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1. Introduction

The Computational fluid dynamics (CFD) ap-
proach on hemodynamic problems provided numerous
insights in the understanding of cardio-vascular diseases
(CVDs), their genesis and impact on blood flow. The com-
plexity of the thoracic aorta (TA) geometry combined with
oscillating character of the flow give rise to complex phe-
nomena such as Dean and Lyne vortices [1]. The second-
ary flow importance in avoiding CVDs and therefore en-
suring the good functioning of the cardio-vascular system
is proved, especially in avoiding blood components stagna-
tion in curved arteries that could lead to arterial disease
such as atherosclerosis [2]. Similarly, Liu et al. [3] studied
the effects of the Pulsatile character and the blood flow
secondary motion (vortices) on mass transport of different
components such as Low-density lipoprotein (LDL) and
oxygen (O distribution which can lead to arterial tissue
damages. Dean & al. [4] first developed under the assump-
tion of a uniform axial velocity distribution an analytical
solution for steady flows in bends characterized by rela-
tively low Dean numbers. Unsteady periodic flows in
bends are characterized by the Dean (De) and Womersley
(Wo) numbers. Sudo et al. [5] studied experimentally un-
steady periodic flows and gave a classification of five
types of vortices mapped in function of Dean and Womers-
ley numbers. Boiron et al. [6] studied experimentally and
numerically the different parameters and mechanisms in-
volved in the apparition of secondary flows in a bend un-
der physiological conditions. Glenn et al. [7] deduced ex-
perimentally a regime map for the number of vortices func-
tion of dimensionless parameters for physiological and
non-physiological periodic non zero-mean flows; this last
also underlined the importance of the boundary layer in the
formation of the secondary motion.

Manifold studies on the influence of the flow
characteristics on the formation of CVDs that implies arte-
rial deformation can be found in the literature [8]. Tan De-
spite the numerous studies on TAAs, the impact of this last
on the secondary flow and its underlying phenomena re-
main unclear. Several authors studied the resulting flow
phenomena such as the vortex ring especially for the Ab-
dominal aortic aneurysm (AAA). Finol et al. [9] and Ge et
al. [10] described the vortex ring (VR) dynamics in three
steps (i) the formation of the ring (ii) the vortex ring stall
(iii) finally the rupture and dissipation of the ring with an
impingement towards the distal part of the aneurysm.
However, the phenomenon remains unstudied in the case

of (TAA) and the conjugated effects of the curvature and
the enlargement can lead to variations on the flow structure
and the underlying phenomena.

The Newtonian blood rheology assumption is
generally accepted for large and healthy arteries, however
arterial diseases such as atherosclerosis or aneurysms cre-
ates hydrodynamic instabilities and therefore causes oscil-
lating shear stresses, in this case the Newtonian model is
not valid anymore. Palacios-Morales [11] studied experi-
mentally the effects of the shear-thinning model on the
(VR) dynamics. They found that the propagation of the
ring is proportional to the power index "n". Then, Deplano
et al [12] studied experimentally the effects of shear thin-
ning character of blood on the vortex ring behavior inside
(AAA) in terms of shear stress and velocity propagation.
Nevertheless, to this date, no study has been done on the
phenomenon for the (TAA) and this is mainly due to its
rarity compared to (AAA). However, the occurrence of this
disease is increasing [13] and this study aims to reduce this
lack of information.

As a phenomenon, the vortex ring and their inter-
action with walls is widely studied in literature. Liu [14]
studied the interactions with both inclined and perpendicu-
lar walls and enlightened the creation of a recirculation
motion at the impingement of the ring on the wall. The
phenomenon inside aneurysms implies the confinement of
the ring. Stewart et al. [15] studied the effects of this pa-
rameter on the ring dynamics and showed that the con-
finement has an influence on the rate of decay of the ring.

The primary flow is also a subject of matter con-
cerning the evolution of the aneurysm. The clinical re-
search studies of Den Reijer et al [16] showed a correlation
between entrance angle of the jet and the dilatation of an-
eurysms. Arzani and Shadden [17] showed that in some
cases the primary jet stays coherent inside the aneurismal
bulge and in these cases the vortex ring recirculation is
stronger. The strength of the vortex ring can lead to a de-
flection of the primary jet towards the artery wall which
can lead to further weakening of this last, therefore the
present study also focuses the variations of the primary jet
and its impact area with respect to the aggravation of the
aneurysm.

