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Summary

The progression of disease in arteries is affected by local
blood flow characteristics. Arterial structural features,
such as branches, bifurcations, and irreqular shape and
curvature changes, introduce complexities to the blood
flow field. Further insight on how such mechanical factors
affect arterial health can be gained by employing compu-
tational fluid dynamics tools. With this approach, accurate
and detailed quantitative data on hemodunamic factors
can be obtained.

In this Technology Brief, we demonstrate the use of
Abaqus/CFD to simulate complex blood flow in an ab-
dominal aorta and its branches. Blood velocity profiles
and wall shear stresses are computed, and flow recircula-
tion is visualized. It will be shown that blood flow anal-
yses using Abaqus/CFD can provide comprehensive data
that would be difficult to obtain from experimentation.

Background

Many research studies have highlighted the importance
of hemodynamic factors in vascular disease progression.
The prevalence of disease in specific arterial locations is
often correlated with flow features such as wall shear
stress, stagnation, and recirculation zones.

For example, atherosclerotic lesions are more likely to be
found along the outer wall of the carotid sinus region of
the carotid artery where the wall shear stress is low,
while they are less likely to occur along the inner wall of
carotid sinus where the wall shear stress is high [1]. Simi-
larly, atherosclerotic disease is more likely to develop in
the abdominal aorta below the diaphragm [2]. Dilatation
of the aortic wall in the abdomen as seen in aortic aneu-
rysms is also affected by blood flow behavior; the growth
and rupture of such aneurysms are affected by the hemo-
dynamics [3]. Renal artery stenosis may also alter flow
characteristics; narrowing of the artery can cause the
blood flow regime to transition from primarily laminar to
turbulent. Changes in the shear stress distribution affect
the blood pressure as well as the evolution of atheroscle-
rosis [4]. Surgical procedures such as coronary artery by-
pass, where grafts reroute blood flow across a blocked
artery, can cause changes in flow characteristics that ini-
tiate a biological response such as local growth and re-
modeling of surrounding tissues.

In this Technology Brief, we show that Abaqus/CFD can
be used to model the pulsatile blood flow in the ab-
dominal aorta and its various branches that supply blood
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Figure 1: Abdominal aorta

Key Abaqus/CFD Features and Benefits

Transient incompressible viscous fluid flow anal-
ysis
Non-Newtonian viscosity models

Luminal time dependent pressure waveform
boundary conditions

Pulsatile flow velocity boundary condition, de-
rived from Womersley theory, implemented in a
velocity user subroutine

Third-party boundary layer mesh import in
Abaqus/CAE

to the organs in the abdomen. Abaqus/CFD uses a time
accurate transient incompressible viscous flow solver
based on an advanced second-order projection method
that uses a node-centered finite-element discretization
for the pressure. This hybrid approach guarantees accu-
rate solutions and preserves the local conservation prop-
erties associated with traditional finite volume methods.
Abaqus/CFD can be used with unstructured grids and
with various element types such as hexahedral, tetrahe-
dral, wedge, and pyramid. The RAbaqus/CFD solution
methodology incorporates iterative Krylov solvers with
algebraic multi-grid (AMG) preconditioning for solving the
pressure-Poisson equation.



Geometry and Model

Patient-specific abdominal aorta geometry is obtained
using the ScanlP software from Simpleware. ScanlP reads
CT scan files and creates a high quality triangulation for
STL export. The STL file of the abdominal aorta is import-
ed into CATIA V6R2013. A surface reconstruction is per-
formed to obtain the CAD model of the abdominal aorta.
The geometry is then trimmed at the boundaries to make
it suitable for CFD analysis. Figure 1 shows the final CAD
model of the abdominal aorta and branches.

Mesh

The CAD model is imported into ANSA v13.1.4 and
meshed with a boundary layer meshing technique. A to-
tal of 6 wedge layers are generated along the wall. The
mesh consists of 192375 nodes and 568769 elements.
Of these, 314873 are tetrahedral elements, 249660 are
wedge elements and 4236 are hexahedral elements. The
mesh is exported in the Abaqus input file format and then
imported into Abaqus/CAE where the CFD analysis attrib-
utes are defined. A close-up view of the boundary layer
mesh is shown in Figure 2.

