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Top-left: contours of time averaged velocity field and stream tracers on the symmetry
plane, [Roj=0.23, [Re=20000.

Top-right: detail of Nusselt Number distribution at the channel suction side wall
inside a inter pedestal trailing edge outlet and time averaged stream-tracers in planes
and or configuration G2.

Bottom-left: detail of Nusselt Number distribution at the channel suction side wall
inside a inter pedestal trailing edge outlet and time averaged stream-tracers in planes
and [zzgfor configuration GO.

Bottom-right: Bottom-left: detail of Nusselt Number distribution at the channel
suction side wall between the 3%P and 47 rib and time averaged stream-tracers in
planes [xys_ci) [rz — A} and [vrz — B} configuration G1.
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Abstract

Trailing edge cooling cavities in modern gas turbine airfoils play an important role in
maintaining the trailing-edge temperature at levels consistent with blade design life. In
this study a complete aero-thermal analysis on a trailing edge cooling duct is reported.
The passage resembles the ones currently employed in high performance turbo-gas en-
gines, and it is characterized by a trapezoidal cross-section of high aspect-ratio and
coolant discharge at the blade tip and along the wedge-shaped trailing edge, where seven
elongated pedestals are also installed. The tests were performed under engine similar
conditions with respect to both Reynolds (Re = 20,000) and Rotation (Ro = 0, 0.23)
numbers. Three different configurations have been taken into account, namely the smooth
channel and two others characterised by the adoption of riblets in different portions of
the duct.

The flow velocity was measured by means of 2D and Stereo-PIV techniques applied
in the absolute frame of reference. In the rotating tests, the relative velocity fields were
obtained through a pre-processing procedure of the PIV images developed on purpose.
The thermal field was measured by means of Liquid Crystal Thermography.

In the static case, it has been proven that the 3D separation structures that surround
the pedestals have a strong influence on the thermal field. Furthermore, it has been
shown that the adoption of turbulence promoters is the radial development region is
the most effective way to increase the performance of the device. A substantial modifi-
cation of the whole flow behaviour due to rotational effects was observed, nevertheless
no trace of rotation induced secondary Coriolis vortices has been found because of the
progressive flow discharge along the trailing edge. For Ro = 0.23, at the channel inlet
the high aspect-ratio of the cross section enhances inviscid flow effects which determine
a mass flow redistribution towards the leading edge side. At the trailing edge exits, the
distortion of the flow path observed in the channel central portion causes a strong re-
duction in the dimensions of the 3D separation structures that surround the pedestals.
Under rotation the turbulence promoters placed in the radial development region of the
channel determine a strong flow redirection towards the leading side of the channel which
suppresses the recirculation bubble observed in the smooth channel.
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Preface

Energy and Power have always had a key role in human life. Even today, when the
concept of Sustainable Development is becoming an obliged way for our society, we can’t
prescind from the concept of energy and its exploitation. Nowadays a large amount of
the energy we use is produced by systems based upon turbo-machines. Among them,
the gas turbine is surely the last delivered, but it was immediately clear that it was
well suited for all of the applications where power/weight ratio is a strict requirement,
even if its efficiency was considerably lower than other technologies. Nowadays, the
developing of gas turbine engines with considerably higher efficiencies spread the range
of their application from aircraft propulsion to land-base electricity production and ship
propulsion.
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Introduction

Gas turbines engines are used in many fields of engineering, ranging from land based
power generation systems to aircraft propulsion. The research conducted on gas turbines
over the past several decades lead to the design of engines able to operate at ever in-
creasing temperatures with a consequent significant augmentation of performance. The
improvements in turbine blade cooling techniques developed through research have been
the major contribution to this.

Aircraft Gas Turbine Engines

The aircraft gas turbine engines can be of three different types: turbo-jet, turbo-fan
(Fig. [1.1)) and turbo-prop. The basic principle is the same for all of them: the net thrust

FIGURE 1.1 — The Rolls Royce Trent 900 aircraft engine.
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2 1. Introduction

to the aircraft is given by an increase of the momentum of the working fluid (air and
burnt gases) leaving the system. In the case of the turbo-jet, this is achieved by a strong
increase of the burnt gases velocity. On the contrary, the other two types operate with
a small velocity increase of a large amount of air mass and only a part of the air flowing
into the engine is involved in the thermodynamic cycle. The ratio between the mass flow
rate of air drawn in by the fan and by-passing the engine core to the mass flow rate
passing through the engine core is the by — pass ratio.

Anyhow the thrust is delivered, the gas turbine engines realise a Brayton-Joule cycle
(Fig. . After the intake, the compressor increases the pressure and the temperature
of the air before entering in the combustion chamber where the fuel is burnt, yielding to
a strong augmentation of the gas temperatures (from 1100K to even 1800K). The ratio
of the outlet to inlet pressure at the compressor is denoted as the compression ratio (3.
Then the burnt gases expand in the turbine, which produce a net shaft power to drive the
compressor, if the engine is a turbo-jet or both the compressor and the fan (propeller) if
it is a turbo-fan (turbo-prop) .

Aero-derivative gas turbine engines (Fig. are obtained by simply replacing the
fan with a mechanical load if the aircraft engine has a low by-pass ratio (= 2) or in-
stalling a power turbine if the by pass ratio is higher. Commonly, regardless of what
the solution adopted is, the compression ratio is reduced, to allow a longer life-cycle
and maintenance intervals. These power generation units are becoming widespread in
land based applications and ship propulsion thanks to their ever increasing efficiency,
reliability, and power-to-weight ratio.

FIGURE 1.2 — The General Electric LM2500 Gas Turbine

Gas turbine efficiency

Figure shows the cycle efficiency for different Turbine Inlet Temperatures (TIT) and
compression ratios. The data show that an increase of the efficiency can be obtained ei-
ther by increasing the compression ratio or either by increasing the TIT for a fixed 5. An
increase of 8 can be achieved with an higher aerodynamic load of the blades, but this usu-
ally  comprises a  decrease of the aerodynamic efficiency.
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05 : Moreover, compressor blades must be care-
T Eigg ] fully loaded to avoid blade stall. However,
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375 [ nowadays reach 1800K in the first two
[ . . . . . ‘ stages of a modern high pressure turbines,
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Toa [K] stresses. These requirements compel to

the usage of a limited number of materi-
als that can withstand these working con-
ditions. Nickel based wrought and cast al-
loys were firstly used to manufacture blades with high resistance to thermal fatigue and
to oxidation. Then, to obtain a higher resistance to creep and heat single crystal or
directionally solidified blade manufacturing processes were developed.

At the present time, a melting point as high as 1300 K is achieved by employing of
oxide-dispersion strengthened alloys and, where possible, ceramic thermal barrier coat-
ings(Fig. . However, it is a matter of fact that the development of new and more
resistant materials is not sufficient to guarantee the performances achieved by the aircraft
turbine engines nowadays.

Thus blade cooling has become soon

strictly necessary to allow the blades to 1300,
withstand the severe working conditions
they are exposed at. An efficient blade
cooling system must keep the blade ma-
terial temperature below its melting point
without affecting the mechanical strength
of the blade itself. However, it has to be no-
ticed that only the first HP turbine stages
require a cooling system, afterwards the en-
ergy conversion process yields to flow tem- Year

. FIGURE 1.4 — Maximum temperatures allowed by
peratures low enough to be withstand by 4" W L e 1040 .
un-cooled blades.

FIGURE 1.3 — Cycle efficiency of a Brayton-Joule
cycle from [1]

THERMAL

H ; BARRIER COATINGy
1200 ' e
; </
: SINGLE
CRYSTAL
- ] ALLOYS
il e R SR e
Directional
' Solidification !

RENE' 77 |GTD-111
(U700) |

1100 L U so0

NBOA

i M 252
S 816 |

Blade material temperature [K]

10

00 - - .
1940 1950 1860 1970 1980 1990 2000 2010

Blade Cooling

The working principle is to use the feeding air coming from the compressor to cool the
blades with an open fluid circuit. Nowadays, the as much as the 20 % of the mass flow
rate delivered by the compressor can be used for this purpose. Three different cooling
schemes have been introduced up to now :
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1. Introduction

o forced convection internal cooling (Fig. [1.5(a,b));

e film cooling (Fig. [L.5|c,d));
e transpiration cooling (Fig. [L.5(e)).

Internal Forced Convection Cooling

The forced convection cooling is obtained by realising ducts inside the blade during the
casting process. The cooling channels can have different shapes (square cross-section,
triangular...) and layouts (single pass, double pass) depending on which part of the

blade they are designed for.

Furthermore they are often provided with turbulence pro-
moters in order to improve the heat transfer rate as shown
in Fig. (a) . Riblets cause a periodic boundary layer
tripping while pin-fins generate horse shoe vortices, thus
enhancing the Heat transfer. It has to be noticed that
the introduction of turbulence promoters increases also
the total surface area involved in the heat exchange pro-
cess.

A variation of convection cooling, impingement cool-
ing, Fig. [1.5 (b), works by hitting the inner surface of
the blade with high velocity air jets. This allows more
heat to be transferred by convection than regular con-
vection cooling does. Impingement cooling is often used
on certain areas of a turbine blade, like the leading edge,
while standard convection cooling used in the rest of the
blade. The drawback is that the (Heat Transfer Coef-
ficient) distribution can be strongly non-uniform,
therefore introducing significant thermal stresses in the
blade as stated by Bunker in [22].

Film Cooling

Film cooling technology aims at obtaining a thermal bar-
rier outside the blades by means of a film of coolant. The
air coming from the compressor is convected inside the
blade and then exhausted outside in the mean flow by a
large number of small holes, thus creating a thin layer of
fresh fluid near the blade wall. If the holes are properly
positioned and shaped, and if the bleed ratio is correct, a
maximum cooling effectiveness is achieved without com-

oy
A eedl

=t
=S

e
e
o

<
e

FIGURE 1.5 — Cooling schemes:
(a) forced convection, (b) impin-
gement, (c), (d) film, (e) transpi-
ration from [IJ.

promising the aerodynamic efficiency of the blade profile. By contrast if the coolant
ejection causes the free-stream boundary layer separation, the aerodynamic performance
of the blade might be strongly penalised. Nowadays, in the top performance turbo gas
engines film cooling is widely used to cool the blades as well as the end-walls.
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Transpiration Cooling

Transpiration cooling is similar to film cooling in that it creates a thin film of cooling air
on the blade outer surface, but, in this case, fresh air is leaked through a porous shell
which surrounds the blade rigid body. The pore diameter is very small, typically from 10
to 50 microns, and therefore occlusion can occur due to dust or carbon residuals from
the combustion process. It is a matter of fact that the cooling effectiveness achievable
with this technique can reduce progressively during the operational life of the engine.
Another problem is represented by the increased roughness of the blade surface, which
determines higher skin-friction losses.

In modern applications, all of the aforementioned techniques are used simultaneously,
with exception of the latter, to cool the blades. This is an obliged rather than a free
choice in view of the higher and higher performances requested from the cooling schemes.
[HTC| augmentation factors relative to smooth surface heat transfer coefficients of as
much as 4, with even higher magnitudes possible under certain rotational conditions
are nowadays commonly achieved. However, further increases in heat transfer coefficient
magnitudes may be desirable, but these increases typically also come with an undesirable
augmentation of the material thermal gradients [22]. Therefore, the peak magnitude of
heat transfer coefficient is no longer so important as the gradients in coefficient and
material temperature. Higher gradients lead to stress and strain barriers, either steady
or cyclic, as well as greater levels of thermodynamic un-mixedness or inefficiencies. All
these complexities strongly require a detailed knowledge about the involved flow features
to understand the heat-transfer mechanisms and to guide the design process.

Trailing edge blade cooling

One of the most challenging issues is to guarantee adequate thermal protection to the
region when the blade profile thickness is strongly reduced. Thin blade profiles allow an

b turbulators
Shaped interal cooling passage

Tip cap Film
cooling holes cooling

Film cooling

Tip cap cooling

Hot gas Trailing edge
- ejection
- " —
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HotGas ™ cooling slots N \\<\ L.
e VN7 B
:: ; = Rib d
N 4 N cooling
._\ Blade platform Impingeme: 4 T
> cooling holes cooling 171 |
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[
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FIGURE 1.6 — Cooling system of a modern blade, from Han [2].

Tesi di dottorato di Claudio Mucignat, discussa presso 1’Universita degli Studi di Udine



6 1. Introduction

higher profile efficiency and load but introduce severe constraints to the cooling design.
Therefore the internal cooling channels size and shape are different with respect to those
used to cool the or the central body of the blade (Fig. [1.6). TE channels have an
high aspect ratio, to accommodate inside the elongated profile. Sometimes the cavities
are wedge shaped in the [TE|region, to fit in the blade profile. Turbulence promoters can
be used as well, in particular elongated pin fins named pedestals are often employed to
ensure mechanical strength and enhance the heat transfer process. The flow scheme is
usually single pass, in fact, the coolant is commonly discharged by rectangular openings
(slots) all along the blade trailing edge in the main flow expanding in the turbine.

When the blade thickness is further reduced on cutting material from the blade profile
can be a solution to ensure thermal protection by a shield of coolant that protects the
thin (Fig. .This solution requires even more care when designing the TE internal
channel, in order to avoid unevenness of the coolant flow at the cut-back that can seriously
affect the aerodynamic performance of the blade.
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A brief survey of the open
literature

When looking at the available literature, it is possible to realise that the majority of the
studies deal with cooling schemes normally used for blades central body, i.e. square or
rectangular rib-roughened channels, in which the coolant flows along the main blade axis
(i.e along the radial direction), eventually in multiple passages configurations.

Unfortunately, [TE] cooling channels have specific features and the knowledge gained
on passages for the blade central body or the leading edge cannot be easily applied, thus
specific investigations must be performed on the ducts.

2.1 Literature Review

2.1.1 Stationary channels

If looking at the open literature, a good point to start is represented by the work of
Taslim et al. [3] for a channel with axial outflow. In the geometry analysed by Taslim,
cooling air from an adjacent passage was impinged on a rib-roughened surface at the [P
or at the [SY| via a series of race-track shape openings and than discharged at the blade
trailing edge. A schematic of this cooling design is reported in Fig. The Liquid
Crystal Thermography (LCT) was used to study the effects of jet impingement on a
rib-roughened surface. The experiments were performed for Reynolds Numbers ranging
from 30000 to 50000. For what concerns the results, firstly, the rib-roughened channel
showed a significant global [ITC|augmentation with respect to the baseline smooth case.
Beside analysing the effects of different rib arrangements and height, the race-track shape
openings were than tilted such in a way that the flow impinged on the test section wall
in the vicinity of the rib root with more scrubbing action against the test section ribbed
wall. Furthermore, it was proven that the rib arrangement is crucial to maximise the
effects of impingement cooling, which benefits also extend to the opposite internal surface
of the duct. More recently this author presented a numerical investigation on a similar
geometry [23] concerning the optimum arrangement of crossover jets.

A complete experimental and numerical analysis of a channel geometry similar to

Tesi di dottorato di Claudio Mucignat, discussa presso I’Universita degli Studi di Udine



10 2. A brief survey of the open literature
19 Racetrack op Liquid 21/¢’s
On Plexiplas Side ~ EXit Slots nysfaf Side o Honeycomb
f ‘- S
s BN 31 i / —
£ % = é ﬁ é Iju
_.E; '*'”IE e 35.56 Ej‘g..—
Supply Channel .& \ A"R
7 Racetrack , 2 .
!n(et Slots | \Beﬂmquth
114.3 g OPGHTQ
_ PPy y B,x=0.788
(I-a) Test Section Layout ,-q 197 /
1.27 :
0 —£f 0 2 ‘
8:[41!91 STOIS\I { Exit S!ots\It\: O,T E S'
S 1067 L RES |
1067, gy g5~ W EIIRY
VIEW A-A ] i |l |
ol
Slot Geometry Rib Geometry jJ_Dt _m_}
= | T UI
— g
ﬂ,'%_ﬁ-:_ ‘ 3
=
JETS & RIBS JETs & RIBs "Rib ‘ 2
TESTS TEST 6 All Dimensions l ?D |
(1-b) Sections and Rib Geometry norroscae
Symmetric
Trapezoidal

Cross-Section

FIGURE 2.1 — Schematic of the test section from Taslim et al. [3].

the one in [3] was performed by Armellini et al. [4] and Coletti et al. [5] (Fig. [2.2).
The [2-Dimensional Particle Image Velocimetry (2D-PIV)|measurements provided a deep
insight on the flow, which allowed a full comprehension of the thermal behaviour of the
investigated geometry. In this case, the mid-wall slots had axes sloped down with an angle
close to 30° with respect to the horizontal direction, in such a way that jets impinged
on the bottom wall of the trailing edge cavity. Beside the smooth case, a rib-roughened
configuration was investigated which was characterised by the adoption of squared cross-
sectional riblets at the bottom wall angled at 30 °. The experiments were performed for
a fixed [Re] equal to 67500 defined at the inlet section of the model. Preliminary surface
flow visualisations performed without riblets depicted the flow impingement caused by
the tilted jets, and the jet rebound towards the opposite wall due to the interaction
of two consecutive impingements which determined a considerable scrubbing action on
both the channel walls. A third impingement zone was found in-between the exit slots.

When the riblets were placed into the channel substantial modifications in the flow field
were observed. The flow inside the cavity turned out to be driven by inclined crossing-
jets originating from the mid-wall, causing a remarkable unbalancing within the jets.
However, each crossing-jet could still penetrate inside the cavity up to the end of the
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bottom wall
(trailing edge)
trailing edge cavity X

FIGURE 2.2 — Overview of the test section from Armellini et al. [4] and Coletti et al. [5]

ribbed part, producing three different impingements on the three turbulators in front of
the slot. After the first and second impingements the coolant was redirected by the riblet
along its length, and in view of the blockage caused by the adjacent on it was then forced
to separated and deflected towards the opposite wall (Fig. left), thus establishing two
vertical structures. Armellini et al. showed that the first one impinged on the upper wall
in the region between two slots and that in the corner between the mid and the upper
walls the flow a recirculation region was established. At the same time the second up-ward
structure produced another periodical impingement in between two slots approximately
at the centre of the upper wall then, from this point, the flow spread in all directions. T'wo
separation lines were found at the upper wall as a consequence of the interaction between
consecutive impingements (Fig. right). The thermal measurements showed the great

FIGURE 2.3 — Summary of the mean flow path model: (a): inter-rib region and vertical structures
and (b): flow structures near to the upper wall (from Coletti et al. [5]).
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FIGURE 2.4 — Schematic of the test section designs investigated by Choi et al. [6].

impact of this complex flow field on the [HTC] distribution, on both the channel sides.
Indeed the maximum [Nu] values were found in the impingement regions while the lowest
in the recirculation region in the corner between mid-wall and upper wall. It was also
proven that the turbulators concur to extend the positive effect of the impingements, by
breaking and deflecting the jets. Indeed the ribs insertion was responsible for an average
heat transfer enhancement of 25 % on the bottom wall and of 16% on the upper one.
Furthermore in these works, the detailed aero-thermal analysis pointed out the limits
of the numerical solver in predicting the very complex flow field that develops inside
the channel. These works have been extended further on by the conjugate heat transfer
measurements reported in Coletti et al. [24].

A [TE] channel geometry provided with coolant ejection through slots and lands has
been investigated in the experimental work of Choi et al. [6]. In this work, the coolant
enters in a radial channel of constant cross section and is forced through a 90° bend
before to enter two rows of perforated blockage inserts used to generate flow impinge-
ment on the channel walls (Fig. . Finally, the coolant is discharged outside through
a wedge-shaped [TE] section. The thermal field was measured by means of liquid crystal
thermography at varying Reynolds number from 5000 to 30000 and blockage configura-
tion. Beside valuable information about the effect of different geometries and working
conditions on the heat transfer performance, their data show also a not uniform distribu-
tion of the heat transfer coefficient along the radial direction. The cause of this behaviour
may be probably found in the design of the passage entrance, which configuration deter-
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FIGURE 2.5 — Schematic of the test section designs investigated by Facchini et al. [7].

mines an uneven flow velocity distribution along the TE. A detailed flow field analysis
would be useful to confirm these results.

All the works mentioned regard geometries with multiple cavities and where impinge-
ment cooling is often used to increase the heat transfer rate, however recently a certain
interest in single pass schemes has growth as well. As an example, Facchini et al. [7]
made use of a flow redirecting wall at the channel leading side, coupled with coolant
purging at the blade tip in an attempt to provide a quasi-uniform flow along the [TE] exit
of their wedge-shaped channel (Fig. . distributions obtained by liquid crystal
thermography are reported for channel configurations characterised by different turbu-
lence promoters (pin fins and oblong pin-fins called pedestals) installed along the and
for an outlet tip mass flow rate ranging from 0 (pure axial flow) to 25 % (axial-radial) of
the inlet mass flow. The test were performed for Reynolds Number ranging from 9000 to
27000. The results are compared with those obtained for a channel without inlet turning
flow, i.e. with an axial flow at the inlet of the trailing edge test section. It was proven
that the axial-radial configuration determines an uneven [HTC]| distribution between the
obstacles, as a consequence of the non-zero angle of attack of the flow. The increase
of the tip outlet flow rate turns in a higher radial velocity, and therefore enhances the
asymmetrical [Nu distribution. More in detail, the [HTC| peak at the leading edge of the
first two rows of obstacles was addressed to the presence of horse-shoe vortices develop-
ing from the stagnation point. By contrast, on the downwind side, the coolant separates
from the surface and recirculates with local low HTC values. In the region upstream of
the exit, a quasi-uniform heat transfer field was found in particular when the 25%
of the coolant is discharged at the tip. This region is weakly affected by the obstacle
configuration or by the flow scheme. Concerning the channel friction factor, it was shown
that this latter decreases for an increasing mass flow rate discharged at the tip.

At this point an issue regarding the experimental and the numerical methodologies has
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to be discussed. The key issue to provide useful information by means of laboratory scaled
test models is to fulfil the flow similarity parameters, namely the Reynolds Number which
ranges from 20k to 60k in real engines. If conjugate [HTC| measurements are performed
even the solid-to-fluid thermal conductivity ratio has to be matched as in [24]. In the case
of passages, it has to be noted that a perfect match with the engine conditions should
take into account also for the pressure distribution found along the radial direction at
the blade [TE] Furthermore, the pressure radial distribution is far to be constant and
depends upon the airfoil design [25]. However, in all the aforementioned contributions a
constant pressure condition was imposed along the [TE| exit. This choice can be surely
justified by the need to use simple and replicable conditions, but no mention is made
about this point by all the cited authors.

