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NUMERICAL SIMULATIONS OF VISCOUS FLOWS IN CAPILLARY BIFURCATIONS
D. BROBOANA*
Abstract: The paper is concerned with numerical simulations of the 3D Newtonian flows in cylindrical capillary bifurcations up to Re = 100.  There are studied two types of branching geometries: (i) a “T” symmetric bifurcation and (ii) a “L” bifurcation, respectively. We investigate the Reynolds number influence on the flow field, vortical structures and secondary flows, in vicinity of the junction between the capillaries tubes. The numerical simulations prove the capability of CFD not only to model qualitatively the flow in bifurcation and branches, but also to compute values of interest and relevance for practical applications. Biofluid dynamics is a “target” of the present work, in particular our interest is to provide a procedure to compute the shear stresses at the wall of the blood vessels. 
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1.  Introduction

Numerical simulations of viscous and viscoelastic flows in capillaries is one of the main topic of investigations in Computational Fluid Dynamics (CFD), the applications being directed to bio-fluid mechanics and novel bio-technologies. Branching blood flows and the bifurcations hemodynamics are today major subjects of investigations in applied fluid mechanics and medicine, [1 – 4]. All these areas of study are based on the modeling of complex flows in capillaries networks.  

The final aim of the study is to establish a numerical procedure for the computation of the wall shear stress (WSS) in capillaries, especially in the regions of the junctions and “nodes” of capillary networks. WSS is the main hemodynamic parameter which provides value information for medical applications and CFD is the only available procedure to compute their values in the areas of interest, [5 – 7].   

The present paper is dedicated to the numerical simulations of 3D branches flows in capillaries, in the range of Reynolds number similar to that of blood flow in small and medium vessels, i.e. Re 
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 100. The simulations are stationary, performed with the Newtonian viscous fluid model using the commercial FLUENT code 6.0 [8].

Two types of capillary geometries are used for numerical computations, see Fig. 1: (i) the “T” junction, and (ii) the “L” junction, respectively. 

The goal of the study is to have at hand a numerical procedure to obtain a detailed description of the flow field in the junctions of capillaries, which can be easily confirmed through direct experimental investigations. We assume that a good correlation between numerics and experiments (not only qualitative, but also qualitative!) is the proof that computed values of WSS are correspond to reality, so the proposed procedure can be applied both “in vitro” and “in vivo” investigations.
[image: image2.emf]
Fig. 1.
Test geometries and a detail with the mesh in vicinity of the junction; the dimensions are: D = 4 mm, L1 = 60 mm, L2 = 200 mm, a = 5 mm, R = 0.2 and R = 1.5 mm, respectively.
2.  Numerical modeling
The numerical simulations were performed with FLUENT 6.0: code3D-steady segregated solver for the Navier – Stokes equations; T grid method, tetra-hybrid elements; “T” profile 220.000 elements, “L” profile 155.000 elements, for details see [9].

In Fig. 2 is represented the influence of Reynolds number value on the flow configurations within the “T” profile with the characteristic radius of the junction – R = 0.2 mm.

[image: image3.emf]
Fig. 2. Flow distribution in the “T” profile geometry at different Reynolds numbers (flow spectrum in the middle plane). The region with developed vortical structures in the horizontal capillary and the secondary flows at the entrance of the vertical capillary are remarkable.

Figure 3 discloses the differences induced, by the changes  in local geometry of the junction (the R-value, respectively), on the flow kinematics of the vortex, at constant Reynolds.

[image: image4.emf]
Fig. 3. Flow spectrum in the vicinity of the junction between capillaries, “T” and “L” geometries, as function of the local geometry (Re = 50).

One can observe that numerical simulations of internal flows in bifurcations are able to put in evidence the influences of different local geometries and Reynolds number on the vortical structures and pathlines distribution. Numerical descriptions of the flow field in 3D geometries are compared with corresponding real flows, in order to calibrate the numerics from quantitative point of view; respectively, to obtain similar pathlines distributions (at the same geometry, dimensions and characteristic Reynolds numbers) in simulations and experiments.

The correlation of numerical results with experiments are compulsory before to compute the values of interest for particular application.

3.
Computations of kinematical and dynamical quantities

In biofluid mechanics, in particular for the blood flow in vessels, the areas of interest are the flow separation domains and the points where the wall shear stress value is minimum, [1, 3]. Since flow separation is defined by the presence of a vortex (or multiple vertical structures), the value larger than one of vorticity number might be an indication that vortex is present (it is a necessary condition but not sufficient one, see for details [10].

The balance between rotation and deformation in a fluid is given by the vorticity number Wo, a kinematical quantity defined as the ratio between the magnitude of the spin tensor  and the magnitude of the stretching D, i.e
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is the second invariant of velocity gradient. In (1) the magnitude of a tensor A is
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Respectively
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And
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The distributions of the iso-vorticity number one in normal planes to the “T” profile, see Fig. 4, discloses relevant influences of Reynolds number on the flow field at Re > 1.0. The topology of vorticity number distribution in normal planes to the main flow field evidence mainly qualitative differences between cases and indicate the region with potential vortex generation. For example, close regions of Wo > 1 in the flow domain, outside the walls, are straight correlated with an intense vortex presence, as one can be observed at Re = 500 in Fig. 4.

