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ABSTRACT

The aim of the work is talefine a methodology antb
develop specifitools thatallow engineergo investigate and full
characterizethe thermalperformanceof an aereengine turbine
module.

The thermal behaviosof a complex systerare theresultof
strong interactions between the flidginamics aspects, the heat
balance within each component atite geometric variation
mainly due to the thermal and mechanical loa8l.thoose

INTRODUCTION

The strongncentiveto improve the aerengine performance
in recent years, mainly connected to potential specific fuel
consumption reductionhas led to optimizations of individual
aspects of the engine syste@ne of the areaconsidered more
strategic to guaranteehigher level of efficiency is the control of
the clearances in turbimmodules(Figure 1 and Figure 2): this
means to be able to control the distances between rotating parts

phenomena are strictly connected and cannot be studied(mainly tip of blades) and statiparts (mainly shrouds) in any

separately without introducing approximations and /or errors in
the final results.

For long timethe industrial apprach in turbine desighas
been based on separate aredysf the phenomenaith manual
iterations between thero allowed acceptable solutiorie be
reached

The new requirements in reducing the product ficamarket
together with the need of higher acacy in the designhave
driven the development of new approaches based on the-multi
disciplinaryanalysisntegration.

This paper will summarise the AVIO approachthe turbine
design procedure upgrade, mainly focused on the themadysis
and clearages control.

A detail ofthe methodology usedill be presented together
with a description of théoolsdevelopedA comparison between
numericalpredictionsand experimentalata(full engine test) will
be reported.

* Author of correspondence

engine operative conditions. Minimising this distance is the way
to increase the turbine efficiendyef.1]. Those gaps are the
results of a lot of component deformatiofblades elongation,
disks hermal expansion, static parts displacement due to
contr ol | ed soctleeyp tanbe gvaluatg only if the
thermal behaviour of each componean be well simulated and
calculatedHoweverto determine temperature distribution in each
part of the turbie requires a knowledge dhe fluid-dynamic
characteristics of both hot and cold air streams (mainly mass
flows with their pressures and temperatures in every passages of
the turbines). Finally those fluid data can be calculated only if the
geometry of ai passages / gap@nainly in seals regionpre
known, but, as mentionedbove they area function of the
deformation of the parts. Thloop of physical interactionsust
be taken into account if the quality of the resaltsto satisfy the
really strid requirements describedove

Without considering this approach the final temperature
distributions of the components muso be affectedby higher
uncertainty that means theequires the introduction of leveles of
margin in the design, both in life rediction and in air
consumption (for cooling and purge). Tregjuired performanse
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of the new generatiorof engineswill not allow such kind of
margirs.

In the following paragaphs a methotb improve the thermal
evaluation of a turbine modyleusing a multidisciplinary
approach, will be described. The methad been implemented in
a tool that will be also describeehd somepredictedresults will
be compared with available engine data.
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Figure 1. Turbine typical layout withschematic flow
network(ref.1]
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Figure2: Detail of a typical tip clearance geometry

MULTIDISCIPLINARY APPROACHES

An evidence of the increasing in interest of the technical
institutions on integration problems can be founchia treation
of official committees dedicated to this aspect. It is one of these
committees, the AIAA MDO Technical Committefef. 1], that

in 1991 has provided a referenced definition of the AMulti

DisciplinaryAnal ye i s 0 :

A A met hodol ogy for t he
engineering system and subsystem that coherently
exploits the synergism of mutually interacting
phenomenabod

Starting from this definition, it is understandable how
improving design complexity can nbe unaffected by the mutual
interactions between physical phenomena that occua igas

turbine Moreoverthe accurateof analysisis improved ashe
input and the output of differernalygs are connectedo each
other
In particular, the value of in diffusing this kind of
multidisciplinary approachcan be recognizeni the common
benefits that thee investigationsan have on the final produdts
the areas of
1 Quality of the design process
1 Reliability and Robust Contrpl
The first aspectrelates to theenhancement of quality both
during the design phase amdthe final product. The benefit of
increase quality during the design phase ashievel by
customiing the usualprocedure thaare required to perform the
analysis Integratedcodesenable theo converion of outpus that

comes from one process to another process, deleting the

inefficiency due to transcription of data from one source to others.
Moreover the quality of the process is also affddiecause it is
possible to control performance paeter of different desig
processeso optimize product requirements ¢o achievespecific
technical targets. Generally speaking the integration of the

different design area of development can be considered as an

approach to the quality standaod the deggn, also known as
Design For Six Sigma (DFSS).