Shifting the attention back to the open literature, beside the investigations conducted
inside the ducts, a significant research activity was devoted to investigate the impact of
the channel internal features on the external flow field, since the presence of [TE]| outlets
is always used in the ducts. Rehder et al. [26] provided an assessment of the profile
aerodynamic losses yielded by a single cavity duct with three different discharge sections:
with central trailing edge ejection, with pressure side cut-back & slot and with pressure
side film holes. The analysis was performed in a wind tunnel for linear cascades with
main stream velocities up to a Mach number at the blade outlet equal to 1.2 and by
means of standard aerodynamic measurement techniques (blade surface static pressure
measurements, wake traverses) and schlieren optical visualisation.

Horbach et al. [§], investigated the film cooling effectiveness of different internal pin-
fins configurations at varying the blowing ratio the lip thickness to ejection slot height
ratio and considering the effects of typical manufacturing imperfections and wear, Fig.
The infra-red thermographic measurement technique was employed, allowing to
show a strong dependency on ejection lip thickness, and that significant improvements
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FIGURE 2.7 — Adiabatic effectiveness for n for Ms;s = 0.2 at different coolant injection rates (MFR)
values, from Barigozzi et al.

are achieved using land extensions.

A thermal analysis of film cooling effectiveness where an internal channel resembling
that of [27] and [7] coupled with cut-back openings can be found in the work of Barigozzi
et al. [9]. This latter reports an analysis of the thermal field developing at thein areal
first stage nozzle vane profile, shown in Fig. The tests, performed in an high speed
wind tunnel for linear cascades, allow to take into account even for the compressibility
effects. Concerning the results reported, leaving aside valuable information on the film
cooling effectiveness at varying the blowing ratio, and focusing on the internal channel,
this latter may be the responsible for the non uniform cooling effectiveness distribution
due to an uneven feeding of the cut-back openings and film cooling holes.

2.1.2 Rotating ducts

If rotor blade cooling channels are considered, the rotational effects on the fluid flow
and on the heat transfer distribution must be taken into account as well. These latter
are namely the Coriolis effects and the Centrifugal force. If the flow is isothermal with
the channel walls, the centrifugal force acts as a positive pressure gradient in the radial
direction, but in the case of non-isothermal conditions, as in internal cooling ducts, a
rotational buoyancy effect rises. Thus the flow field, and in turn the thermal field,
can be substantially modified by rotation, therefore pushing the researchers to gain a
detailed knowledge on the relative flow field behaviour. In the following the [TE] cooling
applications are leaved aside for a while to give a more general point of view about the
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Secomdary flow

FIGURE 2.8 — Secondary flow in a rotating rectangular channel.

investigations on the flow field under rotation.

The stabilisation (de-stabilisation) and de-stabilisation (stabilisation) of an outward
(inward) flow at the trailing or leading side of the channel and the development of counter
rotating vortices in square or rectangular channels in both laminar and turbulent regimes
is well documented in [12] 28], 29] 10, B0] in the case of orthogonal rotation.

In orthogonally rotating ducts with flow in the outward (radial) direction, the span-
wise Coriolis component Fe, = 2wU, (Fig. is balanced by a wall normal pressure
gradient which is negative from the trailing side to the leading side of the channel. Since
the Coriolis acceleration is Fo = —2d % (C), where & is the angular velocity and C the
relative flow velocity, it is clear that F is maximum in the core flow and minimum in
the boundary layers. This unbalancing is the trigger for the developing of the secondary,
counter rotating structures, shown in Fig. 2.8

As a consequence, in a fully developed flow! the resulting velocity profile in the plane
orthogonal to the axis of rotation will show a maxima displaced towards the trailing side

li.e. irrotational with respect to the relative reference frame.

o i v~ z
- T ! e T
= ! 26 2 — i
@ a[ I T Ay
l _—-3: \o)
x L -

(a) Turbulent boundary layer [10]. (b) Mean velocity profile under rotation [10].
FIGURE 2.9 — Schematic of the effects of the span-wise Coriolis component (Fey = 2wU) on an

outward flow in an orthogonally rotating radial duct, from Johnston et al. [10]
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FIGURE 2.10 — Reynolds stress components in global coordinates from Kristoffersen et al. [IT]. Dashed
lines represent the static case, -1=leading side, 1=trailing side.

of the channel as shown in Fig. for flow in the outward direction, or towards the
leading side for an inward one.

The second effect of the span-wise component of the Coriolis acceleration is related
to the effects on the turbulence levels. If the ratio of the back-ground vorticity to the
vorticity associated to the boundary layer (S = —2w/ (0u/0y)) is greater than zero a
stabilising effect, i.e. a decrease of the turbulent levels, occurs. By contrast, if S < 0 the
turbulent activity is enhanced, as reported by the DNS performed by Kristoffersen et al.
[11], Fig.

Furthermore, different flow regimes, shown in Fig. were identified at increasing
the rotation rate. At weak rotation rates, the axial velocity profile along the direction of

{a) () {ch () (2)

FIGURE 2.11 — Experimental stream-wise velocity profiles along the direction of the axis of rotation
for a laminar flow [I2] at increasing the rotation rate. (a) Static case, (b) with Coriolis induced
counter rotating structures, (c,d) with multiple roll cells, (e) Taylor-Proudman regime from hart et

al. [12].
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rotation is quasi-parabolic and a double-vortex structure appears near the shortest walls
of the duct. At intermediate rotation rates, an instability in the form of longitudinal
roll cells was observed in [12] 28, 29]. In this case, the profile of the stream-wise velocity
was distorted with a wavy structure by the presence of the rolls. At more rapid rotation
rates, the re-stabilization of the flow to a Taylor-Proudman regime occurred i.e., the axial
velocity does not vary along the direction of the axis of rotation. The roll cells disappear,
and a stretched double-vortex secondary flow appears which is quite similar to the one
previous to the onset of instability. This last effect is related to the radial (stream-wise)
component Fe, = —2wV (Fig. of the Coriolis force as shown in the Appendix

Shifting back to the literature, Moore [3I] presented one of the first experimental
contributions on the Coriolis effect on the flow field from a turbo-machinery application
perspective, while, more recently, Pallares et al [I3] provided a meaningful analysis of
Coriolis effects in a square channel by means of Large Eddy Simulations (LES). This
latter work showed that the effect of low rotation rates in the square duct flow produce
substantial changes in the turbulence-driven secondary flows developed near the corners,
as depicted in Fig. 2.12] The Coriolis-generated velocity redistribution in the central
part of the duct toward the trailing side enhances the stream-wise vorticity and the
secondary flows, which convect this current toward the leading side, near the side walls,
and than towards the central part of the duct. At moderate rotation rates, the cross-
stream flow field consists of two large and two small counter-rotating cells. The large cells
convect low momentum fluid from the stable side to the unstable side across the central
part of the duct. This convective transport displaces the maxima of the radial velocity
component towards the side walls and towards the unstable wall as the rotation rate is
increased. Turbulence-driven secondary flows at moderate and high rotation rates occur
on the unstable side below the corner bisectors. It has been found that, at moderate
rotation rates, the stream-wise vorticity of these small secondary flows is increased by
the presence of the stream-wise velocity maxima near the corners. At the highest rotation
rate considered, the turbulence level on the stable side is considerably reduced owing to
the stabilization of the flow to a Taylor-Proudman regime. This flow structure, which is
characterized by the absence of stream-wise vorticity in the central part of the duct, is

FIGURE 2.12 — Secondary structures in a square channel at increasing the rotation rate, from Pallares

et al. [13]
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FIGURE 2.13

produced by the intensification of the Coriolis-generated vertical stream-wise momentum
convective transport.

Bons et al. [32] provided a simple numerical model of Coriolis and buoyancy effects on
the outward flow field inside a rotating square duct presented in Fig. [2.13(a)| The model
turned out to compare fairly good with the experimental data obtained by (Fig.
and Nusselt Number distributions obtained by means of infra-red temperature
measurements.

Thanks to the availability of flow and thermal field measurements, Bons showed that
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FIGURE 2.14 — Bons data versus model prediction of stream-wise velocity profiles with 0.2
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the secondary flows induced by the Coriolis effect determine a decrease of the [HTC|
performance of the ducts at the[LE| with respect to the stationary case. On the opposite,
the heat transfer mechanism is enhanced on the [TE] wall of a smooth channel.

Coletti et al. [T4] made use of the rotating facility developed by Di Sante et al. [33]
to discuss in detail the flow-field behaviour of a square ribbed channel by means of PIV
measurements in the wall-normal/stream-wise planes. The stabilizing and de-stabilizing
effects showed a great impact on the boundary layer tripping and re-attachment induced
by the riblets and on the release of the coherent structures at the ribs lip as a sketched in
Fig. Indeed, as shown in Fig.[2.15(b)] if the rotation is stabilising with respect to
the rib-roughened wall, the reattachment point is closed to the rib lip than in the static
case, otherwise, it moves further in the destabilising case. At the same time the stream-
wise turbulence intensity can be decreased or enhanced if the rotation is stabilising or

de-stabilising Fig. [2.15(c)|

Coriolis-induced secondary flows leading side
YV rib-induged secondary flows

‘[ Z,W ' ! velocity profile
' : >-at symmetry plane,

X, U

incoming |
boundary layer—]

rotation axis /"
: trailing side

(a) Rib-flow model with rotation.
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FIGURE 2.15 — Effect of rotation on the flow filed in a rib-roughened channel, from Coletti et al. [14].
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FIGURE 2.16 — Secondary structures in rotating “U” turn duct, from Gallo et al. [I5].

In the case of two pass internal ducts the two passages are connected by means of
a “U” turn. This latter, in the case of a stationary channel, induces the formation of
secondary flows known as Dean vortices. If rotational effects are considered as well, a
complex turbulent flow is promoted as shown by Gallo et al. [I5]. These authors provided
an exhaustive 3D reconstruction of the flow field inside the turn by means of 2D-PIV]
measurements across multiple cross-wise planes.

Another example of 2D-PIV]investigations on a two pass rib-roughened square channel

(Fig.[2.17(a))), or on a two pass leading edge (Fig. [2.17(b)]) cooling channel in isothermal
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FIGURE 2.17 — Geometries investigated in the works of Elfert et al..
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conditions subjected to orthogonal rotation can be found in the works of Elfert et al.
[34] and [35], who also provided numerical simulations concerning the latter work in
[36]. The measurements were performed with a fixed PIV chain, as done by Bons et
al. and in contrast to the work of Coletti et al. [I4]. In [34] the author has undergone
trough serious problems in synchronizing the 2D-PIV] chain with the channel motion,
which limited the result accuracy. However an improved test rig allowed to acquire high
resolution measurements, reported in [35], which will support the undergoing thermal
analysis.

Tacovides et al. [I6] performed LDA measurements on the flow field inside a two pass
rib-roughened square channel depicting the mass flow redistribution due to secondary
Coriolis structures and the turn effects, reported in Fig. [2.18]

All the aforementioned works represent the majority of the flow field investigations
inside rotating ducts. In contrast thermal analysis on various geometries, single or mul-
tiple pass ducts with various aspect ratios and channel orientations with respect to the
axis of rotation are widely diffused. Usually the experimental methodology comprises
thermocouples or heat and mass measurements. Beside a Number of these works provide
ready-to-use correlations, it should be noted that the flow patterns hypothesised by the
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FIGURE 2.18 — Stream-wise velocity profiles along the span-wise direction from Iavocides et al. [16]
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FIGURE 2.19 — Heat transfer test module and conceptual secondary flow patterns, from Liou et al.

[17].

researches to justify heat transfer performances of models with complex geometries under
rotation need an experimental confirmation.

A detailed experimental thermal analysis in a two-pass rotating ribbed duct can be

found in the work of Chang et al. [37]. They show the influences of Reynolds, Rotation
and Buoyancy Numbers on the local heat transfer.

On a similar geometry, Fig. Liou et al. [I7] investigated the effects of differ-

ent channel orientations: the most uneven distribution between [LEl and [TE] side of the
channel was found in the case of orthogonal rotation.

An attempt to simulate the effects of different entrance geometries, resembling the

ones that can be found in real engines, is constituted by the work of Wright et al. [I§].
Their investigation was focused on inlet conditions such as: fully developed flow, sudden
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FIGURE 2.20 — Cross-sectional view of the various entrance configurations investigated in Wrigth et

al. [18].

contraction, and partial sudden contraction, Fig. The results showed that the
influence of the inlet shape on the cooling performance is decreased by rotation. An high
aspect ratio @: 10) cooling channel thermal performance was depicted by Willet et
al [38] showing significant differences on the thermal field with respect to a square cross
section duct.

Recently, a complete thermal analysis of a blade cooling system was achieved taking
into account the different cooling schemes employed at the blade leading edge ([39]),

central body ([40, 41]) and trailing edge ([19], Fig. [2.21]) regions.

Copper Plate for Regionally Averaged
Heat Transfer Coefficient Measurement

Flow Discharges through 6 slots i Entrance
then retums to the loop

FIGURE 2.21 — Test section investigated by Liu et al. in [19].
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FIGURE 2.22 — Heat transfer test module and test section investigated by Chang et al. in [20].

This latter contribution, together with the works of Rallabandi et al. [42] and Chang et
al. [20] (Fig. are to the author’s knowledge the only examples available in literature
referring to cooling schemes with axial flow discharge, so resembling modern [TE| cavities
as depicted in Fig. In the aforementioned works, the thermal field investigations were
accomplished inside a rotating channel of trapezoidal cross section with flow ejection at
the through holes ([20]) or slots ([19] and [42]). The pressure boundary conditions
were controlled by confining the outlet flow from the main channel in a radial duct used
as return passage. It is clear that the centrifugal forces act similarly on the flow both
inside and outside the main channel, therefore realising pressure conditions across the
channel exits that can be fairly considered rotation independent. However, the adopted
return passage, shown in Fig. appears to be downsized in order to exclude a priori
their influence on the flow developing inside the test section.

In conclusion, the reported review revealed that the experimental investigation on
the flow field inside a [TE] cooling duct resembling the ones currently employed are few,
and none of them takes into account for the rotational effects. To the author opinion this
kind of activity is necessary since the knowledge gained on, for example, square ducts
cannot be applied straightforward.
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2.2 Motivation of the present work

Based upon the open literature review, the objective of the current work is to characterise
in detail the flow field inside a[TE] cooling channel, sketched in Fig[2:23] under static and
rotating conditions. A complete aero-thermal analysis has been obtained by means of
heat transfer coefficient measurements performed at the University of Udine (in the static
case) and Florence (in the rotating one).

The channel geometry resembles those of current
interest, i.e. cross-section of high aspect ratio, ra-
dial inlet flow, and coolant ejection through outlet
sections located at both the blade trailing edge and
tip.

In the static case, three different channel con-
figurations have been characterised, a basic smooth
geometry and then two with 7ibs turbulators in-
stalled in different parts of the channel. After a
detailed study of the performances, the flow field
for the smooth channel and the most promising
ribbed configuration was analysed under rotating
conditions.

The tests were conducted under engine similar
conditions with respect to the selected Reynolds
(Re) number and rotation (Ro) numbers, while the
flow was isothermal with respect to the channel
walls (i.e. neglecting buoyancy effects). The chan-
nel orientation (namely the angle between the wall FIGURE 2.23 — Scheme of the channel in-
normal direction and the axis of rotation, v) was Vvestigated in the present work.
equal 0°, in order to maximize the rotational effects
coupled with the channel wide cross section.

The aerodynamic flow field has been investigated by means of Particle Image Ve-
locimetry (PIV). Furthermore, to retrieve the relative velocity fields from PIV data ac-
quired in the absolute reference frame, a particular experimental procedure has been
developed.

Concerning the measurements under static conditions, these are the first re-
sults obtained by the Turbo Machinery research group of the University of Udine ( site:
www.diegm.uniud.it/gmse/) after the developing of the liquid crystal thermography
measurement chain, which involved particularly with great efforts Alessandro Armellini.
The aerodynamic analysis highlights flow features that are specific characteristics of
modern internal cooling schemes and leads to a better understanding of the flow
mechanisms responsible of the resulting heat transfer under static and rotating condi-
tions. The availability of detailed informations about both the flow and thermal fields
makes this work an all-around point of view on the trailing edge cooling problem.

[ TRAILING EDGE
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Particle Image Velocimetry

The PIV is an indirect measurement technique for retrieving the flow field. It is an
optical (which read as non intrusive) and highly accurate measurement chain [43].
[PIV] provides the simultaneous measurement of two in-plane velocity components over
a large number of point belonging to a plane defined by a laser sheet. This technique,
developed in the 90’ represents a milestone in the aerodynamic measurements class. The
possibility of acquiring simultaneous and high accurate velocity data with high spatial
and, nowadays, time resolution, allowed the researchers to deeply investigate the flow
field as it has never been possible before. The improvement of the basic lead
to which measures all the three components of the velocity vector for a number
of points laying on a plane, and more recently, the TOMO PIV, which provides three
components for a cloud of points in a volume of fluid.

3.1 Principles

The principle at the basis of this technique is very simple. First, small tracers are
dispersed in the fluid, and then illuminated twice by a light sheet generated by two
laser pulses. The time lapse between the two pulses is the separation time,
The particles are imaged by low distortion lenses, and the light scattered is recorded by
two exposures of an high sensitivity photo-camera (further information in . The
optical layout (i.e. viewing distance, and focal length of the lenses) also determines the
second main parameter of the experiment, that is the Magnification Factor, defined as
= f/(f —S1) where f is the lenses focal length and S; the distance of the imaged
object from the lens plane. It turns that if || > 1 the image is larger than the object.
An increase of [M]| corresponds to higher measurement resolution but the imaged area is
reduced, therefore multiple measurement window have to be acquired to span the whole
investigation area. A careful choice of [M] and is mandatory for a successful use
of this technique. A low magnification will turn in a low resolution, that does not allow
to detect the flow structures.

Once the images have been acquired, the velocity field is statistically computed over
a grid of points by means of a cross correlation procedure between the exposures on the
basis of the particle displacement occurred during (further details will follow in
3.1.0).
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In 2D-PIV] the optical axis of the lenses is normal to the light sheet, as depicted in
Fig@, therefore the measurement plane (defined by the laser sheet), the lens plane and
the image plane (defined by the CCD of the camera) are parallel to each other. Conse-
quently, the image will enjoy a constant magnification factor over the|camera field-of-view|
It is immediately clear that a non uniform magnification factor determines a dis-
tortion of the flow field, therefore particular care has to be dedicated to the alignment
of the set up or special correction algorithms have to be used for the correction of un-
avoidable aberrations (image dewarping).

A low separation time will turn in small displacement of the traces, determining
therefore an high uncertainty. If the separation time is too long, the particle displacement
will exceed the optimum value, which is commonly considered as 1/4 of the interrogation
window size ([44], see7 or will determine a high number of lost particles, if the out-
of-plane' component of the particles is strong. This latter circumstance is detrimental
for a correct cross-correlation of the image pair. Indeed the cross correlation requires a
minim number of particle imaged in both the exposures to determine correctly the flow
field.
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FIGURE 3.1 — Particle image velocimetry working principle

1i.e. normal to the light sheet.
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3.1.1 PIV image recording

In the following some important aspects concerning correct PIV image acquisition are
reported.

Firstly the velocity field is retrieved from the tracers displacements, it is important
that these latter follow the fluid motion with the minimum possible velocity lag. Thus,
the choice of particles with correct physical properties, in relation with the expected flow
field is essential. Moreover, the particle size determines the amount of light scattered.
The bigger is the diameter, the larger will be the amount of light scattered. It seems
that bigger particles could be desirable, but the higher inertia will turn in an higher
drift with respect to the fluid motion. Therefore it is clear that a trade-off between the
requirements has to be achieved.

One of the crucial aspects of correct image recording is the light intensity of the
images. For a given f—number of the lenses ? the resulting image intensity is proportional
to the light intensity of the light source and to the exposure time. If the images are
under-exposed, correct light intensity may be obtained by a longer exposure time, but
the drawback is a decrease in the particle sharpness (blur) in view of the particle motion.
The exposure time has than to be as short as possible. In standard PIV applications, any
shutter device is adopted to properly control the integration time: this latter is controlled
by the laser pulse duration. At this regard Nd:Yag double cavity lasers can generate high
energy pulses with a duration in the order of some ns 3.

A specific mention has to be regarded to the synchroniser used to drive the mea-
surement chain. If the user selected separation time does not fully match the effective
an error in the determination of the velocity components will rise. Moreover,
the trigger input to Nd:Yag lasers is followed by a light pulse emission only after a spe-
cific time delay, that is the laser ) — switch delay. This compel to the synchronisation
of the lasers pulses with the camera operation to allow image acquisition with the cor-
rect Fortunately, nowadays precise synchronisers with an accuracy of 1ns are
currently available.

At this point it should be clear that the basic principle at the basis of the PIV
technique required a noteworthy technical effort to obtain concrete applications.

3.1.2 PIV Image Processing

The 2D cross correlation consists essentially in the spatial convolution of the signal related
to the light scattered by the tracers in a image pair. More in detail, the flow
field imaged by the cameras is divided in sub-zones, called interrogation windows (i.w.)
and each i.w. of the first image of the pair is cross-correlated with its correspondent in
the second one. The correlation map will show a correlation peak at the location of the
most likely displacement of the particles contained in each i.w. The detailed description
of the cross correlation algorithm can be found in [44].

2 Focal-length to lens-diameter ratio. The higher f-numbers correspond to a low light intensity expo-
sures and the to the maximum depth of field. The lowest f-numbers correspond to full lens aperture,
therefore to the maximum light intensity reaching the CCD.

3However, there are some applications which made use of a continuous light source as the test rig
developed by Di Sante [33] .
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In order to better resolve complex flow features (as velocity gradients and vortex
structures) more complex cross correlation algorithms have been developed since
[PTV] has been introduced, allowing to improve the spatial resolution and accuracy of the
technique.

