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ABSTRACT

The importance of the combustion chamber has been un-
derestimated for years by aeroengine manufacturers that focused
their research efforts mainly on other components, such as com-
pressor and turbine, to improve the engine performance. Nev-
ertheless, stricter requirements on pollutant emissions have con-
tributed to increase the interest on combustor development and,
nowadays, new design concepts are widely investigated. To meet
the goals of ACARE FlightPath 2050 and future ICAO-CAEP
standards one of the most promising results is provided by the
Lean Burn technology. As this combustion mode is based on a
lean Primary Zone, the air devoted to liner cooling is restric-
ted and advanced cooling systems must be exploited to obtain
higher overall effectiveness. The pushing trends of Turbine Inlet
Temperature and Overall Pressure Ratio in modern aeroengine
are not supported enough by the development of materials, thus
making the research branch of liner cooling increasingly relev-
ant.

In this context, Computational Fluid Dynamics is able to
predict the flow field and the complex interactions between the
involved phenomena, supporting the design of modern Lean
Burn combustors in all stages of the process. RANS approaches
provide a solution of the problem with low computational cost,
but can lack in accuracy when the flow unsteadiness dominates
the fluid dynamics and the strong interactions, as in aeroengine
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combustors. Even if steady simulations can be easily employed
in the preliminary design, their inaccuracy can be detrimental
for an optimized combustor design and Scale-Resolving methods
should be preferred, at least, in the final stages. Unfortunately,
having to deal with a multiphysics problem as Conjugate Heat
Transfer (CHT) in presence of radiation, these simulations can
become computationally expensive and some numerical treat-
ments are required to handle the wide range of time and space
scales in an unsteady framework.

In the present work the metal temperature distribution is in-
vestigated from a numerical perspective on a full annular aero-
nautical lean burn combustor operated at real conditions. For
this purpose, the U-THERM3D multiphysics tool was developed
in ANSYS Fluent and applied on the test case. The results are
compared against RANS and experimental data to assess the tool
capability to handle the CHT problem in the context of scale-
resolving simulations.

NOMENCLATURE

By Mass Spalding number  [—]
c Progress variable -]
d Droplet diameter [m]
D Mass diffusivity [m? s~
L Length scale [m]
P Pressure [Pa)
P/T  Pilot-to-total fuel split  [%]
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q"  Heat flux
S, Source of radiative energy
S5 Sherwood number

=
!

T Temperature
We  Weber number
Curvilinear abscissa m

s
Y Species mass fraction
Z Mixture fraction
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Acronyms
ACARE  Advisory Council for Aeronautics Research in Europe
BC Boundary Condition

CAEP Committee on Aviation Environmental Protection
CFD Computational Fluid Dynamics
CHT Conjugate Heat Transfer

CIAM Central Institute of Aviation Motors
DES Detached Eddy Simulation

DO Discrete Ordinate

FAR Fuel Air Ratio

FGM Flamelet Generated Manifold
ICAO International Civil Aviation Organization
LES Large Eddy Simulation

NSE Navier Stokes Equation

NEWAC NEW Aero engine core Concepts
OPR Overall Pressure Ratio

PDF Probability Density Function
PERM Partial Evaporation and Rapid Mixing
RANS Reynolds Averaged Navier Stokes
RTE Radiative Transfer Equation

SAFE Source bAsed eFfusion modEl

SAS Scale Adaptive Simulation

SRS Scale-Resolving Simulation

TIT Turbine Inlet Temperature

UDF User Defined Function

Greek

® Turbulence frequency [s!]

® Spanwise angle [°]

v Generic variable -]

p  Density [kg m™]
Subscripts

40  Referred to Plane 40 (combustor exit)

c Progress variable

eq  Equilibrium

g Gas phase

rad Radiation
vK  von Karman
w Wall

INTRODUCTION

Auviation is increasingly gaining a key role in mid-long range
transportation of people. The improvement in safety and the cost
reduction of air travel have lead to the growth of passenger de-
mand over the past 20 years and this trend will continue in the
next future. Recent ICAO forecasts [1] estimated an average
growth per year of about 4.0% in air traffic for the 2020-2040
period.

In last years, the people sensibility to environmental issues
is deeply affecting the aeroengine industry that has to face the
pressing demands for engines with lower pollutant emissions, as
established firstly by ICAO-CAEP/6 for NOx (—60%) and then
by ICAO-CAEP/10 for CO;, and nvPM. Moreover, the evolving
technology and international scenario have recently called into
question the sufficiency of existing goals of ACARE Vision 2020
that, for this reason, were revised and their horizon was extended
towards 2050 with the Flightpath 2050 to further break down
NO, and COx».

In this context, great research effort is devoted to improve
performance of the engine, mainly increasing Turbine Inlet Tem-
perature (TIT) and Overall Pressure Ratio (OPR). However, all
the hot path components, that are the combustor and turbine, un-
dergo stronger thermal stresses that could lead to dangerous en-
gine damages and failures. Focusing on the combustor, afore-
mentioned improvements lead to higher coolant and flame tem-
perature. The former reduces the cooling potential, while the
latter increases the thermal load on the hot side. As a result, the
control of liner temperature becomes more challenging.

