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In this work several computational approaches are tested for the two-phase simulation of the ELUB-SYS bearing chamber in the high-speed regime-a four-equation Eulerian multifluid model, a steady-state Eulerian integral thin film (EITF) approach, a discrete parcel method (DPM) approach, and a simplified EITF-DPM coupled approach. While computationally expensive, the multifluid model captured the global liquid dynamics in the chamber and predicted that most of the oil is in the form of a thin film that flows on the stationary walls. The much more cost-efficient EITF approach achieved accurate results for the oil thickness distribution at the counter-current region but did not account for the large amounts of oil flowing out through the top vent. The DPM approach was used to assess the dispersed phase dynamics in both one-way and two-way coupling configurations, outlining a significant influence of the latter on the gas phase dynamics. Finally, the coupled EITF-DPM approach was able to overcome some of the limitations observed by its individual counterparts by predicting a continuous film throughout the chamber circumference and a higher vent outflow, while still retaining most of the expected film distribution characteristics in the bearing chamber.

INTRODUCTION

Bearings in aircraft engines support mechanical and thermal loads between rotational and stationary equipment. They require constant lubrication via oil recirculation systems in order to dissipate heat, decrease frictional effects, and drive tiny debris away.

An integral component of the oil recirculation system is a bearing chamber. It is the first section where the oil transits after lubricating and cooling the bearing. In its most basic configuration, the bearing chamber comprises of an oil inlet ring on the one side, a pressurized sealing air inlet ring on the other side, a circular scavenge port on the bottom, and a circular vent port on the top [see the encircled section of Fig. 1(a)] [START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF]. In this system, strong pressure gradients cause most of the pressurized air to leave through the upper vent port, while a combination of centrifugal, aerodynamic shear, and gravitational effects force the oil to first accumulate 
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as a thin film on the outer stationary walls and then leave the domain via the scavenge opening on the bottom. There it enters a circuit of pipes that channel it through additional heat exchangers and then lead it back to the reservoir tank. The oil in the system is not just present in the form of a liquid film, but also as larger ligament structures and small droplets at the core of the chamber or near the free surfaces. Furthermore, it has to remain in the bearing chamber domain long enough in order to perform its cooling function by evacuating excess heat from the walls, but not too long in order to avoid coking or ignition [START_REF] Chandra | Liquid and Gas Flow Behaviour in Highly Rotating Environment[END_REF]. This constraint and the fact that different multiphase flow regimes arise at different rotational speeds, results in a complex optimization problem. Significant effort was therefore put into the experimental investigations of bearings chambers in the past. [START_REF] Wittig | Influence of High Rotational Speeds on Heat Transfer and Oil Film Thickness in Aero-Engine Bearing Chambers[END_REF] measured the oil film thickness distributions and heat transfer coefficients in a simplified chamber geometry. [START_REF] Gorse | 3D-LDA Measurements in an Aero-Engine Bearing Chamber[END_REF] analyzed purely gaseous flow and found an influence of shaft speed and sealing air flow on the velocity profiles. Subsequently, [START_REF] Gorse | Influence of Operating Condition and Geometry on the Oil Film Thickness in Aeroengine Bearing Chambers[END_REF][START_REF] Gorse | An Experimental Study on Droplet Generation in Bearing Chambers Caused by Roller Bearings, Turbo Expo: Power for Land[END_REF] introduced capacitive sensors to measure oil film thickness and characterized the velocities and droplet sizes generated by roller bearings at a location near the oil injection. During a more recent project, called ELUBSYS, [START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF][START_REF] Kurz | Capacitive Film Thickness Measurements in a Ventless Aero-Engine Bearing Chamber Influence of Operating Conditions and Offtake Design[END_REF] and [START_REF] Kurz | An Approach for Predicting the Flow Regime in an Aero Engine Bearing Chamber[END_REF] performed experiments on a test rig, featuring a wider bearing chamber design [see Fig. 1(a)], and obtained parametric data on a variety of flow rates, pressures, bearing chamber configurations, scavenge offtake configurations, and scavenge ratios,

SR = Vsc Vo,in , (1) 
in which Vsc is the total scavenge volumetric outflow rate and Vo,in is the volumetric oil inflow rate. [START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF][START_REF] Kurz | Capacitive Film Thickness Measurements in a Ventless Aero-Engine Bearing Chamber Influence of Operating Conditions and Offtake Design[END_REF] and [START_REF] Kurz | An Approach for Predicting the Flow Regime in an Aero Engine Bearing Chamber[END_REF] performed oil thickness measurements at eight circumferential locations along the axial centerline of the bearing chamber and calculated scavenge efficiencies (where Vo,sc is the scavenged oil volumetric flow rate),

