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1.INTRODUCTION

Hemodynamics plays a critical role in the formation and evolution of cardiovascular diseases. Simulation of blood flow has
been widely used in recent decades for better understanding the symptomatic spectrum of various diseases, in order to
improve already existing treatments or to develop new therapeutic techniques. Blood vessels are tapered by the growth of
atherosclerotic plaques that bulge into the lumen, resulting in stenosed blood vessels. When stenosis is developed in an
artery, one of the most severe problems associated with this obstruction is the increased resistance and the concomitant
reduction of the blood flow to the specific vascular bed supplied by the artery. Blood is suspension of various tiny particles
in a continuous saline plasma solution. The plasma generally behaves as a Newtonian fluid whereas the whole blood (a
suspension of cells and highly viscous in nature), exhibits the property of a non-Newtonian fluid, in particular in smaller
vessels [ ]. The non-Newtonian characteristics of blood emerge at low shear rate whereas at high shear rate blood usually
behaves like a Newtonian fluid as observed in large arteries Magnetohydrodynamics (MHD) involves the motion of
electrically-conducting fluids under the influence of an applied magnetic field. The presence of ions and iron in the
haemoglobin molecule produces electrically-conducting properties in blood [ ]. Streaming blood can therefore be
manipulated via the application of extra-corporeal magnetic fields which may be static or alternating in nature. Arterial
diseases such as arteriosclerosis may therefore be treated via biomagnetic therapy. Nanofluids display an enhancement in
thermal conductivity, which is boosted with increasing volumetric fraction of nanoparticles as reported by Masuda et al. [ ].
Nanoparticle doping has been implemented in many diverse technological sectors and is now being adopted in drug delivery
(pharmacodynamics) and biomedical therapy. Blood also exhibits variation in viscosity with temperature and Vogel’s model
is commonly used in mathematical models. It has been shown clinically that injected nanoparticles help in improving the
blood flow in diseased arteries, and when combined with magnetic properties this new field is known as magnetic targeted
nano-drug therapy. Motivated by these developments, this presentation focuses on computational fluid dynamic (CFD)
simulation of the nanoparticle drug delivery in stenosed realistic hemodynamics in small vessels (coronary arteries) where
blood is considered as a viscoelastic second grade fluid with viscosity variation simulated as a function of temperature via
the Vogel model. The Buongiorno model is employed for nanoscale (Brownian motion and thermophoresis) effects [ ]. The
finite element code FreeFEM++ [ ] is utilized. Many interesting hemodynamic characteristics are visualized.

2. NON-DIMENSIONAL MATHEMATICAL MODEL

A simplified two-dimensional mathematical model for blood flow in a real coronary artery is considered wherein blood flow
is modelled as non-homogeneous fluid flow containing a suspension of nanoparticles. Blood rheology is simulated with the
second grade Reiner-Rivlin fluid model. Both heat and mass transfer are included. For the simulation, the stationary case of
the blood vessel is assumed i.e. the pulsatile nature of streaming blood is neglected. The velocity is taken as zero at the
internal walls of the vessel which is modelled as a cylindrical tube in a cylindrical coordinate system (r, ¢, 2).
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Re is the local Reynolds number
(which is the ratio of inertial to
viscous forces)

3. FINITE ELEMENT SIMULATION WITH FREEFEM++

FreeFEM++ is an open source multi-physics programming software which allows fast and efficient solution of partial
differential equations using the finite element method. This software offers several triangular finite elements, including
discontinuous elements. It also provides options for simulating coupled electromagnetics, heat and mass diffusion and
other phenomena. Using this method, the weak form of the governing Eqns. (*):
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