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Abstract. Computational fluid dynamics (CFD) simulation of internal hemody-
namics in complex vascular models can provide accurate estimates of pressure 
gradients to assist time-critical diagnostics or surgical decisions. Compared to 
high-fidelity pressure transducers, CFD offers flexibility to analyze baseline he-
modynamic characteristics at rest but also under stress conditions without applica-
tion of pharmacological stress agents which present undesirable side effects.  In 
this study, the variations of pressure gradient and velocity field across a mild tho-
racic coarctation of aorta (CoA) is studied under pulsatile ascending aortic flow, 
simulative of both rest and stress cardiac output. Simulations were conducted in 
FLUENT 14.5 (ANSYS Inc., Canonsburg, PA, USA) - a finite volume solver, 
COMSOL 4.2a (COMSOL Multiphysics Inc., Burlington, MA) - a finite element 
solver, and an in-house finite difference cardiovascular flow solver implementing 
an unsteady artificial compressibility numerical method, each employing second-
order spatio-temporal discretization schemes, under assumptions of incompressi-
ble, Newtonian fluid domain with rigid, impermeable walls. The cardiac cycle-
average pressure drop across the CoA modeled relative to the given pressure data 
proximal to the CoA is reported and was found to vary significantly between rest 
and stress conditions. A mean pressure gradient of 2.79 mmHg was observed for 
the rest case as compared to 17.73 mmHg for the stress case. There was an inter-
solver variability of 16.9% in reported mean pressure gradient under rest condi-
tions and 23.71% in reported mean pressure gradient under stress conditions. In 
order to investigate the effects of the rigid wall assumption, additional simulations 
were conducted using a 3-element windkessel model implemented at the descend-
ing aorta, using FLUENT. Further, to investigate the appropriateness of the invis-
cid flow assumption in a mild CoA, CFD pressure gradients were also compared 
results of a simple Bernoulli-based formula, used clinically, using just the peak 
blood flow velocity measurements (in m/s) obtained distal to the aortic coarctation 
from CFD. Helicity isocontours were used as a visual metric to characterize  
pathological hemodynamics in the CoA. 

1 Introduction 

Coarctation of the aorta (CoA) is a common congenital disease present in adolescence 
or adulthood, and often identified in the context of investigation for hypertension  
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[1, 2]. CoA is often associated with other congenital diseases including atrial septa 
defect, pulmonary stenosis, etc [3, 4]. Decrease in regional diameter at the aortic 
coarctation results in elevated pressure gradients across it. These pressure gradients 
increase several fold under stress conditions, in contrast with rest conditions[5]. Com-
pared to high-fidelity pressure transducers employed during invasive pressure mea-
surement, computational fluid dynamics (CFD) offers flexibility to analyze baseline 
pre-repair hemodynamic characteristics non-invasively at rest and also under stress 
conditions in-silico, without application of pharmacological stress agents which 
present undesirable side effects, including chest pain, blood pressure decrease, arr-
hythmia, palpitations, shortness of breath and headaches [6, 7]. CFD can provide 
information regarding peak velocities distal to CoA and visual representations of flow 
structures using flow derived parameters such as helicity isocontours which can ob-
jectify characterizing the pathological extent of pre-repair CoA hemodynamics[8]. In 
this study, we use CFD to predict pressure gradients across a mild CoA (~30%) in 
a17-year old male patient, at both rest (Re = 95) and pharmacological stress condi-
tions (Re = 3400) [5]. We provide a comparison of results between two commercial 
solvers – a finite volume (FVM) and a finite element (FEM) solver – as well as one 
in-house finite difference (FDM) solver, each set up to model rigid-wall CFD sup-
plied with the same inflow and outflow conditions specified for the 2013 STACOM 
CFD Challenge. Pressure gradients from CFD were compared against those obtained 
from the commonly used clinical formula [9], ΔP = 4V2, where V is the peak velocity 
(in m/s) distal to CoA, in order to assess the validity of the Bernoulli assumptions it is 
based upon (i.e. inviscid flow) in the context of a mild CoA. 

The paper is organized as follows: in section 2.1, the computational methods for 
the three different solvers utilized in this study are described including methods for 
data sampling and analysis. Section 2.2 presents a mesh sensitivity analysis conducted 
to ensure consistency and convergence of the CFD solution. In section 2.3, the me-
thod for implementing a 3-element windkessel model at the descending aorta (DAo) 
is described for the purpose of analyzing transient differences in pressure gradients 
across the CoA between the rigid wall models and one that considers compliance. 
Finally, section 3 presents the pressure gradients and velocity fields at rest and stress 
conditions, contrasting results from the three solvers along with a discussion of the 
limitations of this study in section 4. 

