A

secondary cooling effect is also present as the film cooling channels within the blade shell act

as small internal cooling passages, reducing the metal temperature local to them.

6
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Figure 1.6: Diagram of film cooling

Figure 1.7: Thermal barrier coating and thermal resistance diagram

Many different hole shapes have been investigated in order to improve film effectiveness

across a range of blowing ratios, such as fans and conical holes [4,5]. The blowing and pressure

ratios across film holes must be carefully maintained in order to avoid both film detachment,

if the coolant momentum is too high, or film ingestion where the external flow pressure is too

high and hot mainstream air is forced inside the blade, likely causing blade failure.

1.2.3 Thermal Barrier Coatings

Thermal barrier coatings are ceramic coatings that are bonded to the external blade surfaces.

These aid blade thermal management by providing an additional thermal resistance against the

hot mainstream gas. The process by which this reduces metal temperature is illustrated in figure

1.7.

The coating has a low thermal conductivity and therefore causes a drop in temperature across

7
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it, due to the additional thermal resistance. This then reduces the metal temperature in the layer

below it, which consequently improves the blade lifespan.

A combination of these different cooling methods are implemented in a modern turbine

blade in order to give a manageable metal temperature and therefore acceptable blade life. This

thesis focuses on internal cooling within HP turbine blades.

1.3 Turbine Blade Design Process

There are a number of distinct processes in designing a current HP turbine blade, the most

critical of which are outlined below:

• Aerodynamic - The external turbine blade shape is fixed by maximising the aerodynamic

efficiency of the turbine.

• Cooling - Internal and external cooling designs are added, which must provide adequate

cooling whilst fitting inside the previously defined blade shape.

• Mechanical - Stress distributions are then found, based on the output from thermal mod-

els, in order to determine whether adequate blade life will be achieved.

• Verification - Thermal paint tests are conducted and the thermal models matched to these

to ensure blade life predictions are correct.

There are likely to be a significant number of iterations between the cooling and mechanical

processes to reach a satisfactory design. The work undertaken in this thesis researches and

offers improved methods for the cooling, mechanical and verification processes required for

turbine blade design.

1.4 Thesis Aims

The main aims of this thesis are detailed below.

1. Assess the performance of RANS CFD using common industrial methodologies for the

prediction of heat transfer levels in engine realistic ribbed radial passages and leading

edge impingement systems under rotating conditions.

8
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2. Perform experimental tests to give full heat transfer distributions on the target surface for

a leading edge impingement system, and use these to further validate CFD methodologies.

3. Provide a method by which the effect of heat transfer changes on the stress distributions

within a leading edge impingement system can be found, and use this method to offer

mechanical improvements to a leading edge impingement system.

4. Improve the current methods by which a thermal match is obtained in the verifcation stage

of a turbine blade design through automation of the process.

1.5 Thesis Outline

This thesis investigates internal cooling systems in the form of ribbed, radial passages and lead-

ing edge impingement systems. The effects of rotation are closely studied with particular focus

on the modelling capabilities of current industrial CFD methodology. This is then extended to

conjugate CFD and mechanical analyses to directly assess the effect of heat transfer distribu-

tions on blade life. Finally an automated method for thermal matching is developed. The work

discussed in this thesis is arranged as follows.

• The effect of rotation on the heat transfer distribution in ribbed radial passages is inves-

tigated. An engine representative triple-pass serpentine passage, typical of a gas turbine

mid-chord HP blade passage, is simulated using common industrial RANS CFD method-

ology with the results compared to those from the RHTR, a rotating experimental facility.

• Further study and simulations of radial passages are undertaken in order to understand

the salient flow and heat transfer features found, namely the inlet velocity profile and rib

orientation relative to the mainstream flow.

• The effect of rotation on the heat transfer distribution in leading edge impingement sys-

tems is investigated. As for the radial passages, RANS CFD simulations are compared

and validated against experimental data from a rotating heat transfer rig.

• The heat transfer distribution in a leading edge impingement system derived directly from

a real engine turbine blade is investigated experimentally under stationary conditions to

9
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provide detailed distributions on the target surface, which are then used for further CFD

validation.

• A new method of combined thermal and mechanical analysis is presented and validated

for a leading edge impingement system. Conjugate CFD simulations are used to provide

a metal temperature distribution for a mechanical analysis. The effect of changes to the

geometry and temperature profile to stress levels are investigated.

• The thermal FEA model is used to quantify the effect of HTC alterations on different

surfaces within a leading edge impingement system, in terms of both temperature and

stress distributions.

• A new method using Gaussian process regression for thermal matching is presented and

validated for a leading edge impingement case. A simplified model is matched to a full

conjugate CFD solution to test the method’s quality and reliability.

• The new thermal matching procedure is applied to a real engine blade and matched to

data from a thermal paint test providing real world validation of the methodology.

The work conducted offers improvements to turbine blade cooling methods, mechanical

modelling and thermal verification processes. An overall summary of the work presented and

the conclusions drawn from it are then given.

10
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Chapter 2

Review of Internal Cooling - Techniques

and Methods

Internal cooling is vital in order to keep gas turbine blades within operational temperature limits.

In this study two types of internal cooling are investigated, ribbed radial passages and impinge-

ment cooling. Ribbed radial passages are used throughout the mid-section of the turbine blade,

with varying aspect ratios dependent on their chordal location, while impingement cooling is

used in the leading edge of the blade where very high heat loads are present. An overview of

these types of cooling and the parameters which affect their performance are given in this chap-

ter. Multiple methods that are, or could be, used in the turbine blade internal cooling design

process are then introduced.

2.1 Radial Passages

Radially aligned cooling passages are the most common method for cooling turbine blades in

the high pressure (HP) stage of the engine. Initial radial passages were smooth however they

have evolved and now contain ribs, and feed film and impingement cooling systems. Ribs and

other features, such as dimples and pin fins, are often placed on passage walls closest to the

pressure and suction surfaces of the external blade in order to enhance heat transfer when the

coolant flow has sufficient pressure margin. Ribs enhance heat transfer in a radial passage by:

• Causing the boundary layer to be disrupted and restarted
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Figure 2.1: Schematic of flow structure around rib - 90o to mainstream flow

• Increasing fluid mixing, which maintains a high temperature gradient at the passage wall

• Increasing the surface area over which heat transfer can take place

However, there are penalties which come with the increased heat transfer obtained by in-

cluding ribs. These include:

• Additional pressure loss

• Localised peaks in heat transfer, which can lead to a non-uniform temperature distribution

and increased stresses

Therefore ribbed passages must be designed not exclusively to maximise heat transfer levels,

but to do so with acceptable pressure losses and without introducing unwanted stress concen-

trations caused by high metal temperature gradients.

In previous studies many different rib configurations have been investigated, particularly

under stationary conditions, to optimise radial passage performance. It has been found that

there are many parameters that can greatly influence passage performance, which are detailed

in section 2.1.3.

2.1.1 Flow Structure in Ribbed Passages

Early ribbed passages used ribs aligned at 90o to the mainstream flow. These were positioned on

the pressure and suction surfaces of the passages, which are adjacent to the external surfaces of

the blade and therefore experienced higher heat loads. The ribs enhanced heat transfer through

the disruption of the boundary layer, as illustrated in figure 2.1.
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Figure 2.2: Schematic of flow structure around rib - inclined to mainstream flow

Figure 2.3: Schematic of different rib designs

Further development of ribbed passages led to the use of inclined ribs. The inclined ribs

generate a secondary flow structure, which consists of twin pairs of vortices, which promote

mixing of the coolant and lead to increased heat transfer performance. Ribs also help to dis-

rupt the unhelpful temperature profile of hotter coolant near to the passage surface. This flow

structure is given in figure 2.2.

Further attempts to increase heat transfer performance, and minimise pressure drop, led to

more complex rib configurations. Some of these are given by figure 2.3, however are diffi-

cult to manufacture in a real engine blade, and often offer little improvement in heat transfer

performance.

Other designs include the ’wrapping’ of ribs around the fillets and onto the leading or trailing

edge surface of the passage. These have been found to increase heat transfer levels further on

certain blade surfaces at the cost of increased pressure losses [6]. They have also proven difficult

to model accurately using RANS CFD methodologies under stationary conditions.

Ribs in actual turbine blades are rounded, figure 2.4. This is due to the casting process
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Figure 2.4: Rounded rib illustration

used to manufacture the blades. The small scale (approximately 0.5 mm rib height) leads to the

inability to cast sharp edges on this scale, and therefore ribs are invariably rounded.

Modern gas turbine blades therefore often used rounded ribs angled at 45o to the mainstream

flow on the pressure and suction surfaces of the passage. These have been found to offer good

heat transfer enhancement at a relatively low pressure drop [6].

2.1.2 Effect of Rotation

Under rotating conditions two additional forces become significant in the Navier Stokes equa-

tions, specifically the Coriolis and Buoyancy forces. These have a significant impact on flow

structure, and therefore heat transfer, in radial passages with different effects depending on the

flow direction within the passage [4, 5]. A discussion of the relevant dimensionless groups that

must be considered in an experimental simulation is included in [7].

Coriolis forces arise directly from rotation and shift the core flow within the passage. When

travelling radially outwards the higher velocity flow away from the walls is pushed towards the

pressure surface, while for a radially inward passage the core flow shifts towards the suction

surface [8]. Heat transfer is enhanced on the surface towards which the core flow is shifted,

with the secondary flows induced by the ribs on that surface strengthened. The pressure and

suction surfaces referred to are illustrated in figure. 2.5.

Buoyancy forces are caused by the temperature difference between the core flow and pas-

sage walls in the presence of a centrifugal force. In an engine, and in this thesis, the passage

walls are at a higher temperature than the coolant within them. Buoyancy forces accelerate the

cold, more dense fluid at the passage core away from the centre of rotation, while the hotter,

lighter fluid by the passage walls travels relatively towards the centre of rotation. In a radially

outward passage the hot fluid at the walls is accelerated in the opposite direction to the core

flow, while in a radially inward passage the mainstream flow and heated wall flow are aligned.

The buoyancy induced flows interact with those induced by the Coriolis force, leading to a more
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Figure 2.5: Schematic of radial passage within turbine blade

Figure 2.6: Changes in velocity profile with Coriolis and Buoyancy forces (based on figure
from [8])
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complex heat transfer distribution than for the stationary case.

Studies in the literature which incorporate rotation were initially for smooth radial passages

with ribs added in later studies. Often these included sharp edge passages and could only

provide results of coarse spatial resolution due to the method used to measure heat transfer.

Overall trends for the effects of rotation on heat transfer in radial passages were quantified.

The rotating studies were also of shorter passages, with few ribs (<10) in each pass for most

investigations. In radially outward passages, enhancement was found on the pressure surface,

and a reduction on the suction surface, with increasing rotation number. For radially inward

passages the converse effect is observed with respect to the pressure and suction surfaces [9–20].

For the studies involving serpentine passages rotation leads to more complex trends, which are

attributed to bend and buoyancy effects.

CFD studies have been undertaken for a range of geometries and conditions however they

have only been validated against relatively coarsely averaged data, due to the unavailability of

high resolution heat transfer data for radial passages [21–23].

2.1.3 Effect of Passage Parameters

There are a number of different parameters of ribbed passages that have an effect of heat transfer,

which have been characterised by previous studies. These parameters, and their effects, are

detailed below.

Passage Reynolds No.

Heat transfer in radial passages is heavily dependent on Reynolds number. An increase in

Reynolds number results from a greater coolant flow which leads to a greater capacity for heat

removal. Therefore Nusselt number increases with Reynolds number. Multiple correlations

illustrate this with Nusselt number proportional to approximately Re0.6 [24, 25].

Aspect Ratio

Aspect ratio is defined as the ratio of passage width to height. A wide range of aspect ratios

are present in a blade, from tall aspect ratios in the mid-span to much wider aspect ratios in the

trailing edge. [6] gives experimental data for three commonly found aspect ratios of 1:2, 1:3 and
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1:4. It is found that the heat transfer performance is best for the 1:2 and 1:3 passages, with the

1:4 passage significantly worse. More extreme ratios than these are found to have much poorer

heat transfer characteristics. Narrower channels have been found to give better heat transfer

perfomance [26].

Rib Height

An increase in rib height increases the blockage within the passage. This contributes to a much

increased pressure loss however also an increase in heat transfer enhancement and therefore can

be used for locations with demanding heat transfer conditions where the pressure drop is of less

concern [27].

Rib Pitch

If the rib pitch is increased, or decreased reduced heat transfer enhancement is found however

with a reduced pressure drop penalty. A short rib pitch increases pressure drop but does not

allow the boundary layer to reattach, a region where high heat transfer is found. With a long rib

pitch the boundary layer is not disturbed frequently enough and therefore heat transfer levels

are reduced compared to the optimum pitch. [28–30] found this to be for p/e = 10 for sharp

ribs based on total channel area.

Rib Shape

Multiple ribs shapes have been investigated with some improvements found using delta, or v-

shaped, ribs. These induce different secondary flow vortices which can offer enhanced heat

transfer at a set pressure drop [31–33], however are difficult to manufacture in practice.

Channel Orientation

Channel orientation can influence the heat transfer distribution in rotating radial passages. Stud-

ies have shown that if passages are not orientated at 0o to the axis of rotation but are angled to

it then rotational effects are reduced [10, 12].
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Figure 2.7: Impingement jet flow structure

Serpentine/Multi-Pass Passages

Serpentine, or multi-pass, passages are often used in the mid-section of blades to maximise heat

removal into a given coolant flow. The individual passes act as a single pass would, however

with an increasing coolant temperature and reduced coolant flow with distance along the passage

as film cooling flows are bled off. Inlet conditions and bend effects can also have an influence

on the downstream passage heat transfer. Serpentine passes may also be connected in order to

improve heat transfer characteristics which incorporate some impingement cooling [34–38].

2.2 Impingement Cooling

Impingement cooling involves the use of jets of coolant that impinge onto a hot surface in

order to cool it. It is used in many areas of the gas turbine, such as combustor casings and

nozzle guide vanes (NGVs), however in this study it will be considered for the application

of the leading edge of a turbine blade where there is a high thermal load and a thick enough

blade cross section to accommodate such a system. These systems have also only recently been

incorporated into blade designs due to stress considerations that are reduced with the recent

introduction of shroudless blades.

2.2.1 Flow Structure in Impingement Systems

There are many distinct regions to the flow structure of a submerged impinging jet which are

illustrated in figure 2.7. The jet exits the nozzle with a velocity and temperature profile which
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are dependent on the upstream conditions and geometry. Initially there is a free jet region,

where it is sufficiently far from the target surface to be unaffected by it. In this region the

velocity gradient between the jet and surrounding fluid creates shear forces at the edge of the jet

which transfer momentum laterally outwards, whilst also increasing the jet mass flow slightly by

pulling in additional fluid. The jet loses energy in this process, resulting in a widened velocity

profile. In the centre of the jet there remains a core region which is unaffected by processes at

the edge of the jet [39–42].

If the jet-target distance is sufficiently long the core region may disappear with a reduced,

wider profile velocity distribution across the jet. As the flow approaches the target surface a

stagnation region is formed. The axial velocity of the jet is decreased, and the flow is turned

and enters a wall jet region. The stagnation region is where the highest heat transfer is found.

The wall jet region consists of jet flow that has been turned parallel to the wall, where it runs

with a developing boundary layer along the wall. This will develop until it interacts with wall

flows formed from adjacent impingement jets, or other flow structures developed by a particular

geometry.

2.2.2 Heat Transfer in Impingement Systems

Impingement systems are generally used in situations that require high heat transfer rates. Very

high heat transfer coefficients are found under the impinging jets due to the highly turbulent flow

and therefore very thin boundary layer. In theory there would be very low heat transfer at the

stagnation point, as the fluid would be stationary, however in practice this region is very unstable

and the stagnation point is constantly shifting so high heat transfer is found. Moving away

from the stagnation region the thin laminar boundary layer leads to high levels of heat transfer,

decreasing with distance away from the stagnation point. Depending on jet characteristics there

may be a secondary peak where the wall jet transitions to a turbulent boundary layer. The overall

high levels of turbulence lead to good fluid mixing which further aids heat transfer [40–43].

2.2.3 Effect of Rotation

Rotation can have a significant effect on impingement heat transfer. Depending on the jet orien-

tation the jet can be deflected from its initial axial direction. This can result in a greater effective
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jet-target spacing, leading to reduced heat transfer [44]. The jet deflection can also lead to a bias

on the heat transfer on one side of a concave target surface. Higher heat transfer would be ex-

pected on the pressure surface of such as system in a blade setting under rotation [45–47]. There

may also be rotational effects within the feed channel, which can alter entry conditions into the

impinging jets.

2.2.4 Effect of Different Parameters

A number of different parameters influence the flow structure and heat transfer in impingement

systems, some of which are discussed in this section.

Jet Reynolds Number

Impingement heat transfer is heavily dependent on jet Reynolds number. An increase in Reynolds

number for a given geometry will result in increased coolant flow, and therefore heat removal

capacity. The increased jet velocity will lead to a thinner boundary layer on the target surface,

enhancing the heat transfer. This enhancement is at the cost of an increased coolant and pressure

requirement, however [48–56].

Jet to Target Distance

Jet to target distance, normalised to z/DH , has a significant effect on the flow structure in

impingement cooling systems. Low z/DH jets are highly constrained and are likely to have

significant interaction with neighbouring jets. This interaction can cause a reduction in jet mo-

mentum and consequently a reduction in heat transfer levels. For high z/DH the jet velocity

is often significantly lessened and therefore lower heat transfer is found. There is therefore

an optimum jet height in terms of heat transfer found for each geometry, usually in the range

2 < z/DH < 8 [48, 49, 57–61].

Jet Spacing

When jet spacing is sparse, with fewer jets for a given surface area, heat transfer rates are

relatively low as the high heat transfer regions under the impinging jets cover only a small

proportion of the target surface. Increased heat transfer is therefore observed as jet density is
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increased, until the impingement holes become very tightly packed and jet to jet interactions

increase in importance. If the jet shear layers for adjacent jets interact the velocity gradients

are reduced, lowering turbulence production and therefore heat transfer rates. Adjacent wall

jets can also interact leading to the formation of ‘fountains’, where the wall flows collide and

are pushed away from the target surface. This can cause another location stagnation point

on the target surface. There is an optimum jet spacing for given flow conditions when jet-jet

interactions are minimal however the jet spacing is dense enough to provide high average heat

transfer levels [51, 62–64].

Jet Geometry

Many different jet geometries can be used for impingement cooling, with round jets most com-

mon, and the upstream geometry also can alter cooling performance. A relatively large upstream

plenum can be used to dampen out upstream oscillations and lead to a smooth jet formation,

whilst smaller feed geometries can lead to non-uniform feed conditions, and therefore non-

uniformity between jets and in jet velocity profiles. Arrays of smaller jets, or slots, can be

used to increase the uniformity of the heat transfer distribution where this is desired [65–67].

Inclined jets produce lower heat transfer due to the increased z/DH [68].

Target Surface Geometry

The target surface geometry has a large influence on the flow structure and heat transfer. Con-

cave target surfaces, such as those in leading edge impingement systems, often inhibit the

boundary layer growth in comparison to a flat surface and therefore increase heat transfer away

from the stagnation point. Roughness features, such as ribs and pins, may also be used on the

target surface. These disturb the wall jet, increase turbulence and provide a larger area over

which heat transfer can take place which increases heat transfer rates outside the stagnation

region. However in the stagnation region heat transfer rates are decreased due to deceleration

of the wall jet [67, 69–73].
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Crossflow

Crossflow generally decreases the heat transfer on the target surface on an impingement system.

This is because the jets are disturbed and wall boundary layers are thickened. They are also

deflected with the stagnation region pushed further downstream and the jet to target distance

increased. Extremely high crossflows can cause the jets not to impact on the target surface at

all which greatly reduces the heat transfer on this surface and leads to the system behaving

much like a film cooling system on the reverse surface and a simple radial passage on the target

surface [52, 55, 56, 70, 74–77].

2.3 CFD Modelling for Internal Cooling

CFD (Computational Fluid Dynamics) is very important in turbine blade design as accurate

modelling is required in order to understand how a component will operate. Experimental

setups can be used for general cases and to provide correlations, however they are too time

consuming and expensive to be conducted on all possible geometries. Therefore CFD can

be used, in conjuction with validation experiments, to provide full fluid modelling of cooling

systems.

Multiple different CFD formulations are now available. The most commonly used in indus-

try is the Reynolds-Averaged Navier Stokes (RANS) methodology due to the relatively accurate

solutions that can be obtained for lower computational cost than other modelling techniques.

This and alternative formulations are discussed in the following section.

2.3.1 RANS Formulation

In order to solve three dimensional fluid flow six dependent variables must be found for each

location in the fluid, for each point in time.

These variables are p,ρ,T,u,v,w, at (x,y,z, t). Therefore six equations are required to solve

for these variables. The first three are provided from mass conservation (continuity), energy

conservation and an equation of state relating the fluid density to its pressure and temperature,

often the ideal gas equation. The final three arise from the conservation of momentum in three

dimensions, and for viscous fluids are given by the Navier-Stokes equations [78].
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For an incompressible fluid, and in the absence of any external body forces, these are given

in vector form as equation 2.1

ρ(
∂u
∂ t

)+ρ(u∇)u =−∇p+µ∇
2u (2.1)

The terms on the left side are the inertia terms, given by the unsteady and convective ac-

celeration, and those on the right represent the pressure gradient and viscous diffusion. These

partial differential equations are non-linear, due to the convective acceleration term, and are

therefore very difficult to solve with a limited number of exact solutions.

The Reynolds averaging procedure decomposes these equations for a turbulent flow into the

ensemble average and fluctuating parts, U and u′ and can be written as follows in equation 2.2,

for the x direction, with similar equations for the y and z directions.
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ρu′v′− ∂

∂ z
ρu′w′ (2.2)

It can be seen that new terms have been created, the Reynolds stresses uiu j, however the

equations apart from these now are the same as those for a laminar flow.

The addition of these new terms requires additional equations in order for the fluid flow to

be found, the turbulence closure problem. Therefore turbulence modelling is required - which

usually relate the Reynolds stresses to the mean flow - in order for the solution to be obtained.

2.3.2 Turbulence Modelling

Multiple different models of varying complexity have been proposed and used for predicting

flows in different situations. These can be purely empirical or have a physical basis with a num-

ber of empirical constants obtained from particular experimental setups. Higher-order models

can provide improved results in certain situations, however these are at the expense of additional

computational cost.
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One Equation Models

The Spalart-Allmaras model is a simple one-equation model which solves a transport equation

for a turbulent eddy viscosity variable. These equation and constants were determined empiri-

cally from an experimental setup [79].

Two Equation Models

Two-equation models are all based on the Boussinesq approximation, that the Reynolds stress

tensor is proportional to the mean strain rate tensor. These are related by a scalar property, the

eddy viscosity. This eddy viscosity is computed from two transport variables, hence why these

are categorised as two equation models. The transport variables used are k, the turbulent kinetic

energy and either ε , the turbulent dissipation or ω , the specific dissipation. k determines the

energy in the turbulence while the second variable controls the length scale of the turbulence.

The k-ε model separately models the turbulent kinetic energy and dissipation through equa-

tions that are direct functions of the velocity gradients and are based on expected trends, with

experimentally determined constants used to fully close the equations [80].

The k-ε realizable model is an extension of this where ‘realizable’ limits have been placed

on the Reynolds stresses, to prevent non-physical negative normal, and excessively high shear,

Reynolds stresses.

The k-ω model solves for the turbulent kinetic energy and specific dissipation rate. Unlike

the previous models the dissipation is calculated from an experimentally determined conserva-

tion equation rather than directly from the velocity field [81].

k-ω SST is a combination of the k-ε and k-ω models, where the k-ω formulation is used in

the boundary regions while in free stream regions it switches to a k-ε formulation [82].

Two equation models all assume isotropic Reynolds stresses which can impact on their

accuracy in some flow regimes.

Higher Order Models

Reynolds stress models are significantly more complex as the Reynolds stresses are directly

computed, and there are no eddy viscosity assumptions. The Reynolds stresses are computed

individually from a number of transport equations before being used directly to close the RANS
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equations. The v2− f model is based on the k-ε model however with two additional equations

that are used to incorporate a level of turbulence anisotropy into the model.

2.3.3 LES and other Methods

With the increase in available processing power, more complex methods which require greater

computational time have become more feasible. These include LES (Large Eddy Simulation)

and DNS (Direct Numerical Simulation).

LES involves the direct simulation of the large eddies present in flows whilst modelling

those at smaller scales. The full equations are solved down to the given grid spacing, with sub-

grid models used to formulate turbulent activity at scales below this. In some situations this

methodology has given very promising results. However in order to be accurate a high resolu-

tion grid is required, as well as small time steps when turbulent flows are involved. Therefore

it still demands a high computational cost and is yet to be of significant practical application to

internal cooling design despite advances in a pure research environment.

DNS is the direct numerical simulation of the Navier-Stokes equations, and is the most

physically exact of the computational methods. The full Navier-Stokes, continuity and energy

equation are solved for discrete units of time and space. As these are fully solved an extremely

fine grid is required to resolve the very small turbulent flow properties as they have very small

length scales. Therefore the DNS calculations have a very high computational cost, and are

currently limited to simplified academic situations and as yet have no practical use in turbine

internal cooling.

2.3.4 CFD for Heat Transfer

CFD methodologies were intially developed for aerodynamic calculations, and for these they

obtain very good results. However they are in general less accurate when used for heat transfer

predictions. This is because of the difficulty in accurately modelling the boundary layer flows

on which convective heat transfer is highly dependent. In order to model the boundary layer

effectively, a fine mesh resolution near to the wall is required. This is characterised by the y+

value, equation 2.3. As a rule of thumb y+ < 1 should be ensured for calculations involving

heat transfer.
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y+ =

√
τw
ρ

y

ν
(2.3)

RANS Turbulence Modelling for Internal Flows

A number of the turbulence models available for RANS modelling, as introduced in section

2.3.2, have been used for modelling of internal cooling flows. These include both radial pas-

sages and impingement geometries. The realizable k-ε and k-ω models are most widely used,

however the Spalart-Allmaras and Reynolds stress models have also been utilised [21–23, 50,

83–85]. The Spalart Allmaras model is found not to perform satisfactorily for heat transfer

predictions. The two equation models perform reasonably well, matching overall levels within

20% of experimental data, and are capable of predicting the main features in the heat transfer

distributions. In cases where the two-equation models do not accurately predict heat transfer

levels, such as in [84], the Reynolds stress models are found to offer no improvement over the

two equation models.

2.3.5 This Research

This research uses RANS simulations with a variety of different turbulence models. This is due

to the current high computational cost of the more complex CFD methods being prohibitive to

gas turbine internal cooling design, due to the highly complex geometries and large domains

that must be simulated.

2.4 Experimental Methods

Despite the advances in numerical methods, experimental data is still required to validate the

modelling of new cooling systems and conditions.

Many different experimental methods are available to obtain heat transfer measurements

in an experimental setting. These provide different levels of spatial resolution and accuracy

however are of varying levels of complexity to implement. They are also each suited to different

applications due the varying material and target surface viewing requirements.
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Figure 2.8: Schematic diagram of transient heat transfer experiment

2.4.1 Transient Liquid Crystal Method

The transient liquid crystal method has been used in a multitude of different experiments to

provide fully spatially resolved heat transfer data [86, 87]. A schematic diagram of the experi-

mental setup is given in figure 2.8. The experimental setup requires a heat (or cooling) source

in order to provide a difference in the gas and surface temperatures, and optical access for a

video camera to view the colour change of the crystals during the test [88]. Thermocouples are

needed to provide a gas reference temperature and a surface temperature for calibration.

The method relies on a solution of the one-dimensional conduction equation to a step change

in external gas temperature, illustrated in figure 2.9. The one dimensional heat equation has an

analytical solution to this, equation 2.4, from which a heat transfer coefficient can be calculated.

This is done for each pixel to give a fully-resolved heat transfer map.

Tsur f ace−Tinitial

Tgas−Tinital
= 1− e

( h
√

t√
ρck

)2

er f c(
h
√

t√
ρck

) (2.4)

Thermochromic Liquid Crystals

Thermochromic liquid crystals change colour in reaction to a change in temperature. This

response is due to the twisting of the crystals in their optically active phase which changes the

wavelength of the reflected light.
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Figure 2.9: Gas and surface temperature response in TLC experiment

The crystals used are encapsulated in gelatine and mixed with a binder to be applied to the

relevant surface to form a thin 20-30µm coating. A black coating is then applied to eliminate any

transmitted light and provide a contrasting background. The crystals have a very weak pressure

dependency and a slight viewing angle dependency which are easily made insignificant. Narrow

band crystals are used in transient experiments to give sharp peaks for data processing.

Multiple crystals, where each is active at a different temperature range, can often be used

to improve experimental results. The different crystals will have varying activation times and

therefore decrease errors where a large range of HTC values are present, and can also improve

the fitting procedure in the data post-processing.

Experimental Setup Requirements

There are multiple aspects which must be considered when setting up a transient liquid crystal

experiment.