Independently by the combustor architecture, the cooling
system can be strongly stressed. Indeed, the requirements for
control of exit gas temperature, emissions and metal temperat-
ure generate an intense competition for the utilization of com-
bustor airflow [2]. The flow split is mainly chosen according
to design requirements about profile temperature as well as pol-
lutant emissions. The residual excess air is demanded to keep
liner temperature below a critical value and avoid high metal
temperature gradients. Unfortunately, the achievement of low
NO, emissions is in contrast with the future trends of TIT and
OPR. The technology challenge of these last decades regarding
the emission abatement on aeroengines for civil market is leading
to deep modifications in the concept design of aeroengine com-
bustors. The standard RQL technology has almost approached
an asymptote in terms of reduction in pollutant emissions and
will be unable to respect the future limits for NO,, CO and soot.
To meet the stringent regulations some engine manufactures have
focused the research efforts on Lean Direct Injection (LDI) tech-
nology, where almost all the effluent compressor air (i.e. about
70% of the total inflow) is delivered to the primary zone in order
to have a lean homogeneous mixture and, then, lower temper-
ature peaks [3]. In these conditions, the cooling system could
lack of coolant and to avoid an overheating of the liner highly-
effective cooling strategies are required. Literature on combus-
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tor cooling is rich in technical solutions, such as effusion cool-
ing, double-wall configurations, thermal barrier coating, matrix
cooling and traspiration cooling [4]. In particular, during past
years, multi-perforated liners have gained a key role thanks to
its double benefit: film coverage that protects the liner from hot
gases and heat sink within holes due to the passage of coolant [5].
This technique is the object of many experimental and numerical
studies focused on the configuration of the multi-perforation [5—
8] as well as on the interaction between swirling flow and film
coverage [9-15].

Considering the cost and the difficulties related to experi-
mental campaigns at high pressure and temperature conditions,
Computational Fluid Dynamics (CFD) has been adopted as
primary tool to have a deeper insight into the involved phe-
nomena of modern aeroengine combustors. Nevertheless, the
complex interaction between turbulence, combustion, radiation
and heat conduction makes the prediction of metal temperatures
challenging and multiphysics methods are required. RANS ap-
proaches, i.e. the standard tool in industrial framework, are use-
ful for the preliminary design but they are not always suitable as
high-fidelity tool. Indeed, in swirling reacting flows turbulence
has huge effects on both the chemistry and spray as well as on the
wall heat fluxes. For this reason, the aerothermal field cannot be
properly predicted by RANS and Scale-Resolving Simulations
(SRSs) should be recommended [16—18]. However, the unsteady
nature of SRSs requires to handle a wide range of time scales
involved in Conjugate Heat Transfer (CHT) problems. The long
response time of solid makes fully-coupled methods infeasible in
an unsteady framework. On the other hand, in order to effectively
overcome this issue and minimize the CPU cost, loose coupling
is preferred where different simulations are devoted to each phys-
ics exchanging only some quantities at a given frequency at the
interface between two coupled domains. Several approaches can
be found in literature, suitable for the prediction of long transient
[19, 20] or quasi-steady [21-23] metal temperature.

The objective of the present work is the development and as-
sessment of a multiphysics tool, named U-THERM3D, for high-
fidelity predictions of metal temperature using the code ANSYS
Fluent in the context of Scale Resolving Simulations. For this
purpose, the full-annular combustor developed by Avio Aero in
the framework of the LEMCOTEC project and equipped with the
PERM injection system (Partially Evaporated and Rapid Mixing)
is considered. The experimental measurements performed at the
Central Institute of Aviation Motors (CIAM) on such combustor
allowed to obtain valuable data at several operating conditions
both in terms of pollutant emissions, wall temperature and exit
temperature profile. On the same annular combustor steady ana-
lyses with the THERM3D tool were performed in [24] to predict
metal temperature, whereas SRSs were adopted in [25] for an
accurate characterization of aerothermal field in the flametube,
with focus on profile temperature at exit and pollutant emissions.
The results have revealed that Conjugate Heat Transfer can take

advantage of a scale-resolving treatment of turbulence and this
work tries to be the missed link between [24] and [25]. To the
authors’ knowledge no works can be found in literature on mul-
tiphysics simulations of lean burn combustors relying on Scale
Adaptive Simulation. For this reason, the present work aims to
be a reference for high-fidelity final design and a starting point
for future activities as well.

The paper is structured as follows: the first part is devoted
to the description of the experimental test case. Then, the U-
THERM3D procedure will be explained together with the main
mathematical models used to address the physical phenomena
involved in a reactive two-phase flow. In the second part, results
obtained at Approach and Take-Off operations will be shown and
the main heat transfer modes of such a real aeroengine combustor
will be investigated.

EXPERIMENTAL TEST CASE
LEMCOTEC combustor

The present work investigates a single annular combustor
designed in the EU-funded research program LEMCOTEC. The
fluid dynamics behavior is characterized by air passing through a
dump diffuser and diverted within the cowl and to the inner/outer
annuli, where it cools the liner and is partly bled outside. Once
inside the cowl, it flows through the swirler and the dome cooling
system. An impingement-cooled heat shield protects the dome,
which provides also slot cooling in the first part of the liner. Such
liners are cooled also by staggered effusion holes. The prototype
can be considered an improvement of the combustor designed,
manufactured and tested in a previous research program (NE-
WAC) and depicted in Figure 1. For the sake of brevity and
confidentiality, we can mention only that such an improvement
concerns the volume and the shape of the flametube but also the
effusion cooling system, so as to reduce emissions and enhance
the durability of the liners. Another significant modification con-
sisted in the use of a different injection system and the redefini-
tion of the combustor flow split.

PERM Combustor Demo

FIGURE 1. Avio Aero’s NEWAC combustor.
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The lean burn concept was exploited in the test article to
achieve low NO, emission. The injection system is the so-called
PERM (Partial Evaporation and Rapid Mixing), designed to op-
erate at medium OPR (20 < OPR < 35). As sketched in Figure 2
the device is characterized by co-rotating double radial swirlers.
Fuel staging is exploited between a pressure atomizer (pilot in-
jection for low power stability) and an air blast that forms a liquid
film on the outer side of the lip (main injection for low emissions
at high power).