η sc = Vo,sc Vo,in , (2) 
at different rotational speeds by also obtaining oil flow measurements at the scavenge and vent offtakes [see Fig. 1(b)]. [START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF] distinguished two regimes of operation-a low-speed regime, characterized by high scavenge efficiency, and a high-speed regime, characterized by a sharply decreasing scavenge efficiency. Many numerical studies have been conducted on bearing chambers too, specifically because of the significant cost of experimental investigations and the need for a more comprehensive understanding of the flow dynamics at specific areas of interest, where experimental data are lacking. Three main subsets of computational approaches have been mainly utilized in bearing chamber research-interfacial approaches which explicity resolve the air-oil interface, dispersed phase models which track droplets statistically within a Lagrangian framework, and surface methods which resolve thin liquid films close to the walls via an integral approach. [START_REF] Peduto | Modelling of an Aero-Engine Bearing Chamber Using Enhanced CFD Technique[END_REF] performed the first volume of fluid (VOF) simulations on the lower half of a simplified bearing chamber geometry. [START_REF] Krug | Evaluation of the Volume-of-Fluid Method for the Numerical Modeling of an Aero Engine Bearing Chamber[END_REF] and Crouchez-Pillot and Morvan (2014) used local adaptive mesh refinement in a VOF simulation of the entire bearing chamber geometry and were able to capture some oil thickness trends in certain conditions. [START_REF] Bristot | Evaluation of a Volume of Fluid CFD Methodology for the Oil Film Thickness Estimation in an Aero-Engine Bearing Chamber[END_REF][START_REF] Bristot | Effect of Turbulence Damping in VOF Simulation of an Aero-Engine Bearing Chamber[END_REF] examined the effects of the high-resolution interface capturing and compressive interface reconstruction schemes, as well as turbulence damping via ANSYS Fluent ® VOF simulations on the ELUBSYS configuration. They found considerable differences-especially for the overall oil mass accumulation and the near-wall liquid behavior. Surface approaches were tested by [START_REF] Wang | Thin Film Modelling for Aero-Engine Bearing Chambers[END_REF][START_REF] Wang | Specifying and Benchmarking a Thin Film Model for Oil Systems Applications in ANSYS Fluent[END_REF] and [START_REF] Kakimpa | The Numerical Simulation of Multi-Scale Oil Films Using Coupled VOF and Eulerian Thin-Film Models[END_REF] via Eulerian integral thin film methods (EITF) and coupled VOF-EITF approaches, respectively, in simulations of an idealized aero-engine bearing chamber geometry. At the rimming flow regime, characterized by shear-dominated oil flow at high rotational speeds, they demonstrated major computational time improvement and good agreement with results. More recently, [START_REF] Singh | Prediction of Film Thickness of an Aero-Engine Bearing Chamber Using Coupled VOF and Thin Film Model[END_REF] performed VOF-EITF coupled approach simulations on the ELUBSYS bearing chamber at 5000 rpm, and observed an underprediction of the film thickness across the domain, but captured the film formation and distribution trends on the outer walls. Nicoli et al. (2019a,b) performed EITF-DPM coupled approach simulations on a combined configuration that included both the roller bearing and the bearing chamber geometries, and studied the distribution of the particle shedding in the bearing chamber.

In general, the research on bearing chambers has led to a better understanding of the oil dynamics within such systems. However, the accuracy and cost effectiveness of the aformentioned numerical methods remain to be further explored. Therefore, the present work aims to pursue the efforts of [START_REF] Kirov | Comparative Numerical Study of a Multi-Fluid Approach and a Eulerian Integral Thin-Film Method for the Two-Phase Numerical Simulation of a Bearing Chamber[END_REF] by systematically evaluating three numerical approaches for the simulation of the ELUBSYS bearing chamber-an Eulerian compressible multifluid diffuseinterface approach (in a large-eddy simulation framework), an EITF approach for the integral computation of thin films on the outer walls, and a discrete parcel method (DPM) approach for the Lagrangian statistical tracking of droplets across the domain.

The current article is organized as follows. First, Section 2 describes the numerical methods. Then Section 3 presents the computational domain, operating conditions, and the numerical setups of each method. Section 4 offers a discussion on the results of the multifluid, EITF, and DPM methods, as well as a simplified EITF-DPM coupled approach. The main conclusions and the outlook of the present work are summarized in Section 5.

NUMERICAL METHODS

In this work, three solvers within the CEDRE platform are utilized-the Eulerian multifluid diffuse-interface approach solver CHARME, the EITF solver FILM and the DPM solver SPARTE (Refloch et al., 2011).

CHARME (Multifluid)

The multifluid CHARME approach models an arbitrary number of immiscible compressible fluids that are assumed to be simultaneously present at any point in space with different concentrations. In the present work, two fluids are considered-a perfect gas and a weakly compressible liquid, corresponding, respectively, to the air and the oil phases. Local mechanical and thermal equilibrium is imposed on both the fluids in each cell-specifically assuming that their velocity, pressure, and temperature are equal:

V = V g = V l , p = p g = p l , and T = T g = T l .
This allows for a derivation of a four-equation model system from the mass, momentum, and energy balance equations:

∂ ρ ∂t + ∇ • (ρ ⊗ V ) = S m , ( 3 
)
∂ρV ∂t + ∇ • (ρV ⊗ V + pI) = ∇ • τ v + τ c + ρg + S u , ( 4 
)
Multiphase Science and Technology

∂ρe ∂t + ∇ • [(ρe + p)V ] = ∇ • τ v + τ c • V -J e + ρg • V + S e , ( 5 
) whereby ρ = [Y l ρ l , Y g ρ g ] T = [ρ l , ρg ]
T are the bulk densities; p is the mixture pressure; ρ = Y l ρ l + Y g ρ g is the mixture density (where Y g and Y l add to unity), τ c and τ v are the capillary and viscous stress tensors; e is the total energy; J e is the total heat flux; and S m , S u , S e are, respectively, the mass, momentum, and energy source terms originating from the solver couplings. The equations are thermodynamically closed with the equations of state:

ρ g = p g RT , ( 6 
)
ρ l = ρ l,0 1 + β(p -p 0 ) 1 + γ(T -T 0 ) , ( 7 
)
corresponding to a perfect gas and linearized weakly compressible liquid, respectively (where β and γ are compressibility coefficients and R is the specific gas constant).