Scaling: Rigs must be scaled so that the required Reynolds numbers can be achieved at

near atmospheric pressure and density, which leads to large scale rigs. This has the advantages

of easier instrumentation and camera setup, however with increased flow and heater power

requirement costs are generally increased.

Test Duration: Tests must be run for long enough to ensure enough crystals are activated to
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obtain sufficient information on the thermal transient in all locations to keep HTC uncertainty

levels low. However the test duration must be below the maximum permitted given the model

wall thickness and short enough in order that lateral conductions errors will remain small.

Wall Thickness: The wall thickness must be sufficiently thick for the thermal semi-infinite

assumption used in the post-processing to be valid. This gives a maximum test time of tmax =

ρcp
k ( x

4)
2, which must be halved if the wall is heated from both sides [88].

Lateral Conduction: If there are high lateral gradients in HTC, or the surface is highly

three-dimensional, there is likely to be lateral conduction within the wall. These must therefore

be corrected using a method such as [89].

Material Choice: Perspex is often used to construct the test section of transient liquid

crystal experiments as it is transparent and thermally insulating with known thermal properties.

Other materials such as polycarbonate and stereo lithography resins may also be used.

Mesh Heater: A step change in temperature must be applied to start the test. This is

generally achieved using a mesh heater, described in detail in [90].

Instrumentation: The main instrumentation requirements consist of a video camera to view

the relevant surfaces, and thermocouples. The thermocouples must provide surface temperature

data for calibration, as well as gas temperatures to be used for the driving gas temperature in

HTC calculation.

Calibration: There is a key requirement to calibrate the colour behaviour of the liquid

crystals to a particular temperature. This is often done in-situ through the use of a surface ther-

mocouple that is visible from the camera. This allows the exact crystal mix on the experiment

to be calibrated and removes any viewing angle issues.

Data Processing

The data processing is undertaken by comparing temperature data from the transient tests to

analytical solutions of the Fourier equation.

The simplest method is done by relating the peak value for the green intensity for a given

pixel in time to the calibration temperature. This gives an activation time and surface temper-

ature which can be used in the the relevant analytical solution to calculate an HTC value. The

analytical solution is determined from the gas temperature thermocouple measurements.
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The gas temperature can often be closely approximated as a series of arbitrary steps, equa-

tion 2.5, for which the solution may be written as in equation 2.6.

Tgas = Tinitial +
n

∑
1
(Ti−Ti−1)u(t− ti), T0 = Tinitial (2.5)

Tsur f ace = Tinitial +
n

∑
1
(Ti−Ti−1)(1− e

h2(t−ti)
ρck er f c(

h
√

t− ti√
ρck

)) (2.6)

With a given calibration temperature and crystal activation time the solution is a function of

heat transfer coefficient only. Therefore a minimisation technique can be employed to obtain an

HTC for each pixel location.

An alternative to peak finding can be used where the full intensity signal from the entire

test time is used to obtain a best fit of the temperature events from the different crystals. This

requires the crystal intensity with temperature calibration, the driving gas temperature history

and a digitised version of each pixel intensity history. A look up table is generated containing

ideal intensity histories for the gas temperature history for the range of possible HTC values.

This is then compared to the actual intensity data with an HTC value for each pixel selected

in order to minimise error. This method provides more robust and reliable outcomes than the

individual peak finding method.

2.4.2 Energy Balance Techniques

Energy balance techniques are relatively simple to implement however only provide coarse

spatial resolution of data in heat transfer tests. These have been employed in multiple situations

for the determination of heat transfer in radial and impingement systems. In their simplest form,

a uniform heat flux is applied to the surface of interest, often using a resistive heating element.

Then thermocouple readings of the surface and gas temperature, combined with knowledge of

the thermal losses, can be used to extract a heat transfer coefficient.

This technique can be easy to implement and provide accurate heat transfer measurements,

however is only able to give coarsely averaged data. This creates difficulties when trying to

investigate detailed features of a heat transfer distribution or comprehensively validate CFD

simulations.
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2.4.3 IR Thermography

Infra-red (IR) thermography is increasing in use as the cost of high resolution IR cameras has

decreased. These can provide a full temperature distribution on a surface, and therefore fully

spatially resolved heat transfer. With knowledge of the gas temperature and the surface heat

flux, often applied using resistive heating, the full IR camera temperature distribution can be

used to calculate an HTC distribution [91, 92]. Care must be taken to account for reflections

and the emissivity of the material however the process is well established for external surfaces.

For internal surfaces, however, the process is much more complex. A viewing window, which

is delicate and expensive, is needed for internal flow and it can be very difficult to set up the

camera positioning for complex geometries.

2.4.4 This Research

The experimental data used in this thesis has all been gained using the transient liquid crystal

technique. Fully-spatially resolved heat transfer distributions are required for full understanding

of a cooling system and for complete CFD validation. Therefore only the TLC method or IR

thermography would be suitable. However, IR thermography is far better suited to external

surfaces as there are significant complications when it is used for internal surfaces, such as the

requirement for a viewing window. As this thesis concentrates on internal cooling the transient

liquid crystal method is far more suitable and therefore was used to obtain all experimental heat

transfer data in this thesis.

2.5 Stress Analysis and FEA

Finite element analysis is a crucial part of turbine blade design as it provides an estimate of

the stresses, and therefore expected life, of the blade. This section details the basics of stress

analysis and the finite element method, and the main mechanisms that can cause blade failure -

fatigue, creep and fracture.

31



Internal Cooling for HP Turbine Blades Robert Pearce

2.5.1 Solid Mechanics Theory

The following section describes basic linear elastic stress analysis, which forms the basis of a

finite element analysis [93, 94].

Stress-Strain Relations

In order to solve for the stress distribution within a mechanical system three sets of equations

are required. These are equilibrium, compatibility of strains and stress-strain relation equations.

The equilibrium equations are found simply from the equilibrium of stresses on a mate-

rial element, and in cartesian co-ordinates are given by equations 2.7 for the x-direction, and

similarly for y, z.

∂σxx

∂x
+

∂τxy

∂y
+

∂τxz

∂ z
+Fx = 0 (2.7)

The different strains on an element all arise from the same displacements, and therefore

it is possible to express these in terms of each other in the compatibility of strains equations.

These are given for the x-direction in cartesian co-ordinates in equation 2.8 and 2.9, with similar

equations also for y, z giving 6 compatibility equations in total.

∂ 2εxx

∂y2 +
∂ 2εyy

∂x2 =
∂ 2γxy

∂x∂y
(2.8)

2
∂ 2εxx

∂y∂ z
=

∂

∂x
(−

∂γxy

∂x
+

∂γxy

∂y
+

∂γxy

∂ z
) (2.9)

The final equations relate the stress to strains, and for linear elasticity these are Hooke’s law,

as shown in equation 2.10

εxx =
1
E
(σxx−ν(σyy +σzz)) etc. τxy = Gγxy etc. (2.10)

These equations in conjunction with appropriate boundary conditions can be solved together

to give the full stress and strain distribution in a material.

Thermal strains are also presented when there are temperature differences within the mate-

rial which cause non-uniform expansion. These thermal strains have to be added into the above
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equations, and the relationship for uniaxial strain is given in equation 2.11.

εthermal = α∆T (2.11)

These equations can be directly solved for simple situations, however for more complex

arrangements other methods such as finite element analysis are far more appropriate.

In components where there are geometric discontinuities, such as holes in the web of an

impingement system, local stress levels can be increased significantly. These are characterised

by the stress concentration factor in equation 2.12.

Kt =
max. boundary stress at discontinuity

average stress through body cross section
(2.12)

Stress concentration factors vary in the region 2-3 for circular holes in an axially loaded

strip.

2.5.2 Finite Element Method

The finite element method is an effective method for the analysis of stress in a solid continuum.

The solid is split into a mesh of three-dimensional elements which are connected at their nodes.

For a given element’s shape there is a stiffness matrix which relates the forces on that element

to its nodal displacements. The external loads on the system are replaced by an equivalent

set of loads at element nodes and the resulting matrix equations is then solved to obtain the

nodal displacements throughout the solid domain. These nodal displacements are then used to

calculate the strain, and subsequently stress, giving full distributions for the entire material. In

order for successful modelling a suitably high mesh density is required in order for sufficient

fidelity in the solution and for minimal stress discontinuities between elements.

2.5.3 Factors in Blade Life

There are multiple different potential factors that must be considered when calculating blade

life, the three most crucial of which are fracture, creep and fatigue. The basic theory behind

these and the features that they are dependent on are introduced in this section.
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Fracture

Fracture is the process of the initiation and propagation of cracks within a material until the

extent of the crack leads to the component being unable to sustain the applied loading [93].

In linear elastic fracture mechanics there are three modes of cracking - opening, shearing

and tearing which are labelled with subscripts I, II and III respectively. Each of these modes

has a corresponding stress intensity factor, KI , KII or KIII , which represents the elastic stress

distribution near the crack tip and is dependent on the applied stress, crack size and geometry.

Unstable crack growth, which would lead to blade failure, occurs when these factors reach a

critical value, KC, which can be determined by material tests.

In practice there is a region of plastic deformation at the tip of the crack which must be

accounted for, which can be done using an equivalent crack length which also includes the

plastic zone radius.

Fatigue

Fatigue can cause failure in a mechanical component despite nominal stresses well below the

material strength and originates from cyclical loading of a component. Fatigue failure is due to

microscopic cracks or material defects which gradually grow due to the stress fluctuations until

complete fracture. Fatigue is charactised by the number of cycles until failure and applied cyclic

stress, which are often represented on an S−N curve. Fatigue can be broadly split into high

and low cycle fatigue, the former relating to a low-stress, high number of cycle failure and the

latter a high-stress, low number of cycle failure. Fatigue is also statistical in nature due to the

random distribution of internal defects within a material, which leads to varying life spans for

different specimens to which the same loading is applied, and therefore multiple S−N curves

can be required each with a different probability of failure.

Creep

Creep occurs in loaded components operating at high temperatures, nominally at T > 0.3Tm,

such as gas turbine blades. It is where increasing strain is observed with time under constant

applied load. Over a long period of time even with low creep rates the creep strains can become

quite large and therefore cause failures, such as the impact of a blade tip on the turbine casing.
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2.5.4 This Research

Current blade design has segregated thermal and mechanical design processes where several

iterations of a cooling design are required in order to obtain satisfactory blade life. In this

thesis these will be integrated, with the effects of alterations in thermal models on the stress

distribution directly assessed.

2.6 Machine Learning

Machine learning is a field of computer science that studies induction and other algorithms that

are said to ‘learn’. This is meant as the ability for it to model and make predictions from data

without being explicitly programmed with the model.

Tasks performed in machine learning can be roughly characterised into the three following

categories

• Supervised learning - A computer is given a set of training data containing multiple inputs

and their desired outputs. Its goal is then to create a model to map the inputs to their

outputs and hence provide predictions for new inputs.

• Unsupervised learning - In the unsupervised the computer is supplied training data with

no designated output, or label. The goal is then to either find hidden patterns or features

within the data

• Reinforcement learning - The computer program can dynamically interact with an envi-

ronment, and must try to achieve a certain goal without explicitly being told whether it is

close to the target goal.

In this setting only supervised learning will be considered as there will be no dynamic

interaction with the environment and there is always a particular desired output to be obtained

from the created model.

2.6.1 Methods for Supervised Learning

There are multiple approaches that can be used in order to undertake supervised learning. Some

of those that are commonly used are described briefly below however many other methods can
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also be used, these are detailed in [95].

In supervised learning there are two main categories of machine learning tasks. These are

classification, where inputs are divided into two or more classes and the model must predict the

discrete class in which to place a new input, and regression where the output of the model is

continuous.

Support Vector Machines

The support vector method is a simple technique of classification in which the inputs are divided

into two categories by a linear boundary. This technique has since been extended to be used for

regression problems where the goal is to find a function that fits the data with a maximum error

whilst remaining as flat as possible.

Decision Tree Learning

Decision tree learning is a widely used method for classification. An input is classified from the

root to the leaf node, which provides the classification of the input. Each node tests an attribute

with each branch providing a possible value for it. These methods are robust and simple and

can also be extended to be used for regression if required.

Random Forests

Random forests are an extension of decision trees. In this random forest case there are many

different decision trees which are each fitted to a subset of the training data. The output for a

given new input is then taken as the mode (for classification) or mean (for regression) of the

outputs of each decision tree.

Artificial Neural Networks

Artificial neural networks are loosely based on biological learning systems, in that they consist

of a large number of interconnected nodes. In a neural network these nodes each output a given

value based on a weighted sum of their inputs, with the top layer providing the actual outputs for

the task prediction. These can be trained by a number of algorithms and exhibit many structures,

more details of which are given in [95].
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Gaussian Process Regression

Gaussian Process Regression is a machine learning process that forms a model through two

functions of the inputs - a basis function and covariance functions which represent a Gaussian

process [96]. The model is formed using a weighted sum of the covariance functions evaluated

at each training data location. These can provide very detailed modelling of an output for many

different input parameters.

These models are each applicable to difference machine learning problems, and vary in their

success in modelling different situations and therefore the method of machine learning used for

a given task must be carefully chosen. For this application in turbine blade cooling the method

must be able to accurately model the data and also maintain a representation to the underlying

physical processes in order to be satisfactory to be used in the design process.

2.6.2 Applications

Machine learning is currently used for a large and expanding number of applications. These

include computer vision and image recognition, fraud detection, marketing, finance and many

biomedical applications. The expanded used of the techniques is largely down to an increase in

computing power which allows for the processing (and in some cases generation) of the training

data that is required for the programs to operate. With this increase in computing power there

has been a significant reduction in the time taken for analyses for turbine blades to be run.

Therefore training data can be obtained at a reasonable cost, which allows for machine learning

methods to be used in this field.

The two cooling configurations and multiple modelling methodologies introduced in this

chapter were investigated throughout the work conducted for this thesis.
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Chapter 3

Radial Passages

This chapter investigates the effects of rotation on the heat transfer in a triple-pass ribbed serpen-

tine passage and the ability of commonly used industrial RANS CFD methodology to predict

these.

Experimental data obtained from a rotating heat transfer facility under the ERICKA pro-

gramme is used to validate industrial CFD methodology, with the effect of rotation and spe-

cific geometry also evaluated. The experimental data used in this chapter was collected by

researchers at Rolls Royce, another partner in the ERICKA programme. The full experimental

data is presented by them in [97].

3.1 Experimental Facility

The Rotating Heat Transfer Rig (RHTR) is capable of matching Reynolds, Rotation and Buoy-

ancy numbers found within internal cooling geometries in HP turbine blades and is described

in full in [7]. A photo of the rig is given in figure 3.1, and a schematic diagram is shown in

figure 3.2.

Two perspex test sections are contained within titanium cylinders at the end of each arm.

The transient liquid crystal method is used to provide spatially resolved heat transfer maps of a

section of both the PS and SS of each passage. Details of this method are given in section 2.4.1.

Each side is viewed using separate CCD cameras which are embedded within the model along

with LED lighting. Cold air (at approximately 210K) is fed along the arms into the models,

which are initially at room temperature, to provide the temperature difference required for the
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Figure 3.1: Photo of the Rolls-Royce rotating heat transfer rig [97]

measurements. The cold air is produced by a heat exchanger linked to a liquid nitrogen supply.

The temperature of the air fed into the rig is less than ambient in order to obtain a tempera-

ture ratio which gives an engine realistic buoyancy number. The air temperature change is not

an instantaneous drop and therefore average values taken over the test time were used in the

simulations.

Instrumentation within the rig consists of a number of pressure taps and thermocouples,

figure 3.3. These provide details as to the flow structure within the rig, and temperature data

from which to calculate heat transfer coefficients, and Nusselt numbers. Thermocouple readings

are taken on the centreline at two locations within each pass of the serpentine passage. This

data is then interpolated to provide a gas temperature from which to calculate heat transfer

coefficients.

The data is fed out through the test section arm and across a slip ring assembly, and then

collected for post-processing on a computer in the control room.

Results are processed using a bespoke in-house code to convert each pixel activation time

into an HTC value, based on centreline temperature measurements obtained from thermocou-

ples, which are later converted to Nusselt number using equation 3.2. Gas properties for this

calculation are evaluated using temperature and pressure measurements made at relevant loca-

tions for each pass.

These were then fed into a Matlab script to remove distortion from the camera lens and

present the data in a manner which was directly comparable to the CFD results. Example initial
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Figure 3.2: RHTR schematic layout

Figure 3.3: RHTR instrumentation layout [97]
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Figure 3.4: Manipulation of experimental heat transfer distributions

Figure 3.5: CFD geometry

and final images of experimental heat transfer distributions are shown in figure 3.4. The ribs

have been blanked out in these views due to the high curvature on these surfaces, which leads

to inaccurate HTC values in the experimental setup.

3.2 Simulation Setup

3.2.1 Geometry

The CFD geometry is shown in figure 3.5. The HP blade serpentine passage, shown in red,

has three passes with aspect ratios defined as 1:4, 1:4 and 1:2 connected by 180o bends, with

all passes having the same cross-sectional area. Rounded rib-turbulators angled at 45o are

present in each pass with the mean radius of rotation 0.7 m. Further geometric details and flow

conditions are given in table 3.1. The Rotation number is slightly lower in pass 2, compared to

pass 1, due to the increasing fluid temperature, and therefore density, which results in a higher

flow velocity. The plenum that precedes the passages is asymmetrical and narrow, while the
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Table 3.1: Geometric details and flow numbers from CFD (Ro and Bo defined by equations 3.3
and 3.4.)

Pass 1 Pass 2 Pass 3

AR 1:4 1:4 1:2

Ribs 21 17 17

e/Dh 0.058 0.058 0.049

e/p 0.1 0.1 0.1

Stat. Rot. Stat. Rot. Stat. Rot.

Re 98400 96700 95300 93600 110500 108000

Ro 0 0.081 0 0.077 0 0.088

Bo 0 0.052 0 0.039 0 0.035

Figure 3.6: Typical meshing of passage and ribs

feed pipe entering it is also small with a diameter of 12 mm. This is due to space constraints

within the rotor assembly as the passages and instrumentation must all be contained within the

rotating arm.

3.2.2 Meshing

Meshing was undertaken using the ICEM 14.0 software. An unstructured tetrahedral mesh was

used with 15 prismatic layers used to capture the boundary layer. The total mesh consisted of

25.6 million cells with an area-averaged y+ value of 1.1 and a maximum y+ <6. An example

of the mesh resolution is given in figure 3.6.
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3.2.3 Solver Setup

Fluent 14.0 was used for all CFD simulations. A stepped solution procedure was followed with

the complexity of the calculations built up gradually. The working fluid was air, modelled as

an ideal gas with temperature dependent specific heat, viscosity and thermal conductivity. The

SIMPLE pressure-based solver was utilised with second order discretisation for energy, mo-

mentum and turbulence properties. The realizable k-ε turbulence model was used for these

calculations due to high quality predictions produced for very similar geometries under station-

ary conditions [83]. The k-ω SST turbulence model was also used. Pressure outlets and mass

flow inlets were specified to match experimental conditions.

3.2.4 Post-processing

Heat transfer coefficients were calculated for the CFD setup using equation 3.1 where Tgas is an

interpolated centreline value which allows for direct comparisons to the experimental results.

The effect of choosing centreline or mixed bulk temperature in a stationary multi-pass cooling

system is discussed in detail in [85, 98, 99].

h =
q

Tgas−Twall
(3.1)

Nu =
hDH

k
(3.2)

Following the calculation of HTC values these were converted to Nusselt number, equa-

tion 3.2, using a temperature dependent thermal conductivity based on the centreline gas tem-

perature. These maps were then overlayed onto the geometry, as shown in figure 3.7 to form

a three-dimensional, spatially resolved map of the heat transfer distribution within the passage.

Rotation and Buoyancy Numbers were calculated using equations 3.3 and 3.4.

Ro =
ωDH

ub
(3.3)

Bo = (
Twall−Tgas

Twall
)(Ro)2(

R
DH

) (3.4)
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(a) SS/TE (b) PS/LE

Figure 3.7: Presentation method used for the CFD heat transfer distribution

3.3 Results

The results of the RANS simulations are presented first to enable the effect of rotation on the

flow and heat transfer distribution to be discussed. This comparison is done with simulations

that use the realizable k-ε turbulence model. The heat transfer predictions from the CFD simu-

lations are then compared to the experimental data.

3.3.1 Flow Structure

The flow structure is investigated by considering velocity contours from CFD simulations of a

static rig, with a smooth inlet, and the RHTR under both stationary and rotating conditions. The

static rig is used as a base line for flow conditions without inlet or bend effects for the same rib

and passage geometry [83, 100].

Inlet Effects/Plenum

The flow structure within the plenum has a significant impact on both the flow structure and heat

transfer within the first pass of the cooling passage. Due to the combination of a relatively small

diameter inlet pipe and narrow plenum the inlet flow impinges onto the downstream wall of the

plenum, as observed from the velocity contours on a plane through the plenum, in figure 3.8.

This in turn creates a wall jet near to this surface, on which the entrance to the cooling passage

is located. Therefore a significant cross-flow is found at the entrance to the passage.

Under rotating conditions the flow structure is altered as the impinging inlet jet is deflected
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(a) Stationary (b) Rotating

Figure 3.8: Velocity contours on plane through the plenum

towards the effective pressure surface of the geometry. This results in different inlet conditions

for the first pass of the serpentine passage under rotating conditions, increasing the complexity

of the flow structure within the first pass.

Pass 1

Figure 3.9 clearly illustrates the development of the flow structure after 0, 5, 10 and 15 ribs

for the static rig, and rotating rig under stationary and rotating conditions. The inlet velocity

profile for the static rig is uniform in the centre of the passage with lower velocities near the

walls, as expected, before rib-induced secondary flows are introduced. The secondary flow then

progressively develops symmetrically with two clear rib-induced vortices near the pressure and

suction surfaces. This development has been seen many times before, eg. [101].

Some differences to this structure are seen for the RHTR geometry, even under station-

ary conditions figure 3.9 (b). The first contour shows the inlet velocity has significant non-

uniformities, with higher values towards the suction surface of the passage, due to the cross-

flow introduced by the upstream geometry. The non-uniformity at the flow inlet causes the flow

structure to develop more slowly than in the case with a smooth inlet, figure 3.9 (a), delaying the

formation of the secondary flows. However the figure shows that the difference in inlet velocity

profile only delays the formation of the developed flow structure, with asymmetries washed out

after only 5 ribs.

Under rotating conditions the inlet effect is again clearly visible with much higher velocities

near the suction surface. Further along the passage from the inlet the secondary flows form, but
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(a) Static Rig AR 1:4

(b) RHTR Pass 1 - Static

(c) RHTR Pass 1 - Ro = 0.081

Figure 3.9: CFD predictions of flow structure for 1st pass - velocity contours after 0, 5, 10 and
15 ribs - flow is radially outward for (b) and (c)
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(a) Static Rig AR 1:4

(b) RHTR Pass 2 - Static

(c) RHTR Pass 2 - Ro = 0.077

Figure 3.10: CFD predictions of flow structure for 2nd pass - velocity contours after 0, 5, 10
and 15 ribs - flow is radially inward for (b) and (c)
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(a) Static Rig AR 1:2

(b) RHTR Pass 3 - Static

(c) RHTR Pass 3 - Ro = 0.088

Figure 3.11: CFD predictions of flow structure for 3rd pass - velocity contours after 0, 5, 10
and 15 ribs - flow is radially outward for (b) and (c)
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Figure 3.12: CFD predictions of flow structure - velocity contours on mid-passage slice - static

Figure 3.13: CFD predictions of flow structure - velocity contours on mid-passage slice - rotat-
ing
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they are no longer symmetrical, with larger flows seen towards the pressure surface. This is due

to a shift in core flow towards this surface which enhances the rib-induced flows as described

in [8].

Pass 2

Figure 3.10 shows the same contours for the static rig, and the equivalent contours for the 2nd

pass of the serpentine passage in the RHTR. The effect of the bend can be seen clearly in the

first contour with regions of very high velocity at the fillets on the inside of the bend, which are

remnants of the rib-induced secondary flows in the first pass.

The flow structure in this pass develops very differently to that in the static setup, and the

first pass, due to the reversal in rib direction between these two passes. This reversal causes

the secondary flows induced by ribs in the second pass to be in the opposite direction to those

developed by the ribs in the first pass. Consequently there are four secondary flow vortices in

this pass, those initially created in the first pass are pushed towards the centre of the passage and

those induced by the ribs in the second pass remain near to the pressure and suction surfaces.

Under stationary conditions the flow structure remains symmetrical.

However with rotation the structure is further complicated. The region of high velocity in the

vicinity of the bend’s inner radius is restricted to the PS as the core flow has been shifted towards

this surface, with far lower velocities towards the opposing side of the passage, figure 3.10 (c).

Pass 3

The third pass has an aspect ratio of 1:2, and consequently some differences are observed be-

tween this and the previous passes. In the static setup the inlet profile is quickly altered by the

rib-induced secondary flows, with two counter-rotating vortices in the passage. The flow contin-

ues to develop with these vortices detaching from the leading edge after the 15th rib. This occurs

in the examined length of the AR 1:2 passage due to its wider cross-section, figure 3.11 (a).

The static RHTR simulation is significantly different to the flow structure for the AR 1:2

pass, figure 3.11 (b), due to the bend effects and reversal in rib direction. The velocity profile

upstream of the ribs in the RHTR is already largely non-uniform with significant secondary

flows from the previous passes and bends. With distance downstream, and therefore additional
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ribs, the secondary flows induced by the ribs in this pass begin to take effect. The flow structure

after 15 ribs is approximately the same as that after 5 ribs with the smooth inlet geometry,

indicating the bend and rib reversal effects cause a delay in the setup of the flow structure of

approximately 10 rib pitches.

With rotation introduced the flow structure is complicated further. The velocity distribution

now shows very strong secondary flows carried from the ribs in the previous passage towards

the pressure surface of the passage. Therefore, despite the shift in core flow towards this surface,

the newly induced secondary flows are established relatively slowly. Consequently the larger

secondary flows towards the pressure surface that would be expected, are not observed.

Figures 3.12 and 3.13 show the normalised velocity contours on the mid-slice plane for each

of the passes under static and rotating conditions.

Under stationary conditions the velocity distribution is initially biased to the SS due to

the upstream geometry, however for the second and third passes a symmetric distribution is

found, as expected for a symmetric passage geometry with no rotation. For the rotating case the

Coriolis forces cause a clear migration of flow to the pressure surface for the radially outward

first and third passes, with the opposing effect found for the radially inward second pass. This

effect is likely to causes an increase in heat transfer on the surface towards which the core flow

migrates.

3.3.2 Heat Transfer

Spatially resolved Nusselt number maps are presented in figures 3.14-3.16 for each pass under

stationary and rotating conditions to allow the effect of rotation on the heat transfer distribution

predicted by the CFD simulations to be reviewed.

Pass 1

A large inlet effect is seen at the start of the first pass in the form of a region of very high heat

transfer, which is particularly prominent on the leading edge. This is caused by cross-flow at

the inlet, the wall jet from the impinging inlet flow. Under rotating conditions the inlet effect is

slightly enhanced due to the change of flow structure within the plenum. This inlet effect causes

a slight delay in the establishment of the heat transfer distribution for developed flow.
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(a) Static - SS/TE (b) Static - PS/LE

(d) Ro = 0.081 - SS/TE (e) Ro = 0.081 - PS/LE

Figure 3.14: CFD Heat transfer comparison for 1st Pass - flow radially outward

In both cases regions of high heat transfer are observed immediately downstream of each

rib, as the flow reattaches. Streaks of high heat transfer are found on the trailing edge due to the

upwash from each rib, which grow with streamwise direction as the flow develops.

The stationary case shows a symmetric heat transfer distribution after the initial inlet effect,

indicating the impacts of the latter are washed out. With rotation introduced the core flow shifts

towards the pressure surface which increases the heat transfer on this surface. A reduction

in heat transfer is observed on the suction surface. These trends are in line with results from

previous studies [8].

Pass 2

In this pass the upstream passage, and therefore flow structure, has a large influence on the

heat transfer. Significantly higher heat transfer is found on the trailing edge, at the outside

of the bend, than the leading edge at the start of the passage as the core flow migrates to the

outside of the bend. Multiple peaks are found in this region as the secondary flows impinge onto

this surface, and all surfaces show a symmetric distribution. With rotation introduced the flow
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(a) Static - PS/TE (b) Static - SS/LE

(d) Ro = 0.077 - PS/TE (e) Ro = 0.077 - SS/LE

Figure 3.15: CFD Heat transfer comparison for 2nd Pass - flow radially inward

(a) Static - SS/TE (b) Static - PS/LE

(d) Ro = 0.088 - SS/TE (e) Ro = 0.088 - PS/LE

Figure 3.16: CFD Heat transfer comparison for 3rd Pass - flow radially outward

53



Internal Cooling for HP Turbine Blades Robert Pearce

through the bend is far more disrupted with only a single peak on the trailing edge observed,

although this exhibits higher values than the stationary case.

The rest of the passage has a similar distribution to that of the first pass with locally enhanced

heat transfer in rib reattachment and upwash regions. However due to the presence of secondary

flows from the first pass the upwash regions are far more restricted, extending less far up the

trailing edge walls, and a strip of low heat transfer is found on the leading edge wall.