Primary swirler
Air Air

Secondary swirler

Pilot
Fuel

Pressure Atomiser

FIGURE 2. Sketch of the PERM injection system equipped on the
LEMCOTEC combustor.

The validation of the design process was carried out at the
end of the project through full annular reactive tests at the Central
Institute of Aviation Motors (CIAM). Several operating points
were investigated at CIAM, nevertheless only Approach and
Take-Off were chosen in this activity and the data collected dur-
ing the experimental campaign are reported in the present paper.
Table 1 reports the details of the operating conditions considered
in this work.

TABLE 1. Description of the investigated test points. Underlined the
value of P/T used in the CFD simulations.

Test point P30 T30 FAR P/T  Active
bar K %o %  injectors
Approach ICAO30) 135 655 172 70 18
Take-Off (ICAO 100) 19.0 840 283 10 18

During the experimental campaign metal temperature meas-

urements were collected with thermocouples equipped on the
cold side of the liners. Measurement points were located in se-
lected sectors at different angular positions and grouped to obtain
a tangential distribution for a single ideal sector. A traverse sys-
tem was used at the combustor exit to sample the gas emissions
and analyse the temperature pattern (see Figure 3), which how-
ever are not the objective of this work and were better discussed
in a previous work focused on the prediction of the aerothermal
field with Scale-Adaptive Simulation (SAS) [25].

4 mixed gas analysis rakes

FIGURE 3. Sketch of the traverse system (left) and example of res-
ulting temperature pattern for the Approach condition (right).

NUMERICAL DETAILS
The commercial code ANSYS Fluent Release 17.1 was used
to carry out all the simulations here reported.

Turbulence Modelling

The SAS-SST model was used to solve the compressible
Navier Stokes Equations (NSEs) for the reacting mixture. This
approach consists in a Unsteady Reynolds Averaged Navier
Stokes (URANS) formulation exploiting the von Karman length
scale L,k into the w-equation as source term Qgas to increase the
dissipation and reduce the local eddy viscosity [26]:

L\*> 2pk Vo| |Vk|
— 2 —_c=t= LIl B i
QSAS—max[pZ_fQKS (LVK) CG¢ max( pERs) ,0
(1)

where >, 0y and C are model constant, k is the von Karman
constant and S is the strain rate tensor. In Equation 1 L repres-
ents the integral turbulent length scale computed by the modelled
turbulence as in RANS whereas L,k is defined as:

/

U
Lk = x|

il @)
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and depends on the first and second derivatives of the velocity

field as:
oU; dU; 02U; 92U;
n_ i i, "o i i,
Ul = dxj dx;’ U= \/ 8x§ 8x,% ’ )

The SAS model represents a robust choice, as preserves a RANS
mode in flow fields with reduced instability, while it provides
LES-like results for very unsteady flows such as swirling jets.
This feature is useful to save computational resources in confined
flows because closer to wall the model works as a RANS simu-
lation limiting the mesh constraints typical of LES approaches
and the sudden rise of grid elements. The robustness of this
approach is also ensured by the prevention of typical issues re-
lated to Detached Eddy Simulation (DES) models, such as grid-
induced separation as well as the strong sensitivity to mesh size.
Indeed, the present model adjusts the turbulence length scale de-
pending on the local flow inhomogeneities through the scale L,k .
Unlike LES, however, SAS is not formulated to be based on the
grid size for the scale resolution but the break-up of large eddies
into a turbulent spectrum is driven by L,x and then dynamically
adjust. Nevertheless, adequate spatial and temporal discretiza-
tions have to be used to correctly solve the small scales in zones
where an LES solution is required, avoiding unphysical damping
in the energy cascade process and the overprediction of turbu-
lent viscosity which could be detrimental to obtain an unsteady
fluctuating solution.

Combustion Modelling

The Flamelet Generated Manifold (FGM) combustion
model was chosen to reproduce the features of the lean spray
flame as proved by previous works [17, 18]. According to this ap-
proach, a solution of a set of laminar adiabatic one-dimensional
flamelets generates a two-dimensional manifold ¢(Z,c), ac-
counting for the non-adiabatic effects with an enthalpy defect
approach [27]. Two key variables are used to parametrize the
chemical state of the flamelets, i.e. the mixture fraction Z and
the normalized progress variable ¢ = Y./Y..,. The definition
of the transition from fresh to burnt gases, provided by the un-
normalized reaction progress variable, was chosen as Y, = Yco +
Yco,. The manifold was generated using a set of 64x64 non-
premixed flamelets. The effects of turbulence-chemistry interac-
tion were included integrating the laminar quantities of the man-
ifold in a pre-processing step using a presumed [3-Probability
Density Function (3-PDF) for both mixture fraction and progress
variable, as in [28]. Considering a laminar quantity y/(c,Z) and
assuming Z and c are statistically independent in the flame, the
integrated value was obtained as:

W= / /y/(c,Z)PDF(c,E,ﬁ)PDF(z,Z,??)dcdz 4)

where ¢, Z and ¢, Z'2 are respectively the mean values and
variances of progress variable and mixture fraction.

Four additional transport equations were solved to obtain the
scalar fields of these quantities. The source terms for mixture
fraction and progress variable accounts respectively for liquid
fuel evaporation and chemical reaction effects. The turbulent
¢-source term is modelled using a finite rate assumption, integ-
rating its laminar value by means of Eq. 4. The simulations
reported in the present work were performed modelling kerosene
as pure CjoH», (n-decane), using a detailed reaction mechanism
taken from [29] with 96 species and 856 reactions.

