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1. Introduction

The understanding of fine particle transport and deposition in the upper respiratory tract of the lung is important for delivery of
aerosolised drug powders as well as an unwanted exposure to environmental aerosols. The breathing flow within the lung is rather
complex and of course strongly time-dependent. In addition, the tissue is not rigid and has some flexibility which is also varying in
time. An experimental analysis of fine particle deposition especially in vitro is reasonably sophisticated, although conducted with a
number of simplifications (Lizal et al. 2015). Therefore, computational fluid dynamics has been developed over the past decades
for being an efficient analysis tool for fine particle deposition in lungs. Naturally, an Euler/Lagrange approach (Sommerfeld et al.
2008, Sommerfeld 2017) is the best choice for doing such computations (for applications see for example Longest and Xi 2007,
Kolanjiyil and Kleinstreuer 2016). Mostly the computations assume stationary flow at pre-defined typical flow rates. There are of
course several options for simulating the flow through lung models with regard to turbulence modelling (Koullapis et al. 2018).
Large eddy simulations (LES), using rather simple sub-grid scale turbulence models, are probably the best choice but rather
expensive as relatively fine grids are needed and computations of flow and particles have to be done simultaneously and
unsteady. On the other hand, RANS methods (Reynolds-averaged Navier-Stokes) are numerically much faster, but require more
or less sophisticated turbulence models for predicting such flows with close to laminar and turbulent flow regions and associated
transitions.

A key requirement for analysing different turbulence models for predicting respiratory systems is of course a validation based on
experimental data. Detailed PIV (particle image velocimetry) measurements in a rather complex lung model (comprising the oral
cavity, larynx and tracheobronchial airways down to the 7th generation of branching) using a refractive index matching technique
were recently conducted by Janke et al. (2019) providing mean velocity and turbulent kinetic energy fields and profiles in different
regions of the lung model. This test case was the basis for analysing the performance of different RANS turbulence models and
the influence of inlet conditions. Based on the RANS flow field Lagrangian particle tracking was applied for analysing the
consequences of the predicted turbulence field on the regional and size-dependent deposition of the fine particles. Local particle
deposition measurements were conducted in the same model and were presented by Lizal et al. (2015). Both experimental cases
namely flow and deposition measurements are included in the ERCOFTAC data base for further studies (see Koullapis et al. 2020
and Koullapis et al. 2019).

 

2. RANS Results

The present computations were done using a RANS-based Euler/Lagrange approach, however without two-way coupling, on the
basis of the OpenFOAM package which was thoroughly extended to allow proper particle tracking computations (Sgrott and
Sommerfeld 2019). Several turbulence models were considered, namely, the k-w-SST, standard k-e type models and the
Reynolds stress (RSM-SSG) turbulence model. The geometry of the lung model is illustrated in Figure 1 a) with inflow (diameter
20 mm), oral cavity, trachea and the bronchia region. A short straight inlet pipe (here 30 mm length) is considered before the oral
cavity and the 10 outlets with zero-gradient conditions are indicated by arrows (Koullapis et al. 2018). After preliminary studies the
lung model was discretise with a grid of about 7.9 million cells having a refined region near the wall for all the presented RANS
computations. Besides the analysis of different turbulence models also the inlet boundary condition was varied considering the
following cases:
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For the outlet all variables (except for the pressure) were set to zero gradient, and at the walls the different wall functions were
applied (i.e. for turbulent kinetic energy, Reynolds-stresses, dissipation rate, specific dissipation rate and turbulent viscosity). For
the pressure a fixed value of zero was specified at the outlet and zero gradient was used at the inlet.

From two computations vertical cuts through the upper part of the lung model are presented in Figure 1 b). Both simulations show
roughly the same mean flow structure, however the k-e flow field presents less fine flow structures which are better reflected in the
RSM-SSG results and low velocity regions show steeper edges and gradients. The flow field obtained with the k-w-SST turbulence
model is very similar to the k-e result however provides a bit stronger shear layers. It should be emphasised RSM simulations
were not completely stable and not fully stationary even after several thousands of iterations.

Figure 1: (a) Geometry of the considered lung model with oral cavity, trachea and the bronchia region (Koullapis et al. 2018) and
right: computed vertical plane of velocity magnitude at 60 l/min for two turbulence models showing also the considered profiles in
the main upper part of the lung model; (b) standard k-e and (c) RSM-SSG in OpenFOAM (inlet condition mapped over 20 mm of
the short inlet pipe).

Very large differences are however obtained for the predicted turbulent kinetic energy fields when using the three turbulence
models considered (see Figure 2). The lowest levels are obtained with the k-w-SST and the Reynolds-stress model (RSM-SSG)
yields expectedly the highest values which are also in better agreement with the measurements being discussed below.
Surprisingly the standard k-e turbulence model yields higher turbulence levels as the k-w-SST model.

