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TIP CLEARANCE CONTROL CONCEPTS IN GAS
TURBINE H.P. COMPRESSORS

Summary

This thesis describes the development of concept and the evaluation for the reduction and
control of tip clearance in HP compressors. The potential method of tip clearance
improvement was the reduction in the disc time constant by improving drum heat transfer
using radial inflow of air. A passive clearance control scheme was employed in this
research. This involves the control of disc and casing thermal response during engine
transient by increasing the heat transfer coefficient of the drum. This will speed up the
thermal response of the drum hence controlling the clearance between casing and the
blade tip during engine transient. A sensitivity analyses were performed to determine the
quantitative effect of heat transfer coefficient on the time constant of the disc hence the
effect on tip clearance during engine transient in a square cycle using a finite element
compressor drum and casing models of RB211 524 and Trent 1000 engines. Measured

disc surface temperatures were used to analyse the disc time constant. The results show

viii



that an increase in heat transfer coefficient reduces the drum time constant. It produces a
reduction in cruise clearance and impacts positively on compressor operability. The effect
was improved significantly with radial inflow injection on the time constant of the disc
and hence the effect on tip gap from a transient cycle.

A finite element model of the multiple cavity rig which incorporates a rotor and an inner
shaft scaled down from a Rolls Royce Trent aero-engine to a ratio of 0.7:1 was also used
to simulate flow conditions in the HP compressor cavity equivalent to the Trent 1000
aero-engine, with a rotational speed of up to 10000 rpm. The idle and maximum take-off

conditions in the square cycle correspond to in-cavity rotational Reynolds numbers

0f3.1x10° < Re, <1.0x10". The project involves modelling of radial inflow regimes of

1.6%, 2%, 3%, 4%, and 6% and the use of a lumped parameter model and experimental
data to demonstrate proof of concept. The results shows that 6% radial inflow is capable
of reducing the cavity disc time constant by approximately 44% during acceleration at
high power and 39% during deceleration at low power with a time constant reduction

factor of 2 during acceleration and 1.8 during deceleration.
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CHAPTER ONE

1. Introduction

A gas turbine engine is an internal combustion engine consisting of a compressor,
combustion chamber and a turbine. A typical gas turbine engine used in this study is the
Trent 1000 jet engine shown in Figure 1.1. Figure 1.1 shows a cut away diagram of
Rolls- Royce Trent 1000 jet engine indicating the different compressor and turbine
section of the engine. These are Fan or Low pressure compressor (LPC), Intermediate
pressure compressor (IPC), High pressure compressor (HPC), High pressure turbine

(HPT), Intermediate pressure turbine (IPT) and Low pressure turbine (LPT).

Fan (LP compressor) IP compressor HP compressor IP turbine LP turbine

HP turbine

D Low pressure (LP)
Intermediate pressure (IP)

. High pressure (HP)

Three-shaft configuration

Figure 1.1: Trent 1000 jet engine with stages’ delivery pressures, courtesy of Rolls-

Royce plc



The efficiency of the gas turbine engine such as used in aircraft depend in some measure
on the clearance between the rotor blade tips and the surrounding engine casing shroud
such as the clearance between the compressor blade tips and the compressor casing. In
an effort to maintain a high level of compressor efficiency, gas turbine engines
manufacturers have endeavoured to maintain the closest possible clearance between
rotating compressor parts and surrounding casing structure. This is so because any air
leakage there between signifies a loss of energy in the system. If the clearance is too
large, more of the engine air will escape through the gap between the rotor blade tips and
the surrounding casing shroud, thereby decreasing the engine’s efficiency. If the
clearance is too small, the rotor blade tips may rub the surrounding casing shroud during
certain engine operating conditions such as acceleration and deceleration. This can lead
to the deformation of casing, vibration of blades and in some cases the blade can fracture.
During these changes in engine conditions from idle to maximum take-off, the rim of a
compressor disc responds considerably more quickly to changes in the temperature of the
main flow than the disc cob. The resultant radial temperature gradients result in high
stresses and reduced disc life. Furthermore, the compressor drum responds more slowly
to changes in annulus air temperature, and particularly the disc cobs, than the surrounding
engine casing. These differential expansions and contractions lead to changes in the blade
tip clearances. The reductions in blade tip clearance in compressor of gas turbine engine
will improve engine efficiency both at steady state and during transient operation. An
efficient control method for the tip clearance is also essential for engine stability. This

would reduce compressor surge occurrence during the engine transient operation.



Compressor surge is the complete breakdown of compression during transient operation
cause by aerodynamic instability within the system. This is a total breakdown of the
continuous steady flow through the entire compressor. During surging, the earlier
compressed air is expelled through the engine intake. This is due to the failure of
compressor to continue compressing the already-compressed air in the system. The
evidence of surge is by a reversal of flow in a compressor accompanied by high vibration,
a loud bang, increase in exhaust temperature and rotor speed, and loss of thrust. Surging
results in damage to the compressor parts such as blades and thrust bearings.

Tip clearance in the axial flow compressor of aero-engines is also of critical importance
in terms of both performance and cost of operation of the aircraft. As the clearance
between the compressor blade tips and the casing increases, the aerodynamic efficiency
will decrease. Figure 1.2 shows the variation of efficiency with clearance. It indicates that
the larger the clearance the lower the efficiency and the lower the clearance the higher the
efficiency.

The decrease in aerodynamic efficiency will result in an increase in the specific fuel
consumption and operating costs, which are very importance to civil airline operators and
their customers alike. In practice a 1% reduction in specific fuel consumption (SFC) for a
large passenger aircraft could save “560 tonnes of fuel per annum and reduce direct
operating costs by 0.5%” (Childs et al. 2006). It is therefore important to reduce the
uncertainties associated with engine optimisation such as large tip clearance.

The aim of this research is to develop a concept for controlling the compressor tip
clearance throughout the engine operating cycle during engine transient operation. This

is achieved by reducing the high pressure compressor (HPC) drum time constant. The



drum time constant is reduced by increasing the heat transfer coefficient of the drum
through the introduction of the radial inflow into the drum cavity. Increasing the thermal
response of the high pressure compressor (HPC) drum reduces the reslam characteristic
of the drum, thereby reducing the cold build clearance (CBC), leading to a reduction in

cruise clearance and a reduction of clearance at first acceleration.

0i012 =
0.010 -
o 0.008 -
&
5 0.006 -
O 0.004 -
g 0.002 -
'S 0.000 .
£ .0.002 9 4
S -0.004 -
& _0.006 -
Q
€ _0.008 -
-0.010 -
-0.012 -

Tip clearance (%span)

Figure 1.2: A schematic diagram showing the efficiency variation with tip clearance

for medium tip gap (Sakulkaew et al. 2013)

The multiple cavity rig (MCR) is used for the study. It is a representative of real aero-
engine geometry and operates at engine non-dimensional conditions. The work reported
here is part of the wider 6™ Framework European Project NEWAC (NEW Aero Engine
Core Concepts), which aims to develop alternative engine configurations in order to
achieve significant and durable reduction of pollution. The technology will be applied to
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the rear stages of a modern high pressure compressor as these stages are more exposed to
tip clearance problems. This is to a certain extent due to larger thermal expansion
resulting from higher gas temperatures, and also owing to the higher impact on the
aerodynamic losses due to smaller blades in the later stages.

The lumped parameter method is employed to predict closures and clearance behaviours
at any point in the cycle during engine transient operation, and the experimental data
obtained by Dr. Nick Atkins as part of the wider NEWAC programme from the multiple
cavity rig are validated against the two-dimensional finite element thermo-mechanical
model of the rig to explore the physical principles and demonstrate proof of concepts.

A review of previous work is presented in Chapter 2, and the finite element analysis
program SC03 model of the rig is described in Chapter 3. The 1 -dimensional analysis is
presented in chapter 4. Sensitivity analysis using HP compressors drum and casing
models of RB211-524 and Trent 1000 engine are described in Chapter 5 while the 2D
thermal modelling prediction are validated against the lumped parameter model results
and experimental data as well as a discussion of the results of the matching are discussed
in Chapter 6. In Chapter 7, 2-dimensional thermal modelling of the multiple cavity rig
and the results of the modelling showing the effect of radial inflow in the cavity are
discussed and a summary of the main conclusions and recommendations for future work

are presented in Chapter 8.



Chapter 2

2. Review of previous work and background information on tip

clearance control

This chapter presents insight into previous investigations carried out in the field of tip
clearance control in axial compressors. This is preceded by presentation of the basic
terminology specific to the axial compressor. This chapter is divided into four main
sections. The axial compressor overview is described in section 2.1, literature particular
to compressor clearance control and tip clearance flows in gas turbines is reviewed in
section 2.2, tip clearance control patent review is presented in section 2.3, fluid dynamics
and heat transfer in rotating disc systems are discussed in section 2.4 through to 2.6,
rotating cavity with radial inflow is presented in section 2.7 while section 2.8 examines

rotating cavity with axial throughflow and the summary is presented in section 2.9.

2.1 Compressor Overview

A compressor is a device that imparts energy to fluid flow and as a result increases the
pressure of the working fluid passing through it. During this process, the volume of the
working fluid is reduced and the temperature is increased. Compressors are divided into
two broad groups; namely positive displacement and dynamic compressors. The dynamic
type compressor is subdivided into centrifugal and axial compressors. These are

commonly used in gas turbines with the latter being the focus of the research. For details



on axial compressor design and operation, the reader is referred to Cumpsty (1989),
Wilson (1993), Saravanamuttoo et al. (2001), Aungier (2003), Boyce (2003) and Rolls-

Royce (2005).

2.1.1 Axial compressor

Axial compressors are rotating aerofoil based compressors where the working fluid
mainly flows parallel to the axis of rotation. They produce a continuous flow of
compressed gas, and have the advantages of high efficiencies and a large mass flow
capability, in relation to their cross section. For high pressure rises to be achieved in axial
compressors, several rows of aerofoil are required making them more complex and
expensive than other compressor designs. An axial compressor consists of a series of
stages, each stage comprised of a row of rotor blades followed by a row of stator blades
Saravanamuttoo et al. (2001). These series of stages are required to achieve the desired
overall pressure ratio. They are mounted with bearings, which are aided by the casing
structure, which integrates stator vanes aerofoil cross sections that are aligned axially

behind the rotor blades Rolls-Royce (2005).

An axial compressor may have a single spool or multi-spools depending on the number of
rotor and stator assemblies. In some cases, additional rows of stator blades, called inlet
guide vanes (IGVs) are included to guide the air to the first row of rotor blades.

¢ Single spool: A single spool compressor is a compressor with one rotor and stator

assembly with as many stages as needed to achieve the desired pressure ratio and



all the airflow passes through the compressor. Figure 2.1 shows a single spool

comprises of a single compressor driven by a single turbine.

Compressor

Combustion chamber

Figure 2.1: Asingle spool courtesy of Thai Technics (2001)

e Multi-spool: This consists of two or more rotor blade assemblies each driven by
their own turbine at an optimum speed to achieve a higher-pressure ratio and to
give the compressor a greater operating flexibility. Figure 2.2 shows a multi-spool
comprising of a twin-spool in which the low pressure compressor is connected to
the low pressure turbine while the high pressure compressor is connected to the
high pressure turbine.

A multi-spool such as the twin-spool is most suitable for by-pass type engines where the
low pressure (LP) or front compressor is designed to handle a larger mass airflow than
the HP compressor. In this manner, a percentage of the air from the LP compressor

passes into the HP compressor while the remaining part of the air called the by-pass flow



is ducted around the HP compressor and finally, both flows mix again in the exhaust

system before passing to the propelling nozzle Rolls-Royce (2005).

High-pressure High-pressure
Fan COMpressor turbine

High-pressure

Low-pressure Combustion Low-pressure  MNozzle
COMPressor chamber turbine T

Figure 2.2: A multi-spool courtesy of Wikipedia

The length of the blades, annulus area of an axial compressor is gradually reduced from
the front to the rear of the compressor to maintain the axial velocity at a near constant
level Boyce (2003). The compressor rotor is driven by the turbine through a connecting
shaft, which rotates at a high speed causing air to be induced continually into the
compressor. The air is drawn into the compressor through the engine intake as the rotor
rotates and the working fluid principally flows parallel to the axis of rotation. The rotor
blade imparts energy to the air thereby causing the pressure to rise; the air pressure and
temperature continue to increase as the air passes each stationary stator which is located
downstream of each rotor that redirects the flow onto the next set of rotor blades. Finally,

at the last stator, all circumferential velocity, or whirl, from the air is removed leaving the



core air to pass into the combustor pre-diffuser, before entering the combustor system
Rolls-Royce (2005). An axial compressor produces a continuous flow of compressed air,
hence having advantages of high efficiency and large mass flow capacity in relation to its
cross section Rolls-Royce (2005).

Axial compressors are used widely in gas turbines, such as jet engines, high-speed ship
engines and engines for power stations. A classic example of an axial compressor is the
H.P. compressor. Figure 2.3a shows a schematic diagram of the internal layout of a H.P.
compressor internal air system while Figure 2.3b shows a schematic diagram of clearance
between rotor blade and the casing in an H.P. compressor. The H.P. compressor in Figure
2.3a consists of compressor disc, rotor, stator blade, rotor blade, the main flow through
the compressor to the combustion chamber and the axial throughflow of cooling air. This
throughflow cooling air extracted from stages of the intermediate pressure compressor
and intended for the intermediate pressure turbine blades and seal, flows through the
annular passage between the drive shaft and H.P. compressor disc bores. This
throughflow may be heated by both convection and viscous dissipation as it travels along
its route Long et al. (2007). Figure 2.3b shows a schematic diagram of clearance between

rotor blade and casing in an H.P. compressor.
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2.1.2 Compressor characteristic

The compressor characteristic is the performance of the compressor with reference to
different engine operating conditions. A typical compressor characteristic shows the
delivery pressure ratio against the inlet mass flow following a constant rotational speed
line. Figure 2.4 shows an operating curve of a gas turbine engine, which shows the
relationship between the compression ratio of the engine and the mass airflow that must
be maintained throughout the engine. If either of these factors goes out of limits, a
compressor stall occurs and may in some cases lead to surge occurrence. When the
engine is undergoing steady state operating conditions, the compressor will operate on
the working line. However, during other engine operating conditions like acceleration,
the compressor operating point can move above the working line. In view of the above, it
is desirable to have a large operating margin (stability margin) to take care of transient
operations. In a multi-stage compressor, each stage is being controlled by its own stage
characteristics. It is important to match the stages to achieve low losses and sufficient
operating range for off-design operation. A typical matching is where the front stages
control the low-speed stability margin while the rear stages control the high-speed

stability margin Rolls-Royce (2005).
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Figure 2.4: A Schematic Diagram of Compressor Characteristic Map (Rolls-Royce,

2005)

At a higher operating speed, if the operating condition of the compressor goes beyond the
limits of the stability line, the rear stages become overloaded and immediately a
breakdown of the airflow through the compressor occurs, giving rise to a phenomenon
called surge. However, during low operating speeds, if the operating point moved beyond
the stability line, the front stages of the compressor experience a phenomenon called
rotating stall, which gives rise to a circumferentially non-uniform flow. This flow rotates

around the annulus at 20 to 50 per cent of rotor rotational speed, and in the same direction
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Rolls-Royce (2005). Rotating stall and surge are sources of blade vibration that can
induce rapid aerofoil failure leading to the destruction of the compressor. Undesirable tip
clearance in most cases contributes to the occurrence of surge and rotating stall.
Consequently an active clearance control mechanism is necessary for optimum operation

of the compressor.

2.1.3 Compressor clearance

Compressor clearance is the radial gap between the rotating blades and the casing of the
aerofoil compressor. This clearance varies significantly during the various operating
conditions of the engine namely: take-off, acceleration, cruise, deceleration and
reacceleration due to the combined effects of centrifugal forces and thermal expansions.
During transient operation, centrifugal forces on the rotor and different thermal
expansions of blades, discs and the casing induce inertial and thermal stresses in an

engine, which create deflections in components that can lead to loss in engine efficiency.

A cold engine is designed to have a large amount of compressor clearance, but this
clearance diminishes as engine speed is increased from ground idle to maximum power
during take off. During this process, the rotor and blade assembly expands rapidly,
causing the rotating components to grow radially outward. The growth by rotor and blade
are due to rotational forces and rapid heating. As the rotating component grows, the case
and shroud assembly surrounding them also expands radially due to heating, but at a
different rate (slower rate). This result in a minimum clearance condition called a pinch
point Lattime and Steinetz (2002). After the pinch point, the casing which is less in mass

acquires more heat quickly during acceleration and expands more than the disc having a

14



heavier mass thereby increasing the clearance between the blade tip and the casing again.
In a while after the casing expansion, the rotor starts to heat up at a slower rate than the
casing thereby decreasing the clearance again. This continues until the engine approaches
cruise condition, where the casing and rotor growth reaches thermal equilibrium which

causes the tip clearance to remains relatively constant.

During deceleration from maximum take off to Idle at low speed the rotor shrinks quickly
causing the rotor blade to move away from the casing thereby increasing clearance. The
casing then loses heat quickly and contracts rapidly more than the disc thereby decreasing
the clearance between them again in the compressor of the gas turbine engine. This
continues until the engine approaches Idle condition, where the casing and rotor growth
reaches thermal equilibrium which causes the tip clearance to remains relatively constant.
Figure 2.5 shows the variation of closure with time over a square cycle of stage 1 HP
compressor for RB211-524 engine with a maximum rotational speed of 10097 rpm,

maximum inlet temperature of 544.3K and maximum outlet temperature 851.6K.
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Closure is the relative movement between the blade tips and the casing in a gas turbine
engine. A typical closure characteristic is shown in Figure 2.5. The running clearance is
obtained by the addition of the cold build clearance (CBC) and the closure. The setting up
of the CBC and calculation of clearance is dealt with in details in Chapter 5. The graph
shows different thermal response characteristics of the stationary and rotating parts of the
engine during transients. This includes disc centrifugal growth, casing thermal growth,
disc thermal growth, disc centrifugal contraction, casing thermal contraction and disc
thermal contraction. Also included in the graph is full hot re-slam closure.

It is considered useful at this instance to formally define the disc and casing response
characteristics during transient operations. These transient operations includes start,
stabilisation at idle, acceleration from idle to maximum take-off, stabilisation at
maximum take-off, deceleration from maximum to idle and stabilisation at idle as shown
in Figure 2.5. The engine start from Os and between t =0s and t =1000s with speed of
6473.4 rpm is the first idle region, between t =1000s and t = 2000s is the maximum take-
off (MTO) region with speed of 10096.7 rpm, and t = 2000s to t = 3000s with speed of
6473.4 rpm is the idle region. The engine finally come to rest after the transient at t =
3000s.

e Disc centrifugal (CF) growth: This indicates the radial growth of disc due to
centrifugal acceleration of the disc as the engine start accelerating from idle
position. During this period, the large cold closure in the engine between Os and
1000s is reduced considerably.

e Casing thermal growth: Is the thermal expansion of the casing. The casing

acquired heat quickly than the disc being lighter in mass than the disc as the
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engine is accelerating to maximum take-off point. As the casing heats up, it
expands and grows radially away from the rotating blade hence increasing the
clearance exiting between the casing and the rotor blade within the next 10s from
t = 1000s tot =1010s mark. This gap starts reducing as the disc start to expand.
Disc thermal growth: This is the thermal expansion of the disc. The disc with a
heavier mass now start to acquire heat as the engine is accelerating and hence
expands radially thereby causing the rotor blade to move radially. When this
occurs, the gap is reduced until an equilibrium is reached and maintain till they
finally stabilised at the stabilised maximum take-off point; in this case at t=2000s.
Disc centrifugal contraction: This is the radial contraction of the disc due to the
sudden withdraw of power from the engine hence slowing down the centrifugal
acceleration of the disc. When this happens, the disc contracts causing the rotor
blade to move away from the casing. This will open up the gap between the rotor
blade and casing giving a large clearance again in the cycle. This occurs between t
= 2000 and t = 2010s. This gap will start to narrow down again as the casing start
to contract when it starts to lose its acquired heat.

Casing thermal contraction: This is the sudden contraction of the casing as it
starts to loose its acquired heat quickly due to its low mass resulting from low
power in the engine. When this happens, the large gap starts to narrow down. This
continues until there is equilibrium between the temperature of both the casing
and the disc giving the tightest clearance after maximum take-off. This occurs
between t = 2010s and t = 2060s giving the re-slam characteristic in the cycle.

This gap further open up as the engine approach stabilised idle point.
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e Disc thermal contraction: This occurs when the disc gradually losses heat as it
cools down due to low power resulting in a large gap between the casing and the
rotor blade. This gap continues to increase in sizes as the disc cool down
gradually away from the casing. At an equilibrium temperature of both of them,
the gap is maintained until it reaches the stabilised idle point. In this case isatt =

3000s.

These different thermal response characteristics of the stationary and rotating parts of the
engine during engine transients give rise to complex tip clearance behaviour. This
complex behaviour has a serious effect on engine operating parameters such as specific
fuel consumption (SFC), surge margin, cruise clearance, turbine inlet temperature and
indeed both overall efficiency gains and increased safety margins. A large clearance
brings about a reduction in the overall efficiency of the compressor. Radomski (1982)
carry out an investigation into the compressor clearance in high pressure compressor of
CF6 jet engine for National Aeronautics and Space Administration (NASA) and came to
the conclusion that a 1mm (0.040 in) reduction in clearance would produce a normalized
average clearance change of 0.78%. This will give a corresponding increase in the
compressor efficiency by 0.78% and a reduction in specific fuel consumption (SFC) of

the fan engine by 0.38%.

In an axial flow compressor, a considerable percentage of efficiency loss arises in the
blade tip region; here the complex flow that arises has been attributed to the interaction of
the end-wall boundary layer and tip leakage flow. This complex flow behaviour at the
blade tip is influenced by undesirable clearance between the rotating blade and the casing

which must be controlled to achieve maximum engine efficiency. The gap between the
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rotor tips and the stationary casing wall in aerofoil compressors during engine operation
must be controlled because it is a known source of losses in the compressor. This is so
because the flow in the gap is not twirled by the blades and as such does not contribute to
energy addition during compression process. This tip flow leaves the tip-gap as a vertical
structure that generates pressure losses as it mixes with the main stream flow. These
losses manifest in two forms namely; blockage and other losses resulting from fluid
dynamic and thermodynamic effects. These various losses are recorded in the form of
flow separation, stall and reduced rotor work efficiency which occurs as a result of the
interaction between the clearance flow and the main flow of the compressor. This in turn
affects significantly the performance and stability of the aerofoil compressor. The losses
can be divided into two: (1) Losses encountered in the rotor and (2) Losses encountered
in the stator. These losses can be described as disc friction loss, incidence loss, blade
loading and profile loss, skin friction loss, clearance loss, wake loss, exit loss, stator

profile loss and skin loss Boyce (2003).

In an effort to maintain a high degree of compressor efficiency, attempts have been made
by gas turbine engine manufacturers to reduce the blade tip clearance as much as possible
through active tip clearance control schemes. Active clearance control is any system that
allows independent setting of a desired clearance at more than one operating point. This
system makes use of fan air to cool the support flanges of the H.P. turbine casing. This
reduces the casing and shroud diameters, and consequently blade tip clearance, during
cruise conditions. Other forms of active control systems are magnetic and sensor
actuation. Hence, a good clearance control scheme is an effort aimed at improving engine

efficiency by controlling both transient and steady state tip clearance during engine
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operations. In the past, tip clearance control was focused on turbine/shroud relationship,
but a recent development is the focus on compressor rotor/shroud and stator/rotor
relationship. A good control method that reduces blade tip clearances significantly in
aerofoil compressors will lead to a significant increase in the on-wing life of commercial
aircraft, reduction in engine instability, reductions in specific fuel consumption (SFC)
thus saving fuel costs, as a 1% reduction in SFC across the then current fleet could save a
total of $160M per year in fuel costs Lattime and Steinitz (2002), reduction in air
accident rate, increased economic and environmental benefits to the public due to
reduction in emissions (NOy, CO), increased payload and mission range capabilities,

reduction in pressure losses and the overall increase in engine efficiency.

2.2 Compressor Clearance Control review

Many papers have been found which are relevant to the aerodynamic desensitisation of
tip clearance flows. Aerodynamic desensitisation is the process of weakening the tip
leakage vortex. Very few papers were found which relate directly to actual clearance
control techniques. However, approximately 100 patents protecting various active and
passive clearance control schemes have been found which and are presented in detail in
appendix 2.1. This section summarises the literature relevant to aerodynamic

desensitisation of tip clearance flows and other tip clearance control schemes.
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2.2.1 Aerodynamic Desensitisation of Tip Clearance Flow

A number of strategies for desensitisation of tip clearance flow have been published over
the past decades. The common objective among the authors is to reduce as much as
possible the mass flow that passes through the tip clearance. The most common method is
to modify blade tip geometry. This includes using squealer tips and tip platform extension
such as adding winglet. These methods will change the discharge coefficient without
affecting the pressure distribution around blade tip regions. Another method for
controlling tip clearance flow and cooling the blade tip regions is by air injection. This air
jet will hamper tip clearance flow and weaken the interaction between tip clearance flow
and main passage flow, reduces tip clearance vortex and hence improving engine
efficiency.

This section presents literature relevant to aerodynamic desensitisation of the tip flow
under the following heading namely tips injection, squealer tip and tip platform
extension. In an axial compressor, the pressure difference across the blade causes a
leakage flow through the tip clearance from the pressure surface to the suction surface of
the blade; this leakage causes blockages that eventually reduce the pressure rise

capability and in turn affect the overall efficiency of the compressor Bae et al. (2003).

2.2.1.1 Tip Injection

Tip injection involves the injection of air into the gap between the blade tip and casing to
reduce clearance. These include the injection of coolant from holes located on the blade
tip, near the tip along the pressure side or along the suction surface. This is a reliable

method to enhance compressor stability and will control the stage characteristics
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considerably by changing the radial work distribution. This can act as an obstruction to
the tip clearance flow and will weaken the interaction between the passage flow and the
tip clearance flow. It is also establish that tip injection causes the tip clearance loss to be
less sensitive to the incidences. In addition, with injection, at all these incidences the heat
transfer conditions are improved significantly on the blade tip surface in the middle and
aft parts of blade Niu and Zang (2009). Thus, tip injection is proved to be an effective
method of controlling tip clearance flow, even at off-design conditions.

Acharya et al. (2002) carried out a numerical simulation of film cooling holes on the tip
of a gas turbine blade, and results on a flat tip, film coolant injection is shown to lower
the local pressure ratio and alter the nature of the leakage vortex while a high film
cooling effectiveness and low heat transfer coefficients are obtained along the coolant
trajectory; these values increase slightly with increasing tip clearances. For a squealer tip,
the flow inside the cavity exhibits stream wise directed flow; this alters the trajectory of
the coolant jets and reduces their effectiveness.

Hohlfeld et al. (2003) investigated the effect of blowing from the dirt purge holes of a flat
tip in a linear cascade with both numerical and experimental methods. Two different tip
gaps of 0.56%C and 1.68%C were investigated. The results show that the flow ejected
from the dirt purge holes is able to block the leakage flow in the tip gap and this blockage
effect was more evident at the small tip gaps than at large ones.

Bae et al. (2003) examined tip clearance flow control using a fluidic actuator mounted on
the casing and the application of three jets; Normal Synthetic Jet (NSJ), Directed
Synthetic Jet (DSJ) and Steady Directed Jet (SDJ). The effectiveness of this three jet

approach to tip clearance flow control was measured by (a) reduction of the tip leakage
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flow rate, (b) mixing enhancement between the defect region of the tip clearance vortex
and the primary stream flow, and (c) stream wise momentum enhancement. Figure 2.6
shows a fluidic actuator mounted on the casing used in this study. When NSJ are injected,
the momentum flux of NSJ modifies the streamline next to the casing wall therefore
effectively reducing the tip clearance. The result of the experiment shows that the
momentum flux of the NSJ reduces the rate of the leakage flow by modifying the
streamline next to the casing wall thereby reducing the tip clearance effectively, while the
DSJ causes a reduction in the flow blockage in the blade passage as the force-mixing of
the jet with the main flow continues and finally the SDJ energises the retarded flow in the

end-wall causing the flow to be more uniform, thereby controlling the tip clearance.

normal synthetic jet
modified actuator
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Figure 2.6: Illustration of Tip Leakage Flow Rate Reduction Scheme (Bae et al.
2003)

Rao and Camci (2004) performed an experimental study of a turbine tip desensitisation
method based on tip coolant injection in a large-scale rotating turbine rig to ascertain the
effect of injection mass flow rate and concluded that cooling injection could cause the tip
clearance vortex and its associated losses to be reduced.

24



Cassina et al. (2007) carried out a numerical study on the suppression of flow instabilities
in axial compressors using tip injection, with ten discrete injectors modelled as openings
through the casing; a high pressure jet of air was supplied at angle 15° in radial direction.
Analysing the results for various lengths and widths of the injector port, upstream axial
position, injector mass flow rate and tangential flow angle, it was shown that the tip
injection effectively actuated the low momentum fluid at the rotor tip, optimised width to
length ratio of the injector port and thereby improved the stability margin.

Behr et al. (2007) examined the control of rotor tip leakage using cooling injection from
the casing onto the rotor tip. The cooling air was injected from the casing into the
opposing rotor turning direction through a rim array of ten holes open at equal distance
per rotor pitch. The results showed that the interaction of the cooling air with the main air
flow as it enters the tip of the rotor causes a reduction in the size, turbulence intensity and
the rotor passage vortex, which in turn improved the isentropic efficiency of the stage.
Dobrzynski et al. (2008) studied experimentally the active flow control in a single-stage
axial compressor using tip injection and end-wall boundary layer removal and came to
the conclusion that tip injection as well as casing-wall boundary layer bleed are means to
increase the operating range of the compressor. By energising the casing-wall boundary
layer above the rotor leads to decreased blockage at the rotor tip section and hence to a
shift of the radial aerodynamic loading distribution on rotor and stator. A further control
is achieved by applying discrete tip injection with high injector exit velocities.

Curtis et al. (2009) carried out an experimental and computational investigation into the
performance of an air-curtain seal used to control the leakage flow over the tip shroud of

a turbine rotor.
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Figure 2.7: Simple Model for an Idealised Air-Curtain Seal (Curtis et al. 2009)

Figure 2.7 illustrates a simple two dimensional model of an idealised over-shroud cavity

flow field. The over-shroud cavity has a nozzle of area A;. The mass flow rate of the air-

curtain is rhj and it enters the over-shroud cavity through a nozzle of area A; thus

producing a jet with velocityv;. The jet is at an angle o to the axial direction so that its

momentum opposes the over-shroud leakage flow. The cross-sectional area of the shroud-

cavity where the leakage and jet flows interact is A,. The total mass flow rate entering
the mainstream flow downstream of the shroud is given as M, = M, + M j» where the

leakage flow is M, and the jet flow is m j - The results show that a seal of this type has

the potential to reduce or eliminate shroud leakage whilst having a practical level of

clearance between the stationary and moving components.
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Niu and Zang (2009) carried out a numerical investigation of an active tip clearance

control method based on cooling injection from the blade tip surface.
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Figure 2.8: Schematic Diagram of Injection System. (Niu and Zang, 2009)

Figure 2.8 shows the schematic diagram of the injection system use in the current study.
The cooling air entered the plenum chamber and homogenized there, then injected into
the tip clearance passing through 11 holes which were 1mm in diameter. At all
conditions, holes on the blade tip surface were located at a distance of 3mm from the
pressure-side corner, directing toward the blade pressure side corner at an angle of 30
relative to the blade tip surface. The closer to the pressure-side corner the injection is
located, the more it reduces total pressure losses at cascade exit and that tip injection
reduces the tip clearance mass flow to the level with half tip clearance height. They
concluded that injection location plays an important role in the redistribution of passage

secondary flow.
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2.2.1.2 Squealer tip

The Squealer is an extension done on the pressure or the suction surface toward the
endwall or in some cases on both sides, radially outward from the blade tip. A squealer
extension on the suction surface profile is called a suction-side squealer and a squealer
extension on the pressure surface profile is called a pressure-side squealer. Squealers are
valuable for the reason that they enhance the flow turning in the clearance region;
decrease the mass flow through the clearance, causing a reduction in the force of the tip
leakage vortex and assist in reducing the direct damage during blade rub with the endwall
Ness 11 (2009). The overall significant of squealer is that they reduce the tip leakage flow
loss.

Dey and Camci (2001) presented an experimental investigation of aerodynamic
characteristics of full and partial-length squealer rims in a turbine stage. Their results
show that the suction side partial squealers are aerodynamically superior to the pressure
side squealers and the channel arrangement. The suction side partial squealers are capable
of reducing the stage exit total pressure defect associated with the tip leakage flow to a
significant degree. These results indicate that the use of "partial squealer rims" in axial
flow turbines can positively affect the local aerodynamic field by weakening the tip
leakage vortex. Papa et al. (2002) carried out an experimental investigation to measure
average and local mass transfer coefficients on the tip of a gas turbine blade. Two
different tip geometries were considered: a squealer tip and a winglet-squealer tip having
a winglet on the pressure side and a squealer on the suction side of the blade. For both tip
geometries the tip clearance level has a significant effect on the mass transfer

distribution. The result shows that the squealer tip has a higher average mass transfer that
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sensibly decreases with gap level. Morris et al. (2005) carried out investigation into the
use of active, blade mounted flow control to alter the tip flow field. In their study, a
single dielectric barrier discharge plasma actuator was mounted to a turbine blade tip in a
linear cascade facility. The actuator was configured to imitate a partial squealer geometry
that is known to cause reduced losses as a passive control device. The active control
results indicate that the actuators led to qualitative changes in the structure of
downstream wake profiles as determined with a total pressure probe. These results were
strongly dependent on the unsteady actuation frequency at fixed power. Azad et al.
(2000) performed an experimental investigation on the effect of tip gap size and inlet
turbulence intensity on detailed local heat transfer coefficient distribution on the plane tip
surface of a gas turbine blade tip in five bladed stationary linear cascades at different
Reynolds and Mach number conditions. Their results illustrate various regions of high
and low heat transfer coefficient on the tip surface. They found that tip clearance has a
significant influence on local tip heat transfer coefficient distribution and concluded that
a larger tip gap generally resulted in a higher overall heat transfer coefficient due to the
magnitude of the tip leakage flow. There is also an increase of about 15-20% in heat
transfer intensity along the leakage flow path at higher turbulence intensity level from
6.1% - 9.7%. Papa et al. (2002) and Azad et al. (2000) measured heat transfer coefficients
along the blade tip region. One location was at the thickest part of the blade which was
shown to have low convective heat transfer coefficients as a result of low convective
velocities. But, two regions with the highest heat transfer coefficients are the leading

edge region and along the pressure side of the blade where the flow separation region is
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present. In their separate conclusions, overall heat transfer coefficients increased due to

the larger leakage flows with a larger tip gap.

