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• Optimised CFD-process (drawing-grid-modelling-postprocessing-risk assessment) in order to derive the "best 
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Introduction 

Today's aerothermal and cooling design tools in the 
gas turbine and aircraft engine industries comprise a state 
of the art capability in predicting 2D and 3D flows in 
turbine components, whilst they still suffer from 
inappropriate accuracy and gaps in knowledge if 
complex heat transfer problems in 3D-parts of blades 
(shrouds and platforms) or complex, separated flows and 
cooling concepts for these areas are targeted. The ever 
stringent emission limits combined with the competitive 
pressure lead to ever rising demands for: 

• Increased turbine peak cycle temperature 
• Improved specific fuel consumption 
• Increased component life 
• Reduced coolant flows 
• Reduced engineering time-scales ('right first time' 

designs) 

The European aero engine and gas turbine industry 
has to face these challenges through the development and 
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exploitation of new technologies and design tools for 
new products in order to enhance their role as a global 
player in this hotly contested market. The six technical 
work packages of the European AITEB-project, depicted 
in Fig.l, reflect key technologies for enhanced 
competitiveness of the European Industry in the turbine 
domain. 

State of the Art 

The current work in turbine cooling technology, i.e. 
the state of the art in these research areas is reflected by a 
large number of international papers and conference 
proceedings dealing with the aerothermal problems 
associated with complex, 3D heat transfer and cooling 
issues of modem HP- and LP turbines. Among the bulk 
of them, several papers deliver a comprehensive 
overview about the specific scientific and technical 
issues addressed in the current project: 

Modem engine design leads to more and more 
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Fig.1 AITEB - Technical workpackes 1 ~6  

highly loaded HP and LP turbine blades. This causes two 
main technical challenges, i.e. to predict heat transfer in 
regions with separation, which can no longer be avoided 
in such highly loaded designs. Examples for such highly 
loaded LP Turbine designs are to be found already in 
Engine use, e.g. BR715 LP Turbine, where the 
technology to improve this turbine was gained 
successfully through a similar approach to the one 
targeted in this project. Secondly, especially for film 
cooled HP turbine blades and vanes, the possible 
aerodynamic and aerotherrnal interaction of high loaded 
blade rows and film cooling needs to be addressed. Here, 
several basic research investigations (flat plate, steady 
flow) are reported tl-31, which emphasised the film 
cooling effectiveness in accelerated and decelerated flow. 
Effects of curvature and the aerodynamic studies 
were conducted by several researchers t4-61, showing 
considerable influence of wall curvature and inflow 
conditions (e.g. sensitivity to incidence variation, 
turbulence level, flow unsteadiness). Among these 
research activities no investigation of very strong adverse 
pressure gradients (up to separation) combined with film 
cooling rows is known. Especially the unsteady nature of 
the problem needs to be addressed more in future 
research. 

In modem high loaded transonic turbines the 
aerodynamic losses of turbine airfoils are mostly covered 
by the thickness and the wedge angle of the trailing 
edges. Due to the aerodynamic requirement the thin 
trailing edges are the fife limiting parts of the airfoils.The 
aerodynamic design requirements in combination with 