2. Presentation of the problem

Thoracic aortic aneurysms (TAA) is defined as a
localized diameter enlargement situated in the ascending
part of the aorta, this last one is a silent disease generally
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with a slow evolution 0.1 cm/year [13]. We used the ge-
ometry presented in the experimental work of Boiron et al.
[6] as a starting point to validate our numerical model. This
last is a U-shaped Tube Fig. 1 a, with a constant circular
cross sectional diameter of 2.2 ¢cm, the inlet and the outlet
tube lengths are 10 and 20 times the radius respectively.
The curvature is the most important feature of the geome-
try and the flow in general, it is characterized by the ratio
r/R (delta = 0.073) and consequently the Dean number, this
one was specially chosen to match with physiological
characteristics, the dimensions are recapitulated in Table 1.

To investigate the effects of the enlargement on
the downstream flow and the vortex formation conditions,
we have added a pseudo-idealistic and asymmetric en-
largement centered at ¢ = 30° form the entrance with a
maximal enlargement of two and three times the normal
diameter respectively represented in (Figs. 1 b — ¢). More
details about the aneurysm dimensions are summarized in
Table 2.

OUTLET

INLET

INLET

a) Case 1 b) Case 2 c) Case 3
Fig. 1 Studied geometries
Table 1
Geometry dimensions
Parameter | r, cm Ly, cm L2,cm Delta
Value 11 10*r 20*r 0.073
Table 2
Dimensions of the aneurysms
Angles Diameters, cm
Case 2 Case 3
15° 3.85 4.4
30° 4.4 6.6
45° 3.85 4.4

3. Materials and methods

The blood Rheology is a common topic in the lit-
erature but remains unclear, the rheological behavior varies
with respect to the hematocrit fraction and the diameter of
the studied artery. Since the blood plasma is well known to
be Newtonian, there is no doubt that the rheological com-
plexity is due to the nature of the suspensions (hematocrit)
and their effects are inversely proportional to the vessel
diameter. The rheological behavior is mostly described by
two kinds of models. First, models that predicts the shear-
thinning effects such as the Carreau model, which gives a
good agreement with the experiment but tends to overesti-
mate the shear stress limit at which the blood behavior
becomes Newtonian. Secondly the blood behavior is de-
scribed by vyield stress models such as the Casson model
which gives a good approximation for low strain rate val-
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ues but overestimate the wall shear stress (WSS) for high
strain rates. The generalized power law is a good approach
for studies that implies the non-Newtonian behavior [18,
19]. This last one is in good agreement with the Carreau
model for low strain rates and gives a good approximation
for higher values of strain. For the present study, the New-
tonian assumption is used to validate the numerical model,;
this assumption is justified for the normal case (case 1) by
numerous studies in the literature [3, 7].

Fung [20] stated that the shear stress range in the
aorta is way above the critical value of 100 s. According
to Caballero et al. [21], the blood is Newtonian for shear
stress values above this level. However, for the diseased
cases the shear-stresses inside the aneurysm bulge are
highly oscillating and therefore the Newtonian hypothesis
is no more valid. To correctly investigate the vortex ring
behavior inside the aneurysm we used the power law to
mimic the shear-thinning effects inside the aneurysm with
a consistency K = 0.0034 Pa.s™! and a structural index n =
0.6. This model is known to give good approximation for
the complex blood rheology [22].

3.1. Numerical model

We used for the present study the ANSYS CFX
13 software to validate our numerical model against the
experiment. We used the SST turbulence model which is
often used in literature for such problems [23]. We per-
formed a successive re-meshing until the acceptable preci-
sion in Fig. 2. The final mesh strategy was a hexahedral
mesh of 1.6 million elements the maximal mesh size on the
length is 10- and 53 elements over the diameter (Fig. 3).
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Fig. 2 Mesh performance tests

Fig. 3 Face mesh of the cross sectional area

The same time step of the study presented by
Boiron et al. [6] (4¢ = 0.002 s) was taken, and the conver-
gence criterion on residuals was set to 106, The solved
mathematical model is the following:



Continuity equation:
op =, 7
—+V.(pV)=0;
o (pV)
Conservation of momentum:

%pﬁ.(\h@\?) = —6P+y[v2\7+%6(6.\7)}.
For the Non-Newtonian part of the study, the fol-
lowing power law model was used:

- (n-1)

H=HYy

where: the consistency uo = 0.0034 Pa.s™! and the structur-
al index n = 0.6.