The rotating simulation shows significant differences with heat transfer around the suction

surface ribs initially much lower than that on the pressure surface. This then increases through-

out the pass, while pressure surface heat transfer decreases with streamwise distance. Theory

and previous studies suggest that the enhancement of heat transfer on the suction surface of

radially inward passes under rotation is expected, and this would be seen without the presence

of the bend and rib reversal effects at the start of this pass.

Pass 3

The bend and reversal in rib direction have a significant impact on heat transfer in the 3rd pass,

however to a lesser extent to that seen in the 2nd pass. This is due to the wider 1:2 aspect ratio

of this pass. Two clear peaks are seen in the stationary simulation as the two vortices from

upstream are forced to the outer edge of the bend and subsequently impinge onto the trailing

edge. The first rib on the suction surface causes a very large reattachment region which could be

caused by the high velocities through the bend near to this surface. When rotation is introduced

the peak towards the pressure surface immediately downstream of the bend is enhanced greatly

in size in comparison to that near the suction surface, with reattachment regions for the initial

pressure surface ribs also enhanced, due to the shift in core flow towards the pressure surfaces

within the bend.

The heat transfer distribution for the rest of the passage is seen to be reasonably symmetric.

The secondary flows from previous passages are eliminated before the end of the passage with

those induced by the ribs in the 3rd pass becoming dominant.

When rotation is introduced the setup of the rib-induced flows is delayed on both surfaces,

due to the increased complexity of the flow structure through the bend. However towards the

end of the pass the pressure surface exhibits enhanced heat transfer, with the opposing effect on
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(a) PS Exp Stat. (b) PS CFD Stat. (c) PS Exp Rot. (d) PS CFD Rot.

(e) SS Exp Stat. (f) SS CFD Stat. (g) SS Exp Rot. (h) SS CFD Rot.

Figure 3.17: CFD and experimental comparison for 1st pass - flow radially outward - Nusselt
Number - Static and Ro = 0.081

the suction surface, as expected in a radially outward passage.

3.3.3 Comparison with Experiments

Results from the CFD simulations are compared to those from the experiment in the form of

Nusselt number maps of the section of each pass visible within the experimental setup [97],

figures 3.17-3.19.
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(a) PS Exp Stat. (b) PS CFD Stat. (c) PS Exp Rot. (d) PS CFD Rot.

(e) SS Exp Stat. (f) SS CFD Stat. (g) SS Exp Rot. (h) SS CFD Rot.

Figure 3.18: CFD and experimental comparison for 2nd pass - flow radially inward - Nusselt
Number - Static and Ro = 0.077
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(a) PS Exp Stat. (b) PS CFD Stat. (c) PS Exp Rot. (d) PS CFD Rot.

(e) SS Exp Stat. (f) SS CFD Stat. (g) SS Exp Rot. (h) SS CFD Rot.

Figure 3.19: CFD and experimental comparison for 3rd pass - flow radially outward - Nusselt
Number - Static and Ro = 0.088
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Pass 1

Under stationary conditions the Nusselt number distribution for the first pass pressure surface

predicted by CFD is very close to the experimental data, both in terms of levels and distribution.

When rotation is introduced large discrepancies are observed, with experimental values much

higher than those predicted by the CFD.

For the suction surface the stationary results are reasonably matched however large differ-

ences are found under rotating conditions. The same trends of decreasing heat transfer under

rotation for this surface are seen for both CFD and experiment.

The differences between experimental and CFD results found under rotating conditions are

most likely due to differences in driving gas temperature. The flow structure at the start of the

passage is very complex, and the gas temperature thermocouple is located on the centreline

of the duct within this complex region. Small differences in this position between CFD and

experiment could lead to large changes in driving gas temperature, and hence calculated HTC

values.

Pass 2

The heat transfer levels for the pressure surface of this pass are slightly higher in the experi-

mental setup than CFD with similar distributions downstream of each rib. Rotation produces a

large decrease in Nusselt number relative to the stationary case for the experimental data, while

there is very little change in the CFD values.

The suction surface exhibits similar levels in the heat transfer to the stationary simulation

however a significantly different distribution. There is little change in Nusselt number with

streamwise direction in the CFD, while the experimental values decrease significantly. With

rotation introduced the levels for the CFD are significantly lower for the experiment with the

differences in distribution still seen.

The differences observed between the experimental data and CFD predictions for this pass

are attributed to the reversal in rib direction in this pass which greatly complicates the flow

structure and therefore heat transfer distribution. These effects are particularly prominent due

to the location of the camera view being very close to the upstream bend for this pass.
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Pass 3

In the third pass under stationary conditions both levels and distribution for the experiments and

CFD are very similar for the pressure surface. Under rotating conditions a clear increase is seen

in the experimental results which is not found in the CFD, where a slight decrease is observed.

As with the pressure surface, suction surface results for the stationary test point are reason-

ably well matched with CFD values slightly lower. With rotation introduced there is very little

change in the experimental values, while in the CFD a significant decrease in Nusselt number

is observed.

The discrepancies observed between CFD and experimental values and trends are attributed

to the effects of reversing the direction of the ribs in this pass, as for the second pass. The

differences found are smaller for this pass due to its wider aspect ratio and the positioning of

the camera a greater distance from the upstream bend.

There are some significant differences found between the CFD and experimental heat trans-

fer results, particularly under rotating conditions. These discrepancies were found for many

simulations that are not presented in this thesis including meshes with higher cell counts, differ-

ent specified inlet conditions and other turbulence models, one of which is presented in section

3.3.4. The higher cell count meshes had no effect on heat transfer results, as mesh independence

had been reached with the results presented, and all solutions were converged. DIfferent inlet

conditions, particularly turbulence levels, were also investigated at the inlet, however any effect

of these was washed out by the impinging jet within the feed plenum and therefore had no effect

on the heat transfer in the radial passages. Therefore the large discrepancy in heat transfer re-

sults is attributed to the inability of the CFD simulations to accurately model the complex inlet

flow into the radial passage.

3.3.4 Turbulence Modelling

Other commonly used turbulence models were also applied to investigate their accuracy when

predicting heat transfer in radial cooling passages. Figure 3.20 shows the unwrapped heat trans-

fer distributions for the stationary test point using the k-ε realizable and k-ω SST turbulence

models.

Under stationary conditions the simulations with the k-ω SST model show the same main
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(a) Pass 1 - k-ε realizable (b) Pass 1 - k-ω SST

(c) Pass 2 - k-ε realizable (d) Pass 2 - k-ω SST

(e) Pass 3 - k-ε realizable (f) Pass 3 - k-ω SST

Figure 3.20: Turbulence model heat transfer comparison - unwrapped - static

features as those using the k-ε realizable model. These are the area of high heat transfer at the

inlet to the first pass and downstream of each bend. The inlet effect is slightly more pronounced,

however, leading to a small asymmetry in the first pass. The other passes both give symmetric

distributions. The rib induced secondary flows are stronger when using the k-ω SST model

with larger upwash regions and regions of high heat transfer downstream of each rib.

When rotation is included in the simulation both turbulence models again offer very similar

results, which are given in figure 3.21. There are minor differences in the inlet effect and regions

of high heat transfer downstream of each bend. Again the rib-induced flows are stronger with

the k-ω SST model.

These simulations indicate little difference between using these two turbulence models for

heat transfer predictions, and also suggest that the major differences found in the experimental

comparison are not due to poor turbulence modelling but difficulties in modelling the highly

complex flow region near to the passage inlet.
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(a) Pass 1 - k-ε realizable (b) Pass 1 - k-ω SST

(c) Pass 2 - k-ε realizable (d) Pass 2 - k-ω SST

(e) Pass 3 - k-ε realizable (f) Pass 3 - k-ω SST

Figure 3.21: Turbulence model heat transfer comparison - unwrapped - rotating

3.3.5 Average Values

Figures 3.22-3.24 show average Nusselt number values for the area visible in the experiment

plotted against Rotation number. The figure shows data from the experiments and simulations

using the realizable k-ε and k-ω SST turbulence models. For the first pass clear trends are

observed in the experimental data, with an increase on the pressure surface and decrease on

the suction surface, with increasing rotation number. The computational results show the same

trends however these are far less pronounced.

In the second pass smaller differences are observed in the experimental data, however the

suction surface data shows consistently higher heat transfer at high rotation numbers. The CFD

results are not in agreement with higher values on the pressure surface.

In the third pass, pressure surface heat transfer is higher than that on the suction surface for

high rotation numbers, however the trends are far less clear than for the first pass.

The lack of clear trends is due to the reversal of rib direction in the 2nd and 3rd passes,

leading to the new secondary flows being created, which oppose those from the upstream pass.

This means the expected flow structure, and therefore heat transfer distribution, cannot develop
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Figure 3.22: Average Nusselt number with Rotation number - comparison of CFD with experi-
ment - Pass 1

Figure 3.23: Average Nusselt number with Rotation number - comparison of CFD with experi-
ment - Pass 2
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Figure 3.24: Average Nusselt number with Rotation number - comparison of CFD with experi-
ment - Pass 3

in these passes. The computational simulations also have great difficulty in simulating the

complex interaction of secondary flows, resulting in predictions that are not well matched to the

experimental data.

3.4 Summary and Conclusions

CFD simulations of a triple-pass, ribbed, radial serpentine passage have been run using method-

ology commonly used in industry under stationary and rotating conditions. Heat transfer results

from these have been compared with high resolution data obtained in the RHTR at Rolls-Royce

Bristol. The following conclusions have been drawn from this research.

1. Rotation introduces additional forces which impact greatly on the flow structure and heat

transfer within ribbed, radial cooling passages.

2. The CFD methodology presented provides good predictions under stationary conditions,

with the error between the CFD and experiments less than 20 % for all passes and both

turbulence models.
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3. With rotation introduced, CFD simulations show significant differences to the experimen-

tal data, with overall levels and trends with rotation poorly predicted.

4. Upstream geometry can have a very large impact on flow structure and heat transfer within

a passage, which increases the complexity of simulations and therefore creates difficul-

tites in obtaining accurate CFD predictions.

5. The poor predictions of the heat transfer under rotating conditions is attributed to the CFD

being unable to accurately model the complex inlet conditions to the radial passages that

are found due to the specific upstream geometry in the experimental setup.
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Chapter 4

Radial Passages - Inlet Velocity Profile and

Rib Direction

This chapter investigates the effect of different inlet flow conditions on the heat transfer per-

formance of a typical ribbed, radial cooling passage and examines the effect of rib direction

reversal between passes using RANS CFD with common industrial methodology. This follows

on from chapter 3 where these were found to be the features which influence the flow and heat

transfer most in the CFD simulations, experiments and the comparison between these.

4.1 Simulation Setup

Two geometries are considered in this chapter. The initial geometry is that given in figure 3.6,

the same as in the previous chapter. This geometry has rib orientations that are reversed relative

to the oncoming mainstream flow from the 1st to 2nd, and 2nd to 3rd passes. This results in the

upwash from the ribs being directed towards the same surface in each pass relative to the blade

in which it is contained. The second geometry is identical to this however with the ribs in the

second passage orientated in the opposite direction, resulting in no rib-reversal between passes.

These rib configurations are illustrated in figure 4.1.

Meshing was undertaken using the ICEM 14.0 software. An unstructured tetrahedral mesh

was used, with 15 prismatic layers to capture the boundary layer and the same sizing settings

as in the previous chapter. The total mesh consisted of 6.81 million cells with an area-averaged

y+ value of 1.01 and a maximum y+ <5.5. An example of the mesh resolution is given in
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Figure 4.1: Schematic rib reversal diagram

66



Internal Cooling for HP Turbine Blades Robert Pearce

(a) Symmetric (b) PS Bias (c) SS Bias

Figure 4.2: Velocity profiles

figure 3.6.

The simulations were run using the procedure detailed in section 3.2.

4.1.1 Velocity Profiles

Three different inlet velocity profiles are considered in this chapter, illustrated in figure 4.2.

The first is a symmetric profile, designed to be representative of a smooth inlet and will be

used as a baseline. The remaining two have a significant pressure or suction surface bias whilst

remaining physically realistic. These were selected to compare a typical profile to those with a

fairly extreme bias.

4.2 Results

Simulations were initially run under stationary conditions for all inlet velocity profiles and fol-

lowing these, simulations were run at rotating conditions as detailed in table 3.1. This was to

assess the influence of the inlet conditions on the serpentine passage without the added complex-

ity of rotation before observing if the inlet effects were maintained under rotating conditions.

This was also due to the good performance of the commonly used industrial methodology un-

der stationary conditions, [83], however its poorer performance under rotating conditions in

chapter 3, which is thought to be mainly due to poor modelling of the inlet effects.
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Figure 4.3: Presentation method for heat transfer figures

After the influence of the inlet profiles was determined the results were compared to ex-

perimental results with complex inlet conditions to assess whether difficulties in modelling the

upstream inlet conditions present in the RHTR caused the discrepancies found between the CFD

and experimental results in chapter 3.

Flow structure results are presented in the form of velocity magnitude contours at 0, 5, 10

and 15 ribs from the start of each pass normalised to the mean inlet velocity. Heat transfer

results are presented in ‘unwrapped’ Nusselt number contours as illustrated in figure 4.3, with

the plots orientated as to represent the serpentine nature of the passage.
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4.2.1 Stationary Simulations

Simulations under stationary conditions were run for all velocity profiles, at conditions detailed

in table 3.1, however detailed flow structure and heat transfer results are not presented.

This is because all stationary simulations exhibited similar and consistent features which are

also found in the rotational simulations, however under rotation additional effects are observed.

4.2.2 Original Geometry - Rotating - Flow Structure

The inlet profiles illustrated in figure 4.2 were applied in the relative frame to a rotating simu-

lation of the passage at the conditions given in table 3.1. Figures 4.4, 4.6, 4.8 show the velocity

contours after 0, 5, 10 and 15 ribs for the three passes, for the initial geometry with reversed rib

directions.

For the first pass of the simulation with a symmetric inlet velocity profile there is a clear

effect of rotation in the first pass. The rib-induced secondary flows on the pressure surface

are far larger than those on the suction surface due to the shift in core flow. This shift in

core flow leads to a bias towards the pressure surface at the start of the second pass, which is

reduced throughout the length of this pass as it shifts back towards the suction surface. However,

due to the inlet conditions the secondary flows are larger on the pressure surface of this pass,

despite weakening with distance down the pass. The flow at the inlet to the third pass is slightly

biased towards the suction surface however the secondary flows on the pressure surface are soon

stronger than those on the suction surface due to the rotational effects.

The second simulation has a bias of flow towards the pressure surface at the inlet to the first

pass. This is maintained throughout the first pass as the Coriolis force pushes the flow towards

this surface leading to much stronger secondary flows on this surface, with very little flow on

the suction side of the passage. Leading into the second pass much of the flow is again towards

the pressure surface of the passage, which is then pushed to the suction surface with distance

along the pass due to the Coriolis effect within a radially inward pass. By the third pass the flow

is almost indistinguishable from that in the simulation of a symmetric inlet, indicating that inlet

effects do not propagate this far down the passage for this geometry.

The third rotating simulation has the inlet flow biased towards the suction surface. In this

case the flow clearly spreads towards the pressure surface due to the rotation, however the
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secondary flows on the suction surface are far stronger throughout the pass due to the initial

flow conditions. When the flow reaches the start of the second pass it is more evenly spread

than in the two previous cases, whilst retaining a bias towards the pressure surface. This leads

to the flow spreading towards the suction surface a little faster than in the other cases, however

the secondary flows remain stronger on the pressure surface. By the third pass the flow structure

is very similar to the two previous cases indicating all inlet effects are well washed out by this

point.

The velocity profiles for the different simulations indicate that there are likely to be signifi-

cant differences in heat transfer levels for the first pass with different inlet velocity profiles. In

the second pass small differences may be expected with very similar heat transfer levels by the

time the third pass is reached.

4.2.3 Original Geometry - Rotating - Heat Transfer

Figures 4.10, 4.12, 4.14 show the unwrapped heat transfer distribution for the three different

inlet velocity profiles for the initial geometry with rib reversal.

The largest differences in heat transfer distribution are found in the first pass, closest to the

inlet, whilst the distribution in the later passes is found to be less sensitive to the inlet conditions.

In the first pass with a symmetric inlet profile, the streaks of high heat transfer from the rib

upwash are far greater from the pressure surface ribs than those on the suction surface, with the

heat transfer distribution far from symmetric. The heat transfer on the ribbed pressure surface

is also significantly higher than that on the suction surface. In the second pass the pressure

surface heat transfer is initially higher due to the flow being biased towards this surface from

the first pass. It then decreases with distance down the passage, while the suction surface heat

transfer increases, as the flow shifts across towards the suction side of the passage. There is

an area of high heat transfer on the trailing edge immediately downstream of the bend as the

flow impinges onto this surface as it exits the bend. The region of high heat transfer directly

downstream of the bend is also observed at the beginning of the third pass. In this third pass the

heat transfer, and rib induced secondary flows, are far greater on the pressure surface due to the

Coriolis forces in a radially outward pass.

When the inlet flow is biased towards the pressure surface the heat transfer on this surface
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(a) Reversed - Symmetric

(b) Reversed - PS Bias

(c) Reversed - SS Bias

Figure 4.4: Velocity contours after 0, 5, 10 and 15 ribs with inlet velocity profiles - Ro = 0.092
- pass 1 - reversed
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(a) Non-reversed - Symmetric

(b) Non-reversed - PS Bias

(c) Non-reversed - SS Bias

Figure 4.5: Velocity contours after 0, 5, 10 and 15 ribs with inlet velocity profiles - Ro = 0.092
- pass 1 - non-reversed
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(a) Reversed - Symmetric

(b) Reversed - PS Bias

(c) Reversed - SS Bias

Figure 4.6: Velocity contours after 0, 5, 10 and 15 ribs with inlet velocity profiles - Ro = 0.084
- pass 2 - reversed
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(a) Non-reversed - Symmetric

(b) Non-reversed - PS Bias

(c) Non-reversed - SS Bias

Figure 4.7: Velocity contours after 0, 5, 10 and 15 ribs with inlet velocity profiles - Ro = 0.084
- pass 2 - non-reversed
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(a) Reversed - Symmetric

(b) Reversed - PS Bias

(c) Reversed - SS Bias

Figure 4.8: Velocity contours after 0, 5, 10 and 15 ribs with inlet velocity profiles - Ro = 0.094
- pass 3 - reversed
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(a) Non-reversed - Symmetric

(b) Non-reversed - PS Bias

(c) Non-reversed - SS Bias

Figure 4.9: Velocity contours after 0, 5, 10 and 15 ribs with inlet velocity profiles - Ro = 0.094
- pass 3 - non-reversed
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(a) Rev. - Pass 1 (b) Rev. - Pass 2 (c) Rev. - Pass 3

Figure 4.10: Heat transfer with symmetric inlet velocity profile - rotating - reversed

is very high, with strong rib-induced secondary flows, whilst the suction surface heat transfer

is extremely low with very little effect of ribs seen. This is due to the initial bias and then

containment of the flow towards the pressure surface. The second pass heat transfer is similar

to that with the symmetric inlet condition, however with slightly higher heat transfer initially on

the pressure surface and a stronger impingement downstream of the bend. There are no visible

differences in heat transfer for the third pass, indicating the inlet conditions have no effect on it.

With the inlet flow biased towards the suction surface the heat transfer on this surface in

the first pass is higher than that on the pressure surface. However the regions of high heat

transfer immediately downstream of each rib decrease in size and strength with distance down

the passage as the core flow shifts towards the pressure surface. This is also clear with the start

of rib induced, increased heat transfer for the final pressure surface ribs in this pass. In the

second pass the heat transfer is largely similar to the two previous simulations however with

initally lower heat transfer on the pressure surface, as the flow is less biased towards this side.

The third pass heat transfer is indistinguishable from the other simulations, confirming that the

inlet profile has no influence on the third pass heat transfer.
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(a) Non-rev. - Pass 1 (b) Non-rev. - Pass 2 (c) Non-rev. - Pass 3

Figure 4.11: Heat transfer with symmetric inlet velocity profile - rotating - non-reversed

(a) Rev. - Pass 1 (b) Rev. - Pass 2 (c) Rev. - Pass 3

Figure 4.12: Heat transfer with PS bias inlet velocity profile - rotating - reversed
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(a) Non-rev. - Pass 1 (b) Non-rev. - Pass 2 (c) Non-rev. - Pass 3

Figure 4.13: Heat transfer with PS bias inlet velocity profile - rotating - non-reversed

(a) Rev. - Pass 1 (b) Rev. - Pass 2 (c) Rev. - Pass 3

Figure 4.14: Heat transfer with SS bias inlet velocity profile - rotating - reversed
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(a) Non-rev. - Pass 1 (b) Non-rev. - Pass 2 (c) Non-rev. - Pass 3

Figure 4.15: Heat transfer with SS bias inlet velocity profile - rotating - non-reversed

4.2.4 No Rib Reversal - Rotating - Flow Structure

This section compares simulations with no rib direction reversal between the 1st-2nd and 2nd-

3rd passes to the previous where the ribs in each pass have a reversed orientation with respect

to the mainstream flow between consecutive passes. These configurations are illustrated in

figure 4.1.

Figures 4.5, 4.7, 4.9 show the velocity contours after 0, 5, 10 and 15 ribs for the three passes,

with no rib reversal between passes. These will be compared against the previously described

simulations with rib reversal.

For the first pass with all velocity profiles the contours are very similar, as is expected with

the first pass geometry being identical.

In the second pass the simulation with no rib reversal shows two clear counter-rotating

vortices, the larger being from the suction surface ribs, whilst the original geometry gives very

complex flow conditions due to the rib reversal with all inlet profiles. The non-reversed case

shows some sensitivity to the inlet profile, unlike the original geometry, particularly for the SS

bias.

In the third pass a smoother, and slightly faster development of secondary flows is again

seen for the non-reversed case, however there are less pronounced differences due to the wider

aspect ratio of the passage. There is little effect on flow structure of the inlet velocity profile
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with any effects largely washed out by this point.

4.2.5 No Rib Reversal - Rotating - Heat Transfer

Figures 4.11, 4.13, 4.15 show the heat transfer distribution for the simulations with no rib

reversal. As with the flow structure these will be compared against the previously described

simulations with rib reversal.

As for the stationary simulation, the heat transfer distribution in the first pass is very similar

for the two cases as the geometry is identical.

In the second pass there are some significant differences between the reversed and non-

reversed simulations. With no rib reversal the flow is able to shift from the pressure to suction

surfaces more easily and therefore the secondary flows on the suction surface are much stronger.

This leads to higher heat transfer on the suction surface for this radially inward passage. The

distribution on the non-ribbed surfaces is also far smoother in the case with no rib direction

change, resulting from the simpler flow structure.

The effect of the rib-reversal in the third pass is less pronounced, as the rotation combined

with the wider passage aspect ratio help to wash out the effect of the upstream pass ribs. How-

ever, there is still slightly higher heat transfer observed throughout this pass with no reversal in

rib direction, as the flow development is not reset at the start of this passage.

These simulations indicate that the reversal in rib direction causes additional complexity to

the flow structure but does not increase heat transfer levels. The simulations with no change in

rib orientation between the three passes appear to give better heat transfer performance for the

second and third passes with higher overall heat transfer levels and a more even distribution.

However the passage with no rib reversal is more sensitive to the inlet velocity profile with

effects visible in both the first and second passes.

4.2.6 Average Heat Transfer

Figures 4.16-4.18 show the PS and SS heat transfer values for each pass and inlet velocity

profile under stationary and rotating conditions.

For the first pass it is found that both geometries give very similar results and show the

expected effects of rotation for the no inlet bias case with the PS exhibiting higher heat transfer
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Figure 4.16: Average Nusselt number with different inlet profiles - pressure and suction surfaces
- rotating - pass 1

Figure 4.17: Average Nusselt number with different inlet profiles - pressure and suction surfaces
- rotating - pass 2

82



Internal Cooling for HP Turbine Blades Robert Pearce

Figure 4.18: Average Nusselt number with different inlet profiles - pressure and suction surfaces
- rotating - pass 3

than the SS. With a PS bias this effect is enhanced, while for a SS bias this is reversed with the

initial shift in core flow causing higher heat transfer on the suction surface.

Some differences are observed in the second pass. With rib reversal there is higher heat

transfer on the pressure surface as the shifted core flow from the first pass is ‘trapped’ near to

this side of the passage, enhancing the heat transfer on it. Where there is no rib reversal the

flow is able to migrate back towards the suction surface during the second pass and therefore

the heat transfer levels are much more closely matched.

In the third pass the results are consistent across the inlet profiles for both geometries, in-

dicating that any effect of the inlet profile is washed out by this point. The non-reversed rib

geometry shows higher heat transfer than the geometry with reversed ribs. This is due to the

secondary flows being set up faster and their direction is not reversed, resulting in more devel-

oped, stronger secondary flows and consequently higher heat transfer levels.

4.2.7 Comparison of Inlet Profiles with Experimental Results - First Pass

In this section the heat transfer results from the rib reversed simulations are compared to ex-

perimental and CFD results presented in the previous chapter. The complex upstream geometry
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(a) Exp. (b) CFD (c) Sym (d) PS (e) SS

Figure 4.19: PS1 comparisons of experiment, CFD and inlet velocity profiles - stationary

in the experimental setup with an impinging jet into a narrow plenum led to modelling dif-

ficulties, particularly under rotating conditions. The rotational simulations gave heat transfer

distributions that were very different from the experimental results, thought to be due to incor-

rect modelling of the upstream flow resulting in an incorrect velocity profile into the serpentine

passage. The simulations with varied inlet profiles offer a chance to test this. If results with a

particular profile are close to the experimental results it is possible that the upstream modelling

led to these errors, rather than the modelling of the passage themselves, which was reasonably

accurate for the second and third passes under both stationary and rotating conditions.

Figure 4.19 gives the first pass pressure surface results under stationary conditions, with

figure 4.20 giving the suction surface results.

Under stationary conditions the full CFD gives results very close to those from the exper-

iment, as does the symmetric profile. However the biased profiles are very different. This

indicates that under stationary conditions the inlet profile is largely symmetric and also well

modelled in the simulations incorporating the full inlet geometry.

Figure 4.21 gives the first pass pressure surface results under rotating conditions, with fig-

ure 4.22 giving the suction surface results.

With rotation it was found that the full CFD showed very poor agreement with the ex-

periment, which is thought to be due to incorrect modelling of the upstream geometry. The

symmetric inlet profile gives similar results to the full simulation, whilst the simulations with

biased inlet profiles have very different heat transfer results. The suction surface biased profile

gives even greater discrepancies however the pressure surface bias offers much closer levels to

the experimental data. This indicates that the large discrepancies found in the previous chapter
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(a) Exp. (b) CFD (c) Sym (d) PS (e) SS

Figure 4.20: SS1 comparisons of experiment, CFD and inlet velocity profiles - stationary

(a) Exp. (b) CFD (c) Sym (d) PS (e) SS

Figure 4.21: PS1 comparisons of experiment, CFD and inlet velocity profiles - rotating

are likely to be due to incorrect upstream modelling, as far closer results for the first pass can be

obtained by imposing an alternative inlet profile, in this case a PS bias. The inlet profile is also

shown earlier to have a minimal effect on the heat transfer in the later passes which previously

had more positive results with regards to the experimental data.

Therefore the large discrepancies found in the previous chapter are most likely due to incor-

rect modelling of the upstream conditions.

4.3 Summary and Conclusions

In summary two aspects of ribbed radial serpentine cooling passages have been investigated.

Three different inlet velocity profiles have been simulated with the flow structure and heat trans-

fer distribution investigated. The effect of reversing the rib direction relative to the mainstream

flow between passages has also been investigated. Results were then compared to previous

85



Internal Cooling for HP Turbine Blades Robert Pearce

(a) Exp. (b) CFD (c) Sym (d) PS (e) SS

Figure 4.22: SS1 comparisons of experiment, CFD and inlet velocity profiles - rotating

experimental and CFD results from chapter 3.

The following conclusions have been drawn from this investigation.

1. The inlet velocity profile can have a dominant effect on the flow structure and heat transfer

in the first pass of a serpentine passage under stationary and rotating conditions, with a

far lesser effect on subsequent passes.

2. The inlet conditions must therefore be well modelled in order to obtain accurate heat

transfer predictions for ribbed radial passages, with very large errors possible if they are

not accounted for.

3. There is potential for a reduction in coolant flow requirement by using upstream con-

ditions to ’design’ an inlet profile to positively influence the heat transfer distribution,

particularly in locations near to the first pass of a radial cooling passage or where an

asymmetric heat transfer distribution, with respect to the pressure and suction surfaces, is

desirable.

4. A coolant passage with no reversal in rib orientation greatly changes the flow structure

and gives a higher level of heat transfer in the third pass.

5. Incorrect modelling of inlet conditions have been shown as the most likely cause of the

discrepancies found between experimental and computational results in chapter 3.