Spray Modelling

The presence of liquid fuel was modelled using a coupled
Lagrangian-Eulerian formulation, neglecting the primary
breakup process ascribable to the atomization of the liquid
film. The phenomena occurring in the dense spray region were
modelled injecting a diluted spray whose droplets are subject to
motion, heat transfer, evaporation and secondary breakup. The
two-way coupling with the gas phase was accounted for by con-
sidering such phenomena. Drag effects for the liquid momentum
equations were computed assuming the drag coefficients of
a spherical non-deformable droplet [30]. The WAVE model
[31] was chosen for secondary breakup due to the high Weber
number (i.e. We >100). Turbulent fluctuating components of
particle velocity were neglected since the SAS model directly
resolves the most energy-carrying vortices. Evaporation was
modelled with a uniform temperature approach [32], assuming
that the process is mainly governed by the gradient of fuel
vapour concentration at the droplet surface, a widely accepted
hypothesis for dilute sprays. The fuel vapour is considered in
equilibrium with the liquid, thus the vapour partial pressure is
equal to the saturation value at the droplet temperature. This
implies that the flux of fuel vapour in the carrier phase is related
to the difference in vapour concentration at the droplet surface
and in the bulk gas, leading to the following expression for the
evaporation rate:

1’714 = —ﬂdpDShBM 5)

where d is the droplet diameter, p and D are density and mass
diffusivity of the air-vapour mixture and B) represents the mass
Spalding number [32]. §j, expresses the Sherwood number, eval-
uated as a function of Schmidt and particle Reynolds numbers
[33]. The technical report published by [34] was used to charac-
terize Jet A-1 fuel.
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Radiation modelling

The radiation between burnt gas mixture and metal, in addi-
tion to the gas-gas and solid-solid radiative interactions, are com-
puted by the Radiative Transfer Equation (RTE). Considering a
polar coordinate system the Discrete Ordinate (DO) model [35]
is a ray tracing approach to solve the RTE for a discrete number
of Ng X Ny solid angles representing the beam directions. The
radiative balance is applied in the control volumes for each dir-
ection. As the RTEs, i.e. one for each direction, are projected
and solved into the Cartesian coordinate system the same numer-
ical treatments of NSEs are used to solve the radiation problem.
Such a discretization can lead to a misalignment between solid
angle directions and face normals of the control volume. This
overhang causes inaccuracy in the computation of fluxes of radi-
ation intensity. To correctly account for the overhanging fraction
a pixelation is applied to the overhang angles, dividing the solid
angle in Ny, X Ny, pixels.

In the present work, a 4x4 angular discretization and 3x3
pixelation were set to limit the huge computational effort of the
DO model. A validation of the radiation modelling approach can
be found in [36].

U-THERM3D

In order to solve a multiphysics CHT problem in an unsteady
fashion, a coupling code was developed in ANSYS Fluent frame-
work. In the past years, a 3D coupled approach for the thermal
design of combustor liners, called THERM3D, was developed by
Mazzei [37] in ANSYS CFX for steady applications and exten-
ded to ANSYS Fluent in [24]. Such a tool, however, is limited
in its applicability to RANS approaches because of the steady-
based formulation of the solution algorithm and the new tool (i.e.
U-THERM3D) aims to fulfill the need of a loosely coupled al-
gorithm for SRSs.

The basic idea behind U-THERM3D procedure is a desyn-
chronisation of time steps in the solution of the involved phe-
nomena, that can be summarized in convection (including several
sub-phenomena as combustion, spray evolution etc.), conduction
in the solid and radiation. Each of them is solved in a dedic-
ated simulation, running with a parallel coupling strategy. As
in [22], instantaneous values are exchanged at the coupling it-
eration and consist of surface quantities for the solid-fluid and
solid-radiation interactions, whereas volume quantities for the
fluid-radiation coupling.

The procedure used in U-THERM3D is depicted in Figure
4. The CFD and conduction solvers advance in time with their
own time-step. As far as radiation is concerned a steady solver is
exploited because of the extremely small time scales. Convect-
ive and radiative wall heat fluxes are respectively converted in
a Robin BC and black-body radiation BC before sending them
to the conduction solver. On the other hand, wall temperature is
used as Dirichlet BC by flow and radiative field computations,

CFD
SOLVER

Tl 1 h T':lefl T;udl T: 1
. CONDUCTION RADIATION
i—
Drad SOLVER SOLVER

i-1
i~ f -1 ( g’ ’ITQ' yJ})
ny Atf ngAtg n,
h, TTEf €Tla T
CONDUCTION RADIATION
SOLVER “’rad SOLVER SOLVER
ngAts

v T+ R, T‘“ €T it
T+ 1 CFD CONDUCTION RADIATION
SOLVER SOLVER SOLVER
)Hrl

(59

FIGURE 4. U-THERM3D parallel coupling strategy

then transferred to their respective solvers. Even though the em-
ployed mixed Dirichlet-Robin BC does not ensure a conservat-
ive behaviour at the interface, it provides a stable coupling. The
inaccuracies, however, are definitely below the global error of
the methodology if a high coupling frequency is set. Radiation
solver requires some field variables from the CFD solver, that are
gas pressure, temperature and composition. The resulting energy
source due to absorption and emission phenomena is returned to
the flow field computation.

User Defined Functions (UDFs) were written to handle the
synchronisation of the solvers as well as, together with Scheme
scripts, to exchange interface data.

