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Abstract

The main purpose of this study is to design an instrumented end-wall to study the
heat transfer mechanisms and �ow measurements in Outlet Guided Vanes (OGVs)
section in a linear cascade located at Chalmers University of Technology in order
to understand the thermal interaction between the OGVs, end-walls and the air
�ow.

The design is conducted using Computer-Aided Design(CAD), the CAD soft-
ware used in this project is SolidWorks. Furthermore, an optimization of the design
has been performed using SolidWorks and Matlab in order to minimize the heat
transfer measurement error during the experiments. The data acquired with these
studies can be used for CFD validation purposes or for future design modi�cations
of the OGVs or endwalls as the coolant needed or the materials that can be used.

In addition, �ow measurements in a low-speed linear cascade has been per-
formed to understand the �uid behaviour in this section. The data obtained in
these experiments can be compared with other similar experiments and with CFD
simulations.
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Introduction

Due to the necessity to develop an e�cient and accessible technology, it becomes
necessary to study the processes taking place in each technology. The e�ciency in
a heat engine depends on the temperature di�erence between the heat source and
the cold source, obtaining higher e�ciencies while the temperature di�erence is
higher. In this case, the experiment was focused in the study of �uid �ow through
a vane situated inside a low-speed linear cascade. The aim of this experiment is to
understand the complex processes involved inside the engine exit structure (EES)
of an aero-engine.

It is of special interest the heat transfer phenomena involved in this section,
especially local high heat transfer coe�cient to avoid high thermal stresses on the
end-walls on OGVs, causing early damage to the components. Therefore, having
the possibility of predicting the heat transfer coe�cients in this section can lead
to an improvement of the design, such as which material is the most suitable for
the EES as well as the design of cooling �ow for the OGV if needed.

Main objective

The main goal is to design an instrumented window and minimize the error mea-
suring the heat transfer coe�cient on a vane surface and on the end-wall. Further-
more, the �uid's behaviour at the linear cascade is analysed using the information
acquired by pressure measurement techniques. This study has been adapted from
the experiment in Rojo et. al. (2014), modifying aspects such as the possible gaps
of air between the layers of his instrumented window.
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1.1 Basic Background

1.1.1 Gas turbine description

A gas turbine is a heat engine where the combustion is situated within, it is a
type of internal combustion engine. The turbine works continuously. It consists
of several parts:

Fan. Here is where the compression starts. Air stream is divided in two, the pri-
mary �ow and the bypass air. The �rst one goes through the axial compressor
and subsequently to the combustor.

Compressor. At this point the air enters in order to be compressed adiabatically
to the pressure of combustion through various stages of compressors rotating
in the same direction of the fan. Here is where the temperature increases
due to increased pressure. Higher pressure ratios leads to higher e�ciencies.

Combustor. Here the chemical energy is added by the fuel, it is injected thereby
producing the combustion, resulting in a supply of heat (Q) to the heat
engine. The combustion process takes place at constant pressure thus very
high temperatures are reached, also the volume is increased.

Turbine. This stage is the expansion phase. The turbine extracts energy from
the exhaust gases from combustor by making the blades spin. In a jet engine,
which is a type of a gas turbine, the energy extracted by the turbine is used
to drive the compressor by linking the compressor and the turbine by the
central shaft. The turbine takes some energy out of the hot exhaust, but
the �ow leaving the turbine is at a higher pressure, temperature and velocity
than the free stream �ow.

Exhaust Duct. The air exits through the rear of the engine, this is collected, straight-
ened and accelerated by the narrow walls of the nozzle. Most of the thrust
comes from the velocity di�erence between the velocity of the free stream
and the exhaust gases.

Bypass �ow duct. That concentrically surrounds the core engine. Its internal
and external walls are carefully shaped to minimize the energy loss of the
bypass air �ow and optimizing its mixing with the primary exhaust �ow.
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Figure 1.1: Turbofan jet engine

Figure 1.1 shows a jet engine with a Exit Engine Structure, which is located
at the last part after the Low Pressure Turbine.

This makes up the Bryton Cycle, but for a jet engine, where is the �eld which
is concerned at this thesis, it is used with some di�erences.
Because in gas turbines for the purpose of obtaining electric power one must max-
imize the net work that will result in the turbine moving the generator.

In a low-bypass jet engine, however, the minimum net work is required, which
is what keeps up the compressor (and other aircraft systems). The rest of the
usable internal energy of the gas is not extracted, but is maintained in the form of
kinetic energy. The momentum with which the expelled gases are carried is what
propels the air plane forward, according to Newton's third law. For high-bypass
engines the main driving force is generated by the fan.
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Figure 1.2 shows how the Brayton's cycle is applied for turbojet.

Figure 1.2: Brayton cycle

1.1.2 Outlet Guide Vanes (OGVs) description

The OGVs have both an aerodynamic and a structural function inside the gas
turbine.
These vanes connects structurally the support for the rear connection of the mo-
tor, motor casing and the connection point of the aircraft. Meanwhile, the aerody-
namic function of these vanes is to eliminate the tangential component of the air
as these blades are the latest to the �ow path before going into the nozzle. So it is
very important to reduce aerodynamic losses at these crucial points in the turbine.

