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Abstract
In modern aircraft gas turbine engines, the turbine rear structure (TRS) located
downstream of the low-pressure turbine (LPT), plays a significant role in de-swirling
the flow from the LPT and currently considered as a potential LPT noise reduction
device. The TRS is composed of the outlet guide vanes (OGVs) which establish a
structural support between the aft bearing support and the main engine case. In fu-
ture aero-engine designs, the flow that exits from the LPT will have greater amounts
of swirl, which imposes a new demand on the TRS aero-design. Furthermore, as the
engine conditions are subjected to change, during the take-off and landing, apart
from its regular operations, the swirl angle at the inlet of OGV will be very large,
leading to even large operating range. While operating at these off-design condi-
tions, the vanes are subjected to the high amount of aerodynamic and thermal loads.
Therefore, the heat transfer characteristics need to be studied in detail for an effi-
cient design of these components.
In the present study, an experimental and computational investigation of heat trans-
fer is carried out on an OGV. The experiments are carried out at the Chalmers
Turbine Test facility which is an annular cascade tunnel with an upstream LPT 1.5
stage. The heat transfer measurement is performed on the vane and hub sector.
The heated model is prepared by the rapid prototyping and allows a uniform heat
supply to the highly three-dimensional surface of the OGV and hub. Infrared (IR)
Thermography is used to measure the vane and hub surface temperature leading to
the estimation of the heat transfer distribution. The IR camera and reference ther-
mal sensors are well calibrated before the experiments. A commercial CFD solver
is used to solve the governing flow and heat transfer equations with the SST k-ω
and Standard k-ε turbulence models for adiabatic solving and SST k-ω model for
Conjugate solution. The results from the computational studies are validated with
the experimental data. The major aim of this study is to establish an accurate
technique for measurements of the heat transfer distribution on OGVs.
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1
Introduction

1.1 Outlet Guide Vane Heat Transfer
The present day aircraft gas turbines have increased operating temperatures result-
ing from the high overall pressure ratio giving a wider operating range for the low
pressure turbine (LPT), the outlet guide vanes (OGVs) play a significant role to
maintain the flow in the axial direction. In general, the flow that exits from the
LPT will have a greater amount of swirl. These OGVs also establish a structural
support between the aft bearing support and the main engine case. The design of
OGV is similar to the turbine blade or vane in terms of geometry and the flow field.
The engine with the TRS is shown in the figure below. As the engine conditions are
subjected to change, during the take-off and landing, apart from its regular opera-
tions, the swirl angle at the inlet of OGV will be very large, leading to operating in
both on and off-design conditions. While operating at these off-design conditions,
the vanes are subjected to the high amount of aerodynamic and thermal loads.

Figure 1.1: TRS in the Aero Engine Gas Turbine

In the future second generation of geared engines, a higher overall pressure ratio will
result in increased operating temperatures. The future engines will also have higher
by-pass ratios, i.e.,larger fan with relatively smaller engine cores, which therefore
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1. Introduction

has a wider operating envelope for the LPT. Furthermore, the components in these
engines will need to be lighter and for the components in the gas path, they will need
to have lower pressure losses. For the OGV, this development implies that designs
are needed that: can withstand higher temperatures and temperature variations,
can operate under more severe LPT off-design conditions, present lower pressure
losses, and that are lighter. Therefore, the heat transfer characteristics need to be
studied in detail for an efficient design of these components..

1.2 Measurement Techniques
Measurement of the heat transfer distribution on the OGV, being the prime objective
of this study, involves challenges with accuracy and the choice of suitable technique.
With the conventional measurement devices like thermocouples to some advanced
techniques like the LCT, IR Thermography, each technique has its own advantages
and limitations. Therefore, choosing an optimum technique with respect to the
conditions involved is an important part of the experimental studies. The advantages
and limitations are observed in the following section.
The Thermocouples (TC), in general can be applied to measure temperature on any
flat conductive element. It has the hot and cold junctions, with separated leads
made of different materials. There are different types of TCs viz. J, K, T, E, R, S
and B used based on the application type. They have advantages like low cost, wide
temperature operating range, high resolution and durability. However, they suffer
from short comings like need for signal amplification, poor sensitivity & stability,
non-linearity and tedious calibration process. The Resistance Temperature Detec-
tors (RTDs), however offers better reliability, accuracy, stability and re-calibration
compared to the TCs, still suffers from high cost, slow response, limited temperature
of 1000 K and sensitivity. Also, these two methods function good only for single
point temperature measurements. But to get an effective temperature distribution
over multiple points, advanced methods need to be employed.
One such method is the Liquid Crystal Thermography (LCT), which uses Ther-
mochromic Liquid Crystal (TLC) for surface temperature measurements. These
TLCs changes color as a function of temperature when illuminated by visible white
light. Therefore, the relationship between the temperature and color response (cal-
ibration) should be understood properly to measure with TLC. This method offers
high spatial resolution, cost effectiveness, simpler calibration and high accuracy. But
it is limited to uncertainties with high lightning angles, poor reflection at lower coat-
ing thickness, stable white light requirement, in-situ calibration & experimentation.
Also, the measuring environment should be free from IR and UV radiations.
The infrared Thermography is one of the most successful techniques, with the object
itself being the source for radiation. Also, temperature measurements on a moving
object is possible with this technique. It is non-intrusive, excellent for surface tem-
perature measurements. But there are also a few shortcomings which challenges
this technique like shading, dark spot formation (narcissus effect) and poor accu-
racy with varying emissivity. In the present study, an experimental heat transfer
measurements on an aero-engine OGV has been carried out using IR Thermography
technique with supporting computational studies.
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2
Review of literature

2.1 Studies on Turbine Flow & Heat Transfer

Local variation of the heat transfer coefficient around gas turbine blade nozzle guide
vane cooling has been experimentally investigated by Turner[1]. A numerical differ-
entiation scheme for obtaining the temperature gradient on the outer wall has been
used that could be directly related to the local heat transfer coefficient.

Endwall and Airfoil surface heat transfer distributions have been experimentally
studied by Graziani et al.[2] for a linear cascade turbine blade model using Chromel-
Alumel thermocouples. The significance of passage secondary flow influence on the
endwall and suction surface heat transfer are greatly illustrated.

The effects of secondary flow vortex structures on endwall boundary layer charac-
teristics through turbine blade passages have been experimentally investigated by
Sieverding[3].