2.2.1.3 Tip platform extension

Tip platform extension is the method for desensitising tip clearance flow effects by
design. This is also called a winglet and the extension is either towards the pressure side
of the blade or the suction side of the blade. According to Dey and Camci (2001), it was
envisaged that the extension will be most effective on the places on the blade where the
pressure gradient were strongest. Tallman and Lakshminarayana (2001) made a
numerical study of methods for desensitising tip clearance effects in turbines by tip
surface chamfering and pointed out that chamfering the blade tip near the trailing edge of
the gap led to a decrease in the size of the tip clearance vortex and its associated losses.
Saha et al. (2006) studied numerically blade tip leakage flow and heat transfer with
pressure-side winglet and confirm the work of Dey and Camci that modification of blade
tip geometry changes the discharge coefficient without affecting the pressure distribution
around blade tip regions.

Kusterer et al. (2007) investigated how to reduce the tip clearance by design. They
redesigned the blade by extending the tip region of the pressure side of the blade to
winglets with the aim of having a reduction of mass flow in the radial gap between the
blade tip and the casing as shown in Figure 2.9. Figure 2.9 shows the interaction of flow
through the radial gap with a radial secondary flow, which is induced by the passage
vortex, on the pressure side, and it interactions with the main flow and the secondary

flows (mainly the passage vortex) on the suction side. This interactions cause tip leakage
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flow which creates the leakage vortex on the suction side as it is mixed with the main

flow through the cascade.
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Figure 2.9: Diagram Showing Blade Tip Redesign without Modification (Kusterer et
al. 2007)

The intensity of the leakage vortex strongly depends on the leakage mass flow rate, the
velocity and their distribution along the blade chord. The quantity of leakage flow at
positions in the front part induces higher loss than the portion in the rear part of the gap.
This leakage mass flow can be reduced by means of geometric modifications inside or
outside the radial gap as shown in Figure 2.10. In Figure 2.10, the blade tip is extended
on the pressure side by a winglet like part with a constant thickness of the original trailing
edge diameter at the tip edge. The geometric modification of the blade tip is to influence
or guide the radial flow on the pressure side in a way that it is directed along the casing
and away from the gap. Consequently, a reduced portion of this radial flow enters the tip
clearance, but an increased amount is directed in opposite direction to the leakage flow.
The resulting numerical analysis showed a reduction in the leakage vortex penetration of
the main flow. According to the analysis, the leakage mass flow rate has been reduced by

7.2 % in blade 2 and 3.2 % in blade 3.
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Figure 2.10: Diagram Showing Blade Tip Redesign with Modification (Kusterer et

al. 2007)

2.2.1.4 Tip-gap geometry modification

Inoue et al. (2004) examined experimentally the effect of tip clearance on the occurrence
of rotating stall, in a low-speed aerofoil compressor stage. The study was conducted for
three axial gaps between the rotor and the front stator. The ratios of gap to axial chord
length at the rotor tip are 6 = 1.20, 0.75, and 0.35. The gap between the rotor and the rear
stator was kept at 1.075 times the aerofoil chord length. The results shown by comparing
the performance characteristic curve of pressure rise between small and large tip
clearance indicate that the larger the gap the more possible the stall evolution.

Lu et al. (2005) carried out both numerical and experimental study of clearance levels
and step profiles using eight different casing geometries to identify the effect of stepped
tip gap on performance and flow field of a subsonic aerofoil-flow compressor rotor. In
the analysis, it was concluded that pressure ratio, efficiency and stall margin of a

subsonic rotor decrease with an increase in clearance, and that with increased tip gap over

32



the aerofoil length of the rotor, the size and strength of the tip leakage vortex is increased,
which in turn produces a larger source of low-energy blockage affecting the passage
throughflow. However, if the stepped tip gap is included, it will alter the size and extent
of the blockage to increase the passage throughflow area thereby yielding an improved
performance of the compressor rotor.

Du et al. (2008) carried out a numerical investigation on the origination mechanism of
unsteadiness in tip leakage flow for a transonic fan rotor. They observed that the self-
induced unsteadiness of the tip leakage flows in this high-speed fan rotor is a result of
dynamic interaction of two driving forces: the incoming main flow and the tip leakage
flow. As these two flows impinge with each other at the tip region, an interface that
separates the two flows is formed. It is found that among all the simulated cases, the self-
induced unsteadiness exists when the size of the tip clearance equals or larger than design
tip clearance of the computational model. It is further noticed that as the main flow rate is
throttled down the tip leakage flow becomes comparatively stronger and leads to blockage
of the main flow which can lead to compressor stall.

Deng et al. (2005) adopted numerical methods to clarify the unsteadiness of tip clearance
flow in low-speed axial compressors, subjected to change in rotor performance and
variable axial gap sizes between rotor and upstream and downstream stators. The result
shows that within the computed range, there was a rise in pressure with a corresponding
decrease of upstream axial gaps and none was observed with downstream stator meaning
that the rotor performance is influenced more by upstream interaction than the

downstream interaction.
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Sirakov and Tan (2002) conducted an analysis using unsteady three-dimensional
Reynolds averaged Navier-Stokes simulations to determine the effect of interaction
between upstream wakes and rotor tip clearance flow in terms of average time
performance. They concluded that strong interaction could decrease the tip region loss
coefficient, and reduce the tip blockage and increase rotor passage static pressure rise

coefficient.

2.2.2 Other tip clearance control methods
Other tip clearance control methods reviewed are mechanical and magnetic actuation,

plasma actuation, the use of sensor and casing treatment schemes.

2.2.2.1 Mechanical, magnetic and sensor scheme

Spakovszky et al. (2001) documented the use of magnetic bearings for active modulation
of HP compressor tip clearance for stall control. They carried out electro-magnetic and
mechanical analysis of the magnetic bearing servo-actuator using the NASA Glenn high-
speed single stage axial flow compressor to determine the benefit in stable compressor
operating range. The simulation results yield a 2.3% reduction in stalling mass flow
which is comparable to results with unsteady air injection. The results presented establish
the viability of magnetic bearings for stall control in aero-engine high-speed compressors.
Vakhtin et al. (2009) successfully built and tested a prototype sensor based on an
interferometric ranging technique for monitoring tip clearances. The method provided

measurement accuracy of better than ten micrometres. According to the designers, the
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mechanism is robust, inherently self-calibrating, and insensitive to environmental
variations. The performance of the sensor was evaluated at both room temperature and
inside a tube furnace to simulate the turbine environment. The spatial resolution,
clearance measurement accuracy, clearance measurement range, and sensitivity of the
prototype sensor were evaluated. The sensor system will provide a new tool for engine
manufacturers to study and optimise blade tip clearance with high accuracy without the
need for repetitive and cumbersome calibration procedures.

Jothiprasad et al. (2010) performed numerical simulations for the control of tip clearance
flow in a low-speed axial compressor rotor with plasma actuation. This work investigates
different dielectric barrier discharge (DBD) actuator configurations for affecting tip
leakage flow and suppressing stall inception. The results show that the actuation reduced
end-wall losses by increasing the static pressure of tip gap flow emerging from the blade

suction side.

2.2.2.2 Casing treatment

Casing treatments can be used as an alternative to tip geometry modification. Casing
treatment has been used to improve the control of stall in compressors. Beheshti et al.
(2004) investigated numerically the effect of casing treatment on performance and
stability of transonic axial compressors and found that casing treatment using slots and
grooves increases the casing diameter of the area surrounding the rotor blade while the
clearance remains constant and this reduces tip leakage flow through the end-wall zone

and improves the compressor efficiency.
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Lu et al. (2007) identified in their paper that the primary stall margin enhancement by
casing treatment was made possible by the manipulation of tip clearance flow using slots
and grooves in the shroud over the tips of compressor blades. A detailed computational
analysis of flow interaction between the casing treatment and tip leakage flow under
subsonic conditions shows that the use of circumferential grooves and axial skewed slots
reposition the tip clearance vortex, delay the movement of the incoming/tip clearance
flow interface thereby extending the compressor stall margin and thus delaying the
inception of stall.

Zhao et al. (2010) performed a numerical investigation for the effects of circumferential
grooves on the unsteadiness of tip clearance flow to enhance compressor flow instability.
They concluded that circumferential groove casing treatment can suppress the
unsteadiness of tip clearance flow by reducing the axial momentum of the flow, thereby
changing the balance of the tip leakage flow and incoming main flow. The groove also
reforms the tip region flow by inducing radial movement and tangential movement and
hence, useful for improving compressor performance to intensify the radial and tangential

movement.

2.3 Tip clearance control concepts patents

As stated in section 2.2, very few papers were found which relate directly to actual
clearance control techniques. Nevertheless, 100 United State Patents and European Union
patents protecting various active and passive clearance control concepts were reviewed.
The concepts were compiled into the NEWAC Clearance control patent database which

was useful for quick access to the patent space during the brainstorming phase of the
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NEWAC project and for future reference as shown in Figure 2.11. The patents are given
a category in terms of the type of clearance control system, the area of application in the
engine, and clearance control techniques used. The most significant aspect in the patents
review is their claims. The claims are the apparatus and methods used for solving
problems. They concepts claims in the patents can generally be grouped into passive and
active clearance control techniques. Section 2.3.1 described types of clearance control
system while some of the patents reviews are deal with in details in section 2.3.2. The
summary of others in terms of manufacturing company, year and a brief description of

the patents and their claims are presented in Appendix 2.1

2.3.1 Types of clearance control system

There are two major clearance concepts group known as passive clearance control (PCC)
and active clearance control (ACC) methods. These concepts can be further group into
five categories, passive thermal, passive pneumatic active thermal, active mechanical and
active pneumatic. For details on the five categories the reader is referred to Lattime and

Steinetz (2002).
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2.3.1.1 Passive clearance control system

A passive clearance control system is any system that sets the desired clearance at one

operating point. Passive thermal scheme depend on material properties and engine

operating temperatures to match the rotor and stator growths thus control tip clearance in

a gas turbine engine. Passive control schemes include the use of slugging rings, directing

of bleed air from the forward compressor stage over the casing of later stages during

cruise operation in the engine. Another method is the use of hot gas from later stages to

expand the casing when necessary, and then using colder air (even bypass in some cases)

during cruise. The patent claims concerning passive control schemes are:

The use of thermal barrier coating (TBC) on structural components to slow the
thermal response

Use of honeycomb to insulate parts of the structure

Passive bimetallic control of stator vanes

Pressure based system to balance rapid contraction during deceleration
Thermal actuation schemes

Numerous structural schemes to help thermal control

Flanges with high expansion coefficient in a segmented impingement ring
Bore ventilation schemes, including selective heating

Metering of forward and rearward bleed air onto the compressor casing
Passive control using a valve with passive thermal control

Cam-based actuation

Intersecting passage(s) to induce aerodynamic seals in passive control

Passive system with a slugging ring
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2.3.1.2 Active clearance control system
An active clearance control system is any system that allows the independent setting of a
desired clearance at more than one operating point. Active clearance scheme make use of
compressor and fan air to heat to expand or cool to contract shroud seal segment support
to vary clearance. Active control schemes consist of both open loop and closed loop
active systems. The open loop systems monitor the rpm and/or turbine inlet temperature.
Others active control schemes uses delays to accommodate transient behaviour, with
another making use of actual engine history (i.e. flight cycles) to modify the control
parameters. The closed loop active systems directly monitor the tip clearance such as
those using sensors. Active clearance control have the benefit of being able to be turned
off when unneeded and turn on when required and can force the flow using either
temporally steady or unsteady modes of operation Ness Il (2009). The patent claims with
active control schemes are:

= Many impingement manifold schemes (including use of bypass flow)

= Electric motor based system using axial movement and hade

= Pressure based system using axial movement and hade

= Pressure balance on thin outer casing (multiple patents)

= Electromechanical/Electromagnetic

= Fully active cooling of labseal gaps — thermal actuation

= External supplies of heat — electric and unspecified

= Magnetic bearings in fully active control — eccentricity only

= Electrical heating of compressor air for thermal control of clearances

= Fully active system with sensors and piezo actuation
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= Modulation of casing temperature using a dual air source

= Plasma actuators

2.3.2 Review of patents

This section presents the review of some of the patent in detail taking into consideration
their claims. The patents dealt with are Gaul, 1997, Albers et al., 2004, Mills et al., 1994,
Deveau et al., 1985, Cline et al., 1982, Johnston et al., 1982 and Hallinger et al., 1976.
Details of other patents can be found in appendix 2.1.

US 5667358 (Gaul, 1997) is a US patent claimed and protected by Westinghouse Electric
(WEC). This is an active clearance control scheme controlled by heating a support ring.
Figure 2.12 shows a plot of the blade tip clearance over time with and without the use of

the blade tip clearance control method proposed by this invention.

N

ACTIVELY CONTROLLED RING
SEGMENT SUPPORT RING

E 3
=3
= NO TIP CLEARANCE CONTROL
=
= 2Fly Nl A
=
= NO CONTROL WITH REDUCED
= COLD CLEARANCE
B ‘K o MINIMUM CLEARANCE TO AVOID RUBBING
RUBBING OCCURS INCREASING CLEARANCE
0 1 1 1 1 1
10 20 30 40 50 W STEADY
STATE
TIME (Min)

Figure 2.12: A plot of the blade tip clearance over time with and without the use of

the blade tip clearance control method of the Gaul (1997) invention
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During the transient period, the diameter of the outer gas path casing is increased. The
outer casing is heated during transient periods to increase its diameter relative to the
blade tip hence resulting in a reduction in the cold tip clearance and consequently
providing a steady state running clearance.

US 029011 Al (Albers et al., 2004) is a US patent claimed and protected by General
Electric (GE), which involves the use of casing mechanical deflection to control
clearance during engine transient operation. An elastic case surrounds the blade tip and
shroud, and radially deflects in response to pressure differences. Figure 2.13 presents a
thin case active clearance control according to this invention, while Figure 2.14 depicts a
comparison between the radial deflection of the rotor and stator of this invention during

the various engine operations.

N
N
N

Figure 2.13: A thin case active clearance control according to the invention of

Albers et al. (2004)
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Figure 2.14: A comparison of the radial deflection of the rotor and stator of the

invention of Albers et al. (2004) during different engine operations

US 5351732 (Mills et al., 1994) is a US patent claimed and protected by Rolls-Royce,
which shows a thermal clearance control with logic control process that regulates the
distribution of the cooling air from the forward to rearward regions of the engine casing.
In this system, a casing cooling system operates in one of two conditions, such as the
operation at engine cruise where all the cooling air is initially directed onto a specific
region of the casing, and under full power conditions, where some of the cooling air is
directed onto the specific region and the remainder is directed onto the remainder of the
casing; this operation by the cooling system helps optimise the turbine blade and casing
radial clearance. Figure 2.15 is an enlarged view of this invention which consists of a
manifold (34) located radially outwardly of the portion of the casing (20) which
surrounds the rotor blade (23). This manifold (34) is supported by a number of cooling air

feed pipes (35) which are equally spaced around the turbine and supported by a cowling
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(32). A sealing member (36) is located approximately half way along the axial length of

the manifold to radially space apart the manifold and the casing.

23

Figure 2.15: An enlarged view of the Mills et al. (1994) invention

US 4513567 (Deveau et al., 1985) is a US patent claimed and protected by United
Technologies Corp. (Pratt & Whitney). In this patent, a dual air source is utilized for
temperature modification of the casing in response to the engine operating conditions in
order to control the clearance between the rotating and stationary elements of the engine.
The concept employs casing heating and casing cooling in accordance with the engine
cycle to achieve good clearance between the rotor and the casing supporting the seals.
The modifying air comprises of different percentages of heating and cooling air ducted
from the engine compressor to the casing segment to be cooled. Figure 2.16 shows a
pinch point diagram illustrating the relative thermal growth between the rotor and stator

of this invention.
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Figure 2.16: A pinch point diagram illustrating relative thermal growth between the
rotor and stator of the Deveau et al. (1985) invention

As shown in Figure 2.16, the clearance varies widely over the operating range of the
engine as the casing and rotor blades are subjected to different thermal conditions. The
radial position of the rotor blade tips is indicated by curve A, while curve B represents
the radial position of the outer seal at the corresponding turbine location of the rotor
blade tips as a function of the engine operating condition. The position of the outer seal
relative to the rotor blade tip is a function of the diameter of the engine case supporting
the outer seal and of the temperature of the rotor blade. The gap (X) between the two
curves A and B, shows the expected clearance between the rotor blade tip and the casing
in an engine without the active clearance control scheme. However, using the active

clearance control scheme of this invention with appropriate parameters, shaft RPM and
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flight Mach number, the radial position of the outer air seal is reduced, as represented by
curve C, as it varies in respect to the engine operating. The gap (Y) represents the
achievable clearance between the rotor blade tip and the corresponding outer air seal
supported by the casing. This gives the minimum clearance necessary to avoid

destructive disturbances during engine operation.

US 4363599 (Cline et al., 1982) is a US patent claimed and protected by General Electric
(GE). In this claim, control rings are integrated into the turbine casing to expand and
contract in order to control the clearance position of the turbine shroud. The invention
consists of a number of control rings, integrated into the turbine casing, that thermally
expand and contract. During engine operation, compressor air is ducted through internal

passages in the rings to cause this expansion and contraction.
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Figure 2.17: An enlarged sectional view of a high pressure turbine of a gas turbine

engine incorporating one embodiment of the Cline et al. (1982) invention
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Figure 2.17 shows an enlarged sectional view of a high pressure turbine of a gas turbine
engine incorporating one embodiment with the control rings labelled 36, 37, 38 and 39.
The system makes use of the pressure and temperature of the compressor air, together
with the size, location and structure of the control rings, to match the thermal growth of
the turbine, thus controlling clearance. In another embodiment, interstages bleed air from
the upstream compressor stages could be used to control all or a number of selected rings.
The radial movement of the control rings 36, 37, 38 and 39 is transferred to the turbine
shroud (22) through the shroud supports (42 and 43). Each of the rings is carefully
positioned radially outward of the side, and this allows the ring to directly affect the
expansion and contraction of a shroud support, thereby controlling the clearance.

Figure 2.18 and Figure 2.19 shows the turbine stator and rotor profiles during

acceleration and deceleration of the engine for the present invention.

— ACCELERATION
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Figure 2.18: Graphical representation of turbine stator and rotor growth from idle

engine to full throttle conditions Cline et al. (1982) invention
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Figure 2.19: Graphical representation of turbine stator and rotor shrinkage from
engine at full throttle to idle conditions Cline et al. (1982) invention
During acceleration, the stator profile (48) is reduced, thereby reducing the clearance
between the engine stator and rotor. A similar effect is seen during deceleration, where
the stator profile (54) is reduced, thereby reducing the clearance between the engine

stator and rotor.

US 4329114 (Johnston et al., 1982) is a US patent claimed and protected by the National
Aeronautics and Space Administration (NASA). This is an active clearance control
system patent, The claim includes an improved clearance control system for
turbomachinery, incorporating a number of rotor stages surrounded in close radial

relationship by a stator structure. The improvement comprises of a means for introducing

48



a flow of cooling air along an axial path at the outer surface of the stator structure to
inhibit thermal expansion. The means for introducing the flow includes a method for
bleeding fluid from the compressor, and a means for selectively diverting the flow of
cooling air from the axial path during predetermined conditions of the turbomachine
operation. This patent states that during steady state operation, cooling air is ducted from
a low-pressure stage onto the casing of the higher-pressure stages, and a valve is provided
to divert this cooling air during transients to slow the response of the casing. The valve is
operated by a pneumatic or hydraulic energy source, based on the revolution per minute

(rpm), via a controller. This arrangement is shown in Figure 2.20 and Figure 2.21.
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Figure 2.20: A schematic illustration of the gas turbine engine incorporating the

Johnston et al. (1982) invention
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Figure 2.21: An axial cross-sectional view of the upper portion of the compressor

incorporating the Johnston et al. (1982) invention

US 3975901 (Hallinger et al., 1976) is a US patent claimed and protected by SNECMA
(SNEC). An element of this invention is to provide a device that will regulate clearance
between the tips of the rotor blades and the adjacent wall of the stator of the turbine in a
gas turbine engine. This involves a means for directing a gaseous flow against the wall in
order to regulate its temperature. According to the invention, the system includes a
proportioner with at least two inlet passages connected to gas sources at different
temperatures, controlled by the thermal expansion of an obturator which is responsive to
the temperature of the fluid passing through the turbine. During engine operation, the
temperature of the gaseous flow is reduced when the obturator expands and thereby cools
the stator when in a stable condition and heats it up during transient conditions, hence
controlling the clearance (J) between the rotor blade tips and the adjacent wall of the

stator of the turbine. Figure 2.22 shows an axial half-sectional view of a part of a gas
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turbine incorporating the regulating device called the proportioner (15) and the obturator

(8).

Figure 2.22: An axial half—sectional view of a part of a gas turbine incorporating the

Hallinger et al. (1976) invention

2.3.2.1 Section Summary

This section has presented a patent review for tip clearance control in gas turbine engines.
It provides information on the various way of controlling tip clearance in gas turbine
engine. The patent search and review become imperative due lack of many open
literatures on the actual method of controlling of tip clearance during engine transient.
The patents were given correct interpretation in terms of the type of control system, the
area of application on the engine, and the control scheme. These were grouped into
passive clearance control system and active clearance control system. The results of the

patent search and review are documented in NEWAC clearance control database and
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were very useful in the brainstorming phase of this project. It was during these sessions
that the selection of the concept for the control of tip clearance reported in this study was

chosen.

2.4 The Fluid Dynamics and Heat Transfer of Rotating Flows

A review of previous investigations on flow structures performed by other authors and
researchers is presented here in order to get an idea of the flow field in a heated rotating
cavity with axial throughflow and radial inflow as well as their effect on tip clearance in
high pressure compressor during engine transient. In this section, the basic parameters
relevant to rotating cavities and particularly to the case of rotating cavities with axial
throughflow and radial inflow are explained, and the fluid dynamics and heat transfer of
rotating flows are discussed. The rotating cavities with radial inflow and axial
throughflow which are directly relevant to the research reported in this thesis are
illustrated in Figure 2.23; the main features of these flows are discussed here and also to
help in highlighting the complexity of the rotationally-induced buoyancy-driven flows.
Only a brief review will be given here and the reader is referred to the work by Dorfman
(1963), Chew (1982), Pincombe (1983), Long (1984), Farthing (1988), Owen and Rogers
(1989), Tucker (1993), Owen and Rogers (1995) and Childs (2011) for more details of
the study and the various rotating flow configurations. Identifying the flow structure and
heat transfer inside a rotating cavity is important for designers since temperature
gradients generate additional thermal stress and influence the linear expansion of the disc.

This effect is notice during engine transient of (acceleration, deceleration and cruise).
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During start and take-off condition the discs are colder than the incoming air, which is

defined as an inverse temperature situation or heating flow. A normal temperature

situation or cooling flow occurs during cruise and approach when the hot discs are cooled

by air Gunther — W et al. (2013).
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Figure 2.23: Two types of cavity flow relevant to this thesis from Owen and Rogers

(1995)
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2.4.1 Parameters and Dimensionless Groups

The basic dimensionless flow parameters relevant to rotating cavities and particularly to
the case of rotating cavities with axial throughflow and radial inflow which are useful for
characterising the flow conditions within a rotating system are defined here. They are

Reynolds number Re,;, axial Reynolds number Re,, Rossby number Ro, and the Grashof

number Gr. These non- dimensional parameters were matched to the multiple cavity rig
conditions in Table 3.2 and use for the analysis in Chapter 6. Figure 2.21 illustrates a
simplified model of a single rotating cavity with two discs separated from each other by a
shroud of axial gap s. The outside radius of the discs is b, while the inside radius of the
discs, or bore, is a. The gap ratio of the cavity G is defined as:

S

G=1 (2.1)

The cavity usually rotates around a central shaft of diameterr,. This shaft can be

Stationary or may rotate. The rotational speed of the cavity is Q and the bulk average
velocity of the axial throughflow is W.

m

W=——
PA,

(2.2)

where M = mass flow rate of air that flow through the cavity

p =density of inlet air
Ag = (32 - rf) = shaft annulus area

For a fluid of kinematic viscosity v (Long et al.), the rotational Reynolds number is

defined as:
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_Ob?

Re,

(2.3)

|4

The rotational Reynolds number Re, is the parameter that is relevant to the rotation of

the cavity. The axial Reynolds numbers which is the parameter that characterises the
axial throughflow of air is defined as:

W,
|4

Re, (2.4)

where d, is the hydraulic diameter of the inlet. In case of a cavity without an inner shaft,

d, =2a, while for one with an inner shaft of radius, r,, d, =2(a—r,). Other non-

s!
dimensional parameters relevant to flow in rotating cavity are the Rossby number and the
Grashof number. The Rossby number, Ro is defined as the ratio of the mean velocity of
the throughflow to the tangential velocity of the disc at the bore radius:

w
Ro=— 2.5
on (2.5)

The Rossby number Ro links the effect of both rotation and the inertia of the
throughflow. The Rossby number, Ro can also be expressed in terms of the rotational and

axial Reynolds numbers as:

b® Re,

2a(a—r,)Re,

Ro = (2.6)

The Grashof number Gr is a non-dimensional quantity in fluid dynamics and heat
transfer which approximates the ratio of the buoyancy to viscous force acting on a fluid.

This is defined as:

_Q%ppATL?

2
14

Gr (2.7)
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. . . 1 .
where £ is the volume expansion coefficient. ,6’:? where T is the absolute

temperature of the throughflow air. AT is the temperature difference between the supply

air and the local surface temperature at the radius r considered, AT = (T, —~T,). T, is the
surface temperature, T is the bulk temperature, b is the outer radius, v is the kinematic

viscosity and L is the length. The length L can also be represented with y as y =(b—r)

which is the distance radially inward from the shroud. This is taken as the length
parameter for this instance of Grashof number, with its value increasing against the
gravitational field direction. In a rotating cavity application according to Farthing et al.
(1992b), the term of Grashof number based on the radial distance along the disc surface is
based on the local surface temperature and its relative centripetal acceleration by taking y
as a height reference from the shroud. For a vertical plate, the flow transitions to
turbulent around a Grashof number of 10°

Another group of non-dimensional parameters are those relevant to thermal boundary
layers and heat transfer in rotating cavity. These are the Prandtl number, Rayleigh

number Ra and Nusselt number Nu.

The Prandtl number Pr is a dimensionless property of a fluid. It is the ratio of the
kinematic viscosity to the thermal diffusivity at a given point. This is defined as:

\4

Br — (2.8)
a
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where v is the kinematic viscosity, defined as v =* measure in m2/sand «is the

P

thermal diffusivity, defined as o = (L) measure inm? /s. The Prandtl number can also
Py

be defined as the ratio of viscous diffusion rate to thermal diffusion rate, given

as(Pr:%J, where 4 is dynamic viscosity inPas=(Ns)/m?, k is thermal

conductivity in W/ (m K), ¢, is specific heat J /(kgK) and pis density in kg/m?®.
Increases of viscosity indicate an increase of ¢ and equally, the thickness of the thermal

boundary layer is in relation with the thermal diffusivity. Prandtl number is important

being a measure of the relative thickness of the velocity and thermal boundary layers.

Rayleigh number Ra is a non-dimensional parameter expressed as the product of the
Grashof number and the Prandtl number.

Ra = Gr.Pr (2.9)
For free convection near a vertical smooth surface (plate), the Rayleigh number Ra can

also be written as:

Ra=Gr.pr=38 a1 1 (2.10)
V.o

It is associated with buoyancy driven flow known asfree convection or natural
convection and also relates to the heat transfer within the fluid. If the Ra is less than the
critical value for that fluid, heat transfer is primary in the form of conduction when it

goes beyond the critical value; heat transfer is primarily in the form of convection.
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The Nusselt number Nu is a dimensionless heat transfer coefficient. This is the ratio of
convective heat transfer to conductive heat transfer through the fluid. Nusselt number can
be thought of as the heat transfer coefficients multiply by the characteristic length divided
by the thermal conductivity of the fluid. This is presented for a plate as:

Nu, :E (2.11)
kf

The Nusselt number Nu, denotes the heat transfer coefficient at x called the local
Nusselt number where x is used for the characteristic dimension, Nu, local Nusselt
number value based on plate length, Nuglocal Nusselt number value based on cylinder
diameter and Nu,,the average Nusselt number. The average Nusselt number can be

expressed as a function of the Rayleigh number and the Prandtl number in the form of
Nu = f(Ra,Pr) for free convection and for forced convection, Nusselt number is a
function of the Reynolds number and the Prandtl number in the form of Nu = f(Re, Pr).
Empirical correlations that express the Nusselt number in the aforementioned forms used

for heat transfer coefficient calculations in the models presented in this thesis are

presented in Section 3.9.

2.5 The free disc

The fluid dynamics and heat transfer of the free disc have been studied extensively. It is a
useful starting point for rotating flow theory is the so called free disc. The free disc is
used to illustrate a rotating disc in a quiescent environment. A complete review has not
been attempted here, and for a more detailed discussion on the subject of the free disc the

reader is referred to Dorfman (1963), Owen and Rogers (1989), Owen and Rogers (1995)
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and Childs (2011). The work presented in this section is relevant to clearance control in
H.P. compressors as it help to give an inside to fluid flow and heat transfer mechanism in
H.P. compressor. The discs inside the rotating cavity behave as a free disc as such the
free disc analysis is use as a starting point in this review.

A schematic diagram of the flow structure due to a free disc is shown in Figure 2.24. This
is plane disc which has an outer radius b and rotates with angular velocity Q around the

z-axis, in an initially stationary fluid of density p, kinematic viscosityv, thermal

conductivity k and specific heat Cp.

b m

ent

Figure 2.24: A Schematic Diagram of the Flow due to a Free Disc (Schlichtling,

1979)
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In the area near the disc, the fluid has axial, radial and tangential velocity components W,
U and V respectively relative to the stationary axis. As it rotates, the combination of
viscous friction at the disc surface and centrifugal effect cause the flow to push radially
outwards from the boundary layer that was formed on the disc. As the flow is pumped
out radially outwards it is replaced by an axial entrainment flow into the boundary layer
thereby maintaining mass continuity. The radial component of velocity is zero both on
the disc and in the free stream and adjacent to the disc the radial and tangential velocities
satisfy the no-slip condition. Rotating flows are frequently described by two main non-
dimensional parameters namely the rotational Reynolds number Reg, and the
throughflow Reynolds number Cw. The rotational Reynods numbers was defined in

Equation 2.7.

2.5.1 Fluid flow

In any fluid flow analysis, the flow must first be determined whether it is laminar or
turbulent and this is controlled by the rotational Reynolds number.

Theodorsen and Regier (1944), Gregory, Stuart and Walker (1955) and Long (1984), in

their studies concluded that turbulent flow over a free disc occurs for Re, >3x10°. All

groups of workers noted that transition occurred around local rotational Reynolds number

of Re, = 3x10°. Hence, disc flow is laminar where Reg < 3 x 10°, turbulent where Reg >

3 x 10° and the flow becomes transitional at Reg =3 x 10°.
The throughflow Reynolds number, C,y, is used to illustrate radial flow caused by rotation

only or superimposed into the rotor-stator cavity. This is defined in Equation 2.12:
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Ch=— (212)

where M is the mass flow rate of fluid.

2.6 Heat transfer

Dorfman (1963) obtained an approximate solution of the energy equation assuming a
power-law radial temperature distribution, AT = (Ts- Tyef) oc (X)". Given that Ty is the disc
surface temperature and T is the ambient fluid temperature and x = r / b. For laminar
flow, Reg < 3 x 10°, using Cochran’s solution for tangential shear stress, Dorfman’s

results gives

Nu =0.616Re,,"* Pr'’® (2.13)

Nu,, =0.616Re,"* Pr'’® (2.14)
For turbulent flow, Reg > 3 x 10°, using Karman’s results this gives

Nu = 0.0267Re,,”* Pr''® (2.15)

Nu,, =0.0232Re,,"* Pr'’® (2.16)

For laminar flow a non-unity Prandtl number and power-law temperature profiles,

Dorman obtained approximate solutions of the energy equation as:

Nu =0.308(n +2)°* Re,,”* Pr°® (2.17)

Nu,, =0.308(n +2)*° Re ,** Pr®® (2.18)
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For turbulent flow (Re , > 3x10°), Dorfman employed von Karman’s equations to obtain

the results for both local and average Nusselt numbers as:

Nu =0.0197(n + 2.6)** Re,"* Pr°® (2.19)
and
n+2 08 .
Nuav = 00197W Re¢ Pr06 (220)
ar G, =1

where Nu = AT is the local Nusselt number and Nuy is its value at r = b, Pr=

is the Prandtl number, q is the heat flux and k, and C, are the fluid’s thermal conductivity

and specific heat capacity at constant pressure respectively. The average Nusselt (Nuay, )

is the number given by: Nu,, = k(kwb

av

where Q. and AT, are radially weighted

averages. Dorfman’s results show good agreement with the experimental data of Cobb
and Saunders (1956) and Northrop and Owen (1988a). Dorfman's solutions of the energy
integral equations provide the basic expressions for free disc heat transfer and are used as

correlations for forced convection for rotating flow in the model.

2.7 The Rotating Cavity with a Radial Outflow or Inflow

The flow between two co-rotating turbine or compressor discs respectively can be
modelled using a rotating cavity with a radial outflow or inflow. Figure 2.25 shows
schematic diagrams of such flows structure for a cavity consisting essentially of two
plane discs with an inner radius a, an outer radius b, a distance s apart, bounded by a

circumferential shroud and rotating about the z-axis with a rotational speed Q.
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The flow structure is the same in both cases with the only difference being the direction
of the flow. The flow can be divided into the following regions:

e The source region;

e The Ekman layers on the discs;

e The sink layer and;

e The interior or inviscid core where the axial and radial velocities are zero.
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Figure 2.25: A Schematic Diagram of the Flow Structure in a Rotating Cavity for
Radial (a) Outflow with a Radial Inlet and (b) Inflow with ¢ = 1 (Owen and Rogers,
1989)

Motivated by geophysical flow, Hide (1968) investigated both theoretically and

experimentally, laminar and isothermal radial outflow with a radial inlet in a rotating
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cavity. Four distinct regions were confirmed which he called the inner layer, Ekman
layers, outer layer and potential core. Owen and Pincombe (1980) worked on flow
visualisation and Laser Doppler Anemometer (LDA) measurements and the numerical

predictions of Chew, Owen and Pincombe (1984) later confirmed Hide work and found

m
= —— and decreased with

ref

out that the size of the source region increased with C

w,ent

Re¢, b-

For a given large value of Cy, for a given Rey, , the source region was observed to have
filled the entire cavity and there will be no Ekman layers or interior core. Long and Owen
(1986) observed similar flow structures for turbulent flow and the switch from laminar to
turbulent flow was found to occur at Rey ~ 2x10° in the source region. Owen, Pincombe

and Rogers (1985) established that in the Ekman layers transition to turbulence occurred

r . . .
when Re, = 2C—W ~180 , wherex = ™ Consequently, it is feasible for reverse transition
X

to occur from turbulent to laminar flow inside the Ekman layers. Northrop and Owen
(1988Db) investigated a symmetrically heated rotating cavity with plane discs having the
same temperature distribution on both discs for 1.2x10° < Reyp < 3.2x10°%, 1400 < C,, <
14000 and the flow structure was similar to that observed in the isothermal case. They
established that the maximum value of the Nusselt number is obtained at a point close to
the edge of the source region showing that it increased with an increase in radius and then
decreased in the non-entraining Ekman layer and subsequently decreased sharply in the
sink layer as the fluid moved away from the boundary layer. Furthermore, the local
Nusselt numbers increased with an increase in C,, and Regp.
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2.7.1 The Rotating Cavity with a Radial Inflow
The flow structure in a rotating cavity with a superposed radial inflow is directly relevant

to this research. In the diagram (Figure 2.25b), the flow enters the cavity at r = b with an

amount of swirl which is equal in magnitude to swirl ratio ¢ given asc=le, which

depends on Cy, Re, and the shroud geometry.
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Figure 2.26: A Schematic Diagram of the Flow Structure for a Rotating Cavity with
Radial Inflow and ¢ =1 (Owen and Rogers, 1989)

Figure 2.26 shows the flow structure for a rotating cavity with radial inflow for ¢ = 1,
while Figure 2.27 shows the flow structure for a rotating cavity with radial inflow for ¢ <
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1, with a recirculation within the source region with outflow near the discs and inflow
outside the boundary layers. Firouzian et al (1985) and Firouzian (1986) all confirmed

this isothermal flow structure in their flow visualisation experiments.
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Figure 2.27: A Schematic Diagram of the Flow Structure for a Rotating Cavity with

Radial Inflow and ¢ <1 (Owen and Rogers, 1989)

Chew et al (1989), Farthing, Chew and Owen (1991), Farthing and Owen (1991) found a
large pressure drop across a cavity with radial inflow. This according to the authors can
be reduced with the use of radial fins on the discs, but there are limited practical uses of

radial fins in an engine due to stress limitations. The other solution is to use nozzles that
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have a tendency to reduce the inlet swirl ratio, c. The pressure drop across the nozzles is
known to increase with decreasing c, giving a total pressure drop which is always greater

than that associated with solid body rotation.