As shown in Figure 4 a dedicated solver for the effusion
holes is integrated into the procedure to compute heat sink ef-
fect. It relies on a 0-D computation of the energy balance within
the hole and an imprinting technique to apply the fluid boundary
conditions at the inlet/outlet of each hole. In the present work,
this solver is not exploited as will be discussed in the next sec-
tion. The interested reader is addressed to [24, 37] for details.

NUMERICAL SETUP

The present approach requires to set up three different sim-
ulations for the convective, conductive and radiative problems
as shown in Figure 4. Pressure-velocity coupling was solved by
the pressure-based SIMPLEC (Semi-Implicit Method for Pres-
sure Linked Equations-Consistent) algorithm for the convective
solver. Second order schemes were adopted to discretize both the
advection and temporal terms.

Fluid time step was set to 3e-06 s according to the turbulence
scales predicted on preliminary RANS simulations and keeping
the CFL number close to 1 whereas the time scale of conduction
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phenomenon was taken into account for the estimation of the
solid time step that, therefore, was set to 1e-03 s. The coupling
between the solvers occurred every 10 fluid time steps and 30
solid time steps.

The choice of computational domains as well as boundary
conditions is depicted in Figure 5 and is, here, discussed.

OUTER SLOT
INLET

OUTER LINER

PLENUM INLET

PLENUM

INNER LINER

FLAMETUBE
OUTLET

FIGURE 5. Computational domains and main boundary conditions.

Domains

The main benefits of an SRS are appreciated within the
flametube because of the strong interaction between turbulence,
combustion and spray evolution. Moreover, the focus of the
present work is on the high-fidelity prediction of metal temper-
ature, that is mostly affected by the unsteadiness on the hot side.
Hence, in order to reduce computational time keeping a good ac-
curacy, gas phase phenomena are solved in a domain including
the flametube and an upstream plenum, unlike the RANS sim-
ulations in [24] where also the flow field on the cold side was
simulated on a geometry representative of the real combustor.
This simplification has even fewer effects on the radiative fluxes,
that are negligible in the annulus if compared with the convective
ones as reported on energy budgets in [24].

Solid conduction is computed in a physically-separated do-
main representing the inner and outer liners. Indeed, being the
metal opaque for radiation, beams can be only absorbed or re-
flected at the fluid-solid interface.

Computational grids

The different requirements for the involved computations
were taken into account during the mesh generation. As a result,
three computational grids were created with ANSYS®Meshing.
Mesh for the convective problem consists of nearly 8.7M tetra-
hedral elements. Making a mesh sensitivity to choose the proper
space discretization in a multiphysics problem involving three
grids is a time-consuming matter, so that the choice of mesh siz-
ing was a compromise between computational cost and accuracy.
As above mentioned, scale resolution in SAS has not an explicit
dependency on grid spacing. However, its adequacy in the pre-
diction of aerothermal field was widely evaluated in [25] where
a grid sensitive study was carried out. As in the near-wall region
the SAS model behaves as a RANS k- SST model, to exploit a
wall function approach [27] the mesh counts 3 prismatic layers at
wall and a y+ in the range of applicability for this wall treatment.

Radiation and solid meshes were recovered from [24]. In the
former a drastic coarsening of the convective grid was performed
to obtain a 4M tet-only elements mesh. Using a loose coupling
for the fluid-radiation interaction together with a mesh coarsen-
ing can reduce the computational effort of the coupled problem
of around 30 — 40%. The solid domain, instead, requires a huge
refinement around the inner walls of the 2000 tiny effusion holes,
resulting in 21.3M tetrahedral elements.

Boundary conditions

The boundary conditions were set according to [25] for
the convection problem and to [24] for the remaining simula-
tions. Concerning convective domain mass flow rate and static
pressure were prescribed, respectively, at the inlet and outlet
boundaries shown in Figure 5. Flow split was determined from
preliminary RANS simulations with the multi-perforation mod-
elled through point mass sources using the SAFE (Source based
effusion model) methodology, presented in [38] and applied also
in [39]. In the present work, effusion holes are grouped in rows
where uniform boundary conditions are applied. Temperature at
the plenum inlet, operating pressure and fuel mass flow rate were
set according to the specific operating condition reported in Table
1. Boundary conditions for the radiation problem consist of ab-
sorbing/emitting walls, inlets and outlets. The hot sides of the
two liners (red regions in Figure 5) were coupled with solid and,
for this reason, coupling BCs are required. At the solid-fluid
interfaces (i.e. in the conduction-convection and conduction-
radiation couplings), convective and radiative heat fluxes are
computed and converted in a Robin boundary condition and a
black-body radiation (radiation temperature and emissivity), re-
spectively. The obtained quantities are sent to the solid, which
returns the wall temperature to the other simulations.

It is worth remember that the focus of the work is on the ef-
fects of a scale resolving modelling on the conjugate heat transfer
problem and that such effects are either negligible as in the cold
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side or computationally infeasible as within the effusion holes.
As aresult, heat transfer coefficients and reference temperatures
were set on the above mentioned zones of the solid simulation,
deduced from the results of THERM3D steady analysis on the
full single sector geometry [24]. An analogous approach was
adopted to impose the coolant temperature on the inlet patches
representing the exit of the effusion holes. This assumption
is justified by the small heat up of coolant crossing the multi-
perforation. The remaining walls were treated as smooth, no slip
and adiabatic.