6. Experimental setups must take inlet effects into account, with more easily modelled inlet

geometries, in order to provide good validation data for CFD methodologies.
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Chapter 5

Leading Edge Impingement - Rotating

Impingement cooling is increasingly being used in the leading edge of turbine blades where

very high heat loads are found. This is possible due to advances in materials and changes in

mechanical design from shrouded to shroudless blades. This has resulted in a reduction in web

stress levels which allows the use of impingement holes through the web despite the stress

concentrations that they introduce.

This chapter looks to validate commonly used industrial CFD methods under rotating con-

ditions for leading edge impingement systems using experimental results from the RHTR. As

for the radial passages, the experimental data used in this chapter was collected by researchers

at Rolls Royce, another partner in the ERICKA programme. The full experimental data is

presented by them in [102].

5.1 Simulation Setup

5.1.1 Geometry

In the opposing arm of the RHTR to the radial passages leading edge impingement geometries

were tested. This chapter investigates the heat transfer characteristics and CFD performance for

an Avio ‘box section’ geometry [103].

The geometry consists of a trapezoidal channel which feeds five impingement jets, fig-

ure 5.1. These jets have a converging cross-section with a sharp edged outlet and a racetrack

cross section. They impinge onto the walls of a leading edge passage with a triangular cross sec-
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Table 5.1: Geometry details for leading edge impingement configuration

No. of Jets 5

DH 5.08 mm

z/DH 2.3

p/DH 3.5

Target surface open angle 41.42o

tion that has an angle of 41.42o between the target surfaces. The five jets are partially confined

by fins that extend across approximately two-thirds of the passage height from the leading edge

of the channel at the midpoint between jets. There are three rows of holes that bleed off flow,

these simulate a showerhead hole and a film cooling row on each of the pressure and suction

sides and feed into separate plenums. There is an outlet at the end of the feed channel to allow

cross-flow in this passage. Geometric details are given in table 5.1.

Figure 5.1: Geometry for CFD simulations

5.1.2 Mesh Setup

The meshing process used for the impingement geometries was the same as that for the ra-

dial cooling passages, with an unstructured tetrahedral with a number of prismatic layers to

adequately capture the boundary layer. The meshing was undertaken using the ICEM 14.0 soft-

ware. The mesh details are shown in table 5.2 with an image of representative mesh sizing of

the impingement channel given in figure 5.2.
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Table 5.2: Mesh details for impingement geometry

No. of Cells 10.9 million

No. of Prism Layers 15

Max y+ 1.879

Area-averaged y+ 0.516

Figure 5.2: Mesh detail for impingement geometry

5.1.3 Solver Setup and Turbulence Modelling

The solver setup used the same methodology as for the radial passages in chapter 3. The tur-

bulence modelling was slightly different however, with initial work utilising the k-ω SST tur-

bulence model for its better performance for previous configurations tested in the ERICKA

programme [52], under stationary conditions. This research gives the chance for the method-

ologies to be tested under rotating conditions.

5.1.4 Post-Processing

CFD

Post-processing for the computational simulations was done in the same way as for the radial

passages, with heat flux and temperature data extracted in the form of ASCII files before being

read into a bespoke Matlab code. The heat transfer coefficient on the impingement target surface

was calculated using equation 5.1.

h =
q

Tf eed−Twall
(5.1)

The gas temperature (represented by Tf eed) used to calculated the HTC at each data point
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(a) Flow Structure - CFD (b) Heat Transfer - CFD (c) Heat Transfer - Exp.

Figure 5.3: Results presentation for impingement geometry

is the interpolated centreline temperature in the feed channel at the corresponding streamwise

location.

Experimental

Experimental heat transfer results were also calculated using a centreline gas temperature. Mul-

tiple thermocouples were present on the centreline of the feed channel for each geometry, and

the readings for these were interpolated to be used to calculate a heat transfer coefficient using

the transient liquid crystal method.

Some distortion of the image is found due to the ‘fish-eye’ camera lens and therefore a

bespoke Matlab script was used to remove this from the images and allow them to be directly

compared to the CFD simulations. The experimental HTC maps were only of a small section of

the target surface for the impingement geometries due to the constraints on the camera position

in the rotating rig. For this geometry the available data was on the pressure and suction surfaces

of the central jet.

As the target surface is flat there is little distortion in the images and therefore comparisons

can be made fairly simply and accurately, both in terms of spatial distributions and streamwise

or circumferential averages.

Results Presentation

Results will be presented as normalised velocity magnitude contour plots through a cross section

of the central (third) impingement jet, and Nusselt number maps for the pressure and suction

surfaces for this central jet. These are illustrated in figure 5.3.
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Table 5.3: Impingement simulation details

Test Point Re. No. Rot. Speed (rpm) Ro. No. Bo. No.

3 57180 0 0 0

7 55330 600 0.0049 0.0010

5 49020 800 0.0073 0.0022

6 50940 1000 0.0088 0.0032

8 50410 1550 0.0138 0.0078

16 49720 1850 0.0167 0.0115

17 49000 2050 0.0187 0.0145

5.2 Results

Results are presented for multiple test points each with a similar Reynolds number, but with

increasing rotation numbers to assess the effect of rotation and CFD performance over a range

of conditions. Details of the test points are given in table 5.3.

5.2.1 Flow Results

Figure 5.4 shows normalised velocity magnitude contours on the plane through the centre of the

central (third) impingement jet for each test point.

The contours for the stationary simulation show that the flow in the feed passage is symmet-

rical, as expected due to the symmetrical geometry, with the flow smoothly accelerating into the

impingement jet. The jet itself is therefore symmetrical as it enters the leading edge passage and

has a relatively flat velocity profile. The jet velocity is quickly reduced when it enters the target

surface chamber due to the confined nature of the jet. In the leading edge passage itself, the

jet impinges on the centre of the leading edge target surface before recirculating back along the

pressure and suction surfaces. Some flow exits through the central showerhead holes under the

jet however a significant portion recirculates and exits through the pressure and suction surface

film holes.

When rotation is introduced there are large changes in the flow structure, particularly in

the feed channel. There is significant asymmetry in the velocity distribution in the feed channel

which in turn results in a non-uniform velocity profile in the impingement jet itself. The Coriolis
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(a) TP3 - Stat (b) TP7 - Ro = 0.0049

(c) TP5 - Ro = 0.0073 (d) TP6 - Ro = 0.0088

(e) TP8 - Ro = 0.0138 (f) TP16 - Ro = 0.0167

(g) TP17 - Ro = 0.0187

Figure 5.4: Flow structure - CFD

force induced by rotation caused a shift in the flow to the pressure surface of the feed chamber,

as it is a radially outward passage. This shift in the inlet flow condition directs the impingement

jets towards the suction surface of the leading edge passage, giving an asymmetric flow structure

with this region. The shift of flow in the feed channel is seen clearly for all test points, with
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a larger effect observed with increasing rotational speed. The jet itself is not deflected by the

rotation due to the high velocity flow that is present, but the changes in jet structure are heavily

dependent on the changes in flow distribution with the feed channel.

Due to the very large change in flow structure with rotation a significantly different heat

transfer distribution is present when rotation is increased, however it is likely to be driven by

the effects in the feed channel rather than those in the leading edge channel, or jet deflection.

5.2.2 Heat Transfer Results

Figure 5.5 shows the heat transfer for the third (central) jet of the geometry for each of the test

points given in table 5.3.

The heat transfer distribution under stationary conditions is largely symmetrical as expected

from the flow structure. There are two main regions of high heat transfer on the PS and SS as the

jet impinges on these inclined surfaces. These are angled in the streamwise direction due to the

crossflow in the feed passage, which also causes the peak to be offset towards the downstream

side of the chamber, despite the jet being positioned centrally. This is made possible by the

contoured nature of the jet geometry. Very high heat transfer is also seen at the central film hole

as it is located under the impingement jet, and also has a large mass flow rate entering it, while

some areas of enhancement are present on the shoulder film holes.

There are regions of low heat transfer towards the lower side (upstream) of the target surface

where the jet does not impinge and the flow is recirculating. The small regions of enhanced heat

transfer adjacent to each of the film holes are due to the acceleration of the flow as it enters the

holes; these have been previously explained in [104, 105].

Under rotating conditions there are significant changes to the heat transfer distribution. The

velocity profile of the jet is no longer uniform and subsequently the heat transfer is significantly

enhanced on the suction side of the target surface, both in terms of size and magnitude. The

peak is also shifted a little further upstream on the target surface. The pressure side heat transfer

is similar to the stationary case however is shifted towards the centre, near to the central film

hole, which has significantly higher heat transfer around it. The peak value on this surface

is reduced with the jet spread over a larger area. There are still some areas where there is

recirculation of the flow, particularly on the pressure surface, where the heat transfer levels are

93



Internal Cooling for HP Turbine Blades Robert Pearce

(a) TP3 - Stat (b) TP7 - Ro = 0.0049

(c) TP5 - Ro = 0.0073 (d) TP6 - Ro = 0.0088

(e) TP8 - Ro = 0.0138 (f) TP16 - Ro = 0.0167

(g) TP17 - Ro = 0.0187

Figure 5.5: Heat transfer - CFD

reduced. However the jets are in general more spread for the rotating simulations and therefore

fewer low heat transfer regions are observed.

The effects in heat transfer distribution are consistent with increasing rotational speed, with

an increased region of high heat transfer, both in size and magnitude, on the suction surface and

a corresponding reduction on the pressure surface.

These effects are primarily caused by flow structure changes in the feed channel. The shift

in flow towards the pressure surface of the feed alters the jet velocity profile, resulting in more
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jet spreading and a directed jet towards the suction surface. The heat transfer changes are

dominated by this effect, with very little influence of rotation found on the jet and target chamber

due to the higher velocities and confined nature of the flow in this region.

5.2.3 Comparison to Experiments

The heat transfer results obtained from the CFD simulations will now be compared to those

from the experimental setup [102]. The same test points will be used as in the previous section.

(a) Experimental (b) CFD

Figure 5.6: HTC map comparison - TP3

Figure 5.6 shows the comparison between the CFD simulation and experimental results

under quasi-stationary conditions.

The CFD predictions perform well in some areas however there are still significant differ-

ences, even under stationary conditions. Overall heat transfer levels are predicted reasonably

well, however peak values are found to be significantly higher in the CFD simulations than the

experiments. Both figures show regions of high heat transfer in a similar location, under the

impinging jet, with much lower heat transfer in the recirculation regions away from this jet.

Despite over-predicted levels by the CFD in the peak regions, similar levels are found in the

areas with low Nusselt numbers. The experimental data also shows some asymmetry between

the pressure and suction surfaces, which is not present for the stationary CFD simulations. The

peaks in the experimental data are less sharp than predicted by the CFD, likely due to noise in

the data output, and potentially some lateral conduction occurring during the test time.

Figures 5.7-5.12 give the comparison between the experimental and CFD results with in-

creasing rotation.

Under rotating conditions there are changes observed for both the CFD predictions and

experimental data. Significant enhancement is found on the suction surfaces, with greater jet
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(a) Experimental (b) CFD

Figure 5.7: Nu map comparison - TP7 - Ro = 0.049

(a) Experimental (b) CFD

Figure 5.8: Nu map comparison - TP5 - Ro = 0.0073

(a) Experimental (b) CFD

Figure 5.9: Nu map comparison - TP6 - Ro = 0.0088

(a) Experimental (b) CFD

Figure 5.10: Nu map comparison - TP8 - Ro = 0.0138

spreading observed on the pressure surface, which is the opposite surface to which an enhance-

ment would be expected under rotating conditions. This is because under rotating conditions

there is a large change in flow structure in the feed channel with a shift of the core flow to the

PS (figure 5.4) and therefore the impingement jet is effectively directed towards the suction side
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(a) Experimental (b) CFD

Figure 5.11: Nu map comparison - TP16 - Ro = 0.0167

(a) Experimental (b) CFD

Figure 5.12: Nu map comparison - TP17 - Ro = 0.0187

of the target surface, enhancing heat transfer in this region. The increased spread of higher heat

transfer on the pressure surface is also due to this change in inlet flow structure.

As for the stationary test point differences are found between the CFD simulations and

experimental data. Again the CFD simulations show sharper peaks in heat transfer with the ex-

perimental results giving a much smoother distribution. The overall heat transfer levels are very

similar on the pressure surface, however the suction surface levels appear to be overpredicted

in the CFD. This is due to the overprediction of heat transfer directly under the impinging jet

using this modelling strategy, which was also observed for the stationary test point.

5.2.4 Averaged Data

Figure 5.13 shows the overall target surface average experimental and CFD Nusselt number for

different rotational speeds.

These averaged results over the pressure and suction surface show that there are some sig-

nificant differences between the heat transfer levels predicted by the CFD simulations and those

obtained from the RHTR.

On the suction surface the CFD consistently over-predicts the heat transfer levels, by ap-

proximately 15% for the test points at lower rotational speeds, with a much larger discrepancy
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Figure 5.13: Overall averages with Rotation number

for the two test points with the highest rotation. The suction surface levels are predicted much

more successfully with well matched results for all but the two test points at the highest rota-

tional speeds.

It is expected that there is a problem with the experimental output for the test points at the

highest rotation numbers. This is due to the sudden, unexpected drop in heat transfer on both

surfaces, and the departure from the CFD successfully matching the experimental trends with

rotation. Therefore the discrepancies between the CFD and experiment at these test points will

be discounted.

5.3 Summary and Conclusions

CFD simulations using a common industrial RANS methodology have been undertaken on a

leading edge impingement geometry under both stationary and rotating conditions. The flow

structure and heat transfer distributions have been investigated with the heat transfer then com-

pared to experimental data obtained from the RHTR.
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The following conclusions have been drawn:

1. The flow structure in the impingement system is symmetrical under stationary conditions

with rotation introducing a shift in flow towards the pressure surface of the feed channel.

2. This shift is the dominant effect of rotation on the impingement jet, directing it towards

the suction surface of the leading edge passage.

3. There is a large increase in heat transfer on the suction surface under rotating conditions,

due to the flow shift in the feed channel.

4. The CFD simulations over-predict the heat transfer on the suction surface, but by a con-

sistent amount, and give good pressure surface predictions for most test points.

Although the CFD simulations miss some details in the experimental heat transfer distribu-

tions, they offer a good and consistent prediction of average heat transfer levels, and therefore

this CFD methodology will be used in later chapters.
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Chapter 6

Leading Edge Impingement - Static

In this chapter the design of an experimental setup used to obtain aerodynamic and heat transfer

data for a turbine blade leading edge impingement system is detailed. Following this, results

from the rig are presented and compared to computational predictions. The large scale perspex

setup provides data under stationary conditions, unlike that from chapter 5, however provides

full heat transfer distributions for a far larger region of a leading edge geometry which is derived

directly from an HP turbine blade.

6.1 Experimental Design

The purpose of this experimental rig is to provide an assessment of aerodynamic and heat trans-

fer properties of a leading edge impingement system. The aerodynamic data will consist of

pressure measurements in both the feed and target passage, which will be used to obtain the

discharge coefficients for the different impingement hole configurations under a range of condi-

tions. The heat transfer data will be Nusselt number maps for the target surface of the impinge-

ment system.

6.1.1 Overall Rig Design

The experimental setup was required to provide the aerodynamic and experimental data for a

leading edge impingement system under the following conditions:

• Engine representative jet and passage Reynolds number.
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• Feed passage inlet and outlet flow.

• Film cooling outlets with engine realistic mass flow split.

• Multiple different impingement jet geometric configurations

The resulting overall rig layout designed in order to meet these is given in figure 6.1.

The rig is operated using a compressed air feed which is maintained at approximately 100 psi

(7 bar). The single inlet pipe passes through a ball valve before being split into two separate

lines, one each for the feed and leading edge passage, which can both be individually shut off

using ball valves. The pipes then pass through similar series of an adjustable pressure regulator

and choked venturi nozzle, downstream of which there is an offtake pipe with a burst disk.

This is set to a pressure level and with a large enough pipe such that it will burst and exhaust

the air before a pressure is reached that can damage the perspex test section. Upstream of the

test section there are transition pieces and a heater mesh in order to heat the inlet flow for the

transient liquid crystal method. Downstream of the test section, each of the feed and leading

edge passage outlets pass through gate valves which will be used to control the outlet mass flow

rates, which will be measured by the orifice plates before being exhausted to atmosphere. The

film holes will exit directly to atmosphere from the test section.

For the tests that have been carried out in this chapter there will only be crossflow in the

feed passage, and therefore the inlet and outlet of the leading edge passage remain blocked, but

leading crossflow can be obtained in future experimental campaigns.

6.1.2 Mass Flow Control

Multiple mass flow rates must be controlled in order to obtain the required impingement jet

Reynolds number and cross flow conditions. The inlet mass flow rates are controlled using a

critical flow venturi nozzles, while the outlet flow rates are measured using orifice plate flow

meters and adjusted using the gate valves upstream of them. The film hole flows exhaust to

atmosphere with a representative mass flow split obtained through a choice of the film hole

diameters.
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(a) Overall Rig

(b) Test Section

Figure 6.1: Schematic of experimental setup
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Choked Venturi Nozzles

The choked nozzle offers good control of the inlet mass flow rate as it is determined only by

the upstream stagnation temperature and pressure provided the critical conditions (guaranteed

by a pressure ratio of approximately 2 or greater across the nozzle) are maintained. The ISO

standard [106] gives details of the required nozzle specfications with the cylindrical throat type

used for this rig. The mass flow rate is calculated using equation 6.1.

ṁ =
C∗CdAnt p0√

R
M T0

(6.1)

The discharge coefficient, Cd , value for the nozzle is dependent on Reynolds number and

therefore is calculated using an iterative procedure implemented in Matlab. The critical flow

function, C∗, is obtained from tabular data contained within the standard [106].

The area of the nozzle throat is determined by the required mass flow rates and the available

upstream pressure which ensures choked flow. The inlet nozzle throat diameter used was 6 mm

for the lower Reynolds number tests, and 8 mm for the highest Reynolds number.

Orifice Plate Flow Meters

The outlet mass flow rates are measured using orifice plate flow meters, as described in the ISO

standards [107, 108]. The measured mass flow rate is given by equation 6.2.

ṁ =
Cd√
1−β 4

ε
π

4
d2
√

2∆pρ (6.2)

As with the choked nozzle the Cd value is dependent on Reynolds number, and therefore

was calculated iteratively in Matlab. The orifice plates are situated within long straight lengths

of pipe in order to comply with the standard. The pipe and orifice diameters were chosen at

50 mm and 35 mm respectively, giving a β of 0.7, in order for the full range of mass flow rates

to be measured with an allowable pressure drop across the orifice plate.

6.1.3 Test Section Design

The test section was derived from a leading edge impingement design to be used in a Rolls-

Royce demonstrator engine. The leading edge channel is a parameterised profile of the mid-
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Figure 6.2: Leading edge channel geometry

Table 6.1: Geometric details - passages

Feed Leading Edge

DH (mm) 55.88 36.09

A (mm2) 3185 1582

L (mm) 500 500

height leading edge passage in the HP blade, shown in figure 6.2. The feed channel is a rectan-

gular passage with area and aspect ratio to match the radial passage that feeds the leading edge

impingement system in the blade, also at mid-height. Four rows of film cooling holes exit the

leading edge passage, two rows of showerhead holes and two suction surface shoulder rows.

Full geometric details are given for the passages in table 6.1 and for the film holes in table 6.2.

In the real engine case both the leading edge and feed passage have crossflow, with a portion

of the mass flow both entering and leaving the passage through neither the film or impingement

holes. The feed channel is typically the first pass of a radial serpentine passage, while the lead-

ing edge requires a flow throughout it’s length to avoid film ingestion and to provide sufficient

Table 6.2: Geometric details - film cooling

PS1 PS2 SS1 SS2 SS3

No. Rows 20 20 20 20 20

D (mm) 3.5 3.5 3.5 3.8 3.8

L (mm) 9.64 10.00 9.38 10.26 13.31

p (mm) 20 20 20 20 20
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(a) Inlet nozzle and orifice plate

(b) Test section

Figure 6.3: Pressure tap and thermocouple locations

cooling in the blade root and tip regions. This is possible to achieve with this rig, however

initially only conditions with crossflow in the feed passage will be considered.

The impingement plates are interchangeable in order to allow multiple different jet config-

urations to be tested. These will be described in greater detail subsequently in section 6.1.7.

6.1.4 Instrumentation

Instrumentation of the experimental setup consists of a number of pressure and thermocouple

measurements, and a video camera for use in obtaining heat transfer measurements. An overall

schematic of pressure tap and thermocouple locations is given in figure 6.3.

Pressure and thermocouple measurements were acquired using a NI cDAQ-9174 chassis

with relevant modules [109]. Labview was used to record the data, and monitor mass flow rates,

rig temperatures and pressures during the test runs. The final mass flow rates and Reynolds

numbers were calculated using the full recorded data in Matlab [110].
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Table 6.3: Pressure sensor details

Pressure sensor Range Locations

HXC001D6V 0-5 bar Inlet nozzle - upstream

HXC001D6V 0-1 bar Inlet nozzle - downstream

HCXM350D6V 0-350 mbar All other locations

Pressure

Pressure measurements are obtained using a number of Sensortechnics pressure transducers

[111] as detailed in table 6.3.

The larger range pressure sensors are required for the inlet due to the high supply pressure

upstream of the choked nozzle. The 350 mbar range has been chosen for the other sensors in

order to give good accuracy levels, whilst not reaching the range limits of the sensors, based

on expected pressures given by preliminary CFD simulations. All sensors are connected to

the pressure taps using Scanivalve tubing [112], and are recorded in Labview using an NI 9220

analog voltage reader [109]. These voltages are converted to pressure measurements via a linear

scale calibration.

The pressure sensors were calibrated by applying a number of known differential pressures,

that cover the full range of the sensor, across it’s ports and recording the mean output voltage

over 10 seconds. The set pressures were achieved using a Wika CPC4000 industrial pressure

controller [113]. The offset value is recalculated before each test to zero the sensors.

The locations for the sensors have been chosen to meet the standard requirements for the

choked nozzles and orifice plates, and for the calculation of the impingement hole discharge

coefficients. The feed passage pressure taps are located on the centreline at the base of the

passage with the leading edge taps located between the SS3 film locations. This is to obtain

a pressure reading which is influenced minimally by local effects from the impingement jets.

Cd values are calculated using these same locations for both experimental and computational

setups.

Temperature

A number of thermocouples were required for mass flow measurement and the calculation of

heat transfer coefficients. A thermocouple is required for each mass flow measurement device,
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and these were positioned in accordance with the relevant standards. Thermcouples were also

positioned along the centreline of the feed passage to give a reference gas temperature for the

HTC calculation, and on the surface of the leading edge passage in view of the video cam-

era for calibration of the thermochromic liquid crystals. All temperature measurements were

undertaken with K type thermocouples read into an NI 9213 thermocouple reader [109].

6.1.5 Heat Transfer Measurement

The heat transfer measurements were obtained using the transient liquid crystal method, as

detailed in section 2.4.1. This method requires a step or ramp increase in gas temperature for

the thermochromic crystals to be activated. A video camera is also required to record the colour

changes which are then analysed to obtain heat transfer coefficients.

The heater mesh consists of a fine mesh connected by conductive busbars and clamped

between electrically insulating material. A high current DC power supply [114] is used to

power the mesh.

A Panasonic HC-X900 camcorder was used to to record the video in .avi format in 1080p

at 25 fps through an AVerMedia HD capture card using VirtualDub software [115]. The video

was then clipped around the relevant test time, and cropped to the region on which the heat

transfer coefficients are calculated. The camera is positioned above the test section to give an

unobstructed view of the leading edge target surface.

To calculate the Nusselt numbers the THTAC software was used [116]. This software has

been developed in house at the Osney Heat Transfer Laboratory for the calculating heat transfer

distributions for transient liquid crystal experiments, and has been validated extensively through

use in [6, 83, 84, 100].

6.1.6 Commisioning

Mass Flow Verification

Before experimental results were obtained the means of mass flow measurement, the inlet ven-

turi nozzle and outlet orifice plate, were verified. This was done by sealing the test section film

holes with masking tape so that all mass flow entering the test section passed through the orifice
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Figure 6.4: Mass flow measurement verification

plate. Figure 6.4 shows these two mass flow rates with increasing pressure upstream of the inlet

nozzle.

Initially, before the inlet nozzle becomes choked, the inlet nozzle calculation as given by

equation 6.1 is not correct. However as it becomes choked, with increased supply pressure, the

two mass flow curves match very well. This indicates that both means of mass flow measure-

ment have been implemented as detailed by the standard. They are therefore used for determin-

ing the mass flow rates for the experimental runs.

Liquid Crystal Calibration

The liquid crystal calibration is performed in-situ using a surface thermcouple bonded to the

inner surface of the test section, upon which the liquid crystals are sprayed. The video camera is

moved to an alternative mounting position in order to obtain a detailed view of the thermocouple

bead. A test is then performed in which the area around the thermocouple is heated slowly, with

the video and thermocouple data recorded. A still image from this test is given in figure 6.5 (a).

The green light intensity from a selected area of pixels directly next to the thermocouple bead,

and therefore at the same temperature as it, are then matched to the thermocouple temperatures

to give a calibration curve of normalised green light intensity with temperature as shown in

figure 6.5 (b). This calibration curve is then used to give the surface temperature information

from which to calculate HTCs in the experimental runs.
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(a) Still from calibration video (b) Calibration curve

Figure 6.5: Liquid crystal calibration

Table 6.4: Impingement geometry details

Geom. Jet No. Hole Shape Fillet Arrangement

1 6 Racetrack 2.5 mm Single line

2 6 Racetrack 2.5 mm Staggered - 7.5 mm

3 6 Elliptical 2.5 mm Staggered - 7.5 mm

4 6 Racetrack 2.5 mm Staggered - 3.75 mm

6.1.7 Test Conditions

Multiple different impingement plate geometries have been tested at different Reynolds number

and crossflow conditions, which are detailed in the following sections.

Impingement Geometries

Four different impingement geometries have been tested, with geometric details given in ta-

ble 6.4 and holes details in table 6.5 and figure 6.6.

The overall plate configurations are either of a single row of holes, or in a staggered ar-

Figure 6.6: Impingement hole profiles - racetrack and elliptical
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Table 6.5: Impingement geometry details

Geom. Length Width Dh Area

Racetrack 14 mm 10 mm 12.03 mm 118.54 mm2

Elliptical 14.54 mm 10.38 mm 12.03 mm 118.54 mm2

rangement. The staggered arrangement consists of two holes in a straight line, followed by four

holes offset from this centreline in an alternating manner by distances specified in table 6.4.

The baseline impingement hole is a racetrack shape, with the elliptical hole specified to have

the same hydraulic diameter and cross-sectional area as the racetrack hole. The z/DH for all

geometries is 2.55, based on the centreline of the first impingement hole in each case.

The staggered and elliptical configurations are being tested as they can offer a reduction in

web stresses in a turbine blade, however the use of them is only possible if heat transfer on the

leading edge is not compromised.

Flow Conditions

Each impingement plate geometry will be tested under a range of jet Reynolds numbers from

13,000 to 22,000 to match the lower range expected for engine operation of a similar system.

6.2 Experimental Results

Two forms of experimental results will be presented. These are discharge coefficients for the

impingement holes and Nusselt number distributions for the leading edge target surface.

6.2.1 Discharge Coefficients

Discharge coefficients are calculated based on the average jet mass flow rate and the pressure

difference using equation 6.3. The Cd calculated gives the ratio between the actual mass flow

through the impingement jet, and the theoretical maximum based on a simple incompressible

flow calculation. The pressures used for this calculation are the mean feed and leading edge

channel pressure readings from the pressure tap locations given in section 6.1.4.

Cd =
ṁ jet

A jet
√

2ρ(p f eed− pLE)
(6.3)
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Figure 6.7: Cd values from experiment

Figure 6.7 gives the discharge coefficients calculated for the different impingement geome-

tries from the experimental setup, and also from CFD simulations which are detailed in sec-

tion 6.3.

The Cd values are seen to be very high, over 0.9, for all geometries and Reynolds numbers

in both the experimental and CFD results. The values are very high due to the filleting of the

impingement holes which allows the flow to easily pass through them and create the impinge-

ment jets. The discrepancies between the computational and experimental results are put down

to the incorrect modelling of the flow separation through the hole.

6.2.2 Heat Transfer

Heat transfer results are presented in the form of Nusselt number maps. The THTAC software

generates HTC maps for the selected surface, which have then been converted to Nusselt num-

ber based on jet hydraulic diameter and temperature dependent gas thermal conductivity. The

driving gas temperature for the HTC calculation was chosen to be the first thermocouple in the

feed passage, as this is in a region with very small temperature gradients, allowing for an easier

comparison to CFD simulations. Areas where the film hole outlets obscured the view of the

111



Internal Cooling for HP Turbine Blades Robert Pearce

target surface have been masked out.

Figure 6.8 shows the Nusselt number maps for each of the four tested geometries for the

middle jet Reynolds number of 17,500.