Finally, Farthing and Rogers (1987) and Farthing, Long and Rogers (1991) presented
heat transfer measurements from discs with cobs, for ¢ ~ 1 and with an increasing
temperature profile. They found that in the presence of an inviscid core, the Nusselt
number increases (with decreasing radius) in the source region, the same as in the case of
radial outflow where the maximum value, Numax is reached close to the edge of the
source region and subsequently begins to decrease. In general, Numax increases with both
Cwand Reyp. Finally, Firouzian (1986) obtained Nusselt numbers wherein was evident a
‘double-hump’ characteristic due to the recirculation in the source region for plane discs

and c = 0.59.

2.8 The Rotating Cavity with Axial Throughflow

A rotating cavity with an axial throughflow of air can be used to model the flow that
occurs between adjacent co-rotating compressors discs inside a gas turbine engine where
the cooling air flows through the centre of a stack of compressor discs. The cavity is
formed by two adjacent discs of inner radius a and outer radius b, separated by an axial

distance s and bounded at the periphery by a cylindrical shroud.
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2.8.1 The Isothermal Cavity

For isothermal conditions, where all the surfaces are at the same temperature as the fluid,
vortex breakdown in the central jet of air can result in nonaxisymmetric flow inside the
cavity. If the discs are at different temperatures, nonaxisymmetric flow predominates.
Pincombe (1983) and Farthing et al. (1992a) carried out a study on the flow structure in
an isothermal axial throughflow for various geometric configurations using flow
visualization and velocity measurement. They noticed that under certain conditions, axi-
symmetric and non-axisymmetric vortex breakdown can occur depending on the value of
the following dimensionless groups such as gap ratio, G, rotational Reynolds number

Reg, axial Reynolds number Re; and the Rossby number, Ro.
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Figure 2.28: Visual Impressions of Smoke Patterns for an Isothermal Rotating

Cavity with an Axial Throughflow of Air (Farthing et al. 1992a)
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The interaction of the throughflow of air with the cavity air was found to generate one or
more toroidal vortices in the cavity with nearly no penetration of the throughflow into the
cavity.

The characteristic flow schematics for the case of throughflow of air with no rotation of
the cavity for different values of G are shown in Figure 2.28. The values of G used are
0.533, 0.4, 0.267 and 0.133. The study was under taken for the following Ro values o,
25, 4, 2 and 1 representing case i, ii, iii, iv and v respectively as shown in Figure 2.28.
They observed that for a stationary cavity with Ro = co and G = 0.4 or 0.533, a dominant
toroidal vortex was formed inside the cavity. For G = 0.267, two counter-rotating vortices
were noticed and for G= 0.133, three counter-rotating vortices were noticed. The
observed that the central throughflow was also affected by rotational speed and that axial
jet of air passing through the centre of the cavity was sometimes deflected from the axis
of rotation as it flowed out. They came to a conclusion that axi-symmetric and non axi-
symmetric vortex breakdown could occur in rotating cavity such as isothermal cavity. As
the rotational speed was increased four regimes of vortex breakdown were identified.
Figure 2.29 shows the four regimes (la, lla, Ib and 1lb) of vortex breakdown for G =
0.533.

Farthing et al. observed that for turbulent flow, there was no discernible signs of
influence on the vortex and the central jet with rotational speed for values of Rossby
number higher than 100 with G=0.533.

For Mode la with 21 < Ro < 100, they observed the occurrence non axi-symmetric vortex
breakdown where the jet of air gets diverted into the cavity as illustrated in case a (ii) of

Figure 2.28.
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For Mode lla with 2.6 < Ro < 21, as the rotational speed increased, the jet would become
axi-symmetric again but with intermittent oscillations as illustrated in case a (iii) of
Figure 2.28.

For Mode Ib with 1.5 < Ro < 2.6 showed a “flickering flame” appearance of the central
jet with intermittent excursions into the cavity as illustrated in case a (iv) of Figure 2.28.
For Rossby values below Ro=1.5, the flow turned axi-symmetric again and signs of

reversed flow at the downstream edge of the jet was noticed as illustrated in case a (v) of

Figure 2.28.
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Figure 2.29: Variation of Regimes of Vortex Breakdown with an Axial Throughflow

of Air in an Isothermal Rotating Cavity: G = 0.533 (Farthing et al. 1992a)
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2.8.2 Fluid Flow: the Heated Cavity

Farthing et al. (1992a) carried out flow visualization and LDA studies inside a rotating
cavity with an axial throughflow for case where the discs could be heated independently
to produce temperature distributions that could increase, decrease or remain
approximately constant with increasing radius. The shroud in this study was unheated and
for same temperature distribution on both discs. They observed that for all temperature
distributions, that the flow inside the cavity was seen to be non axi-symmetric.

They observed that the throughflow enter the cavity in a “radial arm” and was then
separated to create a pair of circulation regions. These pair of the circulation regions is
the forward or cyclonic (low pressure) region which rotate in the same direction as the
discs and the rearward or anticyclonic (high pressure) region that rotate in the opposite
direction. These two regions are, however, separated by a ‘dead’ zone. A boundary layer
was noticed to flow radially inwards on the discs inside this region. These observations

are illustrated in Figure 2.30.
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Figure 2.30: Schematic Diagram of the Flow Structure in a Heated Rotating Cavity

with an Axial Throughflow of Cooling Air (Farthing et al. 1992a)

The flow structure was found to rotate at speed ®, which depend on the gap ratio,
temperature change and the Rossby number. The speed was in the order of 0.9 <® / Q <
1 where Q is the angular speed of the discs. The vortex breakdown was observed for Ro
~ 2. This had the effect of returning the flow in the core towards solid body rotation as
Ro decreased.

Farthing (1988) performs a flow visualizations study for a case where both the shroud
and the discs are heated and observed multiples radial arms with separations regions.
However, when the discs were heated to a temperature of about 40°C greater than the

shroud temperature, the flows return to a single radial arm.
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Long and Tucker (1994a) carried out a 3D laminar unsteady computation and they
observed that the results of their computations were in good agreement with the results of
Farthing et al. (1992a). They observed that the predicted flow structure depends on the
radial disc surface temperature distribution, and that the number of recirculation regions
appeared to increase as the radial location of the maximum disc surface temperature

moved radially outwards.

2.9 Summary for literature review

The literature relevant to tip clearance control between the rotating blade tip and the
stationary casing in an axial flow compressor has been reviewed. This was preceded by
axial compressor and compressor clearance overview. Although more data were available
for aerodynamic desensitization of the tip flow, there was little information directly
applicable for the actual tip clearance control between the rotating blade tip and the
stationary casing in an axial flow compressor. A large body of information relevant to the
actual tip clearance control were available in the patents. The tip control systems were
group into two major groups namely active and passive clearance control scheme.
Qualitative indications of the effect of heat transfer and fluid flow in a rotating cavity
such as found in the high pressure compressor cavity relevant to tip clearance control has
also been reviewed. This previous research has provided the basis for the understanding
of the complex phenomena occurring inside these cavities. The free disc was used to
demonstrate the flow structure that is experience when the disc inside the high pressure
compressor is subjected to centrifugal acceleration. The radial outflow or inflow gave an

inside of the four different regions that is experience when the cavity is superimposed
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with this type of flow. For a rotating cavity with axial throughflow, heating the discs or
the shroud also generates rotationally-induced buoyancy forces that can destabilise the air
inside the cavity. The heat transfer and fluid flow reviewed highlighted nature of flow
inside the cavities similar to those found in the high pressure compressor in real engine.
Heat transfer coefficient correlations relevant to this study and used in the boundary
conditions in the multiple cavity rig model were presented. The results from the review of
clearance control methods, patents, flow and heat transfer inside a rotating cavity would
be employed in the study of tip clearance control in engine representative H.P.
compressor drum operating at engine non-dimensional conditions.
Many insights into tip clearance control schemes are available in literatures such as gap
height measurement, coolant injection, winglets, squealer tips and platform extension.
Other studies entailed using the combinations of velocity, pressure, and flow
visualization to determine the characteristics of the flow both within the tip clearance and
within the blade passage but gaps in knowledge remain. From the review of works by
other authors, there is still need to understand tip clearance effects by actually controlling
the tip gap during engine operation using the following schemes.

1 Heat transfer coefficient scheme

2 Time constant reduction scheme

3 Radial inflow application scheme

This present study will utilise the effect of increasing heat transfer coefficient, disc time
constant reduction and radial inflow injection into the drum cavity to reduce the tip gap
during engine operations. This would decrease the time constant of the drum by

increasing the heat transfer coefficient of the drum thereby causing the drum to heat up
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faster hence narrowing down the large gap that existed at the beginning of engine
transient operation between the casing and the blade. This would cause a reduction in the
cruise clearance and a reduction in of clearance at surge point and hence reductions in the

overall specific fuel consumption giving rise to higher engine efficiency.
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Chapter 3

Finite Element Analysis Program SC03 Model

3.1 Introduction

In this chapter a brief description of the test rig assembly as modelled using the finite
element analysis solver (SC03) is presented with a detailed description of SCO3 and its
procedure. General descriptions of the test rig configurations are given in Section 3.2,
while details of the finite element analysis solver (SC03) used are provided in Sections

3.3 through to 3.14.
3.2 General Description of Rig

The experimental rig used in the present study follows several generations of rotating
cavity rigs that have been used in the TFMRC at the University of Sussex over the years.
More precisely, the experimental rig used has four rotating cavities; it is referred to as a
‘multiple cavity rig’ (MCR) and is pictured in Figure 3.1. The multiple cavity rig (MCR)
represents the internal set-up of a high pressure compressor where the rotor and inner
shaft of the rig were scaled down from a Rolls Royce Trent aero-engine to a ratio of
0.7:1. The rig is to simulate the internal air system flows within a High Pressure (HP)
compressor where air, extracted from the Intermediate Pressure (IP) compressor and
predestined for the Low Pressure (LP) turbine discs and seals, flows axially through the

annular passage between the HP compressor discs bores and the enclosed IP drive shaft.
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The rig was designed to be not only representative of typical current engine geometry but
also able to run as close as possible to typical non-dimensional operating conditions. The

present test facility was purposely modified and built to satisfy the objective of this study.

Outer
casing

Cooling air
inlet pipe

balance
supply tubes

Figure 3.1: A Photograph of the Multiple Cavity Rig in the Laboratory

A disc stack geometrically similar to a real engine is featured, forming the internal
cavities, and a shaft is represented at the inner radius, although it is stationary.
Compressed air flows through the annulus gap between disc bore and shaft as the cooling
air would be inside a real high pressure compressor. The rotor is made of titanium 318

with an outer diameter of 491.3 mm and forms four cylindrical cavities with an inner
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radius a = 70.1 mm, an outer radius b = 220.0 mm (a/b = 0.32), and a disc spacing s =
42.9 mm (G = s/b = 0.195). The non-rotating inner shaft has an outer radius rs = 52.0 mm

(Ar=a—rs=18.1 mm).

The major measurement section of the rig comprises a rotating disc of b = 220.0 mm
housed in a pressurised casing. The disc is driven by means of a 18.5 kW AC electric
motor. The transmission system comprises a gearbox, couplings, and a device to measure
driveshaft torque. The present rig was modified to study the effect of compressor disc
flow, cavity heat transfer, and radial inflow on temperature distribution on the disc in the
cavity. The main structural modifications are the installation of a new 60 channel
telemetry system, machining of the radial inflow supply channel through the rotor into
the cavity and the use of Insulfrax as an insulator in the both ends of the rotor as shown in

Figure 3.2.

The rotor assembly is housed within a mild steel, non-pressurised casing and supported
by a high-precision grease-lubricated ball bearing on the upstream side and an oil-
lubricated cylindrical roller bearing on the downstream side. An alternating current motor
was used to rotate the rotor by means of a TASC Unit driving a poly-vee belt and the
operating speeds achieved were varied up to 7500 rev/min. The cooling air enters the
rotor through a circumferential array of 6 x &J25 mm holes in the rotor endplate. On the
back of these holes is a thin perforated plate known as a diffuser plate that creates a
uniform velocity profile at the inlet to the rotor. For a detailed description of the multiple
cavity rig the reader is referred to Alexiou (2000), Long and Childs (2007), Long Miché

and Childs (2007) and Miche (2008).
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The radial inflow was directed through the ducts from the upstream section of the rig
through 32 holes on the endplate of the rotor through the 16 holes into cavity 4 of the rig

as shown in Figure 3.2.
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Figure 3.2: Multiple Cavity Rig Model and the main modifications

Hot mainstream annulus flow is simulated using air heaters. Two heater systems were
used. There are radiant heaters for the rotor and an additional heater for the radial inflow
supply. The outer drum also positions the 24 kW radiant heater array. The heaters are
driven from a three-phase power controller, which is connected to the central control
system. The compressor drum was machined to allow for the installation of the 79

rotating frame thermocouple on the rotor and holes for supply and delivery of the radial
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inflow into the cavity as shown in Figure 3.3. Figure 3.3 shows the multiple cavity rig
rotor assembly and model points (mp) locations at which the surface temperatures on the

rotor disc were measured.
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Figure 3.3: Rotor of the multiple cavity rig with instrumentation points

In all, 79 thermocouples were located and defined in the model as reference locations on
the rotor disc for the measurement of the surface temperature as shown in Figure 3.3. The
thermocouples relating to the heat transfer of disc 1 were located on the disc’s surface for
temperature measurement upstream at model points (mp) 72, 51, and 73 and downstream
as 76, 77, and 78. Those thermocouples relating to the heat transfer of disc 2 were the

surface thermocouples’ measurements upstream at model points 12 -23 and downstream
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as 34 - 44. Those thermocouples relating to the heat transfer of disc 3 were the surface
thermocouples’ measurements upstream at model points 57, 58, and 59 and downstream
as 62, 4, and 63. The shroud heat transfer of cavity 2 was obtained by the use of the
measurement of surface thermocouples at model points 68 and 48, while the surface
thermocouples at model point 7 provided the data necessary to originate the heat transfer
characteristics of the shroud in cavity 3. The heat transfer of the cob regions was obtained
by the use of the measurement of surface thermocouples at model points 75, 52and 74 for
disc 1, model points 24 - 33 for disc 2, and model points 61, 3 and 60 for disc . However,
in this study, concentration was in cavity 3. Table 3.1 shows all axial and radial positions
(model points 1-79) of the rotor thermocouples used for temperature measurement as

modelled in Figure 3.3.

Model points Axial Position (mm) Radial Position (mm)
1 109.6810 245.65
2 109.6810 220.00
3 98.9410 70.10
4 93.7606 163.00
5 85.7610 220.00
6 85.7610 245.65
7 72.3110 220.00
8 58.8610 245.65
9 46.8610 233.12
10 58.8610 220.00
11 53.1808 217.66
12 50.8606 212.00
13 50.8606 207.15
14 50.8606 200.22
15 50.8606 191.96
16 50.8606 183.33
17 50.8606 174.27
18 50.8606 164.72
19 50.8606 154.58

Table 3.1: Location of Rotor thermocouples according to Figure 3.3
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Model points

Axial Position (mm)

Radial Position (mm)

20

50.8606

143.72

21 50.8606 131.98
22 50.8606 119.08
23 50.8606 104.60
24 50.8606 96.55

25 53.4626 88.38

26 54.4086 78.83

27 59.1206 70.39

28 51.0406 70.10

29 42.6806 70.10

30 34.6006 70.39

31 34.3106 78.83

32 40.2616 88.38

33 42.8606 96.55

34 42.8606 112.07
35 42.8606 125.69
36 42.8606 137.97
37 42.8606 149.25
38 42.8606 159.73
39 42.8606 169.56
40 42.8606 178.86
41 42.8606 187.69
42 42.8606 196.13
43 42.8606 204.22
44 42.8606 212.00
45 40.5106 217.66
46 36.5510 220.00
47 36.5510 245.65
48 21.4110 220.00
49 5.6910 245.65
50 5.6910 220.00
51 -3.942965E-02 163.00
52 -4.03943 70.10

53 -15.589 220.00
54 -15.589 245.65
55 9.5310 228.94
56 60.441 228.94
57 101.7610 206.50
58 101.7610 163.00

Table 3.1 (Continued): Location of Rotor thermocouples according to Figure 3.3
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Model points

Axial Position (mm)

Radial Position (mm)

59 101.7610 121.75
60 110.3110 75.00
61 85.2106 75.25
62 93.7606 121.00
63 93.7606 206.50
64 72.3000 245.65
65 72.3110 220.00
66 72.3110 220.00
67 62.8606 232.83
68 21.4106 245.650
69 21.4110 220.00
70 21.4110 220.00
71 11.9606 232.83
72 -3.942965E-02 203.75
73 -3.942965E-02 125.50
74 8.51057 75.00
75 -16.5894 75.25
76 -8.03943 125.25
77 -8.03943 159.50
78 -8.03943 204.00
79 -32.6694 245.65

Table 3.1 (Continued): Location of Rotor thermocouples according to Figure 3.3

3.2.1 Rig Capabilities

Before the commencement of the rig modification, a set of intended operating parameters

were set having been obtained from the Trent 1000 aero-engine. The parameters used in

the rig and modelled in the 2D modelling of the rig were expected to be within the range

given in Table 3.2,
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Parameter Symbol Idle conditions | Max. take-off conditions
Bore mass flow Myore 0.23 kg/s 1.35kg/s

Bore temperature Thore 291K 381K

Bore pressure Poore 2.8x 10° Pa 5.5x 10° Pa

Rotor speed N 3000 rev/min 8000 rev/min

Radial inflow | Tragial 350 K 469 K

temperature

Table 3.2: Parameters used for the Investigation in the test rig

The corresponding range of non-dimensionless parameters for the cavity of the rig and

their relationship with normal engine operating conditions during idle, maximum take-

off, and cruise are given in Table 3.3. The MCR conditions were matched to the non-

dimensionless parameters shown in Table 3.3.

Parameter Symbol | Idle conditions Max. take-off
conditions

Axial Reynolds number | Re, 1.88 x 10° 8.75 x 10°

Rotational Reynolds | Reg 3.1x10° 1.0 x 10’

number

Shroud Grashof number | Grgnae | 5.4 x 10™ 6.4 x 10"

Table 3.3: Non-dimensional Parameters for Trent 1000 compressor
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3.3 Finite Element Analysis Program (SC03)

This section describes the features of the program relevant to the models presented in this
thesis. SC03 is a finite element analysis program developed by Rolls-Royce plc. SC03 is
the Rolls-Royce approved numerical in-house solution method program for all classes of
heat transfer problems. There are several analysis performed using SCO3 including
thermal analysis, structural analysis and thermo-mechanical analysis. The thermo-

mechanical analysis is presented in details in Section 3.3.1.

The SC03 code use a finite element (FE) approach to solve the solid conduction, with 1D
boundary conditions. The conduction of the heat transfer problems are handled
automatically in SCO3. The SCO3 analysis process involves geometric definition,
boundary condition definitions, boundary condition inputs, input checking, model
running, output checking and processing. An axisymmetric model has been produced for
the multiple cavity rig using the SC03. Three-dimensional modelling and analysis are
also possible within SC03. The SC03 model was used primarily for simulating the test

facility and predicting its behaviour at different operating conditions.

When a model is created for the first time in SCO3, it is essential to have a database file
(filename.db) to store all the data. It is also necessary to specify a number of default
values (default material, rotational speed, thickness, temperature, etc.) before running the
program for the first time. However, these default values can be redefined at a later
stage, where necessary. The geometry should be created in a CAD system and then
supplied to SCO3 by importing it into the program in an IGES format because the

drawing facilities within the SCO3 software are quite limited. The geometry needs to be
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checked to confirm its consistency before the chaining process. The chaining process is
performed if there are no errors in the geometry. This process is essential before the
application of the boundary conditions. After the chaining process, the geometry can then
be meshed. This is followed by other processes such as definition of area properties in the
domains. These properties are speed, material, thickness and the assigning of a local
thickness property to modelled non-axisymmetric feature. The next stage in this
modelling is the application of the structural and thermal boundary conditions. In the
absence of test data from rig or engine runs the thermal boundary conditions are chosen
based on a good judgement of the geometric and physical case. In order to restrain rigid
body motion, in an axisymmetric model, a normal restraint should be used to apply the
prescribed displacements. All the information on geometry, area properties, boundary
conditions, is stored in the database file. Any other data required for multi-time point
analyses data such as time varying speeds, temperatures, are held in the Basic Design
Data, BDD, file (filename.bdd). The type of analysis is then specified and initiated such
as thermal, structural, linear, non-linear, thermo-mechanical analysis. The calculated
results are written automatically in the results file (filename.res) while the output from
several places in the program such as boundary conditions is contained in the general
output file. A confirmation of the successful completion of the analysis is given, at the

end of each run. In the event of any errors, this can be traced from the diagnostics file.

The results for temperatures, stresses and displacements can be presented on the screen as
colour filled or line contours while a time varying display of any transient results can be
viewed graphically. A time point can be specified to plot the results at a given time from

a transient run. The program allows for a time plot for up to 10 user specified points.
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The modelling of the MCR was supervised by Dr. Nick Atkins, the models had never
previously been used by the group and the starting point of the modelling was the
modification of the existing rig drawing to suit the present study. This required the
inclusion of the radial inflow supply channel and introduction of insulator called insufrax
using a computer aided design (CAD) package AutoCAD followed by exporting the
modified diagram into the SC03 and a further modification where necessary in SC03.
Detailed explanations of the various functions and terms used in SCO3 are presented in
Sections 3.4-3.13. This section describes the features of the program applicable to the
model presented in this thesis. SC03 analysis are presented which consist of geometry
definition, mesh generation, cycle definition, domain properties definition, boundary
condition definition and input checking, model running, and output checking and
processing. The discussion on the decision process of deciding on the boundary

conditions and the boundary condition relation to the model is also presented.

3.3.1 Thermo-mechanical analysis

Thermo-mechanical analysis is performed in SCO3 to provide thermal and displacement
data for any gas turbine engine component or assembly. This analysis involves both
thermal and structural analysis. Thermo-mechanical analysis includes temperature
analysis and displacement analysis. Thermo-mechanical analyses are used in the
prediction of component temperatures, component stresses, analysis of engine movement,
deflections of axisymmetric or plane structures, and clearance optimisation. Hence,

before commencing a thermo-mechanical analysis, the type of analysis to be performed
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must be considered. Best practice, as followed here, is to agree this with the customer,
based on the accuracy requirement for the calculations and the time scales. In a thermo-
mechanical analysis, a 2D axisymmetric analysis is performed if the geometry, loading
and resultant displacements are assumed to be axisymmetric. A 2D axisymmetric analysis
could also be performed if some of the components with 3D features in the geometry and
the effect on displacements are approximated in 2D for example for aerofoils and the
intercase region. Two types of analysis can be performed in SCO3 namely linear or non-
linear. But a linear analysis is the conventional (default) analysis that is performed in
SCO3 during which the Geometric Non-linearity (GNL) is turned off. However, non-
linearly analysis can be performed if requested as this would bring about additional
structural iterations whereby the change in the centre of mass is reflected, thus changing
the applied moment. The linear analysis is computationally simpler’ since a linear
analysis is performed for each time point to give a better first approximation of

displacements/stresses.

The thermo-mechanical model should be validated against both transient and steady state
temperature and displacement data over a test cycle for example a square cycle which is
used in this study. Thermo-mechanics process therefore describes the way in which
temperature and displacement analyses should be performed to provide thermal and
displacement data for any gas turbine engine component or assembly. The description of
temperature analysis and displacement analysis are presented in Section 3.3.1.1 and

3.3.1.2 respectively.
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3.3.1.1 Temperature analysis

Finite element analysis is the recommended method for temperature predictions.
However, for very simple problems theoretical displacement analysis is suitable.
Temperature analysis involves a numerical solution method for heat transfer problems.
The heat transfer process is the study of the processes by which energy, in the form of
heat, is transferred from one medium to another where the driving potential is a
difference in temperature. The amount of thermal energy E contained in a body is
proportional to its temperature, and to the amount of mass (m) of the body. The
relationship between the change in thermal energy E, associated change in temperature T

and the mass of the body is given as:

AE = mcAT (3.1)
Where, c is the constant of proportionality called the specific heat capacity, which has the
unit of J/kg K.

Heat, can be introduced into a gas at constant pressure and constant volume. Hence in

equation 3.1, for a perfect gas, at constant pressure c is the specific heat capacity at

constant pressure is denoted Cp , Where E is the enthalpy H. While at constant volume ¢

is the specific heat capacity at constant pressure is denoted CV , Where E is the internal

energy U. T is the static temperature which indicates the level of energy possessed by the
substance. The temperature of the moving fluid is measured by a stationary thermocouple
embedded in the model as shown in Figure 3.3 as model point (MP) mpl to mp79. The

measurement of the temperature of the fluid takes effect when the fluid is brought to rest.
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The kinetic energy is converted to internal energy as the fluid comes to rest. This
conversion will always occur at the stationary solid boundary according to the no slip
condition. This will cause an increase in the local internal energy hence the local static
temperature will rise to a temperature known as stagnation temperature. The stagnation

temperature is given as:
~T +— (3.2)

Due to the effect of increase in local internal energy on local static temperature, the term

total energy of the free stream divided by the specific heat capacity due to pressure

2
v
T+—

in Equation 3.2 is called the total temperature T, . Hence the total temperatureT,
p

is given in Equation 3.3 and that T, can be considered as being equal to T,

tag *

V2

To=T+— (3.3)

2cp

The modes of heat transfer are conduction, convection and radiation. A combination of
these modes may occur at any one time in practice or in some cases a single mode may be
dominant and control the flow process. Conduction and convection are both important in
the majority of gas turbine problems with radiation being significant in specific cases

such as combustor problems, turbine casings and engine shutdown conditions.
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3.3.1.1.1 Conduction

This is the mode of heat transfer in a solid material that occurs due to a temperature
difference between different parts of the material. However, it may also occur in liquids
and gases. Conduction is governed by expression known as the Fourier’s law and it is
mathematically presented for 1-dimensional heat flow in x direction as:

Q = kadl (3.4)
dx

where Q, = heat flow rate per unit area in x-direction (mW /mm?*K)

k = thermal conductivity (mW /mm.K)

(;—T = temperature gradient in x-direction
X

The gradient must be negative (-ve) resulting from the convention of defining a positive

heat flow in the direction of a negative temperature gradient.
The conduction heat flux, q is given as:

L 2
q==-k W) (35)

In the simple case of steady state heat conduction through a wall, where thermal

conductivity k is constant, and Fourier equation can be integrated to give:

AX

Where Ax = the distance in the x-direction
A = cross-sectional area
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However, the term i_; Is known as the thermal resistance R,

3.3.1.1.2 Convection

Convection is the mode of heat transfer at a solid boundary. Convection occurs due to
bulk motion of fluid. When a moving fluid encounters a solid surface, heat is convected
either from it or to it, depending on the sign of the surface to fluid temperature difference
(Long, 1999). The general equation of convective heat flow is given as:

Q=hAT, -T,) (3.7)
where:

h = heat transfer coefficient (\N/mZK)

A = area of heat flow (mz)

T, = surface metal temperature (K)

T, = bulk fluid temperature (K)

The convective heat flux, q is given as:

q=hT,-T)  (W/m’) (38)
The convection mode of heat transfer is sub-divided into two different types namely free
or natural convection and forced convection. Free or natural convection occurs between a
solid and a fluid undisturbed by other forces except by a temperature difference present
between the two. This temperature difference creates density variation which results in
the fluid motion. In free convection, the fluid motion that occurs is due wholly to the
natural buoyancy forces arising from a changing density of the fluid in the surrounding

area of the surface. Hence, for rotating flow problems buoyancy forces depend on the
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rotational speed and local radius. In free convection, the heat transfer coefficient will
increase the force of the buoyancy-induced motion, which would in turn increase the
temperature difference that causes it. Hence, in free convection, the heat transfer
coefficients also depend on the scale of the surface to fluid temperature difference. In
forced convection, the fluid may be forced by some external mean such as pump and fan.
This occurs where there is a major applied motion of the fluid in relation to the source or
sink of heat. It may also involve separation of flow from surfaces or a phase change of
the fluid. Natural and forced convection are classified according to both laminar and
turbulent flow. The extent of heat convection is influenced by many factors. These
factors are the characteristics of the fluid flow, the thermal conductivity of fluid, the

shape and magnitude of the fluid and the solid boundary.

Convection problems are complex and can be modelled using dimensional analysis and
empirical methods based on the concept of the heat transfer coefficient. Values of heat
transfer coefficient can be derived from measurements for any particular geometry, flow
condition and set of fluid physical properties, following which functional relationships
may then be developed from dimensional analysis. The non —dimensional parameters
used in heat transfer coefficient correlations in SCO3 are Reynolds number Re which
characterises the fluid flow, Nusselt number Nu which characterizes the heat transfer,
Prandtl number Pr that reflects fluid properties and Grashof number Gr that characterises
buoyancy driven flows or natural convection. Details of the correlation used in SCO3 are

presented in Section 3.9.
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The main task in a finite element temperature analysis is therefore in the calculation and
specification of convective boundary conditions. The boundary condition types available
within SC03 are thermal streams, Thermal ducts, thermal voids, convecting zone,
prescribed temperatures, external and internal radiation which are presented in details in
Section 3.7. The accurate calculation and representative specification of thermal
boundary condition equations is vital to the formation of a quality finite element model.
In all cases the boundary condition equations must be put together to enable calculation
by the SCO3 program at any engine condition. The automatic analysis system is used to
process the results from the cycle runs. The results are usually presented in the form of
temperature versus time graphs or contour plots. In temperature analysis, two conditions

are performed; there are steady state and transient conditions.

Furthermore, in thermal analysis, attention is given to the conservation of mass and the
conservation of energy. These conservations are very important in the modelling of flow
through thermal stream boundary conditions. For the conservation mass, it means that,
for the steady state system, the mass flow entering the system must equal the mass flow
leaving the system. While for the conservation of energy, it means that, for the steady

state system, the energy entering the system must equal the energy leaving the system.

3.3.1.1.2 Radiation

This is a mode of heat transfer where there is an exchange of heat between bodies without

the presence of any intervening medium. Hence, radiation is an energy transfer which is
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transmitted most freely in a vacuum. At the temperatures above absolute zero, all matter
emit radiation in the form of electromagnetic waves of various wavelengths. At this
temperature, electrons in the molecules of the material at the surface of a component will
vibrate thereby emitting radiation energy. The amount of radiation energy emitted will
depends on the absolute temperature. A typical example is the everyday experience of our
body being warmed by the sun, with approximately 1.5x10"'m of empty space separating
it from the earth (Long, 1999). The heat transfer by radiation from an object at an

absolute temperature, with a body of surface area A is given Stefan-Boltzmann law as:
Q=0AT*  (watts) (3.9)
The radiation boundary conditions used in SCO3 program are internal and external
radiation which are presented in details in Section 3.7.7 and 3.7.8 along with the black

body radiation.

3.3.1.2 Displacement analysis

Finite element analysis is the recommended method for displacement predictions.
However, for very simple problems theoretical displacement analysis is suitable.
Displacement analysis is used for displacement predictions. The thermal boundary
conditions have a significant impact on the final displacements due to thermal growth,
temperature effect on material properties and fluid pressure defined in the thermal
boundary conditions. There are a number of effects that contribute to the total
displacement in a typical engine application. These are thermal expansion, centrifugal
growth, pressure growth and tensile strain.
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Displacement analyses in SCO3 can be used in the calculation of axisymmetric closure
from the finite element model. Predominantly in compressors, these displacements could
be characterised using time constants. These closures include the effects of rotor
centrifugal loads (CF), rotor thermal expansion, rotor deflections due to pressure loads,
casing pressure dilation and casing thermal expansion. Structural loads are very important
in displacement analysis as such consideration must be made to the definition of loading
on the model. One of such loads is the centrifugal load that is automatically calculated by
SCO03 by appropriately specifying the rotational speeds for each component. Additionally,
the pressures defined within the thermal boundary conditions in the model of thermo-
mechanical process, will apply pressure loading to the structure. The thermal strains will

also be accounted for and the geometry reference temperature should be set to the as-built

temperature which as a default value 20°C . However, to suit the ambient day temperature
for a particular cycle, this default value should not be changed. The displacement analysis
is performed on two main conditions which are steady state and transient conditions.
Steady state conditions describe engine conditions where displacements do not change
with time, meaning that components have reached their thermal and structural
equilibrium state. While transient conditions, illustrate conditions where displacements
are changing with time, moreover, a transient analysis may also include steady state
conditions. The displacement analysis results will usually be presented as a function of

time over a full engine cycle.

Displacements analyses are computed to support the design process for a number of
reasons. These are fuel efficiency, surge margin, failure cases, integrity and life.

Compressor tip clearances must be minimised to reduce leakage paths in the main gas
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path and the release of abraidable lining material must also be minimised to avoid
increase tip clearances as both will lead to higher fuel consumption hence lower fuel
efficiency. As previously mentioned, minimizing the release of abraidable lining material
will reduce tip clearances and the reduction in compressor tip clearances will prevent
surge occurrence. The clearances of titanium components should be controlled as
excessive rubbing of these components can result in titanium fires leading to cases of
component failure. Integrity and Life of engine components can be improved through
axial and circumferential gapping of many components such as tips, shroud segment and
blade platforms, to avoid excessive stresses or fouling during the relative movement
between components during a mission. Also, bearing interference fits and running
clearances must be controlled to avoid loss of interference which can cause localised

wear or vibrations.

