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ABSTRACT
This paper compares the results of an in-house decoupled procedure (namedCHT3D), coupled

CFD simulations and experimental data, of the first rotor blade of GE Oil & Gas MS5002E gas
turbine.

The decoupled procedure consists of a CHT analysis where theinternal cooling system is mod-
elled by an in-house thermo-fluid network, external thermaland pressure loads are evaluated through
3D CFD and heat conduction analysis is carried out through 3DFEM. A coupled CFD simulation has
been performed with a commercial code including the whole internal cooling system. Experimental
data refer to metallographic analysis of a blade operated onan actual engine.

A good agreement in terms of blade metal temperature has beenfound, especially in blade tip
region. The main discrepancies between the two methodologies can be located at the leading edge,
probably due to the effect of RANS turbulence modelling on film cooling and the different flow split
in the internal cooling system.

NOMENCLATURE

CD Discharge coefficientṁ
ṁis

[−]

HTC Heat Transfer Coefficient [W m−2 K−1]
k Turbulence kinetic energy [m2 s−2]
ṁ Mass flow rate [kg s−1]
P Pressure [Pa]
q Wall heat flux [W m−2]
s Abscissa [m]
T Temperature [K]
t Thickness [m]
y+ Dimensionless wall distance [−]

Greeks
η Adiabatic effectiveness [−]
λ Thermal conductivity [W m−1 K−1]
ω Specific dissipation rate [s−1]

Superscripts
eq Equivalent value
npf Without purge flows
pf With purge flows
∗ Reference value

Acronyms
BEM Boundary Element Method
CFD Computational Fluid Dynamics
CHT Conjugate Heat Transfer
DoE Design of Experiments
FEM Finite Element Method
FV M Finite Volume Method
LE Leading Edge
PS Pressure Side
SS Suction Side
SST Shear Stress Transport
TE Trailing Edge

Subscripts
aw Adiabatic wall
c Coolant
ext External
is Isentropic value
TBC Thermal Barrier Coating
w Wall
0 Total
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INTRODUCTION
In order to improve gas turbines performances, in terms of higher thermodynamic efficiency and

power output, combustor exit temperatures must be increased and turbine cooling flow rate reduced.
An accurate assessment of thermal load is the key to correctly predict the life of the hot gas path
components. One of the most critical components are turbineblades, since they are exposed to the
maximum temperature of the cycle and also to high centrifugal load. Considering that small variations
of blade temperature lead to a strong reduction of the blade lifespan, accurate numerical methods and
tools are required.

Conjugate procedures can be divided into two main categories (depending on the method used to
solve the specific equation set of the problem):Coupled ApproachandDecoupled(or Segregated)
Approach. The former consists of the simultaneous solution of the equation set which characterizes
different fields. The great advantage of this method is that the coupling interfaces become part of
the solution domain so that continuity of the temperature and heat flux at the interfaces is implicitly
guaranteed, although this approach may lead to a difficult convergence (Zhenfeng et al. [2009]). In the
Decoupled Approacheach field is solved separately to provide boundary conditions for the other ones,
therefore an exchange of information at the interface of thecontiguous domains becomes necessary.
Since both internal and external heat transfer deeply depends on the wall temperature, an iterative
procedure is hence necessary to ensure the continuity of temperature and heat fluxes at the fluid-
solid interface. So, in each iteration the heat transfer coefficients and film effectiveness are computed
assuming a fixed wall temperature distribution.

Several works deal with Conjugate Heat Transfer (CHT) problems on gas turbine components. In
Bohn et al. [1995a,b,c], the authors described their Conjugate Calculation Technique (CCT) applied to
gas turbine vanes and blades, while Takahashi et al. [2000] applied conjugate analysis of heat transfer
inside and outside a first rotor blade of a gas turbine to predict the metal temperature. Heidmann et al.
[2003] simulated the three-dimensional coupled internal/external flow-field of a realistic film cooled
turbine blade. Li and Kassab [1994a,b], Kassab et al. [2003]proposed an alternative approach that
couples the fluid and thermal solutions combining the FiniteVolume Method (FVM) approach to
solve fluid domain and Boundary Element Method (BEM) to solvesolid conduction. In conclusion,
most CHT methods are based on the finite volume method, the finite element method and the boundary
element method or by combinations of them.

