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CFD study of the effect of coarctation on the distribution  
of velocities, pressures, and shear stresses in the thoracic aorta

Abstract. This study focuses on numerical modeling of thoracic aortic hemodynamics in patients with 
coarctation, a congenital narrowing of the vessel lumen that impairs blood flow and increases hemodynamic 
load. The aim of the study was to identify the influence of geometric changes in the aorta on the distribution 
of velocity, pressure, and shear stress using computational fluid dynamics (CFD) methods. The mathematical 
model is based on the Navier-Stokes equations for an incompressible non-Newtonian fluid, which describes 
the rheological properties of blood. Calculations were performed using the finite volume method with an 
explicit time-dependent scheme for two geometric configurations – normal and pathological. Analysis of 
the resulting velocity and pressure fields revealed that with coarctation, the maximum velocity increases by 
approximately 1.6 times, and the pressure difference between the ascending and descending aorta reaches 
0.6 kPa. The shear stress distribution revealed localized areas of extreme values that potentially contribute 
to endothelial dysfunction. This study contributes to the development of personalized blood flow modeling 
and demonstrates the potential of CFD methods for assessing hemodynamic disturbances in vascular 
pathologies, which has practical implications for preliminary diagnosis and treatment planning.
Keywords: hemodynamics, coarctation of the aorta, computational fluid dynamics, CFD, numerical 
modeling.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
 
Coarctation of the aorta (CoA) is a congenital 

narrowing of the thoracic aorta that impedes normal 
blood flow and causes compensatory redistribution 
through collateral vessels. This leads to arterial 
hypertension in the upper body, left ventricular 
overload, and left ventricular hypertrophy [1, 2]. 
Despite the advancement of surgical correction 
techniques and catheter-based interventions, the risks 
of recoarctation and aneurysm formation remain, 
which are associated with local hemodynamic 
disturbances [3]. Therefore, increasing attention is 
being paid to methods for quantitative assessment of 
blood flow parameters that can identify key 
biomarkers of the disease. 

One rapidly developing area is the use of phase-
contrast magnetic resonance imaging (4D flow). This 
method allows for obtaining spatiotemporal velocity 
distributions, assessing pressure differences, and wall 

shear stress (WSS), which has high diagnostic value 
[4]. Studies have shown that 4D flow can be used to 
identify pathological changes in blood flow and 
assess the effectiveness of surgical treatment [5–7]. 
However, limitations of the method relate to spatial 
and temporal resolution, noise, and distortions arising 
from tissue movement and magnetic field properties, 
which reduce the accuracy of the data obtained [40]. 

Numerical methods are increasingly being used 
to improve the reliability of analysis. Combining 
clinical data with computational modeling allows for 
a detailed understanding of hemodynamics and the 
assessment of parameters difficult to measure 
directly [8, 9]. In this context, computational fluid 
dynamics (CFD) methods have gained a special 
place, as they enable the reproduction of velocity 
fields, pressure distributions, and WSS in individual 
vessel geometries. Unlike traditional clinical 
measurements, CFD provides a three-dimensional 
description of flows and allows for the investigation 

https://orcid.org/0009-0000-1432-5090
https://orcid.org/0009-0001-3152-235X
https://orcid.org/0009-0007-3248-7967
https://orcid.org/0009-0007-4548-7798
https://orcid.org/0009-0000-5509-4073
https://orcid.org/0000-0003-3923-3584
https://orcid.org/0000-0002-1937-8615
https://doi.org/10.26577/ijmph.202516210


86 CFD study of the effect of coarctation on the distribution of velocities, pressures, and shear stresses in the thoracic aorta

of the influence of both geometric features and 
boundary conditions [10–12]. 

High WSS values are associated with endothelial 
damage, while low values create conditions favorable 
for atherogenesis [13, 14]. LaDisa et al. [10] 
demonstrated that changes in geometry after surgical 
correction of CoA lead to significant restructuring of 
the WSS distribution and the formation of zones with 
increased risk of atherosclerotic lesions. Similar 
conclusions were reached in other studies, where 
local hemodynamic characteristics were considered 
as a determining factor in further disease progression. 

