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1. Abstract

Blood flows and vessel wall shear stress
distributions in a human aortic arch have been
predicted numerically for a Reynolds number of
5000 at entrance. The simulated geometry was
derived from the three-dimensional reconstruction
of a series of two-dimensional slices obtained in
vivo. Numerical results demonstrate wall shear
stresses were highly dynamic, but were generally
high along the outer wall in the vicinity of the
branches and low along the inner wall, particularly
in the descending thoracic aorta. The maximum
wall stress distribution is presented on the aortic
arch in the systole. Extensive secondary flow
motion was observed in the aorta, and the structure
of these secondary flows was influenced
considerably by the presence of the branches.
Within the aorta, both numerical results and MRI
data observed that clockwise secondary flow
recirculation appears in the upstream of aortic arch
in the late systolic and turn out to be a pair of
counter-clockwise vortex in the downstream of the
arch in the early diastole. In addition, it is also
observed the secondary flow in middle and right
branches and violent rotation in left branch.

Keywords; Aorta, Newtonian Flows, Secondary
Flow, Wall shear Stress

2. Introduction

In  recent  years, National Health
Administration of Taiwan has announced that
cerebrovascular and cardiovascular diseases had
already become the major causes of the death. The
cardiovascular diseases mainly include
atherosclerotic, aortic dissection, artery stenosis and
aortic aneurysm. The past researches [1-2] have
shown the  homodynamic such as  blood
circulation, vessel wall pressure and shear stress
distributes and morphology of the vessel (like
bifurcation branch, aorta arch and irregular tube)
may play important roles in the formation of the
cardiovascular  diseases. Clinical observations
also show that the region near the aortic arch is one
of the sites where the cardiovascular diseases
develop frequently. In this region, blood circulation
will produce flow separation, secondary flow,

three-dimensional vortex which cause very
complicated hemodynamics. In those researches,
there are always shown that the distribution of shear
stress on the vessel wall was regarded as the main
factor to influence arterial deformity. The
maximum of the wall stress was shown to occur at
the area which the vortex and secondary flow
appears. Therefore, the understanding of the blood
flow motion in the arterial vessel is highly required
and will be the main goal in our simulation.

In the work, a numerical test model was
derived from the three-dimensional
reconstruction of a series of two-dimensional
slices obtained in vivo using Magnetic
Resonance  Imaging(MRI) provided by
National Taiwan University hospital on a
human aorta. The inlet and out let aortic
boundary conditions were also obtained by the
image files from the MRI. Those image data
include velocity vector distribution in cross
section A, B, C, D as shown in Figure 1 and 2.
Aorta, Brachiocephalic artery (BA), Left
common carotid artery (CA), Left subclavian
artery (SA), and its velocity and flow rate
composed of three direction(u, v, w) are shown
in Figure 3. Blood flows and vessel wall shear
stress distributions in a human aortic arch will
be simulated.

3. Numerical Model

In this study, we generate the geometry for this
study, a series of aortic slices of a human aorta (A
healthy young man) were acquired in vivo using
MRI. The MRI data consisted of many curves of
main aortic and three bifurcations cross-section.
Because the MRI data of aorta have too many
curves that can't construct the model easily, we
simplify curves and reconstruct the geometry in
CFXS5 flow package. Coordinate data for the
centerline was extracted for the aorta and three
branches from the 3-D reconstructed MR image.
Those data were curve-fitted to the cubic spline
function, and the cross sectional grids were
generated on the normal planes defined by the
principal normal and binormal, at discrete
equidistant points along the centerline curve. Using



this cross section definition, a computable model
can be constructed because adjacent cross sections
never overlap if the tube radius is smaller than that
of curvature at the local point. The diameter of the
tube was assumed to be uniform. The diameters of
AA, BA, CA, and SA were 2 cm, 1 cm, 0.7 cm, and
0.7 cm, respectively. The model is shown in Fig. 1.
The three branches were overlapped with the aortic
arch model at the parts of those inlet sections as
shown in Fig. 1 using a chimera meshing technique.
A commercial CFD program, CFX version 5.5 was
used for the computations. The following 3-D
unsteady Navier-Stokes equations were solved:
boundaries: (1) the inlet of the arch model, (2) the
outlet of each model, (3) the wall regions which do
not overlap with other model, and (4) the
overlapped regions which are embedded in other
model.

The following conditions for these boundaries
were used:

(1) A MRI scan inflow rate at the inlet.

(2) Zero pressure and zero velocity gradients at
the outlet of aorta.

(3) No-slip at the wall regions.