The most important areas of an OGV are the following , that are shown in
Fig. 1.3.

A Leading edge.

B Trailing edge.

C Shroud side.

D Hub side.

E Suction side.

F Pressure side.
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Figure 1.3: Areas of an OGV

Through the surface of the vane there is a distribution of pressures which is
a�ected by the design of it. In order to study this distribution the pressure co-
e�cient is used, which is a non-dimensional coe�cient that describes the relative
pressure through a �ow �eld. This coe�cient depends on the air foil shape, inlet
velocity magnitude and inlet velocity relative angle.

At on-design conditions the pressure distribution coe�cient is negative at the
pressure side. The Cp is plotted �upside-down� with negative values (suction),
higher on the plot because the upper surface uses to correspond to the upper line
(see [1] and Fig. 1.4).

The OGV that is used consists of a 2D pro�le section which is extended in
the span direction. One of them composed of an aluminium core and silicone
shell to study the heat transfer, being able to insert some electrical heaters and a
thermoresistor. The others vanes used in the linear cascade are made of plastic by
using SLA (stereolithography) technique for the aero-measurements.
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Figure 1.4: Pressure distribution on an airfoil.

1.1.3 The facility

The facility where the experiments were performed is located at Chalmers Univer-
sity of Technology and is a subsonic linear cascade rig. The rig was assembled in
2004, the test section has a cross section of 1200 x 240 mm2 and with the power
fan of 30 kW the maximum inlet wind speed achieved is 30 m/s, being able to run
experiments at realistic Reynolds numbers.

Furthermore, it is possible to locate di�erent kind of vanes to a Plexiglas wall,
which allows use optical measurements. This test area is 1200 mm length, where
can be located 4 vanes. To be able to test di�erent designs, the angle of the inlet
air �ow can be changed from 0o to 52o. The rig is also equipped with an advanced
suction system driven by two motors with 15 kW power to control the growth of
the boundary layers on the side walls.
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Figure 1.5: Chalmers' Subsonic Linear Cascade Rig

1.1.4 Theoretical Background

Heat Transfer

Heat transfer is the science that predicts the energy exchanged amongst two bodies
with di�erent temperature. Whenever there exists a temperature di�erence in a
medium or between di�erent media, heat transfer must occur. This science explains
how the energy is exchanged and it can guess the velocity of this exchange at
di�erent conditions. This is di�erent than the thermodynamics, because the last
one studies systems which are in equilibrium or how to change one equilibrium
system to another state of equilibrium, but not the rates.

Heat transfer mechanisms

The heat transfer is transferring energy as a result of a driving force, which is
the temperature di�erence. The heat �ow occurs when two di�erent temperature
bodies come into a thermal contact and the heat �ow goes from the object with
higher temperature to the lower temperature. There are three ways in which heat
is transmitted, which depends on the nature of the system and the conditions
under which it is located.
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Conductivity

Conductivity is the molecular transport of heat, and is a consequence of the elec-
tronic migration between atoms in a rigid network or the transmission of the
vibration energy between adjacent molecules in a solid, however in a �uid is the
direct interaction between its molecules without a macroscopic �uid displacement.
The energy level of the elemental particles is a temperature function, due when
these particles move to a minor temperature regions, these particles cease their
excess energy to other particles with less temperature as heat.

The heat �ux by conduction is given by Fourier's law:

q = k∇T (W/m2) (1.1)

k is the material's thermal conductivity (Wm−1K−1), which is analogous to
the Newtonian viscosity, which is a property of transport and is de�ned as the
energy needed to heat one cubic meter of the material by one degree.

The conductivity of pure metals decreases with the temperature. However,
for alloys depends on the composition. For liquids and gases the conductivity is
increased by the temperature.

The minus sign indicates the physical fact that the heat �ux goes from high to
low temperature.

The di�erential equation for the heat conduction in Cartesian coordinates is.

∂

∂x

(
k
∂T

∂x

)
+

∂

∂y

(
k
∂T

∂y

)
+

∂

∂z

(
k
∂T

∂z

)
+ q0 = ρCp

∂T

∂t

T = T (x,y,z,t);

q0 = q0(x,y,z,t)

(1.2)

Where x,y,z are the spatial coordinates of the body to study, q0 is the heat
generated per volume (W/m3) ρ is the density (kg/m3) and Cp is the speci�c heat
(J/(K · kg)) For a unidirectional energy transport the last equation is simpli�ed
to:

k
d2T

dx2
= 0 (1.3)
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Figure 1.6: Conduction in a �at wall

When the equation 1.3 is integrated and with the following boundary condi-
tions:

B.C.1 : y = 0; T = T1;
dT

dy
= C1;T = C1y + C2

B.C.2 : y = e; T = T2; T1 = C2

T2 = C1 · e+ C2; T2 = C1 · e+ T1

C1 = C1
T2 − T1

e

Therefore, the temperature it is:

T =
T2 − T1

e
y + T1 (1.4)

And the heat �ux it is:

q = qA · A = −kdT
dy
A = k

T1 − T2
e

A (1.5)
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In a �at wall with several materials is the same for each interface.