3.4 Geometry

To start a model set-up in SC03, geometric data are imported either by means of an Initial
Graphics Exchange Specification (IGES) file as a set of unconnected curves created using
a computer aided design (CAD) package or using the drawing facilities accessible within

the SCO3 program.
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Figure 3.4: Multiple cavity rig model geometry imported by means of IGES into

SCO03 program

However, a Standard for the Exchange of Product (STEP) model data file can also be
used. Figure 3.4 shows the geometry data imported by means of IGES into SC03

program.

When the data has been successfully imported, the geometry edges, geometry surfaces,
and solid faces will be visible. For complex geometries, it advisable to use the CAD
package because drawing facilities within the SC03 program are limited. After importing
the model from CAD as an IGES file into the SC03, the model is saved into the SC03
program with a specific name that ends with ‘.pm’ (physical model). This is identified as

a .pm file before a clean-up activity is performed using the inbuilt design facilities.
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The geometry is checked for its consistency with the original drawing to correct any
distortion and not to unintentionally alter the geometry from the original design target.
All parts of the geometry are examined for unacceptable inconsistencies such as gaps,
folds, or duplicate entities; these are marked “x” unconnected and a warning message
with square red sign at the point of the unconnected lines is given in each case as shown
in Figure 3.5. If there are no errors then the geometry is chained to connect lines or
entities together and to determine splitting entities. When the geometry has been chained

successfully, the model is ready for further operation within the SCO03.

Square red sign [ ------------------- : ---------
indicating errors 1 ! [ [ ! ;

during chaining ™~ !
process N~

---------------------------------------------------------------------------

f “consisfent Tiemal lnes T o

X Unconnected |
O Unmarked Interal Lines : h
< Fold-Back | |

& Gap (ends not in iine) =

Figure 3.5: MCR model showing Errors in the model during chaining process

Hole centrelines must also be defined where necessary before chaining the geometry to

determine which lines are connected to each other. This is necessary in order to apply the
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boundary conditions. Chaining is the process of connecting lines or entities to each other
to form a model. Internal lines should be marked for lines having material on both sides
of the component and these lines will immediately turn blue in colour. The lines that have
air or some other fluid on one side are known as the external lines. Both the 2D and the
3D geometry analysis tools are accessible in the Model Analysis Control Panel. This
includes meshing, domain definitions, application of thermal boundary conditions,

definition of engine cycle, running of SC03, and output processing of the result.

3.5 Meshing

When the clean-up of the geometry is complete, the geometry can then be meshed. The
choice of mesh has profound effect on the accuracy, convergence, and speed of the
solution. Meshing is the breaking up of a physical domain such as a 2D domain in 2D
geometry and 3D domain in 3D geometry into simpler subdomains called the elements.
The shape of these elements depends on whether the model is 2D or 3D. SCO03 has an
inbuilt automatic mesh generator that generates the mesh automatically when the analysis
is run, and this is accessible in the Mesh Analysis Control Panel. The program uses an
automatic mesh generator of quadratic six-node triangular elements in 2D and ten-node
tetrahedral elements in 3D. In the case of the 2-D MCR baseline model, a six-node
triangular element was generated in 0.690967sec, with a total of 10007 elements and
22504 nodes. The major steps completed by SCO03 during automatic meshing are

geometry recognition, node generation and surface triangulation. The element density is

100



controlled by the triangle distortion ratio, which has a default value of 4 in SC03. Figure

3.6 shows a multiple cavity rig model meshed with six-node triangular elements in 2D.

Other form of meshing can be employed, including adaptive meshing and the use of
external meshes. The element density is controlled by the triangle distortion ratio, which
has a default value of 4 in SCO03. If the mesh fails, the analysis during mesh generation
will stop and a mark ‘x’ is shown where the geometry has a problem and that is then
fixed and remeshed, and in some cases the mesh is refined for greater accuracy. This is
good practice for complex models and where there is doubt in the geometry, to ensure

that the meshing is acceptable.

____________________________________________________________________________________________________________________

Figure 3.6: The geometry of the multiple cavity rig model meshed with six-node
triangular elements in 2D
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3.6 Domain Definitions

Each component within an SC03 model is defined by a separate solid domain which
utilises material properties appropriate to that component. The domain definition involves
the use of a Domain Control Analysis Panel to input the required material type, which is
accessed from the ‘Commit’ file that stores all the material types in SC03. New material
can be read into the SC03 from other sources if needed as a .mat file (‘filename.mat’) and
the material names are 3—4 character codes, while the thermal and structural material
properties (Young’s modulus, thermal conductivity, specific heat capacity, Poisson’s

ratio, density, and coefficient of expansion) must be defined in the material file.

Other relevant properties in the domain control panel are: rotational speed relating to the
cycle and domain type such as 3D, axisymmetric, plane stress, or plane strain, which are
applied to regions known as sub-domains bounded by internal or external geometry lines.
The local speed property of a component defines closed regions with speed that is
different from the default speed in the SC03. Appropriate rotational speeds must be
defined within the Domain Control Panel because many heat transfer correlations require
the local rotational speed for analysis. For the multiple cavity rig, where the rotor speed
is a time-varying parameter, all the casings are defined as having a local speed of 0. In
the MCR SCO03 model, titanium (TFF) is used for the HPC disc, C1023 (QAB) for the
casing and CMV (AEF) is used for the shaft.

A non-axisymmetric element known as non-hoop can be modelled by assigning a local
thickness property to the closed region defining this element, therefore identifying the

area to which load, pressure, and heat flux are applied. The thickness property is used to
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represent 3D features in 2D axisymmetric models and the thickness expression can only
be used by SCO3 if plane stress which is not axisymmetric is chosen as the domain type.
The holes property is used to describe a closed region with a circumferential row of
circular holes and the effective local element thickness is determined assuming that the
area is axisymmetric. Thickness in SCO03 is defined as the amount of material at a given
circumference. For n holes on a pitch circle diameter (see Figure 3.7). The Uniform

thickness can be calculated as follows:

/ Axisymmetric
¥
A
TP D
A
P ri o
Axisymmetric/
_—
t

Figure 3.7: Thickness property definition on a pitch circle diameter

Diameter of holes, D, . =1, — T, (3.10)

holes i

103



. : . r,+r.
Pitch circle radius, r, = (o +11)

7Z'D2
The actual volume of n holes, V,, :( 2 J-t n

The swept volume between ry andr;, V., = 7z(r02 - r.z)-t

. . \Y
The fraction of air, X, = —2%

swept

The fraction of material, X, =1-X

air

2.7.X

mat *=* m

Thickness property, TP = X

wherer t = thickness of hole

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

Other domain properties include displaying of domain numbers, domain initial

temperature specification, which can be a user expression such as dbtemp = 293.15K or

could be a database parameter (bdd) such as TAMB, an equivalent of the ambient

temperature, and thermal and structural loads. For details on the practice on thickness

property, readers are referred to Rolls-Royce plc (2004).
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3.7 Thermal Boundary Conditions

The selection of boundary conditions and the associated correlations used to define the
heat transfer coefficient between the solid and fluid domains is essential for an accurate
representation of the temperature distribution within the solid domain. However this is
not an easy task as the analyst will rely more upon experience and personal judgements in
the choice of the appropriate boundary type and correlation from among those available
in SCO3 in line with the analysis. The chosen boundary conditions are applied to any
portion of the fluid-to-solid boundary within the model, and any boundary without a
specific boundary condition is modelled as an adiabatic surface. The boundary conditions
within the SC03 program are Prescribed Temperature, Convecting Zones (CZ), Thermal
Voids (VO), Thermal Streams (ST), Thermal Ducts (DU), External Radiation (ER) and
Internal Radiation (IR). Sections 3.7.1 to 3.7.9 provide an overview of the boundary
conditions available in SC03 and those used in the SC03 model shown in Figure 3.8. For
more details on boundary conditions the reader is referred to Alexiou (2000) and

Illingworth (2006).

In the multiple cavity rig model used in this research as shown in Figure 3.8, the outer
surface of the casing was modelled with convecting zones for the reason that the rig
would be operated in a room with continuous ventilation. Convecting zones, with a high
heat transfer coefficient, were used to model the heating of the outer surface of the rotor,
with jets of hot air through the ducts. In all the boundary conditions, air was used as the
fluid. The heat transfer coefficients and the temperature rise due to the frictional heating

of air (windage) were calculated using inbuilt correlations contained within the program.
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External radiation from the casing to the room was also considered in the model. Streams
and ducts with a rotating free disc correlation as heat transfer coefficient were applied at
the cobs of the discs and the shaft with a windage heat pick up term. The cavities were
modelled as voids where natural convection from a vertical plate is assumed. The natural
convection was modelled using the natural convection correlations. The natural
convection correlations associated with plate and cylinder known as natural convection
correlations for upper surface of plates (NUS) and natural convection correlation for
vertical plates or cylinder (NVP) were used as the heat transfer coefficient for voids
modelling in the cavities and the length of the plate was used as an argument. According
to the flow visualisation and heat transfer work of Farthing et al. (1992a and b), the
Grashof number was defined using the centripetal acceleration, Q%, and the radial
distance from the shroud, y = b - r. A stream was fed to each void as a power input. The
temperature output from the voids in each cavity was mixed with the temperature of the

axial throughflow, at the exit from each cavity.

Ducts were used to simulate the flow of the air through the rotating and non-rotating
holes in the rig. They were used to model the flow through all ducts and holes. Ducts are
used also to model the radial inflow through the ducts into the cavity. The forced
convection correlation known as MNUN was used as the heat transfer coefficient for
ducts modelling. The flow area, length and mean hydraulic diameter of the duct were
employed as arguments. The pressure, temperature and mass flow rate of the cooling air
and the radial inflow air at the inlet to the rig were defined as time-varying parameters to
allow for transient analyses. Using the supplied inlet cooling air temperature as the

starting point, the temperature output from one boundary condition was used as the
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temperature input to the next boundary condition. In the case of radial inflow, the
temperature output from one boundary condition was also used as the temperature input
to the next one. Mixing the temperatures from streams or ducts was possible. The inlet
pressure was used as air pressure in the boundary condition while the mass flow rate was
used in the boundary conditions. The temperature, pressure and mass flow rate of the
cooling air was supply into model cavity via a bore flow inlet in the upstream into the rig

through duct 1 (DU1).

Convecting zone
(C2)

Streams
(ST)

OU74 T STAT TTOUBR
o ST24 . DU7E ., STI3 . DUGE . ST23

Figure 3.8: SC03 model of the Multiple Cavity Rig (MCR) with boundary conditions
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3.7.1 Prescribed Temperature

A prescribed temperature boundary is used to described a boundary in which a known
temperature or temperature distribution is applied to a portion of the boundary. A single
expression for surface temperature is supplied, although a fixed value or a valid SC03
expression or graph can also be used. At the beginning of the analysis the prescribed
temperature must match the initial domain temperature. However, problems may be
encountered when two prescribed temperature boundary conditions apply at a single
point. If this occurs, then the temperatures at that point must match or be within a
suitable, pre-determined tolerance of 2°C. This is always the source of large temperature
errors in regions local to prescribed temperature boundary conditions. To avoid these
errors, the best practice is to model a prescribed temperature using a convecting zone
with a very high heat transfer coefficient as in the case of the rotor surface in Figure

3.8. This will cause the metal temperature to be equal to the fluid temperature.

3.7.2 Convecting Zone (CZ)

Convecting zone boundary conditions are used where the fluid temperature distribution is
known and the temperature used may be a single value or may vary in space and time. In
this model, convecting zones are modelled around the outer surface of the casing and the
outer surface of the rotor as shown in Figure 3.8. The convecting zones are regions where
the neighbouring fluid regions have an infinite heat capacity such that the fluid
temperature specified in that region will not change in spite of the degree of the resulting
heat transfer between the fluid and the component. Four parameters are required to define

a convecting zone boundary condition: fluid type, fluid temperature, fluid pressure, and
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heat transfer coefficient. The fluid type is commonly air but could be another fluid
defined by the user such as oil. The fluid temperature (K) applied may be a single value
or may vary as a function in space and time. The fluid pressure is used in the heat transfer
coefficient correlation calculation where necessary and for the determination of the
pressure load in a thermo-mechanical analysis. The heat transfer coefficient may be a
predetermined value or expression in SC03. The SC03 database holds a large number of
approved inbuilt heat transfer correlations that calculate the heat transfer coefficient and
these are discussed in Section 3.9. Variation of the heat transfer coefficient will vary the
heat flux in the system. The heat flux from a convecting zone is calculated from Equation
3.17, where A is the surface area, h is the heat transfer coefficient, T; is the fluid

temperature, and T is the surface temperature.
Q=hAT, -T.) (3.17)

3.7.3 Thermal Void (VO)

A thermal void is used to depict portions of the boundary in a model with negligible heat
capacity. In the multiple cavity rig model used in this study, the cavities were modelled
with voids where natural convection from a vertical and upper surface of plate or cylinder
is assumed as shown in Figure 3.8. It was used for the baseline model (model without
radial inflow). A thermal void has properties that are almost the exact opposite of
convecting zone properties. This is so because the convecting zone is a region of infinite
heat capacity while a thermal void is a region of negligible heat capacity. A thermal void
has a single temperature, meaning that it represents a region with uniform temperature

and is at instantaneous equilibrium with its surroundings. The thermal void can
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consequently be used to transfer heat across an air cavity and by equating the net heat
flow into it to zero; the temperature of the fluid can then be derived. The void can be
controlled by two heat sources such as convection from the surrounding walls and an

additional power term from a mass flow into the void if present.

The instantaneous equilibrium implied by thermal voids indicates that there is no net heat

flux into the void, as shown in Equation 3.18.
Ih(Ts ~T, BA+Q, =0 (3.18)

where: Q,, = the amount of heat input into the void from external sources such as the

thermal stream or duct defined in the power input field in the void panel.
A is the surface area, T is the components temperature, and T¢is the void temperature.

Hence the uniform temperature in the void is defined as:

[hT,dA+Q,
(= (3.19)
[ hdA
The amount of heat input into the void is given as:
T T
Qin =W '[deTstream - J.deTf :| (320)
0 0

In cases where the changes in temperature are small, the C, term is ignored, giving the

heat input into the void as:
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Qin =WCp (Tstream _Tf ) (321)

where: W = stream mass flow rate (Mg/s)

3.7.4 Thermal Stream (ST)

Thermal streams are the most frequently used thermal boundary condition in SC03. They
are used to define the heat transfer at boundaries where there is a known, finite flow of
fluid along their length. A thermal stream has a finite heat capacity and has the ability to
absorb energy from one place on the surface and transport it to another. In the model
shown in Figure 3.8, streams were applied at the cobs of the discs and the shaft with a
windage heat pick up term and were also used to direct axial throughflow into the rig
cavity. In a thermal stream, the inlet air temperature is defined at the start of the analysis
and the variation in fluid temperature is calculated along the boundary due to the effect of
convection, the heat capacity of the stream, and any additional heating brought in by
windage. Transient variation in component fluid temperatures is possible with
appropriate choice of heat transfer coefficients and flow system properties. The
arrangement of the two points defined by the thermal streams’ boundary gives the
direction of the flow and they are capable of being linked and mixed together. In general,
thermal streams are used effectively in SC03 to model the flow of air, heat exchange, and
heat pick-up throughout engine internal cooling air systems. Six parameters are required
to illustrate these boundary conditions in SC03: fluid type, mass flow rate, pressure,

temperature, the heat and temperature pick-ups, and the convective heat transfer
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coefficient. An enthalpy balance is used to calculate the mixed temperature where two or
more streams mix together to produce a combined temperature at the inlet to another

stream as shown in Equation 3.22.

Tm Tm
W, [C,TdT +W, [C,TdT =0 (3.22)

Tl T2
3.7.5 Thermal Ducts

A thermal duct is comparable to a thermal stream except that two portions of the
boundary are defined between which the flow occurs and is used where a flow between
components is separated by only a small space or flow occurs through holes within a
component. Thermal ducts are used to signify turbulent flow in small confined passages
where there is a possibility of heat exchange between the surfaces due to turbulent
mixing. As shown in Figure 3.8, ducts were used to model the flow through all ducts and
holes and were used also to model the radial inflow through the ducts into the cavity
space. The same parameters as in a stream are required in the duct definition, and include
fluid type, mass flow rate, pressure, temperature, the heat and temperature pick-ups, and
the convective heat transfer coefficient. The arrangement of the two corresponding points
defined by the ducts boundary gives the direction of the flow, and there can be an

exchange of energy between the two surfaces and conveyed through the duct flow.
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3.7.6 External Radiation

In SCO3, the external radiation boundary condition is used to describe a part of the
boundary having a specified emissivity which can convey radiation and obtain it from a
remote source that is not clearly modelled or is not part of the model but has a known
temperature. The external radiation was applied on the outside casing of the model.
External radiation is used if one or more components are not specified in the model. The
remote temperature identifies the temperature through which the radiation is exchanged,
while the emissivity is used to describe the proportion of black body radiation that can be

emitted. The Stefan Boltzmann equation is employed to calculate the heat flux as follows:

q=e(T,'-T,") (3:23)
where 6 = Stefan Boltzmann constant = 5.6687 x 10° W/m? K*

Tgr = temperature of radiator (K)

Ts= temperature of surroundings (K)

€ = emissivity (=1 for ideal radiator)

The effective radiation heat transfer coefficient is applied using the expression:

Ny = (T + T T2 +T,7)} (3.24)
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3.7.7 Internal Radiation

The internal radiation heat transfer boundary condition is used to describe portions of the
boundary which are able to transmit radiation and receive it from themselves and each
other. The view factors are calculated automatically. This type of radiation is applied by
indicating the boundaries and their emissivity. Internal radiation was applied on the
surface of the rotor. Internal radiation is important in cases where the convective heat
transfer coefficient is relatively low or in cases where there are relatively high surface
temperatures such as turbine casings. It is also vital where there are large temperatures
differences between the surface and the surroundings. Internal radiation heat flux is given

by the equation:
Qurey = & 2AC(T -T,%) (3.25)
where: Qgrey = heat flow rate from a grey body

&1-2 = grey body view factor, which is given as:

£o - . (3.26)

(1—81]_'_ 1 Al[l—ng
& F, AL &
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3.8 Boundary condition inputs

The input parameters for boundary conditions are fluid type, mass flow, fluid
temperature, absolute and relative temperature, fluid pressure, temperature and heat pick-
up and heat transfer correlations. The selection of boundary conditions, its input and the
associated correlations used to define the heat transfer coefficient between the solid and
fluid domain is essential to an accurate representation of the temperature distribution

within the solid domain.

3.8.1 Fluid Type

The working fluid is pure (i.e. dry) air. The automatic analysis program SCO03 handles the
calculation of the properties of air such as temperature, density, specific heat capacity,
thermal conductivity, kinematic viscosity, dynamic viscosity, and the Prandtl number.

Sutherland’s law is use to compute the dynamic viscosity. Sutherland’s law expresses the

relation between the dynamic viscosity and the absolute temperature of an ideal gas. It is

3/2

iven as, u=—= 3.27
g H=—g (3.27)

Where for air C, =1.458X10°kg/msvK

Tisin Kelvinand S =110.4K
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3.8.2 Mass Flow

Mass flow terms in SCO03 are defined in order to characterise the fluid flow over a
boundary of the finite element model. The main function of the mass flow in component
temperature prediction is to define the heat capacity of the fluid flow with the help of the
specific heat. The main flows in SCO3 are the main engine annulus flow, turbine rim gas

ingestion, and entrainment flow.

3.8.3 Fluid Temperature

Fluid temperatures are usually defined at the initial point of a flow system analysis, while
the succeeding fluid temperature distributions in the system are calculated automatically
by the analysis program depending on the boundary conditions used. In an engine, the
main annulus fluid temperature may be specified based on two engine performance
parameters such as the inlet (upstream) temperature and the exit (downstream)

temperature, as shown in Equation 3.28.

X = 3.28
T,-T, (3:28)

The Equation can be rearranged to give the equation for fluid temperature as:

T=T+X(T,-T) (3.29)

Where:
X = scaling constant

T = known fluid temperature
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T1 = inlet or upstream temperature

T, = exit or downstream temperature

3.8.4 Absolute and Relative Temperature

Absolute and relative temperatures are vital in the thermal modelling of the interdisc
cavity such as that found in the MCR model. The reason being that they are used to
convert temperature when moving from a stationary to rotating component (or vice
versa). In SC03, absolute total temperature is used for stationary parts which are nozzle
guide vane (NGV), casings and stators. The relative total temperature is used for rotating

parts such as rotor discs and blades.

The temperature at the surface of the rotating component is given as:

2
T =T+ln (3.30)
p
The temperature of the stationary component surface is given as:
2
Tabs =T +V e (331)
2C,
Equation 3.30 and Equation 3.31 can be combined to give:
2 2
Trel = Tabs - Vi + Vi (332)
2C, 2C,
where:

T = static temperature
Vel = relative fluid velocity

Vaps = absolute velocity
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3.8.5 Fluid Pressure

Fluid pressures are defined in thermal boundary conditions for the evaluation of fluid
density, and in the application of a pressure load at the surface in thermo-mechanical
analysis involving a combined temperature and displacement analysis. In SCO03, the

recommended accuracy for fluid pressures for all thermal boundary conditions is +5Pa.

3.8.6 Temperature and Heat Pick-up
This is the frictional heating of air in a system .The heat pick up (HPU) due to a change
in radius in a rotating system is calculated using SC03 in a built windage correlation
known as the VORX correlation. The arguments used are rotational speed, angle of
surface relative to axis and perimeter to be specified. In SC03, VORX (N) correlation is
used when it is applied to an edge while VORX (N, Alpha, Perimeter) correlation is used
when it is applied to a face.
HPU= VORX (N, A, P) (3.33)
Where:

N = rotational speed (rad/s)

A, = A= Alpha = half cone angle (rad)

Perimeter = wetted perimeter normal to the angle alpha

For details on temperature and heat pick-up, the reader is referred to Chew, 1988.
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3.9 Heat Transfer Correlations

A wide-ranging correlation has been developed to aid in the estimation of convective heat
transfer coefficients for a range of cases, such as natural convection, and forced
convection for internal and external flow. SC03 has inbuilt empirical correlations which
are capable of automatically calculating all heat transfer coefficients. The accuracy and
validity of the model will depend on the correct choice of correlation, and the related
correction factors used in any modelling process. The empirical heat transfer correlations
used in this modelling and their flow regimes are:

e Natural Convection — Plate and Cylinder

e Forced Convection — Rotating Flow

e Forced Convection — Ducts and Plates
The SC03 command, flow pattern, operational range, application area and the non-
dimensional quantities associated with each heat transfer correlation are presented in

Section 3.9.1 -3.9.3

3.9.1 Natural Convection — Plate and Cylinder

The natural convection correlations associated with plate and cylinder known as NUS and
NVP were used for voids modelling in the cavity and other parts of the MCR model. For
details on natural correlation from natural convection from upper surfaces of hot
horizontal plates and lower surfaces of cool horizontal plates (NUS) and natural
convection from vertical plates or cylinder (NVP), the reader is referred to McAdams

(1958) and Fishenden & Saunders (1950). Table 3.4 shows SCO03 correlations for natural
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convection for plates and cylinder with area of application and the non-dimensional

parameter used which is called the Rayleigh number (Ra). Rayleigh number is given as:

Ra =Pr.Gr (3.34)
SC03 Command | Flow Pattern Correlation Range
nus(L) Upper Surface of | h=054Ra’>”k/L |Ra<2x10’

Hot Plates & |h=014Ra*®k/L |Ra>2x10’
Lower surface of

Cool Plates
nvp(L) Vertical Plate or [h=059 Ra>® k/L | 10*<Ra< 10’
h=0.129 Ra>* k/L | Ra>10°
Cylinder

Table 3.4: SCO03 correlations for natural convection for plates and cylinder

3.9.2 Forced Convection for Rotating Flow

The forced convection correlation in SC03 for rotating flow are turbulent free disc (fdf
and frd), laminar free disc (fdlam and frlamd), general free disc (fdgen and frgend),
general rotating flow (genrot) and rotating drum (drum). Table 3.5 shows SCO03
correlations for the forced convection for rotating flow. The forced convection correlation
for rotating flow known as FRGEND (NH) was used for streams modelling in the cavity
of model with radial inflow, around the disc cob and other parts that stream are used in
the MCR model. FRGEND (NH) will perform during both laminar and turbulent

conditions. Details information for forced convection correlation for rotating flow can be
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found in Dorfman, L. A. (1963), Northrop, A. & Owen, J. M., (1988a), Dennis, R. W.,

Newstead, C. & Ede, A. J. (1970) and Cobb, E. C. & O A Saunders, O. A. (1956).

SC03 Command | Flow Pattern Correlation Range
fdgen & | General Free Disc | h = 0.616Re”® Pr'”® | Re<2.4x10°
frgend(NH) kir
h =0.0267Re"® Pr’® | Re > 3.0x10°
K/r

Table 3.5: SC03 correlations for forced convection for rotating flow

3.9.3 Forced Convection for Ducts and Plates

The forced convection correlations which are related to duct are the non-rotating duct

(fcd and mfcd), flat plate (fcp, frp and mfrp) and forced convection in a duct (nun and

mnun). Table 3.6 shows SC03 correlations for forced convection in a duct for laminar

flow based on Sieder and Tate correlation and Table 3.7 shows SCO03 correlations for

forced convection in a duct turbulent flow based on Nunner heat transfer correlation.

SC03 Flow Correlation Range
Command | Pattern
MNUN Duct 1/3 0.14

Re.Pr.D
(AREA,DH Nu,,, =1.86{—“} {i} Re<2100
DLENGTH L Fha
, W)

Table 3.6: SCO03 correlations for Forced Convection for Duct for Laminar flow

SCO03 Flow Correlation Range
Command | Pattern

MNUN Duct APr.Re 2300<Re<8x10°
(AREA,DH Nu = e

DLENGTH 8{1+1.5.Pr‘“6 .Re‘“{—lﬂ

, W) 0

Table 3.7: SC03 correlations for Forced Convection for Duct for Turbulent flow
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The NUN (AREA, DH, DLENGTH, ROUGH) and MNUN (AREA, DH, DLENGTH,
ROUGH, W) correlations are employed to calculate heat transfer coefficients for forced
convection in a duct. The forced convection correlation known as MNUN was used for
ducts modelling in the MCR model. The heat transfer coefficient can be found using the

hydraulic diameter of the duct as the characteristic dimension.

3.10 Definition of Cycle

The cycle describes the analysis to be performed in any SC03 program and this consists
of a ramp and a set of conditions which are accessed by the ramp. SC03 identifies a series
of distinct time points called the ‘ramp points’ in any cycle. The environmental
parameters such as temperature and the cycle running speed are specified at each ramp
point before any analysis is performed. These parameters are said to vary linearly

between two successive distinct time points as shown in Figure 3.9.
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Environment | Ramp1 Ramp 2 Ramp 3 Ramp 4 Ramp 5
parameter
(Speed)
Ramp
) Ramp
point 2 point 3
Ramp
point 4 Ramp
\ point 5
Step 1 Stepn Step 1
Time

Figure 3.9: Cycle definition

In the SCO3 model, the first ramp point is called ramp point 1 with a time pointatt =10
seconds and a rotational speed of 1 rad/s with uniform temperature. The second ramp
point describes the idle conditions in the cycles, which normally occurs at the time point
of 60 seconds, while the next ramp point, which specifies the engine running cycle (the
acceleration to maximum take off), and takes place from say 1000 seconds to 2000
seconds depending on the analysis. In most cases, transient temperatures are required for
a number of cycles. Engine cycles include the square cycle, flight cycle, certification
cycle, running-in handling cycle, hot-reslam cycle, altitude relight cycle, and
performance and type test cycle. In this thesis, attention is paid to the square cycle as this

was the cycle that was run and used to produce the results.
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3.10.1 Square Cycle

This is a simple design point engine cycle consisting of start, stabilisation at idle,
acceleration to maximum, stabilisation at maximum take-off (MTQO), deceleration to idle,
and stabilisation at idle. It gives a basic understanding of temperature, displacement, and
clearance response in the cycle. This is the first cycle that is run in any FEA to verify
model behaviour. Figure 3.10 shows a typical engine square cycle with speed in
revolution per minute (rpm) against time in seconds indicating points of maximum take

off (MTO) and stabilisation at idle (stab. Idle) in the cycle.

Speed MTO

(rpm) Acceleration to Deceleration
max take-off / to Idle
Stabilised Idle Stabilised ldle

Start

»
»

Time (sec)

Figure 3.10: A typical engine square cycle with speed in revolutions per minute

against time in seconds

The square cycle is used to study the effect of potential clearance in displacement

analysis and it also provides data for the scaling calculation that is employed to
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investigate clearances at other engine conditions. Details of compressor clearance

analysis are presented in Chapter 5.

3.11 Model Running

Model running is performed after the validation of all boundary conditions and the engine
cycle to achieve the best result. The models are generally run on a local computer or on
computer servers. The runs may be interactive running or batch submission and can be

run as steady state analysis or transient analysis.

This analysis type can be accessed and controlled in the global control panel in SC03 and
one type of analysis is performed for every run. The analysis run command is used to
request an analysis on the current local computer, and when it is selected an initial output
results file panel will appear prompting for the name of the result file to which the results
of the model run will be saved automatically in the SC03 as a .fem file. If the input is
verified as successful, a confirmation panel is given which summarises the type and
accuracy of the analyses to be performed. The accuracy depends on the user
predetermined values for the analysis. These are the run time, speed, bore temperature,

bore pressure, the bore mass flow and the engine cycle used.

At the end of all analytical runs, SC03 will give an indication of whether the analysis was
successful or not with a dialogue box saying ‘ok’ or ‘failed’, and if the analysis was
successful then the results are stored as contours or graphical data such as key values.

Generally, a summary of the progress of the analysis is given in the SC03 output window.
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3.12 Output Processing

SCO03 uses an automatic analysis system to process the results from a cycle run. The
results are usually processed and presented in four different ways such as contour plots,
‘get values’, time plots, and user-defined graphs. This is after a thorough model check of
fluid type for boundary conditions other than air only, mass flows, fluid temperatures,

fluid pressures, heat transfer coefficients, and material type.

|

OUTA o STAT TTDUGR

-.rQ.DUEE e o124 MDU?’B 45123 -MDUEE o122 MDUSB o

FTRUNERST "

4

Figure 3.11: Temperature contour plots with a maximum rotational speed of
8000rpm, maximum take-off temperature of 381K, maximum take-off mass flow

rate of 1.35kg/s and maximum take-off pressure of 5.5x10°Pa
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The contour plots provide a qualitative understanding of the predicted temperature, stress,
and distribution in and around a component. Figure 3.11 shows the temperature contour
plots of the multiple cavity rig model while Figure 3.12 shows the circumferential (hoop)
stress contour plots of the multiple cavity rig model with a maximum speed of 8000rpm,
maximum take-off temperature of 381K, maximum take-off mass flow rate of 1.35kg/s

and maximum take-off pressure of 5.5x10°Pa.

Figure 3.12: Circumferential stress contour plots with a maximum speed of

8000rpm, maximum take-off temperature of 381K, maximum take-off mass flow

rate of 1.35kg/s and maximum take-off pressure of 5.5x10°Pa
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For the determination of the absolute value at a point on the model, the ‘get values’ result
type is used, which has the capability to determine the value at a specific point on the
model at specific times during the analysis cycle and whose values are at the nearest

mesh node as shown in Figure 3.13.

Temperature (K
# 373.249
B 298.232
£ 294.957

. Lol Foes ‘
o5 . puss . ST24 . DUTE . ST93 . DUBE . ST22 . DUES

Figure 3.13: Get values result plot

Other ways of presenting the analysis results are through time plots, which are capable of

generating a graph of the result at a specific point on the model for the complete analysis
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cycle, as shown in Figure 3.14. User-defined graphs, enable results values to be
combined with each other or with external data such as engine measurements by defining
the points at which results are to be graphed using ‘reference points’ and using the graph
layout panel to manipulate the plot variables depending on the desired result. Another
way of presenting results is the user-defined result technique; this is in the form of metal
temperature or displacement difference between two points in the model. Details results

of the multiple cavity rig modelling are presented in Chapter 7.

Hle EdR Tvpe Options Wndow  Help

Time Plot & wp 7

Figure 3.14: Time plot at model point 7
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3.13 Thermal Matching

Thermal matching is the process in which the finite element thermo-mechanical model is
calibrated against the real engine experimental data. The SC03 model is run for a user
defined engine operating cycle as mentioned in Section 3.10. At the start of any matching
process, a thermo-mechanical model of the component, the experimental test data from
the cycle, and a .bdd file representing the cycle run by the test engine are required. For
the matching process to be successful, considerable amounts of man hours and expertise
are required for appropriate selection of the boundary condition to be used at a specific
boundary and accurate choice of boundary inputs such as the heat transfer correlation.
Details of the thermal matching of the 2D modelling of the multiple cavity rig model with
the lumped parameter method and the experimental data of the rig are presented in

Chapter 7.

3.14 Summary

This Chapter describes the test facility used to investigate the tip clearance control
concepts using radial inflow in the cavity of an H.P. compressor. A test rig has been
developed to support the work of this study. The rig was representative of real engine
geometry and was capable of running at typical non-dimensional operating conditions.
The non-dimensional parameters are presented in Table 3.3. This Chapter also provides
information on the finite element program used for the modelling which is known as
SCO03. A full thermo-mechanical model was built using the SC03, to verify the reliability

of the rig.
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CHAPTER 4

41 1-D MODELLING

This chapter focuses on the lumped parameter method used in the development of the
concept for tip clearance control. The 1-D modelling was used to validate the SCO3
model. This is a matching exercise where the finite element thermo-mechanical model
results are calibrated against the lumped parameter results. The analysis makes use of a
heat transfer and fluid flow based lumped parameter spreadsheet in combination with a
full axisymetric thermo-mechanical finite element High Pressure Compressor (HPC)
casing and drum model. The HPC models are used to investigate the effect of various
parameters on the closure behaviour of the various HPC stages. The effect of heat
transfer coefficient, cavity mass flow, coefficient of thermal expansion of material,
temperature, pressure ratio and time constant on the closure characteristics of HPC was
quantified.

The most promising concept quantified, which is the focus of this study was to increase
the heat transfer coefficient of the drum leading to a reduction in the time constant of the
drum. It is established in Chapter 5 that by introducing the radial inflow into the drum
cavity, the heat transfer coefficient increased was further enhance therefore a further
reduction on the time constant of the drum. The software packages used are SCO3,
Matlab and Microsoft Excel.

In this Chapter, the validation of the lumped model with data from SC03 model setup was

examined. This include a brief description of the Lumped mass parameter method,
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mathematical model setup of model and the approach used for matching simulation
results from SCO03 with Lumped model data. The validation result from Stage 3

simulation and Lumped model is presented.