Alternative methods involve the coupling of the metal temperature conduction with quasi one-
dimensional thermo-fluid network approaches in order to solve the internal fluid cooling system. One-
dimensional models to solve internal cooling passages represent an accurate and robust design tool
which allows sensitivity analyses, especially for preliminary considerations or optimization strategies,
due to the reduced calculation time. Martin and Dulikravich[2002] and Jelisavcic et al. [2005] used
a flow network approach to perform a multidisciplinary optimization of internal cooling passages.
Kumar and Prasad [2006] adopted the flow network approach to simulate a turbine blade cooling
system, Carcasci et al. [1995] and Carcasci and Facchini [1996] performed a blade-to-blade thermal
analysis of a PGT10 rotor blade and a vane of PGT2 gas turbine.Zecchi et al. [2004] showed the reli-
ability of a preliminary design stage procedure involving aflow network approach performing a CHT
analysis of NASA C3X test case. None of the cited works however can be accurately used to predict
the full 3D metal temperature distribution of a blade, beingmainly conceived for the optimization of
internal cooling geometry or based on 2D conductive solutions.

An iterative procedure developed to solve a conjugate heat transfer problem in a decoupled way
has been presented recently by Andreini et al. [2012a,b]: this methodology has been applied on the
first rotor blade of the GE MS5002E heavy duty gas turbine. In this methodology the internal cooling
system is modelled by an in-house one-dimensional thermo-fluid network solver, external heat loads
and pressure distributions are evaluated through 3D CFD andheat conduction through the solid is
computed through a 3D FEM solution. The proposed methodology is placed in the middle between
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coupled CFD tools, that require a complete meshing of the cooling system, and classical flow network-
based tools coupled with simplified conductive models. It allows, in fact, to contain computational
costs, mainly related to CFD discretization of cooling features, obtaining nevertheless results with
an adequate overall accuracy. This characteristic is the main innovative nature of the new procedure,
assuring its feasibility in both preliminary and detailed design phases.

The aim of this work is to compare the above mentioned decoupled procedure with a fully cou-
pled CHT simulation carried out with a commercial code (ANSYS® CFX). Particular attention has
been focused on the assessment of those parameters which influence heat transfer and hence metal
temperature, such as pressure losses, flow split and heat transfer coefficients.

DESCRIPTION OF DECOUPLED PROCEDURE
CHT3D is an iterative procedure able to perform conjugate heat transfer analysis of gas turbine

blades in a decoupled way, involving the interaction between various codes, each one solving a spe-
cific part of the conjugate heat transfer analysis. The simplified block diagram in Figure 1 shows the
main codes involved in the procedure. Some features of the procedure are presented below. For a
more detailed description, please refer to Andreini et al. [2012a].

1D flow network solver (SRBC)
The internal fluid cooling system is modelled using an in-house 1D fluid network solver, called

SRBC (Stator Rotor Blade Cooling). It consists of a one-dimensional steady state fluid network solver
in which the most common cooling techniques and patterns areimplemented. Further details of the
code can be found in Carcasci and Facchini [1996] and Carcasci et al. [1995].

CFD
External thermal loads and pressure distribution are provided by dedicated 3D CFD computations.

Such CFD simulations do not take into account the presence offilm cooling holes on the airfoil,
since the effect of coolant film is computed through specific correlations in the following step of the
procedure. Only the cooling effect due to purge flows coming from endwalls and cavities is accounted
for. The decoupled nature of the presented CHT procedure involves the use of HTC andTaw to
express external loads on blade surface. At each iteration of the overall procedure, CFD simulations

Figure 1: Block diagram of the iterative procedure
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are carried out fixing the most updated wall metal temperature distribution. Therefore, in order to
keep a consistent definition of HTC despite the local values of adiabatic wall temperature, affected by
the mixing with purge flows, the expression used is:

HTCext =
q

(T npf
aw − Tw)

(1)

whereq is the wall heat flux,T npf
aw (the adiabatic wall temperature obtained from an adiabaticsimu-

lation without purge flows) is the reference temperature value andTw is the wall temperature. Such
definition ofHTCext is selected with the purpose of avoiding an equation denominator value equal to
0.

In conclusion, the role played by CFD in the decoupled procedure is limited to two stand alone
adiabatic computations to provideT pf

aw andT npf
aw , respectively with and without the presence of purge

flows, and a fixed wall temperature simulation for each overall iteration to provideHTCext values,
without purge flows.