Heat transfer investigations using IR thermography experiments and CFD simula-
tions for an aggressive intermediate turbine duct(ITD) in [7] & [8] and comparisons
are made between them that had reasonable agreements. The incoming flow features
and the tip leakage flow had significant effect on the heat transfer performance on
endwalls and duct in the experiments. The corresponding CFD studies also showed
the same results with little variations.

A transient liquid crystal measurements for a turbine blade leading edge impinge-
ment cooling with normal and tangential jets has been conducted by Wang et al.[20].
The transient process was initiated by a sudden introduction of heated air to the
test section. A CCD camera was used for optical measurements from the TLC with
the image being recorded for every 0.5 seconds and for viewing angles 90◦ and 45◦.
The liquid crystals are calibrated in-situ with the help of nine thermocouples but
without the jet flow . The overall uncertainty in heat transfer calculations was found
to be 5%.

Criss-Cross patterned rib turbulators across a square duct, with inline and stag-
gered fashion have been studied by Singh et al.[16] with the aim of developing
higher thermal-hydraulic performance. Transient liquid crystal thermography has
been handled for heat transfer measurements. The mainstream temperature was

3



2. Review of literature

varied from room temperature to low temperatures over the time for the transient
experiments. A hue-based calibration technique was followed with the aid of two
T-type thermocouples for the Thermochromic Liquid Crystals. The uncertainty in
the Nusselt number was found to be less than 12%.

2.2 Studies on OGV Heat Transfer
Experimental heat transfer investigations on an outlet guide vane in a linear cascade
model Liquid Crystal Thermography(LCT) by Wang et al.[11].Their conclusions are
there is a significant effect of incidence angle on the endwall heat transfer.

An experimental heat transfer measurement technique in linear cascade of an OGV
and endwall has been investigated by Merina[12] to evaluate the heat transfer coef-
ficient. The results showed higher heat transfer coefficient values corresponding to
the interaction area between the OGV and endwall.

Heat transfer studies using experimental and numerical investigations of OGV and
endwall with various inlet flow angles has been carried out again by Wang[13].
LCT technique for experiments and three different RANS based turbulence models
have been used. The effects of the horse-shoe vortex seemed to be predominant on
the heat transfer near the OGV leading edge and the passage between the OGVs.
However all the three RANS based models captured the main features of the heat
transfer in the pressure side, a significant over-prediction was seen in the suction
side at both on and off-design conditions.

2.3 Studies on Infrared Camera Non-Uniformity
Correction(NUC) and Calibration

A comparison of advanced calibration methods for IR camera and the NUC pro-
cedure has been presented by Marcotte et al.[9] and assessed their advantages and
limitations.

A Non-Uniformity Correction for IR focal-plane array with efficient pixel offset es-
timation based on linear correction scheme has been proposed by Orżanowski[15],
that permitted to remove optics shading effect.

2.4 Studies on IR Thermography Measurement
Quantification

Aerothermal investigations of the flow and heat transfer in a helically corrugated
channel were conducted by Mayo et al.[14]. An inconel foil is used for heating the
internal corrugated cylindrical surface. Liquid Crystal Thermography was used for
measuring the inner wall temperature, whereas Infrared Thermography is used for
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external surface measurements. A Matt black paint layer was coated upon the TLC
layer for enhanced contrast, followed by an acrylic adhesive and an Inconnel foil.
The overall uncertainty on the temperature measurements was found to be less than
±0.75◦C.

An engine-realistic NGV endwall cooling configuration was studied experimentally
and computationally by Ornano & Povay[17] using Infrared Thermography tech-
nique. The endwalls and combustor simulator were manufactured from Rohacell,
a low thermal conductivity material (k=0.003 Wm−1K−1) for IR measurements.
Two FLIR (A655sc) IR cameras were used and the endwalls were coated with high
emissivity (ε=0.97) Autotek black paint. An in-situ calibration is made for the IR
cameras with both the mainstream and coolant flows being turned on.

A novel approach for evaluating heat transfer in the advanced rotor blades has
been proposed by Elfner et al.[18]. A high resolution Infrared Thermography tech-
nique has been employed that enables measurements on strongly cooled and strongly
curved surfaces. A FLIR SC600 IR camera was used with three optical access provi-
sions with a cooled InSb detector and a high emissivity Nextel Velvet Coating (NVC)
for the curved surface. An extensive pre-calibration and final in-situ calibration has
been performed for radiation correction. The compressed air exhanging heat with
a natural gas fired heat exchanger was used to supply hot air whereas the cold air
being supplied from the same compressor bypassed to another heat exchanger.

2.5 Studies on Mesh Refinement studies
A uniform reporting of grid refinement studies using Grid Convergence Index (GCI)
in CFD has been proposed by Roache[4] based upon a grid refinement error estimator
derived from Richardson Extrapolation.
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3
Theory & Design Methodology

3.1 Background
In this section, the theory behind the heat transfer mechanism governing the present
study and the design methodology involved in creating the OGV model for the heat
transfer experiments is discussed in detail.

3.2 Heat Transfer Mechanism
In general, all the real-time heat transfer problems involves transfer by all the three
basic modes of heat transfer such as conduction, convection and radiation. But
the most dominant and important phenomena among them are the conduction and
convection.

3.2.1 Heat Transfer by Conduction
The energy transfer that occurs due to the prevailing temperature difference in a
body especially a solid, from a higher to lower temperature region. The heat transfer
per unit area is proportional to the normal temperature gradient.

qx = −kA∂T
∂x

(3.1)

where
qx - heat-transfer rate
∂T
∂x

- temperature gradient in the heat flow direction
k - thermal conductivity of the material

3.2.2 Heat Transfer by Convection
The heat transfer phenomena that occurs between the fluid and solid surface in
case of a flow over a solid body or flow inside a channel due to the existence of the
temperature difference between the fluid and solid wall, is termed as convection.
This fluid motion can be either artificially induced or naturally occurring, where
the former process is called forced convection and the latter is called free or natural
convection. By Newton’s law of cooling,

q = h(Tw − Tf ) (3.2)
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where
q - heat flux from hot wall to cold fluid
h - convective heat transfer coefficient
Tw - Wall Temperature
Tf - Fluid Temperature
Equation (3.2) can also be written alternatively as q = h(Tf − Tw) which implies
heat transfer from hot fluid to the cold wall.