3.2. Boundary conditions

At the inlet: the main issue of the study is to un-
derstand the implications of the unsteady nature of the flow
on the vortex creation, in a bended duct with a localized
deformation at the arch entrance. To do so, we used a
physiological velocity inlet function over one cardiac cycle
represented (Fig. 4) characterized by a Dean number that
relates the centripetal and inertial forces to the viscus force
(De = 301), and a Womersley number that expresses the
transient inertial forces with relation to the viscous forces

(Wo = 12.85), where: De = Re\/% and Wo =r /w—
U

where: Re is Reynolds number; r is artery radius; R is the
radius of curvature; w is the angular frequency of the flow
oscillation and p the density.

At the artery wall: in order to avoid the memory
cost of unsteady numerical simulations we have chosen to
use the rigid wall assumption. At the outlet: we used the
zero pressure boundary condition at the outlet.
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Fig. 4 Inlet velocity signal
4. Results

The numerical results were validated against the
experimental study of Boiron et al. [6] and the numerical
study of Keshavarz-Motamed et al. [24]. As we can see in
Fig. 5, our numerical results are in good agreement with
both cited studies.
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Fig. 5 Axial velocity profile at 90°,t=1.05s
4.1. Influence of the aneurysm on the secondary motion

For both aneurysm cases (case 2 & 3) results are
nearly the same, thus we have chosen to compare only the
case 1 & 2 in Figs. 6 and 7 respectively where velocity
streamlines for different cross section angles over whole
cycle are represented.

As expected, the vortex creation in a curved artery
for an unsteady periodic flow exhibits a complex behavior.
It can be seen that the process is triggered at the mid systo-
le phase t = 0.36 s characterized by a low velocity inlet,
where we can already distinguish two symmetric counter-
rotating vortices near the outer wall from the entry of the
first quarter of the aortic arch to its end Figs. 6 a— d. At the
end of the systole (t = 0.66 s) the inlet velocity rises, the
two precedent vortices tend to be pushed towards the inner
side of the bend. This configuration is the preliminary step
of the formation of type Il dean vortices Figs. 6 e — h
which can be noticed for flows with a Wo slightly superior
to 10, at this point no difference between case 1 & 2 can be
seen. At the beginning of the diastole phase (t = 1.05 s) we
can see for the case 1 that the velocity peak shifts towards
the outer side of the bend Fig. 5. While this shift is less
pronounced for the case 2. As a result, a stagnant region is
formed near the outer side of the curvature for the case 1
only, and then we can see the apparition of bean shaped
vortices called type Il (Figs. 6, i - 1), form an angle of 45°
to the outlet of the arch.

For the case 2 this configuration is delayed to the
third quarter of the arch (approximately 135°) Figs. 7, k - |.
At the end of the diastole (t = 1.35 s) we can see the for-
mation of deformed type II dean vortices at 45° from the
entrance of the bend to its end, as described by Sudo et al
[5] for flows with Wo in the range of 11 to 13 as imposed
by the physiological conditions in the aorta. We also no-
ticed the formation of two additional counter-rotating vor-
tices (also rotating in the inverse sense of the two prece-
dent ones) at the center of the artery from 90° to nearly
180° (Figs. 6, r - t). For the case 2 this last configuration
never occurs in the middle of the arch (90°) Fig. 7 r and is
retarded until the 135°, these two new vortices are also
weaker (Fig. 7, s) and they tend to disappear in the last
quarter of the arch (Fig. 7, t).

4.2. Effects of the Aneurysm aggravation and blood rheol-
ogy on the vortex ring dynamics

In order to study the progression of the vortex ring
inside the aneurysm we have drawn four progression lines
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starting from 5 degrees of the aneurysm entry and disposed 15 degrees from each other for both aneurysm cases Fig. 8.
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Fig. 6 Velocity streamlines at different cross section angles for case 1 over the cycle
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Fig. 7 Velocity streamlines for different cross section angles over the cycle for aneurysm, case 2



Fig. 8 Progression lines disposition

4.2.1. Effects of the aggravation on the vortex ring dynam-
ics

The vortex ring dynamics inside the aneurysm can
be described in three steps: the formation of the vortex
ring, the evolution of the ring inside the aneurysm (the stall
and expansion phase) and finally the vortex impingement
and decay.

