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Abstract

This thesis enhances the fundamental understanding of how film cooling flows
interact with entropy waves, and their influence on entropy noise generation. A
2D numerical framework has been developed for preliminary understanding of
the problem, and then analysis of the effect of film cooling on the entropy noise
generation and entropy wave attenuation is carried out using a more complete
3D URANS simulation of a blade mid-span section.

The 2D investigation has determined that consideration of viscous effects and
thermal conduction is important for accurate entropy noise predictions. The
boundary layer increased the global acceleration in the blade passage, resulting
in a blade exit velocity increase of 30−40m/s, magnifying both the entropy noise
generation and entropy wave attenuation. A cooling flow is found to have a similar
effect. The layer of cool air on the blade surface displaces the incoming flow,
increasing the convective acceleration of the entropy perturbed flow. The entropy
wave is therefore accelerated at a higher rate, leading to additional entropy noise.
3D simulations demonstrate that a cooling mass flow increase of only 3.4% with
respect to the freestream amplifies the entropy noise generation by over 12%.
Since the cooling flow is contained near the blade surface, the planar entropy
wave experiences limited extra attenuation due to increased shear dispersion.
This is found to scale with the additional mass flow rate of the coolant.

An analytical model has been extended to account for a film cooling flow
by relaxing mass conservation across the blade row and by assuming perfect
mixing. Hence, entropy is not conserved across the row. The trend of entropy
wave attenuation with increasing cooling flow is well predicted by the extended
model, with a slight overestimation of ∼ 4% compared to the high fidelity CFD
simulations. The trend of rising entropy noise with an increasing cooling flow is
also captured for the transmitted entropy noise transfer function. However, the
prediction of the reflected entropy noise is overestimated by 6.5%, and diverges
with increasing mass flow ratio. Analysing the impact of the temperature ratio
between the coolant and the freestream, it has been shown that a decrease in the
ratio leads to a monotonic increase in entropy wave attenuation.
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1 Introduction

During the last few decades, air traffic noise nuisance has gained greater atten-
tion. Organisations like the Civil Aviation Authority (CAA) and the Aviation
Environment Federation (AEF) are campaigning to reduce the impact of noise
nuisance on people and the environment to sustainable limits [1, 2]. Various stud-
ies within the UK and Europe have shown evidence of the effect of noise nuisance
on public health [1, 2]. It can cause cardiovascular diseases such as high blood
pressure, heart attacks, or strokes, and can also impact on child comprehension
and memory skills [2]. At the same time governments struggle with the trade-off
between sustainability and economic development in which noise nuisance plays
a key role due to airport operating restrictions at night [3].

The Advisory Council for Aviation Research and Innovation in Europe (ACARE)
is an advisory body which aims to place the European Union at a competitive
and sustainable position in the field of aeronautics. Its purpose is to develop and
maintain a strategic research agenda to achieve the ambitious goals of Flightpath
2050 [4]. One of many goals is the noise reduction target, aiming for a 65% reduc-
tion in perceived noise by the year 2050 with respect to the baseline year 2000 [4].
To achieve such an ambitious goal in light of a global air passenger growth of 3.2%
over the next 20 years [5], drastic changes are required. This includes changes
to airports and air traffic management as well as the development of new engine
and airframe technologies [3].

The two main categories of aircraft noise are the airframe noise and the engine
noise. Prior to the 1970s, engine noise was the dominant aircraft noise emission.
However, advances in engine technology, including increasing in the bypass ratio,
acoustic liners, chevron nozzles etc. have led to airframe noise to become a more
important factor. At take-off the total engine noise still dominates the total
aircraft noise, see Fig. 1.1a. However, nowadays airframe noise comes very close
to the overall aircraft noise perceived on the ground during a typical approach
flight, where the engines operate at low power settings, see Fig. 1.1b [6].

1
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Figure 1.1: a) Take-off and b) approach noise level comparison of the major engine
noise sources, the airframe and total aircraft noise [7, 8].

Airframe noise is mainly caused by flow separation from bluff bodies, as well as
the unsteady interaction that occurs between aerodynamic surfaces and turbulent
flows. A wide range of aircraft components are affected, such as landing gear,
spoilers, flap and wing trailing edges, flap and slat side edges, as well as fuselage
and wing turbulent boundary layers [9, 10].

The landing gear typically generates broadband noise. The wheels and main
strut generate low frequency noise while the smaller details, like the dressings and
hoses, generate high frequency noise [9]. Fully covered landing gears can offer total
noise reductions of up to -10 dB [11]. However, this is not a practical solution as
the landing gear needs to be retractable. Fairings for the main components such
as tow bar and axle, steering column and actuator, upper leg and wheel caps, have
shown potential noise reductions of -2 dB to -3 dB and -3.5 dB in terms of overall
sound pressure level for the nose landing gear and main landing gear, respectively
(see Fig. 1.2) [12]. A great challenge in employing fairings is to avoid the deflection
of high-speed flows onto adjacent uncovered gear components. Gains in noise
reduction can be easily lost as the total sound power output of the landing gear
is proportional to the 6th power of the velocity magnitude [13]. The solid fairings
can also generate low frequency noise associated with vortex shedding [9]. To
minimise the deflected air velocity and vortex shedding, partially flow transparent
fairings could be considered [14]. Further techniques involve placing plates in the
wave of an upstream component to reduce the impinging velocity on a downstream
component. Applying such deceleration plates on the wheels and main leg showed
a promising 4dB radiated far field noise reduction [15]. While landing gear fairings
offer noise reduction potentials, they also add weight and can obstruct quick
routine inspection.
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Figure 1.2: Example of noise reduction potential of A340 full-scale main landing
gear fairings [12].

The second major airframe noise source originates from the high-lift devices.
To understand this noise generation, the local steady and unsteady flow conditions
of the flaps and slats have been extensively investigated [9, 16, 17]. Figure 1.3
shows a diagram summarising potential noise sources arising from a slat. This
includes the vortex flow developed in the slat cove, the unstable shear layer be-
tween the vortex and the undisturbed slot flow, the impingement of the vortical
shear flow on the downstream cove surfaces, and the unsteady shedding of the
trailing edge [16]. To reduce the broadband noise in the slat cove/slot area, add-
on devices such as slat cove covers, slat hook extensions and slat cove fillers have
been developed [9]. Slat cove fillers have shown promising noise reductions, with
a solid filler showing a 4-5 dB noise reduction [17]. Other slat noise reduction
approaches use transparent trailing edges made from porous material or edge
brushes, or acoustic liners to attenuate the propagating sound waves [9].
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Figure 1.3: Diagram of potential slat noise sources [16].

Noise is also generated by the interaction of the flap tip vortices with the flap
surface [18]. To reduce flap noise, edge flow modifications are made by adding
side-edge fences [19], porous flap edges [20] or brushes [11]. These technologies
alter the air flow resulting in weaker side-edge vortex systems, reducing the ra-
diated noise. Another approach is eliminating the side edge of the flap using the
continuous moldline link technology preventing the formation of the side-edge
vortex in comparison to a blunt flap side edge [21].

All these noise reduction technologies are classified as passive noise control
strategies. While these technologies offer potential for noise reduction improve-
ments, the noise emission goals set by ACARE [4] call for research alternatives
that push improvements beyond the levels achievable from passive mechanisms.
Active flow control technologies, such as plasma and air blowing/suction, provide
opportunities for these enhancements but introduce increased cost and complex-
ity.

Dielectric barrier discharge (DBD) plasma actuators are used to control the
airflow by ionising air in the presence of an electric field gradient produced by elec-
trodes [22]. This results in a body force inducing airflow (synthetic jets) along
the actuator surface. Through these synthetic jets, the free air stream can be
modified. Studies of DBD plasma actuators have shown how the air flow around
a cylinder can be modified, eliminating the Karman vortex and decreasing turbu-
lence levels in the wake significantly [23]. This resulted in 13.3 dB noise reduction
of the near-field sound pressure levels associated with the vortex shedding. How-
ever, the unsteady actuation generating an unsteady body force also produced a
tone at the actuation frequency. It was deemed to be more suitable to use steady
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actuation for noise control applications [23]. The use of plasma to reduce noise
has been applied to the landing gear to reduce the noise generated by the Karman
vortex shedding [23] or to create a virtual fairing, redirecting flow and reducing
impingements [24]. Other applications of plasma actuators are found in the con-
trol of the noise generation on slats and flap side-noise reduction [14]. While
using plasma actuators to reduce noise is promising, the greatest challenge is the
gradual loss of effectiveness at increased freestream velocities beyond 30m/s [24].

Another approach is to generate an invisible curtain of air which acts as a
fairing to deflect the flow around downstream airframe components. This can
be achieved by blowing air through a slot or an orifice. This method produced
noise reductions of 3-5 dB for a simplified landing gear strut [25]. Further noise
reductions between 5-10 dB can be achieved when the air injection happens at an
angle or by using small flow deflectors directly in front of the injection slot [25].
Air blowing on the flap side-edge also reduced noise by 3-4 dB [26].

These active flow control technologies are promising, but require further basic
research and development. While the plasma techniques start to loose effective-
ness for noise control at higher air flow velocities above 30m/s, the air blowing
technique generates strong self-noise which needs to be controlled [9].

The reduction of airframe noise is often, but not always, antagonistic with
respect to other design objectives and has to allow for simple operation, safety,
and cost. For high-lift devices the maximum lift should not be decreased, while
the drag of the landing gears is often used as air breaks. However, this is often
difficult and both the aerodynamic and aeroacoustic characteristics need to be
considered when designing airframe components [9].

While airframe noise contributes significantly to the total aircraft noise during
landing, the total engine noise is clearly dominant during take-off, previously
shown in Fig. 1.1a. Therefore, the different noise sources on an engine need to
be well understood to effectively reduce the total engine noise. Figure 1.4 locates
the main noise sources indicating fan, compressor, combustion, turbine, and jet
noise.
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Figure 1.4: Summary of major engine noise sources (Rolls-Royce Trent 1000) [27].

To date most engine noise reductions have been achieved through the reduc-
tion in jet noise. Today, advanced turbofan engines have bypass ratios of up to
10-12. This means the mass flow rate through the engine is increased, requiring
a decreased jet velocity for the same thrust condition. This in turn reduces the
jet noise drastically as it follows a polynomial dependency on the jet velocity
(∼ U8

jet) [7]. However, by further increasing the bypass ratio, the nacelle can
become large and heavy that the reductions in fuel consumption and noise are
obliterated [7]. Nevertheless, new engine architectures, such as the ultra high
bypass engine and open rotor solutions, continue to be active areas of research.
Until new engine architectures emerge, engines are being shortened to counter-
act weight increase. However, the shortening of the upstream and downstream
sections of the nacelle result in a reduced absorption of the fan noise and other
internal noise sources. Hence, the acoustic liners have to be further optimized.

Acoustic liners allow for noise reduction across an optimised frequency range.
This makes them an ideal way to reduce tonal fan noise. Acoustic liners are
often made of honeycombs, where the outer layer is perforated as illustrated in
Fig. 1.5a. To increase the absorbed frequency range multiple liners are stacked,
referred to as “2 degree of freedom” or even “3 degree of freedom” liners. As
nacelles have become shorter, the acoustic liners are extended into the nacelle
lip, as shown in Fig. 1.5b. However, this incorporation is very ambitious as this
area houses the de-icing systems [7] of the nacelle. Acoustic liners are effective in
limiting the fan noise as well as the core noise, reducing the overall sound pressure
level of the engine. By using a “2 degree of freedom” foam-metal liner under the
rotor in a turbofan engine, the inlet acoustic power level was reduced by up to
5 dB and the overall acoustic power level by 2.5 dB [28].
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Figure 1.5: a) A three degree of freedom honeycomb liner sample and b) a sketch
of extended lip treatment [7].

Fan component technologies are also being developed to further reduce fan
noise sources. However, as these components determine the efficiency and fuel
consumption of the engine they are mainly optimised for the aerothermal process.
This kind of proprietary design also results in limited public disclosure by the
engine manufacturers.

Fan noise consists of two kinds of noise, self-noise and interaction noises. One
approach to mitigate fan noise is by optimising the 3D blade shape. This results
in highly optimised blades for good cruise and take-off performance where the
aerodynamic performance of the fan is critical. However, on approach the noise
abatement performance is reduced. An alternative is reducing the fan noise by
regulating the air flow. This reduces the freestream velocity, which is pivotal
for large fans as the blade tip velocity becomes transonic. Pratt & Whitney
have used a gearbox to decouple the fan speed from the primary shaft. This
reduced the blade tip speed from 75m/s for the CFM LEAP-1A to 60m/s for
the PW1100G, both designed for narrow-body jetliners, like the Airbus A320 [7].
While blade optimisation is now resulting in diminishing returns, the introduction
of new technologies, such as a gearbox or a variable area fan nozzle to control the
air flow, still increases the engine and nacelle weight [7].

These recent and upcoming improvements in engine architecture, and reduc-
tion in fan and jet noise, as discussed above, have left combustion noise as a third
prominent contributor to the total engine noise. This is shown in Fig. 1.6, which
illustrates the sound pressure levels (SPL) as a log scale of the different noise
sources. Figure 1.6 also shows that combustion noise has the greatest impact at
low to mid frequencies (100Hz - 1250Hz) [27].

7



CH 1. INTRODUCTION

Jet
Noise

S
P

L
[d

B
]

Total Engine Noise

Combustion Noise

Fan Tone Noise

Fan

Broadband

Noise

50 80 12
5

20
0

31
5

50
0

80
0

12
50

31
50

50
00

80
00

20
00

Frequency [Hz]

5 dB

Figure 1.6: Typical contribution of noise sources for a turbofan engine on ap-
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The total radiated noise from a combustion chamber consists itself of two dif-
ferent sources, namely direct and indirect combustion noise [29, 30]. Direct noise
is caused by a pressure wave emitted by the flame, see Fig. 1.7. In the reaction
zone, where the chemical reaction takes place, fluctuations in the heat release
rate occur [31]. This causes an unsteady volumetric expansion and contraction,
leading to pressure waves [32]. Additionally, an unsteady volumetric expansion
can arise from the chemical reaction which is often not isomolar [33]. This is
important when pure oxygen is used in the combustion process. However, for air
breathing engines nitrogen strongly dilutes the process and the molar expansion
can be neglected [33].

NGV

Stator
Rotor

Direct noise Vorticity fluctuations

Entropy fluctuations
Indirect noise

upstream travelling

Indirect noise
downstream travellingCooling air

Primary air flow

Figure 1.7: Illustration of a combustion chamber with the nozzle guide vane
(NGV), rotor, and stator with entropy and vorticity fluctuations, and direct and
indirect noise.

The second component of the radiated combustion noise is indirect noise.
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As the name suggests, this noise source is indirectly generated by the combus-
tion process. Unsteady combustion, along with turbulent mixing and dilution,
introduces perturbations in entropy, vorticity, and mixture composition — inho-
mogeneities within the combustion gases (Fig. 1.7) [34]. Vorticity fluctuations are
generated by vortex shedding on the flame holder, highly turbulent flow coming
into the combustor, and the combustion process itself generating unsteady shear
— leading to vorticity perturbations [27]. The unsteady heat release rate also
creates entropy fluctuations/non-uniformities in temperature — often referred to
as hot and cold spots. These entropy fluctuations make a steady flow impossible,
and create an acoustic field when accelerated [30, 35]. It was in the 1970s that it
was discovered that these inhomogeneities in the flow generate pressure fluctua-
tions, referred to as indirect noise, when accelerated [29, 35–37]. Fig. 1.7 shows
an illustration of a combustion chamber, nozzle guide vane, and the first turbine
stage with the different inhomogeneities. Due to the geometry of the combustor
and turbine, the flow, with its inhomogeneities, is accelerated, creating indirect
noise. When these pressure waves convect downstream, they are reflected off the
engine geometry, creating a complex acoustic field, in which pressure waves can
travel back upstream into the combustor from the turbine. This makes it exper-
imentally impossible to identify the origin of pressure waves and to separate the
direct and indirect noise sources.

In the early work of Marble and Candel [36] the importance of acceleration
in the creation of indirect noise was shown, by applying the First Law of Ther-
modynamics, the continuity equation, and conservation of momentum to a duct
geometry. This resulted in Equation (1.1):

(
∂

∂t
+ u

∂

∂x

)(
u′

u

)
+
c2

u

∂

∂x

(
p′

γp

)
+

(
2
u′

u
− (γ − 1)

p′

γp

)
du

dx
=
du

dx

s′

cp
(1.1)

where t is the time, u the velocity component in x-direction, c the speed of sound,
p the static pressure, s the entropy, γ the ratio of specific heats, and cp the specific
heat at constant pressure. (·)′ indicates a perturbation. The left hand side (LHS)
term of Equation (1.1) represents the refraction and reflection of the field by the
duct geometry and mean flow gradients [29]. The right hand side (RHS) term
shows a dipole source which appears due to the unsteady interaction of entropy
perturbations. If the convective acceleration (du/dx) becomes zero, this dipole
source will also fall to zero and no pressure perturbations will be generated due
to entropy fluctuations. There will also be no pressure perturbations generated
due to the acceleration of vorticity fluctuations. However, if there is an accelera-
tion of the mean flow, along with an entropy or vorticity perturbation, a pressure
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perturbation will be caused. Note that in the absence of entropy fluctuations
on the RHS of Equation (1.1), there is still the possibility of pressure pertur-
bations being generated due to fluctuations in velocity or in vorticity (see LHS
of Equation (1.1)). Research has shown that the entropy perturbations do not
fully dissipate by the time they enter the nozzle guide vane (NGV) [38]. Hence,
additional entropy noise can be generated within the NGV. While extensive work
has been done on stator blades or full turbine stages, blade cooling flows has been
neglected in published work to date, and their effect on entropy noise generation
is uncertain. Such cooling flows are an essential part of modern aero engines due
to the high temperatures reached by the combustion gases.

The development and increase in gas turbine efficiency has raised the turbine
entry temperature (TET) significantly over the last 70 years, as shown in Fig. 1.8.
While the TET limit for uncooled turbine blades is approximately 1050K, sig-
nificant steps in turbine blade cooling systems have been made allowing a TET
higher than 1800K for the Trent 900 [39]. Currently, the TET is roughly 350K
above the melting point of the turbine blade [39]. The constant increase in TET
and relatively slow progress in material development have made turbine blade
cooling technology a vital part of gas turbine design to achieve durability and
ensure safe operating conditions.

For the typical blade cooling system, air is drawn from within the compressor
stage before entering the combustion chamber. This “cool” air, also known as
bleed air, bypasses the combustor and then acts as coolant for the turbine blades.
Though the mass flow rate through the combustion chamber is reduced by the ex-
tracted bleed air, the net effect is a gain in efficiency due to the higher TET [40].
Ideally, as little bleed air as possible is extracted, ranging from 3% − 10% to
provide the high rate of heat flow necessary to keep the blades within their oper-
ating temperature [41, 42], while minimising the detrimental effect on efficiency.
This cools the blade via heat convection from within the blade, increased by in-
ternal turbulators promoting rapid heat transfer between the blade surface and
the cooling flow. Having enough space within the blade for these internal struc-
tures to enhance the heat transfer is not always possible, especially towards the
trailing edge. Hence, external cooling is used, in which bleed air escapes through
small holes on the blade surface. This process is known as film cooling. It signif-
icantly differs from conventional cooling techniques as its primary purpose is not
to absorb energy and convect away from the blade surface. Instead, it creates
a protective layer of cool air on the blade surface, limiting the blade exposure
to the high mainstream temperatures. Some degree of convective cooling is still
incorporated into the system but is a secondary mechanism for film cooling [40].

To analyse the performance of a film cooling design, the film cooling effec-
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Figure 1.8: Turbine entry temperature (TET) for Rolls-Royce engines since 1940:
a figure drawn in about 1993 [43].

tiveness coefficient, η, is used. Since this is an important parameter and aids
in the understanding of film cooling, the assumptions and idealisations involved
in its derivation are shown here. To protect the blade using film cooling, the
heat transfer between the combustion gases and the blade wall needs to be con-
trolled/limited. This heat transfer can be represented by:

q = h(Tref − Tw) (1.2)

where q is the heat flux, h the heat transfer coefficient, Tref the reference tem-
perature, and Tw the wall temperature. Identifying the appropriate reference
temperature, Tref , is challenging as the freestream temperature, T∞, and the
temperature of the coolant, Tc, are different and mix downstream of the injection
point (see Fig. 1.9).

Blade

T∞

Tc

Tw

Flow direction

Hot gas flow

Bleed air

Internal cooling

External cooling holes

Stagnation point

Figure 1.9: Blade cross-section with film cooling cooling and indicated freestream
temperature T∞, coolant temperature Tc and blade wall temperature Tw [44].
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To ensure the reference temperature is independent of the coolant temper-
ature, the adiabatic wall temperature, Taw, immediately above the surface for
an adiabatic surface is used. This leads to Equation (1.3) for a heat transfer
coefficient with film cooling, hf :

qf = hf (Taw − Tw) (1.3)

Because the cooling layer is created by many individual film cooling holes, the
adiabatic wall temperature and the local convective heat transfer varies over the
blade surface [44]. The adiabatic wall temperature is widely used in predicting
the blade temperature as it is representative of the fluid temperature just above
the surface [44]. The film cooling effectiveness coefficient can then be specified
as:

η =
T∞ − Taw
T∞ − Tc,exit

(1.4)

where Tc,exit is the coolant temperature at the exit of the film cooling hole. This
coefficient is important for the evaluation of a film cooling design configuration
and it also aids in understanding how different parameters e.g. cooling geometry
or operating conditions will affect the cooling performance.

Since increasing the combustion efficiency results in a TET well above the
melting point of the NGV material, as well as more unsteadiness in the combus-
tion process, film cooling is crucial part of the NGV design. However, this will
inevitably increase entropy perturbations and associated noise generation. There
are still limitations in the achievable accuracy for predicting these noise sources
with exiting numerical methods. Thereby this work will examine the effect film
cooling has on the entropy wave convection across stator blade rows, including
NGVs, and the associated entropy noise generation.

1.1 Aims

The aim of this research is to advance the state-of-the-art in knowledge and
underpinning mathematical methods relevant to the study of the effect of film
cooling on the entropy noise generation and entropy wave convection across a
stator blade row.
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1.2 Key Contributions

This thesis will report on the following key contributions which have been achieved
through this PhD:

� A computational framework of the high pressure turbine stage developed by
the Politecnico di Milano (PoliMi) has been created. Though this turbine
has no film cooling geometry, it is a strong baseline for a validated high
pressure turbine stage model.

� Using the isolated stator blade from the PoliMi high pressure turbine, the
impact of film cooling on the entropy noise generation and entropy convec-
tion within a 2D-simulation has been investigated.

� The entropy noise generation and entropy wave convection in a 3D-simulation
of a blade section has also been investigated using CFD techniques, allowing
for a realistic representation of the cooling holes.

� The analytical Cumpsty and Marble [45] model has been extended to ac-
count for film cooling due to entropy noise and entropy wave attenuation.

� The extended analytical model has been used to conduct a parametric study
exploring the effect of the temperature ratio between the freestream and the
cooling flow on the entropy wave convection and entropy noise generation.
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2 Literature Review

The study of combustion noise has resulted in a vast body of work over the last
decade, stimulated by the increasing awareness of noise related environmental
challenges. Therefore, this literature review focuses on indirect noise generation,
and in particular entropy noise generation in order to establish the gaps in the
knowledge base addressed in this work. Additionally, the controlling film cooling
parameters are reviewed, in order to understand the interaction of the cooling
flow with the turbine aerodynamics — with the aim of understanding the effect
film cooling has on the entropy noise generation processes.

2.1 Indirect Noise

Indirect combustion noise is a result of perturbations and inhomogeneities in
mixture composition, vorticity, and entropy within the combustion chamber [34].
Therefore, indirect noise is generated by side products of the combustion pro-
cess, rather than by the combustion flame itself (direct noise). The generation
mechanism of such indirect noise has been proven in a model combustor by Bake
et al. [46]. The effect of the mixture composition on indirect noise directly de-
pends on the combustion regime, operating conditions, and product-gas composi-
tion [34]. It is suggested that the impact of perturbations in the mixture compo-
sition is important for advanced low-emission combustors with supersonic flows,
and can reach amplitudes comparable to the direct noise and entropy noise [47].
Current efforts are invested into the development of an analytical model to pre-
dict the impact of entropic / compositional inhomogeneities [48]. The impact of
vorticity fluctuations has been investigated in a choked converging-diverging noz-
zle [49, 50]. This showed that increasing the fluctuating swirl intensity changes
the generated vortex sound [49]. Hence, the generated vorticity change is critical,
and the mass flow rate of the injected flow to change the steady swirling flow is not
the determining factor [50]. However, through a low-order thermo-acoustic net-
work model (LOTAN) Dowling and Mahmoudi [27] showed that vorticity noise is
of two orders of magnitude smaller than the direct noise. Hence, indirect vorticity
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noise in the combustor at the low mean flow Mach numbers typical for gas tur-
bines is negligible [27]. Instead, the main source of indirect noise in a combustor
is due to the acceleration of entropy perturbations, with some contribution from
the acceleration of the mixture composition [27, 47]. While the inhomogeneities
in mixture composition can contribute towards the indirect noise, the focus in
this review will be on the more generally relevant indirect noise generated due to
entropy fluctuations. First, entropy noise generation in general is reviewed, and
then entropy wave attenuation is studied. This will lead on to a detailed review of
the current understanding of entropy noise and entropy wave attenuation within
a turbine blade.

In the 1970s the indirect noise generation was uncovered by Candel [36] and
analytical research was conducted to understand it further by Marble and Can-
del [29], Morfey [37], Ffowcs Williams and Howe [35], and Cumpsty and Mar-
ble [45]. Thereafter, little further research effort into indirect noise generation
was undertaken. It was Bake et al. [46] who rekindled these research efforts in
2005 by investigating the generation of entropy noise experimentally in a model
combustor. To link the temperature perturbations created by combustion with
the noise generation in the nozzle, the phase of a thermocouple signal in the com-
bustion chamber was compared to the acoustic signal in the combustion cham-
ber and the exhaust duct. This was used to prove entropy noise generation
experimentally [46]. In the combustor outlet section, indirect noise signals at
high frequencies were found which are generally not associated with combustion
noise [46]. This further indicated that substantial entropy noise could be gen-
erated in the turbine stages, as had been previously suggested by Cumpsty and
Marble [45]. Additionally, the experimental sound pressure levels (SPL) were
compared with numerical self-excited and forced unsteady Reynolds-averaged
Navier–Stokes (URANS)/ computational aeroacoustic (CAA) simulation results.
The self-excited URANS/CAA simulation failed to predict the fundamental os-
cillating frequency of the experiment [46]. Adding an experimentally acquired
pressure fluctuation at the combustor domain outlet for the forced URANS simu-
lation, the CAA results showed good agreement with the experiment [46]. Though
entropy noise prediction accuracy increased, improvements in the experimental
setup to better define the numerical boundary conditions was necessary.

To better understand the fundamentals of entropy noise generation, an ex-
perimental test rig called the Entropy Wave Generator (EWG) with well defined
boundary conditions was developed by Bake et al. [51]. In this experiment, en-
tropy fluctuations were generated with a heating module followed by a converging-
diverging nozzle to accelerate the flow. An abrupt heating pulse lasting 100ms
was created, producing a temperature perturbation. This can be seen in Fig. 2.1a,
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where the red line shows the temperature perturbation and the black line shows
the pressure perturbation as a result of acceleration of the temperature perturba-
tion [51]. This signal is followed by oscillations, likely due to acoustic reflections
from both ends of the rig which were not fully non-reflective [51]. The test
setup was used to validate two different approaches, firstly a URANS method
and secondly a RANS/CAA method. The URANS simulation directly resolves
the acoustics, whereas the RANS simulation only computes the mean flow field
and the acoustic field is solved on top of this by means of a CAA calculation.
Figure 2.1b and c show the capability of the URANS methodology at predicting
the pressure perturbation and the frequency spectrum respectively [51]. Through
the simulations it was also found that the entropy noise generation increased with
the maximum Mach number found in the nozzle [51].
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Figure 2.1: a) Temperature perturbation of 9.1 K measured by the thermocouple
(red dashed line), and pressure perturbation measured with microphone (solid
black line) at Mnozzle = 1.0 [51]. b) shows the pressure perturbation and c) the
frequency spectrum prediction by a URANS simulation [51].

Based on the EWG, Howe [52] derived an analytical model showing that
there are two important mechanisms impacting the magnitude of the entropy
noise. The entropy noise is reduced if flow separation in the diffuser section of
the nozzle occurs. The large-scale shear layer vorticity is modified by the entropy
wave, resulting in a strong correlation between the vortex sound produced and
the entropy noise [52]. This effect can reduce the overall sound level, particularly
at higher subsonic Mach numbers. The entropy noise generation is also reduced
if a streamwise deformation of the entropy wave occurs due to rapidly varying
acceleration [52]. This reduces the entropy wave gradient at the front and rear
wave interface. This mechanism is later referred to as shear dispersion.

A similar test rig to the EWG [51], operating at subsonic and sonic con-
ditions, called the Hot Acoustic Test rig (HAT) was built by DLR (German
Aerospace Center) [53] to simulate a more realistic scenario. Instead of using a
heating element to increase the temperature of the bulk flow over the entire cross-
section [51], cold air was injected radially through four tubes, creating localised
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entropy fluctuations within the flow [53]. The acoustic reflection and transmis-
sion characteristics of the nozzle were also defined. The experiment showed that
the pressure perturbation due to the entropy waves only depends on the temper-
ature difference between the mean flow and the injected air [53]. Using different
types of injector at similar mass flows and injection pressures did not affect the
amplitude of the pressure perturbation. This test scenario is representative of
temperature fluctuation from the combustion chamber passing through an NGV.
Hence, entropy noise generation will be found to be present in aero engines.