 Another kinematical value information is the projection of velocity magnitude on the middle plane of the flow geometry. For the same “T” profile as in Fig. 4, the iso-velocity magnitude lines are represented in Fig. 5. Here, qualitative differences between flow fields are remarkable for Re > 10 and the onset of flow separation is evidenced at Re = 500, at the entrance of the vertical capillary.

The detection of flow separation regions, respectively areas of vortical flows, is fundamental in medical applications. In that regions the cells from blood, as platelets or damaged red cells, have tendency to be stacked at the wall of the lumen, therefore to form stenotic walls, [3].

Another indication of flow separation domains in bifurcation is the value of WSS. High values of WSS can damage the lumen and low values of WSS (in particular, zero value of wall shear stress) is an indication of the existence of critical points at the wall (which delimitates the region of flow separation).

[image: image10.emf]
Fig. 4. Distribution of the iso-vorticity number Wo = 1, in normal planes to the flow of the “T” profile, as function of the Reynolds number.

[image: image11.emf]
Fig. 5. Iso-velocity magnitude lines for the “T” profile, as function of the Reynolds number.

The WSS distribution in vicinity of the “T” junction is shown in Fig. 6. As can be observed, the influence of Reynolds number magnitude is remarkable on the values of WSS in the very vicinity of the connection between the horizontal and vertical capillaries. One can remark that, for one established geometry, the ratio between the values of Reynolds numbers is almost equal to the ratio between the values of maximum WSS: 0.003 Pa at Re = 1 and 0.27 Pa at Re = 100, for the geometry with characteristic radius of R = 0.2, see Fig. 6.

At the same Reynolds numbers, a local difference in geometry determine different values and different patterns of the WSS distribution at the junction. Changes in local geometries are very common in biofluid mechanics and direct related to the onset of stenosis. Again, numerical simulations can provide value information for medicine and the treatments of blood vessels (local surgery and by-pass configurations). 
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Fig. 6. Distribution of iso-values of WSS, as function of local geometry of the junction and Reynolds number (the values of maximum WSS are shown and the areas of maximum WSS are marked).

4. Final remarks and conclusions

Any testing of numerical procedures implies the comparisons of computational results with experiments. It is compulsory for practical applications to obtain not only qualitative agreement, but also fair quantitative fitting of the experimental values by corresponding numerical ones.

One comparison between experiments and numerics is shown in Fig. 7. The qualitative correspondence between simulations and experiments are evident, but the quantitative fitting is not very satisfactory. The visualization of the flow field is produced with special aluminium tracers of 10 micron diameter and the pictures are taken under microscope with a high resolution CCD camera (capillary diameter of 4 mm). Therefore, the picture represents the entire pathlines distribution in the junction of capillaries (Fig. 7. a) and the numerical pathlines are represented in the middle plane of the geometry (Fig. 7. b). Therefore, an optical shift of the vortex is present, but it can not be as large as one can be observed in the figure. 

[image: image13.emf]
Fig. 7. Comparison between experiment (a) and numerical simulation (b) of the flow structure in the vicinity of the “T” geometry (Re = 50).

The results presented in this paper prove the capabilities of CFD methods to simulate real flows of interest and to extend numerical simulations for describing particular applications in medicine of blood vessels.

Of course, our investigations are at the beginning and further numerical and experimental studies are needed in order to calibrate the numerics and to establish a procedure for calculate the wall shear stresses in capillary networks.
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Simularea numerică a curgerilor vâscoase prin bifurcaţii capilare 

Rezumat: Prezenta lucrare este dedicată studiului numeric al curgerii fluidelor newtoniene în bifurcaţii 3D cilindric-capilare la numere Reynolds mici (Re≤100). Au fost studiate două tipuri de geometrii : (i) o bifurcaţie tip “T” simetrică şi (ii) o bifurcatie tip “L”. Este urmarită influenţa numărului Re asupra structurii curgerilor principale şi secundare precum şi a formării vârtejurilor în vecinătatea bifurcaţiei capilarelor. Rezultatele obţinute prin simulări demonstrează capabilitatea modelelor numerice atât din punct de vedere calitativ, cât şi din punct de vedere cantitativ (calculul valorilor unor parametrii importanţi în aplicaţiile practice ale dinamicii biofluidelor). Unul din scopurile studiilor viitoare este de a găsi o procedura pentru determinarea mărimii eforturilor de frecare pe pereţii vaselor de sanguine.  
Cuvinte cheie: mecanica biofluidelor, bifurcaţii, efort tangenţial, număr Reynolds
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