1. We can see that the vortex ring is formed and
strengthens during the systole phase. At the early stage of
the cycle we can already remark differences between case
2 & 3 where the vortex rings appear at different moments
t=0.5sand t = 0.36 s respectively, represented in 2D by
two counter rotating vortices situated after the entry of the
aneurysm neck on both inner (IS) and outer sides (OS) of
the bend. During the rest of the systole until t = 0.664 s
when the inlet velocity is at its maximum, the vortex ring
strengthens for both cases but in different manners, we can
clearly remark that case 2 vortices are stretched axially
(Fig. 9, b 1), while they expend radially for the case 3,
these lasts are also larger (Fig. 9, b 3).

2. The diastole phase marks the beginning of the
stall and expansion process. At t = 1.09 s, the vortex ring
for the case 2 is stalled from the (1S) wall and continues its
radial expansion, while the (OS) vortex is confined at the
aneurysm wall by the primary flow Fig 9, ¢ 1. This unilat-
eral motion indicates a rotation of the ring in the clockwise
direction. On the other hand, for the case 3 both sides of
the vortex ring are stalled from the entrance neck, so the
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rotation of the ring is less important than the case 2. At this
step of the process, they move along the centerline and
expend radially. The (OS) vortex is also stretched axially
and the displacement of this last creates a small recircula-
tion region behind (OS) vortex in Fig. 10.

3. The process ends with the impingement then
the decay of the vortex ring and we can clearly note that
this phase starts earlier for the case 2. As the vortex ring
rotates and thus as the (IS) vortex approaches the (OS)
wall, we remark the generation of an inverse secondary
motion on this last and next to the vortex ring at t = 1.2 s
(Fig. 11), this marks the beginning of the impingement of
the (IS) vortex on the (OS) wall. At t = 1.35 s, the (OS)
vortex weakens and the IS and the inverse secondary mo-
tion strengthens. For the case 3 at t = 1.37 s the (OS) vor-
tex is still active but weakens. While the (IS) vortex finally
impacts the (OS) wall; an inverse secondary motion ap-
pears because of the ((IS) vortex/(OS) wall) interaction. At
the end of the cycle, even if the ring decays in the same
manner for both aneurysms by the weakening of the (OS)
vortex, we remark that the ring breaks at different mo-
ments for the two cases (case 2: t= 1.6 s; case 3:t = 2.1 ).
At t = 2.3 s we can note for the case 2 that after the break
of the ring, the (OS) vortex decays and its diameter dimin-
ishes, this makes it easier for the next inlet pulse to wash
away the deposits. On the contrary for the case 3, the re-
maining vortex cell of the ring ((IS) vortex) stays active
and large enough to ensure recirculation in the entire aneu-
rysm cavity, this could make the clearing of the aneurysm
bulge more difficult, augment the residence time and there-
fore enhance the probability of thrombosis.

4.2.2. Effects of the blood rheology on the vortex ring dy-
namics

The analysis of the vortex ring motion across the
progression lines during the successive time steps permit-
ted to highlight some differences in the ring dynamics be-
tween the shear thinning and the Newtonian models. First,
the ring motion for both aneurysm cases is slower when
the shear-thinning model is used. Differences can be seen
during the diastolic phase, at t = 1.09 s for the case 2 we
remark for the Newtonian model that the (IS) vortex passes
the second line while this last is still in between the first
two lines. This delay is conserved during the rest of the
cycle Figs. 9, c1 — c2, the same phenomenon can be no-
ticed while comparing the Newtonian and shear thinning
predictions for the case 3. Table 3 shows the different im-
pingement angles from the entry of the aneurysm.

Table 3
Impingement angles
Newtonian Shear-thinning
case 2 25° 18°
case 3 35° 30°

4.3. The primary jet and vortex ring interaction

We note through the analysis of the phenomenon
development that the (primary jet/vortex ring) interaction
can be described in two phases. First, during the systolic
phase when the primary jet is in constant acceleration and
the ring is created by the recirculation motion at the aneu-
rysm entrance neck. The size and the vorticity increase as
the inlet velocity increases, in this phase the primary jet is
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too strong to be influenced by the ring. The second step of
the phenomenon happens during the diastolic phase where
the velocity inlet decreases and therefore the primary jet
weakens at the same time the vortex ring is stalled from the
aneurysm neck and expands. The expansion of the (IS)
vortex deflects primary jet, in this phase the primary jet
angle depends on the orientation of the ring core Fig. 9, b

Case 2

Newtonian

t=0.36s al

!