(4) MRI scan outflow rate are assumed at the
outlet of three branches. The properties of water
were used for the working fluid. The Reynolds
number defined using the diameter, and the inflow
velocity was 5000. Also, the three-dimensional,
time-dependent, incompressible = Navier-Stokes
equations are solved by means of a commercial
CFXS5 package. It adopts a SIMPLE type finite
volume method with a third-order accurate QUICK
differencing scheme for all equations. The flow was
assumed to be incompressible and Newtonian with
turbulence assumption and the walls were rigid with
no slip conditions.

4. Results and Discussions
In this part, an unstructured mesh approach is

used together with body fitted meshes to model the
flow in the aorta arch, and the following four

separate computational meshes have been employed:

one for the region spanning the ascending aorta
along with the aortic arch and a portion of the
descending aorta, and one of each of the three
branches-the BA, CA and SA. The unstructured
mesh allows for each section of the geometry to be
meshed independently, and the individual meshes
are subsequently coupled together by CFX-BUILD.
We also assume the mesh is stationary in this case,
and total grid numbers are 668764. The flow model
is supposed be incompressible flow, unsteady flow
and Newtonian flow, and we calculated the flow
field in the aortic arch model with physiologically
relevant Reynold’s number of Re=5000. According

MRI data, one cycle of heartbeat is 0.855 seconds,
so we set a cycle as same as MRI data in numerical
simulation. The calculations were performed a
finite-volume formulation of the Navier-Stokes
equations by the CFXS5 Flow packages based on
unstructured grids. The velocity field was found to
satisfy the convergence criterion after starting the
computation with zero velocity.

Figure 5 present the wall shear stress
distributed. It is demonstrated that wall shear
stresses were highly dynamic, but were generally
high along the outer wall in the vicinity of the
branches and low along the inner wall, particularly
in the descending thoracic aorta. The maximum
wall shear stress distribution is presented on the
aortic arch in the late systole. According to previous
researches, the position which has more changes of
wall shear stress were occur the vessel pathological
changes.

Figure 6 shows stream line distributed. We can
clearly observe the blood flow through aorta and
inner fluid field of aorta. When t = 2/6 T, we can
find the vortex appears in the CA and SA, and it
disappears after t = 3/6 T. We also can find the
violent rotation in BA during 3/6 T and 4/6 T.
Because flow rate is very lower in the late diastole,
fluid field of blood does not have obvious change.

Figure 7 show the velocity vectors on the
cross sections of the aorta at different time
period. Extensive secondary flow motion was
observed in the cross section D,F,GH in the t =
3/6 T , and the structure of these secondary
flows was influenced considerably by the
presence of the branches. Also, it is observed
that clockwise secondary flow recirculation
appears in the downstream of aortic arch in the
late systolic and turn out to be a pair of
counter-clockwise vortex appearing in the
turning corner of the aortic arch in the early
diastole. However, the counter-clockwise
vortex disappears in the upstream of the aorta
arch and moves to the downstream of the
descending aorta in the late diastole. These
findings are largely consistent with previous
experimental measurements in a model human
aortic arch in which secondary flow structures
coincides with as same as measurement of P. J.
Kilner, et al.[1].

Also the cross section velocity vectors in
the ascending aorta measured from MRA are
shown in Figures 2. We can see the formation
of a clockwise vortex is appearing in the late
systole and in the whole diastole. The
oberservations on the vortex in the ascending

aorta is similar to the numerically predicted
results in Figure 7 in which the clockwise



vortex at ascending part A-C only exists in the
diastole. However, due to the smaller diameters
of three branches and the descending aorta; the
resolution of the MRA scan data was not as
fine as the main aortic arch. Therefore, the
cross section velocity vectors in these parts are
not shown for the comparison.

5. Concluded Remarks

We reconstruct aorta model and boundary
condition based on MRI in this study. Also our
simulations found that

1.  Wall shear stresses were highly dynamic,
but were generally high along the outer
wall in the vicinity of the branches and
low along the inner wall. The maximum
wall shear stress distribution is presented
on the aortic arch in the early systole.

2. Minor three-dimensional secondary flows
appear in middle and right branches and
flow separation in right branch in the late
systole.

3. Extensive secondary flow motion and
three dimensional helical vortex motions
were shown in the diastolic cycle.
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Figure 1. Schematic diagram of a normal aorta with
a branch (Left), aorta outline scan by
MRI (Right)

D)

Figure 2. Velocity vector images at location A,
B, C, D and at different time , scan by MRI
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Figure 3. An entrance blood flow rate of Aorta
measured from MRI

Figure 6. Stream line in aorta arch in a pusatile
cycle
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Figure 5. Wall shear stress distributions in a
pulsatile cycle
(o—outer wall o—inner wall)