The most important one is surely the window offset displacement described in the
following, which most representative implementation is surely the well-known
[Displacement Iterative Multi-grid (WIDIM)| algorithm developed by Scarano [45]. First,
a predicted displacement is obtained by a first cross correlation of the image pair, then the
i.w. pertaining to the second frame are moved on the basis of the predicted displacement.
By doing so, a second cross correlation will be applied in a region where the particles have
more probably moved. The described process is iterative and can be repeated several
times. This procedure is coupled whit a grid refinement: the predicted displacement is
computed on a coarse grid (large i.w.) at step ¢ and it is used as a predictor for a finer
grid at step ¢ + 1, allowing to improve the spatial resolution and the dynamic range.

With the same purpose of improving the accuracy on the flow field, other refinements
on the method can be adopted: window distortion, sub-pixel interpolation and over-
lapping. The window distortion consists in using a distorted second window to find a
better matching between particle locations, as window displacement does . The i.ws. are
distorted on the basis of the local velocity gradient computed in the predictor step.

The sub-pixel interpolation is crucial to improve the spatial accuracy beyond the
images limit that is 1 pz. In fact, since the camera sensors have a finite number of
pixels, the cross correlation will display a discrete correlation peak. Therefore, the true
displacement will have an estimated value rounded to integer values. This occurrence
is commonly referred as peak locking effect. However, an interpolation scheme can be
adopted to avoid peak locking: the most used is a Gaussian interpolation on a pixel
stencil of 3 x 3 pz.

Finally, everything that stays stagnant in the image (e.g., image background and
light reflections from stationary objects) concurs to decrease of the signal-to-noise ratio
of the images and yields to a displacement bias towards 0 pz. To avoid this, a reference
image, usually referred as background image, is subtracted to the images before the cross-
correlation.

If all the issues here described are adopted, an error of 0.05 pz on the velocity field
is nowadays commonly assumed as the upper-bound uncertainty pertaining to the cross
correlation procedure.

3.1.3 Stereoscopic Particle Image Velocimetry

The limitations of mainly consist in the impossibility to measure the tracers out
of plane motion and in the strong augmentation of the parallax error with the increase
of the out of plane component magnitude.

The [S-PIV] employs two cameras to image the same portion of the flow field but from
two different off-axis positions. The additional information provided by the additional
camera can be used to solve the three dimensional velocity field. This situation can be
sketched as solving a linear system for three unknowns and with two equations
given by each of the two cameras.
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According to the viewing configuration, [S-PIV] systems can be broadly divided in
translational or rotational (also known as angular displacement) systems [46].

Translational systems

In translational systems the image axes of both cameras are parallel to each other and
orthogonal to the light sheet (Fig.[3.2(a)). The primary advantage of this method is its
simplicity: because image and lens planes are parallel to the measurement plane, the
image field has a constant magnification factor and consequently, no image dewarping
process is required prior to the cross correlation and displacement reconstruction. More-
over the camera depth-of-field requirements and image focussing are similar to standard

2D-PIVI

However, the limitations inherent to this configuration are:
e the "common area” imaged by the cameras is small;
e a lower upper bound limit of the off axis angle 6.

The latter yields to the main drawback of this configuration, that is a low accuracy on
the out of plane component [47, 48]. For these reasons the translational configuration has
found limited applications, in favour of the more diffused angular displacement systems.

o Object plane i Object plane

<
\ S
a / A& L

| Lens plane o/ \\ g
| o [

o\ 2 s
——  Image plane Camera#l  ~ \  Camerai2

Camerat 0" 0% Camera#2 - e -

(a) (b)

FIGURE 3.2 — Stereo configurations: translational configuration (a), angular displacement(b).

Angular systems

In angular displacement systems, Fig. the camera axes are not parallel, but they
intersect each other inside the object plane: this solution compensates to the angular
limitation of the translational systems, allowing an increase of the out of plane accuracy.

On the other side, the angular displacement requires to deal with some aspects of
imaging a plane through an angled direction:

e the focused area is small with respect to the camera [FFo-v}

e the magnification factor is not constant over the of each camera.
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To overcame the first issue the image plane (i.e. the CCD) has to be tilted in such a
way that image plane, lens plane and object plane are collinear (Sheimplfug condition).
Fig. [3.3) shows the two-axis Sheimplfug adapter realised at the University of Udine.

FIGURE 3.3 — The Sheimpflug adapter to realize the Sheimpflug condition, realised at the University
of Udine during this research project .

The outcome of the second issue, namely the prospective distortion, is that proper
image manipulation is mandatory prior to combine the informations provided by the two
cameras. This can be referred as the stereo reconstruction procedure.

The stereo reconstruction

The reconstruction process is basically the processing of mapping the displacements
measured by each camera onto the object plane and combining them to obtain the three
dimensional data. Stereo reconstruction can be performed in two ways:

e geometric;
e calibration based.

Geometric reconstruction is possible only when the geometry of the recording configura-
tion is completely known and can be mathematically modelled. Mathematical modelling
may not be possible in presence of non-linearities such as lens distortion or a misaligned
CCD array. For these reasons Geometric reconstruction algorithms are scarcely used.
Calibration-based reconstruction may be further classified into 2-D or 3-D calibration
methods. In the former, a mapping function is determined to relate each of the two 2D
image planes to the 2D object plane. The optical configuration parameters are still
necessary to compute 3D displacement field starting from the two 2D camera ones. The
latter method, instead, provides a direct relationship between the particle location in a
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3D space with its position on each of the image planes, therefore any knowledge about
the optical set-up is no longer needed.

Whatever the selected approach is, all the calibration based methods require the
placement of a target on the object plane?. This latter is a plate where a regular pattern
with known spacing is drawn. The grid can be made of dots, crosses, or lines. Anyhow
the target looks like, the calibration process requires the acquisition of multiple exposures
of the target placed at different and known off-axis positions. The exposures are then
cross correlated with an appropriate sample signal to retrieve the grid positions on the
image plane, an then the image mapping can be performed following the aforementioned
approaches.

2D calibration methods

Briefly, 2D calibration methods require to obtain the calibration data necessary to relate
each of the two cameras image plane with the object plane and then to determine the
mapping function to perform image dewarping. Once the target is removed and the
data acquisition is performed, the raw images are dewarped and cross correlated on a
cartesian grid in the image plane. Then the same mapping function is used to project
the two displacement fields over the object plane, where they are further interpolated to
a common grid. At this point stereo reconstruction can be performed to obtain
and [AZ] as it follows:

_ dxy - tan(on) — dxy - tan(az)

N tan(aq) — tan(as) (3.1.1)
_dys - tan(By) — dy1 - tan(Bs)

_ tan(B1) — tan(Bz) (3.1.2)

_ dzo — dzy B dys — dyy
_ tan(ay) — tan(as) — tan(By) — tan(Bz)’ (3.1.3)

where « and (8 are the viewing angles and the subscripts indicate the cameras. It is
important to note that the calibration data is used also to compute the optical configu-
ration parameters which are still necessary to perform stereo reconstruction, as required

by eq. - The complete process is described in [44], [49].

3D calibration methods

In contrast to 2D calibration, the 3D approach, followed by [47], does not require the
detailed knowledge of the system geometry at any stage. The off plane exposures are
used to retrieve the relationship between the three dimensional position on the object
plane and the two 2D dimensional image fields.

If the 3D reconstruction is more simple than the approach followed by Willert [49] the
drawbacks of the methodology proposed by Soloff et al. [47] are a more complex algorithm
of the cross correlation procedure and the impossibility of performing the misalignment
correction.

4Since it is impossible to place the target at the exact position of the laser sheet, an additional source
of error has to be considered (misalignment error). However, as described in the following, several
methods are available to diagnose and correct this error source.
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Misalignment error and its correction

In section it has been observed that the practical impossibility of placing the target
at the exact position of the laser sheet turns in the misalignment error. To overcome this
drawback, Willert in [49], proposed a methodology to minimise this error source. This
procedure is commonly referred as the disparity correction. This latter is based on the
fact that the images from the two cameras are back projected to a plane ® which is not
the one where the particles lay, in view of the misalignment. Thus, the same particles
will have a different position in the two views. This occurrence can yield to an high bias
error. Indeed, when performing the stereo reconstruction velocity vectors pertaining to
different portions of the flow field will be combined together.

However, it should be noted that the cross correlation between the two first frames of
the image pair will show a non zero value, in view of the misalignment. Willert proposed
to use this disparity map to correct the back-projection coefficients, the same approach
has been followed followed by Astarita et al. [50]. A more sophisticated approach was
proposed by Scarano et al. in [5I] and Wieneke [52] where the disparity map was used
not only to correct the image de-warping by also the viewing angles.

3.2 The PIV system of the University di Udine

The PIV system of the turbo-machinery research group of the University of Udine, shown
in [3.4] includes:

e 125mJ double cavity Nd : Yag laser (SOLO PIV, New Wave Research) operated
at a wavelength of 532nm;

e two PCO-SENSICAM 12-bit CCD cameras with a resolution of 1024 x 1280 pz and
4,1 Hz acquisition frequency at the maximum resolution;

e a 16 TTL output channel externally triggerable sequencer from PIVTEC GmbH,;

e a Laskin nozzle type seeding generator operated with vegetable oil, which guaran-
tees a very narrow particles size distribution with a mean diameter of 1.2um;

e two set of low distortion NIKKOR lenses, =60 mm and f =105 mm both with
f/d=2.8.

3.3 Technical details

The separation time was set trough tests to obtain the maximum allowable mean
in plane displacements (equal to 8-9 pz 1/4 rule [44]) with the minimum loss of particles
due to the out of plane motion of the flow region under investigation. A mean value of

5It should be remembered that the back projection coefficients are computed with respect to the
calibration plane defined by the target.
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FIGURE 3.4 — The complete Stereo-PIV measurement chain with the exception of the data acquisition
system.

100us was used for 2y planes ¢ while the cross wise measurements planes required
ranging from 10 to 35 us in view of the strong cross-plane velocity.

In order to compute time the averaged velocity field and the related statistics, 1000
image couples have been recorded for each acquisition at a frequency of 4H z, ensuring
to have an uncorrelated set of samples for a correct averaging.

2D-PIV]

All images were processed using the commercial software PIVView (PIVTEC
GmbH), with a first interrogation window of 64 x 64 pz, a single step of window size
refinement and 50% of window overlapping. Two steps of window distortion-displacement
were used for each step of the refinement procedure. Finally, a Gaussian peak-fitting on
a 3 x 3 pz stencil was adopted to perform the sub-pixel interpolation.

With these settings, a field of 80 x 64 displacement vectors was defined in each mea-
surement area with a spatial resolution of 0.5-1.5 mm, depending on the magnification
factor. Coarser measurements correspond to = 10000 pz/m, while a magnification
factor of 30000 pz/m was set for the higher resolution ones.

Vector validation was performed with tests based on a normalised median filter and
on criteria of primary to secondary correlation peak and minimum signal-to-noise ratio.
The percentage of invalid vectors was typically low, less than 3 %, and only the valid
vectors were sampled to obtain the time averaged vector fields.

Background subtraction was performed to remove background light noise to enhance

6See for the measurement planes position.
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the cross correlation peak. The background image was obtained as the point-by-point
minimum of the light intensity of each image series.

The investigated area has been divided in small windows to obtain the correct reso-
lution with respect to flow features. Successive acquisitions have been then non-dimen
sionalised with respect to the bulk velocity at the channel inlet .

S-P1V]

The stereo images were processed performing image back-projection and then stereo
reconstruction (PIVView, PIVTEC GmbH). The nominal magnification of the images
was 30px/mm.

The measurement chain calibration was realised by means of 6 exposures of a cal-
ibration target acquired at different off-plane positions. The target was made of an
orthogonal grid of black dots of 0.8mm diameter on white background. The grid spacing
was 2 X 2mm, which resulted in more than 200 dots on each exposure, sufficient for an
accurate image dewarping.

As suggested in [49], a disparity correction was used to minimise the misalignment
errors. At this regard, the disparity map was obtained by means of the ensemble corre-
lation of the first image of 100 image pairs, instead of a single image couple, to increase
the accuracy on the disparity map, as proposed by Scarano et al. [51].

The cross correlation of the images followed the approach of 2D-PIV]image processing
reported above. The spatial resolution of the [S-PIV] measurement was equal to 0.5 mm.
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Dealing with flow field under rotation is a though challenge. In order to obtain the relative
velocity field, the choice is between an on-board measurement chain, whose direct output
is the relative velocity, or a fixed one, which requires an additional data processing to
retrieve the desired informations. The following section describes the state of the art
of rotating PIV measurements and presents the methodology used in the present work.
This latter has been published in Armellini et al. [53]

4.1 Survey of PIV applications in rotating channels

In the last years, LDV and more recently PIV have been widely applied to study the
relative flow field inside rotating test sections. Turbomachinery research has played a
driving role for this development, requiring detailed analysis of rotational effects on the
flow field inside centrifugal impellers or internal ducts used for gas turbines blades cooling.

When the target is to measure the relative flow field, two opposite strategies can
be followed: either a direct methodology that makes use of a measurement chain rotat-
ing integral with the test section and therefore able to directly measure the velocity in
the relative reference frame, or an indirect method where the measurement system is
kept fixed and synchronised with the periodical passage of the test section (phase-locked
mode). In this latter case, the absolute velocity field is measured and the relative one
is obtained only after a proper data processing. A direct measurement of the relative
velocity allows to keep the uncertainty at the same values of a standard/non-rotating
measurement but produces a strong growth of both costs and complexity of the mea-
surement chain. Therefore the choice of a direct or indirect method is mainly based on
a trade off between accuracy and cost of the experimental setup. For this reason the
majority of the experiments that can be found in literature used standard, fixed, LDV
pr PIV systems operated in a phase-locked mode.

Concerning PIV applications, examples of relative flow field investigations inside cen-
trifugal impellers are found in [54H61]. In these studies the authors made use of standard
PIV chains that in almost all cases were synchronised with the impeller in order to per-
form phase-locked acquisitions of the absolute flow velocity in a blade-to-blade plane. The
relative flow field was then computed through a post-processing procedure of the PIV
data, i.e. performing a vectorial subtraction of the local peripheral velocity, U =3 x ﬁ,
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from the measured absolute one, C. A description of how this procedure was applied,
for instance about the definition of the centre of rotation position (ﬁ), is not available
in [5H60]. Only Westra et al. [6I] reported the use of an image calibration based on
the measured value of the rotational speed and on the known coordinates of a marker
placed on the impeller, while Wuibaut et al. [54] adopted a post-treatment procedure to
locate the centre of rotation in the image frame but did not provide any detailed infor-
mation about it. Assessments of the uncertainty associated to the determination of the
peripheral velocity and of the over-all accuracy of the post-processing procedure might
have been also useful, but they are not provided in the works previously mentioned. The
only attempts of a direct measurement of the relative velocity field inside radial flow
impellers are found in [62H64]. In the first two cases, [62] [63], the authors performed PIV
investigations with a CCD camera rotating with the test section itself, while Stickland
et al. [64] used a fixed camera combined with an image de-rotator realised by means of
a mirror system rotating at half the speed of the test section.

A first example of PIV investigation of the relative flow field inside cooling channels
for gas turbine blades is presented by Bons et al. [32]. They used a fixed PIV system
synchronised in phase-locked mode with the test section. In order to increase the results
accuracy, they adopted a pre-processing procedure of the raw PIV data. It consists to
de-rotate every second frame of a PIV image pair of an angle equal to that swept by
the test section during the elapsed time between first and second frame acquisitions.
This approach allows to compute directly the relative velocities from images acquired
in the absolute reference frame, nevertheless the authors estimated that this reference
frame transformation can lead to a bias error up to 5%. This bias derives from errors
in the determination of the centre of rotation and from the image manipulation itself
and it should be summed to the uncertainty usually associated to a standard PIV mea-
surement. Further examples about experimental analysis of relative flow fields inside
rotating cooling ducts are the contribution of Servouze et al. [65], Gallo et al. [66] and
Elfert et al. [34] [67]. All of them used a fixed PIV system, phase-locked acquisition and
different synchronisation approaches, nevertheless none provided a detailed analysis of
the actual uncertainty of the reported relative velocities. Direct measurement of the
relative flow field have instead been attempted by Bharadwaj et al. [68] and Tacovides et
al. [69]. In both cases the laser beam was aligned with the channel axis of rotation and
successively deflected inside the test section by a rotating mirror, the image acquisition
was obtained by means of either a fixed camera combined with a rotoscope, [6§], or a
camera rotating integral with the test section, [69]. The strong technical complexity of
these experimental set-ups may have likely spoiled part of the expected advantages and,
indeed, only preliminarily results, [68], or flow visualizations, [69], are presented under
rotating conditions.

A totally different experimental approach has been recently adopted by Visscher et
al. [70]. They conducted Sterco-PIV measurements of a fully developed flow inside a
rotating rectangular duct mounted on a 14 m diameter turntable that is able to house
the whole test section, the PIV measurement chain and the control and acquisition
systems. Thanks to their noteworthy technical efforts the authors were able to get highly
accurate and spatially resolved relative flow measurements. A similar approach was also
followed by Di Sante et al. [33] that presented the first time-resolved PIV measurements
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inside a boundary layer of a diverging rectangular channel under both static and rotating
conditions. High accuracy, spatial and temporal resolution were obtained by means of
a new facility made of a 2.5 m rotating disk on which both the test section and the
PIV system were mounted. In their paper, [33], the authors also provided a comparison
between the measurement accuracy attainable with their approach (which is simply the
accuracy of the PIV cross-correlation algorithms, that usually leads to an uncertainty of
about 1-2% with respect to the measured value) and the one that should be expected
if an indirect measure would be used. By following the error propagation theory, [71],
Di Sante et al. [33] concluded that the error associated to an indirect measure shows
a quadratic growth at increasing the ratio between the absolute and relative velocity
modulus so providing completely unreliable data in those cases where the peripheral
velocity is much higher than the relative one. However the error analysis by Di Sante
et al. [33] suffers by the approximation that the uncertainty on the determination of the
peripheral velocity was completely neglected, and they do not consider the possibility to
pre-process the data in the way adopted by Bons et al. [32].

The present analysis of the current literature shows that for the investigation of the
relative flow field inside rotating test section by means of PIV techniques, the indirect
approach is widely preferred with respect to the more accurate but by far more complex
direct approach. However, despite the numerous examples of applications, a comprehen-
sive report about the uncertainty of the indirect method is not available.

4.1.1 Approach followed in the present work

In the present application the choice was to go for a fixed measurement chain. In the case
of the relative flow field has been retrieved after a proper image manipulation
before image cross-correlation. The careful implementation of the methodology allowed
to obtain outstanding results in therms of accuracy and flexibility of the 2D-PIV] mea-
surement chain. The details of the procedure and its accuracy assessment can be found
in [53]

4.2 Image De-rotation algorithm

In concrete terms, the image pre-processing consists of rotating the second frame (frame
B) of every PIV image pair by an angle equal and opposite to the one swept by the test
section (28 in Fig. during the elapsed time, between the two frames (frames
A and B) as suggested by Bons et al.[32]. However, some improvements were introduced
to enhance remarkably the accuracy of the measurements.

A calibration procedure has been developed on purpose, allowing to determine the
centre of rotation position with respect to every pixel of the PIV image by means of
an indirect measurement with high precision. Once the acquisition is accomplished, for
each image pair, the de-rotated frame, say B*, is reconstructed from the raw
[image of the PIV image pair (FRAME B)| In the present case the image reconstruction
is performed by means of the SINC-8 interpolation scheme.
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4.2.1 Determination of the Centre of rotation

In the indirect method here proposed a target made of N, black dots on a white back-
ground (markers) is aligned with the measurement plane and two images, respectively
frame A and B, are acquired at two different angular positions of the test section. A
picture of the calibration target is presented in Fig. Successively, the coordinates
of each i-th marker center in the two frames (x; 4, ¥;,4 and z; g, y; p) are determined
through a cross-correlation with a sample signal (Fig. Finally, the geometrical re-
lationship represented in Fig. [£]is used to write the following equation for each i-th
markers pair:

ro(ria —2iB) +yo(Yia —yiB) = (4.2.1)
_ f?,A - x?,B +YPa— yzB (4.2.2)
> 2.

where z¢, yco are the unknown terms.
A priori, the coordinates of the centre of rotation could be obtained with only two
equations of the same type as eq. (i.e. by using two markers). However, since the
markers’ positions are affected by the errors dx;, dy;, a better accuracy can be obtained
with N, much bigger than 2, therefore through the solution of a overdetermined linear
system.

It should be noted that this methodology allows to determine the centre of rotation
position in a very simple manner. Indeed, since the measurement of the angular velocity
is not necessary, it is possible to perform the calibration by simply acquiring exposures of
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FIGURE 4.1 — Geometrical reconstruction of the calibration markers peripheral displacement used to

derive eq. @
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FIGURE 4.3 — Two exposures at different angular position for centre of rotation determination.

the calibration target with the channel at two different angular positions not necessary
under rotation.

4.2.2 Measurement of angular velocity

To obtain the angular velocity there are two methods: to use an incremental encoder to
get a measure of the instantaneous value of [(J] or to sample a once-per-revolution signal
to measure the mean value of [(J] during each round. If this last approach is implemented
by means of high frequency counter boards (> 20M Hz), the mean value of [()f can be
measured with a very high accuracy, i.e. well below 0.1% even for a rotational speed of
about 10* rpm. The uncertainty analysis for the two methods can be found in [53]. A
problem can rise instead from the assumption of steady conditions during a revolution.
Hence, the uncertainty has to be evaluated on the basis of the amplitude of the
[ fluctuations during each revolution. In practice, this is an approach that can be
successfully used only if the momentum of inertia of the test section is quite high.