the improved casting technology leads to wailing edge 
slots with extreme aspect ratios and a huge fillet radius in 
relation to the internal slot geometry. In most cases, the 
conventional design tools are not validated for these 
geometries. Therefore, an improved knowledge of flow 
and heat transfer in this area is just as necessary as the 
further developing of the design tools. The flow and heat 
transfer at turbine endwalls is a subject of continuous 
research. The flow field close to the endwaU hasbeen 
addressed in several papers. Main objective was the 
control of secondary flow in order to reduce the turbine 
lossestT, sl. Recent papers are also directed to heat transfer 
problems at the endwalls with enlarged models in 
subsonic flow t9, 101 and smaller models simulating the 
correct Mach number [uj. Concerning the passive shroud 
cooling concepts, which are already in engine 
applications, research now focuses on a detailed 
understanding of the flow physics and a better 
assessment of the cooling effectiveness and the 
aerodynamic penalties combined with such a cooling 
concept. One passive shroud cooling concept, namely 
"rail cooling", is already routinely applied in 
state-of-the-art aeroengines, although its design and 
analysis is only based on empirical methods, leaving 
significant scope for optimisation. Recent research 
activities °2-14J suffer from restricted value for general 
design rules. Furthermore, there are only a small number 
of experimental investigations dedicated to the influence 
of a (cooling) leakage flow on the aerodynamics of the 
main gas path tlSJ. Especially, the unsteady nature of the 
problem has not been addressed by most authors. 
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Most of the modem un-shrouded HPT (High 
Pressure Turbine) blades use a cooled groove technology 
at blade tip. The heat transfer at blade tip and the 
efficiency of the groove cooling impact directly the 
choice of cycle temperature at turbine inlet, the blade 
losses, the repartition of blade coolant mass flows and, 
particularly, the blade life. So, an important effort has 
been devoted, for many years, to the understanding of 
aero-thermal phenomena around an un-shrouded HPT 
blade tip, by conducting experimental [~61 or numerical °7] 
studies. The influence of the groove has been studied in 
an idealized experimental set-up [~8'~9], previous to some 
numerical simulations carded out on real turbine 
blades t2°]. Aerodynamic CFD analysis including cooled 
groove of blade tip start to be published[211 while nothing 
on heat transfer simulations or experiments has been 
reported in the open literature. 

Concerning the overall goal in the CFD-validation of 
WP6, i.e. to reduce engineering time scales by "tight f'trst 
time" designs, the industrial state of the art and the 
technical approach in the project are as follows: The 
project, especially WP6, targets on the improvement of 
the CFD-process in order to enable this process to be an 
integral part of the engine design loop. Today, CFD is 
mainly used outside the design loop by computing on a 
final design to assess design risks. Due to this, major aim 
is a considerable improvement of the CFD-process from 
the CAD-model-meshing-computing and post-processing 
in terms of time scales. This will help to integrate the 
CFD-process into the design loop and hence reduce time 
scales and cost and delivering also a sound platform for a 
"right first time" design. 

Discription of the Technical Work 

Based on the IACA-project (AER2-CT92-0044), 
which was mainly focused on 2D unsteady wake-blade 
interference, and the TATEF-project, predominately 
targeting the aerothermal performance of turbines, the 
currently running A1TEB project extends and enhances 
this research. In particular, AITEB focuses on 
aerothermal turbine design methods and new cooling 
technologies for complex 3D-components of turbine 
blades (such as platforms and shrouds). In demarcation 
to earlier projects, the AITEB project is emphasising on 
'close engine-orientated' technology development for the 
complex, 3D-parts of High Pressure (HP), Intermediate 
Pressure (IP) and Low Pressure (LP) Turbines. The 
project utilises facilities and experience of the finished 
IACA- and the related TATEF-project. Especially for 
turbines, the above mentioned competitive demands lead 
to the following technical challenges: 

• Higher turbine entry temperature, flater temperature 
traverses (due to modern combustors) 

• Highly loaded turbine blades 
• High speed low pressure turbines 
• Reduced engineering time scales and costs 

This is to be achieved in 6 technical work packages, 
which are explained in the following. As an overview, in 
order to emphasis their relation to turbine technology 
aspects, the respective relation of the work packages to 
the specific turbine module is depicted in Fig.2. 

Heat transfer and f'dm cooling in separated flow 
(WP1) 

For the aerothermal design of modern turbomachi- 
nery components, the use of Computational Fluid 
Dynamics (CFD), which has acquired an acceptable level 
of maturity, becomes more and more essential. Typically, 
these tools have been validated for heat transfer in High 
Pressure Turbines (Hvr) featuring high Reynolds 
number and attached flow on the airfoil sections. In the 
last years, the capability of different CFD codes to 
predict the heat transfer on these configurations has been 
investigated where special attention has been paid mainly 
to mesh sensitivity and turbulent effects. Very little 
attention has been paid to the heat transfer in separated 
flows in turbine representative conditions, which is 
typically avoided in I-IP Turbine environment. However, 
as drafted in the state of the art section, highly loaded 
HPT blading might show regions with main stream 
deceleration and local separation bubbles. Furthermore, 
very little attention has been paid to low Reynolds 
number, large separated flow regions on turbines' 
representative geometry, which are present in low 
pressure turbines of today's engines. Consequently, in 
this work package two tests have been commenced. The 
first one is dealing with a LPT airfoil (T106). The 
T106-300 blade section has been used as a genetic 
geometry representative of a typical LPT highly loaded 
airfoil (see Fig.3). In this investigation, the T106 blade 
profile is subjected to extremely large incidences in order 
to have a long separated bubble. Mach and Reynolds 
number are varied around typical LPT values. Figs.3(b) 
and (c) show a snapshot of the experimental test data 
(here hot-wire traverses) in comparison to a steady state 
CFD prediction. Beside this flow field investigations, 
static pressure measurements, surface hot-film 
measurements deriving the state of the boundary layer 
and heat transfer tests using a constant heat flux method 
have been performed. Goal of the investigation is besides 
a more detailed understanding of the underlying physics 
of such separated flows and the corresponding heat 
transfer, an improved correlation for the Nusselt-number 
in reattachment region for low Reynolds-number flows. 