4.2  Lumped-Mass Parameter Method

In this section, consideration is given to the transient analysis of a body in which the
temperature is assumed to be constant at any point within and on the surface of the body
at a given instant of point. It is assumed that the temperature of the whole body changes
uniformly with time. Such an analysis is called a lumped mass parameter method. The
lumped parameter scheme divides a thermal system into a number of distinct lumps and
assumes that the temperature difference inside each lump is negligible. It is a simple and
approximate procedure in which no spatial variation in temperature is allowed. The
change in temperature in such a system varies only with respect to time. It is therefore
obvious that the lumped heat capacity is limited to small sized bodies or high thermal
conductivity material as the case with rotor/blade of axial compressor in a gas turbine
engine. The lumped transient analysis in heat transfer implies that a mass has
insignificant internal resistance to heat transfer and is used when a material has relatively
low thermal resistance relative to the external thermal resistance.

It is important to note that the transient response of a system to heat transfer process is
critical in aerospace industry. A good example is the heating up of gas turbine
compressors during transient operation as they are brought up to speed during take-off.

The discs that carry the blades are thick and take a long time to heat up or come to
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temperature, while the casing is thin thus heat up or comes to temperature rapidly. During
this process, the casing expands away from the blade tips, occasionally sufficient to cause
serious difficulties with aerodynamic performance of the engine. This may even lead to a
phenomenon called surge and may result in increased consumption of aviation fuel. The
different expansion by both the casing and the rotor blade resulting from the variation in
temperature with time during the various engines operating cycle such as acceleration and
deceleration gives rise to different time constants which is a feature of the lumped system

analysis.
4.3 The Lumped Parameter Concepts for compressor clearance control

Time constants are a feature of the lumped system analysis for thermal systems. This is
employed when objects cool or warm uniformly under the influence of convective

cooling or warming as the case in this study during acceleration and deceleration. Time

constant is the time required for a physical quantity to rise from zero to 1—l which is
e

equivalent to 63.2% of its final steady value when it varies with time (t) as1—e ™. And it

is also the time required for a physical quantity to fall to 1 which equivalent to 36.8% of
e

its initial value when it varies with time (t) as e™.

Considering a thermal system when an object cools or warm uniformly under the
influence of convective cooling or warming, the heat transfer from the body to the
ambient at a given time is proportional to the temperature difference between the body

and the ambient. Figure 4.1 shows a solid lumped model for thermal analysis.
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T., h

qin

Figure 4.1: A solid lumped model

From Figure 4.1:

Net rate of heat transfer into the solid = hA (T, —T) (4.1)

Rate of increase of internal energy of the solid = oC V ar (4.2)

dt
Therefore equating Equation 4.1 and 4.2 it gives:

Net rate of heat transfer into the solid = Rate of increase of internal energy of the solid
dT
hA (T, ~T)=pC,V (4.3)

From Equation 4.3, an expression can be obtained for the temperature of the solid as a

function of time assuming h and T, are constant as follows:

_h,og i
T =T, +(T,-T, )~ (4.4)
If —hA _1 , Equation 4.4 becomes,
pCpV T
;ts
TW)=T,+(T,-T, )" (4.5)
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The time needed to heat a solid from the initial temperature T, will be given as:

el A n{Tw ‘TOJ (4.6)
hAS T, -T

The time constant is given as:

e

T~ (4.7)

T

Time constant is the ratio of thermal capacitance to convection thermal resistance and
this indicate that the lower the time constant, the faster the solid is heated. It also shows
that the greater the masses (pV) and heat capacities (C,), the slower the changes in
temperature while the larger the surface areas (As) and better heat transfer (h), the faster

the temperature changes in the solid.
where:
h =heat transfer coefficient, (W/ (m°K))
A = is the surface area, (m?)
T (t) = body temperature at time t, (K)
To = the constant ambient temperature, (K)
p = density, kg/m®
Cp = specific heat (Jkg™*K™) and
V = the body volume, (m°)

The lumped capacitance method is generally said to be valid if the dimensionless Biot

number is less than 1, that is (Bi <1).
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Biot Number, Bi = hlk'c (4.8)

But characteristic length L, = % (4.9

It should be observed that % represents a characteristic dimension of the body. The Biot

S

number represents a ratio between conduction resistances within the body to convection

resistance at the surface of the hot body as described in Equation 4.10 as:

LC
)
(rixj (4.10)

where:

Bi =

k = thermal conductivity of the solid, (W/ (m.K))
For details on time constants and lumped system analysis for thermal systems, the reader
is referred to White (1984), Kreith and Bohn (1993), Lewis et al. (2004) and Incropera et

al. (2007).

In summary, the lumped-mass capacity method shows that if the mass, volume and the
area of the solid are constant, that increasing the heat transfer coefficient of the body will
results in the reduction of the time constant and that decreasing the heat transfer
coefficient of the body will results in the increased of the time constant. The aim of the
study is to decrease the time constant of the drum by increasing the heat transfer
coefficient of the systems thereby causing the drum to heat up faster hence narrowing

down the large gap that existed at the beginning of engine transient operation between the
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casing and the blade. This would cause a reduction in the cruise clearance and a reduction
in of clearance at surge point and hence reductions in the overall specific fuel

consumption giving rise to higher engine efficiency.

4.3.1 Mathematical Models

A mathematical 1-D model was created in MATLAB to determine the effect of the
various parameters on tip clearance in axial compressor with the relevant equation
encoded into the Matlab program for the analysis. Figure 4.2 shows a flow diagram of the
mathematical model employ in this study. The flow diagram model setup employed in
this study starts with the environmental parameters (time vectors, temperatures and
speed) setup which produces the square cycle for the analysis as shown in Figure 4.3.
Upon successful completion of the environmental parameters setup, casing and drum
displacements calculations setup are performed. This is followed by the generation of
data for drum and casing total thermal growth as shown in Figure 4.7 and Figure 4.8
respectively. If data are not successfully generated as indicated in the diagram with a
‘No’ sign, the process is refined and repeated while the ‘Yes’ sign indicated successful
generation of data and a continuation of the next process. The next process is to perform

the closure behaviour setup follow by the generation of the closure behaviour data.
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Figure 4.2: Flow diagram of the mathematical model
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Upon successful generation of the closure characteristics data, the results are analysed,
summarised and compared to the SC03 model results as shown in Figure 4.11. The next
process is to perform the clearance behaviour setup followed by the generation of the
clearance behaviour data. Detail descriptions of the setups are presented in section 4.4
through to section 4.6.

Before a lumped parameter model is set up for tip closure analysis, it is necessary to run a

SCO03 rotor and casing models through a calibration square cycle.

As described in Section 3.8.1, the square cycle models the various phases during engine
operation consisting of start, stabilization at idle, acceleration to maximum take off
(MTO), stabilization at maximum take off (MTO), deceleration to idle and stabilization at
idle. The environmental parameters used for the 1D modelling for the lumped parameter

analysis are presented in Table 4.1.

Parameters Idle MTO Cruise
Speed (RPM) 8,467.17 12,359.24 12,016.72
Inlet temperature | 350.86 599.61 582.21
(T26)

Outlet temperature | 516.13 909.12 876.20
T30

Table 4.1: Environmental parameters used for the 1D modeling for the lumped

parameter analysis

In this analysis, an extended square cycle is used which includes the cruise phase. Figure
4.3 shows the variation of speed with time in the so called extended Square cycle with

indication of the idle, maximum take off (MTO) and cruise phases in the cycle. At the
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start, the engine was allowed to reach a thermal steady state with no external power
applied, at a rotor speed of 8467.17 rpm representing the stabilised low power or idle
engine condition. After 2000 seconds, the power was switched on and the speed of the
rotor was gradually increased to 12,359.24 rpm representing engine acceleration to
maximum take over condition. The engine was then allowed to reach a new thermal

steady state representing the stabilised high power engine condition at 4000s.
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Figure 4.3: The variation of speed with time in the so called extended Square cycle
with indication of the Idle and maximum take off (MTQO) phases in the cycle with

rotational idle speed of 8,467.17 rpm and maximum take off speed of 12,359.24 rpm.

The power was then switched off and the rotor speed reduced to 8,467.17 rpm, thus

simulating an engine deceleration which started at 2460 s. Then the final steady state was
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reached at 6000s and the data were recorded. The power was again switched on the speed
of the rotor was gradually increased to 12,016.72 rpm representing an engine acceleration
to cruise condition. The engine was then allowed to reach a new thermal steady state
representing the stabilised cruise engine condition at 8000s.

From the SCO03 analyses, the rotor and casing growths and responses rates are extracted.
The results are use as the baseline for setting up of the mathematical model for the
lumped parameter method for the study of the effect of various parameters on the closure
characteristics of each stage in a HP compressor. . Figure 4.4 shows a typical closure plot
where the closure characteristic is plotted against time during engine transient operation

in the so called extended Square cycle.
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Figure 4.4. A typical closure plot showing the variation of closure characteristic

time during engine transient operation in the so called Extended Square cycle.

141



Two basic analyses are employed in a square cycle to determine the compressor
clearance during engine transients specifically the closure and the clearance analyses. The
displacement of casing relative to rotor displacement is called Closure.

For a given cycle, the clearance depends on casing displacement relative to the rotor
displacement, and the cold build clearance (CBC). The policy governing the clearance
control scheme depends on the engine designer or manufacturer. In Rolls Royce Plc, this
is achieved by using a sensible cold build clearance (CBC). Some of the definitions used
by Rolls Royce Plc as guiding principle on clearance control scheme were given in

Section 2.1.3

4.4 The basic layout of the mathematical model for compressor control

The parameters used in the mathematical model include environmental, stage and
materials parameters. The environmental parameters are use for temperature and speed
set up in the model while the stage and material parameters are use to determine the
centrifugal growth of the drum and for the thermal growths calculations in the model.
The mathematical model is split into 4 main Sections namely; environmental parameters,

the input data, the calculation and the results sections.
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4.4.1 The environmental parameters

The environmental parameters for real engine models 524 and Trent 1000 used in
commercial aircraft are discussed in details in the sections. The environmental parameters
are use for temperature and speed set up in the mathematical model. The environmental
parameters include the followings:

1. Compressor (Spool) speed in revolution per minute;

2. Fluid Temperatures in Kelvin and

3. Cold build reference temperature.

1) Compressor (Spool) speed

This is the rotational speed of the rotor with respect to time at any instance during the
engine various operations which includes speed at Idle, speed at maximum take off
(MTO) and speed at cruise conditions. Compressor (Spool) speed is in revolution per

minute (rpm) but in SCO3 is identified as NH in radian per seconds.

NH (rpm) = %*Zﬁ(rad /s) (4.11)

2) Fluid Temperature

The fluid temperatures vital to this study include the bore temperature and the main
temperature specified for Idle, maximum take off and cruise conditions. Fluid
temperatures are generally defined at the starting point of a flow system only such as
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temperature in the main gas path (normally the main annulus). The successive fluid
temperature distributions are calculated automatically by the analysis program depending
on the boundary conditions defined in the system. The main annulus temperatures may
be specified at two significance engine parameters namely inlet or upstream temperature
(T26) and outlet or downstream temperature (T30). Figure 4.5 shows the different
entering and exit points in a gas turbine engine. In terms of compressor, the entering
point is at the upstream indicated as 26 and the exit is downstream indicated as 30, hence,
the entering or upstream temperature is called T26 and exit or downstream temperature is

called T30.

Figure 4.5: Different entering and exit points in a gas turbine engine. For
compressor, the entering point is at the upstream indicated as 26 and the exit is

downstream indicated as 30 (courtesy Rolls Royce Plc).

The fluid stage temperatures in gas turbine engine for example Model 524 and Trent

1000 is classified according to the point in the square cycle (Idle, MTO or Cruise). The
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fluid temperature is scaled on two main annulus parameters T26 and T30 as shown in

Equations 4.12 and 4.13.

The measurement of temperature are taken at those points (T26 and T30) and recorded as
T26 Idle, T26 MTO, T26 Cruise, T30 Idle, T30 MTO and T30 Cruise. These are used in
the analysis of the closure in the cycle and hence to calculate the clearance throughout

engine operating cycle.

(. T-T26 (4.12)
T30-T26

The Equation can be rearranged to give the equation for fluid temperature as:
T =T26+k(T30-T26) (4.13)
Where:
k = scaling constant
T = known fluid temperature
T26 = inlet or upstream temperature
T30 = exit or downstream temperature
3) Cold build reference temperature
The cold build reference temperature is the designer fixed temperature which is usually

an ambient temperature at 293K.

4.4.2 The input data
This section contains all the stage parameters for drum and casing of the HP compressor
used in the mathematical model. These are the time constants of casing and drum at idle,

acceleration, deceleration and cruise. Others include x-factor of drum and casing at idle,
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acceleration, deceleration and cruise, and drum and casing delay. This section also
contains casing and drum blade coefficient of thermal expansion for the material (o),
casing and drum radii, blade length or blade height, thermal conductivity of drum and the
young modulus of drum. The derivation of the stage parameters are dealt with in detail in

Section 4.4.3.

4.4.3 The modelling set up

This section described how the time vector, speed and stage temperature are setup in the
model. It also includes the equations employed for the calculation of the disc, casing and
blade thermal growths for a particular point in the extended square cycle. The centrifugal
growth of the drum, variable coefficient of thermal expansion for the drum, drum and
casing displacements are also dealt with in this section. Finally the closure behaviour at
each stage is obtained by the differences between the casing displacement and the drum
displacement. For details on the mathematical model, the reader is referred to Anderson

(1997).

4.4.3. 1 Time vector

The time vector setup involves modelling the process through different time step namely
start up, first idle, stabilisation idle, maximum take off, stabilisation at max-take off,
cruise and finally Idle. The total range of time that is required for the analyses to be
completed is between 0 seconds and 10,000 seconds for full calibrations in Trent 1000
engine models and is encoded into the model as t = 1:10000. The times step includes:

e t0 =0; engine start-up
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e t1 =2000; stabilised idle
e {2 =4000; stabilised max take-off

e 13 =6000; stabilised idle

4.4.3. 2 Speed setup

The speed setup involves the modelling of the speed with respect to time as the engine
moves from idle position accelerating to maximum take off, stabilising at maximum take
off, decelerating to cruise position and finally decelerating to idle position. Figure 4.6
shows the variation of rotational speed with time throughout the engine extended square
cycle. The speed at various point in cycle are encoded into the model in the mathematical

model using Matlab.
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Figure 4.6: The variation of rotational speed with time in the extended square cycle
with the rotational speed of approximately 8,467.17, 12,359.24, and 12, 016.72 rpm

for Idle, MTO and cruise respectively over a time of 8,000 s.
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4.4.3. 3 Drum displacement calculations

This involves the analysis of drum displacement during engine transient throughout the
square cycle. The thermal growths of the drum have to be scaled to different conditions to
allow growths to be calculated at any condition throughout any engine cycle. The scaling
calculation is performed by taking into consideration the relationship between the stage
temperature and drum growth given by the Equation 4.14.

5, = Ra(T,,,, —288.15) (4.14)

drum
Equation 4.14 shows that the thermal growths of the drum and stage temperature are
related together with the coefficient of thermal expansion (o) for the drum material and

the radius of the drum(R). If the thermal expansion of the drum (5, ) at maximum take

off and idle are known, the equivalent stage temperatures at idle and maximum take off
can be obtained by rearranging Equation 4.14 giving the following equation.

Tdrum = L (415)
Ra +288.15

To enable the stage temperature to be calculated for any value of T26 and T30 that is at
inlet and out of each stage, an “X — factor scaling equations is required which is given

below.

X = Torum —T26 (4.16)
T30-T26

Rearranging Equation 4.16, the stage temperature for any value of T26 and T30 is given
as:

Tyum=T26+X*(T30-T26) (4.17)

drum
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4.4.3. 4 Drum centrifugal growth setup (CF growth)

The centrifugal growth (CF) of the rotor is obtained by scaling the CF growth at the
square of the maximum rotation speed of the drum. This is modelled as the ratio thermal
conductivity of drum to the young modulus multiply by the square of the speed. This is

presented in Equation 4.18 as:

drum

CF,,. = k“—é“’” *rpmn2 (4.18)

where:
CFgrum = centrifugal growth of drum
Karum = thermal conductivity of drum
E= young modulus of drum

rpm = drum rotational speed in revolution per minute

4.4.3. 5 Drum steady state thermal growths
The drum steady state thermal growths are scaled and modelled from maximum thermal
growth of drum using the stage temperature as presented in Equation 4.19. It is assumed

that the coefficient of thermal expansion (o) for the drum material is constant.

T-288.15 j (4.19)

Op = My *| ————
o [Tmax -288.15
Where o, = Steady state thermal growths

A = drum thermal growth at maximum take off

th max

T =known fluid temperature
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T .. = drum stage temperature at maximum take off

4.4.3. 6 Drum transient thermal growth

The transient thermal growth of the drum has an exponential response. The values of the
stage temperature, drum time constant during acceleration and deceleration, acceleration
and deceleration time and the thermal growths of drum are modelled to give the drum
transient thermal growth. The governing equation for the modelling of transient thermal

growth of drum is given by Equation 4.20

d

tran

—At
= 288.15+ (T 100 - 288.15)*[1— exp * J (4.20)

where:

d... =transient thermal growth of drum

tran

T.... = stage temperature for Idle, MTO and Cruise

stage
At = change in time
7 = thermal time constant

The transient thermal growths are modelled with respect to ramp times over the complete

engine cycles.

4.4.3.7 Drum displacement

The drum displacement is given by the multiplication of the drum radius, alpha and the
transient thermal growth of drum. The coefficient of thermal expansion may be a variable
coefficient of thermal expansion which is a function of the transient thermal growth of

the drum. Equation 4.21 shows the variable drum coefficient of thermal expansion (o)
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while Equation 4.22 below shows the relationship between radius, coefficient of thermal
expansion (o) and the transient thermal growth of the drum to give the drum

displacement. Equation 4.22 calculates the drum displacement at any point in time in the

cycle.

advariable = ad *(dtran) (421)
ddisplacement =r *advariable * dtran (422)

where:

ad = coefficient of thermal expansion for the drum material

od,..p. = Variable coefficient of thermal expansion for the drum material

d,., = transient thermal growth of drum

tran
r =drum radius

4.4.3. 8 Drum total thermal growth

The total thermal growth of the drum is obtained by the combine effect of the transient

thermal growths of the drum with the drum centrifugal growth (CF). That is modelling

the combine effect of Equation 4.18 and Equation 4.20. Figure 4.7 shows the variation of

drum total thermal growth with time over the extended square cycle for stage 3 of Trent

1000 drum model.
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Figure 4.7: The variation of drum total thermal growth with time over the extended
square cycle for stage 3 of Trent 1000 drum model.
The result gives the drum total thermal growth characteristics over the square cycle as

shown in Figure 4.7.

4.4.3. 9 Casing displacement calculations

The casing deflections are due to pressure difference across the shell of the casing. The
centrifugal growth (CF) of the casing is obtained by scaling the CF growth at the
maximum rotation speed of the rotor to the power of 6. This is modelled as the ratio of
the thermal conductivity of drum to the young modulus multiply by the sixth root of the

speed. This is described by the Equation 4.23 as:

CF

casing

= kd—é“m *rpm”6 (4.23)

where;
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CFcasing = centrifugal growth of casing
K_drum = thermal conductivity of drum
E= young modulus of drum

rpm = rotor rotational speed in revolution per minute

4.4.3. 10 Casing steady state thermal growths

The casing thermal growths are scaled from maximum thermal growth of casing using
the stage temperature and associated value of the coefficient of thermal expansion (o).

This is given by Equation 4.24

5 —s o« T-28815 ),( & (4.24)
oo 1 —288.15) | a,

Where o, = Steady state thermal growths

x = casing thermal growth at maximum take off

th max

T = know casing temperature

T..x = Maximum casing stage temperature

%1 = value of the coefficient of thermal expansion with respect to temperature

“mex = value of the coefficient of thermal expansion at maximum take off

4.4.3. 11 Casing transient thermal growth
The transient thermal growth of the casing has an exponential response as in the case of
the drum. The values of the stage temperature, drum time constant during acceleration

and deceleration, acceleration and deceleration time and the thermal growths of casing
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are modelled to give the casing transient thermal growth. The governing equation for the

modelling of transient thermal growth is given by Equation 4.25

—At
Copan = 288.15+ (T, — 288.15)* [1— op J (4.25)
where:
C,.., = transient thermal growth of casing
T e = Stage temperature for Idle, MTO and Cruise

At = change in time

7 = thermal time constant

The transient thermal growths are modelled with respect to ramp times over the complete

engine cycles.

4.4.3. 12 Casing displacement

The casing displacement is given by the multiplication of the casing coefficient of
thermal expansion with the transient thermal growth of casing. The coefficient of thermal
expansion may be a variable coefficient of thermal expansion which is a function of the
transient thermal growth of the casing. Equation 4.26 shows the link between the casing
coefficient of thermal expansion (o)) and the transient thermal growth of the casing to
give the casing displacement. Equation 4.26 calculates the casing displacement at any

point in time in the cycle.
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Cdisplacement = Cgsing *Cran (4.26)
where:

Qsing = COefficient of thermal expansion of casing

C,., = transient thermal growth of casing

4.4.3. 13 Casing total thermal growth

The total thermal growth of the casing is obtained by the combine effect of the casing
centrifugal growth (CF) with the transient thermal growths of the casing. That is
modelling the combine effect of Equation 4.23 and Equation 4.25. The result gives the
casing total thermal growth characteristic over the square cycle as shown in Figure 4.8.
Figure 4.8 shows the variation of casing total thermal growth with time over the extended

square cycle for stage 3 of Trent 1000 casing model.
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Figure 4.8: The variation of casing total thermal growth with time over the extended

square cycle for stage 3 of Trent 1000 casing model.
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4.5 The closure behaviour

In this section, the lumped parameter closure behaviour of stage 3 is presented while
codes for other stages are presented in appendix 4. This closure behaviour involves the
modelling of all the effects associated with Equation 4.14 — Equation 4.26.

Figure 4.9 shows the variation of total thermal growth of casing and drum with time over
the extended square cycle for stage 3 of Trent 1000 casing and drum models. This shows
casing movement relative to drum movement during engine transient over the extended

square cycle.
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Figure 4.9: The variation of total thermal growth of casing and drum with time over

the extended square cycle for stage 3 of Trent 1000 casing and drum models
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The closure behaviour of each stage is given by the relative expansion of the casing to the
expansion of the drum. When the casing displacement is subtracted from the drum
displacement at any point in the cycle, the results is called the closure as shown in Figure
4.10. Figure 4.10 shows the variation of Lumped model closure with time over the

extended square cycle for stage 3 of Trent 1000 casing and drum models.
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Figure 4.10: The variation of Lumped model closure with time over the extended

square cycle for stage 3 of Trent 1000 casing and drum models
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4.6 Thermal matching of the Lumped and SC03 models

This involved the matching of the result from the lumped model with the results of the
SCO03 model. If the matched well then it is assume that the validation of the SCO03 is
correct. Further matching is done between the lumped model, SC03 model and the results
obtained from the multiple cavity rig. Figure 4.11 shows matching of the Lumped model
closure with SCO3 closure over the extended square cycle for stage 3 of Trent 1000

casing and drum models.
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Figure 4.11: The Lumped model closure matched with SCO03 closure over the

extended square cycle for stage 3 of Trent 1000 casing and drum models.
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As shown in Figure 4.11, the 1-D model (Lumped parameter analysis) closure is in very
good agreement with the prediction of 2-D model from the SCO3 over the extended
square cycle for stage 3. This is confirmed by the matching profile of SC03 2-D model
closure variation over time with the Lumped parameter model closure for the entire cycle.
During engine transient, there are no discrepancies during acceleration, deceleration and
cruise operation of both models, hence the time constant and closure data at any point in

the cycle in both models are the same.

4.7 Summary

This chapter has reported on the 1D modelling of the of tip clearance control concepts
using the lumped parameter method. The lumped parameter data was calibrated against
the SC03 HP compressor drum and casing models simulation. The result of stage 3 is
presented.

An extended square cycle with the rotational speed of 8,467.17, 12,359.24, and 12,
016.72 rpm for Idle, MTO and Cruise respectively over a time of 8,000s was used. Inlet
temperature (T26) of 350.86, 599.61 and 582.21 for Idle, MTO and cruise respectively
and exit temperature (T30) of 516.13, 909.12 and 876.20 for Idle, MTO and cruise
respectively were modelled in the lumped model.

The variation of total thermal growth of casing and drum with time over the extended
square cycle for stages 3 Trent 1000 casing and drum models were studied. This variation

gives the closure characteristics of the system during engine transient. The Lumped
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parameter model closure was matched with SCO3 closure over the extended square cycle
for stages 3 of Trent 1000 casing and drum models. The overall result of the matching
process shows that the results of the lumped model are in good agreement with the results
(time constant and closure data) of the SC03 model. Evidence can be seen in the

matching profiles of the two models as shown in Figure 4.11.
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Chapter 5

Sensitivity analysis using HP compressor drum and casing models of

RB211-524 and Trent 1000 engine

5.1 Sensitivity analysis

Based on the choice of a passive clearance control scheme involving the control of the
disc and casing thermal response, a sensitivity analysis was carried out. This was to
determine the quantitative effect of various parameters on the closure behaviour of the
various high-pressure compressor stages, hence the overall effect on clearance. These
parameters are heat transfer coefficient, cavity mass flow, radial inflow, coefficient of
thermal expansion of material and time constants. The effects of these parameters are
analysed using the drum and casing models of the RB211-524 model and Trent 1000
engine.
It is important to define the following as they will be encounter throughout this thesis:

e Heat transfer coefficient

e Cavity mass flow

e Compressor pressure ratio

e Time constants

e Coefficient of thermal expansion of material

e Heat transfer coefficient: This is the proportionality coefficient between the heat

flux and the temperature difference. It is used in calculating the heat transfer
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by convection or phase transition between a fluid and a solid. It is also often
calculated from the Nusselt number which is a dimensionless number as given in
Equation 2.11. The heat transfer coefficient has SI units in watts per squared

meter kelvin.

- 2
AAT W/ (m°K) (5.1)

The relevant heat transfer coefficient correlations used in the modelling of flow in
RB211-524 G/H-T HPC engine model and Trent 1000 are presented in Equations
5.6 through to 5.11.

Cavity mass flow rate: This is mass flow rate of air that flow through the cavity.

Its unit is kilogram per second in Sl units.

m= p1A kgls (5.2)

Pressure ratio (PR): This is the ratio of the air total outlet pressure to the air
total inlet pressure. It is usually greater than 1. In compressor, several stages are
used to produce a high compressor pressure ratio (CPR) with each stage
producing a small pressure increase. If the exiting pressure is p2 and the entering

pressure is p1, then PR is given in Equation 5.3.

pR=2 (5.3)
P,

Time constant: This is the time required for the system to response to reach

63.2% during acceleration from Idle to maximum take-off and the time required
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for the system fall or decay to 36.8% during deceleration from maximum take-off

to Idle. The equation for time constant is given in Equation 5.8.

e Coefficient of Thermal Expansion of material: It is a measure of the change in
length of a material in response to a change in temperature. Materials expand as
temperature increase and contract as temperatures decrease. The change in length
of the material is therefore proportional to change in temperature. Hence,
materials expand in response to heating and contract on cooling. It is denoted

with a symbol a.

The sensitivity analysis is based on the lumped parameter concept for tip clearance
control which was presented in detail in Chapter 4. The concept postulate that if the mass,
volume and the area of the solid are constant, that increasing (decreasing) the heat
transfer coefficient of the body will results in the reduction (increase) of the time
constant.

The intent of this study is to decrease the time constant of the drum by increasing the
relevant heat transfer coefficients. This will cause the compressor drum to heat up faster
hence narrowing down the large gap that existed at the beginning of engine transient
operation between the casing and the blade. This would effect a reduction in the cruise
clearance and a reduction in clearance at first acceleration (max take off) and hence
reductions in the overall specific fuel consumption giving rise to higher engine

efficiency. The variation of closure with time over a square cycle of stage 1 HP
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compressor for RB211-524 engine was presented in Figure 2.5. The values of the

parameters used in RB211-524 for this first analysis are presented in Table 5.1.

Parameters Description Value Units

T26 Idle Inlet fluid 331.20 K
temperature at idle

T26 MTO Inlet fluid 544.3 K
temperature at MTO

T30 Idle Outlet fluid 456.30 K
temperature at idle

T30 MTO Outlet fluid 851.6 K
temperature at MTO

P26 Idle Inlet pressure at idle | 21.30 Psi

P26 MTO Inlet pressure at 108.6 Psi
MTO

P30 Idle Outlet pressure at 56.95 Psi
idle

P30 MTO Outlet pressure at 505.5 Psi
MTO

NH Idle Speed at idle 6473.4 rev/min

NH MTO Speed at MTO 10096.7 rev/min

o Coefficient 9.87E-06
expansion of drum

Table 5.1: The engine parameters and environmental parameters and their values
used in RB211-524 for this analysis

The effect of time constants and coefficient of thermal expansion of material were
studied using RB211-524 and their results are presented in Figures 5.1 through to 5.8.
The effect of heat transfer coefficient and the drum time constant on the closure
behaviour of stage 3 of a Trent 1000 engine compressor drum and casing model is
presented in Section 5.4. The corresponding finite element model is illustrated in Figures
5.13. The effect of radial inflow on the closure behaviour of stage 3 and hence its impact

on tip clearance is presented in Section 5.5. The study used a simplified lumped-
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parameter spreadsheet model in conjunction with a full axisymmetric thermo-mechanical
finite-element high-pressure compressor drum and casing model. The first parametric
study used a one-dimensional spreadsheet in conjunction with the result from the SCO03
model of a RB211-524 Roll-Royce engine. The second study was carried out on a much
more recent engine model, an axisymmetric Trent 1000 drum and casing model supplied
by Roll-Royce plc. The results of the sensitivity analysis are presented in Sections 5.3,

5.4 and 5.5.

5.2 Basic principle for tip clearance control analysis

It is considered useful at this point in time to formally define the terms Square Cycle, Full
Hot Re-Slam, Cold Build Clearance, Closure and Clearance as they will be referred to
frequently throughout this thesis.

e Square cycle: This is a simple design point engine cycle consisting of start,
stabilisation at idle, acceleration to maximum, stabilisation at maximum take-off
(MTO), deceleration to idle, and stabilisation at idle. It gives a basic
understanding of temperature, displacement, and clearance response in the cycle.

e Full hot re-slam closure: This is the worst case after deceleration when it is
required to accelerate back to MTO conditions. It is the minimum clearance point
after deceleration from maximum take-off (MTO) when the engine power is low
during deceleration. It is added to the tightest point in the cycle beyond stabilised
maximum take-off point to calculate the cold build clearance in the cycle. It is the

parameter that sets the clearance.
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Cold build clearance (CBC): At the start of an engine, both casing and blade are
stationary and have a specific clearance between them known as cold build
clearance (CBC). This is the manufacturer design gap. They are two ways to

calculate the cold build clearance in any given square cycle as given in Equation

5.4 and 5.5.

Orr
5csc = T + 5MAX (5.4)
Ocec = Orrin * O (5.5)

2

Closure: Compressor closure is the displacement of the casing relative to rotor

displacement in a compressor.

0,

close

=0,

C —

o, (5.6)
Clearance: This is the addition of the cold build clearance to closure in a square
cycle.

5 =Ccpe +0, (5.7)
CBC close

The method for controlling tip clearance indicates that for a given square cycle, tip

clearance depends on:

Casing displacement

Rotor displacement

Two essential analyses are performed to determine the compressor clearance during

transients over a square cycle, namely:

The closure analysis

The clearance analysis

166



In the clearance control analysis, a positive y-axis on the graph represents clearance plots
while a negative y-axis represents closure plots. In the clearance graph, the point zero on
the graph represents the touching of blade and casing while negative number indicates the
rubbing between the blade and the casing.

The sensitivity study presented in Section 5.3, 5.4 and 5.5 will give an inside on how to

control the above complex behaviour in HP compressor during transient operation.

5.3 Sensitivity results with RB211-524 HPC engine models

A sensitivity analysis was performed with RB211-524 HP compressor engine models to
quantify the effect of disc heat transfer coefficient increased (decrease) on disc time
constant at the tip of the rotor. The overall impact on compressor clearance was also
studied. Another analysis carried out using the models was the effect of material selection

on the compressor clearance during transient operation.

5.3.1 Time constant study

The RB211-524 G/H-T HPC engine model and spreadsheet were used to study the effect
of the time constant on the rotor and casing closure characteristics, and the results are
presented graphically in Figures 5.1 through to 5.5. The time constant study was

undertaken assuming the disc or casing section behaves as a lumped mass.
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Assuming a lumped mass approximation, the time constant (t) IS represented by Equation

5.8.
Time constant, 7 = mc (5.8)
hA

Figure 5.2 shows the rotor thermal growth characteristics for stage 1 of the RB211-524
aero engine model; with the effect of a change in a 30 percent reduction and 30 percent
increase in the rotor time constant during engine transient operation. This value was
suggested by the industrial partner. The SCO3 model uses inbuilt heat transfer coefficient
correlations and the correlations were given in Chapter 3. The relevant heat transfer
coefficient correlations used are the natural convection from upper surfaces of hot
horizontal plates and lower surfaces of cool horizontal plates given in Equations 5.9 and
5.10, natural convection from a vertical plate or cylinder are given in Equation 5.11 and
5.12 and forced convection from a free disc with laminar or turbulent flow are used as

shown in Equations 5.13 and 5.14.

h=054 Ra>® k/IL Ra<2x10’ (5.9)

h=014Ra*¥k/L Ra>2x10’ (5.10)
h=059 Ra>® k/L  10* <Ra<10° (5.11)
h=0.129 Ra*®¥ Kk/L Ra> 10° (5.12)
h = 0.616Re®® Pr® k/r Re<2.4x10° (5.13)
h =0.0267Re%® Pr®® k/r Re > 3.0x10° (5.14)

Figure 5.1 shows a more rapid response from the rotor during engine accelerations and a
more rapid shrinkage during engine decelerations when the time constant is reduced by

30%. However, a slower response from the rotor during engine accelerations and
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decelerations respectively is observed when the time constant is increased by 30% when

compared to the baseline analysis.

Rotor thermal growth characteristics

1.6¢
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Figure 5.1: The variation of rotor tip thermal growth with time over a square cycle
of stage 1 HP compressor for RB211-524 engine with (+/-30%) time constant (t)

during transient operation

The effect of this different time constant of the rotor is observed in the closure
characteristics of the two schemes (+/-30% 1) as shown in Figure 5.2. The analysis shows
that with a 30% reduction in time constant, there is a reduction in closure characteristics
during acceleration and with an increase in closure during deceleration in comparison to

the nominal case. But with a 30% increase in time constant, an increase in closure
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characteristics can be observed during acceleration and decrease in closure during

deceleration.