3.3 Design of the Vane Heating System
In this section, the procedure followed during the CAD modelling of the heating
channel design is explained in detail. A surface modelling approach has been followed
and later the solid model is constructed out of it. Initially the design was made
out of a single component blade assembly. But, due to constraints in the feature
extractions, this method is dropped and a vane surface dependent design is followed
for simplified and an elegant approach. This will very advantageous in adapting
to future vane profile modifications. The vane, hub and shroud are created as
individual part geometries and finally assembled together as a single component.
The procedure is explained in chronology in the following sections.
The heating channel designs have been tested for its robustness with respect to flow
and structural tests. Before 3D printing, the designed CAD model has to qualify
these two tests.

3.3.1 First CAD Model
In this design, a constant outer wall thickness of 4 mm and channel height of 3 mm
have been implemented. The water after heating the blade walls, is allowed to exit
in the two directions near the leading and trailing edges and flow through the outlet
pipe.The CAD model for design 1 is shown in the figure 3.1.

Figure 3.1: First Design
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3.3.1.1 CFD Test

The model is then cleaned up for performing flow analysis. All the unwanted sur-
faces are removed and the mesh is generated for the flow path using finite volume
mesh generating tool ICEM CFD from ANSYS. A relatively fine tetrahedron ele-
ments is used for generating the background grid and the final grid size contained
about 0.5 million cells shown in figure 3.2. The flow is able to turn through the
designed channel and exits through the outlet. And finally the total pressure has
been evaluated. It is seen that the maximum total pressure occurs on the blade tip
near the inlet region which is found to be 0.0135 MPa. The area weighted average
value of total pressure on the entire blade surface is found to be 0.01145 MPa shown
in figure 3.3.

Figure 3.2: First Design FV Mesh

Figure 3.3: First Design Total Pressure
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3.3.1.2 Structural Test

The total pressure value is fed as the input value for the structural analysis. This
analysis is performed using ANSYS Static Structural tool. The structural domain
is extracted from the CAD model shown in figure 3.4. The pressure boundary is
applied on the inner wall and the ends are fixed. The total deformation is maximum
at the centre of the pressure surface. Its value is found to be 2.09 mm which is quite
maximum that can be seen from figure 3.5.

Figure 3.4: Structural BC

Figure 3.5: Design1 Deformation

3.3.2 Second CAD Design
In this design, the same outer wall thickness and channel as in first design have been
maintained. The water after heating the blade walls, is allowed to exit in all the four
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directions and the outlet pipe area is maximized to reduce the pressure losses.The
CAD model for design 2 is shown in the figure 3.6.

Figure 3.6: Second Design

3.3.2.1 CFD Test

A very fine tetrahedron elements is used for generating the background grid and the
final grid size contained about 4 million cells shown in figure 3.7. The flow is able to
turn through the designed channel and exits through the outlet with reduced losses
compared to design 1. And finally the total pressure has been evaluated. It is seen
that the maximum total pressure occurs on the blade tip near the inlet region which
is found to be 0.0054 MPa. The area weighted average value of total pressure on
the entire blade surface is found to be 0.0037 MPa shown in figure 3.8.

Figure 3.7: Second Design FV Mesh
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Figure 3.8: Second Design Total Pressure

3.3.2.2 Structural Test

The same procedure is followed for the structural analysis as in design 1. The total
deformation is again maximum at the centre of the pressure surface. Its value is
found to be 0.85 mm for the maximum pressure load but for the averaged load it is
further reduced to 0.58 mm.

Figure 3.9: Second Design Deformation
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Figure 3.10: Second Design Deformation for AWA Total Pressure

3.3.3 Outcomes of the Preliminary Design
It is seen that the first design though passing the CFD test, failed the structural test.
Therefore, a second improvised design has been made and tested correspondingly.
The deformation has been greatly reduced in the second model, which can be taken
for fabricating the physical model of the OGV.

3.3.4 Final CAD Model

3.3.4.1 Design of the Vane Channel

The lofted surface of the vane is used as the reference geometry for all the part
construction. To create a thickness for the vane wall and a channel inside the
vane, the outer vane wall has to be offset internally. But this feature seemed to
be impossible with the current geometry, as its highly 3D and the offset resulted in
curve intersection near the trailing edge. To avoid this, the vane is split at a distance
of 30 mm approximately from the trailing edge shown in figure 3.11. The first offset
to create a wall thickness is thus made 4 mm internally. A uniform thickness is
generated for the outer wall to enable uniform conduction. This surface is again
offset to 3 mm for creating the channel. The vane is cut 4 mm external offset from
the hub line and 2 mm external offset from the shroud line to make provisions during
the assembly and trim away the unwanted features shown in figure 3.12. Then the
inner core is made solid by using ’Surface Fill’ feature. To hold this inner core, two
cylindrical pinned supports of 1 mm diameter each are created from the channel
outer wall in the pressure and suction surfaces by extrusion features shown in figure
3.13. Finally, a series of markers of 1 mm diameter radius and depth are made
either side on the pressure and suction surfaces shown in figure 3.14 & figure 3.15,
to make them visible distinct in the IR camera measurements. These markings are
made by extracting curves on the vane surface in the span-wise direction and series
of creating cylinders using ’Curve driven Pattern’ feature finally subtracting them
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from the vane. These holes will be filled with material like silver paint making their
appearance distinct in the IR camera. The split portion of the trailing edge shown
in figure 3.16, is modelled as a separate part in a similar manner and will be joined
during the assembly process. With this design, a maximum uniform surface heating
is possible covering more than 80% of the OGV span.

Figure 3.11: Vane Split

Figure 3.12: Vane offset
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Figure 3.13: Pinned support

Figure 3.14: Vane solid model
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Figure 3.15: Vane

Figure 3.16: Vane TE

3.3.4.2 Design of the Hub Channel

The hub design is the next challenging part, as it contains sharp corners, the return
channel entry and seating for the central core. The hub is extended along the suction
surface up to the hub of the next vane by using revolve feature. This extension
will provide additional heat transfer data on the hub endwall where the interesting
features are sought to occur. The revolved solid is split with the vane outer wall to
pave the opening for the water channel and the inner core is retained. This inner
core is again trimmed from a distance of 7.10 mm below the hub line, to make the
vane possibly seated inside the hub. Then, the internal channel is made such that
it enables maximum heating of the hub endwall and revolved. Four square pillars
have been created that could hold the hub seating for the vane inside the channel.
The leading and trailing faces of the outer walls are grooved 0.2 mm inside, to avoid
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metal contact thus restricting heat conduction losses through these faces. Markers
are created on the hub surface in a similar way to the vane markers. Chamfers on
the sides are created based on the details from the drawing.