Figure 1.7: Conduction in a �at wall with several materials

q =
T1 − T2( e

kA

)
A

=
T2 − T3( e

kA

)
B

=
T3 − T4( e

kA

)
C

=

T1 − T4( e

kA

)
A
+
( e

kA

)
B
+
( e

kA

)
C

(1.6)

Convection

Convection is the heat transfer among macroscopic movement of �uid particles.
Convection is due to the movement of a �uid via a density gradient or mechanical
energy. The heat transfer in this mechanism is due to conductivity and radiation
when the moved material interact with its surrounds.
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Boundary layer

The concept of boundary layer was introduced �rst by Prandtl in 1904. When a
�uid moves next to a solid wall, the �uid particles in contact with the wall are
adhered to its surface due to �uid viscosity. There is a zone where the �uid velocity
is between zero and 0.99 ·U∞ (U∞ is the velocity of the �uid at in�nity, far from
the solid ). This zone is called boundary layer, it is dominated by viscosity and it
creates the majority of drag.

In heat transfer aspects, it is considered that the majority of the heat transfer
to and from a body also takes place within the boundary layer.
For this case the equation is.

q = kA
Twall − Tinf

δ

As δ cannot be measured, it is combined with k, the result is h, the convection
heat transfer coe�cient which depends on the cp, µ, ρ, k, �ux conditions and the
geometry.

Radiation

Thermal radiation is energy emitted by matter that is at a non-zero temperature.
Although we will focus on radiation from solid surfaces, emission may also occur
from liquids and gases. Regardless of the form of the matter, the emission may
be attributed to changes in the electron con�gurations of the constituent atoms
or molecules. the energy of the radiation �eld is transported by electromagnetic
waves (or alternatively, photons). While the transfer of energy by conduction or
convection requires the presence of a material medium,radiation does not. In fact,
radiation transfer occurs most e�ciently in a vacuum.

To understand its importance; life as we know it depends on electromagnetic
radiation from the Sun. This mechanism is the only way that propagates heat
between this two bodies with di�erent temperatures.

Corpuscle-wave theory Radiation can be explained by the corpuscle-wave the-
ory, this theory considers separately the emission and reception of radiation.
The propagation of the radiation is done only in �chunks� of energy, quanta E,
also called photons. The photon energy is de�ned by its frequency according to
by Planck's law.

e = h · υ (1.7)
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In this equation h is the Planck's constant; h = 6.62377 · 10−34J · s, and υ is the
frequency, it is the number of oscillations per second. The wave length and the
frequency are related with its velocity.

λ =
c

υ
(1.8)

Where c is the speed of light through the material. The speed of light in vacuum
is c0.

c0 = 2.99776 · 108m/s−1

Throughout other materials or �uids the velocity decreases, the ratio between this
velocity is called refractive index, n.

n = c0/c (1.9)

Radiation is used to designate the energy transmission through space by electro-
magnetic waves. It includes the full range of energy, from radio waves, X-rays, γ
and cosmic rays to visible light or even radio. The wave range which includes the
thermal radiation is 0.1 to 100µm.

Radiation proprieties The electromagnetic waves moves through the space fol-
lowing straight lines. When a ray impacts in a body's surface, one part of this
radiation is absorbed (absorptivity α), other part is re�ected (re�ectivity ρ), and
other part is transmitted (transmissivity τ).

α + ρ+ τ = 1 (1.10)

There are two di�erent kinds of re�ectivity.
Di�use re�ection occurs when an incidental ray of light strikes a surface and

the light is scattered. In perfect or ideal di�use re�ection, all the light is perfectly
distributed around the point it strikes the di�usion surface in a hemisphere of
illumination. Specular re�ection occurs when an incidental ray of light strikes a
surface and is re�ected at the same angle of incidence (both taken perpendicular
to the plane at the incidence point).

Black body To explain how the radiation works, an ideal surface is introduced,
the �Black body�. It has the following surface properties.

• A black body always absorbs the radiation, at any wavelength or direction.

• The black body radiates more energy than any real surface.

12



• The radiation emitted by a black body, it is function of the temperature and
the wavelength, but not of the direction. A black body has di�use emissivity.

Therefore, it ideally absorbs and emits thermal radiation. And it is used to model
real systems.

Planck's, Wien's and Stefan-Boltzmann's laws

Radiant energy distribution. Planck's law. Any body at a particular
temperature emits radiation in a wide wavelength range but in the laboratory is
possible to obtain a monochromatic light, it is radiation with a certain wavelength.
Planck determinates that the monochromatic energy in a black body per surface,
time and wavelength is a function of the wavelength and the temperature.

Iλ,T (λ,T ) =
2πh · c20 · λ−5(
e
h·c20
k·λ·T − 1

) =
C1 · λ−5(
e
C2
λ·T − 1

) (1.11)

• h is the Planck's constant. (6.6256 · 10−34 J · s)

• c0 is the light velocity in the vacuum. (2.998 · 108m/s)

• k is the Boltzmann's constant.(1.3806488 · 10−23 J/K)

• C1 is the �rst radiation constant. (3.7415 · 10−16W ·m2)

• C2 is the second radiation constant. (0.01439m ·K)

• T is the body's absolute temperature.(K)

• ITλ is the monochromatic emissive power of the black body.(W/m2)

The spectral region where the radiation is focused depends on the temperature.
The higher the temperatures the shorter the wavelength.

