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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 signi�cant role to
maintain the �ow in the axial direction. In general, the �ow 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 �ow �eld.
The engine with the TRS is shown in the �gure below. As the engine conditions are
subjected to change, during the take-o� 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 o�-design conditions. While operating at these o�-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

1



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 o�-design conditions, present lower pressure
losses, and that are lighter. Therefore, the heat transfer characteristics need to be
studied in detail for an e�cient 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
�at conductive element. It has the hot and cold junctions, with separated leads
made of di�erent materials. There are di�erent 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 su�er
from short comings like need for signal ampli�cation, poor sensitivity& stability,
non-linearity and tedious calibration process. The Resistance Temperature Detec-
tors (RTDs), however o�ers better reliability, accuracy, stability and re-calibration
compared to the TCs, still su�ers 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 e�ective 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 o�ers
high spatial resolution, cost e�ectiveness, simpler calibration and high accuracy. But
it is limited to uncertainties with high lightning angles, poor re�ection 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 e�ect) 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.

2



2
Review of literature

2.1 Studies on Turbine Flow & Heat Transfer

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

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 signi�cance of passage secondary �ow in�uence on the
endwall and suction surface heat transfer are greatly illustrated.

The e�ects of secondary �ow 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 �ow features
and the tip leakage �ow had signi�cant e�ect 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 �ow . 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 than12%.

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 signi�cant e�ect 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-
�cient. The results showed higher heat transfer coe�cient 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 �ow angles has been carried out again by Wang[13].
LCT technique for experiments and three di�erent RANS based turbulence models
have been used. The e�ects 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 signi�cant over-prediction was seen in the suction
side at both on and o�-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 e�cient pixel o�set es-
timation based on linear correction scheme has been proposed by Or»anowski[15],
that permitted to remove optics shading e�ect.

2.4 Studies on IR Thermography Measurement
Quanti�cation

Aerothermal investigations of the �ow 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 con�guration 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 ("=0.97) Autotek black paint. An in-situ calibration is made for the IR
cameras with both the mainstream and coolant �ows 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 �nal in-situ calibration has
been performed for radiation correction. The compressed air exhanging heat with
a natural gas �red 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 Re�nement studies

A uniform reporting of grid re�nement studies using Grid Convergence Index (GCI)
in CFD has been proposed by Roache[4] based upon a grid re�nement 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 di�erence 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 �ow direction
k - thermal conductivity of the material

3.2.2 Heat Transfer by Convection

The heat transfer phenomena that occurs between the �uid and solid surface in
case of a �ow over a solid body or �ow inside a channel due to the existence of the
temperature di�erence between the �uid and solid wall, is termed as convection.
This �uid motion can be either arti�cially 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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