HTC augmentation due to the presence of film cooling holes on the airfoil can be taken into
account by means of additional correlations (see for instance Baldauf et al. [2002]).

Film cooling and holes heat sink effect
The film cooling effect was evaluated from the fluid network solver by computing, along pre-

arranged radial sections of the blade, the adiabatic effectiveness using the L’Ecuyer and Soechting
[1985] correlation for cylindrical holes and the correlation proposed by Colban et al. [2011] for
shaped holes: film superposition is handled by the formula proposed by Sellers [1963]. Local ex-
ternal conditions required as input by the correlations (pressure, gas velocity and temperature), are
obtained from the most updated CFD run. The resulting distribution of adiabatic film effectiveness
is then interpolated on the 3D surface of blade airfoil and local values of adiabatic wall tempera-
ture, predicted by the CFD simulation (T pf

aw), are corrected according to the definition of adiabatic
effectiveness:

T eq
aw,ext = T pf

aw − ηaw(T pf
aw − Tc) (2)

whereηaw is the local value of adiabatic effectiveness after the interpolation from the correlation data
andTc the coolant temperature exiting from each hole computed by the flow network solver.

The heat removal due to convection through the film cooling holes has been taken into account
considering a classical smooth channel heat transfer correlation coupled to a correction to handle the
effect of length-to-diameter ratio below 10.

Thermal Barrier Coating
The presence of the thermal barrier coating is taken into account scaling the external heat transfer

coefficients. Due to the small thickness of the coating (assumed constant along the profile), a one-
dimensional heat flux between TBC and blade material can be supposed. Hence, the equivalent
external heat transfer coefficient can be expressed as the series of TBC conduction resistance and
external convective resistance:

1

HTCeq
ext

=
1

HTCext

+
tTBC

λTBC

(3)

FEM 3D Thermal conduction model
Finally, once external (HTCeq

ext andT eq
aw,ext) and internal thermal loads are computed, conduction

through the metal of the blade can be solved.CHT3Duses the FEM module of ANSYS® v.13. Exter-
nal load values, obtained by CFD and film cooling steps, are interpolated on external blade surfaces
of FEM mesh (airfoil, endwall and part of the cavity rim). Theentire set of interpolation steps is com-
pletely managed by an automated script coupled with the ANSYS® Workbench environment. FEM

4



grid is clustered enough to limit discretization errors dueto interpolation process on non-conformal
grids.

To complete the set of thermal boundary conditions, proper values on the rest of the shank and
fir-tree surfaces are applied. In particular, these conditions are derived from an axysimmetric thermal
analysis performed on the whole machine using an in-house GEcode. The results were matched with
available prototype test data.

Convergence criteria
The convergence is verified checking the local values of wallmetal temperature. The procedure

convergence is assessed checking relative errors between the last two iteration below 0.1%. Usually
less than 10 iterations are required to get convergence.

DESCRIPTION OF TEST CASE
The investigated component consists of the first rotor bladeof the MS5002E gas turbine designed

by GE Oil & Gas. Due to the confidential agreement with the industrial partner, only a sketch of
the cooling system has been reported in Figure 2: it can be modelled as two independent fluid flow
networks, characterized by a system of ribbed radial tubes (serpentine channels), a coldbridge with
shower head and shaped hole (on the SS) in proximity of the leading edge. In the last TE tube (SA2)
a film cooling row (on the PS) and several axial tubes (slots) are present.

The conjugate analysis here reported refers to Full Speed-Full Load power rate of the machine at
ISO conditions.

Decoupled Procedure (CHT3D)
As mentioned above, in case of decoupled procedure both film and internal cooling are calculated

with a correlative approach, therefore the fluid domain doesnot contain film cooling holes and the
internal cooling system. In addition, the extent of stator-rotor purge cavities have been limited to the
first angel wings.

(a) LE coolant feeding channels (b) TE coolant feeding channels

Figure 2: Internal cooling system: flow network
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Flow network setup
As explained, the cooling system mainly consists of radial tubes, where the 1D fluid dynamics

can be resolved by means of a correlative approach. A more complex flow field develops at LE and
TE regions of the cooling system due a mixed axial-radial flow.

One of the main approximations is represented by the coldbridge modelling: this feature of the
cooling system is schematized by a 0D model. In order to better characterize the LE flow network,
the coldbridge feeding tube (TRRLE,1 in Figure 2) is discretized by a series of ribbed radial tube,
each one feeding a single coldbridge model (see [Andreini etal., 2012a]).