Wien's law Equation 1.11 shows that for each temperature there is a wave-
length where the emissive power is the highest. Equation 1.12 shows the relation
between the λmax and temperature.

λENλmax =
2.878 · 10−3

T
(1.12)

Where the wavelength that provides maximum emissivity is inversely proportional
to the absolute temperature. This number (2.878 · 10−3m ·K) is called the third
radiation constant.
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Stefan-Boltzmann law. The total emissive power is a contribution of all
wavelengths emitted by the body, it is therefore the sum of all monochromatic
radiations.

EN =

∫ ∞
0

C1 · λ−5(
e
C2
λ·T − 1

) · dλ (1.13)

The total emissive power of a black body is shown in Eq. 1.14.

EN = σ · T 4 (1.14)

Where σ is the Boltzmann's constant, which is 5.67 ·10−8 (W m−2K−4). For non-
black bodies the concept of surface emissivity is used, which is the relation between
the total emissive power for a non-black body (E) and a total emissive power for
a black body (EN) at the same temperature.

ε =
E

EN
; E = ε · σ · T 4 (1.15)

Kirchho�'s laws

First Kirchho�'s law. When is achieved the thermal equilibrium the re-
lations between the emissive power and the absorptivity of all bodies is constant
and it is function of the equilibrium temperature.

EN =
E1

α1

=
E2

α2

= ... =
En
αn

= f(T ) (1.16)

Where the subscript number is the name of the non-black body involved at thermal
equilibrium.

Second Kirchho�'s law. From the de�nition of emissivity, it can be for-
mulated in a thermal equilibrium:

E = α · EN and E = ε · EN

So in a thermal equilibrium, the emissivity and absorptivity of all bodies are
the same value.

Theoretical model for heat transfer measurement technique

All this mechanisms can happen at the same time. The theoretical model for our
experimental set up which explain how they occur can be seen in Fig. 1.8.
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Figure 1.8: Model for the HTC experiment

The set up is composed by a aluminium sheet with heaters and an epoxy layer,
from the aluminium core the heat �uxes goes through the epoxy layer, with a
t thickness, to the outside. These heat �uxes can be calculated following these
equations:

• Conduction heat �ux

q
′′

cd = k · (Tal − Tepoxy)
t

(1.17)

• Convection heat �ux

q
′′

cv = h · (Tepoxy − Tair)
t

(1.18)

• Net radiation heat �ux

q
′′

rad ' ε · σ(T 4
epoxy − T 4

eq) (1.19)

To calculate the HTC or h all the parameters required are known, as the tem-
peratures at each point, the temperature of the aluminium-epoxy interface Tal,
the epoxy temperature Tepoxy, the ambient temperature or the thermal conduc-
tivity of the epoxy. In this experiment the ε used is the thermal emissivity of the
surface of the epoxy, which has been painted to convert it in a nearly black body,
using Nextel Vetel-Coating 811-21 from Mankiewicz Gebr. & R Co. This ther-
mal emissivity is constant at the temperatures that this end-wall works.(ε = 0.973)
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As it can be seen in the �gure, the convection heat �ux and the radiation heat
�ux comes from the conductivity heat �ux. Therefore, a energy balance:

q
′′

cd = q
′′

cv + q
′′

rad (1.20)

Finally to calculate the HTC, can be calculated by this equation:

HTC =
k · (Tal−Tepoxy)

t
− ε · σ

(
T 4
epoxy − T 4

eq

)
Tplexy − Tair

(1.21)

FEM (How it works: SolidWorks Simulation)

Modern design is conducted using Computer-Aided Design (CAD), therefore a
CAD model is the starting point for the analysis. In this project, the program
that has been used for CAD is SolidWorks.

SolidWorks Simulations uses Finite Elements Method (FEM), which is a nu-
merical analysis method, for calculating temperature distributions.

It is used for solving problems in many engineering disciplines, this numerical
technique is used for solving �eld problems described by a set of partial di�erential
equations.
FEA has been used as a design tool. This is changing the design in repetitive
cycles of design, prototype and test.

Once the part or assembly is designed in SolidWorks, FEA has the information
of the material properties, de�ned constraints and the geometry. At the meshing
part, FEA splits geometry into small and simply shaped entities called �nite ele-
ments, which are �nite because are not in�nitesimally small but smaller than all
the model size. Then FEA works with �nite elements, and the solver approximates
the solution by assembling the solutions for individual elements. [2]

Sometimes in FEA, it is necessary to clean up the geometry, which is performed
simplifying the geometry. For two reasons is required. Firstly because the geome-
try has to be able to be meshed, because sometimes little details are really di�cult
to mesh, and secondly because it will require less iterations to obtain a converged
solution.
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Errors in FEA Formulation of a mathematical model introduces modelling
errors, discretization of the mathematical model introduces discretization error,
and solving introduces solution errors. Of these three kind of errors, just dis-
cretization errors are speci�c to FEA. Modelling errors a�ecting the mathematical
model are introduced previous to FEA is utilized and can only be controlled by
using correct modelling techniques. [3]

Thermal simulation using FEA Each degree of freedom of a node in a
�nite element mesh is an unknown. On thermal analysis they represent tempera-
tures. After found the temperatures, the thermal analysis �nds the temperature
gradients, and heat �ow.