In the second test set-up, dealing with a highly 
loaded I-IPT, a rotor blade section is investigated. The 
blade was specially designed to incorporate a separated 
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Fig.2 Relation of technical work packages to turbine component 
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Fig.3 (A) T106 profile, (B) hot-wire measurements and (C) CFD-calculation 

flow area on the pressure side leading edge. In the 
investigation, film cooling in this area with strong 
adverse pressure gradients will be employed in such a 
manner that high heat transfer rates and separation are 
avoided (HPT). The latter might not be achievable, 
however, a reduction of the high heat transfer rates in the 
reattachment region is essential for the feasibility of such 

designs. Fig.4 shows a schematic sketch of the newly 
design T120 Profile in the high speed linear cascade 
facility of the University of the German Armed Forces in 
Munich. Tests will include row characteristics, static 
pressure measurements, boundary layer traverses with 
and without simulated wakes in front of the cascade by 
means of moving bars wake generators. The test will 
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therefore deliver an insight into the aerodynamic 
characteristics of this blade with and without dedicated 
film cooling in the pressure side leading edge region. 

The aerothermal aspect of this problem is investigated 
in a complementary low speed experiment at the 
Technical University in Berlin, where a low speed fiat 
plate with a film cooling row and a separation bubble is 
subjected to periodic inflow conditions (see Fig.5). Here, 
the adjacent body superimposes a turbine representative 
pressure gradient onto the flat plate and generates a 
separation bubble on the flat plate in the film cooling 
injection region. The experimental investigations include 
hot-wire and cold-wire traverses to acquire the time 
accurate velocity and temperature field and the cooling 
effectiveness of such a set-up for different blowing rates 
and positions of the film-cooling ejection relative to the 
bubble (i.e. injection of the fluid at the front, middle or 
rear of the separation bubble). 

Advanced trailing edge film cooling (WP2) 
In modem highly loaded transonic turbines the 

aerodynamic losses of airfoils are principally governed 
by the thickness and wedge angle of the trailing edge. 
Improvements in casting technology has resulted in 

cooled trailing edges of reduced thickness which has 
consequently resulted in an aerodynamic improvement. A 
further consequence is that the trailing edge cooling slots 
have high aspect ratios and large fillet radii in relation to 
the internal slot geometry. The existing design tools are 
only partly applicable or validated for these modern 
cooling slot geometries. Furthermore, the trailing edge 
region of a turbine airfoil is typically the life limiting 
feature of the airfoil and therefore it is vital that a better 
understanding of the flow phenomena and heat transfer 
characteristics of this complex region needs to be 
obtained. Typically, the blade trailing edge, from 
aerodynamic point of view should be as thin as possible. 
This causes a conflict with cooling requirements as 
difficulties of manufacturing result from the integration 
of internal cooling passages in the thin trailing edge 
region. One typical cooling technique, which enables 
thin trailing edges, is obtained by cutting material from 
the pressure side of the trailing edge forming a 
characteristic step. As the cutback uncovers the intemai 
coolant passage a slot is created from which air can 
emerge to generate a cooling film on the trailing edge 
cutback. In order to increase the integrity of the trailing 
edge region, the structure is stiffened by rib or pin-fin 

(a) T120 profile in the high 
speed test facility 

(b) Numerical prediction of the flowfield (Mach number) 
and the path-lines of coolant flow (small box) on pressure side 

