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Abstract: A two-dimensional model is presented to compare blood flow in a reference artery and an
artery with eccentric stenosis. LDL dynamics serve as the conceptual background; the artery's
asymmetric contour was digitized and used to construct the finite element domain. The Navier-Stokes
equations for an incompressible fluid were applied; blood was modeled as a Newtonian fluid with a
density of 1060 kg/m?* and a viscosity of 0.0035 Pa-s. Boundary conditions included a mean velocity of
0.12 m/s, a no-slip condition at the walls, and zero gauge pressure at the outlet. A triangular mesh was
applied separately to the upper and lower walls, without imposing symmetry. With fine discretization,
the maximum velocity was 0.279 m/s and the pressure drop was 830.8 Pa (6.231 mmHg). The results
show localized acceleration and an increased pressure gradient at the site of the obstruction. This is a
computational study and does not constitute a clinical diagnosis.

Background: Atherosclerosis alters vascular geometry and, consequently, the velocity, pressure, and shear stress
fields. Computational fluid dynamics enables the analysis of these variables under controlled conditions and
complements experimental or clinical interpretation.

Materials and Methods: The contour of the original asymmetric artery was digitized and scaled to a length of
5.197 mm and a reference diameter of 1.142 mm. The maximum reduction in luminal height was approximately
62.5%. A Galerkin formulation with a penalty method for incompressibility and triangular elements was applied.
Results: The eccentric stenosis displaced and accelerated the flow core. Sensitivity analysis showed that
velocity—and especially the pressure recovered via the penalty method—still depends on mesh refinement,
therefore, these values are reported as preliminary numerical estimates.

Conclusion: The finite element model reproduces the expected physical trends of acceleration and pressure loss
associated with a reduction in cross-sectional area. Geometric severity should be interpreted in conjunction with
pulsatile flow, non-Newtonian rheology, and arterial distensibility in future models.
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I. Introduction
Blood is a biological suspension composed of plasma and formed elements. In medium- and large-
caliber arteries, and at sufficiently high shear rates, its behavior can be approximated using a constant viscosity;
however, in regions of recirculation or in small vessels, non-Newtonian models become increasingly relevant.
This distinction is essential because the choice of constitutive model determines the prediction of velocity,
pressure, and wall shear stress. Bernoulli's principle states that when fluid exits a stenosis and enters an area of
larger diameter, its velocity decreases, resulting in an increase in blood pressure.
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Figure 1. Accumulation of LDL cholesterol.

Hemodynamic parameters derived from simulations allow for the study of mechanisms linked to plaque
progression, remodeling, and device performance. Their interpretation requires appropriate geometry, boundary
conditions, and numerical verification8-13. The finite element method is particularly useful because it
accommodates irregular domains, variational formulations, and local refinement. The objective of this work is to
formulate and extend the analysis of an obstructed artery using a finite element method approach. A reference
conduit is compared with one featuring mild stenosis; the governing equations, weak Galerkin formulation,
discretization, boundary conditions, convergence analysis, and limitations are established. The contribution is
methodological and educational; the numerical values correspond to an idealized model rather than a specific
patient.

is a chronic inflammatory process of the arterial wall associated with lipoprotein retention, an immune
response, and plaque formation. Elevated LDL cholesterol is a modifiable causal factor, but a stenosis should not
be described simply as "solidified cholesterol"; the lesion comprises lipids, inflammatory cells, fibrous tissue, and
frequently calcification. A drop in temperature alters hydraulic resistance, accelerates the pulse, and can trigger
flow separation and blood recirculation downstream. is now commonly recognized as a coronary heart disease
risk equivalent">** This is mainly attributed to the high rates of dyslipidemia among diabetic patients which is
believed to be one of the major factors accounting for the high percentage of deaths among diabetics due to
cardiovascular disease (CVD)®>.Numerous epidemiological studies and randomized controlled trials have
documented the association between elevated LDL-C levels with increased CVD risk in both diabetic and non-
diabetic populations.®’. Thus reducing LDL-C levels is the primary goal of therapy for diabetic
dyslipidemia.>®.Statins are considered the first pharmacological line of treatment of dyslipidemia in diabetic
patients’. Lowering of LDL-C levels is thought to be the main beneficial effect of statin treatment.In India
currently no guidelines available for treating diabetic dyslipidemia and no previous study has documented the
efficacy.The current study aims to build growing awareness of atherosclerosis specific care of diabetes patient by
examining efficacy of two most commonly prescribed statins in India.