The literature also contains studies using more 
complex simulations that take into account the 
interaction of blood and the vessel wall (Fluid-
Structure Interaction, FSI). Such models are capable 
of accounting for aortic deformation under the 
influence of pulsatile flow [12, 15–18]. Including 
wall compliance has been shown to provide a more 
accurate match to clinical data; however, it requires 
significantly greater computational resources and 
detailed information on the mechanical properties of 
tissues. Therefore, CFD remains a fundamental tool 
for hemodynamic studies and is widely used to 
analyze pathologies, including coarctation of the 
aorta. 

Despite a significant amount of research, the 
influence of the degree and shape of stenosis on the 
spatiotemporal distribution of velocity, pressure, and 
shear stress in the thoracic aorta remains 
insufficiently quantitatively described. This study 
numerically simulates hemodynamics in the thoracic 
aorta using anatomically realistic geometry derived 
from medical images. Two models are considered: a 
normal aorta and an aorta with coarctation. The focus 
is on analyzing the distribution of velocities, 
pressures, and wall shear stress, which allows us to 
identify characteristic features of blood flow and 
assess the impact of stenosis on key hemodynamic 
parameters. 

 
Materials and Methods  
 
Mathematical Model 
Blood flow in the thoracic aorta is described by 

the Navier-Stokes equations for an incompressible 
fluid. Blood is assumed to be a non-Newtonian fluid 
with a constant density of ρ = 1050 kg/m³. 

 
 

Continuity equation: 
 

∇ ∙ 𝑢𝑢𝑢𝑢 = 0                             (1) 
 
Momentum equation: 
 

𝜌𝜌𝜌𝜌 �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑢𝑢𝑢𝑢 ∙ ∇𝑢𝑢𝑢𝑢� =  −∇𝑝𝑝𝑝𝑝 + ∇ ∙ 𝜏𝜏𝜏𝜏            (2) 
where: 

u – is the velocity vector, m/s; 
p – is the pressure, Pa; 
τ – is the viscous stress tensor, Pa. 
To describe the viscosity properties of blood, the 

Carreau rheological model is used, which accurately 
reflects the behavior of blood in arterial flow [19, 20]: 

 

𝜇𝜇𝜇𝜇(𝛾̇𝛾𝛾𝛾) =  𝜇𝜇𝜇𝜇∞ + (𝜇𝜇𝜇𝜇0 − 𝜇𝜇𝜇𝜇∞)[1 + (𝜆𝜆𝜆𝜆𝛾̇𝛾𝛾𝛾)2]
(𝑛𝑛𝑛𝑛−1)
2    (3) 

 
where: 

μ0 = 0.056 Pa s is the viscosity at zero shear rate; 
μ∞ = 0.00345 Pa s is the viscosity at infinite shear 

rate; 
n = 0.3568 is the exponent; 
λ = 3.313 s is the time parameter; 
𝛾̇𝛾𝛾𝛾 – is the effective shear rate, s-1. 
 
Boundary conditions 
A pulsatile velocity profile (Fig. 1a) was defined 

at the entrance to the ascending aorta, reconstructed 
from clinical measurements. The cardiac cycle period 
was T = 0.75 s, with the maximum velocity during 
systole reaching 0.6 m/s. The profile was 
approximated using 119 points and interpolated 
according to the time step. Free-flow conditions (p = 
0) were defined at the exits of the thoracic aorta, 
carotid, and subclavian arteries. The aortic walls 
were treated as rigid boundaries.  

 
Numerical Method 
The equations were solved using the finite 

volume method. The SIMPLE algorithm was used to 
relate pressure and velocity [26, 27]. Convective 
terms were approximated by a second-order wind-
dependent scheme, and diffusion terms were 
approximated by a second-order scheme. An explicit 
scheme with a step size of Δt = 0.005 s was used for 
time discretization. The maximum number of internal 
iterations at each time step was limited to 20. 
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Figure 1 – Inlet velocity boundary condition 

 
Geometry and Mesh 
Thoracic aortic geometries were reconstructed 

from medical images from an open database [21]. 
Two cases were considered: a normal aorta and an 
aorta with coarctation in the region between the left 
carotid and subclavian arteries. Model preparation 
and cleaning were performed using SpaceClaim and 
Design Modeler. 