Rotor closure characteristics
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Figure 5.2: The variation of rotor closure characteristics with time over a square

cycle for stage 1 of the RB211-524 aero engine model with the effect of (+/- 30%0)

time constant (1) during transient operation

The effects of these two schemes (+/-30% time constant) are converted into clearance

characteristics of the rotor in the cycle during transient operation by applying the

clearance control Equation 5.7. When the cold build clearance is added to the closures in

the cycle, the results obtained are the overall clearances in the cycle as shown in Figure

5.3. The overall result calculated against the baseline model are summarised in Table

5.2.
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Rotor clearance characteristics
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Figure 5.3: The variation of rotor clearance characteristics with time over a square

cycle for stage 1 of the RB211-524 aero engine model with the effect of (+/- 30%0)

time constant (t) during transient operation

Conditions | Worst case | Stabilised MTO Stabilised Idle
acceleration

With 0.181mm reduction in | 0.086mm reduction in | 0.084mm

-30% 1t clearance clearance reduction in
clearance

With 0.122mm increase in | 0.057mm increase in | 0.052mm

+30% 1 clearance clearance increase in
clearance

Table 5.2: Result summary of RB211-524 aero engine rotor model clearance

analysis with the effect of (+/- 30%) time constant (1) during transient operation

Finally, the disc time constants are found to depend on the heat transfer coefficient of the

disc. An increase in the heat transfer coefficient reduces the disc time constant. Hence,

171



increasing the thermal response of the high pressure compressor (HPC) drum will reduce
the reslam characteristic at t = 2100 s of the drum, therefore reducing the cold build
clearance (CBC) and hence the reduction in clearance. The point, at which the clearance

is ‘0, indicates the touching of the casing and the blade during the transient operation.

Casing thermal growth characteristics
1.4¢ r F : i "
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S|OW response | “} -30% Time constant
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£ . i k1) . .
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Figure 5.4: The variation of casing thermal growth characteristics with time over a
square cycle for stage 1 of the RB211-524 aero engine model with the effect of (+/-

30%) time constant (t) during transient operation

Figure 5.4 shows the casing thermal growth characteristics for stage 1 of the RB211-524
aero engine model with the effect of a change in a 30 percent reduction and a 30 percent
increase in casing time constant during transient operation.

Using the nominal case as a baseline, there are differences in the casing thermal growth

for the two schemes (+/-30%) which are caused by an increase or decrease in the time
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constant. Figure 5.4 shows that with 30% reduction in time constant, there is a more rapid
thermal response of the casing during engine accelerations and a more rapid thermal
shrinkage during engine decelerations. A slower response of casing during engine
accelerations and decelerations respectively are obtained with a 30% increase in time

constant.

Casing closure characteristics
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Figure 5.5: The variation of casing closure characteristics with time over a square
cycle for stage 1 of the RB211-524 aero engine model with the effect of (+/- 30%0)

time constant (t) during transient operation

The effect of this different time constant of the casing is observed in the closure
characteristics of the two schemes (+/-30% time constant) as shown in Figure 5.5. When
compared to the nominal case, the analysis shows that with a 30% increase in time
constant there is a reduction in closure characteristics during acceleration and an increase
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in closure during deceleration. But with a 30% reduction in time constant, an increase in
closure characteristics can be observed during acceleration and decrease in closure during
deceleration.

The effects of these two schemes (+/-30% time constant) are converted into clearance
characteristics of the casing in the cycle during engine transient operation by applying the
clearance control Equation 5.7. When the cold build clearance is added to the closures in
the cycle, the results obtained are the overall clearances in the cycle as shown in Figure

5.6. The overall result calculated against the baseline model are summarise in Table 5.3.

Casing clearance characteristics
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Figure 5.6: The variation of casing clearance characteristics with time over a square
cycle for stage 1 of the RB211-524 aero engine model with the effect of (+/- 30%0)

time constant (t) during transient operation
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Conditions | Worst case | Stabilised MTO Stabilised Idle

acceleration

With 0.149mm increased in | 0.065mm increased in | 0.065mm

-30% t clearance clearance increased in
clearance

With 0.128mm reduction in | 0.058mm reduction in | 0.058mm

+30% t clearance clearance reduction in
clearance

Table 5.3: Result summary of RB211-524 aero engine casing model clearance

analysis with the effect of (+/- 30%) time constant (1) during transient operation

From the time constant (t) analysis for compressor clearance for RB211-524 rotor and
casing models, it is concluded that decreasing the time constant of the rotor and
increasing the time constant of the casing reduces the clearances in the compressor. This

will give a better tip clearance in the engine during transient operations.

5.3.2 Effect of material selection on compressor clearance

The choice of component materials with appropriate thermal expansion coefficients (o)
can also be used to control blade tip clearance. This analysis will examine the effect
changing the material has on the temperature and movement of the rotor blade relative to
the casing in an RB211-524 G/H-T HP compressor engine model; and hence the overall
impact on compressor clearance. In an aircraft engine, different materials are used for

different components depending on their strength, fatigue life, temperature limits, etc. For
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example, titanium alloys are used in aircraft components such as rotor blades due their
excellent strength-to-weight ratio, high corrosion resistance, high crack resistance, fatigue
resistance and capability to endure high temperatures. In this analysis, two materials
designated as TBB with a =9.347E-06 and QMP with o =1.48E-05 both titanium alloy
(which have different thermal expansion coefficients) are used as material for an HP
compressor rotor blades for the study. The choice of the two materials was based on their
regular used by the industrial partner in their engines and as such the need for verification
to ascertain the best in term of tip gap control during engine transient.

The basic rotor blade model of the RB211-524 G/H-T HP compressor engine consists of
TBB for stages 1 and 2 of the rotor blade, while QMP was used for stages 3 to 6. In this
analysis, a computation of stage 1 rotor blade thermal growth and tip clearance was
performed with TBB, and a second analysis was carried out by replacing the TBB with
QMP to compare the effect each material has on tip clearance during transient operations

over an engine square cycle.
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Figure 5.7: The variation of tip clearance with time over a square cycle for the basic
model with material TBB and the modified rotor blade design model with material

QMP for stage 1 HP compressor of RB211-524 engine

The result of the analysis is presented in Figure 5.7. Figure 5.7 shows tip clearance as a
function of time for the basic model TBB and the modified rotor design model QMP.
The material selection analysis results show that QMP, with a higher thermal expansion
coefficient gives a reduced tip clearance compared to TBB. Hence the reason for using
the material with a higher thermal expansion coefficient in the rotor blade of the last
stages of the HP compressor so as to withstand the high thermal stress and complex flow

behaviours.
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5.4 Sensitivity study with Trent 1000 engine models

The sensitivity results are presented in the form of closure and clearance graphs. The
effect of an increase in heat transfer on the drum time constant and the impact on
compressor clearance for all stages in a Trent 1000 engine is presented, and radial inflow
analysis carried out on stage 3 only.

SC03 modelling setup for Trent 1000 engine consists of the following: Models used are
Trent 1000 drum model and Trent 1000 casing model. The Cycle data used is Square
cycle with bottom of loop cruise and test bed equivalent cruise. Model boundary
conditions used for each disc have Streams modelled around the disc cob and Voids are
used in the interdisc cavity. Figure 5.8 shows the Trent 1000 casing model with blades
and casing support structures while the six stage Trent 2000 drum model showing the six

discs and cavities is shown in Figure 5.9.
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Three model reference points are specified on each disc of each stage at the disc rim, mid
disc and disc cob using alphabet (A-R) for temperature and displacement measurement.
The model reference point, the description of the model position on each stage and their

coordinates are given in Table 5.4. The results of the analysis are presented in Section

54.1.
Model Point | Position Stage | Axial Position (mm) | Radial Position
(mm)

A Disc rim 1 -42.5833 225.781
B Mid disc 1 -39.2174 180.584
C Disc cob 1 -39.8744 143.141
D Disc rim 2 25.1591 226.567
E Mid disc 2 25.816 204.89
F Disc cob 2 25.816 168.147
G Disc rim 3 90.6494 233.793
H Mid disc 3 90.8494 179.927
I Disc cob 3 90.1925 124.747
J Disc rim 4 155.226 239.049
K Mid disc 4 155.883 159.563
L Disc cob 4 154.569 102.413
M Disc rim 5 221.573 243.647
N Mid disc 5 222.887 179.27
O Disc cob 5 222.23 97.8143
P Disc rim 6 286.606 246.274
Q Mid disc 6 286.606 180.584
R Disc cob 6 284.636 100.442

Table 5.4: Model reference points with their coordinates for the six stages of the
Trent 1000 HPC drum

The Trent 1000 drum consists of six stages, with two adjacent discs forming the cavity of
each stage. The nominal model boundary conditions supplied have streams around the
disc cob on each disc and voids in the cavity.

The study was performed by increasing the heat transfer coefficient in the cavity of the
drum by a heat transfer coefficient enhancement factor of 1, 2, 4, 6 and 8. The heat

transfer coefficients were obtained from the natural convection from upper surfaces of
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hot horizontal plates and lower surfaces of cool horizontal plates, natural convection from
a vertical plate or cylinder and forced convection from a free disc with laminar or
turbulent flow. These correlations were given in Equation 5.9 through to Equation 5.14.
Three reference points were specified on each disc at various coordinates, from where the
temperatures and displacements were measured. Average heat transfer coefficient is used

to show the clearance reduction trends in terms of disc time constant.

5.4.1 Sensitivity analysis results of Trent 1000 models
The results of the analysis performed using the Trent 1000 drum and casing models are
presented for the six stages in the form of:

e Contour plots

e Temperature vs. time graph

e Blade tip thermal growth graph

e Time constant reduction graph

e Closure characteristics graph

e Clearance characteristics graph
The analysis was carried out by increasing the heat transfer coefficient with an increased
factor of 2, 4, 6 and 8. The stages in the model were run separately at first, and all stages
of the model were then subsequently run together to check for consistency. When both
results were compared; it was found that the two runs were in good agreement with each
other, showing consistency in the model. The engine parameters used are presented in
Tables 5.5 for stage 3. Engine parameters and results for stages 1, 2, 4, 5 and 6 are

presented as appendix 5.
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Parameters Description Value Units
T26 Idle Inlet fluid temperature at idle 350.859 K
T26 MTO Inlet fluid temperature at MTO 599.61 K
T26 Cruise Inlet fluid temperature at cruise | 582.206 K
T30 Idle Outlet fluid temperature at idle 516.13 K
T30 MTO Outlet fluid temperature at MTO | 909.119 K
T30 Cruise Outlet fluid temperature at cruise | 876.20 K
RPM Idle Idle speed 8461.76 Rad/s
RPM MTO MTO speed 12351.37 | Rad/s
RPM Cruise Cruise speed 12009.07 | Rad/s
Drum alpha 9.87E-6

Casing alpha 0.99E-6

Thermal 659 W/(K.m)
conductivity

Radius 358.7 mm
Blade height 36.0 mm
Young modulus E 110E9 N/m?

Table 5.5: The engine parameters and environmental parameters for stage 3

Figure 5.10 shows the temperature contour plots of the Trent 1000 drum model with a
highest temperature of 935.6 K and with an ambient temperature of 288.15 K. The
temperature distribution on each disc is analysed at disc rim, mid disc and disc cob of
each stage. For stage 3 this is indicated by the disc model points G, H and | respectively.
Figure 5.11 shows blade thermal growth as a function of time over the square cycle. The
growth characteristics were obtained by increasing the inbuilt heat transfer coefficient in
the drum cavity and around the disc cob by a factor of 2, 4, 6 and 8. As shown in Figure
5.11, there is a fast response time constant of the blade during acceleration and rapid
contraction during deceleration as the heat transfer coefficient is increased. The proof can
be seen in the zoom sections of acceleration and deceleration of Figure 5.11. There is
evidence of a reduced cruise clearance as would be shown in clearance plots of Figure

5.16.
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The slopes of the line represent the rate at which the time constant is changing due to heat
transfer enhancement; hence the slopes are a measure of the rate of heat transfer.
Continuous increase of the heat transfer coefficient will not guarantee a continuous time
constant reduction because as time goes on, the rate of heat transfer decreases making the
slopes of the lines less steep with more gently sloped. This is the diminishing effect of
heat transfer coefficient and this can be improved further by the introduction of radial

inflow into the cavity to further enhance the heat transfer.

Stage 3:The blade tip reduction factor without radial inflow
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Figure 5.12: The variation of blade tip time constant reduction factor with heat
transfer coefficient during acceleration from “Idle to MTO” and deceleration from
“MTO to Idle” over a square cycle for the Trent 1000 HP compressor stage 3 drum

and casing models without radial inflow
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Figure 5.12 shows the variation of blade tip time constant reduction factor with heat
transfer coefficient during engine transient operation.

As discussed in section 5.3.1, it follows from equation (5.8), that by increasing the heat
transfer coefficient in the drum cavity, the drum time constant is reduced; hence a higher

blade tip time constant reduction factor due to the fast thermal response of the drum.

Figure 5.13 shows the variation of drum time constant reduction factor with heat transfer
coefficient during engine transient operation. By increasing the heat transfer coefficient
in the drum cavity, the time constant reduction factor is higher for the disc cob than the
mid disc and the disc rim due to centrifugal acceleration and a finite flow of fluid around
the disc cob region. The disc rim gives a lower time constant as it tends to cool quicker
than the mid disc and the disc cob due to the flow over it by secondary airflow, used to
cool some components of the engine.

The nominal (baseline) data is obtained from the analysis run with the SCO03 in built heat
transfer coefficient. The nominal (baseline) closure data are -0.40667mm for stabilised
idle at 2000s, -0.6485mm for worst case acceleration, -0.89425mm for stabilised
maximum take off (MTO) at 4000s, -0.41176mm for stabilised idle at 6000s and -
0.72626mm for stabilised cruise closure.

The nominal clearance data are 0.591462mm for stabilised idle at 2000s, 0.349631mm
for worst case acceleration, 0.103885mm for stabilised maximum take off (MTO) at
4000s, 0.586374mm for stabilised idle at 6000s and 0.271867mm for stabilised cruise

clearance. Other data can be assessed from appendix 5.1 through to 5.5.
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Stage 3: Effect of htc increase on drum temperature from "Ildle to MTO" and from "MTO to Idle"
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Figure 5.13: The variation of drum time constant reduction factor with heat
transfer coefficient for temperature during acceleration from “Idle to MTO” and
deceleration from “MTO to Idle” over a square cycle for the Trent 1000 HP
compressor stage 3 drum and casing models at disc rim, mid disc and disc cob

without radial inflow

Figure 5.14 shows the variation of drum time constant reduction factor with heat transfer
coefficient during transient operation. As the heat transfer coefficient in the drum cavity
is increased, the time constant reduction factor is higher for the disc cob and the mid disc
than the disc rim due to thermal expansion and centrifugal acceleration; hence higher
deflections. The disc rim gives a lower deflection due to the engine architecture around
the rim region, which does not permit easy movement, making it rigid. The overall
benefit of the reduction in the temperature and the displacement time constant of the
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drum are illustrated in the closure and clearance characteristics plots in Figures 5.14 and

5.15 respectively.

Stage 3: Effect of htc increase on drum displacement from "Idle to MTO" and from "MTO to Idle
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Figure 5.14: The variation of drum time constant reduction factor with heat
transfer coefficient for displacement during acceleration from “Idle to MTO” and
deceleration from “MTO to Idle” over a square cycle for the Trent 1000 HP
compressor stage 3 drum and casing models at disc rim, mid disc and disc cob

without radial inflow

Figure 5.15 shows closure as a function of time over the square cycle for the Trent 1000
stage three engine compressor drum and casing models. The casing is heated during
transient periods to increase its diameter relative to the blade tip; resulting in a reduction

in the tip closure. As the heat transfer coefficient is increased, the gap between the casing
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and the blade tip keeps reducing due to thermal expansion of the casing and the
centrifugal acceleration associated with the drum. The closure plots show approximately
7%, 13%,15% and 17% reductions in closure at worst case acceleration (max take off
overshoot), and 0.4 %, 1.3 %, 2% and 2.5% reductions in closure at stabilised cruise for
heat transfer coefficient increases of 2, 4, 6 and 8 respectively from the baseline plot as
shown in Table 5.6. Table 5.6 illustrates the closure reduction factor as a percentage of
the nominal gap between the rotor blade tip and the casing for stage 3 baseline model

(without radial inflow).

Stage 3 closures as percentage (%) increase or decrease of the nominal gap for
baseline model (without radial inflow)

htc Stabilised Worst case | Stabilised Stabilised Stabilised
increase Idle acceleration | MTO Idle cruise
factor

Nominal n/a n/a n/a n/a n/a

2 -0.2 7.0 0.0 0.0 0.4

4 -0.6 12.8 0.4 0.4 1.3

6 -1.1 15.3 0.8 0.7 2.0

8 -1.4 17.0 1.0 1.1 25

Table 5.6: Stage 3 closures as percentage (%) increase or decrease of the nominal

gap for baseline model (without radial inflow)

The small percentage reduction in closure shows a significant effect on blade tip

clearance as illustrated in Figure 5.16. The closure characteristics for the baseline
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(nominal) case, heat transfer coefficient increase factor (htc) of 2 and 8 are presented for
clarity.

Increasing the heat transfer coefficient with a factor of 8, the stage 3 closure will be
reduced the closure at worst case acceleration by 17% and 25% at stabilised cruise
respectively. The small percentage reduction in closure here will show a significant effect

on clearance when added to the cold build clearance (CBC).

Stage 3: Closure characteristics
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Figure 5.15: The variation of closure with time over the square cycle for the Trent

1000 HP compressor stage 3 drum and casing models as a function of heat transfer

coefficient without radial inflow

Figure 5.16 shows the variation of clearance with time over the square cycle for the Trent

1000 HP compressor stage 3 drum and casing model. The casing is heated during
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transient periods to increase its diameter relative to the blade tip; resulting in a reduction

in the cold tip clearance and consequently providing a steady state running clearance. The

small percentage reduction in closure shows a significant effect on blade tip clearance

with approximately 20%, 35%, 43% and 47% reductions in clearance at worst case

acceleration (max take off overshoot), and 10 %, 18 %, 24% and 27% reductions in

clearance at stabilised cruise for heat transfer coefficient increases of 2, 4, 6 and 8

respectively from the baseline plot, as shown in Table 5.7. Table 5.7 illustrates the

clearance reduction factor as a percentage of the nominal gap between the rotor blade tip

and the casing for stage 3 baseline model (without radial inflow).

model (without radial inflow)

Stage 3 clearances as percentage (%) reduction of the nominal gap for baseline

htc Stabilised Worst case | Stabilised Stabilised Stabilised
increase Idle acceleration | MTO Idle cruise
factor

Nominal n/a n/a n/a n/a n/a

2 4.0 19.3 22.0 4.0 94

4 7.1 35.0 42.0 7.0 18.1

6 9.1 43.0 54.0 9.0 24.0

8 10.1 47.0 61.0 10.0 27.0

Table 5.7: Stage 3 clearances as percentage (%) of the nominal gap for baseline

model (without radial inflow)
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The analysis shows an overall reduction in tip clearance throughout the engine cycle with
an increase in the heat transfer coefficient due to reduction in reslam characteristics;
hence a reduction in drum time constant.

In conclusion, a better tip clearance control can be achieved by reducing the high
pressure compressor (HPC) drum time constant. The drum time constant can be reduced
by introducing a factor to the inbuilt heat transfer coefficient of the drum to enhance heat
transfer in the cavity. Increasing the thermal response of the high pressure compressor
(HPC) drum will reduce the reslam characteristics of the drum, therefore reducing the

cold build clearance (CBC) and hence the reduction in cruise clearance.

Stage 3: Clearance characteristics
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Figure 5.16: The variation of clearance with time over the square cycle for the Trent
1000 HP compressor stage 3 drum and casing model as a function of heat transfer

coefficient without radial inflow

193



Other methods that could be to enhance heat transfer are the use of radial inflow in the
cavity, the used of plain fin surfaces to increase the effective heat transfer surface,
increasing the heat transfer coefficient without appreciably changing heat transfer area by
using the used of wavy or corrugated channels to provide mixing, and the use of
interrupted fins to increase both the heat transfer coefficient and the heat transfer area
Stone (1996).

A further reduction in clearance can be achieved by introducing radial inflow into the
drum cavity to further increase the disc heat transfer coefficient in the cavity; hence a
further reduction in disc drum time constant. The result of a further reduction due to the

introduction of radial inflow is presented in Section 5.5

5.5 Radial inflow analysis

Radial inflow is the bleed air from the compressor core flow which is ducted into the
drum cavity to improve heat transfer in the cavity. The introduction of the radial inflow
into the drum cavity will increase the heat transfer coefficient in the cavity; hence a
reduction in drum time constant. By introducing radial inflow into the cavity, a further
increase of the heat transfer coefficient of the disc is achieved and hence a further
reduction in the disc time constant. The speedy thermal response of the drum during
transient, caused by the radial inflow in the cavity, results in the reduction of the tip
clearance between the rotating blade and the stationary casing in the HP compressor;

hence a better tip clearance control.
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The drum cavity of stage 3 was remodelled to allow for a finite flow of fluid in the
cavity. This was performed by replacing the voids in the cavity with streams, and a radial
inflow of fluid was supplied and ducted into the cavity as shown in Figure 5.17. Stage 3
was used since it has approximately the same geometry dimension as the MCR that is
used to demonstrate a proof of the concept. The first analysis was carried out by
increasing the heat transfer coefficient with an increased factor of 2, 4, 6 and 8.

The second analysis was based on the pre-test computational fluid dynamics (CFD)
results carried out in Thermo-Fluid Mechanics Research Centre (TFMRC) by Dr. Atkins
as part of the wider NEWAC research project, which show that if approximately 6% of
bore mass flow is introduced into the drum cavity with a heat transfer of 150 W/m?k, it is
capable of reducing the stabilised cruise clearance by approximately 30%. Figure 5.17
shows the stage 3 Trent 1000 HP compressor drum cavity model remodelled with streams
in place of the voids. 6% of the bore mass flow was introduced into the cavity as radial
inflow to increase the heat transfer in the drum cavity.

Figure 5.18 shows the variation of blade thermal growth with time over the square cycle
for a model with radial inflow. The growth characteristics were obtained by introducing a
radial inflow of 6% bore mass flow into the drum cavity, and analysis was performed in

the same way as in Section 5.4.1.
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In Figure 5.18, there is a further fast response time constant of the blade during
acceleration and a further contraction during deceleration due to introduction of radial
inflow into the drum cavity. The evidence can be seen in the zoom sections of
acceleration and deceleration of Figure 5.11. The confirmation of the response time can
be seen in the comparison of blade tip reduction factor for model with and without radial
inflow of Figure 5.19. This resulted in an increased heat transfer in the cavity and hence a
further reduction in closure characteristics throughout the cycle, with a significant effect

on cruise, as would be shown in the cruise clearance plots.

Figure 5.19 shows the variation of blade tip time constant reduction factor with heat
transfer coefficient during engine transient operation. The introduction of radial inflow
introduction into the cavity further increased heat transfer in the drum cavity; hence a
further reduction in drum time constant. This gave a higher blade tip time constant
reduction factor due to a further fast thermal response of the drum, resulting from more
mass flow, high fluid temperature, high thermal expansion and centrifugal acceleration

associated with the disc in the cavity.
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Stage 3: Effect of radial inflow on blade tip characteristics
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Figure 5.19: The variation of blade tip time constant reduction factor with heat
transfer coefficient during acceleration from “Idle to MTO” and deceleration from
“MTO to Idle” over a square cycle for the Trent 1000 HP compressor stage 3 drum
and casing models with radial inflow

Figure 5.20 shows blade tip time reduction factor comparison plots for the model without
radial inflow and the model with radial inflow. The result shows that the model with
radial inflow has a higher time constant reduction factor. This gave a reduced clearance
throughout the engine cycle when compared to the model without radial inflow; and
hence a better reduction in tip clearance than the model without radial inflow as shown in

Figure 5.24.
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Stage 3: Comparison of the blade tip reduction factor with and without radial inflow
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Figure 5.20: The rotor blade tip time constant reduction factor comparison during
acceleration from “Idle to MTO” and deceleration from “MTO to Idle” over a
square cycle for the Trent 1000 HP compressor stage 3 drum and casing models for

the model without radial inflow and the model with radial inflow

Figure 5.21 shows the variation of drum time constant reduction factor with heat transfer
coefficient during engine transient operation with radial inflow. By introducing radial
inflow into the drum cavity, the heat transfer coefficient in the drum cavity is further
increased, giving rise to a higher time constant reduction factor at the disc cob than at the
mid disc and the disc rim due to centrifugal acceleration and more circulation of flow

around the disc cob region. The disc rim gives a lower time constant because it tend to
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cool quicker than the mid disc and the disc cob due to the flow over it by secondary

airflow, used to cool some components of the engine.

Stage 3: Effect of htc increase on drum temperature from "Ildle to MTO" and from "MTO to Idle"
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Figure 5.21: The variation of drum time constant reduction factor with heat
transfer coefficient for temperature during acceleration from “Idle to MTO” and
deceleration from “MTO to Idle” over a square cycle for the Trent 1000 HP
compressor stage 3 drum and casing models at disc rim, mid disc and disc cob with

radial inflow

Figure 5.22 shows the variation of drum time constant reduction factor with heat transfer
coefficient during engine transient operation with radial inflow. As the heat transfer
coefficient in the drum cavity is increased, the time constant reduction factor for the

model with radial inflow becomes higher and higher for the disc cob and the mid disc
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than for the disc rim, due to thermal expansion, centrifugal acceleration and more
circulation of flow around the disc cob region; hence the higher deflections when
compared to the model without radial inflow. The disc rim gives a lower deflection due to
the engine architecture around the rim region which does not permit easy movement,
making it rigid. The overall benefit of the reduction in temperature and the displacement
time constant of the drum with radial inflow is illustrated in the closure and clearance

characteristics plots in Figures 5.23 and 5.24 respectively.

Stage 3: Effect of htc increase on drum displacement from "Idle to MTO" and from "MTO to Idle
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Figure 5.22: The variation of drum time constant reduction factor with heat
transfer coefficient for displacement during acceleration from “Idle to MTO” and
deceleration from “MTO to Idle” over a square cycle for the Trent 1000 HP
compressor stage 3 drum and casing models at disc rim, mid disc and disc cob with

radial inflow
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Figure 5.23 shows closure as a function of time over the square cycle for the Trent 1000
stage 3 engine compressor drum and casing models with radial inflow. The casing is
heated during transient periods to increase its diameter relative to the blade tip, resulting
in a reduction in the tip closure. With the introduction of radial inflow into the drum
cavity, the heat transfer coefficient is further increased giving rise to reduced reslam

characteristics with a large cruise closure.

Stage 3: Radial inflow closure characteristics
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Figure 5.23: The variation of closure with time over the square cycle for the Trent
1000 HP compressor stage 3 drum and casing models as a function of heat transfer

coefficient with radial inflow

Table 5.8 shows Stage 3 closures as percentage (%) increase or decrease of the nominal

gap for model with radial inflow.
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Stage 3 closures as percentage (%) the nominal gap for model with radial inflow

htc Stabilised Worst case | Stabilised Stabilised Stabilised
increase Idle acceleration | MTO Idle cruise
factor

Nominal n/a n/a n/a n/a n/a

1 7.02 -2.35 11.00 6.80 11.87

2 7.65 -8.26 12.10 7.41 13.07

4 8.12 -12.08 12.77 8.00 13.70

6 8.40 -13.40 13.01 8.26 13.92

8 8.45 -13.97 13.14 8.52 14.00

Table 5.8: Stage 3 closures as percentage (%) increase or decrease of the nominal

gap for model with radial inflow

The closure plots show approximately 2% 8%, 12%,13% and 14% decrease in closure at

worst case acceleration (max take off overshoot), and 12%, 13 %, 14%, 14% and 14%

increase in closure at stabilised cruise for the heat transfer coefficient increases of 1, 2, 4,

6 and 8 respectively from the baseline data. The large percentage increase in closure at

stabilised cruise shows a significant effect on blade tip clearance, as illustrated in Figure

5.24. Table 5.9 illustrates clearance reduction factor as percentage of the nominal gap

between the rotor blade tip and the casing for stage 3 with radial inflow.
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Stage 3 clearances as percentage (%) reduction of the nominal gap for model with
radial inflow
htc Stabilised Worst case | Stabilised Stabilised Stabilised
increase Idle acceleration | max  take | Idle cruise
factor (Max take | off (MTO)
off
overshoot )
Nominal n/a n/a n/a n/a n/a
1 12 33 3 13 6
2 19 56 32 19 17
4 23 70 51 23 25
6 25 77 63 25 30
8 26 80 70 26 33

Table 5.9: Stage 3 clearances as percentage (%) of the nominal gap for model with

radial inflow

Figure 5.24 shows clearance as a function of time over the square cycle for the Trent
1000 HP compressor stage 3 drum and casing model. The casing is heated during
transient periods to increase its diameter relative to the blade tip, resulting in a reduction
in the cold tip clearance and consequently providing a steady state running clearance. The
small percentage increase in closure shows a significant effect on blade tip clearance with
approximately 33%, 56%, 70%, 77% and 80% reductions in clearance at worst case
acceleration (max take off overshoot), and 6%, 17 %, 25 %, 30% and 33% reductions in

clearance at stabilised cruise for heat transfer coefficient increases of 1, 2, 4, 6 and 8
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respectively from the baseline plot, as shown in Table 5.6 and represented graphically in

Figure 5.25 and Figure 5.26 respectively. The nominal clearance data can be

Stage 3: Radial inflow clearance characteristics
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Figure 5.24: The variation of clearance with time over the square cycle for the Trent

1000 HP compressor stage 3 drum and casing model as a function of heat transfer

coefficient with radial inflow
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Stage 3: Worst case acceleration comparison plots
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Figure 5.25: The comparison of the worst case acceleration clearance for Trent
1000 HP compressor stage 3 drum and casing model as a function of heat transfer

coefficient with radial inflow and without radial inflow

The overall effect of reduction at worst case acceleration as shown in Figure 5.26 is the

reduction in surge occurrence during engine transient.
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Stage 3: Cruise clearance comparison plots
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Figure 5.26: The comparison of stabilised cruise clearance for Trent 1000 HP
compressor stage 3 drum and casing model as a function of heat transfer coefficient

with radial inflow and without radial inflow

The results of the sensitivity analysis and its benefit are summarised using Figure 5.27,
Figure 5.28 and Figure 5.29. Figure 5.27 shows the clearance comparison plots for the
model without radial inflow and the model with radial inflow for the nominal case. The
result shows that the model with radial inflow has a reduced clearance at worst case
acceleration (maximum take off overshoot) and stabilised cruise clearance. It also
indicates that there is a reduction throughout the engine cycle when compared to the
model without radial inflow. At worst case acceleration, the model with radial inflow is
capable reducing tip approximately 56% calculated against the baseline data. Figure 5.28
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shows the zoom section of the worst case clearance comparison plots for the models

without radial inflow and the model with radial inflow for the nominal case.

Stage 3 clearance comparison
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Figure 5.27: The comparison of clearance for the Trent 1000 HP compressor stage 3
drum and casing models for model without radial inflow and the model with radial

inflow for the nominal case

Figure 5.29 shows the cruise clearance comparison plots for the model without radial
inflow and the model with radial inflow for the nominal case. The result shows that the
model with radial inflow has a reduced clearance at stabilised cruise throughout the
engine cycle when compared to the model without radial inflow. At cruise clearance, the
model with radial inflow is capable reducing tip by approximately 17% calculated against

the baseline data. Figure 5.29 shows the zoom section of the stabilised clearance
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comparison plots for the models without radial inflow and the model with radial inflow

for the nominal case.

Stage 3 clearance comparison
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Figure 5.28: The zoom section of the worst case acceleration clearance comparison

plots for the models without radial inflow and the model with radial inflow for the

nominal case
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Stage 3 clearance comparison
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Figure 5.29: The zoom section of the stabilised cruise clearance comparison plots for
the model without radial inflow and the model with radial inflow for the nominal

case

The overall result shows that an increase in heat transfer coefficient in the cavity would
increase the thermal response of the high pressure compressor (HPC) drum and this will
reduce the reslam characteristics of the drum, hence the reduction in cruise clearance
throughout the engine cycle for all the six stages. However, the reduction is small but can
be enhanced with the introduction of radial inflow into the cavity of the drum to improve
the heat transfer in the cavity. Figure 5.30 shows the stabilised cruise clearance reduction

characteristics against heat transfer coefficient increase factor for all of the six stages.
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The overall effect of reduction in cruise clearance for all the six stages is the
improvement in engine efficiency, reduction in the specific fuel consumption (sfc) and

hence reduction in the overall cost of operation of the engine by its operator.

Stabilised cruise clearance for all stages
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Figure 5.30: Stabilised cruise clearance against heat transfer coefficient increase

factor for all of the six stages

5.5.1 Radial inflow analysis based on Pre-test CFD result

The Trent 1000 drum model was remodelled with streams instead of voids as illustrated
in Section 5.5, with modification in the value of the heat transfer coefficient used. The

inbuilt heat transfer coefficient in the cavity was replaced with specific heat transfer
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coefficient values of 50W/ (m?K), 100 W/ (m°K) and 150W/ (m?K). Table 5.10 illustrates
the clearance reduction factor as a percentage of the nominal gap between the rotor blade
tip and the casing with specific heat transfer coefficient of values of 50W/ (m?K), 100 W/
(m?K) and 150W/ (m?K). The heat transfer coefficient values were based on a pre-test
computational fluid dynamic analysis (CFD) carried out as part of the wider NEWAC
programme by Dr. Nick Atkins which shows that approximately 30% reduction in cruise
clearance can be obtained using 6% radial inflow with an associated heat transfer

coefficient of 150 W/ (m?K). The nominal stabilised clearance used is 0.271867mm.

Clearance reduction (% of nominal gap) with specific heat transfer coefficient
htc in | Stab. IDLE | Worst case | Stab. MTO | Stab ILDE | Stab.
cavity acceleration cruise
(streams)

Nominal n/a n/a n/a n/a n/a
50 -3.9 -10.2 45.6 -4.3 13.4
100 -2.3 -4.2 58.4 -2.7 18.2
150 -1.3 0.4 66.7 -1.7 21.1

Table 5.10: Clearance reduction factor as percentage (%) of the nominal gap with

specific heat transfer coefficient (50W/ (m*K), 100W/ (m?K) and 150 W/ (m?K))

Figure 5.31 shows radial inflow closure as a function of time over the square cycle for the
Trent 1000 HP compressor stage 3 drum and casing models with specific values of heat

transfer coefficient of 50W/(m?K), 100W/(m?K) and 150 W/(m?K). The analysis shows a
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reduction in reslam characteristics with the various heat transfer coefficient when

compared to the baseline plot.

Stage 3: Radial inflow closure plots with pre-test CFD htc
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Figure 5.31: The variation of closure with time over the square cycle for the Trent
1000 HP compressor stage 3 drum and casing models as a function of specific heat
transfer coefficient (50W/ (m’K), 100W/ (m*K) and 150 W/ (m?K)) with radial
inflow

The benefit of the reduction in reslam characteristics to the clearance is illustrated in the
clearance plot of Figure 5.32. Figure 5.32 shows radial inflow clearance as a function of
time over the square cycle for the Trent 1000 HP compressor stage 3 drum and casing
models, with specific values of heat transfer coefficient. The results of the analysis
indicate that it is possible to reduce the baseline cruise clearance by approximately 13%,

18% and 21% using heat transfer coefficients of 50W/(m°K), 100W/(m°K) and 150
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W/(m?K) respectively. The 21% reduction in cruise clearance with 150 W/(m?°K) is in
good agreement with the pre-test CFD result of approximately 30% reduction in cruise

clearance with 6% radial inflow with 150 W/(m?K).