The secondoint relates tothe chanceof building, with the
aim of integraing tools, for analysis of reliability ofrobust
control whenever robustness is defined apecific target of the
design. The ingrated environment allowsvestigaion by means
of high number of simulatiorthe response of the system to, for
example, inaccuraciesof the manufacturing processor
uncertainness in design parametensd thento select the more
promising solution.

The situation described of the aerethermatldeformation
analysis in a turbinecan be treated as a classical example of the
complexity of rorthierarchical problems. Those cases are known
to be problems wherthe possible soluti@can not be found by
solvinga series obBubsequensubcases or subspaces, but it is the
result of the iteration between each of the prevaulspaces. In a
non-hierarchical case, the procesglefined as the sequence of
operations that mudte performed to achieve a final resolatio
becomes recurrent because the input of speaifalysis are the
result of followinganalysis outputéseeFigure 3), hence loops of
design phaseare needed irachiewng a final and consistent
solution.

HIERARCHICAL PROBLEM | NON HIERARCHICAL PROBLEM

SubSpacel

[ SubSpace2

[ SubSpacel ] [ SubSpace2 ]

SubSpace3 ]

SubSpace4

Figure 3: Hierarchical and norhierarchical flowcharts

[ SubSpace2.1 ] [ SubSpace2.2 ]

In order to solve anon-hierarchical problem, different
dtrategiey may be &ppliednd thep dhace betweeamhich one of
them is driven bythe gain in efficiency,i.e. the reductiorin the
time consunedin performingsuchspecificsimulatiors.

Moreover recent efforts in couplingpn-hierarchical problem
with optimization problems, offe@possiblenewapproach to the
solution of this kind of analysis. It is possible to summarie t
different stategiesabovein two main familieqref. 3]

- Multi Design Feasible
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Optimizationcoupledintegrated analysis.

In the fist case, the solution to the overall problem is obtained
by reaching the soluth in each subspace coupling output and
input of the analysjsand controlling the residuum behavieur
until convergence is achieved. In this case, for every loop of
variables that are used as input and outputthef different
analygs, a loop between codeis required. Hence time
consunption increass with increagd complexity, measured by
thenumber ofcoupled variables.

In the second case, every solver involved in the integrated
simulation is urcoupled by creating an additional varighidich
controlsthe difference between the hypothetical values used as
input, and the output for the coupled codes. In this case, an
externalcontrolle 7 the optimizefi is responsible of minimizing
the inconsistenies between the coupled variables used by the
solvers, and in this way the feasible solution to the overall
problem is obtained only at the end of the optimization.

According to Hulmg14], a method that decreasthe usage
of iterative solutions would be surely preferred in the case where
solvers are repsented by very timely design tools, like, in this
case, two FEM formulations and a network solver. But, on the
other hand saving timeconsuned increags the risk of having
less precision in the residuum balance of the coupled variables,
especially when # number otheseparameters is highrhis has
movedthe direction ofresearchto a different way for increasing
the efficiency of the integration strategy.

The solutionfound has been studied for the specific design
intent of the realized integrationpa it is related to the particular
physical phenomena that are encountered during the simulation.
For this reason, it can not be disassodidtem the integration
problempresentedbut it offers an example of method that can be
adapted to different casafter a similar preliminary study.

Hereafter, before presémgy the method, the design problem
is described in order to explain how apply the proposed
integrated solution, and to introduce to the following test case.

NUMERICAL PROCESS

As mentionedbefore the numerical process involved in this
analysis refers to the futransientthermal analysiof an aere
engine turbineThe main features or subprocess, of the main
design fluxcan be summarised as:

A Thermal analysisis the process that evaleatheat
loads and temperature distributions in eaegion and for each
required time stepDue to complex geometries the problem needs
to be solved using a Finite Element Method (FEM) approach, but,
in general it can be simplifiedluring the design plsg as an
axisymmetric problem. The thermal solver will find a solution (in
steady or transient condition) by performing thermal balance
through conduction, convection, and radiation heat exchanges.
For doingthis, it needs to knowhe mass flow distributn and
characteristics near all the wetted surfaces.

