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Abstract

This paper presents a new procedure developed in cooperation with Ansaldo Energia and aimed to predict metal temperatures in a
gas turbine whole engine with an axisymmetric transient finite element approach. The 2D model includes a dedicated thermal fluid
network where mass flow rates and pressure distributions are provided by external fluid network solvers in terms of time serie,
while fluid-metal temperatures are computed through a customized version of CalculiX®. This work represents a first insight about
a fully integrated WEM (Whole Engine Modelling) procedure currently under development. The future implementation steps will
be oriented to the usage of a customized version of the native CalculiX®fluid network solver and the implementation of a system
of monitoring and updating of the secondary air system (SAS) geometry. The aim is to progress from the current partly coupled
approach with previously assessed mass flow and pressure distributions, to a fully integrated procedure able to take into account
the interaction between the SAS fluid properties and the modifications in the geometry caused by mechanical and thermal loads.

In this paper, the methodology will be presented introducing some details about the main modelling aspects and illustrating
some preliminary results from the test of the procedure applied to a simplified model representative of a real engine geometry
under transient conditions.
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1. Introduction

Due to changes in power market in recent years, operation conditions of large heavy duty power generation turbines
have been deeply modified. In order to manage the thermal and mechanical stresses encountered in their repeated
transient operations, the investigation of the heat transfer between secondary air systems and structural components
represents a decisive point in the design process.
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(a) Partly coupled WEM approach. (b) Coupled Fully Integrated WEM approach.

Fig. 1. Coupling approaches.

In literature, despite sub-classifications sometimes not univocal, primarily two approaches are presented for the
solution of the solid-fluid heat transfer problem. One is the fully conjugate, based on the solution of a unique do-
main through the application of one solver for the Navier Stokes and Fourier equations. A number of works show
the application of the conjugate analysis to engine components, such as blades and vanes [1], [2], and rotor-stator
systems [3]. The other main approach is based on the distinction of the different convective and conductive problems
solved separately in a monolithic or partitioned manner [4] according to the method adopted for the integration of the
solution of one domain in the other. In industries such kind of methodologies are generally chosen for their reduced
computational costs and the possibility to carry out whole engine modelling (WEM) analyses in reasonable time. A
coupling scheme example is the FEM-CFD application. It has been adopted for various analyses of components sub-
jected to thermal transient cycle, such as pre-swirl systems [5], [6] and cavities [7], [8]. However the typical limitation
of using CFD application is the computational cost. Consequently CFD tools find a collocation in a WEM process
only as support to 1D simulations (which generally substitute the CFD analyses) for the investigation of those phe-
nomena that one-dimensional models cannot catch. Besides containing computational costs, the other crucial point
in the WEM process is accounting the strong coupling and non linearity in the heat transfer process during transient
operations. During transient cycles indeed, components geometries can vary significantly according to the thermal
gradients, modifying pressure losses and mass flow rates in the air system, affecting in turn flow and material temper-
atures [9]. In the aero-thermal FEM-CFD analyses the general approach is to account the effects of seal deformation
by switching mass flow inlet and static pressure outlet boundary conditions between discrete levels of correspond-
ing ramp points of the engine cycle [10], [11]. In [10] a fully integrated FEM-CFD aero-thermomechanical transient
analysis through a flight cycle on an engine is presented. Anyhow due to the reduced computational costs, the WEM
process is mostly oriented on iterative decoupled methods based on dimensionally heterogeneous models applying 1D
fluid network solvers providing coolant flow rates and pressures to a 2D/3D finite element code for the solid domain
[12], [4]. Industrial practices generally carry out the performance of fluid network solution, thermal analysis and solid
deformation evaluation in an iterative separated way [9, 13]. Being based on a sequential approach this methodologies
cannot catch the coupling nature of the phenomena. Nevertheless recently, procedures have been oriented towards
coupling approach such as that presented in [4].

This paper presents a partially coupled procedure (Fig. 1a) aimed to predict heat loads on a gas turbine engine,
developed in collaboration with Ansaldo Energia. The present work represents a first step of a procedure, still under
development, aimed to carry out calculations on a whole engine model with a fully integrated approach (Fig. 1b). The
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current development step of the procedure is based on the solution of the whole engine structure from a point of view
of the thermal and structural fields with the application of a customized version of the CalculiX®FEM solver. Fluid
properties from the secondary air system in terms of mass flow split, pressure distribution and initial temperature
field are provided to CalculiX®from a previous secondary air system (SAS) solution. Such analyses are performed
with in-house one-dimensional fluid network solvers. In order to take into account the reciprocal interactions between
the different phenomena involved in the transient operation of the engine, the integration of the native Calculix®fluid
network solver is scheduled as a future step of the procedure development. In literature already other works based on
CalculiX®are present and demonstrate the fluid network tool capabilities with satisfactory results [13]. The integration
of the fluid network solver would allow to exploit completely the Calculix®modular features (SAS, thermal, structural
solutions [9, 13]) to perform not only a coupled solution of the fluid and structure thermal fields but also to develop
a method of updating and iterating on SAS geometries with a fully integrated approach. The future steps will include
also the implementation of dedicated models for those features related to more specific aspects of gas turbine design.