Material

Blood is modeled as an incompressible fluid with a densi-
ty p = 1050 kg/m* and a non-Newtonian viscosity de-
scribed by the Carreau-Yasuda model. The model proper-
ties are listed in Table 1. The Carreau-Yasuda model de-
scribes the shear thinning behavior of blood. It is often a
reasonable approximation to treat blood as a Newtonian
fluid in blood vessels greater than 0.5 mm in diameter. In
vessels of such large diameter, the viscosity is relatively
constant due to high rates of shear. However, non-
Newtonian effects need to be accounted for in smaller
vessels. The dependence of viscosity on the shear rate, on
a log-log scale, is shown in Figure 3.

Analysis Procedure

A transient incompressible laminar fluid flow analysis is
performed in Abaqus/CFD. Abaqus/CFD uses a projection
method that enables segregation of pressure and velocity
fields for efficient solution of the incompressible Navier-
Stokes equations. The advective and diffusive fluxes are
both treated implicitly. The solution method uses a se-
cond-order accurate least-squares gradient estimation.
Simulation is performed for 4 cardiac cycles, with each
cycle lasting 0.9 sec.

Boundary Conditions

Solving the transient Navier-Stokes and continuity equa-
tions requires specification of appropriate initial and

Figure 2: Boundary layer mesh of the abdominal aorta

Shear viscosity at low shear rates 0.025
Shear viscosity at high shear rates 0.0035
Time constant 25
Flow behavior index 0.25
Material constant 2.0

Table 1: Non-Newtonian fluid properties for the
Carreau-Yasuda model
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Figure 3. Viscosity v. shear rate for non-Newtonian
blood properties

boundary conditions. Blood enters the abdominal aorta at
a level below the celiac artery. The model has six outlet
sections representing the major branches of the ab-
dominal aorta: the superior mesenteric artery, the left
and right renal arteries, the inferior mesenteric artery,
and the left and right iliac arteries.

A no-slip/no-penetration wall boundary condition is ap-
plied on the wall surface of the abdominal aorta. A time-
dependent luminal pressure waveform as shown in Figure
4 is applied at the left and right iliac artery outlets. The
pressure waveform is a triphasic pulse appropriate for
normal hemodynamic conditions in the abdominal aorta
below the renal artery ([7], [8]). The volumetric flow rates
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Figure 4: Luminal pulsatile pressure waveform
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Figure 5: Flow rates for abdominal aorta, superior mesenteric
artery, left and right renal artery, and inferior mesenteric artery

at the abdominal aorta inlet and superior mesenteric, left
and right renal, and inferior mesenteric artery outlets are
shown in Figure 5 ([5], [6]).

These flow rate waveforms are represented as complex
Fourier series and their coefficients are utilized for evalu-
ating the velocity boundary condition at the inlet and
outlets (except for the left and right iliac artery):

Qt)=Q, + i{ak cos(kat)+ b, sin(kat)}
Q,- %_:[Q(t)dt, a, - %Eo(t)cos(kwt)dt

:
b, = %Jo(t)sin(kwt)dt
0
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Here Qy represents the complex Fourier coefficients of the
flow waveforms. The velocity boundary condition is spec-
ified at the inlet and outlets through user subroutine
SMACfdUserVelocityBC. The user subroutine calcu-
lates a spatially- and time-varying velocity boundary con-
dition based on Womersley theory and the volume flow
rates shown in Figure 5.

Womersley theory [9] evaluates the velocity profile at any
cross-section for the unsteady, laminar flow of an incom-
pressible fluid through a pipe of constant radius, when a
time-varying pressure gradient is applied. The profile is
defined as
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In this equation, a, is the non-dimensional Womersley
number, where R denotes the radius, p the density, x4 the
viscosity and e the circular frequency. Real(*) denotes the
real part of a complex number and Jy and J; are Bessel
functions of the first kind of order 0 and 1, respectively.

The choice of the Womersley velocity profile is a signifi-
cant improvement over spatially-constant or parabolic
velocity profiles since it captures the flow reversal at ar-
tery outlets and provides a more realistic boundary condi-
tion for pulsatile flows. Womersley theory, however, is
limited to circular cross-sections and hence, a mapping
method ([10]) is used to map the evaluated velocity pro-
file to non-circular cross-sections.