Once the cooling network is appropriately modelled, a tuning phase of the system flow function
is necessary to ensure that numerical model and real component have the same fluid dynamic charac-
teristics.

Concerning boundary conditions, total pressure and total temperature at the cooling system inlets
are supplied byGE Oil & Gas, whereas external flowpath static pressure values are obtained by a
dedicated CFD simulation.

CFD setup
Steady-state CFD RANS calculations have been performed with the commercial 3D Navier-

Stokes solver ANSYS® CFX v13. The flow path boundary conditions have been providedby GE
Oil & Gas: a static pressure distribution has been imposed at the outlet, whereas the inlet bound-
ary conditions, obtained by the mixing plane of a multi-stage simulation (circumferential direction
averaging), are described in terms of total pressure, flow direction, turbulence and total temperature
distributions. The purge flows have been characterized by total temperature, mass flow rate and cylin-
drical components of flow directions.

Compressibility effects have been taken into account and the High Resolution advection scheme
has been used. The fluid has been modelled as ideal gas and the properties of specific heat capacity,
thermal conductivity and viscosity were expressed as function of temperature. Energy equation has
been solved in terms of total energy and viscous heating effects have been accounted for. The SST
k − ω turbulence model, in its formulation made available by the CFD solver, has been used in
conjunction with an automatic near-wall treatment approach, that blends between Wall Function and
Wall Integration on the basis of the localy+ value.

The solution convergence has been assessed by monitoring the residuals and stopping the simu-
lations when the trend of minimum, medium and maximum valuesof adiabatic wall temperature or
wall heat flux on the blade surface reached a steady-state.

ANSYS® ICEM-CFD has been used to generate a tetrahedral grid. A meshsensitivity analysis has
been carried out in order to ensure mesh independent solutions, leading to a8.4 · 106 elements grid.
A 20 prism layer close to the wall ensures an averagey+ on the blade definitely below 0.5.

Thermal conduction model and overall convergence
The mesh realized with ANSYS® Meshing for the thermal FEM model consists of about1.3 · 106

tetrahedral elements with ten nodes.
Concerning the convergence history, the selected criterion was satisfied after three overall itera-

tions. Results relative to the first iteration are affected by the use of a uniform first attempt blade
temperature, while it has been demonstrated that the final distribution of external HTC is achieved at
the second iteration.

Coupled Procedure
According to the nature of the coupled procedure, the simulation requires the addition to fluid

domain of the whole internal cooling system and discrete filmcooling holes. Furthermore, it has
been decided to extend purge cavities down to the fir-tree in order to allow the coupling to stator-rotor
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disks.
In this case, both fluid and solid domains are included in the simulation and heat flux continuity

across interfaces is guaranteed. The presence of TBC is accounted for, using an interface model that
requires thermal conductivity and thickness of the ceramiclayer as inputs.

The boundary conditions for the internal cooling system areprovided byGE Oil & Gas, in terms
of total pressure and total temperature: in this case, the inlet is located at the plenum feeding the
four tubes (coolant inletin Figure 2), in order to verify the flow split and the total pressure boundary
conditions for the flow network. On the flowpath side, the set of boundary conditions previously
employed for the decoupled procedure has been kept.

It is worth emphasizing the issue resulting from domain coupling. In fact, while the surfaces of
fluid and solid domains are fully overlapped on blade tip and airfoil, this condition does not occur
necessarily on both endwall and rotor disk, where usually the fluid domain is shaped differently
in order to follow fluid streamlines, therefore it has been decided to apply the following boundary
conditions:

Tw fluid = T̄w overlapped solid and qw solid = q̄w overlapped fluid (4)

ANSYS® ICEM-CFD has been used to generate the mesh for the fluid domain with the same
features of the previous one. Mainly because of the inclusion of the internal cooling system, the
number of elements increases significantly up to48.7 · 106 elements. The same tool has been used
once again to provide a fully tetrahedral mesh of the solid domain (5.7 · 106 elements).
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Figure 3: Comparison between experimental and numerical temperature profile at various span loca-
tions
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RESULTS
Blade metal temperature profiles
In order to comprehend and assess the accuracy of the model, acomparison between coupled and

decoupled procedure and experimental data concerning the blade metal temperature values will be
presented. Regarding metal temperature values, they have been obtained by a metallographic analysis
carried out on a set of actually operated blades: in Figure 3 they are reported asactual engine data
with error bars. This set of blade has operated for about 15000 hours (Andreini et al. [2012a]).