Figure 3.17: Hub cut section view

Figure 3.18: Hub model

3.3.4.3 Design of the Shroud Channel

A similar procedure have been followed for making the vane seated in the shroud.
The vane seat is 3 mm from the shroud bottom inner wall and 4 mm thick. Apart
from providing seating for the vane, it also enables uniform flow distribution from
the inlet pipe to the channel. The fluid enters the hub channel as a jet exiting from
the inlet pipe, impinges on the seat, transforms to uniform channel flow then flows
through the vane channel and the hub channel.To have a baseline material for 3D
printing four extruded supports are provided in each corners. This is needed as the
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3D printing is performed in an inclined angle of 30 degrees from the leading edge
position.

Figure 3.19: Shroud cut section view

Figure 3.20: Shroud

3.3.4.4 Assembly

In the assembly, hub, shroud and the vane parts have been imported and are auto-
matically placed at the right locations all the parts have been designed based on the
common reference planes and axis. Join feature is used for making the assembly.
Then, the return channel for the hot water is made from the hub to shroud that
return channel exits in the shroud through an outlet pipe. The inlet pipe is also
made at the centre of the shroud top face and both these pipes are of same diameter.
Fillet is provided for the pipes internally and externally at the shroud top wall to
have an additional support. All the chamfers and holes have been made according

18



3. Theory & Design Methodology

to the data from technical drawings. The assembled model is shown in figure 3.21
& figure 3.22. This model is manufactured by rapid prototyping and shown in the
figure 3.23.

Figure 3.21: Assembled model cut section view

Figure 3.22: Assembly
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4
Experimental Methodology

4.1 Experimentation

4.1.1 Rapid Prototyping of the OGV
The designed CAD model is sent to PROTOTAL AB for rapid prototyping by using
Stereo Lithography Apparatus (SLA). Accura ClearVue was the material chosen for
rapid prototyping. This material has superior properties in terms of heat deflection
temperature, which is an important parameter in the present study as the maximum
temperature value will be around 50◦C. Also, in order to find the material thermal
transport properties like thermal conductivity, thermal diffusivity & volumetric heat
capacity, two different configurations of the material sample were sent to Hot Disk
AB and the corresponding values are tabulated below.

Figure 4.1: OGV Coated with NVC
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Table 4.1: Accura Clearvue material properties

Tensile strength 46-53 MPa
Young’s Modulus 2270-2640 MPa
Coefficient of
Thermal expansion 70

Thermal conductivity 0.220 W/mK
Volumetric heat capacity 1.542 MJ/m^3K

4.1.2 IR Camera System Calibration
4.1.2.1 Background

In Infrared Thermography, the radiation emitted from the object as photons of
interest governed by Planck’s law is detected by the IR camera lens. The optical
image is then converted into an electronic signals by a thermal sensor known as
focal-plane array (FPA) detector elements, which partly absorbs and transmits the
photons. The absorbed photons are converted to photo-electrons and are processed
by the signal processing unit that converts it to a thermal image.
Thermal radiation is emitted by any object greater than absolute zero temperature
and are transported by electromagnetic waves. This mode of heat transfer doesn’t
require any medium for its transport. In principle, spectral intensity quantification
is significant in the evaluation of net radiative flux. For a blackbody, the spectral
intensity for a blackbody is given by Planck’s law stated below.

Eλ,b(λ, T ) = πIλ,b(λ, T ) = C1

λ5[exp(C2/λT )− 1] (4.1)

where
Eλ,b - Spectral emissive power
Iλ,b - Spectral intensity of blackbody radiation
λ - Wavelength
b - blackbody
T - Temperature
C1&C2 - Radiation constants

4.1.2.2 IR Camera

A MWIR Phoenix Camera from FLIR Systems Inc. is used in the present study for
thermography measurements. The system consists of a camera head (front end) and
real time imaging electronics (back end). The RTIE-based Phoenix camera can be
run without analog video output at user specified frame rates and window sizes. A
narrow and wide angle lens have been used for capturing the images at two different
locations. The specifications of the camera system are tabulated below.

4.1.2.3 Calibrator

A new calibrator is designed for calibrating the IR camera. It consists of a heated
aluminum plate embedded with three highly accurate RTD sensors and a differential

22



4. Experimental Methodology

Table 4.2: MWIR Phoenix Camera System Specifications

Manufacturer FLIR Systems Inc.
Model Phoenix MWIR Camera System
Detector type Indium Antimonide
Detector spectral Response 1µm− 5.4µm
Filtered spectral response 3µm− 5µm
Format (pixel number) 320 x 256
Detector Pitch 30
Detector Temperature Stirling cycle
Dynamic Response 77 K
Dynamic Range 14 bit
NETD (sensitivity) 25 mK
Minimum Window 2 rows x 4 columns
Integration mode Snapshot
Max frame rate full window 122 Hz
Max frame rate minimum window 13.6 kHz
Integration time 9 µs -16 ms

Output Composite video/digital image/
RS.232 camera control

Input Sync (arm/trigger) / RS 232
camera control

Optics 25 mm f/2.3 MWIR / Janos
Technology
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thermocouple, that gives temperature difference between two locations in the plate.
The whole setup enclosed inside a thermocol (Polystyrene) The bottom surface of
the hot plate that is painted black with Nextel Velvet Coating (NVC) is viewed by
the IR camera. It is designed in such a way that most of the background radiation
effects are eliminated by has double isolation. The schematic CAD of the calibrator
is shown in the figure.