Velocity User Subroutine Implementation

User subroutine SMACfdUserVelocityBC is written in C
and provides access to the necessary model and solution
quantities. Access is also provided to the MPI communi-
cator and MPI routines for parallel implementation. The
following steps are performed in the user subroutine to
calculate velocities on the inlet and outlets:

1. Find the facets of elements Iying on the edge of the
surface. This is accomplished using a convex hull
algorithm for finding edge points amongst a point
cloud.

2. Transform all surface points to a local coordinate
system specified by the user and with its origin lu-
ing at the surface centroid.

3. Express the points in a polar coordinate system
with its origin located at the surface centroid.

4. Evaluate a normalized radius [10]:

a. For each internal point (r, 0), find the two edge
nodes i and j with 0 coordinates such that
6,- <0< 6,.

b. Evaluate a normalized radius R by linearly inter-
polating the radius of edge nodes, R;and R;. The
normalized radius serves as the radius for all
points lying on the line connecting an edge point
to the centroid.

5. Evaluate the Womersley velocity using the radius r,
normalized radius R, current time value, and Fourier
coefficients for the flow waveform.

6. Transform the velocity to the global system for
boundary condition specification.

The above procedure can be skipped for circular surfaces.
For these cases, the radius of the circular surface serves
as the normalized radius for all internal points.



Results and Discussion

The kinetic energy of the fluid domain is plotted in Figure
6. It can be seen that the analysis reaches a steady peri-
odic condition after 1 cardiac cycle.

Figure 7 shows the velocity vectors along the midsagittal
plane in the infrarenal segment of the abdominal aorta at
various times during the cardiac cycle. A mildly recirculat-
ing flow pattern can be seen near the anterior wall; this
vortex is formed during late suystole and remains until
peak systole when the effect of strong systolic accelera-
tion results in a completely attached flow along the ante-
rior wall. The particular location of the vortex is due to the
curvature of the infrarenal segment which forces the flow
to expand suddenly about the corner. The anterior portion
of the abdominal aorta displays lower velocities than the
core and posterior portion.

Wall shear stresses during the cardiac cycle are contoured
in Figure 8. The shear stress magnitude can be used to
estimate the possibility of rupture of aneurysms.

Figure 9 shows the surface traction vectors on the in-
frarenal segment of the abdominal aortic walls. Relatively
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Figure 6: Total kinetic energy of the flow
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Figure 8: Wall shear stress (N/m?) at (a) the beginning of the
cycle, (b) peak systole, (c) end systole, and (d) mid diastole

low tractions are found compared to the branches where
the velocities are higher. The primary movement of sur-
face traction vectors is from the top of the vessel to the
bottom, following the movement of the vortex during the
cardiac cycle.

Figure 9: Surface traction (N/m?) vector plot in the infrarenal
segment at (a) the beginning of the cycle, (b) peak systole, (c)
end systole, and (d) mid diastole
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Figure 7: Velocity vector field (m/sec) along the midsagittal plane in the infrarenal segment of abdominal aorta at (a) the beginning of
the cycle, (b) peak systole, (c) end systole, and (d) mid diastole. Midsagittal plane definition (far right) and schematic representation of
various time points during cardiac pressure cycle



In Figure 10, streamlines are shown for the end systole.
The streamlines show the formation of the vortex in the
infrarenal segment and significant mixing of the blood. Fig-
ure 11 plots the percentage error in the mass balance, de-
fined as the ratio of the sum of the inlet and outlet volume
flow rates to the inlet volume flow rate.
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Summary

In this technology brief, we demonstrate that Abaqus/CFD
can be used to model pulsatile blood flow in the ab-
dominal aorta and the various branches that supply blood
to the organs in the abdomen. Newtonian and non-
Newtonian blood properties can be modeled and special-
ized boundary conditions can be implemented with a us-
er subroutine. This study can be easily extended to per-
form CFD analyses of diseased arteries. Parametric and
quantitative studies on various hemodynamic factors
.COUld be performed as well. SUCh S.tudles can Offer.mS'ght Figures 10 & 11: End systole streamlines (left), mass balance
into the temporal and spatial variations of velocity and percentage error (right)

pressure fields as well as variations of wall shear stresses

in vascular geometries.
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