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Introduction
Constant high blood pressure can cause damage in the aortic intimal 

layer and result in a weakened arterial wall. The weakened arterial wall 
can then enlarge and form a bulge sac. When the aortic diameter is 
more than 1.5 times the normal aortic diameter, it is referred to as an 
aortic aneurysm. Aneurysms can form in any artery throughout the 
body. The descending aorta and the infra-renal aorta are two of the 
most affected structures. Aortic aneurysms can rupture and cause 
life-threatening internal bleeding. The incidence of a thoracic aortic 
aneurysm is approximately 5–10 per 100 000 patient years, at least 3%–
4% of which occurs in patients aged more than 65 years old [1,2].

Traditional open surgery with graft interposition is the gold-
standard strategy for aneurysm disease, but it is associated with high 
mortality and morbidity in older patients [3]. Thoracic endovascular 
aneurysm repair (TEVAR) surgery significantly reduces perioperative 
mortality and morbidity. TEVAR has thus become the main alternative 
method for older patients. Although significant advances have been 
made in industrial and technological research, the extremely dilated 
aortic landing zone remains the biggest obstacle to a successful surgery 
because of the limited availability of graft sizes. We began developing 
the novel double-barreled cannon stent-graft aortic repair (DoBA R) 
strategy as a life-saving technique for patients with enlarged aortic 
landing zones [4]. However, the feasibility of the DoBAR strategy still 
requires further examination. 

After originating from the heart, the aorta bends to form the aortic 
arch, turning more than 180˚ to become the descending and abdominal 

aorta. In addition to anterograde pulsatile flow, blood flow through 
the aortic arch may develop into swirling secondary flow because 
of centrifugal force. The secondary flow exhibits a velocity field that 
skews toward the outer wall of the arch [5]. In this study, we studied 
the secondary flow from the aortic arch to the descending aorta, using 
computational fluid dynamics (CFD) techniques. The non-dimensional 
frequency parameters of Womersley numbers, Strouhal numbers, and 
Dean numbers were used to evaluate the blood flow field.

Material and Methods
This study uses CFD numerical simulation to determine the 

feasibility of using the DoBAR method to examine the extremely 
dilated landing zone of aortic aneurysms. Figure 1 shows the three 
representative stent-graft models analyzed in this study. The first model 
analyzed was the single stent-graft model, which is the model typically 
used to mimic the treatment of thoracic aortic aneurysms by TEVAR 
(Figure 1A). The second model analyzed was the longitudinal direction-
type (the sagittal direction 0˚, LD) DoBAR model placed inside the 
aorta at 0˚ to the sagittal plane (Figure 1B). The third model was the 
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sagittal direction-type (the sagittal direction 90˚, SD) DoBAR model, 
which we placed inside the aorta at 90˚ to the sagittal plane (Figure 
1C). The orientation of the anterior, posterior, inner, outer, and sagittal 
planes and LD and SD types are displayed in Figure 1D and 1E. The 
figures show that the DoBAR consists of two stent-grafts that compete 
for space within the aorta. To obtain the best balanced compliance, two 
equally sized stent-grafts were chosen. If both endovascular stent-grafts 
expanded to their maximum size, the girth of each stent-graft would 

require to fit the diameter and half of the circumference. Therefore, these 
two stent-grafts would form two semicircles [4]. To comprehensively 
understand the changes in the flow fields after inserting the proposed 
DoBAR into the aorta, blood flow fields for both the longitudinal and 
sagittal double stent-grafts inside the dilated aorta need to be studied. 
The CFD analysis in this study involves three aspects: the construction 
of a 3D geometrical model and mesh generation, a definition of 
boundary conditions, and a subsequent numerical calculation. 