The experiments by Bake et al. [51] and Knobloch et al. [53] are of great
importance for the understanding of entropy noise generation. They also make
it possible to validate analytical and numerical models for the evaluation of en-
tropy noise, see Fig. 2.2. Leyko et al. [54] validated an extension of one of these
analytical models by Marble and Candel [29], which takes the general acoustic
impedances at the inlet and outlet into account. The analytical solution showed
that the noise signal consists of two noise sources. Firstly, generation of entropy
noise in the nozzle due to the entropy wave, and secondly, undesired acoustic
reflections due to an imperfectly anechoic outlet and inlet [54]. As Fig. 2.2
shows, the analytical model by Leyko et al. [54] performs well with respect to
the experiment. The low-order thermo-acoustic network model (LOTAN) has
also been compared to the EWG experiment (see Fig. 2.2) achieving excellent
agreement [55]. LOTAN has also been validated against the acoustic wave prop-
agation and more localised entropy waves with experimental data of the HAT
rig. The comparison showed good agreement, making it possible to draw conclu-
sions on the comparison of the direct and indirect combustion noise. Results also
showed that for a choked nozzle flow with a shock in the diverging nozzle, the
dissipation of acoustic energy is increased with increasing shock strength. Hence,
the amplitude of the direct noise is attenuated significantly, and is of an order
of magnitude smaller in comparison to the indirect noise [55]. It was also found
that the indirect noise generation due to vorticity fluctuations are negligible in
comparison to entropy noise and direct noise. Taken together, this makes entropy
noise the main mechanism of noise generation downstream of the nozzle [55].
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Figure 2.2: Comparison of the analytical model by Leyko et al. [54] and Mahmoudi
et al. [55] with experimental data of the EWG [51] (Figure taken from Mahmoudi
et al. [55]).

These findings raise questions about the significance of the entropy noise con-
tribution to the overall noise signature of an aero engine. Leyko et al. [56] com-
pared the indirect–to–direct noise ratio produced in a simplified quasi one dimen-
sional model combustion chamber. This showed that the indirect–to–direct noise
ratio depends strongly on the inlet and outlet Mach number [56]. This ratio is
small for laboratory experiments, as the exit Mach number is generally low —
about 10% for a outflow Mach number of 0.1. However, for commercial aero en-
gines the combustion inlet Mach number is approximately 0.05, while the turbine
outlet Mach number is between 1.0 and 2.0. This can lead to a indirect–to–direct
noise ratio greater than 10 [55, 56].

The models by Leyko et al. [56] and Mahmoudi et al. [55] focus on the in-
direct noise generation due to acceleration of perturbations in the combustion
chamber. However, it is suggested that sufficient entropy perturbation strength
remains at the combustor exit to generate further indirect noise due to the high
flow acceleration in the turbine blades [38]. It has been shown that the entropy
noise generation strongly depends on the inlet and outlet Mach number [51, 56],
and that the turbine is likely to generate additional entropy noise due to its high
differential between inlet and outlet Mach numbers. The low-order model called
LOTAN was used to evaluate the combustion noise in the combustor. LOTAN
was then coupled with a low-order model code based on the semi-actuator disk
model (LINEARB) to evaluate the generation and propagation of direct and in-
direct combustion noise through a turbine [57]. The results were compared with
experimental data from a real gas turbine aero engine, the Rolls-Royce ANTLE,
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with the aim of differentiating the contribution of direct and indirect combustion
noise [57]. The SPL within the combustor was predicted qualitatively very well
with respect to the experimental data. Although direct noise dominates in gen-
eration of total noise inside the combustor itself, the noise level due to indirect
entropy noise is comparable with the direct acoustic noise at some frequencies [57].
The pressure transfer function of the entire engine between the inside of the com-
bustor and the turbine exit was compared with the real engine data. A transfer
function (TF) is a ratio between two variables at different locations and aids the
prediction of a system’s output for a possible input. The results are shown in
Fig. 2.3. At first, the model was found to over predict the experimental pressure
TF by approximately two orders of magnitude. The authors’ conclusion was that
this high discrepancy is due to the attenuation of entropy perturbations, which
is not considered in the two low-order model codes [57]. To further clarify this, a
simple attention model for entropy wave convection by Giusti et al. [58] was in-
corporated into the combustor model (LOTAN). The model only attenuated due
to the non-uniform mean velocity profile (shear dispersion) without including the
effect of diffusion or of turbulent mixing. However, this extension did result in
a better prediction of pressure TF at high frequencies (Fig. 2.3) [57]. The final
conclusion was that a more accurate model for the attenuation of entropy wave in
the combustor was required, and further research into understanding the convec-
tion and attenuation mechanisms of entropy perturbations in the turbine blade
rows would be necessary [57].
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Figure 2.3: Magnitude of the pressure transfer function predicted, with and with-
out dispersion inside the combustor [57].

Research on entropy noise has shown that it cannot be neglected. Within the
turbine, indirect noise becomes a significant contributor to the total noise due to
the high acceleration experienced. At some frequencies, the magnitude may be
greater than those of the direct noise [57]. However, to make better predictions,
further research is needed to improve the understanding of the convection and
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attenuation of entropy waves as they convect through the combustor and turbine
blades [57].

2.1.1 Attenuation/Dissipation of Entropy Waves

For a long time, available theories regarding entropy noise generation neglected
the entropy wave attenuation caused by the aerodynamics in the combustion
chamber. It was assumed that entropy waves either fully dissipated before reach-
ing the combustor exit or no dissipation occurred at all [59, 60]. In a theoretical
approach, Sattelmayer [60] proposed a model considering the spatial dispersion of
the equivalence ratio fluctuation and entropy fluctuations in a tube of arbitrary
cross section but constant area. The combustor dynamics for the model can be
extracted from a detailed CFD analysis of the combustor flow. Use of this model
revealed that if the spatial dispersion of both the equivalence ratio fluctuation —
the ratio of the actual fuel/air ratio to the stoichiometric fuel/air ratio — and
entropy fluctuation were not considered, combustor instabilities were highly over
predicted. It was concluded that even for a small time delay, entropy waves are
heavily damped and are likely to disperse [60]. This showed that the assumption
to disregard any entropy wave attenuation in the combustor cannot be justified.

Sattelmayer’s model [60] was extended by Goh and Morgans [59] to include a
dissipation factor in order to investigate the effects of entropy noise on the ther-
moacoustic instabilities in a combustor. This showed that the dissipation and
dispersion of entropy waves play a significant role, and can either destabilize or
stabilize the modes of the system depending on the combustor configuration [59].
To understand the nature of entropy wave attenuation, Morgans et al. [61] anal-
ysed the advection of entropy waves in a turbulent incompressible channel flow
between two parallel plates using direct numerical simulation (DNS). This showed
that entropy wave attenuation during advection is almost solely due the to shear
dispersion caused by the spatially varying mean velocity profile, and that entropy
wave dissipation is negligible. It also showed that entropy waves up to several
hundred Hertz, relevant to the thermoacoustics of the combustion chamber, will
reach the combustor exit with sufficient strength to generate additional entropy
noise [61].

Using both experimental and numerical techniques, Giusti et al. [58] inves-
tigated the convection of entropy waves in a pipe flow to understand the atten-
uation mechanisms of entropy waves and build a theoretical model for entropy
attenuation. In the experiment, the fuel, methane, was injected in front of a
bluff body in a pipe to enhance the mixing process. The reactant mixture was
then ignited by glow plugs downstream of the bluff body. The entropy waves
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were generated by injecting the fuel at a pulsating rate. A numerical simulation
was performed based on a large eddy simulation (LES) in a fully developed pipe
flow, investigating dispersion and dissipation of entropy waves [58]. The results
of the experiment and the numerical simulation showed that shear dispersion
and diffusion both influence the attenuation. The amplitude of the entropy wave
decayed and became more distorted with increasing distance. The shear disper-
sion reduced the strength of the entropy wave, while increasing the frequency
increased the amount of decay observed. A small entropy wavelength (a high
frequency) leads to higher gradients, enhancing the diffusion process due to tur-
bulent mixing and axial diffusion. These effects increase with growing residence
time. The overall entropy wave attenuation was found to be influenced by the
entropy wavelength and the distance (residence time), which can be combined
into the local Helmholtz number (He = f/Ubz), where z represents the distance
from the inlet, Ub is the mean velocity, and f is frequency, such that Ub/f is the
mean wavelength of the entropy fluctuation [58].

Modern combustors in aero engines have complex geometries and significant
velocity ranges with extensive flow features. Xia et al. [38, 62] have considered a
real gas turbine combustor under lean premixed operating conditions, using an
LES approach to address the entropy advection. Two different scenarios were
considered. First the entropy perturbation, represented by a passive scalar, was
superimposed onto the time-varying flow field where unsteady flows were present.
Secondly, the entropy perturbation was superimposed onto the mean flow field.
The velocity flow field indicated that entropy waves which advected along the
sidewalls reached the combustor exit first, while entropy close to the centreline
entered a recirculation zone, reaching the combustor exit with a time delay [62].
In addition, diffusion and the production of entropy was found to have a negli-
gible effect on entropy transport in a combustor [38]. When comparing the two
scenarios, the effect of the unsteady flow features was evaluated. While advec-
tion dispersion occurs due to the mean flow, the unsteady flow features had a
significant impact and cannot be neglected [38]. Nevertheless, significant entropy
wave strength remains at the combustor exit, even in the case of a fairly long
combustor [38].

The impact of complex flow structures such as swirling flows and recirculation
regions in a real combustor on convection and attenuation of entropy waves was
further highlighted by Giusti [63]. In an LES simulation of a real combustor, it
was shown that entropy fluctuations partly enter the centre and side recirculation
zone and decay faster near shear layers and regions with high turbulent fluctua-
tions. These highly turbulent and recirculating zones contribute to the entropy
attenuation, dependent on the entropy wavelength [63].
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2.1.2 Entropy Noise in a Turbine

A lot of research has been done focussing on the combustion chamber and gen-
eration/prediction of entropy noise and entropy wave attenuation. In a turbine,
entropy perturbations are not just accelerated, but pass through a series of blade
rows, are turned, have a circumferential velocity component added, and have
work extracted. This influences the indirect noise generation [45]. Additionally,
there is a stator-rotor interaction present, creating a complex flow field which
may influence the indirect noise generation as well.

In order to address the problems of entropy acceleration in a blade row, Cump-
sty and Marble [45] proposed a compact model of a blade row based on the
compact nozzle model by Marble and Candel [29]. This method assumes that
the blade is short compared to the wavelength of the disturbance. For a stator
this analytical method also assumes the conservation of mass flow, stagnation
enthalpy, and entropy across the blade row. For a rotor all quantities are consid-
ered within the rotating frame of reference. It was shown that, with increasing
acceleration of the mean flow in a single blade row, the amplitude of the pressure
wave due to an entropy wave indeed increased [45]. For a full turbine stage the
pressure amplitude and power increased with a higher stage loading, ∆W/U2,
where ∆W is the work extracted and U the blade speed, and was significantly
higher than a nozzle guide vane alone [45].

Mishra and Bodony [64] compared the compact model of Cumpsty and Mar-
bel [45], also referred to as actuator disk theory, with a 2D stator blade row
simulation. For planar incident entropy waves, the actuator disk theory pre-
dicted the sound generation with 12-38 percent difference of the simulation. For
more localized entropy disturbances the difference was much larger [64]. However,
the compact model predicts the transmission and reflection of an acoustic wave
reasonably well if the wavelength λ is more than 10 times larger than the axial
chord length, Cx, of the blade row (λ/Cx > 10) [65, 66]. The same is true for an
acoustic response to an entropy wave [66].

While the compact model [45] assumes convection of entropy waves without
dispersion, Leyko et al. [65, 66] showed that this is not true in the non-uniform
steady flow through a blade passage and that entropy waves are distorted. Using
a steady-state Reynold-Averaged Navier Stokes (RANS) simulation, a delay of
the streamlines at the outlet is calculated. From this time-delay the attenuation
of the planar entropy waves through a stator can be computed. This effect is
more significant for wavelengths smaller than the blade passage length, while
large wavelengths are less affected by the mixing at blade scale and reach the
outlet almost unchanged [66].
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Bauerheim et al. [67] extended the validation of the compact model [45] to a
full turbine stage. The results are consistent with the findings of Leyko et al. [66]
regarding the compact assumption. The approach to use the mean velocity field
to account for the entropy wave attenuation was also applied to the full turbine
stage — including the rotor [67]. Additional to the suggestion by Leyko et al. [66]
to extract the time-delay for the attenuation model from a RANS simulation, a
simple analytical model was proposed [67]. Both approaches were found to show a
great improvement in the indirect noise prediction due to entropy waves. Through
a parametric study, the relationship between the mean axial velocity profile and
the entropy wave attenuation at different frequencies was characterised. This
showed that at low frequencies only the mean velocity deficit has an impact,
while the attenuation of high frequency entropy waves is controlled by the delay
times in the boundary layers [67].

Leyko et al. [66] and Bauerheim et al. [67] used a 2D-LES approach for their
evaluation of the limitations of compact theory. To subsequently assess the impact
of the 2D assumption, Papadogiannis et al. [68] have evaluated the response of a
full turbine stage to a planar entropy wave. The model by Bauerheim et al. [67]
predicted the transmitted entropy noise transfer function well, up to 2000Hz.
Thereafter, the trend was no longer captured. Hence, the entropy wave was forced
at the critical frequency of 2000Hz in the 3D-LES approach. This showed that
the transmitted acoustic waves due to the forced entropy wave remained strong,
contributing to the indirect noise as in the 2D simulation [68]. The reflected
acoustic waves are slightly weaker in comparison to the 2D results [67], likely due
to the choked operating conditions [68]. The greatest difference between the 2D
and 3D simulation was seen in entropy wave attenuation across the blade passage.
The entropy wave is highly distorted and weakly transmitted, and unlikely to
generate further entropy noise in successive turbine stages [68]. Papadogiannis
et al. [68] also highlighted the interaction of the entropy wave frequency (EWF)
with the blade passing frequency (BPF±EWF).

Ceci et al. [69] investigated the entropy noise generation in a single stator blade
row at transonic operating conditions. They compared the case with and without
forced entropy waves, where a planar entropy wave was forced at a frequency of
1000Hz. This showed that in the converging region up to the sonic line only the
reflected acoustic waves were present, since the downstream generated acoustic
waves cannot travel back upstream [69]. Strong pressure perturbations were
detected towards the trailing edge where a dynamic system of normal shocks was
present. The analysis of these pressure perturbations showed that the normal
shocks interact with the entropy perturbations and generate additional noise at
the forcing frequency [69].
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In real engines entropy waves do not appear as planar waves, instead entropy
waves are localised. Therefore, the Politecnico di Milano (PoliMi) equipped its
high pressure turbine stage test rig with an entropy wave generator, creating
local spherical entropy waves in a controlled manner [70–72]. The rig includes
one high pressure turbine stage with one stator and one rotor row, of 22/25 blades
respectively. The entropy waves and vorticity waves were injected by eleven novel
devices with an electric heater and a two-way rotary valve, switching between
hot and cold air [70]. The vorticity waves and entropy waves were injected at a
frequency of 30Hz and with a temperature fluctuation of ∆T = 26K and 34K
for the entropy waves [70, 71]. In both cases a significant increase of the total
acoustic power was observed at the forcing frequency. However, in the experiment
the increase in acoustic power due to the vorticity waves exceeded the increase due
to the entropy waves [71]. Since the injection of an entropy wave also generates a
vorticity wave due to the injection mechanism, the experiment was also conducted
with a “cold” entropy wave, where the disturbance is injected at the mean flow
temperature (without temperature disturbance). Surprisingly, the “cold” entropy
wave slightly exceeded the reflected acoustic power in comparison to the reflected
acoustic power of the “hot” entropy wave excitation [71]. The difference in the
transmitted acoustic power of a disturbance with elevated temperature versus a
disturbance at mean flow temperature is about 7–10 dB [71]. To quantify the
sound power generated by the entropy waves, the sound power level produced
by the “cold” entropy wave (vorticity noise generated due to the injection of the
entropy wave) was subtracted. The remainder was the sound power solely due
to the entropy wave. In Fig. 2.4 the remaining sound power levels of the entropy
wave transmitted through the turbine stage is plotted against ∆T 2 [71]. These
data points fall on a straight line through the origin and confirm the early theory
by Marble and Candel [29] that the entropy noise scales with the magnitude of
the temperature fluctuation.

The convection and attenuation of the entropy waves showed that the loca-
tion of the injected localised entropy wave has an impact on the attenuation [72].
The peak intensity of each entropy wave upstream of the stator was measured
to be 19K. Downstream of the stator the peak intensity was measured as 2.3-
4.3K, depending on the location of injection [72]. This is an attenuation of over
80%. The strong attenuation across the stator blade is due to the interaction
with the secondary flows and the turbulence generated by the entropy injection
wave device [72]. If the entropy wave impinged on the leading edge, the great-
est attenuation was found. However, if the wave was injected at midpitch the
lowest attenuation rate was recorded. These findings led to the conclusion that
entropy waves are mainly attenuated through their interaction with the surround-
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Figure 2.4: Downstream propagating acoustic power ∆P+
2,Entropy generated by the

entropy waves at transonic operating conditions (OP1) and subsonic operating
conditions (OP3) for a 30 Hz forcing frequency [71].

ing flow [72]. The streamwise heat transfer between the hot and cold region of
the wave is negligible [72]. For convection through the rotor blade, the findings
were very similar. The location of the injection had a significant effect on the
attenuation, as it drives the interaction with the secondary flows, namely with
the hub or tip vortex. The remaining amplitude with respect to the stage inlet
amplitude is between 5-9% and is consistent with the findings of the attenuation
across the stator [72]. When interacting with the secondary flows near the hub
— ther hub vortex — which is very strong, the entropy wave gets spread across
the entire passage. Nevertheless, the almost sinusoidal pattern of the entropy
wave is still preserved, and no interaction with the blade passing frequency was
apparent [72].

The evolution of the entropy waves within the PoliMi high pressure turbine
stage was also investigated numerically by using a URANS simulation at sub-
sonic operating conditions [73]. Good agreement was found with experiment in
terms of entropy wave attenuation, the shape of the entropy wave, and its radial
migratory tendency. However, the entropy wave diffusion tends to be under-
estimated [73]. The greatest challenge was the prediction of the entropy spot
impinging on the stator leading edge. However, the simulation showed that the
entropy wave can slightly reduce the secondary flow intensity at around midspan
in the rotor passage [73].

A similar LES investigation of localised entropy waves, but for a wide range of
frequencies and with a different geometry, was conducted by Becerril et al. [74].
The same order of magnitude for the entropy attenuation at 100Hz was found
in comparison to the PoliMi experiment with a reduction of 65% and 75% re-
spectively [74]. It was also noted that shear dispersion, the main attenuation
mechanism for planar entropy waves, had less of an impact on the localised en-
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tropy waves [74]. They act more as a passive scalar following the streamlines of
the flow [74], though high frequencies are more affected by shear dispersion — as
previously shown by Giusti et al. [58] and Morgans et al. [61].

Research into entropy noise in a turbine mainly focused on planar entropy
waves [45, 64, 66–69, 75]. Many aspects have been investigated including the
effect of shock systems on the entropy noise generation [69] and the entropy wave
propagation in a 3D turbine stage [68]. The early analytical model by Cumpsty
and Marble [45] has been compared to numerical simulations and was expanded
to account for the attenuation effect [66, 67]. This work increased the funda-
mental understanding of entropy noise generation and entropy wave attenuation.
Based on the gained knowledge, different analytical models have been created
and improved upon. With the experimental work by the PoliMi, research moved
from a planar entropy wave to a more realistic localised entropy wave [71, 72].
This work was supported by numerical simulations to help understand a more
complex system [73, 74]. While this work will help in improving analytical models
for entropy noise prediction and entropy wave attenuation, film cooling, a crucial
feature of the NGV and the high pressure turbine stage, has still only been con-
sidered in a converging diverging nozzle [53]. The effect of such a cooling flow
in a nozzle was investigated with a perforated liner upstream of the nozzle and
downstream of the entropy injection point [76]. This showed that the entropy
noise is reduced by up to 11%, along with up to 6% reduction in the induced
temperature fluctuation [76]. However, a better understanding of the underlying
mechanism is required to properly understand the effect of such cooling flows on
entropy noise in turbine blades.

The understanding of the interaction of film cooling and entropy noise gener-
ation is essential since film cooling is an indispensable technology in modern aero
engine. It guarantees the structural integrity of the turbine blades preventing
them from melting due to the high TET. The following section on film cooling
discusses some aspects of its design in order to gain an understanding of this
technology. This will aid in developing a numerical model, which will be used to
investigate the impact of film cooling on entropy noise.

2.2 Film Cooling

The film cooling performance is affected by many different factors, such as the
mass flux ratio (referred to as the blowing ratio BR), the momentum flux ratio
(I), the mainstream turbulence, the shape of the cooling hole, the injection angle,
and the compound angle of the coolant hole (Fig. 2.5, left), as well as the surface
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curvature [44]. The blowing ratio is defined by:

BR =
ρcUc
ρ∞U∞

(2.1)

where the subscript c refers to the cooling properties. Experiments show that the
decay rate of the film cooling effectiveness coefficient η, defined in Equation (1.4),
on a flat plate is inversely proportional to the blowing ratio [44]. The distribution
of η also depends on the BR, and the peak values of η occur somewhere down-
stream — between 0.5 to 8 times the film cooling hole diameter, D [77]. This
can be explained using a cooling flow characteristic referred to as cooling flow
separation, which strongly depend on the momentum flux ratio [78]:

I =
ρcU

2
c

ρ∞U2
∞

(2.2)

It was found that the coolant flow remains attached for I < 0.4 while for I > 0.8

the flow fully detaches. In between the flow will initially detach but reattach soon
after [78]. Hence, the peak of η occurs at some distance downstream from the
film cooling hole exit because the coolant jets are likely to detach from the surface
downstream of the coolant hole and subsequently reattach. This is problematic at
higher blowing ratios and momentum flux ratios above 0.8, and leads to significant
loses in η [77]. These experiments show that the blowing ratio and momentum
flux ratio strongly influence the film cooling effectiveness and need to be carefully
considered when designing a model for film cooling.

Flow direction

injection angle
Streamwise

Flow direction

Compound

angle

Figure 2.5: Typical film cooling configuration schematic, along with injection
angle and compound angle schematic [44].

The cooling hole geometry and configuration is also important. By using dif-
ferent hole geometries, performance improvements can be achieved [44]. Saumwe-
ber et al. showed that by using a fan-shaped hole the cooling flow has a diffusing
expansion at the hole exit, which decreases the momentum flux ratio, making
the cooling jets less likely to detach [79]. While η started to decrease after a
blowing ratio of 0.5 for a cylindrical hole, the fan shaped hole had significant
benefits between BR = 0.5 to 2.5 [79]. The coolant holes are generally angled
at an injection angle of 25 - 35 degrees to the surface, see Fig. 2.5, to mitigate
detachment of the coolant jets [44]. Manufacturing techniques are also a limiting
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factor for smaller hole angles. Interaction with neighbouring cooling jets can be
promoted by larger injection angles and higher blowing ratios, leading can to an
increase in film effectiveness [44]. To increase the coverage area of the coolant jet,
a compound angle, see Fig. 2.5, can be used. Though the coverage of the coolant
can be increased, the heat transfer coefficient will also increase. Hence, the perfor-
mance needs to be evaluated in terms of the net heat flux reduction for different
compound angles [44]. A compound angle of 60 degrees showed only a small gain
in film cooling effectiveness in comparison to 0 degrees at low momentum flux
ratio [80]. However, for an increasing momentum flux ratio the performance can
be increased significantly e.g. doubling for I = 0.98 with respect to a 0 degree
compound angle, and showing good performance as high as I = 4 [80].

The film cooling performance also depends on the pitch (P) between the dif-
ferent holes. It was found that if P/D > 3 the cooling flow acts independently
and the film cooling effectiveness can be evaluated by superposition as the dif-
ferent cooling flows do not interact with one another [80]. However, a spacing of
P/D = 2 had a higher film cooling effectiveness than predicted by superposition,
as the jets started to form a continuous blockage of the mainstream, acting more
like a two dimensional cooling slot [77]. This reduces the tendency for coolant
detachment. Since a small pitch can cause structural issues on turbine blades,
two staggered cooling rows can be used instead to provide structural integrity.
Han and Mehendale [81] showed that at higher blowing ratios (BR = 0.5 and 1)
the film cooling effectiveness increases more than expected due to superposition
of a single row. Hence, the second row acts in a similar way to a smaller pitch in
a single row.

There are many other factors that influence the film cooling effectiveness.
However, only a brief overview is given here, since it is not the intention of this
thesis to optimise the film cooling design, but to create and assess a representative
CFD model for film cooling which can be used to evaluate the possible effects on
entropy noise production.

Film cooling performance is often analysed in a channel instead of applying it
to an aerofoil in order to remove the effects of curvature and the pressure gradi-
ent [44]. Kim et al. [82] studied the film cooling effectiveness of various hole shapes
in a channel where the coolant was fed from a plenum through a hole into the
main channel. Heat transfer through the walls is ignored, modelling an adiabatic
wall. This approach is widely used when evaluating the film cooling effectiveness.
Stewart and Bogard [83] looked at the assumption of the adiabatic wall tempera-
ture to predict the film cooling effectiveness. For this, a two-dimensional thermal
profile downstream of the coolant injection point on a model turbine vane was
compared for an adiabatic and conducting wall both experimentally and with the
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use of a RANS simulation. The experimental thermal profile of the conducting
wall and adiabatic wall were very similar, especially when the coolant jet stayed
attached (BR = 0.28 and 0.65). This led to the conclusion that the adiabatic
wall temperature is a good indication for Tref in Equation (1.2), leading to Equa-
tion (1.3)[83]. However, the thermal flow field predicted in the RANS simulation
displayed significant differences to the experimental results. There was a lack of
lateral spreading on the surface and the decay of the jet is greatly underpredic-
tioned. The coolant core is predicted to be too cold. The root of these differences
lies in the underprediction of turbulent mixing within the mainstream and the
jet flow [83, 84]. When the interest is on the external effects of film cooling,
an adiabatic wall boundary condition is sufficient. Borello et al. [85] used adi-
abatic wall boundaries when investigating particle deposition with and without
film cooling, ignoring conjugate heat transfer. Therefore, performing conjugate
heat transfer analysis does not lead to significant effects on the prediction of the
aerodynamic flow field around the blade, and the limitation of the turbulence
models when using RANS simulations strongly outweighs the effects of conjugate
heat transfer on the aerodynamics [83]. Even optimisation of the film cooling
effectiveness by optimising the arrangement of film cooling holes through a CFD
study did not require the inclusion of conjugate heat transfer [86]. Experiments
showed discrepancies between CFD and experimental data, however the patterns
and trends are similar, implying validity of this approach [86].

Even though heat transfer on the blade is neglected and adiabatic wall condi-
tions used when interested in the film cooling effectiveness, the coolant is supplied
through a plenum. These vary from more realistic internal flow fields such as those
used by Lee et al. [86] to those with just a channel within the blade supplying the
coolant to the film cooling holes [82, 85]. The process of directly meshing individ-
ual holes is very time consuming, and increases the size of the numerical domain.
Hence a model was developed in which a mass source term is defined and applied
to a small volume at the film cooling hole [87]. By means of eight Fortran subrou-
tines coupled with Ansys CFX the mass flow, velocity components, temperature,
turbulence quantities, and coolant injection were evaluated [87]. This approach
would be of great benefit in reducing the meshing complexity and computational
resources required. However, the resources required to implement and validate
such a model are not readily available.

The assumption of an adiabatic wall and use of a plenum to supply the coolant
was also used by Collins et al. [88] when investigating rotor interaction with film
cooling on the shroud, both with a RANS simulation and experimentally. Each
row of cooling holes was fed by a separate plenum due to the pressure drop
occurring within the rotor passage. The main interest of the research was into
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the film cooling effectiveness, making an adiabatic wall a valid assumption. In a
previous study by Collins and Povey [89] acoustic effects within the film cooling
holes were highlighted, where an acoustic wave can temporarily change the exit
conditions of the film cooling hole, such as the mass flux, due to the acoustic
pressure wave. These effects were also present in Collins et al. [88].

Since the turbine blade design and cooling arrangements are often proprietary
information, only a very few engine realistic geometries are available. To estab-
lish a database for improving the predictive design capabilities of external heat
transfer for turbine vanes, NASA investigated turbine vanes with both leading
edge and downstream cooling [90]. This geometry features a leading edge cooling
array as well as two pressure and suction side cooling rows. Another geometry
is the LS89/94 transonic film cooled turbine vane from the Von Karman Insti-
tute, with two added film cooling rows on the pressure and suction side of the
blade [91].

2.3 Summary

The importance of combustion noise, in particular the contribution of the indirect
combustion noise where entropy noise is the main contributor, needs to be better
understood in order to achieve further reduction in the noise emissions of modern
aero engines. The entropy noise generation and the entropy wave attenuation
within the combustor are able to be predicted with reasonably good accuracy,
but the prediction within a turbine stage still requires great improvement.

To date, research in blade rows has focused on understanding of the entropy
noise generation processes and the attenuation mechanisms of the entropy waves,
such as shear dispersion and turbulence mixing. To research and understand
these processes and mechanisms, the investigated research environments have
been simplified by not considering all physics present in a state of the art NGV.
Simulations have been performed in 2D and 3D cascade arrangements, as well as
in an annular blade passage with and without a rotor. The continuous increase in
complexity of these simulations has introduced increasingly detailed understand-
ing of the turbulent structures. Nevertheless, despite the fact that film cooling is
essential for the survival of blades with a TET above 1800K, it has never previ-
ously been included in previous simulations exploring the development of entropy
noise.