In the present work the test section moment of inertia was considerably high, as con-
firmed by the evidence that the r.m.s. of the angular velocity fluctuation was 0.0025rad/s.
This allowed to use and incremental encoder to sample the angular velocity and to as-
sume that the mean angular velocity was a meaningful estimate of the instantaneous one
in a small interval close to the measurement point. This assumption was later confirmed
by a good image acquisition stability: the channel wall position between the first frames
of different image pairs showed a difference of less than 1 pz.
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4.2.3 Determination of the peripheral displacement field

Once the[()] and the position of the centre of rotation are known, the peripheral displace-
ment, AS, of a point P that during a temporal interval moves around a centre
of rotation C with angular velocity [} (Fig. , can be expressed by means of a simple
geometrical relationship:

AS = 2Rsin(p). (4.2.3)

The radius of rotation R and the semi swept angle 8 are computed as it follows:

R=\/X?2+YE, (4.2.4)

Xp=xzp—2c, YP=yp — Yo, (4.2.5)

The angular position of the point P with respect to the global reference frame is
defined as:

v = atan2 ();p) , (4.2.7)

P
so that the z and y components of the peripheral displacement can be computed as:

AS, = AScos(f+7), (4.2.8)
AS, = —ASsin(f+7).

Therefore the knowledge of [[] and the position of point P with respect to the centre
of rotation R is required to determine the peripheral displacements field.

Xe-
C Xr o X
or | _
/ R=CP=CP'
& > n=(1/2-y)+(n/2-P)+d
- 5=B+y
38 by x [px]
Ur_. _________ > p:
| ! | image
| P | field of view
| ——
| S .
I % 4 [
| o < I
Ye P | < |
P ASx |
" i ——————————— —I
Y v [px]

FIGURE 4.4 — Determination of the peripheral displacement field in the image reference scheme.
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4.2.4 Image De-rotation

Once all the parameters are known the image de-rotation is a quite simple task. Briefly,
AS, and AS, define the points of frame B from which the light intensity signal must be
interpolated to reconstruct the intensity value of the pixel belonging to frame B*.

However the choice of a suitable interpolation scheme is a key point for the accuracy
of the procedure. Indeed, a too simple interpolation scheme, such as a bi-linear or a cubic
one, will introduce a reconstruction error comparable to the one of the cross-correlation
procedure, therefore spoiling the advantages of this methodology. In the present case the
image reconstruction is performed by means of the SINC-8 interpolation scheme, which
performs the interpolation of the light intensity signal on 8x8 pz stencils based upon the
SINC filter. This method ensures accurate image reconstructions with associated errors
of less than 0.01 pz as showed by Astarita et al. [72]. A schematic of the interpolation
scheme is reported in Fig. [L.5]

In the following an example of the results of the present methodology are reported.
Fig. shows a raw image pair. The channel wall clearly show the peripheral displace-
ment occurred during the separation time. On the other hand, in Fig. [£.7) the de-rotated
image pair is presented. In this latter, the particle displacement due to rotation have been
subtracted, thus the cross correlation software will then determine directly the relative
displacement filed (Fig. (b)). By contrast, if the image de-rotation is not performed
the output of the PIV image processing is the absolute displacement field (Fig. a))7

Frame A Frame B Frame B*

FIGURE 4.5 — Scheme of the de-rotation method.

FIGURE 4.6 — Raw image pair.
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FIGURE 4.8 — Cross correlation results for a raw image pair (a) and a post-processed one (b). =
10pz/mm, = 100ps. Vector resolution equal to 1/2 the effective one. (c): sketch of the

measurement window position.

then the relative one has to be obtained by subtracting the peripheral velocity field.

4.2.5 Methodology for measurements

The previous section presented the procedure used in the case of 2D measurements in
planes orthogonal to the axis of rotation, which made use of the image de-rotation. On the
other hand, the relative velocity field for measurements was determined through
a standard post processing of the data sets, i.e. the subtraction of the instantaneous
peripheral velocity before averaging the samples to take into account of small drifts in
the angular velocity. Indeed a de-rotation pre-processing for stereo PIV images would
be more complex and less accurate. To understand this statement the reader should
keep in mind that the de-rotation would be performed taking into account of the viewing
angles. Since the calibration of can be considered as its major weakness due to
the misalignment error (see chapter |3)), it easily follows that the same bias error source
will affect two times the measured values, once in the calibration and once in the de-
rotation. This compelled to retrieve the velocity field by means of the subtraction of

the peripheral velocity. However, the comparison with [2D-PIV| data showed anyway a
satisfactory result as reported in
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Thermal measurements

As stated in [2:2] [HTC| measurements for the present channel geometry have been per-
formed by the research groups of the University of Udine and Florence. In the follow-
ing the description of the detail of the [Liquid Crystal Thermography (LCT)| measure-
ment chain developed by the turbo-machinery research group of the University of Udine
is reported. This technique was recently achieved thanks to the efforts of Alessandro
Armellini.

FIGURE 5.1 — An example of a LCT picture.

5.1 Liquid Crystal Thermography
The [LCT allows to measure the [[ITC| distribution on a wall due to the forced convection
heat exchange that takes place at the wall under investigation. More in detail the heat

balance for a surface of an internal cooling channel model can be expressed as:

dfc = 4 + Qdisp + Girr (5.1.1)
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where ¢j. is the heat exchanged between the fluid and the surface by means of forced
convection, ¢y is a uniform heat source properly generated, gqisp is the heat lost to the
ambient and ¢; is the radiative heat rate exchanged with the other surfaces of the
model.

The heat exchanged by forced convection can be described by the well known rela-
tionship:

_ qfc
h= T. T, (5.1.2)
where T, is point wise temperature at the wall, Ty, is the bulk flow temperature. Ty 5
is a reference temperature of the flow and can be defined as, for example, the temperature
of the fluid at the channel inlet. The idea at the basis of the technique is that T;, can
be measured through the relationship between this latter and the colour of the light
scattered by the liquid crystal layer.

For what concerns ¢j. , a thin layer (25um) of Inconel 600 was placed at the [SS| of
the channel, and the dissipation of DC power into this heating foil allows to generate an
heat flux used as a thermal boundary condition. This latter can be considered uniform
over the Inconel surface and it can be varied changing the DC power, thus enabling to
control the surface temperature inside the operational range of the liquid crystals.

The radiative heat exchanged with the other surfaces of the model (Fig. can be
considered negligible, since the PPMA walls can be considered opaque to infra-red light.
With the aim to minimise the heat exchange with the environment, a 2 mm air gap
between the channel external surface and glass sheet provided an additional insulation.

In the present experimental campaign, the measurements were performed on the [SS|
wall. With the aim to simplify the viewing configuration it was chosen to imagine the
liquid crystal painted surface through the external wall, as sketched in Fig. [5.2)). A
thin film of SPN-R40C5W liquid crystals from Hallcrest (operative range 40-45 °C) was
sprayed with an air brush onto the channel [SS|internal surface. Subsequently, it has been

< camera p lights

; Ll reB
amb fqdisp glass, 3 mm
: ‘\ I Air gap, 2 mm
I PMMA wall, SS, 12 mm

g‘-iquid orystals, <0.1 mm
' 3 3\ \Black paint, <0.1 mm
Flux Ts \Double-sided tape, 0.1 mm

9ef Qirr Inconel, 0.025 mm

| | PMMA wall, PS, 12 mm
il

FIGURE 5.2 — Sketch of the set-up used for the LCT measurements.
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5.1. Liquid Crystal Thermography 49

applied a layer of opaque black paint (SPBB-G1-Hallcrest) and a thin double-sided tape
where the heating foil was placed.

The image acquisition was performed by a colour digital camera P83B-GIGE-AR
with a resolution of 1034x779 pz. The lens used was a Schneider KREUZNACH f{#1.4-
f12 mm which allowed a resolution of 5.5 pz/mm, thus the measurement area has been
divided in a number of sub-zones. The lighting system comprised two SoLux halogen
lamps mounted on props fixed whit the camera mount. The lamps were chosen because
of their low UV emission [73] and a uniform light intensity and spectra over the camera
[Eo-vl

Pictures of the target wall were acquired at different heat flux settings once the ther-
mal equilibrium is established. The procedure was described by Cakan [74]. A MATLAB
code developed by Alessandro Armellini has been used to extract the isothermal lines.

The LCT measurement chain was calibrated by means of the conversion from the
RGB (Red, Green, Blue) space to HSI (Hue, Saturation, Intensity) which was then re-
lated to the surface temperature with a device developed on purpose as proposed by
Akino et al.[75]. This latter is able to generate a known temperature gradient on a alu-
minium slab painted with the Liquid crystals. Particular care was devoted to perform the
calibration with the same viewing arrangement used for the measurements. Finally, Ty,
was measured by means of thermocouples placed inside the settling chamber, upstream
of the honeycomb filter (Fig. [6.6).

The [HTC| measured with the [LCT] has then used to characterise the thermal field
referring to the defined as:

D7
_h (5.1.3)

where A is the thermal conductivity of air, and [DI] is the hydraulic diameter at the
channel inlet.
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Set up and instrumentation

The following chapter can be divided in two parts: the first one concerns the set-up
while the second part describes in detail the test section and conditions. More in de-
tail, the test rig (designed and realized during the present thesis work), the flow circuit
and the synchronization strategy of the measurement chain are firstly reported (section
6.1). Then, in and a description of the test section configurations and of the
measurement planes position is provided.

6.1 Test Rig

As previously mentioned, a rotating facility has been developed during this thesis work
to perform the experimental campaign. A picture of the test rig is reported in Fig. [6.2
As reported also in Fig. the test section and the counterweight frame are sustained
by the settling chamber. This, in turn, is connected to the slow shaft of a gear reduction

flow manifold

Counter-weigth

settling chamber

Alluminum, tk=12mm

|Ple><'|glas, tk=12mm |

FIGURE 6.1 — Overview of the test rig.
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52 6. Set up and instrumentation

unit. An electric motor coupled with an inverter allows to control the angular velocity
with 0.5 rpm. The nominal rotational speed during the experimental campaign was
about 215 rpm.

The test section is composed by an aluminium frame onto which the test section is
realised by means of PMMA plates. The aluminium frame ensures the structural solidity
of the test section assembly whereas the the PMMA construction allows almost a full
optical access. The test section is connected to the settling chamber by means of a
flange, which allows the modification of the channel orientation with respect to the axis
of rotation. The overall weight of the model is 25 kg. Further description of the test
section will follow in sect. [6.2]

The non neglecting weight of the test section and the required counterweight (= 8
kg) compelled to use 10 mm thick steel plates to build the rotating settling chamber.
However, two lateral walls were made in PMMA to allow visual inspections inside the
settling chamber. The settling chamber plus the test section and the counter weight
exceed the noteworthy weight of 150kg. All the rotating equipment is hold by the gear

ALUMINIUM
TUBE

V 50,
SETTLING
CHAMBER

# &R PV CAMERA
TEST SECTION LASER

FIGURE 6.2 — Picture of the test rig realised at the University of Udine.
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FIGURE 6.3 — Schematic of the test rig developer for the present experimental campaign, xz-projection
with the piping circuit.

reduction unit which is mounted on a metallic chassis.

For which concerns the flow circuit, the test section, Fig. [6.3] is fed by means of a
4kW centrifugal fan, which delivers the required mass flow ratio to ensure the selected
Reynolds Number at the channel entry (about 0.05 Kg/s). The flow is seeded by the
Laskin seeding generator just downstream the fan outlet. Flexible aluminium tubes link
the fan to a 3 m long, 97 mm Internal Diameter steel pipe. In the middle of this latter,
an orifice flow meter is installed. This latter meets the UNI specifications [76].

The diameter of the orifice is equal to 35 mm, which turns in a pressure drop of about
3,3 - 103 Pa at the specified mass flow ratio, slightly varying depending on the ambient
condition during the tests. The pressure drop is measured by a pressure transducer,
while a water-column provided the pressure signal just upstream the orifice flow meter.
The air temperature for air density correction was measured upstream the orifice meter
by means of a thermocouple.

Afterwards a 4 m long piping circuit of the same internal diameter allows to reach
the top of settling chamber. Sealed bearings connect the rotating settling chamber to
the aluminium tube (Figs. . The sealed bearings on the top face of the settling
chamber are connected to a 45 mm internal diameter pipe. At the settling chamber
middle height, a 90 "bend turns the flow towards the settling chamber’s wall opposite to
the test section. Furthermore, at 65 mm upstream of the test section inlet, a polyester
fibre filter is installed. This latter produces the pressure losses necessary to ensure
uniform flow conditions at the test section entry, Fig. Any effect of flow separation
due to the sudden contraction of the flow has been avoided by placing a 3 mm honeycomb
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filter at the channel inlet (Fig. The total pressure drop of the circuit is equal to
4356 Pa, slightly varying with the tests conditions. The distance between the axis of
rotation and the origin of the channel coordinate system (see Fig is equal to 5.75
DL} computed on the model inlet cross-section.

6.1.1 Phase-locked Synchronisation

In the rotating tests, the measurements of the velocity field have been acquired in phase-
looked mode, as described in chapter [dl Therefore the data acquisition must be synchro-
nised with the channel rotation, because:

e the PIV measurement chain has a certain time delay between the trigger input and
the data acquisition (Q-Switch delay (QSD)| chapter [3));

e the angular velocity (] of the channel is not constant.

In order to perform the synchronisation, the TTL signal originated by a photo-diode
(Fig. 6.4) periodically screened by a target integral to the test section, was sampled with
a National Instruments NI-PCI-6601 counter board.

The NI-PCI-6601 has 4 counters at 32 bit with a maximum frequency of 20 Mhz.
However, only two of them were used in the present application. In the following we will
refer to the two counters of the pair as counter 1 and counter 2.

Counter 1 was deputed to the continuous measurement of the mean angular velocity
over one revolution: the time lapse occurred between two successive rising edges of the
photo-diode signal was used to get the measured value of [} Once the angular velocity
is known, a variable delay for PIV trigger signal can be computed as it follows:

A«
ATDelay == — QSD (611)

FIGURE 6.4 — Photo-diode and target used to synchronise the channel with the PIV measurement
chain.

Tesi di dottorato di Claudio Mucignat, discussa presso 1’Universita degli Studi di Udine



6.1. Test Rig 55
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FIGURE 6.5 — Pulses diagram for the synchronisation of the measurement chain with the rotating
channel by means of single photo-diode signal.

Where A« is the angle included between the photo-diode and the channel at the measure-
ment position and is equal to 192ns. On the basis of the computed delay Counter
2 was used to generate a trigger pulse for the PIV measurement chain.

Figure [6.5] reports the impulse time diagram for the measurement chain used in the
rotating test for a clearer understanding of the synchronization method.

One last thing has to be addressed: the described procedure can be successfully
adopted if the angle included between the photo-diode position and the measurement
position Ac is kept as small as possible (equal to few degrees). If so, the mean angular
velocity over one revolution, that is precisely measured, can be reasonably assumed as
constant over A« and, therefore, equation can be correctly applied to compute
Thus, thanks to the highly accurate measurement of [(J] and to the high mo-
mentum of inertia of the test rig that limits its the angular velocity fluctuations between
successive revolutions (= 0.0018rad/s), the data acquisition can be performed practi-
cally always at the same circumferential position. Indeed a shift of less than 1 px of the
channel walls between successive acquisitions was found at the model tip, which was the
worst case.
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6.2 Test Section

In the present thesis work, three different channel configurations were investigated:
e
e
o (52

In the following, the details of each configuration are reported.

Configuration GO. [GO)]refers to the basic geometry, i.e. the one without turbulence
promoters, as sketched in Fig. [6.6]

The inlet section is rectangular with high (equal to 7.25), the corresponding is
equal to 58mm (Fig. d)) In order to provide an almost uniform flow at the entrance
of the TE exit section, the channel width is reduced progressively from hub to tip by
means of a redirecting wall. This latter deviates the flow towards the wedge shaped
outlet section at the trailing edge (Fig. a,d)). At the model tip, a short channel with
rectangular cross section (having the same height of the main channel but AR=3.625)
guides the flow towards the tip exit made of five equally spaced holes of 7 mm radius
(Fig. [6.6(e)). Inside the TE section, seven elongated pedestals are installed to ensure
structural rigidity and to promote flow turbulence (Fig. a,b)). Finally, the channel
wall at [2]= 16.55 mm is intended to be the [PS] whereas the opposite is the [SS|

(a) R LEADING EDGE SIDE (LE) (c) section A-A (scale 2.5:1)
| EORECTING waiL 7
. 4 S P—
Z q = | i Vo
el = -
1 =85 i
P1 []Pz ﬂps []P4 []Ps UPG []P? []Ps s
(d) section B-B (scale 2.5:1)
TRAILING EDGE SIDE (TE) 7
o Y
(b) » 3 -t
! Y >
2 X
W T i
1 -2 gv
81 - _69.[]_61“ [] [] “ “ []Q { ° (e) section C-C (scale 2.5:1)
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OO0O0O0O g
> & !
600 120

FIGURE 6.6 — (A), (B) Schematic of the test section (configuration GO), (C) channel cross section,
(D), Inlet cross section, (E) Tip cross section.
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Configuration G1. The adoption of seven inclined riblets turbolators in the central
part of the channel at the suction-side of the blade defines the configuration G1. The
riblets have a 5 mm square cross section, which turns in a blockage ratio (defined by the
ratio of the height of the obstacles with respect to the channel height in percentage) is
equal to 15%. Bunker [77], reports that ducts can have a blockage ratio of even 25%,
therefore the selected rib height is representative of real configurations.

5

N
~

» 73

o,

TITTITITOTT

P1 HPZHP3UP4HP5HP6UP7HP8

CONFIGURATION G1

FIGURE 6.7 — Schematic of the test section (configuration G1).

Configuration G2. As for configuration G1, the configuration G2 is obtained by
adding to GO three riblets at every inter-perdestal discharge channel. The turbulence
promoters have a squared cross section and the corresponding blockage ratio of 10% is
referred to the channel height at the model inlet. Also, configuration G2 differs from GO
by the fact that the diameter of the five tip holes is reduced to 12.5 mm, in order to keep
the mass flow ratio distribution constant between the trailing edge discharge region and
the channel tip.

(a) (b)  section A-A (scale 2.5:1)
. \
—w 37 131}
P

AR |30 o
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> [poses]
CONFIGURATION G2 i

FIGURE 6.8 — Schematic of the test section (configuration G2).

Tesi di dottorato di Claudio Mucignat, discussa presso 1’Universita degli Studi di Udine



58 6. Set up and instrumentation

6.3 Test conditions

The experiments have been performed at[Re|= (UJDF)) /v = 20000 and[Rd| = (CfDR)) =
0, 0.23 defined on bulk velocity and hydraulic diameter (Dh=58.18 mm), both computed

at the channel entry section. The non-dimensional parameters [Re] and [Ro| can be con-
sidered representative of real engine conditions. The working fluid was air at ambient
temperature and the outlet pressure was equal to the ambient one, as it was in [4], [3],
and [5]. As reported in the literature review, this condition, although distant from real
engine conditions, allows to perform the experiments in a simple manner and, moreover,
ensures that these latter are surely replicable.

Mach number similarity does not need to be fulfilled, since the Mach number is
normally below the value for air compressibility effects, as also demonstrated in the work
of Facchini and Tarchi [78].

For what concerns the rotating tests, some details of the experimental approach fol-
lowed have to be discussed.

Channel orientation. The tests under rotation have been conducted with the channel
[y] axis aligned with the direction of the peripheral velocity, as depicted in Fig. ie.
in orthogonal rotation. This channel orientation does not differ substantially from a real
application, where the blade metal angle at the [TE| can be as low as 30°, and it has the
definitive advantage to simplify the results analysis. Indeed, it maximizes the effects on
the flow field due to the channel and Coriolis forces in view of the orthogonality
between the axis of rotation and the flow principal directions (x| and |y| axis). However,
the effect of channel orientation has been numerically investigated in Pascotto et al. [79],
showing that for a channel orientation () of 22.5° with respect to the peripheral velocity
the flow field does not vary significantly, whereas some differences were found at v = 45°.

Outlet pressure. An important observation about the pressure field inside the duct
when rotation is taken into account has to be made. Indeed, it should be noted that when
the channel is put into rotation the centrifugal forces will act on the coolant flow deter-
mining a positive radial pressure gradient from hub to tip. The experimental evidence
of this is the variation of the static pressure signal acquired upstream of the orifice flow
meter when switching from static to rotating conditions. Under system rotation, a drop
of about 180 Pa is observed in that pressure value at [Re=20000. Since the mass flow
rate is the same for both [Roj=0 and 0.23 conditions, the experimentally observed pressure
drop is only due to the centrifugal forces. Further support to this observations comes
from an estimation made by applying the momentum equation to the PIV data obtained
in plane The positive excess pressure from hub to tip turned out to be about 160 Pa,
in good agreement with the measured value. This centrifugal pressure gradient turns in
a non-uniform delta-pressure at the [TE| outlet along the radial direction. Moreover, as
reported by Armellini et al. [2I], in view of the small pressure losses of the channel (about
60 Pa), the attempt to keep the mass flow rate constant at the channel inlet requires to
lower the static pressure upstream of the inlet. The outcome is that the pressure drop at
the inter pedestal discharge channels close to the hub turns to be opposite with respect
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FIGURE 6.9 — Contour of time averaged in-plane velocity modulus and stream-tracers in the
symmetry plane from [2I]. The stream tracers clearly show the flow ingestion that takes place at
the hub.

to the static case and a flow ingestion from outside the channel is observed, as shown
in Fig. [6.90 In order to avoid the flow ingestion and more important, to guarantee a
meaningful comparison between the data acquired under static and rotating conditions,
a polyester fibres filter is placed at the channel outlets (Fig. to control the pressure
boundary conditions as it follows. The filter produces a pressure drop of about 1200Pa
at the outlets at [Roj=0, i.e the duct relative pressure is almost uniform with a mean
value of about 1200 Pa with respect to the ambient one. When the channel is put into
rotation, whatever the outlet conditions are, the centrifugal pressure gradient determines
the same delta-pressure between the hub and the tip, i.e. &~ 180 Pa. At this point it has
to be observed that the centrifugal excess pressure is only about 15% (180 over 1200 Pa)
of the filter pressure losses. This situation is sketched in Fig.|6.11] as it can be seen, the
radial pressure ratio distribution between inside and outside the channel can be fairly
considered the same between static and rotating conditions, although still different from
real engine applications.

Nevertheless, the selected strategy used to control the pressure boundary conditions

(@)
G
—) 3%|
Ly LLLLLLLL]

731 polyester filter

FIGURE 6.10 — GO and G1 configurations with the polyester filter at the outlets.
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FIGURE 6.11 — Sketch of the internal pressure distribution along the radial direction at 0 and
@:0.23 with and without the polyester fibre filter applied.

has the definitive advantage to be of easy implementation, it can be well reproduced both
numerically and experimentally and it assures almost comparable conditions at varying
the [Ro] number with a negligible effect on the channel fluid dynamics. Therefore, in the
present comparison between static and rotating data, the effect of the pressure boundary
conditions can be neglected and, conversely, other rotational effects will be put in greater
evidence.