The aortic CFD geometry 

Figure 2A and 2B show the real geometry of the thoracic aorta 
based on the medical computed tomography (CT) examination image. 
The CT scan covers the entire target region with a resolution of 1024 x 
768 pixels and a slice thickness of 5 mm. Figure 2C shows the simplified 
geometric model of the CT image by ESI CFD-RC GEOM (Alabama, 
USA) for the surface and grid generation. To achieve grid independence, 
we created more than 500 000 elements in the fluid domain for each 
model. We assessed flow fields at four cross-planes: the ascending aorta 
(A-A plane), the mid-aortic arch (B-B plane), the stent-graft proximal 
landing zone (C-C plane), and the stent-graft distal landing zone (D-D 
plane), as shown in Figure 2B and 2C. Figure 3 shows the dimensions 
of the model: the diameter of curvature of the aortic arch D was 95 
mm, the inside lumen diameter D1 was 36 mm, the thickness of the 
stent-graft was 0.2 mm, the thickness of the double stent-graft G was 
0.4 mm, the length of the stent L2 was 150 mm, and the length of the 
downstream stent L1 was 100 mm. Figure 3B shows the LD type of the 
DoBAR model, and Figure 3C shows the SD type.

 The 3D unsteady continuity equation and the Navier-Stokes 
equation, as shown below, were used to solve the numerical solution for 
the blood flow field, using CFD-ACE plus.
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       where ρ is the fluid density, V
 is the velocity vector of the flow field, 

Re is the Reynolds number, and p is pressure. 

Boundary conditions

This study models the rheological properties of aortic blood as 

 
Figure 1: The models of the aortic stent grafts. (A) Single stent-graft, (B) the 
longitudinal direction (LD) type of DoBAR, (C) the sagittal direction (SD) type 
of DoBAR, (D) the direction of the descending aorta, (E) The conditions of LD 
and SD type in the descending aorta.

 Figure 2: (A) the real geometry of the thoracic aorta based on the medical 
computed tomography image. (B), (C) the definition of the four sampling 
planes.

 
Figure 3: (A) The simplified geometry model of the thoracic aorta: the 
diameter of curvature of the aortic arch D=95 mm, the inside lumen diameter 
D1=36 mm, the thickness of the stent graft was 0.2 mm and the double 
stent graft G=0.4 mm, the length of the stent L2=150 mm, the length of the 
downstream aorta L1=100 mm; (B) the LD type of DoBAR; (C) the SD type 
of DoBAR.

 

Figure 4: Blood velocity and pressure waveform of a normal adult at 1Hz.
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an incompressible, homogeneous, and Newtonian fluid [6-8]. Blood 
flows in the vessels are pulsatile. Figure 4 shows the physiologically 
representative pulsatile velocity-time sequence at the inlet and the 
pressure waveform at the outlet for typical normal adult conditions 
[6,7]. The highest blood flow speed is achieved during the systole, 
and the lowest speed is followed by the diastole. The standard for 
determining the laminar or turbulent flow of a fluid is the Re number. 
At Re < 2300, the fluid is commonly regarded as laminar. Previous 
research has treated the blood flow in large blood vessels as laminar 
[6]. The mean Re number in current flow conditions was approximately 
2000. Therefore, the flow simulations in this study assume a laminar 
flow. To obtain a periodic state in a time-dependent calculation in CFD 
simulations, this study adopts the semi-implicit method for pressure-
linked equations consistent (SIMPLEC). This study simulated four 
cardiac cycles to achieve a periodically convergent solution independent 
of the initial conditions. In total, 100 time steps were used to resolve one 
cycle. We defined the hemodynamic fluid parameters as follows: blood 
viscosity of 0.0035 Ns/m-2 and blood density of 1050 kg/m-3 [6]. This 
study applied the no-slip boundary condition on all vessel walls, and 
regarded them as rigid walls.

Secondary flow and dimensionless number for pulsating flow

The aorta has a complex 3D U-shaped geometry with a 180° arch. 
When a large volume of blood passes through the curved aortic arch, 
the blood fluid is subjected to a centrifugal acceleration normal to the 
original flow direction. The centrifugal force causes ν and w velocity 
components in addition to axial flow velocity u. The moving blood 
forms a secondary flow pattern and develops into two counter-rotating 
vortices [9,5]. The strength (Q) of the secondary flow can be evaluated 
using (3): 

22 wvQ +=                                                                                            (3)
where ν and w are the velocity components in the y and z directions, 

respectively. 