2 Methods 

2.1 Inter-solver Variability – A Verification Study 

The numerical solution to the Navier-Stokes (NS) equations modeling incompressi-
ble, viscous flow may be arrived at in a discretized fluid domain by using multiple 
established numerical methods[10-13], within an FEM, FDM or FVM discretization 
framework. For this study, simulations were conducted in FLUENT 14.5 (ANSYS 
Inc., Canonsburg, PA, USA) - a FVM solver, COMSOL 4.2a (COMSOL Multiphys-
ics Inc., Burlington, MA) – FEM solver and an in-house FDM cardiovascular flow 
solver implementing an unsteady artificial compressibility numerical method, each 
employing second-order spatio-temporal discretization schemes, under assumptions  
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of incompressible, Newtonian fluid domain with rigid, impermeable walls. The aorta 
CoA model examined in this study was segmented from a contrast enhanced magnetic 
resonance angiography (MRA) and was provided as a STL file for the CFD Chal-
lenge. The STL surface mesh was converted into solid model constituted of NURBS 
patches after conducting minimal surface correction operations and finally exported 
as an IGS file for purposes of universal compatibility with different solvers. Direct 
numerical solutions (DNS) CFD was performed without considering a turbulence 
model, as per the specifications of the CFD challenge, for identical rigid-wall geome-
try, inlet flow rates (as provided for rest and stress conditions) with a plug profile  
and outlet mass-flow splits. Outlet mass-flow splits of 17%, 8%, 10% and 65%  
were applied for the rest condition and 25%, 5%, 11% and 59% were applied for the 
stress condition, at the Innominate, left carotid, left subclavian and DAo branches, 
respectively. 

Finite Volume Solver: FLUENT 
FLUENT is a FVM code. The IGS geometry was meshed in ANSYS Workbench 14. 
The curvature-based advanced mesh size function tool was used to obtain better mesh 
resolution in the region of the coarctation. A mesh containing ~500,000 tetrahedral 
elements was considered for the final FLUENT simulations reported in this study. A 
mesh sensitivity analysis was also performed as described in section 2.2. A User  
Defined Function (UDF) was implemented to input pulsatile mass flow rate waveform 
at the inlet for rest and stress cases. The pressure at the inlet was set to 63.35 mmHg 
for rest conditions and 64.3 mmHg for stress conditions. For all the FLUENT  
simulations, the pressure-velocity coupling algorithm was set as SIMPLE which im-
plements a pressure based segregated algorithm. The SIMPLE algorithm uses a rela-
tionship between velocity and pressure corrections to enforce mass conservation and 
to obtain the pressure field. A second-order discretization of pressure and momentum 
terms was employed. The pressure discretization method was set as PRESTO!, rec-
ommended for complex geometries which induce swirl flow such as the aorta model. 
A second-order implicit time advancement with a fixed time step of 0.016 sec was 
chosen. 

Finite Element Solver: COMSOL 
COMSOL Multiphysics is a FEM code. A mesh containing ~600,000 and ~1,000,000 
tetrahedral elements with an imposed boundary layer mesh was considered for the 
final rest and stress case COMSOL simulations respectively. The inlet flow waveform 
(15 Fourier-term waveform reconstructions) was specified at the inlet via COMSOL’s 
live-link capabilities using MATLAB 2011b (The MathWorks Inc., Natrick, MA). A 
constant pressure was imposed at the inlet of the model as per the given pressure 
waveform. Simulations were conducted using the laminar flow module and a time 
dependent study. Furthermore, a preconditioned generalized minimal residual method 
(GMRES) iterative solver for the flow field at each time step and a constant (Newton) 
nonlinear solver time marching were implemented. Also, to aid in convergence for a 
highly nonlinear problem, the Jacobean matrix was updated after every iteration. 
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Finite Difference Solver- In-House Solver 
DNS was also performed using a second-order accurate, in-house FDM, artificial 
compressibility numerical solver. This solver has been used extensively for image-
based hemodynamic modeling and incorporates a validated multi-grid artificial com-
pressibility numerical solver [8, 14, 15]. Flow was simulated on a high-resolution 
unstructured Cartesian immersed boundary grid composed of ~500,000 uniformly 
spaced nodes, with an average node spacing resolution of 0.02 mm, which was gener-
ated after immersing the surface model in a Cartesian grid of 498 x 126 x 156 cubical 
elements. Computations were performed using normalized spatial and temporal units.  
The temporal resolution was considered as 0.01 simulation time units i.e. ~O (10-4) 
sec. A second order interpolation scheme was employed in order to obtain inlet condi-
tions based on the input discrete cardiac cycle data. Mean pressure at the inlet was set 
to the mean of the given pressure waveforms. 

Data Sampling 
For the purpose of standardizing data collection a plane proximal to CoA and plane 
distal to CoA were defined as specified in Table 1. All results for pressure gradient 
across the CoA were reported at these planes and data was gathered for the 5th  
cardiac cycle, in order to ensure damping of initial transients. 