Despite these research efforts, analytical design tools still over predict the
noise generation when compared to experimental data. This may be due to
the limited integration of entropy wave attenuation within the acoustic models
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developed to date. There may also be a limitation due to the underlying theory
used, restricting the wavelength to low frequencies. Despite the fact that noise
prediction at low frequencies should be more likely to match experimental results,
as the compact theory is valid, the opposite is true. This leads to the conclusion
that not all dissipation effects within a turbine have been considered. Analytical
models account only for dispersion due to the mean velocity profile in a turbine,
but any other attenuation effects are typically neglected.

These discrepancies between analytical and experimental observations further
highlights the need for a better understanding of the fundamentals of entropy
noise generation and entropy wave attenuation, and in particular to this work
the effects film cooling may have on these processes. This thesis is dedicated
to investigating how an additional cooling flow affects entropy waves and the
associated noise generation to advance the state of the art in this research field.
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3 Numerical Methods

3.1 The Navier-Stokes Equations

The numerical investigation of flows is based on the fundamental equations of
fluid motion, namely the conservation of mass, the conservation of momentum,
which is derived from Newton’s Second Law, and the conservation of energy.
From these global conservation laws, the Navier-Stokes equations can be derived.
For brevity, the derivations are not shown, instead the resulting conservative-
differential equations are listed in Equations (3.1) to (3.3) below [92].

∂ρ

∂t
+ ~∇ · (ρ~u) = 0 (3.1)

∂ρ~u

∂t
+ ~∇ · (ρ~u⊗ ~u+ ¯̄σ) = ~fe (3.2)

∂ρE

∂t
+ ~∇ · (ρ~uH − k~∇T − ¯̄τ · ~u) = Wf + qH (3.3)

~fe refers to the external volume forces per unit volume in Equation (3.2), E refers
to the total energy per unit mass, H is the stagnation enthalpy, k is the thermal
conductivity, ¯̄τ is the viscous stress tensor, Wf is the work done by the external
volume forces, and qH is a thermal source term in Equation (3.3).This set of equa-
tions is capable of describing a fluid’s motion accurately, under the assumption
that the fluid can be treated as a continuum. As there are six unknowns and
only five conservation laws, an equation of state is required to close the system
of partial differential equations. The ideal gas equation is commonly used:

p = ρRT (3.4)

Many fluids approximate Newtonian behaviour. Hence, ¯̄σ is the total internal
stress tensor such that:

¯̄σ = −p ¯̄I + ¯̄τ (3.5)
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where ¯̄I is the identity tensor, leading to p ¯̄I being the hydrostatic pressure, the
pressure within a fluid at rest. ¯̄τ the viscous shear stress tensor is then given by:

¯̄τ = µ

[(
∂vj
∂xi

+
∂vi
∂xj

)
− 2

3

(
~∇ · ~v

)
δij

]
(3.6)

Methods of solving these equations can be categorised by their computational
cost or the ratio of modelled to resolved content. In this chapter, some of the
available methods are described, starting with the method with the highest degree
of modelled content, with the intention of demonstrating the appropriateness of
the methods applied in this work.

3.2 RANS

The industry standard for computational flow simulation is the RANS method.
A flow solution is achieved by using a set of equation referred to as the Reynold-
Averaged Navier-Stokes equations, a time-averaged subset of the Navier-Stokes
equations. The solution is a time-averaged representation of the flow field, while
the effect of turbulence on this time-averaged solution must be accounted for
separately. To achieve this, the effect of turbulence is modelled, as turbulent
information is lost by the averaging process — an effect known as the closure
problem. There is a wide selection of different closure models for the RANS
equations.

The time averaging process is defined in such a way that the presence of
unsteady quantities is removed. Hence, the instantaneous terms in the Navier-
Stokes equations are split into their fluctuating and time-averaged components:

φ(~x, t) = φ̄(~x) + φ′(~x, t) (3.7)

Substituting this into the full Navier-Stokes equations and rearranging leads to
products of fluctuations between density and other variables. To avoid these,
Favre-averaging, a density-weighted average, can be introduced [93]:

φ̃(~x) =
ρ(~x, t)φ(~x, t)

ρ̄(~x)
, (3.8)

φ′(~x, t) = φ(~x, t)− φ̃(~x). (3.9)

Hence, for the density and the pressure a Reynolds average is used, while for
all other variables the density weighted Favre-average is used. This leads to the
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RANS equations:

∂ρ̄ũi
∂xi

= 0 (3.10)

∂ρ̄ũiũj
∂xj

=
∂

∂xj

[
−p̄δij + τ̄ij − ρu′iu′j

]
(3.11)

∂(ẽ+ p̄)ũj
∂xj

=
∂

∂xj

[
τ̄ijũi + τiju′i − q̄j+

cpρu′jT
′ +

1

2
ρu′iu

′
iu
′
j + ρu′iu

′
jũi

]
(3.12)

The last term in the momentum equation, Rij = −ρu′iu′j, is a direct result of
the Reynolds averaging and is referred to as the Reynold stresses. As briefly
mentioned earlier, this is called the "closure problem" and requires a turbulence
model based on theoretical considerations in conjunction with empirical data.
The steady flow-field returned by RANS is an approximation of the time-averaged
flow-field resulting from the inherently unsteady turbulent flow. However, the
RANS results strongly depend on the unsteady turbulent flow, which now is
modelled.

The strong point of RANS is its ability to determine a time-averaged flow-
field without resolving the full time-accurate set of equations. This is achieved
by destroying time dependency, converging the result to a steady state, and using
a turbulence model to account for the unsteady effects, “solving” the Reynolds
stresses. This approach is computationally less expensive then solving a time-
accurate flow-field, and has made the RANS approach industry standard, as well
as widely used in academia. However, its strong point is also its greatest weakness
as information is lost through the averaging process — requiring a closure model
for the Reynold stresses. Hence, the time-averaged results are fully dependent on
the ability of the closure models to capture the relevant flow physics.

3.2.1 Turbulence Modelling

Turbulence models are used to connect the turbulent stresses Rij and the tur-
bulent heat flux qt with the time-averaged flow-field. For example, the closure
relation known as the Boussinesq hypothesis:

Rij = µt

(
2Sij −

2

3

∂uk
∂xk

δij

)
− 2

3
ρ̄kδij (3.13)

Sij =
1

2

(
∂ūi
∂xj

+
∂ūj
∂xi

)
(3.14)
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This relation introduces the turbulence viscosity µt. Depending on how many par-
tial differential equations are used to find these variables, the turbulence models
are referred to as one–equation models, two–equation models, etc. One-equation
models often ignore the last term of the Boussinesq hypothesis, Equation (3.13),
as the turbulent kinetic energy k is not readily available [94].

The Spalart-Allmaras Turbulence Model

A commonly used one-equation model is the Spalart-Allmaras turbulence model.
It models an equation for a modified turbulent viscosity directly [95].

∂ν ′

∂t
+ uj

∂ν ′

∂xj
= cb1(1− ft2)S ′ν ′ −

[
cw1fw −

cb1
κ2
ft2

](ν ′
d

)2

+
1

σ

[
∂

∂xj

(
(ν + ν ′)

∂ν ′

∂xj

)
+ cb2

∂ν ′

∂xi

∂ν ′

∂xi

]
(3.15)

The turbulent eddy viscosity is computed through:

µt = ρν ′fv1 (3.16)

where

fv1 =
χ3

χ3 + c3
v1

(3.17)

χ =
ν ′

ν
(3.18)

Additional definitional for the Spalart-Allmaras turbulence model are:

S ′ = Ω +
ν ′

κ2d2
fv1 (3.19)

Ω =
√

2SijSij (3.20)

fv2 = 1− χ

1 + χfv1

(3.21)

fw = g

[
1 + c6

w3

g6 + c6
w3

]1/6

(3.22)

g = r + cus(r
6 − 6) (3.23)

r = min

[
ν ′

S ′κ2d2
, 10

]
(3.24)

ft2 = ct3 exp
(
−ct4χ2

)
(3.25)
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with the constants being:

cb1 = 0.1355,

cw3 = 2,

σ = 2/3,

cv1 = 7.1,

cb2 = 0.622,

ct3 = 1.2,

κ = 0.41,

ct4 = 0.5,

cw2 = 0.3,

cw1 =
cb1
κ2

+
1 + cb2
σ

(3.26)

This model is robust, fast converging, and yields satisfactory predictions of bound-
ary layers in pressure gradients [95]. It predicts satisfactory results for many
engineering applications and is especially attractive for aerofoils and wing appli-
cations, for which it has been calibrated. The Spalart-Allmaras turbulence model
also shows good agreement with the measured reattachment length for aerofoils
with small separation bubbles and the backward-facing step. However, it sig-
nificantly over predicts the separation bubble for the separated boundary layer
flow [96]. Hence, this inconsistency suggests that it is not the ideal turbulence
model for general turbulent flow applications as it fails to predict spreading rates
accurately [97].

The k − ε Model

The k−ε turbulence model is a two-equation model based on the turbulent kinetic
energy k and the turbulent dissipation rate ε [98]. The values for k and ε are
directly evaluated from transport equations:

∂(ρ̄k)

∂t
+

∂

∂xj
(ρ̄ũjk) =

∂

∂xj

[(
µ+

µt
σk

)
∂k

∂xj

]
+ Pk − ρ̄ε (3.27)

∂(ρ̄ε)

∂t
+

∂

∂xj
(ρ̄ũjε) =

∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
+
ε

k
(Cε1Pk − Cε2ρ̄ε) (3.28)

where the model constants are [98]:

Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε = 1.3 (3.29)

Here, Pk is the turbulence production term, and is a product of the turbulent
stress (Equation 3.13) and the velocity gradient tensor:

Pk = Rij
∂ũi
∂xj

(3.30)

leading to:

Pk = µt

(
∂ũi
∂xj

+
∂ũj
∂xi

)
∂ũi
∂xj
− 2

3

∂ũk
∂xk

(
3µt

∂ũk
∂xk

+ ρk

)
(3.31)

The turbulence viscosity µt is then evaluated based on the turbulence kinetic
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energy and the turbulence dissipation rate:

µt = Cµρ̄
k2

ε
(3.32)

where Cµ = 0.09 [98].
This model is widely used to predict the mean properties of the turbulent flow

field. It is remarkably successful in predicting the mean velocity in wall bounded
shear flow [99]. However, large peak values of the turbulent kinetic energy k are
significantly under-predicted [99]. This has led to numerous extensions of the
k − ε turbulence model to improve the near wall predictions, for example for
compressible boundary layers [100], and combustion chambers [101]. The k − ε
turbulence model performs well for external flows around complex geometries,
shear layers, and free non wall bound flows. However, for accurate flow predictions
with an adverse pressure gradients and extra strains (e.g. streamline curvature,
skewing, or rotation [102]), it is inadequate [97]. Hence, the k − ε turbulence
model poorly predicts flow separation, whilst being rather difficult to integrate
through the viscous sublayer [97].

The Wilcox (1988) k − ω Model

The Wilcox k − ω turbulence model [103] is, like the k − ε turbulence model, a
two-equation model. The turbulence viscosity:

µt = ρ̄
k

ω
(3.33)

is based on the turbulent kinetic energy k and the turbulence frequency ω. These
are calculated by evaluating the transport equations:

∂(ρ̄k)

∂t
+

∂

∂xj
(ρ̄ũjk) =

∂

∂xj

[
(µ+ σkµt)

∂k

∂xj

]
+ Pk − β∗ρ̄kω (3.34)

∂(ρ̄ω)

∂t
+

∂

∂xj
(ρ̄ũjω) =

∂

∂xj

[
(µ+ σωµt)

∂ω

∂xj

]
+ α

ω

k
Pk − βρ̄ω2 (3.35)

for k and ω respectively. The model constants are:

σk = 0.5, σω = 0.5, β∗ = 0.09, β = 0.075, α = 5/9 (3.36)

where α has been chosen to yield an approximate value for the von Kármán
constant of κ ≈ 0.408 according to:

α =
β

β∗
− σωκ

2

√
β∗
. (3.37)
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Here, Pk is again the production rate of turbulence calculated according to Equa-
tion (3.31).

This model in many ways addresses the weaknesses of the k− ε model and is
excellent for wall bounded flow. It accurately predicts two-dimensional boundary
layers in both adverse and favourable pressure gradients, since it can be integrated
through the viscous sublayer [97]. The Wilcox k−ω turbulence model also accu-
rately predicts the spreading rates for different shear flows and matches properties
of separated flows [97]. However, resolving the boundary layer accurately comes
at a cost, and a high mesh resolution near the wall is required (y+ < 2) [97]. Ad-
ditionally, flow separation can be predicted early and excessively, and it is very
sensitive to the freestream conditions [104].

The Shear Stress Transport (SST) Model

Menter’s Shear Stress Transport (SST) [104] two-equation model is based on
existing models. It uses the original k − ω of Wilcox in the inner region of the
boundary layer, but in the outer region and in free shear flows it switches to the
standard k− ε turbulence model. The SST model is almost identical to Menter’s
baseline k − ω model, which is also based on the k − ω and k − ε turbulence
models [104]. This leads to the following equations for the turbulence kinetic
energy and the turbulence frequency:

∂(ρ̄k)

∂t
+

∂

∂xj
(ρ̄ũjk) =

∂

∂xj

[
(µ+ σkµt)

∂k

∂xj

]
+ Pk − β∗ρ̄kω (3.38)

∂(ρ̄ω)

∂t
+

∂

∂xj
(ρ̄ũjω) =

∂

∂xj

[
(µ+ σωµt)

∂ω

∂xj

]
+
α

νt
Pk − βρ̄ω2 +

2(1− F1)
ρ̄σω2

ω

∂k

∂xj

∂ω

∂xj
(3.39)

The coefficients of the SST model are a linear combination of the corresponding
underlying model, the Wilcox k − ω and k − ε model:

φ = F1φ1 + (1− F1)φ2. (3.40)

However, the baseline and the k − ω models over predict the turbulent eddy
viscosity [98]. Hence, the SST model accounts for the transport of turbulence
shear stress by a limiter to the formulation of the eddy viscosity in the inner
region:

µt =
ρa1k

max (a1ω,ΩF2)
(3.41)
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where Ω is the absolute value of the vorticity and F2 is a blending function similar
to F1. These blending functions restrict the limiters to the wall boundary layer,
since the underlying assumptions are not valid for free shear flows [98]. These
blending functions are critical and are based on d, ρ̄, and ν̄, the distance to the
nearest surface, the density, and the kinematic viscosity respectively.

F1 = tanh
(
arg4

1

)
(3.42)

arg1 = min

[
max

( √
k

β∗ωd
,
500ν̄

d2ω

)
,

4ρ̄σω2k

CDkωd2

]
(3.43)

CDkω = max

(
2ρ̄σω2

1

ω

∂k

∂xj

∂ω

∂zj
, 10−20

)
(3.44)

F2 = tanh
(
arg2

2

)
(3.45)

arg2 = max

(
2

√
k

β∗ωd
,
500ν̄

d2ω

)
(3.46)

The model constants for the inner near wall region φ1 (Wilcox k− ω model) are:

σk1 = 0.85, σω1 = 0.5, β1 = 0.075, a1 = 0.31, β∗ = 0.09, α1 = 5/9 (3.47)

while the model constants for the outer free shear region φ2 (standard k− ε) are:

σk2 = 1.0, σω2 = 0.856, β2 = 0.0828, β∗ = 0.09, α2 = 0.44 (3.48)

The constant α is evaluated according to Eq. (3.37).
The modification to the definition of the eddy viscosity of the SST model,

accounting for the shear stress transport, has led to major improvements in the
prediction of adverse pressure gradient flows [104]. This model is capable of giving
highly accurate prediction of the onset, as well as the degree, of flow separation
in flow regions with an adverse pressure gradient [98]. Tests have also shown the
ability to predict pressure induced separation and the resulting viscous-inviscid
interaction accurately [104].

Nonlinear Turbulence Models

Besides the popular linear turbulence models discussed above, there are a range
of nonlinear alternatives available. Reynolds stress turbulence models, for exam-
ple, are based on solving the transport equations for all the components of the
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Reynolds stress tensor, along with a scale determining transport equation, and are
not based on Boussinesq’s eddy viscosity hypothesis [105]. The Omega Reynolds
stress model and the Baseline Reynold stress model both directly solve transport
equations for each Reynold stress component. Explicit Algebraic Reynolds stress
models, on the other hand, are based on modifying the standard two equation
models. In these cases, the Reynolds stress tensor is calculated from explicitly-
derived nonlinear relationships between the Reynolds stresses and the mean strain
rate and vorticity tensors [98]. While turbulence models based on these more com-
plex formulations of the Reynold stresses can be more suited to complex flows,
they are often found to not be superior in performance to two-equation models,
and can be restricted to very specific applications [98]. This makes users generally
favour more straightforward approaches [106].

A previous comparison between nonlinear Reynolds stress turbulence models
and the linear SST turbulence model, using a turbine stage of the Politecnico
di Milano as the geometry, showed that they were not superior in this applica-
tion [107]. Hence, these models are not further explored here. The SST turbulence
model is already very widely used for turbomachinery applications [86, 87, 108]
and it has also been used in simulations for acoustic predictions [109–111].

3.3 URANS

Unsteady RANS (URANS) follows the RANS method and divides the flow field
into a mean and fluctuating component. Traditional RANS only captures mean
quantities, and therefore, large unsteady and coherent structures are not well
captured. URANS instead allows a time dependency within the mean:

φ(~x, t) = φ̄(~x, t) + φ′′(~x, t) (3.49)

In terms of the RANS equations, nothing changes except that a time derivative
is added, leading to:

∂ρ̄

∂t
+
∂ρ̄ũi
∂xi

= 0 (3.50)

∂ρ̄ũi
∂t

+
∂ρ̄ũiũj
xj

=
∂

∂xj

[
−p̄δij + τ̄ij − ρu′′i u′′j

]
(3.51)

∂ẽ

∂t
+
∂(ẽ+ p̄)ũj

∂xj
=

∂

∂xj

[
τ̄ijũi + τiju′′i − q̄j+

cpρu′′jT
′′ +

1

2
ρu′′i u

′′
i u
′′
j + ρu′′i u

′′
j ũi

]
(3.52)
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This can provide improved accuracy for flows with unsteady vortices over a RANS
solution as they are resolved rather than modelled [112]. Hence, larger scale
motions, with transient characteristic time-scales, are directly simulated, while
flow structures with time scales characteristic of turbulence are modelled through
conventional RANS turbulence models.

The RANS equations were derived based on the assumption of taking the
average over a steady state. The question is whether the averaging is theoretically
valid as this base state is suddenly time varying due to the introduction of the
time derivative [113]. Hence for the URANS formulation to be valid, it requires
a distinct gap between the scales of the unsteadiness between the fluctuating
mean and the turbulent motion. This is called the “spectral gap”, illustrated in
Fig. 3.1. Unfortunately, a spectral gap is not a flow characteristic and it cannot
be guaranteed that it exists[112, 113]. Nevertheless, URANS is widespread in
both industry and academia.
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Figure 3.1: Spectral gap between resolved frequencies and turbulent fluctua-
tions [112].

The time averaged flow field is therefore recovered by splitting the motion into
three parts, the time average part, the resolved frequencies, and the modelled
fluctuations:

φ(~x, t) = ¯̄φ(~x) +
[
φ̄(~x, t)− ¯̄φ(~x)

]
+ φ′′(~x, t) (3.53)

where ¯̄φ(~x) is the representation of the true time average.
URANS simulations have been previously used successfully to investigate en-

tropy noise generation, as well as the attenuation of the entropy waves [51, 114,
115].
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3.4 Intercell Fluxes

Noise is often associated with time-dependent turbulence fluctuations in the near
field, which in turn are associated with pressure fluctuations that propagate to
the far-field producing radiated sound [116]. However, entropy noise generation
is associated with convective acceleration and is due to time-dependent entropy
perturbations [29]. The acceleration of these entropy perturbations generates
pressure fluctuations that propagate to the far-field, producing noise. Considering
the advection of entropy perturbations, it was shown that dissipation is almost
solely due to shear dispersion arising from the mean velocity profile [61]. Since the
convective acceleration is well captured in a URANS simulation and turbulence
has a negligible effect, it is not necessary to resolve the turbulence fluctuations by
means of large eddy simulation. Hence, in this work, a URANS approach using
ANSYS CFX 18.2 has been chosen for investigating the effects of film cooling on
the entropy noise generation and entropy wave attenuation.

ANSYS CFX 18.2 is a commercially available pressure-based solver using a
finite volume method to discretise the Navier-Stokes equations [98]. The user-
supplied mesh is not used directly, instead, finite volumes are constructed around
the mesh vertices, and all solution variables and fluid properties are stored at each
individual node. Figure 3.2 illustrates this process on a two dimensional mesh.
The control volumes are generated around each mesh node using the median
dual [98]. This is defined by lines (dotted lines) joining the centres of the edges
and elements centres surrounding the node.

Element

Node

Element Centre

Control Volume

Figure 3.2: Control volume definition in ANSYS CFX using the median dual [98].

The approximate values of the variables at the faces of the generated dual
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median control volumes are estimated in ANSYS CFX using:

φip = φup + β∇φup ·∆~r, (3.54)

where φup is the value at the upwind node, and ~r is the displacement vector to
the integration point (·)ip. Specific values of β and ∇φup yield different advection
schemes. In all simulations in this work the High Resolution scheme was used,
where β is a non-linear factor with a value 0 ≤ β ≤ 1. β is evaluated following the
Barth and Jespersen [117] limiter, which can be shown to be a Total Variation
Diminishing scheme when applied to a 1D calculation [98]. This method first
evaluates a φmin and φmax at each node using a stencil involving adjacent nodes
and the node itself. At each integration point around the node Equation (3.54) is
solved, making sure the solution is within φmin and φmax. The nodal value of β is
taken to be the minimum value of the surrounding integration points. Essentially,
the high resolution scheme computes β to be as close as possible to 1 without
introducing new extrema. If β = 1 then the solution is second-order accurate.

The diffusion terms are evaluated using a standard finite-element approach,
where shape functions, N , are used to evaluate the spatial derivatives [98]. For
instance, the derivative in the x−direction at the integration point takes the form
of:

[
∂φ

∂x

]
ip

=

[∑
n

∂Nn

∂x

]
ip

φn (3.55)

where the summation is taken over all the shape functions for the elements,
n [98]. The Jacobian transformation matrix can be used to express the Cartesian
derivatives of the shape functions in terms of their local derivatives [98]:

∂N
∂x

∂N
∂y

∂N
∂z

 =


∂x
∂s

∂y
∂s

∂z
∂s

∂x
∂t

∂y
∂t

∂z
∂t

∂x
∂u

∂y
∂u

∂z
∂u


−1

∂N
∂s

∂N
∂t

∂N
∂u

 (3.56)

The gradients of the shape functions can be evaluated at the actual location of
each integration point (tri-linear interpolation), or at the location where each inte-
gration point surface intersects the element edge (linear-linear interpolation) [98].
However, using linear-linear interpolation can improve solution robustness at the
expense of locally reducing the spatial order-accuracy of the discrete approxima-
tion [98].

The general discrete approximation of the transient terms of the Navier-Stokes

43



3.5. ACOUSTIC DATA PROCESSING CH 3. NUMERICAL METHODS

equations for the nth timestep can be written as [98]:

∂

∂t

∫
V

ρφdV ≈ V

(
(ρφ)n+ 1

2 − (ρφ)n−
1
2

∆t

)
(3.57)

where the superscript (·)n−1/2 and (·)n+1/2 denote the start and end of the timestep,
respectively. In this work, a second-order backward Euler scheme is used, with
the start and end of the timesteps being approximated as [98]:

(ρφ)n−
1
2 = (ρφ)n−1 +

1

2

(
(ρφ)n−1 − (ρφ)n−2) (3.58)

(ρφ)n+ 1
2 = (ρφ) +

1

2

(
(ρφ)− (ρφ)n−1) (3.59)

These values are substituted into Eq. (3.57), leading to [98]:

∂

∂t

∫
V

ρφdV ≈ V
1

∆t

(
3

2
(ρφ)− 2 (ρφ)n−1 +

1

2
(ρφ)n−2

)
(3.60)

This is a robust, implicit, conservative in time, and second-order accurate time
discretization scheme with no timestep size limitation on stability. However it is
not bounded, and may create some non-physical oscillations [98].

3.5 Acoustic Data Processing

This section outlines the methodology used to extract the acoustic data from
the CFD simulations. The simulations give timestep data which are analysed in
ANSYS CFD-Post. The extraction of the perturbation, splitting of the down-
stream and upstream pressure waves, as well as evaluation of the entropy wave
strength, was performed using MATLAB. The methodology is consistent for all
simulations, including 2D and 3D simulation. Entropy is defined as:

s = cv ln(p/ργ) (3.61)

depending on the pressure p, density ρ, heat capacity at constant volume cv, and
the ratio of specific heat γ. If the perturbations are small, the static pressure and
density can be written as:

p = p+ p′ (3.62)

ρ = ρ+ ρ′ (3.63)
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respectively. By substituting Equations (3.62) and (3.63) into Equation (3.61),
the amplitude of the linear entropy perturbations becomes:

ws =
s′

cp
=

p′

γp
− ρ′

ρ
(3.64)

where ws is the dimensionless entropy amplitude, non-dimensionalised by the spe-
cific heat capacity at constant pressure, cp [29]. While the entropy perturbations
convect within the mean flow, the pressure perturbations travel at the speed of
sound in any given direction. Therefore, the downstream, p′+, and upstream, p′−,
travelling pressure waves, based on the 1D continuity and momentum equation
proposed in [29], read:

w± =
p′±

γp
=

1

2

[
p′

γp
± u′

c

]
(3.65)

where w± is the non-dimensionalised pressure wave, u′ the axial velocity pertur-
bation, and c the speed of sound. The downstream travelling wave is denoted with
a superscript (+), and (−) denotes the upstream travelling wave. This assumes
planar waves and circumferential modes are not considered, since the author in
[29] only considered a one-dimensional flow.

3.5.1 Simulation Data Extraction

All forced entropy waves are planar waves with respect to the flow axis (x-axis).
Hence, −→x normal planes are placed in increments of 1 mm in the domain. At
each plane the static pressure, static temperature, density, axial velocity compo-
nent (u), and pitch-wise velocity component (v) are extracted. As the acoustic
perturbations do not convect with the mean flow, the area-weighted average of
the static pressure is evaluated:

areaAve(p) =

∫
p dA/A (3.66)

For the density, static temperature, and axial velocity the mass-weighted average:

massFlowAve(φ) =

∫
φ dṁ/ṁ (3.67)

was evaluated, where ṁ represents the local mass flow rate and φ the variable
being averaged. The mass-weighted average was appropriate as these quantities
travel with the mean flow.

The data was extracted using a “Session file” written in Perl, iterating through
each timestep. At each timestep, the averaged pressure, density, temperature, ax-
ial velocity, and pitch-wise velocity were appended to a text file for each individual
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plane, while for the first plane the physical time of the timestep was also added.
Hence, a file for each plane containing all variables at all timesteps was created.
These could then be loaded into MATLAB, creating a 3D matrix (Fig. 3.3).

pk ρk Tk uk vk

pj ρj Tj uj vj
p2 ρ2 T2 u2 v2

pj ρj Tj uj vj

p1 ρ1 T1 u1 v1

pj ρj Tj uj vj

plane 1−
k

variables

ti
m

es
te

p
s

1
−
j

Figure 3.3: MATLAB matrix with plane averaged data.

Thereafter, the speed of sound was calculated at each timestep and plane. Next,
the mean of each variable was determined, and the perturbation matrix computed.
These made it possible to calculate the dimensionless entropy wave as well as the
dimensionless transmitted and reflected pressure wave using Equations (3.64) and
(3.65), respectively. Since plane averaged data is used instead of local values, the
contribution to the entropy noise due to vortex noise, noise due to turbulence,
becomes insignificant [27, 57]. Additionally, vortex noise is likely to occur at
much higher frequencies than the investigated forced frequencies, i.e. 200Hz to
1000Hz. To analyse the entropy wave convection through the stator, the entropy
wave amplitude was evaluated by applying the Fast Fourier Transform (FFT) at
each x normal plane along the axial direction to the entropy wave signal ws. The
FFT was taken over a time period of 0.01 s allowing a minimum of two periods
for a forced frequency of 200Hz, the lowest frequency of interest, while for a
frequency of 1000Hz, 10 periods were analysed. The sampling frequency of the
FFT was 50 kHz corresponding to a Nyquist frequency of 25 kHz or a minimum of
50 samples for the highest frequency of interest (1000Hz). The upper and lower
FFT limits on the entropy wave time signal are shown in Fig. 3.4. The entropy
wave time signal was calculated using Equation (3.64), where the plane averaged
values are used for the pressure and density values as described above.

As the entropy wave convects downstream, there will be a phase shift between
the different planes. Hence, a time shift for the upper and lower limits of the FFT
is introduced to account for the convection time between each plane. The time
shift is estimated by assuming a constant velocity between the downstream and
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Figure 3.4: Example of the entropy wave signal in the time domain with the FFT
limiters (extracted upstream of stator leading edge, see Fig. 5.2 for reference).

the upstream plane.The axial velocity on the downstream plane was used. This
gave an estimate of the convection time to the new plane. This method ensures
that the same oscillations were evaluated throughout the FFT. The front and tail
of the forced entropy wave, indicated as region 1 and 2 in Fig. 3.4 respectively,
are disregarded as they are not within the FFT limits. This is important because
the entropy wave at the wave front is slightly stretched (Fig. 3.4, location 1 ) and
attenuated through the convection in the extended duct. At the same time, some
numerical oscillations appear at the tail of the entropy wave (Fig. 3.4, location
2 ).

In addition to the entropy wave convection, the entropy transfer functions
(ws2/w

s
1) and entropy noise transfer functions (w+

2 /w
s
1), (w−1 /w

s
1), are evaluated

between two planes. The first plane (·)1 is located at x/Cx = −0.65 upstream
of the vane leading edge and the second plane (·)2 is located at x/Cx = 2.4

downstream of the stator leading edge. To evaluate ws2, a phase shift with respect
to ws1 was introduced as the entropy wave first needs to convect to the downstream
position. The acoustic response, w−1 and w+

2 , were also evaluated through an FFT,
however with a smaller phase shift in comparison to the ws2. The transfer function
indicates to what extent the entropy waves are attenuated when travelling through
the stator, as well as how much noise is created by a planar entropy wave travelling
upstream or downstream. The MATLAB code which was written to perform this
analysis can be found in Appendix A.