A dimensional analysis of the unsteady U-shaped pipe flow 
commonly leads to non-dimensional values for Re, for the Womersley 
number (α ), for the Strouhal number (St), and for the Dean number 
(De) [5,9-11]. This study defined these parameters in (4) to (7), and 
used them to characterize the current unsteady blood vessel flow. The 
Reynolds number Re is defined as the ratio between the inertial force 
and the viscous force. It can be used to determine if flow changes from 
laminar flow to turbulent flow. The Womersley number represents the 
ratio of unsteady forces to viscous forces, and the Strouhal number 
represents the ratio of the oscillatory inertial forces to the convective 
inertial forces. When the Womersley number is larger than 10, the 
flow tends to be unstable [5]. A low Strouhal number indicates higher 
pulsatility [8]. The Dean number, defined as the ratio of centrifugal 
forces to viscous forces [5,11], indicates the strength of secondary flow.
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where ρ is the fluid density, Vm is the mean axial velocity at a specific 
cross-section, D is the aortic diameter, µ is the dynamic viscosity of 
the blood, f is the heart rate, Vp-Vm is the difference between the peak 
and mean velocity at the cross-section, D1 is the tube diameter,  is the 
kinematic viscosity, and µ is the velocity component in the x direction. 

Figure 5: The CFD results of the single stent-graft model. (A) Axial velocity on PFF(T=0.26s), (B) secondary flow on PFF, (C) axial velocity on PRF (T=0.5s), 
(D) secondary flow on PRF.
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Results
Primary axial velocity and secondary flow distribution 

According to the pulsatile inlet velocity boundary condition (Figure 
4), this study plotted two specific time points during one cardiac cycle. 
The first time plotted was the peak forward-flow time (PFFT) at T = 
0.26 s, and the second was the peak reverse-flow time (PRFT) at T = 
0.5 s. This study plotted flow fields at four cross-planes: the A-A, B-B, 
C-C, and D-D planes along the simplified aorta model, as shown in 
Figure 2C. 

The single stent-graft model

The primary axial velocity and secondary flow fields for the single 
stent-graft model are shown in Figure 5. At the PFFT point of the 
systole, the axial velocity distribution was uniform, with an average 
velocity of approximately 1.2 m/s at the ascending aorta (Figure 5A, 
A-A plane). When the flow passed through the U-shaped aortic arch, 
the axial flow velocity skewed and accelerated near the inner region 
of the U-shaped aortic arch from the arch to the proximal descending 
aorta (Figure 5A, B-B and C-C planes). The peak axial velocity reached 
1.4 m/s. Near the outer region of the U-shaped aortic arch, the axial 
velocity distribution remained uniform at approximately 1.2 m/s. The 
findings also showed that the axial velocity close to the inner region 
of the U-shaped aortic arch decelerated significantly (Figure 5A, C-C 
plane). After entering the distal descending aorta, the primary axial 
flow velocity recovered to near that of the inlet flow (Figure 5A, D-D 
plane). Because of the centrifugal forces present, the flow around the 
curvature of the aortic arch was expected to induce secondary flow. 
The magnitudes of the secondary flow velocity (Q) were plotted with 
a color bar, and the secondary flow structures were indicated with 
velocity vectors. At the ascending aorta A-A plane, the axial velocity 
was uniform, and the secondary flow was beginning to develop (Figure 
5B, A-A plane). Secondary flow appeared unidirectional with a velocity 
of approximately 0.5 m/s from the inner to the outer regions of the 

U-shaped aortic arch. After entering the B-B plane of the curved aortic 
arch, the secondary flow was suppressed by the increasing pressure 
boundary condition at the outlet (Figure 5B, B-B plane). Secondary 
flow appeared only near the inner region of the U-shaped aorta (with 
the decelerated axial velocity). After passing through the U-shaped 
aortic arch, the strength of secondary flow gradually increased to 0.25 
m/s, and contributed to the accelerated flow from the lateral side of 
the aorta (Figure 5B, C-C plane). In the distal descending aorta, the 
secondary flow diminished to two extremely weak vortices, as shown 
in Figure 5B, D-D plane.