Table 1. Planes before and after CoA defined by a point and through through the plane 

 Origin Normal to plane 
Proximal plane (188.96, 40.18, 253.22) (0.98,-0.09,-0.19) 

Distal plane (261.97,23.56,277.10) (0.99,-0.03,-0.14) 

2.2 Mesh Sensitivity Analysis 

A fine mesh (Fig 1a, 1c) consisting of ~500,000 elements and a coarse mesh (Fig 1b) 
consisting of ~250,000 elements were considered for the mesh sensitivity study in 
case of FLUENT. Flow was simulated for these meshes as described in section 2.1. 
The differences in pressure values for the two meshes for stress case are presented in 
Table 2 and Fig 2. Minor changes were observed before and after the CoA as a result 
of increasing the mesh size in FLUENT. As the mesh was refined similar consistency 
was observed in the reported pressure gradients for the in-house solver. In case of 
COMSOL, a finer mesh was required to obtain accurate results as per mesh sensitivity 
convergence tests. A mesh containing ~600,000 and ~1,000,000 tetrahedral elements 
was considered for the final rest and stress case COMSOL simulations respectively. 
Even for such fine meshes, the pressure results did were only approaching conver-
gence but mesh refinement. Since the aim of this study was to compare pressure gra-
dients using three solvers for similar mesh sizes, the mesh wasn’t refined beyond this 
point. The FLUENT simulation results can be considered most accurate in this  
study since the pressure results converged appropriately as the final mesh density was 
approached. 
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Table 3. Maximum, minimum and mean pressure at inlet and Dao including pressure drop (dP) 
across proximal and distal plane in mmHg 

 Rest Stress 

FLUE
NT 

In-
house 

COMS
OL 

FLUE
NT 

In-
house 

COMS
OL 

 
 
Systole 

Inlet 83.92 83.92 83.92 123.35 123.35 123.35 
Proximal (P) 81.46 83.06 82.91 111.16 118.50 116.03 
Distal (D) 68.13 66.92 68.33 70.52 51.84 26.33 
DAo 59.83 61.80 65.00 34.20 28.10 3.892 
dP = P – D 13.34 16.15 14.58 40.64 66.66 89.7 

 
 
Diastol
e 

Inlet 49.68 49.68 49.68 36.77 36.77 36.77 
Proximal 49.67 50.07 49.68 36.87 37.00 36.68 
Distal 49.48 49.99 49.68 39.07 37.36 36.63 
DAo 49.38 49.78 49.69 39.38 37.46 36.59 
dP = P – D 0.19 0.08 0.00 -2.20 -0.36 0.05 

 
 
Mean 
flow 

Inlet 63.35 63.35 63.35 64.30 64.30 64.30 
Proximal 62.96 63.02 63.12 61.34 63.24 62.34 
Distal 60.12 60.94 59.66 46.70 47.53 38.29 
DAo 58.55 60.23 58.64 35.52 42.01 32.22 
dP = P – D 2.84 2.08 3.46 14.64 15.71 24.04 

In order to compare the nature of vortical structures in the DAo flow field between 
rest and stress conditions, helicity was computed as a flow derived parameter and 
rendered as isocontours (Fig 5a) for time-averaged inflow conditions. Helicity was 
computed as the normalized magnitude of the dot product between vorticity and ve-
locity vectors at each node in the computed flow field. Positive helicity (highlighted 
red) indicates right handed vortical structures and negative helicity (highlighted blue) 
indicates left handed vortical structures. It was observed that opposing vortical struc-
tures are created as the flow enters the coarctation in a very similar formation for both 
rest and stress conditions in case of mild CoA. This was distinct from the opposing 
vortical structures that are formed which naturally spiral helically in the DAo by vir-
tue of the curvature of the transverse aortic arch. However, the vortical structures 
distal to the modeled mild CoA were not as pronounced as seen for more severe CoA 
cases previously reported to demonstrate distinct downstream jet-flow effects[8].  

Similar max-normalized cross-sectional velocity flow profiles were observed for 
the rest and stress conditions at the studied proximal and distal planes (Fig 5b) at rest 
and stress conditions. A shift in flow streams toward the outer curvature of the aortic 
arch was observed for stress conditions (viz. higher flow rates), leading to an elon-
gated low-pressure pressure region distal to the CoA in contrast with the rest case  
(Fig 5b). Comparatively higher pressures were observed at the outer curvature of the 
aortic arch as seen on the proximal and distal plane (see Fig 4). 
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vascular wall-compliance requires to be considered accurately in order to yield physi-
ologically relevant results. Compliances applied at the outlets may not be enough for 
accurate pressure predictions and hence FSI must be adopted in future to take into 
consideration regional elasticity of arterial walls in a manner matched to wall motion 
observable from gated cine cardiac MRI studies. 
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