Material properties

Solid was modelled as a metal alloy. Temperature-
dependent properties were applied both to the metal and gas. For
the latter, in addition, a dependency from progress variable and
mixture fraction was set to include the effects of change in com-
position due to the combustion process. Properties taken from
[34] were used to characterize Jet A-1 fuel. The spectral radi-
ation is approximated with a weighted sum of gray gases, while
metal emissivity is set 0.8.

RESULTS

In this section the results of the investigated test points will
be presented, compared with the THERM3D results [24] and dis-
cussed. While the numerical setup of the different simulations
was widely assessed in previous works [24, 25], the new tool
(i.e. U-THERM3D) and the coupling settings required a pre-
liminary validation. For this purpose, first of all, the Approach
condition was simulated, analysed and compared with the ex-
periments. Then, the present tool was applied to the Take-Off
condition.

Approach

The aerothermal field is strongly influenced by the double
swirler configuration and was widely discussed in [25] in the
context of Scale-Resolving Simulations. The injection system
creates a swirling flow with a large inner recirculation zone and
two outer recirculation zones in the corners between dome and
liners. A major part of liquid fuel is injected in the pressure
atomizer (see Table 1), which breaks it up in droplets. These
particles evaporate partially in the inner duct, contributing to feed
the hot gases ingestion that periodically occurs within the swirler
from the downstream recirculation zone. This behaviour can be
observed in Figure 6 showing the temperature field in the com-
bustor. While the timeframe chosen for the instantaneous tem-
perature does not seem to be subject to flashback, the mean field
highlights that gas at high temperature is present up to the pilot
injector.

The core region of the flametube is unaffected by the
coupled simulation at Approach if compared to the adiabatic sim-
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FIGURE 6. Contours of instantaneous (left) and mean (right) gas tem-
perature at Approach condition.

ulation reported in [25]. The shear stresses and high velocities
caused by the burner promotes the breakup of fuel film flowing
on the airblast atomizer, the turbulence of jets and, as a results,
the subsequent dispersion of the liquid particles as well as of the
evaporated fuel. Large eddies trap the fuel into pockets where
it is mixed and burnt, leading to hot spot regions moving down-
stream. These turbulent structures interact in a non-stationary
fashion with the liners increasing convection and, therefore, wall
heat transfer. Such a phenomenon was investigated in [24] on
the adiabatic simulation, highlighting the differences between
RANS and SAS in the prediction of the mean adiabatic wall tem-
perature and the wide range of its fluctuations in the upstream re-
gion of the liner. Turbulent energy redistribution in the flametube
has a key role in the heat transfer process as shown in the corner
regions, where the mean temperature is definitely higher than the
one obtained in [24]. This property is typical of SRSs that are
able to solve a portion of turbulent diffusion.

In Figure 7 the instantaneous and mean energy source term
due to radiation is shown, representing the data sent from the
radiative to the convective simulation. Even if absorption and
emission properties depend on species composition, the temper-
ature is the main quantity affecting the energy source. The flame
region has negative values and the higher the temperature, the
more negative the energy sink. On the other hand, low temper-
atures in the mixing regions between film cooling and flue gases
provide absorption of radiative energy.

[ i
oS

r min T max

S

FIGURE 7. Contours of instantaneous (left) and mean (right) energy
source term due to radiation at Approach condition.
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FIGURE 8. Contours of mean temperature on the hot side of the liners for the THERM3D (left) and U-THERM3D (middle) simulations at Approach
condition. The relative difference between the latter and the former normalized by the THERM3D value (in [K]) is also reported (right).

Focusing on the two liners, the resolved part of turbulent
convection affects the prediction of metal temperature if an un-
steady coupling is exploited. Figure 8 shows the temperature
distribution on the cold side of the liners for the THERM3D
[24] and U-THERM3D simulations together with the relative
difference (in percentage) between the latter and the former nor-
malized by the THERM3D value (in [K]). If compared to the
steady result, U-THERM3D predicts a broader high-temperature
region and a smoother distribution. Indeed, the turbulent inter-
action between swirling flow and walls is detrimental for the
film effectiveness of both the slot and effusion. Opposite cold
streaks appeared on the two liners in the THERM3D modelling
as the coolant was not disturbed by the swirling flow, maintain-
ing a good protection. This feature disappears completely in the
present simulation because of an increased jet opening angle of
the swirling flow related to the unsteady treatment. As a result, in
this region, temperature rises around 15% compared to a steady
RANS coupling. Similar values are observed immediately down-
stream of the slot exit for the presence of hot gas recirculation in
the corners. The liners show two different trends: the first half
region is warmer but the downstream zone has lower temperat-
ures.

A quantitative comparison with measurements of the liner
temperature on the cold side reveals the improvements of the
present multiphysics tool in the prediction of liner thermal load,
as reported in Figure 9, 10 and 11 in terms of normalized tem-
perature. The data were extracted on the lines highlighted in the
sketch of Figure 5.

Figure 9 shows the temperature distribution of both the
liners along the centerline, expressed as normalized curvilinear
abscissa §. The curves confirm the higher heat load of the U-
THERM3D simulation at upstream locations already observed in
Figure 8, especially for the Inner Liner. On this side, the numer-
ical results are shifted towards measurements. The Outer Liner
temperature, instead, was already well-predicted by THERM3D
but the present approach, anyway, shows a further improved
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FIGURE 9. Comparison of the centerline temperature between ex-
periments, THERM3D and U-THERM3D on the cold sides of the Inner
Liner (top) and Outer Liner (bottom) at Approach condition.

trend. For instance, on the first measurement point a better agree-
ment is obtained thanks to the smoothing effect of temperature
gradients.