3.6 Key Points

The key outcomes of the chapter, Numerical Methods, are listed here:

� The numerical underpinnings of the calculations used for this work have
been outlined for reproducibility and clarity.
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� The methodology for consistently post-processing the wave data from the
URANS simulations has been developed and introduced.
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4 Turbine Stage Modelling

The entropy noise generation is first investigated within a computational fluid
dynamics framework of a stator blade row. For this, the high-speed axial turbine
stage at the Laboratorio di Fluidodinamica delle Macchine at the Politecnico di
Milano (PoliMi) is chosen, and is shown in Fig. 4.1 [118]. The PoliMi turbine fea-
tures a full annular turbine stage. In this work only the stator will be considered.
In this chapter, the aerodynamic flow field of the full turbine stage is validated
against experimental data, and, based on this analysis, the stator is subsequently
modelled as isolated 2D and 3D cascades.

Rotor

Stator

F
lo

w
d

ir
ec

ti
o
n

Figure 4.1: Axial high pressure turbine test rig of the Politecnico di Milano show-
ing the stator and rotor blade row (Gaetani P., 2020, personal communication,
22 August).

A schematic view of the PoliMi turbine is shown in Fig. 4.2. The turbine
consists of 22 stator blades and 25 rotor blades with a hub diameter of 300mm
and a shroud diameter of 400mm. This results in a blade span of 50mm. The
rotor has a tip clearance of 1.3% of the blade span, 0.65mm. The axial chord
length of the stator and rotor are 30.6mm and 46.7mm respectively, with an
axial stator-rotor gap of 30.6mm. This high pressure turbine can operate at a
subsonic operating condition of 7000 rpm and a transonic operating condition of
11,100 rpm.

The subsonic operating condition of the turbine is used for the numerical
investigation presented here. For the fluid domain, a single blade passage is
considered (see Fig. 4.3). The origin of the domain is located at the stator leading
edge, and the stator inlet at x = −45mm. The interface of the stator and rotor
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Figure 4.2: Schematic view and dimensions of the setup at the high pressure
turbine rig at the Politecnico di Milano. Flow from right to left. [119].

is located at the mid-plane of the stator-rotor gap, at x = 45.9mm downstream
of the stator leading edge. The leading edge of the rotor is at x = 61.2mm
and the outlet is located three axial rotor chord lengths downstream of the rotor
trailing edge, hence at x = 248mm. After the rotor trailing edge, the domain
expands from a hub diameter of 300mm down to 280mm at an angle of 12◦ [120].
The circumferential boundary of the blade passage follows the blade geometry to
reduce the flow across the boundary, as is commonly done in turbomachinery [66–
68, 74].
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Total pressure profile

Total temperature

Hub
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Counter rotating
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Rotor
Rotational speed
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Mixing plane

Outlet BC
Static pressure

Axis

3
0
0

m
m4

0
0

m
m

45 mm 45.9 mm

248 mm

61.2 mm

280
m

m

Walls
No slip wall

Adiabatic

Periodic BC

x
y

z

Figure 4.3: Computational fluid domain with boundary conditions of the stator
and rotor.

The stator and rotor domain have been discretized using hexahedral elements.
The tip clearance of the rotor has been included.

To resolve the boundary layer, a y+ value of unity was aspired. As the meshing
software provided limited flexibility, the first cell height had to be set for the entire
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blade, resulting in a mean y+ value of approximately 0.62 and 0.65 for the stator
and rotor, respectively. The maximum values were 1.35 and 3.05. Additionally,
the local maximum expansion factor was set to 1.2. The quality of the mesh was
further evaluated by checking the maximum and the minimum face angles which
were 115◦ and 56◦. For a perfect rectilinear Cartesian mesh the face angle would
be 90◦. This gives an indication of skewness of the hexahedral elements. The
coarse mesh of the stator and rotor are shown in Fig. 4.4.

Figure 4.4: Stator mesh with 100,000 elements (left), Rotor mesh with 200,000
elements (right).

4.1 Numerical Setup

For the steady state simulations, the High Resolution scheme, discussed in Sec-
tion 3.4, was used for the advective terms in the RANS equations and the turbu-
lence closure equations. The ideal gas law was used for the working fluid (air),
with constant thermophysical properties, see Table 4.1.

Table 4.1: Thermophysical properties of air.

Molar mass 28.96 kg kmol−1

Specific gas constant 278.1 J kg−1 K−1

Specific heat capacity at constant pressure 1004.4 J kg−1 K−1

Specific heat capacity at constant volume 717.3 J kg−1 K−1

Ratio of specific heats 1.4
Dynamic viscosity 1.831× 10−5 kg m−1 s−1

Thermal conductivity 2.61× 10−2 W m−1 K−1

The boundary conditions of the domain were chosen to match the exper-
iment results of the PoliMi turbine, referred to as OP3 [120]. At the inlet
(x = −45mm) a total pressure profile was imposed. This was measured by a
flattened probe and reported as a normalised total pressure profile (Fig. 4.5).
The local total pressure pt can be evaluated based on the static pressure taken
at the casing (p = 137, 430Pa) and the reference total pressure measurement
(pt,ref = 139, 000Pa). This normalised total pressure profile stays constant for
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different operating conditions due to the upstream inlet guide vane, the honey-
comb, and the incompressible nature of the flow in this specific section. Hence,
only pt,ref and p need to be reported [120]. The turbulent intensity at midspan
and total temperature are reported as 2.5% and 323K, respectively. The frac-
tional turbulence intensity I was imposed at the inlet. The turbulence kinetic
energy and turbulence eddy frequency at the inlet were calculated based on the
turbulence intensity according to Equations (4.1) and (4.2) below [98]:

kInlet =
3

2
I2U2 (4.1)

ωInlet =
ρk

µ

(
µt
µ

)−1

(4.2)

with an initial eddy viscosity ratio:

µt/µ = 10 (4.3)

A uniform total temperature boundary condition was also imposed at the inlet.
At the outlet the static ambient pressure of 100,000Pa reported by PoliMi was
imposed [120]. In the subsonic configuration the rotor has a rotational speed of
7000 rpm. The shroud of the rotor domain was modelled as an adiabatic counter
rotating wall. All other walls, including the stator and rotor blade, were also
considered adiabatic with a no-slip condition applied. The blade passage of the
stator and rotor were considered to be periodic in the circumferential direction.
The stator and rotor domain were connected by a mixing plane interface, where
circumferential non-uniformities caused by the relative motion of the stationary
and rotating blade rows are pitchwise averaged out across the interface [98].
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Figure 4.5: Normalised total pressure profile upstream of the stator along the
blade height (h), where the hub=0 and the shroud= 1 [120].
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4.2 Grid Independence

A grid independence analysis is conducted to ensure the solution is mesh inde-
pendent. Around the blades an O-grid structure is used, which is extended at the
stage inlet and outlet with H-grid blocks. Three different meshes are prepared for
the grid independence study, with the element count based on previous studies
on the same geometry [73, 118, 121–123]. Table 4.2 shows a summary of the
element count for the coarse, medium, and fine meshes of the stator and rotor
domain. The y+ values on all surfaces (stator / rotor blade, hub, and shroud)
are below one for all grids. The coarse and medium meshes are of similar size
as the meshes used in [118, 121] and [73, 122, 123] respectively. For the grid
independence analysis, the Shear Stress Transport (SST) model of Menter [104]
is used as the turbulence closure scheme.

Table 4.2: Element count in the stator and rotor domain.
Stator Rotor

coarse 1.6 million 2.3 million
medium 3.2 million 4.6 million
fine 6.4 million 9.2 million

First, the entropy-based loss coefficients:

ξV =
T1(s1 − s0)

ht,0 − his,1
(4.4)

ξR =
T2(s2 − s1)

ht,0 − his,2
(4.5)

for the stator and rotor, respectively, are compared [124]. Additionally the total-
static isentropic efficiency of the stage:

ηT−S = 1− T2(s2 − s0)

ht,0 − his,2
− 1

2

U2
2

ht,0 − his,2
(4.6)

has been considered [124]. The quantities are evaluated at the stage inlet plane
(·)0, on the measurement plane in the axial gap at 32% of the stator chord length
(·)1, and on the measurement plane downstream of the rotor at 32% of the rotor
chord length (·)2.

Observing the stator loss coefficient in Table 4.3, the losses slightly decrease
between the different grids with respect to the fine mesh. While the change of
the medium mesh to the fine mesh is still 3.08%, the losses in the rotor and the
total-static isentropic efficiency of the stage are well below 1%. The mass flow
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rate through the stage also did not change significantly, with a decrease of 0.07%
from the medium to the fine mesh (see Table 4.3).

Table 4.3: Stator and rotor losses, and stage efficiency for all meshes, with per-
centage change with respect to the fine mesh.

ξV [-] ∆ [%] ξR [-] ∆ [%] ηTS [-] ∆ [%] ṁ [kg/s] ∆ [%]

coarse 0.0485 6.83 0.0601 0.33 0.8358 -0.21 3.599 0.21
medium 0.0468 3.08 0.0593 -1.00 0.8370 -0.07 3.593 0.05
fine 0.0454 0.0599 0.8376 3.591

The circumferentially averaged static pressure, p, and Mach number are com-
pared in the spanwise direction at the stator and rotor outlet. At the stator outlet
(see Fig. 4.6) the three grids perform very similarly with small changes visible for
the Mach number from midspan to shroud. At the rotor outlet (see Fig. 4.6) the
fine and medium meshes perform equally well in predicting the static pressure,
with a slight change near the shroud. The Mach number at the rotor outlet shows
a slightly larger difference, with a maximum error of 3.7% between the fine and
medium meshes. However, this discrepancy is limited to a small section of the
blade span. Considering the comparison of the efficiencies and mass flow rate in
Table 4.3, as well as the static pressure and Mach number profile at the stator
and rotor outlets, the results obtained by the medium mesh can be considered to
be acceptable.
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Figure 4.6: Circumferential averaged Mach number and static pressure at the
stator outlet for the coarse, medium, and fine mesh.
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Figure 4.7: Circumferential averaged Mach number and static pressure at the
rotor outlet for the coarse, medium, and fine mesh.

4.3 Turbulence Closure Scheme Evaluation

There are a multitude of turbulence closure schemes available within ANSYS
CFX. Here, the performance of the k - ε, k -ω, and Shear Stress Transport (SST)
closure schemes are evaluated against experimental data at the stator outlet (see
Fig. 4.8) and rotor outlet (see Fig. 4.9). At the stator outlet, Fig. 4.8, the k - ε
closure scheme over predicts the pressure drop in comparison to the other two
turbulence models by approximately 400Pa to 600Pa. Hence, the flow accelera-
tion across the stator blade is also over predicted. The k -ω and the SST closure
scheme perform very similarly with a slight difference near the shroud. The dif-
ference occurs due to slight differences in the prediction of the passage vortex and
the associated vorticity shed from the trailing edge.
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Figure 4.8: Circumferential averaged Mach number and static pressure at the
stator outlet for the k - ε, k -ω, and SST turbulence closure scheme in comparison
to the experiment [71].

At the rotor outlet, Fig. 4.9, all schemes perform similarly in predicting the
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outlet pressure profile. The SST closure scheme shows a slightly larger variation
in comparison to the other evaluated models. The Mach number profiles of all
turbulent closure schemes are very similar towards the hub region, whilst in the
mid-span region and towards the shroud, the Mach number is generally underpre-
dicted. While overall the k - ε closure scheme performs the best, the SST closure
scheme performs well in the hub and shroud regions.
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Figure 4.9: Circumferential averaged Mach number and static pressure at the
rotor outlet for the k - ε, k -ω, and SST turbulence closure scheme in comparison
to the experiment [71].

Considering the full turbine stage, the k -ω closure scheme performs marginally
better than the others trialled, while the k - ε is found to be the weakest turbu-
lence closure scheme. The Shear Stress Transport model is well known and is
industry standard due to its accuracy and robust performance over a wide range
of cases in comparison to the k -ω scheme. However, in this specific case the SST
model has not captured the mean flow field everywhere as well as the k -ω closure
scheme. This is due to an over estimation of the passage vortex strength, which
will be seen in Section 4.4.

4.4 Stage Aerodynamics

The aerodynamic validation of the simulation is undertaken by comparing the
circumferential averaged Mach number, static pressure, and the flow angle with
experimental data. The flow angle is defined in Fig. 4.10 with the validation
results shown in Fig. 4.11. Additionally, contour plots at the stator exit of the
Mach number, flow angle, and total pressure loss:

Y = (pt,ref − pt)/(pt − p) (4.7)
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are compared with experimental data. The total pressure (pt) and static pressure
(p) are evaluated at the stator exit. In Fig. 4.11 the numerical prediction of
the flow angle is overestimated by approximately two degrees. This leads to
an increased pressure drop of 1.1% to 2.9% across the stator blade row. This
discrepancy in pressure drop causes the flow to accelerate more significantly.
Hence, the Mach number in Fig. 4.11 is also over predicted with the largest
deviation of approximately 5.4% found near the hub.
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Figure 4.10: Definition of the flow angle.
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Figure 4.11: Circumferential averaged flow angle, static pressure, and Mach num-
ber at the stator exit.

Figure 4.12 shows a 2D flow field visualisation of the total pressure loss co-
efficient (Y ), the Mach number, and the flow angle at the stator exit. The cir-
cumferential location is given as the ratio between the circumferential angle and
the stator pitch, θ/∆θS. This shows that the general characteristics are captured
well. On the contour of the total pressure loss, the trace of the wake and of the
secondary loss cores can be noted. Near the shroud the loss cores are displaced
towards the midspan due to the radial pressure gradient and the lean angle of the
blade. Different vortices can be located: the core labelled as I is the passage vor-
tex, while the core II is the shed vortex [120]. Both are captured in the numerical
simulation. In the hub region the passage vortex (core IV), and the shed vortex
(core III) are indicated [120]. The total pressure losses due to the vortex cores are
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generally over predicted by the simulation. The same effects can be seen in the
Mach number contour plot where the Mach number is over predicted in the hub
region. However, the general Mach number field is captured well. The flow angle
at the stator exit is slightly over predicted. While previous work has encountered
similar deviations, they modified the blade stagger angle by two degrees in order
to achieve better agreement with the experimental results [125]. Furthermore, an
important blade detail has been neglected. Each stator blade has a trailing edge
gap, see Fig. 4.13. This creates a strong vortex at the stator exit. Including this
trailing edge gap may have achieved better agreement towards the hub region.

M

Y %

α [◦]

α [◦]
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Y %

Figure 4.12: 2D flow field comparison at the stator exit between the experiment
(top row) [120] and the CFD simulation (bottom row).
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Figure 4.13: Hub clearance at the stator trailing edge (Gaetani P., 2017, personal
communication, 24 July).

The dependencies of the stator flow field affect the validation of the rotor
flow field. However, the rotor validation is not vital to this work, as the later
work will only consider the stator blade. Nevertheless, for completeness, the rotor
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aerodynamics are compared with the experimental circumferential averaged data
of the flow angle, static pressure, and Mach number (see Fig. 4.14) at the rotor
exit plane. Since the stator outlet flow angle shows a difference of approximately
two degrees with respect to experimental data, it strongly affects the rotor exit
flow angle in Fig. 4.14. While the trend is broadly captured, the flow is under
turned from midspan to the hub and is turned too much towards the shroud. The
static pressure is overestimated by approximately 1%, with the trend captured
reasonably well. These discrepancies result in a maximum underprediction of the
Mach number of 31%.
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Figure 4.14: Circumferential averaged flow angle, static pressure, and Mach num-
ber at the rotor exit.

Qualitative comparison of the flow field (Fig. 4.12) and the trends of the
circumferential averaged data in Fig. 4.11 of the stator are captured well with
deviation around 2%. In general the stator flow field is well captured. The
simulated aerodynamics at the rotor exit show significant differences from the
experimental data. An unsteady simulation may give more insight into the dis-
crepancies between the numerical simulation and the experiment. Additionally,
the stator geometry may need to be modified, potentially by adjusting its stagger
angle [125]. Also, the hub clearance at the stator trailing edge could be modelled
to improve the stator exit / rotor inlet flow field. However, as the rest of the work
only considers the mid-section of the stator blade row and disregards the rotor
blade row, these potential modifications have not been further explored here.

4.5 Turbulence Analysis

In addition to the aerodynamic analysis of the turbine stage, a numerical analysis
of the modelled turbulence within the turbine stage is conducted, focusing on the
stator blade row. The aim is to understand the evolution of the flow features,
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and the effect of the mesh density on the resolution of turbulence structures that
are present. It is possible to derive a transport equation for turbulence kinetic
energy, which leads to the following partial differential equation [126]:

∂ρk

∂t︸︷︷︸
Local

derivative

+ ũi
∂ρk

∂xi︸ ︷︷ ︸
Advection

=
∂

∂xi

(
− u′ip

′︸︷︷︸
Pressure
diffusion

+ u′jτ
′
ij︸︷︷︸

Viscous
diffusion

− 1

2
ρu′iu

′
iu
′
j︸ ︷︷ ︸

Turbulent
diffusion

)
+ Rij

∂ũi
∂xj︸ ︷︷ ︸

Production
Pk

− 2µ
∂u′i
∂xj

∂u′i
∂xj︸ ︷︷ ︸

Dissipation

(4.8)

The most important term in the turbulence kinetic energy transport equation is
probably the turbulence production term, Pk. It is of particular interest since it
provides the only mechanism by which energy is exchanged between the mean
flow and the fluctuating field. To allow a more fine grained evaluation of the
turbulence kinetic energy budget, the production term, Pk, is extracted. Pk is
evaluated according to Eq. (3.31) and the contour plot of the stator is presented
in Fig. 4.15, showing Pk > 2 × 105 Wm−3 at nine axial planes. The turbulence
production is, as expected for a stator blade row, clearly showing the production
in the passage vortices (core I and IV) highlighted in Fig. 4.12. The growth of
the passage vortices can be seen through the axial slices along the blade, moving
slowly towards the blade mid-span. At the end-wall, Pk is continuously growing
and while no shedding has yet occurred, it will turn into the shed vortices II and
III downstream of the trailing edge. The boundary layer on the blade surface
is growing uniformly across the mid-span. Most noticeable is the fact that the
boundary layer at the blade mid-span is apparently unaffected by the passage
vortices, even at the blade trailing edge. This is an important finding, as it
supports a reduction of the annular blade row to a linear cascade arrangement
of the blade mid-span section for the analysis of entropy noise generation in the
following chapters. Because of this, the blade mid-span section is analysed in
more detail.
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Figure 4.15: Visualisation of the turbulence production term Pk (Eq. (3.31)) in
the stator domain on nine axial planes, which are axially equispaced from leading
edge to trailing edge.

Two contour plots of the turbulent shear stress components, namely the Rxy

and the Rxz components are plotted in Fig. 4.16a and b, respectively. Since only
one blade passage is modelled, the boundary can be seen at the centre of the
passage as a slight discontinuity. This discontinuity occurs due to the Cartesian
formulation of the RANS equation rather than any issues with the boundary
conditions. The RANS equations are formulated in the Cartesian coordinate
system while the contour in Fig. 4.16 has been taken as a 2D slice with respect
to the Polar coordinate system. Since the magnitude of the turbulence shear
stress tensor |Rij| is symmetric, the discontinuity disappears when plotting |Rij|.
Again, the turbulence shear stresses occur as expected at the leading edge —
clearly visible with Rxy and Rxz in Fig. 4.16a and b, respectively. Overall, the
turbulence shear stress is dominant in the wake and in the boundary layer on the
suction side (Fig. 4.16c).
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Figure 4.16: Contour plot of the turbulence shear stress components Rxy and Rxz

in a and b respectively, with the magnitude of |Rij| shown in c.

Furthermore, the ratio between the turbulence viscosity µt, evaluated accord-
ing to Eq. (3.33), and the laminar viscosity µ is compared for the Coarse, Medium,
and Fine meshes, with the mesh size listed in Table 4.2, in Fig. 4.17. The turbu-
lence viscosity is introduced by the Boussinesq hypothesis [127]. Comparing the
ratio µt/µ is an indication of the turbulence intensity and can be used as a useful
measure of convergence of the turbulence closure scheme when used for different
grids. The ratio indicates that the turbulence intensity in the stator blade row is
very low. At the inlet and in the blade passage the difference between the three
grids is small. However, a clear difference can be seen in the wake. As the mesh
is refined, the peak values clearly increase.

µt/µ

0 100

Coarse Medium Fine

Figure 4.17: Viscosity ratio for the Coarse, Medium and Fine meshes.
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For a more quantitative comparison, the turbulence kinetic energy k and the
turbulent eddy frequency ω are compared on a circumferential line at mid-span
immediately after the trailing edge in Fig. 4.18, where the circumferential location
is given as the ratio between the circumferential angle and the stator pitch, θ/∆θS.
This shows that the wake is very localised. Between the wakes, both k and ω

are found to take similar values on all three meshes. Looking at the suction
side, the boundary layer is thicker in comparison to the pressure side, indicated
by wider region of raised turbulent kinetic energy. This is also captured by all
grids. As already indicated in Fig. 4.17 the three grids are very similarly with
the peak values of k clearly being underestimated by the coarse grid. On the
other hand, the turbulent eddy frequency between all three grids is very similar.
The medium mesh only very slightly underpredicts the peak value. Quantitative
comparison of the three grids shows that for over 90% of the circumference the
medium and fine grids are almost identical. The grid analysis with respect to
turbulence shows that if the turbulence intensity is critical for the research, the
current grid resolution in the wake is inadequate. However, for the purpose of this
research, the aerodynamic properties are resolved with sufficient accuracy. While
turbulence does affect entropy wave attenuation, this effect is expected to be
very small, especially as the wavelength is large in comparison to the turbulence
structures [58, 61].
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Figure 4.18: The turbulence kinetic energy k and the turbulent eddy frequency
ω in the circumferential direction at the trailing edge at r = 0.5.

The 3D contour of the turbulence production term of the rotor in Fig. 4.19
shows that the flow is more complex. The passage vortices quickly move towards
the blade mid-span interacting with one another before reaching the trailing edge.
However, since the aerodynamic results in Fig. 4.14 already showed discrepancies
of up to 31% in Mach number, the turbulence in the rotor blade row is not further
analysed. Again, this is felt to be unnecessary, as the current work is only based
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on the stator blade row.
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Figure 4.19: Visualisation of the turbulence production term Pk (Eq. (3.31)) in
the rotor domain on six axial planes.

The turbulence analysis of the turbine stage showed that the turbulent be-
haviours expected in the stator blade row have been captured by the model. The
clean and gradual growth of the boundary layer seen at mid-span gives confi-
dence that the reduction of the stator blade row to a cascade arrangement of the
blade mid-span is a good representation for further analysis. It has also been
highlighted that the mesh density has a significant impact on the peak values in
the wake.

4.6 Summary

The development of the turbine stage model helped in choosing the turbulence
closure scheme for the subsequent simulations of the stator and in evaluating the
capability of the numerical model to predict the stage aerodynamics. Further-
more, the modelled turbulence is analysed. The SST model is deemed to be the
most appropriate turbulence closure scheme due to its very good performance in
the stator domain. It is widely accepted in the turbomachinery community and
has a superior standing in industry compared to the baseline k − ω turbulence
model [97]. As a result of this wide acceptance and its strong performance here,
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the SST model is chosen as most appropriate for use in the subsequent work.
The flow field of the stator is very well predicted. However, the turning of the
flow is over predicted by approximately two degrees. This leads to a marginal in-
crease in the pressure drop of 1.1% to 2.9%, and a slightly increased outlet Mach
number, which showed a maximum increase of 5.4%. The discrepancies in the
stator outlet flow impact the rotor aerodynamics, in particular the outlet Mach
number. Since only the stator is of interest for the continuing work, these results
are satisfactory. The analysis of the modelled turbulence also showed that the
turbulence intensity is relatively low, with an approximate viscosity ratio of ∼ 50

in the throat area of the blade passage. But most noticeable was the continu-
ous increase in the turbulence production term at the blade mid-span. Since the
turbulence structures from the hub and shroud have not affected the turbulence
production at the blade mid-span, a reduction of the stator blade to a cascade
arrangement is feasible.

4.7 Key Points

The key outcomes of the chapter, Turbine Stage Modelling, are listed here:

� The evaluation of different turbulence closure schemes, in the PoliMi high
pressure turbine blade passage for the RANS equations, showed the SST
model is the preferred model for subsequent simulations.

� The numerical model validation, of the PoliMi high pressure turbine with
circumferential averaged experimental data, revealed an over expansion
across the stator blade row.

� The turbulence analysis highlighted that turbulent structures from the hub
and shroud do not shed to the blade mid-span, making a cascade arrange-
ment appropriate for further analysis of entropy wave attenuation and en-
tropy noise generation within the stator blade row.
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5 Entropy Noise in a Stator Blade Row
with Film Cooling

In this chapter, the entropy noise generation and entropy wave attenuation within
the stator blade row are investigated. The key physics of interest is the effect that
film cooling has on the entropy noise generation and the entropy wave attenuation.
For this, the stator blade row of the high pressure turbine at the Politecnico di
Milano is used, and a cooling geometry is added. First, a 2D representation
of the blade is used with suction and pressure side cooling geometries. This is
then extended to a 3D blade section with a leading edge cooling geometry (a
showerhead) in addition to the suction and pressure side cooling geometries.

5.1 2D URANS Simulation

This section considers a 2D representation of the PoliMi stator blade in a cascade
arrangement. The aerodynamics are compared with the 3D results described in
Chapter 4. As the PoliMi turbine does not include a film cooling geometry, a
geometry described by Bassi et al. [128] is adapted to the PoliMi blade with the
film cooling parameter matching their experimental data. Since the blade is two
dimensional, the cooling holes in effect become cooling slots. This forms an initial
basis for the investigation of the effect of film cooling on entropy noise generation
and entropy wave attenuation. To investigate the effect of film cooling, three
different cooling mass flow rates are investigated on the suction side of the blade
(Cases 1-3). For Case 1 the mass flow rate was chosen in order to match the
density ratio, the blowing ratio and the momentum flux ratio of the LS89/94
turbine vane [128]. For Case 2 and 3 the mass flow rate on the suction side was
increased by a factor of three and six, respectively. The freestream temperature
as well as the coolant temperature has been kept constant and only the coolant
inlet velocity was changed. Cases 1-3 are then compared to the original blade
without film cooling (Case 0). The sole difference between the film cooling model
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and the model without film cooling is the addition of the cooling geometry and
cooling inlet boundaries. The domain discretization and numerical schemes are
otherwise identical.

5.1.1 Stator Geometry

For 2D test section, the blade geometry and blade passage of the 3D turbine
stage was extracted at mid-span and “unrolled”, resulting in a linear cascade like
representation of the high pressure turbine. Thereafter, the stator was isolated
in order to look at a single blade row and avoid the unnecessary complexities of
the stator-rotor interaction.

Film Cooling Geometry

Since the PoliMi high pressure turbine operates at close to ambient temperatures,
it does not contain any cooling geometry. Therefore, a simple film cooling system
is added in order to investigate the impact of a secondary cooling flow on entropy
noise. The film cooled turbine vane LS89/94 with an axial chord length of Cx =

36.985mm (see Fig. 5.1a) is of similar size to the PoliMi stator blade (Cx =

30.6mm, see Fig. 5.1b) [128]. As a result, the LS89/94 turbine vane cooling
geometry is considered suitable. The LS89/94 cooling arrangement contains a
suction side (SS) and the pressure side (PS) film cooling geometry, each consisting
of two cooling rows with the second row being staggered in spanwise direction,
midway between the holes of the first row. Both the SS and PS holes have a
spanwise injection angle of 90◦, while the streamwise injection angle is 35◦ (see
Fig. 5.1). Coolant injection angles are often in the range of 25◦− 35◦ to keep the
coolant flow attached to the blade surface, and the lower range of injection angles
also corresponds to a manufacturing limit [44]. All cooling holes have a diameter
of 0.5mm and are spaced with a spacing-to-diameter ratio (S/D) of 3.0 in each
row [128]. This cooling geometry is adapted onto the 2D PoliMi blade section
with only a single cooling hole considered on the SS and PS as they are staggered
in the LS89/94 turbine vane. Also, a 2D representation of a cooling hole will be
more representative of a cooling slot. Also, a second cooling slot would increase
the complexity of possible local result analysis. The cooling hole on the SS is
located at x = 8.0mm and on the PS at x = 4.0mm with respect to an origin
located at the leading edge (see Fig. 5.1b).
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Figure 5.1: a) 2D representation of the LS89/94 turbine vane [128] and b) the 2D
PoliMi stator blade with the added film cooling geometry.

5.1.2 Numerical Setup

For the 2D simulation, the High Resolution scheme is used for the advective terms
in the RANS equations and the turbulence closure scheme. The Shear Stress
Transport turbulence closure scheme by Menter [104] is chosen as it performed
acceptably well for the turbine stage aerodynamics study in the previous chapter
(see Section 4.3), in particular the stator, and has been used for other aeroacoustic
investigations [110]. The time dependent terms are solved using a implicit second-
order backward Euler scheme with a fixed timestep. The ideal gas law was used
as an equation of state for the working fluid (air), with constant thermophysical
properties, which are listed in Table 5.1.

Table 5.1: Thermophysical properties of air.