Channel eccentricity. Finally it has to be noticed that, being the experiments run
in isothermal conditions,;the channel eccentricity (namely Rm/Dh, where Rm is the
mean radius of rotation) is not a significant similarity parameter since it appears only
the Buoyancy parameter [Bol Thus, being the experiments run in isothermal conditions,
[Bd = 0 VR,,. Further informations on the flow dimensionless parameters can be found in
the appendix For completeness in the present case Rm = 700mm, thus Rm/Dh =~ 12.

6.4 Measurement planes

The nomenclature and position of the flow planes selected for the PIV measurements are
illustrated in Fig. while Tables 6.4) report the plane positions accordingly with
the reference frame adopted in Fig.

The inlet conditions were provided by measures in planes [ry] and Fig. (a).
Then, the flow field investigation was conducted firstly in the measurement plane
located at [z}=0. This allowed a preliminary study of the flow field in the symmetry plane
referred to the channel region with constant height. Then, to obtain some informations
concerning the mass flow rate at the channel outlets, 2D-PIV]measurements were acquired
in which is found at half the [TE] exits height and in zz — F1...F5 at the model tip
(Fig. [6.12(d)).

A detail description of the flow field in the Inter Pedestal (IP) passages has been
proposed by means of data acquired in planes close to the H = 0.44) and
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Y|SUCTION SIDE

I xy planes
I xy2 planes
I <z planes

yz planes

(a)

FIGURE 6.12 — Overview of the position of the measurement planes: ), M and zz in the IP
passages (b,c), [xy m and zz planes at the model tip, and the cross-wise plane (e).

to the , Flg‘ ) and in the cross-stream planes |[xz M - and M these
PIV|

latter by means of [S Table 6 Flg -(b c)). For clearness, the IP passages are
intended as the channel portions enclosed by two consecutive pedestals. The boundary
layer thickness of the flow approaching the [TE| outlet channel P4 was assessed by means
of data acquired on plane located at El = 262.5mm, Fig. e))7 which, in the
rotating test was extended towards the [LE] side of the channel. Concerning the rotating
tests additional informations were retrieved by D-PIV] measurements performed in [ry4]
2mm close to the[SS].

The flow field between the two successive ribs and 47H (configuration was
described by means of high resolution measurements in planes [xys_g1) located
at mid rib height, and 2 mm parallel to the[LE|of the channel, orthogonal
to the ribs and at mid-length of rib 3, and [xz — C] orthogonal this latter at 10 mm from
the 370 1ib head (Fig. (a) and Table [6.3).

Furthermore, in the measurement planes and are located at half the rib
thickness, therefore their position is slightly different than the one for [G0|] and as
reported in Table and showed in Fig. (b). Also the position of plane should
be lowered to 1.5mm from the [SS] since it is located at mid-height of the ribs similarly

to g1}

3RD

TABLE 6.1 7measurement planes positions.

plane H position
[mm] H/H
0 0
10.55  0.31
14.55 0.44
-14.55 -0.44

2 mm fromlﬁl n.a
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(a)

xz-A: // redirect wall

>
xy-IR: 2.5 mm fromthe SS &

xz-B: L rib, mid-rib length ‘

xz-C: L rib

FIGURE 6.13 — Overview of the position of the measurement planes: (a), and zz planes for

(b) and for

TABLE 6.2 — 2z and measurement planes positions.

fy| position [mm]
0

-150

-165

-180
-104.64,...-16.36

TABLE 6.3 — 2z and measurement planes positions for

plane position [mm]
TYs_G1 at mid rib height [z}=-14 mm
rz — A 2 mm parallel to the
xz — B orthogonal to the 3P at mid-length
Tz — orthogonal to the 3% 10 mm from the rib head

TABLE 6.4 — zz and measurement planes positions for

plane | [y position [rmm)]
21 -153.5
723 -186
plane position [mm]
lzyss| | 2 mm from|[SS|
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Performance analysis of the
stationary channel

In the following chapter the flow field for the smooth channel configuration is described
in detail. The identified flow features will be related to the [Nul Number distributions on
the suction side wall of the channel (located at || = —16.55 mm). Then the analysis of
the enhancements obtained by placing riblets in the radial development region of
the channel and inside the outlets are presented and motivated on the basis of
the modifications they induce in the flow field. For a clearer reading of the manuscript
it should be noted that the flow filed data has been non-dimensioned with respect to the
bulk velocity computed at the channel inlet.

7.1 Basic configuration GO

7.1.1 Aerodynamic Behaviour
Inlet conditions

Before reporting the description of the aerodynamic flow field, the inlet flow conditions
for the smooth channel are briefly discussed. Figure allows to describe the inlet
flow by means of velocity and velocity fluctuations profiles extracted at [z| = —69.8mm
from measurement planes and The [y] velocity profile is slightly unbalanced
towards the as a consequence of the blockage caused by the redirecting wall (see
Fig. The related turbulent fluctuations are uniform and equal to 4% of ith
exception of the boundary layers regions (y| < 1. and [y > 1.. Figs (a) and
(b) report the velocity profile and the r.m.s. fluctuations along wall-normal direction
which are typical of a developing flow in view of the short channel entry. The small
local perturbations that are measured in the profiles reported in Fig[7.I] are due to the
honeycomb filter placed at the channel entry section, which use is however essential to
prevent flow separation and to promote flow turbulence. Since the PIV profiles intersect
each other at x| = 0 and [z| = 0, it is possible to compute the local turbulence intensity

Tesi di dottorato di Claudio Mucignat, discussa presso I’Universita degli Studi di Udine



66 7. Performance analysis of the stationary channel
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FIGURE 7.1 — Stream-wise |[U| velocity and nd r.m.s.fluctuations profiles at || = —1.2DAh]
along y| (7.1)(a),(C)) and [¢| (7.1(b),(d)) directions extracted from measurement plane |ry|and

2 2 R
: (711)

which turns to be equal to 3.28%.

defined as:

Flow field in plane
Figure -(a) shows the time averaged contours of the in-plane velocity modulus
U? 4+ V2

) and stream-tracers for the velocity field in the symmetry plane It can
be clearly seen that the flow velocity decreases along the radial direction , as a con-
sequence of the gradual coolant discharge at the trailing edge. Moreover, at the blade
tip and close to the leading side of the channel, a region of separated flow is observed.
This latter is a consequence of the
geometrical discontinuity between 90
tip and redirecting walls coupled
with flow diffusion evidenced by
the diverging path of the stream- 70
tracers.

Finally, inside the [TE] region,
flow separation occurs down-
stream of every pedestal, gener-
ating recirculation bubbles which 40
dimension reduces progressively
from hub to tip. Indeed, as the 30
fluid flows towards higher radii, it
is more aligned towards the direc- Ficure 7.3 — Flow angle of attack () to the pedestal along
tion denoted by [y] < 0 and there- a line at [y]= —132mm in plane [zy]

80

60

a [deg]

50
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(a) C. =(U*HAP°S
Xy
120 /U

xy ! M
0 010203040506070809 1 1112131415

E
£
B

-120

FIGURE 7.2 — Time averaged flow-field on the symmetry plane @ka) and b): contours of in-plane
velocity modulus and stream-tracers.

fore it reduces its angle of attack to the obstacle, as shown by the stream-traces path in
Figa) and, more clearly, by the plot in Fig The flow angle o with respect the
axis, reported in Fig[7.3] has been computed by the velocity components extracted from
plane [zy] along a line at [y = —132mm. This location has been selected because it is
half way between the pedestals leading edges (y| = —144mm) and the beginning of the
inclined wall @ = —120mm). More in detail, it is close to the pedestals but sufficiently
upstream that the flow does not feel the deviation imposed by the obstacles, as it is
possible to observe from the stream-tracers paths in Fig[7.2|a).

Mass flow distributions

In order to evaluate the mass flow rate discharged at the model tip, the stream-wise
velocity maps across each of the five discharge holes have been reconstructed from the
velocity profiles (Figa,b)) extracted from measurement planes x2F1, .., zzF'5 and
and then numerically integrated. The working fluid discharged at the tip turned out to
be qr1p9.9 F 0.6% of the total one entering the channel (g;n).

Concerning the [TE] discharge section, an estimate of the mass flow rate discharged
by each channel (P1,...,P8 Fig can be obtained by analysing three different

velocity profiles, extracted from plane [ry] and along [z] direction
for different [y] positions.
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FIGURE 7.4 — Time averaged stream-wise velocity [U|and rms profiles at the discharge holes for F1-F5
along EI axis extracted from measurement plane Figa,c) )and for F3 along |z| axis extracted
from planes xzF'1,..,xzF5 (Figb,d)).

Each profile in Fig[7.5| has been numerically integrated over each inter pedestal chan-
nel, and then normalised by the integral of the whole profile, which has been obtained
excluding the line segments pertaining to the pedestal walls. Afterwards a scaling factor
equal to 1 — g7y p was used to refer the results to the mass flow rate at the channel inlet
qIN-

The results of the former analysis are presented in [7.6] where the mass flow rate
flowing out from each discharge section is plotted. Before commenting the distribution it
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FIGURE 7.5 — Time averaged|V|velocity profiles at thedischarge sections alongirection extracted
from measurement plane |zy)and
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is important to note that the validity of the analysis is sustained by the coherence of the
results of the numerical integration of profiles extracted at different [y] positions. Indeed
|Pr el |[PrEesl and [Prgs| pertain to different channel regions, namely at the beginning , at
half way and just outside of each [[P] channel.
Nevertheless the coherence of the numeri-
cal results suggests that the [V] velocity is
rather uniform in the [ direction with the
exception of the boundary layers. In con-
trast, an uneven [¢] distribution would turn
in computed mass flow shares strongly dif-
ferent depending on the profile position.
The flow uniformity in the [z] direction
was moreover confirmed by PIV measure-
ments conducted on plane located at
[=262.5 mm at the [TE] channel exit of pigure 7.7~ Time averaged flow-field on plane [yz;,|
passage P4, which are reported in Fig. at the [TE|exit and mid-width of passage P4: con-
[7771 Ponting the attention to the stream- tours of in-plane velocity mOdumS VP +HWP
o . . and stream-tracers.

tracers it is clear that the flow is uniformly
aligned towards [y] < 0 and no separation
is found. Moreover the time averaged in-plane velocity contours are uniform along
the [[P] channel height, with exception of the boundary layers at the walls. These latter
observations allow to consider the numerical integration of [Preil [Preo and [Pres| as a
meaningful estimate for the mass flow sharing between the [[P] channels.

Once the methodology used has been discussed it is possible to analyse to the com-
puted mass flow distributions, of which two main aspects have to be put in evidence:

e The mass flow rate at the the [TEl outlets can be considered almost uniform and
equal to 12%o0fqrn, with the exception of passage P1.

e The uniform distribution means that the redirecting wall has been properly shaped.

q/qIN_%

FIGURE 7.6 — Mass flow rate distribution at the different discharge sections of the model for the
smooth channel.
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This latter issue is not a second order one: obtaining a uniform mass flow rate along
the[TE]region and even inside each[[P]passage is crucial to ensure uniform flow conditions
at the [TE] exits which is mandatory if the blade is provided with cut-back cooling, as in
[80% [@].

3D flow features in the [IP] outlets

As presented in the following, a 3D flow region was found in the [[P] passages. With the
aim to provide an exhaustive description of this complex three-dimensional flow structure,
Fig. reports the time-averaged stream-tracers and contour plots of the flow velocity
acquired in planes and inside passage P1 (Fig. [T.§(a-d)), P4 (Fig.
[7.8(e-h)) and P7 (Fig. [7.8i-n)).

Considering passage P4, the mean flow path in plane highlights a behaviour of
the near wall flow substantially different from the one of the core flow. The deviation of
the stream-tracers path found in plane (Fig. [7.8f)) near the upstream face of the
pedestal at x+ = 300 mm suggests the existence of a horse-shoe vortex branch. This
latter derives from the deviation of the boundary layer at the junction between pedestal
and channel upper wall, and afterwards it is advected by the main stream towards the
exhaust. Indeed horse-shoe structures tend to divert the stream-tracers in the [xy| planes
as it can be clearly observed in Fig (e, f). A detailed desciption of these 3D flow
structures can be found in Devenport et al. [81].

A similar structure must develop also at the opposite pedestal/wall junction at the
(z < 0). The data in the and planes (Fig. [7.8g,h)) allow to localise and to size
up these vortical structures. On the lower channel side (z| < 0), the time averaged foot-
print of the horse-shoe vortex appears as a single structure that extends approximately
over half of the passage height. In contrast, on the upper side (z > 0) the stream-tracers
path suggest a horse-shoe structure made of more than one vortex cell. Indeed, a visual
inspection of the instantaneous flow fields revealed that a horse-shoe made of a single
and steady primary vortex is found in the majority of the samples at the lower junction
(SS). Conversely, an unsteady vortex system made of multiple cells characterises the flow
at the upper junction , so that the time averaged stream-tracers in Fig. [7.§|(g) are
less representative of the actual flow topology. The contour plot of the in-plane velocity
in Fig. g) suggests that the inter pedestal flow structure can still be considered
fairly symmetric with respect to the [z] axis. Moving towards the channel [TE] the time
averaged flow path Fig. h) is further complicated by the flow acceleration imposed
by the narrowing of the channel. The horse-shoe structures are bigger in size and flow
exchange between pressure and suction sides regions takes place. Conversely, on the
suction side of the pedestal at x = 225mm, the strong flow separation that leads to the
large recirculating structure does not allow the horse-shoe vortices to develop inside the
inter-pedestals passage.

Inside the other inter-pedestal passages, a similar flow behaviour has been observed,
with differences only in the dimensions of the separated flow structures as can be ob-
served in Fig Considering passage P7, the stream-tracers path in planes and
presented in Fig (i,]) show a weaker deviation imposed by the pedestal upstream
face, therefore suggesting a weaker horse-shoe branch. This observation is further con-
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FIGURE 7.8 — Time averaged flow-field in plane a,e,i), b,f,1), c,g,m) and d,h,n) con-
tours of in-plane velocity modulus and stream-tracers for [[P| passage P1(a-d) P4(e-h) and P7(i-n).

firmed by the stream-tracers path in plane and reported in Fig (m,n): the
secondary structures size is effectively smaller. The reduction of the horse-shoe strength

is consistent with a lower flow angle to the pedestal, as shown in Fig. and with the
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72 7. Performance analysis of the stationary channel

lower flow velocity of the flow approaching the pedestal in passages P6-P8 (see. Fig. .
The same conclusions can be drawn for passage P1, but the motivations are different.
Indeed the size of the horse-shoe vortex is related to the characteristics (boundary
layer thickness, momentum thickness, turbulence levels...) of the flow approaching the
obstacle, as shown by Devenport et al. [81], Fleminget al. [82], and Ballio et al. [83]. For
example, passage P1 shows a flow angle to the pedestal comparable with P7, but the
velocity levels are much higher. A higher velocity should turn in bigger structures, but
the stream-tracers in planes and presented in Figl7.8] (a,b) are almost aligned
with the pedestal upstream face as it was in passage P7. Furthermore, the and
measurement planes presented in Fig (c,d) let the reader to notice that the horse-
shoe size is actually smaller. This behaviour has to be ascribed to the lower momentum
thickness in the flow approaching the obstacles as shown by Fleminget al. [82]. This
observation is confirmed by Fig. where velocity modulus profiles extracted from
measurement planes and along [2] are compared. The sense of this comparison
relies in the fact that these latter can be reasonably considered representative of the flow
conditions at the inlet of passage P1 and P4 respectively. If the momentum thickness 6

defined as:
z=0
U U
9:/ [ <1_ )] d 712
253 U.=0 U.=o Y ( )

is computed for the velocity profiles shown in Fig.[7.9]and then the values are compared,
it turns out that the momentum deficit for the black line is roughly 20% smaller than
the one associated to the green line. This difference is consequent to the flow developing
that takes place inside the channel. Considering the velocity profiles in fig Fig[7.9] one
thing it has to be addressed: the lower wall position is different for the two profiles.
Indeed the one related to the inlet conditions is extracted from a region where the wall
position is located at [z]= —16.55. By contrast, the wall position for the velocity profile
extracted at : —128mm (green line), is located inside the wedge-shaped region of the
channel, therefore the [SS| at this position is located at [z] = —15.1mm. Nevertheless the

—=—— yzip at x=262.5,y=-128 mm
—e—— Xz-in at x=-58.18,y=0 mm

z [mm]

I
I
I
I
I
I
|
I
I
I
I
|
0 0.5 1
CIC

z=0

FIGURE 7.9 — Comparison of boundary layer thickness at the channel inlet (black line) and at the
passage P4 (green line).
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FIGURE 7.10 — r.m.s. fluctuations and mean stream-tracers on planesand or the@lpassage
P4.

profiles presented can be used to obtain a useful indication about the flow conditions
upstream the pedestals number 1 and 4.

From a thermal behaviour point of view, the former analysis allows to hypothesise that
existence of the horse-shoe vortices on the pedestals upstream! faces should guarantee
an efficient flow renewal on the channel walls so determining high heat transfer rates.
This hypothesis is sustained also by the the high values of the wall normal fluctuations
@ found in in plane as depicted in Fig. a).

High [W] r.m.s. fluctuations are detected not only in the shear layer of the separation
bubble a), left) but also in correspondence of the cores of the secondary structures,
where values greater than 0.25 re found. Downstream the channel inlet, the
@ turbulent fluctuations are increased by the complex interaction of the 3D structures
observed (plane in Fig. [7.10(b)).

In contrast, inside the recirculation regions, the heat and mass transfer mechanisms
should be less effective. Consequently, the development of a non-uniform heat transfer
field is expected to be found. This behaviour will be confirmed by the thermal analysis
presented in the next section.

1Upstream denotes the side towards@ < 0 while downstream the one towards H >0
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7.1.2 Thermal behaviour

In the following section the results of the LCT measurements performed by the turbo
machinery group of Udine are presented.

Nusselt Number distribution in the main channel

In Fig. the Nusselt Number distribution on the SS wall of the channel is reported.
The radial development channel region is characterised by a fairly uniform thermal field,
with ~ 50, slightly decreasing in the radial direction. Indeed in this part of the
channel the heat exchange mechanism is due to simple forced convection, therefore the
reduction of the flow velocity in the radial direction previously observed determines the
decreasing Nu Number values. As expected, in the blade tip region a low heat exchange
region is found in correspondence of the recirculation region depicted in Fig.

Inter pedestal thermal field

For what concerns the [TE]| region, Fig. shows that regions with high heat exchange
are found on the upstream side of each pedestal, whereas low heat exchange areas are
found on the downstream side. This strong thermal non-uniformity, detrimental for the
blade integrity in view of the thermal stress, is justified by the flow features previously
commented.

The unmistakable correspondence between the horse-shoe branch and high heat ex-
change is more clear in Fig. [7.12] at page [T5] Focusing the attention to passage P4 Fig.

120 - L B | Ik
Nu: 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
60 -
€
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>
-60 4
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-240
1 ! 1 ! 1 ! I ! I ' 1 ! 1 ! 1 ! 1 ! 1
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FIGURE 7.11 — Nusselt Number distribution on the channel suction side for conﬁguration
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FIGURE 7.12 — Nusselt Number distribution ad the channel suction side for the channel (b,d,f) and
time averaged stream-tracers on measurement planes and a—f) and on (a,c,e) for passage
P1 (a,b), P4 (c,d) and P7 (e,f).
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c,d)7 it is clear that the three dimensional structures, beside increasing the mean
turbulence intensity, as observed in sect. determine an efficient flow renewal mech-
anism on the upstream side of the obstacles. The maximum [HTC]| values are found near
the upstream side of the pedestal, where the vortical structures are deflected towards the
channel wall. On the opposite, the lowest [HTC|values are detected on the [[P|downstream
side, where the recirculation bubble resides, and in correspondence of the separation line
that extends across the central part of the passage. These features are specific of each
[[P] passage, however, as commented previously, the extension of the separation bubbles
and the horse-shoe strength are different between the passages, so determining similar
[HTC] distributions but with different [TC]|levels, as it can be observed in Figure [7-11]

Inside passage P1, Fig. a,b) reveals an even higher degree of thermal non-
uniformity. In fact, the large extension of the dead-water zone implies low [HTC] values
for the most part of the passage. On the other hand, high Number values are found
on the upstream side of the pedestal. This condition is more probably due to the higher
in-plane velocity (Fig. [7.2(a)) and ] (Fig. [7.§(c,g.n)) than to the strength of the
horse-shoe branch, which, as commented in section|7.1.1} can be considered fairly weak.

In contrast, passage P7 Fig. e,f) shows a less intense peak as a consequence
of the weaker horse-shoe branch, as observed in section In fact, at the model tip
the flow velocity is lower than at the hub (Fig. [7.2(a)), which turns in a less effective
convection mechanism and smaller 3D structures.

Highlighted features of configuration [GO|
In conclusion the analysis performed for configuration [G0] highlights that:

e a separation bubble, which size is decreasing in the [z| direction is found on the
down stream side of the pedestal;

e a dead water zone at the blade tip is generated by the geometrical discontinuity
between the channel walls;

e the flow shares at the different outlets turned out to be almost uniform, with the
exception of passage P1;

e the Number levels in the radial development region of the channel decrease in
the [z]| direction in view of the decreased flow velocity;

e low and high [HTC]| values are found in the [[P] outlets on the down-stream and
up-stream regions, respectively, as a consequence of the 3D features of the flow
field;

e the dead water zone at the model tip implies low Number levels.
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7.2 Configuration G1

In the following the aero-thermal behaviour of the rib-roughened channel is presented.

7.2.1 Mean flow field on symmetry plane

Figure reports the contour plots of the time averaged in-plane velocity and the
stream-tracers in plane [ry] for configuration [G1}

The presence of the ribs does not substantially alter the mean flow field in plane
[zt dead water zones are still found on the down-stream side of each pedestal and at
the model tip as previously observed for K;_ﬁl Moreover, the in-plane velocity has
comparable modulus and direction with respect to the smooth channel, as it can be
observed from the comparison of Figs. [7.13|and [T.2] The angle of attack to the pedestals
measured for the two configurations is also fairly the same: it increases from passage P1
to P3 and than decreases in the radial direction.