Analogous comparisons can be performed on the spanwise
lines depicted in Figure 5 and the results are reported in Figure
10 for the Outer Liner (lines A,B,C,D,E) and in Figure 11 for the
Inner Liner (lines A,B,C,D). Once again, U-THERM3D predicts
smoother tangential distributions of metal temperature, in partic-
ular at B and C locations of the Inner Liner. While in RANS the
swirling flow keeps a good film protection up to the fifth row of
holes, in SAS computation the hot gases disrupt the coolant layer
before the second row leading to a higher thermal load at line A
that is confirmed by experiments. This interaction, however, is
excessive at -10/10° locations on the Outer Liner resulting in an
overestimated metal temperature. A general improvement in the
distributions could be obtained revising the boundary conditions
applied to the effusion holes. Indeed, a constant mass flow rate
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FIGURE 10. Comparison of the spanwise temperature between ex-
periments, THERM3D and U-THERM3D on the cold sides of the Outer
Liner for the locations depicted in Figure 5 at Approach condition.

was chosen for each row but the pressure distribution is not uni-
form in the tangential direction. This is particularly expected on
the hot side because of the impinging of swirling flow on the
liner walls that increases locally the pressure. This phenomenon
is more relevant in the centerline region, resulting, in the hy-
pothesis of uniform pressure on the cold side, in a decrease of
pressure drop and, hence, in lower mass flow rate compared to
the uniform injection. Obviously, more coolant will be injected
from the holes close to -10/10° locations if the same total mass
flow rate must be kept and the liner will be more protected in
these regions. The solution-dependent distribution of coolant on
both the tangential and axial directions are hardly predictable a
priori and its effect on the heat load deserves further investiga-
tions in the future.

Take-Off

Increasing the power load by means FAR, P30 and 730 leads
to higher burning rates, gas temperatures and ultimately more
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FIGURE 11. Comparison of the spanwise temperature between ex-

periments, THERM3D and U-THERM3D on the cold sides of the Inner
Liner for the locations depicted in Figure 5 at Approach condition.

critical conditions for the liners. The hot core region moves up
to the outlet, as noticeable in Figure 12. As at Approach, the
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FIGURE 12. Contours of instantaneous (left) and mean (right) gas
temperature at Take-Off condition.

flame propagates within the injector and can reach the proxim-
ity of the pilot atomizer. This phenomenon is visible in both the
instantaneous and mean gas temperature, even if monitoring dif-
ferent time-steps have highlighted an alternating positioning of
the flame in and out of the swirler. However, the mean opening
angle of the swirling jet becomes more closed than at Approach
because of the augmented flow rate.

The severe environment within the flametube causes a sig-
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FIGURE 13. Contours of mean temperature on the hot side of the liners for the THERM3D (left) and U-THERM3D (middle) simulations at Take-Off
condition. The relative difference between the latter and the former normalized by the THERM3D value (in [K]) is also reported (right).

nificant increase in the thermal stresses on the liner compared
against the Approach condition, as illustrated by the metal tem-
perature distribution reported in Figure 13. The wall temperature
predicted by U-THERM3D is considerably higher than the val-
ues provided by the corresponding THERM3D simulation. Un-
like the previous operating condition, a general increase of tem-
perature is observed in almost all the surface with peak values
of around 20% in a relative term, mainly located in the upstream
region where the swirling flow interacts with the wall. In partic-
ular, as for Approach, the following considerations are still valid:

e The resolution of a portion of the turbulent convection spec-
trum smooths the temperature gradients;

e The resolved mixing increases the entrainment of hot gases
in the outer recirculation zones resulting in an increase of
metal temperature in the liner region closer to the slot exit;

e The swirling flow interacts with the slot and film cooling
more uniformly in the spanwise direction, almost making
the cold streaks of THERM3D disappear.

With a focus on the Outer Liner, the downstream half shows an
opposite trend of the relative difference of temperature between
an unsteady and steady simulation. Indeed, at the Approach con-
dition, this region is warmed by gases having exchanged more
heat with the primary zone of the liner and which, for this reason,
are cooler. As the heat transfer in the primary zone is augmented
in an unsteady way, the final region can be wet by colder gases
resulting in a slightly lower metal temperature. On the other
hand, at Take-Off hot radiating pockets are convected down-
stream to the mid-region of the liner, contributing to keep higher
metal temperatures in the second half of the liner.

Similarly to Figure 9, Figure 14 shows again as using U-
THERM3D the temperature rise is anticipated along the center-
line axial direction, confirming the great impact on metal tem-
perature of a scale-resolving prediction of the aerothermal field
in the outer recirculation zone. The maximum value identifies
jet-wall interaction phenomena, approximately located at 40% of
the relative curvilinear abscissa for both the liners and the operat-
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FIGURE 14. Comparison of the centerline temperature between ex-
periments, THERM3D and U-THERM3D on the cold sides of the Inner
Liner (top) and Outer Liner (bottom) at Take-Off condition.

ing conditions. However, on the inner side, a second small peak
region appears at 80% of the liner length that is also visible in
the THERM3D simulation. This feature is caused by radiation,
in terms of a greater weight of the shape factor on the thermal
load for this operating point. The view factor from the flame and
the dome to the second half of the Inner Liner is unfavourable
because of the adopted combustor geometry, leading to a local
peak in the radiative heat flux.

