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Abstract

In this paper we introduce a two-scale model for the numerical simulation of the human lung. The airflow in the upper,  

resolvable part of the human lungs is modelled by the Navier-Stokes equations, which couple to a dyadic bronchiole tree  

model through boundary conditions. This model depends mainly on the generation, where the inlet is located, and the ra-

dius of the bronchiole at this generation. In the bronchioles a linear flow is assumed, hence the Hagen-Poiseuille formula  

can be applied. The pressure at the alveoles and the starting resistance for the dyadic tree are used as input parameters.  

To illustrate the approach, we simulate a patient-specific human lung geometry with a Lattice-Boltzmann method and 

show qualitative convergence results for the pressure drop as well as a comparison with Neumann boundary conditions 

that are commonly used in one-scale models. Results for an overall flux of ������������, which corresponds to a Reyn-

olds number of ���������� are presented.

1 Introduction

The  numerical  simulation  of  the  full  human  respiratory 

system corresponds to one of the Grand Challenges in sci-

entific computing nowadays. The field of applications re-

lated to this capability is tremendous and encompasses e.g. 

the analysis beforehand of possible implications on the res-

piratory tract due to surgery and the environmental impact 

on lung. The main difficulties are not only related to the 

complex geometry but also to a highly complex multiphys-

ics phenomenology involving multi-scale features.

Our goal in this paper is to present a feasibility study re-

lated to a newly developed numerical scheme allowing to 

compute specifically the flow behaviour in the respiratory 

tract. The proposed approach is based on the coupling of a 

bronchiole  model  with a macroscopic  3D Navier-Stokes 

model. Similar results are proposed and discussed in other 

papers as well (e.g. [5] and references therein) but with a 

different  modelling  approach  and  usually  with  a  much 

smaller Reynolds number �����	��. In this paper we con-

sider this coupling in a pseudo-stationary set up. The con-

sidered bronchiole model allows to represent the smaller 

scales  of  the bronchioles  that  can not  be resolved using 

standard medical imaging like computer tomography (CT) 

or  Magnetic  Resonance  Imaging  (MRI).  The  proposed 

coupled approach shows good results in terms of stability 

and convergence.

The paper is organized as follows: In Section 2, we de-

scribe the proposed two-scale model and depict the model 

coupling by means of adequate Dirichlet boundary condi-

tions.  Numerical  results  calculated  for  a  patient-specific 

lung geometry are presented in Section 3. This section em-

phasizes  both  the  practical  usability  of  the  proposed 

scheme as well as the ability to use it in the context of high 

performance computing (HPC). The simulation results ob-

tained with this new model are discussed and compared to 

those achieved with standard boundary conditions.

2 Two-scale Model

The essential point of the two-scale model is the coupling 

of  the  model  for  the  upper,  resolvable  lung  geometry, 

which is made up of the trachea and the bronchi, to the 

model for the lower part of the lungs, the bronchioles. At 

the outlets of the bronchi, we take a bronchiole tree model 

of the lower respiratory system into account. This model 

yields an inflow condition at each outlet depending mainly 

on the generation and the area of each outlet as well as the 

pressure in the alveoles and the resistances due to the radi-

us of the bronchioles as illustrated in Figure 1.

Figure 1  Scheme of the coupling between the model for 

the upper geometry and the lower lung model.

2.1 Bronchiole Model

Our main requirement for the model used for the lower hu-





 

 

 

 

 

 

 

 

 

 

 

 



Figure 5  Poiseuille profile that develops in the trachea. 

The bad resolution of the data is due to visualizing restric-

tions.  Only  every  4th point  was  stored  because  of  the 

massive load of data (about 
�� million of unknowns).

3.5 Comparison of Different Boundary 

Conditions

It  is  easy  to  see  that  due  to  the  so-called  “do-nothing” 

boundary conditions at the outlets of the lungs the flow is 

very unequally distributed and takes the shortest way pos-

sible through the tree (see Figure 6). This effect is accoun-

ted for by the non-physically cut of the geometry, which is 

necessary due to the bad resolution of the CT scans. With 

the tree model (see Figure 7) we take care of exactly this 

flaw in the geometry. Also we get a much better conver-

gence with respect to the pressure drop and the results are 

more stable for high Reynolds numbers.

Figure 6  First bifurcation 

simulated  with  “do-noth-

ing” boundary conditions.

Figure 7  First bifurcation 

simulated  with  boundary 

conditions  from  the  tree 

model.

4 Conclusions

We have introduced a new model for the boundary condi-

tions at the lower bronchiole inlets of the human lungs and 

coupled this model with a 3D Navier-Stokes solver suc-

cessfully. It was shown that the proposed method is effi-

cient,  that  a  physically  reasonable  flow profile  develops 

and that patient specific simulations converge with respect 

to the pressure drop in the lungs. A comparison between 

the conventional boundary conditions and the new, more 

specific, boundary conditions clearly showed good results 

in terms of stability and convergence.

The upcoming steps will include parameter studies that re-

flect pathological lungs, e.g. asthma, and fluxes for heavy 

exercise,  to  analyse  the  resulting  flow profile.  Also  the 

model will be enhanced towards simulations of instation-

ary flow. The comparison of the obtained numerical results 

with medically measured data will be subject of the forth-

coming paper.
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