For the first geometry, the peaks of high heat transfer occur in a straight line under each

impingement jet, with the third peak giving the highest Nusselt number. The fifth and sixth jets,

furthest from the inlet in the feed passage, show significantly reduced levels of heat transfer as

most flow has been used in the earlier jets, and consequently these jets have a lower Reynolds

number. There are ridges of high heat transfer between the impingement jets that spread later-

ally across the leading edge passage. These occur as the flow recirculating from the impinging

jets are funnelled across the leading edge geometry towards the SS2 and SS3 film holes, and

are investigated further in section 6.3.2 where more detail of the internal flow structure can be

visualised. High regions of heat transfer are also found at the entrance to the film holes as flow

is accelerated into them, which has previously been observed in [104].

The second geometry shows very similar levels of overall heat transfer, however with the

regions of high heat transfer shifted due to the staggered nature of the impingement hole con-

figuration. The streaks of high heat transfer due to jet interaction are again seen, however are

now angled due to the differing jet locations.

The heat transfer for the third impingement configuration is almost indiscernable from that

for the second geometry, indicating that the change from racetrack to elliptical holes has very

little impact on the heat transfer distribution. The fourth geometry gives a very similar pattern

to the second, the only difference being the location of the staggered jet peaks, which are closer

to the single line due to the reduced stagger.

Figures 6.9-6.12 show the Nusselt number maps for the different impingement geometries

for the three Reynolds numbers tested.

For all geometries the overall heat transfer pattern is unchanged, with peaks under the

jets and in regions of jet interaction, however with significantly increasing heat transfer with

Reynolds numbers. This is expected due to the increased thermal capacity of the flow as the

mass flow increases. This relationship is quantified below in section 6.3.3.
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(a) Geometry 1 - single line, racetrack

(b) Geometry 2 - staggered, racetrack

(c) Geometry 3 - staggered, elliptical

(d) Geometry 4 - reduced stagger, racetrack

Figure 6.8: Heat transfer - experimental - geometry comparison - Re = 17,500
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(a) Re = 13000

(b) Re = 17500

(c) Re = 22000

Figure 6.9: Heat transfer - experimental - Reynold numbers - geometry 1

(a) Re = 13000

(b) Re = 17500

(c) Re = 22000

Figure 6.10: Heat transfer - experimental - Reynold numbers - geometry 2
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(a) Re = 13000

(b) Re = 17500

(c) Re = 22000

Figure 6.11: Heat transfer - experimental - Reynold numbers - geometry 3

(a) Re = 13000

(b) Re = 17500

(c) Re = 22000

Figure 6.12: Heat transfer - experimental - Reynold numbers - geometry 4
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Table 6.6: Uncertainty for experimental heat transfer results

Measurement uncertainty HTC uncertainty

Exp. starting temp. 0.2 oC 4.4 %

Gas temp. rise 1% 1.9 %

Thermal product 29 Jm2√s 5.5 %

Crystal calibration temp. 0.25 oC 5.5 %

Video timing 0.04 s 1.9 %

Discretisation - 1.2 %

Overall RSS - 10.0 %

Figure 6.13: Experimental uncertainty distribution - geometry 1, Re = 17500

6.2.3 Experimental Uncertainty

Table 6.6 gives typical uncertainty values for the experimental setup and figure 6.13 shows the

uncertainty map for the central Reynolds number case for geometry 1, from which the typical

uncertainty values were also calculated.

It can be seen from these figures that the overall uncertainty level is approximately 10.0%

with the greatest contribution from the uncertainty for the thermal product of perspex. The

highest uncertainty values are seen away from the impinging jets where only the first crystal

was activated during the test due to the lower HTC values.

6.3 Comparison with CFD

6.3.1 CFD Setup

The CFD simulations were undertaken using the same methodology as previously described in

chapter 5. Meshing was undertaken in ICEM and Ansys Fluent was used as the solver with the
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Table 6.7: Mesh details for impingement geometry

No. of Cells 11.6 million

No. of Prism Layers 15

Max y+ 2.157

Area-averaged y+ 0.269

(a) Geom 1 - Exp. (b) Geom 1 - CFD

(c) Geom 2 - Exp. (d) Geom 2 - CFD

(e) Geom 3 - Exp. (f) Geom 3 - CFD

(g) Geom 4 - Exp. (h) Geom 4 - CFD

Figure 6.14: Heat transfer - experimental vs CFD - Re = 17500

k-ω SST turbulence model. Table 6.7 gives the details for the mesh for the baseline geometry

and operating condition.

6.3.2 Heat Transfer - Distributions

Figure 6.15 shows a comparison between the experimental and CFD results for all geometries

at the middle Reynolds number of 17500. The overall heat transfer distribution is reasonably

well predicted, however there are some differences between the simulations and experimental

results.

The location of the peaks of high heat transfer under the impinging jets are predicted well
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(a) Experimental Nusselt number (b) CFD near-wall velocity contour for same
region

Figure 6.15: Heat transfer - detailed view of high heat transfer region with CFD velocity con-
tour

for all geometries, as are the regions of high heat transfer at the entrance to the film holes and

between the jets. However, the CFD simulations predicts significantly higher peak values and

more clearly defined peaks with levels falling away to lower levels away from the jets. The

experimental results show less pronounced peaks which spread further across the target surface.

This is the same as found in Chapter 5 of this thesis, and also in other studies such as [51].

Figure 6.15 (a) shows a small region of the experimental Nusselt number maps for geometry

1 at a Reynolds number of 17500, in order to highlight the region of high heat transfer streaks

between the impingement jets, with (b) showing a velocity contour with overlayed vectors for

a near wall plane for the same region. It can be seen from this that the thin high heat transfer

regions results from a high velocity wall jet, that occurs between the impingement jets as the

recirculating flow is directed across the leading edge surface. The thin developing boundary

layer of the this jet results in a high heat transfer level. These high velocity regions occurs

as a combination of the passage shape, that funnels flow in this direction, and also due to the

presence of film holes that bleed flow from this passage a distance away from where the jets

impinge.

6.3.3 Heat Transfer - Averages

The Nusselt number maps presented previously have been averaged and plotted below to illus-

trate the overall heat transfer with geometry, figure 6.16, and with Reynolds number, figure 6.17.

It can be clearly seen that the impingement hole configuration has little effect on heat trans-

fer. For both the experimental and CFD results the overall heat transfer levels are similar for

all geometries for a given Reynolds number. This is an important result for thermal engineers

who may used the staggered configuration, or elliptical jets, in order to reduce stress concerns,

118



Internal Cooling for HP Turbine Blades Robert Pearce

Figure 6.16: Heat transfer averages - comparison between experiment and CFD simulations -
geometry

which can be done without reducing the leading edge heat transfer.

The CFD consistently overpredicts the heat transfer for this system by approximately 10 %

across all geometries and Reynolds numbers.

A power fit of the form a∗Reb has been produced for the experimental data, given in equa-

tion 6.4 and illustrated on figure 6.17. The other correlation shown on figure 6.17 is that for the

most similar geometry found in [52], and shows good agreement with the experimental data,

albeit with a slightly different relationship with Reynolds number. The experimental data is also

in line with other relationships for impingement systems found in the literature such as [51,67].

The levels produced from these other correlations are around 8% higher that those found in

a similar leading edge system in [51], with this differences put down to the lower z/DH , and

asymmetric leading edge passage shape found in this work. The Reynolds exponent of approx-

imately 0.71 is similar to that of many previous impingement correlations, for example those

presented in [52, 55, 102, 117]. The overall Nusselt number levels do show some difference to

these previous studies due to varying driving gas temperature definitions and the asymmetric

nature of the leading edge passage in this study.

Nu = 0.05738Re0.7093 (6.4)

119



Internal Cooling for HP Turbine Blades Robert Pearce

Figure 6.17: Heat transfer averages - comparison between experiment and CFD simulations -
Re

6.4 Summary and Conclusions

A new experimental rig for a leading edge impingement system has been designed and con-

structed, and a series of heat transfer tests have been completed. Four different impingement

configurations have been tested for an engine-representative turbine blade leading edge geom-

etry with film cooling flows. The heat transfer distributions and levels have been compared to

RANS CFD simulations.

The following conclusions have been drawn.

• The experimental heat transfer distributions produced show the typical patterns expected

of such a system, with peaks of high heat transfer under each impinging jet.

• Additional regions of high heat transfer are also seen where flow accelerates into the film

cooling holes, and between the jets where recirculating, high velocity flow is funnelled

across the leading edge surface towards the suction surface film cooling holes.

• The effect of altering the impingement configurations on heat transfer is very small, which

allows the rearrangement of jets to such configurations to reduce web stresses in a turbine

blade.

• An increase in jet Reynolds number gives an increased surface Nusselt number in line
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with previous studies.

• CFD simulations reasonably predict the overall heat transfer distribution, with a consis-

tent overprediction in levels of approximately 10%.
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Chapter 7

Leading Edge Impingement - Mechanical

The current industry practice for blade design initially involves modelling and experimental

techniques to determine the heat transfer levels obtained by a particular cooling system. These

levels are then passed onto a separate team which applies them to a full blade stress model

to determine if a particular blade design has adequate life [118]. This process is very time

consuming and expensive due to the multiple full analyses that must be undertaken, with each

change in cooling design requiring a full re-analysis.

The method proposed in this section involves isolating a single cooling system within a

blade, and running a combined cooling then stress analysis within the same software environ-

ment. It has the capability for faster analysis and optimisation of individual cooling components

which can then be recombined back into a full blade design for confirmation that the final over-

all design meets the required specification. It also allows for analysis of individual aspects of a

cooling system design in terms of metal temperature and stress distribution.

Both the new method and existing techniques rely on imported thermal boundary conditions

in the stress modelling. These are supplied by CFD simulations or experimental results, such as

those previously detailed in chapter 5.

7.1 Overview of Method

The method comprises of the following stages:

1. Isolate the cooling feature as a section of geometry which is to be analysed
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2. Run a conjugate CFD simulation for the selected geometry

(a) Create mesh

(b) Run simulation using engine conditions

(c) Export metal temperature for mechanical analysis

3. Run a mechanical analysis using results from the CFD solution

(a) Mesh metal domain

(b) Import metal temperature from conjugate CFD

(c) Run mechanical analysis

4. Analyse results to see if the required specification is met and if the cooling system can be

improved.

5. Alter geometry or boundary conditions and iterate as required

6. Recombine features into full cooling configuration for turbine blade

All of these stages are completed within the Ansys workbench environment which allows

for simple implementation combining the CFD and mechanical simulations.

7.2 Methodology - CFD

The first stage in this method is to conduct a conjugate CFD simulation of the specified domain

at engine representative conditions. This simulation was undertaken using common industrial

RANS methodology with boundary conditions specified from existing knowledge of the opera-

tion of a typical turbine blade cooling system.

7.2.1 Geometry and Meshing

The geometry used in these simulations was a leading edge impingement system designed to

fit within a typical mid-section turbine blade profile, illustrated in figure 7.1. The leading edge

passage was shaped accordingly and a rectangular cross section with rounded corners was used

for the feed passage. Multiple rows of film holes were included in the geometry, three on the
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Figure 7.1: CFD geometry and location within representative blade

Table 7.1: Geometric details - passage

Feed Leading Edge Jet

DH (mm) 5.77 3.80 1.203

A (mm2) 31.61 16.63 1.185

L (mm) 55 55 1

Re (In / Out) 182190 / 74200 55000 / 43550 54510

suction surface and two on the pressure surface. The suction surface films and one pressure

surface film are fed from the leading edge passage with the remaining pressure surface film fed

from the feed channel. Details of the geometry are given in table 7.1, with film cooling details

given in table 7.2.

The blade metal was created using a 1 mm thick wall to surround the cooling passages. A

5 mm thick tip was added at the top of the passages for the full profile except for two dust holes

with diameters of 4 mm and 2.5 mm for the feed and leading edge passages respectively. This

geometry is shown in figure 7.2 (a) and (b), with the dust holes visible in (c). The properties

of the Rene N5 nickel based alloy [119] are given in table 7.3. The material used in these

simulations is a Rolls-Royce nickel alloy with similar properties to this.

The meshing for the CFD was undertaken in ICEM 14.0 with an example mesh given in

Table 7.2: Geometric details - film cooling

PS1 PS2 SS1 SS2 SS3

No. Rows 20 20 20 20 20

D (mm) 0.35 0.35 0.35 0.38 0.38

L (mm) 0.964 1.000 0.938 1.026 1.331
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(a) Conjugate CFD B.C. (b) Conjugate CFD B.C.

(c) Dust hole location and sizing (d) Conjugate CFD meshing

Figure 7.2: CFD geometry, boundary conditions and meshing
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Table 7.3: Thermal and mechanical blade material properties

Material Rene N5

ρ 8600

E 106000

G 108000

ν 0.401

figure 7.2 (d). An unstructured tetrahedral mesh with 12 prism layers to capture the boundary

layer was used for the fluid domain while the solid was meshed with an unstructured tetrahedral

mesh. The meshing parameters were based on previous simulations run in chapter 5. The fluid

mesh consisted of 12.7 million cells with an area-averaged y+ <1.5 and a maximum y+ <8.

The solid mesh contained 6.3 million cells.

7.2.2 Simulation Setup

The simulation setup was similar to previous impingement calculations, with some changes due

to the conjugate nature of these simulations.

Fluent 14.0 was used for all CFD simulations. A stepped solution procedure was followed

with the complexity of the calculations built up gradually, as for the simulations in previous

chapters. The working fluid was air, modelled as an ideal gas with temperature dependent spe-

cific heat, viscosity and thermal conductivity. The SIMPLE pressure-based solver was utilised

with second order discretisation for energy, momentum and turbulence properties. The k-ω SST

turbulence model was used for these calculations due to its satisfactory performance for rotating

impingement systems shown in chapter 5. Pressure outlets and mass flow inlets were specified

to match engine design conditions as given in table 7.1. The pressure outlet conditions were

variable for each row of film holes and the radial location of each hole, based on the expected

external pressure distribution obtained from an in-house simulation of the blade passage.

The heat transfer boundary conditions consisted of specified engine-representative HTC and

free stream temperature values on the leading edge external metal with an adiabatic condition

on the external metal that would be internal to the blade, if the entire blade was modelled. A

similar approach to this has been validated in [120] These conditions are shown in figure 7.2 (a-

b) with orange indicating an adiabatic boundary, red the hot free stream boundary and green
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(a) Coarse (b) Mid (c) Fine

Figure 7.3: Mesh independence study

the coupled solid-fluid boundaries. The external HTC value used was just over 4000 W/(m2K)

with a free stream temperature of approximately 1800 K.

The primary simulation result is the blade metal temperature to be imported into the me-

chanical analysis and therefore internal heat transfer coefficients were not analysed for this

case.

7.3 Methodology - Mechanical

The mechanical analysis was conducted in the Ansys Mechanical software package accessed

from Ansys Workbench. The solid domain is imported and meshed using the inbuilt mesher.

A tetrahedral mesh was used with refinement around the impingement and film holes. A mesh

independence study was conducted to determine the level of refinement required around the

impingement holes.

7.3.1 Mesh Independence Study

A mesh independence study was carried out to ensure sufficient resolution present around the

impingement holes, where the highest stress concentrations and gradients are likely to be found,

with a suitable level of refinement applied to all simulations based on the outcome of this study.

Three different refinement levels were tested, given in figure 7.3, with the corresponding

stress distributions shown in figure 7.4.
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(a) Coarse (b) Mid (c) Fine

Figure 7.4: Stress in impingement holes - mesh independence study

(a) Mesh for mechanical simulations (b) Refinement

Figure 7.5: Final mechanical meshing

It is clear from the stress distributions that the coarse mesh does not provide enough res-

olution around the impingement holes. However the mid and fine meshes both produce very

similar results, and therefore the mid level of refinement around the impingement holes is used

for all calculations. A final example mesh and refinement is given in figure 7.5.

7.3.2 Analysis

The metal temperature from the CFD simulation was imported into the Ansys Mechanical soft-

ware and mapped onto the solid domain using the imported load tool. A rotation was applied to

simulate that experienced in an engine, with the blade anchored at a fixed radial displacement,

that matched the engine dimensions, on the root surface of the geometry. This boundary con-

dition causes a region with very high stresses near the root of the blade, however this does not

affect the area of interest in the central section of the metal. It also closely simulates the actual
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boundary condition found in the engine, with the fir tree anchoring the blade root to the disk.

The analysis is then run using the standard setup with post-processing then conducted within

the Ansys Mechanical software. The initial post-processing consists of producing stress con-

tours around the central three impingement holes, as these are where the simplified passage

cross section is most similar to that of the real blade, in order to validate the method. The differ-

ent stresses in the working co-ordinate system and the principal stresses were plotted to ensure

complete validation of the method and to identify any discrepancies.

7.4 Validation of Method

7.4.1 CFD - Film Cooling Pressure Ratios

There are two stages to the validation of this methodology, the first of which is to validate

the CFD simulations. Due to the CFD being run at engine conditions no experimental data is

available for direct validation, however some level of validation is possible against in-house

software predictions that have proven to be reliable in real engine cases.

Film cooling is key to ensuring a low enough blade metal temperature, and can used as

a validation case for the aerodynamics within the CFD. The internal cooling system must be

able to maintain the required pressure ratios across each of the film cooling rows. Figure 7.6

shows the total-to-static pressure ratio across each row of films in the CFD simulation (shown as

dots) compared to the average value from the mid-section film holes from an in-house software

prediction (horizontal lines) [121].

It can be seen from figure 7.6 that the pressure ratios predicted by the CFD, across the central

blade section where the comparison is valid, are very close to those expected from the in-house

software predictions which have been proven reliable for similar configurations. Heat transfer

predictions will be undertaken by comparing metal temperature predictions in the following

section.

7.4.2 Metal Temperatures

The mechanical validation has all been conducted against in-house Rolls-Royce software which

itself has been extensively validated for real engine cases.
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Figure 7.6: Pressure ratios across film holes - internal total to external static pressures

Initial validation compared the metal temperature predictions from the conjugate CFD sim-

ulations against those from the in-house Rolls-Royce software [122], figure 7.7. The validation

has to take place against other FEA simulations due to the lack of stress distribution data avail-

able at engine conditions.

The metal temperature distribution found from the conjugate CFD follows the expected

trends. The outer surface of the blade is found to be much hotter than the inner, due to the

imposed boundary conditions on these surfaces. On the leading edge of the blade the lowest

(a) Conjugate CFD prediction - 1 (b) Conjugate CFD prediction
- 2

(c) In-house pre-
diction

Figure 7.7: Blade metal temperature
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temperatures are found under the impingement jets, indicating that effective cooling is taking

place. Very high temperatures are found at the root and tip of the blade where no impingement

or film cooling is present. However when considering the stress levels within the mid-height

section of the web, as this study intends, these are not found to be significant.

The web temperature levels and distribution are seen to be very similar to the in-house

software predictions with the coolest temperatures of around 700oC found just towards the

suction surface side of the impingement holes in the web.

The similarity between these indicates that the temperature distribution predicted by the

conjugate CFD is sufficiently accurate to use to predict stress levels within the blade.

7.4.3 Principal Stresses

Figure 7.8 compares the maximum, mid and minimum principle stresses predicted by the new

method to those calculated by the in-house stress analysis software [122]. The contours are

shown on the same scale for the web surface around the three central impingement holes, as

viewed from the leading edge of the blade.

The maximum principal stress levels are very close for the two different methods with only

minor differences in the distribution. The same pattern of peak stress down the sides of the holes

and the lowest stresses at the radial ends of the holes are followed in both cases, however are

angled slightly in the in-house results. This is as the simulation was performed on a blade with

a twisted, three-dimensional profile, which introduces stress components which are not present

on the analysis of the constant cross-section geometry.

This is again evident on the mid and minimum principal stress plots where a clear gradient

is observed across the web, which is not predicted by the new method. However the overall

stress levels are similar for these components, confirming the correct boundary conditions have

been used.

7.4.4 Directional Stresses

Figure 7.9 illustrates the axial, radial and tangential components of stress from both analyses.

It can be seen that the levels of stress are similar for all components however with a dif-

ferent distribution in the axial and tangential directions. These are created by the difference
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(a) Max - in-house (b) Max

(c) Mid - in-house (d) Mid

(e) Min - in-house (f) Min

Figure 7.8: Mid height max, mid and min principal stresses
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(a) Axial - in-house (b) Axial

(c) Radial - in-house (d) Radial

(e) Tangential - In-house (f) Tangential

Figure 7.9: Mid height axial, radial and tangential stresses
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between the geometries used for the analyses. The radial stress distribution, however, is very

well matched with only slight differences introduced due to the blade lean. It is also clear that

the radial stress is the most dominant, contributing greatly to the maximum principal stress.

Therefore as blade life depends primarily on the maximum principal stress, which is seen

to be well matched, the differences in stress distribution introduced by considering a prismatic

cross section geometry, rather than a full three-dimensional geometry, are not considered to be

significant. This is especially true when examining the relative performance of multiple designs,

rather than the absolute stress levels of a single cooling system inside a complete blade.

7.4.5 Stress Assessment Criteria

Following the validation of the method, the latter was then used in order to develop understand-

ing of the causes of high stress levels and concentrations within a leading edge impingement

system and investigate methods of reducing the effect of these on blade life. The criterion used

to assess the relative mechanical performance of the different variations is given by equation 7.1.

Stress criterion =
Max. prin. stress

UT S @ Tlocal metal
(7.1)

Stress contours will be presented in this form for the remainder of this paper. This criterion

is used as blade life is heavily dependent on the maximum principal stress however the material

properties vary greatly with temperature, figure 7.10, and this variation must be taken into

account in order assess the stress field of the different systems. As for the material properties

in table 7.3 the data given is for the Rene N5 nickel based alloy [119], which displays similar

dependence of UTS on temperature. This is also the criterion used by Rolls-Royce design teams

when assessing the relative life performance of different configurations.

7.5 Metal Temperature - Initial Investigation

In this section the effect of the temperature profile in the metal on the mechanical performance

of the blade are investigated. The same baseline geometry, with filleted impingement holes, was

used for the results presented below.

The FEA software allows for manually generated temperature profiles to be interpolated
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Figure 7.10: UTS of blade material with temperature

onto the geometry, and a stress analysis conducted. This enables the effects of individual fea-

tures of the temperature profiles, such as gradients and bulk temperatures, on the stress dis-

tribution to be evaluated. Initially the full temperature distribution from the conjugate CFD

simulation was compared to an isothermal blade, and to a 2D mid-section profile.

7.5.1 Temperature Profile vs Isothermal

The first test was conducted to show the importance of the temperature distribution on the me-

chanical performance of the blade. This compared the results of the full conjugate simulation

against one where the metal was set to be isothermal at 950oC. This is a representative tempera-

ture for the metal, and is well away from the peak UTS, as seen in figure 7.10. The comparison

of the full temperature distribution against the isothermal analysis is given in figure 7.11.

It is observed that with the full temperature distribution the stress levels are far higher than

in the isothermal case. This is due to the expansion of the hot outer metal relative to the cool

web, which places large stresses on this web, and due to the temperature gradient across the

web itself. It is clear that the metal temperature has a large influence on the stress levels, and

therefore the features that cause this were then investigated in order to improve the thermal

management of the blade.
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(a) Full CFD temp (b) Isothermal at 950o

Figure 7.11: Stress - full CFD distribution against isothermal at a representative temperature

7.5.2 Two-dimensional Blade Temperature Profile

Until this point full three-dimensional temperature profiles have been used, however when im-

posing a metal temperature in order to analyse the effect of the distribution it is easier to isolate

particular effects if a two-dimensional profile is used. Figure 7.12 shows the stress distribution

for a metal temperature of the full 3D profile against the 2D profile from the mid-section of the

metal, applied to the entire domain.

The stress distribution is very similar for both of these cases, indicating that radial temper-

ature changes in the metal have a negligible effect on the stress around the impingement holes.

Therefore two-dimensional temperature profiles will be used to investigate the impacts of the

temperature profile on the stress distribution and therefore blade life. This is because a change

in the two-dimensional temperature profile will directly translate to the three-dimensional dis-

tribution and is much more easily manipulated than a full three-dimensional distribution.

7.6 Results - Geometric

In this section different impingement geometries have been tested in order to assess the extent

to which different features affect the mechanical performance of an impingement system. The
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(a) Full CFD temperature (b) 2D profile from CFD

Figure 7.12: Use of 2D temperature profile

(a) 0.5 mm (b) 1.0 mm (c) 1.5 mm

Figure 7.13: Variation of web thickness - slice through mid-height of geometry

simulations were conducted with the 2D profile gained from the baseline CFD applied to each

geometry. This is to quantify the effects of changing the geometry with a representative tem-

perature distribution, whilst isolating these from changes to the metal temperature which may

be caused by altering the geometry.

7.6.1 Web Thickness

Initially the web thickness was varied from 1 mm, to 0.5 mm and 1.5 mm, illustrated in fig-

ure 7.13.

It can be seen clearly from this figure that the changes in web thickness are very large,
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(a) Stress - 0.5 mm (b) Stress - 1.0 mm (c) Stress - 1.5 mm

Figure 7.14: Variation of web thickness - stress

and therefore any effect from changing the web thickness should be visible. The 1.5 mm web

geometry maintains a 0.5 mm fillet radius while the fillet radius on the impingement holes is

reduced to 0.25 mm on the 0.5 mm web geometry.

Figure 7.14 gives the maximum principal stress/UTS@temp contours for each web thick-

ness.

Despite the very large changes in web thickness very little change in stress levels are ob-

served. The double peak of stress on the side of the impingement hole is less clear in the narrow

web thickness geometry, due to the change in fillet on the impingement holes, and is slightly

more pronounced on the 1.5 mm web. However there is very little change in the peak values,

indicating that altering the web thickness is not likely to yield a significant improvement in the

mechanical performance of an impingement system.

7.6.2 Impingement Hole Fillet

Another key aspect of the impingement geometry is the degree to which the impingement holes

are filleted. The fillet is present due to limitations in the manufacturing process and therefore

a comparison between a filleted and sharp-edged geometry was made. The full radius fillet

is defined such that the fillet radius is half the hole length, in this case 0.5 mm. The stress

distributions resulting from this are given in figure 7.15.

The effect the fillet has on the stress distribution is seen to be small, with peak stresses very

similar in the two different cases. There are some areas with reduced stresses in the filleted

case. Due to these relatively small differences it is assumed that there is no significant effect
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(a) Full radius fillet (b) No fillet

Figure 7.15: Variation of fillet on impingement holes

in having filleted impingement holes and any small changes observed are seen to improve the

stress distribution. This is useful for blade design where it is not possible to tightly control the

fillet radius within the manufacturing process.

7.6.3 Impingement Hole Geometry

Following this the impingement hole geometry was altered, within a constant 1 mm thick web.

In all of these geometries non-filleted impingement holes were used due to the different fillet

radius definition that would be required for angled holes. The hole configurations tested were

with the impingement holes angled radially outward at 45o, axially towards the suction surface

at 30o and a combined radially and axially angled geometry, figure 7.16. The stress results from

the different geometries are given in figure 7.17, with detailed views of the in-hole stresses in

figure 7.18.

As with previous changes in the geometry there are only small changes in the stress distribu-

tion found with the angled impingement jets. The peak stress levels are very similar with only

small changes of the distribution within the impingement hole itself, which are more evident in

the radially angled holes. These show a small gradient in peak stress levels throught the hole

itself, in opposing directions for the radially inner and outer peaks.
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Figure 7.16: Radial and axial impingement hole profiles

(a) Normal, no fillet (b) Radially angled - 45o

(c) Axially angled - 30o (d) Axially and radially angled

Figure 7.17: Variation of hole shape (different viewing angles in order to see internal surface
of impingement hole)
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(a) Norm. (b) Rad. (c) Axial (d) Both

Figure 7.18: Variation of hole shape - side view of central hole

It has been found that altering the impingement geometry, while applying a fixed temper-

ature profile, has little effect on the stress criterion on which blade life is heavily dependent.

This is both in terms of absolute levels and distribution. Therefore different metal temperature

profiles will be investigated to quantify their effect on the stress levels with the aim of reducing

these. The temperature profiles then can be obtained through careful design of the impingement

system, which is possible as it has been shown that the alterations in geometry have little direct

effect on stress levels.

7.7 Results - Temperature Profile

7.7.1 Baseline Blade Temperature Profile

In order to examine the relative stress levels with different metal temperatures, an approximate

temperature profile for the blade was developed. This was done in order to allow easy variation

of the blade metal temperature against a representative baseline case. The profile consisted

of a two-dimensional polynomial profile around the leading edge and feed passage and a one-

dimensional profile across the web. The one dimensional profile was modelled as both a 1st

and 2nd order polynomial between the minimum and maximum temperatures to determine the

effects of the gradient across the web. The profiles are shown in figure 7.19.

It is observed in figure 7.20 that the first order approximate profile gives significantly differ-

ent stress results, as would be expected, however the second order profile stress analysis is very

similar to that using the 2D profile from the CFD. This indicates that the second order approx-

imate 2D profile can be used as a baseline from which adjustments can be made. The effect of
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(a) Temperature profiles (b) CFD

(c) 1st order profile (d) 2nd order profile

Figure 7.19: Illustration of different temperature profiles
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(a) 2D CFD (b) 1st order (c) 2nd order

Figure 7.20: Variations of max principal stress/UTS@temp for different temperature profiles

these can then be easily assessed in order to find the optimum blade temperature distribution.