A tetrahedral mesh was constructed for numerical 
calculations. A sensitivity analysis to element size 
was performed: three meshes with characteristic cell 

sizes of 1 mm, 2 mm, and 3 mm were considered. 
Mesh parameters are listed in Table 1.  

A comparison of the average velocity time 
profiles for the three mesh variants is shown in Figure 
2. The results showed that when switching from 2 
mm to 1 mm, the velocity discrepancy was less than 
0.005 m/s, indicating sufficient mesh convergence. 
Based on this, a mesh with an element size of 2 mm 
was selected for all subsequent calculations as it 
provided the optimal balance between accuracy and 
computational cost. Figure 3 shows the final mesh for 
normal and pathological geometries. 

 
 

Table 1 – Parameters of computational grids for sensitivity analysis 
 

Mesh no. Mesh size Element number Velocity (m/s) 
mesh 1 3 mm 196,805 0.3965 
mesh 2 2 mm 663,385 0.3971 
mesh 3 1 mm 5,284,194 0.4005 

 
 

 
Figure 2 – Comparison of velocity profiles obtained on three grid variants 

 



88 CFD study of the effect of coarctation on the distribution of velocities, pressures, and shear stresses in the thoracic aorta

 
a) 
 

 

 

b 
 

Figure 3 – Geometries (a) and computational grids (b):  
on the left – aorta without pathology, on the right – aorta with coarctation 

 
 
Numerical Model Validation 
To verify the validity of the selected numerical 

methods, a test simulation of unsteady Poiseuille 
flow under laminar conditions (Re = 100) was 
performed in a circular pipe of constant diameter D = 
0.01 m and length L = 0.1 m. Water with a density of 
998 kg/m3 and a constant viscosity of 0.001003 kg/(m 
s) was used as the working fluid. 

A comparison of the calculated velocity 
profiles in two cross-sections (x/L = 0 and x/L = 
0.9) with the analytical solution showed 
satisfactory agreement (Figure 4). The results 
confirm that the chosen numerical scheme and 
spatial discretization correctly reproduce classical 
solutions and can be used to model blood flow in 
the aorta. 
 
 

 
 

Figure 4 – Comparison of velocity profiles for unsteady Poiseuille flow:  
numerical solution, analytical distribution and numerical results of Labroquere [22] 
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Results and Discussion 
 
Velocity Distribution 
Figure 5 shows the velocity distribution in the 

aorta without pathology and with coarctation at 
characteristic moments of the cardiac cycle—peak 
systole and late diastole. In a normal aorta, the flow 
maintains an axisymmetric structure, with maximum 
velocities reached in the central part of the lumen. 
With coarctation, marked blood flow acceleration is 

observed in the narrowing zone, with the formation 
of a jet flow. 

After the narrowing zone, an extended section with 
a high velocity gradient and pronounced turbulence 
develops. This is accompanied by the appearance of 
reverse flow zones in the descending aorta, particularly 
noticeable at the end of systole. This flow pattern differs 
significantly from a laminar profile and is consistent 
with clinical observations of hemodynamic 
disturbances associated with coarctation.

 
 

 
a     b 

 
Figure 5 – Velocity field in the normal aorta and with coarctation:  

a – peak systole, b – end diastole 
 

 
The average velocity time profiles in the 

ascending and descending aorta for both cases are 
shown in Figure 6. In a normal aorta, the velocity 
profile is smooth, while with constriction, the 
amplitude of oscillations increases significantly. 
The maximum velocity in the coarctation zone 
exceeds the corresponding values for a normal 
aorta by more than 1.6 times, confirming the 

presence of significant hemodynamic loading on 
the vessel walls. 