No explicit interface reconstruction is performed in the CHARME model. Instead, the interface is implicitly defined by smooth volume fraction variations of the phases. A continuum surface model formulation takes into account the surface tension terms [START_REF] Brackbill | A Continuum Method for Modeling Surface Tension[END_REF]). An implicit finite volume scheme on unstructured 3D meshes ensures the numerical resolution of the multifluid model, while an implicit temporal discretization scheme decreases the acoustic CFL time step limitation. The numerical fluxes are computed by a HLLC approximate Riemann solver with MUSCL reconstruction [START_REF] Toro | The HLL and HLLC Riemann Solvers[END_REF]. Finally, a multidimensional slope limitation procedure is imposed in order to limit numerical diffusion by maximizing volume fraction gradients across the interfaces [START_REF] Blanchard | A Large Scale Multi-Fluid/Dispersed Phase Approach for Spray Generation in Aeronautical Fuel Injectors, ICMF 2016[END_REF][START_REF] Chiapolino | Sharpening Diffuse Interfaces with Compressible Fluids on Unstructured Meshes[END_REF].

FILM (EITF Method)

In the FILM model, an Eulerian approach is utilized to solve the integral form of the Navier-Stokes equations across the film thickness over a surface mesh. They are derived from a mass and momentum conservation balance, assuming thin liquid films (whose depth is significantly lower than the length scale), and read as

∂ρ l h l ∂t + ∇ t • (ρ l h l V l ) = 0, ( 8 
)
∂ρ l h l V l ∂t + ∇ t • (ρ l h l V l ⊗ V l + Φ sprd ) = -h l ∇ t (p g ) + τ g + ρ l g t h l + τ w , ( 9 
)
whereby τ g is the gas shear stress,

τ w = [3µ l Vl -V l,0 ]/(h l ) -τ g /2
is the wall shear stress (assuming a parabolic velocity profile), and Φ sprd = (ρ l g n h 2 l )/2 is a spreading model available within the FILM solver.

The FILM solver is one-way coupled to the gas phase solver of CHARME in order to account for the aerodynamic shear force and pressure effects that govern the film dynamics. For applications where the lubrication approximation is made, the correction coefficient on the momentum flux term is neglected as it is an order of magnitude smaller than the wall shear stress term.

SPARTE (DPM)

The dispersed phase model in the SPARTE solver [START_REF] Murrone | Numerical Modeling of Dispersed Two-Phase Flows[END_REF]) relies on the approximate numerical resolution of a Boltzmann-like equation, characterizing the evolution of the spray density function [START_REF] Williams | Spray Combustion and Atomization[END_REF]:

∂ ∂t (f p ) + ∇ x • (V p f p ) + ∇ v • F p M p f p + ∂ ∂r (R ev f p ) = Q coll + Q f rag , ( 10 
)
whereby the particle number density function f p is described in terms of particle position x p , velocity V p , diameter D p , density ρ p , mass M p , and temperature T p . The evaporation rate is denoted R ev , while Q coll and Q f rag are source terms due to the collision and fragmentation of the particles. In this work, the volume occupied by the droplets is considered sufficiently small to neglect collision/coalescence while fragmentation phenomena are modeled. Furthermore, no evaporation or condensation effects are taken into account. The only considered forces acting on the particles are drag and gravity.

The discretization of Eq. ( 10) relies on a statistical sampling procedure, in which numerical parcels carry the information of an arbitrary number of physical droplets with numerical weight w p . The positions and velocities of the parcels are governed by the following equations:

∀k ∈ [[1, N p ]],        d dt x p,k = V p,k d dt V p,k = F p,D + 1 - ρ g ρ p g . ( 11 
)
The drag force F p,D is estimated using the correlation of [START_REF] Schiller | A Drag Coefficient Correlation[END_REF]. The dispersed phase model is coupled in a two-way approach with CHARME's gas phase model for the modeling of the mechanical (drag) and thermal exchanges, as well as the mass transfer, using the standard particle in the cell/point-force approximation of [START_REF] Harlow | The Particle-In-Cell Method for Numerical Solution of Problems in Fluid Dynamics[END_REF].

NUMERICAL SETUP

The geometry, computational mesh, and operating and boundary conditions for the two-phase flow simulations are presented in this section.

Computational Domain

The baseline configuration of the ELUBSYS experimental bearing chamber test rig was selected as a main focus of this work (see Fig. 2) [START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF]. The bearing chamber has an annular shape, with an oil inlet ring opening on the roller bearing side, an air inlet ring opening on the opposite side, a shaft rotating at a constant rotational speed n at the inner radius, and stationary walls everywhere else. Two circular exits of radius R vt = R sc = 5 mm are located at the top and bottom axial centerline of the bearing chamber, serving as connections to the vent and scavenge pipes, respectively. A larger sump cylinder was added below the scavenge pipe, in order to numerically replicate the test rig experimental conditions and drain the oil flow at a constant velocity (therefore keeping a fixed scavenge ratio SR). Table 1 summarizes the bearing chamber dimensions used in this setup. The computational mesh was a structured hexagonal grid, created with ANSYS ICEM-CFD ® . The total number of mesh cells was 4,900,000 with a maximum resolution of 0.7 mm, near-shaft elements of 0.12 mm, and near-outer-wall elements of 0.06 mm (giving approximately five elements within the smallest expected film height). The maximum aspect ratio in a given cell was 3 and the maximum adjacent increase in cell size was no more than 1.2.
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Bearing Chamber Operating Conditions

The material properties and operating conditions for all performed simulations were identical to the reported experiments of [START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF] of the ELUBSYS baseline configuration geometry at n = 15,000 RPM (see Table 2). In this high-speed regime, the oil phase exhibits the strongest interplay between the gravitational and aerodynamic shear effects, and the most distinct asymmetry between the oil thickness measurements at the co-current (where gravity supports the rotational direction) and counter-current (where gravity acts against the rotational direction) regions of the bearing chamber circumference. The scavenge ratio [see Eq. ( 1)] has been kept constant at SR = 4. It must be noted here, however, that the state at which oil is ejected from the bearings into the bearing chamber in the experimental test rig is largely unknown, which presents a challenge for the oil inlet in the setup of the numerical simulations. Therefore, the numerical treatment of the oil injection in the executed simulations will be specifically described.