In these simulations only heat transfer by conduction is modelled directly,
convection and radiation are modelled as boundary conditions. This is done by
de�ning the convection and/or radiation coe�cients to faces that participates in
the heat exchange. No convection coe�cients de�ned for those surfaces means no
heat �ows across them.

Flow measurements

As it is only required for our study be known the �uid velocity (both magnitude
and direction) within the vane path, is only measured the total pressure and the
static pressure. Once this data is acquired, the �uid �eld velocity is calculated.
This is possible with a Pitot tube that was invented by Henri Pitot in 1732.

A Pitot tube or similar velocity-measuring device consists of a cylindrical tube
with an open end pointed upstream, used for measuring total pressure. Another
opening is located in its side wall to measure the static pressure. The di�erence
between the impact pressure and the static pressure is a function of the velocity
and the density of �ow past the tube.

Then Bernoulli's equation is applied to calculate the �uid velocity. The Bernoulli's
principle is applied to various types of �uid �ow and is derived from the principle
of conservation of mechanical energy. This is, in a steady �ow, the sum of all
forms of mechanical energy in a �uid along a streamline is identical at all points.
This involves that the sum of kinetic energy and potential energy remain con-
stant. Hence an increase in the speed of the �uid occurs proportionately with an
increase in both its dynamic pressure and kinetic energy, and a decrease in its
static pressure and potential energy. This is:

Pt − Ps =
1

2
· ρυ2 (1.22)
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Where Pt is the total pressure, and Ps the static pressure, both measured by the
Pitot tube. While ρ is the air density, which is known by measuring the tempera-
ture of the air �ow and using the ideal gas equation assuming atmospheric pressure.

Equation 23 shows how it is calculated the speed on a certain position.

v =

√
(Pt − Ps) · 2

ρ
(1.23)

In regions where the dynamic pressure is negative, the velocity is unde�ned.
This points out that there might be a recirculated areas.
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2

End-wall design

2.1 Introduction

For the heat transfer experiments is necessary an instrumented window. To cal-
culate the heat transfer is necessary to measure temperatures on both sides of the
epoxy layer. So it is included some thermoresistors to measure the temperature
inside the end-wall, and an IR-camera to measure the temperature at the surface.
The material in contact with the air has a low thermal conductivity in order to
obtain a large temperature gradient between the layers and to be able to measure
the temperatures at each layer accurately.

The design has to take into account the geometry of the end-wall and con�g-
uration of the components to guarantee that the theoretical model for the heat
transfer measurement can be used.

2.2 Design process

The main objective of the design of this end-wall is to provide a long term in-
strumented window to Chalmers. Therefore, this device has to be accurate at its
measurements so a uniform temperature distribution is needed. It is also crucial
to avoid air gaps inside the model. The air inside the piece or between layers can
a�ect the thermal distribution due to the insulating properties of the air. Another
important issue to take care of is how to measure the temperature inside the piece
to calculate the HTC.

To make sure that the �nal piece satis�es these requirements, it has been
studied in each case what was the best solution and adapting the design to get it.
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2.2.1 First design

The very �rst design was one piece of aluminium, where inside it could be found
cylindrical heaters, avoiding any super�cial e�ect as mentioned above, because air
gaps could appear with �at heaters between two aluminium heaters. On this sheet
was attached a thin Plexyglass sheet by nylon screws to the aluminium surface.
Finally, a framework consisting of four nylon pieces, them would hold all the parts
including the insulation. It is remarkable that it had some gaps into the design,
which have been �lled by air.

To avoid this gaps and make sure that is a compact design, the framework was
rebuilt in such a way that it �lls this holes.(see [5]).

2.2.2 Heaters optimization

One point really important at the design has been the uniformity of the temper-
atures, to be able to map the temperature gradient among the surface with the
thermoresistors.

For that, the prototype was reduced to its quarter due to its symmetry to be
able to study it with more details. It has also been studied the possibility that one
heater is broken and it is not working, and di�erence heat power for each heater
as a result of its fabrication (±10%)

The heater distribution that has been tried to study is 16 heaters, 24 heaters
and 30 heaters. There were distributed two at each row due its dimensions. The
heater characteristics are: 10 mm x 100 mm, 120 V , 400 W

Figure 2.1 shows the parts that has been analysed. The X axis and the Y axis
are the parametric distance of the reduced piece, 0 is the outer part of the piece
and 1 it is the centre of the instrumented window.
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Figure 2.1: Analysed parts at the prototype for the heaters optimization.

During the SolidWorks simulations it could be seen the in�uence of the screws
at the surface.

Figure 2.2: Temperature distribution at the surface. Design with Nylon screws.

The nylon screws that held them on to the aluminium could a�ect locally the
temperature distribution. It is because it has been decided to change the Plexyglas
layer for an epoxy layer. This epoxy has the lowest viscosity achievable to avoid
air bubbles inside it.
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This epoxy layer will �ll the gap from the aluminium surface until the nylon
frame. Once cured it will be attached to the aluminium so it will not be necessary
any sort of screws. To make sure that the liquid epoxy does not penetrate through
gaps between di�erent frame components, the framework is changed to a single
piece of nylon.