Heat load analysis

A deep insight into the contribution of the different heat
transfer modes to the thermal load can be useful to understand
the metal temperature trends. For this purpose Figure 15 and Fig-
ure 16 show the energy budget for Inner Liner and Outer Liner,
respectively. The total heat load normalized by a reference value
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and divided into the convection (blue) and radiation (red) con-
tributions is reported for the hot side (HS), cold side (CS) and
effusion holes (EFF). The values are compared against the res-
ults obtained with THERM3D for both the operating conditions.
The numbers above each bar highlight quantitatively the relative
component of convection and radiation on the heating (HS) and
cooling (CS+EFF) of the liner. The heat load follows the temper-
ature trend, with a significant increase moving from Approach
to Take-Off independently by the coupling strategy. However,
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FIGURE 15. Comparison between THERM3D and U-THERM3D of
the normalized total heat loads for the Inner Liner at Approach and Take-
Off conditions. Values above the bars are the relative contribution of
convection and radiation to the heating and cooling of the liner.

modelling conjugate heat transfer in an unsteady fashion in place
of a steady framework modifies the relative weight of the heat
transfer modes. At Approach, in the U-THERM3D simulation
radiation it is reduced by the lower gas temperature. Moreover,
the augmented convection caused by the prediction of higher heat
transfer coefficients as well as a lower film protection increases
the metal temperature making the contribution of radiation al-
most null. At Take-Off, instead, because of the widespread hot
gas region provided by the SAS computation, the radiative heat
load growths compared to both the Approach and the THERM3D
results.

The heat load is more than doubled moving from Approach
to Take-OfT, closer to three times on the Outer Liner. The unbal-
anced distribution of radiative heat load between Inner and Outer
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FIGURE 16. Comparison between THERM3D and U-THERM3D of
the normalized total heat loads for the Outer Liner at Approach and
Take-Off conditions. Values above the bars are the relative contribution
of convection and radiation to the heating and cooling of the liner.

liners can be attributed to the annular geometry of the combus-
tor, which makes high view factors from the Inner Liner and the
flame to the Outer Liner. On the other hand, the Outer Liner
views the Inner Liner with a lower factor. As a result, the latter
radiates completely to the former which, however, radiates par-
tially itself. Inhomogeneities in the wall to wall radiation become
more relevant when metal temperature is higher, as at Take-Off.
This result is also confirmed by the relative contribution of con-
vection and radiation that is around 65% /35% for the Inner Liner
and 55%/45% for the Outer Liner.

As evident in Figure 15 and Figure 16 the cooling function is
largely demanded to the effusion system, whose weight on liner
cooling is 56% on average. The absolute value is almost un-
changed at Approach using the present unsteady coupling pro-
cedure but the increase is evident at Take-Off as a result of the
higher metal temperature predicted by U-THERM3D.

CONCLUSIONS

Conjugate heat transfer is a challenging problem that in gas
turbine combustors is made even more complex by multiphys-
ics interactions. A deep insight of the involved phenomena can-
not be obtained with experimental campaigns on real aeroengine
burners. The increasingly widespread exploitation of massively
parallel computing is pushing CFD as a tool supporting the final
design of modern combustors, which is characterized by several
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strict constraints. Among all design requirements, the control on
metal temperature is one of the most pursued.

This paper illustrates the main findings of numerical in-
vestigations aimed at providing a better understanding of the
thermal load on an aeronautical effusion-cooled lean burn
combustor. A desynchronized loose coupling methodology,
called U-THERM3D, was proposed to simulate the whole time-
consuming multiphysics problem and applied in the framework
of a full-annular test carried out in a EU-funded research pro-
gram. Several aspects of the numerical modelling were already
assessed on the same burner during previous works, in steady
[24] and unsteady [25] context. Two different conditions were
simulated, representative of the Approach and Take-Off opera-
tions of an aeroengine. The results of the present methodology
were compared with the steady multiphysics tool THERM3D ob-
tained in [24] and with measurements as far as the Approach is
concerned.

Simulations were run for roughly 45000 CPU hours, a com-
putational time one order of magnitude greater than the one re-
quired by the equivalent steady coupling. Despite the compu-
tational cost, the new tool provides a general increase of metal
temperature and a smoother distribution that improve the predic-
tion of liner temperature, as confirmed by a comparison with the
experimental data. A common feature in the two test points is
the strong increase of temperature in the first half of the liner
related to the resolution in SAS framework of the turbulent in-
teraction between the swirling flow and the walls. Indeed, the
Scale-Resolving Simulation is able to predict the hot gases en-
trainment in the outer recirculation zones, the local growth of
heat transfer coefficient and the unsteady sweeping of film cool-
ing. While convection increases, a heat load analysis reveals op-
posite trends for radiation in the two operating conditions mov-
ing from a steady to an unsteady coupling. At Approach, max-
imum gas temperature does not change compared to THERM3D
simulation and, together with the higher wall temperature, elim-
inate the contribution of radiation. On the other hand at Take-
Off the heat transferred by radiation rises slightly because of the
widespread hot gases volume within the flametube. Similarly to
the THERM3D solution, the ratio between convection and radi-
ation is around 65%/35% and 55% /45% for the Inner and Outer
liners, respectively. Here, the major weight of radiation in the
Outer Liner can be explained by the annular geometry of the
combustor that provides self-viewing properties to the outer con-
cave surface. Hence, the present work highlights that a proper
modelling of the aerothermal field with Scale-Resolving Sim-
ulations can be effective in the prediction of liner temperature
and can reveal unexpected changes in the relative contribution of
heat transfer modes compared to a steady modelling. The accept-
able prediction of metal temperature obtained by U-THERM3D
shows the potential of this tool as a framework for the high-
fidelity thermal design of gas turbine combustors. Obviously,
the accuracy of the coupled simulation can benefit from the im-
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provement of the different involved models and to the authors’
opinion research effort should be focused on this task.
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