Figure 4.2: Calibration System Design

4.1.2.4 Bad Pixel Association & NUC

After mounting the calibration system and connecting it to a digital computer, the
integration time is specified as a first step using the Phoenix camera control software.
The selected integration time value of 2.2 ms provides a maximum count value of
12200 at the desired hot temperature value which is around 75% of the FLIR cam-
era dynamic range as per the manufacturer’s recommendation. The LabVIEW file
which contains the camera calibration interface is started. Before starting with the
calibration process, the bad pixel association (BPA) and the non-uniformity correc-
tion (NUC) are carried out. Bad or defective pixels are defined as the pixels those
being significantly deviating from the average behaviour of their neighbours, arising
due to camera manufacturing defects. For this a script is written using MATLAB,
that eliminates the bad pixels are associated using special interpolation functions.
Since the FLIR camera that uses the focal-plane array (FPA), are generally subjected
to non-uniformity of the individual detector array, resulting in spatial variation of
the gain and offset parameters known as fixed pattern noise (FPN). Therefore, the
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image obtained is degraded and has to be corrected which is termed as the non-
uniformity correction (NUC) that calculates the gain and offset coefficients. The
two point correction (TPC) based NUC algorithm proposed by [] is used in the
present study. The TPC based NUC algorithm is stated as follows

yi(φ) = [xi(φ)− xi(φ1)]gi + x(φ1) (4.2)

gi = x(φ2)− x(φ1)
xi(φ2)− xi(φ1) (4.3)

oi = x(φ1)− xi(φ1).gi (4.4)

where yi(φ)&xi(φ)- uncorrected and corrected pixel responses of i th pixel
xi(φ1)&xi(φ2)- temporal averaged array responses

x(φ1)&x(φ2)- spatial averaged array responses

gi&oi - Gain and Offset coefficients

The images below presents the BPA and NUC process applied to a raw image data.

Figure 4.3: Frame with Bad Pixels
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Figure 4.4: Raw image with NUC applied

4.1.2.5 Calibration Process

The Calibration setup is shown in the figure. The camera is made to look upwards to
reduce to natural convection effects. A multi-point calibration procedure is followed
in the present study for both the narrow and wide angle lenses. The calibrator
surface viewed by the camera is nearly considered as a black body with emissivity
value around 0.97. Temperature is used as the calibration quantity. The reference
Pt100 RTD sensors used for calibration of the camera has an accuracy of ± 0.015◦C.
For each temperature points, 100 samples are acquired and stored as a raw data file
in matrix format. MATLAB is used to process these files and as a first step these
files are temporally averaged to reduce the temporal noise. Later these temporal
averaged data are spatially averaged to convert it into a single point value. Then
these values which generally represents the camera counts are plotted against the
corresponding temperature values read by the RTDs.
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Figure 4.5: Calibration of wide angled lens

Figure 4.6: Calibration of narrow angled lens

4.1.3 Hot water circulation system
To circulate hot water with a constant mass flow rate, a water circulation system
is made. The system consists of a storage tank for water, a pump that circulates
water, heating element, and secondary systems like flow regulating valves, pressure
gauge, flow meter.
Initially the storage tank is filled with water to a certain level and is heated by a
copper coil with water circulation inside. The tank has an excellent insulation with
the thermocol layer covering it, preventing heat dissipation to a maximum extent.
The hot water is circulated to the vane using a low pressure pump. There is a
pressure gauge installed in the direction of inlet pipe to the vane and a flow meter
downstream it. The maximum pressure that the pump can provide was measured
to be 50000 Pa. On considering the OGV safety limits, the pump is operated at
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10000 Pa. The maximum mass flow rate recorded by the flow meter is around 0.3
kg/s. A drain valve is provided such that the water flow to the OGV could be
stopped and returned to the tank for safety reasons. An RTD sensor is inserted in
the water tank that monitors the temperature rise. Before mounting in the TRF,
the OGV is tested with the circulation system to ensure fail safe operation. The
figure shows the schematic of the circulation system and testing the vane with it.
Initially when the vane is tested with water at 45◦C, the vane is deformed heavily
on the pressure side and the hub region. Therefore a new vane with improved design
having a wider return pipe, additional support structures and outlet pipe such that
it is invulnerable to failure by deformation.

Figure 4.7: Circulation System Schematic
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Figure 4.8: OGV with Hot water circulation

Figure 4.9: Improved CAD Model
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Figure 4.10: Additional Support Structures

Also, the hot water temperature is reduced to 37◦C to keep lower amounts of thermal
loads and is again connected to the circulation system for testing. When measured
with a digital dial gauge, the maximum deformation of the vane at the operating
temperature of 37◦C, is found to be 0.3 mm which is within the acceptable range.
The figure shows the CAD of the newly designed vane. The new OGV is painted
with NVC and the markers are made distinct with silver paint. The figure shows
the newly designed OGV with NVC.

4.1.4 Preliminary Wind Tunnel test

To get an idea of the desired results and to visualize the temperature distribution
on the OGV during the operation of the annular cascade tunnel, a wind tunnel test
is made with the IR camera capturing the OGV suction side. A mount for the OGV
using FlexLink aluminum profiles such that it extends into the tunnel. The test is
carried out at the Chalmers Wind Tunnel. The air velocity is swept from 0 to 15
m/s.
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Figure 4.11: Preliminary Wind Tunnel Test

4.1.5 The Experimental Test Rig

The annular cascade tunnel is a semi-closed loop facility rig consisting of a driv-
ing section, diffusing section, heat exchanger section, settling chamber, contraction
area and the turbine section and finally the TRS test section. The schematic of the
annular cascade tunnel rig is shown in the figure and the functionalities of the com-
ponents are described briefly in the following subsections. For a detailed description,
the reader is advised to refer[19].

Figure 4.12: Chalmers EEC Test Rig Schematic

4.1.5.1 Driving Fan

The driving fan is located to the left in the figure shown above and is of centrifugal
type that provides higher pressure drop and required mass flow to run the tur-
bine. The mass flow could be regulated by frequency converter. The engineering
specifications of the fan are tabulated below.
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Table 4.3: Wind Tunnel Specifications

Design Volumetric flow rate 6900 m3/h
Design Total Pressure 7.56 kPa
Fan Diameter 1620 mm
Maximum speed 1800 rpm
Electric motor maximum power 200 kW
Total efficiency 0.82
Noise levels 114.1 dB

4.1.5.2 Diffusing section

The pressure is recovered using the diffuser section. The static pressure of the air
that comes from the centrifugal blower increases and enters the larger cross section
area upstream of the heat exchanger section. Guide vanes are present in the corners
of the duct that not only straightens but also gives a more uniform flow. The diffuser
ducts have the half diffuser angle of 3.75◦.

4.1.5.3 Heat Exchanger section

The flow then enters the heat exhanger section where it is cooled to 18◦C approx-
imately so that the incoming flow to the OGV will be cold. It has a square cross
section 2mx2m and water as a working fluid.

4.1.5.4 Settling Chamber

The non-uniformities in the flow that exits from the heat exchanger section are
controlled by having a settling chamber downstream. The settling chamber that
has the honeycomb and five turbulence screens, conditions the flow and reduces its
turbulence intensity.