The current procedure has been tested with a simplified test case representative of real engine typical configurations.
Discussions about some fundamental modelling aspects will be presented with the preliminary results from a thermal
transient analysis.

Nomenclature

A Area [m?] 0 Heat flux rate [I7]

C Absolute velocity [m s7'] R Radius [m]

c, Specific heat at constant [—] SR Swirl ratio [—]

HTC Heat transfer coefficient [W/m*K] T Temperature [K]

77 Mass flow [kg/s] U Circumferential velocity [m s7']
Greeks

w Rotational velocity [rad s™']

Subscripts and Superscripts

abs Absolute k k-th

add Additional out Outlet
conv Convective rel Relative
f Fluid t Tangential
i i-th w Wall

in inlet 0 Total

J J-th

2. Procedure description
2.1. Fluid network solution

Being the fluid network solution imposed by external tools, the fluid network configuration adopted inside the
CalculiX®model is the purely thermal one [14], through which mass flow rates and pressure distributions are fixed as
boundary conditions and the only unknowns are the temperatures. Temperatures, where not imposed on the bound-
aries, are estimated solving the heat flux between metal and fluid with a fully coupling in temperature assessment
between network and structural nodes since temperature unknowns are solved simultaneously.

2.2. Boundary conditions

In addition to secondary air flow splits and pressure distributions, HTC values on the secondary air system can be
imposed as fixed values or can be calculated runtime. The same applies for the main flow loads whose fluid properties
and HTC values can be obtained from experimental data or acrodynamic computations. As conventional industrial
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practice, all these quantities can be scaled and expressed as a function of time in order to reproduce the transient
cycle conditions. The same convective coefficients can be expressed through implemented correlation as functions of
significant parameters such as varying mass flow rates, fluid and wall temperatures. The possibility of catching the
dependence of HTC values from the fluid properties is a crucial point, in order to reproduce a whole engine model
running under real operating conditions.

2.3. FEM 2D Thermal conduction model

The solid domain is modelled with an axisymmetric approach with proper modelling for the treatment of 3D
features. Axisymmetric approach has the great advantage of containing computational cost. Once the main flow and
secondary air thermal loads are applied, convection, conduction and radiation problems are solved by the FEM module
of CalculiX®v.2.11. Transient analyses are carried out to obtain component temperatures, displacements and stresses
through a real engine cycle.

2.4. Iterative process

The main execution program for each time step discretizing the transient cycle, performs an iterative process
in which the convergence in the coupled aero-thermomechanical fields is searched. The simulation starts with an
initialization of the variable at the first instant, in general this is set to the cold engine conditions. Mass flow rates
and pressures from the secondary air system and boundary temperatures are applied to the fluid network nodes and
then are used for the formulation of convective loads and mechanical ones. Structure and fluid nodes temperatures are
solved at once, in a one unique matrix. Thermal and stress fields are therefore obtained. The changes in the structure
and network temperatures are assumed as new conditions for the convective solution for the next iteration.

3. Test case and calculation setting

A 2D axisymmetric gas turbine representative test case, with stator and rotor components, is considered. In partic-
ular it refers to a compressor arrangement with typical secondary air system elements such as rotating cavities, holes,
air fulfilled rotating annulus, stator-rotor interface cavities and passages. As illustrated in (Fig. 2a) the mass flow rates
come from three different inlets named A,B,C. Mass flow from inlet A represents air flowing in the main channel,
mass flow from inlet B simulates an air contribution from the stator component to the rotor-stator cavity in which a
percentage of air coming from rotor cavity merges.

3.1. CalculiX model setting

The CalculiX®model setting was based on the application of 313 boundary conditions, comprehending explicit
convective conditions, forced convection with fluid elements, heat fluxes and boundary temperature, pressure and
mass flow rates. The setup required a number of user coding operations to complete the features already present
in the code and fulfill the proper modelling required by the test case. Below more detailed discussions about some
fundamental modelling aspects are reported.