Stage 3: Radial inflow clearance plots with pre-test CFD htc
o T T
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Figure 5.32: The variation of clearance with time over the square cycle for the Trent
1000 HP compressor stage 3 drum and casing models as a function of specific heat
transfer coefficient (50W/ (m’K), 100W/ (m*K) and 150 W/ (m?K)) with radial

inflow

5.6: Summary

This chapter has reported on the sensitivity study of the of tip clearance control concepts
using drum and casing models of two engines. These are RB211-524 and Trent 1000

models. The disc time constants are found to depend on the heat transfer coefficient of
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the disc. An increase in the heat transfer coefficient reduces the disc time constant. A
reduction of the time constant for the rotor and an increase of the time constant for the
casing is better for clearance and this is possible by increasing the heat transfer
coefficients (htc) in the system.

The time constant analysis for the RB211-524 drum and casing model shows that a
reduction in the rotor time constant reduces the re-slam characteristics. This will result in
a reduced clearance throughout the cycle and vice versa. An increase in the casing time
constant also reduces the re-slam characteristics giving rise to reduced clearance
throughout the cycle and vice versa. Hence, a proper closure and clearance, requires the
reduction in drum time constant with an increase in casing time constant.

The sensitivity study for Trent 1000 engine shows that, with 6% radial inflow, there are
potential reductions of stabilised cruise clearance and clearance at worst case acceleration
(max take-off) when compare to the baseline model. The blade tip time constant
reduction analysis comparison between the model without radial inflow and the model
with radial inflow shows a higher time constant reduction for the model with radial
Inflow, and hence abetter compressor clearance control.

The overall results show significant enhancement with radial inflow on tip clearance.
With 6% radial inflow, the clearance at worst case acceleration (max take off
overshoot) is reduced by approximately 33%, 56%, 70%, 77% and 80%. The clearance at
stabilised cruise is reduced at 6%, 17 %, 25 %, 30% and 33%. The above results are for
heat transfer coefficient increases factors of 1, 2, 4, 6 and 8 respectively calculated

against the baseline clearance.
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In the case with heat transfer coefficient, (50W/ (m2K), 100W/ (m2K) and 150 W/
(m2K)), the results of the analysis indicate that it is possible to reduce the baseline
cruise clearance by approximately 13%, 18% and 21% respectively.

Finally, an increase in the heat transfer coefficient will reduce the time constant of the
drum. This will reduce the reslam characteristics in the cycle, hence, a proper clearance

throughout the cycle during transient operation.
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Chapter 6

Multiple Cavity Rig (MCR) Model Validation

Validation is a process of verifying that a model is a correct representation of the process
or system for which it is proposed. Validation is achieved if the predictions from the
model are in good agreement with the experimental observations or mathematical model.
It is performed by evaluating the predicted and measured temperatures to make certain
that the thermal behaviour of the model reproduces the measured characteristics at
transient and steady state conditions. Validation is often performed by comparing the
values of parameters of the model with values obtainable independently from other
methods, such as, a mathematical model or an experimental method. When the data
obtained from the experiment or mathematical model matches those from the SCO03
model, the validation is said to be accurate and the model is confirmed.

According to Monico and Chew (1993), in some cases, it may be possible that the
modelling assumptions used may not accurately represent some of the physical processes;
as such, a mathematical method would be preferable for use in the matching process. In
this analysis, a lumped parameter method was used for the validation. In this project, the
parametric predicted results from the SC03 model of the MCR are compared with lumped
parameter results. The Grid Independence study is presented in section 6.2. In section 6.3
the SCO3 model data are validated against the lump parameter result while the validation
of SCO3 data against the experimental results is presented section 6.4. The summaries
drawn from the validation exercise are presented in section 6.5.
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6.1 Thermal matching

The matching exercise is the process whereby the finite element thermo-mechanical
model is calibrated against the engine measurements or a mathematical model. The
requirements for the matching exercise are the thermo-mechanical model of the MCR
with disc 2 upstream predicted data from the square cycle, the lumped parameter model
results of the cycle and the results of the cycle run of the test rig. The experimental results
are compared to the SC03 model predictions in Section 6.4.

The SC03 models produced provide transient thermal simulations which are run to user-
defined operating cycles. The SC03 program computes the internal temperature
distribution of the rig components using the transient, variable property, heat conduction
equation with appropriate thermal boundary conditions to account for the convective and
radiative heat transfers. The convective boundary conditions are modelled by specifying
flow distribution, local air temperatures, and heat transfer coefficients based on Nusselt
number correlations.

To calibrate the finite element thermal model against measured engine test data, heat
transfer coefficients in the thermal boundary conditions are adjusted until the acceptable
accuracy is reached (x 5K for transient and + 2K for steady state). This adjustment
involves varying of the coefficients for the heat transfer coefficient expressions. This
would vary the heat transfer coefficient, and hence produce a change in the heat transfer
predicted by the model at that point leading to variation in the temperature at that point.
This may also affect the steady state temperature, the local metal transient response and

the heat pickup along the boundary condition. This would lead to the predicted
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temperatures by the thermal model matching the measured data, giving similar
temperature and time constant profiles of both the computed and experimental data

To calibrate the finite element thermal model against lump parameter data, the lump
parameter data are presented graphically and compared with the model results, which are
presented as graphical data items. The required temperature accuracy during thermal
matching, according to Rolls Royce standard, is given in Table 6.1. However, the

temperature accuracy used in this matching is £ 5K for transient and £ 2K for steady

state.
Type of measurement Accuracy required
Transient + 15K
Steady state + 5K

Table 6.1: The require temperature accuracy for thermal matching

6.2 Grid Independence study

In SCO3 finite element programme, mesh is generated automatically when the analysis is
run. The program uses an automatic mesh generator of quadratic, six-node triangular
elements. The element density is controlled by the triangle distortion ratio, which has a
default value of 4. For both steady state and transient cycles, the thermal accuracy was set
to 2°C. A converged solution was produced after four (4) refinements with a time of
0.690967s  during transient operation. The final mesh had 10007 elements and 22504
nodes. An example of grid independent is shown in the plotting of the transient
temperature result for model point MP7. Figure 6.1 shows a transient plot of the third

(3" and fourth (4™) refinement meshes solutions for model point MP7. This indicates
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that there was no change in the results of metal temperature at MP7 for both meshes

during engine transient as such the results was independent of grid. The total elements

and nodes for the third (3") and fourth (4™) refinement are given in Table 6.2.

SN | Properties Third (3") refinement | Fourth (4™) refinement
1 Time (s) 0.631572 0.690967

2 Elements 9942 10007

3 Nodes 22475 22504

Table 6.2: The third (3™) and fourth (4™) refinement meshes properties

Temperature (K)

Transient temperature at MP7

420 ¢
3rd refinement
// 4th refinement
400 / \
380 {
360 /
340 /
320 /
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280° : : - :
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 6.1: A transient plots of the third (3" and fourth (4™) refinement meshes

solutions for model point MP7
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6.3 Validation of SC03 data against the lumped parameter model

In this section, the finite element thermo-mechanical models are calibrated against the
lumped parameter models. The predicted temperature profiles of both SC03 baseline and
6% radial inflow models are matched with those of the lumped model data to show
similarity of the profiles within an acceptable accuracy. The validations are performed at
model points MP12, MP18, MP22, and MP28 on disc 2 upstream in cavity 3. Section
6.3.1 describes the validation of baseline models (model without radial inflow) while the
validation of the models with radial inflow is presented in section 6.3.2. The
environmental parameters, the non-dimensional parameters, and the time history used for

SCO03 models are given in Chapter 5.

6.3.1 Validation of baseline models (model without radial inflow)

Figures 6.2 through to 6.5 illustrate the validation of the SCO3 baseline model against the
lumped model for model points MP12, MP18, MP22, and MP28. The lumped parameter
mathematical model is presented in appendix 6. The validation of the SC03 baseline
model against the lumped model for model point MP12 is in good agreement throughout
the transient as shown in Figure 6.2. This indicates that the predicted temperature for
stabilised Idle and stabilised MTO and the time constant during acceleration and

deceleration at MP12 match the lumped model results.
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MP12 - SCO03 baseline model validation against Lumped model
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Figures 6.2: The validation of SC03 models against the lumped model for the
baseline model at model points MP12

Figure 6.3 illustrates the validation of the SCO3 baseline model against the lumped model
for model point MP18. The comparison shows that the predicted temperature for
stabilised Idle and stabilised MTO and the time constant during acceleration and
deceleration at MP18 are in good agreement with the lumped model throughout the

transient.
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MP18 - SC03 baseline model validation against Lumped model
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Figures 6.3: The validation of SC03 models against the lumped model for the

baseline model at model points MP18

Figure 6.4 illustrates the validation of the SCO3 baseline model against the lumped model
for model point MP22. The evaluation proves that the predicted temperature for stabilised
Idle and stabilised MTO and the time constant during acceleration and deceleration at

MP22 are in good agreement with the lumped model throughout the transient.
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MP22 - SCO03 baseline model validation against Lumped model
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Figures 6.4: The validation of SC03 models against the lumped model for the

baseline model at model points MP22

Figure 6.5 illustrates the validation of the SCO3 baseline model against the lumped model
for model point MP28. The assessment confirms that the predicted temperature for
stabilised Idle and stabilised MTO and the time constant during acceleration and
deceleration at MP28 are in good agreement with the lumped model throughout the

transient.

225



MP28 - SC03 baseline model validation against Lumped

model
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Figures 6.5: The validation of SC03 models against

baseline model at model points MP28

the lumped model for the

In summary, the comparison shows good agreement between the lumped parameter

model and the SCO3 predicted results for the baseline model at model points MP12,

MP18, MP22, and MP28.

6.3.2 Validation of models with radial inflow

Figures 6.6 through to 6.9 show the validation of the SC03 model with 6% radial inflow

against the lumped model for model points MP12, MP18, MP22, and MP28. The

validation of the SC03 model with radial inflow against

the lumped model for model

point MP12 is in good agreement throughout the transient as shown in Figure 6.6. This
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indicates that the predicted temperature for stabilised Idle and stabilised MTO and the

time constant during acceleration and deceleration at MP12 matches the lumped model

results. The SC03 model slightly over-predicted temperature at max take off region

(MTO) but was within the acceptable accuracy.
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Figures 6.6: The validation of SC03 model with 6% radial inflow against the lumped

model at model points MP12

Figure 6.7 illustrates the validation of the SC03 model with radial inflow against the

lumped model for model point MP18. The comparison shows that the predicted

temperature for stabilised Idle and stabilised MTO and the time constant during

acceleration at MP18 is in good agreement with the lumped model throughout the
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transient. However, the SCO3 slightly over-predicted the temperature at max take off

(MTO) region but was within the acceptable accuracy.
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Figures 6.7: The validation of SC03 model with 6% radial inflow against the lumped

model at model points MP18

Figure 6.8 illustrates the validation of the SC03 model with radial inflow against the
lumped model for model point MP22. The assessment confirms that the predicted
temperature for stabilised Idle and stabilised MTO and the time constant during
acceleration and deceleration at MP22 is in good agreement with the lumped model
throughout the transient. But with a very slight over-prediction of the temperature at max

take off (MTO) region but again was within the acceptable accuracy.
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MP22 - SC03 model with 6% radial inflow validation against Lumped model
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Figures 6.8: The validation of SC03 model with 6% radial inflow against the lumped

model at model points MP22

Figure 6.9 illustrates the validation of the SC03 model with radial inflow against the
lumped model for model point MP28. The assessment confirms that the predicted
temperature for stabilised Idle and stabilised MTO and the time constant during
acceleration and deceleration at MP28 is in good agreement with the lumped model

throughout the transient.
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MP28 - SC03 model with 6% radial inflow validation against Lumped model
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Figures 6.9: The validation of SC03 model with 6% radial inflow against the lumped

model at model points MP28

In summary, the comparison shows good agreement between the lumped parameter
model and the SCO03 predicted results for both models with 6% radial inflow and the

baseline model (without radial inflow) at model points MP12, MP18, MP22, and MP28.

6.4 Validation of SC03 data against the experimental results

In this section, the finite element thermo-mechanical model is calibrated against the
engine measurements. This is performed by comparing the predicted and measured

temperatures to make certain that the thermal behaviour of the model reproduces the
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measured characteristics at transient and steady state conditions. The predicted
temperature time profiles of both SCO3 baseline and radial inflow models are compared
with those of the experimental data to show that they are in good agreement. The overall
effects of radial inflow on disc time constant and its effect on specific areas on the
multiple cavity drum are discussed. It must be highlighted that the heat transfer and the
flow distribution in the disc cavities depend on environmental parameters: disc
temperature distribution, rotational speed, the mass flow rate of the axial throughflow,
and the radial inflow in the cavity. As stated earlier, the thermal boundary conditions are
adjusted so that the predicted temperatures match the measured data, giving similar
temperature and time constant profiles for both. If the correct match is not achieved, the
thermal boundary conditions are modified by adjusting the multiplicative factors to the
heat transfer coefficient expressions or, in some cases, by changing the flow distribution.
This would modify the mass flow passing through the required point. This would in turn
vary the heat transfer coefficient, and hence produce a change in the heat transfer at that
point leading to variation in the temperature at that point.

The model is then run again and the procedure repeated until a reasonable match is
achieved. The match is performed for the temperatures during the transient period of the
cycle.

The experiment was carried out by Dr. Nick Atkins as is part of the wider NEWAC
research project using the Thermo-Fluid Mechanics Research Centre’s in-house multiple
cavity rig incorporating H.P. compressor bore geometry, which is approximately 1:1
scale when compared to a current Trent engine. The Rossby number was fully matched to

the engine values during testing. This was accomplished by setting the Rotational
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Reynolds number as close to the engine values as possible while reducing the Axial
Reynolds number appropriately. In Atkins (2013) an experimental investigation was
carried out into the use of radial inflow as potential for compressor clearance control and
concluded that a small radial inflow bleed has substantial potential for reductions in
compressor clearance at high power conditions. The study shows that the use of radial
inflow reduces the time constant of high pressure compressor discs. The work suggests a
significant potential in steady state cruise clearance reduction which behaves almost
linearly with increased steady state disc temperatures. The study confirms that a time
constant reduction factor of 2 for MTO and a factor of 1.4 for idle conditions could be
obtained with a radial inflow bleed of 4% bore flow. By employing the experimental
results, the closure modelling is capable of reducing the 2D axis-symmetric clearance by
50% at MTO conditions. Details of the analysis of the MCR testing can be found in

Atkins (2013).

6.4.1 The matching of SC03 temperature time profiles against the experimental

profiles

In this section, the finite element thermo-mechanical model is calibrated against the
experimental data from Atkins (2013). The predicted temperature profiles of SCO03
baseline models are compared with those of the experimental data to show the similarity
of the profiles. Figures 6.10 through to 6.13 show the baseline model temperature time
history profiles during engine transient for SC03 simulation and experimental analysis,

for model points MP12, MP18, MP22 and MP28 respectively.
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Figure 6.10: Comparison of the SCO3 and experimental temperature time profiles

during engine transient for the baseline model at modal point MP12
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Figure 6.11: Comparison of the SCO3 and experimental temperature time profiles

during engine transient for the baseline model at modal point MP18
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Matching profiles of MP22
120 ¢ r T T

Experimental data
""""" 2D model data

. P

60

Temperature (°C)

40 WW

20

0 500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 6.12: Comparison of the SCO3 and experimental temperature time profiles

during engine transient for the baseline model at modal point MP22
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Figure 6.13: Comparison of the SCO3 and experimental temperature time profiles

during engine transient for the baseline model at modal point MP28
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The predicted temperature time profiles during engine transient for both the SC03 models
and the experimental results are in fairly good agreement in terms of similarity in their
transient profiles. However, at stabilised max take-off and deceleration regions, the
agreement is not good. This discrepancy is a result of variation in the final data use for
the experiments compared to the data use in the modelling of the rig. Table 6.3 shows
both the experimental data and SCO3 data used (the bore temperatures, inlet pressures,
shroud temperatures, bore mass flow rates and rotational speed) at both idle and

maximum take-off (MTO).

Parameters Idle Idle (SCO03) MTO(Experiment) | MTO (SC03)
(Experiment)

Thore 300K 291K 340K 381K

Pintet 2.5 bar 2.8 bar 4.5 bar 5.5 bar

Tradial = Tshroud 370K 350K 390K 469K

Bore mass flow | 0.2 kgs™ 0.23 kgs™ 0.7 kgs™* 1.35 kgs™

rate

Rotational 370 rads™ 314.16 rads™ | 730 rads™ 837.76 rads™

speed

Table 6.3: Experimental and SC03 nominal test conditions

Ideally if the 2D modelling analysis was performed with the final nominal test conditions
use in the experimental analysis, a good match between the SC03 data and the
experimental data would be achieved. As at the time of this matching, the SCO3 license
had expired as such the final experimental conditions were not used in the SCO03 to
perform the matching. Nevertheless, the SCO3 modelling of the MCR rig study proves
that a time constant reduction factor of approximately 2 for MTO and a factor of 1.5 for
idle conditions could be obtained with a radial inflow bleed of 4% bore flow which is in

good agreement with the experimental results by Atkins (2013).
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6.5 Summary

This chapter has reported on the validation of the SC03 model data against both the lump
parameter results and the experimental data.

The predicted temperature profiles and time constant data of both SC03 baseline models
and 6% radial inflow models were matched with those of the lumped model data to show
similarity of the profiles within an acceptable accuracy. The validations were performed
at model points MP12, MP18, MP22, and MP28 on disc 2 upstream in cavity 3. The
overall result of the matching process shows that the results of the lumped model are in
good agreement with the results of the two MCR models (baseline model and model with
6% radial inflow). Evidence can be seen in the matching profiles of the two models as
shown in Figures 6.2 through to 6.9.

Another validation was performed between SC03 models and experimental data. For the
baseline case, the SCO3 predicted transient temperature time history profiles during
engine transient show fairly good agreement with those of the experiment with similarity
in their transient profiles. The actual level of disc time constant is in good agreement with
the experimental data. However, the temperature profile appears to vary at stabilised
MTO and idle due to differences with the final experimental data used.

Finally, the validation is achieved since the predictions from the SC03 models are in
good agreement with the mathematical model and in reasonably good agreement with

experimental results.
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Chapter 7

2-Dimensional modelling of a Multiple Cavity Rig (MCR)

Finite Element Analysis (FEA) program called SCO03 is used for the 2-dimensional
modelling of a Multiple Cavity Rig (MCR). SC03 is a FEA program developed by Rolls-
Royce plc. This program is used for thermo-mechanical analysis which includes the
prediction of component temperatures, component stresses, analysis of engine movement
and the deflections of axisymmetric or plane structures, as well as for clearance
optimisation.

In this study, the 2-D modelling of a MCR is presented. Two models have been studied: a
MCR baseline model (without radial inflow) and MCR model with radial inflow. Section
7.1 describes the non-dimensional parameters used in the MCR modelling; section 7.2
presents the MCR geometry definition while section 7.3 illustrates the modelling setup
and analysis of the MCR including the cycle definition. Methodology of the analyses is
discussed in this section 7.4 along with the analysis without radial inflow while radial
inflow analyses are presented in section 7.5. The summary of the results is presented in

section 7.6 and conclusion in section 7.7.

7.1 Non-dimensional parameters used in the Multiple Cavity Rig
modelling

The non-dimensional parameters employed in the 2-D modelling of the MCR are
presented in this section. The aim of the modelling is to develop a reliable thermal model

suitable to validate the experimental data obtained for the MCR for tip clearance control
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analysis. The model will simulate the matched non-dimensional parameters. The non-
dimensional quantities to be considered are rotational Reynolds number Reg, axial
Reynolds number Rez, Grashof number Gr and Rossby number Ro.

Table 7.1 provides definition of the non-dimensional parameters, and Table 7.2 identifies

the values of these non-dimensional parameters used in the modelling of the MCR.

Parameters Symbol Definition
Axial Reynolds number | Re, Re _ PoW; 2(a-r,)
i RT, 14,
Rotational Reynolds| Reg . p,Qb?
e, =—
¢
number RTo
Grashof number Gr o p’Q%(b(b—a))* (T, —T,)
Mo
Rossb
y number Ro Ro = w
Qa

Table 7.1: Non-dimensional parameters used in the modelling of the MCR

The rotational Reynolds number Reg is the parameter that is relevant to the rotation of the
cavity while the axial Reynolds number Re; is the parameter that characterises the axial
throughflow of air. The effects of the axial flow and the rotational flow can be related
using the Rossby number Ro which is the ratio of the axial velocity of the tangential solid
body velocity at the discs bore. The parameter that is significant to buoyancy induced
flow is called Grashof number Gr. In a rotating cavity application, the expression of
Grashof number based on the radial distance along the disc surface is depended on the

local surface temperature and its relative centripetal acceleration by taking a height
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reference from the shroud Farthing et al. (1992a and b). The model is run at a rotational

speed not exceeding 10,000 rpm, with a shroud temperature not exceeding 200°C.

Parameter IDLE Max take-off
(MTO)

Re, 1.88 x 10° 8.75 x 10°

Reg 3.1x10° 1.0 x 10°

Gr 5.4 x 10™ 6.4 x 10%

Table 7.2: Trent 1000 compressor non-dimensional parameters used in the

modelling of the MCR

7.2 MCR model geometry definition

The MCR is an in-house rotating cavity rig in the Thermo-Fluid Mechanics Research
Centre of the University of Sussex, and has been used extensively by many researchers
and authors such as Long and Childs (2007), Long Miché and Childs (2007) and Miché
(2009) for flow and heat transfer studies and has provided predictions of temperature,
flow features and stress analysis, as well as data for computational fluid dynamics
studies. Changes have been made to the MCR, which are aimed at accurate performance
of the current investigation. This are insulating the rotor endwall with Insufrax material,
machining of radial inlet holes into the MCR rotor cavity and the inclusion of a telemetry
unit. The latter modification will allow the flow of heated air into the cavity, which
should increase the heat transfer in the cavity.

This is similar to the ducting of the radial flow of compressor air into the internal flow
system of a real engine. Figure 7.1 shows the geometry cavity with radial inflow entering

the cavity from the shroud and the axial throughflow entering the cavity from the bore.
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The symbols rs a, b and s representing shaft radius, hub radius, rotor radius and cavity
width respectively. The geometrical parameters of the cavity are a shaft radius of rs =
0.0701m, hub radius of a = 0.0802m, rotor radius of b = 0.2301m and cavity width of s =
0.048m. Based on the geometry cavity dimension, definition and modification, a multiple
cavity rig model has been build for this study as shown in Figure 7.2. As stated in
Chapter 3, several activities were carried out before the model is ready for any analysis
such as clean up, chaining, meshing, definition of material and boundary conditions and

setting the engine cycle.

< Radial inflow

Downstream
disc

Upstream
disc

Axial throughflow

Figure 7.1: Geometry cavity definitions for the MCR

Figure 7.2 shows the multiple cavity rig model with the modifications such as machining
of radial inflow channel, installation Insufrax insulator and telemetry units with rotating-
with rotating-frame thermocouple location (model points) using SC03 analysis program
ready for boundary conditions application and analysis. Figure 7.1 and 7.2 described the

dimensions of MCR used and the modification done to the existing rig.
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7.3 Modelling setup and analysis of MCR

This section presents the modelling setup and analysis of the multiple cavity rigs (MCR)
for the present study. In the modelling of the MCR, the setup included the use of two
MCR models for the study. There are MCR model without radial inflow (baseline model)
and MCR model with radial inflow. In the model with radial inflow, the radial inflow
ducts allows the ducting of radial inflow into the cavity of the model. The cycle data used
is the square cycle.

The MCR drum consists of four cavities, with two adjacent discs forming the cavity of
each stage. The baseline model boundary conditions have streams around the disc cob on
each disc and voids in the interdisc cavity as shown in Figure 7.3. The model consists of
154 domains. In the model, the holes property was used to declare the holes in the casing
endplates and the rotor, including the holes in the perforated plate. A variable thickness
property (TP) was applied to the all non-axisymmetric regions of the model, such as the
radial inflow holes in the shaft and the ducts that direct inflows from the supply into the
cavity. TP are also applied to channels in the downstream bearing housing. The rotor
speed was defined as a time-varying parameter in the Basic Design Data (BDD) file and
the default speed (NH) was used for all rotating parts. All the non-rotating parts of the rig
were given a local speed, of 0. The speed of the shaft was also set as a time-varying
parameter in the BDD file and the default local speed of (NI) was used in the shaft sub-
domains. The rotor components of the rig are made from titanium (TFF), high tensile
steel was used for the shaft and the casing was made from mild steel. The properties of
the materials are given in Appendix 7.3. The oil fed roller bearing was used in the

upstream side of the rig to allow for axial expansion.
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Figure 7.3 shows MCR model with thermal boundary conditions and area of application
in the model. The detailed output file is included in Appendix 7.1

The boundary conditions used in the present analysis are convecting zone (CZ), voids
(VO), stream (ST) and ducts (DU). Their inputs parameters are fluid type, mass flow,
fluid temperature, absolute and relative temperature, fluid pressure, temperature and heat
pick-up and heat transfer correlations. The selection of boundary conditions, its input and
the associated correlations used to define the heat transfer coefficient between the solid
and fluid domain is essential to an accurate representation of the temperature distribution
within the solid domain. These were dealt with in details in Chapter 3. The cycle
definition used for the analysis in the present study is presented in Section 7.3.1. Finally,
the results of the analyses are presented in Section 7.4.1 through to Section 7.5.1 for

model without radial inflow (baseline model) and model with radial inflow respectively.

7.3.1 Cycle definition

The following cycle describes the analysis performed in the SC03 program, and this
consists of a ramp and a set of conditions which are accessed by the ramp. The SCO03
identifies a series of distinct time points called the Ramp Points of any cycle.
Environmental parameters such as temperature and the cycle running speed are specified
at each ramp point before any analysis is performed. These parameters are said to vary
linearly between two distinct successive time points as shown in the square cycle of
Figure 7.4. The time history of the analysis is presented in Table 7.3 with conditions 1, 2
and 3 representing start, idle and maximum take-off regions respectively, while the
environmental parameters are shown in Table 7.4.
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Figure 7.4: The Square cycle showing time history and speed of the analysis

Ramp Time (s) Condition Speed (rev/min)
1 0 1 0

2 60 2 3000

3 1000 2 3000

4 1010 3 8000

5 2000 3 8000

6 2010 2 3000

7 3000 2 3000

Table 7.3: Time History for Square cycle used in the modelling of the MCR
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Parameter IDLE Max take-off
(MTO)
. 0.23 kg/s 1.35 kg/s
Mhpore
Thore 291K 381K
Tor 350K 469K
Phore 2.8 x 10° Pa 5.5 x 10° Pa
Shroud speed 3000 rpm 8000 rpm

Table 7.4: Environmental parameters

7.4 Methodology of the analyses

The study was performed by running the baseline model first and results obtained for the
analysis. The second analysis was performed by increasing the inbuilt heat transfer
coefficient in the cavity of the drum by a multiplicative factor of 2, 4, 6 and 8.
Temperatures from three reference model points and one model point from the disc cob
on each disc at various coordinates were used for the analysis as shown in Section 7.4.1.
Average heat transfer coefficient was used to show the clearance reduction trends in
terms of disc time constant.
The results of the analysis performed using the MCR drum model are presented in the
form of:

e Contour plots

e Time plots

e Time constant reduction graph.
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For the case without radial inflow, a simple heat transfer analysis is carried by increasing
the inbuilt forced convective heat transfer coefficient in the streams around the disc cob

and natural convective heat transfer coefficient in the voids in the cavity by an increased
. . . . mC
multiplicative factor of 1, 2, 4, 6 and 8. According to the relatlonshlpr:m (see

Chapter 4). An increase in the heat transfer coefficient will reduce the drum time
constant.

The analysis performed was a thermo-mechanical analysis run of the model and
temperature measurements were taken at the model point location on the MCR drum. The
object of the analysis is to reduce disc time constant by increasing the heat transfer in the
drum cavity. The time constant is the time required for a physical quantity to rise from
zero to 63.2% of its final steady value or fall to 36.8% of its initial value. In this analysis,
acceleration time constant is defined as the time required for the temperature to rise from
the stabilised idle position at 1000s to 63.2% of its final steady value at 2000s during
acceleration from Idle to maximum take-off (MTO). While deceleration time constant is
defined as the time required for the temperature to fall from the stabilised maximum take-
off (MTO) point at 2000s to 36.8% of its initial value at 3000s during deceleration from

maximum take-off position to Idle when it varies with time.
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Disc temperature profile at model point MP18
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Figure 7.5: Variation of metal temperature with time at disc model point MP18 on
the upstream of disc 2 in cavity 3 of the MCR for disc time constant analysis during

engine transient.

Figure 7.5 shows the variation of metal temperature with time at disc model point 18
indicating the location in the graph where the acceleration and deceleration time constant
are measured.

Figure 7.6 shows the temperature contour plots of the MCR drum baseline model with a
bore temperature of 291K, rim temperature of 425K, idle and maximum take-off (MTO)

speed of 3000rpm and 8000rpm respectively.
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The time constant analysis is performed at the top of the disc near the shroud, two
positions on the disc and cob of the disc of discs 1, 2 and 3. The rotating-frame model
points used for the time constant analysis are disc 2 upstream MP12, MP18 and MP22,
MP28 for the disc cob, disc 2 downstream MP43, MP38 and MP35. The analyses for disc
2 upstream are presented in this section while the results for disc 2 downstream are

presented as appendix 7.2.

Matlab programme was used for the post processing analysis of the results. The time
constant analysis for four specified location on the upstream section of disc were

obtained by evaluating the transient data using a first order model given by Equation 7.1.

;‘t
TW=T_+(T, —T,_)e-~ 71

. : . . . mC i
where 1, is the time constant as given in Equation 7 = A and (T0 —TOO): AT , is the

temperature change at each model point and t is time in seconds. The time constant is
evaluated at the transients between the Idle and MTO during acceleration and MTO and
Idle during deceleration in approximately 60 seconds. The results are presented in

Sections 7.4.1 through to 7.5.1.1

7.4.1 MCR results of disc 2 upstream without radial inflow (baseline model)

The analyses for disc 2 upstream are presented in this section for model points MP12,

MP18, MP22 and MP28 for the disc cob. Figure 7.7 shows the variation of rotating-frame
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metal temperature with time over the square cycle without radial inflow for seven model
points (MP12, MP13, MP14, MP16, MP18, MP22 and MP28) on disc 2 upstream. This
shows the metal temperature profiles during engine transient. The thermal growth
characteristic shows different time constant during acceleration and deceleration for each
model point location. This is due to differential thermal expansion of the disc and

centrifugal acceleration associated with the disc in the cavity during different engine

operation.
Disc 2: Upstream metal temperature profiles during transient operation
420 r r r
- \|P12
s —=— MP13
400 1
—@®  MP14
—>— MP16
380 —% — MP18 ||
MP22
MP28

360

Teoill]
= ;
_

340

Temperature (K)

320

0 500 1000 1500 2000 2500 3000
Time (s)

Figure 7.7: The variation of rotating-frame metal temperature with time over the

square cycle without radial inflow for four model points on disc 2 upstream.
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7.4.1.1 MCR results for model points MP12, MP18, MP22 and MP28

The baseline model thermal growth characteristics and time constant analysis for
rotating-frame model points were obtained by increasing the heat transfer coefficient in
the drum cavity and around the disc cob by a multiplicative factor of 2, 4, 6 and 8. The
transient temperature profiles for the baseline (nominal) case, heat transfer coefficient
increase factor (htc) of 2 and 8 are presented for clarity for MP12, MP18, MP22 and
MP28. The time constant reduction factors and other results for all model points on disc 2
upstream can be assessed from individual Table in Appendix 7.4 through to 7.9.

Figure 7.8 shows the variation of temperature with time for baseline model at MP12 as a
function of heat transfer coefficient. Analysis the baseline model with an increase in heat
transfer coefficient in the cavity and around the disc cob would cause a reduction in disc

time constant in the cavity.

252



Disc 2: Metal Temperature profiles at MP12 due to htc increase
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Figure 7.8: The variation of metal temperature with time for baseline model at

MP12 on disc 2 upstream in cavity 3 of the MCR with increase in heat transfer

coefficient during engine transient

Indication of time constant reduction from the baseline model with increase heat transfer

coefficient factor is presented in Table 7.5 in the form percentage reduction and time

constant reduction factor. For instance, the baseline model disc time constant at MP12 is

reduced by approximately 31% during acceleration from Idle to MTO conditions and

28% during deceleration from MTO to Idle conditions with a heat transfer coefficient

increased factor of 2 calculated against the baseline data.
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Time constant reduction analysis for rotating-frame model point MP12
htc Taccel % reduction | Time Tdecel | Y0 Time
increase | (s) from baseline | constant | (s) reduction | constant
factor model reduction from reduction
factor baseline factor
model
Baseline
48.92 |0 1 81.93 |0 1
2
33.60 |31.33 1.46 59.35 | 27.56 1.38
4
23.88 | 51.18 2.05 44.49 | 45.70 1.84
6
19.87 | 59.38 2.46 39.28 | 52.05 2.09
8
18.14 | 62.93 2.70 36.09 | 55.95 2.27

Table 7.5: Time reduction analysis for rotating-frame model point MP12

During transient operation, there is a temperature change of 376.4K during acceleration
from idle to max take-off and a temperature change of 358.4K during deceleration from
max take-off to idle for heat transfer increase factor of 2. This gives a temperature
difference of 7K and 9.6K for acceleration and deceleration when calculated against the
baseline temperature change of 383.4K and 367.1K for acceleration and deceleration
respectively. It is at this temperature change that the time constant is obtained. The
temperature changes for all model points on disc 2 can be assessed from individual Table

in Appendix 7.8 and 7.9.

Figure 7.9 shows the variation of temperature with time for baseline model at MP18 as a

function of heat transfer coefficient. Increasing the heat transfer coefficient significantly
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reduces the disc time constant of the baseline model during both acceleration and

deceleration. Evidence of the reduction is presented in Table 7.6.

Disc 2: Metal Temperature profiles at MP18 due to htc increase
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Figure 7.9: The variation of metal temperature with time for baseline model at
MP18 on disc 2 upstream in cavity 3 of the MCR with increase in heat transfer
coefficient during engine transient

During transient operation, there is a temperature change of 358.4K during acceleration
from idle to max take-off and a temperature change of 335K during deceleration from

max take-off to idle for heat transfer increase factor of 2.
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Time constant reduction analysis for rotating-frame model point MP18
htc Taccel % reduction | Time Tdecel | 0 Time
increase | (s) from baseline | constant | (s) reduction | constant
factor model reduction from reduction
factor baseline factor
model
Baseline
3534 |0 1 97.78 |0 1
2
24.23 | 31.43 1.46 65.39 | 33.13 1.50
4
18.28 | 48.27 1.93 47.64 |51.29 2.05
6
16.39 | 53.62 2.16 40.99 | 58.08 2.39
8
15.35 | 56.58 2.30 37.67 | 61.47 2.60

Table 7.6: Time reduction analysis for rotating-frame model point MP18

The baseline model disc time constant at MP18 is reduced by approximately 31% during

acceleration from Idle to MTO conditions and 33% during deceleration from MTO to

Idle conditions with a heat transfer coefficient increased factor of 2 calculated against the

baseline data.