A Fluid-dynamic analysi§SAS)is the process that allew
the evaluaion of the mass flowdistributions within the secondary
air system. Also in this casthe complexity of the network and
geometries leds to the impossibility of using full 3D
AComputational F1 ui d. TbBeysaldioniisc
to follow a flownetwork solver methodologyn which the fluid
domain can be simulateby usinga series of 1D model®ach of
them having dedicated gelations for simulai& flow evaluation

( CFD)

A Deformationanalysis is the process for the evaluation of
the component deformatioie. the new flow path geometry.
Displacements can be influenced by mechanical and thermal loads
(thermal maps)so it is necessary to use a 2Dsygxnmetric model
in order tocdculatethem correctly.

For a long time such simulations on complex sysidrase
been managedy considering a sequential calculation approach
(Figure4). Fluid and deformatioranaly®s were in general done
only in a stabilized conditionand data interpolated during the
thermal transient of a vabe engine mission. Some loops were
necessary in order to have coherent results between the three
processesin any case the final uncertainty introducednnot be
avoidedjust by increasing the number of loops.

The new requirements @&nhgineclearanes andcomponent
lifing controls can be translateinto a thermal requiremenof
having calculated temperatgreith an uncertainty that must not
exceed a standard deviation aifout10 degreesCelsiusin the
normal Low Pressure Turbine applications.
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Figure 4. Sequential Calculation Approach

To achieve his goalit is necessary to changbe design
met hodol ogy a n dequemtiatheonal ealculatioo m a
approactd t foll indegréited thermal approach(Figure5)

THERMAL

thermal maps
mass flows
performance review

hot condition geometry

DEFORM/

Figure5: Fully Integrated Thermal Approach

This means takeg into account, at each timgtep of the
analysis and at each convergence step, the complete status of the
system from a therat, fluid, and deformation point of view. In
doing that each physical phenomena can be considered and
evaluated with the exact boundary conditions determined by all
the three aspecisvolved

approacho

DEVELOPMENT OF THE INTE GRATED TOOL

The process requires as input the geometry (in particular values of

seal gapand other clearancegnd a thermal map.

The main idea of the presework was not to change the
specific design practices available for each analylsig to

3
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introduce all of them inraintegrated multidisciplinary approach
asdescribedabove. The choice was then to use the well tested
commercial codes alreadin-use, in stand alonemode in a
sequential approach. They are:

MSC RThermal[ref. 11] for the heat balance. The code is
widely used for this kind of analysis thanks also to the
possible use of User Defined Librariesshich specialisers
practices can be implementethe amelibraries have been
used for the integration of the whole integrated procedure
manager.

FLOWMASTER [ref. 12] for flow network solver, with an
extension ér specific sukcases phenomena simulation.

MSC MARC for deformation analyses. The choice of this
code has been mainly based on the high integration level
already available with the thermal solver. Both usePATRAN
as preprocessqr where models and loaglcan easily and
automatically translate from ommalisisto the other.

The integration have been then implemented at two levels:

1 Graphical User Interface (GUI) integration;
9 Simulating Code#& algorithms Integration.

1) Grafic Userd kterface

The three malyses are in fact based on the three separated
models (thermal, flow network and structural) but it is necessary
to assure their coherence frothe geometric andbounday
conditiors points of view.Two interfaces are available: PATRAN
for the thermal anddeformation solvers and FLOWMASTER
GUI for the network solver. Also the user requirement to

To translate the whole thermal modetarthe structural
one (all done in PATRAN) and add the additional required
inputs.

The high automation levehtroduced helps the user to avoid

errors and to spdeup this phase of the design process

2) Simulating codes& algorithms integration

The FLUITHEST integration algorithm has been built taking
into account the required flexibility to use a full integratio
(ThermalFluid-Deform) or only partial (Thermetluid
integration

The algorithm type used for all the levels of integration is
based on the technique of the Fixed Point Iteration, hereafter
called as FPI. This technique hagnbeen modifed in order toe
adaptive and more efficient for the specific application presented
here

The FPI is based on the iterative loops of input and output
variables coming from different codes, where it is required that
the same variables, at the end of the simulationksatisfy both
calcuktiondomairsin a consistent way.

To show how this process wagka flow chart of the FPI
methodology applied between only two different codes is
presentedn Figure®6.