3.1.1. Rotational effects managing

Rotation introduces effects both on the solid and fluid domain. Concerning the metal, centrifugal distributed loading
can be applied to rotating components. Regarding the action of rotation on the fluid domain, pumping effects affect
flows along radial channel and cavities and they have been taken into account providing concentrated heat fluxes on
the fluid nodes of each i-th fluid element involved in the phenomenon. Assuming a relative frame of reference, these
heat fluxes are a function of the radius R through the temperature radial variation AT ; (R), according to:

Qi = m'cp 'ATO,rel(R) (1)
The term AT .; (R) for a rotating channel can be derived from the rothalpy conservation:
R R
ATo et = W - M 2)

2-C,
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Name | Description

T_rel_A | Inlet relative temperature of the main flow at the compressor entry (inlet A Fig. 2a)

T_abs_B | Inlet absolute temperature of the flow atthe entry of the stator axial channel (inlet B Fig. 2a}

T_rel_c Inlet relative temperature of flow at the entry of the rotor radial channel (inlet CFig. 2a)

t_a Mass flow rate at the entry of the compressor (fluid network brancha Fig. 2a)

m_e Mass flow rate at the entry of the stator axial channel (fluid network branch e Fig. 2a)

m_g Mass flow rate at the entry of the rotor radial channel (fluid network branch g Fig. 2a)

w Rotational speed

(a) Test case 2D geometry and fluid network flows splits. (b) Some cycle parameters: trends in time of rotational speed,

temperatures and mass flow rates for the main ducts.
Fig. 2. Test case geometry, fluid network and key parameters.

Therefore assuming the heat transfer solution is carried out in a relative frame of reference, for the case of generalized

pipes, if rotation occurs, the outlet node temperature will change according to the Eq. 2 where w is the rotational speed

and R;, and R, are the radius of the inlet and outlet gate of the i-th element. To implement the temperature changes

generated by the pumping effect, the artificial heat flux specified in Eq. 1 is added to the outlet node energy balance of

the element. Similar considerations can be formulated for the change of reference system, necessity which can arise

when fluid passes from an absolute reference to a relative one and vice-versa. The change in temperature:
U*-2-U-C,

TO,abs TO,rel = 5. Cp (3)
is implemented through the same method based on the application of an artificial heat flux (Eq. 1) on the node
modelling the reference frame passage at the considered radius.

An other important topic regarding rotational effects managing is the air flowing in the interface between statoric
and rotoric components. The fluid network located between rotor and stator exchanges heat with both rotor and stator
components at its own total temperature. Each node of this stream is characterized by only one value of total temper-
ature. The issue is that the stator surface exchanges with the fluid at its own total absolute temperature (70,aps, fiuid),
while the rotor, due to its rotation, exchanges with the fluid at its own total relative temperature (7 i, f14iq). Consider-
ing the equation of the convective heat transfer written in a reference frame build-in with the rotor (applying therefore
the fluid relative temperature 7T s, siia), and handling the equation summing and subtracting the absolute temperature
To,abs, fluid>» We obtain:

Q=HTC-A- (T~ Tous.s+ Toabs.s = Torelr) )
Considering the stream in the absolute frame of reference, substituting the Eq. 3 in Eq. 4 and considering the definition
of the swirl ratio (SR = %), a correction in terms of an additional distributed heat flux is applied to the rotor side on
the rotor elements facing the fluid in presence of a radius variation, and with opposite sign on the fluid nodes of the
stream:

)

: R
Qcanv,add:HTCk'Ak-(l—2-SRj).(u)

2-C,
3.1.2. Axisymmetric-plane stress elements coupling and HTC scaling

Stator and rotor components were modeled as axisymmetric exception for the zones of the mesh corresponding
to channels and blades. In these cases the element type applied was the plane stress with appropriate modelling
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assumptions to take account of 3D features and axisymmetric-plane stress elements coupling in terms of conduction.
This followed the conventional industrial practice with features such as bolts, holes, etc. modeled using an equivalent
wall thickness and proper HTC values scaling. In particular CalculiX®uses on the 2D axisymmetric model solution
an expansion angle fixed at 2°and plane element thickness is scaled automatically by the solver in order to consider
the proper fraction of material on the expansion angle of 2°. Heat transfer boundary have been evaluated therefore
considering the 2°expansion (and the consequent thickness scaling), the eventual radial shaping of material thickness
and the typology of surfaces on which the HTCs were applied, i.e. if developed from axisymmetric or plane elements.

3.1.3. Rotating closed cavities handling

Generally, rotor structure is characterized by the presence of manifold cavities. Some of them are completely
closed, not fed by secondary air system branches. In these entirely closed gas-filled rotating annulus, the predominant
convective phenomenon is the natural convection [15]. In the central rotor cavity of the model, in order to simulate
the presence of enclosed thermal masses that exchange heat through natural convection with the metal surfaces, a
disjointed fluid element with a very small flow rate at its inlet, has been adopted. The flow rate very small (not
actually simulating an efflux but the very low thermal inertia) will guarantee that ultimately the outlet temperature
becomes an average of those of the solid walls, independently from the conditions imposed at its inlet. Concerning
radiative effects, in the case of closed cavity, view factors can be scaled to one exactly and the sink temperature can
be calculated by the solver based on the interaction of the surface at stake with all other cavity radiation surfaces.