At the PRFT point of the diastole, the axial velocity had a central 
reverse-flow jet, as opposed to the slow outer lateral forward-flow of 
0.15 m/s at the ascending aorta (Figure 5C, A-A plane). Because of the 
centrifugal forces, the maximal reversed flow was observed to occur in 
the posterior-to-anterior oval form at the curved aortic arch (Figure 
5C, B-B plane). At the proximal descending aorta (Figure 5C, C-C 
plane), the reverse flow once again resembled that of the inner-side 
reversed flow. The distal descending aorta exhibited a considerably 
slower reverse-flow pattern (Figure 5C, D-D plane). The secondary 
flow pattern inside the ascending aorta at this PRF time point was 
in the opposite direction to that of the systolic phase; it maintained 
uniformity, but flowed from the outer wall into the inner aorta (Figure 
5D, A-A plane). At the curvature of the aortic arch, the secondary flow 
exhibited counter-rotating vortices in the mid-left plane, which moved 
toward the posterior-outer wall (Figure 5D, B-B plane). After entering 
the proximal descending aorta, the secondary flow pattern disappeared, 
as the ascending aortic section supplied the reverse flow from the outer 
and lateral sides of the aorta (Figure 5D, C-C plane). The vortices of the 
secondary flow were observed to subside in the distal descending aortic 
section, as shown in the D-D plane in Figure 5D.

The LD type of the DoBAR model 

The CFD simulation results of the LD type of the DoBAR model 
are shown in Figure 6. At the PFFT point of the systole, the primary 

Figure 6: The CFD results of the LD type of DoBAR model. (A) Axial velocity on PFF, (B) secondary flow on PFF, (C) axial velocity on PRF, (D) secondary flow 
on PRF.
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axial flow velocity was similar to that of the single stent-graft model 
at the ascending aorta (Figure 6A, A-A plane). The flow skewed and 
accelerated after entering the arch and the descending aorta, exhibiting 
the same pattern as it did with the stent-graft model (Figure 6A, B-B 
plane). After entering the double stent-graft region, the flow formed two 
mirrored separate flow patterns inside the two chambers (Figure 6A, 
C-C plane). In addition, the wall friction at the septum of the DoBAR 
hindered and slowed the axial forward-flow velocity. The forward-flow 
pushed against the wall on distal descending aortic region with higher 
outer-flow acceleration than inner-flow acceleration (Figure 6A, D-D 
plane). The pressure gradient in the secondary flow distribution thus 
changed slightly, particularly in the distal stent-graft region. The two 
vortices inside the aorta disappeared at the PFFT point of the systole. 
The two-chamber effect resulted in the secondary flow distribution, 
forming a bipolar mirror pattern (Figure 6B, D-D plane). 

At the PRFT point of the diastole, the axial velocity exhibited the 
same as single stent-graft model continuous central reverse-flow jet 
at the ascending aorta (Figure 6C, A-A plane). Because of the effect 
of the distal stent-graft, the previous arch swing reverse-flow signal 
disappeared as the reverse flow continued to the inner-central section 
of the distal descending aorta (Figure 6C, B-B to D-D planes). The 
secondary flow pattern also lost the single-stent swing pattern at the 
PRFT point and, because of the dual-chamber effect, showed the bipolar 
mirror pattern from the arch to the descending aorta at the anterior and 
posterior poles (Figure 6D, B-B, C-C, and D-D planes).

Figure 7: The CFD results of the SD type of DoBAR model. (A) Axial velocity on PFF, (B) secondary flow on PFF, (C) axial velocity on PRF, (D) secondary flow 
on PRF.

The SD type of the DoBAR model

The CFD simulation results of the SD type of the DoBAR model 
are shown in Figure 7. At the PFFT point of the systole, the primary 
axial flow velocity remained the same as in the single stent-graft model 
at the ascending aorta (Figure 7A, A-A plane). However, because of 
the transverse mid-plane effects, the inner stent-graft maintained 
the inner flow acceleration (Figure 7A, C-C plane). Nonetheless, the 
outer layer of the inner stent-graft exhibited a slower flow acceleration 
compared with the two previous model types. The outer stent-graft 
also exhibited the same pattern as the inner stent-graft at the proximal 
descending aorta, but beyond the distal descending aorta, the outer 
stent-graft maintained its forward-flow acceleration (Figure 7A, D-D 
plane). Because of the transverse mid-plane effects, the secondary flow 
distribution also changed to the bipolar mirror pattern at the inner and 
outer poles in this systolic PFF phase (Figure 7B, B-B to D-D planes). 