Figure 2: Numerically predicted turbulent kinetic energy cross-sectional fields along the oral cavity and the trachea for three

Mapped inlet over a distance of 20 mm of the short inlet pipe shown in Figure 1 a)
Plug flow inlet condition at the entrance of the short inlet pipe with a turbulence intensity of 5%
A 10-diameter extension of the short inlet pipe (see Figure 1 a) with plug flow inlet and a 5% turbulence intensity.
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turbulence models; (a) k-w-SST, (b) standard k-e and (c) RSM-SSG in OpenFOAM (inlet condition mapped over 20 mm of the
short inlet pipe).

3. Particle Deposition

The dispersed phase is treated in the Lagrangian framework, in which the particles are simultaneously and time-dependent
tracked through the stationary flow. The particles are treated as point-masses and assumed to be spherical. Only one-way
coupling simulations are considered, since the particle volume fraction is very small to have a relevant effect on the continuous
phase. The positions and velocities of the particles are calculated by integrating the equations of motion considering the drag force
with Cunningham correction, gravity/buoyancy, the slip-shear lift force and the random Brownian force (Sommerfeld et al. 2008).
Since the Brownian force is under the present conditions only relevant for particle smaller than 0.5 mm it was omitted for the
particle sizes considered here. Moreover, drag and lift forces were extended to account for wall effects (Zeng et al. 2009) which
was shown to slightly reduce deposition rate (Sgrott and Sommerfeld 2019). Since the considered particles are normally below 10
mm any rotational effects can be neglected. All particles hitting the wall are assumed to be deposited. The time step of the particle
tracking calculation is automatically and independently adjusted along the trajectories by considering all relevant time scales which
are also changing throughout the flow field, namely the particle response time  and the integral time scale of turbulence 
 obtained from the turbulence model.

In order to model the effect of turbulence on particle transport and eventually deposition, the instantaneous fluid velocity has to be
used in the fluid forces. From the calculation of the fluid field only the mean velocities are available, wherefore the instantaneous
fluid fluctuating velocities have to be generated with the help of the calculated turbulence properties. For that purpose, the single-
step Langevin equation model is used (Sommerfeld et al. 1993, Sommerfeld et al. 2008). Unfortunately these kind of turbulent
dispersion models are subject to a spurious drift (Sommerfeld et al. 1993, Sommerfeld 1996) which will cause an unrealistic
enhancement of fine particle deposition (Matida et al. 2003). There are several approaches for correcting such a spurious drift
(Legg and Raupach 1982, Dehbi 2008), but for two-equation turbulence models they are approximately. Only if the full Reynolds
stress tensor is considered for the drift correction with an RSM model this effect may be completely corrected.

 

4. Results and discussion

Numerical computations were conducted for different inlet and outlet conditions, a number of flow rates and various particles sizes.
The computed profiles of flow velocity and turbulent kinetic energy are compared with measurements (Janke et al. 2019) and also
with high resolution LES using 50 million grids (Koullapis et al. 2019). First the influence of the different inlet conditions is
considered. For that purpose, a vertical profile in the oral cavity (Profile B in Figure 1) was selected which is located just
downstream of the inlet. Hence, the profiles of the normalised velocity magnitude and the turbulent kinetic energy are quite
sensitive with respect to the inlet conditions, especially at this location close to the inlet. The profile of the velocity magnitude is
characterised by a moderate shear layer resulting from the inlet jet and a low velocity region in the upper part of the cavity (see
also Figure 1 b). The velocity magnitude is captured reasonably well for all inlet conditions (Figure 3 a). Only the k-w-SST
turbulence model with mapped inlet yields a distinct minimum, which is not found in the experiments as well as the LES results.
Larger differences are observed in the profiles of the turbulent kinetic energy. Slightly larger values are obtained when using the
standard k-e turbulence model with both mapped inlet and specifying a plug flow at the short inlet. The highest turbulence levels
are predicted with the k-e model and a 10-diameter long inlet pipe. The resulting values are even quite close to the LES-results at
this location. However, such an inlet condition is completely different from the experimental condition using a short inlet pipe
(Figure 1) and sucking the liquid out of a surrounding container through the entire lung model (Janke et al. 2019).

Figure 3: Comparison of RANS computations with experiments and high-resolution LES by using different inlet conditions and



standard k-e turbulence models as well as the k-w-SST model for the vertical profile B in the oral cavity; left: normalised velocity
magnitude, right: normalised turbulent kinetic energy (flow rate 60 l/min, mean velocity trachea uT = 4.8 m/s, mapped inflow over

20 mm, short pipe inlet with plug flow and long pipe inlet, outflow was zero gradient).

