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Abstract

A novel strategy to build lagrangian injectors for spray injection in disperse phase computations is proposed.
These injectors can reproduce the spray state (injection location, flow rates, droplets sizes and velocities)
extracted from resolved atomization simulations performed with a sharp-interface approach (ACLS/GFM) [1].
The application case is a high-pressure, non-reactive kerosene jet in crossflow (JICF) atomizer configuration
[2]. Resolved simulations of atomization for this configuration are performed and validated with the
experimental correlation for the jet trajectory. The models learn the spray from these simulations and process
it to create spatially distributed injectors for lagrangian droplets injection. Finally, the models are applied to
the same configuration and compared to experimental data.

Keywords Multi-phase flows, Atomization, Lagrangian simulations, Jet-in-crossflow
1. Introduction

Simulations of aeronautical combustion chambers require an accurate description of the fuel liquid phase, as
the injection and atomization processes have a strong influence on the flame. Nevertheless, computations
comprising all the physical processes from injection to combustion cannot be achieved with one numerical
formalism due to their different nature. In particular, modeling fuel injection needs special care due to the
multi-scale nature of atomization. Approaches aiming at resolving primary atomization, such as diffuse or
sharp interface methods, can accurately resolve the liquid-gas interface but become too expensive when many
small droplets are present and cannot be used in reactive simulations. Other approaches, such as lagrangian
methods, can be used for performing reactive computations at the expense of neglecting atomization.
Consequently, they require a proper modeling of injection, which is often circumvented by injecting
experimental distributions.

In order to improve the modeling of fuel injection in multipoint systems, we have developed a new
methodology to build injectors for lagrangian simulations. These injectors learn the spray from resolved
atomization simulations and use it to inject lagrangian droplets in combustion simulations. The strategy is first
developed on a non-reacting liquid jet-in-crossflow. The blockage effect from the liquid jet to the gas is
characterized in the resolved simulations and modeled with the actuator line method (ALM) [3]. A secondary
atomization model is embedded in the lagrangian simulations. The models are then applied to the same jet in
crossflow configuration and compared with existing experimental data. Relative influence of the modeling
bricks (dense core potential effect, droplet injection assumptions) are also discussed.

2. Numerical setup and operating condition

The test case chosen to simulate fuel injection is a high-pressure kerosene liquid jet in crossflow experiment
tested in [2]. It is chosen for its application in multipoint injectors for aeronautical combustion chambers. The
numerical domain replicating the test bench is shown in Fig. 1. It consists of a plenum where pressurized air
(the crossflow) is injected through a gaseous inlet. Kerosene is injected perpendicularly to the crossflow
through a tapered nozzle located at the bottom of the plenum. Fuel is injected through the liquid inlet specified
in Fig. 1b following a Poiseuille profile. For crossflow injection, it is mentioned in [2] that the boundary layer
thickness at the lip of the injector is 5 mm. As the numerical domain is reduced with respect to the experimental
bench, a velocity profile with a boundary layer following a 1/7™ power law is prescribed. The thickness of this
boundary layer is calculated considering that the gas evolves from the inlet to the injector as a turbulent
boundary layer along a flat plate [4]. Outside the boundary layer, the velocity follows a parabolic profile.
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Fig. 1 Numerical domain and boundary conditions of the experimental facility tested by [2].
a) Complete domain. b) Detailed view of injection nozzle. All dimensions are in mm

The operating point of the jet in crossflow is governed by two main dimensionless numbers: the momentum
ratio g and the gaseous Weber number Weg. The condition simulated is the baseline case reported in [2],
defined by g=6 and Wey =1470.

3. Resolved simulations of jet in crossflow atomization
3.1 Accurate Conservative Level-Set methodology

In order to solve for primary atomization, the interface capturing method known as Accurate Conservative
Level-Set (ACLS) method has been used [1]. This methodology distinguishes between phases by defining a
level-set function y which is a hyperbolic tangent profile bounded between 0 and 1. The interface is denoted
by the iso-level y = 0.5, lower values denote gas phase and larger ones indicate liquid phase. The pressure
jump at the interface due to surface tension is accounted for with the Ghost-Fluid Method. Furthermore, in
order to better resolve the interface dynamics and save computational resources, this method is complemented
with an Adaptive Mesh Refinement (AMR) strategy to refine the mesh locally at the liquid-gas interface by
specifying the element size Axmin [5]. More details regarding this methodology can be found in [6].

3.2. Results

Two mesh resolutions were simulated for the operating point previously specified: Axmin = 20 pm (coarse
mesh) and 10 pm (fine mesh). They can be specified with respect to the injector diameter as dinj/Axmin = 22.5
and 45 respectively. Fig. 2a shows the trajectories obtained for both cases compared with an experimental
correlation provided by [2]. The trajectories correspond to the windward side of the jet and have been time-
averaged. Both numerical trajectories show a good agreement with the experimental one. The finest resolution
trajectory is closer to experiments, while the coarsest resolution is slightly underestimated.