4.1.5.5 Contraction section

The outlet of the settling chamber is connected to the turbine section via a contrac-
tion section, that serves as a location for the mainstream flow rate measurement.
It has a length of 1m and an area ratio of 4.7. Apart from improving the flow
uniformity, it also increases the velocity downstream.

4.1.5.6 Turbine section

It consists of a braking system and the turbine stage. The braking system is of
hydraulic type which is connected to the rotor disk to generate torque required for
its speed control. To generate a realistic boundary conditions to the TRS inlet, a
a turbine stage is located upstream of it shown in the figure. There are 60 NGV
and 72 rotor blades in this stage and the latter is shrouded with tip seal to obtain
realistic conditions at the OGV inlet.
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4.1.5.7 TRS section

Finally the flow enters the TRS section which contains the OGV, which are twelve
in numbers. Therefore each OGV sector makes an angle of 30◦ (five NGVs and
six rotor blades for each OGV). There are two traversing systems (one upstream
and one downstream of the OGV in the hub) enabling 360◦ measurements at the
respective locations where the former one can traverse just radially while the latter
one being able to traverse both radially and axially.

4.1.6 Uncertainty Quantification
The method for uncertainty analysis in the present study is based on the one followed
by Osso[]. The heat transfer coefficient on the OGV is calculated by the equation
4.5 below which has 7 independent variables assumed to be following a normal
distribution.

h = k/t(TH2O − Twall)
Twall − Tair

− σ(εwallT 4
wall − εambT 4

air)
Twall − Tair

(4.5)

The uncertainty can be calculated by the formula
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4.1.6.1 Uncertainty in k

The samples of Accura Clearvue were sent to Hot Disk AB for measuring its thermal
conductivity (k) which was found to be 0.22 W/mK and the standard deviation was
found to be 0.14%. This is the random uncertainty in k.

4.1.6.2 Uncertainty in t

The OGV wall thickness uniformity is checked by an Ultrasound measurement device
which had standard deviations of 0.0534% in the hub surface and 0.0181% on the
OGV SS. Therefore the overall uncertainty in thickness (t) is estimated to be 0.068%.

4.1.6.3 Uncertainty in TH2O

For measuring the water temperature inside the vane channel, a well calibrated Pt100
RTD was used. The mean temperature variations were around 0.011◦C. Therefore
the uncertainty in TH2O is estimated to be 0.865%.

4.1.6.4 Uncertainty in Twall

After calibration of the IR camera with the highly accurate RTDs, the difference in
the temperature is found to be 0.1◦C.
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4.1.6.5 Uncertainty in εr

The NVC coating has a constant emissivity up to 30 degrees which then drops slowly
after 60 degrees to 1%. However this becomes a bias error and is not included in
our calculations.
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This section represents the computational modelling of the heat transfer in the
OGV. The details regarding the physical configurations, boundary conditions, solv-
ing methodology, parameter variation considered and procedure followed for the grid
Independence are presented in this chapter.

5.1 Pre-processing

5.1.1 Physical Configurations & Grid Generation

A 3D sector of the OGV model with the hub and shroud is modelled for the CFD
simulations. Two computational grids that models the adiabatic and conjugate
domains of the OGV are created using the commercial ANSYS ICEM CFD grid
generation software. The former contains the grid for the fluid domain only while
the latter contains the grid for both fluid and solid domains. The main purpose of
testing these two conditions is to find the necessity of solving a conjugate problem
and assess the reliability of the adiabatic case against the experiments. A multi-
blocking technique is used to create the background three-dimensional mesh for the
fluid domain. A fine boundary layer mesh is used near the wall regions to model the
flow and heat transfer phenomena to a greater accuracy. The computational domain
is simplified by removing the fillet radius of the vane near the endwalls and thickness
of the vane for this adiabatic case. A structured hexahedral mesh is generated for
the OGV with endwalls sector with a O-grid refinement layer for the vane. The first
cell size is chosen based on the desired y+ value based on a trial and error procedure.
On account of the limitations of the computational cost and time, the y+ value is
chosen around 5 and the corresponding first cell size is given near the wall regions.
Also further refinement of the first cell size increases the skewness near the trailing
edge as the domain is highly 3D. The final grid size is based on the grid convergence
studies which are presented in the following section. For the conjugate model, an
unstructured grid is generated for the OGV solid part and merged with the fluid
domain. The computational domains and the corresponding are shown in the figures.
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Figure 5.1: Adiabatic Case Domain

Figure 5.2: Conjugate Case Domain
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Figure 5.3: Adiabatic Case Mesh

Figure 5.4: Conjugate Case Mesh
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Figure 5.5: Zoomed view of the OGV and End-walls.

5.1.2 Boundary conditions
To simulate the conditions used in the experiments, the values of velocity compo-
nents in the Cartesian coordinate system from the experimental measurements are
specified as a profile inlet condition at the inlet boundary. The temperature at the
inlet plane given by the RTD sensor in the experiments is fed as the inlet boundary
value in the computations. As the turbulence intensity values in the inlet plane
are in the range of 4-6 % from the experiments, a value of 5% is given which is
also the typical value in the real-time operating conditions with high turbulent in-
tensity. The turbulent length scale value is based on the channel height which is
0.22 m. Instead of considering a conjugate heat transfer, an adiabatic condition is
simulated for simplicity as discussed earlier by eliminating the wall thickness. In
order to solve the heat transfer on the OGV wall, a heat flux value is prescribed
based on 1D approximations as the vane thickness is mostly uniform. The 1D heat
flux approximation is shown as below.