 

Profile located downstream of the oral cavity in the middle region of the trachea (profile D in Figure 1) are compared in Figure 4
using different turbulence models with the same inlet condition, namely, a short inlet pipe with mapped fluid properties over a
distance of 20 mm. The mean velocity profile resulting from the RSM computation is in quite good agreement with measurements
and LES-results (Figure 4). However, both the k-w-SST and the k-e turbulence models do not correctly capture the location of the
shear layer and under-predict the turbulent kinetic energy compared to a high-resolution LES and the measurements. The k-values
obtained with the RSM model yields a bit higher values, but still only about 50% from the LES results. However, the shape of the k-
profile obtained with the RSM model is very similar to the LES. Naturally such an under-prediction of turbulence is not a good
basis for doing fine particle deposition studies since turbulence is a key mechanism for particle deposition.

Figure 4: Comparison of different RANS computations with experiments and high-resolution LES for profile D located in the
middle region of the trachea, left: normalised velocity magnitude, right: normalised turbulent kinetic energy (flow rate 60 l/min,
mean velocity trachea uT = 4.8 m/s, the computations with the three turbulence models were done with the short pipe inlet and

mapped inflow over 20 mm, outflow was zero gradient).

 

Particle deposition was analysed along the entire lung model for obtaining the local deposition fraction as well as the total
deposition in dependence of particle size (Figure 5). Lagrangian computations were conducted for different force formulations
(here only wall corrections are used for drag and lift) and also with and without turbulent particle dispersion model (TD) as well as
with full drift correction for the RSM turbulence model. The kind of inlet boundary condition did not have a pronounced influence on
the overall deposition and therefore only the short inlet with mapped inlet boundary for the gas flow is considered. The spread of
the results is quite large and the LES-values actually have the lowest deposition for the fine particles and the biggest one for the
largest particles, i.e. 10 mm. Here it should be emphasised that these simulations do not account for the (SGS) sub-grid-scale
turbulent dispersion. For the three results with the different turbulence models including wall effects and standard turbulent
dispersion (no drift correction) the magnitudes of particle deposition depend on the intensity of the predicted turbulence, which
grows in order for the k-w-SST, the k-e and the RSM-SSG turbulence models. Actually the result for the k-w-SST model is very
close to the deposition obtained with the RSM but without turbulent particle transport, even a bit lower. Note that turbulence
expectedly enhances deposition. With the drift correction the RSM provides slightly higher deposition fractions for the larger
particles compared to the LES. On the other hand for the smaller particles the deposition fraction with the RSM is predicted to be
larger than the LES result, which might be an effect of the neglected SGS transport of such fine particles. The available
measurement point for 4.3 mm particles (Lizal et al. 2015, Koullapis et al. 2019) is just underneath the LES and just on the line of
the RSM-deposition without turbulent transport.



Figure 5: Total deposition fraction of particles in the entire lung model in dependence of particle size comparing LES with the
computations applying different turbulence models using the mapped short inlet.

 

For the Reynolds-stress turbulence model (RSM) the local deposition along the lung model is shown in Figure 6 and compared
with measurements and also the LES results. The LES result is in reasonable agreement with the measurements, i.e. the trends
are predicted correctly. It should be noted that the numbers of the horizontal axis are not in sequence with respect to the flow
passing through the lung model. They rather follow branches and then jump to the other side (see Koullapis et al. 2019). Typical
elements are: 3, 5 and 8 are branches, 4 is a kind of curved pipe and 9 as well as 12 are again branches. Such branches should
give a bit higher deposition since particle inertia effects become important, e.g. high deposition at 6 and 12. The numbers from 13
to 22 refer to the multiple branches just in front of the outlet buckets. They all have relatively high deposition fraction.

Especially in the initial parts (i.e. from 1 to 12) the RSM with full drift correction shows quite high deposition fractions compared to
the measurements and the LES. From 5 to 12 the values of LES are basically constant just as the full RSM, which are however
higher. The deposition for the RSM without particle turbulent dispersion follows in the initial part the trends of the LES, being
however just a bit lower. Hence, for such a complex geometry it is very hard to accurately predict the correct local deposition since
there are so many things which could deviate between experiment and numerical predictions, such as differences in mean flow
field as well as turbulence. Very interesting is however, the deposition minimum between 13 and 14, as well as the maximum at
around 19, are captured by the simulations.

Figure 6: Local deposition of 4.3 mm particles along the lung model (see Figure 1) for the RSM-SSG turbulence model with and
without particle turbulent dispersion, compared to experiments and LES for a flow rate of 60 l/min.
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