But before moving on to the discussion on the numerical setup of the simulations, a dimensional analysis is performed for the given operating conditions in order to assess the expected gas phase dynamics in the interior of the bearing chamber. Two dimensionless numbers were compared with existing theoretical [START_REF] Chandrasekhar | Hydrodynamic and Hydromagnetic Stability[END_REF] and experimental [START_REF] Gorse | Tropfenentstehung und Impulsaustausch in Lagerkammern von Flugtriebwerken[END_REF] findings from the literature. The Taylor number evaluates the ratio between inertial forces due to rotational and viscous forces:

Ta = ω 2 R sh (R o -R sh ) 3 ρ 2 a µ 2 a , ( 12 
)
with ω the angular velocity of the shaft. In the present setup, this gives a Taylor number of Ta ≈ 2.1 × 10 11 , hence viscous forces are negligible compared to centrifugal forces and thus inertial instabilities may develop, leading to the formation of large-scale coherent vortical structures [START_REF] Chandrasekhar | Hydrodynamic and Hydromagnetic Stability[END_REF]. Furthermore, an evaluation of the Reynolds numbers, based either on the shaft angular velocity,

Re θ = D h ωR sh ρ a µ a with D h = 2bh b + h , ( 13 
)
or the air mass flow rate at the inlet,

Re in = ṁa,in D h 2πt a,in R sh µ a , ( 14 
)
confirms the predominance of inertia over viscous effects as Re θ ≈ 6.2 × 10 5 and Re in ≈ 8.7 × 10 4 in this setup. According to [START_REF] Gorse | Tropfenentstehung und Impulsaustausch in Lagerkammern von Flugtriebwerken[END_REF], these numbers indicate that the gas flow field lies close to the transitional regime from two counter-rotating vortices to a single vortex.
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Hence, the presence of a large primary vortex and a smaller secondary vortex is expected in the XR-plane of the bearing chamber.

Simulations Setup

Hereby we describe the setup for each performed simulation.

Multifluid Simulation Setup

The multifluid simulation was initialized from a statistically converged purely gaseous largeeddy simulation (LES), performed on the same computational mesh.

In the multifluid simulation, the shaft was set as a rotating adiabatic wall at the fixed rotational speed n. The mass flow rates ṁa,in and ṁo,in were imposed on the air and oil inlet annuli, respectively. The oil was assumed to be a homogeneous liquid throughout the injection zone. The vent port outlet was given a specified pressure of p vt,out = 2.7 bars, while the sump outlet was given a constant negative-inflow velocity boundary condition in order to keep the scavenge ratio constant throughout the course of the simulation: V sc,out = -(SR • Vo,in )/A sp = -0.014 m/s. The Smagorinsky model was used for turbulence modeling in combination with a law of the wall. The simulation was run with first-order implicit time integration and second-order spatial discretization for the convective and diffusive fluxes. It averaged a time step of ∆t ≈ 6 × 10 -7 s.

EITF Simulation Setup

In order to initialize the Eulerian integral thin-film simulation, a gas phase k-ω SST simulation was performed first and the resultant flow fields were converged and time-averaged in order to avoid the arising unsteady asymmetric vortices along the circumference of the bearing chamber. The injected turbulence properties of the flow field k and ω in the simulation were calculated from the hydraulic diameter of the air inlet ring (D h,a,in = 2 • t a,in ), whereby the turbulence intensity was set to 5%.

The Eulerian integral thin-film simulation was then executed on the surface mesh of the bearing chamber geometry, after applying the near-wall gas shear stresses and pressure gradients of the gas phase RANS as source terms. In this simulation, the film domain was kept entirely within the bearing chamber outer radius-the vent and scavenge pipes were removed from the computational domain; thus any film that advanced beyond the two openings was registered as an outflow. The film injection was performed radially along the circumference of the inlet ring in order for the EITF inlet boundary condition to become well-posed. The radial injection resulted in an additional unknown at the oil inlet-a fixed injection film height h o,in had to be set in addition to the inflowing velocity V o,in . Varying these parameters while keeping the flow rate fixed did not significantly change results. Lastly, the shaft and the air inlet acted as sinks from the film domain.

DPM Simulation Setup

The DPM simulations were performed on the same computational mesh as the multifluid simulation. Assumptions were made that the dispersed phase is dilute and no evaporation or condensation takes place. All the particles had the same temperature as the gas and the bearing chamber walls, and were injected in a randomized manner from a log-normal law for the particle volume distribution:

f V (D d ) = 1 D d σ SD √ 2π exp - (ln D d -ζ) 2 2σ 2 SD . ( 15 
)
The parameters of the log-normal law were estimated from the experiments of [START_REF] Wittig | Lubrication Systems and Seals Technologies[END_REF], who provided three diameters, respectively delimiting 10%, 50%, and 90% of the distribution volume-D 0.1,wb = 220 µm, D 0.5,wb = 380 µm, and D 0.9,wb = 600 µm (see Fig. 3).

From these experiments, the mean of the distribution and the standard deviation were estimated as ζ = 5.94 and σ SD = 0.4265. The resultant probability density function f V for the log-normal fit is shown in cyan in Fig. 3; the cumulative volume distribution F v shown in blue illustrates the agreement with experiments. Moreover, two additional log-normal distributions were considered for a parametric study on the influence of droplet inertia on liquid phase dynamics, respectively, corresponding to D 0.5 = D 0.5,wb /3 and D 0.5 = 2D 0.5,wb /3, while keeping the variance fixed, i.e., σ SD = 0.4265. Each particle carried the same fraction of the liquid mass flow and its weight was then determined from its radius. The particles were randomly placed on the oil injection ring and injected with a purely axial velocity component, deduced from mass conservation.