At the PRFT point of the diastole, the axial velocity exhibited a 
continuous central reverse-flow jet at the ascending aorta (Figure 7B 
A-A plane). Because of the effect of the distal stent-graft, the previous 
arch swing reverse-flow signal also disappeared, and the descending 
aortic region was almost entirely occupied by the reverse flow (Figure 
7C, B-B to D-D planes). The secondary flow pattern also lost the single-
stent swing pattern at this time point and, because of the dual-chamber 
effect, was substituted with the bipolar mirror pattern at the inner and 
outer poles from the aortic arch to the descending aorta (Figure 7D, 
B-B to D-D planes).

 Strouhal number (St)  Wormersly number (α) Dean number (De)
plane A-A B-B C-C D-D A-A B-B C-C D-D A-A B-B C-C D-D
single stent-graft 0.02 0.0221 0.0217 0.018 24.4 24.4 24.4 24.4 32.49 30.11 32.31 NA
LD type DoBAR 0.0209 0.022 0.0221 0.022 24.4 24.4 24.4 12.2 33.91 30.07 31.91 NA
SD type DoBAR 0.0218 0.0224 0.0242 0.022 24.4 24.4 24.4 12.2 27.46 27.66 26.28 NA
DoBAR: Double-Barreled cannon stent-graft Aortic Repair; LD: longitudinal direction-type; NA: not available; SD: sagittal direction-type

Table 1:  Strouhal numbers, Wormersley numbers, and Dean numbers for three models.
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Non-dimensional frequency parameter 
The non-dimensional frequency parameters that were needed to 

calculate the flow field stabilities, the Strouhal numbers, the Womersley 
numbers, and the Dean numbers are shown in Table 1. The St increased 
slightly at the level of the aortic arch, but gradually decreased toward 
the distal descending aorta, with the lowest level being 0.0179. In 
contrast, the St had peak values of 0.0224 and 0.0242 in the distal 
descending aortic level of the LD type and in the proximal descending 
aortic level of the SD type of the DoBAR model, respectively. The same 
tendency was also observed in the results of the Womersley numbers. 
As the flow passed via the descending aorta through the double stent-
graft, the values of α decreased and reached their lowest at the level 
of the distal descending aorta. The Dean numbers exhibited patterns 
and values considerably similar to those of the single stent-graft and the 
LD type DoBAR model, but were lower in the SD-type DoBAR model. 
In the distal descending aorta (D-D plane), there was no significant 
centrifugal force because of the straightness of the vessel. 

Discussion
Most current studies use hemodynamic measurements in the 

human aorta to deduce the etiological mechanisms of aortic aneurysms 
and aortic dissection. Several experimental and computational studies 
have attempted to illustrate the flow field of the aorta, to interpret the 
mechanisms of aortic diseases [5-7,11-13]. Qiao et al. used a simplified 
model of the ascending aorta and aortic arch of canines to conduct a 
numerical simulation analysis [12]. They demonstrated that, during 
the progression of the cardiac cycle, the unsteady nature of shearing 
stress on the walls was particularly pronounced on the inner walls of 
the aortic arch. Consequently, the endothelial cells in these areas were 
more likely to be damaged. These would then induce atherosclerosis 
or plaque rupturing in the intimal layer. Mori et al. created a model 
for CFD analysis of the specific angular distortions of the aortic arch 
and conducted numerical simulation analyses [13]. They observed 
that circumferential components contributed significantly to the 
hemodynamic effects on the walls of the aortic arch. Gao et al. 
conducted an analysis of the pulsatile blood flow between the layers of 
the aortic arch [14]. They found that the circumferential tension of the 
arterial wall is directly related to arterial pressure. These studies have 
validated the theory that blood flow patterns and the control of blood 
pressure are critical factors in the treatment of thoracic aortic aneurysm 
patients [5-7,11-13]. Sometimes it is difficult to obtain experimental 
results from humans for ethical reasons, particularly when managing 
aortic surgery. For this reason, the computational fluid dynamic (CFD) 
method has been increasingly used to identify the best treatment 
strategy for humans, and is a useful tool for simulating the blood flow 
of the human aorta [8-14]. The CFD method can provide 3D numerical 
simulations of blood flow through an aortic model, providing for the 
identification of pathological mechanisms or the development of design 
changes in devices used in the aorta. 