However, a more careful insight on the data set reveals some small differences. The
comparison of the angle of attack to the pedestal along a line at y = —150 mm for [G(|
and , Fig. reveals that an appreciable lower angle of attack is found in the [[P]
channels at the hub.
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FIGURE 7.13 — Contours of time averaged in-plane velocity and stream-tracers on plane for
@ configuration.
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Consequently the separation
region in passage P1 is reduced
in size, with respect to [GO| as
it can be observed by the com-
parison of the [V] velocity profiles
in passage P1 at [yl = —150mm,
Fig. [7.I5] This latter has to be
ascribed to the blockage caused
by the 157 rib that redirects the
flow towards[y] < 0 at the [[P] pas-
sage P1. Now, if the mass flow
ratio distribution for is com-
puted as it has been done for [G0|
in section a higher mass
flow ratio pertaining to P1 has to
be found, as shown in Fig. [7.16]
Moreover, the analysis revealed
that about the 8% of the total
mass flow ratio (qrn), flows out
from the 5 holes at the model tip.
Keeping in mind that the diame-
ter of these latter is equal to that
in and that the turbulence
promoters increase the blockage
in the [ direction in favour of
the [TE] outlets, the changes in
the mass flow ratio shares can be
straightforward justified.
Another observation can be ad-
dressed to the r.m.s. fluctuations
of the in-plane velocity compo-
nents, reported in Fig. A
significant increase of the tur-
bulent fluctuation has been ob-
served, although the time aver-
aged flow field in the symmetry
plane showed little changes be-
tween[GI]and[GO] Indeed, the re-
lease of coherent structures that
takes place in correspondence of
the shear layer developing down-
stream each rib, as shown by
Casarsa et al. in [84], turns in an
higher turbulent activity in the
symmetry plane as well.
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FIGURE 7.14 — Comparison of the angle of attack to the

pedestals along a line at @ = —132 mm between @ and @
configuration.
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FIGURE 7.15 — Comparison of time averaged velocity profiles
extracted along a line at [y = —150 mm from plane [zy] for [GO|

and

20—

FIGURE 7.16 — Percentage of qrn at the different exhaust sec-

tion for @ and configurations.
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FIGURE 7.17 — Comparison of nd n measurement planes zy| (a,c) and [zy| (b,d) for (a,c) and
(b,d) configurations.

7.2.2 Thermal field

Although the time averaged flow field at middle channel height turned out to be similar
to the one of[G0} the LCT measurements revealed a significant increase of the[Nu/Number
values on the [SS| wall, as reported in the following.

Radial development channel

Figure [7.18| reports the [Nu distribution on the SS for configuration [GI} The effect of
the-rib-roughened surface is clear: a significant augmentation of the heat transfer is
found with respect to the smooth wall (Fig. , with high values found in the
regions downstream of each obstacle. The position of the maxima corresponds to
the reattachment point, as clearly shows Fig. This latter reports the num-
ber distribution on the [SS| wall of the channel between the 3% and 47H rib and the
time averaged stream-tracers from 2D-PIV measurements conducted on planes xy-IR,
lxkz — Al lxz — Bl and [zz — Cl Lower number values are found close to the up-
stream rib (i.e. rib 3), where the sudden expansion downstream of the rib and the
consequent flow separation lead to the appearance of a strong shear layer and a recir-
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FIGURE 7.18 — Nusselt Number distribution ad the channel suction side for configuration.

culation region. After the reattachment point, a new boundary layer develops deter-
mining lower number values than the maximum detected, but still far above the
ones pertaining to the smooth wall (Fig. [7.11). A clear description of the flow field
in a square rib-roughened duct has been made by Casarsa et al. [84], who found a
correlation between <fu/[fw’l>, i.e. the cross component of wall-normal and stream-wise
fluctuations, and the number normalised with respect to the one of the smooth wall.
The correlation was justified by the

fact that the Reynolds stress com- 100 L ' 6
ponent </Jw’> is strictly related to LCT-Nu i
the development of coherent struc-  go- PIV-xz-B - <u' pw'>
tures with mean vorticity aligned 1 mm from S s
with the flow direction. These lat-  goA Mo
ter are originated by the separation 2 Lo A
in correspondence of the ribs and  ;q- ,;5‘
then convected down-stream, ensur- ! 7
ing a constant mass exchange be- gl N
tween the flow layers and, conse- | -
quently, increasing the [HTC| Figure ., §
[7:20] compares the Reynolds stresses 330

component extracted along
aline at 1mm from the S5 from mea- FIGURE 7.20 — Comparison with the normalised Nusselt

surement plane and the nor- Number profile at the and <fu/Jw’}> profile extracted
malised [Nulnumber at the wall on the at[]= —15.55 mm from plane [rz — B]

same direction. The two quantities
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xz-A: // redirect wall

xy-IR: 2.5 mm from the SS

xz-B: L rib, mid-rib length

Nu
95

920
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xz-C: L rib

75
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1
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FIGURE 7.19 — Nusselt Number distribution detail at the@between the 38D and 4TH rib and time
averaged stream-tracers on planes zy-IR(2mm from , lzz — A} |xrz — Bl and |[rz — C} respectively
10mm from the beginning of the 3% rib, at the middle of the 3#7 and 2mm from the redirecting
wall.

show a similar trend, with a maxima in correspondence with the reattachment point, as
found by Casarsa et at. [84]. However, in the present case, a slight mismatch is observed.
This latter has to be ascribed to the channel geometry: indeed, the gradual discharge
along the [TE| outlets determines a variable [Re] Number, which in turn does not allow to
easily determine an unambiguous value for [7] along the radial direction used for data
normalization.

region

The comparison of Fig. (a) and (b) reveals that the adoption of ribs in the main
channel also has a positive effect on the [TE| outlets: an increase of the [Nu number levels
over the central portion of the passage P4 (i.e. at around —180 < —120) can be
noticed. A the same time the [Nu] peak in correspondence of the pedestal upstream face
is enhanced as well. These features can be explained only with a deep view on the
flow approaching the pedestals, and is not just with the increase of [U] and [V} shown
in Fig. More in detail, the global increase of the heat transfer mechanisms has to
be related to an augmentation of the cross component of wall-normal and stream-wise
fluctuations, i.e. 2, as reported previously. This observation was confirmed by

2Tt should be remembered that the flow in the sections is roughly aligned with theEl direction.
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xy' 2mm from SS wall

Nu 50 55 60 65 70 75 80 85 90 95 100

FIGURE 7.21 — Contours of number on the wall and time averaged stream-tracers in measure-
ment plane for (a) and (b) across [I[P| passage P4.

dedicated STEREO-PIV measurements in plane which lays in the middle of passage
P4: the [2] profiles at [yl = 128 mm reveal indeed a significant increase of <p/Jw’l>, Fig.
230,

Besides this, the motivation of the peak enhancement has still to be addressed. In
section the connection between the [Nul maxima and the presence of an horse-shoe
branch has been described. Following that analysis, if higher values are found an
increase of the strength of the coherent structures could have occurred. This hypothesis
can be proven observing that stream-tracers in plane [ry’| are more diverted in the re-
gion towards the up-stream face of the 47 pedestal in Fig. b)) than for (Fig.
E)

Furthermore, Figure

reports the mean stream- "‘*"‘”‘*”“*”(*5
tracers and the r.m.s. of 1 :

the in-plane vorticity w 10 Y]
in measurement planes 5 StereoPIV-piano yz

and for the two config- & { - '5328_5 o -
urations, showing that the %0""%"”"3’()’?” AT
]—— co! I

horse-shoe branch is with- ] :

out doubt bigger in size for 1

than for Once 1] } )
. . . | p &~

a}gl'aln]; l:he. mot}llvatlon ];)f 15— 2o _CXHE=(U2+V2+W2)°5'

this behaviour has to be 0 02 04 06 08 1 12-8 6 4 2 0

referred to the presence of ¢, U, —<v'w'> /U2 10°

the ribs in the radial devel-

opment part of the chan- FIGURE 7.22 — Velocity (a) and 'flw’p> (b) profiles forand

nel. The blockage caused extracted along a line at [y]= —128 mm from [yz;p]

by these latter determines
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FIGURE 7.23 — Stream-tracers and w’ on measurement plane and or (a) and b).

an higher boundary layer thickness at the [SS| wall in the flow approaching the pedestals
as reported in Fig. [7.22[a). Keeping in mind that size of these coherent structures is
strictly related to the boundary layer thickness as described by Ballio [83], it follows
that an higher boundary layer thickness turns in an increase of the size of the horse-shoe
vortices, as it has been observed.

Finally, another interesting observation can be drawn from Fig. [7:23} the increased
levels of w’ suggest an higher level of instability of the position of the horse-shoe branch,
causing an even higher level of mixing between the flow layers than the one due to a
more stable condition, whit benefit to the heat transfer.

Highlighted features of configuration
In conclusion the analysis performed for configuration highlighted that:

e the presence of the ribs, beside increasing the mass flow ratio at the[[P]channel P1,
does not vary significantly the flow field in the symmetry plane [xy}

e a significant increase of the [Nu] values is found at the [SS| wall in the radial devel-
opment channel;

e a fairly good agreement with the correlation proposed in [84] was found between
the normalized [Nu| number distribution and the cross component of wall-normal
and stream-wise fluctuations;

e the increased cross component of wall-normal and stream-wise fluctuations deter-
mine an increase of the [TC|also inside the [TE| outlets;

e the increased boundary layer thickness yields to a stronger horse-shoe branch on
the pedestal upstream-side which, in turns produces higher [Nu] peaks than the one
observed for

Tesi di dottorato di Claudio Mucignat, discussa presso 1’Universita degli Studi di Udine



84 7. Performance analysis of the stationary channel

7.3 Configuration G2

In the following the flow features and the [HTC| increase determined by the adoption of
ribs in the [TE] channels are reported in detail.

7.3.1 Mean flow field

Figure [7.24] reports the contours of time averaged in-plane velocity and the stream-
tracers in plane [ry] for [G2] Again as for[GI} the maps show little differences with respect
to[GOl Indeed the in-plane velocity modulus and direction are comparable to the ones
measured for [G0] and the dead water zones at the model tip and on the down-stream
side of the pedestals observed in the smooth channel are still present in However,
the size of these latter is smaller than the one found in [G0] and, as a consequence of the
blockage introduced by the ribs, considerably higher in-plane velocity levels are found at
the [TE| outlet in plane as shown in (b).

Going into details, the angle of attack computed along a line at [y|= —128 mm shows
small differences with respect to the one observed for configuration (Fig. [7.25). Tt
can be noticed that a lower angle of attack is found for passages P1 P6, P7 and P8. This
behaviour coupled with the blockage caused by the riblets in the[[P]channels, determines
areduction of the extension of the dead water zones at the[TE|passages, as it was observed

(a?120 I c, =(U2H\VA)S
———— ! Up
7f 0 010203040506070809 1 1112131415
=
—
£
>
120 L %\
240 ;
E‘) ‘150‘ ‘ ‘2(I)0 ‘ ‘3c|>o‘ ‘ ‘4E|)0‘ 580‘ ‘stlno‘ ‘7[|)D‘
120
T I’ | I
/] )\\Im i )llll\ VRS A AR
oo it S i j.ﬁfm M AT
(b) 0 ' o IR | " oo © 500 600 700

FIGURE 7.24 — Time averaged flow-field on the symmetry plane@ka) and|zyo|(b): contours of in-plane
velocity modulus UP H VP and stream-tracers for configuration
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for the most significant reduction is found in passage P1. Figure [7.26] supports
these observation, and moreover shows the [V] velocity peak is closer to each pedestal
down-stream face in than in [G0] i.e. an overall decrease of the separation bubbles
on the downstream side of the pedestals. It should be noted that the time averaged
stream-tracers in correspondence of the separation bubbles are less representative of the
instantaneous velocity fields in view of the strong 3D features of the flow the outlets
yielded by the adoption of ribs in this channel portion.

Concerning the mass flow ratio distribution, in section [6.2] it has been reported that
the diameter of the discharge holes at the model tip were reduced from 14 to 12.5mm,
to re-establish the mass flow ratio split to the values found in between the tip (10%
qrn) and the (90% qrn)-

Indeed, it should be noted that

placing the riblets inside the [[P] 90 . . : — ——
passages yields to an augmenta- T SOy
tion of the pressure drop across
the channels, therefore an in-
crease of the pressure losses at the
model tip is required to keep con-
stant the mass flow ratio at the
tip outlets between [G0| and [G2}

Unfortunately any informa-
tion regarding the mass flow
shares between the different [Pl
channels can be addressed with

a satisfactory accuracy. As it
will be cleared in the following FIGURE 7.25 — Comparison of the angle of attack along a line

at [y|= —132 mm between @ and configuration.

« [deg]

, the strong 3D features of the
flow field inside the [[P] passages
yielded by the ribs make the hy-
pothesis made in section [7.1.1] for —
[GQ] to be non applicable in this o4k ‘ ‘ '

case. Nevertheless, a qualitative 02
observation can be drawn observ- oy

ing Fig. provided that the[V] ~ -02

———e—— GO0 y=-150mm +
——— G2y=-150mm

|
|
|
|
1 1 |
| | | | | |
T I
velocity profiles for the two config- 5 04 } } | d } l
. . . > - s | - ;| [ |
urations are similar to each other, 06 | | ! | | \#
. . 08 ; ’
and provided that in the case of 1 } ! ! | | L
] . . . - | | | | | |
the mass flow ratio distribu- (oL | | ! | | ! 1
tion across the [TE] was fairly uni- 4k ! ! ! ! ! } ]
. . ’ P1 P2 | P3 | P4 | P5 | P6 | P7 | P8
form, a certain degree of unifor- R S S N R N W
mit 1d be expected also for 0 75 150 225 300 375 450 525 600
y cou e expected also fo -

[G2l However to obtain a precise

estimate of the mass split dedi- Ficurk 7.26 — Comparison of velocity profiles extracted along
cated and time consuming mea- 2 line at : —150 mm from plane for @ and @
surements are required.
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86 7. Performance analysis of the stationary channel

7.3.2 Thermal field

Figure [7.27] presents the [Nu| Number distribution detected for [G2| configuration.

As it could be expected, the adoption of ribs turbulators only at the [TE]| outlet
channels has an impact limited to these regions. Indeed, in the radial development and
in the tip region of the channel, the Nusselt distribution does not show any significant
difference with respect to the configuration [G0] On the opposite, in the [TE] region, a
noteworthy increase of the [HTC|rates is found. This latter is due to the successive flow
separation and reattachment at the [SS| wall caused by the ribs, as described below.

Effects at the [TEl outlets

Figure shows a detail of the flow field in plane and the thermal field at the [SS|
across channel P4.

Concerning the PIV measurements here reported, an issue has to be briefly addressed.
To overcame the viewing constraints, the flow field was retrieved by means of [S-PIV]
however, beside the nominal resolution of 0.5 mm, the result is less satisfactory than
those obtained on a similar plane for (see Fig. The motivation of this relies
in the rib-height which is almost the half of the ones adopted in Therefore this
latter yields to smaller separation structures which would require a considerably higher
resolution to be well described by PIV measurements. Nevertheless, data are sufficiently
resolved to make possible to observe that the peak position along the line at |z| =
262.5 mm is fairly at the same position of the reattachment point. Moreover, Fig. [7.2§
shows also that the thermal field over each [[P] passages is not uniform in the span-

120 - L B | Ik
Nu: 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
60 -
€
E 07
>
60 -
-120 4
-180 G2
-240
1 ! 1 ! 1 ! I ! I ' 1 ! 1 ! 1 ! 1 ! 1
0 75 150 225 300 375 450 525 600 675
x [mm]

FIGURE 7.27 — Nusselt Number distribution ad the channel for configuration.
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FIGURE 7.28 — Contours of Number on wall and and time averaged stream-tracers on plane

wise direction (i.e. E[) particularly downstream the first and second rib, with maxima
localised on the upstream side of the pedestal (Figs. and [7.31|(a)). This behaviour
is due to the coupling of the rib induced separation and the deviation imposed by the
pedestals as described in the following. The PIV measurement conducted in plane
at 1.5mm from the [SS| reported in Fig. [7.29 allow to observe that the flow layers near
the wall are deflected towards the hub (i.e. @ < 0). At the same time, an horse-shoe
vortex branch is developing at the junction between the 47H pedestal and the channel
wall as proven by the measurements in plane reported in Fig. c). The
coupled effect of the mixing induced by horse-shoe branch and the flow reattachment
past the first and second rib determines an [HTC| enhancement of the up-stream side of
the pedestal. By contrast, since a recirculation bubble is still present on the down-stream
side (Fig.[7.24]), lowervalues have to be expected in this region. For the above reasons,
an uneve distribution must be found past the first rib, as shown in Fig. b).

cxy = (UZ+VZ)05
¢, =W+ T . e | @ [m

C,/U,,C /U, 00 01 02 03 04 05 06 07 08 09 10 VIU, -12 -1.0 -0.8 -06 -04 -02 0.0 0.2

16.551

z [mm]
2

y [mm]

rlﬂ/t’fﬁ

16.551

z[mm]

225 2625 300 295 2625 300
x [mm] x [mm]

225 262.5 300
x [mm]

FIGURE 7.29 — Time averaged flow-field in a), b), c) and d) contours of in-plane
velocity modulus and stream-tracers form passage P4.
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88 7. Performance analysis of the stationary channel

Further on in the passage the horse-
shoe becomes weaker: the stream-
tracers on Fig.[7.31](d) do not reveal
the presence of coherent structures on
the upstream face of the pedestal. This
behaviour results from the coupling of
two different secondary flows: the rib in-
duced one (further informations in [84])
and the horse-shoe vortex, whose pat-
terns are sketched in Fig. I@ More in FIGURE 7.30 — Scheme of the secondary flow patterns
detail, the horse-shoe branch originated
at the junction between the 4P and thewall = —16.55 mm) has a vorticity oppo-
site with respect to the rib induced secondary flow. Between the two structures the rib
induced one is the strongest and annihilates the other. This observation is supported by
the stream-tracers path in plane which resembles the one depicted in Fig. [7.30] be-
sides, in this case, one of the two vortex cores (i.e. the one towards the pedestal upstream
face) is found not in the corner but in the middle of the cross section. This condition is
probably due to the fact that the flow approaches the turbulators after a redirection and
not along the direction normal to them as it was in [84].

Concerning the downstream side of the pedestal, the interaction between the sepa-
ration bubble and the strong flow perturbations caused by the turbolators convects the
coolant towards the as shown by Figs. b,d) and determine a recirculation region
in the corner between the downstream face of the 3P pedestal and the wall. Tt

Rib induced secondary flow
Horse shoe pattern

E |

Nu: 50.0 60.0 70.0 80.0 90.0 100.0

S — S 7 A

§ - =
s
N == =\ 7

= AN
=

FIGURE 7.31 — Number distribution on the across passage P4 and mean stream-tracers on
plane for (a) and (b).
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7.3. Configuration G2 89

should be noted that this latter coherent structure may have a significant impact on the
thermal field.

At this point it should be clear that the blockage and the boundary layer tripping
induced by the ribs determine a more uniform flow conditions at the [SY as the coolant
flows in the passage. The proof of this is that the stream-tracers path in plane reveal
the appearance of slight trace of a reattachment line after the second riblet, whereas the
last obstacle is clearly followed by a reattachment line (see [84]) that is found at the same
distance from the rib all along of it. Consequently the Number distribution has to
be more uniform moving from the inlet, where the horse-shoes are found, towards the
outlet of each [IP|passage, as shown in Fig.[7.31] (a).

Highlighted features of configuration
Summarizing, the analysis performed for configuration highlighted that:

e the presence of the ribs, beside reducing the separation bubbles in the [[P] channels
and particularly in P1, does not vary significantly the flow field in the symmetry

plane
e in the [TEfegion a significant increase of the heat transfer mechanisms is found;

e the Number distribution is strongly non-uniform at the [TE] channels inlets,
where horse-shoe vortices are still detected;

e on the contrary, as towards the [TE] outlet the rib-induced secondary flows are
stronger thus they determine a more uniform distribution along [z] direction;

e the rib-induced secondary flows and the separation bubble at the pedestal down-
wind side determine a recirculation region in the corner between the downstream
face of the 3P pedestal and the wall, which may have a significant impact on
the thermal field.
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90 7. Performance analysis of the stationary channel

7.4 Assessment of the global performances

In figure the area-averaged [Nu Number computed across each [[P] discharge channel
at the [TE] It shows that a similar behaviour is found for the three configurations along
the radial direction. Passage P1 presents always the minimum values, in view of the
recirculation bubble, while P2 and P3 benefit of the highest rates. This latter
are due to the higher deflection of the flow approaching the pedestals which determines
the strongest secondary structures observed. Moving towards the model tip, decreasing
Numbers are found, indeed, as observed previously the flow velocity decreased along
the [z] direction, penalising the [HTC| mechanisms. [G2] grants the highest [Nul Numbers,
however shows a significant increase of the in the portion even if the ribs
were installed in the radial development region of the channel. This behaviour has to be
ascribed to the features of the flow approaching the pedestals, as reported in section

A conclusive observation concerning the enhance of the allowed by and
can be obtained by the comparison of the [Nu Numbers averaged on the whole [S5] wall
and then normalized with respect to the one obtained for [GO] Table shows that an
augmentation of 25 % is achieved by whereas grants an increase of only 5%, as
a consequence of the fact that the Numbers are increased only on a limited portion
of the

TABLE 7.1 — Comparison of the global performance parameters.

Gl G2

Mo/ 125 1.05
&/€qo  1.08 1.3

Moreover, Tab. reports also the channel pressure losses increase due to the in-
troduction of the turbolators. Even from this point of view, turns out to be the
most profitable, with an increase of the pressure drop of 8%, whereas determines an

120

100:
80:
12 60
402

20+

FIGURE 7.32 — Averaged Number distributions over each passage at the —235 @ <
—130 mm.
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7.4. Assessment of the global performances 91

augmentation of 13%. Indeed the blockage related to the turbulators adopted in is
equal to 15%, whereas, the one induced by the third turbulator in is equal to 20% as
reported in section [6.2)

In conclusion, on the basis of the analysis reported, the most effective configuration
is [GI] which allows the higher global [HTC] increase with the smaller pressure losses
augmentation.
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7. Performance analysis of the stationary channel
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Effects of rotation

In the following chapter, the results of the flow field measurement under rotation are
reported. The Coriolis effect is addressed for [GO| and configurations. The aerody-
namic analysis is then extended to the aero-thermal behavior thanks to the thermal field
obtained by means of LCT thermography at the University of Florence.