Molar mass 28.96 kg kmol−1

Specific gas constant 278.1 J kg−1 K−1

Specific heat capacity at constant pressure 1004.4 J kg−1 K−1

Specific heat capacity at constant volume 717.3 J kg−1 K−1

Ratio of specific heats 1.4
Dynamic viscosity 1.831× 10−5 kg m−1 s−1

Thermal conductivity 2.61× 10−2 W m−1 K−1

The boundary conditions (BCs) of the domain are chosen based on the 3D aero-
dynamic simulation (see Chapter 4). The stator domain and the boundary con-
ditions are shown in Fig. 5.2.
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Figure 5.2: Stator domain with boundary conditions and film cooling detail on
the PS and SS.

Periodic BCs are applied in pitchwise direction to model an infinite stator cascade.
The outlet is specified as an opening with a static pressure (106.7 kPa) to allow
an acoustic non-reflective BC. At the inlet the total temperature Tt (323K) is
specified, without any initial turbulent intensity to avoid indirect noise due to
vorticity fluctuations and excessive entropy wave attenuation in the inlet duct.
Instead of the total inlet pressure previously used in Chapter 4, a normal inlet
velocity BC of 43.45m/s is set. When imposing a temperature fluctuation at the
inlet in conjunction with a total inlet pressure BC, a pressure wave is created —
referred to as direct noise. This will interfere with the pressure waves generated
downstream due to the acceleration of entropy waves, the indirect entropy noise
of interest in this study. To separate the direct noise from the entropy noise, the
pressure waves due to the imposed temperature fluctuations are suppressed by
switching from the previously used total inlet pressure BC to the normal inlet
velocity BC. As commonly done, the inlet temperature fluctuations are modelled
as a sinusoidal wave [66, 68, 69, 129]:

Tt = T t + T tA sin (2πf) (5.1)

where T t is the mean total temperature, A = 3.7% is the wave amplitude, and
f is the imposed wave frequency [68, 69]. A non-reflective boundary condition
(NRBC) at the inlet and outlet simultaneously was not possible, due to the on-
set of numerical instabilities. Hence, an extended inlet was designed to prevent
acoustic reflections of the inlet to interfere with the post-processed acoustic field,
see Fig. 5.3. To change an acoustic signal from the time domain into the frequency
domain (see Section 3.5) by the means of a fast Fourier transform, sufficient time
needs to be available before the reflected acoustic waves contaminate the extrac-
tion location of the acoustic time signal (location 1 in Fig. 5.3. By changing the
inlet length, the time at which the reflections arrive at the extraction location
can be controlled. Hence, the length of the inlet duct was based on the lowest
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frequency of interest (200Hz) and the speed of sound (≈ 360m/s). The acoustic
wavelength of 200Hz is 1.8 m long, λ = c/f . Therefore, with an extended inlet
length of 3.6m, there is sufficient time to force four waves before the acoustic
reflections from the inlet reflect back into the stator region. This inlet design en-
ables the separation of the upstream travelling pressure waves due to the entropy
forcing and reflected pressure waves from the inlet.

x

y

z3.6 m

Forced entropy

wave, ws

Generated entropy noise, w−

Reflected entropy

noise, w+

Fully reflective

acoustic inlet BC 1

Figure 5.3: Stator domain with boundary conditions and film cooling detail on
the PS and SS.

For the simulation with a film cooling flow, also shown in Fig. 5.2, all BCs
are kept the same, but a mass flow rate and total temperature are specified at
the SS and PS cooling flow inlets. These BCs are chosen in order to match
experimental data by Bassi et al. [128] for the density ratio DR, blowing ratio
BR, and momentum flux ratio I:

DR =
ρc
ρ∞

(5.2)

BR =
ρcUc
ρ∞U∞

(2.1 revisited)

I =
ρcU

2
c

ρ∞U2
∞

(2.2 revisited)

Here, (·)c stands for the coolant flow and (·)∞ for the main stream quantities
measured at the inlet. The mass flow rates, given here as mass fluxes, through the
SS and PS cooling slots are 9.0×10−3 kg/sm2 and 40.0×10−3 kg/sm2, with a total
temperature of 210K and 220K on the SS and PS, respectively. The comparison
with experimental values and the respective errors are listed in Table 5.2. Though
the errors seem relatively substantial, they are considered to be acceptable, as
this is a 2D simulation and the ratios strongly depend on the freestream values
which are different between the blade analysed by Bassi et al. [128] and the PoliMi
blade.
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Table 5.2: Film cooling parameter comparison with experimental data by Bassi
et al. [128].

DR BR I

Experiment 1.353 0.445 0.146
Suction Side CFD 1.296 0.435 0.146

Error -4.2% -2.2% 0.01%

Experiment 1.448 1.522 1.599
Pressure Side CFD 1.480 1.509 1.539

Error 2.2% -0.9% -3.8%

Convergence of the inner loop has been assessed through the normalised resid-
uals, which are a measure of local imbalance of each conservative control volume
equation. The convergence target level was set to 1 × 10−6. Additionally, the
global imbalance across the different boundaries is monitored to ensure conver-
gence. Convergence in time is checked by ensuring a statistically steady state for
the primitive variables. Figure 5.4 shows the upstream pressure, which is deter-
mined to be well converged after 35,000 timesteps corresponding to approximately
8 fluid through time (FTT).
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Figure 5.4: Convergence in time of upstream pressure without film cooling.

5.1.3 Grid and Time Independence

A grid and time refinement study is conducted on coarse, medium, and fine
hexahedral meshes created in ANSYS ICEM 18.2. The film cooling case at a
forcing frequency of f = 1000Hz requires the greatest grid resolution due to the
short wavelength. Therefore it was chosen for the independence study. The three
grids have the same refinement factor of 1.5 in the x and y directions with the
axis indicated in Fig. 5.2. The element count and average y+ value on the blade
surface is stated for each mesh in Table 5.3. The boundary layer on the blade
surface is resolved by the turbulence model while wall functions are used in the
cooling holes. In addition, time independence is analysed using the medium mesh
with four different timestep sizes, namely 3.3̇×10−5 s, 2×10−5 s, 1.3̇×10−5 s and
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0.8×10−5 s. Time and grid independence is evaluated on key aerodynamic values
and entropy transfer functions (TFs).

Table 5.3: Mesh characteristics for the coarse, medium, and fine meshes.

Elements y+

Coarse 201 k 2.0
Medium 433 k 1.5
Fine 997 k 1.0

Grid independence is analysed on the inlet and outlet static pressure, Mach
number, and static temperature. However, they are not reported as the per-
centage difference with respect to the fine mesh is negligible, even for the coarse
mesh, indicating that convergence is achieved even for the coarse mesh. Instead,
the film cooling parameters, blowing ratio and density ratio, on the SS and PS
are recorded in Table 5.4. This shows that the errors of the medium and coarse
mesh are converging with respect to the fine mesh. While the coarse mesh could
be considered acceptable with a maximum error of 1.77% on the PS blowing ra-
tio in terms of aerodynamics, it is also important to assess grid independence
on the entropy transfer functions, as shown in Table 5.5. This test reveals that
the unsteady behaviour of the forced entropy waves at 1000Hz and the resultant
generated entropy noise is not yet grid independent for the coarse mesh. How-
ever, the medium mesh shows a maximum change of 0.79% for the entropy TF
(ws2/ws1), which is acceptable.

Table 5.4: Grid independence of the film cooling parameters, with the percentage
errors taken with respect to the fine mesh.

Suction Side Pressure Side

BR DR BR DR

Coarse 0.432 -0.92% 1.295 -0.08% 1.557 -1.77% 1.478 < 0.005%
Medium 0.435 -0.23% 1.296 < 0.005% 1.568 -1.07% 1.478 < 0.005%
Fine 0.436 1.296 1.585 1.478

Table 5.5: Grid independence of the entropy transfer functions, with the percent-
age errors taken with respect to the fine mesh.

ws2/w
s
1 w−1 /w

s
1 w+

2 /w
s
1

Coarse 0.496 -4.35% 0.0137 -1.72% 0.0156 0.36%
Medium 0.514 -0.79% 0.0139 0.14% 0.0156 0.17%
Fine 0.518 0.0139 0.0156
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To evaluate the time independence of the simulation, the same parameters
as for the grid study are checked using the medium mesh. This showed that
the mean flow and film cooling parameters are well converged with a negligible
percentage change with respect to the smallest timestep of 0.8 × 10−5 s for all
timesteps. Hence, only the entropy wave TF and the entropy noise TFs are
reported in Table 5.6. This shows that the changes in the entropy wave TF and
the reflected entropy noise TF are well below 1% for a timestep of 2 × 10−5 s.
The transmitted entropy noise TF (w+

2 /w
s
1) is slightly higher at 2.99% but is still

below the target error of 5%.

Table 5.6: Timestep independence of the entropy transfer functions, with the
percentage errors taken with respect to the smallest timestep.

ws2/w
s
1 w−1 /w

s
1 w+

2 /w
s
1

3.3̇× 10−5 s 0.512 -1.31% 0.0137 -2.23% 0.0148 -7.83%
2.0× 10−5 s 0.514 -0.76% 0.0139 -0.67% 0.0156 -2.99%
1.3̇× 10−5 s 0.516 -0.40% 0.0140 -0.34% 0.0159 -1.20%
0.8× 10−5 s 0.518 0.0140 0.0161

The grid independence study shows that the medium mesh is well equipped
to capture the acoustic and hydrodynamic perturbations with a cut-off frequency
of 9350Hz and 1150Hz respectively. This is based on the requirement of 50+
points per wavelength [51]. A timestep of 2 × 10−5 s implies a cut-off frequency
of 1000Hz at a resolution of 50 sampling points per period, which is also suffi-
cient [51]. The converging trend for all transfer functions exhibited by the time
independence study confirms this, and a time of 2× 10−5 s is therefore chosen for
the numerical investigation of entropy noise. The convergence studies highlight
the computational challenge in having sufficient grid points to resolve the small
film cooling holes, while keeping the mesh count low enough for a computationally
affordable transient simulation with a low entropy forcing frequency.

5.1.4 Results

The results section is split in two. First, the aerodynamic results are compared
with the 3D simulation performed in Chapter 4. Thereafter a planar entropy
wave is forced at the inlet, and the effect of a film cooling slot on the SS and
PS on the entropy noise generation is evaluated. When comparing film cooling
results (Cases 1-3) with the baseline case in which no cooling geometry is present
(Case 0), the domain discretisation and the numerical setup are kept identical.
This will minimise the error introduced due to changes in the problem numerics
and discretisation.
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Aerodynamics

For the 2D simulation, the BCs have changed slightly in comparison to the 3D
turbine stage BCs described in Chapter 4. The stator blade is now isolated, and a
velocity inlet is applied in order to suppress the noise generation due to the forced
entropy waves (see Section 5.1.2). Hence, the inlet and outlet aerodynamics of
the stator blade are compared with experimental data by Knobloch et al. [71] and
with the 3D CFD results obtained in Section 4.4. Since the experimental inlet
Mach number is stated as 0.127 by Knobloch et al. [71] this is used to set an initial
inlet velocity. However, this inlet velocity of 45.6m/s leads to an over estimation
of 15.4% of the Mach number at the outlet (see CFD 1 in Table 5.7). This leads
to a big error in the acceleration field between the inlet and outlet, which is
important for the entropy noise generation. Therefore, a range of different inlet
velocities are evaluated to minimise the error with respect to both the inlet and
outlet Mach number. In the first case the inlet Mach number was matched with
the experiment leading to an error of 15.4% at the outlet Mach number (CFD 1).
In the second case the inlet velocity of 42.31m/s (see CFD 2 in Table 5.7) is
chosen to match the outlet Mach number, M2, resulting in an underprediction of
M1 of 7.1%. Finally, the error of the inlet and outlet Mach numbers with respect
to the experiment is split between the two. This resulted in an inlet velocity
of 43.45m/s and an error of 4.7% of the inlet and outlet Mach number. While
these errors might seem rather large, the issue is caused by the over expansion
across the stator. This has already been seen in the aerodynamic evaluation of
the 3D stage (see Chapter 4) and is likely to be attributable to experimental
uncertainties.

Table 5.7: Mach number comparison at inlet (M1) and outlet (M2) with experi-
mental data for three different inlet velocities.

Experiment CFD 1 CFD 2 CFD 3

M1 0.127 0.127 < 0.05% 0.118 -7.1% 0.121 -4.7%
M2 0.591 0.682 15.4% 0.592 0.2% 0.619 4.7%
U1 45.62 m/s 42.31 m/s 43.45 m/s

The emphasis has been put onto inlet and outlet Mach number, since they are the
parameters which drive the entropy noise generation, according to the compact
theory by Cumpsty and Marble [45]. Nevertheless, the stator outlet static pres-
sure and flow angle are also compared in Fig. 5.5 with the experiment and the
3D CFD results. The 2D and 3D CFD results are found to be closely matched.
The flow expansion across the stator blade increased slightly leading to a 0.4%
decrease in pressure in the 2D simulation in comparison to the 3D simulation.
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The flow angle change between the 2D and 3D simulation is also very small, with
a change of 0.5 degrees. Hence the differences between the 2D and 3D CFD
simulations are likely due to the missing secondary flows.
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Figure 5.5: Comparison of Mach number, static pressure, and flow angle of the
2D results with experimental data and 3D CFD results (see Chapter 4).

Since the mesh density impacts the amount of turbulence estimated by the
model as shown in Section 4.5, the turbulence stresses Rij (Equation (3.13)) have
been compared between the 2D cascade and the 3D annular blade row simulation
at the blade mid-span in Fig. 5.6. While the annular blade row has an inlet
turbulence intensity of 2.5%, the turbulence intensity for the 2D cascade has
been set to zero to minimise turbulent diffusion of the entropy wave in the long
inlet duct. Despite this difference in inlet BC, the turbulence shear stress Rij in
the inlet section is not noticably affected in Fig. 5.6. Comparing at the wake,
the magnitude of turbulence shear stress in the 2D cascade matches very closely
that in the 3D annular blade row. While the turbulence shear stress magnitude
is marginally lower in the 2D case, this may be attributed to the fact that the
inlet Mach number for the 2D cascade is 0.121 instead of 0.127. Nevertheless, the
turbulence shear stresses show a very good agreement between the 2D cascade
and the 3D annular blade row. The agreement between the turbulence shear
stresses (Fig. 5.6) and aerodynamic results (Fig. 5.5) confirm that the geometric
simplification to a linear cascade arrangement for the 2D domain is appropriate,
and can successfully reproduce the physical behaviours of interest at a lower
computational cost.

Entropy Forcing

After a statistically steady state is reached as discussed in Section 5.1.2, an en-
tropy wave is forced at the inlet by imposing a temperature wave according to
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Figure 5.6: Comparison of the magnitude of turbulence shear stress Rij between
the 2D cascade and the blade mid-span of the 3D annular blade row.

Equation 5.1. The forced frequency range is between 200Hz to 1000Hz, corre-
sponding to entropy wavelengths of 1.4−7.1 times the axial chord length (λ/Cx),
thus falling below the limit of the compact theory (λ/Cx > 10) [66]. It is this
frequency range in which combustion noise dominates the total engine noise [27].
The generation of entropy noise is illustrated in Fig. 5.7 for the reference case
without film cooling (Case 0) at a forced frequency of 1000Hz. At t = 0.0855 s
the entropy wave reaches the stator blade row. Since the entropy wave has not
yet been accelerated in the blade row, there is no pressure wave emitted. As the
entropy wave enters the blade passage at t = 0.0868 s and begins to accelerate,
convecting downstream with the mean flow, pressure waves are generated trav-
elling upstream and downstream. As the entropy wave convects further down-
stream (t = 0.0876 s), the entropy wave’s distortion due to the mean velocity
profile becomes evident.
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Figure 5.7: Visualisation of entropy wave convection and pressure wave genera-
tion.

The entropy wave attenuation and entropy noise generation are investigated
by the use of transfer functions (TFs). They are evaluated at x/Cx = −0.65

upstream and x/Cx = 2.40 downstream of the stator leading edge, denoted by
plane 1 and plane 2 in Fig. 5.2. The post-processing methodology and TF calcula-
tions have been described in Section 3.5 assuming planar waves. The entropy TF
(ws2/w

s
1) describes the attenuation across the stator blade row, while the entropy

noise TFs, w+
2 /w

s
1 and w−1 /w

s
1, describe the transmitted and reflected entropy

noise generation respectively.
The 2D URANS simulation is based on the isolated stator blade of the PoliMi

turbine stage, and a planar entropy wave is forced instead of the point-localized
entropy wave of the experiment [72]. Therefore, the acoustic URANS results can-
not be validated directly against this experimental data. Instead, the evaluated
TFs for the forcing frequency range of 200Hz to 1000Hz of the URANS simu-
lations are compared with the results of a computational aeroacoustics (CAA)
model, based on 2D linearised Euler simulations, by Emmanuelli et al. [130] in
Fig. 5.8a and b. The Euler equations are a system of non-linear hyperbolic conser-
vation laws governing an adiabatic and inviscid flow [131]. They are representative
of the Navier-Stokes equations with zero viscosity and zero thermal conductiv-
ity. To perform these calculations here, the URANS simulation methodology has
been adjusted by setting the dynamic viscosity and thermal conductivity to zero.
Additionally, the blade surface is modelled as a free slip wall and a laminar turbu-
lence closure scheme used. The unsteady RANS equations are essentially reduced
to the unsteady Euler equations. The comparison between the CAA results and
the Euler simulation will be used as validation, while the comparison between
the Euler results and the URANS results gives insight into the effect of diffusion

77



5.1. 2D URANS CH 5. ENTROPY NOISE IN A BLADE ROW

on the generation of entropy noise. The acoustic TFs of the different simulations
are compared in Fig. 5.8.
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Figure 5.8: Entropy TFs for a frequency range of 200 Hz to 1000 Hz evaluated
using a URANS, Euler, and CAA [130] method for the reference case without
film cooling.

When comparing the CAA results of Emmanuelli et al. [130] with the results
of the Euler simulations performed here, the trend for both the reflected and
transmitted entropy noise TFs are very well captured, as shown in Fig. 5.8a and
b. However, the results from the Euler simulations are quantitatively slightly
higher in comparison to the CAA results. This is due to somewhat different
operating conditions. Emmanuelli et al. [130] used an inlet velocity of 42m/s in
comparison to the current BC of 43.45m/s. This results in a slightly different
mean velocity field, leading to greater acceleration in the present Euler simulation,
and hence, the reflected and transmitted entropy noise increases. Though there
are slight discrepancies in the entropy noise TFs, the simulation approach and
the post processing methodology used are shown to be valid.

To evaluate the effects due to viscosity, turbulence, and thermal conduction on
the entropy TFs, the results by the Euler simulations and the URANS simulations
in Fig. 5.8 can be compared, since the Euler simulations neglect these effects.
This shows that the acoustic and the entropy wave TFs are affected. Neglecting
the viscosity within the air leads to the vanishing of the boundary layers on
the blade surface, and eliminates the generation of turbulence. Fig. 5.8c shows
that if the viscosity and thermal conduction are considered (as in the URANS
results), the entropy wave attenuation increases with increasing frequency. Hence,
small flow field alterations such as a boundary layer within the blade passage
have a negligible effect on the entropy wave attenuation at low frequency. Low
frequencies are almost unaffected, since their wavelength is close to the compact
limit (λs/Cx = 7.1 at 200Hz) according to Leyko et al. [66]. As the entropy
wave wavelength decreases, the boundary layer and the wake start to affect the
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entropy wave attenuation more significantly. Figure 5.9 shows the percentage
change between the Euler and URANS TFs:

∆TF =
(TFURANS − TFEuler)

TFEuler
(5.3)

This indicates that the effect of the boundary layer and turbulence on the entropy
wave attenuation varies approximately linearly with frequency across the analysed
frequency range, see Fig. 5.9. At a frequency of 1000Hz, the entropy wave TF is
reduced by over 5% due to viscous effects and thermal conduction. As air passes
over the blade, a boundary layer develops, displacing the mean flow. This results
in a slight reduction of the blade passage area where the air reaches freestream
velocities. The resulting velocity change (∆U) of the URANS flow field with
respect to the Euler flow field is illustrated in Fig. 5.10. On the pressure side
of the blade the velocity stays almost unchanged, while on the suction side the
velocity increases by over 40m/s. This increase is mainly due to the presents of
the wake in the URANS simulation, creating a narrower flow field accelerating
the flow. This change in mean velocity profile increases the shear dispersion of
the entropy wave and is likely the main reason for the increase in entropy wave
attenuation.

The acoustic TFs are also impacted by the viscosity and thermal conduction
through the boundary layer and wake. Figure 5.9 shows the percentage increase
of the transmitted and reflected entropy noise TFs. The transmitted entropy
noise TF has a maximum increase of 15%, while the reflected entropy noise TF
has a maximum of only 7.5%. The increase is due to the additional acceleration
the entropy wave undergoes while convecting through the blade passage. Since
the additional entropy wave acceleration mainly occurs in the second half of
the blade, towards the trailing edge (Fig. 5.10), the transmitted entropy noise
increases by approximately 7% more in comparison to the reflected entropy noise
TF. Both entropy noise TFs show a very similar trend with respect to the different
frequencies, with a maximum increase at 600Hz. After 600Hz, ∆TF sharply
decreases, with a minimum at 900Hz (Fig. 5.10). This behaviour is not currently
physically well understood, however it is suspected that a phase shift of the
pressure waves is created as entropy wave is accelerated over the blade. The
superposition of the pressure waves of the different entropy waves at the forcing
frequency results in a decrease in ∆TF.

To investigate the impact of film cooling on entropy noise generation, the case
without film cooling is considered as a reference baseline, and the impact of film
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Figure 5.9: Percentage difference between the URANS and Euler simulation for
the acoustic TFs and the entropy TF, Eq. (5.3).
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Figure 5.10: Absolute velocity change due to viscous effects and thermal conduc-
tion with respect to the Euler simulation.

cooling is reported in terms of a percentage difference from the reference case:

∆TF =
(TFfilm − TFref )

TFref
(5.4)

Three different film cooling mass flow rates are compared. Case 1 corresponds
to the film cooling setup presented by Bassi et al. [128] and is described in Sec-
tion 5.1.2. For Case 2 and Case 3, the total temperature of the coolant was kept
unchanged at 210K and 220K on the SS and PS, respectively. However, the mass
flow rate on suction side (SS) is increased by a factor of three each time, while the
mass flow rate on the pressure side (PS) was kept constant. Hence, the mass flow
rate on the SS is raised from 9.0× 10−3 kg/sm2 (Case 1) to 27.0× 10−3 kg/sm2

(Case 2) and 81.0× 10−3 kg/sm2 (Case 3). Note that the mass flow rate is given
as a mass flux due to the 2D nature of the simulation. In all cases the film cooling
flow stays attached to the blade and does not separate. This is expected as 3D
effects are not present and only a film cooling slot is modelled instead of a film
cooling hole. This highlights one of the main limitations of this two dimensional
approach. The resulting TF differences are plotted in Fig. 5.11a to 5.11c.

Looking at the entropy wave TF ws2/w
s
1 in Fig. 5.11a, a weak attenuation
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effect is apparent, with a difference of approximately -1.55%, -2.16%, and -3.72%
for Cases 1-3 respectively. The attenuation can be correlated with the total film
cooling mass flow rate increase of 1.50%, 2.03%, and 3.62% of the mean inlet mass
flow rate. A greater attenuation may be expected, but the film cooling flow stays
attached to the blade, limiting the mixing of the coolant with the freestreem flow.
Additionally, the turbulence intensity in the domain stays below 1%, as no initial
turbulent intensity is introduced at the inlet, preventing further attenuation due
to turbulent mixing. The attenuation effect due to shear dispersion is also very
limited as the film cooling flow only changes the shape of the velocity profile in
the vicinity of the boundary layer of the blade. Nevertheless, considering the
underlying physics, the results are within the expected range in comparison to
an earlier experiment with a bias flow liner in front of a nozzle [76].

w+
2 /w

s
1ws2/w

s
1 c)a) b) w−1 /w

s
1

Figure 5.11: Percentage difference in transfer function (TF) between the film
cooling Cases 1-3 and the reference case, Eq. (5.4).

Though the entropy wave amplitude has slightly attenuated, the entropy noise
amplitudes of the reflected (w−1 /ws1) and transmitted (w+

2 /w
s
1) pressure waves

increased, see Figs. 5.11b and 5.11c respectively. A maximum difference appears
at a frequency of 700Hz, before the impact of film cooling decreases again. As
was theorised for the impact of viscosity on the acoustic TFs, the non-uniform
increase in the acoustic TFs is likely due to the creation of different pressure
waves along the blade at the forcing frequency. This leads to the waves being
superimposed, creating a variable increase across the different frequencies. The
profiles in Figs. 5.11b and 5.11c look different in comparison to the profile of
the acoustic TFs in Fig. 5.9 despite both being largely driven by mainstream
acceleration changes. The difference in the profile shape can be explained by
the fact that the change in acceleration happens at different locations. Hence,
the pressure waves associated with the change in the velocity field takes place at
different locations. This introduces a phase shift between different planar pressure
waves generated along the blade, resulting in a change of the amplitude due to
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superposition. The general increase can be explained by the increase in mass flow
rate through the blade passage due to film cooling. This increases the velocity of
the perturbed flow, hence the convective acceleration:

~a = (~U · ∇)~U (5.5)

within the stator flow field, leading to a change in pressure perturbation. This was
shown by Marble and Candel [29] in Equation (1.1).If any change in the convective
acceleration occurs, the RHS dipole source du

dx
s′

cp
changes, leading to an alteration

in acoustic response. The change of the convective acceleration magnitude ∆|~a|
is visualised in Fig 5.12a by subtracting the reference case (Case 0) from the
film cooling Case 2. The change in pressure perturbation ∆p′ is also shown in
Fig. 5.12b. This shows that the acceleration changes locally (location 1 and
2 , Fig. 5.12a) at the coolant injection location, as well as in the throat region
of the blade passage (location 3 , Fig. 5.12a). The local acceleration on the
SS contributes towards the change in the pressure perturbation near the blade
(location 5 , Fig. 5.12b). However, the local acceleration on the PS did not
have a significant effect on the pressure perturbation according to location 5 in
Fig. 5.12b. The greatest change is observed in the throat of the blade passage
(location 6 , Fig. 5.12b) as the entire entropy wave across the blade passage is
accelerated.

∆p′ [Pa]∆|~a| [m/s2]a) b)
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Figure 5.12: Contour plot a) the change in convective acceleration ∆|~a|, and
contour plot b) the change in pressure perturbation at 700 Hz between Case 0
and Case 2.

The 2D unsteady RANS computations provide valuable insight into the effect
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of viscosity and thermal conduction within the gas, and highlight the effects of
film cooling on both entropy noise generation as well as entropy wave attenuation.
The results of the comparison between URANS and Euler simulations show that
neglecting viscosity and thermal diffusion leads to an over prediction of the en-
tropy transfer function (ws2/ws1). However, since Euler simulations disregard the
formation of the boundary layer, it underpredicts flow acceleration and hence re-
sults in lower entropy noise TFs. To examine the effect of film cooling on entropy
noise and entropy wave attenuation in a 2D stator blade row a single cooling
hole has been added to the SS and PS of the blade. Three different mass flow
rates have been applied to the SS hole. This has shown that the entropy waves
have been slightly attenuated by the addition of the film cooling flow. As the
entropy waves convect through the blade passage, the film cooling flow changes
the flow acceleration resulting in additional entropy noise. To better understand
the effect of film cooling in more realistic cases, a 3D simulation is required, as
the 2D simulation is geometrically limited by representing a cooling slot rather
than a hole.

5.2 3D URANS Simulation

The 2D results on the impact of film cooling on entropy noise and entropy wave
attenuation showed that a cooling flow does indeed have an impact on the entropy
noise generation. However, film cooling geometries in 2D are limited to cooling
slots rather than cooling holes, which has an impact on how the cooling flow
interacts with the flow field. Hence, 3D simulations are required to analyse the
true effect of film cooling holes on entropy wave attenuation and entropy noise
generation. To achieve this, two different 3D computational models have been
developed. The first model (Case 0), has no cooling geometry and is represen-
tative of a PoliMi high pressure stator blade section at midspan extended into a
linear cascade arrangement. The second model uses the same blade geometry as
Case 0, but with a film cooling geometry similar to the C3X test vane [90]. The
cooling geometry consists of a leading edge cooling array as well as two suction
side and pressure side cooling hole rows. These geometries are described in more
detail in Section 5.2.1. The sole difference between the two models is the addition
of the cooling geometry and cooling inlets. As before the domain discretisation
and numerical model stays unchanged to minimise differences between calcula-
tions. The modelling method is described in Section 5.2.2. For the cooling, the
simulations are conducted at three different coolant mass flow rates. The cooling
boundary conditions used in Case 2 are chosen to match the cooling characteris-
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tics of the C3X test vane. For Case 1 the coolant mass flow rate is decreased by
25% with respect to Case 2 and for Case 3 the coolant mass flow rate is increased
by 25% with respect to Case 2. However, the temperature of the coolant is kept
consistent between the three cases. The film cooling flow field of the three cases
is characterised in Section 5.2.6, while the impact of film cooling on the entropy
noise generation and entropy wave attenuation is discussed in Section 5.2.7.

5.2.1 Stator Geometry

For the 3D analysis the blade cross-section of the PoliMi stator blade is ex-
tracted at mid-span and extruded by 3.75mm (i.e. 7.5% of the blade span). The
extracted blade section is analysed in a three dimensional linear cascade arrange-
ment. The mid-span linear cascade arrangement may impact the entropy wave
attenuation when compared to an annular blade row, but the focus of the present
study is on the effect of film cooling on entropy noise and not on the effect of
the secondary flows such as the hub passage vortex, tip passage vortex, hub-shed
vortex, and tip-shed vortex, which are all found in the PoliMi turbine [132]. A
simplified approach such as this to analysing a blade in a cascade arrangement
has been used in previous works on film cooling [85, 128]. This assumption al-
lows the attenuation effects due to film cooling to be distinguished more easily,
as other attenuation effects due to secondary flows are minimised. Pertinently,
it also significantly reduces the mesh size, facilitating a parametric study. Taken
together, the composite geometry forms an engine representative and computa-
tionally efficient model of a film cooled turbine blade.