Vi ?(1"‘3;) =y,

12

Yo (1"33) = Vas

551

S52

Figure 6 FPI process example applied between two codes

The boxes called SS1 and SS2 (SS is usedenoteSub
System ) can be two geric processes, in our casesimulation

introduce only once the data that are used in more then one modefqq with its specific code. Variable y21 is the generic output of

became essentjaf the final goal is the robustness and quality of
the design procedurd&his neans to introduce the capability to
translate the data from one model to the others. The cheice
beenmadeto use the thermal model prepared in PATRANes
main one and use it for translating the information directly to the
others thismeans esseiatly the two following steps:

a. convert and export t he
defined in the thermal model {FHERMAL) into the
Fluid-Dynamic Network of FLOWMASTER

b. convert and export the complete thermal mogrl

THERMAL) into the deformation model (MRC)
Concerning a),dedicated objects have been created in

SS1 that will be used as input by SS2. The same nomenclature is
used for the other coupled variable y12.
The application of the classical method as in this example,

will consistof the followingcalcubtionsteps:

Step 1) initialization of one coupled variable (y0 ); set
iteration counter variable i = 0;

Step 2) nextiteration;i=i+1;

R §isit oy § 9 1 1f 2l uiyd

Step 4) yi12=y12(yi21)

Step 5) if lyiz21  yie|T 1<

net wor k

O stop, else go
The complete integratioperformed in FLUITHEST usethe
same procedure presented above, but it iensomplex and it

involvesthe four codes. The loops of the coupled variables that

PATRAN and associated to the beam elements simulating the gre involved in the analysis are shown Figure 7 using the

flow network. Objects can be recognisedthg FLOWMASTER

notation known with the name ofeBignStructureMatrix i DSM

GUI as typical pressure loss models (pipes, junctions, pressure|ref, 7].

sour c e, ) andthefsane eetwdrican autanatically re
build. Somespecial objectneed to be created (named TNODE)
in order to transfer the temperature fréime P-THERMAL node
to the FLOWMASTER network.

Concerning b), geometry and mesh are automatically
translated. Also some features of the mechanical loads and

contacts can be automatically prepared in the deformation model

based on some characteristics of the thermal model.

The process for the models preparativenbecame:

to prepare the thermal model (that cam lsed also as
stand alone)

to translate the fluid network into FLOWMASTER and
add the input data required.

Each link of the DSM indicates that the variables are coupled
between the indicatkesolver. Hence for each line, based on the
complexity of the simulated system, a set of parareet@rates
automatically from oe code to the other.

At the first tentative development of the simple FPI process,
the integration has reveal#te requiranent ofan high number of
recurrences between codes and hence a high time spen

The first modification introduced in the integmat is
represented by a limitation in the recurrences, as proposed and
describd in previous papers (see referenfre$. 6] and|[ref. 7] ).

Thi s met hod i sondoal laendd fistmsipe n <
interruption of the coupled variables applied when the impact on

the integrated simulation does not determine a significant
variation on the convergence.

Copyright © 2009 by ASME
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Figure 7 Matrix of the coupledariablesusedby the integrated codes as in the FLUITHEST process.

The formulation of the suspension criteria has been developed
according to the results of the first test case presented hereafter
and it based on the analysis in the evolution of the coupled
variables. Taking into consideration, for example, the evolution of
the Thermal model and of the linked flowetwork model, itwas
compared the maximum variation of temperature of the FE
thermal model, toraindex of efficiency for the variation of the
massflow rate values. This index of efficiency was formulated as
the number ogfficient updated coupled variables of the networ
(considering the updating waficient when the variatiorwas
higher than a tolerance value) dividied the number of coupled
variables. Hence, an efficiency equal to one means that all the
coupled variables are updated in the flow network, and therefor
the integrated solver is far away from convergeracel fromits
final solution. In this situation, the suspension of the couplings
variables can be applied.

Moreover, comparing the value of efficiency with the
maximum value of variation in the nodalntperature of the
Thermal model (it is wortta remincer that the nodal temperature
is one of the key paramesahat determine the variation in the
flow network model results), it is also possible to control the
phases in the integrated simulationwhen caipled variable
suspension is possible .

For example inFigure 8 it is shown that the efficiency is
constantly equarom the first iteratiorup to iteration 600, then it
decreaseslue totolerances in the nodal t@erature variation
beign bwer than 0.01 K. Thensuspensionis applied up to
iteration 600to speed up the process of convergencerder to
obtain less results during this calculation phasel increase
precision only at the end of the iterations

1
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Figure 8 Evolution of efficiency and temperatureriation for
a test case.