Fig.4 
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Fig.5 Low speed test set-up of the nat plate with separation bubble and fi]m-coolL~g injection 
(and periodic inflow) 
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arrays located inside the internal cooling passage 
connecting the pressure and the suction side. 
Furthermore these arrays work as turbulence generators 
to enhance the convective heat transfer in the cooling 
passage and control the blade cooling mass flow. Fig.6(a) 
shows a cross-sectional view of a turbine blade with 
pressure side trailing edge cutback. There have been a 
number of publications dealing with two dimensional 
film cooling through slots, but so far the influence of rib 
or pin-fin arrays on film cooling has not been taken into 
account. The work package concentrates on the 
experimental and numerical investigation of a typical 
trailing edge configuration, where coolant ejects from a 
slot, disrupted by a double in-line rib array as shown in 
Fig.6(a). All experimental work was carried out on a 
scaled-up trailing edge model integrated in the 
atmospheric hot wind channel of the Institut ftir 
Thermische StrOmungsmaschinen (ITS) at the 
Universi~t Karlsruhe, Germany. The trailing edge 
model investigated is scaled up by a factor of 10 and 
consists of a double in-line rib array. Each row is 
composed of 7 equally spaced ribs, depicted in Fig.6(b). 
The overall width of the cooling slot is 180 mm and the 
lateral distance between two ribs is 24 mm. In contrast to 
the first rib row, it was decided to provide the ribs in the 
second row with fillets in order to consider any influence 
due to the fillet radii on the flow field downstream the 
ejection slot. For a realistic boundary layer thickness of 
the main flow, the wall affected hot gas is sucked off by 
a variable boundary layer bleed so that a new boundary 
layer starts to develop on the tip of the nose. Fig.7 shows 
as an example the measured film-cooling effectiveness 
on the cut-back region after the slot for different blowing 
rates. As can be seen from the figure, CFD 
underestimates the near slot cooling effectiveness and 
overestimates the far region effectiveness. This is mainly 
due to poor mixing prediction in the steady flow 
calculations. 

A - A  

(b) Experimental test set-up with generic 
representation of trailing edge region [23] 

In order to get insight into the internal heat transfer, 
in addition to these test, the Univ. of Florence 
investigates the pin-fin arrangements in large scale with 
the use of thermochromic liquid crystal technique and 
particle image velocimetry (not shown here). 
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Fig.7 Comparison of measured and computed 
cooling effectiveness on the cut-back region 

(taken from [23]) 

Flow and heat transfer on turbine endwalls (WP3) 
The actual trend in combustor design results in more 

and more flat temperature profiles. Consequently higher 
temperatures are to be expected close to the platforms of 
the NGV. Additionally integrated blade casting leads to 
clusters of blades, which are prone to thermo-mechanical 
fatigue. Therefore a sophisticated design of the platform 
cooling system is mandatory. However, this requires 
detailed information about the heat transfer on the 
hot-gas side of all walls. Recently performed experimental 
investigations concerning platform cooling suggest that 
detailed measurements of some specific phenomena with 
a well adapted generic model in combination with 
numerical simulation are the only way to solve remaining 
problems. Consequently this experiment has been drafted. 
In the experimental set-up a linear cascade of 3 nozzle 
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guide vanes is tested with leakage flow injection at 
various pitch and swirl angles with different mass flow 
rates, see Figs.8(a) and (b). The tests will comprise 
aerodynamical and heat transfer measurements in order 
to determine both the aerodynamic penalty and the 
cooling effect of the secondary flow. The aerodynamic 
measurements include traverses, boundary layer 
measurements and Particle Image Velocimetry. For the 
aerothermal tests the heat transfer coefficient on the 
endwaU will be derived by means of a constant heat flux 
technique and an infrared camera. 