The droplet-wall interaction model of [START_REF] Rosa | A New Droplet-Wall Interaction Model[END_REF] was used in the present work. For the present operating conditions, the model determines the regimes of droplet impingement to be either wall deposition or splashing.

The DPM simulation was then two-way coupled with the gas phase solver in order to assess the interaction between the gas and the dispersed phases. A steady-state simulation was performed by injecting 10,000 numerical particles. Once the DPM simulation was completed, i.e., when all particles either reached an outlet or were fully deposited on the walls, the computed source term field was passed to the gas phase solver. The gas phase was then updated accordingly, and the process repeated for about 70 coupling cycles, after which the distribution of the liquid mass deposited on the walls appeared to reach a steady state. Our tests indicated that an increase in the number of injected particles does not significantly influence the results. 
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Coupled EITF-DPM Simulations Setup

Finally, coupled EITF-DPM simulations were performed. In particular, EITF simulations were executed on the wall-deposited oil mass fields, predicted by the two-way coupled DPM simulations, in order to examine the effect of film flow propagation of the accumulated oil mass on the walls, alongside an additional film flow injection. These were performed for the following oil injection splits:

• [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [0%; 100%],
• [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [70%; 30%],

• [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [85%; 15%],

where ṁDPM / ṁo,in is the percentage of oil mass flow rate injected as particles, while the ratio ṁEITF / ṁo,in is the percentage of oil mass flow rate injected radially as a film at the oil inlet (note that the EITF-DPM 85%-15% split was based on the final oil mass fractions resultant from the multifluid simulation). This is a simplified approach that was taken in order to better understand the isolated effects of each solver before actually performing a full unsteady three-solver-coupled simulation. Note that the currently used droplet-wall interaction model [START_REF] Rosa | A New Droplet-Wall Interaction Model[END_REF] does not account for the presence of the liquid film. Thus it is, strictly speaking, only valid when the film height is small compared to the diameter of the impinging drop. This requirement is not necessarily fulfilled at all locations where impingement occurs.

RESULTS AND DISCUSSION

This section presents the insights gained from each method's resultant two-phase flow fields. First a discussion is provided on a purely gaseous flow simulation which offers some validation for the LES formulation in the multifluid simulation. In the next subsection, the air-oil flow interaction dynamics, as predicted by the multifluid solver, is described. A discussion then follows on a series of more cost-efficient EITF and DPM simulations, attempting to outline the contribution of each solver in a systematic order.

Gas Phase Validation

The validity of the gas phase modeling was first examined. Because there is no experimental gas flow data available for [START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF]'s geometry, a validation simulation was set up on [START_REF] Gorse | 3D-LDA Measurements in an Aero-Engine Bearing Chamber[END_REF]'s bearing chamber geometry, which is identical everywhere except at the axial length, being 33% shorter (b = 44 mm) than that of ELUBSYS. [START_REF] Nicoli | Computational Modelling of Turbulent Taylor Couette Flow for Bearing Chamber Applications: A Comparison of Unsteady Reynolds-Averaged Navier Stokes Models[END_REF] already demonstrated in a numerical comparison study of URANS turbulence models that the k-ω SST model is able to capture the main vortex separation points and velocity magnitudes quite well in this configuration. Here, the LES Smagorinsky turbulence model, which will be utilized in the multifluid simulation, is tested.

The computational grid, after the geometrical adjustment in the axial length, resulted in a mesh with 3,600,000 cells. The simulation was run under similar conditions as the multifluid but at a lower rotational speed-n = 9700 rpm, T a,in = 298 K, ρ a = 2.92 kg/m 3 , ṁa,in = 12.7 g/s, and p vt,out = 2.5 bars on a scavengeless bearing chamber configuration [START_REF] Gorse | 3D-LDA Measurements in an Aero-Engine Bearing Chamber[END_REF]. [START_REF] Gorse | 3D-LDA Measurements in an Aero-Engine Bearing Chamber[END_REF] reported that as the air mass flow rate increases, there is a transition from two large counter-rotating vortices to a single rotating vortex at high Reynolds numbers in the system. At ṁa,in = 12.7 g/s, the temporally averaged gas flow is composed of a large recirculating vortex expanding almost throughout the cross section and a smaller counter-rotating vortex beyond R/R o > 0.7 and x/b > 0.7 [see Figs. 4(a) and 4(b)]. The LES gas-flow simulation is seen to capture the vortical structures and their separation point quite well. In Fig. 4(c) we can observe the normalized circumferential velocity profile V t /V sh , plotted as a function of the normalized radial position R/R o for a section cut at x/b = 0.6. It can be seen that the velocity profile, predicted by the LES simulation, is in very good agreement with the experimental measurements reported by [START_REF] Gorse | 3D-LDA Measurements in an Aero-Engine Bearing Chamber[END_REF].