Copyright © 2009 by ASME



Anyway, it is not easy to evaluate the effect in time reduction Integration FPI + management of Thermal solver accouracy
for any simulation, because it is highsensiive to the model 100% }
complexity, andthe coupling of the overall system. SN I _J» | 09

The second modification is the management efatcuracy o 8%H | = =] [ 08
requiredfor each analysis during the integratioAn analysis of £ uH — — 1  [Hork
the time consuned by each code duringhe iterations has 2 % — — — I 1 HosE
highlighted that the mainly part tietime ( 90% of the time for 8 mw —H— — — 1 1 H 05%
recurrency is required by the thermal solver (deigure9 ) . For E M 1 M — 1 e %E
that reason, the idea was to decrease the thermal saiveracy s zg: T 1 1 L i Tl Ez g
during the first part of the simulation in order to reduce the overall 10% 1 B Sl E i o
time of the simulation. In the second partragure9 it is shown 0% ! S T . . . . 0
that the benefit in terms of overall run time is a reduction of D 180 300 450 GO0 TS0 900 1080
nearly 50%compared with in the simple FPI implementation. recurrencies
This modification does not affect the final result because the == Therrral Run Tire m— Flow-Netw ork Run Tie:
accuracy of the therrhaolver is increagkin the final steps of the === Structwra RinTime ~ — — Overal Runtime

integration up to the same value as in the first implementation. ) . ) .
9 P P Figure 9 Comparison between percentage of required time

spending for the imgrated codes for simple FPI procedure and

To summarize, the modifications introduced in the original
FPI + thermal solvemccuracymanagement.

version of the algorithm are:
a. to control the accuracy of the results of the sirgpde
during the convergence;
b. to control the number of iterations based on the ENGINE TEST CASES
development of the solutions themselves.
The above criteria has been implemented into the thermal 3) Evaluation of the Impact on the design phase
solver codeaccording to manual user guide instructifre$ 11] ,
in order to make asimple as possiblethe procedure for the
starting of the simulation.
During Transient analysis the same criteaatsteady state is
used but the algoritm monitors the delta temperature error
during integration time step. Moreoyeother parameters are

The first application of the integrated procedpresented
has been performed in order to evalutdte effectsin terms of
results and timeonsunption, even on a very easy test case.

In other words, we wouldnswerthe questiorriaisedby the
designer othe SA S, t hat i s: fi- Which is

checked to activatéhe fluid dynamic run: in particular all time ?e; \::aesealg\é)l o;ferr]s Oo?h::r in?orpmgtilony ébgu?'\ﬂg‘f/m&férﬁh?hg teg
dependent boundary conditare controlled and compared with progedure costs, that in Ti ket is equivalent to

a convergence tolerance bno a d s . | f l oads d o8 Fh cl% té:'dne@% %J&mfé W%’%a}{ hen it 9 lied

two conseutive time steps no fluidlynamic recalculation is sdyihghow fohg do € procedure take when it 1S appiled.

needed and only delta temperature controls the fluid dynamic For this reason, the component chosen for the simulation
uns y P y should be an eashput alsoa significant applicationlike the static

The algorithm remains the samsdescribed above, but the pars of a Secondary Air Syst_erfsee models iffigure10).

case othestructural codgpresent in the logghis alsotakes into THERMAL - DEFORMALISY
account the clearance deflection convergence. This mearthehat
variation inthe percentage of monitored clearances is compared
with a tolerance value on clearance convergence set by the user
Again, asin steady state the control is activated betwetezady
stateiterations, in transient analystee control is applied also
between integration time steps

Integration FPI -5in
FLUID NETWORK N . R
100% 1 /;‘:_._‘,/. ,Q\g\
0% 0.9 /‘-.'{‘,‘:i )
2 M~ — M M e e, B ! ’
£ o™+ —H H 4 1 - 1 HATE P
2 e%H — ke ] HosE /"
= -
8 =%+ —/,-4 = —0.52 P
g ou{ H =T TN u.4§ R
§ wxH H M4 H H H H Ho2s
= s A< — H = Hozs S — : :
PPOSRN N[ Il  B  I Figure 10 Submodels used in the integrated approach
0% 0 i .
0 150 300 450 60D 780 900 1050 The dimensions of the models generated sionulatng the
recurrencies component are hereafter summarized:
== Therrmal Run Time I Flow -MNetw ork Run Time
E=—1Slrctura Runfime = = Overall Run time Analysis Number of Nodes  Number of element
Structural FE 10000 15000
Thermal FE 10000 15000
Flow Network 40 30
Overall Coupled All FE nodes temperate
variables 10 chambergemperatures