Passive shroud cooling concepts (WP4) 
The cooling of turbine blade shrouds has become a 

necessity. Active shroud cooling (i.e. by means of 
internal cooling passages in the shroud) is effective, but 
requires thick, heavy shrouds. Passive shroud cooling, on 
the other hand, reduces the driving gas temperatures by 
ejecting coolant from stationary parts, making use of 
local 3D flow structures to transport the coolant to where 
it is needed. The "Passive Shroud Cooling Concept 
Investigations" of the AITEB project focuses on the 
understanding and improvement of passive shroud 
cooling. Main objective is to develop a thorough 
understanding of the physical phenomena associated 
with the passive shroud cooling concept currently in use, 
to develop a design methodology to optimise this passive 
shroud cooling concept and to develop alternative 

concepts. The technical objectives are as follows: To measure 
the cooling effectiveness of "rail cooling" (passive 
shroud cooling) of the shroud of a model HP turbine and 
to gain an understanding of the development and interaction 
of the primary and cooling flow fields, to develop an 
improved method of passive shroud cooling, to provide a 
data base for the validation of state-of -the-art CFD 
codes, to use CFD calculations to enhance the 
understanding and to generate design rules for the future. 

The aerodynamics of the original shroudless low 
speed MT1 turbine at Cambridge (UK), as tested in the 
3rd Framework IACA programme, were assessed for 
their usage as basis for the AITEB passive shroud 
cooling investigations. The aim was to design a shrouded 
rotor blade, based on the low speed MT1, whilst keeping 
as much dimensions as possible of MT1 stage the same 
as in the previous study. Similarity with the previous 
investigations not only offers cost benefits, but also 
opportunit ies for comparison with the previous 
film-cooling study. The design of the shroud for the 
experimental investigations is based on a plain-sided 
shroud design with three fins, as currently in use in 
engine applications. As in the engine design, the three 
fins are inclined forward and are stepped between the 
first and second seal. The gaps between neighbotLring 
shrouds are modeled in the experiments. A sketch of the 
test section of this rotating rig (1 stage) and the coolant 
configuration can be seen in Fig.9. Figs.10(a) and (b) 

(a) Picture of the test facility (test section in front) (b) Experimental test set-up at DLR Goettingen 

inlet fo r  
leakage f low's 

inlet fo r  direct ion = 90 ° 

(c) detail of the test section (side view- showing the slot ejection) 
Fig.8 
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Fig.9 Schematic sketch of the test facility showing the 1-Stage turbine and 
the coolant injection "above" the NGV-platform to the rotor shroud 

(a) (b) 

Fig.10 CFD-prediction of A) coolant path-lines and B) adiabatic wall temperature 

show results of CFD-prediction of wall temperature 
and the coolant path-lines. From this CFD-prediction, it 
can be seen that the coolant coming from the 
platform-slot above the NGV is predominantly going 
over the shroud. Furthermore, a sucking of the coolant 
into the blade low pressure regions (suction side) seems 
to be obvious. Objective of the test is to confirm the CFD 
f'mdings and to investigate more favorable areas of 
coolant injection to achieve better "passive cooling 
effectiveness" on the gas washed surface of the shroud. 

Investigations of turbine blade tip with cooled 
groove (WPS) 

In advanced engine technology, the design of the 
High Pressure Turbine rotor blade is the key issue for the 
entire engine parameters such as engine fuel 
consumption, component life, engine weight, duration 
and cost of engine development programme. For modem 

un-shrouded HPT blades, the cooling of the groove at 
blade tip is a necessity. The efficiency of this cooling 
impacts directly the choice of cycle temperature at 
turbine inlet, the blade losses, the repartition of blade 
coolant mass flows and, particularly, the blade life. So, 
an important effort has to be devoted to the 
understanding of aero-thermal phenomena around HPT 
blade tip with cooled groove, to the build-up of 
associated data bases and to the validation of CFD 
methods for such phenomena. In this part of AITEB, 
aerothermal measurements on heat transfer and 
aerodynamics of a cooled groove are performed at the 
Von Karman Institute (VKI) in Brussels. F igs . l l (a)~  (c) 
show the test facility used for this linear cascade 
measurements. A corresponding CFD-prediction of the 
wall heat flux with and without coolant can be seen in 
Figs.12(a) and (b). The key information of this work 
package will be the heat transfer coefficient measured for 
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Fig.12 Predicted wall heat flux without source term cooling A) & with cooling flows B) 

three different configurations (without groove--plain tip, 
with groove and with cooled groove) and the comparison 
to the corresponding CFD simulations with different 
flow solvers and turbulence modelling. 