T
e, ““““Hu? i

>
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Y

Shear-thinning

1,c¢c 1, b3, c 3. The aneurysm morphology has an influence
on the vortex ring dynamics and thus have an influence on
the primary jet deflection. We can note from the compari-
son of case 2 & 3 aneurysm that the jet is deflected to-
wards the proximal part of the (OS) wall for Case 2 (Fig. 9,
d 1), while the deflection is done towards the distal part of
the (OS) wall (Fig. 9, d 3).
Case 3

Newtonian Shear-thinning

Fig. 11 Apparition of the inverse motion next to the OS

Fig. 10 Inverse secondary recirculation secondary motion
impingement area at t = 1.2 s for Case 3

behind the OS vortex at t = 1.09 s for Case 3



5. Discussion
5.1. Effects of the aneurysm on the secondary motion

The formation of two weak counter-rotating vor-
tices in the beginning of the process (t = 0.36 s), near the
lateral walls and centered in the median of the cross sec-
tion plan is due to the balance between the centrifugal
forces and the conjugate action of the pressure gradient and
viscous forces. Later in the process at the end of the systole
phase (t = 0.66 s) inertial forces are stronger and concen-
trated at the center of the artery. This makes the pressure
gradient push the precedent vortices towards the inner side
of the artery bend. No differences can be seen between the
diseased geometries and the normal case, this can be ex-
plained by weakness of the hydrodynamic instabilities in-
side the aneurysm in comparison to the primary flow, these
lasts are insufficient to disturb the stokes boundary layer.
Later on, at the beginning of the diastole phase (t = 1.05 s)
we can see in the case 1 that velocity peak shifts towards
the outer side of the bend (Fig. 5), which is an important
indicator for dean instabilities occurrence, the shift in ques-
tion is not as pronounced for the diseased cases (Fig. 12).

From this step, the process involves in different
ways for the normal and the diseased cases. The helical
flow formation is altered and retarded downstream the an-
eurysm, at t = 1.35 s. Lyne vortices never occur in the aor-
tic arch center for the aneurysm cases, which is the most
vulnerable part to blood stagnation. This fact can be ex-
plained by the induced hydrodynamic instabilities inside
the aneurysm that disturbs the stocks boundary layer.
Glenn et al. [7] have noticed similar effects with a stent-
induced perturbation that reduces the secondary motion in
aorta.
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Fig. 12 Velocity shift comparison at position 90° and

t=1.05s

5.2. Effects of the Aneurysm aggravation on the Vortex
ring (VR) dynamics

Due to the lack of studies concerning the vortex
ring phenomenon in the (TA) aneurysm our results were
compared to studies concerning Abdominal Aortic Aneu-
rysms (AAA). The three phases described earlier are in
agreement with the literature Ge et al. [10]. The process of
creation and development of the vortex ring was also ob-
served by Deplano et al. [12], where the ring is created
during the systolic acceleration this last is stalled from the
entry neck at the mid-diastole then propagates in the aneu-
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rysm bulge, finally the impingement & decay of the ring
happens during the rest of the cycle.

The creation of the vortex ring phase is a condi-
tioning step, the delay in the vortex creation for the case 2
aneurysm compared to the case 3 explains the differences
in the process development during the rest of the cycle.
This delay is due to the severity of the aneurysm; the as-
pect ratio of the aneurysm is a key factor for the develop-
ment of vortex rings in aneurysms. Unlike the (AAA) es-
pecially for symmetric geometries where both sides of the
ring affect the distal part of the aneurysm nearly at the
same time. Only the (IS) vortex impinges on the (OS) wall
of the aneurysm for the (TAA). The breaking of the ring is
done by the disappearance of the (OS) vortex. Finally, the
decay of the vortex ring in the case 2 happens earlier in the
cycle compared to the case 3, this can be explained by the
confinement which is known to augment the rate of decay.

5.3. Effects of the Non-Newtonian characteristic on the
(VR) dynamics

The propagation velocity of the vortex ring is less
important for the shear-thinning model, the vorticity is
weaker and therefore vortices are also smaller this explains
why no inverse secondary motion can be seen at the back
of the vortex ring after the stall of the IS for the case 3
Figs. 9, c4, d4. This phenomenon can be explained by the
fact that the vortex ring strength and vorticity are created
and conditioned by primary jet and its velocity peak, as we
can see Fig. 9, bl to b4 and Fig. 9, c1 to c4 this last is less
important for shear-thinning fluids because of the viscous
effects on the boundary layer [11].