7.7.2 Variation of Temperature Profile

Two main aspects of the temperature profile were investigated. These are the temperature gradi-

ent across the web, and the bulk temperature difference between the outer blade ‘shell’ and the

web itself. The temperature profiles are illustrated in figure 7.21 with the corresponding stress

distributions given in figure 7.22.

Figure 7.21 (a), (b) and (c) show the bulk temperature profiles. In these cases the web

temperature has been fixed at constant temperatures of 700oC, 750oC and 800oC respectively.

Figure 7.21 (d) shows the temperature distribution across the web for the simulations where the

minimum temperature in the web has been increased by 25oC and 50oC, whilst maintaining the

same temperatures at either end of the web.

In both cases the outer metal temperature distribution remains that of the approximate tem-

perature distribution created previously.

The stress distributions for each of these temperature profiles are given in figure 7.22 for

those with a bulk web temperature while in figure 7.23 are those with a representative profile,

however with an adjusted minimum temperature.

The effect of changing the bulk web temperature on the web stress distribution is very clear.

With increasing web temperature the stresses are reduced significantly over the range investi-

gated. The distribution remains similar to that found using the conjugate CFD metal tempera-

tures, with some small changes across the web as would be expected. The stress levels around
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(a) Web @ 700oC (b) Web @ 750oC

(c) Web @ 800oC (d) Temperature across web

Figure 7.21: Blade metal temperature profiles

(a) Web @ 700oC (b) Web @ 750oC (c) Web @ 800oC

Figure 7.22: Stress distributions with different blade metal temperature profiles - bulk web
temperatures
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(a) Approx. temp profile (b) Min + 25oC (c) Min + 50oC

Figure 7.23: Stress distributions with different blade metal temperature profiles - adjusted min-
imum web temperature

the impingement hole indicate a constant temperature 750oC web gives stress levels equivalent

to those found using the conjugate CFD temperature distribution.

The effect of raising the minimum web temperature, whilst maintaining the same temper-

ature at its edges, is less pronounced, yet still clear. With an increase in the minimum web

temperature stress levels around the impingement holes and on the web are reduced.

This investigation shows that there is significant potential in reducing web stresses in im-

pingement systems by increasing the temperature of the web. The flow of the cool air through

the impingement holes cools the web and therefore impingement designs should consider both

the cooling within the holes in the web, which should be minimised, and the cooling on the

target surface, which should be maximised.

7.8 Summary and Conclusions

A new methodology utilising the Ansys Workbench, Fluent and Mechanical software has been

developed and applied to a leading edge impingement cooling system in a gas turbine blade.

This method combines full conjugate CFD of an isolated section of the blade with a stress

analysis to allow the relative perfomance of different impingement configurations to be as-

sessed. Temperature profiles are also imported directly into the mechanical simulation, enabling

changes to the geometry and temperature profile to be tested without the need to run a full con-

jugate CFD simulation. The application of this method has led to the following conclusions.
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1. Due to the strong dependence of the maximum principal stress on the radial stress, a

constant cross section geometry can be used to examine the relative stress distributions in

different cooling designs.

2. Significant changes in the web metal thickness have very little effect on the stress distri-

bution in the web or around the impingement holes, and therefore changes to obtain the

ideal heat transfer and temperature characteristics will not adversely affect stress levels.

3. Variations in impingement hole geometry and the presence of a fillet on the holes also

have little effect on the stress distribution, also allowing for changes to the geometry to

improve the heat transfer properties of the system.

4. The metal temperature distribution through a transverse section of the geometry greatly

influences the stress distribution, whilst the radial temperature distribution has very little

effect on stress levels.

5. Higher web temperatures, relative to the external wall temperatures, can significantly

reduce stress levels around the impingement holes.

In future this methodology could be applied to different internal cooling geometries to assess

them both, in terms of cooling and stress requirements. The tool could also be used to find an

optimal temperature distribution, which the cooling configuration can then aim to achieve.
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Chapter 8

Study of Sensitivity of Stress Field to HTC

Distribution

In this chapter the sensitivity of the metal temperature and stress distributions in a leading-edge

impingement system to variation in heat transfer levels on different surfaces is investigated. The

focus of this work was to investigate the convective parameters responsible for the temperature

field. In addition, an elastic FEA stress analysis was included to calculate the resulting stress

field which, in turn, is responsible for blade life.

The stress distributions are calculated using the same process as in chapter 7, however the

temperature distributions are obtained from an FEA simulation with imposed heat transfer con-

ditions on all surfaces, rather than from a conjugate CFD solution. This significantly reduces the

time taken for each simulation and also allows for the effect of altering HTC levels on different

surfaces to be directly modelled.

The intent was that this study could be used to directly improve the cooling performance

of a blade design through the variation of HTCs in different regions, either by geometric or

convective changes, and to also assess the effect of uncertainty in the HTC levels used in the

modelling process on the temperature and blade life.
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Figure 8.1: Method outline flow chart

8.1 Method

8.1.1 Outline

The method involves a number of stages which are illustrated in figure 8.1.

1. Initially the required geometry is produced using CAD software and imported into Ansys

Workbench. A ‘Steady-State Thermal’ FEA model is then created using this geometry.

2. Following this the geometry is meshed using the in-built Ansys Mechanical meshing

software. For this particular leading edge geometry, the same as that used in chapter 7, a

global element size was set, with refinement on the film and impingement hole surfaces.

3. Once meshing has been completed thermal boundary conditions are applied to the model.

These can be specified in a number of ways. In this case heat flux and HTC with driving

gas temperature conditions were used on internal and external surfaces. The boundary

conditions can either be specified directly as specific values on each surface or using an

imported distribution. For the leading edge internal surface a full distribution from a

conjugate CFD simulation was imported and mapped to the relevant surfaces.
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4. The thermal model is then solved using the Ansys Mechanical FEA software to give a

full, three-dimensional metal temperature distribution. The material properties were set

to be representative of a modern turbine blade.

5. The full temperature distribution is then analysed, and also exported for use in a stress

analysis.

6. A stress analysis is performed using the same methodology as in chapter 7 using the

imported temperature distribution.

8.1.2 Thermal Simulation Details

The finite element simulation requires many different thermal boundary conditions which in

this case are taken from a combination of correlations and other simulations. Figure 8.2 (a)

illustrates the different regions to which thermal boundary conditions were applied.

The external surfaces were modelled identically to the conjugate CFD in chapter 7, with

a uniform HTC of just over 4000 W/(m2K) and a free stream temperature of approximately

1800 K applied over the leading edge. The remaining external surfaces were modelled as adia-

batic, as in a real blade case these would be internal to the blade and therefore can be reasonably

approximated as adiabatic.

The internal surfaces were modelled using a constant representative coolant gas temperature

for simplicity, and the earlier conjugate CFD analysis has shown there is relatively insignificant

temperature change (less than 3oC) throughout the passage length. The HTCs on the internal

surfaces were calculated using the Dittus-Boelter correlation to achieve representative levels for

each passage, apart from the leading edge internal surface where a distribution was imported

from a conjugate CFD solution. This was done in order to remain representative of a real

system as under the impinging jets there are large spatial variations in HTC. The resulting heat

flux distribution is given in figure 8.2 (b).

Details of heat transfer coefficients applied to each internal surface are given in table 8.1.

These were all calculated using the Dittus-Boelter correlation based on the Reynolds number

and hydraulic diameter of the relevant feature.
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(a) HTC regions

(b) LE internal HTC distribution

Figure 8.2: HTC regions and LE internal HTC distribution

Table 8.1: HTC details

Label in 8.2 Re No. DH (mm) Nu No. HTC

A Feed 128195 5.77 244.6 2440.5

B LE 49275 3.80 113.8 1879.5

C Jet 54510 1.203 123.4 6439.5

D PS1 19980 0.38 55.3 9133.2

E PS2 21180 0.35 57.9 10382.3

F SS1 21550 0.38 58.7 9694.8

G SS2 22845 0.35 61.6 11045.8

H SS3 18332 0.35 51.6 9252.6
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(a) Conjugate CFD (b) Thermal FEA

Figure 8.3: Conjugate CFD vs thermal FEA - metal temperature comparison

8.2 Comparison of New Method with Conjugate CFD

The results obtained using the FEA thermal simulation are compared below to those obtained

using a full conjugate CFD solution, in order to verify that the salient features in the temperature

and stress distributions are accurately represented.

8.2.1 Temperature Distribution

Figure 8.3 compares the metal temperature distribution from the conjugate CFD to that obtained

by the new method as described above.

The general trends in distribution are seen to be similar in both cases with high temperatures

around the right hand section of the blade, and considerably lower temperatures in comparison

to this under the impingement jets. The lowest temperatures are also found in the web, due to

the in-hole cooling effect of the impingement system, and in the feed wall where the adiabatic

boundary condition is found. However the conjugate CFD shows consistently lower tempera-

tures than the new method. This is due to the underestimated heat pickup caused by using the

Dittus-Boelter correlations. The correlation does not take into account local features, such as

separation and reattachment regions, which can significantly raise the heat transfer levels.

However, the temperature distribution from the FEA model is close to the conjugate CFD,

and maintains the key features of the distribution, such that it may be used as a baseline from

which relative changes due to HTC adjustments can be assessed.
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(a) Conjugate CFD (b) Thermal FEA

Figure 8.4: Conjugate CFD vs thermal FEA - stress comparison

8.2.2 Stress Distribution

Figure 8.4 compares the stress distribution from the conjugate CFD to that obtained by the

new method. As before, this is displayed in the form of maximum principle stress/UTS at

temperature contours.

The distributions are seen to be very similar for these two simulations. The stress concentra-

tions around the impingement holes are of similar shape and magnitude while web stress levels

further from the holes also seen to be very well matched.

This confirms that the FEA thermal model with applied HTCs is representative of the fully

resolved conjugate simulation, and therefore can be used as a baseline from which to assess the

effect of HTC alterations in different regions.

8.3 HTC Adjustments - Temperature

Following the establishment of the method, HTC levels were systematically varied on the dif-

ferent surfaces in order to assess the sensitivity of both metal temperature and stress levels to

changes in HTCs. HTCs were varied on the leading edge, web and in-hole areas by ± 20 % as

illustrated in figure 8.5. This level of change was chosen as it is likely to be achievable by im-
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Figure 8.5: HTC adjustment regions

(a) Initial (b) LE HTC +20% (c) LE HTC -20%

Figure 8.6: LE internal HTC +/- 20% - metal temperature

provements in cooling technology whilst remaining realistic. It was judged to be large enough

to cause identifiable changes in both temperature and stress distributions if these are reasonably

dependent on the HTC levels in the areas which are investigated.

Leading Edge

The temperature distributions for the leading edge internal HTC alterations are given in fig-

ure 8.6.

It is clear that the alteration of the leading edge heat transfer levels has a very large influence

on the metal temperature in this region. An increased HTC greatly reduces the temperature

while it is increased for a reduction in HTC levels. Other regions of the leading edge model

remain unaffected by this change with no differences in temperature observed other than in the

leading edge region. This indicates that the leading edge HTC can be altered to obtain a more

desirable temperature without impacting the temperature distribution in other regions.
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(a) Initial (b) Web HTC +20% (c) Web HTC -20%

Figure 8.7: Web HTC +/- 20% - metal temperature

(a) Initial (b) In-hole HTC +20% (c) In-hole HTC -20%

Figure 8.8: In-hole HTC +/- 20% - metal temperature

Web

Temperature distributions from the simulations with the web HTC altered are given in figure 8.7.

The changes in temperature for this case are less prominent than those on the leading edge

due to the lower heat fluxes involved, however clear changes are observed. These changes are

also in regions of higher stress so are still likely to impact on the stress/UTS@temp levels, and

therefore blade life. As would be expected the higher HTC levels result in a cooler web with

a lower HTC giving a hotter web. However as seen in chapter 7 a hotter web is likely to be

desirable to reduce stress and increase blade life.

In-hole

Figure 8.8 gives the temperature distribution with an alteration of the in-hole HTC levels.

The in-hole HTCs are very high, and therefore a significant change in temperature might be

expected to occur from this perturbation. However due to the small surface area over which the

coolant acts very little change in temperature distribution is observed in comparison to those

resulting from other heat transfer alterations. A small change in web temperature is found, but

significantly less than those from the same proportionate changes in HTC on the web.
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(a) Initial (b) LE HTC +20% (c) LE HTC -20%

Figure 8.9: LE internal HTC +/- 20% - stress distribution

In summary it is found that alterations to the leading edge and web heat transfer coefficients

result in significant changes in temperature distribution, whilst the in-hole HTC alterations do

not. This result guided the subsequent research away from the in-hole convective HTC. This

is significant as the author was aware of forced geometric changes to the hole geometry which

would affect this HTC distribution. The changes in temperature distribution are large enough

that changes in the stress distribution would be expected, see section 8.4 below. The changes in

temperature distribution are isolated in the region in which the HTC is altered.

8.4 HTC Adjustments - Stress

Leading Edge

The stress distributions from simulations that use the temperature distributions resulting from

the leading edge HTC adjustments are shown in figure 8.9.

This figure indicates that there is not a large change in the web stress distribution for these

cases. It would be expected for there to be lower stress levels in the case with higher LE HTCs

as the lower leading edge temperatures would lead to less differential expansion between the

web and outer shell. The opposite would be expected for the case with lower LE HTC levels.

This is observed to some degree, with stress levels around the impingement holes seen to be

slightly lower for the raised HTC case, however the changes appear to be fairly small.
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(a) Initial (b) Web HTC +20% (c) Web HTC -20%

Figure 8.10: Web HTC +/- 20% - stress distribution

(a) Initial (b) In-hole HTC +20% (c) In-hole HTC -20%

Figure 8.11: In-hole HTC +/- 20% - stress distribution

Web

Figure 8.10 gives the stress distribution with altered web HTCs.

This case only shows very small changes in stress levels for the given alterations. The

increased web HTC exhibits slightly higher stress levels, as the colder web results in greater

relative expansion of the outer shell to the web. The reverse effect is seen when the web tem-

perature is increased with a decreased HTC level.

In-hole

The stress distributions for adjusted in-hole HTC levels are shown in figure 8.11.

There are no visible differences in these stress distributions. This is expected due to the lack

of any significant temperature changes resulting from the in-hole HTC adjustments.
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A number of interesting points can be drawn from this section.

• It is observed that a 20% change in HTC levels can have a significant impact on metal

temperature levels. Alterations in the leading edge HTC have the greatest effect, however

in-hole levels have a very limited impact due to the small surface area.

• The changes in metal temperature are seen to be isolated in the region in which the HTC

is altered, with no indirect effect in other regions of the metal.

• Stress levels are seen to be reduced by either increasing the leading edge HTC, or de-

creasing the web HTC as this reduces the temperature difference between the web and

shell and consequently the relative expansion of the shell compared to the web.

8.5 Combined HTC Adjustments

Following the assessment of individual HTC adjustments a simulation was run to obtain a fur-

ther reduction in stress levels through the combination of multiple adjustments. Due to the

isolation of the effects of each HTC adjustment on the metal temperature it is likely that HTC

adjustments in multiple regions can be successfully combined.

The combined simulation was run using an increased HTC on the leading edge and a de-

creased HTC on the web, both were changed by +20% and −20% respectively.

A change of +20% in HTC would be achieved in practice by increasing the flow by approx-

imately 25 %. This could be implemented by changing the distribution of cooling flow around

the blade to reduce the stress in life limiting zones, in this case the leading edge.

8.5.1 Temperature Distribution

The temperature distribution with the combined HTC adjustments is compared to the initial

distribution in figure 8.12.

There are significant differences in the temperature distribution in the areas where expected

from the HTC alterations. The leading edge is significantly cooler while the web temperature

has increased over the initial simulation. This gives a small bulk temperature difference between

the web and shell, and hence lower stresses in the web would be expected.
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(a) Initial (b) Combined HTC Adjustments

Figure 8.12: Combined HTC adjustments comparison - metal temperature

8.5.2 Stress Distribution

Figure 8.13 gives the stress distribution comparisons for the combined simulation.

There is a clear improvement with the HTC alterations with significantly lower stresses

around the impingement holes and across the web, resulting from the reduced temperature dif-

ference between the web and shell.

8.6 Cold Coolant

A potential development in future engines is to improve blade life through the use of cooled

coolant air. In this system coolant air is passed through a heat exchanger in order to reduce its

temperature before being used to cool the HP turbine blade, resulting in a significantly colder

coolant temperature and the potential to extract more heat from the blade [123]. To simulate the

approximate effect this may have on blade life the initial HTC levels were used with a coolant

temperature reduced by 100 K at the inlet to see if stress levels were likely to decrease.

8.6.1 Temperature Distribution

Figure 8.14 shows the metal temperature distribution for the initial and cold coolant simulations.

The temperature distribution is much as would be predicted. With a uniform decrease in the

temperature of both coolant streams the distribution remains very similar, however is signifi-

cantly colder throughout, at approximately 100 K below the initial simulation.
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(a) Initial (b) Combined HTC Adjustments

Figure 8.13: Combined HTC adjustments comparison - stress distribution

(a) Initial (b) Cold Coolant

Figure 8.14: Cold coolant comparison - metal temperature
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(a) Initial (b) Cold Coolant

Figure 8.15: Cold coolant comparison - stress distribution

8.6.2 Stress Distribution

The stress distribution comparison for the cold coolant simulation is given in figure 8.15

With the reduced metal temperatures the stress levels have significantly increased. Both the

stress concentrations around the impingement holes and the web stresses are higher. This is

found as a larger temperature difference between the shell and web is created, combined with a

colder web that reduces the UTS value for this region slightly, resulting in higher levels of the

stress metric used.

8.7 Average Stress

Stress contours present the full distribution over the surface of a component, however in cases

with only small changes in distribution these are often not clearly visualised. Therefore quasi-

volume-averaged stress levels for each case, in the web region around the central impingement

hole, are shown in figure 8.16.

The figure shows an intial average value for the Max Principal Stress/UTS@Temperature to

be approximately 0.344. The trends observed in the stress contours are found in the averaged

data with the LE having the most impact on the stress levels, followed by the web HTC with the
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Figure 8.16: 3d average of max principal stress/UTS@temp

in-hole levels having a minimal effect. It is also confirmed that the combination of increased LE

and reduced web HTC adjustments produces the lowest stress levels, a 6% improvement over

the initial simulation. The cold coolant simulation shows a modest rise in stress levels.

8.8 Summary and Conclusions

Thermal FEA simulations have been run in order to determine the effect of the HTC levels

within different regions of a leading edge impingement system on the metal temperature and

stress distribution. HTC levels were adjusted on the web, leading edge and inside the impinge-

ment holes, and the following conclusions were drawn.

1. The internal leading edge HTC was found to have the largest effect with the web HTC

also having a significant effect, while the in-hole HTC was far less important due to the

small area over which it acts.

2. The stress levels found in the web and around the impingement holes were found to

decrease with an increase in the internal LE HTC, and a reduction in the web HTC.
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3. Simulations run with a cold coolant feed showed that, despite the significantly reduced

metal temperature, the stress levels increased a little with the other parameters unchanged.

4. A significant reduction in average stress levels of 6% could be achieved in this case with

a combined 20% increase in LE HTC and reduction in web HTC.

This work has therefore been successful in showing the relative importance of different HTC

levels in terms of stress reduction in a leading edge impingement system, and how significant

stress reductions can be obtained with achievable adjustments in HTC levels in different regions

of the geometry.
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Chapter 9

Thermal Matching - Methodology and

Results

Thermal matching is a key stage of the gas turbine engine development process, particularly

for the high pressure turbine blade [118]. Following the design process, a set of development

engines are constructed and put through a series of evaluation tests, one of which is the thermal

paint test. This test involves coating the turbine components with temperature sensitive paints,

which give surface temperature contours for the test piece under the specified running condi-

tions. This distribution is then compared to that which has been predicted by the thermal model

for the given test condition to assess the accuracy of the thermal model.

In the ideal case, these distributions would match and no further action would be required.

However, invariably the distributions contain significant differences due to the inevitable uncer-

tainties in model parameters and boundary conditions encountered when modelling a complex

turbine cooling system. Therefore the thermal model of the blade must be altered in order to

match the ‘correct’ distribution measured at the blade surface by the thermal paint test, in order

to give accurate blade life predictions obtained from an analysis that uses the full distribution

of temperatures through the blade.

The current methodology involves an experienced cooling engineer manually adjusting dif-

ferent parameters within the cooling model in order to obtain a satisfactory match. These pa-

rameters are usually either the HTC levels in the internal cooling passages, film effectiveness

levels or the upstream temperature distribution known as the traverse. The existing approach

has a number of drawbacks. These include:
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• It is very time consuming to manually make adjustments, and a thermal match can take

4-6 months to complete

• There is no evidence that the optimum parameters have been selected

• The use of individual judgements instead of a standardised procedure is likely to give a

different solution dependent on the process variables as decided by the individual engineer

• A very experienced cooling engineer is required to undertake the task

This illustrates that there is significant scope for the improvement of the thermal paint

matching in terms of ease of use, time and repeatability. The research hypothesis for the present

work was that improvements could be obtained by applying machine learning techniques, as

detailed in section 2.6.

Two improved methods will be demonstrated in this chapter, a theoretically simple process

and one using Gaussian process regression. These are validated in a number of test cases before

being applied to a leading edge impingement system to demonstrate their capability for full

blade thermal matching.

9.1 Methodology

The new process by which the thermal matching is undertaken is illustrated in figure 9.1. Each

step is explained in greater detail below for the initial test cases, those of most importance being

steps 2, 4 and 6.

1. The required geometry is imported into an FEA thermal model, in this case an Ansys

Workbench Steady-State Thermal model. Here it is meshed to a resolution fine enough

for reasonable detail within the metal, similar to that used in chapter 7. The initial thermal

boundary conditions are also defined at this stage.

2. Simulations are then run at multiple parameter points in order to obtain the training data

for the model. The parameters used for the thermal matching will usually be factors by

which the HTCs on various surfaces are multiplied. The training simulations run depend

on the method of fitting to be used and must be carefully chosen in order to provide data

of sufficient quality to the model.
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Figure 9.1: Flow diagram of new thermal matching procedure

3. The training data, consisting of the full metal temperature distribution and the HTC mul-

tipliers, is then exported into Matlab for the model fitting.

4. A model is then created to represent the temperature-HTC relationship using the training

data. Multiple methods can be used for this step, with those selected in this case described

in further detail below.

5. A target temperature distribution, which usually corresponds to the thermal paint data, is

then imported into Matlab in order for the initial model to be fitted.

6. New multipliers are then predicted from the model to hit the target distribution. The

process by which this is done varies for each model, and will be detailed below.

7. New HTC distributions are then calculated from the predicted HTC factors and imported

into the FEA solver.

8. The thermal model is then run with the new HTC levels in order to obtain the adjusted

temperature distribution.

9. Finally the temperature distribution calculated from the adjusted HTC levels is compared

to the target distribution in order to check that a satisfactory match has been obtained.

Two different modelling and prediction methods have been applied to the thermal match-

ing problem. The first involves a simplified Taylor series method, while the second employs
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Gaussian process regression.

9.1.1 Linear Method

This first method assumes a linear relationship between the difference in temperature between

a simulation and a baseline condition, and the change in HTC at this point.

Firstly, a baseline simulation is run (subscript 0 in equation 9.1) with the initial HTC values.

The ∆h values referred to in this section are normalised multipliers of the initial values. The

form of the relationship between the temperature at each node and the HTC factor is represented

by that given in equation 9.1.

T = T0 +
∂T1

∂h1
∆h1 +

∂T2

∂h2
∆h2 +

∂T3

∂h3
∆h3 + ...+

∂Tm

∂hm
∆hm (9.1)

The gradient terms can then be estimated through the careful choice of further simulations.

To obtain each term the HTC parameters are varied separately and in turn, and the gradient

terms calculated as shown in equation 9.2

∂T1

∂h1
=

T −T0

∆h1
(9.2)

In practice two simulations are run for each parameter, one with increased HTC and one

with a decreased value, to implement a central difference approximation to the first order partial

derivative. This is to improve the accuracy of the discretisation and leads to equation 9.3 which

is used to obtain each gradient term.

∂T
∂h

=
1
2

(Th−T0

∆hh
+

Tl−T0

∆hl

)
(9.3)

Having obtained the gradient terms these can then be used to get a prediction of the required

HTC adjustment to reach a given target temperature. This involves solving the matrix equation

given in 9.4, where n is the number of nodes and m the number of HTC parameters.


Tt,1−T0

...

Tt,n−T0

=


∂T1
∂h1

· · · ∂T1
∂hm

... . . . ...

∂Tn
∂h1

· · · ∂Tn
∂hm

×


∆ht,1

...

∆ht,m

 (9.4)
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If a subset of nodes is selected such that m = n, the number of nodes is equal to the num-

ber of parameters, the matrix of gradients becomes square, and therefore invertible, leading to

equation 9.5.


∆ht,1

...

∆ht,n

=


Tt,1−T0

...

Tt,n−T0

×


∂T1
∂h1

· · · ∂T1
∂hn

... . . . ...

∂Tn
∂h1

· · · ∂Tn
∂hn


−1

(9.5)

Therefore a prediction of each HTC adjustment is obtained from a small number of nodes.

This is problematic as an individual subset of few nodes is unlikely to give a representative

value for the overall metal temperature.

In order to overcome this problem, multiple subsets of different nodes can be run and then

the predicted HTC adjustments averaged to give values to be used in the final temperature

matching procedure. There is, however, still difficulty in selecting a subset of relevant nodes

for each calculation and in the determination of how many different node subsets should be run

in order to provide reproducible, representable adjustments. This will be further investigated

within the validation process.

9.1.2 Gaussian Process Regression

Theory

Gaussian process regression (GPR) models are probabilistic models that use training data in

order to give predictions for a new input. This process involves modelling the outputs, y, as

a function of the input parameters, x, in the form given by equation 9.6, where h(x) and β

comprise a set of basis functions, and f (x) is a Gaussian process with zero mean and covariance

function k(x,x′).

y = h(x)T
β + f (x) f (x)∼ GP(0,k(x,x′)) (9.6)

The basis function is an explicit function of the parameters at a given point, and is usually

a simple polynomial, while the covariance function gives the relationship between the required

parameter point and the training data points away from the basis function. The covariance
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Figure 9.2: Squared exponential covariance function - for different values of σ f and σl

function has zero mean and varies around the basis function value obtained from the parameters.

The model must be fitted to the data in order to determine the model parameters. These are the

basis function coefficients, covariance function coefficients and the noise level in the data.

The covariance function can be of many forms, such as the squared exponential form given

in equation 9.7. It must be smooth, where a similar response is predicted given two close input

and training parameter points. The length scale parameter within the covariance function may

be the same for all predictors, or different, with values predicted from the training data.

k(xi,x j|θ) = σ
2
f exp

[
− 1

2
(xi− x j)

T (xi− x j)

σ2
l

]
(9.7)

The shape of the squared exponential covariance function and how it varies with the alter-

ation of the σ f and σl parameters is illustrated for representative values in figure 9.2. σ f defines

the peak value, while σl determines the rate of decay away from the peak.

Prediction from Model

After the model parameters have been fitted the model can be used to predict a response given

a new parameter point using equation 9.8.

P(y| f ,X)∼ N(y|Hβ + f ,σ2I) (9.8)

The prediction at any given point is represented by a normal distribution with variance

estimated from the noise of the training data, σ2. The mean, or exact predicted value with
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(a) Constant basis function (b) Linear basis function

Figure 9.3: One-dimensional GPR model example

no noise, is given by the sum of the basis function and all covariance functions evaluated at a

specific parameter point.

One Dimensional Illustration

This section briefly illustrates the Gaussian process regression process for a one-dimensional

example with manually created data. Figure 9.3 shows the training data, basis functions, pre-

dicted model and 99% confidence intervals for constant and linear basis function based models.

It is seen that the models with both basis functions fit the data well. The basis function

effectively shifts the model to a first approximation, with the covariance functions modelling

the variation away from this basis function.

Figure 9.4 illustrates the process by which the covariance functions are used to model the

data. Initially a covariance function is evaluated for each data point (a). These are then indi-

vidually weighted in order to fit the training data, as shown in (b). In order to create the model

these covariance functions are then summed at each data point in order to give the difference

between the basis function and required value (c).

Training Data

In order to create the model training data must be obtained. This is done by running multiple

simulations using different values of the input parameters and storing the output. In this case the

training data are the values of temperature evaluated for the thermal model with specific values

of the HTC multiplication factors. In the equivalent of a one dimensional model this would
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(a) Covariance functions (b) Weighted (c) Summed

Figure 9.4: One-dimensional GPR model example - covariance function fitting (constant basis
function)

correspond to the temperature at one location. More generally the temperature is evaluated at

multiple points.

The training data points are obtained using a central composite design, which is illustrated

in figure 9.5 for a three parameter characterisation. The initial data point is given by the red

point, with the 14 blue dots giving the adjusted training data points.

Implementation

The GPR methodology is implemented in Matlab using new functions that are contained in the

statistics and machine learning toolbox [110].