Detailed results for thirty heaters.

The simulation obtained with 30 heaters is less uniform than expected as can be
seen at Fig. 2.3, 2.4 and 2.5.

Figure 2.3: Temperature distribution along the surface epoxy. 30 heaters.
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Figure 2.4: Temperature distribution along the top surface of aluminium plate. 30

Heaters.

Figure 2.5: Temperature distribution along the internal aluminium. 30 Heaters.
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Detailed results for sixteen Heaters.

With this set up the simulation is a little bit di�erent as it can be seen at the Fig.
2.6, Fig. 2.7 and Fig. 2.8.

Figure 2.6: Temperature distribution along the surface epoxy. 16 heaters.

Figure 2.7: Temperature distribution along the top surface of aluminium plate. 16

Heaters.
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Figure 2.8: Temperature distribution along the internal aluminium. 16 Heaters.

Heat Optimization Conclusion As can be seen, the more heaters used,
the more uniform the curve from the centre to the sides. But there are bigger
di�erences between both extremes. However, a sinusoidal curve is obtained at the
16 heater distribution, but its amplitude is almost less 0.1 oC, which is acceptable
for this case.

In addition, non-uniform heat �ux and heater switched o� cases showed the
same di�erences. This can be seen in the Appendix A1. Therefore, 16 heaters
distribution has been chosen for this design, because it is needed less heaters and
machining for the holes, being this design cheaper and being possible to obtain
a uniformity temperature of 0.1 ◦C. The main outcome from this study can be
summarized with the sentence �less is more�.

2.2.3 Thermoresistor optimization

To measure the HTC with the instrumented window, temperatures of the Epoxy
surface in contact with the air �ow and the temperature of the aluminium-epoxy
surface interface are needed. It is not possible to use an IR-camera to measure
the surface temperature of the aluminium-epoxy surface interface. Therefore, it
has been decided to use thermoresistors in order to measure di�erent points in
the aluminium and use an interpolation polynomial to calculate the temperature
throughout the surface.
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The accuracy of the interpolation depends on the distribution and number of
the thermoresistors, which depends on the system response and the order of the
interpolation polynomial used.

This optimization has been performed with a SolidWork's simulation, because
it allows simulation of di�erent scenarios (HTC distribution) for di�erent ther-
moresistor patterns. Once the simulation is done, the data is exported to Matlab
where the thermoresistors points are interpolated. The interpolated data is com-
pared with the simulation.

This interpolation has been performed creating a Matlab script which imports
the Solidworks simulation data to Matlab, that is, all the aluminium-epoxy sur-
face interface and the thermoresistor points data (which consists of the data of one
node from the same location as the thermoresistor would have).Afterwards, it is
inserted which polynomial degree the user analyses on each axis.

This analysis has attempted three di�erent polynomial grades for the least
square interpolation: {x3,y3} , {x3,y2} , {x2,y2} , {x2,y3}. Obtaining better results
with {x2,y2}.
Then the function used is mldivide or \ which solves systems of linear equations
A·x = B, where A is a rectangular m-by-n matrix, this matrix is the coordinates of
the plane that is studied multiplied by the chosen polynomial, and B is the matrix
with m rows with the temperatures of those coordinates. Then A\ B returns a
least-squares solution to the system of equations A*X=B. [4]

A(m+1)x(n+1),c =


xm1 · yn1 xm1 · y

n−1
1 · · · xm1 · y01 xm−11 · yn1 xm−11 · yn−11 · · · x01 · y01

xm2 · yn2 xm2 · y
n−1
2 · · · xm2 · y02 xm−12 · yn2 xm−12 · yn−12 · · · x02 · y02

...
...

. . .
...

...
...

. . .
...

xmc · ync xmc · yn−1c · · · xmc · y01 xm−1c · yn2 xm−1c · yn−1c · · · x0c · y0c


(2.1)

Where m is the degree at the x axis, n is the degree at y axis and c is the
number of points with di�erent coordinates x and y.

Bc =


T1
T2
...
Tc

 (2.2)

Equation 2.2 is a vector of the temperatures measured at the coordinates c.
The matrix X represents the coe�cients for the polynomial.

26



For the optimization several patterns have been tried with a uniform HTC on
the epoxy surface. The best three patterns were also checked on a random HTC
surface and with a realistic HTC obtained by Rojo [5] experimentally.

Figure 2.9: Di�erent thermoresistor distribution.

Uniform convection heat transfer coe�cient

For the �rst case, the convection coe�cient at the epoxy surface is 60 W/m ·K,
the same as in the heater distribution optimization. Once the thermal load is
de�ned, the simulation data is imported to Matlab. The temperature where the
thermoresistors are virtually located at the di�erent patterns are also recollected.
The results of this case with the best pattern and the best polynomial grade are
shown in the Fig. 2.10, 2.11, 2.12 and 2.13.

Figure 2.10 shows the simulated temperature distribution throughout the aluminium-
epoxy surface. This is the temperature that has to be known to be able to calculate
the HTC. The other temperature is measured using the IR-camera.