Multifluid Simulation: Overview of the Air-Oil Flow Interaction Dynamics

The CHARME multifluid simulation was used as a reference on the complete air-oil two-phase flow dynamics in the bearing chamber. It predicted that at a rotational rate of n = 15,000 rpm, the oil phase is primarily in the form of a thin film that flows along all stationary walls of the chamber-the outer wall and both the air-inlet-side and oil-inlet-side walls [see Figs. More specifically, the oil is injected axially along an annular opening close to the rotor and then it creeps up along the oil-inlet-side wall [as shown in Fig. 5(c)]. Upon reaching the separation point between the primary and secondary gas recirculation vortices (averaging R/R o ≈ 0.7), part of it gets atomized into the bearing chamber interior, while another continues its path radially towards the outer wall, being driven by centrifugal and aerodynamic shear force effects. The secondary gas vortex, observed in both the multifluid and the gas phase simulations, impacts locally the pathway of the oil flow and causes a relatively small oil volume fraction to get entrapped at the nearby corner of the outer wall. In spite of this effect, the strong aerodynamic shear forces exerted by the primary gas vortex cause both the creeping oil and the atomized oil ligaments to connect close to the middle of the axial length of the outer wall and then traverse towards and along the air-inlet-side wall. Finally, as the oil film reaches the near proximity of the air injection zone close to the rotor, the incoming sealing air breaks it up and forces it to re-atomize back into the bearing chamber interior. In there, the dispersed oil phase recirculates with the gas, thus completing an inner cycle in the XR-plane.

At the same time, the oil rotates with a relatively high tangential velocity along the bearing chamber circumference as well, but because of the circular geometry, the influence of gravity on the flow direction changes across the circumference and therefore the distribution is not symmetrical. In essence, gravity counteracts the rotational direction in the counter-current section (0 • < θ < 180 • ), whereas in the co-current section (180 • < θ < 360 • ), gravity assists the rotation of the fluid. Therefore, in all performed simulations, the counter-current sector exhibited higher oil accumulation. The axial and radial oil variance of the multifluid simulation in both the co-current and counter-current sections was studied most comprehensively in a previous work by [START_REF] Kirov | Comparative Numerical Study of a Multi-Fluid Approach and a Eulerian Integral Thin-Film Method for the Two-Phase Numerical Simulation of a Bearing Chamber[END_REF], whereby it was estimated that approximately 85% of the total oil mass (M o,tot = 61.4 g) can be found within a distance of x cw = 10 mm from the stationary walls.

Comparing the multifluid simulation results to experiments (see Table 3), the former predicts a lower scavenge efficiency of 15.9%, time-averaged over 100 shaft resolutions (∆t = 0.4 s), meaning that a significant part of the oil escapes through the vent port on the top instead of the bottom scavenge port. As for the circumferential oil thickness distribution at the axial centerline (x/b = 0.5), depicted in black circles in Fig. 6, the results show a general overestimation at the counter-current region with a gravity-shear bulge predicted higher up the bearing chamber (the maximum peak comes at θ ≈ 90 • instead of θ ≈ 135 • ). At the gravity-assisted co-current sector, the magnitude of the film thickness is in good agreement with the experimentally measured data at the θ = 225 • and θ = 255 • sensor locations, but the rising oil thickness trend with θ at the top half of the chamber is not captured. 2012)'s experimental data for n = 15,000 rpm. The values were obtained at the axial centerline of the bearing chamber (x/b = 0.5) and spatially averaged over blocks of 10 mm in the axial, 10 mm in the circumferential, and 5 mm in the radial directions (sensor depth).

Eulerian Integral Thin-Film Simulation

Since the multifluid simulation predicted the oil flow to be predominantly in the form of a thin film on all stationary walls, a much more cost-efficient approach was tested on the ELUBSYS bearing chamber configuration-an Eulerian integral thin-film model. As previously described, this is a shallow-water model that assumes that the entire liquid phase is a film and it flows on the stationary surfaces.

The EITF simulation predicted a thicker film primarily at the lower part of the bearing chamber, especially at the θ ∈ [135 
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the inlet side wall but the gravitational effect dominates the centrifugal, thereby causing the film there to fall towards the bottom of the chamber when it reaches the separation point of the secondary gas recirculation vortex (at R/R o ≈ 0.7). This effect is also evident near the bottom of the chamber, where a local accumulation of film thickness appears on the oil-inlet-side wall at the same radial location. This outlines two important limitations of this method-the inability to alter the gas field (due to the one-way EITF-gas flow coupling) or to reproduce the atomization of the oil into the bearing chamber interior at both the oil-inlet-side and air-inlet-side walls.

Nevertheless, at the counter-current section, the circumferential oil thickness distribution predicted by this method matches almost exactly the experimental data bounds at the sensor locations, provided by [START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF] (see the blue squares in Fig. 6). In the co-current region, similar to the multifluid simulation, the results for the bottom half of the chamber are within the experiments' error bounds, but the rising film thickness trend at the top of the chamber is not reproduced and the film height quickly diminishes to negligible amounts beyond θ > 315 • . For this reason, the scavenge efficiency η sc predicted by the simulation was close to 98.5%, thereby overshooting the experimental offtake measurements of this configuration by a significant margin. The absence of a model for re-atomization near the air seal may explain the inability of this approach to simulate the oil flowing through the vent pipe.

Discrete Parcel Method Simulations

One way to tackle the limitation of the EITF simulation for assuming only a continuous liquid film to be present within the domain, is to test the other extreme-introduce the entire oil mass flow as dispersed particles and trace their trajectories as they are driven by the forces exerted by the gas phase. Therefore, DPM simulations were performed for both one-way coupling with the gas phase and two-way coupling, in order to explore the effect that the dispersed droplets have on the gas field and vice versa.

In Fig. 8, an isometric view of the wall oil mass deposition fluxes ( ṁo,dep ) is displayed for the one-way (left) and two-way (right) coupled simulations. In both types of simulations, the particles are continuously deposited along the entire circumference in an almost uniform distribution, as the gravitational effect is smaller than the particle inertia and does not play a significant role. In the one-way coupled DPM simulation (left), where the gas flow field remains unchanged, the oil wall deposition is confined to a small zone around the corner between the oil side wall and the outer wall. In particular, the gas phase entraps the particles at the secondary gas vortex region and they are unable to progress any further (see the gas flow field in the cross section cut at θ = 90 • in the zoomed-in image). Once the mass and momentum source terms of the particles start interacting with the gas field, however (as seen by the two-way coupled simulations on the right-hand side), the separation between the primary and secondary gas recirculation vortices shifts towards the middle of the chamber and, effectively, this creates two large counter-rotating vortices. The injected particles thus no longer enter the domain close to the oil-inlet-side wall, but traverse diagonally with a higher axial velocity until they reach the outer wall and deposit.

