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Research Statement
Whether involving sunspots, ocean waves, fire fronts, or red blood cell motion, my research interests are related in their application of numerical techniques to simulate physical systems.  As a result of these projects, I have come to appreciate the importance of not just understanding the numerical techniques or underlying mathematics of the problems, but also of understanding the physical systems being considered.  As a VIGRE and BMPI-BIO5 fellow, I have had the opportunity to share the physical and biological motivation of various mathematical problems with faculty, postdocs, and students from graduate to grade school level.  These experiences have shown me the value of effectively implementing and interpreting computational models of physical systems.

Current Work

My dissertation work focuses on the microcirculation.  The primary function of the microvasculature is to transport and exchange materials with tissue.  Since the main components of blood are red blood cells and plasma, the transport rate and distribution of materials in the microvasculature is primarily determined by how red blood cells move through and with the plasma.  In small vessels, because of experimental and theoretical limitations, computational modeling of individual red blood cell dynamics provides the most promising means for investigating this motion.  Accurate models that incorporate the complex components of red blood cells, including a viscoelastic area-preserving membrane and a relatively viscous incompressible fluid interior, can be used to investigate physiologically relevant questions such as red blood cell transport rate and distribution.

Red blood cell model

We have developed a two-dimensional model to approximate the motion of a red blood cell in a diverging vessel bifurcation.  The red blood cell membrane is represented by external viscoelastic segments.  Internal viscous segments and an internal pressure represent the viscous interior and other three-dimensional effects not explicitly captured by the two-dimensional model.  The Stokes flow and incompressibility equations for low Reynolds number, which govern the plasma motion, are discretized and coupled to the red blood cell motion by a finite element package.  A standard trapezoidal method for ordinary differential equations with adaptive time stepping is used to produce trajectories of red blood cells as they move through a surrounding rigid vessel bifurcation wall.

Red blood cell partitioning at small diverging vessel bifurcations

As we described in the Annals of Biomedical Engineering (2008), we used this model to consider isolated red blood cell motion through small diverging vessel bifurcations (6-15 μm diameter).  We were able to show that while red blood cells generally follow background fluid streamlines, significant deviations from this expected behavior arise because of two effects, the migration of a cell towards the center line of the vessel upstream of the bifurcation and the obstruction of a daughter vessel branch by a red blood cell.  Cell migration gives rise to more nonuniform red blood cell distributions while cell obstruction yields less nonuniform red blood cell distributions.  Our model produced estimates of red blood cell flux as a function of bulk blood flux that agreed remarkably well with experiment.  Preliminary results show that cell interaction leads to an increase in uniformity of red blood cell distributions.

Shear-induced dispersion of non-spherical particles

We are investigating shear-induced dispersion of non-spherical particles by considering particle self-diffusion and particle down-gradient diffusion of flexible and rigid particles in linear shear flow.  This is relevant to blood flow and, more generally, to suspensions of non-spherical particles.  The particle self-diffusivity coefficient gives a measure of how quickly a suspension mixes.  The particle down-gradient diffusivity coefficient gives a measure of how quickly particles move from a region of high concentration to low concentration.  We have obtained preliminary estimates of the self-diffusivity coefficient for low particle concentrations which agree well with experiment.

Future work

Red blood cell motion
I plan to continue to study red blood cell motion in microvessel bifurcations by using our current model results to estimate the strength of the dependence of red blood cell partitioning on hematocrit.  Continuing our work on shear-induced diffusion, I plan to make estimates of down-gradient diffusivity coefficients and of red blood cell partitioning in successive large vessel bifurcations.  I will extend the model to consider the effects of the endothelial surface layer (a protein layer which acts as a porous medium) on red blood cell motion in straight vessels and small vessel bifurcations.  Finally, I plan to generalize this model by developing a similar three-dimensional computational model of red blood cells moving in plasma.  This three-dimensional model can then be used to reconsider red blood cell partitioning, particle diffusion, and the endothelial surface layer.

Parallel Computation

During Summer 2008, I attended a workshop at the University of Wyoming on using Discontinuous Galerkin Methods on parallel architecture.  This included a brief introduction to parallel processing as well as using languages such as CUDA to access and make use of powerful graphical processing units.  Since three-dimensional models of red blood cell motion are not computationally feasible on normal computing systems, I will need to use parallel computing in my future work.

Computational models of moving interfaces
Overall, I have a deep interest in computational models of physical and biological systems.  In addition to my work on red blood cells, I have modeled ocean shoreline dynamics by solving the shallow water equations in an Eulerian reference frame while using the Lagrangian frame to track the point at which the water, sand, and air meet (shoreline).  Since the shoreline is the location of most erosion and sedimentation, this ocean wave model may provide answers to questions about tsunami wave run-up and long-term erosion.  While at the Pacific Institute for the Mathematical Sciences Industrial Problem Solving Workshop I worked on a model of an advancing fire front.  This model was used to help predict the spread of forest fires as well as to strategically plan placement of fire-inhibiting objects (e.g. roads) around towns in fire-prone areas.  My work on these various projects has broadened my understanding of computational fluid dynamics, moving fronts, and efficient numerical techniques.  I look forward to applying my knowledge of these topics to many other biological and physical problems.  