Figure 2.11 shows the surface created by the interpolation polynomial calcu-
lated with the 21 points. The shape of the surface calculated with 21 points and
the real one using thousands of points (between 15000 and 50000 nodes) as can be
seen in Fig. 2.12 is almost the same.
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Finally the error between the real data and the data interpolated is plotted at
Fig. 2.13 in order to visualize the error distribution. The maximum di�erences
are situated just at the ends of the piece, which are not relevant for this study
because in those areas is not measured the heat transfer coe�cient.

Figure 2.10: Simulation data with uniform convective coe�cient.

Figure 2.11: Calculated data using the interpolation with uniform convective coe�cient.
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Figure 2.12: Simulation data and calculated data with uniform convective coe�cient.

Figure 2.13: Error betweem simulation data and calculated data with uniform convective

coe�cient.
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Such results are satisfactory, because the mean error is 0.03oC, the absolute
mean error 0.10oC, this value is small, if we consider that an error of 0.10 or 0.20
results in 0.01% error of HTC. Furthermore, the maximum error is 0.52oC and
the minimum error −0.50oC which are situated around the edges of the plate.
The standard deviation of 0.13oC indicates a reliable method to calculate the
temperatures throughout this surface.

Random convection coe�cients

One study has been carried out with random convection coe�cients to verify this
method with such large temperature di�erences at the surface. These boundary
conditions are more extreme than the the expected HTC values from the experi-
ments. The coe�cients at the various parts of the plate are shown in Fig. 2.14.

Figure 2.14: Mapping of the random convection coe�cients.

Fig. 2.14 represents the di�erent convection heat transfer coe�cients applied
in this case. At the blue zone, a convection coe�cient of 120W/m2 ·K is de�ned,
at the red zone the value is 80W/m2 · K, at the green zone the value de�ned is
60W/m2 ·K, at the grey zone is 40W/m2 ·K and at the yellow zone is 20W/m2 ·K.
Therefore, the surface obtained does not have a uniform temperature.
The epoxy surface and the aluminium surface with the di�erent temperatures can
be seen in Fig.2.15.
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Figure 2.15: Left: Temperature thoughout the epoxy layer. Right: Temperature

throughout the aluminium layer

Figures 2.15, 2.16, 2.17 and 2.18 show the simulation and analysed data.

Figure 2.16: Simulation data with random convective coe�cients.
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Figure 2.17: Calculated data based on the signal from simulated temperature sensors

with random convective coe�cients.

Figure 2.18: Simulation data and calculated temperature with random convective coef-

�cients.
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Figure 2.19: Error between simulation data and calculated data based on the signal

from simulated temperature sensors with random convective coe�cients.

Fig. 2.16 shows that the temperature is not symmetrical in this set up, but
there is a gradual temperature change without any discontinuity through of the
epoxy surface (see 2.18). This is because of the low thermal conductivity of the
epoxy and the width of the aluminium sheet. The temperature distribution from
simulated temperature sensors method that has been used for this case is showed
in Fig. 2.17

Figure 2.17 shows the epoxy-aluminium surface interface temperature calcu-
lated with the data from the 21 points, which shows little di�erence from the
simulated data.

The di�erence between this data is the error, which is shown in Fig 2.19 to
indicate the di�erence in temperature.

Even though the conditions of this experiment are extreme, the results are sat-
isfactory, because the mean error is 0.05oC and the absolute mean error 0.15oC.
This value is small and similar to the previous scenario. Furthermore, the maxi-
mum error is 0.78oC and the minimum error −0.61oC situated around the edges
of the plate or in small areas. The standard deviation of 0.19oC means that the
errors are higher than in the previous study but it remain low.
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2.3 The end-wall

The end-wall is composed of several parts: A 5 mm epoxy layer, which helps to
obtain the HTC due its low thermal conductivity because creates a signi�cant
temperature di�erence on both faces; a nylon frame, which holds the end-wall
in place; an aluminium sheet that due its high thermal conductivity and width,
is needed to create a uniform temperature �eld under the epoxy layer; sixteen
cylindrical heaters to heat up the end-wall; twenty-one thermoresistors to map the
temperature inside the end-wall; twenty-four M6x40mm nylon screws to hold the
frame to the aluminium plate; four nylon pieces to �x the handle to the aluminium
plate.

Figure 2.20: Exploded view
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Figure 2.21: Cross section view

The drawings of the window can be found in the Appendix A.2.
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3

Flow measurements

The �ow measurements are performed in order to study the air �ow �eld and how
it can in�uence the HTC. Another reason to carry out this analysis is because it
is of importance for CFD validation purposes.
To be able to know how the �ow behaves at the linear cascade, it is necessary
to know the air parameters at each moment. Therefore the temperature, density,
pressure drop, viscosity and the atmospheric pressure have been measured.

The studies have been performed for three di�erent vane relative positions, two
o�-design and one on-design position. The inlet relative angle for the on-design
case is 25o, for the two o�-design cases it has been used a 40o and -25o. Each case
has been studied for a two di�erent Reynolds numbers, 300000 and 450000.