5.4. Influence of the hydrodynamic instabilities and the
rheological model on the primary jet

It is well known that the hydrodynamic parame-
ters have a significant impact on arterial diseases especial-
ly on aorta's aneurysms and their evolution. In case of dis-
eases resulting in a geometrical variation, a two-way rela-
tionship between the evolution of the sickness and the flow
dynamics is established. The usual argumentation found in
the literature is often correlated to the variations in (WSS)
distribution [24]. However, other authors [15] relate it to
the primary flow jet for patients presenting a Bicuspid arte-
rial valve (BAV) studies on the effects of the jet intensity
and its direction on the aggravation of (TAA)s and our
work dovetail in a similar optic as Arzani et al. [17]. The
Newtonian model predicts a greater area of the jet im-
pingement on the (OS) wall (Fig. 9, d1 & d3) then the
shear-thinning model (Fig 9, d2 & d4.) This can lead to an
under estimation of the rupture risks as these lasts are cor-
related with small impingement areas. Since the vortex
ring does not propagate for the shear-thinning as far as the
Newtonian model, the impingement zone also varies (Ta-
ble 3) and thus the predicted rupture area can also be bi-
ased by the rheological model choice.

6. Conclusion

This study aims to investigate effects of a varia-
tion in the morphology of the aorta during the aggravation
of the aneurysmon the vortex ring phenomenon at first and
the changes on secondary flow motion and the related phe-



nomena (Dean and Lyne vortices) downstream the en-
largement. These lasts are present in all over the artery
network and their importance in the efficiency and the
good health of the artery walls is proved, which makes the
following conclusions easily extrapolated to the other
curved arteries.

- The aneurysm clearly reduces the intensity of
the dean vortices in the diastolic phase downstream, Lyne
vortices creation is delayed to the position 135° also with
less intensity. This shows that the immediate region after
an aneurysm is prey to diseases due to stagnation of differ-
ent blood substances such LDL or a lack of oxygenation
that could alter the downstream artery walls.

- The vortex ring is clearly affected by the rheo-
logical model in terms of the ring propagation, vorticity
and jet intensity, thus the Newtonian model can lead to
misconceptions in the phenomena occurring inside the an-
eurysm. The VR propagation velocity is lower for the
shear-thinning model compared to the Newtonian model
which is in agreement with experimental studies; the pow-
er law model is therefore more suitable when studying vor-
tex ring dynamics.

- The size of the aortic bulge plays an important
role in the break of vortex rings, the early break of the ring
for small aneurysms reduce the residence time and there-
fore reduce the occurrence chances of thrombosis.

- The redirection of the primary jet by the VR is
to the author's opinion a key factor in the mechanism by
which the augmentation of stress occurs on the artery wall,
and therefore is the principal cause in the vicious circle of
the deformation increase and hydrodynamic instabilities
(vortex ring) inside the aneurysm. The use of the shear-
thinning model is also suitable when studying the stress on
the artery walls since the rheological model influences the
vortex ring impingement area and thus the primary jet im-
pact.
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NUMERICAL STUDY ON THORACIC AORTIC
ANEURYSMS: THE ANEURYSM AGGRAVATION
EFFECTS ON THE SECONDARY FLOW MOTION

Summary

It is well known that there is a strong correlation be-
tween artery wall diseases and the flow structure disturbance.
Aneurysms are enlargements situated at different but specific
parts of the vascular system; it is a silent disease that evolves in
time. The Thoracic aortic aneurysm (TAA) remains relatively
unstudied and therefore the present study aims is to clarify the
effects of the (TAA) evolution and the geometrical variation on
both hydrodynamic instabilities inside the aortic bulge especially
the vortex ring phenomenon and the secondary motion (Dean
and Lyne vortices) downstream the aneurysm. Two different
cases of asymmetric enlargements in the ascending part of the
aorta are studied for both Newtonian and the shear-thinning
model to mimic the blood rheology inside the aneurysm bulge in
order to investigate both parameters impact on the vortex ring
behavior. Results showed that the blood rheology affects the
propagation velocity while the aneurysm size influences the
vortex ring rupture, the motion of the ring and its interaction
shows similarities with the vortex ring interaction with an in-
clined wall phenomenon. Results also showed that vortex ring
disturbs the boundary layer and therefore the secondary motion
in the rest of the aorta.

Keywords: aneurysm, blood flow, Dean vortex, Lyne vor-
tex, Vortex ring.
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