Fig. 2b shows an instantaneous snapshot of the developed jet for the coarse mesh. The jet shows a good
behavior: it leaves the nozzle and bends towards the crossflow direction as a consequence of its interaction
with the air. Instabilities leading to primary atomization are seen in the windward side of the main jet column
(column breakup mechanism), also known as dense core. Consequently, the jet will break into big blobs and
ligaments that will keep on atomizing further downstream. At the same time, droplets are stripped-off the dense
core closer to the injection nozzle due to the strong shear force (surface breakup mechanism).
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Fig. 2 a) Trajectory of the simulations performed compared with the experimental trajectory from [2]. b) Instantaneous view
of the jet for resolution dinj/Axmin = 22.5, showing also four spray sampling planes. ¢) Schematic representation of spray
spatial discretization in one sampling plane.



4. Lagrangian injection models
4.1, Flowchart and submodels

The developed models are represented by the flowchart of Fig. 3. Resolved atomization simulations (see
Section 3) are performed, spray characteristics (droplets sizes, flow rates, centroid location and velocities) are
extracted and processed by the lagrangian injectors learning block to create the injectors and initialize
lagrangian simulations. The injectors learning part performs the following steps:

e Spray sampling. Droplets are tracked by their centroid and accumulated in planes perpendicular to
the crossflow direction (see Fig. 2b)

e Spatial discretization. The accumulated spray is discretized into elements for an in-plane
characterization (Fig 2c). Each element will compose a separate spray with different statistics of
distributions (diameters, velocity) and scalars (mean velocities, fluxes, mean diameters).

e Spray convergence is checked in order to know if enough droplets have been accumulated to build
the features statistics. For that purpose, droplets size distribution is compared at several time instants.
Convergence is achieved when it does not change as more droplets are accumulated.

Once spray features are converged, lagrangian injectors can be built. As only one operating point has been
simulated here, the learning process consists in a simple linear interpolation of the discrete statistics obtained
at the same sampling location. An example of Sauter Mean Diameter (SMD), volume flux and mean axial
velocity maps obtained for a sampling plane located at x = 10 mm (see Fig. 2b) which can be used for injection
is shown in Fig. 4. The developed models are complemented with two extra submodels (top part of Fig. 3):

o Dense core learning for liquid jet/air interaction to replicate the blockage effect of the dense core
in lagrangian simulations, where it is not taken into account a priori. ALM [3] is used to substitute it
by a body force applied to the gas that accounts for its presence. This body force, named actuator, is
learnt from resolved simulations.

e Secondary atomization models are plugged into the lagrangian simulations to account for further
breakup of spherical droplets.
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Fig. 3 Flowchart of proposed models for lagrangian injection
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Fig. 4 Maps of a) SMD b) Liquid flow rate c) mean liquid axial velocity obtained after discretization of spray sampled at x = 10 mm

4.2. Application to a lagrangian simulation

A lagrangian simulation has been performed by injecting the statistics at x = 10 mm shown in Fig. 4. Mean
and RMS velocities in the axial, lateral and vertical directions are also prescribed. Gorokhovski’s stochastic
model for secondary breakup has been used [7]. Validation with experimental data is done by comparing the
maps fluxes in the plane x = 80 mm (which is not accessible with the resolved simulations). Results are shown



in Fig. 5. The flux values are in the same range as the experiment, with a slight decrease of the maximum flux
value in the simulation. The circular pattern of the experimental spray is recovered, with a difference in the
bottom part due to droplets closer to the wall. Symmetry with respect to the axis y=0 is shown as in the
experiments. The spray bounds and the maximum flux location are overestimated, which is attributed to the
injection velocity imposed to the droplets and to an underestimation of the force caused by the dense core
blockage effect. A more refined modeling of the imposed actuator and another strategy for imposing the
droplets velocities could improve the results shown.
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Fig. 5 Maps of volume flux from experiments (left) and from the performed simulation (right)

5. Conclusions

A new strategy to build lagrangian injectors has been proposed. A jet in crossflow test case has been simulated
and processed to build the models. Injectors have been developed by studying the resulting spray from resolved
atomization simulations. The models are complemented with refined physics such as secondary atomization
models and liquid-air interaction. Finally, the obtained injectors have been tested in the same test case, showing
a good prediction of the circular spray shape and the flux values. However, the maximum vertical flux location
and the spray bounds are overestimated. Improvements will be done by a better determination of the injection
velocities and by a more accurate modeling of the dense core blockage effect, which is thought to currently
underestimate the force imposed by the actuator on the air flow. Further research includes a more accurate
spatial discretization of the injectors by quad-trees [8] and the implementation of subgrid dispersion models
[9]. In the long term, the models will be fed with more operating conditions and finally applied to an academic
multi-staged fuel injector more representative of aeronautical injection systems [10].
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