Before entering in the details, it should be noted that, the experimental conditions of
the measurements presented in the following differ from the ones of the previous data.
As reported previously in section a filter was placed at the channel exits to reduce
the centrifugal force pressure gradient negligible. For this reasons, the case at [Ro=0
used as reference to support the analysis is constituted by a new experimental campaign
taking into account for the modifications on the flow filed induced by the filter. However,
as shown in appendix [C] the perturbation introduced by this latter on the flow field are
small and do not substantially modify the flow features described in section[7.1} It should
be noted that a meaningful comparison for the interpretation of the data was obtained.

8.1 Configuration GO

8.1.1 Flow field

Inlet flow characteristics

In Fig. the inlet flow characteristics for the rotating channel are reported at position
= —69.8mm. The [U] velocity profiles from plane [zy] have to be compared with those
for O in Fig. a). Under rotation, the inlet flow is strongly imbalanced toward
the leading side of the channel > 0). Despite the relative low Number, this
flow deviation has to be ascribed to inviscid flow effects, namely the conservation of
angular momentum. Indeed when the flow enters the channel it tends to preserve its
angular momentum and so a relative vorticity opposite to the one imposed by rotation
must appear. This effect is maximum for the ideal case of a steady potential flow with
constant entropy and rothalpy, as shown in [85]. Under these assumptions the analytical
solution obtained by Beltrami ([86]) is:

V x € = -8 — Au]= 49p (V[ ~ 0) (8.1.1)
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FIGURE 8.1 — Stream-wise |U| velocity and nd .m,s.ﬂuctuations profiles at |x|= —1.2Dh|along

(81)(a),(c)) and [¢] 8-I|b),(d)) directions extracted from measurement planezy]and [pzrnjn the case
of [Ro}=0.23.

where b is the channel width (4.12 and is the velocity difference between the two
channel sides. The experimental data agree qualitatively but not quantitatively with the
ideal case, showing a lower velocity difference between the channel leading and trailing
sides. This is mainly due to the existence of not negligible viscous effects on the flow

inside the settling chamber which make the assumption of irrotational flow no longer
valid.

For what concerns the stream-wise velocity profile distribution in the vertical sym-
metry plane of the inlet channel for [Roj=0.23 is reported in Fig. the comparison with
the same data for [Rol=0 (Fig. [7.1[a)) does not show significant differences.

In a relative flow field as the present one, Coriolis forces are often considered the only
responsible for mass flow redistribution that derives from the appearance of secondary
structures acting on the channel cross section. In a channel with outwards radial flow as
the inlet section of the present model rotation induced Coriolis vortices yield a velocity
profile skewed towards the trailing edge side as shown by Bons and Kerrebrok [32]. In the
present case, this effect is overcome by the inviscid flow effect commented above, which
is significantly enhanced by the high aspect ratio of the inlet duct cross-section and by
the choice of a channel orientation that implies the alignment between the direction of
the peripheral velocity and the duct width (see Fig. . It should be observed that the
potential flow effect is a peculiar feature of this geometry. Indeed, as reported in appendix
the settling chamber guarantees uniform flow conditions whether it is rotating or not.
In order to understand the correlation between the potential effect and the cross section
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FIGURE 8.2

aspect ratio, further test were performed on a radial duct with a square cross section
whit the same hydraulic diameter of the test section = 58.18mm). The test reported
that the [U] velocity profile along [y will show a maxima displaced towards the Fig.
as shown by Bons et al. Based upon these observations, the observed effect
appears to be strictly related to the peculiar features of the geometry. For completeness,
it should be noted that the entry section of the preset set up cannot be considered as
fully representative of the feeding ducts realised in the blade root. However, a behaviour
similar to the one presented cannot be excluded a priori. Consequently, the need for
detailed experimental analysis is essential to to provide a reliable insight on the flow
behaviour and correct boundary conditions for CFD analysis.

Concerning the velocity fluctuations in plane both | and p'| are higher at the
[LE] than at the [TE] This fact is more related to the local velocity levels than to a de-
stabilising or de stabilising effect on the boundary layer as proposed by Tritton [30].
Indeed it should be noted that in this channel portion the Coriolis forces play a minor
role. The 7.m.s. fluctuations of [U] and [7] in plane do not substantially differ from
the ones of the static case, as shown by Fig. [B.I] Finally, the small perturbations have
to be ascribed to the honeycomb filter placed at the channel entry section, which use is
however essential to prevent flow separation and to promote flow turbulence.

Flow field on the symmetry plane

The time-averaged relative velocity field measured in plane inside the rotating duct
is presented in Fig. [8.4fa). The comparison with the stationary data (Fig.[8.3(a)) shows
large scale differences in the flow behaviour: wider flow separation at the tip, more
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uniform flow velocity at the TE, and substantially different flow velocity distribution in
the channel entry section as commented above. By contrast, the estimate of the mass
flow discharged at the tip, performed in the same manner as for the [Rol=0, showed that
the mass flow split between the channel exits does not vary with respect to the static
case (about 10% at the tip and 90% along the [TE).

Coriolis effects in the radial development channel

Coriolis effects turn out to be more intense in the mean flow at higher radii. Figure 8.5
shows the time averaged stream-tracers superimposed to the contour plots of the in-plane

mean velocity in the and planes. Different flow paths can be observed
by comparing Fig. with Figs. a) and (c). The Coriolis force,F, = —QAQX
acts in plane along the direction normal to the stream-tracers towards Jy| < 0, and is
proportional to the in-plane flow velocity modulus

Therefore F, is stronger on the core flow, so resulting in a significant change of the
stream-tracers curvature when observed at different channel elevations, as shown also
by the plots in Fig. B:6] In this figure, the flow angles with respect to the [y] direction
are computed along a line at |x| = 262.5 mum (the dashed white lines in Figs. (a, b,
and ¢) from the data in the [xy] and planes for both 0 and 0.23. In static
conditions (Fig. , the higher inertia of the core flow makes its redirection towards the
[TE] exit less intense with respect to the slower boundary layer flow. As consequence, the
flow angle in the plane is always bigger with respect to those detected in planes

C,= (U3 (@ xy3 (b) xy (c) xy4

X) b

FIGURE 8.5 — Contours of time averaged in-plane velocity (a~c) and d) and stream-tracers

in planes (a), (b) (c) and (d) for 0.23.
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FIGURE 8.6 — Comparison of flow angles, «, for 0 (a) and 0.23 (b). Data extracted from mea-
surement plane and long a line at |z| = 262.5mm.

and For [Ro}=0.23 (Fig. [8.6|b)), opposite trends are found: the smallest angles are
detected in the core flow (plane|ry)) and slightly higher values than for O are found in

planes and The commented deviation of the mean flow path has an impact on
the flow distribution along the channel height. As an example, Fig. reports velocity
profiles extracted from the plane at position fy| = —40 mm.

Under rotation, Coriolis forces turn the velocity vector in the core flow towards[y] < 0.
Consistently, an augmentation of the[y]velocity component|[Vhnd a reduction of the[U]one
are observed about position [] = 0 mm with respect to the static case (Fig. (b and a).
Because of momentum conservation, a pressure gradient normal to the core flow velocity
vector and pointing towards [y] < 0 will arise. According to boundary layer theory, this
pressure gradient acts also in the near wall region where, in view of the lower intensity
of Coriolis forces, it produces a flow acceleration along |z| direction, as clearly shown by
the comparison of the elocity profiles in Fig. a), further informations can be found
in the appendix [Bl The resulting stream-wise velocity distribution is characterised by a
twisted velocity profile (Fig. (d and e) with boundary layers far thinner than the ones
observed for 0 (Fig. (c)).

In the present case, because of the flow discharge along the [TE] the mass flow re-
distribution due to rotation is not associated with the appearance of large and intense
secondary vortices, as demonstrated by the stream-tracers path in Fig. d). It is im-
portant to notice that in this measurements set, a significant uncertainty in the [[Wjvelocity
is expected in view of its very low value (about 0.01|U)). This explains, for example, the
wavy path of the stream-tracers presented in Fig. d). Nevertheless, those data can
still be used at least for a qualitative representation of the mean flow structure. Finally,
the enhanced flow curvature commented in the central plane [ry| (Fig. [8.5(b)) justifies
also the existence of a wider separation at the model tip with respect to the static case
(see. Figs.[8.4(a) and [8.3|(a)).

As a direct consequence of the rotational effects just commented, the flow angle of
attack to the pedestals measured in thecentral plane (2| = 0) is reduced when switching
from static to rotating conditions, Fig. [8.8] This in turns makes the flow separation on
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FIGURE 8.7 — Comparison of velocity profiles characteristics for 0 and 0.23 extracted from plane

at [yl = —40mm: mean radial velocity [U] (a), mean [V]| velocity (b), velocity modulus c),
incidence angle oo = arctan (u/ — v) , velocity vectors distribution along the data extraction line (e).

the pedestals suction side less intense and smaller recirculation bubbles are observed
in almost all the passages (Figs. a) and [8.3(a)). A quantitative comparison is
provided in Fig. where [V] velocity profiles extracted from plane along a line at
= —150 mm for O, 0.23 are shown. At this channel elevation = 0), a clear
reduction of the extension of the recirculating flow region is reported for [Ro=0.23 in the
first five inter-pedestal passages, together with a reduction of the [Vjvelocity values. For
passages P6 and P7, the bubble size is about the same as for [Ro=0. Only for passage P8
a wider separation, and consistently an increased flow velocity, is detected with respect
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o [deg]

FIGURE 8.8 — Comparison of flow angles, «, for 0 and 0.23. Data extracted from measurement
plane along a line at [y|= —132 mm.

FIGURE 8.9 — Comparison of velocity profiles for 0 and 0.23 extracted from plane at @ =
—150mm.

to the static case, in agreement with the higher angle of attack reported in Fig. 6.

The rotational effects on the flow field just commented have also a remarkable impact
on the flow turbulent statistics, provided for plane in Figs. b,c). With respect to
the stationary case (Figs. [8.3|(b,c)), lower values of both [u'| and o’| fluctuations are found
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almost at every location of plane [ryl Concerning this observation, it is useful to observe
that the difference between static and rotating fluctuations in the order of 3 - 10~3U] for
and 1.5 - 10_ for [v'| therefore comparable with the related uncertainty. Moreover,
in the author opinion, considerations about a stabilising or de stabilising effect as the
ones that can be found in Tritton et al. [30] for a rotating duct, cannot be drawn in this
case in view of the peculiar geometry of the model. Therefore, based on the available
informations a meaningful and trustworthy explanation concerning this behaviour cannot
be made.

However, it can be observed that the reduced flow angle of attack to the pedestals
makes the flow separations downstream of the obstacles less intense, with a consequent
reduction of the flow turbulence levels. This, with the exception of passage P8 where the
flow angle of attack is higher than for [Rol=0, as already commented.

Effects on the inter-pedestals flow structure

The details of the mean inter-pedestals flow structure for [Roj=0.23 are reported in Fig.
5. 101

=

X [mm]
255 2625 300 225 2625 300
X [mm] x [mm]
“”\\\“ @  x3 Ro=0.23
i X [mm]
235 2625 300 275 2625 300
x [mm] x [mm]
o, I O
CyM, 0 1 2 3 4 5 6 7 8 .9 1 VI, 1 -8 -6 -4 -2 0 2 4

FIGURE 8.10 — Time averaged stream-tracers and velocity contour plots inside the 47H inter-pedestal

passage for 0 (a~c) and 0.23 (d-f).
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FIGURE 8.11 — Time averaged stream-tracers and contour plots of ju’| (a,d) and (b,e) velocity
fluctuations in plane and wall normal velocity fluctuations (c,f) in plane inside the 4TH
inter-pedestal passage for 0 (a-c) and 0.23(d-f).

In comparison with the data for [Rol=0 (Fig. 7a and b), the mean flow turns out to
be more aligned along the passage axis (Figs. (a and b)). This different behaviour
results from the combination of multiple effects, namely the reduction of the flow angle
of attack to the pedestals (Fig. and the Coriolis forces that divert the inter-pedestals
flow towards [z] < 0. Moreover, in the near wall flow no evident traces of horse-shoe
vortices are found on the upstream side of the pedestal, as highlighted by the stream-
tracers in plane of Fig. [8.10|c).

The reason of this has to be found in the velocity distribution of the flow approaching
the pedestal. Indeed, the horse-shoe dimension is proportional to the extension of the
boundary layer that approaches the junction region where the structure is generated, as
reported in Ballio et al. [83] and Fleming et al. [82]. Under rotation, because of the
rotational effects on the flow inside the channel central portion, the approaching flow is
characterised by a more uniform stream-wise velocity distribution and thinner boundary
layers with respect to the static conditions (Fig. |8.12)), so leading to much smaller and
hardly detectable horse-shoes vortices (in Fig. position @ = —120mm has been
chosen because it is about the point where the streamline that impinges onto the obstacle
crosses the measurement plane yz, see Fig. a)). Also by the visual inspection of the
instantaneous flow fields no evidence of horse-shoe structures was found. Dedicated and
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FIGURE 8.12 — Comparison of stream-wise velocity profiles for O and 0.23 extracted from plane

at[y]= —120mm.

very high resolution measurements will be necessary to detected such small flow features.
Again, as it was for the flow in the channel central portion (Fig. [8.5(d)), no traces of
secondary vortical structures due to Coriolis forces are detected by the stream-tracers
path in plane Fig. c)) All the above observations are supported and confirmed
by the velocity fluctuations maps shown in Fig. [8.11

An overall reduction of the turbulent activity can be observed with respect to the
stationary case, as it can be observed from the comparison of Figs. (a-c) whit Figs.
(d-f). Tt should be noted that the absence of the horse-shoe structures is further
confirmed by the lack of wall normal fluctuations peaks in the map of Fig.[8.11|c).

In conclusion, in the inter-pedestals region the rotational effects determine the devel-
opment of a more uniform flow, characterised by a strong reduction of both the separated
flow regions and horse-shoe vortices dimensions. Even if this ensures a more uniform dis-
tribution of the heat transfer coefficient over the channel surfaces, the enhancement factor
due to the turbulent mixing associated to the horse-shoe vortices will be lost, as it is
predicted by the numerical analysis of Andreini et al. [87].

8.1.2 Thermal field

Thanks to the[HTC|] measurements, showed in Fig. ?? performed by the researches of the
University of Florence on their brand-new rotating rig, an assessment of the influence
of the flow characteristics observed previously on the thermal field can be performed.
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FIGURE 8.13 — distribution on [PS] for 0 (a) and 0.26 (b).

The measurements were performed on the same channel geometry at [Re=20k and for
a rotation Number equal to 0.26 slightly bigger, than the one of the flow field data.
Moreover, a filter, having the same characteristics of the one used by the author, was
placed at the duct exits as well. Differently to the data presented in the previous chapter,
the LCT measurements were performed on the [PS|in view of the rig viewing constraints.
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FIGURE 8.14 —IHTC distribution on and time averaged stream-tracers in plane for 0 (a)
and 0.26 (b) for the [IP|passage P4.

More in detail at the channel inlet the higher velocity at the leading edge side of the
channel turns in a more effective convective heat transfer mechanism with respect to the
trailing edge side.

In the radial development region a lower boundary layer thickness has been observed
(Fig. , this in turn determines a slight increase of the number in this region with
respect to the static case. However, this augmentation is fairly small because in this
channel portion the heat transfer mechanism is due only to simple forced convection
(Fig. ?7). At the model tip, the significant increase of the recirculation bubble, yields to
a enlarged low]HTC]| region with respect to [Ro=0.

Concerning the [TE]| regions, it should be noted that two features with opposite influ-
ence on the thermal filed have been found. The reduction of the boundary layer thickness
should turn in higher whereas the reduction of jw’| would determine a less effective
heat exchange process. What happens is that the [HTC| distribution has fairly the same
levels in the central part of the passage. In contrast, a reduction of [HTC| peak is found
on the pedestal upstream face, as a consequence of the reduction of the horse-shoe vortex

observed previously (Fig. [8.14).

8.1.3 Highlighted effects of Coriolis on the flow field

In conclusion the analysis performed showed that:

e an inviscid flow effect (the momentum conservation) takes place at the channel
inlet, yields to higher flow velocities at the leading edge side and lower at the [TE}

e the Coriolis forces in the radial development channel deflect the core flow towards
the [TE] while the boundary layers are deflected towards[y] > 0, i.e. the [CE}

Tesi di dottorato di Claudio Mucignat, discussa presso 1’Universita degli Studi di Udine



106

8. Effects of rotation

the[z}component of the Coriolis forces determine a strong reduction of the boundary
layer thickness along the channel height;

the reduction of the angle of attack to the pedestal and, more significantly, the
reduction of the boundary layer thickness determine a strong reduction of the sec-
ondary flows in the [[P] channel which are not observed any more;

the disappearance of the horse-shoe branch turns in a reduction of the [Nu] peak at
the [PS] towards the pedestal upstream face;

a large dead water zone is found at the [LE|side of the channel from [z]~ 240 to the
model tip, which yields to low values.
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8.2 Configuration G1

Once the effects of Coriolis on the flow field have been deeply investigated for the smooth
channel, a question arises about the coupling of the flow perturbations induced by the
ribs and by rotation.

Rib induced secondary flow under rotation at the [LE]

In contrast to what has been observed for [Roj=0, the adoption of riblets in the radial
development channel has a noteworthy impact on the flow field under rotation, as it can
be observed in Fig.[8:I5] For completeness Fig. [B.16|reports the stationary data acquired
with the polyester fibre filter at the outlets.

Shifting the attention to the maps at [Roj=0.23, the comparison of the flow field in
(Fig. and shows that the dead water zone found at the channel side is
vanished in the ribbed channel. More correctly, low in-plane velocities are still found
from [z] ~ 260 mm towards the [LE] side, but the stream tracers path does not reveal the
presence of the recirculation bubble that was observed in [GO} This behaviour has to
be ascribed, of course, to the presence of the turbulence promoters and particularly to
their orientation. As shown by Han [2], a negative angle with respect to the stream wise
direction will turn in a secondary flow that redistributes the mass flow towards the [y > 0
side. This observation is confirmed by the velocity maps reported in Fig.

The stream-tracers in plane Fig. [8.17 (e), clearly reveal that a mass flow redis-
tribution towards the side occurs past the 3% rib. The coolant impinges on the
and it is thus re-directed towards the upper wall and then back in the bulk
flow, as shown by the stream-tracers in plane Fig. (d). Indeed, these latter are
strongly deflected towards [y] < 0 near the [LE] of the channel and at [z] > 240 mm. These
informations, coupled with the presence of a separation line between the core flow, at the
higher velocity, and the region towards the [LE] observed in allow to hypothesize the
presence of a secondary flow as the one sketched in Fig. More in detail, this flow
structure is made of a counter-clockwise vortex cell which determines a considerable flow
mixing. Further investigations, namely [S-PIV] measurements in a cross-wise plane are
planned to better describe this structure ad will be included in the future development
of this work.

However some interesting informations can be still addressed even from measure-
ment plane. One of this concerns the boundary layer thickness in the radial development
channel. In it has been described how Coriolis force substantially modifies the flow
yielding to a strong decrease of the boundary layer thickness. This behaviour is found
also for [GI] Indeed the in-plane velocity modulus in is considerably higher when
shifting from static to rotating conditions between the two consecutive ribs 3 and 4, as
shown by the comparison of Fig.|8.17|(c) and (e). Unfortunately any further information
regarding the effective boundary layer height is available at the moment, but the data in
Fig. seems to confirm a that a thinner boundary layer is found.

A last observation regards the disappearance of the separation bubble at the
induced by the strong flow redirection towards this region that takes place at the [SS|
and that is caused by the ribs. From a thermal point of view the existence of a strong
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FIGURE 8.15 — Contours of time averaged in-plane velocity (a), b)7 c) and stream-tracers
on the symmetry plane@for @20.23, configuration G1.
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on the symmetry plane @ for IPE':O, configuration G1
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flow mixing at the [LE] side should turn in a benefit to the heat transfer mechanism as
reported in the work by Bonanni et al.[88], where the present channel geometry was
equipped with riblets at the [PS|and operated at comparable flow conditions. This latter

[HTC|augmentation is particularly desired since it regards a region where low [HTC| values
have been observed for [GO at [Ra=0.23.

(a) xy3

(c) xy4

Reattacl
ment line

|Ro=0.23|

|Ro=0.23|

Reattach-
ment line

G 1 nyz (U2+V2)05

CX)/Ub 0 01 02 03 04 05 06 07 08 09 1 1.1 12

FIGURE 8.17 — Contours of time averaged in-plane velocity and stream-tracers in measurement

planes (a), (b), and for 0.23, configuration G1.

FIGURE 8.18 — Sketch of the secondary flow induced by the ribs a the side of the channel.
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Flow field in the radial development channel

In contrast to the [LE] region, the core flow turned out to be similar to the one observed
for Indeed the reduction of the in-plane velocity fluctuations @ and observed
when shifting to rotating conditions for the smooth channel (see E is still found for
beside an overall increase of the turbulence levels due to the presence of the riblets,

as shown by the comparison of Figs. (b,c) with (b,e).

@ g . . . . . (b) g5 . .
Ro=0 —A— 38 R0=0.23 —e— xy3
—t Xy —O0— xy

50 L . L L L 50 L L L L L
-80 -60 -40 -20 0 20 40 -80 -60 -40 -20 0 20 40

y [mm] y [mm]

FIGURE 8.19 — Comparison of flow angles, «, for 0 (a) and 0.23 (b). Data extracted from
measurement plane nd along a line at : 262.5mm, configuration @

Moreover, in section it has been reported that in static conditions, the slower
boundary layer flow is more deflected to the [TE| than the core flow in view of its lower
inertia and that it is just the opposite for [Ro=0.23 because of the Coriolis forces. This
behaviour has been also observed for Indeed the stream-tracerspath in Fig.