Initially a model is created using the training data. The fitrgp function from the toolbox uses

the input parameter and response training data, and returns a RegressionGP model. This model

contains the estimated basis function coefficients, noise variance and kernel parameters which

have been fitted using a maximum marginal log likelihood method [96, 110]. Within fitgrp the

basis function and kernel, or covariance, functions can also be specified along with initial fitting

parameters.

The RegressionGP model can then be used to predict a response given new inputs (values

of x) using the predict function. This function simply returns the predicted response, in this

case temperature from the new HTC multipliers, and can also report estimates of the confidence

intervals for the response.

The fmincon function finds the minimum value of a constrained, multi-variable non-linear

function and is used to find the optimum HTC multipliers in order to fit the target data.

In the case of thermal matching, the above functions are applied on a node-by-node basis.

The temperature data and HTC multipliers are used to create a model for each node individu-
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Figure 9.5: Training data points for 3 HTC parameters
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ally. The fmincon function is then used to find the HTCs which minimize the mean-squared-

difference between the target and predicted temperature, obtained using the predict function.

Minimum and maximum individual and combined constraints are used within the fitting pro-

cess in order to guarantee a predicted adjustment that is reasonably close to the original model

and physically realistic. This also ensures the prediction remains within, or close to, the training

data range which reduces modelling errors.

For a large finite element model mesh size the minimisation can be applied on a subset of

nodes in order to improve solution time. These nodes can be selected randomly, but ideally

should have reasonably even spacing to most accurately represent the overall model.

9.2 Validation

The methods were then validated using two separate cases, a simple test block and a leading

edge impingement model. The validation was performed with the HTC multipliers being the

unknowns required to achieve a match, x in equation 9.6, and the obtained temperature distri-

bution, corresponding to y in equation 9.6.

9.2.1 Cuboidal Block Test Case

The first validation was undertaken using a very simple geometry and thermal boundary con-

ditions, illustrated in figure 9.6. The setup consists of a cuboidal block with different thermal

boundary conditions applied to its six surfaces. The ends of the block are adiabatic with a con-

stant heat flux of 250kW/m2 set to the upper surface of the block. The other three surfaces, the

base and sides, are set to an initial HTC value of 500W/m2K. These are the surfaces where the

HTC will be varied to create the training and target data.

The validation was conducted using the two methods, linear and GPR, as detailed previ-

ously. The models were created entirely independently of the target data, with only the temper-

ature outputs at a subset of 1000 nodes used to predict the adjusted HTC levels after the models

had been created.

Table 9.1 gives the HTC levels applied to the block in order to obtain the target temperature

distributions. Five validation runs were conducted with each HTC enhanced in turn, a common
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Figure 9.6: Test block validation simulation setup

Table 9.1: HTC factor details - test block

Target Sim. No. HTC Factor 1 HTC Factor 2 HTC Factor 3

1 1.25 1 1

2 1 1.25 1

3 1 1 1.25

4 0.75 0.75 0.75

5 1.25 1.25 1.25

mode decrease and a common mode increase in HTC. The HTC adjustments predicted for each

case compared to those applied to create the target distribution are shown in figure 9.7.

The first three simulations, where a single HTC adjustment is made, are very well matched

by both methods. These are the simplest cases and therefore a good method would be expected

to be well matched under these conditions. Where multiple HTC adjustments are made in

simulations 4 and 5 some significant differences are observed.

Where there is a common mode reduction, simulation 4, the GPR method shows very close

matching to the target HTC adjustment (within 8%) with the simple method being reasonably

close to the predicted values (within 16%). However where there is a common mode increase in

HTC in simulation 5 some very large differences are observed. The simple method is reasonably

well matched however the GPR method gives very different HTC adjustments with much higher

values for all surfaces. This appears initially to be a large error however due to the highly

coupled relationship between the surfaces in this configuration it is possible that an ‘alternative

minimum’ was found in the optimisation process, and that the temperature distribution found by

applying these HTC adjustments will give a good match. This is investigated in the following
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Figure 9.7: Test block validation - HTC results

section.

Figure 9.8 shows the mean temperature differences between the initial (unadjusted), linear

and GPR methods and the target distribution.

As expected, given the very similar HTC adjustments, the temperature distributions for the

first three simulations are very close to the target. For the common mode decrease in HTC,

the GPR method performs significantly better than the simple method, however both are much

improved over the initial distribution. The common mode increase results do show that an ‘al-

ternative minimum’ was found by the GPR method. Despite the very different HTC adjustments

the temperature distribution shows a similar difference to the target as the method did for the

fourth validation simulation. It also gives a similar level of matching to the simple method in

this case.

This validation case indicates that both methods work reasonably well and consistently pro-

vide significant improvements over an unmatched distribution. However it does highlight the

need for methods to be validated in order to ensure that the true, representative adjustments are

found. This should be less of an issue in a real engine geometry, as is tested in chapter 10,

due to the reduced coupling between the local temperature and the HTC multiplying factors in

different regions.

The same validation process will now be applied to an engine representative leading edge

impingement system to ensure the methods are robust for this more complex cooling configu-

ration.
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Figure 9.8: Test block validation - temperature results

Table 9.2: HTC factor details - leading edge impingement

Target Sim. No. LE Factor Web Factor Feed Factor

1 1.25 1 1

2 1 1.25 1

3 1 1 1.25

4 0.75 0.75 0.75

5 1.25 1.25 1.25

9.2.2 Leading Edge Impingement Test Case

Figure 9.9 shows the different regions where HTC adjustments were made. These are classified

as the leading edge, web and coolant feed regions. The initial leading edge HTCs were taken

from a conjugate CFD solution, while those on other surfaces were calculated using the Dittus-

Boelter correlation based on each individual passage Reynolds number. The upper and lower

web surfaces therefore both have different initial HTC values, due to the different Reynolds

number and passage dimensions, but in this case are subject to the same HTC adjustment factor.

As for the previous validation both methods will be applied using target temperature distri-

butions generated with known HTC adjustments, which are given in table 9.2.
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Figure 9.9: Leading edge impingement validation setup

Figure 9.10: Leading edge validation - HTC results

Figure 9.10 gives the predicted HTC adjustments obtained using the GPR method compared

with the target values. The predicted multipliers are very close (within 2%) to their targets with

a consistent small underprediction in the change from the initial values. Unlike the previous

validation, the method does not find any ‘alternative minimums’ for the validation cases. This

is due to the greater independence between the HTC adjustments, resulting from the nature of

the geometry and regions chosen. Therefore in terms of HTC adjustments this validation is very

successful, and likely will also be in terms of the temperature distribution.

The mean temperature differences between the initial and adjusted, and target distributions

for the validation simulations are given in figure 9.11. It is clear that, as expected from the very

good match of HTC factor levels, the adjusted temperature distribution is extremely close to the

176



Internal Cooling for HP Turbine Blades Robert Pearce

Figure 9.11: Leading edge validation - temperature results

target distribution for all cases, despite a significantly different starting temperature difference.

This indicates that this method should provide good quality, reliable predictions for leading

edge impingement, and similar cooling systems.

Following this validation the GPR method will now be applied to a thermal matching that

is very close to the ‘real’ situation to show its capability to undertake the temperature matching

accurately, much faster and more reliably than the current manual methods.

Problems with Linear Method

When applied to the leading edge model, significant problems were encounted using the sim-

ple method for HTC adjustment prediction. The primary reason for this is that only a very

small subset of nodes, equal to the number of parameters that are to be varied, must be used for

each set of predictions. In this validation case with three adjustable HTC regions, three nodes

are used. When the nodes have relatively similar temperature variations with HTC parameter

changes, as in the test block case, this method can produce good results as each node will give

similar HTC factor predictions. However for the leading edge impingement geometry different

nodes have very different relationships, and therefore gradient terms, with the different input

parameters. This leads to huge variations in some HTC predictions with very physically unre-
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alistic values. Some of these problems could potentially be resolved by careful node selection,

using node combinations which have similar temperature-HTC relationships. However, it is

the aim for a thermal matching procedure to be used on any blade geometry, and therefore this

means that this simple method is not satisfactory. It is clear from this that any method must

globally optimise the HTC factor predictions, rather than use averaged or otherwise combined

local optimums which may not be representative of the overall best solution.

9.3 Results

Following the above validation the Gaussian process regression method was used to perform

a temperature matching for a situation very close to the thermal paint test, where it could ulti-

mately be used most effectively.

The target distribution was set to be the full metal temperature distribution obtained from

a conjugate CFD solution. The initial temperature distribution was obtained in a steady-state

thermal FEA solution using HTC levels calculated from the passage Reynolds number and a

leading edge internal HTC distribution from CFD, which are detailed in chapter 8. These are

illustrated in figure 9.12 (a) and (b).

There are two different adjusted simulations shown in this figure. (c) is an initial attempt

using three HTC factors on the leading edge, upper and lower web, while (d) uses new HTC

adjustment regions of the leading edge, web and feed as shown in figure 9.9. Although the initial

setup could match the leading edge region well, the web and feed regions could not be matched

as there was no adjustable factor local to this region, therefore the regions were changed leading

to (d) in order to address this.

The GPR method is able to chose the best factor to be applied to a datum solution, but the

approach is dependent on the choice of sensible, physically reasonable, factors. This example

has shown that the aerothermal engineer using the method must exercise judgement as to which

zones should be assigned independent factors.

The adjusted simulations both show a significantly improved match over the initial distri-

bution, which over estimate the temperature by a large amount in most regions. The adjusted

simulations significantly increased the HTCs in all of the adjustable regions.

The leading edge region is well matched by the adjusted simulations both in terms of the
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(a) Target (b) Initial

(c) Adjusted (d) Adjusted - new regions

Figure 9.12: Leading edge matching - temperature - full

temperature levels and distribution, showing clearly the cooler metal at the location of the im-

pingement jets as well as significantly higher temperatures in the uncooled areas. In the web

and feed area the first adjusted simulation (c) is slightly closer to the target distribution however

still shows significant differences. The web is colder than the initial case, however still much

above the target with the feed and outer surface away from the leading edge showing higher

temperatures than the target. This is due to the lack of HTC adjustability in this lower section

of the geometry, which is rectified with the new regions of HTC adjustment, figure 9.12 (d).

This figure shows a similar good match in the leading edge region whilst it also obtains a closer

distribution across the web, feed and other sections of the geometry, due to the increased HTCs

in the feed region, enabling increased cooling of this section to more closely reflect the target

distribution. This highlights the need to select the correct HTC regions to adjust in order for all

features of the target distribution to be accurately represented in the matching process. This can

be helped by using an increased number of adjustable parameters, however it must be balanced

against the increased computational cost that is introduced. Of course, as the computational

power available to the aerothermal engineer increases with time, it will inevitably be possible
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(a) Target (b) Initial

(c) Adjusted (d) Adjusted - new regions

Figure 9.13: Leading edge matching - temperature - mid height cross section

to increase the number of factors used and therefore reduce the judgement required.

A mid-section slice of the temperature distribution discussed above is given in figure 9.13,

in order to compare the internal distribution in the most critical area of the matching process.

This comparison illustrates very clearly the improvements made through the use of the new

regions for HTC adjustments. The initial distribution is very far from the target and therefore

large HTC adjustments are required. For the first adjusted case (c) the leading edge is seen to

be well matched in terms of temperature levels. The web and lower regions are far closer to

target than the initial simulation however still show significant differences to the target due to

the lack of adjustability in these regions. The second adjusted simulation with the new regions,

figure 9.13 (d), is a very close match to the target temperature. All of the outer metal shell

has a very similar temperature level and distribution with only a marginally lower peak value

in the adjusted distribution on the outer edge near to the web. The web has a slightly different

temperature distribution, however similar levels, due to a single HTC value being used across

the web rather than a full distribution. A full distribution could be applied and then adjusted on
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these surfaces which would rectify this discrepancy.

In general, with the new regions used for HTC adjustment, the temperature matching us-

ing the GPR method is extremely successful, providing a very good temperature match in a

standardised and much faster process.

9.4 Further Validation

Up to this point all thermal matches using the GPR method have been obtained using the default

settings for the ‘fitgrp’ and ‘fmincon’ Matlab functions. However, there is significant scope

for adjusting the modelling process in order to improve its accuracy for particular cases. The

sensitivity of the procedure to the following parameters is tested in this section.

• Number of nodes used for the minimisation process

• Basis function of GPR model

• Kernel (covariance) function of GPR model

The effect of these parameters will initially be investigated using the same methodology as

the previous validation for the LE impingement geometry, where the target temperature distri-

bution is created using known HTC factors.

9.4.1 Number of nodes

The number of nodes which are used to predict the new HTC adjustments have a large influence

on the quality of the prediction, with more nodes likely to give improved results. However an

increased number of nodes comes at a very large computational cost, as more GPR models have

to be created and then used within the target-prediction minimisation. Therefore a compromise

must be reached between a number of nodes that is large enough for the models to give a good

representation of the full metal whilst being small enough for a reasonable solution time. For

this chapter the nodes selected are an evenly spaced, random subset of all imported training data

mesh nodes, obtained using the Matlab ‘rand’ function.

Figure 9.14 gives the HTC adjustments for the different LE validation cases using 10, 100,

1000 and 5000 nodes for the modelling and minimisation.
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Figure 9.14: Leading edge validation - node number

Figure 9.15: Leading edge validation - basis function

It is clear from this that the 10 node simulation gives significantly different HTC predictions

to the other simulations. The 1000 and 5000 node simulations show no discernable difference

from each other, with very small differences between these and the 100 node predictions. It

therefore appears that 1000 randomly chosen nodes should provide enough data points for the

modelling and minimisation processes to be accurate in this validation case.

9.4.2 Basis Function

Following the node number test, the form of the basis function used for the GPR modelling

was investigated. All predictions are now undertaken with 1000 nodes for the model creation

and minimisation. Four different basis functions were investigated - constant, zero, linear and

quadratic. The results from the validation cases run with these different basis functions are

shown in figure 9.15.
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Figure 9.16: Leading edge validation - kernel function

There is far less variation from the target HTC values with different basis functions. All of

the simulations with constant, linear and quadratic basis functions give very good predictions.

However the predictions obtained using no basis function are consistently poor and therefore a

non-zero basis function should be used in future. The model with zero basis function would not

be expected to perform well, as the temperature data has not been normalised and therefore the

GPR process is unable to model the large offset that is required.

9.4.3 Kernel (covariance) Function

Multiple different kernel, or covariance functions were then tested, all using a constant basis

function for the GPR process.

Two different kernel functions were tested, the squared exponential and Matern 3/2 func-

tions, equations 9.9 and 9.10 respectively. Two variations of the model were tested with each,

one using a sinlge length scale for the predictors, and one using separate length scales for the

predictors. An explanation of the use of these kernel functions can be found in [96].

k(xi,x j|θ) = σ
2
f exp

[
− 1

2
(xi− x j)

T (xi− x j)

σ2
l

]
(9.9)
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2
f

(
1+

√
3r

σl

)
exp
(
−
√

3r
σl

)
, r =

√
(xi− x j)T (xi− x j) (9.10)

Figure 9.16 gives the predictions when the kernel function is varied for the validation cases.
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(a) Target (b) Adjusted

Figure 9.17: Leading edge matching - temperature - surface input - full

From this validation it appears that either of these two covariance functions can be used,

however only in the form using a single length scale for all predictors. This is due to very large

errors in the predicted HTC values when using a separate length scale for each of the predictors.

9.5 Further Results

In an real engine thermal paint test a full three-dimensional target distribution is not available,

only an outer surface temperature distribution. Therefore the method must be validated with

only surface target temperature used as an input.

9.5.1 Surface Target Distribution

The leading edge model and target distribution from the previous section will now be used to

predict HTC adjustments where only the surface distribution is used for the target inputs.

Figures 9.17 and 9.18 give the outer and mid-section metal temperature comparison between

the target and adjusted distributions.

The temperature distribution is very well matched, as it was with the the full three dimen-

sional target input, in both the surface and mid-chord slice.

Both of these figures show clearly that the GPR based prediction method works well with

just a hot surface temperature distribution.
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(a) Target (b) Adjusted

Figure 9.18: Leading edge matching - temperature - surface input - mid height cross section

(a) All (b) Selected

Figure 9.19: Leading edge matching - contour band input points

9.5.2 Surface Contours Target Distribution

The real thermal paint test does not produce a fully resolved surface temperature distribution but

a series of contour bands at approximately 400C intervals. In order to simulate this, a number

of temperatures spaced by 40 K were chosen, and surface target points within 2 K of them were

selected, and set to the central value of the contour band. All of the points selected are shown

in figure 9.19 (a), with the nodes used for the HTC adjustment calculation given in (b), a subset

of (a).

The resulting temperature distribution comparisons from using these contour band target

inputs are given in figures 9.20 and 9.21.

The use of these contour band inputs is clearly not problematic for this method as again a

very good temperature match is obtained throughout the geometry.
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(a) Target (b) Adjusted

Figure 9.20: Leading edge matching - temperature - contour band input - full

(a) Target (b) Adjusted

Figure 9.21: Leading edge matching - temperature - contour band input - mid height cross
section
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9.6 Summary and Conclusions

The thermal matching process is a key stage in the engine design process, however it is currently

completed using a time-consuming, non-standardised procedure. Two new methods, a linear

method and one using Gaussian process regression (GPR) models have been investigated. These

have been validated for both a simple block and a representative LE geometry with a very close

match obtained between the adjusted and target distributions. The GPR model was then applied

to a full target distribution obtained from a conjugate CFD model. The following conclusions

have been found.

1. The new methods detailed and implemented in the chapter have been demonstrated to of-

fer reliable temperature matches using adjusted HTC values on selected internal surfaces.

2. The linear method was found to be adequate for a very simple configuration, but not for

a more realistic geometry.

3. The GPR-based method provides consistently good predictions for both a block and lead-

ing edge geometry. It was then successfully applied to a realistic case similar to that

required in a thermal paint match test.

4. The GPR method was proven to give very good thermal matches with full three-dimensional,

surface and contour band inputs for this leading edge cooling configuration.

The new modelling and prediction method therefore offers a faster, more reliable alternative

to the existing manual methods for thermal matching and therefore will be implemented and

tested using thermal paint test data and a thermal model from a real engine blade in the following

chapter.
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Chapter 10

Thermal Matching - Real Blades

The new automated thermal matching method based on Gaussian process regression modelling

was introduced and validated for a leading edge impingement geometry in Chapter 9. In order

to make this approach applicable to the turbine component thermal matching process used in

engine development the full blade temperature must be matched, rather than a small section

of the blade. The model must also include effects of heat transfer changes on the coolant

temperature in other sections of the blade through the use of a more complex thermal model. In

this Chapter a thermal match is initially undertaken for an IP blade, with an increasing number

of adjustable parameters, before a match on an HP blade is conducted.

10.1 IP Blade - Modelling Procedure

The modelling procedure differs slightly to that used on the leading edge impingement model,

however the matching procedure is undertaken using identical methodology. Full details are

given in the following section.

10.1.1 Blade Geometry and Cooling Configuration

The first blade for which the thermal matching methodology will be tested on is the IP blade

from a Rolls-Royce engine. Both a non-matched and matched thermal model were made avail-

able, which allows for multiple stages of validation of the methodology.

The geometry is a shrouded IP blade with internal and film cooling systems fed from the

blade root. The main cooling features of the blade are as follows:
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Figure 10.1: Blade geometry with surface temperature contours

• A triple pass ribbed cooling passage fed from the trailing edge pass.

• A single row of film holes on the pressure surface, near to the trailing edge, fed from the

first pass of the serpentine passage.

• A large number of shroud cooling passages.

Figure 10.1 shows the geometry and figure 10.2 cooling configuration of the IP blade.

10.1.2 Modelling Setup

The cooling model that is to be matched is significantly more complex than that in Chapter 9

for which the method has been developed. In the previous case, HTCs were applied to a steady-

state thermal FEA model, whereas in this case the in-house RR software, SC03, along with the

JB56 plugin, is used.
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(a) Internal cooling passage cross section (b) JB56 cooling configura-
tion diagram

Figure 10.2: Cooling configuration of the IP blade

The baseline model is that created of the blade and cooling configuration with no additional

factors or data applied to it. This is matched to a target model which was manually matched to

the thermal paint test for this blade.

Software

SC03 is an FEA solver with plugins incorporated into the model. For example, the JB56 module

incorporates a flow net solver that was used in this research. JB56 is a low order fluid solver that

reads in temperature and geometric data and then exports heat transfer coefficient distributions

to the FEA solver.

The models can handle internal and external cooling of a variety of types, including radial

passage, impingement and film classes of cooling. The HTC data that the code outputs is, by

default, based on empirical correlations, however the latter can be altered to include additional

factors or other imported data such as those from CFD solutions.

Unlike the modelling in Chapter 9, however, there is an iterative loop that adjusts the gas

temperature based on the heat pickup through the metal. This therefore increases the complexity

of the solution and it was not clear that the GPR based method would be successful. As the

training data is be generated with this included, the metal temperatures passed to the model,

and therefore the model itself, will be implicitly included within the model.

Factors that can be altered in order to match the thermal model include internal and external

HTCs, film effectiveness levels and gas temperatures. In the following section internal HTCs
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Table 10.1: Simulation no. for training data - CCD design

No. of Params. 3 4 5 6 7

Total Sim No. 15 25 43 77 143

will be used as they provide adjustable coverage over the entire blade, and internal cooling is

also the main form of cooling for this blade, as only a single row of PS film holes are present.

Gas temperature levels are not adjusted as they are strongly coupled with upstream and down-

stream blade rows, and this model was matched in isolation from these.

Generation of Training Data

The training data is generated using the CCD design, with a varying number of parameters.

Initially three parameters were selected, as previously used in Chapter 9, however this number

was increased in order to add greater fidelity to the matching procedure.

The software used in this chapter is fully scriptable, and therefore obtaining the training data

with an increased number of parameters was feasible. The number of training data simulations

required to occupy the CCD design with different parameter numbers are given in table 10.1.

For these simulations HTC factors were used as the adjustable parameters, and therefore

multiplier levels of 0.5, 1 and 1.5 were used as in previous cases.

10.2 IP Blade - Results

Multiple matches have been undertaken in order to get improved knowledge of which adjustable

parameters are capable of achieving the best thermal match the the target distribution. Initially

three parameters were used, with an increased number for the later tests.

10.2.1 Match 1 - Three Parameters

The three parameters that were chosen for the initial match were as follows:

• Internal HTC factor

• External HTC factor

• Shroud HTC factor
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Table 10.2: HTC factors - match 1

Internal HTC External HTC Shroud HTC

0.845 1.573 0.922

(a) SS ∆T - Initial (b) SS ∆T - Adjusted

(c) PS ∆T - Initial (d) PS ∆T - Adjusted

Figure 10.3: Initial and matched temperature differences for IP blade - three parameters

These were chosen following discussions with a cooling engineer in order to provide a full

coverage of the blade area. The adjustments predicted by the GPR method in order to obtain

a match with these parameters are given in table 10.2. These factors are within a reasonable

range of the adjustments typically used to achieve a thermal match for a blade.

The difference between the initial and target, and adjusted and target temperatures are il-

lustrated in figure 10.3. A positive value indicates the adjusted temperature is higher than the

target temperature with a negative value indicating an underestimated temperature.

The initial difference in temperatures is seen to be very large in places, both above and

below the target distribution, and it is evident that the model required significant matching in

order to give an appropriate temperature distribution.

The first match shows an improved match, however there are still some significant differ-

ences between the adjusted and target distributions. The pressure surface levels are much closer

to the target, as are the shroud temperatures, and the colder region on the suction surface. How-

ever the significantly hotter streak across the suction surface is still present. This is due to the

use of uniform internal and external factors applied to the HTCs. The results show that where

there are some areas either side of the target distribution, the current parameters are unable to
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Table 10.3: HTC factors - match 2

Pass 1 (TE) Pass 2 SS Pass 2 PS Pass 3 (LE)

0.838 1.630 0.797 1.024

reflect the requirement for different HTC factors, and therefore cannot provide a close match to

the target in these regions. Therefore a matching strategy with a greater spatial resolution in the

blade region is required. This approach was tested in the second matching process.

10.2.2 Match 2 - Four Parameters

Following the lack of spatial resolution using the three parameters in the previous section, the

four parameters chosen for the second match were:

• Pass 1 HTC (trailing edge pass of internal cooling passage)

• Pass 2 SS HTC

• Pass 2 PS HTC

• Pass 3 HTC (leading edge pass of internal cooling passage)

These four locations were chosen as they should provide increased spatial fidelity across

the surfaces of the blade in order to match the target, with the relatively small increased cost of

two additional parameters. The shroud HTC factor was removed for this set of simulations in

order to reduce the time taken to generate the training data whilst assessing the internal cooling

parameters required.

The adjustment factors required to match the target distribution as calculated using the GPR

method are given in table 10.3. The temperature differences between the target and matched

distributions with these four parameters are shown in figure 10.4.

It is immediately clear that these parameters offer a much better match than the first test.

The temperature differences across the blade are much reduced in almost all places, generally

between −10K to +15K of the target. The maximum differences have been much reduced.

The shroud area does have a slightly poorer match than in the previous case due to the lack

of any adjustment in this region. A final case including this shroud adjustment was therefore

implemented.
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(a) SS ∆T - Initial (b) SS ∆T - Adjusted

(c) PS ∆T - Initial (d) PS ∆T - Adjusted

Figure 10.4: Initial and matched temperature differences for IP blade - four parameters

Table 10.4: HTC factors - match 3

Pass 1 (TE) Pass 2 SS Pass 2 PS Pass 3 (LE) Shroud

0.796 1.691 0.701 1.055 0.832

10.2.3 Match 3 - Five Parameters

The final match used the following parameters, based on the best combination of the previous

two cases:

• Pass 1 HTC (trailing edge pass of internal cooling passage)

• Pass 2 SS HTC

• Pass 2 PS HTC

• Pass 3 HTC (leading edge pass of internal cooling passage)

• Shroud HTC factor

These should provide adjustment in all regions of the blade, and enough local resolution to

match the distribution well. The required levels of adjustment for each of these multipliers are

given in table 10.4, with the corresponding temperature difference plots in figure 10.5.

This figure shows that, with five parameters, the thermal match is very good. The levels are

within 10K of the target across the entire blade, and in most regions are significantly closer. This
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(a) SS ∆T - Initial (b) SS ∆T - Adjusted

(c) PS ∆T - Initial (d) PS ∆T - Adjusted

Figure 10.5: Initial and matched temperature differences for IP blade - five parameters

constitutes a very good thermal match as is well within the accuracy measurement of a thermal

paint test. The only region above this are the shroud fins, which behave in a significantly

different manner to the rest of the model and therefore will not be picked up by the current

parameter selection.

Further details of this final thermal match are given in figure 10.6. The pressure and suction

surfaces both show maximum temperatures differences less than 10K which constitutes a very

good thermal match. The shroud is matched within 2K with the exception of the shroud fins,

which are known to require very extreme factors in order to be matched, and therefore would

not be expected to be well matched using this methodology. The mid-span plot shows the region

of the blade furthest from the target temperature is the suction surface in the central passage,

however with a maximum difference of approximately 6K this is still very well matched.

10.2.4 Comparison of Matched Models

This section shows how each level of model compared to the target distribution using a number

of metrics. These are the nodal mean absolute temperature difference, the maximum and min-

imum temperature differences and the percentage of nodes whose match was improved when

the model was adjusted. This data is given in table 10.5.

It is seen that with each successive iteration of the model and parameter alteration the ther-

mal match is improved by all of these metrics, the exception being the min ∆T . This is not
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(a) PS (b) SS

(c) Shroud (d) Mid Span

Figure 10.6: Matched temperature differences for IP blade - five parameters - detailed views

Table 10.5: Match comparison - temperature differences

Match No. nodal mean |∆T | max ∆T min ∆T node % improved

Initial 7.50 48.74 -31.66 -

1 4.34 51.01 -16.77 84.64

2 4.16 12.09 -20.26 85.57

3 3.78 10.22 -25.21 86.98
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representative of the true match, however, as for the 2nd and 3rd matches this location was

on the rear shroud fin which was not able to be effectively modified by the selected parame-

ters. As this constitutes a very small and relatively unimportant section of the blade, it will

be discounted. In this case it is clear that the five parameter test gives the best match. The

match obtained by this is well within the required accuracy of the thermal distribution and was

obtained much faster than possible with the existing manual methods.

The previous sections show that the new methodology can provide good quality solutions

for thermal matching in a real blade using internal HTCs as parameters. In a thermal matching

process multiple parameters other than the internal HTCs can also be altered, including the

RTDF (Radial Temperature Distribution Factor) and the trip location for the SS or PS boundary

layer. The feasibility of this method for these other parameters is assessed in the following

sections.

10.2.5 Match 4 - RTDF

The RTDF is a zero-mean profile applied to the mean inlet gas temperature for the component

being modelled to represent the radial variation in the temperature profile within the engine.

This can have a large effect on the radial variation of metal temperature within the component,

and is often very challenging to model accurately.

For the purposes of this thermal matching the RTDF profile was modelled using a zero-mean

quadratic with a normalised position co-ordinate from 0 to 1, which allows two parameters to

be in equation 10.1.

rtd f = a(x−0.5)2 +b(x−0.5)+ c a =−12c, b indeterminate. (10.1)

The actual RTDF applied to this blade was represented using a quadratic, equation 10.1,

with the resulting temperature distribution as the target. The training data consisted of nine

training simulations that covered the required parameter range. The profiles for these training

simulations are given in figure 10.7.