PCFD 2006 International Conference ¥ 73t € s (B3R 4

TR
>~A~

T
= &

-\

d
3K

FUREEERT EF U BEG APPSR ORI L ERRR ) BFFL 2R
?P?;i% FHEFEILNBR I BEREEFRRE NI 22 - o Fli- BRAHAFFHE TN
z—frfvm;é«% POoRFT R AP EET CHIEFEERE TR - B B W HG
EROIHREAL o FE RELEREREFP EREATOT R L FHRERORG
Mg » £ EFe &=k g3, PCFD 2006 International Conference ¥ 5 % 15 p
259 18pFiFL1E- ReE —'—%#E@:(N;,.igi BT EHEFME G kP Ly
ﬁﬂ#ﬁw%wﬁﬁ’?#‘éﬁk FIAR CPRATRIREIDERAR -1 XRAPN

ARDREBEEA®H? o B g%Fﬁ*ﬂ%ﬁ%%%ﬁﬁﬁ4§lF? PHEED
TEFH > 02 BT Flow T 7%BERTE T E i A EHLER -

A= € ZKehy B4 Busan, Korea €335 % 14 p BepypBp sl » i 4E
B £ kil 2R EGRGT (L REEERBL A R
kehe X A ENhE Rk FRLIFE 8 BEE LHEHBE R F LR HRE
A g R FwmA L 16 AF HYF AN 2 B e £35% 16 8> £391
56 Kie > €At Rt BHARE C VKR IREHRP PEF I 2% &
B o x g+ e &0 1 Terascale computing, Mechanical and Aerospace
Engineering,Industrial and Environmental Engineering, Medical and Biological
Applications Atmospheric and Ocean Modeling, Combustion, Turbulence, Acoustics,
Plasma Dynamics, Lattice Boltzmann Methods, Design Optimization  Grid/Network
Computing, Parallel Algorithms, Multi-scale and Multi-physics, Adaptive Mesh
Refinement, Parallel Compiler and Software Development, Software Frameworks,
Visualizatio. d **3% & % > B A TR FH P52 bio-fluid flows #/m2#F 4 o * 2=
EROMELFD - T A A B REF LTI A FAUHFETPERZ
oo

A g F LN I00 48K 2 RREAIFET g O o parallel CFD 4g3# 2+ &
FE2ZER S5 o o A GRS ﬁvﬁiﬂ’ir?’iﬁﬁﬂ WEE N - A
5% FAR- L2 HF L oW > #7342 48 parallel computing K42 > % i $4c 3 5
WBEFLPL LW (FIREADFIRT - BFHR FTHOLE > A k7
RERP ML AR gk #3RGERP parallel CFD #3777 » &= Tk F

JP_’ﬁ_f‘—’m;—ﬁg!a;i 0



PCFD 2006 International Conference
Busan, Korea

Numerical Simulation of A Realistic Aortic Flow with
MRA on Parallel Computers

Yang-Yao Niu® , Chin-Hung Chang® Wen-Yih I. Tseng? Hsu-Hsia Peng? and Shou-Cheng Tcheng®

1. Institute of Mechanical Engineering, Chung Hua University Hsin Chu, Taiwan , ROC
2. National Taiwan University Hospital Taipei , ROC
3., The National Center for High-Performance Computing, Hsinchu, Taiwan ROC:
yniu@chu.edu.tw

Abstract A prototype, multi-scale, computational hemodynamic model is developed to
predict blood flow patterns and wall stresses in a realistic human aorta. The three-
dimensional model is utilized for blood flow simulation, which is based on Roe and
HLLC type incompressible full Navier-Stokes equations and one-dimensional systematic
arteries network models will be embedded into the future work. In this study, two- and
three-dimensional secondary flows and vessel wall shear stress distributions in a human
aortic arch have been predicted numerically for a Reynolds number of 5000 at entrance
based on the techniques of CFD and MRA. The simulated geometry was derived from
the three-dimensional reconstruction of a series of two-dimensional slices and several
flow rates at different cross sections of aorta with the tree branches obtained from MRI.
Numerical results demonstrate wall shear stresses were high along the outer wall in the
vicinity of the branches and low along the inner wall, particularly in the descending
thoracic aorta. The maximum wall stress distribution is presented on the aortic arch in the
systole. Extensive secondary flow motion was observed in the aorta, and the structure of
these secondary flows was influenced considerably by the presence of the branches.
Within the aorta, both numerical results and MRI data observed that clockwise secondary
flow recirculation appears in the upstream of aortic arch in the late systolic and turn out
to be a pair of counter-clockwise vortex in the downstream of the arch in the early
diastole. In addition, three-dimensional particle trace plots observe the secondary flows in
middle and right branches and violent rotation in left branch.The original FORTRAN
code is converted to the MPI code and tested on 32-CPU IBM SP2 Power 3 and Power 4
parallel computers and two 32-node PC Clusters.

Keywords; Aortic Flow Model, Riemann Solvers, Blood flow, MRI
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Figure 3 Particle traces in aorta and velocity vectors on cross sections in a diastolic cycle