The heat flux q" is approximated using 1D assumption of the heat conduction from
the vane water side to the air side through the wall.

qx” = k
∂T

∂x
(5.1)

k
∂T

∂x
= Twater − Twall

t
(5.2)

Assuming
Twall = Tair (5.3)

We know that, k = 0.22Wm−1K−1, Tair = 290.84KTwater = 304.68K&
Therefore qx” = 761.2Wm−2

And the side boundaries are defined with rotational periodicity to simulate the annu-
lar cascade situation.Typical values for the boundary conditions used are tabulated
below.
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Table 5.1: Details of the boundary conditions

Boundary Conditions Values
Mainstream Total Temperature at the inlet,
To,∞in

290.84 K

Velocity at the inlet plane, V∞,in Profile inlet
OGV Span, H 0.22 m
Flow Reynolds number, Re∞,in 235000
Flow coefficient, φ 0.0622, 0.0588 & 0.0657
Turbulence intensity at inlet and outlet, T.I 5%
Turbulence length scale, T.L 0.22 m
Gauge Static Pressure at the outlet, Ps,out -101.053 Pa
Total Temperature at the outlet, Ts,out 290.84 K
Heat Flux on the OGV, q” 761.2 Wm−2

Water side wall Temperature, Twaterside 304.68 K

5.2 Grid Convergence study

It is always indispensable for the solution to be insensitive to the spatial grid reso-
lution, a grid convergence study needs to be accomplished. Therefore, a grid con-
vergence study is carried out for the adiabatic case based on the Grid convergence
Index (GCI) method [4]. Three levels of grid viz. coarse, medium and fine are used
to ensure that the solution lies within the asymptotic range of convergence. The
procedure for the GCI method is explained as follows:
To define a representative cell size, the term ’h’ is used

h =
[

1
N

N∑
i=1

(∆Vi)1/3
]

(5.4)

where, (∆Vi) is the ith cell volume and N is the total number of cells.

The refinement ratios of each grid refinement levels are defined as;

r21 =
[
hmedium
hfine

]
, r31 =

[
hcoarse
hfine

]
, r32 =

[
hcoarse
hmedium

]
(5.5)

The values for these grid refinement factors in the present study falls as per the rec-
ommendations from the previous researchers that they are greater than 1.1 between
two successive grids and greater than or equal to 1.3 for r31. These details of the
mesh convergence study are tabulated below. The plot of the grid convergence is
shown in the figure where the temperature distribution on the suction side mid-span
is plotted against the streamwise distance.
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Table 5.2: Details of the Grid Convergence study

Level N h ∆Vi
x10−8 r21 r31 r32

Coarse 855730 0.0030 2.6082 1.1705 1.3825 1.1811
Medium 967555 0.0028 2.288
Fine 1081932 0.0027 1.9950

Figure 5.6: Grid Convergence study

5.3 Solving Methodology

5.3.1 Governing Equations

The governing equations of the transport process concerning the present study are
the equations of mass conservation (continuity equation), momentum conservation
and energy conservation are solved along with the RANS based turbulence models.
The following assumptions are assumed while solving the present problem.
(i) the flow is incompressible
(ii) the flow is steady
(iii) the fluid properties are constant
(iv) the radiation and buoyancy are absent
(v) viscous dissipation is absent
The governing equations in the differential conservative form can be stated as,
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5.3.1.1 Continuity equation

∇.−→v = 0 (5.6)

5.3.1.2 Momentum equation

ρ(−→v .−→∇)−→v = −→∇p+ µ∆−→v + ρfe (5.7)

5.3.1.3 Energy equation

∇
(−→v (ρE + p)− k∇−→T − (τ .−→ν )

)
= −→fe .−→v + qH (5.8)

5.3.2 Turbulence Model

It is of paramount importance to model the turbulence appropriately to validate
the computational solution with the experimental data. Based on the operating
Reynolds number of 235000, the wall y+ value was estimated to be in the range
between 5 and 90. Therefore, a RANS based k − ε with standard wall functions
and Shear Stress Transport (SST) k-ω models are used for the closure of turbulence.
The plot of the heat transfer coefficient that shows the comparison between these
models are shown in figure.

5.3.3 Spatial Discretization Schemes

The governing equations are solved along with the above mentioned standard k-
ε and SST k-ω turbulence models using the finite volume based commercial CFD
software FLUENT v18.2. The necessary boundary conditions mentioned in the
earlier section are applied to solve the steady state simulations. For the spatial
discretization, second order accurate upwind scheme is used for the momentum,
energy and turbulent transport equations. A standard interpolation is used for
Pressure whereas the SIMPLE algorithm is used for pressure-velocity coupling. To
monitor the solution convergence, along with the residual values the area weighted
average value of the surface heat transfer coefficient are monitored to reach a steady
state values for adiabatic case, while area weighted average value of total surface heat
flux on the OGV is monitored for the conjugate case. The steady state is attained
when all the residuals are in of order of 10−6 for continuity, 10−8 for momentum and
energy and 10−7 for turbulent transport equations.
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5.4 Data Representation
For representing the results from the computational solution, it is important to de-
cide the parameters and locations of interest. Since the present computational study
is a 3D heat transfer problem, the data are represented by plots & contours of tem-
perature distribution, heat transfer coefficient using lines and planes at the region of
interest. The horse-shoe vortex plays a significant role in the flow characteristics at
the OGV-hub interface which can be seen from the earlier flow experiments. There-
fore for plotting the above mentioned parameters, a curve is extracted on the OGV
surface at 0.5H (mid-span) , where H represents the blade height. The location of
the mid-plane curve by lines and planes are shown in the figures 5.7 and 5.8 . Tec-
plot 360 is used for representing the data in contours using flooded line values for
better visualization and CFD Post from ANSYS is used for extracting the mid-span
curve.

Figure 5.7: Mid-span Plane

Figure 5.8: Mid-span curve
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Results & Discussions

This chapter presents the results and discussions concerning the experimental and
computational investigations of the heat transfer measurements on the OGV suction
side. Contours and plots of Temperature and Heat Flux are used to explain the
results for three different flow coefficient values simulating the on-design and off-
design conditions for a constant engine operative Reynolds number value of 235000.
The three different flow coefficients with their corresponding exit swirl angles and
loading coefficients are tabulated below as the test matrix. The flow coefficient ( φ
), is defined as the ratio of the meridional velocity to the blade speed.

φ = cm/U (6.1)

where cm is the meridional velocity and U is the blade speed.