Coupled EITF-DPM Simulations

The DPM simulations, on their own, cannot propagate the accumulated deposited oil mass on the walls. To examine this effect, coupled steady-state EITF-DPM simulations were conducted, whereby EITF simulations were executed alongside a continuous deposited oil mass flux (whereby mass and tangential momentum from the dispersed phase were transferred to the thickness values remain similar for all simulations, indicating that the EITF-DPM simulations are not overly sensitive to this parameter. However, oil thickness trends appear to differ when looking at Fig. 9(b) in more detail, as local maxima are shifted among the different simulations, especially in the counter-current region. Close to the top of the bearing chamber (θ > 300 • ), the oil film thickness slightly increases with the average drop size. This effect is consistent with the decrease of the scavenge efficiency, as more drops deposit on the top section of the chamber, resulting in a larger intake of oil into the upper vent. However, oil film thickness levels remain largely underestimated (θ > 250 • ), indicating the difficulties of simplified dispersed phase and liquid film models to reproduce the liquid phase dynamics in this region, characterized by strong interplay between gravity, shear, and droplet-wall interactions.

CONCLUSION

In this study several computational approaches were tested for the numerical two-phase simulation of the ELUBSYS bearing chamber at the high-speed regime (n = 15,000 rpm)-a four-equation Eulerian multifluid diffuse-interface model, an Eulerian integral thin-film approach, a discrete parcel method approach, and a simplified EITF-DPM coupled approach.

The multifluid approach outlined the main trends of the global liquid dynamics in the chamber, observing about 85% of the oil mass to be a distance of x cw = 10 mm from the walls, while the remaining is in the form of a dispersed phase across the bearing chamber interior. The cheaper EITF approach achieved accurate results for the oil thickness circumferential distribution at the counter-current region but it was unable to capture the rising oil thickness trend at the co-current region beyond θ = 255 • , and predicted very little film on the top end of the bearing chamber. DPM simulations examined the effect that dispersed phase droplets have on the flow dynamics for one-way and two-way coupling with the gas phase. One-way coupling resulted in the majority of the oil mass to be deposited and entrapped in the corner between the oil-inlet-side wall and the outer wall. In the two-way coupling simulation, the gas field was altered significantly and the result was a more homogeneous oil mass wall deposition along the axial direction of the bearing chamber. The coupled EITF-DPM simulations, performed for 0%-100%, 70%-30%, and 85%-15% oil mass injection splits, respectively, showed a global decrease of the scavenge efficiency, bringing it closer to the experimentally observed offtake measurements. The alteration of the gas flow in this coupled approach, however, reduced the accuracy of the EITF model for the evaluation of the gravity-shear bulge in the counter-current sector (0 • < θ < 180 • ). This was deemed to be caused by the modified gas flow field by the particle source terms in the two-way coupled DPM simulation. Finally, simulations with three different drop size distributions were performed to assess the influence of droplet inertia on the results of the coupled EITF-DPM approach. It was found that distributions consisting of larger droplets led to an increase in oil deposition near the top of the bearing chamber and reduced scavenge efficiency, but similar average film thicknesses elsewhere.

Encouraging results and a better understanding of the flow dynamics was achieved by examining the contributions of three different types of solvers in bearing chamber simulations under the same operational conditions. Further work will attempt to combine those effects in a full unsteady simulation that features all the aforementioned solvers and applies them in a manner consistent with the knowledge gained from this work.

FIG. 1 :

 1 FIG. 1: Overview of the bearing chamber test rig. (a) Schematic of the ELUBSYS bearing chamber configuration. (b) Scavenge efficiency as a function of rotational speed for the baseline ELUBSYS configuration (reprinted from Kurz et al. with permission from ASME, copyright 2012).

FIG. 2 :

 2 FIG. 2:Overview of the computational domain. Representative XZ-plane mesh cross-sectional view.

FIG. 3 :

 3 FIG. 3: Left y-axis: volume-based droplet size distribution function f V for the log-normal fit to the experimental data of Wittig and Busam (1997) (dashed cyan line), as well as two additional log-normal distributions with D 0.5 = 1/3 • D 0.5,wb (dashed black line) and D 0.5 = 2/3 • D 0.5,wb (dashed red line) at fixed variance. Right y-axis: cumulative volume distribution function F V of the log-normal fit (continuous blue line) to the experimental data of Wittig and Busam (1997) (blue crosses).

FIG. 4 :

 4 FIG. 4: Overview of the results for the purely gaseous flow simulation. (a) Quiver plot and velocity field map colored by axial velocity of the LES simulation on the 3,600,000-cell mesh. (b) Quiver plot of Gorse et al. (2003)'s experimental data. (c) Normalized circumferential velocity variance with R/R o at the axial position x/b = 0.6.

  FIG. 7: Visual color map of the film thickness distribution obtained from the EITF simulation. (a) 3D visualization of the oil film thickness over the outer wall. (b) Film thickness slice visualization at the oilinlet-side wall.