In Figure 3, wall temperature comparisons are reported: they are presented as profiles along a
non-dimensional abscissas/stot in which 0 corresponds to a conventionally defined leading edge,
from -1 to 0 it is represented the pressure side while from 1 to0 it is represented the suction side.

At the lower part of the blade (span 20%, Figure 3(a)), there are some discrepancies between
numerical and experimental data: decoupled and coupled procedure underestimate the experimental
metal temperature profiles, especially in the leading edge region. Lower values of blade metal tem-
perature can be explained as an underestimation of mixing between hot gas and endwall purge cavity
flow due the complexity of the flow field and the the uncertaintyof the boundary conditions applied
to the shank and the fir-tree of the blade.

At the midspan (span 40% and 60%, Figure 3(b) and 3(c)), a general agreement with experiments
along most of the blade for both the numerical simulations can be found, especially for the decoupled
procedure. The gap between the methodologies might be attributed to 0D modelling of the coldbridge
and the RANS turbulence modelling of film cooling, without the possibility to determine the rule
played by each factor.

Finally, at blade tip (span 80%, Figure 3(d)) the agreement with experimental results improves,
even though in this case, compared with mid-span, the best accuracy is achieved at leading and trailing
edge. Along the suction side of the blade it is possible to notice an underestimation of the experimental
metal temperature values: it can be addressed to the influence of secondary flows on the flow field.
However, the maximum relative error (respect to the maximumblade temperature) lies below 6%.

It is important to remember that the metallographic data refer on the actual operating condition of
the component, while the applied set of boundary conditionsrefers only to nominal design conditions.
Hence, due to the variability of operating conditions, it isdifficult to provide an accurate estimation
of boundary conditions for fluid network and CFD analysis.

Internal flow split
Non-dimensional mass flow values (m/m∗) and discharge coefficient (CD) for showerhead and

film cooling holes are shown from Figure 4 to Figure 6: referencem∗ values are the maximum mass
flow values between coupled and decoupled procedure for eachholes row. ConcerningCD values
of CHT3D procedure, they are calculated following a DoE analysis, asexplained in Andreini et al.
[2012a].

Regarding the shaped holes on the suction side (Figure 4),CHT3Dshows a general underestima-
tion (with an average value of 15.3%) of mass flow values in respect to coupled procedure results,
while about discharge coefficient there is an average gap of 0.02%.

Concerning the showerhead holes, three rows are present: one at the conventional LE position,
one on the suction side and the last one on the pressure side. Even for these holes, a general good
agreement can be found for both mass flow and discharge coefficient: on average,CHT3Dvalues are
below those obtained by the coupled simulation, with a maximum averaged difference of 17.4% for
the holes placed on the airfoil pressure side.

Finally, about TE film cooling holes, looking at Figure 6, coupled procedure presents a great
underestimation of the mass flow obtained byCHT3D procedure. In particular, regarding the first
hole (i.e. the hole closest to the hub), coupled procedure predicts an external fluid ingestion.

Concerning the total pressure variation along LE e TE serpentines, Figure 7 and Figure 8 report
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the profiles ofP0/P
∗

0 for each radial tube at different span locations:P0 is the mass flow averaged
values of total pressure andP ∗

0 reference value is the total pressure at the plenum that feeds the inter-
nal cooling system for the coupled procedure. A good agreement can be found in the LE serpentine:
the value at the inlet ofTRR4 channel is roughly the same, furthermore the pressure loss seems to
be similar, since the curves in Figure 7 appear nearly parallel. Results are significantly different at
the TE serpentine, as highlighted in Figure 8: notwithstanding a similar trend, the main discrepancies
between the procedures are located at the inlet ofTRR5 channel and at the U-bend curve with bleed-
ing linking centrifugal and centripetal channelsTRR5 andTRR6. As far as the inlet total pressure is
concerned (Span 0% in Figure 8(a)), the gap can be ascribed tothe fully three-dimensional flow field
within the manifold that feeds the two serpentines (see Figure 2). Furthermore, the tuning phase of
the flow network based on flow function estimated on an adiabatic stationary test rig does not take into
account the effect of high speed rotation. However, this assumption is a common practice with low
order design tools and when detailed experimental measurements are not available (Andreini et al.
[2012a]).