Analysis of the dynamics showed that the 
difference between normal and pathological 
geometry is most pronounced during peak systole. 
During diastole, the differences smooth out, but the 
jet-like nature of the flow beyond the coarctation 
zone persists throughout the cycle.

 
 

 
 

Figure 6 – Time profiles of mean velocity in the ascending  
and descending aorta for normal geometry and with coarctation 
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Pressure Distribution 
Figure 7 shows the pressure distribution in a 

normal aorta and a coarctation aorta during peak 
systole. Healthy geometry is characterized by a 
smooth pressure decline from the ascending to the 
descending aorta, with a pressure differential of no 
more than 0.15 kPa. 

With coarctation, a pronounced gradient deve-
lops: before the constriction, the pressure reaches 
~1.8 kPa, while after the constriction, it drops to ~1.2 
kPa. Thus, the peak differential is approximately 0.6 

kPa, which is four times higher than in a normal 
aorta. This result indicates significant hemodynamic 
loading and is consistent with literature data on a 
critical increase in gradient in CoA [16, 23]. 

Figure 8 shows the pressure time profiles at the 
control points. In a normal aorta, the values remain 
similar, and the maximum gradient during the cycle 
is insignificant. In the model with coarctation, the 
differences become clearly expressed: the peak 
difference is recorded in systole, while in diastole the 
differences are smoothed out.

 
 

 
а      b 

 
Figure 7 – Pressure distribution in the normal aorta  

and with coarctation in the peak systole phase 
 
 

 
Figure 8 – Time profiles of pressure in the ascending  

and descending aorta for normal geometry and with coarctation 
 
 
Wall Shear Stresses 
Figure 9 shows the distribution of instantaneous 

wall shear stresses (WSS) for a normal aorta and one 
with coarctation. In normal geometry, WSS remains 
relatively uniform: maximum values are recorded in 

the curvature region, but their magnitude remains 
within the physiological range noted in the literature 
[24, 25]. 

In the coarctation model, a significant increase in 
WSS is observed in the constriction zone, where stresses 
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exceed background values by more than two times. 
Simultaneously, areas of reduced WSS develop behind 
the constriction, associated with recirculation and 
weakening of shear loads on the wall. This combination 
of high and low stresses is known to be a risk factor for 
the development of endothelial dysfunction and the 
progression of vascular pathologies. 

Time-averaged shear stress confirms that the 
highest WSS values are achieved during peak systole. 
The cycle-averaged distribution (TAWSS) indicates 
that the normal aorta is characterized by smoothed 
values along the wall, whereas coarctation produces 
a localized peak in the narrowed area and an extended 
region of reduced TAWSS beyond it.

 
 

 
CoA     Healthy 

 
Figure 9 – Distribution of instantaneous wall shear stresses (WSS)  

in the normal aorta and with coarctation 
 
 
Conclusion  
 
This study presents a numerical simulation of 

hemodynamics in the thoracic aorta based on 
anatomically realistic geometry obtained from 
medical images. A comparison of a normal aorta and 
an aorta with coarctation revealed that the presence 
of stenosis significantly alters the blood flow 
structure and key hydrodynamic parameters. 

The main differences are evident during peak 
systole, when blood flow velocity in the stenosis zone 
increases by 1.6 times compared to normal geometry. 
Simultaneously, a significant pressure differential 
develops between the ascending and descending 
aorta, reaching approximately 0.6 kPa, significantly 
exceeding values for a healthy aorta. Analysis of 

shear stress distribution revealed a sharp increase in 
WSS in the stenosis area and the appearance of 
extended zones of reduced TAWSS beyond it. This 
combination of factors can contribute to the 
progression of vascular pathologies and complicated 
disease progression. 

The obtained results confirm the importance of 
considering the geometric features of the aorta in 
numerical modeling and demonstrate that CFD 
analysis can serve as a useful tool for assessing 
hemodynamic disturbances in coarctation. A 
promising direction for further research is to expand 
the model by taking into account the interaction 
between blood flow and the deformable vascular 
wall, which will allow for a more complete reflection 
of real physiological conditions.
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