Film Cooling Geometry

To investigate the impact of film cooling on the entropy noise, a cooling geometry
is added to the turbine blade, as shown in Fig. 5.13a. In order to give a more
complete representation, this cooling geometry is based on the C3X test vane
shown in Fig. 5.13b, instead of the more idealised cooling geometry used by Bassi
et al.[128]. The C3X blade has five cooling rows on the leading edge, which are
referred to as the showerhead (SH), two rows on the suction side (SS), as well
as two rows on the pressure side (PS) of the blade [90]. As the PoliMi stator
blade is much smaller than the C3X test vane, the film cooling hole diameter (D)
is adjusted down to 0.5mm, which is in agreement with other blades of similar
size [128]. The centre row of the SH is located on the stagnation line with the
adjacent rows (1, 2 and 4, 5) being staggered in spanwise direction, as shown in
Fig. 5.13c. The spacing to diameter ratio of 7.5 [90] allowed the blade span to
be reduced to 3.75mm in the numerical model by making use of the periodicity
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in the spanwise direction. More details of the SH hole geometry are found in
Table 5.8. The origin of the reference frame is at the blade leading edge. The
first cooling row on the SS is placed at x = 8mm and the first row on the PS is
located at x = 7mm downstream (see Fig. 5.13a). The respective hole geometry
details are identical and can be found in Table 5.8. The spacing-to-diameter ratio
was slightly increased relative to the C3X geometry from 3.0 to 3.75 to allow for
the same periodicity that was used for the SH. Consequently, the film cooling
coverage is slightly reduced, with less interaction between the different coolant
jets [44]. Additionally, the injection angle on the PS is increased to 35◦ to be
consistent with both the SS and with the previous 2D study, see Section 5.1.
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Figure 5.13: a) 3D PoliMi stator blade mid-section with film cooling, b) 2D
representation of the C3X test vane [90] and c) Showerhead detail.
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Table 5.8: Film cooling hole geometry of the showerhead, and pressure and suction
sides.

Showerhead geometric
parameters

Values used in
this simulation

Common
values [41, 44]

Rows of holes 5 3 - 8
Hole diameter, D [mm] 0.5

Pitch-to-diameter ratio (P/D) 4.0
3.0 – 4.0,
up to 7.6

Spacing-to-diameter ratio (S/D) 7.5 3.0 – 8.0
Streamwise injection angle [deg] 90◦ 90◦

Spanwise injection angle [deg] 45◦ 20◦ – 45◦

Downstream geometric
parameters (PS and SS)

Rows of holes 2 1 - 3
Hole diameter, D [mm] 0.5
Pitch-to-diameter ratio (P/D) 4.0
Spacing-to-diameter ratio (S/D) 3.75 3.0 up to 8.0
Streamwise injection angle [deg] 35◦ 25◦ − 35◦

5.2.2 Numerical Setup

The numerical setup of the 3D simulations is almost identical to that of the 2D
simulations, using the same numerical schemes and turbulence model, see Sec-
tion 5.1.2. The thermophysical properties of the working fluid (air) are assumed
constant and are also identical, see Table 5.1. The computational domain of the
stator, along with the boundary conditions (BCs), are shown in Fig. 5.14. The
stator blade row is modelled as an infinite linear cascade with periodic boundary
conditions in both the spanwise and pitchwise directions. The blade wall is ther-
mally adiabatic with a no-slip condition. The assumption of an adiabatic wall
is common as the thermal profiles around the blade between a conducting and
adiabatic wall are nearly identical [83]. The inlet and outlet BCs correspond to
the experimental setup of Knobloch et al. [71] and are extruded from those of the
2D simulation. Once a fully developed flow has been reached, a planar entropy
wave is imposed at the inlet. A sinusoidal temperature wave with an amplitude
equal to A = 3.7% of the inlet mean total temperature (T t) is forced at the inlet
for the unsteady simulation:

Tt = T t + T tA sin (2πf) (5.1 revisited)

where f is the forcing frequency [68, 69].
As in the 2D simulation, an extended inlet is utilised to create an effective acoustic
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Cooling flow inlet:
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Dimensions:
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Blade span 3.75 mm

Inlet x = −3660 mm
Outlet x = 581.4 mm

Figure 5.14: Boundary conditions of 3D stator domain.

Figure 5.15: Reflections off the outlet for the forcing frequencies.

non-reflective boundary condition (NRBC), see Section 5.1.2. The inlet extension
is quasi one-dimensional with a fine mesh resolution in the flow direction but only
very few cells in the spanwise and pitchwise directions. This inlet extension is
connected via a general grid interface (GGI) to the stator domain inlet. The use of
a general intersection algorithm permits the connection between the two different
grid topologies without the need for them to be point matched. Control surfaces
are created for the numerical fluxes across the interface. They are treated as fully
implicit and fully conservative in mass, momentum, energy, scalars, etc. [98]. To
reduce errors due to interpolation, the few nodes of the inlet extension interface
are shared with the fine mesh of the domain. At the domain outlet the NRBC
available in ANSYS CFX is utilised without apparent numerical instability. Fig-
ure 5.15 shows the negligible presence of spurious reflections from the outlet at
the forcing frequencies with respect to the outlet pressure wave, w−2 /w+

2 , for Case
0. The definition of the pressure wave is found in Section 3.5, Equation 3.65.

For the simulations with film cooling (Cases 1-3) the global BCs are the same
as for Case 0. The additional inlets of the cooling plenums are defined by the
cooling mass flow rate and the total temperature. The experimental test case
44344 of the C3X test vane is taken as a reference. The coolant to freestream
temperature ratio (TR = Tc/T∞) of 0.86 is applied to the SH, SS, and PS [90].
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(·)c denotes the cooling flow quantities taken at the coolant plenum inlet and
(·)∞ denotes the local freestream quantity. The cooling mass flow rate has been
adjusted until the blowing ratio:

BR =
ρcUc
ρ∞U∞

(2.1 revisited)

was in agreement with the experiment. During the experiment, Hylton et al. [90]
used Bernoulli’s equation to calculate the local freestream velocity using the up-
stream pressure and velocity, despite the theoretical limitations of the approach.
The same methodology was adopted here to allow for direct comparison with
the experimental data. The freestream temperature is equal to the mean in-
let temperature, while the freestream density, static pressure and velocity are
evaluated at a distance of −20mm upstream of the stator leading edge. In the
experiment [90], static pressure taps were placed on either side of the SH cooling
holes in the flow direction and downstream of each cooling hole on the SS and
PS, see Figure 5.16. The static pressure for each hole has been considered to be
the average of the pressure tap on either side of the holes. For the numerical
simulation, this approach is adopted to evaluate the local freestream velocity.
The coolant velocity is taken as the mean coolant inlet velocity and the coolant
density is extracted at the coolant inlet. The resulting mass flow rates are listed
in Table 5.9, where the mass flow rates for the SS and PS are the same for each
individual cooling hole. These mass flow boundaries result in the blowing ratios
recorded in Table 5.10. The errors with respect to the experimental BR of the
C3X blade are also provided in Table 5.10.

Pressure taps (experiment)

Pressure taps (used for validation)

Figure 5.16: Surface pressure tap locations for the film cooled C3X aerofoil [90].

Convergence of the inner loop is assessed through the normalised residuals,
which are a measure of local imbalance of each conservative control volume equa-
tion. The convergence criteria was set as a drop of five orders of magnitude
from the respective maximum residual value, which is less stringent than the
1× 10−6 used for the 2D simulation, as numerical experiments showed that this
saved significant computation time without impacting the accuracy meaningfully.
Additionally, the global imbalance across the different boundaries is monitored,
allowing a maximal deviation of 1% to ensure convergence. However, the im-
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Table 5.9: Mass flow boundaries.

ṁc [kg/s]

SH 1 3.20× 10−5

SH 2 1.70× 10−5

SH 3 7.80× 10−6

SH 4 1.10× 10−5

SH 5 1.44× 10−5

PS 1.787× 10−5

SS 4.625× 10−5

Table 5.10: Blowing ratio comparison between CFD and experiment.

BRCFD BRexp Error [%]

SHave 1.890 1.959 -3.52
PSave 1.617 1.695 -4.58
SSave 0.740 0.777 -4.72

balance in mass, momentum, and energy are all well below 1%. The assessment
of reaching a fully developed flow in the simulation is checked by monitoring
the primitive variables such as pressure, temperature, and velocity. The monitor
points are located upstream and downstream of the stator blade, see location 1
and 2 in Fig. 5.14. The upstream pressure is the last to reach a fully devel-
oped flow state (see Fig. 5.17a). This state is reached once the moving average
taken over 10ms (i.e. the length of the FFT time period), see Fig. 5.17b, is
found to change by less than 1% of the expected entropy noise amplitude over
500 timesteps.
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Figure 5.17: a) Upstream pressure monitor and b) moving average taken over
10 ms of the upstream pressure.

89



5.2. 3D URANS CH 5. ENTROPY NOISE IN A BLADE ROW

5.2.3 Grid and Time Independence

A hexahedral mesh is created in ANSYS ICEM 18.2. The maximum cell size
for the baseline mesh — the medium density mesh — is chosen with respect to
a cut-off frequency of 1000Hz, based on the average axial velocity upstream of
the stator [51]. A timestep of 2 × 10−5s is chosen, with 50 sampling points per
period [51]. Additionally, a grid and time refinement study on the film cooling case
(Case 2) is conducted on a coarse, medium, and fine mesh at a forcing frequency
of 1000Hz. The mesh element count, see Table 5.11, has been doubled between
the coarse to medium to fine meshes by applying the same refinement factor in
all three dimensions. The timestep is decreased by a factor of 0.5 between the
different meshes. The y+ value on the blade surface is approximately unity for
the medium mesh, while for the coarse and fine meshes it has been scaled in line
with the increased density. On the inner surface of the cooling holes a y+

max ≈ 35

was used for the medium mesh. This results in the use of wall functions on
these surfaces, which is a common approach providing good results at higher
computational efficiency [44, 133].

Table 5.11: Mesh characteristics for the coarse, medium, and fine meshes.

Elements ∆t [s] y+

Coarse 2M 4× 10−5 1.3
Medium 4M 2× 10−5 1.0

Fine 8M 1× 10−5 0.8

The grid study is split into two parts. First, the aerodynamics are compared,
and subsequently the entropy forcing parameters are checked for convergence.
The acceleration is the key factor for entropy noise generation, and so the aero-
dynamic grid convergence study focuses on the velocity field around the stator
blade. The velocity profiles in the blade passage, in the wake (pitchwise), and
near the film cooling hole outlet (spanwise) are compared. The velocity profile
in the blade passage and wake have been both well resolved even by the coarse
mesh. Figure 5.18 shows the spanwise velocity profile 1.9D downstream from
the centre of the SS cooling holes and 0.6D perpendicular to the blade surface.
The location is between the cooling flow and the blade. This shows very good
agreement between the medium and fine meshes.

With regards to the entropy forcing parameters, the entropy noise transfer
functions, w−1 /ws1 and w+

2 /w
s
1, as well as the entropy wave transfer function,

ws2/w
s
1, are considered as convergence criteria. The evaluation of these transfer

functions is shown in Section 3.5. The respective convergence errors are listed
in Table 5.12. The convergence error for the entropy noise transfer functions
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Figure 5.18: Spanwise velocity distribution 1.9 D downstream from the centre
of the SS cooling holes and 0.6 D perpendicular to the blade surface for three
meshes.

Table 5.12: Convergence on transfer functions for the three meshes.

Change in Coarse to fine Medium to fine

w−1 /w
s
1 -6.17% 0.99%

w+
2 /w

s
1 -2.34% -0.49%

ws2/w
s
1 0.01% -0.47%

between the coarse and the fine mesh are well above 1%, while the convergence
errors between the medium and fine mesh are all within 1%. Therefore the
medium mesh consisting of ∼4 million elements, is chosen as the most suitable
mesh for this study.

5.2.4 Validation

The aerodynamic CFD results for Case 0, the stator blade without cooling, are
validated against the experimental data from the PoliMi high pressure turbine
presented by Knobloch et al. [71]. The steady mean flow data is compared at
x = −46mm upstream of the leading edge, and x = 40mm downstream of
the leading edge. Table 5.13 displays the comparison of the upstream static
pressures, static temperatures, and Mach numbers, as well as the downstream
static pressures, Mach numbers and flow angles. The origin of the error in static
pressure is due to an overestimation of the pressure drop across the stator blade
previously alluded to in Section 4.4. Since the acceleration field is key for entropy
noise generation, the errors in the inlet and outlet Mach numbers have been
minimised between the experiment and the CFD simulation by splitting the Mach
number error between the inlet and outlet, as explained in Section 5.1.4. This
minimisation resulted in a 1.7% error in the static pressure. Figure 5.19 shows the
comparison of the Mach number, static pressure and flow angle of the 3D results
with experimental data, as well as 3D CFD results of the full turbine stage and 2D
mid-section CFD results. This confirms that the 3D cascade simulation closely
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Table 5.13: Validation of upstream and downstream mean flow properties with
experimental data.

Upstream Experiment [71] CFD (Case 0) Error

p 138 kPa 138.4 kPa 0.3%
T 322 K 322.1 K 0.0%
M 0.127 0.121 -4.9%

Downstream

p 108.5 kPa 106.7 kPa -1.7%
M 0.591 0.624 5.5%

Flow angle 73.9◦ 75.8◦ 2.7%

matches the 2D results but does not consider the 3D flow structures. However,
this is expected and accepted, due to the assumption of a cascade arrangement
rather than a circumferential stator blade row as considered in the 3D turbine
stage simulation.
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Figure 5.19: Comparison of Mach number, static pressure, and flow angle of the
3D CFD results with experimental data, 3D stage CFD and 2D CFD results.

In addition to the experimental aerodynamic comparison, the turbulent shear
stress Rij is compared with the 3D annular blade row and 2D cascade simula-
tion in Fig. 5.20. The 3D cascade is almost identical to the 2D cascade. This
is expected as the boundary conditions are the same. However, the turbulent
shear stress in the wake is slightly higher in comparison to that found in the 2D
cascade, making it an even closer match to the 3D annular blade row. As for
the 2D simulation, the turbulence intensity, which was set to 0% at the inlet,
had a negligible effect on the turbulence shear stress Rij in comparison to the 3D
annular blade row with a turbulent intensity of 2.5%. Overall the comparison of
the turbulence shear stress is very satisfactory, and confirms that the geometric
simplification to a cascade arrangement is appropriate.
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Figure 5.20: Comparison of the magnitude of the turbulence shear stress Rij

between the 2D and 3D cascade and the 3D annular blade row.

Though the aerodynamics of Case 0 show good agreement with the experi-
mental data, it is not possible to directly validate the acoustics against the exper-
iments, as the stator has been isolated from the whole turbine stage. Therefore,
the acoustic transfer functions of Case 0 are compared in Fig. 5.21a to the ana-
lytical solution of the Cumpsty and Marble [45] model, as well as to the Compu-
tational Aeroacoustic (CAA) results of Emmanuelli et al. [130]. This shows that,
at low frequencies, the Cumpsty and Marble [45] model results are approached
with a difference of about 6% for the reflected and transmitted acoustic transfer
functions. These differences are expected, as the criterion for the compactness
of the blade stated by Leyko et al. [66] (λ/Cx > 10) is not met. The ratio
between the entropy wavelength and the axial chord length for a frequency of
200Hz is λ/Cx = 7.1. Nevertheless, the acoustic transfer functions are in good
agreement with the Cumpsty and Marble [45] model despite this. The compari-
son of the present URANS simulation with the CAA model (based on an Euler
simulation) by Emmanuelli et al. [130] shows a good agreement in trends of the
transfer functions with respect to the forcing frequency. However, TFs from the
URANS simulation seem to over predict the results of the CAA method. This
has two origins. Firstly, a slightly lower inlet velocity was used by Emmanuelli et
al. [130], resulting in a reduction of approximately 8% in acoustic TFs according
to the Cumpsty and Marble [45] model as discussed in the 2D result section,
Section 5.1.4. Secondly, the boundary layer development and diffusion are dis-
regarded in the Euler simulation by Emmanuelli et al. [130]. Additionally, the
present URANS simulations performed in 2D are compared with 2D LES results
by Leyko et al. [66] for a flow at similar operating conditions, but with a slightly
different blade geometry. Papadogiannis et al. [68] compared results from a 3D
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LES and a 2D LES [67] for an entropy wavelength equal to 0.4 times the stator
chord length. They found that the acoustic transfer functions are well predicted
by 2D simulations and stay very similar to those found from the 3D LES sim-
ulation. As Fig. 5.21b shows, there is a good agreement between the acoustic
URANS transfer functions from the present work and the TFs from the LES by
Leyko et al. [66]
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Figure 5.21: a) Acoustic transfer function comparison between the Cumpsty and
Marble model [45], a CAA [130] approach, and the URANS results of Case 0,
b) comparison between 2D URANS model and the 2D LES model of Leyko et
al. [66].

5.2.5 Results

In the first part of the results section, the characteristics of the chosen cooling
mass flow rates (Cases 1-3) are described, since this turbine blade does not orig-
inally contain any cooling geometry. Figure 5.22 shows a 3D contour plot of the
adiabatic effectiveness (Equation (1.4) below), illustrating the film cooling cov-
erage on the blade for Case 2. The second part of the results section covers the
analysis of the forced simulations with a forcing frequency of 200Hz to 1000Hz.
First, the entropy wave convection and the main attenuation mechanisms are
discussed, and thereafter the impact of film cooling on the entropy wave attenu-
ation for different cooling mass flow rates (Cases 1-3) is discussed with respect to
Case 0 (no cooling flow). Finally, the impact of film cooling on the entropy noise
generation is discussed.
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Figure 5.22: 3D contour of the adiabatic effectiveness on the blade surface and
coolant streamlines, (domain doubled in spanwise direction for clarity).

5.2.6 Film Cooling Flow Characterisation

For the film cooled cases (Cases 1-3), there are no experimental measurements
available on the PoliMi stator blade, as this turbine does not have any cooling
flow. The film cooling performance is therefore investigated numerically in this
study by comparing three different cases. Case 2 refers to the BCs generated from
the C3X test vane [90], while for Case 1 and Case 3 the cooling mass flow rate
is decreased and increased by 25%, respectively. Hence, the cooling mass flow
rate increases from Case 1 to Case 3. This changes the blowing ratio (Equation
(2.1)) and the momentum flux ratio (Equation (2.2)), impacting the cooling flow
behaviour. The blowing ratio and the momentum flux ratio for each case and
location, namely the SH, PS, and SS, are listed in Table 5.14. To understand the
characteristics of the different cooling flows the adiabatic effectiveness (Equation
(1.4)) is utilised.

I =
ρcU

2
c

ρ∞U2
∞

(2.2 revisited)

η =
T∞ − Taw
T∞ − Tc,exit

(1.4 revisited)

It should be noted here that the term “detachment” refers to the cooling
flow — whether or not it is attached to the blade surface. This is distinct from
flow separation of the mainstream, as there is no flow separation observed in
any of the cases tested here. A cooling flow can be detached if it penetrates the
mainstream too far, thereby reducing its effectiveness. Thole et al. [78] showed
that the momentum flux ratio (I) is the scaling parameter that dictates whether
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Table 5.14: Blowing ratios on the SH, PS, and SS for Cases 1-3.

BR I

ṁc SH PS SS SH PS SS

Case 3 +25% 2.36 1.98 0.92 4.74 3.29 0.77
Case 2 ≈C3X 1.89 1.62 0.74 3.06 2.24 0.53
Case 1 −25% 0.64 0.72 0.55 0.41 0.45 0.30

the coolant flow stays attached or detaches. Results on a flat plate with a coolant
injection angle of 35◦ showed that the coolant flow stays attached if I < 0.4,
detaches and then reattaches if 0.4 < I < 0.8, and fully detaches if I > 0.8 [78].

The adiabatic effectiveness (η) contour on the SS is compared for all cases
in Fig. 5.23. In Case 1, the coolant flow stays attached to the blade surface
at I = 0.3, spreading quickly along the blade span. However, the adiabatic
effectiveness in Case 1 starts to decrease at approximately x = 17mm. In Case 2
the cooling flow detaches and then reattaches at approximately x = 16mm (shown
by the white X in Fig. 5.23) at a momentum flux ratio of 0.53. As the momentum
flux ratio further increases to 0.77 in Case 3, the coolant flow fully detaches and
does not reattach, decreasing the adiabatic effectiveness with respect to Case 2.
The flow detachment found on the SS in the simulation follows the momentum
flux scaling proposed by Thole et al. [78]. The curvature of the blade creates a
favourable pressure gradient which presses cooling flow to the blade surface. This
was observed in Case 3, where the flow is fully detached but remains close to the
blade surface, leading to a uniform adiabatic effectiveness of approximately 20%.
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Figure 5.23: Contour of the adiabatic effectiveness (η) on the SS of the stator
blade for Cases 1-3.

Looking at the adiabatic effectiveness around the stagnation point in the SH
region in Fig. 5.24, the cooling flow detaches in all cases, even for Case 1 with a
momentum flux ratio of 0.41. This separation is due to the low velocity of the
mainstream flow in the stagnation region [134]. As the cooling flow penetrates
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the mainstream, it is pressed back onto the leading edge of the blade, creating
a region of high adiabatic effectiveness (highlighted by a white rectangle). This
region slightly increases in the spanwise direction with increasing cooling mass
flow but the adiabatic effectiveness is reduced. Towards the SS, the adiabatic
effectiveness increases with decreasing momentum flux ratio as the flow stays
attached, however it is more localised and does not spread as much spanwise. On
the other hand, the adiabatic effectiveness decreases from the SH towards the
PS for decreasing momentum flux ratios. For Case 1, the flow stays attached,
ISH = 0.4, however it does not spread much in the spanwise direction between
the SH and the PS cooling holes. While for ISH = 3 (Case 2) and ISH = 4.7

(Case 3) the flow fully detaches, it interacts further downstream with the coolant
from the first row on the PS, creating a distinctive spanwise increase in adiabatic
effectiveness, as shown in Fig. 5.24 (the white ellipse). This is consistent with the
findings by Ito et al. [135], who have shown that for concave surfaces the adiabatic
effectiveness increases with increasing blowing ratio some distance downstream
of the hole.

On the PS of the blade, Fig. 5.24 shows that the adiabatic effectiveness drops
significantly in comparison to the SS. This is partially due to the fact that ap-
proximately 60% less coolant has been injected in comparison to the SS in order
to meet the PS blowing ratio for Case 2. The low freestream velocity of ∼ 40m/s
at the PS hole outlet means that the velocity of the coolant (Uc) has to be propor-
tionally lower to match the BR, resulting in a low cooling mass flow on the PS.
At the same time this led to high momentum flux ratio values of 2.2 and 3.3 for
Case 2 and 3, respectively, and caused the coolant to separate. In Case 1, a better
coolant coverage is achieved, especially towards the trailing edge, as IPS = 0.45.
The interaction of the SH and PS clearly shows an improvement in adiabatic ef-
fectiveness. The increase of adiabatic effectiveness due to the interaction between
neighbouring coolant jets is something that has been seen previously [44].
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Figure 5.24: Contour of the adiabatic effectiveness of the SH and the PS of the
stator blade for Cases 1-3.

The analysis of the film cooling geometry of the C3X vane applied to the
PoliMi stator blade has shown that, for this specific blade, the film cooling geom-
etry is not optimised. The pairs of cooling rows on the SS and PS are likely to be
more efficient if they were staggered rather than being in line, since the individual
coolant jets would interact and more effectively shield the blade surface from the
mainstream flow. The same is true for the SH array of holes. Since the leading
edge radius is small, a pitch to diameter ratio of 4.0 is rather large. In engine
realistic geometries, the ratio is commonly between 3.0 and 4.0 (see Table 5.8).
The spacing-to-diameter ratio of 7.5 is also towards the upper limit of 3.0-8.0 and
prevents interaction between the cooling flows. This SH arrangement leaves large
areas unprotected from the mainstream temperature. Nevertheless, the focus of
this study is on the entropy and acoustic analysis rather than maximising the
cooling effectiveness, so this cooling arrangement is considered satisfactory. The
optimisation of film cooling layouts for both aerothermal and acoustic efficiency
are not explored here.

5.2.7 Entropy Forcing

When entropy waves travel through a stator blade row, they undergo attenuation
effects and are accelerated [66]. This acceleration leads to the generation of the
upstream and downstream travelling pressure waves that are referred to as en-
tropy noise [27]. The generation of the entropy noise is visualised in Fig. 5.25 for
Case 2 at a forcing frequency of 1000Hz. At t ≈ 0.0858 s the entropy wave has
not yet been accelerated in Fig. 5.25. Evidently, as expected, there is no corre-
sponding pressure response in Fig. 5.25. However, when the entropy wave passes
over the blade at t ≈ 0.0868 s and t ≈ 0.0878 s, the entropy wave attenuation
due to shear dispersion becomes clearly visible. Additionally, the generation of
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pressure waves due to the entropy wave acceleration within the stator passage
can clearly be seen in Fig. 5.25.
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Figure 5.25: Entropy wave interaction with the stator blade at t ≈ 0.0858 s,
t ≈ 0.0868 s and t ≈ 0.0878 s with the corresponding pressure response.

The following section looks at the different cases in which a planar entropy
wave is forced in a frequency range from 200Hz to 1000Hz. Firstly, the en-
tropy wave attenuation through a stator blade is discussed (Case 0). Thereafter,
film cooling is introduced, and its effect on entropy wave attenuation analysed
(Cases 1-3).

Entropy Wave Convection

The convection of the entropy waves through a stator blade is evaluated from x =

−46mm upstream to x = 76mm downstream of the stator blade at an interval
of 1 mm using the procedure described in Section 3.5. Figure 5.26 shows the
entropy wave amplitude along the axial direction for three different frequencies:
200Hz; 600Hz; and 1000Hz. The solid line refers to the uncooled Case 0 and
the dotted line refers to the cooled Case 2. At location 1 in Fig. 5.26, the
entropy wave amplitude is different for the frequencies displayed. This is due to
the attenuation of the entropy wave when convecting through the long inlet duct,
where high frequencies are more affected [58, 61].

As the entropy wave approaches the leading edge of the stator blade (location
2 , Fig. 5.26), it begins to attenuate. This attenuation is due to shear dispersion,
as the entropy wave front is subject to a varying velocity across the blade passage
due to the presence of the blade leading edge. The distortion of the wave front
is seen in Fig. 5.25 at location 1 and 2 .
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Figure 5.26: Entropy wave convection in the axial direction with upper 1 and
lower 6 plane for the transfer function evaluation.

Within the blade passage, the attenuation rate rises for increasing frequencies
(see Fig. 5.26). From the leading edge up to x ≈ 17mm (location 3 , Fig. 5.26)
the entropy wave amplitude is linearly attenuated. Thereafter, the rate of atten-
uation slows, reaching a maximum at x ≈ 24mm (location 4 , Fig. 5.26). As the
entropy wave convects further downstream, its amplitude again starts to increase
until x ≈ 36mm (location 5 , Fig. 5.26). This increase has also been observed
by Leyko et al. [66] and Becerril et al. [74]

This entropy wave attenuation profile in the blade passage can be explained
with reference to the non-uniform acceleration and turning of the flow. The en-
tropy wave undergoes a very high acceleration near the SS (location 1 , Fig. 5.27),
while on the PS the velocity change is small (location 2 ). On the SS the maxi-
mum velocity is reached at x ≈ 17mm, indicated by the downstream dashed line
(I.) in Fig. 5.27. The strong difference in the acceleration between the SS and
PS is the cause of extensive shear dispersion, accounting for the main entropy
wave attenuation. Thereafter, the entropy wave near the PS starts to accelerate
significantly (location 3 , Fig. 5.27). This slows down the rate of attenuation
due to shear dispersion, and a maximum attenuation is reached at x ≈ 24mm,
indicated by the downstream dashed line (II.) in Fig. 5.27.

In other words, a series of particles, each associated with a sinusoidal level of
entropy wave amplitude can be considered. These are initially axially concurrent.
As they convect through the blade passage the particles experience a difference in
acceleration, leading to a phase change between the axially distributed particles.
Hence, the axial amplitude decreases. This was shown by Leyko et al. [66] who
extracted a delay in arrival time of the particles at the outlet by a Lagrangian
tracking of seeded particles at the inlet, to estimate the attenuation due to shear
dispersion.

While the entropy wave is still strongly accelerated near the PS (location
4 , Fig. 5.27), the velocity is constant on the SS and even starts to decelerate
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slightly (location 5 ). This causes a reduction of the delay time between the
particles, reversing some of the phase change between the sinusoidal signal of
each particle. This leads to an increase of the axial entropy wave amplitude,
previously highlighted in Fig. 5.26. An increase in axial entropy wave amplitude
after the stator has been highlighted by Beceril et al. [74]. The increase is due
to the entropy generation in the wake and the shock wave present in [74]. The
amplitude of the generated entropy wave in the simulation of Beceril et al. [74],
is three orders of magnitude smaller in comparison to the forced entropy wave in
Fig. 5.26. Therefore, as any attenuation due to mixing cannot be reversed, this
increase has to be due to a reversal of the shear dispersion. This also highlights
the fact that shear dispersion has to be the main attenuation mechanism within
the turbine blade passage for a planar entropy wave.

At the inlet and within the blade passage, the turbulent kinetic energy is very
low in comparison to the wake. Figure 5.26 shows that upstream of plane 1 ,
the entropy wave amplitude is continuous and smooth. However, downstream of
the trailing edge (location 5 , Fig. 5.26), the entropy wave amplitude fluctuates
and slightly decreases. This may be attributed to the high turbulence in the
wake. Nevertheless, to confidently assess the effect of turbulence, a higher fidelity
simulation such as LES would be required.
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Figure 5.27: Velocity field of the blade passage, for a) the no cooling Case 0 and
b) the film cooling Case 2 at mid-span of the PS and SS cooling holes.