(a,b) for [Ro=0 and Fig. (c,d ) for [Ro=0.23 resembles the behaviour observed in[G0]
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FIGURE 8.20 — Comparison of flow angles, «, for 0 and 0.23. Data extracted from measurement
plane along a line at [y|= —132mm for configuration G1.
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A more quantitative representation of this opposite trend is presented in Fig. [8.19
where the flow angle with respect to the [y] direction is computed from velocity profiles
extracted from planes [ry] and along a line at [z] = 262.5.

However the redirection towards the [TE] side induced by the Coriolis forces, turned
out to be less intense in [GI] Indeed, the flow angle of attack to the pedestal computed
along a line at [y = —132mm for is considerably lower under rotation, but it is
slightly higher than the one measured for [G0} as it is reported by Fig. [8.20] This fact is
compatible with the deviation imposed by the ribs described previously.

In conclusion, comparable flow conditions at the inlet of the [TE| outlets were found
between [G0| ans [GI] as suggested by the comparison of Velocity profiles extracted from
along a line atfy] = —150mm reported in Fig[8.21] Nevertheless, further investigations are
needed to investigate the boundary layer thickness of the flow approaching the pedestals.
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FIGURE 8.21 — Comparison of velocity profiles for 0 and 0.23 extracted from plane at @ =
—150mm for configuration G1.

Effects at the [TEl outlets

At the present time only a preliminary investigation about the presence an the horse-
shoe branch on the [PS]of the channel are available. Figure shows the maps of time
averaged in-plane velocity modulus and stream-tracers in plane for passage P4.
The typical diverging path observed in static conditions determined by the developing
of the horse-shoe vortex is disappeared for [Ro=0.23 as it was observed in the smooth
channel. Therefore it can be reasonably concluded that the size of this latter should
be negligible, as it was in By contrast, further investigations are needed
measurements in plane to discuss the flow features on the of the passage. Indeed,
on the[PS] the absence of secondary flows cannot be excluded a priori, taking into account
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FIGURE 8.22 — Contours of time averaged in-plane veloatym Cy| and stream-tracers in plane [zys| for
.:O(a) and 0.23 (b), configuration G1.

that the presence of the ribs in the radial development channel turned in an increase of
the boundary layer thickness at the [PS| which is responsible of the horse-shoe size, as
reported in sectio7.2}

8.2.1 Effects of rotation in a ribbed channel

In conclusion the analysis performed showed that:

e astrong flow redirection towards the[LE|occurs in the flow layers close to the ribbed
wall of the channel;

e as a consequence, a secondary structures develops a the [LE] corner, where [GO|
showed a dead water zone;

e the flow behaviour in the radial development channel resembles the one observed
for [GO] with a decrease of the angle of attack to the pedestals;

e inside the outlets, any secondary structure is detected on the upstream face of
the pedestals at the [PS
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Conclusions

The analysis reported in present thesis can be divided in two parts: the first one concerns
the analysis of the aero-thermal performance of an internal cooling channel for the trailing
edge of a gas turbine blade under static conditions and with two different arrangements
to of riblets. The second part provides an assessment of the flow field under rotation for
the smooth channel and the most promising configuration of riblets found in the static
case. The test were performed at a fixed Reynolds Number of 20k and for two values of
the rotation Number, namely [Ro=0 and 0.23.

Beside the results here presented, considerable efforts were spent in the design and
the manufacturing of the test rig, with particular reference to the balancing and to the
synchronisation with the PIV measurement chain. This latter was performed with a
relatively simple approach, nevertheless it allowed a noteworthy image position stability.

At the same time, a methodology to obtain the relative flow field from mea-
surements performed with a fixed system was developed. This latter features an inno-
vative image calibration process, which allows to retrieve the position of the centre of
rotation for each acquisition with an high precision. This, coupled with the image posi-
tion stability allowed by the synchronisation system and to a precise image interpolation
scheme allows to de-rotate each second frame of the PIV image pairs by an angle equal to
the one occurred during the separation time under rotation. The final result is that the
relative flow field can be directly retrieved by cross-correlating the image pairs with an
accuracy that is comparable with the one of a standard non rotating PIV measurement.

The aero-thermal analysis was firstly conducted for the smooth channel and
provided a detailed description of the flow field inside the device. Characteristics as the
mass flow distributions between the different outlet channels, the 3D features of the flow
inside the [[P] channels at the [TE], or the dead water zone in the tip region have been
described in detail. This in turn allowed to a full comprehension of the mechanisms that
determine the [Nul number distribution measured on the [SS| by means of LCT. More in
detail, the thermal analysis revealed that the separation bubble due to the flow angle
of attack at the pedestal downstream face and the horse hoe branch developing on the
upstream face determine a strongly uneven distribution inside the [[P] outlets. Also, the
the dead water zone in the tip region is responsible for a weak heat transfer process.

By applying the riblets inside the formers a strong [HTC| augmentation can be ob-
tained, with a more uniform distribution moving from the inlet to the outlet of each
channel due to the suppression of the secondary flows a the pedestal upstream face in-
duced by the riblets.

However, the most promising configurations turned out to be[G1} i.e. the adoption of
riblets in the radial development channel. This latter ensures indeed the highest global
HTC] increase with the smallest pressure drop increase across the channel. This is a
consequence not only of an increase of the number in the radial development region
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which, in the case of [GO| was determined by simple convection, but also to a benefit
in the [TE] region. This latter was justified by an increase of the stream-wise and wall
normal component of the velocity fluctuations and to an augmentation of the secondary
structures size due to a growth of the boundary layer thickness at the [SS]

When the attention was shifted to the analysis of the effects of the Coriolis force
on the flow field, significant differences with the stationary conditions were found for
[GOl More in detail, the inlet flow turned out to be dominated by an inviscid flow effect,
namely the conservation of angular momentum, which determines an uneven stream-
wise velocity profile. A the same time, the [ffcomponent of the Coriolis force determine
a strong reduction of the boundary layer thickness in the radial development channel.
Then it was observed that the flow deflection imposed by the Coriolis force determines
a lower flow angle of attack to the pedestal in the [TE| region. The former effects are
also responsible for a strong reduction of the secondary flows observed at [Ro=0 in the
[TE] outlets. Finally, a large recirculation that develops at the [LE] side of the channel
toward the model tip was found. From a thermal point of view, an increase of the [HTC|
in the radial development region is expected in view of the aforementioned reduction of
the boundary layer thickness, while low values will be found at the [LE] as confirmed by
the LCT measurements performed by the researches of the University of Florence.

The preliminary results of the investigation concerning the rotational effects in the
rib roughened channel showed that the rib lets promote a mass flow redistribution
towards the [CE] where a strong counter-clockwise rotating structure develops. This, in
turn, causes a flow mixing which suppresses the recirculation bubble a the tip observed for
[GOl Concerning the effects at the[TE] any horse-shoe vortex developing at the junction of
pedestal upstream face and the [PS|can be reasonably expected. On the contrary, further
investigations are needed to discuss the flow conditions at the [SS]in the [[P] channels.
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Uncertainty analysis

In the following, the uncertainty related to [S-PIV] and LCT measurements is
provided.

A.1 2D-PIV measurements uncertainty

Before going into details, it should be noted that the reliability of 2D-PIV] (or [S-PIV)
measurements is, of course, strictly related to the image quality, which itself depends on:

e image focusing;
e background noise of the image;
e the set up alignement;

These error source can be checked and minimizes to negligible values during the prepara-
tion of the set up before image acquisition. The processing parameters have a significant
importance as well, in section the choice of these latter has been addressed.

A.1.1 Static Measurements

The results that will be presented in part [[TI} refer only to statistical quantities, such
as the time averaged velocity fields. Due to the limited number of samples (1000) used
to compute the flow statistics, the sampling error tends to be larger than other error
sources and therefore it was chosen as the overall upper bound estimate for the PIV data
uncertainty. For the 2D measurement acquired in planes xy under static conditions, the
normalised r.m.s. errors in the statistical quantities are computed as in Armellini et al.
[89]:

€y = = = , €
AR (2 BV 2 I 7 BV
where ¢ is the standard deviation, |U|is the mean velocity, fu'| is the r.m.s. velocity
fluctuation and N is the number of independent samples. The uncertainties in the
measured values of [U| and |u'| are simply obtained by multiplying the errors in

@ _ 1k, o] 1 (A.1.1)
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by a confidence coefficient, Z.. Assuming values Z. = 1.96 (corresponding to a 95%
confidence level) and N = 1000, the overall upper bound estimate of the uncertainty in
the mean velocities turns out to be less than 2%. This value applies to the largest part
of the velocity fields, with the exception of those limited regions affected by very low
velocities and high fluctuations, namely inside zones of separated flow. Under the same
assumptions, the maximum uncertainty in the estimate of the r.m.s.velocities is less than

5%.

A.1.2 Rotating Measurements

Before providing a value on the uncertainty of measurements in rotating condi-
tions, some issues must be discussed.

As reported in chapter [4) the measurements have been performed in phase locked
acquisition with a fixed measurement chain. Since between the trigger input for the PIV
chain and the first laser pulse there is a time delay (i.e. the Q-switch delay, see ,
and because the angular velocity in not constant during a whole acquisition sequence,
a variable time delay has to be computed for each revolution. This latter is absolutely
necessary to acquire the image pairs with the channel always at the same angular position.
Further informations have been given in section[6.1] but at this point of the discussion it
is important to keep in mind that the image position stability, i.e. the difference in the
channel wall position between different exposures, resulted to be very small: at the model
tip the uncertainty in the angular position leads to image shifts of about 1 pz along both
and [y| image axes. With a magnification factor of 10 pz/mm the image shifts were
in the order of 0.1 mm. This value, considerably smaller than that of [34], allows to
neglect the so called phase-averaging error. Indeed a shift as small as F1pz allows that
each interrogation window pertains always at the same portion of the channel, therefore,
during the further data process only vectors belonging to the same flow region will be
averaged together.

A second observation has to be addressed to the pre-processing methodology adopted
to retrieve the relative flow field. The careful reader may noticed that an error on the
determination of the angular velocity comprises a bias error in the velocity fields, while an
error on the determination of the centre of rotation implies a flow distortion, as shown in
the work of Armellini et al. [53]. Therefore, the error associated to the de-rotation process
has to be added to the one of a standard measurement. However the analysis
reported in [53] reveals that an error comparable to the one of the cross correlation of
standard 2D-PIV] images, i.e. 0.1 pz can be achieved if the methodology used in this
thesis is followed. Therefore, if particle relative displacements of 6-10 pixels are measured,
the de-rotation error is responsible for an increase of the velocity uncertainty of 1% with
respect to a standard static measurement.

A.2 Stereo-PIV measurements uncertainty

The [S-PIVkechnique has the advantage of providing 3D measurements for a number of
points laying on a plane, but its major weakness is the calibration procedure in view of
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FIGURE A.1 — Comparison of (b) and a) velocity profiles at the intersection line between planes

and for @:O and @:0.23.

the misalignment error (see . In the present campaign the disparity correction was
used as an attempt to minimise this latter, as suggested by Willert [49]. The disparity
map was obtained from the ensemble correlation of 100 images from the two views, as
suggested in [51].

As stated in Chapter [d] in the case of [S-PIV] measurements, the relative velocity field
has been retrieved by means a post processing of the instantaneous velocity fields, (i.e.
the subtraction of the instantaneous angular velocity). Theoretically, one can perform the
de-rotation procedure even with stereo images, but the viewing angles will be required to
subtract correctly the peripheral displacements to the particle motion. This means that
the error made in the calibration of the measurement chain will be enclosed two times,
therefore decreasing the measurement accuracy. Since accurate measurements
are available in both static and rotating conditions the accuracy of the [S-PIV] ones can
be assessed with a cross comparison of velocity profiles extracted along a common line.
Figure shows shows time averaged [U] and [V/] velocity component profiles extracted
along the intersection line between measurement planes and obtained by means
of RD-PIV]and [S-PIV] respectively. It can be observed that in both test conditions (Ro=0
and 0.23) the Stereo data are almost superimposed to the 2D ones. The differences are
within 0.05 for both in-plane and out-of-plane velocity components of the
Stereo data, so revealing a satisfactory accuracy of the Stereo-PIV measurements.

Finally, it has to be observed that for the measurement along the yz and xz planes,
the channel rotation determines a misalignment between the laser sheet (image plane)
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and the actual geometrical plane of the channel. This inconvenience could lead to a
significant spatial averaging error. However, in the present experiments the very small
separation time required to avoid tracer particles loss, limits the image/geometrical planes
misalignment within the laser sheet thickness.

A.3 LCT uncertainty

On the basis of the accuracy of the calibration procedure employed, and of the slight
variation of the viewing angle over the camera the maximum uncertainty in the
superficial temperature T,,,; can be considered equal to +£0.5K. The effect of this
latter on the determination of the (h) was minimised by keeping the temperature
difference between the fluid and the wall at about 20K.

The other error sources are the ones made in the evaluation of ggjs, and g;rr. An
accurate measure of these quantities is particularly difficult, therefore particular care was
devoted to keep them as low as possible thus minimising the effects of their errors on h.
In the present case the use of an air gap and the low emissivity of the low emissivity of the
Inconel heating foil allowed to keep both ¢4isp and gy as low as possible. Furthermore,
the evaluation of these latter has been performed by following two different approaches.
The first of these two was made as it follows: several thermocouples have been applied
to the interior and exterior surface of the channel walls, thus allowing an estimation of
the conductive heat flux. In contrast, in the second one, the heating foil was powered
without any fluid motion inside the channel. Then the power necessary to keep the
channel surface at a constant temperature was measured. The results obtained by the
two procedures turned out to be comparable, thus a global heat exchange coefficient U
equal to 6.5 W (m?2K) was estimated.

Taking into account that gu;sp+girr = U(Twaii —Tams) and considering an uncertainty
on qa;sp + girr €qual to 20 % , the error propagation proposed by Kline and Mec-Clintock
[T1] with a confidence interval of 20:1 (and considering the other error sources) allows to
estimate an uncertainty on the Nusselt Number equal to 4 % and 11 % for the highest
and the lowest heat exchange regions respectively.
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Flow governing equations,
dimensionless parameters and
Coriolis effects

B.1 The Navier Stokes equations

The governing Navier Stokes equations in a coordinate system fixed with the rotating
duct are:
ou
ot
where d and [0 . The Boussinesq approximation has been applied

so that density variations are only accounted for in the buoyancy therm. By assuming
the steady state conditions, eq. becomes:

=1}

Vi :—fvp Wx i+ 5 (T - To) [@xExF) +0v2  (B.11)

=1}

Vi :—fvp Wx i+ 5 (T - Tuo) ([@xEx F) + v V26 (B.1.2)

The above expression can be more conveniently expressed in non-dimensional form
using the passage hydraulic diameter [Dh] and the area averaged inlet velocity The
procedure is here proposed only for the [zfcomponent of eq.

ks lm G - (B.13)

1 op _KIDR T — Toure (KADEN? R,
—2 Wi — —m (B.14
- @1} T (@J) on P

where and Several well known dimensionless pa-

rameters can be recognised in, namely the Reynolds Number, the Rotation Number,
and the Buoyancy parameter,
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: CDT (B.1.5)

1%
QDA
- (B.16)

T — Thunk m;um Ron

- = (B.1.7)

The Reynolds Number represents the ratio of inertial to viscous forces, the Rotation
Number the one of the Coriolis to the inertial forces. An equivalent formulation of this
latter is represented by the Rossby Number which is equal to 1 The Buoyancy
parameter represents the ratio of centrifugal to inertial forces.

Bo

B.2 Heat transfer

Concerning the heat transfer, the non-dimensional parameter chosen is the Nusselt Num-

ber, that is:
- B2y

where h is the heat transfer coefficient and A the thermal conductivity of the fluid.

B.3 Effect of Coriolis Forces on the flow

If the buoyancy therm is neglected, the three components of the Navier Stokes can be
written as it follows:

AT T
IR RS- e e
D D D o) 122 B9

It is clear that the Coriolis forces have two effects, one in the [z} component and one on
the [yfcomponent. The +J] in the [yfcomponent creates the well-documented Coriolis
double vortex associated with pipe flow rotating in the orthogonal mode. The second
effect raises if the [ylcomponent of the velocity is not negligible, in view of the developing

component

[y] component

component
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of the aforementioned double vortex structure or, for example, of a flow redirection. If so
the Coriolis effect associated to the -0fV] therm in the [z}component becomes important.
This latter provides additional stream-wise acceleration to the flow near the wall and
constitutes a deceleration for the bulk flow.
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The effect on the flow field of the
polyester filter at the duct outlets

In the following for the clearer reading of the present work the comparison between the
flow field inside the cooling duct with and without the polyester fibre filter placed at the
outlets is reported for [Ro=0 to clarify that the flow features described in chapter [7] are
fully maintained when the channel is equipped with the filter (in the following indicated
as GOx), beside small differences.

Figure[C.1] presents the comparison of the time averaged velocity field and the stream-
tracers in plane [xy] for [G0] and GO*. The main difference between [GO| and GO is that
the separation bubble at the model tip is reduced.

Figure also shows that the separation bubbles at the downwind side of the
pedestals are still found for GO*, but their size is reduced, particularly at the [[P] passage
P1. This fact is consistent with the adoption the filter. Indeed, it should be noticed that
the pressure losses ascribed to the channel are very low (= 60Pa). When a high pres-
sure loss, as the one imposed by the filter, is added at the outlets what happens is that
the difference between the pressure drop across the different exits is smaller. Thus the
coolant is more uniformly discharged throughout them. Moreover, the computations of
the mass flow ratio across the different sections, performed whit the procedure described
in section [7.1.1] revealed that a more uniform distribution is effectively obtained in GOx.
Nevertheless the ratio of the mass flow flowing at the to the one at the model tip
observed for

Looking at Fig. it is possible to observe that, beside the differences in the modulus
of the [V] velocity, which have been already justified, the profile shape is comparable
between and GOx.

In conclusion, it is possible to state that the flow field obtained whit the adoption of
the filter is comparable whit the one observed without it. The definitive confirmation
comes from the observation of the flow features reported in chapter for [Roj=0, which
resemble the one made for [GO| for example the horse shoe branch on the upstream side
of the pedestal at the [[P| passage P4.
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Assessment of the settling
chamber

The discussion on the potential flow effects in is supported by the analysis of the the
performance of the settling chamber hereby reported. Figure the [U] relative velocity
profiles along [y for [Ro=0 (red line) and [Roj=0.23 (green line) are presented.

The profiles have been extracted 10mm downstream the honeycomb filter Fig.
which is responsible for the small perturbations. The profiles have been extracted from
measurements performed without any test section attached to the settling chamber. It
can be observed that the flow conditions can be reasonably considered the same for the

1.5

U,

0.5

O_\l ‘ ‘ ‘ ‘ ! ‘ ‘ ‘ ‘ 1 ‘ ‘ ‘ ‘ !

2 1 0 T 2
leading edge y/Dh trailing edge

FIGURE D.1 — Stream-wise [U] velocity profile at 10mm from the honeycomb filter along [y (D.2| ex-
tracted from measurement plane
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FIGURE D.2 — Scheme of the settling box and the position of the profiles in Fig.

two cases, beside the region towards [y] < 0 where the effect of the peripheral velocity
field is appreciable. Furthermore any flow separation can be noticed.

In view of these observations it is possible to state that the settling chamber guaran-
tees flow conditions that are comparable for [Ro=0 and [Roj=0.23.
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Notation
Czyz
Cay

Cy.
Prg
Prgs
Prgs

17

Uy

U

%4

W
ATDechy
ATprv
Ax

zy’
TY2
TY3
LY4
TYs—-G1
Y
rz— A
rz— B
xz—C
Tz
Tz
Tz3
TZIN

yzip

Nomenclature

Description

Relative velocity modulus.

In-plane velocity modulus in x_y| planes.
In-plane velocity modulus in [yz;,| planes.
Velocity profile along |z| at [y| = —150mm.
Velocity profile along |z| at |y| = —234mm.
Velocity profile along |z at |y| = —250mm.
Turbulence intensity.

Bulk flow velocity.

Velocity along

Velocity along

Velocity along

Delta T delay.

Separation Time [pm)].

x axis displacement [px].

y axis displacement [px].

z axis displacement [px].

Angular velocity, [rad/s].

velocity fluctuation.

velocity fluctuation.

velocity fluctuation.

Measurement plane 1.5 mm parallel to the SS.
Measurement plane parallel to the SS.

Measurement plane at |z{= 10.55 mm.
Measurement plane at [z|= 14.55 mm.
Measurement plane at || = —14.55 mm.
Measurement plane at [z| = —14 mm.

Measurement plane |z|= 0 mm.

Measurement plane at [y|= —150 mm.
Measurement plane at [y|= —165 mm.
Measurement plane at [y|= —180 mm.
Measurement plane at [y| = —150 mm.
Measurement plane at [y|= —165 mm.
Measurement plane at jy{= —180 mm.

Ba meas. plane at the c. inlet, at : 0 mm.

x axis of reference frame, radial direction [mm)].
Measurement plane at |x| = —262.5 mm.

y axis of reference frame, [mm].
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Glossary

Notation
z

AR

Bo

Dh

HTC

Nu

Re

Description

z axis of reference frame, wall normal direction
[mm].

Cross-section aspect ratio (width/height).
Buoyancy parameter.

Hydraulic Diameter [mm].

Heat Exchange Coefficient, [ W/m K].
Magnification Factor, [Px/].

Nusselt Number.

Re = pDyU,/ 1, Reynolds Number.
Re = wDy, /Uy, Rotation Number.
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Notation
2D-PIV

f-o-v
FRAME B

GO
G1
G2
IP

LCT
LE

PS
QSD

S-PIV
SS

TE

WIDIM

Acronyms

Description
2-Dimensional Particle Image Velocimetry.

camera field-of-view.
second image of the PIV image pair.

configuration GO.
configuration G1.
configuration G2.

Inter Pedestal.

Liquid Crystal Thermography.
Leading Edge.

Pressure Side Wall.
Q-Switch delay.

Stereoscopic Particle Image Velocimetry.
Suction Side Wall.

Trailing Edge.

Window Displacement Iterative Multi-grid.
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