4. Discussion of results

The 2D axisimmetric model was discretized with 17973 linear triangular elements with 10318 nodes. It has been
run with the presented procedure based on CalculiX®and with a reference FEM solver. Some points in the solid
domain have been monitored in time and comparisons have been made in order to have a preliminary assessment of
the consistency of the modelling adopted in the procedure.

In both cases the model setup follows the same guidelines in terms of boundary conditions, loads and modeled
phenomena. The transient cycle chosen was inspired to real engine operating conditions with the startup ramp, regime
operation and the shutdown phase. The transient cycle was simulated for a time duration of about 70000 s with the
same condition sequence for both setups in terms of time points discretizing the complete extent of the simulation and
fixing the quantities values during the transient cycle.

The procedure demonstrated to be able to follow the transient operation, catching a coherent behavior of the
thermal model according to the engine cycle and the physic of the problem. As shown in Fig. 3, points closer to
the main flow are subjected to sudden rise in temperature in the startup phase and to higher temperature levels in
general. Similarly, due to their exposition to the main flow, the shutdown phase is characterized by a quick temperature
reduction during the firing cut off. During this phase temperatures across main channel, rotor speed and mass flow
drops significantly (Fig. 2b). Since the mass flow entering into the turbine region is very small a slight increase in
temperatures across components stations is generally observed due to heat soak effect, phenomenon causing fluid
temperature and pressures increase due to heat received from metal, after the engine is turned off. The effect of the
rotor thermal inertia also affects components like blades which are involved in a temporary increase of the temperature:
while flows are quite exhausted the predominant phenomenon is the conduction of the heat accumulated in the rotor
till that moment as it can be observed around the halfway point of the cycle in Fig. 3a and 3c. After that phase, a
gradual decrease in temperatures follows. Other points like those located in zone fed by cooling and purge flows (Fig.
3d and 3e) or those located in more internal zone of the rotor (Fig. 3f) where the thermal inertia is higher, experience
more moderately the above cited temperature variations, showing smoother trends.

As reported in Fig. 3 the agreement with the prediction of the reference FEM solver is generally good and dif-
ferences not exceed the 6.5 %. Reported temperatures are scaled with respect to a reference temperature T)..r (ap-
proximately the maximum value detected on the observed points). Observed differences are probably due to a not
fully equivalent level of discretization in the two model settings. In CalculiX®the fluid network setup has been led by
considerations about the spatial discretization of the solid domain and the expected complexity of the heat transfer. In
the reference FEM solver the fluid network definition has been carried out by an automatic algorithm of discretization
which can differ from that set in CalculiX®. Fluid properties generally are evaluated at a film temperature defined
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Fig. 3. Non dimensional temperature trend versus non dimensional time at some solution locations.

by the mean of the flow and wall temperature, while in CalculiX®properties are evaluated at the fluid temperature.
For non-axisymmetric features like blades and holes, convective loads on plane elements and at the interfaces of the
latter with the axisymmetric ones have been applied in CalculiX®with a proper scaling of the heat transfer coefficient.
The scaling is based on the possibility of loading separately both kinds of elements, and not only on the front and
rear faces (planes) but also at the interface. Here the axisymmetric elements have a surface of exchange developed on
the 360°circumferential expansion and the plane ones have the specified thickness. HTC scaling takes into account
the typology of element on which it is applied and therefore the corresponding surface of exchange. In the reference
FEM solver instead the definition of the load is made on the geometric edge representing the boundary between the
axisymmetric and the plane domains, making the actual exchange surface used by the solver of difficult definition.
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Such kind of setup misalignments can justify the differences in predictions, considered however acceptable for the
goal of these preliminary comparisons aimed at a first insight in the solver capabilities and consistency of the non
native modelling features introduced.

Conclusions

Transient thermal evaluations are fundamental to estimate the clearances and stator-rotor gaps, and predict the stress
induced in the engine components. The procedure discussed here aims at investigating the heat transfer process during
a transient thermal cycle of the whole engine. The methodology is based on a FEM approach through a customized
version of CalculiX®. Up to now the process is partly coupled since only the fluid-thermal and thermal-structural cou-
plings are accounted for, without an integrated updating of the displacements on the secondary air system geometry,
unless it is performed manually by the user. The procedure has been tested with a simplified test case representative
of real engine geometries. The calculation has been carried out on a transient operating cycle. Results have been
preliminary compared with results of a reference FEM solver, showing good agreement.
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