II. Material And Methods
This II.1 Domain geometry
A two-dimensional domain with a length of L = 5.197 mm and a reference diameter of Do=1.142 =1.142
mm was considered. The pixels for the upper and lower walls of the CFD (computational fluid dynamics)
boundary were obtained independently. If y,(s) and yg(s) are digitized coordinates, ho is the reference
luminal height, and co is the centerline at the ends, the transformation to physical coordinates

Yourco = [eo =yt (F)] (22) -+ vinico = [0 =y (D] () (0

This transformation preserves the plate's eccentricity: the upper part encroaches upon the clear opening to a
greater extent than the lower part. No geometric symmetry was imposed. Figure 2 shows the original outline and
the geometry digitized for the analysis.
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Contour Used in the Original CFD Model
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Figure 2. Asymmetric contour of the original CFD model and digitized reconstruction used as the domain for the FEM analysis. Prepared by
the authors based on the figure provided by the author.

II.2. Governing equations and assumptions
The flow is considered steady, laminar, isothermal, and incompressible. The wall is modeled as rigid and the blood
as Newtonian fluid. Under these assumptions, the conservation of mass and momentum is expressed as:

V-u=0 )
p(u-Vu=-Vp+u*u Q3)

Where u is the velocity vector, p is the pressure, p is the density, and p is the dynamic viscosity. The Reynolds
number was estimated as R, = %; with U = 0.12% ,D=1142mm ,p = 1060% and u = 0.0035 Pa's,a

value of Re = 41.5 is obtained, which is consistent with a laminar regime. Therefore, a k-¢ model is not used.
11.3. Weak formulation and finite element discretization

By multiplying the equations by test functions v and q, integrating over the domain (2, and applying integration
by parts to the viscous term, the mixed formulation is obtained: to find (u, p) such that for all (v, q)

Jo Pu-"Wu-vda+ [, 2ue):e(w)d — [, pV-vdQ = frt t-vdl (4)

fn qV-udQ =0 (5)

With e(u) = (Vu + Vu™) /2. For the illustrative implementation, a penalty formulation was used p ~ —AV - u
with A sufficiently large relative to u. The field was approximated using linear triangular shape functions Nj:

u_h(x) = XiNi(x)u;, v_h(x) = XiNi(x)v;  (6)
(Kpu+KN)HWU=F (7)
The penalty method reduces the system to nodal velocity unknowns. For higher-fidelity studies, a stable inf-sup

pairsuch as Taylor-Hood P, — P1%**or PSPG/SUPG"*stabilization is reccommended. Figure 3 shows the mesh
in the constriction zone.
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Mesh of the Digitized Geometry
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Figure 3. Triangular mesh of the stenotic domain, with an enlarged view of the throat
IL.4. Properties, boundary conditions, and solution

Table no 1. Geometric parameters and properties used in the simulation.

Parameter Symbol Value Unit

Arterial length L 5.197 mm

Reference diameter Dy 1.142 mm

Maximum reduction in luminal height 6p 62.5 %

Density p 1060 kg/m?

Dynamic viscosity U 0.0035 Pa's

Mean inlet velocity U 0.12 m/s

Reynolds number Re 41.5 —

2
At the inlet, the parabolic profile u,(0,y) = 1.5U [1 - (Rl) ], u, =0 were imposed. A no-slip condition u =
0

0 was applied at the walls, and a natural condition with a reference relative pressure p = 0 was set at the outlet.
Exact integration was used for element gradients, along with a sparse solution method for the algebraic system.

1, (0,y) = 1.5U [1 - (Rlo)z] u,=0. (8)

I1.5. Mesh sensitivity and output variables

Three discretization’s with 2,560, 4,000, and 5,760 elements were compared. Maximum velocity and the pressure
drop between the inlet and outlet were monitored. The variables examined were [u|, p, velocity along the geometric
centerline, and pressure drop. Differences between meshes were used to quantify sensitivity and define the scope
of the results, without assuming mesh independence when the 1% threshold was not met.