FIG. 9 :

 9 FIG. 9: Film thickness and scavenge efficiency plots for the coupled EITF-DPM simulations at three lognormal droplet injection distributions: D 0.5 = D 0.5,wb /3, D 0.5 = 2D 0.5,wb /3, and D 0.5 = D 0.5,wb , all with the same variance, σ SD = 0.4265. Top: circumferential oil thickness distribution comparison between the (a) [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [85%; 15%] and (b) [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [70%; 30%] oil mass splits and Kurz et al. (2012)'s experimental measurements for n = 15,000 rpm. (c) Mean-volume droplet diameter vs. scavenge efficiency obtained for the [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [85%; 15%] (black dashed lines and squares) and [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [70%; 30%] (red dashed lines and squares) oil mass splits.
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	NOMENCLATURE	
	A b D g h M ṁ p R T t V V Greek Symbols area (m 2 ) axial length (m) diameter (m) gravitational acceleration (kg•m•s -2 ) height (m) mass (kg) mass flow rate (kg•s -1 ) absolute pressure (Pa) radius (m) absolute temperature (K) time (s) velocity (m•s -1 ) volumetric flow rate (m 3 •s -1 ) α volume fraction η efficiency θ circumferential angle ( τ ω Subscripts stress (Pa) angular velocity (rad•s -1 ) a air o oil d droplet sh shaft vt vent sc scavenge sp sump in inlet out outlet f film x axial t tangential Superscripts φ tensor
	φ φ	vector mean quantity
		49

• ) µ dynamic viscosity (kg•m -1 •s -1 ) ρ density (kg•m -3 )

TABLE 1 :

 1 Bearing chamber dimensions[START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF] 

	Geometrical parameter	Symbol	Value (mm)
	Outer wall radius	R o	111
	Shaft radius	R sh	64
	Vent pipe radius	R vt	5
	Scavenge pipe radius	R sc	5
	Sump radius	R sp	50
	Bearing chamber axial length	b	66
	Bearing chamber height	h	47
	Air inlet ring thickness	t a,in	0.7
	Oil inlet ring thickness	t o,in	2

TABLE 2 :

 2 Bearing chamber operating conditions[START_REF] Kurz | Influences on the Oil Split Between the Offtakes of an Aero-Engine Bearing Chamber[END_REF] 

	Operating parameter	Symbol	Value
	Shaft rotational speed	n	15,000 rpm
	Air inlet temperature	T a,in	373 K
	Oil inlet temperature	T o,in	373 K
	Air inlet mass flow	ṁa,in	0.010 kg/s
	Oil inlet mass flow	ṁo,in	0.026 kg/s
	Vent pressure	p vt,out	2.7 bar
	Scavenge ratio	SR	4
	Air density	ρ a	2.52 kg/m 3
	Oil density Air viscosity Oil viscosity Air-oil surface tension	ρ o µ a µ o σ ST	929.5 kg/m 3 2.21 × 10 -5 kg/(m•s) 4.83 × 10 -3 kg/(m•s) 2.45 × 10 -2 N/m

TABLE 3 :

 3 Scavenge efficiency and total oil mass in the bearing chamber Circumferential oil thickness distribution comparison between the multifluid (black circles), the EITF (blue squares), the coupled EITF-DPM simulations (with oil splits of [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [85%; 15%] in yellow lower triangles and [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [70%; 30%] in magenta upper triangles) andKurz et al. (

	Parameter Multifluid	EITF	EITF-DPM EITF-DPM EITF-DPM Exp.
			(100%) (85%-15%) (70%-30%) (0%-100%) data
	η sc	15.9%	98.5%	85.4%	62.1%	48.1%	37.0%
	M o,tot	0.0614 kg 0.0357 kg 0.0319 kg	0.0284 kg	0.0104 kg	N/A
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EITF solver), predicted by the two-way coupled DPM simulations with the gas phase. The oil mass flow rate injection splits between the two (EITF to DPM) were [0%; 100%], [70%; 30%], and [85%; 15%] [where the last is the predicted dispersed phase to film mass split, predicted by the multifluid simulation [START_REF] Kirov | Comparative Numerical Study of a Multi-Fluid Approach and a Eulerian Integral Thin-Film Method for the Two-Phase Numerical Simulation of a Bearing Chamber[END_REF]].

Looking at Table 3, one can see that with the introduction of oil in a dispersed phase form, the overall trend is to decrease both the predicted scavenge efficiency and the total accumulated oil mass in the domain-starting from η sc = 98.5% and M o,tot = 0.0357 kg for the EITF simulation ( ṁEITF / ṁo,in = 100%) down to η sc = 48.1% and M o,tot = 0.0104 kg for the coupled EITF-DPM with [0%; 100%] oil split.

The film thicknesses at the axial centerline in the EITF-DPM 85%-15% and EITF-DPM 70%-30% coupled simulations, as seen in Fig. 6, do not show a strictly predictable trend. At the counter-current region up to θ < 105 • , the film distribution remains accurate when compared to the experimental data, similar to the EITF method. However, at the point of the expected gravityshear bulge (beyond θ ≈ 135 • ), the introduction of the dispersed phase leads to a reduced film height measurement, slightly higher for the [ ṁEITF / ṁo,in ; ṁDPM / ṁo,in ] = [85%; 15%] oil mass split. At the co-current sector, the film heights are also underpredicted. But at the very top of the bearing chamber (θ > 315 • ), higher ṁDPM rates lead to larger film thicknesses and a continuous oil flow, thereby overcoming the limitation observed by the EITF simulation to an extent.

A parametric study was performed using three log-normal distributions based on 1/3, 2/3, and the actual experimental value of the mean-volume diameter D 0.5,wb . The aim of this comparison was to study the influence of droplet inertia on oil film distributions and scavenge efficiency. From Fig. 9(a), it appears that drop inertia effects are marginal for the EITF-DPM 85%-15% oil mass split. On the contrary, the influence of droplet inertia becomes more pronounced as the relative mass flow rate of the droplets is increased to 30% [see Fig.