The measurements are made using a Pitot tube, which measures the total pres-
sure and static pressure with a sample time of two seconds. The tube with the aid
of traversing system and software is guided through a set and measured at each
grid point. The grid decreases in size near the end-wall and near the vane. The
distance on the y axis of the mesh increases geometrically with a ratio of 1.2 until
it reaches the middle of the path, then the distance between points decreases with
the same coe�cient until the mesh reaches the next vane. On the z axis the mesh
increases following the same coe�cient until it reaches the middle of the vane. It
is possible to carefully measure the boundary layer with this kind of mesh, which
is the most variable and interesting area. Saving time measuring the free �ow.

The grid can be seen in the Fig. 3.1, where are the parametric distances at the
y and z axis of the path.
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Figure 3.1: Grid used at the �ow measurements

This is done for each case in the three di�erent planes, changing the axial po-
sition. The �rst plane is situated at the same axial position as the trailing edge,
another plane x/L = 0.61 from the trailing edge of the vane which is the farthest
point reachable by the probe due to the vane shape. The other one is situated in
between the two.

At the �gures can be seen the vanes at the top and at the bottom, and the
three planes with the di�erent data. The trailing edge is situated at the 0 in the x
axis, the sidewall is situated at the 120 in the z axis and the midplane is situated
at the 72.5 in the x axis.

If the dynamic pressure is negative the velocity is unde�ned, in this graphs
these unde�ned velocities will appear as velocity 0.
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3.1 Static pressure

Figure 3.2: Static pressure at the three planes. O�-design -25 degrees. Re = 300000.

Figure 3.3: Static pressure at the three planes. O�-design -25 degrees Re = 450000.
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Figure 3.4: Static pressure at the three planes. O�-design 40 degrees. Re = 300000.

Figure 3.5: Static pressure at the three planes. O�-design 40 degrees. Re = 450000.
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Figure 3.6: Static pressure at the three planes. On-design. Re = 300000.

Figure 3.7: Static pressure at the three planes. On-design Re = 450000.
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3.2 Total Pressure

Figure 3.8: Total pressure at the three planes. O�-design -25 degrees. Re = 300000.

Figure 3.9: Total pressure at the three planes. O�-design -25 degrees. Re = 450000.
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Figure 3.10: Total pressure at the three planes. O�-design 40 degrees. Re = 300000

Figure 3.11: Total pressure at the three planes. O�-design 40 degrees. Re = 450000.
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Figure 3.12: Total pressure at the three planes. On-design. Re = 300000.

Figure 3.13: Total pressure at the three planes. On-design Re = 450000.
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3.3 Velocity

Figure 3.14: Velocity at the three planes. O�-design -25 degrees. Re = 300000

Figure 3.15: Velocity at the three planes. O�-design -25 degrees. Re = 450000.
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Figure 3.16: Velocity at the three planes. O�-design 40 degrees. Re = 300000

Figure 3.17: Velocity at the three planes. O�-design 40 degrees. Re = 450000.
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Figure 3.18: Velocity at the three planes. On-design. Re = 300000.

Figure 3.19: Velocity at the three planes. On-design Re = 450000.

This study shows the �ow behaviour at di�erent set ups, where the boundary layer
is observed next to the end-wall and the vane surface. This is crucial to understand
all the processes involved.
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As expected, the O�-design cases show �ow separation. In the o�-design -25o

case can be seen clearly the �ow separation area, where there is a large area with
recirculation. However, the on-design case shows an ideal behaviour where the air
retains maximum velocity throughout the path.
This is a good point to start new more detailed studies. The data acquired from
this experiment can be used to compare results from CFD simulations with the
experimental data and, if both match, validate the CFD results.
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4

Conclusions

The main achievement of this thesis is that a long-term instrument for heat transfer
measurements on the end-wall for a linear cascade has been designed. Its de�ning
features are that it allows parameters to be controlled and provides a possibility
to obtain highly accurate results.

This new tool will give the department the possibility to study di�erent cases
in the linear cascade, both the mechanisms of heat transfer and the �uid mechan-
ics involved. But due to delays in the manufacturing process of the end-wall, it
was not possible to carry out any experiment, or verify the results obtained in the
SolidWorks. However, the foundation is ready to perform the experiments and
obtaining data.

Regarding the measurements, it can be concluded that there is enough data to
observe the main �ow structures and boundary layer sizes. Future work will be
focused on the veri�cation and validation of the CFD through the OGVs for heat
transfer using the data that will be acquired with the instrumented end-wall and
the �ow measurement data.
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5

Appendix

5.1 A.1

Plots of the temperature at the top surface of the aluminium plate at di�erent
cases.

5.1.1 Detailed results for 16 heaters.

Figure 5.1: Temperature distribution along the top surface of aluminium plate with

random heat �ux power. 16 Heaters.
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Figure 5.2: Temperature distribution along the top surface of aluminium plate without

one heater. 16 Heaters.

Figure 5.3: 3D temperature distribution along the top surface of aluminium plate. 16

Heaters.
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Figure 5.4: Temperature distribution along the top surface of aluminium plate with

random heat �ux power. 30 Heaters.

Detailed results for 30 heaters.

Figure 5.5: Temperature distribution along the top surface of aluminium plate without

one heater. 30 Heaters.

51



Figure 5.6: 3D temperature distribution along the top surface of aluminium plate. 30

Heaters.

5.2 A.2

Drawings of the window.
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