6.1 Post Processing of the Experimental Results
& Estimation of Heat Transfer Coefficient

The calculation of the heat transfer coefficient (HTC) by experiments is the prime
objective of this study, since the IR camera gives the temperature data only, an
algorithm for calculation of HTC is necessary. The BPA and NUC is applied for
the raw data captured by the IR camera by grabbing a decided number of frames
specified in the section 4.1.2.5 of chapter 4. The temperature data obtained by the IR
camera is in the format of 2D, but to calculate the HTC on the blade surface which
is 3D in real-time, for which a 3D temperature distribution is needed. Therefore
mapping of the 2D temperature to the 3D temperature on the OGV suction side
is necessary. For mapping the vane markers are used. A MATLAB script is used
for mapping the marker locations with the OGV 3D data coordinates by manual

Table 6.1: Test matrix

Re φ α ψ
Operating
Condition

235000 0.622 -16.4 1.153 On Design

0.588 -31.4 1.274 Off Design
(High loading)

0.657 -11.4 1.035 Off Design
(Low loading)
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selection of the points. Therefore the 2D temperature profile is now converted to a
3D on the OGV surface. This 3D temperature data on the OGV outer surface (air
side) along with the constant temperature on the inner surface (water side) will be
used as a boundary condition for solving the heat flux from which the HTC can be
calculated. For solving this conduction, the FEATool in MATLAB is used.

6.2 A Brief Review of Secondary Flow Influence
on Heat Transfer

The flow impinges on the leading edge of the OGV, called as the stagnation region
where it is split into two parts. By the classical secondary flow vortex system
described by Sieverding [3], rolling up of the endwall boundary layer results in a
vortical motion forming a horseshoe vortex which is generally true for most of the
turbomachinery flows. These secondary flow has a greater influence on the heat
transfer behaviour as the convective heat transfer is always associated with the flow
physics. It can be observed from the previous literature that the suction side of
the vane, has got the most significant flow and heat transfer characteristics due to
transition in the boundary layer or separation. Therefore, the present study results
are discussed based on the suction side results.

6.3 Temperature Distribution

The temperature distribution for the three different flow coefficient values are pre-
sented with the contours of temperature from the experiments and CFD, supported
by their corresponding plots. It can be seen from the experimental results, that the
stagnation zone data is trimmed due to the missing leading edge temperature data.
In general this stagnation zone records the lowest temperature values, after which
the temperature gradually increases and attains a peak in the mid-chord region and
decreases again. This transition phenomena is not very well predicted by the adi-
abatic CFD calculations. However, the conjugate CFD calculations predicts this
behaviour comparatively better with an offset. The horseshoe vortex formation can
be seen near the hub and OGV interaction area, where there is an increase in the
temperature value observed. Therefore, to visualize this phenomena, a plot compar-
ison of Temperature is made on the mid-span curve on the suction side for all the
cases which actually supports the above mentioned discussion.
It can be seen that the experiments that the temperature first increases up to 20%
of the streamwise distance, with less steep further up to 60% of the streamwise
distance, after which there is a gradual drop and remains almost constant. For the
corresponding CHT based CFD results, however a constant trend is seen after 20%
of the streamwise distance until 80%. After that there is a gradual decrease till
the end. The overall comparison plot for the experimental temperature distribution
data shows that the flow coefficient(φ) value of 0.657 has this transition behaviour
closer to the leading edge compared to the other two cases.
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Figure 6.1: Contours of Temperature Distribution 45
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Figure 6.2: φ = 0.622-Comparison of Mid-span Temperature Distribution

Figure 6.3: φ = 0.657-Comparison of Mid-span Temperature Distribution
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Figure 6.4: φ = 0.588-Comparison of Mid-span Temperature Distribution

Figure 6.5: Overall Comparison of Experimental & Conjugate CFD Temperature
Distribution
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6.4 Heat Transfer Coefficient Distribution

It can be seen from the plots of overall heat transfer coefficient (HTC) comparison
presented in figure 6.6, that the experimental values are highest near the leading edge
and decreases to the lowest value in the mid chord area. It then increases suddenly
from that point to the downstream region and becomes the lowest in the trailing
edge zone which is not visible here due to missing information. The sudden increase
may be because of transition in the boundary layer from laminar to turbulent or due
to a laminar separation bubble. Again this sudden transition in the heat transfer is
not very well captured by the CFD results which could be inferred from the plots
of the conjugate CFD results. In both experimental and CFD results, the flow
coefficient(φ) value of 0.657 has the highest magnitude of HTC especially after the
transitional behaviour.The contours of HTC by experiments and CFD supports this
discussion. Also, the CFD results are over-predicted which may be due to poor
performance by the RANS based turbulence models for this type of problem.

Figure 6.6: Overall Comparison of Experimental & Conjugate CFD HTC Distri-
bution
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Figure 6.7: Contours of HTC Distribution 49
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7
Conclusion

The prime objective of the thesis is to estimate the heat transfer coefficient on
an OGV of the Engine Exit Module (EEM) at the Chalmers turbine facility, by
Infrared Thermography experiments along with the commercial code CFD software.
The OGV heat transfer model is prepared by Rapid Prototyping technique with a
channel for uniform circulation of the hot water. A multi-point calibration procedure
has been followed for the IR camera. The experimental measurements and the
computational simulations are carried out at the engine representative flow Reynolds
number of 235000 for three different flow coefficient values.

The calibration and the measurements resulting from the experiments are highly
accurate. A novel heating design is made for the OGV and the endwalls by circu-
lating hot water that provides uniform heat transfer to the maximum surface of the
OGV. Computational simulations of the OGV sector are performed by commercial
CFD tools. Two different cases (Adiabatic and conjugate) of the OGV have been
solved using two different RANS based turbulence models. The adiabatic model
solves only the convection heat transfer by enforcing a uniform surface heat flux
boundary condition on the heated walls using 1D heat conduction assumptions and
the conjugate model solves the convection and conduction associated with the OGV
by considering the thickness of the real time experimental model.

The results of the CFD are compared with the measured experimental data and the
following inferences about the heat transfer distribution on the suction surface of
the OGV have been made.

• The effects of the horse-shoe vortex (HSV) near the OGV and hub endwall
interface has been well captured by the experiments and the computations.

• There exists a transition in the heat transfer pattern from the experiments in
the mid-chord region of the OGV suction surface which may arise due to a
boundary layer transition or a separation bubble, which is not predicted by
the adiabatic CFD simulations in all the cases.

• The conjugate heat transfer model predicts this transitional behaviour but
with an offset to the farther downstream location and the values are under
predicted.
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7. Conclusion

7.1 Scope for Future Work
The present work deals with a low Reynolds number of 235000 which is also an en-
gine representative condition but with limitations to few engine models and without
considering the purge flow that emanates from the hub side entrance. Therefore,
one could study this purge flow and also with high Reynolds number. The tran-
sitions happening in the experimental data could be studied in detail by resolving
the boundary layer using hot wire measurements and advanced flow visualization
methods like Particle Image Velocimetry (PIV).
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