If a blade has a film cooling geometry, additional mass is injected into the
flow near to the blade. The cooling flow injected is unperturbed, meaning it
does not contain the forced entropy wave present in the mainstream. The added
mass is therefore available to absorb the mainstream entropy perturbations via
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dissipation. This can happen both through turbulent mixing with the mainstream
and through thermal conduction. However, a long residence time, where the
entropy wave is subjected to both attenuation mechanisms, is required to impact
the entropy wave attenuation [58]. As the cooling flow slightly displaces the
mainstream, the velocity field also changes. This leads to a slight change in shear
dispersion. Hence, there are multiple attenuation mechanisms responsible for the
reduction in entropy wave amplitude seen in Fig. 5.26 for the cooled case (dotted
lines) in comparison to Case 0 (solid lines).

To quantify the entropy wave attenuation due to film cooling, a comparison
between the entropy wave transfer function (TF) with and without film cooling is
presented. The entropy wave transfer function is defined as ws2/ws1. The location
at which the entropy wave amplitude is extracted is indicated by the vertical lines
1 and 6 in Fig. 5.26. The change in TF is reported as a percentage:

∆TF =
(TFfilm − TFref )

TFref
(5.4 revisited)

where the non-film cooling case (Case 0) is taken as the reference. The change in
the entropy TF is evaluated for the three different cooling mass flow rates for a
range of frequencies from 200Hz to 1000Hz. In Fig. 5.28a the entropy wave TFs
for Case 0 and Case 3 are plotted, while Fig. 5.28b shows the percentage change
due to film cooling. A reduction in entropy wave TF due to the film cooling is
evident in Fig. 5.28b, with a maximum attenuation at a frequency of 600Hz in all
three cases. Figure 5.28a shows that the attenuation profiles of Case 0 and Case 3
are very similar. The rate of attenuation increases with increasing frequency,
reaching a maximum at approximately 500Hz to 600Hz (λ/Cx ≈ 2.3− 2.9). The
same finding can be found in the entropy wave transfer function data published
by Leyko et al. [66]. Hence, the attenuation rate correlates with the blade size and
the maximum attenuation change in Fig. 5.28b is a result of the same mechanism.
While the mechanism responsible for additional attenuation due to film cooling
cannot be determined with certainty, the variation in attenuation for different
frequencies is likely due to shear dispersion. The attenuation is not uniform for
all frequencies, but the reduction in TF scales with the global mass flow increase
due to the coolant. The mass flow rate increase is 2.09%, 2.71% and 3.40% for
Case 1 to Case 3 respectively, while the entropy wave TF change at 400Hz is
-2.13%, -2.73% and -3.34% shown in Fig. 5.28b.

This leads to the conclusion that film cooling does have the capability to
attenuate the entropy wave within the stator passage. However, the attenuation
due to film cooling occurs on a relatively small scale. The percentage change of
the entropy wave TF slightly varies for different frequencies, but they, by and
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large, are comparable with the global mass flow rate change. Hence the global
attenuation mechanisms within the blade passage dominate, and the attenuation
due to localised flow phenomena, such as cooling flow detachment, are not of
detectable magnitude.
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Figure 5.28: a) Entropy wave transfer functions for Case 0 and Case 3 and b)
difference in entropy wave transfer functions with respect to Case 0 for different
cooling mass flow rates.

Entropy Noise Generation

To quantify the entropy noise generation due to an entropy wave, the acoustic
transfer functions (TFs) are used. The acoustic transfer functions, (w−1 /w

s
1) and

(w+
2 /w

s
1), represent the upstream and downstream pressure wave response due to

an initial entropy wave. These are plotted in Figs. 5.29a and 5.29b for Case 0
and Case 3. The effect of film cooling on the acoustic transfer functions is shown
in Figs. 5.29c and 5.29d for the reflected and the transmitted pressure wave,
respectively. The comparison between the non-cooled case (Case 0) and the three
different cooled cases (Cases 1-3) shows a possible increase of over 9% for w−1 /ws1
and 12% for w+

2 /w
s
1. This is a significant increase in entropy noise, considering

the additional cooling mass flow for Case 3 is only 3.4%. The maximum increase
in entropy noise in Figs. 5.29c and 5.29d is found to be in the region between
600Hz to 800Hz, where the rate at which the entropy noise is decreasing begins
to level out in Figs. 5.29a and 5.29b. This closely correlates with the maximum
attenuation rate of the entropy wave in Fig. 5.28a. The peak in additional noise
generation, as well as the slight shift of the maximum entropy noise with respect
to the maximum entropy wave attenuation, is likely due to the geometry of the
blade. Hence, it is speculated that it is due to the superposition of pressure waves
generated within the stator blade i.e. a phase shift between the pressure waves
generated at different axial locations. Nevertheless, film cooling increases the
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acoustic pressure response to an incoming entropy wave, for both the upstream
and downstream travelling pressure waves.
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Figure 5.29: a) and b) Reflected and transmitted entropy noise transfer functions
for Case 0 and Case 3 and c) and d) the difference in reflected and transmitted
entropy noise transfer functions with respect to Case 0 for different cooling mass
flow rates.

The additional noise generated can be explained by the change of the ac-
celeration within the stator passage. This results in the generation of additional
(indirect) entropy noise, as shown by Marble and Candel [29]. Figure 5.30a shows
the difference between the no cooling case, i.e. Case 0 and Case 2. The increase
in velocity may not be large, but a 15m/s increase represents approximately 8%
of the maximum velocity in the blade passage. As the coolant is injected, it
stays near the blade surface. This is seen at location 1 , in Fig. 5.30b, where
the cooling flow on the SS is clearly initially unperturbed. In the SH and PS
regions of the blade, the cooling flow mixes more quickly with the entropy wave.
However, it still stays near the blade surface (see Section 5.2.6 for more details
on the cooling flow characterisation). This essentially leads to a narrower blade
passage for the entropy wave to pass through, leading to a global acceleration of
the bulk flow (location 2 , Fig. 5.30a) generating additional entropy noise. The
greatest change in velocity can be observed at the coolant outlet on the SS, see
location 3 , Fig. 5.30a. The region with an adiabatic effectiveness above 70% is
highlighted green in Fig. 5.30a. The flow within this region had only limited time
to mix with the bulk flow and is therefore only slightly perturbed by the entropy
wave. However, near the SS there is significant change in velocity outside this
region, which leads to a more localised entropy noise source [136]. On the PS and
the SH cooling region the velocity change of the bulk flow is relatively small, and
hence there are no significant local noise sources.
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Figure 5.30: a) Velocity difference between no film cooling (Case 0) and Case 2,
with indication of coolant (green), and b) the entropy wave of 1000 Hz for Case
2.

These findings suggest that film cooling has a minor effect on entropy wave
attenuation. Instead, the additional mass flow leads to a stronger acceleration of
the bulk flow and localised acceleration in the vicinity of the coolant outlet. This
additional acceleration leads, ultimately, to an increase in entropy noise.

5.3 Key Points

The key outcomes of the chapter, Entropy Noise in a Stator Blade Row with Film
Cooling, are listed here:

� Viscosity and thermal diffusion of a gas impacts the entropy wave attenu-
ation and the entropy noise generation due to the formation of a boundary
layer on the blade and the associated increase in convective acceleration.

� Shear dispersion of entropy waves is the main attenuation mechanism within
a turbine blade passage.

� Entropy waves are attenuated by similar magnitude as the global mass flow
rate increases due to film cooling. However, global attenuation mechanisms
dominate and localised attenuation due to cooling flow detachment cannot
be detected.
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� A cooling flow changes the convective acceleration within the blade passage,
leading to an increased acceleration of the entropy wave resulting directly
to an increase in entropy noise.

� Entropy perturbations near the suction side of the blade are likely to experi-
ence localised acceleration due to the injected coolant leading to additional
entropy noise generation.
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6 Extension of Compact Model to
Include Film Cooling

The main application of high-fidelity numerical methods (e.g. 3D URANS) is to
help researchers develop an understanding of the fundamental physical processes
which underlie phenomena. In real industrial design environments, there is an
additional need for prediction tools which consume less computational resources
and time. The available and widely used low order model of Cumpsty and Marble
[45] accounts for the propagation of acoustic, vorticity, and entropy waves through
a blade row. However, this model does not account for the cooling flows of the
turbine blades. Modern aero engines require a cooling system due to their high
turbine entry temperatures. The results presented in Section 5.2.7 have shown
that film cooling has a significant influence on entropy wave attenuation and
entropy noise generation. Hence, there is a need for a low order model of entropy
noise which accounts for the effects of film cooling on the attenuation of entropy
waves and the noise generation associated with it. An extension of the low order
model first introduced by Cumpsty and Marble [45] has therefore been derived
as part of this project, in conjunction with Maxime Huet at the Office National
d’Etudes et de Recherches Aérospatiales (ONERA). This model is then validated
against CFD results, and a parametric study is conducted in Section 6.2.

6.1 Model Development

Cumpsty and Marble [45] developed a model to describe the propagation of en-
tropy, vorticity, and acoustic waves through a compact blade row, based on a
previous model by Marble and Candel [29] for wave propagation through a noz-
zle. The structure of the Cumpsty and Marble [45] model is illustrated in Fig. 6.1.
First the entropy, vorticity, and acoustic waves are related to the primitive fluctu-
ations of the upstream and downstream flow field. This flow field characterisation
is not altered for the proposed extension to the compact model. The derivation
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of the model as proposed by Leyko et al [66], can be found in Appendix B. There-
after, the primitive fluctuations are related to the inlet and outlet of the blade
row. Here, this blade row characterisation is adjusted to account for a cooling
flow within the computationally inexpensive compact model.
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Figure 6.1: Structure of the compact model.

An overview of the compact model is given in Fig. 6.2, along with the dif-
ferent inputs and outputs. Additionally, the velocity vector ~U and flow angle
θ are indicated, as well as the wavevector ~k and wave angle ν. The blade row
characterisation considers two dimensions, accounting for the turning of the flow
through the blade row (the circumferential component) but neglecting any radial
variations, which is valid for geometries with large hub-to-tip ratios. The blade
spacing is assumed to be small in comparison to the axial chord length, neglect-
ing the blade details, and only considering the inlet and outlet Mach numbers
and flow angles [45]. As only the inlet and outlet velocity are of interest, the
axial component, u = U cos θ, and circumferential component, v = U sin θ, can
be evaluated from the velocity triangle. The velocity perturbations u′ and v′ can
be related to U ′ by expressing U as a function of u = u+u′ and θ = θ+ θ′, which
can then be linearised. The same procedure is repeated for v, resulting in:

u′

u
=

U ′

U
− θ′ tan θ (6.1)

v′

v
=

U ′

U
+

θ′

tan θ
(6.2)

The blade passage is short in comparison to the wavelength, preventing a
phase shift between the upstream and downstream wave. For entropy waves to
interact with the blade row, it is important that the pressure drop across the
blade is large even though the perturbations are small. The original compact
model assumed (i) the conservation of entropy across the blade, indicating that
the perturbations do not change the losses across the cascade, (ii) continuity of
mass flow across the blade and hence no cooling flow, and (iii) conservation of
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Figure 6.2: Overview of the Compact Model with the input and output variables.

stagnation enthalpy [45]. To allow for the introduction of a cooling flow, the
assumptions by Cumpsty and Marble [45] are relaxed and the conservation of
mass, energy (enthalpy), and entropy now read as:

ṁ1 + ṁc = ṁ2 (6.3)

ṁ1Tt1 + ṁcTtc = ṁ2Tt2 (6.4)

ṁ1s1 + ṁcsc = ṁ2s2 (6.5)

where the subscripts (·)1, (·)2, (·)c, and (·)t refer to the upstream, downstream,
cooling flow, and stagnation temperature, respectively. The mass flow rate, stag-
nation temperature, and entropy are defined as:

ṁ = ρuA (6.6)

Tt = T

(
1 +

γ − 1

2
M2

)
(6.7)

s = cp log
p1/γ

ρ
(6.8)

respectively, where A is the area normal to the x direction. The fluctuation
of mass flow rate and stagnation temperature have to be written as a function
of the primitive variables. Therefore, the first order perturbed mass flow rate
(Equation (6.6)) and stagnation temperature (Equation (6.7)) are derived, leading
to:

ṁ′

ṁ
=

u′

u
+
ρ′

ρ
(6.9)

T ′t
Tt

=
1

1 + γ−1
2
M

2

(
(γ − 1)M

2U ′

U
+
T ′

T

)
(6.10)
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with the mean flow quantities indicated by (·) and the perturbations by (·)′.
To write the perturbed mass flow rate as a function of the primitive variables,
Equations (6.1), (6.2) and (6.8) are substituted into Equation (6.9). If the entropy
perturbation is written in terms of temperature and pressure fluctuations, s′/cp =

T ′/T − (γ − 1)p′/(γp), the mass flow rate and stagnation temperature in terms
of primitive variables becomes:

ṁ′

ṁ
=

p′

γp
− s′

cp
+

1

M

U ′

c
− θ′ tan θ (6.11)

T ′t
Tt

=
1

1 + γ−1
2
M

2

(
(γ − 1)M

U ′

c
+
s′

cp
+ (γ − 1)

p′

γp

)
(6.12)

Assuming perfect mixing between the freestream and coolant, and that no
fluctuations are introduced by the coolant flow (steady mass flow rate and stag-
nation temperature are imposed for the coolant flow), the perturbed form of
Equations (6.3)-(6.5) becomes:

ṁ1

ṁ2

ṁ′1
ṁ1

=
ṁ′2
ṁ2

(6.13)

ṁ1

ṁ2

T t1

T t2

(
ṁ′1
ṁ1

+
T ′t1
T t1

)
=

ṁ′2
ṁ2

+
T ′t2
T t2

(6.14)

ṁ1

ṁ2

s1

s2

(
ṁ′1
ṁ1

+
cp
s1

s′1
cp

)
=

ṁ′2
ṁ2

+
cp
s2

s′2
cp

(6.15)

Finally, the matrix
[
Ee
p

]
, which relates the primitive variable perturbations at

the inlet to those at the outlet can be constructed. For this, the Kutta condition
proposed by Cumpsty and Marble [45] is used:

θ′2 = 0 (6.16)

or, in a more general form also proposed by Cumpsty and Marble [45]:

θ′2 = αθ′1 (6.17)

where α is a real constant which is to be determined experimentally. Addition-
ally, Equations (6.11) and (6.12) are substituted into the perturbed conservation
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Equations (6.13) - (6.15), leading to Equation (6.18):

[
Ee
p

]
1
·


s′/cp

U ′/c

p′/γp

θ′


1

=
[
Ee
p

]
2
·


s′/cp

U ′/c

p′/γp

θ′


2

(6.18)

with:

[
Ee
p

]
1

=
β (cp/s1 − 1) β/M1 β −β tan θ1

−ε ε/M1 ε −ε tan θ1

δ (µ1 − 1) δ
(
(γ − 1)µ1M1 + 1/M1

)
δ ((γ − 1)µ1 + 1) −δ tan θ1

0 0 0 α


(6.19)

[
Ee
p

]
2

=


cp/s2 − 1 1/M2 1 − tan θ2

−1 1/M2 1 − tan θ2

µ2 − 1 (γ − 1)µ2M2 + 1/M2 (γ − 1)µ2 + 1 − tan θ2

0 0 0 1


(6.20)

and:

β =
ṁ1s1

ṁ2s2

(6.21)

δ =
ṁ1T t1

ṁ2T t2
(6.22)

ε =
ṁ1

ṁ2

(6.23)

µ =
1(

1 + (γ − 1)M
2
/2
) (6.24)

where β represents the mass weighted mean entropy ratio, δ the mass weighted
mean stagnation temperature ratio, epsilon the mass flow ratio and µ the stag-
nation to total temperature ratio in terms of the mean Mach number.

To complete the model, a few more steps are necessary, following Leyko et
al. [66]. To relate the perturbations of the primitive variables to entropy ws and
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vorticity wv waves, as well as to the downstream w+ and upstream w− acoustic
waves, a transformation matrix [P p

w] is required [66]:
s′/cp

U ′/c

p′/γp

θ′

 = [P p
w] ·


ws

wv

w+

w−

 (6.25)

with:

[P p
w] =


1 0 0 0

0 −i sin(νξ−θ)
Kξ

K+ cos(ν+−θ)
1−MK+ cos(ν+−θ)

K− cos(ν−−θ)
1−MK− cos(ν−−θ)

0 0 1 1

0 i
cos(νξ−θ)
MKξ

K+ sin(ν+−θ)
M [1−MK+ cos(ν+−θ)]

K− sin(ν−−θ)
M [1−MK− cos(ν−−θ)]

(6.26)

Finally, the upstream and downstream waves can be connected through the
wavevector, [P p

w] matrix, and
[
Ee
p

]
matrix, resulting in:

[
Ee
p

]
1
· [P p

w]1︸ ︷︷ ︸
[B]1

·


ws

wv

w+

w−


1

=
[
Ee
p

]
2
· [P p

w]2︸ ︷︷ ︸
[B]2

·


ws

wv

w+

w−


2

(6.27)

Equation (6.27) is written in terms of upstream and downstream waves, hence on
the left-hand side w− is unknown whereas on the right-hand side w− is known.
Therefore if only an isolated blade row is considered, the last column of the
[B] matrix can be permuted from left-to-right, resulting in the matrices [A]in
and [A]out. Additionally, the last term of the wavevector needs to be permuted,
leading to: 

ws2

wv2

w+
2

w−1

 = [A]−1
out · [A]in


ws1

wv1

w+
1

w−2

 (6.28)

In order to analyse an isolated blade row with film cooling, the following input
parameters are required to define the blade row:

� Inlet Mach number, M1

� Outlet Mach number, M2
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� Inlet flow angle, θ1

� Outlet flow angle, θ2

To account for the coolant flow, Equation (6.21)-(6.23) need to be defined, re-
quiring ṁ1, ṁ2, T t1, T t2, s1, and s2. To evaluate the downstream quantities the
time-averaged form of Equations (6.3)-(6.5) should be used rather than the down-
stream values extracted from the RANS simulation, as the upstream and coolant
flows are uniform, whereas the downstream flow is not, due to a lack of per-
fect mixing. Hence, the following parameters are extracted from a steady RANS
simulation:

� Inlet mass flow rate, ṁ1

� Coolant mass flow rate, ṁc

� Inlet total temperature, T t1

� Coolant total temperature, T tc

� Inlet entropy, s1

� Coolant entropy, sc

6.2 Results

The compact model extension (CM Ext.), which is capable of accounting for a
cooling flow, is validated against the CFD results using the cooling conditions
of Case 2, and the original Cumpsty and Marble [45] model in Fig. 6.3. It is
important to note that the CFD results at 200 Hz do not meet the compact
criteria, and hence a certain degree of discrepancy is expected. Nevertheless,
Fig. 6.3 shows that as the frequency decreases, the CFD results are approaching
the 0 Hz results of the extended compact theory. This is found to be true for
both the acoustic and entropy TFs.

To further evaluate the performance of the CM Ext., Fig. 6.4 compares the
entropy wave TF (Fig. 6.4a) and the entropy noise TFs (Figs. 6.4b and c) with
the non-compact 200Hz CFD results and the Cumpsty and Marble [45] model.
If Fig. 6.4 was plotted with respect to the frequency as in Fig. 6.3, it could be
seen that in all cases the CFD results are approaching the 0Hz results of the CM
Ext. However, this would make it very difficult to read Fig. 6.4, and hence this
has only been done for Case 2 in Fig. 6.3.
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Figure 6.3: Validation of the compact model extension (CM Ext.) with the CFD
results of Case 2 and the Cumpsty and Marble [45] model.

The case comparison tests whether or not the CM Ext. is capable of pre-
dicting the correct trend, where Case 0 has no cooling flow and Cases 1-3 have
an increasing cooling mass flow rate. This essentially shows the impact of ad-
ditional mass injection on the TFs. The trend of the entropy wave attenuation
in Fig. 6.4a is very well predicted by the CM Ext., whereas the Cumpsty and
Marble [45] model assumes entropy wave conservation. This good agreement is
seen despite the fact that the CM Ext. assumes perfect mixing at the outlet (see
Equation 6.3-6.5), while the film cooling flow is designed to stay on the blade sur-
face and displace the hot combustion gases. Though the assumption of perfect
mixing is clearly not valid from a film cooling point of view, the results show that
this assumption is sufficient to provide qualitatively and quantitatively correct
results in a low cost model.

Considering the transmitted entropy noise TF in Fig. 6.4b, one can observe
that the CM Ext. captures the trend well, but provides a slightly higher TF in
comparison to the Cumpsty and Marble [45] model. Here, it should be mentioned
that the Cumpsty and Marble [45] model can only account for the cooling flow
by adjusting the outlet Mach number, and considers a constant mass flow rate
of unity across the blade row, so that the effect of the cooling flow is modelled
through an effective change in the geometry. The reflected entropy noise TF in
Fig. 6.4c shows that the CM Ext. still captures the trend, but over predicts the
TF by 6.9% with respect to the Cumpsty and Marble [45] model for Case 3. The
CM Ext. assumes that all flow quantities are uniform along the y-direction at
the inlet and outlet. This is clearly not true in the case of film cooling. Hence,
the locally generated entropy noise near the blade directly due to film cooling is
not correctly accounted for. This may be the reason that the CM Ext. does not
perfectly reproduce the acoustic TFs. However, the main advantage of the CM
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Ext. is its capability of capturing the attenuation of the entropy waves due to film
cooling. This is very important for the prediction of entropy noise in subsequent
downstream blade rows. Mahmoudi et al. [57] showed that the entropy wave
attenuation through a turbine stage must be considered in order to accurately
predict later generation of entropy noise. It can be seen in Fig. 6.4, that for all
TFs for Case 0, the results of the CM Ext. collapse onto the original Cumpsty
and Marble [45] model, as designed.
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Figure 6.4: Comparison of the CM Ext. with the CFD results (Case 0-3) and the
Cumpsty and Marble [45] model with respect to the mass flow ratio ṁ1/ṁ2.

The influence of mass injection through a cooling flow is further investigated
analytically. For this Eq. 6.13 is substituted into Eq. 6.15 and rearranged, leading
to:

ṁ1

ṁ2

(
s1

s2

− 1

)
︸ ︷︷ ︸
<<1 because s1's2

ṁ′1
ṁ1

+
ṁ1

ṁ2

cp
s2︸ ︷︷ ︸

'1

s′1
cp

=
cp
s2

s′2
cp
. (6.29)

Since s1 ' s2, the first term on the left hand side becomes much smaller than
one, and the contribution of ṁ′1/ṁ1 (which includes acoustic fluctuations) on
the downstream entropy perturbation (s′2/cp) is very small. This shows that
the downstream entropy perturbation (s′2/cp) is driven by the upstream entropy
perturbation (s′1/cp), and depends linearly on the mass flow ratio ṁ1/ṁ2. This
result is in line with the observation from Fig. 6.4a, in which the entropy wave
attenuation is almost directly dependent on the mass flow ratio. Hence, the CM
Ext. correctly captures the entropy wave attenuation despite the acoustic results
being imperfect. The impact of mass injection on the acoustics is more complex.
However, the fact that the original Cumpsty and Marble [45] model captures the
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trend very well in Fig. 6.4b and c shows that the main contributing factor is the
global acceleration.

A parametric study to analyse the effect of the temperature ratio (TR = Tc/T∞)

has also been performed. In general, TR values in aero engines vary from 0.5 to
0.85 according to Han et al. [41], while the investigated range was extended (0.3
to 1.0). For this purpose the inlet mass flow rate ṁ1, inlet temperature T1, and
the coolant mass flow rate ṁc were kept constant, while the coolant temperature
Tc has been varied to achieve a range of different TR. These boundary conditions
resulted in a fixed mass flow ratio of ṁ1/ṁ2 = 0.953, a nearly constant inlet Mach
number, and a slightly decreasing outlet Mach number with decreasing TR. The
results of varying TR are shown in Fig. 6.5.
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Figure 6.5: Effect of temperature ratio on a) the entropy wave TF, b) the trans-
mitted entropy noise TF and c) reflected entropy noise TF for the Cumpsty and
Marble [45] model and the CM Ext.

TR = 1 indicates isothermal cooling, where the coolant temperature is equal
to the inlet temperature (Tc = T1). While this configuration does not provide any
cooling benefits, it is interesting from an analytical standpoint. The comparison
between the Cumpsty and Marble [45] model and the CM Ext. at TR = 1 show
that they almost collapse onto each other for the transmitted entropy noise TF
in Fig. 6.5b, with a difference of only 1.3%. For the entropy wave TF and the
reflected entropy noise TF (see Fig. 6.5a and c) the difference is 4.9% and 4.3%
respectively. This difference can be closely correlated to the inverse of the mass
flow rate ratio, ṁ2/ṁ1 = 1.049. If the CM Ext. predictions do not collapse onto
the results from the original Cumpsty and Marble [45] model it must be due to:

1. Perfect mixing of upstream and coolant flows

2. No fluctuations within the coolant flow environment
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So, isothermal cooling (TR = 1) implies perfect mixing, and the differences have
to be due to the additional mass flow and due to the assumption that there
are no fluctuations within the coolant flow. The good agreement between the
entropy noise transfer functions evaluated by the Cumpsty and Marble [45] and
CM Ext. models at isothermal conditions therefore indicate that the assumption
of no acoustic or entropy fluctuations introduced by the coolant flow is indeed
reasonable.

As the coolant temperature is decreased, the TR = Tc/T∞ starts to decrease.
This causes the entropy wave TF in Fig. 6.5a to further attenuate in a linear
fashion, even though the inlet and coolant mass flow rates are constant. This
is likely due to the change of the entropy ratio s1/s2, since all mass flow ratios
in Eq. (6.29) stay constant. The impact of the TR on the entropy noise TFs in
Fig. 6.5b and c is more significant. As stated before, with the Cumpsty and Mar-
ble [45] model, the influence of the cooling on the acoustic transfer functions is
only addressed through the changes in upstream and downstream Mach numbers.
With the mean flow variations being low in the present cases, the Cumpsty and
Marble model does not predict any significant variation in entropy noise genera-
tion as TR varies. On the other hand, CM Ext. predicts a noise increase for both
transmitted and reflected waves when TR decreases. This point calls for further
investigation.

6.3 Key Points

The key outcomes of the chapter, Extension of Compact Model to Include Film
Cooling, are listed here:

� The Cumpsty and Marble Extension for film cooling captures the entropy
wave attenuation, due to film cooling, very well qualitatively and quantita-
tively.

� The trend of the transmitted entropy noise is predicted well with an over
estimation of approximately 6.5% - 11.5% with respect to CFD results.

� The reflected entropy noise starts diverging with increasing mass flow ratio
and is overestimated by approximately 6.5% - 14.5%.

� A decreasing cooling flow temperature with respect to the freestream tem-
perature enhances the entropy wave attenuation, but the entropy wave gen-
eration increases and might outperform the benefits of the entropy wave
attenuation.
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7 Conclusion

As the indirect combustion noise is an increasingly important component of the
total aero engine noise, it is critical to understand how different design aspects of
a stator affect noise generation. Since film cooling systems are essential for the
next generation of high performance aero engines, it is necessary to account for
acoustic effects when designing and optimising the state of the art nozzle guide
vane and high pressure turbine stages. Along these lines, this research focused on
evaluating the impact of a film cooling system on the entropy noise generation as
well as possible attenuation effects on the entropy waves due to a film cooling flow
in a stator blade row. This was done by utilising unsteady Reynolds-Averaged
Navier–Stokes simulations. The project culminated in the extension of the well
known Cumpsty and Marble [45] model to account for a film cooling flow.

In the first instance, a numerical framework of a turbine stage passage with-
out film cooling was developed and validated against the mean flow aerodynamics
of the high pressure turbine stage of the Politecnico di Milano. This framework
showed very good agreement with the experimental data, albeit with a slight over
turning of the flow at the stator outlet of two degrees, leading to a subsequent
increase in acceleration across the stator blade. Similar modelling issues had been
reported previously, and an adjustment of the stagger angle was suggested [125].
Despite these discrepancies, this high pressure turbine stage was particular of in-
terest due to the availability of experimental data with respect to entropy noise.
Though no acoustic validation was undertaken, as the focus of this work was a
small stator blade mid-section, this will greatly benefit future work. The devel-
opment of the numerical turbine stage framework in Chapter 4 formed the basis
of the subsequent 2D and 3D stator blade mid-section investigation into entropy
noise.

The 2D unsteady RANS investigation in Section 5.1 was based on the stator
blade mid-section in a cascade arrangement with a planar entropy wave forced at
frequencies from 200Hz to 1000Hz. Before adding a cooling flow, the effect of vis-
cosity and thermal diffusion was evaluated by means of an Euler simulation. The
comparison between the URANS and Euler simulations showed that including
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viscous effects as well as the effects due to thermal diffusion leads to a decrease
in the entropy wave transfer function. Furthermore, due to the formation of the
boundary layer, the flow acceleration in the blade passage increases and the pre-
diction becomes more realistic. Hence the entropy waves experience an increased
acceleration, which leads to a rise in entropy noise. These findings led to the
conclusion that a URANS simulation is needed to accurately evaluate the impact
of film cooling on entropy noise. Due to the limitation on the initial investigation
of the 2D geometry, a cooling slot rather than a cooling hole was added to the
suction side and pressure side of the blade surface with three different mass flow
rates. These cooling flows altered the flow field in the blade passage by inject-
ing a cool protective layer of air close to the blade surface. This displaced the
incoming perturbed freestream, increasing its convective acceleration within the
blade passage. As the entropy wave experienced a greater acceleration, it subse-
quently saw an increase in entropy noise, ultimately caused by the film cooling
flow. Additionally, a slight attenuation of the entropy waves was observed, which
scaled with the added mass flow rate. This 2D simulation clearly demonstrated
that film cooling indeed impacts the generation of entropy noise.