I1I. Result
III.1 Fields in the reference artery A smooth axial field was recovered in the unobstructed conduit. The profile
imposed at the inlet evolved without local internal accelerations, and the pressure decreased gradually in the flow
direction. The absence of abrupt changes in cross-section limits transverse gradients and prevents the formation
of a localized central jet, as shown in Figure 4.
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Reference Artery Fluid Dynamics Analysis
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Figure 4. Velocity magnitude and relative pressure calculated using FEM in the reference artery.

II1.2. Fields in the stenotic artery

The reduction in the lumen shifted the flow core toward the wall opposite the plaque and caused localized
acceleration. With the fine mesh, the maximum velocity was 0.379 m/s. Relative pressure dropped across the
lesion, with an overall decrease of 830.8 Pa, equivalent to 6.31 mmHg. These values were obtained from the
digitized asymmetric geometry rather than an idealized symmetric stenosis.
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Figure 5. Velocity magnitude and relative pressure in the stenosed artery, obtained via FEM.

111.3.3 Comparison along the centerline

The axial velocity comparison aligns with the minimum cross-section. Downstream, the velocity decreases as the
duct regains its diameter. The pressure gradient is most intense in the converging region and at the throat, reflecting
the energy cost associated with the constriction Figure 6.
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Figure 6. Velocity and relative pressure along the centerline for the two domains.
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[I1.4. Mesh independence
Table no 2. Sensitivity to mesh refinement for the stenotic case, with pressure in Pa and mmHg.

Umax (1/S) Ap (Pa) Ap (mmHg) Elementos
2560 0.327 651.3 4.885 —
4000 0.361 665.9 4.994 10.53 %
5760 0.379 830.8 6.231 5.01 %

Between the two finest discretization’s, the maximum velocity variation was 5.01% and the pressure drop
variation was 24.77%. Table no 2 presents the pressure in both Pa and mmHg; the conversion 1 mmHg = 133.322
Pa was used. These differences indicate sensitivity regarding pressure recovery via the penalty method; therefore,
the value obtained with the fine mesh is interpreted as an estimate rather than a mesh-independent solution. Figure
7 shows the observed trend.
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Figure 7. Sensitivity of maximum velocity and pressure drop to mesh refinement.
IV. Discussion

The acceleration at the throat and the increased pressure drop are consistent with mass conservation and
computational studies of stenosed arteries10-16. However, the magnitude depends on the severity, shape, and
length of the lesion, as well as the imposed flow rate. A quantitative comparison with a patient would require
geometry segmented from medical imaging and specific inlet and outlet conditions.

The Newtonian assumption is reasonable as a first approximation for arteries of several millimeters in
diameter and moderate-to-high shear rates. Carreau-Yasuda, Casson, or power-law models allow for the
representation of shear-thinning behavior3-4-14. Furthermore, actual flow is pulsatile; the steady-state condition
represents only an average state and does not provide temporal indices such as TAWSS or OSI.

The rigid-wall assumption precludes fluid-structure interaction. Vessel distensibility alters the pressure
wave, stress distribution, and the phase relationship between pressure and flow12-15. A subsequent model should
incorporate elastic or hyperelastic walls, time-dependent pressure, and inlet/outlet extensions sufficient to
minimize boundary sensitivity.

While the use of a penalty formulation facilitates pedagogical implementation, it does not replace a stable
mixed discretization for clinical simulations; significant improvements would include employing Taylor-Hood
P>—P: elements, demonstrating mass balance, conducting a sensitivity analysis regarding A, and performing
validation against Poiseuille flow or experimental data.

The results do not support the claim that an obstruction can be detected solely by measuring pressure or
velocity over "short distances." Clinical utility depends on the imaging modality, resolution, vascular location,
and integration with medical criteria. Simulation should be viewed as a complementary tool rather than a
standalone diagnostic method.

V. Conclusion

A blood flow formulation was developed using the finite element method, incorporating the asymmetric
contour of the obstructed artery. Independent digitization of both walls avoided imposing a symmetry that does
not exist in the plaque. Under the conditions analyzed, the model yielded a maximum velocity of 0.279 m/s and a
pressure drop of 830.8 Pa (6.231 mmHg). Comparison with a reference artery made it possible to identify the
displacement of the velocity core and the hydraulic effect of the eccentric constriction.
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