This study initially used the DoBAR strategy in patients in a life-
saving capacity. However, the clinical validation of its real application, 
the feasibility of the DoBAR strategy, and the effect of the stent array 
on blood flow and the aorta need to be clarified. The CFD method is 
a suitable tool for this purpose. In this study, the main influence on 
the velocity profiles came from geometrical differences. One crucial 
consideration is that the effect of the double stent array on TAA cannot 
be predicted precisely after the stent-graft is deployed inside the aorta. 
Therefore, this study designed and analyzed the conditions of normal 
single stent-grafts and double stent-grafts in longitudinal and sagittal 
array scenarios. The stent-grafts were mainly located in the proximal to 

descending aorta. The flow at four planes was observed in these models: 
at the ascending aorta, the aortic arch, the proximal descending aorta, 
and the distal descending aorta. The axial velocity distribution and 
secondary flow vectors at the PFFT of the systolic phase and the PRFT 
of the diastolic phase were observed, respectively. 

The CFD simulation results demonstrated that the primarily 
forward-flow pattern and its associated secondary flow at the PFFT 
point of the systolic phase were not significantly affected by the presence 
of the double stent-grafts. The only difference was that the secondary 
flow located in the descending aorta lost the original vortices in the 
single stent scenario. However, because of the effect of the double stent-
grafts on the septum, the initial arch swing pattern of the reverse flow 
at the PRFT point of the diastole disappeared. The reverse-flow formed 
only a straight reversed back-flow in both the longitudinal and sagittal 
array scenarios of the DoBAR strategy. The secondary flow at this time 
point also lost the original vortex pattern and formed either upper-
lower or anterior-posterior bipolar secondary flow patterns. 

The non-dimensional frequency parameters of the Re,α , St, and De 
numbers could help identify the flow instabilities of the physiologically 
simulating pulsatile flow [15]. The St represents the dimensionless 
stroke volume, and the lower St indicates a higher pulsatility [8]. In 
the single stent-graft model, the St was calculated with the lowest value 
at the distal descending aortic segment because of the large variance 
between peak and mean velocity at this region in the pulsatile flow 
cycle. In contrast, the St had a higher average value for the DoBAR 
models. The Womersley numbers govern the relationship between 
the unsteady and viscous forces, and indicate the transition between 
laminar and turbulent. A Womersley parameter above 10 indicates 
that unsteady inertial forces are dominant, that the higher-frequency 
motional amplitude is reduced, and that a 90˚ phase difference exists 
between the pressure gradient and the flow [5]. In the single stent-
graft model, the Womersley number remained at 24. In contrast, the 
Womersley numbers of the DoBAR model at the distal descending 
aortic level decreased because of geometrical differences between 
the two models. This might explain why the arch swing reverse-flow 
signal disappeared in the DoBAR models. However, larger Womersley 
numbers have a stronger influence on the flow profiles in the stenotic 
region [10]. Therefore, the DoBAR models tended to stabilize the flow 
to a greater extent than the single stent-graft models. In both DoBAR 
models, the Strouhal number and the Womersley number showed that 
the pulsatilities of the distal descending aorta segment had decreased, 
with a steadier flow afterward. Dean numbers can be defined as the 
ratio of the centrifugal inertial forces to the viscosity, and are used to 
assess the variance caused by the radial curvature effect along the arch 
of the aorta. With an increased Dean number, the centrifugal forces 
became stronger, thus increasing the associated secondary flow. The 
lowest Dean number was observed in the SD type of the DoBAR model, 
which means that this type had the weaker axial velocity, and thus, a 
weak secondary flow. These data demonstrate that the DoBAR strategy 
might result in a steadier flow inside the stent-grafts. 

Conclusion
The DoBAR strategy for aortic repair is an alternative method 

for solving the specific problem of a patient with a larger aortic neck 
than current aortic devices can be applied to. However, the clinical 
validation of its real-world application needs to be examined. Using 
CFD simulations in three specific scenarios, the feasibility of DoBAR 
can be clarified. These findings will have far-reaching implications 
for the operation of stent-grafts in actual clinical application. The 
observation of blood flow and the hemodynamic changes in CFD 
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models might help us better understand possible aortic flow changes 
and their potential effects. 
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