However, a 2D representation of a film cooling system limits the aerodynamic
interaction between the freestream and the injected coolant. Hence, in Section 5.2
a more sophisticated cooling geometry, including a cooling array at the blade
leading edge, and two rows on both the suction side and pressure side, was added
to a small 3D blade extruded from the 2D mid-span section. A frequency range
of 200Hz to 1000Hz was again investigated, and the results showed that the
entropy wave amplitude is only minimally attenuated by the injection of a cooling
flow. The suspicion that a cooling flow that was detached from the blade surface
had a greater attenuation effect on the entropy wave attenuation could not be
confirmed due to the already small scale of the attenuation effect. The frequency
with the maximum entropy wave attenuation effect due to film cooling was found
to correlate with the frequency with the maximum rate of attenuation. The
comparison of the maximum entropy wave attention frequency with other research
showed that this is a function of the blade size, and that the maximum attenuation
rate is reached between λ/Cx ≈ 2.3 − 2.9. The added mass flow rate due to the
coolant caused the bulk flow to experience additional convective acceleration. The
bulk acceleration of the mainstream and the local acceleration on the suction side
of the turbine blade leads to an increase in the reflected and transmitted acoustic
transfer function of up to 12% for an increase in mass flow rate of 3.4%. The peak
increase in acoustic transfer functions is found at a frequency of approximately
600Hz to 800Hz.

URANS simulations are computationally expensive due to the low frequency
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of the injected entropy waves requiring a long physical integration time and the
high mesh resolution required to capture the film cooling flow. Therefore, the
low-order model of Cumpsty and Marble [45] for indirect entropy noise has been
extended in Chapter 6 to incorporate the effect of film cooling flows. The evalua-
tion of the CM Ext. showed that it captures the entropy wave attenuation due to
film cooling across a single blade row very well, which is important in multi-row
turbines. While the increase in entropy noise TFs is captured by the new model,
the amplitude of the reflected entropy noise TF is found to be overestimated.
Hence, for practical applications a combination of the CM Ext. for the entropy
wave attenuation and the Cumpsty and Marble [45] model for the acoustic TFs
may be beneficial. The results of the CM Ext. also showed that increasing the
temperature difference between the main and coolant flows further attenuated
the entropy wave, which has beneficial consequences, as it will reduce the gen-
eration of entropy noise in downstream turbine stages. However, this increase
in entropy wave attenuation is, to some extent, balanced by a local increase in
entropy noise generation due to increased acceleration. It is possible that this
may in fact strengthen the impact of the noise as perceived on the ground.

The current research indicated that a mass flow rate increase of as little as
3.4% can lead to an entropy noise increase of up to 12%. The impact on the
additional entropy noise generation is significantly larger than that on the atten-
uation effects. This is concerning for future aero engine designs, as this study
only considers a blade mid-span section, disregarding both end-wall cooling and
trailing edge cooling. This will further increase the additional cooling mass flow
rate, leading to an even greater change in convective acceleration, and hence the
entropy noise due to all cooling flows is likely to increase by more than 12%.
The critical parameter for the entropy noise generation has been identified as the
convective acceleration of the freestream. Hence, a film cooling system needs to
be designed with as little coolant as possible, and the coolant should be spread
at the injection point to avoid “coolant bumps”.

This study has contributed to the fundamental understanding of entropy wave
attenuation and entropy noise generation in the presence of film cooling. It pro-
vides a more complete analysis of a stator blade, highlighting the importance of
accounting for cooling flows during the acoustic analysis, particularly with re-
spect to entropy noise. Since this was a fundamental study, it can be used to
develop low-order models such as the suggested Cumpsty and Marble extension.
These are critical as cost and time efficient design tools, particularly with modern
short design time scales. The CM Ext. offers an analytical approach accounting
for the entropy wave attenuation due to film cooling, while the original Cumpsty
and Marble model enforces entropy conservation across the blade row.
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7.1 Future work

While this study has greatly contributed to the understanding of entropy noise
with respect to film cooling, it also has some limitations. Since the very funda-
mental behaviour was of interest, only a blade mid-section has been analysed, in
order to reduce the number of attenuation mechanisms present. This eliminated
possible 3D attenuation effects due to secondary flows such as the hub passage
vortex, tip passage vortex, hub-shed vortex, and tip-shed vortex. However, sec-
ondary flows could complement the attenuation mechanism due to film cooling as
they promote turbulent mixing of the flow. Hence, a more complete simulation
of an annular blade row including end-wall cooling should be conducted. This
would give new insight into the to extent to which film cooling affects the noise
generation in a single blade row in more engine representative conditions. The an-
nular blade row should then be extended to the full turbine stage. This adds the
additional complexity of the stator-rotor interaction, which promotes turbulent
mixing and therefore likely affects entropy wave attenuation. If the forced en-
tropy wave is changed from a planar wave to a localised entropy point source, the
acoustic results could be validated with the acoustic results from the RECORD
test campaign of the high pressure turbine at the Politecnico do Milano.

Further work could also be carried out on deeper fundamental understanding
of the mechanism through which film cooling affects the entropy wave attenuation.
The present study indicates that, due to the change in velocity field, the shear
dispersion rate changes, thereby contributing to the entropy wave attenuation
due to film cooling. However, the strong turning of the flow in the blade row
makes it difficult to quantify the attenuation due to the shear dispersion and
the turbulent mixing between the entropy wave and the cooling flow. Hence, a
large eddy simulation of a coolant injection into a flow over a flat plate with a
forced entropy wave would give more insight into the attenuation mechanism, and
allow for better quantification and improved modelling. Through this approach,
the difference in impact of a detached cooling flow and an attached cooling flow
could be analysed.

The findings of the proposed annular blade row and turbine stage evaluation,
as well as the better understanding of the interaction of a cooling flow with an
entropy wave through an LES simulation will greatly aid in creating a more ac-
curate low-order model. The low-order model extension developed in this thesis
captures the entropy wave attenuation very well. However, it has some limitations
for capturing entropy noise generation which require further attention. Under-
standing the differences between the original Cumpsty and Marble model and the
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CM Ext. will aid in improving the prediction of entropy noise. Currently, these
models only give accurate results if the ratio λ/Cx > 10. Extending the model
to non-compact waves would improve the frequency decomposed entropy noise
prediction, with significant impacts on the acoustic design of real aero engines.
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A MATLAB Code for Post-Processing

This is the MATLAB code that was developed to post-process the CFD data. It
extracts the entropy wave and pressure perturbations. The transmitted and re-
flected pressure waves are extracted using the formulation by Marble and Candel
[29]. The signals are then converted from the time domain into the frequency
domain to evaluate the transfer functions. Slight changes to the code were made
to track the entropy wave amplitude as it is convected downstream.

1 %--Clear variables and workspace --%

2 clc

3 clear all

4

5 %--Enpty matrix --%

6 res = [];

7 amplitude = [];

8 amplitude_t = [];

9 amplitude_r = [];

10

11 %%%%----Frequency of interest ----%%%%

12 %-----------------------------------%

13 f = 1000;

14

15

16

17

18 %%%%----File management ----%%%%

19 %-----------------------------%

20

21 % File Path %

22 file_name =[ ' 3D-Stator/Without /3 D_Without_ ' ,num2str(f), ' Hz_ ' ];

23

24 % File Type %

25 file_type = ' .txt ' ;

26

27 % Number of data files (planes) %

28 n = 6;

29

30 % Number of stored variables %
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31 var = 6; % e.g. Time , pressure , density , temperature , v, w

32

33 % Indexing the data columns

34 p = 1; % Pressure

35 rho = 2; % Density

36 Ts = 3; % Static Temperature

37 v = 4; % Velocity_v

38 w = 5; % Velocity_w

39 c = 6; % Speed of sound

40

41 % Indexing perturbation colums - Do not change !!!

42 p_p = 1; % Pressure perturbation p '

43 rho_p = 2; % Density perturbation rho '

44 v_p = 3; % Velocity_v perturbation v '

45 w_p = 4; % Velocity_w perturbation w '

46 p_t = 5; % Transmited pressure wave

47 p_r = 6; % Reflected pressure wave

48 s = 7; % Non dimensionalized entropy perturbation s '/ Cp

49

50

51

52

53 %%%%----Fluid properties ----%%%%

54 %------------------------------%

55

56 % Constants (From CFD software)

57 mol = 28.96; % CFD simulation

58 R_uni = 8314 .47; % Thermodynamics an engineering approach p.135

59 Cp = 1004.4; % CFD simulation

60 R = R_uni / mol; % Gas constant

61 Cv = Cp - R; % Specific heats at constant volume

62 gamma = Cp/Cv; % Ratio of specific heats

63

64

65

66

67 %%%%----Read data , calculate perturbation ----%%%%

68 %-----------------------------------------------%

69

70 % Read files , append to one large matrix

71 % e.g. [:,:,data_1 ,data_2 ,...data_n]

72

73 for i=1:n % Iterate through all files

74 data(:,:,i) = csvread ([ ' Data_Folder\ ' ,file_name ,num2str(i),file_type ]);

75 if i==1 % Only first file contains the time

76 time = data (:,1); % Create time vector

77 data (:,1) = []; % Delet the time vector

78 end

79 end

80

81 % Calculate the speed of sound
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82 data(:,c,:) = sqrt(Cp/Cv*R*data(:,Ts ,:));

83

84 % Steady up to 0.0035s (average used to evaluate perturbations)

85 time = time - time (1); % Start time vector at t = 0s

86 [¬, index] = min(abs(time -0.0035)); % Index for t=0 .0035s

87 ave = mean(data (1:index ,:,:) ,1); % Average between 0s to 0.0035s

88 clear index % Clear variable "index"

89

90 % Evaluate perturbations and create perturbation matrix

91 pert = data(:,[p rho v w],:)-ave(:,[p rho v w],:);

92

93 % Transmited and reflected pressure wave (non dimensional)

94 pert(:,p_t ,:) = 0.5*( pert(:,p_p ,:)./( gamma.*ave(:,p_p ,:)) + ...

pert(:,w_p ,:)./ave(:,c,:) ); % Transmission wave

95 pert(:,p_r ,:) = 0.5*( pert(:,p_p ,:)./( gamma.*ave(:,p_p ,:)) - ...

pert(:,w_p ,:)./ave(:,c,:) ); % Reflection wave

96

97 % Entropy wave (non dimensional)

98 pert(:, s,:) = (Cv*pert(:,p_p ,:)./ave(:,p_p ,:) - ...

Cp*pert(:,rho_p ,:)./ave(:,rho_p ,:))/Cp;

99

100

101

102

103 %%%%------- Preparation for FFT (Define periods) ---------%%%%

104 %------------------------------------------------------------%

105

106

107 %-----------------------------------------------------------------%

108 % For the FFT only a 0.01s range is considered. A longer range %

109 % is not possible due to the resolution required (100HZ steps) of %

110 % the FFT as 0.015s would be too long. Therefore the FFT "zone" %

111 % of 0.01s is shifted in 6 equal sized steps for a maximum time %

112 % of half the frequency period of interest. %

113 % Each zone should give the same result if frequency amplitude if %

114 % the results are converged. %

115 %-----------------------------------------------------------------%

116

117 % 6 different FFT zones of length 0.01s

118 for zone = 1:6

119

120 %%%%----Choose entropy and pressure periods ----%%%%

121

122 % Select entropy period for FFT

123 t_min_s1 = 0.00852 + (1/f/2/5)*(zone -1); % initial time + shift

124

125 % Account for convection time for downstream location

126 t_min_pr = t_min_s1 + 8.8e -4; % 8.8e -4 s for pressure responds

127 t_min_s2 = t_min_s1 + 1.84e -3; % 1.84e -3 s entropy wave convection

128

129 % Check if periods are set correctly (plot is optional)
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130 Plane = 6; % Plane to check

131

132 figure

133 yyaxis left % Pressure perturbation plot

134 plot(time ,pert(:,p_t ,Plane), ' -g ' , time ,pert(:,p_r ,Plane), ' -b ' , ' LineWidth ' ,2)

135 yticks ([-80 -60 -40 -20 0 20 40 60 80])

136 ylabel( ' Pressure [Pa] ' )

137 yyaxis right % Entropy perturbation plot

138 plot(time (:,1),pert(:,s,Plane), ' r ' , ' LineWidth ' ,2)

139 hold on

140 if Plane ≤ 3 % Upstream planes use no time time shift

141 plot( [t_min_s1 t_min_s1] , ylim , ' -k ' ,[(t_min_s1 +0.01) ...

(t_min_s1 +0.01)],ylim , ' -k ' , ' LineWidth ' ,2)

142 else % Downstream planes account for time shift

143 plot( [t_min_s2 t_min_s2] , ylim , ' -k ' ,[(t_min_s2 +0.01) ...

(t_min_s2 +0.01)],ylim , ' -k ' , ' LineWidth ' ,2)

144 plot( [t_min_pr t_min_pr] , ylim , ' -b ' ,[(t_min_pr +0.01) ...

(t_min_pr +0.01)],ylim , ' -b ' , ' LineWidth ' ,2)

145 end

146 ylabel( ' Entropy [S ' ' ] ' )

147 title([ ' Plane ' ,num2str(Plane)])

148 xlabel( ' time [s] ' )

149 legend ({ ' transmited ' , ' reflected ' , ' Entropy ...

wave ' }, ' Location ' , ' south ' , ' Orientation ' , ' horizontal ' )

150

151

152

153

154

155 %%%%----Delta t for FFT and time periond indexing ----%%%%

156 %-------------------------------------------------------%

157

158 % Time step (∆ t for FFT)

159 T = mean(diff(time));

160

161

162 % Start and end index for FFT periods of 10e-3 seconds

163

164 % Entropy and pressure wave upstream

165 [¬, t_min_s1] = min(abs(time -t_min_s1)); % Starting index

166 t_max_s1 = t_min_s1 + round (10e-3/T-1); % Final index

167

168 % Entropy wave downstream

169 [¬, t_min_s2] = min(abs(time -t_min_s2)); % Starting index

170 t_max_s2 = t_min_s2 + round (10e-3/T-1); % Final index

171

172 % Pressure wave downstream

173 [¬, t_min_pr] = min(abs(time -t_min_pr)); % Starting index

174 t_max_pr = t_min_pr + round (10e-3/T-1); % Final index

175

176
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177

178

179

180 %%%%----Time domain to frequency domain (FFT) ----%%%%

181 %---------------------------------------------------%

182

183 % Sampling frequency

184 Fs = 1/T;

185

186 % FFT on Entropy wave upstream

187 t_s1 = time(t_min_s1:t_max_s1); % Time vector

188 L_s1 = length(t_s1); % Length of signal

189 FFT_s1 = fft(pert(t_min_s1:t_max_s1 ,s,1:(n/2)) ,[],1); % FFT

190 Phase_s1 = angle(FFT_s1)/pi; % Phase angle devided by pi

191 P2_s1 = abs(FFT_s1/L_s1); % Compute two -sided spectrum

192 P1_s1 = P2_s1 (1: L_s1 /2+1,:,:); % Compute single -sided spectrum

193 P1_s1(2:end-1) = 2*P1_s1(2:end-1);

194 Phase_s1 = Phase_s1 (1: L_s1 /2+1,:,:); % Compute single -sided spectrum

195 f_s1 = Fs*(0:( L_s1 /2))/L_s1; % Define frequency domain

196

197 % FFT on Entropy wave upstream

198 t_s2 = time(t_min_s2:t_max_s2); % Time vector

199 L_s2 = length(t_s2); % Length of signal

200 FFT_s2 = fft(pert(t_min_s2:t_max_s2 ,s,(n/2+1):n) ,[],1); % FFT

201 Phase_s2 = angle(FFT_s2)/pi; % Phase angle devided by pi

202 P2_s2 = abs(FFT_s2/L_s2); % Compute two -sided spectrum

203 P1_s2 = P2_s2 (1: L_s2 /2+1,:,:); % Compute single -sided spectrum

204 P1_s2(2:end-1) = 2*P1_s2(2:end-1);

205 Phase_s2 = Phase_s2 (1: L_s2 /2+1,:,:); % Compute single -sided spectrum

206 f_s2 = Fs*(0:( L_s2 /2))/L_s2; % Define frequency domain

207

208 % FFT of Pressure responds to entropy wave (upstream and downstream)

209 t_pr = time(t_min_pr:t_max_pr); % Time vector

210 L_pr = length(t_pr); % Length of signal

211 FFT_pr = fft(pert(t_min_pr:t_max_pr ,[p_t p_r],:) ,[],1); % FFT

212 Phase_pr = angle(FFT_pr)/pi; % Phase angle devided by pi

213 P2_pr = abs(FFT_pr/L_pr); % Compute two -sided spectrum

214 P1_pr = P2_pr (1: L_pr /2+1,:,:); % Compute single -sided spectrum

215 P1_pr(2:end-1) = 2*P1_pr(2:end-1);

216 Phase_pr = Phase_pr (1: L_pr /2+1,:,:); % Compute single -sided spectrum

217 f_pr = Fs*(0:( L_pr /2))/L_pr; % Define frequency domain

218

219

220 %%%%----Transfer function evaluation ----%%%%

221 %------------------------------------------%

222

223 % Find index in of frequency of interest in frequency domain

224 [¬, index_s] = min(abs(f_s1 -f)); % Index entropy wave

225 [¬, index_pr] = min(abs(f_pr -f)); % Index of pressure wave

226

227
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228 % Transfer functions at a single plane

229 S2S1 = P1_s2(index_s ,1,1) / P1_s1(index_s ,1,2); % (S2) / (S1)

230 P1rS1 = P1_pr(index_pr ,2,2) / P1_s1(index_s ,1,2); % (P1 -) / (S1)

231 P2tS1 = P1_pr(index_pr ,1,4) / P1_s1(index_s ,1,2); % (P1+) / (S1)

232

233

234

235 % Generate transfer function vector

236 tf = [P1rS1 ; P2tS1 ; S2S1];

237

238 % Add transfer function vector to matrix

239 res = [res tf];

240

241 end

242

243

244 % Print matrix with the transfer functions %

245 %-----------------------------------------------------------------%

246 % This matrix "res" shows the transfer function for the 6 %

247 % different zones (half the frequency period of interest). This %

248 % indicates if the period is choosen correctly and if result is %

249 % converged. Thereafter the mean is evaluated of each transfer %

250 % which is then reported. %

251 %-----------------------------------------------------------------%

252

253 % Print transfer functions to check convergence

254 res

255

256 % Mean of each transfer function

257 res = mean(res ,2)
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B Flow Field Characterisation

The flow field characterisation of the compact theory follows the paper by Cump-
sty and Marble [45] and Leyko et al. [66]. It completes the model in Section 6
and describes how the different waves are related to the primitive variable fluc-
tuations.

The two-dimensional upstream and downstream flow field of the blade row are
described through the pressure p, the density ρ, the velocity vector U , and the flow
angle θ, assuming an inviscid flow field. These uniform flow fields can be disturbed
by the convective entropy s′ and vorticity ξ′ waves as well as the upstream and
downstream travelling acoustic waves, p− and p+ respectively. These waves do not
interact with one another to first order, and satisfy the linearised Euler equations:

D

Dt

(
ρ′

ρ

)
+
∂u′

∂x
+
∂v′

∂y
= 0 (B.1)

D

Dt
(u′) = −1

ρ

∂p′

∂x
(B.2)

D

Dt
(v′) = −1

ρ

∂p′

∂y
(B.3)

D

Dt

(
s′

cp

)
=

D

Dt
+

(
p′

γp
− ρ′

ρ

)
= 0 (B.4)

where the material derivative is:

D

Dt
=

∂

∂t
+ U · ∇ =

∂

∂t
+ u

∂

∂x
+ v

∂

∂y
(B.5)

and u = U cos θ and v = U sin θ are the axial and circumferential velocity com-
ponents respectively, with the perturbations being indicated by (·)′.

All waves φ (entropy, vorticity, and acoustic waves) can be written as a har-
monic wave

wφ = Aφe
i(ωt−kφ·x) (B.6)

where Aφ represents the wave amplitude, ω the angular frequency, and kφ the
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wave vector, which can be written as a combination of an axial and circumferential
component:

kφ · x = kx,φx+ ky,φy (B.7)

where

kx,φ = kφ cos νφ and ky,φ = kφ sin νφ (B.8)

kφ represents the absolute value of the wave vector kφ. The wave vector is then
non-dimensionalised by the mean sound of speed c and the angular frequency,
yielding Kφ = kφc/ω. The orientation of the wave is given by νφ with respect to
the x-axis (see Fig. 6.2). Since small perturbations are considered, ∂/∂t ≈ −iω
and U · ∇ ≈ iUkφ. Hence the material derivative, Eq. (B.5), becomes:

D

Dt
= −iω − uikx,φ − viky,φ (B.9)

If a dimensionless plane entropy wave is considered, it can be defined as:

ws =
s′

cp
= Ase

i(ωt−ks·x) (B.10)

where s′ is the entropy fluctuation, which is being non-dimensionalised by cp, As
is the amplitude, and ks the entropy wave vector. To evaluate the dispersion
equation for the entropy wave, Eq. (B.10) is inserted into Eq. (B.4) considering
that the material derivative has the form of Eq. (B.9), leading to:

ω − U cos (θ)ks cos (νs)− U sin (θ)ks sin (νs) = 0 (B.11)

if the wave vector is written in its axial and circumferential components (Eq. (B.7)).
Introducing the dimensionless wave number Ks = ksc/ω, and writing the velocity
in terms of mean Mach number M , the dispersion equation can be rearranged,
resulting in:

KsM cos (θ − νs) = 1 (B.12)

An entropy wave by definition does not generate any perturbation in pressure nor
velocity. Hence the fluctuating variables (s′/cp, w

′
s/c, p

′
s/γp, θ

′
s) generated are:

s′s/cp

U ′s/c

p′s/γp

θ′s

 =


1

0

0

0

ws (B.13)
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The vorticity perturbation is given by:

ξ′ = ∂v′/∂x− ∂u′∂y (B.14)

and can be written in a similar dimensionless form as the entropy wave:

wξ =
ξ′

c
= Aξe

i(ωt−kξ·x) (B.15)

Hence, if the spatial derivatives, ∂u′

∂y
and ∂v′

∂x
of Eq. (B.2) and Eq. (B.3) are

evaluated:

∂2u′

∂t∂y
+ U

∂2u′

∂x∂y
+ V

∂2u′

∂y∂y
= −1

ρ

∂2p′

∂x∂y
(B.16)

∂2v′

∂t∂x
+ U

∂2v′

∂x∂x
+ V

∂2v′

∂y∂x
= −1

ρ

∂2p′

∂y∂x
(B.17)

If Eq. (B.16) and Eq. (B.17) are substituted into the vorticity perturbation
Eq. (B.14) the following relationship results:

∂

∂t

(
∂v′

∂x
− ∂u′

∂y

)
+ U

∂

∂x

(
∂v′

∂x
− ∂u′

∂y

)
+ V

∂

∂y

(
∂v′

∂x
− ∂u′

∂y

)
= 0 (B.18)

Hence, the vorticity equation satisfies the following relationship:

D

Dt
(ξ′) = 0 (B.19)

showing that vorticity fluctuations are independent of pressure fluctuations. This
means that Eq. (B.16) and Eq. (B.17) reduce to D(u′ξ)/Dt = D(v′ξ)/Dt = 0, and
because the entropy wave is considered independently, no generality is lost in
taking ρ′ξ = 0, resulting in the velocity perturbation due to the vorticity wave
being divergence free according to Eq. (B.1), leading to:

∂u′ξ
∂x

+
∂v′ξ
∂y

= 0 (B.20)

By similarity with the entropy perturbations, the vorticity dispersion equations
follows:

KξM cos (θ − νξ) = 1 (B.21)

where Kξ = kξω representing the dimensionless vorticity wave number. As the
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vorticity waves are divergence free the following relationship can be obtained:

v′ξ = −u′ξ
kx,ξ
ky,ξ

(B.22)

By definition the vorticity perturbation can also be written as:

ξ′ = −ikx,ξv′ξ + iky,ξu
′
ξ (B.23)

which leads to:

u′ξ
c

= −iξ
′

ω

sin νξ
Kξ

and
v′ξ
c

= +i
ξ′

ω

cos νξ
Kξ

(B.24)

The velocity perturbations u′ and v′ can be related to w′ by expressing U (velocity
magnitude) as a function of u = u+ u′ and θ = θ + θ′ and then linearising. The
same procedure is repeated for v resulting in:

u′

u
=
U ′

U
− θ′ tan θ and

v′

v
=
U ′

U
+

θ′

tan θ
(B.25)

Hence, by combining Eq. (B.25) and Eq. (B.24) we can write the velocity per-
turbation u′ξ and v′ξ as corresponding fluctuations in velocity w′ξ and flow angle
θ′ξ:

w′ξ = u′ξ cos θ + v′ξ sin θ (B.26)

θ′ξ = (−u′ξ sin θ + v′ξ cos θ)/U (B.27)

This leads to the following relationship between the fluctuation and the vorticity
waves: 

s′ξ/cp

U ′ξ/c

p′ξ/γp

θ′ξ

 =


0

−i sin(θ − νξ)/Kξ

0

i cos(θ − νξ)/(MKξ)

wv (B.28)

The non-dimensional perturbation in pressure can be written in wave form in
the same fashion as the entropy and vorticity waves:

w± =
p′±
γp

= A±e
i(ωt−k±·x), (B.29)

where ± indicates the downstream and upstream travelling pressure wave. Since
the entropy wave and vorticity wave are described by independent fluctuations,
the pressure waves are irrotational and isentropic. By combining Eq. (B.1) to
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Eq. (B.4) the following equation:(
D

Dt

)2(
p′

γp

)
− c2

(
∂2

∂x2
+

∂2

∂y2

)(
p′

γp

)
= 0 (B.30)

is satisfied by the acoustic pressure field. From this, the dispersion equation can
be derived:

(
1− ckx

ω
M cos θ − cky

ω
M sin θ

)2

−
(
ckx
ω

)2

−
(
cky
ω

)2

= 0 (B.31)

This dispersion relation allows the wave numbers to be complex. However, the
complex wave numbers are associated with the attenuation of the wave rather
than with the wave itself. Also, the analysed system is based on a cascade,
with periodicity in the spanwise direction. Hence, the wave number ky has to be
real. Therefore, the dispersion relation can be simplified by expressing kx and ky
according to Eq. (B.7) and using the dimensionless wave number K± = ck±/ω.
This leads to the following dispersion relation for real wave numbers:

(1−K±M cos(θ − ν±))2 −K2
± = 0 (B.32)

Since the dispersion relation is quadratic, two wave vectors, k+ and k−, will satisfy
Eq. (B.31). However, when an entropy wave, vorticity wave, or/and pressure wave
interacts with a cascade, the resulting circumferential wave numbers for all waves
will be real and equal.

ky = k± sin ν± = ks sin νs = kξ sin νξ (B.33)

However the wave numbers kx,+ and kx,− can be complex:

Kx,± =
−M cos θ(1−Ky,±M sin θ)

1−M2 cos2 θ
±
(

(1−Ky,±M sin θ)2 − (1−M2 cos2 θ)K2
y,±

(1−M2 cos2 θ)2

) 1
2

(B.34)

To relate the fluctuations of the primitive variables to the acoustic wave w±, the
velocity perturbations due to the acoustic waves, u′± and v′±, are expressed using
the momentum EqEq. (B.2) and Eq. (B.3). Additionally, if only the acoustic
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waves are considered, then ρ′/ρ = p′/(γp) is true, and the relationship becomes:


s′±/cp

w′±/c

p′±/γp

θ′±

 =


0

K± cos(θ − ν±)/(1−K±M cos(θ − ν±))

1

K± sin(θ − ν±)/(M(1−K±M cos(θ − ν±)))

w± (B.35)

All waves four waves, ws, wv, and w± contribute towards the fluctuations of
the primitive variable. Since they are independent to first order, a transformation
matrix [P p

w] can be constructed using Eq. (B.13), (B.28) and Eq. (B.35):
s′/cp

U ′/c

p′/γp

θ′

 = [P p
w]


ws

wv

w+

w−

 (B.36)

where:

[P p
w] =


1 0 0 0

0 −i sin(θ−νξ)
Kξ

K+ cos(θ−ν+)
1−K+M cos(θ−ν+)

K− cos(θ−ν−)
1−K−M cos(θ−ν−)

0 0 1 1

0 i
cos(θ−νξ)

(MKξ)
K+ sin(θ−ν+)

M(1−K+M cos(θ−ν+))
K− sin(θ−ν−)

M(1−K−M cos(θ−ν−))

(B.37)

This completes the flow field characterisation of the compact theory, in which
the different waves are related to the primitive variable fluctuations, and follows
the work by Cumpsty and Marble [45] and Leyko et al. [66].

150


	Acknowledgements
	Abstract
	Statement
	Dissemination
	Introduction
	Aims
	Key Contributions

	Literature Review
	Indirect Noise
	Attenuation/Dissipation of Entropy Waves
	Entropy Noise in a Turbine

	Film Cooling
	Summary

	Numerical Methods
	The Navier-Stokes Equations
	RANS
	Turbulence Modelling

	URANS
	Intercell Fluxes
	Acoustic Data Processing
	Simulation Data Extraction

	Key Points

	Turbine Stage Modelling
	Numerical Setup
	Grid Independence
	Turbulence Closure Scheme Evaluation
	Stage Aerodynamics
	Turbulence Analysis
	Summary
	Key Points

	Entropy Noise in a Stator Blade Row with Film Cooling
	2D URANS Simulation
	Stator Geometry
	Numerical Setup
	Grid and Time Independence
	Results

	3D URANS Simulation
	Stator Geometry
	Numerical Setup
	Grid and Time Independence
	Validation
	Results
	Film Cooling Flow Characterisation
	Entropy Forcing

	Key Points

	Extension of Compact Model to Include Film Cooling
	Model Development
	Results
	Key Points

	Conclusion
	Future work

	Appendices
	MATLAB Code for Post-Processing
	Flow Field Characterisation