The matching procedure was then run as described above to establish the best RTDF pa-

rameters. The target and predicted parameter values are given in table 10.6, with the resulting
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Figure 10.7: RTDF training simulation profiles

Table 10.6: Target and predicted RTDF parameters

Parameter 1 Parameter 2

Target 0.0537 -0.05

Predicted 0.0540 -0.0507

profiles given in figure 10.8.

It is clear from this result that, in isolation, the RTDF can be matched extremely well using

the new automated method using training data that adequately covers the possible extent of the

profile.

10.2.6 Match 5 - SS Trip Location

In the SC03/JB56 modelling procedure the external surface HTC distributions are characterised

using a normalised one-dimensional distribution in the streamwise direction. An example of a

typical profile is given in figure 10.9.

The peak HTC is found at the leading edge, with levels decreasing significantly until the

transition point. At this location the HTC rises sharply, it is approximately doubled, before de-

creasing again with streamwise distance before settling to a value around 70% of the maximum

value. The exact location of this transition is very hard to predict in practice, and due to the
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Figure 10.8: RTDF target and predicted profiles

Figure 10.9: Example SS external HTC profile
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Figure 10.10: SS external HTC training profiles

Table 10.7: Target and predicted SS transition locations

Target All training simulations Limited training simulations

11 mm 10.983 mm 10.903 mm

sharp rise in HTC at this location it can have large effects on the metal temperature distribution.

It is therefore often used as an adjustable parameter in the thermal matching process.

In this match the training data will consist of a number of simulations, each with a different

trip location. The range of these was chosen to be 6-15 mm, as the typical trip location for this

particular blade was expected to be 10-11 mm. The target simulation will have a defined trip

location. The HTC profiles for the training are given in figure 10.10.

Two separate matches were tested, both with a target trip location of 11 mm. The first

match used all of the training simulations, whilst the second used only the central, minimum

and maximum trip locations. The predicted locations are given in table 10.7.

As for the RTDF profile, the method is clearly successful in accurately matching the trip

location in isolation, both with a large, and small, number of training simulations.
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Table 10.8: Target and predicted RTDF and SS transition parameters

Trip Location (mm) RTDF parameters

Target 10 0.0537 -0.05

Predicted 9.73 0.0535 -0.0481

10.2.7 Match 6 - Combined RTDF and SS Trip Location

Following the matches of the RTDF and SS trip location in isolation, the method was tested

on the same geometry for a combination of these. There were three parameters to match, the

trip location and two for the RTDF quadratic. The target and predicted parameters are given in

table 10.8.

These results show that the method is clearly capable of predicting these parameters where

both the transition location and RTDF are adjustable. This method has therefore been proven

to be reliable for thermal matching using internal cooling, external cooling and the upstream

traverse as adjustable parameters.

The method is now be applied to a thermal match using an HP blade where the cooling

configurations are significantly more complex, with an increased difficulty in obtaining a match

implying the greatest potential benefit of the automated method introduced by the author.

10.3 HP Blade - Modelling Procedure

Following the success of the Gaussian process regression based method on an IP blade, the

methodology was applied to an HP blade. An HP blade contains a much more complex cool-

ing configuration than an IP blade and therefore provides a more demanding test case for the

method. The HP blade is subject to the highest heat loads in the engine and the use of cooling

air leads to significant reduction in turbine efficiency, which increases with coolant flow. A

typical engine development project requires a thermal paint test and if performed manually the

matching process can take hundreds of hours. Therefore this is an area where the gains provided

by the new method can be most pronounced.

201



Internal Cooling for HP Turbine Blades Robert Pearce

10.3.1 Blade Geometry and Cooling Configuration

The HP blade analysed in the section below is that from a demonstrator engine, and was chosen

due to the availability of a good quality set of thermal paint test data. The cooling configuration

of the blade is complex, containing varied internal cooling passages, film cooling and trailing

edge ejection.

The main cooling features of the blade are as follows:

• Multiple ribbed internal cooling passages

• Trailing edge cooling slots

• ‘Tip flag’ passage to feed trailing edge slots near blade tip (a radial passage located to-

wards the trailing edge of the blade that only supplies the trailing edge slots near to the

tip, and no film cooling or other slots)

• Multiple film cooling rows on both pressure and suction surfaces

10.3.2 Modelling Setup and Generation of Training Data

There are two main differences between this HP blade thermal match and the IP blade tests

described above. These are the increased complexity of the cooling design and the use of real

thermal paint data.

The inclusion of more cooling features in this blade design led to an investigation using

eight parameters to attempt to achieve an accurate thermal match on different sections of the

blade. Due to the different behaviour of each feature the parameters each required a different

range of adjustment for the training data. The parameters chosen and the range over which the

training data was generated are given in table 10.9.

The parameters chosen were based on engineering experience of the operation of an HP

blade and previous parameters that have been used in successful thermal matches. The ranges

chosen are typical of the adjustments that might be expected, and will be shown to be acceptable

in a following section.

In this case real thermal paint data was used, as mentioned above. The data available consists

of a number of discrete contour bands, an example of which is illustrated in figure 10.11.
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Table 10.9: HP blade parameters and training data range

Parameter Min. Max.

SS trip location 2 4

PS trip location 1 3

Internal SS HTC 0.25 1

Internal PS HTC 1 2

Internal sidewall HTC 0.5 1.5

3D recovery temperature 0.95 1.05

SS film effectiveness 0.8 1.2

PS film effectiveness 0.8 1.2

Figure 10.11: Example of thermal paint contours on HP blade geometry from the PS before
contour extraction
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(a) PS view (b) SS view

Figure 10.12: Extracted thermal paint target locations

The information from the thermal paint occurs on the contour lines themselves, correspond-

ing to the colour change temperatures of the thermal paints. Along these contours the surface

metal temperature has reached the activation point of a particular thermal paint, and therefore

was operating at this temperature in the tests. These locations were therefore extracted and used

as the target temperature distribution, figure 10.12.

10.3.3 New difficulties for HP blade

A number of new challenges were encountered when processing the HP blade thermal data to

obtain a thermal match. These were related to the parameter choice and generation of training

data.

In order for the method to obtain a reliable match, with an accurate model of the parameter-

temperature relationship in the required region, the temperature range obtained from the training

simulations should bound the target temperatures. This can be difficult to ensure before running

the training simulations due to the unknown response of the surface temperature to changes in

model parameters.

The initial set of parameters used for the training simulations for this blade were not suitable,

as can be seen in figure 10.13. This figure shows the target temperatures in red and training

simulation temperatures in blue for the target nodes in increasing temperature order. For a large

proportion of the nodes it is clear that the target temperatures are outside the temperature range

covered by the training temperatures.
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Figure 10.13: Illustration of training and target data mismatch

Figure 10.14: Illustration of training and target data for actual match
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Table 10.10: Adjusted HP blade parameters

Parameter Adjusted value

SS Trip Location 1.5409

PS Trip Location 0.8732

Internal SS HTC 1.4078

Internal PS HTC 3.8424

Internal Sidewall HTC 0.7338

3D Recovery Temp 1.0343

SS Film Effectiveness 0.7000

PS Film Effectiveness 1.1890

Figure 10.14 shows the same plot for the actual match undertaken. This plot shows that for

most target nodes the new training simulations have a broad enough range for a thermal match

to be obtainable within the limits of the training parameters. There are still some nodes for

which this is not the case however this is not unexpected due to the relatively small number of

parameters that can be adjusted to implement a match.

The figures also highlight the importance of the initial model being reasonably close to the

target simulation. If this is not the case, very large parameter variations would be required,

which can either reduce the quality of the match or result in the requirement for additional

training simulations. It is also important that the target temperatures are within the training

range, to ensure that a match is possible, before the matching process is run, to avoid erroneous

results.

10.4 HP Blade - Results

The HP blade introduced in the previous section was matched to the target distribution given

in figure 10.12. The method was run as before, but for this match all of the target nodes were

used due to the increased number of parameters. Also, due to the variety of parameters used,

different length scales (σl in equation 9.2) were used for each parameter within the squared

exponential covariance function.

Table 10.10 gives the parameters obtained in order to match the target temperature distribu-

tions.
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The parameters for the matched model are generally in line, or close to those in the training

data. However there are some outside the training range, as many of the parameters act in

combination on similar regions of the blade, and there were some target nodes which were

outside the range of training data, such as nodes 920-1000 in figure 10.14.

Figure 10.15 shows the target, initial and matched temperature distributions for the PS, with

figure 10.16 giving the same plots for the SS.

The initial, unadjusted temperatures are reasonably close to the target contours, but do show

some significant differences. For example, the trailing edge of the initial distribution shows

significantly more variation than the target temperature, and shows slightly cooler surface tem-

peratures away from the trailing edge.

The matched temperature distribution has a generally higher temperature, leading to a better

match on the PS, particularly towards the leading edge of the blade. The overall distribution

is still more discretised than the paint data, as the selected block parameters cannot alter the

distribution continuously. The trailing edge lands are not well matched. The match has been

improved at the base of the blade, however the tip is less well matched than before adjustment.

This is due to the presence of a specific ‘tip-flag’ passage which feeds the trailing edge slot

directly near to the tip. This is not modelled well by the FEA/low-order cooling software, and

a specific parameter was not set aside to adjust this. Therefore with the parameters chosen it is

not possible to match this region due to conflicts against other regions. This would be rectifiable

in future thermal matching exercises if this cooling feature is present, by assigning a specific

enhancement factor to enable its value to be adjusted.

The SS initial and matched distributions show similar features, and also issues, as the PS

distributions although are in general closer to the target. The initial distribution is too hot across

the surface however shows very similar spatial features to the target.

The matched distribution is very close in all areas except for the trailing edge tip region, due

to the lack of a parameter dedicated to the tip flag passage. The hot region on the leading edge

section and the colder region downstream show an improved match relative to the initial model,

with the trailing edge region largely unchanged.

Figure 10.17 shows the difference between the target, initial and adjusted temperature distri-

butions. These plots illustrate the conclusions previously reached, with the adjusted distribution
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(a) Target

(b) Initial

(c) Adjusted

Figure 10.15: HP blade temperature distributions - PS
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(a) Target

(b) Initial

(c) Adjusted

Figure 10.16: HP blade temperature distributions - SS
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(a) Target minus initial - PS (b) Target minus initial - SS

(c) Target minus adjusted - PS (d) Target minus adjusted - SS

Figure 10.17: Difference to target temperature distributions
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Table 10.11: Temperature values for initial and adjusted simulations

nodal mean |∆T | max ∆T min ∆T

Initial 45.01 208.83 -149.00

Adjusted 39.14 154.30 -214.73

showing an improved match, largely within the thermal paint error, across the entire blade sur-

face excluding the trailing edge. Near the blade root the match has been improved to within

50oC of the target from over 100oC too cold, however the lack of adjustment on the tip flag

passage results in a poor match towards the tip, which can easily be rectified for future blades

and results from a very specific feature which is not usually present.

Table 10.11 gives the mean, maximum and minimum difference between the target, and ini-

tial and adjusted distributions. The values show an improvement in mean temperature difference

by 13%, however still large maximum differences of over 200oC. These are heavily influenced

by the poorly matched trailing edge region that has been explained above. Without this region,

in which a good match cannot be expected with the choice of parameters made, these values

would be much improved.

Figure 10.18 shows the difference between the target, initial and adjusted temperature dis-

tributions for four blade height locations. These plots are those used to assess the thermal match

internally within Rolls-Royce, the green boxes giving the thermal paint data with error bars and

the blue lines the temperature extracted from the model. These show a match that would be

considered very good with the model temperature within or close to the thermal paint data for

around 80% of spanwise distance. The modelled temperature is very close to the thermal paint

in the first three plots, with almost all areas overlaying the thermal paints. The tip-most plot

shows more deviation from the paint data, particularly in the trailing edge region, due to the tip

flag passage modelling as has been detailed previously.

In this section the new technique for automated thermal matching has been successfully ap-

plied to an HP blade. Actual thermal paint data was used for the target temperature distribution,

and a good match was obtained for most of the blade. The exception being a small region on

the trailing edge near to the blade tip due to a poorly modelled cooling feature, specific to this

blade geometry, which can be easily rectified in future matches by defining a single parameter

to this passage.
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Figure 10.18: RR matching plots at increasing blade heights
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10.5 New Approach for Sparse Thermal Paint Data

The output of a thermal paint test is localised to discrete lines which correspond to the change

points between the calibration bands of the paints used. These lines indicate the temperature

reached at the locations on the line during the test. In otherwords, the temperature data is

localised to specific lines. Depending on the paints used, or the particular temperature distri-

bution, there can be large areas of the surface of the blade for which there is no temperature

information.

This section introduces a method for obtaining full surface temperature distributions from

the thermal paint contours using a Gaussian process regression model, with covariance functions

based on a physical interpretation of blade thermal characteristics.

10.5.1 Method Outline

The method applied uses Gaussian process regression to model spatially distributed data from a

selected set of sample locations corresponding to the phase change paint transition temperatures.

The overall method has been introduced previously in this chapter, the extension being the

improvement of the thermal paint data using a custom covariance function to give a full spatial

distribution.

For such sparse data it is difficult to automatically obtain the correct covariance functions,

as the overall length scales relevant to the distribution may not be contained within the sample

points themselves. A new custom covariance function, based upon the squared exponential

function, has been introduced by the author. This is given in equation 10.2 for two separate

length scale components.

kcustom(xi,x j|θ) = σ
2
f 1exp

[
− 1

2

d

∑
m=1

(xim− x jm)
2

σ2
l1m

]
+σ

2
f 2exp

[
− 1

2

d

∑
m=1

(xim− x jm)
2

σ2
l2m

]
(10.2)

In this covariance function the decay of importance away from a point in parameter space is

given by the squared exponential function, however there are two separate components of these.

The two components each have relative weighting given by σ2
f 1 and σ2

f 2, and different length

scales for each direction. The task is then to find the σ f and σl values for these components,
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and the number of components required, for the physical problem.

These are found by assuming that the thermal solution for the FEA model of the blade

will have the same characteristics as the blade itself. The covariance parameters are found by

applying a fast Fourier transform to the mean temperature profile of the FEA solution in each

direction, in this case the height and streamwise co-ordinates, h and s.

The transformed spectrum in the ‘spatial frequency’ domain is then analysed for peaks.

Each peak occurs at a given spatial frequency, which has a corresponding length scale which

can then be used in the previously presented covariance function, σl . The relative magnitude of

each of the peaks is then determined and applied to the multiplier for each component, σ f .

These parameters are fixed in the covariance function, which is subsequently fitted to the

input contour in order to obtain the basis function value and overall weighting to fit the actual

data. This then gives a complete GPR model from which a full surface distribution can be

found.

This modelling procedure offers significant advantages in that all of the thermal paint data

is used, and the modelling of the surface between contour lines has a physical basis from the

same system.

Figure 10.19 illustrates the key stages of obtaining the full surface distribution, and com-

pares the new method with that using a standard covariance function for a particular case.

The first plot, (a), gives the temperature distribution and its value averaged in the spanwise

direction, minus the mean value, is shown in (b). The fast Fourier transform with normalised

signal power is given in (c), where it can be see there are two significant peaks for this distribu-

tion, in this direction, specifically at 1 and 5. The input contour, the locations for which thermal

paint test data is available and the distribution predicted using the standard squared exponen-

tial covariance function are shown in (d) and (e). Finally the distribution predicted by the new

method is shown in (f).

It is clear from this that the new method provides a significantly improved prediction of the

full temperature distribution using only the contour values and inferred parameters as inputs,

both of which can be done for a real thermal paint test.

Figure 10.20 shows the full temperature distribution, contour inputs and full predictions of

surface temperatures using the new method for another two cases. The first case, figure 10.20
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(a) Imported temperature (b) Average temperature with s (mean subtracted)

(c) Normalised FFT of average temperature (d) Input contour

(e) Modelled temperature - standard covariance
function

(f) Modelled temperature - new custom covariance
function

Figure 10.19: Series of figure showing new thermal paint data technique
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(a) Imported temperature - SS (b) Input contour - SS (c) Modelled temperature - SS

(d) Imported temperature - PS (e) Input contour - PS (f) Modelled temperature - PS

Figure 10.20: Further examples of new technique

(a)-(c), again shows a very good match with the actual distribution, while the second (d)-(f) is

largely correct however with some details not picked up resulting from the large areas where no

thermal paint data is available.

Figure 10.21 gives the full surface temperature distribution for three separate cases using

actual thermal paint test data. For each of these cases there is no full distribution to validate

against, as this is actual engine test data, however each surface distribution shows temperatures

and distributions that would likely be expected given the input data.

In this section a new method has been developed by the author capable of producing a full

surface temperature distribution from the thermal paint contour bands. Although the contour

bands themselves should still be used as the target temperature in the automated matching pro-

cedure, the full distributions obtained allow for improved assessment of the matches obtained.

10.5.2 Match using modelled target distribution

Figure 10.22 compares the modelled target temperature distribution to the initial and matched

distributions for the HP blade PS surface, with figure 10.23 giving the same comparison for the

SS.

These figures reinforce the conclusions gained from this match previously, however are

easier to observe. The PS surface of the blade is reasonably well matched with the exception
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(a) Imported contour (b) Modelled temperature distribution

(c) Imported contour (d) Modelled temperature distribution

(e) Imported contour (f) Modelled temperature distribution

Figure 10.21: Method applied to actual thermal paint contours
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(a) Target - modelled

(b) Initial

(c) Adjusted

Figure 10.22: HP blade temperature distributions - PS
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(a) Target - modelled

(b) Initial

(c) Adjusted

Figure 10.23: HP blade temperature distributions - SS
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of the trailing edge near to the tip, due to the poor modelling of the ‘tip flag’ passage. The

SS match is much improved relative to the initial distribution, particularly in the leading edge

region, while the trailing edge regions shows similar difficulties in the modelling to the PS.

10.6 Summary and Conclusions

The GPR based method for obtaining a thermal match that was implemented and tested for a

leading edge impingement design in chapter 9 has been tested on a full blade geometry. The

initial blade used was an IP blade, with the target temperature a distribution matched to the

real engine thermal paint test. This provides a very high level of validation for a full blade

cooling configuration under engine conditions. Multiple parameter selections were used, each

providing an improved thermal match. The final match using five parameters was easily within

thermal paint accuracy limits and was obtained significantly faster than it is possible to do using

existing manual methods.

The method was then tested on an HP blade using real thermal paint test data, rather than a

matched model. A larger number of parameters was required due to the increased complexity

of the cooling system, however a good match was obtained for most of the blade surface. There

were some areas where the match was less good, however this was due to a geometric feature

particular to this blade, and would easily be rectified in future cases.

Following this a method using GPR with a modified, physically based covariance function

was presented. It was shown to be reasonably well validated against know distributions, and

can give additional insight into the blade surface temperature distribution using the contours

obtained from a thermal paint test.

The following conclusions have been drawn:

• The GPR based method can successfully give a thermal match for a full blade under

engine conditions significantly faster than previously possible.

• The correct choice of parameters must be made in order to match the full temperature

distribution due to local effects such as those induced by rotation.

• The method is able to provide reliable matches for blades, even with very complex cooling

systems such as in an HP blade.
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• The GPR method has been fully validated and therefore should be used for future blade

thermal paint tests as it provides reliable, consistent and very fast thermal matches.

• Full surface distributions of metal temperature can be modelled using a GPR technique

based on a physical model created using the thermal paint data.

This work has therefore been very successful as it greatly improves the thermal matching

procedure used for gas turbine blades, a process which is essential for all future jet engine

designs.
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Chapter 11

Summary and Conclusions

11.1 Summary

A number of aspects of internal cooling for HP turbine blades have been investigated. These

include the heat transfer properties of radial passages and leading edge impingement systems,

the mechanical performance of a leading edge impingement system and a new methodology for

turbine blade thermal matching.

Radial Passages

The effect of rotation on the heat transfer in radial passages was investigated. Commonly

used industrial RANS CFD simulations were compared to experimental data obtained from the

RHTR, and their ability to predict heat transfer levels under stationary and rotating conditions

was analysed. Key features identified in the initial work were then investigated. Different inlet

velocity profiles were imposed at the start of the passage under stationary and rotating condi-

tions, with the effect on the heat transfer distribution analysed. Simulations were also run with

no rib-reversal between passes with some significant differences found in the flow structure and

heat transfer in the second and third passes.

Leading Edge Impingement - Rotating

The influence of rotation and the predictive ability of RANS CFD methodologies was investi-

gated for a leading edge impingement design. This was a single line design with confined jets

due to the availability of data from the RHTR. Rotation was found to affect the design in the

222



Internal Cooling for HP Turbine Blades Robert Pearce

opposite way than expected due to changes in flow structure in the feed plenum. The CFD was

found to offer good predictions for this geometry, with some overprediction in Nusselt number

levels, however the correct trends with rotation were found.

Leading Edge Impingement - Static

A static experiment was conducted for a leading edge impingement design directly derived from

a demonstrator engine. Multiple different impingement configurations were tested. The geome-

tries each had similar average heat transfer levels, which were in line with previous studies, with

some variation in distributions between configurations. RANS CFD simulations predicted the

distributions and trends with Reynolds number well, however overpredicted levels consistently

by around 10%.

Leading Edge Impingement - Mechanical

The research was extended to investigate the impact of variation in heat transfer results on the

mechanical performance of a turbine cooling system. A method was developed to isolate an

individual cooling system from a blade, analyse the stress distribution and improve the mechan-

ical performance through manipulation of the cooling system. Temperature profiles, both from

conjugate CFD simulations and manually generated, were applied to an impingement geome-

try to find desirable features in a metal temperature distribution, with geometric changes also

considered.

Leading Edge Impingement - HTC Sensitivity

The effect of changes in HTC levels on the surfaces of a leading edge impingement system were

investigated. Heat transfer enhancements and reductions were applied to key surfaces in turn

and the changes in temperature and stress levels and distribution were noted. Significant alter-

ations in stress levels were found from only a 20% change in HTC levels. Desirable individual

changes were then combined to determine whether the changes in stress levels were maintained

when multiple HTC alterations were combined.
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Thermal Matching - Leading Edge

Automated methods were developed for the thermal matching problem which is a key stage in

the design process for a gas turbine engine. Two methods, a simple and a Gaussian process

regression based model were introduced. These are both used to give a prediction of HTC

factors that are required in order for the temperature distribution to be matched. These methods

were extensively validated with the GPR based methodology proving robust and accurate. This

method was subsequently applied to a leading edge impingement geometry where it was used

successfully to match a target temperature distribution.

Thermal Matching - Full IP Blade

The Gaussian process regression based method was then applied to a full IP blade cooling

system and validated using real thermal paint results. Multiple parameter sets were used in order

to provide an understanding of the modelling setup for full blade thermal matching procedures.

Successful matches of the target distribution were obtained and the requirements for the chosen

parameters were assessed.

Thermal Matching - Full HP Blade

The new thermal matching technique was applied to a full HP blade with actual thermal paint

data used as the target distribution. An increased number of parameters were required due

to the additional complexity of the cooling system. A successful match was obtained with

the exception of a small region of the blade due to a specific cooling feature, which is easily

rectifiable for future matches.

Thermal Matching - Thermal Paint Data Improvement

The Gaussian process regression technique was then used with a physically based, custom co-

variance function to obtain a modelled full surface temperature distribution from the thermal

paint contour bands. This was validated for a number of different surfaces, and can provide

additional information on the actual operation of the blade, and the quality of thermal matches.
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11.2 Conclusions

The aims of this thesis have all been met, with the RANS CFD evaluated for rotating radial

passages and leading edge impingement systems in Chapters 3-5, and Chapter 6 providing new

detailed experimental heat transfer distributions for a leading edge impingement configuration.

Chapters 7 and 8 give a new mechanical method applied to a leading edge impingement system,

with suggestions for improving the stress distribution. Finally, Chapters 9-10 introduce and

validate a new automated method for thermal matching based on Gaussian process regression,

for a leading edge impingement system and real engine turbine blades.

The main conclusions that have been drawn from this work are given below.

• Radial Passage Rotational Effects - In a serpentine passage the heat transfer distribution

in a pass is heavily influenced by the upstream conditions, this being either the inlet

geometry or previous passes.

• Radial Passage CFD - RANS CFD is not capable of reliably predicting the complex inlet

flows caused by the upstream geometry in this case, however it produces better predictions

in the third pass where this has less influence.

• Radial Passage Inlet Effects - Modelling the upstream flows correctly is vital to produce

good heat transfer predictions. These must also be taken into account for real engine

design.

• Radial Passage Rib Reversal Effects - The relative direction in ribs between passes

in serpentine passages has a significant influence on flow and heat transfer, with non-

reversed ribs giving improved heat transfer performance in later passes.

• LE Impingement Rotational Effects - In impingement systems where the jet-target sur-

face distance is relatively low, rotation has the greatest effect in the feed passage, with

little jet deflection in the target passage. Therefore rotation enhances heat transfer on the

suction surface of the target passage as the jets are directed towards this surface due to

the feed flow being biased towards the opposing side of the channel.

• LE Impingement Static Experiment - The heat transfer properties of the engine-derived
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leading edge impingement system are very similar for multiple different hole configura-

tions, which allows for the optimum layout for stress considerations to be used.

• LE Impingement CFD - RANS CFD offers good predictions of the heat transfer dis-

tribution and trends with Rotation and Reynolds number, however overpredicts average

levels by 10%.

• Mechanical Method Validation - It was shown that a mechanical analysis of an indi-

vidual cooling system which has been isolated from a blade can be used to determine

improvements in the stress distribution, and therefore life, of that system.

• LE Mechanical Geometric - The solid geometry of a leading edge impingement system

was found to have little impact on the stress levels within the life-limiting web section of

the geometry.

• LE Mechanical Temperature Profile - The temperature profile through the blade cross

section is the main driver behind the stress distribution, with a large difference between

the shell and web temperatures causing the highest web stress levels.

• HTC Sensitivity - An adjustment in HTC values on carefully chosen surfaces within a

LE impingement system can significantly alter the stress levels in a blade, with a 6 %

reduction in web stress demonstrated using 20 % HTC alterations.

• Thermal Matching Method - A method based on Gaussian process regression has been

implemented to automate the process of thermal matching for turbine blades. It performed

significantly better than a baseline linear method for engine representative geometries.

• Thermal Matching Validation - This method has been extensively demonstrated and

evaluated on a leading edge impingement system, and has been found to reliably produce

very good thermal matches to a specified target distribution.

• Thermal Matching Real Blade - The thermal match procedure has been applied to real

engine blades, where it successfully produced thermal matches to a high accuracy far

faster and using a more standardised procedure than existing methods.
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• Thermal Paint Data Improvement - A new method based on Gaussian process regres-

sion with a physical basis has been implemented to offer full surface temperature distribu-

tions which can improve analysis of paint tested blades, and thermal matching of models

to these.
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11.3 Suggestions for Future Work

11.3.1 Radial Passages

The RHTR produces very valuable heat transfer results for engine realistic geometries under

engine representative conditions, however only for a relatively short length of the passage. This

makes comprehensive validation of the heat transfer predictions from CFD for some regions,

such as the the inlet effects and bends, challenging. Therefore the experimental test section

could be modified to improve the camera view of the passages to provide results for a larger

region.

RANS CFD simulations were used for this work, however were found to provide inade-

quate predictions for the radial passages under rotating conditions with the complex inlet ef-

fects. Therefore higher cost CFD methodologies, such as LES, could be tested against the same

experimental data to see if improved predictions are produced, and if any improvements justify

the increase in computational cost.

11.3.2 Leading Edge Impingement

The mechanical methodology was applied and validated for a leading edge impingement system

for this work. The method could be applied and tested for other cooling systems in different

sections of the blade, to ensure similar methods can be used for them and that the correct

boundary conditions are applied in future cases.

The static experimental results presented provided detailed heat transfer measurements for

the characterisation of such a system, and for validation of CFD simulations. In a real engine

case, crossflow may be present in both the leading edge and feed passages, and a future exper-

imental campaign could investigate the effects of these relative to the presented heat transfer

distribution and levels, and to ensure conclusions drawn on the accuracy of RANS CFD simu-

lations hold for this more complex case. Higher cost CFD methods may also be tested against

this high resolution data to test if any improvement in accuracy over RANS CFD is present for

real engine geometries and conditions.
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11.3.3 Thermal Matching

The current thermal matching methodology has been undertaken using a low order thermal

model to match to the thermal paint data, as is currently done in industry. With increasing levels

of computational power, conjugate CFD simulations may be used in part to replace these low

order thermal models, and therefore the methodology may be adapted for use with conjugate

CFD. This may be done either using a surrogate thermal model on which the CFD solution

is imposed, or to apply the method directly to the conjugate CFD through the alteration of

boundary conditions.

The method for providing a full surface temperature distribution currently uses a relatively

simple covariance function. The complexity and physical basis of this may be improved further

to give increased accuracy for the distributions produced. The method may also be tested and

validated for use in a wider variety of scenarios where only sparse data is available in the gas

turbine engine.
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