Facchini et al. [2013] performed an experimental investigation on the same blade, in adiabatic
condition and without taking into account rotating effects: they show that the pressure side of the
trailing edge is a very critical zone in terms of gas ingestion. Therefore, this phenomenon would
require further investigations.

Internal heat transfer
Figure 9 and Figure 10 present theHTC/HTC∗ for all the coolant channels, sampled at various

span, for coupled procedure andCHT3Dsimulations.HTC∗ is a reference value, used in fulfilment
of the confidential agreement with the industrial partner

Looking at the LE serpentine (TRR4, TRR3 andTRRLE,1 in Figure 9), it is possible to highlight
a very good agreement between the two set of results. In particular, alongTRR4 channel both the
simulations show the same variation trend moving from hub totip, with the exception of the values at
90% span whereCHT3Dunderestimates the contribution to heat transfer coming from the presence
of the ribs placed inside the channel. Concerning the centripetal TRR3 channel, there is a very
good agreement in terms of both variations and values, whilefor TRRLE,1 channel (which feeds the
coldbridge) some differences arise: they can be attributedto the 0-dimensional modelling ofCHT3D
procedure, not fully able to catch the flow field and hence the heat transfer in this region.

Regarding the TE feeding channels (TRR5 andTRR6 in Figure 10) it is possible to highlight
the same good agreement between theCHT3D procedure and the coupled procedure, especially for
TRR6 channel. Concerning the final part ofTRR5 channel, the same considerations aboutTRR4

channel are applicable in this case.
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Figure 4: Non-dimensional mass flow andCD for shaped holes
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(a) SS showerhead holes

1 3 5 7 9 11 13 15 17 19 21 23
0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

# hole

m
/m

*

 

 

coupled procedure
decoupled procedure

(b) Central showerhead holes
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(c) PS showerhead holes
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(d) SS showerhead holes
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(e) Central showerhead holes
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(f) PS showerhead holes

Figure 5: Non-dimensional mass flow andCD for showerhead holes
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(b) CD

Figure 6: Non-dimensional mass flow andCD for TE film cooling holes
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(a) TRR4
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(b) TRR3
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Figure 7: Non-dimensional total pressure along LE serpentine

CONCLUSIONS
The present work shows a comparison between a decoupled CHT procedure and a fully coupled

CFD simulation carried out with a commercial code, applied to the first rotor blade of the MS5002E
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(a) TRR5
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(b) TRR6

Figure 8: Non-dimensional total pressure along TE serpentine
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(a) TRR4 channel
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(b) TRR3 channel
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(c) TRRLE,1 channel

Figure 9: Non-dimensional HTC values along LE serpentine
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(a) TRR5 channel
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(b) TRR6 channel

Figure 10: Non-dimensional HTC values along TE serpentine

gas turbine. The decoupled procedure consists of an iterative procedure able to perform a conjugate
heat transfer analysis of gas turbine blades in a decoupled way: the internal cooling system is mod-
elled by an in-house one-dimensional thermo-fluid network,external thermal and pressure loads are
evaluated through 3D CFD and heat conduction analysis is carried out through 3D FEM. A coupled
CFD simulation has been performed with a commercial code including the whole internal cooling
system.

Numerical results, in terms of blade metal temperature profiles, are compared with experimental
data obtained from an extensive metallographic campaign atspecific span sections. Results show
a general good agreement, especially forCHT3D procedure. For both numerical procedures, the
accuracy decreases moving towards the hub section, where the results are strongly affected by flow
field complexity of CFD simulations as well as boundary conditions uncertainty on the blade shank
and fir-tree.
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The analysis of coolant flow split between LE and TE serpentines, in terms of mass flow rates,
discharge coefficients and pressure losses, has highlighted a significant discrepancies between the
coupled simulation and the flow network approach, tuned on a flow function evaluated on a station-
ary adiabatic test rig. Nevertheless, the internal heat transfer coefficient variation trends along the
serpentine is in close agreement, with exception of coldbridge feeding tube.

In addition, it is worth remembering that the metallographic data refer to real operating conditions
of the component (15000 working hours), while CFD analysis refers to nominal design conditions.
Therefore, due to the real variability of the operating conditions, it is difficult to define a fully repre-
sentative set of boundary conditions for CFD analysis.
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