Figure 7.10 shows the variation of temperature with time for baseline model at MP22 as a

function of heat transfer coefficient. Confirmation of time constant reduction from the

baseline model with increase heat transfer coefficient factor is documented in Table 7.7.
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Disc 2: Metal Temperature profiles at MP22 due to htc increase
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Figure 7.10: The variation of metal temperature with time for baseline model at
MP22 on disc 2 upstream in cavity 3 of the MCR with increase in heat transfer

coefficient during engine transient.

During transient operation, there is a temperature change of 354.8K during acceleration
from idle to max take-off and a temperature change of 332.2K during deceleration from
max take-off to idle for heat transfer increase factor of 2.

The baseline model disc time constant at MP22 is reduced by approximately 32% during
acceleration from Idle to MTO conditions and 36% during deceleration from MTO to
Idle conditions with a heat transfer coefficient increased factor of 2 calculated against the

baseline data.
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Time constant reduction analysis for rotating-frame model point MP22

htc Taccel % reduction | Time Tdecel % Time
increase | (s) from baseline | constant | (s) reduction | constant
factor model reduction from reduction
factor baseline factor
model
Baseline
3782 |0 1 120.14 |0 1
2
25.76 | 31.88 1.47 76.30 | 36.49 1.58
4
19.51 | 48.41 1.94 53.36 | 55.58 2.25
6
17.52 | 53.67 2.16 4423 | 63.19 2.72
8
16.45 | 56.50 2.30 40.75 | 66.08 2.95

Table 7.7: Time reduction analysis for rotating-frame model point MP22

Figure 7.11 shows the variation of temperature with time for baseline model at MP28 as a

function of heat transfer coefficient. Proof of time constant reduction from the baseline

model with increase heat transfer coefficient factor is accessible in Table 7.8.

Time constant reduction analysis for rotating-frame model point MP28

htc Taccel % reduction | Time Tdecel % Time
increase | (s) from baseline | constant | (s) reduction | constant
factor model reduction from reduction
factor baseline factor
model

Baseline

34.27 0 1| 158.2 0 1
2

26.2 23.54 1.31| 1158 26.77 1.37
4

20.78 39.36 1.65| 84.65 46.47 1.87
6

18.19 46.93 1.88 | 70.85 55.2 2.23
8

16.68 51.33 2.05| 63.66 59.75 2.48

Table 7.8: Time reduction analysis for rotating-frame model point MP28
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During transient operation, there is a temperature change of 298.6K during acceleration

from idle to max take-off and a temperature change of 298.7K during deceleration from

max take-off to idle for heat transfer increase factor of 2.

The baseline model disc time constant at MP28 is reduced by approximately 24% during

acceleration from Idle to MTO conditions and 27% during deceleration from MTO to

Idle conditions with a heat transfer coefficient increased factor of 2 calculated against the

baseline data.
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Figure 7.11: The variation of temperature with time for baseline model at MP28 on

disc 2 upstream in cavity 3 of the MCR with increase in heat transfer coefficient

during engine transient
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Figure 7.12 shows the time constant reduction factor as a function of heat transfer
coefficient for the baseline model during acceleration from “Idle to MTO” and
deceleration from “MTO to Idle” over a square cycle for model points MP12, MP18,

MP22 and MP28 on disc 2 upstream of the MCR drum.

Disc 2: Time constant reduction analysis for the upstream section during transient operation
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Figure 7.12: Time constant reduction factor as a function of heat transfer coefficient
for the baseline model during acceleration from “Idle to MTO” and deceleration
from “MTO to Idle” over a square cycle for model points MP12, MP18 and MP28

on disc 2 upstream of the MCR drum

For instance, the baseline model disc time constant at model points MP12, MP18, MP22
and MP28 has time constant reduction factor of approximately 1.46, 1.46, 1.47 and 1.31

during acceleration from Idle to MTO with a heat transfer coefficient increased factor of
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2 which is equivalent to approximately 31%, 31%, 32%, and 25% reduction respectively.

And a disc time constant of 1.38, 1.50, 1.58 and 1.37 during deceleration from MTO to

Idle with a heat transfer coefficient increased factor of 2 which is equivalent to

approximately 28%, 33%, 37% and 23% reduction respectively. A summary of other

results for heat transfer coefficient multiplicative factor of 4, 6 and 8 for model points

MP12, MP18, MP22 and MP28 during engine transient can be assessed from Table 7.5

through to Table 7.8.

Finally, metal temperature time profiles for baseline model for disc 2 upstream and

downstream during acceleration and deceleration are shown in Figure 7.13 and Figure

7.14 respectively. The profiles give an indication of the time constant during engine

transient for disc 2 with the model without radial inflow.

Disc 2: Metal temperature profiles during transient operation
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Figure 7.13: Disc 2 metal temperature time profiles for baseline model during

acceleration
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Disc 2: Metal temperature profiles during transient operation
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Figure 7.14: Disc 2 metal temperature time profiles for baseline model during

deceleration
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7.5 MCR results of Radial inflow model

Radial inflow is the bleed air from the compressor core flow which is ducted into the
drum cavity to improve heat transfer in the cavity. The reductions of disc time constants
are found to depend on the heat transfer coefficient increase of the disc. By introducing
radial inflow into the cavity, an increase of the heat transfer coefficient of the disc is
achieved and hence a reduction in the disc time constant. Five different radial inflow
regimes were used for the analyses which are 1.6%, 2%, 3%, 4% and 6% of the bore
mass flow. In the analysis presented in thesis, 6% radial inflow is used as the optimum
value based on the pre-test computational fluid dynamic (CFD) analysis carry out by Dr.
Atkins as part of the larger NEWAC programme. Figure 7.15 shows cavity 2 of the radial
inflow model of the MCR remodelled with streams in place of the voids to allow for
finite flow of fluid in the cavity. In this study, cavity 2 and 3 of the drum were
remodelled to allow for a finite flow of fluid in the cavity. This was achieved by
replacing the voids in the cavity with streams, and a radial inflow of fluid was supplied
and ducted into the cavity through the radial inflow channels. Disc 2 of the MCR was
used to demonstrate a proof of the concept. This was achieve through the reduction in the
disc 2 heat expansion time constant by improving MCR drum heat transfer using bleed

air from the MCR core flow.
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7.5.1 MCR results of disc 2 upstream with radial inflow model

The results of the analysis for disc 2 upstream for model with radial inflow are presented

in this section. The time constant analyses for radial inflow model were obtained by the

introducing radial inflow into the cavity to increase heat transfer in the drum cavity. The

rotating-frame model points used for the analysis in the cavity are MP12, MP18 and

MP22 while MP28 used for the cob of the disc. Figure 7.16 shows the variation of

rotating-frame metal temperature with time over the square cycle with 6% radial inflow

for the seven model points on disc 2 upstream.

Disc 2 metal temperature profiles with radial inflow during transient operation

600

MP13

—<4 MP16
—% — MP18

MP28

-=<-= MP12|

— & MP14 |

MP22 |

Temperature (K)

250
0

Time (s)

500 1000 1500 2000 2500 3000

Figure 7.16: The variation of rotating-frame metal temperature with time over the

square cycle with 6% radial inflow for four model points on disc 2 upstream.
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This illustrates the metal temperature profiles during engine transient with radial inflow.
The temperature time characteristic of Figure 7.16 shows different time constant during

acceleration and deceleration for each model point location.

7.5.1.1 MCR results for model points MP12, MP18, MP22 and MP28 with radial
inflow model

Figure 7.17 shows the variation of temperature with time for model with radial inflow at
rotating-frame model point MP12 for various radial inflow regimes. Evidence of a
significant time constant reduction with radial inflow model for different radial inflow

percentage is presented in Table 7.9 for rotating-frame model point MP12.

Disc 2: Metal Temperature profiles at MP12 with radial inflow during transient operation
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Figure 7.17: The variation of temperature with time for model with radial inflow at

model point location MP12 on disc 2 upstream in cavity 3 of the MCR
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During transient operation with radial inflow, there is a temperature change of 539.1K

during acceleration from idle to max take-off and a temperature change of 508.0K during

deceleration from max take-off to idle with a 6 % radial inflow. This gives a temperature

difference of 155.7K and 140.9K for acceleration and deceleration when calculated

against the baseline temperature change of 383.4K and 367.1K for acceleration and

deceleration respectively. It is at this temperature change that the time constant is

obtained. The temperature changes for all model points on disc 2 with different

percentage radial inflows can be assessed from individual Table in appendix 7.9.

Time constant reduction analysis for rotating-frame model point MP12 with

radial inflow
Flow Taccel (S) | %0 Time Tdecel (S) | Y0 Time
regimes reduction | constant reduction | constant
(% of from reduction from reduction
bore baseline | factor baseline | factor
mass model model
flow)
Baseline

48.92 0 1 81.93 0 1
1.6

32.69 33.18 1.50 61.65 24.75 1.33
2

28.68 41.38 1.71 55.29 3251 1.48
3

22.25 54.51 2.20 44.29 45.94 1.85
4

18.60 62.00 2.63 38.63 52.85 2.12
6

15.20 68.92 3.22 31.19 61.93 2.63

Table 7.9: Time reduction analysis for rotating-frame model point MP12 with radial

inflow
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Radial inflow introduction into the cavity shows a significant reduction in disc time
constant. For instance, with radial inflow, the disc time constant at MP12 is significantly
reduced by approximately 69% during acceleration from Idle to MTO conditions and
62% during deceleration from MTO to Idle conditions with 6% radial inflow calculated
against the baseline data. Figure 7.18 shows the variation of temperature with time for
model with radial inflow at rotating-frame model point MP18 for various radial inflow
regimes. Evidence of time constant reduction from the radial inflow model with different

radial inflow percentage is presented in Table 7.10 for rotating-frame model point MP18.

Disc 2: Metal Temperature profiles at MP18 with radial inflow during transient operation
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Figure 7.18: The variation of temperature with time for model with radial inflow at
model point location MP18 on disc 2 upstream in cavity 3 of the MCR with increase

in radial inflow
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During transient operation with radial inflow, there is a temperature change of 465.8K

during acceleration from idle to max take-off and a temperature change of 430.9K during

deceleration from max take-off to idle with a 6 % radial inflow.

The disc time constant at MP18 with radial inflow is reduced significantly by

approximately 36% during acceleration from Idle to MTO conditions and 33% during

deceleration from MTO to Idle conditions with 6% radial inflow calculated against the

baseline data.

Time constant reduction analysis for rotating-frame model point MP18 with
radial inflow
Flow Taccel (S) | %0 Time Tdecel () | %0 Time
regimes reduction | constant reduction | constant
(% of from reduction from reduction
bore baseline | factor baseline | factor
mass model model
flow)
Baseline

35.34 0 1 97.78 0 1
1.6

32.70 7.47 1.08 87.96 10.04 1.11
2

32.72 7.41 1.08 86.68 11.35 1.13
3

30.20 14.57 1.17 82.50 15.63 1.19
4

26.93 23.80 1.31 76.12 22.15 1.29
6

22.77 35.56 1.55 65.67 32.84 1.50
Table 7.10: Time reduction analysis for rotating-frame model point MP18 with

radial inflow

Figure 7.19 shows the variation of temperature with time for model with radial inflow at

rotating-frame model point MP22 for various radial inflow regimes. Table 7.11 shows
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proof of time constant reduction for the radial inflow model with different radial inflow

regimes in the form percentage reduction and time constant reduction factor for rotating-

frame model point MP22.

Time constant reduction analysis for rotating-frame model point MP22 with
radial inflow
Flow Taccel (S) | %0 Time Tdecel (S) | 0 Time
regimes reduction | constant reduction | constant
(% of from reduction from reduction
bore baseline | factor baseline | factor
mass model model
flow)
Baseline

37.82 0 1 120.14 |0 1
1.6

35.51 6.10 1.07 110.50 | 8.023 1.09
2

36.25 4.14 1.04 11088 | 7.71 1.08
3

34.93 7.63 1.08 109.82 | 8.60 1.10
4

32.90 13.00 1.15 104.10 | 13.36 1.15
6

27.70 26.76 1.37 93.64 22.06 1.28

Table 7.11: Time reduction analysis for rotating-frame model point MP22 with
radial inflow

During transient operation with radial inflow, there is a temperature change of 425.2K
during acceleration from idle to max take-off and a temperature change of 392.1K during

deceleration from max take-off to idle with a 6 % radial inflow.
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Disc 2: Metal Temperature profiles at MP22 with radial inflow during transient operation

480
[ i baseline
4601~ Reduce time | — W 1.6% radial inflow
constant o | —*— 2% radial inflow
440 | during B S 71‘,— ~—® 3% radial inflow
acceleration ¥ P> 4% radial inflow
o 420 \ / 6% radial inflow
) )
s 400 ‘
2 ‘
]
o 380
£
o
= 360
g
340 /
320 .
Reduce time
300 constant _during
. deceleration
280
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 7.19: The variation of temperature with time for model with radial inflow at
model point location MP22 on disc 2 upstream in cavity 3 of the MCR with increase
in radial inflow.

The radial inflow model disc time constant at MP22 is reduced by approximately 27%
during acceleration from IDLE to MTO conditions and 22% during deceleration from
MTO to IDLE conditions with 6% radial inflow calculated against the baseline data.
Figure 7.20 shows the variation of temperature with time for model with radial inflow at
rotating-frame model point MP28 as a function of heat transfer coefficient. With radial
inflow, the heat transfer around the disc cob is less when compared to other parts of the
disc as such no reduction in disc time constant in the cob region as expected. Evidence of

time constant increase in the disc cob region for the model with radial inflow at rotating-
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frame model point MP28 is accessible in Table 7.12 in the form percentage reduction and

time constant reduction factor.

Time constant reduction analysis for rotating-frame model point MP28 with
radial inflow
Flow Taccel (S) | %0 Time Tdecel (S) | %0 Time
regimes reduction | constant reduction | constant
(% of from reduction from reduction
bore baseline | factor baseline | factor
mass model model
flow)
Baseline

34.27 0 1 158.16 |0 1
1.6

45.30 -32.14 0.76 190.36 | -20.36 0.83
2

45.62 -33.12 0.75 190.75 | -20.61 0.83
3

46.44 -35.51 0.74 196.20 | -24.06 0.81
4

46.80 -36.57 0.73 198.77 | -25.68 0.80
6

46.65 -36.12 0.74 198.76 | -25.67 0.80
Table 7.12: Time reduction analysis for rotating-frame model point MP28 with

radial inflow

During transient operation with radial inflow, there is a temperature change of 383.5K

during acceleration from idle to max take-off and a temperature change of 357.3K during

deceleration from max take-off to idle with a 6 % radial inflow. The introduction of radial

inflow into the cavity does not increase the heat transfer (has less effect) around the disc

cob region. This is so because the disc cob region comes into contact with the bore flow

more than other part of the disc during engine operation resulting in a significant increase

in the disc time constant. For instance, the disc time constant at MP28 is increased by
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approximately 36% during acceleration from Idle to MTO conditions and 25% during
deceleration from MTO to Idle conditions with 6 % radial inflow calculated against the

baseline data.

Disc 2: Metal Temperature profiles at MP28 with radial inflow during transient operation
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Figure 7.20: The variation of temperature with time for model with radial inflow at
model point location MP28 on disc 2 upstream in cavity 3 of the MCR with increase

in radial inflow.

Figure 7.21 shows the time constant reduction factor as a function of radial inflow during
acceleration from “Idle to MTO” and deceleration from “MTO to Idle” over a square
cycle for model points MP12, MP18, MP22 and MP28 on disc 2 upstream of the MCR
drum. For instance, with 6% radial inflow, the disc time constant at MP12, MP18, MP22

and the disc cob model point MP28 has time constant reduction factor of approximately
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3.22, 1.31, 1.37 and 0.74 respectively during acceleration from Idle to MTO conditions.
This is equivalent to approximately 69%, 36%, and 27% reduction with a 36% increase
for the disc cob respectively calculated against the baseline data. And approximately
2.63, 1.50, 1.28 and 0.80 which is equivalent to approximately 62%, 33%, and 22%
reduction with a 26% increase for the disc cob respectively during deceleration from

MTO to Idle conditions with 6% radial inflow calculated against the baseline data.

Disc 2: Upstream time constant reduction analysis during transient operation
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Figure 7.21: Time constant reduction factor as a function of radial inflow during
acceleration from “Idle to MTO” and deceleration from “MTO to Idle” over a
square cycle for model points MP12, MP18, MP22 and MP28 on disc 2 upstream of
the MCR drum.

A summary of other results for radial inflow percentage of 1.6, 2, 3 and 4 for model

points MP12, MP18, MP22 and MP28 during engine transient can be assessed from
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Table 7.9 through to Table 7.12. As expected, the introduction of radial inflow into the
cavity does not increase the heat transfer around the disc cob region as shown in the
MP28 model point time constant reduction plot and data of Figure 7.25 and Table 7.17

respectively.

Finally, metal temperature time profiles for model with radial inflow for disc 2 upstream
and downstream during acceleration and deceleration are shown in Figure 7.22 and
Figure 7.23 respectively. The profiles give an indication of the time constant during

engine transient for disc 2 with model with radial inflow.

Disc 2 metal temperature profiles with 6% radial inflow during transient operation
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Figure 7.22: Disc 2 metal temperature time profiles for model with 6% radial inflow

during acceleration.
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Disc 2 metal temperature profiles with 6% radial inflow during transient operation
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Figure 7.23: Disc 2 metal temperature time profiles for model with 6% radial inflow

during deceleration.

7.6 Discussion of results

In SCO3 predictions, the transients between the IDLE and MTO conditions during
acceleration and between MTO and IDLE during deceleration were achieved in
approximately 60 seconds. In the SCO03, the radial inflow intensities shown indicate a
noticeable and considerable reduction in the disc time constant. As expected, the concept
of reducing disc time constant through the introduction of radial inflow is achieved. The
SCO03 result for the heat transfer shows that the radial inflow does not have as much effect
in the disc cob region as in other parts of the disc as expected. The reason is that the tip
area of the disc cob region comes into contact with the bore flow more in comparison to

the rest of the disc. This effect is less for MTO than for IDLE conditions.
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At both IDLE and MTO conditions, the location near rim region such as MP1 and MP79
are less affected in terms of time constant reduction. The absence of this effect implies
that the time constant reduction at this point is controlled by the thermal mass of the thick
outer rim of the drum at lower power. Nevertheless, a reduction in thermal mass of the
rim was discarded due to the increased complication and risk such reduction would
introduce to the overall project.

With the introduction of radial inflow into the drum cavity, the average temperature of
the complete disc is elevated. There is also a significant effect of radial inflow on the
radial temperature profile, even at very low levels of bore flow per cavity. For instance,
with as low as 1.6% bore mass flow (radial inflow), MP12 has radial temperature of 44 K
more than the baseline model and 2 K more at MP28 of the disc cob. The clarification of
this effect is that immediately away from the viscous boundary layers the Coriolis forces
become dominant (Atkins, 2013). Due to continuous rotation of the disc, the radial inflow
fluid is restrained to the thin layers on the disc surfaces, which is in good agreement with
Owen et al. (1989). During this process the angular momentum is conserved, the
circumferential velocity of radial inflow is enhanced as it advances down the disc. The
relative velocity in the circumferential direction causes an increase in the heat transfer
coefficient. From the analysis of the five regimes of radial inflow, comparing to the
baseline model, the radial inflow causes an increase in the radial temperature gradients in
the cob region. As the intensity radial inflow is increased, the normalised temperature of
the disc is increased and there a reduction in the temperature gradient on the outer parts
of the disc. This manner is most prominent in the near shroud and diaphragm regions, but

reduces towards the cob region as the axial flow becomes dominant.
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7.7 Summary

Increasing the inbuilt heat transfer coefficient in the cavity and around the disc cob region
would reduce the disc time constant. The reduction in disc time constant can be enhanced
by introducing radial inflow into the drum. The radial inflow which is the bleed air from
the core flow will increase the heat transfer in the drum cavity hence improving the heat
transfer coefficient. From the baseline model, the continuous increase of the inbuilt heat
transfer coefficient will not in a long term guarantee continuous reduction in disc time
constant hence the need for a bleed air from the core flow. By introducing the radial
inflow into cavity 3, the average temperature of the disc 2 is raised. Relative to the
baseline model, there is also a reduction in temperature gradient along the disc downward
from the shroud. The analysis with radial inflow in cavity 3 shows a possible reduction
in disc 2 time constant by approximately 69%, 36% and 27% during acceleration and
62%, 33% and 22% during deceleration with 6% radial inflow at MP12, MP18 and MP22
respectively on disc 2 upstream calculated against the baseline nominal data. This is
equivalent to a time constant reduction of 3.22, 1.31 and 1.37 during acceleration and
2.63, 1.50 and 1.28 during deceleration from the baseline model for model points MP12,
MP18 and MP22 respectively. Taking an average of the time constant reduction values
for model points (MP12, MP18 and MP22 ) along the disc, it shows that with 6% radial
inflow, the disc time constant may be reduce by approximately 2.0 during acceleration
and 1.80 during deceleration.

However, the effect of heat transfer increase is less at the disc cob region than other part

of the disc because the disc cob region comes into contact with the bore flow more. As
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expected, the introduction of radial inflow into the cavity does not increase the heat
transfer (has less effect) around the disc cob region. This is evidence in the MP28 model
point time constant with 36% and 26% increase for the disc cob during acceleration and
deceleration respectively calculated against the baseline data.

Finally, the concept of disc time constant reduction using the radial inflow works as
anticipated. With the quantity of radial inflow employed in the analysis, there is an

evident and significant reduction in the disc time constant.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

Section 8.1 provides general remarks on tip clearance control concepts with an overview
of the models, experimental apparatus and the range of analysis carried out. The
conclusions from the sensitivity analysis are presented in section 8.2. Section 8.3
provides the conclusions from 1-D analysis. This is the validation of the SCO3 results
with a lumped parameter model while the conclusions on 2-D modelling of MCR are
presented in section 8.4. Finally, Section 8.5 gives some recommendations for possible

future work.

8.1 General remarks

This thesis presents the results for tip clearance control concepts using Rolls-Royce Trent
1000 engine thermo-mechanical drum and casing models, lumped parameter models, and
multiple cavity rotating rig (MCR) models representing the internal air system flows
within a high-pressure (HPC) compressor. In the internal air system, air extracted from
the intermediate-pressure (IPC) compressor and destined for the low-pressure (LPC)
turbine discs and seals flows axially through the annular passage between the HP
compressor disc bores and the enclosed IP drive shaft. The multiple cavity rig was
modelled to be geometrically similar (approximately 70% of full size) to current Rolls-

Royce Trent 1000 gas turbine aero-engines. It had a titanium-318 rotor comprising three
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discs. The completed rotor assembly of the MCR formed four cylindrical cavities. Each
cylindrical cavity had an outer radius of b = 220 mm and the axial distance between the
discs was s = 42.9 mm, giving a gap ratio G = s/b = 0.195 with an inner radius a = 70.1
mm. The drum was modelled with 82 model point for disc temperature measurement and
ducts were also modelled for the supply and delivery of the radial inflow into the cavity.
The mechanical design of the test facility allows the simulation of flow conditions in the
HP compressor cavity equivalent to the Trent 1000 aero-engine, with a rotational speed

of up to 10000 rpm. The idle and maximum take-off conditions in the square cycle

correspond to in-cavity rotational Reynolds numbers 0f3.1x10° <Re , <1.0x10".

The thermo-mechanical analysis software used is in this study is called SC03. This is the
Rolls-Royce in-house modelling software. The SCO03 software computes component
temperatures, stresses, engine movement, and the deflections of axisymmetric or plane
structures, as well as clearance optimisation using a priori knowledge of all the system’s
heat transfer coefficients. The finite element thermo-mechanical model of the multiple
cavity rig (MCR) is calibrated against the lumped parameter model and the results
compare with engine analysis.

Another study undertaken was the review of patent relevant to tip clearance control in
H.P. compressor. This patents review gave correct interpretation of patents in terms of the
type of control system, the area of application on the engine, and the control scheme.
They were generally grouped into passive clearance control system and active clearance
control system. The reviews help to outline the possible methods for tip clearance
control. The patent documents were very useful during the TRIZ sessions. It was in the

TRIZ sessions that the choice of the method for this study was chosen. A passive
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clearance control method was chosen for this study. Following the choice of the scheme
for the study, a sensitivity study was undertaken using RB211-524 and Trent 1000 casing
and drum models. Two analyses were performed, one without radial inflow (baseline
model) and another with radial inflow. Finally, a 2-D modelling of MCR analysis with
and without radial inflow of air was carried out to ascertain the effect of radial inflow on
drum time constant.

The objective of this research was to develop a concept for tip clearance control in the
H.P. compressor. A passive clearance control scheme was employed for this project. This
involves the control of disc and casing thermal response during engine transient. This was
achieved by increasing the heat transfer coefficient of the drum through the modelling of
radial inflow of air into the compressor cavity. This will speed up the thermal response of
the drum hence controlling the clearance between casing and the blade tip during engine

transient.

8.2 Conclusions from Sensitivity analysis

Based on the results from the TRIZ session, a sensitivity analysis was carried out. This
was to determine the quantitative effects of various parameters on the closure behaviour
of the various high-pressure compressor stages. The parameters investigated include heat
transfer coefficient, cavity mass flow and time constants. The most promising ideas
generated during the session were analysed using the drum and casing models of the

RB211-524 model and Trent 1000 engine.
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The intention of this study was to decrease the time constant of the drum by increasing
the relevant heat transfer coefficients. This will cause the compressor drum to heat up
faster, hence narrowing the large gap that existed at the beginning of engine transient
operation between the casing and the blade. This would effect a reduction in the cruise
clearance and a reduction in clearance at first acceleration (max take-off) and hence a
reduction in the overall specific fuel consumption, giving rise to higher engine efficiency.
The sensitivity analysis was based on the lumped parameter concept for tip clearance
control presented in detail in Chapter 4. Two basic analyses were employed over an
engine square cycle to determine the compressor clearance during engine transients,
namely the closure and the clearance analyses.

The time constant analysis for the RB211-524 drum and casing model shows that a
reduction in the rotor time constant reduces the re-slam characteristics. This will result in
a reduced clearance throughout the cycle and vice versa. An increase in the casing time
constant also reduces the re-slam characteristics giving rise to reduced clearance
throughout the cycle and vice versa. Hence, a proper closure and clearance, requires the
reduction in drum time constant with an increase in casing time constant.

The heat transfer coefficient was improved by introducing radial inflow into the drum
cavity. The sensitivity study for Trent 1000 engine shows that, with 6% radial inflow,
there are potential reductions of stabilised cruise clearance and clearance at worst
case acceleration (max take-off) when compare to the baseline model.

The overall results show significant enhancement with radial inflow on tip clearance.
With 6% radial inflow, the clearance at worst case acceleration (max take off

overshoot) is reduced by approximately 33%, 56%, 70%, 77% and 80%. The clearance at
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stabilised cruise is reduced at 6%, 17 %, 25 %, 30% and 33%. These results are for heat
transfer coefficient multiplicative factors of 1, 2, 4, 6 and 8 respectively calculated
against the baseline clearance. The blade tip time constant reduction analysis comparison
between the model without radial inflow and the model with radial inflow shows a higher
time constant reduction for the model with radial inflow, and hence a better compressor
clearance control.

In the case with heat transfer coefficient, (50W/ (m°K), 100W/ (m?K) and 150 W/
(m?K)), the results of the analysis indicate that with 6% radial inflow of air, it is possible
to reduce the baseline cruise clearance by approximately 13%, 18% and 21%
respectively. Finally, an increase in the heat transfer coefficient will reduce the time
constant of the drum. This will reduce the reslam characteristics in the cycle, hence, a

proper clearance throughout the cycle during transient operation.

8.3 Conclusions from 1-D analysis

The lumped parameter model (1-D modelling) was used in the validation of the results
from the finite element thermo-mechanical model (SC03 model). The 1-D modelling
involves the use of the lumped parameter method in the development of the concept for
tip clearance control. The analysis makes use of a heat transfer and fluid flow based
lumped parameter spreadsheet in combination with a full axisymmetric thermo-
mechanical finite element high-pressure compressor (HPC) casing and drum model. The
HPC model was used to investigate the effects of various parameters on the closure

behaviour of the various HPC stages.
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The variation of total thermal growth of casing and drum with time over the extended
square cycle for Trent 1000 casing and drum models were studied. This variation gives
the closure characteristics of the system during engine transient. The lumped parameter
model closure was matched with SCO03 closure over the extended square cycle for all
stages of Trent 1000 casing and drum models. The lumped parameter model was used to
predict the temperature profiles, closure and clearance profiles for tip clearance control in
H.P. compressor.

The overall result of the matching process shows that the results of the lumped model are

in good agreement with the results (time constant and closure data) of the SC03 model.

8.4 Conclusions from 2-D modelling of MCR

The 2-D modelling of the MCR is presented in this section. The aim of the modelling
was to develop a reliable thermal model suitable to validate the experimental data
obtained for the MCR for tip clearance control analysis. The model simulates the
matched non-dimensional parameters. The non-dimensional quantities considered are
rotational Reynolds number Reg, axial Reynolds number Re,, Grashof number Gr, and
Rossby number Ro. The model was run at a rotational speed not exceeding 10,000 rpm,
with a shroud temperature not exceeding 200 °C.

It was used to study the effect of heat transfer coefficient increase on drum time constant.
Increasing the inbuilt heat transfer coefficient in the cavity and around the disc cob region
reduces the disc time constant. The reduction in disc time constant was further enhanced
by introducing radial inflow into the drum. The radial inflow, which is the bleed air from

the core flow, increases the heat transfer in the drum cavity, hence improving the heat
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transfer coefficient. From the baseline model, the continuous increase of the inbuilt heat
transfer coefficient does not guarantee continuous reduction in disc time constant in the
long term, hence the need for bleed air from the core flow. According to the analysis with
radial inflow, it is possible to reduce disc 2 upstream disc time constant by approximately
69%, 36%, and 27% during acceleration and 62%, 33%, and 22% during deceleration at
the disc rim, mid—disc, and further down the disc near the disc cob (MP12, MP18,
MP22), respectively, with 6% radial inflow calculated against the baseline nominal data.
However, the effect is less at the disc cob region than at other parts of the disc because
the disc cob region comes into more contact with the bore flow. As expected, the
introduction of radial inflow into the cavity does not increase the heat transfer (has less
effect) around the disc cob region. This is evidenced by the MP28 model point time
constant, which is increased by 36% and 26% for the disc cob during acceleration and
deceleration, respectively, calculated against the baseline data.

The contribution of this work is to the ideas during Idea generation sessions that were
considered in the present design. Also the adaptation of the original 40 inventive
principles to problem solving in gas turbine engines. Two models have been built of the
multiple cavity rig using the SCO3 software: one without radial inflow (baseline model)
and another with radial inflow channels (ducts) that modelled the radial inflow into the
drum cavity. A 1-D lump parameter model has also been developed and used to predict
the temperature profiles, the closure and clearance of the H.P. compressor cycle during
engine transient in an engine square cycle. This was used to validate the 2-D SCO3
models. The 2-D modelling results shows that 6% (of bore flow) radial inflow is capable

of reducing the disc time constant by approximately 44% during acceleration at high
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power and 39% during deceleration at low power. This is equivalent to a time constant
reduction factors of 2 during acceleration and 1.8 during deceleration. The efficiency has
been improved by 0.2% points. The cruise clearance is reduced by 0.22mm. This 0.22mm
would give a corresponding increase in compressor efficiency by 0.2% points and the
specific fuel consumption (SFC) of the engine would be reduced by approximately 0.1%
points. This could save a total of $16M per year in fuel costs for one airline.

From the analysis, the concept of disc time constant reduction using the radial inflow
works as anticipated. With the quantity of radial inflow employed in the analysis, there is
an evident and significant reduction in the disc time constant, hence the reduction in tip

clearance H.P. compressor during engine transient.

8.5 Recommendations for future work

The tip clearance results presented in this thesis have been obtained from the analysis of
surface temperatures measured by thermocouples positioned on the faces of the discs
denoted on the models as model point (MP). The disc temperatures obtained from the
model points were used to analyse the effect on time constant of the disc and hence the
overall effect on tip clearance. For the radial inflow case in this study, the disc
temperature and subsequent analysis of the effect on time constants results have been
obtained with five different radial inflow regimes of 1.6%, 2%, 3%, 4% and 6% of bore
flow, it is recommended that further tests be carried out by increasing the radial inflow
conditions to ascertain the effect on heat transfer coefficient increase hence the effect on
disc time constant. Other inlet conditions such as bore mass flow, inlet temperature and

pressure could also be varied over a wide range to determine the effect on disc time
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constant hence the overall effect on tip clearance. Another study is to examine the effect
of a change in disc cob width on the temperature distributions of the compressor disc
since the heat transfer may be influenced by increasing or decreasing the bore diameter of
discs.

The finite element software used for the modelling is the property of Rolls-Royce and not
available for general use. It is proposed that attempt be made to develop the use of other
finite element software such as ANSY for this study.

It would also be useful to make measurement of the tangential velocity in the cavities
between discs. This would be done using Laser Doppler Anemometry (LDA). This study
will give a more detailed inside of the effect of radial inflow on flow velocity in the
cavity hence the consequence on heat transfer coefficient of the disc. The result will be
used to obtain the effect on drum time constant and hence overall outcome on compressor
clearance during engine transient on the non-dimensional operating conditions of modern
HP axial compressors. Furthermore, any unsteadiness in the flow could be detected by
measuring the circumferential pressure gradient inside the cavity using rotating pressure
transducers. These measurements from LDA and pressure transducers would provide data

for computational fluid dynamics (CFD) validation.
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Abstract

The control of tip clearance in high pressure (HP) compressors has been a continuing issue in the gas turbine
industry. The gap varies significantly during different operating conditions of the engine due to centrifugal forces on
the rotor and differential thermal expansions in the dises and casing. The relevance of TRIZ to this was the need for
new forms of solution to the design problem and it was also selected in order to surmount a perceived conflict during
the selection of a solution to the design problem. This paper presents the development of concepts and the evaluation
of the concept for the reduction and control of tip clearance using the TRIZ (theory of inventive problem solving)
process. A design process was carried out and a series of theoretical solutions has been developed and their
prospective practicality in tip clearance control investigated with thermal modelling.

Keywords: Compressors: Tip clearance control: Innovation
1. Introduction

Tip clearance is the radial gap between the stationary compressor casing and the rotating blades. The
gap varies significantly during different operating conditions of the engine due to centrifugal forces on the
rotor and diff