10 pressure values
20 component mass flow values
10 geometrical deformation models
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Using the presented models, three different levels of analysis 4) Prediction capability vs. experimental data
have been performed:

First test) only the thermal behaviour of the casing haseh The prediction capability of the complete integrated code
simulated (no FLUITHEST integration enhancement) (FLUITHEST) has been verified by reproducing the thermal and
Second testjonly the coupling of the thermal model and the pressure scenasoof an LP turbine rotor module for which
flow network has been introduced. experimental datavere available in AVIO in the position marked

Third test) Complete FLUITHEST integration in Figure13

In the following pictures the contour plot of the differential
temperature calculated for test 1 and tedtigure1l) and test 1
and test 3 are present@dgure12).

Contour plot of the differential temperature between 2
result

Max difference: - 10°C

—> Cooling flow
© Metal TIC

® AirTiC

A Psprobe |

Figure 11 Differential results between first and second test

Contour plot of the differential temperature between 2 Figure 13 scheme of engine geometry and measurements

result: onaine
= I
S

FLUITHEST MODEL

Main characteristics are:

- Themal Model 9462 QLAD4 elements, 2312 HEXA8
Max difference: -30°C elements, 11774 mesh nodélsw network with 293 advection

bars an®80 air nodes;

-Fluid 1D Model (seeFigure14): 373 TNODES 212 orifice, 186

Figure 12 Differential results between first and third test vortex, 4 seals, 48 cavities and 12 ingiucts.
) - Structural MARC model5615 QUAD4 Elements, 7349 nodes,
Theseanalyss showthatthe integrated procedure allotve 240 MPC elements, blade and bolt centrifugal force simulation.

achievenent ofa progressivereduction of inaccuracy that is a  Reference module dimension (mean radius): 0.15 [m]
consequence of the non hierarchical process.

Moreover, this increase in accuracy can be obtained only with —r—
an increase in computational tintée three test casesvebeen [ BC: Compressor Bleeding |

compared as in the graph below. -
;
2 OOOO

Integration Procedures Com parison

14
u 2~ , p; O
£ w ¥ A =~
] R = o——

= 8 2 { J
E “ls - 7N
[] e B / @]
= ) 2 h . ——

lo S SRR 2 —

Thermal Calc. Fluido-Thermal Fluido-Thermal-
Calc. Structural Calc. O ! | BC: Next Module
C——JFlow Network recurrencies Figure14: Fluid 1D model

=== Structural recurrencies
= ¢=—= Net time run

Both Steady Statend Transient [slam accel + slam decel]
experimental data are available and both the conditions have been
simulatedusingFLUITHEST approach.

STEADY STATE ANALYSIS

Figurel5 andFigure 16 represent thdifferencesbetween the
experimental data (mathematically averagedach sectionsand
the model simulation results for metahd pressuresensos
applied orthe module:
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Figurel5: Metal and airtemperature scorecard

A statistical analysis dhesedata show

A maximum difference of 33.1 [K] with:

An averageerror (all the points) o# [K]

A Std. Deviation of the differences (all the points) of 13.16 [K]
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Figure 16: Pressure scorecard

The Dllowing graphics( Figure 17 and Figure 18) show the
statistical distribution of the differential resultor metal
temperatures anfr all the measured temperature data
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Figure 17: Statistic distribution of théifferential results for
metal temperatures
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Figure 18 Statistic distribution of the differential results for all
the measur tamperaturedata

TRANSIENT ANALYSIS

A similar comparison has been performed antransient
condition to verify the capability of the FluiTheSt code to follow
the behaviour of the pressure and temperatures in both slam accel
and decel phases (vs. time).

The following charts are reporting nalimensional values
defined as
A Temperature:

(ActualTEMP- AmbientTENP)
(MaxTEMP- AmbientTEMP)

where:

- MaxTEMPis the maximum temperature value recorded
for the specific sensor;

- AmbientTEMPR= 70 [degF].

A Pressure:

(ActualPRESS- AmbientPRES
(MaxPRESS AmbientPREBS

where:

- MaxPRESSs the maximum pressure value recorded for
the specific sensor;

- AmbientPRESS 14.7 [psi].

Values of these parameters for each specific locations are
hereafter reported.

METAL TEMPERATURES & PRESSURES:
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