CFD-proeess (WP6) 
Looking to the ever rising demand for reduced 

engineering time scales for engine development the use 
of numerical tools in the design process of single 
components as well as the total system is more and more 

important. The design process is typically an iterative 
procedure in which the starting design of any component 
has to be updated repeatedly in order to satisfy all 
technical requirements. The integration of numerical 
tools in this process includes a significant effort in grid 
generation adaptation whenever the geometrical boundaries 
are changed. Therefore, there is a considerable demand 
of a practical method for the reduction of the time 
consuming process of re-modelling the grid after a 
geometrical variation of a component. As part of A1TEB, 
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the Univ. of Karlsruhe and ALSTOM developed a 
method, which is able to significantly reduce the time 
needed for CFD-pre-processing. A method for 
re-modelling is described in [23] and, as an example, 
applied to film-cooled trailing edges of turbine blades for 
subsequent CFD-studies. The starting point of the 
described method is a commercial grid-generating 
program called GAMBIT (version 2.04) in which the 
entire model can be described by a sequence of 
string-commands. During the conventional set up of a 
TE-model in GAMBIT's graphical user interface (GUI) 
the command sequence is automatically recorded by a so 
called 'journal-file'. By modifying single commands in 
this file various design changes can be realised in the 

TE-region of the turbine blade. Furthermore it is also 
possible to adapt the computational grid in order to fit 
special requirements like grid density in the near wall 
area for heat transfer simulation. The command sequence 
in the journal-file is updated automatically after the 
input of all specific design and grid related parameters in 
a macro-based datasheet in MS-EXCEL. Because of the 
resulting significant speed-up for the model generation, 
the described method is especially suited for frequent 
design changes in an process of optlmisation as well as 
extensive parametrical studies which are necessary for 
example to improve film-cooling in the TE-region. 
Figs.13 and 14 depict an outline of the process and some 
meshing example. For further detail please refer to [23]. 

rib base 

I volume 
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i 
volume5 I 
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. . . . . . . . . . . . . . . . .  v o i u m e ;  ............................ 

subtraction: 
V5 = V4-V3 

Fig.13 Automative mesh generation process (outline) taken from [23] 

meshed solid body 

(a) a two-fin array (b) generated with the trailing edge mesh template [231 

Fig.14 Examples of pin-fin array 
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Project Outcome to Date 

The expected deliverables, such as new cooling 
concepts, models and correlations and improved design 
tools will help the European gas turbine industry to 
remain competitive and to meet the increasing global 
market requirements. This will improve aircraftJaero- 
engine performance and environmental friendliness and 
contribute to the EU-policies in the aspects of 
competitive growth and increasing air transport 
capabilities. The project outcome will deliver a sound 
basis for sustainable employment and growth, whilst 
protecting the environment by reduced fuel consumption 
and emissions. The optimised CFD-process will improve 
time scales and efficiency of the CFD-application in an 
industrial environment. Additionally, such results will 
also be of major benefit to turbines contained within 
proposed technology platforms. From AITEB, it is 
expected to achieve enhanced competitiveness and 
sustainable growth of the European gas turbine industry 
due to: 

• Increased engine performance due to higher 
temperature capability of turbines or lighter component 
designs 

• Reduced fuel bum because of reduced cooling 
flows 

• Reduced maintenance effort because of increased 
component life 

• Reduced engine development costs due to reduced 
engineering time-scales (right first time) 

The results of the comprehensive investigation can 
be integrated into the products of the industry partners at 
any time of the project. 

Conclusions 

The described AITEB project represents a concerted 
effort of the European gas turbine industry to answer the 
challenges in the turbine cooling domain. The project is 
running since February 2000 and with an anticipated 
running time of 4 years. The overall structure of the 
project and details of the technical work packages have 
been described. Although emphasis is put on the overall 
project, some first results and details of the technical 
work packages of the global project have been presented. 

Already, a considerable amount of publications 
emerged out of the running project, which one can refer 
to for more detailed information in the technical 
challenges and solutions. The overall aim of this paper is 
to submit an overview on the research activities. 
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of insight into flow behaviour, not possible with experiment, 
was obtained. Areas of  separation were identified in the 
turbine rotor. Overall, CFD has been shown to produce 
representative performance characteristics for the turbine. 
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